







    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]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 13 October 2021



                    Convergent somatic mutations in metabolism genes in chronic liver disease

                    	Stanley W. K. Ng1, 
	Foad J. Rouhani1,2, 
	Simon F. Brunner 
            ORCID: orcid.org/0000-0002-5935-61891, 
	Natalia Brzozowska1, 
	Sarah J. Aitken 
            ORCID: orcid.org/0000-0002-1897-41403,4,5, 
	Ming Yang6, 
	Federico Abascal 
            ORCID: orcid.org/0000-0002-6201-15871, 
	Luiza Moore 
            ORCID: orcid.org/0000-0001-5315-516X1, 
	Efterpi Nikitopoulou6, 
	Lia Chappell1, 
	Daniel Leongamornlert 
            ORCID: orcid.org/0000-0002-3486-31681, 
	Aleksandra Ivovic1, 
	Philip Robinson 
            ORCID: orcid.org/0000-0002-6237-71591, 
	Timothy Butler 
            ORCID: orcid.org/0000-0001-5803-10351, 
	Mathijs A. Sanders1,7, 
	Nicholas Williams 
            ORCID: orcid.org/0000-0003-3989-91671, 
	Tim H. H. Coorens 
            ORCID: orcid.org/0000-0002-5826-35541, 
	Jon Teague1, 
	Keiran Raine 
            ORCID: orcid.org/0000-0002-5634-15391, 
	Adam P. Butler1, 
	Yvette Hooks1, 
	Beverley Wilson1, 
	Natalie Birtchnell1, 
	Huw Naylor 
            ORCID: orcid.org/0000-0001-8264-85962, 
	Susan E. Davies4, 
	Michael R. Stratton 
            ORCID: orcid.org/0000-0001-6035-153X1, 
	Iñigo Martincorena 
            ORCID: orcid.org/0000-0003-1122-44161, 
	Raheleh Rahbari 
            ORCID: orcid.org/0000-0002-1839-77851, 
	Christian Frezza 
            ORCID: orcid.org/0000-0002-3293-73976, 
	Matthew Hoare 
            ORCID: orcid.org/0000-0001-5990-96043,8 & 
	…
	Peter J. Campbell 
            ORCID: orcid.org/0000-0002-3921-05101,9 

Show authors

                    

                    
                        
    Nature

                        volume 598, pages 473–478 (2021)Cite this article
                    

                    
        
            	
                        24k Accesses

                    
	
                        76 Citations

                    
	
                            277 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Genetics research
	Genomics
	Liver diseases
	Metabolic diseases
	Mutation


    


                
    
    

    
    

                
            


        
            Abstract
The progression of chronic liver disease to hepatocellular carcinoma is caused by the acquisition of somatic mutations that affect 20–30 cancer genes1,2,3,4,5,6,7,8. Burdens of somatic mutations are higher and clonal expansions larger in chronic liver disease9,10,11,12,13 than in normal liver13,14,15,16, which enables positive selection to shape the genomic landscape9,10,11,12,13. Here we analysed somatic mutations from 1,590 genomes across 34 liver samples, including healthy controls, alcohol-related liver disease and non-alcoholic fatty liver disease. Seven of the 29 patients with liver disease had mutations in FOXO1, the major transcription factor in insulin signalling. These mutations affected a single hotspot within the gene, impairing the insulin-mediated nuclear export of FOXO1. Notably, six of the seven patients with FOXO1S22W hotspot mutations showed convergent evolution, with variants acquired independently by up to nine distinct hepatocyte clones per patient. CIDEB, which regulates lipid droplet metabolism in hepatocytes17,18,19, and GPAM, which produces storage triacylglycerol from free fatty acids20,21, also had a significant excess of mutations. We again observed frequent convergent evolution: up to fourteen independent clones per patient with CIDEB mutations and up to seven clones per patient with GPAM mutations. Mutations in metabolism genes were distributed across multiple anatomical segments of the liver, increased clone size and were seen in both alcohol-related liver disease and non-alcoholic fatty liver disease, but rarely in hepatocellular carcinoma. Master regulators of metabolic pathways are a frequent target of convergent somatic mutation in alcohol-related and non-alcoholic fatty liver disease.
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                    Fig. 1: Convergent FOXO1 mutations in chronic liver disease.[image: ]


