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            Abstract
The interplay of active and repressive histone modifications is assumed to have a key role in the regulation of gene expression. In contrast to this generally accepted view, we show that the transcription of genes temporally regulated during fly and worm development occurs in the absence of canonically active histone modifications. Conversely, strong chromatin marking is related to transcriptional and post-transcriptional stability, an association that we also observe in mammals. Our results support a model in which chromatin marking is associated with the stable production of RNA, whereas unmarked chromatin would permit rapid gene activation and deactivation during development. In the latter case, regulation by transcription factors would have a comparatively more important regulatory role than chromatin marks.
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                    Figure 1: Distribution of histone modification levels in stable, regulated and silent genes during fly development.[image: ]


Figure 2: Gene expression and histone modifications in regulated, broadly expressed and stable, tissue-specific genes at L3.[image: ]


Figure 3: Association of histone modifications with transcriptional stability in metazoans.[image: ]


Figure 4: Profiles of H3 and histone modifications in WIDs and EIDs.[image: ]


Figure 5: Profiles of RNA expression, H3 and histone modifications in WIDs and EIDs.[image: ]


Figure 6: Active transcription of pdm2 without chromatin modifications.[image: ]


Figure 7: Reduction of H3K4me3 levels does not affect the expression of regulated genes.[image: ]


Figure 8: Promoter architecture and genome organization for stable and developmentally regulated genes.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Reevaluating the roles of histone-modifying enzymes and their associated chromatin modifications in transcriptional regulation
                                        
                                    

                                    
                                        Article
                                        
                                         30 November 2020
                                    

                                

                                Marc A. J. Morgan & Ali Shilatifard

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Transcription shapes genome-wide histone acetylation patterns
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 January 2021
                                    

                                

                                Benjamin J. E. Martin, Julie Brind’Amour, … LeAnn J. Howe

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The chromatin factors SET-26 and HCF-1 oppose the histone deacetylase HDA-1 in longevity and gene regulation in C. elegans
                                        
                                    

                                    
                                        Article
                                         Open access
                                         14 March 2024
                                    

                                

                                Felicity J. Emerson, Caitlin Chiu, … Siu Sylvia Lee

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Accession codes

              
              
                Primary accessions

                
                  Gene Expression Omnibus
	
                    
                        GSE56551
                      

                  


                
              
              
                Referenced accessions

                
                  Gene Expression Omnibus
	
                    
                        GSE16013
                      

                  


                
              
            

References
	Li, B., Carey, M. & Workman, J.L. The role of chromatin during transcription. Cell 128, 707–719 (2007).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Black, J.C., Van Rechem, C. & Whetstine, J.R. Histone lysine methylation dynamics: establishment, regulation, and biological impact. Mol. Cell 48, 491–507 (2012).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Wagner, E.J. & Carpenter, P.B. Understanding the language of Lys36 methylation at histone H3. Nat. Rev. Mol. Cell Biol. 13, 115–126 (2012).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Dong, X. et al. Modeling gene expression using chromatin features in various cellular contexts. Genome Biol. 13, R53 (2012).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Karlić, R., Chung, H.R., Lasserre, J., Vlahovicek, K. & Vingron, M. Histone modification levels are predictive for gene expression. Proc. Natl. Acad. Sci. USA 107, 2926–2931 (2010).
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Nègre, N. et al. A cis-regulatory map of the Drosophila genome. Nature 471, 527–531 (2011).
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Hödl, M. & Basler, K. Transcription in the absence of histone H3.2 and H3K4 methylation. Curr. Biol. 22, 2253–2257 (2012).
PubMed 
    
