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1. SUMMARY  
Embryonic development, the formation of a complex and specialised organism from a single 

fertilised oocyte, has fascinated scientists since centuries. Yet especially the study of 

mammalian embryogenesis remained challenging: crucial steps like gastrulation and 

organogenesis remain hidden after the embryo implants into the uterine wall. Research in 

developmental biology has recently been enriched by a plethora of complex in vitro models, 

so-called embryoids, that faithfully recapitulate different stages and processes of the first 

days of embryogenesis. In combination with advances in imaging and omics techniques, we 

now have the means to study basic principles of pattern formation, self-organisation, 

symmetry breaking, and cellular behaviour on the tissue, cellular, and sub-cellular level. 

One member of the ever-growing family of embryoids are gastruloids. These three-

dimensional aggregates of embryonic stem cells undergo symmetry breaking: the polarised 

expression of the primitive streak marker Brachyury leads to the formation of an elongated 

structure with an anterior-posterior axis and derivatives of the three germ layers. While it has 

been shown that Wnt and Nodal signalling regulate this process and that the original culture 

protocol can be adapted to give rise to more specialised structures, it remains unknown how 

a simple aggregate of cells in uniform growth conditions is able to break symmetry in a self-

organised manner. Shedding light on this question will not only help to further improve the 

development of embryoids in general, it may also increase our understanding of cellular 

behaviours during early embryogenesis. 

In the work presented in this thesis, we performed an image-based screen to identify 

symmetry breaking events in gastruloids and their molecular regulators. We perturbed 

thousands of gastruloids with an annotated compound library at three different time points. 

By analysing their phenotypic signature over time, we uncovered a previously unknown 

symmetry breaking event preceding the expression of Brachyury. Furthermore, we 

determined pathways regulating this symmetry breaking as well as primitive streak induction 

and elongation. 

To better understand gastruloid development and to identify the mechanisms of the early 

symmetry breaking event, we performed an imaging time course, an experiment made 

possible by the high-throughput culture platform developed during my PhD. We uncovered 

that before gastruloids are pulsed with the Wnt signalling activator CHIR99021, they establish 



 

 
6 

spatial variability in Sox2 expression in an inside/outside pattern. Differences in Sox2 levels 

affect a cell’s ability to undergo mesendodermal differentiation, restricting Brachyury 

expression to the periphery of the spherical gastruloid. Single cell RNA sequencing revealed 

that Sox2-high cells re-express naïve pluripotency genes upon Wnt activation and that the 

level of Sox2 reflects the developmental progression of the cell. Finally, we showed that the 

establishment of Sox2 variability is essential for symmetry breaking and thus successful 

gastruloid formation and that it depends on FGF signalling and the formation of an extra-

cellular matrix niche. 

In summary, this study presents an insight into the first steps of gastruloid development. It 

shows how the combination of quantitative methods including high-content screening, 

imaging, and RNA sequencing allows to uncover self-organising behaviour in complex three-

dimensional models. Furthermore, the developed high-throughput culture platform and 

automated feature extraction from gastruloid images enables the quantitative study of 

gastruloid formation and sets an example for other embryoid systems. 
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2. INTRODUCTION 

2.1 Early mouse embryonic development 

Early development of the mouse embryo is a highly coordinated and self-organised process. 

It includes a series of cell fate decisions and morphogenetic events that ultimately lead to the 

formation of a spatially and functionally specialised organism from a single cell. The key steps 

of the initial days of development include the patterning of the three body axes, exit from 

pluripotency and subsequent specification into one of the three germ layers, and finally the 

diversification of these germ layers into distinct organ identities and their correct spatial 

allocation with respect to the body axes. This requires coordinated interactions between cells, 

tight spatiotemporal control of gene expression, the establishment of regions with unique 

signalling patterns, and the synchronisation of proliferation with morphogenetic movements.  

 

2.1.1 Anterior-posterior axis formation 

At implantation into the maternal uterus, which occurs at embryonic day (E) 4.5 in the mouse, 

the embryo has undergone two major cell fate decisions: first, cells segregate into 

trophectoderm (TE), which mediates implantation and develops into the extraembryonic 

ectoderm (ExE) and placental cone1, and inner cell mass (ICM)2. Second, the ICM 

differentiates into the epiblast, which gives rise to somatic tissues and the germ line, as well 

as into the primitive endoderm (PrE)3,4, which develops into the parietal and visceral 

endoderm (VE). 

After implantation at E5.5, the spherical structure of the blastocyst morphs into a cup-shaped 

one. The embryo is radially symmetric with the only spatial information provided by the 

maternally defined proximal-distal-axis: The ExE is located proximally, the epiblast distally and 

the VE envelops the entire structure. The first spatial symmetry breaking event occurs when 

the anterior (A)-posterior (P) axis is established just prior to gastrulation (Figure I). 

Polarisation is initiated by the specification of a distal visceral endoderm (DVE) population. 

Secretion of Nodal, a morphogen belonging to the transforming growth factor beta (TGFβ) 

superfamily, from the proximal epiblast results in low-level Nodal signalling activation at the 

distal pole of the embryo5,6. Bone morphogenetic protein 4 (BMP4), a protein from the same 

superfamily and inhibitor of DVE fate specification7, secreted from the ExE and the expression 
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of the Nodal inhibitors cerberus-like 1 (Cer1)8 and left-right determination factor 1 (Lefty1)9 

by DVE cells enforce the Nodal signalling gradient and restrict induction to a small population 

of cells. The AP-axis is defined at E6.0 by the migration of the DVE to one side of the embryo 

which determines the anterior pole10. The migration is initiated by imbalances in Lefty1 

expression and asymmetric proliferation11,12. The anterior visceral endoderm (AVE) originates 

from a population of cells just caudally of the DVE13,14. Specification and migration of the AVE 

are regulated by the T-box transcription factor eomesodermin (Eomes)15 and migration of the 

DVE as well as high proliferation of the AVE16,17, respectively. In addition to Cer1 and Lefty1, 

the AVE expresses the wingless-related integration site (Wnt) 3a inhibitor dickkopf-related 

protein 1 (Dkk1)18. Thereby, the AVE restricts the signalling domains of Nodal and Wnt3a, 

which is secreted by the posterior epiblast and VE, to the posterior side of the embryo. This 

limits the induction of the primitive streak (PS), the site of mesoderm and endoderm 

specification, to the posterior19 and the formation of ectoderm to the anterior pole8, 

respectively (Figure II). Hence, the absence of inductive signalling results in the acquisition of 

neural identity20. 
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Figure I. Anterior-posterior axis formation and initiation of gastrulation 

The radial symmetry of the post-implantation epiblast is broken when the distal visceral endoderm (DVE) 

migrates to one side of the embryo, forming the anterior visceral endoderm (AVE), and primitive streak 

formation is induced on the opposing pole by BMP, Nodal, and Wnt signalling. Adapted from Zhang and Hiiragi 

(2018).  

 

2.1.2 Pluripotency and its different states 

Pluripotency describes the ability of a cell population to give rise to all somatic lineages and 

the germline. Cells remain pluripotent from day E3.5 until the end of gastrulation around day 

E8.0, however, they transition through different stages that are characterised by distinct 

transcriptional, epigenetic, and morphological identities. The different pluripotent states 

have been termed “naïve” and “primed”, which recently have been extended by the 

intermediate state of “formative” pluripotency21. However, one needs to keep in mind that 

pluripotency always refers to the abilities of a whole cell population and does not necessarily 

reflect the potential and state of a single cell22. 

Most of our knowledge originates from studying embryo-derived in vitro cell lines since this 

is hindered in vivo by the rapid developmental progression, relative experimental 

inaccessibility, and limited availability of samples. Therefore, it is still debated if these states 

faithfully recapitulate stages of development or merely arise from culturing artifacts.  

 

Naïve pluripotency first occurs in the ten epiblast cells of the blastocyst23. Cells isolated from 

this stage and cultured in vitro are called embryonic stem (ES) cells24,25. They have the ability 

to self-renew, meaning they can form clones and be propagated indefinitely while retaining 

pluripotency: they can be differentiated into the three germ layers and germ cells in vitro and 

contribute to whole animals when injected into the pre-implantation embryo26. ES cells 

resemble the pre-implantation epiblast transcriptionally and epigenetically and exhibit high 

levels of transcriptional activity, an open chromatin state marked by increased DNA 

hypomethylation, histone acetylation and histone 2 lysine 4 tri-methylation, and female X 

chromosome inactivation27. Naïve pluripotency is maintained by a gene regulatory network 

of transcription factors (TFs) including sex determining region Y 2 (Sox2)28, octamer-binding 

TF 4 (Oct4 or Pou5f1)29, estrogen related receptor beta (Esrrb)30,31, Nanog32, kruppel like 
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factor 2 and 4 (Klf2 and Klf4)33, zinc finger protein 42 (Zfp42 or Rex1)34, developmental 

pluripotency associated 3 (Dppa3 or Stella)35, and transcription factor CP2 like 1 (Tfcp2l1)36. 

While the latter are specific to the naïve pluripotent state and are rapidly downregulated 

upon implantation, Sox2 and Oct4 remain expressed in the post-implantation epiblast and 

regulate lineage specification into neuroectoderm and mesoderm37, respectively. Therefore, 

Sox2 and Oct4 belong to the core pluripotency genes38. 

ES cells, however, are not identical to the pre-implantation epiblast. While they exhibit 

transcriptional differences39 and distinct histone modification40, pre-implantation epiblast 

cells, a transient population, technically do not self-renew. This ability observed in ES cells 

might be an emergency mechanism of the embryo and originate from its remarkable flexibility 

to adapt to changed conditions41-43.  

Traditionally, ES cells were maintained on a feeder layer containing inactivated fibroblasts in 

a medium supplemented with foetal bovine serum24,25. The former provides the cells with 

leukaemia inhibitory factor (Lif)44 while the later contains BMP445. Pluripotency is maintained 

by Lif stimulating janus kinase (JAK) – signal transducer and activator of transcription (STAT) 

signalling which activates expression of naïve pluripotency genes36,46; and by BMP4 activating 

inhibitor of differentiation (Id) genes via SMAD signalling45.  Later, the original feeder culture 

regime was substituted by using gelatin-coated culture dishes and adding Lif to the medium, 

resulting in the feeder-free Serum/Lif (S/L) protocol.  

Cells cultured in S/L conditions, however, are heterogeneous with respect to the expression 

of naïve pluripotency markers like Nanog, Zfp42, and Esrrb, and exist in two subpopulations 

representing the pre-implantation (naïve state) and post-implantation (primed state) 

epiblast47-49. ES cells fluctuate between these states50 and thus, cells cultured in S/L are called 

metastable. The reason for this is that S/L ES cells are in a constant tug-of-war between 

pluripotency and differentiation, the former being promoted by Lif and the latter by the 

endogenous secretion of fibroblast growth factor (FGF) promoted by Sox2 and Oct4 which is 

not inhibited in the S/L condition51,52. Extracellular signal-regulated kinase (ERK), the 

downstream target of FGF signalling, destabilises the pluripotency network via 

phosphorylation of pluripotency genes and induces the expression of differentiation 

genes53,54.  

This observation led to the development of another culture condition, termed 2i, which 

maintains cells in a homogenous, naïve state marked by reduced expression of lineage 
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markers and the absence of spontaneous differentiation55. 2i consists of two inhibitors: 

PD0325901 which inhibits mitogen-activated protein kinase (MAPK)/ERK signalling 

downstream of FGF signalling and thus differentiation, and CHIR99021 (Chir) which activates 

Wnt signalling via the inhibition of glycogen synthase kinase 3b (GSK3b) and thus the 

expression of pluripotency genes56. Lif is not required for ES cell maintenance in this condition 

but enhances ES cells’ ability for clonal expansion57. Cells cultured in 2i uniformly express 

naïve pluripotency genes and their epigenetic signature is similar to the pre-implantation 

epiblast58,59, hence, they are also referred to as “ground” state ES cells. 

 

Primed pluripotency refers to post-implantation epiblast cells that exhibit lineage priming but 

are not fully committed yet. The in vitro counterpart, Epiplast stem cells (EpiSCs), are derived 

from E5.5 to E8.0 embryos with decreasing efficiency at later stages reminiscent of the 

concomitant loss of pluripotency60,61. Transcriptionally, EpiSCs most closely resemble the 

anterior PS62. Similarly to ES cells, EpiSCs give rise to all three germ layers but fail to generate 

germ cells63. When implanted into the post- but not pre-implantation epiblast, they 

contribute to embryonic development60,61,64. EpiSCs are maintained on fibronectin-coated 

culture dishes in medium supplemented with knockout serum replacement, Fgf2, and Activin 

A (Activin)60,61, a member of the TGFβ superfamily that binds to the same receptors as Nodal. 

In the post-implantation epiblast, FGF signalling prevents neural differentiation as well as rare 

reversion into the naïve state65. Nodal signalling regulates the expression of pluripotency 

genes and, like FGF, blocks neural differentiation66,67. Contrary to ES cells, EpiSC cultures are 

not stable and exhibit a high level of spontaneous differentiation68.  

EpiSCs express the core pluripotency markers Sox2 and Oct4 but lack expression of naïve 

pluripotency genes60,61 except for Nanog which becomes re-expressed in the PS69. They also 

express early post-implantation markers like orthodenticle homeobox 2 (Otx2), Oct6, Fgf5, 

Lefty, and Nodal60,61 as well as early lineage markers including the mesoderm markers 

Brachyury, mix paired-like homeobox 1 (Mixl1), goosecoid homeobox (Gsc), and Eomes, the 

endoderm markers Sox17, forkhead box A2 (FoxA2), GATA binding protein 4 (Gata4), and 

Gata6 and the neuroectodermal marker Sox160-62,70-73, likely due to spontaneous 

differentiation. Furthermore, they exhibit increased DNA methylation and an increasingly 

closed chromatin state74. 
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Finally, the fact that naïve ES cells and primed EpiSCs resemble the E4.5 pre-implantation and 

E7.0 post-implantation epiblast, respectively, that former – contrary to its in vivo counterpart 

– fails to undergo differentiation into primordial germ cells (PGCs), and that the 

transcriptional, epigenetic, and signalling signatures between the two cell types are quite 

distinct, triggered the search for an intermediate pluripotency state. Transcriptional analysis 

of E5.5 epiblasts identified a gene expression pattern that differed from the pre-implantation 

and gastrula stage embryos75. It was termed “formative” pluripotency to emphasise the 

progression phase between pluripotent states21. In vitro, a transient cell population called 

epiblast-like cells (EpiLCs) resembling the E5.5 epiblast can be derived by culturing 2i/Lif ES 

cells in EpiSC conditions76 with FGF signalling being the main driver of the transition into 

formative pluripotency77. More recently, formative stem (FS) cells could be derived by 

culturing cells from the E5.5 embryo in medium containing Fgf2, Activin, and Chir78 or low 

concentration Activin, the Wnt signalling inhibitor XAV939, and the retinoic acid signalling 

inhibitor BMS49379. These cell lines can be stably maintained, give rise to chimaeras, and can 

be directly differentiated into PGCs. While both EpiLCs and FS cells express early post-

implantation markers, the former show signs of early lineage priming which the later lack79. 

However, since the published FS cell protocols rely on opposing signalling cues (Wnt signalling 

activation vs. inhibition), the exact molecular identities of the derived cells remain to be 

determined. 

 

2.1.3 PS formation and gastrulation 

Between E5.5 and E6.0, the epiblast is pre-patterned by regional differences in gene 

expression but not terminally committed yet, highlighted by the high degree of cell mixing 

and incomplete epithelialisation80. This behaviour might prevent premature specification81 

and help with the extrusion of unfit cells82. At E6.0, the pre-streak stage, cells can be faithfully 

mapped to their position and epithelialisation has formed an intact, pseudo-stratified 

epithelium83. As cells begin to converge towards the posterior proximal pole of the epiblast, 

the PS can first be identified morphologically. Nodal signalling regulates cell sorting 

mechanisms that direct cells to the site of PS formation since Nodal or Alk4 (also called Activin 

receptor type 1B (ACVR1B)) deficient cells fail to contribute to posterior structures84,85. 

Subsequently at E6.5, epiblast cells undergo epithelial-to-mesenchymal (EMT) transition86 
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and migrate through the PS to form the nascent mesoderm, a new layer between epiblast 

and surrounding extra-embryonic tissues, and later on the definitive endoderm (DE). 

Gastrulation is a time of rapid proliferation and size increase: As cells exit the PS, they 

proliferate to expand the nascent germ layers, forming wings that converge towards the 

anterior pole of the embryo. Simultaneously, epiblast cells continue to proliferate and are 

thereby pushed into the EMT-inducing area of the PS. 

 

The PS is a region of high signalling activity: Wnt, Nodal, BMP, and FGF signalling are required 

for successful induction and progression of gastrulation (Figure II). Asymmetric canonical Wnt 

activity is predictive of PS formation87 and embryos deficient for catenin beta 1 (CTNNB1), a 

downstream component of the Wnt pathway,88 or Wnt389,90 fail to correctly pattern the AP 

axis and undergo gastrulation, respectively. FGF signalling, especially via Fgf4 and Fgf891,92, 

regulates EMT and, in combination with members of the Hedgehog pathway93, mesoderm 

specification. Concomitantly, BMP is required for AVE specification, PS formation as well as 

mesoderm differentiation94-96. As the PS continues to elongate towards the distal tip of the 

embryo, centres of distinct spatiotemporal signalling signatures are established. While BMP 

expression remains high at the posterior pole, Nodal signalling is confined to the anterior PS 

where it is expressed from the distally located node97. The node, a structure derived from the 

anterior PS, additionally secretes inhibitors of the BMP, Nodal, and Wnt pathways85. Thus, 

distinct lineages are assigned based on a cell’s time and site of ingression through the streak12. 
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Figure II. Signalling patterns inducing germ layer fates. 

Cell lineages are specified according to the embryo’s body plan with ectodermal fates located at the anterior 

and meso- and endodermal fates at the posterior pole. These lineages are assigned by the combination of 

signalling cues cells are exposed to as they ingress through the primitive streak (bottom row). DE: definitive 

endoderm, CM: cardiac mesoderm, ExM: extraembryonic mesoderm, LPM: lateral plate mesoderm, PxM: 

paraxial mesoderm, AxM: axial mesoderm, SE: surface ectoderm, SC: spinal cord, NE: neurectoderm, FB: 

forebrain, MB: midbrain, HB: hindbrain. Adapted from Bardot and Hadjantonakis (2020) 

 

Signalling environments trigger specific gene regulatory networks and TF expression patterns 

that regulate a cell’s behaviour. EMT is initiated when cells downregulate E-cadherin and 

upregulate N-cadherin. Eomes and snail family transcriptional repressor 1 (Snai1) target and 

repress E-cadherin98,99. A preceding downregulation of Sox2 is required but not sufficient for 

mesoderm migration100,101. While the posterior pole undergoes mesendodermal 

differentiation, the anterior part is identified by epiblast markers including Sox2 and Otx2102 

and subsequently by Sox1 as cells enter the neuroectodermal lineage103. Brachyury/T marks 

the mesoderm-producing posterior tip of the PS. Mice deficient for T specify mesoderm, yet 

mesodermal cells fail to exit the PS and accumulate at the tail bud104,105. Eomes and Brachyury 

maintain mesodermal identity by increasing accessibility at mesoderm and endoderm genes 
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while restricting expression of pluripotency and ectoderm genes106. Another mesoderm 

marker, Tbx6, identifies a similar domain as Brachyury which in turn regulates its 

expression107. Finally, the PS marker Mixl1 restricts the expression domain of Brachyury108. 

The anterior PS is marked by the expression of FoxA2, and its absence leads to defects in node 

formation, however, DE differentiation remains unaffected109. Sox17, an early endodermal 

marker, regulates specification into gut endoderm110. 

 

Specification of germ layers occurs in a posterior to anterior manner. The earliest lineages to 

be specified, the extra-embryonic mesoderm and PGCs, rely on high BMP signalling from the 

ExE and absence of Nodal signalling111. PGCs, a small cluster of about 40 cells, can be 

distinguished from neighbouring mesoderm cells by the expression of Dppa3 (formerly Stella), 

PR domain zinc finger protein 1 (Prdm1) (also known as BLIMP1), Prdm14, and transcription 

factor AP-2 gamma (Tfap2c), indicative of the re-initiation of a naïve pluripotency program112-

116. They migrate proximally and ultimately give rise to the gametes. Subsequently, lateral 

plate, intermediate, and paraxial mesoderm emerge from intermediate to anterior levels of 

the PS and are patterned by a complex combination of BMP, Nodal, FGF, Wnt, and retinoic 

acid signalling. The lateral plate mesoderm forms two characteristic stripes (“plates”) and 

contributes to the heart and cardiovascular system, blood, smooth muscle, and limb 

skeleton117. The intermediate mesoderm, named for its intermediate position between later 

plate and paraxial mesoderm, generates the urogenital system, including the kidneys, gonads, 

and the adrenal cortex118. The paraxial or presomitic mesoderm lies in bilateral streaks 

adjacent to the notochord and gives rise to the somites and subsequently to bone, cartilage, 

skeletal muscle, and tendons119. The notochord, a structure originating from the node and 

located ventrally to the neural tube and dorsally to the gut, develops into the vertebrae. 

The last cells to ingress through the anterior PS are specified into the DE. Recent findings 

challenged the paradigm of the distinction into embryonic and extra-embryonic tissues: 

Rather than forming a discrete layer, DE cells intercalate into the VE, forming a mosaic of the 

two cell populations120. Ultimately, they involute along the AP-axis to generate the gut 

tube110. Apart from the digestive tract, the endoderm gives rise to the lungs, urinary tract, 

liver, pancreas, thymus, and thyroid. 

The final stage of gastrulation is coordinated with the initiation of neurogenesis and the 

formation of neuro-mesodermal progenitors that contribute to the spinal cord and somites 
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during axial elongation and the neuroectoderm of the trunk. Gastrulation concludes at E9.5 

with the dissolution of the PS12. 

 

2.2 Signalling pathways regulating early embryonic development 

2.2.1 FGF signalling 

In vertebrates, the FGF family consists of 22 ligands containing a conserved core and a high 

affinity domain for heparin sulphate. All extracellular FGFs bind to tyrosine kinase receptors, 

a family of four FGF receptors (FGFR1-4) which undergo alternative splicing to produce a 

variety of receptors with different affinities. Binding of FGF to FGFR-heparin dimers results in 

the transphosphorylation of an intracellular tyrosine residue which triggers the activation of 

downstream signal transduction pathways including the MAPK/ERK (regulating proliferation 

and differentiation), the AKT (regulating cell survival), and the protein kinase C (PKC) 

(regulating cell morphology and migration) pathways (Figure III). The importance of FGF 

signalling is manifested by the detrimental phenotypes of knockout mice either lacking 

ligands or receptors. All are embryonic lethal, and phenotypes range from absence of extra-

embryonic tissues, impaired proliferation and differentiation of the ICM, failure of cell 

migration during gastrulation, and absence of mesodermal derivatives121. 

FGF signalling regulates multiple cell fate decisions during mouse pre- and post-implantation 

development. Paracrine Fgf4 signalling from ICM cells maintains trophectoderm identity122. 

Likewise, culture of TS cells requires supplementation of Fgf4, and its absence leads to 

terminal differentiation123. FGF signalling also plays a pivotal role during the second lineage 

segregation into PrE and epiblast cells. In the former, it is required for successful 

differentiation124-128 and Fgf4 knockout mice completely lack PrE125. In contrast, self-renewal 

in the pre-implantation epiblast relies on inhibition of FGF signalling, specifically of the ERK 

pathway52,129. While it has been shown that ERK signalling inhibits pluripotency gene 

expression130, how it is repressed in the epiblast in vivo remains unknown. Surprisingly, 

epiblast cells express Fgf4 to maintain trophectoderm and specify PrE fate in a paracrine 

fashion and ultimately induce their own differentiation after implantation in an autocrine 

manner52,129. The fine balance between epiblast and PrE differentiation is maintained by 

temporal differences in FGF/ERK inhibition and activation that result in epiblast cells being 

specified before PrE cells131. The post-implantation epiblast relies on FGF signalling for 
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survival: the maintenance of EpiSCs requires supplementation of Fgf260 and one of the key 

markers of post-implantation epiblast cells is Fgf5132. 

While the role of FGF signalling in neural induction is still debated – some argue that it is 

required for specification into neuroectoderm45,129, others that it solely maintains already 

specified cells – its importance for mesoderm differentiation has been established. The 

induction of paraxial mesoderm requires FGF signalling, whereas axial mesoderm relies on it 

for its maintenance133.  

 

Figure III. FGF signalling pathway 

Binding of Fgf ligands to their receptors leads to phosphorylation of downstream targets that subsequently 

activate the MAPK/ERK, AKT, or PKC pathways. Adapted from Xie et al. (2020).  

 

2.2.2 Nodal signalling 

Nodal ligands belong to the TGFb superfamily and bind to type I and type II serine-threonine 

kinase receptors, including ALK4 (ACVR1B), ACVRIIA and ACVRIIB, and their co-receptors of 

the EGF-CFC family, one of them being Cripto. The alternative ligand Activin binds the same 

receptors as Nodal but is independent of the co-receptors. Binding of either ligand leads to 

phosphorylation of the downstream signalling components Smad2 and Smad3 which interact 

with the universal Smad4 to form transcriptional complexes with TFs such as FoxH1, p53, or 

Mixer in the nucleus. Transcriptional targets include Nodal, Lefty2, FoxA2, Gsc, and LIM 
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homeobox 1 (Lhx1)134 (Figure IV). Nodal 

expression is regulated by two enhancers, 

once of which is activated via FoxH1 binding in 

an auto-regulator fashion, while the other 

responds to Wnt signalling135. Nodal signalling 

is antagonised by the soluble inhibitors Lefty1 

and Cer1 and is a classic example of a 

morphogen, a signal that establishes a gradient 

over a certain distance to elicit a dose-

dependent response to generate cell type 

diversity and patterning. Together with its 

inhibitor Lefty1, Nodal establishes long-

distance gradients up to 500 µm136 and creates 

a reaction-diffusion system due to the more 

efficient diffusion of the inhibitor as well as the 

establishment of a negative feedback loop137. 

