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            Abstract
An unexpectedly large number of human autosomal genes are subject to monoallelic expression (MAE). Our analysis of 4,227 such genes uncovers surprisingly high genetic variation across human populations. This increased diversity is unlikely to reflect relaxed purifying selection. Remarkably, MAE genes exhibit an elevated recombination rate and an increased density of hypermutable sequence contexts. However, these factors do not fully account for the increased diversity. We find that the elevated nucleotide diversity of MAE genes is also associated with greater allelic age: variants in these genes tend to be older and are enriched in polymorphisms shared by Neanderthals and chimpanzees. Both synonymous and nonsynonymous alleles of MAE genes have elevated average population frequencies. We also observed strong enrichment of the MAE signature among genes reported to evolve under balancing selection. We propose that an important biological function of widespread MAE might be the generation of cell-to-cell heterogeneity; the increased genetic variation contributes to this heterogeneity.
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                    Figure 1: Nucleotide diversity is higher in MAE genes.[image: ]


Figure 2: Purifying selection, mutation rate and recombination as potential sources of genetic diversity in MAE genes.[image: ]


Figure 3: Older variants and genes under balancing selection are enriched among MAE genes.[image: ]


Figure 4: Trans-species polymorphisms are enriched among MAE genes.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Monoallelic expression can lead to coexistence of epigenetically distinct cell subpopulations.
A cell (circle) is located along the horizontal axis according to relative expression of paternal (Pat) and maternal (Mat) alleles. Cells form a uniform population when assessed with a focus on genes with both alleles transcriptionally active (biallelically expressed; BAE). By contrast, mitotically stable monoallelic expression leads to the formation of distinct cell subpopulations, depending on which allele is active (gray) and which allele is downregulated (x). Note that MAE genes might be expressed biallelically in some cells; thus, it is important to distinguish between biallelic expression in a given cell, which might occur both in MAE and BAE genes, and the capability of a gene to show monoallelic expressionâ€“based heterogeneity. Briefly, the properties of monoallelic expression can be summed up as follows (reviewed in ref. 1). Extreme allelic bias (tenfold or more) is common for monoallelic expression, although RNA-seqâ€“based approaches also show examples of more attenuated biases. Monoallelic expression is highly mitotically stable over multiple cell divisions. Multiple genes are simultaneously subjected to monoallelic expression in a given cell and its clonal progeny, and allelic choice at each MAE locus is apparently independent. When the proteins encoded by the two alleles are functionally distinct, monoallelic expression can lead to dramatic functional differences between otherwise similar cells of the same type. This can result in astronomical combinatorial diversity in overall allelic expression patterns between clonal lineages of otherwise similar cells.


Supplementary Figure 2 Nucleotide diversity in the Exome Sequencing Project subpopulations.
Ï€ is calculated for coding regions (CDS), including all sites. Error bars, 95% confidence intervals calculated by bootstrapping. Colors are as in the main figures. Groups: ESP-all, total for all populations; ESP-AA, African-American; ESP-EA, American of European descent.

