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            Abstract
The cardiac transcription factor (TF) gene NKX2-5 has been associated with electrocardiographic (EKG) traits through genome-wide association studies (GWASs), but the extent to which differential binding of NKX2-5 at common regulatory variants contributes to these traits has not yet been studied. We analyzed transcriptomic and epigenomic data from induced pluripotent stem cell-derived cardiomyocytes from seven related individuals, and identified ~2,000 single-nucleotide variants associated with allele-specific effects (ASE-SNVs) on NKX2-5 binding. NKX2-5 ASE-SNVs were enriched for altered TF motifs, for heart-specific expression quantitative trait loci and for EKG GWAS signals. Using fine-mapping combined with epigenomic data from induced pluripotent stem cell–derived cardiomyocytes, we prioritized candidate causal variants for EKG traits, many of which were NKX2-5 ASE-SNVs. Experimentally characterizing two NKX2-5 ASE-SNVs (rs3807989 and rs590041) showed that they modulate the expression of target genes via differential protein binding in cardiac cells, indicating that they are functional variants underlying EKG GWAS signals. Our results show that differential NKX2-5 binding at numerous regulatory variants across the genome contributes to EKG phenotypes.
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                    Fig. 1: Generation and characterization of iPSCs and iPSC-CMs by gene expression and epigenetic profiling.[image: ]


Fig. 2: Identification of coordinated ASEs in gene expression, H3K27 acetylation, chromatin accessibility and NKX2-5 binding in iPSCs and iPSC-CMs.[image: ]


Fig. 3: TF binding motifs are altered by SNVs with ASEs in NKX2-5 ChIP-Seq.[image: ]


Fig. 4: Enrichment of ChIP-Seq ASE variants for known QTLs.[image: ]


Fig. 5: Enrichment of NKX2-5 SNVs at GWAS loci, and validation of rs590041 as a regulatory variant in the SSBP3 locus for P-wave duration.[image: ]


Fig. 6: Prioritization of candidate causal variants at heart rate loci using fgwas.[image: ]


Fig. 7: Functional characterization of rs3807989 as candidate causal variants for PR interval and atrial fibrillation.[image: ]
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                Data availability

              
              All iPSC lines are available through the WiCell Research Institute (www.wicell.org; NHLBI Next Gen Collection). All genomic data are available through the database of Genotypes and Phenotypes (accessions phs000924 (RNA-Seq, ChIP-Seq, ATAC-Seq and Hi-C) and phs001325 (whole-genome-sequenced SNV and copy number variation genotypes)) and National Center for Biotechnology Information BioProject PRJNA285375. Processed data files are available through Gene Expression Omnibus accessions GSE125540 and GSE133833.

            

Code availability
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Integrated supplementary information

Supplementary Figure 1 Characterization of iPSC-CMs by flow cytometry, immunofluorescence and gene expression.
(a) Percentage of cells positive for the cardiomyocyte-specific marker TNNT2 analyzed by flow cytometry on iPSC-CMs generated in this study and collected at either day 15 (n = 15 independent samples) or day 25 and purified with L-lactate selection (n = 12 independent samples). The day 15 sample that was lactate purified is indicated. Plot lines indicate median, lower and upper quartiles. (b) Confocal microscopy of immunofluorescence for TNNT2 and MYL7 in one replicate of iPSCORE_2_1 day 15 iPSC-CMs at two different magnifications. Similar staining was observed for other two day15-iPSC-CM samples (subjects iPSCORE_2_3 and iPSCORE_2_9, not shown). (c) Hierarchical clustering and heatmap of RNA-seq expression data from 61 selected cell-type specific genes. In addition to the 56 samples from this study, Roadmap RNA-seq data from stem cell lines (H1, HUES64, iPS-20b and iPS-18) and human tissues (right ventricle, left ventricle, right atrium and fetal heart) are included as reference samples. Gene expression values are reported as vst-normalized read counts.


