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            Abstract
Genetic studies promise to provide insight into the molecular mechanisms underlying type 2 diabetes (T2D). Variants associated with T2D are often located in tissue-specific enhancer clusters or super-enhancers. So far, such domains have been defined through clustering of enhancers in linear genome maps rather than in three-dimensional (3D) space. Furthermore, their target genes are often unknown. We have created promoter capture Hi-C maps in human pancreatic islets. This linked diabetes-associated enhancers to their target genes, often located hundreds of kilobases away. It also revealed >1,300 groups of islet enhancers, super-enhancers and active promoters that form 3D hubs, some of which show coordinated glucose-dependent activity. We demonstrate that genetic variation in hubs impacts insulin secretion heritability, and show that hub annotations can be used for polygenic scores that predict T2D risk driven by islet regulatory variants. Human islet 3D chromatin architecture, therefore, provides a framework for interpretation of T2D genome-wide association study (GWAS) signals.
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                    Fig. 1: The promoter interactome of human pancreatic islets.[image: ]


Fig. 2: Identification of target genes of islet enhancers.[image: ]


Fig. 3: Identification of gene targets of T2D-relevant enhancers.[image: ]


Fig. 4: Tissue-specific enhancer hubs regulate key islet genes.[image: ]


Fig. 5: Tissue-specific topology of the ISL1 enhancer hub.[image: ]


Fig. 6: The ZBED3 enhancer hub links an enhancer bearing a T2D SNP with multiple target genes.[image: ]


Fig. 7: Islet hub variants impact insulin secretion and provide tissue-specific risk scores.[image: ]
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                Data availability

              
              Raw sequence reads from pcHi-C, RNA-seq, ChIP-seq, ATAC-seq and 4C-seq are available from EGA (https://www.ebi.ac.uk/ega), under accession number EGAS00001002917. Processed data files for islet pcHi-C interactions, islet regulome annotations, enhancer–promoter assignments, hub coordinates and components and 3D model videos are provided as supplementary data. The robust set of ATAC-seq peaks, consistent set of Mediator, cohesin, H3K27ac and H3K4me3 peaks, list of islet super-enhancers defined using ROSE algorithm, islet regulome, ChromHMM segmentation model, list of islet TAD-like domains, PATs and the list of high-confidence pcHi-C interactions are provided as Supplementary Datasets and are also deposited at https://www.crg.eu/en/programmes-groups/ferrer-lab#datasets.
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Integrated supplementary information

Supplementary Figure 1 pcHi-C in human pancreatic islets.
Supplementary Fig. 1. a, Schematic representation of the pcHi-C analysis workflow. b, Relative frequency of high-confidence interactions between baits and interacting regions. c, Distances from bait to interacting regions for high-confidence interactions. The dashed line represents the median distance. d, CHiCAGO score distribution of high-confidence interactions in merged pcHi-C data (n=175,784) and individual islet samples, and in distance-matched interactions. Boxplots show IQR, and whiskers show 5th and 95th percentiles. e, Pairwise Pearson correlation values of CHiCAGO scores between individual islet samples and merged dataset. f-g. Epigenomic maps and virtual 4C profiles in merged and individual human islet samples in TCF7L2 and ISL1. h,i. pcHi-C recapitulates interactions identified by 4C-seq in human islets and the human β cell line EndoC-βH1 at ISL1 and MAFB loci. The top track depicts a virtual 4C representation of human islet pcHi-C data in both promoters. High-confidence interactions from 4 pooled human islet samples and naïve CD4+ T cells are shown below. Inverted triangles depict viewpoints.


