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            Abstract
Early human embryonic development involves extensive lineage diversification, cell-fate specification and tissue patterning1. Despite its basic and clinical importance, early human embryonic development remains relatively unexplained owing to interspecies divergence2,3 and limited accessibility to human embryo samples. Here we report that human pluripotent stem cells (hPSCs) in a microfluidic device recapitulate, in a highly controllable and scalable fashion, landmarks of the development of the epiblast and amniotic ectoderm parts of the conceptus, including lumenogenesis of the epiblast and the resultant pro-amniotic cavity, formation of a bipolar embryonic sac, and specification of primordial germ cells and primitive streak cells. We further show that amniotic ectoderm-like cells function as a signalling centre to trigger the onset of gastrulation-like events in hPSCs. Given its controllability and scalability, the microfluidic model provides a powerful experimental system to advance knowledge of human embryology and reproduction. This model could assist in the rational design of differentiation protocols of hPSCs for disease modelling and cell therapy, and in high-throughput drug and toxicity screens to prevent pregnancy failure and birth defects.
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                    Fig. 1: Microfluidic modelling of human epiblast and amnion development.[image: ]


Fig. 2: Single-cell transcriptomic analysis of posteriorized embryonic-like sac.[image: ]


Fig. 3: Amniotic ectoderm-like cells trigger mesoderm induction in posteriorized embryonic-like sac involving Wnt signalling.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Microfluidic generation of pluripotent epiblast-like cyst.
a, Photograph showing microfluidic devices in a six-well plate. Inset shows a top view of the device. Devices were filled with medium containing food colour dyes to illustrate medium reservoirs and microfluidic channels. b, Design of microfluidic device incorporating three parallel channels (80Â Âµm in height) partitioned by trapezoid-shaped supporting posts spaced 80Â Âµm apart. The central channel (gel channel) is preloaded with Geltrex. The other two open channels are used for cell loading (cell-loading channel) and chemical induction (induction channel), respectively. c, Protocol for generating epiblast-like cysts. After cell loading (designated as tÂ =Â âˆ’18 h), a basal medium comprising Essential 6 medium and FGF2 (20Â ngÂ mlâˆ’1) is supplied to both the cell-loading and induction channels from tÂ =Â 0Â h onwards. d, Schematic showing cell loading, cell clustering and lumenogenesis. After injection of Geltrex into the gel channel, Geltrex gelation and contraction leads to formation of evenly spaced concave gel pockets between supporting posts. After loading human ES cells (hESC)Â into the cell-loading channel, the microfluidic device is tilted 90Â° to allow cells to settle into gel pockets (tÂ =Â âˆ’18Â h). At tÂ =Â 0Â h, nascent lumenal cavities emerge within cell clusters. At tÂ =Â 36Â h, epiblast-like cysts contain a single central lumenal cavity reminiscent of the pro-amniotic cavity formed