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Abstract

Neural crest (NC) is a multipotent embryonic population integral to vertebrate development owing
to its broad contribution to an array of derivatives including peripheral ganglia and the craniofacial
skeleton. The NC cells originate from the dorsal tip of the neural tube along the anteroposterior
axis and based on their positional identity, which is coupled with their ability to generate distinct
cell types, are subdivided into cranial, cardiac and vagal, trunk and sacral NC in an order that
corresponds to the adjacent regions of the spinal cord. The importance of NC integrity is
demonstrated by the wide spectrum of NC-related pathologies including tumours, termed
neurocristopathies, that predominantly arise from defects in the development of NC and their
derivatives in multiple tissues. Our knowledge of NC ontogenesis and pathophysiology primarily
comes from studies with animal models, however, the model organisms don’t always recapitulate
human development. Thus, human pluripotent stem cells (hPSCs) are an attractive platform to
study NC ontogenesis and pathogenesis in human context in vitro. Several studies using directed
differentiation have decoded the signalling requirements for cranial NC specification from hPSCs,
but the signals and transcription factors that drive the acquisition of a posterior axial identity that
corresponds to vagal and trunk levels in in vitro-derived NC have been less studied. Recently, it
was demonstrated that vagal NC cells are derived from cranial crest through the action of the
caudalising factor retinoic acid (RA), whereas their trunk counterparts are generated downstream
of a neuromesodermal progenitor (NMP) population. The work presented here defines Wnt along
with cell density as critical factors for vagal NC specification in vitro and demonstrates the ability
of RA-induced vagal NC to give rise to their enteric nervous system (ENS) derivatives upon
further differentiation using two different hPSC lines. It also shows that Notch pathway inhibition
as part of the culture regimen enhances neural and glial differentiation in ENS cultures.
Additionally, it reveals a previously unknown role of the pro-mesodermal factor TBXT together
with Wnt signalling effectors in regulating, through chromatin remodelling, the adoption of
posterior axial identity in NMP-derived trunk NC. We believe that these insights contribute to our
knowledge of posterior patterning in post-otic NC and they can be applied in the future to optimise

NC differentiation strategies with practical implications in biomedicine.
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Chapter 1: Introduction

1.1. Neural crest specification

The neural crest (NC) is a transient, embryonic population that has the extraordinary ability to
migrate extensively and differentiate into numerous derivatives that make up several tissues and
organs as the embryo develops. NC cells are unique to vertebrates and due to their contribution
to predatory features including the jaw, together with other craniofacial structures and paired
sensory organs, they have played a profound role in the evolution of the vertebrates (Gans and
Northcutt 1983).

The NC was first identified in the chicken embryo by Wilhelm His in 1868 (His 1868) and since
then has been the subject of extensive research. Embryonic events such as induction,
specification, migration and cell fate determination have been widely explored in the context of
NC in multiple model systems, making these cells one of the best-studied progenitor populations
of the vertebrate embryo (Simoes-Costa and Bronner 2015). Classical experimental embryology
studies using tissue ablation, heterotopic transplantation, cell labelling dyes and genetic fate
mapping have revealed an array of NC derivatives including cranial bones and cartilage, sensory,
autonomic and enteric ganglia, smooth muscle and melanocytes as well as their contributions to
the body plan (Dupin et al. 2006; Le Douarin 1973; Le Douarin et al. 2004; Le Douarin and Teillet
1973; Rothstein et al. 2018; Tang and Bronner 2020). Hence, owing to the great diversity of its
progeny, the NC has been appositely called “the fourth germ layer” (Hall 2000).

According to the classical model of NC induction, NC cells are considered to be of ectodermal
origin and their formation occurs in a series of sequential morphogenetic events that initiate
during gastrulation. The development of NC begins with the specification of the neural plate
border, a region that resides between the neural plate and the surface ectoderm, structures that
will form the prospective central nervous system (CNS) and epidermis, respectively (Figure 1.1Ai,
B). As the neurulation progresses and the neural plate bends to form the neural tube, the NC
progenitor cells are specified and find place in the most dorsal lateral portions of the neural tube,
termed neural folds (Figure 1.1Aii). After specification, NC cells lose connections with
surrounding neuroepithelial cells, undergo epithelial to mesenchymal transition, delaminate from
the neural tube and emigrate to various locations within the body following stereotypical migratory
routes (Figure 1.1Aiii) (reviewed in Simoes-Costa and Bronner 2015). Although the series of
events that lead to NC formation are quite well established, the multipotent nature of NC and its

contribution to progeny of two germ layers, namely ectodermal (pigment cells, peripheral
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neurons, glia) and ectomesenchymal (term adapted to distinguish the NC-derived mesenchyme
from mesoderm-derived mesenchyme; Platt 1893) derivatives (cartilage, bone of the skull) have
challenged the classical view of its ectodermal origin and the time of NC emergence (Prasad et
al. 2019). Studies in avian (Basch et al. 2006; Patthey et al. 2008) and rabbit (Betters et al. 2018)
embryos demonstrated that NC induction occurs early, at a pre-gastrula stage and prior to the
formation of the three germ layers, suggesting an independent of neural and mesodermal origin.
A recent report in Xenopus also proposed a pre-gastrula origin of NC and suggested that NC
cells share stemness regulators with the blastula stage and these allow them to bypass the linage
restriction taking place in the adjacent cells and maintain a broad developmental potential
(Buitrago-Delgado et al. 2015). Evidence supporting an early and independent to neural origin
onset of NC were also provided by a human pluripotent stem cell-(hPSC)-derived NC model
study (Leung et al. 2016), which showed that NC first emerges from pre-neural border precursors,

a finding that may in part explain the broad spectrum of NC derivatives.

Although numerous transcription factors as well as the inhibitory interactions between them
taking place to establish the neural plate border, neural plate and surface ectoderm territories
have revealed (Simoes-Costa and Bronner 2015), the common origin of the ectodermal domains,
the mechanism and time of lineage segregation remain unclear. The presence of less cell-fate
specific markers at the neural plate border (Tfap2a, Zic1, Msx1/2) in combination with data
showing overlapping expression of multiple fate-specific transcription factors (Sox2, Msx1/2,
Pax7, Tfap2a, Six1 for early placode) in individual cells during the early gastrula stage in the
chicken embryo (Roellig et al. 2017), have challenged the classical model of “binary competence”
which states that the ectoderm is subdivided into neural/NC and placode/epidermal competent
domains (Pieper et al. 2012) and have proposed the “neural plate border” model instead (Roellig
et al. 2017). According to this, the neural plate border until early neurulation consists of non-fate
restricted precursors and when the expression of a specifier has exceeded a threshold level,
cells start to commit to a certain lineage (Roellig et al. 2017). This plastic state consistent with a
broad developmental potential is in line with data from the Xenopus embryo at which NC
precursors are believed to retain stemness characteristics of the blastula stage (Buitrago-
Delgado et al. 2015).

Conversely, a recent study using single cell transcriptomics integrated and expanded the
previous models and suggested the “gradient border” model at which neural plate border cells
do not exhibit discrete transcriptional profiles and the cell fate determination is linked to their
spatiotemporal position (Thiery et al. 2022). However some lineages are more favoured than

others and, cells located laterally are biased towards placode/non-neural fate, cells located
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medially are biased towards NC/neural fate, while a subset of cells holds the potential to equally

differentiate towards the four cell lineages (NC, neural, placode, epidermis) (Thiery et al. 2022).

The complex and timely controlled events that guide the formation of NC which are summarised
as NC induction, specification and diversification are mediated by the interactions of signalling
pathways, transcription factors and numerous effectors which comprise an extensive, highly
sophisticated and evolutionary conserved gene regulatory network (GRN)(Prasad et al. 2019).
The fibroblast growth factor (FGF), bone morphogenetic protein (BMP), Wnt and Notch signalling
pathways together with neural plate border (Zic, Msx, Pax3/7, Tfap2, DIx5/6, Gbx2) and NC
(Sox5/8/9/10, Pax3/7, Tfap2, FoxD3, Snai1/2, Twist, Ets1) specifiers are some of the key
components of the NC GRN (Figure 1.1A; boxes) (Simoes-Costa and Bronner 2015) and the

contribution of some of them to the development of NC will be described below.
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adrenal medula, smooth muscle, craniofacial structures etc

Figure 1.1. Schematic of the early events that lead to neural crest formation. (A) NC is first induced at the neural
plate border (i), the neural plate border is subsequently specified (ii) and then NC cells originate in the dorsal part of
the neural tube below the epidermis (iii). NC cells later undergo epithelial to mesenchymal transition (EMT), delaminate
and migrate. Boxes include some indicative factors that regulate NC formation processes. This is just a representation
and might not apply for all species. Pre-placodal ectoderm is not included for simplicity. (B) Derivatives of the different
ectodermal domains including NC.
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1.1.1. The role of BMP, Wnt, FGF and Notch signalling in the formation of neural crest

BMP signalling

BMPs are a group of proteins that belong to the transforming growth factor-g (TGF-3) superfamily
of secreted ligands and play a profound role in embryogenesis and development as they are
involved in several processes including the dorsoventral patterning and neural induction (Bier
and De Robertis 2015; Streit and Stern 1999). The BMP signalling cascade is activated upon
BMP binding to type 1 (ALK2, ALK3, ALK6) and type 2 (BMPR-2, ActR-2A, ActR-2B)
serine/threonine kinase receptors (Wang et al. 2014; Wrana et al. 1994) which subsequently
stimulates the phosphorylation of downstream substrates, the receptor-regulated Smads (R-
Smads), Smad1/5/8. Phosphorylated Smads form a complex by associating with Smad4 and this
translocates to the nucleus where it functions as a transcription factor to regulate gene

expression (Figure 1.2) (Heldin et al. 1997).

BMPs behave as morphogens and regulate several developmental processes in a dose-
dependent fashion (Bier and De Robertis 2015). Early work in the Xenopus embryo demonstrated
that NC establishment relies on intermediate levels of BMP signalling, while high and low BMP
activity induces epidermal and neural fate, respectively (Baker et al. 1999; LaBonne and Bronner-
Fraser 1998; Marchant et al. 1998; Wilson and Hemmati-Brivanlou 1995). The BMP morphogen
mediolateral gradient is achieved by the antagonistic interactions between BMPs which are
initially expressed in the embryo laterally and BMP inhibitors, such as noggin, follistatin, chordin,
which are secreted from medial regions in close vicinity to neural plate (Simoes-Costa and
Bronner 2015) (Figure 1.1A). The requirement of intermediate BMP activity for NC induction has
been demonstrated in other model organisms. In zebrafish, embryos with mutations in BMP
signalling pathway components show different levels of BMP activity and NC expansion,
supporting the notion that a BMP gradient determines the formation of NC (Nguyen et al. 1998;
Schumacher et al. 2011). Consistent with the morphogen model are also the findings of Kwon et
al. (2010) who demonstrated that high levels of the BMP pharmacological inhibitor dorsomorphin
in zebrafish embryos led to NC extinction while low levels resulted in NC expansion. Although,
some degree of BMP signalling is required at some point during NC formation, intermediate levels
of BMP activity are not sufficient to induce NC and the input of other signalling pathways is
indispensable (Figure 1.1A) (Alkobtawi et al. 2021; Garcia-Castro et al. 2002; LaBonne and
Bronner-Fraser 1998; Patthey et al. 2009; Sasai et al. 2014).

In contrast to the gradient model, studies in Xenopus and chicken have suggested a two-step

induction model at which FGF, Wnt and loss of BMP is required at the early gastrula stage to
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induce NC, whereas intermediate levels of BMP activity downstream of Wnt in the neural plate
border are critical to maintain NC induction (Patthey et al. 2009; Piacentino and Bronner 2018;
Steventon et al. 2009). Moreover, BMP by interacting with Wnt and Notch signalling has also
been shown to regulate delamination and early migration of NC cells in avian embryos emerging
from the midbrain (Piacentino et al. 2021) and trunk (Burstyn-Cohen et al. 2004; Liu et al. 2013a)
region. Specifically, stimulation of Wnt by BMP results in G1/S transition, a necessary step for
NC delamination (Burstyn-Cohen et al. 2004), while BMP and Wnt induce phosphorylation of
Sox9 which subsequently cooperates with Snai2 to initiate trunk NC delamination (Liu et al.
2013a). A requirement of BMP signalling in the development of NC has also been demonstrated
in the mouse. Embryos lacking Noggin (Nog™) or both Chordin and Noggin (Chrd”;Nog”*")
displayed increased levels of BMP signalling and this coincided with an expansion of NC cells
and defects in NC migration, differentiation, particularly to craniofacial structures, and overall
increased apoptosis (Anderson et al. 2006). These findings proposed a role of BMP antagonism
in regulating the generation and survival of NC in mammalian development (Anderson et al.
2006). Additionally, genetic studies using a Cre-Lox system and conditional knockout of Bmpria
(encodes a BMP receptor) in dorsal neural folds prior to neural tube closure revealed a reduction
in NC cells accompanied with decreased expression of NC markers and defective contribution
to peripheral nervous system (PNS) structures, consistent with a requirement of BMP activity in

specification and early differentiation of NC (Stottmann and Klingensmith 2011).

Figure 1.2. Overview of the BMP signalling
pathway. BMP ligands bind to type 1 and type
2 serine/threonine kinase receptors and form a
heterotetrametric complex. The active type 2
receptor then transphosphorylates the type 1
receptor which subsequently phosphorylates
\ the R-Smads (Smad1/5/8). Phosphorylated

Smad1/5/8 interacts with the co-Smad
(Smad4), and the complex translocates to the
nucleus where it further associates with
coactivators or corepressors to regulate gene

expression. The illustration was created using
—— ( SMAD6 the scientific image and illustration software,
BioRender.
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Whnt signalling

The Wnts are a family of secreted glycoproteins that signal through various routes and regulate
key processes in development and tissue homeostasis. The best studied route is the canonical
Wnt signalling pathway (Figure 1.3), which is activated when a Wnt ligand binds to frizzled
receptor and its co-receptors LRP5 and LRP6. This binding initiates a cascade of events which
result in inhibition of glycogen synthase kinase-3 (GSK3) and stabilisation of the cytoplasmic
protein B-catenin, which otherwise in the absence of Wnt ligand is phosphorylated and marked
for degradation by the activity of GSK3. When Wnt signalling is active, -catenin translocates to
the nucleus and cooperates with TCF/LEF transcription factors to regulate the expression of Wnt

target genes (MacDonald et al. 2009).

The involvement of Wnt signalling in the formation of NC has been well documented in several
vertebrates. In the Xenopus and chicken embryo stimulation of Wnt signalling by ectopic
expression of Wnt ligands or other components of the Wnt signalling pathway, enhanced the
formation of NC and NC marker expression, while inhibition of Wnt activity blocked NC formation
(Deardorff et al. 2001; Garcia-Castro et al. 2002; LaBonne and Bronner-Fraser 1998; Saint-
Jeannet et al. 1997; Wu et al. 2005). Similarly, loss of function experiments in zebrafish indicated
that activation of canonical Wnt signalling is necessary for NC formation (Lewis et al. 2004).
Although the role of Wnt in NC induction in Xenopus, chicken and zebrafish embryo is quite well
established (Figure 1.1A), the contribution of Wnt in early NC formation in the mouse remains
unclear (Prasad et al. 2019). Mouse embryos with Wnt7-driven loss of $-catenin downstream of
Whnt pathway, fail to properly develop cranial ganglia and skeletal structures due to defective NC
survival and differentiation, suggesting a requirement of 3-catenin in normal NC development
(Brault et al. 2001). Similarly, Wnt-1 and Wnt-3a mutants exhibit craniofacial malformations and
loss in NC-derivatives, proposing a role of Wnt in NC expansion (lkeya et al. 1997). Moreover,
GSK-3B homozygous null mice have cleft palate, consistent with a crucial role of GSK3 in
craniofacial development (Liu et al. 2007) and GSK3 as a substrate of the neuroblastoma related
anaplastic lymphoma kinase (ALK) was later shown to regulate the early events of cranial NC
migration through the formation of lamellipodia, cytoskeletal structures critical for cell migration
(Gonzalez Malagon et al. 2018). Although several studies demonstrate an implication of Wnt
and its components in NC survival, migration and cell fate determination in the mouse, many of
them fail to address the role of Wnt in early events such as NC induction/formation. This may be
in part due to functional redundancy in components of the Wnt pathway or due to unappreciated
late Wnt1 expression following NC induction that does not allow the Wnt1-Cre drivers to capture

this early event, as suggested previously (Barriga et al. 2015).
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Figure 1.3. Overview of the canonical Wnt signalling pathway. In the absence of Wnt (right panel), cytoplasmic 8-
catenin is degraded by the destruction complex which includes Axin, adenomatosis polyposis coli (APC), glycogen
synthase kinase 3 (GSK3) and casein kinase 1a (CK1a). B-catenin is marked for ubiquitination and subsequently
proteasomal degradation. In the presence of Wnt ligand (left panel), a receptor complex between frizzled and its co-
receptors LRP5 and LRP6 is formed which results in the recruitment of the scaffolding protein Dishevelled and the
negative regulator of Wnt, Axin. This series of events leads to a disruption in the function of the Axin-mediated
destruction complex, accumulation of $-catenin in the cytoplasm and its eventual translocation to the nucleus, where
it cooperates with TCF/LEF family members to activate the transcription of target genes. The illustration was created
using the scientific image and illustration software, BioRender.
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FGF signalling

The FGF superfamily consists of eighteen secreted proteins which signal through binding and
activating high-affinity tyrosine kinase receptors (FGFR1, FGFR2, FGFR3, and FGFR4). FGF
activation leads through a cascade of phosphorylation events in the induction of multiple
downstream signalling pathways such as Ras/Raf-MEK-MAPKs (mitogen-activated protein
kinases), phosphatidylinositol-3 kinase/protein kinase B (PI3K/AKT), PLCy, and Jak-STAT
depending on the cellular context (Figure 1.4) (Xie et al. 2020).

The FGF signalling pathway has a wide range of cellular and developmental functions and is also
implicated in the establishment of NC in various model organisms (Figure 1.1A). In Xenopus,
FGF in the presence of BMP antagonism induces the formation of NC (LaBonne and Bronner-
Fraser 1998; Mayor et al. 1997), while overexpression of a dominant negative Fgf receptor results
in inhibition of NC marker expression (Mayor et al. 1997). Moreover, FGF8 derived from the
paraxial mesoderm (the dorsal region of embryonic mesoderm that forms somites and
musculoskeleton) is sufficient to induce NC transiently without the requirement of BMP
antagonists (Monsoro-Burq et al. 2003). Similarly, studies in the chicken provide evidence that
FGF activity in the ectoderm is necessary during gastrulation, as FGF chemical inhibition in
neural plate border leads to reduced NC marker expression (Stuhlmiller and Garcia-Castro
2012b), while ectopic expression of FGF4 in the surface ectoderm is sufficient to induce NC
marker expression (Yardley and Garcia-Castro 2012). Furthermore, a study published by Sasai
et al. (2014) using chicken explants delineated the temporal requirement of FGF in NC induction
in the caudal pre-neural tube and proposed a model at which FGF establishes a region of NC
competence in cooperation with BMP and Wnt signals, which progressively diminishes as the
axis elongates and FGF signals regress. This allows the generation of prospective neural cells
in the more anterior domains. Recent work in the chicken embryo further highlighted the
requirement of FGF in NC induction and specification and suggested that FGF levels are
modulated via a post-transcriptional mechanism which involves miRNA-mediated gene silencing
(Copeland and Simoes-Costa 2020). Similar to BMP and Wnt, the contribution of FGF signalling
has mainly been studied in chicken and frog embryos and little is known about its role in
mammalian NC formation. Loss of function experiments for Fgf8 in mouse mutant lines suggest
a crucial role of Fgf8 gene function during gastrulation and early NC development, as mice
mutants showed impaired brain development and exhibited craniofacial and cardiac
malformations, in line with a faulty NC formation/development (Meyers et al. 1998). However, the
precise role of Fgf8 in the early morphogenetic events following gastrulation was not examined
(Meyers et al. 1998).

22



1 FRS2 ) GRB2 SOS Ras Raf

®
iy R

ook MAPK

PKC l

FGF
FGFRs
O O
®

N

AKT ERK

MAPKs p38

.

JNKs

Gene
I transcription

Figure 1.4. Overview of the classical FGF pathways. FGFs bind and activate tyrosine kinase receptors (FGFRs)
leading to transphosphorylation of the tyrosine kinase domain in the intracellular compartment. Activated FGFRs
further stimulate multiple downstream signalling pathways such as Ras-MAP kinase, PI-3 kinase/AKT, STAT and
PLCy. FRS2a, FGFR substrate 2a; GAB1, GRB2 associated binding protein 1; GRB2, growth factor receptor-bound
2; PKC, protein kinase C; SOS, son of sevenless. The illustration was created using the scientificimage and illustration

software, BioRender.
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Notch signalling

The Notch signalling pathway is a fundamental and evolutionarily conserved pathway that
governs almost every aspect of embryonic morphogenesis. Notch receptors and ligands are
present throughout embryonic development and adult life and act in a pleiotropic way to modulate
cell-fate determination between immediate neighbours in nearly every tissue and organ in the
body by influencing proliferation, differentiation and apoptosis (Bray 2006). The Notch receptors
and their ligands Delta and Serrate (Jagged in mammals) (the number of which varies between
species) are transmembrane proteins located on the surface of adjacent interacting cells (Figure
1.5). Ligand-receptor binding triggers a series of proteolytic events which eventually result in the
y-secretase dependent release of the Notch intracellular domain (NICD) from the cell membrane.
The NICD translocates to the nucleus where it cooperates with the Notch signalling effectors
suppressor of hairless (CBF1/RBPjk (mammalian homolog)) (a DNA-binding protein) and the
nuclear protein mastermind to trigger the transcription of target genes, among them the basic
helix—loop—helix hairy and enhancer of split (HES) proteins: HES1 and HES5 in mammals (Louvi
and Artavanis-Tsakonas 2006).

As in many developmental processes, the Notch signalling pathway is implicated in NC formation.
Studies in Xenopus and avian embryos have demonstrated a role of Notch pathway and Delta1-
mediated activation in regulating Bmp4 expression and thus, NC induction at the neural plate
border during gastrulation (Endo et al. 2002; Glavic et al. 2004). In zebrafish, mutations in deltaA
or reduced delta signalling leads to reduced NC marker expression in the trunk and to loss in
trunk NC derivatives, while the cranial NC cells remained unaffected, suggesting 1) that distinct
mechanisms regulate cranial and trunk NC development and 2) a role of Notch in trunk NC
development, however, its implication in NC induction or cell fate determination remains unclear
(Cornell and Eisen 2000). Consistent with a role of Notch in early cell fate diversification,
Hernandez-Lagunas et al. (2011) using zebrafish model demonstrated a role of this pathway in
determining the NC versus neural fate choices at the neural plate border by regulating the
expression of mutual repressors, prdm1a and olig4d. Moreover, gain or loss of function in
components of Notch signalling in mouse embryos revealed a wide array of developmental
defects associated with NC derivatives in the craniofacial skeleton, in heart structures and
neurons of the enteric nervous system (Mead and Yutzey 2012). These findings highlight the
importance of Notch in NC development in the mouse and suggest that Notch regulates
migration, proliferation and differentiation (Mead and Yutzey 2012), however, the role of Notch

in NC induction in the mouse still remains elusive.
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Figure 1.5. Overview of the canonical Notch signalling pathway in mammals. Activation of Notch signalling occurs
upon interaction between Notch receptors (Notch 1-Notch 4) and Notch ligands (Jagged 1, Jagged 2, Delta-like 1,
Delta-like 3, Delta-like 4) on the membrane of adjacent cells. Receptor-ligand binding triggers a series of proteolytic
cleavages, mediated by ADAM10 metalloprotease and the y-secretase complex. These events result in the release of
the Notch intracellular domain (NICD) from the cell surface and its subsequent translocation into the nucleus, where it
associates with the RPB-Jk protein complex, displaces co-repressors and recruits transcriptional activators, including
the co-activator protein mastermind (MAM) to initiate Notch target gene transcription. The illustration was created

using the scientific image and illustration software, BioRender.
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1.1.2.Transcription factors involved in neural crest development

Neural plate border specifiers

The combinatorial action of Wnt, BMP, FGF and Notch signals emerging from the surrounding
tissues (paraxial mesoderm, neural plate, surface ectoderm) triggers the induction of the neural
border domain at the interface of the neural plate, which is located medially, and the surface
ectoderm, which is located laterally (Figure 1.1Ai). In response to these signals, neural plate
border cells upregulate a set of transcription factors, termed neural plate border specifiers (Figure
1.1Ai), that allows the adoption of a NC competent transcriptional program and in turn activate
the expression of NC specifiers (Sauka-Spengler and Bronner-Fraser 2008). The genes
encoding these transcription factors are evolutionarily conserved among vertebrates. Studies in
Xenopus, chicken, zebrafish, basal vertebrates such as lamprey, mouse and hPSCs have
contributed to our knowledge about the expression patterns and regulation of these markers,

which are considered to be the earliest modulators of NC formation (Prasad et al. 2019).

The “paired domain” Pax family members Pax3 and Pax7 are expressed in the neural plate
border domain in most vertebrates (Hong and Saint-Jeannet 2007; Monsoro-Burq et al. 2005;
Prasad et al. 2019) and are critical for NC induction as loss of their expression severely reduces
NC marker expression, NC migration and impedes differentiation of NC to various derivatives
(craniofacial structures and enteric ganglia) as it is shown in the chicken, mouse, lamprey and
Xenopus embryos (Basch et al. 2006; Hong and Saint-Jeannet 2007; Lang et al. 2000; Mansouri
et al. 1996; Monsoro-Burq et al. 2005; Nikitina et al. 2008). In particular, Pax7 is first detected in
the chicken embryo as early as epiblast stage 4 and is considered to be induced by BMP and
Whnt signals (Basch et al. 2006). As the NC induction progresses, Pax3 expression starts to
overlap with Pax7 and the expression of the latter eventually localises to neural folds and later
to migratory NC cells (Basch et al. 2006). In Xenopus embryos instead, Pax3 is the first Pax
paralog expressed in response to Wnt and FGF8 signals (Maczkowiak et al. 2010; Monsoro-Burq
et al. 2005; Sato et al. 2005) and in turn positively regulates Pax7 expression in addition to Wnt,
FGF8 and retinoic acid (RA) (Maczkowiak et al. 2010). Moreover, Pax3 modulates its own
expression as part of an autoregulatory feedback loop (Plouhinec et al. 2014). Notably, Pax3
expression is not only confined in the neural plate border and neural folds during early
development but it continues to be expressed in migratory NC precursors with functional
implication in enteric neuron and melanocyte development (Bondurand et al. 2000; Lang et al.
2000; Lang and Epstein 2003).

Zic1 is another neural plate border specifier that cooperates with Pax3 in the dorsolateral

ectoderm to induce NC formation in the Xenopus embryo (Sato et al. 2005). Zic1 induces the

26



expression of downstream NC specifiers foxd3 and snai2 (slug) (Sato et al. 2005). This is likely
to happen via direct binding to snai1/2 promoters (Plouhinec et al. 2014). Additionally, the NC
specifiers twist1 and tfap2b are also induced by Pax3 and Zic1 to promote a NC fate (Plouhinec
et al. 2014). A combined and balanced activity between Pax3 and Zic1 is necessary to induce
NC as a variation in their levels is shown to shift the cell fate towards the identity of neighbouring
domains. Particularly, an increase in the levels of Pax3 favors the formation of hatching gland,
while Zic1 upregulation promotes pre-placodal ectoderm fate (PPE) (Hong and Saint-Jeannet
2007).

Msx genes also play a key role in neural plate border specification. In Xenopus and zebrafish,
Wnt signalling and intermediate levels of BMP activate msx7 which, in turn, induces the
expression of its downstream targets snai1, snai2, foxd3 that confer cells competence to induce
a NC identity (Sato et al. 2005; Tribulo et al. 2003). FGF8-mediated activation of msx1 is also
shown to promote snai2 expression via activating pax3 and zic1, revealing that msx1 is located
upstream of pax3 and zic1 in the cascade of NC specification and further highlighting the
existence of multiple regulatory steps/factors towards NC specification (Monsoro-Burqg et al.
2005). Zebrafish with mutations in msxB, msxC and msxE (Phillips et al. 2006) and mice double
mutants for Msx1 and Msx2 (Satokata et al. 2000) develop cranial bone malformations due to
impaired NC differentiation and proliferation of NC progeny, in line with a role of Msx family

members in the development of NC.

Members of the Transcription Factor AP-2 (TfapZ2) family are also key regulators in the NC GRN
(de Croze et al. 2011; Nikitina et al. 2008). Tfap2 genes are highly conserved among chordates
and in vertebrates are implicated in NC and surface ectoderm/PPE development (Hoffman et al.
2007). The tfap2a gene is detected in the ectoderm during gastrulation and its expression spans
between the neural plate border and the surface ectoderm until it becomes confined to pre-
migratory NC in the dorsal neural tube (de Croze et al. 2011). The Tfap2a gene in lamprey shows
a similar expression pattern and functions upstream of Pax3/7 and Zic1 to promote their
activation (Nikitina et al. 2008; Sauka-Spengler et al. 2007). Similarly in Xenopus, Tfap2a which
is induced by FGF, BMP and Wnt signals mediates neural plate border specification via direct
binding and transcriptional activation of pax3 in cooperation with Wnt (de Croze et al. 2011). In
mouse, loss of Tfap2 is lethal and mice die perinatally having severe craniofacial defects due to
Tfap2-associated failure in neural tube closure (Schorle et al. 1996; Zhang et al. 1996), in line
with the crucial role of Tfap2 in morphogenesis (Mitchell et al. 1991). In addition to its role in
neural plate border specification, Tfap2a also functions as a NC specifier in a mechanism that is
independent from its former action in the neural plate border (de Croze et al. 2011; Sauka-

Spengler et al. 2007). Tfap2a in this case, acts downstream of pax3 and zic1 to mediate the
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activation of NC bona fide genes such as sox9, sox70, snai2, foxd3 (de Croze et al. 2011). The
transcription factor TFAP2A is likely to modulate transcription via direct binding to key NC
enhancers and promoting an open/permissive chromatin landscape that will allow other
transcriptional regulators such as MSX1, ZIC1 or PAX3/7 to bind and activate NC target genes
as it was shown during hPSC differentiation to NC (Rada-Iglesias et al. 2012; Simoes-Costa and
Bronner 2015).

Neural crest specifiers

Shortly after neural plate border specification, NC specifier genes are upregulated in the
presumptive NC population by the coordinated action of border specifiers and integrated signals
(Figure 1.1Aii). NC specifiers regulate critical processes such as proliferation, delamination and
the onset of migration and in contrast to border specifiers, they retain their expression in the
migratory NC population (Sauka-Spengler and Bronner-Fraser 2008). However, border specifiers
such as Pax3/7 and Tfap2a have reiterative functions in NC formation and diversification and
their expression persists during all the stages of NC development including induction,

specification, delamination.

SoxE (Sox8, Sox9, Sox10) family of transcription factors are key regulators of NC specification
and downstream differentiation, as mutations in their expression have been associated with
many developmental disorders dubbed SOXopathies which are characterised, among others, by
severe defects in NC derivatives (Angelozzi and Lefebvre 2019). The onset and temporal
sequence of SoxE protein expression varies between species. In the chicken Sox9 expression
precedes the expression of Sox8 and Sox10 in premigratory NC (Cheung and Briscoe 2003),
whereas in Xenopus Sox8 expression is followed by Sox9 and Sox10 (Hong and Saint-Jeannet
2005). In Xenopus, as NC specification progresses Sox9 expression is restricted in migrating
cranial NC towards the pharyngeal arches, whereas Sox10 mainly persists in NC from the trunk
region (Aoki et al. 2003; Spokony et al. 2002). In chicken, Sox9 expression is mainly maintained
in migrating cells that will generate structures of the heart, while Sox10 persists in NC cells of
cranial and trunk regions that will form peripheral ganglia (Cheng et al. 2000; Montero et al.
2002). In humans, premigratory and migratory NC cells express SOX9 and SOX10 and in
contrast to the findings in the Xenopus and chicken, SOX9- and SOX10-expressing cells are
observed in the cranial ganglia and mesenchyme along with other anatomical domains in the

periphery (Betters et al. 2010).
The importance of Sox genes in NC specification is demonstrated by functional analysis studies.

Ectopic expression of Sox8/9/10 in neural tube of chicken embryos induces NC differentiation at

the expense of neural fate and Sox9 promotes the expression of other NC markers including
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Sox10 (Cheung and Briscoe 2003). Additionally, forced expression of Sox10 in the trunk region
of the neural tube at a later stage induces NC migration, while sustained Sox10 expression
inhibits differentiation, suggesting a role of Sox10 in controlling these events (McKeown et al.
2005). A similar role of Sox70 in maintaining multipotency while inhibiting differentiation to
neuronal linages is also demonstrated in mouse NC stem cells (Kim et al. 2003). Overexpression
of SOX10 has also been demonstrated to convert fibroblasts to NC cells in vitro (Kim et al. 2014;
Motohashi et al. 2016). Depletion of Sox9 in mouse embryo does not impair trunk NC

specification, however, NC cells in Sox9 mutants undergo apoptosis (Cheung et al. 2005).

The forkhead box transcriptional repressor foxD3 is another key regulator during NC
specification. It is one of the earliest markers of the NC lineage and its expression precedes the
expression of Sox10 in the chicken embryo (Simoes-Costa et al. 2012). FoxD3 is sequentially
expressed from anterior to posterior in premigratory and migratory NC of all axial levels before
being restricted to NC-derivatives in peripheral ganglia (Kos et al. 2001; Simoes-Costa et al.
2012). Overexpression of FoxD3 in the chicken neural tube and Xenopus embryo results in an
increase in NC marker expression which coincides with enhanced migration (Dottori et al. 2001;
Kos et al. 2001; Sasai et al. 2001). On the contrary, loss of function of FoxD3 in Xenopus embryos
supresses NC markers such as Snai2, Twist, Ets-1, highlighting a requirement of FoxD3 for NC
specification (Sasai et al. 2001). Moreover, work in the mouse demonstrated a role of Foxd3 in
maintaining the NC-derived progenitor pool (Teng et al. 2008). Foxd3 mutant embryos were
characterised by cranial skeletal abnormalities, loss of peripheral ganglia and strikingly, their
enteric nervous system was missing (Teng et al. 2008). Additionally, FoxD3 controls the
expression of cell adhesion molecules and hence is considered to be involved in NC delamination
(Cheung et al. 2005).

1.2. Neural crest differentiation

1.2.1. Neural crest subtypes

The NC is formed along the anteroposterior axis of the developing embryo, spanning from the
posterior diencephalon to lumbosacral region and can be divided into distinct subpopulations
(cranial, cardiac, vagal, trunk, sacral) that arise sequentially in time and in space as the embryo
elongates (Rothstein et al. 2018) (Figure 1.6B). NC cells from distinct axial levels exhibit discrete
migratory behaviours and are equipped with the ability to generate axial level-specific derivatives

throughout the body (Figure 1.6C). Each NC subpopulation reflects a certain axial location and
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is further defined by the expression of Hox gene paralogous groups (PGs), which function as

regional identity specifiers (Hunt et al. 1991).

The Hox gene family encodes a set of transcription factors that are crucial for the anteroposterior
patterning of the embryo during development. Hox genes are evolutionary conserved between
species and in vertebrates are grouped in 4 discrete clusters (HoxA, HoxB, HoxC, HoxD) on
different chromosomes. Each cluster contains a set of Hox genes which are organised in a
numerical order (1-13) and genes of different clusters are termed paralogs (Figure 1.6A)
(Deschamps and Duboule 2017; Deschamps and van Nes 2005). These are activated in a
spatiotemporal fashion according to their genomic order in each chromosomal cluster, a process
known as “temporal co-linearity” (Kmita and Duboule 2003). Thus, the expression of 3’ Hox genes
precedes the expression of more 5’ Hox genes, with the latter being induced sequentially as the
axis elongates (Deschamps and Duboule 2017). Hox genes encode positional information as
they specify tissues along the anteroposterior axis and therefore, they are widely used as a
readout of axial identity. In the NC, Hox genes are implicated in axial specification and are critical

in defining subpopulations that emerge from different axial levels.

Cranial NC displays an anterior Hox-negative and posterior Hox PG (7-3)-positive domain, while
the vagal is characterised by the expression of Hox PG (3-5). NC cells from the trunk region are
marked by the expression of Hox PG (5-9) and posterior to them, sacral NC exhibits a Hox PG
(70-13)-positive domain (Cooper and Tsakiridis 2022a; Le Douarin et al. 2004) (Figure 1.6A).
Hox gene expression starts in NC located in the hindbrain region, posterior to rhombomeres r2-
3 (reviewed in Parker et al. 2018). The absence of Hox genes from the anterior cranial NC
population has been associated with the ectomesenchymal potential of cranial NC, as targeted
expression of Hoxa2, Hoxa3, Hoxb4 in the Hox-negative anterior cranial NC domain restricted
the ability of these cells to form skeletal structures (Creuzet et al. 2002). Notably, ectopic
expression of Hoxb1 in the chicken neural tube at trunk axial levels was sufficient to induce a
NC-like identity and promote epithelial to mesenchymal transition through activation of key
transcriptional regulators Snai2 and Msx1/2 (Gouti et al. 2011), highlighting the implication of
anterior Hox genes in NC specification. Hox genes expressed in the posterior NC domains are
also crucial for NC development and differentiation (Kam and Lui 2015). In particular, Hoxb5
expression is maintained in migratory vagal NC/ENS progenitors in zebrafish, chicken, mouse
and human gut (Fu et al. 2003; Howard et al. 2021; Kuratani and Kirby 1992; Kuratani and Wall
1992), where it has been shown to function in controlling the size of the progenitor pool (Howard
et al. 2021) and regulating migration and enteric neural differentiation through activation of Ret
(Lui et al. 2008).
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Figure 1.6. Overview of neural crest populations and their contributions along the anteroposterior axis. (A)
Hox gene organisation in 4 chromosomal clusters. (B) NC subdivisions and contributions to ENS. Vagal NC from
somites1-2 migrate like Schwann cell precursors (SCP) to the foregut and generate neurons in the oesophagus,
whereas the rest vagal NC populate the entire gastrointestinal tract. Sacral NC contribute to the distal gut, while SCP
derived from the trunk NC emigrate to the hindgut later in development and contribute to enteric ganglia. (C) List of
NC derivatives based on axial identity. FG; foregut, MG; midgut, HG; hindgut, DRG; dorsal root ganglia.

Cranial neural crest

The cranial NC arise in the rostral part of the neural tube, anterior to the otic vesicle and is the
first population to delaminate and leave the neural tube (Bronner and LeDouarin 2012). It
produces ectomesenchymal structures of the face such as bones, cartilage and connective
tissue, melanocytes, neurons and glia of the cranial ganglia (D'Amico-Martel and Noden 1983;
Le Lievre 1978; Le Lievre and Le Douarin 1975; Platt 1893). The cranial NC collectively migrate
dorsolaterally beneath the ectoderm to reach their destination (reviewed in Minoux and Rijli
2010). Cranial NC arising from the anterior domains (forebrain, midbrain) follow a dorsal pathway
to generate the fronto-nasal structures in the head, whereas NC from the posterior/hindbrain
region migrate laterally and ventrally in defined streams along the hindbrain rhombomeres to
populate the pharyngeal arches (Couly et al. 1993; Kontges and Lumsden 1996; Lumsden and
Guthrie 1991; Osumi-Yamashita et al. 1994). Cranial NC streams have also been shown to
provide the tracks for the migration of placodal neuroblasts, precursors of cranial sensory
neurons, from the placodal epithelium towards the hindbrain in chicken and mouse embryos and
consequently contributing in addition to forming neurons in the proximal cranial ganglia to the

structural organisation of their distal counterparts (Freter et al. 2013).
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Vagal/Cardiac neural crest

The vagal NC is located posteriorly to cranial NC and emerges in the post-otic hindbrain region
adjacent to somites 1-7. It generates numerous specialised derivatives with main contributions
to the enteric nervous system (ENS; neurons and glia of the gastrointestinal tract) (Le Douarin
and Teillet 1973; Yntema and Hammond 1954), to ganglia in the pancreas and lung and to
mesenchyme and pericytes in the thymus (Hutchins et al. 2018). Vagal NC that generate enteric
neurons and glia predominantly follow the ventral pathway and travel through the somitic
mesoderm towards the gut (Kuo and Erickson 2011; Nagy and Goldstein 2017) (Figure 1.6B). In
addition to this, it was recently proposed that NC emerging next to somites 1-2 take an alternative
route to the foregut along the descending fibres of the vagus nerve (Espinosa-Medina et al.
2017). According to this, NC from these levels give rise to Schwann cell precursors which are
guided through the vagus nerve to the oesophagus and stomach and populate these regions
with enteric neurons, highlighting the complex and heterogeneous behaviour of NC that belong
to the same subdivision nevertheless, hold different axial position (Espinosa-Medina et al. 2017)
(Figure 1.6B). A detailed description of the ENS is included in chapter 4.

In addition to vagal population, NC cells emerging from somites 1-3 follow the dorsolateral
pathway to the heart and contribute to various derivatives of the cardiovascular system, including
the outflow tract septation complex, cardiac ganglia and the smooth muscle layer of the dorsal
aorta and aortic arch arteries (George et al. 2020; Kirby et al. 1983). Because of their essential
role in the formation of the heart, this NC subpopulation is named cardiac. Similar to cranial, NC

cells that correspond to vagal axial levels generate melanocytes (Reedy et al. 1998).

Trunk neural crest

The trunk NC arise in the posterior part of the embryo at the region that corresponds to cervical
and thoracic axial levels, spanning from somite 8 to 24 in the mouse or to 28 in avian embryos
(Le Douarin and Teillet 1973; Rothstein et al. 2018). These cells participate in the formation of
the PNS as they give rise to sensory and sympathetic ganglia, Schwann cells in addition to
endocrine cells of the adrenal gland and melanocytes (reviewed in Le Douarin et al. 2004; Le
Douarin and Teillet 1973; 1974; Serbedzija et al. 1994; Teillet et al. 1987). Although the
aforementioned are considered to be direct derivatives of the trunk NC, recent studies have
suggested the additional contribution of a NC-derived glial progenitor, termed Schwann cell
precursor, to their emergence (Furlan and Adameyko 2018). Schwann cell precursors are
multipotent like the NC population they originate from and have been shown to share a

transcriptional profile with late migratory NC even though they demonstrate a fate bias towards
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discrete NC derivatives (Kastriti et al. 2022). They migrate along the developing nerves of the
PNS to various locations and differentiate towards diverse cell types including melanocytes
(Adameyko et al. 2009), neuroendocrine cells (Furlan et al. 2017; Kastriti et al. 2019),
parasympathetic (Dyachuk et al. 2014) and enteric neurons (El-Nachef and Bronner 2020;
Uesaka et al. 2015). Notably, Uesaka et al. (2015) revealed that trunk NC-derived Schwann cell
precursors invade the gut via extrinsic nerves and generate ~20% of the neurons in the large
intestine postnatally (Figure 1.6B), a seminal work expanding our understanding about the origin
of the ENS beyond the vagal NC contribution.

Non-neuronal cell types including mesenchymal derivatives in mice (e.g. myofibroblasts and
bone marrow mesenchymal stem cells) in addition to Schwann cells are also derived by
peripheral glial cells (Isern et al. 2014; Joseph et al. 2004). The mesenchymal potential of trunk
NC has been also explored in the avian embryo, where trunk NC were reported to be capable of
differentiating into skeletal elements in vitro and in vivo when cultured in appropriate conditions
and following transplantation into the developing head in chicken embryos, respectively
(McGonnell and Graham 2002).

In order to reach their destination and generate the various derivatives, trunk NC cells upon
delamination, follow three stereotypic pathways (Vega-Lopez et al. 2017). Cells that migrate
dorsolaterally, beneath the ectoderm, give rise to melanocytes (Reedy et al. 1998), while cells
that contribute to sensory neurons and glia of the dorsal root ganglion and sympathetic neurons
travel via a ventrolateral (through somites)/ventromedial (between the neural tube and
sclerotome) route (reviewed in Kuo and Erickson 2010; Vega-Lopez et al. 2017). NC that will
generate secretory cells migrate ventrally (Polak et al. 1971). Notably, the pathways and the

timing that NC cells migrate varies between species (Vega-Lopez et al. 2017).

