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Aggregates of stem cells can break symmetry and self-organize into
embryo-like structures with complex morphologies and gene expression

patterns. Mechanisms including reaction-diffusion Turing patterns

and cell sorting have been proposed to explain symmetry breaking but
distinguishing between these candidate mechanisms of self-organization
requires identifying which early asymmetries evolve into subsequent
tissue patterns and cell fates. Here we use synthetic ‘signal-recording’
gene circuits to trace the evolution of signalling patterns in gastruloids,

three-dimensional stem cell aggregates that form an anterior-posterior axis
and structures resembling the mammalian primitive streak and tailbud. We
find that cell sorting rearranges patchy domains of Wnt activity into a single

pole that defines the gastruloid anterior-posterior axis. We also trace the
emergence of Wnt domains to earlier heterogeneity in Nodal activity even
before Wnt activity is detectable. Our study defines a mechanism through
which aggregates of stem cells can form a patterning axis even in the
absence of external spatial cues.

Living systems break symmetries to form spatially organized structures
across many scales. Inthe embryo symmetries are often broken by extrin-
sic cues, which provide a blueprint of positional information to guide
developmental programmes' . Recent advances in stem cell culture
have demonstrated that simple aggregates of cells can build embryo-like
structuresin vitro even without the full complement of embryonic pat-
terning cues*”. Although these ‘stembryo’ systems do not recapitulate
all aspects of normal development, they offer awindow into the latent
potential of stem cells to self-organize multicellular patterns. How
stembryo patterns emerge from signalling interactions between cells
remainslargely unknown®, Understanding the mechanistic basis of stem
cell self-organization is ultimately important for interpreting the cor-
respondence betweenin vitroembryomodels andin vivo development.

One of the most important events in embryonic development is
the specification of a coordinate system to define the body axes. In

vertebrates this occurs during gastrulation where spatial patterns of
morphogen ligands (including Wnt, BMP and Nodal) and inhibitors
define specific signalling domains (Fig. 1a)". The mouse gastruloid is a
stembryo model that breaks symmetry to form a coordinate system,
most prominently an anterior-posterior (A-P) axis corresponding to
the posterior region of the mouse embryo**°. Afterincubation with the
Wnt pathway activator CHIR-99021 (CHIR) between 48 and 72 h after
aggregation (haa) gastruloids undergo profound morphological and
signalling changesincluding A-P axis specification and elongation, and
the formation of aBrachyury* posterior pole with active Wnt signalling®.
It is unknown how the gastruloid generates a posterior pole of Wnt
activity in response to a spatially uniform cue (Fig. 1b).

Recent studies of gastruloid self-organization have proposed
multiple candidate mechanisms of symmetry breaking. One possibil-
ity isthat the spherical symmetry of the early cell aggregate is broken
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Fig.1| Gastruloids self-organize a polarized posterior domain of Wnt activity.
a, Inthe mouse embryo gastrulation is initiated by extra-embryonic sources

of BMP and Wnt ligands in the posterior epiblast. Nodal activity marks the
anterior-most aspect of the resultant primitive streak (that is, the ‘node’). Extra-
embryonicinhibitors of Wnt and Nodal signalling pattern the anterior epiblast.
Pr, proximal; Ds, distal. b, The gastruloid self-organizes a posterior domain of
Whntactivity without any extrinsic spatial cues. Representative image from six
similar gastruloids measured at 120 haa (right). ¢, Protocol used to observe

the evolution of Wnt symmetry breaking from a uniform initial condition.

To suppress pre-existing heterogeneity in Wnt activity, mESC cultures were
maintained in 2i + LIF medium untilimmediately before gastruloid formation.

d, Dynamics of Wnt activity patterns during symmetry breaking, as measured by
expression of a destabilized near-infrared fluorescent protein (iRFP) downstream
of Wnt-sensitive TCF/LEF enhancer sites (left schematic). Samples were fixed

at different time points and imaged to measure the spatial distribution of Wnt

signalling during polarization. Images represent at least five similar gastruloids
measured at each time point. e, Flow cytometry was used to measure the levels of
Whntactivity inindividual cells. The Wnt activity histograms indicate an initially
uniform response to Wnt activation with CHIR at 72 h, followed by a bimodal
response; a.u., arbitrary units. f, Proportion of cells that were Wnt active over
time. A Wnt-inactive population was first detectable at time (¢) =90 h. g, Levels
of heterogeneity and polarization in spatial patterns of Wnt activity during
gastruloid morphogenesis (n = 76 gastruloids; see Supplementary Table 3).
Heterogeneity is reported as the s.d. of the Wnt reporter normalized to the
maximum image intensity and polarizationis reported as the distance between
the centre of mass (COM) of Wnt activity and morphological images normalized
by gastruloid radius R. Quantification indicates an onset of heterogeneity
att=90 haa (consistent with flow cytometry), followed by polarization
att=108 haa. Thelines and the shaded regions indicate the mean + s.d.,
respectively, as a function of time post seeding. Scale bars, 200 pum.

by a reaction-diffusion instability involving signalling ligands and
inhibitors (for example, Wnt pathway ligands and the Dkk1 antago-
nist)*'°"*as proposed to explain the formation hair follicles"”, digits"*
and fingerprint patterns®. An alternative model involves cell sorting

torearrange cells expressing Wnt at high and low levels (Wnt-high and
Wnt-low, respectively) to distinct domains'®, as observed in the forma-
tion of somite compartments’ and the radial polarization of mammary
organoids”. Distinguishing between these mechanisms is challenging
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because patterns that seem consistent with Turing mechanisms may
instead be generated by tissue mechanics and cellular rearrangements,
and vice versa'® %, Ideally, we might distinguish between candidate
models by directly linking early signalling states and cell positions to
final cell fates over several days of morphogenesis.

Here we engineer synthetic signal-recording circuits to trace the
early signalling events that self-organize the gastruloid A-P axis. By
permanently labelling cells according to their signalling states within
user-defined temporal windows, we link early cell states to future cell
fatesinboth physical and transcriptional space. This approach reveals
that early domains of Wnt activity predict the positions of cells along
the future A-P axis even before Wnt patterns have polarized. We show
that axial polarization proceeds via rearrangement of Wnt-high and
Wnt-low cells, and trace the origins of Wnt heterogeneity to pre-existing
Nodal and BMP signalling differences. Our results reveal how collec-
tions of stem cells can self-organize a patterning axis without extrinsic
cuesandillustrate ageneralizable approach to investigate multicellular
symmetry breaking.

Results

Capturing the onset of Wnt heterogeneity and polarization
Gastruloid developmentis triggered by the addition of CHIR and Wnt
activity marks the polarized posterior domain in elongating gastru-
loids that have broken symmetry. To define the basis of gastruloid
symmetry breaking, we therefore began by characterizing the time
evolution of Wnt signalling patterns from theinitial uniformactivation
tothefinal polarized outcome. We generated mouse embryonic stem
cells (mESCs) harbouring Wnt-dependent expression of a destabi-
lized infrared fluorescent protein based on a ternary complex factor/
lymphoid enhancer factor family (TCF/LEF) enhancer sequence (Prcg/ g~
iRFP-PEST; Extended Data Fig. 1a)* and constitutive dsRed expres-
sion. We also optimized culture conditions to observe the onset of Wnt
patterning from an initially uniform state. A standard protocol using
LIF-supplemented growth medium led to substantial heterogeneity in
Wntsignalling both before and after the 24 h CHIR pulse (Extended Data
Fig.1b,c), consistent with arecent study®. In contrast, cells maintained
in 2i + LIF medium before gastruloid seeding produced gastruloidsin
which the Wnt pathway activity progressed from a uniformly high state
at 72 haa to a single posterior pole of Wnt activity over time (Fig. 1c,d
and Extended Data Fig. 1d). We proceeded with this modified protocol
for all subsequent experiments.

Weimaged gastruloids harbouring the Wnt transcriptional biosen-
sor at various time points, revealing a progression through uniform,
bimodal and polarized pathway activity states. Wnt activity was low
inall cells at 48 haa, before the CHIR pulse, but shifted to a uniformly
high state by 72 haa (that s, at the end of the CHIR pulse; Fig.1d). Frag-
mentation of the Wnt activity pattern into locally ordered domains
without global axial polarization was observed by 96 haa (Fig. 1d).
Finally, at 108 haa gastruloids exhibited a single coherent domain of
Wntactivity that marked the elongating posterior (Fig. 1d). This sharply
defined domain of posterior Wnt activity persisted until at least 144 haa
(Extended Data Fig. 1d). We separately characterized single-cell Wnt
activity levels by flow cytometry ondissociated gastruloid cells (Fig. 1e,f
and Extended Data Fig. 1e,f). Consistent with our imaging data, these
measurements revealed aninitialhomogeneously low state at 48 haa,
followed by a uniformly high state at 72 haa, which finally shifted to a
bimodal distribution with Wnt-high and Wnt-low subpopulations at
subsequent time points. Gastruloids imaged at intervals of 6 h pin-
pointed the onset of heterogeneity between 90 and 96 haa, preceding
posterior Wnt polarization by at least 12 h (Fig. 1g and Extended Data
Fig.1d,g).

Recording fate information encoded in morphogen signals
The evolution of Wnt patterning from patchy domains to asingle pole
couldbe consistent with either reaction-diffusion patterningin which

feedback loops gradually alter the Wnt activity of cells until it forms
asingle pole or a cell-sorting mechanism where an initial mixture of
Wnt-high and Wnt-low cells rearranges to a polarized outcome. We
reasoned that these mechanisms could be distinguished by determin-
ing the earliest time at which Wnt activity correlates with the anter-
oposterior position of cells (Fig. 2a). We therefore designed a gene
circuit that functions as an AND gate between a candidate signalling
pathway and a user-supplied small molecule whose output produces
a permanent, heritable fluorescent signal (Fig. 2b). Labelling would
thusberestricted to those cellsin which a signalling pathway is active
during a user-controlled time window. We expressed a destabilized
doxycycline (dox)-dependent transcription factor (rtTA) downstream
ofa‘sentinel enhancer’ that responds to a specific pathway of interest™.
The combined presence of signalling and dox triggers activation of
anrtTA-dependent promoter (P.on) to drive expression of a destabi-
lized Crerecombinase, whichin turnresultsinapermanent changein
fluorescent protein expression (dsRed to GFP). Because recordings
areinherited by all progeny of labelled cells, they capture differences
in proliferation and cell migration between the initial recording and
final readout measurement.

