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Figure S1. Properties of SuRE libraries and characteristics of identified regulatory quantitative trait loci (raQTLs). (A) Pedigree chart depicting the familial relationships of all individuals included in the analysis, highlighting both affected and unaffected family members. HLHS, hypoplastic left heart syndrome. CHD, congenital heart disease. (B) Fragment length distribution of the genomic inserts analyzed across the different SuRE libraries. (C) raQTLs show, on average, higher coverage compared to non raQTLs. (D) The average expression of the highest expressing allele in raQTLs is five times higher than that in non raQTLs. (E) Proportion of genomic features overlapping raQTLs versus non-raQTLs.



Table S1. Summary statistics for total sequencing reads and unique barcodes. Data represent quantification from genomic DNA and complementary DNA (cDNA) libraries used for SuRE analysis. Genomic DNA fragments were mapped to the reference genome and linked to barcodes via inverse PCR (iPCR), while cDNA was generated from reverse-transcribed mRNA following transfection in AC16 CMs.

	Library
	iPCR
	AC16 cDNA reads

	
	Reads
	Unique barcodes
	Replicate 1
	Replicate 2
	Replicate 3

	SuRE X38
	2,108,945,433
	753,037,609
	334,488,390
	368,328,176
	355,132,730

	SuRE X57
	1,204,816,310
	575,846,005
	162,884,325
	198,440,915
	-

	SuRE X59
	1,369,389,050
	509,199,540
	174,986,871
	169,369,584
	-

	SuRE X67
	925,434,828
	565,593,556
	135,347,911
	183,494,368
	-

	SuRE X68
	1,123,032,196
	409,764,442
	195,668,167
	195,752,478
	-

	SuRE X86
	1,415,947,285
	993,248,388
	160,746,060
	176,191,413
	-
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Figure S2. raQTLs are enriched in active regions of human fetal heart and a subset overlaps previously validated cardiac enhancers. (A) Average H3K27Ac ChIP-seq profiles across various human embryonic tissues centered on SuRE peaks identified in AC16 cardiomyocytes (CMs). The H3K27Ac ChIP-seq data were taken from (1). (B) Overlap of raQTLs with previously validated enhancers. Thirteen raQTLs overlap enhancers previously validated by the enSERT assay, all of which exhibit positive LacZ activity in the heart tissue of transgenic mice(2). (C) Schematic representation of the enSERT assay setup used for validating human enhancers in a transgenic mouse model. (D) Individual examples of raQTLs overlapping known cardiac enhancers. The raQTL rs78903496 overlaps the heart enhancer hs2590 (left panel), and rs8099945 overlaps the heart enhancer mm1759 (right panel). Both enhancers display consistent activity across the six patient genomes analyzed in this study. We also observe peaks in AC16 ATAC-seq data overlapping both enhancers, suggesting they are located in open chromatin regions. Furthermore, the H3K27Ac ChIP-seq signal in CS22 fetal heart suggests that these loci may modulate gene expression during cardiac development. Additionally, both enhancers demonstrate LacZ reporter activity in the mouse heart and somites.
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[bookmark: _Hlk215964599]Figure S3. Mapping critical regulatory motifs in the hs3112 enhancer by saturation mutagenesis and the SuRE assay. Saturation mutagenesis combined with the SuRE assay was performed in AC16 CMs using a set of overlapping 270 bp fragments spanning the entire hs3112 enhancer. This screen successfully mapped several critical regulatory motifs, some of which overlap with predicted binding sites for vertebrate transcription factors (TFs). The strongest reduction in enhancer activity is observed for mutations positioned immediately adjacent to rs74330989. ChIP-seq data for the TFs Tbx5(3), Mef2c(4), Mef2a(5), Tead(6), and Srf(7) in fetal mouse heart were taken from (8).
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Figure S4. The hs3112 enhancer is active in developing mouse heart. Transgenic mouse embryos carrying either tandem or single copies of the hs3112-LacZ or hs3112.1-LacZ reporter transgene, integrated into the genome using the enhancer enSERT assay, were stained with X-gal, and identical post-processing was applied to all images. The top tandem embryo images for hs3112 and hs3112.1 are also shown in Figure 4E.
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[bookmark: _Hlk215967935]Figure S5. Microscopic analysis of hs3112-LacZ reporter activity in transgenic mouse embryo sections using co-staining with X-gal, the neural crest cell (NCC) marker Sox10, and hematoxylin. Transverse sections from E11.5 embryos carrying the LacZ reporter driven by wild-type hs3112 are shown. Sections were stained with X-gal to reveal LacZ activity and immunostained for Sox10 (1:100 and 1:200 antibody dilutions for hematoxylin & neutral red and hematoxylin & eosin images, respectively) to visualize migrating NCCs. Both, the available fragments of the whole-embryo section and high magnification views of selected regions of interest, are presented.
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Figure S6. Comparison of the epigenetic landscape across the hs3112 region in mouse and human cardiac tissues. (A) SuRE activity decrease associated with the heterozygous rs74330989 variant. The plot displays the decrease in SuRE reporter activity observed in genome carrying the heterozygous variant rs74330989 at hs3112 enhancer locus. (B) Three-dimensional chromatin organization of the Opa1-Hes1 locus in mouse CMs isolated from left ventricle of mouse strain C57BL/6. The Hi-C heatmap shows that the mouse ortholog of hs3112 (mm10, chr16:29,813,619–29,814,587) resides within the same topologically associating domain (TAD) as the Hes1 gene, but not the Opa1 gene. For comparison, see the 3D genome organization in the adult human heart (Figure 5D). The Hi-C data were taken from (9),(10). (C-D) Epigenomic landscape of the chromosomal region containing hs3112. Profiles of key chromatin marks are shown for fetal mouse whole-heart tissue (C) and human whole-heart tissue (D). The repressive H3K27Me3 mark is consistently present at the hs3112 locus in both species. The ChIP-seq data were taken from (11),(12) . The integration site of the T55 transgene(13) (mm10, chr16:29,838,514–29,838,779), situated 23,927 bp downstream of hs3112, is indicated in red.