Sacral neural crest

The Sacral NC emerge in the developing embryo caudally to trunk NC subdivision and posterior
to somite 24, from the region that corresponds to lumbosacral levels of the spinal cord (Bronner
and LeDouarin 2012). Sacral together with vagal NC generate the majority of enteric neurons
and glia of the gastrointestinal tract, however, the contribution of the former is much smaller
(~20%) and restricted to the hindgut (Figure 1.6B)(Burns and Douarin 1998; Kapur 2000; Le
Douarin and Teillet 1973; Tang et al. 2022).
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1.2.2. Neural crest fate decisions and transitions to their derivatives

How NC cells decide between alternative fates and whether they represent multipotent
progenitors or a mixed population of lineage restricted precursors are some of the key long lasting
questions in the field of developmental biology (Dupin et al. 2018) and recently single cell mutli-
omics combined with mathematical modelling studies have provided important insights into NC
cell lineage separation in the avian and mouse model (Lignell et al. 2017; Soldatov et al. 2019;
Williams et al. 2019). Williams et al. (2019) looking at transcriptome and chromatin profiling at
single cell level in the chicken embryo revealed the existence of various populations with distinct
transcriptional and epigenetic profiles within premigratory cranial crest cells. The authors
proposed that the heterogeneity in cis-regulatory elements including enhancers and super-
enhancers and their interactions with novel, in addition to core, NC transcription factors drives
lineage segregation downstream of NC. They also showed that an epigenetic and transcriptional
neural-specific program primes pre-migratory NC towards neural fate and suggested the early
segregation of NC cells associated with the neural from the mesenchymal lineage (Williams et
al. 2019). A fate bias linked to spatial organisation within the heterogeneous premigratory cranial
NC in the dorsal neural tube in the chicken embryo was also described by Lignell et al. (2017).
The authors, using fluorescent probes and an image analysis pipeline that enables spatial
transcriptional profiling, identified spatially confined NC subpopulations with distinct
transcriptional profiles characterised by the concurrent expression of multiple linage specific and
pluripotency markers as well as a subpopulation predominantly expressing a marker of cartilage
fate, Col2a1 (Lignell et al. 2017).

Moreover, a recent study from the Adameyko and Kharchenko groups (Soldatov et al. 2019)
using single-cell RNA sequencing and spatial transcriptomics provided valuable insights into fate
transitions during cranial and trunk NC differentiation in the mouse embryo. This study proposed
that NC diversification occurs via sequentially binary fate splits mediated by the co-activation and
subsequent mutual repression of transcriptional programs driving alternative fates within
heterogeneous progenitors in early migratory NC. While cranial NC showed a mesenchymal fate
bias demonstrated by the activation of Twist1, Prrx2 and DIx2, delaminating trunk NC cells were
predisposed towards sensory neuronal lineage with expression profile characterised by an
upregulation of Neurog1, Pou4f1 and Nkx2.1 genes. Within migratory trunk NC cells, the authors
demonstrated that the first bifurcation separates the sensory lineage, whereas the second one,
diverges the autonomic from the mesenchymal fate (Soldatov et al. 2019). A similar mechanism
for cell fate specification via activation and inhibition of opposing transcriptional programs was
shown to govern the segregation of sympathoadrenal progenitors and immature Schwan cells or

enteric glia and immature Schwan cells in trunk NC-derived Schwann cell precursors following
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NC migration in the chicken embryo (Kastriti et al. 2022). Similarly, sequential branching points
resulting from transcriptional changes in NC-progeny of the sensory (Faure et al. 2020) and ENS
lineage (Morarach et al. 2021) have been shown to construct neural subtype diversity in the
developing PNS, findings underlying that a common mechanism for cell-fate specification
persists from early the early steps of NC differentiation until terminal differentiation of NC

derivatives.

1.3. Neurocristopathies

The faulty development of NC due to defects in specification, proliferation, migration,
differentiation and survival leads to a large number of rare syndromes and diseases, which are
collectively known as neurocristopathies (Bolande 1974; Vega-Lopez et al. 2018). These
pathologies affect a great number of infants and constitute congenital malformations associated
with pigmentation, cardiac and craniofacial abnormalities, thyroid and hearing disorders as well
as defects in the ENS (Vega-Lopez et al. 2018). Some examples of neurocristopathies are
Waardenburg, CHARGE, DiGeorge, Treacher Collins syndromes (McDonald-McGinn and
Sullivan 2011; Sato et al. 2019; Trainor 2010) and Hirschsprung’s disease (HSCR; Heanue and
Pachnis 2007). In addition to congenital malformations, NC-derived tumours such as
neuroblastoma, melanoma, pheochromocytoma and Schwann cell-associated tumours also fall
under the umbrella of neurocristopathies (Vega-Lopez et al. 2018). The primary cause of
neurocristopathies is chromosomal aberration and/or gene mutations in NC-associated genes
that perturb the NC GRN or dysregulate epigenetic mechanisms that control gene activity and
formation of gene products. However, non-genetic factors such as alcohol consumption and
imbalance in the levels of vitamin A, linked to the maternal diet, have also been implicated in NC-

derived developmental disorders (Pilon 2021; Vega-Lopez et al. 2018).

For instance, neuroblastoma, the most common childhood malignancy associated with increased
catecholamine production, affects the sympathoadrenal lineage which developmentally arises
from the trunk NC and is characterised by clinical and molecular heterogeneity (Maguire et al.
2015). Amplification of the MYCN gene, loss of 1p and 11q, gain of 17q, mutations in ALK and
PHOX2B are among the most frequent genetic aberrations reported in neuroblastoma (Johnsen
et al. 2019). These genetic abnormalities appear to disrupt normal NC development and drive
neuroblastoma tumorigenesis in sympathoadrenal progenitors (Gonzalez Malagon and Liu
2022).

HSCR, a birth defect characterised by the lack of enteric ganglia in the distal colon and as a

consequence severe gut dysmotility, has a strong genetic basis with main etiology being
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mutations in signalling components crucial for normal ENS development including RET, GDNF,
SOX10, PHOX2B, EDNRB, EDN3 (Heanue and Pachnis 2007; Sergi et al. 2017). Thus, ENS
progenitors fail to migrate, proliferate, differentiate as well as survive in the developing ENS
resulting in inadequate colonisation (Barlow et al. 2008; Young et al. 2004) and subsequently
aganglionosis. This pathology is lethal unless the aganglionic part of the intestine is surgically
removed (Tam 2016). Several animal models up to date carrying known mutations in ENS
signature genes have expanded our current understanding on the pathophysiology of HSCR or
in general, neurocristopathies and have further paved the way towards improvising molecular

and cellular approaches to treat these disorders, which up to date lack curative treatment.

1.4. Anteroposterior patterning of neural crest in vivo

1.4.1. Axial-specific gene regulatory networks

Although the early events of NC induction and specification in amniotes and anamniotes have
been studied extensively over the past decades, the molecular mechanisms establishing axial
level-specific NC populations have been largely unexplored (Rothstein et al. 2018). Experimental
embryology with elegant heterotopic grafting of NC from and to distinct axial levels have been
extremely informative about the intrinsic features of each NC subpopulation that confer a specific
developmental potential; for instance the contribution to ectomesenchymal derivates in the head
is an attribute of cranial and not trunk NC and the role of the environmental cues in directing cell
fate decisions (Rocha et al. 2020). The establishment of distinct NC populations along the
anteroposterior axis as well as their intrinsic properties is considered to be a result of the
coordinated action of axial level-specific genes and GRN (Rothstein et al. 2018). The cranial-
specific transcription factor Ets1 is expressed in NC in avian embryos (Tahtakran and Selleck
2003) and is a key regulator for cranial NC specification as it activates cranial-specific regulatory
elements (Simoes-Costa and Bronner 2015) and promotes NC delamination even when it's
ectopically expressed (Theveneau et al. 2007). Similarly, Twist!, a mesenchymal gene
expressed in mouse and chicken cranial NC is one of the main drivers of the cranial NC-
mesenchymal program (Soldatov et al. 2019). Loss of Twist1 function in chicken cranial NC leads
to a reduction in mesenchymal derivatives, while forced expression of Twist1 in the trunk,
promotes a cranial migratory behaviour and a shift towards mesenchymal fate (Soldatov et al.
2019).

In addition to axial level-specific transcription factors, region-specific enhancers regulating the

transcription of pan-NC genes (Sox70, FoxD3) have also been identified in cranial and post-otic
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NC (Betancur et al. 2010; Murko and Bronner 2017; Simoes-Costa et al. 2012). In the case of
Sox10, SOX10E2 enhancer mediates its expression in cranial NC upon activation by Sox9, Ets1
and cMyb transcriptional regulators, while SOX10E1 drives Sox10 expression in migrating vagal
and trunk NC (Betancur et al. 2010; Murko and Bronner 2017). In a similar manner, FoxD3
expression in early cranial NC is controlled by the NC1 enhancer, whereas FoXD3 activation in
vagal, trunk and late migrating cranial NC is mediated upon activation of the NC2 enhancer
(Simoes-Costa et al. 2012). A differential regulation of foxd3 by different sets of autoregulatory
enhancers along the anteroposterior patterning of NC in zebrafish embryo has also been
demonstrated recently (Lukoseviciute et al. 2021). The presence of axial level-specific modes
regulating pan-NC genes, reflects the existence of distinct transcriptional programs that confer
cells the ability to activate the same genes in response to different environmental signals
(Rothstein et al. 2018).

The existence of axial level-specific genetic programs is further supported by the findings of
recent transcriptomic analysis studies (Gandhi et al. 2020; Simoes-Costa and Bronner 2016).
Simoes-Costa and Bronner (2016) using cranial-specific enhancers identified a subset of genes
enriched in the cranial NC compartment (Tfap2b, Sox8, and Ets1) and demonstrated that their
ectopic expression in trunk NC is sufficient to reprogram cells to cranial identity and confer them
the ability to generate ectopic cartilage in the head. A similar approach followed by Gandhi et al.
(2020) revealed that forced expression of cardiac NC-specific battery of genes Sox8, Tgif1 and
Ets1 redirects trunk NC to adopt a cardiac NC-like identity and cardiac-crest developmental
potential, which is further demonstrated by their ability to rescue heart defects in chicken embryos
that cardiac NC was removed. Finally, these studies highlight that axial level-specific regulatory

programs are tightly coupled with axial level-specific NC fates.

1.4.2. Neuromesodermal axial progenitors generate posterior neural crest

The notion that posterior tissue and, specifically the tail bud, contributes to NC derivatives in
caudal parts of avian embryos was first introduced by Schoenwolf (1977); Schoenwolf et al.
(1985) in a series of transplantation experiments followed by analysis of donor derivatives and
was later supported by the findings of a fate-mapping study, which in a similar way by using quail-
chicken chimaeras showed that trunk NC along with caudal spinal cord and posterior
mesodermal derivatives arise from the tail bud (Catala et al. 1995). More recently, clonal analysis,
multiple linage tracing studies and single-cell transcriptomic data (Javali et al. 2017;
Lukoseviciute et al. 2021; Rodrigo Albors et al. 2018; Tzouanacou et al. 2009; Wymeersch et al.
2016) further revealed that trunk NC cells (and potentially sacral) and their neural derivatives

(e.g. the DRG) (Shaker et al. 2021) originate from neuromesodermal-potent (Binagui-Casas et
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al. 2021) progenitors residing in the caudal lateral epiblast/tailbud, termed NMPs. The NMPs are
axial progenitors with stem cell-like properties that supply the elongating axis with spinal cord as
well as presomitic/paraxial mesoderm descendants (reviewed in Wymeersch et al. 2021). They
first appear just before the start of somitogenesis (Wymeersch et al. 2016) in the caudal lateral
epiblast (CLE) and the node-streak border (NSB) and later in the chordoneural hinge in the tail
bud (Wymeersch et al. 2021). Their induction as well as maintenance relies predominantly on
the synergistic action of FGF and Wnt signalling inputs emanating from the primitive streak and
CLE (Henrique et al. 2015; Wymeersch et al. 2021). The NMPs are characterised by the co-
expression of the neural progenitor marker Sox2 and the mesodermal marker Brachyury (T)
(Henrique et al. 2015; Tsakiridis et al. 2014) and they also upregulate a battery of genes
consistent with a caudal regional identity, including Nkx1.2, Cdx2, Thx6 and posterior Hox genes
(Gouti et al. 2017; Guillot et al. 2021; Javali et al. 2017; Rodrigo Albors et al. 2018; Wymeersch
et al. 2019).

1.5. hPSC-based models of neural crest development

The recent advances in transcriptomics that enable to obtain information at high resolution and
single cell level, together with very sophisticated lineage tracing, fate mapping and functional
genetic studies have expanded our understanding on NC ontogenesis, development and related
pathologies in animal models. Despite the tremendous progress that has been made, particularly
over the last 2 decades (reviewed in Etchevers et al. 2019), our knowledge regarding the cellular
and molecular mechanisms that govern NC development in humans is still poor. The restricted
access to human embryos due to ethical and technical limitations renders hPSCs an invaluable
tool to study the early, unreachable events of human NC induction/specification in vitro. hPSCs
(human embryonic stem cells; hESCs or reprogrammed, human induced pluripotent stem cells;
hiPSCs), owing to their capacity to self-renew and produce almost any cell type of interest, offer

an excellent, infinite cellular source to study human development.

To date, several efforts have been made to model NC development using hPSCs, particularly
via manipulation of BMP, Wnt and FGF signals (Figure 1.7, 1.8) due to their role in driving NC
induction in vivo. With regards to BMP signalling, hPSC-based studies have demonstrated that
a careful regulation of BMP activity at distinct time points and precise levels is a prerequisite for
the generation of NC in vitro (Figure 1.7) (Hackland et al. 2017; Leung et al. 2016; Mica et al.
2013). While low-endogenous BMP activity is sufficient for NC derivation (Leung et al. 2016),
blocking or activating BMP signalling pathway was found to stimulate neural and epidermal

differentiation, respectively, in agreement with the role of BMP in neuroectodermal patterning
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and surface ectoderm specification in vivo (Chambers et al. 2009; Metallo et al. 2008). Moreover,
BMP-Smad signalling triggered by changes in cell shape and morphogenetic cues at the colony
edge was shown to regulate the spatial organisation of neural plate border-like cells in a hPSC-
based neuroectoderm patterning model (Xue et al. 2018). In line with the role of Wnt in inducing
NC in vertebrates in vivo, activation of Wnt signalling is also used to derive hPSC-derived NC
cells in vitro (Frith et al. 2020; Hackland et al. 2017; Leung et al. 2016; Menendez et al. 2011).
Whnt stimulation in combination with low Smad signalling yields NC cells at the expense of
neuroectoderm (Menendez et al. 2011) and promotes the acquisition of NC by supressing the
surface ectoderm and PPE fate (Leung et al. 2016). Similarly, Wnt stimulation after a pulse of
BMP signalling following an initial ectoderm induction using Nodal inhibition was shown to derive
NC cells in a hPSC-based platform of micropatterned ectoderm (Britton et al. 2019). Furthermore,
Whnt activation was required for the establishment of a NC domain at the expense of neural and
placodal lineage as inhibition of endogenous Wnt resulted in loss of NC and expansion of neural,

placodal and epidermal fate (Britton et al. 2019).

In addition to NC specification, Wnt signalling pathway is involved in axial patterning of NC cells
in vitro, with low levels of Wnt activity promoting a rostral NC axial identity while high levels of
Whnt with input from FGF signalling inducing NC cells that correspond to a more caudal region
(Frith et al. 2018; Gomez et al. 2019b). The implication of FGF signalling in mammalian NC
induction has also been studied in in vitro NC models from hPSCs (Frith et al. 2018; Gomez et
al. 2019b; Hackland et al. 2019; Leung et al. 2016). According to these studies, the endogenous
FGF signalling is essential for the derivation of hPSC-NC cells (Leung et al. 2016) and FGF
activity is required to modulate NC anteroposterior patterning towards more posterior/trunk axial
levels (Figure 1.7) (Frith et al. 2018; Gomez et al. 2019b; Hackland et al. 2019). Inhibition of FGF
during NC differentiation impairs HOX gene induction and slightly reduces CDX2 expression,
while SOX10 remains unaffected (Gomez et al. 2019b; Hackland et al. 2019). On the contrary,
increased levels of FGF signalling result in an upregulation of sacral HOX genes (HOXA10,
HOXA11, HOXD13) but SOX10 expression is severely compromised (Hackland et al. 2019),
suggesting along with the other reports that precise levels of FGF signalling are required to
induce posterior/ trunk NC identity. Induction of sacral HOX genes in in vitro NMP-derived
cultures is likely to rely on GDF11 activity (Figure 1.7) (Cooper et al. 2022; Lippmann et al. 2015),
a finding that could facilitate the generation of sacral NC from hPSCs (Cooper et al. 2022), which

requires further attention.

In addition to BMP, Wnt and FGF, Notch stimulation was also shown to influence NC

differentiation from hPSCs and to have 2 distinct functions; the first, being essential for NC
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induction, while its inhibition results in neural differentiation and the second, maintaining NC cells

at a premigratory state by suppressing downstream neural differentiation (Noisa et al. 2014).
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Figure 1.7. Overview of the current approaches and signalling combinations used to derive neural crest cells
from human pluripotent stem cells. The generation of hPSC-derived sacral NC has not been described in detail
and further work is required for the derivation of this lineage in vitro. NMP; neuromesodermal progenitors, PNP; pre-
neural progenitors. Source/Modified (Cooper and Tsakiridis 2022a)

Using various signalling combinations, several research groups up to date have devised
protocols for the generation of human NC cells with transcriptional and functional properties
indicative of in vivo NC from different axial levels (Figure 1.7) (reviewed in Cooper and Tsakiridis
2022a). Cranial, vagal and trunk NC have been successfully generated in vitro and notably, have
been shown to be capable of differentiating towards their immediate derivatives: osteocytes,
chondrocytes, peripheral neurons and glia from the cranial (Hackland et al. 2017; Leung et al.
2016), enteric neurons and glia from the vagal (Figure 1.8) (Fattahi et al. 2016; Frith et al. 2020;
Gogolou et al. 2021) and sympathoadrenal progenitor cells and sympathetic neurons from the
trunk (Frith et al. 2018; Frith and Tsakiridis 2019; Hackland et al. 2019). An overview of the
existing protocols for the generation of vagal NC and subsequently cells of ENS lineage from
hPSCs is included in Figure 1.8. These strategies will be discussed in more detail in chapter 4

which focuses on ENS differentiation.
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1.6. hPSC-derived neural crest: Applications to human disease

The potential of hPSC-derived NC cells is not only limited in studying human NC development
but also expands in disease modelling of NC-associated disorders, drug screening and
regenerative medicine. Our recent findings and work of others have demonstrated that hPSC-
derived vagal NC cells have the ability to integrate, colonise and differentiate in the mouse,
chicken, human adult gut (Fattahi et al. 2016; Frith et al. 2020; Li et al. 2018; Workman et al.
2017) as well as hPSC-derived intestinal and colonic organoids (Lau et al. 2019; Workman et al.
2017). Notably, in vitro derived vagal NC were able to engraft and rescue the fatality of HSCR
mouse model Ednrb*"*" (Fattahi et al. 2016) and more recently, their enriched in nitrergic (NO)
neurons descendants were capable of colonising the colon of NO neuron-deficient mice (Nos1”-
) (Majd et al. 2022). These studies illustrate the functional potency of human in vitro NC and hold
promise for the development of cell-based therapeutic treatments for enteric neuropathies (Burns
and Thapar 2014; Chng and Pachnis 2020; Stamp 2017).

Also, as part of the CONNECT consortium, a Horizon 2020 Project, we are currently aiming to
connect hPSC-derived CNS and PNS (emerging from NC) components on a single platform to

examine nervous system’s connectivity (https:/fet-proactive-connect.com/) using organ-on-chip

technology and human stem cell research. This approach would be particularly useful to study
and model diseases in which both parts of the nervous system are implicated, such as
Parkinson’s disease (Braak et al. 2006), and would be beneficial for drug discovery and

personalised medicine by enabling high-throughput screening.

Moreover, Lai et al. (2017) using CRISPR/Cas9 gene editing were able to correct HSCR-
associated mutations in patient derived iPSCs and further restore their function with respect to
differentiation and migration, which had been impaired, following differentiation to ENS
progenitors in vitro. This study indicates the importance of gene editing technology in identifying
and correcting mutations associated with NC disorders in patient derived reprogrammed cells
and moreover, the application of iPSC-derived NC in disease modelling. In line with this, a recent
study using hiPSCs derived from patients with Bardet-Biedl Syndrome, a ciliopathy characterised
among others by craniofacial dysmorphology, demonstrated impaired cranial NC induction and
differentiation of patient-derived lines carrying mutations in BBS70 compared to healthy controls
(Barrell et al. 2019). The inefficient differentiation of mutant lines to NC, which could be attributed
to a reduced response to WNT and BMP instructive signals, indicated the importance of BBS710
in human NC development and illustrated the feasibility of using such platform to model and
explore the cellular and molecular mechanisms that underlie NC-related disease (Barrell et al.

2019). Similarly, hPSCs harbouring chromosomal aberrations prevalent in the childhood tumour,
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neuroblastoma, failed to differentiate into trunk NC and sympathoadrenal progenitors, the
presumptive precursors of adrenal glands, where the neuroblastoma develops, and exhibited
tumourigenic hallmarks (Saldana-Guerrero et al. 2022). The authors nicely demonstrated that
hPSC-derived NC cells offer a suitable platform to model human embryonic tumourigenesis, like

neuroblastoma.

Collectively, the above represent only a few examples of the broad potential applications of
hPSC-derived NC cells in biomedical research and highlight the very promising opportunities
they offer to transfer the current knowledge into clinical practice, an avenue we just started to
explore (Cooper and Tsakiridis 2022b).

43



1.7. Hypothesis and aims

The existing hPSC-based differentiation protocols until recently had focused on the induction and
early specification of NC and predominantly gave rise to cranial/anterior HOX-negative NC and
their direct derivatives. The lack of protocols generating NC of a more caudal axial identity has
been an obstacle to the study of anteroposterior patterning of NC and in particular of the
specification of posterior (post-otic) NC cells and their products, namely vagal and trunk NC. Our
group and others have recently described protocols for the generation of these cell types and
have shown their developmental potential by differentiating them towards their downstream

derivatives.

Utilisation of such in vitro differentiation systems towards understanding the signalling
environment being experienced by the cells during posterior NC patterning will enable a higher
degree of control over the morphogenetic cues that they receive and lead to refinement of the
current differentiation approaches for the generation of axial level-specific NC populations with
greater efficiency. Such a level of control is critical for the derivation of posterior NC cells where
many signals might function, in a dose-dependent manner, to induce a NC identity and/or pattern
the cells towards more caudal axial levels. Additionally, deciphering the role of key signals during
NC differentiation is particularly important for the generation of clinically relevant axial specific
NC cells and their specialised derivatives for cell therapy purposes. The hypothesis underlying
this study was that the temporal and dose control of key NC inducing signals, centred around
Whnt, FGF, BMP and RA, influence the generation and axial specification of posterior NC. In order
to examine this, | generated NC cells following our previously devised vagal and trunk NC
protocols, challenged different signalling pathways using agonist/antagonist treatments or
shRNA mediated knockdown and assessed the transcriptional profile of the cells over the period

of differentiation.

Overall using this approach, | set out to investigate the signalling and transcriptional basis of
posterior patterning in hPSC-derived NC and determine factors/parameters crucial for their
downstream differentiation towards neural derivatives. Specifically, this thesis aimed to:

1) Define the role of critical candidate signals in guiding the specification of vagal NC

cells and their downstream derivatives

2) Determine key signals/transcriptional regulators necessary for trunk NC induction

and differentiation
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Chapter 2: Methods and Materials

2.1. Cell culture and differentiations

2.1.1. Cell lines

H9 (WAO09), hES cell line published in Thomson et al. (1998). Employed for vagal, trunk NC and
ENS differentiation.

H9:SOX10GFP, hES cell reporter line, kindly provided by Mark Tomishima to Peter Andrews. It
was generated in H9 hES cell line using bacterial artificial chromosome (BAC) transgenesis and
utilises multiple promoter and enhancer elements of the SOX70 gene upstream of the green
fluorescent protein (GFP) (Mica et al. 2013). This reporter cell line was employed to monitor

SOX10 expression levels during vagal NC and ENS differentiation.

MasterShef7, hES cell line derived at the University of Sheffield, Centre for Stem Cell Biology
as described in Aflatoonian et al. (2010). It was used to demonstrate the generation of vagal NC

from multiple cell lines.

WTC11 (UCSFi001-A), hiPS cell line derived from adult skin (leg) fibroblasts (Conklin Lab,
Gladstone Institute). A gift from Femke de Vrij, Erasmus Medical Center, The Netherlands. The

WTC11 line was employed for vagal NC and ENS differentiation.

WTC11:GFP, enhanced GFP (eGFP) expressing reporter cell line cloned from the rainbow cell
reporter WTC11 hiPS cell line by Rebecca Lea at the University of Sheffield. The rainbow reporter
prior to FACS isolation was treated with recombinant cell-permeant Cre to initiate permanent
recombination of the rainbow cassette containing GFP, RFP and FRFP. In brief, hiPSCs were
passaged 1:6 using TrypLE and cultured overnight in cell culture medium in the presence of
10uM Y-27632 2HCI. The following day, Y-27632 2HCI was removed from the culture medium
and cells were treated with TAT-CRE Recombinase (100 units/ml ~ 90 ug of TAT-CRE) (Merck,
# SCR508) for 6 hours in mTeSR. Upon TAT-CRE treatment, cells were washed with 1XPBS
and expanded in culture using mTeSR medium. The expression of different fluorescent proteins
and hues as a result of different recombination events was confirmed using fluorescence
microscopy. The Cre-mediated conversion of the rainbow hiPS cell line was performed by Fay
Cooper at the University of Sheffield. The rainbow cell reporter was acquired from Jennifer Davis,
University of Washington (EI-Nachef et al. 2020). The eGFP clone was used to track ENS

progenitor migration in time-lapse videos in chapter 4.
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TBXT and B2M shRNA sOPTiKD, hESC lines engineered to exhibit shRNA-mediated,
tetracycline (Tet)-inducible knockdown of TBXT and B2M (control) expression, respectively. The
cell lines were developed in the H9 cell line as described in Bertero et al. (2016) and were
provided by Prof. Ludovic Vallier, University of Cambridge. The TBXT and B2M shRNA sOPTiKD

cell lines were employed for all TBXT loss-of- function and sequencing experiments.

Table 2.1. hPSC lines used in the study

Name Type  Sex Reference

H9 (WAQ9) hES Female Thomson et al. (1998)
H9:SOX10GFP hES Female Mica et al. (2013)
MasterShef7 hES Male Aflatoonian et al. (2010)
WTC11 (UCSFi001-A) hiPS Male Kreitzer et al. (2013)
WTC11:GFP cloned from rainbow hiPS Male El-Nachef et al. (2020)
reporter (WTC11)

TBXT and B2M shRNA sOPTIiKD (H9)  hES Female Bertero et al. (2016)

2.1.2. Pluripotent Stem Cell culture

Feeder free culture

Human pluripotent stem cells (hPSCs) were grown in feeder-free conditions and maintained at
37°C under humidified atmosphere and 5% CO; levels. Cell culture was carried out on 12.5 cm?
tissue culture flask (VWR, #734-2309) coated with Geltrex (GTX) and incubated for an 1hour at
37°C/5% CO, prior to use. hPSCs were grown in mTeSR (Stem Cell Technologies, #85850;
Ludwig et al. (2006)) and the media was replenished daily. Cell lines were routinely cultured for
a maximum of 12-15 passages to prevent accumulation of genetic abnormalities following long-
term passaging. Passaging was carried out every 3-5 days and when the cells reached
approximately 80 to 90% confluency, using an EDTA-based dissociation solution ((Invitrogen,
#15575020; Beers et al. (2012)) or ReleSR (Stem Cell Technologies, #05872).

For EDTA based passaging, cultures were washed briefly with 1X PBS (Merck, #D1408; diluted
1:10 in ddH20 and sterilised using an autoclave) and 0.5 mM EDTA solution was added to the
cells prior to incubation for 3-5 min at 37°C. When cells began to separate from each other
uniformly, EDTA solution was aspirated and fresh media was added to the cells. Efficient colony
detachment was ensured by thorough mixing and small aggregates with size between 50-200
MM were obtained by pipetting the cell mixture using a serological pipette. Following that, cell
aggregate suspension was dispensed at the appropriate dilution (1:6 or 1:12) in a new coated
flask.
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For ReleSR based passaging, media was aspirated and cells were incubated with ReLeSR for
30 seconds at room temperature. Following that, ReLeSR was removed and the flask was
incubated for additional 3-4 minutes at room temperature and until hPSC colonies started to lift
off of the cultureware. Media was subsequently added to the flask and by gentle tapping hPSC
colonies fully detached. Colonies were broken up into optimally-sized aggregates (50-200 pym)
following pipetting and cells were transferred to freshly coated culture flasks at the desired
dilution (1:6 or 1:12). Cell culture was carried out using a horizontal laminar-flow clean bench and

aseptic technique.

hPSC thawing

A frozen vial of hPSCs was removed from liquid nitrogen or -80°C and placed in 37 °C water bath
until most, but not all, cells were thawed. The content of the vial was next resuspended in mTeSR
media for a quick wash. Cells were centrifuged at 1200rpm for 4min and cell pellet was
resuspended in 3ml of mTeSR media supplemented with 10uM Y-27632 2HCI (AdooQ
Bioscience, #A11001), a Rho-associated coil kinase (ROCK) inhibitor. Cell suspension was
transferred to a freshly coated GTX flask and incubated at 37°C. Flasks were not disturbed for
24h after thawing to allow cells settle. Media was changed daily and ROCK inhibitor was

withdrawn the following day.

hPSC freezing

Medium was aspirated from a 12.5 cm? culture flask and ReLeSR was added for 30 seconds at
room temperature. ReLeSR was removed and the empty flask was next incubated for 3-4
minutes at room temperature and until cell contacts became loose. After the short incubation
period, 1ml of freezing medium STEM-CELLBANKER (Amsbio) was added to the flask and cells
were dissociated into small aggregates following gentle pipetting. The cell suspension was
divided into 2 cryovials, placed in a freezing container (Mr frosty) in -80 °C freezer overnight
before being transferred to liquid nitrogen for long-term storage. Prior to freezing hPSCs and
creating master cell banks, a sister flask was sent for karyotype analysis or a qPCR assay was
performed as described in Laing et al. (2019) to detect common copy number changes that occur
in hPSCs.
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Cultureware preparation

a. Geltrex
GTX LDEV-Free Reduced Growth Factor Basement Membrane Matrix (Thermo Fisher,
#A1413202) was diluted 1:100 in cold DMEM/F12 (Merck Life Science, #D6421) and transferred
to each flask/plate. Coated cultureware were incubated for 1hour at 37°C prior to use. For longer

storage following dilution, GTX aliquots were kept at 4°C for up to 10 days.

b. Vitronectin
Vitronectin (VTN-N) Recombinant Human Protein, Truncated (Thermo Fisher, #A31804) was
diluted 1:100 (working concentration 5ug/ml) in 1X PBS and used to coat the plates following

a minimum 40min incubation period at room temperature prior to use.

c. Laminin 521
Laminin 521 (LN521, Biolamina, #LN521-05) was diluted in DPSB with calcium, magnesium
(Thermo Fisher, #14040117) at 5ug/ml and used to coat 12.5 cm? culture flasks for a minimum
of 1h at 37°C.

TBTX inducible knockdown in the TBXT shRNA sOPTiKD hESC line

The TBXT and B2M shRNA sOPTIKD hESC lines (Bertero et al. 2016) were employed for the
loss-of-function and sequencing experiments in D3 NMPs and their posterior derivatives. Stem
cells were maintained in mTeSR medium, grown on LN521 or GTX and passaged twice a week
using EDTA (0.5mM).

TBXT knockdown was carried out using tetracycline hydrochloride (Merck Life Science, # T7660)
at 1ug/ml as described previously (Bertero et al. 2016). For efficient TBXT knockdown,
tetracycline hydrochloride treatment was initiated 2 days before the differentiation. Stem cells
were cultured in mTeSR medium supplemented with 1ug/ml tetracycline hydrochloride 2 days
prior to differentiation and tetracycline treatment was maintained throughout the differentiation

for the periods of time indicated in the results section.
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2.1.3. In vitro differentiation

2.1.3.1. Vagal neural crest differentiation

GTX coated plates were prepared (as described in 2.1.2) and hPSC cultures at 80-90%
confluency were firstly washed with PBS and then dissociated into a single cell suspension
following treatment with Accutase solution (Merck Life Science, #A6964) for 5-7 minutes at 37°C.
Dissociation was monitored under the microscope to ensure cells had fully detached. After
incubation time, the remaining cell aggregates were subsequently broken up by pipetting and
DMEM/F12 media was added for neutralization. Culture suspension was then transferred into a
conical tube and viable cells were counted using a hemocytometer. Cells were centrifuged at
1200 rpm for 4 minutes and the pellet was then resuspended in NC media (see Table 2.2)
supplemented with Y-27632 2HCI to obtain a final concentration of 1 x 10° cells/ml. Cell
suspension was subsequently plated at an optimal density of 30 + 20,000 cells/ cm?, depending
on the cell line, onto GTX-coated plates containing NC media supplemented with 10 uM Y-27632
2HCI and incubated at 37°C. The day of plating is considered as day 0 of the differentiation.

At day 2, 48 hours post plating, small colonies started to emerge and NC media was refreshed
without Y-27632 2HCI. Cells were incubated for 48 hours. At day 4, when cultures have reached
90% of confluency-an indicator of protocol’s efficiency- old media was changed to NC media
containing 1 uM all-trans Retinoic acid (RA; Merck Life Science, #R2625) and plates were
incubated at 37°C, protected from light. Stock solution of 102 M RA was prepared in DMSO and
stored at -80°C. Working stock of 10 M RA was prepared and stored at -20°C in light protected
vials for a short period (up to 3 months). Cultures treated with RA displayed increased cell death
and acquired a spiky morphology. For representative images of cells’ morphology please refer
to Figure 3.1. The day after, day 5 of differentiation, media was fully changed with fresh NC media
supplemented with 1 uM all-trans RA and cells were incubated at 37°C for an additional day. At
day 6 of the protocaol, cells displayed a characteristic NC morphology (stellate morphology, please
refer to Figure 3.1) and were either harvested for analysis or plated for subsequent differentiation.

A detailed version of the protocol is published in current protocols (Gogolou et al. 2021).
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Table 2.2. Neural crest induction media

Component Stock Volume for Final Conc. Company Cat #
Conc. 50ml
DMEM/F12 1X 48.5ml N/A Merck D6421
N2 Supplement 100X 0.5ml 1x Thermo Fisher 17502048
NEAA 100X 0.5mi 1x Thermo Fisher 11140050
GlutaMAX 100X 0.5ml 1x Thermo Fisher 35050061
CHIR990217 10mM 5ul 1uM Tocris 4423
SB431542 10mM 10ul 2uM Tocris 1614/1
BMP4 50ug/ml - 20pl 20ng/ml Thermo Fisher  PHC9533
DMH-1 10mM 5ul 1uM Tocris 4126/10
All-trans RA 1mM 50ul (ADDED D4) 1uM Merck R2625

*Penicillin-Streptomycin (5,000 U/ml; Thermo Fisher, #15070063) at 1:100 was added to media
(optional)
T An alternative CHIR99021 from Selleck Chemicals (Cat # S2924) was used in 3.4.1 to compare it

with the standard Tocris

2.1.3.2. Enteric nervous system differentiation

The in vitro generation of ENS derivatives takes place into 2 successive steps which include the

derivation of NC/ENS progenitor spheres and the induction of enteric neurons and glia.
Step 1: Generating neural crest spheres

Day 6 vagal NC cells were re-plated into non-adherent conditions to form free floating spheroids,
using the Corning Ultra-Low attachment plates (Corning, #3471). To this end, cells were
enzymatically dissociated following treatment with Accutase for 7 minutes at 37°C, neutralised
with DMEM/F12 and centrifuged for 4 min at 1200 rpm. Supernatant was then removed and cell
pellet was re-suspended in sphere media, (see Table 2.3) supplemented with 10 uM Y-27632
2HCI, in the appropriate volume so that cells grown on a well of an adhesion 6 well plate were
transferred to a well of a 6 well Ultra-Low attachment plate (ratio 1:1). Cells were then incubated
at 37°C for 2 days. After a day in non-adherent conditions, cell aggregates were formed and
small spheroids were present. At day 8, 48 hours post plating, spheres of different sizes were
formed and sphere media was half changed, carefully, using a serological pipette to avoid
excessive cell loss. Cells were then incubated until day 9 or 10 at 37°C. When spheres were joint
and long tube like structures were formed, mainly at day 9, cell suspension was transferred to a

50 ml conical tube and sphere clumps were triturated up and down, using a 5ml serological
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pipette, to break up into smaller aggregates. The mechanical dissociation was performed very
gentle to avoid over-trituration of spheres. Spheres were then distributed equally back to each
well and kept at 37°C until day 9/10 for analysis and re-plating in ENS induction conditions.
Sphere media was supplemented with 1 uM all-trans RA throughout the sphere stage as

indicated in the results section in chapter 4.

Table 2.3. Sphere media

Component Stock Volume Final Conc. Company Cat #
Conc. for 50ml
Neurobasal 1x 23.75ml 0.5X Thermo Fisher 21103049
DMEM/F12 1Xx 23.75ml 0.5X Merck D6421
NEAA 100x 0.5ml 1X Thermo Fisher 11140050
GlutaMAX 100x 0.5ml 1X Thermo Fisher 35050061
N2 100x 0.5ml 1X Thermo Fisher 17502048
B27 50x Tml 1X Thermo Fisher 17504044
CHIR99021 10 mM 15 ul 3uM Tocris 4423
FGF2 10 pg/ml 50 ul 10 ng/ml R&D Systems 233-FB/CF
Y-27632 2HCI 10 mM 50 ul 10 uM AdooQ Bioscience A11001

*Penicillin-Streptomycin (5,000 U/ml; Thermo Fisher, #15070063) at 1:100 was added to media

(optional)

Step 2: Enteric neuronal differentiation

Day 9/10 spheres were collected using a 10 ml serological pipette into a 50 ml conical tube and
were let to sediment for 3 minutes. Old media was then carefully and manually removed to avoid
disturbing spheres collected at the bottom of the tube. Spheres collected from one well of the low
attachment plate were resuspended in 3-4 ml (optimised for each cell line) of ENS induction
media (without 10 uM Y-27632 2HCI; see Table 2.4) and gently mixed using a 5 ml serological
pipette. When big aggregates were present, excessive pipetting was used to break them up into
smaller clumps. For plating, 0.5 ml and 1 ml of sphere suspension was transferred onto GTX-
coated 24 and 12 well plates, respectively. To ensure that cell aggregates were equally
distributed, plates were monitored under the microscope. ENS media was changed every other
day (half medium change) and supplemented with Vitronectin at 1:100 to facilitate attachment of
axons for long periods of culture and when cells started detaching from the periphery. Two to
three days post plating, cells started migrating out of the spheres and neural-like projections
became apparent (Figure 4.1). A detailed description of the protocol was published in current

protocols (Gogolou et al. 2021).
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Table 2.4. Enteric nervous system induction media

Component Stock Volume for Final Company Cat #
Conc. 50ml Conc.

BrainPhys 1x 47.5 ml N/A StemCell Tech 05790
NEAA 100x 0.5 ml 1X Thermo Fisher 11140050
GlutaMAX 100x 0.5 ml 1X Thermo Fisher 35050061
N2 100x 0.5 ml 1X Thermo Fisher 17502048
B27 50x 1ml 1X Thermo Fisher 17504044
GDNF 10 pg/ml 50 ul 10 ng/ml  Peprotech 450-10
DAPT 10 mM 50 ul 10uM Tocris 2634
Ascorbic Acid 200 mM 50 ul 200 uM  Sigma-Aldrich A8960

*Penicillin-Streptomycin (5,000 U/ml; Thermo Fisher, #15070063) at 1:100 was added to media

(optional)

Replating enteric neurons

Substrate preparation

Glass coverslips were sterilised with 70% ethanol, washed and left to dry prior to incubation with
the cell adhesion promoters PDLO or PO. PDLO or PO solution was added on top of each
coverslip and plates were incubated at 37°C overnight. Solutions then were removed, wells were
washed three times with double-distilled water and left to dry. Following that, coverslips were
coated with different combinations of substrates as shown in Table 2.5 and incubated at 37°C for

at least 2 hours or overnight.

Table 2.5. Substrate combinations for replating enteric neurons

Sub- Components Final conc. Company Cat#
strate
1 GTX 150ug/ml in DMEM (1:100)  Thermo Fisher  A1413202
2 poly-dl-ornithine (PDLO)  50ug/ml in borate buffer Sigma-Aldrich  P0671
GTX 150pg/ml in DMEM (1:100)
3 Mouse Laminin | (LAM) 10ug/mlin PBS Cultrex 3400-010-02
4 Poly-dl-ornithine (PDLO)  50ug/ml in borate buffer - -
Mouse Laminin | (LAM) 10ug/ml in PBS
5 VTN 5ug/ml in PBS Thermo Fisher  A31804
6 Poly-I-ornithine (PO) 50ug/mlin PBS Sigma-Aldrich ~ P4957
Mouse Laminin | (LAM)  2ug/ml in PBS
Fibronectin (FN) 2ug/ml in PBS R&D Systems 1918-FN

The replating of ENS cultures was performed at the indicated time points (see results in 4.3.3)
and when the cells had created robust neural networks. The earliest and latest time points
replating was attempted was at day 15 and 60, respectively. ENS medium was first carefully
removed using a pipette to avoid disturbing the monolayer with the suction force of a vacuum

aspirator, cells were subsequently washed twice using PBS and then incubated with accutase
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for 15-20 min at 37°C. Following that, ENS media in a ratio 1:5 of the accutase solution (without
10 uM Y-27632 2HCI) was added directly to the wells, cultures were lifted as flat sheets from the
bottom of the culture vessel and subsequently transferred using a 5ml serological pipette (wide
opening is required) into a 50ml falcon tube to settle down for 2-3 minutes. Long incubation time
was avoided to prevent debris from sinking to the bottom of the tube together with the neurons.
When cells formed a pellet, media was carefully removed and the pellet was resuspended 1:5-
1:6 in fresh ENS media without 10 uM Y-27632 2HCI. Flat sheets of neurons were broken up into
smaller aggregates by gentle pipetting, cell suspension was mixed thoroughly and transferred
into coated plates. Replated cultures were incubated at 37 °C and medium was changed after 2

days.

2.1.3.3. Neuromesodermal progenitor differentiation

The NMP differentiation was performed on VTN-coated plates, prepared as described in 2.1.2.
At the first day of the differentiation (day 0), hPSCs that had reached 80% confluency were
dissociated into singe cell suspension following Accutase treatment for 7 min at 37 °C. Cell
numbers were counted manually using a hemocytometer, samples were centrifuged at 1200 rpm
for 4 min and resuspended in NMP medium (Table 2.6) supplemented with 10 uM Y-27632 2HCI
to obtain a final concentration of 1 x 10° cells/ml. Following that, cells were seeded at 50,000
cells/cm? on VNT-coated multiwell plate and incubated at 37 °C. Medium (without Y-27632 2HCI)
was replenished after 24 hours (day 1) and cells were analysed or proceeded to downstream

differentiation 72 hours after the initial plating (day 3).

For signalling pathway activation/inhibition, N2B27 (NMP basal medium) containing 0.5X
Neurobasal, 0.5X DMEM/F12, 1X NEAA, 1X GlutaMAX, 1X N2 supplement, 1X B27, 50 uM 2-
Mercaptoethanol was supplemented with the agonist/antagonist (Table 2.7) combinations for the

periods indicated in the results section (see section 5.4.1).

For tet-mediated inducible TBXT knockdown, the TBXT shRNA sOPTIKD hESC line was
employed and the differentiation was performed following the protocol described above in the
constant presence of 1ug/ml tetracycline hydrochloride. Plates following tetracycline

administration were kept in dark.
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Table 2.6. Neuromesodermal progenitor differentiation media

Component Stock Volume for Final Company Cat #
Conc. 50ml Conc.
Neurobasal 1x 23.75ml 0.5X Thermo Fisher 21103049
DMEM/F12 1x 23.75ml 0.5X Merck D6421
NEAA 100x 0.5mi 1X Thermo Fisher 11140050
GlutaMAX 100x 0.5ml 1X Thermo Fisher 35050061
N2B27 | N2 100x 0.5ml 1X Thermo Fisher 17502048
media | g7 50x 1ml 1X Thermo Fisher 17504044
2- 50 mM 50 ul 50 uM Thermo Fisher 31350010
Mercaptoethanol
CHIR99021 10 mM 15 ul 3uM Tocris 4423
FGF2 10 ug/ml 100 pl 20 ng/ml R&D Systems  233-FB/CF
Table 2.7. List of agonists/antagonists used during the neuromesodermal progenitor differentiation
Conditions Component Stock Final Conc. Company Cat#
Conc.
1. WNT, FGF CHIR99021 10 mM 3uM Tocris 4423
FGF2 10 pg/ml 20 ng/ml R&D Systems 233-FB/CF
2. WNTi, FGF XAV 939 10mM 1 uM Tocris 3748
FGF2 10 pg/ml 20 ng/ml R&D Systems 233-FB/CF
3. WNT, FGFi CHIR99021 10 mM 3uM Tocris 4423
PD0325901 10mM 1 uM Merck Pz0162
4. WNT, FGF, RA CHIR99021 10 mM 3uM Tocris 4423
FGF2 10 pg/ml 20 ng/ml R&D Systems 233-FB/CF
All-trans RA TmM 0.1 uM Merck R2625
5. WNTi, FGF, RA XAV 939 10 mM 1 uM Tocris 3748
FGF2 10 pg/ml 20 ng/ml R&D Systems 233-FB/CF
All-trans RA TmM 0.1 uM Merck R2625
6. WNT, FGFi, RA  CHIR99021 10 mM 3uM Tocris 4423
PD0325901 10 mM 1 uM Merck Pz0162
All-trans RA 1mM 0.1 uM Merck R2625

2.1.3.4. Trunk neural crest differentiation

For trunk NC differentiation, day 3 NMPs were harvested using Accutase solution, counted and

plated at a density of 50,000 cells/cm? onto GTX-coated plates in NC induction medium (Table
2.2) (supplemented with 15ng/ml BMP4 instead of 20ng/ml) in the presence of 10 yM Y-27632

2HCI for the first 48 hours. Medium was replenished every 2 days.