Fig. 2: Somatic mutations of FOXO1 lead to impaired nuclear export and insulin resistance in vitro.[image: ]


Fig. 3: Convergent CIDEB and GPAM mutations in chronic liver disease.[image: ]


Fig. 4: Other genomic analyses.[image: ]
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                Data availability

              
              WGS data in the form of BAM files across samples reported in this study have been deposited in the European Genome-Phenome Archive (accession number EGAD00001006255). RNA-sequencing data have been deposited in the European Nucleotide Archive (https://www.ebi.ac.uk/ena/browser/home) with accession number ERP123192.
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Extended data figures and tables

Extended Data Fig. 1 Mutations in ACVR2A.
a, Distribution of somatic mutations in ACVR2A according to genomic location. Pie charts show fraction of sequencing reads reporting the mutant allele in each microdissection. b, Two microdissections in different patients showing structural variants generating copy loss of ACVR2A. Black points represent corrected read depth along the chromosome. Lines and arcs represent structural variants, coloured by the orientation of the joined ends (purple, deletion-type orientation; brown, tandem-duplication-type orientation; turquoise, head-to-head inverted; green, tail-to-tail inverted).


Extended Data Fig. 2 Mutations in TNRC6B and NEAT1.
a, Distribution of somatic mutations in CLCN5 according to genomic location. Pie charts show fraction of sequencing reads reporting the mutant allele in each microdissection. b, Distribution of somatic mutations in the long non-coding RNA, NEAT1, according to genomic location. Pie charts show fraction of sequencing reads reporting the mutant allele in each microdissection.


Extended Data Fig. 3 Structural variants affecting FOXO1 and GPAM.
a, A chromothripsis event affecting chromosome 13 in one of the microdissections from PD37907, a patient with NAFLD. Black points represent corrected read depth along the chromosome. Lines and arcs represent structural variants, coloured by the orientation of the joined ends (purple, deletion-type orientation; brown, tandem-duplication-type orientation; turquoise, head-to-head inverted; green, tail-to-tail inverted). The structural variant that breaks FOXO1 is highlighted, and would be predicted to break the gene within the first intron, preserving the first coding exon but deleting the remaining coding exons. b, A tandem duplication upstream of GPAM in a microdissection from PD37110, a patient with ARLD. GPAM is left intact, but the tandem duplication starts 20kb upstream of the gene.


Extended Data Fig. 4 Multiple independent acquisitions of FOXO1 mutations in PD37239.
The clone map from Fig. 1b is shown, laid onto an H&E-stained section. On the left of the figure, raw sequencing data from representative samples with and without FOXO1 mutations are shown, with their physical locations on the H&E section shown by the arrows. In the sequencing data, reads mapping to the forward strand of the reference genome are in pink; the reverse strand in blue. Base calls that do not match the reference genome are shown as coloured squares. The locations of the S22W and R21L mutations are marked with arrows. The scatterplots arranged around the H&E section represent VAF plots of mutations in pairs of samples. The colours of the x and y axis titles match the clone map colours of the H&E section. Individual mutations called in either sample are shown in orange, according to their VAF, with the FOXO1 S22W mutation shown in dark green. In clonally related pairs of samples, most of the mutations are shared by both samples, evident as a cloud of mutations with non-zero VAF. In clonally unrelated samples, the mutations line the x and y axes, with the one exception being the FOXO1 mutation, indicating that it is independently acquired in the two clones.


Extended Data Fig. 5 Further examples of FOXO1 mutations in patients with chronic liver disease.
a–c, Phylogenetic trees and clone maps are shown for PD37234 (a), PD37105 (b) and PD37245 (c). The left panel shows the phylogenetic tree, with coloured branches showing independently acquired mutations. Solid lines indicate that nesting is in accordance with the pigeonhole principle; dashed lines indicate that nesting is in accordance with the pigeonhole principle, assuming that hepatocytes represent < 100% of cells. The right panel shows the clones from the phylogenetic tree mapped onto an H&E-stained photomicrograph of the liver, with FOXO1-mutant clones coloured to match the tree.