in the epiblast of the blastocyst upon implantation. e, Representative bright-field images showing an array of epiblast-like cysts at tÂ =Â 0Â h and 36Â h. Experiments were repeated five times with similar results. Scale bar, 80Â Âµm. f, Representative confocal micrographs showing epiblast-like cysts at indicated time points stained for ezrin (top) or E-cadherin (E-cad) and laminin (Lam; bottom). Nuclei were stained with DAPI. Some epiblast-like cysts initiate lumenogenesis with multiple small ezrin+ lumenal cavities, which gradually resolve into a single central lumen, probably through cavity fusion. Scale bars, 40Â Âµm. Experiments were repeated three times with similar results. g, Representative confocal micrographs showing Xâ€“Y, Xâ€“Z and Yâ€“Z sections of epiblast-like cysts obtained at tÂ =Â 36Â h, stained for E-cadherin and ezrin. Nuclei were stained with DAPI. Scale bars, 40Â Âµm. Experiments were repeated twice with similar results. h, Percentage of epiblast-like cysts with single, multiple or no lumenal cavities at indicated time points. nÂ =Â 59, 57, 60, 89 and 110 cysts for tÂ =Â 0Â h, 6Â h, 12Â h, 24Â h and 36Â h, respectively. Data were pooled from nÂ =Â 2 (0Â h, 6Â h, 12Â h) or 3 (24Â h and 36Â h) independent experiments. Data represent the meanÂ Â±Â s.e.m. i, Cell number in each epiblast-like cyst as a function of time. nÂ =Â 26 cysts for each time point. Data were pooled from nÂ =Â 2 independent experiments. Red lines represent the median. j, Equivalent epiblast-like cyst diameter as a function of time. nÂ =Â 56, 45, 50, 115 and 88 cysts for tÂ =Â 0Â h, 6Â h, 12Â h, 24Â h and 36Â h, respectively. Data were pooled from nÂ =Â 3 independent experiments. Red lines represent the median. k, Embedded epiblast-like cyst perimeter percentage as a function of time. nÂ =Â 33, 35, 26, 28 and 21 cysts for tÂ =Â 0Â h, 6Â h, 12Â h, 24Â h and 36Â h, respectively. Data were pooled from nÂ =Â 2 independent experiments. Red lines represent the median. l, Representative confocal micrographs showing epiblast-like cysts at tÂ =Â 36Â h stained for ZO1 and actin (top) or GM130 and actin (bottom). Nuclei were stained with DAPI. Far right, magnified views of outlined regions. Scale bars, 40Â Âµm. Experiments were repeated twice with similar results. m, Representative confocal micrographs showing epiblast-like cysts obtained at tÂ =Â 36Â h with indicated drugs supplemented into basal medium from tÂ =Â 0â€“36Â h. IWP2, 5 ÂµM; BMP inhibitor LDN 193189 (LDN), 0.5 ÂµM; TGF-Î² inhibitor SB 431542 (SB), 10 ÂµM; Caspase 3 inhibitor Z-DEVD-FMK (Cas 3), 10 ÂµM. Cysts were stained for NANOG and E-cadherin. Fluorescently labelled WGA was used to stain plasma membrane. Nuclei were stained with DAPI. Note that assays were also conducted with different concentrations of Z-DEVD-FMK (5Â ÂµM, 20Â ÂµM and 40Â ÂµM), with results compatible with those obtained from 10Â ÂµM Z-DEVD-FMK. Scale bars, 40Â Âµm. Experiments were repeated twice with similar results. n, Equivalent epiblast-like cyst diameter at tÂ =Â 36Â h under indicated conditions. nÂ =Â 142, 37, 44, 40 and 36 cysts for control, IWP2, LDN, SB and Cas 3 conditions, respectively. Data were pooled from nÂ =Â 2 independent experiments. Red lines represent the median.

