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Implantation of the human embryo begins a critical developmental stage that
comprises profound events including axis formation, gastrulation and the emergence
of haematopoietic system"? Our mechanistic knowledge of this window of human life
remains limited due to restricted access to in vivo samples for both technical and
ethical reasons®. Stem cell models of human embryo have emerged to help unlock
the mysteries of this stage® 6. Here we present a genetically inducible stem
cell-derived embryoid model of early post-implantation human embryogenesis that
captures the reciprocal codevelopment of embryonic tissue and the extra-embryonic
endoderm and mesoderm niche with early haematopoiesis. This model is produced
frominduced pluripotent stem cells and shows unanticipated self-organizing cellular
programmes similar to those that occur in embryogenesis, including the formation of
amniotic cavity and bilaminar disc morphologies as well as the generation of an
anterior hypoblast pole and posterior domain. The extra-embryonic layer in these
embryoids lacks trophoblast and shows advanced multilineage yolk sac tissue-like
morphogenesis that harbours a process similar to distinct waves of haematopoiesis,
including the emergence of erythroid-, megakaryocyte-, myeloid- and lymphoid-like
cells. This model presents an easy-to-use, high-throughput, reproducible and scalable
platform to probe multifaceted aspects of human development and blood formation
at the early post-implantation stage. It will provide a tractable human-based model for

drugtesting and disease modelling.

Understanding human embryogenesis is central to treating congenital
diseases and infertility as well as creating functional human cells and
organs for transplantation. Immediately afterimplantation, the embryo
and codeveloping extra-embryonic tissues are profoundly remodelled
and initiate morphological changes central to the success of preg-
nancy, including the formation of the amniotic cavity and emergence
of yolk sac haematopoiesis"2. However, early post-implantation stages
of human development are difficult to study due to limited access,
technical complexities and ethical concerns®>. Furthermore, with its
flat bilaminar disc structure, the early post-implantation stage human
embryo morphologically differs from its mouse counterpart. In vitro
human stem cell-based embryo models or human embryoids have
recently emerged, opening tremendous biomedical opportunities to
study this stage of human life in detail®'®. However, current models
each have their own drawbacks, such asinstability in post-implantation
stage progression, lack of crucial extra-embryonic layers, low efficiency

and technical challenges, including reliance on complex culture condi-
tions that may not effectively support a wide range of cell types with
optimal efficiency. Furthermore, none of the models have been able
toreconstitute the intricate process of early human haematopoiesis, a
critical event affecting both embryo viability and adult human health”.

Toovercome some of these challenges, we present ahuman embryoid
model containing extra-embryonic niche and yolk sac haematopoiesis
dubbed ‘heX-embryoid’. This platform leverages an approach that
genetically engineers a population of human-induced pluripotent stem
(hiPS) cells. Oninduction, an extra-embryonic hypoblast-like niche is
formed that triggers three-dimensional (3D) self-organization of the
epiblast-like cells. heX-embryoid is similar to a flattened yolk sac cav-
ity surrounding an epiblast-hypoblast interface and amniotic cavity
(Extended DataFig.1a). It shows the development of ahuman bilaminar
disc structure, specification of anterior hypoblast-like cells, lume-
nogenesis, formation of amnion-like tissue and symmetry breaking
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Fig.1|Engineering codevelopment ofembryonic and extra-embryonic
endodermtissues. a, Schematic demonstrating cell mixing and subsequent
organization of iGATA6 (green) and WT (orange) hiPS cells after GATA6
induction by Dox. b, IF staining demonstrating self-organization of heX-
embryoidsinthe cultures. c, Live time-lapse images of one embryoid showing
growthofacentrallumenfromarosette indicated by an arrow. d, Phase and
fluorescenceimages fromlive day 4 cultures showing developed heX-
embryoid morphologies with EGFP-expressing iGATA6 around a WT cluster.

e, Quantification of characteristics of WT clusters possessing differentiGATA6
coverage and lumen formation characteristics. Noislands without coverage
were observed possessing alumen (+0%). nrepresents the number of
heX-embryoid assessed from atleast two biological replicates. f, Single-cell
UMAP and hypergeometric statistical comparisons of differentially expressed

leading to posterior pole specification. Its extra-embryonic-like tissue
shows maturation towards yolk sac tissue identity and the emergence
of possible haematopoietic niches together with different waves of
blood-like cells. Our platformlacks any trophoblast layer or analogue;
hence, it offersa‘non-integrated’ model of human embryogenesis with
extra-embryonic haematopoiesis, at an earlyimplantation stage when
theembryoinvivois atits most inaccessible state.

Epiblast and hypoblast codevelopment

We engineered an hiPS cell line with an inducible transgene that
expresses human GATA6 (iGATAG6), a key transcription factor for
extra-embryonic endodermal fate decision (Fig. 1aand Extended Data
Fig.1b). These iGATAG6 cells express different amounts of GATA6 on the
addition of a small molecule, doxycycline (Dox), distinguishable by
expression of thereporter enhanced green fluorescent protein (EGFP)
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gene (DEG) lists between day 2 embryoids and human and cynomolgus monkey
embryosingle-cell datasets. Labels above heatmapsindicate pre-implantation
versus post-implantation embryo sample comparisons; grey bars under labels
indicate cynomolgus monkey comparisons. Leading lettersindicate the source
dataset: T fromref.23, X fromref. 24, M fromref.26 and XC fromrefs. 24,25.

g, Single-cell UMAP and hypergeometric statistical comparisons of differentially
expressed gene lists between day 4 embryoids and human and cynomolgus
monkey embryo single-cell datasets. Black boxes highlight high DEG similarity
(low Pvalues) torelevant populations of interest. YSE, yolk sacendoderm;
YSM, yolk sac mesoderm. For hypergeometric tests, we performed Benjamini-
Hochberg correction for multiple testsin all comparisons. Tests were
performed as one-sided tests. Scale bar, 50 um (c), 100 um (d), 1,000 pm (b).
Illustrationin awas created using BioRender (https://biorender.com).

(Extended Data Fig. 1c). When iGATA6 and wild-type (WT) hiPS cells
were co-assembled in 3D, they yielded aggregates in which the entire
EGFP* extra-embryonic endoderm-like cells (outer layer) were in close
contact with WT epiblast-like cells (inner layer), missing parts analo-
gous to yolk sac tissue that was formed away from the epiblast cells
(parietal). Furthermore, we found that WT cells could not consistently
induce symmetry breaking to amnion- and epiblast-like domains and
the overall organization did not recapitulate the structural format of
thebilaminar disc (Extended Data Fig. 1d,e). Moreover, in vitroreattach-
ment of 3D embryo-like structures to a dish to mimicimplantation has
shown organizational instability that limits developmental potential®.

Toaddress these challenges, we aimed to develop astrategy to gener-
atestructures off of the cell culture plate by igniting two-dimensional
(2D)-to-3D self-organization. The iGATA6-hiPS cells were mixed with WT
hiPS cells, and the mixed population of cells was seeded onto standard
culture plates atadefined cell ratio and density (Fig. 1a). After treatment


https://biorender.com

with Dox, the iGATA®6 cells upregulate GATA6 and EGFP as expected, and
show loss of the pluripotency marker NANOG (Extended Data Fig. 1f).
During the first 48 h, from an initial state of random distribution,
induced iGATAG6 cells and WT cells proliferate,and WT cells are organ-
izedintodisc-shaped clusters confined by iGATAG6 cells (Supplementary
Video1, Fig.1band Extended DataFig.1a,g,h). Subsequently, the migra-
tion of the iGATAG cells over the upper surface of these WT clusters
occurs in conjunction with 3D growth within the WT disc (Extended
DataFig.liand Supplementary Video 2). This behaviour was observed
when the system was maintained on mTeSR (Extended Data Fig. 1j).
These events resultin amembrane of extra-embryonicendoderm-like
cellsthat express GATA4 and SOX17 but lack OCT4 over amultilayer WT
structure (Fig.1a,c,d and Extended DataFig. 1i). The process of upwards
iGATA6 migration occurs in parallel with the deposition of a laminin
membrane surrounding the WT clusters (Extended DataFig.2a,b). The
laminin deposition by the iGATA®6 cells can subsequently trigger cell
polarization within cells of the WT cluster, which promotes the forma-
tion of cellular rosettes central to the WT clusters, resembling embry-
onic morphology around Carnegie Stage (CS)5a (Fig.1c and Extended
DataFig.2a). We observe the conversion of these rosettes into lumens,
mimicking the expansion of the pro-amniotic cavity around CS5b-CS5c¢
of development (Fig. 1c, Extended Data Fig. 2a and Supplementary
Videos 3 and 4)'8, This is facilitated by expression of PODXL, an api-
cally expressed antiadhesive surface proteinimplicated in embryonic
lumen formation, and ZO-1, an apical tight junction protein (Extended
Data Fig. 2d,e)". This laminin deposition and lumen formation is not
observedin WT-only culture in equivalent conditions (Extended Data
Fig. 2f). We noticed that when an iGATAG6 layer did not surround the
WT clusters, lumen formation did not occur (Fig. 1e). The number of
clusters with no coverage by an iGATA®6 layer progressively decreases
by day 5 as the migration of iGATA6 cells moves forward (Fig. 1e). Ulti-
mately, following expansion of the lumen, the two cell monolayers,
composed of epiblast-like WT (NANOG*) and endoderm-like GATA6*
cells, are positioned on either side of alaminin membrane (Fig. 1a,c
and Extended Data Fig. 2d), forming a cellular arrangement similar
to the bilaminar disc in the early post-implantation human embryo?.
Analysis of the culture media showed high amounts of secreted AFP
and APOAL1, two proteins known to be produced by primitive endoderm
and yolk sac tissues (Extended Data Fig. 2g).

Duringour initialanalysis, we noticed thatatday5,in WT clusters with
higher area and often lower circularity, cavity formation occurred by
several lumens (Extended Data Fig. 2h,i). To optimize cluster size and
number, we tested a range of seeding ratio and densities for iGATA6
and WT cells, to achieve cluster area most consistently within a size
range corresponding to the E9-E17 human bilaminar disc (Extended
DataFig.2j) (Carnegie nos.8004 and 7700 inref. 21, Carnegie no. 7801
inref.22). Tothisend, we selected aseeding ratio of 81/5iGATA6/WT at
adensity of 54,000 cells per cm? (Extended DataFig. 2j, dotted boxes).
When we applied this optimized seeding density, we could detect 74%
ofembryoidsinthe expected physiological size range (Extended Data
Fig. 2k). We also observed most (70.9%) of our embryoids in this size
range produced asingle lumen (Extended Data Fig. 2k). Thus, by adjust-
ing these initial parameters, we could gain control over size, number,
circularity and lumen formation.

Intra- and/or extra-embryonic scRNA trajectories

To uncover the cell types that develop during the observed morpho-
genetic events, we conducted single-cell RNA sequencing (scRNA-seq)
from day O to day 5 of cultures (Extended Data Figs. 3-5). Performing an
unsupervised comparison of the transcriptomes with the E16-19 human
embryo®, E6-E14 human embryo samples?** and the E18-20 cynomol-
gus embryo® revealed the acquisition of distinct post-implantation-like
cellular fates in our identified subpopulations (Fig. 1f,g and Extended
Data Fig. 4a-c). As early as 24 h (D1) after induction, cultures showed

the emergence of cell populations (D1_G1, G2, G3) with transcriptomic
similarity to human hypoblast, alongside a corresponding epiblast-like
population (D1_W1) (Extended Data Fig. 4a-c). By 36 h (D1.5), iGATA6
cells become statistically similar to the human E12 hypoblast lineage
and this similarity strengthens through to day 5 of culture (Extended
Data Fig. 4b)*. Comparison with the E16-19 human and cynomolgus
embryo shows significant similarity to yolk sac endoderm and hypo-
blast, appearing at D1 and strengthening to day 5 (P=6.00 x 107 to
2.84 x 10" similarity significance to yolk sac (YS) Endoderm at day 5)
(Fig.1fand Extended Data Fig. 4a,c)*%.

Onday 2, there is significant statistical similarity to yolk sac endo-
derm within the iGATA6 population (clusters D2_G1, D2_G2, D2_G3,
D2_G4;P=1.3x10"t09.5 x10™*), with the highest GATA6-expressing
cells (cluster D2_GS5) diverging from this fate towards a more yolk sac
mesoderm-likestate (P= 6.8 x10™) (Fig.1fand Extended DataFig.4a—c).
By day 4, we observed the strengthening of the identities and of the
observed fate divergence. The lower GATA6 clusters (D4_Gland D4_G2)
showed increased expression of key yolk sac marker genes (GATA4,
PDGFRA, LAMA1, CUBN, AMN, NODAL) and statistical similarity to
human yolk sac endoderm (Fig. 1g and Extended Data Figs. 3b and
4a-c, P;;=1.3x107%, P;,=1.8 x107%%)%3% Each of the day 4 putative
iGATA6 endoderm was also statistically compared to the differentially
expressed gene lists of yolk sac endoderm and proliferating definitive
endoderm from the E16-19 human embryo. The lower GATA6 clusters
D4_Gland D4_G2 show a higher number of genesin common with yolk
sac, including apolipoprotein genes, PDGFRA and CUBN (Extended Data
Fig. 3¢)?, which is corroborated with the differential Jaccard similar-
ity to yolk sac endoderm between these populations (Extended Data
Fig.3d).

