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SUMMARY

Human embryonic stem cells cultured in 2D micropatterns with BMP4 differentiate into a radial arrangement of germ layers and extra-
embryonic cells. Single-cell transcriptomes demonstrate generation of cell types transcriptionally similar to their in vivo counterparts in
Carnegie stage 7 human gastrula. Time-course analyses indicate sequential differentiation, where the epiblast arises by 12 h between the
prospective ectoderm in the center and the cells initiating differentiation toward extraembryonic fates at the edge. Extraembryonic and
mesendoderm precursors arise from the epiblast by 24 h, while nascent mesoderm, endoderm, and primordial germ cell-like cells form by
44 h. Dynamic changes in transcripts encoding signaling components support a BMP, WNT, and Nodal hierarchy underlying germ-layer
specification conserved across mammals, and FGF and HIPPO pathways being active throughout differentiation. This work also provides
a resource for mining genes and pathways expressed in a stereotyped 2D gastruloid model, common with other species or unique to hu-

man gastrulation.

INTRODUCTION

Early mammalian embryogenesis entails sequential specifi-
cation of extraembryonic (ExE) and embryonic tissues,
from which the three germ layers, ectoderm, mesoderm,
and endoderm, arise and are shaped into the body plan
during gastrulation (Shahbazi and Zernicka-Goetz, 2018).
The underlying cellular and molecular mechanisms have
been extensively investigated in the mouse and, more
recently, in nonhuman primates, in vitro cultured human
embryos, and 2D or 3D human embryonic stem cell
(hESC) models (Ghimire et al., 2021).

Prior to implantation, the totipotent zygote gives rise to a
blastocyst consisting of an inner cell mass (ICM), trophec-
toderm (TE), and primitive endoderm (PE or hypoblast).
While preimplantation lineage segregation processes are
generally conserved between mouse and human, differ-
ences in timing and molecular mechanisms emerge (Mole
et al., 2020). In early human and monkey embryos, blasto-
cyst cells co-express lineage-specific genes, with concurrent
establishment of TE, mature hypoblast, and ICM not
observed until implantation (Nakamura et al., 2016; Petro-
poulos et al., 2016; Xiang et al., 2019). After implantation
in humans, the ICM forms an epiblast (EPI) and amniotic
epithelium surrounding the amniotic cavity. The latter de-
velops later in the mouse and via different mechanisms
(Mole et al., 2020). Moreover, post-implantation EPI in hu-
mans is shaped like a flat disk, but like a cup in mouse.
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Gastrulation starts with the formation of the primitive
streak (PS) in the posterior side of the EPI disk. In mouse,
ExE cells surrounding the EPI secrete Bmp4, which in
turn induces the Wnt3 and Nodal signaling cascade in
the EPI (Ben-Haim et al., 2006). WNT and NODAL activities
are restricted to the posterior EPI by Lefty1, Cer1, and Dkk1
inhibitors secreted from the anterior visceral endoderm, es-
tablishing the anterior-posterior axis (Morgani and Had-
jantonakis, 2020). At the posterior EPI, high Nodal and
Wnt3 signaling induces the expression of T (TBXT or
Brachyury), marking mesoderm precursors, which undergo
the epithelial-to-mesenchymal transition (EMT), resulting
in the PS formation. As the EMT wave extends the PS ante-
riorly, mesendoderm precursors enter via the PS and
migrate to form mesoderm and endoderm, while the re-
maining EPI becomes ectoderm (Williams et al., 2012).
Fgf8 is necessary for cell movement away from the PS in
the mouse (Sun et al., 1999), but low FGF8 expression in
Carnegie stage (CS) 7 human gastrula implies that alterna-
tive FGF ligands act during human gastrulation (Tyser et al.,
2020). Murine Bmp4 mutants fail to express T or form
mesoderm and manifest truncated posterior structures
(Mishina et al.,, 1995). Thus, the interplay of the BMP,
WNT, NODAL, and FGF pathways underlies germ layer
specification and morphogenesis during mouse gastrula-
tion (Morgani and Hadjantonakis, 2020).

Due to the ease of genetic manipulation and the ability to
finely control experimental factors, in vitro stem cell
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systems have emerged as an invaluable tool for understand-
ing the signaling cascades and transcriptional regulatory
network underlying cell fate specification and morphogen-
esis during early human development (Ghimire et al.,
2021). These models include 2D micropatterned and 3D
gastruloid (Martyn et al, 2018, 2019a; Moris et al., 2020;
Warmflash et al., 2014), and 3D early blastocyst (Rivron
et al.,, 2018) and pre-gastrulation EPI (Simunovic et al.,
2019) models. The 2D and 3D gastruloid gene expression
patterns are similar to those of CS7 (Minn et al., 2020)
and CS9 human embryos (Moris et al., 2020), respectively.
While both 2D and 3D gastruloids differentiate into germ
layers, those of the former are highly reproducible and
thus suitable for investigating dynamic gene expression
changes underlying cell fate emergence during early
human gastrulation (Minn et al., 2020; Warmflash et al.,
2014).

As in mouse gastrulation, the BMP, WNT, and NODAL
pathways interact in hESC 2D micropatterned gastruloids,
which form germ layers and ExE cell types upon BMP4
treatment (Chhabra et al., 2019; Etoc et al., 2016; Martyn
et al., 2018; Minn et al., 2020; Tewary et al., 2017; Warm-
flash et al., 2014). In 2D micropatterned gastruloids,
despite global BMP4 treatment, BMP signaling is restricted
to the edge and activates WNT, which in turn activates
NODAL signaling. WNT and NODAL activities then travel
from the edge toward the center as indicated by phosphor-
ylation and/or nuclear localization of the downstream
effectors SMAD1, SMAD2/3, and CTNNBI1 (B-catenin)
(Chhabra et al., 2019; Etoc et al., 2016). However, the
spatiotemporal transcriptional dynamics of these path-
ways’ components and the transcription factors underly-
ing cell fate emergence in micropatterned gastruloids are
incompletely understood.

Using single-cell RNA sequencing (scCRNA-seq), we previ-
ously reported that BMP4 treatment of hESCs in 2D micro-
patterns generates ectoderm, EPI-like cells, PS-like cells,
nascent mesoderm, endoderm, human primordial germ
cell (PGC)-like cells (hPGCLCs), and ExE-like cells with
amnion and TE signatures (Minn et al., 2020). Here, we per-
formed a time course of immunofluorescence (IF) and
scRNA-seq on micropatterned cultures at 0, 12, 24, and
44 h of BMP4 application. We show that germ layer

formation in 2D gastruloids follows the temporal order of
in vivo gastrulation, with EPI and ectoderm precursors
forming by 12 h and mesendoderm precursors emerging
by 24 h to give rise to nascent mesoderm and endoderm
by 44 h, when hPGCLCs are also present. A comparison
with CS7 human gastrula (Tyser et al., 2020) showed simi-
larities in transcriptomes and differentiation trajectories of
gastruloid cells to those of their in vivo counterparts. Dy-
namic changes in transcripts encoding signaling compo-
nents support a BMP, WNT, and NODAL hierarchy under-
lying germ layer specification conserved across mammals,
and FGF and HIPPO signaling being active over the course
of differentiation.