Knockout phenotypes in mice largely depend 

on the exact genetic mutation but are either 

embryonic lethal or lead to death soon after 

birth. Defects include absence of the PS or its 

derivates, incorrect left-right patterning, and premature neural differentiation of epiblast 

cells138. 

Initially, Nodal is expressed in the ICM at E3.5 and subsequently in the epiblast and PrE at E4.5. 

Its expression is maintained uniformly until E5.5 when first DVE and then AVE cells secret Cer1 

and Lefty1, gradually restricting expression to cells that will ingress into the PS. Nodal 

signalling is not only required to specify the posterior pole, but also contributes to specifying 

the prospective anterior one. A subpopulation of the DVE acquires AVE identity via Nodal 

signalling5. Prior to its movement, Cer1 and Lefty1 expression exhibit a slight bias to one side 

of the embryo, resulting in increased Nodal signalling on the opposing side. This imbalance 

initiates increased proliferation on the prospective posterior side, pushing the AVE towards 

the anterior9,139,140. 

Figure IV. Nodal signalling pathway 

NODAL binds to type I and type II receptors and 

their co-receptor. Binding leads to 

phosphorylation of Smad2 and Smad3 which 

interact with Smad4. In the nucleus, they form 

complexes with transcription factors to activate 

target gene expression. Adapted from Hill (2018). 
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Nodal clearly displays its function as morphogen by dose-dependently specifying mesoderm 

and endoderm derivatives141,142. As gastrulation continues and the PS elongates, Nodal 

secretion is restricted to the node just anterior to the PS at the distal side of the embryo. Cells 

that ingress through the medial PS experience intermediate Nodal levels which specifies them 

into mesoderm. In contrast, cells that enter into the anterior PS are exposed to high Nodal 

levels and acquire DE identity due to the activation of the endodermal genes and direct Nodal 

targets FoxA2 and Sox17143. 

 

2.2.3 Wnt signalling 

The Wnt signalling pathway is a complex 

network of multiple ligands, receptors, 

downstream transducers, and transcriptional 

targets (Figure V). In mammals, there are 19 

ligands that bind to distinct receptors and co-

receptors which in turn activate specific 

downstream cascades. Wnt signalling is 

broadly classified into canonical (b-catenin-

dependent) and non-canonical (b-catenin-

independent) Wnt signalling144-146.  

In canonical Wnt-signalling, Wnt activity 

stabilises the cytoplasmic pool of b-catenin by 

inhibiting its destruction complex which 

consists of Axin, adenomatous polyposis coli 

(APC), casein kinase 1 (CK1), and GSK3b. In the 

absence of ligand binding, b-catenin is phosphorylated and marked for degradation by the 

destruction complex. During Wnt signalling, secreted Wnt ligands bind the frizzled (Fz) 

receptor and low-density-lipoprotein receptor-related proteins 5 and 6 (LRP5/6) co-receptors 

complex which elicits the recruitment of the downstream mediators dishevelled (DVL) and 

Axin. This leads to the sequestration and subsequent inhibition of the b-catenin destruction 

complex. As cytoplasmic b-catenin accumulates, it translocates into the nucleus and replaces 

the transcriptional repressor Groucho to form a transcriptional activation complex with T-cell 

Figure V. Wnt signalling pathway 

When Wnt signalling is inactive, the construction 

complex, consisting of Axing, APC, CK1, and 

GSK3b, phosphorylates b-catenin which is 

subsequently degraded. When secreted Wnt 

ligands bind the Frizzled receptor and LRP5/6 co-

receptor complex, the destruction complex is 

disrupted, and b-catenin translocates into the 

nucleus to activate target gene expression. 

Adapted from Clevers 2008. 
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factor (Tcf) and lymphoid enhancer factor (Lef). Wnt activity is modulated by extracellular, 

secreted molecules which either compete for receptor binding or prevent formation of the Fz-

LRP5/6 complex. These include Dkk1, Frizzled-related protein family (SFRPs), and WNT-

inhibitory factor (WIF)144-146. 

Wnt signalling is involved at multiple steps of embryogenesis. While the blastocyst expresses 

many components of the Wnt pathway147, their importance for pre-implantation 

development is questioned and findings are controversial. While interference with b-catenin 

does not affect the development from oocyte to blastocyst, it impedes formation of the 

epiblast148 and implantation149. Knockout of porcupine (Porcn), which is required for secretion 

of Wnt ligands, does not impair pre- and peri-implantation development, but mice exhibit 

defects in extra-embryonic tissues150.  

ES cells cultured on feeders in presence of Lif and serum do not rely on Wnt signalling88. 

However, withdrawal of feeders and Lif results in differentiation44. By either adding an 

inhibitor of Gsk3b, growing cells in Wnt3a-conditioned medium, or forcing expression of a 

stable b-catenin variant, this phenotype can be rescued and exogenous Lif is not necessary151. 

Wnt signalling stimulates the pluripotency network by activating nuclear orphan receptor 5a2 

(Nr5a2), which in turn activates T-box transcription factor 3 (Tbx3), Nanog, and Oct4152. 

The importance of Wnt signalling in the establishment of the AP-axis and gastrulation in 

general is emphasised by the universal use of b-catenin as posterior-proximal marker in model 

organisms of all lineages19. While the AVE expresses Dkk1, the PS expresses Wnt3 and shows 

high levels of b-catenin and Tcf-responsive promoter expression. Prior to PS formation, Wnt3 

expression is induced by a BMP4-Nodal signalling cascade originating from the ExE. Wnt3 in 

turn activates a feedback loop that maintains Nodal expression in the epiblast5,153. Dkk1 

knockout results in anterior truncation, whereas Wnt3 and b-catenin knockout mice lack the 

PS88,89. Furthermore, ectopic Wnt signalling causes expansion or bifurcation of the PS and thus 

partial duplicates of axial structure 154.  

 

2.3 Complex in vitro systems of embryonic development 

Since scientists first succeeded to isolate and culture ES cells, they strove to use them to study 

embryonic development in vitro. Culturing pluripotent cells with different cocktails of growth 

factors was essential for deciphering the temporal signalling events that control directed 
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differentiation into specialised cell types. However, these experiments had a crucial caveat: 

growing cells as a monolayer on a plastic dish is far from an accurate representation of the 

conditions a mouse embryo experiences in vivo. The breakthrough discovery that culturing 

pluripotent or adult stem cells in a substrate consisting of extra-cellular matrix (ECM) 

components, called Matrigel, leads to the formation of three-dimensional (3D) structures that 

spatially and functionally resemble organs155 paved the way for a plethora of complex in vitro 

models of embryogenesis called “embryoids”156,157. 

Even though embryoids are still only an approximation to real embryos, they are an invaluable 

tool to not only study embryonic development but also how cells interact, communicate, and 

differentiate as a collective. Their advantages are manifold: They can be produced in large 

numbers, enabling large-scale experiments and statistical analysis. Additionally, they allow 

experimental interference including genetic and chemical perturbations, live and whole 

mount imaging, mechanical manipulations, variations in media and substrate composition, 

and of cell number or cell origin. Finally, although ethical and legal restrictions still apply, the 

use of human embryonic or induced pluripotent stem cell lines is ethically more justifiable 

than employing intact human embryos to study early human embryogenesis. 

 

Current embryoid systems are largely designed to mimic the embryo at a specific stage, thus, 

they can be categorised by their developmental timing. Alternatively, they are distinguished 

based on morphology and functionality: systems that faithfully recapitulate an embryo’s 

morphology (blastoids, PASE, and ETX embryos) show limited developmental potential while 

systems that reach advanced cell type diversity (gastruloids, pescoids) fail to mimic embryonic 

architecture. 

The earliest stage, namely the E3.5 blastocyst, is recapitulated by blastoids158. Originally 

generated by using ES and trophectoderm stem (TS) cells of murine origin, they can now also 

be derived from human cells159,160. Upon seeding these two cell types into ultra-low-

attachment (ULA) plates, they form a hollow sphere of TS cells enveloping an aggregate of ES 

cells highly reminiscent of the blastocyst. These structures can also produce PrE161,162 and 

implant into the uterine wall, yet they do not support full embryonic development158. 

A structure found during human peri- and post-implantation development, the amniotic sac, 

is mimicked by post-implantation amniotic sac embryoids (PASE)163,164. By seeding single ES 

cells on a gel of ECM proteins and supplementing the medium with low concentration of the 
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same, they form hollow asymmetric structures with the epiblast on one and the amniotic 

ectoderm on the other side. Although they fail to undergo prolonged embryonic 

development, they initiate PS formation and EMT. 

The most complex morphology is achieved by ETX embryos165-168. Aggregated ES, TS, and 

extraembryonic endoderm (XEN) cells form a structure with a proximal TE-similar and a distal 

epiblast-similar part, enveloped by a PE layer. The ES and TS aggregates undergo lumen 

formation and fusion, generating a cup-shaped structure reminiscent of the E6.0 mouse 

embryo. ETX embryos enable study of AVE, extra-embryonic mesoderm, and DE 

differentiation168. 

Although the aforementioned systems are able to induce PS formation and early steps of 

gastrulation, they are limited in their potential and fail to sustain this development to a more 

advanced stage. However, 2D and especially 3D gastruloids show a remarkable 

developmental potential up to early organogenesis. 

In order to generate 2D gastruloids, human ES cells are seeded on circular micropatterns and 

pulsed with BMP4 to induce them to organise into concentric rings of trophectoderm, 

endoderm, mesoderm, and ectoderm from outside to inside169. Due to their distinct and 

reproducible differentiation pattern, they are the ideal system to study signalling dynamics, 

activator-inhibitor relationships, and patterning behaviours. 2D gastruloids were used to 

show that their patterning is regulated by BMP receptor localisation and inhibitor secretion170 

as well as by waves of Wnt and Nodal signalling activity171,172, that a wave of Wnt signalling in 

combination with an E-cadherin pre-pattern controls the location of EMT and PS 

differentiation173, that Wnt and Nodal signalling regulate human organiser development174, 

and that duration and levels of Wnt and BMP signalling determine distinct ectodermal 

lineages175. However, 2D gastruloids also have limitations: although the human epiblast is 

rather disc- than cup-shaped, the monolayer fails to fully recapitulate the embryo’s 

morphological development. They fail to break radial symmetry and they do not scale like an 

embryo: if the size of the micropatterns is decreased, the outer identities (trophectoderm) 

expand at the expense of inner identities (ectoderm), while the proportion of ectoderm 

increases with the size of the micropatterns169,170. 
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2.3.1 3D Gastruloids 

Embryoid bodies (EBs) represent the first 3D differentiation system ever used. Seeding a 

larger number of ES cells in suspension and preventing attachment to the culture dish leads 

to aggregation due to their high expression of E-cadherin176. EBs differentiate into all three 

germ layers and derivatives thereof, yet their differentiation is unorganised and 

heterogeneous. Based on the observation that a small number of P19 carcinoma cell seeded 

in low volume hanging drops generate EBs that exhibit axial elongation177, the first 3D 

gastruloid protocol was developed178,179: approximately 300 cells are seeded into a ULA U-

bottom plate in a small volume of a chemically defined differentiation medium. After 48 hours 

(h), the resulting EB is treated for 24 h with Chir to activate Wnt signalling. Within the 

following days, the gastruloid starts to elongate, forming an AP-axis within 120 h after 

aggregation (Figure VI). Initially only generated from mouse ES cells, gastruloids can now also 

be derived from human cells180 and zebrafish explants181,182, so-called pescoids.  

 

 

 

Figure VI. Gastruloid development 

Gastruloids are generated from a small number of ES cells that aggregate and form an embryoid body in 

suspension culture. 48 h after aggregation, gastruloids are treated for 24 h with a compound activating Wnt 

signalling which induces the expression of the primitive streak marker Brachyury. Over the following two days, 

gastruloids break radial symmetry and elongate, forming a clearly distinguishable AP-axis. This timeline applies 

to gastruloids generated from cells cultured in S/L/2i. 

 

Initial characterisation showed that gastruloids generate neuroecto-, meso-, and endodermal 

cells178, that they exhibit gastrulation-like cellular movements178, that their development 

relies on Nodal and Wnt but not BMP signalling183, and that this all occurs in the absence of 

extra-embryonic tissues and localised signalling183. Prolonged culture for additional 48 h even 

supported the establishment of the dorsal-ventral (DV) and left-right body axes184. Expression 

of Brachyury, which is used as the common marker for the posterior pole in gastruloids, is 
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initiated asymmetrically, subsequently reaches the majority of cells, and finally is restricted 

to the posterior tip as the gastruloid elongates183. Thus, Brachyury expression was accepted 

as the first molecular and elongation as the first morphological symmetry breaking event. 

Gastruloids initiate embryonic gene expression in the correct sequence and even in the 

correct space with respect to the main body axes, however, they fail to form morphologically 

distinct structures184. Furthermore, gastruloids lack occipital structures like cells of rostral 

neural identity and neural crest cells184. Therefore, scientists aimed to overcome these 

caveats by improving and adapting the original protocol. Embedding gastruloids generated 

from ES cells grown in S/L into low concentration Matrigel at 96 h resulted in the formation 

of somite-like structures with their characteristic segmentation wave185. Doing the same with 

gastruloids generated from ES cells grown on a feeder layer led to trunk-like structures with 

a central neural tube flanked by two strands of somites186. Supplementing gastruloids 

generated from ES cells grown in S/L/2i with the cardiogenic factors vascular endothelial 

growth factor (VEGF), Fgf2, and ascorbic acid supported the formation of beating structures 

reminiscent of the cardiac primordium187 that contain blood cell progenitors188. An increase 

in anterior structures of neural identity has been achieved in multiple ways: growing 

gastruloids in EpiLC medium in the presence of a Wnt inhibitor resulted in elongated 

structures with an epithelialized anterior pole189. Additionally, culturing aggregates of ES cells 

together with aggregates of either XEN190 or TS191 cells achieved similar results. 

Apart from obvious adaptations including growth factors and ECM components, many 

gastruloid protocols differ in the used cell line and in which ES cell medium cells have been 

cultured. As discussed above, different media maintain cells in slightly distinct pluripotent 

states. A known effect of using ES cells cultured in S/L compared to S/L/2i is the onset of 

Brachyury expression: while gastruloids generated using the former show positive cells and 

symmetry breaking already before the Chir pulse183, the latter do so only during the pulse184 

(and this study). Additionally, it is accepted that the origin and genetic background of a cell line can 

have tremendous impact on its behaviour and differentiation capacity192. Thus, differences in 

observations in gastruloids generated with different protocols need to be considered 

carefully. 

 

 

 



 

 
25 

2.4 Principles of pattern formation 

I extensively discussed principles of pattern formation in review article #1193. However, I will 

revisit concepts especially relevant for my project in more depths here. 

 

2.4.1 Self-organisation 

Self-organisation is a fundamental principle of biology explaining the emergence of patterns 

in the absence of a blueprint or a controlling entity. Order arises from interactions and the 

collective behaviour of components of the system whose individual properties cannot explain 

the complexity of the emerging pattern194. Prerequisites for self-organisation on the cellular 

level are that a cell is able to sense its internal and external state, communicate this to and 

receive information from its neighbours, and respond to external stimuli and fluctuations but 

also stabilise its internal state at the right time and space. These cellular behaviours are not 

determined genetically but rather depend on the establishment of non-linear interactions and 

feedback mechanisms that confer stability to the system and allow the occurrence of higher-

ordered patterns. A single cell is not aware of the complexity of the whole system and yet this 

is not required for a pattern to arise195,196. In the process of self-organisation, every aspect 

that can influence the state of a cell – including gene expression profiles, morphogen 

gradients, cell-cell-interactions, ECM composition, mechanical input, metabolic state, cell 

cycle stage, proliferation, apoptosis, and potentially many more – is taken into consideration 

and shapes the outcome22.  

In recent years, the field of self-organisation has received increasing attention with the 

development of organoid and embryoid systems. The fact that a single or group of cells 

outside of their native environment is able to form a structure functionally reminiscent of 

their related organ is proof that embryogenesis and organogenesis follow self-organising 

principles. While the resulting structures may not be perfectly created mini-organs or 

synthetic embryos, their resemblance to each other between independent experiments 

proves that when recreating at least some of the conditions (like a 3D matrix or growth factor 

availability), cells reproducible self-organise into complex assemblies. Gastruloids are a 

perfect example: early embryos of the mouse and zebrafish are morphologically quite 

different, the former implanting as a cup-shaped structure into the uterus, the latter 

developing as a flat cell assembly on top of a yolk cell. However, when cultured in vitro, 
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gastruloids and pescoids form nearly identical elongated structures. Therefore, they 

represent the morphology that embryonic cells adopt when grown in suspension culture in 

the absence of the mechanical input provided by the mother or the yolk197.  

 

2.4.2 Symmetry breaking 

Symmetry describes a state of uniformity or invariance. If an initially homogenous system 

breaks symmetry, it decreases its uniformity, thereby increasing functional and morphological 

diversity198. Symmetry breaking is an essential mechanism during embryonic development to 

establish higher-ordered structures and achieve complexity199.  

In the mammalian embryo, symmetry breaking is a self-organising process. Contrary to 

embryos of Caenorhabditis elegans, Drosophila melanogaster, or Xenopus laevis where sperm 

entry site or maternally deposited factors drive polarisation and cell type acquisition, 

asymmetries arise from spontaneous fluctuations that are amplified and stabilised by 

feedback mechanisms. Once these variabilities reach a certain threshold, a cascade of events 

is triggered that ultimately peaks in the differentiation into a functionally distinct cell type22. 

Therefore, cell-to-cell variability is an essential requirement for symmetry breaking and 

diversification. Contrary to the former belief, largely influenced by technical limitations, two 

genetically identical cells will never be fully identical. Individual cells are subjected to a 

combination of intracellular and extracellular factors that stochastically vary and influence 

cell state and behaviour differently in each cell. Thus, cell-to-cell variability creates the 

conditions how a seemingly homogeneous population of cells can give rise to distinct cell 

types and patterns200. 

Embryogenesis is a continuous succession of symmetry breaking events199. While cells in the 

8-cell stage embryo appear identical, the establishment of polarity and differences in nuclear 

localisation of the mechanical sensor YAP trigger the differentiation into TE and ICM cells only 

one division round later201. In the next step of cell type diversification, fluctuations in FGF 

signalling levels and responsiveness in the ICM cause specification into epiblast and PrE 

fates124,202,203. Ultimately, the first spatial symmetry breaking is achieved by variabilities in the 

expression of Nodal inhibitors that drive the migration of AVE cells and thus the source of 

asymmetric spatial signalling towards one side of the embryo9,139. 
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2.5 AIM OF THIS THESIS 
In the last years, gastruloids have become the model system of choice for many research 

groups. As these groups aim to improve the system to reach more advanced developmental 

stages and a closer representation to the embryo, much is still unknown of the initial steps of 

gastruloid formation. Although we know that gastruloids initiate expression of Brachyury 

which ultimately leads to axial elongation, the events leading up to this symmetry breaking 

event remain a black box. Furthermore, some of the key developmental signalling pathways 

have been implicated in gastruloid formation but a thorough examination of potential 

molecular regulators is still missing. 

The aim of this thesis is to systematically identify molecular determinants of gastruloid 

formation using a phenotypic, image-based screen. By applying perturbations at different 

time windows, I aim to pinpoint specific developmental stages and the regulatory pathways 

involved. Moreover, I aim to examine gastruloids prior to Brachyury expression to determine 

the events preceding symmetry breaking. In summary, this will provide an expanded 

understanding of gastruloid self-organisation.  
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3. RESULTS 

3.1 Review article #1 
 

Design principles of tissue organisation: How single cells coordinate across 

scales 

Marietta Zinner*, Ilya Lukonin*, Prisca Liberali 

Current Opinion in Cell Biology 2020, 67:37-45 

* These authors contributed equally. 

 

Abstract 

Cells act as building blocks of multicellular organisms, forming higher-order structures at 

different biological scales. Niches, tissues and, ultimately, entire organisms consist of single 

cells that remain in constant communication. Emergence of devel- opmental patterns and 

tissue architecture thus relies on single cells acting as a collective, coordinating growth, 

migration, cell fate transitions and cell type sorting. For this, information has to be 

transmitted forward from cells to tissues and fed back to the individual cell to allow 

dynamic and robust coordination. Here, we define the design principles of tissue 

organisation integrating chemical, genetic and mechanical cues. We also review the state-

of-the-art technologies used for dissecting collective cellular behaviours at single cell– and 

tissue-level resolution. We finally outline future challenges that lie in a comprehensive 

understanding of how single cells coordinate across biological scales to insure robust 

development, homoeostasis and regeneration of tissues.  

 

My contribution 

I wrote the introduction, outlook and the paragraphs about morphogen gradients, genetic 

oscillations, and lumens as well as Box 1 and 2. I made Figure 2 and was involved in Figure 1. 

Ilya Lukonin wrote the paragraphs about chemical and bioelectrical waves, mechanical forces 

and extracellular matrix and made Figure 1. Prisca Liberali was involved in proofreading.   
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Introduction
Collective behaviour is an emergent property of multi-
cellular systems in which cells coordinate their behav-
iour to generate higher-order structures. It is at the core
of multicellularity and tissue organisation and at the
evolutionary crossroad with unicellular systems [1,2].

Loss and misregulation of these coordination mecha-
nisms drive the occurrence of many diseases such as
cancer. Coordinated cellular behaviours enable the
spontaneous formation of ordered and complex struc-
tures that by far exceed the complexity of individual
cells through nonlinear interactions, feedback mecha-
nisms, genetically encoded self-assembly, and self-
organisation (Box 1) [3,4]. Emergence of these higher-
order structures requires cells to sense and respond to
their environment, to undergo coordinated cell fate ac-
quisitions and spatial rearrangements, processes that are
often self-organised. Self-organisation relies on cell-to-
cell variability that allows individual cells to fluctuate
between cellular states and respond differently to a
uniform stimulus [5] [6*]. Such cellular heterogeneity
enables symmetry breaking, an event where a single cell
or small group of cells changes their behaviour, leading
to an increase of functional diversity [7,8]. The affected
behaviours may include cell division, differentiation and
cell fate acquisition, morphological changes, migration,
and apoptosis and must be coordinated across space and
time to ensure robust and reproducible development,
homoeostasis and regeneration of niches, tissues and
organs. Therefore, cells need to transmit information to
the tissue and simultaneously remain in constant
communication with their surroundings while the pop-
ulation grows and changes, ensuring robustness and
resilience to the system via feedback mechanisms. Such
feedback mechanisms have to span biological scales: from
organs and tissues to cells to feed the higher-scale in-
formation back to the individual cell (Figure 1).

Mechanisms of cellular coordination ensure tissue-level
design principles, and thus, the question of how indi-
vidual cells sense complex extrinsic chemical and me-
chanical cues has received increasing interest in the last
years, as novel technologies allow the measurement and
perturbation of cell populations (Box 2). In this review,
we describe the main design principles underlying how
populations of individual cells establish, maintain and
coordinate collective behaviours (Figure 2).

Morphogen gradients
The best-known example of coordination via cellecell
communication is through receptoreligand in-
teractions that lie at the base of many well-studied
signalling pathways such as BMP, FGF, retinoic acid,
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SHH, TGF-b, Wnt, and others [9]. Differences in
extracellular ligand concentration build a gradient
(Figure 2a) that spans across many cells, and, in the
simplest scenario, allows cells to have a graded response

to the signalling stimulus. During development, gradi-
ents need to dynamically scale to adjust to tissue
growth, achieving this through variability in receptor
concentration and receptoreligand complex degrada-
tion rates [10e12].

Research from the last decade has revealed that infor-
mation transmitted between cells is often encoded by a
combination of morphogens [13], allowing finer graded
responses. Cells integrate multiple signalling inputs to
activate diverse gene expression programs, and similarly,
dynamics of stimuli trigger a specific cellular response.
The required multivariate input is, for instance,
achieved through antiparallel gradients, as in the
patterning of the neural tube by BMP and SHH
signalling. Decoding of these orthogonal inputs allows
cells to assume over ten distinct cell fates along the
dorsaleventral axis [14]. Combinatorial spatial and
temporal morphogen input thus initiates the compart-
mentalisation of cells into domains by regulating the
expression of activating and repressing transcription
factors (TFs). Pattern-forming genes are controlled by
modular regulatory elements that require binding of
multiple TFs, both ubiquitously expressed and
morphogen-dependent. These function in a cross-
repressive network where TFs induced by differential
signalling inputs are inhibited [15,16], presumably by
extensive epigenetic changes at lineage-specific en-
hancers and heterogeneities in TF binding [ [17**-19]].
This creates bistable switches and thereby regulates the
formation of sharply delineated progenitor domains.
Morphogen gradients also confer robustness to the
system, ensuring directionality in cell type transitions:
high-content screening (Box 2) of regulators of intesti-
nal organoid formation has unravelled that intracellular
synthesis of retinoic acid creates a feedback loop
ensuring exit from a regenerative state and enterocyte
specification [20].

Traditionally, morphogen gradients have been studied
in vivo where their formation and effect on development
is influenced by a multitude of surrounding factors.
Advances in synthetic biology, microfluidics and micro-
patterns (Box 2) enable generation of artificial gradients
and observation of morphogen signalling in an isolated
environment [14] [21**-24].