                          Source data
                        


Extended Data Fig. 2 Progressive development of posteriorized embryonic-like sac.
a, Protocol for generating P-ELS. After initial seeding and clustering of human ES cells (tÂ =Â âˆ’18 to 0Â h), lumenogenesis leads to the formation of the epiblast-like cyst containing a single central lumen. BMP4 stimulation (50Â ngÂ mlâˆ’1) from the induction channel from tÂ =Â 0 h onwards leads to patterning of the epiblast-like cyst and formation of the asymmetric embryonic-like sac, with specification of the amniotic ectoderm-like fate to cells directly exposed to BMP4 induction. Development of the P-ELS triggers the onset of gastrulation-like events and expression of T in the epiblast-like compartment of the P-ELS. Bright-field image shows an array of P-ELS at tÂ =Â 36 h. Scale bar, 80Â Âµm. Experiments were repeated five times with similar results. b, Percentage of P-ELS and uniformly squamous amniotic ectoderm-like cysts at tÂ =Â 36Â h. Representative phase-contrast micrographs are shown. Scale bar, 40Â Âµm. nÂ =Â 396 cysts from nÂ =Â 5 independent experiments. Each dot represents data obtained from an independent experiment. Red lines represent the median. c, Cell number in each cyst as a function of time. nÂ =Â 26 cysts for each time point. Data were pooled from nÂ =Â 2 independent experiments. Red lines represent the median. d, Representative confocal micrographs showing Xâ€“Y, Xâ€“Z and Yâ€“Z sections of P-ELS at tÂ =Â 36Â h stained for E-cadherin and ezrin. Nuclei were stained with DAPI. Scale bars, 40Â Âµm. Experiments were repeated twice with similar results. e, Representative confocal micrographs showing P-ELS at tÂ =Â 36Â h stained for pSMAD1/5 and TFAP2A. Nuclei were stained with DAPI. Scale bars, 40Â Âµm. Experiments were repeated three times with similar results. f, Representative confocal micrographs showing P-ELS at indicated time points co-stained for NANOG and CDX2 (left) or T and E-cadherin (right). Nuclei were stained with DAPI. Scale bars, 40Â Âµm. Experiments were repeated three times with similar results. g, Representative confocal micrographs showing amniotic ectoderm-like tissues at tÂ =Â 72Â h stained for E-cadherin, GATA3 and OCT4, TFAP2A and T, or TFAP2C and NANOG as indicated. Bottom images show magnified views of amniotic ectoderm-like tissues. Nuclei were stained with DAPI. Scale bars, 40Â Âµm (small panels) and 160Â Âµm (large panels). Experiments were repeated five times with similar results. h, Thickness of amniotic ectoderm-like tissue as a function of time. nÂ =Â 267, 167, 258 and 111 cysts for tÂ =Â 24Â h, 30Â h, 36Â h and 72Â h, respectively. Data were pooled from nÂ =Â 5 independent experiments. Red lines represent the median. i, In situ hybridization images of P-ELS at tÂ =Â 24Â h and tÂ =Â 36Â h for BMP4 (left) and AXIN2 (right). Scale bars, 40Â Âµm. Experiments were repeated twice with similar results. j, In situ hybridization images of P-ELS at tÂ =Â 36Â h for ACTB (top) and B. subtilis dapB (bottom). Scale bars, 40Â Âµm. Experiments were repeated twice with similar results. k, Left, bright-field and fluorescent micrographs showing P-ELS at tÂ =Â 36Â h blocking diffusion of fluorescein-labelled dextran (70Â kDa) into the cell loading channel. Dextran was supplemented into the induction channel and diffused into the gel channel. Experiments were repeated twice with similar results. Scale bar, 40Â Âµm. Right, plot showing relative fluorescence intensity within the cell-loading channel and induction channel. Data are normalized to the average intensity in the cell loading channel. Our characterization of dextran diffusion shows that the supporting posts and in-between expanding P-ELS effectively block morphogen diffusion across the tissues. nÂ =Â 10 cysts. Data were pooled from nÂ =Â 2 independent experiments. Red lines represent the median.

