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SUMMARY
The gastrulation process relies on complex interactions between developmental signaling pathways that are not completely understood.

Here, we interrogated the contribution of the Hippo signaling effector YAP1 to the formation of the three germ layers by analyzing

human embryonic stem cell (hESC)-derived 2D-micropatterned gastruloids. YAP1 knockout gastruloids display a reduced ectoderm layer

and enlarged mesoderm and endoderm layers compared with wild type. Furthermore, our epigenome and transcriptome analysis re-

vealed that YAP1 attenuates Nodal signaling by directly repressing the chromatin accessibility and transcription of key genes in theNodal

pathway, including the NODAL and FOXH1 genes. Hence, in the absence of YAP1, hyperactive Nodal signaling retains SMAD2/3 in the

nuclei, impeding ectoderm differentiation of hESCs. Thus, our work revealed that YAP1 is a master regulator of Nodal signaling, essential

for instructing germ layer fate patterning in human gastruloids.
INTRODUCTION

Gastrulation is a crucial developmental stage when the

pluripotent epiblast subsequently converts into the three

embryonic germinal layers:mesoderm, ectoderm, and endo-

derm (Arnold and Robertson, 2009). The success of gastrula-

tion relies largely on the spatiotemporal regulation of the

Nodal signaling pathway mediated by extraembryonic sig-

nals (Arnold and Robertson, 2009; Meno et al., 1999; Perea-

Gomez et al., 2002). Hence, highNodal activity in the poste-

rior epiblast specifies theprimitive streak (PS) (Brennan et al.,

2001, 2002), whereas inhibitory Nodal cues establish the

ectoderm competence of the anterior epiblast (Camus

et al., 2006; Perea-Gomez et al., 2002). Nonetheless, in vitro,

epiblast-like cells (human embryonic stem cell [hESC]- and

induced pluripotent stem cell [iPSC]-derived 2D gastruloids)

arrange the germ layers in a defined concentric pattern

(Warmflash et al., 2014), and 3D gastruloids self-organize

along an anteroposterior axis (Moris et al., 2020) in the

absence of polarized extraembryonic signals. This evidence

highlights the relevance of cell-intrinsic mechanisms regu-

lating the activity of Nodal signaling during gastrulation.

TheHippopathway regulatesorgansize, regeneration, and

cell growth by controlling the stability of transcription fac-

tors YAP1 and TAZ. Hippo/MST kinase cascades phosphory-

late YAP1/TAZ, leading to their degradation. When the Hip-

po kinases are inactive, YAP1/TAZ translocate into the

nucleus,where theyassociatewithTEAdomain familymem-

ber 1–4 DNA-binding proteins and regulate transcription

(Zhao et al., 2008). YAP1 knockout (KO) embryos die soon

after gastrulation (Morin-Kensicki et al., 2006), and a recent
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study revealed that YAP1 signaling may act as a molecular

determinant in the epiblast (Peng et al., 2019). Furthermore,

we and others have previously reported that YAP1 represses

mesoendodermal (ME) differentiation in hESCs by regu-

lating the activity of the Nodal andWNT3 pathways (Beyer

et al., 2013; Estarás et al., 2017; Hsu et al., 2018). This evi-

dence suggests an important role of YAP1 in gastrulation;

however, functional studies are needed to establish the role

of YAP1 in this developmental process.

Here, we used a robust model of human gastrulation

(Martyn et al., 2018; Warmflash et al., 2014) to examine

YAP1-dependent regulatory mechanisms. Our findings

indicate that YAP1 KO-derived gastruloids display cell-fate

patterning defects associated with an increased dosage of

Nodal signaling, incompatible with ectoderm differentia-

tion. Accordingly, inhibiting Nodal signaling can partially

rescue the gastrulation defects of YAP1 KO hESCs. Overall,

our findings reveal an essential role of YAP1 controlling

gastrulation patterning in hESCs.