Extended Data Fig. 6 Somatic mutations of FOXO1 impair its phosphorylation and nuclear export.
a, HepG2 cells were transfected with the indicated wild-type or mutant constructs of FOXO1 fused with a C-terminal GFP. Cells were counterstained with DAPI to highlight the nucleus, and imaged after overnight serum starvation conditions (left) and after 15 min of exposure to 100 nM insulin (right). Studies were performed in triplicate. b, HepG2 cells, expressing ectopic eGFP-tagged wild-type or mutant FOXO1 constructs as indicated and treated for 15 min with vehicle or insulin (100nM), were analysed for the indicated proteins by immunoblotting. Molecular weight markers (kDa) indicated. Studies were performed in triplicate. Uncropped versions of the blots are shown in Supplementary Fig. 4.


Extended Data Fig. 7 Nuclear–cytoplasmic ratios for wild-type and mutant FOXO1-GFP constructs in HCC cell lines.
a, b, Wide-field view of Hep3B (a) and PLC/PRF5 (b) cells pseudocoloured on a blue-to-red scale by the nuclear-cytoplasmic ratio of FOXO1-GFP. Cells were imaged under conditions of serum starvation (left), after exposure to insulin 100nM for 15 min (middle) or foetal calf serum (FCS) for 15 min (right).


Extended Data Fig. 8 RNA sequencing from cell lines transduced with either wild-type or mutant FOXO1-GFP constructs.
a, Heat map showing gene expression levels for genes in the ‘Canonical Glycolysis’ gene set from GO (GO:0061621). The order of genes on the x axis is determined by the level of significance (and direction of change) and the order of samples on the y axis is by condition (FOXO1 status and insulin status). b, Heat map showing gene expression levels for genes in the ‘Cell cycle, mitotic’ gene set from Reactome (R-HSA-69278). The order of genes on the x axis is determined by the level of significance (and direction of change) and the order of samples on the y axis is by condition (FOXO1 status and insulin status). c–e, Enrichment plots for the ‘FOXO-mediated transcription of oxidative stress, metabolic and neuronal genes’ gene set of Reactome (9615017) (c); ‘Lipid catabolic process’ gene set of GO (0016042) (d); and ‘Apoptotic process’ gene set of GO (0006915) (e). In each, the top panel reflects the cumulative enrichment score as the gene set is traversed from most up-regulated to most down-regulated in the presence of FOXO1-mutant constructs. The bottom panel in each shows the ranking of each gene in the gene set across all genes measured.


Extended Data Fig. 9 CIDEB mutations in patients with chronic liver disease.
a, Distribution of somatic mutations in CIDEB. Amino acid residues are coloured by type, with observed mutations in chronic liver disease shown above the wild-type protein sequence. b, Phylogenetic trees and clone maps are shown for one of the Couinaud segments of PD48367 with CIDEB mutations. The left panel shows the phylogenetic tree, with coloured branches showing independently acquired driver mutations. Solid lines indicate that nesting is in accordance with the pigeonhole principle; dashed lines indicate that nesting is in accordance with the pigeonhole principle, assuming that hepatocytes represent < 100% of cells. The right panel shows the clones from the phylogenetic tree mapped onto an H&E-stained photomicrograph of the liver, with mutant clones coloured to match the tree.


Extended Data Fig. 10 GPAM mutations in patients with chronic liver disease.
a, Distribution of somatic mutations in GPAM according to genomic location. Pie charts show fraction of sequencing reads reporting the mutant allele in each microdissection. b, Phylogenetic trees and clone maps are shown for a biopsy from PD37111 with GPAM mutations. The left panel shows the phylogenetic tree, with coloured branches showing independently acquired driver mutations. Solid lines indicate that nesting is in accordance with the pigeonhole principle; dashed lines indicate that nesting is in accordance with the pigeonhole principle, assuming that hepatocytes represent < 100% of cells. The right panel shows the clones from the phylogenetic tree mapped onto an H&E-stained photomicrograph of the liver, with mutant clones coloured to match the tree.


