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SUMMARY
Gastruloids are 3D structures generated from pluripotent stem cells recapitulating fundamental principles of
embryonic pattern formation. Using single-cell genomic analysis, we provide a resource mapping cell states
and types during gastruloid development and compare them with the in vivo embryo. We developed a
high-throughput handling and imaging pipeline to spatially monitor symmetry breaking during gastruloid
development and report an early spatial variability in pluripotency determining a binary response to Wnt
activation. Although cells in the gastruloid-core revert to pluripotency, peripheral cells become primitive
streak-like. These two populations subsequently break radial symmetry and initiate axial elongation. By
performing a compound screen, perturbing thousands of gastruloids, we derive a phenotypic landscape
and infer networks of genetic interactions. Finally, using a dual Wnt modulation, we improve the formation
of anterior structures in the existing gastruloid model. This work provides a resource to understand how
gastruloids develop and generate complex patterns in vitro.
INTRODUCTION

The metazoan body undergoes an essential phase of develop-

ment called gastrulation, during which substantial morphological

changes establish all major body axes. During the gastrula stage,

cells spatially organize and differentiate into the three germ

layers, which subsequently give rise to all organs and specialized

cell types. In recent years, pluripotent stem cell-derived in vitro

embryoids mimicking aspects of embryonic development,

including gastrulation,1–9 have been developed. Among them

are mouse gastruloids that recapitulate aspects such as axial or-

ganization and germ layer specification in a reductionist manner

without extraembryonic tissues.10–12 Variations of the gastruloid

protocol have also enabled the initiation of organogenesis,13–15

and with modified conditions, the generation of anterior neural

derivatives.16–19 Because gastruloids are highly scalable and

amenable to a variety of perturbations ranging from genetic

manipulations to chimerism approaches,20 they are gaining

popularity. Starting from �300 mESCs, the addition of a Wnt

signaling agonist between 48 and 72 h of development induces
Cell Stem Cell 30, 867–884,
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a symmetry-breaking event resulting in elongated gastruloids

exhibiting expression of the mesodermal marker Brachyury

(Bra, T) at the posterior pole.8,21 Although it is known that this

process relies on Wnt and Nodal signaling,10 the precise cellular

behavior causing symmetry breaking, namely differentiation into

distinct specialized lineages and their axial organization, starting

from a uniform cell population in a homogeneous environment,

remains largely unknown.

In this resource, we use single-cell RNA sequencing (scRNA-

seq) and a high-content imaging platform to profile gastruloid

formation from aggregation to elongation in tens of thousands

of gastruloids. We identify important events regulating symmetry

breaking: (1) a temporal difference in pluripotency exit between

cells in the gastruloid core and periphery, (2) a differential

response toWnt activation between 48 and 72 h, with the gastru-

loid core reverting to a pluripotent state, whereas the periphery

starts a primitive-streak-like genetic program, and (3) a subse-

quent radial symmetry breaking localizing the two populations

at opposing poles along an anterior-posterior (AP) axis. We

further performed a time-dependent compound screen that
June 1, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 867
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uncovered regulatory modules controlling the three main steps

of gastruloid development and provide insights into the signaling

mechanisms regulating gastruloid formation and cell fate deter-

mination. Finally, we further characterized screening hits and

used them to develop a dual Wnt modulation approach gener-

ating gastruloids with an improved representation of anterior

foregut and neural structures.

RESULTS

Time course of gastruloid development
To study gastruloid development, we generated gastruloids as

described by Beccari et al.11 (see STAR Methods) and per-

formed scRNA-seq time course experiments with sampling

from 0 to 120 h (Figure 1A). To identify gastruloid cell states,

we clustered single-cell transcriptomes globally (Figure S1A)

and from individual time points (Figure S1B) and used cluster

alignment tool (CAT)22 to compare the clusters with annotated

cell types from a published in vivo dataset21,23 (see STAR

Methods). For most gastruloid clusters, the analysis resulted in

single or strong matches to a particular embryonic cell type

(Tables S1, S2, and S3). Based on the results from this analysis

and marker gene expression, we annotated the cells generating

a comprehensive atlas of gastruloid development (Figures 1B

and S1C; Tables S4 and S5). Cells originated as naive pluripotent

cells and were exiting this state during the first 24 h (Figure 1C).

At 36 h, the cells resided in a broad epiblast state until 48 h when

they received Wnt activation. During this activation, between 60

and 72 h, most of the cells started differentiating via a primitive

streak-like state. At later time points, between 84 and 120 h,

most of the cells fully committed to the three germ layers (Fig-

ure 1D). As expected, the gastruloids had an underrepresenta-

tion of anterior structures and rostral neuronal fates8,10 with a

clear population of neuro-mesodermal progenitors (NMPs). We

also saw the emergence of the definitive endoderm lineage,

which further differentiated into the gut. Mesoderm was the

most diverse lineage including cells with pre-somitic mesoderm

(PSM), somite, and paraxial mesodermal identity. We report high

similarities between gastruloid cell types and their respective

in vivo counterparts (Figure 1E). Surprisingly, during Wnt activa-

tion, some cells (cluster 4 in Figure 1B; see temporal dynamics in

Figures 1C and 1D) reverted to a population we term ectopic

pluripotency (EP), as it displayed strong similarities with naive

ES cells and expressed pluripotency markers such as Sox2,

Esrrb, and Zfp42 (Figures 1E and S1C).24–26

To systematically compare gastruloids with in vivo embryonic

development, we integrated and co-embedded gastruloid and

embryonic cells23 (Figures 2A, 2B, S2A, and S2B). The gastruloid
Figure 1. scRNA-seq time course of gastruloid development

(A) Scheme of gastruloid formation between 0 and 120 h, including sampling tim

(B) Uniform Manifold Approximation and Projection (UMAP) of scRNA-seq time

differentiation front; Ant. Prim. Str., anterior primitive streak; Def. endoderm, defi

(C) UMAP of single-cell transcriptomes highlighting sampling time points. Legen

(D) Ribbon plot showing changes in cell type composition over time. Dashed line

(E) UMAPs showing the aggregated expression of marker genes for the NMPs (H

Gsc), and pre-somitic mesoderm (Hes7, Aldh1a2, Dll1, Tbx6, Cyp26a1, and Hox

between gastruloid and embryonic cells. Scatter plot: log2 mean expression of ge

genes Esrrb, Zfp42, and Sox2 (right).
cell types from time points after Wnt activation (>72 h) mostly co-

clustered with their in vivo counterparts (Figure S2C). In contrast

with these strong similarities, the cell types from earlier time

points did not co-cluster as prominently, likely because the

time points sampled in the reference dataset (E.6.5–E8.5) were

not equivalent to early gastruloid time points. To further charac-

terize our epiblast population, we compared it with an in vivo

dataset that identified anterior, transition, and posterior states

in early post-implantation epiblast and captured the acquisition

of primitive streak propensity from E5.25 to E6.5 (Figures 2C

and S2E).27 Post-implantation epiblast cells formed a continuum

with amajor axis of cellular state variability (see t-distributed sto-

chastic neighbor embedding, t-SNE 2) corresponding to the AP

axis (respective markers: Fgf4, Trh, and Wnt3) (Figures 2C and

S2D). Gene signatures for the three epiblast states (Table S6) al-

lowed us to generate temporal expression maps (Figures 2D and

S2G) and showed that epiblast cells in gastruloids change from

an anterior-like epiblast state at 36 h (pre-Wnt pulse) to a mixed

transitioning and posterior-like state onWnt activation (56–60 h).

At the same time, we report the emergence of the EP at 60 h.

This population was very similar to naive pluripotent cells and a

population of cells found in a published dataset (primordial

germ cell [PGC]-like in van den Brink et al.15) (Figure 2E). Dy-

namic analysis of the EP (Figure S2F; Table S6) (see STAR

Methods) revealed early, intermediate, and late gene expression

modules with epiblast markers, such as Dnmt3b and the transi-

tioning epiblast marker Trh gradually decreasing over time (Fig-

ure 2F). Conversely, the expression of pluripotency genes like

Zfp42 increases gradually over time. In later time points (>84

h), a subset of EP starts to upregulate the PGC marker Dppa3,

(PGCs marker). Interestingly, the CAT analysis shows that early

EP had only a few matches, whereas the later EP matched to

numerous distinct and mature cell types (Figure S1B). This indi-

cates that EP started homogeneously and then acquired more

heterogeneity over time, likely due to increasing complexity in

the tissue context. At 120 h, one match of the EP was PGC, sug-

gesting some similarities to in vivo PGCs (Figure S2H). However,

we did not find EP co-clustering with in vivo PGCs (Figure 2A)

which suggested that a subset of late EP might have had the po-

tential to acquire but did not fully commit to a PGC identity at the

assessed time points. Overall, we report a good resemblance

between gastruloids with their in vivo counterparts. Nonetheless,

we observed two phenomena, which were aberrant from in vivo

gastrulation, namely the emergence of a mixed transitioning and

posterior epiblast state and the existence of an EP population.

To further characterize the EP population during Wnt activa-

tion, we performed multiome sequencing (scRNA-seq + scA-

TAC-seq) on gastruloids sampled at 48 and 52 h. Although the
e points for scRNA-seq. Pink bar: Wnt activation.

course experiments including cell type annotations. Somite diff. front, somite

nitive endoderm; NMPs, neuro-mesodermal progenitors.

d: (A).

: 96 h.

es3, Hoxb9, Cdx4, and Epha5), gut (Sox17, Foxa2, Cer1, Krt8, Krt18, Shh, and

b1) (top). Scatter plots and inferred linear regression for conservation analysis

nes in gastruloid and embryonic cell types. Expression UMAPs for pluripotency
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cells were in an epiblast state, the promoter regions of naive

pluripotency genes such as Klf2 and Klf4 as well as those of

primitive streak genes like T were accessible. However, the

expression of these genes was not detected (Figures 2G, 2H,

S2I, and S2J). Gene activity scores for single cells based on pro-

moter and gene body accessibilities (see STAR Methods)

revealed gene accessibility for naive, EP, and primitive streak

signatures (Figures 2I and S2K). Interestingly, although there

was no significant difference in the gene activity for the naive

signature, we detected an increase in gene activity at 52 h for

the EP and primitive streak-like signatures. Unsupervised clus-

tering using both multiome-modalities (see STAR Methods) re-

vealed several clusters at 52 h (e.g., cluster 6), (Figures 2J and

S2L). Interestingly, the percentage of cells at 52 h in cluster 6

was 7.5%, which was similar to the fraction of cells annotated

as EP at 60 h (5.6%) in the scRNA-seq data. Cell fate bias anal-

ysis toward the EP and primitive streak-like populations showed

that cluster 6 had a higher fate bias toward EP comparedwith the

primitive streak-like population (Figure 2K). These data suggest

that on Wnt activation, there is a differential response to Wnt in

epiblast cells, which drives a binary fate response: EP and prim-

itive streak-like.

Spatial cell-type organization during gastruloid
development
To study their spatial organization, we established an automated

handling procedure and a pipeline for high-throughput culture,

compound and genomic perturbations, immunofluorescence

staining, sample clearing, and high-content imaging of tens of

thousands of gastruloids (Figure 3A). This approach and some

aspects described here28 allowed us to increase the elongation

efficiency from the previously reported 70%8 to 100% (Fig-

ure S3A). Gastruloid images were then automatically segmented

and processed with a custom workflow extracting features at

multiple levels as illustrated in Figure 3B (see STAR Methods).

We established that radial symmetry breaking, axial elonga-

tion, aswell as themajority of cell types are formedwithin the first

96 h (Figure 1D). We therefore performed time course experi-

ments starting from 24 to 96 h with fixation intervals of 12 h

and stained for Bra, monitoring tail bud and mesodermal induc-

tion,8,10 and for Sox2, expressed in naive pluripotent cells,

epiblast, NMPs, and neural progenitors in vivo.29–31 The choice
Figure 2. In vivo comparison and characterization of epiblast and plur

(A) UMAP of co-embedded gastruloid and embryonic cells highlighting embryon

(B) UMAP of co-embedded gastruloid and embryonic cells highlighting gastruloid

primitive streak/definitive endoderm.

(C) t-SNE map of single-cell transcriptomes from Cheng et al.27 highlighting thre

(D) Temporal gene expression maps of anterior, transition, and posterior gen

expression.

(E) Scatter plot and inferred linear regression comparing ectopic and naive plurip

expression of individual genes in ectopic and naive pluripotency populations or

(F) Temporal gene expression maps of Dppa3, Zfp42, Dnmt3b, of EP cells. y axis:

(G) Coverage plot of chromatin accessibility for Klf2 and 1,000 bp upstream re

expression of Klf2 in the same cells. Top: averaged frequency of DNA fragments

region for single cells. Lower: arrows indicate transcriptional direction. Bottom: p

(H) Coverage plot of chromatin accessibility for T and 1,000 bp upstream region

(I) Boxplots: aggregated gene activity scores for the EP and primitive streak-like

(J) UMAP of the scATAC-seq data-modality from the multiome highlighting clust

(K) Boxplots of fate bias analysis at 52 h for multiome clusters toward EP and pr
of Sox2 allowed us to follow the cell type annotations 1–4 and

16 and is continuously expressed throughout gastruloid devel-

opment. Making use of the extracted features, we further

created ‘‘meta-gastruloids’’ showing Sox2 and Bra expression

patterns in an average gastruloid representation (Figure 3C).

Gastruloids from ESCs grown in S/L exhibit Bra expression

before 48 h,10,21 although starting from cells in the S/L/2i me-

dium, Bra protein expression started only at 60 h and displayed

a salt-and-pepper yet peripheral pattern. Interestingly, the

initially uniform Sox2 staining developed into a heterogeneous

pattern at 36 h, forming a gradient with high levels in the gastru-

loid core. The Chir pulse converted this gradient into a binary

pattern with only former Sox2-low regions expressing Bra and

a persistent Sox2-positive core population of Bra-negative cells

in the center. Spatial variability in Sox2 expression therefore pre-

ceded the induction of Bra expression. Remarkably, the Sox2-

positive and Bra-positive populations exhibited an increasing

bias toward opposing poles starting at 72 h,marking the initiation

of radial symmetry breaking and axial organization, culminating

in the translocation of the Sox2-positive cell population from

the core to the anterior tip and the establishment of a primary

body axis.