RESULTS

YAP1 is required for cell-fate patterning of hESC-

derived 2D gastruloids

To examine the role of YAP1 in human gastrulation, we

analyzed the differentiation pattern of the three germinal

layers in 2D-micropatterned gastruloids derived from

hESCs (Warmflash et al., 2014). Micropatterned colonies

were treated with bone morphogenetic protein 4 (BMP4)

cytokine to differentiate them into self-organized concen-

tric rings of embryonic germ layers: ectoderm in the center,
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Figure 1. YAP1 regulates the formation of the three germinal layers in hESC-derived 2D gastruloids
(A) Representative immunostaining for the germinal layer markers SOX2 (ectoderm), SOX17 (endoderm), and BRACHYURY/T (BRA,
mesoderm) in WT and YAP1 KO micropatterned cell cultures stimulated with BMP4 for 48 h.
(B) Graphs show the position of the maximal intensity peak for the indicated markers across the ratio of the 2D gastruloids. On the y axis,
0 pixels is the edge and 300 pixels is the middle of the colony.
(C) Average fluorescence intensity of indicated markers from edge to colony center.
(D) Percentage of cells positive for analyzed markers versus the total number of cells in the pattern (DAPI).
(E) Quantification of ring thickness of germinal layers in the indicated 2D gastruloids.

(legend continued on next page)
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extraembryonic tissue at the edge, and mesoderm and

endoderm in between (Warmflash et al., 2014) (Figures

1A–1F and S1A, wild-type [WT] hESCs). We compared the

patterned structures derived from WT and YAP1 KO hESCs

and found that the number of ectoderm-positive cells ex-

pressing the SOX2 and OTX2 markers (Deglincerti et al.,

2016) was significantly reduced in the YAP1 KO gastruloids

compared with WT. Consequently, the ectodermal layer in

the YAP1 KO gastruloids was reduced and became restricted

to a ring in themiddle-outer part of the colony (Figures 1A–

1E and S1A–S1D). However, the percentage of cells positive

for mesoderm (BRACHYURY/T+) and endoderm (SOX17+)

markers was higher in the YAP1-deleted micropatterns.

Hence, YAP1 KO gastruloids displayed expanded meso-

derm and endoderm rings that populated the center of

the colony (Figures 1A–1E). Concordantly, YAP1 KO gastru-

loids retained higher levels of OCT4 compared with WT,

which is necessary to specify ME lineages (Thomson

et al., 2011; Wang et al., 2012) (Figures S1E and S1F). We

also observed a similar gastrulation phenotype in YAP1

KO iPSCs (Figures S1G and S1H). Furthermore, we analyzed

the distribution of YAP1 by immunostaining in undifferen-

tiated hESC colonies.We found that the expression of YAP1

is organized in concentric rings in the confluent colony

before gastrulation (Figures 1G–1J and S1I). In the periph-

ery of the colony, where the extraembryonic tissue forms

(Deglincerti et al., 2016), YAP1 was highly expressed and

predominantly nuclear (Figures 1H–1J and S1J, indicated

as ExE, CDX2+ ring). Near the edge, coinciding with the

prospective endoderm and mesoderm rings, YAP1 levels

decrease and accumulate in the cytoplasm. In the interior

of the colony, we identified a second peak of YAP1 levels,

mostly nuclear, that overlapped with the future ectoderm

area (Figures 1G–1J, indicated as Ecto), suggesting that

the nuclear location of YAP1 is necessary for ectoderm dif-

ferentiation. Overall, we conclude that YAP1 regulates the

fate and allocation of the three germinal layers in hESC-

derived 2D gastruloids.

