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            Abstract
Organogenesis involves integration of diverse cell types; dysregulation of cell-type-specific gene networks results in birth defects, which affect 5% of live births. Congenital heart defects are the most common malformations, and result from disruption of discrete subsets of cardiac progenitor cells1, but the transcriptional changes in individual progenitors that lead to organ-level defects remain unknown. Here we used single-cell RNA sequencing to interrogate early cardiac progenitor cells as they become specified during normal and abnormal cardiogenesis, revealing how dysregulation of specific cellular subpopulations has catastrophic consequences. A network-based computational method for single-cell RNA-sequencing analysis that predicts lineage-specifying transcription factors2,3 identified Hand2 as a specifier of outflow tract cells but not right ventricular cells, despite the failure of right ventricular formation in Hand2-null mice4. Temporal single-cell-transcriptome analysis of Hand2-null embryos revealed failure of outflow tract myocardium specification, whereas right ventricular myocardium was specified but failed to properly differentiate and migrate. Loss of Hand2 also led to dysregulation of retinoic acid signalling and disruption of anteriorâ€“posterior patterning of cardiac progenitors. This work reveals transcriptional determinants that specify fate and differentiation in individual cardiac progenitor cells, and exposes mechanisms of disrupted cardiac development at single-cell resolution, providing a framework for investigating congenital heart defects.
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                    Fig. 1: Single-cell RNAÂ sequencing reveals heterogeneity of cardiogenic regions during early embryonic development.[image: ]


Fig. 2: Analysis of CPC populations reveals early specification dynamics of myocardial subtypes.[image: ]


Fig. 3: Transcriptional dysregulation in Hand2-null embryos reveals ectopic retinoic acid signalling with posteriorization of AHF derivatives.[image: ]


Fig. 4: Loss of Hand2 disrupts OFT myocardial cell specification and RV myocardial cell differentiation and migration.[image: ]
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                Data availability

              
              All source data, including sequencing reads and single-cell expression matrices have been deposited in NCBIâ€™s Gene Expression Omnibus and are accessible through GEO series accession number GSE126128. Data underlying each figure are available as Source Data,Â in the Supplementary Information and on the UCSC cell browser at https://mouse-cardiac.cells.ucsc.edu. Users can use the cell browser to explore the data, view expression of genes of interest in each UMAP plot and download datasets for custom analysis.

            

Code availability

              
              All analyses were performed using standard protocols with previously described R packages6,7. The R scripts are available upon request.

            

References
	Srivastava, D. Making or breaking the heart: from lineage determination to morphogenesis. Cell 126, 1037â€“1048 (2006).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Okawa, S., Nicklas, S., Zickenrott, S., Schwamborn, J. C. & del Sol, A. A generalized gene-regulatory network model of stem cell differentiation for predicting lineage specifiers. Stem Cell Reports 7, 307â€“315 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Okawa, S. & del Sol, A. A computational strategy for predicting lineage specifiers in stem cell subpopulations. Stem Cell Res. 15, 427â€“434 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Srivastava, D. et al. Regulation of cardiac mesodermal and neural crest development by the bHLH transcription factor, dHAND. Nat. Genet. 16, 154â€“160 (1997).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jin, S. C. et al. Contribution of rare inherited and de novo variants in 2,871 congenital heart disease probands. Nat. Genet. 49, 1593â€“1601 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Butler, A., Hoffman, P., Smibert, P., Papalexi, E. & Satija, R. Integrating single-cell transcriptomic data across different conditions, technologies, and species. Nat. Biotechnol. 36, 411â€“420 (2018).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Qiu, X. et al. Reversed graph embedding resolves complex single-cell trajectories. Nat. Methods 14, 979â€“982 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lescroart, F. et al. Defining the earliest step of cardiovascular lineage segregation by single-cell RNA-seq. Science 359, 1177â€“1181 (2018).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	DeLaughter, D. M. et al. Single-cell resolution of temporal gene expression during heart development. Dev. Cell 39, 480â€“490 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, G. et al. Transcriptomic profiling maps anatomically patterned subpopulations among single embryonic cardiac cells. Dev. Cell 39, 491â€“507 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jia, G. et al. Single cell RNA-seq and ATAC-seq analysis of cardiac progenitor cell transition states and lineage settlement. Nat. Commun. 9, 4877 (2018).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Nascone, N. & Mercola, M. An inductive role for the endoderm in Xenopus cardiogenesis. Development 121, 515â€“523 (1995).

