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SUMMARY
During neural tube (NT) development, the notochord induces an organizer, the floorplate, which secretes
Sonic Hedgehog (SHH) to pattern neural progenitors. Conversely, NT organoids (NTOs) from embryonic
stem cells (ESCs) spontaneously form floorplates without the notochord, demonstrating that stem cells
can self-organize without embryonic inducers. Here, we investigated floorplate self-organization in clonal
mouse NTOs. Expression of the floorplate marker FOXA2 was initially spatially scattered before resolving
into multiple clusters, which underwent competition and sorting, resulting in a stable ‘‘winning’’ floorplate.
We identified that BMP signaling governed long-range cluster competition. FOXA2+ clusters expressed
BMP4, suppressing FOXA2 in receiving cells while simultaneously expressing the BMP-inhibitor NOGGIN,
promoting cluster persistence. Nogginmutation perturbed floorplate formation in NTOs and in the NT in vivo
at mid/hindbrain regions, demonstrating how the floorplate can form autonomously without the notochord.
Identifying the pathways governing organizer self-organization is critical for harnessing the developmental
plasticity of stem cells in tissue engineering.
INTRODUCTION

During vertebrate development, groups of cells called organizers

secrete morphogens to induce cell fate patterning in the sur-

rounding tissues.1,2 In the embryo, organizers are induced by in-

teractions between emerging tissues (reviewed in3). Correct

organizer placement relies on pre-existing asymmetries in the

embryo and the delivery of polarizing cues. Intriguingly, recent

discoveries in vitro have found that organizers can form by a

process of self-organization in the absence of their natural devel-

opmental inducers.4–7 Despite their central importance for multi-

cellular development as well as tissue regeneration and engi-

neering, the mechanisms by which organizers self-organize are

poorly understood.
Developmental Cell 59, 1–14, Au
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The neural tube (NT) is the embryonic precursor of the central

nervous system. Patterning of neural progenitor identities along

the body axes ensures the formation of the correct diversity and

arrangement of neurons.8,9 In the developing spinal cord, NT

patterning along the dorsal-ventral axis is guided by two opposing

organizers: the dorsal roofplate, secreting bone morphogenetic

proteins (BMPs) and Wingless/Integrated (WNTs), and the ventral

floorplate, secreting Sonic Hedgehog (SHH) morphogen.10–13

In vivo, the ventral floorplate organizer is usually induced by SHH

and other signals from the underlying notochord,14,15 which has

beenmostextensively studiedat thoracic levels. Themoreanterior

floorplate is induced earlier during amniote gastrulation14,16,17 and

forms independently of notochord signaling by a mechanism that

is currently unclear.
gust 5, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The SHH-expressing floorplate has been shown to self-orga-

nize in NT organoids (NTOs) in vitro6 in the absence of notochord

or any directional inductive cues. NTOs form clonally, by differ-

entiating single mouse embryonic stem cells (ESCs) embedded

in three-dimensional (3D) hydrogels,6,18 resulting in neuroepithe-

lial cysts with a single apical lumen that exhibit a ‘‘default’’ dorsal

midbrain identity. A global pulse of retinoic acid (RA) applied

at day 2 for 18 h posteriorizes NTOs to hindbrain levels and trig-

gers self-organization of dorsal-ventral patterning by day 66

(Figures 1A and S1A). This phenomenon is characterized by

the formation of a localized FOXA2+SHH+ floorplate at the emer-

gent ventral pole, which then drives ventral-to-dorsal patterning

of neural progenitor identities. Here, we address the mechanism

governing the self-organization of this floorplate organizer

in NTOs.

RESULTS

FOXA2+ floorplate precursors self-organize from a
spatially scattered to a clustered state in clonal NTOs
To characterize the spatiotemporal dynamics of how the

FOXA2+SHH+ floorplate self-organizes in mouse NTOs, we first

performed time course immunofluorescence (IF) staining after

RA pulse (Figure 1A). We assayed FOXA2, SHH, and SHH/GLI-

responsive NKX6.1 (Figure 1B) and quantified the number of

NTOs expressing each marker (Figure 1C). Temporally, FOXA2

expression was observed from day 3 onward in >80% of NTOs

prior to detection of SHH or NKX6.1 proteins. From days 5 to

6, the number of NTOs with FOXA2 and detectable SHH/

NKX6.1 increased, whereas SHH or NKX6.1 expression was

not observed in FOXA2� NTOs (Figure 1C), indicating that

FOXA2 preceded SHH expression and activity. Accordingly,

RNA sequencing (RNA-seq) analysis19 showed upregulation of

the FoxA2 transcript earlier than Shh or Nkx6.1 (Figure S1B)

and confirmed the expected regional identity of the NTOs,

consistent with previous findings by Meinhardt et al.6 IF and

RNA-seq both showed an increase in the level of FOXA2 expres-

sion over time from day 3 onward (Figures 1B and S1B).

In vivo, SHH from the notochord can induce floorplate FOXA2

expression via GLI binding sites found in FOXA2 regulatory
Figure 1. Clonal NTOs transition from a scattered expression of FOXA

(A) Schematic of NTO formation. Single ESCs form epithelial NTOswithin 2 days in

and dorsoventral patterning at the endpoint day 6.

(B) IF time course of NTOs fixed from days 3 to 6 showing (from left to right, single

(zoom) stained for DAPI (blue), and the dorsoventral patterningmarkers FOXA2 (gr

images were scaled with lower maximal grayscale value to highlight the early sp

bars, 100 mm.

(C) Quantification of marker expression in (n = 528) NTOs over time. Colored bar

day 5, and n = 44 for day 6).

(D) Shh�/� NTOs undergo FOXA2-cell clustering. Time course of Shh�/�NTOs fix

image at 103 magnification, a representative NTO (zoom) stained for DAPI (blue

(magenta). For parental control, see Figure S1. Scale bars, 100 mm.

(E) FOXA2+ cell cluster distribution over time. FOXA2 spatial distribution was clas

(FOXA2�), or ‘‘all over’’ (almost entirely FOXA2+). A total of 1,148 NTOs were manu

for day 6).

(F) FOXA2+ cell clustering analysis using von Mises-Fisher parameter. Left: sche

Right: vonMises-Fisher analysis of 3D FOXA2+ cell distribution in day 3 (n = 27) an

Each dot represents the K value of a single NTO. Results were statistically ana

deviation (SD), and asterisks mark statistical significance.

See also Figure S1.
elements.15,20 Although we observed FOXA2 expression prior

to SHH in NTOs (Figures 1B, 1C, S1B, and S1C), we nonetheless

asked whether genetic deletion of SHH would abolish FOXA2 in-

duction and cluster formation. NTOs formed from Shh�/� ESCs

showed no detectable SHH or NKX6.1 expression at any time

point (Figures 1D andS1C). However, FOXA2 induction and clus-

ter formation still occurred inShh�/�NTOs (Figures 1D and S1D).

Unlike parental wild-type (WT) NTOs, the proportion of Shh�/�

NTOs exhibiting FOXA2 expression decreased from 80% to

60% over days 5–6 (Figure S1C), suggesting a role for SHH in

FOXA2 maintenance at later time points, consistent with pheno-

types of prolonged SHH antagonism in NTOs6 and the SHH-

driven regulatory architecture at the FoxA2 locus.20

Spatially, NTOs expressed FOXA2 at day 3 in a scattered,

salt-and-pepper manner (Figure 1B). Subsequently, the FOXA2

signal became increasingly clustered until, by days 5–6,

FOXA2 was found in discrete domains inside which SHH expres-

sion commenced to yield a functional floorplate, reflected by in-

duction of NKX6.1 (Figures 1B and 1C). Over time, the proportion

of NTOs with scattered FOXA2, versus 3+, 2, or 1 cluster per

NTO, shifted until a majority of NTOs contained a single

FOXA2+ cluster (Figure 1E). To quantify the spatial distribution

of FOXA2+ nuclei in 3D, we performed von Mises-Fisher analysis

in which a concentration parameter K is computed, based on the

sum of directional vectors from the NTO center, to describe how

tightly the vectors are distributed around their average orienta-

tion. This confirmed that FOXA2 expression became increasingly

concentrated over time (Figure 1F). Together, this shows that

floorplate self-organization in RA-treated NTOs is characterized

by ‘‘salt-and-pepper’’ FOXA2 induction, followed by clustering of

FOXA2+ floorplate precursor cells, which occurs prior to and

independently of SHH expression.

Intermediate FOXA2+ clusters interact via competition
and sorting during self-organization
We next sought to understand whether and how individual NTOs

progress from scattered to multi-cluster to single floorplates.

We generated a FOXA2-Venus fusion reporter at the endoge-

nous locus, together with knockin of H2A-mCherry into the

safe-harbor Rosa26 locus to constitutively label nuclei
2+ cells to a clustered state, which can occur in the absence of SHH

Matrigel and N2B27. An 18 h pulse of retinoic acid induces floorplate formation

z slice) a merged overview image at 103magnification, a representative NTO

een), SHH (magenta), and NKX6.1 (cyan). In the second FOXA2 column, FOXA2

atial pattern. In the second SHH column, the same metric was applied. Scale

s correspond to staining in (B) (n = 192 for day 3, n = 158 for day 4, n = 134 for

ed from days 3 to 6 showing (from left to right, single z slice) a merged overview

), and the dorsoventral patterning markers FOXA2 (green) and SHH or NKX6.1

sified into ‘‘scattered,’’ ‘‘1 cluster,’’ ‘‘2 clusters,’’ ‘‘3 or more clusters,’’ ‘‘none’’

ally analyzed (n = 292 for day 3, n = 285 for day 4, n = 209 for day 5, and n = 362

matic illustrating quantitative clustering parameter (K, from von Mises-Fisher).

d day 5 (n = 28) NTOs. By day 5, FOXA2-expressing cells show a higher K value.

lyzed using a Mann-Whitney test with p % 0.0001. Error bars show standard
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Figure 2. Statistical analysis and tracking of live cluster dynamics reveal cluster competition during self-organization

(A) Schematic of double reporter generation. Venus was knocked in after the 3rd exon at the C terminus of the endogenous FoxA2 locus, generating a fusion

protein. In addition, an H2A-mCherry construct was knocked into the ubiquitously expressed Rosa26 locus to mark nuclei.

(legend continued on next page)
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(Figures 2A and S2A–S2C). Using 3D light-sheet live imaging, we

acquired images every 15 min starting from day 3 in over 300 live

NTOs (Figure 2B). This revealed self-organization of FOXA2-

Venus+ cells from a spatially scattered to a clustered state via

progressive formation of and resolution between intermediate

clusters (Figure 2C; Video S1), in agreement with fixed sample

quantifications (Figure 1E).

We observed two distinct modes by which intermediate clus-

ters resolved (Figure 2D; Videos S2 and S3): (1) cluster extinc-

tion, whereby FOXA2-Venus expression was lost in some clus-

ters while it persisted in others, and (2) physical cell-sorting,

whereby FOXA2-Venus+ cells from one cluster coalesced with

another cluster. These two behaviors were not mutually exclu-

sive: 20% of NTOs exhibited both sorting and extinction of

FOXA2-Venus+ clusters, while 35%and 45%exhibited only sort-

ing or only extinction, respectively (Figure 2E). Because a switch

from E- to N-cadherin is observed during neural differentiation

from mouse ESCs,6,18 we examined whether there was differen-

tial expression of these cell adhesion molecules between

FOXA2+ and FOXA2� cells. We observed E-cadherin expression

in FOXA2+ versus N-cadherin expression in FOXA2� cells from

day 4 onward, which could explain the sorting behavior

(Figures S2D–S2G). Here, however, we focused further on clus-

ter extinction, as it was observed in the majority of NTOs.

