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            Abstract
Conventional two-dimensional differentiation from pluripotency fails to recapitulate cell interactions occurring during organogenesis. Three-dimensional organoids generate complex organ-like tissues1; however, it is unclear how heterotypic interactions affect lineage identity. Here we use single-cell RNA sequencing2,3 to reconstruct hepatocyte-like lineage progression from pluripotency in two-dimensional culture. We then derive three-dimensional liver bud organoids4 by reconstituting hepatic, stromal, and endothelial interactions, and deconstruct heterogeneity during liver bud development. We find that liver bud hepatoblasts diverge from the two-dimensional lineage, and express epithelial migration signatures characteristic of organ budding. We benchmark three-dimensional liver buds against fetal and adult human liver single-cell RNA sequencing data, and find a striking correspondence between the three-dimensional liver bud and fetal liver cells. We use a receptorâ€“ligand pairing analysis and a high-throughput inhibitor assay to interrogate signalling in liver buds, and show that vascular endothelial growth factor (VEGF) crosstalk potentiates endothelial network formation and hepatoblast differentiation. Our molecular dissection reveals interlineage communication regulating organoid development, and illuminates previously inaccessible aspects of human liver development.
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                    Figure 1: Exploring human hepatic differentiation from pluripotency in 2D culture and 3D LB organoids.[image: ]


Figure 2: Hypoxia and extracellular matrix modulation in the LB microenvironment induce hepatic outgrowth signatures and prime LBs for vascularization.[image: ]


Figure 3: A divergent hepatic lineage trajectory in the LB generates cells that resemble fetal human hepatocytes.[image: ]


Figure 4: Interlineage signalling affects LB development.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Characterizing hepatocyte-like lineage progression.
a, Schematic showing time points for scRNA-seq experiments performed on iPS, DE, HE, IH, and MH cells during 2D hepatogenesis. b, Hierarchical clustering was performed on genes identified by PCA and is shown in e. Intermixing of cells from later time points with earlier time points was used to calculate the efficiency of lineage progression shown in c. c, Lineage progression efficiency at each time point shows the percentage of cells that cluster with cells from previous time points (grey). d, Monocle reveals hepatocyte-like lineage progression. Cells (circles, coloured on the basis of time point) are arranged in the 2D independent component space on the basis of genes identified through PCA (Supplementary Table 1). The minimum spanning tree (grey lines) connects cells, with the black line indicating the longest path. e, Ordering of scRNA-seq expression data according to the pseudotemporal position along the lineage reveals a continuum of gene expression changes from pluripotency to hepatocyte-like fate. Each column represents a single cell, each row a gene. The time point is shown as sidebar. f, Correlating cells with microdissected E8.5 ventral foregut (orange) or E10.5 ventral pancreas (dark grey), dorsal pancreas (light grey), or liver (purple) shows that transitions observed in vitro reflect in vivo development. Cells are ordered on the basis of pseudotime. g, Transcription factor correlation network during hepatoblast lineage progression. Shown are nodes (TFs) with more than three edges, with each edge representing a high correlation (>0.3) between connected TFs. For a full list of network TFs, see Supplementary Table 1.


Extended Data Figure 2 Identifying gene expression programs controlling hepatic differentiation in 2D.
a, Normalized expression of three genes shows examples of dynamic gene expression along the hepatocyte lineage. Cells are ordered according to Monocle pseudotime. b, Covariation network using genes that have high correlation (>0.3) with TFs controlling the hepatocyte-like lineage. TF nodes are coloured according to the time point of maximal expression. Nearest neighbour subnetworks for (1) CER1, (2) TBX3, and (3) AFP show genes that strongly correlated with these known DE, HE, and hepatoblast marker genes. See Fig. 1f for base TF network. câ€“h, Violin plots and expression of subnetwork genes in cells ordered by Pseudotome. Barplots show the number of citations for each gene co-occurring with either â€˜liverâ€™, â€˜hepatogenesisâ€™, or â€˜endodermâ€™ in PubMed abstracts and suggests known and novel genes involved in hepatocyte development. i, Expression of multiple genes with no described role in liver development in mouse E8.5 foregut and E10.5 liver confirms that these genes are dynamically expressed during liver development.