We first characterized the performance of a Wnt-responsive
signal-recorder circuit (using a TCF/LEF-responsive sentinel enhancer)
in cultured mESCs?.. The circuit demonstrated high sensitivity and
specificity to dox and Wnt activity: no detectable GFP labelling was
observed when Wnt-recorder cells were incubated in N2B27 medium
for 24 h supplemented with either dox or CHIR (Fig. 2c(left)), and the
number of GFP-expressing cells remained consistently low (<0.1%) over
at least 15 passages of subculture in Wnt-activating 2i medium in the
absence of dox. We further characterized the sensitivity of the circuit
toeachinput (dox or Wntsignalling) in the presence of a constant cue
fromthe otherinput (Extended Data Fig. 2a,b) and found that labelling
could be detected for dox concentrations as low as 200 ng ml™ and
Wnt3A concentrations as low as 100 ng ml™ (refs. 4,24).

For high-fidelity signal recording, itisimportant thatabriefincu-
bation with dox is sufficient to record the signalling states of cells. We
measured the labelling efficiency in mESCs subjected to variable dox
incubation times and continuous CHIR treatment (Fig. 2c(right)).
A 1h dox pulse was sufficient to label the majority (68%) of cells;
near-complete labelling was achieved after 3 h dox. Asamore stringent
test, we performed step-up and step-down experiments to measure
recordingkinetics after an acute change in Wnt activity. We subjected
Wnt-recorder mESCs to a 1h dox pulse at various time points after
CHIR stimulation or washout and then measured the final GFP states
of the cells after an additional 24 h (Fig. 2d). We observed adelay of 3 h
before our labelling circuit reflected the change in Wnt activity, which
was probably due to the time required for rtTA expression or removal
incells. By 6 hfollowing the medium change, GFP labelling approached
the values obtained in steady-state media conditions. We thus conclude
that our signalling-recorder circuits can faithfully resolve signalling
dynamics to within a time window of 6 h. For all subsequent experi-
ments, we minimized both the dox concentration (100-200 ng ml™)
and labelling time (1.5-3.0 h) to produce low leakiness recordings of
the instantaneous Wnt activity state of cells.

Recombinase recording circuits are modularin design as different
sentinel enhancers enable the user to record any transcriptional signal
ofinterest. We developed mESClines torecord Activinand Nodal signal-
lingusing the AR8 sentinel enhancer and BMP activity using the IBRE4
sentinel enhancer®. All three recorder cell lines (Wnt, Nodal and BMP)
couldbeused to faithfully record ligand-dependent signalling from the
appropriate pathway with minimal crosstalk (Fig. 2e and Extended Data
Fig.2c). BMP-recorder cells exhibited some basal GFP conversion that
was suppressed by the BMP inhibitor LDN-193189 and thus may reflect
autocrine signalling in the culture (Extended Data Fig. 2d). We note
that the signal-recording technique ‘binarizes’ the signalling states of
cells such that different signalling intensities may result in different
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Fig. 2| Tracing signalling activity in embryonic stem cells using signal-
recorder gene circuits. a, lllustration of the signal tracing strategy. To identify
which early asymmetries direct self-organization, one would ideally permanently
label early cell states so that they can be traced to final cell fates. Intrinsic

cues that break symmetry should predict future patterning positions and/or
transcriptional cell types. b, Schematic of the recording circuit. An upstream
transcription factor (rtTA) requires both signalling activity and the addition

of small molecules to drive recombinase expression, whichin turnirreversibly
changes the fluorophoreina‘recording’ locus. ¢, Characterization of a clonal
Wntrecording the fidelity of a cell line. Incubation with both Wnt-activating CHIR
(3 uM) and listening window-defining dox (2 pg ml™) for 24 h achieves complete
GFP labelling (bottom left). Treatment with either CHIR or dox has no detectable

&N
+BMP4 H
labelling (top left). A1 hrecording window is sufficient to achieve efficient
labelling (right). d, Characterization of switching kinetics of Wnt recordersin
response to media changes. A1hdox treatment was applied at variable lag times
(At =t — t,) following amedium change. The lines and the shaded regions
indicate the mean + s.d., respectively, of three biological replicates per condition.
Recorder performance approached steady-state media performance by At =6 h.
e, Crosstalk assessment for three separate clonal lines recording Wnt, Activin/
Nodal and BMP pathway activity. All recording windows utilized 100 ng ml™ dox
and 200 ng ml™ morphogen. Baseline conditions report labelling with only dox
inbasal medium (N2B27). Pseudocolours indicate the relative proportion of
cells labelled with GFP. The recording windows were 6 h for the Wnt and Nodal
recorders and 3 h for the BMP recorder to account for differences in sensitivity.

0

fractions of labelled cells. In summary, our synthetic gene circuits
enable mESCs to be labelled based on instantaneous Wnt, Nodal or
BMP signalling activity with high fidelity and fine temporal resolution.

Mapping fate information during Wnt symmetry breaking

We applied our Wnt-recording strategy to measure the earliest time
at which Wnt activity predicts the future axial position of a cell. We
chose nine time points (¢4, to apply 90 min dox pulses to gastruloids,
grew them to 134-144 haa and using microscopy observed the final
positions of Wnt-recorded cell populations (Fig. 3a and Extended
Data Fig. 3). Strikingly, the patchy Wnt activity at 96 haa was already
strongly predictive of the posterior position of cells in the elongated
gastruloid, despite Wnt activity not yet being axially polarized at that
time (Fig. 3b). At later recording times (¢,,,), Wnt-recorded cells were
associated with progressively more posterior positions (Fig. 3b). These

datafurtherimply that cells at different final A-P positions also receive
different overall durations of Wnt signalling (Extended Data Fig. 3e,f).
We thus concluded that 96 haa gastruloids already contain a ‘hidden’
A-P axis, with the Wnt activity states of cells determining their future
axial position. Importantly, this observation begins to constrain can-
didate models for symmetry-breaking polarization. Because Wnt-high
cells at 96 haa are not yet polarized but will contribute exclusively to
the future posterior domain, polarization cannot be explained by a
reaction-diffusion instability that resolves to a single pole before it
encodes posterior information. Instead, our data are consistent with
an alternative model: that cell movements rearrange Wnt-active and
Whnt-inactive cells into distinct anterior and posterior domains.
Symmetry breaking is not simply a morphological process—
embryos also must break transcriptional symmetries to differentiate
into specialized cell types. To test whether the Wnt signalling states at
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Fig. 3| Recorded Wnt signalling histories identify the critical time window
for specifying the future position and fate of cells. a, Dynamics of early Wnt
activity patterns during symmetry breaking (top). Tracing these early Wnt
activity to final A-P patterning fates with a Wnt-recording circuit (bottom).
Whntactivity was recorded with dox treatment at variable ¢, early in the
culture protocol and then the gastruloids were further cultured to a final time
(t;) =134 haa. Images represent at least five similar gastruloids measured at
each time point. Scale bars, 200 um. b, A-P axial patterns of Wnt-recorder
labelling at different time points throughout gastruloid morphogenesis and a
6 htemporal resolution (n =110 gastruloids; Supplementary Table 3). The lines

UMAP1

and the shaded regions indicate the mean + s.d., respectively, as a function of the
A-P positionx normalized to total gastruloid length [. Wnt activity first predicts
aclear separation between anterior and posterior fates for ¢4, = 96 haa (green
curve). ¢, Wntactivity at 96 haa also predicts transcriptional cell fates. Cell types
identified by Leiden clustering of single-cell transcriptomes at 120 haa (left).
Relative composition of Leiden clusters according to Wnt activity recorded at
t4ox = 96 haa (right). Wnt activity is broadly distributed throughout most clusters
but excluded substantially from the somite, endoderm and endothelial clusters
(see Methods). UMAP, uniform manifold approximation and projection; NMP,
neuromesodermal progenitor; PSM, presomitic mesoderm.

96 haaadditionally predict future transcriptional fates, we performed
Wntrecording at 96 haain gastruloids that also expressed our instan-
taneous Wnt reporter and then dissociated the GFP* (96 haa Wnt-high)
and GFP™ (96 haa Wnt-low) subpopulations at 120 haa for single-cell
RNA sequencing (scRNAseq; Fig. 3a and Methods). The combined
scRNAseq dataset from GFP"and GFP" cells revealed nine cell clusters
(Fig. 3c(left)) corresponding to distinct cell types, using annotations
from arecent scRNAseq atlas of mouse embryogenesis (Extended Data
Fig.4a)”, and were largely consistent with previous gastruloid studies®
(Fig. 3c and Extended Data Fig. 4b,c). Instantaneous Wnt activity at
120 haawas confined to the posterior-most neuromesodermal progeni-
tor cluster (Extended Data Fig. 4d), consistent with our imaging data
showing Wnt activity restricted to the elongating posterior domain
(Extended Data Fig. 1d). In contrast, cells with recorded Wnt activity
from 96 haa contributed to a broad range of fates but were excluded
from three clusters: the anterior-most somite cluster as well as the
endodermand endothelium clusters (Fig. 3c(right) and Extended Data
Fig.4e,f). These data confirm that early cell-to-cell differences in Wnt
signalling at 96 haa (before Wnt posterior polarization) are already pre-
dictive of the future germlayer identity of cells (for example, endoderm
versus mesoderm). Early signalling patterns thus provide information
about both the future position and fate of cells.

Gastruloid polarizationis driven by cell sorting

Our signal recording results suggested that Wnt-high and Wnt-low
cells at 96 haa undergo subsequent cell rearrangements to transition
from an unpolarized state to a single A-P axis. We next sought direct
evidence of cell sorting using independent methods. We reasoned
that in the strictest model of cell sorting—where cells can completely
reorganize from any initial position—it should be possible to observe
Wnt-dependent positional sorting even after gastruloids are dissoci-
atedintosingle cellsand allowed to reaggregate. To test this prediction,
we grew gastruloids expressing both our Wnt-recorder circuit and
Wnt-transcriptional reporter, recorded Wnt activity from 90 to 96 haa
to permanently label this signalling state and then enzymatically dis-
sociated and reaggregated the labelled cells (Fig. 4a). Simulations con-
firmed thatina Turing model of polarization the recorded states before
disaggregation would remain randomly distributed relative to the
reformed A-P axis (Extended Data Fig. 5a,b). Conversely, a cell-sorting
model predicts that cells that were Wnt-active and Wnt-inactive before
dissociation would sort into distinct domains over time.

Our dissociation and reaggregation experiments revealed that
by 114 haa (18 h after reaggregation) all gastruloids had reorganized
based on the Wnt activity of cells at 96 haa (Fig. 4b). We observed
cell-sorting polarization following two reaggregation protocols:
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(1) reaggregation of an entire dissociated gastruloid in each well
(‘whole-gastruloid reaggregation’) and (2) seed exactly 1,000 cells
using a cell sorter to form each reaggregated gastruloid (‘cytometer
reaggregation’). Although all reaggregated samples showed polariza-
tion of Wnt-recorded cells, whole-gastruloid reaggregation produced a
higher variability ingastruloid size and a higher frequency of multipo-
lar gastruloids (n =28/48) compared with cytometer reaggregation
(n=0/34), whichsuggests that cell sorting operates most efficiently on
smaller domainsizes (Extended Data Fig. 5¢). Although the monopolar
gastruloids produced by the two reaggregation methods differed by
about 2.6-fold in length (Extended Data Fig. 5d), they formed similar
A-P profiles of Wnt-recorded cells (Fig. 4c). Cell sorting may contribute
to recently reported scaling properties of gastruloids seeded from
differentinitial numbers of cells”.