	Uribe, V. et al. Arid3b is essential for second heart field cell deployment and heart patterning. Development 141, 4168â€“4181 (2014).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tsuchihashi, T. et al. Hand2 function in second heart field progenitors is essential for cardiogenesis. Dev. Biol. 351, 62â€“69 (2011).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gottlieb, P. D. et al. Bop encodes a muscle-restricted protein containing MYND and SET domains and is essential for cardiac differentiation and morphogenesis. Nat. Genet. 31, 25â€“32 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Xavier-Neto, J. et al. A retinoic acid-inducible transgenic marker of sino-atrial development in the mouse heart. Development 126, 2677â€“2687 (1999).

	Napoli, J. L. Cellular retinoid binding-proteins, CRBP, CRABP, FABP5: effects on retinoid metabolism, function and related diseases. Pharmacol. Ther. 173, 19â€“33 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Stefanovic, S. & Zaffran, S. Mechanisms of retinoic acid signaling during cardiogenesis. Mech. Dev. 143, 9â€“19 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Epstein, J. A., Aghajanian, H. & Singh, M. K. Semaphorin signaling in cardiovascular development. Cell Metab. 21, 163â€“173 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sinha, T. et al. Loss of Wnt5a disrupts second heart field cell deployment and may contribute to OFT malformations in DiGeorge syndrome. Hum. Mol. Genet. 24, 1704â€“1716 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Dupays, L., Kotecha, S., Angst, B. & Mohun, T. J. Tbx2 misexpression impairs deployment of second heart field derived progenitor cells to the arterial pole of the embryonic heart. Dev. Biol. 333, 121â€“131 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	George, R. M. & Firulli, A. B. Hand factors in cardiac development. Anat. Rec. 302, 101â€“107 (2019).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Taniguchi, H. et al. A resource of Cre driver lines for genetic targeting of GABAergic neurons in cerebral cortex. Neuron 71, 995â€“1013 (2011).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Madisen, L. et al. A robust and high-throughput Cre reporting and characterization system for the whole mouse brain. Nat. Neurosci. 13, 133â€“140 (2010).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rossant, J., Zirngibl, R., Cado, D., Shago, M. & GiguÃ¨re, V. Expression of a retinoic acid response element-hsplacZ transgene defines specific domains of transcriptional activity during mouse embryogenesis. Genes Dev. 5, 1333â€“1344 (1991).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Becht, E. et al. Dimensionality reduction for visualizing single-cell data using UMAP. Nat. Biotechnol. 37, 38â€“44 (2018).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Gross-Thebing, T., Paksa, A. & Raz, E. Simultaneous high-resolution detection of multiple transcripts combined with localization of proteins in whole-mount embryos. BMC Biol. 12, 55 (2014).
ArticleÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank B. Bruneau and members of the Srivastava laboratory for helpful discussion and feedback and C. Trapnell for guidance on single-cell RNA-sequencing analysis. We acknowledge the Gladstone Histology and Light Microscopy Core, the Gladstone Genomics Core and the Gladstone Bioinformatics Core for their technical expertise and the Gladstone Animal Facility for support with mouse colony maintenance. We thank T. Marsh, J. Debnath, H. Yin, F. Chanut, B. Taylor, T. Roberts and G. Maki for their assistance with imaging, literature review, editing and graphics. We thank M. Haeussler and M. Speir for formatting and hosting the processed datasets on the UCSC cell browser. T.Y.d.S. was supported by the UCSF Chancellorâ€™s Fellowship, Genentech Foundation Fellowship, Discovery Fellows Program and Phi Beta Kappa Graduate Scholarship. C.A.G. is a HHMI fellow of the Damon Runyon Cancer Research Foundation (DRG-2206-14). S.S.R. is a Winslow Fellow. D.S. is supported by the National Heart Lung and Blood Institute (R01 HL057181, P01 HL089707, UM1HL098179, UM1HL128761), the California Institute for Regenerative Medicine (DISC2-09098), the Roddenberry Foundation, the L.Â K. Whittier Foundation, and the Younger Family Fund. S.O. is supported by an FNR CORE grant (C15/BM/10397420) and S.R. is supported by the University of Luxembourg IRP Grant (R-AGR-3227-11). This work was also supported by NIH/NCRR grant C06 RR018928 to the Gladstone Institutes.


