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Figure S1: In vitro capture and characterization of 3D Epiblast Stem Cells. (Related to Figure 1) 
(A, B) Relative expression levels of Pou5f1 (Oct4), Nanog, Sox2 (A), Fgf5, and Otx2 (B) in cells cultured in different 
conditions. Data are shown as mean ± SEM. n = 6 samples, 3 independent experiments. Kruskal-Wallis test. ns: 
non-significant. 
(C, D) Immunostaining of 3D EpiSCs. Arrows indicate polarized localization of apical polarity markers. Scale bars: 
20 µm. 
(E) Immunostaining of cells cultured in 3D Matrigel using formative conditions. Scale bars: 20 µm. 
(F) Morphological characterization of spheroids from (E). Data are shown as a pie chart, and the total number of 
spheroids analyzed is indicated. 
(G) Ratio of differentiated cells in spheroids from (E). Data are shown as mean ± SEM. Each dot represents an 
individual spheroid. n = 42 (Brachyury), 41 (Sox17) and 41 (Sox1) spheroids.  3 independent experiments.
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Figure S2
Figure S2: Characterization of epiblast-derived 3D EpiSCs. (Related to Figure 1) 
(A) Brightfield images of epiblast-derived cells at early (P6-P8) and late (P18-19) passages, cultured in different 
conditions. Cells were either embedded in Matrigel (3D) or cultured in monolayer (2D). FAXN: bFgf2, Activin-A, 
XAV939 and Noggin, FA: bFgf2 and Activin-A. Scale bars: 100 µm.  
(B, C) Relative expression levels of Pou5f1 (B) and Fgf5 (C) in cells cultured under different conditions. Data are 
shown as mean ± SEM.  n = 6 samples per condition, 3 independent experiments. Kruskal-Wallis test. *p = 0.0109, 
ns: non-significant. 
(D-F) The ratio of differentiated cells in cells from Figure 1I at early and late passages. Data are shown as mean ± 
SEM. Each dot represents an individual spheroid. In (D), n = 99, 40, and 41 (early passage) and 109, 41, and 41 
(late passage). In (E), and (F) n = 104, 40, and 38 (early passage) and 102, 40, and 40 (late passage). 5 independ-
ent experiments. Kruskal-Wallis test, ****p < 0.0001. 
(G) Proliferation rates for cells in (A). Data are shown as mean ± SEM. n = 8 samples per condition and time point. 
4 independent experiments. Kruskal-Wallis test, ns = non-significant.
(H) Karyotype analysis based on chromosome spreads in cells from (A), at early and late passages. Cells that did 
not have 40 chromosomes were considered abnormal. Data are shown as a contingency bar graph, and the number 
of cells analyzed per category is indicated. 4 independent experiments. X2 test, **p = 0.0039. 
(I) Morphological characterization of 3D spheroids derived from ESCs or EpiSCs. Data are shown as a contingency 
bar graph, and the number of spheroids per category is indicated. 3 independent experiments. X2 test. ns: non-sig-
nificant.
(J) Ratio of differentiated cells in spheroids derived from ESCs or EpiSCs. Data are shown as mean ± SEM. Each 
dot represents an individual spheroid. For ESCs n = 55 (Brachyury), and 50 (Sox17/Sox1) spheroids. For EpiSCs n 
= 48 (Brachyury), and 50 (Sox17/Sox1) spheroids. 3 independent experiments. Mann-Whitney U test. ns: non-sig-
nificant.