YAP1 KO hESCs fail to differentiate into ectoderm

The analysis of the 2D gastruloids suggests that the acquisi-

tion of an ectodermal cell fate is compromised in the YAP1-
(F) Representative cross-sectional image showing a profile of the rad
(G) YAP1 immunostaining (Cell Signaling Technology No. 14074) in W
(H) Magnifications of YAP1 staining on the edge of a micropattern
staining after BMP4 treatment (Gastrulation). Dotted lines delimit ring
(ME), and ectoderm (Ecto) layers.
(I) Average intensity from edge to colony center of YAP1 immunostai
markers are re-plotted from (C), on the right y axis.
(J) Quantification of YAP1 nuclear signal in the three indicated rings
In (B)–(E), graphs show quantification of 20–25 micropatterns from
cation of 7–10 micropatterns from two independent experiments. I
(Student’s t test). See also Figure S1.
depleted cells. To study whether YAP1 is necessary for ecto-

derm induction, we applied directed differentiation ap-

proaches in the hESCs. For this, we treated WT and YAP1

KO hESCs with an established ectoderm differentiation me-

dium containing transforming growth factor b (TGF-b)/

Nodal and BMP inhibitors (Chambers et al., 2009) for

5 days. The qPCR analysis of PAX6 and NANOG genes sug-

gested that ectoderm differentiation is compromised in the

mutant cells (Figure S2A). To examine this further, we

applied an unbiased directed differentiation protocol

(STEMCELL Technologies No. 05230) to induce differentia-

tion toward ectoderm, mesoderm, and endoderm lineages

in WT and YAP1 KO hESCs (Figure 2A). After culturing the

cells for 5 days (mesoderm and endoderm) or 7 days (ecto-

derm) with the lineage-specific medium, we used RNA

sequencing (RNA-seq), immunostaining, and western blot-

ting (WB) approaches to examine the expression of the

lineage markers in the differentiated cells. The heatmap in

Figure 2B shows that as expected, WTcells expressed typical

germ-layer markers after the induction of the three lineages.

However, following ectoderm induction, the YAP1 KO cells

failed to express ectoderm lineage genes, including SOX1,

PAX6, and OTX2. Instead, the expression levels of pluripo-

tency markers, such as POU5F1 and NANOG, remained

similar to pluripotent conditions (Figure 2B, 2D, 2F, and

S2B). A principal-component analysis (PCA) of the RNA-

seq datasets confirmed that the ectoderm-induced YAP1

KO hESCs are highly similar to pluripotent cells (Figure 2C).

Consistent with previous reports (Beyer et al., 2013; Estarás

et al., 2015, 2017; Hsu et al., 2018), the induction of endo-

derm genes was enhanced in the YAP1 KO cells compared

with WT after treatment with endoderm medium (Figures

2B–2E and S2B). Altogether, these findings show that YAP1

specifies ectoderm in hESCs.
YAP1 represses Nodal pathway genes during ectoderm

differentiation

We hypothesized that YAP1 KO hESCs carry hyperactive

TGF-b/Nodal:SMAD2/3 activity that counteracts ectoderm

induction. To test this idea, we applied a signaling pathway

analysis to the RNA-seq datasets derived from the WT and
ial distribution of the germ-layer markers.
T and YAP1 KO hESC micropatterned cell culture in pluripotency.

ed pluripotent colony (Plurip.), and CDX2, SOX2, and BRACHYURY
s corresponding to extraembryonic ectoderm (ExE), mesoendoderm

ning signal in pluripotency. For comparison, SOX2 and BRACHYURY

in the pluripotent WT hESC colony. Scale bar, 100 mm.
three independent experiments. In (I)–(J), graphs show quantifi-
n (B), (D), (E), and (J), data show mean ± SD. ****p % 0.001
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Figure 2. YAP1 is essential for ectoderm fate commitment in directed differentiation
(A) Schematic diagram of the directed differentiation methodology.
(B) Heatmap from RNA-seq analysis showing expression levels of indicated genes after directed differentiation conditions indicated above
the map. (Z-scaled log2 fragments per kilobase of transcript per million mapped reads). Three independent replicates are shown for all
conditions except for WT hESCs growing in TeSR (n = 2).
(C) Principal-component analysis (PCA) was performed on the 500 most variable genes in WT and YAP1 KO in pluripotency and after
directed differentiation.
(D) Immunostaining of WT and YAP1 KO cells after directed differentiation. The cells are stained against specific lineage markers: ectoderm
is SOX1 (green) and OTX2 (red); mesoderm is BRACHYURY/T (red) and HAND1 (purple); and endoderm is GATA4 (green) and SOX17 (purple).
Nuclei are stained with DAPI. Scale bar, 50 mm.