We next assessed other developed populations in the iGATA6 layer.
We observed that a ‘medium’ GATA6 population (D4_G3 and D4_G4)
had a strong anterior hypoblast-like identity (homologous to mouse
anterior visceral endoderm, with specific upregulation of anterior
hypoblast markers (LHXI, HHEX, FZDS, CER1, LEFTYI) (Extended Data
Fig. 3b)»%73° It showed lower statistical similarity to hypoblast and/
or yolk sac endoderm compared with low expressing GATA6 popu-
lations (Fig. 1g and Extended Data Fig. 4). This population shows a
higher number of differentially upregulated genes in common with
the definitive endoderm, which corroborates a recent study align-
ing human anterior endoderm more closely to a definitive endoderm
trajectory (Extended Data Fig. 3¢c,d)*'. We observed that the highest
GATA6 clusters, D4_G5and D4_G6, demonstrated statistical similarity to
humanyolk sac mesoderm with very subtle to no equivalent similarity
to emergent, nascent and axial mesoderm (Fig. 1g and Extended Data
Fig.4a,b, P;s=1.7 x 1072, Py, = 2.5 x107%). Our analysis revealed that the
signature for extra-embryonic mesoderm emerged as early as12 h after
the system’sinductioninthe highest GATA6 population (Extended Data
Fig. 4a). Taken together, our data demonstrate a divergence in tissue
fates similar to those in the yolk sac on the basis of GATA6 expression
amounts, with yolk sac endoderm-, anterior hypoblast- and yolk sac
mesoderm-like cells stratifying between populations expressing low,
medium and high average amounts of GATA6 (Extended Data Fig. 4
top row).

Recently, observationsin the cynomolgus monkey by Zhai et al. indi-
cate asimilar stratification of GATA6 concentrations inavariety subset
of tissues, notably between yolk sac endoderm (lower GATA6) and
mesoderm (higher GATA6) populations®. Within the WT clusters, iden-
tified by alack of GATA6 or EGFPtranscripts, we observe the divergence
ofthree separate populations fromthe epiblast-like compartment. The
first and largest cluster (D4_W1) maintained the similarity to human
epiblast, with expression of the pluripotency markers POUSF1 (OCT4),
SOX2and NANOG (Extended Data Figs.3band 4a, P,,, =1.15x10™*°). The
second (D4_W2) WT cluster had lower statistical similarity to human epi-
blast (P, =3.4 x107°to D16-19 Epi), but stronger similarity to human
primitive streak (P, = 3.6 x 10" to D16 PrS) (Fig.1g and Extended Data
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Figs. 3b and 4a). Our assessment of the third WT cluster at this time
point (D4_W3) showed the occurrence of aunique transcriptomic simi-
larity to human and cynomolgus amnion (P,; = 8.0x10 ®and 1.6 x 107,
respectively) (Fig. 1gand Extended Data Figs. 3b and 4a,c)**. We did not
observe a similarity to human trophoblast lineages (Extended Data
Fig.4b). Whenwe integrated all clusters across different days, iGATA6
and WT lineages occupied distinct compartments within the projec-
tionspace. However, we did observe spatial positioning of populations
aligned with their time of sampling (Extended Data Fig. 5a). Populations
sampled at different times can show similar fates (thatis, day 3 versus
day 5iGATA6 yolk sac endoderm-like cells) (Extended Data Fig. 5b).
Thetop-upregulated genes show distinct patterns across different cell
fates, with overlapping genes present across similar fates sampled at
different time points (Extended Data Fig. 5c).

Specification of amniotic ectoderm

Primate amniogenesis differs structurally and temporally from mice,
emphasizing the need for human model systems®. During the early
post-implantation phase, following lumenogenesisin the epiblast, the
epiblast cells undergo dorsal-ventral patterning to separate the epi-
blast from amniotic ectoderm?*. Our single-cell transcriptomic analysis
in WT cells showed a group of cells with transcriptomic similarity to
human and cynomolgus amnion thatemerged around day 3 (Fig.2a,b
and Extended DataFigs.4aand 5b). These cells express amnion markers,
including ISL1, TFAP2A (AP-2a) and GATA3, maintaining expression of
OCT4 while substantially lacking expression of NANOG (Fig. 2a,b)'**.
Our analysis through immunofluorescent (IF) staining corroborated
this finding, demonstrating a layer of ISLI'AP-2a" in heX-embryoids
(Fig. 2c-e and Extended Data Fig. 6a). We observed that these cells
were spatially segregated within the cavitated sac-like structure, with
the amnion-like lineage positioning away from the bilaminar iGATA6/
WT disc, forming amembrane against the tissue culture dish. WT cells
above, within the bilaminar iGATA6/WT disc, showed expression of
NANOG (Fig. 2c-e and Supplementary Video 5). We found that all
embryoids containing cavitated structures (100%, n = 350) expressed
ISL1at alevel high above the background signal (Fig. 2f).

Further IF staining for phosphorylated (p)SMAD1, pSMAD5 and
pSMADS8/9 (BMP4 effectors) revealed BMP4 signal transduction in
aring pattern concentrated at the edges of the embryoid (Fig. 2g
and Extended Data Fig. 6b). scRNA-seq at day 4 also showed specific
upregulation of BMP4 and its targets within the amnion-like population
(Extended Data Fig. 6¢). Recently, the active role of primate amniotic
tissue to promote BMP4 signalling has been suggested, acting down-
stream of ISL1 (ref. 33). It was also reported that BMP4 can promote
the formation of ISL1* amniotic tissue in a human embryo model'**,
Hence, to probe the link between BMP4 signalling and amnion fate in
heX-embryoid, we aimed to inhibit BMP signalling by treatment with
Noggin. We observed effective suppression of SMAD1/5/8 phospho-
rylation (Fig. 2h and Extended Data Fig. 6d), and a marked decrease
in amnion fate acquisition assessed by ISL1 expression (Fig. 2i and
Extended Data Fig. 6e,f). Collectively, we conclude that our platform
shows robust amniogenesis with formation of a dorsal-ventral axis
that is dependent on BMP4 signalling, supporting the use of these
embryoids for studying this key developmental event in humans.

Anterior hypoblast and posterior domain

Invivo evidence shows agroup of cells with anterior visceral endoderm
characteristics in human and non-human primates that have been
termed anterior hypoblast®. In mice, this tissue influences the poste-
rior axis specification through the expression of signalling inhibitors,
including CER1. Our scRNA-seq analysis of iGATA6 cells as early as day
2revealed a cluster of cells that show markers associated with anterior
hypoblast. These cells are positive for CER1, LHX1, HHEX, LEFTY1 and
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Lowerimages show a lateral slice of the WT disc. Scale bars,100 um. nrepresents
embryoid structures harvested from three independent experiments. a.u.,
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LEFTY2(Fig.3a)®. A population expressing these markers continued to
be presentin the following days (days 3 to 5) (Fig. 3a) but showed a dis-
tinct cluster fromday 2, primarily related to cell cycle-related pathways
(Extended DataFig.5d). Moreover, the analysis detected the emergence
of adistinct cluster of cells at day 3 and 4 in WT cells presenting TBXT
(Brachyury), MIXL1, GDF3 and EOMES, key markers associated with
development of the posterior pole in the embryo (Fig. 3b)*.
Following up with IF staining, we identified domains of cells express-
ing anterior hypoblast-related proteins (LHX1, HHEX) in a subset of
extra-embryonic cells surrounding the WT clusters as early as day 2
(Extended DataFig. 6g). Onday 4, CER1is observed to be expressedin
apolar manner within the LHX1'/HHEX" domains (Fig. 3c). Out of 396
embryoids assessed, we identified 42.4 + 4.1% (mean + s.d.169) embry-
oids with polar CER1-expressing domains on day 4, showing a similar
efficiency to existing ex vivo humanblastocyst cultures™?*. In parallel,
we showed development of TBXT* domains in 46.4 + 9.0% (323 out of
746) of WT clusterson day 4.30.8 + 5.0% (mean + s.d.; 215) of these 746
clusters showed asymmetric (polar) TBXT expression (Fig. 3d,e and
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Supplementary Video 6). Treatment with Noggin could eliminate TBXT*
poles, whereas we still observed the specification of CER1-expressing
cells (Extended Data Fig. 6h,i). Although this observation warrants
further mechanisticinvestigationin the future, it highlights the role of
BMP4 from amnion-like structures in posterior domain specification
in this model, corroborating with past reports®.

We then analysed our embryoids to evaluate anterior-posterior
axis positionings. Onday 4, we observed that 61.2 + 8.6% (mean + s.d.;
102 of169) of embryoids with polar configuration in CER1-expressing
cells possessed a TBXT-expressing pole (Fig. 3f). Within embryoids
with polarity inboth CER1and TBXT we observed two distinct patterns
(Fig. 3f,g and Extended Data Fig. 6j,k). 41.2 + 8.5% show an anti-polar
configuration, in which the TBXT" pole occupies the opposite radial
regionasthe CER1* domain, similar to anterior-posterior axis position-
ingin mouse at E6.5 (Fig. 3f-h and Extended Data Fig. 6k). In asecond
set of polar embryoids, we saw high expression of CER1in the proxim-
ity of TBXT" domains (Fig. 3f-h and Extended Data Fig. 6j). This set
of embryoids shows CER1" and TBXT" poles with a same radial region
(syn-polar), in contrast to past reported literature.

We also noted expression of CER1in a subset of TBXT" cells in the
posterior domains in some cases (Extended Data Fig. 6j,k) and sub-
sequent scCRNA-seq analysis showed the presence of a subpopulation
of CERI"TBXT cells in the cluster that represents posterior identity
(Extended Data Fig. 61). Co-expression of CER1 and TBXT may be
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clusters with a particular TBXT/CER1 polarity type when CER1confined to one
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CER1expression domains at opposing poles of the cluster (anti-polar, top) or
atthe same pole of the cluster (syn-polar, bottom). h, Diagramsindicating the
average radial expression patterns of TBXT in each polarity pattern fromWT
clusters witha polarized CER1-expressing domainindicated in f. All diagrams
arescaled tothe same expressionintensity value (1a.u.). Degreesindicate
radial distance around the circularized perimeter of a WT cluster from the CER1
peak shown.Shaded areasindicateregion of highest average TBXT polarity
corresponding to the polarity types. Scale bars, 100 pm. nrepresents the
embryoidstructures from three to four separate experiments harvested on day
4 afterinduction.

reflective of amore advanced stage post-E14 in which CER1 expression
actseither to prevent spreading of posterior domain® or represent early
mesendoderm commitment derived from a primitive streak®. Further
research is needed to explore the in vivo relevance of co-expressing
cells and the observed non-canonical polarization types (syn-polar)
in the human context. In summary, we propose heX-embryoids offer
amodel to study anterior-posterior axis biology, the development of
anterior hypoblast and posterior poles, and their respective cellular
progeny in a human context.

Yolk sac mesoderm and blood progenitors

During human development, yolk sac serves dual roles as a nutritional
source and asite for early blood production, beginning around E16-18
(refs.1,38,39). We detected developmental and functional maturation
of cellsinthe iGATA®6 layer aligned with human yolk sacendoderm and
mesoderm fates (Fig. 1g and Extended Data Figs. 2f and 4a). Hyper-
geometric statistical analysis of the clusters with highest expression
of GATA6 onday 4 (D4_G6) and 5 (D5_G3) reveals significant similarity
to human yolk sac mesoderm, haematopoietic lineage progenitors
and haemogenic endothelial cells using the annotation of the E16-19
human embryo. However, the haemogenic endothelial nature of this
cluster cannot be determined without further analysis. (Extended Data
Fig.7a,b)?.Examination of the D5_G3 cluster reveals higher expression
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ofthe extra-embryonic mesoderm cell surface marker BST2, as well as of
ECM proteins (Extended Data Fig. 7a)***°, Subpopulations of cells within
this cluster also show a higher average expression markers of human
yolksac mesoderm (CREB3L1, NR2F2, PLAGL1,ANXA1, NID2)***°, markers
of endothelial cells (CD34, PECAMI (CD31), TEK,ICAM1, PLVAP)>* and
markers of human haematopoiesis (GATA1, GATA2, KLF1,KLF2, ZEBI,
ZEB2, GYPA (CD235a) and GYPB (CD235b)) (Fig. 4a—c)*>%.,

IF analysis on day 5 initially reveals spindle-shaped cells positive
for TAL1 (scl), a key regulator of blood development. Further analy-
sis shows a subset of these cells were copositive for CD34 and ERG,
markers associated with haematopoietic and endothelial fates; we
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alsoidentified asmall population copositive for TAL1and RUNX], itself
another master transcription factorin haematopoiesis (Extended Data
Fig. 7c-e)*. Image analysis shows ERG" endothelial-like cells consist-
ently emerged underneath an iGATAG6 layer (Extended Data Fig. 7f),
resembling theinitial in vivo localization of human yolk sac mesoderm,
whereitis positioned against ECM proteininthe areaunderneath the
yolk sac endoderm®. The CD34*TAL1" cells were also EGFP*, indicat-
ing their development from an iGATA6-derived parental population
(Extended Data Fig. 7d). Staining for the endothelial markers KDR
(VEGFR2) and CDHS5 confirmed similar localization inday Sembryoids
(Extended Data Fig. 7g). To further characterize the development of


https://biorender.com

these endothelial-like cells with haematopoietic characteristics, we
followed these cultures beyond day 5. We observed minimal expan-
sion or differentiation of the CD34" endothelium in mTeSR media
(Extended Data Fig. 7h). Switching to Iscove’s modified Dulbecco’s
medium (IMDM) basal media without Dox after day 5resulted inanota-
ble expansion of the CD34" endothelial-like cells by day 12 (Extended
DataFig. 7h,i). We also observed the emergence of condensed areas
containing spherical cells in the yolk sac tissue-like compartment
by day 12 (Fig. 4d,e). IF staining of these areas revealed the presence
of a CD31" endothelial layer surrounding spherical cells expressing
Leukosialin (CD43),amarker of haematopoietic progenitors (Fig. 4d and
Supplementary Video 7)*. Having noted that yolk sac mesodermal-like
and haemogenic progenitor-like cells were predominantly associated
with the GATA6-hi cluster in scRNA-seq analysis, we further enriched
heX-embryoid cultures at the time of seeding with cells with a high copy
number of the inducible GATA6 circuit. This supplementation resulted
inanotable increase in the generation of CD43" haematopoietic-like
foci (Fig. 4f,g and Extended Data Fig. 8a,b), demonstrating the ability
to predictably and controllably enhance the final culture phenotype
atthe time of seeding.