                          Source data
                        


Extended Data Fig. 3 Progressive development of anteriorized embryonic-like sac.
a, Protocol for generating A-ELS. BMP4 (50Â ngÂ mlâˆ’1) stimulation from the induction channel leads to patterning of the epiblast-like cyst; cells directly exposed to BMP4 are specified to the amniotic ectoderm-like fate. Inhibition of BMP and Wnt signalling by adding noggin (50Â ngÂ mlâˆ’1) and IWP2 (5Â ÂµM) in the cellâ€“loading channel prevents the epiblast-like compartment from losing pluripotency and initiating gastrulation-like events. Bright-field image shows an array of A-ELS at tÂ =Â 36Â h. Scale bar, 80Â Âµm. Experiments were repeated three times with similar results. b, Percentage of A-ELS and uniformly squamous amniotic ectoderm-like cysts at tÂ =Â 36Â h. Representative phase-contrast micrographs are shown. Scale bar, 40Â Âµm. nÂ =Â 212 cysts from nÂ =Â 4 independent experiments. Each dot represents data obtained from an independent experiment. Red lines represent the median. c, Cell number in each cyst as a function of time. nÂ =Â 26 cysts for each time point. Data were pooled from nÂ =Â 2 independent experiments. Red lines represent the median. d, Representative confocal micrographs showing A-ELS at tÂ =Â 36Â h stained for pSMAD1/5 or TFAP2A. Nuclei were stained with DAPI. Scale bars, 40Â Âµm. Experiments were repeated three times with similar results. e, Representative confocal micrographs showing A-ELS at indicated time points stained for NANOG, E-cadherin and T. Nuclei were stained with DAPI. Scale bars, 40Â Âµm. Experiments were repeated three times with similar results. f, Thickness of amniotic ectoderm-like tissue in A-ELS as a function of time. nÂ =Â 71, 100 and 106 cysts for tÂ =Â 24Â h, 30Â h and 36Â h, respectively. Data were pooled from nÂ =Â 3 independent experiments. Red lines represent the median.

                          Source data
                        


Extended Data Fig. 4 Specification of human primordial germ cell-like cells in posteriorized embryonic-like sac.
a, Specification of PGCs or PGCLCs in the M. fascicularis embryo (left; ref. 21) and P-ELS (right). b, Representative confocal micrographs showing P-ELS stained for TFAP2C, NANOG and SOX17 or BLIMP1 and SOX17 at indicated time points. Nuclei were stained with DAPI. TFAP2C+SOX17âˆ’ and SOX17+TFAP2Câˆ’ cells are marked by green arrows. TFAP2C+SOX17+ cells are identified as nascent, early-stage hPGCLCs. The amniotic ectoderm-like tissue is divided into four quadrants: two middle quadrants furthest away from the epiblast-like pole as central amniotic ectoderm-like compartment (CEN-AM), and two quadrants at the junction of epiblast-like and amniotic ectoderm-like compartments (EPI-AM). TFAP2C+SOX17+ hPGCLCs in the CEN-AM, EPI-AM and epiblast-like compartments are marked by blue, yellow and white arrowheads, respectively. Scale bars, 40Â Âµm. Experiments were repeated three times with similar results. c, Left, dot plot of the numbers of TFAP2C+ and SOX17+ cells at indicated time points. Right, dot plot of the numbers of TFAP2C+SOX17+ and TFAP2C+ NANOG+SOX17+ hPGCLCs at indicated time points. nÂ =Â 85, 92, 82 and 80 cysts for tÂ =Â 24Â h, 28Â h, 32Â h and 36Â h, respectively. Data were pooled from nÂ =Â 3 independent experiments. Red lines represent the median. d, Left, spatial distribution of TFAP2C+ and SOX17+ cells at indicated time points. Right, spatial distribution of TFAP2C+SOX17+ and TFAP2C+NANOG+SOX17+ hPGCLCs at indicated time points. nÂ =Â 85, 92, 82 and 80 cysts for tÂ =Â 24Â h, 28Â h, 32Â h and 36Â h, respectively. Data were pooled from nÂ =Â 3 independent experiments. e, Representative confocal micrographs showing P-ELS at tÂ =Â 36Â h stained for TFAP2C, T and SOX17. Nuclei were stained with DAPI. T-expressing (TFAP2C+SOX17+T+) and T-non-expressing (TFAP2C+SOX17+Tâˆ’) hPGCLCs are marked by blue and green arrowheads, respectively. Scale bars, 40Â Âµm. Experiments were repeated three times with similar results. f, Representative confocal micrographs showing P-ELS treated with different doses of the GP130 inhibitor SC144 (top, 0.4Â ÂµM; bottom, 2Â ÂµM). P-ELSÂ obtained at t = 36 h were stained for TFAP2C, NANOG and SOX17. Nuclei were stained with DAPI. TFAP2C+SOX17+ hPGCLCs in the EPI-AM and epiblast-like compartments are marked by yellow and white arrowheads, respectively. Higher doses of SC144 (8Â ÂµM) caused substantial cell death (data not shown). Scale bars, 40Â Âµm. Experiments were repeated twice with similar results.