We also confirmed cell sorting in unperturbed gastruloids by
live imaging. We first imaged gastruloids expressing a Wnt transcrip-
tional reporter (Pcg e~ GFP-PEST) following CHIR washout at 72 haa
to visualize the initial progression from homogenous to patchy Wnt
activity and the initial emergence of axial polarity (Supplementary
Videos 1and 2). We embedded gastruloids in Matrigel to immobilize

them during imaging®®*, In gastruloids where symmetry breaking
could be observed (arrows in Fig. 4d and Supplementary Video 2),
Whnt-active cells coalesced into clusters that merged and separated
from the Wnt-inactive population. In addition, gastruloids that were
not Matrigel-embedded were imaged from 96 to 108 haa to exclude
potential differences due to embedding®. Despite substantial gas-
truloid movement during imaging, we observed rearrangement of
Whnt-active cells to a single posterior domain (Fig. 4e and Supplemen-
tary Video 3). Particle image velocimetry of cell movements revealed
that the posterior Wnt-active cells had higher motility than their ante-
rior counterparts (Extended Data Fig. S5e-gand Supplementary Video
4). Together, our reaggregation and imaging studies indicate that a
highly motile cell population rearranges within gastruloids from 96
to 108 haa to form a single posterior pole.

Wntsecretionis dispensable for axial polarization

We performed scRNAseq on 96 haa gastruloids expressing our instan-
taneous Wnt reporter (Fig. 5a) to further characterize the Wnt-high
and Wnt-low subpopulations and generate hypotheses to explain their
de-mixing. We observed two transcriptionally distinct clusters at 96 haa
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(Fig. 5b(top) and Extended Data Fig. 6a). Reads corresponding to the
instantaneous Wnt reporter were confined to just one cluster, indi-
cating that the Wnt signalling state marks the main transcriptionally
distinguishable cell populations at this time point (Fig. Sb(bottom)).

We found that the expression levels of many genes beyond the
Wnt-responsive synthetic genes (iRFPand rtTA) also differed between
the two clusters (Fig. 5¢c). The Wnt-high cluster expressed the Wnt
ligands Wnt3a and Wnt5b as well as BMP and FGF ligands (Extended
Data Fig. 6b)*°. Conversely, the Wnt-inactive population expressed a
distinct set of signalling-associated genes including the Wnt inhibitor
FrzB and the retinoic acid biosynthesis enzyme Aldhla2 (Extended
Data Fig. 6b,c)*°. The differential expression of Wnt ligands and Wnt
inhibitors suggests that sustained Wnt signalling after CHIR removal
might be maintained by autocrine signalling. To test for potential roles
of continued Wnt ligand synthesis after CHIR washout, we treated

72 haagastruloids withthe Wnt secretioninhibitor IWP-2 (ref. 31), and
monitored Wntactivity and morphogenesis. Treatment of 72 haa gas-
truloids with IWP-2 was sufficient to completely inhibit Wnt-reporter
expression within 24 h (Extended Data Fig. 6d,e), which suggests that
the Wnt-high subpopulation is indeed actively maintained by contin-
ued local Wnt secretion.

We next investigated whether the maintenance of distinct
Wnt-high and Wnt-low subpopulations was necessary for cell sort-
ing using our dissociation and reaggregation assay. Starting from
our mESC line harbouring both the instantaneous Wnt-reporter and
Whnt-recorder circuit, we recorded Wnt signalling states at 96 haa, dis-
sociated gastruloids into single cells and reaggregated by cell sorting
inthe continued presence of IWP-2 (Fig. 5d). We observed that cell sort-
ing was unaffected by the loss of Wnt signalling during reaggregation
(Fig. 5d,e). These data suggest that Wnt-high and Wnt-low states are
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actively maintained by continued secretion of Wnt ligands but that
sustained Wnt signalling after 96 haa is dispensable for polarization.
These results further argue against a Turing-like reaction-diffusion
polarization mechanism involving Wnt activators and inhibitors.

Differential cadherin expression mediates cell sorting

What other differences in cell states might explain the partitioning
of Wnt-high and Wnt-low cell subpopulations along an A-P axis? Our
scRNAseq analysis also revealed prominent differences in expression
of multiple cell adhesion-associated genes (Fig. 5¢). Differential adhe-
sion could provide a biophysical basis for cell sorting and gastruloid
polarization:inthe presence of cell migration to generate mixing, cells
with matched combinations of adhesion receptors may phase-separate
into distinct domains to minimize interfacial tension®*>*. E-cadherin
(also known as Cdh1), EpCAM and protocadherin 1 (Pcdhl) were all
expressed in the Wnt-high cluster, whereas protocadherins 8 and 19
(Pcdh8 and Pcdhi19, respectively) were primarily expressed in Wnt-low
cells (Fig. 6a and Extended Data Fig. 7a). Not all adhesion receptors
were differentially expressed; N-cadherin (also known as Cdh2) was
expressed at similar levels in both clusters (Extended Data Fig. 7a).

We focused on Cdhl and Pcdh19 due to their differential expres-
sionand previous reports of their roles in cell sorting®*. We generated
clonalmESClines carrying dox-inducible GFP-tagged Cdhil and Pcdhi19
transgenes, which we termed iCdhl and iPcdh19 cells, respectively
(Fig. 6cand Extended Data Fig. 7b,c). We first measured how cadherin
expressionalters homotypic and heterotypic mechanical interactions
using aspheroid fusion assay. We seeded 200 mESCs from a single cell
line (wild-type, iCdhl or iPcdh19 cells; in the presence or absence of
dox) for 24 h to form a spheroid aggregate. We next incubated differ-
ent pairs of spheroids together for 3 h to allow their association and
fusion (Fig. 6d). By labelling the wild-type and cadherin-inducible
cell lines with different fluorophores, we could measure the contact
angle between aggregates to infer the relative interaction strength
and interfacial tension (Methods). A wider contact angle indicates
strong adhesion between spheroids, whereas a narrow contact angle
indicates higher interfacial tension and a smaller contact area. We
observed a dox-dependent decrease in the contact angle between
pairs of wild-type and iPcdh19 spheroids as well as between iCdhl and
iPcdh19 spheroids compared with all homotypic and dox-uninduced
pairs (Fig. 6e). Mouse ESCs are known to constitutively express Cdhl
(refs.36,37), which potentially explains the stronger relative effect of
inducible Pcdh19 expression.

We next tested whether cadherins are sufficient to mediate cell
sorting in a single spheroid. We generated mosaic spheroids com-
prising equal mixtures of wild-type and either BFP-labelled iCdh1 or
mCherry-labelled iPcdh19 cells, and measured the spatial distribution

of each founder cell population after 24 h of aggregation (Fig. 6f and
Methods). We observed dox-dependent radial sorting between mix-
tures of wild-type and iPcdh19 cells as well asbetweeniCdhland iPcdh19
cells, withiPcdh19 cells positioned on the exterior and wild-type/iCdh1
cells in the interior (Fig. 6g,h and Extended Data Fig. 7d-f). Interest-
ingly, we did not observe a transition from radial sorting to partitioning
along a bipolar axis, which suggests that additional factors beyond
differential expression of these cadherins may contribute to the final
geometry of a gastruloid.

Finally, we tested whether perturbation of the patterns of cadherin
expressionduring gastruloid development would alter anteroposterior
polarization. We generated GFP-labelled wild-type and mCherry-labelled
iPcdh19 gastruloids, fused pairs of gastruloids at 48 haa to generate a
local domainof protocadherin-expressing cells and thenimaged these
at 93 haa (within the critical Wnt symmetry-breaking window; Fig. 6i,j).
We quantified the morphology of the final fused gastruloids (Fig. 6k) as
well as the direction of posterior Brachyury polarization®* relative to
theaxis along which the spheroids were fused (Fig. 61 and Extended Data
Fig.7g,h).Inall control conditions, the fused gastruloids had spherical
morphologies (aspect ratio of approximately one) as well as random
alignment between Brachyury polarization and fusion vectors. In con-
trast, fusion between dox-induced iPcdh19 and wild-type spheroids
generated elongated morphologies (aspect ratio =1.19 + 0.14) as well
asclosealignment between the direction of Brachyury polarization and
the iPcdh19 domain. These data thus suggest that a synthetic domain
of Pcdh19 expressionis sufficient to dictate the orientation of the body
axis of agastruloid and alter its morphogenesis.

Early Nodal-BMP signalling predicts the future position of a cell
What differences in the history of cells might lead them to adopt dis-
tinct Wnt-high and Wnt-low states at 96 haa? We hypothesised that
heterogeneity in other signalling pathways involved in gastrulation
(for example, Nodal and BMP signalling) could act as hidden variables
thatbias the future axial position of cells, potentially even before Wnt
signallingis active (Fig. 7a)***. To characterize spontaneous activity
in these pathways, we engineered clonal cell lines expressing either
instantaneous Nodal (Pyggs—mCherry-PEST) or BMP (P gz, —~GFP-PEST)
reporters. We observed spontaneous activity in both Nodal and BMP
signalling pathways by 48 haa (Fig. 7b), atime point where Wnt activity
wasstill uniformly low (Fig.1d-f). Nodal-BMP activity was subsequently
lost after CHIR stimulation, dropping to below the limit of detection
by 96 haa (Extended Data Fig. 8a,b)—that is, by the time at which Wnt
signalling breaks symmetry. Nodal activity at 48 haaincreasedin pro-
portionto the seeding size of the gastruloid and was absentin cultured
mESCs after 48 hinidentical media, indicating astrong dependence on
three-dimensional culture conditions (Extended Data Fig. 8c).