We then used a panel of antibodies to profile the expression of

21 cell types, adhesion, and signaling activity markers (see STAR

Methods). In each case, we co-stained one marker from the

panel with DAPI (40,6-diamidino-2-phenylindole) and Sox2 as a

fiducial marker. Gastruloids do not show a perfectly synchro-

nous developmental progression (Figures 3D and S3B; see

STAR Methods). To gain developmental resolution, we inferred

an image-based gastruloid trajectory.32,33 This pseudotime tra-

jectory enabled us to correlate expression patterns along gastru-

loid formation (Figures 3E, S3C, and S3D) at the whole gastruloid

(Figure S3E) as well as at the segment and inside/outside level

(Figures 3F, S3F, and S3G). Patterning maps aligned to the tra-

jectory showed a robust formation of the AP axis, as evidenced

by the progressive anterior and posterior localization of polarized

markers (Figures 3F and 3G). Of note, the anterior localization of

Sox2-positive cells was not marking a rostral neural identity, as

we saw segment-level colocalization with pluripotency markers

(e.g., Oct4). As shown by scRNA-seq, the only population that

expressed a pluripotency signature at 96 h was the EP popula-

tion. Thus, we used anterior Sox2-positive cells to mark the EP
ipotency states

ic cell types from Pijuan-Sala et al.23

cell types. PS, primitive streak; dif., differentiation; Ant. PS/Def. endo., anterior

e embryonic epiblast states and expression maps of Fgf4, Trh, and Wnt3.

e signatures for embryonic and gastruloid epiblast cells. y axis: normalized

otency populations (left) and PGC-like15 populations (right). Scatter plot: mean

PGC-like populations.

normalized expression. Self-organizing map (SOM) modules (see Figure S2F).

gion from transcription start site (TSS) at 48 and 52 h. Right: multiome RNA

within the genomic region. Middle: frequency of fragments within the genomic

eak coordinates within genome region.

from the TSS containing the promoter.

state.

ers. Time point: 52 h.

imitive steak-like populations.
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Figure 3. Mapping spatial cell-type emergence with image-based trajectory

(A) Scheme illustrating automatized handling workflow. Right: representative image of gastruloids fixed at 120 h. Maximum intensity projection (MIP) of z stack:

DAPI and antibody stainings for Sox2 and Bra. Scale bars, 150 mm.

(legend continued on next page)
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state in post-Wnt pulse gastruloids. From here onward, we refer

to the EP population also as the ‘‘gastruloid core.’’

Other markers such as the mesodermal and epithelial-to-

mesenchymal transition (EMT) regulator Eomes34 and Hes1

formed an anteriorly biased band pattern but did not fully reach

the anterior pole. Although Hes1 suggested Notch activity near

the Sox2 core, we saw that Wnt and Nodal activity (b-catenin

and pSmad2 antibodies, respectively) was posteriorly polarized.

We observed N-cadherin expression at the posterior, consistent

with mesoderm specification, whereas E-cadherin was globally

expressed. This segment-level co-expression suggested incom-

plete EMT at 96 h. We also observed the expression of transcrip-

tion factors suggesting the emergence of the endodermal

(Foxa2) and neural lineage (Sox1). Remarkably, the ECMcompo-

nent Fibronectin 1 (Fn1) showed similar behaviors as the Sox2

core (Figures 3H and 3I). Fn1 already defined a domain at the

core 24 h post-seeding and continuously overlapped with

Sox2 expression throughout morphogenesis.

Molecular regulators and regime-dependent phenotypic
differences
Our analysis revealed a three-step process of symmetry

breaking: (1) establishment of cellular variability in Sox2 levels

as a possible consequence of differentiation progression, (2) a

binary response to Wnt activation, and the formation of two

cell populations whose organization ultimately culminates in (3)

radial symmetry breaking and elongation. To systematically

identify molecular regulators of each step, we designed an im-

age-based compound screen (Figure 4A). The screening library

consisted of 84 compounds (Cpd) (Figure S4A; Table S7)

selected from a pre-screening of 200 small molecules (Fig-

ure S4B). The library was annotated with 68 unique primary

targets. Compound treatment was performed in three separate

regimes: from 32 to 72 h (‘‘variable differentiation’’), 48 to 72 h

(‘‘Bra induction’’), or 72 to 96 h (‘‘axial elongation’’). In all treat-

ment regimes, gastruloids were fixed at 120 h and stained for

markers of mesoderm (Bra),35 neuroectoderm (Sox1),36 epiblast

or endoderm (E-cadherin),12 and DAPI. 40 gastruloids per condi-

tion and regime were then imaged, analyzed, and quality

controlled (Figure S4C) and used to generate a multivariate

feature set on the whole gastruloid and a segment level of

�9,000 gastruloids.

To generate a phenotypic landscape of gastruloid develop-

ment, we grouped gastruloids by phenotypic similarity by sepa-
(B) Scheme illustrating extracted features and super pixel analysis.

(C) Representative images at indicated time points (middle z plane of a z stack sho

superpixel intensities of Sox2. Kernel density plots: distribution of intensities alon

center (bottom). Co-expression hexbin plots: expression of Sox2 and Bra. Kern

numbers (n) are indicated.

(D) UMAP plots of n = 2,862 gastruloids color-coded by time points. Bottom left

(E) Inferred pseudotime (top left) and scheme of pseudotime ordering, trajectory

(F) Heatmaps depicting distribution of stainings from the anterior (left) to the poster

gastruloids. Anterior bias (light green), posterior bias (light red), and unbiased ma

(G) Representative images at 96 h. (MIPs of z stack showing DAPI and antibody

Sox2). Scale bars, 100 mm.

(H) Top: representative images at indicated pseudotime and sampling time poin

100 mm. Bottom: heatmaps depicting distribution of Fn1 and Sox2 staining from

(I) Top: line plots of mean staining intensity for Sox2 and Fn1 (n = 82). Blue bars: in

from anterior (top) to posterior (bottom) along pseudotime. Bottom: heatmap de
rately clustering37,38 whole gastruloid and segment features

(Figures S4D and S4E). Each gastruloid was thus unambiguously

assigned to a whole gastruloid and to an AP-pattern class. At the

whole gastruloid level, we observed nine phenotypes ranging

over four major groups (Figure 4B): wild-type phenotype (classes

1–2) to which the majority (97.6%) of control gastruloids was

assigned; Sox1-enriched (classes 3–5) with an increased or

exclusive expression of the neuroectoderm marker, indicating

failure to produce primitive streak-derived cell lineages;

E-cadherin-enriched, exhibiting increased expression of the

epithelial marker either together with Sox1 (class 6) or Bra (class

7) expression; and Bra-enriched (classes 8 and 9) with an

increased or exclusive expression of Bra (Figure 4B). At the

segment level, we detected 10 pattern classes, among them,

classes observed in control conditions (classes I–IV, ‘‘wild-

type’’ classes) and those that occurred mostly under perturba-

tion (classes VI–X, ‘‘perturbed’’ classes) (Figure S4E). The latter

included gastruloids with an increased polarized expression of

Bra (class VII) or Sox1 (classes VIII and IX), localization of Bra

to the center (class VI), or expression of the two markers on

opposing poles (class X). We then highlighted gastruloids from

each treatment regime separately (Figure 4C) and inferred a

network of functional annotations and color-coded the nodes

by the most frequently assigned phenotype for each treatment

regime (see STAR Methods). Each phenotypic class was de-

tected in all three temporal regimes. However, their ratios

differed significantly, especially between the earliest regime

and the latter two. Although perturbation during the establish-

ment of ‘‘variable differentiation’’ (32–72 h) favored classes 8

(light pink) and 6 (purple), the abundance of Sox1-enriched phe-

notypes (classes 3–5, shades of green) increased when perturb-

ing in the latter two regimes (Figure S4F).

Regulatory modules of gastruloid development
To systematically uncover regulatory modules, we combined the

abundance of the whole gastruloid and segment classes in the

three regimes into a phenotypic signature (57-feature vector

for each compound, Figures S5A–S5C). This revealed 4 regula-

tory modules that were divided into categories grouping com-

pounds with similar phenotypic effects over time (Figure 5A).

We selected hits by significance and robustness (see STAR

Methods and Figures S5D and S5E) for a final hitlist of 38 com-

pounds (Table S7). These were predominantly assigned to mod-

ules A–C that included gastruloids with delayed development
wing DAPI, Bra, and Sox2. Scale bars, 100 mm. Hexbin plots: mean normalized

g the x and y axes; dist. to center, normalized distance of superpixel to object

el density plots: distribution of intensities along x and y axes (right). Sample

: scheme illustrates increasing heterogeneity in later time points.

inference, and molecular progression.

ior (right) pole along pseudotime (progressing from bottom to top). n, number of

rkers (light yellow).

stainings for Oct4, Cdx2, Eomes, Hes1, Foxa2, Sox1, E-Cad and N-Cad, and

ts. Middle z plane: DAPI and antibody stainings for Fn1 and Sox2. Scale bars,

anterior (left) to posterior (right).

dividual gastruloids shown in (H). Middle: heatmaps depicting Fn1 distribution

picting Sox2 and Fn1 in/out ratio measured on the middle z plane.
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Figure 4. Image-based compound screen and phenotypic landscape

(A) Scheme of experimental outline, image processing, and analysis of the screen.

(B) Left: representative maximum intensity projection images of whole gastruloid phenotypes. Stainings: DAPI, Sox1, Brachyury, and E-cadherin, Scale bars,

100 mm. Right: UMAP plot color-coded by whole gastruloid class. Data points: individual gastruloids, n = 8,740. Heatmap: mean values of indicated features for

each class, Z score normalized.

(C) UMAP plots and pie charts color-coded by whole gastruloid classes from indicated treatment regimens (left to right: 32–72 h, 48–72 h, and 72–96 h).
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(module A), increased Bra expression (module B), or increased

Sox1 expression (module C) (see Figures S5E and S5F).

Module A contained compounds that produced gastruloids

with minor phenotypes indicated by high correlations to DMSO

controls. Indeed, the perturbation of targets in module A1 such

as Akt1, Igf1r, or Pik3ca resulted in gastruloids with a slight in-

crease in Bra expression (class 8) that exhibited a delay but

not a full developmental failure, as gastruloids at 120 h resem-

bledwild-type gastruloids at an earlier time point (96 h). Inhibition

of Ccr5, Mapk14, or Prkcb during or after the Chir pulse (module

A2) produced gastruloids of class 3 (light green) with both Sox1

and Bra-positive domains.

Module B contained compounds that had an increased Bra

expression with either elongated (module B1, class 7, and dusky

pink) or almost spherical morphology (module B2, class 9, and

red). Unexpectedly, inhibition of Ctnnb1 (b-catenin) and Porcn

(porcupine O-acyltransferase), members of the Wnt signaling

pathway, produced spherical, Bra-increased gastruloids (class

9) when treated before or during the Chir pulse and elongated,

Sox1/Bra double-positive gastruloids (class 3) when treated

later. To understand the counterintuitive emergence of Bra-pos-

itive phenotypes, we performed follow-up experiments for Wnt

pathway-related hits including additional compounds (IWP2

and XAV939) (Figures 5B, 5C, S5G, and S5H). Gastruloids
874 Cell Stem Cell 30, 867–884, June 1, 2023
were treated from 48 to 72 h or from 72 to 96 h and fixed every

24 h after treatment up to 144 h and stained for Sox1, Sox2,

and Bra. Wnt-agonistic treatments (Gsk3b inhibitors) caused

an increase in Bra at early time points but resulted in mild pheno-

types with only limited effect by 120 and 144 h. This suggests

that Wnt overexposure does not cause an increase in Bra

expression at the expense of Sox1 at later time points but rather

that cell ratios found in late gastruloids are not strongly depen-

dent on the dose of Wnt activation during the Chir pulse. Inhibi-

tors of b-catenin (Cpd54), tankyrase (XAV939), and porcupine

(IWP2, Cpd58, and Cpd63), on the other hand, had very drastic

effects. All compounds except Cpd54 caused AP axis failure.

When treated between 48 and 72 h, gastruloids had a strongly

reduced Bra expression (72 h), which resulted in increased levels

of Bra, Sox1, and Sox2 at 120 and 144 h. The delayed expression

of Bra after the Chir pulse suggested that endogenousWnt activ-

ity is sufficient to cause Bra induction. Thus, endogenously

secreted Wnt ligands and their gradients play an important role

in primary axial elongation.10 Here, we detected an expanded

Sox1- and Sox2-positive territory during Ctnnb1 inhibition and

formation of rosette-like structures in XAV939 treatment

(Figures S5G–S5I).

Module C mainly contained Sox1-enriched gastruloids. Lack

of Bra expression implied the absence of inductive signals and



(legend on next page)
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failure of mesodermal differentiation, which consequently

skewed development toward neural differentiation.39 This sug-

gests that calcium, hedgehog, mitogen-activated protein kinase

(MAPK), and TGF-b signaling control induction and/or matura-

tion of mesodermal cell types. Although perturbation of Tgfbr1,

Src, Gli1, and Met (module C1) produced Sox1-enriched gastru-

loids (classes 3–5) irrespective of the treatment regime, the

inhibition of Map2k1, Fgfr1, Braf, or Acvr resulted in the pheno-

typic class 6 when perturbed before the Chir pulse. Intriguingly,

class 6 gastruloids exhibited themost severe defect with a nearly

complete absence of the mesoderm. The phenotypic signature

of MAPK/fibroblast growth factor (FGF) signaling inhibition

underlined its importance throughout gastruloid development:

although its inhibition at later time points impeded mesoderm

and favors neural induction, at earlier time points, it reduced dif-

ferentiation in general. This suggests that a perturbation during

the variable differentiation states (32–72 h) is incompatible with

subsequent development. To better understand the role of

MAPK/FGF signaling in pluripotency exit, we analyzed the core

in screening hits related to class 6 and FGF-mediated MAPK

signaling. After treating gastruloids between 32 and 72 h and

fixing at 48, 72, and 120 h, we stained for Bra, Sox2, Fn1, and

the pluripotency marker Dppa4 (Figures 5D and 5E). Inhibition

of FGF receptors as well as their downstream target MAP2K1 re-

sulted in an expansion of the Sox2 and Dppa4-positive cells as

well as an increase in Fn1 at the expense of Bra expression

and axial elongation. Inhibition of MAPK/FGF signaling in combi-

nation with Wnt activation maintained naive pluripotency40 and

under the inhibition of FGF-mediated MAPK signaling, pluripo-

tency is maintained for longer preventing gastruloids to enter a

state that is competent for Bra induction on Wnt activation.