Yolk sac-like haematopoiesis

Haematopoietic processes emergein vivoin the form of blood islands
within yolk sac tissues. Structural image analysis of CD43" foci in
heX-embryoids revealed an intricate 3D hierarchical organization.
CD34"endothelial vessel-like structures were packed between FOXA2*
endoderm-like cells occupying the top compartment, while Desmin*
mesoderm-like cells formed the basal layer (Fig. 4h-j, Extended Data
Fig.8c,d and Supplementary Video 8). This cellular arrangement resem-
blesthe reported morphology of bloodislands in the developing human
yolk sac at roughly E19-23 (Fig. 4k)*.

Further analysis showed the specification of cells expressing markers
forerythroid (CD235aand haemoglobin), myeloid and/or macrophage
(CD33 and CX,CR1) and megakaryocyte lineages (CD42b and CD41)
(Fig. 5a-c). These cells are specified in multilineage or uni-lineage
foci within the yolk sac-like tissue. We show foci containing both
erythroid-like and megakaryocyte-like cells or foci with myeloid-like
and megakaryocyte-like cells. Most haematopoietic foci observed were
multilineage, with a smaller fraction being uni-lineage (for example,
CD42b" uni-lineage foci; roughly 87.2-95.0% multi- versus 8.8-5.0%
uni-lineage among all foci) (Fig. 5d,e and Extended Data Fig. 9a-d).
Next, we examined the haematopoietic-like lineages that emerge
beyondthe second week of culture. A colony-forming unit (CFU) assay
initiated from day 21 embryoids confirmed haematopoietic potential
andshowed generation of both erythroid-like and myeloid-like colonies
(Fig. 5f). We then performed scRNA-seq on day 21 of the embryoids
and compared these data against the E16-19 human embryo dataset®.
We were able to identify cell populations with significant similarity
to endothelial cells, erythroblasts, myeloid and/or erythro-myeloid
progenitors and blood progenitors within this dataset (Fig. 5g and
Extended Data Fig. 9e). To further interrogate the presence of a yolk
sac-like haematopoiesis, we also investigated transcript expression
for HOX genes. The HOXA family gene expression is not found in the
haematopoietic wave preceding the emergence of aorta-gonad-
mesonephros haematopoietic stem cells*. By contrast, HOXB7 and
HOXB9 can be detected in haematopoietic cells during this phase.
We show that endothelial-like and haematopoietic-like progenitors
in heX-embryoid lack medial HOXA assessed by HOXAS, HOXA7 and
HOXA9 while expressing posterior HOXBS, HOXB7 and HOXB9 genes
(Extended Data Fig. 9f)****. These cells also show expression of embry-
onic genes LIN28A, GADI and FGF23 that are shown to be correlated
with early waves of haematopoiesis and prehaematopoietic stem
cell haematoendothelial programmes (before CS10-11) (Extended
Data Fig. 9g)*. Furthermore, the expression of HBEI and HBZ in our

erythroid-like cells demonstrate an expression pattern unique to
yolk sac erythropoiesis*. Collectively, we conclude that the de novo
haematopoiesis-like process in heX-embryoids demonstrates yolk
sac characteristics.

Cell composition of haematopoietic waves

Yolk sachaematopoiesis comprises two waves: a primitive wave begins
at CS7 (week 2.5 postfertilization), generating early erythroid, myeloid
and megakaryocyte progenitors, and a subsequent definitive wave
starts at roughly CS8-9 (week 3.25 postfertilization) comprising
erythro-myeloid (EMP) and lymphoid-primed multipotent progeni-
tors programmes*®*’. We investigated these haematopoietic waves
inour platform.

Primitive erythroid progenitors show high expression of embryonic
globin (Hb €) and low expression of fetal globin (Hb y). As the embry-
onic erythroid programme shifts to produce EMP-derived erythroid
cells, the change results in aninversion of this pattern. This inversion
isreflected in a decline in the Hb € to Hb y ratio, resulting in a nearly
even average ratio of expression by 4 weeks of gestation*>*%, IF staining
of heX-embryoid cultures revealed that Hb-expressing cells in week 2
embryoids (days 12 and 15) show high Hb € and little to no expression
of Hb y. However, Hb-expressing cells at day 21 show an increase in
Hb y concentration (Fig. 5Sh). We assayed the culture at different time
points using both image analysis of the individual cells and quanti-
tative PCR with reverse transcription (RT-qPCR) of whole cultures.
Both analyses showed a decline in the ratio of HBE to HBG from day 12
to 21 (Fig. 5i, Extended Data Fig. 10a-c and Supplementary Table 1).
The temporal switch in the erythroid-like cells potentially implies a
primitive-to-EMP-like transitionin erythropoiesis. However, the matu-
ration of primitive erythrocytes alone may also involve a globin switch®,
which warrants further investigation.

As EMP haematopoiesis results from the transition of haemogenic
endothelial cells to haematopoietic progenitors, we next investi-
gated the presence of a haemogenic endothelial signature within
the endothelial population. Examination of the endothelial-like cell
cluster in scRNA-seq identified a subcluster expressing genes match-
ing those reported in haemogenic endothelial cells®. This popula-
tion showed canonical endothelial markers (CD34, CDHS, ERG),
lacked the expression of NTSE (CD73), a marker of non-haemogenic
endothelium, and expressed GATA2, an indispensable factor for the
endothelial-haematopoietic transition (Extended Data Fig. 10d)"".
Whereas RUNX1 transcripts are presentin the haematopoietic clusters,
we did not identify its expression in the endothelial cluster, probably
because of its transient nature of upregulation in endothelial cells
during the haematopoietic transition. We identified a small number
of CDH5"“*RUNXI*ITGA2B" cells in haematopoietic-like clusters that
are probably theimmediate descendants of the haematopoietic tran-
sition from endothelial-like cells (Extended Data Fig. 10e)*%. We also
identified cellsinthe haematopoietic-like cluster co-expressing RUNXI
and CD44, a marker of definitive yolk sac haematopoietic progeni-
tors (Extended Data Fig.12f)**%*, Subsequent IF staining for RUNX1on
day 21 confirmed the specification of these VE-cad'RUNXT" cells near
VE-cad’ endothelium (Extended Data Fig. 10g). Hence, a subset of
endothelial-like cells in our platform showed characteristics similar
to the haemogenic endothelium.

Further analysis of our day 21 scRNA-seq revealed presence of
erythroid- (GYPA (CD235a), HBZ, HBET), megakaryocyte- (thatis, GPIBA
(CD42b), CD226, PLEK), macrophage-like (thatis, CD33, CD68, CX3CRI)
cells, confirmingthe cell typesidentified by CFU examination (Extended
DataFig. 10h). Flow cytometry analysis confirmed the presence of
erythroid- (CD235ab*), myeloid- (CD33") and megakaryocyte-like
(CD42b") cells within a CD43" cell population during weeks 2 and 3.
However, these lineages can arise from both primitive and EMP
haematopoietic waves (Fig. 5j and Supplementary Fig. 1).
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Wethen probed our heX-embryoids for cells similar to those gener-
ated during the definitive phase of yolk sac haematopoiesis but not
the primitive. Transcriptomic analysis of the haematopoietic-like
cluster shows cells co-expressing function-specific genes of neutro-
phils such as FUT4 (CD15), MPO and PRTN3 (Extended Data Fig. 10h).
The neutrophil-like identity was confirmed in flow cytometry by
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showing change HBE and HBG expression ratio across the indicated days.
**P=0.0012 (confidence interval 95%). Pwas calculated using one-way ANOVA
with Tukey’s multiple comparisons test between days12 and 21. n = 3 biological
replicates sampled per day.j, Flow cytometry scatterplots showing erythroid-
(CD235ab"), myeloid- (CD33") and megakaryocyte-like (CD42b") populations
within the CD43" population of day 21 cultures. Bar plots show cells identified
withinthe CD43" populationin eight biological replicates. k, Flow cytometry
analysis of week 3 culture for neutrophil-like cells, pregated for CD45" cells. The
bar plot shows the percentage of CD31'CD15" cellsin three biological replicates.
1, Flow cytometry analysis of week 2 culture for lymphoid-like progeny, pregated
for CD45'CD117" cells. The bar plot shows the percentage of CD117°CD43*CD7*
cellsinthree biological replicates. m, Flow cytometry analysis of week 3 culture
for natural killer-like cells, pregated for CD45'VLA-4" cells. The bar plot shows
the percentage of CD56'VLA-4" cellsin four biological replicates. Error barsare
+s.e.m.Scalebars,100 pm.

identification of a population of CD15°CD31°CD45" cells that have speci-
fied by the third week of culture (Fig. Sk and Supplementary Fig. 2)%*¢,

Although the capacity of the human yolk sac to produce EMP line-
ages, with potency for erythroid, megakaryocyte, macrophage and
granulocyte cell types has been shown, its ability to produce lymphoid
progenitors from withinthe humanyolk sac has only recently started to



be suggested>**’*8, CD117 (KIT) and CD7 co-expressionis prominentin
human yolk sac lymphoid lineages**. We could identify markers associ-
ated withlymphoid progenies and innate lymphoid cell types (that is,
CD7,IL7R, CD3D, NCAMI (CD56), NKG7, CTSW, IL2RG). (Extended Data
Fig.10h). We detected cells expressing CD7'CD43"CD117'CD45" as early
asdayl6and VLA-4'CD56'CD45" by the third week of culture by using
flow cytometry analysis. These cellsrepresent a putative early lymphoid
signature and natural killer-like cells, respectively (Fig. 51,m and Supple-
mentary Fig. 2)*. Hence, extra-embryonic-like tissue of heX-embryoids
show EMP-and lymphoid-primed multipotent progenitor-like haema-
topoietic programmes.

Discussion

heX-embryoid, an hiPS cell-based model of human embryogenesis,
contains embryonic epiblast-like and extra-embryonic endoderm-and
mesoderm-like components. The presence of these three tissues was
sufficient to trigger complex cellular organization. In the first 4 days,
heX-embryoids mimic the segregation of amnion from pluripotent
epiblast cells, formation of an amniotic-like cavity, development of
bilaminar disc-like structures, generation of anterior hypoblast-like
cellsand aposterior-like pole resembling events associated with CS5-7
of human development (Extended Data Fig. 11). heX-embryoids lack
trophoblast, aprerequisite tissue for the formation of placenta. As such,
they do not mirror the biology of the full integrated embryo and can
provide a possibility for extra in vitro follow-ups with limited ethical
concerns. Inour analysis, WT clusters after day 5, showed characteris-
ticsmainly aligned with ectodermal fates, whichisasubject for future
studies and optimization (Extended Data Fig.12a,b).

The emergence of early haematopoietic programmes has not been
studied in fine detail in primates and is widely unexplored in the human
embryo and its models. At 2-3 weeks, the de novo haematopoietic
activity in heX-embryoids recapitulates the emergence of haemat-
opoiesisintheyolk sac of the human embryo at CS7-9. The possibility
to offer amultifaceted model for early blood-like development creates
significant research prospects to produce hard-to-access populations
of cells applicable to human cell therapies. The pattern of haemoglo-
bin expression, the presence of yolk sac haemogenic endothelial-like
progenitors and lineages derived from EMP haematopoiesis such as
natural killer-like cells®, together with the existence of granulocyte-
and lymphoid-like lineages, indicate that our platform can model
primitive and definitive blood formation of the yolk sac. The pres-
ence of uni-lineage foci, albeit not the majority, hints at specialized
niches directing the differentiation of haematopoietic progenitors.
Bona fide yolk sac blood islands are formed by means of the emer-
gence of alumen resulting from the disappearance of mesodermal
cells within areas bordered by early endothelial cells®. Although we
have not been able to confirm the occurrence of this process in our
cultures, the extra-embryonic-like tissue of heX-embryoids develops
morphologically relevant haematopoietic foci that show in vivo-like
organization of yolk sac tissue layers with extra-embryonicendoderm-
and mesoderm-like components.

From an engineering perspective, our platform highlights the
power of tissue niche engineering and codifferentiation. Its creation
leverages self-organization from 2D to 3D that is directed by estab-
lishing tissue boundaries and geometric confinement, vertical tissue
growth, cell migration and polarization and tissue cavitation. Hence,
itsupports anew way to build 3D structures anchored toa 2D surface,
leading to improved robustness, efficiency and control. Engineering
multilineage fates by the expression of transcription factors enables
self-produced environmental cues (for example, laminin, BMP4) and
alleviates the need for complex and often supraphysiologic regimes of
growth factors.

