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D E V E L O P M E N T A L  B I O L O G Y

A novel cardiomyogenic role for Isl1+ neural crest cells 
in the inflow tract
Konstantinos E. Hatzistergos1,2,3*, Michael A. Durante2,4,5, Krystalenia Valasaki2,  
Amarylis C. B. A. Wanschel2, J. William Harbour2,4,5, Joshua M. Hare2,5,6

The degree to which populations of cardiac progenitors (CPCs) persist in the postnatal heart remains a controversial 
issue in cardiobiology. To address this question, we conducted a spatiotemporally resolved analysis of CPC 
deployment dynamics, tracking cells expressing the pan-CPC gene Isl1. Most CPCs undergo programmed silencing 
during early cardiogenesis through proteasome-mediated and PRC2 (Polycomb group repressive complex 2)–
mediated Isl1 repression, selectively in the outflow tract. A notable exception is a domain of cardiac neural crest 
cells (CNCs) in the inflow tract. These “dorsal CNCs” are regulated through a Wnt/-catenin/Isl1 feedback loop and 
generate a limited number of trabecular cardiomyocytes that undergo multiple clonal divisions during compaction, 
to eventually produce ~10% of the biventricular myocardium. After birth, CNCs continue to generate cardiomyocytes 
that, however, exhibit diminished clonal amplification dynamics. Thus, although the postnatal heart sustains 
cardiomyocyte-producing CNCs, their regenerative potential is likely diminished by the loss of trabeculation-like 
proliferative properties.

INTRODUCTION
Formation of the four-chambered, mature, adult mammalian heart 
involves a series of spatially and temporally controlled morpho-
genetic processes. Many of these organ-founding processes are con-
trolled by gene regulatory networks expressing the transcription 
factor Isl1. Activation of Isl1 is originally detected during precardiac 
mesoderm specification (1, 2). This Isl1+ splanchnic mesoderm 
region will produce the two main cardiac progenitor cell (CPC) 
lineages, the first (FHF) and second (SHF) heart fields from which 
most contractile cardiomyocytes (CMs) will develop (1, 2).

Specification of precardiac mesoderm into FHF CPCs requires 
inactivation of Isl1 and induction of the master cardiac transcrip-
tion factor Nkx2-5 (1). The Isl1−/Nkx2-5+ FHF CPCs will then give 
rise into a linear, beating heart tube. This tube is patterned into a 
venous/inflow (IFT) and an arterial/outflow (OFT) pole along its 
anteroposterior axis and will later develop into the left ventricle 
(LV), parts of the atria, and interventricular septum (IVS) (3).

The SHF forms medially and dorsally to the FHF, from the 
splanchnic mesoderm region ventrally to the pharynx through 
mechanisms that require continued expression of Isl1 (1, 2). The 
SHF is patterned to an anterior (aSHF) and posterior (pSHF) domain. 
aSHF- and pSHF-CPCs express Isl1 through different cis-regulatory 
elements (4, 5). In addition to Isl1, aSHF-CPCs coexpress Nkx2-5 
and are deployed through the arterial pole of the heart tube to pro-
duce the right ventricle (RV), parts of the IVS, and OFT (2). The 
pSHF-CPCs are deployed through the venous pole and will give rise 
to the dorsal mesocardium, pulmonary and caval veins, and parts of 

the cardiac conduction system and atria (3). The recruitment of 
aSHF- and pSHF-CPCs through the arterial and venous poles, 
respectively, causes the linear heart tube to elongate, bend, and 
eventually undergo a rightward looping, which shifts its venous 
and arterial poles to their definitive positions ventrally (OFT) 
and dorsally (IFT) to the cardiac base, respectively (3).

After looping, the OFT and IFT become oriented along the dor-
soventral rather than anteroposterior embryonic axis, and the heart 
enters its growth and maturation phase. A new layer of trabecular 
CMs grows along the endocardial surface of the ventricles, which 
later undergoes compaction and expands clonally into the IVS 
myocardium (3, 6). Concurrently, neural ectoderm–derived cardiac 
neural crest cells (CNCs) are deployed from the rhombencephalon 
(3). In particular, an early wave of CNCs migrates through the pharyn-
geal arches into the OFT to primarily contribute to the aorti-
copulmonary septation and smooth muscle cells (SMCs), as well as 
parasympathetic innervation (3), whereas a second wave of apoptosis- 
prone CNCs is thought to migrate later through the pSHF-derived 
dorsal mesocardium into the IFT, to contribute sympathetic nerves 
and endocardial cushion mesenchyme (7–9). Notably, the new CMs 
that are produced during the trabeculation and compaction stages 
are thought to amplify from preexisting CMs (6). However, recent 
studies in mice (10, 11), birds (11), and fish (12, 13) indicate sub-
stantial trabecular CM contribution from CNCs as well. Expression 
of Isl1 marks CNCs in both the IFT and OFT, and loss of Isl1 in 
mice produces SHF and CNC and trabecular defects (2, 14).

Upon transition to the postnatal life, these organ-founding CPCs 
are thought to be depleted from the mammalian heart, thereby lim-
iting its regenerative capacity. Regeneration of CMs is possible only 
during the early neonatal life likely through preexisting CM prolif-
eration (3, 15). However, expression of Isl1 persists in few cells 
within the adult IFT, OFT, and sinoatrial node (SAN). Intriguingly, 
studies in rodents and humans indicate that some of the OFT post-
natal Isl1 cells are aSHF-derived CPCs and could be therapeutically 
targeted for postnatal heart regeneration (3, 16). On the other hand, 
complete regeneration of CMs in the postnatal univentricular fish 
heart involves the reactivation of fetal heart growth mechanisms, 

1Aristotle University of Thessaloniki, Faculty of Sciences, School of Biology, Depart-
ment of Genetics, Development and Molecular Biology, Thessaloniki 54124, Greece. 
2Interdisciplinary Stem Cell Institute, University of Miami Miller School of Medicine, 
Miami, FL 33136, USA. 3Department of Cell Biology, University of Miami Miller 
School of Medicine, Miami, FL 33136, USA. 4Bascom Palmer Eye Institute, University 
of Miami Miller School of Medicine, Miami, FL 33136, USA. 5Sylvester Comprehen-
sive Cancer Center, University of Miami Miller School of Medicine, Miami, FL 33136, 
USA. 6Department of Medicine, University of Miami Miller School of Medicine, 
Miami, FL 33136, USA.
*Corresponding author. Email: kchatzistergos@bio.auth.gr, kchatzistergos@med.
miami.edu

Copyright © 2020 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).



Hatzistergos et al., Sci. Adv. 2020; 6 : eaba9950     2 December 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 15

including proliferative expansion of trabecular (17) and CNC-derived 
CMs (13), as well as de novo cardiomyogenesis from CNCs (11). 
Accordingly, here, we investigate the mechanisms of cardiomyo-
genesis in the postembryonic mouse heart through a combination 
of Isl1-targeted, multicolor lineage-tracing and single-cell RNA 
sequencing (scRNAseq) experiments. Our results indicate that, in-
deed, the organ-founding CPCs are depleted in the postnatal mouse 
heart. However, a notable exception is a pool of CNC derivatives in 
the IFT region, which sustain Isl1 expression through a Wnt/-catenin/
Isl1 feedback loop and contribute to normal ventricular trabecu-
lation and compaction. We further show that, developmentally, 
these “dorsal” Isl1+ CNCs generate a limited number of trabecular 
CMs, which subsequently expand clonally during ventricular mor-
phogenesis, eventually producing ~10% of the biventricular and IVS 
myocardium. After birth, Isl1+ CNCs continue to generate limited 
amounts of biventricular CMs, which, however, lack clonal division 
capacity, and therefore, their ability to contribute to postnatal cardio-
myogenesis is likely diminished.

RESULTS
Diverse developmental origins and identities of postnatal 
cardiac cells with sustained Isl1 activity
To monitor the expression of the pan-CPC gene Isl1, we used a pre-
viously described mouse line carrying a loxP-flanked Isl1-nLacZ allele 
(fig. S1A) (14). This Isl1-nLacZ knock-in reports Isl1 transcription 
from both neural and mesoderm-specific regulatory elements 
(4, 5, 14). Accordingly, as previously shown (14), Isl1-nLacZ is ex-
pressed in aSHF and pSHF CPCs during early cardiogenesis (fig. 
S1B) and later in CNCs (fig. S1C). After birth, its cardiac expression 
is sustained in five distinct dorsoventral domains (fig. S1, D and E). 
Ventrally (OFT), Isl1-nLacZ is expressed in cells within the proxi-
mal aorta (Ao) and pulmonary artery (PA), as well as the OFT myo-
cardium (fig. S1D). Dorsally (IFT), Isl1-nLacZ labels cardiac ganglia 
(CGs) and the SAN (fig. S1E).

The OFT develops from aSHF-CPCs and CNCs that are primarily 
recruited through the arterial pole of the heart tube (14, 18), where-
as the IFT develops from pSHF-CPCs (including the SAN) and 
CNCs that are primarily recruited through the venous pole of the 
heart tube (7–9, 14). Therefore, to determine the lineage of the cells 
that comprise the ventral and dorsal postnatal Isl1-nLacZ+ domains, 
we interbred the Isl1-nLacZ to the aSHF-specific MEF2c-AHF-Cre 
and CNC-specific Wnt1-Cre2 mouse lines. Under this strategy, the 
loxP-flanked Isl1-nLacZ reporter is conditionally excised from aSHF- 
and CNC-derived heart cells, respectively. Consequently, expression 
of Isl1-nLacZ persists in nonrecombined cell lineages (fig. S2A).

As expected, in Isl1-nLacZ;Mef2c-AHF-Cre neonatal hearts (nLacZ 
excision from aSHF) the dorsal x-gal signal is not affected, indicating 
that the dorsal Isl1-nLacZ+ cells are not aSHF derivatives (fig. S2, B 
to E). However, the ventral x-gal signal diminishes by ~7-fold 
(P < 0.0005), indicating that most, but not all, ventral Isl1-nLacZ+ 
cells are aSHF derivatives (fig. S2, B, C, and N). Immunohistochemical 
analysis of the remaining x-gal+ cells in the ventral Isl1-nLacZ+ 
domain indicates that these are mostly SM22a+ SMCs and tyrosine 
hydroxylase–positive (TH)+ sympathetic neurons within the prox-
imal PA and Ao. Unexpectedly, few -sarcomeric actinin+/x-gal+ 
CMs within the OFT myocardium are also present, indicating 
that non-aSHF–derived cells contribute a minority of ventral 
Isl1-nLacZ+ CMs in this region (figs. S2, B and C, and S3, A to E).