Fig. 6 | Differential cadherin expression mediates changes in tissue
mechanics and cell sorting in stem cell aggregates and gastruloids. a,
Illustration of cadherin-mediated cell sorting. Differential cadherin expression
causes different cell-cell adhesion affinities, which in turn mediates multicellular
phase separationin fluid tissues. b, Differential expression of cadherins—Cdh1
(top) and Pcdh19 (bottom)—between Wnt-high and Wnt-low gastruloid cells at
96 haa.Images (right) are representative of eight similar gastruloids measured
for each stain. ¢, Schematic (top) and validation (bottom) of the iPcdh19 cell
line. Images are representative of >5 similar cell clusters for each condition. d,
Schematic of the contact angle assay to measure differential interfacial tension
between mESC spheroids. e, Dox-dependent increases in interfacial tension
were observed for aggregates of iPcdh19 spheroids with wild-type oriCdhl
spheroids (n =77 constructs analysed). Data are the mean + s.d. Statistical
comparisons using a two-sided Student’s ¢-test; P=5.1x107, P=1.0 x 10 2and
P=5.5x107°(from left to right). f, lllustration of the mosaic spheroid assay to
test the sufficiency of cadherin expression to drive cell sorting. Spheroids were
aggregated from n =200 cells comprising 100 cells each from two cell lines with
different fluorescent labels. g, Representative images of mosaic spheroids after

24 hof aggregation. Medial slices are shown to highlight the radial structure.
Images are representative of 17 and 25 spheroids measured with and without dox,
respectively. h, Quantification of radial polarization as a measure of cell sorting
revealed dox-dependent sorting of iPcdh19 cells from both wild-type and iCdhl
cells (n=153 spheroids analysed). Statistical comparisons using a two-sided
Student’s t-test; P=8.8x107, P=5.8x1072,P=2.2x107and P=7.4 x10™* (from
left to right)., Protocol used to investigate the influence of iPcdh19 induction on
gastruloid symmetry breaking. Clonal spheroids were aggregated for 48 h, fused,
stimulated with CHIR from 48 to 72 haa and imaged at 93 haa. j, Representative
images of fused wild-type (WT) and iPcdh19 gastruloids at 93 haa (n = 58
gastruloids; Supplementary Table 3). b,c,d,j, Maximum-intensity projections
areshown.b,c,d,g,j, Scale bars, 50 pum (b,d,g,j) and 10 um (c). k, The aspect ratio
ingastruloids demonstrates dox-dependent elongation in wild-type +iPCdh19
fusion constructs. Statistical comparisons using a two-sided Student’s ¢-test;
P=6.6x107" (left) and P=3.3 x 10* (right). 1, Dox-dependent alignment of

the Brachyury polarization and fusion vectors in wild-type +iPCdh19 fusion
constructs. *P< 0.01, **P< 0.001, ***P < 0.0001 and NS, not significant.
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To relate early Nodal-BMP signalling to the future A-P position
of cells, we prepared Nodal-recorder and BMP-recorder gastruloids,
recorded signalling activity at various timest,,, andimaged at 120 haa
(Fig. 7c). These recordings revealed that Nodal-BMP signalling at
48 haa was already partially informative of the future A-P position
of a cell (Fig. 7d and Extended Data Fig. 8d-i), with Nodal-recorded
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suggests additional early asymmetries mightalso contribute to future
anteroposterior fates.

We next investigated whether perturbation of early Nodal-BMP
signalling affects subsequent gastruloid development. We first grew
gastruloids expressing the instantaneous Wntreporter, treated them
with Activin A (aNodal analogue) or BMP4 from 24 to 72 haa, and meas-
ured the Wnt-reporter activity by flow cytometry. All treatment condi-
tions resulted in high uniform Wnt activity at 72 haa, demonstrating
that pretreatment did not affect the initial response of cells to the
CHIR stimulation (Extended Data Fig. 9a,b). Physiologically relevant
doses of Activin A (10-100 ng ml™; Extended Data Figs. 8c and 9c¢,d)
increased the proportion of Wnt-low cells at 96 haa, which suggests
a causal relationship between early Nodal signalling and subsequent
anterior fate (Fig. 7e,f). Even abrief 3 hpulse of 100 ng ml™ Activin A at
48 haawas sufficient toreduce the duration of Wnt signalling at 96 haa,
indicating that cells are highly sensitive to this stimulus (Extended
Data Fig. 9e). BMP4 stimulation produced ambiguous effects, par-
tially reducing the magnitude of Wnt signalling in all cells without
producing bimodal Wnt-on and Wnt-off subpopulations (Extended
Data Fig. 9b). Experiments in adherent mESC cultures revealed that
BMP could either potentiate or inhibit Wnt activity inacomplex dose-
and time-dependent manner (Extended Data Fig. 9f), consistent with
arecent report*°. We chose to focus on Nodal signalling based on its
consistent effects on Wnt signalling.

Next, gastruloids expressing the Wnt-recorder circuit were treated
with Activin Afrom 24 to 72 haaand their final morphology was measured
at120 haa. Activin A pretreatment expanded the Wnt-low anterior domain
at the expense of the Wnt-high posterior domainin a dose-dependent
manner (Fig.7g,h). Theresulting gastruloids also exhibited altered mor-
phology, with a shortened long axis and an expanded, denser anterior
domain (Extended Data Fig. 10a,b). Conversely, complete inhibition
of early Nodal signalling with the small molecule SB-431542 eliminated
subsequent signalling and morphogenesis altogether, suggesting that
activity through this pathway is necessary for gastruloid development
(Extended DataFig.10c,d). Together, our data supportamodelinwhich
early Nodal activity modulates later Wnt activity, gastruloid symmetry
breaking and allocation of anterior and posterior domains.

Discussion

Our results reveal a mechanism through which biochemical and bio-
physical interactions between stem cells can spontaneously break
symmetry to self-organize a body axis (Fig. 7i). Even in the absence of
extrinsic cues, spontaneous Nodal and BMP signals create intrinsic
heterogeneity within stem cell spheroids. This heterogeneity modu-
lates how long cells maintain Wnt activity following uniform CHIR
stimulation, resulting in patchy Wnt-high and Wnt-low domains at
about 96 haa. Finally, cell migration and differential adhesion sort
the patchy domains into a single Wnt-active pole. This pole breaks
morphological symmetry in the gastruloid by defining a posterior
organizer, which drives axial elongation®?’.

Gastruloid polarization therefore emerges not from a canonical
reaction-diffusion Turing instability but rather through a cell-sorting
mechanism. Although the appearance of patchy Wnt activity patterns
at 96 haaseems consistent with theintermediate state of a Turing pat-
ternasitevolvestoasingle polarized pole, our signal-recorder circuits
revealed that the future A-P positions of cells are already determined
at this patchy stage (Fig. 3). Subsequent gastruloid reaggregation
(Figs.4 and>5), liveimaging (Supplementary Videos1-3) and cadherin
induction experiments (Fig. 6) provided support for a model where
cell sorting rearranges distinct cell populations to establish a global
A-P axis. We emphasise that our results do not exclude all potential
roles for reaction-diffusion patterningin gastruloid self-organization.
For example, the patchy patterns of Wnt activity at 96 haa may reflect
an earlier short-range Turing instability produced by self-sustained
Wntsecretion.

Many molecular links in this model require further study. For
example, we find that domains of distinct adhesion gene expression
correspond to those with different Wnt signalling states. Wnt signal-
ling may directly regulate this switch—for example, by downregu-
lating the expression of Snail, a repressor of Cdhl and regulator of
cell motility?®*. It is also possible that an upstream transcriptional
programme leads to differences in both the duration of Wnt signalling
and adhesiongene expression. Nodaland BMP themselves may only be
two of several early asymmetries thatinfluence the initial conditions of
the axial coordinate system—for example, metabolic states* or radial
tissue geometry®” may also contribute to symmetry breaking. The
complete network that links early cell states to future anteroposterior
fates remains to be fully elucidated.

How does this self-organizing model of axial morphogenesis relate
tothe programme executed by the embryo? The polarized gastruloid
is thought to model the primitive streak and tailbud, which represent
just a part of the A-P axis of an embryo*. In vivo the posterior epi-
blast is prepatterned by gradients of signalling ligands supplied by
extra-embryonic tissues"*. Although the gastruloid engages the same
Nodal, BMP and Wntsignalling pathways, their geometric organization
is clearly different. The ability of the gastruloid to self-organize A-P pat-
terns may reflect adevelopmental programme that reinforces graded
patterning signals against errors and fluctuations®**, The sequence
of Nodal and Wnt signalling during gastruloid symmetry breaking
mightalsoberelated to the temporal order of signalling events during
primitive streak specification. By differentially priming the responses
of cells to uniform Wnt stimulation, Nodal can act as a temporal cue
to generate spatial organization. Finally, it is also possible that gas-
truloid polarization represents a latent self-organizing programme
of stem cells, which is not engaged during mouse development but
rather reflects an evolutionary remnant from the first multicellular
organisms*¢. The role of Wnt in patterning the primary body axis is
highly conserved both in vertebrates* and in evolutionary divergent
organisms such as flatworms*®, sea squirts*’ and hydra*°. Gastruloid
self-organization could reflect a programme first developed by the
earliest multicellular organisms**~?, which has since been elaborated
upon by evolution.

By studying axial morphogenesisin areduced model, we were able
to isolate and define a mechanism of multicellular self-organization.
The increasing complexity of stembryo models suggests that this is
only one of the many self-organizing programmes that can emerge
from aggregates of stem cells’**, We anticipate that tracing signalling
lineages will be a powerful and generalizable strategy to identify the
intrinsic cues that drive these programmes. This strategy may benefit
from next-generation signal recorders with improved bandwidth to
record multiple morphogen signals in parallel or analogue informa-
tion about signal magntitudes®>*°. Defining the principles of biologi-
cal self-organization willimprove our understanding of multicellular
symmetry breaking and may also uncover engineering routes towards
disease modelling, regenerative medicine and biomanufacturing.
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Methods
Plasmids and cloning
Linear DNA fragments were amplified via PCR using CloneAmp HiFi
PCR premix (Takara Bio, 639298). The PCR products were cut from
agarose gels and purified using a Nucleospin gel purification kit (Takara
Bio, 240609). Plasmids (Supplementary Table 1) were assembled from
linear fragments using In-Fusion HD (Takara Bio, 638910) and amplified
inStellar chemically competent Escherichia coli(TakaraBio, 636763) via
ampicillin-resistant selection. The plasmid DNA was extracted using a
miniprep kit (Qiagen, 27104). All plasmid verification was performed
by Sanger (Azenta) or nanopore (Plasmidsaurus) sequencing.
Expression vectors were cloned into a piggyBac vector plasmid
containing 5’ and 3’ flanking repeats to facilitate PBase insertion?.
Plasmids encoding Cre recombinase, the ‘stoplight’ recording locus
and the Wnt-sensitive TOPFlash enhancer (Pc, ) were purchased from
Addgene (catalogue numbers 89573, 62732 and 12456, respectively).
Sentinel enhancersrespondingto transcriptional output from Activin/
Nodal (P,g) and BMP (P z:4) Were subcloned from AR8-Cerulean and
IBRE4-Cerulean constructs (a gift from K. Zaret). Plasmids generally
contained a constitutively expressed fluorescent proteinto serve asa
selection marker during cell line generation.