Cell-state heterogeneity in early gastruloids and
characterization of the gastruloid core
We then addressed five aspects of the EP core population: the

pluripotency state, the timing of differentiation competency,

the role of Fn1, gastruloid size dependence, and the reproduc-

ibility between multiple cell lines. To verify the presence of a

pluripotent subpopulation, we performed clonogenicity assays

(Figures 6A and 6B), which select for naive pluripotent stem cells

in the N2B27/2i medium.41,42 When dissociated into single cells,

gastruloids showed a colony forming unit of �3.5% at 48 h with

an increase after Wnt pulse. Cloning efficiency of ESCs is usually

below 50%.41 Given that EP cells made up for �5.6% of all

sequenced cells at 72 h, the efficiency exceeded this clonoge-

nicity score. The colony formation was Chir-dependent since

the lack of Wnt activation caused a decrease <1.5%. The EPs

maintained naive pluripotency, since PGCs and embryonic
Figure 5. Regulatory modules of gastruloid development
(A) Top: dot plots color-coded by most frequent whole gastruloid phenotypes

coverage. Middle: heatmap correlation of phenotypic signature to control. Botto

Nodes: targets of compounds.

(B) Representative images of gastruloids treated with Wnt pathway compounds c

concentrations: 5 mM. Scale bars: 150 mm.

(C) Heatmaps of Z-scored mean intensity of Sox2, Sox1 and Bra of compound

gastruloids per time point and condition.

(D) Representative images of gastruloids from (E). Middle z plane (48 and 72 h) o

performed from 32 to 72 h. Scale bars, 150 mm.

(E) Heatmap of Z-scored mean intensity of Sox2, Fn1, Bra, and Dppa4. n = minim
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germ cells cannot be maintained in N2B27/2i in the absence of

leukemia inhibitory factor (LIF).43 The same assay was per-

formed on a miR-290-mCherry/miR-302-eGFP reporter line.10

We sorted cells and assessed different pluripotency states

with miR-290-mCherry expressed in E3.5–E6.5 embryos and

miR-302-eGFP expressed from E5.5 to E8.0.44 In early gastru-

loids (48–72 h), we found cells corresponding to pre-implantation

(mCherry+/GFP�) and early post-implantation epiblast

(mCherry+/GFP+). Displaying a continuum, cells shifted toward

a double-positive post-implantation epiblast state. By 72 h,

�9.3% of the sorted cells remained mCherry single positive (Fig-

ure S6A). As expected, colony-forming efficiency was depen-

dent on the pluripotency state, and we saw an enrichment for

that state after the Wnt pulse.

To assess the effects of different levels of differentiation compe-

tency, we performed Wnt pulses at different time points

(Figures 6C and 6Di–6Diii). An early pulse showed an increase in

Sox2 expression and a delayed Bra expression onset. At 144 h

post-seeding, the prematurely pulsed gastruloids also had multi-

ple Bra+ foci instead of a single tail bud. We also performed bulk

RNA-sequencing of prematurely pulsed gastruloids (24 h) and as-

sessedgenesignaturesobtained fromscRNA-seq (Figures6Eand

S6B). We saw that gastruloids pulsed at 24 h showed an upregu-

lation of genes associatedwith EP, naive, and exiting pluripotency

signatures. Interestingly, gastruloids that received an early pulse

showed a downregulation of the epiblast signature at 48 h sug-

gesting that cells in early gastruloids did not maintain an epiblast

identity longer but responded with an EP signature. Late primitive

streakandanteriorprimitivestreak/definitiveendodermsignatures

showed lower expression levels at 72 h when pulsed prematurely.

Genes associatedwith PSMorNMPswere only expressed in 96 h

gastruloids when pulsed at 48 h.

To understand the importance of Sox2 levels when gastruloids

receiveWnt activation, we successfully performed siRNA knock-

down (KD) experiments (Figure S6C), adding siRNA during

aggregation. Sox2 KD had a minor effect on pluripotency

markers Oct4 and Dppa4, however, caused an increased

expression of Nanog at 48 h, which can act as an early primitive

streak marker.45 Sox2 KD also resulted in an increase of Bra

expression by 72 h and failed axial elongation by 120 h suggest-

ing that increased levels of differentiation in early gastruloids

before Wnt activation lead to failure of efficient axial elongation,

which was in line with previous studies.21,28 Another plausible

explanation for the failure of axial elongation is the depletion of

Sox2-dependent lineages such as NMP cells, which are impor-

tant for in vivo axial elongation.46

Fn1 colocalized with the Sox2-positive core and was ex-

pressed by naive pluripotent and core cells (Figures S2D and
for 38 hit compounds. Compound names: targets with multiple compound

m: functional interactions network—STRING database for similarity clusters.

orresponding to (C). MIPs of z stacks: DAPI and antibody stainings. Compound

treated gastruloids at 48 h, fixed at indicated time points. n = minimum 25

r MIP (120 h) of z stack, showing DAPI and antibody stainings. Treatment was

um 20 gastruloids per time point and condition.
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S6E).47 To understand if Fn1 plays a functional role in core main-

tenance, we treated gastruloids with RGD-peptide (minimal

integrin binding motif48 preventing cellular attachment to Fn1

and thus inhibiting downstream signaling49–51). RGD treatment

increased Sox2 expression and decreased Bra expression (Fig-

ure S6F). Inhibition of focal adhesion kinase (FAK) caused an

analogous but stronger effect (Figure S6G) with complete failure

of axial elongation. This suggests that deposited Fn1 may keep

the level and extent of pluripotency within certain boundaries.

A crucial aspect of gastruloid development8 that could have an

effect on the core is the initial seeding cell number. Accordingly,

seeding gastruloids with different cell numbers (150, 300, and

500) resulted in a size-dependent relative expansion of the

core as well as the Fn1 expression (Figures 6F and 6H). Gastru-

loids generated from 150 cells showed impaired Fn1 and Sox2

core formation, whereas gastruloids generated from 500 cells

showed an expanded core. In gastruloids generated from 500

cells, the peripheral cells also showed reduced Bra expression

at 72 h. Fn1 secretion is stimulated under hypoxia, which could

also explain the cell number-dependent increase of Fn1

expression.52

Finally, we explored if the core is a unique feature of gastru-

loids generated from the Sox1-GFP::Brachyury-mCherry (SBR)

cells and their parental line CGR8.53 We tested additional cell

lines (Figures 6I–6K) using a BramCh/Sox2Ve reporter line,14

E14, and a Mesp1 reporter line.54 Although SBR and BramCh/

Sox2Ve showed a tight clustering of Sox2 cells, E14 and

Mesp1-GFP gastruloids did not have the same level of organiza-

tion. We also stained for Fn1 (Figure S6H), which was only ex-

pressed in SBR and BramCh/Sox2Ve gastruloids. In all cell lines,

we observed variability of Sox2 expression and a differential Wnt

response, with some cells maintaining high levels of Sox2 after

the Wnt pulse. The separation between Sox2- and Bra-positive

cells did not happen as efficiently in E14 andMesp1-GFP gastru-

loids. At 96 h, E14 andMesp1-GFP gastruloids had a larger NMP

population indicated by the co-expression of Sox2 and Bra.55 At

120 h only SBR, CGR8 (not shown) and BramCh/Sox2Ve gastru-

loids have anteriorly localized Sox2 pluripotent cells. It is

possible that there are convergent mechanisms of gastruloid for-
Figure 6. Core characterization

(A) Scheme illustrating the stem cell pluripotency state.

(B) Top bar plots: colony formation efficiency for SBR gastruloids at 48 and 72 h

efficiency for single cells sorted from DRC gastruloids at 48 and 72 h. Blue bars

Clonogenicity score: fraction of seeded cells forming a colony in %. Error bars s

(C) Scheme showing different Wnt activation timings.

(D) Di: representative images of gastruloid pulsed at different time points. (n = 33

(+0, +2, and +72 h) or MIP (+96 h). DAPI and antibody stainings for Sox2 and

quantification) or 48 h (120 h quantification). (n = 1,192 treated at 24 h, n = 807 t

(E) Bulk RNA sequencing (in triplicates) of gastruloids collected at 48, 72, and 96 h

differentially expressed genes for cell-type annotations obtained from scRNA-se

primitive streak; Def. endoderm, definitive endoderm; Exit. Naive pluripotency, e

(F) Scheme showing size regulation.

(G) Heatmaps: Z scored mean intensities corresponding to (H). (n = 170 gastrulo

(H) Representative images at indicated cell number and time points. Middle z p

bars, 150 mm.

(I) Scheme showing gastruloids seeded from different cell lines.

(J) Boxplots: comparisons of Pearson correlations of marker intensities (Sox2, Bra

Mesp1-GFP) at indicated time points. n = minimum 80 gastruloids per cell line a

(K) Images corresponding to (J) of gastruloids from different cell lines (SBR, B/S [B

for Bra, Sox2, and DAPI. Middle z plane for 72 h time point and MIPs for the oth
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mation56 that might also be dependent on cell line-specific

differences.57

The window of competency to differentiation in gastruloids is

dependent onmultiple factors such as pluripotency state, aggre-

gate size, and time of Wnt activation, as well as cell line-specific

aspects. Careful assessment of these aspects is necessary to

generate developmentally meaningful cell types in gastruloids.

Dual WNT modulation causes anterior structures
We then hypothesized that the core population and surrounding

cells might be an opportunity to reach a better representation of

anterior embryonic identities in gastruloids. To successfully form

anterior parts of the in vivo gastrula, respective cells are situated

in a region that is shielded fromWnt andNodal activation by local

inhibitors (Dkk1, Lefty1, and Cer1) secreted by the anterior

visceral endoderm (AVE).58 Screening hits that could restrict

caudalizing gradients and phenocopy the effect of the AVE are

thus compounds targeting the Wnt pathway and the TGF-b

superfamily (especially Nodal signaling).

For the TGF-b superfamily inhibition, we performed treatments

(Cpd56 [ALK2i], Cpd66 [TGFRi], Cpd74 [TGFRi], and SB43

[ALK4,5,7i]), with different concentrations, in 24 h treatment win-

dows starting at 48, 72, or 96 h, fixed at 144 h and stained for

Sox1, Sox2, and Otx2, which marks rostral neurectoderm.59–61

Otx2 is also associated with the foregut and anterior foregut

and thus also marks anterior endodermal derivatives.62,63 TGF-

b superfamily inhibitors caused a strong increase in Sox1 and

Sox2 levels with a drastic expansion of neural lineages, although

having only a minor effect on elongation (Figures 7A and S7A–

S7D). All conditions, however, did not show an increased Otx2

expression suggesting the absence of anterior neural and endo-

dermal structures.

For the Wnt pathway, we utilized the porcupine inhibitors

(IWP2, Cpd58, and Cpd63) as they affect Wnt secretion and

the formation of endogenous AP-gradients. We also used a

Ctnnb1 inhibitor (Cpd54) as it previously caused an increase in

Sox1 and Sox2 while maintaining the AP axis. Each Wnt inhibitor

showed a dose-dependent upregulation of the three markers

(Sox1, Sox2, and Otx2), with a striking anterior localization of
with or without Wnt activation (�Chir, Chir). Bottom barplots: colony formation

: clonogenicity of mCherry+. Green bars: efficiency for double-positive cells.

how standard deviation for 12 wells/condition.

4 at +0 h, n = 328 at +24 h, n = 299 at +72 h, n = 231 at +96 h.) Middle z plane

Bra. Scale bars, 150 mm. Dii: quantification of Chir treatment at 24 h (144 h

reated at 48 h.) Diii: heatmaps: Z scored mean intensity of Sox2 and Bra.

pulsed at indicated time points. Heatmap: Z scored expression levels of top 5

q. NMPs, neuro-mesodermal progenitors; PSM, pre-somitic mesoderm; PS,

xiting naive pluripotency.

ids [150 cells], n = 239 gastruloids [300 cells], n = 215 gastruloids [500 cells]).

lane of z stack: DAPI and antibody stainings for Sox2, Fn1, and Bra. Scale

, and Fn1) stained in different cell lines (SBR, B/S [BramCh/Sox2Ve], E14, and

nd time point.

ramCh/Sox2Ve], E14, and Mesp1-GFP) fixed at 72, 96, and 120 h and stained

er time points. Scale bars, 150 mm.



Figure 7. Dual Wnt modulation for anterior neuronal structures

(A) Left: heatmap of Z scored area, eccentricity, and mean intensity of Otx2, Sox2, and Sox1 of SB43 treatment fixed at 144 h. Per time point and condition 24

gastruloids were treated. Arrow: condition of representative images. Right: representative images. MIP (144 h) of z stack, DAPI, and antibody stainings. Scale

bars, 200 mm.

(B) Left: heatmap of Z scored mean intensity of Otx2, Sox2, Sox1, area, and eccentricity of Cpd 63 treatment fixed at 144 h. n = 24 gastruloids were treated per

time point and condition. Arrow: condition of representative images. Right: representative images. MIP (144 h) of z stack, DAPI and antibody stainings. Scale

bars, 200 mm.

(C) Representative image of 2.5 mMCpd63 at 48 h treatment with 2.5 mMCpd63 at 48 h. MIP (144 h) of z stack, DAPI, and antibody stainings. Scale bars, 200 mm.

(D) Region of interest (ROI) of (F) (dashed square). MIP (144 h) of z stack, nuclear staining (DAPI), and antibody stainings. Scale bars, 150 mm.

(E) Representative image of 2.5 mM Cpd63 treated at 48 h. MIP (144 h) of z stack, DAPI, and antibody stainings. Scale bars, 200 mm.

(F) Representative image of 2.5 mM Cpd63 treatment at 48 h. MIP (144 h) of z stack, DAPI, and antibody staining. Left: scale bars, 200 mm. Right: scale

bars, 150 mm.

(G) Scheme of symmetry breaking in gastruloids (left). Below: binary response to Wnt activation. Right: top gastruloid shows patterns found in unperturbed

gastruloids. Bottom: potential phenotype with limited posterior Wnt gradients. Curved arrow: Wnt activation. AVE, anterior visceral endoderm.
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Otx2 (Figures 7B and S7E–S7H). In themost promising condition

(2.5 mM Cpd63 administered at 48 h), gastruloids displayed

neuronal maturation, as indicated by laterally and anterior Tuj1

expression and long cell protrusions (Figures 7C and 7D). We

also observed Pax6- and Nestin-positive cells localized between

the AP poles with a potential spinal cord identity (Figure 7E).64,65

In some cases, anterior Tuj1-positive cells were in proximity to a

bi-layered Otx2 and Sox17 double-positive ring (Figure 7F). The

morphology of this structure is reminiscent of endoderm com-

partments in 168-h gastruloids previously annotated as anterior

foregut.12 Our results are also in line with previous conclusions

that gastruloids develop endodermal progenitors that do not

transition through EMT or a Bra-positive state.

