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            Abstract
We used genome-wide sequencing methods to study stimulus-dependent enhancer function in mouse cortical neurons. We identified âˆ¼12,000 neuronal activity-regulated enhancers that are bound by the general transcriptional co-activator CBP in an activity-dependent manner. A function of CBP at enhancers may be to recruit RNA polymerase II (RNAPII), as we also observed activity-regulated RNAPII binding to thousands of enhancers. Notably, RNAPII at enhancers transcribes bi-directionally a novel class of enhancer RNAs (eRNAs) within enhancer domains defined by the presence of histone H3 monomethylated at lysine 4. The level of eRNA expression at neuronal enhancers positively correlates with the level of messenger RNA synthesis at nearby genes, suggesting that eRNA synthesis occurs specifically at enhancers that are actively engaged in promoting mRNA synthesis. These findings reveal that a widespread mechanism of enhancer activation involves RNAPII binding and eRNA synthesis.
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                    Figure 1: 
                        Enhancers near the c
                        -fos
                         gene with increased CBP/RNAPII/NPAS4 binding and eRNA production upon membrane depolarization.
                      [image: ]


Figure 2: 
                        Comparison of binding profiles between promoters and neuronal activity-regulated enhancers.
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Figure 3: 
                        Activity-induced luciferase expression mediated by neuronal enhancers.
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Figure 4: 
                        Enhancers bind RNA polymerase II (RNAPII) and produce eRNAs.
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Figure 5: 
                        eRNAs are transcribed bi-directionally, and their activity-dependent induction correlates with induction of nearby genes.
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Figure 6: 
                        eRNA synthesis but not RNAPII binding at the 
                        Arc
                         enhancer requires the presence of the 
                        Arc
                         promoter.
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                Data deposits

                Sequencing data have been submitted to the GEO repository under accession numbers GSE21161 (for all ChIP-Seq and RNA-Seq data) and HM047267 (for circularized Arc enhancer RNA). The bigWig files for genome browser visualization are posted online (see Supplementary Table 6).

              
            

