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A scientist in his laboratory is not only a technician: he is also a child placed before
natural phenomena which impress him like a fairy tale.

Marie Curie

To my family
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SUMMARY

Embryogenesis is a fascinating mystery. How a single fertilized egg, the zygote, reads out
its genetic information and turns into a fully formed, multicellular organism still defies
detailed understanding.

An adult organism can consist of trillions of cells of different types, organized to form
various complex tissues and organs. To obtain such a system starting from a single cell
requires an incredibly sophisticated combination of three key processes: cell division,
differentiation and migration. Cell division turns a parent cell into two genetically iden-
tical copies, the daughter cells. Differentiation is the process by which a cell transforms
into a particular cell type with a highly specialized function, such as a neuron, a bone
cell or a muscle cell. While cells of different types have identical genomes, they express
distinct sets of proteins that define the cells’ function and shape. Finally, directed cell
migration is crucial to obtain proper three-dimensional organization and thereby cor-
rectly formed tissues and organs.

Over many decades, several model organisms have been used to study the develop-
ment of insects (Drosophila), fish (Zebrafish), amphibians (Xenopus), avians (Chicken),
and mammals (Mouse, Human). In this thesis, we present three studies of different
stages of mammalian embryogenesis. As reviewed in chapter 1, two approaches are used
to study embryogenesis.

The first approach, called “top-down”, focuses on the observation and manipulation of
normal embryos to identify their constitutive components and discover the mechanisms
underlying embryogenesis. Lately, this approach has benefited greatly from the develop-
ment of sophisticated imaging and sequencing techniques that operate at the single-cell
level. In particular, single-cell expression atlases are becoming invaluable for the under-
standing of the developing embryo. As an example, chapter 5 presents a single-cell RNA
sequencing study of the human fetal kidney. The analysis identified several transient
cell types present only at the fetal stage (podocytes precursors and nephron progeni-
tor cells). Through imaging assays, these cells were localized in the developing kidney
and their gene expression profile was explored to identify potential disease-associated
genes. The interactive web application accompanying this study allows for easy explo-
ration of the data. Top-down strategies have produced a wealth of fundamental insights
into embryonic development. However, they face both biological and technical limita-
tions, especially for human development. The fact that embryogenesis occurs mostly in
utero and legal restrictions on the in vitro culture of human embryos make especially
high-throughput studies unfeasible.

As an alternative to the observation and manipulation of embryos, the “bottom-up” ap-
proach aims to recreate major steps of embryonic development in vitro, using cell lines
as building blocks. These systems are simpler than a real embryo, more easily control-
lable and can be produced in large numbers. Hence, cell-based in vitro systems are ideal
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X SUMMARY

for high-throughput studies and can be used to identify the minimal set of conditions
needed to achieve specific morphogenic processes. In the present thesis, chapters 2, 3
and 4 present in vitro studies of different stages of mammalian development. Chapters 2
and 3 describe an in vitro system made of mouse embryonic and extra-embryonic cells
called XEN-enhanced gastruloids (XEGs). This system is based on an existing model, the
gastruloid, which recapitulates key hallmarks of gastrulation using only embryonic cells.
The addition of extra-embryonic cells in XEGs lead to the formation of neural tube-like
structures, analyzed in detail in chapter 2. The role of the extra-embryonic cells in the
formation of those tubular structures, as well as their own differentiation are described
in chapter 3. This study highlights the importance of extra-embryonic cues, in partic-
ular with respect to achieving complex tissue organization. In chapter 4, we present
two different in vitro systems composed of mouse embryonic and extra-embryonic cells.
Those models mimic the differentiation and subsequent sorting of embryonic and extra-
embryonic cells during the earliest stages of mammalian development.

Overall, the work presented in this thesis exemplifies current trends in mammalian
developmental biology. Despite the significant acceleration of research by the latest
technical advances, many key mechanisms remain poorly understood. Synthetic in vitro
systems overcome some of the limitations faced by in vivo observations, and can be used
to test functional hypotheses. On the other hand, in vitro studies are always motivated
by in vivo observations and results have to be validated in vivo. In conclusion, top-down
and bottom-up approaches complement each other and their combination will lead to
a much deeper understanding of embryonic development.



RESUME EN FRANCAIS

Le développement embryonnaire est un mysteére fascinant. Comment une cellule unique,
le zygote, interpréte son information génétique et devient un organisme multicellulaire
fonctionnel n’est toujours pas entiérement compris.

Un organisme adulte est composé de milliards de cellules différentes, organisées de ma-
niére complexe pour former les tissus et les organes. Obtenir un tel systéme a partir
d’une cellule unique requiert une combinaison sophitiquée de trois processus clés: la di-
vision cellulaire, la différentiation et la migration. La division cellulaire est le mécanisme
par lequel deux cellules filles génétiquement identiques sont formées a partir d'une cel-
lule mere. La différentiation est la spécialisation d’'une cellule dans un type particulier
avec une function précise, tel qu'un neurone, une cellule osseuse ou une cellule mus-
culaire. Bien que les différents types de cellules contiennent le méme génome, ils ex-
periment différentes sélections de proteines qui vont définir la function et 'aspect des
cellules. Enfin, la migration controlée de cellules est cruciale pour obtenir une organisa-
tion en trois dimension précise et former correctement les tissus et organes.

A travers les années, différents organismes ont été utilisés pour étudier le dévelop-

ment des insectes (drosophile), des poissons (zebrafish), des oiseaux (poule) et des mam-
miferes (souris et humain). Dans cette these, trois études de différentes étapes de 'em-
bryogenese mammalienne sont detaillées. Comme expliqué dans le chapitre 1, il existe
deux approaches pour étudier 'emrbyogenese.
La premiére approche, appelée “top-down”, se concentre sur I'observation et la manipu-
lation d’embryons afin d’identifier leur composants et de découvrir les mechanismes a
la base de 'embryogenéese. Récemment, cette approche a bénéficié de I'essor de tech-
niques d’'imagerie et de séquencage sophistiquées ayant une résolution a I'echelle des
cellules individuelles. En particulier, les bases de données d’expression génétique des
cellules d’embryons de stades différents deviennent inestimables pour la compréhen-
sion du développement embryonnaire. Dans cette idée, le chapitre 5 présente une étude
de séquencage du rein du feetus humain. L'analyse de ces données a permis d’identifier
plusieurs types de cellules présents seulement au stade foetal du developpement (pré-
cuseurs de podocytes et progéniteurs de cellules néphronique). Grace a des analyses
d’imagerie, ces cellules ont été localisées dans le rein en cours de developpement, et leur
profile d’expression génétique a été exploré afin d’identifier de potentiels génes associés
a des maladies rénales. Le site web accompagnant cette étude permet d’explorer facile-
ment ces données. Les stratégies top-down ont permis de nombreuses découvertes sur
le développement embryonnaire. Cependant, cette approche est confrontée a des limi-
tations biologiques et techniques, surtout dans le développement humain. Le fait que
I'embryogenese se passe principalement dans I'uterus, et les restrictions légales sur la
culture d’embryons humains en laboratoire rendent les études a grande échelle particu-
lierement compliquées.
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xii RESUME EN FRANCAIS

Comme alternative a I'observation et la manipulation d’embryons, 'approche ‘bottom-
up’ a pour but de recréer certaines étapes majeures du développement embryonnaire en
utilisant les cellules comme éléments de construction. Ces systemes sont plus simples
qu’'un véritable embryon, plus faciles a controller et peuvent étre produits en grande
quantité. Ainsi, les systemes in vitro a base de cellules sont idéales pour les études a
grande échelle et peuvent étre utilisés pour identifier la combinaison minimale de fac-
teurs nécessaire pour obtenir certaines transformations morphogéniques. Dans cette
thése, les chapitres 2, 3 et 4 présentent deux études in vitro de différent stades du déve-
loppement embryonnaire. Les chapitres 2, 3 décrivent un systéme in vitro composé de
cellules embryonnaires et extra-embryonnaires appelé XEN-enhanced gastruloid (XEGs).
Ce systéme se base sur un systéme existant, le gastruloid, qui reproduit des caractéris-
tiques constitutives de la gastrulation a partir de cellules souches embryonnaires uni-
quement. L'addition de cellules extra-embryonnaires dans les XEGs induit la formation
de structures rappelant le tube neural, etudiées en details dans le chapitre 2. Le role des
cellules extra-embryonnaires dans la formation de ces structures, ainsi que leur propre
différentiation dans le systéme sont detaillés dans le chapitre 3. Cette étude met en lu-
miere I'importance des signals extra-embryonnaires, en particulier dans I'organisation
de tissus complexes. Le chapitre 4, présente deux systémes in vitro composés de cellules
souches embryonnaires et de cellules extra-embryonnaires. Ces modeles reproduisent
la différentiation et la séparation des cellules embryonnaires et extra-embryonnaires ob-
servées au début du développement embryonnaire.

Le travail présenté dans cette these illustre les tendances actuelles dans le domaine
delabiologie du développement. Malgré 'importante accelération de la recherche grace
aux récentes avancées techniques, beaucoup de mécanismes essentiels restent peu com-
pris. Les systémes synthétiques in vitro résolvent certaines des limitations inhérentes
aux manipulations in vivo, et peuvent etre utilisés pour tester des hypotheses fonction-
nelles. En revanche, les études in vitro sont toujours motivées par des observations in
vivo et leurs résultats doivent etre validés in vivo. En conclusion, les approches top-
down et bottom-up sont complémentaires et leur combinaison conduira a une meilleure
compréhension du développement embryonnaire. //
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2 1. HOW TO STUDY MAMMALIAN DEVELOPMENT

1.1. INTRODUCTION

The formation of fully functional organisms through embryonic development has
fascinated scientists for decades. This process requires cell growth, differentiation and
organization to follow a strict spatio-temporal plan. The goal of developmental biol-
ogy is to understand the mechanisms that ensure the reproducibility and precision with
which this plan is executed. Over the years, several model organisms have been used to
study the development of insects (Drosophila), fish (Zebrafish), amphibians (Xenopus),
avians (Chicken), and mammals (Mouse, Human). The mouse embryo is so far the best
characterized model system for studying mammalian development. Notably, humans
and mice share a very important trait, uncommon among mammals: the deep intersti-
tial implantation [1], or embedding of the early embryo in the endometrial tissue of the
uterus wall. This shared mode of implantation, together with the short developmental
timeline of the murine embryo, and the availability of efficient tools for genetic manip-
ulation, explain why the mouse has been used extensively as a model. The experimental
approaches used to study embryonic development, can be roughly separated into two
categories (Fig. 1.1).

Embryonic Singl Il tracking
carcinoma cells - throughout Single-cell sequencing
embryo chimaeras pre-implantation at pre-implantation
Culture of
pre-implantation Embryo Embryo culture KO RNAiin Pre- to post-implantation || In vitro models
i beyond i i model embryos embryo culture of diapause
3 |
3
]
) | | l | | L[
Differentiation of 3D culture of Derivation of Polarized EpiLCs Polarized Gastrulating
embryonic epithelial cells XEN cells EBs embryo-like embryo-like
carcinoma cells structures structures
Derivation of Derivation Derivation -
ESCs and EB of TSCs of Epi SCs Epiblast-like ‘ Gastruloids ‘ ‘ Blastoids ‘
formation
Patterning of Patterning of
ESCs EpiLCs
Culture of Genome editing Correction of a pathoge nic
pre-implantation in embryos mutation in embryos
embryos

Single-cell sequencing Culture of

Embryo culture of pre-implantation embryos KO
at implantation embryos until day 13 embryo

Derivation of Human ESC-mouse Self-organizing 3D model of Derivation
ESCs embryo chimaeras patterns of ESCs the gastrulating of TSCs
epiblast

Carnegie
collection Attempt
of embryos of IVF IVF

Human

[[] Descriptive and top-down
approaches

EB Epiblast-like
[] Bottom-up approaches formation structures Human ESC - pig
‘embryo chimaeras

Figure 1.1: Timeline of technical breakthroughs in early mouse and human embryo research. Major mile-
stones are divided into descriptive and top-down or bottom-up approaches. IVF: in vitro fertilization, ESC:
embryonic stem cell, EB: embryoid body, KO: knock-out, TSC: trophoblast stem cell, XEN: extraembryonic
endoderm-like, Epi SCs: epiblast stem cells, EpiLCs: epiblast-like cells. Figure from Shahbazi, M. N. &
Zernicka-Goetz, M. (2018), Nature Cell Biologyl.

IFigure reprinted with permission from Springer Nature. Licence number 5057681353757.



1.2. TOP-DOWN APPROACHES — OBSERVING AND MANIPULATING EMBRYONIC
DEVELOPMENT in vivo AND ex vivo 3

The first category, which was also the first explored historically, is focused on the
observation of normal development and experimental manipulation of developing em-
bryos. Those methods can be thought of as ‘top-down’ since they start from the complex
system that is the developing embryo, and deconstruct it into its constitutive pieces.
This approach has allowed us to acquire a lot of valuable, fundamental insights into the
developing embryo and is still evolving in parallel with the latest technical advances in
imaging, sequencing, and bioengineering. However, top-down strategies face limita-
tions, due to ethical restrictions on the ways in which embryos, in particular human
embryos, can be studied [2].

An alternative approach, which we might call synthetic developmental biology, works
‘bottom-up’: understanding is generated by recreating a major element or principle of
embryonic development from the smallest number of simple components. Such mini-
mal models can be controlled and tuned more easily than actual embryos and thus allow
us to explore the role of many different factors, ranging from cell signaling to mechan-
ical interactions, in great detail. This is especially interesting for studying mammalian
development, and more precisely the early phases of post-implantation development
when the embryo becomes less accessible to observation and experimentation. Lately,
multiple models using mouse and human embryonic stem cell (ESC) were used to recre-
ate specific milestones of mammalian development in vitro [3, 4, 5, 6]. Interestingly, the
development of those ‘bottom-up’ systems raises new ethical questions, especially when
human cells are involved.

In the coming sections, we will discuss both ‘top-down’ and ‘bottom-up’ approaches,
as well as the advances their complementarity has allowed us to make.

1.2. TOP-DOWN APPROACHES — OBSERVING AND MANIPULAT-
ING EMBRYONIC DEVELOPMENT in vivo AND ex vivo

A top-down approach takes the whole embryo as the starting point and deconstructs
it to identify its constitutive parts (i.e., limbs, organs, tissues, cell types, ...).
This approach to mammalian development started in the 1950’s with in vivo observation
and isolation of mouse embryos, rapidly followed by attempts to grow embryos ex vivo
[7, 8, 9]. Those early experiments led to the development of current standard procedures
to remove mouse embryos from the implantation chamber and grow them ex vivo, creat-
ing the possibility for diverse manipulations. Today, mouse embryos, separated from the
mother as early as the blastocyst stage, can be grown in vitro, beyond the implantation
stage and somite formation [10, 11, 12]. Among the first experimental manipulations
of mouse embryos was the formation of chimeras, by extraction and transplantation of
embryonic cells [13, 14]. This kind of experiment, also explored in many other model
organisms, led to the discovery of cell clusters that have the ability to instruct differen-
tiation and morphogenesis in adjacent cells. Those groups of cells are key actors in the
developmental biology and are hence referred to as organizers [15, 16].




4 1. HOW TO STUDY MAMMALIAN DEVELOPMENT

Over the years, multiple techniques of experimental embryology were developed to
study mammalian development in vitro. Together with morphological characterization,
staining of specific genes allowed the characterization of different cell types. With the ad-
vances in the field of genetic engineering, several techniques to manipulate gene expres-
sion were employed, such as homologous recombination [17], RNA interference [18],
double stranded RNA [19], and knock-out through genetic engineering tools, like, most-
recently CRISPR-Cas9 [20]. Knock-out experiments were particularly useful to identify
essential genes in multiple key processes, such as, e.g., the epithelial to mesenchymal
transition (EMT) [21, 22]. Those studies led to the discovery of specific developmental
genes and their functions [23]. Genetic fluorescent reporters of specific markers were
also developed to locate differentiating cell types over time and study their dynamics.
Recently, progress in single cell techniques, especially RNA sequencing, brought new in-
sights. Several organs and tissues [24, 25, 26] and even complete embryos [27, 28, 29]
have been characterized by transcriptomics at the single-cell level. The constant evo-
lution of imaging techniques has also brought a wealth of new information [30]. The
development of high-throughput live imaging with confocal, and, more recently, light
sheet microscopy [31], allows the imaging of single cell dynamics within the developing
embryo [32, 33].

Among the many developmental processes that have been discovered by ‘top-down’
approaches, here we want to highlight the dynamics and role of the extraembryonic en-
doderm (Fig. 1.2), which provides mechanical [34] and biological [23] cues in the early
stages of embryonic development.

E3.5 E4.5 E5.5 E6.5 E7.5

] Proximal . ParE
Anterior —|— Posterior

Distal
TE PrE \
; \@‘/AVE{

7\
)

exVE

0 Gut tube

(DE+emVE)

emVE Gut endoderm

Figure 1.2: Schematic overview of the development of endodermal tissues in mice, from the blastocyst stage
to the mid-gestation embryo. TE: trophectoderm, EPI: epiblast, PrE: primitive endoderm, ParE: parietal en-
doderm, VE: visceral endoderm, AVE: anterior visceral endoderm, ExE: extraembryonic ectoderm, exVE: ex-
traembryonic visceral endoderm, emVE: embryonic visceral endoderm, DE: definitive (embryonic) endoderm.
Adapted from Nowotschin, S. et al. (2019), Naturé?.

2Figure reprinted with permission from Springer Nature. Licence number 5057681177662.



1.3. BOTTOM-UP APPROACHES — RECREATING EMBRYOGENESIS in vitro 5

The earliest precursor of this tissue, the primitive endoderm (PrE), differentiates in
the inner cell mass (ICM), in a salt-and-pepper pattern. By day 4.5 of mouse embry-
onic development (E4.5), the cells have formed a single layer, which was first identified
through morphological observations [35]. Further characterization of those cells identi-
fied specific marker genes, which enabled following PrE cells with live imaging [36, 37].
Knock-out experiments revealed essential factors for PrE differentiation into visceral en-
doderm (VE) and parietal endoderm (PE) around E5.0 [38, 39]. The specification of the
distal visceral endoderm (DVE) subpopulation in the VE, and its migration to establish
the anterior visceral endoderm (AVE) at E5.5 was observed with PrE marker gene fluo-
rescent reporter [40, 41]. The AVE population was then shown to have a role in the estab-
lishment of the embryo’s body axes [42, 43]. Originally, extraembryonic endoderm cells
were not believed to contribute to the actual embryo. However, studies of embryonic
endoderm formation using reporter cell lines and single cell RNA sequencing revealed
that some VE cells become part of the developing gut, later in development [44, 24].

Ex vivo study and manipulation of embryos are an extremely valuable way of col-
lecting information about mammalian development. Those techniques keep evolving
and bring new insights about the developmental process, with constantly increasing
precision. Yet, even with the latest technical advances, the in vitro work with mam-
malian embryos still faces limitations. Due to biological and technical reasons, high-
throughput studies are not feasible. Moreover, besides the challenges linked to work-
ing with living animals, experimental manipulation of embryos faces ethical and legal
restrictions. Those restrictions are even more extensive when working with human em-
bryos, for which in vitro experimentation is typically limited to the first 14 days of devel-
opment or until the formation of a primitive streak [2].

1.3. BOTTOM-UP APPROACHES — RECREATING EMBRYOGENE-
SIS in vitro

An alternative to experiments with embryos, is the recreation of key developmental
processes in vitro from one or multiple different cell lines. This ‘bottom-up’ approach
is inspired by synthetic biology [45], where basic functional units are combined to build
biological systems with defined functions. Synthetic developmental biology utilizes the
self-organizing ability of pluripotent cells, such as mouse embryonic stem cell (mESC),
human embryonic stem cell (hESC) or, more recently, induced pluripotent stem cell
(iPSC) in two or three dimensional geometries (Fig. 1.3) [4, 5, 6]. These minimal models
allow us to study features of embryonic development in a high-throughput, quantitative
and easily tunable way.