Supplementary Figure 2 pcHi-C and chromatin landscape of human islets.

									a, Binding patterns for indicated epitopes in ± 25 Kb regions centered on interacting pcHi-C baits (top), and promoter-interacting regions (bottom). Expected occupancy profiles after randomizing 10 times the positions of indicated signals are represented with a red line, and IQR are shown as a shade. b, Relative frequency of CTCF binding sites in baits and non-bait interacting regions. Nearly 50% of interactions are associated with CTCF binding in at least one of the interacting regions. c, CTCF-binding motif orientation at CTCF-bound interacting regions. 56.62% of 9,657 interactions are convergent, consistent with expectations. d, Tissue-selectivity of islet pcHi-C interactions relative to identically processed pcHi-C from erythroblasts, macrophages, naïve CD4+ T cells and total B lymphocytes. e, Genes located in baits with islet-selective interactions show increased gene expression islet-specificity scores vs. genes with tissue-invariant interactions. The islet-specificity Z score was calculated with a gene expression distribution from 18 human tissues. P value was calculated with Wilcoxon’s two-sided signed ranked test. Boxplot represents IQRs. f, Ratio of tissue-invariant to islet-selective interactions overlapping major open chromatin classes, normalized by the total number of tissue-invariant and islet-selective interactions. All categories showed significant differences with interactions in the remaining genome (Fisher’s P < 0.01).


Supplementary Figure 3 Definition of TAD-like domains, PATs, and enhancer-gene assignments.

									a, Features of islet TAD-like domains. b, Representative example of human islet TAD-like domains (chr 11:1132582-4719948, hg19). Negative and positive directionality index (DI) scores are represented in blue and red, respectively. ESC and IMR90 TADs generated with Hi-C are shown for reference. c, Size of TAD-like domains in human islets and Hi-C TADs from ESC and IMR90 cells. d, TAD-like domains display known features of TADs, such as enrichment of CTCF binding and convergent CTCF motif orientation in borders. e, Tissue-selectivity of islet TAD-like boundary regions was estimated by comparison with TADs defined by Hi-C in 21 tissues. f, Enhancers frequently interact with more than one gene. Fraction of enhancers showing high-confidence (CHiCAGO > 5) interactions to 1-5+ promoter ”baits” in the same TAD. g, Schematic of promoter-associated three-dimensional spaces (PATs), defined as the genomic space that spans high-confidence interactions originating from one bait. h, Fraction of islet TAD-like spaces occupied by each PAT. i. ChromHMM state enrichments in PATs were consistent with the expression level of their associated genes. The heatmap shows ChromHMM state median log2 fold-enrichments in PATs over their genomic distributions, in 5 bins based on bait gene expression levels in human islets. j. Active islet enhancer or H3K9me3-enriched ChromHMM states in PATs were enriched over the remaining TAD-like space in accordance with islet expression of PAT genes. Only PATs at least 25% smaller than their TAD were used (n=7,085). Median enrichments (circles) and IQR (shade) are shown. k. Emission probabilities of the 15 ChromHMM states for all islet chromatin features used to create the model. l. Sequential steps used to impute the assignment of islet enhancers to target genes. m. CHiCAGO scores for imputed enhancer-promoter pairs vs. distance-matched controls (n=50 sets). P value is from Wilcoxon’s two-sided signed rank test. Boxplot represents IQRs. n. Genes assigned to enhancers were enriched in islet-specific genes, as compared with unassigned control genes from the same islet TAD-like structure (Chi-square P = 6 x 10−08). o. Islet exposure to 4 mM vs. 11 mM glucose causes widespread induction of H3K27 acetylation in islet enhancers. Dots represent H3K27ac-enriched regions, and are red if Benjamini-Hochberg adjusted P ≤ 0.05.