DISCUSSION

In this study, we used single-cell genomics and developed auto-

mated culture and imaging approaches to map the spatial

unfolding of cell states and types during gastruloid development.

We focused on the early time points to understand pluripotency

exit, epiblast states, and germ layer commitment. We defined

three events that characterize symmetry breaking and patterning

in these gastruloids: (1) ES cells display a spatial heterogeneity of

pluripotency exit and a heterogeneous time of differentiation in

3D, (2) which causes a binary response to the Wnt activation

driving the cells into two distinct cell populations (EP core cells

and peripheral primitive-streak-like cells), (3) leading to radial

symmetry breaking, morphological changes, and axial elonga-

tion (Figure 7G). Drawing on the scalability of gastruloids, we

performed a high-content screen targeting each of these events

separately. We uncovered regulatory modules that orchestrate

symmetry breaking and identified several screening hits

involving pathways that have yet to be investigated. We finally

used the gained insights to perform a dual Wnt modulation,

generating gastruloids with additional anterior neural and endo-

dermal structures (Figure 7G).

Within 36 h, Sox2 and other pluripotency-related transcription

factors exhibited a graded expression from the center to the

periphery, reflecting a state continuum from the naive ground

state to primed pluripotency. The sources of the cell-to-cell vari-

ability, how such graded expression patterns are established,

and how other signaling pathways like bone morphogenetic pro-

tein (BMP) and Nodal contribute to radial patterning, as reported

in human 2Dgastruloids,66–68 remain to be determined. As for the

consequences of the variability in cellular states, it has been

shown that the state of a cell determines its response to external

stimuli69 and variability in a population is a prerequisite for sym-

metry breaking and functional diversification.33,70 Although initial

cell states formacontinuum,Wnt activation results in abinary cell

fate decisionwith upregulation of an EP ormesodermal program.

Sox2 is known to inhibit mesodermal differentiation,71,72 and it

has recently been shown that the level of Sox2 expression dic-

tates the response to Wnt: high levels of Sox2 activate pluripo-

tency genes, whereas low levels induce mesoderm identities.73

However, what ultimately determines the threshold between

one or the other response in gastruloids remains unclear and

likely is not solely dependent on Sox2 levels alone. For instance,

our scATAC-seqdata suggest that lineage specificationmayalso

involve early changes in the chromatin state.
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The localization of a naive pluripotent population in the core of

gastruloids and the perseverance of that state was unexpected

and does not recapitulate known in vivo development.74 Accord-

ingly, conclusions on developmental mechanisms for this partic-

ular population of cells should not directly be extrapolated to

in vivo systems.21 Nevertheless, dual Wnt modulation enabled

the development of gastruloids with an AP axis including anterior

Otx2-positive cells (likely neuroecto and endodermal structures).

In this study, we provide both a systematic description of the

gastruloid phenotypic landscape and its response to perturba-

tions and a toolbox of methods to quantitatively describe

emerging patterns in a time-resolved manner. Although other

embryoid systems recapitulate the morphology and cell-type

composition of the early1,5,6,75 and peri gastrulation embryo76–78

more faithfully, gastruloids still combine high cell-type

complexity with high formation efficiency and precision of scal-

able patterning79 enabling studies of cellular mechanisms in

diverse contexts.13–15

Limitations of the study
Although gastruloids recapitulate aspects of the mouse embryo,

they do not necessarily employ the same mechanisms as their

in vivo counterpart.11,21 However, observations made in gastru-

loids give insight into how cells coordinate their behavior to

achieve symmetry breaking in a uniform environment in vitro.

Furthermore, it has been shown that the pluripotency state80

as well as the genetic background57 greatly affects the propen-

sity of a cell for differentiation. These cell line-specific differences

also became clear in our work. So far, gastruloids have been

generated from various cell lines cultured in distinct condi-

tions.11,14,15,81 Therefore, although gastruloids from all culture

conditions form similar morphological structures, their differenti-

ation path, and exact cellular composition may vary, even with

the same cell line and culture conditions.56
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Antibodies

Rabbit polyclonal anti-AKT2 (phospho S474),

(used in gastruloid trajectory)

Abcam Cat # ab38513; RRID: AB_867564

Rabbit monoclonal anti-Activin A Receptor

Type IB/ALK-4, (used in gastruloid trajectory)

Abcam Cat # ab109300; RRID: AB_10860328

Mouse monoclonal anti-b-catenin,

(used in gastruloid trajectory)

BD Biosciences Cat # 610154; RRID: AB_397555

Rabbit monoclonal anti-Brachyury,

(used in gastruloid trajectory)

Abcam Cat # ab209665; RRID: AB_2750925

Rabbit monoclonal anti-Cdx2,

(used in gastruloid trajectory)

Abcam Cat # ab76541; RRID: AB_1523334

Goat polyclonal anti-Dppa4 R&D Systems Cat # AF3730; RRID: AB_2094166

Mouse monoclonal anti-E-cadherin,

(used in gastruloid trajectory)

BD Biosciences Cat # 610181; RRID: AB_397580

Rabbit monoclonal anti-EGFR (phospho

Y1068), (used in gastruloid trajectory)

Abcam Cat # ab40815; RRID: AB_732110

Rabbit polyclonal anti-Fibronectin,

(used in gastruloid trajectory)

Merck Cat # F3648; RRID: AB_476976

Rabbit monoclonal anti-FoxA2,

(used in gastruloid trajectory)

Abcam Cat # ab108422; RRID: AB_11157157

Rabbit monoclonal anti-Gata6,

(used in gastruloid trajectory)

Cell Signaling Technology Cat # 5851S; RRID: AB_10705521

Rabbit monoclonal anti-Hes1,

(used in gastruloid trajectory)

Cell Signaling Technology Cat # 11988S; RRID: AB_2728766

Rabbit monoclonal anti-Ki67,

(used in gastruloid trajectory)

Abcam Cat # ab16667; RRID: AB_302459

Mouse monoclonal anti-N-cadherin,

(used in gastruloid trajectory)

BD Biosciences Cat # 610920; RRID: AB_2077527

Rabbit polyclonal anti-Nanog Abcam Cat # ab80892; RRID: AB_2150114

Mouse monoclonal anti-Nestin Millipore Cat # MAB353; RRID: AB_94911

Mouse monoclonal anti-Oct3/4,

(used in gastruloid trajectory)

BD Biosciences Cat # 611203; RRID: AB_398737

Rabbit polyclonal anti-Otx1/2 Abcam Cat # ab21990; RRID: AB_776930

Goat polyclonal anti-Otx2 RnD Cat# AF1979; RRID:AB_2157172

Mouse monoclonal anti-p44/42 MAPK

(Erk1/2), (used in gastruloid trajectory)

Cell Signaling Technology Cat # 4696S; RRID: AB_390780

Rabbit monoclonal anti-Pax6 Abcam Cat# ab195045; RRID:AB_2750924

Rabbit polyclonal anti-Phospho-p44/42

MAPK (Erk1/2) (Thr202/Tyr204), (used

in gastruloid trajectory)

Cell Signaling Technology Cat # 9101S; RRID: AB_331646

Rabbit polyclonal anti-Phospho-NPM

(Thr95), (used in gastruloid trajectory)

Cell Signaling Technology Cat # 3517S; RRID: AB_2155177

Rabbit polyclonal anti-Phospho-Smad2

(Ser465/467), (used in gastruloid trajectory)

Thermo Fisher Scientific Cat # 44-244G; RRID: AB_2533614

Goat polyclonal anti-Sox1, (used in

gastruloid trajectory)

Cell Signaling Technology Cat # 4194; RRID: AB_1904140

Rabbit monoclonal anti-Sox2 Cell Signaling Technology Cat # 23064S; RRID: AB_2714146

(Continued on next page)
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Rat monoclonal anti-Sox2, (used

in gastruloid trajectory)

Thermo Fisher Scientific Cat # 14-9811-82; RRID: AB_11219471

Rabbit monoclonal anti-Tbr2/Eomes,

(used in gastruloid trajectory)

Abcam Cat # ab183991; RRID: AB_2721040

Mouse monoclonal anti-Tubulin beta-3 BioLegend Cat# 801201; RRID:AB_2313773

Donkey anti-rabbit Alexa Fluor 488 Thermo Fisher Scientific Cat # A-21206; RRID:AB_2535792

Donkey anti-rabbit Alexa Fluor 488 Plus Thermo Fisher Scientific Cat # A32790; RRID:AB_2762833

Donkey anti-rat Alexa Fluor 488 Thermo Fisher Scientific Cat # A-21208; RRID:AB_2535794

Donkey anti-rabbit Alexa Fluor 568 Thermo Fisher Scientific Cat # A10042; RRID:AB_2534017

Donkey anti-mouse Alexa Fluor 568 Thermo Fisher Scientific Cat # A10037; RRID:AB_2534013

Donkey anti-rabbit Alexa Fluor 647 Thermo Fisher Scientific Cat # A-31573; RRID:AB_2536183

Donkey anti-rabbit Alexa Fluor 647 Plus Thermo Fisher Scientific Cat # A32795; RRID:AB_2762835

Donkey anti-mouse Alexa Fluor 647 Thermo Fisher Scientific Cat A-31571; RRID:AB_162542

Donkey anti-goat Alexa Fluor 647 Thermo Fisher Scientific Cat # A-21447; RRID:AB_2535864

Donkey anti-goat Alexa Fluor 647 Abcam Cat # ab150135; RRID:AB_2687955

Chemicals, peptides, and recombinant proteins

CHIR99021 STEMCELL Technologies Cat # 72054

PD0325901 STEMCELL Technologies Cat # 72182

Mouse Recombinant LIF STEMCELL Technologies Cat # 78056

SB431542 Tocris Cat # 1614

BMS605541 Tocris Cat # 6069

IWP2 Tocris Cat # 3533

SU5402 STEMCELL Technologies Cat # 73914

XAV939 STEMCELL Technologies Cat # 72672

Screening library (see Table S7) Novartis N/A

PD161570 Novartis N/A

Sorafenib Novartis N/A

RGD-(Arg-Gly-Asp)-peptide Selleck Chemicals Cat # S8008

Focal Adhesion Kinase Inhibitor III Merk Cat # 5.04045

Deposited data

Single cell RNA sequencing

and multiome data

This paper GEO: GSE229513

Bulk RNA-sequencing data This paper GEO: GSE229386

Experimental model/ Cell lines

BramCh/Sox2Ve

T::H2B-mCherry,Sox2::H2B-Venus

Laboratory of Jesse V. Veenvliet N/A

CGR8 Laboratory of Matthias Lutolf 129P2

E14 Laboratory of Matthias Lutolf 129P2

Mesp1-GFP Laboratory of Matthias Lutolf,

originating from: Laboratory of

Cédric Blanpain

N/A

miR-290-mCherry/mir-302-eGFP, DRC Laboratory of Matthias Lutolf,

originating from the Laboratory

of Robert Blelloch

N/A

Sox1-GFP::Brachyury-mCherry (SBR) Laboratory of Matthias Lutolf

originating from: Laboratory

of David Suter

based on CGR8

129P2

129sv/ev Experiments using this cell line

were performed in the Laboratory

of Denis Duboule.

CMTI-1, Embryomax

(Continued on next page)

ll
OPEN ACCESS Resource

e2 Cell Stem Cell 30, 867–884.e1–e11, June 1, 2023



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

AllStars Negative Control siRNA Qiagen Cat #SI03650318

Mm_Sox2_4 FlexiTube

siRNA

Qiagen Cat #SI01429596

Mm_Sox2_3 FlexiTube

siRNA

Qiagen Cat #SI01429589

Mm_Fn1_1 FlexiTube

siRNA

Qiagen Cat #SI01004059

Mm_Fn1_2 FlexiTube

siRNA

Qiagen Cat # 1027415, SI01004066

Software and algorithms

Fiji/ImageJ N/A https://imagej.net/Fiji

FlowJoTM BD Life Sciences https://www.flowjo.com

Python Python Software Foundation https://www.python.org

R R Project https://www.r-project.org

Gastruloid feature extraction pipeline This paper

https://github.com/fmi-basel/

gliberal-gastruloid-2023-methods

https://doi.org/10.5281/zenodo.7858557

Other

384-well black/clear round bottom

ultra-low attachment spheroid microplates

Corning Cat # 4516

EL406 washer dispenser BioTek Instruments N/A

CyBio SELMA 384/25 ml Analytik Jena AG N/A

Integra Assist Plus Integra N/A
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Prisca

Liberali (prisca.liberali@fmi.ch).

Materials availability
This study did not generate new unique reagents. Non commercial small molecules and compounds can not be shared as theywere a

gift from Novartis.

Data and code availability
d The single cell RNA-seq, multiome, and bulk RNA-seq datasets generated during this study are available at NCBI GEO (https://

www.ncbi.nlm.nih.gov/geo/). The accession numbers are listed in the key resources table. Microscopy data reported in this

paper will be shared by the lead contact upon request. Any additional data reported in this paper will be shared by the lead

contact upon request.

d The original code has been deposited on Github and is publicly available. See key resources table for the link and DOI.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
mESCs were cultured at 37�C and 5% CO2 on gelatin-coated tissue culture plates/flasks in GMEM (Merck) supplemented with 10%

embryonic stem cell qualified FBS (Gibco), GlutaMAX (Gibco), sodium pyruvate (Gibco), EmbryoMAX MEM NEAA (Merck), b-mer-

captoethanol, or N2B27 (see below) supplemented with 3 mM CHIR99021 (Chir) (Stem Cell Technologies), 1 mM PD0305901

(Stem Cell Technologies) and 0.01 mg/ml LIF (Stem Cell Technologies). Cells were passaged every other day with Accutase (Merck)

and maintained in culture for at least two passages post-thawing prior to experimental use. Cells were routinely tested for myco-

plasma. If not stated otherwise, Sox1-GFP::Brachyury-mCherry cells53 were used.
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METHOD DETAILS

Automated gastruloid culture
The original gastruloid protocol81 wasmodified as follows: mESCswere detached from tissue culture plates with Accutase, collected

with DMEM/F-12 (Gibco) supplemented with 0.1% bovine serum albumin (Gibco), centrifuged and washed once with N2B27

medium. N2B27 medium contained DMEM/F-12 and Neurobasal medium (Gibco) supplemented with N2 (homemade), B-27

serum-free supplement (Gibco), GlutaMAX, HEPES (Sigma) and b-mercaptoethanol. Cells were resuspended in N2B27 medium

and the cell concentration was determined using the TC20 cell counter (Bio-Rad). A cell suspension containing the required cell

number in N2B27 medium (300 cells/well and additional dead volume) was prepared and 20 ml per well were seeded into black,

ultra-low attachment, round-bottom 384-well plates (4516, Corning) using the EL406 liquid handling robot (BioTek Instruments).