To understand whether cluster extinction occurred autono-

mously or via communication (competition) between clusters,

we categorized live-imaged NTOs according to the number

of FOXA2-Venus+ clusters observed at intermediate versus

endpoint times. We then tested statistically whether clusters

behaved independently of each other. For NTOs with one inter-

mediate cluster, 14 out of 52 extinguished that cluster during

self-organization (Figure 2F). By considering the disappearance

of a given cluster as a process with this observed probability

(0.269), we formulated the null hypothesis that, if FOXA2-Venus+
(B) Schematic (created with BioRender) of timelapse imaging of double reporter

were taken every 15 min starting 6 h post RA removal on day 3 for 48–75 h.

(C) Images from timelapse series of an NTO (maximum-intensity z-projections),

ganization from a dispersed (salt-and-pepper) into a clustered state (see Video S

(D) Two distinct modes of cluster formation. Selected maximum-intensity z-p

‘‘extinction’’: three FOXA2+ (green) clusters form, and then one remains while tw

coalesce into a single cluster over time (see Video S3). Right: cluster intensities w

dashed white lines mark the outline of FOXA2+ clusters. Scale bars, 100 mm.

(E) A total of n = 93 NTOs from three different timelapses that displayed as 2 /

sorting, or both), taking into account that sorting might be overestimated due to

(F) Left: representative time course images for each category, shown as maximum

FOXA2-Venus+ cluster numbers at intermediate versus endpoint times. Middle: b

cluster (n = 52), the expected outcomes (gray) for NTOs with 2 intermediate cluste

cluster behavior, then compared with observed outcomes (magenta). Right: calc

expected value indicated by gray lines and the observed numbers by magenta l

(G) Measurement of FOXA2 area fraction and mean normalized FOXA2 express

(‘‘loser’’ clusters, cyan) versus clusters that persisted (winner clusters, magen

Kolmogorov-Smirnov (KS) test was used to assess whether the cluster area frac

extinguished clusters were drawn from the same population. This null hypothesis

and the mean FOXA2 expression data (KS statistic = 0.81, p value 1.5e�14).

(H) For each extinction event, the comparative properties of the persisting winnin

(I) Topology and features of dynamical FOXA2+ cluster tracking showing cluster a

drawn from a single NTO with multiple clusters. Left: dynamical cluster property

cluster tracking. The y axes of the right plots have no physical meaning and are for

the DAG.

See also Figure S2 and Videos S1, S2, and S3.
clusters behave independently, the expected outcome for NTOs

with two intermediate clusters losing one or both clusters would

be 0.393 or 0.072, respectively. We compared these expected

outcomes with experimental observations (Figure 2F). In live-

imaged NTOs with two intermediate clusters, the observed out-

comes differed significantly from the expected outcomes. A

cluster was significantly more likely to be extinguished if another

cluster was present (Figure 2F), indicating competitive communi-

cation between the clusters that governs final outcome.

We aimed to investigate whether there are quantitative features

that can predict which cluster will persist and which will be extin-

guished in competition. To relate cluster features, suchas size and

FOXA2 intensity, at intermediate time points versus their subse-

quent outcomes, we established a semi-automated cluster

identification pipeline to track FOXA2-Venus+ clusters over time

in live-imaged NTOs in 3D. We performed a detailed analysis on

a representative set of movies in which cluster extinction events

were observed (20 NTOs comprising 47 extinction events)

(Figures 2G–2I, S2H, and S2I; Table S1). When considering the

relative properties of clusters in a given NTO 1 h prior to each

extinction event, the winning cluster was always larger, occupying

>5% of the surface area of the whole NTO (Figures 2G and 2H;

Table S1). The winning cluster also exhibited a higher mean

FOXA2 intensity in each comparison, except in one case (Fig-

ure 2H; Table S1), at the time analyzed. Before that, size and inten-

sity were somewhat predictive of cluster persistence (Figure S2I).

BMP signaling activity anti-correlates with FOXA2
expression during cluster interaction
Wesought to determine themolecular signals that facilitate cluster

communication. To identify candidates, we performed bulk RNA-

seqof sortedFOXA2-Venus+ versusFOXA2-Venus� cells at day 5,

a time point at which cluster extinction was occurring (Figures 3A

and S3A). Reasoning that secreted signals could explain
on the Viventis lightsheet microscope. Full image stacks with 3 mm z step size

following the spatial organization of FOXA2 (green) over 50 h showing self-or-

1). Dashed white lines mark the outlines of the NTO. Scale bars, 100 mm.

rojection images from two (upper and lower) NTO timelapse series. Upper:

o disappear (see Video S2). Lower: ‘‘sorting’’: two distinct clusters grow and

ere tracked over time in graphs. Dotted gray lines mark the outlines of NTOs,

1 behavior were subclassified into their mode of self-organization (extinction,

analysis using maximum-intensity z-projections.

-intensity z-projections; scale bars, 50 mm, and scoring of NTOs according to

ased on the frequency of cluster disappearance in NTOs with one intermediate

rs (n = 102) were calculated using binomial distribution assuming independent

ulation of p values based on the binomial distribution for each case, with the

ines.

ion in each cluster, averaged over 1 h time before a cluster was extinguished

ta) from movie analyses performed as shown in Figure S2H. A two-sample

tion and the mean normalized cluster FOXA2 expression of the persisting and

was rejected both for the area fraction data (KS statistic = 1, p value 4.7e�22)

g versus extinguished losing cluster in that NTO are classified.

rea (upper panel) and mean FOXA2 intensity (lower panel). Results shown are

over time. Right: topology of the directed acyclic graph (DAG) describing the

matted to provide a clear visual separation between connected components of
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Figure 3. FOXA2+ cells express BMPs and Noggin, while FOXA2– cells display a higher pSMAD1/5/9 signal

(A) Schematic of RNA-seq performed on sorted FOXA2+ and FOXA2� cell populations of day 5 NTOs made from the reporter cell line.

(B) Activity plot of upstream regulators predicted to be activated or inhibited based on the observed expression changes in FOXA2+ versus FOXA2� cells.

Regulators are colored based on activation Z score at a threshold of 1.8, and the top 20 candidates based on significance are labeled; an arrow next to a regulator

name indicates significant up- or downregulation of the gene in FOXA2+ (versus FOXA2�).
(C) WNT, FGF, and BMP pathway members showing differential gene expression between FOXA2+ and FOXA2� cells. MA plot of the RNA-seq data showing log2
fold changes of genes over their average gene expression against samples (y axis: FOXA2+ versus FOXA2� log ratio values, x axis: log10(baseMean + 1) of average

gene expression). Color highlights genes assigned to either WNT signaling pathway (GO: 0016055), FGF signaling pathway (GO: 0008543), or BMP signaling

(legend continued on next page)
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long-range mutual inhibition between clusters, we focused on the

expression of ligands, receptors, transducers, andmodulators for

themajor secreted signaling pathways. Using twomethods to test

enrichment of signaling pathway signatures in FOXA2+ versus

FOXA2� cells (Figures 3B and S3B), signatures of WNT, fibroblast

growth factor (FGF), and BMP signaling were uncovered in

FOXA2+ cells. Various WNT and FGF ligands were expressed in

FOXA2+orFOXA2�populations (Figure3C).Notably,BMP ligands

were almost exclusively expressed in FOXA2+ cells (Figure 3C).

Expression of the secreted WNT inhibitors Dkk1-3 and secreted

BMP inhibitorsNoggin andChordinwas enriched in FOXA2+ cells,

whereas FGF-responsive Spry4 was enriched in FOXA2� cells

(Figure 3C). We therefore investigatedWNT, FGF, and BMP path-

ways in NTOs by spatial analyses of signaling activities and func-

tional perturbations, as described below.

To functionally test the candidate pathways, we performed

pharmacological screens using small molecules and recombi-

nant proteins to activate or inhibit WNT, FGF, or BMP signaling

from days 3 to 5 (Figure S3C). WNT or FGF perturbations led

to a slight decrease in the percentage of FOXA2+ NTOs at

day 5, irrespective of whether the pathway was activated or in-

hibited. However, BMP activation decreased—while inhibition

increased—the percentage of FOXA2+ NTOs, demonstrating

that the level of BMP signaling modulates FOXA2 expression.

To assess the activities of the WNT, FGF, and BMP pathways

during cluster self-organization in NTOs, we assayed for LEF1,

phosphorylated (p)ERK, or pSMAD1/5/9, respectively, by IF (Fig-

ure 3D). LEF1 and pERK signal decreased, whereas pSMAD1/5/

9 increased, from days 3 to 5, suggesting an increase in BMP

pathway activity after RA treatment. Interestingly, we observed

that the pSMAD1/5/9 signal predominated in FOXA2� cells

comparedwith FOXA2+ cells (Figures 3D, S3D, and S3E). Tomea-

sure the degree of spatial correlation between FOXA2 expression

versusWNT, FGF,orBMPsignaling activities,wemeasured signal

intensities along a line that bisected cells in NTOs, circling the

lumen, then computed the Pearson correlation coefficients be-

tween FOXA2 and LEF1, pERK, or pSMAD1/5/9 signals, respec-

tively (Figure 3E). We did not observe any type of correlation be-

tween FOXA2 and LEF1 or pERK signal. By contrast, a negative

correlation was found between FOXA2 and pSMAD1/5/9 inten-

sities, consistent with a role of BMP signaling in FOXA2 suppres-

sion. Taken together, the BMP pathway exhibited an appropriate

activity pattern and perturbation phenotype to be further consid-

ered as a candidate signal bywhich intermediate FOXA2+ clusters

interact.

BMP signaling regulates FOXA2 cluster resolution
To functionally investigate the role of BMP signaling during the

phase of cluster competition, we perturbed the BMP pathway
pathway (GO: 0030509) based on Ensembl 94 annotation. Data point color indic

#EE3377), or not significantly differentially regulated genes (light blue).

(D) Time course of NTOs fixed from days 3 to 5 (single z slice) showing a merged

(blue), FOXA2 (green), and LEF1 (left) or pERK (middle) or pSMAD1/5/9 (right) (m

white lines mark the outlines of the NTOs. Scale bars: 100 mm for 103 and 50 mm

(E) Analysis of Pearson correlation coefficient. Left: representative NTO used for th

each NTO cross-section, a line with width of 10 pixels (shown in yellow) was draw

bars, 100 mm. Right: intensity profiles of FOXA2 and LEF1/pERK/pSMAD were

sampling the pixels for two channels (FOXA2 versus LEF1, FOXA2 versus pERK,

See also Figure S3.
from day 4 onward using pharmacological and genetic ap-

proaches (Figure 4A). To quantitatively assess the effect of per-

turbations on inter-cluster communication, we adapted our pro-

tocol to support the growth of larger NTOs (Figures S4A–S4C).

These demonstrated a higher frequency of multiple rather than

single FOXA2+ clusters (Figure S4D) due to a positive correlation

between NTO size and endpoint cluster number (Figure S4E).