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Figure S7. The hs3112 enhancer contains multiple predicted TF binding sites, including those for HES and HEY factors, which are expressed in migrating NCCs during cardiogenesis. (A) Transcriptomic profiling of genes adjacent to hs3112. Gene expression data across diverse tissue types, developmental stages, and cell lines demonstrate consistent OPA1 expression, while HES1 expression significantly decreases in differentiated cells. The gene expression data were taken from (14),(15),(16),(17),(18). (B) HES and HEY TF binding motifs identified in hs3112. (C) Temporal expression of Notch signaling and NCC markers. Notch pathway genes and key marker genes for migrating NCCs are inactive in the fetal mouse heart at embryonic day E8.25 but become active in NCCs located within the outflow tract (OFT) by E10.5. BA, branchial arches; FHF, first heart field, HT, heart tube, LA, left atrium; LV, left ventricle, NT, neural tube, RA, right atrium; RV, right ventricle, SHF, second heart field. The gene expression data were taken from (19),(20).
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Figure S8. Distribution of allelic ratios across the AC16 genome suggests tetraploidy. The figure displays the distribution of the proportion of reference alleles for detected variants across each chromosome in the AC16 genome, compared to a reference diploid human genome.
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[bookmark: _Hlk214275393]Figure S9. Knockout (KO) of the hs3112 enhancer in AC16 CMs does not significantly affect HES1 expression. (A) Allelic expression imbalance at the HES1 locus. This panel shows differential allelic expression of SNP rs77930285 within the HES1 5’ UTR in AC16 CMs. The minor G variant (likely present on only one of the estimated four chromosome copies) is expressed at a substantially higher levels than the major T allele, indicating a pronounced allelic imbalance. The position of the 5′ UTR amplicon used to assess gene expression by RT-qPCR is indicated above the gene schematic. (B) The experimental setup and expected outcome for hs3112 KO. This panel illustrates the experimental procedure for hs3112 KO in AC16 cells and the anticipated functional consequences. The consistency of the G and T allelic ratio for rs77930285 in genomic DNA (gDNA) after hs3112 KO serves as a critical technical quality control for the CRISPR/Cas9-mediated procedure. This control is essential because the HES1 locus is situated extremely close to the chromosome end, posing a risk of complete locus loss following the introduction of DNA double-stranded breaks at the hs3112 borders. Concurrently, a proportional decrease in rs77930285 allele expression levels is expected upon hs3112 KO, provided that HES1 is a genuine target of this enhancer. (C) Confirmation of KO events. Agarose gel electrophoresis confirming two control clones (with either wild type or minimally affected hs3112 sequences) and three clones with complete KO of hs3112 (affecting 2 to 4 alleles). NTC, no template control. (D) rs77930285 allelic proportion analysis. Analysis of rs77930285 allelic proportions in gDNA and complementary DNA (cDNA) in control and hs3112 KO AC16 clones. Note the identical proportions of the T allele in gDNA counts across all samples, confirming the presence of all intact copies of the HES1 gene in KO clones. However, only a very slight difference in the proportion of the T allele in cDNA counts was detected following KO. (E) Summary of experimental results obtained. The physical associations (haplotypes) between the hs3112 and HES1 alleles, as well as the precise locations of short, unexpected deletions within the enhancer in clones 25 and 37, are not known. Fo the latter, only one possible combination of deletion locations is schematically shown.
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Figure S10. Chromatin status of the hs3112–HES1 locus across selected human cardiac developmental stages. (A) Chromatin profiling of the 1 Mb locus. Genome browser tracks illustrate the chromatin state across the region at several developmental time points (fetal CS14 and CS23, adult heart tissue, and AC16 CMs where data is available). Tracks presented include: ATAC-seq data for open chromatin (unavailable for fetal stages); ChIP-seq data for active and repressive histone modifications, namely H3K4Me1, H3K4Me2, H3K4Me3, H3K27Me3, and H3K36Me3; and the insulation score track, which delineates the TAD boundaries. (B) Zoomed view of the hs3112 enhancer. The Y-axis range is identical to the corresponding tracks in panel A.