All following medium changes were performed with the EL406 liquid handling robot. At 48h, 75 ml N2B27 supplemented with

3 mM Chir was added. Afterwards, medium (75 ml) was replaced every 24h with the same volume of fresh N2B27 medium until

gastruloids where fixed.

Sample preparation, immunofluorescence, and imaging
All steps were performed using the EL406 liquid handling robot at room temperature (RT) if not indicated otherwise. Gastruloids were

fixed at indicated time points with 4% PFA for 30min and washed 6 times with PBS. Gastruloids were permeabilised with 1% Triton

X-100 for 1h and washed 6 times with 0.1% BSA, then blocked with 3% donkey serum (Sigma) for 1h. Primary and secondary

antibodies were diluted in 3% donkey serum with 0.1% Triton X-100. Cell nuclei were stained with 0.2 mg/ml DAPI (Invitrogen) during

the secondary antibody incubation. Antibody incubation was performed shaking overnight at 4�C. On the next day, washing was

performed 6 times with PBS for 15min. After the secondary antibody wash, gastruloids were washed 6 times with ddH2O. Refractive

index matching was performed with ScaleS482 (gastruloid screen) or FOCM83 (all other experiments) using the Assist Plus (Integra

Biosciences) pipetting robot.

Following primary antibodies were used: rabbit-anti pAKT2 (Akt signalling) (1:500, Abcam), rabbit-anti Activin A Receptor Type IB

(ALK4) (1:500, Abcam), mouse-anti b-catenin (Wnt signalling effector) (1:500, BD Biosciences), rabbit-anti Brachyury (early meso-

derm and PS marker) (1:500, Abcam), rabbit-anti Cdx2 (posterior marker) (1:500, Abcam), goat-anti Dppa4 (pluripotency marker)

(1:500, R&D Systems), mouse-anti E-cadherin (marker used for epithelial identity and endoderm) (1:500, BD Biosciences), rabbit-

anti EGFR (phosphor Y1068) (EGF signalling) (1:500, Abcam), rabbit- anti Fibronection (ECM protein) (1:500, Merck), rabbit-anti

FoxA2 (Endoderm) (1:500, Abcam), rabbit-anti Gata6 (Cardiacmesoderm) (1:500, Cell Signaling Technology), rabbit-anti Hes1 (Notch

signalling target) (1:500, Cell Signaling Technology), rabbit-anti Ki67 (proliferating cells) (1:500, Abcam), mouse-anti N-cadherin

(mesenchymal marker) (1:500, BD Biosciences), rabbit-anti Nanog (naı̈ve pluripotency) (1:500, Abcam), mouse-anti Nestin (neural

intermediate filament) (1:500, Millipore), mouse-anti Oct3/4 (pluripotency) (1:500, BD Biosciences), rabbit-anti Otx1/2 (pluripotency,

foregut, anterior neuectoderm) (1:500, Abcam), goat-anti Otx2 (1:500, RnD), mouse-anti p44/42 MAPK (Erk1/2) (MAPK (FGF) signal-

ling) (1:500, Cell Signaling Technology), rabbit-anti Pax6 (neurectoderm) (1:500, Abcam), rabbit-anti Phospho-p44/42 MAPK (Erk1/2)

(Thr202/Tyr204) (MAPK (FGF) signalling) (1:500, Cell Signaling Technology), rabbit-anti Phospho Smad2 (Ser465/467) (Active TGFb

signalling) (1:500, Thermo Fisher Scientific), rabbit-anti Sox1 (neurectoderm) (1:500, Cell Signaling Technology), rat-anti Sox2 (neu-

rectoderm, pluripotency) (1:500, Thermo Fisher Scientific), rabbit-anti Sox2 (1:500, Cell Signaling Technology), rabbit-anti Tbr2/

Eomes (primitive streak) (1:500, Abcam) and anti-mouse Tuj1 (neurectoderm) (1:500, BioLegend).

Following secondary antibodies were used: donkey anti-rabbit Alexa Fluor 488 (1:500, Thermo Fisher Scientific), donkey anti-rab-

bit Alexa Fluor 488 Plus (1:500, Thermo Fisher Scientific), donkey anti-rat Alexa Fluor 488 (1:500, Thermo Fisher Scientific), donkey

anti-rabbit Alexa Fluor 568 (1:500, Thermo Fisher Scientific), donkey anti-mouse Alexa Fluor 568 (1:500, Thermo Fisher Scientific),

donkey anti-rabbit Alexa Fluor 647 (1:500, Thermo Fisher Scientific), donkey anti-rabbit Alexa Fluor 647 Plus (1:500, Thermo Fisher

Scientific), donkey anti-mouse Alexa Fluor 647 (1:500, Thermo Fisher Scientific), and donkey anti-goat Alexa Fluor 647

(1:500, Abcam).

High-throughput imaging was performed with the automated spinning disk microscope CellVoyager 7000S (Yokogawa), an

enhanced CSU-W1 spinning disk (Microlens-enhanced dual Nipkow disk confocal scanner), a 10x Olympus objective and a Neo

sCMOS camera (Andor, 2560 x 2160 pixels). Z-planes were acquired in 3, 5 or 10 mm z-steps.

Image-based time course
Gastruloids were fixed every 12h from 24h to 96h and stained as described above. Each gastruloid was stained with DAPI, an

antibody against Sox2, and one additional antibody (for full list of co-stained antibodies see Figure S3E and key resources table).

Per timepoint, 16 gastruloids were stained with the same antibody combination.

Single-cell RNA sequencing
Gastruloids were generated as previously described81 Briefly, 300 mESC were plated in 40 ml N2B27 into ultra-low attachment,

round-bottom 96-well plates (7007, Corning). After 48h, 150 ml of N2B27 supplemented with 3 mM Chir were added to each well.

After 72 h, medium was changed with N2B27. Gastruloids were collected at 24h (240 gastruloids), 36h (96 gastruloids), 48h (2x48

gastruloids), 52h (48 gastruloids), 56h (48 gastruloids), 60h (48 gastruloids), 72h (24 gastruloids) and (2x 24 gastruloids), 96h (24 gas-

truloids), 108h (16 gastruloids) and 120h (16 gastruloids). Gastruloids were transferred into a tube, spun and medium was removed.
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Gastruloids were dissociated by incubating with Accutase for 5 min at 37�C with intermediate mechanical dissociation (pipetting).

After spinning with DMEM/F-12 with 0.1% BSA, cells were resuspended in PBS, passed through a cell strainer with 30 mm pore

size and dead cells were stained with DRAQ7 dye (Thermo Fisher Scientific). Per sample, 12,000 alive cells (for the 24h time point,

only 7,500 cells were obtained) were sorted by FACS (Becton Dickinson FACS Aria cell sort or Becton Dickinson Influx cell sorter).

Cellular suspensions were loaded on a 10x Genomics Chromium Single Cell instrument to generate single cell GEMs. Single cell

RNAseq libraries were prepared using the 10x Genomics Single Cell 3‘ Gel Bead and Library Kit according to CG000183 Single

Cell 3‘Reagent Kit v3 User Guide_RevA. GEMRT was performed in a Bio-Rad PTC-200 Thermal Cycler with 0.2ml PCR Tube Strips

(Eppendorf P/N 0030 124.359): 53 �C for 45min, 85 �C for 5min; held at 4 �C. After RT, GEMswere broken and the single strand cDNA

was cleaned up with DynaBeads� MyOneTM Silane Beads (Life Technologies P/N 37002D). cDNA was amplified using a Bio-Rad

PTC-200 Thermal cycler with 0.2ml PCR Tube Strips (Eppendorf P/N 0030 124.359): 98 �C for 3min; cycled 11x: 98 �C for 15 s, 63 �C
for 20 s, and 72 �C for 1min; 72 �C for 1min; held at 4 �C. Amplified cDNA product was cleaned up with the SPRIselect Reagent Kit

(0.6X SPRI). Indexed sequencing libraries were constructed using the reagents in the Chromium Single Cell 3‘ library kit V3 ( 10x Ge-

nomics P/N1000078), following these steps: 1) Fragmentation, End Repair and A-Tailing; 2) Post Fragmentation, End Repair &

A-Tailing Double Sided Size Selection with SPRIselect Reagent Kit (0.6X SPRI and 0.8X SPRI); 3) adaptor ligation; 4) post-ligation

cleanups with SPRIselect (0.8X SPRI); 5) sample index PCR using the Chromium Multiplex kit (10x Genomics P/N-120262); 6)

Post Sample Index Double Sided Size Selection- with SPRIselect Reagent Kit (0.6X SPRI and 0.8X SPRI). The barcode sequencing

libraries were quantified using a Qubit 2.0 with a Qubit TM dsDNAHSAssay Kit (Invitrogen P/NQ32854) and the quality of the libraries

were assessed on a 2100 Bioanalyzer from Agilent using an Agilent High Sensitivity DNA kit (Agilent P/N 5067-4626). Sequencing

libraries were loaded at 1.6pM on an Illumina Nextseq500 with 75cycle kits using the following read length: 28 cycles Read1, 8 cycles

i7 Index and 56 cycles Read2. The CellRanger suite (1.3.0) was used to generate the aggregated gene expression matrix from the

BCL files generated by the sequencer based on the mm10 Cell Ranger mouse genome annotation files.

Multiome Sequencing
For 10x Multiome experiments, single nuclei were extracted from dissociated gastruloids. Gastruloids were generated as previously

described.81 Briefly, 300 mESC were plated in 40 ml N2B27 into ultra-low attachment, round-bottom 96-well plates (7007, Corning).

After 48h, 150ml of N2B27 supplementedwith 3 mMChir were added to eachwell. Gastruloidswere collected at 48h (384 gastruloids)

and 52h (288 gastruloids) were collected. Gastruloids were transferred into a tube, spun andmediumwas removed. Gastruloids were

dissociated by incubating with Accutase for 4min at 37�Cwith intermediate mechanical dissociation. After spinning with DMEM/F-12

with 0.1% BSA, cells were resuspended in Freezing medium (90% Serummedium, 10%DMSO (Sigma, 276855)), cell concentration

was determined and 180,000 cells per vial were frozen and stored at -80�C for later continuation of the sample preparation. After

thawing, cells were resuspended in PBS 0.8% BSA and washed twice in PBS 0.04% BSA. Cells were then resuspended in Lysis

Buffer containing 10 mM Tris-HCl, pH 7.4 (Sigma-Aldrich, T2194), 10 mM Sodium Chloride (Sigma-Aldrich, 59222C), 3 mMMagne-

sium Chloride (Sigma-Aldrich, M1028), 0.01% Tween-20 (Bio-Rad, 1662404), 0.01% NP40 Substitute (Sigma-Aldrich, 74385),

0.005% Digitonin (Sigma-Aldrich D141-100MG), 1% BSA (Miltenyi Biotec, 130-091-376), 1 mM DTT (Sigma-Aldrich, 646563),

Protector RNase inhibitor (Sigma-Aldrich 3335402001) and nuclease-free water (Ambion, AM9937). The suspension was incubated

for 5min on ice. The reaction was stopped with Wash Buffer (10 mM Tris-HCl, pH 7.4, 10 mM Sodium Chloride, 3 mM Magnesium

Chloride, 1% BSA, 0.1% Tween-20, 1 mM DTT, 1 U/ml RNase inhibitor, and nuclease-free water) and span down for 5min at 500g at

4�C. The pellet was resuspended in Wash buffer and again span down for 5 min at 500g at 4�C. The pellet was resuspended in 1X

Diluted Nuclei Buffer consisting of 1X Nuclei Buffer (stock of 20X, 10x Genomics, 2000207), 1 mM DTT, 1 U/ml RNase inhibitor and

nuclease-free water and nuclei concentration was determined. Nuclei were span down for 5min at 500g at 4�C and resuspended in

the respective volume of 1X Diluted Nuclei Buffer according to the 10x Multiome user guide for theoretically targeting 5,000 nuclei.

Single cell Multiome experiments were performed using the 10x ChromiumSingle Cell Multiome ATAC +Gene Expression (GEX) kit

(1000283) following manufacturer’s instructions.

Briefly, nuclei suspensions were incubated in a transposition mix where open chromatin DNA was preferentially fragmented and

adapter sequences were added to the ends of the DNA fragments.

Afterwards, nuclei were mixed with reverse transcription mix, and gel beads and oil were loaded onto a 10x microfluidic chip to be

co-encapsulated into nanodroplets, forming GEMs. Inside each GEM containing a nucleus, for GEX, first strand cDNA synthesis

occurred, where each mRNA was tagged with a UMI and a barcode unique for each nucleus and a 30nt poly (dT). In the same

partition, for ATAC, transposed DNAwas tagged with P5 adaptor followed by 16nt barcode and a spacer. Subsequently, the reaction

was quenched. The droplets were broken, pooled fractions recovered and purified using Dynabeads MyOne Silane. Barcoded

transposed DNA and barcoded full-length cDNA from polyadenylated mRNA was amplified to fill gaps and generate sufficient

amounts for library generation. The pre-amplified product was used for generation of both GEX and ATAC libraries. Single-cell

gene expression libraries were generated using fragmentation, end repair, A-tailing and double-sided size selection using

SPRIselect. P5 and P7 adaptor sequences were ligated and was further amplified with the number of PCR cycles depending on

the number of nuclei loaded. Individual sample indices provided as a Dual Index Plate TT Set A (10x Genomics, 3000431) were

used during amplification to enable pooling and subsequent demultiplexing of multiple libraries.

For ATAC libraries construction, P7 adapter sequences and sample indices from a Sample Index Plate N, Set A (10x Genomics,

3000427) were added to the pre-amplified product. Quantification and quality control of libraries was performed using High
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Sensitivity DNA assays on an Agilent Bioanalyzer. GEX expression libraries were sequenced on Illumina Novaseq. ATAC libraries

were sequenced on Illumina Nextseq using custom sequencing read lengths 50-(8)i-(16)i-49.

