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            Abstract
Mammalian gene expression is inherently stochastic1,2, and results in discrete bursts of RNA molecules that are synthesized from each allele3,4,5,6,7. Although transcription is known to be regulated by promoters and enhancers, it is unclear how cis-regulatory sequences encode transcriptional burst kinetics. Characterization of transcriptional bursting, including the burst size and frequency, has mainly relied on live-cell4,6,8 or single-molecule RNA fluorescence in situ hybridization3,5,8,9 recordings of selected loci. Here we determine transcriptome-wide burst frequencies and sizes for endogenous mouse and human genes using allele-sensitive single-cell RNA sequencing. We show that core promoter elements affect burst size and uncover synergistic effects between TATA and initiator elements, which were masked at mean expression levels. Notably, we provide transcriptome-wide evidence that enhancers control burst frequencies, and demonstrate that cell-type-specific gene expression is primarily shaped by changes in burst frequencies. Together, our data show that burst frequency is primarily encoded in enhancers and burst size in core promoters, and that allelic single-cell RNA sequencing is a powerful model for investigating transcriptional kinetics.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Transcriptome-wide inference of transcriptional burst kinetics.[image: ]


Fig. 2: Core promoter elements dictate transcriptional burst size.[image: ]


Fig. 3: Enhancers regulate burst frequencies to shape cell-type-specific expression.[image: ]


Fig. 4: Altered burst frequencies by enhancer polymorphisms and deletion.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Single-cell multiplex chromatin and RNA interactions in ageing human brain
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 March 2024
                                    

                                

                                Xingzhao Wen, Zhifei Luo, … Sheng Zhong

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Spatially organized cellular communities form the developing human heart
                                        
                                    

                                    
                                        Article
                                         Open access
                                         13 March 2024
                                    

                                

                                Elie N. Farah, Robert K. Hu, … Neil C. Chi

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Gene trajectory inference for single-cell data by optimal transport metrics
                                        
                                    

                                    
                                        Article
                                        
                                         05 April 2024
                                    

                                

                                Rihao Qu, Xiuyuan Cheng, … Yuval Kluger

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              Sequencing data have been deposited at the EBI European Nucleotide Archive (ENA) under accession numbers E-MTAB-6362, E-MTAB-6385 and E-MTAB-7098 and code for transcriptional kinetic inference and analyses is provided through GitHub (https://github.com/sandberg-lab/txburst).
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Extended data figures and tables

Extended Data Fig. 1 Using profile likelihood to infer transcriptional burst kinetics.
a, Illustration of the two-state model of transcription. The promoter can be in an ON or OFF state and converts from OFF to ON with a rate kon, and from ON to OFF with rate koff. In the ON state, RNAs are transcribed with rate ksyn and degraded with rate deg. See Supplementary Methods. b, Derivation of a confidence interval for a simulated set of observations with a given burst frequency = 0.5 (n = 200 simulated observations). The quadratic function shown in blue is a transformed version of the log-likelihood as a function of burst frequency, in which the most likely parameter value has a likelihood of 0. Standard theory for likelihood methods gives a cut off value of 1.92 for a 95% confidence interval (solid red line), which can then be traced down to their corresponding value on the x axis (dashed red lines) to derive a confidence interval. The true value, shown as a green dot, is within the confidence interval. c, Goodness-of-fit test for 7,382 genes on the C57 allele of the fibroblast cells (from molecular level input data). The histogram shows the mean expression levels of genes with a good (green) or bad (red) fit (Supplementary Methods). d, A scatter plot of the Akaike information criterion (AIC) for the inference obtain from molecule (UMIs) and RPKM values. The green line denotes y = x. e, f, Scatter plot of the burst frequency and size obtained from inference procedure based on either molecules (UMIs) or RPKM values. g, Scatter plot of mean expression against inferred burst frequency for all genes in fibroblasts. Red line denotes spline fitted to data. h, Scatter plot of mean expression against inferred burst size for all genes in fibroblasts. Red line denotes spline fitted to data. Data in g and h are from the CAST allele. i, Scatterplot of the percentage of biallelic to silent cells for 10,727 genes, in fibroblasts. The genes are located on the expected curve under the independence model (see Supplementary Methods and ref. 12 for details).