The ability of embryonic stem cells (ESCs) to differentiate and self-organize in 3D
was explored quickly after the isolation of ESCs from the epiblast (Epi) of mouse blasto-
cysts[46], ESCs readily form a 3D aggregate called embryoid body (EB), which contain a
variety of cell types [47]. Over time, two distinct ways of investigating and applying EBs
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were developed.

Through the years, the EB model has been further refined and developed. Modern
systems typically start with an undifferentiated population of ESCs, recreating an Epi-
like system. Then, a minimal set of externally applied signaling cues drive the system
through major developmental. In addition to the spatiotemporal regulation of cell dif-
ferentiation, patterning and morphogenesis, those studies explore the importance of ge-
ometry, size and cell density. Some examples of mESC-based models, are 2D micropat-
terned systems [48], polarizing EBs [49], Inner Cell Mass organoids [50], and gastruloids
[51, 52, 53]. Gastruloids are particularly remarkable in that they spontaneously display
key hallmarks of peri-implantation mouse development. Recently, gastruloids were de-
veloped further to display indications of organogenesis under exogeneous signaling in-
puts [54, 55, 56]. The derivation of hESCs from human blastocysts [57] and their study
are more recent, yet multiple hESC in vitro models have already been developed. Since
the geometry of the human embryo is significantly different from the mouse embryo, the
geometry of those models is a crucial point. Recent models include 2D micropatterned
systems [58], the synthetic human epiblast [59], as well as human gastruloids [60]. Ele-
ments of the post-implantation human embryo can be found in Post-implantation Am-
niotic Sac Embryoids (PASE) [61, 62].

More complex in vitro models can be created by combining multiple cell types, in-
cluding, in particular, extraembryonic cells. This approach has so far been explored only
with mouse cells. After the derivation of mESCs from the mouse blastocyst, extraem-
bryonic cell lines were isolated in similar ways. The trophoblast stem cell (TSC) were
derived from the polar embryonic trophectoderm [63], and extraembryonic endoderm-
like (XEN) cells were cultured from primitive endoderm cells of the blastocysts [64].
Those cell lines offer new possibilities for patterning ESC-based model systems. An
important model in this category is the blastoid, grown from mESCs and TSCs [65],
which mimics the blastocyst stage in vitro. This model brings amazing opportunities to
study the interactions between those two cell types, which are involved in implantation
and axis establishment [66, 67]. Two other models, using co-culture of embryonic and
extraembryonic cells, were developed to recreate the peri-implantation stage in vitro.
By aggregation of mESCs and TCSs with XEN cells (ETX model) or without them (ETS
model), those models create peri-implantation embryo-like structures displaying EMT
and gastrulation initiation [68, 69].

All those in vitro models of the peri-implantation mammalian embryo remove sev-
eral limitations of in vivo studies and allow us to perform scalable and reproducible ex-
perimental perturbations. The ‘bottom-up’ approach aims to identify the minimal set of
conditions needed to achieve the major milestones of embryonic development. Multi-
ple combinations of factors can be tested to recreate a particular process and verify the
mechanisms gleaned from in vivo observations [45]. Extensive perturbation studies will
help us to discriminate between causality and coincidence of complex events observed
in vivo. An important example for the power of ‘bottom-up’ approaches is the obser-
vation of symmetry breaking events, reminiscent of body axis formation, in gastruloids.
Such observations can reveal which developmental processes can occur independently
of the extraembryonic environment.
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Overall, in vitro systems can be a rich source of information, especially for human
development, since experimentation with human embryos is restricted. However, the
development of in vitro models, getting closer and closer to actual development, brings
new ethical questions [70, 71]. It will be a difficult but important task to determine, when
we cross the line between “an aggregate of cells resembling an embryo” and an actual
embryo.
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Figure 1.3: Current in vitro models of early mammalian development. Summary of the main self-organizing
models of mouse (top row) and human (bottom row), and their characteristics. Figure from Vianello, S. &
Lutolf, M. P. (2019), Developmental Cell®.

3Figure reprinted with permission from Elsevier. Licence number 5057690206560.
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1.4. SUMMARY AND OUTLOOK

Top-down and bottom-up approaches constitute two different ways to study early
mammalian development. In vivo / ex vivo observations of normal development bring
a descriptive characterization of the embryo and experimental manipulation can reveal
the molecular mechanisms. Despite their fundamental importance, such studies are
restricted by ethical, biological, and technical limitations. In order to overcome those
constraints, in vitro models based on pluripotent stem cells were developed as an al-
ternative. The high level of control over in vitro systems brings better scalability, wider
accessibility, and the possibility to tune a large number of parameters.

We believe that the two approaches of studying development are complementary
and can work together towards a better understanding. The construction of synthetic
in vitro systems mimicking embryos allows us to test and explore functional hypothesis
informed by in vivo observations. Reciprocally, a set of factors identified as responsible
for a certain process in vitro must be tested in vivo.

In the current thesis we will present several projects aiming at extending our under-
standing of different parts of mammalian development.

So far, most synthetic systems were focusing on the self-organizing and differentiat-
ing capacities of ESCs. Notwithstanding the importance of those remarkable abilities,
the cells in a developing embryo also receive cues from extra-embryonic tissues, like the
extra-embryonic endoderm. The addition of XEN cells to existing in vitro models like
EBs or gastruloids might spur further ESC differentiation and/or organization. Chapter
2 and 3 present an in vitro model of mouse embryonic development, which combines
mESCs and XEN cells in self-organizing aggregates, based on the gastruloid protocol.
In chapter 2, we characterize those aggregates, called XEN enhanced-gastruloids (XEG),
which display derivatives of all three germ layers with the striking organization of neural
ectoderm-like cells in tubular structures. In chapter 3, we focus on the role and fate of
the XEN cells in XEGs. We will demonstrate that XEN cells induce the formation of the
neural tube-like structure by expression of the WNT-inhibitor DKK1, and the production
of a basal membrane. We also report that XEN cells, when co-cultured with mESCs, dif-
ferentiated themselves.

Model systems combining XEN cells and ESCs can also be used to better understand
the mechanisms underlying XEN differentiation and localization in vivo. In chapter 4,
we develop two different in vitro models using mESCs, which mimic the sorting of epi-
blast (Epi) and primitive endoderm (PrE) cells in the mouse blastocyst. The first model,
chimeric embryoid body (Chim-EB) comprising mESCs and XEN cells, provides a sim-
ple system to explore the role of particular adhesion molecules in the sorting process.
The second model, formed by the differentiation of PrE-like cells in EBs and embryoid
disk (ED) of mESCs, allows us to track single PrE-like cells during the sorting process
and characterize their movement. Finally, to draw any conclusion, results obtained
from in vitro studies need to be tested and verified in vivo. Recently, single cell RNA se-
quencing has been used to characterize the cell type diversity of developing embryos. As
an example, chapter 5 presents a detailed study of the human fetal kidney by single-cell
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RNA sequencing and in situ marker expression analysis. It led us to the characteriza- 1
tion of newly discovered progenitor cells, the pre-podocytes, and different subtypes of

nephron progenitor cell (NPC).
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ACRONYMS

Chim-EB chimeric embryoid body

E4.5 embryonic day 4.5

EB embryoid body

ED embryoid disk

EMT epithelial to mesenchymal transition

ESC embryonic stem cell

CELL TYPES

AVE anterior visceral endoderm
DVE distal visceral endoderm
Epi epiblast

ICM inner cell mass

hESC human embryonic stem cell

iPSC induced pluripotent stem cell
mESC mouse embryonic stem cell

TSC trophoblast stem cell

XEG XEN enhanced-gastruloids

XEN extraembryonic endoderm-like

NPC nephron progenitor cell
PrE primitive endoderm

VE visceral endoderm
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XEN ENHANCED-GASTRULOIDS, A
NEW in vitro MODEL FOR STUDYING
DEVELOPMENT BEYOND
GASTRULATION

Recapitulating early mammalian embryonic development in vitro is a major chal-
lenge in biology. Recently developed irn vitro models have exploited the self- orga-
nization potential of mouse ESCs (mESC), to successfully display hallmarks of gas-
trulation. However, these model systems fail to develop further or show tissue-level
organization, unless specific signaling pathways are activated exogenously. In this
chapter, we show that aggregates of mESC and extraembryonic endoderm (XEN) cells
can self-organize to form neural tube-like structures and show signs of body axis for-
mation. By single-cell RNA sequencing (scRNA-seq), we confirm the neural character
of the tubes and demonstrate high cell type diversity of our model system. Imaging
assays reveal partial patterning reminiscent of the anterior-posterior body axis. Our
model system might thus be used to study the role of heterotypic cellular interactions
between embryonic and extraembryonic cells in achieving complex, tissue-level or-
ganization.
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2.1. INTRODUCTION

Organogenesis is a crucial and highly complex phase in mammalian development.
One of the most intriguing examples of organogenesis is the formation of the neural
tube, which occurs via two distinct mechanisms [1]. During primary neurulation, the
main part of the neural tube is formed by the folding of the neural plate, an epithelial
sheet of neural ectoderm. Secondary neurulation, which gives rise to the most posterior
part of the neural tube, works differently: mesenchymal cells of the tail bud condense to
form an epithelial rod which cavitates to form a tube [2, 3]. The two parts of the tube are
then connected during junctional neurulation [4].

Much of the mechanistic understanding of this complex process has been derived
from embryo cultures. Such cultures have been used extensively to study gastrulation
[5, 6], as well as subsequent organogenesis [7]. Advances in light-sheet imaging of cul-
tured embryos have started to reveal morphogenic events during neurulation in un-
precedented detail [8]. Recently, stem cell-derived model systems have emerged, that
recapitulate basic developmental processes in vitro with a minimal number of compo-
nents [9, 10, 11]. Most of these systems model the earliest stages of development and are
thus not suitable to study organogenesis. A prominent example is the gastruloid, which
exhibits gastrulation-like events, such as embryo elongation and body axis formation
[12, 13, 14, 15, 16, 17]. Despite the remarkable extent of symmetry breaking in gastru-
loids, these models do not yet produce tissue-level organization, unless specific cell fates
are induced exogenously [18, 19].

Notably, gastruloids are made exclusively from embryonic stem cells (ESC). In vivo,
mammalian embryos receive important patterning inputs from extra-embryonic cells
[20]. Some existing in vitro models therefore incorporate such cells, but nevertheless
only achieve resemblance with early embryonic stages that precede organogenesis [21,
18, 22, 23]. We hypothesized that adding extraembryonic cells to gastruloids might un-
lock additional developmental potential in this system. We therefore decided to add
extraembryonic endoderm (XEN) cells. These cells are derived from the primitive en-
doderm (PrE), which overlays the developing epiblast before implantation (see Fig. 2.1
for a schematic of early mouse development.) After implantation, the PrE gives rise to
the parietal endoderm (PE), which covers the inside of the blastocoel cavity [24] and the
Visceral Endoderm (VE), which surrounds the embryo until the formation of the visceral
yolk sac and its integration in the embryonic gut [25, 26]. A subpopulation of the VE, the
Anterior Visceral Endoderm (AVE) has a role in the establishment of the embryo’s body
axes [27, 28]. Hence, XEN cells might have unexplored potential to pattern stem-cell
based model systems.

Here we report that aggregates of mouse embryonic stem cells (mESC) and XEN
cells, which we call XEN enhanced-gastruloids (XEG), can produce a central hallmark of
organogenesis: columnar neural epithelia that resemble a neural tube. Using multiple
markers, perturbation of the signaling pathways that play a role in neural tube devel-
opment, and further differentiation to cortex-like tissue, we confirmed that the tubular
epithelia are similar to neural tubes in vivo. Using single-cell RNA-seq (scRNA-seq), we
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identified differences in composition and molecular profiles between XEGs and regular
gastruloids. We then established that XEN-derived cells become visceral endoderm-like
due to co-differentiation with the mESCs. Finally, we showed that XEN cells promote
tube formation by local inhibition of primitive streak formation, likely via the WNT in-
hibitor DKK1, as well as through production of a basement membrane. Our study thus
reveals a complex interplay between an embryonic and an extra-embryonic cell line and

explores possible mechanisms underlying the great morphogenic potential of in vitro
models of embryogenesis.
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Figure 2.1: Schematic of early mouse embryonic development. Tissues modeled in XEGs are indicated with
color. Tissues in grey are not present in XEGs. A: anterior, P: posterior, D: dorsal, V: ventral, L: left, R: right.

2.2. MATERIALS AND METHODS

2.2.1. CELL CULTURE

All cell lines were routinely cultured in KO DMEM medium (Gibco) supplemented
with 10% ES certified FBS (Gibco), 0.1 mM 2-Mercaptoethanol (Sigma-Aldrich), 1x 100
U/mL penicillin/streptomycin, 1x MEM Non-Essential Amino Acids (Gibco), 2 mM L-
glutamine (Gibco), 1000 U/mL mouse LIF (ESGRO). Cells were passaged every other day
and replated in tissue-culture treated dishes coated with gelatin. E14 mouse ES cells
were provided by Alexander van Oudenaarden. The Sox1¢FPiresPa¢ mouse ES cell line
was created by Mario Stavridis and Meng Li in the group of Austin Smith [29] and pro-
vided by Sally Lowell. XEN and XEN-eGFP were provided by Christian Schréter [30]. All
cell lines were regularly tested for mycoplasma infection. The ES mCherry-GPI cell line
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H2B-GFP

was obtained by introducing a mCherry-GPI transgene in the Pdgfra cell line,

provided by the group of Anna-Katerina Hadjantonakis [31].

2.2.2. GASTRULOIDS

The gastruloid differentiation protocol was adapted from van den Brink et al. [12].
ES cells were collected from tissue-culture treated dishes by trypsinization, gentle trit-
uration with a pipet and centrifugation (1200 r.p.m., 3 min). After collection, cells were
resuspended in 2 mL of freshly prepared, prewarmed N2B27 medium: DMEM/F12 (Life
technologies) supplemented with 0.5 x N2 supplement (Gibco), 0.5 x B27 supplement
(Gibco), 0.5 mM L-glutamine (Gibco), 1 x 100 U/mL penicillin/streptomycin (Gibco),
0.5 x MEM Non-Essential Amino Acids (Gibco), 0.1 mM 2-Mercaptoethanol (Sigma-
Aldrich). Cells were counted to determine the cell concentration. For gastruloids, 200
ES cells were seeded in 40 puL of N2B27 in each well of a round-bottom low-adherence
96-well plate. 48 h after seeding, 150 pL of prewarmed N2B27 supplemented with 3 uM
of GSK3 inhibitor (CHIR99021, Axon Medchem) was added to each well. 72 h after seed-
ing, 150 uL of medium was removed from each well and replaced by 150 pL of preheated
N2B27. Gastruloids were collected at 96 h after seeding and fixed with 4% paraformalde-
hyde (PFA, Alfa Aesar) overnight at 4°C.

2.2.3. XEN ENHANCED-GASTRULOIDS (XEGS)

ESCs and XEN cells were collected from tissue-culture treated dishes by trypsiniza-
tion, gentle trituration with a pipet and centrifugation (1200 r.p.m., 3 min). After col-
lection, cells were resuspended in 2 mL of fresh and prewarmed N2B27 medium. Cells
were counted to determine cell concentration. For XEGs, several ratios of XEN and ESCs
were tested (1:1, 1:2, 1:3, 1:4, 1:5) and compared with the regular gastruloid condition
(0:1). The total number of cells was fixed at 200. Over two separate experiments, the
proportion of organoids showing T staining and tubular structures was quantified (total
number of embryonic organoids 1:1=179, 1:2=143, 1:3=143, 1:4=140, 0:1=130) and the
optimal ratio was determined to be 1:3 (see Fig. 2.5a, b). A total of 200 cells (150 ES cells
and 50 XEN cells) was seeded in 40 uL of N2B27 in each well of a round-bottom low-
adherence 96-well plate. 48 h after seeding, 150 uL of prewarmed N2B27 supplemented
with 3 uM of GSK3 inhibitor (CHIR99021, Axon Medchem) was added to each well. 72
h after seeding, 150 uL of medium was removed from each well and replaced by 150 uL
of prewarmed N2B27. XEGs were collected at 96 h after seeding and fixed with 4% PFA
overnight at 4°C.

2.2.4. CEREBRAL ORGANOIDS

Cerebral cortex-like tissue was created according to a protocol adapted from Lan-
caster et al., [32]. Instead of collecting XEGs at 96 h, the medium was replaced by cerebral
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organoid differentiation medium: DMEM-F12 (Life technologies), Neurobasal (Gibco),

0.5 x B27 supplement containing vitamin A (Gibco), 0.5 x N2 supplement (Gibco), 2.5

pM/mLInsulin, 2mM L-glutamine (Gibco), 0.5 x MEM-Non-Essential Amino Acids (Gibco),

1 x 100 U/mL penicillin-streptomycin and 0.05 mM 2-Mercaptoethanol (Sigma-Aldrich).

At 168 h, aggregates were collected and transferred, with fresh medium, into 10 cm dishes
on an orbital shaker installed in the incubator (85 r.p.m.). Aggregates were grown until

192 h (8 days) during which medium was refreshed every other day until collection. Col-

lected aggregates were fixed with 4% PFA for 48 h at 4°C.

2.2.5. IMMUNOSTAINING

FIXATION AND BLOCKING

After collection, gastruloids and XEGs were fixed in 4% PFA at 4°C overnight. Cerebral
organoids were fixed under the same conditions, but for 48 h. After fixation, samples
were washed three times in washing solution (PBS, 1% bovine serum albumin bovine
serum albumin (BSA)) and incubated at 4°C in blocking buffer (PBS, 1% BSA, 0.3% Triton-
X-100) for a minimum of 16 h. Samples for smFISH were washed 3 times in PBS after
fixation and stored in 70% ethanol at 4 °C. To stain E14 cells for pluripotency markers,
cells in suspension were fixed for 30 min in 4% PFA at 4°C, washed three times in washing
solution at RT and incubated in blocking buffer for 1 h at 4°C.