Comparably, in Isl1-nLacZ;Wnt1-Cre2 neonatal hearts (nLacZ 
excision from CNCs), the ventral x-gal signal is minimally reduced, 
indicating that only a small fraction of the ventral Isl1-nLacZ+ cells 
are CNC derivatives (fig. S2, F, G, and N). This finding confirms 
previous reports that Isl1+ cells of both aSHF and CNC origin con-
tribute to the OFT (14, 18). The dorsal x-gal signal is not affected in 
the SAN, but, as expected, x-gal is extinguished from the CNC- 
derived CGs (fig. S2, H, I, and N).

In triple-mutant Isl1-nLacZ;Wnt1-Cre2;Mef2c-AHF-Cre mice 
(nLacZ excision from both aSHF and CNCs), x-gal is sustained in 
few sm22a+ SMCs in the proximal PA and the dorsolateral wall of 
the Ao but is extinguished from TH+ neurons and -sarcomeric 
actinin+ CMs (figs. S2, J, K, and N, and S3F). This indicates that, in 
addition to the previously identified CNC and aSHF contributions 
(14, 18), there is a third lineage that also contributes Isl1+ SMCs in 
the postnatal OFT. On the basis of previous reports (19), we postulate 
that these cells likely belong to the pSHF lineage, although further 
pSHF-specific lineage-tracing studies are required to confirm this 
hypothesis. Last, as expected, the dorsal x-gal signal is not affected 
in the pSHF-derived SAN but is extinguished from the CNC-derived 
CGs (figs. S2, L to N, and S3G). Collectively, these Isl1-nLacZ 
lineage-tracing experiments expand upon previous work (14, 18), 
by delineating that sustained activity of Isl1 in the postnatal IFT re-
gion identifies CNC-derived cells and the SAN, whereas Isl1-nLacZ 
activity in the postnatal OFT region identifies a mixture of CNC- 
derived TH+ neurons, OFT CMs (most of which derive from the 
aSHF and some from the CNC), and SMCs in the proximal PA and Ao, 
which descend from at least three distinct developmental origins.

Ventral but not dorsal Isl1 is transcriptionally silenced
By postnatal (PN) week 4, Isl1-nLacZ activity in the OFT has dimin-
ished (fig. S1, D, F, and H). In particular, x-gal signal is reduced in 
the PA and virtually extinguished from the OFT base and Ao, except 
from a few cells in the dorsolateral Ao wall medially to the SAN (fig. 
S1, D, F, H, and J). No remarkable changes are observed in dorsal 
(SAN and CG) Isl1-nLacZ activity (fig. S1, E and F to I).

To understand what causes the progressive loss in postnatal Isl1-
nLacZ activity selectively in the OFT but not IFT region, we dissected 
the dorsal (including the SAN and CGs) and ventral (including the 
Ao, PA, and OFT base) domains of the cardiac base from Isl1+/+ 
neonatal mice, dissociated them into single-cell suspensions, recov-
ered them in culture for 5 days, and processed them for scRNAseq 
(Fig. 1A). A total of 11,418 ventral and 9893 dorsal cells were se-
quenced. Analysis of transcriptional identities by Uniform Manifold 
Approximation and Projection (UMAP) dimensional reduction 
generated a total of 15 transcriptionally and spatially distinct clusters 
(Fig. 1, B to D, and data S1A). To classify the clusters, we first per-
formed an unbiased gene set enrichment analysis (GSEA) of cluster- 
specific genes, and the resulting cell types were elaborated further 
by profiling the expression of 48 canonical marker genes 
(Fig. 1, C and D). Accordingly, cluster 0 is enriched in Sox9, Fbn1, 
and Nfatc1 and is therefore assigned a cardiac valve cell identity. 
Clusters 1, 2, and 5 are enriched in Fap and are therefore classified 
as fibroblasts. Cluster 3 is enriched in Wt1 and is therefore assigned 
an epicardial identity. Clusters 4, 6, and 8 are enriched in Myh11 and 
Tagln and are therefore classified as SMCs. Cluster 7 is classified as 
CNC-derived cells based on the expression of Sox2, Sox10, Plp1, Nes, 
Ngfr, Foxd3, and Tfap2a. Cluster 9 is enriched in Pecam1, Cdh5, Kit, 
Kdr, and Nr2f2 and is therefore classified as venous endothelium. 
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Cluster 10 is assigned a working myocardial cell identity based on 
the expression of Nkx2-5, Myh6, Myh7, Ttn, Tnni3, Tnnt2, Myl7, 
and Nppa. Cluster 11 is identified as low-quality/dying ventricular 
CMs due to high mitochondrial contamination (data S1A). Clusters 
12 and 13 are classified as immune cells (B/T lymphocytes and macro-
phages, respectively), and lastly, cluster 14 is identified as conduction 
system CMs (which include the dorsal cluster of nkx2-5–negative/Isl1+ 
SAN CMs), based on the expression of Isl1, Gja5, Ttn, Tnnt2, and 
Myh7. None of the clusters showed enrichment for Isl1 expression 
(Fig. 1, C to E). Rather, Isl1-expressing cells were present in 14 of 
the 15 clusters, revealing a remarkable diversity of postnatal Isl1+ 
cardiac cells (Fig. 1E).

Next, the Isl1+ cells were subselected from the scRNAseq data-
sets on the basis of their dorsoventral identities and subjected to 
differential gene expression (DEG) analysis (Fig. 2A). Overall, there 
were 278 ventral and 205 dorsal Isl1+ cells with 567 DEGs (Fig. 2B 
and data S1B). Functional enrichment analyses showed overrepre-
sentation of multiple terms, including biological processes related 
to heart and CNC development, regulation of transcription, and 
PRC2 (Polycomb group repressive complex 2)–related gene silenc-
ing [embryonic ectoderm development (Eed) and suppressor of 
zeste 12 (Suz12)] (Fig. 2, C and D, and data S2, A and B). Previous 
studies have demonstrated that cardiac PRC2—which consists of 
three core subunits: Eed, Suz12, and either enhancer of zeste 1 or 2 
(Ezh1 or Ezh2)—plays an essential role in normal heart develop-
ment by directly repressing the expression of cell cycle inhibitors, 
such as Ink4a/b, as well as early skeletal muscle and neuronal genes, 
including Pax6, Six1, and Isl1, to facilitate proper expression of CM 

differentiation and proliferation genes (20). We therefore hypothe-
sized that PRC2-mediated transcriptional silencing of the Isl1 gene 
underlies the loss of ventral Isl1-nLacZ activity. To functionally test 
this possibility, we cultured cells from the OFT Isl1 domain of PN 
week 4 Isl1-nLacZ hearts (in which Isl1-nLacZ activity has already 
diminished; i.e., fig. S1) for 5 days in the presence or absence of 
EED226, an allosteric small-molecule PRC2 inhibitor targeting the 
H3K27me3 binding pocket of Eed (Fig. 2E) (21). Western blot and 
immunocytochemical analyses confirmed the successful inhibition 
of PRC2 activity in EED226-treated cells, as shown by the down- 
regulation in H3K27me3 levels compared to controls (Fig. 2F). 
Gene expression and x-gal analyses showed that inhibition of 
PRC2-mediated H3K27me3 in ventral cells resulted in significant 
recovery in Isl1 mRNA transcription (Fig. 2G) and reactivation of 
the Isl1-nLacZ reporter (Fig. 2, H and I), respectively. Thus, on the 
basis of the above findings, we conclude that Isl1-nLacZ activity is 
progressively lost in the postnatal OFT, but not IFT region, and that 
erasure of PRC2-mediated H3K27me3-repressive histone modifi-
cations in postnatal OFT cells results in significant recovery in both 
x-gal and Isl1 mRNA levels.

When we analyzed the occupancy of the Isl1 gene and its known 
regulatory elements by H3K27me3 and H3K27ac in chromatin 
immunoprecipitation sequencing (ChIP-seq) datasets from whole 
embryonic and postnatal Isl1+/+ mouse hearts, we detected H3K27me3 
peaks as early as embryonic day 10.5 (E10.5) on the promoter and 
heart field–specific enhancer regions, whereas the peaks of the tran-
scriptional activator H3K27ac on the promoter region were virtually 
diminished by E14.5 (fig. S4). These observations are in agreement 

Fig. 1. scRNAseq of arterial (ventral) and venous (dorsal) pole–derived neonatal cells. (A) Experimental outline. (B) UMAP dimensional reduction plot of 21,311 
scRNAseq profiles following integration of the postnatal (PN) day 3 dorsal and ventral datasets. (C) Heatmap of 47 lineage-specific genes across the 15 UMAP clusters. For 
visualization, each cluster is downsampled to 100 cells. (D) UMAP plot of classified cell clusters. (E) Expression of Isl1, visualized on UMAP plots. QC, quality control.
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with previous genetic screens for Isl1 enhancers in transgenic re-
porter mice, showing permanent silencing of the heart field–specific 
Isl1 enhancers after early cardiogenesis (5). Moreover, they indicate 
that the Isl1-nLacZ reporter gene activity and Isl1 mRNAs that we 
detected in the postnatal mouse heart are produced through alter-
native, noncardiac elements of the gene, which is unexpected given 
our previous observation that ~80% of the postnatal Isl1-nLacZ+ 
OFT cells are aSHF derivatives (fig. S2). Analysis of the more distal, 
neural-specific, regulatory elements showed no H3K27me3 occu-
pancy, thereby corroborating the interpretation that cardiac Isl1 
transcriptional regulation is permanently switched to noncardiac 
regulatory elements upon transition from the embryonic to the fetal 
and postnatal life (fig. S4).

Ventral, but not dorsal, Isl1 is translationally silenced after 
early cardiogenesis
We further observed that, compared to the IFT, Isl1-nLacZ cells in 
the fetal and postnatal OFT exhibit complete lack of Isl1 immuno-
reactivity, indicating that OFT Isl1 expression is further regulated at 
the posttranscriptional level (Fig. 3, A and B). Because previous 
studies have suggested that Isl1 immunoreactivity differs between 
mouse strains (22), we confirmed the lack of Isl1 immunoreactivity 
in human fetal OFTs (fig. S5).