Extended Data Figure 3 Genotyping LB cells using informative SNPs derived from scRNA-seq of input cells.
a, b, iPS cells, ECs, and MCs used in this study were from different humans. Single-cell RNA-seq reads from iPS cells, ECs, and MCs were used to identify informative SNPs that were present in one human but not the others. Each LB cell was then genotyped on the basis of PCA clustering (a) and the fraction of shared SNPs with each input lineage (b). c, PCA separated each input and LB lineage, suggesting that each lineage undergoes distinct transcriptional changes upon co-culture. PCA was performed on all single-cell transcriptomes using genes expressed in more than two cells and with a non-zero variance. d, Boxplots showing average log2(fold-change distributions) for pairwise comparisons between 2D cultures of hepatic ectoderm, ECs, and MCs with their LB counterparts.


Extended Data Figure 4 SOM metagenes reconstruct hepatocyte-like lineage progression.
a, SOM analysis of 418 hepatic lineage cells using 12,150 genes organized into 100 metagenes was used to reconstruct lineage relations on the basis of a minimum spanning tree. Shown are representative single-cell portraits as well as the consensus portrait for each time point. Portraits are linearly scaled, amplifying higher expressed metagenes. b, Lineage network constructed from pairwise correlations between cells on the basis of the expression of 100 metagenes shows a differentiation topology from iPS cells to DEâ€“HEâ€“IHâ€“MH cells, similar to Fig. 1b. c, Metagenes were clustered into signatures on the basis of their correlation across the cells. Each cellâ€™s correlation with each signature is shown to the right. d, Gene set enrichment analysis was done using genes composing each metagene signature. Top scoring enrichments for clusters 1â€“2, clusters 3â€“4, and clusters 5â€“7 are shown. Dark orange and blue represent a strong and weak correlation for each cell, respectively. e, Boxplots show gene set enrichment (GSE) distributions for each time point using curated sets of genes with specific expression in liver, cerebral cortex, pancreas, or testes.


Extended Data Figure 5 Exploring metagene signature shifts in LBs.
a, PCA based on the expression of 2,500 metagenes separates each input and LB lineage. b, Population map showing the number of genes located in each metagene. c, Map showing the variance for each metagene across all single cells. d, Bar plot showing the proportion of genes and metagenes that are differentially expressed between input and LB populations. e, Heatmap showing normalized overexpression scores for each cell for each signature. f, Representative single-cell maps are shown for each overexpression signature. Bar plots show the percentage of cells from each group that display significant metagene signature expression. Each metagene signature is annotated with GO enrichments, representative genes, and the number of genes and metagenes constituting the signature. g, Radar plots show enrichments for genes involved in cholesterol metabolism, extracellular matrix, angiogenesis, mitosis, translation, hypoxia, endoplasmic reticulum stress, inflammation, and TNF/NF-ÎºB signalling for each signature. Hallmark gene sets were sourced from MSigDB. h, Dot plot shows the expression of genes differentially expressed in HE-LB, where the size of the circle represents the proportion of cells expressing the gene and the colour represents the average expression level of each gene. i, Violin plot shows the distribution of scores for each EC and EC-LB cell on the basis of the expression of genes upregulated during the angiogenic induction phase of liver sinusoidal ECs after partial hepatectomy13. j, Assignment of cell cycle stage for each EC and EC-LB cell47. Note that 100% of EC-LB cells were scored in the G1 phase of the cell cycle. k, Boxplots show normalized gene set enrichment scores for the Hallmark IL6/JAK/STAT3 signalling pathway for each input and LB cell. Heatmap shows the expression of genes in this Hallmark pathway. Expression is scaled across genes. Top sidebar shows the cell type with the gene set enrichment z-score for each cell above. HE (light red), HE-LB (dark red), EC (dark blue), EC-LB (light blue), MC (dark green), and MC-LB (light green).


Extended Data Figure 6 HE cells within the LB start to mature and express genes involved in hepatic outgrowth.
a, Progressive differentiation of HE cells towards hepatoblast within the LB was confirmed in an intercellular correlation network using all genes used to construct the correlation network (Fig. 1). b, Violin plots showing the distribution of marker gene expression that are upregulated during the transition from HE to IH/MH, confirming that HE-LB cells are at intermediate stages of maturation. c, PCA followed by tSNE shows that many HE-LB cells have gene expression profiles different from cells on the 2D hepatocyte lineage, suggesting that cells have distinct transcriptional responses during LB self-organization. d, Dot plot shows the expression of genes differentially expressed in HE-LB, where the size of the circle represents the proportion of cells expressing the gene and the colour represents the average expression level of each gene. e, ONECUT2 and PROX1, genes involved in hepatic outgrowth, are upregulated specifically in HE-LB and in E10.5 mouse liver.