WHOLE-MOUNT IMMUNOLABELING AND CLEARING

Immunolabeling and clearing of gastruloids and XEGs were based on the protocol de-
scribed by Dekkers et al., [33]. Briefly, after fixation and blocking, samples were incu-
bated with primary antibodies at 4°C overnight on a rolling mixer (30 r.p.m.) in organoid
washing buffer organoid washing buffer (OWB) (PBS, 2% BSA, 0.1% Triton-X-100) sup-
plemented with 0.02% sodium dodecyl sulfate sodium dodecyl sulfate (SDS), referred
to as OWB-SDS. The following primary antibodies were used: rat anti-SOX2 (1:200, 14-
9811-82, Thermo Fisher Scientific), goat anti-T (1:200, sc-17745, Santa Cruz Biotech-
nology), goat anti-T (1:100, AF2085, R&D systems), mouse anti-DAB2 (1:100, 610464,
BD Biosciences). The next day, samples were washed three times for 2 h in OWB-SDS
at RT, followed by incubation with secondary antibodies (donkey anti-goat Alexa Fluor
488 (1:200, A-11055, Thermo Fisher Scientific), donkey anti-rat Alexa Fluor 488 (1:200,
A-21208, Thermo Fisher Scientific), donkey anti-goat Alexa Fluor 555 (1:200, A-21432,
Thermo Fisher), donkey anti-mouse Alexa Fluor 555 (1:200, A-31570, Thermo Fisher Sci-
entific), chicken anti-rat Alexa Fluor 647 (1:200, A-21472, Thermo Fisher Scientific)) and
4’,6-diamidino-2-phenylindole (DAPI, 1 ug/mL, Merck) in OWB-SDS at 4°C overnight on
arolling mixer (30 r.p.m.), protected from light. Finally, samples were washed three times
for 2 h in OWB-SDS at RT. Clearing was performed by incubation in fructose-glycerol
clearing solution (60% vol/vol glycerol, 2.5 M fructose) for 20 min at RT. Samples were
imaged directly after clearing or stored at 4°C in the dark.
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CRYOSECTIONING AND IMMUNOLABELING OF SECTIONS
Prior to cryosectioning, fixed and blocked samples were incubated sequentially in su-

crose solutions (10, 20 and 30%) for 30 min (gastruloids and XEGs) or 2 h (cerebral organoids)

at 27°C, and embedded in optimal cutting temperature optimal cutting temperature
compound (OCT) compound. Samples in OCT were placed on dry ice for rapid freez-
ing, and stored at -80°C prior to cryosectioning. Samples were cut to cryosections (10
pm thickness) using a cryostat (Thermo Fisher Scientific, USA) and cryosections were
placed on poly-L-lysine coated glass slides (Merck). The slides were stored directly at
-80°C. For immunofluorescence staining, slides were thawed and rinsed with PBS for
10 min at RT to dissolve the OCT. Subsequently, slides were incubated overnight at 4°C
with the following primary antibodies diluted in blocking buffer: rat anti-SOX2 (1:200,
14-9811-82, Thermo Fisher Scientific), goat anti-T (1:200, sc-17745, Santa Cruz Biotech-
nology), mouse anti-N-cadherin (1:200, 33-3900, Thermo Fisher Scientific), rabbit anti-
E-cadherin (1:200, 3195, Cell Signaling Technology), rabbit anti-PAX6 (1:100 (cerebral
organoids) or 1:200 (gastruloids, XEGs), 42-6600, Thermo Fisher Scientific), mouse anti-
NKX6.1 (1:200, F55A12, Developmental Studies Hybridoma Bank), rabbit anti-NKX6.1
(1:200, HPA036774, Merck), mouse anti-TUJ1 (1:200, 801202, BioLegend), rabbit anti-
CD31 (1:50, ab28364, Abcam), rabbit anti-GATA6 (1:200, PA1-104, Thermo Fisher Scien-
tific), goat anti-GATA6 (1:200, AF1700, R&D Systems), rabbit anti-Laminin (1:200, PA1-
16730, Thermo Fisher Scientific), mouse anti-OCT4 (1:200, MA1-104, Thermo Fisher
Scientific). The next day, the slides were washed twice for 10 min in PBS at RT. Sub-
sequently, the slides were incubated with secondary antibodies (donkey anti-goat Alexa
Fluor 488 (1:200, A-11055, Thermo Fisher Scientific), donkey anti-rat Alexa Fluor 488
(1:200, A-21208, Thermo Fisher Scientific), donkey anti-goat Alexa Fluor 555 (1:200, A-
21432, Thermo Fisher), donkey anti-mouse Alexa Fluor 555 (1:200, A-31570, Thermo
Fisher Scientific), chicken anti-rat Alexa Fluor 647 (1:200, A-21472, Thermo Fisher Sci-
entific), donkey anti-rabbit Alexa Fluor 647 (1:200, A-31573, Thermo Fisher Scientific))
and DAPI (1 pg/mL, Merck) in blocking buffer for 4 h at 4°C, and washed three times
for 10 min at RT. Slides were mounted in ProLong™ Gold Antifade Mountant (Thermo
Fisher Scientific) and imaged after 24-48 h.

IMMUNOLABELING OF E14 CELLS

After fixation and blocking, E14 cells were incubated with the following primary antibod-
ies in blocking buffer overnight at 4°C: rat anti-SOX2 (1:200, 14-9811-82, Thermo Fisher
Scientific) and mouse anti-OCT4 (1:200, MA1-104, Thermo Fisher Scientific). The next
day, cells were washed three times in washing solution for 5 min at RT and incubated
with secondary antibodies (donkey anti-rat Alexa Fluor 488 (1:200, A-21208, Thermo
Fisher Scientific) and donkey anti-mouse Alexa Fluor 555 (1:200, A-31570, Thermo Fisher
Scientific)) and DAPI (1 ug/mL, Merck) in blocking buffer for 3 h at 4°C. Finally, the cells
were washed three times in washing solution for 5 min at RT and imaged directly.

2.2.6. SMFISH STAINING

smFISH was performed as described previously [34]. Briefly, samples were fixed
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with PFA and stored in 70% ethanol, as described above. Custom designed smFISH
probes for Dab2, Fst, Hhex and Spinkl (BioCat), labeled with Quasar 570, CAL Fluor Red
610, or Quasar 670, were incubated with the samples overnight at 30°C in hybridization
buffer (100 mg/mL dextran sulfate, 25% formamide, 2x SSC, 1 mg/mL E.coli tRNA, 1
mM vanadyl ribonucleoside complex, 0.25 mg/mL BSA; Thermo Fisher Scientific). Sam-
ples were washed twice for 30 min at 30 °C with wash buffer (25% formamide, 2x SSC).
The wash buffer was supplemented with DAPI (1 ug/mL) in the second wash step. All
solutions were prepared with RNAse-free water. Finally, the samples were mounted in
ProlongGold (Life Technologies) and imaged when hardened (sections) or immediately
(ibidi dishes). All components are from Sigma-Aldrich unless indicated.

smFISH samples were imaged on a Nikon Ti-Eclipse epifluorescence microscope
equipped with an Andor iXON Ultra 888 EMCCD camera and dedicated, custom-made
fluorescence filter sets (Nikon) using a 100x / 1.3 Super Fluor oil-immersion objective
(Nikon) were used.
Z-stacks were collected with a distance of 0.2 ym between planes in four fluorescence
channels (DAPI, Quasar 570, CAL Fluor Red 610, Quasar 670) using a 100x /1.45 Plan
Apo Lambda oil (Nikon) objective.

2.2.7. IMAGING

FIXED SAMPLES

Fixed and stained samples were imaged on a Nikon Ti-Eclipse epifluorescence micro-
scope equipped with an Andor iXON Ultra 888 EMCCD camera and dedicated, custom-
made fluorescence filter sets (Nikon). Primarily, a 10x / 0.3 Plan Fluor DLL objective, a
20x / 0.5 Plan Fluor DLL objective, or a 40x / 1.3 Super Fluor oil-immersion objective
(Nikon) were used. To image complete sections of cerebral organoids, multiple adjacent
fields of view were acquired and combined using the tiling feature of the NIS Elements
software (Nikon). Z-stacks were collected of whole-mount gastruloids and XEGs with
distances of 10 um between planes.

LIVE CELL IMAGING

Time lapses to observe the tubular structures formation were performed 24 h and 48 h
after cell seeding, on XEGs grown from the mCherry-GPI ES cell line. XEGs were trans-
ferred to a glass-bottom p-Slide imaging chamber (ibidi) and imaged every 30 min for
24 h, with a Nikon Eclipse Ti C2+ confocal laser microscope (Nikon, Amsterdam, The
Netherlands), equipped with lasers at wavelengths 408, 488 and 561, an automated stage
and perfect focus system at 37°C and 5% CO2. Images for 3D cultures were acquired with
a Nikon 20x Dry Plan Apo VC NA 0.75 objective.

To track SOX1 expression in gastruloids and XEGs during the 24 h growth after the
GSK3 inhibitor pulse, 72 h gastruloids and XEGs grown from the Sox1GFPiresPac ES cell
line were transferred to a glass-bottom p-Slide imaging chamber (ibidi) and imaged ev-
ery 40 min for 24 h, while temperature and CO2 levels were maintained at 37°C and
5%, respectively, by a stage top incubator (INUG2-TIZW-SET, Tokai Hit) mounted on the
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Nikon Ti-Eclipse epifluorescence microscope.

2.2.8. IMAGE ANALYSIS

Image stacks of whole-mount immunostained gastruloids and XEGs, and images of im-
munostained sections were pre-processed by background subtraction (rolling ball, ra-
dius: 50 pixels = 65 ym (10x objective), 32 um (20x objective) or 16 um (40x objective))
in the channels that showed autofluorescent background using Image]J [35]. When back-
ground subtraction in images of sections did not result in proper removal of autofluo-
rescent background signal, the Enhance Local Contrast enhance local contrast (CLAHE)
tool was used in Image]J [35]. smFISH image stacks were pre-processed by applying
a Laplacian of a Gaussian filter (a = 1) over the smFISH channels using scikit-image
(v0.16.1) [36]. For all image stacks, a maximum projection was used to obtain a 2D rep-
resentation. To show a single object per image, images were cropped around the object
of interest.

2.2.9. SIGNALING PERTURBATION EXPERIMENTS

In the signaling experiments with XEGs, aggregates were treated between 72 h and
96 h with either LDN193189 (BMP4i, 100 nM, Reagents Direct), a potent BMP pathway in-
hibitor, Purmorphamine (1 uM, STEMCELL Technologies), a small molecule agonist of
the hedgehog pathway, Retinoic acid (RA, 100 nM, Sigma-Aldrich) or DMSO (0.1% final
concentration, Sigma Aldrich) as a vehicle control. For this experiment, the XEGs were
allowed to grow for an additional 48 h before fixation (144 h total growth) and prepara-
tion for staining (see Immunostaining).

2.2.10. SINGLE CELL RNA SEQUENCING

LIBRARY PREPARATION AND SEQUENCING

For each replicate, 96 pooled gastruloids and 96 pooled XEGs were collected from a
round-bottomed low-adherence 96-well plate in 15 mL Falcon tubes and pelleted by
gentle centrifugation (500 r.p.m. for 2 min). No final aggregate was excluded from the
collection. After washing with cold PBS, samples were resuspended in N2B27. Cells
were then dissociated by 5 min incubation in TrypLE (Gibco) and gentle trituration with
a pipet, centrifuged and resuspended in 1 mL of cold N2B27. Cells were counted to de-
termine cell number and viability. For the first replicate, ES-mCherry-GPI were spiked
in at a frequency of 5%. For the second replicate, E14 cells were collected from cul-
ture dishes and incubated for 30 min at 4°C with CITE-seq cell hashing [37] antibody
Ab_CD15 (1:200) (Biolegend). XEN-eGFP were collected from culture plates and incu-
bated for 30 min at 4°C with CITE-seq cell hashing antibody Ab_CD140 (1:200) (Biole-
gend). In the gastruloid sample, labeled E14 cells were spiked in at a frequency of 5%,
whereas in the neuruloid sample labeled E14 and XEN-eGFP were spiked in, both at a
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frequency of 5%. High viability of the cells in all samples was confirmed before 10X
library preparation. Single-cell RNA-seq libraries were prepared using the Chromium
Single Cell 3’ Reagent Kit, Version 3 Chemistry (10x Genomics) according to the manu-
facturer’s protocol. CITE-seq libraries were prepared according to the CITE-seq protocol
from New York Genome Center version 2019-02-13. Libraries were sequenced paired
end on an [llumina.

Novaseq6000 at 150 base pairs.

SINGLE-CELL RNA-SEQ DATA PRUNING AND NORMALIZATION

Cells with a low number of transcripts were excluded from further analysis based on the
histograms in Supplementary Fig. 2.13a (count < 1300 for replicate 1 of the neuruloid
experiment and count < 2300 for the other datasets). Genes expressed in less than 2
cells (across merged replicates) were excluded from further analysis. The final neuruloid
dataset contains 14286 genes and 4591 or 6857 cells for replicate 1 or 2, respectively. The
gastruloid dataset contains 14384 genes and 4233 or 8363 cells per replicate. The two
datasets were normalized using the scran R-package (V 1.10.2, [38]). Gene variabilities
were calculated (improvedCV2, scran) for each replicate separately, after excluding ribo-
somal genes [Ribosomal Protein Gene Database, http://ribosome.med.miyazaki-
u.ac. jp/l], exogenously expressed genes and genes expressing the antibodies used for
CITE-seq. The 10% most highly variable genes (HVG) were selected based on variability
p-values.

DIMENSIONALITY REDUCTION

For each of the two datasets, the two replicates were batch corrected with the fast mu-
tual nearest neighbors mutual nearest neighbors (MNN) method implemented in the
scran R-package [39], using the union of the 10% HVG of the two replicates and log-
transformed normalized counts with d = 120 (number of principal components) and k =
50 (number of nearest neighbours). For dimensionality reduction, a uniform manifold
approximation and projection uniform manifold approximation and projection (UMAP)
was calculated on the batch corrected data using the R-package umap (V 0.2.3.1, [40].)
with n = 50, min_dist = 0.7 and using the cosine distance measure.

IDENTIFICATION OF SPIKE-IN CELLS

Cells with any expression of mCherry were annotated as ES (mCherry+). The remaining
spike-in cells, E14 (CD15+) and XEN spike-in (CD140+) (see Single-cell RNA-seq library
preparation and sequencing), could not be determined by the expression level of the an-
tibody alone. We therefore chose to assign spike-ins based on clusters. For each of the
two datasets, a shared nearest neighbor graph was constructed from the batch corrected
data (see Dimensionality reduction) with scran using k = 20 and d = 30. Louvain clus-
tering was performed on the constructed graphs with the R-package igraph (V1.2.4.1,
Blondel:2008do), which resulted in 8 clusters for XEGs and 7 clusters for gastruloids (see
Supplementary Fig. 2.13c). We identified 3 out of the 8 clusters in XEGs based on liter-
ature markers and spike-in gene expression. One cluster out of these three was mainly
comprised of mESCs, due to high Ab_CD15 expression and mCherry positive cells. Cells
that had an expression of Ab_CD15 > 50 and were part of this cluster were considered
spiked-in E14 and annotated as E14 (CD15+). The other two clusters were both eGFP
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positive, where one of them had a higher Ab_CD140 expression and was thus anno-
tated as XEN spike-in (Ab_CD140+). The second cluster was annotated as XEN derived
(Ab_CD140-). Similarly, for gastruloids, one of the 7 clusters was comprised of mainly
mESCs based on literature markers and spike-in gene expression. Cells that had an ex-
pression of Ab_CD15 > 100 and were part of this cluster were considered spiked-in E14
and annotated as E14 (Ab_CD15+).

ANALYSIS OF CELL CYCLE AND STRESS-RELATED GENES

For each of the two datasets, cell cycle analysis was performed with the scran package
using the cyclone function [41] on the normalized counts. Cells in G2M phase were dis-
tributed evenly across all clusters and thus the clustering was not biased by cell cycle.
No other separate cluster that consisted entirely of cell cycle related cells appeared.

For the analysis of stress-related genes, a list of known stress genes [42] was used
to calculate the average standardized expression per cell based on normalized counts.
Stress-related genes were mainly found within the spike-in cells and there was no other
separate cluster that consisted entirely of highly stressed cells.

MAPPING TO IN VIVO DATASETS

The Pijuan-Sala et al. dataset [43], which was downloaded from https://content.
cruk.cam.ac.uk/jmlab/atlas_data.tar.gz, consists of 9 timepoints from E6.5
to E8.5. The data was normalized by size factors provided by the authors. Cells with no
cell type assignment were excluded from further analysis. The 10% HVG were calculated
(improvedCV2, scran package) on the remaining cells excluding sex genes, similar to
Pijuan-Sala et al.’s method. Cells in the “mixed_gastrulation” cluster were also excluded.
MNN mapping was applied to log-transformed normalized counts of the 10% HVG. First,
in vivo timepoints were mapped to each other in decreasing order. Then, each of our
four datasets was mapped separately to the combined Pijuan-Sala et al. dataset (MNN
method with d = 120, k = 50). K-nearest-neighbor k-nearest neighbors (knn) assignment
was performed in the batch corrected principal component space. For each cell in our
datasets, the 50 nearest neighbors in the in vivo dataset, based on Euclidean distances,
were calculated. Each cell was assigned the most abundant cell type within the knn, if
certain distance and confidence score conditions were met. This confidence score was
calculated for each cell as the number of the most abundant cell type divided by the
total number of neighbors (k=50). A cell was annotated as “Not assigned” if either, the
average distance to its nearest neighbor exceeded a certain threshold (determined by the
long tail of the histogram of average distances for each of our datasets separately) or the
assignment had a confidence score less than 0.5. Additionally, we placed cells in “Not
assigned” if they were assigned to clusters with less than 10 cells, or to the cluster “Blood
progenitors 2” (because this cluster did not show distinct expression of known litera-
ture markers). This resulted in 22 assigned clusters for XEGs and 15 assigned clusters
for gastruloids. For each cell in our dataset we calculated the average and the standard
deviation of the developmental age of the knn.

The Delile et al. datasetDelile:2019go, which was downloaded from https://gith
ub.com/juliendelile/MouseSpinalCordAtlas, consists of 5 timepoints from E9.5
to E13.5. Cells that had a cell type assignment of “Null” or “Outlier” were excluded from
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further analysis. The data was normalized (scran) and the 10% HVG were calculated.
First, MNN was applied to the Delile et al. dataset in order of increasing timepoints
(log-transformed normalized counts of the 10% HVG, d = 120, k =50). Then, we mapped
“Spinal cord” cells to the MNN corrected Delile et al. dataset separately for each of our
replicates. knn assignment was performed as described above and resulted in 3 clusters
for XEGs and 3 clusters for gastruloids.

DIFFERENTIAL EXPRESSION ANALYSIS

For the differential expression test between “spike-in XENs” and “XENs in XEGs” a Welch
t-test (implemented in findMarkers, scran R package) was conducted on the normalized
log-transformed counts. The test was performed on XEGs from replicate 2. “spike-in
XENs” were chosen as the 100 cells with highest Ab_CD140 expression and “XENs in
XEGs” were the 100 cells with lowest Ab_CD140 expression within the XEN identified
cells.

For the differential expression test between XEGs and gastruloids, a negative bino-
mial regression was performed (R package edgeR V 3.24.3 [44]). Based on the knn assign-
ment to the Pijuan-Sala et al. dataset, all cells annotated as “Spinal cord” were extracted
from our four datasets (in XEGs 859 cells in replicate 1 and 166 cells in replicate 2, in gas-
truloids 2071 cells in replicate 1 and 1882 cells in replicate 2). Raw counts were used for
the regression with these four subsets as dummy variables and a variable corresponding
to the total number of counts per cell. P-values were obtained for the contrast between
XEGs and gastruloids using the average regression coefficients among variables of both
replicates. Similarly, for the differential expression test of the “Spinal cord” in XEGs, a
negative binomial regression was used. Cells were excluded from the test if either their
cell type occurred in less than 10 cells per replicate, or if the cells were annotated as “Not
assigned”, leaving a total of 13 cell types (7742 cells) to be considered. For each cell type
and each replicate a dummy variable was created and a variable corresponding to the
total number of counts per cell. Then, p-values were obtained for the contrast between
the average regression coefficients of the two replicates of the “Spinal cord” cluster and
the average regression coefficients of all other variables considered in the test.

For all differential expression tests p-values were adjusted for multiple hypothesis
testing with the Benjamini-Hochberg method.

DORSO-VENTRAL MARKERS SCATTER PLOTS

For the scatter plots, we used once the average log-transformed normalized expression
of 10 canonical dorsal markers (Pax7, Msx3, Pax3, Gsh2, Msx2, Olig3, Mathl, Zicl, Msx1,
Zic2) and the average log-transformed normalized expression of 10 canonical ventral
markers (0lig2, Nkx6.1, Nkx2.2, Foxa2, Ncaml, Nrcam, Nkx6.2, Isl1, Fabp7, Hb9). The
smoothed line was calculated by sorting the average expression of ventral markers and
then using a sliding window with a step size of 50 on the average expression of dorsal
markers. The second scatterplot was calculated similarly by using 10 genes that corre-
lated the most with Msx1 based on spearman correlation and the 10 genes that correlated
the most with Nrcam.
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2.3. RESULTS

2.3.1. XEN CELLS INDUCE NEURAL TUBE-LIKE STRUCTURES IN GASTRU-
LOIDS

We first implemented the original mouse gastruloid protocol [12] in which mESCs
are aggregated in N2B27 media and exposed to a pulse of WNT signaling for 24 h. After
96 h, this protocol results in elongated gastruloids. As reported before [12, 13, 14], 96
h gastruloids contained localized primitive streak-like and neural progenitor-like com-
partments, marked by Brachyury (T) and SOX2, respectively (Fig. 2.2b, inset). Starting
from the gastruloid protocol, we developed a new model system by aggregating mESCs
and XEN cells, keeping all other experimental conditions the same (Fig. 2.2a). We call
our mixed aggregates XEN enhanced-gastruloids (XEGs). Like gastruloids, 96 h XEGs
showed an elongated morphology and localized T-positive and SOX2-positive compart-
ments. However, unlike gastruloids, in XEGs SOX2+ cells were organized in columnar
epithelia surrounding one or several lumina (Fig 2.2b).

a 0h 24 h 48 h 72h 96 h
2@ CHIR
ES XEN
.,
DAPI

Figure 2.2: Co-aggregation of mESCs and XEN cells produce tubular structures. a, Schematic of the culture
protocol: at 0 h, 200 cells (150 ESCs and 50 XEN cells) were aggregated; CHIR was added between 48 h and
72 h after cell seeding; cell aggregates were cultured until 96 h. b, T and SOX2 expression in aggregates at 96
h (z-projection of whole mount immunostaining). Inset: expression in aggregate resulting from the standard
gastruloid protocol (without XEN cells). Scale bars 100 pm. Cell nuclei were stained with DAPI.