However, studies of various signalling molecules have
uncovered a major limitation of morphogen gradients.
Effective diffusion coefficients of morphogens are in the
range of few mm2/s or even less and thus not sufficiently
quick to achieve timely coordination across biological
relevant distances [25].

Chemical and bioelectrical waves
Active waves of biochemical activity overcome the
limiting diffusion speed and coordinate processes in

Box 1. Glossary

Biological scales
Spatial (from nm to m) or functional levels of biological systems that
span from molecules arranging into complexes to a single cell with
different organelles to neighbouring cells that are in direct contact
with a population of cells that forms a compartment or niche to a
tissue or organ to, ultimately, a whole organism.

Cell-to-cell variability
The nonidentical state and behaviour of genetically identical cells. May
arise from the stochastic nature of biochemical processes but, gener-
ally, is determined and regulated by cell environmental cues and cell
cycle. Required condition for symmetry breaking and pattern formation.

Emergence
The occurrence of novel system– level properties through the
interaction of different components. For an emergent system, the
complexity of the resulting system cannot be explained by the sum
of its parts. Emergent properties are essential to increase
complexity and functionality.

Feedback
Influence over a biological process exerted by the end product of the
same process. In collective cell behaviour, feedback implies retro-
grade communication within and across scales, whereby the
receiver confers information back to the sender.

Robustness
Persistence of a system-level property under conditions of extrinsic
and intrinsic perturbation or noise. Allows emergence of complex
systems and patterns by compensating for inherent stochasticity of
underlying chemical and physical phenomena.

Self-organisation
The process of spontaneous emergence of ordered structures
achieved solely by interactions of the system’s components without
reference to a global blueprint. Self-organisation relies on cell-to-cell
communication and variability, symmetry breaking, and feedback
and often displays emergent properties.

Symmetry breaking
Appearance of a new property in a previously uniform system that
reduces uniformity and thereby increases functional diversity. Usu-
ally occurs when a heterogenous cell population fluctuates between
different states before reaching a tipping point.

Synchronisation
The operation of two or more processes at the same time and/or
space. This includes synchronised cell division, differentiation, and
migration. Ensures functionality of a system.
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cells spaced by tens and hundreds of mm apart in short
time periods [26]. These use diffusive relays [27*],
whereby cells emit a chemical signal that is reinforced
by positive feedback in neighbouring cells, amplifying
the signal and forming a travelling wave that exceeds the
speed of simple diffusion by orders of magnitude
(Figure 2a) [28]. This mechanism is crucial to mediate
coordinated cell migration of epithelial cells during
wound healing where a travelling wave of ERK activation
is propagated to neighbouring cells via EGF- and PI3K-
dependant signalling [29], moving away from the wound
edge and preceding collective cell migration in the
opposite direction [30]. Downstream, ERK signalling
activates different TFs, such as c-Jun and FOS,
depending on the transient or sustained activation of the
kinase [31] but can also mediate priming of embryonic
stem cells directly by reversibly regulating enhancer
activity without changes in TF binding, conferring

robustness to early embryonic development [32*].
Similarly, active waves of Cdk1 activity synchronise cell
cycle in Drosophila embryos through a double-negative
feedback between Cdk1 and Chk1 [33].

Bioelectrical waves (Figure 2a) present a diffusion-
independent mechanism that allows even more rapid
communication between cells. Such excitable waves rely
on threshold-like activation followed by return to the
ground state that can be achieved through negative
feedback. The most prominent example is the ion
pumpedriven rapid membrane depolarisation in neu-
rons leading to travelling action potential [34]. Elec-
trical activity is crucial not only for the function of
mature neurons but also for their specification. During
spinal cord development, emergent electrical activity in
specified neurons inhibits the progenitor-specific tran-
scription factor Gli via SHH signalling [35].

Figure 1

Coordinated cellular behaviour across scales. To communicate, single cells emit signals that can cross multiple scales. Chemical mechano-
transduction allows information transfer at subcellular level and, together with morphogen gradients, enables cells to efficiently transfer information to
neighbouring cells and surrounding cell populations. To spread the signal further, cells use active and genetic waves, whereas bioelectrical waves can
reach the entire organism. Feedback is provided by lumens allowing cells to coordinate behaviour at the level of niches and entire tissues, whereas
extracellular matrix and interconnected junctions act more locally, coordinating populations of cells.
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Bioelectrical waves are, however, also used in nonexcit-
able cells to regulate multiple processes, such as
patterning of Drosophila imaginal discs [36]. There,

calcium waves emerge and propagate over large dis-
tances in sheets of epithelial cells interconnected by gap
junctions. Furthermore, excitable waves are also present
at the organism scale: in Planaria, the headetail identity
depends on a body-wide bioelectric gradient [37].
Therefore, both active waves of signalling activity and
bioelectrical waves result in the rapid transmission of
information across entire tissues and organisms.

Genetic oscillations
To coordinate how cells proceed through developmental
stages with the right timing, organisms have developed
molecular clocks that rely on genetic oscillations driving
cyclic gene expression. These molecular clocks act in
cells facing a constantly changing environment due to
proliferation, migration, and differentiation. Thus, they
not only require cell-intrinsic regulation of rhythmic
gene expression but also coordination at the tissue level
(Figure 2b). A well-known example is the periodic for-
mation of somites in vertebrate embryos [38]. When the
wave front of the cell-autonomous segmentation clock
meets the differentiation front set by morphogen
signalling, cells of the presomitic mesoderm (PSM)
differentiate to form a somite pair. Remarkably, oscilla-
tions in the PSM are self-organising: when dissociated
PSM cells are cultured in vitro, they first synchronise
their frequencies and then re-establish wave patterns
[39]. This is achieved by using Notch signalling for both
regulation of oscillatory gene expression in single cells
and synchronisation of oscillations at the population
level. By modulating the phase of the segmentation
clock using microfluidics (Box 2), it has been shown that
Notch and Wnt signalling oscillations are functionally
linked and crucial for mesoderm segmentation [40**].
Whether oscillations are a property of single cells or of
populations, however, remains a controversial topic.
Isolated single cells of the zebrafish PSM are able to
oscillate, although, with prolonged period and decreased
precision [41]. Recent findings in mice argue that os-
cillations are not cell-intrinsic but can only be achieved
by a population of PSM cells that use a quorum-sensing
mechanism involving YAP1 and Notch signalling trig-
gering an excitable state [42]. Genetic oscillations thus
enable spatiotemporal synchronisation of collective
behaviour, making sure tissue patterning occurs with
correct timing.

Mechanical forces
Mechanical forces (Figure 2c) enable transmission of
stimuli to cells across small and large distances and are
hence a crucial mechanism for coordinating cell behav-
iour across scales throughout development and regen-
eration [43]. For the cells to ‘read’ the
mechanotransduced information, mechanical forces can
be integrated transcriptionally by cells through chemical
and physical mechanisms. Chemical transduction relies
on mechanical forces triggering signalling pathways such

Box 2. Technology

In this section, we describe different experimental frameworks to
measure and perturb coordinated behaviours in cell populations.

Synthetic biology
Artificial signalling pathways are used to study cell–cell communi-
cation [77], morphogen gradient formation [21**] [22] and protein
circuits [78,79] in a minimal system to elucidate both the role of in-
dividual components and their interaction in regulating complex
cell– and tissue–scale processes.

Artificial cell assembly and self-
organisation
Pluripotent or tissue-specific stem cells can generate organoids and
embryoids in vitro which allow studying development and regener-
ation in an isolated and experimentally controlled and accessible
system. Although all systems aim to mimic an organ or organism,
their generation varies substantially: they can arise from a single cell
[6], can be coaxed with signalling inputs to grow from a population of
initially identical cells [80] or require combination of various speci-
alised cell types [81]. Moreover, they can recapitulate development,
homoeostasis or regeneration of tissues.

Spatial regulation of morphogenesis
Traditional cell culture techniques, both in two (2D) and three
dimensions (3D), only allow limited control over spatial properties of
the system. The use of micropatterned plates in 2D and of synthetic
microenvironments with defined physical properties in 3D, on the
other hand, enable the precise modulation of mechanical input on
the growing system [23,82]. The administration of spatially restricted
stimuli using microfluidics mimics graded signalling observed during
development [40]. The combination of both generates a powerful
tool to recapitulate organ formation in vitro [83].

Optical manipulation of morphogenesis
and differentiation
Laser pulses can be used for precise spatiotemporal manipulation of
cell and tissue processes, including the ablation of subcellular
components, cells or parts of a tissue [84] or the control of gene
expression in specific cells [24,85].

High-content image-based screens
High-content screening (HCS) makes use of automated microscopy,
extracting multivariate datasets from images of cell populations.
Harvested data describe entire populations of millions of single cells
at high spatial resolution, allowing unprecedented depth of pheno-
typic profiling [86]. Such rich data sets reveal how information is
carried forward across biological scales, explaining the origins of
cell-to-cell variability and how single cell behaviours translate to
population– level properties [86,87]. Furthermore, when applied to
complex emergent systems, such as organoids, HCS reveals how
signalling pathways coordinate cell fate emergence and balance
during regeneration [20].
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as Yap [44,45], b-Catenin [46] and Piezo [47]. For
example, variability in YAP1 activation and subcellular
localisation drives complex behaviours in population of
cells such as symmetry breaking in intestinal organoids
[6] (Box 2) and balance between maintenance of
homoeostasis and response to injury in liver [48]. Cells
can also establish other molecular frameworks that are
able to respond to mechanical stimuli, for instance,
using phase separation and flow of junctional proteins
[49**]. In vitro cell culture studies demonstrate that the
assembly of tight junctions requires ZO proteins to
transition into condensed liquid phases [50]. The for-
mation of ZO clusters and their incorporation into tight
junctions allow them to act as mechanosensors. When
impaired, large-scale mechanisms such as epiboly during
zebrafish embryo gastrulation are severely delayed
[49**], highlighting how self-organisation of molecular
entities into higher-ordered structures confers tissue-
wide properties.

Physical mechanotransduction, on the other hand,
uses direct force transmission, for instance, by
impacting the nuclear shape and, thereby, either
affecting chromatin accessibility [51] or the balance
in nuclear to cytoplasmic localisation of transcrip-
tional regulators [52,53]. Changes in mechanical
stability of nuclei and chromatin histone modifica-
tions accompany differentiation in epidermal cells
coinciding with a marked decrease in nuclear volume
and rigidity [54]. Mechanical coupling between a cell
and its environment thus allows for rapid signal
transduction and propagation across the tissue but
also provides means to feed tissue-level information
back to the single-cell level.

Lumens
Morphological changes of cell populations which result
in the formation of self-contained liquid-filled lumens

Figure 2

Mechanisms of coordinated cellular behaviour. (a) Morphogen gradients, active and biochemical waves pattern tissues across different scales with
increasing speed. Orthogonal gradients of two morphogens elicit sharp boundaries, yet are limited in their diffusion efficiency. Active waves travel faster
because of positive feedback activation. Biochemical waves move with high speed across large distances. (b) Oscillatory gene expression lets cells cycle
between different states. By communicating their state to neighbours via feedback loops, cells achieve synchronisation of the rhythmic expression across
a large population. This mechanism is used to regulate periodic behaviour. (c) Mechanical forces coordinate behaviour across small and large scales.
Chemical mechanosensors such as YAP1 and Piezo recognise different mechanical forces and elicit cellular response. Phase separation of molecular
entities such as tight junction proteins controls tissue-wide processes. Furthermore, extracellular mechanical forces are translated into gene expression
changes by directly impacting the nuclear shape. (d) Lumens induce cell fate changes by mechanical and osmotic means, including volumetric changes
leading to expansion or shrinkage that excerpt pressure and stretching forces on cells, and by locally accumulating signalling molecules. (e) The
extracellular matrix (ECM) provides attachment to cells and regulates mechanical forces by controlling the stiffness of the substrate. It sequesters
signalling molecules which are released by the proteolytic degradation of ECM molecules. Furthermore, it impacts cellular differentiation and induces
tissue polarisation.
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[55] allow generation of signalling hubs that coordinate
cellular behaviour through chemical and mechanical
means [56] (Figure 2d). Therefore, lumens, as well as
the extracellular matrix in the next paragraph, mainly
serve to integrate and coordinate previous mechanisms
such as morphogen signalling and mechanical forces. In
zebrafish, lumens emerge along the lateral line, acting as
nucleators of sensory organ deposition: as migrating
primodium deposits lumenised rosette-like structures,
FGF becomes concentrated within and drives spatially
constrained cell differentiation and patterned sensory
organ formation [57]. Lumens can also exert pressure on
cells [58*], causing cytoskeletal rearrangements that are
integrated by mechanical sensors, driving cell type
sorting and contributing to size control of both lume-
nised organs [59] and entire embryos [60*]. In addition,
apical constriction of cells lining the mouse blastocyst
cavity results in axial elongation and changes in mem-
brane components, such as ion pumps, driving variations
of osmolarity and luminal pressure. This provides me-
chanical stimuli to cells lining the lumen and, conse-
quently, changes in cell geometry result in buckling or
budding of the tissue, forming locally restricted niches
[61]. In contrast, cellular changes caused by differenti-
ation result in lumen formation as the embryo progresses
in development [62]. Differences in osmotic forces
combined with changes of myosin patterns also drive
robust intestinal crypt morphogenesis [63**]] (Box 2).
Lumens, therefore, facilitate not only coordination of
collective cell behaviour but also enable feedback loops
necessary for orchestrated cell type emergence.

Extracellular matrix
Another important coordinator of tissue organisation is
the extracellular matrix (ECM) (Figure 2e) that medi-
ates both cellular attachment and tissue stiffness [64].
The function of the ECM, however, extends far beyond
the simple scaffolding: the ECM influences cell fate
transitions through integrin signalling [65], provides
cues for polarisation [66] and also localises soluble
growth factors, modulating dynamics of morphogen
gradients [67]. The use of synthetic hydrogels enriched
with different ECM components (Box 2) showed that
physical and biochemical properties of the matrix
directly impact on symmetry breaking and pattern for-
mation in neural tube organoids [68]. Furthermore, the
celleECM relationship is bilateral: tissue remodelling in
development and regeneration requires fine spatio-
temporal control over ECM synthesis and degradation.
Proteolytic processing of the ECM by matrix metal-
loproteases facilitates activation of latent signalling
molecules sequestered within the ECM [69*-71]. Co-
ordinated digestion of the ECM creates local concen-
tration gradients, for example, increasing local VEGF
signalling activity during angiogenic switch in pancreatic
islets [72]. Furthermore, active balancing of ECM
degradation is important for DNA integrity, as excessive

matrix stiffness and actomyosin tension physically pro-
mote nuclear rupture and result in tissue-level defects
such as aberrations in coordinated beating of the heart
muscle [73]. The ECM thus coordinates cellular
behaviour through combination of chemical and me-
chanical mechanisms and, importantly, serves as a
channel for bidirectional communication between single
cell and higher-order scales.

Outlook
In this review, we describe a variety of mechanisms that
cells use to coordinate their behaviour and self-organise
into complex high-dimensional structures. Recent work
has brought detailed understanding of the forward in-
formation transmission and feedback mechanisms
involved in tissue organisation. Nevertheless, these
mechanisms do not exist in isolation and rather work
together to reach synchronisation [74]. This allows a
repertoire of complex actions and coordinates behaviour
across biological scales, from a small group of single cells
to an interconnected tissue, and feeds tissue-wide
events back to the single cell level [75]. Future chal-
lenges do not only lie in acknowledging that coordi-
nated behaviours require complex cell and tissue
interactions but also in measuring and perturbing these
mechanisms (Box 2). This will be guided by applying
established experimental tools to new questions and
developing novel crossing-scale technologies, with
single-cell and population-level resolution [76]. A
comprehensive understanding of the design principles
of tissue organisation will unravel how single cells co-
ordinate across biological scales and how feedback
mechanisms ensure robustness during development
and regeneration.
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Abstract 

Image-based phenotypic screening relies on the extraction of multivariate information 

from cells cultured under a large variety of conditions. Technical advances in high-

throughput microscopy enable screening in increasingly complex and biologically relevant 

model systems. To this end, organoids hold great potential for high-content screening 

because they recapitulate many aspects of parent tissues and can be derived from patient 

material. However, screening is substantially more difficult in organoids than in classical 

cell lines from both technical and analytical standpoints. 

In this review, we present an overview of studies employing organoids for screening 

applications. We discuss the promises and challenges of small-molecule treatments in 

organoids and give practical advice on designing, running, and analyzing high-content 

organoid-based phenotypic screens. 
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INTRODUCTION 1 
Since the first high-throughput imaging devices became commercially available approximately 20 years 2 
ago1,2, technological advances in automated microscopy have enabled researchers to perform image-3 
based high-content screens with a large number of conditions in a relatively short amount of time. Such 4 
screens either use genetic approaches to perturb gene expression or use small molecules to modulate 5 
protein function3. Chemical compounds have advantages over genetic manipulations, especially in 6 
mammalian systems, due to their versatility: they can be used in systems that are not readily accessible 7 
by genetic techniques, they allow the inhibition and activation of protein function and the precise timing 8 
of treatment starting time and duration. Small molecule-based screens have thus become the tool of 9 
choice for biological and drug discovery in academia and industry4. At the same time, the image-based 10 
readout of microscopy-based screens offers high information content, enabling phenotypic profiling. 11 
To fully utilize the potential of this experimental approach requires both a biologically relevant model 12 
system and a data-driven, unsupervised analysis strategy. In the following sections, we give practical 13 
advice with literature examples on the application of complex cellular systems, namely, organoids, in 14 
image-based high-content chemical screening, covering the main pillars of assay design, data 15 
acquisition and analysis. 16 
 17 
Target-based and phenotype-driven screening pipelines 18 
There are two main approaches for designing chemical screening assays: either based on perturbing the 19 
activity of a defined molecular target (target-based screening) or based on a known target phenotype 20 
(phenotype-driven screening). The target-based approach aims to identify compounds that affect the 21 
target in the desired way, so-called “hits” or “leads”, from a large library of candidates5. Advances in 22 
assay automation, particularly liquid handling and automated microscopy, have enabled high-23 
throughput screens (HTS) for libraries ranging up to millions of chemicals. To leverage such massive 24 
assays, HTS trades readout complexity for high coverage: single-endpoint measurements such as cell 25 
viability6, proliferation7, or single gene reporter assays8 are typically used for hit selection. High-26 
content screening (HCS), on the other hand, is a phenotype-based approach that relies on the extraction 27 
of phenotypic data. It captures information that is not available with classical high-throughput methods 28 
(such as target-unrelated readouts, cytotoxicity, protein localization and others9,10) and generally aims 29 
at obtaining a comprehensive picture of the system. 30 
High-throughput high-content imaging assays are at the interface of both approaches, enabling fully 31 
automated primary screening of large-compound11 and siRNA12-14 collections with high resolution and 32 
multiparametric readouts, revealing more detail about the target of interest and effects on general cell 33 
morphology. The pioneering technologies in this field were termed cell-based phenotypic assays11,15,16 34 
and aimed at the characterization of the screened compounds in cellular contexts. Furthermore, whereas 35 
classical HTS readouts are well based, high-content analysis often relies on features extracted from 36 
single cells to unmask pleiotropic phenotypes and cell-to-cell variability in drug response17,18. HCS 37 
assays have thus earned their place in both the scientific discovery process and the modern drug 38 
development pipeline, illustrating the importance of complex, cell-based model systems coupled with 39 
multiparametric, phenotypic readouts2,19. 40 
 41 
In the last decade, organoids and three-dimensional (3D) organotypic systems20 have become widely 42 
available to researchers. These complex structures recapitulate the architecture and function of in vivo 43 
organs and tissues and develop from stem cells or organ-specific progenitors in a self-organizing 44 
process21-24. Currently, a wide selection of tissues has been recapitulated in vitro with the help of 45 
organoid systems, and the list is continually growing. Naturally, scientists now aim to use organoids in 46 
chemical screening to leverage the power of both systems for biological discoveries. 47 
 48 



Adult and pluripotent stem cell-derived organoids 49 
Organoids can be divided into two categories depending on the cells used to generate them: pluripotent 50 
stem cells (PSCs), including embryonic and induced pluripotent stem cells, and adult stem cells (ASCs). 51 
The generation of organoids from PSCs recapitulates the sequence of events of embryonic development 52 
by exposing them to specific combinations and concentrations of morphogens, allowing the patterning 53 
of germ layers and, subsequently, tissues and organs. PSC-derived organoids include optic cup25, 54 
intestinal26, cerebral27, kidney28, thyroid29, lung30, and retinal31 organoids and others. Although they hold 55 
great potential, are used to generate a wide array of tissues, and can do so in a patient-specific context, 56 
the resulting organoids resemble embryonic rather than adult tissues23,25,32. 57 
In contrast, ASC-derived organoids do not recapitulate developmental steps; rather, the regenerative 58 
capacity of parent tissues is utilized by the dissociation of biopsies and the subsequent culture of derived 59 
cells in artificial extracellular matrices (ECMs). These include small intestinal33, colon34, lung35, 60 
mammary36 and salivary gland37, and pancreatic38 organoids and others. Consistently, the growth 61 
conditions for ASC-derived organoids typically include factors that control tissue repair or homeostasis, 62 
and the resulting structures are more mature than PSC-derived organoids22. However, the composition 63 
of culture media with respect to added growth factors and compounds often favors proliferation and 64 
culture expansion over cellular differentiation, which often limits the phenotypic heterogeneity that can 65 
be achieved. ASC-derived organoid systems usually mimic tissues that either have a high cell turnover 66 
rate or are capable of regeneration, such as the small intestine, stomach, and lung. 67 
 68 
Organoid model systems in chemical screening 69 
Whereas target-based HTS assays can use simple readouts39 and minimalistic model systems40 because 70 
of their focus on perturbing target activity, phenotype-driven approaches require complex model 71 
systems with high disease or tissue relevance. Increasing the depth of compound profiling with 72 
phenotypic resolution thus goes hand-in-hand with increasing the physiological relevance of the 73 
screened system. Organoids are ideal candidates because they provide self-contained organotypic 74 
structures that mimic the cell type composition and function of parent tissues with the major advantage 75 
that they are amenable to use in large screening assays41. In particular, organoids are accessible for 76 
imaging and standard liquid handling automation, meaning they can be used for standardized and well-77 
established automated chemical screening pipelines. Thus, progressing from using isolated cells 78 
cultured in a monolayer to organoid structures in screening experiments is the next logical step. 79 
Combining organoids with small-molecule treatment offers several major advantages. First, organoids 80 
recapitulate individual steps of organ formation and disease onset, thus allowing the study of distinct 81 
developmental and disease stages. Second, small-molecule compounds can be added and removed from 82 
the culture medium at any given time, thus allowing targeted perturbation in a time-controlled fashion. 83 
In combination with a quantitative, data-driven and unbiased analysis approach, chemical screening in 84 
organoids offers unprecedented insight into biological processes, delivering a wealth of data that can, 85 
nevertheless, be challenging to extract and analyze. 86 
 87 
PILLARS OF CHEMICAL SCREENING IN ORGANOIDS 88 
Experimental question and system 89 
For any biological assay, the first step lies in defining the process or target of interest. For a phenotypic 90 
screen, the model system should have the highest relevance to the tissue or disease of interest and yet 91 
be practical for the planned assay. For instance, when screening for compounds that affect a process 92 
specific to a given tissue, one should strive for a system that recapitulates its cell type composition and 93 
morphology but also enables assay miniaturization and upscaling. A study employing this approach 94 
resulted in the identification of therapeutics preventing ZIKA virus infection by using stem cell-derived 95 
brain organoids42. Assessing the drug response of a specific genotype is, on the other hand, best 96 



approached by screening patient-derived organoids with the goal of mapping patient-specific responses 97 
to available standard-of-care drugs. Of note, a thorough understanding of a process may result in a 98 
nontrivial choice of model system, which nevertheless is best suited for the question at hand. In a study 99 
pivotal for the organoid field, intestinal organoids were used to establish a diagnostic assay to predict 100 
the patient-specific response to standard-of-care drugs for treating pulmonary cystic fibrosis43. 101 
Phenotypes can be analyzed at the organoid level to answer broader biological questions: multivariate 102 
phenotypes of 400 000 intestinal organoids were recently used to systematically map functional 103 
interactions during organoid development and identify key players in intestinal regeneration41. 104 
As discussed above, higher biological relevance can ultimately deliver novel biological insight and 105 
translate to better quality leads for the drug discovery pipeline, yet the assay has to be feasible in terms 106 
of cost and technology. In the next sections, we will focus on the underlying concepts and enabling 107 
technologies employed in organoid system screening. 108 
 109 
Assay development 110 
After defining the biological question and identifying a suitable organoid system, one needs to design 111 
an experimental assay, which often involves multiple rounds of protocol optimization. Furthermore, 112 
this process demands fundamental knowledge of the biology and culture conditions of the chosen model 113 
system to decide on the screening setup. In the following section, we outline considerations in planning 114 
the experimental setup (Figure 1) and give recommendations for individual steps of assay development, 115 
imaging, and data analysis (summarized in Figure 2). 116 
 117 
Marker selection 118 
Selecting informative markers is a crucial step of assay design and strongly influences how a screen can 119 
be interpreted. Traditionally, dyes that stain the DNA content, including DAPI and Hoechst, are used 120 
to identify cell nuclei. Staining of a cell’s protein content (e.g., CellTrace), cytoskeleton (e.g., 121 
phalloidin) or membrane (e.g., CellMask) can be included to aid cell segmentation. Additional markers 122 
largely depend on the scientific question and may include markers of cell type, subcellular structures or 123 
cellular processes, and identification of these markers is achieved either by immunofluorescent staining 124 
or by fluorescent tagging of the protein of interest. Importantly, one needs to verify both the correct 125 
labeling (antibody specificity in the case of staining; target protein functionality and stability and timely 126 
fluorescent protein activity in the case of tagging) of the marker and smooth performance of the labeling 127 
procedure in the case of immunofluorescent staining prior to conducting the screen. Another factor to 128 
consider is the cost of the resulting assay: whereas fluorescent reporters do not carry additional cost, 129 
they might lack signal strength, reducing the assay sensitivity. Antibodies, on the other hand, often offer 130 
superior signal and improved flexibility for combining wavelengths but increase the cost massively, 131 
especially for larger screens. 132 
 133 
Small to large scale 134 
The scale of a screen crucially influences several steps down the line of assay development and thus 135 
needs to be considered thoroughly. Genome-wide or large-scale screens offer the advantage of broad 136 
coverage and require less prior knowledge of the biological system. However, they also present a major 137 
cost factor due to increased system-specific culturing (specialized media, extracellular matrix 138 
components and culture plates needed for organoid culture) and readout (increased use of 139 
immunofluorescence reagents and imaging time) requirements. Furthermore, the larger the scale is, the 140 
greater are the requirements for specialized equipment for handling large number of plates, time for 141 
sample preparation, imaging and data storage space. If a specific and defined question needs to be 142 
addressed, one may consider the advantages of a small-scale approach. A defined library targeting genes 143 
expressed at a certain developmental stage, in a specific organ, in a disease of interest or belonging to 144 