Supplementary Figure 4 eQTLs support the identification of unexpected T2D target genes.

									a, T2D and FG-associated variants used to examine gene targets (see Supplementary Table 3). b, Proportion of DIAGRAM credible set SNPs with high posterior probability (PP > 0.1) mapping to islet regulome elements within intervals containing credible sets. Note the enrichment in active enhancers and promoters vs.100 sets of elements shuffled within the genomic spaces that contain credible sets, shown as grey IQR boxplot distributions and outliers as black dots. Z-scores represent deviations from the mean of the shuffled distribution. c-d, Selected examples of loci with T2D-risk variants with gene targets supported by both significant eQTLs and pcHi-C, showing enhancer-gene assignments through pcHiC high-confidence interactions (from pooled data, in magenta) and imputations (grey). Enhancer eQTL-eGene pairs are represented as horizontal black lines. A vertical yellow stripe highlights the eGene promoter. Concordant gene targets include c, STARD10
									d, ABCB9. pcHiC interactions are represented as arcs connecting HindIII fragments. Boxplots shows first and third quartiles as boxes and 1.5 x IQR as whiskers of gene expression for different genotypes, shown as PEER residuals, along with P and adjusted P (q) values from eQTL meta-analysis. Red dots represent individual PEER residual values of gene expression for 183 samples across different genotypes. For additional eQTL findings see Supplementary Table 2.


Supplementary Figure 5 Functional perturbations of CAMK1D and OPTN.

									a, Long-range interactions of the enhancer carrying rs11257655 are replicated in individual human islet pcHi-C samples. Note how interactions between this enhancer and OPTN are detected with high confidence (ChICAGO >5) in each pcHi-C replicate. b, Luciferase assay in the human β cell line EndoC-βH3 shows allele-dependent activity for the rs11257655-enhancer. Data are means ± s.d. (n=3 independent experiments, with 3-6 independent transfections). Statistical significance: two-tailed Student's t-test. c,d. Analysis of OPTN and CAMK1D mRNA after c, CRISPRi of the rs11257655-enhancer in HepG2 and d, CRISPRi or CRISPRa in EndoC-βH3 cells. Bars show average values of 3-4 gRNAs targeting either the rs11257655 enhancer, or the transcriptional start sites. Data are presented as means ± s.e.m. (enhancer activation: 4 gRNAs n=6; inhibition: 4 gRNAs n=3). Statistical significance: two-tailed Student's t-test.


Supplementary Figure 6 Functional perturbations of TCF7L2.

									a, Virtual 4C representations from pooled human islet samples centered on all genes in this locus show that the region containing rs7903146 connects with TCF7L2 through moderate-confidence interactions and an imputed assignment, without evidence for interactions with other genes. The HindIII fragment that contains the enhancer with rs7903146 is highlighted in yellow. The bottom panel reveals that this enhancer shows unusually high occupancy by Mediator and islet-enriched transcription factors in islet chromatin. b, RNA analysis in EndoC-βH3 cells after deletion of either the rs7903146-enhancer or a control region in the same locus. Deletions were tested with 2 different gRNA pairs, n=3 experiments. Statistical significance was determined using two-tailed Student's t-test. Only active genes in the locus were tested. c, RNA analysis in EndoC-βH3 cells after CRISPRa or CRISPRi of the rs7903146-enhancer. Statistical significance was determined using two-tailed Student's t-test (activation: 1 gRNA, n=3 experiments; inhibition: 3 gRNAs n=3 experiments).


Supplementary Figure 7 Functional perturbations of VEGFA and ZFAND3.

									a,c. T2D variant-target gene assignments in VEGFA and ZFAND3 loci. pcHi-C and virtual 4C representations are from pooled samples. b,d. VEGFA or MDGA1 and ZFAND3 mRNAs in EndoC-βH3 cells after CRISPRa or CRISPRi of T2D-associated enhancers. C6orf223 was not detectable by qPCR. Note that we did not examine all potential targets near VEGFA (see other imputed genes in Supplementary Table 3). Data are presented as means ± s.e.m. (VEGFA enhancer CRISPRa: 3 guides n=3 experiments; VEGFA enhancer CRISPRi: 4 guides n=2 experiments; ZFAND3-MDGA1 enhancer: 4 guides n=3 experiments). Statistical significance was determined using two-tailed Student's t-test.


