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            Abstract
Single-cell analysis is a valuable tool for dissecting cellular heterogeneity in complex systems1. However, a comprehensive single-cell atlas has not been achieved for humans. Here we use single-cell mRNA sequencing to determine the cell-type composition of all major human organs and construct a scheme for the human cell landscape (HCL). We have uncovered a single-cell hierarchy for many tissues that have not been well characterized. We established a â€˜single-cell HCL analysisâ€™ pipeline that helps to define human cell identity. Finally, we performed a single-cell comparative analysis of landscapes from human and mouse to identify conserved genetic networks. We found that stem and progenitor cells exhibit strong transcriptomic stochasticity, whereas differentiated cells are more distinct. Our results provide a useful resource for the study of human biology.
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                    Fig. 1: Constructing an HCL using microwell-seq.[image: ]


Fig. 2: Immune activation of non-immune cells in the HCL.[image: ]


Fig. 3: Application of scHCL analysis for stem cell biology.[image: ]


Fig. 4: Cross-species comparison of cell landscapes.[image: ]
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                Data availability

              
              The CNGB Nucleotide Sequence Archive accession number is CNP0000325 (https://db.cngb.org/search/?q=CNP0000325). The GEO accession number is GSE134355. The human DGE data are available at https://figshare.com/articles/HCL_DGE_Data/7235471. The mouse DGE data are available at https://figshare.com/articles/MCA_DGE_Data/5435866. Source Data for Figs. 2, 4 and Extended Data Figs. 2, 5, 7, 8, 9, 10, 11 are provided with the paper. HCL data can also be accessed at http://bis.zju.edu.cn/HCL/ or https://db.cngb.org/HCL/.

            

Code availability

              
              Detailed codes for figures are provided at https://github.com/ggjlab/HCL/. An online R package is available for scHCL (https://github.com/ggjlab/scHCL/).
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Extended data figures and tables

Extended Data Fig. 1 Construction of the HCL.
a, Comparison of t-SNE maps for lung data sets from Tabula Muris (10X Genomics), down-sampled Tabula Muris data (10X Genomics), and MCA data (microwell-seq). Note that downsampling in sequencing depth does not affect cell-type clusters in the Tabula Muris data. Notably, lung data from MCA (sequenced at lower depth) detects more cell-type clusters, including important lung epithelial cells such as AT1 cells, club cells and biopotent progenitors. b, Numbers of cells processed by 31 December 2019 at the HCL for each tissue type. c, Venn diagrams of gene numbers detected in bulk RNA sequencing and microwell-seq (genes with fewer than three counts are excluded). Scatter plots on the right show high correlations (more than 0.8) of average gene expression between bulk RNA sequencing and microwell-seq. We analysed 17,058 genes for kidney and 16,910 genes for lung. d, The percentage of cell types recovered in sub-samples of adult lung, kidney and adrenal gland single-cell data. The major cell-type numbers in representative tissues are near plateau at around 8,000 cells; we collected more than 10,000 cells per tissue on average. e, A Seurat analysis of donor batch effect from four fetal kidney samples (nÂ =Â 22,439 cells) and three adult kidney samples (nÂ =Â 22,692 cells). The mixing of different donor single cells in each cell-type cluster suggests a relatively low batch effect in the data. The cluster contribution bar charts on the right suggest that one of the fetal kidney donors lacks C19 and one of the adult kidney donors lacks C22.


Extended Data Fig. 2 Genetic network analysis of the HCL.
a, Verification of pseudo-cell analysis for network interpretation from HCL data. Left, numbers of genes in single cell, pseudo-cell 5, pseudo-cell 10, pseudo-cell 20, pseudo-cell 50 and pseudo-cell 100 from mouse lung single-cell data14,15 generated by 10X Genomics, Smart-seq2 and microwell-seq. Genes were calculated in each cell or pseudo-cell. Sample sizes for each box from left to right were: 10X Genomics: 5,449, 1,089, 540, 272, 112 and 62; Smart-seq2: 1,620, 324, 158, 83, 33 and 20; microwell-seq: 6,940, 1,390, 686, 349, 142 and 81. Right, silhouette value in single cell, pseudo-cell 5, pseudo-cell 10, pseudo-cell 20, pseudo-cell 50 and pseudo-cell 100 from mouse lung single-cell data. A high silhouette value represents good separation. Sample sizes for each box from left to right were: 6,940, 1,390, 686, 349, 142 and 81. Box plots: centre line, median; boxes, first and third quartiles of the distribution; whiskers, highest and lowest data points within 1.5 Ã— IQR. b, t-SNE map of HCL pseudo-cell data showing improved cell-type clustering (nÂ =Â 30,053 pseudo-cells). c, TFâ€“TF correlation heatÂ map covering 1,521 human TFs generated using HCL pseudo-cell data. The correlation data are listed in Supplementary Table 2. d, Representative TF network in the HCL (PCCÂ >Â 0.5). Note that the HCL TF network is highly related within small modules but discrete among different modules.