a relevant group of signaling pathways might be sufficient to shed light on the biological process while 145 
reducing costs and workload. 146 
 147 
Treatment time frame and screen endpoint 148 
The decision on when and for how long to apply screened conditions and at what point to read out 149 
results depends largely on the scientific question and the prior knowledge of the biological system. 150 
Especially for PSC-derived organoids, which follow the development of the organ from an early stage, 151 
treatment at an early progenitor stage compared to a more mature stage elicits drastically different 152 
responses. Moreover, ASC-derived organoids usually undergo different phases recapitulating 153 
regenerative and homeostatic conditions. Additionally, the treatment duration needs to be considered 154 
carefully. Treatment throughout the formation of the organoid allows assessment of the influence of the 155 
perturbation on its complete development or the onset of a disease phenotype. However, additional 156 
validation experiments are usually necessary to understand which specific step is affected. To study a 157 
particular event during organoid formation, such as the emergence of a cell type or morphogenetic 158 
change, perturbation should be applied around the time when this event occurs. 159 
Finally, if the screen is not read out continuously with time-lapse imaging44, an endpoint needs to be 160 
determined. Screens can be terminated when the organoid reaches a mature state, yet this also goes hand 161 
in hand with increased costs and might not be necessary when an intermediate step is to be studied. 162 
 163 
Controls, plate arrangement and replicates 164 
For every scientific experiment, measures need to be taken to ensure the quality and statistical relevance 165 
of the screen, particularly when considering a larger scale. Controls must always be included in the 166 
assay, ideally in every plate, for quality control and the determination of the phenotypic feature space. 167 
These should preferably include both passive and active controls, whereby passive controls, which 168 
include no active substance (for instance, treatment with the vehicle alone), are used to assess 169 
reproducibility and to normalize the data, compensating for potential batch effects. Furthermore, one 170 
needs to determine a priori if and how the passive control might affect organoid formation and growth. 171 
Active controls, on the other hand, elicit a desired phenotype and are used to assess the validity of the 172 
screen and serve as comparison to identified hits, but they are not always readily available. 173 
The number of passive control wells to include depends largely on the downstream statistical analysis: 174 
if normalizing results to passive controls alone (when a phenotypic effect is expected from most 175 
treatment conditions), more replicates of the control condition, usually approximately 10%, need to be 176 
included than if the whole plate will be used for normalization (when a phenotypic effect is expected 177 
from only a small number of treatment conditions). In general, as many control wells as possible and 178 
practical should be included to facilitate downstream analysis. 179 
When using multiwell plates, plate arrangement of the controls is crucial to avoid the introduction of 180 
bias45. Experiments in multiwell plates are susceptible to plate effects46 that cause different behaviors 181 
in organoids in the edge wells due to faster evaporation of the medium. If a potential plate effect cannot 182 
be excluded, edge wells may be avoided. Controls should be distributed across the plate in a randomized 183 
order to detect and normalize artifacts such as edge effects, liquid dispensation differences or thermal 184 
gradients47. 185 
Replicates are used to rule out false positives and false negatives and to determine the variability within 186 
a perturbation. They can range from individual organoids within a well to replicate wells within the 187 
same screening run or independent screening runs or can stem from parallel screening of different cell 188 
lines, mouse or patient origins. Ideally, a screen has two or more independent replicates (two screens 189 
conducted after each other or with different material) and several dependent replicates (organoids 190 
treated with the same compound within a run). However, the number of the latter depends strongly on 191 
how easily organoids can be obtained and might range from ten to several hundred. The statistical 192 



benefit of a larger number of replicates needs to be balanced against increased costs and workload and 193 
depends largely on the phenotypic consistency of the organoid system, which can be determined using 194 
positive controls. 195 
 196 
Culture system setup 197 
HTS and HCS employ automated culture, sample preparation and readout to deal with the large number 198 
of samples. Most original organoid protocols, however, are manual and do not employ multiwell plates. 199 
Protocol adaptation and automation include simple transfer into the automation system48, upscaling41,49, 200 
transfer of already formed organoids into the screening plates45, or changes to the protocol that allow 201 
simpler automation50. The use of automation systems brings additional benefits, such as reduction of 202 
human bias and, thus, improved reproducibility and consistency of organoid cultures. It should, 203 
however, be assessed whether changes in the culture and assay format alter the organoid behavior. 204 
 205 
Optimization and pilot screen 206 
For the success of a screen, optimization and preparation are key. Each step – from organoid culture51 207 
to perturbation administration, sample preparation, and, ultimately, screen readout – needs to be 208 
thoroughly tested. It is advisable to perform either a small pilot screen or a dry run, such as performing 209 
all steps with water and a small number of plates. This allows to test for an error-free process and creates 210 
a test dataset that can be used to set up the analysis pipeline. 211 
 212 
Data acquisition 213 
The power of screening assays lies in systematic comparison of numerous conditions, minimizing 214 
experimental and technical variance. High-content imaging offers an unmatched combination of 215 
throughput and information density: organoids cultured in thousands of arrayed conditions41 can be 216 
imaged at high resolution to extract single-cell features52, describing observed phenotypes in depth. 217 
To date, a variety of organoid systems have been studied with HCS to extract different kinds of 218 
information, relying mostly on immunofluorescence or reporter expression at the terminal time 219 
point41,42,49,53. For practical reasons, however, the number of readouts is often limited, and one of the 220 
crucial limiting factors is imaging. Most imaging systems offer up to five independent fluorophores per 221 
acquisition, effectively setting a cap on the number of readouts. Multiplexed imaging offers a cost-222 
efficient solution to increase the information density by repeated imaging of the same sample probed 223 
for different readouts. One of the methods best fitted for this application is antibody elution: state-of-224 
the-art protocols offer means to image up to forty antibody-bound epitopes54 in the same sample using 225 
common imaging devices and fluorophores. The benefits of multiplexed imaging for organoid systems 226 
include not only more thorough phenotypic profiling but also improved cost efficiency, as additional 227 
information can be extracted from the same sample. Another method making use of multiparametric 228 
profiling and multivariate phenotypes is cell painting55, a profiling assay describing every single cell 229 
with eight subcellular components. For poorly defined targets, this could be the only option: hits from 230 
such a screen would include conditions where for instance, a wild-type phenotype is restored in an 231 
organoid disease model. While the original protocol56 uses generic cell features such as cell morphology 232 
and nuclear and organelle structure, for organoids, this could be integrated with or replaced by cell type 233 
composition. 234 
 235 
As described above, imaging can deliver a comprehensive description of the phenotypes observed under 236 
the screened conditions. However, to obtain high-quality imaging data, one needs to consider the 237 
challenges presented by 3D model systems. The most appropriate imaging method for organoids is 238 
confocal microscopy, as it allows optical sectioning of the sample. For a screen consisting of several 239 
multiwell plates, however, confocal microscopy can result in extremely large amounts of imaging data: 240 



imaging just a single well in a 384-well plate with ten confocal planes and four readouts at high 241 
magnification can result in up to 3000 images, making data collection, storage and processing 242 
challenging. This can be circumvented by selecting acquisition regions with iterative imaging: the 243 
sample is first scanned at low resolution to identify the positions of organoids, which are then reimaged 244 
at the desired higher magnification. This approach can increase the imaging throughput manifold while 245 
simultaneously reducing the amount of imaging data produced without any fidelity loss41. 246 
An important factor influencing the confocal imaging setup is the resolution in the third dimension, 247 
the z-step: it requires an initial decision on whether the images produced will be used to reconstruct the 248 
organoid in 3D. For medium- and high-throughput assays, this approach would likely be impractical 249 
due to the imaging time per sample and amount of data generated per condition. An alternative solution 250 
is to subsample the third dimension of the organoid, setting the z-step to approximate cell size to ensure 251 
that all cells comprising the organoids are sampled. A further step in simplifying the readout and 252 
reducing the data amount is the generation of intensity projections, effectively reducing every 3D 253 
organoid to a 2D projected image that still contains the information necessary for phenotypic profiling. 254 
Another challenge related to the third dimension is the sheer size of organoids: they can consist of 255 
thousands of individual cells spanning several hundreds of microns. To ensure imaging quality in the 256 
upper z-planes, it is often necessary to use sample clearing and/or refractive index matching, which 257 
increase the penetration depth and ultimately facilitate imaging of the entire organoid52,57. 258 
Producing a high number of images places a strain on the computation infrastructure and requires a 259 
well-planned data lifecycle: before starting an image-based screen, one should try to estimate the storage 260 
space required for the dataset, ideally using a pilot assay with an equivalent sample. Furthermore, once 261 
acquired, images need to be transferred to storage that are accessible by the servers running the image 262 
analysis software. 263 
 264 
Object segmentation 265 
Image segmentation is the foundation of quantitative image analysis, converting intensity images into 266 
labeled maps used for downstream feature extraction. As simple as the task might sound, it can become 267 
increasingly difficult for 3D systems due to a plethora of technical and biological factors. In the last 268 
decade, 2D single-cell segmentation has become a widespread and almost trivial task, aided by an 269 
arsenal of automated algorithms. Most commonly used methods of foreground-background 270 
thresholding, however, perform poorly on organoid datasets due to signal inhomogeneity in the third 271 
dimension. Whereas the correction of illumination in 2D images is widespread and well established, 272 
compensating for signal decay in 3D is far less trivial: light scattering occurring due to deeper 273 
penetration into the sample can be highly nonlinear. This problem can be addressed experimentally, as 274 
discussed above, but nonetheless often requires adapting segmentation algorithms. Deep convolutional 275 
neural networks (DCNNs) offer an efficient and robust solution to this problem. The DCNN workflow 276 
requires a curated ground truth dataset used for training the artificial neural network to recognize desired 277 
objects, such as nuclei, in images of varying quality58,59. Given the unreliable results of threshold-based 278 
segmentation in organoid images, the overhead of creating a training dataset is overshadowed by the 279 
performance of neural networks. Another field of application for deep learning methods is image 280 
interpolation: as discussed above, generating isotropic images for a high number of organoids is not 281 
technically feasible but can be achieved by DCNN-assisted image interpolation. Algorithms such as 282 
CARE60 allow interpolating planes in subsampled 3D datasets, paving the way for single-cell-level 283 
organoid screens at a large scale. 284 
 285 
Enhancing the depth of phenotypic profiling 286 
A non-image-based method that delivers a wealth of information at single-cell resolution is single-cell 287 
RNA sequencing. It is, however, technically and financially infeasible to profile thousands of array 288 



conditions. Furthermore, despite providing a comprehensive picture of gene expression, single-cell 289 
sequencing does not deliver information on individual organoid phenotypes and lacks the organoid 290 
context of the sequenced cells. Recent protocols try to fill this gap: single organoids can be first imaged 291 
to extract phenotypes and then sequenced to profile gene expression changes61,62. Similarly, in situ 292 
sequencing approaches can be used in organoids, enabling the transcriptomic profiling of intact 293 
organoid structures63. While still in its infancy, this methodology opens exciting new possibilities for 294 
organoid research. 295 
 296 
Feature extraction 297 
In multivariate image analysis, every object, such as a single cell or an organoid, is described with 298 
extracted features relating to either the morphology (e.g., size and shape) or the intensity of the 299 
measured channels. To quantitatively describe the observed phenotypes, one should select features with 300 
high information content and low technical variance. The first can be achieved by calculating the 301 
amount of information encoded by a given feature, whereas the latter can be done systematically by 302 
computing feature covariance matrices and eliminating highly redundant and noisy features11. An 303 
alternative approach to feature selection is the generation of meta-features, such as principal 304 
components (PC), allowing the unbiased selection and integration of most informative readouts. It 305 
should be noted that metafeatures have limitations; for instance, PCs are not able to encode nonlinear 306 
interactions. Furthermore, metafeatures often lack interpretability, as they do not represent a single, 307 
intuitively understandable parameter. Recent work also proposes the use of DCNNs for unbiased image 308 
parametrization, delegating feature selection to the neural network algorithm64. This can be achieved 309 
by training DCNNs on images coming from positive and negative controls, learning image-level 310 
features and using the resulting network for the detection of non-wild-type phenotypes65. Similarly, 311 
machine learning methods, particularly deep learning, can be applied to detect disease phenotypes in 312 
patient-derived organoids, as reviewed extensively in66,67. 313 
 314 
Cell- and organoid-level information 315 
A key difference between data from 2D cell assays and data from organoids is the levels of imaged 316 
object hierarchy: in the single-cell quantification of 2D cell assays, every cell is directly linked to the 317 
condition, i.e., the well, but the organization of organoid data is more complicated. In fact, organoid 318 
data feature an extra level of complexity: every cell can be assigned to a parent organoid, which in turn 319 
is assigned to the treatment condition68. The properties of individual cells composing the organoids give 320 
rise to emergent properties of the system, and cell-to-cell variability is a crucial driving factor for 321 
organoid development58. This reflects the complexity of the organoid system and requires a paradigm 322 
shift in addressing quantitative data at single-cell resolution. Depending on the question at hand and the 323 
number of organoids sampled per condition, single-cell data can either be used as-is or be converted to 324 
organoid-level descriptors, such as cell type composition. 325 
 326 
Data normalization 327 
In a screening assay, data points typically come from individual plates, making well plates the 328 
experimental units. As outlined above, every plate should contain a sufficient number of controls to 329 
allow per-plate normalization. A frequently used normalization strategy is z-scoring, normalizing the 330 
difference between the measured value and the mean of the reference condition by the standard 331 
deviation of the reference. Z-score normalization results in cross-comparable values that also reflect 332 
the strength of the effect and whether the feature is increased or decreased in the observed condition. 333 
Due to the nature of the method, the appropriate reference population is should always be identified. 334 
When normalizing to a control condition, an insufficient number of control replicates or high variance 335 
in a given feature would result in poor z-score values, masking the true extent of the phenotype. This is 336 



especially true for organoid models that contain several cell types and show a high degree of 337 
morphological variability. If normalization is performed to the mean of the entire plate, the majority of 338 
the objects should not exhibit a phenotype; similarly, there should be no bias in condition distribution 339 
between plates. For example, conditions resulting in reduced organoid size and viability should not be 340 
grouped on a single plate of a multiplate experiment. It should be noted that an entire arsenal of 341 
statistical tools is available for addressing cases where frequently used algorithms perform poorly46,69. 342 
Overall, normalization is crucial to enable cross-comparison of data points from individual batches of 343 
the assay, and the normalization strategy should be chosen according to the assay design and the data 344 
distributions obtained. 345 
 346 
Quantitative phenotype description 347 
Quality control is well defined for single-parameter HCS workflows through metrics such as z-prime46, 348 
which describes the dynamic range between positive and negative controls. For phenotypic screens, 349 
however, no universally applicable parameters exist. As phenotypes are often complex and described 350 
by differences in several readouts, clustering in multivariate feature space can be used to assign 351 
similarity classes. Depending on the a priori knowledge of the system, phenotypes can be classified 352 
either in a supervised or in an unsupervised, data-driven manner. For an assay with known phenotypic 353 
effects, for instance, rescue of the wild-type organoid phenotype, machine learning algorithms such as 354 
support vector machines or random forest classifiers can be used to distinguish between individual data 355 
points. Alternatively, phenotypic classification can be performed by unsupervised clustering of the 356 
entire dataset using software packages such as PhenoGraph70. Once classified, conditions can be ranked 357 
by the presence of phenotypes not observed in the controls and by depletion of the ‘wild-type’ 358 
phenotype. Due to the variability observed in organoid systems, however, control conditions can present 359 
pleiotropic phenotypes, meaning that no single control phenotype can be assigned. To address this, one 360 
can generate phenotypic signatures for every condition, describing the abundance of all detected 361 
phenotypic classes. In this approach, differences in phenotypic distributions describe every condition, 362 
making it straightforward to identify conditions that differ from the controls41. Furthermore, comparing 363 
phenotypic signatures between replicates of the same condition can be used to assess reproducibility. 364 
 365 
What can we learn? 366 
Since the first organoid system was established more than a decade ago71, a multitude of systems have 367 
followed and enabled scientific discoveries that otherwise would have been challenging or even 368 
unattainable. As scientists start to employ organoids in chemical screening, an even greater potential 369 
becomes accessible. 370 
Screening in organoids is dominated by disease- and drug discovery-driven research. Recently, 371 
however, it has also been leveraged by basic science to further our understanding of fundamental 372 
biological processes. A factorial screening approach of small molecules in embryoid bodies led to the 373 
formulation of an ideal culture medium composition for the robust derivation of several embryonic 374 
lineages in in vitro structures, facilitating the study of early embryonic development72. A similar 375 
approach was taken to improve and increase the throughput of kidney organoid culture, which was 376 
subsequently used to screen the drug response of organoids modeling a kidney disease51. A deep 377 
understanding of how organoids and their organs of origin develop can also directly benefit the 378 
identification of disease treatments: an inhibitor of the retinoic acid signaling pathway identified in a 379 
high-content screen of intestinal organoid development improved tissue regeneration after irradiation 380 
in mice, providing a lead for the treatment of tissue damage caused by radiation cancer therapy41. 381 
Undoubtedly, organoid screening provides immense potential for the drug development process, and 382 
the peak of this development will be when the first organoid-developed treatment receives approval. 383 
The possibility of generating organ-like structures from human cells not only reduces the amount of 384 



animal testing but also enables the modeling of human-specific diseases with cells originating from 385 
patients. Drug screens in organoids are currently used to identify potential leads, test their efficacy and 386 
assess their toxicity73,74. The advantages of using organoids instead of a single cell type grown in a 387 
monolayer lie in their diverse cell type composition, which unmasks potential side effects in cell types 388 
not specifically targeted by the drug, as well as in their 3D architecture, which recapitulates the correct 389 
drug uptake75. However, the greatest potential of organoids lies in their application in personalized 390 
medicine. The main challenge in finding a cure for malignancies such as cancer is their heterogeneities, 391 
meaning that tumors in the same organ in two patients do not necessarily share the same genetic 392 
mutations, and even cells within a single tumor differ in their genotype76. This makes treatment choice 393 
challenging and often results in relapse if not all tumor cells are eliminated by the treatment. Cancer 394 
organoids grown from a patient biopsy reflect the full scope of tumor diversity and are used to identify 395 
the most efficient drug or drug combination to treat a particular patient77-79. This significantly increases 396 
positive treatment outcomes and decreases potential adverse effects. 397 
In summary, although chemical screening in organoids is still in its infancy, it has already been 398 
leveraged for diverse use cases from basic to applied sciences, enabling profound scientific insight. 399 
 400 
OUTLOOK 401 
Organoids have opened vast possibilities to study biological processes in health and disease in an 402 
organotypic setting. By combining this potential with chemical screening, scientists have a powerful 403 
tool at hand to increase both the speed and reliability of scientific discoveries. Since organoids capture 404 
much of the complexity of tissues and organs, including structural and functional composition, but are 405 
still amenable to experimental interference, they are a suitable system to study development and 406 
homeostasis as well as the manifestation of diseases. Further developments in the organoid field, such 407 
as cocultures with immune cells or different tissue types, will surely improve the biological relevance 408 
of organoid models and bring them closer to their in vivo counterparts. Additional technical advances 409 
in culture conditions, liquid handling machinery and image analysis algorithms will allow us to increase 410 
the homogeneity and reproducibility of organoid protocols and screening approaches, enabling reliable 411 
and advanced conclusions from organoid chemical screening80,81. Furthermore, since they can be 412 
derived from iPSCs or ASCs of patient origin, organoids pave the way for precision and personalized 413 
medicine. The establishment of organoid biobanks facilitates the use of organoids in screening to better 414 
understand disease and for drug discovery, development, safety and efficacy82,83. Simultaneously, as 415 
both high-throughput organoid culture and high-content screening approaches also become more 416 
accessible to scientists in academia, the insights we can gain in basic research by these means will 417 
certainly increase. 418 
In summary, screening in organoids introduces a multitude of possibilities for translating scientific 419 
discoveries to patients’ quality of life. With the continuous improvement of organoid culture, a growing 420 
list of organoid models and technical advances in high-content screening, there is still more to come. 421 
  422 



FIGURES 423 
 424 

 425 
Figure 1. Overview of the screening process in organoids. A screen consists of experimental setup 426 
and performance and subsequently the analysis of the generated data. Both aspects include several steps 427 
with specific options or challenges. For a successful screen, these need to be evaluated and optimized 428 
in advance. Importantly, every decision in the assay setup, including organoid system, marker selection, 429 
type of controls, number of replicates and imaging resolution, needs to be reconciled with steps in the 430 
data analysis process, including data handling, object segmentation, feature extraction approach, data 431 
normalization and interpretation, and vice versa. Figures are adapted from41,52,58. 432 
  433 



 434 
 435 
Figure 2. Design of the assay and analysis pipeline. For any organoid system, the culture protocol 436 
must be miniaturized to 96-, 384- or 1536-well plate format and automated. At the same time, active 437 
controls that induce a measurable phenotype must be identified and incorporated into the screening 438 
library. The measurement relies on efficient yet high-quality imaging, for instance, employing iterative 439 
imaging approaches and generating images that are then used to extract cell- and organoid-level 440 
features. To make the data cross-comparable, plate normalization should be applied to minimize 441 
systematic variance between individual plates. The normalized features can then be used to cluster 442 
individual organoids by phenotypic similarity and profile screened conditions, assessing, for instance, 443 
the frequencies at which the identified phenotypes occur. Ultimately, multivariate analysis serves to 444 
select hits from the screen that can, in turn, be used to infer system-level properties, such as functional 445 
interactions. Figures are adapted from41,84.  446 
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Abstract 

Gastruloids are three-dimensional aggregates of embryonic stem cells that recapitulate 

symmetry breaking in vitro: polarised expression of Brachyury (Bra) results in the formation 

of an elongated structure containing derivatives of the three germ layers. Here we unravel 

the molecular mechanisms controlling symmetry breaking in gastruloids using an image-

based screen. By perturbing thousands of gastruloids with an annotated compound library 

at three developmental steps, we uncover a symmetry breaking event preceding Bra 

expression and determine pathways regulating primitive streak formation and elongation. 

We use quantitative imaging and genomic approaches to assess how spatial variability in 

Sox2 levels gives rise to Bra-negative and -positive cell populations upon Wnt activation. 

We show that this symmetry breaking event is regulated by FGF signalling and essential for 

gastruloid formation. Our findings reveal how aggregates of cells in uniform conditions self-

organise spatial domains that respond differently to signalling cues, resulting in symmetry 

breaking and pattern formation. 
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mainly responsible for experimental design and interpretation. Raphael Ortiz implemented 
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performed the analysis of the screen and the imaging time course and contributed to 

experiment interpretation. Giovanni Palla performed the analysis of scRNAseq data under the 

guidance of Prisca and me. I analysed all remaining experiments. Together with Prisca Liberali 

and Ilya Lukonin, I wrote the manuscript. 

