







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature Genetics]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	nature genetics

	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 03 April 2017



                    Estimating the selective effects of heterozygous protein-truncating variants from human exome data

                    	Christopher A Cassa1,2Â na1, 
	Donate Weghorn1Â na1, 
	Daniel J Balick1Â na1, 
	Daniel M Jordan3Â na1, 
	David NusinowÂ 
            ORCID: orcid.org/0000-0002-7819-52611, 
	Kaitlin E Samocha4,5, 
	Anne O'Donnell-Luria4,6, 
	Daniel G MacArthur2,4, 
	Mark J DalyÂ 
            ORCID: orcid.org/0000-0002-0949-87522,4, 
	David R Beier7,8 & 
	â€¦
	Shamil R Sunyaev1,2Â 

Show authors

                    

                    
                        
    Nature Genetics

                        volumeÂ 49,Â pages 806â€“810 (2017)Cite this article
                    

                    
        
            	
                        9176 Accesses

                    
	
                        85 Citations

                    
	
                            54 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Personalized medicine
	Population genetics
	Sequence annotation


    


                
    
    

    
    

                
            


        
            Abstract
The evolutionary cost of gene loss is a central question in genetics and has been investigated in model organisms and human cell lines1,2,3. In humans, tolerance of the loss of one or both functional copies of a gene is related to the gene's causal role in disease. However, estimates of the selection and dominance coefficients in humans have been elusive. Here we analyze exome sequence data from 60,706 individuals4 to make genome-wide estimates of selection against heterozygous loss of gene function. Using this distribution of selection coefficients for heterozygous protein-truncating variants (PTVs), we provide corresponding Bayesian estimates for individual genes. We find that genes under the strongest selection are enriched in embryonic lethal mouse knockouts, Mendelian disease-associated genes, and regulators of transcription. Screening by essentiality, we find a large set of genes under strong selection that are likely to have crucial functions but have not yet been thoroughly characterized.
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                    Figure 1: Inferred distribution of fitness effects for heterozygous loss of gene function.[image: ]


Figure 2: Separation of disease-associated genes and clinical cases by mode of inheritance.[image: ]


Figure 3: Enrichments of shet in known haploinsufficient disease-associated genes of high confidence (ClinGen Dosage Sensitivity Project).[image: ]


Figure 4: Distribution of shet values for phenotypes in known disease-associated genes and clinical cases.[image: ]


Figure 5: Gene essentiality in mice and cells by shet bin.[image: ]


Figure 6: Protein pathways and proteinâ€“protein interactions, as a percentage of the associated developmental genes in each shet bin.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Population genetics simulations of model assumptions.
To validate the assumption that estimates of selection can be made under mutation-selection balance independent of demography or population size for variants under sufficiently strong selection (
                            Methods
                          ), we used SLiM 2.0 to conduct forward population genetics simulations. We compare the theoretical mutation load (defined as the sum of PTV allele frequencies calculated as U/shet) with the simulated mutation load in four groups (African, Non-Finnish European, Finnish, and Combined). The combined group includes pooled site frequency spectra from African, Non-Finnish European, and Finnish populations in proportions represented in the EXAC dataset for shet âˆˆ {-5x10-2,-5x10-3,-5x10-4,-5x10-5,-5x10-6} from left to right on the x-axis. Î¼ = 2x10-8, each gene is 100 base pairs, and U = 2x10-6 for all simulations. Plotted points are mean values across 10,000 replicates. The simulations support our assumption of mutation-selection balance (with no appreciable effect from drift) in the strong selection regime (|shet| > 1x10-3), which appears to be appropriate for PTVs even in case of the Finnish population that underwent a recent bottleneck and a subsequent population expansion.


Supplementary Figure 2 ROC curve for mode of inheritance gene classifier.
We train a NaÃ¯ve Bayes classifier to predict the mode of inheritance in a set of solved clinical exome sequencing cases from Baylor College of Medicine (N=283 cases) and UCLA (N=176 cases). Using data from UCLA as the training dataset, we are able to cross-predict the mode of inheritance in separately ascertained Baylor cases with classification accuracy of 88.0%, sensitivity of 86.1%, specificity of 90.2%, and an AUC of 0.931. Genes that were related to diagnosis in both clinics (overlapping genes) were removed from the larger Baylor set.


Supplementary Figure 3 Association of shetQUOTE shet  estimates with known disease genes.
Proportion of genes listed to have a disease association in the Human Gene Mutation Database, and number of disease associations related to each gene in OMIM MorbidMap, in each shet decile. Each bin is expected to contain 10% of all covered genes, ordered from greatest to smallest shet values, in bins 1 through 10, respectively.


Supplementary Figure 4 Enrichment in germline cancer predisposition genes.
In a large screen of germline cancer predisposition genes in the Pediatric Cancer Genome Project (PCGP), the enrichment of variants in pediatric cancer cases is measured over individuals in ExAC. Genes with greater enrichment of variants in cancer cases over ExAC are correlated with higher selection coefficients. Data are separated by shet bins on a log scale. Box plots range from 25th-75th percentile values and whiskers include 1.5 times the interquartile range.


Supplementary Figure 5 Enrichments of shet in de novo variants from autism spectrum disorder (ASD) case and control trios.
In a set of de novo ASD case (N=2,939) and control (N=1,429) trios, shet estimates can help discriminate between all protein-coding variants, protein-truncating variants (including all frameshift, nonsense, and essential splice site variants), and individually for nonsense, frameshift, and missense variants which are predicted to be PolyPhen-2 damaging. Box plots range from 25th-75th percentile values and whiskers include 1.5 times the interquartile range.