The extra-embryonic-like differentiation of heX-embryoids is pre-
programmed into undifferentiated hiPS cells by means of aninducible

genetic switch and mixed with WT hiPS cells; hence, the undiffer-
entiated cell mix can be expanded, cryostored and shipped for use
on demand, requiring only 2D culture plates, commercially avail-
able medium and addition of a small molecule, Dox (Extended Data
Fig.12c-e). The compatibility with live imaging, the high-throughput
format, efficient generation and an easy-to-implement protocol enable
establishment and use across different laboratories. These character-
istics, coupled with the potential to be produced from hiPS cells with
diverse genetic backgrounds (Extended Data Fig. 12f-i), facilitate previ-
ously hard-to-execute studies on the early stages of post-implantation
and emergence of the human haematopoietic programmes. As such,
this model will provide new routes for drug testing, developmental
toxicology, tractable disease modelling and the generation of cells for
regenerative therapies in ahuman context.
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Methods

Ethics about the development of heX-embryoids

This research was approved and performed under the oversight of
the University of Pittsburgh Human Stem Cell Research Oversight
Committee to generate human embryo models from human iPS cell
lines (approval number PROT0202300020). The work that has been
reportedinthisstudy followed 2016 Guidelines for Stem Cell Research
and Clinical Translation as well as 2021 ISSCR Guidelines on Ethical
Standards for Stem Cell Embryo Model***!, heX-embryoids reported
in this study are generated from human iPS cells that are derived
from human somatic cells such as fibroblasts. The PGP1 and PGP9
hiPS cells were a kind gift from the Weiss Laboratory (Massachusetts
Institute of Technology, USA). Consent was obtained within the Per-
sonal Genome Project (https://www.personalgenomes.org/). Details
related to authenticationand mycoplasmatesting are denoted in the
reporting summary. heX-embryoids are attached to a cell culture dish,
lacking an extra-embryonic trophectodermtissue critical for full inte-
grated embryo development and implantation in the uterine cavity.
The yolk sac-like cavity in these embryoids is not closed, and the tis-
sues cannot be harvested for any implantation without substantial
disruption of their structures. TBXT" posterior-like domains were
observed during the study but were not sustained during the devel-
opment of our system. These features collectively restrict the ability
ofthismodel to undergo the fullintegrated development of ahuman
embryo in vitro and/or implant to support further development of a
conceptus in vivo. This study does not use human blastocysts, does
not involve the derivation of any human embryonic stem cell lines
and does not use samples obtained from fetal abortions. This study
does not involve in utero transfer of any human cells or structures
into any other species.

Cell culture

All cells and tissues were cultured in a humidified incubator at 37 °C
and 5% CO,. Our hiPS cell lines were cultivated under sterile conditions
in mTeSR-1 (StemCell Technologies), changed daily. Tissue culture
plates were coated for 1 h at room temperature with BD ES-qualified
Matrigel (BD Biosciences) diluted according to the manufacturer’s
instructionsinice cold DMEM/F-12. Routine passaging was performed
by incubating hiPS cell colonies for 5 minin Accutase (Sigma) at 37 °C,
collecting the suspension and adding 5 ml of DMEM/F-12 medium
containing 10 uM Y-27632, centrifuging at 300g for 5 min and resus-
pending in DMEM/F-12 supplemented with 10 uM Y-27632 for counting.
Cells were seeded at a cell density of 25,000 cells per cm?*for routine
maintenance.

GATAé6-engineered cell line generation

The previously generated rtTA expressing PGP1 hiPS cells®* were trans-
fected using Lipofectamine 3000 (Thermo Fisher Scientific) with Super
PiggyBac Transposase (System Biosciences) and the PiggyBac transpo-
son vector with human GATA6-2A-EGFP under control of the tetracy-
cline responsive element promoter. Transfected cells were selected by
adding 0.5 mg ml™ puromycin to the mTeSR-1 maintenance medium.
PGP9iGATA6-hiPS cells were engineered as explained previously®’. For
the generation of high GATA6-expressing cells (GATA6-hi cell line), the
iGATAG6 cellline was sorted by using fluorescence-activated cell sorting
(onecell per each well of a 96-well plate) inmTeSR-1supplemented with
10 pM Y-27632 and 2 pM Thiazovivin. The media was replaced on the
day after sorting with mTeSR-1supplemented with 10 uM Y-27632 and
2 UM Thiazovivin. On day 3 after sorting, 125 pl of mTeSR-1was added
to each well. The wells were monitored afterwards for colony forma-
tion. Onday 6, the wells with a considerable colony were passaged and
the amount of GATA6-EGFP was characterized by Dox induction. The
GATAG6 concentrations were screened on the basis of a high level of EGFP
reporter expression. For generating the supplemented cultures, 25% of

iGATAG® cells were substituted for GATA6-hi cells at the time of seeding.
The same ratios to WT cells were used as before.

Generation of heX-embryoids

The GATA6-engineered hiPS cells were seeded at either aratio of 81/5
or4/1withrtTA expressing PGP1hiPS cells either containing or lacking
an mKate reporter gene at a total density of 54,000 cells per cm?in
mTeSR-1supplemented with10 uM Y-27632. The next day, the medium
was changed to mTeSR-1with 1 pug mI™ Dox to induce expression of the
GATAG6 transgene, and this medium was used for daily replacement for
up to 5 days. For experiments that continued beyond 5 days, medium
was switched to IMDM on day 6. The following presented experiments
were seeded ata4/1ratio before optimization: Figs.1b,c,2c,dand 3d,e,
Extended DataFigs. 1f,2b-d,g,h, 6a,7d,e, 8d,eand 12¢,d,f-i. The remain-
ing experiments shownwere seeded at 81/5. We did not predetermine
sample sizes via statistical methods. The number of samples used in
each experiment was selected to ensure data consistency and repro-
ducibility, and was based on the available resources. Embryoid sam-
ples developed in each culture for each experiment were allocated to
control and experimental groupsinarandom manner at seeding when
different conditions (thatis, pathway inhibition) were present. We did
not conduct blinding.

Seeding of 3D heX-embryoids was performed in AggreWell 400
plates at 24,000 cells in total, targeting 12-20 cells per microwell.
Media changes were performed as described above, with the following
modification: after the initial media change to mTeSR containing Dox,
media changes were performed in accordance with the protocol rec-
ommended by the manufacturer, in which 75% of the media is removed
and replaced to prevent displacement of aggregates.

Cryostorage of heX-embryoids

Uninduced cells were incubated with Dispase at 70% confluence for
10 min, or until there was visible lifting of colony edges. Cells were
washed twice with DMEM/F-12, then colonies were manually scraped
from the plate. Colonies were centrifuged at 300g for 5 min, and then
were resuspended in Cryostor 10. Cells were cooled at -80 °C for 24 h
before transfer to liquid nitrogen for long-term storage. Cells were
stored inliquid nitrogen for at least 24 h before defrosting.

Signalling pathway inhibition

BMP4 signalling was inhibited by application of 100 ng ml™ Noggin into
the normal media at day 2 of heX-embryoid culture. This concentration
of Noggin was supplemented into the media changed on subsequent
days.

Staining on glass coverslips

Cells were grown on Matrigel-coated 8 mm diameter circular glass
coverslips, on 14 mm coverslip bottom dishes (Mattek Corporation)
or on eight-well p-Slide (ibidi). Cultures were fixed for 10 min in 4%
paraformaldehyde (Electron Microscopy Sciences) at room tempera-
ture. Coverslips were then washed three times with PBS followed by
15 min permeabilization with 0.2% Triton X-100 in PBS. Subsequently
the coverslips were washed three times in wash buffer (0.05% Tween-20
in PBS) for 5 min and blocked for 20 minin200 ml of wash buffer plus
5% normal donkey serum (Jackson ImmunoResearch Laboratories).
The primary antibodies were diluted in 5% normal donkey serumin PBS
andincubated with the tissues for 1 hat room temperature followed by
three washes in wash buffer for 5 min each. The secondary antibodies
weredilutedin 5% normal donkey serumin PBS and incubated with the
tissues for 1 h at room temperature followed by three washes in wash
buffer for 5 min each. Afterwards, the 8 mm coverslips were mounted
on microscopy glass slides using ProLong Glass Antifade (Life Tech-
nologies), cured overnight at room temperature and then sealed with
clear nail polish. Coverslips in coverslip bottom dishes or p-slides were
stored in PBS at 4 °C for 3D imaging.
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Image acquisition and processing

Images were acquired using the EVOS M700 automated scanning
microscope (M7000 Software Revision v.2.0.2094.0), Leica SP8 con-
focal microscope (Leica Application Suite X v.3.7.4), Sartorius Incucyte
S3 Live Cell Imaging System (software v.v2019B) or Nikon Al confo-
cal microscope, and processed using Fiji/ImageJ software (National
Institutes of Health, NIH)®. Any contrast adjustments were made in
individual channels and applied evenly across the whole image in that
channel. Contrast and colour balance for colour images were applied
evenly across the whole image. Coloursin Fig.1b,c and Extended Data
Fig.2awere produced using the look-up tables published inref. 64.3D
reconstructions were generated using the Nikon Al confocal micro-
scope to generate z-stacks spanning roughly 100 pm deep into the
tissues and using Imaris (Bitplane) to construct a 3D volume from the
stacks. Time-lapse videos were initially processed using Fiji/ImageJ,
and annotations were added using the Adobe Premiere software. For
Supplementary Video 4, a video moving through the z-slices was ini-
tially recorded performing thisactionin the NIS Elements HC software
(Nikon), and the video was subsequently cropped and processed.

Analysis of WT cluster areas and radial expression

Tiled whole-coverslipimages were cropped to acentral circumscribed
square (typically 9,000 pm?) image for analysis. WT compartment anal-
ysis was performed using an in-house MATLAB (Mathworks) pipeline
(builtin MATLAB v.R2020a and runinv.R2022b). In brief, WT compart-
ments were detected programmatically by thresholding the nuclear
dye, F-actin stain or mKate marker channel for areas of high signal
intensity. Maximum individual compartment area and average cell
size were defined manually. Compartments were filtered to remove
those with areas close to the defined individual cell area by using the
following equation:

max compartment area

lower size limit =

max compartment area-single cell area)

10l z

For compartment counting and WT area analysis, characteristics of
each compartment were recorded using the regionprops functionin
MATLAB. Furthermore, the distance to the nearest WT compartment
was recorded.

Analysis of marker expressioninward from the compartment perim-
eter was performed by drawing aline a defined distance towards each
compartment’s centroid and recording the intensity value of each
marker at each point within this range. If a line was drawn such that
it would intersect the compartment edge (for example, drawing
from the outer edge of a concave shape), those values were skipped.
Intensity values recorded for each line were averaged to create final
per-compartment expression distributions. These distributions were
aligned on the basis of the point of maximum CER1 expression when pre-
sent, and the lengths of the distributions were equalized to the length
ofthelongestborderrecorded using theimresize functionin MATLAB.

Analysis of WT cluster features

Coverage of WT clusters was evaluated by using widefield images taken
ofthe entire coverslip. Areas in which EGFP expression observed inside
the WT clusters was greater than 50% of the cluster area were counted
as being covered. Presence or absence of lumens and/or cavities was
evaluated manually, and was detected by the presence of visible rings
of PODXL, ZO-1or F-actin expression within WT compartments.

ISL1 expression within the WT disc was recorded by averaging the
radial expression values obtained from the protocol above.

Polarity of TBXT and CER1 domains around WT compartments was
assessedinthe following way: raw values of CER1and TBXT produced
by radial cluster analysis were normalized to cell density by dividing
by the F-actin intensity measured at each point. The rolling average

of CER1 and T values at all points within one-eighth of the disc radius
ineither direction away fromagiven point around each disc was com-
puted for every point recorded. Positive polarity for each marker was
assessed by comparing the minimum and maximum rolling average
values for a difference of greater than 0.1 normalized intensity (a.u.).
For islands with positivity, the radial index of the highest averaged
quadrant value of CER1 was compared to theradial index of the highest
average quadrant value of TBXT: aWT compartment with an average
peak of TBXT between 135° and 225° away from the CER1 peak was
considered to be anti-polar; a WT compartment with a peak of TBXT
within 45° of the CER1 peak was considered to be syn-polar. Polar-
ity type assignments per-island were verified manually by eye, and
islands with several poles or ambiguous polarization were excluded
from analysis.

Analysis of haemogenic endothelial, haemoglobin and
haematopoietic marker genes

Whole-coverslip IF images of each marker were croppedintoasquare,
thendividedinto equivalent quadrants for ease of analysis. WT cluster
masks were created by manual thresholding and creation of a binary
image using Fiji/Image). These binary images were then used toremove
WT clusters from the images using the Image Calculator function
applied to the individual channel images. The resulting images were
evaluated by using a custom pipeline in CellProfiler®. Scatterplots
shown were created using the mean object intensity values for each
detected cell. CD43 bar graphs were produced by counts of the number
of objects detected by the IdentifyPrimaryObjects function applied
tothe CD43 channelinisolation. The resulting images were evaluated
by using a custom pipeline in CellProfiler®. Scatterplots shown were
created using the mean object intensity values for each detected cell.
CD43 bar graphs were produced by counts of the number of objects
detected by the IdentifyPrimaryObjects function applied to the CD43
channelinisolation.