References
	Banerji, J., Rusconi, S. & Schaffner, W. Expression of a Î²-globin gene is enhanced by remote SV40 DNA sequences. Cell 27, 299â€“308 (1981)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Greer, P. L. & Greenberg, M. E. From synapse to nucleus: calcium-dependent gene transcription in the control of synapse development and function. Neuron 59, 846â€“860 (2008)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Heintzman, N. D. et al. Distinct and predictive chromatin signatures of transcriptional promoters and enhancers in the human genome. Nature Genet. 39, 311â€“318 (2007)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Visel, A. et al. ChIP-seq accurately predicts tissue-specific activity of enhancers. Nature 457, 854â€“858 (2009)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Xi, H. et al. Identification and characterization of cell type-specific and ubiquitous chromatin regulatory structures in the human genome. PLoS Genet. 3, e136 (2007)
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Park, P. J. ChIP-seq: advantages and challenges of a maturing technology. Nature Rev. Genet. 10, 669â€“680 (2009)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Barski, A. et al. High-resolution profiling of histone methylations in the human genome. Cell 129, 823â€“837 (2007)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Robertson, A. G. et al. Genome-wide relationship between histone H3 lysine 4 mono- and tri-methylation and transcription factor binding. Genome Res. 18, 1906â€“1917 (2008)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Chowdhury, S. et al. Arc/Arg3.1 interacts with the endocytic machinery to regulate AMPA receptor trafficking. Neuron 52, 445â€“459 (2006)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Plath, N. et al. Arc/Arg3.1 is essential for the consolidation of synaptic plasticity and memories. Neuron 52, 437â€“444 (2006)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Shepherd, J. D. et al. Arc/Arg3.1 mediates homeostatic synaptic scaling of AMPA receptors. Neuron 52, 475â€“484 (2006)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Waltereit, R. et al. Arg3.1/Arc mRNA induction by Ca2+ and cAMP requires protein kinase A and mitogen-activated protein kinase/extracellular regulated kinase activation. J. Neurosci. 21, 5484â€“5493 (2001)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kawashima, T. et al. Synaptic activity-responsive element in the Arc/Arg3.1 promoter essential for synapse-to-nucleus signaling in activated neurons. Proc. Natl Acad. Sci. USA 106, 316â€“321 (2009)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Pintchovski, S. A., Peebles, C. L., Kim, H. J., Verdin, E. & Finkbeiner, S. The serum response factor and a putative novel transcription factor regulate expression of the immediate-early gene Arc/Arg3.1 in neurons. J. Neurosci. 29, 1525â€“1537 (2009)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Flavell, S. W. & Greenberg, M. E. Signaling mechanisms linking neuronal activity to gene expression and plasticity of the nervous system. Annu. Rev. Neurosci. 31, 563â€“590 (2008)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Lin, Y. et al. Activity-dependent regulation of inhibitory synapse development by Npas4. Nature 455, 1198â€“1204 (2008)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kee, B. L., Arias, J. & Montminy, M. R. Adaptor-mediated recruitment of RNA polymerase II to a signal-dependent activator. J. Biol. Chem. 271, 2373â€“2375 (1996)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Brodsky, A. S. et al. Genomic mapping of RNA polymerase II reveals sites of co-transcriptional regulation in human cells. Genome Biol. 6, R64 (2005)
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kim, T. H. et al. A high-resolution map of active promoters in the human genome. Nature 436, 876â€“880 (2005)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Koch, F., Jourquin, F., Ferrier, P. & Andrau, J. C. Genome-wide RNA polymerase II: not genes only!. Trends Biochem. Sci. 33, 265â€“273 (2008)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Szutorisz, H., Dillon, N. & Tora, L. The role of enhancers as centres for general transcription factor recruitment. Trends Biochem. Sci. 30, 593â€“599 (2005)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Abeel, T., Saeys, Y., Rouze, P. & Van de Peer, Y. ProSOM: core promoter prediction based on unsupervised clustering of DNA physical profiles. Bioinformatics 24, i24â€“i31 (2008)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Ling, J. et al. HS2 enhancer function is blocked by a transcriptional terminator inserted between the enhancer and the promoter. J. Biol. Chem. 279, 51704â€“51713 (2004)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zhao, H. & Dean, A. An insulator blocks spreading of histone acetylation and interferes with RNA polymerase II transfer between an enhancer and gene. Nucleic Acids Res. 32, 4903â€“4919 (2004)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Heintzman, N. D. et al. Histone modifications at human enhancers reflect global cell-type-specific gene expression. Nature 459, 108â€“112 (2009)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Gerber, M. & Shilatifard, A. Transcriptional elongation by RNA polymerase II and histone methylation. J. Biol. Chem. 278, 26303â€“26306 (2003)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Kawashima, T. et al. Synaptic activity-responsive element in the Arc/Arg3.1 promoter essential for synapse-to-nucleus signaling in activated neurons. Proc. Natl Acad. Sci. USA 106, 316â€“321 (2009)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Couttlet, P. et al. Messenger RNA deadenylation precedes decapping in mammalian cells. Proc. Natl Acad. Sci. USA 94, 5628â€“5633 (1997)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Flavell, S. W. et al. Genome-wide analysis of MEF2 transcriptional program reveals synaptic target genes and neuronal activity-dependent polyadenylation site selection. Neuron 60, 1022â€“1038 (2008)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kharchenko, P. V., Tolstorukov, M. Y. & Park, P. J. Design and analysis of ChIP-seq experiments for DNA-binding proteins. Nature Biotechnol. 26, 1351â€“1359 (2008)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rozowsky, J. et al. PeakSeq enables systematic scoring of ChIP-seq experiments relative to controls. Nature Biotechnol. 27, 66â€“75 (2009)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Robertson, A. G. et al. Genome-wide relationship between histone H3 lysine 4 mono- and tri-methylation and transcription factor binding. Genome Res. 18, 1906â€“1917 (2008)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Skellam, J. G. The frequency distribution of the difference between two Poisson variates belonging to different populations. J. R. Stat. Soc. A 109, 296 (1946)
ArticleÂ 
    MathSciNetÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Efron, B. Microarrays, empirical Bayes and the two-groups model. Stat. Sci. 23, 1â€“22 (2008)
ArticleÂ 
    MathSciNetÂ 
    
                    Google ScholarÂ 
                

	Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: a practical and powerful approach to multiple testing. J. Roy. Statist. Soc. Ser. B. Methodol. 57, 289â€“300 (1995)
MathSciNetÂ 
    MATHÂ 
    
