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            Abstract
The body plan of the mammalian embryo is shaped through the process of gastrulation, an early developmental event that transforms an isotropic group of cells into an ensemble of tissues that is ordered with reference to three orthogonal axes1. Although model organisms have provided much insight into this process, we know very little about gastrulation in humans, owing to the difficulty of obtaining embryos at such early stages of development and the ethical and technical restrictions that limit the feasibility of observing gastrulation ex vivo2. Here we show that human embryonic stem cells can be used to generate gastruloids—three-dimensional multicellular aggregates that differentiate to form derivatives of the three germ layers organized spatiotemporally, without additional extra-embryonic tissues. Human gastruloids undergo elongation along an anteroposterior axis, and we use spatial transcriptomics to show that they exhibit patterned gene expression. This includes a signature of somitogenesis that suggests that 72-h human gastruloids show some features of Carnegie-stage-9 embryos3. Our study represents an experimentally tractable model system to reveal and examine human-specific regulatory processes that occur during axial organization in early development.
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                    Fig. 1: Structure and morphology of human gastruloids.[image: ]


Fig. 2: Dynamic polarization of cell types associated with three germ layers in human gastruloids.[image: ]


Fig. 3: Transcriptomic anteroposterior organization of human gastruloids.[image: ]


Fig. 4: Comparative elements of early embryogenesis.[image: ]
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                Data availability


All RNA-sequencing datasets produced in this study are deposited in the Gene Expression Omnibus (GEO) under accession code GSE123187. Source data Source data are provided with this paper.



Code availability


Code is available at https://github.com/vikas-trivedi/HumanGastruloids_Fluorescence, https://github.com/anna-alemany/humanGastruloids_tomoseq and https://github.com/naomi-moris/humanGastruloids_shapeDescriptors.
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Extended data figures and tables

Extended Data Fig. 1 Optimization of the Chiron pre-treatment and morphological variability.
a, Aggregation of single RUES2-GLR cells after pre-treatment with Chiron, showing either a single aggregate (left) or the presence of transient ‘satellite’ aggregates (right). These typically merge within 10 h (n = 38 gastruloids from n = 2 experiments). b, Schematic of the protocol without Chiron pre-treatment, but with aggregation in Chiron and ROCK inhibitor medium. c, Gastruloids made from the RUES2-GLR line without Chiron pre-treatment at 24 h, 48 h and 72 h after aggregation. Three examples are shown that are representative of five independent experiments for each time point (n = 415 gastruloids), with all three fluorescent reporters (SOX2–mCitrine, SOX17–tdTomato and BRA–mCerulean; left) and without SOX2–mCitrine (right). Scale bars, 100 μm. d, Examples of reporter patterning in differential morphological classes, as assessed by automated segmentation providing gastruloid outline boundaries (yellow line indicates the boundary used for quantifications). Three gastruloids per category are shown that are representative of seven independent experiments (n = 374 gastruloids). See Methods for details of the classification method. Scale bars, 100 μm. e, Cell-line-dependent optimization of Chiron conditions. Human gastruloids were derived from the MasterShef7 cell line (left; two examples shown) or the RUES2-GLR cell line (right; three examples shown). Red boxes indicate the concentrations at which gastruloids were deemed to be optimally elongated, and the resultant conditions for subsequent gastruloid derivation. Representative examples are shown from three independent experiments. Scale bars, 100 μm.


Extended Data Fig. 2 Effect of Chiron pre-treatment on human ES cells.
a, Gene expression in adherent RUES2-GLR cells after 24 h of Chiron pre-treatment (ChiPT) compared to cells that were not pre-treated (Nutristem alone; NoPT), as assessed by quantitative PCR with reverse transcription. Averages from five biological replicates are shown; bars, mean average; points, technical averages for each experimental replicate. *P < 0.05, **P < 0.01, NS, not significant (P > 0.05) (Welch two-sided, two-sample t-test). See Methods, Source Data. b, Immunostaining of adherent colonies of RUES2-GLR cells that were not pre-treated (top) or that were pre-treated with Chiron for 24 h (bottom) for Brachyury (BRA), E-cadherin and N-cadherin. Dashed boxes show the position of enlarged regions. One representative example is shown from two independent experiments. Scale bars, 100 μm. c, Quantified expression from immunostaining of RUES2-GLR cells as shown in b. The whole image was used to generate these data. d, Profiles of membrane localization of E-cadherin and N-cadherin from immunostaining of RUES2-GLR cells as shown in b.