B

Figure S3

0.0
0.2
0.4
0.6
0.8
1.0

3D EpiSC

 (Embryo)
3D EpiSC

(ESC) EpiSC

Epi - E
6.5

ExE - E
6.5

Epi - E
5.5

ExE - E
5.5

�
�

�

�

�

�

�

1 2 3

E3
.5_

IC
M_

rep
1

E3
.5_

IC
M_

rep
3

E3
.5_

IC
M_

rep
2

E4
.5_

Ep
i_r

ep
1

E4
.5_

Ep
i_r

ep
2

E4
.5_

Ep
i_r

ep
3

E5
.5_

Ep
i_r

ep
1

E5
.5_

Ep
i_r

ep
2

E5
.5_

Ep
i_r

ep
3

E6
.5_

Ep
i_r

ep
1

E6
.5_

Ep
i_r

ep
2

E6
.5_

Ep
i_r

ep
3

E7
.5_

Ep
i_r

ep
1

E7
.5_

Ep
i_r

ep
2

E7
.5_

Ep
i_r

ep
3

ES
C_

3D
_re

p1
ES

C_
3D

_re
p2

ES
C_

3D
_re

p3
Em

bry
o_

3D
_re

p1
Em

bry
o_

3D
_re

p2
Em

bry
o_

3D
_re

p3
Ep

iSC
_re

p1
Ep

iSC
_re

p2
ES

C_
rep

1
ES

C_
rep

2
ES

C_
rep

3
Ep

iLC
_re

p1
Ep

iLC
_re

p3
Ep

iLC
_re

p2

samplelog(TPM+1)0.60.70.80.91SampleE3.5_ICME4.5_EpiE5.5_EpiE6.5_EpiE7.5_EpiESCEpiLCEpiSC3D EpiSC ESC3D EpiSC Embryo

1 2 3

0.6
0.7
0.8
0.9
1

Sample
E3.5 ICM
E4.5 Epi
E5.5 Epi
E6.5 Epi
E7.5 Epi
ESCs

EpiLCs
EpiSCs

3D EpiSCs (ESC)
3D EpiSCs (Epi)

A

9000

6000

3000

0

6

4

2

0

8000

6000

4000

2000

nFeature 
RNA

percent
.mt

nCount
 RNA

7000

6000

5000

4000

3000

2000

1000 0

5000

4000

3000

2000

1000

0

6

4

2

3D EpiSCs (Epi)

3D EpiSCs (ESC)

5.0

2.5

0.0

-2.5

-5.0
5.02.50.0-2.5-5.0

U
M

A
P

 2

UMAP 1
5.02.50.0-2.5-5.0

G1
G2/M
S

3D EpiSCs (Epi)3D EpiSCs (ESC)E

C

5.0

2.5

0.0

-2.5

-5.0
5.02.50.0-2.5-5.0

UMAP 1

5.0

2.5

0.0

-2.5

-5.0
5.02.50.0-2.5-5.0

UMAP 1

U
M

A
P

 2

U
M

A
P

 2

Epiblast (Epi)
Primitive Streak (PS)
Unknown (U)

