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“The interdependence of the chemical and mechanical data adds enormously to the difficulty,
and attention will therefore be confined, so far as is possible, to cases where these can be

separated. “

Alan Turing, The Chemical Basis of Morphogenesis, 1952

“The integrative powers of the embryo, at all of its levels, are however so pervasive that they

never permit themselves to be overlooked.

Jane Oppenheimer, Essays in the History of Embryology and Biology, 1967



SUMMARY

One of the greatest mysteries in developmental biology is how the orchestrated process of
cellular differentiation guides a single cell to form a functional organism comprised of complex
tissues and organs. A detailed understanding of these events in mammals is obscured by the
inaccessibility of embryonic development in utero. In recent years, community efforts have led
to the development of stem cell-based models of embryogenesis, able to mimic some cellular
and molecular aspects of the early stages of development in vitro. Despite these advances, such
models lack proper embryo-like morphogenesis necessary for tissue formation and organ
development. To overcome this limitation, | optimized and characterized a protocol to precisely
model the morphogenetic changes that occur during gastrulation and early organogenesis.
Within only five days, the protocol produces “Trunk-Like Structures (TLS),” self-organized
synthetic embryos originating from mouse pluripotent stem cell aggregates treated with
chemical signaling molecules (gastruloids) and embedded in an extra-cellular-matrix (ECM) to
mirror the in utero environment. TLS morphologically and molecularly resemble in vivo
development, displaying a high level of trunk-tissue organization that includes the presence of
somites (building blocks of future bones, muscles, and cartilage), a neural tube (future spinal
cord), and a gut tube (future gastrointestinal tract). To test TLS similarities to the in vivo
embryo, | integrated different single-cell technologies and confirmed the high complexity of
these synthetic embryos. Specifically, | observed that TLS progress from their stem cell origin
through cell type maturation, producing relevant subtypes of the developing trunk. Unlike in
vivo development, the TLS platform allows rapid and tunable genetic and chemical
perturbations with the benefits of uninterrupted and continuous observation. As a proof of
principle, I utilized CRISPR/Cas9 based genetic ablation to recapitulate a well-studied mutant
phenotype. Next, I influenced TLS developmental trajectories by targeted chemical modulation,
resulting in the overproduction of somites, a phenotype never observed before in vivo. Finally,
| investigated the molecular mechanism responsible for the enhanced tissue morphogenesis
observed in TLS. I found that cells’ ability to organize into complex tissues requires the
presence of the extra-cellular-matrix, a specific feature we implemented in our protocol. Trunk-
Like Structures provide a scalable, tractable, and reproducible platform to study normal and

aberrant embryonic development in vitro at an unprecedented spatiotemporal resolution.



ZUSAMMENFASSUNG

Eines der groRten Ratsel der Entwicklungsbiologie ist die Frage, wie der orchestrierte Prozess
der zelluldaren Differenzierung einer einzelnen Zelle zur Bildung eines funktionellen
Organismus mit komplexen Geweben und Organen flhrt. Ein detailliertes Verstandnis dieser
Vorgénge bei Sdugetieren wird durch die Unzuganglichkeit der Embryonalentwicklung in utero
erschwert. In den letzten Jahren haben Bemihungen der Wissenschaft zur Entwicklung
stammzellbasierter Modelle der Embryogenese gefihrt, die einige zelluldre und molekulare
Aspekte der frihen Entwicklungsstadien in vitro nachahmen kdnnen. Trotz dieser Fortschritte
mangelt es diesen Modellen an einer angemessenen embryo&hnlichen Morphogenese, die fir
die Gewebebildung und Organentwicklung erforderlich ist. Um diese Einschrankung zu
uberwinden, habe ich ein Protokoll optimiert und charakterisiert, das die morphogenetischen
Veranderungen, die wéahrend der Gastrulation und der friihen Organogenese auftreten, préazise
nachbildet. Innerhalb von nur funf Tagen erzeugt das Protokoll "Trunk-Like Structures (TLS)",
selbstorganisierte synthetische Embryonen, die aus pluripotenten Stammzellaggregaten der
Maus stammen, die chemischen Signalmolekilen (Gastruloiden) ausgesetzt und in eine
extrazellulare Matrix (ECM) eingebettet wurden, um die Umgebung in utero nachzubilden. Die
Entwicklung von TLS &hnelt morphologisch und molekularbiologisch der Entwicklung in vivo
und zeigt ein hohes Maf} an Stammgewebsorganisation, die das VVorhandensein von Somiten
(Bausteine der zukinftigen Knochen, Muskeln und Knorpel), eines Neuralrohrs (zukinftiges
Rickenmark) und eines Darmrohrs (zukinftiger Magen-Darm-Trakt) umfasst. Um die
Anhnlichkeit der TLS mit dem In-vivo-Embryo zu testen, habe ich verschiedene
Einzelzelltechnologien integriert und die hohe Komplexitét dieser synthetischen Embryonen
bestatigt. Insbesondere habe ich beobachtet, dass TLS von ihrem Stammzellursprung die
Zelltypreifung durchlaufen und relevante Subtypen des sich entwickelnden Stammes
hervorbringen. Im Gegensatz zur In-vivo-Entwicklung ermdglicht die TLS-Plattform schnelle
und einstellbare genetische und chemische Stérungen mit dem Vorteil einer ununterbrochenen
und kontinuierlichen Beobachtung. Zum Beweis des Prinzips habe ich eine CRISPR/Cas9-
basierte genetische Ablation eingesetzt, um einen gut untersuchten Mutantenph&notyp zu
rekapitulieren. Als Nachstes habe ich die Entwicklungsbahnen der TLS durch gezielte
chemische Modulation beeinflusst, was zu einer Uberproduktion von Somiten flihrte - ein
Phénotyp, der bisher noch nie in vivo beobachtet wurde. Schliellich untersuchte ich den
molekularen Mechanismus, der fiir die bei TLS beobachtete verstarkte Gewebemorphogenese

verantwortlich ist. Ich fand heraus, dass die Fahigkeit der Zellen, sich zu komplexen Geweben



zu organisieren, das VVorhandensein der extrazelluldren Matrix voraussetzt, eine Besonderheit,
die wir in unserem Protokoll implementiert haben. Trunk-Like Structures bieten eine
skalierbare, nachvollziehbare und reproduzierbare Plattform zur Untersuchung der normalen
und abweichenden Embryonalentwicklung in vitro mit einer noch nie dagewesenen raumlichen

und zeitlichen Aufldsung.
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1 INTRODUCTION

1.1 Mouse embryogenesis

1.1.1 Pre- and peri-implantation development

Mammalian embryonic development is a highly dynamic process involving cell movement
and organization, tissue growth, and cellular specification to ensure a functional body plan
formation. Embryogenesis starts at fertilization when the egg and the sperm fuse to form the
zygote (1-cell stage). This totipotent cell, able to originate all other cells of the future organism,
undergoes a series of asynchronous cell divisions during the developmental time before the
embryo implants in the uterus, without increasing embryo size or volume (preimplantation
development) (Figure 1). During preimplantation development, which in mice lasts three and
a half days from fertilization to early blastocysts stage, the first cell specification event occurs,
with few cells in the embryo differentiating towards the trophectoderm (TE) lineage, destined
to form the placenta [1]. Genetic, epigenetic, and mechanical factors control the spatial and
temporal specification of the TE. For example, TEA domain transcription factor 4 (TEADA4)
and Caudal type homeobox 2 (CDX2) are transcription factors necessary for TE specification
[1]. Moreover, recent studies have shown that the transient and asymmetric expression of a long
non-coding RNA (Linc-GET), combined with the enzymatic activity of the Coactivator-
associated arginine methyltransferase (CARML1), contributes to the TE cell fate initiation in the
2-cell stage embryo [2, 3]. Cellular polarization and movement are also crucial for the
specification of the TE, as demonstrated by the temporally asymmetric deposition of actin in
cells of the early embryo [4].

Cells that do not commit to TE will contribute to the future blastocyst's inner cell mass
(ICM). Cells of the ICM are pluripotent, and they express a set of transcription factors that
guarantee proliferation and oppose differentiation, including Nanog, Octamer binding
transcription factor 4 (OCT4), Sry-Box transcription factor 2 (SOX2), and Spalt-like
transcription factor 4 (SALL4) [5-8]. In the early blastocysts, and concomitant with embryo
implantation (peri-implantation development), the second cellular differentiation events take
place, with cells from the ICM differentiating into epiblast (EPI) and primitive endoderm (PrE).
The PrE, or extraembryonic endoderm, will then contribute to the yolk sac, the parietal
endoderm, and partially to the embryonic endoderm [9]. This second differentiation event

necessitates the expression of transcription factors such as GATA binding protein 4 and 6



(GATA4 and GATAG), which antagonize the activation of pluripotency-associated genes [10-
12]. The EPI will then give rise to the embryo proper, and therefore originate tissues of the
future adult organism. The embryo implants then into the uterine wall, and can proceed with
the differentiation and morphogenetic events that will shape the future body plan (post-

implantation development) (Figure 1).
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Figure 1. Mouse embryogenesis and gastrulation

(A) Schematic representation of mouse embryonic development from fertilization (zygote) to term
(E18.5). The grey box depicts the signaling gradients and subsequent cellular responses after
implantation, from E5.5 to E7.5. After implantation, at E5.5, different signaling gradients, including
NODAL and BMPs, contribute to the specification and initial migration of the DVE from the distal to
the anterior side of the epiblast. The migrated AVE secretes NODAL antagonists such as LEFTY1 and
CER1, creating an anterior to posterior Nodal gradient in the epiblast. These signals induce Wnt
activation in the most posterior portion of the epiblast and the subsequent specification of the primitive
streak in the early phases of gastrulation. At mid gastrulation stage, around E7.5, the three germ layers
(ectoderm, mesoderm, and endoderm) start emerging patterning. TE, trophectoderm; ICM, inner cell
mass; PrE, primitive endoderm; E, embryonic day; Prox, proximal; Dist, distal; A, anterior; P, posterior.
Figure realized using Adobe Illustrator and BioRender. Schematics in the grey box adapted from Bardot
& Hadjantonakis, 2020.



1.1.2 Gastrulation

Gastrulation is the embryonic process that results in the differentiation of the pluripotent
epiblast cells into the three germ layers (ectoderm, mesoderm, and endoderm) and the
consequent formation of the three body axes. This event is crucial for the progression of
embryonic development and, therefore, highly sensitive to genetic and mechanical
perturbations. In mice, gastrulation spans almost three days of embryonic development, from
E6.25 to E9.5, with various signaling molecules gradients playing fundamental roles [13]
(Figure 1). Gastrulation can initiate only after the anterior-posterior (AP) axis is established,
with distal visceral endoderm (DVE) cells migrating around the epiblast cone to mark the
anterior side of the embryo. These cells specify from the visceral endoderm (VE) when exposed
to low levels of NODAL and Bone morphogenetic protein (BMP) signaling around E5.5 [14-
16]. Subsequently, cells in proximity of the migrated DVE forms the anterior visceral endoderm
(AVE), an important signaling center for the AP axis formation. The AVE maintains high levels
of Cerebrus 1 (CER1) and Left-right determination factor 1 precursor (LEFTY1), two NODAL
antagonists, concomitant with the expression of Dickkopf WNT Signaling Pathway Inhibitor 1
(DKK1), to mark the anterior portion of the embryo (Figure 1) [17, 18]. Thus, around E6.0, a
two-dimensional signaling gradient along the AP axis is established, with WNT and NODAL
being restricted to the posterior portion of the embryo [17, 19]. The high levels of WNT in the
posterior portion of the embryo drive gastrulation initiation with the formation of the primitive
streak (PS) (Figure 1). The PS consists of a group of cells that, around E6.25, start delaminating
from the posterior epiblast portion and undergo epithelial-to-mesenchymal transition (EMT).
The EMT process in the PS is coordinated by the combination of WNTs, BMPs, and fibroblast
growth factors (FGFs), which allow the switch from E- to N-cadherin expression and the
acquisition of a mesenchymal and migrating cell identity [20-22]. In particular, FGF4 and FGF8
play critical roles in embryonic posteriorization, as demonstrated by the fact that in their
absence, mesoderm and endoderm are not produced as a consequence of failed EMT in the PS
[21]. Analogously, lack of B-Catenin (B-CAT) or WNT3 expression results in failure to
establish an AP axis during gastrulation [23, 24]. During EMT, the gene expression profile of
the PS cells changes drastically, with downregulation of epiblast markers such as SOX2 and E-
cadherin and upregulation of mesoderm specific transcriptional regulators such us Snail Family
Transcriptional Repressor 1 (SNAI1), Mix Paired-Like Homeobox 1 (MIXL1), Eomesodermin
(EOMES) and T-box transcription factor T (TBXT or T) [25-28]. The completion of EMT in

the PS marks the first exit from pluripotency event, with the formation of the first germ layer,



namely the nascent mesoderm. The nascent mesoderm ingresses below the epiblast and
migrates to extend towards the anterior side of the embryo, rapidly increasing embryo size and
cell number. Many morphological and cellular specification events occur to ensure the
formation of mesoderm-derived tissues in the trunk and thoracic region (see “Trunk

development” chapter for a detailed description of these events).

Cells contributing to the endoderm lineage also partially arise from the PS from E6.5 [29].
In particular, these cells migrate anteriorly between the epiblast and the VE layers, ultimately
intercalating with the VE (Figure 1) [30, 31]. Interestingly, endoderm cells seem to retain E-
cadherin expression, despite originating from the mesenchymal PS, indicating a partial EMT
followed by a rapid mesenchymal-to-epithelial transition (MET) in the region of the PS that
lack SNAIL1 expression [31]. Definitive endoderm, which is fully specified in the mid
gastrulation stage around E7.5, is further characterized by the activation of transcription factors
such as Sry-Box transcription factor 17 (SOX17), GATA6, GATA4, and Forkhead box protein
A2 (FOXA2), that contribute to the gene regulatory circuit necessary for the induction and

maintenance of this germ layer.

Concomitant with the gastrulation events happening in the posterior end of the embryo, the
anterior portion of the epiblast starts exiting pluripotency, acquiring an ectodermal identity. In
particular, the combined signaling from the AVE, the mesoderm, and the endoderm layers
extending from the PS facilitates the specification of the anterior neuroectoderm [32]. These
instructive signals induce and maintain the expression of neural-specific genes such as
Orthodenticle Homeobox 2 (OTX2) and Engrailed homeobox 2 (ENZ2), which activity is
necessary for the future head and brain development after gastrulation [33, 34]. From the late
gastrulation stage on, the head fold starts to emerge from the anterior neuroectoderm and,
together with the anterior mesoderm and endoderm, will originate the cranial and brain regions
[32].



1.1.3 Trunk development

During post-implantation development, the trunk portion of the mouse embryo harbors
proliferating and multipotent progenitor cells that will sustain the formation of fundamental
tissues for the future body plan. Three main lineages are specified in the trunk region: the
mesoderm, which will originate most of the trunk tissues, including the heart, the bones, the
skeletal muscles, limbs, blood vessels, kidneys, and gonads; the endoderm, which will give rise
to the gastrointestinal tract; and the neuroectoderm, which will mainly contribute to the future
spinal cord (Figure 2A). The trunk develops from the continuous expansion of the anterior
portion of the PS during and after gastrulation. This elongation process is granted by the
presence of self-renewing and proliferating progenitors in the embryo's most caudal end,
providing cells that contribute to multiple lineages [35, 36]. These pools of progenitors are
located in the proximity of the node-streak border (NSB) and of the caudal lateral epiblast
(CLE) and start being produced during mid gastrulation stage (Figure 2B) [36]. In particular,
these cells seem to be regionalized in the posterior portion of the embryo, and such localization
is instructive for lineage allocation during differentiation. In fact, progenitor cells known as
neuromesodermal progenitors (NMPs) are located adjacent to the NSB and will give rise to
paraxial mesoderm and neuroectoderm, while lateral and intermediate mesoderm (LPM and

IM) progenitors reside in proximity of the CLE [37-39].
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Figure 2. Trunk development

(A) Schematic representation of a transversal section of the trunk region of a developing embryo at mid-
gestation and corresponding tissue organization. The neural tube and notochord occupy the medial
region of the trunk, while the mesoderm tissues are organized along the mediolateral axis in epaxial
(paraxial mesoderm) and hypaxial (IM and LPM) compartments. The gut endoderm, which hosts
migrating PGCs, lays in the ventral portion of the embryo. The derivatives of each embryonic tissue are
indicated in italic. (B) Spatial organization and gene regulatory network (GRN) orchestrating embryonic
axial elongation and trunk tissue specification from NMPs. NMPs acquire their bi-potency in the
posterior portion of a developing embryo during gastrulation at the node-PS border. The correct balance
of two opposing signaling gradients (WNT/FGF and RA) guarantees further lineage specification along
the AP axis by activating the corresponding GRNs for the NT and PM formation. Concomitantly, BMP
signaling regulates mesodermal diversification along the mediolateral axis. IM, intermediate mesoderm;
LPM, lateral plate mesoderm; PGCs, primordial germ cells; SE, surface ectoderm; M, medial; L, lateral;
D, dorsal; V, ventral; NMPs, neuromesodermal progenitors; PS, primitive streak; PSM, pre-somitic
mesoderm; NT, neural tube; PM, paraxial mesoderm. Figure realized using Adobe Illustrator.

1.1.3.1 Neuromesodermal progenitors

NMPs are retained in a proliferating state while continuously providing derivatives of both
the neural tube and the paraxial mesoderm in a stem cell-like fashion (Figure 2B) [40]. Lineage
labeling and tracing experiments have shown that NMPs are actual bi-potent progenitors, with
clonal descendants identified in both the somitic and neural compartment [41]. NMPs acquire
their competence during gastrulation due to opposing signaling gradients in the posterior
portion of the developing embryo [42]. In particular, high WNT and FGF signaling,
concomitant with low retinoic acid (RA), are necessary for the specification and maintenance
of these progenitor cells’ potential (Figure 2B) [43, 44]. The delicate balancing of these
signaling gradients maintains NMPs in a bistable state, characterized by the co-expression of T
and SOX2, mesodermal and neural-specific transcription factors, respectively [38, 45]. Both T
and SOX2 are activated by dominant WNT signaling in the tailbud. In particular, WNT3A



signaling cascade is responsible for the direct induction of T [14]. Moreover, FGFs (specifically
FGF4 and FGF8) are also necessary for T activation in mice [46]. In contrast, RA suppresses
genetic programs related to WNT [39]. Fate decision is subsequently triggered by the
unbalancing of such gradients, with FGF and WNT signaling pushing towards a mesodermal
fate, while RA driving neural specification (Figure 2B) [47, 48]. In fact, Wnt downregulation
biases NMPs towards the neural lineage. On the other hand, increased WNT activity results in
upregulation of T in NMPs, which directly binds and activates T-Box Transcription Factor 6
(Tbx6) [38, 49]. TBX6 is a paraxial mesoderm-specific factor and reinforces the lineage
commitment by suppressing SOX2 expression (Figure 2B) [49]. Despite recent advances in
lineage tracing technologies and high-resolution microscopy, the mechanism by which NMPs
contribute to both neural and mesodermal lineages and how the specific commitment is

achieved remains elusive.
1.1.3.2 Somitogenesis

Once NMPs move out from the growth zone and start upregulating Tbx6, they acquire a
mesodermal identity and start contributing to the nascent PSM (Figure 2B). The PSM will then
give rise to the somitic mesoderm, building the future trunk skeleton and musculature blocks.
Somites deposition in mice occur between E8.0 and E13.0 in a highly orchestrated process
involving transcriptional regulation, signaling gradients, and mechanical forces (Figure 3). The
anterior portion of the PSM sequentially subdivides into blocks of epithelialized tissue in a
timed and periodic fashion (Figure 3A) [50]. This fascinating developmental mechanism has
been studied for decades, and a primary theoretical model of somitogenesis was first proposed
in 1976, the "clock and wavefront model™ (Figure 3B) [51]. This model includes two main
components for the rhythmic deposition of new somites during axial elongation: a temporal
component (“the clock™), which consist of a series of molecular events that signal the anterior
PSM when to segment a new somite, and a spatial component ("the wavefront™), the region of
the PSM where the segmentation program starts [52]. From the molecular perspective, the
segmentation clock is mainly controlled by the oscillation of Notch homolog 1 (NOTCH1)
expression along the AP axis in the PSM (Figure 3B) [53]. NOTCHL1 activity results in the
oscillation of other genes in the PSM that are directly involved in feedback loops mechanism
with NOTCH itself, including the Transcription factor Hes7 (HES7) and Lunatic fringe (LNFG)
[53-55]. In fact, Hes7 is activated at first in the posterior part of the PSM and mediates direct
Notch activation. In turn, Notch activity suppresses Hes7 expression and activates Lfng, which

encodes a NOTCH receptors modulator and therefore represses Notch expression with a



feedback mechanism [55]. When the wave of high NOTCH reaches the most anterior portion
of the PSM, concomitant with high TBX6 expression, Mesoderm Posterior BHLH
Transcription Factor 2 (MESP2) is activated in a stripe of cells at the so-called "determination
front” (Figure 3B) [50, 56]. The following somite segmentation is mediated by the action of
Ripply Transcriptional Repressor 2 (RIPPLY?2), a direct target of MESP2 in the determination
front. RIPPLY2, in turn, suppresses Thx6 expression, favoring the consequent cellular
epithelialization and segmentation of the new somite (Figure 3B) [50, 57]. Analysis of various
mouse mutants has highlighted many somitogenesis regulators [52]. Embryos depleted of
wither WNT3A, T, Fibroblast growth factor receptor 1 (FGFR1) or lacking both Transcription
factor 1 (TCF1) and Lymphoid enhancer-binding factor-1 (LEF1) fail to produce somites and
exhibit severe trunk morphological defects [58, 59]. Moreover, embryos lacking TBX6 not only
fail to form somites, but generate ectopic neural tubes at the expense of the paraxial mesoderm

compartments [60, 61].
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Figure 3. Somitogenesis

(A) Scanning electron micrograph of somite formation in a chick embryo. The PSM is highlighted in
magenta, in red the determination front, and in brown the newly formed somites. The nt, laying in the
middle of the two paraxial mesoderm rows, acts as a signaling center for mediolateral and dorsoventral
tissue patterning. Somitic tissue organization is highly conserved in mammals. (B) Molecular
mechanisms driving the rhythmic segmentation of the PSM in mouse embryos. In the PSM, the
expression of NOTCH oscillates from the most posterior to the most anterior portion. This behavior
results in the oscillating expression of other genes involved in somitogenesis, such as Hes7 and Lfng.
Roughly every two hours, following the so-called “segmentation clock,” a high wave of NOTCH reaches
the “determination front,” a stripe of cells in the most anterior portion of the PSM, triggering the
activation of the gene regulatory network responsible for somitic segmentation. High intracellular
NOTCH in TBX6 expressing cells induces the expression of MESP2, which itself mediates the
activation of Ripply2. RIPPLY2 inhibits Thx6 expression in a negative feedback loop, favoring cellular
epithelialization and consequent somite segmentation. S, somite; nt, notochord; PSM, pre-somitic



mesoderm. Figure realized using Adobe Illustrator. Panel (A) scanning electron microscopy image is
adapted from Kathryn W. Tosney.

Once somites have been formed from the most anterior part of the PSM, they undergo a
series of patterning events necessary for cellular differentiation and specialization events. First,
rostrocaudal compartmentalization is established, with the most posterior part of each somite
expressing still high levels of NOTCH and resulting in the activation of UNC Homeobox
(UNCX) expression. Concomitantly, the most anterior portion of each newly segmented somite
upregulates T-box transcription factor 18 (TBX18) [50, 62, 63]. This somites' paired gene
expression pattern is preserved and functionally relevant for the later dorsoventral patterning
events [64]. With increased maturity, the dorsoventral somite patterning is also established.
Cells belonging to the ventral portion of each somite, undergo EMT to form the mesenchymal
sclerotome, which will later differentiate into the vertebral column and ribs. The forming
sclerotome is characterized by the expression of transcription factors such as Paired box protein
1 and 9 (PAX1 and PAXO9), and its transcriptional network is influenced by the combinatorial
action of Sonic hedgehog (SHH) and Noggin (NOG) signaling gradients from the notochord
and the neural tube [65-67]. The remaining dorsal part of the somite, also known as
dermomyotome, will differentiate into the axial dermis (from the dermatome sub-compartment)
and skeletal muscles (from the myotome sub-compartment) [68]. Initially, the dermomyotome
is characterized by the expression of Paired box protein 3 (PAX3). While delaminating into the
myotome, these cells lose Pax3 expression and activate muscle-specific genes such as
Myogenic differentiation 1 (MyoD) and Myogenic factor 5 (Myf5) [69, 70]. The somitic zone
at the border between dermomyotome and sclerotome is known as syndotome, and will

differentiate into the future tendons and cartilages [71].
1.1.3.3 Neural tube formation

The neural tube (NT) is the tissue precursor of the spinal cord and is an epithelialized
tubular structure of distinct dual origins. The most anterior portion derives from the anterior
neuroectoderm, while the most posterior part mainly originates from NMPs, as shown by
different clonal tracing studies [37, 72, 73]. Once NMPs move anteriorly and acquire a neural-
specific identity (see “Neuromesodermal progenitors” chapter for the molecular switch), they
organize and form the neural plate (NP). The NP will subsequently fold in distinct steps during

the primary neurulation event to acquire the NT epithelial morphology. This process is tightly



regulated at the cellular and molecular levels. More than 300 different genetic elements have
been characterized to have a functional role in the NT closure [74]. Moreover, while interacting
with the developing neural tube cells, the extracellular matrix has also been shown to play a
critical role in ensuring neurulation (see “Extracellular matrix in tissue morphogenesis”
chapter). Once the neural tube is closed, a series of molecular events, mainly guided by the
SHH signaling coming from the ventrally located notochordal tissue, ensure the correct NT
patterning along the dorsoventral (DV) axes [75]. SHH secreted from the notochord induces
the activation of Shh itself in the most ventral part of the developing NT (floor plate) [76].
Therefore, a long-range morphogen gradient is established, directing the DV patterning and
conferring positional information to the ventral progenitors [75, 77]. Concomitantly, WNT and
BMP are secreted from the most dorsal portion of the developing tube (roof plate), while RA is
secreted from the adjacent somites [75]. As an effect of this complex multi-signaling gradients
interaction, a stratified gene expression pattern along the DV axis of the developing NT is
established. The more ventral portion of the NT express, together with SHH and FOXA2,
members of the Nk homeobox proteins (NKX), including NKX2.2, NKX2.9, and NKX6.1. On
the other hand, the most dorsal part is characterized by the expression of transcription factors
such as Paired box protein 6 and 7 (PAX6 and PAX7), but also members of the Developing
brain homeobox protein family (DBX) [75]. These spatial gene expression modules, are
delimited by discrete DV boundaries to ensure proper neuronal diversification. The proper
“gene expression code” along the NT DV axes is, in fact, responsible for the specification of

different neuronal classes, including the motoneurons and interneurons subtypes [75, 78].
1.1.3.4 Other tissues in the trunk

Other tissues and cell types originate in the developing trunk region during gastrulation
and early organogenesis, including the gut tube, the LPM, the IM, and Primordial germ cells
(PGCs) (Figure 2). All these tissues consolidate the integrity of the developing embryo by

contributing to distinct organs.

The gut tube is specified from the definitive endoderm cellular layer at the mid gastrulation
stage (see “Gastrulation” chapter for molecular details of the early events). By the end of
gastrulation, the endoderm lineage is already partitioned along the AP axes as a result of
different signaling gradients, including NODAL and WNT antagonist (anterior) and WNT,
FGF, and BMP (posterior) [79, 80]. The combination of these signals results in a different gene
regulatory network (GRN) for each segment along the AP axis. The caudal portion of the
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developing gut tubes expresses high levels of CDX proteins and will develop into the hindgut.
On the other hand, the rostral part of the tube expresses SOX2 and Hematopoietically-expressed

homeobox protein (HHEX) and will give rise to the foregut [81, 82].

The LPM derivatives mainly contribute to the cardiovascular system and the heart. After
gastrulation, the LPM consists of two bilateral layers of cells at the sides of the paraxial
mesoderm [83]. LPM is specified together with the paraxial mesoderm from the ventral region
of the PS as a result of high BMP signaling [84]. High levels of BMP are also necessary to
maintain LPM lineage identity; in fact, after mesoderm induction from the PS, a BMP gradient
is established along the mediolateral embryonic axis to ensure mesodermal diversification, with
low levels of BMPs in the midline (paraxial mesoderm) and increasing levels in the lateral
portions (LPM) [83]. As a result of these gradients, the LPM cells express a series of lineage
markers, including Heart and neural crest derivatives expressed 1 and 2 (HAND1 and 2),
Forkhead box F1 (FOXF1), and Paired Related Homeobox 1 (PRRX1).