Source data



Extended Data Fig. 3 Establishing axial patterning in human gastruloids.
a, Immunofluorescence imaging of a RUES2-GLR human gastruloid at 24 h. Confocal sections (top) and mean projection (bottom) of the gastruloid. One representative example is shown from two experiments (n = 12 gastruloids). Scale bars, 100 μm. b, MasterShef7 human gastruloids at 72 h after aggregation, showing BRA, SOX2 and N-cadherin (CDH2) localization. Three representative examples are shown, from three experiments (n = 13 gastruloids). Scale bars, 100 μm. c, Projection of immunofluorescently labelled RUES2-GLR human gastruloids at 24 h, 48 h and 72 h with GATA6 (magenta) and CDX2 (yellow) staining. Six representative gastruloids are shown for each time point. Numbers, aspect ratio. Representative examples are shown from two independent experiments (n = 63 gastruloids). Scale bars, 30 μm. d, Scatter plot of the co-expression of GATA6 and CDX2 per cell, across the three time points. Blue points, co-expression over threshold; grey points, expression below threshold. The number of gastruloids in each plot is shown (n). e, Relative axial expression of GATA6 (magenta) and CDX2 (yellow) along the anteroposterior axis. The number of gastruloids in each plot is shown (n). f, Relative axial expression of GATA6 (magenta) and CDX2 (yellow) along the anteroposterior axis, stratified by aspect ratio (as determined using a manual axial patterning quantification; see Methods for details). Thick lines, mean; thin lines, individual gastruloids. The number of gastruloids in each plot is shown (n). Representative images of gastruloid elongation classifications are shown in c. g, Progressive polarization and restriction of GATA6–GFP fluorescence to the anterior pole of S4-GATA6-GFP human gastruloids. One representative example is shown (n = 17 gastruloids). Scale bars, 100 μm.

Source data



Extended Data Fig. 4 Disrupting axial patterning in human gastruloids.
a, RUES2-GLR cell aggregates after pre-treatment (PT) with WNT3A instead of Chiron for 24 h. Representative examples are shown (n = 281 gastruloids). b, RUES2-GLR cell aggregates after pre-treatment with BMP4 for 24 h. Representative examples are shown (n = 187 gastruloids). c, Application of a BMP inhibitor, LDN193189 (LDN; left) or tankyrase inhibitor, XAV-939 (XAV; right) during 24-h pre-treatment of RUES2-GLR cells. Representative examples are shown (n = 85 gastruloids). d, Application of a Nodal signalling inhibitor, SB43 (SB43) during 24-h pre-treatment of RUES2-GLR cells. a–d, Two representative examples are shown for each condition (three independent experiments). Dark green boxes indicate pre-treatment in Nutristem; teal boxes indicate the aggregation medium composition (E6 and ROCK inhibitor). Scale bars,100 μm. e, Addition of retinoid acid (right) or DMSO (left) to RUES2-GLR human gastruloids for each day of aggregate development. Schematic of the protocol (top) and imaging results (bottom). See Methods for experimental details. Representative examples are shown from four independent experiments (n = 159 gastruloids). Scale bars,100 μm. f, Confocal imaging of axial patterning defects in 72-h RUES2-GLR human gastruloids treated with retinoic acid. Representative examples are shown from three independent experiments (n = 25 gastruloids). Scale bars, 100 μm.