(legend continued on next page)
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YAP1 KO cells after ectoderm induction. We identified 12

genes in the Nodal pathway differentially regulated (DR)

in the YAP1 KO cells compared with WT (Figures 2G and

S2C). This included the gene that codifies for the transcrip-

tion factor FOXH1 (log2 fold change [FC] 4.69; adjusted P <

.001), an essential nuclear partner of SMAD2/3 in gastrula-

tion (Yamamoto et al., 2001). We also identified upstream

components of the Nodal pathway, such as the Activin A

receptor ACVR1C (log2 FC 1.92; adjusted P < .001) and

the NODAL gene (log2 FC 13.42; adjusted p < 0.001) (Fig-

ures 2G, 2H, and S2A). NODAL codifies for the extracellular

ligand that activates intracellular SMAD2/3 (Reissmann

et al., 2001). Furthermore, we re-introduced YAP1 expres-

sion in the YAP1 KO cells using a doxycycline-inducible

PiggyBac system (Estarás et al., 2017). We found that re-ex-

pressing YAP1 was sufficient to reduce the levels of NODAL

and recover OTX2 expression in ectoderm-induced YAP1

KO hESCs (Figure 2I, 2J, and S2D). These results suggest

that YAP1 repression of Nodal signaling genes is necessary

for ectodermal differentiation.
YAP1 regulates the chromatin accessibility of FOXH1

and NODAL developmental genes

To understand the transcriptional regulatorymechanisms of

YAP1 that regulate the exit of pluripotency in hESCs, we

applied cutting-edge single-nucleus assay for transposase-

accessible chromatin using sequencing (snATAC-seq) tech-

nology to examine the genome-wide chromatin accessi-

bility profile in WT and YAP1 KO hESCs. We identified

10,683 DR regions in the YAP1 KO cells compared with

WT (representing 3.4% of total peaks). Among them,

8,221 and 2,462 regions lost and gained accessibility in

the YAP1 KO cells versus WT, respectively (log2 FC > 1;

adjusted p < 0.05) (Figures 3A and 3B). As expected, the

DNAmotifmost represented in regions that lost accessibility

in the absence of YAP1 was TEAD4, followed by SOX15 and

JUN-AP-1 motifs. Convergently, the DNAmotifs recognized

by BORIS, ERG, and FOXH1 transcription factors gained ac-

cess in the YAP1 KO cells (Figure 3C). Importantly, we iden-

tified proximal regions near NODAL (log2 FC 0.66; adjusted

p = 0.052) and FOXH1 (log2 FC 0.87; adjusted p = .04) genes
(E) Quantification of percentage of positive cells for the indicated mar
independent experiments.
(F) Representative immunoblot of the indicated proteins in WT and Y
GAPDH was used as a loading control. The experiment was repeated t
(G) Heatmap from RNA-seq depicts Nodal pathway regulatory genes i
regulated genes are highlighted in red (p < 0.001, Fisher exact test).
(H and I) Graphs show qPCR analysis of NODAL mRNA levels in WT and Y
absence of doxycycline (I). Data show mean ± SD from five independ
(J) Representative immunoblot of indicated proteins in YAP1 KO:YAP1-
was repeated two times with consistent results.
***p < 0.001 (Student’s t test). See also Figure S2.
that gained accessibility in the YAP1 KO hESCs compared