RESULTS

H1 hESCs cultured on 500 um diameter extracellular ma-
trix microdiscs and treated for 44 h with BMP4 in mTeSR,
which includes TGF-B and FGF2 ligands, reproducibly reca-
pitulate aspects of gastrulation, namely, the formation of
germ layers, and PGC-like and ExE-like cells (Minn et al.,
2020; Warmflash et al., 2014). Here, we performed a time-
course study of scRNA-seq and IF analyses on these 2D
micropatterned cultures at 0 h (just before BMP4 addition)
and 12, 24, and 44 h after BMP4 addition (Minn et al.,
2020), to investigate cell differentiation trajectories and
underlying dynamic gene expression, and deduce cell
signaling interactions leading to the formation of these
early embryonic cell types. SCRNA-seq datasets for two rep-
licates at each time point were generated from cells pooled
from 36 individual colonies per replicate (Figure S1A). In
total, 9,167 cells expressing 24,190 genes were analyzed.

Sequential emergence of the seven embryonic and
extraembryonic cell types

Two-dimensional micropatterned colonies before BMP4
treatment (0 h) expressed POUSF1, SOX2, and NANOG
uniformly (Figures 1A and 1E). At 12 h of BMP4 treatment,
high pSMAD1 staining was restricted to the colony edge
(Figure S1B), consistent with previous reports (Etoc et al.,
2016; Warmflash et al., 2014). TE marker GATA3 expression
was generally confined to the outer edge, suggesting the

Figure 1. Temporal dynamics of protein and gene expression along the time course of 2D micropatterned gastruloid BMP4

treatment

(A and B) Immunofluorescence images of (A) SOX2, NANOG, and POU5F1 and (B) CDH1, T, CDH2, TFAP2A, SOX17, and GATA3 at the

indicated time points. Scale bar, 100 pum.

(Cand D) Quantification of normalized fluorescence intensity of (C) SOX2, NANOG, POU5F1, T, SOX17, and CDH2 and (D) TFAP2A and GATA3
after 12, 24, and 44 h of BMP4 treatment. Number of experiments, n = 1 for T, SOX17, CDH2, GATA3, and TFAP2A at 12 and 24 h; n =1 for
TFAP2A at 44 h; n =2 for GATA3 at 44 h; n =3 for SOX2, NANOG, and POU5F1 at 12, 24, and 44 h; n=5 for Tand CDH2 at 44 h; n = 6 for SOX17

at 44 h. Data are presented as the mean + SEM.

(E) Uniform manifold approximation and projection (UMAP) display of indicated marker expression at indicated time points.
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initiation of differentiation (Gunne-Braden et al., 2020).
However, the amnion marker TFAP2A was expressed in
fewer cells and not as confined to the edge as GATA3 (Fig-
ure 1B). Neither the PS and mesoderm marker T nor the
endoderm marker SOX17 was detected at this stage (Figures
1B and 1E). A few cells in the center were SOX2" with
slightly lower levels of POUSF1 and NANOG, suggestive
of a prospective ectoderm identity (Figure 1A). Cells
between the GATA3" edge and the SOX2'POUSF1'®™
center were SOX2*POUSF1M8"NANOG"8" indicative of
pluripotent or EPI-like characteristics.

At 24 h, SOX2*POUS5F1'""“NANOG "% prospective ecto-
derm cells were more restricted to the center (Figures 1A
and 1C). IF studies showed a ring of T expression but
only sporadic SOX17* cells (Figure 1B), as corroborated
by scRNA-seq (Figure 1E). In mouse gastrulae, cells in the
forming PS undergo EMT, characterized by a CDH1-to-
CDH2 switch. At 24 h, EMT marker CDH2 expression was
sporadic and not restricted to T* cells, while CDH1 expres-
sion was observed throughout the gastruloids. The nascent
mesoderm marker MESP1 was also absent (Figure 1E). We
interpret these results to mean that T" mesendoderm pre-
cursors have emerged, but the EMT has not been initiated
by 24 h. The expression of CDX2, GATA3, and TFAP2A
was confined to a distinct cell cluster (Figure 1E), and IF
staining indicated these cells were confined to the edge
(Figures 1B and 1D).

By 44 h, the full complement of ExE, germ layers, and
hPGCLCs had formed. CDH2 was restricted to T* cells in
IE, consistent with mesoderm precursors acquiring EMT
characteristics (Figure 1B) (Minn et al., 2020). SCRNA-seq
distinguished T* cells into TM&"MESP1'Y and T'°“ME-
SP1M8h suggestive of PS-like and nascent mesoderm iden-
tity, respectively (Figure 1E). A distinct ring of SOX17
expression suggested endoderm formation. ScRNA-seq
distinguished SOX 17" cells into SOX17*FOXA2* endoderm
and SOX17*NANOS3*TFAP2C* hPGCLCs. Co-expression
of SOX17 and TFAP2C in IF corroborated the hPGCLC
appearance (Figure S1C). Taken together, these studies sug-
gest that EPI-like, prospective ectoderm, and GATA3™ cells
that initiate differentiation toward the ExE-like form as
early as 12 h. Mesendoderm precursors emerge by 24 h,
suggesting the initiation of gastrulation-like events, fol-
lowed by the formation of mesoderm, endoderm, and
hPGCLCs by 44 h.