The IM is the progenitor tissue of the kidneys and the gonads and is located between the
paraxial and lateral plate mesoderms. Along the AP axis, the IM forms discrete domains that
can generate distinct kidney tissues: pro-, meso- and metanephrons [85]. This patterning
ensures the correct spatial localization of the developing kidneys. From the molecular
perspective, the IM is characterized by the expression of transcription factors such as Paired
box gene 2 and 8 (PAX2 and 8) and LIM homeobox gene (LIM1) [86, 87].

PGCs are first visible during gastrulation at E7.25 as a clump of around 40 cells in the
posterior embryonic/extraembryonic border [88, 89]. They specify from the posterior epiblast
from the combined action of WNT3 (high in the PS and nascent mesoderm) and BMP4 (high
in the extraembryonic ectoderm (EXE)) [90]. WNT-induced transcriptional rewiring includes
the activation of T and B-CAT, which directly bind and activate B lymphocyte-induced
maturation protein-1 (BLIMP1) and PR/SET Domain 14 (PRDM14), PGCs lineage determinant
genes [91]. Moreover, committed PGCs also express Developmental pluripotency-associated 3
(DPPAZ3), a factor required for PGCs identity maintenance [92]. From the most posterior
portion of the tailbud, the PGCs enter the hindgut around E8.5 and start migrating anteriorly
before colonizing the genital ridges at around E10.5 [90, 93].
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1.2 The extracellular matrix

The extracellular matrix (ECM) is a critical component of various cellular and molecular
processes and is necessary for proper tissue morphogenesis during development, given its
ability to regulate proper cell movement, adhesion, and communication. The ECM is a highly
heterogeneous assembly of different molecules that constitutes a mechanical and chemical
environment surrounding the cell membranes (Figure 4A) [94]. Therefore, dissecting and
understanding the composition and roles of its molecules have been challenging for decades.
Technological advances in molecular biology and protein purification have made the
characterization of the ECM structure and function more accessible, therefore providing a more
detailed understanding of how different proteins contribute to the “matrisome,” the list of core
ECM components of a specific matrix [95]. This analysis revealed one of the crucial properties
of the ECM, namely its functional diversity [96]. In fact, ECM components are modular, and
the different assemblies of these modules guarantee the realization of specialized functions
during development and cell homeostasis. The main molecular components of the ECM can be
divided into two main classes: fibrous proteins, such as collagen and elastin, and glycoproteins,
including fibronectin, vitronectin, laminin, and proteoglycans (Figure 4A) [94, 97]. Their
complex interaction in organized layers on the surface of cell membranes is defined as
“basement membrane” or “basal lamina” and confers mechanical and instructive signals to the

cells in close contact, especially during development and tissue morphogenesis [98].
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Figure 4. The extracellular matrix

(A) Schematic representation of the cell/matrix interface. The ECM is a heterogeneous assembly of
various molecules, including fibrous and glycoproteins, that confers structural and chemical support to
the cellular environment. Fibronectin and laminins organize in complexes with the proteoglycans to
form the basement membrane, which contacts cellular receptors such as integrins. These interactions
trigger various cellular responses through the plasma membrane, including re-organization of the
cytoskeleton that results in cellular movement and migration. (B) Simplified depiction of ECM roles in
trunk tissue morphogenesis. The basement membrane is crucial for both somitic segmentation and
neural tube closure, as it induces apicobasal polarity via asymmetric actin deposition and cellular
epithelialization. The interaction between fibronectin and a5B1/avp3 is known to be instrumental for
proper morphogenesis of the neural and paraxial tissues. ECM, extracellular matrix; NT, neural tube.
Figure realized using Adobe Illustrator.

1.2.1 Fibrous proteins

Collagens are the most abundant and predominant proteins in the ECM, with 28 different
collagen types identified. They are organized in homo- or heterotrimers, with three a-chain
peptides organized in a triple-helix, the structural hallmark to ensure collagen fibers
functionality [99]. There are 40 different collagen a-chain peptides, and this variability confers
a high degree of modularity and a wide range of functionalities to the collagen fibers [97]. The
collagen triple helixes are first assembled in the endoplasmatic reticulum, then processed in the
Golgi apparatus and finally exported in the extracellular environment, where another
proteolytic processing step leads to the production of mature collagen molecules able to self-
assemble into fibrils and ultimately organize in fibers [97, 100]. The assembly of collagen fibrils

is fundamental for these molecules’ function, given that the fibrillary structure provides binding
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sites for other ECM and cellular proteins, guaranteeing mechanical robustness to the ECM
[101].

If collagen fibers are relatively stiff, elastic fibers are extensible and deformable and
therefore more suitable to preserve some tissues’ structural integrity, including the skin, the
blood vessels, and the lungs [94]. Elastic fibers are prevalently constituted by the protein elastin
that, in contrast to collagens, is encoded by one gene [102]. Elastic fibers are also assembled
step-wise but, in contrast to collagen fibers where the fibrils self-assemble, elastin processing
is guided by helper proteins that mediate the positioning of the elastin monomers [103].
Collagen and elastic fibers represent the structural component of the ECM, but in order to exert
their functions, they need to interact with binding proteins and receptors on the cell surface.
Several classes of glycoproteins act as a “glue” and ensure functional cell-matrix interaction
[97].

1.2.2 Glycoproteins

A single gene encodes for fibronectin and, after translation and processing in the
cytoplasm, its product is secreted as a 220 kDa glycoprotein dimer in the extracellular
environment, where it assembles into fibrillar structures [104]. Fibronectin structure and protein
domains are crucial to its functions: it consists of three main domains of repeating units that
contain binding sites for both other ECM molecules and cell surface receptors, such as integrins
[95, 104]. In fact, it contains the tripeptide Arg-Gly-Asp (RGD) domain which is recognized
by integrin receptors [105, 106]. Integrin-fibronectin interactions induce a series of
cytoskeleton and structural rearrangements due to induced cellular contractility [106]. These
mechanical forces induce further fibronectin conformational changes that allow clustering of
more fibronectin molecules to ensure structural and functional continuity in the basement

membrane of developing tissues [104, 107].

Vitronectin is a multifunctional glycoprotein component of the ECM. As for fibronectin, it
also contains an RGD domain to interact with integrins, even though the two glycoproteins are
recognized by different receptors [97, 108]. Moreover, it contains collagen-binding domains to

guarantee proper cell-matrix bridging [97].

Proteoglycans are glycoproteins organized around a core protein that is covalently linked
to glycosaminoglycans (GAGs). Different GAG chains associate with the core protein to

produce different classes of proteoglycans, including heparin sulfate, chondroitin sulfate,
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hyaluronan, and keratin sulfate [109, 110]. The saccharidic nature of the GAGs confers to
proteoglycans their primary function. In fact, thanks to their long and negatively charged chains,
they can bind water molecules to provide hydration and stress resistance to the ECM. For these

reasons, they are highly abundant in the ECM of cartilages and the nervous system [111, 112].

Laminins represent a substantial basement membrane component and are involved in cell
differentiation, proliferation, and migration. They consist of three peptide chains (a, B, and v)
coiled around each other to form a triple-helical domain [113]. Five o, four 3, and three y chains
have been identified, and their combinations result in 16 different heterodimers with respective
functions [114, 115]. Laminins can interact with cellular receptors, such as integrins and non-

integrin receptors, and ECM structural proteins like collagens [94, 116, 117].
1.2.3 ECM in tissue morphogenesis and development

ECM components play pivotal roles in early and late development, given the mechanical
and chemical support they provide to expanding tissues [118]. In particular, two main functions
are exerted by the ECM during development: the first is an active function, where it signals the
cells it interacts with to rearrange their cytoskeleton, change their shapes or induce cell polarity;
the second is a passive and structural function, providing support for the developing tissues
without directly instructing cellular behaviors [119]. It is often hard to distinguish between the
two, and in many instances, both roles are played simultaneously. During gastrulation and early
organogenesis, when tissues are not fully formed and organized yet, the active signaling
function is crucial to ensure proper morphogenesis [36]. Integrins-ECM interaction has been
shown to regulate several biological processes, including cell migration and acquisition of cell
polarity, but also morphogenetic events such as vasculature development, somitogenesis, and
neural tube formation (Figure 4B) [120-127].

During post-implantation development, somite formation is dependent on the correct
basement membrane deposition at the ECM-cell interface [122]. In particular, a5f1 and avp3
integrins bind fibronectin to stimulate PSM cells to acquire cell polarity and undergo MET
(Figure 4B) [128, 129]. In fact, mouse mutants for one or both of the a5 integrins or the
fibronectin RGD domain display severe somitogenesis-associated defects, ultimately resulting

in segmentation arrest [130-132].

Similarly, basement membrane assembly, particularly integrin-fibronectin interaction, is

necessary for NT closure and morphogenesis (Figure 4B) [129, 133]. Despite undergoing NT
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closure, mice lacking fibronectin exhibit a severe phenotype, characterized by a posteriorly
kinked NT and anteriorly deformed headfold [128]. Interestingly, laminin KO mice also show

neurulation defects, primarily in the cranial and occipital region [134, 135].
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1.3 Mouse in vitro models of embryogenesis

Given the size and developmental modes of the mammalian embryo, which develops in
utero, the complete picture of the molecular and cellular events shaping embryogenesis is
missing. Since the derivation of the first mouse embryonic stem cell (mESCs) line,
developmental biologists have been trying to model embryonic developmental transitions in
vitro, intending to generate accessible, observable, and tractable systems to investigate
embryogenesis (Figure 5) [136, 137]. The idea of building in vitro models of embryogenesis
was based on the initial observations that teratocarcinoma cell lines retain the potential to
aggregate and spontaneously differentiate in vitro in what were defined as embryoid bodies
(EBs) in the ‘60s and “70s (Figure 5) [138, 139]. EBs generated from mESCs have been widely
used in the ‘80s to study stem cell differentiation events, but the fidelity with which embryo-
like developmental transitions were recapitulated was still unclear at that point [140, 141]. Only
in the last fifteen years technological advances in synthetic biology, microscopy, and genomics
have allowed the development and characterization of a multitude of mouse in vitro models of
embryogenesis, recapitulating critical transitions of pre-, peri- and post-implantation
development (Figure 5) [142-146]. These works build on the pioneering observation that EBs
can establish an AP polarity and induce a localized PS-like domain under self-organizing
signaling gradients, and that modulation of these gradients induces embryo-like molecular and
cellular responses [147, 148]. Since then, the field has grown enormously, with the optimization
of protocols that include extraembryonic cells, ECM components, and signaling molecules to

mimic different developmental stages.

17



Mouse in vitro models of embryogenesis

Figure 5. History of mouse in vitro models of embryogenesis

(A) Timeline of the main events that have led to the development and optimization of mouse in vitro
models of embryogenesis. From the initial implementation of carcinoma cell lines in the ‘60s and ‘70s,
through the first derivation of mESCs, mTSCs, and mXENs lines, to the recent optimization of relevant
models of pre-, peri, and post-implantation development and their molecular characterization. EB,
embryoid body; PS, primitive streak; mESCs, mouse embryonic stem cells; mTSCs, mouse trophoblast
stem cells; mXENSs, mouse extraembryonic endoderm cells; ETS, ESC- and TSC-derived embryos;
ETX, ESC-, TSC- and XEN-derived embryos. Figure realized using Adobe Illustrator.

1.3.1 Pre- and peri-implantation models

Pre- and peri-implantation models of embryogenesis aim to recapitulate some of the main
developmental transitions leading to blastocyst formation and the organization of the embryonic
and extraembryonic tissues. Moreover, they aim to provide tractable systems to study signaling

factors and cell-cell interactions in the early stages of development.

The “earliest” model in terms of developmental progression is blastoid, aggregates of
mESCs and mouse trophoblast stem cells (MTSCs) that result in blastocyst-like structures under
specific signaling conditions [149, 150]. mESCs are first aggregated in microwells in EB-like
structures, over which TSCs are seeded. Once the two cell types start aggregating and
interacting, in the presence of WNT and cyclic adenosine monophosphate (CAMP), blastoids
spontaneously form a blastocoel with TSCs forming a cyst-like structure hosting a mESCs
clump, reminiscent of the cellular organization of the developing blastocyst [149]. Blastoids

have several cellular and molecular commonalities with the in vivo blastocysts, including size,
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shape, the expression of pluripotency associate transcription factors in the ICM-like
compartment, the expression of TE-like markers in the TSCs-derived cyst, and the potential to
implant in utero (even though development does not progress beyond decidualization) [149].
The accessibility of this model, combined with signaling molecules modulation, have revealed
critical morphogenetic gradients and their genetic interaction with transcription factors
involved in the embryonic architecture of the early blastocyst, including the roles of BMP and
NODAL in the regulation of the trophectoderm proliferation, epithelialization, and GRN
establishment [149]. The complexity of the blastoid model was further increased in a following
work that implemented the use of expanded potential mESCs (EPSCs) to induce the formation
of the PrE layer in the blastocyst-like structures [151, 152].

Concomitant with the development of blastoids, ESC- and TSC-derived embryos (ETS
embryos) have been derived from aggregates of mMESCs and mTSCs combined in an extra-
cellular 3D matrix surrogate (Matrigel) (Harrison et al 2017; Harrison et al 2018; Benton et al
2014). This model, built on a previous protocol able to induce epiblast-like rosettes in mESCs
aggregates embedded in Matrigel, mimics the developmental transitions of the peri-
implantation embryo, from E5.0 to E6.5 [153-155]. ETS embryos develop in a basal medium
supplemented only with FGF4 to maintain TSCs in a proliferative state, stressing the
importance of the ECM in the induction of self-organizing stem-cell properties. Matrigel is in
ETS embryos mimicking the PrE layer surrounding the natural embryo, providing structural
and chemical support. The striking spatial and cellular organization of ETS embryos
recapitulates the one of the natural embryo, with morphogenetic steps leading to embryo
cavitation, activation of embryo-like molecular programs, basement membrane deposition, and
generation of morphogen gradients [154]. These processes result in ETS symmetry breaking,
the induction of a PS-like mesodermal domain, and, under BMP stimulation, the formation of
PGC-like cells [154]. Therefore, in less than 120h of in vitro development, ETS embryos can

recapitulate the spatiotemporal organization of the developing peri-implantation embryo.

The derivation and maintenance of extraembryonic endoderm stem cells (XEN) led to the
substitution of matrigel as an ECM surrogate in ETS embryo in order to mimic the presence of
the PrE and VE during in vitro embryogenesis [156-158]. This modification results in the self-
assembly of the three stem cells types (ES, TS, and XEN) in so-called ETX embryos [158].
ETX embryos recapitulate a peri-implantation embryo’s cellular composition and organization,
with the XEN cells organizing in an outer layer of cells surrounding the developing epiblast
and TE-like compartments. Moreover, ETX embryos undergo symmetry breaking and EMT
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events without the need for external signaling molecules, indicating the prominent role of the
extraembryonic endoderm to instruct the neighbor epiblast [158]. Strikingly, ETX embryos can
undergo gastrulation-like events, including the axial specification of nascent mesoderm and the
subsequent specification and allocation of the definitive endoderm layer [158]. Transcriptomic

analysis also revealed the high similarities between ETX and natural embryos.

Pre- and peri-implantation models of embryogenesis faithfully recapitulate the early stages
of mouse embryogenesis but fail to progress in development beyond the early post-implantation
stage. Therefore, post-implantation models of development have been optimized, mainly

building on the gastruloid model.
1.3.2 Gastruloids

Gastruloids represent the most advanced in vitro model of embryogenesis in terms of
developmental stage. In fact, during the 120-168 hours of development in a dish, they can
recapitulate critical aspects of gastrulation and early organogenesis, including the formation of
the three germ layers, the establishment of the three embryonic body axes, and the formation
of spatially discrete domains of gene expression reminiscent of the developing mid-gestational
embryo [159]. Gastruloids were originally generated almost a decade ago as small aggregates
(150-300 cells) of mESCs that under specific signaling conditions self-organize and form
elongating structures displaying post-occipital embryonic cellular complexity (Figure 6) [160-
162]. The original protocol implies an initial 48h aggregation phase, where mESCs aggregates
undergo lineage priming and enter an epiblast-like stage [160-162]. Subsequently, dominant
WNT signaling is provided for 24h with the addition of CHIRON (CHIR99021) in the culture
medium to induce the generation of a PS-like domain and the localized expression of T,
necessary for the realization of gastrulation-like events [162, 163]. The signaling stimulation is
then withdrawn around 72h after aggregation, and gastruloids self-organize and elongate for
additional 48 to 96 hours, to reach a cellular and molecular complexity reminiscent of an E8.5-
E9.5 developing embryo.
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Figure 6. Gastruloids development

(A) Schematic representation of the cellular and morphological events during mouse gastruloids in vitro
development. mESCs (150-300) are seeded in individual wells and left aggregating for 48h in the
“aggregation and priming” phase. After aggregation, a 24-hour long pulse of CHIRON induces the
polarization of the cell aggregates, with the localized expression of T in the perspective posterior domain
(magenta). Around 96h after aggregation, gastruloids break their symmetry and induce a PS-like domain
and elongate. From 96h to 168h, diverse cellular types emerge and organize along the three main body
axes in a way reminiscent of the natural embryo. mESCs, mouse embryonic stem cells; PS, primitive
streak; CHIRON, CHIR 99021. Figure realized using Adobe Illustrator. Schematic inspired from an idea
of Vikas Trivedi.

The initial works developing and using gastruloids revealed their ability to undergo
embryo-like movements and collective cellular behaviors such as symmetry breaking, axial
elongation, AP polarization, and three germ layers specification [161-163]. Interestingly, these
events occur in the absence of extraembryonic tissues and do not depend on their signaling
stimulations (such as BMPs), indicating their dispensability to successfully realize gastrulation-
like events [161]. Detailed molecular characterization with time-resolved RNA-sequencing
revealed that, during their maturation, gastruloids mimic the transcriptional changes occurring
in the post-occipital embryo, including the establishment of Hox collinear gene expression
domains along the AP axis [163, 164]. On top of the AP axis, gastruloids have been shown to
establish also the DV and mediolateral axes [163].

Building on these initial protocols and characterizations, in recent years, many laboratories
have leveraged this technology to reveal the developmental plasticity of gastruloids to induce
different cellular fates depending on the culture conditions and signaling stimulations, in an
attempt to model more advanced embryonic structures in vitro. In the presence of WNT

inhibition (XAV939), gastruloids elongate but develop anterior neural domain, as demonstrated

21



by the localized expression of OTX2 [165]. Interestingly, the development of anterior neural
domains has been recently reported in gastruloids co-cultured with extraembryonic stem cells
(TS or XEN), in line with the known role of extraembryonic tissues in the induction of brain
development [166, 167]. A recent work has also detailed the developmental potential of
gastruloids for gut-like structures generation, including the epithelialization events occurring
while the tube is forming and the spatial and temporal activation of the GRN governing
endoderm induction and maturation [168]. When exposed to well-known cardiogenic factors
such as Vascular endothelial growth factor 165 (VEGF), basic Fibroblast growth factor (bFGF),
and Ascorbic acid (AA), gastruloids upregulate a cardiac-specific gene expression program and
develop an anterior beating heart-like domain and primordial vasculature system [169].
Interestingly, the generated heart-like domain contracts at an embryo-like pace, and this
contraction is dependent on intracellular calcium exchanges, highlighting its physiological
relevance [169]. Advances in single-cell RNA-sequencing technologies (SCRNA-seq),
combined with high-resolution imaging, have provided further evidence of the embryonic
complexity of gastruloids [168-170]. In fact, mature gastruloids comprise the development of
the three embryonic germ-layers and further show the presence of NMPs, PSM, somitic, spinal
cord, endothelial, gut, and PGCs-like cell populations [170]. An active segmentation clock also
controls the generation of somite-like cells in gastruloids in a temporally controlled and
embryo-like fashion [170]. Interestingly, if embedded in 10% percentage Matrigel, gastruloids

develop a string of somite-like structures along the AP axis [170].

A more recent work has also drastically modified the gastruloid protocol to achieve an even
more complex embryo-like organization by simultaneously inducing both an anterior and a
posterior domain [171]. This protocol is based on merging two distinct aggregates that have
been differently exposed to signaling molecules to create a dual signaling center and,
consequently, a controlled internal morphogenetic gradient [171]. This strategy results in
structures (termed “embryoids”) that develop both a posterior PS-like domain and an anterior
brain-like structure. Interestingly they form a concrete axial mesoderm structure (notochord)
which is absent in gastruloids [171].
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2 AIM OF THE PROJECTS

In vitro models of embryogenesis represent potent tools to recapitulate some of the
developmental transitions occurring in utero at the cellular and molecular level, with the
advantage of allowing tractable, reproducible, and high-throughput investigation. For example,
gastruloids undergo symmetry breaking, axial elongation, and patterning of their cellular
domains along the three embryonic body axes. Moreover, these models react to external stimuli
in a way that is reminiscent of the natural embryo response. Despite these recent advances,
gastruloids deviate from the natural embryo in many aspects, including the lack of proper tissue
morphogenesis. As such, in gastruloids, we can recover the presence of cells with a somitic
transcriptional identity but without them organizing into somites. Similarly, neural and
endodermal cells get specified, but they do not organize in epithelial tubular structures like the
gut or neural tubes. The correct morphogenetic organization of tissues during development is
pivotal for their consequent functionality and therefore represents a critical feature lacking in

current post-implantation models limiting their implementation in multidisciplinary studies.

This project aimed to overcome these barriers by developing and characterizing a
gastruloid-based in vitro model to recapitulate the morphogenetic events that embryos undergo
in utero. To this end, in the first project, | queried the effect of an ECM surrogate (Matrigel) in
the induction of tissue morphogenesis in gastruloids. Next, | focused on benchmarking the
obtained models’ similarities to the in vivo embryo by performing an in-depth molecular,
cellular and functional characterization with the ultimate goal of providing the molecular basis
of the unlocked morphogenetic potential. In the second project, | aimed to provide a detailed
step-by-step protocol to reproduce the newly developed experimental strategy, allowing

laboratories worldwide to implement our optimized model.
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Short Title: Trunk-like structures generated in vitro

One Sentence Summary: A platform for generating trunk-like structures with precursors of

spinal cord, bone and muscle from stem cells in a dish

Post-implantation embryogenesis is a highly dynamic process comprising multiple lineage
decisions and morphogenetic changes inaccessible to deep analysis in vivo. Here, we show
that pluripotent mouse embryonic stem cells (MESCs) form aggregates that upon
embedding in an extra-cellular matrix compound induce the formation of highly
organized "Trunk-Like-Structures (TLS)" comprising the neural tube and somites.
Comparative single-cell RNA-seq analysis confirms that this process is highly
analogous to mouse development and follows the same step-wise gene-regulatory
program. Thx6 knockout TLS develop additional neural tubes mirroring the embryonic
mutant phenotype, and chemical modulation can induce excess somite formation. Trunk-
like-structures thus reveal an unprecedented level of self-organization and provide a
powerful platform for investigating post-implantation embryogenesis in a dish.
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Vertebrate post-implantation development comprises a multitude of complex
morphogenetic processes resulting from self-organization of stem cells and their descendants
shaping the embryonic body plan (1). Recently developed stem cell models represent powerful
platforms for deconstructing the dynamics of these processes in vitro (1,2). The most advanced
models in terms of developmental stage accomplished to date are gastruloids, self-organizing
mESC aggregates forming elongating structures comprising post-occipital embryo derivatives
of all three germ layers, but lacking proper morphogenesis (1,3). In vivo, the extracellular matrix
(ECM) provides chemical signals and exerts mechanical constraints via the basement
membrane, which has a critical role in tissue morphogenesis (4,5). In vitro, matrigel can serve
as an ECM surrogate, and embedding of gastruloids in 10% matrigel allowed the formation of
a string of somite-like structures with anterior-posterior polarity (6). Lower percentages of

matrigel facilitated complex morphogenesis in organoids (7).
Matrigel embedding drives trunk-like morphogenesis

To achieve more advanced embryo-like morphogenetic features in gastruloids we
employed embedding in matrigel under various media conditions (Fig. 1A). To facilitate high-
throughput characterization and quantification, we generated mESCs with T::H2B-mCherry
(hereafter T™H) and Sox2::H2B-Venus (hereafter Sox2VE) reporters, marking the mesodermal
(ME) or neural (NE) lineage respectively (Fig. S1A). Embedding of 96h aggregates in 5%
matrigel resulted in segmentation in the T"“H* ME domain and formation of a Sox2VE* neural
tube like structure (Fig. 1A-C; Fig. S1B,C; Movie S1,2). The vast majority of structures
(hereafter referred to as TLS for Trunk-Like-Structures) elongated and formed a T™“"* pole at
the posterior end, with segmentation occurring in about half the TLS (Fig. 1D). Whole-mount
in situ hybridization for Tcf15 and Uncx confirmed somite identity and revealed embryo-like
anterior-posterior polarity (Fig. 1E) (8). In 61% of the TLS bilateral somites were observed
(Fig. S1D). Additional WNT activation using CHIR99021 (hereafter TLS®) or combined with
BMP inhibition by LDN193189 (hereafter TLS®Y) improved the physical separation of
neighboring segments without affecting T™""* pole formation or elongation (Fig. 1A-D; Fig.
S1E-H), and resulted in an excess of segments at the anterior end, arranged like a “bunch of
grapes” (Fig. 1B,C,F) (9). Moreover, the ME domain expanded at the expense of the NE
compartment, with apparent disorganization of the posterior end and neural tissue (Fig. 1B;
Fig. S1G,H), a phenotype explainable by shifting the lineage choice of neuromesodermal
progenitors (NMPs) - bipotent cells giving rise to both post-occipital NE and ME -, towards
ME due to dominant WNT signaling, which has not been observed before in vivo (10). In
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addition, TMCH*/Sox2VE* putative NMPs were reduced as confirmed by flow cytometry (Fig.
s1l).

Phalloidin and N-cadherin staining demonstrated that the cells of the neural tube and
somites of TLS, TLS® and TLS®" show proper apico-basal polarity, a characteristic of epithelial
tissues, with F-actin and N-cadherin accumulating at the apical side (Fig. 1G-H; Fig. S2A,B).
In contrast, in gastruloids F-actin accumulation appeared random and organized epithelial
structures were not detected (Fig. S2C). Whole-mount immunofluorescence analysis of
FOXAZ2 and SOX17, transcription factors characteristic for endoderm, revealed gut formation
in a subset of TLS (Fig. S3A-D). Cells at the posterior base were SOX17-negative, but co-
expressed FOXA2 with high levels of T"CH (Fig. S3B). Thus, our data show that embedding in
matrigel is both necessary and sufficient to drive complex, embryo-like tissue morphogenesis

of the three embryonic germ layers.

We next performed a detailed morphometric analysis of trunk-like-structures and their
substructures. The data demonstrate remarkable reproducibility of the three protocols with
respect to size and shape of the whole-structure, somites and neural tube, whereas the gut-like-
structure shows more variation (Fig. S3E; Fig. S4A-D). Time-resolved whole-structure
morphometry showed similar morphogenetic changes over time (Fig. S4B). TLS in general
were bigger than gastruloids (Fig. S4A). Comparisons of the different TLS protocols revealed
that TLS® and TLSC" were slightly bigger than TLS and formed more somites, whereas the
neural domain of the former was reduced in length and narrowing towards the anterior end (Fig.
S4A-C). In all protocols, somites were similar in shape, but smaller than their embryonic
counterparts (Fig. S4D).

To assess if the segmentation clock, an oscillator involved in somitogenesis is active in
TLS, we performed live imaging (11). In line with recent observations, we found that
segmentation occurs in a rhythmic fashion at an embryo-like pace in all three TLS conditions
(Fig. S5A-C; Movie S3-5) (6). Remarkably, TLS® and TLS®" show consecutive formation of
multiple somites (Movie S6-9).
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Transcriptional characterization highlights selective responses to chemical modulation

To characterize the structures in detail at the molecular level we performed RNA-seq
analysis (Fig. S6A), and found that TLS model the post-occipital embryo, similar to gastruloids
(Fig. 2A) (3). Compared to TLS, both TLS® and TLS®" showed significant upregulation of
genes involved in (pre)somitic development (e.g. Thx6, Msgnl, Hes7 (8,10,12)) at the expense
of NE marker genes (e.g. Sox1, Pax6, 1rx3 (13)), corroborating the flow cytometry and imaging
results (Fig. 2A; Fig. S6B-C). The analysis of marker gene sets for NMPs, their direct
descendants undergoing lineage choice (NMP ME & NMP NE), and for committed NE and
ME cells substantiated this finding. Compared to TLS, TLS® and TLS®" displayed reduced
expression of markers in all clusters including ME (Fig. 2B). In contrast, on average (P)SM
specific markers were upregulated, while intermediate ME (IM) and lateral plate ME (LPM)
markers were downregulated in TLS®, and further reduced in TLS®" (Fig. 2B; Fig. S6D) (3,12),
in line with the known role of WNT- versus BMP-signaling in PSM versus IM and LPM
specification (Fig. 2A; Fig. S6D) (8).