Extended Data Fig. 11 Properties of clones and patients with driver mutations.
a, Stacked bar chart showing the estimated cumulative liver mass carrying driver mutations, extrapolated from samples analysed in each patient. The calculations assume a total liver mass of 1500g for each patient. Bars are coloured for each of the 6 recurrently mutated genes identified in the study, and patient codes on the x axis are coloured for disease status. b, Estimated clone size for the 4 most frequently mutated genes compared to wild-type clones. The points are overlaid on box-and-whisker plots where the median is marked with a heavy black line and the interquartile range in a thin black box. The whiskers denote mark the full range of the data or 25th/75th centile plus 1.5x the interquartile range (whichever is smaller). The p values are two-sided, derived from Wilcoxon rank-sum tests and have not been corrected for multiple hypothesis testing. Sample sizes are n = 25 mutant clones for FOXO1; n = 17 mutant clones for CIDEB; n = 15 mutant clones for GPAM; and n = 32 mutant clones for ACVR2A. c, Scatter plot showing the distribution of ages of patients in the cohort by whether they carried clones with mutations in the specified genes or not. The p values are two-sided, derived from Wilcoxon rank-sum tests and have not been corrected for multiple hypothesis testing. Sample sizes were n = 7 FOXO1 mutant versus n = 22 FOXO1 wild-type; n = 6 CIDEB mutant versus n = 23 CIDEB wild-type; and n = 7 GPAM mutant versus n = 22 GPAM wild-type. d, Stacked bar charts showing the proportion of patients with or without type 2 diabetes by whether they carried driver mutations in each gene. The p values are two-sided, derived from Fisher’s exact tests and have not been corrected for multiple hypothesis testing. Sample sizes were as for c. e, Stacked bar charts showing the distribution of the NAFLD Activity Score (NAS) by whether they carried driver mutations in each gene, with low scores denoting a low degree of histological abnormality. The p values are two-sided, derived from chi-squared tests for trend and have not been corrected for multiple hypothesis testing. Sample sizes were as for c.


Extended Data Fig. 12 Analysis of telomere lengths.
a, Scatter plot showing the distribution of telomere lengths for samples grouped by disease status, and ranked from lowest to highest age within each disease category. b, Posterior distributions of the effect size of clone size (per log10(μm2)), age (per decade of life) and disease state (NAFLD and ARLD versus normal) on telomere lengths. Density plots are shown from the MCMC sampler, coloured by decile. Posterior ‘p values’ are calculated from the posterior samples of the MCMC chain and are two-sided and not corrected for multiple hypothesis testing. c, Telomere lengths layered onto two representative phylogenetic trees from patients with ARLD. Branches are coloured on a yellow-to-blue scale according to telomere lengths of the sample with the highest VAF assigned to that branch. The internal nodes are estimated using maximum likelihood and colours are interpolated along each branch.


Extended Data Fig. 13 Distribution of mutational signatures across the phylogenetic trees within the cohort.
Estimated proportional contributions of each mutational signature to each phylogenetically defined cluster of somatic substitutions. Stacked bar plots show proportional contributions of signatures in normal controls (top), patients with ARLD (middle), and patients with NAFLD (bottom).


Extended Data Fig. 14 Distribution of the new T>A signature across three samples.
a, Signatures for a sample with high rates of the novel signature (PD37240). The left panel shows phylogenetic trees with each branch coloured by the proportion of mutations in that branch assigned to the different mutational signatures. The contribution from the new signature is coloured purple. The middle panel shows the overlay of clones onto an H&E-stained liver section. Clones are coloured on a grey-to-purple scale according to the proportion of mutations attributed to the novel signature. The right panel shows observed mutation spectra for representative clones with low (top) or high (bottom) burden of the novel signature, laid out as for Fig. 4b. Purple arrows indicate parts of the mutation spectrum that are characteristic of the new mutational signature. b, c, In one patient with NAFLD, we had three samples from 2008 (not shown as the signature was absent), 2011 (b) and 2013 (c), with the relative contribution of the signature increasing over time. The photomicrograph of the H&E section in c was captured after the microdissections were excised, hence the white gaps in the tissue.
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