Supplementary Figure 8 Tissue-specific enhancer hubs.

									a, Multiple logistic regression analysis was used to identify PAT features that predict islet-expressed genes with islet-selective vs. non islet-selective expression. Islet-selective expression was examined as a surrogate endpoint because it is a property of many (though not all) genes important for islet cell identity. The PAT feature with the highest logistic regression coefficient was the number of non-islet tissues with promoter H3K27me3-enrichment. This feature was considered as almost synonymous with islet-specific islet expression. The next highest coefficient was the number assigned class I enhancers in the PAT. Further analysis showed that ≥3 assigned class I enhancers in a PAT optimized the prediction of islet-selective expression (Supplementary Fig. 9). b, Classification of PATs based on assigned enhancers revealed 2,623 enhancer-rich PATs (≥3 assigned class I enhancers). Enhancers are shown as red boxes. Turquoise and dashed green lines are high-confidence interactions and imputed assignments, respectively. c, Enhancer hubs were defined as enhancer-rich PATs, which were merged with other PATs connected through at least one common enhancer-associated high-confidence interaction. d, Descriptive characteristics of enhancer hubs in human islets. Multi-target enhancers show high confidence interactions with two or more promoter-containing baits. e, Enhancer hubs are enriched in islet-selective interactions relative to non-hub PATs that had at least 1 high-confidence interaction. Boxes are IQR, notches are 95% CI of the median and P values are from Wilcoxon’s two-sided signed rank test. f, Linear genomic space occupied by class I enhancers in three-dimensional enhancer hubs compared with the space occupied by super-enhancers (SEs) calculated with the ROSE algorithm, all enhancers from linear enhancer clusters (ECs), and stretch enhancers. g-i. Venn diagrams depicting how often hub enhancers overlap with other human islet enhancer domains: g, SEs, h, highly-bound (top two TF occupancy quartiles) ECs, and i, stretch enhancers. j-l. Islet enhancer hubs often contain enhancers that do not form part of SEs or ECs. Charts show the fraction of hub class I enhancers that overlapped SEs, ECs or stretch-enhancers. Note that the genomic space occupied by stretch enhancers is an order of magnitude greater than hubs (panel g). m-o. Islet enhancer hubs very frequently contain multiple SEs, ECs or stretch enhancers.


Supplementary Figure 9 Alternative definitions of enhancer hubs.
We considered alternative definitions of hubs as follows: a, enhancer-rich PATs with ≥3 class I enhancers, but without merging interconnected PATs, b-e, enhancer-rich PATs with ≥2-5 assigned class I enhancers, merged with PATs interconnected through high-confidence enhancer interactions, f,g, enhancer-rich PATs with ≥2 or ≥3 class I enhancers exclusively assigned through high-confidence interactions, and then merged to PATs interconnected through high-confidence enhancer interactions, h, enhancer-rich PATs with ≥3 assigned class I enhancers, merged to PATs interconnected through promoter-promoter (instead of enhancer-promoter) interactions. We found that canonical islet-cell functional annotations ranked highest only in definitions with ≥3 assigned class I enhancers. Hubs with ≥4-5 assigned class I enhancers (d,e), as well as those defined exclusively with high-confidence interactions (f,g), showed high ranking islet cell functional annotation enrichments, at the expense of reducing the number of hubs. Panels in the right show post-hoc VSE analysis of T2D/FG-associated SNPs (n=2,771; Supplementary Table 9). Consistent with the notion that the hub definitions in d-g were restrictive, they failed to show selective enrichment of T2D/FG-associated SNPs. Boxplots show null distributions based on 500 permutations of matched random haplotype blocks. Red dots indicate significant enrichment relative to the null distribution (Bonferroni–adjusted P < 0.01).