                          Source data
                        


Supplementary Figure 3 Average nucleotide diversity (Ï€) for MAE and BAE genes in the global 1000 Genomes data set.
Ï€ is calculated for the coding regions (CDS), including all sites. Error bars, 95% confidence intervals calculated by bootstrapping. Orange, BAE genes; blue, MAE genes. (a) Ï€ per cell line for genes classified as MAE and BAE in that cell line. (b) Ï€ for genes classified as MAE with RPKM >1 in only one (MAE 1), two, three or four cell lines, as compared to genes classified as BAE. (c) Ï€ for genes experimentally determined to be MAE (217) or BAE (2,412) on the basis of SNP array assays of five clones from the GM13130 cell line, as reported in ref. 3. (d) Ï€ for MAE and BAE genes by expression level for low, intermediate and high expression, as determined in e. (e) Definition of the low, intermediate and high expression categories for genes in the genome-wide data set. RPKM is the highest RPKM observed with each geneâ€™s assigned status in the six cell lines; the boundaries of the categories are shown in hashed lines. (f) Mutation rateâ€“corrected, non-CpG-prone Ï€ values for MAE and BAE genes by expression level. 95% confidence intervals were estimated by bootstrapping. Colors are as in a. (g) Mutation rate corrected Ï€ for MAE and BAE genes by expression level. 95% confidence intervals were estimated by bootstrapping. Colors are as in a.
Note for f and g:
Nucleotide diversity (Ï€) in expression level bins. BAE genes are shifted toward much higher mRNA expression levels as compared to MAE genes (blue, MAE genes; orange, BAE genes). Although previous studies have suggested that highly expressed genes are subjected to higher selective pressure than weakly expressed genes (Proc. Natl. Acad. Sci. USA 102, 14338â€“14343 (2005) and Trends Genet. 24, 114â€“123, 2008), in our gene sets, we do not find strong evidence for negative correlation between Ï€ and expression levels. Specifically, we stratified MAE and BAE genes into eight equally sized bins by expression levels in six cell types (log10 (RPKM); see the Online Methods for our definition of expression levels) and examined the linear relationship between Ï€ and expression level (f, non-CpG Ï€; g, overall Ï€). The difference in mutation rate was corrected with a divergence-based mutation rate map. Expression level is not significantly correlated with non-CpG Ï€ (P = 0.52 for MAE and 0.61 for BAE) or overall Ï€ (P = 0.10 for MAE and 0.07 for BAE). Note that even the marginal correlation between expression level and overall Ï€ for BAE genes is almost entirely driven by the genes in the highest expression level bin (log10 (RPKM) >2.0), without which the trend becomes flat (P = 0.89; solid black line). This most highly expressed group of genes can explain only 9% of the difference in overall Ï€ (Î”p) between MAE and BAE genes.
To make an extremely conservative assumption, one can argue that the insignificant trend of overall Ï€ for BAE is uniform and holds over lowest expression levels (dashed black line). Even in that case, the potential contribution of expression bias is estimated to explain only 36% of Î”p. To estimate this, we extrapolated the Ï€ values of hypothetical BAE genes that follow the distribution for gene length and expression level of monoallelic expression by[image: ]
where [image: ] and [image: ] are the estimated intercept and slope of the BAE trend over expression level (7.8 Ã— 10âˆ’4 and âˆ’6.2 Ã— 10âˆ’5, respectively; from dashed black line) and [image: ] and [image: ] are the number of fourfold-degenerate sites and the expression level of MAE gene i.

                          Source data
                        


Supplementary Figure 4 MAE genes and extracellular matrix molecules.
(a) Genes encoding extracellular matrix molecules (ECM, Gene Ontology category GO:0031012) were strongly enriched for MAE genes (Fisherâ€™s exact test, odds ratio = 8.09, P = 7.5 Ã— 10âˆ’33). The total number of genes (Genome) and the number of genes associated with ECM are given in parentheses. (b) Genes showing signatures of a trans-species polymorphic haplotype (TSP) are significantly enriched for MAE genes. This enrichment remained even when excluding genes encoding extracellular matrix molecules (ECM, Gene Ontology category GO:0031012), a functional category that has previously been associated with balancing selection2. The total number of genes in each category is given in parentheses. Odds ratios and their significance level are reported (*P < 0.05, **P < 0.01).

                          Source data
                        


Supplementary Figure 5 Proportions in the genome-wide group are similar to proportions in the group that excludes the main assessed gene list.
(a) Percentages of MAE (blue) and BAE (orange) genes among genes known to cause Mendelian diseases extracted from the OMIM database (OMIM MorbidMap), genes known to cause Mendelian diseases (Other) and in the genome-wide data set as a whole. Shown on the colored portions of each bar are the actual numbers of genes in each category. (b) Proportion of MAE (blue) and BAE (orange) genes among genes thought to be under balancing selection (listed in Supplementary Table 5) as compared to the remaining fraction (other) and the genome-wide data set.