                    Google Scholar 
                

	Chen, K. et al. A global change in RNA polymerase II pausing during the Drosophila midblastula transition. eLife 2, e00861 (2013).
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Zhang, H., Gao, L., Anandhakumar, J. & Gross, D.S. Uncoupling transcription from covalent histone modification. PLoS Genet. 10, e1004202 (2014).
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Graveley, B.R. et al. The developmental transcriptome of Drosophila melanogaster. Nature 471, 473–479 (2011).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Roy, S. et al. Identification of functional elements and regulatory circuits by Drosophila modENCODE. Science 330, 1787–1797 (2010).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Tweedie, S. et al. FlyBase: enhancing Drosophila Gene Ontology annotations. Nucleic Acids Res. 37, D555–D559 (2009).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Spencer, W.C. et al. A spatial and temporal map of C. elegans gene expression. Genome Res. 21, 325–341 (2011).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Kundaje, A. et al. Integrative analysis of 111 reference human epigenomes. Nature 518, 317–330 (2015).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Yue, F. et al. A comparative encyclopedia of DNA elements in the mouse genome. Nature 515, 355–364 (2014).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Barski, A. et al. High-resolution profiling of histone methylations in the human genome. Cell 129, 823–837 (2007).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Pérez-Lluch, S. et al. Genome-wide chromatin occupancy analysis reveals a role for ASH2 in transcriptional pausing. Nucleic Acids Res. 39, 4628–4639 (2011).
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Teves, S.S. & Henikoff, S. Transcription-generated torsional stress destabilizes nucleosomes. Nat. Struct. Mol. Biol. 21, 88–94 (2014).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Luque, C.M. & Milan, M. Growth control in the proliferative region of the Drosophila eye-head primordium: the elbow-noc gene complex. Dev. Biol. 301, 327–339 (2007).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Weihe, U., Dorfman, R., Wernet, M.F., Cohen, S.M. & Milan, M. Proximodistal subdivision of Drosophila legs and wings: the elbow–no ocelli gene complex. Development 131, 767–774 (2004).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Ng, M., Diaz-Benjumea, F.J. & Cohen, S.M. Nubbin encodes a POU-domain protein required for proximal-distal patterning in the Drosophila wing. Development 121, 589–599 (1995).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Beltran, S., Angulo, M., Pignatelli, M., Serras, F. & Corominas, M. Functional dissection of the ash2 and ash1 transcriptomes provides insights into the transcriptional basis of wing phenotypes and reveals conserved protein interactions. Genome Biol. 8, R67 (2007).
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Beltran, S. et al. Transcriptional network controlled by the trithorax-group gene ash2 in Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 100, 3293–3298 (2003).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Zeitlinger, J. & Stark, A. Developmental gene regulation in the era of genomics. Dev. Biol. 339, 230–239 (2010).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Stark, A. et al. Discovery of functional elements in 12 Drosophila genomes using evolutionary signatures. Nature 450, 219–232 (2007).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Carninci, P. et al. Genome-wide analysis of mammalian promoter architecture and evolution. Nat. Genet. 38, 626–635 (2006).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Gaertner, B. et al. Poised RNA polymerase II changes over developmental time and prepares genes for future expression. Cell Rep. 2, 1670–1683 (2012).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Hoskins, R.A. et al. Genome-wide analysis of promoter architecture in Drosophila melanogaster. Genome Res. 21, 182–192 (2011).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Rach, E.A., Yuan, H.Y., Majoros, W.H., Tomancak, P. & Ohler, U. Motif composition, conservation and condition-specificity of single and alternative transcription start sites in the Drosophila genome. Genome Biol. 10, R73 (2009).
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Ni, T. et al. A paired-end sequencing strategy to map the complex landscape of transcription initiation. Nat. Methods 7, 521–527 (2010).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Lenhard, B., Sandelin, A. & Carninci, P. Metazoan promoters: emerging characteristics and insights into transcriptional regulation. Nat. Rev. Genet. 13, 233–245 (2012).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Teves, S.S. & Henikoff, S. The heat shock response: a case study of chromatin dynamics in gene regulation. Biochem. Cell Biol. 91, 42–48 (2013).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Juven-Gershon, T. & Kadonaga, J.T. Regulation of gene expression via the core promoter and the basal transcriptional machinery. Dev. Biol. 339, 225–229 (2010).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Farley, E. & Levine, M. HOT DNAs: a novel class of developmental enhancers. Genes Dev. 26, 873–876 (2012).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Gerstein, M.B. et al. Integrative analysis of the Caenorhabditis elegans genome by the modENCODE project. Science 330, 1775–1787 (2010).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Froldi, F. et al. The transcription factor Nerfin-1 prevents reversion of neurons into neural stem cells. Genes Dev. 29, 129–143 (2015).
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Georlette, D. et al. Genomic profiling and expression studies reveal both positive and negative activities for the Drosophila Myb MuvB/dREAM complex in proliferating cells. Genes Dev. 21, 2880–2896 (2007).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Pennington, K.L., Marr, S.K., Chirn, G.W. & Marr, M.T. II. Holo-TFIID controls the magnitude of a transcription burst and fine-tuning of transcription. Proc. Natl. Acad. Sci. USA 110, 7678–7683 (2013).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Piñeyro, D., Blanch, M., Badal, M., Kosoy, A. & Bernues, J. GAGA factor repression of transcription is a rare event but the negative regulation of Trl is conserved in Drosophila species. Biochim. Biophys. Acta 1829, 1056–1065 (2013).
PubMed 
    