Image-based screening assay
A total of 30 plates were prepared as described above. The screen was split into three assays which were performed in parallel and

differed in the time point of compound library addition. The compound library (kind gift from Novartis) was composed of 84

compounds (Table S7) in form of 10 mM DMSO stocks in 384-well diamond-bottom plates. It contained 29 wells of vehicle control

(DMSO). Compound treatment was performed at three different time points: from 32h-72h, from 48h-72h and from 72h-96h. Com-

pounds were added in respective volumes from a 200 mM intermediate compound library dilution in N2B27 using the SELMA 384

automated pipettor (Analytik Jena AG) to achieve a final concentration of 5 mM. Medium changes were performed as described

above. Plates were fixed and prepared for imaging at 120h.

Compound treatment of gastruloids
Compound treatments apart from the screening assaywere performed as follows: If gastruloids were treated with compounds before

48h, a 2x concentrated solution in N2B27 was prepared and 20 ml were added to the gastruloids. If gastruloids were treated with

compounds at or after 48h, the compound was added during the medium change. Gastruloids treated with the same dilution of

DMSO were used as controls.

Additional compounds for the validation experiments (core perturbation) were selected to target either the same target or other

component of the same signalling pathway as the compounds from the screening library to confirm or refute the observed pheno-

type. Compounds used in this experiment included: inhibitors SB 431542 (Tocris, Cat# 1614); FGFR1 inhibitors compound 10 (PD-

166866, gift fromNovartis), PD-161570 (Sigma Aldrich, Cat# PZ0109); MAP2K1 inhibitors compounds 17, 18, 31 (gifts fromNovartis),

and PD0325901 (STEMCELL Technologies, Cat# 72182). Compoundswere used in the same concentrations as in the screen. For the

broadWnt pathway follow up experiments the following compounds: XAV939 (STEMCELL Technologies, Cat# 72672), IWP2 (Tocris,

Cat#3533), inhibitors of Porcn (compounds 58 and 63, gifts from Novartis), inhibitor of Ctnnb1 (compound 54, gift from Novartis) and

inhibitors of Gsk3b (compounds 27 and 67, gifts from Novartis) were added either at 48h or 72h of gastruloid differentiation for 24h.

A concentration of 5mMwas used. DMSO used for controls was used at the same volume as resuspended compounds. Gastruloids

were fixed at 72h, 96h, 120h and 144h and processed with immunofluorescence as mentioned above.

Bulk RNA sequencing – sample preparation
We analyzed three independent batches of gastruloids for each condition. For each batch of bulk RNA samples, 96 gastruloids were

grown as described above from mESCs (Embryomax 129sv/ev). Control samples received a pulse of Chir between 48h and 72h AA;

Early samples received a pulse of Chir between 24h and 48h AA. Gastruloids were collected on ice washed twice with PBS and snap

froze in liquid nitrogen. RNA extraction was performed using RNeasy (Qiagen) columns according to manufacturer recommendation

and on-columns DNAse treatment was performed. RNA quality was assessed on a Tapestation TS4200 with all RNA showing Quality

Number above 9.5. Library preparation was performed by the EPFL Gene expression core facility, using "Illumina stranded mRNA

ligation" (ISML) prep starting from 1000ng of RNA, according to Illumina protocol 1000000124518 v01. Libraries were quantified

by qubit DNA HS and profile analysis was done on TapeStation TS4200. Libraries were sequenced on HiSeq 4000 Illumina, with

paired end 75bp.

Clonogenicity assay
12 well tissue culture plates were coated with Laminin (0.01mg/ml in PBS) by incubating them O/N at 37�C in a tissue culture incu-

bator. SBR gastruloids were grown in round-bottom 96-well plates (7007, Corning) until harvesting at 48h and 72h. At 48h control

gastruloids were pulsed with N2B27 medium supplemented with 3mM Chir as described above. Gastruloids were transferred into

a tube and spun to remove medium. Gastruloids were then incubated for 5min in Accutase for dissociation. After resuspension in

DMEM/F-12 supplemented with 0.1% BSA, cells were sedimented via centrifugation. The obtained pellet was resuspended in

PBS and, passed through a cell strainer with 30 mm pore size. 14000 alive cells were sorted by FACS (Becton Dickinson Influx

cell sorter) and eventually plated at a concentration of 1000 cells per well in N2B27/2i. One 12 well plate was used per condition.

DRC gastruloids were generated and harvested as described above. Both conditions collected at 72h were Chir pulsed as

described above. For both timepoints of collection (48h and 72h) 8000mCherry-positive and 8000mCherry and GFP double positive

cells were sorted and plated into N2B27/2i at a concentration of 1000 cells per well of a 12 well plate.

Assays were terminated after 7 days and colonies were counted manually using a light microscope.

Flow cytometry results from sorts of 48h and 72h DRC gastruloids were assessed using FlowJo.

siRNA knockdown experiment
When cells were seeded to differentiate gastruloids for the knock down experiments a reverse transfection of siRNAswas performed.

The cell suspension generated for gastruloid seeding already included the transfection mix. The transfection mix was prepared in the

following way: siRNAs pairs (Mm_Sox2_3 and Mm_Sox2_4, Qiagen Cat#SI01429589 and Cat#SI01429596 respectively) and

(Mm_Fn1_1 and Mm_Fn1_2, Qiagen Cat#SI01004059 and Cat#SI01004066 respectively) were diluted in Opti-MEM I (Gibco Ref#

31985-047). The negative control RNA (Qiagen Cat#SI03650318) was diluted in Opti-MEM I to a matching total amount of siRNA.
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Next 1ml/100ml of Lipofectamine RNAiMAX (Invitrogen, Cat# 13778-150) was added. The transfection mix was then gently mixed and

incubated at room temperature for 25min. After incubation the cell suspension in N2B27 was added (83.15% Cell suspension in

N2B27, 16.85% transfection mix) to reach a final siRNA concentration of 10nM per clone. After seeding medium changes were per-

formed according to the protocol described above. Gastruloids were fixed at 48h, 72h and 120h and processed for immunofluores-

cence as described above.

RGD peptide experiment
Gastruloids were either seeded with a final concentration of 1mg/ml RGD peptide or H2O (control). At 48h gastruloids were pulsed

with Chir as described above. In the treatment regime in addition to Chir this mediumwas also supplemented with 1mg/ml RGD pep-

tide (Selleck Chemicals Cat# S8008). Gastruloids were fixed at 72h and processed for immunofluorescence as described above.

Double modulation of the Wnt pathway
Dose finding experiments were performed for the inhibitor of Ctnnb1 (Compound 54) and the Porcn inhibitors Compounds 58, 63 and

IWP2. As wells as for the TGFb superfamily using the following compounds: inhibitors of TGFR (compounds 66 and 74, gifts from

Novartis), inhibitor of ALK2 (compound 56, gift fromNovartis) and SB431542 (Tocris Cat# 1614) inhibiting ALK4, 5 and 7. Compounds

were used in the working concentrations 0.02, 0.1, 0.5 and 2.5mM and were added either at 48h, 72h or 96h and kept for 24h. Gas-

truloids treated with the same dilution of DMSO were used as controls. Treated gastruloids were fixed at 144h and processed with

immunofluorescence as describe above. Extracted features were subsequently z-scored using the DMSO controls corresponding to

the relevant compound dilution and treatment timing.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis and extraction of features
Gastruloids segmentation on MIPs

Maximum intensity projections (MIPs) were generated from each acquired z-stack. Gastruloids were automatically segmented from

the DAPI channel using a fully convolutional neural network (FCN) on manually curated threshold-based segmentation masks. The

network was based on a RDCNet backbone with a single class segmentation head and was trained in TensorFlow, using a soft-Jac-

card loss.84 Most wells contained a single gastruloid and when more than one was present, only the largest one was considered for

further analysis.

Skeleton extraction

Themedial axis skeleton was computed from the gastruloid mask (set of all points havingmore than one closest point on the object’s

boundary, i.e. ridges of the distance transform). To avoid small spurious branches, the distance transform was smoothed with a

Gaussian kernel prior to extracting the ridges. Large, curled gastruloids were split along their folding line by subtracting a separator

map from the distance transform prior to extracting the ridges. In case of the gastruloid screen analysis, the separator map was

predicted from all four channels (DAPI, Sox1, Bra and E-cadherin) by a second FCN trained on manual annotations using a mean

squared error loss.

Gastruloid shape model

A regular rectangular grid was deformed to the shape of the mask and was used to measure its length/width as well as measure in-

tensity profile along its length. First, gastruloid’s ‘‘corners" were determined by extrapolating the skeleton until the object boundaries.

For skeletons with side branches, the two ends resulting in the longest path were used. Points along the contour that are equidistant

from the ends of the original and extrapolated skeletons were used as corners. Equidistant points were placed along the contour

between each corner, to define a mapping for the edges of a regular grid. The rest of the grid was mapped by thin plate interpolation.

Finally, the grid orientation along the length of the gastruloid was normalised so that the mean intensity of the Bra channel over the

second half of the grid was always larger than over the first half.

Shading occlusions

Precipitates from the clearing solutions sometimes partially occluded the optical path, resulting in shaded regions. A shading mask

was estimated by re-thresholding the DAPI channel at 30% of the difference between background intensity (10th percentile over

background) and the object intensity (90th percentile over foreground). Shaded areas were excluded from intensity measurements

and samples with more than 20% of their area shaded were completely discarded.

Fluorescent debris

On occasions, debris from the liquid dispenser ended up in the wells, resulting in bright fluorescent debris with very distinctive shape

and texture. Binary masks of those debris were predicted by a FCN trained on manual annotations. Similarly to shading occlusions,

affected regions were excluded from intensity measurements.

Whole gastruloids feature extraction

For each segmented gastruloids, a set of morphological and intensity-based features were extracted from MIPs. Intensity features

(mean, standard deviation, quantiles) were computed on image (for quality control), gastruloid, coarse and fine segment levels.

Morphological features included perimeter, area, eccentricity, convexity, form factor, mean radius, length, and width, estimated

from the mapped grid and number of skeleton branches.
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Segment feature extraction

The grid mapped to the gastruloid was used to generate coarse (posterior/middle/anterior) and fine (100 steps) segments along its

length. The anterior-posterior orientation was then determined by finding the centre of mass of either the Sox2 signal (corresponding

to the anterior pole, used in the trajectory analysis) or the Bra signal (corresponding to the posterior pole, used in the screen analysis),

see also ‘‘Gastruloid shape model’’. Hence, the intensity profile of the obtained line faithfully recapitulated the changes in readout

intensity going from the anterior to posterior side of the gastruloid. Measured intensity values were normalised for each gastruloid

by dividing the mean intensity of each segment over the sum of mean segment intensities of the gastruloid.

Inside/outside feature extraction

In order to analyse markers localisation in the interior of the gastruloid, features were also extracted from the middle slice of the

z-stack. The middle slice was taken as the z-plane having the largest mean intensity over the DAPI channel. The binary mask

extracted from theMIP was also refined by re-thresholding the DAPI channel at 30% of the difference between background intensity

(10th percentile over background) and the object intensity (90th percentile over foreground). To quantify radial signal localisation, the

refined mask was partitioned into inside/outside regions with a separation at 50% of the maximum distance transform value. The in/

out ratio represents the ratio of measured intensity between the two regions.

Superpixel feature extraction

For fine-graine localisation, the mask was partitioned into superpixels calculated with the SLIC (Simple Linear Iterative Clustering)

method, initialised with uniform regions of approximately the size of a single cell (300 pixel). Superpixels were used as an approxi-

mation to single cells to determine (1) the localisation of the highest expressing superpixels and (2) the number of Sox2-high express-

ing cells. For the former, polar coordinates of superpixels were normalised by themaximum radius of the gastruloid. Superpixels were

then ranked according to their mean intensity value and their angle normalised with respect to the mean angle of the 25% top-k

pixels. Finally, a hexbin histogram of the top-k superpixels in normalised coordinates was built to represent a ‘‘mean’’ gastruloid

at each timepoint and under different growth conditions. For the latter, the upper quartile of the mean intensity of superpixels of con-

trol gastruloids was used as threshold to distinguish Sox2 high and low values and the percentage of Sox2 high superpixels over total

was calculated.

List of extracted features

Whole gastruloid features: Area, Centroid 0, Centroid 1, Convex area, Convex perimeter, Convexity, Eccentricity, Form factor, L3

segment n area, L3 segment n median average deviation of intensity, L3 segment n mean intensity, L3 segment n quantile

0 0.000, L3 segment n quantile 0 0.250, L3 segment n quantile 0 0.500, L3 segment n quantile 0 0.750, L3 segment n quantile 1

0.000, L3 segment n standard deviation of intensity, Major axis length, Max radius, Mean radius, Median average deviation of inten-

sity, Median radius, Mass displacement, Mean intensity, Minor axis length, Perimeter, Quantile 0 0.000, Quantile 0 0.001, Quantile

0 0.250, Quantile 0 0.500, Quantile 0 0.750, Quantile 0 0.999, Quantile 1 0.000, Standard deviation of intensity, Solidity, Weighted

centroid 0, Weighted centroid 1.

100 Segment features: Area, Median average deviation of intensity, Median radius, Quantile 0 0.000, Quantile 0 0.250, Quantile

0 0.500, Quantile 0 0.750, Quantile 1 0.000, Standard deviation of intensity. In/Out features: Inside area, Inside mean intensity,

Outside area, Outside mean intensity.

Time course analysis and trajectory inference
Trajectory of gastruloid development

To align gastruloids according to their developmental states, we generated a pseudotime serving as the axis of molecular progres-

sion. For pseudotime inference we used Palantir32 (python implementation, as included in the scanpy package), a trajectory inference

algorithm originally developed for single cell sequencing and mass cytometry data.

Trajectory inference comprised the following steps:

1. z-score normalisation of the extracted features: Features were first normalised using z-score normalisation to reduce batch

effect. Datapoints were grouped by experimental batches (2 in total). Subsequently, data was again z-score normalised

whereby the 24h timepoint was used as reference.

2. Quantile-based filtering of the input data: datapoints outside of the 0.2 percentile–99.8 percentile range for each of the 23 input

features (common feature set) were discarded as outliers, pruning 303 objects.

