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Supplementary Figure 1: Self-organisation of hESCs into human gastruloids (hGs)
establishes the three germ layer derivatives.

A, Immunofluorescence staining of W15 hES cells showing the expression of pluripotency
markers. Top, POU5F1 (or OCT4), NANOG and SOX2; Middle, POU5F1, BRA (or Brachyury) and
S0X2; Bottom, SOX2, EOMES and SOX17. BRA, SOX17 and EOMES are used as negative marker
controls in hESCs. Scale bar, 50um. B, Microscopic images showing the effect of Wnt agonist,
Chiron, on hGs formation. Scale bar, 250um. C, Microscopic images showing the formation of
hG aggregates at 3h and 24h. Scale bar, 250um. D, Establishment of the three germ layer
derivatives on hGs derived from RUES2-GLR hESCs. Reporter colors represent ectoderm
(80X2-mCitrine), mesoderm (BRA-mCerulean), and endoderm (SOX17-tdTomato). Scale bar,

100um.
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Supplementary Figure S2: Quality control of scRNAseq data.

Metrics used to assess the quality of the scRNA libraries from day (D) 0, D2 and D3 samples
and clusters. 10X Genomics was performed in replicates (n=2) derived from independent
experiments. For each replicate, 20 human gastruloids (hGs) were pooled and loaded into the
10x-Genomics Chromium using the single cell 3’ reagents kit v3. From left to right the plots
show the fraction of reads mapped to mitochondrial genome, unique molecular identifier
counts (or transcripts) per cell, fraction of reads mapped to ribosomal RNA and number of
detected genes. Poor quality (PQ) clusters were removed from further analysis. PS-primitive
streak, ECT-ectoderm, PN-primitive node, MM-mixed mesoderm, AM-advanced mesoderm,
NMP-neuromesodermal progenitors, END-endoderm, CM-cardiac mesoderm, PM-paraxial

mesoderm, IM-intermediate mesoderm, NC-neural crest, PQ-poor quality clusters.
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Supplementary Figure S3: Quality control of scRNAseq data.

Metrics used to assess the quality of the scRNA libraries from day (D) 4 and D8 samples and
clusters. 10X Genomics was performed in replicates derived from independent experiments.
For each replicate, 20 human gastruloids (hGs) were pooled and loaded into the 10x-
Genomics Chromium using the single cell 3’ reagents kit v3. From left to right the plots show
the fraction of reads mapped to mitochondrial genome, unique molecular identifier counts
(or transcripts) per cell, fraction of reads mapped to ribosomal RNA and number of detected
genes. Poor quality (PQ) clusters were removed from further analysis. MM-mixed mesoderm,
NMP-neuromesodermal progenitors, END-endoderm, CM-cardiac mesoderm, PM-paraxial
mesoderm, PSM-presomitic mesoderm, NC-neural crest, NECT-neural ectoderm, SM-somatic
mesoderm, UGP-urogenital progenitors, AxM-axial mesoderm, MSP-musculoskeletal

precursors, SC-spinal cord, Neur-Neurons.
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Supplemental Figure S4: Transcriptional characterization of human gastruloids.

A, Experimental plan showing the transcriptional characterization of human gastruloids (hGs)
sampled at different time points. B, UMAP of all cell types computed from genes with highly
variable expression across all samples represented in Scanorama plot with all annotated
clusters at DO, D2, D3, D4 and D8. C, Heatmap comparing the transcriptome of D2, D3 and D4
our hGs with previously described human gastruloids (27). D, Heatmap comparing the
transcriptome of Carnegie stage (CS) 11 non-human primate (NHP) embryos to D8 hGs. E,
UMAP at DO showing key markers of Ectoderm, including ZIC1 and EN2. F, UMAP at DO
showing key markers of anterior and posterior primitive streak (PS), including SOX17, FOXC1
and TBX6. G, UMAP at DO showing key markers of mesendoderm, including TBXT, MIXL1 and

EOMES.
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Supplemental Figure S5: Transcriptional profiles showing the detection of primary germ
layer markers in human gastruloids.