We next searched for gene expression differences possibly underlying improved
physical separation of somites observed in TLS® and TLS®“. Among the most strongly
upregulated genes compared to TLS was Wnt6, which acts as a somite epithelialization factor
in vivo (Fig. S6E) (14). In addition, multiple ephrins and their receptors, and other factors
involved in somite epithelialization were upregulated (Fig. 2C; Fig. S6E) (15,16). We observed
expression changes of selected somite polarity markers and their inducers, in line with the role
WNTs, SHH, BMPs and their antagonists play in somite compartmentalization in vivo (Fig.
S6F,G) (8,17). Overall our data show that exposure to CHIR or CHIR/LDN improved segment

boundary formation, but affected somite cellular composition.
Tissue morphogenesis and remodeling genes are upregulated in TLS

Principal Component Analysis (PCA) indicates a high transcriptional similarity between
gastruloids and TLS despite profound morphological differences (Fig. 2D). The latter are better
highlighted by Gene-Set-Enrichment-Analysis (GSEA), which shows that matrigel embedding
promotes tissue morphogenesis and remodeling (Fig. 2E; Fig. S6H). Zooming in on embryonic
and tissue morphogenesis gene sets revealed markers of blood vessel development among
upregulated genes suggesting the induction of capillary morphogenesis in TLS (Fig. S6l).
GSEA also showed an enrichment of cell adhesion terms and overall a significant upregulation
of corresponding marker genes in TLS (Fig. 2E; Fig. S7A,B). The most pronounced increase
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was observed for integrins, transmembrane receptors mediating cell adhesion to the ECM
important for e.g. neural tube formation, blood vessel development, and segmentation (Fig. 2F;
Fig. S7A,B) (18-21). Since binding of integrin to the glycoprotein fibronectin (FN1) and matrix
assembly play an important role in somite and neural tube formation (21,22), we asked if FN1,
which is highly expressed in TLS, was retained by matrigel, as recently shown in 2D culture
(Fig. S7C) (23). Importantly, while FN1 protein clearly accumulated at the TLS-matrigel
interface, that was not observed in gastruloids where FN1 likely diffuses into the medium (Fig.
2G; Fig. S7D; Movie S10). Taken together, our data suggest that the activation of
morphogenetic programs by matrigel embedding is driven by extracellular matrix assembly

involving integrins and fibronectin.
Single-cell RNA-seq demonstrates embryo-like dynamics of cell differentiation

Based on the above results, for an in-depth characterization we decided to focus on the
TLS condition, as it produced the most in-vivo-like structures. After confirming reproducibility
at the molecular level (Fig. S8A-C), we performed a time-resolved scRNA-seq analysis on a
total of 20,294 post-processed cells sampled from TLS at 96, 108, and 120 hours (Fig. S9A).
Clustering analysis identified 14 different cell states. The larger clusters corresponded to
derivatives of the PSM and NE that flank putative NMPs, while smaller clusters comprised
endoderm, endothelial cells and Primordial Germ Cell Like Cells (PGCLCs) (Fig. S9B). The
main clusters organized into a continuum of states recapitulating spatio-temporal features of
the developing post-occipital embryo (Fig. 3A). Across the three time points sampled,
progenitor subtypes gradually decreased in favor of more mature neural and somitic cells as
development progresses (Fig. 3B; Fig. S9C). As expected, putative NMPs co-expressing T and
SOX2, or T™H Sox2VE and CDX2 were located at the posterior end at 96h and 120h (Fig. 3C,
Fig. S10A-C) (10,24). TLS-NMPs thus display an in-vivo-like NMP signature and have the
highest differentiation potential, as they give rise to differentiating cells of both neural and

mesodermal lineages (Fig. 3C, Fig. S10D-F).

RNA Velocity analysis revealed neural and somitic trajectories rooted in the NMPs,
further suggesting that TLS development recapitulates the developmental dynamics observed
in the mid-gestational embryo (Fig. 4A; Fig. S11A) (25). In vivo, NMPs and their descendants
are arranged in an order of progressive maturity along the posterior to anterior axis (8).
Accordingly, ordering of TLS-derived cells along a pseudo-temporal trajectory showed that the

somitic trajectory reflects the genetic cascade observed in the embryo (Fig. 4B; Fig. S12A).
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For example, the trajectory from Fgf8* NMPs and PSM via the determination front marked by
Mesp2, to Meox1" somites was faithfully recapitulated and the embryo-like spatial arrangement
was confirmed by whole-mount in situ hybridization (Fig. 4C) (8). Likewise, the genetic
cascade from NMPs to neural progenitors reflected the in vivo differentiation path in space and
time (Fig. 4D). Notably, subclustering of the neural cells demonstrated that TLS generate both
dorsal and ventral neural subtypes, with dorsal subtypes being more prevalent (Fig. S12B) (13).
The analysis of Hox gene expression at consecutive time points showed in-vivo-like collinear
activation, as described for gastruloids (Fig. S12C) (3). To test if TLS somites establish cell
states segregated along the dorsal-ventral (DV) and anterior-posterior (AP) somite axes in vivo,
we reclustered all somitic cells. At 96h we detected two main groups, corresponding to the
Uncx* posterior and Thx18* anterior somite domains, in line with A-P polarity established
during segmentation (Fig. S13A,B) (6,8). At 120h, we found distinct clusters of Pax3* (putative
dorsal dermomyotomal) and Pax1* (putative ventral sclerotomal) cells, and a small cluster of
Lbx1*/Met" putative migratory limb muscle precursors (Fig. S13C-F) (8,26). In addition, Scx*
syndetome cells were detected (Fig. S13G), and Uncx and Thx18 expression were anti-
correlated (Fig. S13H).

Primordial germ cells (PGC) specification in the embryo occurs between E6.0 and E6.5
via T-mediated activation of Blimpl and Prdm14, and at E7.5, nascent PGCs can be identified
as a group of DPPA3" cells in the posterior primitive streak, which later migrate along the
hindgut to the gonads (27,28). We assigned PGCLC identity using marker genes characteristic
for PGCs and identified their location in TLS (Fig. 4E; Fig. S14). At 76h, roughly
corresponding to stage E6.5, we detected T/Prdm14VE co-expressing cell clusters (Fig. 4E, Fig.
S14A,B). At 108h we found a group of Sox2VEM9" cells that co-expressed DPPA3 (Fig. 4E;
Fig. S14C). At 120h, Sox2VEM9" cells were detected in contact with FOXA2* cells, and
DPPA3* cells in contact with a T"“"* gut-like epithelial structure (Fig. 4E; Fig. S14D). These

data show that trunk-like structures contain cells displaying characteristics typical for PGCs.
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TLS display a high complexity of cell states that match their in vivo counterparts

Single cell comparison of 120h gastruloids with 120h TLS identified different
proportions of the major cell states (Fig. S15A-C). A more refined analysis revealed a higher
complexity of cell states in TLS (Fig. SI6A-E, S17A-F, S18A-D), and expression of later (more
posterior) Hox genes suggests development into more advanced trunk stages (Fig. S18E,F).
The comparison of TLS with TLS®" showed that sclerotomal and more mature neural cells are
virtually absent and somitic as well as endothelial cell identities are altered in the latter (Fig.
S15B,C, Fig. S16A,B, Fig. S17A-G, Fig. S18A,B). Application of RNA Velocity confirmed
that in TLS:, NMPs are highly biased towards the mesodermal lineage, while contribution to
the neural lineage is diminished as compared to TLS-NMPs, which is further corroborated by
upregulation of pPSM and downregulation of neural marker genes (Fig. 15D,E) (8,13).

To investigate how close the cellular states identified in TLS resemble those in embryos,
we mapped our single-cell transcriptomes to a scRNA-seq compendium of post-occipital
embryonic cellular subtypes (Fig. 5A) (29). The data revealed globally high accordance of TLS
and embryonic cell states including characteristic marker genes, and pairwise comparison of
mapped clusters identified only a small fraction of differentially expressed genes (Fig. 5B,C;
Fig. S19A-D). Of note, PS- and early-NMP-like cells are exclusively present at 96h and
replaced by late-NMP-like cells at 108h and 120h (Fig. 5D). Taken together, our scRNA-seq
analyses demonstrate that TLS execute gene-regulatory programs in a spatiotemporal order

resembling the embryo.
Knockout TLS display the embryonic mutant phenotype

Finally, to explore the utility of trunk-like structures further, we tested in a proof of
concept experiment if gene ablation would reproduce the embryonic mutant phenotype. In vivo,
loss of Thx6 results in trans-differentiation of prospective PSM and subsequent formation of
ectopic neural tubes at the expense of PSM and somites (Fig. 5E) (30,31). We deleted Thx6
from Tbx6::H2B-Venus (Thx6V®) mESCs and generated TLS, which clearly failed to form
somites even upon treatment with CHIR or CHIR/LDN (Fig. 5E,F; Fig. S20A,B). Quantitative
PCR analysis on FACS-purified Thx6VE* cells revealed upregulation of neural markers at the
expense of (P)SM markers in Thx6™ cells, thus recapitulating the in vivo phenotype at the
molecular level (Fig. S20C). Finally, whole-mount immunofluorescence analysis for SOX2

showed that Thx6”" TLS generated ectopic Tbx6VE* neural tubes, whereas gastruloids, TLS®
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and TLS®t formed an excess of morphologically indistinct SOX2* tissue (Fig. 5G; Fig. S20D-
F).

Discussion

Here we report the generation of embryonic stem cell derived trunk-like-structures
(TLS), and demonstrate that TLS faithfully reproduce key features of post-occipital
embryogenesis including axial elongation with coordinated neural tube, gut and somite
formation as well as PGCLCs. Accordingly, genetic manipulation of TLS faithfully reproduced
the morphogenetic and molecular changes observed in vivo. Thus, TLS will enable deeper
analysis of the ontogeny of mutant phenotypes and provide additional tools for investigating
morphogenetic mechanisms unavailable in vivo. We also envision that TLS® and TLS®" models
may become important for testing current concepts of somitogenesis, for instance the

hypothesis that somite size and shape are controlled by local cell-cell interactions (9).

Mechanistically, our data highlight a crucial role for the ECM surrogate in unlocking
the potential of in vitro derived mESC aggregates, though future efforts will have to address
the exact functional contribution of individual components and biophysical properties (Fig.
S21), possibly using modular synthetic 3D matrices (7,32). Alternatively, the single-cell
expression catalogue of TLS and gastruloids can provide initial guidance for further exploration
of cell-cell and cell-matrix interactions and their control of embryonic architecture (Fig. S7A,B;
Fig. S22,23).

In conclusion, trunk-like structures provide a scalable, tractable, readily accessible
platform for investigating lineage decisions and morphogenetic processes shaping the mid-

gestational embryo at an unprecedented spatiotemporal resolution.
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Fig. 1. Generation of Trunk-Like Structures with somites and a neural tube.

(A) Schematic overview: 200-250 mESCs were aggregated in ultra-low-attachment plates; Wnt agonist
CHIR99021 (CHIR) was added between 48 and 72 hours (3). At 96h aggregates were i) cultured as
gastruloids (3) ii) embedded in 5% matrigel (TLS), iii) treated with WNT signaling activator
CHIR99021 (CHIR) alone (TLSC) or iv) in combination with the BMP signaling inhibitor LDN193189
(TLS®Y). The two compounds have been reported to induce a (pre-)somitic mesoderm fate in 2D and 3D
differentiation protocols (8). (B) 3D volumetric renderings (upper panel) and confocal sections (bottom
panel) of gastruloids, TLS, TLS® and TLSC\. Scale bars 100um. Each image is representative of at least
ten biological replicates with similar morphology and expression patterns. (C) Segments in TLS are
T™H* and positioned adjacent to the neural tube. In TLS® and TLS®" the segments are arranged in
“bunches of grapes”. Scale bars 25um. Red arrowhead indicates neural tube, white arrowhead somites.
(D) Quantification of morphogenetic features in gastruloids, TLS, TLS® and TLS" (see Supplemental
Information for scoring criteria). (E) Segments express somitic markers Uncx and Tcf15 as shown by
whole-mount in situ hybridization. Note the characteristic stripy expression pattern of Uncx in TLS due
to its restriction to the posterior somite half, whereas Tcf15 is expressed throughout the segments (as in
the embryo). Scale bars 100um. (F) In TLS® and TLS" Uncx is detected throughout the segments,
indicating loss of anterior-posterior polarity. Scale bars 100um. (G,H) Confocal sections showing that
cells of somites and neural tube display apical-basal polarity with NCAD and F-actin (Phalloidin)
accumulating at the apical surface. Scale bars in panel G 50um. Scale bars in panel H 10pm. White
arrowheads indicate somites, red arrowheads indicate neural tubes.
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Fig. 2. Transcriptional characterization of trunk-like-structures

(A) Heatmap of logx(TPM+0.01) expression (TPM, Transcripts Per Million) of selected genes
associated with development of indicated embryonic structures in 96h aggregates, 120h gastruloids,
120h TLS, 120h TLS® and 120h TLS®!, as measured by RNA-seq. Replicates were derived from pools
of independent biological samples (see Fig. S6A for exact experimental set-up). CE, caudal end, NMP,
neuromesodermal progenitors, PSM, presomitic mesoderm, LPM, lateral plate mesoderm, IM,
intermediate mesoderm. (B) Box plots showing distribution of marker genes for indicated cell types
(average z-score). Boxes indicate interquartile range (IQR). Whiskers extends to 1.5xIQR from the
hinge. Dots indicate outliers. Notches are centered on the median. List of genes used for each category
and statistical analysis in Data S1. (C) Boxplot representing average z-score per column (pool of 3
replicates) for somite epithelialization factors (see Fig. S6E for individual genes) (D) PCA analysis of
samples from (A) with color coding of individual samples (dots) as in (A). PC1 and PC2 represents the
two components with highest percentage of explained variance. (E) Selected significant terms of Gene
Set Enrichment Analysis (GSEA) enriched in TLS as compared to gastruloids of 120h. Full list of
significant (FDR<0.05) terms is provided in Data S2. (F) Heatmap of scaled expression (row z-score)
of integrins with significantly different expression (padj(FDR)<0.05) in gastruloids vs 120h TLS.
Boxplot represents z-score per column (sample), with boxes indicating interquartile range, whiskers
extending to 1.5xIQR from the hinge, dots showing outliers and central line representing median. Every
column represents one of three biological replicates. Statistical analysis in Data S1. (G) 3D maximum
intensity projection (top three images) and confocal section showing FN1 accumulation around TLS
somites and neural tube (zoomed in image, white arrowheads). Phalloidin staining shows apical-basal
polarity. Scale bar 100um, 50um for magnification. Bottom image: Lightsheet transversal section
showing FN1 accumulation around the somites (white asterisk) and neural tube (red asterisk) in TLS.
Scale bar 50pm.
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Fig. 3. Time-resolved single-cell RNA-Sequencing of TLS.

In total, 20,294 cells were sampled from 96, 108, and 120 hour TLS (see Fig. S9A for experimental set-
up). (A) UMAP (Uniform Manifold Approximation and Projection) coloured by the fourteen clusters
identified. (B) Alluvial plot of percentage of neuromesodermal progenitors (NMPSs), posterior
presomitic mesoderm (pPSM), anterior PSM, somitic and neural tube cells over time. (C) NMPs co-
express Sox2 and T (top left panel, blending expression with blend.threshold=0.25), and are
characterized by the highest differentiation potential (top right panel, see Supplementary Information
for differentiation potential calculation). NMPs co-express T and SOX2 at 96h and 120h and reside at
the posterior end of TLS (confocal sections, bottom left panel and magnifications, 3D maximum
intensity projection, whole structure); white arrowheads, NMPs; red arrowheads, somites). Scale bars
50um for 96h, 100um for 3D maximum intensity projection, 20pm for magnifications.
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Fig. 4. TLS differentiation trajectory

(A) UMAP colored by identified clusters with trajectories inferred from RNA Velocity. Grey arrow
flows represent calculated velocity trajectories. (B) Heatmap with scaled expression of genes involved
in somitogenesis in 9,004 cells from 120h TLS rooted in NMPs and ordered by pseudotime. (C) UMAP
coloured by expression of indicated genes (left panels), and whole-mount in situ hybridization for the
same genes in TLS and E9.5 embryos (right panels). Numbers indicate the fraction of TLS with embryo-
like expression. Scale bars TLS 100um, embryo 200um. (D) Heatmap with scaled expression of genes
involved in neural development in 9,004 cells from 120h TLS rooted in NMPs and ordered by
pseudotime (upper panel) and UMAP coloured by expression of indicated genes (bottom panel). (E)
Split violin plots showing expression of marker genes for primordial germ cell like cells (PGCLC, left
panel), and confocal sections of TLS showing PGCLCs specification dynamics: T/PRDM14VE double
positive at 76h, SOX2VEN9/DPPA3* PGCLCs at 108h, and DPPA3* cells in close contact with the TMCH*
gut-like-structure at 120h. At 120h, Sox2VENah cells in contact with FOXA2* gut-like domain or
DPPA3" cells in contact with T™"* gut-like domain were observed in 7/9 TLS. Scale bars 20um for
76h, 50um for 108h left panel, 25um for 120h. Red arrowheads indicate gut-like-structure, white
arrowheads indicate DPPA3* PGCLCs.
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Fig. 5. TLS cell states are embryo-like and Thx6
phenotype.

TLS recapitulate the embryonic knockout

(A) Schematic of our comparative transcriptome analysis of TLS with post-occipital E7.5 and E8.5
embryos at the single-cell level. (B) TLS UMAP coloured by assigned embryonic cell type. TLS clusters

are projected as corresponding coloured contours. Blue

font, TLS clusters; Red font, embryo clusters.

(C) Split heatmap with percentage of assigned cells (dark grey) and certainty score (orange) for TLS

cells from the indicated cluster upon unbiased mapping

to the in vivo counterpart. Font colour code as

in (B). (D) Alluvial plot of percentage of cells assigned to indicated in vivo cluster in 96, 108 and 120h
TLS. (E) Simplified schematics of Tbx6™ in vivo phenotype and knockout/reporter constructs. (F)
Quantification of segmentation phenotype in TLS-Thx6”. Data represent 3 different experiments
performed with two independent mESC lines of each genotype. (G) Formation of ectopic neural tubes
in TLS-Thx6™. Ectopic neural tubes are identified as SOX2*/Tbx6YE* tubular structures flanking the

main SOX2*-only neural tube. Green, SOX2; Magenta

, Thx6VE. White arrowheads indicate Thx6VE*

somites in WT, and Thx6Y5*/SOX2* ectopic neural tubes in Tbx6™. Scale bars 50um.
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Material and Methods

Animal work

All animal work was approved by the local authorities (LAGeSo Berlin, license numbers
G0247/13, G0243/18 and G0243/18-SGrl). T::H2B-mCherry/Sox2::H2B-Venus embryos were
generated via tetraploid complementation (45). For embryo isolation, mice were sacrificed by
cervical dislocation and uteri were dissected in PBS. For the localization and validation of
Prdm14-Venus Primordial Germ Cells in vivo all medium compositions are listed in Data S3.
Zygotes were obtained by in vitro fertilization of B6D2F1 oocytes and Prdm14-Venus reporter
sperm (46) (B6.Cg-Tg(Prdm14-Venus)1Sait/SaitRbrc:BRC) (No. RBRC05384), as previously
described (47). Blastocysts were screened for expression of Venus reporter in the ICM, and
were re-transferred in a clutch of 20-30 into the uterine horns of 2.5dpc CD1 pseudopregnant

fosters. E7.5 embryos were dissected in cold M2 media and washed in PBS with 0.4% BSA.

Mouse embryonic stem cell culture

Except for the Prdm14-Venuse line (see above), all mouse embryonic stem cells (MESCs) used
in this study were male and from an F1G4 background (48). mESCs were routinely maintained
on 6¢cm plates (Corning 430166) gelatinized with 0.1% gelatin (1:20 dilution of 2% gelatin
(Sigma G1393) in tissue-culture grade H20) and coated with mitotically inactive primary mouse
embryo fibroblasts (3-4x10%cells/cm2) with standard mESC medium containing 15% FCS and
1000 U/ml leukemia inhibitory factor (LIF, Chemicon ESG1107) at 37°C and 5% or 7.5% CO:..
mESCs were split every second day with a dilution suitable to the proliferation velocity
(between 1:5 and 1:9). ES+LIF medium was refreshed daily. For splitting, media was aspirated
and cells were washed once with PBS and trypsinized (Tryspin-EDTA (0.05%) (Gibco
25300054)) for 5-10 minutes at 37°C. Trypsin was neutralized by 3ml ES+LIF and cells
centrifuged for 5 minutes at 1000 rpm, after which the pellet was resuspended in ES+LIF. For
freezing of mESCs, cell pellets were resuspended in ES medium with 20% FCS, and mixed in
a 1:1 ratio with ES freezing medium. Cells were frozen down o/n in the —80 °C and transferred

to liquid nitrogen the next day.
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Derivation of Prdm14-Venus mouse embryonic stem cell line from mouse blastocysts

Mouse embryonic stem cells (mESCs) were derived from Prdm14-Venus reporter positive

blastocysts (B6 x B6D2F1). Blastocysts were treated with Acidic Tyrode’s solution for 2mins
to remove the zona pellucida and washed in three serial drops of M2 media and three drops of
mESC medium. Single blastocysts were seeded into each well of a 24-well dish coated with
MEFs containing mESC medium supplemented with PD0325901. After blastocysts attached
onto the feeder layer (~3 days), media was changed every day. Outgrowths were dissociated
into single cells with 0.25% Trypsin, and reseeded in the same well. Cells were monitored for
visible dome-shaped colonies. The mESC colonies were dissociated with TrypLE and passaged
on feeders — PO (Passage zero). Subsequently, Prdm14-Venus mESCs were maintained on
feeders with mESCs medium (see above for mESC culture).

Generation of transgenic mouse embryonic cell lines

The mouse embryonic cell lines used for the experiments were all derived from F1G4 cells
except for the Prdm14-Venus reporter line (see above). To generate the fluorescent reporter
constructs, we genome-engineered the mouse BACs RP24-530D23 (T), RP23-249015 (Sox2)
and RP23-421P23 (Tbx6), containing ~180 - 230kb of the C57BL/6 mouse genome
surrounding the respective loci, via Red/ET recombineering (49). In short, the starting codon
(ATG) of the genes was replaced with a reporter gene containing H2B-mCherry (for T) or H2B-
Venus (for Sox2/Tbx6), followed by the rabbit b-globin polyadenlylation signal and an FRT-
flanked selection cassette (hygromycin or neomycin), driven by the Pgk promotor. For random
integration, 5ug of the modified BACs was linearized with P1-Scel (NEB) and electroporated
into 3x10° MESCs. Selection was performed using mESC medium containing 250ug/ml
neomycin and 150ug/ml hygromycin for the T::H2B-mCherry/Sox2:H2B::Venus reporter line.
For the Thx6::H2B-Venus reporter line 350ug/ml hygromycin was used for selection. After
selection, single clones were picked, expanded and checked for BAC integration by PCR. Two
independent Thx6::H2B-Venus mESC lines were generated. In both lines, the endogenous Thx6
locus was targeted by CRISPR/Cas9 (Data S4) to create null mutants. To this end, a double
nicking approach with four guide RNAs (50) was used. The specific target sequences contained
5’-GN1gNGG-3°, with N being any arbitrary nucleotide, G being guanine and NGG the
Protospacer adjacent motif and GNzg the guide RNA. If there was no guanine at the 5’-end of

the template sequence, an extra guanine was added 5’ to the other 20 bases. Single stranded
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oligonucleotides (Data S4) with an added 5°-CACC-3" at 5’-end and 5°-AAAC-3” at 5’-end of
the complementary strand were annealed in 10X T4 ligation buffer (Promega M1801) by
continuous cooling from 95°C to 25°C. Annealed oligos were cloned into the Bbsl site of
px335A_hCas9 D10A G2P (gift from dr. Boris Greber) (Data S4) containing expression

cassettes for hCas9 nickase, guide RNA and puromycin resistance.

One day prior to transfection, 3x10° mESCs were seeded on fibroblast coated 6-well plates
(Costar 3516) with 3ml ES+LIF per well. The next day, the medium was refreshed. Separate
mixes of 110ul Opti-MEM reduced serum medium (Gibco 31985062) plus 25ul
Lipofectamine2000 (Thermo Fisher 2125239) and 125ul Opti-MEM plus 8ug per vector were
prepared. 125ul of each mix was then combined and incubated for 15 minutes at room
temperature before being transferred to 1.25ml ES+LIF without Penicillin/streptomycin. After
5h of incubation with the transfection mix, mESCs were split and plated on puromycin resistant
feeders. 24h after transfection, transient selection was started with ES+LIF containing 2pg/ml
puromycin (Gibco 10130127) at day 1 and day 2 and ES+LIF containing 1pg/ml puromycin at
day 3. After approximately one week, single clones were picked and expanded on 96-well plates
(Costar 3596). Clones were genotyped by PCR using primers spanning Exons 1-4. Deletion

breakpoints were analyzed by Sanger sequencing of purified PCR fragments.

Generation of gastruloids

All medium compositions are listed in Data S3. Gastruloids were generated as described
previously (51), with some minor modifications. First, mESCs were feeder freed. To this end,
mMESCs were trypsinized on the feeder plate as described above and washed with ES+LIF. Cells
were pelleted by centrifugation at 2000rpm for 5 minutes at room temperature and resuspended
in 2ml ES+LIF. On three gelatinized (0.1% gelatin) wells of a 6-well plate, cells were
sequentially plated for 25 minutes, 20 minutes and 15 minutes during which cells were kept in
the incubator at 37°C and 5% or 7.5% CO>. With each transfer, cells were triturated to maintain
a single cell suspension. Feeder-freed mESCs were then washed once in 5ml pre-heated (37°C)
PBS containing MgCl, and CaCl» (Sigma D8662) and once in pre-incubated (37°C, 5% or 7.5%
CO) 5ml NDiff227 (Takara Y40002). mESCs were then pelleted by centrifugation for 5
minutes at 1000rpm and resuspended in 500ul of NDiff227. 10ul of the cell suspension was
mixed with 10ul of Trypanblue (Bio-Rad 1450021) for automated cell counting with Luna
Automated Cell Counter. 200-250 live cells were then plated in a volume of 30 to 40ul
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NDiff227 into each well of a 96-well round bottom, low attachment plate (Cellstar 96 well
suspension culture plate (655185) or Costar 7007 ultra-low attachment 96 well plate (7007)).
Cells were then allowed to aggregate for 48 h. After these 48h cells were pulsed with 3uM
CHIR99021 (CHIR, Merck Millipore) in 150l NDiff227. Between 72 and 120h, medium was
refreshed every 24h by removing 150ul of the old media and adding the same volume of new,
pre-incubated (37°C and 5% or 7.5% CO>) NDiff227. For gastruloids treated with CHIR and
CHIR+LDN, 5uM CHIR with or without 600nM LDN193189 (LDN, Reprocell) was added
from 96h to 120h. For controls, an equal volume of diluent (DMSO) was added.

Generation of trunk-like-structures

All medium compositions are listed in Data S3. The gastruloid protocol described above was
followed until 96h. Gastruloids were then embedded in 5% Growth-Factor-Reduced Matrigel
(MG) (Corning 356231). To this end, fresh NDiff227 medium was pre-incubated for at least 20
minutes at 37°C and 5% or 7.5% CO>. Pre-incubated medium was then put on ice for 5 minutes,
after which MG was added to achieve a final concentration of 5% in the culture wells. Medium
was then put at room temperature for 5 minutes, during which 150ul of old medium was
removed from the aggregates. New medium with MG (150ul) was then added, and the cultures
were returned to the incubator and further cultured at 37°C and 5% or 7.5% CO». TLS cultures
were allowed to settle for at least 30 minutes before proceeding to further experimentation (e.g.
live imaging). For TLS treated with CHIR or CHIR+LDN, 5uM CHIR alone or together with
600nM LDN was added prior to MG and left from 96h to 120h. For controls, an equal volume
of diluent (DMSO) was added.

Spiking in of different ECM components

To test the effect of different ECM components, the gastruloids protocol was followed until
96h after aggregation. Then, 150ul of media was removed using a multi-channel pipette. Prior
to the addition of Collagen IV and Laminin the pre-incubated (37°C and 7.5% CO;) NDiff227
medium was pre-cooled on ice for 5 minutes, after which the components were added. When
Collagen IV and/or Laminin were added in combination with low-melting-point (LMP) agarose
half of the NDiff227 medium volume was pre-cooled, whereas the other was kept at 37°C to
allow for the addition of LMP agarose. Immediately after adding the components and thorough

mixing, 150ul of medium was added to each well of the 96-well plate and plates were put back
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into the incubator. Laminin (Sigma 114965-81-9 or Corning 354232) was used at a final
concentration of 0.06mg/ml or 0.12mg/ml. Collagen IV (Santa Cruz sc-29010 or Cultrex 3458-
096-02) was used at a final concentration of 0.12 mg/ml. In the experiment where Laminin
(Corning 354239) and Collagen IV were combined, Laminin was used at at concentration of
0.03mg/ml and Collagen IV at a concentration of 0.048 mg/ml. For the experiments with LMP
agarose (Promega V2111), a 1.5% stock was prepared in tissue-culture grade 1x PBS and
subsequently a 5% solution of this stock in NDiff227 was used. For Laminin, Collagen 1V,
Collagen IV + LMP agarose, LMP agarose, n = 2 independent experiments. For Collagen IV +
Laminin, Collagen IV + Laminin + LMP agarose, n = 1 independent experiment. In all
experiments trunk-like-structures (5% matrigel) and gastruloids (no ECM surrogate) were taken

along as positive and negative controls respectively.