Using canonical markers and monkey and mouse
gastrula datasets (Ma et al., 2019; Pijuan-Sala et al., 2019)
as references, we previously annotated seven cell types
in 44 h gastruloids: EPI-like, ectoderm, PS-like mesoderm-
1, nascent mesoderm-like mesoderm-2, endoderm,
hPGCLCs, and ExE-like with amnion and TE signatures
(Minn et al., 2020). Here, we combined 0, 12, 24, and
44 h datasets using canonical correlation analysis (CCA)

in Seurat (Figure 2A) (Stuart et al., 2019). Most O h cells
formed a distinct cluster, corroborating that differentiation
was initiated by 12 h of BMP4 treatment. We used Seurat to
compute predicted cell-type scores for cells at 12 and 24 h
using the annotated 44 h dataset as reference. Each 12
and 24 h cell with the highest prediction score for a 44 h
cell type was assigned the same cell-type annotation (Fig-
ures 2B-2D, S2A, and S2B). The annotation of 12 and
24 h micropatterned cultures largely corroborated marker
expression analyses described above. Most 12 h cells were
predicted to be EPI-like, but the fraction decreased over
time (Figure 2C; 94%, 71%, and 25% at 12, 24, and 44 h,
respectively), consistent with the emergence of additional
differentiated cell types by 44 h. In line with SOX2*POUS5-
F1'"“NANOG'" marker expression, 5% of 12 h cells were
identified as prospective ectoderm and showed upregu-
lated ectoderm markers VIM, NES, and ID3 (Figure S2C
and Table S1). ExE-like cells were observed at 24 h (9%)
and increased in proportion by 44 h (13%) (Figure 2C). At
24 and 44 h, predicted mesoderm-1 cells expressed the PS
markers T and MIXL1 (Figures 2E and S2C). By 44 h, the
proportion of mesoderm-1 cells was reduced, coincident
with the emergence of nascent mesoderm-like mesoderm-
2. Likewise, endoderm and hPGCLCs did not appear until
44 h.

Together, the IF and scRNA-seq time-course analyses re-
vealed the differentiation dynamics of germ layers and
EXE cell types over 44 h of BMP4 treatment in 2D micropat-
terned gastruloids: (1) at O h, untreated cells expressed
pluripotent markers and formed a distinct cluster; (2) EPI-
like cells predominated at 12 and 24 h but decreased in pro-
portion by 44 h; (3) precursors of ectoderm and GATA3*
cells that initiated differentiation toward the ExE-like fate
emerged by 12 h; (4) mesendoderm precursors or meso-
derm-1 and ExE-like cells formed by 24 h; and (5) more
differentiated cell types, mesoderm-2, endoderm, and
hPGCLCs, were primarily observed at 44 h. All annotated
clusters expressed corresponding canonical markers (Fig-
ures 2E and S2C). The replicates at each time point overlap
well, supporting reproducibility of the gene-expression
dynamics (Figure S2D).

Comparison of the micropatterned gastruloid cell
types with the human Carnegie stage 7 gastrula

We reported that 2D hESC gastruloids treated with BMP4
for 44 h are transcriptionally similar to E7.0-7.5 mouse
and 14-16 dpf (days post-fertilization) cynomolgus mon-
key gastrula (Minn et al., 2020), likely corresponding to
CS7 human gastrulae (O’Rahilly and Miller, 1987).
Comparison with the recently published scRNA-seq dataset
from a single CS7 (~16-19 dpf) human gastrula (Tyser
et al.,, 2020) showed the closest correlation in average
gene expression and the highest prediction scores of CS7
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Figure 2. Sequential emergence of the seven embryonic and extraembryonic cell types in micropatterned gastruloids
(A and B) UMAP displays of cells at 0, 12, 24, and 44 h of BMP4 treatment clustered by (A) time and (B) cell type.

(C) Bar plot depicting percentage of cell types at the indicated time points.

(D) UMAPs of the seven cell clusters identified at the indicated time points.

(E) Expression of the indicated markers at 0, 12, 24, and 44 h of BMP4 treatment on the UMAP shown in (B).

human gastrula to 44, 24, 12, and O h gastruloids, in that Transcriptional profiling of the CS7 human gastrula

order (Figures 3A and 3B). CS7 human gastrula also tran-
scriptionally corresponds to E7.0-7.5 mouse (Figure S3A)
and 14-16 dpf cynomolgus monkey (Figure S3B), similar
to 44 h hESC gastruloids (Minn et al., 2020). Thus, 2D
hESC gastruloids at 44 h may represent the early to mid-
gastrulation stage relevant to CS7 human gastrula.
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defined 11 major cell types (Figure S3C) (Tyser et al.,
2020). Using highly variable genes, we applied Seurat to
calculate prediction scores of CS7 gastrula cell types in
2D gastruloids (Figure 3C). Gastruloid EPI-like, meso-
derm-1, mesoderm-2, and endoderm scored highly for
corresponding CS7 gastrula cell types, namely EPI, PS,
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Figure 3. Comparison of the 2D micropatterned gastruloid cell types with the human Carnegie stage 7 gastrula
(A and B) Comparison of CS7 gastrula with BMP4 micropatterned cultures at the indicated time points using (A) average gene expression

correlation and (B) anchor-based prediction.

(C) Prediction score of CS7 cell types in the indicated gastruloid cell types.

(D) Violin plot of the PGC module score in gastruloid cell types.

(E and F) Prediction scores of mouse ectodermal derivatives in ectoderm of (E) CS7 and (F) gastruloid.
(G) Expression of indicated ectoderm makers in the gastruloid ectoderm cluster.

nascent/emergent mesoderm, and endoderm, respectively.
Within the CS7 PS, seven NANOS3*SOX17*T"" PGCs were
identified (Tyser et al., 2020). Similarly, gastruloid
hPGCLCs were NANOS3*SOX17*T"" (Figure S2C). The
PGC module score using CS7 PGCs’ top 20 differentially ex-
pressed genes (DEGs) (Tyser et al., 2020) revealed the high-
est score in the hPGCLC cluster (Figure 3D), indicating that
gastruloid hPGCLCs are similar to CS7 PGCs.

In CS7 gastrula, 29 cells (2.4%) were annotated as ecto-
derm (Tyser et al., 2020), although its embryonic versus
ExE identity was unclear, with cells co-expressing the puta-
tive primate amnion markers TFAP2A and ISL1 (Yang et al.,
2020; Zheng et al., 2019) but lacking the neuroectoderm
regulator SOX2 mRNA (Figure S3D). Thus, CS7 ectoderm

cells received high prediction scores for monkey early and
late amnion (Figure S3E) and mouse EXE ectoderm (Fig-
ure 3E). Correspondingly, we found a high prediction score
of gastruloid ExE-like to CS7 ectoderm, monkey amnion
and TE derivatives, and mouse ExE ectoderm (Figures
S3F). In contrast, gastruloid ectoderm cells had the highest
prediction score to mouse rostral neuroectoderm (Fig-
ure 3F). SOX2, expressed in neuroectoderm derivatives
(Pijuan-Sala etal., 2019), was found in gastruloid ectoderm,
but not in CS7 ectoderm (Figure S3D). Early neural markers
PAX6 and GLI3 were also detected in gastruloid ectoderm
(Figure 3G).