Supplementary Figure 6 Distribution of dN/dS per gene.
The distribution of per-gene ratios of nonsynonymous substitution per nonsynonymous site (dN) to the number of synonymous substitution per synonymous site (dS) (obtained from ref. 8) is presented for 2,006 MAE (blue) and 3,209 BAE (orange) genes within the range of 0 â‰¤ dN/dS < 2.

                          Source data
                        


Supplementary Figure 7 Allele frequencies are higher in MAE genes than in BAE genes.
(a) Site frequency spectra for variants in BAE and MAE genes by PolyPhen-2 classification for the African subpopulation. Top, benign variants; middle, fourfold-degenerate synonymous variants; bottom, damaging variants (defined as the union of possibly damaging, probably damaging and nonsense variants). Plot inserts zoom into derived allele frequencies between 20% and 90%. The x axis represents derived allele frequencies in bins of 10%, and the y axis shows the fraction of variants. (b) The low-frequency tail of site frequency spectra showing the fractions of singleton and doubleton sites in the sequences in the 1000 Genomes Project, African population. (c) Low-frequency tail of site frequency spectra for the sequences in the 1000 Genomes Project, global population. The allele frequency bins on the x axis correspond to derived allele counts of 1 to 10.

                          Source data
                        


Supplementary Figure 8 Comparison of local recombination rates for MAE and BAE genes.
Red lines represent the median, the edges of the box are the 25th and 75th percentiles, and the whiskers extend to the most extreme data points not considered outliers. The local recombination rate is defined as the average over a 410-kb window centered at each gene, based on the deCODE sex-averaged genetic map.

                          Source data
                        

                          Source data
                        


Supplementary Figure 9 Distribution of TMRCA for MAE and BAE genes.
For each gene, mean TMRCA over the gene length was calculated from genome-wide TMRCA estimates generated by running ARGWeaver on Complete Genomics data9.

                          Source data
                        


Supplementary Figure 10 Residuals for MAE and BAE genes in a multivariate regression model of TMRCA values as a function of individual variables.
For each gene (blue, MAE; orange, BAE), mean TMRCA over the gene length was calculated from genome-wide TMRCA estimates generated by running ARGWeaver on Complete Genomics data9. The TMRCA estimates were log transformed for the regression analysis. All confounders except one (plotted on the x axis) were residualized for each panel. The intercept and slope of the MAE and BAE trend lines (solid line, MAE; dashed line, BAE) are from the multivariate regression model. The gap between trend lines represents a 1.06-fold increase in TMRCA for MAE as compared to BAE genes (P = 7.5 Ã— 10âˆ’8). See the Online Methods for details on model covariates.

                          Source data
                        


Supplementary Figure 11 Identification of genes as MAE on the basis of their chromatin signature is consistent between unrelated individuals.
Comparison of the gene sets identified as MAE or BAE on the basis of ChIP-seq data in different individuals. Chromatin signature analysis was performed using ChIP-seq data from HapMap lymphoblastoid cell lines. Left bar, comparison of analyses performed on GM12878 (CEU) and GM19239 (YRI). Center bar, comparison of MAE and BAE calls obtained using ChIP-seq data from GM12878 (CEU) cells in ENCODE4 (same data set used in ref. 5) and in a biological replicate using the same cell line in another laboratory6 (â€œrepâ€�). Right bar, the same gene set as in the center but additionally limited only to genes that show an expression level of RPKM >1 in GM12878 cells. BAE genes in both samples are shown in orange, MAE genes in both samples are shown in blue, genes that are MAE in the first listed sample but BAE in the other are shown in red; and genes that are BAE in the first listed sample but MAE in the other are shown in green. Only genes with calls made for both samples are used in this analysis. The numbers of genes in the major categories are shown.
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Supplementary Figure 12 High allelic diversity in the context of monoallelic expression leads to an increase in functional cell-to-cell heterogeneity.