Source Data



Extended Data Fig. 3 t-SNE maps for examples of analysed fetal tissues in the HCL.
t-SNE maps for single-cell data from fetal skin 2 (a; nÂ =Â 5,294 cells), fetal brain 5 (b, nÂ =Â 5,096), fetal pancreas 2 (c, nÂ =Â 6,939), fetal female gonad 1 (d, nÂ =Â 2,710), fetal rib 3 (e, nÂ =Â 4,560), fetal male gonad 1 (f, nÂ =Â 3,358), chorionic villus 1 (g, nÂ =Â 9,898), and fetal calvaria 1 (h, nÂ =Â 5,129). Cells are coloured by cell-type cluster.


Extended Data Fig. 4 t-SNE maps for examples of analysed adult tissues in the HCL.
t-SNE maps for single-cell data from adult gallbladder 1 (a, nÂ =Â 9,769 cells), adult liver 4 (b, nÂ =Â 4,384), adult transverse colon 1 (c, nÂ =Â 5,765), adult duodenum 1 (d, nÂ =Â 4,681), adult ileum 2 (e, nÂ =Â 3,367), adult trachea 2 (f, nÂ =Â 9,949), adult thyroid gland 1 (g, nÂ =Â 6,319), and adult peripheral blood 1 (h, nÂ =Â 2,719). Cells are coloured according to cell-type cluster.


Extended Data Fig. 5 Analysis of human lung and kidney.
a, t-SNE map of fetal kidney 4 single-cell data (nÂ =Â 4,511 cells). The experiment was replicated four times with similar results. b, t-SNE map of adult kidney 2 single-cell data (nÂ =Â 8,877 cells). The experiment was replicated three times with similar results. c, t-SNE map of fetal lung 1 single-cell data (nÂ =Â 4,526 cells). The experiment was replicated twice with similar results. d, t-SNE map of adult lung 1 single-cell data (nÂ =Â 8,426 cells). The experiment was replicated three times with similar results. All cells in aâ€“d are coloured according to cell-type cluster. eâ€“h, Ligand and receptor analysis of fetal kidney 4 (e), adult kidney 2 (f), fetal lung 1 (g) and adult lung 1 (h) using the method CellPhoneDB. The colours represent cell types; line thickness indicates the degree of association between cell types.

Source Data



Extended Data Fig. 6 Examples of novel populations.
a, t-SNE map of adult pleura 1 single-cell data (nÂ =Â 19,695 cells). Cells are coloured according to cell-type cluster in a, c and d. b, Gene expression heatÂ map showing the top 20 differentially expressed genes for each cell cluster in adult pleura 1. Dark blue, high expression; light blue, low expression. Representative genes are labelled in the corresponding area on the right. c, t-SNE map of adult omentum 3 single-cell data (nÂ =Â 1,354 cells). d, t-SNE map of fetal muscle single-cell data (nÂ =Â 18,345 cells). e, Feature plot in the t-SNE map of adult lung 1 single-cell data (nÂ =Â 8,426 cells). Cells are coloured according to the expression of the indicated marker genes. f, Immunofluorescence assay for the epithelial cell marker KRT17 and the CXC chemokine CXCL2 in human adult lung tissue. Scale bar, 50Â Î¼m. The experiment was replicated three times with similar results.


Extended Data Fig. 7 Cross-tissue cellular network.
a, b, t-SNE maps of single-cell data for human tissue-specific stromal cells (nÂ =Â 9,452 cells). Cells are coloured according to stromal cell subtype (a) or tissue type (b). c, Bar plots showing the contributions of donors to each of the stromal and endothelial cell clusters.