For signalling inhibition during trunk NC differentiation, the protocol was followed as described

above and the medium was supplemented with the agonist/antagonist combinations indicated in
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the corresponding figures in the results section 5.4.2, using the concentrations listed in Table
2.8.

For Tet-mediated inducible TBXT knockdown, the TBXT shRNA sOPTIKD hESC line was
employed and the differentiation was performed following the protocol described above in the
constant presence of 1ug/ml tetracycline hydrochloride. Cells were kept in dark upon tetracycline

treatment.

Table 2.8. List of agonists/antagonists used during the trunk neural crest differentiation

Conditions Component Stock Final Vendor Cat#
Conc. Conc.

1. WNT, BMP CHIR99021 10 mM 1 uM Tocris 4423
BMP4 50 pg/ml 15 ng/ml Thermo Fisher =~ PHC9533
DMH-1 10 mM 1 uM Tocris 4126/10
SB431542 10 mM 2 uM Tocris 1614/1

2. WNTi, BMP XAV 939 10 mM 1 uM Tocris 3748
BMP4 50 ug/ml 15 ng/ml Thermo Fisher ~PHC9533
DMH-1 10 mM 1 uM Tocris 4126/10
SB431542 10 mM 2uM Tocris 1614/1

3. WNT, BMPi CHIR99021 10 mM 1 uM Tocris 4423
LDN-193189 10 mM 100 nM Tocris 6053
SB431542 10 mM 2uM Tocris 1614/1

4. WNT, BMP, FGFi CHIR99021 10 mM 1 uM Tocris 4423
BMP4 50 ug/ml 15 ng/ml Thermo Fisher ~PHC9533
DMH-1 10 mM 1 uM Tocris 4126/10
SB431542 10 mM 2uM Tocris 1614/1
PD0325901 10 mM 1uM Merck PZ0162

For neutral conditions and in order to eliminate the effect of extrinsic signals on NMP downstream
differentiation, day 3 TBXT shRNA sOPTiKD NMPs generated in the presence/absence of
1ug/ml tetracycline hydrochloride were dissociated following Accutase treatment and plated at
50,000 cell/lcm? on GTX-coated multiwell plates in basal medium (N2B27) (Table 2.6)
supplemented with 10 uM Y-27632 2HCI in the presence/absence of 1ug/ml tetracycline
hydrochloride. Media was replenished every 2 days and Y-27632 2HCI was withdrawn after 48

hours. The differentiation was terminated at day 7 and cells were fixed/harvested for analysis.

2.1.3.5. Early spinal cord progenitor differentiation

For early spinal cord progenitor differentiation, day 3 hPSC-derived NMPs were dissociated using
Accutase solution and plated at 37,500 cells/cm? on GTX-coated plates in early spinal cord

progenitor induction medium (Table 2.9) in the presence/absence of 1ug/ml tetracycline
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hydrochloride and supplemented with 10 uM Y-27632 2HCI (for the first day only). Medium was

replenished every 2 days and the differentiation was terminated at day 7 for subsequent analysis.

Table 2.9. Early spinal cord progenitor induction medium

Component Stock  Volume for Final Vendor Cat#
Conc. 50ml Conc.

Neurobasal 1x 23.75ml 0.5X Thermo Fisher 21103049

DMEM/F12 1x 23.75ml 0.5X Merck D6421

NEAA 100x 0.5mi 1X Thermo Fisher 11140050

GlutaMAX 100x 0.5ml 1X Thermo Fisher 35050061
N2B27 | N2 100x  0.5ml 1X Thermo Fisher 17502048
media | g7 50x 1ml 1X Thermo Fisher 17504044

2- 50mM 50 pl 50 uM Thermo Fisher 31350010

Mercaptoethanol

CHIR99021 10 mM 15 3uM Tocris 4423

FGF2 10 ug/ml - 500 pl 100 ng/ml  R&D Systems  233-FB/CF

2.1.3.6. Paraxial mesoderm differentiation

For paraxial mesoderm differentiation, day 3 hPSC-derived NMPs were dislodged into single

cells following Accutase treatment and re-plated at a density of 45,000 cells/cm? on GTX-coated

plates in paraxial mesoderm induction medium (Table 2.10) including 10 uM Y-27632 2HCI (for

the first day only). Medium was replenished the day after plating (day 4) and cells were

fixed/collected for analysis the following day (day 5).

Table 2.10. Paraxial mesoderm induction medium

Component Stock Volume for Final Vendor Cat#
Conc. 50ml Conc.

Neurobasal 1x 23.75ml 0.5X ThermoFisher 21103049

DMEM/F12 1x 23.75ml 0.5X Merck D6421

NEAA 100x 0.5mi 1X ThermoFisher 11140050

GlutaMAX 100x 0.5ml 1X ThermoFisher 35050061
N2B27 | N2 100x  0.5ml 1X ThermoFisher 17502048
media | gp7 50x 1ml 1X ThermoFisher 17504044

2- 50mM 50 ul 50 uM ThermoFisher 31350010

Mercaptoethanol

CHIR99021 10 mM 40 pl 8 uM Tocris 4423

FGF2 10 yg/ml - 200 pl 40 ng/ml R&D Systems 233-FB/CF
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2.2. Molecular techniques

2.2.1. Real-time Polymerase Chain Reaction (QPCR)

RNA extraction

Cell pellets stored either at -80°C or at room temperature after cell harvesting were proceeded
for RNA extraction using total RNA purification plus kit (Norgen BioTek, #48200). Up to 3 x 10°
cells were lysed in a mixture of 350 ul Buffer RL and 1:10 of 2- Mercaptoethanol and sufficient
lysis was achieved by swirling sample. Lysate was next transferred to a gDNA Removal Column
assembled with a collection tube and centrifuged at 14,000 x g for 1 minute. After centrifugation,
the flow through containing the RNA was retained and kept on ice to avoid degradation until the
protocol was carried out. Next, 100% ethanol was added into the collection tube (60 pl of 100%
ethanol to every 100 pl of RNA sample) and sample was mixed by vortexing. Following that, the
lysate with ethanol was transferred to an RNA Purification Column with one of the provided
collection tubes attached and centrifuged for a second time at 4,000 x g for 1 minute at 4°C. After
centrifugation, the RNA was bound to the column and washed by applying 400 pl of Wash
solution A to the column and spun at 14,000 x g for 1 minute at 4°C. The washing step was
repeated three times and the flow through was discarded prior to every washing. When the
successive washing steps were completed the flow through was again discarded and the column
was centrifuged for a final time at 14,000 x g for 2 minute at 4°C to dry thoroughly. The column
was then placed into a new 1.7 ml Elution tube before 30 ul of Elution Solution A was applied
directly onto the centre of the column. The sample then was centrifuged at 200 x g for 2 minute
and this was followed by a second spin at 14,000 x g for 1 minute at 4°C. To achieve a maximum
RNA recovery, the eluted sample was passed again through the column and centrifuged for 2

successive rounds as described above.

Purified RNA concentration was measured using Nanodrop Lite Spectrophotometer (Thermo
Fisher) by determining the absorbance at 260 nm, and RNA purity was evaluated based on a
ratio of the absorbance reading at 260 nm and 280 nm (A260/280). RNA sample with ratio
ranging from 2,0 + 0,2 was considered pure. The isolated RNA was stored at -80°C until cDNA

synthesis (next step).

Reverse Transcription

CDNA synthesis was performed using the High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher, #4368813) according to manufacturer instructions. Each reaction was carried
out at a final volume of 20 pl and 2 ug of total RNA was converted to 2 ug of single-stranded

cDNA per 20- ul reaction. All kit components apart from the enzyme (MultiScribe™ Reverse
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Transcriptase) were fully thawed on ice before use. First, the RT master mix was prepared in a
sterile tube by pipetting, after adequate vortexing, kit components as follows: 2 ul of 10X RT
buffer, 0.8 pl of 26X dNTP Mix (100mM), 2 yl 10X RT Random Primers and 1 yl of MultiScribe ™
Reverse Transcriptase used straight from -20 °C. The above volumes account for a single
reaction and these numbers were adjusted to the total number of reactions taking place by
multiplying the volumes with the amount of samples used. Also, additional reactions were
included in the calculations to ensure adequate volume following reagent transfer loss. For
example, for 3 samples a RT master mix for 5 reactions (3+2) was prepared by mixing 10 pl of
10X RT buffer, 4 pl of 25X dNTP Mix (100mM), 10 pl 10X RT Random Primers and 5 pl of
MultiScribe™ Reverse Transcriptase. The RT master mix then was mixed gently and stored on
ice until used. Following that, 2 ug of total RNA per sample was transferred into 200 pl PCR tubes
and RNAse free water was subsequently added to a final volume of 14.2 ul. Then, 5.8 pl of the
RT master mix was transferred into each tube containing the RNA sample, the content was
thoroughly mixed by pipetting and samples were quickly spun down to eliminate any air bubbles
left. After cDNA RT reaction preparation, 20- pl reaction tubes were loaded into a thermal cycler
with conditions programmed as shown in Table 2.11 and the reverse transcription was set to run.
When the full thermal cycles were completed, the cDNA RT tubes were stored at -20°C or used

directly for quantitative PCR.

Table 2.11. Thermal cycler settings for reverse transcription

Step 1 Step 2 Step3 Step 4
Temperature °C | 25 37 85 4
Time 10 min 120 min 5 min o0

Quantitative Polymerase Chain Reaction (qQPCR)

RT-gPCR was performed using the Applied Biosystems QuantStudio™ 12K Flex thermocycler
in combination with the Roche Universal Probe Library system* and the TagMan™ Fast Universal
PCR Master Mix no AmpErase™ UNG (Applied Biosystems, #4366072) following manufacturer
instructions. Amplification was carried out in 384 well plates (LW2960) provided by Alpha

Laboratories.

For each primer set, a gene specific master mix was prepared in 1.5 ml Eppendorf by adding the
following volumes per reaction: 5 yl Tagman Mix, 0.2 pl Primer Mixture Forward-Reverse (100
MM), 2.7 ul Nuclease free water and 0.1 ul of the appropriate probe. Primers (Table 2.13) were
designed using the Universal Probe Library Assay Design Centre* and oligonucleotides were

ordered from Integrated DNA Technologies (https://eu.idtdna.com/site/order/oligoentry). The
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oligonucleotides of forward and reverse primers were resuspended in TE buffer to a

recommended 100 pyM stock concentration as per IDT instructions.

The stock solution of cDNA for each sample was diluted 1:20 to obtain a concentration of 5 ng/ul
for the gPCR working stock. Amplification was performed in triplicates by transferring 8 ul of gene
specific master mix and 2 pyl of gqPCR cDNA solution in a well of a 384 well plate. To identify
contaminating sequences, nuclease free water was used instead of cDNA solution per gene
specific master mix as a negative control. For each sample, mainly GAPDH or occasionally TBP
housekeeping genes were used in triplicates as a positive amplification control and reference
gene for relative quantification normalization (see qPCR data processing section below). After
plating, gPCR well plates were sealed, centrifuged briefly to bring components to the bottom of

the well and loaded into the thermocycler before a “fast” gPCR cycle was set.

Table 2.12. Instrument’s settings for gPCR

Step Enzyme Denaturation | Annealing/
activation Elongation

Temperature °C | 95 95 60

Time 20 sec 1 sec 20 sec

Cycles 1 40

*The Roche Universal Probe Library system was discontinued during the course of my PhD and
predesigned primers/probe mixtures from the PrimeTime qPCR Probe assay from IDT were also

employed.

For PrimeTime qPCR Probe Assay

Predesigned primers/probes (Table 2.14) were resuspended in TE buffer as 20X stocks and each
reaction was performed by combining: 5 pyl Tagman mix, 0.5 yl PrimeTime assay Mix, 2.5 yl

Nuclease free water and 2 pl of CDNA (5 ng/pl).

gPCR data processing

Analysis of qPCR data was performed using the relative quantification method normalized to a
reference gene (GAPDH or TBP). For multiple sample comparison, one untreated or baseline
sample served as control and the relative amount of mRNA in all samples was expressed as an

increase or decrease relative to the control.
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The amount of template present at the start of the amplification reaction, known as threshold
cycle Cr, was measured for all genes across samples and was subsequently used to determine
the expression level of a target gene using the Livak method, also known as the 27T formula
(Livak and Schmittgen 2001), in 4 steps.

Step 1: The expression of a target (TAR) gene was normalised to reference (REF) gene
expression levels within the same sample, for both treated (TR) and control (CTL) sample per

each technical repeat (replicate n), to determine the ACr.

ACT(TR, replicate n) = CT(TAR, TR, replicate n) 'CT(REF, TR, replicate n)

ACT(CTL, replicate n) = CT(TAR, CTL, replicate n) 'CT(REF, CTL, replicate n)

Step 2: The ACr of the treated sample was normalised to the ACr of the control, following

calculation of the average of the technical replicates for the target gene in the control:

ACt averagemar, ct) = Sum [ACr (epiicate n)] / NUmMber of technical replicates

AACT (replicate n) = ACT(TR, replicate ny - ACT averagerar, 1)

Step 3: The relative quantity (RQ) of a target gene normalised to a reference gene and relative

to the control sample was measured as follows:

RQ (replicate n) = 2-AACT (replicate n)

Step 4: The average from the technical replicates for the relative amount of a target gene relative

to control sample was calculated per biological experiment:

Mean RQ = Sum [RQ (repiicate ny] / NUmMber of technical replicates

The mean RQ values from technical replicates (3 technical replicates were run at all times) per

biological experiment are plotted in each graph in the results chapters.
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Table 2.13. List of gPCR primer sets compatible with the Universal Probe Library system used for gPCR analysis

Gene Forward primer Reverse primer Roche UPL
Probe

GAPDH 5’-agccacatcgctcagacac-3’ 5’-gcccaatacgaccaaatcc-3’ #607
GAPDH 5’-ccccggtttctataaaattgage-3’ 5’-cttccccatggtgtctgag-3’ #63t
TBP 5’- gaacatcatggatcagaacaaca-3’ 5’-atagggattccgggagtcat-3’ #a7t
NANOG 5’-agatgcctcacacggagact-3’ 5’-ggactggtggaagaatcagg-3’ #69
OCT4 5’-gtggagagcaactccgatg-3’ 5’- tgcagagctttgatgtcctg-3’ #78
HOXA1 5’- gacgaccgcttcctagtgg-3’ 5'- tcccggaagtcetggtaggta-3’ #9
HOXA2 5’-caagaaaaccgcacttctgc-3’ 5'-tgtgttggtgtaagcagttctca-3’ #5
HOXA3 5’-gacagctcatgaaacggtctg-3’ 5’-ggtttgacacccgtgagg-3’ #70
HOXA4 5’-gttgccacccaagagagaac-3’ 5’-ccaagtagtccttctcaggtatcc-3’ #20
HOXA5 5’-gcgcaagctgcacataag-3’ 5’-cggttgaagtggaactcctt-3’ #1
HOXAB 5’-ggaaaacaagctcatcaattcc-3’ 5’-cctgcccaggceatctacte-3’ #26
HOXB1 5’-ccagctagggggcttgtc-3’ 5’-atgctgcggaggatatgg-3’ #39
HOXB2 5’-aatccgccacgtctcctt-3’ 5’-gctgcegtgttggtgtaage-3’ #70
HOXB3 5’-agctgctgaactgtccgttt-3° 5’-ccaggtccacgatgattttt-3’ #3
HOXB4 5’-aaaccaggccccttcctac-3’ 5’-gcacacagatattcacacatacga-3’ #45
HOXB4 5’-ctggatgcgcaaagttcac-3’ 5’-agcggttgtagtgaaattcctt-3’ #62
HOXB5 5’-aagcttcacatcagccatga-3’ 5’-cggttgaagtggaactccttt-3’ #1
HOXB6 5’-tggaagctgaagaagaaactgaa-3’ 5’-gccgggtttatgatttgitg-3’ #12
HOXB7 5’-ctacccctggatgcgaag-3’ 5’-caggtagcgattgtagtgaaattct-3’ #1
HOXB8 5’-agctcttccectggatge-3’ 5’-atagggattaaataggaactccttctc-3’ #1
HOXB9 5’-ccgccccttgtagaaaaat-3’ 5'-tgtctacagtggggttgacct-3’ #39
HOXC4 5’-agccaattctcatccttctce-3° 5’-caatgcaaaaggcctaagga-3’ #12
HOXC5 5’-cccgggatgtacagtcagaa-3’ 5’-gcctgctcctctttgatctc-3° #25
HOXC6 5’-tgaattcctacttcactaacccttc-3’ 5’-atcataggcggtggaattga-3’ #87
HOXC8 5’-tcccagcectcatgtttcc-3° 5’-tgataccggctgtaagtttgc-3’ #86
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HOXC9

HOXC9

HOXC10

HOXD1

HOXD3

HOXD8

SOX9

SOX10

PAX3

PAX7

ASCL1

PHOX2B

TFAP2A

PAX6

CDX2

oTX2

ETS1

TCF1

LEF1

SOX1

SOX2

SOX2

AXIN2

SPRY4

TBXT

NKX1-2

CALB2

SST

5’-tcctagcgtccaggtttce-3’°
5’-gcagcaagcacaaagagga-3’
5’-aggagagggccaaagctg-3’

5’-caccctggtgctttccag-3’

5’-tcaagaaaacacacacatacataattg-3’

5’-cccttgtaatcgectgaaat-3’
5’-gtacccgcacttgcacaac-3’
5’-ggctcceccatgtcagat-3’°
5’-aggaggccgacttggaga-3’
5’-gaaaacccaggcatgttcag-3’
5’-cgacttcaccaactggttctg-3’
5’-ctaccccgacatctacactcg-3’

5’-aacatgctcctggctacaaaa-3’

5’- gcacacacacattaacacacttg-3’

5’-atcaccatccggaggaaag-3’
5’-ccatctccccactgtcagat-3’
5’-gcagaatgagctactttgtgga-3’
5’-cagagactcttcccggacaa-3’
5’-cgacacttccatgtccaggt-3’
5’-gaagcccagatggaaatacg-3’
5'- ttgctgcectctttaagactagga-3’
5’-atgggttcggtggtcaagt-3’
5’-gatatccagtgatgcgctga-3’
5’-ccccggcttcaggattta-3’
5’-aggtacccaaccctgagga-3’
5’-gtcgaagcggggaaagat-3’
5’-gcgatcttcacattttacgaca-3’

5’-accccagactccgtcagttt-3’

5’-gctacagtccggcaccaa-3’
5’-cgtctggtacttggtgtaggg-3’
5’-agccaatttcctgtggtgtt-3’
5’-agagacggacttggggtagg-3’

5’-tgctgaatcctgagagagctg-3’

5’-ctactgaaaataacggaacacagc-3’

5’-tctcgctcetegttcagaag-3’
5’-ctgtcttcggggtggttg-3’
5'-cttcatctgattggggtgct-3’
5’-gcggctaatcgaactcactaa-3’
5’-atgcaggttgtgcgatca-3’
5’-ctcetgettgecgaaacttg-3’
5’-aggggagatcggtcctga-3’
5’-ggtgtgtgagagcaattctcag-3’
5’-tgcggttctgaaaccagatt-3’
5’-ggtcatgggataggacctctg-3’
5'-ttgctaggtccttgectca-3’
5’-agcagattgaaggcggagta-3’
5’-atgagggatgccagttgtgt-3’
5’-ggacaaggaagggtgttgag-3’
5'- taagcctggggctcaaact-3’
5’-ggaggaagaggtaaccacagg-3’
5’-actgcccacacgataaggag-3’
5’-ctgcaaaccgctcaatacag-3’
5’-gcaggtgagttgtcagaataggt-3’
5’-gatcctccgceatectect-3’
5'-tcatttcctttttgtttttctcg-3’

5’-acagcagctctgccaagaag-3’

#70t
#85"
#19
#57
#1
#83
#61
#21
#13
#66
#38
#17
# 62
#9
#34
#4
#3
#65
#79
#66
#35"
#1091
#56
#17
#23
#78
#42

#38
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CHAT 5’-cagccctgatgccttcat-3’ 5’-cagtcttcgatggagcectgt-3’ #78

TH 5’-acgccaaggacaagctca-3’ 5’-agcgtgtacgggtcgaact-3’ #42
HTR2A 5'- tgatgtcacttgccatagctg-3’ 5’- caggtaaatccagactgcacaa3’- #3
S100B 5’-gagctttcccatttcttagagga-3’ 5’- gaagtcacattcgccgtcte-3’ #4T
S100B 5’-ggaaggggtgagacaagga 5'- ggtggaaaacgtcgatgag-3’ #78
PRPH 5’-aagacgactgtgcctgaggt-3’ 5'- tgctecttctgggactctgt-3’ #10
cRET 5’-catcaggggtagcgaggtt-3’ 5’- gggaaaggatgtgaaaaca-3’ #17
TRKC 5’- ccgtacgagagggtgacaat-3’ 5'- tggtccagttcagattggtct-3’ #21
GFRA1 5’- caccattgccctgaaagaat-3’ 5'- cgcttttaggggttcaggtc-3’ #36

TAlternative primer sets were used for some genes due to shortage in fluorescent probes as The
ROCHE UPL system was discontinued in December 2021.

Table 2.14. Pre-validated IDT PrimeTime qPCR primers used for gPCR analysis

Gene Assay ID
GAPDH Hs.PT.39a.22214836
NOTCH1 Hs.PT.58.23074795
NOTCH2 Hs.PT.58.28296019

HES1 Hs.PT.58.4181121

HES5 Hs.PT.58.14966721.gs

HES6 Hs.PT.58.4357258.g

JAG1 Hs.PT.56a.4972610

JAG2 Hs.PT.58.3493191

DLLA1 Hs.PT.58.41063402

DLL3 Hs.PT.58.21516515

DLL4 Hs.PT.58.3416363

2.2.2. RNA-seq

Day 3 NMPs derived from TBXT shRNA sOPTiKD hESC line treated with or without tetracycline
for Tet-mediated knock down were harvested and proceeded for RNA purification using the
method described above (2.2.1). Samples from three biological replicates per condition were

used for RNA-seq and quality control. Library construction and sequencing were carried out by
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Novogene (http://en.novogene.com) as described in materials and methods section of Gogolou
et al. (2022).

In brief, library preparation was carried out using the NEB Next Ultra RNA Library Prep Kit and
sequencing was performed on an lllumina NoveSeq platform (PE150). Reads were processed

through FastQCv0.11.2 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and Trim

Galore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Reads were aligned

to the human reference genome assembly GRCh38 (Ensembl Build 79) in the two-pass mode
using STAR v2.4.2a (Dobin et al. 2013). The RSEM v1.3.0 (Li and Dewey 2011) was used to
extract expected gene counts, where genes expressed in <3 samples or with total counts <5
among all samples were excluded. Genes showing significant differential expression were
identified with DESeq2 (Love et al. 2014), with log2FoldChange>|0.5| and Benjamini—Hochberg-
adjusted p<0.05. Data were deposited to GEO (Accession number: GSE184620).

2.2.3. ChlIP-seq

Sample preparation was performed according to Active Motif protocol (www.activemotif.com).
Day 3 NMPs derived from TBXT shRNA sOPTiKD hESCs without tetracycline treatment and
undifferentiated counterparts (10 million cells/sample; three pooled replicates per sample) were
fixed with 1:10 formaldehyde solution (11% formaldehyde, 0.1M NaCl, 1mM EDTA (pH 8.0),

50mM HEPES (pH 7.9)) for 15 minutes at room temperature on a shaking apparatus. Fixation

was stopped by adding 1:20 volume glycine solution (2.5 M glycine) for 5 minutes at room
temperature and cell colonies were obtained in suspension by scraping the culture vessel’s
surface. Cells were spun down for 10 min at 800 x g at 4°C and pellets were resuspended in 10
ml chilled PBS-Igepal (1X PBS (pH 7.4), 0.5% Igepal CA-630, (Merck, #1-8896)). The wash step
was repeated and pellets were resuspended in 10 ml chilled PBS-Igepal and 1mM PMSF (Merck,
#P-7626). Samples were spun down for a third time, pellets were snap-frozen and stored at -80
°C until they were shipped to Active Motif (Carlsbad, CA) for downstream sample preparation,

library construction and sequencing as described in Gogolou et al. (2022).

In brief, cells were lysed and sonicated using Active Motif's EpiShear probe sonicator (cat#
53051) to obtain 300-500 bp DNA fragments. Genomic DNA was subjected to RNase, proteinase
K treatment, heat for de-crosslinking and was cleaned using SPRI beads (Beckman Coulter) prior
to quantitation. The genomic DNA was used as input control and extrapolation to the original
chromatin volume allowed the determination of the total chromatin yield. Chromatin (50 pg) was
precleared with protein G agarose beads (Invitrogen) and genomic DNA regions of interest were

isolated using 4 ug of antibody against Brachyury (R&D Systems, cat# AF2085, lot#
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KQP0719121). Complexes were washed, eluted from the beads with SDS buffer, and treated
with RNase and proteinase K. Protein-DNA complexes were reverse-crosslinked at 65 °C
overnight and ChIP DNA was purified by phenol-chloroform extraction and ethanol precipitation.
gPCR reactions were performed on genomic regions of interest using SYBR Green Supermix
(Bio-Rad). lllumina sequencing libraries were prepared from the ChIP and Input DNAs following
the enzymatic steps of end-polishing, dA-addition, and adaptor ligation on an automated system
(Apollo 342, Wafergen Biosystems/Takara). After a final PCR amplification step, the resulting
DNA libraries were quantified and sequenced on lllumina’s NextSeq 500 (75 nt reads, single
end). Reads were aligned to the human genome (hg38) using the BWA algorithm (default
settings; Li and Durbin 2009). Only uniquely mapped reads (mapping quality >25) were used for
further analysis and multiple reads mapped to the same location were removed. Alignments were
extended in silico at their 3’-ends to a length of 200 bp, which is the average genomic fragment
length in the size-selected library, and assigned to 32-nt bins along the genome. Peak locations
were determined using the MACS algorithm (v2.1.0) (Zhang et al. 2008) with a cut-off of p-value=
1e—7 and further analysis was performed using Active Motifs proprietary analysis program. Motif
analysis was carried out using the Homer software (Heinz et al. 2010). Regions of 200 bp
surrounding the summit of the top 2500 peaks (based on MACS2 p-values) were analysed. Data
were deposited to GEO (Accession number: GSE184622).

2.2.4. ATAC-seq

Day 3 NMPs and day 8 trunk NC cells (50,000 cells/sample) derived from TBXT shRNA sOPTiKD
hESCs with or without tetracycline treatment (three biological replicates per condition/time point)
were harvested, counted aiming for viability >85-90% and processed for tagmentation using the
lllumina Tagment DNA Enzyme and Buffer Small Kit (lllumina, #20034197), 1% Digitonin
(Promega, #G9441) and EDTA-free Protease Inhibitor cocktail (Roche, #11873580001)
according to manufacturer instructions. Differentiation and preparation of day 3 NMP samples
was carried out by Celine Souilhol. DNA was purified using Qiagen MinElute kit (#28004) and
samples were eluted in 12 yl EB buffer in 1.5 ml Eppendorf DNA LoBind tubes (Merck, #
EP0030108051). DNA samples were stored for short period at -20 °C and were sent to the
Biomedical Sequencing Facility at CeMM (Research Center for Molecular Medicine of the
Austrian Academy of Sciences, Vienna) for library preparation, sequencing and downstream

analysis as described in Gogolou et al. (2022).
In short, 1 pl of eluted DNA was used in a gPCR reaction to determine the optimal number of

amplification cycles and following that, the rest 11 pl of DNA were amplified in a second round of

gPCR. The total amplified DNA was selected for fragments of size between 150 bp and 1200 bp
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using AMPure beads (Beckman Coulter). Library amplification was performed using custom
Nextera primers. DNA concentration was measured with a Qubit fluorometer (Life Technologies)
and library profile was checked with Bioanalyzer High Sensitivity assay (Agilent Technologies).
Libraries were sequenced by the Biomedical Sequencing Facility at CeMM (Research Center for
Molecular Medicine of the Austrian Academy of Sciences, Vienna) using the lllumina HiSeq
3000/4000 platform and the 50 bp single-end configuration. Base calling was performed by
lllumina Real Time Analysis (v2.7.7) software and the base calls were converted to short reads
using the llluminaBasecallsToSam tool from the Picard toolkit (v2.19.2) (‘Picard Toolkit’ 2019.
Broad Institute, GitHub Repository. http://broadinstitute.github.io/picard/; Broad Institute).

Sequencing adapters were removed, and the low-quality reads were filtered using the fastp
software (v 0.20.1) (Chen et al. 2018) . Alignment of the short reads on GRCh38 was performed
using Bowtie2 (v2.4.1) (Langmead and Salzberg 2012) with the ‘-very-sensitive’ parameter. The
PCR duplicates were marked using samblaster (v0.1.24) (Faust and Hall 2014), and the reads
mapped to the ENCODE black-listed (Amemiya et al. 2019) regions were discarded prior to peak
calling. To detect the open chromatin regions, peak calling was performed using the MACS2
(v2.2.7.1) (Zhang et al. 2008) software. Peaks in the format of bed files were analysed for
differential analysis to compare signals corresponding to the + vs —Tet samples using the GUAVA
software. Differential peaks with a distance from TSS ranging from —1-1 kb, log2FC cutoff = 1
and p-value< 0.05 were extracted. Finally, HOMER findMotifs (v4.11) (Heinz et al. 2010) was
used for motif enrichment analysis over the detected open chromatin regions. Data were
deposited to GEO (Accession number: GSE184227).

2.2.5. Immunofluorescence microscopy and flow cytometry

2.2.5.1. Immunocytochemistry (adherent cultures)

Plates that were to be immunostained were firstly fixed, incubated with permeabilisation buffer,

blocked and lastly, proceeded for intracellular staining.

Fixation

Plates were washed once with PBS (without Ca**, Mg?*) before 4% of PFA (Merck, #P6148;
made according to manufacturer's instructions) was added to fix cells. Plates were incubated for
10 minutes at room temperature before PFA was removed. Following that, an additional wash
with PBS was performed before cell permeabilisation. Plates that were not to be immunostained
directly, were stored with excess PBS, sealed thoroughly with parafilm to prevent sample from

drying and stored at 4°C for long periods (up to 12 months).
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Permeabilisation

For intracellular marker staining, cells were subsequently permeabilised with permeabilisation
buffer containing 10% (v/v) Fetal Calf Serum (FCS), 0.1% (w/v) Bovine Serum Albumin (BSA)
and 0.5% (v/v) Triton X-100 in 1X PBS and incubated for 15 minutes at room temperature. After

incubation, cells were washed with PBS.

Blocking

Following permeabilisation, cells were incubated in blocking buffer consisted of 10% FCS and
0.1% BSA in 1X PBS for 1 hour at room temperature or alternatively kept overnight at 4°C. After
blocking, cells were washed with PBS and were either stored at 4°C or proceeded directly for

staining.

Antibody staining

Primary and secondary antibodies were diluted separately in blocking buffer at a working
concentration following manufacturer instructions or after performing a series of dilutions in a

titration experiment for optimal signal detection (Table 2.15).

Diluted primary antibody was added to wells and plates were incubated on a rocking platform for
24-48 hours at 4°C. Following primary antibody incubation, a minimum of three 5-minute washes
with PBS were performed and fluorophore-conjugated secondary antibody solution was added
to the stained samples. Secondary antibody solution was prepared by mixing secondary antibody
at an optimal concentration with nuclear counterstain solution Hoechst 33342 (Thermo Fisher
Scientific, #H43570) at 1:5000 in blocking buffer. Cells were incubated for 1-2 hours at room
temperature or overnight at 4°C in a dark environment. After secondary antibody incubation,
three 5-minute washes with PBS were performed and samples were proceeded for analysis. A

well incubated with secondary antibody solution was used at all times as a negative control.

In case the secondary antibody and the nuclear stain solution were prepared separately, cells
were incubated with secondary antibody for 1 hour at room temperature or overnight at 4°C in
dark, washed twice with PBS before nuclear stain solution was added to wells (1:1000 or 1:5000).
Samples were incubated for 10 minutes at room temperature in dark and subsequently washed
twice with PBS. When washing steps were completed, plates were filled with PBS, sealed
thoroughly to avoid liquid evaporation, covered with aluminium foil and stored at 4°C until
visualisation. Fluorescent images were acquired using the InCell Analyser 2200 system (GE

Healthcare).
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For ENS culture characterisation, stained cells grown on coverslips were mounted on 75x25 mm
glass slides (VWR, Menzel Glaser, SuperFrost® Plus) using 8-12 yl of VECTASHIELD mounting
media (2B Scientific, #H-1700-10) and left to dry in dark before imaging or before storing them
at 4°C. Mounting of coverslips was performed carefully to avoid introducing bubbles in the
samples to be analysed. Fluorescent images were acquired using a LSM800 confocal system

with Airyscan detectors (Zeiss) and data were processed using the available Zeiss software.

2.2.5.2. Flow cytometry analysis

Antibody staining for cell surface markers (live cells)

Cells were washed with PBS and detached in a single cell suspension following incubation with
Accutase at 37 °C for 5-7 minutes. After incubation period, cell suspension was neutralised using
FACS buffer (PBS/10% FCS) and centrifuged at 1100 rpm for 4 minutes. Samples obtained from
late stages of differentiation and that were not completely dissociated were passed through a 70
um strainer (Miltenyi Biotec, #130-110-916) to ensure adequate single cell dissociation. In the
meantime, cells were counted and cell pellet was re-suspended at a concentration 2x10° cells/
ml. For flow cytometry analysis, 100 ul of cell solution was transferred into a falcon 5mL round
bottom test tube (SLS, # 352053) and primary antibody was added at the appropriate dilution as
shown on Table 2.16. Cell suspension/antibody mixture was incubated for 20 minutes at 4°C and
subsequently washed with 4 ml of FACS buffer. Following centrifugation at 1100 rpm for 4
minutes, supernatant was aspirated leaving around 100 pl of media into the tube. Then, 100 ul
of secondary antibody solution was added at the appropriate dilution into each tube and cell
suspension/antibody mixture was incubated for 20 minutes at 4°C protected from light. After the
incubation period, samples were washed, cell pellets were resuspended in 0.2 ml of FACS buffer
and proceeded for analysis. A separate negative control stained with secondary antibody only or
an isotype control (P3X) were used to set the baseline fluorescence. In particular, P3X is an
antibody secreted from the parent myeloma used for the derivation of all in house hybridomas
(Table 2.16) and it was used to determine non-specific binding due to its minimal reactivity to
human cells (Kohler and Milstein 1975).
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Antibody staining for intracellular markers (fixed cells)

Cells to be analysed were first washed with PBS, detached into single cell suspension following
accutase treatment, counted and fixed in suspension with 4% PFA for 10 minutes at room
temperature. After fixation, samples were washed with blocking buffer and resuspended in
permeabilisation buffer for 10 minutes at room temperature. Following that, a quick wash was
performed and samples were incubated with primary antibody diluted in blocking buffer on a
rocking platform overnight at 4°C. After the incubation period and a wash, secondary antibody
diluted in blocking buffer was added and samples were incubated again for 1 hour on a rocking
platform at room temperature and protected from light. Primary and secondary antibodies were
diluted in 200 ul and staining was performed in samples containing 10°-10° cells. Following that,
a final wash was performed, cell pellets were resuspended in 0.2 ml blocking buffer and
proceeded for analysis. A separate negative control stained with secondary antibody only was

used to set the baseline fluorescence in all channels.

Flow cytometry analysis was performed with FACSJazz™ Cell Sorter instrument (BD
Biosciences) and data were analysed/visualised using the software package FlowJo™ v10.8 (BD

Life Sciences).

2.2.5.3. Fluorescence Activated Cell Sorting (FACS)

Day 6 vagal NC cells derived from the HOSOX10:GFP reporter cell line were harvested into single
cells and stained for the cell surface marker CD49d following the protocol described above.
Following laser alignment and setting the drop delay for sorting with the use of Accudrop beads,
samples were run through the machine for analysis and in order to set the sorting gates. The
baseline fluorescence for the GFP channel was set using undifferentiated unlabelled cells of the
parental cell line (H9), while for the far-red channel the baseline fluorescence was set using
undifferentiated unlabelled cells (H9) and/or day 6 SOX10:GFP differentiated cells stained with
the isotype control P3X. TRA-1-85, a pan-human antibody was used as positive control. Cell
sorting was performed using the FACSJazz™ Cell Sorter instrument (BD Biosciences). Sorted
samples were collected in falcon tubes and processed for RNA extraction. After cell sorting, a

small sample of the isolated populations was reanalysed in the machine for purity control (>95%

purity).
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Table 2.15. List of primary antibodies used for immunocytochemistry

Antibody Company Cat # Species Class Dilution
Anti-SOX10 CST 89356 Rabbit mAb 1:500
Anti-SOX10 R&D systems AF2864 Goat pAb 1:200
Anti-beta Ill Tubulin(Tud1)  Abcam ab78078 Mouse mAb 1:1000
Anti-beta Il Tubulin(Tud1)  BiolLegend PRB-435P Rabbit pAb 1:1000
Anti-TrkC CST 3376 Rabbit mAb 1:500-1000
Anti-peripherin Millipore Sigma  AB1530 Rabbit pAb 1:60-1:100
Anti-peripherin Novus Biolog. NBP1-05423 Chicken pAb 1:200
Anti-PGP9.5 Abcam ab108986 Rabbit mAb 1:1000
Anti-S100 (B-Subunit) Millipore Sigma  S2532 Mouse mAb 1:1000
Anti-S100 Dako Omnis Z0311 Rabbit pAb 1:50-1:250
Anti-Phox2b Santa Cruz sc-376997 Mouse mAb 1:50
Anti-HUC/HuD Invitrogen A-21271 Mouse mAb 1:60-1:100
Anti-neurofilament Abcam ab8135 Rabbit pAb 1:1000
heavy polypeptide (NF-H)

Anti-Choline Millipore Sigma  AB144P Goat pAb 1:200
Acetyltransferase (ChAT)

Anti-Tyrosine Hydroxylase  Millipore Sigma  T1299 Mouse mAb 1:500
(TH)

Anti-Substance P R&D Systems MAB4375 Mouse mAb 1:100
Anti-Calretinin Abcam ab16694 Rabbit mAb 1:100
Anti-MASH1/Achaete- Abcam ab211327 Rabbit mAb 1:100
scute homolog 1

Anti-Pax6 Abcam ab195045 Rabbit mAb 1:200
Anti-CD49d BioLegend 304302 Mouse mAb 1:1000
Anti-p75NTR CST 8238 Rabbit mAb 1:1000
Anti-Ki67 Abcam ab238020 Mouse mAb 1:100
Anti- Alpha-Smooth Muscle Invitrogen 14-9760-82  Mouse mAb 1:500
Actin (SMA)

Anti-SOX1 R&D systems AF3369 Goat pAb 1:100
Anti-SOX2 Abcam ab92494 Rabbit mAb 1:400
Anti-Brachyury Abcam ab209665 Rabbit mAb 1:1000
Anti-HOXC9 Abcam ab50839 Mouse mAb 1:50

Table 2.16. List of primary antibodies used for flow cytometry

Antibody Antigen Species Dilution Source Reference

ME20.4 p75NTR Mouse 1:20 In House Hybridoma Ross et al. (1984)

Anti-CD49d CD49d Mouse 1:1000 BiolLegend (#304302) -

63-AG8 P3X Mouse 1:10 In-House Hybridoma Kohler and Milstein
(1975)

TRA-1-85 TRA-1-85 Mouse 1:50 In-House Hybridoma Williams et al. (1988)
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Table 2.17. List of secondary antibodies used for immunocytochemistry or flow cytometry analysis

Antibody Conjugate Company (Cat #) Dilution Application
Donkey anti-Goat IgG (H+L) AF488 Invitrogen (A-11055) 1:1000 ICC, Flow
Donkey anti-Goat IgG (H+L) AF594 Invitrogen (A-11058) 1:1000 ICC
Donkey anti-Goat IgG(H+L) AF647 Invitrogen (A-21447) 1:1000 ICC
Donkey anti-Rabbit IgG (H+L)  AF488 Invitrogen (A-21206) 1:1000 ICC, Flow
Donkey anti-Rabbit IgG (H+L)  AF555 Invitrogen (A-31572) 1:1000 ICC
Donkey anti-Rabbit IgG (H+L)  AF594 Invitrogen (A-21207) 1:1000 ICC
Donkey anti-Mouse I1gG (H+L)  AFPIlus405 Invitrogen (A-11058) 1:1000 Flow
Donkey anti-Mouse I1gG (H+L)  AF488 Invitrogen (A-21202) 1:1000 ICC, Flow
Donkey anti-Mouse I1gG (H+L) AF647 Invitrogen (A-31571) 1:1000 ICC, Flow
Donkey anti-Chicken IgY (H+L) FITC Invitrogen (SA1-72000) 1:200 ICC

Rat anti-Mouse 1gG1 BV421 BioLegend (406615) 5ul/108cells  Flow
Goat anti-Rabbit IgG BV421 BD Biosc. (565014) 1:500 Flow
Donkey anti-rabbit IgG BV421 BioLegend (406415) 1:500 Flow

2.3. Image analysis

Fluorescent images acquired either from InCell Analyser 2200 or LSM800 confocal system were
processed in Fiji (Schindelin et al. 2012) using identical brightness/contrast settings to allow
comparison between different treatments. A sample incubated with secondary antibody solution
only was used at all times to set a threshold for the positive signal, minimising labelling artefacts
introduced by fluorophore-conjugated secondary antibodies. A positive and negative control
sample, whenever it was possible, were included in the analysis for antibody validation.
Representative immunofluorescence analysis images showing signal in positive and negative
controls together with samples incubated with secondary antibody only are shown in Appendix
S6-S7.

2.3.1. Quantification using CellProfiler

Quantification was performed using the image analysis software CellProfiler (Carpenter et al.
2006) and custom made pipelines. Nuclei segmentation was first performed to identify cells and
the resulting nuclei were subsequently mapped onto the other fluorescent channels for single-
cell fluorescence intensity quantification. A sample stained with secondary antibody solution only
was used to set a threshold for the positive signal and cells with fluorescence levels higher than
that were classified as positive. Histograms and bar charts were created using FlowJo™ v10.8

Software (BD Life Sciences) and GraphPad Prism (GraphPad Software), respectively.
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2.3.2. Quantification using Fiji

Quantification of neural/glial cultures was performed in Fiji, using custom made macros to
automate batch processing. The macros used for the analysis are attached in the Appendix. The
morphology of the neural cultures (formation of big neural clusters-aggregates, excessive debris
and areas of high density) restrains the application of nuclear segmentation tools and reduces
the credibility of the acquired data. For this reason, the quantification was performed using the
available feature in Fiji after applying a suitable segmentation method (thresholding) and by
measuring the area occupied by positive fluorescence signal over the area consisting of total

cellular material calculated following nuclear staining.

For HUCD staining:

area occupied by green fluorescent signal (HUCDpos cells) 00

HUCD% of Total Area =

area occupied by green fluorescent signal (HUCDpos)+area occupied by Hoechst pos cells

For SOX10 staining:

area occupied by red fluorescent signal (SOX10pos cells) 00

S0X10% of Total Area =

area occupied by red fluorescent signal (SOX10pos)+area occupied by Hoechst pos cells

For S100 staining:

To score the glial population (S100+ cells) we made the assumption that all S100+ cells should
be SOX10+. SOX10 expressing cells were first identified using the “Li dark” segmentation
method, 30.00-280.00 um size threshold and their total number was calculated. To score the
S100+ cells, for each identified object (SOX10+ cell-nuclear signal), a band of 2 um expanding
into the cytoplasm was created and the intensity of the fluorescent signal within the expanded
area was measured in the channel stained for S100. Since the S100 protein is located primarily
in the cytoplasm, the expansion of each nucleus identified by nuclear staining for the transcription
factor SOX10 was required to allow sufficient calculation of S100 signal falling within the
cytoplasmic area. Cells with mean fluorescent intensity greater than in the negative control

(secondary only sample) or than the background signal were scored as S100 positive.
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Figure 2.1. Example of the pipeline followed for the quantification of glial cells in hPSC-derived enteric nervous
system cultures. (A) Representative immunofluorescence image showing S100 (green) and SOX10 (red) expression
in ENS cultures. (B) Snapshots of the analysis performed for the quantification of glia (SOX10+/S1000+) in the image
displayed in A. The total cellular material was initially calculated using the “Li dark” thresholding method to
identify/mask nuclei stained with Hoechst (white mask) (i), cells emitting green fluorescent cytoplasmic signal (red
mask) were identified (ii) and subsequently merged with the previous mask (iii). SOX10+ cells (30.00-280.00 ym) were
identified using the “Li dark” thresholding method (iv) and the area occupied by them as well as their numbers were
calculated. For measuring the expression of S100, a band of 2 ym was created around each SOX10+ identified nuclei
and the fluorescent signal within the expanded area was measured in the green channel.
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2.4. Statistical analysis

2.4.1. Imaging

Statistical significance was calculated using GraphPad Prism (GraphPad Software). For all
samples the normality of the distribution was examined to decide between parametric or non-
parametric test to be performed. When the normality test was not feasible (small sample
size/number of subjects), an assumption that the data follow a Gaussian distribution was made

(parametric test).