  



Introduction 1 
 2 
Pluripotent stem cell-derived embryoids are in vitro structures that mimic embryo development during 3 
pre-implantation (Rivron et al., 2018; Yu et al., 2021), post-implantation (Shao et al., 2017; Sozen et 4 
al., 2018; Sozen et al., 2019; Warmflash et al., 2014; Zheng et al., 2019), or gastrulation (Moris et al., 5 
2020; van den Brink et al., 2014). The power of embryoids lies in the possibility to study including self-6 
organisation, pattern formation, and symmetry breaking in an isolated and experimentally accessible 7 
manner. 8 
Among embryoids, gastruloids have shown great potential not only in recapitulating processes of 9 
gastrulation like anterior-posterior (AP) axis formation and germ layer specification (Beccari et al., 10 
2018; Turner et al., 2017; Vianello and Lutolf, 2020) but can also be steered to initiate organogenesis 11 
(Rossi et al., 2020; van den Brink et al., 2020; Veenvliet et al., 2020). Gastruloids undergo symmetry 12 
breaking with the polarised expression of the primitive streak marker Brachyury (Bra) when pulsed 13 
with the Wnt agonist CHIR99021 (Chir) (van den Brink et al., 2014). Although it has been shown that 14 
Wnt, Nodal and BMP signalling regulate Bra expression and elongation (Turner et al., 2017), what 15 
precedes this symmetry breaking event and which molecular regulators are responsible for different 16 
steps in gastruloid formation remains poorly understood. 17 
Prior to gastrulation and lineage specification, the embryo transitions through different stages of 18 
developmental potency (Pelton et al., 2002; Smith, 2017) characterised by distinct transcriptional, 19 
epigenetic, and morphological identities (Cheng et al., 2019; Marks et al., 2012; Morgani et al., 2017). 20 
The state of a cell is crucial in determining its behavioural response to a signalling input prior and during 21 
gastrulation. An example is Wnt signalling which maintains pluripotency in mouse embryonic stem  22 
(ES) cells (Ying et al., 2008) and induces primitive streak formation (Mohamed et al., 2004) later on in 23 
development. Similarly, FGF-mediated MAPK/ERK signalling first needs to be repressed in the 24 
blastocyst’s epiblast cells (Ying et al., 2008) to prevent primitive endoderm differentiation (Kang et al., 25 
2013; Morris et al., 2013; Pokrass et al., 2020; Simon et al., 2020), however, it is then required in the 26 
former for differentiation into the post-implantation epiblast state (Brons et al., 2007; Kunath et al., 27 
2007; Stavridis et al., 2007; Tesar et al., 2007). 28 
Each cell in a gastruloid may exist in a slightly different state, rendering its response to the uniform 29 
Chir pulse heterogenous (Cannon et al., 2015). This cellular variability might make distinct 30 
differentiation outcomes and symmetry breaking in gastruloids possible. If and how exactly the 31 
transition through different cell states is recapitulated in gastruloids and how it affects their development 32 
has not been investigated yet. 33 
Here, we developed an image-based phenotypic screen to map molecular determinants of gastruloid 34 
formation and symmetry breaking events. We identified several signalling pathways that show distinct 35 
roles in different stages of gastruloid development. Through a combination of imaging trajectory 36 
inference and single cell RNA sequencing, we identified the establishment of a Sox2 high core and a 37 
Sox2 low peripheral cell population prior to Bra expression onset that cause opposing behaviours during 38 
pulsed Wnt activation. While outside cells undergo differentiation, the inside cells reacquire pluripotent 39 
gene expression. Finally, we show that the formation of two distinct populations is required for 40 
successful gastruloid formation and.  41 



Results 42 
 43 
Phenotypic profiling of gastruloid development 44 
To decipher the regulation of gastruloid development, we designed an image-based chemical screen 45 
and established an automated, high-throughput culture and staining procedure. Using mESCs grown in 46 
serum supplemented with Lif and 2i (S/L/2i) (Beccari et al., 2018), we increased gastruloid formation 47 
efficiency and reproducibility from 70% achieved with the standard protocol (van den Brink et al., 48 
2014) to 100% with our approach (Figure S1A). Our screening compound library consisted of 84 49 
compounds (Table 1, Figure S1B), selected from a pre-screening of 200 small molecules to shortlist 50 
conditions that significantly perturbed gastruloid morphology (Figure S1C). The library was annotated 51 
with 68 unique primary targets covering developmentally relevant signalling pathways, cell adhesion, 52 
cell cycle, and other target classes (Figure S1B). Compound treatment was performed in three separate 53 
regimens: from 32-72 h (thereafter termed “before Wnt activation”), from 48-72 h (“during Wnt 54 
activation”), or from 72-96 h (“during elongation”). In all treatment regimens, gastruloids were fixed at 55 
120 h and stained for markers of primitive streak (Bra) (Herrmann, 1991), neuroectoderm (Sox1) 56 
(Pevny et al., 1998), epiblast or endoderm (E-cadherin (E-cad)) (Vianello and Lutolf, 2020), and DNA 57 
(4′,6-diamidino-2-phenylindole (DAPI)). 40 gastruloids per condition and regimen were then imaged 58 
with a high-throughput spinning disk confocal microscope, segmented, quality controlled (Figure S2A), 59 
and used to generate a multivariate feature set profiling ~ 9,000 gastruloids. Feature extraction was 60 
performed both at the whole gastruloid level as well as from 100 segments resulting from “virtual 61 
slicing” of each gastruloid along the AP axis. Whereas features at the whole gastruloid level described 62 
changes in morphology and levels of marker expression, segment analysis was used to quantitatively 63 
describe variations in marker patterning (Figure 1A).  64 
To group gastruloids by phenotypic similarity in an unbiased manner, we performed unsupervised 65 
clustering (Levine et al., 2015) on each of the two feature sets (whole gastruloid and segments) 66 
independently (Figure 1A, Figure S2B-D). Each gastruloid was thus unambiguously described with a 67 
whole gastruloid phenotype and a pattern class. At the whole gastruloid level we observed nine 68 
phenotypes ranging over four major groups (Figure 1B): wildtype-similar (classes 1-2) to which the 69 
absolute majority of DMSO-treated gastruloids were assigned; Sox1-enriched (classes 3-5) with 70 
increased or exclusive expression of the neuroectoderm marker, indicating failure to produce primitive 71 
streak-derived cell lineages; E-cad-enriched, exhibiting increased expression of the epithelial marker 72 
either together with Sox1 (class 6) or Bra (class 7) expression; and Bra-enriched (class 8-9) with 73 
increased or exclusive expression of the primitive streak marker, indicating a blockage of neural 74 
differentiation. 75 
At the segment level, we detected 10 pattern classes, among them classes observed in control conditions 76 
(classes I-IV, “wildtype” classes) and those that occurred mostly or exclusively under perturbation 77 
(classes VI-X, “perturbed” classes) (Figure 1C, S2E). The latter included gastruloids with increased 78 
polarised expression of Bra (class VII) or Sox1 (class VIII and IX), localisation of Bra to the centre 79 
(class VI) or expression of the two markers on opposing poles (class X).  80 



 81 
Figure 1. Phenotypic screen of symmetry breaking in gastruloids 82 
(A) Scheme of the experimental outline, image processing, and analysis of the gastruloid screen. 83 
(B) Top panel: representative images of the 9 whole gastruloid phenotypes. Bottom left panel: UMAP plot colour-coded by 84 

whole gastruloid class. Data points are individual gastruloids, n=8740. Small UMAP plot shows DMSO-treated 85 
gastruloids separately. Heatmap, mean values of indicated features for each class, z-score normalization. Bottom right 86 
panel: UMAP colour-coded by indicated features. 87 

(C) Top panel: scheme of 100 segments and distribution of pattern classes observed in wildtype and perturbed conditions 88 
only. Middle panel: UMAP plot colour-coded by pattern classes. Left, DMSO-treated gastruloids only, right, all other 89 
conditions. Pie charts display abundance of each class in the respective subset. Bottom panel: representative images of 90 
selected pattern classes and distribution of indicated stainings from anterior (left) to posterior (right). 91 

Images are maximum intensity projections (MIPs) of confocal z-stacks, showing nuclear staining (DAPI) and antibody 92 
stainings for Sox1, Bra, and E-cad. Scale bars, 100 µm. A, anterior; Bra, Brachyury; E-cad, E-cadherin; Int, Intensity; P, 93 
posterior; UMAP, uniform manifold approximation and projection. 94 
See also Figures S1 and S2. 95 
 96 
Temporal differences of gastruloid perturbation 97 
We next assessed the phenotypic effect of each perturbation at the three time points. Although all whole 98 
gastruloid phenotypes were detected in all three regimens, their distribution differed significantly 99 
(Figure 2A-C). To systematically address the regimen-dependent shifts in phenotypic composition, we 100 
first grouped compounds by the functional annotations of their targets and assessed the most frequently 101 
observed phenotype for all annotation terms (Figure 2D-F). We observed pronounced regimen-102 
dependent phenotypic shifts for multiple pathways: perturbing MAPK, TGFb or VEGF signalling 103 
before Wnt activation resulted in the E-cad/Sox1-enriched phenotype (class 6), however, when applied 104 
during the Wnt activation or elongation, the same conditions resulted in Sox1-enriched gastruloids 105 
(classes 3-5). Similarly, perturbing targets annotated with calcium, NF-kB, or PPAR signalling resulted 106 
in formation of elongated gastruloids with increased Bra expression (class 8) only in treatment before 107 
Wnt activation and a wildtype phenotype in later treatment regimens. Furthermore, the prominent 108 
phenotype of treatment before Wnt activation was that of increased Bra expression (class 8), indicating 109 
a delay in Bra induction (Turner et al., 2017). Gastruloids that failed to elongate and exhibited increased 110 
Bra expression (class 9) were rare, mainly occurred before and during Wnt activation, and resulted from 111 



inhibition of Wnt signalling or cell adhesion. Their more severe phenotype compared to class 8 might 112 
suggest that their development is not simple delayed but defective. Interestingly, perturbation after Wnt 113 
activation often resulted in elongated gastruloids with Bra and increased Sox1 expression (class 3). This 114 
suggests that treatment during elongation supports the differentiation into neural, potentially anterior, 115 
alongside posterior structures and thus the generation of gastruloids with improved cell type balance 116 
(Beccari et al., 2018). 117 
 118 

 119 
Figure 2. Differences in phenotypic landscape between treatment regimens 120 
(A-C) UMAP plot colour-coded by whole gastruloid class for gastruloids from indicated treatment regimens ((A) 32-72 h, (B) 121 

48-72 h, (C) 72-96h). 122 
(D-F) Networks of functional interactions of all annotated terms colour-coded by most frequent whole gastruloid class for 123 

each annotation term in indicated treatment regimen ((D) 32-72 h, (E) 48-72 h, (F) 72-96h). Node name, annotation 124 
term. Node label, modality: a, activator, i, inhibitor. Node colour, most frequent whole gastruloid phenotype. Edges, 125 
term-term interaction. 126 

 127 
Having observed regimen-dependent and pathway-specific changes in phenotypic effect, we proceeded 128 
to characterise these in more depth generating a combined phenotypic space for each condition in the 129 
screen. Resulting phenotypic signatures encompassed the abundance of every phenotype (both whole 130 
gastruloid- and segment-level) across all three treatment time frames (Figure S3A). We used these to 131 
cluster conditions with similar phenotypic effects while retaining the temporal dynamics. Unsupervised 132 
clustering of conditions revealed 5 compound-level similarity clusters (Figure 3A, Figure S3B, S3C). 133 
Out of 84 screened compounds, 38 conditions showed a reproducible phenotype that was significantly 134 
different to DMSO controls (Figure S3B). Selected compounds belonged to all five similarity clusters 135 
with regimen-dependent changes observed for both whole gastruloid and pattern phenotypes (Figure 136 
3B). Within the compound similarity clusters we observed enrichments of co-annotated targets and 137 
known interactions from the STRING database (Figure 3B). The most phenotypically distinct cluster 138 
(cluster C) (Figure 3A, S3B, S3C) contained the highest fraction of hits, mostly targeting MAPK, TGFb, 139 



and VEGF signalling pathways. For cluster C we observed the E-cad/Sox1-enriched phenotype (class 140 
6) before Wnt activation and Sox1-enriched (class 3-5) phenotypes in the later treatment regimens. 141 
Especially when targeting MAPK or VEGF signalling, class 6 was observed for early and class 4 for 142 
later treatments. Both class 4 and 6 gastruloids feature opposing Sox1-positive or E-cad-positive poles, 143 
with the former class containing smaller gastruloids with decreased population of Sox1 positive cells 144 
and a E-cad pattern resembling that of earlier gastruloids (Vianello and Lutolf, 2020). Therefore, we 145 
hypothesised that class 6 represented gastruloids with a differentiation defect, meaning that treatment 146 
before Wnt activation impaired gastruloid development to a greater extent than in later regimens. This 147 
notion was also supported by perturbations resulting in gastruloid death only at this time point (grey 148 
nodes, Figure 3B). 149 
Taken together, we observed that perturbations of numerous signalling pathways have distinct 150 
phenotypic outcomes depending on the timing of treatment with relation to Wnt activation. Treatment 151 
with inhibitors of MAPK and VEGF signalling prior to the Wnt pulse renders gastruloids unable to 152 
differentiate properly, manifested in the absence of primitive streak-derived lineages and the small 153 
population of neuroectodermal cells. This in turn means that a crucial event that enables gastruloids to 154 
obtain primitive streak identity in response to Wnt activation takes place around 32 h and relies on 155 
MAPK and VEGF signalling activity. 156 
 157 

 158 
Figure 3. Combined phenotypic space of the gastruloid screen 159 
(A) Left: schematic depiction of the combined phenotypic space (see Figure S3A). Middle: UMAP plots colour-coded by 160 

most frequent whole gastruloid phenotype in indicated treatment regimen. Marker type indicates compounds selected as 161 
hits in indicated regimens. Right: UMAP plot colour-coded by compound-level similarity clusters, DMSO condition 162 
depicted separately. In UMAP plots, data points are individual compounds, n=85. 163 

(B) Top: dot plots colour-coded by most frequent whole gastruloid and pattern phenotype for indicated targets of the 38 hit 164 
compounds. Compound names shown for targets with multiple compound coverage. Middle: heatmap depicting 165 
correlation of phenotypic signature to that of DMSO condition. Bottom: networks of functional interactions reported by 166 
STRING database for members of similarity clusters. Nodes, targets of compounds. Node labels, outline, and size: see 167 
legend. Right hand side: pie charts depicting abundance of selected hits in similarity clusters. 168 

See also Figure S3. 169 
 170 
 171 



Initial symmetry breaking event occurs before Wnt activation 172 
To understand what caused the different response to perturbation over time, we required a more detailed 173 
understanding of the first days of gastruloid formation. Therefore, we profiled gastruloid formation at 174 
high temporal resolution (12 h) from 24 to 96 h. Gastruloids were stained for Bra, the standard marker 175 
to monitor primitive streak induction and symmetry breaking in gastruloids (Turner et al., 2017; van 176 
den Brink et al., 2014), and Sox2, a marker for epiblast throughout development (Avilion et al., 2002) 177 
(Figure 4A). Contrary to gastruloids generated from ESCs grown in S/L (Anlas et al., 2021; Turner et 178 
al., 2017), we only observed Bra expression after Wnt activation at 60 h. At first, Bra expression 179 
displayed a salt-and-pepper yet polarised pattern (Figure S4A), as reported before (Turner et al., 2017), 180 
and polarisation increased by 72 h with a persistent population of Bra-negative cells that in turn stained 181 
positive for Sox2. Initially uniform Sox2 expression started to exhibit a heterogenous pattern at 36 h, 182 
forming a gradient of higher to lower expression from the centre to the periphery. Only Sox2-low cells 183 
exhibited Bra expression upon Wnt activation, generating a concentric spatial pattern reminiscent of 184 
human two-dimensional (2D) gastruloids (Warmflash et al., 2014).  185 
To gain a better understanding of how this pattern was formed and which events precede and accompany 186 
Sox2 variability, we profiled gastruloid formation using 22 antibody-based readouts describing cell 187 
identities and signalling state in the same time frame (Figure 4B, Table 2). Due to differences in 188 
temporal progression between individual gastruloids, a population of gastruloids sampled at a particular 189 
time point can represent a mixed population, more so in later time points (Figure 4B, 4C, S4B). To 190 
overcome this, we generated a pseudotime-based trajectory (Setty et al., 2019) of gastruloid 191 
development solely based on imaging data, deconvolving the mixed populations and aligning individual 192 
gastruloids according to their developmental states (Figure 4D). Resulting iteratively constructed 193 
average pseudotime (Figure S4C, S4D) was based on a common set of features (morphological 194 
descriptors, DAPI, and Sox2 staining) of 2862 gastruloids and was characterised by steady changes in 195 
gastruloid morphology (Figure 4E). 196 
 197 

 198 
Figure 4. Pseudotime ordering and molecular progression inference 199 
(A) Representative images of gastruloids at indicated time points. Images are middle z-plane of a confocal z-stack, showing 200 

nuclear staining (DAPI) and antibody stainings for Bra (top) and Sox2 (bottom). Scale bars, 100 µm 201 
(B) Scheme of pseudotime ordering, trajectory inference, and molecular progression of selected markers over inferred 202 

pseudotime. 203 
(C) Kernel density estimation plots of selected features in gastruloids at indicated time points. 204 



(E) UMAP plots of n=2862 individual gastruloids colour-coded by time point (left), or inferred pseudotime (top right). Middle 205 
plot: waypoints used for pseudotime construction, shown for an individual iteration. Bottom right: kernel density 206 
estimation plots of gastruloids at indicated time points over the averaged pseudotime. 207 

(D) Top: UMAP plots colour-coded by indicated features. Bottom: line plots of feature values along the pseudotime, opaque 208 
intervals show standard deviation, rug plots show corresponding time point. Z-score normalisation, n=2862 individual 209 
gastruloids. 210 

See also Figure S4. 211 
 212 
Furthermore, we used the generated pseudotime to describe the molecular progression of gastruloid 213 
development, assessing the dynamics of the 22 selected markers at the whole gastruloid and segment 214 
level (Figure 5A, S4E, S4F). Segment analysis showed robust formation of AP axis evidenced by 215 
progressive anterior and posterior localisation of Sox2 and Bra signal, respectively, in agreement with 216 
gastruloid patterning (Figure 5A). However, the anterior expression of Sox2 did not correspond to 217 
rostral neural identity since Sox1 localised to the posterior end (Figure S4F). We then proceeded to 218 
generate quantitative, time-resolved 2D maps of gastruloid development (Figure 5A, S4E-G). We 219 
observed the N-cadherin expression front at the posterior tip, while E-cadherin remained largely 220 
uniform, suggesting incomplete epithelial-to-mesenchymal transition (EMT) at 96 h. As expected, Cdx2 221 
marked the posterior side of the gastruloid. Eomes localised short of the anterior pole, potentially 222 
marking the site of mesoderm formation. Next, we assessed pathways implicated in mesoderm 223 
development: Wnt signalling (marked by ß-catenin) moved posteriorly over time, whereas Notch 224 
(marked by Hes1) and Nodal pathway activity (marked by ALK4, Nodal, and pSmad2) co-localised 225 
with Eomes (Figure 5B, S4F). Interestingly, while total levels of Erk1/2, downstream targets of MAPK 226 
signalling, exhibited a slight bias for anterior expression, their phosphorylated and active forms co-227 
localised with the mesodermal markers Bra and Cdx2, explaining the mesoderm deficiency upon 228 
MAPK inhibition in the screen (Figure 5A, 5B). Fibronectin (Fn1), an extracellular matrix component 229 
recently implicated in pluripotency maintenance (Hunt et al., 2012; Hur et al., 2020), showed 230 
remarkable and pronounced localisation to the anterior end and increased expression levels during the 231 
elongation phase of gastruloid development (Figure 5C). We also assessed the marker distribution 232 
between the inner (core) and outer (periphery) cells of the gastruloid by subdividing the middle plane 233 
of each object into two equally sized concentric regions and using the ratio of measured intensity 234 
between the two regions (in/out ratio) as readout (Figure 5C, S4G). While posterior markers like Bra 235 
and Cdx2 were restricted to the periphery (Figure S4G), Fibronectin showed a continuous bias to the 236 
Sox2 positive cells in the core (Figure 5C). Importantly, the accumulation of extracellular Fibronectin 237 
(Figure S4H) is established at 24 h and thus precedes Sox2 variability (Figure 5C), indicating that 238 
Fibronectin creates a niche for maintenance of high Sox2 expression and thus enables core formation. 239 
Taken together, we showed that gastruloids exhibit spatial Sox2 expression heterogeneity prior to Wnt 240 
activation, that Fibronectin accumulation precedes core formation and co-localises with core cells later, 241 
and that Sox2-high cells respond differently to Wnt activation. Interference with this mechanism might 242 
explain the differences in phenotypic response observed for early and late treatment regimens in the 243 
screen. Furthermore, we showed the progressive posterior localisation of expression fronts of several 244 
transcription factors and signalling pathway components over time. Perturbation during elongation thus 245 
leads to absence or reduction of mesodermal fates, explaining the Sox1 phenotypes observed in the 246 
screen. 247 
 248 



 249 
Figure 5. Time-resolved two-dimensional maps of gastruloid development 250 
(A) Top: line plots of mean staining intensity for indicated markers along the pseudotime. Bottom: heatmaps depicting 251 

distribution of indicated stainings from anterior (top) to posterior (bottom) pole of gastruloids for indicated pseudotime 252 
intervals. n, number of gastruloids stained for the indicated markers. 253 

(B) Top: scheme of localisation bias dynamics along the pseudotime for readouts belonging to indicated signalling pathways. 254 
Bottom: localisation bias at terminal pseudotime interval for indicated readouts. 255 

(C) Top: line plots of mean staining intensity for Sox2 and Fn1 in n=82 Fn1-stained gastruloids. Middle: heatmaps depicting 256 
distribution of Fn1 staining from anterior (top) to posterior (bottom) pole of gastruloids along the pseudotime. Heatmaps 257 
depicting at indicated pseudotime intervals for indicated markers Bottom: heatmap depicting distribution of Sox2 and Fn1 258 
stainings between the inner and outer region of the gastruloid middle plane (in/out ratio) measured for indicated 259 
pseudotime intervals. Blue bars in rug plot depict individual gastruloids shown in (D). 260 

(D) Top: representative images of gastruloids at indicated pseudotime. Middle z-plane of confocal z-stacks, showing nuclear 261 
staining (DAPI) and antibody stainings for Fn1 (top) and Sox2 (bottom). Scale bars, 100 µm. Corresponding time point 262 
indicated in upper images. Bottom: heatmaps depicting distribution of Fn1 (red) and Sox2 (green) staining from anterior 263 
(left) to posterior (right) in individual gastruloids shown in top panel. 264 

In A and C, rug plots depict positions of individual data points. A, anterior; Bra, Brachyury; E-cad, E-cadherin; Fn1, 265 
Fibronectin; na, missing data point; N-cad, N-cadherin; Norm. int., normalised intensity; na, missing data point; P, posterior; 266 
pt, pseudotime; pErk1/2, phosphorylated ERK1/2 267 
See also Figure S4. 268 
 269 
Core cells express markers of pluripotency 270 
To characterise the identity of the Sox2-positive core on the single cell level, we performed single cell 271 
RNA sequencing (scRNAseq) of gastruloids every 12 h from 24 to 84 h (Figure 6A, S5A). We first 272 
analysed the temporal expression of relevant markers. While Bra (T) expression initiated at 60 h and 273 
became high after 72 h (Figure 6B), Sox2 expression was highest before Wnt activation and additionally 274 
in a subpopulation of cells of later time points (Figure 6C) that clustered away from T positive cells and 275 
expressed Fibronectin (Fn1) (Figure 6A, S5B). Comparison of our results with a recently published 276 
scRNA-seq dataset of mouse gastrulation (Pijuan-Sala et al., 2019) showed that cell type diversification 277 
occurred after 72 h and earlier samples largely corresponded to epiblast or primitive streak identity 278 
(Figure S5C). Unsupervised clustering of the 60, 72, and 84 h time points identified 6 clusters which 279 
were assigned developmental identities based on cell marker expression (Figure 6D, 6E, S5D, Table 3). 280 
The subpopulation comprising cells of all three time points expressed Sox2 (Figure S5E) in contrast to 281 
the remainder, thus we hypothesised that they correspond to the Sox2 positive core observed in imaging. 282 
Marker genes of this putative core cluster comprised genes associated with pluripotency, including Klf2, 283 
Hspb1, Zfp42, and Dppa4 (Figure 6E). These genes were expressed to a lesser extent by cells of post-284 



implantation epiblast identity and were downregulated in mesodermal and endodermal cells. Expression 285 
of core marker genes was similarly high in early time points, most prominently in cells harvested at 24 286 
h, further supporting the pluripotent character of core cells (Figure 6F). To characterise the identity of 287 
the core cell population, we compared marker genes with published datasets. They showed high 288 
correlation with marker genes of cells identified as primordial germ cell (PGC)-like in gastruloids (van 289 
den Brink et al., 2020) and trunk-like structures (TLS) (Veenvliet et al., 2020) as well as of naïve ESCs 290 
(Buecker et al., 2014). In contrast, correlation with marker genes of PGCs from mouse samples 291 
(Kurimoto et al., 2008; Veenvliet et al., 2020; Yabuta et al., 2006) was low (Figure 6G, S5F). 292 
Furthermore, cell type annotation using the published mouse gastrulation dataset did not assign PGC 293 
identity to core cells (Figure S5C, S5G). Expression of standard PGC markers, including Dppa3, 294 
Prdm1, Prdm14, and Tfap2c, was detected in cells of core and mesodermal identity (Figure 65H), thus, 295 
rendering the unambiguous assignment of core cells to a specific cell type challenging. Both the 296 
acquisition of PGC identity as well as reversion to a pluripotent-like state, as reported recently 297 
(Blassberg et al., 2020), are possible. RNA velocities, which were not influenced by cell cycle dynamics 298 
(Figure S5I), of gastruloids from 36 and 48 h revealed only one trajectory and no bifurcation, indicating 299 
that cells of core and periphery become significantly distinct due to Wnt activation and not before 300 
(Figure 6H). Furthermore, developmental progression as defined by the inferred latent time and the 301 
gene signature score of core cells were inversely correlated (Figure 6I), meaning that cells with high 302 
expression of these genes are enriched in early stages of the gene expression dynamics. Importantly, 303 
this is the case in both time points. This indicates that cells in gastruloids progress differently through 304 
development and that they are in different cellular states at the onset of Wnt activation. 305 
In summary, our scRNAseq analysis showed that core cells are transcriptionally distinct from outside 306 
cells, that they re-express a pluripotency-associated transcriptional program, and that the two 307 
populations arise from Wnt signalling activation in cells residing in different developmental states, 308 
confirming the observations made in imaging assays. 309 
 310 

 311 
Figure 6. Core cells exhibit pluripotency-associated gene expression 312 
(A) UMAP plot from 333,345 cells isolated from gastruloids at 24, 36, 48, 60, 72, and 84 h. 24 h, 240 gastruloids; 32 h, 96 313 

gastruloids; 48, 60, and 84 h, 48 gastruloids; 72 h, 24 gastruloids. 314 
(B) Expression of T/Bra. 315 
(C) Expression of Sox2. 316 
(D) Left: UMAP plot from 16,216 cells isolated from gastruloids at 60, 72, and 84 h. Right: UMAP plot colour-coded for 317 

clusters.  318 
(E) Dot plot showing the expression of markers of the core cluster in all clusters. 319 