3D EpiSCs (ESC)
3D EpiSCs (Epi)10

5

0

-5

-5

U
M

A
P

 2

50
UMAP 1

-5 50 -5 50

3D EpiSCs (ESC) 3D EpiSCs (Epi)  Embryo

nFeature 
RNA

nCount
 RNA

1 10 11 12 13 15 16 17 18 19 2 20 21 22 23

       26  27 3 30 32 35 36 37 38 41 5  6  7  8   9

percent
.mt

D

F G

H

EpiblastEctoderm
Endoderm

Mesoderm

Figure S3: Transcriptomic and epigenomic characterization of 3D EpiSCs. (Related to Figure 2)
(A) Expression correlation heatmap of in vivo and in vitro samples. Only genes expressed with an average log 
(TPM+1) across all in vitro and in vivo samples were considered for correlation analysis.
(B) Violin plots showing the DNA methylation distribution obtained using WGBS for ESC- and epiblast-derived 3D 
EpiSCs, EpiSCs, and in vivo Epiblast and extra-embryonic ectoderm (ExE) at E5.5 and E6.5. 
(C) Quality control plots for scRNAseq depicting the distribution of the number of genes, the number of UMI, and the 
percent mitochondrial UMIs per cell for 3D EpiSCs obtained from ESCs.
(D) Quality control plots for scRNAseq depicting the distribution of the number of genes, the number of UMI, and the 
percent mitochondrial UMIs per cell for 3D EpiSCs obtained from Epiblast.
(E) UMAP of scRNAseq data with cells being colored by predicted cell cycle stage.
(F) Joined UMAP of scRNAseq data with cells being colored by origin.
(G) Joined UMAP of scRNA data with cells being colored by cluster.
(H) Projection of in vitro 3D EpiSCs obtained from ESC (left) or Epiblast (middle) onto an in vivo reference data set 
UMAP of E6.5, E7.0, and E7.5 embryos (right). The identity of the cell clusters is specified in ref 34. 
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Figure S4
Figure S4: Morphological characterization of 3D EpiSCs. (Related to Figure 3)
(A-C) Histograms showing surface area (A), volume (B), and ellipticity (C) per spheroid. n = 142 from 6 independent 
experiments.
(D) Lumenal volume in spheroids classified according to their lumen phenotype. Data are shown as mean ± SEM. 
Each dot represents an individual spheroid. n = 31, 100, and 11 spheroids. 6 independent experiments. Kruskal-Wal-
lis test, ***p = 0.0001 and ****p < 0.0001.
(E) Normalized lumen distance in 3D EpiSCs classified according to Brachyury expression. Data are shown as mean 
± SEM. n = 8713 (Brachyury-) and 537 (Brachyury+) cells from 65 spheroids. 3 independent experiments. 
Mann-Whitney U test, ****p < 0.0001.
(F) Immunostaining of 3D EpiSCs showing the presence of a single or multiple lumens. Scale bars: 30 µm.
(G) Distance to the nearest lumen of epithelial and delaminated cells in spheroids containing single or multiple 
lumens. Data are shown as mean ± SEM. Each dot represents the lumen distance of a single cell. n = 82 (epithelial) 
and 75 (delaminated) cells for single lumen and 43 (epithelial) 39 (delaminated) cells for multiple lumen structures. 
17 and 13 spheroids for single and multiple lumens, respectively. 2 independent experiments. Kruskal-Wallis test, 
**** p<0.0001. 
(H, I) Volume (H) and surface area (I) in spheroids classified according to the presence/absence of Brachyury+ cells. 
Data are shown as mean ± SEM. Each dot represents an individual spheroid. n = 25 (Brachyury-) and 40 
(Brachyury+) spheroids. 3 independent experiments. Mann-Whitney test, ***p = 0.0009 (H) and ***p = 0.0005 (I).
(J) Immunostaining of 3D EpiSCs. Arrows indicate unpolarized Golgi localization. Scale bar: 20 µm.  
(K) Analysis of Golgi localization in cells from (J). Data are shown as a contingency bar graph, and the number of 
cells per category is indicated. n = 43 spheroids. 4 independent experiments. Fisher's exact test, ****p < 0.0001
(L) Immunostaining of E6.5 mouse embryo. A-P: anterior-posterior axis. Scale bar: 50 µm.  
(M) E-cadherin (E-cad) levels at cell-cell boundaries in embryos from (L), measured in Brachyury- and Brachyury+ 
regions of the epiblast. Each dot represents an individual cell-cell boundary. n = 48 cell-cell boundaries per category 
from 11 embryos. 3 independent experiments. Unpaired Student’s t-test, ns: non-significant.
(N, O) Dot plot showing the expression of pluripotency and differentiation markers (N) and signaling targets and 