For all immunocytochemistry experiments, unless otherwise stated, the average value from all
the fields scored was calculated per biological experiment and the mean values of different
biological experiments were plotted in a bar chart. Statistical analysis was performed using the

mean values and the appropriate statistical tests provided in GraphPad Prism.

2.4.2. RT-gPCR

For gene expression analysis from RT-qPCR, statistical analysis was performed using GraphPad
Prism. This was done by comparing the mean -AACt values of all biological repeats, calculated
by averaging the values of 3 technical replicates and following analysis, the significance was

demonstrated in graphs presenting mean RQ values.
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Chapter 3: Dissecting human vagal neural crest specification in vitro

3.1. Introduction

In vivo, NC development is a step-wise process characterised by a succession of inductive
events, activation of discrete sets of transcription factors, tissue specification, migration and
eventual differentiation (Stuhlmiller and Garcia-Castro 2012a). This process is tightly modulated
by a combination of signals, most notably the BMP, FGF, and Wnt signalling pathway, acting on
the neuroepithelium to establish a NC fate (Stuhlmiller and Garcia-Castro 2012a). Several
studies have utilised agonist/antagonist combinations of known NC induction cues in order to
generate NC cells from hPSCs in vitro. TGF-B inhibition, Wnt signalling pathway activation or
FGF stimulation combined with moderate levels of BMP have been previously shown to induce
NC cells, marked by the expression of HNK1 and/or p75 and SOX10 with various yields
(Chambers et al. 2012; Hackland et al. 2017; Lee et al. 2010; Lee et al. 2007; Li et al. 2018;
Menendez et al. 2011; Mica et al. 2013). The resulting NC cells, however, lack the expression of
HOX genes or exhibit expression of the most anterior HOX PG e.g. HOXAZ2 (Lee et al. 2007) and
they are perceived to reflect the cranial subdivision. Commitment to a more caudal/postotic NC
population is typically achieved through the addition of caudalising factors, such as retinoic acid
(RA) and/or further Wnt activation within a narrow time window (Denham et al. 2015; Fattahi et
al. 2016; Frith et al. 2018; Huang et al. 2016; Workman et al. 2017). The aforementioned
strategies result in the upregulation of HOX genes belonging to anterior-central HOX PG (7-5), a

key feature denoting a vagal regional signature.

Even though such approaches have successfully generated postotic NC cells, the
combination/duration of signalling cues used (outlined in Figure 1.8; vagal NC induction takes
place up to the first 10-12 days) as well as the methods followed, vary considerably. For instance,
some protocols employ neural rosette formation in combination with EGF and FGF signalling
cues (Li et al. 2018; Workman et al. 2017), whereas others adopt a monolayer differentiation
strategy including the coordinated activity of TGF- signalling suppression together with BMP
activation/inhibition depending on the absence or presence of serum replacement factors, a
formulation called knockout serum replacement (KSR) media, respectively, and WNT
activation/GSKS inhibition using CHIR99021 (Barber et al. 2019; Fattahi et al. 2016; Frith et al.
2020; Gogolou et al. 2021; Lau et al. 2019; Schlieve et al. 2017). Additionally, the caudalisation
cues and the time window they are added to promote a vagal regional signature are also different
between protocols. While RA is required for posterior patterning in most approaches (Barber et
al. 2019; Fattahi et al. 2016; Lai et al. 2017; Lau et al. 2019; Schlieve et al. 2017; Workman et al.

2017), no additional factors were used to obtain a caudal NC identity in the study of Li et al.
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(2018). The NC efficiency also displays great variability among different reports (40-60%
SOX10+ (Frith et al. 2020; Gogolou et al. 2021); 60% SOX10+ (Fattahi et al. 2016); 80% SOX10+
(Barber et al. 2019); 40% HNK1+/p75+ (Lau et al. 2019); 20% HNK1+/p75+ (Lai et al. 2017))
and some of the studies highlight the requirement for additional FACS-based purification of
selected progenitor subpopulations (Fattahi et al. 2016; Li et al. 2018; Lai et al. 2017; Lau et al.
2019). Thus, the differences between the existing protocols, reflected to a great extent in the
differentiation yield, underlie the need to clearly define critical parameters or signalling cues that

will allow fine-tuning vagal NC specification in vitro.

3.2. Aims

The existing protocols for the generation of vagal NC from hPSCs although predominantly rely
on the same combination of signals, vary in the duration of treatments and yield. In this chapter,
using a differentiation protocol we recently established (Frith et al. 2020; Gogolou et al. 2021), |
sought to determine the effect of different parameters and signals on differentiation and
anteroposterior patterning during the derivation of vagal NC from hPSCs. Therefore, in this

chapter | aimed to:

1. Characterise the in vitro generation of vagal NC from hPSCs
2. Define critical parameters and signals that modulate cell fate specification during the

transition of hPSCs to vagal NC
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3.3. Generation of vagal neural crest from hPSCs

3.3.1. Characterisation of in vitro-derived vagal neural crest cells

In the first part of this chapter, | sought to characterise thoroughly a protocol, previously
developed by our group (Frith et al. 2020), for the in vitro generation of vagal NC and early ENS

progenitor cells from hPSCs.

The derivation of vagal NC from hPSCs was performed using the culture regime depicted in
Figure 3.1A, in a process which lasts 6 days. Wnt stimulation using the GSK3 antagonist
CHIR99021 (CHIR), TGF-B pathway suppression using the ALK receptor inhibitor SB431542 and
precise levels of BMP4, achieved through the introduction of saturating levels of exogenous BMP
and the antagonistic action of BMP type-l receptor inhibitor DMH-1, were the signals
implemented for NC induction (Frith et al. 2020; Hackland et al. 2017). Manipulation of BMP
pathway using this strategy, called top-down inhibition (Hackland et al. 2017), was performed to
counteract the variation in endogenous BMP expression which was previously shown to have
adverse effect on protocol’'s efficiency and reproducibility. Cells grown under the influence of
these signals progressively differentiated, phenotypically changed acquiring the characteristic
NC morphology and simultaneously proliferated, reaching 90-95% of their confluency by day 4
(Figure 3.1B). On day 5 of the protocol and following 24 hours treatment with all-trans RA, cells
rounded up becoming less closely associated with the culture vessel and exhibited a more
elongated, darker appearance which became more distinguishable by the end of the
differentiation (Figure 3.1B).
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Figure 3.1. Overview of the protocol for vagal neural crest/enteric nervous system progenitor differentiation.
(A) Schematic showing the culture conditions and timeline of vagal NC differentiation. (B) Representative low power
and high power (magnified) images demonstrating cell morphology on a day-to-day basis throughout the protocol.
Images were acquired using a HO9SOX10:GFP reporter line. Scale bars are indicated at the bottom of each image
(Day 0:200um, Day 1-6: 100um (low magnification), 25um (high magnification)). ENS, enteric nervous system; Magn,
magnified. Images were obtained from Gogolou et al. (2021).

To assess the efficiency of our differentiation method in NC formation, RT-gPCR was performed
for NC associated genes in day 6 cultures derived using two different hES cell lines (H9 carrying
a SOX10:GFP reporter, Mica et al. (2013); MasterShef7, Aflatoonian et al. (2010)) and one hiPS
cell line (WTC-11, Kreitzer et al. (2013)) (Figure 3.2). The analysis revealed a significant
upregulation (>100-fold) in the neural plate border/NC markers PAX3, PAX7, TFAP2A relative to
hPSCs. Expression of the definitive NC marker SOX70 showed an approximately 100-fold
increase compared to control in all lines examined, further indicating the acquisition of a NC fate
(Figure 3.2). Additionally, this expression profile was accompanied by significant loss in
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pluripotency markers SOX2, OCT4, NANOG a result reflecting the exit from the undifferentiated

state while cells commit to NC lineage (Figure 3.2).

To further assess the regional identity of our hPSC-derived RA-treated NC cultures, | next looked
at the expression of HOX genes corresponding to the cervical/vagal axial location, HOX PG (1-
5) (Figure 3.2). The mRNA levels of all HOX genes examined (HOXB1-B5) were significantly
induced compared to control, in accordance with our previous observations and the well-
established role of RA on promoting a vagal NC transcriptional signature (Frith et al. 2020). In
contrast, RA treatment did not trigger the expression of more posterior HOX genes indicative of
posterior brachial/thoracic axial levels HOXB7, HOXCY, (Figure 3.2C), a result consistent with
previous findings showing that the in vitro generation of trunk NC relies on a FGF/Wnt induced
NMP intermediate (Cooper et al. 2022; Faustino Martins et al. 2020; Frith et al. 2018; Hackland
et al. 2019). The trunk NC specification via NMPs will be discussed in chapter 5.

Our group previously showed that RA-mediated patterning of vagal NC coincides with an early
specification towards ENS lineage demonstrated by the expression of transcriptional
regulators/ENS specifiers ASCL1 and PHOX2B (Frith et al. 2020). To confirm this, | first
examined ASCL1, PHOX2B transcript levels following RT-gPCR. | found a 20-fold increase in
the expression of ASCL 1 relative to control in the MasterShef7 line and a more robust 100-1000
fold increase relative to control in the H9 and WTC-11 cell lines (Figure 3.2). The expression
levels of PHOX2B were also found to be greatly increased (100-fold induction relative to control)
in the H9 and WTC-11 cell lines while its levels were undetectable in MasteShef7 (Figure 3.2).
The discrepancy in the transcription of ASCL7 and PHOX2B between the three cell lines
examined, suggests that there might be a cell line dependent differential response to RA,
highlighting the need for adaptation of RA concentration for each cell line. Additionally, the
moderate increase in ASCL1 and in most HOX genes in MasterShef7 compared to the H9 and
WTC-11 could suggest inefficient RA levels considering its decreased stability (Maltman et al.

2009), a point | further investigated in section 3.4.3.
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Figure 3.2. Gene expression profile of hPSC-derived vagal neural crest/early enteric nervous system
progenitors on day 6 of the differentiation. RT-qPCR expression analysis of indicated pluripotency (left column-
purple), NC/early ENS (middle column-magenta) and axial identity (right column-green) markers in day 6 NC cells
derived from 3 different hPS cell lines (A, HO9SOX10:GFP; B, MasterShef7; C, WTC-11). Data shown are the mean of
mean values from 3 independent experiments with three replicates in each experiment and error bars represent SD.
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To further assess ENS progenitor specification following RA treatment, | next examined protein
expression of ASCL1, PHOX2B and SOX10 in our day 6 cultures and at single cell level using
immunocytochemistry (Figure 3.3A).These triple labelling experiments revealed heterogenous
expression of all three markers and at different levels with SOX10 being the most abundant
antigen observed. While SOX10 was present in a relatively big subset of cells, PHOX2B
immunoreactivity was limited to a minor fraction, negative for SOX10 either representing a more
advanced enteric neural committed progenitor that has switched off SOX10 expression (Young
et al. 2003) or a contaminating, CNS progenitor of cranial motor neurons (Pattyn et al. 2000)
(Figure 3.3A). On the contrary, ASCL1 expression was more variable and confined in three
subpopulations: (i) Cells expressing relatively low levels of ASCL1 (ASCL1"") co-expressed
PHOX2B (ASCL1+/PHOX2B+; red arrowhead) possibly marking a more committed/enteric
neural progenitor (Kim et al. 2003) or a CNS entity (Pla et al. 2008) (ii) a major fraction of
ASCL1"" cells that were positive for SOX10 (ASCL1+/SOX10+; white arrowhead), a
subpopulation likely to represent an ENS progenitor (Lo et al. 1991) and (iii) a small number of
cells appeared single positive for ASCL1 (ASCL1"°"""/PHOX2B-/SOX10-; asterisk) (Figure
3.3A). The absence of a progenitor defined by the parallel expression of the canonical ENS
progenitor markers SOX10, ASCL1, PHOX2B, albeit the increased mRNA levels in the bulk
population may in part be explained by a delayed translation during protein synthesis of the

transcription factor PHOX2B, potentially due to post-transcriptional modification.

As part of the molecular characterisation of day 6 vagal NC cultures, | next sought to determine
whether hPSC-derived NC cells represent a putative progenitor population. To this end, | looked
at the proliferation capacity of day 6 vagal NC cells using the proliferation marker Ki67 along with
antibody staining against SOX10 to specifically mark the NC entity (Figure 3.3B-C). Overall, |
found that around 70% and 30% of cells expressed SOX10 while 90% and 80% showed the
typical Ki67 punctate pattern in the SOX10:GFP reporter and WTC-11 cell lines, respectively
(Figure 3.3B-C). Interestingly, the data in the reporter cell line showed that the vast majority of
SOX10+ cells were highly proliferative as nearly all cells were positive for Ki67 (66 + 12.8%). In
contrast, only a small fraction of SOX10+ cells appeared to be negative for KI67 (5 + 3%),
reflecting a population that has undergone cell cycle exit (Figure 3.3B). A similar trend was
observed in the WTC-11 line (Figure 3.3C) at which the majority of SOX10+ cells co-expressed
Ki67 (28 + 8%), while a minor population was negative for it (3.6 + 1.3%). However in both cases,
the double negative (KI67-/SOX10-) and single positive (KI67+/SOX10-) groups are likely to
represent cells of non-NC lineage and the particularly high percentage of KI67+/SOX10- in the
WTC-11 cell line denotes the emergence of a proliferating/progenitor contaminant resulting from
of a sub-optimal NC differentiation (30% SOX10+ cells as opposed to 70% under optimal

conditions).
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| next sought to explore further the heterogeneity of our vagal NC cultures in order to identify
potential contaminant cell entities. | first examined the neuroectodermal lineage and the
expression of the definitive neuroectoderm marker, PAX6 (Zhang et al. 2010) (Figure 3.3D-E).
PAX6+ cells have formerly been found to occasionally emerge in NC cultures, supporting the
notion that some cells differentiate along the neural pathway instead of committing to NC lineage
(Hackland et al. 2017; Leung et al. 2016; Menendez et al. 2011). Together with PAX6, | also
examined the expression of SOX7, another neural progenitor marker (Wood and Episkopou
1999). Surprisingly, PAX6+ cells were rarely detected in our differentiating cultures and
represented ~2% of the total population (Figure 3.3E). These cells, were detected within clusters
in high-density areas and the majority of them were primarily surrounded by SOX10:GFP
expressing cells (Figure 3.3D). On the contrary, SOX1+ cells were not detected in day 6 cultures,
a result suggesting that is probably relatively early for SOX1 expression (Zhang et al. 2010). In
summary, these data demonstrate the generation of proliferative vagal NC/early ENS progenitor
cells from three independent hPSC cell lines using our previously published protocol. Moreover,
immunofluorescence analysis revealed the heterogeneity in day 6 vagal NC cultures and
indicated the emergence of neural progenitors marked either by the expression of ASCL1,
PHOX2B or PAX6. However, this population represented only a minor fraction of the cultures
and further research is required to identify other contaminating cells that account for the rest of

the heterogenous culture.
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Figure 3.3. Typical marker expression in hPSC-derived vagal neural crest cultures. (A) Immunofluorescence
analysis of the expression of PHOX2B, ASCL1 and SOX10 in day 6 vagal NC cultures derived from H9 and WTC-11
cell lines (magnified regions corresponding to the boxed areas are also shown). SOX10 and PHOX2B were present
in mutually exclusive cells whereas ASCL1 was either expressed on its own (asterisk points to ASCL1+/PHOX2B-
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/SOX10-), co-expressed with SOX10 (white arrowhead points to ASCL1+/SOX10+) or with PHOX2B (red arrowhead
points to ASCL1+/PHOX2B+). No triple positive cells were observed at all times. Scale bars= 20 ym. (B-C)
Immunofluorescence analysis and quantification of the expression of the NC marker SOX10 and the proliferation
marker Ki67 following antibody staining in day 6 cultures generated using the reporter H9SOX10:GFP (B) and WTC-
11 line (C). Scale bars= 50 um. Insets indicate magnified areas. The data in the graphs were obtained after scoring
ten random fields per experiment for the reporter cell line and twenty random fields per experiment for the WTC-11
cell line. Data indicate the mean of mean values of different biological experiments (n=3) and error bars represent SD
(D) Immunofluorescence analysis for the neural markers PAX6 and SOX1 in day 6 cultures generated using the
H9SOX10:GFP reporter cell line. The image was chosen on the basis of PAX6 expression for display and it is not
representative of the field, as PAX6+ cells were rarely found in the culture. SOX1 protein was not detected. Insets
show SOX1 positive staining in control sample to verify the validity of the antibody. (E) Quantification of SOX10 and
PAX6 protein levels in vagal NC cultures presented in D. SOX10 protein levels were measured following antibody
staining for SOX10. Data were derived after scoring 10 fields of view per experiment and are presented as the mean
of mean values from 3 independent experiments. Error bars state SD (n=3).

To further characterise the resulting in vitro-derived vagal NC cell cultures, | looked at surface
marker expression using flow cytometry. To this end, | utilised antibodies against the cell surface
antigens p75 and CD49d (integrin subunit a4), markers which have been widely used to identify
and isolate migrating NC cells in vivo and in vitro (Bixby et al. 2002; Fattahi et al. 2016; Lee et
al. 2007; Morrison et al. 1999). In addition to these markers, a SOX10:GFP reporter H9 hES cell
line was employed to allow simultaneous monitoring of SOX70 transcriptional activity (Figure
3.4A,C). To ensure the accuracy of the analysis, the baseline fluorescence was set using the
parental unlabelled H9 cell line and the P3X antibody (Kohler and Milstein 1975), which shows
minimal reactivity to human cells, as negative controls (Figure 3.4A-B). TRA-1-85 antibody
staining recognising human cells (Williams et al. 1988) was additionally employed as positive
control (Figure 3.4A-B).

On day 6, flow cytometry analysis of the SOX10:GFP reporter cell line showed that all cells
expressed p75 while 56% of them were also positive for SOX10:GFP. Interestingly, the
expression of SOX10:GFP coincided with increased p75 levels (fluorescence intensity >10%),
classifying the double positive population as p75""/SOX10:GFP+ (52%), whereas the fraction
with low p75 expression (fluorescence intensity between 10? and 0.8x10°) was predominantly
negative for SOX10:GFP, identifying a second population as p75°*/SOX10:GFP- (6%) (Figure
3.4A). The association between SOX10:GFP and increased p75 expression has been previously
reported by other members of our group (Frith et al. 2020; Hackland et al. 2017) and by a previous
study (Menendez et al. 2011), pointing to an expression profile typical for hPSC-derived putative
NC cells. Specifically, Hackland et al. (2017) and Menendez et al. (2011) both showed following
FACS isolation, enrichment for the neuroepithelial marker PAX6 in the p75°" fraction and
upregulation of the NC markers SOX70, TFAP2A in the p75™" population. These data indicate
that the p75"9"/SOX10:GFP+ and p75°*/SOX10:GFP- emerging in our cultures represent NC-
like and neural progenitor cells, respectively. | also observed a third subpopulation exhibiting
increased p75 levels and no SOX10:GFP expression (p75"¢"/SOX10:GFP-) (Figure 3.4A). This
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population which accounts for around 32.5% of the culture, is likely to represent a delayed NC-
like entity which has changed from a p75°" to p75"" expression profile, since p75 expression
starts early on and increases throughout the differentiation (data not shown) and it is possibly
transitioning at this stage from a p75"9"/SOX10:GFP- to a p75"9"/SOX10:GFP+ molecular
identity. Moreover, we cannot rule out the possibility that the observed p75"9"/SOX10:GFP- may
result from an inefficiency of the reporter cell line to accurately reflect the transcriptional activity
of the SOX70 promoter, something which will be discussed subsequently. Given the inherent
differences between different hPSC lines, | also assessed the efficiency of MasterShef7 hESCs
to generate vagal NC cells using our protocol. Flow cytometry analysis revealed an increased
yield with around 84% of cells expressing high levels of p75, a profile consistent with the

formation of NC-like population (Figure 3.4B).

Since the p75 surface marker is also expressed by CNS neural progenitor cells, | next examined
the presence of CD49d, a candidate NC marker that has been shown to mark postmigratory NC
stem cells in the embryonic gut (Bixby et al. 2002). Similarly, all cells in the SOX10:GFP cell line
were positive for CD49d, while 56% of them co-expressed SOX10:GFP and 84% of cells were
immunoreactive to CD49d in the MasterShef7, displaying an expression pattern indistinguishable
from p75 (Figure 3.4A-B). Collectively, these data suggest that our differentiation method within
6 days, yields a high percentage of NC-like cells (around 85%) marked by the expression of
p75++ and CD49d and over half of the population has upregulated the definitive NC marker,
SOX10 (~55% SOX10:GFP+).
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Figure 3.4. Analysis of the expression of p75 and CD49d in hPSC-derived vagal neural crest cultures. (A-B)
Representative flow cytometry analysis profiles showing co-expression of the NC markers p75, CD49d and
SOX10:GFP in the indicated cell lines at day 6 of the differentiation. The baseline fluorescence for the green channel
was set using a GFP negative cell line and for the far-red channel using the isotype control P3X. TRA-1-85 staining
was utilised as positive control (left panels). Subpopulations are colour-coded to match the percentages in the FACS
plot. (C) Schematic depicting the experimental conditions and the strategy followed (i) for the isolation of CD49d+ cells
on the basis of SOX10:GFP expression as presented in the FACS plot (ii). (D) RT-gPCR analysis for the indicated
genes in CD49D+/SOX10:GFP- (grey bar) and CD49+/SOX10:GFP+ (green bar) sorted cells (from Cii). Dashed line
denotes the expression levels in control hESCs. Data shown are the mean of mean values + SD, n=3 independent
experiments with three replicates in each experiment. *P <0.05, **P <0.01, paired t-test. N.D., not determined

Next | sought to examine the identity of CD49d+ cells, and thus | generated vagal NC using the
HI9SOX10:GFP cell line following our standard protocol (Figure 3.4Ci) and sorted CD49d+ cells
on the basis of SOX10:GFP expression as depicted in Figure 3.4Cii. RT-qPCR analysis revealed
a slight but statistically significant increase in SOX10 transcripts in the GFP+ compared to GFP-
population, confirming the validity of isolation based on SOX10:GFP expression (Figure 3.4D).
On the contrary, no differences in mMRNA levels for the rest NC/ENS progenitor related genes
between the two groups were observed (Figure 3.4D). Interestingly, expression of the CNS
neurectoderm marker PAX6 , was significantly higher in the GFP- population, a finding supporting
the idea that CD49d+/SOX10:GFP- represents a CNS entity emerging in the NC culture. To
examine this further, | looked at the expression of other neural genes such as SOX2 and SOX1
in the two sorted populations. SOX2 expression was similar in both groups, albeit reduced
compared to hESCs (10-fold decrease relative to hESC expression indicated by dashed line)

verifying the exit from pluripotent state, while SOX1 transcripts were not detected (Figure 3.4D).

Moreover, | looked at the anteroposterior regional signature of CD49d+/SOX10:GFP- and
CD49d+/SOX10:GFP+ cells by examining HOX gene expression. HOXB2, HOXB5 transcript
levels were comparable between the two groups, despite some inter-experimental variability,
while HOXB1 expression was significantly induced in the GFP- group (Figure 3.4D). Given the
ability of PAX6 and HOXB1 to interact (Mikkola et al. 2001), the latter finding suggests that a
positive feedback loop signalling from PAX6 to HOXB1 and vice versa may occur, specifying
this population to a cranial motor neural progenitor (Osumi et al. 1997). Based on these data, we
conclude that CD49d+/SOX10:GFP- represents a putative CNS progenitor subpopulation
whereas the CD49d+/SOX10:GFP+ fraction reflects a NC/ENS specified progenitor. The
characterisation of CD49d+/SOX10:GFP- and CD49d+/SOX10:GFP+ at the NC stage shows
similarities with the findings regarding p75'°" and p75"" groups, respectively, (Hackland et al.
2017; Menendez et al. 2011) and this prompted me to explore whether CD49d and p75 mark the
same prospective NC-like cells. To this end, | performed immunocytochemistry for these two
markers in day 6 cultures either expressing SOX10:GFP (H9SOX10:GFP; Figure 3.5A) or
stained with an antibody against SOX10 (WTC11; Figure 3.5B). The analysis revealed a
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corelation in the expression of CD49d, p75 and SOX10 (or SOX10:GFP) as these markers
predominantly labelled the same cells within day 6 cultures (Figure 3.5A-B). However, it is
noteworthy that none of the aforementioned markers (p75 and CD49d) is specific to the NC
lineage, unless a special gating approach is adopted or double labelling is employed and
screening for candidate NC surface makers would be beneficial to identify new, more specific

and reliable targets.

A

Nuclei CD49d p75 SOX10:GFP|  Merge

'H9SOX10:GFP

Figure 3.5. Typical cell surface marker expression in hPSC-derived vagal neural crest cultures.
Immunofluorescence analysis and visualisation of the expression of CD49D, p75 and SOX10 in day 6 vagal NC
cultures derived from H9SOX10:GFP (A) and WTC-11 (B) cell lines (magnified regions corresponding to the boxed
areas are also shown). Scale bars= 50 ym.

3.3.2. SOX10:GFP reporter validation

The HOSOX10:GFP reporter cell line is arguably a powerful tool to our research since it allows
us to monitor and visualise SOX10 expression while cells commit to NC fate. The reporter cell
line, which has been extensively used in the literature to mark prospective NC cells and their
SOX10 expressing progeny (Barber et al. 2019; Chambers et al. 2012; Fattahi et al. 2016; Frith
et al. 2020; Hackland et al. 2017; Mica et al. 2013) was provided by Lorenz Studer and it was
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created using bacterial artificial chromosome (BAC) transgenesis and engineered to express
GFP under the control of SOX10 promoter (Mica et al. 2013).

| previously showed that the SOX10:GFP hES cell line efficiently differentiates towards NC
(Figure 3.2A) and enriches for NC markers in the GFP+ fraction (SOX10 vs PAX6) (Figure 3.4D).
Despite the increased SOX70 expression in the GFP+ population, elevated SOX70 transcript
levels were also observed in the GFP- fraction (Figure 3.4D). This result, which has been
repeatedly observed amongst three independent experiments, suggests either a failure of the
cell line to report accurately or a delayed response in GFP expression following SOX10
activation. To further validate the reporter, | FACS-purified SOX10:GFP positive and negative
cells obtained following differentiation of early passage SOX10:GFP hESCs (Figure 3.6A). Gene
expression analysis in nearly pure GFP+ and GFP- fractions (95% purity after FACS isolation;
Figure 3.6A), revealed an expression profile similar to the one shown in Figure 3.4D. Although
PAXG6 was highly expressed in GFP- (50-fold increase relative to GFP+), SOX10 transcripts (50-
fold increase relative to hESCs) were also detected in the GFP- fraction (Figure 3.6B). This result
was further verified by flow cytometry analysis and following antibody staining for the intracellular
SOX10. The analysis showed the presence of a SOX10- population (Q3; blue) residing in the
GFP+ fraction of SOX10:GFP+ sorted cells and SOX10+ (Q1; green) emerging within the GFP-
fraction of SOX10:GFP- sorted cells (Figure 3.6C). Moreover, antibody staining against SOX10
in day 6 bulk NC (Figure 3.6C lower panel-D) demonstrated substantial overlap in SOX10 and
SOX10:GFP expression (~36% of the population in Q2; magenta) as well as single positive
SOX10 (~21% of the population in Q1; green) and SOX10:GFP (~23% of the population in Q3;
blue) fractions (Figure 3.6C). Collectively, these data suggest that the SOX10:GFP reporter cell
line does not report accurately the number of SOX10 expressing cells, and thus it is not a reliable

tool to evaluate NC efficiency per se.
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Figure 3.6. SOX10:GFP reporter cell line does not accurately report SOX10 levels. (A) Flow cytometry analysis
plots of day 6 vagal NC generated using the H9SOX10:GFP reporter cell line and isolated by FACS on the basis of
GFP expression. Plots on the right depict purity levels of the isolated populations. (B) RT-gPCR analysis for neural
plate border/NC-/ENS-related genes and the neural marker PAX6 in sorted GFP- and GFP+ cells. Each bar represents
the mean value of three technical replicates (n=1). (C) Validation of SOX10:GFP expression following staining with an
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antibody against SOX10. Day 6 sorted SOX10:GFP+, SOX10:GFP- cells and SOX10:GFP bulk populations were used
for the analysis. Plots on the left depict the controls used including antibody staining for OCT4 that positively marks
hPSCs to set the gates. (D) Immunofluorescence analysis of SOX10 protein expression following antibody staining
and SOX10:GFP in day 6 NC cultures derived from the reporter cell line. Scale bar=50 ym. WT; wild type unlabelled
and undifferentiated cells from the parental cell line.

3.4. Critical parameters for vagal neural crest specification

The intra and inter-experimental variability observed in our protocol’s efficiency, reflected in the
heterogeneous SOX10 expression and emergence of PAX6+ cells (Figure 3.7A-C), prompted

me to examine candidate cues and parameters influencing vagal NC specification in vitro.

3.4.1. Examining the role of WNT signalling on vagal neural crest specification

Given the instrumental role of canonical Wnt signalling in NC formation in vivo (Garcia-Castro et
al. 2002; Wilson et al. 2001) and the influence of Wnt pathway activation on the specification of
NC from hPSCs in vitro (Leung et al. 2016; Menendez et al. 2011), | first focused on this pathway.
It has been previously shown that Wnt pharmacological activation in combination with BMP and
Activin A/Nodal signalling inhibition shifts neuroectoderm cells towards a NC lineage while
diminishing the occurrence of PAX6 expressing cells (Menendez et al. 2011). Therefore, |
hypothesized that sub-optimal Wnt signalling levels may account for the generation of

neuroepithelial over NC cells in low NC yield cultures.

Our standard vagal NC differentiation protocol employs 1 uM of CHIR (CHIR 99021), a selective
inhibitor of GSK-3 which acts as Wnt activator (An et al. 2010). To enable a clearer analysis and
to exclude technical issues that might account for the inefficient differentiation, after performing
CHIR batch testing (data not shown), | compared CHIR supplied from 2 independent sources
(Tocris vs Selleck chemicals) (Figure 3.7D-F). Overall, no significant changes in SOX70, PAX3
and PAX6 gene expression were observed between the standard, Tocris (T) and alternative
supplier, Selleck chemicals (S) (Figure 3.7E). However, SOX70 expression appeared slightly
higher in control cultures (Figure 3.7E). Immunofluorescence analysis showed a greater but more
variable number of SOX10+ cells (32 £ 14%) in cultures treated with CHIR from Selleck and a
considerably lower number of PAX6+ cells (7 + 4%) compared to control. Cultures treated with
CHIR from Tocris showed moderate SOX10 protein expression (31 £ 4%) and increased, albeit
variable, PAX6 protein levels (33 £ 13%) (Figure 3.7F). Taken together, this comparison suggests
that GSK3 antagonist batch and supplier differences may contribute to inter-experimental

variability.
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The higher levels of PAX6 protein expression in cultures treated with Tocris CHIR might reflect
lower Wnt activity. In turn this suggests that a higher Tocris CHIR dose might be required for
more efficient Wnt pathway activation and Wnt-mediated NC specification. To investigate this in
more detail, | treated hPSCs during NC induction with a slightly elevated concentration of Tocris
CHIR (1.5 uM) and examined its effect on NC formation by looking at the expression of a panel
of NC markers (Figure 3.7G). Transcriptional analysis revealed a statistically significant increase
in the expression of SOX10 and PHOX2B in cultures treated with 1.5 uM CHIR relative to control,
1 uM CHIR treated cultures (P <0.05 and P <0.01, respectively; paired t-test) (Figure 3.7H). On
the contrary, higher CHIR concentration resulted in significant downregulation in the expression
of ASCL1 (10-fold reduction, P <0.01; paired t-test) relative to control, while the levels of PAX3
transcripts appeared unaffected (Figure 3.7H). Treatment with higher CHIR led to robust
induction of PAX6 transcripts (P <0.01, ratio paired t-test; Figure 3.7H), suggesting a link between
Whnt pathway activity and PAX6 upregulation in hPSC-derived NC cultures. This contrasts the
findings of Menendez et al. (2011), who showed that Wnt administration favors the formation of
NC over neural progenitor cells in a dose-dependent manner. The discrepancy between their
findings and our observations may be due to differences in the protocols, in the combination of
signals involved and particularly for BMP, as the effect of Wnt on NC specification was examined
in combination with minimal or absent BMP activity (Menendez et al. 2011). This is further
supported by the fact that BMP activation is a prerequisite in our protocol while they report an

antagonistic action of BMP on Wnt-mediated NC specification (Menendez et al. 2011).

The effect of higher Wnt agonist concentration on axial identity specification was also examined
by assessing the expression of HOX genes. The mRNA levels of HOXB1, HOXB2 and HOXB4
were considerably increased in 1.5 yM CHIR treated cultures, however, HOXBS transcript
remained unaffected (Figure 3.7H). The reported increase in the expression of HOX genes in
response to higher Wnt stimulation may be an indication of synergistic action of Wnt signalling
and RA in HOX induction as the latter is part of the culture regime and essential for axial

specification (Figure 3.7H).

Altogether, these data suggest that GSK3 inhibition enhances the induction of posterior
cranial/vagal axial identity HOX genes and promotes PHOX2B upregulation while it represses
ASCL1 expression. They also show an increase in SOX70 transcript levels, a result consistent
with the role of Wnt in promoting NC specification. The unexpected upregulation in PAX6
transcripts though, in response to elevated Wnt activity, indicates that Wnt signalling pathway

may be involved in regulating PAX6 transcription.
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Figure 3.7. Role of Wnt signalling pathway on neural crest specification. (A) Diagram demonstrating standard
conditions for vagal NC differentiation. (B-C) Representative images (B) and quantification (C) of SOX10 and PAX6
protein expression in cultures generated using the standard protocol depicted in A, in three independent experiments.
For the analysis, twenty random fields per experiment were selected. Data shown are the mean £ SD of different fields
of view (n=20) per biological experiment. (D) Schematic showing the experimental design to compare CHIR 99021
(CHIR; GSK3 antagonist) bought from two different suppliers, Tocris (used in the standard protocol) and Selleck
chemicals. For direct comparison, same concentration of the compound was used. (E) Gene expression analysis in
vagal NC cultures generated using 1 uM CHIR supplied from Tocris or Selleck. Data shown are the mean of mean
values + SD, n=3 independent experiments with three replicates in each experiment. Each biological replicate is
represented by a unique shape. (F) Quantification of SOX10 and PAX6 protein expression in vagal NC cultures
generated using 1 yM CHIR supplied from Tocris or Selleck. SuperPlots show pooled data from 3 independent
experiments (20 fields scored/condition for each experiment). Each independent experiment is represented by a
unique shape. Large symbols denote the means of different experiments (n=3) and error bars indicate SEM. (G-H)
Schematic showing WNT pathway manipulation during vagal NC induction and the effect of a slightly higher
concentration of CHIR (1.5 pM) on the expression of the indicated genes. Data shown are the mean of mean values
+ SD, n=3 independent experiments with three replicates in each experiment. Each independent experiment is
represented by a unique shape, *P <0.05, **P <0.01, paired t-test and ratio paired t-test for PAX6. ns=not significant.
Scale bars= 50 ym.

I next sought to further investigate the relationship between elevated Wnt signalling and PAX6

induction. Seeding density of hESCs has been proposed to have a critical role on in vitro
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differentiation. In particular, previous studies have reported a requirement of high plating cell
density for efficient neuroepithelial differentiation through neural rosette formation (Lippmann et
al. 2014) and that increased plating density impairs NC formation favoring neural differentiation
(Chambers et al. 2009). Specifically, the latter study has shown that cell density determines the
ratio of CNS and PNS by enriching for PAX6+ neural cells over PAX6- NC cells in cultures plated
at a higher density and under the influence of the same inductive signals (dual-SMAD-inhibition
protocol) (Chambers et al. 2009). This observation is also supported by my empirical
observations for PAX6+ spatial organisation and emergence of such cells in very dense areas
that are present in our day 6 NC cultures (Figure 3.8A). Moreover, cell density has been
previously reported to influence the levels of B-catenin and hence, canonical Wnt activation in
cancer (Kim et al. 2019) and during mESC differentiation and at hPSC state (LeBlanc et al. 2022;
Massey et al. 2019).

Based on these findings | explored the effect of cell density in our vagal NC differentiation system
and its links to Wnt signalling. | initially examined the influence of cell density on SOX70 and
PAXEG6 transcripts after subjecting hPSCs plated at three different plating cell densities (30-50 x
10° cells/cm?) to NC differentiation. | found that increasing cell density did not significantly affect
SOX10 transcriptional levels although there was a lower induction of SOX70 when cells were
plated at 50 x 10%cm?, the highest cell density examined (Figure 3.8B). In contrast, PAX6
expression levels were dramatically increased (5- to 10-fold upregulation, P <0.05) when hPSCs
were plated at higher density, confirming a positive correlation between high plating density and
PAX6 induction (Figure 3.8B). Since higher Wnt signalling and increased plating density resulted
in PAX6 upregulation (Figure 3.7H, 3.8.B, respectively), | next examined the response of Wnt
activity to cell density changes by measuring the transcriptional levels of canonical Wnt target
genes, TCF1 (van de Wetering et al. 1997) and AXIN2 (Jho et al. 2002). Gene expression
analysis showed that TCF1 maintained its expression levels relatively high and at a similar level
to pluripotent stem cells (from Ct 27 in hPSCs to 26 in NC) across all densities examined (Figure
3.8C). On the other hand, increased cell density resulted in upregulation of AXIN2, suggesting
that Wnt signalling activity and plating density are to some extent correlated (Figure 3.8C). In
summary, these results support our hypothesis that in NC cultures generated under the influence
of the same inductive signals, cell density dictates the balance between SOX10 and PAX6
expression. They also indicate the existence of a dynamic interplay between cell density and Wnt
activity that could be critical for NC specification in vitro, however, further research is required to

dissect the links between cell density, Wnt activity and SOX10 vs PAX6 upregulation.
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Figure 3.8. High plating density leads to PAX6 upregulation in hPSC-derived neural crest cultures. (A)
Representative bright field and immunofluorescence analysis images of day 6 vagal NC cultures showing the spatial
relationship between PAX6+ and SOX10+ cells. Highlighted regions indicate PAX6+ cells emerging in very dense
areas. Scale bar=50 pyM. (B) RT-qPCR analysis for SOX70 and PAX6 transcripts in day 6 vagal NC cultures derived
after plating hPSCs in three different densities. **P <0.01, ****P <0.0001, one-way ANOVA followed by Tukey’s post-
hoc multiple comparisons test. (C) RT-gPCR analysis for Wnt target genes in day 6 vagal NC cultures derived after
plating hPSCs in three different densities. *P <0.05, one-way ANOVA followed by Holm-Sidak’s post-hoc multiple
comparisons test. For all graphs, data shown are the mean of mean values + SD, n=3 independent experiments with
three replicates in each experiment.

3.4.2. Cell density influences vagal neural crest protocol’s efficiency

To investigate further the impact of cell density on NC differentiation, | plated two hES
(H9:SOX10GFP and H9 WT) and one hiPS cell line (WTC-11) at different densities in NC-
inducing media and examined the expression levels of SOX10 in combination with p75, CD49d
or alone, as a means to evaluate protocol’'s efficiency (Figure 3.9). Flow cytometry analysis
revealed that NC differentiation efficiency in H9:SOX10GFP hESCs is influenced by plating
density and a progressive reduction in the number of cells expressing SOX10:GFP/p75 was
observed with increasing plating density (from 58.3 + 3.6% at the lowest density to 6.6 + 2.4% at
the highest density; Figure 3.9A). The greatest NC yield was achieved when cells were plated at
the lowest density, 30 x 10° cells/cm?® (Figure 3.9A). Similar results were obtained in

differentiating cells from the parental H9 cell line, as high density correlated with a progressive
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decrease in the number of cells expressing p75"" (a fraction enriched for SOX10 is depicted
within the pink gate) or CD49d (Figure 3.9B). In addition to surface antigen analysis, | assessed
the effect of cell density on SOX10 protein expression in the H9 unlabelled cell line using
immunocytochemistry (Figure 3.9Ci). | found that approximately 37 + 8 % cells were positive for
SOX10 in cultures plated at intermediate seeding densities (40-50 x 10° cells/cm?) and this
number decreased to 23 + 4% and 30 + 12.6% when cells were plated at the lowest (30 x10°
cells/cm?) and highest density (60 x10° cells/cm?), respectively (Figure 3.9Cii). Together, these
data demonstrate that in the H9 a slightly higher plating density compared to the reporter cell line
(40 x 10% in the H9 compared to 30 x 10° cells/cm?in the reporter cell line) is required for optimal
differentiation efficiency. This analysis was also carried out in the WTC-11 hiPS cell line. Similar
to the hES cell lines, differentiating WTC-11 showed a negative correlation between SOX10
protein levels and increasing plating density (Figure 3.9D). Specifically, SOX10 expression
reached a peak of 55 + 24% of cells being positive for it in cultures initiated with the lowest plating
density (30 x 10° cells/cm?) and this number was reduced to 32 + 3.5% when cells were plated
at the highest density (50 x 10° cells/cm?) (Figure 3.9D).

Collectively, these data demonstrate the progressive decline in SOX10 expression with
increasing cell density and highlight the role of cell density as a critical determinant for optimal
NC differentiation. A low plating cell density results in increased number of SOX10+ cells, while
a high plating density leads to a considerably lower SOX10+ population and higher numbers of
PAX6+ contaminating cells (Figures 3.8, 3.9E).
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Figure 3.9. Lower plating density improves neural crest protocol’s efficiency. (A) Representative flow cytometry
analysis plots showing the effect of 4 different plating densities on NC efficiency on day 6 of the protocol using the
SOX10:GFP reporter cell line. The line graph on the right summarises the quantification data for p75+/SOX10:GFP+
across all densities. Error bars indicate SD (n=3 independent experiments). (B) Representative day 6 flow cytometry
profiles from H9 hESCs plated at 4 different densities demonstrating the percentage of cells expressing p75Ms" (pink
gates, upper panel) and CD49d (lower panel). (C) Immunofluorescence analysis (i) and quantification (ii) of SOX10
protein expression in H9-derived day 6 NC cells initially plated at 4 different densities. Scale bars= 50um. Data in the
graph were derived after scoring ten random fields per experiment. Data shown are the mean of mean values + SD
(n=2 independent experiments). (D) Representative flow cytometry analysis plots showing the percentage of SOX10+
cells in WTC-11 hiPSC-derived day 6 cultures initially plated at 3 different densities. The line graph on the right shows
the quantification of flow cytometry data. Error bars indicate SD (n=3 independent experiments). (E) lllustration
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demonstrating the dynamics of SOX10 and PAX6 expression in association with increasing plating density. SOX10
expression reaches a peak in low plating density and while cell density increases SOX10 expression decreases and
PAX6 takes over the culture.

3.4.3. Efficient induction of ENS-associated genes in vagal neural crest cultures requires

daily media change

Previous studies have shown that addition of all-trans RA in cranial NC cultures is required for
patterning the cells towards the vagal subdivision which is reflected by the upregulation of
corresponding HOX genes transcripts HOX PG (71-5) (Fattahi et al. 2016; Frith et al. 2018;
Workman et al. 2017). Recently published work from our group has demonstrated an additional
role of all-trans RA in guiding vagal NC cells towards an early ENS progenitor identity,
exemplified by the upregulation of ENS progenitor specification genes, ASCL1 and PHOX2B
(Frith et al. 2020). Despite the relatively high induction of these two genes in NC cultures relative
to undifferentiated control, their expression levels appeared substantially variable between
various independent experiments we performed. Several lines of evidence suggest a high
propensity of RA towards isomerisation and degradation when exposed to light or heat,
emphasizing its reduced stability in culture (Maltman et al. 2009). Hence, | asked whether RA
scarcity could be the source of variation in ASCL1 and PHOX2B expression in day 6
differentiated cultures. To address this question, | differentiated hESCs into cranial NC and added
all-trans RA to promote vagal axial patterning and ENS specification as described in Figure
3.10A. To examine whether the decreased RA stability and its high susceptibility in the
environmental conditions influence gene expression, | replenished culture medium with fresh RA
daily and compared the expression profile of cultures fed daily with control “media changed D4”
cultures (Figure 3.10A). Interestingly, RT-qPCR analysis revealed that daily medium change
(media changed D4,D5) resulted in a significant increase in the levels of ASCL1 (~10-fold, P
<0.01) and PHOX2B (~5-fold, P <0.01) transcripts compared to control, while SOX10 expression
remained unaffected (Figure 3.10B). This finding supports a role of RA in upregulation and
maintained expression of ASCL1 and PHOX2B. Gene expression analysis for HOX genes did
not show any differences between the two groups (Figure 3.10C), suggesting that HOX genes
are less sensitive to RA reduced stability than ASCL1, PHOX2B.
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Figure 3.10. Induction of enteric nervous system progenitor-associated genes in vagal neural crest requires
daily medium change. (A) Diagram presenting the experimental approach. (B-C) RT-qPCR expression analysis of
genes associated with ENS specification (B) and axial patterning (C) in vagal NC after refreshing culture medium once
(D4=day 4) and in two subsequent days (D4,D5= day 4 and day 5) as described in A. Data shown are the mean of
mean values + SD, n=3 independent experiments with three replicates in each experiment. **P <0.01, paired t-test.
Only statistically significant changes are indicated.