The comparative transcriptomic analysis with CS7 human
gastrula suggests that 2D hESC gastruloids recapitulate the
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formation of EPI, PS, nascent/emergent mesoderm, endo-
derm, and PGC. However, due to the lack of distinct annota-
tion for ectoderm derivatives and EXE TE or amnion in the
CS7 dataset, we cannot conclusively determine a similarity
of gastruloid ectoderm and ExE-like to their CS7 counter-
parts. Nonetheless, additional comparisons suggest a tran-
scriptional similarity of gastruloid ectoderm to mouse rostral
neuroectoderm (Figure 3F), and gastruloid ExE-like to mon-
key TE and amnion (Figure S3F).

Dynamic changes in the expression of signaling
pathways’ components and their transcriptional
targets in the course of 2D gastruloid differentiation
Developmental genetic studies defined conserved
signaling cascades underlying the induction and
patterning of germ layers in all metazoans (Solnica-Krezel,
2020). In post-implantation mouse embryos, Bmp4 ligands
from ExE tissues induce in the adjacent EPI expression of
Wnt3, which in turn induces expression of Nodal (Morgani
and Hadjantonakis, 2020). As previously reported, despite
uniform application of BMP4 to 2D micropatterned hESC
cultures, its downstream effector pSMAD1 is largely
restricted to the edge of each colony after 12 h, and this
pattern persists at 24 and 44 h (Figure S1B) (Etoc et al.,
2016). Around 24 h, the BMP4 signaling at the edge initi-
ates WNT signaling, which in turn triggers NODAL
signaling, and both WNT and NODAL signaling waves
travel inward toward the colony center (Chhabra et al.,
2019). Consistent with WNT and NODAL activation after
24 h, we found expression of NODAL, WNT3, and
WNTS5A in the rings of EPI-like and mesoderm-1/2 clusters
at 44 h (Figure S4A). We further interrogated our scRNA-seq
datasets to understand the expression of components and
downstream targets of these and other key signaling path-
ways and deduce their activity and potential roles in the
emergence of the seven gastruloid cell types. Overall, we
found increasing expression of BMP, WNT, NODAL, and
HIPPO signaling components from 12 to 44 h, while the
reverse dynamics were observed for FGF signaling compo-
nents (Figure 4A).

Within the BMP pathway, the BMP2 and BMP7 genes
were expressed in the O h hESC culture, whereas from 12
to 44 h, we found an increasing expression of genes encod-
ing BMP2 and BMP4 ligands, BMPR2 and BMPR1A recep-
tors, and the SMADS downstream effector (Figure 4A). At
44 h, the upregulation of BMP2 was specific to the meso-
derm-2 and endoderm clusters (Figures 4B, S4B, and S4C).
Consistent with EXE cells being a source of BMP ligands,
the ExE-like cells expressed BMP4 at levels higher than
other cell types (Figure S4A). Over time, the BMP target
gene and negative feedback inhibitor, BAMBI (Onichtch-
ouk et al., 1999), was also increasingly expressed, particu-
larly in the ExE-like. Among genes encoding BMP antago-
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nists, we saw expression of NOG and FST, but low CHRD
across all time points in the ectoderm, and CER1 in meso-
derm-2. Taken together, at 44 h, the strong expression of
FST in the ectoderm, CER1 and BMP2 in mesoderm-2 and
endoderm, and BMP4 in ExE-like is consistent with a radial
gradient of BMP signaling activity, with low activity in the
center, detected as early as 12 h by IF studies of the down-
stream effector pPSMAD1 (Figure S1B).

WNT signaling is induced by BMP in early mouse embryos
and 2D hESC gastruloids (Chhabra et al., 2019). We
observed few cells expressing genes encoding WNT ligands
during differentiation until 44 h, although receptors FZD3
and LRP6, antagonist SFRP1/2, and intercellular compo-
nents CINNBI1, APC, and GS3KB were broadly expressed
(Figures 4A and 4B). At 44 h, we observed expression of
WNTs in specific cell populations: WNT2 in hPGCLC,
WNT3 in mesoderm-1 and -2, WNT5A in mesoderm-2,
WNT5B in hPGCLC and ExE-like, and WNT6 in ExE-like
(Figures 4B and S4D). This suggests that different WNT li-
gands may be involved in signaling between discrete cell
types. Among the WNT antagonists, SFRP1 was differentially
expressed in ectoderm and EPI-like, and DKKI in ectoderm
and mesoderm-2, whereas SFRP2 was uniformly expressed
in all clusters. Expression of WNT ligands and its target
AXIN2 is indicative of signaling activity. Thus, expression
of WNT ligands in all cell types except in the center ecto-
derm and the surrounding EPI-like ring, particularly at 44
h, suggests low WNT activity in the gastruloid center.

Within the NODAL pathway, starting at 24 h, we saw up-
regulation in EPI-like and mesoderm-1/2 of NODAL and
GDF3 transcripts encoding the ligand heterodimer pro-
posed to induce mesendoderm (Montague and Schier,
2017). Similar expression patterns were observed for
TDGF1 and FOXHI1, encoding the NODAL co-receptor
and transcriptional effector, respectively (Figure 4B).
Antagonist FST was expressed throughout the time course,
and highest in the ectoderm (Figures 4B and S4D). NODAL
feedback inhibitors LEFTY1 and LEFTY2 were expressed in
EPI-like and mesoderm-1 at 24 h, while LEFTY2 also ex-
hibited enrichment in ectoderm (Figure 4B). These RNA
expression data at 24 and 44 h suggest high NODAL
signaling activity in the middle ring comprising EPI-like,
mesoderm, and endoderm, but low activity in the center
ectoderm and ExE-like edge.

Within the FGF pathway, at O and 12 h, we noted high
RNA expression of ligand FGF2, receptor FGFR1, and antag-
onists SPRY1, DUSP6, and CBL (Ornitz and Itoh, 2015),
which all decreased toward 44 h (Figure 4A). Conversely,
we found FGF17 transcript levels increasing toward 44 h,
mainly in mesoderm-1/2 and endoderm (Figures 4B and
S4F). DUSP6, encoding a negative regulator and target
gene, was highly expressed in endoderm (Figure S4F). We
also noticed selective upregulation in ectoderm of another
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Figure 4. Dynamic changes in the expression of genes encoding signaling pathway components in the course of 2D micropatterned

gastruloid differentiation

(A) Temporal gene expression dynamics of the indicated signaling pathway components over the course of BMP4 treatment.
(B) Heatmap showing the expression of components of the indicated pathways in cells for the indicated time points and cell types.

negative regulator, SPRY1, suggesting a reduced FGF activ-
ity in the center. Cells that produce FGF ligands show the
strongest signaling response (Morgani and Hadjantonakis,
2020). Hence, the expression at 44 h of FGF ligands (FGF2/
17) (Figure 4B), peaking in mesoderm, suggests a circular
ring of signaling activity that may play a role in mesoderm
and endoderm formation and/or morphogenesis.