Supplementary Figure 2 Epigenetic profile differences between iPSCs and iPSC-CMs.
(a) Tag heatmap of sequence coverage at the TSSs of differentially expressed genes (n = 5,307 DEGs, minimum log2 fold change = 2, FDR < 0.05, DESeq2), listed in decreasing order of log2 ratio of expression in iPSCs versus iPSC-CMs. The density plot at the top shows the average normalized coverage (range 0-1) across iPSC-upregulated genes (2,444 genes, green) and iPSC-CM-upregulated genes (2,863 genes, purple). For a 2-kb window centered at the TSS, coverage values for 25-bp bins were obtained by combining all samples of each data type and normalized to a total of 107 reads. (b-f) Heatmap and hierarchical clustering of similarity based on overlap between enhancer annotations (from 25-state ChromHMM) for 127 samples from Roadmap Epigenomics (Ernst, J. and M. Kellis, Nat. Methods 9, 215-216, 2012; Kundaje, A. et al. Nature 518, 317-330, 2015) and ATAC-seq peaks or ChIP-Seq peaks from iPSCs (b, c) or iPSC-CMs (d-f) combined samples. Similarity was calculated using the Jaccard statistic (intersection/union of base pairs in each comparison), mean-centered across the 127 tissues and ordered by highest average enhancer similarity. A zoom in of the top 10 Roadmap tissues with highest average enhancer similarity is shown.


Supplementary Figure 3 Analysis of variation of molecular phenotypes across samples.
(a, c, e, g, i) Plots of the two first principal components (PC) calculated on all genes/peaks identified in each RNA-seq (a, iPSCs: 29 independent samples; e, iPSC-CMs: 26 independent samples and 1 technical replicate) or ChIP-seq dataset (c, H3K27ac in iPSCs: 17 independent samples and 4 technical replicates; g, H3K27ac in iPSC-CMs: 25 independent samples and 2 technical replicates; i, NKX2-5: 12 independent samples and 3 technical replicates). Samples are color-coded by subject and distinguished by a different symbol representing a different batch for iPSC (cultured, collected and sequenced at different times) or a different protocol (day 15 vs. day 25) for iPSC-CMs differentiation. Samples from the same individual are considered independent if iPSC lines were cultured -or iPSC-CMs were differentiated- at different times, and are considered technical replicates (indicated by A and B) if the assays were performed on cell material collected from the same sample. (b, d, f, h, j) Tables showing adjusted r-squared values from ANOVA tests are reported as a measure of association between PC1 to PC10 and different covariates in each dataset. Tables are color-coded according to –log10 of ANOVA P-values. (k-o) Plots of the average Spearman correlation coefficients between pairs of samples across the 1,000 most variable genes or peaks for the indicated molecular phenotypes. Each dot corresponds to the per-sample pairwise correlation coefficient averaged across samples from either the same subject or different subjects. Technical replicates were excluded for the comparisons between samples of the same subject. Plot lines indicate median, lower and upper quartiles. P-values from one-tailed Mann-Whitney test are shown.


Supplementary Figure 4 Comparison of number and effects of ASE-SNVs identified in ChIP-seq and ATAC-seq.
(a) Number of uniquely mapped reads for each data type and subject (n = 7). Each open circle corresponds to merged reads from different samples of the same subject. (b) Average FrIP across different samples of the same subject in each data type. (c) Median number of reads at all heterozygous SNVs tested for ASE in each individual. (d,e) Scatterplot showing increase in the median SNV coverage as a function of the number of mapped reads (d) and of FrIP (e) in each subject (n = 7). Continuous lines indicate that the relation is significant (linear regression, P < 0.05). (f) Scatterplot showing increase in the fraction of identified ASE-SNV in each subject (FDR < 0.05), as a function of the median SNV coverage. Continuous lines indicate that the relation is significant (linear regression, P < 0.05). (g) Distribution of the mean SNV coverage between subjects, across all SNVs analyzed in each data type (number of SNVs in each distribution from left to right: 30,463, 26,201, 116,898, 123,151 and 19,371). Median values are shown as white dots within the violin plot and are indicated. (h) Distribution of the number of ASE-SNVs (FDR < 10%) in 100 samplings of 100 SNVs with the same coverage in the different data types. (i) Distribution of the mean ASE effect sizes (allele frequencies) of the 100 SNVs samples shown in h. Median values are shown. Boxplot elements: median (thick line), lower and upper quartiles (box), maximum and minimum (wiskers). (j-l) Scatterplot showing correlation of ASE effects of the same SNV between peaks from different data types in iPSC-CMs: (j) NKX2-5 vs. ATAC-seq peaks; (k) NKX2-5 vs. H3K27ac peaks; (l) ATAC-seq vs. H3K27ac peaks. The union of significant ASE-SNVs in each pair of datasets is shown, with ASE effects expressed as the proportion of the reference allele at heterozygous SNVs. Gray dots denote ASE-SNVs significant (binomial test, FDR < 0.05) only in the peaks indicated in the x-axis, blue dots in the y-axis, and green dots in both. Pearson correlation coefficient (r), number of SNVs (n) and P-values are indicated.