                    Google Scholar 
                

	Turkel, N. et al. The BTB–zinc finger transcription factor Abrupt acts as an epithelial oncogene in Drosophila melanogaster through maintaining a progenitor-like cell state. PLoS Genet. 9, e1003627 (2013).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Filion, G.J. et al. Systematic protein location mapping reveals five principal chromatin types in Drosophila cells. Cell 143, 212–224 (2010).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Kharchenko, P.V. et al. Comprehensive analysis of the chromatin landscape in Drosophila melanogaster. Nature 471, 480–485 (2011).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Ho, J.W. et al. Comparative analysis of metazoan chromatin organization. Nature 512, 449–452 (2014).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Sexton, T. et al. Three-dimensional folding and functional organization principles of the Drosophila genome. Cell 148, 458–472 (2012).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Guelen, L. et al. Domain organization of human chromosomes revealed by mapping of nuclear lamina interactions. Nature 453, 948–951 (2008).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	van Bemmel, J.G. et al. The insulator protein SU(HW) fine-tunes nuclear lamina interactions of the Drosophila genome. PLoS ONE 5, e15013 (2010).
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Schwartz, S., Meshorer, E. & Ast, G. Chromatin organization marks exon-intron structure. Nat. Struct. Mol. Biol. 16, 990–995 (2009).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Tilgner, H. et al. Nucleosome positioning as a determinant of exon recognition. Nat. Struct. Mol. Biol. 16, 996–1001 (2009).
CAS 
    PubMed 
    
                    Google Scholar 
                

	de Almeida, S.F. et al. Splicing enhances recruitment of methyltransferase HYPB/Setd2 and methylation of histone H3 Lys36. Nat. Struct. Mol. Biol. 18, 977–983 (2011).
PubMed 
    