Whole-mount Immunofluorescence

Collected embryos were washed twice in PBS and then fixed in 4% PFA for 30 minutes under
rotation at 4°C, washed 3x with PBS, and stored in PBS until immunofluorescent staining was
performed. Prdm14::Venus reporter embryos were fixed with 4% PFA overnight at 4(1C.
Gastruloids or trunk-like-structures were picked using a p200 pipette with the tip cut-off at the
50p! mark. Gastruloids were washed twice with PBS and then fixed in 4% PFA for 1 h in glass
vials (Wheaton 224882) at 4°C on a roller. For trunk-like-structures, individual structures were
picked using a p200 pipette with the tip cut-off at the 50ul mark, and transferred to either 96-
well plates (Costar 3596) or Ibidi 8-well glass-bottom plates (Ibidi 80827). Trunk-like-
structures were washed twice with PBS + MgCl, and CaCl; + 0.5% BSA (Sigma A8412), once
with PBS, and then fixed in 4% PFA for 1h at 4°C on a rocking platform. Subsequently,
gastruloids or trunk-like-structures were washed twice in PBS for 5 min, permeabilized by 3 x
20 minutes incubation in 0.5% Triton-X/PBS (PBST) and blocked in 5% fetal calf serum/PBST
(blocking solution) overnight at 4°C. For antibody staining, embryos/gastruloids/trunk-like-
structures were transferred to Ibidi 8-well glass bottom plates. Primary antibody incubation was
performed in blocking solution for 48-72h at 4°C, after which embryos/gastruloids/trunk-like-
structures were washed three times with blocking solution and three times with PBST. After
the last washing step, embryos/gastruloids/trunk-like-structures were incubated in blocking
solution o/n at 4°C. The next day, secondary antibodies diluted in blocking solution were added,

and structures were incubated for 24h at 4°C. Afterwards, embryos/gastruloids/trunk-like-
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structures were washed three times with blocking solution and three times with PBST. The last
PBST washing step after secondary antibody incubation included DAPI (0.02%, Roche
Diagnostics 10236276001). DAPI was incubated o/n and washed off once with PBST. All

primary and secondary antibodies are listed in Data S3.

For the fibronectin stainings, samples were picked from individual wells, and an equal volume
of 4% PFA was added. Samples were then incubated for 15 minutes at 4°C, followed by 45
minutes at RT. Subsequently, samples were washed twice with PBS, and fixed for another 60
minutes at 4°C. Samples were then permeabilized with PBST (2x 20 minutes RT), and blocked
o/n in blocking solution. The next day, antibodies were added for 24-48h (Data S3).
Subsequently, samples were washed 2 times with blocking solution and 1 time with PBST,
incubated in blocking solution for 1h at RT, and secondary antibodies and phalloidin were
added. After o/n incubation at 4°C samples were washed twice in blocking and twice in PBS.
The last included DAPI (0.02%, Roche Diagnostics 10236276001). DAPI was incubated o/n

and washed off with 1xPBS, after which samples were processed for tissue clearing.

Tissue clearing

Prior to imaging, embryos, gastruloids and trunk-like-structures were cleared with RIMS
(Refractive Index Matching Solution). To this end, samples were washed twice with PBS for
10 minutes, post-fixed in 4% PFA for 20 minutes and washed three times with 0.1M phosphate
buffer (PB, 0.025M NaH>PO4 and 0.075M NaxHPOs, pH 7.4). Clearing was performed by
incubation in RIMS (133% w/v Histodenz (Sigma-Aldrich D2158) in 0.02M PB) on a rocking

platform at 4°C for at least one to several days.

Imaging

Embryos, gastruloids and trunk-like-structures stained with antibodies or carrying fluorescent
reporters were imaged with the Zeiss AxioZoom v16 (wide-field), Zeiss Celldiscoverer7 (wide-
field), Zeiss LSM710 (laser-scanning microscope with Airyscan), Zeiss LSM880 (laser-
scanning microscope with Airyscan) or Zeiss Lightsheet Z1 with appropriate filters for
mCherry, Venus, DAPI, Alexa Fluor 488, Alexa Fluor 568, Alexa Fluor 647, and combinations

thereof. Whole-mount in situ hybridization images were acquired with Zeiss AxioZoom v16.
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Post-acquisition image processing was performed using Zen, Arrivis and/or Fiji. For live
imaging of TLS in 96-well plates we used the Zeiss Celldiscoverer 7 with incubator chamber
temperature set at 37°C and CO2 content at 5%. Acquisition intervals ranged from 15-45

minutes.

Scoring criteria WIFC

For WIFC structures were picked that displayed segmentation. For each protein, total sample

size and reproducibility of the staining patterns are indicated in the figures. In detail:

Fig. 1B: TLS: T™CH* segments (for definition see “Morphometric analysis of TLS”) flanking a
Sox2VE* tubular structure (unilateral or bilateral). TLS® and TLS®": somitic segments arranged
like a bunch-of-grapes and compromised neural domain. Multiple examples of each condition

are provided in Fig S1.
Fig. 1G: Accumulation of NCAD and F-actin at apical side of the somites and neural tube.

Fig. 2G: Accumulation of FN1 at the structure-matrix interface and accumulation of F-Actin at

the apical side of somites and neural tube.
Fig. 3C: T/SOX2 co-expressing cells at the posterior end (96h and 120h TLYS).

Fig. 4E: Cluster of T*/PRDM14-Venus™ cells (76h TLS; more examples in Fig. S14B). Cluster
of DPPA3*/Sox2::H2B-Venus"" cells (108h TLS, second example in Fig. S14C). DPPA3*
cells in proximity of T* tubular structure or Sox2::H2B-Venus"9" cells in proximity of the
FOXA2" domain (TLS 120h, Fig. S14D).

Fig. 5G: SOX2*/Tbx6VE* tubular structures flanking the main SOX2*-only neural tube.

Fig. S2: Accumulation of NCAD or F-actin at apical side of the somites and neural domain
(TLSC and TLS®Y) or the absence thereof (gastruloids).

Fig S3A: FOXA2* gut-like tubular structure stretching (part of) anterior-posterior axis.

Fig. S3B: TCHN9"FOXA2* cells at the posterior base of the gut-like tubular structure (upper

panel). TCHN9"/SOX17- cells at the posterior base of the gut-like tubular structure (lower panel).

Fig. S3C,D: FOXA2" gut-like tubular structure stretching (part of) anterior-posterior axis with
TCHNgEFOX A2 cells at its posterior base.

48



Science

AVAAAS

Fig. S7D: Accumulation of FN1 around the structure (TLS®Y) or lack thereof (gastruloids).
Fig. S10A: T/SOX2 co-expressing cells at the posterior end.

Fig. S10B: CDX2*/TCH*/SOX2VE* triple-positive cells at the posterior end (CDX2 fluorescence

intensity over anterior-posterior axis quantified in Fig. S10B).
Fig. S14D: Prdm14VE*/DPPA3" cluster (right panel).

Fig. S20D.E: Thx6"E* somitic segments arranged like a bunch-of-grapes and compromised
neural domain (WT). Expansion of neural domain with intermingled Thx6YE¥SOX2* cells
(KO).

Fig. S20F: Expansion of neural domain with intermingled Tox6VESOX2" cells.

Morphometric analysis of TLS

Scoring of segmentation, T-poles, axes of elongation and somite bilaterality in TLS and
gastruloids

For quantification of the number of structures with a T*-pole, we employed the T::H2B-
mCherry reporter line. If a structure displayed multiple axes of elongation, it was sufficient for
one end to have a T::H2B-mCherry* pole to be scored as having a “T-pole”. We defined
gastruloids/trunk-like-structures as “segmented” when at least four neighboring segments had
developed along the antero-posterior axis at 120h. Segments were defined as TMCH*
substructures that displayed i) indentations and ii) opposite curvatures at segment borders.
Finally, if a structure displayed two or more axes of elongation, it was scored as “multiple
axes”, if showing just one as “one axes”, if none “no elongation”. For all conditions, at least
three independent experiments, each one including the specific treatment condition, were
analyzed. Structures that grew out of focus in a way that they could not be rated for one of the

categories were excluded for the respective category.

To analyze if somites formed uni- or bilaterally, we recorded SOX2VE, T™H and brightfield
with the Axiozoom V16 (Zeiss). Structures were scored as “bilateral” if at least 3 neighboring

segments (see above for criteria) were detected bilaterally from the neural tube.
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We note that because of H2B-reporter stability mCherry (as well as Venus) reporter signal is
detected all along the anterior-posterior axis. However, there is a clear enrichment of T"H at

the posterior end, which we used to score for the “T/pole” (see e.g. Fig S1B,C).

Whole structure 2D morphometry

Gastruloids, TLS, TLS® and TLS® structure contours were identified from Axiozoom
transmitted light images by variance of a based thresholding algorithm on a Zeiss ZEN Blue
workstation (Version 3.1). In detail, transmitted light image channels were variance based
segmented with the ZEN image analysis module and the images were filtered to exclude
background objects (single cells, debris, imaging artifacts). Each individually generated mask
was quality checked before exporting metric data sets. Area, perimeter, aspect ratio
(perimeter/area), compactness, roundness and circularity were calculated using the identified
masks. Significance was tested by performing one-way ANOVA followed by Tukey’s multiple
comparison test and raw data with associated statistics are provided in Data S5.

Time-resolved whole-structure 2D morphometry

TLS, TLS® and TLS®! were identified from Zeiss CD7 CellDiscoverer wide-field brightfield
images as described above for whole structure morphometry. Area, circularity, roundness and
compactness were measured over time between 97h to 119h after aggregation at intervals of
15-45min.

2D Neural Tube morphometry

TLS, TLS® and TLSC fluorescent images acquired with Zeiss Axiozoom V16 were segmented
in order to identify the neural tube and to compute their length, width, perimeter, area, area

neural/area whole structure, aspect ratio, solidity and circularity.

The extraction of the neural tube morphological measurements was performed according to the

following steps:

1. Masking away of the region expressing T™¢H
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Segmenting the region expressing Sox2"E but not T™“H: segmenting the neural tube
Manually correcting the segmentations when necessary

Skeletonizing the neural tube region

ok w0 N

Extracting the measurements

Notations:

Let an image I be a function I: 2 c R? - 7 c N, where 2 is the spatial domain of definition

of the image and 7 being the dynamic range of the image, in our case 7 = [0, 21¢ — 1].

Let Im(I) = (I(x,y)|(x,y) € 2) be the image of 2 by the function I. It is therefore the

sequence of reached intensities by the image 1.

Let Ig,, be the image of intensity for the Sox2VE channel.

Let I be the image of intensity for the T channel.

Note that since I,,, and I are two channels of the same sample, at the same time:

Dsoxz = Np =12

Masking away the region expressing T™CH:

Cells expressing Sox2VE are either neural tube cells, neural tube precursors or neuromesodermal
progenitors. Cells expressing TM" are either somite cells, somite precursors or
neuromesodermal progenitors. To extract the neural tube but not the precursor cells, we have

to detect cells expressing T™H and to remove them from the set of cells expressing Sox2VE.

To extract the cells expressing T, we first applied a Gaussian filter with a sigma of 5 pixels
to I generating the smoothed image 1%. We then separated the background from the foreground
in IS by thresholding the image with a threshold th2, obtained by applying the Otsu method
(52). Using this threshold, we extracted the foreground intensity values and built F; =
(i € Im(I8)\i > th?), the sequence of foreground intensity values. Then, in order to separate
intensity values resulting from actual T™" expression and intensity values resulting from
autofluorescence, we made the hypothesis that the intensities of the two groups of cells were

observing different distribution. We therefore used the Otsu method a second time to best split
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Fr intwo distributions resulting in a second, and final, threshold value th;. Let call Otsu? this
operation of two consecutive Ostu thresholding of an image I resulting in a threshold value th,

in our case:

thy = Otsu?(13)

We can now build the mask My image of T™H positive cells:

0if I (x,y) < thy

Mr:(x,y) €2 = { lotherwise

We then altered the Sox2"E image using the mask of T™" positive regions creating a new image

Mt
ISon'

Isox2 (%, y)if Mr(x, y) = 0
]5)1.\21)7;62;(x,_'y)E,Q—){Soxz~ T | ’
I5o.20therwise

where I, IS the average intensity of Ig,,.

Segmenting the region expressing Sox2VE, reconstructing the neural tube:

We then smoothed 1;2',7,;2 with a Gaussian kernel of sigma 5 giving the smoothed image 1<,
and built the mask image M, using the threshold thg,,, = Otsu?(1< ,,) as described in (Eq
1). We then applied a morphological operations (53) to smooth and remove morphological
irregularities. We first applied a closing with a radius of 10 pixels followed by an opening with
aradius of 5 pixels generating a new, filtered, mask containing multiple connected components.
We kept the connected component that had the largest volume as the neural tube segmentation
and discarded the other connected components generating our final mask MNT and its

corresponding set of pixels: PNT = {p € Q|M T (p) = 1}.
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Manual inspection and curation:

Ultimately, we manually inspected the segmented neural tubes and corrected them when
necessary using Fiji (54) creating our final mask MNZ.. We used this mask to perform the
measurements. In order to be able to measure the neural tube width as a function of the anterior-
posterior position, we manually marked the anterior and posterior ends of the neural tube based

on the position of the neuromesodermal progenitor domain.

Skeletonizing the neural tube region:

To compute the length and the width of the neural tube we skeletonized (55) the segmented
region generating a mask image S where S(x,y) = 1 if and only if the pixel in position (x, y)
belongs to the skeleton of MYT.. Because of some irregularities of the segmentation, the
reconstructed skeleton could have several branches. In order to remove the auxiliary branches,
product of the irregularities, we first built a graph G5 = (V, E) of the skeleton where each vertex
p € V is a pixel of the skeleton and two vertices are connected ((p;, pj) € E)ifand only if there

were 4-connected in the image:
G5 = (V,E)V = {Ce WISt y) = BE = {(pup;) € V¥[[lpi — sl < 13,
where ||+|| is the L2 norm.

Ultimately, we identified the neural tube skeleton as the set of vertices from G5 that belong to
the longest path LP c V of G5 building the mask M&T, of the skeleton:

1if (x,y) € LP(G®)

MY, (x, ={
seet (%) Ootherwise

and we built the subgraph Skel = (Vsger, Esker)0Of G5 containing only the longest path:

VSkel = LPESkel = E N LPZ

Note that the longest path was computed by enumerating all the extremities of G5 (vertices with
exactly one neighbour) and computing all the pairwise distances between the extremities. The

couple of extremities raising the longest distance is the longest path in G*.
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Extracting the measurements:

Once the segmentation of the neural tube and the construction of its skeleton was done we
extracted the set of necessary measurements. In order to extract measurements in physical units
(in our case um) we had to use the pixel size. For all our images the pixel size was isotropic,

let denote it as vs.

Length:

We computed the length (L) of the neural tube as the length of the longest path of G5 normalized

by the voxel size:

L=vs- > |pi-p
(pipj)eELP

Width:

Since the width changes at different position within the neural tube, we computed the width

(W) as the median width along the skeleton of the neural tube.

We computed the width (w;) of the neural tube, for a given position p; € £2, as the distance

between that position and the closest pixel that does not belong to the segmented neural tube:

wie=vs: min |[pc = pyl|

Then W is computed as previously mentioned:
W=w
where:
w = {w;|p; € Vsier}

and . is the median.
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Perimeter:

We computed the perimeter (P) as defined in (56) from the mask image MNT and normalized

it by the voxel size:
P = vs - perimeter(MNT)

where perimeter is the perimeter function described in (56) and implemented in (57).

Area:

We computed the area (4) as number of pixels belonging to the segmentation mask times the

voxel size:

A=vs?|{venM'T(V) =1}

Aspect ratio:
We computed the aspect ratio (AR) as the ratio of the structure as the length over the width:

AR—L
w

Solidity:
We computed the solidity (S) as described in (58):

A

S=—0F —
Ay (MNT)

where A,y is the area of the convex hull of a given binary mask, we used the implementation
provided in (57).

Circularity:

We computed the circularity (C) as described in (58):
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A
C:4T[ﬁ

we used the implementation provided in (57).

One-way ANOVA followed by Tukey’s multiple comparison test was used to calculate p-

values and raw data with associated statistics are provided in Data S5.

Whole structure, Neural Tube and Gut Tube 3D morphometry

TLS, TLS® and TLS®" fluorescent images acquired with confocal microscopy were segmented
in order to identify whole structure, neural tube and gut to compute their length, width, area,

volume, aspect ratio, solidity and sphericity.

The following detailed analysis for the gut measurements have been applied also to the whole

structure and to the neural tube.

The extraction of the gut morphological measurements was performed according to the

following steps:

1. Segmenting the region expressing either SOX17 or FOXAZ2: segmenting the gut
2. Skeletonizing the gut region
3. Extracting the measurements

Segmenting the qut tube:

In order to segment the gut we combined a set operations on the 3D images to build the mask
best representing the gut. First we resampled the image from its original anisotropic sampling
into an isotropic sampling. The new voxel size was chosen so the image had 500 voxels along
the x dimension. Once resampled, we applied a Gaussian filter with a sigma value of 3 voxels.
We then manually chose a threshold value such that the whole gut was covered creating a binary
mask. Next, we applied a morphological closing with a radius of 10 voxels onto the previously
created binary mask. If necessary, we followed the closing operation with a morphological
opening with a radius of 5 voxels. We discarded the connected components raised by this

thresholding that did not belong to the gut, filled the potential holes and if necessary, applied a
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last morphological closing with a radius of 20 to ensure having only one single connected

component and having a surface homeomorph to a sphere.

Skeletonizing the qut tube:

As we did for the neural tube, we created the morphological skeleton of the previously
mentioned mask in order to measure gut length and computed the distance chamfer

transformation to compute the gut width.

Extracting the measurements:

To extract the measurements we proceeded similarly as for the neural tube with a few

adjustments to fit the 3D images:

Length:

The length was computed as described for the neural tube.

Width:

The width was computed as described for the neural tube using the 3D chamfer transformation.
Area:

The area was computed as defined in (56) using the implementation from (58), from the mask

image, and normalized it by the voxel size
Volume:

We computed the volume (V') as number of voxels belonging to the segmentation mask times

the cube of the voxel size:
V =vs?|{v e NM¥(v) =1}

Aspect Ratio:

The aspect ratio was computed as described previously.
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Solidity:
We computed the sphericity (S) as described in (58):

V(M)

SO0 =g an

Where M is a given binary mask, V(M) is the volume of the mask M and V.4 (M)is the volume

of the convex hull of the mask M. We used the implementation provided in (57).

Sphericity:

We computed the sphericity (Sph) as described in (58):

16V (M)
Sph(M) =13 W

Where M is a given binary mask, V(M) is the volume of the mask M, and A(M) is the area of
the mask M. We used the implementation provided in (57).

All gut tube measurements can be found in Data S5.

Somite morphometry

Somite sizes were measured in Fiji 1.8.0 (54) using the DAPI channel from confocal high
resolution Z-stacks to identify epithelialized somitic structures. For E8.5 mouse embryos, TLS,
TLS® and TLS®" somites were manually segmented and masks for each somite were stored and
used to calculate area, perimeter, length, width, circularity, roundness, solidity and number of
somites/TLS. Individual masks were drawn inspecting all Z-stacks for each identified somites
and selecting the Z position containing the biggest surface. For embryo somites, the 8 most
posterior ones were measured, corresponding to the median of the number of somites measured

flanking one side of the neural tube in TLS. In detail:
Area:

Area was calculated as the area of the mask in square pixels and then recalibrated in square

micrometers.
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Perimeter:
Perimeter was calculated as the length of the outside boundary of the selected mask.

Length:

Length was calculated drawing the maximum distance between two points of each mask along

the anterior-posterior axis.
Width:

Width was calculated drawing the maximum distance between two points of each mask

perpendicular to the anterior-posterior axis.

Circularity:

Circularity for each mask was calculated as

A
C=4TL’E

where A is area and P is perimeter of the mask.
Roundness:

Roundness for each mask was calculated as

A

R=4
n(max_axis)?

where max_axis is the longest distance between two points of the mask.

Solidity:

Solidity for each mask was calculated as

where A.y is mask convex area.

One-way ANOVA followed by Tukey’s multiple comparison test was used to calculate p-

values. Raw data with associated statistics are provided in Data S5.
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CDX2 expression along the anterior-posterior axis in TLS

CDX2 expression along the anterior-posterior axis was performed in Fiji 1.8.0 (54). In detail,
stacks of composite images of DAPI and CDX2 stainings imaged by confocal microsopy were
loaded into Fiji, brightness/contrast were automatically adjusted and background was
subtracted for all stacks. A 3D Projection was then generated using the default settings, a line
(width 50 pixels) was manually drawn from the posterior to the anterior end of the structure
along the midline, and fluorescent intensity measured using the “Multichannel Plot Profile”

function of the BAR plug-in.
Segmentation clock measurements

To measure the interval between the formation of subsequent segments (or bursts of
segmentation in case of TLS® and TLS®Y) we analyzed live-imaging recordings of T™H and
brightfield channels in trunk-like-structures developing from 97h onwards. Interval time of the
recordings was between 15 and 45 minutes. Raw data associated with Fig. S5B,C can be found
in Data S5.

Flow cytometry and FACS

Individual trunk-like-structures were washed with cold PBS+0.5%BSA 2 times, after which
50ul of trypsin was added. Trunk-like-structures were then incubated for 10 minutes at room
temperature, after which samples were dissociated by trituration for 50 times using a p200
pipette to achieve a homogenous suspension. The reaction was then stopped with the addition
of 100ul of 5% BSA in PBS. Before cell counting and/or sorting on a FACS Aria Il (Becton
Dickinson) or a BD FACSCelesta Flow Cytometer (Becton Dickinson, counting only) the cell
suspension was filtered through a 35pum mesh. Equal numbers of samples for each condition
were harvested in three independent experiments. For FACS, samples were dissociated as
described above, and the Tbx6YE* and Thx6VE" fraction was sorted in 1.5ml low-binding tubes
with 350ul RLT (Qiagen) + 1% v/v B-mercaptoethanol (Sigma). Flow cytometry data were
later analyzed using FlowJoV10.
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RNA isolation, reverse transcription and quantitative PCR

RNA isolation was performed using the RNeasy Micro Kit (Sigma 74004) according to the
manufacturer’s instructions with the following modifications: genomic DNA was digested on
column with the addition of an extra 1ul of RNase-free DNase | (Roche) to ensure complete
digestion, and after the 80% ethanol column wash and column centrifugation the remaining
ethanol was removed with a p10 pipette tip and columns were left to air-dry for 5 minutes.
Quantitative reverse transcriptase PCR (qRT-PCR) was then performed using a two-step
protocol. First, RNA was reverse transcribed using the Quantitect Reverse Transcription Kit
(Qiagen), according to the manufacturer’s instructions. gPCR was carried out on a StepOnePlus
Real-Time PCR System (Life Technologies) using GoTaq qPCR Master Mix (Promega) with
validated gene-specific primers (Data S4). Fold change was calculated from ACt using Thp as

housekeeping gene (Data S6).

Whole-mount in situ hybridization

Probe synthesis

For synthesis of DIG labeled RNA probes, plasmids containing the cDNA of interest and
promoters for sense and anti-sense strand synthesis were used from the MAMEP database

(http://mamep.molgen.mpg.de). In order to obtain a sufficient amount of material, some

plasmids were first retransformed into E. coli (DH5a) and afterwards isolated with a mini-prep
kit (Qiagen) according to the manufacturer’s instructions as described below. Probes were
synthesized by in vitro transcription using a PCR product of the desired cDNA or the linearized

plasmid.
Retransformation in DH5a and mini-prep

DH5a cells were thawed on ice and 1pl of the plasmid was added to 100l of competent cells
and incubated on ice for 30 minutes. Subsequently, cells were heat shocked at 42°C for 45
seconds in a water bath and then immediately cooled down on ice. 500ul of LB medium was
added and the mix was incubated for 1h at 37°C (heating block) under shaking. Then, 25ul and
250pl of the mixture were plated on separate Agar-plates containing Ampicillin (Amp) for
selection of transformed bacteria (all vectors carried a gene for Ampicillin resistance). The
plates were incubated overnight at 37°C. The next day, single colonies were picked in 5ml

LB+Amp and incubated overnight at 37°C under shaking. Plasmids were isolated with the
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QlAprep Spin Miniprep Kit (Qiagen) following the manufacturer’s instructions. DNA

concentration was measured with a Nanophotometer (Implen).
Restriction Digest

After plasmid digestion (250ng of the plasmid, 2l 10x buffer, 0.2ul 100x BSA and 2l of each
restriction enzyme in a 20ul total volume), expected band sized for the vectors and inserts was
confirmed on a 1% Agarose/TAE-gel, stained with SybrSafe (1:20.000).

Polymerase-Chain-Reaction (PCR)

For PCR, 5ul plasmid (1 ng/ul) was used in a 50ul total reaction volume containing 5ul 10x
PCR buffer (Invitrogen), 1.5pul MgCl. (Invitrogen), 10ul dNTP Mix (10 mM for each
nucleotide), 0.25ul forward Primer (100 pM), 0.25ul reverse Primer (100 uM) and 0.2ul Tag
DNA Polymerase (5u/ul ) (Invitrogen). For the plasmid of Uncx a different PCR strategy was
used, because of its CG richness. Here, the 50ul reaction contained 5ul Plasmid (1ng/ul), 1ul
dNTPs, 0.25ul U5, 0.25ul L2, 0.2ul Tag DNA Polymerase (5u/ul) (Qiagen) and 10ul 5x Q-
solution (Qiagen). Primers used for the respective vectors are listed in Data S4. All PCR

products were checked on a 1% Agarose/TAE-gel.
Linearization of plasmids for in vitro transcription

Plasmids were linearized with the appropriate restriction enzyme (1.5ug DNA, 2.5ul 10x
buffer, filled up with DEPC-H>O to 25ul). The reaction was incubated for 1h at 37°C.
Subsequently, 8ul ammonium acetate (10M) and 80pl ice-cold 100% ethanol were added,
followed by centrifugation of the sample for 30 minutes at 4°C and 13200 rpm. The supernatant
was then removed and 150ul of 70% ice-cold ethanol was added. The sample was then
centrifuged again for 10 minutes, the supernatant was removed, and the pellet was air dried and
dissolved in 9.5ul DEPC-H20.

In vitro transcription

For in vitro transcription, 9ul of PCR product or 1.5ug of linearized plasmid was incubated
with 3ul 10x Transcription buffer, 3ul ACG nucleotides (4mM each nucleotide), 0.75pl
digUTP-UTP Mix (4mM), 1.5ul DTT, 1ul RNase inhibitor and 60U of the respective RNA
polymerase, in a total reaction volume (filled up with DEPC-H20) of 30ul. The reaction was
incubated for 2h at 37°C (T7, T3) or 40°C (Sp6). Subsequently, 3ul of RNase-free DNasel
(10u/pl) was added and the reaction was incubated for 15 minutes at 37°C. The RNA probe
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was then purified with ProbeQuant G50 Sephadex columns (Pharmacia). Adding 20ul DEPC-
H20 to the probe, spinning it through the resin of the column and adding again 30ul DEPC-
H-0 increased its volume to 100ul. Aliquots of 30ul were immediately put on dry ice and stored
at -80°C. The RNA probes were checked on a 1% Agarose/TAE-gel.

Fixation and methanol series

Collected embryos, gastruloids and trunk-like-structures were washed twice in DEPC-PBS and
then fixed in 4% PFA overnight at 4°C. The next day, samples were transferred into 100%
methanol via a methanol series, including two washing steps in DEPC-PBS and a transfer from
25% to 50% to 75% to 100% methanol/DEPC-PBS (10 minutes each). Upon transfer to 100%
methanol, samples were washed twice in 100% methanol and stored in 100% methanol at -

20°C. All steps were performed for at least 10 minutes at 4°C.
Pre-hybridization & Hybridization

Unless stated differently, all steps were performed for 10 minutes at 4°C under rocking. For the
composition of the solutions used for in situ (Pre-hybridization, Hybridization, Post-
hybridization washes and antibody incubation, Post-antibody washes, Staining) we refer to
Data S3. First, samples were pre-hybridized by transferring to DEPC-PBST via a reverse
methanol series (100%, 75%, 50%, 25% for 10 minutes each). Subsequently, samples were
incubated in 6% H202/DEPC-PBST at 4°C, trunk-like-structures/gastruloid for 10 minutes and
embryos for 20 minutes, followed by three washes with DEPC-PBST. ProteinaseK/DEPC-
PBST (10pg/ml) treatment was performed at 4°C, (7 minutes for trunk-like-
structures/gastruloids, 10 minutes for embryos). ProteinaseK activity was quenched with
Glycine/DEPC-PBST (2mg/ml) and two washes with DEPC-PBST. Subsequently, samples
were post-fixed in 0.2% Glutamine/ 4% PFA/DEPC-PBS for 30 minutes at room temperature
and then washed twice with DEPC-PBST. Samples were then incubated with 68°C pre-warmed
Hyb for 15 minutes at room temperature after which Hyb was refreshed and structures incubated
for 2h at 68°C. If not immediately used for RNA probe hybridization, the samples were pre-
cooled for 15 minutes at room temperature and stored at -20°C. Prior to hybridization with the
RNA probe, the samples and Hyb solution were pre-warmed at 68°C and incubated in fresh
Hyb for 15 minutes at 68°C. Meanwhile, the RNA probe was diluted in Hyb (200ng/ml) and
pre-heated for 13 minutes at 80°C in a heating block. The samples were then incubated with

the RNA probe at 68°C overnight. The Hyb solution of the 15 minutes incubation step was
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stored at -20°C for the first washing step on the next day. All steps were performed under
rocking.