Supplementary Figure 5 Correlation between ASE and motif disruption in NKX2-5 ChIP-seq.
Scatterplots showing relationship between the proportion of reads for the reference allele at ASE-SNVs in the NKX2-5 ChIP-seq data and the difference in motif strength between the reference and alternate allele. Spearman correlation statistics (r and P-value) and the number of motif-altering ASE-SNVs (n) are indicated. The 12 most enriched families of motifs in NKX2-5 peaks (Supplementary Table 4) were tested. TFBS motifs that were strengthened (red) or weakened (blue) by the preferred allele of ASE-SNVs are indicated.


Supplementary Figure 6 Analysis of enrichment of ChIP-seq and ATAC-seq peaks for GWAS SNPs.
(a) Heatmap of enrichment for GWAS SNPs in ChIP-seq and ATAC-seq peaks from iPSCs and iPSC-CMs combined samples from this study as well as in peaks from cardiac tissues from Roadmap (DHS of fetal heart, H3K27ac of right ventricle and right atrium). Heatmap is ordered by the most enriched GWAS traits on average in the cardiac datasets (iPSC-CMs and Roadmap tissues) and shows fold change values for significant enrichment at FDR corrected P-value < 0.05. A total of 125 GWAS traits were tested for enrichment, and the corresponding number of independent SNPs is given in parenthesis. The statistical enrichment test was performed using GREGOR software. (b-f) Volcano plots showing -log10 P-values (y-axis) and fold enrichment (x-axis) for GWAS loci showed in a, indicating the position of the 6 electrocardiographic traits. Red symbols indicate significant enrichment at FDR corrected P-value < 0.05. The iPSC-CMs NKX2-5, H3K27ac and ATAC-seq enrichment plots are shown in Fig. 5a–c.


Supplementary Figure 7 Enrichment of GWAS signals within iPSC-CM functional annotations using fgwas single state models.
Fgwas natural log fold enrichment of iPSC-CM genomic annotations (y-axis) in heart rate (den Hoed, M. et al. Nat. Genet. 45, 621-631, 2013), atrial fibrillation (Christophersen, I. E. et al. Nat. Genet. 49, 946-952, 2017), and PR interval (van Setten, J. et al. Nat. Commun. 9, 2904, 2018) GWAS signals. Solid circles indicate significant enrichment (defined as 95% CI above zero) and the bars indicate the 95% confidence intervals. The genomic annotations include NKX2-5 ASE-SNVs, NKX2-5 peaks, ATAC-seq peaks, H3K27ac peaks and H3K27ac ASE-SNVs. Peaks were called by combining all samples from each data type. The number of SNPs analyzed for each GWAS was: 2,516,407 SNPs for heart rate, 11,779,664 SNPs for atrial fibrillation, and 2,712,310 SNPs for PR interval.


Supplementary Figure 8 Functional characterization of candidate causal variants at four loci associated with heart rate.
(a, d, f, h) For each of the four loci, the top panel shows the regional plot of association P-values with heart rate (den Hoed, M. et al. Nat. Genet. 45, 621-631, 2013); SNPs are color coded based on r2 values from the 1000 Genome Project CEU population (Johnson, A. D. et al. Bioinformatics, 24, 2938-2939, 2008); lead GWAS variants in the locus are indicated by a diamond. The second panel shows the posterior probability of causality (PPA) of the variants in the locus calculated using fgwas, and panels three through five show epigenetic tracks from iPSC-CM combined samples (NKX2-5, ATAC-seq and H3K27a). The bottom panel shows the Roadmap fetal heart ChromHMM and genes from UCSC genome browser (conventional ChromHMM color code). For d and h, the bottom panel shows the locus at lower scale. For d, f and h, the locations of Hi-C loops from iPSC-CM are shown in red. For the candidate causal variants (turquoise lines), the allelic imbalance (pie chart) of NKX2-5 ASE and FRD-corrected P-values are shown; for a, the altered TF motif is shown. Significant associations (P < 0.05, linear regression) between putative variants genotypes and normalized gene expression of candidate genes in iPSC-CMs from 128 different individuals from iPSCORE are shown (c, e, g, i). Boxplot elements: median (thick line), lower and upper quartiles (box), maximum and minimum (whiskers). (b) EMSA with iPSC-CM nuclear extract using probes containing both allelic variants of rs7612445. An independent replicate is shown in Supplementary Figure 9.


Supplementary Figure 9 Electrophoretic mobility shift assay (EMSA) for NKX2-5 ASE-SNVs.
(a-c) Second independent replicate of EMSA with iPSC-CMs nuclear extract using probes containing two allelic variants of rs590041 (a), rs3807989 (b), and rs7612445 (c). (d) Original (not cropped) blots of all presented EMSAs. The figures and supplementary figures where we showed the corresponding cropped versions are indicated.