BMP4 ligand treatment led toadose-dependentdecrease in the

proportion of NTOs with any FOXA2+ clusters persisting at day 6

(Figures 4Band 4C).Conversely,BMPpathway inhibitionbyappli-

cation of recombinant NOGGIN or the small molecule LDN193189

(LDN) led toamild increase in the total proportionofNTOswith any

FOXA2+ clusters (Figures 4B, 4C, and S3E). When broken down

into whether each NTO contained 1, 2, or 3+ clusters, BMP inhibi-

tion resulted in a significant increase in theproportionofNTOswith

3+ endpoint clusters (Figure 4C). This is consistent with a role of

endogenous BMP signaling in promoting FOXA2 cluster extinc-

tion, which is alleviated by BMP inhibition.

Given that larger and brighter clusters were more likely to

persist (Figures 2G and 2H), we hypothesized that heteroge-

neous expression in BMP pathway genes as a function of

FOXA2 expression levels may contribute to the competition. Us-

ing fluorescence-activated cell sorting (FACS), we sorted cells

from NTOs according to their FOXA2-Venus levels into negative,

low, medium, and high expression at day 4 and performed RNA-

seq. Indeed, we observed an increase in expression of BMP li-

gands as well as inhibitors, corresponding to higher FOXA2

expression levels (Figure S4F). When analyzing expression in

FACS-sorted FOXA2-Venus negative, low, medium, and high

cells from intermediate (day 4) and clustered (day 5) NTOs, we

found that by day 5 the tested BMP ligands, as well as inhibitors,

showed positive correlation with FOXA2 expression levels or

increased expression in FOXA2+ compared with negative cells,

which could explain why brighter FOXA2+ clusters aremore likely

to ‘‘win’’ the competition (Figure S4G).

We then tested whether endogenously produced NOGGIN

plays a role in regulating FOXA2+ clusters in NTOs by generating

Noggin mutant (Nogmut) ESCs with CRISPR-Cas9 (Figure S4H),

then subjecting them to NTO formation and BMP pathway

perturbations (Figures 4D–4F). A significantly lower proportion

of Nogmut NTOs contained any endpoint FOXA2+ clusters

compared with WT NTOs (Figure 4E). BMP4 treatment led to a

further and dose-dependent reduction in the proportion of

NogmutNTOswith any FOXA2+ clusters (Figure 4E). Furthermore,

when we quantified the size of FOXA2+ clusters, Nogmut NTOs

and BMP-treated WT NTOs both exhibited significantly smaller

FOXA2+ clusters than untreated WT NTOs (Figure 4F). Exoge-

nous application of NOGGIN protein to Nogmut NTOs rescued

the proportion of FOXA2+ NTOs (Figure 4E) and FOXA2+ cluster
ates up-regulated in FOXA2+ (green, #009988), up-regulated in FOXA2� (pink,

image at 103magnification and a representative NTO (zoom) stained for DAPI

agenta) to visualize WNT, FGF or BMP pathway activity respectively. Dashed

for zoom of representative NTOs.

e anti-correlation analysis performed on single z slices of images on day 5. For

n around the NTO, starting in the FOXA2+ cluster and sparing the lumen. Scale

measured and analyzed by calculating the Pearson correlation coefficient by

FOXA2 versus pSMAD). NTOs are n = 56 LEF1, n = 49 pERK, n = 76 pSMAD.
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Figure 4. BMP pathway activation or suppression modulates FOXA2 cluster persistence

(A) Timeline of BMP pathway perturbations using ‘‘large NTO’’ protocol relevant for (B)–(H) (see Figure S4). Perturbations were performed from days 4 to 6 after an

18 h RA pulse from days 2 to 3.

(legend continued on next page)
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size (Figure 4F) to WT levels. We confirmed that the FOXA2 clus-

ters in NOGGIN-treated NogmutNTOs represent functional SHH-

expressing floorplates at day 6 by co-staining for SHH and SHH/

GLI-responsive NKX6.1 (Figures 4G and 4H).

Together, these data demonstrate that BMP signaling activity

level regulates FOXA2+ cluster outcomes during NTO self-orga-

nization. BMP pathway activation versus inhibition controlled

FOXA2+ cluster extinction versus persistence in a dose-depen-

dent manner, as well as modulating FOXA2+ cluster size. Endog-

enously, Bmp4 ligand and BMP-inhibitor Noggin were both

expressed by FOXA2+ cells (Figure 3C), leading us to query the

regulatory interactions between FOXA2, BMP4, and NOGGIN

that underpin self-organization in NTOs. To examine how BMP

signaling affects gene expression response in FOXA2+ cells,

we perturbed the BMP pathway in NTOs, then sorted according

to FOXA2-Venus reporter level and performed RNA-seq after 8 h

to capture early transcriptional responses in nascent FOXA2+

cells (Figures 4I and S4I–S4K). FOXA2+ cells from BMP4-treated

NTOs showed a significant increase in Noggin expression (Fig-

ure 4I), in agreement with BMP-drivenNoggin induction reported

in human two-dimensional (2D) gastruloids,21 indicating a feed-

back loop in which FOXA2+ clusters protect themselves from

the BMP ligands that they themselves produce (Figure 3C).

In summary, we propose a FOXA2-BMP4-NOGGIN signaling

circuitry that underpins cluster competition during NTO self-or-

ganization (Figure 4J). FOXA2 cells express BMP ligands (Fig-

ure 3C) that, plausibly through pSMAD1/5/9, suppress FOXA2

in surrounding cells. NOGGIN, also expressed by FOXA2 cells

(Figure 3C) and under feedback control by BMP (Figure 4J), pro-

motes the persistence and size of winner clusters.
(B) Representative images at 103magnification (single z slice) of WT NTOs staine

(200 ng/mL), and RA + LDN (500 nM). Scale bars, 100 mm.

(C) 3D analysis of numbers of FOXA2+ clusters in WT NTOs on day 6 shown in (

Dunnett’s multiple comparisons test. For 3 or more clusters: RA versus RA + BM

RA +NOG (200 ng/mL) p = 0.0029, RA versus RA + NOG (500 ng/mL) p% 0.0001,

(10 ng/mL) was n.s., RA versus RA + BMP4 (25 ng/mL) p = 0.0005, RA versus RA

versus RA + LDN (500 nM) was n.s.; for 1 cluster: RA versus RA +BMP4 (10 ng/mL

(200 ng/mL) was n.s., RA versus RA + NOG (500 ng/mL) p = 0.0153, RA versus RA

NOGGIN, or in nM for LDN. Asterisks indicate statistical significance, n.s. indica

(D) Representative images at 103magnification (single z slice) ofNogmut NTOs sta

NOG (200 ng/mL), and RA + LDN (500 nM). Scale bars, 100 mm.

(E) 3D analysis of the proportion of FOXA2+ NTOs shown in (B) and (D) of WT (purp

way ANOVA, always comparingWTwithNogmut samples. RA versus RA p%0.000

(25 ng/mL) versus RA + BMP4 (25 ng/mL) p = 0.0039, RA + LDN (500 nM) versus

n = 3,407 (between 306 and 414 per condition) WT NTOs and n = 3,425 (betw

Concentration [x] expressed in ng/mL for BMP4 and NOGGIN, or in nM for LDN.

(F) 3D analysis of average surface area of FOXA2+ clusters in WT (purple) and No

Results were statistically analyzed using Kruskal-Wallis test and Dunn’s multiple

NOG (inNogmutNTOs). WT RA versusWT RA + BMP4 p% 0.0001, WT RA versus

indicate statistical significance, n.s. indicates non-significance.

(G) Representative images (single z slice) of a day 6 WT NTO stained for DAPI (

(25 ng/mL), RA + NOG (200 ng/mL), and RA + LDN (500 nM). Scale bars, 100 mm

(H) Representative images (single z slice) of a day 6 Nogmut NTO stained for DAPI

(25 ng/mL), RA + NOG (200 ng/mL), and RA + LDN (500 nM). Scale bars, 100 mm

(I) Transcriptional response in FOXA2+ cells after BMP signal activation or supp

Schematic: at day 3, BMP perturbations were added for 8 h before NTOs were d

Expression levels (cpm) ofNoggin in FOXA2+ cells upon RA, RA +BMP4 (1.5 ng/m

DESeq2 with pairwise comparison, RA + BMP4 versus RA p % 0.0001 for Nog

significance.

(J) Model of conceptional interactions between BMP4 and NOGGIN activities in

See also Figure S4.
NOGGIN regulates floorplate size in the anterior NT
in vivo

Given our observations in NTOs, we asked whether deleting

Noggin might reduce floorplate size in vivo. We crossed mice

bearing Noggin floxed (NogFl/Fl or NogFl/+)22 and Sox2CreERT2/+ 23

alleles (Figures 5A and S5A), tamoxifen-treated at E5.5 to induce

Nog conditional knockout (cKO) in the epiblast, and harvested

embryos at E10.5 to evaluate FOXA2 and SHH expression in the

NT at different anatomical levels (Figure 5B).

By quantifying the DAPI+ area in cross-sections, we observed

that mutant embryos exhibited slightly smaller NTs in the cervical

spine region compared with control embryos from the same

developmental stage (Figure S5B). To avoid any confounding ef-

fect, we measured the areas of FOXA2 and SHH protein expres-

sion (Figures S5C and S5D), then normalized to respective NT

size (Figure 5C). We found a significant decrease in the normal-

ized areas of FOXA2 and SHH expression inNog cKO compared

with control embryos, specifically in the mid/hindbrain region in

which the floorplate forms prior to notochord development.24

By contrast, there was no difference in the FOXA2 and SHH

domain sizes in the notochord-dependent cervical and thoracic

spinal cord. Altogether, our in vitro and in vivo findings suggest

that floorplate establishment in the mid/hindbrain region is regu-

lated via BMP-dependent cell communication.

DISCUSSION

Here, we describe how a floorplate-signaling center self-orga-

nizes in clonal 3D NTOs. Following a pulse of RA signal,

FOXA2+ cells emerge in a salt-and-pepper fashion at day 3,
d for DAPI (blue) and FOXA2 (green) for RA, RA + BMP4 (25 ng/mL), RA + NOG

B). Results were statistically analyzed using an ordinary one-way ANOVA and

P4 (10 ng/mL) was n.s., RA versus RA + BMP4 (25 ng/mL) was n.s., RA versus

RA versus RA + LDN (500 nM) p% 0.0001; for 2 clusters: RA versus RA + BMP4

+ NOG (200 ng/mL) was n.s., RA versus RA + NOG (500 ng/mL) was n.s., RA

) p = 0.0171, RA versus RA +BMP4 (25 ng/mL) p = 0.0007, RA versus RA +NOG

+ LDN (500 nM) was n.s. Concentration [x] expressed in ng/mL for BMP4 and

tes non-significance.

ined for DAPI (blue) and FOXA2 (green) upon RA, RA + BMP4 (25 ng/mL), RA +

le) andNogmut (cyan). Results were statistically analyzed using an ordinary one-

1, RA +BMP4 (10 ng/mL) versus RA +BMP4 (10 ng/mL) p = 0.0004, RA +BMP4

RA + LDN (500 nM) p = 0.0229, while the other conditions were n.s. A total of

een 328 and 415 per condition) Nogmut NTOs were included in the analysis.

Asterisks indicate statistical significance, n.s. indicates non-significance.

gmut (cyan) NTOs. Each dot represents an average cluster area in a given NTO.

comparisons test comparing RA with RA + BMP4 (in WT NTOs), RA and RA +

NogmutRA p% 0.0001, andWTRA versusNogmutRA +NOGwas n.s. Asterisks

blue), FOXA2 (green), SHH (magenta), and NKX6.1 (cyan) for RA, RA + BMP4

.