Genes encoding HIPPO pathway components were ex-
pressed increasingly throughout differentiation, except
for the negative regulators STK4 (MST1) and STK3
(MST2), which showed reverse expression dynamics (Fig-
ure 4A). Interestingly, we observed high expression in the
gastruloid endoderm of YAPI and TEADI1/2 (Figures 4B
and S4G), which were also expressed in CS7 definitive
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Figure 5. Characterization of gene expression and differentiation trajectory in gastruloid EPI-like and mesoderm clusters
(A) UMAP of untreated cells at 0 h and gastruloid EPI-like cells at 12, 24, and 44 h.

(B) Expression of the indicated markers in the indicated cell types over the gastruloid time course.

(C) Diffusion maps and pseudotime plots of gastruloid EPI-like and CS7 EPI and PS.

(D) Expression of the indicated PS and mesoderm markers in gastruloid mesoderm-1 and -2 clusters over the time course.

(legend continued on next page)
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endoderm (DE) (Tyser et al., 2020), implying a potential
role for the HIPPO pathway in endoderm formation.

EPI-like cluster represents precursors for gastrulating
cells

The gastruloid EPI-like cluster scored highly for EPI in hu-
man, monkey, and mouse gastrulae (Figures 3C and S3F).
CCA and uniform manifold approximation and projec-
tion (UMAP) showed the separation of EPI-like cells
from O h BMP4-untreated cells (Figure 5A), suggesting an
identity distinct from undifferentiated hESCs, but similar
to human EPI at gastrulation stages. Toward 44 h,
concomitant with the emergence of differentiated cell
types, fewer EPI-like cells were identified (Figure 2C). An-
alyses of untreated O h cells and EPI-like cells at 12, 24,
and 44 h BMP4 treatment showed expression of the
pluripotent markers SOX2, POU5F1, NANOG, and DPPA4
(Figure 5B). We observed expression of the NODAL path-
way’s components TDGF1 and FOXH1 at 0 h, with
increasing expression levels toward 44 h. GDF3 and
NODAL expression was appreciably detected only at
24 h and increased by 44 h, suggesting that growing
numbers of EPI-like cells at 24 and 44 h are differentiating
toward PS-like or mesoderm identity. In support of this,
the diffusion map showed an overlap of gastruloid EPI-
like along the CS7 EPI-to-PS trajectory (Figure 5C).

Gastruloid mesoderm shows transition of primitive
streak to nascent mesoderm identity

Over the course of BMP4 treatment, the majority (>99%) of
12 h (only seven cells) and 24 h mesodermal cells were
mesoderm-1, whereas at 44 h, 51% were mesoderm-1 and
49% were mesoderm-2 (Figure S5A), suggesting the pro-
gression of mesoderm-1 to mesoderm-2. In CS7, T was ex-
pressed in PS and nascent mesoderm, but differentiated
markers DLL3, MESP1, PDGFRA, and APLNR, as well as
EMT markers SNAI1/2, were expressed only in nascent
and emergent mesoderm (Figure S5B). At 24 h, only T
was expressed in gastruloid mesoderm-1/2, suggestive of
PS-like identity. At 44 h, mesoderm-1 expressed relatively
higher levels of T, but lower levels of differentiated and
EMT markers (Figure 5D). These results suggest a shift in
gene expression pattern from PS-like to nascent mesoderm
by 44 h. Consistent with this, CCA and UMAP of gastruloid
mesoderm-1/2 and CS7 PS and mesoderm cell types
showed close clustering of mesoderm-1 to PS and meso-
derm-2 to nascent/emergent mesoderm (Figure S5C). A

diffusion map of CS7 EPI, PS, and nascent/emergent meso-
derm showed sequential ordering along the pseudotime
and increasing expression of mesoderm markers (Fig-
ure 5E). Similar trajectory, pseudotime arrangement, and
marker expression dynamics were observed for gastruloid
EPI-like, and mesoderm-1 and -2 cells (Figure SE), suggest-
ing that mesoderm-1 represents a transitional cell type be-
tween EPI-like and mesoderm-2, similar to the transitional
nature of PS between EPI and nascent mesoderm in vivo.
Hence, we posit that 2D gastruloid formation recapitulates
the temporal aspects of in vivo gastrulation, where PS
emerges from EPI, and then generates mesoderm and
endoderm.

In mouse, Fgf8 is required for the migration of meso-
dermal cells away from the PS (Sun et al., 1999), yet in pri-
mates and hESC gastruloids at 44 h, FGF8 expression is
low or absent in mesoderm (Minn et al., 2020). Instead,
FGF17 is upregulated in gastruloid mesoderm-2 and CS7
nascent mesoderm, implicating different FGF ligands in
primate gastrulation (Figures SSD-S5F). FGF2 was absent
in mouse but had high to low expression from EPI to
nascent mesoderm transition in human. In gastruloids,
we found constant low expression of FGF2 across EPI-
like, mesoderm-1, and mesoderm-2 (Figure SSE). Other
notable differences between CS7 human and mouse
include upregulation of SNAIZ but downregulation of
TDGF]1 in CS7 EPI to nascent mesoderm transition (Tyser
et al., 2020). In mouse, Snai2 exhibits low expression,
whereas Tdgf1 is upregulated from EPI to nascent meso-
derm transition. Similar to CS7 human, we found upregu-
lation of SNAI2 and slight downregulation of TDGF1 in
gastruloid EPI-like to mesoderm-2 transition (Figures
S5D-SSF). To probe further similarities and differences in
gene expression changes from EPI to nascent mesoderm
(EPI-like to mesoderm-2 in gastruloids), we compared up-
regulated and downregulated DEGs in mouse, human,
and gastruloids. We found more shared DEGs between
CS7 and hESC gastruloids compared with mouse (Fig-
ure S5G; 158 versus 57 upregulated genes and 95 versus
74 downregulated genes). We also found 22 upregulated
and 18 downregulated genes common in all datasets (Fig-
ure S5H), including known mesodermal markers T,
MESP1, SNAI1, and MIXL1. We further identified 136 upre-
gulated and 77 downregulated genes that are shared in
CS7 and hESC gastruloids but not in mouse (Figure S5I),
arguing that 2D hESC gastruloids can replicate human-
specific transcriptional signature of gastrulation.

