







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 02 July 2014



                    Enhancer loops appear stable during development and are associated with paused polymerase

                    	Yad Ghavi-Helm1, 
	Felix A. Klein1Â na1, 
	Tibor Pakozdi1Â na1, 
	Lucia Ciglar1, 
	Daan Noordermeer2, 
	Wolfgang Huber1 & 
	â€¦
	Eileen E. M. Furlong1Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 512,Â pages 96â€“100 (2014)Cite this article
                    

                    
        
            	
                        31k Accesses

                    
	
                        355 Citations

                    
	
                            32 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Epigenetics
	Transcriptional regulatory elements


    


                
    
    
        
            
                
                    
                        
                    
                
            
            
                
                    A Corrigendum to this article was published on 13 July 2016

                
            
        

    

    
    

                
            


        
            Abstract
Developmental enhancers initiate transcription and are fundamental to our understanding of developmental networks, evolution and disease. Despite their importance, the properties governing enhancerâ€“promoter interactions and their dynamics during embryogenesis remain unclear. At the Î²-globin locus, enhancerâ€“promoter interactions appear dynamic and cell-type specific1,2, whereas at the HoxD locus they are stable and ubiquitous, being present in tissues where the target genes are not expressed3,4. The extent to which preformed enhancerâ€“promoter conformations exist at other, more typical, loci and how transcription is eventually triggered is unclear. Here we generated a high-resolution map of enhancer three-dimensional contacts during Drosophila embryogenesis, covering two developmental stages and tissue contexts, at unprecedented resolution. Although local regulatory interactions are common, long-range interactions are highly prevalent within the compact Drosophila genome. Each enhancer contacts multiple enhancers, and promoters with similar expression, suggesting a role in their co-regulation. Notably, most interactions appear unchanged between tissue context and across development, arising before gene activation, and are frequently associated with paused RNA polymerase. Our results indicate that the general topology governing enhancer contacts is conserved from flies to humans and suggest that transcription initiates from preformed enhancerâ€“promoter loops through release of paused polymerase.
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                    Figure 1: A high-resolution view of enhancer interactions during Drosophila embryogenesis.[image: ]


Figure 2: Long-range interactions are widespread in the Drosophila genome.[image: ]


Figure 3: Specific loci display localized differential interactions.[image: ]


Figure 4: Interactions are stable across developmental time and associated with paused polymerase.[image: ]
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Extended data figures and tables

Extended Data Figure 1 4C-seq in Drosophila embryos.
a, Example of classification into distal and promoter-proximal enhancer viewpoints. Distal enhancers are located >1 kb away from the closest TSS and devoid of H3K4me3 chromatin signature (green), a mark characteristic of gene promoters, while promoter-proximal enhancers are located within 1 kb of the closest TSS. WE, whole embryo. b, Outline of BiTS-4C-seq: genetically modified embryos expressing a tagged nuclear protein exclusively in the mesoderm were collected, aged and crosslinked. Fixed nuclei were extracted and digested with DpnII (whole embryo analysis) or sorted by FACS before DpnII digestion (tissue-specific analysis). After 4C template preparation, ligation junctions were amplified and sequenced. Count values for each DpnII fragment were transformed and fitted using a monotone fit (red line) facilitating an analysis of significant interactions (blue arrowheads). In addition to the 103 viewpoints used at both time-points, four additional viewpoints were used for reciprocal 4C experiments in whole embryos at 6â€“8 h. c, e, gâ€“l, 4C interaction maps (viewpoint, red arrowhead) at the E2f (c), pdm2 (ref. 51) (e), Con (g), eya (h), stumps (i), Mef2 (j), sli (k) and slp1 (l) loci. The expected interaction with the promoter (blue arrowhead) of the genes is observed. Known enhancers are indicated. MESO, mesoderm (generated by FACS sorting). d, f, Expression (double in situ hybridization) of the E2f (d) or pdm2 (f) genes (red) and the expression driven by their interacting enhancer (green) at stage 11.