Supplementary Figure 10 Experimental validation using luciferase assays and CRISPRi in iPSC-CMs.
(a) Representative fluorescence microscopy image showing that in the luciferase assays we achieved approximately 70% transfection efficiency of a GFP-over-expressing plasmid in iPSC-CMs. Efficiency was measured once. (b) Test of gRNA efficiency for CRISPR system in HEK293T cells. HEK293T were transfected with two vectors: one containing two gRNAs targeting the indicated SNP (2sgRNA-ccdB-EF1a-Puromycin) and the other expressing Cas9 (Lenti-Cas9-Blast, Addgene #52962). The gRNAs for SNPs rs590041 (SSBP3 intron) and rs3807989 (CAV1 intron) showed additional bands corresponding to targeted deletions (arrows) and were used for CRISPRi experiments in iPSC-CMs. The gRNAs for SNPs rs7612445 (GNB4) and rs8044595 (MYH11) did not show additional bands and were not used for CRISPRi. Efficiency was tested once. (c,d) qPCR expression of SSBP3 (c) or CAV1 and CAV2 (d) in iPSC-CMs (id: iPSCORE_1_57) stably expressing dCas9-KRAB (CRISPRi) and either a control guide RNA (gCTL) or two guide RNAs targeting the region encompassing rs590041 (c) or rs3807989 (d). Bars and error bars represent the mean and the standard deviation from three qPCR measurements, respectively; two-tailed t-test P-values are shown. Similar results were obtained in an independent cell line presented in the main manuscript (Fig. 5i and Fig. 7h).


Supplementary Figure 11 UCSC genome browser screenshots showing quality of ChIP-seq and ATAC-seq data.
Bedgraph tracks are shown for one representative sample from each of the 7 individuals for H3K27ac ChIP-seq: (a) iPSCs and (b) iPSC-CMs; (c) iPSCs and iPSC-CMs samples from 3 individuals are shown for ATAC-seq; and (d) iPSC-CMs for 7 individuals for NKX2-5.





Supplementary information
Supplementary Information
Supplementary Figs. 1–11, Tables 1, 3 and 7, and Note


Reporting Summary

Supplementary Table 2
Metadata and per-sample sequence data metrics


Supplementary Table 4
Motif enrichment analysis of ATAC-Seq and ChIP-Seq peaks


Supplementary Table 5
Annotation of SNVs showing ASEs in ChIP-Seq and ATAC-Seq datasets


Supplementary Table 6
Results from fgwas fine-mapping analysis of heart rate, atrial fibrillation and PR interval GWAS studies using iPSC-CM functional genomics data





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Benaglio, P., D’Antonio-Chronowska, A., Ma, W. et al. Allele-specific NKX2-5 binding underlies multiple genetic associations with human electrocardiographic traits.
                    Nat Genet 51, 1506–1517 (2019). https://doi.org/10.1038/s41588-019-0499-3
Download citation
	Received: 21 February 2018

	Accepted: 15 August 2019

	Published: 30 September 2019

	Issue Date: October 2019

	DOI: https://doi.org/10.1038/s41588-019-0499-3


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Stem cell models of inherited arrhythmias
                                    
                                

                            
                                
                                    	Tammy Ryan
	Jason D. Roberts


                                
                                Nature Cardiovascular Research (2024)

                            
	
                            
                                
                                    
                                        Complex regulatory networks influence pluripotent cell state transitions in human iPSCs
                                    
                                

                            
                                
                                    	Timothy D. Arthur
	Jennifer P. Nguyen
	Kelly A. Frazer


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Single-cell genomics improves the discovery of risk variants and genes of atrial fibrillation
                                    
                                

                            
                                
                                    	Alan Selewa
	Kaixuan Luo
	Sebastian Pott


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Fine mapping spatiotemporal mechanisms of genetic variants underlying cardiac traits and disease
                                    
                                

                            
                                
                                    	Matteo D’Antonio
	Jennifer P. Nguyen
	Kelly A. Frazer


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Epigenomic charting and functional annotation of risk loci in renal cell carcinoma
                                    
                                

                            
                                
                                    	Amin H. Nassar
	Sarah Abou Alaiwi
	Matthew L. Freedman


                                
                                Nature Communications (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Genetics (Nat Genet)
                
                
    
    
        ISSN 1546-1718 (online)
    
    


                
    
    
        ISSN 1061-4036 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