                    Google Scholar 
                

	Luco, R.F. et al. Regulation of alternative splicing by histone modifications. Science 327, 996–1000 (2010).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Sims, R.J. III et al. Recognition of trimethylated histone H3 lysine 4 facilitates the recruitment of transcription postinitiation factors and pre-mRNA splicing. Mol. Cell 28, 665–676 (2007).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Delest, A., Sexton, T. & Cavalli, G. Polycomb: a paradigm for genome organization from one to three dimensions. Curr. Opin. Cell Biol. 24, 405–414 (2012).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Espada, J. & Esteller, M. DNA methylation and the functional organization of the nuclear compartment. Semin. Cell Dev. Biol. 21, 238–246 (2010).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Gan, Q. et al. Dynamic regulation of alternative splicing and chromatin structure in Drosophila gonads revealed by RNA-seq. Cell Res. 20, 763–783 (2010).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Ciabrelli, F. & Cavalli, G. Chromatin-driven behavior of topologically associating domains. J. Mol. Biol. 427, 608–625 (2015).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Karolchik, D. et al. The UCSC Genome Browser Database: 2008 update. Nucleic Acids Res. 36, D773–D779 (2008).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Xu, T. & Rubin, G.M. Analysis of genetic mosaics in developing and adult Drosophila tissues. Development 117, 1223–1237 (1993).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Cagan, R.L., Kramer, H., Hart, A.C. & Zipursky, S.L. The bride of sevenless and sevenless interaction: internalization of a transmembrane ligand. Cell 69, 393–399 (1992).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Derrien, T. et al. Fast computation and applications of genome mappability. PLoS ONE 7, e30377 (2012).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Montgomery, S.B. et al. Transcriptome genetics using second generation sequencing in a Caucasian population. Nature 464, 773–777 (2010).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Blanco, E., Messeguer, X., Smith, T.F. & Guigo, R. Transcription factor map alignment of promoter regions. PLoS Comput. Biol. 2, e49 (2006).
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Portales-Casamar, E. et al. JASPAR 2010: the greatly expanded open-access database of transcription factor binding profiles. Nucleic Acids Res. 38, D105–D110 (2010).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Wingender, E. The TRANSFAC project as an example of framework technology that supports the analysis of genomic regulation. Brief. Bioinform. 9, 326–332 (2008).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Siepel, A. et al. Evolutionarily conserved elements in vertebrate, insect, worm, and yeast genomes. Genome Res. 15, 1034–1050 (2005).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Zhu, L.J. et al. FlyFactorSurvey: a database of Drosophila transcription factor binding specificities determined using the bacterial one-hybrid system. Nucleic Acids Res. 39, D111–D117 (2011).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Ernst, J. & Kellis, M. ChromHMM: automating chromatin-state discovery and characterization. Nat. Methods 9, 215–216 (2012).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Cherbas, L. et al. The transcriptional diversity of 25 Drosophila cell lines. Genome Res. 21, 301–314 (2011).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank D. Gonzalez-Knowles, A. Breschi and M. Melé for help with data analysis, F. Serras, M. Morey and A. Kornblihtt for insightful suggestions and G. Cavalli for discussing data before publication, as well as the anonymous reviewers for their critical input. We thank R. Garrido for administrative assistance. We thank the modENCODE project, the ENCODE Project (human and mouse data) and the Roadmap Epigenomics Mapping Consortium for granting open access of these resources to the scientific community. We also thank the Ultrasequencing Unit of the Centre for Genomic Regulation (CRG, Barcelona, Spain) for sample processing and the Confocal Unit of CCiTUB (Centres Científics i Tecnològics de la Universitat de Barcelona) (Universitat de Barcelona, Barcelona, Spain). This work was performed under the financial support of the Spanish Ministry of Economy and Competitiveness with grants BIO2011-26205 to R.G., CSD2007-00008 and BFU2012-36888 to M.C., and 'Centro de Excelencia Severo Ochoa 2013–2017', SEV-2012-0208 and the European Research Council/European Community's Seventh Framework Programme with grant 294653 RNA-MAPS to R.G. E.B. is supported by the European Commission's Seventh Framework Programme 4DCellFate grant 277899. This research reflects only the authors' views, and the Community is not liable for any use that may be made of the information contained therein. J.C. is supported by grant SFRH/BD/33535/2008 from the Portuguese Foundation of Science and Technology.


Author information
Author notes	Hagen Tilgner
Present address: Present address: Department of Genetics, Stanford University, Stanford, California, USA., 

	Sílvia Pérez-Lluch, Enrique Blanco, Hagen Tilgner and Joao Curado: These authors contributed equally to this work.


Authors and Affiliations
	Centre for Genomic Regulation, Barcelona, Spain
Sílvia Pérez-Lluch, Enrique Blanco, Hagen Tilgner, Joao Curado & Roderic Guigó

	Departament de Ciències Experimentals i de la Salut, Universitat Pompeu Fabra, Barcelona, Spain
Sílvia Pérez-Lluch, Hagen Tilgner, Joao Curado & Roderic Guigó

	Departament de Genètica (Facultat de Biologia), Universitat de Barcelona, Barcelona, Spain
Sílvia Pérez-Lluch, Enrique Blanco, Marina Ruiz-Romero & Montserrat Corominas

