







    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: 09 November 2015



                    Transcriptional regulators form diverse groups with context-dependent regulatory functions

                    	Gerald Stampfel1, 
	Tomáš Kazmar1, 
	Olga Frank1 nAff2, 
	Sebastian Wienerroither1, 
	Franziska Reiter1 & 
	…
	Alexander Stark1 

Show authors

                    

                    
                        
    Nature

                        volume 528, pages 147–151 (2015)Cite this article
                    

                    
        
            	
                        24k Accesses

                    
	
                        116 Citations

                    
	
                            68 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Epigenetics
	Gene regulation
	Transcription
	Transcriptional regulatory elements


    


                
    
    

    
    

                
            


        
            Abstract
One of the most important questions in biology is how transcription factors (TFs) and cofactors control enhancer function and thus gene expression. Enhancer activation usually requires combinations of several TFs1, indicating that TFs function synergistically and combinatorially2,3. However, while TF binding has been extensively studied, little is known about how combinations of TFs and cofactors control enhancer function once they are bound. It is typically unclear which TFs participate in combinatorial enhancer activation, whether different TFs form functionally distinct groups, or if certain TFs might substitute for each other in defined enhancer contexts. Here we assess the potential regulatory contributions of TFs and cofactors to combinatorial enhancer control with enhancer complementation assays. We recruited GAL4-DNA-binding-domain fusions of 812 Drosophila TFs and cofactors to 24 enhancer contexts and measured enhancer activities by 82,752 luciferase assays in S2 cells. Most factors were functional in at least one context, yet their contributions differed between contexts and varied from repression to activation (up to 289-fold) for individual factors. Based on functional similarities across contexts, we define 15 groups of TFs that differ in developmental functions and protein sequence features. Similar TFs can substitute for each other, enabling enhancer re-engineering by exchanging TF motifs, and TF–cofactor pairs cooperate during enhancer control and interact physically. Overall, we show that activators and repressors can have diverse regulatory functions that typically depend on the enhancer context. The systematic functional characterization of TFs and cofactors should further our understanding of combinatorial enhancer control and gene regulation.
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                    Figure 1: Enhancer complementation assays for 474 TFs.[image: ]


Figure 2: TFs have diverse regulatory functions.[image: ]


Figure 3: Transcriptional cofactors can be sufficient for activation and repression and have context-dependent regulatory functions.[image: ]


Figure 4: TF–cofactor assignments through functional similarities.[image: ]
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Extended data figures and tables

Extended Data Figure 1 24 regulatory contexts.
Tested contexts included 19 motif-mutant enhancer contexts which were designed by replacing 43 occurrences of 15 different motif types in 11 previously characterized enhancers with broad (‘Ubi-1’ to ‘Ubi-3’) or cell type-specific (‘S2-1’ to ‘S2-3’: S2 cell-specific; ‘OSC’: ovarian somatic cell (OSC)-specific) activities (all from ref. 3) or hormone-inducible enhancers (from ref. 12.). We also designed five synthetic contexts consisting of UAS sites with or without Trl sites and a developmental core promoter (dCP; Drosophila synthetic core promoter (DSCP) derived from the transcription factor gene Eve54) or with a housekeeping core promoter (hkCP; derived from the ribosomal gene RpS1213). Shown are schemes of the luciferase reporter constructs used for the targeted recruitment of GAL4-DBD–TF/cofactor fusion proteins to UAS sites (the luciferase gene is not drawn to scale). Motif names denote the motifs (as named by refs 3, 12) that have been replaced by UAS sites (blue boxes) to create the enhancer context. Note that TF-to-motif assignments are not unique and typically several TFs can bind each of the motifs (see Extended Data Table 1).


Extended Data Figure 2 TF clustering is robust and reproducible.
a, Cluster assignment is robust during bootstrapping (474 rounds of removing 10 randomly selected TFs). The cluster label stability denotes the fraction (out of 474 trials) a given TF was assigned to the same cluster as in the original clustering (node layout shown is identical to Fig. 2a). The vast majority of TFs were assigned to the same group in ≥90% of the cases (histogram). b, Cluster assignment for individual TFs is reproducible for biological replicates. We repeated the clustering six times, each time using only two out of the four biological replicates (six corresponds to all possibilities to choose two out of the four replicates). The cluster stability denotes the number of times (out of six) a given TF is assigned to the same cluster as in the original clustering. The majority of TFs were assigned to the same cluster, independent of which pair of biological replicates was used to generate the clustering (histogram).


Extended Data Figure 3 Cluster activity profiles.
Normalized luciferase values for all TFs assigned to each of the 15 clusters across all 24 contexts. Shown are median and quartiles as boxes, and the tenth and ninetieth percentiles as whiskers for each of the 24 contexts. Boxes are coloured according to the median activity in each context (see colour legend).


Extended Data Figure 4 Complete feature enrichment analysis of 15 groups of TFs.
Features analysed include eukaryotic linear motifs44 (ELM), homopolymeric amino acid repeat motifs discovered using MEME42, protein domains as annotated by Pfam32, Gene Ontology45 (GO), and gene expression patterns as annotated by IMAGO46. Red and blue shadings denote enrichments and depletions (log2-transformed) with an empirical FDR of at most 10% per feature type and cluster (others are white).