A, Box plot showing the detection of key markers of PS, including TBXT, MIXL1, WNT3, EVX1
and NKX1-2 in hGs. B, Box plots showing the expression of key markers of mesodermal
derivatives, including early mesoderm, intermediate mesoderm, paraxial mesoderm, pre-
somitic mesoderm and cardiac mesoderm in hGs. C, Box plots showing the detection of key
markers of ectodermal derivatives, including neural crest, neural tube and neuronal
precursors in hGs. D, Diffusion component (DC) analysis of Ectoderm derivatives representing
key marker expression, including ASCL1, PAX6, OLIG3, CRABP1, ELAVL3, NEUROG1 and
STMIN2. E, Diffusion component (DC) analysis of Endoderm representing key marker
expression including SOX17, FOXA2, MNX1, EPCAM and APOAL. F, Fraction of cells showing
differential gene expression in mixed mesoderm and intermediate mesoderm of D3 hGs as
measured against rostral (anterior) versus caudal (posterior) gene expression in advanced
mesoderm cluster of Carnegie stage (CS) 7 human gastrula. G, Heatmap showing the
comparison of rostral and caudal genes in the advanced mesoderm cluster of CS7 human
gastrula versus Intermediate and mixed mesoderm clusters in D3 hGs. H, Volcano plots
showing the rostral and caudal genes expressed in D3 hGs analysed in (F-G). I, hG sections
showing an elongation along the anterior-posterior (rostral-caudal) axis represented by the
expression of GATA6 and CDX2 (top) and GATA6 and BRA (bottom), respectively. Scale bar,

100um.
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Supplementary Figure S6: Human gastruloids display an emergence of neuromesodermal
progenitors (NMP).

A, Confocal micrographs of IF staining showing putative neuromesodermal progenitors
(NMPs) in D3 hGs. Cells (nuclei) co-expressing SOX2 and BRA (putative NMPs) are circled and
amplified. Outlined region is magnified below the corresponding image. Scale bar, 50um.
(N=15 from 3 experiments). B, UMAPs of D2, D3 and D4 hGs obtained from 10X scRNAseq
dataset showing the co-expression of key NMP markers TBXT, SOX2 and NKX1-2. Schematic
diagrams showing the potential localization of NMPs in the posterior region of hGs (bottom
panel). Color codes indicate (co-)expression profile of the specified genes (left panel). C, Box
plot showing the expression of key NMP markers detected in scRNAseq dataset, including
S0OX2, NKX1.2, TBXT, HOXB8 and HOXC9. D-E, Confocal micrographs of IF staining showing the
emergence of neural precursor markers (SOX1 and PAX6) (D) and neural crest markers (SOX2,
TFAP2A) (E) on D8 hG sections, respectively. Scale bar, 100um (D) 50um (E). (N=10 from 2
experiments). F-I, UMAPs showing the detection of key markers of (F, H) Neural crest and (G,
[) neuronal precursors on D4 and D8 hGs datasets, respectively. J-K, UMAPs showing the
detection of (J) Neural tube markers and (k) spinal cord markers on D8 hGs. In panels F-K, bad

quality clusters are also shown.
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Supplementary Figure S7: Detection of hPGCLC in the absence of exogenous BMP
supplementation in human gastruloids.

A, Microscopic images showing the effect of Wnt agonist, Chiron, for the specification of
hPGCLCs, as shown by the expression of NANOS3 on D3 hGs. Scale bar, 100um. B, Microscopic
images showing the detection of hPGCLCs in the absence of exogenous BMP, as shown by
NANOS3 reporter in hGs. Scale bar, 100um. C, Confocal micrographs showing the expression
of key hPGCLC markers, BLIMP1 (or PRDM1) and POU5F1 (or OCT4); SOX17, OCT4 and BLIMP1
and SOX17, NANOS3 (RFP), TFAP2C in hG sections on D3, D4 and D8, respectively. Scale bar,

100um.
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Supplementary Figure S8: Detection of hPGCLCs in the absence of exogenous BMP
supplementation in human gastruloids.

A, Confocal micrographs showing the expression of key hPGCLC markers TFAP2C, POU5F1 (or
OCT4) and SOX17 in D4 hGs. Scale bar, 100um. B, Dot plot showing key amnion-like cells
(AMLC) and primitive streak (PS) markers detected in Day 2 and Day 3 hGs identified from
scRNAseq dataset. C, Sub-clustering and reintegration of primitive streak (PS), early
mesoderm (EM), amnion-like cells (AMLCs), ectoderm and neuromesodermal progenitor
(NMP) clusters from D2 and D3 scRNA dataset. D, UMAP showing the transcriptional
localization of hPGCLCs in AMLCs and PS in D2 and D3 hG dataset as detected by 10X
scRNAseq. E, Dot plot showing key PGCLC markers detected in Day 2 AMLC, Day 2 PS and Day
3 PS identified from 10X scRNAseq dataset. F, Principal component analysis (PCA) projection
of PGCLCs detected in Day 2 human gastruloids into in vivo human PGCs curated from
published datasets. Color code shows different stages of in vivo human PGCs, and in vitro
human PGCLCs from this study. W, in vivo human developmental stage in weeks. G, Heatmap
showing the transcriptomic comparison of in vivo hPGC and PGCLCs from D2 human
gastruloids (normalized expression levels are log2[TPM+1] ). The mean expression is shown
for each time point for human PGC and for hPGCLCs from D2. H, PCA projection of in vitro
PGCLCs detected in human gastrulois into in vitro hPGCLCs obtained from a published study