Extended Data Figure 2 Enhancers have a complex interaction network with multiple active enhancers and promoters.
a, Histogram showing the frequency of viewpoint interactions, averaged over all conditions per viewpoint (n = 107). b, Frequency of 4C unique interacting regions that overlap enhancers or promoters when using distal enhancers (left) or promoter-proximal elements (right) as viewpoints (defined in Extended Data Fig. 1a). Whole-embryo RNA-seq9 was used to define active and inactive promoters. Enrichments over a background set of interactions (Fisherâ€™s Exact Test) are indicated. The background set (or expectation regions) was based on random sampling of all DpnII fragments throughout the genome that have matched mappability, G+C content and size to the observed interactions. câ€“e, Mesoderm-specific chromatin signatures6 at whole embryo 6â€“8 h 4C interacting regions. c, H3K27ac, H3K4me3, H3K79me3 and Pol II signals6 are enriched at promoters interacting with promoter-proximal viewpoints. Note, we only consider interactions between promoter-proximal viewpoints and distal promoters (>1 kb away; Extended Data Fig. 1a). d, H3K27ac, H3K4me1, H3K79me3 and Pol II signals6 are enriched at enhancers interacting with promoter-proximal viewpoints. e, H3K27ac, H3K4me3, H3K79me3 and Pol II signals6 are enriched at promoters interacting with distal enhancer viewpoints. Shading indicates 95% confidence intervals estimated by non-parametric bootstrapping, grey lines indicate background signal.


Extended Data Figure 3 4C interactions at insulator protein-bound and unbound regions.
a, Histogram showing the observed and expected percentage of 4C interacting regions (shown for whole embryo 6â€“8 h) that overlap with insulator-binding protein occupancy17 (6 factors, including N- and C-term CTCF). A significantly higher percentage of interactions overlap the occupancy of at least 4 insulator-binding proteins (Fisherâ€™s Exact Test). b, Percentage of genomic regions occupied by insulator-binding proteins (outer circle), insulator-bound 4C-interacting regions (middle circle) and non-insulator-bound 4C-interacting regions (inner circle) that overlap enhancers or promoters. c, Histogram representing the percentage of insulator-bound interacting regions for all combinations of insulator proteins that overlap with at least 20 interacting regions. d, Log2 odds ratio for an interacting region bound by a given combination of insulator proteins to be more enriched on enhancers or promoters than non-insulator bound interacting regions (Fisherâ€™s Exact Test). Red asterisks in d: *FDR <10%; **FDR <0.1%. e, Box plot showing the genomic distance to the viewpoint of non-insulator-bound and insulator-bound interacting regions (P value from a two-sided Wilcoxon test). f, Box plot showing the interaction strength (log2 fold change of the 4C signal) on non-insulator-bound and insulator-bound 4C interacting regions (P value from a two-sided Wilcoxon test). g, Histogram showing, for each of the 107 viewpoints (103 plus 4 reciprocal viewpoints), the percentage of 4C interacting regions (blue) overlapping with the binding of insulator proteins17.


Extended Data Figure 4 Chromatin 3D interactions at the pdm2 and en loci.
a, c, Reciprocal 4C interaction map (viewpoint, red arrowhead) around the nub and pdm2 (a) or en and inv (c) loci. Top 2 lanes: 4C interactions with a region surrounding the pdm2 or nub (a) and en or inv (c) genes (blue arrowhead). Top lane: 4C using the nub (a) or inv (c) promoter as the viewpoint; bottom lane: using a promoter-proximal region in the vicinity of the pmd2 (a) or en (c) promoter as the viewpoint. Significant 4C interactions and known enhancers are indicated. The pdm2 CE8012 enhancer is indicated. WE, whole embryo. b, d, Expression (double in-situ hybridization) of the pdm2 or inv (green) and nub or en (red) at stage 11, the same stage shown for the 4C interaction in a and c (6â€“8 h).


Extended Data Figure 5 Long-range interactions in Drosophila.
a, Zoom-in of the 4C-seq transformed and fitted counts around the apterous (ap) viewpoint (mesoderm 6â€“8 h). The first fragments around the viewpoint are not included in the monotone fit (red line). b, Frequency of the first identified interaction (green) and the first valid fragment (red) as a function of distance to their respective viewpoints. c, 4C interaction map of the unc-5 and sli loci52,53. An interaction (blue arrowhead) between the viewpoint (red arrowhead) and the promoter of sli, over half a megabase away, is observed. Inset shows a zoomed-in view of the sli promoter. The location of significant 4C interactions and known enhancers is represented below. WE, whole embryo. d, Double in situ hybridization showing the overlap between sli (green) and unc-5 (red) heart expression (arrowhead) at stage 14. e, 4C interaction map at the scyl and chrb loci23. Independent of the location of the viewpoint (red arrowhead), the same interacting regions are recovered (blue arrowheads). The location of known enhancers is represented below. The two cloned regions are indicated as â€˜new enhancerâ€™ 1 and 2, respectively. WE, whole embryo. f, A non-parametric two-sample Kolmogorovâ€“Smirnov test was used to assess the significance of differences between DNA FISH distance distributions. g, Double in situ hybridization of the chrb gene (red) and the expression driven by two of its interacting regions (green) at stage 11 and 14, showing that both regions recapitulate part of the expression of chrb. The overlap (shown by a white arrowhead) is located in the trunk visceral mesoderm and later in the longitudinal visceral mesoderm for enhancer 1 and in the central nervous system for enhancer 2. New enhancer 1 is overlapping a ChIP-defined CRM (CRM4311), whereas new enhancer 2 is partially overlapping (<10%) an enhancer in the sgs3 locus. Neither region was previously identified as charybde enhancers, and their spatio-temporal activity during development was unknown.