(blue), FOXA2 (green), SHH (magenta), and NKX6.1 (cyan) for RA, RA + BMP4

.

ression shows FOXA2+ cells induce Noggin expression after BMP exposure.

issociated and FACS sorted into FOXA2+ and FOXA2� cells for RNA analysis.

L), and RA + LDN (100 nM) treatments. Results were statistically analyzed using

gin expression. Asterisks indicate statistical significance, n.s. indicates non-

FOXA2+ cells and their interaction via pSMAD1/5/9 activity in FOXA2� cells.
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Figure 5. In vivo role of NOGGIN in anterior floorplate size in the mouse embryo

(A) Schematic of mouse crossing performed for inducible deletion of Noggin. E10.5 mouse showing the anatomy and section planes of the harvested and

analyzed embryos.

(B) Representative images of E10.5 control (NogFl/+;Sox2+/+ or NogFl/Fl;Sox2+/+) and Nog cKO (NogFl/Fl;Sox2CreERT2/+) embryos of mid/hindbrain (M/HB), cervical

spinal cord (CSC), and thorax (THR) regions stained for DAPI (blue), FOXA2 (green), and SHH (magenta). Scale bars, 100 mm.

(C) Normalized area of FOXA2 and SHH at different anterior-posterior levels of the embryonic NT. Quantification wasmade on serial sections of 6 control embryos

(136 sections total, 33 for M/HB, 62 for CSC, 33 for THR) in purple and 3 Nog cKO embryos (68 sections total, 23 for M/HB, 30 for CSC, 15 for THR) in cyan from

two litters. Kruskal-Wallis test and Dunn’s multiple comparison tests were performed between anatomical regions of control versus Nog cKO (FOXA2: M/HB

versus M/HB p = 0.0165, CSC versus CSC p = 0.2706, THR versus THR p = 0.3926, SHH: M/HB versus M/HB p = 0.0031, CSC versus CSC p = 0.0792, THR

versus THR p = 0.4484). Horizontal bars represent means of the data, asterisks indicate statistical significance, n.s. indicates non-significance.
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then undergo a process of cluster formation and resolution to

form a localized domain in which SHH morphogen expression

commences from day 5 (Figures 1 and 2). During NTO self-orga-

nization, intermediate FOXA2+ clusters do not behave indepen-

dently but instead promote each other’s extinction (Figure 2)

via a BMP-mediated signaling mechanism, while NOGGIN pro-

tects FOXA2 (Figures 3 and 4). Furthermore, BMP4 application

or Noggin mutation decreases FOXA2 domain size, which can

be rescued by exogenous NOGGIN (Figure 4). Strikingly, the

expression of both BMP ligands and inhibitors is enriched in

FOXA2+ cells, whereas BMP signal transduction indicated by

pSMAD1/5/9 is enriched in FOXA2� cells (Figure 3). This repre-

sents a self-organization mechanism in which spatially scattered

FOXA2+ cells express the signaling machinery driving their

competition to result in a ventral pole.
10 Developmental Cell 59, 1–14, August 5, 2024
We imaged this dynamic process and found that cells follow

twomajor processes, cluster competition and cell sorting, which

might be linked to a considerable heterogeneity in cluster size

and FOXA2 expression level. Given that we identified the

BMP4-NOGGIN circuit as a key player in cluster competition,

we examined expression of these factors and saw correspon-

dence with FOXA2 expression intensity. Correspondence be-

tween Noggin and FOXA2 first appeared in day 5 NTOs, while

on day 4, Noggin expression was higher in FOXA2 low cells. It

will be interesting to further understand whether this small, sta-

tistically significant difference in FOXA2 low cells on day 4 con-

tributes to the dynamics of self-organization andwhether hetero-

geneity in cluster size and brightness could relate to differential

BMP circuit expression. Future work will be aimed at under-

standing cluster competition in NTOs more deeply, such as
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how FOXA2 levels or cluster size are controlled, how the BMP-

NOGGIN circuit interfaces with the sorting and differential cad-

herin expression, and whether one of these two processes might

dominate over the other in different phases of the self-organiza-

tion. Given the known tendency of cells to sort based on differ-

ential cadherin expression,25 this observation may provide an

explanation for the cell sorting observed in the NTOs. However,

other recent advances have been reported to control floorplate

formation in the mouse in vivo by integrating mechanical cues

and translating these into cell-specific transcriptional programs,

which could potentially also play a role in cell sorting of FOXA2 in

the NTOs.26

Expression of both the FOXA2 ‘‘inhibitor’’ (BMP4) and ‘‘acti-

vator’’/protector (NOGGIN) molecules from the same cells

(FOXA2+), and the feedback by which BMP4 promotes Noggin

expression in FOXA2+ cells (Figure 4), displays features of a re-

action-diffusion (RD) mechanism.27 In the future, it will be inter-

esting to test the extent to which an RD-type mechanism under-

pins floorplate patterning in NTOs. A thorough understandingwill

involve developing the means to determine the localization and

dynamics of BMP pathway components. This NTO system offers

the intriguing possibility to define, quantitatively, how the relative

contributions of long-range communication versus physical cell

sorting mechanisms (Figure 2) complement each other to pro-

mote self-organizational robustness. How our findings from

mouse ESCs compare with recently described human NTOs

that induce full or partial dorsoventral patterning will also be

important.28–30 In these studies, fixed time point analysis

showed scattered FOXA2 prior to floorplate formation, but as

less than 30% of human NTOs formed floorplates, it has been

unclear whether the scattered starting point was an intermediate

to the final state or whether distinct subpopulations arose over

time.28 WNT signaling has been proposed to act in an RD

patterning system in human NTOs30—something that we did

not observe in mouse NTOs. Whether these discrepancies are

due to experimental approaches or whether they highlight

intriguing inter-species differences remains to be addressed.

Other 3D organoid models that form from aggregates of 100s–

1,000s of cells31–35 can self-organize by amplifying initial asym-

metries, yielding persistence of a signaling center at the location

of its initial emergence. In contrast, our NTOs form clonally from

single ESCs and show a regulative self-organization process,

with nascent clusters competing via long-range signaling prior

to establishing a stable ventral organizer. To our knowledge,

cluster competition has not been observed in other organoid

systems, although few studies have yet investigated the earliest

stages of their self-organization due to constraints in efficiency,

topographic predictability, or optical density that have limited

tractability. Recent work addressing how 3D gastruloids initiate

self-organization of an anterior-posterior axis36,37 have com-

bined improvements in homogeneity of input cells and analytical

tools to elucidate how early variation in Nodal/BMP and cell po-

sition act prior to heterogeneity in WNT activity, which deter-

mines which cells will form the posterior pole, reinforced by

cell sorting. Endogenous and exogenous BMP signaling have

been shown to mediate organized lineage induction in 3D

models of human epiblast38,39 and mouse appendages,40 but

again without evidence of cluster competition. The processes

we describe here are also distinct from those found in clonal in-
testinal organoids, where local activation of YAP1 induces sym-

metry breaking via DLL1 to determine the future crypt41 without

indication of competition between emergent DLL1 sites. An

interesting question is whether mechanisms such as those we

describe may be upstream of self-organization mechanisms in

other organoids.

Here, we have identified and tested the importance of BMP

signaling for cluster interactions in mouse NTOs. Because

BMP is a key morphogen driving dorsal patterning of the NT

from the dorsal roofplate organizer,42–44 it seems surprising to

observe BMP ligand expression in ventral floorplate cells. How-

ever, BMP ligands are reported to be expressed in the in vivo

floorplate,45–47 in keeping with the enrichment of BMP ligand

expression we observe in FOXA2+ cells of NTOs (Figure 3). Our

observation that BMP4 and NOGGIN regulate floorplate forma-

tion and size in NTOs led us to investigate whether BMP

signaling circuitry plays a role in floorplate formation in vivo.

cKO of Noggin in the epiblast led to a reduction in floorplate

size at E10.5, particularly at mid/hindbrain regions of the NT

where the floorplate, like our NTOs, forms in the absence of

the underlying notochord (Figure 5). This raises the possibility

that ventral sources of BMPmay also contribute to NT patterning

defects in mouse mutants of the BMP pathway.45–47

The broader applicability of the BMP-NOGGIN circuit regu-

lating floorplate formation in NTOs highlights the potential of

tractable in vitro self-organizing systems to uncover mecha-

nisms that may contribute in vivo, by isolating or exaggerating

such mechanisms away from the complexity of the developing

embryo. This raises fascinating possibilities for the future: by

integrating classical developmental biology with self-organiza-

tion in stem cell models, we can quantitatively tease apart how

embryonic context and inductive cues interface with self-orga-

nizing modules to allow regulative yet robust outcomes of verte-

brate development.
Limitations of the study
In this study, we suggest differential cadherin expression as a

possible explanation for the physical cell sorting of FOXA2+ cells

occurring during self-organization. However, this might not be

the only mechanism, and other (mechanical) cues could poten-

tially contribute to cell sorting. When considering features that

predict which cluster will win or lose during competition, we

investigated cluster size and FOXA2 expression, but other pa-

rameters could also be involved. Additionally, we could not

define the exact spatial localization of BMP4 and NOGGIN pro-

teins due to the lack of functioning specific antibodies. Finally,

the role of FOXA2� cells in the self-organization process is still

unknown.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal rabbit anti-FOXA2 Cell Signalling Technologies Cat# 8186; RRID:AB_10891055

Polyclonal goat anti-FOXA2 R&D Cat# AF2400; RRID:AB_2294104

Monoclonal rabbit anti-SHH Cell Signalling Technologies Cat# 2207; RRID:AB_2188191

Monoclonal mouse anti-NKX6.1 DSHB Cat# F55A10; RRID:AB_532378

Monoclonal rabbit anti-LEF1 Cell Signalling Technologies Cat# 2230; RRID:AB_823558

Monoclonal rabbit anti-Phospho-SMAD1

(Ser463/465)/ SMAD5 (Ser463/465)/

SMAD9 (Ser465/467)

Cell Signalling Technology Cat# 13820; RRID:AB_2493181

Monoclonal rabbit anti-Phospho-p44/42

MAPK (Erk1/2) (Thr202/Tyr204)

Cell Signalling Technology Cat# 4370; RRID:AB_2315112

Monoclonal rabbit anti-E-Cadherin Cell Signalling Technology Cat# 3195; RRID:AB_2291471

Monoclonal rat anti-N-Cadherin DSHB Cat# MNCD2; RRID:AB_528119

Monoclonal mouse anti-ß-Tubulin MPI-CBG N/A

Alexa Fluor conjugated secondary antibodies

for IHC (Donkey anti-Mouse/Goat/Rabbit)

Invitrogen N/A

HRP conjugated secondary antibodies for WB

(Goat anti-Rabbit/Mouse)