(F) Expression of top 200 marker genes of core cluster. 320 
(G) Correlation of core score with score of indicated marker gene set (from left to right: PGCL from gastruloids, naïve ESC, 321 

PGC from mouse) in cells isolated at 60, 72, and 84 h. 322 
(H) UMAP plot from 7371 cells isolated from gastruloids at 36 h (left) and from 5219 cells isolated from gastruloids at 48 h 323 

(right) colour-coded for score of core cluster and overlayed with trajectories inferred from RNA velocity. 324 
(I) Correlation of core score with latent time colour-coded for time in cells isolated from gastruloids at 36 and 48 h. 325 
aPS/E, anterior primitive streak/endoderm; ESC, embryonic stem cell; M, mesoderm; pi Epi, post-implantation epiblast; PGC, 326 
primordial germ cell; PGCL, primordial germ cell-like; PS, primitive streak; PSM, presomitic mesoderm; r, Pearson correlation 327 
coefficient 328 
See also Figure S5. 329 
 330 
Balance between core and periphery is required for gastruloid formation 331 
To determine if the establishment of a Sox2-high core population is influenced by the state of ES cells 332 
used for gastruloid formation, we generated gastruloids from cells cultured either in S/L/2i or S/L and 333 
from Sox1-GFP::Brachyury-mCherry (SBR) or E14Tg2a (E14) cells. Gastruloids from both cell lines 334 
cultured in S/L/2i showed uniform Sox2 expression at 24 h and core formation was observed at 48 h 335 
(Figure 7A, S6A). However, gastruloids from cells cultured in S/L were not only smaller (Figure S6B) 336 
but also expressed Sox2 heterogeneously already at 24 h (Figure 7A). A likely explanation is that S/L-337 
cultured cells are a mixture of naïve and primed pluripotent cells, rendering them more developmentally 338 
advanced than S/L/2i cells (Hayashi et al., 2008; Toyooka et al., 2008). Taken together with our scRNA-339 
seq results, this supports the notion that core cells are developmentally delayed compared to outside 340 
cells. Furthermore, gastruloids from S/L cells showed onset of Bra expression before 48 h, however 341 
lacking a clear spatial pattern compared to S/L/2i (Figure 4A, 7A). The lack of spatial separation into 342 
subpopulations might explain the difference in gastruloid formation efficiency observed between S/L 343 
and S/L/2i gastruloids (Figure S1A) (van den Brink et al., 2014). 344 
Next, we tested if Sox2-high cells are indeed unable to respond to Wnt activation with Bra expression. 345 
Therefore, we treated gastruloids with Chir at 24 or 48 h, assessing their phenotypes 24 h post-treatment 346 
and at 120 h (Figure 7B). While the control showed the characteristic pattern of core-periphery 347 
separation, gastruloids pulsed at the earlier time point failed to upregulate Bra and retained the uniform 348 
Sox2 state. At 120 h, control gastruloids were fully elongated and exhibited polarised Bra, yet earlier 349 
treated gastruloids expressed Bra near-uniformly and just initiated elongation, similar to wildtype 350 
gastruloids at 96 h (Figure 7B). Interestingly, gastruloids not treated with Chir formed a Sox2 core but 351 
did not express Bra at 48 h, a phenotype similar to early treated gastruloids at 120 h (Figure S6C). This 352 
indicates that in early-pulsed gastruloids, cells induced Bra expression via endogenous Wnt signalling 353 
after Chir treatment and, when cultured longer, these gastruloids might be able to fully mature. This 354 
shows that gastruloids require cellular heterogeneity during Wnt activation to initiate symmetry 355 
breaking, yet that this is not critically time-sensitive and can even occur 24 h later in gastruloid 356 
development when required conditions are met. 357 
Since Sox2 variability prior to Wnt activation seemed to be essential, we validated the effect of several 358 
compounds that resulted in an E-cad- (similarity cluster C) or Bra-phenotype (similarity clusters B or 359 
E) in the first treatment regimen in the screen. For this, we treated gastruloids from 32 to 72 h and fixed 360 
either at 48 (Figure 7C) or 72 h (Figure 7D). Interestingly, treatment with many compounds of similarity 361 
cluster C resulted in increased Sox2 and, concomitantly, Fibronectin expression while treatment with 362 
compounds from similarity clusters B and E often decreased them. In general, Sox2 and Fibronectin 363 
intensity correlated, supporting their relationship (Figure 7C). At 72 h, perturbation of FGF, MAPK, 364 
and VEGF signalling resulted in a significant increase of Sox2 and absence of Bra expression as well 365 
as the onset of polarised Sox2 expression (Figure 7D) reminiscent of the E-cad phenotype that 366 
gastruloids formed at 120 h (Figure 1B). Interestingly, inhibition of Wnt signalling resulted in a 367 
phenotype also observed in absence of Chir treatment, indicating a potential delay in gastruloid 368 
development (Figure 7D, S6C). Of note, the same perturbation, when applied during elongation, results 369 



in a Sox1-phenotype, indicating that gastruloids are only capable to rescue delayed Bra initiation when 370 
endogenous Wnt signalling can occur before 96 h.  371 
In summary, we show that only Sox2-low cells respond to Wnt activation with Bra expression and that 372 
a balance between Sox2-high and -low cells is required for both symmetry breaking and elongation. 373 
However, there exists a developmental time window of about 24 h when a combination of cell-to-cell 374 
variability and Wnt activation can trigger mesoderm formation. If this window is missed, cells follow 375 
the default differentiation pathway and give rise to neuroectoderm. 376 
 377 

 378 
 379 
Figure 7. Spatial Sox2 variability controls symmetry breaking into core and periphery 380 
(A) Left: Images of gastruloids generated from cells cultured in S/L/2i or S/L and fixed at 24 or 48 h. Right: Quantification of 381 

Sox2 inside/outside ratio. 382 
(B) Images of gastruloids treated with Chir at indicated time points (from left to right: 24, 48 h) and fixed at indicated time 383 

points (from top to bottom: 24 h after Chir, 120 h). 384 
(C) Top: Heatmap of z-scored mean intensity of Sox2 and Fibronectin of gastruloids fixed at 48 h. Bottom left: Images of 385 

gastruloid treated with indicated compounds (from left to right: DMSO, inhibitor of MAP2K1, inhibitor of PORCN). 386 
Bottom right: Correlation of z-scored Sox2 and Fibronectin mean intensity. 387 

(D) Top: Heatmap of z-scored mean intensity of Sox2 and Brachyury of gastruloids fixed at 72 h. Bottom left: Images of 388 
gastruloid treated with indicated compounds (from left to right: DMSO, inhibitor of FGFR1, inhibitor of PORCN). 389 

Images are MIPs (120 h) or single z-planes (remaining time points) of confocal z-stacks, showing nuclear staining (DAPI) and 390 
antibody stainings for Sox2, Bra, and Fibronectin.  391 
Scale bar 100 µm. Chir, CHIR99021; Fibron, Fibronectin; S/L/2i, Serum/Lif/2i; S/L, Serum/Lif 392 
See also Figure S6. 393 
 394 
Discussion 395 
See below. 396 
  397 
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Supplementary Figures 417 
 418 

 419 
 420 

Figure S1. High-throughput gastruloid culture and screening library. Related to Figure 1A. 421 
(A) Top left: quantification of gastruloids obtained with high-throughput culture. Assessed phenotypes included ovoid, 422 

elongated-curled, and elongated-stretched. Bottom left: representative images of curled and stretched gastruloids. Top 423 
right: quantification of recovered and lost gastruloids obtained with high-throughput culture. 424 

(B) Left: distribution of size of gastruloids treated with pre-screening library and representative images. Right: Spectrum of 425 
eccentricity and representative images. Compounds causing gastruloids to be one standard deviation (s) smaller than 426 
average and below eccentricity 0.6 were chosen for the final screening library. 427 

(C) STRING network of annotated genes of the screening library. Nodes are colour-coded by KEGG terms. Nodes show 428 
genes and edges show STRING interactions. 429 

 430 
 431 



 432 
 433 
Figure S2. Related to Figure 1. 434 
(A) Overview of image processing, quality control, and quantification. Top: image of a representative gastruloid and 435 

corresponding segmentation mask. Middle: pie chart showing distribution of objects discarded by indicated quality control 436 
gating. Bottom: UMAP plot colour-coded by whole gastruloid class, representative image of a gastruloid from the 437 
discarded class 10. 438 

(B) Left: covariance matrix of the extracted features, grouped by feature type. Ch, channel; std (intensity), standard deviation 439 
of intensity. Right: heat map showing principal component loading of the extracted features; bar chart above, variance 440 
explained by the first 15 principal components. 441 

(C) UMAP plot colour-coded by PhenoGraph clustering performed on the original feature set (left) or on the 15 principal 442 
components (right). 443 

(D) Network view of the ClusTree analysis performed on PhenoGraph clustering results with varying number of nearest 444 
neighbours. Nodes depict the detected clusters at respective n, edges show the fraction of individual gastruloids common 445 
in classes at different community size. Node colour and size, edge colour and opacity: see legend. 446 

(E) Top: distribution of indicated stainings from anterior (left) to posterior (right) in indicated pattern classes, heatmap view 447 
of the mean feature values for the pattern classes. Bottom row: UMAP plot colour-coded by pattern class for gastruloids 448 
from the indicated treatment regimens (Left to right: 32-72 h, 48-72 h, 72-96h). Pie charts display abundance of each class 449 
in the respective subset for DMSO controls and other conditions separately. 450 

Images in (A) are maximum intensity projections (MIPs) of confocal z-stacks, showing nuclear staining (DAPI) and 451 
antibody stainings for Sox1, Bra, and E-cad. Scale bars, 100 µm. A, anterior; Bra, Brachyury; E-cad, E-cadherin; Int, 452 
Intensity; P, posterior; UMAP, uniform manifold approximation and projection. 453 



 454 
 455 
Figure S3. Related to Figure 3. 456 
(A) Left: heatmap representation of hierarchically clustered covariance matrix between whole gastruloid and pattern classes, 457 

heatmap rows and columns are abundances of indicated classes in indicated treatment regimens. Right: UMAP plot 458 
colour-coded by most frequent pattern class in compound treatment in indicated treatment regimen (top to bottom: 32-72 459 
h, 48-72 h, 72-96h). Marker type indicates compounds selected as hits in indicated regimens. DMSO controls highlighted 460 
separately. 461 

(C) Definition of the reproducibility score, see Materials and Methods. Top left: kernel density estimation plot of phenotypic 462 
similarity to DMSO for compounds from indicated similarity clusters (see Figure 3). Top right and bottom row: scatter 463 
plots of phenotypic similarity to DMSO and reproducibility score for the compound library colour-coded by compound-464 
level similarity clusters. Highlighted areas correspond to hit selection criteria, thresholds for DMSO similarity, and 465 
reproducibility score shown as dashed lines. 466 

(D) Top: heatmap representation of the 57-dimensional combined phenotypic space for all compounds, grouped by 467 
compound-level similarity cluster. Heatmap rows are grouped by covariance, see panel (A). Colour coding by whole 468 
gastruloid and pattern classes and treatment regimen as in panel (A). Middle: correlation of phenotypic signature to that 469 
of DMSO controls. Bottom: reproducibility score of individual compounds in indicated regimens (top to bottom: 32-72 470 
h, 48-72 h, 72-96h). Compounds selected as hits indicated by grey highlight above the heatmap. 471 

In UMAP and scatter plots, data points are individual compounds, n=85. na, missing data point; segm., pattern class; whole, 472 
whole gastruloid class 473 
 474 



 475 



Figure S4. Related to Figure 4 and 5. 476 
(A) Hex-plots showing mean normalised superpixel intensities of Bra and Sox2 stainings in gastruloids at indicated time 477 

points. Kernel density plots show the distribution of intensities along the x and y axes; dist. to centre, normalised distance 478 
of superpixel to object centre. 479 

(B) Kernel density estimation plots of selected features in gastruloids at indicated time points. Left: dashed lines show the 0.2 480 
and 99.8 percentiles of the data distributions on the raw data. Right: data after clipping by percentiles. Z-score 481 
normalisation. n=3165 and 2862 individual gastruloids for raw and filtered data, respectively 482 

(C) UMAP plots for n=2862 individual gastruloids colour-coded by time point (top), diffusion components 0-9 (middle), or 483 
pseudotime (bottom). In bottom row, colour coding by pseudotime from individual iterations 1, 25, 50, and 100 or 484 
averaged pseudotime, respectively. For individual iterations, starting and terminal gastruloids are highlighted. 485 

(D) Kernel density estimation plots of gastruloids from indicated time points over the original (top) and resampled (bottom) 486 
averaged pseudotime. 487 

(E) Line plots of mean staining intensity for indicated markers and Sox2 from the same gastruloids along the pseudotime. n, 488 
number of gastruloids stained for the indicated markers, see panel (F). Opaque interval shows the standard deviation. 489 
Intensity of the marker labelled in red plotted on the main axis (left), intensity of Sox2 from the same gastruloids plotted 490 
on the secondary axes (right).  491 

(F) Heatmaps depicting distribution of indicated stainings from anterior (top) to posterior (bottom) pole of gastruloids for 492 
indicated pseudotime intervals. n, number of gastruloids stained for the indicated markers. 493 

(G) Heatmaps depicting distribution of indicated stainings between the inner and outer region of the gastruloid middle plane 494 
(in/out ratio) at indicated pseudotime intervals. Scheme below shows the trends in regional localization of highlighted 495 
epitopes in early and late gastruloids. 496 

(H) Representative images of gastruloids at indicated time points. Images are middle z-plane of a confocal z-stack, showing 497 
nuclear staining (DAPI) and antibody stainings for Fibronectin and E-cad. Images in second column show Fibronectin 498 
localisation in the highlighted regions. Scale bars, 100 µm 499 

In E, rug plots depict positions of individual data points. A, anterior; a.u., arbitrary units; Bra, Brachyury; E-cad, E-cadherin; 500 
Fn1, Fibronectin; na, missing data point; N-cad, N-cadherin; Norm. int., normalised intensity; na, missing data point; P, 501 
posterior; pt, pseudotime; pErk1/2, phosphorylated ERK1/2. Antibody naming: see Table 2. 502 
  503 



 504 
 505 
Figure S5. Characterisation of gene expression in gastruloids. Related to Figure 6. 506 
(A) Individual UMAP plots colour-coded by collection time point. 507 
(B) Expression of Fn1. 508 
(C) UMAP plot colour-coded by cell type annotation. 509 
(D) Dot plot showing the expression of marker genes of annotated clusters. 510 
(E) Expression of Sox2 in UMAP plot of cells isolated from gastruloids at 60, 72, and 84 h. 511 
(F) Correlation of core score with score of indicated marker gene set (from left to right: PGCL from TLS, PGC from mouse) 512 

in cells isolated at 60, 72, and 84 h. 513 
(G) UMAP plots colour-coded for PGC only from (C). 514 
(H) Expression of Dppa3, Tfap2c, Prdm1, and Prdm14. 515 
(I) Correlation of core score with latent time colour-coded for score of S (left) and G2/M (right) genes in cells isolated from 516 

gastruloids at 24 (top) and 36 and 48 (bottom) h. 517 
aPS/E, anterior primitive streak/endoderm; M, mesoderm; pi Epi, post-implantation epiblast; PGC, primordial germ cell; 518 
PGCL, primordial germ cell-like; PS, primitive streak; PSM, presomitic mesoderm; r, Pearson correlation coefficient; TLS, 519 
trunk-like structure 520 
  521 



 522 
 523 
Figure S6. Effect of cell state on symmetry breaking. Related to Figure 7. 524 
(A) Left: Images of gastruloids generated from E14 cells cultured in S/L/2i or S/L and fixed at 24 or 48 h. Right: Quantification 525 

of Sox2 inside/outside ratio. 526 
(B) Quantification of area of gastruloids generated from SBR or E14 cells cultured in S/L/2i or S/L. 527 
(C) Images of gastruloids not treated with Chir and fixed at indicated time points (from top to bottom: 48, 120 h). 528 
Images are MIPs of confocal z-stacks (120 h) or single z-planes (remaining time points), showing nuclear staining (DAPI) and 529 
antibody stainings for Sox2 and Bra.  530 
Scale bar 100 µm. Chir, CHIR99021; S/L/2i, Serum/Lif/2i; S/L, Serum/Lif  531 
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4. DISCUSSION 

In this thesis, I presented a study aimed at identifying symmetry breaking events and their 

molecular regulators in gastruloids. After initiating the expression of the primitive streak 

marker Brachyury, gastruloids break their radial symmetry and start to elongate. However, 

the events preceding this remained unknown. A thorough understanding of gastruloid 

formation does not only unravel principles of cellular behaviour and pattern formation, but it 

might also facilitate to improve caveats and limitations of the current protocol. 

In the study “Symmetry breaking in gastruloid development”, we employed an automated 

high-throughput gastruloid culture approach to perform an image-based small compound 

screen and a large-scale imaging time course. We observed the establishment of spatial 

variabilities in the expression of the pluripotency and epiblast marker Sox2 prior to Brachyury 

induction which ultimately resulted in the formation of two distinct populations after Wnt 

activation. Compounds that were administered prior to Chir treatment showed a particular 

symmetry breaking defect that was unique to this developmental window. Single cell RNA 

sequencing showed that Sox2 heterogeneities represent differences in developmental 

progression and that Wnt activation elicits different responses in these subpopulations: while 

Sox2-low cells undergo primitive streak formation, Sox2-high cells revert to a naïve 

pluripotency state. We showed that the establishment of two distinct populations is required 

for successful symmetry breaking, however, that this process is also plastic and dynamic to 

minor interference. 

 

4.1 Gastruloid screen 
One of the major motivations to establish in vitro systems of embryonic development is their 

amenability for screening assays to systematically profile phenotypes and identify regulatory 

mechanisms (extensively reviewed in review article #2 and 204). However, most protocols 

currently lack the efficiency, automation, and throughput such a phenotypic screen requires. 

The original gastruloid culture protocol179 is based on suspension culture in 96-well plates and 

relies on manual media changes and transfer of gastruloids between immunofluorescent 

staining solutions. This introduces technical variability and limits perturbation assays to a 

small set of conditions185.  
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4.1.1 Automated gastruloid culture 

Based on expertise developed in the Liberali lab205, I established an automated cell culture 

and staining protocol for high throughput gastruloid formation with high reproducibility. 

Single ES cells are seeded using a liquid handling robot into 384-well imaging plates, increasing 

the output per plate by four. All medium changes are performed by the same device with 

improved speed and accuracy compared to manual medium changes. This limits the time 

gastruloids are kept outside of the incubator which reduces fluctuations in environmental 

conditions such as pH and temperature. Fixation and staining are performed automatically in 

the same plate, rendering transfer of gastruloids unnecessary. This also made 

immunofluorescent staining of gastruloids fixed before 72 h and thus the study of early 

symmetry breaking events possible for the first time, since small gastruloids are easily lost 

during manual transfer. This method in combination with using ES cells cultured in S/L/2i 

instead of S/L increased gastruloid efficiency from previously reporter 70%178 to 100% (Figure 

S1A). 

This method allowed me to screen 84 compounds in three treatment regimens, resulting in 

the generation of 11,520 treated gastruloids. 8,740 of those passed quality control and were 

used for phenotypic profiling (Figure S2A). The discrepancy between the two numbers can be 

explained by cytotoxic effects of some compounds, the occasional loss of gastruloids during 

staining, and the exclusion of gastruloids partially outside of the imaging window or affected 

by shading due to precipitates of the clearing reagent. These problems have since been 

reduced or solved. 

 

4.1.2 Treatment timing 

The screen was performed in three treatment regimens: compounds were added from 32-72 

h (“before Wnt activation”), from 48-72 h (“during Wnt activation”), or from 72-96 h (“during 

elongation”). The second timing was chosen to interfere with initiation of Brachyury 

expression and its related molecular symmetry breaking event and the third to perturb 

elongation and thus morphological symmetry breaking (Figure 4A). We also aimed to identify 

a potential molecular symmetry breaking event prior to Brachyury expression and thus chose 

the first timing. However, defining the exact time frame was challenging. We wanted to avoid 

interfering with the exit from naïve pluripotency which is a heterogenous process in vitro: a 

subpopulation of cells downregulats the reporter Rex1-GFP by 24 h, whereas the rest requires 
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another 24 to 48 h57,206. We therefore chose to start treatment at 32 h when a large portion 

of cells has exited naïve pluripotency but leaving enough time before Wnt activation. We 

continued treatment until the end of the Chir pulse to ensure proper interference with all 

symmetry breaking events. Although the first two treatment regimens overlap, differences 

are still clearly distinguishable (Figure 2A, 2B), emphasising the importance of mechanisms 

leading up to Brachyury activation. 

 

4.1.3 Phenotypic profiling of gastruloids 

Advances in automated microscopy, the acknowledgement of variability in cellular systems, 

and increased use of complex in vitro model systems have driven the desire for multifaceted 

readouts in screening assays. Compared to traditional high-throughput screens that measure 

viability, proliferation, or single fluorescent reporter expression, high-content screening aims 

at obtaining a comprehensive picture by extracting diverse phenotypic features. These may 

include object number, shape parameters, and the expression and localisation of multiple 

proteins or RNAs. 

Since gastruloid studies published to date contain only a small number of gastruloids per 

experiments, automated image analysis approaches are scarce. In this study, we established 

a pipeline that extracts object-based features (termed “whole gastruloid”) as well as 

parameters describing the distribution of markers along the main axis (termed “segments”) 

or within the radial pattern (termed “inside/outside ratio”, not used for screen analysis) and 

an approximation to single cells (termed “superpixels”, not used for screen analysis) (Figure 

VII). The obtained feature set (Figure S2B) was used to assess the phenotypic diversity: every 

gastruloid was clustered based on its individual feature array in the phenotypic space using 

the unsupervised, data-driven clustering method PhenoGraph207 (Figure 1B, 1C). This 

method, originally developed to identify subpopulations in multidimensional single cell data 

from mass cytometry, was also employed in a high-content screen of intestinal organoid 

development205, proving its versatility in phenotypic data. The phenotypic landscape 

encompassed 9 whole gastruloid and 10 pattern classes (see 4.1.4). The analysis picked up 

fine nuances between gastruloids, highlighted by the fact that control gastruloids (DMSO 

treated) were assigned to two whole gastruloid and five segment classes (Figure 1B, 1C), that 

treatment with a compound usually produced gastruloids assigned to multiple, albeit related 
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classes (data not shown), and that morphologically similar gastruloids with different marker 

proportions were assigned to distinct classes (see class 4 and 6, Figure 1B).  

 

 

Figure VII. Overview of extracted features. 

Morphological and/or marker intensity features were extracted from the object-level (“whole gastruloid”), from 

100 computationally sliced segments along the AP-axis (“segments”), from the inside or outside half of the 

middle z-plane (“inside/outside”), and from superpixels that serve as approximation to single cells 

(“superpixels”). 

 

By combining the information of which phenotypic signature a compound produced on the 

whole gastruloid- and segment-level with different outcomes depending on treatment 

regimen, we obtained a tremendous repertoire of gastruloid behaviour. This allowed to draw 

conclusions on mechanisms of gastruloid development. I will discuss some aspects of this 

dataset in the following sections. However, our understanding is far from complete, and it 

will support scientists in the future to broaden our understanding of gastruloid development. 

 

4.1.4 Phenotypic landscape of gastruloid development  

As expected, the stainings we performed in the screen were strong drivers of the phenotypic 

clustering and thus the obtained whole gastruloid classes can be grouped into three 

categories, excluding wildtype-similar phenotypes (Figure 1B): Sox1-enriched (classes 3-5) 

with increased or exclusive expression of the neuroectoderm marker; E-cad-enriched, 

exhibiting increased expression of the epithelial marker either together with Sox1 (class 6) or 

Brachyury (class 7) expression; and Brachyury-enriched (class 8-9) with increased or exclusive 

expression of the primitive streak marker. 
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Class 3 comprises gastruloids with increased Sox1 expression while exhibiting wildtype levels 

of Brachyury. This phenotype predominantly occurred in the last two treatment regimens 

(Figure 2). In combination with wildtype polarisation patterns (segment classes I to V) (Figure 

S2E) where Sox1 and Brachyury are expressed on the same side, this could indicate an 

increase in neuromesodermal progenitors185,208,209. Compounds causing these phenotypes 

include inhibitors of Notch, TGFb, PI3K-Akt, and MAPK signalling. Especially in combination 

with the segment classes VIII to X, this phenotype is particularly interesting: since Sox1 

expression is located opposite of the Brachyury pole, this population might have rostral neural 

identity which usually is absent in gastruloids184. However, this phenotype was particularly 

rare and predominantly observed when inhibiting Wnt and Notch signalling during 

elongation. This was not surprising since it has been shown that Wnt signalling promotes 

caudal and inhibits rostral neural differentiation210,211. The role of Notch signalling, on the 

other hand, has mainly been implicated in the balance between maintenance and 

differentiation of neural progenitors and only few reports show that absence of its activity 

favours neural induction212. The observed phenotype suggests that a population exists during 

elongation that is capable to differentiate towards rostral neural lineages when shielded from 

mentioned signalling cues. Further studies with these compounds might enable to generate 

gastruloids that produce a broader spectrum of derivatives of all three germ layers.  