	Institut de Biomedicina de la Universitat de Barcelona, Barcelona, Spain
Sílvia Pérez-Lluch, Enrique Blanco, Marina Ruiz-Romero & Montserrat Corominas

	Graduate Program in Areas of Basic and Applied Biology, Abel Salazar Biomedical Sciences Institute, University of Porto, Porto, Portugal
Joao Curado


Authors	Sílvia Pérez-LluchView author publications
You can also search for this author in
                        PubMed Google Scholar



	Enrique BlancoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hagen TilgnerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Joao CuradoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Marina Ruiz-RomeroView author publications
You can also search for this author in
                        PubMed Google Scholar



	Montserrat CorominasView author publications
You can also search for this author in
                        PubMed Google Scholar



	Roderic GuigóView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
S.P.-L. and M.R.-R. performed the experiments, and E.B., H.T. and J.C. performed the computational analyses. M.C. and R.G. designed the study and wrote the manuscript with contributions from all authors.
Corresponding authors
Correspondence to
                Montserrat Corominas or Roderic Guigó.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Integrated supplementary information

Supplementary Figure 1 Developmentally stable and regulated genes in D. melanogaster.
(a) Time points selected for the analysis of chromatin marking in genes regulated during fly development. From the available modENCODE RNA-seq data, we selected the 12 points for which ChIP-seq experiments on histone modifications were also available. (b) Expression of one stable gene (NUCB1) and one regulated gene (Cy30401). The value of the coefficient of variation for NUCB1 is 0.15. Cy30401, in contrast, shows a peak of expression in one embryonic stage, and its coefficient of variation is consistently 2.49. (c) Distribution of the coefficients of variation on fly genes. We calculated the coefficients of variation of expression for the 12,867 genes for which modENCODE has expression data along Drosophila development. The coefficient of variation distribution uncovers a large class of genes with low coefficients of variation (constant expression during development) and two other minor classes containing genes whose expression is highly variable during development—often restricted to a limited set of stages. For most of the analysis, we arbitrarily considered the top 1,000 genes with the lowest coefficients of variation as stable and, the top 1,000 genes with the highest coefficients of variation as genes regulated throughout development (Supplementary Fig. 4). (d) Time point of maximum expression of regulated genes.


Supplementary Figure 2 Chromatin marking at stable, regulated and silent genes during fly development.
We performed a number of controls to rule out the possibility that our observations arose from undetected confounding factors. (a) Normalized levels of H3K4me3, H3K9ac, H3K4me1, H3K27ac, H3K27me3 and H3K9me3 at the time point of maximum expression during development. Because of the differences in heights between modENCODE ChIP-seq tracks, we identified the highest peak of each mark in the genome by checking all expressed genes and used this value to normalize the corresponding profiles. The distributions correspond to the maximum height of the ChIP-seq peak within the gene body for H3K4me3, H3K9ac, H3K4me1 and H3K27ac and the average height of the ChIP-seq signal over the gene body for H3K27me3 and H3K9me3. Patterns are the same or even stronger than those in Figure 1b. The bottom and top of the boxes are the first and third quartiles, and the line within is the median. The whiskers denote the interval within 1.5 times the IQR from the median. Outliers are plotted as dots. (b) Distribution of expression of the top 1,000 stable, regulated and silent genes and of the set of the top 1,000 regulated genes divided into 3 groups according to expression (low, medium, high) at the time point of maximum expression for each gene. Gene expression was computed as FPKM by the modENCODE consortium. (c) Levels of H3K4me3 at the time point of maximum expression for the gene sets defined in b. Values represent the maximum height of the ChIP-seq peak within the gene body. The three sets of regulated genes show similar levels of H3K4me3, comparable to silent genes. (d) Levels of H3K4me3 at the time point of maximum gene expression computed as the average signal over the gene body instead of as the maximum peak. The pattern is the same as that in Figure 1b. (e) Lengths of stable and regulated genes. Regulated genes have a lower number of exons than stable genes (2.6 versus 5.7 on average) and shorter introns (600 bp versus 1,000 bp); as a consequence, regulated genes are shorter than stable genes (1,136 bp versus 2,864 bp). To rule out the possibility that gene size is a confounding factor, we selected the 520 shortest stable genes. These have an average length (1,188 bp) and number of exons (2.6) very similar to those of variable genes. (f) The H3K4me3 maximum peak at short stable genes is comparable to the peak at the previous set of stable genes, and it is much higher than the H3K4me3 peak at regulated genes. Therefore, there is no effect of gene length and number of exons in our observations.