with WT (Figure 3D), which correlated with significantly

lower levels of total histone H3 on the regulatory regions

of these genes (Figure S3A). Furthermore, our chromatin

immunoprecipitation sequencing (ChIP-seq) analysis of

YAP1 protein in WT and YAP1 KO hESCs (Estarás et al.,

2017) revealed a bonafideYAP1-binding site in the proximal

epiblast enhancer (PEE) of NODAL (Robertson, 2014; Vin-

cent et al., 2003) and an enhancer �8.5 kb upstream of

the FOXH1 transcription start site (TSS) (Figures 3E and

S3B). Altogether, these data show that YAP1 directly re-

presses key developmental enhancers on NODAL and

FOXH1 genes during ectoderm induction in hESCs.
Cytoplasmic retention of SMAD2/3 during ectoderm

induction depends on YAP1

We reasoned that the increased expression of Nodal

signaling genes in YAP1 KO cells will lead to the nuclear

retention of SMAD2/3 during ectoderm induction. Indeed,

we detected an increase in SMAD2/3 levels and a greater

accumulation of nuclear SMAD2/3 in response to ectoderm

induction in the YAP1 KO cells compared withWT (Figures

3F, 3G, S3C, and S3D). However, we did not detect differ-

ences in the subcellular location of SMAD1.5 between

WTand YAP1 KO cells (Figures S3C and S3D). Furthermore,

we examined SMAD2/3 activity in a 2D neurulation model

(Haremaki et al., 2019). In the WT neuruloids, SMAD2/3

was vastly cytoplasmic, and the incipient formation of neu-

ral rosettes was observed by the accumulation of SOX2+

cells in the interior part of the colony (Haremaki et al.,

2019). In the YAP1 KO, the SMAD2/3 remained predomi-

nantly nuclear, consistent with a broader and lower expres-

sion of SOX2+ cells across the colony (Figures 3H–3J and

S3E). Overall, these findings show that YAP1 KO cells retain

higher levels of active SMAD2/3, incompatible with neuro-

ectodermal differentiation (Figure 3K).
Partial inhibition of the nodal pathway rescues the

phenotype of YAP1 KO gastruloids

To investigate whether the persistent activity of Nodal:

SMAD2/3 signaling underlies the defective differentiation
kers. Nuclei are stained with DAPI. Data show mean ± SD from three

AP1 KO cells growing in TeSR or ectoderm medium for 24 and 72 h.
hree times with consistent results.
n WT and YAP1 KO hESCs differentiated to ectoderm. Differentially

AP1 KO cells (H) or YAP1 KO:YAP1-PiggyBac cells in the presence or
ent experiments.
PiggyBac cells treated as indicated above the panel. The experiment
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Figure 3. YAP1 inhibits Nodal:SMAD2/3 signaling during ectodermal differentiation
(A) Analysis of snATAC-seq experiments in WT and YAP1 KO hESCs. t-Distributed stochastic neighbor embedding (t-SNE) showing unbiased
clustering results for all sequenced cells.
(B) Volcano plot shows differentially regulated (DR) regions in YAP1 KO hESCs versus WT (false discovery rate < 0.05; log2 FC > 1). Dots are
colored by significance (red, significant; gray, not significant).
(C) scATAC-seq analysis of DNA motifs differentially enriched in YAP1 KO versus WT hESCs. The p value for each motif is shown on the x axis
of the graph.