Invitrogen N/A

DAPI Sigma-Aldrich Cat# D9542

Chemicals, peptides, and recombinant proteins

N-2 Supplement (100X) Gibco Cat# 17502048

B-27� Supplement (50X), serum free Gibco Cat# 17504044

DMEM/F-12, no glutamine Gibco Cat# 21331020

Neurobasal� Medium Gibco Cat# 21103049

L-Glutamine (200 mM) Gibco Cat# A2916801

2-Mercaptoethanol (50 mM) Gibco Cat# 31350010

Penicillin-Streptomycin Solution Gibco Cat# 15140130

CHIR 99021 Tocris Cat# 4423

PD 0325901 Tocris Cat# 4192

Mouse LIF Qkine Cat# Qk018-1000

Accutase Invitrogen Cat# 00-4555-56

Sodium Pyruvate (100 mM) Gibco Cat# 11360070

BMP4 R&D Cat# PHC9534

BMP7 R&D Cat# 354-GMP

LDN-193189 Selleck Chemicals Cat# S2618

Noggin R&D Cat# 6057-NG-025

FGF2 PeproTech Cat# 100-18B

FGF8b In house N/A

IWP-2 Selleck Chemicals Cat# S7085

IWR-1endo Merck Cat# I0161

Gelatin Merck Cat# G2500

Puromycin -dihydrochlorid Thermo Scientific Cat# P9620

Neomycin Merck Cat# N1142

Geneticin (G418) Invivogen Cat# ant-gn-1

Trypsin-EDTA (0.25%) Gibco Cat# 25200056

Albumin (BSA) Fraction V (pH 7.0) Panreac AppliChem Cat# A1391

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Normal Donkey Serum Jackson ImmunoResearch Cat# 017-000-121

Target Retrieval Solution, Citrate pH 6 Dako Cat# S2369

Advanced DMEM/F-12 Gibco Cat# 12634010

MEM Non-Essential Amino Acids Solution (100X) Gibco Cat# 11140035

Basement Membrane Matrix (Matrigel) Corning Cat# BDL354234

CellCarrier-96 Ultra Microplates PerkinElmer Cat# 6055302

35 mm Dish | No. 1.5 Coverslip | 14 mm Glass

Diameter | Uncoated

MatTek Corporation Cat# P35G-1.5-14-C

All-Trans Retinoic Acid Merck Cat# R2625

Paraformaldehyde,reagent grade, crystalline Merck Cat# P6148

EMS 8% Paraformaldehyde Aqueous Solution,

EM Grade

Electron Microscopy Sciences Cat# 157-8

CUBIC-R+(N) Matsumoto et al.48 N/A

Propyl gallate,for microscopy, R98.0% (HPLC) Merck Cat# 02370

Prolong� Diamond Antifade Mountant Invitrogen Cat# P36965

Draq7� Biostatus Cat# DR71000

Rock inhibitor StemMACS Y27632 Miltenyi Biotec Cat# 130-103-922

Tamoxifen Sigma-Aldrich Cat# T5648

TrypLE Select Enzyme (1X), no phenol red Gibco Cat# 50-591-419

NuPAGE 4-12% Bis-Tris gel Invitrogen Cat# NP0322BOX

Critical commercial assays

RNeasy Mini Kit Qiagen Cat# 74104

DNase I Qiagen Cat# 79254

SuperScript VILO� cDNA Synthesis Kit Invitrogen Cat# 11754050

Poly(A) mRNA Magnetic Isolation Module New England Biolabs (NEB) Cat# E7490

Ultra Directional RNA Library Prep Kit for Illumina New England Biolabs (NEB) Cat# E7420

HS RNA Kit Agilent Cat# DNF-472-0500

KAPA HiFi HS RM (100 x 25 rxns) Roche Cat# KK2601

Paramagnetic beads-based DNA purification Kit In house N/A

Recombinant RNasin(R) RNase Inhibitor, 2,500u Promega Cat# N2511

Maxima H Minus Reverse Transcriptase (200 U/L) Thermo Scientific Cat# EP0751

Exonuclease I (E.coli) New England Biolabs (NEB) Cat# M0293S

P3 Primary Cell 4D X Kit L (12 RCT) Lonza Cat# V4XP-3012

Deposited data

RNA-Seq data related to Figure 3 This study GEO: GSE221187

RNA-Seq data related to Figure 4 This study GEO: GSE236543

RNA-Seq data related to Figure S5 This study GEO: GSE260579

RNA-Seq data related to Figure S1 Ishihara et al.19 GEO: GSE214368

Experimental models: Cell lines

Mus musculus (Male): R1 Nagy et al.49 Cat# SCRC-1011

Mus musculus (Male): HM1 Doetschman et al.50 N/A

FOXA2-Venus, H2A-mCherry (R1 background) This study N/A

Shh-/- (HM1 background) This study N/A

Nogmut (R1 background) This study N/A

Experimental models: Organisms/strains

Nogtm1.1Rmh/J Stafford et al.22 Strain #:016117, RRID:IMSR_JAX:016117

Sox2tm1(cre/ERT2)Hoch/J Arnold et al.23 Strain #:017593, RRID:IMSR_JAX:017593

Oligonucleotides

gRNAs used in this study, see Table S1 Sigma-Aldrich N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

qPCR primers used in this study, see Table S1 Sigma-Aldrich N/A

Genotyping primers used in this study, see Table S1 Sigma-Aldrich N/A

Primers for cloning of FoxA2-Venus line, see Table S1 Sigma-Aldrich N/A

Recombinant DNA

FoxA2-Venus Fusion (FVF) E-85 plasmid Burtscher et al.51 N/A

pSpCas9(BB)-2A-Puro (PX459) Ran et al.52 Addgene plasmid #48139; RRID:Addgene_48139

pR26 CAG AsiSI/MluI Chu et al.53 Addgene plasmid #74286; RRID:Addgene_74286

pR26-sA-DEST This study N/A

pR26-sA-H2-mCherry This study N/A

pSpCas9(BB)-2A-Puro (PX459) V2.0 Ran et al.52 Addgene plasmid #62988; RRID:Addgene_62988

U6-IT-EF1As-Cas9-P2A-GFP This study N/A

Software and algorithms

Fiji/ ImageJ (v2.9.0) Schindelin et al.54 https://imagej.net/software/fiji/

Jupyter lab (v3.4.8) Jupyter https://jupyter.org/

Python (v3.9.12) Python https://python.org/

R studio R Core Team https://www.R-project.org/

CellProfiler 4 Stirling et al.55 N/A

MATLAB R2021a The MathWorks N/A

GraphPad prism 9 Dotmatics N/A

CRISPick Broad Institute https://portals.broadinstitute.org/gppx/crispick/public

VBC score Michlits et al.56 https://www.vbc-score.org/

Bowtie 2 (v2.3.4.1) Langmead and Salzberg57 https://bowtie-bio.sourceforge.net/bowtie2/index.shtml

STAR (v2.6.0c, v2.5.2a, v2.7.9a) N/A https://github.com/alexdobin/STAR

featureCounts subread (v1.6.2) N/A https://subread.sourceforge.net/

DESeq2 (v1.18.1, v1.26.0, v1.42.0) Love et al.58 https://bioconductor.org/packages/release/bioc/

html/DESeq2.html

Trim Galore (v0.5.0) N/A https://github.com/FelixKrueger/TrimGalore

GRCm38 genome (Ensembl release 94) N/A https://www.ensembl.org/Mus_musculus/Info/Index

Clusterprofiler 4.6.2 Yu et al.59 https://bioconductor.org/packages/release/bioc/

html/clusterProfiler.html

UMI-tools (v1.0.0) N/A https://github.com/CGATOxford/UMI-tools

HTSeq (v0.11.2) Anders et al.60 http://www-huber.embl.de/HTSeq

bcl2fastq N/A https://emea.support.illumina.com/sequencing/

sequencing_software/bcl2fastq-conversion-

software.html

SeqKit (v2.7.0) Shen et al.61 https://bioinf.shenwei.me/seqkit/usage/

Cutadapt (v1.18) Martin62 https://cutadapt.readthedocs.io/en/stable/

GO.db 3.16.0 N/A https://bioconductor.org/packages/release/data/

annotation/html/GO.db.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Elly Tanaka

(elly.tanaka@imba.oeaw.ac.at).

Materials availability
Reagents such as cell lines and plasmids generated in this study are available; requests for materials should be addressed to the lead

contact.
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Data and code availability
RNA-seq data generated in this study have been deposited at GEO under accession codes GSE221187 (FOXA2+ versus FOXA2-

cells at Day 5, Figure 3), GSE236543 (FOXA2+ versus FOXA2- cells after BMP perturbations, Figure 4), and GSE260579 (RNA-seq

of FOXA2- versus FOXA2+ low, medium, high cells, Figure S4) and RNA-seq analyses are provided in Table S2.

This paper does not report original code.

Any additional information required to re-analyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
Cell lines

R1 mouse embryonic stem cell (ESC) line49 was used for most experiments and as the parental line for FOXA2-Venus reporter and

FOXA2-Venus and H2A-mCherry double-reporter generation, and for Nogginmutant (Nogmut). HM1 ESC background50 was used as

the parental line for Shh knock-out (Shh-/-). Cell lines were routinely tested and confirmed negative for mycoplasma.

Maintenance

ESCs were cultured in N2B27+2i+LIF (2iLIF) and incubated at 37�C in 5%CO2. N2B27medium comprised 1:1 DMEM/F-12 and Neu-

robasal (Gibco), 0.5% v/v N2 (Gibco), 1% v/v B27 (Gibco), 2 mM L-glutamine (Gibco), 1% penicillin/ streptomycin (Sigma), and

0.1 mM b-mercaptoethanol. To obtain 2iLIF medium, N2B27 was supplemented with 3 mM CHIR99021 (Tocris), 1 mM PD0325901

(Tocris) and 20 ng/ml murine LIF (Qkine). Tissue-culture treated 6-well plates were pre-coated with 0.15% gelatin (Sigma) in PBS

at room temperature. Mouse ESCs were seeded at a density of 30,000 cells per 6-well, media was exchanged daily, and cells

were passaged every third day by incubation with Accutase (Gibco) for 3 mins at 37�C, dissociation into single cells, centrifugation

of the required number at 1,500rpm for 5 mins, then re-seeding in a fresh well.

Generation of reporter cell lines

Generation of FOXA2-Venus reporter ESCs. FoxA2-Venus Fusion (FVF) E-85 plasmid (kind gift from Heiko Lickert51) was used as a

template for amplification of the FoxA2_exon3-venus-neo-PGK cassette, which was subsequently cloned into pGEMT-easy vector

using Gibson Assembly technique. Two fragments for Gibson Assembly were amplified using the E-085 vector as a PCR template:

1) Fragment1 - ‘‘FoxA2_exon3-Venus-Neo’’:

GibAs_p3_fwd: CGGCCGCGGGAATTCGATAAAGAATCAAAGACCAGTGGA

GibAs_p4_rev: GCCTCTCATTTCTACCGGGTAGGGGAGGCGCTTTT

2) Fragment 2 - ‘‘3’ UTR-genomic DNA’’:

GibAs_p1_fwd: TCCCCTACCCGGTAGAAATGAGAGGCTGAGTGGAGACTTT

GibAs_p2_rev2: CGCGAATTCACTAGTGATTCCCTCCTCCTTCAATTTCTCTTCCTTGTGTT

For CRISPR/Cas9 mediated knock-in of the Venus sequence at the 3’ end of the FoxA2 gene locus, gRNA3 (GCCTGCTAGCT

CTGGTCACTG) was cloned into the pSpCas9(BB)-2A-Puro (PX459) vector, containing the Cas9 sequence and a gRNA expression

cassette. For FoxA2 locus editing, both vectors were electroporated together into the ESC cell line R1 using the Amaxa Nucleofector

4D, program CG-104. 24 hours after the electroporation, G418 (100 mg/ml) was added to the culture medium to select for positive

clones. Single clones were expanded, and correct integration of the Venus cassette was validated by PCR, sequencing and standard

Western blot analysis.