                          Source data
                        


Extended Data Fig. 5 Microfluidic modelling of human epiblast and amnion development using H1 human ES cells and human induced pluripotent stem cells (hiPSCs) maintained in mTeSR medium as well as H9 human ES cells maintained in Essential 8 medium (E8-H9).
a, Microfluidic generation of epiblast-like cysts. The schematic shows culture conditions and cartoons of epiblast-like cyst development. Representative confocal micrographs show epiblast-like cysts generated from H1 human ES cell, hiPSC and E8â€“H9 human ES cell at tÂ =Â 36Â h, stained for OCT4, NANOG, SOX2, E-cadherin and laminin as indicated. Fluorescently labelled WGA was used for staining of plasma membrane. b, Microfluidic generation of P-ELS. Schematic shows culture conditions and cartoons of P-ELS development. Representative confocal micrographs show P-ELS generated from H1 human ES cell, hiPSC and E8â€“H9 human ES cell at tÂ =Â 36Â h stained for TFAP2A, OCT4 and T (top); CDX2, NANOG and T (middle); TFAP2C, NANOG and SOX17 (bottom). TFAP2C+NANOG+SOX17+ hPGCLCs are marked by white arrowheads. c, Microfluidic generation of A-ELS. Culture conditions and cartoons of A-ELS development are shown. Representative confocal micrographs show A-ELS generated from H1 human ES cell, hiPSC and E8â€“H9 human ES cell at tÂ =Â 36Â h stained for OCT4 and NANOG (top); TFAP2A, NANOG and T (bottom). Fluorescently labelled WGA was used for staining of plasma membrane. In aâ€“c, nuclei were stained with DAPI. Scale bars, 40Â Âµm. All experiments were repeated twice with similar results.


Extended Data Fig. 6 Exogenous Wnt or activin alone is insufficient to generate asymmetric embryonic-like sacs.
Schematics show different culture protocols in which WNT3A (50Â ngÂ mlâˆ’1), activin A (50Â ngÂ mlâˆ’1) and/or BMP4 (50Â ngÂ mlâˆ’1) were supplemented into basal medium in the induction channel as indicated. All cystic tissues were obtained at tÂ =Â 30 h. a, Representative confocal micrographs showing cysts stained for CDX2, EOMES and T or OCT4 and NANOG. b, Representative confocal micrographs showing cysts stained for CDX2, EOMES and T or OCT4 and NANOG. c, Representative confocal micrographs showing cysts stained for CDX2, NANOG and T or TFAP2A and T. d, Representative confocal micrographs showing cysts stained for CDX2, EOMES and T or TFAP2A and T. In aâ€“d, nuclei were stained with DAPI. Scale bars, 40Â Âµm. All experiments were repeated three times with similar results.