Haemoglobin expressionwas evaluated in asimilar manner with the
following additions: the IdentifyPrimaryObjects function was applied
to both the haemoglobin € and haemoglobin y channels individually,
thenthe objects were combined by using the RelateObjects function.
To produce the scatterplot showing the expression of each marker, the
mean objectintensity values for each marker were divided by the mean
object intensity value for a pan-haemoglobin stain on each coverslip.
These normalized values were used for the creation of the graph. For
the bar graph showingthe distribution of ratios of the markers on each
day, the mean object intensity value of haemoglobin e was divided by
the mean object intensity value for haemoglobiny.

CD34" area was assessed through Fiji/ImageJ. The cropping and
WT cluster masking steps above were followed. Subsequently, the
threshold command was used to select areas positive for CD34,
and thresholded area was assessed by using the measure com-
mand. The area of the threshold was then divided by the total
croppedimage areato determine the percentage CD34 coverage for
eachimage.

Haematopoietic foci were analysed manually by eye from tilescan
images of individual stained wells from a 48-well plate. Clusters of
more than 20 cells expressing the marker types assessed with a clearly
negative peripheral border were manually partitioned as asingle focus,
then were evaluated on the basis of the markers expressed within the
cells of that focus. A uni-lineage focus was identified if there were fewer
thanthree cells within the focus that did not express the given marker.
Because CD43 is a progenitor and pan-haematopoietic marker, cells
withinthe uni-lineage focus that also expressed CD43 were still counted
asuni-lineage solongas there was an absence of cells that were positive
only for CD43 and negative for the marker of interest within that focus.
Multilineage foci (expressing two or more markers) were identified if
three or more of the cells expressing each of the given markers could
be countedineach area.



Quantitative analysis of z-distribution of haematopoietic
foci-related markers

Confocalz-stackimages were captured near to the centre of eachidenti-
fied area. For each stack, thebottom was defined as the lowest z-index
where an in-focus marker could be identified. The sum of the pixel
intensity values fromall pixels within eachsslice above the bottomindex
were summed, then divided by pixel number. The resulting values at
each corresponding z-index were then averaged between all samples
identified; these values were then converted to a percentage of the
maximum value to produce the graphs shown.

Enzyme-linked immunosorbent assays

Samples were assayed for AFP and APOA1 using commercially available
enzyme-linked immunosorbent assay kits (abcam). Sample dilutions
were optimized to attain detection in the linear range of the standard
curves for each individual assay.

RT-qPCR

Three independent cultures of embryoids per each day of collection
were lysed with Trizol (Invitrogen) for RNA extraction. RNA extraction
was done using Direct-zol RNA Miniprep Kit (Zymo Research). Follow-
ing complementary DNA (cDNA) synthesis (Thermo Fisher), equal
amounts of cDNA per sample were analysed for gene expression using
QuantStudio 3 Real-Time PCR Systems (Applied Biosystems). 18S Ribo-
somal RNA was used as the endogenous control and the 272*“" method
was used for calculation of relative gene expression. The sequences for
the used primers are shown in Supplementary Table 1.

10X Genomics sample preparation for next-generation
sequencing

Samples were prepared as described by the 10X Genomics Cell Mul-
tiplexing Oligo Labelling for Single-Cell RNA Sequencing Protocols
for cells with more than 80% viability. heX-embryoids were acquired
in single-cell suspension by incubation with Accutase for 20 min at
37 °C. The cell suspension was passed through a 40 pm strainer to
remove aggregates. Each sample suspension was then centrifuged at
300g for 5 min at room temperature. The supernatant was manually
aspirated from each of the samples using a P1000 pipette. The cell
pellets were each resuspended in 1 ml of PBS + 0.04% BSA, and the
samples were centrifuged at 300g for 5 min at room temperature. The
samples were then resuspended, targeting 1 x 10° cells per ml on the
basis of expected densities of cells each day, and the cell suspension
was passed through a 40 pm strainer again. Each cell suspension was
counted using ahemocytometer, and a volume of cell suspension was
removed as necessary to adjust the final cell count to1x 10°cells. The
volumes were then adjusted to 1 ml by adding a further PBS + 0.04%
BSAtoreplace the removed volumes.

For multiplexing oligo labelling. Samples were then centrifuged at
300gfor 5 minatroomtemperature. Supernatant was aspirated manu-
allywithaP1000 pipette. Samples were resuspended in 50 pl of CellPlex
Multiplexing Solution (10X Genomics), with unique multiplexing oligo
solutions assigned to each sample. A maximum of 12 samples were
labelled in parallel. Samples were incubated for 5 min, starting after
the oligo solution was added to the last sample.

Following labelling, 1.95 ml of 1x PBS + 1% BSA was added to each
sample, and the solution was mixed thoroughly. Each sample was
centrifuged at 300g for 5 min at 4 °C. The supernatant was manually
aspirated with aP1000 pipette, taking care to leave less than 10 pl of
supernatantremainingin each sample when possible. The samples were
resuspended in2 ml of 1x PBS + 1% BSA and were mixed thoroughly to
wash. Thiswash and centrifugation step was repeated twice more; at the
last resuspension, enough wash buffer was added toreach a cell count
of 1x10° cells per ml, assuming 50% cell loss from the count at the end

ofthefirst protocol. Labelled cell suspensions were then put onice for
transfer to the Pitt Single-Cell Core for library creation.

Following afinal counting and viability analysis, cellsand 10X Genom-
ics reagents were loaded into the single-cell cassette, with a target of
25,000 single cells for analysis, accounting for predicted cell loss and
doublets resulting from multiplexing as laid out in the user guide for
the Chromium Single-Cell 3’ Reagent Kit (10X Genomics). After genera-
tion of gel in-bead emulsions, the cDNA library was prepared by Pitt
Single-Cell Core staff following the appropriate steps determined by
the10X Genomics user guide. Libraries were sent to the UPMC Genome
Centre for sequencing by aNovaSeq S4-200 for anintended read depth
0f100,000 reads per cell with 150 bp paired end reads. Our downstream
analysis fromthe sequencing datayielded between 40,000 and 150,000
mean reads per cell in different samples.

scRNA-seq sample processing and quality control

The 10X Genomics CellRanger pipeline was used to align reads to the
reference genome (GRCh38.84) appended with transgene sequences,
to assign reads to individual cells and to estimate gene expression on
the basis of unique molecular identifier (UMI) counts.

We used CellRanger (v.6.1.2) ‘multi’ pipeline to demultiplex the librar-
ies and quantify the gene expressions from raw fastq files. We first
downloaded the FASTA file and GTF file of the human reference genome
(GRCh38.84) and constructed the genome index by using the mkref
command available in the CellRanger tool kit. This genome index was
augmented by afew exogenous sequences (sequence names) to enable
alignment against the exogenous sequences. We specified the number
of expected cells in the config file as 24,000 for the batch containing
the day 21 scRNA-seq and 30,000 for the batch containing the day 5
and lower scRNA-seq. The multi command in the CellRanger tool kit
was then run to perform demultiplexing into GEX libraries and CellPlex
libraries and quantification of gene counts. Other than the number of
expected cells specified above, we used the default parameters of the
multi command. We used the filtered gene count output for our down-
stream analyses (located under the CellRanger output folder ‘outs/
per_sample_output/sample_name/count/sample_feature_bc_matrix’).

Seurat V4 was used for downstream processing of the sScRNA-seq
data®®. Single-cell data were excluded on the basis of a high mitochon-
drial genome transcript ratio and either high or low feature or UMI
counts. Genes with UMI counts in fewer than five cells were removed
from consideration. For scRNA-seq data processing and cluster analysis
using Seurat, we used the following general standardized pipeline for
processing of the CellRanger output: SCTransform regressing percent-
age mitochondrial genes, principal component analysis and clustering.
Jackstraw plots and permuted Pvalues were used to assist in determin-
ing the optimal number of principal components needed to summarize
the datasets without losing a significant amount of variation. The qual-
ity of arange of clustering resolution values was assessed using enrich-
ment of cluster marker genes (genes differentially upregulatedina
givencluster relative to all other clusters) with embryo cell type-specific
genes. Asa quality check, principal components and resolution metrics
were modulated to yield fewer or extra clusters to confirmthat chosen
parametersresulted in the most biologically relevant clustering. Visu-
alization was achieved by the use of uniform manifold approximation
and projection (UMAP) plots identifying cells, clusters and selected
gene expressionineach cell, as well as heatmaps and violin plots show-
ing the expression level of genes by cluster. Stacked violin plots were
created using the scCustomize package in RY.

Subclustering the WT inthe D3 and the endothelial cluster in the D21
dataset was achieved by subsetting the cluster of interest, then com-
puting the distance between rows of the data matrix using Euclidean
measurement (dist functioninR). Hierarchical clustering was applied
using this distance matrix (hclustin R), and used to create a dendro-
gram of the distance explained by different numbers of subclusters.
The number of subclusters was selected on the basis of the highest
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level of distance observed and applied to the data (clustercut in R).
The cluster was thenadded back to therest of the dataset and markers
were determined.

Gene set enrichment analysis

Gene set enrichment analysis was performed between cluster 5 and
cluster 2 of the merged DO-DS5. The differentially expressed markers
in cluster 5 as compared to cluster 2 were obtained by using the Find-
Markers() functionin Seurat. All marker genes with alog, fold change
abovelwereused asaninputto the Enrichr web server®®®’, Thetop ten
pathways identified in the KEGG 2021 and Reactome 2022 pathways
were used. Top pathways were identified using the Combined Score,
which was computed by the Enrichr site and was defined as the log of
the Pvalue from the Fisher exact text multiplied by the z-score of the
deviation from the expected rank.

Comparison of embryoid culture clusters to yolk sac and

definitive endoderm clusters

Generating Jaccard similarity-based scores. We compared the

heX-embryoid cluster markers to yolk sac endoderm and proliferat-

ing definitive endoderm (DE(P)) with the following steps:

1. We denote the unique overlap of markers between the embryoid
cluster and DE(P) cluster as A and the unique overlap of markers
between the embryoid cluster and yolk sac endoderm cluster as B
and marker genes for embryoid cluster as C; marker genes for DE(P)
as D and marker genes for yolk sacendodermas £.

2. We computed theJaccard similarity indices (JSI):JSI for embryoid/
DE(P)isj,=A/(Cu D);)SIforembryoid/YS endodermisj, = B/(Cu E).
The JSI basically adjusts the overlap size by the two marker cluster
sizes.

3. We then measure the significance of j, —j,, if j, is significantly larger
thanj;, then we may say the unique overlap of embryoid/YS endoderm
issignificantly greater than the unique overlap of embryoid/DE(P).

4. Tocompute the significance level, we performed arandom sampling
of three sets of genes (of the same sizes as the clusters) from the
genome, which generated an empirical distribution of j, — j;. On the
basis of this empirical distribution, we then computed the empiri-
cal Pvalue for the significance and visualized the P value scores by
-log,o(P).

Volcano plot. We computed the expression fold changes of the yolk sac
endoderm cluster withrespect to the DE(P) cluster fromref. 23 using the
function ‘FindMarkers()’ in Seurat package (v.4.0.1). The fold changes
were thenused to produce the volcano plots. Marker genes of each the
embryoid clusters were labelled in the volcano plots.

Statistical analysis
Statistical tests were noted in the legend of each corresponding figure
panel. For the similarity quantification between lists of marker genes,
we quantify the similarity between two lists of marker genes Aand B by
using the hypergeometric test for overrepresentation. This is equiva-
lent to a one-tailed Fisher’s exact test. Data obtained for comparison
were taken from refs. 23-26.

For the statistical tests used in the bar graphs when calculating the
Pvalue for Extended DataFig. 6f, we used an unpaired, two-tailed ¢-test.

The statistical test for HBE/HBG expression used to calculate the
Pvalue for the comparison of HBE/HBG expression level across days
of culture in Fig. 5i was a one-way analysis of variance (ANOVA) test.
Tukey'’s test was used as the post hoc test for multiple comparisons.

Invitro CFU assays

Cells from day 21 heX-embryoids were dissociated into single-cell solu-
tion by application of Accutase (StemCell Technologies) for 30 min.
CFU assays were performed using methylcellulose containing media
(MethoCult SF H4636, StemCell Technologies) according to the

manufacturer’s instructions. After 14 days in culture, colonies were
analysed by image acquisition using light microscopy.

Flow cytometry analysis

To prepare a single-cell solution of heX-embryoid, the culture was
treated for 45 min with Collagenase C solution (3 mg ml™ StemCell
Technologies) followed by 15 min of treatment with Accuatse (Sigma).
FCblocksolution (Thermo Fischer) was added to the samples followed
by 10 min ofincubation onice. Next, the antibody mix (final dilution of
1:400) was added to the samples followed by 30 minincubationonice.
Cells were analysed using an LSR 1 flow cytometer (BD Bioscience) using
7-AAD (BD Pharmingen) for dead cell staining. The antibodies used were
CD34-APC (Clone 581, Biolegend), KIT-BV421 (Clone 104D2, BD Biosci-
ence), CD43-PE (Clone CD43-10G7, Biolegend), CD235ab-PE-Cy7 (Clone
HIR2, Biolegend), CD33-BV605 (Clone P67.6, Biolegend), CD42b-AF700
(Clone HIP1, Biolegend), CD7-PE-Cy7 (Clone 4H9/CD7, Biolegend),
CD45-Pacific Blue (Clone HI30, Biolegend), CD45-APC-Cy7 (Clone HI30,
Biolegend), CD45-APC (Clone HI30, Biolegend), CD31-PE-Cy7 (Clone
WMS59, Biolegend), CD15-PE (Clone HI98, Biolegend), CD56-PE-Cy7
(Clone MEM-188, Biolegend) and CD49d(VLA-4)-BV60S5 (Clone 9F10,
Biolegend). Back-gating, controls and analysis steps can be seen in
Supplementary Information1and 2.