(45).
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Supplementary Figure S9: ISL1 knock-out human gastruloids fail to form PGCLC.

A, NCBI sequences showing the generation of ISL1-KO W15-NANOS3-tdTomato hESCs. B,
Agarose gel electrophoresis image showing the ISL1 KO (#13 and #25) and wildtype (WT)
clones (#3 and #7). C-D, Live microscopic images showing the lack of fluorescence reporter
NANOS3-tdTomato in the ISL1 KO human gastruloids at day 2 and day 4. NANOS3-tdTomato
is rescued in gastruloids treated with exogenous BMP supplementation. Scale bar, 100um.
(N=300 samples from 5 experiments). E, Live microscopic images showing the detection of
fluorescence reporter NANOS3-tdTomato in wildtype but absent in the ISL1 KO human
gastruloids at day 4. NANOS3-tdTomato is rescued in gastruloids treated with exogenous BMP
supplementation. Scale bar, WT-250um, KO, KO+BMP-100um. (N=300 samples from 5

experiments).
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Supplementary Figure S10: ISL1 knock-out human gastruloids inhibit the formation of

PGCLCs and AMLCs.

Flow cytometry analysis panels showing the detection of PGCLCs and AMLCs in the WT, ISL1-

KO and KO+BMP supplemented human gastruloids. (N=3 samples from 3 experiments).
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Supplementary Figure S11: Distribution of PGCLCs and AMLCs in human gastruloids

A, Confocal micrographs showing the maximum intensity projection of SOX17, phospho-
SMAD 1/5/8 and POUS5F1 (OCT4) in the ISL1 KO and KO+BMP supplemented human
gastruloids. Scale bar, 50um. (N=30 samples from 3 experiments). Arrowhead indicates
hPGCLCs. B, Confocal micrographs showing the maximum intensity projection of TFAP2A and
GATA3 in the ISL1 KO and KO+BMP supplemented human gastruloids. Scale bar, 25um. (N=30

samples from 3 experiments).
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Supplementary Figure S12: WNT and ACTIVIN is required for maintaining germline
competency.

A, Live microscopic images showing the detection of NANOS3-tdTomato from day 2 human
gastruloids. Scale bar, 100um. (N=100 samples from 3 experiments). B, Live microscopic
images showing the inhibition of PGC marker NANOS3-tdTomato in human gastruloids
treated with Wnt inhibitor, IWP2. Scale bar, 100um. (N=100 samples from 3 experiments). C,
Live microscopic images showing the detection of SMAD1-RFP from day 1 in human
gastruloids. Treatment with Wnt inhibitor, IWP2 inhibits the detection of SMAD1-RFP. Scale
bar, 100um. (N=100 samples from 3 experiments). D, A bar graph showing the fraction of cells
(AMLCs, PGCLCs and mixed mesoderm) co-expressing at least two markers together with
BMP4 in day 2 human gastruloids. AMLCs markers: 'GATA3', 'TFAP2A', 'TFAP2C', 'MSX2',
'STOM’; mixed mesoderm markers: ‘TBXT’, ‘PDGFRA’, TMEMS88’, ‘MESP1’, ‘MESP2’, ‘KDR’,
‘MSGN1’; PGCLCs markers: ‘PDPN’, ‘NANOS3’, ‘PRDM1’, ‘CD38’, ‘PECAMY’. Color code
denotes the cell types. E, Live microscopic images showing the detection of NANOS3-
tdTomato in human gastruloids generated from hESCs treated with and without Activin for
24h before aggregation. Scale bar, 100um. (N=60 from 3 experiments). F,
Immunofluorescence staining showing the presence and absence of PGC competency
markers, EOMES and Brachyury (BRA) when treated with or Activin during the first 24h
induction of hESCs. Scale bar, 50um. (N=3 samples (15 images) from 3 experiments). G, A bar
graph showing the quantification of EOMES and Brachyury positive cells in hESCs treated with

and without Activin for 24h before aggregation. (N=15 samples from 3 experiments).