Supplementary Figure 6 Association of shet estimates with PubMed gene score.
[a] The average PubMed gene score is calculated by shet decile. Estimates of selection (shet) are positively correlated with the average PubMed gene score. Each bin contains 10% of all covered genes, ordered from greatest to smallest shet values, in bins 1 through 10, respectively. [b] The PubMed gene score is significantly positively correlated with the (p<0.0001) using a logarithmic model (y=4.557*log(shet)+44.449) with R2=0.00409.


Supplementary Figure 7 Most and least published genes from top shet decile.
The proportion of annotations related to genes with the fewest and most publications in Entrez Gene. From the set of genes under the strongest selection (top 10% of shet values), we create two sets of 250 genes. The first set of genes has the fewest publications associated with each gene, as defined by our PubMed gene score (
                            Methods
                          ), and the second set has the greatest number of associated publications. Between the two groups, we compare the shet values, number of protein-protein interactions, viability of orthologous mouse knockouts (IMPC), and cell essentiality assays (KBM-7 CRISPR score and Gene Trap Score). These results suggest that the genes in the least published set are similar to those in the most published set, and are also potentially important developmental genes.


Supplementary Figure 8 Relationship between gene mutation rate and selection.
Relationship between the estimate of local mutation rate, U, and the naÃ¯ve estimator for heterozygous selection against PTVs, Î½/n=NU/n, for all 17,199 genes. Light green dots represent genes with â—¯ =n/N>0.001 (1,201), which we omit in the inference of the distribution of P (shet). Light gray dots are used genes with n>0 (14,274), while dark blue dots correspond to those with n=0 (1,724). The latter were assigned a fixed selection coefficient estimate of 1 for illustration purposes. We computed the mean U in logarithmic bins of Î½/n for the range 0.00003<Î½/nâ‰¤0.012, and for the last bin from all genes with Î½/n>0.012, including those with n=0 (large gray dots). Error bars denote s.e.m. The slight positive correlation between U and selection strength motivates the division of the data set into terciles of U and separate estimation of the parameters of the distribution of selection coefficients in each.


Supplementary Figure 9 Fit to the observed distribution of PTV counts.
Fitted distribution P(n) (black dots) from maximum likelihood fit to the observed distribution Q(n) (histogram) of PTV counts n across 15,998 considered genes divided into terciles according to mutation rate U, assuming shet~IG[image: ]


Supplementary Figure 10 Inferred distribution of fitness effects for heterozygous loss of gene function in non-Finnish Europeans.
We separately repeated the inference procedure for P (shet) using data from a single population group, Non-Finnish Europeans (NFE, N=33,370, as annotated by ExAC), and generated a corresponding set of shet estimates. The inferred parameters are very similar to those from the larger sample. Estimates of parameters from maximum likelihood fit to the observed distribution of PTV counts n across genes with X =n/N<0.001 in the set of non-Finnish Europeans (16,279 genes), assuming shet~IG(Î±,Î²) in terciles of the mutation rate U. Parameter estimates are (Î±1,Î²1) = (0.093, 0.0068), (Î±2,Î²2) = (0.046, 0.0110), and (Î±3,Î²3) = (0.078, 0.0183), and shown is the mixture distribution of the three components with equal weights.


Supplementary Figure 11 Inferred distribution of fitness effects for heterozygous loss of gene function when excluding Finnish individuals.
We re-generated estimates of the distribution of heterozygous selection coefficients shet using the set of PTVs from all individuals in ExAC (N=60,706) and the set that excludes all Finnish individuals (N=57,399), using ExAC version 0.3.1 with LOFTEE annotations. Estimates of parameters from maximum likelihood fit to the observed distribution of PTV counts n across genes with [image: ]=n/N<0.001, assuming shet~IG(Î±,Î²). We find no substantial difference in the estimation of the prior for the distribution of selection coefficients in the ExAC sample that excludes Finnish individuals.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1â€“11, Supplementary Table 3 and Supplementary Note. (PDF 3379 kb)


Supplementary Table 1
Distribution of shet estimates. We provide shet estimates in Supplementary Table 1. This file includes the mean of the posterior distribution Eq. 7 for each gene as well as the upper and lower 95% credibility intervals for each gene estimate. Credibility intervals have precision of 10-3 where shet > 0.005 and 10-5 otherwise. (XLSX 1814 kb)


Supplementary Table 2
Predicted mode of inheritance for each gene. For each gene, we generate a probability of mode of inheritance (either autosomal dominant or autosomal recessive). Estimates are generated using a logistic regression, trained on the full set of labeled case examples from two clinical exome sequencing programs (Baylor and UCLA)21,22. These estimates are applicable for interpretation of genes in cases that are similarly ascertained as these two clinical exome sequencing programs. (XLSX 579 kb)


Supplementary Table 4
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Supplementary Table 5
Functional analysis terms from DAVID. We include the results of GO term enrichment screening from DAVID that reach Bonferroni corrected significance in genes with shet > 0.15, shet > 0.25 and shet > 0.5. (XLSX 185 kb)


Supplementary Table 6
Functional analysis clusters from DAVID. We include the results of functional cluster enrichment screening from DAVID that reach Bonferroni corrected significance in genes with shet > 0.15, shet > 0.25 and shet > 0.5. (XLSX 198 kb)
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