In brief, protein of cell lysates was obtained by directly adding 5xSample Buffer and boiling samples at 95�C for 10 mins. The pro-

tein was loaded onto a NuPAGE� 4-12% Bis-Tris gel (Invitrogen) and run for 20 mins at 100V, then 90 mins at 150V, then proteins

were blotted onto a PROTRAN nitrocellulose transfer membrane (Whatman) by TE 77 Semi-Dry Transfer Unit (Amersham). Themem-

brane was blocked in 5% BSA in 1x Transfer Buffer (10x TB, MeOH, H2O) supplemented with Tween-20. Primary antibodies used:

rabbit anti-FOXA2 (Cell Signalling Technologies, #8186S, 1:1000), andmouse anti-ß-tubulin (MPI-CBG antibody facility, 1:200), HRP-

conjugated secondary antibodies used: Invitrogen Goat anti-Rabbit/Mouse 1:2000.

FoxA2_fwd5: GACCTCAAGGCCTACGAACA

Venus_rev2: GTTGTGGCGGATCTTGAAGT (Product size: 694bp)

Generation of FOXA2-Venus and H2A-mCherry double-reporter ESCs. H2A-mCherry was integrated into the Rosa26 safe harbour

locus of FOXA2-Venus cell line.We first obtained aRosa26 targeting vector with Puromycin selection cassette (pR26CAGAsiSI/MluI,

Addgene 74286, Ralf Kuehn lab, 53), linearised the vector with SwaI restriction digest, and used Gibson Assembly to insert the

Gateway destination sequence immediately 3’ to the splice acceptor site, and created a new vector termed pR26-sA-DEST. Subse-

quently, we performed a Gateway LR reaction between pR26-sA-DEST and pME-H2A-mCherry to create pR26-sA-H2-mCherry. To

edit the Rosa26 locus, we identified a new high efficiency guide RNA sequence ACTGGAGTTGCAGATCACGA (Rosa26-gRNA1), and

co-transfected p-Rosa26-gRNA1 and pR26-sA-H2-mCherry to FOXA2-Venus cells with Amaxa nucleofection. After 24 hours, cells

were selected with 1 mg/ml Puromycin and individual clones were expanded. Correct integration was confirmed by Sanger

sequencing and the length of the PCR amplicon from two primers:

R26_leftout_fwd1: GCTTGGTGCGTTTGCGGGGAT
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mCherry_rev1: TTGGTCACCTTCAGCTTGGCG (Product size: 5943bp)

Generation of knockout and mutant mouse ESC lines by CRISPR/Cas9

gRNAs were designed using the following tools:

https://portals.broadinstitute.org/gppx/crispick/public or https://www.vbc-score.org/ 56

Shh-/-. A short guide RNA (sgRNA) sequence (GCTGCTGGTGTGCCCCGGGCTGG) was cloned into pSpCas9(BB)-2A-Puro

(PX459) V2.0 (Addgene plasmid #62988) as outlined in Ran et al.52 2 mg of PX459 V2.0 containing the sgRNA sequence were electro-

porated into 2x106 DVI2 ESCs (HM1 background) using program A023 of the Amaxa Nucleofector II (Lonza) to ablate endogenous

Shh gene expression. Electroporated cells were seeded onto a gelatin coated 10cm CellBind plate and cultured in 2iLIF. The

following day cells were treated with 1.5 mg/mL Puromycin (Sigma) for 48 hours. Cells were grown in 2iLIF until resistant colonies

were ready to be picked. Single and well spaced-out colonies were picked using a 20 ml pipette tip, dissociated in 0.25% Trypsin

(Gibco) and plated onto feeder cells in serum-containing ESC medium + LIF in a 96-well plate to allow expansion. Colonies were

screened and confirmed for deletions via Sanger sequencing using primers ShhKOpFW (CAAGCTCTCCAGCCTTGCTA) and

ShhKOpRV (CTGCTCCCGTGTTTTCCTCA). The 11bp deletion caused a frameshift and premature stop codon. Cell lines were adapt-

ed back to 2iLIF conditions.

Nogmut: sgRNA2 (GGCGGATGTGTAGATAGTGCTGG) was cloned into the U6-IT-EF1As-Cas9-P2A-GFP vector, containing the

Cas9 sequence and a gRNA expression cassette. As described previously, ESCs (R1) were electroporated with the construct using

the P3 Primary Cell 4D X Kit (Lonza) and Amaxa Nucleofector 4D (program CG-104). 40 hours post electroporation, single GFP+ cells

were analysed and sorted based on their GFP expression relative to non-fluorescent control on a FACS Aria III machine into individual

wells of 96-well plates and clonal lines were expanded. One clone was confirmed as trans-heterozygous mutant with a different sized

deletion in each allele by PCR and sanger sequencing using the primers Nog_fwd1 TGAGGTGCACAGACTTGGAT and Nog_rev2

GCCGCCTTCCCAAGTAGA. CRISPR allele 1: large deletion followed by a frameshift and premature stop codon. 27 amino acids

of NOGGIN protein remain, only corresponding to the signal peptide, followed by 21 out-of-frame amino acids. CRISPR allele 2:

33bp deletion including 8 amino acids of the signal peptide and 3 amino acids of NOGGIN.

Neural tube organoid (NTO) formation

ESCs were dissociated into single cells as described in ‘‘Maintenance’’. After centrifugation of the required number of ESCs in

N2B27, the pellet was placed on ice then resuspended in Matrigel (Corning) to yield a suspension at 100 cells per ml of Matrigel.

45 ml of this suspension was spread evenly across a MatTek dish for FACS and RNA-seq experiments, or 4 ml of suspension was

carefully distributed in the centre of an optical-bottom 96-well (PerkinElmer) for immunofluorescence experiments. Gellification

was performed at 37�C for 15 mins (MatTek) or 4 min (96-well), then covered with pre-warmed N2B27 medium (2 ml per MatTek,

or 100 ml per 96-well. ‘‘Standard’’ N2B27medium for NTO generationwas the same as the N2B27 base for 2iLIF (see ‘‘Maintenance’’),

with the addition of 1% sodium pyruvate (Gibco). ‘‘Advanced’’ N2B27 for making larger NTOs used Advanced DMEM/F-12 (Gibco

12634-010 instead of 21331-020) andwas supplemented with 1% v/v non-essential amino acids (Gibco). In both cases, mediumwas

exchanged daily fromDay 2 onwards. OnDay 2, 250 nMall-trans RA (Sigma) was added to theN2B27medium, then removed after 18

hours. For perturbations to NTOs, the following proteins or small molecules were added at the concentrations indicated in the cor-

responding figures: BMP4 (Gibco), BMP7 (Gibco), LDN (Selleck Chemicals), NOGGIN (R&D), CHIR 99021 (Tocris), IWP-2 (Selleck

Chemicals), IWR-1endo (Sigma), FGF2 (PeproTech), FGF8b (in house), or PD 0325901 (Tocris).

Mouse procedures
Mouse procedures were approved under the license BMWFW-66.018/0006-WF/V/3b/2016 (‘‘Coordination of tissue growth and

patterning in neural tube development’’) from the Austrian Bundesministerium f€ur Wissenschaft, Forschung und Wirtschaft and per-

formed in accordance with the relevant regulations. The following strains were previously described: Sox2CreERT2,23 NogFl/+.22 To

conditionally delete Noggin, NogFl/+ were bred to Sox2CreERT2 mice to generate NogFl/Fl, Sox2CreERT2/+ embryos. Pregnant mothers

were intraperitoneally injected with 4mg tamoxifen in sunflower oil per mouse at embryonic Day E5.5. Embryos were harvested at

E10.5. The expected ratios of genotypes were obtained.

METHOD DETAILS

Immunofluorescence
Wholemount staining of NTOs

NTOs were fixed in 2% PFA for 30 min at room temperature, by adding 1:1 volume of room temperature 4% PFA on top of culture

media, to avoid Matrigel disintegration. After fixation, samples were washed three times in PBS, then blocked and permeabilised in

b/p buffer (PBS, 1%BSA, 0.5% Triton X-100) for 24 hours at 4�C. Primary antibodies were applied in b/p buffer for 24-72 hours at 4�C
to ensure deep penetration of the samples: LEF1 (Cell Signalling Technologies, #2230S, 1:200), FOXA2 (R&D, #AF2400, 1:400),

FOXA2 (Cell Signalling Technologies, #8186S, 1:1000), NKX6.1 (DSHB, #F55A10s, 1:200). Samples were washed three times and

for a total of at least 24 hours in b/p at 4�C, then incubated with Alexa Fluor conjugated secondary antibodies (Invitrogen Donkey

anti-Mouse/Goat/Rabbit 1:400) and DAPI (Sigma) for 24-72 hours at 4�C. Finally, samples were washed then stored in PBS.

The following primary antibodies were also usedwithmodifications to the fixation and staining procedures. For SHH (Cell Signalling

Technologies, #2207S, 1:300), E-Cadherin (Cell Signalling Technologies, #24E10, 1:100) and N-Cadherin (DSHB, #MNCD2, 1:50),

antigen retrieval with 1x citrate buffer (DAKO) was performed for 45 mins at 65�C prior to blocking and permeabilization. For
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pSMAD1/5/9 (Cell Signalling Technologies, #13820S, 1:800), fixation was performed in EMgrade PFA (Electron Microscopy Sci-

ences) (8% diluted to a 2% final concentration) (12mins for 4ml Matrigel at room temperature). For both pSMAD1/5/9 and pERK

(Cell Signalling Technologies, #4370S, 1:500), after fixation samples were permeabilised with methanol for 10 mins at -20�C, then
blocked in db/p (PBS, 5% donkey serum, 0.3% Triton X-100) at 4�C.
Optical clearing of wholemount NTOs

PBSwas removed andCUBIC-R+(N) refractive indexmatching solution48 was added to completely cover the samples and incubated

for 30-60 min at RT. After this adaptation, CUBIC-R+(N) solution was exchanged to fresh CUBIC-R+(N) supplemented with 2 mg/ml

propylgallate (Sigma) to reduce photobleaching.

Staining of embryo sections

E10.5 embryos were fixed on ice for 75 mins in 4% PFA, washed in PBS, then adapted to sucrose and embedded in gelatin prior to

cryosectioning. Slides were washed 3x for 15 mins each in 41�C PBS to dissolve the gelatin. Afterwards, slides underwent antigen

retrieval as per SHH staining protocol above, then were blocked for 1 hour at room temperature in b/p. Primary antibodies as above

were incubated overnight at 4�C in a humidified chamber. Samples were washed 3x for 5 mins with PBS+0.3% Triton X-100 at room

temperature. Secondary antibodies were applied in a concentration of 1:200 in b/p and incubated overnight at 4�C. Samples were

washed 3x for 5 mins with PBS+0.3% Triton X-100 at room temperature, then mounted in ProLong Diamond Antifade Mountant.

Imaging
Viventis lightsheet live-imaging

ESCs were dissociated and seeded as described in ‘‘Neural tube organoid (NTO) formation’’, but at a density of 80 cells/ml Matrigel in

special Viventis chambers, lined with FEP film from the inside. Chambers were manufacturedmanually by gluing the FEP sheet to the

plastic chambers and left to dry overnight. Chambers were cleaned with plasma to reduce hydrophobic properties and facilitate the

attachment of the Matrigel. Before use, chambers were washed 3x with water and 80% ethanol, and dried and sterilised under UV

light for 1 hour at room temperature.