(E) Diffusion maps showing the arrangements of gastruloid EPI-like and mesoderm-1/2, and CS7 EPI, PS, and nascent/emergent mesoderm.
(Top left) Gastruloid cells shown with CS7 cells in the background, (top center) CS7 cells shown with gastruloid cells in the background, and
(top right) a pseudotime plot of both gastruloid and CS7 cells combined. (Bottom) Expression of the indicated posterior EPI and mesoderm
markers in gastruloid and CS7 cells along the EPI-to-mesoderm transition.
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Gastruloid endoderm exhibits similar transcriptional
signature to definitive endoderm

IF and scRNA-seq data indicated that the endoderm popu-
lation emerged by 44 h (Figures 1B and 2D). CS7 endoderm
can be discerned into DE and PE, based on TTR and AFP
expression in PE (Figures S6A and S6B). Similarly, mouse
ExE endoderm expressed TTR and AFP at higher levels
than DE (Figure S6C). In contrast, other endoderm markers,
SOX17, GATA6, and FOXA2, were expressed in all CS7 and
mouse endoderm. Comparison of CS7 endoderm with E7-
7.5 mouse endoderm showed the strongest gene expres-
sion correlation between respective definitive and EXE
endoderm of human and mouse (Figure S6D), suggesting
similar transcriptional signatures between human and
mouse endoderm derivatives.

Gastruloid endoderm lacked TTR and AFP expression, but
expressed SOX17, GATA6, and FOXAZ2, supporting a DE-like
identity. Anterior PS markers OTX2, CER1, HHEX, and GSC,
expressed exclusively in CS7 DE (Tyser et al., 2020), were
also found in gastruloid endoderm (Figure 6A). Consistently,
we found the highest gene expression correlation of gastru-
loid endoderm to DE of both mouse and human (Figure S6E).
Adiffusion map of CS7 PS, nascent/emergent mesoderm, and
endoderm showed a bifurcating trajectory from PS to meso-
derm or endoderm (Figure 6B). Similar trajectory, pseudotime
arrangement, and marker expression were observed for gas-
truloid mesoderm-1 and -2 and endoderm (Figure 6B). Hence,
these results support the notion that gastruloid endoderm
models PS-derived DE. Given that gastruloid mesoderm-2
and endoderm appear to arise from mesoderm-1, we posit
that mesoderm-1 corresponds to mesendodermal precursors.

Characterization of gastruloid ExE-like cells

ExE markers GATA3 and TFAP2A were detected by IF and
scRNA-seq as early as 12 h (Figures 1A and 1E). However,
ExE-like cells were identified only at 24 and 44 h (Figures
2C and 2D). Thus, BMP4 treatment induced GATA3 expres-
sion by 12 h in the outermost cells, which were also positive
for pSMAD1 (Figure S1B) and later differentiated into EXE-
like cells, consistent with GATA3 mediating BMP4-induced
differentiation in hESC (Gunne-Braden et al., 2020). We
combined TE and amnion datasets from in vitro monkey
(Maetal., 2019) and pre-gastrulation human embryos (Xiang
et al., 2019) to determine specific markers for both cell types
(Figure 7A). The combined amnion cluster expressed CDX2,

NANOG, POUSF1, BMP4, ISL1, and CXCL12, but TE ex-
pressed KRT7 and GATA3 (Figure 7C). However, both TE
and amnion markers were expressed across all gastruloid
ExE-like cells (Figures 7B and 7D). Among DEGs of the com-
bined amnion and TE cluster identified in an unbiased
mannet, we found 41 TE markers and 54 amnion markers up-
regulated in the gastruloid ExE-like (Figure S7A). Some
markers were expressed at 24 h, and increased toward 44 h,
suggesting a progression of ExE-like formation along the
time course. Likewise, the prediction score for monkey late
amnion-2 and TE increased from 12 to 44 h (Figure S7B).
Overall, we interpret these results to mean that gastruloids
form an EXE cell type with both amnion and TE signatures,
consistent with our analyses at 44 h (Minn et al., 2020),
and that both signatures increase over time.

Gastruloid hPGCLCs have transcriptional signatures
of gastrulating and amnion cells

In gastruloids, hPGCLCs arise by 44 h of BMP4 treatment, evi-
denced by SOX17, NANOS3, and TFAP2C co-expression (Fig-
ure 2B). These cells exhibited transcriptional signatures
similar to those of CS7 and monkey PGCs (Figures S7C-
S7E). Over time, in gastruloid hPGCLCs, expression of
amnion markers TFAP2A and CDX2, and gastrulating
markers T and MIXL1 increased, but that of TE markers
GATA3 and KRT7 decreased (Figure S7E). Thus, gastruloid
hPGCLCs exhibit gastrulating and amnion transcriptional
signatures, as reported for hPGCLCs derived from hESCs in
3D aggregates (Chen et al., 2019). Likewise, we found expres-
sion of the gastrulation marker T and ExE markers TFAP2A,
GATA3, and CDX2 in monkey PGCs (Figure S7C). However,
in CS7 PGCs, only the gastrulation and no amnion signature
was observed (Figure S7D). In monkey, PGCs arise in the
amnion, with high BMP and WNT signaling, suggesting their
underlying role in PGC specification. In 2D micropatterned
gastruloids, BMP4 was highly expressed in the ExE-like popu-
lation, whereas its receptors BMPRIA and BMPR2, as well as
target genes SMADI and SMADS5, were expressed in
hPGCLCs, supporting a potential role of BMP4 signaling
from ExE-like populations to hPGCLCs (Figure S4B). Further-
more, complementary expression of WNT ligands (WNT6
and WNT5B) in the ExE-like and receptors (FZD3 and LRP1/
6) along with expression of WNT2 and WNT5B in hPGCLCs
points to WNT signaling having a role in gastruloid hPGCLC
specification (Figure 4C).

Figure 6. Characterization of gene expression and differentiation trajectory in gastruloid endoderm

(A) Expression of endoderm and anterior PS markers.

(B) Diffusion maps showing arrangements of gastruloid mesoderm-1/2 and endoderm, and CS7 PS, nascent/emergent mesoderm, and
endoderm. (Top left) Gastruloid cells shown with CS7 cells in the background, (top center) CS7 cells shown with gastruloid cells in the
background, and (top right) a pseudotime plot of both gastruloid and CS7 cells combined. (Bottom) Expression of the indicated mesoderm
and endoderm markers in gastruloid and CS7 cells along PS-to-mesoderm and PS-to-endoderm trajectories.
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Figure 7. Transcriptional characterization of gastruloid ExE-like cells
(A and B) UMAPs of (A) in vitro D6-14 human and 11-17 dpf monkey TE and amnion and (B) gastruloid ExE-like cells.
(C and D) Expression of the indicated markers in (C) human and monkey TE and amnion and (D) gastruloid ExE-like cells.
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DISCUSSION

In vitro hESC models have been recently used to study as-
pects of human gastrulation, including specification of
germ layers, organizer, and morphogenetic processes such
as the EMT and tissue elongation (Martyn et al, 2018,
2019b; Moris et al., 2020; Simunovic et al., 2019; Warm-
flash et al., 2014). Using scRNA-seq, we previously demon-
strated that 44 h BMP4 treatment of hESCs cultured on a
2D micropattern induces formation of prospective ecto-
derm, two types of mesoderm, endoderm, EPI-like cells,
ExE-like cells, and hPGCLCs (Minn et al., 2020).