Extended Data Fig. 5 Spatial transcriptomics by tomo-seq identifies clusters of gene expression.
a, Quantification of the number of genes (left) and number of unique transcripts (right) detectable in each section along the anteroposterior axis of 72-h RUES2-GLR human gastruloids pre-treated with Chiron. Blue bars, sections above the threshold used for downstream tomo-seq analysis; grey bars, sections below the threshold (see Methods for details). Two replicates are shown. b, Average expression patterns along the anteroposterior axis of all genes detected in each cluster. Clusters correspond to those in Fig. 3c and Supplementary Data 1. Lines, mean; shading, s.d. for the set of genes within each cluster (n = 2 gastruloids). c, Selection of gene traces along the anteroposterior axis for both gastruloids. Blue and green lines, expression values for replicates 1 and 2, respectively.

Source data



Extended Data Fig. 6 Transcriptional profiles and anteroposterior localization in human gastruloids.
a, Normalized expression of anterior neural genes in human gastruloids. b, Total expression (log10-transformed) of each HOX gene across all sections of gastruloid 1 (top) and gastruloid 2 (bottom), for all four clusters (HOXA, HOXB, HOXC and HOXD). White boxes indicate that a gene is not present in the human genome. n = 2 gastruloids (a, b). c, Expression of FOXA2 in the posterior end of 72-h Chiron-pre-treated RUES2-GLR gastruloids. Three representative examples are shown (n = 8 gastruloids). Scale bars, 100 μm. d, Expression of ligands of the BMP (top) and WNT (bottom) signalling pathways. Red box indicates genes with a particularly strong anteroposterior localization bias (n = 2 gastruloids). e, Maximum projection confocal images of SMAD1-RFP;H2B-mCitrine human gastruloids at 72 h. Three representative examples are shown. Insets, magnified views of the regions shown in red dashed boxes. Representative examples are shown (n = 19 gastruloids; two independent experiments). Scale bars; 40 μm or 50 μm (indicated on image). f, Processing to separate the nuclear and cytoplasmic component of the SMAD1–RFP signal (left; see Methods for details), and resultant quantification of the normalized nuclear:cytoplasmic ratio of SMAD1–RFP along the anteroposterior axis (right; each point represents a cell). Three representative examples are shown; two independent experiments. The scale of the images is the same as e. g, Immunostaining of LEF1 and BRA expression in 96-h RUES2-GLR human gastruloids. LEF1 is localized in a gradient primarily in the posterior portion of the gastruloids. Two representative examples are shown from three independent experiments (n = 10 gastruloids). Scale bars, 100 μm. h, Immunostaining of WNT3A and BRA expression in 72-h RUES2-GLR human gastruloids, showing a magnified view of the posterior end. Max. proj., maximum projection. One representative example is shown (n = 8 gastruloids; two independent experiments). Scale bars, 50 μm. i, Localized expression of genes that are related to Nodal signalling towards the posterior of Chiron-pre-treated human gastruloids by tomo-seq (n = 2 gastruloids).