After seeding and gellification of 40 ml Matrigel, 1.5 ml of N2B27mediumwas added to the chamber and exchanged daily from Day

2. Live-imaging was initiated from Day 3 of the NTO generation procedure, i.e. 6 hours after RA removal, over a timecourse of 48-75

hours. Samples were incubated at 37�C in 5% CO2 with humidification throughout. Images were acquired using two Nikon 10x ob-

jectives (NA 0.3) for illumination and for detection one Nikon 25x (NA 1.1) water immersion objective with 18x magnification and

imaged with the following settings: mCherry 50ms exposure time, 0.5% laser power; Venus 10ms exposure time, 3.5% laser power.

Multiple NTOs at different xyz positions were imaged at each timepoint. Image acquisition was performed in stacks with 3 mm step

size every 15 mins.

Spinning disk fixed sample imaging

Wholemount NTOs and embryo sections were imaged on a Spinning Disk Confocal Olympus (inverted) microscope using a 10x (NA

0.4) air objective. Lasers were used at 100%and exposure timewas adjusted to 200ms for all lasers. Resolution was 0.65 mm in x and

y. For wholemount NTOs, 125 planes with 2 mm spacing in z were acquired to allow for 3D reconstruction, and an automated stage

was used for high-throughput acquisition with unbiased selection of multiple positions per 96-well using a grid. For embryo sections,

planes with 2 mm spacing in z were acquired. For von Mises-Fisher analyses, fixed NTO images were acquired on the same micro-

scope but using a 40x (NA 1.25) silicon oil objective, with 0.57 mm spacing in z.

Image processing and quantification
The transition from the scattered FOXA2+ state to the intermediate clustered statewas scoredmanually in Figures 1D and 2C–2F. The

transition is heterogeneous fromNTO to NTO, and the tissue contains a high density of nuclei, so it was difficult to apply standardised

parameters for automated image analysis. During manual analysis, a cluster was defined as at least three cells that were grouped

together and displayed nuclear signal intensity of a minimum of 15% of Day 5 FOXA2 signal intensity.

Automated analyses were performed for Figures 1C, 4C, 4E, 4F, S1C, S2E, S3C, and S4C–S4E as described below.

Analysis of Viventis movies

As mentioned above, manual classification was performed to analyse data in Figures 2C–2F. To avoid biases, two people analysed

two different datasets and confirmed findings from two different microscope methods with the same conclusion.

For intensity quantification of clusters over time in Figure 2D (right panel), we used maximum intensity z-projections, performed

intensity-based thresholding for segmentation, and quantified the total FOXA2+ intensity for each cluster for individual frames

with a Python script using scikit-image library. The movies were manually inspected from an orthogonal view in the x, z plane to

ensure that there were no clusters overlapping in the z-direction.

For presentation, representative maximum intensity z-projections were made in ImageJ,54 or movies were exported as.mp4 files.

Analysis of fixed wholemount NTO images

Raw.vsi files were processed in ImageJ.54 For presentation, single representative z slices were exported as.tif files with set display

ranges for each channel and without any binning in x-y.

von Mises-Fisher analysis. Imaris software was used to 3D reconstruct and visualise each NTO. FOXA2+ nuclei above a set inten-

sity threshold were identified using the spots function in Imaris and applied as a batch script. The precision of automated FOXA2+

nucleus identification was checked and corrected manually. The geometric centre of the inscribed spot was considered the geomet-

ric centre of each nucleus and their x, y, z coordinates were used to calculate the concentration parameter, k, as the resulting vector
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calculated as a sumof all vectors built from the centre of the NTO to the centre of each FOXA2+ nucleus and normalised to the number

of FOXA2+ nuclei.

Correlation analysis of FOXA2 versus LEF1, pERK, pSMAD1/5/9 signal intensities in NTOs. To analyse the spatial correlation of

FOXA2 and signalling pathways, we used images of fixed NTOs prepared and acquired on the spinning disk microscope as

described above. For each NTO, we used ImageJ54 to visually determine the midsagittal plane, draw a curved path with linewidth

of 10 pixel within the tissue, measured the intensities of different channels along this path, and exported the results. Then, we

used a Python script to calculate the Pearson correlation between the FOXA2 channel and a second channel representing LEF1,

pERK, or pSMAD1/5/9. In this way, we obtained a single Pearson correlation per NTO.

3D quantification of NTO features. For 3D image analysis, we first processed the raw.vsi files to isotropic.tif files using CLIJ63 GPU-

accelerated image processing library in ImageJ.54 Due to the ‘‘fish-bowl’’ effect of CUBIC-R+(N)’s high refractive index (RI = 1.5), the

effective z steps were 3 mm. We therefore binned images in x-y from 0.65 mm to 3 mm so that the 3D voxel dimensions were compa-

rable (3 mm 3 3 mm 3 3 mm in the x, y and z directions).

To quantify FOXA2+ cluster number per NTO in 3D (Figures 4C, 4E, S4D, and S4E), we used CellProfiler 4.55 First, we segmented

the NTO outer boundary by applying Otsu thresholding to the z stacks from the DAPI channel. Then, we segmented FOXA2+ clusters

by applying a set intensity threshold to the z stacks from the FOXA2 channel and assigned these ‘‘child’’ clusters to their ‘‘parent’’

NTO. The FOXA2 intensity threshold was determined by comparison between positive control RA-treated versus negative control

untreated endpoint NTOs and applied equally across all samples from the same experiment.

For scoring whether NTOs expressed any FOXA2, NKX6.1 and/or SHH (Figures 1C and S1C) or E-/N-Cadherin (Figure S2E), the

mean intensity of the corresponding channel was measured inside the DAPI segmented volume. To measure the size of NTOs

(Figures S4C and S4E), the NTO surface area was inferred from the DAPI segmented volume assuming spherical shape and to over-

come confounding crenulation of the mask surface.

Measurement of FOXA2+ cluster size and intensity. The quantification of FOXA2+ cluster properties was performed using tissue

cartography, which is a framework for analysing the properties of tissue configurations that can be approximated as thin surfaces.

First, down-sampledmulti-channel image volumeswere processed in Ilastik64 to produce a high contrast segmentation of NTOs from

background. Surface reconstruction methods contained in the TubULAR package65 were then applied to these processed image

volumes to build mesh triangulations approximating the epithelial mid-surface of each NTO. FOXA2 signal intensity on each NTO

was quantified by evolving the mid-surface along the positive and negative normal directions to create a set of nested ‘‘onion layers’’

(Figure S2H). FOXA2 signal intensity was sampled at subpixel resolution onto mesh triangles of each onion layer. Values at the mid-

surfacewere taken to be themaximum intensity projection of the values on all onion layers projected along the normal direction. Area-

weighted averaging was used to compute a single intensity value for each mesh vertex from the associated values at sample points

on adjacent mesh faces.

FOXA2+ clusters were identified on a per-vertex basis using a custom consensus clustering algorithm, which produces a single

‘‘best’’ clustering by comparing results across an ensemble of input clusterings. Prior to clustering, the FOXA2 intensity on each ver-

tex was normalised between [0,1] by a linear re-scaling. For fixed wholemount images, this re-scaling was performed between the 5th

and 95th percentiles of all raw intensities measured on all WT NTOs given the same RA treatment. For Viventis light sheet movies, this

re-scaling was performed between the 5th and 95th percentiles of raw intensities from all time pointsmeasured from all NTOs visible in

the same movie. A single clustering in the ensemble was generated by assigning an index to each vertex in the surface mesh using a

modified k-means method. Given a set of random initial cluster centres, a modified version of Lloyd’s algorithm was used to greedily

minimise the following cost function:

C½f c!g; fB� =
1P

v

av fv

0
@ X
ci
!

˛ f c!g

X
v˛ ci
!
d2ðxv!; ci

!Þ
D2

max

av fv + a
X
v˛B

ðfv � fBÞ2 av fv
1
A;

where f c!gdenotes the set of all cluster centers, fBis the average FOXA2 intensity of the background, av is the barycentric area of

vertexv; fv is the normalised FOXA2 intensity on vertex v; xv
! is the 3D location of vertex v;dð x!; y!Þdenotes the 3D Euclidean distance

between two points x! and y!on the surface,Dmax is the maximum distance between any two points on the NTO’s surface, and a is a

positive scalar that sets the relative weight of the foreground versus background terms in the cost function. The double sum in the first

term runs over all vertices v associated to each cluster centre (ci
!˛ f c!g. The sum in the second term runs over all vertices assigned to

the background. A vertex v was assigned to cluster ci
! if

d2ðxv!; ci
!Þ < d2ðxv!; cj

!Þ c isj and d2ðxv!; ci
!Þ < D2

max a ðfv � fBÞ2;or alternatively to the background if
D2
max a ðfv � fBÞ2 < d2ðxv!; ci

!Þ c ci
!˛ f c!g:

Intuitively, the cost function C½f c!g; fB� is minimised when all points in the background have similar (low) intensities and all fore-

ground points are assigned to a nearby cluster centre. Given an ensemble of such clusterings, the method of Rodolà et al.66 was

used to produce a consensus clustering that is as close as possible to all the individual clusterings in the ensemble (Fréchet sample

mean of the clustering ensemble). The consensus clustering was then post-processed to ensure that each FOXA2+ cluster was
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connected. The use of a consensus clustering algorithm obviates the dependence of the output on the initial locations of the randomly

chosen cluster centres. For given analysis, a = 1 was set and 10 initial cluster centres were used to generate each element of the

clustering ensemble. The initial background intensity was always taken to the lowest intensity on the surface. Numerical experiments

showed that the choice of dð x!; y!Þ to be the 3D Euclidean distance produced indistinguishable results from more sophisticated

methods using exact geodesic distances on the surface67 after consensus clustering. Total FOXA2+ surface area for a given NTO

was taken to be the sum of all barycentric areas associated to each mesh vertex assigned to any FOXA2+ cluster. For the quantifi-

cation of FOXA2+ cluster properties for fixed NTOs shown in Figure 4F, mean FOXA2+ surface area per cluster was computed based

on the number of FOXA2+ clusters identified for each NTO.

For the Viventis light sheet movies, segmented clusters were tracked using a custom method. Care had to be taken to ensure that

clusters could be tracked on the NTO surfaces as they grew and changed shape over time. NTO surfaces at subsequent time points

weremapped to the unit sphere using themethod of Baden et al.,68 which constrains themapping through a canonical centring of the

scale factors, i.e. the ratio of the area of a local patch on the surface to the area of its image on the sphere. The final rotational degrees

of freedomwere registered by point matching sparse random subsets of vertices sampled from themesh surfaces in the original data

space. Numerical experiments demonstrated that more sophisticated methods involving optical flow (e.g. Lee and Kazhdan69 ) were

not necessary. This correspondence constitutes a map FðtÞ : St/St+1; from the surface St at time t to the surface St+1at time t + 1,

enabling us to follow the flow of material points on the surface over time. Clusters at subsequent time points were compared by

measuring their mutual overlap and mutual distance. Explicitly, tracking backwards in time, the cost CMof matching cluster i on sur-

face St to cluster j on surface St+1 was given by
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where Nði;jÞ is the number of vertices in cluster ði; jÞ, Dðt;t+1Þ is the average geodesic distance along the surface among all pairs of

vertices on the mesh of Sðt;t+1Þ, Pði;jÞ denotes the surface patch corresponding to the respective cluster, 1Pði;jÞ ðxÞ is the indicator func-

tion which is equal to 1 if the point x˛Pði;jÞ and 0 otherwise, and the dðx;Pði;jÞÞ denotes the minimum geodesic distance from the point

x to any point in Pði;jÞ. The sums run over all vertices v in the respective clusters. The constants s1 and s2 set the relative weights of the

overlap and distance terms. Intuitively,CM is small if the images of the clusters under the flow strongly overlap. Cluster iwasmatched

to cluster j if the costCM <CU, whereCU is some fixed cost for leaving a cluster unmatched. For all NTOs, we set s1 = s2 = CU = 1.