Source Data



Extended Data Fig. 8 Analysis of fetal-to-adult transition.
a, HeatÂ map showing the similarity (PCC) between cell types of adult kidney and fetal kidney. Blue, low similarity; red, high similarity. b, HeatÂ map showing the similarity (PCC) between cell types of adult lung and fetal lung. Blue, low similarity; red, high similarity. c, d, Branching gene expression trajectory analysis of non-immune cells in fetal and adult human tissues using PAGA. c, Coloured by developmental stages; d, coloured by cell lineages. Differential gene expression analysis was performed for representative lineage progression; top markers for fetal (light blue) and adult (dark blue) cells are shown. Marker lists are provided in the source data. e, Single-cell entropy of non-immune cells in each fetal and adult tissue pair (right) and for combined adult and fetal data (left) measured by SLICE54. Box plots: centre line, median; boxes, first and third quartiles of the distribution; whiskers, highest and lowest data points within 1.5 Ã— IQR. Sample from left to right: 2,770, 3,557, 522, 279, 340, 193, 270, 38, 885, 631, 208, 353, 187, 111, 268, 112, 294, 314, 583, 739.
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Extended Data Fig. 9 scHCL analysis.
a, scHCL results for bulk human ES cell data (nÂ =Â 17 samples). Each row represents one cell type in our reference. Each column represents a bulk sample. PCC was used to evaluate cell-type gene expression similarity. Red, high correlation; grey, low correlation. Some cell-type data come from published works, as denoted by first author name: Zhong20, Li25, Segerstolpe27, Baron29, VentoTormo37, Camp42, LaManno43, Han57. b, scHCL results for colorectal cancer organoid data (nÂ =Â 15 samples), as in a. c, scHCL results for liver bud organoid data (nÂ =Â 465 cells), as in a except that each column represents a single cell in the customer data set. d, scHCL results for cerebral organoid data (nÂ =Â 508 cells), as in c. e, t-SNE map of single-cell data for day 20 embryoid bodies differentiated from human iPS cells (nÂ =Â 9,140 cells). Cells are coloured according to cell-type cluster. f, scHCL results obtained using the data set of day 20 embryoid bodies differentiated from human iPS cells (nÂ =Â 9,140 cells), as in c. g, Cellâ€“cell correlation network for embryoid body. Each node represents a pseudo-cell in each cell type.

Source Data



Extended Data Fig. 10 Comparison of human and mouse tissues.
a, t-SNE analysis of 333,778 single cells from the MCA data, with 104 main cell-type clusters labelled. b, t-SNE analysis of 333,778 single cells from the MCA data, with tissue types labelled. c, t-SNE map of pseudo-cell 20 data for mouse (nÂ =Â 16,740 pseudo-cells). Pseudo-cells are coloured according to cell-type cluster. d, HeatÂ map showing the conserved cell types in human and mouse adult kidney. AUROC scores were calculated from the Spearman correlation between human and mouse adult kidney pseudo-cells (nÂ =Â 1,197 pseudo-cells). e, HeatÂ map showing conserved cell types in human and mouse fetal kidney. AUROC scores were calculated from the Spearman correlation between human and mouse fetal kidney pseudo-cells (nÂ =Â 1,459 pseudo-cells).

Source Data



Extended Data Fig. 11 Comparison of human and mouse regulons.
a, b, Binary regulon activity t-SNE maps for human and mouse based on 259 human regulons (a) and 248 mouse regulons (b), created with R package SCENIC. Each dot represents a pseudo-cell of 20 in the HCL or MCA cell clusters. The t-SNE maps were created using binary regulon activity matrices from 17,028 human pseudo-cells and 16,740 mouse pseudo-cells. c, Binary RASs for human special regulon BHLHE41 and mouse special regulon Olig1 in the regulon activity t-SNE maps (nÂ =Â 17,028 for human; nÂ =Â 16,740 for mouse). d, Binary RASs for human special regulon FOXO1 and mouse special regulon Dlx5 in the regulon activity t-SNE maps (nÂ =Â 17,028 for human; nÂ =Â 16,740 for mouse). e, Binary RASs for human special regulon ZNF230 and mouse special regulon Mlxipl in the regulon activity t-SNE maps (nÂ =Â 17,028 for human; nÂ =Â 16,740 for mouse). f, Binary RASs for regulons IRF8/Irf8 and GATA1/Gata1 in the regulon activity t-SNE maps (nÂ =Â 17,028 for human; nÂ =Â 16,740 for mouse). Note that in the regulation of antigen-presenting endothelial cells, the IRF8/Irf8 regulon is conserved. In the regulation of erythroid cells, the GATA1/Gata1 regulon is conserved.

Source Data






Supplementary information
Reporting Summary

Supplementary Table 1 | Basic information about samples processed in the HCL
The table contains the age (gestational age for fetal tissues), gender, cause of death, medical history of the donors, sample location, source, dissociation, concentration and digestion time of the tissues. Information about sequencing titration experiment, the analysed cell number, experimental batches, and average transcript number (UMI) are also provided. All used 0ligonucleotide sequences are listed in the last sheet of the table.