Source data



Extended Data Fig. 7 Perturbation of Nodal signalling in human gastruloids.
a, Schematic representation of the protocol used to generate Chiron and SB43 (Chi + SB43)-pre-treated human gastruloids. See Methods for details. b, Representative examples of the dynamic development of Chi + SB43-pre-treated RUES2-GLR gastruloids (three experiments). Colours indicate reporter fluorescence as indicated in Fig. 2a. Scale bars, 100 μm. c, In situ hybridization against BRA and SOX2 mRNA in 96-h Chi + SB43-pre-treated gastruloids. Four representative examples are shown for each gene. d, Wide-field imaging of the two 120-h Chi + SB43-pre-treated RUES2-GLR gastruloids used for tomo-seq. Scale bars, 100 μm. e, Venn diagram showing the number of reproducibly localized genes in the Chiron-pre-treated (Chi hGld, green) and Chi + SB43-pre-treated (Chi + SB43 hGld, yellow) human gastruloids. Numbers indicate counts of genes and percentage values in brackets indicate the proportion of the full figure. See Source Data. f, Differentially expressed genes between Chiron-pre-treated and Chi + SB43-pre-treated gastruloids (total expression). See Methods, Supplementary Data 6, Source Data. g, Gene expression patterns detected in an averaged Chiron-pre-treated gastruloid and an averaged Chi + SB43-pre-treated gastruloid. Grey and black bands show the hierarchical clustering of gene expression; blue and red bands indicate selective reproducibility between replicates from one or other pre-treatment conditions (red, Chi + SB43 only; blue, Chiron only; grey; both); dark red box, cluster for which expression is lost after SB43 pre-treatment (cluster 4); white rows, no expression detected. n = 2 Chiron-pre-treated and n = 2 Chi + SB43-pre-treated gastruloids (a–g). See Methods, Supplementary Data 5, Source Data.
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Extended Data Fig. 8 Transcriptional profiles of gastruloids exposed to Nodal inhibition before aggregation.
a, Quantification of the number of genes (left) and number of unique transcripts (right) detectable in each section along the anteroposterior axis of 120-h Chi + SB43-pre-treated RUES2-GLR gastruloids. Blue bars, sections above the threshold used for downstream tomo-seq analysis; grey bars, sections below the threshold (see Methods for details). Two replicates are shown. b, Significantly reproducible gene expression patterns of individual replicates of Chi + SB43-pre-treated human gastruloids (left) and the average gastruloid (right) along the anteroposterior axis. See Supplementary Data 4, Source Data. c, Average expression pattern of genes from each cluster shown in b. Lines, mean; shading, s.d. for the set of genes within each cluster. d, Detection of expression for markers of all three germ layers. White rows indicate that no expression was detected for that gene. See Supplementary Data 7, Source Data. e, Gene expression traces along the anteroposterior axis of the four human gastruloids (grey lines, Chiron pre-treatment; blue lines, Chi + SB43 pre-treatment; solid lines, replicate 1; dashed lines, replicate 2). n = 2 gastruloids (a–e).
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Extended Data Fig. 9 Unique transcriptional profiles of mouse and human gastruloids.
a, Venn diagram showing the number of common reproducibly localized genes in Chiron-pre-treated human gastruloids (Chi hGld, green), Chi + SB43-pre-treated human gastruloids (Chi + SB43 hGld, yellow) and mouse gastruloids (mGld, blue). Numbers indicate counts of genes and percentage values in brackets indicate the proportion of the full figure. b, Unique reproducibly localized gene expression in mouse gastruloids, not detected in Chiron-pre-treated human gastruloids. c, Unique reproducibly localized gene expression in Chiron-pre-treated human gastruloids, not detected in mouse gastruloids. d, Genes with reproducibly localized expression in mouse gastruloids and that are expressed, but not reproducibly localized, in Chiron-pre-treated human gastruloids. e, Genes with reproducibly localized expression in Chiron-pre-treated human gastruloids and that are expressed, but not reproducibly localized, in mouse gastruloids. n = 2 human gastruloids, n = 3 mouse gastruloids (a–e). See Supplementary Data 9, Source Data.
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Supplementary information
Reporting Summary

Supplementary Table
Supplementary Table 1 | Primer Sequences for RT-qPCR experiments.


Supplementary Table
Supplementary Table 2 | Primer Sequences for In Situ Hybridisation experiments.


Supplementary Data
Supplementary Data 1 | Clusters of reproducible gene expression from TOMO-sequencing of Chiron pre-treated Human Gastruloids. ID column includes ENSEMBL ID, Gene name and Chromosome position. For each gene, the assignment to a cluster using Hierarchical Clustering methods is given. Relates to Fig. 3c-d and Extended Data Fig. 5b.


Supplementary Data
Supplementary Data 2 | Germ Layer Representation in Chiron pre-treated Human Gastruloids. Selection of genes from all three germ layers which are represented along the anterioposterior (AP) axis of the human gastruloids. Localisation of each gene along the axis is shown in Figure 3e. Relates to Fig. 3e.


Supplementary Data
Supplementary Data 3 | Gene Ontology enrichment per TOMO-sequencing cluster of Chiron pre-treated Human Gastruloids. Each sheet of the file corresponds to a different Hierarchical Cluster (cl) and contains the list of enriched Biological Process Gene Ontology (GO) terms for that cluster. GO enrichment was performed using DAVID Functional Annotation tool using the human genome as a background. Adjustment for multiple comparisons was performed, and is reported as Bonferroni, Benjamini and FDR values. Relates to Fig. 3c-d.