Supplementary Figure 13 Analysis of selective constraint in MAE and BAE genes.
Distribution of signed z scores7 of BAE (orange) and MAE (blue) genes. z scores are binned into intervals of 0.5 units for 3,609 MAE and 5,191 BAE genes (P value = 0.003457, Wilcoxon rank-sum test). See also Supplementary Table 4.

                          Source data
                        





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1â€“13 and Supplementary Tables 2â€“4, 8 and 9. (PDF 2064 kb)


Supplementary Table 1
MAE and BAE calls for genes used in the study. (XLSX 348 kb)


Supplementary Table 5
De novo mutation rate in MAE and BAE genes. (XLSX 17 kb)


Supplementary Table 6
Nucleotide diversity in recombination rate bins. (XLSX 12 kb)


Supplementary Table 7
Nucleotide diversity in recombination rate bins with strict read depth mask and divergence-based correction for CpG mutation bias. (XLSX 12 kb)


Supplementary Table 10
Genes in the study for which balancing selection has been reported. (XLSX 24 kb)


Supplementary Table 11
Analysis of human-chimpanzee trans-species polymorphisms. (XLSX 14 kb)


Supplementary Table 12
Analysis of derived alleles predating the human-Neanderthal split. (XLSX 17 kb)





Source data
Source data to Fig. 1

Source data to Fig. 2

Source data to Fig. 3

Source data to Fig. 4

Source data to Supplementary Fig. 5

Source data to Supplementary Fig. 6

Source data to Supplementary Fig. 7

Source data to Supplementary Fig. 8

Source data to Supplementary Fig. 9

Source data to Supplementary Fig. 10

Source data to Supplementary Fig. 11

Source data to Supplementary Fig. 12

Source data to Supplementary Fig. 13

Source data to Supplementary Fig. 14

Source data to Supplementary Fig. 15




Rights and permissions
Reprints and permissions


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



Cite this article
Savova, V., Chun, S., Sohail, M. et al. Genes with monoallelic expression contribute disproportionately to genetic diversity in humans.
                    Nat Genet 48, 231â€“237 (2016). https://doi.org/10.1038/ng.3493
Download citation
	Received: 14 December 2014

	Accepted: 23 December 2015

	Published: 25 January 2016

	Issue Date: March 2016

	DOI: https://doi.org/10.1038/ng.3493


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

                
                    	
                            
                                
                                    
                                        Characterization of a new mouse line triggering transient oligodendrocyte progenitor depletion
                                    
                                

                            
                                
                                    	B. Brousse
	O. Mercier
	P. Durbec


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        The transcriptional legacy of developmental stochasticity
                                    
                                

                            
                                
                                    	Sara Ballouz
	Risa Karakida Kawaguchi
	Jesse Gillis


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Epigenetic control of chromosome-associated lncRNA genes essential for replication and stability
                                    
                                

                            
                                
                                    	Michael B. Heskett
	Athanasios E. Vouzas
	Mathew J. Thayer


                                
                                Nature Communications (2022)

                            
	
                            
                                
                                    
                                        Megabase-scale methylation phasing using nanopore long reads and NanoMethPhase
                                    
                                

                            
                                
                                    	Vahid Akbari
	Jean-Michel Garant
	Steven J. M. Jones


                                
                                Genome Biology (2021)

                            
	
                            
                                
                                    
                                        Introns control stochastic allele expression bias
                                    
                                

                            
                                
                                    	Bryan Sands
	Soo Yun
	Alexander R. Mendenhall


                                
                                Nature Communications (2021)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                        
                            
                                Collection

                                
                                    Human genetic variation
                                

                            
                        

                    
                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    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 Genetics (Nat Genet)
                
                
    
    
        ISSN 1546-1718 (online)
    
    


                
    
    
        ISSN 1061-4036 (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: ]
