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            Abstract
The mammalian liver consists of hexagon-shaped lobules that are radially polarized by blood flow and morphogens1,2,3,4. Key liver genes have been shown to be differentially expressed along the lobule axis, a phenomenon termed zonation5,6, but a detailed genome-wide reconstruction of this spatial division of labour has not been achieved. Here we measure the entire transcriptome of thousands of mouse liver cells and infer their lobule coordinates on the basis of a panel of zonated landmark genes, characterized with single-molecule fluorescence in situ hybridization7. Using this approach, we obtain the zonation profiles of all liver genes with high spatial resolution. We find that around 50% of liver genes are significantly zonated and uncover abundant non-monotonic profiles that peak at the mid-lobule layers. These include a spatial order of bile acid biosynthesis enzymes that matches their position in the enzymatic cascade. Our approach can facilitate the reconstruction of similar spatial genomic blueprints for other mammalian organs.
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                    Figure 1: Strategy for spatially resolved single-cell reconstruction of liver zonation.[image: ]


Figure 2: A spatial barcode of zonated landmark genes.[image: ]


Figure 3: Genome-wide zonation patterns revealed by spatially resolved single-cell RNA-seq.[image: ]


Figure 4: Non-monotonic zonation and sequential order.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Low magnification images of the six landmark genes.
smFISH examples of our 6 landmark genes—the pericentral genes Glul and Cyp2e1 and the periportal genes Ass1, Asl, Alb and Cyp2f2. Bright cells have high mRNA content. Scale bars, 100 μm. CV, central vein; PN, portal node. Micrographs are representative of at least ten lobules and at least two mice per gene.


Extended Data Figure 2 Single-cell RNA-seq reveals three distinct liver cell populations.
a–c, t-SNE plots. Each dot is a cell coloured according to the aggregated expression of the hepatocyte marker genes Apoa1, Glul, Acly, Asl, Cyp2e1, Cyp2f2, Ass1, Alb, Mup3, Pck1, G6pc (a), the Kupffer cell marker genes Irf7, Spic, Clec4f (b) and the endothelial cell markers Ushbp1, Myf6, Oit3, Il1a, F8, Bmp2, C1qtnf1, Mmrn2, Pcdh12, Dpp4 (c). d, smFISH of a liver lobule demonstrating the antagonistic expression of Glul (red dots), and Ass1 (green dots). Scale bar, 20 μm. Inset of highlighted area demonstrates the minimal co-expression of these two genes. Scale bars, 5 μm. Blue, DAPI-stained nuclei. CV, central vein; PN, portal node. Micrographs are representative of at least 10 lobules and at least two mice per gene. e, Ass1 and Glul are mutually exclusive in the single-cell RNA-seq data. Each dot is a cell, x axis is the expression of Glul in fraction of total cellular UMI, y axis is the expression of Ass1.


Extended Data Figure 3 Prior and posterior probability computation of the scRNA-seq data.
a, b, Zone-dependent probabilities of observing different expression levels for each of the six landmark genes. Horizontal lines denote the UMI observed for each gene for cell 609 (a) and cell 629 (b). The posterior probabilities for each layer suggest that cell 609 most probably originated from the periportal layer 8, whereas cell 629 originated from the pericentral layer 1. Note that the posterior probabilities incorporate the lower sampling of cell 609, which had a total of 3,358 UMI, compared to cell 629, which had 9,913 UMI. c, d, Prior probability of observing a hepatocyte from each of the 9 layers. c, Hexagonal lobule geometry and 9 concentric circles at constant radii increments spanning the central vein and portal node. d, Area of each layer is the intersection with the hexagon.


Extended Data Figure 4 Sensitivity of reconstruction to number and features of landmark genes.
a, Zonation properties of our landmark genes. –log10 of the Wilcoxon rank-sum P values for the comparison of smFISH expression measurements in cells in sequential lobule layers for each of the 6 landmark genes. Stars denote layer pairs with significant changes in expression (P value <0.05). b, Mean reconstruction accuracy for different subsets of landmark genes (defined as 1 minus the mean of the sum-squared differences between the profiles predicted using each subset and the profiles obtained when using the entire panel of landmark genes). Dot colour represents the number of landmark genes in each subset. c, Reconstruction accuracy approaches saturation when using 6 landmark genes. G, Glul; Cf, Cyp2f2; Ce, Cyp2e1; As, Ass1; Al, Asl; Ab, Alb. Dashed line connects the most accurate partial subset of landmark genes for each panel size. d, The contribution of each landmark gene to zonation reconstruction is strongly dependent on its spatial non-uniformity among different layers and less on its intra-layer variability. x axis shows the entropy of the summed-normalized average profile of each landmark gene. y axis shows the average among all layers of the coefficient of variation of the intra-layer expression levels. The score for each gene is the average of the ratio in reconstruction error with and without the gene among all combinations that include the gene. High scores indicate that the landmark gene strongly improves reconstruction when added to combinations of other landmark genes.