(legend continued on next page)
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phenotypes of YAP1 KO hESCs, we examined the effect of

blocking Nodal signaling in the YAP1 KO gastruloids. We

replicated the 2D gastrulation experiments in the YAP1

KO cells in the presence and absence of the Nodal receptor

inhibitor A83-0159 (Tojo et al., 2005). Figure 4 shows that

co-treatment of BMP4 and the Nodal inhibitor rescued the

expression and patterning of the ectoderm layer (SOX2+) in

the YAP1 KO 2D gastruloids compared with BMP4 treat-

ment alone (Figures 4A–4D). Accordingly, an outer layer

of BRACHYURY/T+ cells is visualized around the SOX2+

cells in the YAP1 KO gastruloids exposed to BMP4+A83-

0159, partially resembling the original structure ofWT gas-

truloids (Figures 4A–4D). We noticed that longer exposures

to A83-0159 (48 h) entirely blocked the activity of SMADs

and even compromised the formation of the mesoderm

and endoderm layers (Figures S4A and S4B). Accordingly,

increasing the amount of Nodal inhibitor was sufficient

to rescue the YAP1 KO phenotypes in directed differentia-

tion experiments (Figures S4C–S4E). Altogether, these

findings show that YAP1 regulates Nodal signaling to

coordinate cell fate decisions during human gastrulation.

DISCUSSION

We interrogated the role of YAP1 in the process of gastrula-

tion in hESCs. Our studies revealed three main findings: (1)

YAP1 regulates the correct specification and allocation of

thethreegerminal layers in2Dgastruloids, (2)YAP1isneeded

to induce an ectodermal fate in hESCs, and (3) YAP1 has a

predominant role in repressing the activity of Nodal

signaling.

Our findings show that the subcellular distribution of

YAP1 is regulatedacross thepluripotent colony.Wespeculate

that the observed cytoplasmic retention of YAP1 in the ME

layer may be crucial to allow Nodal:SMAD2/3 signaling

and specify themesoderm and endoderm layers. In contrast,

the internal ring of nuclear YAP1 may act as a barrier to

restrictNodal:SMAD2/3 signaling to allowectodermal differ-

entiation. Thismodel fitswith our previously published data
(D) Dot plot graph from the scATAC-seq analysis displays a regulated p
graph is included for comparison. LogCPM+1, log counts per million.
(E) Genome browser captures of ChIP-seq analysis of indicated prote
identified a YAP1-binding site (BS) in the enhancer (E) near NODAL a
(F) Representative immunoblot of indicated proteins in cytoplasmic
indicated.
(G) Quantification of nuclear SMAD2/3 bands in WB in (F). Data show
(Student’s t test).
(H) Immunostaining of indicated markers in WT and YAP1 KO-derived
(I and J) Quantification of average fluorescence intensity of SOX2 (I)
Scale bar, 50 mm. Three micropatterns were quantified from one expe
(K) Scheme of YAP1 role in ectoderm induction.
See also Figure S3.
(Estarás et al., 2017;Hsuetal., 2018) and theobservedexpan-

sion of the mesoderm and endoderm layers in the YAP1 KO

gastruloids. However, the factors that determine YAP1

concentric expression require further investigation. Previous

studies have shown that key signaling components involved

in gastrulation also display spatial ordering in the pluripo-

tent colony, including SMAD2/3 and b-catenin (Martyn

et al., 2019;Warmflash et al., 2014). The distributionof these

factors is controlled by cell density, E-cadherin levels or the

state of E-cadherin junctions in the periphery of the colony

compared with the center, or spatial restriction of upstream

signaling components in defined rings (Etoc et al., 2016;

Martyn et al., 2019; Warmflash et al., 2014). Interestingly,

E-cadherin may act as an upstream cell-surface receptor

that regulates Hippo signaling kinases in response to cell-

cell contact (Kim et al., 2011). Thus, we speculate that the

reduction of nuclear YAP1 in the prospective ME layer may

be caused by cell-cell contact-mediated activation of the

Hippo kinases.

Overall, our findings suggest that YAP1 regulates BMP4-

induced gastrulation by restricting Nodal signaling.