                    Google ScholarÂ 
                

	Jothi, R., Cuddapah, S., Barski, A., Cui, K. & Zhao, K. Genome-wide identification of in vivo proteinâ€“DNA binding sites from ChIP-Seq data. Nucleic Acids Res. 36, 5221â€“5231 (2008)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Ooe, N. et al. Identification of a novel basic helix-loop-helix-PAS factor, NXF, reveals a Sim2 competitive, positive regulatory role in dendritic-cytoskeleton modulator drebrin gene expression. Mol. Cell. Biol. 24, 608â€“616 (2004)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Lin, Y. et al. Activity-dependent regulation of inhibitory synapse development by Npas4. Nature 455, 1198â€“1204 (2008)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Huang, D. W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene lists using DAVID Bioinformatics Resources. Nature Protocols 4, 44â€“57 (2009)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Dennis, G. et al. DAVID: Database for Annotation, Visualization, and Integrated Discovery. Genome Biol. 4, 3 (2003)
ArticleÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank members of the Greenberg laboratory for discussions and for critical reading of the manuscript. We thank S. Vasquez for preparing dissociated mouse cortical neurons. We thank L. Hu for generating antibodies. We thank the Molecular Genetics Core Facility at Childrenâ€™s Hospital Boston, including H. Schneider and S. Burgess, for operation of their SOLiD 3.0 sequencer (I.D.D.R.C). We thank the support and R&D teams at Life Technologies including S. Ranade, R. David, J. Ni, C. Barbacioru, M. Barker, G. Costa and K. McKernan. M.E.G. acknowledges the support of the Nancy Lurie Marks Family Foundation. We thank M. Dehoff for technical support in the Arc knockout experiments. This work was supported by the National Institutes of Health grants NS028829 (M.E.G.), R21EY019710 (G.K.), DP2OD006461 (G.K.) and MH-053608 (P.F.W.). This work was also supported by The Lefler postdoctoral fellowship (T-K.K.) and The Jane Coffin Childs Memorial Funds (T-K.K.), The Helen Hay Whitney postdoctoral fellowship (J.M.G.), The Childrenâ€™s Hospital Ophthalmology Foundation (G.K.), The Whitehall Foundation (G.K.), and The Klingenstein Fund (G.K.)


Author information
Author notes	Tae-Kyung KimÂ &Â Eirene Markenscoff-Papadimitriou
Present address: Present addresses: University of Texas Southwestern Medical Center, Department of Neuroscience, 5323 Harry Hines Blvd, Dallas, Texas 75390-9111, USA (T.-K.K.); Graduate Program in Neuroscience, University of California San Francisco, 1550 4th Street, San Francisco, California 94158, USA (E.M.-P.)., 

	Tae-Kyung Kim, Martin Hemberg and Jesse M. Gray: These authors contributed equally to this work.


Authors and Affiliations
	Department of Neurobiology, Harvard Medical School, 220 Longwood Avenue, Boston, Massachusetts 02115, USA, 
Tae-Kyung Kim,Â Jesse M. Gray,Â Allen M. Costa,Â Daniel M. Bear,Â David A. Harmin,Â Mike Laptewicz,Â Eirene Markenscoff-PapadimitriouÂ &Â Michael E. Greenberg

	Department of Ophthalmology, Childrenâ€™s Hospital Boston, Center for Brain Science and Swartz Center for Theoretical Neuroscience, Harvard University, 300 Longwood Avenue, Boston, Massachusetts 02115, USA, 
Martin HembergÂ &Â Gabriel Kreiman

	The Solomon H. Snyder Department of Neuroscience, Johns Hopkins University School of Medicine, 725 North Wolfe Street, Baltimore, Maryland 21205, USA, 
Jing WuÂ &Â Paul F. Worley

	Childrenâ€™s Hospital Informatics Program at the Harvard-MIT Division of Health Sciences and Technology, 300 Longwood Avenue, Boston, Massachusetts 02115, USA, 
David A. Harmin

	 Molecular Genetics Core facility, Childrenâ€™s Hospital Boston, 300 Longwood Avenue, Boston, Massachusetts 02115, USA , 
Kellie Barbara-Haley

	 Epicentre Biotechnologies, 726 Post Road, Madison, Wisconsin 53713, USA , 
Scott Kuersten

	 Institute for Molecular and Cellular Cognition (IMCC), Center for Molecular Neurobiology (ZMNH), University Medical Center Hamburg-Eppendorf (UKE), Falkenried 94, 20251 Hamburg, Germany , 
Dietmar Kuhl

	Department of Neurochemistry, Graduate School of Medicine, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan, 
Haruhiko Bito


Authors	Tae-Kyung KimView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Martin HembergView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jesse M. GrayView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Allen M. CostaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Daniel M. BearView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jing WuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	David A. HarminView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Mike LaptewiczView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kellie Barbara-HaleyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Scott KuerstenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Eirene Markenscoff-PapadimitriouView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Dietmar KuhlView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Haruhiko BitoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Paul F. WorleyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Gabriel KreimanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Michael E. GreenbergView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
Author Contributions T-K.K., J.M.G. and M.E.G. conceived and designed experiments. T-K.K., J.M.G., M.H., G.K. and M.E.G. wrote the manuscript. T-K.K. optimized the protocol for ChIP-Seq library preparation to be suitable for the SOLiD sequencer and made all ChIP-Seq libraries used in this study. S.K. invented the library construction methodology used for all RNA sequencing reported here. J.M.G., A.M.C. and E.M.-P. made all RNA-Seq libraries. M.H., J.M.G. and D.A.H. performed bioinformatic analyses. K.B.-H. carried out the SOLiD bead preparation and sequencing. T-K.K., J.W., P.F.W. and A.M.C. performed the Arc knockout experiment. D.M.B. performed the luciferase experiments. M.L. performed the RNA circularization experiment. H.B. provided the pArc7000 plasmid. D.K. provided the Arc knockout mouse. All authors reviewed the manuscript.
Corresponding author
Correspondence to
                Michael E. Greenberg.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Figures
DESCRIPTION (PDF 5982 kb)