Post-hybridization washes, antibody incubation and post-antibody washes

The next day, samples were washed once with Hyb (stored from day before) for 30 minutes at
68°C, twice with Solution 1 for 30 minutes at 68°C, twice with Solution 3T for 30 minutes at
68°C, twice with Solution 3T for 1h at 68°C and three times with TBST for 15 minutes at room
temperature. During the 1h washes with Solution 3T, antibody solution was prepared. TBST
with one grain of embryo powder was pre-heated for 30 minutes at 70°C in a water bath and
cooled down on ice. Subsequently, 1% v/v lamb serum and 0.2% v/v Anti-DIG antibody
(Roche) were added and incubated for 1h at 4 °C in the dark while rocking. The mix was
centrifuged for 10 minutes at 4000rpm at 4°C and 1% lamb serum/TBST was added to the
supernatant (final antibody concentration 1:2000). After finishing the washing steps, the
samples were blocked with 10% lamb serum/TBST for 2.5h at room temperature and incubated
with the antibody solution overnight at 4°C. All steps were performed under rocking. The next
day, samples were washed twice with TBST for 15 minutes, twice for 30 minutes and six times
for 1h, all at room temperature. The final washing step was performed overnight in TBST at
4°C.

Staining

Samples were washed four times in freshly prepared NTMT for 15 minutes at room temperature
under rocking. In the meantime, the staining solution BM Purple (Roche) was pre-warmed at
room temperature and centrifuged for 1 minute at 13200 rpm. The supernatant was then used
for staining the samples and incubated until a clear and specific signal appeared. The first 15
minutes of staining were performed under rocking, afterwards without. For stopping the
staining reaction, the samples were washed once with NTT and twice with PBST, for at least
10 minutes each at room temperature under rocking. The samples were stored in 4% PFA/PBS
at 4°C. Embryos, trunk-like-structures and gastruloids were imaged with the AxioZoom.V16
(Zeiss).

64



Science

AVAAAS

Scoring criteria WISH

For WISH structures were picked randomly. For each gene, total sample sizes and
reproducibility of the displayed staining patterns are indicated in the figures. In detail:

Uncx: staining bilateral of the anterior-posterior midline (gastruloids), stripy pattern in
segments (TLS), staining in the segments (TLS®, TLS®Y).

Meox1: staining bilateral of the anterior-posterior midline (gastruloids), staining in the
segments (TLS, TLSC, TLS®h).

Tcf15: staining bilateral of the anterior-posterior midline (gastruloids), staining in the segments
(TLS, TLSC, TLS®Y).

Mesp2: in-vivo-like expression stripe at the posterior end (TLS)

Faf8: staining at posterior end (TLS).

Single-cell transcriptome profiling of TLSs and gastruloids

96h, 108h TLS, 120h TLS, gastruloids and TLS®! were generated as described above. For 96h,
6 structures were selected based on the presence of a T"CH* pole and absence of multiple axes
formation; for 108h TLS, 5 structures were selected based on the presence of a T"“"* pole, one
axis of elongation, and initiation of neural tube formation, but no already occurring
segmentation in the T™“"* domain; for 120h TLS, 3 structures were selected based on the
presence of a T pole, one axis of elongation, clear formation of a neural tube Sox2VE*
domain and segmentation in the T"CH* domain; for gastruloids, 5 structures were selected based
on the presence of a T™H* pole, one axis of elongation and a Sox2VE* domain; for TLS, 3
structures were selected based on the presence of of a T"“"* pole, elongation along one axis,
segmentation in bunches of grapes at the anterior T"“"* domain. TLSs and gastruloids were
picked with a p200 with the pipette tip cut-off at the 50ul mark, and serially washed through
pipette transferring (cut 200ul tip) in wells filled with 200ul of 1xPBS/0.4%BSA (5 transfers)
to get rid of the Matrigel. TLSs of the same time point were then pooled together and dissociated
in 200p! TrypLE Express (Gibco) for 15 minutes (96h), 20 minutes (108h TLS) or 25 minutes
(120h TLS, gastruloids and TLS®") at 37°C, with pipetting every 5 minutes intervals. The cell

suspension was filtered using Scienceware Flowmi Cell Strainers, 40um. Cells were washed
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twice with 1ml 1xPBS/0.4%BSA with centrifugation steps performed for 5 minutes at 1200rpm
in low DNAbind Eppendorf tubes. The cell concentration was determined using a
hemocytometer and cells were subjected to single-cell RNA sequencing (10x Genomics,
Chromium™ Single Cell 3’ v3; one reaction per timepoint/sample) aiming for a target cell
recovery of up to 10,000 sequenced cells per sequencing library (timepoint). Single-cell
libraries were generated according to the manual, with one modification: fewer PCR cycles
(n=8) were ran than recommended during cDNA amplification or library generation/sample
indexing to increase library complexity. Libraries were sequenced with a minimum of 230

million paired end reads according to parameters described in the manual.

Bulk RNA-seq of gastruloids and trunk-like-structures

96h aggregates, gastruloids, TLS, TLS® and TLS®" were generated as described above. We
sequenced 3 biological replicates per condition (96h aggregates, gastruloids, TLS, TLS® and
TLSCY). For 96h, 10 structures per replicate were selected (see previous section for selection
criteria) and pooled; for gastruloids, 6 structures per replicate were selected (based on the
presence of a T™°M* pole and one axis of elongation) and pooled; for TLS, TLS® and TLS®!, 6
structures per replicate were selected (see previous section for selection criteria; criteria for
TLS® were the same as for TLSY) and pooled. All samples were washed twice with
1xPBS/0.4%BSA. Subsequently, 350ul of RLT Plus buffer containing 1% B-mercaptoethanol
(Thermo) was added to dissociate the structures and lyse the cells. After dissociation by
trituration and vortexing, samples were frozen at -80°C. The next day, RNA was extracted using
RNeasy Plus Micro Kit (Qiagen) and RNA concentration and quality was measured using the
Agilent RNA 6000 Pico kit on an Agilent 2100 Bioanalyzer. All samples analyzed had a RINe
value higher than 8.0, and were subsequently used for library preparation. mMRNA libraries were
prepared using KAPA Stranded RNA-Seq Kit (KapaBiosystem) according to the
manufacturer’s instructions. 500ng of total RNA was used for each sample to enter the library
preparation protocol. For adapter ligation dual indexes were used (NEXTFLEX® Unique Dual
Index Barcodes NOVA-514150) at a working concentration of 72nM (5ul of 1uM stock in each
70pl ligation reaction). Quality and concentration of the obtained libraries was measured using
Agilent High Sensitivity D5000 ScreenTape on an Agilent 4150 TapeStation. All libraries were
sequenced using 75bp-paired end sequencing (150 cycles kit; FC-410-1002) on a HiSeq4000

platform at a minimum of 23.7 million fragments per sample.
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Expression profiling of individual TLS using NanoString

mESCs, mouse embryos and TLS were generated, selected and dissociated as described above.
For mESCs, a total of 20,000 cells were harvested and frozen in 350ul RLT Plus buffer
containing 1% pB-mercaptoethanol (Thermo). Three embryos for each developmental stage
(E8.5 and E9.5) were decapitated in order to obtain the post-occipital portion, pooled,
dissociated, and frozen in 350ul RLT Plus buffer containing 1% [-mercaptoethanol. For 120h
TLS, 9 individual structures were selected (based on the selection criteria outlined before),
dissociated independently and frozen in 350ul RLT Plus buffer containing 1% -
mercaptoethanol. RNA was isolated from the 12 samples in parallel using RNeasy Plus Micro

Kit (Qiagen) and RNA concentration was measured using Qubit™ RNA HS Assay Kit.

To profile the expression of 41 genes and 4 housekeeping genes (Polrlb, Hprt, Abcfl, Gusb),
a range of 36-161 ng total RNA/sample were used in a NanoString nCounter Element assay to
profile the 12 individual samples. Probe hybridization was set up according to manufacturer’s
instructions and performed for 24h (MAN-10040-05). Reactions were ran on the NanoString
nCounter SPRINT Instrument. False negative probes detected up to 5 counts, which informed
the magnitude of potential false negative signal. Thus, 6 counts were conservatively removed
from all measurements. Positive control probes normalization step was applied (geometric
mean) and finally the combination of the four housekeeping genes was used to obtain the final
normalized counts table. To assess variability in the expression of individual marker genes, the
log2(MAX(all_samples)/MIN(all_samples)) was used as a proxy with a high value representing
high variability and vice versa. See Data S7 for probes design and sequences and for normalized

gene counts.

Computational analysis

If not stated otherwise: All statistics and plots are generated using R version 3.6.0 “Planting of

a Tree” and Seurat version 3.0 (59).

Single-cell transcriptome profiling of TLSs

Preprocessing
The Cell Ranger pipeline version 3 (10x Genomics Inc.) was used for each SCcRNA-seq data set
to de-multiplex the raw base call files, generate the fastq files, perform the alignment against
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the mouse reference genome mm10, filter the alignment and count barcodes and UMIs. Outputs

from multiple sequencing runs were also combined using Cell Ranger functions.

Quality control
The initial quality control was performed using scanpy (60). Cells with less than 10,000 or more
than 40,000 counts, a mitochondrial-fraction above 0.1 and less than 3,000 genes were flagged

as insufficient and therefore removed from the analysis (see below).

Cluster determination

Single cell data created for the three developmental time points (96h, 108h and 120h) were
loaded to Seurat (59), with a minimum requirement of 200 features and 3 cells and filtered for
previously flagged barcodes. Subsequently, the expression data were independently
normalized, variable features were detected and log-normalized and scaled to 10,000 (default
settings). Next, for downstream integration of the three time points sequenced, a PCA was run
for each time point prior to integration anchor set detection (reduction = "rpca”, dims = 1:30).
Finally, these integration anchors were used to integrate the data points using the previously
calculated anchor sets. A list of cell cycle markers loaded with Seurat was used to cell cycle
score all cells and subsequently run the default workflow for scaling with vars.to.regress set to
cell cycle scores for S and G2M phase (Fig. S24A). For downstream analysis and visualization
of the integrated dataset, a PCA was run to then calculate a joint UMAP (dims = 1:30,
n.neighbors = 10). Standard workflow steps were applied for cluster generation
(FindNeighbors, dims = 1:20 and FindClusters, resolution = 0.5), resulting in a total of 15
clusters. Finally, two small clusters (Seurat_ 10 and Seurat 11) were removed due to the
presence of stressed cells (high mitochondrial RNA counts and low total RNA counts)
(Seurat_10; Fig. S24B) and doublets (shown by almost double amount of total RNAs counts
and UMIs) (Seurat_11; Fig. S24C). All remaining clusters show a similar distribution of
average UMIs and genes detected per cell (Fig. S24D). See Data S8 for marker genes list for

each identified cluster.

Subclustering of somitic and neural cells in TLS
For subclustering of somitic cells, data were first split by sampled timepoints and somitic
clusters (“Somite (0)”, “Somite”, “Somite (Dermo)”, “Somite (Sclero)”) were extracted.

Subclustering was then performed in Scanpy (resolution=0.3). For subclustering of the neural
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tube cluster, cells assigned to “NeuralTube2” from TLS were extracted. Subclustering was then
performed in Scanpy (resolution=0.65).

Comparison with gastruloids and TLS®"

The Cell Ranger pipeline version 3 (10x Genomics Inc.) was used for the gastruloids and TLS®-
scCRNA-seq data sets to de-multiplex the raw base call files, generate the fastq files, perform the
alignment against the mouse reference genome mm10, filter the alignment and count barcodes
and UMls.

The initial quality control was performed in R using the Seurat package. Cells with a minimum
feature count of 3,000, an RNA count of 10,000 to 80,000 and less than 5% mitochondrial
genes, were kept for analysis. Subsequently, the expression data were independently
normalized, variable features were detected and log-normalized and scaled to 10,000 (default
settings).

Each cell of the gastruloids and TLS®-was then clustered with respect to TLS cell states. After
single cell transformation (SCTransform, default settings), transfer anchors were found with
the 120h TLS cells as reference (FindTransferAnchors, dims=1:30) and cell state labels were
transferred (TransferData, dims=1:30).

Next, for downstream integration of the three conditions (120h TLS, gastruloids and TLS®!), a
PCA was run for each time point prior to integration anchor set detection (reduction = “rpca”,
dims = 1:30). Finally, these integration anchors were used to integrate the conditions using the
previously calculated anchor sets. A list of cell cycle markers loaded with Seurat was used to
cell cycle score all cells and subsequently run the default workflow for scaling with
vars.to.regress set to cell cycle scores for S and G2M phase. For downstream analysis and
visualization of the integrated dataset, a PCA was run to then calculate a joint UMAP (dims =
1:10).

Subclustering of somitic, neural and endothelial cells in the TLS, gastruloid and TLSC-
integrated dataset

For subclustering of somitic cells, somitic clusters (“Somite (0)”, “Somite”, “Somite (Dermo)”,
“Somite (Sclero)”) were extracted from the integrated data-set. Subclustering was then
performed in Seurat 3.1 (resolution=0.8). For subclustering of endothelial cells, cells assigned
to “Endothelial” were extracted. Subclustering was then performed in Seurat 3.1
(resolution=0.1). For subclustering of the neural cells, cells assigned to “NeuralTube2” were

extracted. Subclustering was then performed in Seurat 3.1 (resolution=0.4).
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Comparison with mouse embryo

A previously established reference data set of mouse post-implantation development (E6.5 to
E8.5) (29) was utilized for gene expression comparison to in vivo data as well as cell states and
proportions comparisons. The in vivo data were filtered to include only the relevant embryo
time points (E.7.5, E8.0 and E8.5) and all extra-embryonic and occipital cell-states (that are not
generated in gastruloids (3) and TLS (this study)) were removed. See Data S8 for marker genes
lists for each identified cluster. Both data sets (the mouse embryo (in vivo) and the TLS (in
vitro)) were normalized in parallel (SCTransform, default settings). To adjust for different
resolutions in cell state detection between the embryo and TLS datasets, the in vivo “somites”
and “PSM” cell states were subclustered (resolution=0.15) to identify a cell cluster with an
anterior PSM (aPSM) signature (Fig. S24E,F). These cells were relabeled accordingly and
subsequently treated as an individual cell state. The subclustering step also generated two
clusters from the in vivo PSM original cell state, but due to marker genes similarity this
subclustering was not taken into account in the further downstream analysis (Fig. S24E,F).
Prediction scores were used as measurement for certainty in cell type matching (“certainty
scores™). Scores shown are means across all cells even if not assigned to the respective cluster.
Finally, the in vivo mouse and in vitro TLS cell types were matched using an integrated
reference, by first finding of transfer anchors, followed by data transfer using the anchors and
finally the predicted cell states were used as in vivo/in vitro matched cell state counterparts. For
differential expression and conserved marker calculation both data sets were merged and genes
located on the sex chromosomes were excluded to avoid biases resulting from comparison of

only male TLS with in vivo cells from male and female embryos.

Analysis of conserved marker genes

The conserved marker genes were calculated on the integration of the TLS and embryo data as
described above using the FindConservedMarkers function with default setting. Cut-offs used
were set to a minimum percentage difference of 25% (for percent of cells expressing the gene
of interest (GOI)), and an absolute minimum log2FC of 1. See Data S9 for lists of top 25

conserved marker genes.

Analysis of differentially expressed genes between TLS and embryo
TLS and embryo data were integrated as described above. For the analysis, the in vivo cell states
were used as a reference, and compared to the TLS cells attributed to that cluster. To this end,

the percent of cells expressing a gene as well as the average expression for that gene in the in
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vivo cell states as well as the in vitro cells attributed to that cluster was computed using the
FindMarkers function with default settings. Differential expression between TLS and embryo
was tested for either all the genes expressed in the cluster of interest, or the 20 top marker genes
of each in vivo cell states. Cut-offs used were a minimum percentage difference of 25% (for
percent of cells expressing the gene of interest (GOI)), and an absolute minimum log.FC of 1.
See Data S9 for list of genome wide differentially expressed marker genes.

RNA velocity and pseudo-time analysis

RNA velocity was calculated using the velocyto tool (25, 61) and visualized using scanpy (60).
Trajectory inference and pseudo-time analysis were done using the scanpy package PAGA (62).
The previously calculated UMAP and cell cluster assignment was used for velocity projection
and trajectories for pseudo-time. For pseudo-time analysis, somitic clusters (“Somite (0)”,
“Somite”, “Somite (Dermo)”, “Somite (Sclero)”’) were merged, the putative NMP cluster was

set as root and 108h and 120h cells were analyzed separately.

Differentiation trajectories in TLS

We used Harmony (63), an algorithm to bridge time points, and combined it with Palantir (63,
64), an algorithm that infers cell fate potential, as previously published by the Peer lab (63); In
line with their analysis, we used these algorithms to construct a temporal map of the developing
TLS to identify when fate decisions occur.

After loading gene-barcode matrices, we performed normalization, variable gene selection and
log transformation using the Harmony default settings. Next, we used Harmony to calculate the
augmented affinity matrix and force directed layout for the 96h, 108h and 120h TLS samples.
To infer cell fate potential and branch probabilities we used a 96h NMP cell as start cell (BC:
GACCCAGAGTTGGCGA).

Using Palantir (default settings), we predicted two differentiation branches- one with an
endpoint in the neural cluster and one with an end point in the somitic clusters and a hot spot
of differentiation potential in the NMP cluster.

Subsequently, we used the MAGIC imputation algorithm (65) to visualize the expression of T
and Sox2 along the two branches and visualized onto the layout as well as a gene trend line
graph using the inferred pseudo-timing. Finally, for the NMP cells, the normalized expression
of Sox2 and T (as determined by Seurat) were contrasted with their differentiation potential and

the expression of Thx6 and Sox1.
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Bulk RNA-seq of gastruloids and trunk-like-structures

Processing and expression levels

RNAseq triplicates of 96h aggregates, 120h gastruloids, TLS, TLS® and TLS® were pre-
processed using cutadapt (66) to remove adapter and trim low quality bases. Reads were
subsequently aligned against the reference genome mm10 using STAR (67) (parameter:
outSAMtype BAM SortedByCoordinate --outSAMattributes Standard --outSAMstrandField
intronMotif --outSAMunmapped Within --quantMode GeneCounts). Finally, Stringtie (68) was
used for transcript assembly, e.g. calculation of strand-specific TPMs. The three biological
replicates highly correlate between each other (Fig. S24G).

Differential gene expression

Differential expression analysis was done independently per group comparison using the R
package DESeq?2 (69) using the raw expression counts from STAR's reads per gene output. z-
scores  were  calculated according to the  formula  ((VALUE(sample)-
AVERAGE(all_samples))/STDEV (all_samples). TPM values for all genes can be found in
Data S10.

Gene Set Enrichment Analysis (GSEA)

GSEA was performed using the R package “fgsea” (70) (minSize=5, maxSize=500, number of
permutations = 10,000) taking all genes statistically differentially expressed between TLS and
gastruloids (FDR < 0.05, no log2FC cut-off).

Plotting
Plots were generated with GraphPad Prism 7, R 3.6.0 and R 3.6.1, Python, and PlotTwist (71).

Data availability
Bulk and single-cell RNA-Seq data have been deposited in the Gene Expression Omnibus

(GEO) under accession code GSE141175.

Code availability

All computational code used in this study is available upon request.
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Statistical analysis:

One-way ANOVA followed by Tukey’s multiple comparison test was used to calculate p-
values. Raw data with associated statistics are provided in Data S1 and Data S5.
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Fig. S1. Induction of embryo-like morphology in trunk-like-structures

(A) Schematic of T::H2B-mCherry; Sox2::H2B-Venus double reporter mESCs (upper panel) and in vivo
validation by tetraploid complementation (bottom panel). Optical sections of light sheet imaging of an
E9.0 mouse embryo caudal end (bottom-left panel) and of somites and neural tube (bottom-right panel).
Scale bar 50um. (B) Wide-field fluorescent and bright-field images of 120h gastruloids. Samples are
representative for n=3 independent experiments. Scale bar 200um. (C) Lightsheet, confocal and wide-
field microsopy of 120h TLS. 1-5. Wide-field; 6,9. optical sections confocal imaging; 7,8. Optical
sections of light sheet imaging. TLS were obtained in n=6 different experiments. (D) Lightsheet imaging
showing in transversal section somites and neural tube relative position (somites are bilateral to the
neural tube) and quantification of the frequencies of uni vs bilateral TLS. White asterisks indicate
somites, red asterisk indicates the neural tube. Scale bar 50um. (E) Wide-field fluorescent and bright-
field images of 120h gastruloids treated with CHIR or CHIR+LDN from 96 to 120h showing no signs
of segmentation in the absence of 5% matrigel. Samples are representative for n=2 independent
experiments. (F) Quantifications of gastruloids from conditions in (E). Treatment of gastruloids with
CHIR and LDN does not significantly alter the axis formation and induction of a T™“H* pole, and is not
able to induce segmentation. Samples were obtained from n=2 independent experiments. (G) Wide-field
fluorescent and bright-field images of 120h TLSC. (H) Wide-field fluorescent and bright-field images
of 120h TLS®". In B,C,E and G,H, scale bar is 200um, except for magnifications, where scale bar is
50um. Samples are representative for n=6 independent experiments. (I) Flow cytometry raw plots to
demonstrate gating settings and corresponding quantification of percentage of T™"™ (mesodermal),
Sox2VE* (neural), and T™"/Sox2VE* (neuromesodermal) cells in individual gastruloids and TLSs. Dots
represent individual TLS/gastruloids, line indicates median. Gastruloids were measured with BD
Celesta, TLSs with BD FACSAria Il. Samples were obtained in n=3 independent experiments.
Statistical analysis in Data S1.
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Fig. S2. Apical-basal polarity in trunk-like-structures and gastruloids

(A) Confocal sections showing F-actin localization in TLS® and TLS®" as visualized by Phalloidin
staining. Note the clear apical-basal polarity of cells in the somites. Scale bar 50um, 20um for the
magnification. (B) Confocal sections showing NCAD staining in TLSC!. Both in the somites (white
arrowheads) and neural domain (red arrowhead) cells are polarized with NCAD accumulated at the
apical surface. Scale bar 100um, 50um for the magnification. (C) Confocal sections showing F-actin
localization in gastruloids as visualiyed by Phalloidin staining. For each staining the proportion of
structures exhibiting the reported pattern is shown. Scale bar 50um, 20um for the magnifications.
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Fig. S3. Formation of gut-like-structures in trunk-like-structures

(A) 3D maximum intensity projection of TLS (upper panels) stained for FOXA2 (blue) showing the gut-
like-structure. Scale bar 50um. Transversal view of a 3D maximum intensity projection of TLS (lower
panel) showing the relative position of neural tube and the gut-like-structure. Red asterisk indicates the
neural tube, white asterisks indicates the gut-like-structure. Scale bar 20um. (B) Confocal sections
showing the FOXA2* (upper panel) and SOX17* (bottom panel) gut-like structure in TLS. Note
FOXA2*/TmCH-Nigh cells at the base of the gut (white arrowheads). Red arrowheads indicate somites.
Scale bars 25um. (C) Confocal section showing gut-like structure in TLS®. (D) 3D maximum intensity
projection showing gut-like structure in TLSCL. In the magnifications (right panels) in (C,D) white
arrowheads indicate FOXA2*/TmCHNigh ce||s at the base of the gut. Red arrowheads indicate gut tubular
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cavity. In C-D scale bar 50um for 3D maximum intensity projections, 20um for magnifications. For all
stainings in A-D the proportion of structures exhibiting the reported pattern is shown. (E) Distributions
of gut tube length, width, length/width, area, volume, solidity and sphericity in TLS (N=5). Line
represents the median.
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Fig. S4. Morphometric measurements in gastruloids, TLS, TLS® and TLS®-

(A) Boxplots showing area, perimeter, perimeter/area, compactness, roundness and circularity
distributions for gastruloids TLS, TLS® and TLS®" whole structures and volume, sphericity for TLS,
TLS® and TLS® whole structures. Boxes indicate interquartile range. End of whiskers represent
minimum and maximum. Symbols indicate individual structures. Central line represent the median.
Gastruloids (N=10), TLS (N=21), TLS® (N=6), TLS®" (N=6). (B) Time-resolved whole-structure
morphometry of TLS (N=7), TLS® (N=3), TLS®" (N=4). (C) Width of the neural domain along the
anterior-posterior axis in individual TLS, TLS® and TLS" (upper panel) and distributions of length,
width, length/width, area, area neural/area whole structure, perimeter, solidity, circularity volume
neural/volume whole structure and sphericity of the neural domain in TLS, TLS® and TLS - Symbols
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indicate individual structures. Line represents the median. TLS (N=15), TLS® (N=5), TLS-(N=6). (D)
Boxplots showing area, perimeter, length, width, solidity, roundness and circularity distributions for
TLS, TLSC,TLS® and E8.5 mouse embryo somites and distribution of number of somites per trunk-
like-structure. Boxes indicate interquartile range. End of whiskers represent minimum and maximum.
Symbols indicate individual somites. Central line represents the median. TLS (N=6; n=63), TLS® (N=4;
n=95), TLS® (N=3; n=63), embryo (N=2; n=16). N = number of gastruloids/TLSs/embryo; n = number
of somites. Statistical analysis for all comparisons in Data S5.
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Fig. S5. Sequential segmentation in TLS, TLS® and TLS®" somites

(A) Stills from bright-field live imaging showing sequential generation of somites along the anterior-
posterior axis in TLS, TLS® and TLS". Arrowheads indicate individual somites (in TLS) or somitic
bursts (in TLS® and TLS) throughout time, with individual colours tracking individual somites or
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somitic bursts. Scale bar 100um. A, anterior; P, posterior. (B) Generation of new somites (in TLS) or
somitic bursts (in TLS® and TLS®") over time in individual structures. Red line indicates the in vivo 120
minutes interval. (C) Boxplot showing the segmentation period for TLS, TLS® and TLS®" as compared
to in vivo. Boxes indicate interquartile range. End of whiskers represent minimum and maximum.
Symbols indicate individual somites, that are color coded by the structure of origin. Central line
represent the median. N = number of TLSs; n = number of somites. Structures were obtained in at least
n=3 independent experiments.
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Fig. S6. Bulk RNA-Sequencing of gastruloids and trunk-like-structures

(A) Schematic of experimental set-up. N=number of replicates, n=number of pooled structures per
replicate. (B) Heatmap with scaled expression (row z-score) of known marker genes of posterior
presomitic mesoderm (pPSM) (12). Scores are an average of the 3 independent replicates per condition.
(C) Heatmap with scaled expression (row z-score) of neural tube known marker genes. Scores are an
average of the 3 independent replicates per condition. Boxplot shows distribution of z-scores (per
column) for different conditions. Dots indicate outliers. (D) Boxplots showing distribution of z-scores
for known marker genes of indicated tissue layers. Endo, Endoderm; IM, Intermediate Mesoderm; LPM,
Lateral Plate Mesoderm; PSM, Pre-Somitic Mesoderm. Boxes indicate interquartile range. Whiskers
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extends to 1.5xIQR from the hinge. Dots indicate outliers. Central line represent the median. (E)
Heatmap of scaled expression (row z-score) of somite epithelialization factors in gastruloids, TLS, TLS®
and TLSCL. Scores are an average of the 3 independent replicates per condition. (F) Schematic overview
of signaling factors involved in somite compartmentalization in vivo. M, medial; L, lateral; D, dorsal,
V, ventral. (G) Heatmap with scaled expression (row z-score) of (left panel) signaling factors depicted
in (F) and (right panel) marker genes for different somite compartments in vivo. A, anterior; P, posterior;
M, medial; L, lateral; D, dorsal; V, ventral. Scores are an average of the 3 independent replicates per
condition. (H) Gene Set Enrichment Analysis enrichment plots of selected significant pathways. (1)
Volcano plot of genes involved in tissue and embryonic morphogenesis (first panel). Dot size scales
with log. of absolute expression. Red dots, absolute log.FC>1 and padj<10e™®. Green dots, absolute
logoFC>1. Upper dotted line, padj (FDR)=10e*®; bottom dotted line, padj (FDR)=0.05. Up- and
downregulated genes involved in embryo & tissue morphogenesis (second two panels). Dot size scales
with log: of absolute expression. Red dots, log:FC>2 and padj<10e®. Green dots, log:FC > 2. Upper
dotted line, padj=10e®; bottom dotted line, padj(FDR)=0.05. Green label, involved in somitogenesis;
orange label, involved in blood vessel development; yellow label, involved in both (33-41). List of
genes used for each category in (C), (D) and (E) and statistical analysis in Data S1.
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Fig. S7. Expression of cell adhesion molecules in gastruloids and TLS