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[bookmark: _Hlk215489419]Figure S11. Proposed model of hs3112–HES1 interplay. During embryogenesis, as the heart develops, NCCs migrate from the dorsal neural tube into the forming OFT. Upon arrival, they undergo extensive cellular reprogramming and progressively differentiate into smooth muscle cells. Throughout this critical interval, multiple signaling cascades coordinate NCC fate decisions, with the Notch pathway acting as a principal regulator. Ligand engagement (Delta-like or Jagged) with the Notch receptor on neighboring cells induces proteolytic cleavage and release of the Notch intracellular domain (NICD). NICD then translocates to the nucleus, where it activates transcription of downstream targets, including HES1. In NCCs populating the OFT, HES1 expression is governed not only by Notch signaling but also by additional TFs, signaling cues, and potentially other distal regulatory elements. Both the hs3112 enhancer and the HES1 gene reside within a ~550-kb TAD that insulates them from adjacent loci, including OPA1 upstream and CPN2 and GP5 downstream. This domain contains regions marked by repressive H3K27Me3 and activating H3K4Me2 modifications, consistent with a bivalent chromatin state, a poised configuration that permits rapid activation or silencing and is characteristic of genes under tight developmental control(21). Such chromatin architecture enables dynamic responses to developmental signals. The hs3112 enhancer is proposed to become active in NCCs at this stage, likely through binding of ETS-family TFs (designated as ETS in the scheme) or other activators. Once engaged, hs3112 may cooperate with the Notch-dependent transcription complex to enhance HES1 expression. Notably, hs3112 contains a predicted HES1 binding motif, suggesting a potential autoregulatory feedback loop. Although HES1 can function as either a repressor(22) or activator(23), this model focuses on its well-established repressive activity. While experimental confirmation is still required, HES1 may fine-tune its own regulatory circuitry by dampening enhancer activity or facilitating termination of transcriptional output, in line with its characteristic oscillatory behavior(24). A sequence variant within hs3112 that compromises its regulatory function could alter the precise amplitude or timing of HES1 transcription. Even modest delays or partial reductions, rather than complete loss of activity, may disrupt the temporal program guiding NCC differentiation. Such incremental yet cumulative perturbations in a pathway highly sensitive to dosage and timing could ultimately affect smooth muscle maturation and contribute to downstream disturbances in cardiac development.
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Figure S12. Construction of a pseudo-phased genome assembly. (A) Schematic representation of the biallelic variant call format (VCF) file listing all variants included in the analysis used for the construction of the pseudo-phased genome. (B) Diagram illustrating the generation of haplotype 1 and haplotype 2 genome assemblies. These were constructed by combining the human reference genome with the variants defined in the VCF file. (C) Each paired-end read (R1 and R2, representing forward and reverse reads) is mapped to both haplotype assemblies. For each read pair, the mapping quality and alignment scores are recorded, along with whether the mapping was concordant (both reads aligned) or discordant (only one read aligned) to either haplotype. (D) Decision tree showing the rules used to classify each read pair into one of three categories: class 1, class 2, or equal, based on the mapping results from (C). Read pairs that did not meet the criteria for any of these categories were discarded.
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Figure S13. Overview of the SuREVizHeart platform and its functionality for example raQTL chr12:128797635. (A) Variant View in the “Functional Impact Assessment” Tab: Displays SuRE impact plot and genes for the region of interest. The yellow line and hover highlight indicate the specific variant queried by the user, confirming that it was assayed in SuRE. (B) Region View in the “Functional Impact Assessment” tab: Displays SuRE impact plot and genes for the region of interest when a gene is queried, or when the queried variant was not assayed by SuRE. (C) Menu Bar: Interface on the left side of the application for navigating through SuREVizHeart features. (D) Search Bar: Interface positioned on the right side of the menu bar, featuring a search box for input queries, a slider to adjust the flank from 1 kb to 100 kb (default set at 10 kb), and three buttons for browse, download, and render. (E) “Variant Data Overview” tab: A detailed table of variants, including the queried variant, with data linked to the “Functional Impact Assessment” tab. (F) “Gene Expression Overview” tab: Shows the expression profiles of relevant genes, including marker genes GAAT5 and TBX18 for cardiac stem cells, and HNF4A, a control gene highly expressed in liver tissue, across 38 tissue and cell types. (G) “Transcription Factor Binding Site Impact (TFBSi)” sub-tab in the “Highlighted Variant” tab: Shows binding motifs of TFs affected by the queried variant. (H) “Genome Aggregation Database (gnomAD) Viewer” sub-tab in the “Highlighted Variant” Tab: Provides query results from the gnomAD database, including information about the queried variant if available. (I) “ClinVar Viewer” sub-tab in the “Highlighted Variant” Tab: Displays ClinVar database results for the queried variant, if it is listed, to provide clinical significance and annotations. (J) “SuRE Profile” Tab: Displays SuRE expression data for locus defined in the “Functional Impact Assessment” tab. The dotted line indicates the queried variant (if assayed by SuRE), alongside additional data like AC16 ATAC-seq profiles and PhastCons conservation scores across 30 mammalian species.
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Data S1. The 1,073 bp wild-type and mutated sequences of the hs3112 enhancer.