Expression of the broadly expressed neural marker SOX2 and the striking morphol-
ogy suggested that the observed structures resemble neural tubes. The lack of pluripo-
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tency marker expression (Fig. 2.3a) excluded that the structures were formed by remain-
ing undifferentiated cells. The presence of N-cadherin and absence of E-cadherin in the
tubes (Fig. 2.3b, top) is consistent with the known switch from E- to N-cadherin during
neural differentiation in vivo [45] and in vitro [46]. We could also observe that the cells in
the tubes were polarized and expressed apical markers ZO-1 and aPKC, consistent with
neural tubes in vivo [47] (Fig. 2.3b, bottom). Finally, we detected the neural progenitor
markers PAX6 and NKX6.1 [48] in a subpopulation of tubular cells (Fig. 2.3c). Combined,
these results suggest that the tubular structures in XEGs have neural tube characteristics.

To understand how neural tube-like structures formed, we used time-lapse microscopy
of developing XEGs. Around 48 h after seeding, cells formed rosette-like shapes (Fig.
2.4a), which resembled structures found in Matrigel-embedded mESCs [49, 50] and in-
dicated a mesenchymal-epithelial transition. Subsequently, a columnar epithelium was
formed. Then lumina opened at different places and merged between 48 h and 72 h (Fig.
2.4b). During the final 24 h, the epithelium kept extending and differentiated further, as
revealed by the expression of the neural progenitor marker SOX1 [51] (Fig. 2.4c). A SOX1
positive cell population also appeared in gastruloids within the same time frame, but,
importantly, remained unorganized (Fig. 2.4c).

To explore the robustness of the protocol and identify optimal conditions for the for-
mation of tubular structures, we tested different ratios of mESCs and XEN cells (Fig. 2.5a,
b). Interestingly, even the smallest proportion of XEN cells tested (1:5), was able to in-
duce some tubular structure formation. On the other hand, elongation and symmetry
breaking were inhibited when the proportion of XEN cells exceeded 1:2. A ratio of 1:3
gave optimal results, with the concurrence of SOX2-positive tubes and T-positive cells in
nearly all aggregates.
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Figure 2.3: Tubular structures in XEGs have neural characteristics. a, Expression of SOX2 and OCT4 (im-
munostaining) in sections of XEGs at 96 h (left, scale bars: 100 pm) and cultured ESCs (right, scale bars :10
pm). b, Expression of SOX2, E-cadherin, N-cadherin, ZO-1 and aPKC{ in aggregates at 96 h (immunostaining
of cryosections). Scale bar 50 pm. ¢, Expression of T, SOX2, PAX6, MASH1 and NKX6.1 (immunostaining) in 96
h aggregates. Scale bars 100 um. Cell nuclei were stained with DAPL.
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Epithelium formation in XEGs

Epithelium opening in XEGs

Gastruloids

Figure 2.4: The formation of tubular structures in XEGs ressemble secondary neurulation. a,b, Live cell
imaging of morphological changes in XEGs grown from mCherry-GPI expressing mESCs. mCherry-GPI is lo-
calized to the cell membrane. a, Formation of rosettes b, Cavitation of rosettes. Arrowheads indicate cavitation
events. Scale bars: 50 um. ¢, Live cell imaging of SOX1 expression in gastruloids (top panel, scale bars 20 um)
and XEGs (lower panel, scale bars 50 um) grown with SoxI-GFP mESCs. The arrows indicate the tubular struc-
tures. Scale bars 50 ym.
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a XEGs using different ratio of ES and XEN cells b 100
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Figure 2.5: The formation rate of the tubular structures depends on the ratio of mESCs and XEN cells. a,
SOX2 (neural progenitors-like cells) and T (primitive streak-like cells) expression in gastruloids and XEGs with
different starting ratios of mESCs and XEN cells (z-projection of whole mount immunostaining). Scale bars:
100 um. Cell nuclei were stained with DAPI. b, Average fraction of aggregates showing tubular structures and T
staining at 96 h for different starting ratios of mESCs and XEN cells (n = 2 experiments, error bars show standard
deviation).

2.3.2. TUBES IN XEGS SHOW PARTIAL ANTEROPOSTERIOR AND DORSOVEN-
TRAL PATTERNING

To establish, how closely XEGs mimic in vivo development, we looked for patterning
related to body axis formation. Like in gastruloids, expression of T (Fig. 2.2b), revealed
a posterior-like compartment. Localized expression of anterior markers (ASCL1, PAX6,
see Fig. 2.6a and Fig. 2.3c) indicated an anterior-like compartment, although important
canonical markers of the most anterior part of the embryo (OTX2, LEFTY1, EN1, ZIC1)
could not be detected in XEGs (data not shown). The presence of anteroposterior pat-
terning was supported by the expression of Wnt4, Wnt8a and Fgf8 as gradients along the
long axis of XEGs (Fig. 2.6b), which resembles the pattern found in vivo [52].

Tubes in XEGs also expressed markers of both the dorsal (PAX6, MSX1) and ven-
tral (NKX6.1, NRCAM) neural tube (Fig. 2.6c). While PAX6 and MSX1 were found in
cells close to the outside of the XEG (which are usually in contact with the XEN cells),
NKX6.1 and NRCAM were expressed broadly throughout the tubes. In summary, 96 h
XEGs show some indications of anteroposterior antero-posterior (AP) and dorsoventral
dorso-ventral (DV) symmetry breaking.
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in markers in XEGs |4 AP axis gradients in XEGs
DAPI Wnt4 Fgf8

Figure 2.6: Tubes in XEGs show dorsal and ventral markers and partial AP patterning. a, Expression of SOX2
and ASLCI in 96 h XEGs (immunostaining of sections). Scale bar: 100 um. b, Wnt4, Wnt8a and Fgf8 expression
in XEGs at 96 h, visualized by smFISH on sections. Each diffraction limited dot is a single mRNA molecule.
Scale bar: 100 um. ¢, Expression of dorsal (PAX6, MSX1) and ventral (NKX6.1, NRCAM) neural markers in 96 h
XEG (immunostaining of sections). Top, expression of PAX6 and NKX6.1 Scale bar: 100 um. Bottom, zoomed
pictures of tubes showing the expression of MSX1 and NRCAM. Scale bars: 20 um. Cell nuclei were stained
with DAPI.

2.3.3. SIGNALING PERTURBATION EXPERIMENTS AND DIFFERENTIATION TO
CORTEX-LIKE TISSUE SUPPORT NEURAL TUBE-LIKE CHARACTER

To further characterize the neural tube-like structures, we tested how they respond
to signaling inputs found in vivo. Specifically, we explored the response to BMP, Sonic
Hedgehog (Shh) and retinoic acid (RA) pathway activation (Fig. 2.7a, b). The inhibition
of BMP signaling, known to prevent premature neural specification [53], resulted in an
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increased number of neural progenitor-like cells (marked by SOX2, PAX6 and NKX6.1).
Sonic hedgehog, produced in vivo by the notochord and the floor plate (see schematic
in Fig. 2.7a), is known to be necessary for the patterning of the ventral part of the neural
tube [54]. The activation of the Hh signaling pathway led to a higher frequency of cells
expressing ventral markers (NKX6.1) in XEGs. RA, involved in anterior-posterior pat-
terning [55], strongly increased the number of cells expressing PAX6, which are found
specifically in the anterior part of the neural tube [56]. The neural tube-like structures in
XEGs thus responded to signaling inputs as expected from in vivo development.

Even in the absence of RA, some hindbrain markers (ASCL1, PAX6) were sporadically
expressed, typically concentrated at one pole of the XEG (Fig. 2.3c, Fig. 2.6a). This hint of
anterior specialization suggested a potential to differentiate further into cerebral tissue.
Indeed, within four days of additional culture in cerebral organoid differentiation me-
dia [32], XEGs developed a layered organization of neural progenitors (SOX2+/PAX6+)
and neurons (TUJ1+/CTIP2+), surrounding cavities, reminiscent of cortex organization
around ventricles (Fig. 2.8a, b, c). Interestingly, we also observed a population of cells
expressing the endothelial marker CD31 (Fig. 2.8d). This might indicate that non-neural
cells from XEGs cells remained and might have differentiated further. Those CD31+ cells
could specifically represent an early stage of vasculature.

Figure 2.7 (following page): Signaling perturbation experiments confirm neural tube-like character. a, Top:
schematic of signaling sources patterning the developing neural tube in vivo. A: anterior, P: posterior, D: dorsal,
V: ventral, L: left, R: right. Bottom: time line of the signaling experiments. XEGs were treated from 72 h to 96
h, with either BMP pathway inhibitor (BMPi), retinoic acid (RA) or hedgehog pathway agonist (Hh agonist).
The XEGs were then allowed to grow for an additional 48 h before staining. b, Expression of SOX2, NKX6.1 and
PAX6 in XEGs at 144 h, treated with the indicated factors (immunostaining of sections). n = 3 experiments.
Scale bars 100 ym. Cell nuclei are stained with DAPI.
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a Cerebral organoid
DAPI

Neural progenitor markers in cerebral organoids (192 h)

Figure 2.8: Neural tubes-like in XEGs can be further differentiated to cerebral fate. a, Expression of SOX2 and
TUJ1 in XEG-derived cerebral cortex-like tissue, 8 days after cell seeding (differentiated from XEGs for 4 days)
(immunostaining of sections). b, ¢, d, Inmunostaining in sections of cerebral cortex-like tissue differentiated
from XEGs at 8 days after cell seeding. b, TUJ1, SOX2 (top) and PAX6 (bottom). The dashed box highlights
the layered, cortex-like organization adjacent to a ventricle-like cavity. ¢, TUJ1, SOX2 and CTIP2, a marker for
early-born neurons. d, TUJ1, SOX2 and CD31. Insets show clusters of cells positive for the endothelial marker
CD31. Scale bars: 100 um. Cell nuclei are stained with DAPI.
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2.3.4. SINGLE-CELL RNA-SEQ REVEALS THE TRANSCRIPTIONAL PROFILES
OF XEG CELLS

Having characterized the most striking difference between gastruloids and XEGs, we
wanted to take a more comprehensive approach to reveal additional differences between
the two model systems. To that end, we used single-cell RNA-sequencing (scRNA-seq)
(Supplementary Fig. 2.13). By mapping the data to single-cell transcriptomes of mouse
embryos from E6.5 to E8.5 [43] (Fig. 2.9a, b) we classified the transcriptional identity of
the cells (Fig. 2.10a, b). Except for the least abundant cell types, the distribution of cell
types was consistent across two biological replicates (Fig. 2.10c). Expression of known
markers confirmed the classification by mapping to in vivo data (Supplementary Fig.
2.14, Supplementary Fig. 2.15). Most cell types belonged to the E8.0 or E8.5 embryo
(Fig. 2.10d), which might indicate that in vitro differentiation proceeded roughly with
the same speed as in vivo development.

a b © Epiblast @) Parietal endoderm
2 Primitive Streak @ XEN spike-in
@ caudal epiblast 23 PGC
@ Caudal Mesoderm 24 E14 (CD15+)
@ Caudal neurectoderm @ ES (mCherry+)
6 NMP 26 Neural crest
7 Spinal cord @) Allantois
@ Forebrain/Midbrain/Hindbrain % Erythroid3
@ Rostral neurectoderm 29 Blood progenitors 2
10 Surface ectoderm Endothelium
11 Nascent mesoderm &) Cardiomyocytes
R - 12 Paraxial mesoderm @& Mesenchyme
"{-'o {® Somitic mesoderm @R EXE mesoderm
« ,. W @ Intermediate mesoderm 34 Blood progenitors 1
y 15 Pharyngeal mesoderm @5 Erythroid1
‘ 16 Haematoendothelial progenitors 86 Erythroid2
17 Def. endoderm &% Notochord
® Gut @8 EXE ectoderm
{® ExE endoderm 89 Anterior Primitive Streak
20 Visceral endoderm 40 Mixed mesoderm

Figure 2.9: scRNA-seq data from XEGs were classified by mapping on an in vivo dataset. a, UMAP of the
Pijuan-Sala et al. [43] dataset with cell types indicated by color. b, MNN mapping of XEG cells from replicate 2
(bright colors) to the Pijuan-Sala et al. [43] dataset (dim colors), as an example for the mapping procedure.

The neuro-mesodermal progenitors (NMP) and spinal cord-like cells were the most
abundant in both model systems (Fig. 2.10c). Gastruloids thus already contain cells of
the neural lineage, which, however, seem to lack organization (Fig. 2.2b, inset). To iden-
tify the cells forming tubular structures in XEGs, we used the neural tube markers Sox2,
Pax6 and Nkx6.1 [48], which we had detected by immunostaining (Fig. 2.3c). We found
these markers to be co-expressed in cells classified as “spinal cord” and “brain” in the
scRNA-seq data (Fig. 2.10e, f), confirming their neural ectoderm identity. While NMPs
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also expressed Sox2 and Nkx6.1, tubular structures where clearly distinguishable by the
presence of Pax6 and the absence of T.

The scRNA-seq results also supported the existence of some anteroposterior axis, as
well as dorsoventral patterning. Several anterior and posterior markers were expressed
in separate subpopulations (Fig. 2.10e). Differential gene expression analysis between
“spinal cord” cells and other cells in XEGs identified markers of both the dorsal and ven-
tral neural tube (Fig. 2.11a, c, Supplementary Table 1). Two sets of genes that were ei-
ther co-expressed with MsxI or Nrcam, respectively, showed strong anticorrelation (Fig.
2.11b, left), which confirmed our immunostaining results (Fig. 2.6c). Similarly, the av-
erages of canonical dorsal and ventral markers were anti-correlated (Fig. 2.11b, right),
despite individual markers being lowly expressed. A comparison between XEGs and gas-
truloids revealed that neural ectoderm-like cells expressed more dorsal markers in XEGs
(Fig. 2.11d). This dorsal identity was confirmed by mapping the neural ectoderm-like
cells to single-cell expression profiles of in vivo neural tube [57] (Fig. 2.11e). The ma-
jority of neural ectoderm-like cells from XEGs turned out to be more similar to dorsal
progenitors in vivo. All in all, the scRNA-seq results support dorsoventral patterning in
XEGs with a bias towards the dorsal identity, compared to gastruloids.

Overall, both model systems showed a diverse cell type distribution, comprising a va-
riety of mesodermal as well as anterior cell types. Thus, XEG cells are not globally biased
towards the neural fate, as occurring in other protocols for induction of neural epithelia
[58, 50, 19]. On the contrary, XEGs even contained a bigger proportion of mesoderm-like
cells. While paraxial, intermediate and somitic mesoderm were present in both model
systems, only XEGs contained primitive streak, nascent mesoderm, pharyngeal meso-
derm and haematoendothelial progenitors (Fig. 2.3c, Fig. 2.12a). To confirm the pres-
ence of mesodermal cell types in XEGs, we focused on two genes, Thx6 and Pax2, which
are markers of nascent and intermediate mesoderm, respectively. Our single-cell RNA-
seq data showed expression of both genes in subpopulations of XEG cells (Fig. 2.12b)
and immunostaining confirmed their presence in XEGs (Fig. 2.12c). However, we did
not observe any tissue-level organization of those cells. Taken together, these results
suggest that the XEN-derived cells in XEGs might also have an effect on the mesodermal
cell population, which, in turn, could potentially also contribute to neural tube forma-
tion.

Figure 2.10 (following page): Single-cell RNA-seq reveals the transcriptional profiles of XEG cells. a, b,
UMAP of cells in XEGs and gastruloids colored by cell type based on the mapping to in vivo data shown in
Fig. 2.9. ¢, Cell type frequencies for both replicates in XEGs and gastruloids. d, Developmental age of cell
types based on mapping to in vivo data. e, Sox2, Pax6, Nkx6.1 and T log-expression levels indicated by color in
UMAPs of XEGs. f, Expression of Sox2, Pax6 and Nkx6.1 and T in XEGs, as measured by single-cell RNA-seq.
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Figure 2.11: Single-cell RNA-seq confirm the axis patterning of the XEGs. a, Top, UMAP of cells in XEGs with
log expression of genes expressed along the AP axis indicated by colors. Left: Asicl, Sox2 and T, right: Wnt4,
Wnt8a and Fgf8. Bottom, UMAP of cells in XEGs with log expression of genes expressed along the DV axis in-
dicated by colors. Left: Pax6, Sox2 and Nkx6.1, right: Msx1, Sox2 and Nrcam. All UMAP show both replicates,
batch corrected. b, Left, scatter plot of average expression of the top10 genes correlating with Msx1 and Nrcam
in our scRNA-seq data. Right, scatter plot of average expression of 10 canonical marker genes for dorsal and
ventral neural progenitors, with the linear smoothing indicated by the black curve. ¢, Gene expression dif-
ferences between cells classified as “spinal cord” and all other cells in XEGs (fold-change vs p-value). Named
genes are expressed in the neural tubes (Supplementary Table 1). d, Gene expression differences between cells
classified as “spinal cord” in gastruloids and XEGs (fold-change vs p-value). Underlined genes are expressed in
the dorsal part of the neural tube (Supplementary Table 2). e, Left, UMAP of the cells in the Delile et al. dataset
[57] colored by cell type. Right, MNN mapping of cells classified as “spinal cord” in replicate 2 XEGs (bright
colors).
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Figure 2.12: XEGs and gastruloids differ in cell type distribution. a, Differences between relative frequencies
of cell types in XEGs and gastruloids. b, UMAP of cells in XEGs (both replicates, batch corrected) with log ex-
pression of Thx6, Sox2 and Pax2 indicated by color. c, Expression of mesoderm markers. Left, immunostaining
of TBX6 in a 96 h XEG section. Right, wholemount immunostaining of PAX2 in a 96 h XEG. Scale bars: 100 pm.
Cell nuclei were stained with DAPI.
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2.4. DISCUSSION

In this study we explored the interaction between embryonic and extraembryonic
cells in a new in vitro model of embryogenesis that achieves tissue-level organization.

While we did not observe cell rearrangements characteristic of primary neurulation,
the rosette formation seen in XEGs was reminiscent of secondary neurulation [1], which
gives rise to the posterior neural tube. Nevertheless, we were able to differentiate XEGs
towards cortex-like tissue, which derives from the anterior neural tube. The neural tube-
like structures in 96 h XEGs are therefore likely still plastic and would need additional
time to become fully specified. Our model might thus be most useful for studying the
minimal cues necessary for initiating neural tube formation in vitro. The recently re-
ported Trunk-Like Structures (TLS) [59] also produce neural tube-like tissues in aggre-
gates derived from gastruloids, together with mesodermal tissues resembling somites.
Notably, TLS are formed exclusively from mESCs and are grown in Matrigel with addi-
tional exogenous signaling cues (BMP signaling inhibitor LDN193189 and CHIR). To-
gether with our results, TLS showcase the potential of stem cell-derived aggregates to
explore the different factors involved in organogenesis.