Extended Data Figure 7 Cell composition in human longer-term LBs, adult and fetal human liver, and mouse embryonic liver.
a, scRNA-seq was performed on LBs grown for an extended period in culture (LB1â€‰=â€‰11 days in 3D, LB2â€‰=â€‰12 days, LB3â€‰=â€‰7 days, LB4â€‰=â€‰13 days, LB5â€‰=â€‰10 days; 173 cells total). PCA was used to identify genes describing cell populations, and tSNE was used to cluster cells. We identified hepatic, endothelial, and MC clusters. b, Expression of genes marking each cluster is coloured (log2(FPKM scale)). c, Scaled heatmap (yellow, high; purple, low) of genes specifically expressed (average difference >2, power to discriminate >0.5) in each cluster (labelled at the bottom), with exemplary genes from each cluster labelled on the right. Cells are in columns, genes in rows. d, scRNA-seq was performed on human adult (5 donors, age 21â€‰â€“â€‰65, 256 cells) and fetal (gestation weeks 10.5 and 17.5, 238 cells) after enrichment for hepatic lineage cells. PCA was used to identify genes describing cell populations, and tSNE was used to cluster cells. We identified hepatic, endothelial, mesenchymal, and immune lineage cells both in fetal and in adult tissues. e, Cluster assignments are highlighted on the tSNE plot and expression of genes marking each cluster is coloured (log2(FPKM scale)). f, Scaled heatmap (yellow, high; purple, low) of genes marking each cluster (numbered at the bottom), with exemplary genes from each cluster labelled on the right. Cells are in columns, genes in rows. g, Marker genes (average difference >2, power to discriminate cluster >0.5) were analysed for GO enrichments, and representative top enrichments are shown with the P value (âˆ’log10). h, scRNA-seq was performed on mouse hepatoblasts isolated from mouse liver at E14.5, E15.5, and E16.5 (92 cells total). PCA was used to identify genes describing cell populations, and tSNE was used to cluster cells. We identified hepatic, mesenchymal, and immune cell clusters. i, Expression of genes marking each cluster is coloured (log2(FPKM scale)). j, Scaled heatmap (yellow, high; purple, low) of genes specifically expressed (average difference >2, power to discriminate >0.5) in each cluster (labelled at the bottom), with exemplary genes from each cluster labelled on the right. Cells are in columns, genes in rows. k, Heatmap showing normalized expression (z-score) of genes differentially expressed between fetal and adult human hepatocytes. Column, gene; row, cell. Heatmap shows that fetal hepatocyte marker genes are highly expressed in mouse AFP+, ALB+, DLK+ early hepatocytes/hepatoblasts, corroborating the human fetal data.


Extended Data Figure 8 LB hepatic cells resemble human fetal hepatocytes.
a, Overview of quadratic programming. Fractional identities are calculated assuming a linear combination of different cell fates. Mock-bulk transcriptomes from DE, fetal hepatocytes, and adult hepatocytes were generated by averaging the single-cell transcriptomes from each group. b, For each cell, the similarity to bulk RNA-seq from either DE or fetal hepatocytes was calculated by using quadratic programming and plotted as fractional identities (left axis, circle, fractional DE identity; right axis, triangle, fractional fetal hepatocyte identity). Points are coloured on the basis of the experiment: DE (orange), HE (red), IH (pink), MH (purple), early LB hepatic (LB-early, 3 days, teal), late LB hepatic (LB-late, 5â€‰â€“â€‰10 days, light blue), and transplanted hepatic (transplant, 5â€‰â€“â€‰10 days, dark blue). c, For all cells on the 2D and 3D lineage, quadratic programming was used to calculate the fractional identity of each cellâ€™s transcriptome with mock-bulk transcriptomes from DE or hepatocytes (fetal or adult). Fetal (solid line) and adult (dotted line) hepatocyte fractional identity is plotted for 2D (pink) and 3D (blue) lineage cells ordered in ascending order. Hepatic cells from the LB are the most similar to fetal hepatocytes. d, Heatmap shows normalized correlation (z-score) of single-cell transcriptomes with mock-bulk RNA-seq data from adult hepatocytes, fetal hepatocytes, hepatic cells from late stage LBs, and 2D MH cells. e, Correlogram showing the correlation between cells from different cell populations. The left sidebar shows the expression of ALB, AFP, and DLK1. f, Heatmap showing differentially expressed genes between 2D and 3D lineages for ALB+ cells in MH, late LB hepatic, transplanted hepatic cells (top), and fetal and adult hepatocytes (bottom).