The recently available scRNA-seq dataset of one CS7 hu-
man gastrula (Tyser et al., 2020) enabled interrogating the
2D hESC gastruloid model. Cross-comparison with CS7
human, mouse (Pijuan-Sala et al., 2019), and monkey
(Ma et al., 2019) gastrulae showed that the global tran-
scriptome of hESC gastruloids at 44 h BMP4 treatment re-
sembles that of CS7, E6.0-6.5 mouse, and 14-16 dpf mon-
key (Figures 3 and S3) (Minn et al., 2020), consistent with
the 2D hESC gastruloid modeling aspects of early to mid-
gastrulation. Further comparison with CS7 cell types indi-
cated that 2D hESC gastruloids form cell types that are
transcriptionally similar to EPI, PS, nascent/emergent
mesoderm, DE, and PGC (Figure 3). However, gastruloid
prospective ectoderm is not transcriptionally similar to
CS7 ectoderm, possibly due to the latter comprising sur-
face and EXE ectoderm (Tyser et al., 2020). Rather, gastru-
loid ectoderm is transcriptionally similar to mouse rostral
neuroectoderm, and expresses markers of nascent neural
tissues such as SOX2, GLI3, and PAX6 (Pijuan-Sala et al.,
2019).

The outermost gastruloid cells have EXE identity as indi-
cated by transcriptional similarity with in vitro-cultured
D12 and D14 human (Xiang et al., 2019) and 11-17 dpf
monkey amnion and TE (Ma et al., 2019). However, distinct
amnion or TE identities could not be discerned in gastru-
loids based on marker gene expression at 44 (Minn et al.,
2020) and 24 h time points (this study). Accordingly, a sepa-
rate study proposed that BMP-treated hESCs are transcrip-
tionally more similar to amnion than TE in the cynomolgus
monkey (Chhabra and Warmflash, 2021). These observa-
tions are consistent with naive hESCs having a higher po-
tential than primed hESCs to differentiate into EXE lineages
and directly give rise to PE (Linneberg-Agerholm et al., 2019)
or trophoblast stem cells (Dong et al., 2020).

The emergence of cellular complexity in BMP4-
induced 2D gastruloid resembles CS7 human gastrula
Here, we characterized spatiotemporal changes in gene
expression over the course of 0,12, 24, and 44 h of BMP4
treatment in 2D micropatterned gastruloids. Our analyses

indicate a successive emergence of cell fates, with EPI-like
cells, prospective ectoderm, and GATA3" cells that initiated
differentiation by 12 h after BMP4 application, followed by
mesendoderm precursors mesoderm-1 and ExE-like by 24
h, and finally, mesoderm-2, endoderm, and hPGCLCs by
44 h. The early emergence of prospective ectoderm is in
line with the earlier chromatin accessibility of ectoderm en-
hancers compared with that of mesendoderm in mouse
gastrulae (Argelaguet et al., 2019). The sequential emer-
gence of EPI-like at 12 h, followed by T*MESP1~ PS-like
mesoderm-1 by 24 h, and T*MESP1* mesoderm-2 and
SOX17°FOXA2* endoderm by 44 h is consistent with
studies in mouse, in which posterior EPI gives rise to PS,
where cells undergo EMT, migrate, and differentiate into
mesoderm and endoderm (Tam and Behringer, 1997).
Moreover, the transition from gastruloid EPI-like to meso-
derm-1 to mesoderm-2 follows a similar trajectory from
EPI to PS to nascent/emergent mesoderm in CS7 human
gastrula (Tyser et al., 2020). Similar bifurcating trajectories
from CS7 PS to endoderm and mesoderm were found in
gastruloid mesoderm-1 to endoderm and mesoderm-2 (Fig-
ures 5C, SE, and 6B), suggesting that mesoderm-1 corre-
sponds to mesendoderm precursors. Based on these ana-
lyses we posit that 2D gastruloids model not only the
formation but also the sequential emergence and differen-
tiation trajectories of germ layers and ExE cell types during
human gastrulation.

Signaling processes underlying cell fate specification
in 2D micropatterned gastruloid

Extensive genetic and embryologic studies in fish, frog,
chick, and mouse have identified BMP, FGF, Nodal, and
Wnt as key signaling pathways underlying vertebrate
gastrulation (Solnica-Krezel, 2020). In post-implantation
mouse embryos, Bmp4 from ExE induces Wnt3 in posterior
EPI, which in turn activates Nodal and induces expression
of T, required for the initiation of gastrulation (Ben-Haim
et al., 2006). Bmp, Wnt, and Nodal activities are restricted
to the posterior by the key inhibitors Cerl, Leftyl, and
DKK1, secreted by anterior visceral endoderm and EPI. By
contrast, BMP4 is uniformly applied in 2D micropatterned
gastruloids, yet a similar signaling hierarchy with BMP
inducing WNT, and WNT inducing NODAL, has been
described (Chhabra et al., 2019; Martyn et al., 2018). Like-
wise, our scRNA-seq indicates high expression of BMP4 and
the negative regulator target gene BAMBI in the edge ExE-
like cells, suggestive of signaling activity and a source of
BMP ligands, similar to mouse (Lawson et al., 1999) and
monkey amnion (Yang et al., 2020). WNT3 was expressed
in mesoderm-1/2 and endoderm, and NODAL in meso-
derm-1 and EPI-like (Figure 4), suggestive of their signaling
activities in the domain between the center and the edge of
gastruloids, as previously reported (Chhabra et al., 2019;
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Martyn et al., 2018). We further showed comprehensive
expression patterns of BMP, WNT, NODAL, FGEF, and
HIPPO pathway genes over the time course of hESC
gastruloid differentiation, paving the way for elucidating
additional signaling interactions underlying hESC
gastruloid formation.

Previous reports on micropatterned cultures using RUES2
hESCs attributed subcellular receptor localization and
antagonist NOG expression in the center to a radial BMP4
signaling gradient (Etoc et al.,, 2016). Consistent with
this, we found increasing expression of NOG in the center
ectoderm over time (Figure 4B). FST, encoding both BMP
and NODAL antagonist, was also high in the center cells
(Figure 4). Similar to 2D gastruloids, in the CS7 gastrula, a
few cells express NOG, but FST expression is prevalent in
EPI, PS, and nascent mesoderm (Tyser et al., 2020).