Finally, with their large diversity of cell types, XEGs could be a starting point for devel-
oping more complex models containing all three germ layers as well as extraembryonic
cells. Specifically, the CD31 positive endothelial cells observed in the cerebral organoids
obtained from XEGs might be able to form a vascular network if additional signaling cues
are given [60].

In conclusion, in this study we established a new in vitro model that recapitulates
elements of mammalian development, leveraging the morphogenic potential of het-
erotypic cell-cell interactions.
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Figure 2.13: Quality control of single-cell RNA-seq data. a, Top, number of detected genes per cell in each
replicate; the blue line indicates a quality control threshold for XEGs from replicate 1 and the black line for
the remaining datasets. Bottom, total expression per cell for each dataset. b, UMAP of cells in XEGs and
gastruloids, colored by replicate. ¢, UMAP of cells in XEGs and gastruloids, colored by Louvain clustering. The
encircled clusters contain the spiked-in cells. d, Left, average G2M scores for each cell type. Right, UMAPs of
cells in XEGs and gastruloids colored by G2M score. e, Left, average standardized expression of stress-related
genes in spike-in cells. Middle, expression of stress-related genes by cell type. Right, UMAPs of cells in XEGs
and gastruloids with expression of stress-related genes indicated by color. b-e, UMAPs contain both replicates,
batch corrected.
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Figure 2.14: Heat map of standardized expression of genes associated with mouse embryonic development
in XEGs.
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Figure 2.15: Heat map of standardized expression of genes associated with mouse embryonic development
in gastruloids.
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Gene Log FC p-adjust Reference

Ccnd2 1.684190185 1.37E-210 Lacomme, M., et al., (2012). Molecular and Cellular Biology
Crabp2 2.27328271 0 Ruberte, E,, et al., (1992). Development
1d3 1.789970808 5.65E-118 Wine-Lee, L., et al., (2004). Development
Fabp7 (BLBP) 2.339513279 2.65E-148 Feng, L., Hatten, M. E., & Heintz, N. (1994). Neuron
Rfx4 2.066843727  3.40E-130 Ashique, A. M., et al. (2009). Science Signaling
Hoxb9 1.561341789 4.07E-126 Graham, A., Maden, M., & Krumlauf, R. (1991). Development
Cdh2 1.486458795 1.15E-114 Radice, G. L., et al., (1997). Developmental Biology
Msx3 1.925035016 3.06E-116 Misra, K., Luo, H., Li, S., Matise, M., & Xiang, M. (2014). Development
Pax6 3.403368474 4.04E-280 Jeong, J., & McMahon, A. P. (2005). Development
Fabp5 1.316127675 1.97E-241 Shimamoto, C., et al. (2014). Human Molecular Genetics
Sfrp2 1.677002264 9.74E-140 Misra, K., & Matise, M. P. (2010). Developmental Biology
Hes3 2.132129411 2.12E-147 Lobe, C. G. (1997). Mechanisms of Development
Ptn 2.50622717 0 Magdaleno, S., et al. (2006). PLoS Biology
Fgf15 2.131102328 2.17E-151 McWhirter, J. R,, et al., (1997). Development
Irx3 1.957663655 1.71E-146 Lebel, M., et al. (2003). Molecular and Cellular Biology
Zicl 2.371434543  1.56E-148 Nagai, T., et al., (1997). Developmental Biology
Fgfbp3 2.502793725 1.10E-253 Yu, K., McGlynn, S., & Matise, M. P. (2013). Development
Hes5 2.152139781 9.35E-119 Hatakeyama, J., et al., (2004). Development
Maplb 1.46443751 3.03E-174 Fawcett, J. W, et al., (1994). Neuroscience
Gasl 1.676359071 1.03E-135 Allen, B. L., Tenzen, T., & McMahon, A. P. (2007). Genes & Development
Sox11 1.610646468 6.85E-208 Tanaka, S., et al., (2004). Molecular and Cellular Biology
Sox2 1.54213575 1.78E-148 Hoffmann, S. A,, et al., (2014). Development
Sox1 2.143957789  5.90E-172 Hoffmann, S. A,, et al., (2014). Development

Supplementary Table 1: Genes differentially expressed between neural ectoderm-like cells and the other cell

types in XEGs.
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Gene Log FC pressi y BMP signalling Reference
Dorsal neural tube . Misra, K., etal., (2014).
Mex1 2.84 +small ventral domain BMP (Lee, K. J., Jessell, T. M. (1999)) Duval, N, et al. (2014).
Spinkl 259
Pax3 2.53 Dorsal neural tube BMP (Lee, K. J., Jessell, T. M. (1999)) Kriks, S., et al., (2005).
s - Nagai, T, et al., (1997).
Zicl 1.81 Dorsal neural tube BMP (Lee, K. J., Jessell, T. M. (1999)) Aruga, J..et al., (2002).
B Misra, K., et al., (2014).
Msx3 175 Dorsal neural tube BMP4 (Shimeld, S. et al., (1996)) Duval, N, etal, (2014).
Crabp1 1.47 Forebrain, Neural crest + dorsal neural tube - Ruberte, E., etal., (1991).
. . . ; N ~ Andoniadou, C. L., etal. (2011).
Sp5 1.37 Midbrain and dorsal neural tube Dunty, W. C., et al., (2014).
Abdul-Aziz, N. M,, et al., (2009).
Ephas 1.29 Dorsal and ventral BMP2 (Yamada, T, et al., (2016)) Ono, K, et al. (2014).
Rspo3 1.28 Forebrain, dorsal neural tube - Nam, J.-S,, etal., (2007).
Hinbrain/Midbrain . Ericson, J.,, et al. (1997).
Enl 1.27 Ventral neural tube Not affected by BMP (Timmer, J. R, et al., (2002)) Sgaier, S. K., etal. (2007).
Zic5 1.23 Dorsal neural tube and head fold BMP (Nakata, K., et a., (2000)) Inoue, T, et al., (2004).
Fabp7 L4 Ventral neural tube R Delile, J., et al., (2019).
(BLBP) : Midbrain Feng, L., etal., (1994).
13 11 The roof plate and dorsal neural ectoderm BMP (Wine-Lee, L., et al., (2004)) Wine-Lee, L, et al., (2004).
+ small ventral domain
. Ybot-Gonzalez, P, et al., (2007).
Zic2 1.09 Dorsal neural tube BMP6/7 (Lee, K. J., Jessell, T. M. (1999)) Sanchez-Ferras, O, et al,, (2014).
Gaddasa 108  Mostlydorsalneural tube BMP2 (Ijiri, K., etal. (2005)) Kaufmann, L. T, etal., (2011).
Residual expression in ventral neural tube
1d1 104 Roofplateand dorsal neural ectoderm BMP (Wine-Lee, L., et al., (2004)) Wine-Lee, L., et al., (2004).
+small ventral domain
N Tondeleir, D., etal., (2014).
Cdh11 0.98 Neural crest + dorsal neural tube BMP7 (Awazu, M., etal., (2017)) Kashef, J., et al., (2009).
Lhx1 0.97 Dorsal interneurons Not affected by BMP4/7 (Le Dréau, G., et al,, (2012))  Le Dréau, G, etal,, (2012).
Fgf15 0.95 Dorsal regions of the di-, mes and metencephalon - McWhirter, J. R., et al., (1997).

Fischer, T, etal., (2011).

Supplementary Table 2: Genes differentially expressed between neural ectoderm-like cells in XEGs and
gastruloids.
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ACRONYMS

AP antero-posterior
BSA bovine serum albumin

CITE-seq cellular indexing of transcriptomes and
epitopes by sequencing

CLAHE enhance local contrast
DV dorso-ventral

E3.5 embryonic day 3.5

ESC embryonic stem cell

HVG highly variable genes

knn k-nearest neighbors

mESC mouse embryonic stem cell
MNN mutual nearest neighbors

OCT optimal cutting temperature compound

CELL TYPES

AVE anterior visceral endoderm
DVE distal visceral endoderm
Epi epiblast

ICM inner cell mass

OWB organoid washing buffer

PFA paraformaldehyde

RT room temperature

scRNA single cell RNA

scRNA-seq single-cell RNA sequencing
SDS sodium dodecyl sulfate

smFISH single-molecule FISH

tRNA transfert RNA

UMAP uniform manifold approximation and projec-
tion

XEG XEN enhanced-gastruloids

XEN extraembryonic endoderm-like

NMP neuro-mesodermal progenitors
PE parietal endoderm
PrE primitive endoderm

VE visceral endoderm
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EFFECT AND DIFFERENTIATION OF
XEN CELLS IN XEN
ENHANCED-GASTRULOIDS

In Chapter 2, we presented our new in vitro model system, called XEN enhanced-
gastruloid (XEG), which is composed of mouse embryonic stem cells (mESC) and ex-
traembryonic endoderm (XEN) cells. We showed that this model system is able to self-
organize to display neural tube-like structures and exhibit signs of body axis forma-
tion. In this chapter, we further explore the role and fate of the XEN cells in XEGs.

We demonstrate that XEN cells promote the formation of neural tissues in XEGs by
local inhibition of primitive streak formation, likely involving WNT signaling, and by
producing a basal membrane. In turn, mESCs guide XEN differentiation to a visceral
endoderm-like state. Our model system can thus be used to study fundamental mech-
anisms of in vivo development, in particular to identify the minimal set of factors re-
quired to achieve neural tube-like tissue organization.
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3.1. INTRODUCTION

The extraembryonic endoderm has been the object of intense study for many decades
[1] and it has become clear that this tissue has a crucial and multifaceted role in mam-
malian development [2].
In the mouse embryo, the primitive endoderm (PrE) differentiates from the Inner Cell
Mass (ICM) around embryonic day 3.5 (E3.5) [3, 4]. Shortly after, it forms a single layer
of cells surrounding the rest of the ICM, which differentiated into epiblast (Epi) at E4.5
[5, 6]. After implantation, the PrE will segregate [7] and give rise to the Parietal Endo-
derm (PE), covering the inside of the blastocoel cavity [8] and the Visceral Endoderm
(VE), surrounding the embryo as the ICM is elongating to form the egg cylinder, until the
formation of the visceral yolk sac (Fig. 3.1).
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Figure 3.1: Extraembryonic endoderm lineages in early stages of mouse embryo development.
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Around E5.5, a morphologically different domain arises within the VE, at the distal
tip of the egg cylinder, called Distal Visceral Endoderm (DVE). From this domain, some
cells migrate towards the embryonic/extra-embryonic junction and thereby determine
the anterior side of the embryo. These cells, now called Anterior Visceral Endoderm
(AVE), express specific markers such as DKK1, CER1, LEFTY1, which modulate the WNT,
BMP and Nodal signaling pathways, respectively. By limiting the expansion of the prim-
itive streak [9], and maintaining the anterior Epi in a naive state, the signaling cues em-
anating from the AVE are essential for a proper development of the anterior ectoderm
[10, 11]. The AVE was also shown to be a source of instructions for organ morphogenesis
and placement through the expression of BMP2 [12]. The rest of the VE has a different,
but similarly important role. Recent in vivo studies of cell movement and single-cell se-
quencing have revealed that the developing gut is formed by a mixture of embryonic and
extraembryonic endoderm. Cells originating from the VE are integrated in the early gut
tube around E8.0 [13, 14, 15].

Most of our knowledge of the extraembryonic endoderm has been obtained from in
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vivo experiments. Additionally, an in vitro model has been derived by adapting extraem-
bryonic endoderm cells from mouse blastocysts to in vitro culture [16]. These XEN cells
have properties reminiscent of the PE [17], but can be differentiated towards a VE-like
state when exposed to the appropriate signaling cues [18, 19]. Aggregate of these XEN
cells and mouse embryonic stem cells (mESC) give rise to a new model system, the XEN
enhanced-gastruloid (XEG) (Fig. 3.2), which we introduced in detail in chapter 2. Many
existing models of mammalian development, such as the gastruloid, are exclusively de-
rived from embryonic stem cells (ESC). However, as the embryo receives crucial signal-
ing cues from extraembryonic tissues [20], other models do incorporate extraembryonic
cells [21, 22, 23, 24]. In this chapter we explore the signalling cues produced by the XEN
cells that influence XEG formation and organization, as well as their transcriptional dy-
namics in response to the co-culture with mESCs.

a b 96 h XE-Gastruloid
Oh 24 h 48 h 72h 96 h DAPI

®, 0 CHIR 96 h gastruloid

o Epiblast 7 Spinal cord @ Somitic mesoderm (B EXE endoderm

2 Primitive streak @ Forebrain/Midbrain/Hindbrain {& Intermediate mesoderm 20 Visceral endoderm
® caudal epiblast . Rostral neurectoderm 15 Pharyngeal mesoder @ Parietal endoderm
0 Caudal mesoderm 10 Surface ectoderm 16 Heamatoendothelial progenitors 22 Primordial germ cells
e Caudal neurectoderm 41 Nascent mesoderm 17 Def endoderm 23 Not assigned

6 Neuromesodermal progenitors 42 Paraxial mesoderm i8 Gut

Figure 3.2: XEN enhanced-gastruloids (XEGs) in vitro model. a, Schematic of the culture protocol: at 0 h, 200
cells (150 ESCs and 50 XEN cells) were aggregated; CHIR was added between 48 h and 72 h after cell seeding;
cell aggregates were cultured until 96 h. b, T and SOX2 expression in aggregates at 96 h (z-projection of whole
mount immunostaining). Inset: expression in aggregate resulting from the standard gastruloid protocol (with-
out XEN cells). Scale bars 100 pm. ¢, UMAPs of cells in XEGs, colored by cell type based on the mapping to in
vivo data from Pijuan-Sala et al., [25]. Figures from chapter 2.

We reveal that the XEN cells induce the formation of neural tubular structures in
XEGs by local inhibition of primitive streak formation, through production of a base-
ment membrane as well as the WNT inhibitor DKK1. We further show that XEN cells
in XEGs become visceral endoderm-like due to co-differentiation with the mESCs. Our
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study thus reveals a complex interplay between two major embryonic cell types and
highlights the possible mechanisms underlying the great morphogenetic potential of in
vitro models of embryogenesis.

3.2. MATERIALS AND METHODS

3.2.1. CELL CULTURE

Routine maintenance of the cells is described in chapter 2, section 2.2. For control
of the smFISH experiments, XEN cells were seeded at low density in N2B27 medium. At
48 h the medium was replaced by prewarmed N2B27 supplemented with 3 uM of GSK3
inhibitor. 72 h after seeding, the medium was replaced with prewarmed N2B27. Cells
were fixed at 96 h with 4% PFA for 1 h at 4°C.

3.2.2. GASTRULOIDS
The standard gastruloids protocol is described in chapter 2, section 2.2.

GASTRULOIDS GROWN IN GELTREX

For the experiments with gastruloids grown in Geltrex, cell aggregates were collected
at 24 h, 48 h and 72 h and embedded into LDEV-Free, hESC-Qualified, reduced growth
factor Geltrex (Gibco) in culture dishes for the rest of the procedure. Only the gastruloids
transferred at 72 h showed robust growth. At 96 h, culture dishes were covered with ice-
cold PBS and placed on a shaker at 4°C for 10 min. Gastruloids were gently collected by
pipetting and washed three times by centrifugation in ice-cold PBS to remove the gel,
then fixed with 4% PFA overnight at 4°C.

GASTRULOIDS GROWN WITH DKK1

For gastruloids grown with DKKI1, cells were seeded according to the usual protocols. At
24 h, 40 uL of N2B27 supplemented with various concentration of DKK1 (Sigma-Aldrich),
were added to each well. Next steps of the protocol were performed using N2B27 sup-
plemented with DKK1. Aggregates were fixed at 96 h with 4% PFA overnight at 4°C.

3.2.3. XEN ENHANCED-GASTRULOIDS (XEGS)
The standard XEG protocol is described in chapter 2, section 2.2.
XEGS GROWN WITH XEN CONDITIONED MEDIUM

For the experiments with gastruloids grown in XEN-conditioned medium, N2B27 medium
was conditioned by XEN cells for 24 h, collected and filtrated with 0.2 um low protein
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binding filter and stored at -20°C. Gastruloids were seeded according to the usual proto-
col. After 24 h, 40 uL of XEN-conditioned medium was added to each well. Next steps of
the protocol were performed using XEN-conditioned medium. Gastruloids were fixed at
96 h with 4% PFA overnight at 4°C.

XEGS GROWN WITH DKK1 INHIBITOR

XEGs were seeded according to the usual protocols. At 24 h, 40 uL of N2B27 supple-
mented with various concentration of Way262611 (Sigma-Aldrich) respectively, were added
to each well. Next steps of the protocol were performed using N2B27 supplemented with
Way262611. Aggregates were fixed at 96 h with 4% PFA overnight at 4°C.

3.2.4. LABELLING AND IMAGING

The samples preparation, immmunostaining, smFISH, imaging and image analysis
protocol of whole-mount and sections samples are described in chapter 2, section 2.2.

3.2.5. SINGLE CELL RNA SEQUENCING

The single cell RNA (scRNA) library preparation, sequencing and normalization, as
well as the identification of the spike-in cells were performed as explained in chapter 2,
section 2.2.

MAPPING TO in vivo ENDODERM DATASET

The Nowotschin et al. dataset [15], which was downloaded from https://endoderm
—explorer.com/, consists of mouse embryos from 6 timepoints from E3.5 to E8.75.
The data was normalized (scran) and the 10% HVG were calculated (improvedCV2, scran
package). First, MNN was applied to the Nowotschin et al. dataset in increasing order
of the timepoints (using log-transformed normalized counts of the 10% HVG, d = 150, k
=50). Then, XEN cells from our XEG dataset (XEN spike-ins (CD140+) and XEN derived
(CD140-)) were mapped to the MNN-corrected Nowotschin et al. dataset. knn assign-
ment was performed as described above and resulted in 7 assigned clusters.

DIFFERENTIAL EXPRESSION ANALYSIS

For the differential expression test between “spike-in XENs” and “XENs in XEGs” a Welch
t-test (implemented in findMarkers, scran R package) was conducted on the normalized
log-transformed counts. The test was performed on XEGs from replicate 2. “spike-in
XENs” were chosen as the 100 cells with highest Ab_CD140 expression and “XENs in
XEGs” were the 100 cells with lowest Ab_CD140 expression within the XEN identified
cells. For all differential expression tests p-values were adjusted for multiple hypothesis
testing with the Benjamini-Hochberg method.


https://endoderm-explorer.com/
https://endoderm-explorer.com/
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3.3. RESULTS

3.3.1. XEN CELLS BECOME VE-LIKE IN XEGS

Compared to gastruloids, XEGs additionally contained extraembryonic endoderm

cell types. By using GFP-expressing XEN cells in XEGs (Fig. 3.3a), we established that
those cell types were exclusively differentiated from XEN cells.
By comparison to undifferentiated XEN cells, which were spiked into the scRNA-seq,
we studied the transcriptional changes in XEN-derived cells. Undifferentiated XEN cells
mostly mapped to PE in vivo [25] (Fig. 3.3b, c), consistent with a previous study [17, 16].
Their derivatives in XEGs mapped to multiple kinds of extra-embryonic endoderm: PE,
embryonic and extraembryonic VE. Interestingly, some also mapped to gut, reminiscent
of the contribution of VE to the gut in vivo [13, 15].

The identification of those cell types was confirmed by mapping our scRNA-seq data
to an endoderm-focused scRNA-seq dataset [15] (Fig. 3.4a, b). Quantification revealed
that, on average, 8% of the initially PE-like XEN cells acquired a gut-like and 66% a
VE-like transcriptomic profile (29% embryonic VE, 37% extraembryonic VE) when co-
cultured in XEGs (Fig. 3.3c). However, 25% retained a PE-like transcriptome (Fig. 3.3c).
Differential gene expression analysis between undifferentiated XEN cells and XEN deriva-
tives revealed several differences (Fig. 3.5, Supplementary Table 1). PE markers were less
expressed in XEN-derivatives, while VE markers were highly expressed, suggesting that
XEN cells differentiate from at PE to a VE-like state in XEGs.