(A) Heatmap with scaled expression (row z-score) of cadherins, protocadherins, and ephrins in
gastruloids and TLS. Boxplots show distribution of z-scores (per column) for different samples. Boxes
indicate interquartile range. Whiskers extends to 1.5xIQR from the hinge. Dots indicate outliers. Central
line represent the median. Every column in each heatmap represents one of the three biological
replicates. (B) Heatmap of scaled expression of genes in (A) with significantly differential expression
(FDR<0.05). (C) Heatmap showing TPM values for the matrisome related genes in gastruloids and TLS.
Highlighted are basement membrane components. Note that Fibronectin (Fnl) is the highest expressed
basement membrane component in both gastruloids and TLS. Every column represents one of the three
biological replicates. (D) Confocal section showing FN1 staining in gastruloids (upper panel) and TLS®t
(lower panels). White arrowheads indicate FN1 accumulated around the somite structures in TLSCt. The
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proportion of structures exhibiting the reported pattern is shown in the left bottom corner. Upper panel
scale bar 50um. Lower panel 100um, 50um for magnification. Statistical analysis in Data S1.
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Fig. S8. NanoString analysis of individual TLS

(A) Heatmap correlation plot and PCA analysis of mESCs, E8.5 and E9.5 post-occipital embryo, and 9
individual TLS based on expression of 41 developmental genes measured by NanoString analysis. PC1
and PC2 represent the two components with highest percentage of explained variance. (B) Dot plot for
45 genes (41 test genes and 4 housekeeping genes (red font)). Dot size scales with log, of expression.
Color indicates log, (max/min) as a proxy for range of expression. Genes are ranked from lowest range
(upper left) to highest range (bottom right). (C) Heatmap with normalized counts of indicated in vivo
marker genes for embryonic cell types in mouse embryonic stem cells (MESCs), the E8.5 and E9.5 post-
occipital embryo, and 9 individual TLS. Pluri, pluripotency; Neuro, neuro-ectoderm; NMPs,
neuromesodermal progenitors; PSM, presomitic mesoderm; Endo, endoderm; Hox, Hox genes; HK,
housekeeping genes. Note i) high correlation between TLSs and the E8.5 post-occipital stage. ii)
Endothelial, NMP, NE, and somitic ME genes were reproducibly expressed at similar levels across all
replicates, whereas higher variation is present in the expression of PSM, endodermal, and pluripotency
genes.
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(A) Experimental set-up. Criteria for filtering and removal of doublets are described in Supplemental
Information. (B) Heatmap with scaled expression of top marker genes of the 14 identified clusters. (C)
UMAPs coloured by sampled time-points.
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Fig. S10. Spatial allocation and analysis of differentiation dynamics of neuromesodermal
progenitors in trunk-like-structures

(A) Confocal section showing the location of SOX2*/T* putative heuromesodermal progenitors (NMPs)
in 96h trunk-like-structures. White arrowheads indicate SOX2*/T* domain/cells. The proportion of
structures exhibiting the reported pattern is shown. Scale bars 50um for upper panels, 20um for
magnifications. (B) 3D maximum intensity projection (whole structure) and confocal sections showing
co-expression of CDX2, T::H2B-mCherry and Sox2::H2B-Venus in NMPs at the posterior end of TLS.
The proportion of structures exhibiting the reported pattern is shown. Scale bar 50um, magnification
20um. (C) Immunostaining showing the localization of CDX2" cells (left panel) and quantification of
CDX2 and DAPI Mean Fluorescent Intensity (MFI) along the Anterior-Posterior axis of four trunk-like-
structures. Scale bars 100um. (D) UMAPs coloured by expression of indicated in vivo marker genes for
NMPs. (E) Diffusion maps showing NMP cluster and T/Sox2 expression after Harmony processing of
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single cell datasets from 96h, 108h and 120h TLS (left panel). Anti-correlation between pseudotime and
differentiation potential in the same Harmony diffusion map space with the NMP cluster as an anchor
point as calculated with Palantir (upper right panel). Pseudotemporal expression dynamics of T and
Sox2 along the neural and somitic trajectories and their calculated branching probabilities (bottom right
panel). (F) Time resolved scatter plots showing T/Sox2 expression in all single cells attributed to the
NMP cluster. Dot size scales with differentiation potential. Dot color indicates the relative ratio of Sox1
and Thx6 expression. Notably, Thx6-expressing cells retain a high differentiation potential, whereas
Sox1* cells are almost all committed.
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(A) Velocity and expression of in vivo marker genes of the somitic and neural trajectory projected on
the pooled (96+108+120h TLS) UMAP. Cells are coloured following the cluster colours in Fig. 3A.
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Fig. S12. Spatiotemporal progression of gene expression in TLS

(A) Heatmap with scaled expression of genes involved in somitogenesis in 4914 cells from 108h TLS
rooted in NMPs and ordered by pseudotime. aPSM, anterior PSM, pPSM, posterior PSM. (B) Heatmap
with scaled expression for neural lineage marker genes of each cluster that confer progenitor identity
along the DV-axis in vivo (left panel) and stacked bar plot showing subcluster distributions. D, Dorsal,
V, Ventral. (C) Heatmap with scaled expression of Hox genes in NMPs and their direct descendants

(Neural Tubel, pPSM), ordered by pseudotime after rooting in 96h.
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Fig. S13. Subclustering of TLS somitic cells

(A) UMAP representation of reclustering of 96h TLS somitic cells. (B) UMAP coloured by expression
of indicated in vivo marker genes for anterior and posterior somite compartments. (C) In vivo, the dorsal
somite compartment is marked by Pax3 expression and gives rise to dermamyotome and subsequently
migratory muscle precursors and myotome. The ventral somite compartment is marked by Pax1 and
gives rise to the sclerotome, which subsequently differentiates into chondrocytes and syndetome. (D)
UMAP representation of reclustering of 120h TLS somitic cells. (E) UMAP colored by expression of
indicated marker genes for dorsal and ventral somite compartments. Asterisk refers to Pax1*/Scx*
putative syndetome population. (F) Heatmap with scaled expression for top 10 marker genes of each
cluster. (G) UMAP coloured by expression of in vivo syndetome marker Scx. Note that the Scx domain
partially overlaps with a separate cluster of Pax1* cells (indicated with an asterisk in (E)). (H) UMAP
coloured by expression of posterior (upper panel) and anterior (bottom panel) markers Uncx and Thx18.

93



Science

AVAAAS

Prdm14
promoter Venus PDGFR pA 76h TLS

Prdm14-Venus Prdm14-Venus
Yamaji et al. 2008

Prdm14-Venus
|

Prdm14-Venus

Fig. S14. Primordial Germ Cell Like Cells (PGCLCs) in TLS

(A) Prdm14-Venus reporter mESC line derivation. Schematic of the reporter construct (upper panel).
Confocal section of an E7.5 mouse embryo and magnification of the Prmd14-Venus* PGCs and Prdm14-
Venus reporter expression in the E3.5 mouse blastocyst (left panel) from which mESCs were derived
(right panel). PDGFR, Platelet-derived growth factor receptor; pA, polyA. Scale bar 200pum, 20um for
magnifications. (B) Confocal sections of 76h aggregates showing co-expression of T and Prdm14VE,
White arrowheads indicate T/Prdm14VE double positive cells. Scale bar 20um. (C) Confocal section of
108h TLS showing PGCLCs that co-express Sox2VE and DPPA3. Scale bars 50um, 25um for
magnifications. (D) Confocal section of 120h TLS stained for FOXA2 and Sox2VE (left). Note how
Sox2VEhiah cells contact the FOXA2* cells in 120h TLS. Scale bars 50um. Confocal section of 120h TLS
stained for DPPA3 showing the whole structure from Fig. 4E (middle). Scale bars 50um. Confocal
section of 120h TLS stained for DPPA3 and showing PGCLCs co-expressing Prdm14VE and DPPA3
(right). Scale bar 10um. In (B-D) the proportion of structures exhibiting the reported staining pattern is
shown.
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Fig. S15. Comparative sc-RNA-seq of TLS, TLS" and gastruloids

(A) Experimental set-up for comparative sc-RNA-seq. (B) Integrated and split UMAP of cells from
gastruloids, TLS and TLS®* showing differences in cluster proportions for the three protocols. Cells
were assigned based on the 120h TLS clustering (see Supplemental Information for details). (C) Stacked
bar plots showing the differential proportions of the cell states in the three protocols (gastruloids, TLS
and TLSY). Note i) the drastically increased proportion of endothelial cells in TLS and TLS- compared
to gastruloids; ii) the increased proportion of sclerotomal cells in TLS compared to gastruloids; iii) the
almost absence of sclerotomal and more mature neural cells in TLS. (D) Integrated UMAP colored by
identified clusters as in (A) with trajectories inferred from RNA Velocity for putative NMPs and
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descendants in 120h TLS (top panel) and 120h TLSCt (bottom panel). Note that in TLS" putative NMPs
are predicted to exclusively give rise to somitic descendants, whereas in TLS arrows point into the
direction of both neural and somitic clusters indicative of true bipotency. Moreover, note that in TLS®-
even early neural cells appear to revert to a somitic fate. (E) Split violin plots showing expression of
neural marker genes (top panels) and PSM marker genes (bottom panels) in T/Sox2 co-expressing
putative NMPs in 120h TLS and 120h TLSCt.
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Fig. S16. Comparative sc-RNA-seq of neural cells in TLS, TLS" and gastruloids

(A) Integrated and split UMAP of most mature neural cells extracted from gastruloids, TLS and TLS®-
(main cluster “Neural Tube 2”) colored by the five sub-clusters identified. Note the drastic reduction of
this cell-type in TLSCt. (B) Stacked bar plot showing the proportions of the five clusters in gastruloids,
TLS and TLS®t, (C) Heatmap of cluster averaged normalized expression of the key marker genes for
each of the five clusters. (D) Heatmap showing pairwise comparison between TLS and gastruloids of
cluster averaged normalized expression of selected genes for clusters preNT, NT2 and NT4. (E) UMAPs
colored by the expression of the indicated marker genes of NT subpopulations and split by condition
(gastruloids, TLS and TLS®"). Note that, although gastruloids and TLS are overall very similar, some
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important differences are revealed: i) preNT cells have a more advanced Hox code in TLS as compared
to gastruloids; ii) the expression of dorsal neural tube markers (including Msx1, Msx3, Zicl, Pax3) is
increased in TLS compared to gastruloids (13).
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Fig. S17. Comparison of somitic cell types in TLS, TLS®" and gastruloids by sc-RNA-seq
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(A) Integrated and split UMAP of somitic cells extracted from gastruloids, TLS and TLS®" colored by
13 subclusters identified. (B) Stacked bar plots showing the proportions of the 13 clusters in gastruloids,
TLS and TLS®". Note that putative hypaxial migratory limb muscle precursors, marked by Lbx1 (see
panel C,E,F) are exclusively detected in TLS (26). Moreover, sclerotomal cells are enriched in TLS
compared to gastruloids (see also panel D). Also note that WNT activation in combination with BMP
inhibition in TLS increased the fraction of Dmrt2/Wnt11/Tnnt2-expressing cells, which likely
represent epaxial dermomyotome, at the expense of hypaxial dermomyotome (14, 42). (C) Heatmap of
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cluster averaged normalized expression of the key marker genes for condition-specific clusters. Note
that marker genes of the migratory hypaxial precursor cluster comprise many BMP and TGFB-induced
genes (Id1, 1d2, 1d3, Tgfbi). (D) Blended split UMAPs showing the expression of Pax3 and Pax1 (upper
panel) or Pax1 and Sox9 (lower panel) in gastruloids, TLS and TLS. Note that Pax1*/Sox9* putative
chondrocyte precursors are more frequent in TLS compared to gastruloids. (E) Blended UMAP showing
two unique populations of cells expressing Kdr or Lbx1 specifically in the migratory hypaxial precursor
cluster in TLS. The Kdr* cells may represent dorsal somite-derived putative endothelial progenitors that
derive from the same progenitor as Lbx1* cells (43). (F) Split UMAPs colored by the expression of the
indicated cluster-specific genes in gastruloids, TLS and TLSt. (G) Split UMAPs colored by the
expression of the indicated putative epaxial dermomyotome marker genes in gastruloids, TLS and
TLSCt
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Fig. S18. Comparison of endothelial cell types and Hox progression in TLS, TLS®" and gastruloids

(A) Split UMAP of endothelial cells extracted from gastruloids, TLS and TLS® colored by two
identified endothelial sub-clusters. (B) Stacked bar plots showing the different proportions of the two
clusters in gastruloids, TLS and TLS®". (C) Heatmap of normalized expression of top 20 marker genes
for the two clusters. (D) UMAPs of endothelial cells from TLS colored by the expression of the indicated
genes. Note that, whereas pan-endothelial marker Kdr is expressed in both clusters, Meox1, Hopx and
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Id2 are specifically expressed in Endo 2 (Meox1*) cluster. In vivo, this gene signature is observed in
endotome cells that eventually induce haematopoietic stem cells (44). (E) Heatmap showing logioTPM
values for the indicated Hox genes in gastruloids and TLS in bulk-RNA-seq data. Each column
represents an independent biological replicate. (F) UMAPs colored by the expression of the indicated
late Hox genes in gastruloids and TLS.
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Fig. S19. Comparison of TLS cell states with post-occipital cell states of the mouse embryo

(A) Heatmap showing correlation of cell states identified in TLS (blue font) and cell states identified in
the post-occipital E7.5 and E8.5 embryo (red font) based on top 20 marker genes for in vivo clusters.
(B) Dot plots showing the ten most conserved cell state markers for indicated cell states between TLS
and the embryo. (C) Stacked bar plots with percentage of expressed genes (average expression in cluster
> 0) that are differentially expressed in TLS as compared to the embryo (min.diff.pct > 0.25 and log.FC
> 1). (D) Stacked bar plots with percentage of top 20 in vivo cluster marker genes that are differentially
expressed in TLS as compared to the embryo (min.diff.pct > 0.25 and log.FC > 1).
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Fig. S20. Loss of segmentation and molecular phenotype in Thx6”7 TLS models

(A) Schematic of two independent Thx6::H2B-Venus (Tbx6"E); Thx6” mESC lines with Sanger
sequencing validation. (B). Segmentation phenotype of TLSC-WT, TLSC-Tbx6”, TLS®--WT and
TLSC--Thx6". Data were obtained in 3 different experiments performed with 2 independent mESC lines
of each genotype. (C) gRT-PCR showing expression of (P)SM, NMPs and NE genes in FACS-purified
Thx6VE* cells from TLS-WT and TLS-Tbx6". LogioFC was calculated from the fold change ratio
between TLS-Thx6” and TLS-WT. Bars represent the mean of two biological replicates. (D) 3D
maximum intensity projections of TLS®-WT and TLSC-Tbx6” immunostained for Thx6YE (magenta)
and SOX2 (green). (E) 3D maximum intensity projections of TLS“-WT and TLSC-Tbx6™
immunostained for Tbx6YE (magenta) and SOX2 (green). (F) 3D maximum intensity projections of
Tbx6” gastruloids- immunostained for Tbx6Y® (magenta) and SOX2 (green). The proportion of
structures exhibiting the reported staining pattern is shown. Scale bars 100um.
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Fig. S21. Matrigel components screen to mimic TLS architecture in gastruloids

(A) Wide-field fluorescence imaging showing general tissue morphology and organization of neural
(Sox2VE*) and mesodermal (T™H*) domains in TLS and gastruloids. TLS (upper panel) shows the
formation of a neural tube and somites, while gastruloids (lower panel) do not display any clear embryo-
like architecture. (B) Adding the ECM components Laminin and Collagen IV (Col) to 96h gastruloids,
alone or in combination, fails to induce embryo-like morphogenesis in gastruloids in the absence of
matrigel. From top to bottom:; 0.06mg/ml Laminin (conc.1), 0.12mg/ml Laminin (conc.2), 0.12 mg/ml
Collagen 1V, 0.12 mg/ml Collagen IV + LMP agarose, 0.048 mg/ml Collagen 1V + 0.036mg/ml
Laminin, 0.048 mg/ml Collagen IV + 0.036mg/ml Laminin + LMP agarose, LMP agarose. LMP agarose
was prepared as a 1.5% stock solution, which was further diluted 1:20 in PBS. LMP, low melting point.
For each condition the proportion of structures exhibiting the shown morphology and T™°H/Sox2VE
distribution is shown. Scale bars 100um.
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Fig. S22. Cell state specific expression of matrisome components and cell adhesion molecules in
trunk-like-structures

(A) UMAP of 108h and 120h TLS colored by expression of indicated genes encoding cell adhesion
molecules. (B) UMAP of 108h and120h TLS colored by expression of indicated genes encoding
basement membrane components.
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Fig. S23. Expression of cell adhesion molecules in different cell-types in TLS, TLS®- and
gastruloids

(A) Dotplot showing the percentage of cells expressing indicated key cell adhesion molecules and their
average expression level in these cells. (B) Violin plots showing the expression of indicated genes in
single cells of different cell states in trunk-like-structures and gastruloids. NMPs, neuromesodermal
progenitors; pPSM, posterior pre-somitic mesoderm; aPSM, anterior pre-somitic mesoderm; S (-1),
Somite (-1); NT, Neural Tube; Som, Somite.
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Fig. S24. Quality control

(A) UMAP of 96h, 108h and 120h TLS colored by predicted cell cycle phase, showing that cells do not
cluster by cell cycle phase. To this end, first for each gene the cell cycle phase was estimated and
subsequently this source of heterogeneity was regressed out so that the scaled data could be used for
UMAP calculation without a cell cycle phase bias. (B) Statistics for each of the clusters before correction
for number of UMIs, genes and mitochondrial fraction. Cluster 10 is a clear outlier showing a strong
bias towards an extremely high mitochondrial fraction and cluster 11 was marked by a high percentage
of cells with an unusual high number of UMIs and detected genes (indicative of doublets), such that
after removal of these cells, only a small fraction of cells was left. Both clusters (10 and 11) were
therefore excluded from further analysis. Boxes indicate interquartile range (IQR). Whiskers extends to
1.5xIQR from the hinge. Dots indicate outliers. Central line represent the median. (C) Table displaying
the average number of UMIs and genes detected for all cells separated by cluster. The average number
of UMIs and genes is homogeneous between clusters and does not show any outliers. (D) UMAP of in
vivo cells from Somite and PSM cell states. UMAP coloured by initial cell state (left) compared to more
stringent cluster assignment (right). The stringent cluster assignment results in four sub-clusters, that
split “PSM" cluster into two equally sized clusters, while the “Somites" cluster splits into one larger
cluster and a second group of cells that are located at the transition of the previously identified Somites
and PSM cluster. (E) Heatmap of normalized expression of marker genes for the newly assigned four
clusters coming from in vivo “PSM* and “Somites™ cells. The two PSM clusters both show strong
expression of the same subset of marker genes, however, the new small subset bridging the PSM and
Somite cells has a clear anterior PSM (aPSM) signature. (F) Correlation analysis of bulk RNA-seq,
showing very high correlation between replicates of the same treatment. Only genes covered by all
samples and expressed in at least one sample were considered (n = 29,963) and the pairwise Pearson
correlation coefficient was calculated on the logx(TPM+1) values.
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Movies S1-S2. (separate files)

3D rendering of lightsheet imaging of TLSs generated with T::H2B-mCherry/Sox2::H2B-
Venus double reporter cell line. For Movie S1, sample was stained with a mCherry and Venus

antibodies. Movie S2 shows reporter signals without antibody staining.

Movies S3-Sb. (separate files)

Wide-field live imaging of TLS after embedding in matrigel 96h post-aggregation showing
elongation, somite segmentation, and neural tube formation. Movie S3: 3 TLSs; Movie S4: 2

TLSs; Movie S5: 2 TLSs; Similar results were obtained in n=5 independent experiments.

Movies S6-S7. (separate files)

Wide-field live imaging of TLSC after embedding in matrigel 96h post-aggregation showing
elongation, somite segmentation and organization in bunches of grapes, and limited neural
tube formation. Movie S6: 2 TLS®; Movie S7: 2 TLSC. Similar results were obtained in n=4

independent experiments.

Movies S8-S9. (separate files)

Wide-field live imaging of TLSC! after embedding in matrigel 96h post-aggregation showing
elongation, somite segmentation and organization in bunches of grapes, and limited neural
tube formation. Movie S6: 2 TLS®Y; Movie S7: 2 TLS®. Similar results were obtained in

n=4 independent experiments.

Movie S10. (separate file)
3D rendering of lightsheet imaging of TLS stained with Phalloidin, FN1 and DAPI.

Data S1. (separate file)
Lists of genes used to generate plots from Fig. S11, Fig. 2B,F, Fig. S6C,D,E and Fig. S7 and

corresponding statistical analysis
Data S2. (separate file)

Significantly enriched processes in TLS versus Gastruloids as revealed by Gene Set

Enrichment Analysis
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Data S3. (separate file)
Overview of buffers, culture media, kits, and antibodies used in this study

Data S4. (separate file)
Sequences of oligos, gRNAs and in situ hybridization probes used in this study

Data Sb5. (separate file)
Morphometric quantifications of TLSs full structures and substructures and segmentation

clock periods with corresponding statistical analysis

Data S6. (separate file)

Raw Ct values and quantification from quantitative PCR analysis

Data S7. (separate file)

Details of Nanostring probes used in this study and Nanostring normalized gene counts

Data S8. (separate file)
Marker genes for TLS clusters (single-cell RNA-Seq) & Marker genes for embryo clusters
(single-cell RNA-Seq)

Data S9. (separate file)
Top 25 conserved cluster marker genes between TLS and embryo & Genes differentially

expressed between TLS cell types and their corresponding in vivo cell type

Data S10. (separate file)
Expression values in TPM (Transcripts Per Million) for all genes (bulk RNA-Seq)
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Generation of Mouse Pluripotent Stem Cell-derived Trunk-like Structures:
An in vitro Model of Post-implantation Embryogenesis
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Post-implantation mammalian embryogenesis involves profound molecular, cellular and
morphogenetic changes. The study of these highly dynamic processes is complicated by
the limited accessibility of in utero development. In recent years several complementary
in vitro systems comprising self-organized assemblies of mouse embryonic stem cells, such
as gastruloids, have been reported. We recently demonstrated that the morphogenetic
potential of gastruloids can be further unlocked by the addition of a low percentage of
Matrigel as an extra cellular matrix surrogate. This resulted in the formation of highly
organized trunk-like structures (TLSs) with a neural tube that is frequently flanked by
bilateral somites. Notably, development at the molecular and morphogenetic levels is
highly reminiscent of the natural embryo. To facilitate access to this powerful model, here
we provide a detailed step-by-step protocol that should allow any lab with access to
standard cell culture techniques to implement the culture system. This will provide the
user with a means to investigate early mid-gestational mouse embryogenesis at an
unprecedented spatiotemporal resolution.

Keywords: Trunk-like structures, Gastrulation, Somites, Self-organization, Morphogenesis,
Gastruloids, Embryoids, Organoids, In vitro models, Stem cells
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Gastrulation and early organogenesis represent developmental events that are crucial for the
successful generation of a functional body plan. In mammals, these processes start just after the
embryo implants in utero, and within few days, a variety of morphologically and functionally
diverse tissues emerge. It is currently difficult to study these highly dynamic changes in vivo,
and ex vivo culture of post-implantation mouse embryos is laborious, costly, and requires
rigorous training, which often renders it impractical for most laboratories. These impediments
have led to extensive efforts to model post-implantation and early mid-gestational development
in vitro using embryonic stem cells (reviewed in Shahbazi and Zernicka-Goetz 2018; Shahbazi
et al., 2019; Baillie-Benson et al., 2020; Veenvliet and Herrmann, 2021). In particular, post-
implantation development can be modelled with gastruloids, mouse or human embryonic stem
cell (mESC/hESC) aggregates that self-organize (van den Brink et al., 2014 and 2020; Moris
et al., 2020). The original mouse gastruloid culture protocol resulted in elongated structures
with embryo-like expression domains similar to the post-occipital mouse embryo and with
correct positioning of the three body axes, but limited morphogenesis (van den Brink et al.,
2014; Baillie-Johnson et al., 2015; Beccari et al., 2018a and 2018b; Turner et al., 2017). More
recent efforts have managed to introduce embryo-like morphological features by changing the
cellular environment, such as the formation of somite-like structures or a heart tube (van den
Brink et al., 2020; Rossi et al., 2021). Further advances have demonstrated that the addition of
an extra-cellular matrix (ECM) surrogate to gastruloids can trigger a more embryo-like
architecture with a gut tube as well as somites flanking a neural tube (Veenvliet et al., 2020).
We dubbed these embryonic organoids trunk-like structures (TLSs), since they resemble the
core part of the trunk of an early mid-gestational embryo (~embryonic stage (E) 8.5-9).
Importantly, during the timeframe of TLS induction (96-120 hour post-aggregation), the gene
regulatory programs are highly similar to the developing embryo. Moreover, the segmentation
clock, an oscillator driving the rhythmic deposition of somites in vivo, is active at an embryo-
like pace in the TLS (Pourquié, 2003; Veenvliet et al., 2020).

The TLS model is easy to access, track, manipulate, and scale, which makes it a powerful tool
to study post-implantation and early mid-gestational mammalian development in a dish. Here,
we provide a comprehensive step-by-step procedure to facilitate the generation of trunk-like
structures. We also describe how to process TLSs for downstream analysis, including whole-

mount immunofluorescent staining and (single cell) RNA sequencing.

116



bio-protocol

Materials and Reagents
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15.
16.
17.

18.

19.

20.
21.

22.
23.
24,

Pipet tips, variable volumes (Biozym, SafeSeal SurPhob VT)

1.5 ml tubes (Sarstedt, catalog number: 72.706)

15 ml Falcon tubes (Sarstedt, catalog number: 62.554.502)

50 ml Falcon tubes (Sarstedt, catalog number: 62.547.254)

6 cm cell culture plates (Sarstedt, catalog number: 83.3901.300)

Ultra-low attachment 96-well plates (Corning, Costar, catalog number: CLS7007)
6-well cell culture plates (Corning, catalog number: 3516)

10 cm cell culture plates (Corning, catalog number: 430167)

Luna cell counting slides (Logos Biosystems, catalog number: L12001)

. U-Slide 8-well glass bottom (Ibidi, catalog number: 80827)

. Flowmi cell strainers 40 um (Merck, catalog number: BAH136800040)

. Bottle top vacuum filter unit (Corning, catalog number: CLS431096)

. KnockOut DMEM (Gibco, catalog number: 10829018)

.100x Penicillin (5000 U/ml)-Streptomycin (5000 pg/ml) (Lonza, catalog number:

DE17-603E)

100x Glutamine, 200 mM (Lonza, catalog number: BE17-605E)

100x Nucleosides (Sigma, catalog number: ES-008D)

Gibco 2-Mercaptoethanol, 55 mM solution in DPBS (Gibco, catalog number:
21985023)

Fetal Calf Serum (FCS), both regular (Pan Biotech, catalog number: P30-3306) and
qualified and embryonic stem cell culture tested (Pan Biotech, catalog number: P30-
2602)

TrypLE (Gibco, catalog number: 12604013) OR 0.05% Trypsin-EDTA (1x) (Gibco,
catalog number: 25300-054)

NDiff 227 medium (Takara, catalog number: Y40002)

CHIR99021 InSolution (Sigma, catalog number: 361571) OR 10 mM in dimethyl
sulfoxide (DMSO) (Tocris Biosciences, catalog number: 4423)

LDN193189 (Reprocell, catalog number: 04-0074-10)

DMSO (Sigma, catalog number: D2650)

Matrigel Growth Factor Reduced (GFR), Phenol Red-free (Corning, catalog number:
356231) — multiple lots/batches have been tested yielding similar results in terms of

trunk-like-structure generation efficiency
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34.
35.
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37.
38.
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Gelatin 2% solution (Sigma, catalog number: G1393)

DPBS, w/o MgCl,/CaCl; (Gibco, catalog number: 14190144)

PBS with MgCl2/CaCl, (Sigma, catalog number: D8662)

Murine Leukemia Inhibitory Factor (LIF) ESGRO™ (10’U/ml) (Millipore, catalog
number: ESG1107)

Trypan Blue (Bio-Rad, catalog number: 1450021)

UltraPure Dnase/Rnase-Free Distilled Water (Invitrogen, catalog number: 10977049)
Reagent Reservoirs 60 ml (Merck, catalog number: BR703411)

Bovine Serum Albumin powder (BSA) (Sigma, catalog number: A2153)

Dulbecco’s Modified Eagle's Medium (DMEM) 4,500 mg/ml glucose, without sodium
pyruvate (Lonza, catalog number: BE12-733F)

Cell culture grade water (Lonza, catalog number: BE17-724Q)

0.1% Gelatin solution (see Recipes)

Mouse embryonic fibroblast (MEF) medium (see Recipes)

Mouse embryonic stem cell (MESC) medium (see Recipes)

PBS/0.5% BSA solution (see Recipes)

Equipment

1.
2
3.
4
5

7.
8.
9.