To understand the cause of the OFT-specific loss of Isl1 protein 
expression, we evaluated the functional enrichment analysis of the 
Isl1+ scRNAseq DEGs. Multiple microRNA (miRNA)–related Gene 
Ontology (GO) terms, including miR-1a and miRNA-17 that have 
been previously shown to play important roles in cardiac develop-
ment, were overrepresented (Fig. 3C and data S2, A and B). miRNA-17, 
which is part of the miRNA 17 to 92 cluster, has been shown to 
directly silence Isl1 in aSHF-CPCs during embryonic development 
(23). Because miRNA biogenesis, including miR-1a and miRNA 
17 to 92, largely depends on the ribonuclease III nuclease Dicer, we 
conditionally knocked out (cKO) Dicer in postnatal Isl1 cells to 
functionally test the potential involvement of miRNAs in posttran-
scriptional silencing of ventral Isl1 expression. To do so, we generated 
mice carrying a tamoxifen-inducible Isl1-MerCreMer, a floxed Dicer, 
and a tdTomato Cre reporter (Isl1-MCM;DicerFlox/Flox;tdTomato) and 
induced them with intraperitoneal tamoxifen injections at PN2, PN4, 
and PN6 (Fig. 3D). Excision of one or both DicerFlox/Flox alleles in 
Isl1-MCM cells was confirmed by tdTomato expression, as well as by 
reverse transcription polymerase chain reaction (PCR) amplification 
of the wild-type, recombined, and nonrecombined floxed alleles. Con-
focal analysis at PN7 showed comparable OFT and IFT tdTomato label-
ing between Isl1-MCM;DicerFlox/Flox;tdTomato and Isl1-MCM;DicerFlox/+; 
tdTomato hearts. However, loss of Dicer was not sufficient to reconstitute 

Fig. 2. PRC2-mediated transcriptional silencing of ventral postnatal Isl1 expression. (A) Experimental outline. (B) Heatmap of the top 250 DEGs (Wilcoxon rank sum test) 
between the dorsal and ventral Isl1+ cells (P value adjustment was performed using Bonferroni correction based on the total number of genes in the dataset). (C) Functional profiling 
of DEGs (false discovery rate–adjusted P < 0.05), visualized in a Manhattan-like plot. Functional terms are grouped and color-coded by data sources (total number of terms per source 
shown in parenthesis). The g:SCS algorithm was applied for multiple testing correction of the adjusted enrichment P values shown here in negative log10 scale [−log10(Padj)]. Values 
are capped at −log10(Padj) ≤ 16. Examples of some of the most significant terms are noted. (D) Bar graphs of overrepresented Gene Ontology (GO; left) and GSEA (right) terms. The 
scale of −log10(Padj) values is numeric and color coded. (E) Experimental outline of PRC2 inhibition. (F) Western blots of Gapdh and H3K27me3, 5 days after treatment with DMSO or 
10 M EED226. *P = 0.04, paired t test. (G and H) Quantification of Isl1 mRNA (G, **P = 0.0046, paired t test) and x-gal+ nuclei/group (H, **P = 0.0097, Mann Whitney test). (I) x-gal and 
H3K27me3 staining. (F to I) n = 24 samples from four mice (12 samples per group). For quantitative PCR, a technical replicate was included per run. Scale bars, 150 m. BP, biological 
process; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes;  MF, molecular function; MIRNA, microRNAs; REAC, Reactome; WP, Wikipathways.
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ventral Isl1 immunoreactivity (Fig. 3E). Thus, on the basis of these 
findings, we conclude that silencing of Isl1 protein expression in 
the postnatal OFT is not mediated by Dicer-processed miRNAs.

In addition to miRNAs, the Isl1+ scRNAseq DEGs are enriched 
in multiple processes related to proteolysis (Figs. 2C and 3C and 
data S2, A and B). Notably, regulation of Isl1 protein stability and 
degradation has been shown to be essential for the establishment 
and differentiation of the aSHF in mouse embryos (24). Accordingly, 
cells from the left ventricular apex (negative control for Isl1) and 
from dorsal domains (positive control for Isl1) and ventral domains 
of PN3 Isl1+/+ hearts were isolated and treated for 90 min with 25 M 
ubiquitin-proteasome inhibitor MG132 (N-carbobenzyloxy-l-leucyl- 
l-leucyl-l-leucinal) or vehicle [DMSO (dimethyl sulfoxide)] (Fig. 3F). 
MG132-mediated inhibition of proteasomal degradation was sufficient 
to reconstitute ventral Isl1 protein expression as demonstrated by 
Western blot (Fig. 3, G and H) and immunocytochemical analyses 
(Fig. 3I). Collectively, these experiments show that, in addition to 
its transcriptional silencing, Isl1 expression is posttranslationally 
silenced in the postnatal OFT and that inhibition of the ubiquitin- 
proteasome pathway, but not Dicer-cKO, results in the recovery of 
Isl1 protein expression in postnatal OFT cells.

Isl1+ CNCs contribute septal and trabecular CMs that 
undergo proliferative expansion in the pre- but not 
postembryonic mouse heart
Previous studies in mice suggest that some postnatal Isl1+ OFT cells 
are undifferentiated aSHF CPCs (16). Others, however, provide 

evidence against it (15). To gain insight into this controversy, Isl1-MCM 
mice were crossed to the tdTomato or the dual-fluorescent IRG (10) 
reporter mice and induced with a single dose of tamoxifen at PN2. 
Analysis 48 hours later showed that Isl1-MCM recombination was 
partial compared to the Isl1-nLacZ, because it selectively labeled the 
dorsal (SAN and CGs) but not ventral (OFT) Isl1+ cells. Therefore, 
to capture the ventral Isl1+ cells, we repeatedly administered tamoxifen 
on PN2 and PN4 and extended the period of fate mapping to 2 weeks. 
Following this approach, comparable Isl1-MCM recombination was 
achieved in both domains, like the Isl1-nLacZ.

Compared to the Isl1-nLacZ, Isl1-MCM hearts exhibited wide-
spread labeling in TH+ neurons (Fig. 4, A to G), indicating that 
postnatal Isl1+ cells contribute extensively to the postnatal growth 
of the cardiac sympathetic nervous system, which is a CNC deriva-
tive. Moreover, compared to the Isl1-nLacZ reporter, which only labels 
Isl1-expressing CMs within the OFT base myocardium (fig. S3, 
A and B), Isl1-MCM fate mapping marked rare, isolated, tdTomato+ 
ventricular CMs, scattered within the compact and trabecular LV, 
RV, and IVS myocardium (Fig. 4, H to J). This finding corroborates 
previous studies suggesting that postnatal Isl1+ cells maintain a pro-
genitor cell state (16). However, it further highlights that postnatal 
Isl1+ cells primarily contribute to TH+ neurogenesis, whereas their 
contribution in CMs is minimal.

Intriguingly, we noticed that the rarely produced Isl1-MCM 
CMs were occasionally found adjacent to Isl1-MCM TH+ nerves 
(Fig. 4, I and J). This observation, along with the finding that a sub-
set of Isl1-nLacZ+ OFT base CMs likely originate from the CNC 

Fig. 3. Proteasomal degradation of ventral, but not dorsal, Isl1 expression. (A and B) Ventral versus dorsal Isl1 mRNA (A) and protein (B) expression (n = 5 mice per 
group, ***P < 0.0001, one-way analysis of variance). DAPI, 4′,6-diamidino-2-phenylindole. (C) Bar graphs of overrepresented GO terms. The scale of −log10(Padj) values is 
numeric and color coded. (D and E) Experimental design (D) and representative immunohistochemical analysis of Isl1 in Isl1-MCM;DicerFlox/Flox;tdTomato mice (n = 4 het-
erozygous; n = 8 Dicer-KO littermates). IP, intraperitoneal. (F) Illustration of the experimental outline to inhibit the ubiquitin-proteasome pathway in postnatal Isl1+ do-
mains. (G and H) Western blot analysis of Isl1 and Hsp90. (I) Immunofluorescent analysis of Isl1. n = pool of 15 mice per group. Scale bars, 10 m (B and E) and 50 m (I).
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(figs. S2 and S3) and that aSHF-specific Isl1 regulatory elements are 
silenced in the postnatal heart (fig. S4), led us to hypothesize that 
the neonatal Isl1-MCM CMs are Isl1+ CNC derivatives. Previous 
studies have demonstrated that murine CNCs are multipotent and 
can undergo differentiation into both neural and non-neural deriva-
tives (9). Moreover, contributions of CNCs to the myocardial lineage 
have been previously shown in fish and birds (11, 12) but is a topic 
of ongoing debate in mice (10, 11).

Accordingly, to test the possibility that CMs and TH+ neurons 
are derived from bipotent Isl1+ CNCs, we first performed clonal 
analysis of Isl1+ cardiac cells and their derivatives by crossing the 
Isl1-Cre to the multicolor Cre-reporter mouse line Confetti (Fig. 4K). 
As expected (2, 14), analysis of PN1 Isl1-Cre;Confetti hearts showed 
extensive labeling in the compact and trabecular RV myocardium 
in the form of multiple, single-colored CM clusters of various sizes 
(Fig. 4, K to N). However, some segments of the RV myocardium 
were not labeled by the Confetti (Fig. 4, K and L). In addition, com-
pared to the Isl1-MCM;tdTomato hearts, which exhibit widespread 
labeling in TH+ neurons (Fig. 4, A to G), Isl1-Cre;Confetti hearts 
exhibited minimal labeling in TH+ neurons (Fig. 4, K and L). These 
observations suggest that a substantial amount of cells escape fluo-
rescent reporter labeling, likely because Isl1-Cre expression is not 

sufficiently strong to recombine the Confetti (25). Notably, same- 
color TH+ neuron-CM pairs could be rarely detected within the RV, 
a finding that is potentially consistent with bipotency of CNC pro-
genitors (Fig. 4, M and N). However, given the limited TH+ labeling 
efficiency, which precludes any statistical assessment of CNC bipo-
tency, in addition to the highly migratory nature of CNCs and the 
high clonal densities in the Isl1-Cre;Confetti RVs (Fig. 4, K and L), 
the possibility that these rare, same-color TH+ neuron-CM pairs 
may have resulted from clone intermixing rather than differentia-
tion of bipotent Isl1+ CNCs cannot be excluded.