Extended Data Figure 9 Similarities and differences between endothelial and MCs from the LB and primary human liver.
a, For each cell, the similarity to either mock-bulk RNA-seq data from input MSCs grown in 2D culture or primary stellate cells from the fetal liver was calculated using quadratic programming and plotted as fractional identities (left axis, circle, fractional MSC 2D identity; right axis, triangle, fractional stellate identity). Points are coloured on the basis of the experiment: input MSCs in 2D (MSC, light green), MSCs from early LB (MSC-LB early, red), MSCs from late LB (MSC-LB late, purple), primary fetal stellate (fetal stellate, green). b, Heatmap shows normalized correlation (z-score) of single-cell transcriptomes with mock-bulk RNA-seq data from MSCs from early stage LBs, MSCs from late stage LBs, MSCs grown in 2D, and fetal stellate cells. c, tSNE clustering of mesenchymal and stellate cells on the basis of genes identified using PCA. This analysis was used to identify genes specific to fetal stellate cells (Supplementary Table 5). d, Violin plots showing the expression distributions of genes similarly and differentially expressed between MSC-LB and fetal stellate cells. White circle, mean. e, For each cell, the similarity to either mock-bulk RNA-seq data from input ECs grown in 2D culture or primary ECs from fetal and adult liver was calculated using quadratic programming and plotted as fractional identities (left axis, circle, fractional EC 2D identity; right axis, triangle, fractional primary EC identity). Points are coloured on the basis of the experiment: input ECs in 2D (EC, green), ECs from early LB (EC-LB, red), and primary fetal and adult ECs (primary EC, red). f, Heatmap shows normalized correlation (z-score) of single-cell transcriptomes with mock-bulk RNA-seq data from ECs grown in 2D, ECs from early stage LBs, and primary liver ECs. g, tSNE clustering of ECs on the basis of genes identified using PCA. This analysis was used to identify genes specific to primary liver ECs (Supplementary Table 5). h, Violin plots showing the expression distributions of genes similarly and differentially expressed between EC-LB and primary endothelial cells. White circle, mean.


Extended Data Figure 10 Potential interlineage signalling in LBs.
a, b, t-SNE plots based on the expression of receptors and ligands show that input and LB cells cluster separately. c, Heatmap shows the scaled expression of receptors and ligands differentially expressed between HE, EC, and MC cells in the early LB. d, Boxplots show the number of ligands (L) or receptors (R) for each lineage combination. For example, hepatoblasts average 150 ligands and 100 receptors for every HEâ€“EC interaction. e, Violin jitter plots showing the number of potential cell interactions for each lineage combination calculated from the network shown in b. f, Top GO enrichments and P values for receptorâ€“ligand pairings where one of the three cell types (EC, MC, or HE) are required for the interaction. g, Each of the three LB lineages (HE, red; EC, green; MC, blue) are represented as a third of the circle. The fraction of cells expressing mRNA for each ligand is highlighted and linked to the fraction of cells expressing the receptor. The arrows designate the direction of the link (ligand to receptor). A subset of cells may express both receptor and ligand and are shaded accordingly. h, qRTâ€“PCR for hepatoblast marker genes shows that hepatic differentiation is impaired in LBs generated from ECs with knockdown of an endothelial specific receptor, TIE1 (top), or endothelial specific ligand, EDN1 (bottom). LBs were generated containing TIE1 or EDN1 knockdown ECs, combined with normal wild-type HEs and MCs. Two-sided t-test, *Pâ€‰<â€‰0.05; error bars, s.d. Data from three independent differentiations. i, Distributions of mean fluorescence intensities from maximum projections of each micro-LB in the green (hepatic) and red (endothelial) channels. These signals were used to calculate a hepatic-to-endothelial signal ratio for each micro-LB. j, Top: violin plot showing the expression distributions of JAK3 expression across input and early LB cell types. Bottom: representative maximum projection images of a micro-LB at the 48â€‰h time point from a DMSO-treated control and with 10â€‰Î¼M tasocitinib, an inhibitor targeting JAK3 of the JAK/STAT pathway. k, Addition of KDR/VEGFR2 inhibitor (SU1498) does not affect the self-condensation process; however, endothelial sprouting is impaired in the presence of KDR inhibitor. l, qRTâ€“PCR for hepatoblast marker genes shows that hepatic differentiation is not significantly impaired in HE monoculture in the presence of KDR inhibitor. Error bars, s.d. Data from three independent differentiations.
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