inhibitors (O) in T- and T+ cells from 3D EpiSCs derived from ESCs (top) or epiblast (bottom). Color encodes the 
normalized gene expression level and the dot size encodes the percentage of positive cells within a cluster. Mes, 
mesoderm. End, endoderm.
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Figure S5
Figure S5: Effects of proliferation and crowding in delamination and Brachyury expression. (Related to 
Figure 4)
(A) Mitotic index of cells from Figure 4B. Data are shown as mean ± SEM. Each dot represents an individual sphe-
roid. n = 47 and 43 spheroids. 3 independent experiments. Mann-Whitney test, *p = 0.0214.
(B, C) Immunostaining of 3D EpiSCs. Myci: Myc inhibitor. Scale bars: 20 µm.
(D) Mitotic index of cells from Figure 4G. Data are shown as mean ± SEM. Each dot represents an individual sphe-
roid. n = 58 and 61. 5 independent experiments. Mann-Whitney test, ***p = 0.0003.
(E) Schematic image showing the culture of 3D EpiSCs in microcavities. 
(F) Representative brightfield images of the PDMS mold, dissociated 3D EpiSCs at plating, and elongated structures 
48 hours after plating. Scale bars: 100 µm.  
(G) Immunostaining of 3D EpiSCs cultured in microcavities. Arrows indicate delaminated cells. Scale bar: 20 µm.
(H) Polarity analysis in cells from (G). Data are shown as a contingency bar graph, and the number of cells per cate-
gory is indicated. n= 12 structures. 3 independent experiments. X2 test. ****p < 0.0001.
(I) Immunostaining of 3D EpiSCs cultured in microcavities with or without Myc inhibitor (Myci). Arrows indicate 
delaminated cells. Scale bars: 20 µm.
(J, K) Lumen ellipticity (J) and lumen volume (K) of 3D EpiSCs cultured in microcavities. Data are shown as mean ± 
SEM. Each dot represents an individual structure. N = 16 (DMSO) and 16 (Myci). 3 independent experiments. ns: 
non-significant.
(L) Relative cell density at tips or sides in 3D EpiSCs from (I). Data are shown as mean ± SEM. Each dot represents 
an individual structure. N = 16 (tip and side, DMSO) and 17 (tip and side, Myci) structures. 3 independent experi-
ments. one-way ANOVA, **p = 0.0093, ***p = 0.0002 and ****p < 0.0001
(M, N) Percentage of basal delamination (M) and Brachyury+ cells (N) at tips or sides in 3D EpiSCs from (I). Data 
are shown as mean ± SEM. Each dot represents an individual structure. N = 16 (tip and side, DMSO) and 17 (tip and 
side, Myci) structures. 3 independent experiments. For (M), one-way ANOVA. For (N), Kruskal-Wallis test. *p = 
0.0226, ****p < 0.0001 and ns: non-significant. 
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Figure S6
Figure S6: Analysis of TagRFP-aPKC overexpression in 3D EpiSCs. (Related to Figure 5 and 6)
(A) Immunostaining of E7.5 mouse embryos showing the apical surface of posterior epiblast cells. Yellow and white 
arrows show strong and weak expression of aPKC at cell-cell boundaries respectively. Scale bar: 50 µm
(B) Correlation analysis between apical surface area and apical aPKC intensity in cells from (A). Each dot repre-
sents an individual cell. n = 65 cells from 5 embryos. 2 independent experiments.
(C) TagRFP-aPKC levels in 3D EpiSCs overexpressing TagRFP-aPKC in the presence of doxycycline (DOX). Data 
are shown as mean ± SEM. Each dot represents an individual cell. n = 319 (-DOX) and 559 (+DOX) cells from 25 
(-DOX) and 36 (+DOX) spheroids. 6 independent experiments. Mann-Whitney test, ****p < 0.0001.
(D) Analysis of basal cell delamination in 3D EpiSCs overexpressing TagRFP-aPKC. Data are shown as a contin-
gency bar graph, and the number of cells per category is indicated. n= 25 (-DOX) and 36 (+DOX) spheroids. 5 inde-
pendent experiments. X2 test. ****p < 0.0001.
(E) Percentage of Brachyury+ cells in 3D EpiSCs overexpressing TagRFP-aPKC. Data are shown as mean ± SEM. 
Each dot represents an individual spheroid. n=45 and 52 spheroids. 3 independent experiments. Mann-Whitney U 
test, **p = 0.0100.
(F) Percentage of Brachyury+ cells in 3D EpiSCs overexpressing TagRFP-aPKC. Data are shown as a contingency 
bar graph. n= 25 (-DOX) and 36 (+DOX) spheroids. 5 independent experiments. X2 test, ****p < 0.0001.