However, overly active Nodal signaling may not explain

the unexpected location of the ectodermal ring in the outer

part of the colony in the YAP1 KO gastruloids. In fact, a

recent report (bioRxiv, not yet peer reviewed) showed

that an increased Activin/Nodal:SMAD2/3 signal caused

by mutations in the Huntingtin gene results in the expan-

sion of mesoderm and endoderm layers in the 2D gastru-

loids without affecting the location of the ectoderm layer

(Galgoczi et al., 2021). Furthermore, in the 2D gastruloids,

co-treatment with BMP4 and a Nodal inhibitor causes a

reduction of the mesoderm and endoderm layers and

expansion of the ectoderm but does not affect the location

of layers (Martyn et al., 2018). Hence, additional work is

needed to comprehend the YAP1-regulatory mechanisms

that lie beneath the patterning defects of the YAP1 KO

gastruloids.

Overall, our findings have established an exciting connec-

tion between Nodal and YAP1 pathways in gastrulation,
eak near the TSS of FOXH1 and NODAL genes (±10 kb). The RNA-seq

ins in WT and YAP1 KO hESCs (from Estarás et al., 2017). ChIP-seq
nd FOXH1 genes. P, promoter.
and nuclear sub-fractions from WT and YAP1 KO cells, treated as

mean ± SD from three independent experiments. ****p < 0.0001

neuruloids after 4 days’ treatment in neurulation media.
and nuclear intensity of SMAD2/3 (J) in WT and YAP1 KO structures.
riment (mean ± SD). *p < 0.05 and ***p < 0.001 (Student’s t test).
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Figure 4. Nodal inhibition rescues 2D gastrulation defects in YAP1 KO cells
(A) Immunostaining for indicated germinal layer markers in YAP1 KO micropatterned cell cultures stimulated with BMP4 (50 ng/mL) or
combined BMP4 +Nodal inhibitor (A83-0159 1 mM). WT 2D gastruloids are shown for comparison.
(B) Percentage of SOX2+, SOX17+, and BRACHYURY/T+ (BRA) cells inWT and YAP1 KO gastruloids in the presence or absence of Nodal inhibitor.
(C and D) Position of maximal intensity peak from the colony edge (C) and ring thickness (D) for the three germinal layer markers in the
indicated gastruloids. In (C), 0 pixels on the y axis is the edge of the colony. Scale bar, 100 mm. A total of 20–25 micropatterns were
quantified from two independent experiments (mean ± SD; **p < 0.01 and ****p < 0.001, unpaired t test).
See also Figure S4.
opening the door to future studies on investigating the

Nodal:YAP1 regulatory axis in vivo.
EXPERIMENTAL PROCEDURES

Detailed methods are provided in the Supplemental experimental

procedures. Table S1 contains the list of antibodies and primers

used in this study.

hESC culture and cell lines
hESC and iPSC (human pluripotent stem cell [hPSC]) lines were

cultured inmTeSR1mediumonMatrigel-coated tissue culture plates.

WT, YAP1 KO, and the doxycycline-inducible YAP1 (YAP1 KO:FLA-

GYAP1-PiggyBac) H1 hESCs were previously described elsewhere.13
218 Stem Cell Reports j Vol. 17 j 211–220 j February 8, 2022
CRISPR-Cas9 was applied to generate a new YAP1 KO cell line from

parental EC11 iPSCs following the samemethod described in Estarás

et al., 2017).

Micropattern cell culture and gastrulation induction
To generate 2D gastruloids, hPSCs were seeded on micropatterned

glass chips from CYTOO (CYTOOchips Arena 1000, Grenoble,

France) and treated with BMP4 50 ng/mL for 48 h, following

described procedures (Deglincerti et al., 2016). For the analysis of

pluripotent colonies, cellswerefixedwhentheyreached90%conflu-

ency, before BMP4 treatment.

Accession numbers
Full datasets of single-cell assay for transposase-accessible chromatin

using sequencing (scATAC-seq) and RNA-seq can be accessed via



GEO: GSE168377. The ChIP-seq datasets can be accessed in GEO:

GSE99202.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.12.012.
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