Supplementary Figure 10 3D models of enhancer hubs.

									a, The FOXA2 locus forms a tissue-specific enhancer hub. Human islet epigenome maps and high-confidence pcHi-C interactions in islets and total B lymphocytes show that islet active enhancers, super-enhancers and enhancer clusters interact to form a single tissue-specific three-dimensional structure. b-c, 360o views of top-scoring 3D model of ISL1 enhancer hub in human islets and total B lymphocytes. Class I, II and III enhancers within 200 nm of ISL1 promoter are colored dark to light red, while promoters within 200 nm of ISL1 (including ISL1) are colored blue. Islet enhancers and promoters are otherwise represented as white spheres. These models show that active islet regulatory elements interact in a common restricted space in islet nuclei. See also Supplementary Videos 1 and 2. d-h, Left panels show the most populated community of the promoter-enhancer interaction network in chosen hubs, as obtained via MCODE clustering, in human islets and total B lymphocytes. Network nodes are promoters (blue) and enhancers (dark to light red for enhancer classes I to III). Edges are mean distance values in the most populated 3D structure cluster. The central panel compares the neighborhood connectivity distribution of networks in both tissues. The right panel shows the 3D distances between hub promoters and enhancers in both tissues. All boxplots show IQRs and outliers as grey diamonds. The number of nodes analysed for each locus is shown in Supplementary Table 16. Statistical significance was computed using two-sided Kolmogorov-Smirnov test.


Supplementary Figure 11 Epigenome editing of hubs carrying T2D risk noncoding variants.

									a, pcHi-C and virtual 4C representations from pooled human islet samples in the ZBED3 locus for all promoters with active transcripts in the region. b, Islet pcHi-C assigns CRY2 and PHF21A as gene targets of an enhancer containing a FG-associated variant (vertical yellow stripe). c, Analysis of CRY2 and PHF21A mRNA after CRISPRa or CRISPRi of their transcriptional start sites or of the islet enhancer bearing the FG-associated variant rs1401419 in EndoC-βH3 cells. Data are presented as means ± s.e.m. (enhancer CRISPRa: 4 gRNAs n=3; CRISPRi: 2 gRNAs n=2). Statistical significance was determined using two-tailed Student's t-test.


Supplementary Figure 12 Epigenome editing of the C2CD4A/B hub.

									a, Islet pcHi-C assigns C2CD4A and C2CD4B as gene targets of three enhancers containing T2D-associated variants (vertical yellow stripes) in the C2CD4A/B locus. pcHi-C and virtual 4C representations are from pooled human islet samples. b, Analysis of VPS13C, C2CD4A and C2CD4B mRNA after CRISPRa or CRISPRi targeting of their transcriptional start sites or of three islet enhancers bearing T2D-FG variants in EndoC-βH3 cells. Data are presented as means ± s.e.m. (CRISPRa: 4 gRNAs n=3 experiments; CRISPRi: 4 gRNAs n=2 experiments). Statistical significance was determined using two-tailed Student's t-test.


Supplementary Figure 13 Epigenome editing of the GLIS3 hub.

									a, Islet pcHi-C virtual 4C representations from pooled samples, showing the T1D/T2D-associated locus GLIS3. The inset shows the enhancer bearing rs4237150. b, Luciferase assays in EndoC-βH3 cells show haplotype-dependent activity of the rs4237150-enhancer. Data are means ± s.d. (n=3 independent experiments with 4-6 independent transfections). Statistical significance: two-tailed Student's t-test. c, Analysis of GLIS3, RFX3 and RFX3-AS1 mRNA upon deletion of rs4237150-enhancer or control regions. Data are presented as means ± s.e.m. (2 pairs of gRNAs per target region, n=3 experiments each). Statistical significance: two-tailed Student's t-test. d, Analysis of predicted target gene transcripts after CRISPRa or CRISPRi targeting of the GLIS3 transcriptional start site or the rs4237150-enhancer in EndoC-βH3 cells. Data are means ± s.e.m. (enhancer CRISPRa: 3 gRNAs n=3 experiments; CRISPRi: 3 gRNAs n=2 experiments). Statistical significance: two-tailed Student's t-test. e, Top-scoring GLIS3 hub model from the most populated cluster of the ensemble in human islets and total B lymphocytes. Enhancers and promoters within 200 nm GLIS3 or RFX3 promoters are colored in red and blue, respectively, or as white spheres if located further. f, Most populated community of the promoter-enhancer interaction network obtained via MCODE clustering of this locus in human islets and total B lymphocytes. Nodes represent promoters (blue) and enhancers (dark to light red for enhancer classes I to III). Edges are mean distances in most populated 3D cluster. Although GLIS3 and RFX3 are connected in a common hub, the networks suggest that they form part of separable sub-communities. g, Neighborhood connectivity distribution between the islet and total B lymphocytes networks. h, 3D distance distribution between enhancers and promoters in GLIS3 hub. Boxplots show IQRs. Statistical significance was computed using two-sample Kolmogorov-Smirnov two-sided test as described in Supplementary Fig. 10. See also Supplementary Table 16.