3.5. Discussion
3.5.1. Understanding the heterogeneity in hPSC-derived vagal neural crest cultures

Gene expression analysis for a battery of NC genes (SOX10, PAX3, PAX7, TFAP2A) in day 6
hPSC-derived vagal NC cultures revealed transcriptional changes consistent with adoption of a
NC identity in vitro. In this population, a fraction of 50-70% is found to be immunoreactive to
SOX10 (Figures 3.2,3.3) while the identity of the remaining population, which accounts for the
30-50% of the total, to a great extent is yet to be identified.

Several studies examining the early steps of NC formation/neural plate border specification in
vitro (Leung et al. 2016; Menendez et al. 2011) and a growing body of single cell transcriptomic
data (Ling and Sauka-Spengler 2019; Soldatov et al. 2019) providing information about NC
lineage segregation in vivo have shed light to early events of NC specification and have provided
us with large lists of candidate markers representative of distinct lineages that might account for

the heterogeneity observed in our culture. A few of these proposed markers representative of
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different linages were employed in this study to explore the heterogeneity of day 6 vagal NC

cultures.

Initially, | focused on the neuroectodermal lineage by examining the expression of the definitive
neuroectoderm marker, PAX6 in our cultures (Figure 3.3D-E). PAX6+ cells have been previously
found to emerge in NC cultures (Hackland et al. 2017; Leung et al. 2016; Menendez et al. 2011)
comprising a small fraction, which has been shown to arise independently of NC as PAX6 knock
down did not impair the efficacy of hPSCs to generate SOX10+ NC (Leung et al. 2016). In
agreement to this, our analysis showed that a minor population is positive for PAX6 in day 6
cultures (Figure 3.3D-E) and this number increases, potentially at the expense of a sharp
decrease in SOX10, when the efficiency of the protocol is low (Figure 3.7C). The presence of
PAX6 and the lack in the expression of a later neural progenitor marker SOX1, at transcript and
at the protein level (Gerrard et al. 2005; Zhang et al. 2010), denotes that this population is likely

to represent an early neuroectodermal lineage.

Given the natural relationship between neural plate (neuroectoderm), neural plate border and
surface ectoderm (non-neural ectoderm) territories during late gastrulation/early neurulation in
the embryo (Figure 1.1) and the fact that lineage segregation is dictated by timely and spatially
defined combinations of BMP, FGF and WNT signals (Thawani and Groves 2020), we can
speculate that the contaminating cells emerging in our cultures may belong to non-neural
ectoderm (NNE) and its derivatives, the pre-placodal ectoderm (PPE) and epidermis (EPI) which
arose in response to NC inductive signals (Kwon et al. 2010; Leung et al. 2013; Pieper et al.
2012). This idea is further supported by the findings of a recent single-cell transcriptome analysis
study which reported the occurrence of cells with transcriptional profile similar to NNE and PPE
in vagal NC-derived ENS cultures (Majd et al. 2022; preprint). The emergence of NNE and its
progeny could be linked to Wnt transcriptional regulation in NC cultures since Wnt activation has
been shown to restrict NNE induction and promote the generation of NC in differentiating hESCs
(Leung et al. 2016). The emergence of a NNE progenitor undergoing spontaneous ectodermal
differentiation within our NC cultures could also be supported by the observed increase in the
transcriptional levels of TFAP2A, a critical regulator of the differentiation of surface ectoderm
cells (Luo et al. 2002). Since TFAP2A is a marker shared between the NC and NNE lineage and
its expression levels in our differentiating cultures have only been observed on a population level
by RT-gPCR, immunofluorescence analysis in combination with another NNE marker (i.e.
GATA3 (Sheng and Stern 1999)) would further delineate the presence of a population
differentiating along the surface ectoderm route. Additionally, Pax6 apart from its established role
as neuroectoderm specifier (Zhang et al. 2010), has been shown to mark the anterior region of

the prospective placodal ectoderm during placode development in Xenopus laevis and its
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expression is later confined in anterior placode derivatives (olfactory, lens and anterior pituitary
gland) (Schlosser and Ahrens 2004). In vitro, NNE- and PPE- derivatives expressing PAX6 are
derived following an initial phase of TGF-f inhibition and BMP treatment (Conti and Harschnitz
2022), signals that are also involved in our NC induction medium, reinforcing the notion that the
contaminating cells might belong to the PPE lineage. Thus, analysis at single cell level for a panel
of indicative NNE (DLX5, GATA3, ECAD), PPE (SIX1) and EPI (p63) genes as suggested by
Leung et al. (2016) would facilitate the identification of “unwanted” cells that belong to the

aforementioned lineages.

However, the heterogeneity of day 6 NC cultures is not restricted to non-NC lineage and might
occur within the NC compartment. RA administration specifies NC cells towards more posterior
axial levels as indicated by the increase of HOX genes corresponding to “post-otic” region but
whether these cells represent a pure vagal population still remains to be defined. Cells belonging
to other NC streams such as cranial or cardiac may also emerge in our day 6 cultures, particularly
due to the natural relationship they have in the embryo, as they emerge from adjacent and to an
extent, overlapping domains (Figure 1.6) (Kuo and Erickson 2011). However, my pilot data based
on immunocytochemistry analysis of the expression of the cranial NC marker ALX1 (lyyanar et
al. 2022; Pini et al. 2022), the early and late cardiac mesenchyme markers PRRX1 (Doufexi and
Mina 2008; Leussink et al. 1995) and BARX1 (Gould and Walter 2000; Tissier-Seta et al. 1995)
were inconclusive. Specifically, | found that day 6 vagal NC cultures were not immunoreactive to
PRRX1 and the antibodies against ALX1 and BARX1 were disregarded due to non-specific
binding, a finding verified by the homogeneous and false positive signal upon antibody incubation
in hESCs (Appendix Figure S3). Therefore, the emergence of cardiac and cranial NC populations
in day 6 cultures requires further investigation. The lack of specific and reliable antibodies against
certain cell types as well as the limited access to tissues expressing the desired markers to
validate the antibodies, inevitably challenges our research. Hence, the best approaches to
answer this question and determine to a great extent the overt heterogeneity and cellular
composition of the NC compartment would be single cell transcriptome analysis (single cell-RNA

seq) or hybridization chain reaction-RNA-fluorescence in situ hybridization (HCR RNA-FISH).

| previously showed by RT-qPCR an increase in PHOX2B and ASLC1 transcript levels in
response to RA treatment (Figure 3.2), a finding consistent with the acquisition of ENS
progenitor transcriptional profile in day 6 cultures. Despite the global increase in their transcripts
compared to undifferentiated cells, immunofluorescence analysis along with SOX10
demonstrated heterogeneous expression of these markers and depicted their presence in
different subpopulations, that were not marked by the concurrent expression of SOX10 and the
proneural genes ASCL1, PHOX2B (Figure 3.3). Surprisingly, PHOX2B protein expression did
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not overlap with SOX10 and it was occasionally observed in ASCL1+ cells. This expression
profile is consistent with the emergence of an advanced/enteric neural restricted progenitor at
which SOX10 expression is repressed by ASCL1 and PHOX2B potentially via a negative-
feedback loop (Kim et al. 2003). Also, the lack of SOX10 positivity in PHOX2B+ cells denotes
that SOX10 is not required to retain PHOX2B expression, in agreement to a previous report (Kim
et al. 2003). Whether SOX10 preceded PHOX2B expression in this subpopulation is still an
intriguing question and that could be possibly addressed by isolating NC progenitors on the basis
of SOX10:GFP expression and monitoring PHOX2B levels following RA treatment in a time
course. Also, we cannot rule out the possibility that the PHOX2B+ and/or ASCL1+ subpopulation
could reflect the presence of hindbrain/branchial motor neuron which arises from the same
anteroposterior region to vagal NC and is marked by the expression of PHOX2B, ASCL1 and not
SOX10 (Pattyn et al. 2000). This could be due to RA administration given its role in branchial
motor neuron differentiation (Linville et al. 2004). The effect of RA treatment either in
neuralisation or in advancing the vagal NC/ENS progenitors in day 6 NC cultures is also
supported by our findings and the concomitant decrease in SOX10:GFP/p75 and
SOX10:GFP/CD49d expression levels following a time course analysis in the presence/absence
of RA (Appendix Figure S1,S2). The reduction in the levels of SOX10:GFP compared to non-RA-
treated counterparts, 24hours after RA addition, therefore, denotes either a change in the cell
fate decision (commitment to cranial motor neurons) underlying the transient state of the
presumptive progenitor population and the plasticity of the hPSC-derived cultures or progression
along the ENS differentiation pathway and early neural differentiation. Given how temporally
closed these events are since SOX10:GFP starts being expressed around day 3 in culture (data
not shown) and RA is added to induce PHOX2B expression at day 4, we can also argue that RA
does not act only a SOX10+ putative NC progenitor but exerts its effect on a contaminating non-
NC progenitor emerging in the culture (as discussed above) and steers a part of the population
towards alternative non-NC associated differentiation routes. Finally, to determine the identity of
SOX10-/PHOX2B+ cells in our cultures and distinguish between a cranial motor neuron and ENS
progenitor lineage, staining for the motor neuron progenitor marker ISL1 would be the best

approach to address this question (Pattyn et al. 2000; Pfaff et al. 1996).

Overall, how the overt heterogeneity in NC cultures affects the functionality and subsequent
differentiation down to different routes remains to be determined. This matter requires thorough
examination particularly in light of cell therapy treatment and the potential use of hPSC-derived

NC cells to treat neurocristopathies such as Hirschsprung's disease.
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3.5.2. Interplay between cell density and Wnt signalling pathway controls neural crest

differentiation

Our observations, in line with previous findings (Chambers et al. 2009), suggest that cell density
is a critical regulator of NC differentiation in vitro and an initial low-plating density is required to
obtain NC cells with high yield (Figure 3.8B, 3.9). By contrast, when an initial high density is
employed, the efficiency of the differentiation is greatly reduced and this is accompanied by an
upregulation of PAX6 (Figure 3.8B). A similar increase in PAX6 expression is also observed after
treating the cultures with a higher concentration of the Wnt agonist, CHIR99021, a finding
suggesting that cell density and Wnt activity might be linked. Cell density and Wnt/B-catenin
signalling have been shown to synergistically affect cell fate determination in vitro, in particular
in cardiomyocyte differentiation (Buikema et al. 2020; Kempf et al. 2016; Le et al. 2021). For
example, cell density-mediated Wnt inhibition through paracrine signalling in densely cultures
was found to enhance cardiomyocyte generation (Le et al. 2021), while low-density plating
associated with cell-cell contact disruption in cooperation with Wnt pathway stimulation was used

to promote cardiomyocyte proliferation and expansion (Buikema et al. 2020).

The data in this chapter propose that cell density and Wnt signalling are also coupled in the
context of NC. Gene expression analysis of the Wnt target, AXIN2 revealed an increase in its
expression levels when cells are plated at high density, a finding consistent with elevated
canonical Wnt activity. Although Wnt stimulation is required for the induction of NC in vitro
(Gomez et al. 2019a; Leung et al. 2016; Menendez et al. 2011), increased Wnt activity, as a
result of high-plating density, seemed to have an antagonistic effect in our system, demonstrated
by the reduction in SOX10 expression (Figure 3.9). This, contrasts previous findings from
Menendez et al. (2011), which showed that increasing amounts of two Wnt activators, the GSK3
inhibitor, BIO and Wnt3a enhanced NC formation in a dose-dependent fashion and points to the
requirement of precise and controlled levels of canonical Wnt signalling for efficient NC
differentiation. The findings presented in this chapter in combination with the regulatory role of
AXIN2 in restraining Wnt signalling activity (Lustig et al. 2002), suggest that cell density and
concomitant AXIN2 transcriptional activation might determine SOX70 and PAX6 expression by
regulating Wnt signalling activity. According to this, | propose a model at which AXIN2 following
its induction by high-plating density, may act in return to supress Wnt signalling as part of a
negative feedback loop and as a result, impair NC differentiation by upregulating the expression
of PAX6 (Figure 3.11).Under low-plating density and in the presence of the same Wnt inductive
signals, we can speculate that AXIN2 expression is moderate, and therefore not sufficient to
inhibit CHIR-mediated Wnt activation. Thus, Wnt pathway is active and allows for NC

specification. Moreover, the findings summarised in this model highlight that cell density in
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combination with Wnt agonist titration should be employed as a way to define the amount of Wnt
activity required to obtain NC cells with high yield. Hence, we can speculate that higher
concentration of CHIR might compensate for the negative feedback loop mediated by AXIN2

when cells are plated at a high density.
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Figure 3.11. Schematic representation of the proposed model for the role of Wnt during neural crest induction:
Wnt signalling pathway determines a NC or non-NC lineage in the case of (i) high and (ii) low plating density during
hPSC-based NC differentiation. NC; neural crest.

The mechanism of action of cell density in our model though, still remains elusive and further
work is required in order to dissect the links between low/high-plating density and Wnt/B-catenin
pathway activity during NC differentiation. The use of a Wnt pathway luciferase reporter
(TOPFlash (Korinek et al. 1997), SuperTOPFlash (Veeman et al. 2003), HAL (Yamaguchi et al.
2017) luciferase reporter constructs) would be a useful and more direct strategy for monitoring
Whnt activity and measuring Wnt responses in cultures plated in increasing cell densities. This
could be done in combination with AXIN2 knockdown to further evaluate the role of this gene in
controlling Wnt pathway activity in response to high-plating density, possibly as part of a negative

feedback loop.

Moreover, it is not clear to us how cell density stimulates Wnt signalling, and if paracrine or cell-
cell contact mediated signalling is taking place. Several studies have previously shown that Wnt
pathway could be equally activated by auto/paracrine factors and mechanical forces generated
by cell-cell and cell-extracellular matrix contact signals in hES cell culture systems (Le et al. 2021;
Muncie et al. 2020; Przybyla et al. 2016). For example, high cell-adhesion tension in hESCs
(Muncie et al. 2020) and low-plating density (decreased cell-cell contact) in mESCs (LeBlanc et
al. 2022) were found to promote release of B-catenin from cell-to cell junctions, B-catenin nuclear
translocation and Wnt-mediated differentiation in response to external signals. It is possible then,
that during NC differentiation, Wnt pathway could be stimulated by mechanical cues due to

increased cell-cell contact, in a similar way to the previously mentioned systems. Moreover, we
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can speculate that increased cell density could also regulate Wnt activity via ephrin—Eph or
Notch-delta signalling, activated upon cell-cell contact. EfnB1 has been previously shown to
inhibit canonical Wnt pathway during cranial NC induction in Xenopus tropicalis embryos (Wei et
al. 2010), while Notch-Wnt molecular crosstalk has been implicated in many developmental
processes (reviewed in Collu et al. 2014). Thus, examining the former signal transduction
pathways (ephrin and Notch) in low- and high-plating density cultures in relation to Wnt activity
can be used to determine if cell density exerts its effect on Wnt activity via juxtracrine interactions.
On the other hand, a conditioned media transfer approach in compartmentalised cultures of low-
and high-density cells and/or ELISA for Wnt regulators could be performed to evaluate the role
of cell-secreted signals from high-plating density cultures on Wnt activation and NC formation
through paracrine signalling. Collectively, the findings presented in this chapter propose a link
between cell density, Wnt signalling activity and NC specification in vitro, however, further
research is required to address the precise interactions and to provide a better insight into the

underlying mechanism of high cell density and Wnt inhibition molecular interplay.
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Chapter 4: Defining critical signals for human enteric nervous system

specification in vitro

4 1. Introduction

The ENS is a complex and highly interconnected network of neurons and glia located within the
wall of the gastrointestinal tract. It controls several vital processes including bowel maotility,
nutrients’ absorption and digestion, secretion of water, electrolytes, hormones and regulates the
blood flow (Furness 2012). The ENS is the largest branch of the PNS as it contains around 500
million neurons in humans (Furness 2006) and along with the sympathetic and parasympathetic
divisions consists the autonomous nervous system. Although sympathetic and parasympathetic
fibres provide the extrinsic innervation of the gut, the majority of the enteric neurons lack direct
input from the CNS, and hence the ENS is able to mediate contractile reflex activity and
peristalsis in an autonomous manner (Furness 2006). As mentioned earlier, the ENS originates
from NC. The NC contribution to neurons and glia in the gastrointestinal tract was first described
in 1954 in the avian embryo, by Yntema and Hammond, who demonstrated the absence of
enteric ganglia in the gut upon resection of the dorsal neural tube in the caudal hindbrain region
(Yntema and Hammond 1954). This notion, was further refined by Nicole Le Douarin and
colleagues who pioneered cross-species transplantation and fate mapping experiments and
revealed the axial-specific contribution of vagal and sacral NC-derivatives to the developing gut
(Burns and Douarin 1998; Burns and Le Douarin 2001; Le Douarin and Teillet 1973). Within the
vagal region, crest cells adjacent to somites 1-2, migrate along the vagus nerve as Schwann cell
precursors and provide the oesophageal neurons, whereas cells close to somite levels 3-7
(posterior vagal/rostral trunk) follow the ventral pathway, contribute to the sympathetic chain and
colonize the entire Gl tract (Figure 1.6B). The sacral input, unlike the vagal, is mainly restricted
to the pos-umbilical gut and was shown to expand the repertoire of enteric neurons by enriching
for adrenergic/dopaminergic and serotonergic subtypes as opposed to secretomotor neurons
derived from the vagal region (Tang et al. 2022). In addition to the vagal and sacral NC origin,
Uesaka et al. (2015) using genetic fate mapping in mice proposed recently the ENS contribution
of crest-derived Schwann cell precursors with thoracolumbar regional identity which migrate to
the gut via extrinsic nerves and give rise to 20% of the ganglia, and predominantly calretinin-
expressing neurons, in the colon after birth (Figure 1.6B). A similar contribution of trunk NC-
derived Schwann cell precursors has been later demonstrated in post-embryonic gut in zebrafish
(El-Nachef and Bronner 2020).

The colonisation of the gut starts around day 9-9.5 (E9-9.5) in mouse embryonic development

and after week 4 of gestation in humans, when vagal NC/ENS precursors enter the foregut and
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start migrating in a rostrocaudal fashion to populate its entire length (Heanue and Pachnis 2007).
Once ENS precursors reach the hindgut, sacral NC invade the gut wall and migrate in the
opposite direction to generate neurons and glia in the distal gut (Burns and Douarin 1998).
Around E15 in mouse or week 7 of gestation in humans, the gut colonisation is complete
(Heanue and Pachnis 2007). The generation of the right ENS derivatives in time and space
requires the coordinated action and controlled balance between migration, proliferation and

differentiation of ENS precursors within the bowel (Lake and Heuckeroth 2013).

NC cells migrating within the gut are molecularly identified by the expression of the pan-NC
markers Sox10 (Southard-Smith et al. 1998), the low affinity neurotrophin receptor p75
(Chalazonitis et al. 1994) and the endothelin receptor type B, EDNRB (Nataf et al. 1996) as well
as the ENS progenitor genes that encode the transcriptional regulators Phox2b (Pattyn et al.
1999), the mammalian achaete-scute homologue 1, Ascl1 (known as MASH1; Blaugrund et al.
1996) and the receptor tyrosine kinase, Ret (Pachnis et al. 1993). As ENS development
progresses, ENS progenitors diverge along the neurogenic or gliogenic fate with neurons
emerging prior to glia (Young et al. 2003). Progenitors destined to become neurons,
downregulate Sox10 and p75, maintain the expression of Phox2b and Ret (Rao and Gershon
2016; Sasselli et al. 2012) and start expressing an array of pan-neuronal markers including
PGP9.5 (Young et al. 2003), TUBB3 (Heanue and Pachnis 2006), neurofilament protein (NF)
and HuC/D (Young et al. 2005). On the contrary, progenitors differentiating into glia retain the
expression of p75 and Sox10, downregulate Ret and initiate the expression of glial markers like
B-FABP, S100b and later, the terminal differentiation marker glial fibrillary acidic protein, GFAP
(Young et al. 2003). A list with some of the aforementioned markers that are used in this study

to characterise the ENS cultures is included in Table 4.1.

Although, numerous lineage-specific markers have revealed, the mechanism underlying cell fate
determination in the ENS remains elusive. A recent study conducted by Laddach et al. (2022)
attempted to decipher the mechanism of neural-glial diversification in the developing mouse
small intestine using single cell transcriptomics and advanced bioinformatics. In contrast to the
conventional bifurcation model at which ENS progenitors commit to neurogenic or gliogenic
program, the authors propose the branching model, which, according to their findings suggests
that the enteric neurons emerge sequentially upon committing to neurogenic fate and divert from
the default gliogenic program (Laddach et al. 2022). During development, progenitors
progressively lose the neurogenic bias and stick to the gliogenic transcriptional program
(Laddach et al. 2022).
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Several signals with gut origin guide the development of the ENS and presumably progenitors
cell fate decisions. Among them, the glial-derived neurotrophic factor (GDNF) and endothelin-3
(ET3), which are both derived from the gut mesenchyme, are fundamental in controlling ENS
progenitor’s migration, proliferation and differentiation (Kang et al. 2021). GDNF, which acts
through the RET/GFRa1 receptor complex expressed on the surface of migrating progenitor
cells, promotes rostrocaudal migration and gut colonisation (Natarajan et al. 2002), survival and
proliferation of ENS progenitors (Heuckeroth et al. 1998; Taraviras et al. 1999) as well as
neuronal differentiation in vitro (Chalazonitis et al. 1998; Uesaka et al. 2013). Defects in GDNF
signalling components (RET, GDNF or GFRa1) result in lack of enteric ganglia in the small and
large intestine, highlighting the requirement of GDNF signalling in normal ENS development
(Enomoto et al. 1998; Pichel et al. 1996; Schuchardt et al. 1994). Mutations in RET gene are
amongst the most common cases in patients with HSCR (Amiel et al. 2008; Heanue and Pachnis
2007). Additionally, ET3 which is highly expressed in the caecum (Leibl et al. 1999), acts through
its receptor EDNRB on the surface of migrating ENS progenitors to promote proliferation, to
inhibit neural differentiation (Hearn et al. 1998; Nagy and Goldstein 2006) and maintain
precursors in an uncommitted state (Hearn et al. 1998; Nagy and Goldstein 2017). Loss of
EDNRB signalling is associated with aganglionosis in the distal colon (Gariepy et al. 1996;
Hosoda et al. 1994) and mutations in genes of this pathway have been identified in HSCR (Amiel
et al. 2008; Bhave et al. 2022) .

During ENS neurogenesis, progenitor cells acquire distinct neural phenotypes which differ in
neurochemical content, electrophysiology, morphology and function. The ENS is mainly
comprised of four types of neurons: 1) sensory neurons (also known as intrinsic primary afferent
neurons, IPANs) which respond to environmental, mechanical and chemical cues, 2)
interneurons, 3) excitatory and 4) inhibitory motor neurons controlling muscle activity (Fung and
Vanden Berghe 2020; Furness 2012). Several classes of neurons have been identified in model
organisms particularly in the guinea-pig and mouse. A recent study using sc-RNA sequencing
identified 12 neuron classes in the mouse small intestine consisting of the aforementioned
functional classes (Morarach et al. 2021). Although the subtype of neurons present in the human
ENS have not been thoroughly catalogued (Hao and Young 2009), recent pioneering work using
advanced single cell transcriptomics has described the neural cell populations emerging in
distinct regions of the human ENS from fetal and adult intestines (Drokhlyansky et al. 2020;
Elmentaite et al. 2021), elucidated the neuronal diversity as well as revealed conserved and

species-specific transcriptional programs for major neuron classes.

As vagal NC cells predominantly generate the majority of the enteric ganglia in vivo (Le Douarin

and Teillet 1973), we and others have tried to derive ENS components from a hPSC-derived
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vagal NC intermediate in vitro (Figure 1.8) (Barber et al. 2019; Fattahi et al. 2016; Frith et al.
2020; Gogolou et al. 2021; Lai et al. 2017; Lau et al. 2019; Li et al. 2018; Majd et al. 2022;
Schlieve et al. 2017; Workman et al. 2017). The protocols developed, in addition to the variation
in the initial NC induction and presumably in the heterogeneity of the NC progeny, show a great
degree of variation in the subsequent ENS differentiation, making it hard to compare and evaluate
the success of each method. Tissue-engineering approaches (Fattahi et al. 2016; Schlieve et al.
2017), co-culture with intestinal and colonic organoids (Lau et al. 2019; Workman et al. 2017),
gut explant culture (Li et al. 2018) and in vivo grafting into mouse/chicken gut (Fattahi et al. 2016;
Frith et al. 2020; Li et al. 2018; Workman et al. 2017) are some of the strategies employed to
show the ENS potential of hPSC-derived NC cells and their ability to form enteric neurons and
glia (Figure 1.8). Among these studies, only a few of the protocols including ours (Gogolou et al.
2021; Barber, Studer & Fattahi 2019; Frith et al. 2020; Lai et al. 2017; Lau et al. 2019, Majd et
al. 2022) explore the ENS potential of hPSC-derived vagal NC cells solely in vitro, without

providing an in vivo physical niche or gut-derived instructive signals.

Even though these approaches share similarities regarding NC induction, the successive steps
of ENS specification vary considerably. GDNF (Young et al. 2001) and the antioxidant, ascorbic
acid (Rharass et al. 2017) are the main signals applied for the enteric neuronal induction in
adherent cultures (Barber, Studer & Fattahi 2019; Fattahi et al. 2016; Frith et al. 2020; Lai et al.
2017; Lau et al. 2019). However, the protocols developed by Lau et al. (2019) and Li et al. (2018)
in the intestinal explant culture, utilise a neural induction cocktail supplemented with additional
small molecules such as BDNF, NT3, NGF, c-AMP, while Frith et al. (2020) use DAPT-mediated
pharmacological inhibition of Notch signalling pathway to enrich for enteric neurons in vitro. The
discrepancies in the small molecules used and the signalling cascades manipulated raise
questions regarding the effect of these additional factors on ENS efficiency, neuron and glia
diversification and downward neuronal subtype specification. There is, therefore, a requirement
to define signals that ascribe NC cells an ENS signature in order to optimise current differentiation
protocols and understand better the ENS ontogenesis in vitro. There is also need to characterise
the molecular and electrophysiological properties of the cells generated throughout the
differentiation to confirm peripheral, enteric neuron and glial identity. Identification and evaluation
of such parameters will allow optimisation and standardisation of the current method and will be
beneficial for translational research and potentially manufacturing clinically relevant progenitor

cells for cell therapy treatment of enteric neuropathies.
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Table 4.1. Markers used in this study to characterise vagal neural crest cells and their enteric nervous system
derivatives.

Cell types Markers

NC PAX3/PAX7, SOX10, p75, CD49d

Vagal NC/early ENS progenitors PAX3/PAX7, SOX10, p75, CD49d, ASCLA1,
PHOX2B, HOXB1-5, (S100B), RET, GFRA1

Enteric neurons HuC/D, Tud1, PGP9.5, PERIPHERIN, NF-H,

PHOX2B, NOS, CHAT, TH, Calretinin
(CALB2), HRT2A, SST, RET, TRKC
Enteric glia SOX10, S1008, CD49d

4.2. Aims

The great variability between the existing culture regimes to generate ENS derivatives from
hPSCs in vitro, the labour and skill-intensive approaches followed which last approximately 30-
60 days make the direct comparison between the existing protocols impracticable. To circumvent
these issues and to examine ENS ontogenesis in vitro, this chapter focuses on our previously
published protocol (Frith et al. 2020; Gogolou, Frith & Tsakiridis 2021) as a means to define
critical signals/parameters for ENS differentiation in vitro. Specifically, the work presented here
aims at addressing the following:

1. Characterise the in vitro hPSC-derived ENS progenitors and neurons

2. Identify signals that influence cell fate specification during the transition from vagal NC to

ENS progenitors and their derivatives, enteric neurons and glia

4.3. Derivation of enteric nervous system components

4.3.1. Molecular characterisation of in vitro-derived enteric nervous system components

Following the generation and characterisation of the vagal NC population, | aimed to derive and
further characterise enteric neurons and glial cells downstream of vagal NC differentiation. This
involves the expansion of vagal NC/ENS progenitors in non-adherent conditions for 3 days under
the presence of FGF/Wnt/RA signals before plating them into neurotrophic media to induce an

enteric neuron/glial cell identity (Frith et al. 2020; Gogolou et al. 2021) (Figure 4.1A).

To this end, | differentiated both the H9SOX10:GFP and the WTC-11 cell lines under standard
vagal NC differentiation conditions to yield a vagal NC/early ENS progenitor identity by day 6 and

following that, | subjected the progenitor cells in culture regime that promotes formation of 3D
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cell sphere aggregates (Figure 4.1B; Day 9). These were subsequently grown for a short, 3-day
period under the influence of FGF2, CHIR and RA instructive signals and then plated into ENS
induction medium containing GDNF, ascorbic acid (AA) and DAPT (N-[N-(3, 5-
difluorophenacetyl)-I-alanyl]-s-phenylglycinet-butyl ester), a y-secretase inhibitor that indirectly
blocks the activity of Notch pathway (Dovey et al. 2001), to promote enteric neuron and glial
identity (as shown in Figure 4.1A). At day 10 of the differentiation (one day after plating into ENS
induction conditions), cells started migrating out of the spheres and differentiating into neurons
(Figure 4.1B; Day 10). At day 22, neurons were clustered together forming small ganglia-like
structures (Figure 4.1B; Day 22), which progressively became highly interconnected with
neighbouring clusters creating extended neural networks that were maintained in vitro for up to
100 days (Figure 4.1B; Day 60,100).
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Figure 4.1. In vitro generation of enteric nervous system progenitors, enteric neurons and glia from hPSCs.
(A) Schematic of the protocol depicting the time points and culture regimen employed for the generation of ENS
components in vitro. Colour-coded asterisks indicate the time points of gene expression analysis and correspond to
coloured bars in chart bars (C,D). (B) Representative brightfield images of differentiated cultures derived from the
HI9SOX10:GFP reporter cell line at the indicated time points. Scale bars are indicated. (C-D) Upper panel: Gene
expression analysis of NC and ENS progenitor genes in HOSOX10:GFP (C) and WTC-11 (D) cell lines at the indicated
time points. Lower panel: Gene expression analysis of ENS general, neural and glial markers in H9SOX10:GFP (C)
and WTC-11 (D) cell lines at the indicated time points. Data shown are the mean of mean values + SD, n=3
independent experiments with three technical replicates in each experiment. Each biological replicate is represented
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by a unique shape, **P <0.01, *** P <0.001, ****P <0.0001 by one-way repeated measures ANOVA Dunnett’s post-
hoc multiple comparisons test with control “Day 6” group. Only statistically significant comparisons are indicated in C-
D (upper panel).

To determine gene expression changes as vagal NC cells differentiated along the ENS pathway,
RT-gPCR was performed for a panel of NC, ENS progenitor, neural and glial markers at distinct
time points within a period of 38-50 days from the beginning of the protocol. Gene expression
analysis for the neural plate border/NC-associated genes PAX3, PAX7 revealed that they were
highly induced at day 6 and following that, their transcript levels showed a steady and significant
decline as cells differentiated along the ENS trajectory (Figure 4.1C; upper panel). In contrast,
the NC specifier TFAP2A was upregulated at day 6 and its expression levels were maintained
throughout differentiation (Figure 4.1C; upper panel). Similarly, SOX70 was constantly expressed
at all time points examined in the H9SOX10:GFP, however, its transcripts were greatly
reduced/almost extinct at day 38 and day 50 of the protocol (~10-fold reduction) in the WTC-11
cell line (Figure 4.1D; upper panel). ASCL1 transcripts in the H9SOX10:GFP were highly induced
at day 6, marking early ENS progenitors and decreased at day 22 onwards, as cells differentiated
towards enteric neurons (Figure 4.1C; upper panel) though no significant changes were observed
in ASCL1 levels between day 22-50 in the WTC-11 (Figure 4.1D; upper panel). The ENS
progenitor/enteric neural marker PHOX2B was also upregulated following day 6, in response to
ENS induction signals in both cells lines (Figure 4.1C-D; upper panel). The acquisition of an
enteric neural signature was as well accompanied by an increase at day 22 and maintained
expression throughout differentiation of the glial gene S700B (Young et al. 2003) (Figure 4.1C-

D; lower panel).

The downregulation of NC- and upregulation of ENS-associated transcripts suggested that cells
differentiated along the ENS lineage and acquired a more developmentally advanced phenotype.
To further examine this and assess the ENS identity of the differentiated cultures, | looked at the
expression of a set of ENS receptor, neural and glial markers at three distinct time points. In
HI9SOX10:GFP cell line, the transcript levels of RET and GFRA1, genes encoding the subunits
of GDNF receptor complex in the developing ENS (Taraviras et al. 1999; Treanor et al. 1996),
were highly induced throughout differentiation and RET expression reached its highest levels at
day 38 of the protocol (RET: ~250-fold increase vs hPSCs, GFRA1: ~1000-fold increase vs
hPSCs; Figure 4.1C; lower panel). Similarly, the transcript levels of TRKC, the transducing
receptor for neurotrophin-3 (NT-3), a factor linked with ENS development and maintenance
(Chalazonitis et al. 2001; Chalazonitis et al. 1994), were induced but to a lesser extend at day

38 of the differentiation (~25-fold increase vs hPSCs; Figure 4.1C; lower panel).
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Gene expression analysis for a battery of neural markers revealed significant upregulation of
PRPH, a protein coding gene widely expressed in PNS neurons (Escurat et al. 1990), SST
(Somatostatin; encodes somatostatin, an hormone expressed in subclasses of enteric neurons
(Kustermann et al. 2011; Qu et al. 2008)), TH (tyrosine hydroxylase; encodes the catecholamine
synthetic enzyme- marker of dopaminergic neurons (Li et al. 2004)) and HTR2A (5-
Hydroxytryptamine (Serotonin) Receptor 2A; encodes a receptor for serotonin-marker of
serotonergic neurons (Li et al. 2011)) at day 22 of the differentiation (Figure 4.1C; lower panel).
At later stages (day 30 and 38), the majority of neural markers showed a moderate increase
while SST transcript levels dropped, denoting transient gene expression occurring in day 22 ENS
cultures (Figure 4.1C; lower panel). Moreover, CALB2 (encodes the calcium-binding protein,
calretinin (Walters et al. 1993)) was slightly induced at day 22 and its expression increased
steadily during ENS differentiation (~25-fold increase vs hPSCs; Figure 4.1C; lower panel).
Differentiation of the WTC-11 cell line also resulted in upregulation of neural (SST, TH, HTR2A,
CHAT, PRPH) transcripts on day 22 and their expression was sustained to a great extent, until
the end of the protocol (Figure 4.1D; lower panel). Notably, CHAT, which encodes the synthetic
enzyme of acetylcholine, (Choline O-Acetyltransferase; present in cholinergic enteric neurons
(Hao et al. 2013; Qu et al. 2008)) was expressed throughout the differentiation (~400 fold
increase vs hPSCs) in WTC-11 differentiated cells and unlike the HO9SOX10:GFP cell line, CALB2
transcripts were not observed during differentiation of the WTC-11 cell line (Figure 4.1D; lower
panel). In addition to that, TRKC transcript levels were highly induced after day 22 of the protocol
(~50-fold increase vs hPSCs) whereas RET expression showed only a minor upregulation

between day 22 and 50 (Figure 4.1D; lower panel).

Collectively, the temporal expression of NC/ENS progenitor, enteric neuron and glial genes at
the transcript level, indicates that this protocol promotes the progressive induction of ENS
progenitors and enteric neurons/glia starting from a vagal NC intermediate, in a process that

resembles the sequence of events occurring in vivo.

To verify the identity of the differentiated cells at the protein level, | next carried out
immunofluorescence analysis at an early (Day 22; Figures 4.2-4.3) and late stage (Day 38-55;
Figures 4.5-4.6) in differentiated cells from H9 (or H9SOX10:GFP) and WTC-11 cell lines. A
battery of antibodies was used to define neurons by the their size, shape and neurochemical
content. Antibodies against pan-neuronal markers (HUCD, PGP9.5, PERIPHERIN, TUJ1, NF-H)
were employed at all times to visualise neural cell bodies and/or their projections and the main
neural subtypes were identified in relation to the HUCD- or PGP9- positive neurons following
antibody staining. At day 22, H9 and WTC-11 differentiated neurons showed strong
immunoreactivity for HUCD, the ELAV-like neuronal RNA-binding proteins (De Giorgio et al.
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2003) which have been shown to mark myenteric neurons in the mouse small intestine and the
human colon (Murphy et al. 2007; Qu et al. 2008) (Figure 4.2A). HUCD signal was confined within
neuronal somata, localised in the cytoplasm and to some extent in the nuclei and was found to
label PERIPHERIN-positive neurons (Figure 4.2A). Neuron class |Ill tubulin (TUJ1)
immunoreactivity labelling neural projections was also detected in day 22 ENS cultures
demonstrating the dense neural networks that have formed at this early stage (Figure 4.2B).
SOX10 positivity following antibody staining (WTC-11) or using the reporter HOSOX10:GFP
indicated the presence of progenitor and/or glial cells, as SOX10 at this stage likely marks both
populations, growing in close vicinity to neural clusters (Figure 4.2B). To determine the identity
of SOX10-positive cells and whether they represent glia, | performed immunostaining of
HI9SOX10:GFP-derived ENS cultures with the glial marker S100B (Figure 4.3). The analysis
showed colocalization of SOX10:GFP and S100p signal, a finding that indicates the presence of
glia in day 22 cultures (Figure 4.3; arrows). Glial cells were found close to Neurofilament-H (NF-
H)-positive neural clusters and fibres, location that reflects their supporting role to neurons as
well as potential neuron-glial crosstalk (Boesmans et al. 2019) (Figure 4.3). PHOX2B, a
transcription factor shared between ENS progenitors and enteric neurons, was detected in the
majority of PERIPHERIN-positive neurons located in low density areas (Figure 4.2Ci) and in very
dense/3D clusters, and in mutually exclusive cells in relation to ASCL1 immunostaining (Figure
4.2Cii). The lack of strong PERIPHERIN signal in 3D clusters and the expression of ASCL1,
which potentially marks remaining neuroblasts transitioning into the neurogenesis phase
(Morarach et al. 2021) suggest that PHOX2B+/PERIPHERIN- cells located in 3D clusters
represent ENS progenitor cells. This hypothesis is also supported by data acquired from live
imaging of ENS cultures showing that neurons emerge and migrate out of the 3D clusters (Figure
4.4).

In this series of experiments, eGFP-labelled day 6 vagal NC cells were mixed in 1:10 ratio with
stage of differentiation matched unlabelled cells derived from the parental cell line and subjected
to sphere formation for 3 days prior to replating into ENS inducing conditions for single cell
tracking (4.4A). A few hours after plating (6-9h), cells were observed to migrate out of the
spheres, to elaborate axons and cells continued to move extensively for approximately 75h.
Progressive cell death which reached its highest point after 48h, caused by a reagent that was
found to be faulty, prevented downstream analysis and quantification of eGFP+ cell migration.
Nonetheless, this approach showed that single cell tracking is feasible using this culture system
and this assay could be readily exploited to extract information regarding progenitor cell migration
directionality, speed and overall behaviour in these very dense and greatly hard to image

cultures.
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To define the major neural subpopulations emerging in day 22 cultures, | next examined the
expression of the neural subtype markers TH, nNOS and ChAT. At day 22 cultures, a small
proportion of neurons labelled with the pan-neural marker PGP9.5 was immunoreactive to TH
(Figure 4.2.D; arrows) demonstrating the existence of catecholaminergic cells in in vitro derived
ENS cultures, a subpopulation occurring in the mouse embryonic and human fetal gut (Baetge
and Gershon 1989; Rauch et al. 2006; Young et al. 1999), while a bigger proportion of cells
expressed ChAT (Figure 4.2E), a marker of cholinergic neurons, previously shown to mark nearly
50% of myenteric neurons in human colon (Murphy et al. 2007). Also at day 22, a fraction of
HUCD-positive cells showed immunoreactivity to neuronal nitric oxide synthase (nNOS), the
synthetic enzyme of nitric oxide, possibly marking inhibitory motor neurons and interneurons
(Murphy et al. 2007) (Figure 4.2F).
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Figure 4.2. Inmunofluorescence analysis of day 22 hPSC-derived enteric nervous system cultures. (A-B)
Expression of PERIPHERIN, HUCD (A) and TUJ1, SOX10 or SOX10:GFP (B) in day 22 cultures derived from WTC-
11 and H9SOX10:GFP cell lines. (C) Immunofluorescence analysis of the expression of ASCL1, PHOX2B and
PERIPHERIN in day 22 ENS cultures generated using the WTC-11 cell line. Insets show magnified regions of cells
co-expressing PERIPHERIN and PHOX2B (i) and single positive cells for ASCL1 and PHOX2B(ii). (D) Expression of
the neural subtype marker TH together with the pan-neural marker PGP9.5 in day 22 cultures generated using the
WTC-11 cell line. Arrowheads in the magnified region indicate TH- neurons while arrows show TH+ neurons. (E)
Expression of the neural subtype marker ChAT together with PGP9.5 in day 22 cultures generated using the WTC-11
cell line. (F) High power images showing the expression of the neural subtype marker nNOS together with the pan-
neural marker HUCD in day 22 cultures generated using the WTC-11 cell line

Figure 4.3. Day 22 cultures contain neurons and glial cells. Immunofluorescence analysis of the expression of the
glial markers S10083, SOX10:GFP and the neural marker NF-H in day 22 cultures derived from the H9SOX10:GFP
reporter cell line. Arrows indicate double-positive cells while arrowheads show S100+ cells.
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Figure 4.4. Neurons migrate out of the spheres a few hours after plating. (A) Schematic showing the experimental
strategy. eGFP-expressing (WTC-11) and unlabelled cells from the parental line were differentiated to vagal NC and
mixed 1:10 prior to sphere formation. Spheres were subjected to ENS differentiation (day 9) and were live imaged to
track eGFP+ progenitor cells’ migration. (B) Snapshots from time-lapse microscopy videos (brightfield and
fluorescence imaging) showing neurons migrating out of the spheres at the indicated hours (h) after plating on day 9
(D9). Insets show magnified areas. The growth cone at the end of the axon is visible in all cases. eGFP-WTC-11 clone
was provided by Rebecca Lea after sorting for the eGFP+ in the WTC-11 rainbow reporter cell line containing a
modified Brainbow cassette. The rainbow reporter cell line was made in Jennifer Davi’s group (EI-Nachef et al. 2020).
Live imaging was performed with the help of Chris Price in Nikon Biostation CT every 10 min for 75h.
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At day 38 of the differentiation in HOSOX10:GFP-derived cultures, neural cells were organised
into big clusters positive for PERIPHERIN and HUCD that surrounded SOX10:GFP expressing
glia (Figure 4.5Ai). Antibody staining against RET (Heanue and Pachnis 2008; Pachnis et al.
1993) in d38 cultures revealed expression of the receptor in cells negative for the glial markers
SOX10 and S100 (Figure 4.5Aii), possibly labelling cells of enteric neural lineage, in line with
previous findings that suggest maintained expression of RET in differentiated neurons (Young et
al. 2003). In contrast, antibody staining for the receptor TRKC showed positive signal in
SOX10:GFP+ and SOX10:GFP- with a neural morphology cells (Figure 4.5Aiii), suggesting that
TRKC expression is not restricted to a specific lineage. This is not the case in cultures of crest-
derived cells isolated from fetal rat gut, where TRKC is predominantly expressed in a subset of
enteric neurons (Chalazonitis et al. 2001), and therefore we can speculate that this is an in vitro-
culture artefact, a technical error due to false reporting of the SOX10:GFP or that the double
positive population (SOX10:GFP+/TRKC+) represents a differentiating progenitor transitioning
into neuron (Figure 4.5Aiii). At day 55 of the differentiation in H9SOX10:GFP-derived cultures,
peripheral neurons continued to be present (Figure 4.5Bii) and expressed enteric neural subtype
markers such as CALRETININ (Figure 4.5Bi), TH (Figure 4.5Biii) and ChAT (Figure 4.5Biv).
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Figure 4.5. Inmunofluorescence analysis of the expression of neural and glial markers in day 38 and 55
enteric nervous system cultures generated using the H9SOX10:GFP reporter cell line. (A) Expression of the
neural markers PERIPHERIN, HUCD (i), RET (ii), the NT-3 growth factor receptor TRKC (iii) and the progenitor/glial
markers SOX10 (SOX10:GFP) and S1008 (i-iii) in day 38 ENS cultures. Insets show magnified regions. (B) Expression
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of the neural subtype markers CALRETININ (i), TH (iii), ChAT (iv) and the pan-neural markers TUJ1 (i) and
PERIPHERIN (ii) in day 55 ENS cultures. Scale bars=50 ym.