To overcome the Isl1-Cre;Confetti labeling limitations, we re-
peated the clonal analysis by replacing the Isl1-Cre with the neural 
crest–specific Wnt1-Cre2 (Fig.  4,  O  to  Q). Compared to Isl1-Cre, 
Wnt1-Cre2;Confetti mice exhibited robust labeling in CNC deriva-
tives, including CGs and TH+ neurons (Fig. 4, O and P). Analysis of 
PN7 Wnt1-Cre2;Confetti hearts identified a small number of large, 
coherent, single-colored myocardial clones within the RV, LV, and 
IVS myocardium and trabeculae (Fig. 4, O to Q). Immunopheno-
typic analysis indicated that these Wnt1-Cre2;Confetti ventricular clones 
were composed primarily of -sarcomeric actinin+ CMs and were 
occasionally paired with same-color TH+ neurons (Fig. 4, O to Q). These 
findings conclusively demonstrate the common CNC developmental 

Fig. 4. Isl1+ CNCs generate trabecular and septal CMs with pre- but not postnatal proliferative expansion capacity. (A to C) Live imaging of postnatal Isl1-MCM; 
tdTomato recombination in (A) the Ao, and PA, (B) CGs (arrow and inset), and (C) sympathetic nerves. (D to F) Isl1-MCM;tdTomato PA cells are immunoreactive to TH but 
not Isl1 antibodies. Panels D to F printed at identifcal magnification. (G) Higher magnification of the boxed area in (F). (H to J) Postnatal Isl1-MCM;tdTomato recombination 
in -cardiac actinin+ CMs within the IVS (H) and ventricles (I and J; J shows an nl). Note the proximity between the Isl1-MCM;tdTomato+ CM (I and J) (empty arrow) and axon 
(I and J) (filled arrows). (K and L) Inefficient Isl1-Cre;Confetti recombination in TH+ cells (n = 7 mice). (M and N) A red TH+ neuron (arrows) within a red Isl1-Cre;Confetti 
myocardial clone. (O) Wnt1-Cre2;Confetti hearts exhibit proper recombination in CGs (inset) and ventricular myocardium (arrows). RFP, red fluorescent protein. (P and 
Q) Higher magnification of the red clone illustrates the presence of red CMs and TH+ neurons, suggesting clonal origin of the two derivatives (n = 35 mice). For each Confetti heart, 
we evaluated 5 to 10 cryosections and two to three large, compact, unicolored myocardial clones (>10 cells) per cryosection. Scale bars, 100 M (A to F, K, and O), 10 M (N), 
20 M (H to J), and 150 M (P and Q). IF, immunofluorescence.
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origin of ventricular CMs and TH+ neurons. Moreover, because of the 
very low clonal densities in Wnt1-Cre2;Confetti hearts, they also sug-
gest that same-color TH+ neuron-CM pairs likely indicate bipotency 
of CNC progenitors. However, because of the highly migratory phe-
notype of CNCs, alternative explanations, such as intermixing of 
CM-specific and neuron-specific CNC progenitor cell clones, cannot 
be entirely excluded.

Both the Wnt1-Cre2;Confetti and Isl1-Cre;Confetti hearts exhibited 
large, wedge-shaped, transmural myocardial clonal growth patterns, 
with a wide epicardial and a narrower endocardial side (Fig. 4, O to Q). 
This pattern of myocardial growth has been described before (6) 
and is consistent with the interpretation that each clone develops 
from a single fetal CNC progenitor that undergoes trabecular CM 
differentiation before expanding clonally during ventricular com-
paction and septation.

Another important observation from the fate-mapping experi-
ments is that during fetal growth, Isl1+ cells generate relatively few 
but massive and coherent, single-colored CM clones, whereas their 
contribution in TH+ neurons is minimal (Fig. 4, K to Q). Conversely, 
in the postnatal heart, they generate relatively few but massive, 
single-colored TH+ neural clones, whereas their CM contribution is 
minimal (Fig. 4, A to J). Accordingly, the observation that the number 
of CM or TH+ clones remains relatively limited suggests that the 
amount of Isl1+ cells that differentiate into CMs and TH+ neurons, 
respectively, is limited, both in the fetal and the postnatal hearts. 
However, the observation that CNC-CM and CNC-TH+ clones 
expand in size only before and after birth, respectively, suggests that 
transition to the postnatal life produces signals that inhibit CNC-
CM proliferation in favor of CNC-TH+ clonal expansion. Notably, 
zebrafish hearts do not exhibit this postnatal CNC-CM prolifera-
tion deficit, and loss of adult CNC-CMs has been recently shown to 
be sufficient to inhibit adult heart regeneration in this highly regen-
erative animal model (13).

Thus, on the basis of the Isl1-MCM fate-mapping and Confetti 
clonal experiments, we conclude that Isl1+ CNCs have the capacity 
to generate both trabecular CMs and TH+ neurons. Moreover, we 
conclude that fetal CNC-CMs exhibit high clonal expansion capacity 
and can undergo multiple cell divisions as indicated by the large 
Confetti clones, but this property is lost upon transition to the post-
natal life.

Reconstruction of postnatal Isl1+ CNC differentiation 
trajectory through scRNAseq
To further challenge the interpretation that postnatal Isl1+ CNCs 
contribute to the Nkx2-5+ CM lineage, the Isl1+ and Nkx2-5+ frac-
tions were subselected from the scRNAseq datasets and subjected to 
pseudotime trajectory reconstruction through unsupervised, machine- 
learning approaches (26) (Fig. 5A). Overall, there were 442 Isl1+, 
385 Nkx2-5+, and 41 Isl1+/Nkx2-5+ scRNAseq profiles that, when 
computed in 10 dimensions, were constructed into a principal 
graph with three branch points leading to six distinct cell states [ 
(Fig. 5, B and C). Branch point 1 diverges into cell state 2 (CS2), 
CS3, and CS4. Branch point 2 leads to CS5 and to branch point 3, 
which subsequently bifurcates into CS1 and CS6 (Fig. 5B). Each 
state represents transcriptionally similar scRNAseq profiles, where-
as the length of its trajectory projects the amount of transcriptional 
change as progress in pseudotime (26). Cluster-based analysis de-
lineated that the 868 cells of the Isl1+/Nkx2-5+ trajectory represent 
14 of the 15 UMAP clusters, with the macrophages (cluster 13) as 

the only exception (Fig. 5D and fig. S9A). The myocardial clusters 
(10 and 14) are ordered at the end of the CS4 trajectory (Fig. 5D and 
fig. S9A), and therefore, CS4 is classified as the myocardial lineage 
trajectory. CS4 branches out of branch point 1, which is the point at 
which CS3 bifurcates into the myocardial and nonmyocardial (CS1, 
CS2, CS5, and CS6) trajectories (Fig. 5B). Therefore, we classified 
CS3 as the root state.

Expression of Isl1 and Nkx2-5 showed minimal overlap within the 
reconstructed trajectories with only 41 of the 868 cells coexpressing 
the two genes (Fig. 5C). Of these 41 coexpressors, 4 were in the 
myocardial trajectory, 2 at the root cell state, and 35 in nonmyocardial 
trajectories (Fig. 5C). Moreover, 40 of the 41 Isl1+/Nkx2-5+ cells were 
of ventral identity (Fig. 5C), which, as shown earlier (i.e., Fig. 3), 
indicates that Isl1 is translationally silenced in these cells. This 
agrees with previous observations that Isl1 and Nkx2-5 suppress 
each other during cardiac differentiation (1). Notably, consistent with 
our previous findings (10), a small fraction of Isl1+ cells (27 of 483) 
and Nkx2-5+ cells (5 of 426) coexpressed the proto-oncogene Kit.

From the 14 UMAP clusters in the Isl1+/Nkx2-5+ pseudotime 
trajectories, only 5 clusters—7 (CNCs), 9 (venous endothelial), 
10 (working CMs), 11 (low-quality/dying CMs), and 14 (Gja5+ con-
duction system CMs)—follow the myocardial lineage trajectory 
(CS4) (Fig. 5D and fig. S6, A and B). Specifically, the myocardial 
cells (clusters 10 and 14, as well as the low-quality cluster 11) are 
ordered at the end of the trajectory, consistent with their terminal 
differentiation state (fig. S6, A and B), whereas Isl1+ CNCs are 
placed at the start of the trajectory resembling a progenitor state 
(fig. S6, A and B). All, except one, Isl1+ CNC profiles are of IFT/
dorsal identity (fig. S6C), indicating functional Isl1 protein expres-
sion. Similarly, the single Isl1+ cell from the endothelial cluster that 
is placed in the myocardial trajectory is also of IFT/dorsal identity 
(fig. S6C), thereby excluding an OFT/aSHF CPC origin. To investi-
gate further whether any of the postnatal Isl1+ cells represent aSHF-
CPCs, we also analyzed the Isl1+/Nkx2-5+ trajectory on the basis of 
Kdr and Pdgfra expression. These two receptors are transiently 
coexpressed on the surface of most multipotent cardiogenic meso-
derm CPCs, including aSHF, during mouse and human develop-
ment (1, 3). Overall, there were 415 Pdgfra+, 10 Kdr+, and 4 Kdr+/
Pdgfra+ cells (fig. S6D). However, the Kdr+/Pdgfra+ was of IFT/dor-
sal cell origin and belonged to UMAP clusters 1, 3, and 9, which are 
ordered at the end of the nonmyocardial trajectory CS1 (fig. S6D).

Thus, the above scRNAseq findings provide additional evidence 
that a subset of IFT/dorsal Isl1+ CNC–derived cells in the postnatal 
mouse heart are endowed with CM differentiation capacity and 
contribute to the Nkx2-5+ CM lineage. In contrast, we could not find 
any evidence supporting the presence of arterial pole/aSHF-derived 
postnatal CPCs.

Disruption of Wnt/-catenin–Isl1 feedback loop promotes 
CNC-CM differentiation
To identify potential molecular mechanisms controlling the fate of 
postnatal Isl1+ CPCs, we performed DEG analysis (26) on branch 
point 1, where the root state bifurcates toward myocardial or non-
myocardial trajectories (Fig. 5B and fig. S6A). There were 1924 
branch-dependent DEGs (q value of <0.01) that were hierarchically 
clustered on a multiway heatmap into six gene modules. Each gene 
module indicates similar pseudotime trajectory–dependent expres-
sion patterns (Fig. 5E and data S1C). Gene modules 1 and 2 exhibit 
up-regulation in cell fate 2 and down-regulation in cell fate 1 genes. 
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Gene module 3 exhibits up-regulation in root state (center) and cell 
fate 1 prebranch genes but down-regulation in cell fate 2 genes, 
whereas gene modules 4, 5, and 6 exhibit up-regulation in cell fate 2 
prebranch genes (Fig. 5E). Functional enrichment analysis indicated 
that gene modules 1 and 2 are enriched in biological processes related 
to the myocardial lineage, including embryonic and adult heart 
development, heart contraction, cardiac conduction, and cardiac 
ventricle morphogenesis (Fig. 5F and data S2, C and D). Gene 
modules 4, 5, and 6 are more heterogeneous as indicated by their 
enrichment in prebranch genes related to myocardial, neuronal, 
and vascular biological processes (Fig. 5F and data S2, F to H), 
whereas gene module 3 is enriched in biological processes related 
to the cardiac and neural crest differentiation and proliferation, as 
well as proteolysis, gene regulation, and Wnt and bone morphogenetic 
protein (BMP) signaling pathways (Fig. 5F and data S2E). Thus, 
on the basis of the above pseudotime trajectory–dependent expres-
sion profiles and functional enrichment analyses, we conclude that 
gene module 3 captures the root state gene signature underlying 
the decisions of postnatal Isl1+ cells toward myocardial or non-
myocardial fates, gene modules 1 and 2 capture the terminally dif-
ferentiated CM states, and gene modules 4 to 6 capture the remaining 
cell states.