10.

Biological safety cabinet (Thermo Fisher Scientific, model: Herasafe KS12)

. Clean horizontal laminar flow hood (Thermo Fisher Scientific, model: HeraGuard ECO)

Cell culture incubator (Thermo Fisher Scientific, model: Heracell Vios 160i)

. Cell culture centrifuge (Eppendorf, model: Centrifuge 5804R)

. Variable volume pipets and multichannel pipets (Eppendorf, model: Research® plus

pipet)

Horizontal light source, Light ring (Nikon, P-DF LED Darkfield Unit) or other
stereomicroscope stand

Automated cell counter (Logos biosystems, Luna automated cell counter, L10001)
Cell culture water bath (LAUDA Aqualine, catalog number: AL18)

Tissue culture vacuum pump (Vacuubrand, catalog number: 20727200)
Microcentrifuge (Eppendorf, model: 5424R)

Equipment set up:

1.

Cell culture incubators are set to 37°C, 5% CO-.
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NOTE: We have also successfully generated TLSs at 7.5% CO3, but routinely use 5%.
2. Cell culture water bath (set to 37°C).

3. All centrifugation steps are performed at room temperature, unless otherwise indicated.
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Procedure

A. Seeding mouse embryonic fibroblasts (MEFs)
NOTES:

a.
b.

C.

o g ~ w

Seed MEFs at least one day prior to seeding the mESCs.

Pre-warm MEF medium in the water bath for at least 20 min before starting.

MEF plates should be used within one week of seeding.

Coat a 6 cm cell culture plate with 3 ml 0.1% gelatin solution.

NOTE: Gelatin coated culture plates have to be prepared fresh on the day of seeding

MEFs and cannot be stored.

Leave the plate at room temperature for 15 min.

Next, thaw a vial of mitotically inactive MEFs at 37°C in the water bath.

NOTES:

a. Inactive MEFs are mitotically inactivated in-house using mitomycin C treatment (3
h at 37°C).

b. You need 1.0 x 10° MEFs to coat a 6 cm cell culture plate. Thaw the appropriate
number depending on the number of 6 cm cell culture plates needed.

Add the MEFs to a 15 ml Falcon tube containing 5 ml pre-warmed MEF medium.

Centrifuge the cells at 200 x g for 5 min.

While centrifuging, aspirate gelatin from each 6 cm plate and add 2 ml MEF medium.

Aspirate the supernatant from the 15 ml tube containing MEFs and resuspend the cell

pellet at a concentration of 1.0 x 106 cells per ml.

NOTE: Viable MEFs are counted at the time of freezing and there is no need to count

them again after thawing.

Add 1 ml cell suspension to each prepared 6 cm plate.

Place the plate in the incubator and swirl the plate to ensure even distribution of cells.

B. Seeding mouse embryonic stem cells (MESCs)
NOTES:

a.
b.

Pre-warm mESC medium in the water bath for at least 20 min before starting.

We routinely use mESCs with an F1G4 genetic background for TLS protocol generation
(George et al., 2007).

Thaw a vial of mESCs at 37°C in the water bath immediately before plating.
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NOTE: You need 3.5 x 10° mESCs for a 6 cm MEF-coated plate. Thaw the appropriate
number depending on the number of 6 cm cell culture plates needed.

Add the mESCs to a 15 ml Falcon tube containing 5 ml pre-warmed mESC medium.
Centrifuge the cells at 200 x g for 5 min.

While centrifuging, aspirate MEF medium from each 6 cm plate containing MEFs and
add 2 ml mESC medium.

Aspirate the supernatant from the 15 ml tube containing mESCs and resuspend the cell
pellet at a concentration of 3.5 x 10° cells per ml.

NOTE: Viable mESCs are counted at the time of freezing and there is no need to count
them again after thawing.

Add 1 ml cell suspension to each MEF coated 6 cm plate.

Place the plate in the incubator and swirl the plate to ensure even distribution of cells.

Replace the medium daily with 3 ml fresh mESC medium.

. Passaging mESCs
NOTES:

a.

Passage mESCs every 48 h at a splitting ratio of 1:8-1:10. Colony density and
morphology should look similar to that shown in Figure 1A. Do not let your culture
overgrow (Figure 1B).

The splitting time and ratios detailed here are optimized for the mESC lines used in
Veenvliet et al., (2020). Based on the proliferation rate of the mESC line used, splitting
times and ratios may need to be adjusted. This may be especially true if transgenic lines
and/or mESCs with different genetic background are used.

Pre-warm mESC medium and TrypLE in the water bath for at least 20 min before
starting.

Prepare MEF-coated plates one day prior to passaging mESCs.

Instead of TrypLE, 0.05% Trypsin-EDTA can be used.
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Overgrown

Figure 1. Optimal embryonic stem cell culture densities for successful TLS generation. A.
mESC culture densities suitable for TLS generation (24 h and 48 h after seeding). B. mESC
culture density unsuitable for TLS generation (96 h after seeding). Scale bars for all panels, 50

pum.

10.

11.
12.
13.

Aspirate the medium from the mESC plate and wash with 3 ml DPBS.

Aspirate the DPBS and add 1 ml TrypLE.

Ensure that the plate surface is evenly covered with TrypLE and place it in the incubator
at 37°C for 5 min.

After 5 min, dislodge the colonies with a P1000 pipet set to 800 ul by pipetting up and
down in the plate 20 times.

Inactivate the TrypLE by adding 1 ml mESC medium and pipet further to obtain a single
cell suspension.

Transfer the cell suspension to a 15 ml Falcon tube and wash the plate with an additional
3 ml mESC medium to recover all cells. Transfer these cells to the same 15 ml tube.
Centrifuge the cells at 200 x g for 5 min.

While centrifuging, aspirate the MEF medium from the previously prepared 6 cm plate
containing MEFs and add 2 ml mESC medium.

Aspirate the supernatant from the 15 ml tube containing mESCs and resuspend the cell
pellet in 2 ml mESCs medium.

Add the appropriate amount of cell suspension to each MEF-coated 6 cm plate (ratio
1:8-1:10 - 200-250 pl).

Adjust the final volume to 3 ml.

Place the plate in the incubator and swirl the plate to ensure even distribution of cells.
Replace the medium daily with 3 ml fresh pre-warmed mESC medium.
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D. Generation of trunk-like structures (TLSs)
NOTES:

a.

The input cell number for each well detailed here is optimized for the mESC lines used
in Veenvliet et al., (2020). Based on the proliferation rate of the mESC line (especially
for transgenic lines and/or mESCs with a different genetic background), the cell amount
may need to be adjusted to reach the same efficiency reported in Veenvliet et al., (2020).
We recommend first optimizing the standard gastruloid protocol for new cell lines,
using gastruloid elongation efficiency as a fast experimental readout (Cermola et al.,
2021). In our experience, good gastruloid elongation efficiency (>95%) is essential to
achieve a similar TLS efficiency to that reported in Veenvliet et al., (2020). A routine
optimization procedure involves the seeding of 100-600 mESCs per well, with a step
wise increase of 50 cells.

mESCs must be in culture for at least one passage before starting.

Pre-warm mESC medium and TrypLE in the water bath for at least 20 min before
starting.

Here, we use commercially available, quality controlled NDiff 227 medium (N2B27).
We and others have successfully generated gastruloids with home-made N2B27
(Beccari et al., 2018b); however, in our hands, more robust results of the gastruloid
and TLS protocols are obtained with the NDiff 227 medium.

Instead of TrypLE, 0.05% Trypsin-EDTA can be used.

A schematic overview of the TLS generation protocol indicating critical timepoints is
provided in Figure 2.
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Figure 2. Schematic overview of the TLS generation protocol. A. Workflow for the
generation of trunk-like structures (TLS) from seeding of MEFs to downstream analysis. MG,
Matrigel; CL, CHIR+LDN; MEFs, mouse embryonic fibroblasts; mESCs, mouse embryonic
stem cells.

D1. Prepare 6-well plate for MEF depletion

1.

Coat three wells of a 6-well plate with 2 ml 0.1% gelatin solution for each 6 cm plate
that will be used for TLS generation.

Incubate the 6-well plate at room temperature for 15 min.

Aspirate gelatin solution and add 1 ml mESC medium to each well.

Store plate in the incubator until use.

D2. Prepare a single cell suspension

1.
2.
3.

Aspirate the medium from the mESC plate and wash with 3 ml DPBS.

Aspirate the DPBS and add 1 ml TrypLE.

Ensure that the plate surface is evenly covered with TrypLE and place it in the incubator
at 37°C for 5 min.

After 5 min, dislodge the colonies with a P1000 pipet set to 800 ul by pipetting up and
down in the plate 20 times.

Inactivate the TrypLE by adding 1 ml mESC medium and pipet-mix.

Transfer the cell suspension to a 15 ml Falcon tube and wash the plate with an additional
3 ml mESC medium to recover all cells. Transfer these cells to the same 15 ml tube.
Centrifuge the cells at 200 x g for 5 min.

Resuspend the cell pellet in 1 ml mESC medium and pipet up and down 50 times.
NOTE: Here it is critical to achieve a proper single cell suspension to avoid losing
mESCs (or retaining MEFs) during MEF depletion and to ensure the best protocol
performance. We recommend checking for a proper single cell suspension under a

microscope.
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D3. MEF depletion
NOTE: An example how the wells with cells attached to the bottom should look like after

each step of MEF depletion is provided in Figure 3.

Well 1 _ Well 2 Well 3

©
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|

L .

= S % 2yl > =
After After After
25 min 20 min 15 min

Transfer Transfer

Figure 3. MEF depletion prior to mESC aggregation. MEFs attach to the 0.1% gelatin-
coated wells. Scale bars, 50 um.

NOTE: With consecutive transfers, the amount of attached cells decreases. After the third
incubation MEF depletion is completed and mESCs are ready to be used for aggregation.

1. Transfer the obtained cell suspension to a well of the prepared 6-well plate (see D1).
NOTE: Transfer the amount of mESCs present in one 6 cm plate into one well of the
prepared 6-well plate. The presence of too many cells could result in decreased
depletion efficiency.

2. Pipet-mix 10 times.

3. Place the plate in the incubator and swirl the plate to ensure even distribution of cells.
Leave untouched for 25 min.

4. Next use a P1000 pipet set to 1 ml to carefully transfer all the cells in suspension to
another well.

NOTE: It is critical not to dislodge the MEFs, which are attached to the bottom of the
wells.

5. Pipet up and down 10 times in the new well to ensure a single cell suspension.

NOTE: Cells may clump during the incubation; therefore, it is critical to pipet once the
cells are transferred to the new well. We recommend confirming under the microscope
that you have obtained a proper single cell suspension.

6. Place the plate in the incubator and swirl the plate to ensure even distribution of cells.

Leave untouched for 20 min.
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Next, use a P1000 pipet set to 1 ml to carefully transfer all the cells in suspension to
another well.

NOTE: It is critical not to dislodge the MEFs, which are attached to the bottom of the
wells.

Pipet up and down 10 times in the new well to ensure a single cell suspension.

NOTE: Cells may clump during the incubation; therefore, it is critical to pipet once the
cells are transferred to the new well. We recommend confirming under the microscope
that you have obtained a proper single cell suspension.

Place the plate in the incubator and swirl the plate to ensure even distribution of cells.
Leave untouched for 15 min.

During this last 15 min step, equilibrate the required amount of NDiff 227 in a 10 cm
dish in the incubator for at least 20 min. Longer incubation is also possible (e.g., NDiff
227 can be placed in the incubator after step 6. See Table 1 for the volume needed as a
function of the number of 96-well plates to seed).

NOTE: NDiff 227 is light-sensitive and should be protected from (direct) light as much
as possible.

Carefully transfer all MEF-depleted mESCs to a 15 ml Falcon tube with a P1000 pipet.
NOTE: It is critical not to dislodge the MEFs, which are attached to the bottom of the

wells.

D4. mESC aggregation (0 h)

NOTE: The first 96 h of the TLS protocol are similar to the gastruloids protocol (Baillie-
Johnson et al., 2015; van den Brink et al., 2014; Beccari et al., 2018b; Anlas et al., 2021).
Detailed protocols for gastruloid formation, including troubleshooting, are provided
elsewhere (Baillie-Johnson et al., 2015; Beccari et al., 2018b; Anlas et al., 2021).

1.
2.

Centrifuge the cells at 200 x g for 5 min.

Resuspend the cell pellet in 5 ml PBS with MgCl2/CaCl, and pipet up and down 20
times (Wash 1).

Centrifuge the cells at 200 x g for 5 min.

NOTE: In case of low starting cell numbers steps 2 and 3 can be omitted. This may
however slightly compromise protocol efficiency.

Resuspend the cell pellet in 5 ml pre-equilibrated NDiff 227 and pipet up and down 20
times (Wash 2).

Centrifuge the cells at 200 x g for 5 min.
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Resuspend the cell pellet in 500 ul pre-equilibrated NDiff 227 and pipet up and down
30 times. NOTE: It is critical to obtain a single cell suspension prior to counting and
plating.

For counting, prepare a 1:2 dilution of the cell suspension by adding 10 pl cell
suspension to 10 pl Trypan Blue.

Count using the Luna automated cell counter with the following set up: Dilution factor
-> 2; Noise reduction - 5; Live detection sensitivity = 5; Roundness = 85%; Min cell
size = 10 um; Max cell size > 20 um; Declustering level - High.

Transfer the amount of cells needed for the experiment to a new Falcon tube (see Table
1 for the number of cells needed as a function of the number of 96-well plates to seed).
Add the pre-incubated NDiff 227 volume needed to bring the cell suspension to a
concentration of 5.7 x 103 cells/ml (see Table 1 for volume to add as a function of the
number of 96-well plates to seed).

NOTE: This cell concentration is optimized for an input of 200 cells/well, which has
been shown to give high TLS generation efficiency for all cell lines tested (Veenvliet et
al., 2020). Similar results were obtained for inputs ranging from 200 to 250 cells/well.
Mix the new cell suspension vigorously and transfer it to a reservoir.

Use a multichannel pipet to transfer 35 pl to each well of an ultra-low attachment 96-
well plate. Pipet gently up and down in the reservoir between each transfer.

Gently tap the plate 5 times on a clean bench, transfer to the incubator, and allow
undisturbed aggregation for 48 h.

NOTE: Keeping NDiff 227 outside the incubator for longer periods of time (more than
5 min) will lead to disequilibration of the medium. Therefore, try to avoid keeping NDiff
227 or plates with freshly seeded cells in NDiff 227 out the incubator for too long. In
the case of handling multiple plates, we recommend putting each plate into the

incubator directly after pipetting.
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Number of 96- Volume of NDiff 227 to Total number of Volume of NDiff 227 required to
well plates equilibrate (ml) cells needed reach 5.7 x 108 cells/ml (ml)
1 12 2.2 x 10 3.85 minus cell volume
2 16 4.4 x10* 7.70 minus cell volume
3 20 6.6 x 10* 11.55 minus cell volume
4 24 8.8 x 10 15.40 minus cell volume
5 28 11 x 10* 19.25 minus cell volume

Table 1. Cell numbers and volumes required for mESC aggregation. The amounts are
calculated for an input of 200 cells/well in 35 ul. Volumes and cell numbers in column 4 are
calculated for 100 samples (instead of 96) per plate plus a 10% excess dead volume. In column
2, the volume of NDiff 227 to equilibrate is calculated based on the amount needed for washing
and counting the cells (5.5 ml per experiment, independent of the number of plates, see step
D4.4 and D4.6), plus the amount indicated in column 4, plus an extra volume to account for
dead space in the dish and evaporation during medium equilibration.

D5. CHIR pulse (48 h)
NOTES:

a.
b.

Start this procedure at least one hour before the end of the 48 h.

Cells at 48 h should have formed one single round aggregate with a diameter measuring
214 + 13 um (see Figure 4A).

CHIR99021 is light-sensitive and should be protected from (direct) light as much as
possible.

CHIR99021 should be aliquoted in single-use aliquots in brown (light-protected) sterile

tubes upon arrival and not subjected to repeated freeze-thaw cycles.

Equilibrate the needed amount of NDiff 227 in a 10-cm dish in the incubator for at least
20 min. (see Table 2 for the volume needed as a function of the number of 96-well
plates used in the experiment).

Transfer the required amount of NDiff 227 to a 50-ml Falcon tube (see Table 2 for the
volume needed as a function of the number of 96-well plates used in the experiment).
Add CHIR99021 to the NDiff 227 medium to obtain a final concentration of 3 uM.

Mix the medium vigorously and transfer it to a reservoir.
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5. Use a multichannel pipet to add 150 ul CHIR99021 supplemented medium to each well

of the plates containing the aggregates.

6. Gently tap the plate 10 times on a clean bench, transfer to the incubator, and allow

further undisturbed development for 24 h.
NOTES:

a.

The tapping is critical to prevent cell aggregates from attaching to the culture
plates. Ensure that the aggregates are freely moving immediately after tapping (this
can be checked under the microscope).

Take caution to avoid splashing medium on the lid while tapping the plates.
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Figure 4. Examples of expected morphology of mESC-derived aggregates at several
timepoints during TLS generation. A, B. mESC-derived aggregates at 48 h and 72 h after
aggregation are round without clear signs of symmetry breaking. C. At 96 h after aggregation,
the structures have clearly broken symmetry and are teardrop shaped. The white arrowheads
indicate the posterior pole, where localized expression of Brachyury is expected. Note that,
depending on the cell line used, aggregates may establish the teardrop-like morphology prior
to 96 h. In that case, structures should be embedded in Matrigel earlier (as soon as the teardrop-
like morphology is observed) to achieve optimal TLS efficiency (see main text for details). D.
Upon addition of 5% Matrigel, the aggregates will establish an architecture reminiscent of the
embryonic trunk, with somites (magenta arrowheads) flanking a neural tube (green
arrowheads). Chemical modulation with a WNT agonist (5 uM CHIR99021) and BMP inhibitor
(600 nM LDN193189) results in compromised neural tube development and formation of
excess somites arranged like a “bunch-of-grapes” (TLSY). Scale bars for all panels, 50 um. A,
Anterior; P, Posterior.
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D6. Media change (72 h)
NOTES:

a.
b.

Start this procedure at least one hour before the end of the 72 h.

Aggregates at 72 h should look like the example given in Figure 4B and measure 244
+ 15 um in diameter.

If available, perform this step on a clean bench containing a stereoscope or a light ring
to help visualize the structures and avoid loss of structures while pipetting off the old
medium.

Equilibrate the required amount of NDiff 227 in a 10-cm dish in the incubator for at
least 20 min. (see Table 2 for the volume needed as a function of the number of 96-well
plates used in the experiment).

Transfer the required amount of NDiff 227 to a 50-ml tube (see Table 2 for the volume
needed as a function of the number of 96-well plates used in the experiment).

Use a multichannel pipet to remove 150 ul from each well without disturbing the
structure.

NOTE: CRITICAL STEP. Avoid losing structures while pipetting off the medium. This
is best achieved by keeping the plate under a 30-40° angle and putting the pipet tips
against the side opposite to that where the aggregate should be located. As a visual aid,
a stereoscope or light ring could be used, as stated above (see Figure 5 for a schematic

of how to position the plate and tips).

Figure 5. Schematic representation of plate positioning for media changes during the TLS
generation procedure. The plate is tilted at a 30-40° angle on a clean bench, and the media is

carefully aspirated with a multichannel pipet avoiding disturbance of the aggregates.
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Pour the pre-equilibrated medium in a reservoir.

Use a multichannel pipet to add 150 pl medium to each well of the plates containing the

aggregates.

Gently tap the plate 10 times on a clean bench, transfer to the incubator, and allow

further undisturbed development for 16-24 h.

NOTES:

a. The tapping is critical to prevent cell aggregates from attaching to the culture
plates. Ensure that the aggregates are freely moving immediately after tapping (this
can be checked under the microscope).

b. Tale caution to avoid splashing medium on the lid while tapping the plates.

c. Thaw overnight at 4°C on ice the amount of Matrigel required the following day
(see Table 2 for the volume needed as a function of the number of 96-well plates
used in the experiment).

d. We have used multiple Matrigel batches with comparable results.

D7. TLS generation (88-96 h)
NOTES:

a.

Start monitoring the TLSs around 88 h after aggregation for the appearance of a
“teardrop-like” shape (see Figure 4C). Structures should present a longer axis (421 +
33 um) and a shorter axis (337 = 30 um), with an axis ratio of 0.8 + 0.07.

Start this procedure immediately when a “teardrop-like” shape is observed in the
majority of the TLSs (or latest 96 h after aggregation) to achieve optimal TLS formation
efficiency.

If available, perform this step on a clean bench containing a stereoscope or a light ring
to help visualize the structures and avoid losing structures while pipetting off the old
medium.

If performing chemical modulation at this step, follow the “Variant protocol: chemical
modulation during TLS generation.”

Equilibrate the required amount of NDiff 227 in a 10-cm dish in the incubator for at
least 20 min (see Table 2 for volume needed as a function of the number of 96-well
plates used in the experiment).

Transfer the required amount of NDiff 227 to a 50-ml Falcon tube and place it on ice
(see Table 2 for the volume required as a function of the number of 96-well plates used

in the experiment).
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3. Once the medium has cooled down, supplement it with the correct volume of Matrigel
on ice and mix vigorously.

NOTE: It is critical, while handling Matrigel, that every step is performed on ice to

avoid clumping. It is also recommended to pre-cool the pipet tips used for the handling

of 100% Matrigel by placing the box in the fridge until use; see Table 2 for the volume
needed as a function of the number of 96-well plates used in the experiment.

4. Move the Falcon tube with Matrigel-supplemented medium to room temperature.

5. Use a multichannel pipet to remove 150 ul from each well without disturbing the
structure.

NOTES:

a. CRITICAL STEP. Avoid losing structures while pipetting out the medium. This is
best achieved by keeping the plate under a 30-40° angle and putting the pipet tips
against the side opposite to that where the aggregate should be located. As a visual
aid, a stereoscope or light ring could be used, as stated above (see Figure 5 for a
schematic of how to position the plate and tips).

b. This step should not take more than 5 min after Matrigel-supplemented medium has
been placed at room temperature. If there are multiple plates, it is advisable to
remove the medium from all plates before equilibrating the Matrigel-supplemented
medium at room temperature and keep the structures in the incubator.

6. Pour the Matrigel-supplemented medium into a reservoir.

7. Use a multichannel pipet to add 150 pl Matrigel-supplemented medium in each well of
the plates containing the aggregates.

8. Gently tap the plate 10 times on a clean bench and transfer to the incubator.

NOTES:

a. The tapping is critical to prevent cell aggregates from attaching to the culture
plates. Ensure that aggregates are freely moving immediately after tapping (this can
be checked under the microscope).

b. Take caution to avoid splashing medium on the lid while tapping the plates.

c. If performing Live Cell Imaging after embedding, allow the TLSs to settle for 1 h in

the incubator before starting imaging.

Variant protocol: chemical modulation during TLS embedding.

Follow “D7. TLS generation (88-96 h)” for all passages except for point 3.
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3”. Once the medium has cooled down, supplement it with the correct volume of Matrigel
and appropriate chemical compounds for your modulations on ice and mix vigorously.
NOTES:

a. It is critical, while handling Matrigel, that every step is performed on ice to avoid
clumping; see Table 2 for the volume needed as a function of the number of 96-well
plates used in the experiment.

b. Add an equal volume of diluent to the control sample TLSs when performing chemical
modulations.

c. In Veenvliet et al., (2020), we induced excess somite production and compromised
neural tube development by supplementing the medium with 5 uA CHIR99021, alone
(TLS®) or in combination with 600 nM LDN193189 (TLS®Y).
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Volume of Volume of NDiff  Volume of NDiff 227  Volume of 10

N:fn;l;t_sr NDiff 227 to 227 to transfer in  to transfer in the 50- mM M;:?ilueTfoO; dd

well equilibrate the 50-ml tube/s ml tube/s CHIR99021 to for 5°/gfinal (D7
lates (D5, D6, D7) (D5, D6) (D7) add for 3 uM onl )O(ml)***
P (ml) (mly** (mly** (D5 only) (ul) y

1 18 16 15.01 4.8 0.99

2 38* 32 30.03 9.6 1.97

3 52* 48 45.04 14.4 2.96

4 70* 64 60.05 19.2 3.95

5 86* 80 75.06 24 4,94

Table 2. Volumes of NDiff 227, CHIR99021, and Matrigel required during the last three
steps (protocol steps D5, D6, D7) of the TLS generation protocol. In column 2, the volume
of NDiff 227 to equilibrate is calculated including an excess volume (2 ml for each dish that is
used for medium equilibration) to account for dead space in the dish(es) and medium
evaporation during equilibration.

*For volumes higher than 30 ml, use more than one 10-cm plate to equilibrate NDiff 227 in the
incubator.

**Use two 50-ml tubes if the volume exceeds 50 ml.

***Note that we calculate 5% v/v Matrigel as a function of the final volume in each well (35
ul + 150 pl = 185 ul) (as opposed to CHIR99021). This means that in the NDiff 227, the
concentration of Matrigel is slightly higher than 5% (6.17%). For instance, for 1 plate of TLSs,
the volume of Matrigel added is calculated as (0.05*16)*(185/150) = 0.987 ml.

EXPECTED OUTCOME:

TLSs at 120 h should look elongated with a clear anterior and posterior domain (Figure 4D
upper panel; Figure 6A). Moreover, they should show clear segmentation (somites) on one or
both sides of a tubular structure (neural tube). TLSs subjected to chemical modulation (TLSY)
should display compromised neural tube development and formation of excess somites

arranged like a “bunch-of-grapes” (Figure 4D lower panel; Figure 6B).
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Figure 6. Expected outcome of the TLS protocol. A. Examples of trunk-like structures
(TLSs) 24 h after addition of 5% Matrigel (total culture time 120 h). The left upper structure is
immunostained with a SOX2 antibody and counterstained with DAPI, labeling the neural tube
and nuclei, respectively. Somites are indicated with magenta arrowheads or with S1, S2, etc.
(in magnifications); S1-S8, Somite 1-Somite 8. Neural tube (NT) is indicated with a green
arrowhead. A, Anterior; P, Posterior. B. Expected outcome of TLSs subjected to chemical
modulation (TLS®Y) is compromised neural tube development and formation of excess somites
arranged like a “bunch-of-grapes.” Somites are indicated with magenta arrowheads. Scale bars,
100 um (whole structure) or 20 um (magnifications). A, Anterior; P, Posterior.

D8. TLS analysis (108-120 h)

NOTES:

a. Depending on the specific biological question, the exact time of analysis may vary (see
Veenvliet et al., 2020 for time-resolved expression dynamics).

b. If available, perform this step on a clean bench containing a stereoscope or a light ring
to help visualize the structures and avoid losing structures while processing them.

c. The following protocol variants are performed (D8’, D8, D8’"’) depending on the
downstream applications.

d. Prepare a P200 tip box with the tip cut-off at the 50-u/ mark for TLS picking (if using
unmarked tips, cut approximately 9 mm off the tip).
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D8’. Staining and imaging

1.

Use a P200 pipet set to 50 ul and the cut-off tips to manually pick each individual TLS
that needs to be analyzed in a well of an Ibidi 8-chamber plate.

Add 200 pl cold PBS/0.5% BSA solution to each well containing a TLS.

Remove 200 pl with a pipet and perform the same 200 pl cold PBS/0.5% BSA solution
wash three times.

Use the fixative of interest to fix TLSs in the Ibidi plate for the downstream protocol.

5. Perform the rest of the staining protocol in the Ibidi plate and image the structure with

the desired microscope and settings.

NOTE: We have so far used 4% PFA fixation for whole-mount immunofluorescence
(WIFC) as well as whole-mount in situ hybridization (WISH). A detailed description of
the protocols used for WIFC and WISH, including method-specific fixation times and
downstream processing, is provided in the Supplemental Information of Veenvliet et al.,
(2020).

D8”’. RNA extraction

1.

Use a P200 pipet set to 50 ul and the cut-off tips to manually pick and transfer each
individual TLS that needs to be analyzed to a 1.5-ml tube containing 1 ml cold
PBS/0.5% BSA solution.

NOTE: The number of TLSs that are pooled in one tube depends on the downstream
application and experiment.

Centrifuge the TLSs at 200 x g for 1 min at 4°C.

Remove the supernatant with a P1000 pipet while being careful not to disturb the TLS
pellet.

Wash the structures with 1 ml cold PBS/0.5% BSA solution.

NOTE: Ensure loosening of the pellet without aspirating into the pipet tip.

Centrifuge the TLSs at 200 x g for 1 min at 4°C.