Extended Data Fig. 7 Molecular characterization of posterior and anterior primitive streak-like cell development.
a, Schematic showing posterior primitive streak-like cell development in P-ELS at tÂ =Â 48Â h with BMP4 (50Â ngÂ mlâˆ’1) supplemented into basal medium in the cell-loading channel. Right, bright-field image shows an array of P-ELS at tÂ =Â 48Â h. Scale bar, 80Â Âµm. b, Representative confocal micrographs show P-ELS stained for E-cadherin and N-cadherin at indicated time points. Thickening of the epiblast-like tissue before the onset of cell dissemination from the PrePS-EPI-like compartment was evident. Outlined regions are magnified in the panel below. c, Dot plot of the thickness of the epiblast-like tissue at indicated time points. For tÂ =Â 24Â h, nÂ =Â 107 and 116 for epiblast-like cystsÂ and P-ELS, respectively. For tÂ =Â 30Â h, nÂ =Â 79 and 135 for epiblast-likeÂ cysts and P-ELS, respectively. Data were pooled from nÂ =Â 4 independent experiments. Red lines represent the median. d, Representative confocal micrographs showing P-ELS stained for CDX2, EOMES and T at indicated time points. Outlined regions are magnified in the panel below. Intensity maps show relative intensities of corresponding markers as indicated. e, Representative confocal micrographs show P-ELS stained for TFAP2C, NANOG and SOX17 (left) or BLIMP1 and SOX17 (right) at tÂ =Â 48Â h. Outlined regions are magnified in the panel below. f, Schematic showing anterior primitive streak-like cell development in P-ELS at tÂ =Â 48Â h with BMP4 (50Â ngÂ mlâˆ’1) and activin A (50Â ngÂ mlâˆ’1) supplemented into the cell-loading and induction channels, respectively. Right, bright-field image shows an array of P-ELS at tÂ =Â 48Â h. Scale bar, 80Â Âµm. g, Representative confocal micrographs showing staining for E-cadherin, N-cadherin, CDX2, EOMES and T at indicated time points. Outlined regions are magnified in the panel below. h, Representative confocal micrographs show staining for CDX2, EOMES and T at tÂ =Â 48Â h. Outlined regions are magnified in the panel below. Intensity maps show relative intensities of corresponding markers as indicated. i, Representative confocal micrographs show staining for TFAP2C, NANOG and SOX17 at tÂ =Â 48Â h. Outlined regions are magnified in the panel below. In all immunostaining micrographs, nuclei were stained with DAPI; scale bars, 40Â Âµm. All experiments were repeated twice with similar results.