Figure 3.3 (following page): XEN-derived cells are differentiating to VE in XEGs. a, UMAPs of cells in XEGs
and gastruloids with spike-in cells and XEN derived cells highlighted by color and circled (replicate 2). b,
UMAPs of the Pijuan-Sala dataset [25]. XEN spike-ins and XEN-derived cells from XEGs replicate 2 (bright
colors) are mapped to the in vivo datasets (dim colors). Framed cell types correspond to the ones on which the
XEN cells mapped. c, Left, cell types of XEN-derived cells in XEGs. Cells were classified as gut, PE (“parietal
end.”), embryonic VE (“visceral end.”) or extraembryonic VE (“EXE end.”) by mapping to the data set from
Pijuan-Sala dataset [25]. Right, cell types of spiked-in XEN cells.
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Figure 3.4: Mapping on endoderm-focused scRNA-seq dataset confirmed VE-like identity of XEN-derived
cells. a, UMAPs of the Nowotschin dataset [15]. XEN spike-ins and XEN-derived cells from XEGs replicate
2 (bright colors) are mapped to the in vivo datasets (dim colors). Framed cell types correspond to the ones
on which the XEN cells mapped. b, Cell type frequencies of XEN spike-ins and XEN derived cells in XEGs,
resulting from knn assighments based on the mapping in (a). DE: definitive endoderm, emVE: embryonic vis-
ceral endoderm, Epi: epiblast, EXE: extraembryonic ectoderm, exVE: extraembryonic visceral endoderm, Mes:
mesoderm, ParE: parietal endoderm, PrE: primitive endoderm, TE: trophectoderm, VE: visceral endoderm,
YsE: yolk sac endoderm.
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Figure 3.5: Gene expression differences between XEN spike-ins and XEN-derived cells in XEGs. (fold-change
vs p-value). Orange and pink lines indicate genes with PE-like and VE-like identity, respectively (see Supple-
mentary Table 1).

To validate this finding experimentally, we performed smfish of the PE marker Fst
[26], the VE marker Spinkl [27] and the pan-extraembryonic endoderm marker Dab2
[28] (Fig. 3.6a). This measurement showed that XEN-derived cells in XEGs only ex-
pressed Dab2 and Spinkl, while undifferentiated XEN cells broadly co-expressed all mark-
ers. Some XEN cells in XEGs were also highly expressing E-cadherin, known to be ex-
pressed in VE [29] (Fig. 3.6b). However, the more anterior VE marker Hhex [30] was not
detected by smFISH (Fig. 3.7). Exposing undifferentiated XEN cells to CHIR in the same
way as XEGs did not cause differentiation (Fig. 3.6), which suggests that the interaction
with mESCs plays a role.

Taken together, these results suggest that XEGs mimic elements of embryo organiza-
tion in vivo, where the VE is in direct contact with the embryo proper. While undiffer-
entiated XEN cells have both PE and VE characteristics, the majority (66%) of these cells
becomes more VE-like, due to the presence of mESCs.
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Single molecule FISH

Immunostaining of XEN cells in XEGs

DAPI E-cadherin

Figure 3.6: XEN-derived cells express VE markers. a, Dab2, Spinkl and Fst expression in section of a XEG at
96 h (left, scale bar: 50 um), in XEN cells cultured under standard maintenance conditions (top right, scale
bar 20 um) and XEN cells treated with CHIR according to the XEG protocol (bottom right, scale bar 20 pm).
Expression was visualized by smFISH. Each diffraction limited dot is a single mRNA molecule. b, Expression
of E-cadherin in XEGs at 96 h (immunostaining of sections). XEN cells were localized by immunostaining of
GATAG. Scale bars: 50 um.
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Figure 3.7: XEN-derived cells do not express most anterior VE markers. Dab2, Fst and Hhex expression in a
section of a XEG at 96 h (left, scale bar: 50 um), XEN cells cultured under standard maintenance conditions
(top right, scale bar: 20 um) and XEN cells treated with CHIR according to the XEG protocol (bottom right,
scale bar: 20 p). Expression was visualized by smFISH. Each diffraction limited dot is a single mRNA molecule.

3.3.2. XEN CELLS GUIDE SYMMETRY BREAKING BY LOCALLY INHIBITING THE
FORMATION OF A T-POSITIVE POPULATION

Although XEN-derived cells did not express canonical AVE markers (Supplementary
Fig. 2.14), we were wondering if they might effectively carry out an AVE-like patterning
function in XEGs. XEN cells always formed the outermost layer of XEGs (Fig. 3.2b), re-
sembling in vivo organization. Focusing on XEGs partially covered with XEN cells, we
observed that tubular structures were always adjacent to the XEN cells, while the T-
positive population was on the opposite side (3.8a, b). Notably, this organization was
already established at 72 h, when aggregates are still spherical (Fig. 3.8c). This obser-
vation suggested that XEN cells guide the symmetry breaking by a local effect on the
adjacent mESCs.
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Figure 3.8: T+ compartment is coupled with XEN positioning. a, SOX2 (neural progenitors-like cells) and
T (primitive streak-like cells) expression in gastruloids and XEGs with different starting ratios of ESCs and
XEN cells (z-projection of whole mount immunostaining). b, Average fraction of aggregates showing tubular
structures and T staining at 96 h for different starting ratios of ESCs and XEN cells (n = 2 experiments, error bars
show standard deviation). ¢, T and SOX2 expression in XEGs (left) and gastruloids (right) at 72 h (z-projection
of whole mount immunostaining). XEN cells were localized by expression of DAB2 and are indicated by a
dashed outline. Scale bars: 100 um. Cell nuclei were stained with DAPI.

We speculated that this effect might be mediated by a basement membrane pro-
duced by the XEN cells. As established in chapter 2, cells were polarized early during
XEG development, prior to forming a columnar epithelium (Fig. 2.4). This epithelium
was supported by a basement membrane containing laminin and collagen (Fig. 3.9a, b)
which were mostly produced by the XEN cells (Fig. 3.9c). It has been demonstrated pre-
viously, for small aggregates of mESCs, that the presence of an extracellular matrix can
be sufficient for polarization and lumen formation [31, 32, 33]. Growing gastruloids in
Geltrex did induce the formation of inner cavities; however, we did not observe a colum-
nar epithelium (Fig. 3.9d).
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Figure 3.9: XEN cells induce columnar epithelium and lumen formation. a, Inmunostaining of SOX2 and
laminin on 96 h XEGs sections. XEN cells were localized by expression of GATA6. The dashed boxes are shown
at a higher magnification in the insets. Scale bars: 50 um. b, Expression of Collagen IV and laminin in XEGs at
96 h (immunostaining of sections). XEN cells were localized by their endogenous expression of H2B-GFP. Scale
bars: 100 um. c, Expression of genes in XEN-derived cells. Left, UMAP of cells in XEGs with XEN-derived cells
colored by cell type (gut, parietal endoderm (parietal end.), embryonic VE (visceral end.) or extraembryonic
VE (ExE end.)). Right, expression of basement membrane components Collagen 4 (Col4al), Laminin alpha 1
(Lamal) and Laminin beta 1 (Lambl). UMAP for each gene indicate log expression by color and contain both
replicates, batch corrected. A violin plot of log expression in XEN-derived cell types is shown below the UMAP
for each gene. d, Expression of SOX2 and GATA6 (immunostaining) in sections of gastruloids grown in Geltrex
at 96 h. Scale bars 50 pm. e, Expression of SOX2 (immunostaining) in sections of XEGs grown without CHIR.
No specific T staining could be detected (data not shown). XEN cells were localized by expression of GATA6.
Scale bars 50 um. Cell nuclei were stained with DAPI.

Since an extracellular matrix was not sufficient to obtain neural tube-like structures,
we were wondering, which other mechanisms might play a role. We observed that gas-
truloids grown in medium conditioned by XEN cells, did not elongate and had a T-positive
cell population that was restricted to the center of the aggregate (Fig. 3.10a). Thus, we
reasoned that diffusible factors produced by the XEN cells might have arole in the forma-
tion of the neural tube-like structures. We hypothesized that the WNT inhibitor DKK1,
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which is expressed by the XEN cells (Fig. 3.10b, c), might be one of those factors. I vivo,
DKXKI is expressed by the AVE and limits the growth of the primitive streak [34]. Notably,
other factors known to act in this process (CER, LEFTY1) are not expressed in XEGs (Fig.
3.10b, Supplementary Fig. 2.14). Growing gastruloids in the presence of DKK1 resulted
in a round morphology, with the T-positive cells confined to the center, as observed for
XEN-conditioned medium (Fig. 3.10d, Supplementary Fig. 3.11a). Factors limiting the
primitive streak expansion in vivo are also known to preserve the anterior part of the epi-
blast and are thereby necessary for proper ectoderm domain differentiation [11]. Thus,
we wanted to explore if DKK1 could have a similar role in XEGs and bias differentiation
towards the ectodermal lineage. Growing XEGs with the DKK1 inhibitor WAY-262611 [35]
led to a suppression of tubular structures (Fig. 3.10e, Supplementary Fig. 3.11b). No-
tably, XEGs treated with the DKK1 inhibitor resembled gastruloids, showing elongated
shapes but no tubular structures. Since growing XEGs without CHIR resulted in similar
epithelial structures as in regular XEGs (Fig. 3.9e), XEN cells likely suppress pre-existing,
low-level endogenous WNT activity [36, 37]. Finally, we noticed that XEN-derived cells
highly express BMPs (Fig. 3.10c) and that several of the dorsal neural tube markers ex-
pressed in XEGs, are induced by BMP signaling (Supplementary Table 2 in chapter 2).
Thus, XEN-derived cells might also be responsible for the dorsal patterning of the neural
progenitors-like cells in XEGs.

All combined, our experiments suggest that XEN cells guide symmetry-breaking by
local inhibition of cell differentiation into a T-positive population. Diffusible factors,
likely including DKK1, and the presence of a basement membrane both seem to con-
tribute to the formation of neural tube-like structures.

Figure 3.10 (following page): XEN cells guide symmetry breaking by locally inhibiting primitive streak for-
mation. a, T and SOX2 expression in gastruloids grown in XEN-conditioned media at 96 h (z-projection of
whole mount immunostaining). b, Cerl, Dkkl and Bmp2 expression in a section of a XEG at 96 h (scale bar:
50 pm) or XEN cells cultured under standard maintenance conditions (inset, scale bars: 20 um). Expression
was visualized by smFISH. Each diffraction limited dot is a single mRNA molecule. ¢, Expression of genes in
XEN-derived cells. From top to bottom: expression of signaling factors DKK1 (Dkk1I), BMP2 (Bmp2) and BMP4
(Bmp4). UMAP for each gene indicate log expression by color and contain both replicates, batch corrected. A
violin plot of log expression in XEN-derived cell types is shown below the UMAP for each gene. d,T and SOX2
expression in 96 h gastruloids treated with 200 ng/mL DKK1 and untreated (z-projection of whole mount im-
munostaining). Scale bars: 100 um. e, T and SOX2 expression in 96 h XEGs treated with 0.25 uM DKKI1 inhibitor
WAY-262611 and untreated (z-projection of whole mount immunostaining). Scale bars: 100 um. Cell nuclei
were stained with DAPI.
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3.4. DISCUSSION

In this study we developed a new in vitro model of embryogenesis that exploits the
interaction between embryonic and extraembryonic cells to achieve tissue-level organi-
zation. Our results demonstrate that the XEN cells induce the formation of the neural
tube-like structures in XEGs (described and characterized in chapter 2) through, at least,
two distinct mechanisms.

On one hand, XEN cells are known to produce large quantities of basement mem-

brane components, like laminin and collagen IV [16], abundant in the Reichert’s mem-
brane produced in vivo by the PE. This is consistent with the state of the XEN cells in cul-
ture, mapping to PE in our scRNA-seq data analysis, and previously described as closer
to PE than VE [17, 16]. In XEGs, XEN cells produce a thick layer of extracellular ma-
trix. This basement membrane-like structure likely contributes to the epithelialization
of the mESCs at the early stages of XEG growth. Similar morphological changes where
observed on mESCs embedded in Matrigel [33].
On the other hand, XEN cells in XEGs highly express the WNT antagonist DKK1 [17]. Our
signaling perturbation experiments using DKK1 on gastruloids confirmed its inhibiting
effect on elongation and positioning of the T+ population. The use of DKK1 inhibitor
on XEGs also confirmed that DKK1 was necessary for neural tube-like structures forma-
tion, reminiscent of the role of DKK1 produced by the AVE in the egg cylinder. Such an
effect is surprising, given that DKK1 acts on the WNT receptor, but WNT signaling is ac-
tivated downstream by Gsk3 inhibition in our protocol (Supplementary Fig. 3.12). To
explain the effect of DKK1, two aspects have to be considered. First, Dkk]I is expressed
throughout XEG formation, while CHIR is only added after 48 h. We could observe that
growing XEGs without CHIR still results in the formation of epithelial structures as in
regular XEGs, thus DKK1 produced by the XEN cells likely suppresses low-level endoge-
nous WNT activity in the first 48 h of aggregate growth. Secondly, DKK1 has been shown
to not only act on the WNT receptors, but also on the distribution of cellular -Catenin
pools [38]. It was shown that, by retaining the §-Catenin at the plasma membrane, and
thus preventing its transfer to the nucleus, DKK1 was able to tune cell polarization and
cell-cell adhesion.

In conclusion, the fact that XENcells are differentiating under the influence of mESCs
might suggest that the developing Epi might impact VE differentiation in vivo. Our ob-
servations in XEGs support the notion that reciprocal interactions between co- differen-
tiating embryonic and extraembryonic cells are crucial for proper development. Thus,
XEN cells could represent a way to augment existing developmental organoid systems,
by providing a basement membrane and extraembryonic signaling inputs.
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Figure 3.11: Dose response effect of DKK1 and WAY-262611 in gastruloids and XEGs. a, Expression of SOX2
(immunostaining) in 96 h gastruloidss treated with various concentration of DKK1 between 24 and 96 h. Scale
bars: 100 um. b, Expression of SOX2 and T (immunostaining) in 96 h XEGs treated with various concentrations
of DKK1 inhibitor WAY-262611 between 24 h and 96 h. XEN cells were localized by endogenous expression of
H2B-GFP. Scale bars: 100 um. Cell nuclei were stained with DAPL.
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Gene Log FC Expression summary Reference
Apoe -1.80 VE PE Basheeruddin, K., et al., (1987)
H19 -1.69 VE PE Long, L., Spear, B. T. (2004).
Spink1 -1.66 VE Goh, H. N, et al. (2014).
Emb -1.33 pan-endoderm Brown, K., et al., (2010).
Cited1 (Mgsl) -1.07 exVE Dunwoodie, S. L., et al., (1998).
Rdx (Radixin) -0.83 VE Igarashi, H., et al. (2018).
McClatchey, A. 1, et al.,(1997).
Anxa4 -0.78 pan-endoderm Brown, K., et al., (2010).
Dpp4 -0.68 VE Sherwood, R. I, et al. (2007).
Laprl (Lpal) -0.57 VE Koike, S., et al., (2009).
Rnf128 (Greul) -0.56 VE Borchers, A. G. M., et al., (2002).
Gatad 0.77 pan-endoderm Morrisey, E. E., et al.,(1998).
P4ha2 0.79 PrE Ohnishi, Y., et al. (2014).
Adamts9 1.08 PE Jungers, K. A., et al., (2005).
Lambl 1.51 PE Miner, J. H., et al., (2004).
Sparc 1.51 PE Mason, I. J., et al., (1986).
Lamal 1.54 PE Hogan, B. L., et al., (1980).
Fabp3 1.60 exVE - PE Cheng, S., etal. (2019).
Futaki, S., et al. (2003).
Lamcl 1.89 PE Smyth, N., et al., (1999).
Fst 1.99 PE Feijen, A., et al. (1994).

Supplementary Table 1: Genes differentially expressed between XEN-derived cells in XEGs and cultured XEN

cells.
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ACRONYMS

AP antero-posterior
BSA bovine serum albumin

CITE-seq cellular indexing of transcriptomes and
epitopes by sequencing

CLAHE enhance local contrast
DV dorso-ventral

E3.5 embryonic day 3.5

HVG highly variable genes
MNN mutual nearest neighbors

OCT optimal cutting temperature compound

CELL TYPES

AVE anterior visceral endoderm
DVE distal visceral endoderm
Epi epiblast

ICM inner cell mass

OWB organoid washing buffer

PFA paraformaldehyde

scRNA single cell RNA

scRNA-seq single-cell RNA sequencing
SDS sodium dodecyl sulfate

tRNA transfert RNA

UMAP uniform manifold approximation and projec-
tion

XEG XEN enhanced-gastruloids

XEN extraembryonic endoderm-like

PE parietal endoderm
PrE primitive endoderm

VE visceral endoderm
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In vitro MODEL SYSTEMS FOR
EPIBLAST / PRIMITIVE ENDODERM
SORTING

Proper spatial organization of differentiating cell types is key to achieve normal em-
bryonic development. Lately, the self-organization potential of mouse embryonic stem
cells (mESC) has been used to reproduce some milestones of mammalian develop-
ment in vitro. However, one of the earliest organizational processes in embryonic de-
velopment, the sorting between epiblast (Epi) and primitive endoderm (PrE), is still
not fully understood. In this chapter, we present two mESC-based in vitro models,
reproducing the Epi/PrE sorting process in a tunable way. The first model, based on
the co-aggregation of mESCs and PrE-like cells, offers a convenient way to study the
effect of knocking-down specific adhesion molecules. The second model consists into
inducing the differentiation of PrE-like cells in aggregates of mESCs. The growth of
mESC into cylinder shape of controlled size allowed us to optimize the imaging of the
sorting process and quantify the movement of single cells. Together, those two in vitro
systems could bring significant new insight on the dynamics of the Epi/PrE sorting
process. By performing high throughput experiments they will allow us to identify
key actors of the sorting process and characterise the dynamics of the cells.
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4.1. INTRODUCTION

Proper spatial organization of the different cell types within the embryo is necessary
for normal embryonic development. During development, multiple cell types have to
rearrange, while differentiating, to create specific tissue structures [1, 2, 3].

One of the first, and simplest, spatial rearrangement of cells in mammalian development
is the formation of the epiblast (Epi) and primitive endoderm (PrE). Failure of this cru-
cial process will stop the development of the embryo [4, 5].

Epi and PrE differentiate from the Inner Cell Mass (ICM) of the embryo, around the em-
bryonic day 4.5 (E4.5). The Epi gives rise to all embryonic tissues, while the PrE will
mostly contribute to extra-embryonic tissues, such as the yolk sac [6]. Some cells orig-
inating in the PrE will eventually be incorporated in the embryonic gut [7, 8, 6]. The
differentiation of the ICM into Epi and PrE occurs in a salt-and-pepper pattern, that can
be observed from E3.5 [9, 10], quickly followed by the spatial separation of the two cell
types. Within less than a day after their differentiation, PrE form a monolayer epithelium
of cells at the surface of the Epi cells (Fig. 4.1) [11, 12, 13, 14].

Immunostaining of mouse blastocyst
DAPI CDX2

32-64 cells 64-90 cells 90-120 cells 120-150 cells

Figure 4.1: Epi/PrE sorting in vivo. Representative immunofluorescence images of mouse blastocysts col-
lected at sequential developmental stages from Saiz et al. (2016), Nature Communication [15]. Epi and PrE
cells are identified by NANOG and GATAG6 expression respectively. CDX2 marks the trophectoderm cells. Total
number of cells ('c’) of the embryo shown is indicated. Scale bars, 20 ym.!