Extended Data Figure 5 Validation of reconstructed zonation profiles using smFISH.
a, Reconstructed zonation profiles based on the scRNA-seq data (blue) and smFISH measurements (red) for our landmark genes. b, Validation of reconstructed profiles for 20 genes not used for the inference algorithm. Profiles in a, b, are normalized by the mean, patches show s.e.m. Lobule layers are numbered from the central vein (layer 1) to the portal node (layer 9). Note that Pck1 has a broader profile compared to other studies3, since our measurements were done on fasted mice, a metabolic state in which gluconeogenesis becomes substantial in pericentral layers.


Extended Data Figure 6 Reconstructed zonation profiles capture a wide dynamic range.
Reconstructed zonation profiles of the pericentral gene Oat (purple) and the pericentral progenitor marker Axin2 (red), and the periportal urea cycle enzyme gene Arg1 (green) and the periportal progenitor marker Sox9 (blue). Dashed box highlights a blow-up of Axin2 and Sox9, genes with 100-fold lower expression than Oat and Arg1. Expression values are the estimated fraction of the total cellular mRNA molecules. Lobule layers are numbered from the central vein (CV, layer 1) to the portal node (PN, layer 9). The slightly broader zonation profile of Sox9 mRNA compared to the Sox9 signal observed in18 using Sox9–GFP or Sox9–CreERT-R26RtdTomato may stem from differences in the dynamic range of the detection methods or from differences in the mouse metabolic states (fasted versus ad libitum).


Extended Data Figure 7 Porto–central ratio of reconstructed zonation profiles correlates with previous studies.
a, Correlation between the pericentral bias computed from our data and the one from ref. 9. y axis is our pericentral bias (PC/PP), computed as the ratio between the median zonation profiles in layers 1–4 and the median in layers 6–9. x axis is the ratio between expression in pericentrally and periportally enriched genes from ref. 9. 79 of the 88 genes considered pericentral according to Braeuning et al. (red circles) are also pericentrally biased in our dataset (hypergeometric test P < 4 × 10−9). 70 of the 81 genes considered periportal according to Braeuning et al. (green circles) are also periportally biased in our dataset (hypergeomtric test P < 1 × 10−16). Black squares mark genes that we found to be significantly zonated. b, Pericentral bias computed by our method correlates with previous bulk RNA-seq studies that compared pericentral and periportal populations isolated via laser capture microdissection10. Spearman R = 0.74; P < 1 × 10−80. Black dots represent genes considered significantly zonated in ref. 10. a, b, Include genes with average expression across cells which is higher than 5 × 10−6 of the total UMI counts. c, Reconstructed zonation profiles for the genes found in ref. 2 to have higher expression in Axin2+ pericentral hepatocytes (q value < 0.2). d, Reconstructed zonation profiles for the genes found in ref. 2 to have lower expression in pericentral Axin2+ hepatocytes (q value < 0.2).


Extended Data Figure 8 Zonation profiles of genes that significantly increased or decreased when perturbing signalling pathways.
a, b, Zonation profiles of liver genes previously shown to increase (a) or decrease (b) in liver of mice exposed to chronic hypoxia (pO2 = 11.5 kPa, compared to pO2 = 18.0 kPa20). c, d, Zonation profiles of genes shown to significantly increase (c, log-fold >2) or decrease (d, log-fold <−2) in expression in liver tumours harbouring an activating Ha-ras mutation22 (FDR-corrected P value <0.05). e, f, Zonation profiles of genes that have higher (e, fold >1) or lower (f, fold <1) expression in hypopituitary mice23 (FDR-corrected P value < 0.05).


Extended Data Figure 9 KEGG pathways enriched for zonated genes.
a, Average max-normalized zonation profiles of KEGG pathways enriched for zonated genes. Panel displays all pathways with more than 10 genes and hypergeometric test q value <0.1 (Supplementary Table 5 exhibits full results). Each profile was normalized by its maximum along all layers. b, Periportal bias of liver secreted proteins. Genes are based on an annotated liver secretome37. c, Pericentral bias for liver detoxification genes. Shown are genes for cytochrome P450, Uridine 5′-diphospho-glucuronosyltransferase and glutathione S-transferase. Images in b, c include significantly zonated genes from each pathway (Kruskal–Wallis q value <0.01 and more than 5 × 10−5 of the total cellular UMIs on average in at least one of the 9 layers), each profile normalized to maximum of 1.