                          Source data
                        


Extended Data Fig. 8 Cell-type identification and characterization using scRNA-seq.
a, Workflow. P-ELS were collected from six microfluidic devices at tÂ =Â 48Â h and were dissociated into single cells. AMLCs obtained using the Transwell method (Transwell-AMLC) and human ES cells cultured on tissue culture plates were dissociated into single cells before the cells were mixed at a 1:2 ratio. scRNA-seq was conducted using 10xÂ Genomics and Illumina HiSeq 4000. Single-cell transcriptome data of P-ELS, Transwell-AMLC and human ES cell were merged and analysed. b, t-SNE plot generated from scRNA-seq data of a total of 9,966 cells, revealing six distinct, colour-coded cell populations (human ES cell, Transwell-AMLC, AMLC, hPGCLC, MeLC1 and MeLC2). Cell numbers of each population are indicated. c, Violin plots of log-transformed, normalized expression levels of genes associated with pluripotency (POU5F1 (also known as OCT4), SOX2, NANOG, PODXL and DPPA4), hPGC (SOX17, TFAP2C, NANOS3, BLIMP1 and PDPN), amniotic ectoderm (TFAP2A, GATA3, HAND1, TCIM (also known as C8orf4) and IGFBP3), mesoderm (T, EOMES, MIXL1, LHX1, MESP2, MESP1, GATA6, LEF1, CDX2 and SNAI2) and HOX proteins (HOXB6, HOXB7, HOXB8, HOXB9 and HOXA10) in the six cell populations as indicated. All cells in b are used for violin plots. d, Heat map of relative expression (Z-score) of top-20 gene signatures distinguishing each cell population. e, DEGs between different cell clusters (MeLC1 against human ES cell; MeLC2 against MeLC1; hPGCLC against human ES cell; AMLC against human ES cell; AMLC against Transwell-AMLC). Top, red and blue bars indicate the numbers of up- and downregulated DEGs, respectively, in indicated pairwise comparisons. Bottom, enrichment of GO terms and representative genes in DEGs from indicated pairwise comparisons. f, Heat map of log-transformed expression levels of selected genes among indicated cell types including those reported by others21,23. Genes are grouped on the basis of their associations with embryonic cell fates, cellular functions, developmental signalling or top-20 DEG status. Left, comparisons among M. fascicularis epiblast (CyEPI) lineage, human ES cell and MeLC1. Right, comparisons among human ES cell, AMLC and Transwell-AMLC. Top-20 DEGs are identified from those upregulated in AMLC against human ES cell (AMLCÂ >Â human ES cell). Bottom, comparisons between CyEPI, CyPGC, human ES cell and hPGCLC. g, Heat map of correlation coefficients among indicated cell types including those reported by others21,23,25,26. Comparisons between human ES cell, MeLC1, MeLC2 and CyEPI lineages are based on ontogenic genes identified for CyEPI (651 in common out of 776)23. Comparisons between hPGCLC, CyPGC and hPGC are based on ontogenic CyPGC genes (477 in common out of 544)21. Comparisons between human ES cell, Transwell-AMLC and AMLC are based on top-500 DEGs identified in AMLC against human ES cell. Correlation coefficient is calculated using averages of log-transformed expression of common genes. In f, g, CyEPI lineages: ICM, inner cell mass, E6; Pre, pre-implantation epiblast, E7â€“E9; PostE and PostL, post-implantation early (E13â€“E14) and late (E16â€“E17) epiblast, respectively; Gas1/2a/2b, gastrulating cells, E13â€“E17. For CyPGC and hPGC: ePGC, early CyPGC, E13â€“E20; lPGC, late gonadal CyPGC, E36â€“E55, or late gonadal hPGC, E45â€“E48. Embryonic days are indicated below the heat maps, and colour bars above and besides the heat maps indicate cell types. All genes are listed in Supplementary Table 1.
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Extended Data Fig. 9 Inductive effect of amniotic ectoderm-like cells on the onset of gastrulation-like events.
a, Schematic showing P-ELS; the PrePS-EPI-like compartment is divided into four quadrants (R1, R2, R3 and R4) for quantification. Basal medium (BM) comprises E6 and FGF2 (20Â ngÂ mlâˆ’1). BMP4 (50Â ngÂ mlâˆ’1) was supplemented into the cell-loading channel. b, Fluorescent and composite images showing dynamic T expression in the PrePS-EPI-like compartment at indicated time points. Experiments were repeated three times with similar results. c, Top, dot plots of relative T intensity in different quadrants of the PrePS-EPI-like compartment at indicated time points. Red lines represent the median. Bottom, spatial maps of average relative T intensity at indicated time points. nÂ =Â 22 (24Â h), 20 (30Â h) and 20 (36Â h) cysts. Data were pooled from nÂ =Â 2 independent experiments. d, Live imaging with T-mNeonGreen human ES cell reporter line to track dynamic T expression in the PrePS-EPI-like compartment during the development of P-ELS. e, Characterization of T-mNeonGreen human ES cell reporter line showing co-localization of neon green signal and immunostaining of T. f, Representative confocal micrographs showing development of AMLCs by culturing human ES cells on Transwell membranes in basal medium supplemented with BMP4 (50Â ngÂ mlâˆ’1) for 48Â h. Cells