Cell culture

All reported experiments were performed using cell lines derived
from E14tg2a mESC cells (ATCC CRL-1821, purchased for this study).
The E14tg2a cells were first thawed and plated on mitotically inac-
tivated feeder cells (Millipore Sigma, PMEF-DR4-M) in basal growth
medium comprising GMEM (Millipore Sigma, G6148) supplemented
with 10% ESC-qualified fetal bovine serum (R&D Systems, S10250),
1xGlutaMAX (Gibco, 35050-061), 1XMEM non-essential amino acids
(Gibco, 11140-470050), 1 mM sodium pyruvate (Gibco, 11360-070),
100 pM 2-mercaptoethanol (Gibco, 47121985-023) and 100 units ml™
penicillin-streptomycin (Gibco, 15140-122). After reconstitution, the
E14tg2acellswere trypsinized and passaged onto a 25 cm?tissue culture
flask coated with 0.1% gelatin and cultured in 2i + LIF medium compris-
ing basal growth medium further supplemented with 1,000 units ml™
LIF (Millipore Sigma, ESG1107), 2 uM PD0325901 (Tocris, 4192) and
3 UM CHIR (Tocris, 4423).

Propagation of cell lines was thereafter performed in 2i + LIF
medium on gelatin-coated tissue culture plastic unless otherwise
noted. Cells were maintained at 20-75% confluency. Passaging was
performed by aspirating the remaining growth medium, washing
in PBS (Gibco, 14190144) and trypsinizing for 5 min at 37 °C (TrypLE
Express, Gibco, 12605028). The trypsin was quenched with 2i + LIF
medium and the cells were then pelleted by centrifugation at135g for
5 min. Residual trypsin and medium were then aspirated and replaced
with fresh medium beforereplatinginafreshtissue culture vessel. The
passage ratios varied from 1:5to 1:10.

Cellline generation
Engineered mESC lines (Supplementary Table 2) were generated using
the piggyBac random integration system. A chassis cell line was first
cultured tolow-to-mid confluency (30-50%) ina35 mmdishin 2i + LIF
medium. Transfection mixtures were prepared in 250 pl Gibco Opti-
MEM (Fisher Scientific, 31-985-070) containing 5 pl Lipofectamine
STEM transfection reagent (Thermo Fisher, STEM000O01), 2,080 ng
vector plasmid and 420 ng PBase ‘helper’ plasmid (System Biosciences).
After preparation, the transfection mixtures were equilibrated at room
temperature for 30 min. The chassis cell cultures were given fresh
2i + LIF medium immediately preceding transfection. The transfec-
tion mixture was then added dropwise to the chassis cells and gently
mixed viarocking.

Cultures were propagated for at least four days following transfec-
tion, by which vector expression is predominantly driven by genomi-
cally integrated constructs. The cells were then trypsinized into a

single-cell suspension for fluorescence-activated cell sorting using a
Sony SH800 sorter. Cytometry events were first sorted for single cells
based on scattering profiles; transformed cells were then identified
viafluorescence signals. Candidate clonal cultures were generated by
sorting single cells into separate wells of a 96-well plate. The colonies
were left unperturbed for 7-10 days following sorting, after which
they were assessed via microscopy to identify promising candidates
viafluorescenceintensity and colony morphology (that s, preference
for round colonies with smooth boundaries). Candidate clonal colo-
nies were then identified and supplemented with an additional 150 pl
2i + LIF medium and fed every other day until 14 days post seeding. At
14 days, the promising clones were trypsinized and passaged onto a
12-well plate. Lines that remained viable were then further expanded
and functionally assessed. The lines were tested and confirmed to be
negative for mycoplasma (ATCC universal mycoplasmakit, 30-1012K).

Statistics and reproducibility

A small proportion of gastruloids (<10%) failed to elongate (consist-
ent with field standards for gastruloid reproducibility*) and were
excluded from the A-P profile analyses (Figs. 3b, 7d-g and Extended
Data Fig. 8d,e). For the whole-gastruloid reaggregation experiments
(Fig. 4cand Extended Data Fig. 5¢), very small satellite ESC cell aggre-
gates as well as multipolar aggregates were excluded as described
below. Fractions of multipolar aggregates were quantified in Extended
DataFig.5c. Our statistical analyses assumed our measurements were
normally distributed but this was not formally tested. No statistical
methods were used to pre-determine sample sizes; sample sizes (Sup-
plementary Table 3) were designed to be similar to those reported in
recent publications®”.

Signal-recording benchmarking

Signal-recording cell lines were benchmarked in adherent cultures
cultured on gelatin-coated tissue culture plastic. We sorted at least ten
candidate clones for eachrecording circuitarchitecture and screened
each clone for a combination of low leakiness (in signalling-low
conditions) and high labelling efficiency (in signalling-high condi-
tions); the best-performing clone of each design was selected for
further characterization. Minimum recording window measurements
(Fig. 2c, right column) and dox concentration calibration (Extended
DataFig. 2a) were performed in steady-state 2i + LIF media. All other
signal-recording calibration measurements were performed in N2B27
basal media, supplemented with dox, CHIR or recombinant morpho-
gen proteins according to the experimental condition (Fig. 2c(left
column),d,e and Extended Data Figs. 2b-d, 10c). The media were
exchanged with fresh N2B27 at least 24 hbefore the recording experi-
ments to allow cells to equilibrate to basal media conditions. For
Whnt-recorder fidelity testing (Fig. 2c), Wnt dose response (Extended
Data Fig. 2b) and morphogen crosstalk experiments (Fig. 2e and
Extended Data Fig. 2c), morphogen signals were added to media
simultaneously with the onset of the dox recording window and then
washed out following cessation of the dox recording window. Cells
were expanded for at least 24 h following cessation of dox treatment
and then assayed via flow cytometry.

Gastruloid protocol

Gastruloids were grown in N2B27 medium comprising a 1:1 mixture
of DMEM/F-12 (Gibco, 11320033) and neurobasal (Gibco, 21103049)
media supplemented with 100 pM 2-mercaptoethanol, 1:100 N-2
(Gibco, 17502048), 1:50 B-27 (Gibco, 17504044) and 100 units ml™
penicillin-streptomycin (Gibco, 15140-122). Seed cultures were main-
tainedin 2i + LIF medium previous to gastruloid formation to minimize
pre-existing heterogeneity in early stage gastruloids, which may bias
symmetry breaking. For ‘LIF only’ preculture gastruloids, cells were
transferred from 2i LIF medium to medium without either PD0325901
or CHIR for six days (two passages) before gastruloid formation.
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To form gastruloids, seed cultures were trypsinized, pelleted
and then washed twice with PBS (separated by additional 5 min cen-
trifugations at 135g) to remove residual CHIR. Following the second
PBS wash, the cells were resuspended in N2B27 medium and trans-
ferred to a cell sorter for fluorescence-activated cell sorting. Sorting
events were gated for single cells based on the scattering profiles. For
signal-recording gastruloids, cells were further gated against GFP
expression to avoid contamination from the small fraction of cells
(about 0.1%) that had already excised dsRed. To form gastruloids,
200 individual cells were sorted into each of the 60 central wells of a
96-well round-bottomed ultra-low-attachment microplate (Corning,
7007). The central wells were pre-filled with 40 pl N2B27 to receive
cells. To minimize the effects of evaporation at the edges of the plate,
the perimeter wells were filled with 150 pl PBS supplemented with
1,000 units ml™” penicillin-streptomycin.

Following seeding, the gastruloids were transferred to a cell cul-
ture incubator and left unperturbed for 48 h unless otherwise noted.
Att=48h,thegastruloids were fed 150 pl N2B27 medium further sup-
plemented with 3 puM CHIR to stimulate Wnt activity. At¢=72h,150 pl
CHIR-containing medium was removed from the gastruloid wells and
the gastruloids were fed 150 pl fresh N2B27 medium without CHIR.
A similar feeding (150 pl medium removed and 150 pl fresh N2B27
added) was performed every 24 hfor the remaining period of gastruloid
morphogenesis. Signal recording during gastruloid morphogenesis
was performed via the transient addition of 150 pl medium supple-
mented with 100 ng mI™ dox. Recording windows were either 90 min
(for Wntrecording) or 3 h (for BMP and Nodal). The dox was washed out
with two successive 150 pl media changes, leading to a total dilution of
approximately 1:20 (sufficient to bring the dox concentration below
the recording threshold defined in Extended Data Fig. 2a).

Gastruloids were assayed either by imaging or by flow cytom-
etry. Toprepare samples forimaging, the gastruloids were fixed in 4%
paraformaldehyde for 2 hat 4 °C on anutator. The samples were then
washed twicein PBS to remove the paraformaldehyde and either trans-
ferred forimmunofluorescence labelling orimmediately transferred
toaglass-bottomed 96-well plate forimaging. To assess gastruloids via
flow cytometry, aminimum of n = 30 gastruloids were first pooled into
al.5 ml Eppendorftube, centrifuged (500g for 3 min), washed in PBS
andthentrypsinizedin 100 pl TrypLE Express at 37 °C. The gastruloids
were trypsinized for 3 min, retrieved and triturated to dislodge them,
and returned to 37 °C for an additional 3 min to complete digestion.
Trypsinization was then quenched with 300 1l N2B27, after which the
samples were immediately assayed via flow cytometry. Cytometer
events were first gated for events corresponding to cellsbased on the
forward and back scatter profiles, and then for single cells based on the
height and area of the forward scatter events (Extended Data Fig. 1e).
For analysis of Wnt-active and -inactive cell populations, a threshold
that separated the Wnt-inactive (measured at 48 haa) and Wnt-active
(measured at 72 haa) states was defined (Extended Data Fig. 1f).

Immunofluorescence

Gastruloid staining was performed according to previously reported
protocols”. Briefly, cohorts of paraformaldehyde-fixed gastruloids
were pooled into single wells of ultra-low-attachment 96-well plates
and washed twice with PBS to remove any residual PBS. All buffer
exchanges were performed under a dissection microscope to maxi-
mize buffer turnover while minimizing sample loss due to accidental
aspiration. Gastruloids were permeabilized overnight at 4 °C with
nutationin PBSFT buffer (89.8% PBS,10% fetal bovine serum and 0.2%
Triton X-100). The PBSFT was then removed and exchanged for PBSFT
containing dilutions of primary antibodies to the targets of interest.
The following primary dilutions were used: 1:200 for rabbit anti-Pcdh19
(Abcam, ab191198), 1:100 for rabbit anti-Aldhla2 (Abcam, ab156019),
10 pg ml™ goat anti-Brachyury (R&D Systems, AF2085) and 1:200 for
rabbit anti-Cdh1(Cell Signaling Technology, 3195T). Primary antibody

incubation was performed overnight at 4 °C with nutation. Following
the primary incubations, the samples were treated with PBSFT for three
consecutive washes. A further two sets of three serial wash sequences,
with1h of nutation between each wash sequence, were performed
resulting in a total of nine washes. The samples were then incubated
overnight, at4 °Cwithnutation, with fluorescently conjugated second-
aryantibodies (goat anti-rabbit Alexa Fluor 647 conjugate; Invitrogen,
A27040) diluted 1:500 in PBSFT. Following the secondary antibody
incubation, the samples were washed a further nine times following
the same protocol described earlier. The samples were then transferred
to aglass-bottomed 96-well plate for imaging (Cellvis, P96-1.5H-N).