Extended Data Figure 5 TFs behave consistently across Drosophila cell types.
We tested 171 of the 474 TFs (36.1%) in 6 of the 24 contexts in Kc167, BG3 and OSC cell lines, which are derived from embryos, larvae and adult, respectively. Shown are normalized luciferase values and the Pearson correlation coefficients (PCC; P < 1 × 10−3 for all comparisons). We tested synthetic contexts containing an array of UAS sites upstream of a developmental and a housekeeping core promoter13 (4×UAS dCP and hkCP), three contexts derived from cell-type-specific enhancers3 (OSC dCP, S2-1 Pal dCP, S2-1 CGCG dCP), and one context derived from a broadly active enhancer3 (Ubi-1 Trl dCP). The latter showed the highest similarities (PCCs of 0.94, 0.94 and 0.92 for Kc167, BG3 and OSC cells, respectively) while the lowest PCCs for the non-embryonic BG3 and OSC cells (0.72 for BG3 and 0.55 for OSC) were obtained for S2-1 Pal dCP, derived from an enhancer active only in the embryonic S2 and Kc167 cells, presumably because the corresponding wild-type enhancer sequence is inactive in larval and adult cells3,12 such that combinatorial effects between the tethered TF and other enhancer-bound TFs may be less effective or lack entirely. Enhancer complementation presumes (and the results throughout this study confirm this presumption) that the regulatory functions of the tethered TFs are revealed (or altered) by other enhancer-bound factors; that is, factors that are bound to the enhancer in S2 cells (in which the corresponding enhancer is active3) but not in the other cell types (in which the enhancer is not active). This emphasizes the value of enhancer complementation for the study of regulatory activities and the importance of contexts derived from active enhancers. Error bars denote standard deviation (n = 4, biological replicates).


Extended Data Figure 6 Drosophila TFs and cofactors retain their activating functions in human HeLa cells.
We expressed GAL4-DBD fusion proteins for 107 of the 812 Drosophila factors (90 TFs and 17 cofactors) under the control of a constitutively active CMV promoter in human HeLa cells (see Methods). Shown are normalized luciferase values for the tested proteins recruited to the synthetic 4×UAS-dCP context. The values are remarkably similar quantitatively, with an overall Pearson correlation coefficient (PCC) of 0.74 (P < 1 × 10−3). The activation domain of the human TF P65 was used as a positive control. Error bars denote standard deviation (n = 4, biological replicates).


Extended Data Figure 7 Regulatory activities of selected cofactor complexes or protein domain families.
Heat maps of normalized luciferase values for sets of proteins annotated as being part of the same complex by Gene Ontology45 (GO) or containing a chromodomain or SIR2 domain as annotated by Pfam32.


Extended Data Figure 8 Regulatory activities of uncharacterized TFs and cofactors.
Heat maps of normalized luciferase values for all ‘CG genes’ among the tested TFs and cofactors, which activate or repress in at least one context (≥1.5-fold compared to GFP; P < 0.05 FDR-corrected for 24 × 474 and 24 × 338 tests for TFs and cofactors, respectively).


Extended Data Figure 9 Consistent effects of varying the amounts of plasmid DNA for TF and cofactor expression.
The effects of using 1 ng, 2 ng, 3 ng, 4 ng and 5 ng of GAL4-DBD–TF/cofactor fusion protein expressing plasmids on luciferase assays in S2 cells suggest that reporter activity is robust to variation in TF levels. Shown are normalized luciferase values of GAL4-DBD N-terminally fused to six activating and six repressing TFs and cofactors of different strengths targeted to the synthetic 4×UAS-dCP context. The amount of plasmid expressing the GAL4-DBD–TF/cofactor fusion proteins was 3 ng for all factors throughout this study. Error bars denote standard deviation (n = 4, biological replicates).


Extended Data Table 1 TF recovery analysis for S2 cell enhancer contextsFull size table





Supplementary information
Supplementary Table 1: Activities of 812 tested TFs and cofactors 
Activities across all 24 contexts and the assigned cluster for each of the 474 TFs and 338 cofactors. For each context, shown are log2-transformed luciferase activities (median fold-changes compared to targeted recruitment of GFP) and t-test p-values that are not multiple-testing corrected. The multiple-testing correction depends on the number of experiments (see main text), which is 19,488 experiments when considering all 812 factors across all 24 contexts. (XLSX 558 kb)


Supplementary Table 2: Feature enrichment analysis for the 15 different clusters of TFs
Fold changes underlying the heatmaps in Figures 2d and Extended Data Figure 4. Shown are significant (empirical FDR≤0.1, see Methods) log2-transformed fold-enrichment and depletion values when comparing the following features for TFs in each of the clusters with all TFs (Fig. 2d and Extended Data Fig. 4 show a subset): de novo discovered motifs using MEME42, Eukaryotic Linear Motifs44 (ELMs), Pfam domains32, GO annotations45, and IMAGO gene expression patterns in the Drosophila embryo46 (FDR≤0.1 suggests that 10% of the reported enrichments might occur by chance). (XLSX 53 kb)


Supplementary Table 3: List of 338 cofactors tested
Details of the cofactors tested including the criterion we used to categorize each protein as transcriptional cofactor, the Pfam domain content, and the primer sequences used to amplify the coding sequence from cDNA (Gateway attB sites not included in sequence; see Methods). The column criterion might be ‘Complex’ (protein is annotated as being part of a cofactor complex), ‘Domain’ (protein contains at least one Pfam domain typically found in cofactors), ‘Flybase’ (protein is annotated to act as coactivator or corepressor in FlyBase), or ‘Homology’ (mouse or human orthologue of protein acts as cofactor). (XLSX 83 kb)


Supplementary Data 1: Tested TF and Cofactor cDNA sequences 
cDNA sequence for each of the 812 tested proteins in FASTA format. For the clones obtained from ref. 11 we included the coding sequences from the reference genome. For the clones we generated and validated ourselves we included the actual experimentally determined sequences as assembled by PrInSes-C34 (see Methods). (TXT 1391 kb)
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