Extended Data Fig. 2 Robustness of inference to cell numbers and technical noise in scRNA-seq.
a–j, The distribution of inferred burst frequency and sizes as a function of sensitivity (loss of RNA molecules) and cell numbers, based on the location of the parameters in the kinetics parameter space. Centre lines denote the median; hinges denote the first and third quartiles; whiskers denote 1.5× the interquartile range (IQR). Distributions are based on 50 simulations for each unique combination of parameters and 100 cells for the sensitivity calculations. Inferred burst sizes were divided by the sensitivity used in simulation (as the inferred burst size scales linearly with sensitivity).


Extended Data Fig. 3 Gene length effect on burst size and frequency and the effect of core promoter elements on mean expression and burst frequency.
a, b, Scatter plots of median burst size (a) and frequency (b) compared to median gene length. Genes were binned (50 genes per group). c, Box plot of genes binned according to gene loci length (20 genes per group). For each bin, we ranked genes according to their transcript lengths and calculated the gene-level difference to the median burst size of that bin. We see no effect from differing transcript lengths in estimated burst size. Box plots are as in Extended Data Fig. 2. d, e, Mean expression (d) and burst frequency (e), ordered and coloured for genes based on their core promoter elements. (Complementing the analysis presented in Fig. 2b, but with mean expression and burst frequency as dependent variables.) The results of the linear regressions are shown in Supplementary Table 1 (n = 7,186 genes). f, Scatter plot of burst frequency and size of genes with each dot colour by their mean expression level. g, Box plots showing the inferred burst size for genes separated according to the presence of core promoter elements, and further grouped into five equally sized bins (quintiles, QU1–QU5) according to gene loci lengths. No TATA or initiator: n = 4,397 genes (2,585, 1,124, 635, 36 and 17 in each quintile, respectively), Only initiator: n = 2,035 genes (942, 531, 442, 74 and 46 in each quintile, respectively), Only TATA: n = 359 genes (129, 126, 58, 31 and 15 in each quintile, respectively), TATA and initiator: n = 144 genes (53, 45, 24, 19 and 3 in each quintile, respectively).


Extended Data Fig. 4 Power analysis in different locations of kinetic parameter space.
a–j, The power of detecting fourfold changes in burst frequency and size as a function of the number of cells depending on the location of transcriptional burst kinetic parameters in parameter space. Top, analysis of power for burst frequency and size in indicated location in parameter space. Bottom, histogram with expression distributions over cells at the different locations in parameter space.


Extended Data Fig. 5 Comparison of transcriptional burst kinetics across cell types.
a, b, Box plot visualization of cell-type differences in burst frequency and size, as a function of fold changes in mean expression between cell types, as in Fig. 3c. c, d, Box plots of the fold change in mean expression for the top 100 genes in each direction for burst frequency and size, respectively (n = 100 genes in each group, two-sided t-test). e, f, Box plots of the fold change in normalized read density of H3K27ac in enhancers (enhancer magnitude) between cell types. Enhancer linked to genes that had top 100 changes in either burst frequency or size (n = 100 genes in each group, two-sided t-test). g, Rolling median (n = 50) of SNPs per enhancer ordered by the P value of burst size difference between the CAST and C57 allele in fibroblast cells (profile likelihood test, no adjustment for multiple comparisons).


Extended Data Fig. 6 Representative images for cell identification and RNA transcript quantification using smFISH.
a, b, Two representative cells for the detection of Msl3 in male fibroblast (a) and male ES cell (b) (from 140 fibroblasts and 341 ES cells). From left to right: probe detection (Q570), antibody detection (Cy5), DAPI, and identified RNA transcripts. White rectangles in b denote the region zoomed-in for RNA transcript quantification. Original images are available at https://github.com/sandberg-lab/txburst.