Author information
Authors and Affiliations
	Gladstone Institute of Cardiovascular Disease, San Francisco, CA, USA
T. Yvanka de Soysa,Â Sanjeev S. Ranade,Â Yu Huang,Â Hazel T. Salunga,Â Amelia Schricker,Â Casey A. GiffordÂ &Â Deepak Srivastava

	Biomedical Sciences Graduate Program, University of California, San Francisco, CA, USA
T. Yvanka de Soysa

	Roddenberry Center for Stem Cell Biology and Medicine at Gladstone, San Francisco, CA, USA
T. Yvanka de Soysa,Â Sanjeev S. Ranade,Â Yu Huang,Â Hazel T. Salunga,Â Amelia Schricker,Â Casey A. GiffordÂ &Â Deepak Srivastava

	Computational Biology Group, Luxembourg Centre for Systems Biomedicine (LCSB), University of Luxembourg, Luxembourg, Luxembourg
Satoshi Okawa,Â Srikanth RavichandranÂ &Â Antonio del Sol

	Integrated BioBank of Luxembourg, Dudelange, Luxembourg
Satoshi Okawa

	CIC bioGUNE, Derio, Spain
Antonio del Sol

	IKERBASQUE, Basque Foundation for Science, Bilbao, Spain
Antonio del Sol

	Department of Pediatrics, University of California, San Francisco, CA, USA
Deepak Srivastava

	Department of Biochemistry and Biophysics, University of California, San Francisco, CA, USA
Deepak Srivastava


Authors	T. Yvanka de SoysaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Sanjeev S. RanadeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Satoshi OkawaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Srikanth RavichandranView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yu HuangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hazel T. SalungaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Amelia SchrickerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Antonio del SolView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Casey A. GiffordView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Deepak SrivastavaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
T.Y.d.S., C.A.G. and D.S. conceived the study, interpreted the data and wrote the manuscript. T.Y.d.S. prepared chromium libraries, performed in situ hybridization experiments and analysed data with Seurat and Monocle. T.Y.d.S. and S.S.R. dissected and processed embryos for single-cell library preparation and in situ hybridization experiments and conducted whole-mount and section imaging. T.Y.d.S. and A.S. performed genotyping of mice. S.O. and S.R. performed, and A.d.S. conducted the computational modelling for cell-fate determinant predictions. Y.H. and H.T.S. identified pregnant female mice by echocardiography.
Corresponding authors
Correspondence to
                Casey A. Gifford or Deepak Srivastava.


Ethics declarations

              
                Competing interests

                D.S. is a co-founder and member of the board of directors of Tenaya Therapeutics and has equity in Tenaya Therapeutics.Â The other authors declare no competing interests.