In day 50 ENS cultures derived from WTC-11 cell line, glial cells positive for SOX10, S1008
(Figure 4.6A) and neural cells positive for TUJ1 (Figure 4.6A,F) or co-expressing PERIPHERIN,
PHOX2B and infrequently ASCL1 (arrow, Figure 4.6B), were also observed. A subset of these
neurons was stained positive for TH (Figure 4.6C), nNOS (Figure 4.6D), ChAT (Figure 4.6E),
similar to day 22 cultures (Figure 4.2D-F). Immunofluorescence analysis of the expression of
TRKC, showed homogenous staining in a large number of cells, possibly marking cells of neural
lineage (Figure 4.6H), while a few cells positive for substance P, a neuropeptide expressed in
subpopulations of excitatory neurons in the human ENS (Wattchow et al. 1988) were rarely
observed (Figure 4.6G). These data demonstrate that our protocol generates enteric neural and
glial cultures from hES and hiPS cell lines, they are labelled with markers expressed in the human

ENS in vivo and these cultures could be maintained in vitro for at least 50-55 days.

122



WTC-11 DAY 50

Figure 4.6. Immunofluorescence analysis of the expression of neural and glial markers in day 50 enteric
nervous system cultures generated using the WTC-11 cell line. (A) Expression of the neural marker TUJ1 and the
progenitor/glial markers SOX10 and S1008 in day 50 ENS cultures. (B) Immunofluorescence analysis of the
expression of ASCL1, PHOX2B and PERIPHERIN in day 50 ENS cultures. The arrow indicates the presence of a
triple positive cell. (C-E) Expression of the neural subtype markers TH (C), nNOS (D), ChAT (E) together with the pan-
neural marker PGP9.5 or HUCD in late ENS cultures. Arrows demonstrate double positive cells. (F-H) Expression of
the neural markers TUJ1 (F), Substance P (Sub P) (G) and TRKC (H) in day 50 ENS cultures. Scale bars=30 pm.
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In chapter 3 (3.3.1), | showed that CD49d expression is co-localised with p75 and SOX10 in day
6 NC/early ENS cultures marking presumptive ENS progenitor cells (Figure 3.5). To determine
whether its expression persists during ENS differentiation and if it is fate-restricted following
lineage segregation, in a similar manner to the expression of SOX10, | next examined CD49d
immunoreactivity in differentiating ENS cultures in a time course analysis and in relation to
progenitors/glia (SOX10+; Figure 4.7A, Figure 4.8) and neurons (PGP9.5+; Figure 4.7B).
Immunofluorescence analysis revealed that CD49d marked predominantly SOX10 expressing
cells at all time points examined and its expression was not detected in neurons (Figure 4.7). At
day 11 of the differentiation, a time point the first neurons emerged, CD49d was restricted to
SOX10+ ENS progenitors. The loss of CD49d expression in emerging neurons by day 11
indicates that its extinction coincides with neural differentiation (Figure 4.7; D11). As
differentiation progressed (day 13-15), the fluorescence intensity of CD49d increased and its
signal became more defined and strictly localised in SOX10+ cells (Figure 4.7; D13,D15).
Concurrently, the number of neurons increased as more cells committed to neural lineage and
these neurons continued to be negative for CD49d. At day 22 of the differentiation (Figure 4.7;
D22), a similar pattern in CD49d expression was observed, while triple labelling experiment with
the glial marker S100 revealed co-expression of SOX10, S1003 and CD49d (Figure 4.8). This
finding along with the previous observations suggests that CD49d expression in ENS

differentiated cultures progressively becomes restricted from ENS progenitors to glial cells.
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Figure 4.7. Characterisation of CD49d expression in enteric nervous system differentiating cultures over time.
Immunofluorescence analysis of the expression of CD49D together with the ENS progenitor/glial marker SOX10 (A)
or the neural marker PGP9.5 (B) at the indicated time points. Insets show magnified areas. Data were acquired using
the WTC-11 cell line. Scale bars=30 pm.
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WTC-11 D22

Figure 4.8. CD49d is expressed in glial cells in day 22 cultures. Immunofluorescence analysis of the expression
of CD49d together with the glial markers SOX10 and S1008 in day 22 cultures. Magnified regions of the indicated
areas as shown in the lower panel. Scale bars=30 pm.

4.3.2. Electrophysiological characterisation of in vitro-derived enteric neurons

To characterise the functionality of the in vitro-derived ENS cultures with respect to synaptic
transmission and neuronal activity, | generated enteric neurons and glial cells from hPSCs and
shipped the cells to our collaborators (Pieter Vanden Berghe group) in KU Leuven to perform
Ca®" imaging and axonal transport measurements. For Ca?* imaging, the Fluo-4 Ca?* indicator
was used to monitor changes in Ca?* transients following chemical or electrical stimulation, to
derive the response of neurons, and hence neuronal activity (Figure 4.9A-C). Application of high
K* solution resulted in neural depolarisation in day 50 cultures at which individual cell bodies and
axons were recorded to fire action potentials (Figure 4.9A). Stimulation of nicotinic acetylcholine
receptors (NAChRs), a major mediator of excitatory neurotransmission in enteric ganglia
(Galligan et al. 2000), using the synthetic agonist DMPP (Tapper and Lewand 1981) also elicited
Ca?* transients in day 50 hPSC-derived neurons (Figure 4.9B). This finding demonstrates the
functional expression of acetylcholine receptors in in vitro-derived neurons, in line with their early
and throughout development expression in the ENS in vivo (Foong et al. 2015). Similar to
chemical depolarisation, stimulation of day 50 neurons in electric field evoked Ca®* transients
(Figure 4.9C), further demonstrating the neuronal activity of the in vitro generated enteric
neurons. Given the key role of axonal transport in neuron development, function and survival
(Guillaud et al. 2020), the hPSC-derived ENS cultures were next incubated with a fluorescent
dye (Mito Tracker Red) to label mitochondria and were next assessed for mitochondrial
movement. Time-lapse movies generated at an early (day 22, Figure 4.9D) and a late stage (day

36, Figure 4.9E) recorded mitochondrial movements which are visualised in the kymographs in
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Figure 4.9D-E. During the time-lapse imaging, mitochondria were found to move anterograde
and retrograde (diagonal lines in the kymograph), while some showed no displacement (vertical
lines in the kymograph) (Figure 4.9D-E). At day 36, an increase in mitochondria movement
compared to day 22 was observed, potentially denoting maturation of the cultures with time.
Taken together, the activity measurement experiments revealed that hPSC-derived neurons are
responsive to electrical and chemical stimuli, they have active nicotinic cholinergic
neurotransmission and show active axonal transport at an early and late stage of the

differentiation.
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Figure 4.9. Measurement of electrical activity and axonal transport in hPSC-derived enteric neurons. (A-C).
Activity measurements following high K+ (A), DMPP (10-5 M)(B) and electrical (2 sec at 20Hz) (C) stimulation in day
50 enteric neurons using the Ca2+ indicator, Fluo-4. (a) Image showing the regions of interest (ROI), (b) line traces
depicting Ca2+ transients of neurons highlighted in a, as a change in the fluorescence intensity over time (F/FO, FO=
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baseline fluorescence). The application of the stimulation is depicted with the gray bar. (D-E) Axonal transport imaging
using the red-fluorescent dye, Mito Tracker Red in day 22 (D) and day 36 (E) ENS cultures. Snap shots of the time-
lapse movie at the indicated time points (left), magnified areas (upper right) and kymographs generated from the movie
showing mitochondria movement (lower right). Cultures were generated in Sheffield by me with the help of Tom Frith
and neuronal activity measurements, axonal transport imaging were performed in KU Leuven by our collaborator Pieter
Vanden Berghe and his student, Yi-Ning Kang.

4.3.3. Replating of enteric neurons as a means to obtain purified cultures

A major challenge in the molecular and electrophysiological characterisation as well as the long-
term culture of the in vitro ENS has been the presence of unwanted, contaminating cells growing
in most cases, underneath neurons (Figure 4.10A-B). These cells predominately show a flat
morphology and a fraction of them are immunoreactive to alpha-smooth muscle actin (a-SMA)
(Figure 4.10C) suggesting a myofibroblast identity, in agreement with previous observations
(Barber et al. 2019). Although these cells do not seem to impede neural and glial differentiation
at early stages, their continuous presence and potential expansion in culture has a detrimental

effect on enteric neuron and glial survival.

128



Figure 4.10. Representative images of enteric nervous system cultures demonstrating a spatial relationship
between neural and non-neural cells. Low power (A) and high power (B) brightfield images of day 30 ENS cultures
replated on Laminin 1 on day 15 of the differentiation showing neurons growing in close vicinity to myofibroblast-like
cells. (C) Immunofluorescence analysis of the expression of alpha-smooth muscle actin (a-SMA) and neural markers.
(TUJ1, NF-H) in day 21 and day 36 cultures derived from the WTC-11 and H9 cell lines, respectively. Scale bars= 50
pm.

To minimise the number of unwanted cells, | next examined whether clump passaging would
result in obtaining purified ENS cultures. Cell selection via passaging is widely used in the field
and this approach has been demonstrated before to yield >95% pure neural cultures from
NTera2, a human teratocarcinoma cell line (Pleasure et al. 1992). To this end, late ENS neurons
with established connections (day 28) were enzymatically detached, collected and replated as
clumps in various ratios on Geltrex (GTX)-coated plastic plates (Figure 4.11Ai). Neurons in most
cases survived replating and started forming networks with neighbouring cells within the first 6
days (Figure 4.11Aii). At 12 days after replating, robust neural networks with extensive
projections were formed and cultures appeared “cleaner” devoid debris (Figure 4.11Aii).
Contaminating cells of non-neural morphology were greatly eliminated from replated cultures 6
days post plating and were occasionally found to form small, spatially restricted colonies (Figure
4.11Aii). On day 12 following replating, the number of contaminating cells increased, a result
suggesting that these cells are still cycling, however, their presence was again limited (Figure
4. 11Aii). Replated neurons stained for TUJ1 and cells immunoreactive to a-SMA emerging in

replated cultures are shown in Figure 4.11Aiii.

In vitro neural differentiation protocols use a variety of extracellular matrix (ECM) proteins to
support neuron development and neurite axonal growth. Matrigel/GTX, laminin (LAM) and
fibronectin (FN) have been previously reported to promote neurite outgrowth in neuronal cells
from CNS, PNS and human teratocarcinoma cells in vitro (Manthorpe et al. 1983; Pleasure et al.
1992; Tonge et al. 2012), while vitronectin (VTN), a chemically defined and xeno-free substrate
was proposed to efficiently promote and support derivation of forebrain neurons from hPSCs
(Yuan et al. 2015). To determine whether different substrates can be used to increase the
efficiency of the replating and promote neurite axonal growth, | replated late ENS cultures (day
40) on a variety of substrates as shown in Figure 4.11Bi and monitored the morphology of
attached neurons over a 10-day period. In contrast to the experimental procedure that was
discussed before (Figure 4.11A), cells were replated on pre-coated glass coverslips for
immunostaining and to optimise replating conditions on glass as it is important for functional
assays that we would like to carry out in the future. Two biochemical substrates poly-dl-ornithine
(PDLO) and poly-l-ornithine (PO) were also used in combination with the ECM molecules to
facilitate adhesion (Amin et al. 2016a). Microscopy analysis of replated cultures in different

conditions after 10 days revealed that cell attachment and axonal outgrowth greatly depends on
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the substrate (Figure 4.11Bii). Neural clusters replated on GTX, PDLO/GTX and PDLO/LAM re-
extended elongated projections, while cells grown on VTN, PO/LAM/FN and LAM alone
remained clustered and did not elaborate any processes (Figure 4.11Bii). The presence of PDLO
as an adhesion promoter was critical in the replating process, due to the less efficient cell
attachment on glass surface compared to plastic. This is further demonstrated by comparing
replated cells grown on LAM and PDLO/LAM. Neurons replated on the former did not attach well
and showed no projections (Figure 4.11Bii). To further confirm the neural identity of the observed
cells | carried out antibody staining and fluorescence microscopy. Analysis of replated cultures
in PDLO/GTX and PDLO/LAM at day 55 of the differentiation confirmed the survival of
PERIPHERIN+/PGP9.5+ neurons (Figure 4.11Biii). Together, these data demonstrate that
replating is an efficient strategy to obtain purified, low density and microscopy friendly enteric
neural cultures. They also dictate that the substrate influences the axonal regrowth following

replating.
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Figure 4.11. Replated hPSC-derived enteric neurons on plastic or glass surface. (A) Diagram depicting
differentiation and replating approach of ENS cultures on GTX-coated plastic surface (i) and representative brightfield
images demonstrating neurons 6 and 12 days after replating (ii). Inmunofluorescence analysis of TUJ1 and a-SMA in
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day 42 replated cultures demonstrating neural and myofibroblast-like cells, respectively (iii). (B) Diagram depicting
differentiation and replating strategy of ENS cultures on glass surface on a variety of substrates (i) and representative
brightfield images of neurons 10 days after replating (ii). Immunofluorescence analysis of the expression of PGP9.5
and PERIPHERIN in neurons from the best performing replated conditions (PDLO/GTX) and (PDLO/LAM). Scale
bars= 50um. GTX, Geltrex; LAM, Laminin, VTN, Vitronectin; FN, fibronectin; PDLO, poly-dl-ornithine; PO, poly-I-
ornithine.

Given the effect of culture substrate on neurite development, | next sought to examine the
influence of GTX and LAM on neurogenesis in ENS cultures in vitro. To this end, | plated day 9
ENS progenitors on GTX-coated and LAM-coated plates (Figure 4.12A). Cells were analysed at
day 30 for a panel of ENS markers by RT-gPCR and immunostaining. Gene expression analysis
revealed comparable induction between the 2 conditions for all genes examined (Figure 4.12B).
Similarly, analysis of protein expression using neural (TUJ1, PGP9.5) and glial (SOX10, S1008)
markers demonstrated equal expression among cells grown on GTX or LAM (Figure 4.12C).
Notably, ENS cultures plated on LAM contained more myofibroblast-like cells, however, this is

qualitative observation and further quantification is required (Figure 4.12C).

A C DAY 30
hPSCs Plate spheres ~ Enteric neurons v
| , Entgrlc glia ;
: X [
Days: 0 6 9 30 x
o

Vagal NC/
’ Early ENS induction ClelNlm, A5 PT

I GTX

I LAM

plastic Fs
=
<
-
EmGTX E|
I LAM (8
o :
< [
ol

B DAY 30
106 —

- -

o o
» G,
| |

RQ (Relative to hPSCs)
2 2
| |

L
10" i ﬂ
100- [ |

ASCL1 PHOX2B PRPH $100B

Figure 4.12. Comparison of enteric nervous system cultures grown on geltrex and laminin 1. (A) Schematic
illustrating the culture conditions. (B) RT-gPCR analysis of ENS markers in day 30 ENS cultures grown on GTX or
LAM. Data shown are the mean of mean values + SD, n=3 independent experiments with three technical replicates in
each experiment. Each independent experiment is represented by a unique shape. No statistically significant
difference between the 2 conditions was observed (paired t-test). (C) Immunofluorescence analysis of the expression
of indicated genes in day 30 ENS cultures grown on GTX or LAM. Scale bars= 50 ym. GTX; geltrex, LAM, laminin 1.
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4.4. Critical signals for enteric nervous system specification in vitro

Although the events that lead to gut colonisation from vagal NC derivatives in the murine, avian,
and zebrafish model system have been a subject of intensive research (Nagy and Goldstein
2017), the signals that orchestrate early cell fate decisions from vagal to ENS development,
especially in mammalian/ human cells, are not well studied. Thus, | next employed my protocol
for the in vitro generation of ENS cells in order to dissect the signalling basis of human ENS

specification in vitro.

4.4.1. Wnt and FGF stimulation are not sufficient for enteric nervous system progenitor

maintenance

| first examined whether the signals employed to expand vagal NC spheres are sufficient to
maintain a vagal NC/ENS progenitor identity. Previous studies have demonstrated that avian
cranial, trunk NC as well as hPSC-derived NC cells could be maintained in a pre-migratory state
in vitro under appropriate culture conditions and as 3D aggregates, termed crestospheres, for
several weeks without losing the ability to self-renew (Kerosuo et al. 2015; Mohlin et al. 2019).
Thus, | generated vagal NC from the HO9SOX10:GFP reporter cell line, | cultured them in
neurosphere promoting conditions in the presence of FGF2 and CHIR for four weeks and
passaged the spheres once a week (Figure 4.13A). During prolonged culture and following
passaging, cell aggregates retained the ability to form spheres and proliferated, as the cell
numbers increased and cultures became heavily crowded (Figure 4.13B). SOX10:GFP
expression decreased gradually and hardly any cells positive for SOX10:GFP were present after
four weeks (Figure 4.13B). In agreement with this, flow cytometry analysis revealed that the
number of cells positive for the vagal NC/ENS progenitor markers SOX10:GFP/p75 started to
decline after day 6 (10+ 5% at week 1) and dropped to zero at the end of the third week (Figure
4.13C-D). Comparable results were also obtained from the analysis of SOX10:GFP/CD49D
(Figure 4.13C-D).

Gene expression analysis showed a significant reduction in PAX3 and PAX7 transcript levels
particularly at the end of the second week, while ASCL1 levels were maintained moderate
throughout the differentiation (Figure 4.13E). In contrast, SOX70 transcripts remained
considerably high for the first three weeks and dropped dramatically on the fourth week (Figure
4.13E). The reduced transcript and protein levels of NC and ENS-associated genes, a profile
incompatible with an ENS progenitor identity suggests that the cells have either started
differentiating to potential NC derivatives or that a cell population emerging in the heterogeneous
cultures has taken over and expanded at the expense of ENS progenitors, reducing their

presence until they became extinct. This is also supported by the observed reduction in p75M"
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fraction and the shift towards a p75'" population, an expression profile that does not match a NC
identity (Figure 4.13C). On the contrary, the number of CD49d+/SOX10:GFP- increased with
time, potentially marking differentiated NC derivatives (Figure 4.13C).

| next looked at the effect of prolonged FGF/Wnt signals on the axial identity of these cells.
Expression of HOXB1 and HOXB2 was maintained throughout the sphere period although there
was a significant decrease within the first three weeks (Figure 4.13F). HOXB4 transcript levels
were markedly increased over time and showed over a 10-fold increase compared to day 6, at
the end of the fourth week (Figure 4.13F). Similarly, | observed an upregulation of more caudal
HOX genes (HOXB7, HOXC9) in agreement with the role of FGF and Wnt to induce a more
posterior axial identity (Cooper and Tsakiridis 2022a; Wymeersch et al. 2021), whereas HOXB5
transcript levels showed an approximately 8-fold decrease compared to day 6 (Figure 4.13F).
Together, these data indicate that ENS progenitors could not be maintained for extended period
in culture and keep the characteristic vagal NC gene expression profile and axial identity following
Wnt and FGF2 activation. However, this finding does not exclude the possibility that other signals
might be more efficient in directing the maintenance and long term culture of SOX10+ ENS

progenitors.
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Figure 4.13. Early enteric neural progenitors cannot be maintained as 3D aggregates over prolonged culture
period. (A) Diagram depicting culture conditions and experimental strategy followed. (B) Representative images of
GFP expression in 3D cultures derived from the SOX10:GFP reporter cell line at the indicated time points. Scale bar=

135



1mm. (C-D) Representative flow cytometry analysis profiles showing co-expression of SOX10:GFP with p75 (left) and
CD49d (right) at the indicated time points (C) and pooled data of the percentage of SOX10:GFP+/p75+ and
SOX10:GFP+/CD49D+ from three biological replicates (D). The percentage of double positive cells decreases
dramatically with time. Error bars= S.D. (n=3). (E-F) RT-qPCR gene expression analysis of indicated NC/Early ENS
progenitor (E) and HOX (F) genes over 4-week culture period. Data state the mean of mean values + SD, n=3
independent experiments with three replicates in each experiment, *P <0.05, **P <0.005, ****P <0.0001 by mixed
model ANOVA Dunnett’s post-hoc multiple comparisons test with control “D6” group. All data shown were derived from
SOX10:GFP cell line. Each independent experiment is represented by a unique shape. *Changes in PAX7, HOXBT1,
HOXB4, HOXB5, HOXB7, HOXC9 expression were statistically significant (P <0.0001) unless otherwise stated.

4.4.2. Examining the role of retinoic acid in maintaining enteric neural progenitor identity

The inability of FGF/Wnt signals to maintain a vagal NC/ENS progenitor identity and the
significant reduction in transcript levels of ASCL17 and HOX genes observed at day 10 of the
culture (magenta colour; Figure 4.14C) or after the first week as discussed in 4.4.1, prompted
me to further define appropriate culture conditions that would maintain the expression of the
aforementioned genes. Given the requirement of RA to induce and maintain the expression of
ASCL1 and PHOX2B in NC (discussed in 3.4.3 in chapter 3; Figure 3.10), | next examined
whether addition of RA (0.1 uM and 1 uM) in non-adherent cultures and in the presence of FGF2
and CHIR would be sufficient to promote and maintain an early ENS progenitor transcriptional
profile (Figure 4.14A). Gene expression analysis at day 10 revealed non-significant decrease in
transcript levels of NC genes (SOX70, SOX9) in day 10 RA-treated/untreated cultures compared
to day 6 (Figure 4.14B). In contrast, ASCL71 and PHOX2B mRNA levels were greatly reduced at
day 10 (magenta vs black) and addition of RA was found to maintain the expression, in a dose-
dependent fashion (black vs green vs purple; Figure 4.14C). Day 10 cultures also showed
reduced levels of PAX6, a result suggesting that RA in the presence of FGF/Wnt does not shift
the identity of the cells towards CNS lineage or other PAX6+ entities such as PPE (Figure 4.14D).
Addition of RA did not alter the expression of HOXB1 and HOXB2 at day 10 of the differentiation
but resulted in a dose related increase in the transcript levels of vagal axial identity HOX genes
(HOXB4, HOXBS5, HOXBY) (Figure 4.14E).

Next, to examine the temporal effect of RA on ENS progenitor marker expression, | generated
ENS progenitor spheres in the presence/absence of 1 uM RA and performed flow cytometry and
RT-gPCR for NC/ENS associated genes in a time course analysis (Figure 4.14F). Flow cytometry
analysis showed a significant reduction in the number of SOX10:GFP+ cells over time in both
RA-treated and untreated groups (Figure 4.14G), while RT-gPCR analysis revealed that RA
treatment had no effect on SOX70 transcript levels compared to day 6 control, in all the time
points examined (Figure 4.14H). Additionally, PAX6 transcript levels decreased within the four

day period and there was no difference between the RA-treated and untreated groups (Figure
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4.14H), in line with our previous observations, ruling out the possibility that RA shifted the identity
of the cultures towards a CNS fate. RT-qPCR for the expression of PHOX2B and ASCL1
revealed a gradual decrease in their transcript levels during the sphere stage (magenta line;
Figure 4.14H) and a significant induction of their expression following day 8 upon RA treatment
(black line; Figure 4.14H). Together, these data suggest that RA regulates the expression of
ASCL1 and PHOX2B during the sphere stage and in the presence of FGF/Wnt, while it has no
effect on SOX10 expression. It also positively regulates the transcription of vagal axial identity
HOX genes.
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Figure 4.14. Retinoic acid maintains the expression of enteric nervous system progenitor genes upon culture
in non-adherent conditions in the presence of Wnt and FGF2 signals. (A) Schematic depicting the
differentiation/treatment scheme. (B-E) RT-gPCR analysis of the expression of NC (B), early ENS progenitor (C),
PAX6 (D) and HOX genes (E) in day 6 NC and day 10 cultures following treatment shown in panel A. Data shown are
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the mean of mean values + SD, n=3 independent experiments with three replicates in each experiment. Each
independent experiment is represented by a unique shape,*P <0.05, **P <0.01, ***P <0.001, ****P <0.0001 by one-
way ANOVA Dunnett's post-hoc multiple comparisons test with control “Day 6” group. Only statistically significant
comparisons are indicated. (F) Diagram depicting RA treatment during differentiation and the time points of analysis.
(G) Line graph presenting the percentage of SOX10:GFP+ cells measured by flow cytometry in RA-treated (black) and
non-treated (magenta) NC cells in a 4-day time course. Data were acquired using an H9 SOX10:GFP reporter cell line
and results from 3 independent experiments are presented as distinct paired lines. (H) RT-qPCR analysis of indicated
NC/early ENS progenitor genes (SOX10, PHOX2B, ASCL1) and PAX6 in RA-treated (black) and non-treated
(magenta) cultures between day 6 and 10 of the differentiation. Data state the mean of mean values + SD, n=3
independent experiments with three replicates in each experiment. Downward error bars in PAX6 are missing as Y
axis is logarithmic and negative values could not be plotted, unpaired t-test; *P <0.05, **P <0.005, ***P <0.0005. Only
statistically significant comparisons are indicated.

4.4.3. Exploring the role of Notch signalling pathway inhibition in enteric nervous system

differentiation

Notch signalling pathway has been shown to modulate cell fate specification in the developing
CNS and PNS (reviewed in Louvi and Artavanis-Tsakonas 2006). In particular, studies have
shown that Notch exerts diverse functions by promoting: (i) maintenance of neural progenitors,
(i) inhibition of neural differentiation and (iii) induction of gliogenesis (Louvi and Artavanis-
Tsakonas 2006). A large body of evidence suggests that the Notch signalling pathway is also
implicated in the development of the ENS, as gain or loss of Notch activity in the NC was found
to cause defects in the developing mouse ENS and ectopic activation of Notch signalling in pre-
migratory NC was shown to disrupt ENS progenitor migration to the gut (Mead and Yutzey 2012;
Okamura and Saga 2008). Given the proposed role of Notch in ENS development in vivo, | next
sought to investigate Notch components expression dynamics in differentiated ENS cultures over
time (Figure 4.15D). For this reason, | looked at the transcript levels and at distinct time points of
a panel of Notch receptor genes (NOTCH1, NOTCH?2), Jagged family ligands (JAG1, JAG2) and
Delta-like ligands (DLL1, DLL3, DLL4) that were reported to be expressed in the developing or
adult ENS (Kuil et al. 2022; Morarach et al. 2021; Okamura and Saga 2008; Sander et al. 2003)
(Figure 4.15E). NOTCH1 and NOTCH?2 receptors were highly expressed in pluripotent and NC
state (~CT 24-26). NOTCH1 mRNA levels increased during the early ENS phase (day 13-22),
while NOTCH?2 levels continued to rise at the late ENS phase (day 22-50) (black line; Figure
4.15D). JAG1 expression showed a similar pattern to NOTCH1 and JAGZ2 transcript levels
increased after day 22, matching the expression profile of NOTCH2 (black line; Figure 4.15D).
Expression of delta-like ligands was induced at the NC stage and their transcript levels increased
during the early ENS phase (day 11-22) before dropping again during late ENS differentiation
(black line; Figure 4.15D).

The temporal expression of Notch components at distinct time points further prompted me to

examine the function of Notch pathway, and particularly Notch pathway inhibition, on cell fate
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specification during ENS differentiation. To this end, | generated early ENS progenitor cells and
cultured them in ENS-inducing conditions for 50 days and in the presence of DAPT (Dovey et al.
2001), to indirectly block Notch pathway activity by interfering with y-secretase mediated Notch
receptor cleavage (Figure 4.15A). The solvent DMSO in the same concentration as in the
experimental group was used as a control (O'Sullivan et al. 2019; Zhang et al. 2017). Cells grown
in the presence/absence of DAPT formed robust neural networks, albeit morphologically
different, with small neural clusters emerging in DAPT-treated cultures as opposed to large and
dense clusters observed in controls (Figure 4.15B). To test the effect of DAPT treatment, | first
looked at the expression of Notch target genes HES1, HES5 (Ohtsuka et al. 1999) and the HES
family member HESG6, which although is not activated from Notch acts as transcriptional
repressor of HES1 (Bae et al. 2000). DAPT (10uM) administration had minimal effect on HES1
and HES6, genes that were expressed in stem cell state and throughout the differentiation (HES1
~CT 25 in hPSCs; HES6 ~CT 28 in hPSCs) but markedly reduced the expression of HESS5, a
gene induced after day 6 of the differentiation, confirming the effective inhibition of Notch
signalling (Figure 4.15C). Addition of DAPT in the culture medium, did not significantly affect the
expression of NOTCH1, even though there was a trend towards a reduction in NOTCH1
expression, but resulted in a great decrease in the transcript levels of JAG7 between day 11 and
15 of the differentiation (green vs black line; Figure 4.15D). NOTCH2 and JAG2 were slightly
upregulated between day 15 and 38 in the DAPT-treated group, whereas delta-like ligands upon
Notch inhibition were particularly upregulated at earlier time points compared to control (green
vs black line; Figure 4.15D).

Taken together, these data indicate that various Notch signalling pathway components are
expressed at different time points during the in vitro ENS differentiation and Notch inhibition
influences receptor-ligand expression, confirming the presence of a regulatory feedback loop
(Manderfield et al. 2012; Ross and Kadesch 2004; Sjoqvist and Andersson 2019). In the case of
JAG1, Notch inhibition resulted in decrease in ligand expression denoting a positive feedback
mechanism controlling its expression, whereas in the case of delta-like ligands and particularly
of DLL3, transcripts were upregulated upon Notch blockade suggesting that Notch exerts a
negative feedback loop by supressing the expression of these ligands. An overview of the Notch
receptors-ligands interactions is illustrated in Figure 4.15E (Bray 2006; Guruharsha et al. 2012;
Zhou et al. 2022).
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Figure 4.15. Notch signalling pathway dynamics during in vitro enteric nervous system differentiation and
upon pathway inhibition. (A) Diagram showing differentiation/treatment for Notch pathway inhibition. (B)
Representative low-power brightfield images in day 23 ENS cultures upon DAPT (10 uM) treatment and control
(DMSO). (C) RT-gPCR analysis of Notch target genes (HES1, HES5) and HES6 (negative regulator of HES1) in
DMSO control and DAPT-treated ENS cultures over time. (D) RT-qPCR analysis of Notch components in DMSO
control and DAPT-treated ENS cultures over time. (E) Overview of Notch signalling pathway. Data in all graphs are
presented as mean of mean values + SEM, n=3-4 independent experiments with three replicates in each experiment;
*P <0.05, **P <0.005 (paired t-test). Only statistically significant differences are indicated. All data were derived from
the hiPS WTC-11 cell line.

| next interrogated the effect of DAPT-mediated Notch inhibition on ENS lineage marker
expression by looking at the transcript levels of ENS progenitor/glial and neural genes (Figure
4.16). DAPT treatment resulted in an increase in the levels of the neurogenic gene ASCL1
between day 13-15 and this coincided with an increase in the neural marker PRPH at day 22
(Figure 4.16A). It should be noted that these time points are critical for the enteric neural
differentiation in vitro as the majority of neurons emerge between day 15 and day 22 in our
cultures. PHOX2B transcript levels were also slightly elevated upon Notch inhibition and
continued to increase over time, while SOX70 was not greatly affected by DAPT and its
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expression decreased over time (Figure 4.16A). On the contrary, S100 expression slightly
increased in the DAPT-treated group and remained to a great extent unchanged, in the control
(Figure 4.16A). At days 22 and 38, the expression of ENS-associated neuronal subtype markers
showed no difference between the two groups, likely suggesting that Notch inhibition does not

influence their expression, at least in these stages (Figure 4.16B).
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Figure 4.16. Notch pathway inhibition upregulates the expression of neural genes in hPSC-derived enteric
nervous system cultures. (A) RT-gPCR expression analysis of indicated ENS genes in DMSO control and DAPT-
treated ENS cultures over time. (B) RT-gPCR expression analysis of indicated ENS genes in DMSO control and DAPT-
treated ENS cultures at the indicated time points. Data are presented as mean of mean values + SEM, n=3-4
independent experiments with three replicates in each experiment; *P <0.05, **P <0.005 (paired t-test). Only
statistically significant differences are indicated. All data were derived from the hiPS WTC-11 cell line.

Next, | looked at the effect of Notch signalling inhibition at the protein level by quantifying the
neural and glial markers in ENS cultures at an early (day 15) and at a late stage (day 22) (Figure
4.17). To ensure the PNS identity of the neurons, PERIPHERIN antibody staining combined with
HUCD labelling was carried out and the area covered by HUCD+ cells was measured as a
fraction of the total cellular material and used as a proxy to infer neural cell numbers (Figure
4 17Bi-ii; for the quantification please refer to Methods and Materials). This approach was
implemented to overcome the difficulty of quantifying total cell numbers as neurons grow in very
dense areas and form relatively large clusters. Analysis of HUCD staining at day 15 revealed a
significant increase in the HUCD+ area in DAPT-treated cultures compared to DMSO-control
(mean value 14.4 + 2% in DAPT-treated vs 7.6 £ 1% in control; P =0.0398) and a similar finding
was observed at day 22 of the differentiation (mean value 14.3 + 2% in DAPT-treated vs 9.8 +

1% in control; P =0.0220), suggesting that more neurons emerge when Notch pathway is blocked
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(Figure 4.17Bii). These data also mirror my previous observations regarding the increased

expression of neural genes between day 15-22 in DAPT-treated ENS cultures (Figure 4.16A).

Analysis of SOX10 protein expression on day 15 showed a great increase in the SOX10+ area
in DAPT-treated group compared to control (mean value 19.3 + 3% in DAPT-treated vs 13.1 +
2% in control; P =0.0311) and a trend towards an increase, albeit not statistically significant, was
also observed at day 22 (mean value 23.9 + 3% in DAPT-treated vs 17.18 + 3% in control; P
=0.2356), consistent with a rise in progenitor and/or glial population upon Notch pathway
suppression (Figure 4.17Cii). To discriminate the effect of Notch inhibition on progenitor and glial
populations as both are marked by SOX10, | used S1008 immunostaining to determine glia
occurrence on the basis of SOX10+/S1008+ (Figure 4.17Ci).S100B single-positive cells were
disregarded from the analysis as they were considered to be false-positive given the strong
nuclear background staining. Quantification on day 15 revealed that DAPT treatment resulted in
an increase in the glial population (54 £ 16.7% in DAPT vs 25.9 + 12.9% in control, P =0.0076),
while more SOX10+/S100B- progenitors were present in the control group (Figure 4.17Ciii). In
contrast, analysis on day 22 demonstrated an overall increase in the glial population compared
to day 15, in agreement with the notion that progenitor cells differentiate to their glial derivatives
over time and showed no difference in the number of glia between treated and control groups
(Figure 4.17Ciii). Collectively, these findings indicate that Notch pathway suppression by the y-
secretase inhibitor, DAPT, promotes neural differentiation and induces the generation of glia at

an early stage.
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**P <0.01 (paired t-test). Only statistically significant changes are indicated. Quantification plots per experiment are
included in appendix figure S4 .

4.5. Discussion

4.5.1. Characterisation of the hPSC-derived enteric neurons and glia

In this chapter | showed that our differentiation protocol efficiently generates enteric neurons and
glia from hESCs and hiPSCs in a step-wise process that lasts between 3-5 weeks. The in vitro-
derived ENS cultures originated from a vagal NC intermediate population and consisted of a pool
of progenitor and differentiated cells that progressively differentiated into more mature
phenotypes as indicated by gene expression analysis, immunocytochemistry and electrical
activity in a process that recapitulates, to some degree, the developmental steps occurring in
vivo. Neurons expressing ChAT, nNOS, TH, CALRETININ representative of various
neurochemical subtypes that arise in the developing mouse gastrointestinal tract (Hao and
Young 2009; Kang et al. 2021) were observed in ENS cultures and these exhibited electrical
activity upon chemical and electrical stimulation. Characterisation of the electrical activity of
hPSC-derived enteric neurons revealed the presence of multiple neurotransmitter release sites
along the axons (varicosities) instead of a single synaptic knob. The presence of active
varicosities is a feature observed in the situ ENS (Bayguinov et al. 2012), proposing that hPSC-
derived enteric neurons recapitulate to some extent, their in vivo counterparts. However, the
absence of later neurochemical markers such as CGRP (Branchek and Gershon 1989),
substance P (McCann et al. 2019) and the later glial marker GFAP (Grundmann et al. 2019),
suggests that our in vitro derived ENS cultures are more likely to resemble a developmentally
immature ENS. Moreover, our work in agreement with previous studies (Matsuzawa et al. 1996;
Pleasure et al. 1992) demonstrated that the substrate influences neural attachment and
projection of axons, and GTX or LAM were the substrates that supported to a great extent neural
growth and axonal recovery following replating. This is likely to be due to the interaction of a
repertoire of integrins (cell adhesion molecules) expressed by ENS cells (Nagy and Goldstein
2017) with laminins and collagen, components of the basement matrices (Nieuwenhuis et al.
2018).The effect of various substrates on glial survival though was beyond the scope of this study

and further research is required to address this question.

My data also revealed that replating of late ENS cultures is a step that holds promise in obtaining
“clean”/without debris, purified ENS populations. Cultures following replating appeared more
sparse and neurons with the characteristic oval shape (Figure 4.11Aii; day 34 lower panel),

reminiscent of enteric neurons, became more visible. This is particularly useful for quantification
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analysis of the neural and glial content of these cultures and especially in response of a
treatment, given the limitations we previously encountered in microscopy and flow cytometry
analysis due to compacted morphology and minimal survival following single cell dissociation,
respectively. Therefore, replated cultures could offer a great platform to perform quantitative and
functional analysis, to study the effect of gene products in neuron pathophysiology following
transfection and are permissive to conduct axonal transport or high-throughput imaging.
Nevertheless, these are fairly preliminary findings and further research is required to standardise

the process and assess the success rate of replating.

A phenotypic characteristic of our ENS cultures is also the presence of contaminating, flat cells
or cell aggregates, with some of them showing immunoreactivity to a-SMA (Barber et al. 2019).
These myofibroblasts are likely to represent smooth muscle cells which developmentally arise
from cardiac NC, a potential contaminant of the in vitro-derived vagal NC cultures as it was
mentioned in chapter 3 discussion (see 3.5.1), and contribute to the outflow tract in the
developing heart (Kirby et al. 1983). Alternatively, these cells may be derivatives from the recently
appreciated vagal NC-derived mesenchymal component (Ling and Sauka-Spengler 2019), which
functions in the developing gut and is believed to be critical for stomach patterning and ENS
functional integrity (Faure et al. 2015). Interestingly, colonies containing SMA-positive cells, in
addition to neural and glial cells, have been previously shown to emerge in clonal cultures derived
from NC cells isolated from neural tube explants or fetal peripheral nerve and from ENS
progenitors extracted from fetal and postnatal gut (Bondurand et al. 2003; Morrison et al. 1999;
Shah et al. 1996), suggesting that our in vitro derived vagal NC cells/ENS progenitors may
possess a similar developmental potential. The multiple fates towards neurons or smooth muscle
could be influenced by external instructive signals (Shah et al. 1996). Whether though the
multilineage progeny are clonally derived in our in vitro ENS cultures is unclear. Clonal
experiments assessing the multipotency of ENS progenitors would be extremely informative to
understand their developmental potential and appreciate the progenitor cellular and molecular

composition in early ENS cultures.

Notably, our replating experiments demonstrated that SMA-positive cells could be partially
eliminated from late ENS cultures. However, the survival of ENS cells long-term (past 2 weeks)
following replating was not thoroughly examined. A previous study reported that removal of
contaminating cells after multiple replating steps reduced neural survival from 7 months to 10
weeks, possibly due to the lack of soluble factors secreted by non-neuronal cells, consistent with
an important role of these cells to neural survival (Pleasure et al. 1992). Whether cells other than
neurons and glia, support the ENS maintenance in our in vitro system is yet to be defined. My

empirical observations of the morphology of the cultures suggest that a uni- or bilateral
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communication between contaminating cells and neurons might take place. Flat contaminants in
many cases were found to grow in close vicinity or underneath neurons and neural axons,
forming track-like structures that potentially stimulated and guided axonal elongation (Figure
4.10A). Axon endings were also found to terminate close to non-neural cells, a result that
indicates a functional relationship among different cell types (Figure 4.10B). These observations
in combination with preliminary data from time-lapse microscopy showing growth cone driven
forward migration of neurons in response to signals coming from neighbouring cells (with non-
neural morphology) (Figure 4.4), further outline the importance of cell-cell communication and/or
paracrine signalling in neural survival and axonal growth and point to a functional role of these

cells in neural differentiation.

4.5.2. Exploring the effect of FGF, Wnt and retinoic acid on enteric nervous system

progenitor maintenance

The signals that specify vagal NC to early ENS progenitors as they emigrate from the neural tube
and travel to and within the gut to construct a network of neurons and glia are not well understood.
Thus, in this chapter | investigated the signalling requirements, particularly that of Wnt/FGF alone
or in combination with RA for ENS progenitors’ expansion and maintenance. A culture regimen
containing FGF2 and CHIR to stimulate FGF and Wnt pathway, respectively, in a process that
involved the formation of 3D aggregates/spheres from hPSC-derived vagal NC has been
previously used as an intermediate step in the ENS protocol devised by Fattahi and colleagues
(Fattahi et al. 2016). Sphere formation under the influence of FGF and Wnt for four days was
important to maintain SOX10:GFP expression in vagal NC-derivatives (Fattahi et al. 2016) and
served as a purification strategy to enrich particularly for NC/ENS-associated transcripts (SOX710,
ERBB3, GFRA2, EDNRB etc) (Majd et al. 2022). In our protocol we have adopted this purification
step and based on previous studies that demonstrated the long-term maintenance of NC cells in
cell suspension as crestospheres (Kerosuo et al. 2015; Mohlin et al. 2019), | next examined
whether the early ENS progenitor spheres could be propagated under these conditions for
several passages. Prolonged culture in the presence of FGF/Wnt was not sufficient to maintain
the NC/early ENS progenitor characteristic gene expression profile, as the transcript levels of
PAX3, PAX7, SOX10 and the fraction of cells with high expression of p75 progressively reduced
(Figure 4.13). This contrasts previous findings from Li et al. (2018) who demonstrated that hPSC-
derived NC cells could be expanded in cell suspension for up to 15 passages and implies that
alternative culture conditions might be more efficient in directing the maintenance and long term
culture of SOX10+ ENS progenitors.
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Notably, prolonged exposure to FGF2 and CHIR resulted in a reduction in HOXBS transcripts
and led to an upregulation of more caudal/ trunk HOX genes (HOXB7, HOXC9), a profile
consistent with a shift of the axial identity towards trunk axial levels. The downregulation of
HOXBS is of particular importance, given the regulatory role of this gene in NC development, gut
colonisation (Fu et al. 2003; Kam and Lui 2015) and ENS-associated disease (Lui et al. 2008)
and further indicates that these conditions are not suitable to maintain vagal NC/early ENS
progenitors over time. On the contrary, supplementing the sphere medium with RA was sufficient
to restore the expression of ENS-progenitor genes ASCL1, PHOX2B, which were found to be
downregulated during the four-day period of 3D culture, and to maintain increased levels of
HOXBS (Figure 4.14). A requirement for RA during ENS development as it regulates aspects of
progenitors’ proliferation, migration and gut colonisation has been previously described in the
literature (Fu et al. 2010; Gao et al. 2021; Niederreither et al. 2003; Sato and Heuckeroth 2008;
Uribe et al. 2018) and a longer exposure to RA (up to 5 days during vagal NC differentiation) has
also been used in alternative hPSC-based ENS differentiation protocols (Figure 1.8) (Barber et
al. 2019; Fattahi et al. 2016; Lai et al. 2017). Moreover, RA supplied by the paraxial mesoderm
was shown to be one of the main drivers of RET expression during quail vagal NC migration
towards the gastrointestinal tract and to confer cells with improved enteric colonisation ability
(Simkin et al. 2013). Thus, RA is a signal that vagal NC cells naturally encounter in vivo and
exposure of hPSC-derived vagal NC to RA after the initial RA-mediated posteriorisation
potentially specifies cells to ENS lineage. However, thorough characterisation for the expression
of later ENS-related genes at day 10 spheres grown in the presence of RA was not performed
and examining the expression of RET at the transcript and protein level would be very useful to
appreciate whether RA stimulates RET expression similar to its role in vivo. Moreover, functional
analysis including migration assays and differentiation to enteric neurons and glia downstream
of RA-treated spheres would be beneficial to address whether RA influences the ability of cells

to migrate or enhances their differentiation potential, respectively.