Supplementary Table 1: List of genes used to identify putative PGCLCs in human gastruloids

Combination of markers Number Selected for further analysis
TFAP2C.PDPN.POUS5SF1 895

PRDM1.PDPN.POUS5SF1 171

PRDM1.TFAP2C.POU5F1 94

PRDM1.TFAP2C.PDPN 87

PRDM14.PDPN.POUSF1 67

DND1.PDPN.POUS5SF1 39

NANOG.PDPN.POUS5F1 34

PDPN.POU5F1.NANOS3 32 YES
UTF1.PDPN.POUS5F1 31

PRDM14.TFAP2C.PDPN 27

PRDM14.TFAP2C.POUS5SF1 27

PECAM1.PDPN.POU5F1 25

SOX15.PDPN.POU5SF1 20

CD38.PDPN.POU5SF1 16 YES
NANOG.TFAP2C.PDPN 12

NANOG.TFAP2C.POUSF1 12

UTF1.TFAP2C.POUS5SF1 12

UTF1.TFAP2C.PDPN 11

DND1.TFAP2C.PDPN

[EEN
o

DND1.TFAP2C.POU5F1 9
PECAM1.TFAP2C.PDPN 9
PECAM1.TFAP2C.POU5F1 9
SOX15.TFAP2C.PDPN 9
SOX15.TFAP2C.POU5F1 8
CD38.TFAP2C.POU5F1 7 YES
PRDM14.PRDM1.PDPN 7 YES
PRDM14.PRDM1.POU5F1 7 YES
CD38.TFAP2C.PDPN 6 YES
PRDM1.NANOG.PDPN 5 YES
PRDM1.NANOG.POU5F1 5 YES
PRDM14.PRDM1.TFAP2C 5 YES
TFAP2C.POU5F1.NANOS3 5 YES
PRDM1.NANOG.TFAP2C 3 YES
PRDM14.NANOG.PDPN 3
PRDM14.NANOG.POUS5F1 3
SOX15.PRDM1.POU5F1 3
SOX15.PRDM1.TFAP2C 3
TFAP2C.PDPN.NANOS3 3 YES
UTF1.PRDM1.PDPN 3
UTF1.PRDM1.POU5F1 3
CD38.PRDM1.PDPN 2 YES
CD38.PRDM1.POUSF1 2
PECAM1.PRDM14.PDPN 2




PECAM1.PRDM14.POUSF1

YES

PRDM14.NANOG.TFAP2C

PRDM14.PRDM1.NANOG

SOX15.PRDM1.PDPN

SOX17.PDPN.POUS5F1

NINININININ

UTF1.PRDM1.TFAP2C

Total 1755

61

Supplementary Table 2: List of antibodies used for IF and flow cytometry

Antibodies Host Supplier Reference Number

POUS5F1 (OCT4) Mouse BD Biosciences 611203

NANOG Rabbit Peprotech 500-P236

SOX2 Mouse Santa Cruz Sc3465823

SOX2 Goat Abcam Ab239218

SOX2 Goat Santa Cruz Sc17320

BRACHYURY (BRA) Rabbit Abcam Ab209695

SOX17 Goat R & D Systems AF1924

SOX17 Rabbit Cell Signalling 817785
Technology

BLIMP1 Rabbit Cell Signalling 9115
Technology

TFAP2C (AP-2Y) Rabbit Abcam Ab218107

TFAP2A (AP2a) Mouse Santa Cruz Sc12762

EOMES Sheep R & D Systems AF6166

SOX1 Goat R & D Systems AF3369

GATA6 Goat R & D Systems AF1700

CDX2 Rabbit Cell Signalling 123065
Technology

RFP Mouse Rockland/Cambridge 200-301-379S
Bioscience

ISL1 Rabbit Invitrogen PA5-27789
(Thermofisher
Scientific)

GATA3 Rabbit Abcam ab199428

pSMAD1/5/8 Rabbit Cell Signalling 9516s
Technology

VTCN1_PE-CY7 (flow | Mouse anti- BioLegend 358105

cytometry) human

PDPN_BV421 (flow Mouse anti- BD Biosciences 5664565

cytometry) human

Supplementary Movie 1: Distribution of multilineage cells in a 3D human gastruloid