              
            

Additional information
Publisherâ€™s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 Genes associated with congenital heart defects are enriched in specific cardiac populations.
a, b, UMAP plot of all captured cell populations coloured by cluster (a) and embryonic stage of collection (b). c, UMAP feature plot showing expression of marker genes used to identify and remove endoderm (Epcam), ectoderm (Sox2) and blood (Hbb-y) cell populations. Statistics for differential gene expression tests were applied to nÂ =Â 36,777 cells. d, UMAP plot of all mesodermal and neural crest populations captured at E7.75, E8.25 and E9.25 coloured by cluster identity as in Fig. 1d. e, Expression of Flt4 and Upp1 in endocardium or endothelium population. f, Expression of Rrad, Ank3 and Prkaa2 in subpopulations of the myocardium. Statistics for differential gene expression tests were applied to nÂ =Â 21,366 cells. All genes represented in c, e, f, have a Bonferroni correction adjusted PÂ <Â 1Â Ã—Â 10âˆ’4 (two-sided Wilcoxon rank-sum test).

                          Source data
                        


Extended Data Fig. 2 Focused analyses of cardiac populations.
Schema of progressive subdivisions of broadly clustered cell populations from Fig. 1d that are discussed in the manuscript.


Extended Data Fig. 3 Spatial validation of marker gene expression by in situ hybridization.
a, Ventral view of Tdgf1 and Tnnt2 expression in the cardiac crescent (CC), right lateral views of Wnt5a and Bmp4 in the OFT, Mab21l2 and Shox2 in the SV, and Hoxa1 and Hoxb1 in the pSHF by in situ hybridization at the indicatedÂ embryonic stages, which informed assignment of population identities in Extended Data Figs. 4c, 5a. b, Expression of Tbx1 in the SHF and pharyngeal arches (PA) and of novel unannotated gene 3632451O06Rik in the OFT at E8.25 and E9.25.Â Scale bars indicate 200 Î¼m unless otherwise noted. c, Expression of Rgs5 and Isl1 in the SHF, Hand2 in the SHF, OFT and RV,Â and Tbx18 in the proepicardial organ (PEO) of E9.25 embryos. d, In situ hybridization of mRNA expression of Isl1, Fgf8 and Hoxb1 at E8.25 and Nr2f2 at E9.25 in right lateral histologic sections. Scale bars, 50Â Î¼m.Â nÂ =Â 2 independent embryos per gene for all panels.


Extended Data Fig. 4 Heterogeneity in endocardium or endothelium and multipotent progenitor populations.
a, UMAP plot of reclustered endocardium or endothelium population coloured by cluster and embryonic stage of collection. b, Violin plot of markers indicating distinct subpopulations of endocardium or endothelial cells. Summary statistics reported in violin plots: the centre white line represents median gene expression and the central black rectangle spans the first quartile to the third quartile of the data distribution. The whiskers above or below the box indicate values that are 1.5Ã—Â the interquartile range above the third quartile or below the first quartile. Statistics for differential gene expression tests were applied to nÂ =Â 2,199 cells. c, UMAP plot of reclustered multipotent progenitor populations coloured by cluster and embryonic stage of collection. d, Heat map showing curated list of marker genes that identify pSHF, AHF and branchiomeric muscle progenitors. Scale indicates z-scored expression values. Statistics for differential gene expression tests were applied to nÂ =Â 5,376 cells. HE, haematoendothelial progenitors; EndMT, endothelialâ€“mesenchymal transition cells. All genes represented in b, d, have a Bonferroni correction adjusted PÂ <Â 1Â Ã—Â 10âˆ’4 (two-sided Wilcoxon rank-sum test).