Supplementary Figure 3 Profiles of H3K4me3 along fly development for CG12384, a stable gene, and CG14110, a mid to late embryo-specific gene.
The expression (measured in FPKM) along these points is given on the left. CG12384 is expressed throughout development, and CG14110 is highly expressed in E12–16 h. In situ hybridization images obtained from BDGP1 correspond to stages 13–16 (9–16 h after egg laying) for both genes.


Supplementary Figure 4 Partition of the entire set in stable and regulated genes.
(a) Distribution of the coefficients of variation on fly genes. The distribution of the coefficients of variation of gene expression along fly development reveals one major class of stable genes (P1) and two minor classes of regulated genes (P2 and P3). (b) Number of genes belonging to each class. (c) Distribution of gene expression levels at the developmental time point of maximum gene expression in each class. Gene expression is measured in FPKM by the modENCODE consortium. The bottom and top of the boxes are the first and third quartiles, and the line within is the median. The whiskers denote the interval within 1.5 times the IQR from the median. Outliers are plotted as dots. (d) Normalized levels of histone modifications at the time point of maximum gene expression in each gene class.


Supplementary Figure 5 H3K27me3 and H3K9me3 marking in stable, regulated and silent genes.
(a) Left, H3K27me3 in stable genes. As expected, most genes do not show H3K27me3. Middle, H3K27me3 in regulated genes. Many genes show either no or very low levels of H3K27me3. Right, H3K27me3 in silent genes. The distribution of H3K27me3 marking is very similar to that observed in regulated genes. (b) Left, H3K9me3 in stable genes. Most of the genes do not show H3K9me3. Middle, H3K9me3 in regulated genes. Many genes show either no or very low levels of H3K9me3. Right, H3K9me3 in silent genes. The distribution of H3K9me3 marking is very similar to that observed in regulated genes. (c) Expression level of regulated genes unmarked and marked with H3K27me3. Marked genes (H3K27me3 (log2) > 0) are expressed at levels similar to those in unmarked genes. The bottom and top of the boxes are the first and third quartiles, and the line within is the median. The whiskers denote the interval within 1.5 times the IQR from the median. Outliers are plotted as dots. (d) Expression levels of regulated genes unmarked and marked with H3K9me3. Marked genes (H3K9me3 (log2) > 0) are slightly more weakly expressed than unmarked genes (P = 0.001).


Supplementary Figure 6 Expression of stable genes, regulated genes broadly expressed at L3, silent genes and stably expressed, tissue-specific genes in six different tissues at L3.
Expression levels, measured in FPKM by the modENCODE consortium, of six different tissues. The expression of stable tissue-specific genes is given for each tissue separately in the following order: carcass, central nervous system, digestive system, fat body, imaginal discs and salivary glands. Regulated, broadly expressed genes show higher expression than stable, tissue-specific genes, even in the tissue in which the latter are expressed, except in imaginal discs. The bottom and top of the boxes are the first and third quartiles, and the line within is the median. The whiskers denote the interval within 1.5 times the IQR from the median. Outliers are plotted as dots.


Supplementary Figure 7 Correlation between histone modifications and transcription stability in flies.
Scatterplots of H3K9ac (a), H3K4me1 (b) and H3K27ac (c) at the time point of highest expression during fly development and transcriptional stability, measured as the coefficient of variation in gene expression across the 12 developmental time points. The correlation is computed as the partial correlation given gene expression (Fig. 3b).