Image processing and quantification

Allimaging data reported were acquired on a Nikon Eclipse Ti confo-
cal microscope with a 600 Prior linear motorized stage, a Yokogawa
CSU-X1 spinning disk, an Agilent laser line module 601 containing
405, 488, 561 and 650 nm lasers, and an iXon DU897 EMCCD camera.
Images were acquired as three-dimensional hyperstacks using the
NIS Elements version 4.40.00 software (Nikon, Inc) and converted to
maximum-intensity projections using the ImageJ version 1.54j software.
Forlow-signal regimes (Pc, s~ GFP liveimaging and late-stage gastru-
loid Pycpge—iRFP patterns), median filtering was performed (kernel of
2-5 pixels) to denoise and improve the contrast. Near-infrared images
were further background-subtracted to correct for a heterogeneous
background field using a sample-free background image.

Quantification was performed using custom software in MAT-
LAB version R2024a. Briefly, maximum-intensity projections were
normalized on a [0,1] interval by first subtracting the background
fluorescence and then dividing by the 99th percentile pixel value,
each on a channel-by-channel basis. For sparse images (for example,
sparse GFP labelling), the maximum pixel percentile wasincreased to
avoid overamplification. Gastruloid segmentation was performed on
amorphological image generated by adding the 488 nm and 561 nm
excitation channelimages (to account for total recorder locus signal).
Morphological images were binarized, manually trimmed to sepa-
rate neighbouring gastruloids from co-segmenting, and then dilated,
eroded and filled to smoothenboundaries. Individual gastruloids were
linearized by first skeletonizing with the MATLAB bwskel() function
(MinBranchLength =200). The resultant A-P axis trace was clipped if
necessary (to avoid over-fitting on boundary artifacts) and manually
extendedtothe anterior and posterior polesto createacurvilinear axis.
The posterior pole of the axis was manually identified based on gastru-
loid morphology and/or Wntsignalling activity and the curvilinear axis
was assigned units of distance based on geodesic distance from the
anterior pole computed by bwdistgeodesic(). Pixels contained within
agastruloid segment were assigned an axial coordinate based on the
geodesicdistance of the closest curvilinear axis point and then binned
over intervals of dL =10 um. One-dimensional fluorescence profiles
were computed by averaging values within all gastruloid pixels cor-
responding to asingle axial distance bin. A small proportion (<10%) of
gastruloid samples that failed to elongate were excluded from analysis
(duetolack of a clear anteroposterior axis).

For Wnt-recording quantification, fractional labelling profiles
arereported as the ratio of the average normalized GFP fluorescence
to the sum of the average normalized GFP and average normalized
dsRed fluorescence. To average profiles over experimental replicates,
profiles were rescaled onto a unit A-P axis x/[=[0,1]. For each experi-
mental condition, the mean, s.d. and s.e.m. values were computed for
each axial position. Tocompute the integrated Wnt signalling activity

e
I(x)=f W(x,t")dt
to

(Extended Data Fig. 3f), fractional labelling profiles W(x,t) were
firstindividually normalized to the unitintegral over the A-P axis and
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then added from ¢4, = 96 h to t,4,, =120 h. An additional profile from
t:=134 h was extracted from the final P, ¢~iRFP fluorescence and
similarly normalized to the unit integral along the A-P axis, and then
addedto the total integral /(x) to capture the final signalling profile.
Spatial profiles of Wnt signalling in early gastruloids (Fig. 1d and
Extended DataFig.1d) were quantified to assess relative heterogeneity
and polarization (Fig. 1g and Extended Data Fig. 1g). Gastruloids were
firstnormalized and segmented as described above. Images were then
further denoised using amedian filter (14 pm x 14 pm kernel) toremove
high spatial frequency noise. Relative heterogeneity was determined
by computing the s.d. of the pixel intensities within a segmented gas-
truloid area. Relative polarization was computed according to

P COMWnt - COMmorph
= —I'a

where COM,q,pn is the morphological centre of mass (determined by
EFla-dsRed fluorescence), COMy,, is the centre of mass of the Wnt
activity pattern and r,is the morphological semimajor axis length. For
calculation of radial polarization in cadherin-induced spheroids
(Fig. 6h), gastruloids were segmented and binned based on distance
fromthe morphological centre of mass and then averaged to generate
radial profiles of average fluorescence within channels. Radial profiles
were then converted to radial centres of mass and the differences
between channels were computed to assess radial polarization.

Morphological analysis of fused gastruloids was performed using
custom software in MATLAB. For surface tension measurements, con-
tact angles were manually annotated and then averaged and com-
pared between conditions according to a two-sample Student’s ¢-test
(Fig. 6d,e). To measure morphological elongation in fused gastruloids
following CHIR stimulation (Fig. 6k), aspect ratios were calculated as
the ratio of the major-to-minor axis lengths. Polarization alignment
(Fig. 61) was calculated by first computing the fusion vector (defined as
the vector between the centres of mass of mCherry and GFP cell labels),
then computingthe polarization vector (defined as the vector between
the centre of mass of Brachyury staining and the morphological cen-
tre of mass) and finally computing the angle between those vectors.
A convention was chosen such that an angle of zero corresponds to
alignment of Brachyury and mCherry, and an angle of Tt corresponds
to alignment of Brachyury and GFP.

Liveimaging
Gastruloids were immobilized for live imaging via Matrigel embed-
ding (Supplementary Videos 1, 2 and 4). To prepare Matrigel matrix
(Corning, catalogue number 356231), frozen aliquots were thawed
overnightat4 °C. Glass-bottomed 35 mmdishes (Cellvis, D35-20-1.5-N)
and pipette tips were chilled to temperature ina controlled cold room
at4 °Cand the central imaging well was coated with Matrigel reagent.
The Matrigel-coated dish was then transferred to a metal surface on
ice to prevent gelling. Gastruloids were collected and dispersed into
cooled Matrigel while maintaining minimal media carryover (roughly
10 pl volume). Approximately 6-12 gastruloids were embedded per
experiment. The gastruloids were manually separated via pipette
manipulation to ensure even spacing and transferred to 37 °C for 10 min
to solidify the Matrigel matrix. Prewarmed N2B27 medium (2 ml) was
then added to the glass-bottomed dish and the samples were trans-
ferred toamicroscope-mounted environmental chamber (Okolab) to
maintainappropriate temperature, humidity and CO, during imaging.
The samples wereimaged using aNikon Eclipse Ti confocal microscope.
Videos were collected over 24-30 h, with frames acquired once every
10 min. Individual frames were acquired at four z-planes. Images were
median filtered to denoise and maximum-intensity projected to gener-
ate the final videos.

To measure cell motivity (Extended Data Fig. Se-g), particle
image velocimetry analysis was performed on gastruloids expressing

anuclear marker (H2B-iRFP) using the MATLAB PIVIab graphical user
interface”. Briefly, H2B-iRFP videos were collected at 10 minintervals,
median filtered and thresholded to remove background noise, after
which velocity vectors were computed using nesting windows of 128,
64 and 32 pixels. Next, the resulting vector maps were segmented
to remove vectors outside the gastruloid region and converted into
directionless motility magnitudes by taking the Euclidean normof each
vector. Average motility maps were computed by averaging over the last
21frames of the video (that s, over 3.5 h of collection) and converted
to A-P profiles by averaging as described previously.

scRNAseq

To prepare gastruloids for single-cell sequencing, samples were first
pooledinto a1.5 ml Eppendorf tube. At least 50 gastruloids were
pooled for each experimental condition. Following pooling, the
gastruloids were centrifuged (500g for 3 min), washed in PBS, cen-
trifuged once more (500g for 3 min), resuspended in 100 pl trypsin
and transferred to 37 °C. After 3 min, the gastruloid-trypsin mixture
was retrieved, triturated to dislodge gastruloids and returned to
37 °Cforan additional 3 min. The samples were then quenched with
300 pl N2B27 medium and immediately transferred to a cell sorter
(Sony SH800).For 96 hgastruloids, cytometer events corresponding
to single cells were identified based on light scattering profiles and
then recovered into 500 pl N2B27 medium. For 120 h gastruloids,
single-cell events were further gated based on GFP fluorescence and
recovered into two separate recovery tubes (each containing 500 pl
N2B27 medium). The recovered cells were immediately centrifuged
(500g for 5min) and resuspended in 50 pl PBS. A 10 pl fraction was
stained for dead cells with trypan blue and automatically counted
(Invitrogen Countess) to assess the density and viability of the recov-
ered cells. The samples were then diluted to a target cell density of
1,000 cells pI™. Both 96 and 120 h samples maintained over 80% cell
viability by this step.

Following dilution in PBS, the cells were kept on ice and trans-
ferred to a Chromium Controller (10x Genomics) to generate gel-
in-bead emulsions for single-cell RNA labelling. Microfluidic chip
lanes (Chip K, 10x Genomics) were loaded to a target recovery of
5,000 cells per lane. We used a Single cell 5" v2 reagent kit (10x
Genomics) to enable optional direct capture of non-polyadenylated
messenger RNA from synthetic reporter genes. Following gel-
in-bead emulsion formation, the reverse transcription reaction
was performed with master mix supplemented with the follow-
ing direct capture primer targeting iRFP (5 pmol per sample lane):
5’-AAGCAGTGGTATCAACGCAGAGTACCTCTTCCATCACGCCGATCTG-3'.

Gene expression libraries were then generated from sample com-
plimentary DNA according to the manufacturer’s protocol. Briefly,
cDNA samples were fragmented and selected for a target size via
double-sized magnetic bead selection (Beckman-Coulter SPRIselect).
Next, the samples were ligated with adaptor oligonucleotides and
PCR-amplified with dual library indices for sample demultiplexing.
Thelibrary concentrations were assessed by fluorometry (Qubit) and
the size distribution was measured with automated electrophoresis
(Agilent Bioanalyzer). Samples were pooled to target equal concentra-
tion and submitted for pooled sequencing on an lllumina NovaSeq SP
100 nt Flowcell v1.5 system. The library was sequenced to a depth of
47,000 reads per cell.

Analysis of scRNAseq data

Raw FastQ files were demultiplexed by W. Wang at the Princeton
Genomics Core Facility. The mm10_2020 transcriptome was modified
to include BFP, iCre, iRFP, rTTA and the ‘Stoplight Recorder’ as addi-
tional elements for alignment in the analysis pipeline, as per 10x docu-
mentation (the FASTA files for these gene products are available at
GitHub; https://github.com/toettchlab/McNamara2024). Demulti-
plexedfiles were thenindividually converted to count tables using the
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10x CellRanger 6.0.1 pipeline per outlined documentation. Alljobs were
submitted through the Princeton LSIgencomp2 computing cluster.