As the sorting process happens at the very beginning of the embryonic development
and is completed in a very short time, it has been challenging to study it in vivo. Several
hypotheses were developed about the mechanism underlying the sorting. The first hy-
pothesis is that differentiated Epi and PrE cells are actively and randomly moving in the
ICM, and once the PrE cells reach the surface of the structure, they established an apical
polarization and stay fixed [16]. Another hypothesis is that the PrE cells move actively
to the surface of the ICM/Epi, directed by an external signal [17]. Alternatively, sorting
could be a partially passive process, resulting from a difference in the adhesive prop-
erties of both cell types [18]. The differential adhesive affinity hypothesis [19, 20, 21],

1Figure under open access CC-BY 4.0 Creative Common licence.
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postulates that, in an aggregate of cells, the less adhesive ones will spontaneously sort
to the outside and envelope the highly adhesive cells in the center. Based on this theory,
if the Epi cells have a higher adhesive affinity with themselves than PrE cells, it would
result in the exclusion of the PrE cells to the outside. Several experiments have shown
a difference in the expression of adhesion molecules between the cell types, supporting
the hypothesis that those molecules have a role in the sorting process [16, 22]. However,
in other studies the knock-out of specific single adhesion molecules did not prevent the
sorting [23]. Those results might indicate that if the Epi/PrE sorting process is based on
cellular adhesion, it is not dependent on a single subtype of adhesion molecules but the
result of a global difference in the cells adhesion profile.

In this chapter, we explore a way to study the Epi/PrE sorting in vitro using mouse
embryonic stem cells (mESC). We developed two systems mimicking the process.
The first system we developed uses mESCs, to model the Epi, and PrE-like cells, differ-
entiated from mESCs using retinoic acid (RA) to model PrE. The two cell types are com-
bined to form aggregates which we called Chimeric Embryoid Bodies (Chim-EB). This
system allowed us to precisely control the state of the cells right before aggregation and,
using a GFP reporter of PrE identity, watch the positioning of the PrE-like cells. With this
model system we successfully recapitulated the sorting process. However, since sorting
occurred concomitantly with aggregation, it was impossible to follow the movement of
individual cells.
To transcend the limitations of Chim-EB, we developed another in vitro model system in
which aggregation and sorting are decoupled. In this system we seed mESCs in cylindri-
cal microwells and differentiate a subpopulation to PrE-like cells using RA. These embry-
onic disks (ED) thus mimic the in vivo differentiation and sorting process more closely
than Chim-EB. A fluorescent reporter of PrE allowed us to track PrE-like differentiating
cells and reveal sorting dynamics.

4.2. MATERIALS AND METHODS

4.2.1. CELL CULTURE

MOUSE EMBRYONIC STEM CELLS (MESCS) CULTURE

All mESC lines were grown routinely at 37 °C with 5% CO2 in 2i medium plus LIF (basal
DMEM/F12 (Life technologies) supplemented with 0.5x N2 supplement, 0.5 xB27 sup-
plement, 0.5 mM L-glutamine (Gibco), 20 pg/ml human insulin (Sigma-Aldrich), 1x 100
U/ml penicillin/streptomycin (Gibco), 0.5x MEM Non-Essential Amino Acids (Gibco),
0.1 mM 2-Mercaptoethanol (Sigma-Aldrich), 1 uM MEK inhibitor (PD0325901, Stem-
gent), 3 uM GSK3 inhibitor (CHIR99021, Stemgent), 1000 U/ml mouse LIF (ESGRO)).
E14 cells were grown on gelatin coating and Pdgfra™?8~%F? cells were grown on laminin
(from Engelbreth-Holm-Swarm murine sarcoma basement membrane, Sigma-Aldrich)
coating. All mESCs were passaged every other day with Accutase (Life technologies) and
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replated in tissue-culture treated dishes with the proper coating. E14 mESCs were pro-
vided by Alexander van Oudenaarden, the Pdgfra'’?8=GFP mESC line was provided by
the group of Anna-Katerina Hadjantonakis [24]. Those cells express the fusion protein
H2B-GFP controlled by the promoter of the PrE marker gene Pdgfra. To visualize all the
cells during differentiation experiment, this cell line was transfected to express the nu-
clear fluorescent marker mOrange-H1-10 controlled by the chicken f-actin promoter.
For aggregation test, the cell line was transfected to express or the membrane fluores-
cent marker mCherry-GPI, a fusion protein of mCherry and the anchor peptide GPI. All
cell lines were regularly tested for mycoplasma infection.

PRE-LIKE CELLS DIFFERENTIATION AND CULTURE

To obtain PrE-like cells, mESC were differentiated by following the protocol published
by Semrau et al. [25]. Briefly, cells were seeded at a low density and grown over night
(12 h). After washing cells twice with PBS, differentiation was initiated by replacing the
medium by basal N2B27 medium (DMEM/F12 (Life technologies) supplemented with
0.5x N2 supplement, 0.5x B27 supplement, 0.5mM L-glutamine (Gibco), 1x 100U/ml
penicillin/streptomycin (Gibco), 0.5x MEM Non-Essential Amino Acids (Gibco), 0.1 mM
2-Mercaptoethanol (Sigma-Aldrich)) supplemented with 0.25 uM of all-trans retinoic
acid (Sigma-Aldrich). Differentiation medium was exchanged with fresh one after 48
h. Cells were collected after 96 h. The 96 h collected cells were incubated with an-
tibodies, targeting PDGFRA and coupled with magnetic beads (Miltenyi Biotech) for
30min at 4 °C. The cells solution was then passed through a magnetic MiniMACS MS
column (Miltenyi Biotech), to specifically purify PrE-like cells. Purified PrE-like cells
were routinely cultured at 37 °C with 5% CO2 on Mouse Embryonic Fibroblasts (MEFs),
in Serum+LIF medium (KO DMEM medium (Gibco) supplemented with 10% ES certi-
fied FBS (Gibco), 0.1 mM 2-Mercaptoethanol (Sigma-Aldrich), 1x 100 U/mL penicillin/
streptomycin, 1x MEM Non-Essential Amino Acids (Gibco), 2 mM L-glutamine (Gibco),
1000 U/mL mouse LIF (ESGRO)). PrE-like cells were passaged every other day with trypsin,
and replated in tissue-culture treated dishes containing MEFs.

4.2.2. CHIMERIC EMBRYOID BODIES (CHIM-EBS)

AGAROSE MICROWELLS

To grow Chimeric Embryoid bodies, round bottom microwells of 300 um of diameter and
800 um height were made using agarose and 3D petri dish micro-molds (MicroTissues,
12-256) (Fig. 4.2a). Molds were autoclaved prior each use. To make the microwells,
the molds were filled with 500 uL of 5% sterile low-melting agarose (Sigma-Aldrich) and
covered with a petri dish to obtain a flat bottom. After 20 min, the microwells dishes were
gently separated from the mold, and use directly for experiments. Molds were cleaned
with 70% ethanol and stored before the next used at room temperature.

CHIM-EBs
Before seeding cells, agarose microwells were placed in 3.5 cm dishes and immersed
overnight in N2B27 medium to equilibrate.
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mESC and PrE-like cells were collected from culture dish using PBS+EDTA 1,0 mM incu-
bated for 10 min or 0.25 % trypsin incubated for 3 min. Most MEFs supporting PrE-like
cells growth stayed in the culture dish. To discard the remaining MEFs, PrE-like cells
were purified using PDGFRA targeting antibodies coupled to magnetic beads and Mini-
MACS MS columns (Miltenyi Biotech).

A solution of 2.0 x 10° cells per mL (10% PrE-like cells, 90% mESCs) in 200 uL of N2B27
medium was deposited in each agarose microwells structure (~150 cells per well) (Fig.
4.2b). The dishes were centrifuged for 5 min at 500 r.p.m., then 1.5 mL of N2B27 medium
was added into the dish, around the microwells. Cell were let aggregating and the result-
ing aggregate was imaged after 16 h (overnight) with a Nikon Ti-Eclipse epifluorescence
microscope equipped with an Andor iXON Ultra 888 EMCCD camera and custom-made
fluorescence filter sets (Nikon).

Micromold Fill Micromold with Detach agarose Final agarose
(MicroTissues) molten 5% agarose structure microwells
b ! !
¢

Agarose Equilibrate microwells Seed cells EBs in
microwells with medium microwells

Figure 4.2: Agarose microwells formation and EBs growth. a, Schematic of agarose microwell formation.
5% molten agarose was poured into a micro-mold from MicroTissues. After 20 min, the agarose pieces were
separated from the molds. b, Schematic of EBs formation and growth in agarose microwells. Agarose microw-
ells were place in culture dish and equilibrate with medium overnight. Cells were pipetted onto the agarose
microwells, the next day EBs were formed.

CHIM-EBS DATA ANALYSIS

Chim-EBs pictures were cropped to isolate single aggregate and saved as composite of
BrightField pictures of EBs and fluorescence pictures of the Pdgfra?8~CFP PrE-like cells
with Fiji [26]. Analysis of the composite pictures was performed with a home-made seg-
mentation pipeline made in CellProfiler [27] creating masks of Chim-EBs and extracting
PrE-like cells positions on those masks. Those positions values were plotted and statis-
tically analyzed (unpaired samples t-test) with R (V 3.5.1) and RStudio (V 1.1.463).
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4.2.3. RETINOIC ACID DRIVEN DIFFERENTIATION IN 3D

EMBRYOID BODIES (EBS)

To grow embryoid bodies (EBs), we used the same round bottom agarose microwells
(300um of diameter and 800um height) as for the Chimeric Embryoid bodies (Method
Fig. 1a). After separation from the mold, microwells were placed in 3.5 cm cell culture
dishes and immersed overnight in 2i medium to equilibrate.

Cells were seeded at a concentration of 2.0x 10° cells per mL (~150 cells per well) in
200 pL of 2i medium per microwells structure. The dishes were centrifuged for 5 min at
500 r.p.m., then 1.5 mL of 2i medium was added into the dish, around the microwells.
Cells were let aggregating overnight before starting the differentiation. After washing
cells with PBS, differentiation was initiated, by changing the medium for basal N2B27
medium supplemented with 4uM of all-trans retinoic acid (Sigma-Aldrich). Differenti-
ation medium was exchanged with fresh one after 48 h. For time lapses, differentiating
EBs were imaged from 24 h to 48 h of differentiation (time step of 30 min) with a Nikon
Ti-Eclipse epifluorescence microscope equipped with an Andor iXON Ultra 888 EMCCD
camera and custom-made fluorescence filter sets (Nikon).

PDMS MICROWELLS

To grow embryoid disk, glass bottom microwells of 100um diameter and 150 — 180um
height were made using PDMS and home-made silicon wafers (Fig. 4.3a).

To create a wafer with pillars of desired dimensions, we designed a mask of 100 um di-
ameter round shapes. Silicon wafer were cleaned in a plasma chamber for 10 min and
coated with SU8-50 photoresist spun at 1250 r.p.m. for 1 min. The photoresist on the
wafer was pre-baked for 30 min at 95 °C and let cool down at room temperature. The
wafer was then exposed to a nitrogen lamp at 15 mW/cm2 for 45 sec through the de-
signed mask. Photoresist structures were baked again for 1 min at 65 °C, then 10 min at
95 oC. After cooling down, the wafer was developed for 10 min in SU8 developer, rinsed
with isopropanol and dried with nitrogen. Final baking of the photoresist was performed
for 30 min at 150 °C. The resulting wafer was let to cool down at room temperature
overnight before the first use. After each use, wafers were cleaned with sequentially with
MilliQ, and twice with isopropanol. They were finally dried with nitrogen and stored at
room temperature until next use.

To create the microwells, wafers were pre-coated using 10 mL of 10% PVA solution (Sigma-
Aldrich), distributed evenly with spinning (1 min, 1200 r.p.m.) and baked at 95 °C for 10
min. Wafers were then coated with 10 mL of 1:10 PDMS, distributed evenly with spinning
(2 min, 2000 r.p.m.), and baked overnight at 65 °C. After cooling down at room tempera-
ture, PDMS was gently separated from the wafer with tweezers after immersion in milliQ
water to dissolve the PVA layer. The obtained PDMS structures were then put on UV-
ozone treated glass coverslips. The resulting microwells were baked 15 min at 120 °C to
fix the whole structure. PDMS microwells could be stored at room temperature in sterile
conditions until use.
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EMBRYOID DISKS (EDS)

Before seeding cells, microwells were equilibrate at least 2 h with 2i medium, then briefly
spun to remove the remaining air bubbles. Cells were seeded at a concentration of 3.0x
10° mESCs per mL in 2i medium and let grow for 48 h to create colonies in the microw-
ells (Fig. 4.3b). After washing cells with PBS, differentiation was initiated, by chang-
ing the medium for basal N2B27 medium supplemented with 4uM of all-trans retinoic
acid (Sigma-Aldrich). Differentiation medium was exchanged with fresh one after 48
h. For time lapses, differentiating EDs were imaged from 24 h to 48 h of differentia-
tion (time step of 30 min) with a Nikon Ti-Eclipse epifluorescence microscope equipped
with an Andor iXON Ultra 888 EMCCD camera and custom-made fluorescence filter sets
(Nikon).

i
Rehbbe
l~ILI‘I F‘l‘lﬁt Rt

Homemade wafer Fast spin PVA Fast spin PDMS 1:10 Final PDMS
microwells

PDMS Coat microwells
microwells with laminin

Seed cells

microwells

Figure 4.3: PDMS microwells formation and EDs growth. a, Schematic of PDMS microwell formation. A tem-
plate on a Silicon wafer was produced by photolithography, containing pillars of desired dimensions (diameter
100pum and height range 150 — 180um). The wafer was coated with PVA by pipetting a PVA solution onto the
wafer and fast spinning (1 min, 1200 r.p.m.). PVA coated wafer was baked 10 min at 95 °C to dry the PVA layer.
To create the microwells, PDMS was poured on the wafer, fast-spun (2 min, 2000 r.p.m.) and baked overnight
at 65 °C. After baking, the PDMS was detached from the wafer by dissolving the PVA layer, and placed on glass
coverslip. b, Schematic of EDs growth in PDMS microwells. PDMS microwells mounted on glass coverslip were
coated with laminin and mESC were seeded. After 48 h, most of the wells were filled with a mESC colony.

EDS DATA ANALYSIS

EDs time lapses pictures were cropped using Fiji [26]. For each cell, the focus plan at
every time point was manually identified and isolated. The resulting data were saved as
sequences of single TIFF files. The segmentation of the PrE-like cells in EDs time lapses
data was performed with a custom Matlab (V R2014b) code, based on the existing code
Schnitzcells [28]. Briefly, the segmentation step was replaced by a homemade adaptation
of the WaterShed segmentation method, excluding all objects outside the microwell area.
The tracking code stayed the same. For the analysis of the tracks, the Matlab package
@msdanalyzer [29] was used to calculate and fit mean square displacement (MSD) and
velocities. Statistical tests were performed in R (V 3.5.1) with Rstudio (V 1.1.463).



82 4. In vitro MODEL SYSTEMS FOR EPIBLAST / PRIMITIVE ENDODERM SORTING

4.3. RESULTS

4.3.1. Er1/PRE SORTING IN CHIMERIC EMBRYOID BODIES

To study the Epi/PrE sorting in vitro, we first turned to unstructured 3D aggregates
of cells cultured in vitro. To mimic the Epi (E4.0 - E6.0), we used mESCs which are ex-
tracted from the ICM of the embryo around E3.5, but resemble E4.5 Epi after adaptation
to in vitro culture conditions [30]. mESCs self-renew in vitro while remaining pluripo-
tent, which means they can in principle be differentiated to all cell types in the adult
body. To model the PrE, we differentiated mESCs with RA, following a protocol which
results in a subpopulation of cells that resemble the PrE transcriptionally [25, 31]. To
identify those cells, we used a cell line harboring a reporter for the PrE specific marker
PDGFRa (Pdgfra'?8-CFP). After differentiation, the cells were collected from the dish
and PrE-like cells were purified using magnetic beads coated with anti-PDGFRA anti-
bodies.

In order to study the sorting process with mESCs and PrE-like cells, we created ag-
gregates of these two cell types, which we call Chimeric Embryoid Bodies (Chim-EB). To
create Chim-EBs in large numbers we deposited mixtures of various concentrations of
cells into agarose microwells, by centrifugation (Fig. 4.4a). This is a simple way to bring
the cells in close spatial proximity but allows only rough control over the number of cells
per aggregate.

After overnight incubation (16h), we observed that PrE-like cells and mESCs already
sorted, as expected, with PrE-like cells forming a single layer on the outside of the Chim-
EBs. This organization was observed independently of the initial number of cells and the
size of the aggregates (Fig. 4.4b). In vivo sorting occurs within a day after differentiation
of the cells and ends up with the PrE forming an epithelium around Epi cells [11]. Thus,
this rearrangement in Chim-EBs happened in less than a day, resembling the timing of
the sorting in embryos.

We then performed time lapse experiments to follow the movement of the cells during
the sorting process. These experiments revealed that sorting occurred concomitantly
with aggregation (Fig. 4.4c, d). Thus, it was difficult to identify the interaction and move-
ment of individual cells in the forming aggregate. In an attempt to decouple aggregation
from sorting, we sought to accelerate aggregation. To that end we explored different
methods to better preserve adhesion molecules, which get partially lost due to enzy-
matic dissociation from the culture dish (Fig. 4.4c). Using a non-enzymatic method to
detach cells dramatically reduced aggregation time from 8 h to 1 h 20 (Fig. 4.4d). How-
ever, the sorting was accelerated to a similar degree, so it was still impossible to separate
the two processes.
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Figure 4.4: Epi/PrE sorting is recapitulated during aggregation of Chim-EBs. a, Schematic of the Chim-EB
protocol: PrE-like cells were differentiated from mESCs by RA treatment. At 0 h, PrE-like cells and mESCs were
deposited into agarose microwells and aggregated overnight to form Chim-EBs. After 16 h, Chim-EBs were
imaged. mESCs and PrE-like cells reorganized, with PrE-like cells forming a single layer around the mESCs. b,
mESC/PrE-like sorting pattern in Chim-EBs of different sizes, 16 h after seeding. PrE-like cells are identified by
PdgfraH 2B-GFP expression. ¢, Plasma membrane integrity after detachment from the culture dish with trypsin
(top) or EDTA (bottom). Cell membranes were marked by expression of an mCherry-GPI fusion protein. d, Live
cell imaging of Chim-EB aggregation after cell seeding. PrE-like cells and mESCs were dissociated using trypsin
(top) or EDTA (bottom). Scale bars: 50pum.

As it became clear that Chim-EBs cannot be used to study the dynamics of sorting,
we wanted to explore whether they can still be used to study qualitative effects of adhe-
sion molecule knock-down. Adhesion molecules are considered as key molecular play-
ers in cell sorting mechanisms [1, 2, 3]. Earlier studies investigated the role of specific
molecules in the Epi/PrE sorting process in vivo [4, 22], and in vitro in cultured embryos
[23], or EBs [22, 16], but comprehensive and complete screening has not been carried
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out so far. Due to the high level of control and accessibility of our in vitro Chim-EB sys-

tem, we could in principle test the role of a large set of adhesion molecules using siRNA
libraries or other knockdown strategies.

To demonstrate the feasibility of this approach, we studied the effect of integrin 1 knock-
down. Integrin f1 subunits are expressed in both Epi and PrE, in which they dimerize

with a6 and a5 subunits respectively [32]. Its knock-out has been shown to be lethal

for the embryo during peri-implantation development, at the blastocyst stage (E4.5) [5].

Integrin B1-null embryos showed a retarded growth of the ICM and defective PrE mi-

gration. A similar effect was observed in vitro: integrin $1-null embryoid bodies con-

tain PrE-like cells but they fail to migrate to the surface and form a proper layer [32].