Extended Data Fig. 7 Expression distributions and inferred kinetics from smFISH and scRNA-seq.
a–d, Histograms of the expression distributions of genes measured by smFISH (left) and scRNA-seq (right) for genes: Hdac6 (a), Msl3 (b), Mpp1 (c) and Igbp1 (d). The number of cells quantified for each gene, cell type and method is presented above each figure item. e, f, Scatter plots of burst size (e) and frequency (f) inferred based on data from scRNA-seq and smFISH. Data from both fibroblasts and ES cells are shown. Although the few data points do not allow for a systematic comparison between methods, we observed a few trends. There was a good agreement for both burst size and frequency except for the gene Igbp1 that is an outlier in both scatterplots. Igbp1 has increased burst size and lower burst frequency in scRNA-seq than in smFISH. Excluding Igbp1, we see a fairly linear correspondence between methods over the remaining six data points (three genes and two cell types). g–j, Point estimates and confidence intervals shown for each gene, cell type and method based on the profile likelihood method. Number of cells used for the inference is shown in the corresponding histogram in a–d. P values for cell-type comparison in burst kinetics is shown per method based on the profile likelihood test.


Extended Data Fig. 8 Expression distributions for genes with significant strain differences in burst kinetics.
a–d, Histograms of the expression distributions for the CAST and C57 alleles in fibroblasts for genes with burst frequency significantly up in CAST (a) and C57 (b), burst size significantly up in CAST (c) and C57 (d). e, Expression distributions for the 129 and CAST alleles in the wild-type mouse ES cells and ES cells harbouring a CAST-lined deletion of a Sox2 enhancer.


Extended Data Fig. 9 Conservation of transcriptional kinetics in mouse and human.
a, Scatter plot of burst frequency between one-to-one orthologues of mouse and human (n = 1,609 genes). b, Scatter plot of burst size between one-to-one orthologues of mouse and human (n = 1,609 genes). c, Scatter plot of mean expression between one-to-one orthologues of mouse and human (n = 1,609 genes). d, Left, illustrating the test for conservation beyond mean expression level. In both mouse and human, the orthologue is compared to 50 genes of similar mean expression (7 genes in cartoon) and we determine whether the location on the diagonal is consistent relative to the median gene in both species. Right, the fraction of one-to-one orthologues genes (red) and shuffled orthologues (blue) with consistent positioning in transcriptional kinetics space (binomial test, based on 1,609 genes). Error bars denote standard deviations. The limited numbers of cells and the use of RPKM-based transcriptional burst kinetics inference could underestimate the degree of conservation in transcriptional burst kinetics.


Extended Data Fig. 10 Inference of kinetics in different phases of the cell cycle.
a, c, Comparisons of inferred burst frequency (a) and size (c) for the C57 allele in fibroblasts with cells classified according to cell cycle phase. Scatter plots of burst frequency and size are shown for comparisons between S and G1 (a) and S and G2/M (c) phases. b, d, The Gene Ontology (GO) terms that are enriched in the group of genes with significant differential burst frequency between S and G1 (b) and S and G2/M (d) (n = 116 genes with differential burst frequency in b and 75 genes in d).
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41586_2018_836_MOESM3_ESM.xlsx
Supplementary Table 1 Transcriptional burst kinetics inferred in Fibroblasts for C57Bl6 and CAST alleles. Transcriptome-wide inference of transcriptional burst kinetics using the maximum likelihood and profile likelihood. Burst kinetics was inferred from allele-resolved single-cell RNA-seq data from 224 primary adult fibroblasts. Inference was made using maximum likelihood and profile likelihood (code available on github: https://github.com/sandberg-lab/txburst). For profile likelihood the point estimates are followed by lower and upper confidence intervals. Mean expression corresponds to the mean number of unique UMIs detected per gene and cell


41586_2018_836_MOESM4_ESM.xlsx
Supplementary Table 2 Linear regression results from core promoter element effect on burst size, frequency and mean expression. Result from the estimation of the effect of the presence of either of a TATA element or Initiator element (INR) on burst size (sheet 1), burst frequency (sheet 2) and mean expression (sheet 3) as well as their interaction with each other (TATA:INR) and the length of the gene (gl:TATA and gl:INR respectively). Ordinary linear squares (OLS) was used to estimate the parameters. Abbreviations: Dep. Variable: Dependent Variable, gl: gene length (log10 scale), Df: Degrees of freedom, AIC: Akaike information criterion, BIC: Bayesian information criterion, coef: regression coefficient, std err: standard error of the regression coefficient, t: tstatistic, P>|t|: p-value of the t-statistic, 0.025: Lower bound of the 95% confidence interval of the parameters, 0.975: Upper bound of the 95% confidence interval, Cond. No.: Condition Number, bs: burst size (log10 scale), bf: burst frequency (log10 scale), me: mean expression (log10 scale)