Remove the supernatant with a P1000 pipet while being careful not to disturb the TLS
pellet.

Add the indicated amount of RNA lysis buffer or TRIzol depending on the desired RNA
extraction strategy.
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D8’”’. 10x Genomics single-cell RNA sequencing
NOTES:

a.

This section explains how to process TLSs to generate a single cell suspension suitable

for efficient Gel Bead-in-Emulsion (GEMs) generation. Follow the manufacturer’s

instructions for every step after the single cell suspension has been generated and
counted.

Pre-warm TrypLE in the water bath for at least 20 min before starting.

Use a P200 pipet set to 20 ul and the cut-off tips to manually pick each individual TLS

that needs to be analyzed in a well of an ultra-low attachment 96-well plate containing

200 pl cold PBS.

Transfer each TLS serially five times to new wells containing 200 ul cold PBS.

NOTES:

a. Itis CRITICAL to carry over as little volume as possible from the culture to minimize
the amount of Matrigel transferred. Carrying over excess amounts of Matrigel can
lead to microfluidics clogging during GEM generation.

b. Since washing of TLSs is performed in PBS without BSA, the structures may become
sticky and get stuck to the tip wall. Avoid this by pipetting a very low volume to
maintain the structure at the liquid/air interphase in the tip.

After the five washes, transfer all the structures into a single drop of 200 ul pre-warmed

TrypLE in the center of a 6-cm plate.

Transfer the plate to the incubator and allow cell dissociation for 25 min with pipetting

every 5 min to ensure that a single cell suspension is achieved.

NOTE: Perform the pipetting steps under a stereoscope to monitor the degree of cell

dissociation and ensure no loss of material.

At the end of the 25 min, and after verifying correct achievement of a single cell

suspension, transfer the cell suspension to a 1.5-ml tube on ice.

To ensure maximum cell recovery and to quench the trypsinization reaction, wash the

part of the plate where the drop was located four times with 200 ul PBS/0.5% BSA

solution. Add every wash to the same tube (from step 5) containing the cell suspension.

Filter the cell suspension using a P1000 set to 1 ml through a 40 um Flowmi Cell

Strainer in a new 1.5-ml tube on ice.

Centrifuge the cell suspension at 300 x g for 5 min at 4°C.

Remove 800 ul supernatant with a P1000 while being careful not to disturb the cell

pellet.
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NOTE: The cell pellet may be very small and barely visible, so be extremely careful
during these steps.

10. Wash with 1 ml PBS/0.5% BSA solution.

11. Centrifuge the cell suspension at 300 x g for 5 min at 4°C.

12. Remove 800 ul supernatant with a P1000 while being careful not to disturb the cell
pellet.

NOTE: The cell pellet may be very small and barely visible, so be extremely careful
during these steps.

13. Resuspend the pellet in the remaining 200 pl left in the tube.

14. Centrifuge the cell suspension at 300 x g for 5 min at 4°C.

15. Remove the supernatant with a P200 pipet, leaving ~42 ul in the tube.

NOTE: Use another tube containing exactly 42 u/ PBS/0.5% BSA solution as a guide to
evaluate the approximate volume to leave in the tube.

16. Resuspend the cell pellet in the ~42 pl left and determine the cell suspension
concentration using a manual hemocytometer (analyze a 1:5 cell suspension dilution by
adding 2 pl cell suspension to 8 ul Trypan Blue).

17. Proceed with the desired amount of cells for GEM generation following the

manufacturer’s instructions.

Data analysis

All data and analysis needed for the development and characterization of this protocol are

available in the main text or Supplemental Information of Veenvliet et al., (2020).

Recipes

1. 0.1% Gelatin solution

Dilute sterile 2% Gelatin to 0.1% in cell culture grade water. Store at 4°C
2. Mouse embryonic fibroblast (MEF) medium

NOTE: Heat inactivate the FCS for 30 min at 56°C before use.

500 ml Dulbecco’s Modified Eagle's Medium (DMEM)

55 ml reqular FCS (Pan Biotech; catalog number: P30-3306)

5.5 ml 100x Glutamine

5.5 ml 100x Penicillin/Streptomycin
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Sterile filter
Store at 4°C
3. Mouse embryonic stem cell (MESC) medium
NOTE: Heat inactivate the FCS for 30 min at 56°C before use.
400 ml Knockout Dulbecco’s Modified Eagle’s Medium (KO-DMEM)
75 ml mESC tested FCS (Pan Biotech; catalog number: P30-2602)
5 ml 100x Glutamine
5 ml 100x Penicillin/Streptomycin
5 ml 100x Nucleosides
1 ml Gibco 2-Mercaptoethanol
Sterile filter
Aliguot mESC medium without LIF in 40 ml portions and freeze at -20°C
Thaw before use, then store at 4°C
Add 1:10,000 LIF immediately before use
Store at 4°C
NOTE: Homemade LIF has also been successfully used; however, the right
concentration has to be tested based on the purification protocol and batch
concentrations.
4. PBS/0.5% BSA solution
PBS with MgCl/CaCl;
0.5% BSA powder
Prepare fresh, sterile filter, keep on ice for the procedure
Store at 4°C
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4  DiscussioN

Embryonic development is a highly orchestrated process involving many cellular
differentiation events that lead to the formation of a complex organism. During these processes,
cells move, acquire specific functional states, and organize into complex tissues and organs to
execute tightly controlled developmental programs. Studying the molecular and cellular events
shaping the embryo has been the focus of developmental biologists for centuries. However, the
development of the mammalian embryo in utero has been a barrier to acquiring a complete
picture of the dynamics occurring during embryogenesis. To overcome this limitation, in the
last ten years, many in vitro models of embryogenesis have been developed from mESCs,
ranging from pre- and peri- [149, 154, 158] to post-implantation development [161-163, 169,
170, 172, 173]. Gastruloids represent the most advanced stem cell-based model in terms of
developmental progression since their cells self-organize along the three main body axes and
form the three embryonic germ layers [161-163, 170]. Despite these significant advances,
gastruloids lack proper tissue morphogenesis and therefore are not suitable for studying the
molecular and cellular programs driving the formation and interactions of functional
morphological structures, such as somite or neural tube formation.

My doctoral research project focused on optimizing and characterizing a gastruloid-based
model able to recapitulate the gastrulation-to-early organogenesis transition both at the
molecular and morphological level. To do so, | aimed to provide a culture condition that could
more faithfully recapitulate the one present in vivo, where the embryo develops surrounded by
the basement membrane secreted by the extraembryonic tissues. Supplementing the gastruloids
culture medium with a low percentage of an ECM surrogate (Matrigel) in the last 24h of
development unlocks the morphogenetic potential of gastruloids. It results in the generation of
morphological structures reminiscent of the ones present in the developing trunk region. The
resulting structures, that we termed Trunk-Like Structures (TLS), display a high degree of trunk
tissue organization, including the simultaneous development of a neural tube, somites, and a
gut tube, therefore representing a fundamental improvement as compared to the gastruloid

model.
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4.1 TLS developmental trajectories: emergence of rare sub-populations

The molecular and cellular investigation of TLS revealed the emergence of cells with
various identities and developmental potential, including the presence of somitic, neural, and
endodermal cells representing the three germ layers in the trunk post-occipital region. In TLS,
most cells are organized in a continuum of states that recapitulate the spatiotemporal
progression of a developing embryo, with NMPs differentiating into both the neural and the
paraxial mesoderm domains. NMPs display the classical gene expression signature observed in
vivo and are characterized by the highest differentiation potential. This evidence, combined
with their gradual disappearance from 96 to 120h of development, indicates they represent the
major progenitor source necessary for TLS development. In accordance with this hypothesis,
two independent algorithms highlighted TLS-NMPs as the root of the differentiation

trajectories leading to neural tube and somitic cells [9, 174, 175].

The somitic cells in TLS are highly diverse and are characterized by distinct transcriptional
identities reminiscent of DV and AP patterning events. Interestingly, small subpopulations of
migratory limb muscle precursors (Lbx1*/Met™) and synedotome cells (Scx™) emerge in the last
day of TLS development, indicating a high degree of somitic maturation [176, 177]. In contrast,
despite showing cellular diversification at the transcriptional level, the neural tube domain does
not display the characteristic DV patterning observed in vivo [75, 76]. This observation is in
line with the known role of SHH secreted from the notochord in the induction of the neural tube
DV patterning [75]. In fact TLS, like gastruloids, do not develop a notochord structure and are
therefore missing an essential signaling center for neural tube and other tissues patterning. In a
recent preprint we have shown the emergence of cells with a notochord-like identity in
gastruloids cultured in hypoxic conditions, paving the way to the generation of even more
complex gastruloid-based in vitro models [178].

Another interesting cellular sub-population emerging in TLS is the endothelial cluster.
Endothelial cells will contribute to the vasculature in the developing embryo and can arise from
MEOX1" somitic cells. Surprisingly a smaller group of endothelial cells in TLS co-express
Hopx, Meox1, and Id2, a gene signature observed in endotome cells that eventually induce
hematopoietic stem cells [179].

Finally, a group of PGCLCs gets specified from a population of PS-like/T" precursor cells
around 72h of TLS development. This small population, characterized by the expression of key
PGC-specific marker genes, is then found close to the gut-tube-like structure, indicating a

putative migratory behavior. Despite these in vivo like features and their molecular identity,
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further work is needed to unveil these cells' exact origin and their developmental potential in
TLS.

The observed complexity and maturity of TLS cells and the emergence of rare sub-
populations observed in the natural embryo, including putative muscle migratory and
hematopoietic precursors, indicate these structures' potential to further in the post-
gastrulation/early organogenesis stages. Moreover, decoding the quantitative developmental
principles leading to the emergence of these rare cell types in vitro will be of great interest in
current and future attempts to generate pure cell populations in the context of regenerative

medicine and personalized therapies.

4.2 Somitogenesis in TLS

TLS develop somites in response to Matrigel supplementation in the culture medium.
Detailed molecular characterization of these morphological structures highlighted their
developmental relevance, including the presence of an AP polarity within each somite, with
Uncx expression restricted to the posterior portion. Moreover, cells forming somites in TLS
display apicobasal polarity typical of epithelial tissues, with F-actin and NCAD accumulation
at the apical side. In contrast, gastruloids do not show similar expression patterns and organized
structural proteins deposition. These molecular and morphological features are crucial for the
downstream specification of the somitic DV compartments in vivo and, therefore, a

fundamental advance observed in TLS compared to gastruloids.

Time-resolved scRNA-seq analysis allowed the profiling of the temporal dynamics leading
to somite specification during TLS development, revealing the step-wise and embryo-like
differentiation process culminating in the generation of mature somitic subtypes, including
dermomyotome and sclerotome. Interestingly, somite segmentation in TLS followed the
“segmentation clock” model, with the temporally and controlled deposition of a new somite
every ~2h. This evidence indicates that the appearance of structures reminiscent of somites in
TLS is not the result of trans-differentiation events from mESCs, but that somites emerge in
response to an oscillating molecular gradient in the PSM region at an embryo-like pace. A
recent work has confirmed the presence of an active oscillator in the gastruloids PSM,
indicating that the developmental potential to organize cells into somites is already present in

gastruloids but that the ECM is essential for the proper morphogenetic outcome [170].
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TLS, therefore, represents a powerful tool to study mammalian somitogenesis from the
molecular and mechanical points of view. Recent studies have shown how mechanical models
could explain somitogenesis in chicken and fish compared to the chemical gradient model
implicit in the “segmentation clock™ [180-182]. These studies have been possible thanks to the
accessibility of the chicken and fish developmental progressions that allowed continuous and
uninterrupted observation and data collection of the process. Given their accessibility, TLS
represent a perfect playground to test such models in a mammalian context, in order to build
more accurate mechano-chemical predictions to explain the complex molecular and structural

interactions necessary for somitogenesis.

4.3 TLS vs Gastruloids: beyond enhanced morphology

The appearance of in vivo-like tissue morphogenesis in TLS represents a significant
advancement to the previously reported gastruloid protocol. Nevertheless, the two models
display a surprisingly comparable lineage and cell-type composition, with gastruloids
themselves developing somitic, neural, endoderm, PGCLCs, and endothelial cells without the
presence of tissue geometries [170]. Despite the global cellular similarities observed in TLS
compared to gastruloids, comparative scCRNA-seq also revealed important differences.
Interestingly, mature Sox9*/Pax1* sclerotomal cells are under-represented in gastruloids,
favoring less developed somitic subtypes. Moreover, hypaxial muscle migratory precursor and
endothelial-derived putative hematopoietic progenitors are virtually absent in gastruloids,
indicating a lower degree of cellular maturation. The expression of later (more posterior) Hox
genes in TLS also suggests their development into a more advanced trunk stage than
gastruloids. Therefore, proper tissue morphogenesis seems to be dispensable for major cell
specification events during gastrulation stages but instrumental for the specification of more
mature cellular identities. Further comparative studies between gastruloids and TLS will be of
great relevance since they will dissect the direct effects of ECM and tissue geometry on lineage

specification events.
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4.4 TLS® and TLS®": modulating developmental phenotypes

Given the accessible nature of in vitro models of embryogenesis, the opportunity to
efficiently modulate the culture conditions where the structure is developing represents one of
their major advantages compared to the natural embryo. Exposure to exogenous and dominant
WNT activation concomitantly with ECM embedding in TLS® and TLS®t results in the
overproduction and accumulation of hyper-epithelialized somites in the most anterior domain
of the structures at the expenses of the neural domain, a morphological phenotype never
observed in mammalian embryos. Somites in TLS® and TLS®" do not organize into rows
flanking the neural tube, like in TLS, but instead, crawl like a “bunch of grapes.” Interestingly,
a similar phenomenon has been observed if transplanting quail PS cells treated with a BMP
antagonist (NOGGIN) into the extraembryonic tissue of a chick embryo [183]. This study
revealed the possibility of generating somites in the absence of an active molecular oscillator,
resulting in “somites without a clock” [183]. Surprisingly, the emergence of somitic bursts in
TLS® and TLSC! does follow a clock-like rhythm in the paraxial region of the structure, even
though the segmentation of clock-free somites in the most anterior domain is also observed.
These experiments indicate an intrinsic developmental plasticity of early embryonic cells that
can lead to the appearance of similar morphological structures and molecular identities
following (most likely) distinct developmental routes. The molecular and mechanical

dependencies of these phenomena in TLS® and TLS®! remain to be elucidated.

Despite their morphological similarities, TLS® and TLS®" show molecular differences
driven by the additional inhibition of BMPs in the TLS®" condition. In fact, IM and LPM marker
genes are downregulated in this condition compared to both conventional TLS and TLS®, in
line with the known role of BMP in the mediolateral patterning of the nascent mesoderm [177].
Finally, the comparison between developmental trajectories (as inferred by RNA velocity)
revealed that TLSC--NMPs are highly biased toward a mesodermal identity compared to TLS-

NMPs, with little to no contribution to the neural lineage [174].

These proof-of-concept experiments have shown the great potential of applying chemical
modulations to interfere with developmental trajectories in vitro. Similar experiments have also
been recently implemented in gastruloids to influence developmental outcomes [165, 170]. This
line of research represents a powerful platform to disentangle the intricate relationships between
signaling molecules and developmental phenotypes in morphologically relevant cell systems in

a time and dose-controlled fashion.
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4.5 Genetic perturbations in TLS

TLS generated from mESCs lacking the PSM-specific TF TBX6 do not undergo
somitogenesis and produce ectopic neural tubes. This morphological phenotype mirrors the one
observed in Thx6-KO embryos, indicating a shared defective mechanism [60]. The similarity
with the embryonic phenotype is also highlighted by the molecular signature of cells
contributing to the ectopic tubes in TLS, which display a neural-like identity downregulating
PSM and somitic marker genes [61]. This experiment has shown that TLS represents a suitable
technology for genetic ablation studies finalized to the investigation of morphological and

molecular phenotypes in the mid-gestation embryo.

Recent advances in high-throughput perturbation technologies such as CRISPR screens are
rapidly increasing our understanding of genetic dependencies in specific biological contexts,
including developmental transitions [184-187]. Applying such screens in adult organoid
systems has shown its potential in identifying genes responsible for tissue integrity and cell
homeostasis [188, 189]. Their implementation in the context of in vitro models of
embryogenesis and specifically in TLS development could elucidate the function of unknown
regulators involved in early developmental transitions and tissue morphogenesis. Moreover, the
unique opportunity to induce the genetic perturbations in the pool of mESCs before or after
their aggregation into gastruloids/TLS could distinguish between early and late genetic

dependencies necessary for lineage specification events.

4.6 The role of ECM in TLS tissue morphogenesis

The ECM is a crucial component for the induction of embryonic tissue morphologies. The
morphogenetic potential of gastruloids is unlocked by using an ECM surrogate (Matrigel) in
the culture medium, resulting in the generation of morphological structures reminiscent of the
ones present in the developing trunk region, including somites and a neural tube. Comparing
gastruloids and TLS revealed an intricate relationship between ECM, tissue geometry, and
specific transcriptional responses. In fact, Matrigel embedding alone can induce the
upregulation of various cell adhesion molecules in TLS, including proto(cadherins), ephrins
and integrins. These results indicate that the ECM contributes mechanically and structurally to
regulate tissue shapes and triggers transcriptional responses that confer robustness to the

morphogenetic process. In fact, integrins, through their binding to fibronectin present in the
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basement membrane, have been shown to play a critical role in somite epithelialization and
neural tube closure in vivo [128, 129, 133]. Further investigation into the role of fibronectin in
TLS revealed that this protein accumulates at the cell-matrix interface and surrounds the edges
of epithelialized somites and the folded neural tube. Interestingly, fibronectin is equally
expressed in gastruloids and TLS at the transcriptional level, suggesting that the accumulation
of fibronectin in TLS is not simply a result of differential cellular abundance. | hypothesize
that, in TLS, the ECM can retain a high concentration of cell-secreted fibronectin in the
proximity of the cell surfaces, allowing its binding to integrins and the consequent cellular
responses. In contrast, in gastruloids, fibronectin diffuses in the culture medium and never
reaches the critical local concentration necessary for the induction of morphogenesis. Further
investigations implying the use of genetic mutants or neutralizing antibodies will inform on the

exact mechanism by which fibronectin triggers morphological changes in TLS.

Matrigel is a heterogeneous mixture of soluble basement membrane proteins isolated from
cell lines from the Engelbreth-Holm-Swarm tumor [190]. It mainly consists of laminin and type
IV collagen, but traces of other small proteins and growth factors are also present. Moreover,
batch-to-batch variability does not ensure a stable and controlled composition given its cellular
origin. For these reasons, pinpointing the exact ECM concentration and molecular composition
to induce TLS morphogenesis remains challenging, and our attempt to supplement the different
Matrigel components in isolation was inconclusive. A recent study has reported the emergence
of somite-like structures in gastruloids embedded in 10% Matrigel and that the efficiency with
which these sub-structures emerge is inversely correlating with the Matrigel concentration
applied [170]. In contrast, in TLS, 5% matrigel is sufficient to induce embryo-like
morphogenesis, indicating that the distinct architectures achieved in the two culture systems
could reflect a concentration “sweet spot” necessary to reach adequate mechanochemical
constraints [173]. In this context, 3D synthetic modular matrices, such as polymeric hydrogels
supplemented with chemical components could help elucidate the precise mechanical and
chemical inputs needed for TLS tissue morphogenesis [191-195]. This approach will also
enable fine-tuning of biochemical (e.g., morphogen gradients) and biophysical (e.g., stiffness)
parameters in isolation, contributing to the complete picture of how chemical and mechanical
cues interact during embryonic development [196].

Finally, the ability to measure cell adhesion molecules’ expression in individual cells via
scCRNA-seq allowed the curation of a cell type-specific catalog of ECM receptors expression in

TLS and gastruloids. These atlases will represent handy tools to further our understanding of
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how specific cell adhesion molecules contribute to proper tissue morphogenesis in a tissue-

specific fashion.

4.7 Variability and reproducibility in TLS

Embryonic development is a highly robust process guaranteed by a multitude of tightly
controlled layers of cellular and molecular regulation in place during gestation. TLS display a
certain degree of morphological variation, developing somites in roughly half of the analyzed
structures (50% segmentation efficiency). Segmented TLS are also partially heterogeneous in
how somites organize; they can flank one or both sides of the central neural tube (uni- vs. bi-
lateral somite formation), with these two events equally likely to occur. These observations
highlight an uncoupling between final morphogenetic outcomes and early transcriptional
signature, reinforcing the idea that the competence to acquire morphologically complex
structures is not (uniquely) dependent on the activity of genetic programs [196].

Where does this variability come from? How can seemingly homogenous structures in the
early stages of TLS development result in diverse developmental outcomes? What are the
molecular and structural drivers for uni- and bi-lateral somite formation? These questions
remain open and probably have multifaceted explanations. Nevertheless, the TLS platform
intrinsic variability offers a new lens to investigate these complex interactions, with variation
representing a powerful source of information. This variation can, in fact, be leveraged to learn
aspects of developmental regulations that cannot be easily studied in vivo, such as the

establishment of a mediolateral symmetry in the embryonic trunk.

Despite variation can be a valuable tool in stem cell biology, building a reproducible system
in the context of in vitro embryogenesis and organogenesis is of crucial importance, especially
in biomedical research. TLS display a high degree of molecular reproducibility, as
demonstrated by the single-structure transcriptional profiling by Nanostring. The formation of
a neural tube is also observed in all structures, while the gut tube is still an under-represented
event. Moreover, a detailed morphometric analysis revealed overall robustness in TLS domains

area, perimeter, diameter, and volume.

An essential aspect of the innovation of new technologies is the availability of a detailed
protocol that would allow researchers worldwide to adopt and implement them efficiently.

Therefore, the publication of a step-by-step protocol to generate TLS with the same efficiency
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observed in our laboratories was a much-needed addendum to the original publication. In this
work, | detailed all critical steps and complications present in the procedure to allow the ready
implementation of our technology. Interestingly, a recent preprint has reported the application
of TLS to study the maintenance and exit from naive pluripotency, indicating successful and

efficient protocol dissemination [197].

4.8 Towards human in vitro models of embryogenesis

Mouse in vitro models of embryogenesis are now widely used interdisciplinary to
investigate many layers of regulations during the early stages of embryonic development.
However, the implementation of similar platforms using human pluripotent stem cells will be
critical for translational studies, especially in light of the inter-species developmental
differences between mice and humans [145, 198]. Moreover, ethical concerns have limited
accessibility to early human embryo material and constrained human embryo culture in a
handful of countries under the so-called “14-days rule”, which does not allow embryo cultures
longer than two weeks. These regulations have enormously hindered our knowledge about
human early developmental transitions. The recent implementation of human in vitro models
of embryogenesis faithfully recapitulating critical stages of pre- [199-201] and post-
implantation [202, 203] development overcomes these ethical limitations and, for the first time,
offers a robust and high-throughput approach to understand early human development.
Moreover, the ability to directly derive human induced pluripotent stem cells (hiPSCs) from
patient material via cellular reprogramming may shed light on congenital and developmental

diseases’ molecular and cellular basis.

Concerning post-implantation development, a human gastruloid model has been recently
optimized, but, as for the mouse equivalent, proper tissue morphogenesis was not observed
[202]. In this protocol, no ECM component was used, therefore leaving an open route to try
implementing a human TLS system able to recapitulate early human development at both the

molecular and morphological levels.
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4.9 TLS as a platform to reduce and replace animal experimentation

With the technical limitations in place in using human embryos for scientific purposes,
researchers heavily rely on animal models to understand the principles governing mammalian
development. Despite animal research being central to progressing human understanding of
biological processes in basic and applied research, we should start entering an era of more
sustainable research planning. To this end, the 3Rs principles of “Replace, Reduce and Refine”
have been proposed to ensure better conditions for animals used in research [204]. Roughly 10
million animals are used each year for experimentations and testing in the European Union only
(~4 million for basic research and ~2 million for human disease modeling). This amount
includes ~1.6 million mice generated to create and maintain transgenic lines in Germany and
UK. Moreover, the recent introduction of more strict guidelines for developmental toxicity
studies by the REACH and OECD will require an increase in the number of animals needed,
with REACH only requiring more than 50 million vertebrates. In vitro models of embryogenesis
could represent a valid and complementary approach to study mammalian embryonic
development. In fact, it has been estimated by the AnimalTestinfo that from 2013 to 2018, in
Germany only, the implementation of these alternative models in mouse studies of early
development and organogenesis resulted in the reduction of animals used (at least 103.200
mice). These numbers will increase with the recent development of more reproducible and
faithful in vitro models. Moreover, the implementation of human models can provide more
accurate and human-specific responses to genetic perturbations and toxin exposures compared
to mice and drastically reduce the high costs associated with animal research, allowing more
laboratories worldwide to engage in developmental studies.

In order to be suitable for this conversion, in vitro models have to faithfully recapitulate
the developmental transitions occurring in the embryo at the molecular and morphological
levels. TLS cellular states are highly similar to their embryonic counterpart, as demonstrated
by time-resolved comparative SCRNA-seq analysis [205]. Moreover, the emergence of mature
cell types from progenitors follows an embryo-like tempo, indicating a high degree of
developmental synchronization with the in vivo progression. The emergence of a development
phenotype that mirrors the natural embryo response to a genetic perturbation (Tbx6) holds

promises for the application of TLS in mutational studies.

Despite these essential commonalities between TLS and the in vivo embryo, many

limitations to this system remain; TLS do not develop occipital structures, a heart tube, and
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other anterior domains. Moreover, the absence of extra-embryonic tissues represents a
physiological barrier to understanding the embryo-to-foster interactions during embryogenesis.
A recent study has shown how some newly developed human cell systems modeling the human
blastocyst stages, despite being morphologically equivalent to the embryo, display molecular
and cellular divergence [206]. Therefore, in vitro models of embryogenesis, despite being a
valid alternative to reduce the use of mice in basic and biomedical research, still represent a
“reductionist approach” compared to the natural embryo, requiring additional in vivo

complexity needed to replace animal experimentation completely.
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4,10 TLS applications in multidisciplinary contexts

TLS represent a powerful and novel technology with the potential to be implemented

interdisciplinary in various contexts (Figure 7).

Drug screening

Mechanobiology

121010

Tissue regeneration

Cell-cell & cell-matrix
interaction

Lineage tracing

Figure 7. Future perspectives for TLS

(A) Schematic representation of future applications for TLS to study different aspects of developmental
processes. TLS represent a potent tool to perform high-throughput investigations of the effect of
chemical molecules in the context of early development. Given its morphogenetic potential, the model
also provides a unique playground to study mechanobiology, tissue regeneration and cell-matrix
interactions in early cell specification and tissue patterning. The possibility of efficiently engineering
mMESCs and manipulating the culture conditions are also precious features for developing lineage tracing
cell systems and studying the epigenetic barriers during exit from pluripotency.

The comparison between gastruloids, TLS, and the natural embryo could inform the

structural and molecular principles of how cell-cell and cell-matrix interactions drive tissue
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morphogenesis and spatial domain organization during development. Moreover, the
accessibility of TLS combined with their morphogenetic potential offers a unique opportunity
to investigate molecular, cellular, and tissue responses to mechanical stimuli in both the context
of tissue homeostasis and regeneration. Studies of this kind will contribute to understanding
how different forces (e.g., tensile, compressive, shear) shape tissue morphologies and the roles
these forces play in lineage allocation.

TLS also represent a fast and easily applicable alternative for lineage tracing studies in vivo
since the engineering of stable reporter mouse lines is not time and cost-effective. The
generation of mESCs reporter lines is becoming more and more accessible thanks to the
development of efficient genome editing techniques. Moreover, a vast catalog of tissue-specific
report mESCs already exist, and these lines could be readily implemented in the TLS protocol.
Recent advances in single-cell CRISPR-based molecular recording technologies and the
benchmarking of mESCs recorders also offer a more sophisticated approach that can be
combined with TLS development to quantitatively measure cellular specification events to
uncover genetic drivers of developmental transitions [207, 208].

Several layers of fine-tuned epigenetic regulations canalize the precise cellular transitions
during embryogenesis, but disentangling the specific regulators’ functions for cell types
acquisition is challenging due to the early lethal phenotypes observed in mutant embryos [209,
210]. TLS could represent a valid and easy-to-manipulate alternative to study their functions
during the early stages of embryonic development without the need to induce genetic
perturbations. In fact, the possibility to apply chemical compound libraries that have been
widely adopted in other contexts to selectively inhibit epigenetic regulators functions in high-
throughput screens in TLS could provide a rapid and high-content approach to unveil their
precise contributions to cell state specification events [211-214].

Finally, TLS and in vitro models of embryogenesis could be used for high-throughput
screens to probe the teratogenic effects of drugs and substances in a cellular system that
preserves an embryo-like tissue organization compared to the current models used in pre-
clinical experimentations. A proof of principle study using gastruloids has demonstrated the
suitability of these models in identifying harmful molecules that would affect developmental
progression [215].

Given its modularity, tractability, scalability, and reproducibility, I firmly believe Trunk-
Like Structures will be a powerful toolkit widely adopted by the research community to study

normal and aberrant developmental principles in vitro.
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