were stained for CDX2, NANOG and T (top) or TFAP2A and OCT4 (bottom). g, Representative confocal micrographs showing AMLCs stained for CDX2, NANOG and T (top) or TFAP2A and OCT4 (bottom). AMLCs were generated from human ES cells by first culturing in basal medium supplemented with BMP4 for 48Â h before switching to fresh basal medium for another 48Â h. h, Transwell co-culture assays of AMLCs and human ES cells. Human ES cells were first differentiated into AMLCs by culturing on Transwell membranes in basal medium supplemented with BMP4 for 48Â h. Culture medium was then switched to fresh basal medium before undifferentiated human ES cells were seeded onto Transwell membranes and co-cultured with AMLCs for another 48Â h. Representative confocal micrographs show staining for CDX2, NANOG and T (top); TFAP2A, OCT4 and T (middle); E-cadherin, N-cadherin and T (bottom). i, Transwell co-culture assays of AMLCs and human ES cells. Human ES cells were first differentiated into AMLCs by culturing on Transwell membranes in basal medium supplemented with BMP4 (50Â ngÂ mlâˆ’1) for 48Â h. Culture medium was then switched to fresh basal medium before undifferentiated human ES cells were seeded onto the lower dish and co-cultured with AMLCs for another 48Â h. Representative confocal micrographs show staining of cells on the lower dish for OCT4 and T (top); NANOG and T (middle); TFAP2C, NANOG and SOX17 (bottom), or cells on the Transwell membrane for TFAP2C, NANOG and SOX17 as indicated. In all immunostaining micrographs, nuclei were stained with DAPI. Boxed images show magnified views of selected areas. In h, insets show human ES cell colonies seeded after AMLC differentiation as marked by white arrowheads. Scale bars in b, d, e, 40Â Âµm. Scale bars in fâ€“i, 160Â Âµm (main panels) and 10Â Âµm (insets). Experiments were repeated three times with similar results.
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Extended Data Fig. 10 MesodermÂ induction in posteriorized embryonic-like sac is inhibited by IWP2 but not by IWR1.
a, Schematic shows Transwell co-culture protocol. Human ES cells were first differentiated into AMLCs by culturing in basal medium supplemented with BMP4 (50Â ngÂ mlâˆ’1) for 48Â h. Culture medium was then switched to fresh basal medium supplemented with IWP2 (5Â ÂµM). At this point, undifferentiated human ES cells were seeded onto Transwell membranes and co-cultured with AMLCs for another 48Â h. Representative confocal micrographs showing staining for CDX2, NANOG and T (top) or TFAP2A and OCT4 (bottom). Insets show human ES cell colonies seeded after AMLC differentiation, as marked by white arrowheads. Scale bars, 160Â Âµm (main panels) and 10Â Âµm (insets). b, Live imaging with the TCF/Lef:H2B-GFP H9 human ES cell reporter line to track Wntâ€“Î²-catenin signalling dynamics during embryonic-like sac development with or without the Wnt inhibitors IWR1 (10Â ÂµM) or IWP2 (5Â ÂµM) supplemented into the induction channel as indicated. Scale bars, 40Â Âµm. c, Representative confocal micrographs show P-ELS obtained at tÂ =Â 48Â h with IWR1 (10Â ÂµM) supplemented into the induction channel as indicated. P-ELS were stained for CDX2, EOMES and T (top) or TFAP2C, NANOG and SOX17 (bottom). Outlined regions are magnified in the panel below. Scale bars, 40Â Âµm. In a, c, nuclei were stained with DAPI. Experiments were repeated twice with similar results.
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Video 1
Representative time-lapse video showing synchronized, progressive development of pluripotent epiblast-like cysts from humanÂ ESÂ cells through epithelization and lumenogenesis in the microfluidic device. Legends indicate medium conditions in the cell loading and induction channels. Time stamps indicate culture time (t). Scale bar, 80 Âµm. Experiments were repeated twice with similar results.


Video 2
Representative time-lapse video showing synchronized, progressive development of posteriorized embryonic-like sacs from humanÂ ESÂ cells in the microfluidic device. Legends indicate medium conditions in the cell loading and induction channels. Time stamps indicate culture time (t). Scale bar, 80 Âµm. Experiments were repeated three times with similar results.


Video 3
Representative time-lapse video showing dynamics of amniogenesis and gastrulating cell formation in posteriorized embryonic-like sacs in the microfluidic device. Legends indicate medium conditions in the cell loading and induction channels. Time stamps indicate culture time (t). Scale bar, 80 Âµm. Experiments were repeated twice with similar results.


Video 4
Representative time-lapse video showing dynamics of brachyury (T) expression in the incipient gastrulating epiblast-like cells during the development of a posteriorized embryonic-like sac. Legends indicate medium conditions in the cell loading and induction channels. Time stamps indicate culture time (t). Scale bar, 80 Âµm. Experiments were repeated twice with similar results.
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