>hs3112
AAGAACCGTCTGCAGGCCCCCAGTCCGGTGTTCACTCGTTCATTCATTCGCTCTTCACTGGGTGCCCTGGCACTCCAAGCCTCCAGCGCACACCCAGCCCTAACCTTGACCAGGGTGCTGAGCACGAGGAGCCCCACCCTGAGCCAGGCCTGGAGAGGCGCCTTTAAGCGCAGGTCCTGCGGCTGCTGACAGGTCATCAGAGCTGGGACCAAAGACCCGCCGGGAGGCTGGCAGCCTAGGTCGCTTCCCAAGCTCTCCGGGCCCTTCCCTTCGGCGGCTAATTTCCACTTTTCATAAGGATGTGTTCATTCAGGGGACTAGGAGCAGAGGCGCGCCCGATGGGGGACACGTGCCCCCTCGACGGCACGCGCTTTGATGCTCGCGGGGGCCAGAGGCGAGGCGGCCAGCATCTCGCGTTCCTGCGCCGGACGCTGTCTTTGGGAAGCTCCAGGCGTAGGTTCGCATTGCGTGCGGGAAGCCCCCTGCCCACATGAAAGGCTCGCTGTCGGGCTGTGGGTCCCGGCTCCCGCCCCCAGCCCTGCAGACACACTCCGCTCCCAGCGAGGAGCCCCGGAGCCGCACAAAGGAAATGGCAAGAGACTGAGTCACCACCATCCAGAGAGGCTCGCCCGCGGCCCGGGCCGCGGCCACAACAGGACCTTTGTGCTGCGCTCCAGGAAGACGAGGAGGGCCGGCTGGAGGGAGGCAGACAGTTCAGGGCGCTGAGTAATGCCGGGGTGAGGGGAGGAATCTCCCCCGGAAGAGAGACCGGCCCCTCGGCCCCCGCCACTCCTCAAAGCCACGGTGCAGCGCGGGGACTCGCAGGCTGCTTAGAGACGGCCTCCCTGCCTCCACCGTGTCGCAGCGCTGGCCCCCTGAGGGGTGCCTCCTCCTTTGCGGGCATCTGTTTCCTCTCCGTGGTGTGAGGGGCTGGAGGCCTGGGACGTGTCTGTTTCAACTCTTTTCCTGCCATAGTCCCTGACAGCATGCAGCAGGTGCTAAATGTTTGTGCATGGATGTTGGCGGGATGGATGGACAGATGGAAGGATTCATCCCACAAACGCTGCATGTGA


>hs3112.1
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