This file contains Supplementary Figures 1-11 with legends.
This zipped file comprises Supplementary Tables as follows: Supplementary Table S1 shows the number of CBP sites that were removed at each step of filtering in order to produce a list of high-confidence enhancers. Supplementary Table S2 shows ChIP-Seq, RNA-Seq, and other data associated with each CBP peak, with ~41,000 CBP peaks as rows and nearly 200 columns of information about each peak. Supplementary Tables S3a and S3b show lists of TF peaks found in the 2hour KCl stimulated and unstimulated conditions, with positive values for any given factor indicating the presence of a peak. Supplementary Table S4 shows the number of extragenic enhancers that have TFs, RNAPII, or eRNAs detected, as well as the number of enhancers with any two of these features detected. Supplementary Table S5 shows the number of ChIP-Seq/RNA-Seq reads for each experiment and the antibody used for each ChIP-Seq experiment. Supplementary Table S6 contains text that can be pasted into the UCSC Genome Browser to display the raw ChIP-Seq/RNA-Seq sequencing data using the mm9 mouse genome. Supplementary Table S7 shows DAVID analysis of the genes whose promoters bind CREB. Supplementary Table S8 shows a list of genes with expression changes that were significant following 6 hours KCl stimulation, based on RNA-Seq biological replicate 1. Supplementary Tables S9a and 9b show DAVID analysis of strongly up-and down-regulated genes. Supplementary Table S10 shows primers used for RT-qPCR validation. (ZIP 14681 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5

PowerPoint slide for Fig. 6




Rights and permissions
Reprints and permissions


About this article
Cite this article
Kim, TK., Hemberg, M., Gray, J. et al. Widespread transcription at neuronal activity-regulated enhancers.
                    Nature 465, 182â€“187 (2010). https://doi.org/10.1038/nature09033
Download citation
	Received: 21 October 2009

	Accepted: 25 March 2010

	Published: 14 April 2010

	Issue Date: 13 May 2010

	DOI: https://doi.org/10.1038/nature09033


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

                
                    	
                            
                                
                                    
                                        Bivalent activity of super-enhancer RNA LINC02454 controls 3D chromatin structure and regulates glioma sensitivity to temozolomide
                                    
                                

                            
                                
                                    	Tengfei Shi
	Dianhao Guo
	Lei Zhang


                                
                                Cell Death & Disease (2024)

                            
	
                            
                                
                                    
                                        MYC activity at enhancers drives prognostic transcriptional programs through an epigenetic switch
                                    
                                

                            
                                
                                    	Simon T. Jakobsen
	Rikke A. M. Jensen
	Rasmus SiersbÃ¦k


                                
                                Nature Genetics (2024)

                            
	
                            
                                
                                    
                                        Chromatin balances cell redox and energy homeostasis
                                    
                                

                            
                                
                                    	Tamaki Suganuma
	Jerry L. Workman


                                
                                Epigenetics & Chromatin (2023)

                            
	
                            
                                
                                    
                                        Identification and characterization of transcribed enhancers during cerebellar development through enhancer RNA analysis
                                    
                                

                            
                                
                                    	Miguel Ramirez
	Remi Robert
	Daniel Goldowitz


                                
                                BMC Genomics (2023)

                            
	
                            
                                
                                    
                                        Downregulated NPAS4 in multiple brain regions is associated with major depressive disorder
                                    
                                

                            
                                
                                    	Berkay SelÃ§uk
	Tuana Aksu
	OgÃ¼n Adebali


                                
                                Scientific Reports (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Activity-regulated enhancers
Regulatory proteins bind non-coding DNA either close to a gene's mRNA transcription start site at a promoter, or further away on the genome at an enhancer. Enhancers act by helping to recruit the RNA polymerase to the promoter. Now a genome-wide sequencing study of more than 10,000 enhancers that respond to electrical activity in neurons shows that the regulatory process also brings the polymerase to the enhancers themselves, where it transcribes non-coding RNAs. This 'enhancer RNA' (eRNA) synthesis occurs only at enhancers actively engaged in promoting mRNA synthesis from a promoter. The results suggest that at least in the brain, enhancers play a more active 'promoter-like' role in regulating gene expression than previously appreciated.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Enhancers make non-coding RNA
                

                
	Bing Ren



                
    
        
            Nature
        
        News & Views
        
        
            12 May 2010
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    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 (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (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 â€” 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: ]