Extended Data Figure 10 Non-monotonic zonation profiles of liver genes.
a, Max-normalized zonation profiles of the concise set of 46 non-monotonic genes (Methods). b, Mup3 is highly variable but exhibits a peak at layer 7 and a decreased expression in both the pericentral layer 1 and periportal layer 9. c, Igfbp2 exhibits a non-monotonic zonation profile, peaking at layers 3–6. CV, central vein; PN, portal node. Enlarged rectangles in b, c mark the periportal layers (blue), mid-lobule layers (green) and pericentral layers (magenta). Scale bars, 20 μm (b, c) and 8 μm (insets of b, c). Micrographs are representative of at least 10 lobules and at least two mice per gene. d, Igfbp2, Igfbp1 and Igfbp4 are downstream to Igf1, encoding the secreted protein that they bind and stabilize. e, Non-monotonic zonation profiles observed do not stem from ploidy-specific regulation. Each dot represents a pair of adjacent cells (within 30 μm of each other), x axis is the higher ploidy cell, y axis is the lower ploidy cell. P values are Wilcoxon sign-ranked tests. Gene expression for Igfbp2, Hamp and Cyp8b1 was quantified as the number of smFISH dots divided by the segmented cell volumes; Mup3 expression was quantified as the average intensity, due to its higher abundance. Quantification for each gene based on at least 60 pairs. f, Immunohistochemistry of Cyp8b1 demonstrates higher protein concentration in layers 2–3 (dashed curve) compared to layer 1 (dotted curve). Scale bar, 50 μm. Micrographs are representative of seven lobules in two mice.





Supplementary information
Supplementary Information
This file contains Supplementary Text and Data and additional references. (PDF 277 kb)


Supplementary Table 1
This file contains the background subtracted UMI table. (ZIP 8436 kb)


Supplementary Table S2
This file contains the posterior matrix, which shows the probability for each lobule layer. (XLSX 127 kb)


Supplementary Table S3
The file contains the zonation matrix, which shows the average cellular expression levels at each layer in fraction of total cellular mRNA. (XLSX 4958 kb)


Supplementary Table S4
This file shows the signaling pathways affecting liver zonation. (XLSX 66 kb)


Supplementary Table S5
This file shows the zonation of KEGG pathways. (XLSX 49 kb)


Supplementary Table S6
This file shows the analysis of spatial expression of enzyme pairs from KEGG pathways. (XLSX 2475 kb)


Supplementary Table S7
This file shows the Parameters of Gamma distributions fitted to expression profiles of the six landmark genes in each of the 9 lobule layers. (XLSX 10 kb)


Supplementary Table S8
This file contains the DNA sequences of the probes used for smFISH. (XLSX 50 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Source data
Source data to Fig. 1




Rights and permissions
Reprints and permissions


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



Cite this article
Halpern, K., Shenhav, R., Matcovitch-Natan, O. et al. Single-cell spatial reconstruction reveals global division of labour in the mammalian liver.
                    Nature 542, 352–356 (2017). https://doi.org/10.1038/nature21065
Download citation
	Received: 30 June 2016

	Accepted: 19 December 2016

	Published: 06 February 2017

	Issue Date: 16 February 2017

	DOI: https://doi.org/10.1038/nature21065


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

                
                    	
                            
                                
                                    
                                        Integrated meta-omics reveals the regulatory landscape involved in lipid metabolism between pig breeds
                                    
                                

                            
                                
                                    	Jiajie Sun
	Fang Xie
	Yongliang Zhang


                                
                                Microbiome (2024)

                            
	
                            
                                
                                    
                                        Trajectory inference across multiple conditions with condiments
                                    
                                

                            
                                
                                    	Hector Roux de Bézieux
	Koen Van den Berge
	Sandrine Dudoit


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        The diversification of methods for studying cell–cell interactions and communication
                                    
                                

                            
                                
                                    	Erick Armingol
	Hratch M. Baghdassarian
	Nathan E. Lewis


                                
                                Nature Reviews Genetics (2024)

                            
	
                            
                                
                                    
                                        Heterogeneity of hepatocyte dynamics restores liver architecture after chemical, physical or viral damage
                                    
                                

                            
                                
                                    	Inmaculada Ruz-Maldonado
	John T. Gonzalez
	Carlos Fernández-Hernando


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        STEM enables mapping of single-cell and spatial transcriptomics data with transfer learning
                                    
                                

                            
                                
                                    	Minsheng Hao
	Erpai Luo
	Xuegong Zhang


                                
                                Communications Biology (2024)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        Editorial Summary
Division of labour in the liver
A few important liver genes are differentially expressed in a radial fashion from the central vein outward, but the extent of such spatial division, or zonation, has remained unknown. Shalev Itzkovitz, Ido Amit and colleagues performed single-molecule fluorescence in situ hybridization against several landmark genes, and used their level of expression to spatially reconstruct the zonation of all liver genes. They find that around half of the genes in the liver are zonated, and surprisingly also find that several genes peak in the middle of the liver lobules. The succession of gene expression profiles matches the position of proteins in the bile-acid biosynthetic cascade.

show all

    

    
    

    
        
            
                
                    
                        
                            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
	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 — 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: ]