Single-cell MRNA count matrices were analysed with the Single
cell analysis in Python (Scanpy) toolkit. For 120 h datasets, GFP* and
GFP~ libraries were conjoined into asingle dataframe retaining condi-
tionallabels. Initial filtering was performed to exclude genes detected
infewer thanthree cells as well as cells with either fewer than 500 genes
or fewer than 3,000 total assigned reads. Secondary filtering was per-
formed to exclude cells with either more than 8% counts corresponding
to mitochondrial genes or more than 30% counts corresponding to
ribosomal RNA. Counts were then normalized to 10,000 counts per cell,
log-transformed and regressed to remove variation contributed by cell
cycle-associated genes. Highly variable genes were normalized to zero
meanand unit variance, batch corrected and decomposed via principal
component analysis. A nearest-neighbour graph was computed on the
top 40 principal components using a20-member local neighbourhood
and visualized by uniform manifold approximation and projection.
Cell types were identified by Leiden clustering (resolution = 0.4 for
96 h data; resolution = 0.6 for 120 h data).

Leiden clusters were associated with previously annotated refer-
ence cell types by comparing marker genes that were differentially
expressed betweenboth datasets. The mean log-transformed expres-
sion of genes within each cluster was compared to the overall mean
using aStudent’s ¢-test. Candidate marker genes for each cluster were
ranked accordingto test statistics, filtered for P < 0.01and up to 50 top
ranked genes were retained as marker genes for each Leiden cluster.
Marker genes were then compared with a reference atlas® compris-
ing 30 marker genes for previously annotated embryonic cell types
to determine overlap of shared markers between Leiden clusters and
reference atlas cell types. The statistical likelihoods of observed over-
laps were computed by comparing overlap degrees to the binomial
probability of drawing the same number of common genes from a
random list of all unique atlas marker genes.

Signal-recording fractions within Leiden clusters were calculated
by comparing the relative distributions of cell types across recording
conditions. For each cluster k, we calculated the conditional probability
that a cell would occupy cluster k given its recording condition g, as:

N(kIg.)

P(klgs) = S Nklgs)

where N(k|g) isthe number of cellsin cluster k with aparticular record-
ing condition g. An overall relative labelling statistic for each cluster
was then computed by comparing conditional probabilities across
recording values:

P(kig.)

Je= plkig.) + Pkig)

Reaggregation experiments
Labelling, dissociation and reaggregation experiments (Figs. 4a-c,
5d,e and Extended Data Fig. 5c,d) were performed by recording Wnt
activity in 96 haa gastruloids comprised of clonal Wnt-recorder cells
as described earlier and immediately pooled into a 1.5 ml Eppendorf
tube following completion of the 90 minrecording window. The pooled
samples were centrifugated, washed with1 mIPBS and resuspendedin
100 pl trypsin for dissociation. The samples were incubated at 37 °C
for 5 min with occasional agitation to ensure complete dissociation.
Trypsinization was then quenched with 200 pl N2B27 medium.
Gastruloids were reaggregated by two independent methods:
‘bulk’ and ‘cytometer’ based reaggregation. For bulk reaggregation, dis-
sociated single-cell suspensions were resuspended inavolume of 190 pl
N2B27 medium per gastruloid originally pooled, mixed thoroughly
and replated into a fresh round-bottomed 96-well plate at 190 pl cell

suspension per well to target a conserved total cell number per well.
For cytometer reaggregation, dissociated single-cell suspensions were
transferred toacell sorter (Sony SH800), gated for single cellsbased on
the light scattering profiles and then re-seeded into a 96-well plate at
1,000single cells per well toinitiate reaggregation. The samples were
transferred to atissue culture incubator to reaggregate and fixed and
imaged for analysis. For bulk reaggregated samples, smaller ‘satellite’
aggregates formedinaddition to primary aggregates. Satellite aggre-
gates were excluded fromanalysis (Fig. 4c and Extended Data Fig. 5¢c,d).

Fusion and mosaic sorting experiments

Gastruloid fusion experiments (Fig. 6 and Extended Data Fig. 7) were
performed from monoclonal spheroids seeded from n =200 starting
cells into low-attachment U-bottomed wells as described earlier. Previ-
ous to spheroid formation, all cells were cultured in 2i + LIF medium
without dox. Spheroids were then aggregated into base N2B27 medium
asdescribed earlier or N2B27 mediumsupplemented with 2 pg mi” dox.
Fusions were performed by manually transferring one spheroid (along
with 10 pl medium) using a P20 pipette with a wide-bore pipette tipinto
the well of another spheroid and allowed to gravimetrically associate. For
wild-type-wild-type fusion controls, two separate clonal cell lines express-
ing separate fluorescent proteins (Pg,,~GFP or Ppg,—mCherry) were used.

For contact angle measurements, samples were aggregated for
24 h, transferred for fusion and fixed 3 h following transfer forimaging.
For fusion gastruloid generation, the samples were aggregated for48 h,
following which they were transferred for fusion simultaneously with
the addition of 3 uM CHIR and fed with CHIR-free medium at 72 haa
according to the normal gastruloid generation protocol. Samples
subjected to dox treatment conditions received continuous 2 pg ml™*
dox treatment for the duration of the experiment. The samples were
fixed at 93 haa (that is, at 45 h after fusion).

Mosaic gastruloids were generated using a flow cytometer to
sequentially seed 100 cells from each of two genetic backgroundsinto
eachwell of a 96-welllow-attachment U-bottomed plate. Before mosaic
spheroid formation all cells were cultured in 2i + LIF medium without
dox. The spheroids were then aggregated into base N2B27 medium as
described earlier or N2B27 media supplemented with 2 pg mlI™ dox.
The samples were fixed at 24 haa for imaging.

Reaction-diffusion simulations

Reaction-diffusion pattern formation (Extended Data Fig. 5a,b) was
modelled as ageneric two-component system g = (g, gg) Onasquare
two-dimensional lattice with periodic boundary conditions using
custom MATLAB code. The system evolves according to the
equation:

%9 _p q) + DV3q
a k@

where the reaction R (g) models a simple ‘activator-inhibitor’ pair as:

Rx = r1qa + r2qp + kaRg = r3qa + raqp + kg

with coefficients r,=0.9, r,=-1,r;=1, r,=-1.1, k,=-0.025 and
ky=-0.025. D is a diagonal matrix of diffusion coefficients D, =1and
Dy =12. Parameters were tuned to capture a generic patterning insta-
bility; no direct correspondence to experimental measurements was
presumed. Simulations were performed ona50 x 50 lattice chosen such
that spontaneous symmetry breaking forms a single pole. Simulations
were initialized by independently initializing each pixel (i,j) to values

b _ ij
g, =05+6,

b _ ij
qy =05+ 6,
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where 6! are normally distributed random variables with zero mean
and variance (¢?) = 0.0025. Simulations were evolved on a mesh size
dt=0.005. Representative images show scaled patterns of the activa-
tor qf{ at the time points of interest (Extended Data Fig. 5a).

Recording, dissociation and reaggregation simulations were mod-
elled by first initializing a simulation and evolving until ¢, =5h, at
which time distributed patches of activity are observed (qualitatively
matchingthe pattern of Wnt activity in the 96 haa gastruloid). All cells
above the medianlevel ofqi{(tdox)were then‘labelled’ as Wnt recorded.
Dissociation and reaggregation was simulated by subsequently rand-
omizing the spatialindicesi,jof all cells and continuing to time-evolve
the reaction-diffusion dynamics for an additional 100 units until
t;=105h. At the conclusion, the posterior pole was identified according
tolocation (if), which maximized qf{(tf). Distances between simulation
pixels and the posterior pole were calculated and binned (with unit bin
width) to computer average pre-dissociation ‘labelling’ as a function
of distance from final posterior pole. To compute the overall mean
labelling profile, n =100 independent simulations were run (Extended
DataFig. 5b).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The scRNAseq data generated in this study are available through the
NCBI Gene Expression Omnibus (accession number GSE274389). Plas-
mids used to construct signalling-reporter and signalling-recorder cell
lines are available from Addgene (plasmids 225522-225531). Source
dataare provided with this paper. All other materials (for example, cell
lines) are available on request.

Code availability

The scRNAseq data were processed and analysed using the publicly
available Single-Cell Analysis in Python (scanpy) software package ver-
sion1.10 and gastruloid images were processed using custom MATLAB
code (MATLAB 20244a). All code is available on the authors’ GitHub
repository (https://github.com/toettchlab/McNamara2024).
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Benchmarking the Wnt reporter during gastruloid
development. (A) Characterization of off-kinetics of destabilized iRFP reporter
of Wnt activity (Pcg,e-iRFP-PEST). Shaded region indicates mean + standard
deviation. (B) Experimental protocol for gastruloid growth with ‘LIF only’ seed
culture media. (C) Patterns of Wnt activity in gastruloids grown according to
protocolin B. Wntactivity is heterogeneous both immediately before (t =48 haa)
and immediately after (t = 72 haa) CHIR treatment. Scale bar =200 pm.

(D) Representative images of Wnt activity patterns at different time points during
polarization. Maximume-intensity projections are shown. Scale bar =200 pm.

(E) Representative dataillustrating how single cells were gated for analysis

from flow cytometry data (see Methods). (F) Definition of threshold to define
Whnt-active versus Wnt-inactive cell populations (Fig. 1f) based on separation of
activity distributions before (t = 48 haa) and after (t = 72 haa) CHIR stimulation.
(G) Schematic of quantification of ACOM polarization metric (Fig. 1g).
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Extended Data Fig. 2| Characterizing signal-recorder gene circuits.

(A) Recording efficiency in Wnt-Recorder cells depends on doxycycline
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efficiency in Wnt-Recorder cells depends on the concentration of recombinant
Wnt3aligand (200 ng ml™” doxycycline, 24 h recording window). Shaded inhibition with LDN-193189.
regionsin (A-B) indicate mean + standard deviation (3 biological replicates per
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Extended Data Fig. 3| Measuring positional information in signal-recorded
gastruloids. (A) lllustration of image processing pipeline. Maximum-

intensity projections of gastruloids are segmented, skeletonized, and then
binned to assign an A-P coordinate to each pixel (Methods). (B) Left: Example
quantification of average A-P profiles of both GFP and DsRed expression within
asingle gastruloid (t,,, = 114 h, t;= 144 h). Pixel intensities were separately
normalized relative to maximum image intensities in each channel. Right:
relative fraction of GFP labelling across the A-P axis within the same gastruloid
(Methods). (C) Overlay of relative fraction of GFP labelling in individual
gastruloids for the same recording condition, along with the mean profile for

this condition. (D) Simultaneous measurement of the final Wnt activity pattern
and recorded Wnt activity signal within the same gastruloid. Maximume-intensity
projection is shown. Scale bar =200 pm. (E) Kymograph of the data presented
inFig. 3b to visualize different Wnt dynamics corresponding to different spatial
positions. Following the emergence of an anterior domain at ty,, = 96 h, Wnt
signalling becomes progressively more restricted to the posterior domain.