Extended Data Figure 6 Location of 4C interactions with respect to topological domains and block of microsynteny.
a, 900-kb region around the scyl and chrb loci. Top to bottom: regions of conserved synteny (grey)24; location of previously identified Hi-C interactions (light blue)15; 4C interaction map around the scyl and chrb loci (viewpoint location, red arrowhead); location of significant 4C interactions and known enhancers. The strong interaction with the scyl gene is highlighted (blue arrowhead). WE, whole embryo. b, Percentage of 4C interactions, averaged over all conditions per viewpoint, located in the same topological domain (TAD) as the viewpoint, or in adjacent TADs, if the viewpoint is on the edge of the domain (top) or in the middle (bottom). TADs were defined based on HiC data at 16â€“18 h of development15. Significant difference from the background (asterisk) and corresponding P values using a two-sided Mannâ€“Whitney U-test are indicated. c, Percentage of interactions located in the same block of microsynteny as the viewpoint, or in adjacent blocks, if the viewpoint is on the edges of the block (top) or in the middle (bottom). Microsynteny was previously defined by EngstrÃ¶m et al.24 based on 5 species spanning âˆ¼50 million years of evolution. Significant differences between the observed and expected interactions (asterisk) were assessed using a two-sided Mannâ€“Whitney U-test.


Extended Data Figure 7 Hierarchical clustering of 4C interactions.
a, b, Based on the 92 viewpoints used for 4C in all three conditions (whole embryo 3â€“4 h, whole embryo 6â€“8 h and mesoderm 6â€“8 h). Hierarchical clustering of the quantitative 4C signal of all interactions (n = 1,389) (a) and the subset of interactions with promoters (n = 396) (b), across 3 conditions (whole embryo 3â€“4 h, whole embryo 6â€“8 h and mesoderm 6â€“8 h). The expression level of the corresponding gene is shown on the right hand side in b, using RNA-seq data from Graveley et al.9. Clustering was performed by Euclidean distance and Ward agglomeration method on the significant interaction regions defined at whole embryo 6â€“8 h using DESeq2 fit reference-normalized read counts. If the interacting region was associated with more than one promoter, expression for only one transcript is shown. Red horizontal bars indicate differential interactions. c, d, Hierarchical clustering of the quantitative 4C signal for all 140 differential interactions (c) and the subset of differential interactions at promoters (n = 39) with the expression level of the corresponding gene (d) across 3 conditions (whole embryo 3â€“4 h, whole embryo 6â€“8 h and mesoderm 6â€“8 h). Clustering was performed using Euclidean distance and Ward agglomeration method on the significant interaction regions defined at whole embryo 6â€“8 h. WE, whole embryo; MESO, mesoderm.


Extended Data Figure 8 4C interactions under different developmental conditions.
a, MA plot of interaction signal between whole embryo 6â€“8 h and mesoderm 6â€“8 h. b, 4C interaction map at the Antp locus. Top to bottom: H3K4me3 ChIP-seq signal (RPGC) in whole embryo at 0â€“4 h and 4â€“8 h (ref. 49) (green), RNA-seq signal (RPKM, black) in whole embryo at 2â€“4 h and 6â€“8 h (ref. 9), 4C interaction map (viewpoint, red arrowhead) in whole embryo at 3â€“4 h (mauve) and 6â€“8 h (blue). The differential 4C signal is plotted in between in red with significant differential 4C interactions indicated (asterisk). WE, whole embryo. c, Expression (in situ hybridization) of Antp (red) and the expression driven by a new Antp enhancer (green) at stage 11 (6â€“8 h). The enhancerâ€™s activity overlaps expression of Antp at 6â€“8 h; however, the 4C contact between the enhancer and promoter is already present, and at even higher levels, at 3â€“4 h. d, f, Interaction map at the pdm2 (d) and E2f (f) loci. Top to bottom: Pol II signal (RPGC) in mesoderm at 6â€“8 h (orange)6, RNA-seq signal (RPKM) in mesoderm and whole embryo at 6â€“8 h (black)9,54, 4C interaction map (viewpoint location, red arrowhead) in mesoderm (light blue) and whole embryo (dark blue) at 6â€“8 h. The differential 4C signal is plotted in between in red. Note that the 4C interaction is stronger in mesoderm compared to whole embryo, although those genes are not expressed in the mesoderm. Significant 4C interactions and known enhancers are indicated. WE, whole embryo, MESO, mesoderm (generated by FACS sorting). e, g, Expression (double in situ hybridization) of the pdm2 (e) or E2f (g) genes (green) with a mesoderm-specific marker (mef2, red) at stage 11.