Gastruloids of classes 4 and 5 predominantly or exclusively express the neuroectodermal 

marker Sox1. Again, these phenotypes were mainly observed in the last two treatment 

regimens. The more penetrant of the two, class 5, was more often observed during Wnt 

activation and the less penetrant one, class 4, during elongation. This observation is 

supported by the default model of embryonic differentiation20: epiblast and ES cells will 

acquire neural identity in the absence of inductive signalling like Wnt or BMP. Thus, inhibition 

of these pathways before Wnt activation does not protect cells preventatively from 

mesendodermal differentiation if the signalling occurs later again. As expected, compounds 

producing these phenotypes mainly target FGF, MAPK, and TGFb signalling, pathways that 

have been implicated in development of PS derivatives95,133,142.  

Compounds resulting in the class 6 phenotype exhibit the most interesting and consistent 

pattern over treatment regimens. Together with compounds producing gastruloids of class 4 

and 5 over all three regimens, they make up similarity cluster C of which 15 out of 16 

compounds were classified as hits (Figure 3B). The class 6 phenotype is characterised by small 



 

 
82 

size, a small bud of Sox1-positive cells and a larger portion with increase E-cad expression. 

The identity of the Sox1- and Brachyury-negative cells remains to be determined, yet they are 

most likely either of pluripotent or epidermal origin. Inhibition of MAPK, TGFb, and VEGF 

signalling before Wnt activation produced these gastruloids, while treatment at later time 

points resulted in class 4 gastruloids which exhibited an inverse pattern of Sox1- and E-cad-

buds. This behaviour strongly indicates that – although crucial at every stage of gastruloid 

development – the inhibition of these pathways has a distinct effect before Wnt activation. 

This is further discussed in section 4.2.2. 

However, VEGF signalling came as a surprise. So far, its role in mesodermal differentiation, 

vasculogenesis, and angiogenesis is well studied213 but there exists no report of its activity at 

pre-gastrulation stages. Although some of its ligands and receptors are expressed in the 

epiblast214, the more likely explanation for its appearance is that many VEGF receptor 

inhibitors also target receptors of FGF and PDGF signalling, especially considering that we 

used the drugs at a concentration well above their IC50. This requires further testing either 

using compounds specific to each pathway or genetic manipulation. 

 

Contrary to Sox1 phenotypes, gastruloids of class 8 mainly resulted from treatment before or 

during Wnt activation and included perturbations of a wide variety of pathways. The 

elongated structures exhibited normal to increased Brachyury levels. This might be 

reminiscent of gastruloids at 96 h (Figure 4A) when elongation is underway but the majority 

of cells still express Brachyury. This delay in gastruloid formation has also been observed 

when inhibiting Wnt signalling before Chir treatment in S/L gastruloids which initiate 

Brachyury expression during the treatment period183. This suggests that gastruloids are able 

to undergo normal, albeit delayed development when the perturbation occurs early enough. 

PS formation might then be induced either by endogenous Wnt activation or by remnants of 

Chir in the medium.  

Class 9 gastruloids that remained spherical and expressed high levels of Brachyury were 

extremely rare, mainly appeared after treatment during Wnt activation, and were nearly 

exclusively caused by inhibition of Wnt signalling. Addition of Chir does not activate Wnt by 

itself but rather amplifies endogenous signalling by preventing the degradation of the 

downstream target b-catenin. Compounds targeting PORCN and b-catenin prevent the 

secretion of Wnt ligands and activation of target genes, respectively, thus inhibiting Wnt 
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signalling even in the presence of Chir. However, one might expect the absence of the Wnt 

target gene Brachyury215 under these circumstances and not its increased expression. As 

preliminary validation experiments showed (Figure 6D), gastruloids treated with these 

compounds lacked Brachyury-positive cells at 72 h. Thus, it appears that Wnt activation again 

occurs later, similar to class 8 gastruloids. However, the class 9 phenotype is more severe and 

resembles wildtype gastruloids at 72 h (Figure 4A). If this means that these gastruloids are 

even more delayed or actually fail to fully develop remains to be determined. 

Class 7 gastruloids occupy an intermediate position between classes 8 and 9. They exhibit 

similar levels of Brachyury expression as class 9 gastruloids but are elongated, although to a 

significantly lesser extent compared to class 8 or wildtype. They show an increase in E-cad 

expression. Again, the identity of these cells remains to be determined. This phenotype was 

mainly observed in the last two treatment regimens and was induced by activation of PI3K-

Akt and AMP signalling or inhibition of Hippo signalling. 

 

Interestingly, while inhibition of FGF, MAPK, VEGF, and TGFb signalling completely abrogates 

primitive streak development, inhibition of Wnt signalling still allows it at a later point. This 

suggests a certain flexibility of cells to activate Wnt that is not given for the other pathways. 

However, proper gastruloid development seems to be affected in all cases. 

 

4.2 Symmetry breaking events in gastruloids 
In biology, scientists use the term “symmetry breaking” for diverse events. It might describe 

the establishment of a body axis that defines the head and tail region of an organism; or 

asymmetric cell division generating a progenitor and specialised cell; or asymmetric 

distribution of cellular components resulting in apical and basal domains of an epithelial layer. 

Therefore, symmetry breaking carries different meaning depending on the specific field. In 

gastruloids, this term has been used interchangeably for multiple events: scientists may refer 

to the process of elongation and AP-axis formation, the initiation of Brachyury expression, or 

its polarisation just prior to elongation.  

Ultimately, “symmetry breaking” can be used for every event that renders the system more 

complex and divers compared to its previous state. Although according to its original 

definition in Physics, this previous state is required to be uniform, this is hardly ever the case 

in biological systems. Evens cells of the same identity exhibit slight differences and molecular 
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fluctuations, rendering them variable. Yet this cell-to-cell variability is the essential 

prerequisite for symmetry breaking. Cells residing in different molecular states may react 

differently to external stimuli or changed environmental conditions or may stabilise random 

fluctuations, resulting for example in differentiation or migration events.  

When I use the term “symmetry breaking” in the following sections, I mean observable and 

measurable differences in the molecular signature or behaviour of cells that have previously 

been largely uniform with respect to the same parameter. That does not necessarily mean 

that these cells have been completely identical when it comes to different parameters.  

 

4.2.1 Spatial Sox2 variability and core formation 

In this thesis, I described a previously unknown symmetry breaking event in gastruloids. After 

aggregation, all cells uniformly express the pluripotency and epiblast marker Sox2. Only 12 h 

later, gastruloids establish a spatial gradient: while cells in the centre maintain high Sox2 

expression, cells on the outside initiate its downregulation and exhibit low levels. Upon 

treatment with Chir, a clear separation between the two populations is established. While 

Sox2-low cells induce Brachyury and shut down Sox2 expression, Sox2-high cells are not 

susceptible to PS induction by Wnt signalling and remain negative for Brachyury (Figure 4A). 

We termed these two populations “core” and “periphery” due to their spatial pattern. 

This core formation has also been observed by another group using the same cell line and 

culture condition216. We were also able to recapitulate this using another cell line (Figure 

S7A). However, gastruloids generated from cells grown in S/L conditions did not properly form 

an organised core. Since the major difference between naïve (S/L/2i) and metastable (S/L) 

culture conditions is the homogeneity of cells58, these observations suggest that an initially 

homogenous starting population favours the establishment of spatial patterns. 

 

Why do Sox2-high and -low cells respond differently to Wnt activation?  

A potential reason for this differential response might be reduced diffusion of Chir into the 

centre of gastruloids. Although unlikely due to the small size of the compound, this theory 

was tested using a cell line that enables optogenetic control of Wnt signalling and thus allows 

the generation of gastruloids without the use of Chir (data by Simon Suppinger)217. Upon 

illumination, b-catenin is stabilised and able to activate downstream targets, ensuring 

uniform signalling activation in all cells. Comparable patterns of Brachyury expression were 
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achieved with this cell line compared to control, ruling out unequal diffusion of Chir as the 

source of core/periphery formation (Figure VIII). 

 

 

Figure XIII. Optogenetic activation of Wnt signalling. 

Left: Scheme of Opto-Wnt system adapted from Repina et al.217. Right: Representative images of gastruloids 

activated with blue light (top) and non-illuminated control gastruloids (bottom). Images are maximum intensity 

projections (MIPs) of confocal z-stacks, showing nuclear staining (DAPI) and antibody stainings for Brachyury 

(Bra). Scale bars, 150 µm.  

 

The more likely explanation is that Sox2 expression overrules PS induction. Indeed, it has been 

shown that Sox2 prevents mesendodermal differentiation by inhibiting the corresponding 

gene expression program37,218,219. 

However, since scRNAseq of gastruloids from 24 to 84 h showed that core cells of later time 

points do not cluster with cells of earlier time points (Figure 6A), core cells do react to Wnt 

activation in some way, eliciting a response other than PS differentiation. 

 

What is the identity of core cells? 

To assess the identity of Sox2-positive core cells, we characterised their gene expression 

profile (Figure 6). Sox2 marks pluripotent as well as neural stem cells220. However, as 

discussed above, Wnt signalling suppresses neural induction, rendering the latter theory 

unlikely. Indeed, core cells express numerous genes associated with naïve pluripotency 
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including Klf2, Hspb1, Zfp42, and Dppa4 (Figure 6E) which were also detected in gastruloids 

at 24 h (Figure 6F). 

Expression of these markers can either mean that cells revert into a naïve pluripotent state 

or that they are induced to become PGCs. PGCs are precursors of germ cells and are among 

the first cells that migrate through the primitive streak. A small number of cells in the 

posterior epiblast is specified by BMP signalling originating from the ExE221. In addition, Wnt3 

confers competency for PGC specification and activates Brachyury expression which in turn 

regulates the expression of the PGC marker Blimp1222. PGCs progress through a Sox2-negative 

phase before they re-express the pluripotency marker223 along with Blimp1, Prdm1, Prdm14, 

Dppa3, and Tfap2c by E7.5. Many of these genes are also expressed in pluripotent stem cells. 

Previous scRNAseq analyses in gastruloids185 and trunk-like-structures (TLS)186 annotated a 

small population of cells as PGC-like (PGCL) cells. These cells show high correlation to our core 

cells (r = 0.94 and r = 0.897) (Figure 6G, S6F). Veenvliet et al. justified the PGCL identity by the 

expression of Prdm14 and Dppa3 and their position close to a gut-like epithelial structure186. 

However, several indications speak against a PGCL identity of core cells: when we compared 

core signature genes to sequencing data of PGCs from mouse186,223,224, the correlation was 

very poor (r = 0.106 and r = -0.066) (Figure 6G, S6F), and only few of the core cells express 

classic PGC markers (Figure S6H). In contrast, correlation with markers of naïve ES cells is high 

(r = 0.852) (Figure 6G)77. Although this remains to be determined by live imaging of a 

fluorescent Sox2 reporter cell line, I do not believe that core cells progress through a Sox2-

negative state. They also do not express Brachyury like PGCs in vivo (Figure 6B). Furthermore, 

since we do not provide external BMP and endogenous signalling is unlikely strong enough, I 

also do not believe that the inductive requirements for PGC differentiation are met in 

gastruloid development. 

I rather hypothesise that Sox2-high cells revert to a naïve pluripotent state upon Wnt 

activation. It has been shown that culturing of ES cells in Wnt promoting conditions alone or 

in combination with Lif is sufficient to support self-renewal151,225. Furthermore, a recent study 

of differentiation of ES cells into caudal epiblast showed that Sox2 directly regulates the Wnt 

response. In cells with high levels of Sox2, a Sox2/Tcf/b-catenin complex binds and activates 

pluripotency genes. In cells with low levels of Sox2, this complex shifts to genes regulating the 

caudal epiblast and paraxial mesoderm fate226. Furthermore, single-cell multi-omics revealed 

that pluripotent-specific enhancers remain accessible in E7.5 ectodermal cells, enabling a 



 

 
87 

reactivation of these genes227. Therefore, the requirements for core cells to revert to a naïve 

pluripotent state are met in the core population.  

Finally, the fate of core cells as gastruloids develop is unclear. Whereas peripheral cells 

continue to differentiate, generating derivatives of mesoderm and endoderm (Figure 6D), 

core cells seem to be locked in their state, evident by the clustering of core cells from all three 

time points (Figure 6A, 6D). A potential explanation might be that newly generated cells 

differentiate into the mesendodermal lineage (see below). 

 

What does variability in Sox2 reflect? 

Downregulation of pluripotency genes including Sox2 marks the onset of differentiation. 

Thus, the variability in Sox2 levels in gastruloids after 36 h may reflect different stages along 

the differentiation path. This is not surprising as it has been shown that differentiation is a 

heterogeneous process57,206. Indeed, when probed for markers of naïve and primed 

pluripotency, gastruloids showed distinct patterns: whereas Sox2 was expressed uniformly at 

24 h, the naïve pluripotency-specific marker Nanog already showed variability with high 

expressing cells generally located in the centre. At 48 h, it was largely downregulated with 

few high expressing cells remaining in the Sox2-high region (Figure IX A). Oct4, a marker that 

is expressed throughout all pluripotency stages like Sox2, displayed an inverse pattern to 

Sox2, being higher expressed in the periphery (Figure IX B). This may indicate a bias for 

mesendodermal differentiation since it has been shown that the balance between Sox2 and 

Oct4 expression prepares for neuroectodermal and mesendodermal differentiation, 

respectively37,228. Finally, cells in the periphery were also enriched in the expression of the 

post-implantation marker Otx2 compared to inner cells (Figure IX C). Furthermore, latent time 

inferred from RNA velocities showed that a fraction of cells of 48 h gastruloids were enriched 

in early stages of the gene expression dynamics together with cells of 36 h gastruloids (Figure 

6I). In summary, this supports that cells progress differently through exit of pluripotency and 

differentiation. Cells that trail behind are located in the centre and give rise to the Brachyury-

negative core after Wnt activation, evident by their increased expression of core genes 

(Figure 6I). However, these cells have exited the naïve pluripotent state, apparent by the 

downregulation of Nanog expression, but have not yet entered the post-implantation state, 

potentially assigning them to the formative pluripotent stages. This means that the expression 
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of naïve pluripotency genes of the core cells does not originate from cells that have never left 

this state but rather from Chir treatment reverting these cells. 

 

 

Figure IX. Expression of pluripotency genes before Wnt activation. 

Representative images of gastruloids at indicated time points. Images are the central z-plane of a confocal z-

stack, showing antibody stainings for Sox2 and Nanog (A), Oct4 (B), and Otx2 (C). Scale bar 100 µm 

 

How is variability in Sox2 achieved? 

We showed that differences in Sox2 levels resulted from delays in differentiation, and based 

on studies in ES cells226, this most likely directly influenced the gene expression response to 

Wnt activation. Yet what caused these differences and how the spatial organisation of this 

developmental gradient was achieved remains unknown. The latter might be a clue to the 

former: inside cells may experience different environmental or signalling conditions that 

directly influence their behaviour. 

Due to the size and tight packing of gastruloids, the centre might be hypoxic. During pre-

implantation development, the embryo grows under hypoxic conditions due to rapid 

proliferation and the lack of oxygen supply by the mother229. It has been shown that 

maintenance of blastocysts and human ES cells is improved in low oxygen conditions230. This 

might explain why cells in the centre remain in a developmentally less progressed state. 

It also has been shown that pre- and post-implantation embryos use distinct metabolic 

pathways to produce energy231. In ES cells, an amino-acid sensing pathway is a critical driver 
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of differentiation232. The size of gastruloids might influence nutrient availability from the 

medium and catabolite enrichment, especially considering that they grow in a relatively small 

volume for the first 48 h. 

Studies in human 2D gastruloids showed that the central ectodermal region is protected from 

the differentiation-inducing influence of BMP by the lateral localisation of its receptor and by 

a reaction-diffusion mechanisms between BMP and Noggin, a secreted BMP inhibitor, that 

enriches the inhibitor in the centre170. Similar observations have been made in the in vivo 

epiblast233. Considering that this can be achieved in a monolayer of cells, it also seems 

possible in an enclosed 3D model.  

Stainings for Nodal and its downstream effector phosphorylated Smad2 (pSmad2) showed 

increased activity in peripheral cells prior to the Chir pulse (Figure X, S4G). This pattern is 

reminiscent of the anterior-posterior Nodal signalling gradient in the embryo136,137. It is 

known that inhibition of Nodal activity favours ectoderm differentiation234 and that Nodal 

signalling is required for Brachyury expression in gastruloids183. The observed pattern explains 

why only peripheral cells induce Brachyury expression, however, how this gradient is 

established needs to be determined. 

 

 

Figure X. Expression of Nodal signalling members before Wnt activation. 

Representative images of gastruloids at 48 h. Images are the central z-plane of a confocal z-stack, showing 

antibody stainings for Sox2 and Nodal (left) and pSmad2 (right). Scale bar 100 µm. 
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Finally, mechanical properties may impact the differentiation propensity. Inside cells might 

be more packed while outside cells might be more stretched. Bearing in mind that the 

mammalian embryo implants into the uterus during the transition from naïve to primed 

pluripotency, the influence of cell-ECM interactions, pressure, and tension on cell fate 

decisions may be significant235. The first differentiation event in the embryo, the distinction 

into trophectoderm and ICM, is influenced by the position of cells in the morula, the polarity 

of cells, and the activity of the mechanosensor YAP1199. A decrease in membrane tension 

facilitates FGF-mediated ES cell differentiation236,237 and mechanical tension provided by 

tissue geometries drives the expression of Brachyury238-240. 

We showed that prior to the establishment of Sox2 variability, the ECM component 

Fibronectin showed polarisation towards the centre of gastruloids. While its network covers 

most of the gastruloid except the bordering cell layer at 24 h, it is progressively restricted to 

the Sox2-expressing region over time (Figure 5C, S4H). At later time points, a second patch in 

the posterior part appears marking mesodermal cells241. Veenvliet et al. argued that in 

gastruloids, Fibronectin diffuses into the medium, whereas it accumulates at the border as 

soon as they are embedded into Matrigel186. However, I deem it unlikely that the observed 

gradient solely results from Fibronectin being lost into the medium in the periphery since it 

also co-localises with Sox2-positive cells when they relocate to the anterior tip at 96 h (Figure 

5C). Rather, I believe that initially all cells produce Fibronectin, since it has been shown that 

ES cells do so and also rely on it for self-renewal242. It subsequently fails to accumulate in the 

external cell layer due to diffusion. The presence of Fibronectin and its Integrin-mediated 

signalling may then generate a positive feedback loop: it has been shown that activation of 

focal adhesion kinase (FAK) by Fibronectin maintains ES cell pluripotency243, which in turn 

favours the production of Fibronectin. Additionally, Fibronectin may shield cells from 

differentiation cues either by sequestering ligands or by activating transcriptional programs. 

Preliminary experiments using an inhibitor of FAK resulted in a phenotype similar to class 9 

(Brachyury phenotype) at 120 h, indicating that its signalling is crucial for normal gastruloid 

development (data not shown). The tight connection between Sox2 levels and Fibronectin 

was also evident in perturbations that increased expression of the pluripotency gene which 

simultaneously resulted in higher Fibronectin intensity (Figure 7C). However, a full 

understanding of the importance of the Fibronectin network, how it signals to the cells, and 

if it is cause or consequence of the fate of the core cells requires a thorough examination. In 
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summary, our findings indicate that Fibronectin creates an ECM niche that maintains 

pluripotency and prevents differentiation. 

 

What does the core recapitulate? 

The formation of a pluripotent Sox2 core is most likely an artefact of in vitro culture. The 

observed process is called reprogramming and describes the erasure of the current cellular 

identity and reversion to a less differentiated state. In vivo, this occurs rarely and serves the 

purpose to replenish tissue after injury244. In vitro, somatic cells can be reprogrammed into 

induced pluripotent stem cells by the expression of four TFs: Oct4, Sox2, Klf4, and Myc 

(Yamanaka factors)245. However, this process takes several days and shows efficiency of less 

than 0.1%. Epigenetic modifications hinder the binding of TFs and are often retained in 

reprogrammed cells to confer memory of the previous cell state246. This emphasises that, 

although possible, reverting a somatic into a pluripotent cell is not natural. 

Reprogramming of two closely related cell types, however, is much more efficient. Activation 

of a single pluripotent TF and culture in 2i/Lif is sufficient to revert EpiSCs into naïve ES cells33. 

Transitions between cell states before the ultimate differentiation into a distinct cell type is 

possible without difficulties, highlighting the plasticity of pluripotent cells: naïve ES cells can 

be switched into the metastable state and back simply by culturing them in 2i(/Lif) or 

Serum/Lif, respectively. This again supports the notion that treatment with Chir, one 

component of 2i, reverts Sox2-high into the naïve state.  

Nevertheless, if we assume that the core of gastruloids represents the anterior epiblast 

(evident by the lack of Brachyury expression), this reprogramming event does not reflect 

normal development. While the anterior epiblast does express Sox2247, it undergoes 

ectodermal differentiation and does not go back in development. This is due to the protective 

function of the AVE that shields the anterior epiblast from Wnt, Nodal, and BMP signalling8, 

which results in cells entering the default differentiation pathway of neural induction20. 

Therein lies the explanation of what we observe during gastruloid formation: imaging of a 

fluorescent Wnt reporter line (Tcf/Lef::GFP) by Simon Suppinger showed that Wnt signalling 

is active throughout the gastruloid (data not shown). Thus, while gastruloids undergo proper 

development up to the Chir pulse with a fraction of cells becoming responsive for 

mesendodermal differentiation and the rest resisting this progression by expressing high 

levels of Sox2, the uniform activation of Wnt overrules their potential for neural 
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differentiation. In order to obtain gastruloids that produce all cell types of the embryo, future 

efforts have to be directed towards protecting the inside cell population from Wnt activation. 

This may be achieved genetically by selectively expressing Wnt inhibitors in Sox2-high cells, 

by incorporating inhibitor-coated beads into the gastruloid, or by limiting the diffusion of Chir 

to the outer cell layers.  

 

4.2.2 Role of signalling pathways in symmetry breaking 

Similarity cluster C, which comprises the whole gastruloids classes 4-6 and the pattern classes 

II and IX, was significantly different from other similarity clusters and produced most hits (15 

out of 16 compounds in this cluster were ranked as hits, 38 hits in total) (Figure 4C, 4B). Many 

of these compounds produced the characteristic whole gastruloid phenotypic pattern of 

classes 6/4/4 (E-cad/Sox1/Sox1) over the three treatment regimens. This cluster includes 

compounds targeting members of the TGFβ, VEGF, and MAPK pathways.  

Inhibition of TGFβ signalling mainly resulted in gastruloids with Sox1 phenotypes. This is 

expected since Nodal and BMP signalling are required for primitive streak induction and 

inhibitors of both pathways are used to differentiate human ES cells into neural stem cells248. 

Thus, the fact that treatment with these compounds produced the expected phenotype of 

Sox1-positive spheres supports the success of the screen. 

As discussed above, the inhibition of VEGF signalling as hit came as a surprise. I hypothesise 

that this is either due to the similarity of VEGF and FGF receptors and the resulting cross-

inhibition of the compound or because VEGF also signals via the MAPK pathway249. Since the 

specificity of the used compounds remains to be determined, I will not focus on this pathway. 

 

FGF signalling via MEK/ERK regulates multiple cell fate decisions during mouse pre- and post-

implantation development: the distinction into trophectoderm and ICM, into epiblast and 

PrE, the differentiation of naïve to primed epiblast cells, and the acquisition of mesodermal 

fates. Compounds targeting FGFR1 and MAP2K1 produced phenotypes in all three treatment 

regimens, emphasising the role of this signalling pathways throughout development. 

Furthermore, the observation of different phenotypes depending on developmental stages 

indicates distinct effects. 

“During Wnt activation”, cells in gastruloids are steered towards primitive streak and meso- 

or endodermal development (Figure 4A, 6B, 6D). Gastruloids that lack Brachyury-positive 
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cells therefore failed to undergo this differentiation. Studies of knock-out of FGF signalling 

components in mice suggest, however, that these embryos do form a primitive streak but 

cells fail to migrate through it121. This indicates that FGF signalling is required for cells to 

migrate into an inductive signalling environment and not for cell fate acquisition itself. In vitro 

differentiation of ectodermal-like cells demonstrated that addition of FGF ligands alone does 

not induce mesodermal differentiation but treatment with an inhibitor prevents it250. This 

implies that FGF signalling is required but not sufficient for primitive streak formation. 

Therefore, further studies of the interplay between FGF and Wnt signalling in induction of 

Brachyury expression in gastruloids are required. 

“During elongation”, cells continue to differentiate into mesoderm and start to migrate to 

form the elongated structure of gastruloids (Figure 4A, 5A, 6D). At this stage, cells in the 

gastruloid already induced Brachyury expression (Figure 4A). Thus, the generation of the Sox1 

phenotype after FGF inhibition at this stage indicates that FGF signalling is required to 

maintain mesodermal identity. As mentioned above, it conveys the migratory behaviour to 

cells entering the primitive streak. In the embryo, the time and position of entrance into the 

primitive streak exposes a cell to different signalling environments that ultimately decide the 

differentiation fate. However, in gastruloids this spatial organisation of morphogen domains 

does not exist, at least it has not been demonstrated yet. Therefore, the effect on cell fate 

acquisition after FGF inhibition is not due to defects in migration. It rather indicates that cells 

that just induced Brachyury require its activity to maintain Brachyury expression. 

Interestingly, the phenotype obtained with treatment “before Wnt” activation is 

morphologically inverse to the latter two treatments: whereas these produce a large portion 

containing Sox1-positive cells and a smaller one with E-cad-positive cells, the earlier 

treatment results in small gastruloids with only few Sox1-positive cells and a large portion of 

E-cad-positive cells (Figure 1A). As discussed above, cells negative for both Brachyury and 

Sox1 either are pluripotent or ectodermal cells. Taking the observation of core cells reverting 

to a naïve pluripotent state into consideration, I believe that the former is more likely. 