3. Pseudotime calculation: we considered gastruloid development as a stochastic process where gastruloids develop over time

by a series of steps through a low dimensional phenotypic manifold. To this end, original 23-dimensional data was used to

calculate 20 principal components that then served for calculating diffusion components, representing the dimension-reduced

manifold.

4. Iterative pseudotime construction: Random datapoints from 24h and 96h timepoints were selected as staring and terminal

points of the trajectory, respectively. Pseudotime inference was based on 500 waypoints and performed for 100 iterations

to generate an averaged pseudotime.

5. Pseudotime resampling: Since pseudotime ordering is inferred frommolecular events and depends on the features selected to

describe them, large distances in feature space are captured by the inferred pseudotime, resulting in ‘‘warping’’ of the pseu-

dotime that can result in empty pseudotime intervals (Figure S3). To address this issue, we resampled the pseudotime,

removing intervals that lacked datapoints, thus obtaining a continuous trajectory.
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Mapping individual readouts to pseudotime

Having aligned the individual gastruloids to the pseudotime-based developmental progression, we then assessed the dynamics of 21

antibody-based readouts (see key resources table) along the pseudotime. To compensate for staining and imaging variation, we nor-

malised the measured fluorescence intensity to that of the nuclear counterstain (DAPI). Mean values for each readout were then

calculated for 11 bins of pseudotime (0 to 1, binned in 0.1 intervals) for visualising changes along the pseudotime. For assessing

gradient dynamics along pseudotime, mean values for each segment were calculated per pseudotime interval (binning performed

as described in previous section, for the intensity analysis in segments, see section ‘‘Segment feature extraction’’).

Gastruloid screen analysis
Filtering of sparse conditions

For image-based screening, conditions where fewer than 5 gastruloids from less than 3 individual plates were detected were dis-

carded from the analysis, with the final dataset including 9311 gastruloids. In other assays, the threshold level for sparse conditions

was assessed on an assay-to-assay basis.

For the segment workflow, same quality control criteria have been applied, hence we started from 9157 gastruloids. Additional

filters for the segment workflow included discarding all gastruloids that did not have signal in Channel 2 or 3 above baseline in

any of the 100 segments per channel. Final object count for the segment analysis was thus 8724.

Gastruloid phenotypic analysis

In the gastruloid screening assay, extracted features were normalised using z-score normalisation within respective assay plates.

Phenotypic clustering was carried out using the entire dataset (whole gastruloid and segment dataset used separately) using the soft-

ware package PhenoGraph (python implementation; part of scanpy.external package). For the whole gastruloid features, the feature

set defined in Figure S4 was used. For pattern class analysis, a 200-element array composed of the normalised Sox1 and Bra inten-

sities of segments was used. Quality control was performed on the gastruloid area, fluorescent debris, and shading occlusions as

described above.

To determine the appropriate number of neighbours for the clustering, PhenoGraph analysis was performed for community sizes

from 10 to 100 in increments of 10. Data was subsequently analysed and visualised using ClusTree,85 an R package (https://github.

com/lazappi/clustree) to select the optimal resolution for clustering.

Combined phenotypic space

To incorporate the information on both the whole gastruloid and pattern phenotypes in all three treatment regimes, the abundance of

both the whole gastruloid and pattern class types was calculated as fraction of total gastruloids measured for each screened

condition. The resulting 57-element array was used to describe every condition in multivariate space and used for clustering by

compound-level similarity, dimensionality reduction, and assessing DMSO similarity (Figures 5 and S5). DMSO similarity was

defined as the correlation coefficient of the 57-element phenotypic signature between the tested condition and that of the DMSO

control.

Annotation term network analysis

To non-ambiguously annotate targets of the compound library with functional annotation terms, we first assigned the Kyoto Ency-

clopedia of Genes and Genomes (KEGG) terms to the target genes of the compounds. To resolve remaining ambiguous annotations

(for example, when well-defined classes of compounds such as PKC inhibitors were assigned to much broader annotation terms),

custom annotation terms were introduced to improve interpretability of the analysis (Table S7). Term-term interactions (kappa-

scores) were then calculated for the canonical KEGG terms using the Cytoscape3 plugin ClueGO.

Hit selection

Individual treatment conditions were ranked by reproducibility of the resulting phenotypic effect. To this end, we defined a reproduc-

ibility score (see Figure S5). In brief, the reproducibility score described how homogeneous the observed phenotype was and

how robustly it was observed in replicates of the same condition, penalising conditions with more pleiotropic phenotypes.

Conditions with a reproducibility score of more than 1.0 and DMSO similarity (see previous section) below 0.5 were selected as

hits of the screen.

Interaction Networks

To visualise known interactions present in the STRING database, annotated target genes of the compounds were used as input

network nodes and interactions with STRING combined score above 0.4 were retrieved as network edges. Genes co-annotated

with functional annotation terms (Table S7) were highlighted for visualisation.

scRNA-seq analysis
Reference and quantification of transcript abundance

Genome sequence and transcript annotation was obtained from Gencode Mouse release M24 (GRCm38 primary assembly and

annotation gtf file from ftp://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_mouse/release_M24), and the coordinates of tran-

scripts and introns were extracted using R (https://r-project.org, version 3.6) and the getFeatureRanges function from the eisaR

package (version 0.9 available from https://github.com/fmicompbio/eisaR/tree/bbd8787d7e4b87d158a276af0787226530867b88)

with arguments featureType = c("spliced", "intron"), intronType = "separate", flankLength = 0, joinOverlappingIntrons = FALSE. A

transcript-to-gene map was created using the getTx2Gene function from eisaR, which links transcripts to genes, and introns to

distinct genes for simultaneous quantification (see below). Sequences were extracted from the genome using extractTranscriptSeqs
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from the GenomicFeatures package (version 1.38.2, )86 and indexed with Salmon (version 1.1.087) with arguments -k 23 –gencode

and using the genome as a decoy. Reads were then quantified using Salmon/Alevin (version 1.1.088) with parameters -l ISR –chro-

miumV3 and the transcript-to-gene map created above.

Quality control and filtering

Technical quality of single cell experiments, cell barcode identification and quantification were assessed using the Bioconductor

package alevinQC (version 1.4.0, https://doi.org/doi:10.18129/B9.bioc.alevinQC). Salmon/Alevin counts from all twelve timepoints

were imported into R (version 4.0.2) using the tximeta package (version 1.6.389) and stored in a SingleCellExperiment container

for downstream analysis. The number of detected genes per cell and the fraction of counts in genes encoded on the mitochondrion

(chrM) were calculated using the addPerCellQC function from the scater package (version 1.16.290), and cells with more than 1800

detected genes and less than 10% mitochondrial counts were retained. Gms, mitochondrial, and ribosomal protein genes (genes

associated with the GeneOntology term "structural constituent of ribosome", GO:0003735, based on the org.Mm.eg.db package,

version 3.11.4) were removed, resulting in a final analysis set of 27027 genes and 71005 cells.

Single-cell RNA sequencing data analysis

For batch effect correction, cells were assigned to one of two respective batches, and SCTransform-based normalization and

variance stabilization91 were performed followed by unsupervised identification of anchors between pairs of datasets, canonical

correlation analysis (CCA) and integration92,93 using Seurat (version 4.1.1). Clustering (Louvain clustering of a constructed KNN graph

based on the Euclidean distance in PCA space) and visualization were then performed using Seurat (version 4.1.1).

CAT analysis and cell type annotation

Gastruloid cells from each timepoint were clustered separately using Seurat. Cells from the Pijuan-Sala et al.23 mouse embryonic

dataset and the corresponding cell type annotation were used as the target reference for the CAT22 analysis. Raw counts for the

gastruloid (for each timepoint separately) and embryonic datasets were normalised in scanpy94 based on total counts with a target

sum of 10000 transcripts/cells and then log transformed. The CAT analysis was performed on clusters for each timepoint separately

to match the gastruloid clusters to cell types. We would like to note that we employ both manual and CAT analysis-based annota-

tions. Our results of the CAT analysis are dependent on the in vivo reference (Pijuan-Sala et al.).23 Thus, the CAT-annotations -ob-

tained for the gastruloid cells can be affected by limitations and possible annotation inaccuracies of this in vivo reference. For that

reason, we invested major efforts to perform manual annotations and comparisons with additional datasets.15,27

Conservation analysis

The cells corresponding to a given cell type (gut, pre-somitic mesoderm or NMPs) were selected from the gastruloid and Pijuan-Sala

et al.23 embryonic datasets and their raw gene expression counts were merged to form a single gene expression matrix. RaceID3

(version 0.2.3)95 was then used for normalisation and filtering using the default parameters. The means of the normalised counts

for the geneswere calculated for each of the embryonic and gastruloid cell type populations. Themeanswere then plotted in a scatter

plot and a linear regression model was inferred using ggplot2 and ggpmisc packages. Pearson correlation analysis was performed

between the embryonic and gastruloid cell type populations using the means.

Integration of gastruloid and embryonic datasets

For the integration of gastruloid and embryonic scRNA-seq datasets, single-cell trasncriptomes of gastruloid cells and embryonic

cells were merged to create a single-gene expression matrix. Three batches were created. Gastruloid cells were assigned to one

of two respective batches for batch effect correction and embryonic cells from Pijuan-Sala et al.23 were assigned to a third batch.

SCTransform-based normalization and variance stabilization were then performed followed by CCA and integration using Seurat

(version 4.1.1). Clustering and visualization were then performed on the integrated dataset using Seurat.

Analysis of embryonic epiblast data

Single-cell transcriptomes from the embryonic epiblast data of Cheng et al.27 (GSE109071) were clustered and visualized using

Seurat. Epiblast subpopulations were annotated based on the original annotation from Cheng et al.27

Differential gene expression analysis

Differential gene expression analysis between cells from different origins (mouse embryo versus gastruloids) or timepoints was per-

formed using the diffexpnb function from the RaceID3 package.95 First, negative binomial distributions reflecting the gene expression

variability within each subgroup were inferred on the basis of the background model for the expected transcript count variability

computed by RaceID3. Using these distributions, a P-value for the observed difference in transcript counts between the two sub-

groups was calculated and corrected for multiple testing using the Benjamini-Hochberg method as described.96

Cell ordering and generation of SOM

For the Cheng et al.27 embryonic epiblast dataset (GSE109071), cells were ordered in chronological order of the sampled timepoints,

and cells from each timepoint were ordered in ascending order along the anterior-posterior axis based on the coordinates of the first

t-SNE dimension, that is the cells’ x-axis coordinates from the t-SNE. Gastruloid epiblast cells and ectopic pluripotent cells were or-

dered in chronological order of the sampled timepoints. For the ectopic pluripotency population, the SOM was generated using the

FateID package based on the chronological ordering of the timepoints95 and the temporally variable genes inferred from the differ-

ential gene expression analysis as described above. Only genes with more than two counts after size normalization in at least 10 cells

were included for the SOM analysis. In brief, smooth profiles were derived by applying local regression on normalized transcript

counts after ordering cells. A one-dimensional SOM with 144 nodes was computed on these profiles after z-transformation.

Neighbouring nodes were merged if the Pearson’s correlation coefficient of the average profiles of these nodes exceeded 0.85.

The remaining aggregated nodes represent the gene modules shown in the SOM figures.
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Generation of temporal gene expression profiles

After ordering cells, smooth temporal gene expression profiles were derived by applying local regression on normalized transcript

counts using the FateID package. Gene signatures for the epiblast subpopulations (anterior, transitioning, and posterior) were

assembled based on gene expression data from Cheng et al.27

scMultiome - ATAC and RNA expression analysis
Alignment, processing, and counting of both ATAC and RNA molecules were performed using Cell Ranger ARC. The mouse mm10

genome was used a reference. For the scATAC-seq data, gene annotations were extracted from EnsDb.Mmusculus.v79. Cells from

the 48h and 52h samples were filtered using total counts from both RNA and ATAC-seq datasets; cells that had greater than 1000

ATAC-seq counts/cells and 1000 transcript counts/cell were kept, resulting in a dataset of 1317 cells from the 48h sample and a

dataset of 1096 cells from the 52h sample. The scATAC-seq data was normalized by performing term frequency-inverse document

frequency (TF-IDF) normalization.97 For the scRNA-seq data SCTransform-based normalization was performed in Seurat (version

4.1.1). Clustering of cells and visualization were performed using Seurat (version 4.1.1). For the scATAC-seq modality, after

normalisation, top features were identified and partial singular value decomposition was applied; dimensionality reduction was per-

formed using iterative latent semantic indexing followed by the generation of a UMAP on the first 50 dimensions from the iterative

latent semantic indexing reduction while discarding the first dimension associated with sequencing depth variability. For the

snRNA-seq modality, after normalisation, the UMAP was generated based on the first 50 dimensions from the PCA. Weighted

nearest neighbor clustering was performed on RNA+ATAC-seq data in single cells. Visualizations for gene accessibility profiles

were performed using Signac (version 1.9.0) and Seurat (version 4.1.1). For inferring gene activity in single cells, gene coordinates

were extracted and then extended to include the 2 kb region upstream of the transcription start site (region containing the promoter).

The number of fragments for each cell that map to each of these regions were counted and aggregated. Gene activities were then log

normalized using the median total count of gene activities as a scale factor. Gene activities were inferred in single cells for single

genes that belong to a particular cell type/state signature. The gene activities for genes belonging to a particular signature were

then aggregated.

Fate bias analysis

The single-cell transcriptomes from the 52h multiome data were integrated with the single-cell transcriptomes of the ectopic plurip-

otency and primitive-streak like populations from the scRNA-seq data. Cells were assigned to one of three respective batches, and

SCTransform-based normalization and variance stabilization91 were performed followed by unsupervised identification of anchors

between pairs of datasets, canonical correlation analysis (CCA) and integration92,93 using Seurat (version 4.1.1). FateID was used

to infer the cell fate probabilities.95 The ectopic pluripotency and primitive-streak like populations were assigned as the target states.

After quantifying the cell fate probabilities or fate bias in single cells, the fate bias of the multiome clusters towards the ectopic

pluripotency and primitive streak-like populations were quantified.