On the basis of scRNAseq functional enrichment analysis, the 
root state (gene module 3) of the Isl1+/Nkx2-5+ trajectory receives 
input from the Wnt and BMP signaling pathways (Fig. 5F and data 
S2E). During normal heart development, canonical Wnt signal-
ing directly activates Isl1 to inhibit CM differentiation and promote 
the expansion of aSHF CPCs, whereas repression of Wnt by canon-
ical BMP signaling is required for down-regulation of Isl1 and 
induction of cardiomyogenesis (3). Therefore, we sought to func-
tionally test the role of canonical Wnt signaling in the fate of Isl1+ 
CNCs. First, we genetically fate-mapped CNCs in the presence or 
absence of a Wnt/-catenin gain-of-function (GOF) mutation, in-
troduced through a previously described Wnt1/GAL4/Cre-11 trans-
gene (27). Consist ent with the Confetti- and scRNAseq-based 
findings, CNCs under normal Wnt signaling contributed to all 
expected derivatives in the OFT and cardiac autonomic nervous 
system, as well as to Nkx2-5+ CMs within the trabeculated (fig. S7A) 
and compact LV, RV, and IVS myocardium (fig. S7B). However, 
ectopic activation of Wnt produced a ~147-fold reduction in CM 
differentiation, while OFT and neuronal contributions were un-
affected (fig. S7, C and D) (0.07 ± 0.04% versus 9.76 ± 0.77% myo-
cardial labeling under the Wnt1/GAL4/Cre-11 and Wnt1-Cre2 drivers, 
respectively; P < 0.0001).

Fig. 5. Reconstruction of postnatal Isl1+ and Nkx2-5+ differentiation trajectories. (A) Experimental outline. (B) Ordering of the Isl1+ and Nkx2-5+ scRNAseq subsets 
(n = 868 cells) on the reconstructed trajectory. The trajectory has three branch points (black circles) leading into six different cell states (CS; color coded). CS3 is classified 
as the root; CS4 as the myocardial; and CS1, CS2, CS5, and CS6 as nonmyocardial states. (C) Ordering of the Isl1+, Nkx2-5+, and Isl1+/Nkx2-5+ subsets, based on dorsoventral 
identity. Arrow points to the only Isl1+/Nkx2-5+ dorsal cell. (D) Heatmap illustrating the distribution of UMAP clusters across cell states. CS4 is composed of clusters 7, 9, 
10, 11, and 14. (E) Multiway heatmap of branch point 1–dependent DEGs (false discovery rate–adjusted P < 0.01), hierarchically clustered into six gene modules. Modules 
1 and 2 correspond to the myocardial trajectory (CS4; cell fate 2), module 3 to the root (CS3), and modules 4 to 6 to nonmyocardial trajectories (cell fate 1). (F) Functional 
enrichment analysis of gene modules (false discovery rate–adjusted P < 0.01), visualized in a geometric treemap plot. Numbers 1 to 6 indicate gene modules. The scale of 
−log10(Padj) values is both geometrically and color coded. Branched trajectories are plotted as a two-dimensional tree layout. MAPK, mitogen-activated protein kinase.
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To better explore the effects of Wnt signaling on CNC cardio-
myogenesis, we generated Wnt1/GAL4/Cre-11;tdTomato induced 
pluripotent stem cells (iPSCWnt1-GOF) and differentiated them into 
CNCs (fig. S7E) (10, 28). Specification of iPSCWnt1-GOF into Isl1+ 
CNCs commences within 9 days of embryoid body (EB) differenti-
ation, as indicated by induction of tdTomato; activation of Wnt1, 
Isl1, and Nkx2-5 mRNAs; and colocalization of tdTomato with Isl1 
(fig. S7, F and G). By day 12, tdTomato is expressed in 61.81 ± 5.76% 
EBs. Treatment of day 9 EBs with the glycogen synthase kinase-3 
inhibitor CHIR99021 or DMSO did not promote cardiac differenti-
ation, as indicated by the lack of spontaneously beating tdTomato+ 
cells (fig. S7, H and I). In contrast, antagonism of Wnt with the 
tankyrase inhibitor XAV939 resulted in an ~86-fold increase in 
the emergence of spontaneously beating tdTomato+/Nkx2-5+ cells 
(P < 0.0001) (fig. S7, H to J). Notably, XAV939-mediated induction 
of Nkx2-5 was accompanied by down-regulation of Isl1 immuno-
reactivity (fig. S7J), supporting the scRNAseq Isl1+/Nkx2-5+ trajectory 
that Isl1 expression is silenced in Nkx2-5+ cells (Fig. 5B and fig. S6, 
A and B).

Last, we conditionally deleted Isl1 from CNCs (Isl1-cKO) by in-
troducing an Isl1Fl/Fl allele to Wnt1-Cre2;tdTomato and Wnt1/
GAL4/Cre-11;tdTomato mice (Fig. 6A). Wnt1-Cre2;tdTomato;Isl1Fl/+ 
mutants are produced at the expected Mendelian ratios with grossly 
normal hearts, whereas Wnt1-Cre2;tdTomato;Isl1Fl/Fl embryos suc-
cumb to death between E14.5 and E15.5 (Fig. 6B). Analysis at E14.5 
showed that, compared to their heterozygous littermates, Isl1-cKO 
mutant hearts exhibit increased concentration of tdTomato+ CNCs in 
the atrioventricular (AV) cushions and abnormal RV and LV trabecular 
networks, including a marked reduction in the contribution of 
tdTomato+ CNCs into Nkx2-5+ trabecular and IVS CMs as well as 
muscular IVS defects (Fig. 6, C to E). Loss of Isl1 under ectopic Wnt 
activity from the Wnt1/GAL4/Cre-11 driver (Isl1-cKO;Wnt1-GOF) results 
in normal Mendelian genotypic ratios (Fig. 6B), but Isl1-cKO;Wnt1-GOF 
hearts exhibit a near-complete loss of tdTomato+ sympathetic nerves 
and CMs and die shortly after birth as previously reported (29). 
However, in both Wnt1-Cre2 and Wnt1/GAL4/Cre-11 mice, hetero-
zygous deletion of Isl1 was accompanied by increased differentiation 
of CNCs into tdTomato+ myocardium compared to Isl1+/+ controls 
(Fig. 6, F to H), indicating that, similar to its function in other neural 
crest derivatives (30), Isl1 gene dosage influences the specification 
of CNCs toward CM versus non-CM fates. Therefore, on the basis 
of the above findings, we conclude that the IFT/dorsal Isl1+ CNCs 
play an important developmental role in myocardial trabeculation, 
compaction, and sympathetic innervation and suggest that their fate 
is regulated through a forward reinforcing loop between Isl1 and 
Wnt/-catenin signaling since ectopic Wnt signaling can partially 
rescue the Isl1-cKO phenotype.

DISCUSSION
The main finding of our study is that we have identified an Isl1+ 
neural crest program in the IFT region that contributes a small 
number of highly proliferative trabecular CMs during mammalian 
cardiac chamber morphogenesis. We further found that this dorsal 
Isl1+ neural crest program is sustained throughout postnatal heart 
growth but with diminished CM clonal expansion capabilities. We 
have arrived at this conclusion through a series of complementary 
experimental approaches, including traditional genetic lineage- 
tracing, iPSC-modeling, and scRNAseq experiments.

In keeping with our findings, previous studies provided evidence 
that silencing of heart field–specific Isl1 expression starts as early as 
E8.5 in mice. In particular, aSHF enhancer–specific -galactosidase 
reporters were shown to exhibit broader expression than the endog-
enous Isl1 protein at the looped heart stage. However, this discrep-
ancy has been heretofore attributed to the longer -galactosidase 
half-life (4, 31). We now show that, in fact, it is an indicator of Isl1 
protein degradation due to the developmental activation of the 
ubiquitin-proteasome pathway, selectively in the OFT but not IFT 
region. A similar mechanism has been shown to regulate Isl1 pro-
tein levels in aSHF-CPCs at the crescent and linear heart tube stages 
(24). Here, we expand upon these findings by showing through 
lineage-tracing experiments that OFT-specific Isl1 degradation 
affects all Isl1-expressing cell types, regardless of their embryonic 
origin and identity (including SHF and CNC derivatives), indicat-
ing that this posttranslational mechanism is specific to the OFT 
domain rather than the lineage or type of cells. Notably, expression 
of Isl1 is also silenced through the miRNA 17 to 92 cluster during 
aSHF-CPC differentiation (23). However, in our study, conditional 
deletion of Dicer was not sufficient to drive protein expression in 
ventral postnatal Isl1+ cells, suggesting that this miRNA mechanism 
is restricted to aSHF enhancer–specific Isl1 gene products during 
the early CM differentiation stages of aSHF-CPCs.

The permanent, developmental silencing of the Isl1+ OFT domain 
is further supported by previous studies showing that the activity of 
cardiac mesoderm–specific enhancers diminishes before E12.5 in 
mice (5). However, at first glance, this finding seems somewhat 
contradictory to ours, because we show that developmental silenc-
ing of Isl1 is primarily posttranslational rather than transcriptional. 
We show that Isl1-nLacZ and Isl1 mRNAs continue to be abundantly 
expressed in both heart field (SHF/SAN) and CNC derivatives 
throughout development and that transcriptional silencing of Isl1 
occurs after birth through a relatively slow process, which takes 
months to complete and involves dorsoventral differences in post-
natal PRC2 activity. We further show that postnatal Isl1 silencing 
occurs in a regionalized fashion, selectively in the OFT but not IFT 
domain, and affects SHF and CNC derivatives equally. However, 
compared to Kappen et al. (5), we used an Isl1-nLacZ knock-in that 
exhibits broad activity from both the neural- and heart-specific reg-
ulatory elements. Therefore, the seemingly discrepant findings likely 
indicate that Isl1 expression is sustained in the fetal and postnatal 
heart through non-aSHF elements. This explanation is further sup-
ported by the ChIP-seq analysis indicating H3K27me3 silencing of 
the heart field–specific but not the neural Isl1 regulatory elements 
(fig. S6).