Supplementary Figure 14 T2D-associated variants are enriched in interacting regions and hub class I enhancers.

									a,b, VSE enrichment analysis of T2D and FG (n=2,771) and breast cancer (n=3,048) variants in islet active regulatory elements (see Supplementary Dataset 1). Box plots show null distributions based on 500 permutations of matched random haplotype blocks. Each dot denotes VSE enrichment of disease-associated variants in each genomic feature. The red dot indicates significant enrichment relative to the null distribution (Bonferroni-adjusted P < 0.01). c, Breast cancer-associated variants show no enrichment in islet enhancer sub-classes. d-e, VSE enrichment analysis of T2D and FG and breast cancer SNPs in chromatin regions with high-confident pcHi-C interactions in islets. f, VSE enrichment analysis of T2D and FG-associated variants in indicated enhancer categories. All boxplots show IQRs.


Supplementary Figure 15 Class I enhancers in hubs contribute to heritability of beta cell-related traits.

									a-e, Per-SNP heritability estimates of variants in eight islet enhancer domain subtypes calculated using summary statistics data from: a, T2D (12,931 cases, and 57,196 controls); b, acute insulin release (AIR)-in vivo glucose tolerance test (IVGTT, up to 5,567 individuals); c, insulinogenic index (OGTT, 7,807 individuals); d, HOMA-B; and e, HOMA-IR (up to ~80,000 individuals). Bars show category specific per-SNP heritability coefficients (τ
									
										c
									) divided by the LD score heritability (h
									2) score observed for each trait. All normalized τ
									
										c
									 coefficients were multiplied by 107 and shown with s.e.m. τ
									
										c
									 coefficients were estimated using stratified LD score regression, controlling for 53 functional annotation categories included in the baseline model. f, Per-SNP T2D and Attention-Deficit/Hyperactivity Disorder (ADHD, up to 55,374 individuals) heritability estimates in islet regulatory elements and Central Nervous System (CNS) annotations. τ
									
										c
									 coefficients, normalizations by h
									2 and representations are as explained in panels a-e. g, Impact of polygenic risk scores (PRS) on T2D frequency. T2D frequency (y-axis) was calculated in 40 bins, each one representing 2.5% of individuals in the UK Biobank test set. PRS values were calculated with common genetic variants in islet hub enhancers and baits (pink dots), other islet open chromatin regions (light blue dots) and in the rest of genome (black dots). h. T2D risk ratios stratified by BMI (left) and age of onset of T2D (right). Controls were censored at the age of recruitment. Boxplots show IQR of the risk ratio from 100 sets of pseudo-hubs PRS, and with whiskers 1.5 x IQR. Color dots as in g. h, T2D risk stratified by BMI and age of onset of T2D. Odds ratios (OR) for T2D were calculated for 2.5% individuals with the highest PRS vs. all other individuals via adjusted logistic regression. Boxplots show IQR of the risk ratio from 100 sets of pseudo-hubs PRS, and with whiskers 1.5 x IQR. For all panels, Z-scores define standard deviations relative to average values from pseudo-hub PRS. See also Supplementary Fig. 15 and Supplementary Table 17.
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