Bulk-RNA-sequencing analysis
Raw RNA-seq reads were trimmed to remove Nextera adapters or bad quality bases (Cutadapt v4.0 -a CTGTCTCTTAT

ACACATCTCCGAGCCCACGAGAC -A CTGTCTCTTATACACATCTGACGCTGCCGACGA -q 30 -m 15).98 Mapping was done from

filtered reads on the mouse genome mm10 with STAR version 2.7.8a99 with the gencode.vM24.primary assembly annotations

and ENCODE parameters. FPKM values were obtained by Cufflinks version 2.2.1100,101 with options –no-effective-length-correction

-b ’mm10.fa’ –multiread-correct –library-type fr-firststrand –mask-file ’chrM_mm10.gtf’ –max-bundle-length 10000000 –max-

bundle-frags 1000000 (where chrM_mm10.gtf contains a transcript on each strand of the whole chrM). PCA, correlation matrices

and clustering were performed on log2(1 + FPKM) values of the 2000 most variant genes. Visualization was done in R v4.2.1,

Heatmaps were generated with the Pheatmap package (v1.0.12) using log2(1 + FPKM) values scaled for each gene. Samples

were clustered using Pearson correlation from the visualized genes. No samples were excluded from the analysis. The sample

correlation matrix was obtained using the 2000 most variable genes using the "ward.D2" clustering method on the spearman

inter-sample correlations.
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Figure S1 scRNA-seq time course of gastruloid development: Cell type annotation. Related to Figure 

1 

(A)  UMAP of single-cell transcriptomes from gastruloids highlighting Louvain clusters. 

(B)  UMAPs highlighting gastruloid clusters from individual timepoints (Left). Sankey plots summarising 

CAT analysis at individual timepoints. Thickness of the matching bands is directly proportional to the 

Euclidean distance, i.e, the thicker the band, the greater the Euclidean distance. 

(C)  Heatmap showing the expression of cell type markers. Scalebar, log2-transformed normalised 

expression. Ant. Primitive streak/ Def. Endoderm (Anterior Primitive streak/ Definitive Endoderm).  

 



 



 

Figure S2 In vivo comparison and characterization of different epiblast and pluripotency states. 

Related to Figure 2 

(A)  UMAP of the integration and co-embedding of gastruloid and embryonic cells highlighting gastruloid 

timepoints.  

(B)  UMAP of the integration and co-embedding of gastruloid and embryonic cells highlighting embryonic 

timepoints.  

(C)  UMAP of the integration and co-embedding of gastruloid and embryonic cells highlighting Louvain 

clusters.  

(D) Expression UMAPs of Fgf4, Trh, Wnt3, Klf2, T, Cdh1, Fn1, Eomes, and Cdh2. 

(E)  t-SNE map of single-cell transcriptomes from Cheng et al. 2019[1] dataset highlighting sampling 

timepoints.  

(F)  SOM of temporal profiles for the ectopic pluripotency population. Bottom: Colour bar shows 

timepoints.  

(G)  Temporal gene expression maps of Fgf4, Trh, and Wnt3, for embryonic and gastruloid epiblast cells. 

The y-axis: normalised expression.  

(H)  UMAP of single-cell transcriptomes from 120h highlighting clusters. Sankey plot highlighting 

results of the CAT analysis for EP cluster at 120h (cluster 9) in relation to the embryonic cell types. 

The thickness of the matching bands is directly proportional to the Euclidean distance. Greater 

thickness corresponds to greater Euclidian distance.  

(I)  Coverage plot showing the chromatin accessibility for Klf4 and 1000 bp upstream region of 

transcription start site (TSS) containing the promoter for the 48h and 52h timepoints. Upper right 

panel: multiome RNA expression of Klf4 in the same cells. Top panel: averaged frequency of 

sequenced DNA fragments within the genomic region for 48h and 52h timepoints. Middle panel shows 

frequency of sequenced fragments within the genomic region for single cells from 48h and 52h 

timepoints. The panel underneath shows gene annotation; arrows indicate the direction of transcription. 

Bottom panel shows peak coordinates.  

(J)  Boxplots showing scRNA-seq derived expression profiles of Klf2 and Klf4 at 0h, 24h, 36h, 48h, and 

52h. 

(K)  Box plots showing the aggregated gene activity scores for the naive pluripotency signature in single 

cells. 

(L) UMAP of single nucleus RNA-seq data/modality from the multiome highlighting clusters. The 52h 

timepoint is shown.  

 



 



 

Figure S3. Trajectory inference of gastruloid imaging time course. Related to Figure 3. 

(A) Left: Assessment of elongation efficiency (elongated or ovoid) with high-throughput culture. n=329 

gastruloids. Right: quantification of gastruloid-loss with high-throughput culture. n=2 plates, n=717 

gastruloids. 

(B) Kernel density estimation plots of selected features in gastruloids at indicated time points. Top: dashed 

lines show the 0.2 and 99.8 percentiles of the data distributions on the raw data. Bottom: data after 

clipping by percentiles. Z-score normalisation. n=3165 and 2862 individual gastruloids for raw and 

filtered data, respectively. 

(C)  UMAP plots for n=2862 individual gastruloids colour-coded by time point (top), diffusion components 

0-9 (middle), or pseudotime (bottom). In bottom row, colour coding by pseudotime from individual 

iterations 1, 25, 50, and 100 or averaged pseudotime, respectively. For individual iterations, starting 

and terminal gastruloids are highlighted. 

(D) Kernel density estimation plots of gastruloids from indicated time points over the original (top) and 

resampled (bottom) averaged pseudotime.  

(E) Line plots of mean staining intensity for indicated markers and Sox2 from same gastruloids along 

pseudotime. n, number of gastruloids, see panel (F). Opaque interval shows standard deviation. 

Intensity of the marker labelled in red plotted on the main axis (left), intensity of Sox2 from the same 

gastruloids plotted on the secondary axes (right).  

(F) Heatmaps depicting distribution of indicated stainings from anterior (top) to posterior (bottom) pole 

of gastruloids for indicated pseudotime intervals. n, number of gastruloids stained for indicated 

markers. 

In E and F, rug plots depict positions of individual data points. A, anterior; a.u., arbitrary units; na, missing 

data point; Norm. int., normalised intensity; P, posterior; pt, pseudotime; see Table 2. 

 (G) Heatmaps depicting distribution of indicated stainings between inner and outer region of  gastruloid 

middle plane (in/out ratio) at indicated pseudotime intervals.  

 



 



 

Figure S4. Library and phenotypic classes of gastruloid screen. Related to Figure 4. 

(A) STRING network of annotated genes of the screening library. Nodes are colour-coded by KEGG 

terms. Nodes show genes and edges show STRING interactions. 

(B) Top: Size distribution of gastruloids treated with pre-screening library and representative images. 

Bottom: Spectrum of eccentricity and representative images. Compounds causing gastruloids to be one 

standard deviation (s) smaller than average and below eccentricity 0.6 were chosen for final screening 

library. 

(C) Overview of image processing, quality control, and quantification. left: image of a representative 

gastruloid and corresponding segmentation mask. Middle: pie chart showing distribution of objects 

discarded by indicated quality control gating. right: UMAP plot colour-coded by whole gastruloid 

class, representative image of a gastruloid from discarded class 10. 

(D) Left: covariance matrix of extracted features, grouped by feature type. Right: heat map showing 

principal component loading of the extracted features; bar chart above, variance explained by the first 

15 principal components. 

(E) Top: distribution of indicated stainings from anterior (left) to posterior (right) in indicated pattern 

classes, heatmap view of the mean feature values for the pattern classes. Below: UMAP plot colour-

coded by pattern class for gastruloids from the indicated treatment regimens (left to right: 32h-72h, 

48h-72h, 72h-96h). Pie charts display abundance of each class in the respective subset for DMSO 

controls and other conditions separately. 

(F) Networks of functional interactions of all annotated terms colour-coded by most frequent whole 

gastruloid class for each annotation term in indicated treatment regime (left to right: 32h-72h, 48h-

72h, 72h-96h). Node name, annotation term. Node label, modality (a, activator, i, inhibitor). Node 

colour, most frequent whole gastruloid phenotype. White node indicates no detected phenotype.  

Edges, term-term interaction. 

 



 



 

Figure S5. Regulatory modules of gastruloid screen. Related to Figure 5. 

(A) Left: depiction of combined phenotypic space (see S5D). Right: UMAP plots colour-coded by most 

frequent whole gastruloid phenotype in indicated treatment regime. Marker type specifies compounds 

selected as hits in indicated regimes. 

(B) UMAP plot colour-coded by regulatory modules, DMSO condition depicted separately. In UMAP 

plots, data points are individual compounds, n=85. 

(C) Left: heatmap representation of hierarchically clustered covariance matrix between whole gastruloid 

and pattern classes, heatmap rows and columns are abundances of indicated classes in indicated 

treatment regimes. Right: UMAP plot colour-coded by most frequent pattern class in compound 

treatment in indicated treatment regime (top to bottom: 32h-72h, 48h-72h, 72h-96h). Marker type 

indicates compounds selected as hits in indicated regimes. DMSO controls highlighted separately. 

(D) Definition of reproducibility score. Top left: kernel density estimation plot of phenotypic similarity to 

DMSO for compounds from indicated similarity clusters (see Figure 5). Top right and bottom row: 

scatter plots of phenotypic similarity to DMSO and reproducibility score for the compound library 

colour-coded by compound-level similarity clusters. Highlighted areas correspond to hit selection 

criteria, thresholds for DMSO similarity, and reproducibility score shown as dashed lines. 

(E) Top: heatmap representation of the 57-dimensional combined phenotypic space for all compounds, 

grouped by compound-level similarity cluster. Heatmap rows are grouped by covariance, see panel 

(A). Colour coding by whole gastruloid and pattern classes and treatment regime as in panel (A). 

Middle: correlation of phenotypic signature to that of DMSO controls. Bottom: reproducibility score 

of individual compounds in indicated regimes (top to bottom: 32h-72h, 48h-72h, 72h-96h). 

Compounds selected as hits indicated by grey highlight above the heatmap. 

(F) Pie charts depicting abundance of selected hits in regulatory modules. 

In UMAP and scatter plots, data points are individual compounds, n=85. na, missing data point; segm., 

pattern class; whole, whole gastruloid class. 

(G) Representative images of gastruloids treated with Wnt pathway compounds in the “Axial elongation 

regime” (48h-72h) corresponding to H. MIPs of confocal z-stacks, DAPI and antibody stainings. 

Compounds indicated below were used at 5µM. White arrowhead depicts gastruloid shown in I. Scale 

bar, 150 µm. 

(H) Heatmaps of z-scored mean intensity of Sox2, Sox1 and Bra of gastruloids treated with indicated small 

compounds at 72h and fixed at indicated time points. n = minimum of 23 per timepoint and condition.  

(I) Enlarged images of XAV939 treated gastruloids fixed at 144h shown in G. DAPI, Sox1 and Sox2 are 

shown. Scalebar, 200µm.  

 



 

 



Figure S6. Core characterization and perturbation. Related to Figure 6. 

(A) Flow cytometry results of 48h and 72h DRC gastruloids. Left and middle panels depict scatterplots of 

single cells. x-axis depicts GFP intensities, y axis depicts mCherry intensities. The gatings chosen to 

differentiate mCherry single positive (SP) and GFP/mCherry double positive (DP) as well as relative 

cell proportions are shown.  Right panel compares GFP histograms of the 48h and 72h timepoints.  

(B)  Spearman Correlation Matrix showing similarities between bulk RNA-seq samples using the 2000 

most variable genes across all samples. Respective replicates, timepoints and treatments are indicated 

(right).  

(C)  siRNA KD experiment: representative MIP images of gastruloids at 48h, 72h and 120h. MIP of 

confocal z-stacks showing antibody stainings for Sox2, Fn1, Dppa4, Oct4, Sox17, Bra and Nanog. 

Scale bar, 200 µm. Bottom: Heatmaps of z-scored mean intensity of Sox2, Fn1, Dppa4, Nanog (Nano) 

and Oct4 as well as z-scored eccentricity (Ecc.) and major axis length (Axis) of gastruloids treated 

either with siRNA targeting Sox2 (Sox2) or scrambled control (Scra.) fixed at indicated time points. 

For siRNA KD 129 (120h), 138 (72h) and 141 (48h) gastruloids were analysed. For the scrambled 

control 99 (120h), 116 (72h) and 138 (48h) gastruloids were analysed.  

(D) Scheme depicting Fn1 expression pattern.  

(E) Representative images of gastruloids at indicated time points. Images are middle z-plane showing 

DAPI and antibody stainings for Fn1 and E-cadherin. Images in second column show ROI with Fn1 

localisation. Scale bars, 100 µm (left and right) or 25 µm (middle). 

(F) Left: Representative MIP images of gastruloids treated either with RGD peptide or vehicle control, 

fixed at 72h and stained for Bra, Sox2 and DAPI. Scale bar, 200µm. Right: Boxplots showing z-scored 

mean intensities of Bra and Sox2 stainings of gastruloids treated with 1mg/ml RGD peptide or control. 

Number of gastruloids (n) are indicated.  

(G)  Left: Representative images of gastruloids treated either with FAK inhibitor or DMSO, fixed at 48h, 

72h and 120h and stained for Bra, Sox2 and DAPI. Scale bar, 100µm. Middle: Heatmaps of z-scored 

mean intensity of Sox2 and Bra of gastruloids treated with FAK inhibitor or DMSO and fixed at 

indicated time points. Right: Percentage of super pixels positive for indicated markers in indicated 

conditions at 72h. For FAKi 149 (120h), 151 (72h) and 165 (48h) gastruloids were analysed. For the 

DMSO control 140 (120h), 150 (72h) and 152 (48h) gastruloids were analysed. 

(H) Left: Representative middle z-stack images of 72h gastruloids generated from SBR, E14, 

BramCh/Sox2Ve and Mesp1-GFP cell lines. Gastruloids were stained for Fn1, Sox2 and DAPI. Scale 

bar, 150µm. Right: Boxplots showing mean intensity of Fn1 stainings of gastruloids generated from 

indicated cell lines.  

 

 



 

 



Figure S7. Limiting posterior gradients. Related to Figure 7. 

(A-H) Left: Heatmaps of z-scored mean intensity of Sox2, Sox1 and Bra as well as eccentricity (Ecc.) and 

area of treated gastruloids or DMSO controls at indicated timepoints and fixed at 144h. Legends for 

both Wnt and TGFb superfamily related heatmaps in the left corner of Figure S7. Black arrow indicates 

condition of which a representative gastruloid is shown. Right: MIP (144h) of z-stack, showing DAPI 

and antibody stainings for indicated markers. Gastruloids were fixed at 144h. Respective condition is 

depicted in the upper right corner of the RGB image. Per condition and timepoint 24 gastruloids were 

used.  Scale bar, 200 µm. 
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