Previous studies in chick embryos show that CNCs entering 
through the venous pole are apoptosis prone (7), raising the possi-
bility that the decrease in postnatal OFT Isl1-nLacZ activity reported 
in our study could also be partially explained by apoptotic cell 
death. However, our scRNAseq studies suggest that the degree to 
which postnatal OFT Isl1+ cells undergo apoptosis is likely negligible. 
Several explanations may account for the differences between our 
study and that of Poelmann and Gittenberger-de Groot (7). First, 
Poelmann and Gittenberger-de Groot (7) studied CNC develop-
ment in bird embryos, whereas our study focuses in the postnatal 
mouse heart. Second, Poelmann and Gittenberger-de Groot (7) observed 
the induction of apoptosis in IFT CNCs, whereas our study notes the loss 
of Isl1-nLacZ expression in the OFT. Third, compared to Poelmann and 
Gittenberger-de Groot (7), our lineage-tracing findings indicate that loss 



Hatzistergos et al., Sci. Adv. 2020; 6 : eaba9950     2 December 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

10 of 15

of OFT Isl1-nLacZ expression is not CNC specific but affects all Isl1+ car-
diac lineages. Last, because unlike the loss of Isl1 protein and Isl1-nLacZ 
expression, we have not observed any age-dependent dilution in the 
expression of reporter genes in Isl1-Cre or Isl1-MCM postnatal OFTs, 
indicating that cell death does not contribute substantially to the loss 
of Isl1 protein and Isl1-nLacZ expression in the postnatal mouse OFT.

Differentiation of CNCs to CMs has been previously shown in 
zebrafish (11–13) and mice (10, 11). Developmentally, CNCs primarily 
contribute trabecular CMs in both species, whereas in mice, they 
further contribute IVS CMs, a structure that has not evolved in the 
univentricular zebrafish heart (10–12). Consistently, we show that 
migration and CM differentiation are compromised in Isl1-cKO 
CNCs and that these mice die at midgestation with abnormalities in 
AV cushions, IVS, and trabecular myocardium. Previous studies in 
mouse embryos have shown that IVS and trabecular CMs are clon-
ally related and that these fetal CM populations develop progres-
sively, during E10.5 to PN7, as transmural, wedge-shaped clusters, 
with a wide epicardial and a narrower endocardial side (6). This 
description matches the CM clones produced from CNCs (e.g., 

Fig. 6). Moreover, Confetti analysis illustrated that these are primarily 
single-colored, coherent clones, which, as shown before (6), indi-
cates that upon initial differentiation, fetal CNC-CMs go through a 
stage of massive proliferative expansion (e.g., Fig. 4, O to Q). The 
proliferative expansion capability of CNC-CMs has been shown to 
underlie adult heart regeneration in zebrafish (13), but our findings 
indicate that this property is lost in the postembryonic mouse heart, 
suggesting that its therapeutic reactivation could possibly enhance 
the adult heart regenerative capabilities in mammals.

Our Confetti fate-mapping experiments indicate that CNC-CMs 
lose their clonal expansion capabilities in the postnatal heart. This 
could be due to loss of clonal expansion signals in the cells’ micro-
environment and due to intrinsic cell changes. A potential clonal 
expansion mechanism that is deregulated at birth involves the post-
natal changes in cardiac metabolism. Specifically, during fetal growth, 
trabecular CMs are thought to proliferatively expand by undergoing 
a transient metabolic switch from mitochondrial respiration to 
anaerobic glycolysis (32). A similar mechanism has been implicated 
in heart regeneration in neonatal mice, as well as in zebrafish heart 

Fig. 6. Isl1 gene dosage regulates the cardiomyogenic fate of CNCs. (A) Experimental outline. (B) Pup survival per litter following conditional deletion of Isl1 in CNCs 
by Wnt1-Cre2 (n = 43 pups) and Wnt1/GAL4/Cre-11 (n = 74 pups). CNC-specific Isl1-cKO is developmentally lethal but is rescued by ectopic Wnt. (C and D) Expression of 
tdTomato in E14.5 Wnt1-Cre2;tdTomato;Isl1Fl/Fl and Wnt1-Cre2;tdTomato;Isl1Fl/+ hearts. Isl1-cKO hearts exhibit abnormal migration of CNCs into the ventricles and endo-
cardial cushions (open arrows). Left panels are higher-magnification images of boxed areas. Note the thickened myocardial wall (arrows) and abnormal trabeculations in 
Isl1-cKO heart compared to the littermate control. (E) Muscular ventricular septal defect in an Isl1-cKO heart. (F and G) Expression of tdTomato in Isl1+/+ and Isl1Fl/+ post-
natal hearts under the Wnt1-Cre2 and Wnt1/GAL4/Cre-11. Loss of myocardial derivatives by ectopic Wnt through Wnt1/Gal4/Cre-11 is partially rescued when the Isl1 gene 
dosage is reduced to half (E). Similarly, a reduction of Isl1 gene dosage by half promotes an increase in CNC-CM differentiation by 66% in Wnt1-Cre2 mice (F). (H) Violin 
plot of Wnt1-Cre2 myocardial labeling as a percentage of the total area of the heart, between Isl1+/+ and Isl1Fl/+ (n = 3 mice per group, four to five slides per heart, 
***P = 0.0022, paired t test). Values are means ± SEM.
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development and postnatal regeneration (17, 33). A recent study 
identified a small group of Sox10+ CMs within the developing and 
adult zebrafish heart, which exhibit a distinct metabolic profile and 
are essential for adult zebrafish heart regeneration (13). At the 
molecular level, it has been shown that this metabolic switch is reg-
ulated through oxygen tension and the hypoxia-inducible factor 1 
in mice and Neuregulin/ErbB2 signaling in zebrafish (17, 32, 33). 
Thus, it would be interesting to examine whether these signaling 
pathways can be therapeutically modulated to revoke clonal expan-
sion capabilities in postnatal CNC-CMs and, consequently, heart 
regeneration in adult mammals.

We further show that mice with heterozygous loss of Isl1 in 
CNCs develop normally but exhibit a significant increase in the 
number of Nkx2-5+ CNC-CM clones (e.g., Fig. 6, G and H). This 
intriguing observation suggests that Isl1 gene dosage influences the 
CM versus non-CM fates of CNCs and is reminiscent of the role of 
Isl1 in specifying motor neuron versus V2a interneuron identities 
in the neural tube (30). In particular, Song et al. (30) showed that 
heterozygous loss of Isl1 resulted in higher Lhx3 and Nkx6.1 levels, 
which consequently altered the relative stoichiometries of the Ldb1/
Lhx3/Isl1 complexes in favor of V2a interneurons versus motor 
neuron differentiation. Similarly, formation of Ldb1/Isl1 complexes 
were recently shown to regulate Isl1 protein levels by controlling its 
proteasomal degradation during aSHF-CPC differentiation (24). 
Here, we were able to determine through scRNAseq and pharmaco-
logic experiments that a similar mechanism contributes to the sus-
tained expression of Isl1 in dorsal CNCs. Last, as predicted through 
scRNAseq-based lineage trajectory reconstruction, we further show 
that the CNC-CM fate is additionally regulated through a forward 
reinforcing loop between Wnt/-catenin and Isl1. We show that 
mice with ectopic activation of Wnt in CNCs are viable and fertile 
but exhibit ~147-fold decrease in CNC-CMs. Impaired CM differ-
entiation could be rescued by eliminating one of the Isl1 alleles, as 
well as through pharmacologic inhibition of Wnt in iPSC-derived 
Isl1+ CNCs. Notably, the grossly normal cardiovascular phenotype 
of Wnt1-GOF mice suggests that CNC-CMs are not essential for 
the development of trabeculated and IVS myocardium since it 
appears to be compensated through other CM sources. Loss of 
CNC-CMs in zebrafish does not affect heart development or final 
CM numbers but leads to pathologic CM hypertrophy (12) and 
impaired postnatal cardiac regenerative capacity (11, 13). We have 
also observed signs of LV and IVS hypertrophy in Wnt1-GOF mice 
(e.g., Fig. 6, F to H); however, whether this is normal or pathological 
was not examined in this study.

There are also some potential limitations in our study that should 
be noted. For example, our finding that the dorsal Isl1+ population 
is CNC derived is in agreement with previous work (14, 22, 34) and 
is based on lineage-tracing experiments with the Wnt1-Cre2 mouse 
line—one of the best characterized, mammalian neural crest–specific 
animal models. However, because this specific Cre/loxP line is not 
temporally inducible, it is possible that recombination might have 
occurred postnatally from residual Wnt1 expression in non-CNC 
Isl1+ cells. This could have been potentially resolved through a tem-
porally controlled Wnt1-Cre mouse line. However, the Wnt1 regu-
latory elements driving Cre expression are transiently activated during 
CNC development, and therefore, Wnt1 is not a suitable marker for 
temporally targeting CNCs in the postembryonic heart. Further-
more, to our knowledge, there are currently no known genetic 
markers that can reliably target CNCs after embryonic develop-

ment. Fortunately, however, the possibility of ectopic Cre expres-
sion in our postnatal Wnt1-Cre2 studies is minimal because, based 
on our scRNAseq analysis, expression of Wnt1 is undetectable in 
postnatal Isl1+ cells (Fig. 1C).

Similarly, the Isl1-MCM genetic lineage-tracing experiments 
demonstrate unequivocally the differentiation of postnatal Isl1+ cells 
into CMs and therefore depart from the current interpretation that 
non-CMs do not contribute any CMs in the neonatal heart (15). How-
ever, because the Isl1-MCM allele is not CNC specific, the possibility 
that some of the postnatal Isl1+ cells from which Isl1-MCM CMs arise 
are not CNCs, but SHF remnants as previously suggested (16), cannot 
be entirely excluded. A potential solution to this question could have 
been the use of the Confetti reporter under the control of the Isl1-MCM. 
However, in our hands, the Isl1-MCM and Isl1-Cre mouse lines are 
not sufficiently strong to fully recombine the Confetti reporter in 
CNCs. Therefore, this approach warrants the development of new, 
higher-resolution experimental tools.