Supplementary Table 2 | Differentially expressed genes detected in 102 human cell types from HCL and 104 mouse cell types from MCA
P values were calculated by the Wilcoxon rank-sum test (n = gene name, l = logFc, s = score, p = P value). Statistical tests were two-sided. Tissue contribution for each of the HCL clusters and HCL TF-TF correlation data matrix are also provided.


Supplementary Table 3 | Differentially expressed genes detected in each cell type for all tissues or cell lines in HCL datasets
Genes were selected by log foldchange > 0.25, Bonferroni-adjusted P < 0.1, expressed in at least 15% of cells in either population (Seurat FindAllMarkers). Log foldchange (avg_logFC) was calculated as the arithmetic mean of ln cpm values of one population minus the arithmetic mean of ln cpm values of the other populations. P value (p_val) was calculated by the Wilcoxon rank-sum test. Statistical tests were two-sided. Sample size for each tissue type was listed in Supplementary Table 1.


Supplementary Table 4 | Sheet 1: List of novel cell populations revealed from the HCL study. Sheets 2 and 3: Differentially expressed genes detected in the cross-tissue comparison of stromal (n=9,452) and endothelial (n=7,140) cells
Genes are selected by log foldchange > 0.25, Bonferroni-adjusted P < 0.1, expressed in at least 15% of cells in either population (Seurat FindAllMarkers). Log foldchange (avg_logFC) was calculated as the arithmetic mean of ln cpm values of one population minus the arithmetic mean of ln cpm values of the other populations. P value (p_val) was calculated by the Wilcoxon rank-sum test. Statistical tests were two-sided. Sheet 4 and 5: Differentially expressed genes between fetal and adult stage for 85 pairs of fetal-to-adult cell types. Genes are ranked by the number of times they appear as fetal or adult differentially expressed genes. Statistical tests were two-sided. Commonly enriched genes for fetal cells are listed on sheet 4; commonly enriched genes for adult cells are listed on sheet 5.


Supplementary Table 5 | External data references and cross-species comparison
The sources of published datasets used in scHCL are listed. The relationship of the corresponding conserved cell types among human and mouse are measured using AUROC scores in MetaNeighbor. The TFs are grouped into 140 orthologous regulons and then clustered into 15 orthologous TF-TF regulon modules using clustering method â€˜completeâ€™. The TF module activity in each cluster is listed; a comparison between human and mouse regulons is also provided.





Source data
Source Data Fig. 2

Source Data Fig. 4

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9

Source Data Extended Data Fig. 10

Source Data Extended Data Fig. 11




Rights and permissions
Reprints and permissions


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



Cite this article
Han, X., Zhou, Z., Fei, L. et al. Construction of a human cell landscape at single-cell level.
                    Nature 581, 303â€“309 (2020). https://doi.org/10.1038/s41586-020-2157-4
Download citation
	Received: 23 October 2018

	Accepted: 12 March 2020

	Published: 25 March 2020

	Issue Date: 21 May 2020

	DOI: https://doi.org/10.1038/s41586-020-2157-4


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

                
                    	
                            
                                
                                    
                                        DANCE: a deep learning library and benchmark platform for single-cell analysis
                                    
                                

                            
                                
                                    	Jiayuan Ding
	Renming Liu
	Jiliang Tang


                                
                                Genome Biology (2024)

                            
	
                            
                                
                                    
                                        Asialoglycoprotein receptor 1 promotes SARS-CoV-2 infection of human normal hepatocytes
                                    
                                

                            
                                
                                    	Xinyi Yang
	Xu Zheng
	Huanzhang Zhu


                                
                                Signal Transduction and Targeted Therapy (2024)

                            
	
                            
                                
                                    
                                        The BulkECexplorer compiles endothelial bulk transcriptomes to predict functional versus leaky transcription
                                    
                                

                            
                                
                                    	James T. Brash
	Guillermo Diez-Pinel
	Christiana Ruhrberg


                                
                                Nature Cardiovascular Research (2024)

                            
	
                            
                                
                                    
                                        New generative methods for single-cell transcriptome data in bulk RNA sequence deconvolution
                                    
                                

                            
                                
                                    	Toui Nishikawa
	Masatoshi Lee
	Masataka Amau


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        Dictionary learning for integrative, multimodal and scalable single-cell analysis
                                    
                                

                            
                                
                                    	Yuhan Hao
	Tim Stuart
	Rahul Satija


                                
                                Nature Biotechnology (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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                        
                            
                                Collection

                                
                                    Stem cells from development to the clinic
                                

                            
                        

                    
                    
                        
                            
    
        
            
                
                    Charting the human cell landscape
                

                
	Lei Tang



                
    
        
            Nature Methods
        
        Research Highlight
        
        
            05 May 2020
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter â€” top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