The tracking for all NTOs was then manually checked and curated using a custom-built GUI to ensure validity.

The result of the cluster tracking described above is a directed acyclic graph (DAG) for each NTO, where nodes in the graph repre-

sent a cluster at a particular time point and edges (always pointing from a cluster at time t to a cluster a time t + 1) describe the rela-

tionship between clusters at subsequent time points. The highly dynamic behaviour of clusters resulted in complex DAG topologies.

DAGswere simplified by rejecting connected components that persisted for less than six hours and components that never achieved

a minimum of 5% area fraction of the total NTO surface at any timepoint. Further simplification of the DAGs iteratively was achieved

by merging simultaneous nodes in the block connected components of the corresponding undirected graph until only cut vertices

remained. Branches that persisted for less than two hours simplified DAGs were rejected (Figure 2I). Extinction events that occurred

during and after Day 4 were analysed. Features of both, ‘‘winning’’ (i.e. persisting) and ‘‘losing’’ (i.e. extinguished) clusters were aver-

aged over the last hour prior to extinction (Figures 2G–2I; Table S1). Due to the high dynamicity of the clusters before this timepoint,

categorisations were performed on a per NTO basis on simplified DAGs in Figure S2I.

Analysis of embryo sections

For area measurements of FOXA2 and SHH in embryo sections, we first converted raw.vsi files to maximum intensity z-projections in

ImageJ.54We set all channels to auto intensity and used the freehand selection tool from ImageJ to outline 1) the outer edge of the NT

based on DAPI staining, 2) the NT lumen, 3) FOXA2 signal, and 4) SHH signal, andmeasured area in mm2. To get the actual area of the

NT, we subtracted 1) NT area by 2) lumen area. To get the normalised area measurements of FOXA2 and SHH respectively, we

divided the areameasurement of the signal 3) or 4) by the NT area. For presentation, maximum intensity z-projections with set display

ranges were used. We analysed 6 control and 3 cKO embryos from two litters.

RNA sequencing
RNA-seq data generated in this study are available at the Gene Expression Omnibus (GEO) under accession codes GSE221187

(FOXA2+ versus FOXA2- cells at Day 5, Figure 3), GSE236543 (FOXA2+ versus FOXA2- cells after BMP perturbations, Figure 4),

and GSE260579 (RNA-seq of FOXA2- versus FOXA2+ low, medium, high cells, Figure S4) and RNA-seq analyses are provided in

Table S2.

RNA-seq of RA-treated versus untreated timecourse from day 2-5

Timecourse RNA-seq data19 was obtained fromGEOwith accession codeGSE214368 (related to Figure S1). In brief, RNA-seq reads

were trimmed using Trim Galore (v0.5.0), filtered to remove abundant sequences using Bowtie 2 (v2.3.4.1),57 aligned to the GRCm38

genome (Ensembl release 94) using STAR (v2.6.0c) and summarised per gene with featureCounts (subread v1.6.2). Further analysis

was performed using DESeq2 (v1.18.1).58
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RNA-seq of FOXA2+ versus FOXA2- cells at day 5

RA-treated NTOswere extracted fromMatrigel on day 5 (related to Figure 3), dissociated into single cell suspension and FACS sorted

into two cell populations based on FOXA2-Venus expression relative to non-fluorescent control on a FACS Aria III machine. For each

sample, produced in three biological replicates, a minimum of 50,000 cells was sorted for subsequent RNA extraction. RNA was ex-

tracted from sorted cells using QIAGEN RNeasy Micro Kit and then underwent library preparation using the NEBNext Poly(A) mRNA

Magnetic Isolation Module (E7490) and the NEBNext Ultra Directional RNA Library Prep Kit for Illumina (E7420), and bulk RNA

sequencing on an Illumina NextSeq500 (single-end reads 75bp).

RNA-seq reads were trimmed using Trim Galore (v0.5.0), filtered to remove abundant sequences using Bowtie 2 (v2.3.4.1),57

aligned to the GRCm38 genome (Ensembl release 94) using STAR (v2.6.0c) and summarised per gene with featureCounts (subread

v1.6.2). Further analysis was performed using DESeq2 (v1.18.1)58 and activated and inhibited upstream regulators were predicted

using IPA Upstream Regulator Analysis based on the differentially expressed genes.

Differentially expressed genes (DEG) of FOXA2+ versus FOXA2- samples at a false discovery rate (FDR) threshold of 5%were sub-

jected to IPA Upstream Regulator Analysis for predicting activated and inhibited upstream regulators. In addition, top 400 DEGs

ranked by padj were used in gene set over-representation analysis with Clusterprofiler 4.6.259 and GO.db 3.16.0.

RNA-seq of FOXA2+ versus FOXA2- cells after BMP perturbations

NTOs were treated with RA at Day 2 for 18 hours as usual. At Day 3, i.e. 6 hours after RA removal, BMP4 (1.5 ng/ml) or LDN (100 nM)

was added for 8 hours (related to Figure 4). To harvest cells, NTOs were washed twice with ice cold PBS, then dissociated in TryplE.

FOXA2-Venus+ or FOXA2-Venus- cells were FACS sorted into lysis buffer in a 96-well plate, with 100 cells sorted for each sample in

triplicate, then snap frozen on dry ice. RNA was extracted and sequencing libraries were prepared following the TM3’seq protocol70

for subsequent quantitative sequencing with enrichment for polyadenylated RNAs. Pooled libraries were sequenced on the Illumina

NovaSeq S4 PE150 (paired-end 500bp reads).

The paired-end raw reads were first split and the 12bp of UMI were extracted fromRead2 with UMI-tools (v1.0.0). Reads were then

trimmed with Cutadapt (v1.18)62 and mapped to the mouse genome (mm10) using STAR (v2.5.2a). UMI counts at gene levels were

quantified by HTSeq (v0.11.2).60 The normalised counts per million (cpm) were obtained with DESeq2 (v1.26.0).58

RNA-seq of FOXA2- versus FOXA2+ low, medium, high cells

RA-treated NTOs were extracted from Matrigel, dissociated into single cell suspension and FACS sorted into four cell populations

based on FOXA2-Venus expression relative to non-fluorescent control on a FACS Aria III machine, including Draq7 (Biostatus) stain-

ing to exclude dead/dying cells. For each sample, produced in four biological replicates, 10,000 cells were sorted for subsequent

RNA extraction. RNAwas extracted from sorted cells using QIAGEN RNeasyMicro Kit and quantified and checked for integrity using

the Agilent DNF 472 HS RNA Kit RNA Kit for the fragment analyser. 40ng of RNA per sample was used to generate barcoded cDNA

using a one-step RT-PCR reaction according to published protocols71,72 using KAPAHiFi Hot Start ReadyMix (Roche) andMaximaH

Minus reverse transcriptase (Thermo Fisher). The barcoded oligo dT primers include the sequence for the TN5 adapter A. After the

reaction the samples were pooled and purified using an in-house paramagnetic beads-based DNA purification kit with a ratio of 0.8X

to select for full length transcripts. Barcoded oligodT primers were removed by incubation with Exonuclease 1 (Thermo Fisher) fol-

lowed by enzyme inactivation. 100ng of the resulting cDNAwas tagmented using Tn5 coupled to the adapter B for 10minutes at 55�C
followed by Tn5 stripping with 0.2% SDS. Illumina Nextera XT adapters were added by PCR amplification of the tagmented cDNA

using the KAPA HiFi plus dNTP’s kit (Roche). The library was size selected using in-house paramagnetic beads with a right side se-

lection ratio of 0.4X and a left side ratio of 0.7X, and subsequently sequenced on the Illumina NovaSeq S4 PE150 (paired-end

150bp reads).

Paired-end raw were demultiplexed from the rest of the sequenced libraries using bcl2fastq. Then reads were further demulti-

plexed with BRB-seq tools using the barcoded Read1, Read2 files corresponding to the cDNA sequences provided individually

for each sample. The resulting reads were trimmed for adapters and polyA using Cutadapt (v1.18)62 and paired using SeqKit

(v2.7.0).61 Reads were aligned into the mouse genome GRCm38 as well as demultiplexed using a white list of our sample barcodes

and quantified using STARsolo (v2.7.9a). Differential gene expression analysis was performed with DESeq2 (v1.42.0) (related to

Figure S4).58

RT-qPCR
RA-treated NTOs were extracted from Matrigel, dissociated into single cell suspension and FACS sorted into four cell populations

based on FOXA2-Venus expression relative to non-fluorescent control on a FACS Aria. For each sample, produced in four biological

replicates, 40,000 cells were sorted for subsequent RNA extraction. RNA was extracted from sorted cells using QIAGEN RNeasy

Micro Kit and cDNA was prepared including random hexamers using the SuperScript VILO cDNA Synthesis Kit (Invitrogen), then

diluted in a ratio of 1:5 for subsequent RT-qPCR analysis.

The following primers were used:

Noggin: fwd: TCAAAGGGCTGGAGTTCTCC, rev: TTACACACCATGCCCTCGG

Chordin73: fwd: CCAGAGCATCGCAGTTACAG, rev: TGTGGGATCTGTGAAACGAA

Bmp474: fwd: TTCCTGGTAACCGAATGCTGA, rev: CCTGAATCTCGGCGACTTTTT

Bmp775: fwd: GGCTGGCAGGACTGGATCAT, rev: GGCGCACAGCAGGGCTTGG
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Genotyping
Lysates for PCR were prepared following the HotSHOT protocol.76 Briefly, yolk sacs were transferred to clean tubes and lysed in

Alkaline lysis reagent (25 mM NaOH, 0.2 mM disodium EDTA, pH 12) at 95�C for approx. 45 min. After cooling samples to 4�C, 1x
volume of Neutralisation buffer (40 mM Tris-HCl, pH5) was added to stop the lysis reaction. 2 ml of lysate was used in a 20 ml PCR

reaction. To genotype the NogFL, Primers Nog F 13351 (CCA CAA TAT CCA GCC CTT GT) and Nog R 13352 (AAG AGG CCC

ATG TGA GTG TC) were used to detect the floxed allele. 10 ml PCR product was loaded onto a 2% gel and run at 110 Volt for

30 min. The WT band was 186bp, the mutant band 300bp. To genotype the Sox2CreERT2, primers 344 (GTCCAATTTACTGACC

GTACACC) and 345 (GTTATTCGGATCATCAGCTACACC), as well as the internal control primers OIMR0042 (CTAGGCCACAGAAT

TGAAAGATCT) and OIMR0043 (GTAGGTGGAAATTCTAGCATCATCC) were used. The Mutant band was 705bp, the Internal Con-

trol 324bp.

QUANTIFICATION AND STATISTICAL ANALYSIS

Source data for each graph are provided in Table S1. Data of this study are presented as follows. Bar-plots with error bars showing

standard deviation (SD): Figures 1C, 1E, 2E, 4C, 4E, 4I, S1A, S1C, S2E, S2G, S3C, and S4D. Box-plots with median represented as

centre line, whiskers show range of values, dots (if present) represent all measurement points: Figures 1F, 3E, S1D, S2F, S4C, and

S4E. Scatter dot-plots with mean represented as centre line (or dot) and error bars showing standard deviation (SD): Figures 4F, 5C,

S4G, S5B, and S5C. Asterisks indicate statistical significance, n.s. indicates non-significance.
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