Extended Data Figure 9 Characterization of DS genes.
a, Defining off-to-on genes. Relative frequency of genes exhibiting a given RPKM value from RNA-seq in whole embryo at 2â€“4 h and 6â€“8 h (ref. 9). The threshold (vertical lines) between non-active (off) and active genes was selected based on the local minima in the log-RPKM distribution, as described previously44. DESeq was used to determine if non-active 2â€“4 h genes had a significant change in their expression at 6â€“8 h. b, DS-paused genes are expressed at very low levels at 2â€“4 h, or not at all. Log2 gene expression signal (RPKM) in whole embryo at 2â€“4 h and 6â€“8 h (ref. 9) of different categories of genes. Paused DS genes (15 genes, using the stringent criteria for pausing) are significantly less expressed than the top 25% of paused genes (1,776 genes)28 at 2â€“4 h and are also significantly less expressed at 2â€“4 h compared to 6â€“8 h (Mannâ€“Whitney U-test). c, In situ hybridization showing available expression data for DS genes at stage 4â€“6 (2â€“4 h) and 11â€“12 (Berkeley Drosophila Genome Project55). Note, for all 8 genes there is no detectable specific expression at the early time point. d, Log2 GRO-seq expression signal (RPKM) in whole embryo at 2â€“2.5 h (ref. 28) at the promoter and gene body of different categories of genes. RPKM was defined by Saunders et al.28. e, Histogram (grey bars) of the expected distribution for a gene to be paused (using â€˜allâ€™ paused genes defined by Saunders et al.28) by random sampling 20 genes 10,000 times from the 459 differentially expressed off-to-on genes. The red dot indicates the percentage of observed paused genes for all DS genes (differentially expressed but with stable loops). Using this test, the percentage of paused DS genes is highly significant (P 0.0071).


Extended Data Figure 10 Stable enhancer loops prefigure gene expression and are associated with paused Pol II.
Interaction map at three known Pol II paused genes: dve (a), Rx (b) and CG6959 (c). Top to bottom: Pol II signal (RPGC) in whole embryo at 2â€“4 h (orange)48, GRO-seq signal in whole embryo at 2â€“2.5 h (plus strand, red; minus strand, blue)28, RNA-seq signal (RPKM) in whole embryo at 2â€“4 h and 6â€“8 h (black)9, 4C interaction map (viewpoint, red arrowhead) in whole embryo at 3â€“4 h (purple) and 6â€“8h (dark blue). The ratio between whole embryo 3â€“4 h and whole embryo 6â€“8 h 4C signal is plotted in between in red. Significant 4C interactions and known enhancers are indicated. WE, whole embryo. Note, dve and Rx are transcribed on the plus strand, whereas CG6959 is transcribed on the minus. In each case, the enhancerâ€“promoter interactions, Pol II occupancy in the absence of full-length transcript production (indicative of Pol II pausing56) and short nascent RNA transcription are already present at the promoter at 2â€“4 h, whereas the gene becomes highly expressed at 6â€“8 h. As the viewpoint in c is located 80 kb away from the promoter of CG6959, a zoomed-in view of the promoter is shown for clarity.
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Two papers in this issue of Nature examine the role of developmental enhancers in Drosophila melanogaster, an ideal model for the purpose, as it takes just 18 hours from egg laying to completion of embryogenesis and involves marked changes in transcription linked to changes in enhancer activity. Evgeny Kvon et al. systematically assayed the activity of more than 7,000 candidate enhancers. Nearly half of the tested genomic fragments are active in the embryo and display dynamic spatial patterns during development. Enhancer activity is matched to expression patterns of putative target genes and predictive cis-regulatory motifs are identified. Yad Ghavi-Helm et al. present a high-resolution map of enhancer three-dimensional contacts. They find that although there are many local regulatory interactions, long-range interactions are more common. Surprisingly, most interactions appear unchanged between tissues and across development. Thus, transcription initiates from preformed enhancerâ€“promoter loops through release of paused polymerase. The study also implies that the general topology governing enhancer contacts is conserved from flies to humans.
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