4.5.3. Examining the effect of Notch signalling pathway inhibition on cell fate specification

during enteric nervous system differentiation

Due to its ability to regulate alternative cell-fate decisions between neighbouring cells via a
negative feedback loop which results in lateral inhibition (Sjoqvist and Andersson 2019), Notch
signalling pathway is a key regulator of cellular diversity in the developing nervous system (Louvi
and Artavanis-Tsakonas 2006). Using our hPSC-based ENS system, | showed that Notch
signalling pathway is also implicated in ENS specification in vitro. Particularly, | demonstrated
that Notch inhibition promoted neural differentiation and resulted in an increase in the number of

SOX10+ cells, potentially denoting progenitors and glia, at an early and a later stage during
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differentiation. While the majority of SOX10-expressing cells appeared negative for S100 at day
15 in the control, the number of SOX10+/S100+ glial cells in DAPT-treated cultures significantly
increased, consistent with an early expansion in the glial compartment. At day 22, the effect of
Notch inhibition on glial differentiation was less severe but a trend towards an increase in glial
numbers upon DAPT treatment in 2/4 biological replicates was noticeable (Figure 4.17- Appendix
Figure S4 contains analysis of individual independent experiments). Altogether, these data
suggest that Notch inhibition promotes neural differentiation and may influence glial induction in
ENS cultures though more repeats are required to determine the effect of Notch inhibition on glial
specification. My findings contrast previous work from Theocharatos et al. (2013) which
supported a role of Notch inhibition on neural induction in ENS neurospheres while glia remained
unaffected and diverge from the notion that Notch actively promotes gliogenesis as it was
previously shown in murine PNS/ENS and in NC-derived in vitro clonal culture system (Morrison
etal. 2000; Ngan et al. 2011; Taylor et al. 2007). Instead, my results are consistent with a function
of Notch inhibition in promoting neural and glial differentiation in ENS progenitors. This could be
possibly achieved by interfering with the cell cycle machinery, altering the duration of each phase
or by inducing cell cycle exit (Borghese et al. 2010). Notch-mediated premature cell cycle exit
and onset of differentiation are events coupled with a depletion of the ENS progenitor pool (Ngan
et al. 2011; Okamura and Saga 2008). Testing whether this is the case in our system, future
analysis would involve examining the effect of Notch inhibition on ENS progenitor population.
This was particularly a caveat to our research due to the lack of specific ENS progenitor markers
that prevented us from examining thoroughly the effect of DAPT treatment on progenitor numbers
and proliferation. Our work relies on SOX10 and S100 co-expression to determine progenitors
and glia, however, we cannot rule out the possibility that these generic markers with a relatively
broad expression can as well as mark more restricted gliogenic progenitors rather than defined
glia (Guyer et al. 2022; Lasrado et al. 2017).

The ability to identify putative hPSC-derived ENS progenitor cells by surface marker expression
gives us the exciting advantage of being able to isolate single progenitors cells to further study
their developmental potential. In this chapter | showed that CD49d is expressed in hPSC-derived
vagal NC and ENS cultures in vitro, in line with the reported CD49d expression in migrating NC
(Kil et al. 1998) and in the ENS in vivo (Nagy and Goldstein 2017). Although CD49d expression
was not restricted in SOX10+ NC cells at day 6 of the differentiation (Gogolou et al. 2021), it's
expression coincided with SOX10 and S1008 at later stages and during ENS differentiation,
potentially reflecting ENS progenitors and glial cells (Figure 4.7A, 4.8). The absence of CD49d
positivity in neural cells further suggests developmental restriction and raises the intriguing
question of whether CD49d is initially ubiquitously expressed in all ENS progenitors and at what

stage spatial/temporal restriction takes place. Thus, isolating prospective ENS cells on the basis
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of CD49d expression at successive time points to capture progenitors with a broad and
progressively more restricted developmental potential and incubation with DAPT would be a
more efficient way to address the effect of Notch pathway inhibition on cell fate determination in
ENS development and in human context. We envisage that these findings in combination with
mathematical modelling, which has been used before in the context of Notch mediated lateral
inhibition (Matsuda et al. 2015), would further help us understand the dynamics of lineage
segregation in different developmental stages in ENS and shed light to the role of Notch pathway
contribution in ENS functional integrity possibly by establishing appropriate numbers of cells with
the “right” identity (Mead and Yutzey 2012; Morrison et al. 2000).

Although it is currently unclear how Notch pathway is regulated in ENS progenitor cells and their
derivatives, my results demonstrating different expression patterns of Notch receptors, ligands
and target genes across different stages of the protocol, propose that direct cell-cell interactions
and temporal transcriptional programs might be involved. For instance, the induction of the Notch
effector HES5 coincides with the differentiation of vagal NC progenitors along the ENS lineage
(following day 6) and suppression of this gene upon Notch pharmacological inhibition suggests
that it might be implicated in ENS specification. Involvement of Hes family members and
particularly Hes7 in ENS development and progenitor maintenance, has been demonstrated
previously in the context of Notch inhibition (Okamura and Saga 2008). According to the model,
reduction of Hes1, a negative regulator of the neurogenic gene Ascl7 (Chen et al. 1997), following
disruption of Notch signalling in NC cells in mice results in upregulation of Asc/7 and hence
excessive neural differentiation which depletes the progenitor pool (Okamura and Saga 2008).
The decrease in the levels of HES5 (Figure 4.15C) and the concomitant increase in ASCL1
(Figure 4.16A) in DAPT-treated cultures are likely to promote an increase in the neural
component in our ENS cultures and potentially reflect a mechanism of neurogenesis that fits well
with the proposed model by Okamura and Saga (2008). Notably, the downregulation of Notch
target gene HES5 and not HEST in response to DAPT suggests that other mechanisms
independent of the canonical Notch guide HES7 expression (Ingram et al. 2008) and mirrors
differences in species as well as between the in vitro and in vivo given the reported role of Hes1
in mouse ENS development (Okamura and Saga 2008). Similarly, HES6 was not found to
antagonistically influence HES1 transcription denoting the presence of other mechanisms that
might compensate for HES6-mediated HES 1 downregulation or simply showing that HES1 is not

a direct target of HESG6 in these cultures.
To decipher the molecular mechanism that underpins Notch pathway regulation during ENS

differentiation, examining Notch activation upon Notch receptor-ligand binding at single cell level

is highly required. Owing to the increased transcripts of NOTCH1, DLL1 and JAG1 during early
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stages of the differentiation (Figure 4.15D), we can speculate that these genes are likely to be
involved in Notch signalling fine-tuning. Analysis of the expression of Notch ligands/receptors in
combination with cell lineage markers would further illustrate whether Notch signalling functions
in a cell-dependent context. My preliminary work and immunofluorescence analysis for NOTCH1
intracellular domain (ICD) on day 15 ENS cultures revealed NOTCH1 ICD nuclear localisation,
and hence Notch activation in enteric neurons (Appendix Figure S5). This, together with the
findings demonstrating that inhibition of Notch results in increased number of neurons suggests
that blocking of Notch, potentially in neurons, might interfere with the cascade of Notch activation
which signals from one cell to another, resulting in amended neural and progenitor/glial numbers.
Analysis of the nuclear localisation of the rest Notch receptors and the expression of ligands
would further illustrate whether Notch acts in the neighbouring cells by supressing or inducing
the expression of ligands, reflecting a mechanism of lateral inhibition or induction, respectively.
However, a highly sensitive and more specific technique for biomarker analysis, such as
RNAscope (an RNA ISH method; Wang et al. 2012), would be beneficial to surpass the lack of
reliable Notch antibodies. Moreover, we cannot exclude the possibility that Notch signalling might
be controlled indirectly and/or through paracrine signalling in ENS differentiating cultures.
Morphogens such as BMP and Wnt family members or receptors such as the auxiliary receptor
of Shh, GAS1 have been previously shown to be expressed by ENS progenitors (reviewed in
Kang et al. 2021) and some of them were suggested to be involved in Notch signalling pathway
regulation (Collu et al. 2012; Irshad et al. 2017; Liu et al. 2013b; Marczenke et al. 2021). Analysis
of the expression of these factors and their effect on Notch pathway activity would be an effective
way to test this hypothesis and unravel a potential crosstalk given the key role of Shh, BMP and
Notch in ENS progenitor’s differentiation (Pawolski and Schmidt 2020).

Furthermore, owing to the broad biological functions of y-secretase (Kopan and llagan 2004), the
use of DAPT to block y-secretase and hence NOTCH receptors’ proteolytic cleavage, raises
questions about whether the observed changes in gene expression are a result of Notch
signalling inhibition. To confirm this, knockdown of key components of the canonical Notch
signalling pathway such as JAG1 (Noisa et al. 2014) or RBPjk (Theocharatos et al. 2013) could
be additionally performed.

Understanding the contribution of Notch signalling pathway in human ENS specification and

whether it could act as a cell-fate controlling switch or as a regulator of progenitors’ proliferation

would be an exciting avenue to pursue with practical implications in regenerative medicine.
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Chapter 5: Defining critical signals/transcription factors for trunk neural crest

specification

5.1. Introduction

Until recently the conventional strategy to obtain NC cells of discrete anteroposterior (A-P) levels
involved the induction of an anterior NC character which is progressively posteriorized by RA
and/or Wnt instructive signals, an approach influenced by classic embryology experiments and
the “activation transformation model” (Nieuwkoop and Nigtevecht 1954), which states that an
anterior neural identity is first established (activation) before being patterned to more caudal fates
in order to form the hindbrain region and spinal cord (transformation). This approach generates
NC cells of cranial and cervical axial identity but fails to efficiently induce NC cells of more
posterior to vagal NC domains and, thereby a HOX PG (6-9)+ trunk identity (Barber et al. 2019;
Fattahi et al. 2016; Frith et al. 2020; Gogolou et al. 2021; Mica et al. 2013). In particular, as it
was demonstrated in chapter 3.3.1, RA treatment was not sufficient to induce HOX genes
posterior to HOXB5, such as HOXB7 or HOXCY9, underlying the inefficiency of the culture
conditions to specify cells towards trunk and sacral NC and upregulate HOX genes that
correspond to thoracic and lumbosacral axial levels, in agreement with a previous report (Frith
et al. 2018). Moreover, a similar approach via the use of caudalising cues to induce posterior NC
and subsequently sympathetic neurons starting from an anterior NC population was shown to
yield low numbers of sympathetic neural progenitors (around 5-10% PHOX2B-GFP+ cells),
reflecting an inefficiency to properly specify NC towards trunk levels (Oh et al. 2016). However,
accumulating recent evidence (Cooper et al. 2022; Frith et al. 2018; Frith and Tsakiridis 2019;
Gomez et al. 2019b; Hackland et al. 2019; Kirino et al. 2018) has suggested that the generation
of NC cells of a thoracic axial identity (trunk NC) from hPSCs can only be achieved through an
initial FGF- and Wnt- induced NMP-like state (Gouti et al. 2014), in line with the role of NMPs to
contribute to trunk NC cells in vertebrates in vivo (Wymeersch et al. 2016). Nonetheless, the
exact links between NMP signalling/transcriptional determinants and posterior NC patterning are
undefined. Moreover, it is unclear whether the acquisition of a mesoderm potent progenitor state

is an obligatory step toward trunk NC specification.
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5.2. Aims

In this chapter | sought to define crucial signals for trunk NC specification in vitro and determine
the role of the NMP/mesoderm transcriptional modulator TBXT in the acquisition of posterior axial

identity by NMP-derived trunk NC cells. Specifically, in this chapter | aimed to:

1. Determine the role of different signals in controlling the acquisition of posterior axial
identity and the adoption of a NC fate by hPSC-derived NMPs
2. Examine the role of the NMP/mesodermal transcription factor TBXT in the generation of

trunk NC from hPSCs and define a mechanism of its action

5.3. hPSC-derived neuromesodermal progenitor-like cells differentiate into

multiple posterior derivatives in vitro

To explore the ability to efficiently generate trunk NC cells in vitro, | differentiated H9 hESCs into
TBXT+/SOX2+ NMP-like cells (Figure 5.1B) following a 3-day treatment of FGF2 (20ng/ml) and
CHIR (3uM) and subsequently replated and cultured them in the presence of precise levels of
BMP4, lower CHIR concentration and SB 431542 (TGF@ inhibitor) for 5 days to induce a NC
identity as described previously (Frith et al. 2018; Frith and Tsakiridis 2019) (Figure 5.1A). To
evaluate the differentiation efficiency, | monitored transcript levels of NC markers and posterior
HOX genes. Gene expression analysis at day 8 revealed a significant increase in mRNA levels
of SOX10 and PAX3 (Figure 5.1C) and upregulation of HOX PG (6-9), indicative of thoracic axial
identity, in all HOX gene clusters (Figure 5.1D). The acquisition of a trunk NC identity was also
examined at the protein level. Immunofluorescence analysis showed that the majority of day 8
cultures displayed a trunk NC identity mirrored by the co-expression of HOXC9 and SOX10 (45
+ 17%), while a slightly smaller number of cells were positive only for HOXC9 (36 + 8.5%),
potentially reflecting a fraction of early NC cells that have not upregulated SOX10 or other NMP-
derived non-NC posterior entities (e.g spinal cord progenitors or paraxial mesoderm). Moreover,
a small number of cells was found to be single-positive for SOX10 (7 £ 8.5%), possibly marking

NC cells of a non-trunk identity (Figure 5.1E).
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Figure 5.1. Differentiation of neuromesodermal progenitors into trunk neural crest. (A) Schematic depicting the
culture regime for the derivation of trunk NC cells. (B) Immunofluorescence images showing the protein expression of
TBXT and SOX2 in day 3 hPSC-derived NMPS. (C-D) Gene expression analysis of indicated NC (C) and HOX genes
(D) in trunk NC cells generated using the protocol described in A. Data shown are the mean of mean values + SD,
n=3 independent experiments with three replicates in each experiment. (E) Immunofluorescence analysis and
quantification of the expression of HOXC9 and SOX10 in day 8 trunk NC cultures. Data in the graph were obtained
after scoring 30 random fields per experiment. Data are shown as the mean of mean values + SD (n=3 independent
experiments). Scale bars =50 pm. H, HOXC9; S10, SOX10.

To confirm the neuromesodermal potency of NMPs in addition to their ability to generate trunk
NC in vitro, | also tested their ability to differentiate towards paraxial mesoderm cells and pre-
neural spinal cord progenitors following the protocols depicted in Figure 5.2 (Frith et al. 2018;
Wind et al. 2021). NMP-like cells generated from hPSCs have been previously shown to
differentiate towards paraxial mesoderm and posterior neuroectoderm in response to the same,
albeit different in duration and level, prolonged FGF and Wnt signals (Wind et al. 2021).
Treatment of NMP-like cells with high levels of CHIR (8 uM) and FGF2 (40ng/ml) for 2 days
(Figure 5.2Ai) induced a presomitic/paraxial mesoderm phenotype, marked by the maintained
expression of TBXT, CDX2, TBX6, MSGN1 transcripts and an increase in PAX3 (Figure 5.2Aii),
while the transcript levels of the NMP-associated neural marker SOX2 showed no further
increase (Figure 5.2Aii). This transcriptional profile was also accompanied by maintained

expression of TBXT protein, as the number of cells positive for TBXT remained considerably high
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after day 3 (D3: 82 £ 14% vs D5: 73 + 5%) (Figure 5.2Aiii). In contrast, treatment of hPSC-derived
NMPs with high levels of FGF2 (100ng/ml) and lower concentration of CHIR (3 uM) for 4 days
(Figure 5.2Bi), resulted in a progressive decrease to almost extinction in the number of cells
positive for TBXT (D3: 95 £ 1% vs D7: 1 £ 0.7%), a result consistent with a loss of mesodermal
potency (Figure 5.2Bv). Transcriptome analysis for the NMP/early spinal cord-associated
markers CDX1/2 and NKX1-2 (Gouti et al. 2017) and the neural marker SOX2 revealed
maintained expression in day 7 cultures compared to day 3, and a trend towards an upregulation
in the transcript levels of the neural marker PAX6 (Figure 5.2Bii). Consistent with the RT-qPCR
data, immunofluorescence analysis showed that day 7 cultures were primarily comprised of
CDX2+ (73 + 8%; Figure 5.2Biii) and SOX2+ (66 £ 0.3%) cells with the vast majority of the latter
being immunoreactive to HOXC9 (60.5 + 2.3%; Figure 5.2Biv), and thus displaying a pre-neural
posterior axial character. Taken together, these data illustrate the ability of hPSC-derived NMPs,
similar to their in vivo counterparts (Wymeersch et al. 2021), to efficiently generate trunk NC,
paraxial mesoderm and early spinal cord cells under the influence of exogenous instructive

signals.

155



PXM/Neural

Aj i 2
§ 10t B D3
hPSCs NMPs.replate PXM W D4
I I I e 9 D5
Days: 0 3 5 2 102
N-2, B-27 Supplements || N-2, B-27 Supplements s 101
CHIR (3 uM) CHIR (8 uM) 3
FGF2 (20 ng/ml) FGF2 (40 ng/ml) o 10° 11|
g .
1071 - " Aiqﬁ
R I I
iii «Q 00 «@ @90 qé. 60
NMP/PXM Neural
- 100+
é » 80
|: * ? 60
=
- 5 o
g = 504
Z 5 0 T T
4 5
B Days
I ) Neural/PXM
hPSCs NMPs-replate Early Spinal Cord I B D3
| | | O
Days: 0 3 7 fﬁ I D7
S
N-2, B-27 Supplements N-2, B-27 Supplements o
CHIR (3 uM) @
FGF2 (20 ng/ml) &
o)
3
[¢]
x
O N R L)
S & ‘\@I‘ S &
NMP/pre-neural  Neural
Day 7
HOXC9/SOX2
B H+s2+
§  Hes2-
H-S2+
H-S2-
I T T T 1
0 20 40 60 80

% Total cells
100 —

% TBXT+ cells

NUCLEI TBXT <

Days

Figure 5.2. Differentiation of neuromesodermal progenitors into paraxial mesoderm and pre-neural spinal cord
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Only statistically significant changes are indicated. (A.iii) Immunofluorescence analysis and quantification of TBXT
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protein expression in PXM cultures over time. For quantification 10-25 random fields per experiment were scored.
Data state the mean of mean values + SD of independent experiments (n=2). (B.i) Schematic showing the culture
conditions for the derivation of pre-neural spinal cord progenitors. (B.ii) RT-qPCR analysis for a panel of NMP/pre-
neural and neural markers in pre-neural spinal cord progenitor cultures over time. Data shown are the mean of mean
values + SEM, n=3 independent experiments with three replicates in each experiment. No statistically significant
differences were observed (paired t-test). Immunofluorescence analysis and quantification of CDX2 (iii) and
HOXC9/SOX2 (iv) protein expression in day 7 pre-neural spinal cord progenitors. Data in the graphs were obtained
after scoring 10 random fields per experiment and state the mean of mean values + SD of independent experiments
(n=2). (B.v) Representative fluorescent microscopy images and quantification of TBXT protein expression in pre-neural
spinal cord progenitor cultures over time. For quantification 20 random fields per time point and per experiment were
scored and data state the mean of mean values + SD of independent experiments (n=3). Scale bars =50 ym in all
images. H, HOXC9; S2, SOX2.

5.4. Deciphering the role of critical posteriorisation signals in the generation of

trunk neural crest

5.4.1. Wnt signalling ascribes neuromesodermal progenitors a posterior regional identity

The posterior growth zone, area that NMPs reside in vivo, is characterised by an increased
activity of Wnt and FGF signals (Wilson et al. 2009; Wymeersch et al. 2021). These signals are
implicated in the induction of Brachyury+/Sox2+ axial progenitors and are essential for body axis
elongation (Amin et al. 2016b; Gouti et al. 2014; Lippmann et al. 2015; Wilson et al. 2009;
Wymeersch et al. 2016; Wymeersch et al. 2021). Wnt and FGF inputs have been shown to
promote the upregulation of posterior HOX PG (5-9) genes in NMPs and their derivatives (Gouti
et al. 2014; Hackland et al. 2019; Lippmann et al. 2015; Mazzoni et al. 2013; Mouilleau et al.
2021; Young et al. 2009) and, thereby stimulate trunk elongation.

Owing to the well-established role of Wnt and FGF as posteriorizing signals (Kudoh et al. 2002),
| next sought to examine the effect of their perturbation on the induction of a posterior axial
identity during NMP differentiation. | initially explored signal contribution during the transition of
hPSCs to NMPs by withdrawing the Wnt or FGF agonist from the NMP induction medium and
additionally employing the tankyrase inhibitor XAV939 (XAV; Huang et al. 2009) or the MEK1/2
inhibitor PD 0325901 (PDO03; Barrett et al. 2008) to attenuate endogenous Wnt or FGF signals,
respectively (Figure 5.3A). Signalling inhibition was confirmed by the downregulation of Wnt
(AXIN2, TCF1, LEF1; Lecarpentier et al. 2019) and FGF (SPRY4; Mason et al. 2006) target
genes in the presence of XAV and PD03 antagonists, respectively in D3 cultures compared to
untreated controls (Figure 5.3B). Gene expression analysis showed that the combined action of
FGF and Wnt signals promoted the generation of NMP cells, marked by upregulation of TBXT,
CDX2, NKX1-2 and HOX genes, while loss of either signal severely impaired the induction of all
genes (Figure 5.3B-C). Interestingly, loss of HOX gene expression was found to be more

prevalent upon Wnt pathway inhibition and Wnt stimulation alone (in the absence of FGF) partly
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rescued the induction of TBXT, CDX2 and of many HOX genes, specifically the ones belonging
to HOXB cluster (Figure 5.3B-C). In contrast, expression of HOX genes of cluster C (HOXC) was
shown to be severely affected by loss of Wnt or FGF signals (Figure 5.3B-C), suggesting that
distinct HOX cluster-specific regulatory mechanisms might exist, in line with a previous report
(van den Akker et al. 2001). Altogether, these data suggest that during NMP differentiation the
induction of major axis extension regulators and HOX genes indicative of posterior axial levels

predominantly relies on Wnt activity.

hPSCs NMPs WNT-FGF e
. @ 1000 ® 1000000
Days: 0 1 2 3 3 [JWNT, FGF 3
I —— a . @ 100000-]
WNT. w W XAV, FGF . w
CHIR, FGF2 FGE o 1009 M WNT, PD03 o 10000
- -
[ -
XAV, FGF2 |kl 2 . : ™
: FGF s 10 4 = 100
WNT 3 gl ¢ & 10
CHIR, PD03 Fof g Al . 5 5 1
© T -
g & & 3 ®
z 3 i >
2 5
. HOXA HOXB HOXC HOXD
8 1000000 1000000+ 1000000 1000
[ .
w 100000 100000+
= . .
o 10000 10000+ . 100 .
I}
Q1000 10004, ° H Y
.l:!‘ 100 1004 . - ? 10
g 10 . . . $ . N
['4 10 - !
5 1 : 1 | W 1 . -L ; l'}l .
T T T 1y
) o o o x o o
g 2 2 2 2 2 g eegeeee T 2 2 2 82 9 z g 2

Figure 5.3. Acquisition of posterior axial identity by neuromesodermal progenitors predominantly relies on
Whnt signalling. (A) Diagram depicting the protocol followed and agonist/antagonist treatments. (B-C) RT-gPCR
analysis of indicated genes involved in WNT-FGF signalling cascade (B) and expressed by NMPs (C) in D3 cultures
generated under the treatments indicated in A. (D) RT-qgPCR analysis of various HOX genes belonging to the four
different clusters in D3 cultures upon WNT-FGF agonist/antagonist treatment. Data shown are the mean of mean
values + SD, n=3-4 independent experiments with three replicates in each experiment. All changes were statistically
significant unless otherwise stated (ratio paired t-test with WNT,FGF as control). n.s; not significant. Data
sourced/modified from Gogolou et al. (2022).

Another caudalising signal that was recently reported to be involved along with Wnt and FGF in
in vitro NMP induction and concomitant neural differentiation is RA (Gouti et al. 2017). RA has
been previously shown to regulate HOX gene expression during posterior CNS development (Liu
et al. 2001) through its ability to directly activate the transcription of anterior HOX 1-5 genes
(Marshall et al. 1994; Mazzoni et al. 2013) and was reported to act downstream of FGF and Wnt
in inducing the expression of posterior neuroectoderm genes (Kudoh et al. 2002). To test the
contribution of RA in the induction of NMPs and the interaction between RA, FGF and Wnt signals
in the acquisition of a posterior fate by NMPs, | repeated the agonist/antagonist treatments as
described previously in combination with exogenously applied RA (0.1 uM) (Figure 5.4A) and

monitored the expression of HOX, NMP-, neural- associated genes. | found that addition of RA
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in the presence/absence of FGF2 could not substitute for the loss of Wnt (green and lilac bars;
Figure 5.4D) as HOX genes (HOXA4, HOXA5, HOXB3, HOXB4, HOXB5, HOXB8 and HOXC;
Figure 5.4D) were severely affected compared to control (Wnt/FGF-treated). Moreover, the
combined action of Wnt and RA compared to RA-only (lilac; Figure 5.4D) and Wnt-only (red;
Figure 5.3D) resulted in increased and similar to control expression of most cervical HOX (3-6)
genes in HOXA and HOXB clusters (purple vs grey; Figure 5.4D), suggesting a synergy between
Whnt pathway and RA in the induction of anterior cervical HOX domains. Interestingly, addition of
RA in the presence of FGF and Wnt resulted in a statistically significant decrease in HOXC
transcripts (pink vs grey; Figure 5.4D), a finding indicating antagonism between RA and FGF
(Diez del Corral et al. 2003; Olivera-Martinez et al. 2012) in controlling the expression of HOX
genes, particularly of cluster C. Notably, treatment with RA in the absence of FGF and Wnt was
sufficient to upregulate most of the hindbrain/cervical HOX (1-5) genes, in line with previous

reports but not their more posterior counterparts (Mazzoni et al. 2013).

Moreover, cultures treated with RA and different agonist/antagonist combinations had a dramatic
and variable decrease in transcript levels of the NMP-associated markers NKX1-2, TBXT and
CDX2 (Figure 5.4B) and this coincided with the acquisition of a pre-neural identity exemplified by
the upregulation of SOX2, PAX6 and SOX1 (in the presence of Wnt and RA) in agreement with
previous work (Gouti et al. 2017) (Figure 5.4B).

Taken together, these results indicate that while RA can partially promote the expression of HOX
1-5, activation of Wnt signalling pathway is required for the transcriptional activation of more
caudal cervical/thoracic HOX genes. They also confirm that Wnt and FGF signals are required
to establish an NMP-like identity and demonstrate that RA promotes a switch towards neural

fate.
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Figure 5.4. Retinoic acid steers neuromesodermal progenitors towards neural fate. (A) Schematic depicting the
protocol followed and agonist/antagonist treatments. (B-C) RT-gPCR analysis of indicated NMP (B) and neural (C)
genes in NMP cultures generated using the different agonist/antagonist combinations shown in A. (D) RT-gPCR
analysis of a battery of HOX genes belonging to HOXA, HOXB and HOXC clusters. Data in all graphs represent the
mean of mean values + SD, n=3-4 independent experiments with three replicates in each experiment. All changes
are statistically significant unless otherwise stated (ratio paired t-test with WNT,FGF as control). n.s; not significant.

5.4.2. Wnt and FGF signalling maintain a posterior identity in trunk neural crest

After examining the influence of FGF, Wnt and RA signals during the transition from hPSCs to
NMPs, | sought to determine the signalling pathways that are critical for the specification of trunk
NC from NMPs. To this end, | generated NMPs as described previously and subjected them in
culture conditions in the presence of Wnt and BMP signals to yield trunk NC cells (Figure 5.5).
To discern the role of Wnt and BMP signalling pathway activity on trunk NC specification,
agonist/antagonist treatments were employed in a similar manner to the experiments carried out
from DO-D3. Addition of XAV alongside precise levels of BMP was used to assess the effect of
loss of Wnt activity on trunk NC identity, while CHIR in combination with the ALK2/3 inhibitor LDN
193189 (LDN; Cuny et al. 2008) to attenuate BMP was exploited to determine the influence of
BMP signalling (Figure 5.5A). Gene expression analysis at day 8 of the differentiation showed
that Wnt inhibition did not impede the induction of SOX10 at transcript (Figure 5.5B) and at the
protein level (Figure 5.6) and had no effect on PAX3 transcripts (Figure 5.5B) as their expression
levels appeared similar to the control. However, it promoted an increase in the anterior NC
markers OTX2 (Matsuo et al. 1995) and ETS17 (Tahtakran and Selleck 2003) and this was
accompanied by a decrease in the posterior NC marker CDX2 (Sanchez-Ferras et al. 2016)
(Figure 5.5C). The inability of NMP-derived NC to adopt a posterior axial identity following Wnt
inhibition was also confirmed by their inability to activate properly the expression of HOX genes
compared to Wnt/BMP-treated controls (Figure 5.5D). RT-qPCR analysis showed that XAV
treatment alongside BMP, resulted in a statistically significant decrease in transcripts of most
HOX gene family members, albeit to a lesser degree compared to XAV treatment during day DO-
D3 (Figure 5.3D). Interestingly, the total number of cells immunoreactive to HOXC9, showed no

significant decrease in the presence of XAV and BMP compared to controls (Figure 5.6).

By contrast, cultures in the absence of BMP failed to upregulate SOX170 (Figure 5.5B, 5.6), had
reduced expression of PAX3 (Figure 5.5B) and showed a profound increase in SOX1 at transcript
(~1000-fold increase relative to control; Figure 5.5B) and at the protein level (the percentage of
SOX1+ cells increased from 0.7 to 45%, P <0.05 paired t-test; Figure 5.6B), a profile consistent
with a shift towards a CNS neural fate. Thus, these results provide evidence that BMP activity is

highly required for NC induction and suggest a role of BMP in promoting NC identity at the

160



expense of neuroectoderm, similar to previous observations (Leung et al. 2016). Gene
expression analysis for axial regulators upon BMP suppression revealed a significant increase
in the levels of CDX2 and a decrease in ETS1 transcripts, while OTX2 expression remained
unaffected (Figure 5.5C). This coincided with a global increase in the expression of most HOX
genes (Figure 5.5D), in line with the established role of CDX2 in activation of posterior HOX
genes (Mazzoni et al. 2013; Neijts et al. 2017). Nevertheless, the total number of cells expressing

HOXC9 showed no significant increase (Figure 5.6).
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Figure 5.5. Acquisition of posterior axial identity by neuromesodermal progenitor-derived trunk neural crest
cells is mainly WNT-dependent. (A) Schematic showing the culture regime and the agonist/antagonist treatments
employed for the generation of trunk NC cells via an NMP-intermediate. (B-C) Gene expression analysis of indicated
neural-NC (B) and axial identity (C) markers in NMP-derived NC cells generated following WNT-BMP
agonists/antagonists combinations depicted in A. (D) Gene expression analysis of various HOX genes belonging to
the four different clusters in NMP-derived NC cells generated using different treatments. Data in all graphs represent
the mean of mean values + SD, n=3 independent experiments with three replicates in each experiment. Only
statistically significant changes are indicated. *P <0.05, **P <0.005 (ratio paired t-test with WNT,BMP as control). n.d;
not determined. gPCR data were kindly provided by Celine Souilhol. Data sourced/modified from Gogolou et al. (2022).
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Figure 5.6. Effect of WNT and BMP signalling inhibition on trunk neural crest specification. Immunofluorescence
analysis (A) and quantification (B) of the expression of HOXC9, SOX1 and SOX10 in NMP-derived NC cells generated
following WNT or BMP signalling pathway perturbation. Data in the graphs were acquired after scoring 30 random
fields per condition per experiment and demonstrate the mean of mean values + SD (n=3 independent experiments).
Scale bars=100 ym. H, HOXC9; S10, SOX10; S1, SOX1. Data sourced/modified from Gogolou et al. (2022).
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In addition to Wnt and BMP, FGF signalling is reported to play a key role in the induction of NC
and coordination of axial identity (Cooper and Tsakiridis 2022a; Gomez et al. 2019b; Hackland
et al. 2019; Leung et al. 2016). hPSC cultures differentiating towards trunk NC are considered to
have endogenous FGF activity (Hackland et al. 2019). To examine whether inhibition of FGF
affects the ability of NMPs to generate trunk NC, | supressed endogenous FGF signalling during
the transition of NMPs to posterior NC cells, using the inhibitor PD0O3 (1uM) (Figure 5.7A).
Expression of the FGF target gene SPRY4 was detected in day 8 Wnt/BMP-treated controls,
albeit at lower levels compare to ESCs (Ct 29.5 in D8 vs Ct 26 in ESCs), demonstrating the
presence of intrinsic FGF signalling in differentiating trunk NC cultures and in contrast, this was
found to be extinct in PDO3-treated cultures, verifying the efficacy of the inhibitor treatment
(Figure 5.7B). Gene expression analysis revealed that FGF inhibition did not impede the
expression of PAX3 (Figure 5.7C) and SOX10 at the transcript (Figure 5.7C) and protein levels
(Figure 5.7F-G), in agreement with previous findings (Gomez et al. 2019b; Hackland et al. 2019)
and had no effect in SOX1 expression relative to controls (Figure 5.7C, 5.7F-G). Similarly, OTX2
and ETS1 low expression remained unaffected in cultures with attenuated FGF, while a trend
towards a decline in CDX2 expression (2/3 biological repeats) was observed in PD03-treated

cultures compared to controls (Figure 5.7D).

Analysis of HOX gene transcripts in cultures treated with PD03 showed a slight, although variable
between replicates, decrease in their expression and this decline was statistically significant
predominantly in HOX genes indicative of cervical (HOX 3-5) and thoracic (HOX 6-9) character
(Figure 5.7E). Interestingly, | found that the total number of HOXC9-expressing cells showed a
sharp decrease in cultures upon FGF inhibition (the percentage of HOXC9+ cells declined from
80 to 27%, P <0.05 paired t-test; Figure 5.7F-G) and this led to a dramatic reduction in the fraction
of cells co-expressing HOXC9/SOX10 (the percentage of HOXC9+/SOX10+ cells declined from
45 to 8%, P <0.05 paired t-test; Figure 5.7F-G), marking a trunk NC entity.

Taken together, these data demonstrate that the activation of HOX gene code in hPSC-derived
NMPs and that early patterning of a posterior axial identity in NMP-derived NC cells primarily
depends on Wnt signalling. They also indicate that as the NMPs differentiate along the NC route,
the expression of HOX genes progressively becomes less dependent on Wnt and propose the
existence of alternative signalling mechanisms that might modulate HOX gene expression, such

as FGF signalling through interaction with CDX transcription factors (Amin et al. 2016b) .
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Figure 5.7. Inhibition of FGF signalling impairs the expression of thoracic HOX genes in neuromesodermal
progenitor-derived trunk neural crest cells. (A) Schematic showing agonists/antagonists treatments. (B-D) RT-
gPCR analysis of indicated FGF (B), neural-NC (C) and axial identity (D) markers in NMP-derived NC generated in
the presence/absence of FGF inhibition. (E) RT-gPCR analysis of indicated HOX genes in NMP-derived NC generated
in the presence/absence of FGF inhibition. Data in all graphs state the mean of mean values + SEM, n=3 independent
experiments with three technical replicates in each experiment. Each independent experiment is represented by a
unique shape. Only statistically significant changes are indicated. *P <0.05, (ratio paired t-test). n.d.; not determined.
(F-G) Immunofluorescence analysis (F) and quantification (G) of the expression of HOXC9, SOX1 and SOX10 in NMP-
derived NC cells generated in control conditions and following FGF signalling pathway perturbation. Data in the graphs
were acquired after scoring 30 random fields per condition per experiment and state the mean of mean values + SD
(n=3 independent experiments). Scale bars=100 ym. H, HOXC9; S10, SOX10; S1, SOX1.
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5.5. TBXT regulates the acquisition of posterior axial identity by neuromesodermal

progenitor-derived neural crest cells

5.5.1. TBXT knockdown impairs neuromesodermal progenitor formation

In section 5.4.1, | showed that the failure of NMPs to induce HOX genes in the absence primarily
of Wnt was accompanied by a downregulation of the TBXT, a core axial progenitor transcriptional
regulator (Henrique et al. 2015; Tsakiridis et al. 2014). Previous linage tracing studies have
demonstrated that T/Brachyury-expressing neuromesodermal-potent axial progenitor cells
contribute to trunk NC within the developing mouse embryo (Mugele et al. 2018; Shaker et al.
2021), however, the role of TBXT in the induction of posterior NC has not been examined. In
order to understand the function of TBXT in NC specification of hPSC-derived NMPs, | set out to
determine the effects of attenuating TBXT during the differentiation of hRESCs towards NMPs and
subsequently to trunk NC cells. For these experiments, | used a hES cell line containing a
tetracycline (Tet)-inducible TBXT shRNA cassette to knockdown the expression of TBXT
(Bertero et al. 2016). First, | carried out the NMP differentiation in combination with Tet treatment
(Figure 5.8A) to deplete the expression of TBXT at the NMP stage. A reduction in TBXT
transcripts in the presence of Tet was confirmed by transcriptome analysis (RNA-seq) (Figure
5.8D) and this was accompanied by a profound decrease at the protein level (protein intensity)
compared to untreated controls (Figure 5.8B). As negative control, a hES cell line exhibiting Tet-
inducible shRNA targeting the gene B2M (Bertero et al. 2016) was utilised and differentiated in
a similar manner to TBXT shRNA hESCs. Immunofluorescence analysis and quantification of
TBXT expression in D3 NMPs generated from B2M shRNA control cell line upon Tet treatment
showed no reduction in TBXT protein, validating the specificity of the method (Figure 5.8C).

To investigate the effect of TBXT depletion during the transition of hESCs towards NMPs, D3
NMPs differentiated in the presence/absence of Tet were harvested for RNA-seq. Analysis of
differentially expressed genes showed that 346 and 293 genes were significantly up- and down-
regulated, respectively, in TBXT depleted cells compared to untreated controls (padj<0.05, Wald
test; log2FC>|0.5]). Gene ontology (GO) biological processes enrichment analysis revealed that
the gene families affected were predominantly implicated in A-P patterning, regionalisation and
axial specification (Figure 5.8E). Notably, amongst the downregulated genes were genes
encoding presomitic mesoderm transcription factors (MSGN1, TBX6, FOXC1/2), FGF
(FGF3/8/17 and DUSP7), Wnt (RSPO3, WISP1, WNT5A/B, WNTB8A, LEF1) and Notch (HES?,
DLL1, DLL3) signalling pathway components (Figure 5.8F), which have been previously shown

to be present in NMPs and their mesodermal derivatives (Gouti et al. 2017; Guillot et al. 2021;
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Wymeersch et al. 2019). In contrast, genes associated with anterior visceral endoderm
(AVE)/endoderm, anterior neurectoderm, and pluripotency/early post-implantation epiblast were
significantly upregulated (SOX17, LEFTY1/2, OTX2, CER1, HHEX, NANOG, and GDF3) (Figure
5.8F), further demonstrating an inability of hPSCs to differentiate towards NMPs and their

derivatives, presomitic mesoderm progenitor cells.
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Figure 5.8. TBXT depletion impairs the formation of hPSC-derived neuromesodermal progenitors. (A)
Schematic showing tetracycline treatment during NMP differentiation to induce TBXT knockdown. (B)
Immunofluorescence analysis of the expression of TBXT protein in TBXT shRNA hESC-derived NMPs in the
presence/absence of tetracycline (i) and mean fluorescence intensity of TBXT protein in Tet-treated and control NMP
cultures (ii). A representative histogram derived from one biological replicate is shown. (C) Immunofluorescence
analysis of the expression of TBXT protein in control B2M shRNA hESC-derived NMPs in the presence/absence of
tetracycline (i) and mean fluorescence intensity of TBXT protein in Tet-treated and untreated NMP cultures (ii). A
representative histogram derived from one biological replicate is shown. (D) Normalised expression values of TBXT
transcripts in control, Tet-treated NMPs and undifferentiated hES cell samples following RNA sequencing (RNA-seq)
analysis. Numbers in brackets indicate biological replicates (n=3). (E) Gene ontology (GO) term enrichment analysis
for differentially expressed genes in hRESC-derived NMPs following TBXT knockdown. (F) Representative significantly
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downregulated and upregulated transcripts following TBXT depletion. Scale bars= 100 ym. Data sourced/modified
from Gogolou et al. (2022).

I next asked whether TBXT depletion between D0-D3 affected the expression of HOX genes and
assayed gene expression by performing RT-gPCR (Figure 5.9A). Strikingly, analysis of the HOX
profile in D3 Tet-treated TBXT shRNA NMPs showed a statistically significant reduction in most
HOX genes examined, indicative of various axial levels (Figure 5.9B). On the contrary, analysis
of the isogenic control B2M shRNA revealed no significant changes in HOX gene transcripts
following Tet-mediated inducible knockdown (Figure 5.9C), excluding the possibility that the

observed results could be due to off target effects of Tet treatment.

Collectively, these findings demonstrate a crucial role of TBXT in inducing an NMP transcriptional
profile and indicate that TBXT is required for early HOX gene activation and A-P patterning, as
hPSCs in the absence of TBXT, adopt an identity that resembles the anterior epiblast, despite

the constant presence of Wnt and FGF posteriorizing signals.

A hPISCs NMPs
|
Days: 0 1 2 3
—_—

CHIR99021, FGF2
I -]
B I -+ Tet
HOXA HOXB HOXC HOXD
* n.s : ns. n.s. " s

3
»
=
»
4

$e
L
—
b o
— LT
HOXCs t———, Ji
]
P ° &
.
| —
HOXC104——3 ]

o Ji

iE}
Ji
I*

=
7

RQ (Relative to - Tet)
—
o
Homz-y:' ¥
:.]x»
3
— R
foe *
—
T o i
——»
T
—
L)
—
(1) .
HOXEM-“:']:
HOXB6 T——+1

HOXA3+
HOXA4+
HOXAS 4=
HOXA6
HOXB1+
HOXB3 -

-Tet M
'] @ . *% o *x  kk
— —
@ +Tet 10 %
) 1

TBXT shRNA

HOXA1
HOXBTt—33%
HOXB8

HOXB9

HOXC4

HOXCo 45

HOXC8
Hoxco4—=—

LG
[=] =]
5 8 3
r I T

@)

@ -Tet
@ +Tet

Ctl B2M shRNA
RQ (Relative to - Tet)

Figure 5.9. Effect of TBXT reduction in the axial identity of neuromesodermal progenitors. (A) Schematic
showing NMP differentiation/tetracycline treatment. (B) RT-gPCR analysis of indicated HOX genes in TBXT shRNA
hESC-derived NMPs in the presence/absence of tetracycline. Data shown are the mean of mean values, n=3
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<0.0005 (paired t-test). n.s. not significant. (C) RT-gPCR analysis of indicated HOX genes in control B2M shRNA
hESC-derived NMPs in the presence/absence of tetracycline. Data shown are the mean of mean values, n=3
independent experiments with three replicates in each experiment. Error bars indicate SD. No statistically significant
changes were observed. Data sourced/modified from Gogolou et al. (2022).
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5.5.2. TBXT knockdown hinders the posterior regionalisation of trunk neural crest

Next, | interrogated the influence of TBXT depletion in trunk NC specification. To investigate this,
trunk NC cells were generated under the continuous presence/absence of Tet treatment for Tet-
mediated TBXT knockdown from the beginning of the differentiation (Figure 5.10A) and assessed
for the expression of a panel of HOX genes. Gene expression analysis at day 8 showed a
dramatic decrease in HOX gene family members in Tet-treated cultures compared to untreated
controls (Figure 5.10B), in like manner TBXT knockdown affected HOX gene expression in D3
differentiating NMPs, as described above (Figure 5.9B). Additionally, HOXC9 protein levels were
found to be severely reduced in the presence of Tet (~50% reduction relative to -Tet, P <0.05;
Figure 5.10C). Given the global downregulation observed in HOX gene transcripts, expression
of the anterior NC markers OTX2, ETS1 was also examined. The analysis showed a slight
although not statistically significant increase in the expression of the aforementioned genes
(Figure 5.10D).

On the contrary, TBXT depletion resulted in a modest decrease in the transcript levels of PAX3
and SOX10 (Figure 5.10D) but this decline was not evident at the SOX10 protein levels (Figure
5.10E). Additionally, no effect in the presence of Tet was observed in SOX9 mRNA levels (Figure
5.10D). Analysis of neural progenitor genes showed a trend towards an increase in the transcript
levels of SOX1, while expression of SOX2 remained unaffected (Figure 5.10D). Quantification of
SOX1+ cells (Figure 5.10F-G) showed no significant increase (paired t-test) in the number of
SOX1-expressing cells in Tet-treated trunk NC cultures, ruling out the possibility that TBXT

depletion promoted a switch towards CNS neuroectoderm.