To address the limitations described above, we validated the 
in vivo lineage-tracing experiments through an orthogonal, unbiased 
scRNAseq-based approach. Accordingly, scRNAseq-based lineage 
trajectory reconstruction of postnatal Isl1+ cells recapitulated our 
postnatal lineage-tracing findings and delineated the relationship of 
postnatal Isl1+ cardioblasts to dorsal CNCs rather than SHF (or other) 
lineages. However, as with any experimental system, this approach 
has its own limitations. For example, a potential caveat in our 
experimental design is that, following enzymatic dissociation, cells 
were recovered in culture for 5 days before scRNAseq. This may 
have produced culture-induced alterations in single-cell gene ex-
pression profiles compared to in situ conditions. However, on the 
basis of our data, we propose that this experimental design is suit-
able compared to freshly dissociated single-cell methods, for several 
reasons. First, compared to other tissue types, the heart is highly 
fibrous and therefore requires relatively harsh and lengthy enzymatic 
dissociation conditions that could markedly affect the integrity of 
the isolated cells and introduce dissociation-induced gene expres-
sion artifacts (35); second, similar approaches involving tissue culture 
recovery of primary cells for up to 7 days before scRNAseq have 
been used before for the discovery of rare cell types in other tissues 
(36); and third, we have shown before that postnatal Isl1+ OFT cells 
from Isl1-nLacZ mice can be dissected and cultured for several weeks 
without notable changes in LacZ expression and phenotype (28). 
Last, the fidelity of our experimental approach can be appreciated 
when compared to two recent scRNAseq studies. In the first study, 
scRNAseq of 55,611 cells, freshly isolated from developing cardiac 
OFTs of CD1 mice, showed how expression of Isl1+ is limited to a 
small portion of aSHF-derived arterial SMCs at the base of the large 
coronary arteries (37). However, several other Isl1+ OFT cell types, 
which are identified in our scRNAseq study and orthogonally 
validated through genetic lineage-tracing experiments, were not re-
ported, including the rare population of Isl1+ CNC–derived SMCs 
and sympathetic nerves. In the second study, scRNAseq of 3717 
single cells, freshly isolated from a 6.5- to 7-week-old postconception 
human embryonic heart, reported the expression of Isl1+ exclu-
sively in OFT CNCs (38). Compared to our study, this analysis also 
did not identify several Isl1+ cell types, such as the Isl1+ IFT CNCs, 
and the Isl1+ aSHF and pSHF derivatives in the OFT, OFT base 
myocardium, and SAN were not reported. Thus, despite the limita-
tions described above, our scRNAseq data closely recapitulate the 
in vivo conditions.
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In summary, our analysis provides evidence that the postembryonic 
murine heart sustains a limited number of organ-founding CNCs in 
the IFT region that retain their ability to generate de novo CMs after 
birth but lose their CNC-CM clonal expansion properties. Therefore, 
we propose that the loss of regenerative capabilities in the postnatal 
mammalian heart may not be directly related to the limited CM dif-
ferentiation capacity as currently thought (15) but mostly to the loss of 
CNC-CM clonal expansion signals. Furthermore, our findings point to 
ventricular trabeculation and compaction as a key developmental stage 
for identifying CNC-CM proliferation signals that could be revoked 
in the postembryonic heart for regenerative purposes.

MATERIALS AND METHODS
Mice
All animals were maintained in an American Association for Accred-
itation of Laboratory Animal Care (AAALAC)–approved animal 
facility at the University of Miami, Miller School of Medicine, and 
procedures were performed using Institutional Animal Care and Use 
Committee–approved protocols according to National Institutes of 
Health (NIH) standards. The Isl1-nLacZ mice have been described 
before (14). The IRG (stock no. 008705), tdTomato (stock no. 007914), 
Confetti (stock no. 017492), Wnt1-Cre2 (stock no. 022501), Isl1-MerCreMer 
(stock no. 029566), Isl1fl/fl (stock no. 028501), Dicerfl/fl (stock no. 006366), 
Isl1-Cre (stock no. 024242), and Wnt1/GAL4/Cre-11 (stock no. 003829) 
mice were obtained from the Jackson laboratory. The Mef2c-AHF-Cre 
mice were cryorecovered at the University of Miami, Sylvester 
Comprehensive Cancer Center’s Transgenic animal facility, from 
material obtained from the Mutant Mouse Regional Resource Centers 
(MMRRC, strain ID: 30262). The Wnt1-Cre2 mice were bred through 
the female germ line. The Mef2c-AHF-Cre mice were bred through 
the male germ line. Genotyping was performed by an independent 
provider via an automated real-time PCR system (Transnetyx). All 
analyses were performed in age-matched males and female littermates 
from multiple litters.

Human fetal heart tissue
Human fetal heart tissues (15 to 22 weeks of gestation) were ob-
tained from authorized sources (Advanced Bioscience Resources 
Inc., Alameda, CA) following Institutional Review Board approval. 
Upon arrival, tissues were fixed in 10% buffered formalin for ~24 hours, 
embedded in paraffin, and cut into 4- to 5-m-thick sections.

Tamoxifen injection
For Isl1-MerCreMer recombination, 2-day-old neonatal mice were 
injected subcutaneously with 50 l of tamoxifen (Sigma-Aldrich), 
dissolved in peanut oil (Sigma-Aldrich) at a concentration of 20 mg/ml, 
as previously described (10). Animals were euthanized 48 hours later. 
For fate-mapping experiments, tamoxifen injections were repeated 
on days 2 and 4, and animals were euthanized 2 weeks later. For 
Dicer-cKO experiments, injections were repeated on days 2, 4, and 
6, and animals were euthanized on day 7.

Immunohistochemistry and immunocytochemistry
For immunocytochemical analysis, cells were fixed in 4% para-
formaldehyde, blocked for 1 hour with 10% normal donkey serum, 
and processed for immunostaining as described before (10). Immuno-
fluorescence analysis of mouse heart tissues was performed in 
10-m-thick cryosections. Immunofluorescence analysis of human 

fetal heart samples was performed in 4- to 5-m-thick formalin- 
fixed, paraffin-embedded tissue sections. Antigen unmasking was 
performed by microwaving the slides for 2 × 10 min in citrate 
buffer solution (pH 6) (Thermo Fisher Scientific). Sections were 
then blocked for 1 hour at room temperature with 10% normal donkey 
serum (Chemicon International Inc., Temecula, CA), followed by 
overnight incubation at 4°C with the primary antibody.

The following primary antibodies were used for immunohisto-
chemistry: EGFP (enhanced green fluorescent protein; 1:500; Aves, 
#GFP-1020); H3K27me3 (1:200; Millipore Sigma-Aldrich, #07-449); 
HCN4 (1:40; Alomone, #APC052); sm22a (1:500; Abcam, #ab14106); 
anti-sarcomeric -actinin (1:100; Abcam, #ab9465); TH (1:500; Novus 
Biologicals, #NB300); Isl1 (1:1000; ab109517, Abcam; or a mixture of 
1:10 of #40.2D6 and 1:100 of #39.4D5, Developmental Studies Hybridoma 
Bank); cardiac myosin light chain-2 (1:200; Novus Biologicals, 
NBP1-40754); Nkx2.5 (1:50; Santa Cruz Biotechnology, #SC8697) 
and cardiac troponin-T (1:200; Abcam, ab8295); and Neurofilament M 
(1:200; Abcam, #7794). Subsequently, the antibodies were visual-
ized by incubating the sections for 1 hour at 37°C with fluorescein 
isothiocyanate; Cy3- and Cy5-conjugated F(ab′)2 fragments of affinity- 
purified secondary antibodies (1:200; Jackson ImmunoResearch); 
or Alexa Fluor 488, Alexa Fluor 568, and Alexa Fluor 633 dyes 
(1:500; Thermo Fisher Scientific).

Western blot
Protein lysates were prepared in radioimmunoprecipitation assay buffer 
and quantified with the Bradford assay (Bio-Rad). Electrophoresis was 
performed in precast, NuPage 4 to 12% bis-tris protein gels before 
transferring into polyvinylidene difluoride membranes using the Trans-
Blot Turbo transfer system (Bio-Rad). Before blocking and antibody 
incubation, membranes were stained with Ponceau S reagent (Sigma- 
Aldrich, #P3504) to visualize protein bands and cut at specific 
sizes so different antibodies could be tested at the same time. Western 
blots were performed using antibodies against H3K27me3 (0.4 g/ml; 
Sigma- Aldrich, rabbit polyclonal), Isl1 (1:10,000; rabbit monoclonal, 
Abcam), Hsp90 (1:2000; rabbit polyclonal, Cell Signaling Tech-
nology), Gapdh (1:2000; rabbit monoclonal, Cell Signaling Technology), 
a goat anti-rabbit immunoglobulin G, and horseradish peroxidase–
linked antibody (1:2000; Cell Signaling Technology). Densitometry 
analysis of Western blots was performed using Fiji ImageJ.

X-gal staining and quantification
X-gal staining was performed as previously described (10). Briefly, 
whole hearts were collected, washed in ice-cold Hanks’ balanced 
salt solution, and fixed in 4% paraformaldehyde at 4°C for 30 min. 
Following fixation, samples were rinsed twice in ice-cold phosphate- 
buffered saline (PBS) and permeabilized overnight at 4°C, by shak-
ing gently in wash solution (PBS, 0.02% sodium deoxycholate, and 
0.01% IGEPAL). The next day, samples were transferred in staining 
solution [wash solution supplemented with 5 mM K3[Fe(CN)6], 
5 mM K4Fe(CN)6·3H2O, 2 mM MgCl2, and x-gal (1 mg/ml)] and 
incubated overnight at 37°C, with gentle shaking. Samples were 
then washed in wash solution to remove any precipitation, fixed for 
10 min in 2% paraformaldehyde, and imaged in a Zeiss Discovery.V8 
stereomicroscope equipped with a Nikon D7200 digital camera. For 
x-gal quantification, whole-heart images in jpeg format and their 
respective x-gal+ areas were selected in Adobe Photoshop Elements 
(version 12.1) using the semiautomated color-range selection 
tool and converted into pixel values. The amount of x-gal was 
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expressed as the percentage of x-gal+ pixels per total pixels of the 
whole heart.

Quantification of myocardial contribution in Isl1fl/fl,  
Wnt1/GAL4/Cre-11, and Wnt1-Cre2 mice
Mouse hearts were fixed in 4% paraformaldehyde for 24 hours at 
4°C, followed by overnight incubation in 30% sucrose, and embedded 
in optimal cutting temperature (OCT) compound (TissueTek), as pre-
viously described (10). Long-axis 10-m-thick cryosections were 
prepared and immunostained for cardiac myosin light chain-2 (1:200; 
Novus Biologicals, NBP1-40754) followed by a Cy-5–conjugated 
donkey anti-rabbit secondary antibody, as previously described (10). 
Slides were mounted with fluoroshield mounting medium with 
4′,6-diamidino-2-phenylindole (Abcam, #ab104139) and imaged 
on a Zeiss LSM 710 confocal microscope (Carl Zeiss MicroImag-
ing Inc., Thornwood, NY), using the Zeiss ZEN software (version 
2009, Carl Zeiss Imaging Solutions GmbH). For Confetti, samples 
were imaged in a Leica SP5 inverted microscope at the University of 
Miami Analytical Imaging Core Facility. To quantify the percentage 
of ventricular myocardium expressing Cre reporters, the areas of 
Cre+/cmlc2+ were quantified and expressed as a percentage of the 
total area of Cy-5+ (cmlc2+) myocardium per slide, using the ImageJ 
area analysis software. A total of two to five slides were analyzed per 
heart.