                          Source data
                        


Extended Data Fig. 5 Focused analyses of myocardial populations and spatial validation of RV markers.
a, UMAP plot of reclustered â€˜myocardiumâ€™ population coloured by cluster and embryonic stage of collection. b, Heat map of highly and uniquely expressed genes in myocardial subpopulations. Scale indicates z-scored expression values. Statistics for differential gene expression tests were applied to nÂ =Â 6,474 cells. c, UMAP plot of reclustered ventricle populations coloured by cluster and embryonic stage of collection. d, Heat map showing curated list of genes that identify LV, RV and early RV cells. Scale indicates z-scored expression values. Statistics for differential gene expression tests were applied to nÂ =Â 1,976 cells. All genes represented in b, d, have a Bonferroni correction adjusted PÂ <Â 1Â Ã—Â 10âˆ’4 (two-sided Wilcoxon rank-sum test). e, mRNA expression of LV marker Hand1 (green) and Pln (red) in frontal view of the E9.5 heart showing enrichment of PlnÂ in the RV region by whole-mount in situ hybridization. nÂ =Â 2 independent embryos per gene. Scale bar, 200 Î¼m. f, Breeding scheme for lineage-tracing Cck expressing cells. g, mRNA expression of endogenous Cck and TdTomato driven by Cck-cre transgene at E9.25 in right oblique view of the heart. nÂ =Â 2 independent embryos per gene. Scale bars, 200 Î¼m. h, Expression of TdTomato in whole-mount and sectioned P1 heart from Ai14Â Ã—Â Cck-cre lineage-traced mice showing location of progeny of Cck-expressing cells. Left panels show bright-field view (top) or TdTomato (bottom) of whole-mount P1 heart; right panels show sections of TdTomato and DAPI (top) or TdTomato alone (bottom) in P1 heart section. nÂ =Â 2 independent embryos. Scale bars, 100 Î¼m. A, atria; V, ventricle.

                          Source data
                        


Extended Data Fig. 6 Pseudotemporal ordering of myocardium populations.
aâ€“d, Pseudotime trajectory of myocardium populations coloured by pseudotime value (a), cluster identity (b), embryonic stage of collection (c) and cell state (d). Pseudotime trajectory analysis was applied to nÂ =Â 6,474 cells. e, Percentage of cells in each state that were captured at E7.75, E8.25 or E9.25. f, Violin plots showing expression of Nppa and Fgf8 in state e and state f from pseudotime trajectory in d. Statistics for differential gene expression tests were applied to nÂ =Â 455 cells from each state. Bonferroni correction adjusted PÂ <Â 1Â Ã—Â 10âˆ’4 (two-sided Wilcoxon rank-sum test). Summary statistics reported in violin plots: the centre white line represents median gene expression and the central black rectangle spans the first quartile to the third quartile of the data distribution. The whiskers above or below the box indicate values that are 1.5Ã— theÂ interquartile range above the third quartile or below the first quartile.

                          Source data
                        


Extended Data Fig. 7 Endoderm populations adjacent to the cardiac crescent.
a, UMAP plot of endoderm populations captured at E7.75 coloured by cluster. b, Dot plot highlighting expression patterns of known and novel endodermal secreted factors, Fgf8, Bmp4, Bmp2 and Wnt5a. The size of the dot indicates the percentage of cells expressing that gene within a cluster (% exp) and the colour indicates the average expression level of that gene within a cluster. c, Expression heat map of the top-ten marker genes of each endodermal population and secreted factors from b. Scale indicates z-scored expression values. Statistics for differential gene expression tests were applied to nÂ =Â 915 cells. All genes represented have a Bonferroni correction adjusted PÂ <Â 1Â Ã—Â 10âˆ’4 (two-sided Wilcoxon rank-sum test).