Statistics and reproducibility
Allexperiments were repeated in atleast three biological replicates with
similar results, except where indicated in thelegends or in the Methods.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The sequencing reads and single-cell expression matrices for all the
scRNA-seq data are accessible with Gene Expression Omnibus accession
number GSE247111. For hypergeometric analysis, we used publicly avail-
able data from Tyser et al.” processed the peri-implantation dataset
E-MTAB-9388, Xiang et al.* GSE136447 and Ma et al.” GSE130114. Source
data are provided with this paper.

Code availability

The source code used for hypergeometric analysis is available at
GitHub: https://github.com/AmirAlavi/GATA6_R.
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Extended DataFig.1|Fate acquisition, sorting, and symmetry breaking
following GATA6 induction. (a) Schematic depicting u-Embryoid development
in3Dversus from 2D >>3Din comparison toembryo morphology. heX-embryoid
issimilar to aflattened yolk sac cavity with epiblast interface and amniotic
cavity. (b) Thegenecircuitused to create inducible GATA6-expressing iPSCs.
pConstisaconstitutively active promoter. (c) Heterogeneity of EGFP (GATA6)
activationiniGATAG cells, detected via flow cytometry analysis. Higher gene
circuit copy numberslead to higher expression level of EGFP and GATA6. (d)

3D culture of iGATA6 and WT showing co-expression of the amnion marker ISL1
and the pluripotency marker NANOG spread fully throughout the WT layer
without D-V polarization. Middle slice shows the development of a central
lumen. Scale bar=100 pm. (e) 3D culture of iGATA6 and WT showing expression
ofthe pluripotency marker NANOG throughout the WT layer but inconsistent
ISL1expressioninnotable subset of these 3D tissues. These spheres do not
exhibit polarization. Scale bar =100 pum. (f) Immunofluorescence images of
fixed cultures demonstrating cell organization of iGATA6 (green) and WT
(NANOG) hiPSCs between day 0 and day 3 after GATA6 induction. PDGFRa rises

within the iGATAG6 cells as they acquire amore yolk sacendoderm-like
morphology. Scalebar=100 um. (g) Time lapse images showing the initial
confinement of red WT cells with greeniGATAG6 cells, followed by migration of
iGATAG cellsover the WT disc before day 2 after heX-embryoid induction. Scale
bar=50 pm. (h) Time-lapse images of asingle position within the iGATA6/WT
co-culture from day O to day 3 after GATA6 induction. The top cropped images
correspond to positions within the white boxes in theimages below. Scale bar =
200 pm. (i) Z-slices of two representative embryoids showing localization of
OCT4, GATA4, and SOX17 within the bilaminar disc-like area of embryoid
culture, as well as development of a central lumen by day 5. Scale bar =50 um.
(j) Switching media away from mTeSR on Day O resulted in substantial cell
death. Testing media changes starting on day 2 resulted in: modified IVC1
(mIVC1) causing limited iGATA6 migration and subsequent patterning;
Essential 6 (E6) media causing substantially lacking disc-like morphology and
poorboundary formation; IMDM media at day 2 of culture showing WT disc
formation with limited iGATA6 migration. Scalebars =500 pm.
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Extended DataFig.2|Lumen developmentand optimization within

WT cluster. (a) Embryoids at different stages of lumenogenesis. (b)
Immunofluorescenceimages showing dynamic of LAMA1ldepositionondays]1,
3,and 5 of embryoid development afterinduction. Dotted boxes show the areas
ofinsetinthe fourth panels of the day 3 and day Simages. (c) Time course
graphsshowingtheincreasein LAMAlsignalinimmunofluorescenceimages
over thefirst five days cultures.n =3 randomly sampled areas in one round of
experiments. Error bars represent mean + s.e.m. (d) Immunofluorescence
image showingthe deposition of lamininaround a WT cluster with acentral
lumenas well as polarization of PODXL. (e) Immunofluorescence showing
horizontal and lateral slices of arepresentative WT cluster with polarization of
PODXL and ZO-1towards a central lumen. (f) Arepresentative cluster of WT
iPSCsatday 3. Nolaminin depositionis observablein the vicinity of the cluster.
(g) ELISA comparing secreted AFPand APOAldetected on DO and D5 after
GATA6 induction with Dox.n=3biological replicates. Error bars represent
mean =s.e.m. (h) Distribution of WT cluster areas versus the number of lumens

observedinheX-embryoids withiGATA6 coverage. Shaded areaindicates the
areas of the bilaminar disc between E9 and E17 as recorded by refs. 21and 22;
64% of discs observed have areas that fallinto this range of values, and 39.8%
have asinglelumen.33.2%fallinto both categories. n = 331 total. (i) Distribution
of WT cluster circularity versus the number of lumens observed in the embryoids
withiGATA6 coverage, with arepresentativeimage of anembryoid with the
indicated characteristics.n =331. (j) Heatmaps displaying the average area,
circularity, and resulting disc number of the embryoids resulting from different
initial seeding densities of iGATA6 and WT cells. The dotted box shows the
optimized seeding density used for the experiments. (k) Distribution of WT
cluster areas versus the number of lumens observed in heX-embryoids with
iGATA6 coverage whenseeded at the optimized ratioindicated in). Shaded
areaindicates theareas of the bilaminar disc between E9 and E16-19 asrecorded
by refs.21and 22; 74% of discs that fall into this arearange. 89.7% of discs

have asinglelumen.70.9% of discs fallinto both categories. n = 79 total. Scale
bars=100 pm.
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Extended DataFig. 3 |Single Cell RNA-seq analysis and clustering per day
(day 0 to5). (a) Individual UMAP projections and clustering for each time point
recorded through day 5. (b) Violin plots showing a curated set of genesin
heX-embryoid day 0, day 2, and day 4 clusters. Embryoid clusters are ordered
by lowest to highest GATA6 expression level. “W” clusters are clusters with
putative wild-typelineage; “G” clusters are clusters with putative iGATA6
lineage. (c) Volcano plots showing the differentially expressed genes between
the DE(P) identities (left) and YS Endoderm (right) from ref. 23. Markers
highlightedinred are genesexpressedintherespective day 4 embryoid

cluster. Asubset of notable genesislabeled. P-values were computed by the
Wilcoxon rank sum test and were adjusted for multiple comparisons via
Bonferronicorrection. These tests were performed as two-sided tests.

(d) Similarity to YSEndoderm versus DE(P) within the embryoid clusters with
endodermidentity. Black lineindicates asignificance threshold of p = 0.05.
P-values were computed from the empirical distribution (please see Methods)
and were adjusted for multiple corrections by the Benjamini Hochberg (BH)
method. Tests were performed as one-sided tests.
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Extended DataFig. 4 |See next page for caption.
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Extended DataFig.4 |Hypergeometricstatistical comparison of heX-
embryoid time points to human and NHP embryo data. (a) Hypergeometric
statistical comparison of each embryoid day to the annotated human embryo
populations fromref. 23. Blue dots above each column indicates the relative
GATA6 expressionlevel of each populationindicated per day. (b) Hypergeometric
statistical comparison of each embryoid day to the annotated human embryo
populations fromrefs. 24,25. Scale used is the same as shown in the panel A.
(c) Hypergeometric statistical comparison of eachembryoid day to the
annotated cynomolgus embryo populations fromref. 26.Scale used is the
same asshowninpanel A. heX-embryoid clusters correspond to thosein the
individual day-by-day clusteringin Extended Data Fig.3 and are ordered from

left toright on the x-axis by lowest to highest GATA6 expression level. “W” clusters
areclusters with putative wild-typelineage; “G” clusters are clusters with
putative iGATAG6 lineage. Dotted outlines indicate fate comparisons of the most
interest for each cluster. Abbreviations from other datasets: NNE=Non-neural
ectoderm, DE (P) = Definitive endoderm (proliferative), DE (NP) = Definitive
endoderm (not proliferative), YS =Yolk sac, PGC = Primordial germcell, CTB=
Cytotrophoblast, STB =Syncytiotrophoblast, EVT =Extravillous trophoblasts,
PSA-EPI=Primitive streak anlage in the epiblast, EXMC =Extraembryonic
mesoderm cells, E-=Early, L-=Late, Gast = Gastrulating cells, AM=Amnion,
VE/YE =Visceralendoderm/Yolk sac endoderm. Elements of these graphs are
alsoshownin Fig. [1f-g].
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Extended DataFig. 5|See next page for caption.



Extended DataFig.5|Merged clustering of RNA-seq Day 0 - Day 5 of the
embryoids. (a) UMAP showing the merged clusters annotated by day. (b) UMAP
showing the merged clusters with unsupervised clustering applied. (repeated
figures: The WT clusters are shown in Fig. 2a Cluster 14 is the amnion-like
cluster shownin Fig. 2b; Cluster 6 is the D2 anterior-like cluster shownin Fig. 3a;
Cluster 2is the D3-5 anterior-like cluster shown in Fig. 3a; and Cluster 15is the
posterior-like cluster shownin Fig. 3b.). (c) Heatmap showing the top 20 genes
corresponding to each cluster of the merged day O through day 5 dataset.

(d) Gene set enrichment analysis on the genes with greater than 2-fold
upregulationin the D2 anterior-like cluster (5) as compared to the day 3-5
anterior-like cluster (2) using the indicated pathway reference datasets.
Alltop pathways identified correspond to cell cycle, suggesting the separation
observedinthe UMAPis mainly attributable to differencesin proliferative
state. Combined score was obtained via Enrichr and was computed by taking
thelog of the p-value from the Fisher exact text (one-sided) and multiplying it
by the z-score of the deviation from the expected rank.
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Extended DataFig. 6 |See next page for caption.



Extended DataFig. 6| Amnionand anteroposterior domains. (a)
Immunofluorescence staining for the amnion markers ISL1and AP-2a at day 4.
Top-down widefield image of a flattened coverslip. (b) Expression patterns of
BMP4 effectors (phosphorylated SMAD1, SMADS, and SMAD8/9) in heX-
embryoid. Lowerimages show alateral slice of the WT disc shown. (c) Dot plot
of marker genes from the BMP pathway from day 4 heX-embryoid scRNA-seq.
BMP4 expression and anumber of associated genes (boxed inred) are highest
inthe amnion-like population. (d) Immunofluorescence staining for the BMP4
effectors (phosphorylated SMAD1, SMADS, and SMADS8/9) in heX-embryoid at
day 4 after application of the inhibitor Noggin at Day 2 of development. Lower
images show alateral slice of the WT disc shown. (e) Immunofluorescence
staining for ISL1and NANOG in heX-embryoid at day 4 after application of
Noggin at Day 2 of development. Lower images show a lateral slice of the WT disc
shown. (f) Bar graph showingISL1 expression (D4) intensities within WT clusters;
control (Ctrl) heX-embryoid versus BMP4 inhibition (Noggin) conditions.
n[control] =87, n[Noggin] =134, ****p =1.36 x 10 °° (C.I. = 95%), calculated via
atwo-tailed two-sample t-test assuming equal variances. nrepresents heX-
embryoid structures harvested fromone round of experiments. Note thata.u.
intensities shown will differ from those shown in different experiments, such as
thosein Fig.2i, due to differencesin stainingand imaging parameters at time of

sampling. Error bars represent mean + s.e.m. (g) Z-slice of a covered day 2 heX-
embryoid structures showingapole of cells expressing anterior hypoblast
markers, matching the polarization of those markers shownin day 4 (see
Fig.3c). (h) Control heX-embryoids showing development of TBXT' posterior-
like domains and LHX1"areas expressing CER1. (i) heX-embryoids with100 ng/
mL Nogginadded atday 2 showing presence of LHX1" areas expressing CER1,
butnoexpression of TBXT domains. TBXT expressionis seeniniGATA6-
lineage cells at the periphery of the WT disc. (j) Arepresentative WT cluster
showing syn-polarity of TBXT and CER1withinthe WT cluster and iGATA6
layers, respectively. Filled arrow indicates CER1-expressing cells within the
iGATAG layer; empty arrow indicates CER1and TBXT co-expressing cells within
the WT layer. Z-slices are representative slices from the center of two different
WTdiscs. (k) Arepresentative WT cluster showing anti-polarity of TBXT and
CER1withinthe WT cluster and iGATAG6 layers, respectively. Filled arrow
indicates CER1-expressing cells within theiGATA6 layer; empty arrow indicates
CER1and TBXT co-expressing cells within the WT layer. Z-sliceis a
representative slice fromthe center ofaWTdisc. (I) Merged UMAPs of all
DO-D5scRNA-seq datashowing the posterior-like compartment expressing
theinhibitor CER1. Dotted boxes show WT lineages. Scale Bars =100 pm.
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Extended DataFig.7|See next page for caption.