(F) Integrated Wnt signalling activity betweent=96 and t =134 hshows a

linear ‘temporal gradient’ associated with A-P fate. Shaded regions indicate
mean + standard deviation as a function of A-P position.
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Extended Data Fig. 4 | Single-cell sequencing of 120 haa Wnt-recorded
gastruloids. (A) Comparison of gene expression between Leiden clusters
identified in gastruloids at t,,, =120 h and annotated cell types from a reference
atlas gene expression during mouse gastrulation’. Size of dots indicates the
number of shared marker genes; colour indicates the binomial likelihood of
having at least this many marker genes if compared to arandom choice of marker
genes (Methods). (B) Single-cell expression levels of reference genes associated
with gastrulation and axial morphogenesis. (C) lllustration of reference gene
organization across the anterior-posterior axis during axial elongation and

somitogenesis. The organization of reference gene expression (Extended Data
Fig.4b) aligns withinferred histories of Wnt activity (Fig. 3c). (D) Final Wnt
activity distribution across cells as measured by Py, ¢-rt TA expression. (E) Top:
individual cellsin dataset separated according to Wnt-recording condition.
Bottom: embedding density of cells according to Wnt-recording condition.

(F) Relative contributions of GFP-positive and GFP-negative cells to different
Leiden clusters, normalized according to total cells recovered in both conditions
(Methods).
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Extended DataFig. 5| Exploring Gastruloid reaggregation. (A) Computer
simulation of signal-recording and dissociation/reaggregation experiment in the

case of areaction-diffusion Turing patterning circuit without cell rearrangements.

Cell states are labelled according to signalling activity during an intermediate
state, then cells locations are randomly shuffled (simulating dissociation), and
continued to evolve according to the same reaction-diffusion equations.

(B) Quantification of final A-P profiles of recording simulations under reaction-
diffusion assumptions, averaged over n =100 independent trials. Because a ‘new’
pole forms following reaggregation, recorded cells remain evenly distributed
across the A-P axis. (C) Representative imaging of cell-sorting polarization
following bulk reaggregation. n = 20 of 48 samples recovered show a single pole
of Wnt-recorded cells (left). n = 28 of 48 show at least two poles of Wnt activity

(right). Smaller ‘satellite’ clusters were not quantified. Maximum-intensity
projections are shown. Scale bar =100 um. (D) Quantification of A-P axis length
for reaggregated samples by flow cytometric sorting vs “bulk” reaggregation by
pipetting cells into wells. Error bars indicate mean + standard deviation.

(E) Analysis of differential motility in polarized gastruloids. Left, Middle images:
beginning and endpointimages of interval used to calculate motility. Right:
average motility map, calculated using particle image velocimetry (PIV) onthe
nuclear iRFP channel. Motility was calculated for each frame, and then averaged
to generate average motility maps (Methods). (F) A-P motility profiles for each of
three biological replicates, calculated by averaging motility maps along the A-P
axis. (G) Overall average A-P motility profile for all samples analysed. Shaded area
represents mean * standard deviation at each A-P position.
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Extended Data Fig. 6 | Gene expression patternsin 96 haa Wnt-reporter
gastruloids. (A) Comparison of gene expression between Leiden clusters
identified in gastruloids at t,., = 96 hand annotated cell types from a reference
atlas gene expression during mouse gastrulation (Methods). Size of dots
indicates the number of shared marker genes; colour indicates the binomial
likelihood of having at least this many marker genes if compared toarandom
choice of marker genes (Methods). (B) Expression of signalling-associated
genes within the scRNAseq dataset at t.., = 96 h. (C) Expression of retinoic acid

measure at 96 haa
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Control

50 um
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biosynthesis enzyme Aldhla2 in the Wnt-inactive cell population. Maximum-
intensity projections show, scale bar = 50 um. (D-E) Positive feedback is required
to maintain Wnt activity following cessation of CHIR treatment at 72 haa.

(D) Flow cytometry measurements of single cell Wnt activity levels in dissociated
gastruloids at 96 haa. Treatment with the inhibitor of Wnt secretion IWP-2 from
72 haa-onwards converts majority of cells to the Wnt-off population. (E) Imaging
of Wnt activity patterns of intact gastruloids at 96 haa, with and without IWP-2
treatment. Maximume-intensity projections are shown. Scale bar =50 pm.
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Extended Data Fig. 7 | Role of cell adhesion in gastruloid self-organization.
(A) Single-cell differential expression of additional genes associated with cell-
celladhesion at 96 haa. (B) Doxycycline-dependent expression of Cdhl within
theiCdhl cell line. Maximum-intensity projections shown, scale bar =10 pm.

(C) Doxycycline-dependent expression of Pcdh19 with the iPcdh19 cell line.
Maximume-intensity projections shown, scale bar =10 pm. Clones were chosen for
similar expression levels upon induction. (D-E) Average radial concentrations of
celllines in mosaic spheroids with and without doxycycline treatment (related to
Fig. 6h). N =84 spheroids measured (Supplementary Table 3). Shaded

polarization alignment (rad.)

regions indicate mean + standard deviation. (F) Representative images of
iCdh1/iPcdh19 mosaic spheroids. Maximume-intensity projections shown,

scale bar =100 pm. (G) Histogram of polarization alignment in fused gastruloids
generated by fusing two wild-type spheroids, with and without doxycycline.

(H) Quantification of average polarization alignment of fused spheroids in
different conditions (related to Fig. 61, Extended Data Fig. 7g). N = 58 gastruloids
total (Supplementary Table 3). Conditions compared via two-sided ¢-test.
P-values: p = 0.54, p = 0.00012. The asterisks (***) indicate p < 0.001.
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Extended Data Fig. 8 | See next page for caption.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-024-01521-9

Extended Data Fig. 8 | Recording Nodal/BMP signalling during gastruloid
self-organization. (A) Measurement of Nodal activity (PAR8-mCherry-PEST)
at different time points during gastruloid development =. Maximum-intensity
projections are shown, scale bar =50 um. (B) Measurement BMP activity
(Pgres-mCherry-PEST) at different time points during gastruloid development.
Maximume-intensity projections are shown, scale bar =50 pm. (C) Nodal activity
levels in 48 haa gastruloids as a function of initial aggregate size. Nodal activity
at48 haarequires aggregation, and monotonically increases with aggregate
size. Adherent cells were measured after 48 haain equivalent media (N2B27) for
comparison. (D) Recordings of early Nodal activity traced to t; = 120 haa.

(E) Recordings of early BMP activity traced to t; = 120 haa. Shaded regions for
C-Dindicate standard deviation as a function of A-P position. N =116 gastruloids
measured total (Supplementary Table 3). (F) Representative image of spatial
distribution of cell fates with recorded Nodal activity from 69-72 haa, imaged at

120 haa. Top: medial slice. Bottom: Maximum-intensity projection.

Scale bar=200 um. (G) Representative images of cell fates with recorded BMP activity
from 69-72 haa (top) and from 81-84 haa (bottom). Scale bar = 200 pm.
Maximume-intensity projections are shown for both recording time points.

(H) Simultaneous recording of early Nodal activity (recorded from 45-48 haa)
and reporting of later instantaneous Wnt activity (imaged at 106 haa) in the same
gastruloid using an engineered clonal cell line. Maximume-intensity projections of
three separate representative gastruloids are shown. Scale bar =100 pm.

(I) Spatial distribution of early Nodal activity (recorded from 45-48 haa) traced to
t;=120 haa, plotted alongside final Wnt activity. Normalized profiles are shown
for comparison. Shaded region represents mean + standard error of the mean

for Nodal recording, and mean + standard deviation for Wnt reporting. Nodal
recording data from (H), plotted without normalization. Recording density
varies approximately twofold along the A-P axis. N = 15 gastruloids measured.
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Extended Data Fig. 9 | Perturbing Nodal/BMP signalling during gastruloid
self-organization. (A) Flow cytometry measurements of single-cell Wnt activity
levels with and without Activin A pretreatment, measured at t = 72 h. (B) Flow
cytometry measurements of single-cell Wnt activity levels with and without
BMP4 pretreatment, measured at t = 72 h (left) and t = 96 h (right). (C) Dynamics
of Nodal activity during gastruloid development, measured by flow cytometry of
pooled and dissociated gastruloids. Substantial Nodal activity is detectable from
36-60, preceding CHIR stimulation at 48 and subsequently decaying to negligible
levels by 72 h. (D) Nodal signalling levels in adherent cells treated for 48 h with

different concentrations of recombinant Activin A (in N2B27). Dotted line is the
mean gastruloid Nodal activity level at 48 haa under standard conditions (that is,
initial aggregate of n =200 cells) plotted for comparison. (E) Effect of a transient
ActA treatment (100 ng ml™, applied from 45-48 haa) on Wnt activity levels at
96. Transient ActA treatment continues to cause an enrichment in Wnt-off cells
at 96 haa, even when duration of treatment is reduced. (F) Co-treatment of
adherent Wnt reporter cells with BMP4 affects responses to Wnt3a treatment.
Whereas moderate BMP4 (25 ng ml™) treatment facilitated the Wnt response
(middle), higher BMP4 (125 ng ml™) treatment suppressed the Wnt response.
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with 100 ng ml™ doxycycline, and measured at 68 haa. (Right) Early Nodal
inhibition (from 24-48 haa) also abolished the formation of Wnt activity patches
during symmetry breaking at 96 haa.
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Antibodies
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Alexab47 (Invitrogen A27040), anti-Brachyury (R&D Systems, AF2085).
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Methodology

Sample preparation Methods are described in the Supplementary Methods, from which the following is quoted:
To assess gastruloids via flow cytometry, at least n = 30 gastruloids were first pooled into a 1.5 mL Eppendorf tube,
centrifugated (500 rcf, 3 min), washed in PBS, and then trypsinized in 100 uL of TrypLE Express at 37 °C. Gastruloids were
trypsinized for 3 minutes, retrieved and triturated to dislodge gastruloids, and returned to 37 for an additional 3 minutes to
complete digestion. Trypsinization was then quenched with 300 pL of N2B27, after which samples were immediately assayed
via flow cytometry. Cytometer events were first gated for events corresponding to cells based on forward scattering and
backscattering profiles, and then for single cells based on the height and area of forward scattering events (Fig. S1D).

Instrument Sony SH800 fluorescence-activated cell sorter

Software Sony standard flow cytometry software

Cell population abundance Because we worked with a single cell line, 100% of cell events corresponded to the relevant cell population.

Gating strategy Cells were gated on size and shape (forward scatter / backscatter) and doublets were discriminated using forward scatter

height vs area. See Fig. S1E.
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