                          Source data
                        


Extended Data Fig. 8 Transcriptional perturbation in Hand2-null embryos.
a, Heat map of marker genes of populations from Fig. 3a. Statistics for differential gene expression tests were applied to nÂ =Â 13,185 cells. b, c, Heat map of differentially expressed genes between wild-type and Hand2-null OFT (b) and RV (c) cells captured at E7.75 and E8.25. Statistics were applied to nÂ =Â 253 OFT cells per genotype at E7.75, nÂ =Â 276 OFT cells per genotype at E8.25, nÂ =Â 132 RV cells per genotype at E7.75, and nÂ =Â 331 RV cells per genotype at E8.25. Scale indicates z-scored expression values. d, Quantification of fluorescence signal for indicated genes inÂ f and Fig. 3hâ€“j. nÂ =Â 3 independent embryos per genotype. The meanÂ Â±Â s.e.m. is indicated. Two-tailed t-test. *PÂ <Â 0.05 and **PÂ <Â 0.01. e, Violin plots showing expression of Smyd1 and Sema3c in wild-type and Hand2-null E8.25 AHF cells. f, Expression of Hoxb1 in wild-type and Hand2-null embryos at E9.25 by whole-mount in situ hybridization in right lateral view. Arrowheads indicate expanded anterior Hoxb1 expression in Hand2-null embryos. Scale bars, 500 Î¼m. nÂ =Â 3 independent experiments with similar results. g, Proportion of wild-type and Hand2-null cells from each population captured at E7.75. nÂ =Â 5 wild-type embryos and nÂ =Â 3 Hand2-null embryos. The meanÂ Â±Â s.e.m. is indicated. Two-tailed t-test. *PÂ <Â 0.05 and **PÂ <Â 0.01. h, Violin plots showing expression of Nppa and Nppb in E8.25 wild-type and Hand2-null RV cells. All genes in aâ€“c, e, h have a Bonferroni correction adjusted PÂ <Â 1Â Ã—Â 10âˆ’4 (two-sided Wilcoxon rank-sum test). Violin plot summary statistics: centre white line represents median gene expression and central black rectangle spans the first to third quartile of the data distribution. The whiskers indicate values that are 1.5Ã—Â the interquartile range above the third quartile or below the first quartile.

                          Source data
                        


Extended Data Fig. 9 RV cells are present in Hand2-null embryos at E9.25.
a, Violin plots showing expression of Nppa and Nppb in RV states 1 and 2 from Fig. 4c. Statistics for differential gene expression tests were applied to nÂ =Â 251 cells from each state. b, c, UMAP plot of subset of cardiac populations captured at E9.25 coloured by cluster (b) and genotype (c). d, Curated list of highly and uniquely enriched genes in cardiac populations at E9.25. Scale indicates z-scored expression values. e, UMAP feature plot showing expression domains of Irx4, Cited1 and Cck, indicating presence of LV and RV at E9.25. Statistics for differential gene expression tests for d and e were applied to nÂ =Â 5,211 cells. f, Violin plots of genes differentially expressed in wild-type versus Hand2-null AHF cells captured at E9.25. Isl1 is shown to indicate equivalent expression, and thus progenitor identity, in wild-type and Hand2-null cells. ns, not significant. All other genes represented in a, dâ€“f, have a Bonferroni correction adjusted PÂ <Â 1Â Ã—Â 10âˆ’4 (two-sided Wilcoxon rank-sum test). Violin plot summary statistics: centre white line represents median gene expression and the central black rectangle spans the first quartile to the third quartile of the data distribution. The whiskers indicate values that are 1.5Ã—Â the interquartile range above the third quartile or below the first quartile.

                          Source data
                        


Extended Data Fig. 10 RV cell migration is impaired in Hand2-null embryos.
a, b, Whole-mount in situ hybridization for Irx4 and Cck in right lateral view (a) and transverse sections (b) at E9.25, indicating presence of RV cells in Hand2 mutants (arrowheads). nÂ =Â 2 independent experiments with similar results. Scale bars, 200Â Î¼m. c, Quantification of Sema3c fluorescence signal in Fig. 4f. nÂ =Â 3 replicate embryos per genotype. The meanÂ Â±Â s.e.m. indicated. Two-tailed t-test: *PÂ <Â 0.05. d, e, Violin plots of Wnt5a and Tbx2 expression in wild-type and Hand2-null RV cells at E7.75 and E8.25, respectively (d), and Hand1 and Hand2 expression in LV and OFT cells at E9.25 (e). All genes in d and e have a Bonferroni correction adjusted PÂ <Â 1Â Ã—Â 10âˆ’4 (two-sided Wilcoxon rank-sum test). Violin plot summary statistics: centre white line represents median gene expression and central black rectangle spans the first to third quartile of the data distribution. Whiskers indicate values that are 1.5Ã—Â the interquartile range above the third quartile or below the first quartile. f, In situ hybridization for Hand1 in wild-type and Hand2-null embryos at E9.25 in frontal view. nÂ =Â 3 independent experiments with similar results. g, Quantification of Hand1 fluorescent signal in the OFT. nÂ =Â 3 replicated embryos per genotype. The meanÂ Â±Â s.e.m. is indicated. Two-tailed t-test. *PÂ <Â 0.05. h, GO biological process terms of differentially expressed genes in wild-type and Hand2-null AHF (nÂ =Â 406 cells per genotype), OFT (nÂ =Â 362 cells per genotype) or RV (nÂ =Â 227 cells per genotype) cells at E9.25, as determined with DAVID v.6.8. Significant functional enrichment was statistically determined using a modified Fisherâ€™s exact test (EASE score) followed by Benjaminiâ€“Hochberg correction for multiple comparisons, with 0.01 as a P-value cut-off.
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Supplementary information
Reporting Summary