Inhibition of FGF signalling in combination with activation of Wnt signalling re-creates the 2i 

condition of ground state ES cell culture56. Activation of FGF signalling drives differentiation52 

and thus needs to be repressed with PD0325901. In the first treatment regimen of the screen, 

compounds were added at 32 h. At this stage, many cells still express Sox2 at high levels and 

have not exited naïve pluripotency yet. Inhibition of FGF signalling removes a stimulus for 
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differentiation. When Wnt signalling is activated at 48 h, an increased number of cells is in a 

Sox2-high state compared to control (Figure 7C) and therefore does not react with primitive 

streak formation but rather with increased expression of pluripotency genes (Figure 7D). A 

small fraction of cells, however, does manage to escape this effect, resulting in a small bud of 

Sox1-positive cells. This indicates that differential activity of FGF signalling from outside to 

inside explains why cells differentiate faster in the periphery. However, how this gradient is 

established remains unknown.  

In summary, our findings underline the importance of FGF signalling for early embryonic 

development. We confirmed its role in epiblast as well as mesoderm differentiation. At the 

same time, we also emphasised that symmetry breaking and the consequential formation of 

two cell populations is required for successful gastruloid formation. 

 

4.2.3 Importance of symmetry breaking for gastruloid development 

Symmetry breaking is unquestionably essential to increase functional diversity in 

development. It is also what distinguishes gastruloids from simple embryoid bodies. While 

the former elongate, generate an AP axis, and spatially allocate derivatives of the three germ 

layers, embryoid bodies undergo spontaneous and unorganised differentiation. It has been 

shown that gastruloids break symmetry, however, we for the first time shed led on the precise 

mechanism. 

Gastruloids generate two spatially separated populations whose identity is manifested by 

differential response to Wnt activation. This process is stabilised and accelerated by addition 

of the Wnt activator Chir, yet gastruloids are also able to self-organise this process, albeit with 

less efficiency and in a delayed manner (Figure S6C). As soon as the two populations become 

distinct in their cell fate – one expressing Sox2, the other Brachyury – the core begins to 

surface around 72-84 h, the gastruloid breaks radial symmetry and elongates. The exact 

mechanism of this self-organised process remains unknown. It may involve differential 

adhesion properties: epiblast cells express E-cad, whereas mesodermal cells express N-cad. 

Cell-cell-interactions favour identical adhesion proteins, resulting into sorting of cells 

expressing the same cadherins251. However, this is unlikely the sole reason since gastruloids 

do not express N-cad before the Sox2 core surfaces (Figure XI A). Another explanation might 

be different mechanical properties: cell release membrane tension when exiting 

pluripotency236,237, rendering core cells more rigid than cells in the periphery. As these cells 
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start to migrate, the core, which is additionally stabilised by the Fibronectin network, is 

pushed away, resulting in its surfacing. 

The boundary between core and mesodermal cells seems to serve as a primitive streak where 

cells undergo EMT (Figure XI B). The TF Eomes induces EMT by downregulating expression of 

E-cad. Eomes forms a belt between the Sox2 positive tip and the remaining length of the 

gastruloid at 96 h. Expression of the mesodermal cadherin N-cad can only be observed in the 

posterior end past this transition zone. However, E-cad expression persists in the entire 

gastruloid, suggesting incomplete EMT at 96 h (Figure XI B). As the gastruloid continues to 

elongate, the Sox2-positive tip seems to replenish the cells that migrate through the 

“primitive streak”, similar to the epiblast in vivo. This might also explain why the core 

population did not increase in size in the scRNAseq experiment. 

 

 

Figure XI. Formation of a primitive streak-like EMT zone in gastruloids. 

Representative images of gastruloids at 72 (A) and 96 h (B). Images are the central z-plane (A) or MIP (B) of a 

confocal z-stack, showing antibody stainings for Sox2 and Eomes (left), E-cad (middle), and N-cad (right). Scale 

bar 100 µm. 
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The balance between the Brachyury-positive peripheral and Sox2-positive core populations is 

required for symmetry breaking, evident by the failure to form a proper gastruloid if one of 

them dominates. When Wnt signalling was activated when cells uniformly express Sox2, they 

failed to elongate (Figure 7B). Furthermore, when gastruloids are generated from Brachyury-

positive cells only, they initiate normal development but downregulate the primitive streak 

marker by 72 h and ultimately disintegrate by 96 h252. Therefore, gastruloids that do not break 

symmetry by generating two distinct populations fail to elongate and undergo normal 

development. However, it appears that the appearance of Brachyury-positive cells is not time-

sensitive. Gastruloids treated with Chir at 24 h or not at all both form structures reminiscent 

of 96 h gastruloids at 120 h (Figure 7B, S6C). Similarly, when Wnt activation is prevented 

during the Chir pulse but endogenous signalling is permitted later on, structures reminiscent 

of 72 h gastruloids are generated after 120 h (Figure 1B). Additional experiments are required 

to determine if they will continue their development when allowed to grow longer. This would 

suggest that the absence of Brachyury positive cells at 72 h is not detrimental to development 

but only causes a delay, conveying a flexibility to gastruloids that is also often observed in 

embryos. 

 

4.3 Conclusions and outlook 
In this thesis, I showed how a quantitative and multivariate approach helped to discover a 

previously unknown symmetry breaking event in gastruloids.  

A high-content screen at three time points of gastruloid development uncovered several 

pathways active before, during, and after Wnt. In this study, we focused on the role of 

FGF/MAPK signalling prior to the Chir pulse. We only scratched the surface, and the generated 

data set will allow scientists to explore novel functionalities of gastruloid formation.  

I established a high-throughput culture platform and automated image analysis pipeline that 

allows to perform quantitative and unbiased experiments in gastruloids. We demonstrated 

this not only by performing a screen with 84 targets in ~9000 gastruloids but also by 

conducting a large-scale time course, staining for 23 markers at seven time points. This 

unravelled how gastruloids break symmetry. Within the first 48 h of differentiation, cells 

progress differently depending on their position in the gastruloid: cells on the outside 

differentiate and downregulate the pluripotency marker Sox2, while cells on the inside retain 
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pluripotency and high levels of Sox2, few of those even the expression of the naïve 

pluripotency marker Nanog. These differentiation dynamics rely on FGF signalling and the 

state of inside cells is maintained by an ECM niche consisting of Fibronectin. When gastruloids 

are treated with the Wnt activator Chir after 48 h, the two cell populations react differently: 

outside cells undergo primitive streak differentiation and upregulate Brachyury and inside 

cells revert in development, re-expressing a naïve pluripotency gene network. Differential 

properties of these cell populations lead to the translocation of the Sox2 core from the inside 

to the anterior pole of the gastruloid. At the interface, a primitive streak-like zone is 

established where cells from the core undergo EMT and start to migrate, resulting in the 

elongation of the gastruloid. Finally, we showed that the formation of these two cell 

populations is required, yet the exact timing is flexible. 

 

The publication of the first gastruloid paper dates back only seven years but advanced 

technologies have already allowed us to understand and uncover many aspects of their 

development. However, many questions, also raised by this study, remain unanswered. How 

is the spatial gradient of differentiation established? Is FGF/MAPK activity higher in the 

periphery? Is Fibronectin cause or consequence of the delayed differentiation in the centre? 

Is Sox2 responsible for the differential Wnt response in core and periphery or does it solely 

mark the state of pluripotency? The years to come will bring many new and exciting 

discoveries. 
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5. ABBREVIATIONS 

2D two-dimensional 

3D three-dimensional 

2i two inhibitors 

AP anterior-posterior 

ACVR activin receptor 

APC adenomatous polyposis coli 

AVE anterior visceral endoderm 

Bra brachyury 

BMP4 bone morphogenetic protein 4 

Cer1 cerberus-like 1 

Chir CHIR99021 

CK1 casein kinase 1 

CTNNB1 catenin beta 1 

DAPI 4ʹ,6-diamidino-2-phenylindole 

DE definitive endoderm 

Dkk1 dickkopf-related protein 1 

DMSO dimethyl sulfoxide 

Dppa developmental pluripotency associated 

DV dorsal-ventral 

DVE distal visceral endoderm 

DVL dishevelled 

E embryonic day 

E-cad E-cadherin 

ECM extracellular matrix 

EMT epithelial-to-mesenchymal transition 

Eomes eomesodermin 

EpiSC epiblast stem cell 

EpiLC epiblast-like cell 

ERK extracellular signal-regulated kinase 

ES embryonic stem 

Esrrb estrogen related receptor beta 

ETX ES – TS – XEN  

ExE extraembryonic ectoderm 

FAK focal adhesion kinase 

FGF fibroblast growth factor 

FoxA2 forkhead box A2 

FS formative stem 

Fz frizzled 

Gata GATA binding protein 

Gsc goosecoid homeobox 

GSK3b glycogen synthase kinase 3 beta 

h hours 

ICM inner cell mass 
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Id inhibitor of differentiation 

JAK janus kinase 

Klf kruppel like factor 

Lef lymphoid enhancer factor 

Lefty1 left-right determination factor 1 

Lhx1 LIM homeobox 1 

Lif leukaemia inhibitory factor 

LRP low-density-lipoprotein receptor-related protein 

MAPK mitogen-activated protein kinase 

Mixl1 mix paired-like homeobox 1 

N-cad N-cadherin 

Nr5a2 nuclear orphan receptor 5a2 

Oct octamer-binding transcription factor 

Otx2 orthodenticle homeobox 2 

PASE post-implantation amniotic sac embryoid 

PGC primordial germ cell 

PKC protein kinase C 

PORCN porcupine 

Prdm PR domain zinc finger protein 

PrE primitive endoderm 

PS primitive streak 

S/L serum/Lif 

S/L/2i serum/Lif/2i 

scRNAseq single cell RNA sequencing 

Sox sex determining region Y 

STAT signal transducer and activator of transcription 

Tbx3 T-box transcription factor 3 

Tcf T-cell factor 

Tfap2c transcription factor AP-2 gamma 

Tfcp2l1 transcription factor CP2 like 1 

TF transcription factor 

TGFβ transforming growth factor beta 

TLS trunk-like-structures 

TS trophectoderm stem 

ULA ultra-low attachment 

VE visceral endoderm 

VEGF vascular endothelial growth factor 

WIF WNT-inhibitory factor 

Wnt wingless-related integration site 

XEN extraembryonic endoderm 

Zfp42 zinc finger protein 42  
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7. APPENDIX 
 
STAR Methods 
 
Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Rabbit polyclonal anti-AKT2 (phospho S474) Abcam Cat # ab38513 
Rabbit monoclonal anti-Activin A Receptor Type 
IB/ALK-4 

Abcam Cat # ab109300 

Mouse monoclonal anti-b-catenin BD Biosciences Cat # 610154 
Rabbit monoclonal anti-Brachyury Abcam Cat # ab209665 
Rabbit monoclonal anti-Cdx2 Abcam Cat # ab76541 
Mouse monoclonal anti-E-cadherin BD Biosciences Cat # 610181 
Rabbit monoclonal anti-EGFR (phospho Y1068) Abcam Cat # ab40815 
Rabbit polyclonal anti-Fibronectin Merck Cat # F3648 
Rabbit monoclonal anti-FoxA2 Abcam Cat # ab108422 
Rabbit monoclonal anti-Gata6 Cell Signaling 

Technology 
Cat # 5851S 

Rabbit monoclonal anti-Hes1 Cell Signaling 
Technology 

Cat # 11988S 

Rabbit monoclonal anti-Ki67 Abcam Cat # ab1667 
Mouse monoclonal anti-N-cadherin BD Biosciences Cat # 610920 
Rabbit polyclonal anti-Nodal Fisher Scientific Cat # PA523084 
Mouse monoclonal anti-Oct3/4 BD Biosciences Cat # 611203 
Mouse monoclonal anti-p44/42 MAPK (Erk1/2) Cell Signaling 

Technology 
Cat # 4696S 

Rabbit polyclonal anti-Phospho-p44/42 MAPK (Erk1/2) 
(Thr202/Tyr204) 

Cell Signaling 
Technology 

Cat # 9101S 

Rabbit polyclonal anti-Phospho-NPM (Thr95) Cell Signaling 
Technology 

Cat # 3517S 

Rabbit polyclonal anti-Phospho Smad2 (Ser465/467) Thermo Fisher 
Scientific 

Cat # 44-244G 

Goat polyclonal anti-Sox1 Cell Signaling 
Technology 

Cat # 4194 

Rat monoclonal anti-Sox2 Thermo Fisher 
Scientific 

Cat # 14-9811-82 

Rabbit monoclonal anti-Tbr2/Eomes Abcam Cat # ab183991 
Rabbit monoclonal anti-YAP Cell Signaling 

Technology 
Cat # 14074S 

Chemicals, peptides, and recombinant proteins 
CHIR99021 STEMCELL 

Technologies 
Cat # 72054 

PD0325901 STEMCELL 
Technologies 

Cat # 72182 



Mouse Recombinant LIF STEMCELL 
Technologies 

Cat # 78056 

Screening library (see Table 1) Novartis  
Deposited data 
Single cell RNA-sequencing data This paper  
Experimental models: cell lines 
Sox1-GFP::Brachyury-mCherry Laboratory of David 

Suter 
CGR8, strain 129 

E14Tg2a Laboratory of Jörg 
Betschinger 

Strain 129 

Software and algorithms 
Fiji/ImageJ (Schindelin et al., 

2012) 
https://imagej.net/Fij
i 

Python Python Software 
Foundation 

https://www.python.
org 

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

Gastruloid feature extraction pipeline This paper  
Other 
384-well black/clear round bottom ultra-low attachment 
spheroid microplates 

Corning Cat # 4516 

EL406 washer dispenser BioTek Instruments  
CyBio SELMA 384/25 µl Analytik Jena AG  

 
Resource Availability 
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. 
 
Data and Code Availability 
The single cell RNA-seq data generated during this study are available at NCBI GEO 
(https://www.ncbi.nlm.nih.gov/geo/) under the accession number GEO: XXX. The complete code for 
the gastruloid feature extraction is available on XXX. 
 
Experimental Model and Subject Details 
Cell lines 
mESCs were cultured at 37°C and 5% CO2 on gelatin-coated tissue culture flasks in GMEM (Merck) 
supplemented with 10% embryonic stem cell qualified FBS (Gibco), GlutaMAX (Gibco), sodium 
pyruvate (Gibco), EmbryoMAX MEM NEAA (Merck), b-mercaptoethanol, 3 µM CHIR99021 (Chir) 
(Stem Cell Technologies), 1 µM PD0305901 (Stem Cell Technologies) and 0.1 µg/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 
mycoplasma. If not stated otherwise, Sox1-GFP::Brachyury-mCherry cells (Deluz et al., 2016) were 
used for experiments. 



 
 
 
Method Details 
Gastruloid culture 
The original gastruloid protocol (Baillie-Johnson et al., 2015) was modified as follows: mESCs were 
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 β-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 µl 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 48 h, 75 µl N2B27 supplemented with 3 µM Chir was added. Afterwards, medium (75 µl) 
was replaced every 24 h with the same volume of fresh N2B27 medium until gastruloids where fixed. 
 
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 1) 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 32-72 h, from 48-72 h and from 72-96 h. 
Compounds were added in respective volumes from a 200 µM intermediate compound library dilution 
in N2B27 using the SELMA 384 automated pipettor (Analytik Jena AG) to achieve a final concentration 
of 5 µM. Medium changes were performed as described above. Plates were fixed and prepared for 
imaging at 120 h. 
 
Compound treatment of gastruloids 
Compound treatments apart from the screening assay were performed as follows: If gastruloids were 
treated with compounds before 48 h, a 2x concentrated solution in N2B27 was prepared and 20 µl were 
added to the gastruloids. If gastruloids were treated with compounds at or after 48 h, the compound was 
added during the medium change. Gastruloids treated with the same dilution of DMSO were used as 
controls.  
 
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 30 min and 
washed 6 times with PBS. Gastruloids were permeabilised with 1% Triton X-100 for 1 h and washed 6 
times with 0.1% BSA, then blocked with 3% donkey serum (Sigma) for 1 h. Primary and secondary 
antibodies were diluted in 3% donkey serum with 0.1% Triton X-100. Cell nuclei were stained with 0.2 
µg/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 15 
min. After the secondary antibody wash, gastruloids were washed 6 times with ddH2O. Refractive index 
matching was performed with ScaleS4 (Hama et al., 2015) (gastruloid screen) or FOCM (Zhu et al., 
2019) (all other experiments).  



Following primary antibodies were used: anti-rabbit AKT2 (1:500, Abcam), anti-rabbit Activin A 
Receptor Type IB (1:500, Abcam), anti-mouse b-catenin (1:500, BD Biosciences), anti-rabbit 
Brachyury (1:500, Abcam), anti-rabbit Cdx2 (1:500, Abcam), anti-sheep Dll1 (1:500, R&D), anti-
mouse E-cadherin (1:500, BD Biosciences), anti-rabbit EGFR (phosphor Y1068) (1:500, Abcam), anti-
rabbit Fibronection (1:500, Merck), anti-rabbit FoxA2 (1:500, Abcam), anti-rabbit Gata6 (1:500, Cell 
Signaling Technology), anti-rabbit Hes1 (1:500, Cell Signaling Technology), anti-rabbit Ki67 (1:500, 
Abcam), anti-mouse N-cadherin (1:500, BD Biosciences), anti-rabbit Nodal (1:500, Fisher Scientific), 
anti-mouse Oct3/4 (1:500, BD Biosciences), anti-mouse p44/42 MAPK (Erk1/2) (1:500, Cell Signaling 
Technology), anti-rabbit Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (1:500, Cell Signaling 
Technology), anti-rabbit Phospho Smad2 (Ser465/467) (1:500, Thermo Fisher Scientific), anti-rabbit 
Sox1 (1:500, Cell Signaling Technology), anti-rat Sox2 (1:500, Thermo Fisher Scientific), anti-rabbit 
Tbr2/Eomes (1:500, Abcam) and anti-rabbit YAP (Cell Signaling Technology). 
Following secondary antibodies were used: donkey anti-rabbit Alexa Fluor 488 (1:500, Thermo Fisher 
Scientific), donkey anti-rabbit 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-rabbit Alexa Fluor 568 Plus (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-mouse Alexa Fluor 647 (1:500, Thermo Fisher 
Scientific), donkey anti-sheep 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 spanning a range up to 200 µm were acquired in 5 or 10 µm z-steps. 
 
Image-based time course 
Gastruloids were fixed every 12 h from 24 to 96 h and stained as described above. Each gastruloid was 
stained with DAPI, an antibody against Sox2, and additionally one other antibody (Table 2). Per 
timepoint, 16 gastruloids were stained with the same antibody combination. 
 
Single cell RNA-seq 
Gastruloids were generated as previously described (Baillie-Johnson et al., 2015) Briefly, 300 mESC 
were plated in 40 µl N2B27 into ultra-low attachment, round-bottom 96-well plates (7007, Corning). 
After 48 h, 150 ml of N2B27 supplemented with 3 µM Chir were added to each well. After 72 h, 
medium was changed with N2B27. Gastruloids were collected at 24 (240 gastruloids), 36 (96 
gastruloids), 48 (48 gastruloids), 60 (48 gastruloids), 72 (24 gastruloids) and 84 (2x 24 gastruloids) 
were collected. Gastruloids were transferred into a tube, spinned and medium was removed. Gastruloids 
were dissociated by incubating with Accutase for 5 min at 37°C with intermediate mechanical 
dissociation. After spinning with DMEM/F-12 with 0.1% BSA, cells were resuspended in PBS, passed 
through a cell strainer with 30 µm pore size and dead cells were stained with DRAQ7 dye (Thermo 
Fisher Scientific). Per sample, 12,000 alive cells (for the 24 h 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 RNA-Seq libraries were prepared using 10X Genomics Single Cell 3’ Gel 
Bead and Library Kit according to CG000183 SingleCell3' Reagent Kitv3 UserGuide_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 45 minutes, 85 °C for 5 minutes; held at 4 °C. After RT, GEMs were 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 3 min; cycled 11x: 98 °C for 15 s, 63 °C 
for 20 s, and 72 °C for 1 min; 72 °C for 1 min; 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 Genomics 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 dsDNA HS Assay Kit (Invitrogen P/N Q32854) and 
the quality of the libraries were performed 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. 
 
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-Jaccard loss (Ortiz 
et al., 2020). Most wells contained a single gastruloid and when more than one was present, only the 
largest one was considered for further analysis. 
 
Skeleton extraction 
The medial axis skeleton was computed from the gastruloid mask (set of all points having more 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, Brachyury 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 intensity 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 Brachyury 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 made it into 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 morphogical 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. 
 
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 the MIP 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. 
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). Polar coordinates of superpixels were normalised by the maximum 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. 
 
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 discarded 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 software package PhenoGraph (python implementation; 
part of scanpy.external package). For the whole gastruloid features, the feature set defined in Figure S2 
was used. For pattern class analysis, a 200-element array composed of the normalised Sox1 and Bra 
intensities 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 (Zappia and Oshlack, 2018), an R package 
(https://github.com/lazappi/clustree) to select the optimal resolution for clustering (see also Figure S2). 
 
Combined phenotypic space 
To incorporate the information on both the whole gastruloid and pattern phenotypes in all three 
treatment regimens, 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 (Figure 3 and Figure S3). DMSO 
similarity was defined as the correlation coefficient of the 57-element phenotypic signature between the 
tested condition and that of the DMSO control. 
 
Hit selection 
Individual treatment conditions were ranked by reproducibility of the resulting phenotypic effect. To 
this end, we defined a reproducibility score (see Figure S3). 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. 
 
Annotation term network analysis 
To non-ambiguously annotate targets of the compound library with functional annotation terms, we first 
assigned the Kyoto Encyclopedia 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 (Table1). Term-term 
interactions (kappa-scores) were then calculated for the canonic KEGG terms, using the Cytoscape3 
plugin ClueGO.  
 
Search Tool for Retrieving Interacting Genes/Proteins.(STRING) 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 1) 
were highlighted for visualisation. 
 
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 progression. For pseudotime inference we used Palantir (Setty et al., 2019) (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 0.2-99.8 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 24 h and 96 h 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 from molecular 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 pseudotime that can result in empty pseudotime intervals 
(Figure S4). To address this issue, we resampled the pseudotime, removing intervals that lacked 
datapoints, thus obtaining a continuous trajectory. 
 
Mapping individual readouts to pseudotime: 
Having aligned the individual gastruloids to the pseudotime-based developmental progression, we then 
assessed the dynamics of 23 antibody-based readouts (Table 2) along the pseudotime. To compensate 
for staining and imaging variation, we normalised 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 pseutotime 
interval (binning performed as described in previous section, for the intensity analysis in segments, see 
section “Segment feature extraction”). 
 
Single cell RNAseq analysis 
Reference and Quantification 
In order to estimate levels of both spliced transcripts and introns for use in RNA velocity analysis, a 
reference for pseudo-alignment was constructed similar to the "alevin_sep_gtr" method described in 
(Soneson et al., 2021): 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 
transcripts 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 
from the GenomicFeatures package (version 1.38.2, (Lawrence et al., 2013)) and indexed with Salmon 
(version 1.1.0, (Patro et al., 2017)) with arguments -k 23 –gencode and using the genome as a decoy. 
Reads were then quantified using Salmon/Alevin (version 1.1.0, (Srivastava et al., 2019)) with 
parameters -l ISR --chromiumV3 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 six timepoints were 
imported into R (version 4.0.2) using the tximeta package (version 1.6.3, (Love et al., 2020)) and stored 
in a SingleCellExperiment container for downstream analysis (54446 genes, 41270 cells). 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 1.16.2, (McCarthy 
et al., 2017)), and cells with more than 1800 detected genes and less than 10% mitochondrial counts 
were retained. Furthermore, 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 54298 genes and 33964 cells. 
 
Cell type annotation 
Cell size factors for normalization of raw counts were calculated using the scran package (version 
1.16.0, (Lun et al., 2021)), by first clustering the cells using the quickCluster function with 
method="igraph" and then compute SumFactors with min.mean=0.5, which implements the 
deconvolution strategy described in (Lun et al., 2016). Log-transformed normalized counts were then 
calculated using the logNormCounts function from the scater package. A similarly processed single cell 
transcriptomics dataset with cell type classification from (Pijuan-Sala et al., 2019) was obtained using 
the EmbryoAtlasData function from the MouseGastrulationData package (version 1.2.0, 
https://doi.org/doi:10.18129/B9.bioc.MouseGastrulationData). The cell type labels from the published 
dataset were then transferred to our data using the SingleR function from the SingleR package (version 
1.2.4, (Aran et al., 2019)) with default parameters and pruning. 
 
Normalisation, clustering, and visualisation 
After the filtering step described above, cells were normalised with scanpy.pp.normalize_total and 
log1p. Standard Scanpy (Wolf et al., 2018) analysis pipeline was performed (knn graph, clustering with 
leiden algorithm (Traag et al., 2019) and UMAP (McInnes et al., 2020)). Cluster resolution was selected 
by qualitatively inspecting expression of known marker genes as well as visualising cluster mixing with 
ClusTree (Zappia and Oshlack, 2018).  
 
Gene score calculation 
The gene signature score was calculated with Scanpy scanpy.tl.score_genes. The score is calculated as 
the average expression of the gene set subtracted from the average expression of a reference set of 
genes. The reference set is randomly sampled from all the genes expressed for each binned expression 
value. It was originally introduced in (Satija et al., 2015). The set of genes used to define the score was 



set to be the top 100 genes identified as markers from a differential expression test 
(scanpy.tl.rank_genes_groups with Wilcoxon-test).  
 
RNA velocity 
The dynamical model for RNA velocity was calculated with scvelo (Bergen et al., 2020) with default 
parameters. The previously computed score was visualised on top of the vector field identified by RNA 
velocity in Figure 6H. The inferred latent time was also visualised in the x axis of Figure 6I. 
 