Extended DataFig.7|Identification of endothelial/hematopoietic
populations in heX-embryoids. (a) Violin plots showing the distribution

of ECM genesaswellasthe yolk sac mesoderm marker gene BST2inday 5
scRNA-seq. (b) Heatmap showing day 5 scRNA-seq populations compared to
hematopoietic populations from the human E16-19 embryo via hypergeometric
statistical comparison. This heatmap shows selected results from Extended
DataFig. 4c. We performed multiple test adjustments via Benjamini Hochberg
(BH) correctionin all comparisons. Tests were performed as one-sided tests.
(c) Scatterplots showing the distribution of markers obtained viaimage
analysis of 3independent experiments at day 5. Percentages correspond to the
fraction of cells recorded with corresponding marker expression levels above
thethresholdsrepresented by the dotted lines. (d) IFimage showing cells
expressing hematopoietic markers in heX-embryoid culture. Cells expressing
the hematopoietic marker TAL1(Scl) localize between the yolk sacendoderm-
like compartment and thetissue culture dishand form arrangements of
spindle-shaped cells. Orthogonal slice shows the position of spindle cells
against the dish. Dashed lineindicates the position from which the slice was

taken. Arrow indicates the position of these cells inthe EGFP channel,
demonstrating that they were derived from the iGATA6 population. Scale bar =
100 um. (e) IFimage showing RUNX1and TAL1 expressing cells positioned
against the dish. Scale bar=100 pm. (f) Image analysis of z-slices from Sareasin
3biological replicates. The peak of ERG expressionis underneath the peak of
EGFP expression, representing the iGATA6 endoderm-like layer. Dotted curves
represents.e.m. calculated ateach point. (g) IFimage showing cells expressing
VE-cadherinand VEGFR2 positioned against the dish. Arrow indicates likely
differentiating endothelial cell from the overlaying iGATA6 layer. Scale bar =
100 um. (h) Results fromimage analysis demonstrating the change inarea of
CD34"cellsbetween day 5 and day 12 of the cultures, assessed via analysis of
immunofluorescence Images. n =3 biological replicates for D5and D12
(mTeSR); n =5biological replicates for D12 (IMDM). **: P=0.0055 (C.1. = 95%)
P-value was calculated viaaone-way ANOVA, using Dunnett’s multiple
comparisonstest. Error barsrepresent mean + s.e.m. (i) Representative flow
cytometry plot onday 5and day 12 showing expansion of the CD34" population
by day12,along withanunstained control (n=3).
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Extended DataFig.8|GATA6-hisupplementation and structure of
hematopoieticfoci. (a) CD43" and Hemoglobin®cellsin day 12 heX-embryoid
without additional supplementation of GATA6-hi cells. Red colorin high
Hoechstareasis nonspecific staining. Scale bar =500 pm. Insets show areas of
CD43" cells. Dotted outlines on right show zoomed-in areas shown within the
image. Scale bar =100 pm. (b) Expression of CD43" and Hemoglobin® cells in
day12heX-embryoid with supplementation of 25% GATA6-hi cells atinitial
seeding. Anotable expansion of CD43" and Hemoglobin® cellsis observable.
Scalebar =500 pm. Arepresentativeimage of 2-4 biological replicates.

(c) Z-slices of aday 12 heX-embryoid at the indicated height above the

bottom focal planeincluding the images shownin Fig. 4h. Expression of the
mesodermal marker Desminis regionalized close to the bottom of the tissue;
endothelial marker CD34 is expressed near the bottom and middle of the tissue,
with highest expression just above Desmin (z= 6-8); endoderm marker FOXA2
isexclusively expressed above the other tissues. Scale bar =50 um. (d) Z-slices
around the hematopoietic focus showninFig. 4e. Desminis observed
regionalized below the endothelial-like (CD31") and hematopoietic-like (CD43%)
tissues. No stain forendodermis shown. Scale bar=100 pm.
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Extended DataFig. 9|See next page for caption.
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Extended DataFig. 9 |Hematopoietic fociin heX-embryoids. (a)
Representative images of multilineage containing erythroid- (CD235ab") and
megakaryocyte-like (CD42b") cells from day 17 heX-embryoid Scale bars =

100 um. (b) Arepresentative hematopoietic area containing myeloid- (CD33")
and megakaryocyte-like (CD42b") cells from day 17 heX-embryoid. Scale bars =
100 um. (c) Representative images of unilineage hematopoietic foci (left, CD42b;
right, CD235ab) at day 17. Scale bars =100 pm. (d) Quantification of the
percentages + SD of hematopoietic areas in two-week heX-embryoids. Left
panel stained for CD43, CD33 and CD42b and right panel stained for CD43,
CD235ab and CD42b.CD43™ ™" indicates cells that were positive only for
CD43 and negative for the other two markers stained in the sample. CD43™°""
indicates that there are no cells positive for CD43 alone, but does not exclude

cells copositive for CD43 and another of the markers investigated.
Quantification of colonies was performed from at least two independent
samples. (e) UMAP from Fig. 5d showing scRNA-seq performed on day 21 heX-
embryoid with annotations based on hypergeometric statistical comparisons
withidentities fromref.23. The full scatterplot has been cropped to show only
populations of interest with similarity to in vivo hematopoietic lineages. (f) A
dot plot showing the expression of asubset of HOX genes within the
hematopoietic clusters. HOXA genes are broadly negative, indicating a
transcriptional state similar to the yolk sac tissue. (g) Expression of LIN28A,
FGF23,and GADI within the hematopoietic clusters. A subset of cells expresses
these markers of early hemogenicidentity within the yolk sac.



Hoechst

111
1.2

CD44

3
CDH5

ERG

Hoechst:

‘O? KIT

3 2
CD34 ©<> GATA2

Lg LM023

CD7321 21
(NTSE) | | 4 ACE

1.1 112

RUNX1

A9
L2

°

00051015
RUNX1

Identity

5

9
10
111
=2

Hoechst

h

Day 21

¢

las
41
b

R

1.1 112

RUNX1+ | CDH5+

10
8-
6-
4-

1
0-

S N

0@\00{»
ITGA2B (CD41)+/

RUNX1+ | CDH5+

000510 15

-0.3

RUNX1

|dentity

5
9
* 10
o 111
112

Erythroid Megakaryocyte Macrophage  Neutrophil Lymphoid + NK
GYPA (CD235a) CLEC1B CX3CR1 CD15 (FUT4) CD7 CD56 (NCAM1
t}a-:., < i ' .
“
HBE1 GP1BA (CD42b) CD68 MS4A3 KIT CTSW
T, .
< k\
B
HBZ GFI1B CD32 (FCGR2A) MPO CD3D NKG7
HBG1 PLEK CD11b (ITGAM) PRTN3 IL7R IL2RG
N 3 ¥

Extended DataFig.10|See next page for caption.
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Extended DataFig.10 | Hematopoietic cell compositionin heX-embryoids.
(a) Expression of Hemoglobin e and Hemoglobin y* cellsin day 15 heX-
embryoids. Atday15, areas of Hemoglobin e-high, Hemoglobin y-low cells are
observed, suggesting more primitive-like hematopoiesis. Scale bar =500 pm.
Dotted box outlinesinset shown to theright. Arepresentativeimage of 3
biological replicates. (b) Expression of Hemoglobin e and Hemoglobin y* cells
inday 21 heX-embryoid. Atday 21, areas of Hemoglobin e-high, Hemoglobin
y-highcells are observed, suggesting more definitive-like hematopoiesis. Scale
bar=500 pm.Dotted box outlinesinset shownto theright. Arepresentative
image of 3 biological replicates. (c) Violin plot showing the distribution of the
ratios of Hemoglobin e to Hemoglobiny at each day. n[D15] = 3,188 cells, n[D21]
=4088.Countsare fromthree biological replicates. Central dotted line
indicates median, smaller dotted lines above and below indicate quartiles.

(d) Subclustering of cluster11, the putative endothelial population, from

the day 21scRNA-seqdata. Hierarchical subclustering identifies two major
subpopulations within this cluster, corresponding to hemogenic (11.1) and non-
hemogenic (11.2) endothelial subtypes. Marker genes for each populationare
showninviolin plots to the right. (e) Expression of hemogenic endothelial
markers within the day 21 hematopoietic populations. Markers co-express
mainlyintheareaannotated as “blood progenitors”in the hypergeometric
statistical comparison. (f) Scatterplots showing the co-expression of
hemogenic endothelial markers within the day 21 hematopoietic populations.
(g) Immunofluorescence images of day 21 of culture shows co-expression of
RUNX1and VE-cad. Scale bar =50 um. (h) Scatterplots showing the co-expression
of respective lineage markers within the day 21 hematopoietic population.
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Extended DataFig.12|heX-embryoid development, passaging,
cryostorage aswell asengineeringinaseparateiPSCline. (a) Most
structures correspondingto former WT clusters at day 12 in heX-embryoid
have taken on expression of ISL1and lost expression of the pluripotency
markers SOX2and NANOG. Alimited number of cells express SOX2 at the core
of former WT clusters, potentially indicating the specification of an ectoderm-
like fate inasmall number of WT-lineage cells. Scale bar =500 um. (b) Asubset
of former WT clusters have taken on markers of ectoderm differentiation. Scale
bar=500 pm. (c) heX-embryoid morphology and characteristics following
cryostorage and defrosting. Scale Bar =500 pm. (d) Characteristics and
morphology of cultures induced immediately after mixing (passage 1) or
maintained together and passaged for two months (passage15). Scale Bar =
500 pm. (e) Schematic showing the creation of the heX-embryoid parental cell

line.iGATAG6 cells with heterogeneous copy numbers of theinducible GATA6
circuitare mixed with wild-type. This cell combination is then maintained
together or frozen prior toinduction. (f) A portion of day 4 PGP9 iGATAG6 cells
expressing high levels of GATA6 (EGFP) also express the anterior endoderm
marker HHEX near the edge of aWT cluster. Scale Bar =100 um. (g) Aring of
PODXL expression lines the inside of a cavities formedinday 4 PGPOWT
clusters.Scale Bar =100 pm. (h) ISL1" cells specify away from NANOG® cells,
alongthebase of a cavity formedin day 4 PGP9 WT. Scale Bar =100 pm.

(i) TBXT' cells develop polar domains at the edge of day 4 PGP9 WT clusters.
Representative islands show that both syn-and anti-polar arrangement of cells
areobservable. Scale Bar =100 um. nrepresents heX-embryoid structures
fromatleast threebiological replicates. Error shownis ts.e.m.Illustrationine
was created using BioRender (https://biorender.com).
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reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The sequencing reads, and single-cell expression matrices for all the single-cell RNA-seq data are submitted to NIH BioProject accession number PRINA1035788. For
hypergeometric analysis, we used publicly available data from Tyser et al. processed peri-implantation dataset E-MTAB-3929, Xiang et al. GSE136447 and Ma et al.
GSE130114.

The datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable request. All scripts used have
been deposited at https://github.com/AmirAlavi/GATA6_R

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender No reportings or findings related to sex or gender were made or presented.

Reporting on race, ethnicity, or No reportings or findings related to race, ethnicity, or other groupings were made or presented.
other socially relevant

groupings

Population characteristics No human participants were used in this data.

Recruitment No participants were recruited for this data.

Ethics oversight The University of Pittsburgh Stem Cell Research Oversight board approved the study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size All experiments were conducted with multiple biological replicates, with the exact number described in the text. We did not predetermine
sample sizes via statistical methods. The number of samples used in each experiment was selected to ensure data consistency/reproducibility
and was based on the available resources. Sample size for single cell RNA-Seq was determined based on our estimation of the number of cells
required to capture cell types of interest detected via immunofluorescence at the developmental stage.

Data exclusions  No samples were excluded. For computational analysis of samples, a crop of the central 9000 pixels, excluding the edges of the sample, was
used.

Replication The exact numbers of replicates for methods/analyses used are indicated in the respective figure legends. All replications were successful.
Each individual experimental staining was repeated in at least two dishes and/or coverslips. Additionally, a subset of experiments were
validated in two cell lines (PGP1 and PGP9), and by multiple investigators involved in this work.

Randomization  Embryoid samples developed in each culture well for each experiment were allocated to control and experimental groups in a random
manner at seeding when different conditions (i.e. pathway inhibition) were present.

Blinding For hypergeormetric analysis the person who did the analysis was not aware of the groups and identity of the samples and grouping. For small
molecule treatment the identity of samples are sometimes obvious due to the morphological changes, hence blinding is not practical. Media
changes cannot be performed with blinding as each group should receive the appropriate media. In all other experiments we had no relevant
scientific reasons to conduct blinding as the experiments were mostly descriptive.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XXXNXNXOOS
O0000OXKX

Plants

Antibodies

Antibodies used The following antibodies were used in this study. All primary antibodies for immunofluorescence were used at a dilution of 1:200. All
secondary antibodies were used at a dilution of 1:400. All FACS antibodies were used at a dilution of 1:400. The specific clone for
monoclonal antibodies is given in parentheses when applicable.