Supplementary Table
Supplementary Table 1 â€“ Summary of single-cell RNA-sequencing data. This table summarizes features of analyzed cells at each embryonic stage for each biological replicate of wild type and Hand2-null embryos (Table 1a). This table also contains information about cells captured from wild type and Hand2-null embryos at each time point for each population discussed in the manuscript (Table 1b).


Supplementary Table
Supplementary Table 2 â€“ Wild type cardiogenesis analysis. This table lists differentially expressed genes used to identify and distinguish populations discussed in Fig. 1, Fig. 2, and Extended Data Fig. 4, 5, and 7. Several genes have been reported to be cell type specific in the heart at the embryonic stages under study, and these reports are referenced herein. This table also lists differential gene expression analyses for the myocardium pseudotime analysis (Extended Data Fig. 6d, f), Pitx2 high vs low expressing cells, and the cell fate prediction method. Differentially expressed genes between populations were statistically determined using the Wilcoxon rank sum test (two-sided) for single-cell gene expression with Bonferroni correction and an adjusted p-value cut-off < 1x10-4. The exact number of cells (n) to which statistics for differential gene expression tests were applied is indicated in each sheet or sheet tab.


Supplementary Table
Supplementary Table 3 â€“ Hand2-null cardiogenesis analysis. This table lists differentially expressed genes between wild type and Hand2-null populations, by embryonic stage, as well as marker gene lists that were used to assign identities to populations described in Fig. 3, Extended Data Fig. 8, and Extended Data Fig. 9. Differentially expressed genes were statistically determined using the Wilcoxon rank sum test (two-sided) for single-cell gene expression with Bonferroni correction and an adjusted p-value cut-off < 1x10-4. The exact number of cells (n) per genotype to which statistics for differential gene expression tests were applied is indicated in each sheet or sheet tab.


Video 1: Expression of Sema3c and Tbx2 in wild type embryos at E8.25.
3D reconstructed lightsheet videos of replicate wild type embryos indicating expression of Sema3c (red) and Tbx2 (green) by in situ hybridization. n = 2 independent experiments with similar results.


Video 2: Expression of Sema3c and Tbx2 in wild type embryos at E8.25.
3D reconstructed lightsheet videos of replicate wild type embryos indicating expression of Sema3c (red) and Tbx2 (green) by in situ hybridization. n = 2 independent experiments with similar results.


Video 3: Expression of Sema3c and Tbx2 in Hand2-null embryos at E8.25.
3D reconstructed lightsheet videos of replicate Hand2-null embryos indicating expression of Sema3c (red) and Tbx2 (green) by in situ hybridization. n = 2 independent experiments with similar results.


Video 4: Expression of Sema3c and Tbx2 in Hand2-null embryos at E8.25.
3D reconstructed lightsheet videos of replicate Hand2-null embryos indicating expression of Sema3c (red) and Tbx2 (green) by in situ hybridization. n = 2 independent experiments with similar results.
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Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 7
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