(G) TagRFP-aPKC levels in 3D EpiSCs overexpressing TagRFP-aPKC classified based on Brachyury expression. 
Data are shown as mean ± SEM. Each dot represents an individual cell. n = 507 (Brachyury-) and 52 (Brachyury+) 
cells from 36 (+DOX) spheroids. 5 independent experiments. Mann-Whitney test, ****p < 0.0001.
(H) Normalized lumen distance in 3D EpiSCs overexpressing TagRFP-aPKC classified based on Brachyury expres-
sion. Data are shown as mean ± SEM. Each dot represents an individual cell. N = 507 (Brachyury-) and 52 
(Brachyury+) cells from 36 (+DOX) spheroids. 5 independent experiments. Mann-Whitney U test, *p = 0.0274.
(I) Analysis of basal cell delamination in 3D EpiSCs overexpressing TagRFP-aPKC classified based on 
Brachyury expression. Data are shown as a contingency bar graph, and the number of cells per category is 
indicated. n= 36 (+DOX) spheroids. 5 independent experiments. X2 test, ****p < 0.0001.
(J) Analysis of cells in 3D EpiSCs based on Brachyury expression and position. Data are shown as a contingency 
bar graph, and the number of cells per category is indicated. n= 28 (24 h) and 19 (48 h) spheroids. 3 independent 
experiments. X2 test, ****p < 0.0001
(K) Immunostaining of cells overexpressing TagRFP-aPKC cultured in FA medium with/without DOX. Scale bars: 20 
µm.
(L) Percentage of Brachyury+ cells in cells from (K). Data are shown as mean ± SEM. Each dot represents an 
individual 2D image. n = 27 (-DOX) and 21 (+DOX) fields. 3 independent experiments. Kruskal-Wallis, ns: non-sig-
nificant.
(M)Analysis of chimerism. Data are shown as mean ± SEM. Each dot represents an individual embryo. n = 9 and 
10 embryos. 7 independent experiments. Mann-Whitney U test, ns: non-significant.
(N) Correlation analysis between the size of the Brachyury+ area and the vertical length of epiblast in chimeric 
embryos. n = 8 (-DOX) and 8 (+DOX) embryos. 8 independent experiments.
(O) Circularity of spheroids in Figure 6F. Data are shown as mean ± SEM. Each dot represents an individual sphe-
roid. n = 20 and 23. 2 independent experiments. Mann-Whitney U test, *p = 0.0199.
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Figure S7: Analysis of Bmp and Wnt inhibition in 3D EpiSCs. (Related to Figure 7)
(A) Immunostaining of 3D EpiSCs established from a Bmp reporter ESC line (IBRE4-CFP) and cultured on FAXN 
(Noggin) or FAXL (LDN). Scale bars: 30 µm.
(B) Quantification of Bmp activity in spheroids from (A). Data are shown as mean ± SEM. Each dot represents an 
individual spheroid. n = 58 (FAXN) and 55 (FAXL) spheroids. 3 independent experiments. Mann-Whitney U test, ns: 
non-significant.
(C) Morphological characterization of WT spheroids cultured on FAXN and FAXL. Data are shown as a contingency 
bar graph, and the number of spheroids per category is indicated. 2 independent experiments. X2 test. ns: not signifi-
cant.
(D) Ratio of differentiated cells from WT spheroids cultured on FAXN and FAXL. Data are shown as mean ± SEM. 
Each dot represents an individual spheroid. n = 35 and n = 34 spheroids for FAXN and FAXL, respectively. 3 inde-
pendent experiments. Mann-Whitney U test. ns: not significant.
(E) Immunostaining of 3D EpiSCs cultured in a medium containing Noggin (FAXN) or Gremlin (FAXG). Scale bars: 
20 µm.
(F) Morphological characterization of spheroids from (E). Data are shown as a contingency bar graph, and the 
number of spheroids per category is indicated. 3 independent experiments. X2 test. ns: not significant.
(G) The ratio of Brachyury+ cells in spheroids from (E). Data are shown as mean ± SEM. Each dot represents an 
individual spheroid. n = 35 and n = 27 spheroids for FAXN and FAXG, respectively. 3 independent experiments. 
Mann-Whitney U test, ns: non-significant.
(H), Immunostaining of naïve ESCs cultured in N2B27 with/without Bmp2 for 24 h.  Scale bars: 20 µm.
(I), Nuclear-cytoplasmic N/C ratio of pSmad1/5/9 intensity in cells from (H). Data are shown as mean ± SEM. Each 
dot represents an individual 2D image. n = 15, 15, 15 and 16 fields. 2 independent experiments, Kruskal-Wallis, ****p 
< 0.0001, ns: non-significant.
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