The transcriptional profile of NMP-derived NC cells following TBXT knockdown and particularly
the loss in HOX gene expression shared similarities with the gene expression profile observed
in trunk NC cells following Wnt inhibition (Figure 5.5). In addition to this, TBXT knockdown
resulted in a downregulation in Wnt-signalling components at D3 (Figure 5.8F), supporting the
notion that TBXT and Whnt signalling might be linked. To explore this in the context of trunk NC,
D8 Tet-treated cultures were assessed for the expression of Wnt target genes (TCF1, LEF1).
TBXT depletion resulted in a significant reduction in all Wnt-associated transcripts examined
(Figure 5.10D). Thus, this together with our previous observations indicate the existence of
TBXT-Wnt bilateral communication which determines the adoption of a posterior axial signature
in hPSC-derived NMPs and their trunk NC derivatives.
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Figure 5.10. Effect of TBXT knockdown in trunk neural crest. (A) Diagram showing culture conditions and Tet
treatment during the derivation of trunk NC. (B) RT-gPCR analysis of indicated HOX genes in the presence/absence
of Tet. Data shown are the mean of mean values, n=4-6 independent experiments with three replicates in each
experiment. Error bars indicate SD. *P <0.05, **P <0.005, ***P <0.0005 (paired t-test). (C) Immunofluorescence
analysis and quantification of the expression of HOXC9 in Tet-treated and untreated NMP-derived NC cells. Data state
the mean of mean values from 3 independent experiments and error bars indicate SD. *P <0.05 (paired t-test). Scale
bar=100 ym. (D) RT-gPCR analysis of indicated markers in Tet-treated and untreated NMP-derived NC cells. Data
denote the mean of mean values, n=6 independent experiments with three replicates in each experiment. Error bars
indicate SD; *P <0.05, **P <0.01, n.s. not significant (paired t-test). (E) Immunofluorescence analysis and quantification
of the expression of SOX10 protein in Tet-treated and untreated NMP-derived NC cells. Data state the mean of mean
values from 3 independent experiments and error bars indicate SD. n.s. not significant (paired t-test). Scale bar=100
pum. (F) Representative flow cytometry analysis plots (n=3) showing the number of SOX1-positive cells in D8 trunk NC
following TBXT knockdown (+Tet) and in control (-Tet) cultures. (G) Quantification of the number of SOX1-positive
cells assed by immunocytochemistry in D8 trunk NC following TBXT knockdown (+Tet) and in control (-Tet) cultures.
Data shown are the mean of mean values from 3 independent experiments and error bars indicate SD. n.s. not
significant (paired t-test). Data in A-E panels were obtained by Celine Souilhol. Data sourced/modified from Gogolou
et al. (2022).
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5.5.3. TBXT establishes a posterior neural crest axial identity early and within

uncommitted progenitors

My data so far demonstrate that TBXT regulates HOX gene expression in NMPs and their trunk
NC derivatives. However, it is not clear whether TBXT acts early, during NMP specification from
hPSCs to activate HOX genes and establish a posterior identity or at a later stage during
differentiation of NMPs toward trunk NC. To clarify the temporal role of TBXT in controlling HOX
gene expression dynamics, | set out to attenuate TBXT at distinct time windows during the
differentiation of NMPs by introducing Tet in the culture regime at different time points as
described in Figure 5.11A. | cultured D3 NMPs in the presence of basal, serum-free and deprived
of extrinsic instructive signals media to eliminate their potential influence and assessed gene
expression (Figure 5.11A). A previous study has shown that these conditions promote the
production of early posterior neural progenitors from hPSC-derived NMPs (Gouti et al. 2014). |
found that hPSC-derived NMPs cultured in basal media gave rise to mutually exclusive
subpopulations (note the lack of SOX1/SOX10-double positive cells in Figure 5.12B-C) of pre-
neural spinal cord progenitors (~15% SOX1+) and NC cells (~25% SOX10+), while a negligible
fraction was found to be positive for TBXT+ (~0.27%) (Figure 5.12). Tet treatment at an early
(D0-D3) and at a later stage (D3-D7) reduced TBXT transcripts, while only early Tet-
administration was found to cause a reduction in CDX2 (Figure 5.11B), suggesting that control
of CDX2 via TBXT occurs early and other mechanisms that maintain its expression irrespective
of TBXT might exist at a later stage of the differentiation. This is also supported by the findings
in 5.4.2, which revealed changes in CDX2 mRNA levels following Wnt/BMP/FGF signal

perturbation.

Furthermore, Tet treatment in all cases did not have an effect on the transcript levels of the early
and later neural progenitor marker SOX2 and SOX1, respectively (Figure 5.11B). Nevertheless,
Tet administration from DO resulted in a modest but significant reduction in the percentage of
cells co-expressing SOX1/HOXC9, denoting a posterior spinal cord progenitor population (the
percentage of SOX1+/HOXC9+ cells dropped from 10 to ~1% in +- and ++ conditions, P <0.05,
one-way ANOVA Dunnett’s post hoc test relative to -- control) (compare orange bars in the middle
graph in Figure 5.12C). Similarly, a slight reduction in SOX70 transcripts (Figure 5.11B) and a
more dramatic decline in the number of SOX10+/HOXC9+ NMP-derived trunk NC cells was
observed in cultures grown in the continuous presence of Tet or under Tet treatment during DO-
D3 time window (the percentage of SOX10+/HOXC9+ cells dropped from ~20 to ~1% in ++ and
~2 in +- conditions, P <0.005, one-way ANOVA Dunnett’s post hoc test relative to -- control)

(compare purple bars in the top graph in Figure 5.12C).
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I next examined the temporal effect of TBXT knockdown on HOX gene dynamics. Depletion of
TBXT during the NMP stage (D0-D3), severely impaired the induction of HOX genes (++ and +-
; Figure 5.11C) and this effect persisted even when Tet was withdrawn from the culture regime
(+-; Figure 5.11C). On the contrary, TBXT depletion at a later stage following Tet treatment from
D3-D7 had minimal impact on the expression of most HOX genes (-+ ; Figure 5.11C). Analysis
of HOXC9 at the protein level revealed a statistically significant reduction in the number of
HOXC9-expressing cells when TBXT knockdown was induced at early stage (the percentage of
HOXC9+ cells declined from 70 to 6% with Tet added from DO-D7, P <0.005 paired t-test; from
70 to 10% with Tet added from D0-D3 P <0.05 paired t-test; Figure 5.12C), whereas TBXT
knockdown at a late stage had no effect on the total number of HOXC9+ cells (the percentage of
HOXC9+ cells declined from 70 to 63% with Tet added from D3-D7, paired t-test; Figure 5.12C),

results that mirror the changes observed at transcript level.

Altogether, these findings further confirm that TBXT controls a posterior regional signature via
regulation of HOX genes in NMPs and their immediate derivatives, spinal cord progenitors and
NC cells, and furthermore demonstrate that it exerts its effect on A-P regionalisation early, during
the transition of hPSC to NMPs. They also indicate that TBXT determines the acquisition of a NC

and early spinal cord progenitor fate in the absence of exogenous instructive signals.
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Figure 5.11. TBXT determines the posterior axial identity of neuromesodermal progenitor-derivatives at early
stages of the differentiation. (A) Diagram depicting the different time windows that Tet-mediated TBXT knockdown
was induced in shRNA hESC-derived NMPs generated upon CHIR, FGF2 treatment and cultured in basal media until
day 7 of the differentiation. (B-C) RT-qPCR analysis of indicated NMP, early spinal cord, NC markers (B) and HOX
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genes (C) in NMP-derived cultures following the different treatments depicted in A. Data shown are the mean of mean
values + SD, n=3 independent experiments with three replicates in each experiment. Only statistically significant
changes are indicated. *P <0.05, **P <0.005 (paired t-test). Data sourced/modified from Gogolou et al. (2022).
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Figure 5.12. TBXT establishes a posterior neural crest axial identity early and within uncommitted progenitors
(A) Diagram depicting the different time points that Tet-mediated TBXT knockdown was induced in shRNA hESC-
derived NMPs generated upon CHIR, FGF2 treatment and cultured in basal media until day 7 of the differentiation.
(B-C) Immunofluorescence analysis (B) and quantification (C) of the expression of HOXC9, SOX1 and SOX10 proteins
in day 7 cultures grown in basal media and following Tet-induced TBXT knockdown at different time windows. Data in
the graphs were derived after scoring 25 random fields per experiment per condition and state the mean of mean
values from 3 independent experiments. Error bars indicate SD. (D) Immunofluorescence analysis and quantification
of TBXT protein expression in day 7 cultures grown in basal media and following Tet-induced TBXT knockdown at
different time windows. Data in the graphs were derived after scoring 25 random fields per experiment per condition
and state the mean of mean values from 3 independent experiments. Error bars indicate SD. Scale bars= 100 um. H,
HOXC9; S10, SOX10; S1, SOX1. Some data sourced/modified from Gogolou et al. (2022).
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5.5.4. TBXT knockdown does not affect the adoption of posterior axial identity by pre-

neural spinal cord progenitors in the presence of extrinsic signals

In a previous study we showed that we can also generate early pre-neural progenitors in the
presence of Wnt and increased levels of FGF signals (Wind et al. 2021), so next | sought to
examine whether TBXT influences HOX gene expression under these conditions. To investigate
this, | differentiated TBXT shRNA hESCs towards posterior neuroectoderm/pre-neural spinal
cord progenitors in the continuous presence/absence of Tet to attenuate the expression of TBXT
(Figure 5.13A). Surprisingly, TBXT depletion did not impair the ability of NMPs to differentiate
towards their immediate spinal cord descendants, as the levels of NMP/early spinal cord markers
(SOX2, CDX2) in Tet-treated cultures were comparable to untreated controls (Figure 5.13B).
Notably, TBXT transcript levels in cultures grown in the presence of Tet were similar to their
controls (Figure 5.13B), possibly representing a fraction of TBXT+ cells that escaped TBXT
knockdown and persisted in D7 early spinal cord progenitor cultures. Interestingly, depletion of
TBXT, unlike in D3 NMPs and D8 trunk NC, had no effect on HOX gene transcripts, as their
expression levels were similar to the untreated controls (Figure 5.13C), suggesting that loss in
HOX gene expression might be rescued by the exogenous supplementation of high FGF and
Whnt.
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Figure 5.13. TBXT reduction does not affect the acquisition of poster axial identity in pre-neural spinal cord
progenitors in the presence of extrinsic signals. (A) Schematic showing culture conditions/tetracycline treatment
for the generation of pre-neural spinal cord cells. (B-C) Gene expression analysis of indicated NMP/early spinal cord
(B) and Hox (C) genes in day 7 tet-treated and untreated pre-neural spinal cord progenitors. Data shown are the mean
of mean values, n=3 independent experiments with three replicates in each experiment. Error bars indicate SD.
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Statistically significant changes are indicated. *P <0.05, (paired t-test). Data sourced/modified from Gogolou et al.
(2022).

5.5.5. TBXT controls the acquisition of posterior axial identity by influencing chromatin
accessibility

Given the key role of TBXT in influencing the positional and cell fate identity in NMPS and trunk
NC cells, | next sought to determine its mechanism of action in order to understand whether
TBXT activates HOX gene family members and stimulates FGF and Wnt signalling pathway
components via direct genome binding or regulates their expression indirectly, by influencing the
transcription of other signature axial regulators, such as CDX2, located upstream in the
transcriptional cascade controlling these genes (Amin et al. 2016b). To identify direct targets of
TBXT, | carried out genome-wide binding analysis by performing chromatin immunoprecipitation
with parallel sequencing (ChIP-seq; Mikkelsen et al. 2007) using an anti-TBXT antibody in hESC-
derived NMPs induced in a 3-day treatment by FGF2 and CHIR and their undifferentiated
counterparts (hESCs; control). The analysis identified 24,704 regions that were occupied by
TBXT in NMPs (Figure 5.14A), a large fraction of which were located within promoters (~13%),
introns (~50%), intergenic and distal intergenic (~38%) regions (Figure 5.14B), reflecting
previous findings in the mouse (Beisaw et al. 2018; Tosic et al. 2019). GO analysis of TBXT
binding regions around the transcriptional start site (—2000 to +500 bp; 3084 peaks, 2841 genes)
demonstrated enrichment of genes involved in processes associated with A-P and pattern
specification, regionalisation and embryonic development (Benjamini-Hochberg padj <0.05;
Figure 5.14C). Transcription factor motif enrichment analysis revealed that the Brachyury binding
consensus sequence together with other T-box binding motifs, such as EOMES and TBX6
(Papaioannou 2014), were among the top enriched motifs in regions bound by TBXT (Figure
5.14D). This is in line with previous observations in the mouse showing that many T-box
transcription factor-bound genome regions (e.g. EOMES, TBX6) are also occupied by TBXT
(Koch et al. 2017; Tosic et al. 2019). Additionally, our data demonstrated significant enrichment
of Wnt signalling cascade components (LEF1, TCF3), CDX factors (CDX2/4) as well as HOX
family members motifs (Figure 5.14D), possibly reflecting cooperative binding of these factors
and TBXT in human NMPs (Amin et al. 2016b).

| next decided to examine the overlap between TBXT target regions identified by ChlP-seq in
NMPs (relative to control hESCs) and differentially expressed genes revealed by RNA-seq in
TBXT depleted NMPs (Figure 5.8). | found that ~80% of the downregulated (padj <0.05,
log2FC>|1|) and a smaller fraction, ~40% of the upregulated genes contained at least a loci
bound by TBXT (Figure 5.14E). Among the TBXT-bound downregulated genes were HOX gene
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family members (HOXA1, HOXA2, HOXB5, HOXC5, HOXD3), components of the FGF (FGF9,
DUSP7), Wnt (WNT5B, SP8, AXIN2, WISP1) and Notch signalling pathway (DLL3) as well as
genes associated with NMP/presomitic mesoderm (MSGN1, TBX6, CDX1, FOXF1) and
NC/mesoderm (MSX1, SNAI2) development (Figure 5.14F; Figure 5.15D-E). These data
collectively demonstrate that TBXT predominantly functions as a transcriptional activator of
signature NMP/mesoderm specifiers and HOX genes in hESC-derived NMPS, in line with
previous reports in the mouse (Amin et al. 2016b; Beisaw et al. 2018; Koch et al. 2017).
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Figure 5.14. TBXT acts as a transcriptional activator of HOX genes and Wnt pathway components in hESC-
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(padj<0.05, log2FC>|1|) revealed by RNA-seq in hESC-derived NMPs following TBXT depletion that were occupied
by TBXT. (F) List of representative down- and up-regulated genes in hESC-derived NMPs following TBXT depletion
that are involved in the indicated processes/pathways and are assigned at least a TBXT binding site. Coloured gene
names correspond to different groups indicated at the bottom of the table. ChIP-seq analysis was carried out by Active
Motif; for more details please refer to Gogolou et al. (2022). Data sourced/modified from Gogolou et al. (2022).

I next investigated the chromatin accessibility profile in TBXT depleted and wild type NMPs by
performing assays for transposase-accessible chromatin followed by high-throughput
sequencing (ATAC-seq; Buenrostro et al. 2013) to identify putative regulatory regions and active
enhancers in differentiated NMPs. Analysis in Tet-treated cultures revealed 4421 and 4027 sites
associated with loss and gain of chromatin accessibility, respectively (distance from TSS ranging
from —1-1 kb, log2FC cutoff = 2 and p-value<0.05) (Figure 5.15A). Interestingly, the genomic
regions characterised by loss of chromatin accessibility were found to be enriched for T-box,
CDX and HOX-associated DNA bindings motifs, while sites enriched for POU/OCT, Forkhead
and SOX motifs became accessible (annotated using HOMER; Heinz et al. 2010; Benjamini—
Hochberg padj<0.05) (Figure 5.15C). Notably, comprehensive analysis of TBXT binding sites
aligned with ATAC-seq tracks in Tet-treated and untreated NMPs revealed a loss of “open”
chromatin upon Tet administration in loci bound by TBXT (Figure 5.15D,E). Among the genome
sites whose chromatin accessibility was reduced were previously identified TBXT targets that
were downregulated following TBXT depletion (Figure 5.15B); HOX genes of HOXA (e.g.
HOXA4), HOXB (e.g. HOXB4, HOXB5, HOXBS8), HOXC (e.g. HOXC6) and HOXD (e.g. HOXD1,
HOXD4, HOXDS8) clusters (Figure 5.15D), Wnt family ligands (e.g. WNT3A, WNTS8A; Figure
5.15Eii) and presomitic mesoderm regulators (e.g. TBX6; Figure 5.15Ei). In contrast, gain of
chromatin accessibility in Tet-treated NMPs particularly occurred in genomic regions
within/around neural development-associated genes (e.g. SOX3, DLG2; Sanders et al. 2022;
Wood and Episkopou 1999) and these sites most importantly, were not occupied by TBXT
(Figure 5.15F). Additionally, there was no evident correlation in chromatin changes and

upregulated transcripts following TBXT knockdown (Figure 5.15B).
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Figure 5.15. TBXT regulates the expression of HOX genes and Wnt pathway members in hESC-derived
neuromesodermal progenitors by inducing an “open” chromatin landscape. (A) Volcano plot demonstrating the
statistically significant number of regions associated with loss (red) and gain (green) of chromatin accessibility from
ATAC-seq in D3 Tet-treated and untreated NMPs. (B) Graph representing the number of differentially expressed genes
revealed by RNA-seq in hESC-derived NMPs following TBXT depletion in relation to changes in chromatin
accessibility. (C) Overlap of top enriched transcription factor binding motifs in genomic loci associated with loss and
gain of chromatin accessibility following TBXT knockdown. (D) ChiP-seq and ATAC-seq tracks in D3 NMPs in the
presence and absence of Tet for the indicated HOX loci. (E) ChiP-seq and ATAC-seq tracks in D3 NMPs in the
presence and absence of Tet for TBX6 (i) and Wnt-associated (ii) loci. (F) ChiP-seq and ATAC-seq tracks in D3 NMPs
in the presence and absence of Tet in loci associated with neural-development; SOX3 (i) and DLG2 (ii). Boxed areas
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in all panels highlight TBXT-occupied regions marked by loss or gain of chromatin accessibility in the presence of Tet.
D3 sample preparation was carried out by Celine Souilhol. ATAC-seq analysis was carried out by the Medical
Epigenomics Lab in the research centre for molecular medicine of the Austrian Academy of Sciences; for more details
please refer to (Gogolou et al. 2022). Data sourced/modified from Gogolou et al. (2022).

| next interrogated whether TBXT influences the chromatin landscape in addition to NMPs, at a
later stage, in their trunk NC derivatives generated under the presence/absence of Tet (D0-D8
Tet treatment). ATAC-seq in combination with ChIP-seq profiling in D8 NC demonstrated that
Tet-treatment resulted in loss of “open” chromatin similar to D3, in loci bound by TBXT and
associated with reduced transcription following TBXT depletion (e.g. HOX family members,
CDX2, Wnt and BMP pathway components) (Figure 5.16). Some affected components of these
pathways, such as WNT1 and BMP7, have been shown to play a crucial role in trunk NC
specification and delamination (Burstyn-Cohen et al. 2004; Nguyen et al. 2000). Interestingly,
comparison of D3 and D8 peaks revealed an overlap in TBXT-dependent chromatin changes,
particularly associated with loss of chromatin accessibility, in HOX gene clusters, suggesting that
TBXT regulates the chromatin accessibility and transcription of these sites at an earlier and later
stage (Figure 5.16A-B). Notably, this analysis uncovered several trunk NC-specific genomic
regions with reduced chromatin accessibility following Tet treatment within CDX2, BMP7 and
HOX gene clusters (marked with red asterisks; Figure 5.16 A,B,D) that were not bound directly
by TBXT at D3 NMPs. This finding suggests a potential indirect role of TBXT in shaping the
chromatin landscape indirectly possibly via recruiting alternative chromatin regulators or other
NC fate specifiers in the indicated genomic regions, during the TBXT-positive stage of the early
transition from NMPs to trunk NC.

In conclusion, TBXT functions as a transcriptional activator of HOX genes and other axial
regulators including components of the Wnt signalling cascade by binding to enhancers and
genomic elements and promoting an “open” chromatin landscape. Depletion of TBXT is linked to
loss of chromatin accessibility within regions associated with A-P regionalisation and mesoderm
specification, thereby leading to reduced gene expression. Moreover, TBXT controls the
acquisition of a NC identity either directly via binding to genes important for NC development and
delamination (e.g. MSX1, SNAI2) or indirectly by influencing chromatin organisation and

accessibility in NC signalling specifiers such as BMP7 and WNT1.
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Figure 5.16. Chromatin accessibility dynamics during neuromesodermal progenitor differentiation towards
trunk neural crest. ChiP-seq and ATAC-seq tracks in D3 NMPs and D8 trunk NC cells in the presence and absence
of Tet for the indicated HOX (A), CDX2 (B), Wnt- (C) and BMP- (D) associated loci. Boxed areas highlight TBXT-
occupied regions marked by loss of chromatin accessibility in the presence of Tet. Asterisks mark trunk NC-specific
regulatory elements that are not bound by TBXT at D3 but exhibit loss of chromatin accessibility at day 8 upon Tet
treatment. ATAC-seq analysis was carried out by the Medical Epigenomics Lab in the research centre for molecular
medicine of the Austrian Academy of Sciences; for more details please refer to (Gogolou et al. 2022). Data
sourced/modified from Gogolou et al. (2022).
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5.6. Discussion

5.6.1. Examining the effect of Wnt, FGF, BMP and RA signals on neuromesodermal

progenitor and trunk neural crest differentiation

In this chapter, | explored the effect of different established caudalising signals (Wymeersch et
al. 2021), in NMP and trunk NC specification in vitro. | found that Wnt signalling assigns
differentiating cells an early posterior NC/pre-neural spinal cord fate by influencing the
expression of axial regulators and HOX genes. This predominantly occurs when cells exit the
pluripotent state and differentiate to NMPs, as Wnt inhibition during the NC stage did not severely
impair the expression of HOX genes. On the contrary, suppression of Wnt in NC was
accompanied by an increase in the anterior (OTX2, ETS1) and a decrease in the posterior
(CDX2) NC markers (Figure 5.5), a finding suggesting a role of Wnt in determining cranial vs
trunk NC fate (Gomez et al. 2019b; Hackland et al. 2019). This could possibly occur through
negative regulation of anterior genes, as it has been shown in the case of OtxA (homolog of
human OTX2) in Xenopus embryo (McGrew et al. 1995) and Otx2 in the mouse (Satoh et al.
2004), and by promoting the expression of posterior genes such as CDX2 which could in turn

repress a rostral identity (Metzis et al. 2018).

Unlike Wnt, FGF was found to be less important for HOX gene activation and axial specification
in NMP state and instead, to have a more prominent role in posterior regionalisation and
maintenance during trunk NC differentiation. This is supported by the dramatic decrease in the
number of HOXC9+/SOX10+ trunk NC cells following FGF inhibition which was also
accompanied by a modest, albeit less definite, reduction in some HOX gene transcripts,
particularly of the ones that correspond to thoracic axial levels. Nevertheless, more biological
repeats are highly required to address the role of FGF in controlling HOX gene transcription.
Additionally, high FGF activity as part of the culture regime was able to rescue the effect of TBXT
knockdown on HOX genes in pre-neural spinal cord progenitors (Figure 5.13), supporting the
role of FGF in mediating HOX gene expression. The data provided here are in line with recent
reports (Gomez et al. 2019b; Hackland et al. 2019) which demonstrated a loss in the HOX gene
code in posterior NC following FGF inhibition and suggest a function of FGF in modulating HOX
gene expression within the trunk NC compartment without influencing the expression of NC
determinants (e.g. SOX10). Since FGF agonists are not part of the NC induction cocktail, we can
speculate that endogenous FGF produced by the cells is sufficient to evoke the expression of

posterior HOX genes and other axial position markers.
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The FGF-dependent regulation of HOX gene expression in posterior NMP-derivatives is likely to
involve CDX factors such as CDX2 (Bel-Vialar et al. 2002; Mazzoni et al. 2013), which are highly
expressed in trunk NC and early spinal cord progenitor cultures and are equally negatively
affected by Wnt or FGF suppression. A series of loss/gain of function experiments for CDX2
would further address its role in establishing a posterior axial signature in the context of trunk NC

and pre-neural spinal cord progenitors.

One additional signal | examined as a potent trunk NC regulator was BMP4. BMP4 blockade
during trunk NC differentiation led to a dramatic loss in SOX10 expression and cells were
redirected towards a SOX1+ neuroectodermal fate, a result highlighting a requirement of BMP4
in NC specification (Figure 5.5, 5.6) (Gomez et al. 2019b; Leung et al. 2016). Interestingly, the
loss of SOX10 expression in the absence of BMP4 coincided with an increase in CDX2 and HOX
gene expression (Figure 5.5), proposing that BMP4 partially restricts CDX2 and/or HOX gene
transcripts. This contrasts the findings of Barros et al. (2008) that proposed BMP4 positively
regulates CDX2 expression in human gastric carcinoma cell lines and therefore further research

is required to address a potential influence of BMP4 in axial specification.

A shift towards a neural fate accompanied by a decrease in TBXT expression and upregulation
of neural markers was also observed in D3 cultures upon RA treatment (Figure 5.4), in line with
the results of a previous report (Gouti et al. 2017). Addition of RA did not severely affect the
acquisition of a caudal identity particularly in the presence of Wnt, consistent with the role of RA
in HOX (1-5) gene activation (Mazzoni et al. 2013), however, resulted in loss of NMP identity. A
study published recently by Gouti et al. (2017) suggested an important role of RA signalling in
the induction and differentiation of mMESC-derived NMPs. According to their model, opposing
actions by Wnt and RA signals determine the exit from the pluripotent state and NMPs adopt a
mesodermal or neural fate, respectively, based on the levels of each promoting signal. They also
propose that low concentration of RA is required for the induction of NMPs, whereas high levels
and absence of RA result in neural and mesodermal differentiation, respectively. Our work
probably reflects their observations with respect to neural differentiation as our cultures were
treated with relatively high levels of RA (100nM RA were used in both studies) and we cannot
exclude the possibility that low levels of RA produced endogenously contribute to the induction
of NMPs.
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5.6.2. TBXT controls A-P regionalisation in neuromesodermal progenitors and their

neural crest derivatives by modifying the chromatin architecture

Previous genetic loss of function experiments in combination with genome-wide binding and
chromatin accessibility studies in the mouse have demonstrated a role of TBXT in regulating axis
elongation and mesoderm specification by direct binding, opening and activating regulatory
elements in genes associated with Wnt and FGF signalling pathway and mesoderm development
(e.g. Mesp1, Msgn1), respectively (Amin et al. 2016b; Koch et al. 2017; Tosic et al. 2019). The
work included in this chapter supports these observations and expands the role of TBXT in
chromatin remodelling and associated axial identity regulation in the human, using a hESC-
derived NMP model. It also demonstrates that in addition to WNT/presomitic mesoderm-linked
loci, TBXT occupies and activates regulatory elements within all HOX gene clusters by
introducing an “open” chromatin state, consistent with a previous reported role of TBXT in binding
to HOX gene genomic regions during hPSC-differentiation (Faial et al. 2015). TBXT functions as
transcriptional activator of mesoderm and axial elongation regulators during the transition from
pluripotent to NMP-state and depletion of TBXT results in upregulation of genes associated with
anterior endoderm, early post-implantation epiblast as well as anterior neuroectoderm, reflecting
the acquisition of a transcriptional identity compatible with anterior epiblast. This was further
demonstrated by an increase in the chromatin accessibility in genomic regions associated with
neural development. The resulted increase in transcriptional activation of neuroectodermal genes
following TBXT knockdown is in agreement with previous work from Tosic et al. (2019), which
revealed in a series of loss of function experiments during mESC differentiation a crucial role of

T/Brachyury in controlling mesoderm specification by actively suppressing the neuroectodermal

lineage and promoting a mesoderm identity through chromatin modifications.

On the contrary, our ChlP-seq analysis data diverge from the notion that TBXT directly binds to
and represses genes associated with neural development (SOX3, DLG2) suggesting that the
anti-neural fate role of TBXT may be indirect in human cells. Additionally, our genome-wide
binding analysis demonstrated that TBXT binding sites were enriched in Wnt, CDX, HOX and T-
box transcription factor binding motifs, suggesting a possible interaction between TBXT and
several mesoderm/axial regulators in controlling the expression of common target genes. This
hypothesis is also supported by previous studies in mouse NMPs suggesting that cooperative
binding between Brachyury and Wnt (3-catenin)(Koch et al. 2017), Cdx (Amin et al. 2016b) and
Eomes (Tosic et al. 2019) controls events such as axial elongation, mesoderm formation and
pluripotency exit. Therefore we can speculate that additional factors and signals integrate their
inputs in the TBXT-WNT-HOX axis to pattern hPSCs towards a posterior axial progenitor fate. A

good candidate to explore for a potential TBXT cooperation in A-P patterning in hPSC-derived
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NMPs would be CDX2. Cdx2 synergises with T/Brachyury to activate a Wnt and FGF gene
regulatory network that drives axial elongation (Amin et al. 2016b) and has a crucial role in the
activation of posterior HOX genes (Amin et al. 2016b; Mazzoni et al. 2013; Neijts et al. 2017; van
den Akker et al. 2002). Thus, given that CDX2 is a direct target of TBXT and potentially affects
HOX gene expression in a similar way to TBXT, it would be interesting to dissect the exact role
of CDX2 in cell fate decision and acquisition of a posterior character through gain/loss of function
experiments during hPSC-differentiation. This, would further elucidate the potential cross-talk
between TBXT and CDX signalling cascades and contribute to the current model towards

understanding axial specification in human NMPs and their posterior derivatives.

5.6.3. TBXT influences the acquisition of a SOX10-positive neural crest identity by hESC-

derived axial progenitors

A key finding of this chapter is the previously unknown role of the pro-mesodermal transcription
factor TBXT in promoting a SOX10-positive NC identity in hESC-derived NMPs. This became
evident by the reduction in the fraction of SOX10-expressing cells in NMP-derived cultures grown
under neutral conditions and following the early depletion of TBXT, during the transition from
pluripotent towards the NMP-state. The mechanism of action of TBXT in promoting a NC entity
is not fully examined, however, our genome-wide binding and chromatin accessibility provide
evidence that TBXT influences the acquisition of a SOX10-positive identity through two
complementary mechanisms: i) early direct binding in regulatory elements controlling the
expression of NC fate determinants CDX2, BMP7, WNT1 (Burstyn-Cohen et al. 2004; Nguyen
et al. 2000; Sanchez-Ferras et al. 2016) present within the NMP compartment and ii) a late
indirect activation of trunk NC-specific enhancers by binding to their upstream regulatory
elements during the early transition from NMPs to NC (Figure 5.16). The latter is further
supported by the experiments showing that media supplementation with Wnt and BMP rescued
the negative effect of TBXT knockdown in the number of SOX10-positive cells, suggesting that
these extrinsic factors possibly compensate for the loss of TBXT and regulate TBXT-downstream
effectors (Figure 5.10, 5.12). Additionally, my experiments demonstrated that depletion of TBXT
did not steer NMPs towards a SOX1-positive neuroectodermal identity, consistent with the notion
that NC and CNS neuroectoderm arise independently/diverge early in line with previous reports
from the avian embryo (Basch et al. 2006) and a hPSC-based model of NC (Leung et al. 2016)
(Figure 5.10).
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5.6.4. Summary of results and proposed model

The findings in this chapter give an insight into the molecular interactions occurring to ascribe
cells a posterior axial identity during the differentiation of hPSCs into NMPs and their posterior
derivatives, trunk NC and pre-neural spinal cord cells and propose the existence of two
temporally discrete and cell-type dependent modes that control the early posteriorisation events:
i) an early TBXT/Wnt-dependent phase at which the primary regionalisation occurs within
uncommitted progenitors as hPS cells transit to NMPs and ii) a late FGF-dependent phase at
which the refinement and maintenance of posterior axial identity occurs in TBXT-negative/spinal
cord progenitors/NC cells (Figure 5.17). During the early phase, TBXT together with Wnt
signalling components as part of a positive regulatory loop induce an early posterior NC/spinal
cord identity in differentiating cells. This occurs via binding of TBXT in enhancers of HOX genes
and other key axial regulators including Wnt family members, altering the chromatin state and
transcriptionally activating these genes. During the late phase and as cells exit the NMP state,
the expression of TBXT diminishes and the control of trunk HOX gene expression and
maintenance becomes less dependent on Wnt. FGF signals potentially cooperate with CDX2 at
this stage and regulate posterior identity maintenance. Moreover, our model proposes that in
addition to early posterior regionalisation, TBXT influences trunk NC specification by activating
NC fate determinants such as Wnt and BMP effectors during the early transition from NMPs to
posterior NC (Figure 5.17).

Late FGF-dependent phase:
Lineage-specific posteriorisation maintenance

Trunk NC/
hES NMP early spinal cord
(DO) (D3) (D7/8)
| ?
TBXT ————= WNT,FGF TBXT —> CDX2 +———= WNT, FGF

Nod e/ N\
|

NC specifiers

Figure 5.17. Schematic model of the molecular interactions and signalling dynamics that regulate
posteriorisation events during the transition of hPSCs to neuromesodermal progenitors and their posterior
neural crest and pre-neural spinal cord derivatives. Imaged sourced from Gogolou et al. (2022)
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Chapter 6: General discussion and concluding remarks

The early cellular and molecular events that govern ectodermal patterning, NC induction and
specification have been a subject of intensive research for quite some time in animal models and
hPSC-based studies but little is known about the A-P patterning outside CNS and specifically in
NC context. This is also reflected by the lack, until recently, of protocols for the in vitro generation

of NC with more caudal to cranial axial identity.

The work presented in this thesis built upon our previously published protocols for the derivation
of vagal (Frith et al. 2020; Gogolou et al. 2021) and trunk (Frith et al. 2018) NC cells from hPSCs
and extended our understanding on the signalling and transcriptional requirements for the
posterior patterning of hPSC-derived NC cells. Moreover, it focused on defining critical
parameters including signalling cues that would facilitate the derivation and differentiation of NC

derivatives that belong to ENS lineage.

In chapter 3, | characterised the in vitro differentiation of vagal NC/early ENS progenitors and
examined in part the heterogeneity emerging in the culture using immunocytochemistry. | showed
that a suboptimal differentiation is accompanied by an increase in the number of cells expressing
PAX6. | demonstrated that plating density is critical for NC specification with low densities
favouring SOX10 induction and, as a result, NC lineage over PAX6 expression which is
associated with PPE or CNS progenitor cells. Interestingly, | found that elevated Wnt activity
during NC induction resulted in an upregulation in PAX6 transcripts, in a similar manner to high
plating density, suggesting a link between Wnt signalling and cell density in regulating PAX6.
This hypothesis was strengthened by the concomitant increase in the transcript levels of the Wnt
target AXIN2 in cultures initiated with a higher plating density. Therefore, these findings imply
that an interplay between cell density and Wnt signalling pathway controls NC differentiation in
vitro and indicate that precise levels of Wnt in combination with defined density could result in an
efficient NC induction limiting the appearance of PAX6. A titration experiment for Wnt activity
levels using Wnt agonist and antagonist treatment to overcome any potential discrepancies
introduced by the variable endogenous Wnt signalling, in a similar way to that for BMP (Hackland
et al. 2017), along with different plating densities would be the next step to define a balance
between density and Wnt activity as a means to further optimise the in vitro vagal NC

differentiation and improve protocol’s reproducibility.

Our group’s previous work (Frith et al. 2018; Frith et al. 2020) and findings of others (Fattahi et
al. 2016; Workman et al. 2017) have shown that patterning of NC to vagal axial identity relies on

the initial induction of a default NC character (cranial NC) which is progressively posteriorized
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through the action of RA, in a similar mechanism with the activation transformation model
(Nieuwkoop and Nigtevecht 1954) proposed by Nieuwkoop to explain embryonic patterning. We
also recently demonstrated that in addition to its role in axial patterning, RA specifies vagal NC
towards an early ENS progenitor identity (Frith et al. 2020). Based on these, in chapter 4 |
generated vagal NC/early ENS progenitors using a hESC and a hiPSC line and explored their
ability to form enteric neurons and glia in the presence of neural inducing signals (Frith et al.
2020; Gogolou et al. 2021). Using a panel of progenitor, glial, pan-neural and subtype specific
markers | showed that ENS cultures were comprised of progenitors, neurons and glia and
progressively acquired a more “mature” phenotype over long term culture. Additionally, the NC-
derived enteric-like neurons appeared to be functional as they were able to respond to chemical
and electrical stimuli during electrophysiological analysis, an exciting finding that holds great
promise for disease modelling of enteric neuropathies and this, to the best of my knowledge,
apart from a previous study that performed neuronal activity measurements following co-culture
with hPSC-derived intestinal organoids (Workman et al. 2017), has not been shown before in a

similar in vitro only system.

Treatment of NC-derived ENS progenitor cultures with DAPT, a pharmacological inhibitor of
Notch signalling pathway, enhanced neural differentiation and promoted the induction of glia.
This finding is particularly interesting given the proposed role of Notch in maintaining ENS
progenitors numbers (Okamura and Saga 2008) and it might reflect a mechanism of pre-mature
neurogenesis and gliogenesis which could be linked to the aganglionosis observed in HSCR
(Ngan et al. 2011). However, a thorough investigation of progenitors’ migration and survival at
discrete time points is needed to elucidate the exact role of Notch pathway inhibition during ENS
differentiation in vitro. Following on from this, we next aim to adopt a more targeted approach
which entails the use of blocking antibodies against specific Notch receptors (NOTCH1 or
NOTCH2) (Wu et al. 2010) and Jagged ligands (JAG1, JAG2) (Lafkas et al. 2015) to interrogate
the discrete and temporal function of various Notch components bypassing inhibition of several
signalling pathways given the ubiquitous role of Notch in several cellular functions (Hori et al.
2013). The role of Notch signalling pathway on ENS development has not been explored
previously in humans and we believe that the proposed experiments in combination with the work
described here, will expand our current understanding of its role on cell fate specification in the
developing ENS. This knowledge is limited and predominantly derives from clonal assays
performed around 2 decades ago in NC stem cells/progenitors isolated from embryonic rat sciatic

nerve, gut or postnatal gut (Bixby et al. 2002; Kruger et al. 2002; Morrison et al. 2000).

The in vitro generation of trunk NC, as opposed to vagal, is not mediated by the caudalising
action of RA but relies on the FGF/Wnt-mediated induction of NMPs which are subsequently

steered towards a posterior NC fate (Cooper et al. 2022; Faustino Martins et al. 2020; Frith et al.
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2018; Gomez et al. 2019b; Hackland et al. 2019; Kirino et al. 2018). Based on this, in chapter 5
| examined the role of FGF and Wnt signals in controlling the acquisition of posterior axial identity
and the adoption of a NC fate by hPSC-derived NMPs. | demonstrated that perturbation of FGF
and predominantly Wnt at the NMP stage impairs the posterior axial specification in NMPs and
that FGF and Wnt signals are important to maintain the posterior identity in trunk NC. | next
showed that the key NMP/mesodermal regulator TBXT plays a critical role in the development of
trunk NC as TBXT knockdown disrupted the acquisition of posterior axial identity by NMPs and
NMP-derived trunk NC cells, while the axial identity of pre-neural spinal cord progenitors
remained unaffected. The inability of NC cells to commit to the right regional identity was linked
to a failure of hPSC-derived NMPs to induce and maintain HOX genes and critical signalling
pathway components, whereas in the case of pre-neural spinal cord progenitors, this phenotype
was potentially rescued by the supplementation of media with high FGF. Finally, | demonstrated
that TBXT controlled these events by modifying the chromatin landscape in regions associated
with HOX gene clusters and crucial posterior/NC identity regulators. These findings indicate a
previously unknown role for TBXT in influencing trunk NC fate and suggest that the regional
identity in NMPs and their derivatives is regulated by temporally discrete mechanisms and in a
cell-dependent fashion. They also provide a mechanistic insight into the early action of TBXT
within the NMP compartment but further work on identifying the direct targets downstream of
TBXT as cells exit from the NMP stage is highly required to complement these findings. Finally,
| believe that the work described in this chapter sets the ground to investigate how TBXT
cooperates with other transcription factors to establish posterior identities prior to the acquisition
of a NC or spinal cord fate. This also is the first time that TBXT, a pro-mesodermal factor, has
been implicated in the patterning of NC cells and has been demonstrated to directly bind and
regulate HOX gene expression in NMPs, the progenitors of spinal cord neurectoderm, presomitic
mesoderm and trunk NC. Further, the mechanistic insight provided here may help explain the
impairment of NC specification and HOX dysregulation in neural tube defects (Anderson et al.
2016; Rochtus et al. 2015; Yu et al. 2019) in which, such as spina bifida, individuals carry
mutations in the TBXT gene (Agopian et al. 2013; Carter et al. 2011; Shields et al. 2000).
Moreover, such disorders characterised as neural tube defects, may as well represent
unappreciated cases of neurocristopathies given the proposed link between TBXT and NC

patterning.

The work presented in this chapter would benefit from the inclusion of loss of function
experiments in the mouse embryo to further investigate/validate the role of TBXT in trunk NC
specification in vivo. Mouse embryos carrying Brachyury (T) mutations fail to develop the A-P
axis properly and exhibit truncation posterior to somite 7 (reviewed in Martin 2016). Conditional

gene knockout in the CLE to specifically eliminate Brachyury (T) expression in the NMP pool,

187



would allow to overcome this issue and enable Brachyury (T) inactivation in a more controlled
manner. This system, in combination with lineage tracing of Brachyury (T)-depleted NMP-derived
progeny during the formation of trunk NC would reveal whether the Brachyury (T)-Hox axis is
required to establish a posterior trunk NC identity in vivo, in line with my observations from our

human in vitro model of trunk NC development.

Despite the versatile use and the great number of advantages that hPSC research offers,
limitations such as the risk of culture adaptation along with genetic and epigenetic changes that
cells may acquire during long term culture and in response to culture conditions (Allegrucci et al.
2007; Baker et al. 2016; Gokhale et al. 2015) can impede differentiation approaches, alter the
experimental outcome, through acquisition of misleading results, and most importantly jeopardise
the potential use of hPSCs and their derivatives for regenerative medicine. The latter is tightly
linked with risk of tumour formation, given that the most commonly acquired cytogenetic
abnormalities, which involve gains of chromosome fragments in chromosome 1, 12, 17 and 20,
are also commonly reported in embryonal carcinoma cells, the malignant cells that resemble
ESCs and are found in teratocarcinomas (Baker et al. 2016). Therefore, screening hPSCs
regularly for genetic changes, ensuring that cells are karyotypically normal is a first step towards
obtaining reliable data and drawing conclusions about human developmental biology as well as

transferring basic research into clinical practice.

Moreover, in spite of the progress made in protocol’s refinement, the post-otic NC cultures and
their neural progeny continued to be heterogeneous, as they exhibited cells of variable
morphology and expression of different lineage-specific genes, with a large subset of them yet
to be identified. Increased heterogeneity, a major hallmark of hPSC cultures and particularly of
their specialised differentiated derivatives, is predominantly synonymous to poor differentiation
outcome. This can occur from asynchronous differentiation due to the fact that hPSCs commonly
exist as a continuum of cell states within the stem cell compartment with a subset of cells
displaying lineage priming or co-expression of pluripotency and cell fate specific-genes (Allison
et al. 2018; Hough et al. 2014; Stavish et al. 2020). Genetic and epigenetic factors assigning
cells variable sensitivity to the available small molecules included in the culture regimen as well
as changes in the physical forces of the culture environment that cells experience, encompassing
mechanical forces, extracellular matrix properties and cell-cell contacts may also, in part, account

for the cellular heterogeneity observed in hPSC-derived cultures in vitro.
That heterogeneity, which is manifested in our NC cultures by an increase in the expression of

PAX6, a marker of CNS, or potentially by the continued presence of cranial or emergence of the

cardiac NC subset, given the close and natural relationship of these domains in the developing
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embryo and the fact that they also arise in response, to a great extent, to the same developmental
cues, requires further investigation. Single cell transcriptome analysis would be highly beneficial
and our next step in order to shed light to the cellular heterogeneity exhibited in our in vitro
cultures. We envisage that this analysis will inform us about differential gene expression among
different NC subsets, the presence of specific ligands in various cell clusters and signalling
pathway activity. This knowledge could be combined with the findings described here on critical
factors and parameters for NC differentiation and implemented in an optimised approach towards
eliminating unwanted cellular contaminants and manufacturing “pure” NC populations and their

progeny for therapeutic purposes, a long-desired but yet to be achieved goal.

Taken together, this study using an in vitro model of human NC development aimed towards
understanding the signalling environment experienced by the cells in culture and provided a
better insight into the signalling and transcriptional requirements for the specification of post-otic
NC (vagal and trunk) in vitro. These findings are of particular importance for designing and
optimising hPSC-based NC differentiation strategies with potential use in cell therapy for
neurocristopathies and NC-related disease. Defining critical parameters that impact vagal NC
differentiation yield is beneficial and a prerequisite for protocol’s standardisation and scalability
as a first step towards preclinical studies. In line with this, the potential of hPSC-derived vagal
NC to generate functional enteric like-neurons in vitro along with our groups previous work that
demonstrated their ability to integrate into mouse colon in vivo (Frith et al. 2020) opens up an
exciting opportunity for regenerative medicine and our group is currently working on a periclinal
study, developing a strategy for assessing their use in cell therapy for HSCR. Additionally, for
future applications it would be very interesting to explore the ability of hiPSCs obtained from
patients with HSCR to differentiate along the ENS lineage and to examine whether they exhibit
defects in migration, proliferation, survival or specification similar to the impaired functionality in
vivo. This is of particular importance in order to determine whether the disease phenotype could

be recapitulated in vitro, and such approach would be advantageous to precision medicine.
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