Quantitative PCR
Gene expression analysis was performed as described before (10). 
Briefly, following total RNA extraction with the RNeasy mini kit 
(Qiagen) and complementary DNA synthesis with the high-capacity 
reverse-transcription kit (Applied Biosystems), samples were subjected 
to quantitative PCR in an iQ5 real-time PCR detection system (Bio-Rad), 
using the TaqMan Universal Master mix (Applied Biosystems). 
The following probes were used: Gapdh (Mm99999915), Isl1 
(Mm00517585_m1), Wnt1 (Mm01300555_g1), and Nkx2-5 
(Mm01309813_s1).

H3K27me3 and H3K27ac ChIP-seq analysis
The following publicly available datasets were obtained from the mouse 
ENCODE project (www.encodeproject.org): for H3K27me3 ChIP-
seq mouse hearts: E10.5 (ENCSR266JQW), E14.5 (ENCFF129FZH), PN0 
(ENCSR782DGO), and PN week 8 (ENCFF344SFV); for H3K27me3 
ChIP-seq mouse hindbrain: E10.5 (ENCSR582S); for H3K27ac ChIP- 
seq mouse hearts: E10.5 (ENCS582SPN), E14.5 (ENCFF034YQZ), PN0 
(ENCSR675HDX), and PN week 8 (ENCFF691YDA); and for H3K27ac 
ChIP-seq mouse hindbrain: E10.5 (ENCSR594JGI). The mouse Isl1 
enhancer and promoter regions were obtained from the University of 
California Santa Cruz (UCSC) Genome Browser database [UCSC 
Genome Browser on Mouse December 2011 (GRCm38/mm10) Assembly, 
http://genome.ucsc.edu]. For the analysis, fold-over-control signal 
tracks were used, depicting control- normalized tag density from two 
biological replicates per time point, pooled together.

Generation, characterization, and differentiation of iPSCWnt1-GOF

The iPSCWnt1-GOF were generated from tdTomato-negative neonatal 
cardiac fibroblasts, derived from Wnt1/GAL4/Cre-11;tdTomato mice, 
using a polycistronic lentivirus (STEMCCA, Millipore) as previously 
described (10, 28). iPSCWnt1-GOF were propagated without feeders 
on 0.1% gelatin-coated plates (Millipore), with NDiff227 (Clontech), 
supplemented with leukemia inhibitory factor (1000 U/ml; Millipore), 

1 M PD0325901 (Tocris), and 3 M CHIR99021 (Tocris). For 
CNC differentiation, iPSCWnt1-GOF were trypsinized into single cells 
(Thermo Fisher Scientific), washed twice, and resuspended at a final 
concentration of 25,000 cells/ml in IMDM (Iscove’s Modified 
Dulbecco’s Medium), 2 mM l-glutamine, 20% fetal bovine serum (Ther-
mo Fisher Scientific), 0.1 mM nonessential amino acids, and 
0.1 mM -mercaptoethanol (all from Thermo Fisher Scientific). 
EB differentiation was performed using the hanging-drop method, 
as previously described (10, 28). During the first 48 hours of differen-
tiation, EBs were supplemented with 2 M dorsomorphin (Tocris) 
or DMSO. For canonical Wnt/-catenin inactivation, EBs were 
supplemented with 1 M XAV939 or DMSO on day 9 of differentia-
tion. For canonical Wnt/-catenin activation, EBs were supple-
mented with 3M CHIR99021 or DMSO on day 9 of differentiation. 
All samples were cultured under 5% CO2 atmosphere at 37°C. EBs 
were monitored daily for the emergence and quantification of 
tdTomato+ beating cells in an Olympus IX81 fluorescence microscope 
as described before (10, 28).

Isolation of primary cardiac cells for scRNAseq and in vitro 
pharmacologic experiments
For the scRNAseq and MG132 inhibitor experiments, 3-day-old 
Isl1+/+ male and female neonatal mice were used (n = 15 for each 
experiment). Briefly, the cardiac apex and the dorsal and ventral 
domains of the cardiac base were dissected from each neonate and 
combined together to generate three pools of apical, dorsal, and 
ventral cardiac tissues, respectively. The ventral domain included 
the proximal Ao, PA, and OFT base. The dorsal domain included 
the SAN and CGs. Each pool was subsequently washed twice in 
d-PBS supplemented with 1% penicillin-streptomycin and minced 
into ~2-mm fragments as previously described (10, 28). Samples 
were then washed again, resuspended in 3 ml of digestion buffer 
[Hanks’ balanced salt solution, supplemented with collagenase type IV 
(2 mg/ml), dispase II (1.2 U/ml), and 1% penicillin/streptomycin), 
and incubated at 37°C for 15 min with gentle rocking. Digested 
samples were then gently triturated 10 to 20 times using a 10-ml 
serological pipette. This process was repeated three more times for 
a total digestion time of 45 min. Dissociated cells were then collected 
and washed two times with d-PBS, by centrifuging at 100g for 3 min. 
Last, the cell suspension was passed through a 40-m nylon strainer, 
resuspended in plating medium (RPMI 1640, supplemented with 
1% l-glutamine, 1% penicillin/streptomycin, and 2% B27 minus in-
sulin), and seeded in 0.1% gelatin-coated 12-well or 24-well plates 
at a density of 100,000 cells/ml. Cells were fed with fresh plating 
medium every other day for a total of 5 days. For the MG132 exper-
iments, 4 wells of a 24-well plate from each cell pool were cultured 
on day 5 with or without 25 M MG132 for 90 min. For the scRNAseq 
experiment, 4 wells of a 24-well plate from the dorsal and ventral 
pools were dissociated on day 5 with TrypLE (Thermo Fisher Scien-
tific), passed through a 40-m nylon strainer to ensure single-cell 
suspensions, and processed immediately for library preparation. 
For the EED226 experiments, 4-week-old Isl1-nLacZ male and 
female mice were used (n = 4), and each sample was cultured 
separately (in triplicate) for 5 days, in the presence or absence of 
10 M EED226.

scRNAseq analysis
scRNAseq was performed as described before (39). Briefly, the dorsal 
and ventral scRNAseq libraries were prepared with the 10x Chromium 

http://www.encodeproject.org
http://genome.ucsc.edu
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system, using the Chromium Single Cell 3′ (v3 chemistry) kit, ac-
cording to the manufacturers’ instructions, and sequenced in an 
Illumina NovaSeq 6000 at the University of Miami, Sylvester Com-
prehensive Cancer Center, Oncogenomics Core Facility. Raw base 
call (BCL) files were analyzed using Cell Ranger. The “mkfastq” com-
mand was used to generate FASTQ files, and the “count” command was 
used to generate raw gene-barcode matrices aligned to the Mm10 
Ensembl build 93 genome. The data from both samples were 
combined in R using the Seurat package, and an aggregate Seurat object 
was generated (40). To ensure that our analysis was on high-quality 
cells, filtering was conducted by retaining cells that had unique 
molecular identifiers greater than 400, expressed 100 to 8000 genes. 
This resulted in 9893 cells for dorsal and 11,418 cells for ventral. Data 
from each sample were analyzed using the SCTransform Integration 
Workflow (https://satijalab.org/seurat/v3.0/integration.html). Data 
from each sample were normalized using the SCTransform() function, 
and integration features were identified using SelectIntegrationFeatures() 
with “nfeatures” and “fvf.nfeatures” set to 5000. To identify integration 
anchor genes among the two samples, the PrepSCTIntegration() and 
FindIntegrationAnchors() functions were used with 5000 genes. 
Using Seurat’s IntegrateData(), the samples were combined into 
one object. To reduce dimensionality of this dataset, principal com-
ponents analysis (PCA) was used, and the first 10 principal components 
were further summarized using UMAP dimensional reduction. The 
DimPlot() function was used to generate the UMAP plots displayed. 
Clustering was conducted using the FindNeighbors() and FindClusters() 
functions using the original Louvain algorithm, 10 PCA components, 
and a resolution parameter set to 0.5. The resulting 15 Louvain clusters 
were visualized in a two-dimensional UMAP representation and were 
annotated to known biological cell types using canonical marker 
genes, as well as GSEA (Enrichr, https://amp.pharm.mssm.edu/
Enrichr/).The DoHeatmap() command was used to generate the 
heatmap displayed, and the VlnPlot() command was used to generate 
violin plots of the Louvain clusters.

Single-cell trajectory reconstruction
Single-cell pseudotime trajectories were constructed with Monocle 2 
(26). For the analysis, we used the normalized expression data from the 
subset expressing Isl1 or Nkx2-5 greater than 0 to infer the relationship 
between these cell types. Using these criteria, 868 cells entered the 
Monocle2 analysis. Genes for trajectory inference were selected using 
the dispersionTable() function to calculate a smooth function describing 
how variance in each gene’s expression across cells varies according 
to the mean. A total of 5051 genes with a mean expression greater 
than or equal to 0.1 were used for the analysis. The reduceDimen-
sion() function was used with the DDRTree reduction method, and 
the following parameters were modified: ncenter = 100, max_com-
ponents = 3, and num_dim = 10. Results were visualized using the 
plot_cell_trajectory() or plot_complex_cell_trajectory function and 
annotated with the corresponding cell type. BEAM (branched ex-
pression analysis modeling) was used for branched-dependent gene 
expression analysis (26).

Statistical analysis
The scRNAseq data were analyzed in RStudio using the Seurat (40) and 
Monocle (26) packages, as described above. For differential expression 
analysis in Seurat, the default two-sided nonparametric Wilcoxon rank 
sum test was used. Trajectory-dependent differential expression anal-
ysis was conducted with Monocle’s BEAM. Functional enrichment 

analysis of the DEGs was conducted with G: Profiler (https://biit.cs.
ut.ee/gprofiler/gost) and GSEA (www.gsea-msigdb.org). All other 
statistical tests were performed in GraphPad Prism (version 8, 
La Jolla, CA) using Student’s t test, Mann-Whitney test, or one-way 
analysis of variance (ANOVA) followed by Tukey’s post hoc tests. 
All data met the assumptions of the tests (Bartlett’s test for normality). 
A P value of <0.05 was considered statistically significant. All values 
are reported as means ± SEM.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/49/eaba9950/DC1

View/request a protocol for this paper from Bio-protocol.
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