Supplementary Figure 8 Chromatin marking at genes with constant and variable expression in multiple tissues in mammals.
(a) Normalized levels of H3K36me3 and H3K4me1 in the tissue with maximum expression from the 56 human consolidated epigenomes. The bottom and top of the boxes are the first and third quartiles, and the line within is the median. The whiskers denote the interval within 1.5 times the IQR from the median. Outliers are plotted as dots. (b) Normalized levels of H3K9ac, H3K36me3, H3K4me1 and H3K27ac in the tissue with maximum expression from the ten mouse tissues.


Supplementary Figure 9 RNA-seq and ChIP-seq analysis of WID and EID.
(a) RNA-seq mapping and quantification statistics. Genomic reads are reads mapping to the genome. Genomic reads mapping uniquely are classified in three classes: intronic reads are reads mapping entirely within a gene but not entirely within annotated exons; exonic reads are reads mapping entirely within exons; and intergenic reads are reads not mapping entirely within genes. Junction reads are reads mapping to splice junctions but not to the genome. (b) Number of genes and transcripts expressed at different expression cutoffs. (c) Mapping statistics for the ChIP-seq experiments on histone modifications. The genome-wide Pearson correlation between the WID and EID epigenomes is very high: 0.90 for H3, 0.84 for H3K4me3, 0.94 for H3K9ac, 0.96 for H3K36me3, 0.92 for H3K4me1 and 0.92 for H3K27ac when computed on the number of reads mapping to 1,000-bp windows. (d,e) Join distribution in WID and EID of gene and transcript expression. Expression is measured in log(RPKM). (f) Gene Ontology term enrichment of 628 genes preferentially expressed in EID and 184 genes preferentially expressed in WID.


Supplementary Figure 10 Nucleosome turnover rates of stable, regulated and silent genes.
(a) Nascent RNA signal computed as the average signal in the gene body for stable, regulated and silent genes in S2 cells2. The bottom and top of the boxes are the first and third quartiles, and the line within is the median. The whiskers denote the interval within 1.5 times the IQR from the median. Outliers are plotted as dots. (b) Nucleosome turnover rate as measured by CATCH-IT2 average signal in S2 cells for each gene class. Nucleosome turnover rate is not different between regulated and stable genes (P = 0.61).


Supplementary Figure 11 Profiles of RNA expression, H3 and histone modifications in WID- and EID-specific genes.
(a) The stable gene tio, the regulated WID-specific gene pdm2 and the regulated EID-specific gene CG34244 are expressed at the same level (green tracks and bottom panel). Histone modifications typical of gene activation are observed in tio, whereas the tissue-specific genes lack all of these, even in the tissue in which they are expressed. (b) The stable gene net, the regulated WID-specific gene CG12009 and the regulated EID-specific gene nerfin-1 are expressed at very similar levels (green tracks and bottom panel), but net exhibits histone modifications, whereas the tissue-specific genes lack all of these, even in the tissue in which they are expressed.


Supplementary Figure 12 Promoter architecture in stable and developmentally regulated genes.
Conservation of core promoter sequence. (a) Distribution of PhastCons scores derived from 12 Drosophila species in the promoter sequence (defined as 200 bp upstream of the TSS) of stable and regulated genes. Promoters of regulated genes show stronger sequence conservation than those of stable genes: average PhastCons score of 0.27 in regulated genes and 0.17 in stable genes (P < 2.2 × 10−16). The bottom and top of the boxes are the first and third quartiles, and the line within is the median. The whiskers denote the interval within 1.5 times the IQR from the median. Outliers are plotted as dots. (b) Conservation of transcription factor binding motifs. We identified the predicted binding motifs for transcription factors that have a PhastCons score greater than 0.95 in the promoter sequence of stable and variable genes. Box plots show the distribution of the number of conserved motifs only for promoters that contain at least one prediction (P = 2.217 × 10−6). P values were computed using Wilcoxon test (one-sided).


Supplementary Figure 13 Chromatin structure and splicing.
(a,b) H3 on frequently (red) and infrequently (blue) included exons in WID (a) and EID (b). (c,d) Correlation between exon inclusion and H3 across exon acceptor sites in WID (c) and EID (d).
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