41586_2018_836_MOESM5_ESM.xlsx
Supplementary Table 3 Transcriptional burst kinetics inferred in Embryonic stem cells for C57Bl6 and CAST alleles. Transcriptome-wide inference of transcriptional burst kinetics using the maximum likelihood and profile likelihood. Burst kinetics was inferred from allele-resolved single-cell RNA-seq data from 188 embryonic stem cells. Inference was made using maximum likelihood and profile likelihood (code available on github: https://github.com/sandberg-lab/txburst). For profile likelihood the point estimates are followed by lower and upper confidence intervals. Mean expression corresponds to the mean number of unique UMIs detected per gene and cell


41586_2018_836_MOESM6_ESM.xlsx
Supplementary Table 4 Significant differences in transcriptional burst kinetics between fibroblasts and embryonic stem cells. Comparison of transcriptional burst kinetics between fibroblasts (n = 224 cells) and embryonic stem cells (n = 188 cells). Burst kinetic parameters per cell type is listed together with p-values from the profile likelihood significance test for a difference in burst frequency or size between cell types


41586_2018_836_MOESM7_ESM.xlsx
Supplementary Table 5 Significant differences in transcriptional burst kinetics between CAST and C57 alleles in fibroblasts. Comparison of transcriptional burst kinetics between genotypes for the fibroblast cells (n = 224 cells). Burst kinetic parameters per cell type is listed together with p-values from the profile likelihood significance test for a difference in burst frequency or size between cell types


41586_2018_836_MOESM8_ESM.xlsx
Supplementary Table 6 Transcriptional burst kinetics in mouse and human fibroblasts. Comparison of transcriptional burst kinetics between mouse and human (n = 163 cells) fibroblasts (n = 1609 one-to-one orthologs). The C57 allele is used in mouse and haplotype designated in ‘A’ in human (we have no information regarding whether this is the paternal or maternal allele). Burst kinetic parameters per species are listed with their respective gene name and corresponding mean expression





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Larsson, A.J.M., Johnsson, P., Hagemann-Jensen, M. et al. Genomic encoding of transcriptional burst kinetics.
                    Nature 565, 251–254 (2019). https://doi.org/10.1038/s41586-018-0836-1
Download citation
	Received: 20 November 2017

	Accepted: 28 November 2018

	Published: 02 January 2019

	Issue Date: 10 January 2019

	DOI: https://doi.org/10.1038/s41586-018-0836-1


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

                
                    	
                            
                                
                                    
                                        DeepVelo: deep learning extends RNA velocity to multi-lineage systems with cell-specific kinetics
                                    
                                

                            
                                
                                    	Haotian Cui
	Hassaan Maan
	Bo Wang


                                
                                Genome Biology (2024)

                            
	
                            
                                
                                    
                                        Tissue-specific RNA Polymerase II promoter-proximal pause release and burst kinetics in a Drosophila embryonic patterning network
                                    
                                

                            
                                
                                    	George Hunt
	Roshan Vaid
	Mattias Mannervik


                                
                                Genome Biology (2024)

                            
	
                            
                                
                                    
                                        Integrative genotyping of cancer and immune phenotypes by long-read sequencing
                                    
                                

                            
                                
                                    	Livius Penter
	Mehdi Borji
	Catherine J. Wu


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Representing and extracting knowledge from single-cell data
                                    
                                

                            
                                
                                    	Ionut Sebastian Mihai
	Sarang Chafle
	Johan Henriksson


                                
                                Biophysical Reviews (2024)

                            
	
                            
                                
                                    
                                        Predicting active enhancers with DNA methylation and histone modification
                                    
                                

                            
                                
                                    	Ximei Luo
	Qun Li
	Lei Xu


                                
                                BMC Bioinformatics (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
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            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
	protocols.io
	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 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 — 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: ]