GFP Abcam (B-2) ab13970

GFP Aves Labs (Polyclonal) GFP-1020
NANOG R&D (Polyclonal) AF1997

PDGFRa Cell Signaling (D13C6) 5241S

OCT4 Cell Signaling (Polyclonal) mab2750
CD34 abcam (EP373Y) ab81289

CD43 R&D (290111) MAB2038

CD31 abcam (JC/70A) AB9498-1001

CD41 abcam (EPR4330) AB134131-1001
CD33 R&D (996810) MAB11371

CD42b R&D (Polyclonal) AF4067

CD235ab Biolegend (HIR2) 306602

TAL1 Santa Cruz (Polyclonal) sc12984

ERG abcam (EPR3864) ab92513

RUNX1 Santa Cruz (A-2) sc-365644

VEGFR2 R&D (89115) MAB3571
Hemoglobin R&D (Polyclonal) G-134-C
CX3CR1 abcam (Polyclonal) AB167571-1001
Hoechst 33342 Thermo Fisher H3570
Phalloidin-iFluor 405 AB176752-1001
PODXL Invitrogen (AB_2532205) 433140
Z0-1 Invitrogen (Polyclonal) 617300

LAMA1 Sigma-Aldritch (Polyclonal) SAB4501255
ISL1 Abcam (EP4182) ab109517
Phospho-SMAD1/5/8 Cell Signaling (D5B10) 13820T
Phospho-SMAD?2 Cell Signaling (D27F4) 8828S
MIXL1 Invitrogen (Polyclonal) PA564903
TBXT R&D (Polyclonal) AF2085

CER1 abcam (Polyclonal) ab184133

VE-cad R&D (Polyclonal) AF938

Desmin R&D (Polyclonal) AF3844

FOXA2 Santa Cruz (H-8) sc-271104

PAX6 abcam (AD2.38) ab78545

NCAM abcam (EP2567Y) ab75813

HHEX R&D (2018B) MAB83771

GATA6 R&D (Polyclonal) AF1700

AP-2a Invitrogen (3B5) MA1-872

FACS Analysis:

CD34-APC Biolegend (581) 343510
CD31-PE/Cy7 Biolegend (WM59) 303118
CD42b-AF700 Biolegend (HIP1) 303928
CD33-BV605 Biolegend (P67.6) 366612
CD45-APC/Cy7 Biolegend (2D1) 368516
CD45-Pacific Blue Biolegend (2D1) 368539
CD45-APC Biolegend (HI30) 304012
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Validation

CD43-PE Biolegend (CD43-10G7) 343203
CD235ab-PE/Cy7 (HIR2) Biolegend 306620
CD7-PE/Cy7 Biolegend (4H9/CD7) 395609
CD15-PE Biolegend (HI98) 301905
CD49d(VLA-4)-BV605 (9F10) Biolegend 304313
CD117-BV421 BD Biosciences (104D2) 563856
CD56-PE/Cy7 Biolegend (MEM-188) 304628

Secondary Antibodies for immunofluorescence:

Alexa Fluor® 594 AffiniPure Donkey Anti-Rabbit IgG (H+L) Jackson Immunoresearch 711-585-152

Alexa Fluor® 647 AffiniPure Donkey Anti-Goat IgG (H+L) Jackson Immunoresearch 705-605-147

Alexa Fluor® 647 AffiniPure Donkey Anti-Mouse IgG (H+L) Jackson Immunoresearch 715-605-151
Alexa Fluor® 647 AffiniPure Donkey Anti-Sheep IgG (H+L) Jackson Immunoresearch 713-605-147

Alexa Fluor® 488 AffiniPure Donkey Anti-Chicken IgY (I1gG) (H+L) Jackson Immunoresearch 703-545-155

All antibodies were obtained from commercial sources. Detailed validation statements are available on the corresponding
manufacturers' websites, as provided below:

GFP Abcam (B-2) ab13970, referenced in 3182 publications: https://www.abcam.com/products/primary-antibodies/gfp-antibody-
ab13970.html

GFP Aves Labs (Polyclonal) GFP-1020, referenced in 1782 publications: https://www.aveslabs.com/products/anti-green-fluorescent-
protein-antibody-gfp

NANOG R&D (Polyclonal) AF1997, referenced in 207 publications: https://www.rndsystems.com/products/human-nanog-
antibody_af1997

PDGFRa Cell Signaling (D13C6) 52418, referenced in 60 publications: https://www.cellsignal.com/products/primary-antibodies/pdgf-
receptor-a-d13c6-xp-rabbit-mab/5241

OCT4 Cell Signaling (Polyclonal) mab2750, cited in 312 publications: https://www.cellsignal.com/products/primary-antibodies/oct-4-
antibody/2750

CD34 abcam (EP373Y) ab81289, referenced in 499 publications: https://www.abcam.com/products/primary-antibodies/cd34-
antibody-ep373y-ab81289.html

CD43 R&D (290111) MAB2038, referenced in 1 publication: https://www.rndsystems.com/products/human-cd43-
antibody-290111_mab2038

CD31 abcam (JC/70A) AB9498-1001, referenced in 210 publications: https://www.abcam.com/products/primary-antibodies/cd31-
antibody-jc70a-ab9498.html

CD41 abcam (EPR4330) AB134131-1001, referenced in 20 publications: https://www.abcam.com/products/primary-antibodies/cd41-
antibody-epr4330-ab134131.html

CD33 R&D (996810) MAB11371, https://www.rndsystems.com/products/human-siglec-3-cd33-antibody-996810_mab11371

CD42b R&D (Polyclonal) AF4067, referenced in 2 publications: https://www.rndsystems.com/products/human-cd42b-gpib-alpha-
antibody_af4067

CD235ab Biolegend (HIR2) 306602, referenced in 7 publications: https://www.biolegend.com/en-us/products/purified-anti-human-
cd235ab-antibody-743

TAL1 Santa Cruz (Polyclonal) sc12984, referenced in 12 publications: https://www.scbt.com/p/tall-antibody-c-21

ERG abcam (EPR3864) ab92513, referenced in 201 publications: https://www.abcam.com/products/primary-antibodies/erg-
antibody-epr3864-ab92513.html

RUNX1 Santa Cruz (A-2) sc-365644, referenced in 47 publications: https://www.scbt.com/p/runx1-antibody-a-2

VEGFR2 R&D (89115) MAB3571, referenced in 17 publications: https://www.rndsystems.com/products/human-vegfr2-kdr-flk-1-
antibody-89115_mab3571

Hemoglobin R&D (Polyclonal) G-134-C, referenced in 2 publications: https://www.rndsystems.com/products/human-hemoglobin-
antibody_g-134-c

CX3CR1 abcam (Polyclonal) AB167571-1001: https://www.abcam.com/products/primary-antibodies/cx3crl-antibody-ab167571.html
Hoechst 33342 Thermo Fisher H3570: https://www.thermofisher.com/order/catalog/product/H3570?SID=srch-srp-H3570

Phalloidin-iFluor 405 AB176752-1001, referenced in 14 publications: https://www.abcam.com/products/chip-kits/phalloidin-
ifluor-405-reagent-ab176752.htmi

PODXL Invitrogen (AB_2532205) 433140: https://www.thermofisher.com/antibody/product/PODXL-Antibody-Monoclonal/433140

Z0-1 Invitrogen (Polyclonal) 617300, referenced in 765 publications: https://www.thermofisher.com/antibody/product/Z0-1-
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Antibody-Polyclonal/61-7300
LAMA1 Sigma-Aldritch (Polyclonal) SAB4501255: https://www.sigmaaldrich.com/US/en/product/sigma/sab4501255

ISL1 Abcam (EP4182) ab109517, referenced in 52 publications: https://www.abcam.com/products/primary-antibodies/islet-1-
antibody-ep4182-neural-stem-cell-marker-ab109517.html

Phospho-SMAD1/5/8 Cell Signaling (D5B10) 13820T, referenced in 412 publications: https://www.cellsignal.com/products/primary-
antibodies/phospho-smad1-ser463-465-smad5-ser463-465-smad9-ser465-467-d5b10-rabbit-mab/13820

Phospho-SMAD?2 Cell Signaling (D27F4) 8828S, referenced in 676 publications: https://www.cellsignal.com/products/primary-
antibodies/phospho-smad2-ser465-467-smad3-ser423-425-d27f4-rabbit-mab/8828

MIXL1 Invitrogen (Polyclonal) PA564903, referenced in 2 publications: https://www.thermofisher.com/antibody/product/MIXL1-
Antibody-Polyclonal/PA5-64903

TBXT R&D (Polyclonal) AF2085, referenced in 145 publications: https://www.rndsystems.com/products/human-mouse-brachyury-
antibody_af2085

>
Q
S
(e
=
)
o
o)
=
o
=
—
@
§o)
o)
=
>
Q@
wv
c
S
3
Q
<L

CER1 abcam (Polyclonal) ab184133: https://www.abcam.com/products/primary-antibodies/cerl-antibody-ab184133.html

VE-cad R&D (Polyclonal) AF938, referenced in 17 publications: https://www.rndsystems.com/products/human-ve-cadherin-
antibody_af938

Desmin R&D (Polyclonal) AF3844, referenced in 16 publications: https://www.rndsystems.com/products/human-mouse-desmin-
antibody_af3844

FOXA2 Santa Cruz (H-8) sc-271104, referenced in 1 publication: https://www.scbt.com/p/hnf-3beta-antibody-h-8?
requestFrom=search

PAX6 abcam (AD2.38) ab78545, referenced in 44 publications: https://www.abcam.com/products/primary-antibodies/pax6-
antibody-ad238-ab78545.html

NCAM abcam (EP2567Y) ab75813 , referenced in 35 publications: https://www.abcam.com/products/primary-antibodies/ncam1-
antibody-ep2567y-ab75813.html

HHEX R&D (2018B) MAB83771, referenced in 6 publications: https://www.rndsystems.com/products/human-mouse-rat-hhex-
antibody-2018b_mab83771

GATA6 R&D (Polyclonal) AF1700, referenced in 61 publications: https://www.rndsystems.com/products/human-gata-6-
antibody_af1700

AP-2a Invitrogen (3B5) MA1-872, referenced in 3 publications: https://www.thermofisher.com/antibody/product/AP2-alpha-
Antibody-clone-3B5-Monoclonal/MA1-872

CD34-APC Biolegend (581) 343510, referenced in 18 publications: https://www.biolegend.com/en-us/products/apc-anti-human-
cd34-antibody-6090

CD31-PE/Cy7 Biolegend (WM59) 303118, referenced in 18 publications: https://www.biolegend.com/en-us/products/pe-cyanine7-
anti-human-cd31-antibody-6124

CD42b-AF700 Biolegend (HIP1) 303928: https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-human-cd42b-
antibody-14765

CD33-BV605 Biolegend (P67.6) 366612, referenced in 1 publication: https://www.biolegend.com/en-us/products/brilliant-violet-605-
anti-human-cd33-antibody-12255

CD45-APC/Cy7 Biolegend (2D1) 368516, referenced in 30 publications: https://www.biolegend.com/en-us/products/apc-cyanine7-
anti-human-cd45-antibody-12400

CD45-Pacific Blue Biolegend (2D1) 368539, referenced in 11 publications: https://www.biolegend.com/en-us/products/pacific-blue-
anti-human-cd45-antibody-14908

CD45-APC Biolegend (HI30) 304012, referenced in 74 publications: https://www.biolegend.com/en-us/products/apc-anti-human-
cd45-antibody-705

CD43-PE Biolegend (CD43-10G7) 343203, referenced in 4 publications: https://www.biolegend.com/en-us/products/pe-anti-human-
cd43-antibody-6011

CD235ab-PE/Cy7 (HIR2) Biolegend 306620, referenced in 7 publications: https://www.biolegend.com/en-us/products/purified-anti-
human-cd235ab-antibody-743

€20z |udy

CD7-PE/Cy7 Biolegend (4H9/CD7) 395609: https://www.biolegend.com/en-us/products/pe-cyanine7-anti-human-cd7-
antibody-21684

CD15-PE Biolegend (HI198) 301905, referenced in 27 publications: https://www.biolegend.com/en-us/products/pe-anti-human-cd15-




ssea-1-antibody-713

CD49d(VLA-4)-BV605 (9F10) Biolegend 304313, referenced in 16 publications: https://www.biolegend.com/en-us/products/pe-
cyanine7-anti-human-cd49d-antibody-6776

CD117-BV421 BD Biosciences (104D2) 563856: https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/bv421-mouse-anti-human-cd117.563856

CD56-PE/Cy7 Biolegend (MEM-188) 304628, referenced in 7 publications: https://www.biolegend.com/en-us/products/pe-cyanine7-
anti-human-cd56-ncam-antibody-4584

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)
Authentication

Mycoplasma contamination
Commonly misidentified lines

(See ICLAC register)

Flow Cytometry

PGP1 and PGP9 parental cell lines were supplied through an MTA from the Weiss lab at MIT, and can be obtained from
Coriell.

PGP1 and PGP9 hiPSC lines were authenticated in-house via immunostaining for pluripotency markers (OCT4, NANOG, SOX2)
and successful differentiation to the three germ layers.
Engineered cell lines were assessed for functionality via detection of expression of GATA6 and EGFP.

All cell lines tested negative for mycoplasma contamination.

No commonly misidentified cell lines listed by ICLAC were used in this work.

Plots

Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Cultures were treated for 45 minutes with Collagenase C solution (3 mg/ml Stem Cell Technologies) followed by 15 minutes
treatment with Accuatse (Sigma) and filtered through 40um filters (Thermo Fisher) to make the single cell suspension. FC
block solution (Thermo Fischer) was added to the samples followed by 10 minutes incubation on ice. Next, the antibody mix
(1:400) was added to the samples followed by 30 minutes incubation on ice. Cells were analyzed using an LSR Il flow
cytometer (BD Bioscience) using 7-AAD (BD Pharmingen) for dead cell staining.

Cells were analyzed using an LSR Il or Fortessa flow cytometer (BD Biosciences)

FACSDiva (BD Biosciences) software suite was used for collection. FlowJo software (version 10.7.0) was used for flow
cytometry analysis.

Abundance of distinct cell populations of interest was determined using appropriate negative controls.
Standard gating settings were used. Cell debris was excluded via an SSC-A vs FSC-A gate; aggregates were excluded by

comparing FSC-A and FSC-H; dead cells were gated out using the 7-AAD stain to identify positive cells. The final gating is
available in Supplementary Information 1.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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