Supplementary Data
Supplementary Data 4 | Clusters of reproducible gene expression from TOMO-sequencing of Chiron + SB43 pre-treated Human Gastruloids. ID column includes ENSEMBL ID, Gene name and Chromosome position. For each gene, the assignment to a cluster uses a self-organizing map (som) method, followed by hierarchical clustering (hcl). See Methods for details. Relates to Extended Data Fig. 8b-c.


Supplementary Data
Supplementary Data 5 | Clusters of gene expression from TOMO-sequencing of Chiron + SB43 pre-treated Human Gastruloids compared to Chiron pre-treated Human Gastruloids. ID column includes ENSEMBL ID, Gene name and Chromosome position. For each gene, the assignment to a cluster   uses a self-organizing map (som) method, followed by hierarchical clustering (hcl). See Methods for details. Relates to Extended Data Fig. 7g.


Supplementary Data
Supplementary Data 6 | Differential gene expression from TOMO-sequencing between Chiron and Chiron + SB43 pre-treated Human Gastruloids. ID column includes ENSEMBL ID, Gene name and Chromosome position. For each gene, the total expression level as the sum of each section is shown for both conditions (total-Chi and total-SB) as well as the mean level of expression in both systems (total-mean). The Log2 fold change in expression (log2FC) and mu (log2mu) are calculated alongside the probabilities (prob-Chi and prob-SB) total number (N-Chi and N-SB). The resultant P values are calculated using a Binomial test with the alternative condition used as a background (PvalChi and PvalSB). n = 2 Chiron pre-treated gastruloids and 2 Chiron + SB43 pre-treated gastruloids. Relates to Extended Data Fig. 7f.


Supplementary Data
Supplementary Data 7 | Germ Layer Representation in Chrion and Chiron + SB43 pre-treated Human Gastruloids. ID column includes ENSEMBL ID, Gene name and Chromosome position. For each gene, the level of expression across all sections of the average gastruloid are shown. The two sheets correspond to the Chiron pre-treaed human gastruloids and the Chiron and SB43 pre-treated human gastruloids, respectively. Relates to Extended Data Fig. 8d.


Supplementary Data
Supplementary Data 8 | Clusters of gene expression from TOMO-sequencing of Chiron pre-treated Human Gastruloids and Mouse Gastruloids, including GO term enrichment. ID column includes ENSEMBL ID, Gene name and Chromosome position. For each gene, the assignment to a cluster  uses a self-organizing map (som) method, followed by hierarchical clustering (hcl). See Methods for details. Each subsequent sheet shows the results of Gene Ontology (GO) term enrichment analysis, per cluster. Relates to Fig. 4g.


Supplementary Data
Supplementary Data 9 | Clusters of unique and specific gene expression from TOMO-sequencing of Chiron pre-treated Human Gastruloids and Mouse Gastruloids. ID column includes ENSEMBL ID, Gene name and Chromosome position. For each gene, the assignment to a cluster  uses a self-organizing map (som) method, followed by hierarchical clustering (hcl). See Methods for details. Relates to Extended Data Fig. 9.


Video 1
| Live-cell imaging of the S4-GATA6 human ES cell line, showing GATA6-GFP expression, from 24 – 35 hours. Representative example of n = 25 gastruloids, from 2 independent experiments.


Video 2
| Live-cell imaging of the RUES2-GLR human ES cell line, showing BRA-mCerulean, SOX17-tdTomato and SOX2-mCitrine expression, from 0 – 24 hours. Three representative gastruloids are shown. n = 2 independent experiments.


Video 3
| Live-cell imaging of the RUES2-GLR human ES cell line, showing BRA-mCerulean, SOX17-tdTomato and SOX2-mCitrine expression, from 4 – 61 hours. Multiple individual live-imaging movies of the same gastruloid have been stitched together to give a longer time-course. Note that the objective used changes from 10x (4-12h) to 20x (22-49h) and 10x (52-61h). n = 3 independent experiments.
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