In monkey, ISL1" amnion expresses BMP4, and loss of
amnion results in impaired BMP4 signaling and PS forma-
tion (Yang et al., 2020). Similarly, in 2D gastruloids, ISL1*
ExE-like cells strongly expressed BMP4, while the adjacent
mesoderm-1 cells expressed BMPR2 and BMPRIA receptor.
Strong expression of CER1, which can inhibit BMP, WNT,
and NODAL (Piccolo et al., 1999), was observed in CS7
nascent mesoderm and gastruloid mesoderm-2. However,
LEFTY2, expressed in CS7 nascent/emergent mesoderm
and mouse nascent mesoderm to restrict NODAL activity
to anterior PS and the organizer region, was expressed in
few gastruloid cells. Hence, in gastruloids, some aspects
of NODAL regulation may not be fully recapitulated,
consistent with the absence of the organizer cells in
BMP4-induced 2D gastruloid (Martyn et al., 2018; Minn
et al., 2020).

The induction of Wnt3 by Bmp4 in posterior EPI is neces-
sary for the induction of T and gastrulation in mouse (Ben-
Haim et al., 2006). In addition, Wnt3a, which has an over-
lapping expression with Wnt3, is necessary for T expression
in mouse (Yamaguchi et al., 1999). Although we saw expres-
sion of WNT3 and its target gene T in an overlapping
pattern, only a few WNT3A-expressing cells were found in
gastruloids and CS7 gastrula, suggesting that WNT3 encodes
a predominant ligand inducing T expression during human
gastrulation. Consistent with WNT activity in gastruloid
mesoderm cells, RSPO3, encoding an amplifier for WNT/
B-catenin signaling (Kazanskaya et al., 2008), was distinctly
expressed in gastruloid mesoderm-2. RSPO3 is also expressed
in CS7 nascent mesoderm and mouse mesoderm (Pijuan-
Sala et al., 2019; Tyser et al., 2020). CS7 nascent mesoderm
and gastruloid mesoderm-2 also share expression of DKK1,
encoding a WNT antagonist (Glinka et al., 1998), although
its expression is not observed in mouse mesoderm. Overall,
our results suggest conservation of WNT3 in inducing T in
human and mouse, but also a potential role of DKK1 in
human mesoderm differentiation.
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FGF signaling, particularly Fgf8-Fgfrl interaction, is
necessary for mesoderm cell migration in mouse gastrulae
(Sun et al., 1999). Whereas FGFR1 is broadly expressed in
both hESC gastruloid and human CS7, very few cells ex-
press FGF8 (Tyser et al., 2020). Rather, nascent mesoderm
in CS7 expresses FGF3/17, while in gastruloids, FGF17
was primarily expressed in mesoderm-2, implying different
FGF ligands are involved in human gastrulation.

Perspective

Our work extends previous studies on 2D micropatterned
gastruloid differentiation by elucidating aspects of in vivo
gastrulation that gastruloids model, including temporal
emergence of cell types and comprehensive gene expres-
sion changes over the course of 44 h BMP4 treatment.
Although the CS7 human dataset is an invaluable resource
for querying conservation of cell types and gene expression
in the hESC gastruloid systems, the dataset is based on one
embryo (Tyser et al., 2020), highlighting the importance of
comparisons with mouse and monkey. Using studies from
all three mammals as reference, we present data suggesting
that gastruloids recapitulate temporal emergence and dif-
ferentiation trajectories of germ layers of in vivo gastrula-
tion. Our data also support conservation of the BMP4,
WNT3, and NODAL signaling hierarchy as underlying
germ-layer formation, as well as revealing potential fea-
tures specific to humans, such as DKK1, CER1, and FGF17
in mesoderm development. The datasets generated by our
work will inform future functional studies to further eluci-
date signaling and transcriptional networks underlying
hESC gastruloid germ-layer formation and, hence, provide
insights into in vivo human gastrulation.

EXPERIMENTAL PROCEDURES

Microcontact printing

Polydimethylsiloxane stamps with 66 microcylinders of 500 pm
diameter each were fabricated using standard photolithography
methods as previously described (Minn et al., 2020).

BMP4 differentiation in 2D micropatterns

H1 hESCs of karyotype 46, XY (WiCell, Madison, WI), routinely
cultured in Matrigel-coated plates with mTeSR medium
(STEMCELL Technologies, Vancouver, BC, Canada), were differen-
tiated with BMP4 in the micropatterned substrates as previously
described (Minn et al., 2020).

Immunofluorescence staining and microscopy

After 12, 24, and 44 h, micropatterned cells were washed with PBS,
fixed in 4% paraformaldehyde for 30 min, and rinsed twice with
PBS at room temperature. Fixed cells were incubated in the block-
ing solution (0.1% Triton X and 3% normal donkey serum) for
30 min at room temperature. Primary antibodies diluted in the



blocking solution were incubated at 4°C overnight. Cells were then
washed with the washing solution (0.1% Tween 20 in PBS) three
times, 15 min each, at room temperature. Afterward, secondary
antibodies and DAPI at 4 pg/mL (Invitrogen, Carlsbad, CA) in
the blocking solution were added for 1 h at room temperature, after
which the cells were washed with the washing solution three
times, 15 min each, at room temperature.

Images were acquired on an Olympus IX81 inverted spinning
disk confocal microscope with 10x or 20x lenses. z-stack images
~150 pm thick were acquired for samples treated with BMP4 for
44 h, but single 2D images were acquired for 12 and 24 h samples.
The z-stack images of 44 h samples were projected into single 2D
images before analysis.

IF images were processed and analyzed in Fiji (Schindelin et al.,
2012). For fluorescence intensity quantification, each image was
converted into binary masks. The Concentric Circles plugin was
used to overlay 20 equally spaced concentric circles on each
masked image, and average fluorescence intensity was measured
along each concentric circle. The fluorescence intensity of each
marker at each concentric circle was normalized against that of
DAPI from corresponding concentric circles of corresponding im-
ages. Last, normalized fluorescence intensity was averaged across
multiple colonies per marker and presented.

scRNA-seq and data analysis

Single cell collection and scRNA-seq and data analyses were per-
formed as described previously (Minn et al., 2020) and in more
detail in the supplemental information.

Data and code availability

The scRNA-seq datasets described in this article were deposited in
the GEO database repository under accession GEO nos.
GSE144897 and GSE169074.
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Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2021.03.031.
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