To abrogate integrin 1 function with maximal specificity and minimal perturbation of
unrelated cell physiology, we exposed the mESC/PrE-like cells mixtures to a blocking an-

tibody (HMb1-1), just before aggregation (Fig. 4.5a).
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Figure 4.5: Blocking Integrin 1 affects Chim-EBs sorting pattern. a, Schematic of the Chim-EBs antibodies
treatment protocol. Before being seeded in agarose microwells, mESCs and PrE-like cells were treated with
the antibody of interest for 1 h. Treated cells were then deposited in the agarose microwells and aggregated
overnight. Chim-EBs were imaged after 16 h. b, Examples of mESC/PrE-like sorting pattern in Chim-EBs
treated with different antibodies. Each column show Chim-EBs treated with a specific antibody or WT. HMb1-
1is functionally blocking integrin 1. PrE-like cells are identified by Pdgfra’2B -GFP expression. Scale bars: 50
um. ¢, Distribution of PrE-like cell positions according to the aggregate size of Chim-EBs treated with HMb1-1
and untreated. Radius of EBs were normalized so 0 is the center of the aggregate and 1 the edge. d, Distribution
of PrE-like cell positions in Chim-EBs treated with different antibodies and untreated. Radius of aggregates
were normalized so 0 is the edge (p-values: * < 0.05, ** < 0.0005, *** <5e-14).
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This antibody is known to block integrin 1 activity by binding at the N-terminus [33,
34]. When HMb1-1 was used, PrE-like cells remained distributed within the Chim-EBs
instead of sorting to the surface (Fig. 4.5b, c). Antibodies binding to other membrane
proteins (E-cadherin, PDGFRa) had no such effect (Fig. 4.5b, d). The observed effect was
thus related to integrin B1 function.

Time lapse imaging of Chim-EB formation with HMb1-1 present revealed similar ag-
gregation dynamics as observed before. However, PrE-like cells did not move to the out-
side but remained relatively static (Fig. 4.6). These results confirm that integrin 1 plays
an important role in the interaction between the cells and the organization of the two
cell types.

Aggregation/sorting of Chim-EBs with HMb1-1

Pdgfra H25-GFP
| t=7h30 [ t=10h

Figure 4.6: Live cell imaging of Chim-EB aggregation under treatment with HMb1-1. Scale bars: 100um.

All in all, our results show that Chim-EBs can be used as an easy and quick assay to
screen adhesion molecules and investigate their role in Epi/PrE sorting.

4.3.2. RA DIFFERENTIATION OF MESCS IN 3D MICROSTRUCTURES AS A MODEL
FOR EPI/PRE SORTING

Our experiments with Chim-EBs made it clear that cell sorting occurs concomitantly
with cell aggregation and aggregate compaction, which makes it difficult to observe the
sorting process. Hence, we wanted to explore an alternative where we first aggregate the
cells and then induce differentiation in a subset. Such an approach would also mimic in
vivo Epi/PrE sorting more closely than the previously developed Chim-EBs.

We first tested spherical aggregates of mESCs harboring a nuclear, fluorescent re-
porter of PDGFRa (PdgfraHZB -GFPy 4 marker of PrE cells. Similarly to Chim-EBs, those
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aggregates were formed by depositing cells into agarose microwells by centrifugation
(Fig. 4.2). Treatment of aggregates with RA 24 h after cell seeding resulted in a subpopu-
lation of PDGFRa positive cells. A prior 2D study of RA differentiation has characterized
these cells in details and shown that they have a PrE-like profile [25]. 48 h after the start
of RA differentiation, the first PDGFRa positive, PrE-like cells were already positioned on
the outside of the aggregate. Thus, we performed time lapse experiments between 24 h
and 48 h of RA treatment to observe cell movements (Fig. 4.7a). These measurements
revealed that PrE-like cells do not preferentially appear on the outside of the aggregate,
but throughout the aggregate (Fig. 4.7b, see t = 0 h and 5 h). Shortly afterwards, the cells
move to the outside. Spherical aggregates of mESCs under RA thus recapitulate sorting
between PrE-like and Epi-like cells.
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Figure 4.7: Epi/PrE sorting is recapitulated in EBs differentiated with RA. a, Schematic of the RA induced
PrE-like differentiation and sorting in EBs. mESCs were seeded and aggregated in agarose microwells. The
next day, the medium was supplemented with 4uM RA. 24 h after RA addition, EBs were imaged to follow the
differentiation and migration of PrE-like cells (identified by PdgfraHzB’GF P expression). b, Live cell imag-
ing of PrE-like cell differentiation and migration in EBs treated with RA. All cells nuclei are labelled with the
fluorescent protein mOrange linked to the histone protein H1-10 (in orange in those pictures). PrE-like cells
nuclei are additionally labelled with the genetic reporter Pdgfra’’?B=CGFP (in green in those pictures). Scale
bars: 50um.
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Figure 4.8: EDs allow better characterization of RA induced Epi/PrE-like sorting. a, Schematic of RA induced
PrE-like differentiation and sorting in EDs. mESC were seeded in PDMS microwells and grown for 48 h. Once
aggregates were formed in the microwells, the medium was supplemented with 4uM RA. 24 h after RA addition,
EDs were imaged to follow the differentiation and migration of PrE-like cells (identified by PdgmeZB_GF P
expression). b, Live cell imaging of PrE-like cell differentiation and migration in EDs treated with RA. Scale
bars: 100um. ¢, Distribution of PrE-like cells along the z-axis in RA treated EDs at different time points.

While we were able to demonstrate cell sorting qualitatively in spherical aggregates,
quantitative imaging and analysis turned out to be difficult due to Brownian motion of
the free-floating aggregates and challenging optical properties of the agarose microwells.
Furthermore, a sphere does not correspond well to the actual shape of the ICM in vivo,
which has a half in direct contact with the basal membrane of the trophectoderm (Fig.
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4.1). In order to improve imaging conditions and approximate the adhesion of the ICM
to the trophectoderm, we developed 3D microstructures with cylinder-shaped growing
on laminin-coated surface. To form these aggregates, cells were seeded in cylindrical mi-
crowells created by bonding a thin slab of PDMS with circular holes to a glass coverslip
(Fig. 4.3). The glass was coated with laminin to enable cell attachment. This new system,
which we called embryoid disk (ED), has the additional advantage that the extracellular
matrix components to which the mESCs attach can be easily varied. Imaging of EDs is
convenient since they are immobile and can be imaged through coverslips of standard
thickness. After aggregation in the microwells, cells were exposed to RA to induce the
formation of PrE-like cells (Fig. 4.8a). Time lapse imaging between 24 h and 48 h of RA
exposure showed that PrE-like cells were appearing throughout the whole ED and ended
up accumulating at the top and the bottom of the ED (Fig. 4.8b, c).

The optimized imaging conditions allowed us to extract the trace of PrE-like cells
in the EDs. Interestingly, PrE-like cells seem to exhibit different behaviors according to
their starting position along the z-axis of the well, i.e. the distance from the glass bottom
(Fig. 4.9). Cells differentiating in the middle of the aggregate showed a clear movement
in the z-direction. On the other hand, differentiating cells near the top or the bottom of
the EDs did not move significantly in Z and seemed restricted to a limited XY plane.
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Figure 4.9: PrE-like cells exhibit different kinds of motion in EDs. Traces of PrE-like cells moving in RA treated
EDs. Arrows show the global trend of cell movement, from starting point to end point.

To analyze the cell movement in greater detail we calculated the average instanta-
neous velocities as well as the mean-squared displacements (MSDs) for all traces (Fig.
4.10a). Due to the observed differences in cell movement depending on the z-position,
we calculated separate velocities for movement in z and movement in the xy-plane.
Since the cell traces were obtained in multiple experiments, the colonies in the wells
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have slightly different sizes (from 50 to 75 um along the z-axis). To perform combined
analysis of cells at similar relative z-positions within an ED, we normalized the z-coordinates
to the thickness of the colony, such that 0 corresponds to the glass surface and 1 to the
top of the EDs.
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Figure 4.10: The behavior of PrE-like cells in EDs depends on their position along the Z-axis. a, Plot of
all PrE-like cell movement traces. b, Top, average speed per trajectory in the xy direction according to their
starting position along the z-axis. Bottom, speed of cells in xy, averaged over all cells in each indicated section
of the ED. ¢, Top, average speed per trajectory in the z-direction according to their starting position along the
z-axis. Bottom, speed of cells in z, averaged over all cells in each indicated section of the ED. The z coordinates
were normalized so 0 corresponds to the glass surface and 1 to the top of the ED. The bottom section is defined
between [0, 0.15], the middle section between [0.15, 0.75] and the top section between [0.75, 1].

The average speed per trajectory of PrE-like cells in the xy-plane (0.1 — 0.3 um/min, Fig.
4.10b) was roughly independent of z-position, with the exception of the cells closest to
the glass surface. There, some cells exhibited faster movement (up to 1.02 ym/min). The
speed of cells in the z-direction was variable at the bottom of the ED (Fig. 4.10c) but most
cells showed very little movement (< 0.03 yum/min). Cells differentiating in the middle
section of the well ([0.15, 0.75] relative position) had higher speeds in the z-direction,
than cells at the top or bottom. Finally, cells in the top section of the well hardly move in
either z or the xy plane.
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To further characterized cell dynamics, we calculated the MSD for the movement in
Xy or z, respectively (Fig. 4.11)). The averaged MSD of traces in different sections of
the EDs, quantify the dependence of cell movement dynamics on z-position (Fig. 4.11)).
Most of the movement in the z-direction is concentrated in the middle section of the ED.
The top section of the ED showed very little movement in all directions. Finally, the cells
in the bottom section showed a lot of movement in xy but almost none in the z-direction.
Diffusion coefficients were estimated by fitting a linear function.
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Figure 4.11: The behavior of PrE-like cells in EDs depends on their position along the Z-axis. Calculation
of mean MSD of cells in the different sections of the colonies ([0.75, 1] at the top, [0.15, 0.75] in the middle,
[0, 0.15] at the bottom). Mean MSD were calculated separately for xy plane (middle plots), and z-direction
(bottom plots).

In several instances, the observed MSD curves were not fit well by a linear model. We
therefore fit the same data again, this time with a power law. The inferred exponent «
can give us an indication of the type of movement of the cells. An unbiased random walk
corresponds to a = 1, subdiffusion is characterized by a < 1 and a > 1 could indicate the
presence of active, directed motion). For the movement in xy, all the exponents have a
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value < 1, probably due to confinement in the well (Fig. 4.12a). However, the fits of the
MSDs for the z-direction (Fig. 4.12b), showed directed motion of the cells in the middle
of the well (a > 1), while the cells at the top and bottom showed subdiffusive behavior.
This confirmed that the cells actively move along the z axis to reach the top of the ED
(90% of cells moving in z are moving towards the top) and stop moving once they reach
the surface. Cells differentiating at the bottom of the ED (below 50 pm above the glass)
typically do not move to the top, possibly due to adhesion to the laminin coated surface,
or low concentration of a morphogenic factor supplied by the media overlaying the ED.
Cells differentiating at the top of the colony show very limited movement and mostly
stay at the same place. Together, these behaviors explain the distribution of the PrE-like
cells observed several hours after differentiation initiation (Fig. 4.8c).
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Figure 4.12: PrE-like cells have different type of movement along the z-axis. a, b, Analysis of the movement
of PrE-like cells in xy (a) and z (b) direction. Mean MSD of the different sections were fitted with a power law
(y =k x%). The value of a indicates the type of movement (« = 1 random motion, « > 1 directed motion, a < 1
subdiffusion).

In conclusion, EDs allowed us to mimic the Epi/PrE sorting process in vitro and ob-
serve the movement of individual PrE-like cells. Several parameters of this system (coat-
ing, geometry of the well, size of the structure) can be easily tuned in the future to explore
their influence on the dynamics of the cells. Such detailed measurements of cell move-
ment could inform a mathematical model of cell sorting.
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4.4, DISCUSSION

If a lot of studies about Epi/PrE sorting were so far performed on embryos in vivo or
in vitro, mESCs-based in vitro models still represent an alternative way to study the pro-
cess in a controlled, and easily tunable way. In this chapter we discussed two different
models that we developed to study Epi/PrE sorting process in vitro.

So far, the default model used was the EB, made from genetically modified mESCs
which allowed to observe qualitatively the sorting between cells of different adhesive
properties [22] with sometimes differentiation of endoderm-like cells [18, 16]. Like for
those previous models, our Chim-EBs cannot be used to study the dynamics of the cell’s
movement during the sorting, due to the concomitance of the aggregation process. How-
ever, they have the advantage to be an accessible system observe the effects of cells mod-
ification of both or one of two cell types on the sorting. Our protocol is short and allows
to grow a large number of homogeneous aggregates at once, with a complete control
of the state of the cells. Moreover, we are using well characterized PrE-like cells, and
having a fluorescent PrE marker reporter (Pdgfra?2~¢FP) allows a clear and easy read-
out. Preliminary experiments with a siRNA knock-down screening assay revealed that
knock-down of integrin 1 in both cell types prevented sorting. A complete knock-down
screening assay of all adhesion molecules in the two cell types separately would certainly
give us more information about what adhesion molecules are required, and how differ-
ent the adhesion between the two cell types need to be for the sorting to happen.

Among the different systems tested in this chapter to study Epi/PrE sorting, RA driven
differentiation of EDs appears to the best way to analyze the movement of the cells in a
quantitative way. Using a Pdgfra-GFP reporter, each PrE-like cell differentiating in the
system can be tracked. By adding another nucleus fluorescent reporter expressed in all
cells, we could also study the dynamics of the other cells. While Chim-EBs would still
be preferably used for large knock-down screening assay, this system can be used to look
at the effect of a candidate gene on the sorting dynamics with a stable knock-out cell line.

Our preliminary experiments using PrE-like cells and WT mESCs, allowed us to al-
ready see that the movement of the PrE-like cells is directed. This already clear out the
hypothesis that the cells are randomly moving withing the IMC and forming the sorted
pattern only with polarization establishment. The further movement characteristics ex-
tracted from the cell traces analysis could be used to develop an in-silico model. Such
a model would help us to explore if differential adhesion is enough to explain the sort-
ing or if it still requires an external signal to guide the PrE movement of the cells. Some
questions are still remaining about the ED model, specially about the state the rest of the
mESCs that do not differentiate into PrE-like. If from previous characterization mESCs
are known to be close to Epi phenotype, the RA differentiation we are performing in EDs
must also affect the cells that do not turn into PrE-like cells. Further characterization of
those cells during and after the sorting must be performed to know if they still resemble
Epi, before using our system to extrapolate about the sorting in the ICM.
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ACRONYMS

Chim-EB chimeric embryoid body
E4.5 embryonic day 4.5

EB embryoid body

ED embryoid disk

ESC embryonic stem cell

CELL TYPES

Epi epiblast
ICM inner cell mass

mESC mouse embryonic stem cell
MSD mean square displacement
PDMS polydimethylsiloxane

RA retinoic acid

siRNA small interfering RNA

PrE primitive endoderm
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SINGLE-CELL TRANSCRIPTOMICS
REVEALS GENE EXPRESSION
DYNAMICS OF HUMAN FETAL
KIDNEY DEVELOPMENT

This chapter is based on:
Mazene Hochane et al. “Single-cell transcriptomics reveals gene expression dynamics
of human fetal kidney development”. In: PLOS Biology 17.2 (Feb. 2019), e3000152

In vitro models are a convenient way to study mechanisms of development, however,
the results of those studies have to be validated by in vivo observations. Single-cell
transcriptomics has emerged as one of the most useful tools to reveal complex devel-
opmental dynamics in a comprehensive way. Single-cell expression atlases can also
serve as benchmarks for the development of more realistic in vitro systems, in partic-
ular organoids.

As an example of such a benchmark, this chapter presents a single-cell transcrip-
tomics study of the human fetal kidney. Several fetal kidney samples of different ages
(w9, wll, wl3, wl6, wl8) were sequenced to characterize cell type diversity. The anal-
ysis identified 22 cell types and their marker genes. Among those cell types are newly
discovered podocyte precursors, and several nephron progenitor cell (NPCs) subtypes
that populate the nephrogenic niche. These cell types were localized in fetal kidney
sections, and the extensive information contained in their transcriptomics allowed us
to explore disease-associated genes expressed in those transient cell types. This study
provides a rich resource for the understanding of human kidney development, easily
accessible through an interactive web application.
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5.1. INTRODUCTION

Mammalian kidney development initiates in the intermediate mesoderm through
crosstalk between the metanephric mesenchyme (MM) and the ureteric bud (UB). The
UB originates from the nephric duct, invades the MM, and starts to subdivide progres-
sively into multiple ramifications. The UB tip cells, which make the first contact with
the MM, become enveloped by an assembly of mesenchymal cells, the cap mesenchyme
(CM) (Fig. 5.1A-B). The CM contains NPCs, which give rise to the whole nephron ep-
ithelium through tightly regulated morphogenic transformations [2]. Self-renewal of
(mouse) NPCs is governed by key transcription factors, such as Six2 and MeoxI, which
mark the nephrogenic zone of the kidney [3]. Signaling between UB tip cells and NPCs
regulates the balance between self-renewal and differentiation of the NPCs [4]. In hu-
mans, about 1 million nephrons are produced before the NPC population is irrevoca-
bly exhausted a few weeks before birth [5]. During nephrogenesis, NPCs undergo mes-
enchymal -epithelial transition and differentiate into a succession of intermediate struc-
tures: the pretubular aggregate (PTA), renal vesicle (RV), comma-shaped body (CSB) and
s-shaped body (SSB). Then, via the capillary loop stage, mature and functional glomeru-
lar and tubular structures are eventually formed. In contrast to the nephron epithelium,
the collecting duct system originates from the UB. GDNF/RET signaling between the UB
and CM critically regulates proliferation of UB tip cells and branching morphogenesis of
the UB [6]. Stromal cells-such as interstitial cells (ICs), mesangial cells, juxtaglomerular
cells, smooth muscle cells, fibroblasts, and pericytes-derive from a common interstitial
progenitor [7, 8]. Finally, vascular endothelial cells and the highly specified glomerular
endothelium originate from the MM [9], and leukocytes and erythrocytes enter with the
blood stream. The current understanding of mammalian kidney development is largely
based on mouse studies, although it is clear that human and mouse kidneys are morpho-
logically different. Three recent landmark studies have revealed, in great detail, a signif-
icant divergence between mouse and human renal embryogenesis in terms of morphol-
ogy as well as gene expression [10, 11, 12]. These studies underline that the prevailing
lack of data on human kidney development severely hinders the detailed understanding
of human kidney development and possible developmental origins of kidney disease.

In the study described here, we used scRNA-seq to study gene expression dynam-
ics in human fetal kidney development. Analysis of a fetal kidney from week 16 (w16)
of gestation revealed 22 cell types, which we identified by known marker genes. Pseu-
dotime analysis clarified their temporal relationship. We further defined specifically ex-
pressed cell type marker genes of which many have not been implied in kidney develop-
ment. Comparison to four additional samples (from w9, w11, w13, and w18) suggested
that most cell types have a constant expression pattern, with the notable exception of
podocytes. To highlight two ways in which our dataset can be interrogated, we then ex-
plored the nephrogenic niche and the development of podocytes. Gene expression dif-
ferences between four NPC clusters were related to spatial heterogeneity by immunos-
taining and smFISH. Expression of the disease-associated gene UNCX was localized to
NPCs and their early derivatives. Finally, we focused on podocyte development, which
proceeds via a distinct precursor state. By immunostaining and smFISH, we localized
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these precursors in situ and confirmed the disease-associated gene OLFM3 as a marker.
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Figure 5.1: Overview of kidney development and the experimental design. (A) Schematic of kidney epithe-
lium development. (B) Several morphologically distinct stages of nephrogenesis are highlighted by colored
lines in images of human fetal kidney sections stained with hematoxylin-eosin. (C) Overview of the scRNA-seq
experiment. Ureteric bud (UB), cap mesenchyme (CM), pretubular aggregate (PTA), renal vesicle (RV) (Stage
I), comma-shaped body (CSB) (Stage II), s-shaped body (SSB) (Stage II), capillary-loop stage (CLS) (Stage III),
glomerulus (GLO) (Stage IV)

My role was to characterized the S-shaped body podocytes (SSBpod) population,
identified in the scRNA-seq clustering. Those cells are a novel, transient state in the de-
velopment of podocytes (pods), simultaneously discovered in this study and one from
Lindstrom et al.[13]. This new cell state was characterized by investigating its expres-
sion pattern, according to known literature markers and novel markers identified in our
scRNA-seq data. By cross-referencing the obtained information with genome-wide asso-
ciation studies, we found that the SSBpod marker OLFM3 was associated with glomeru-
lar filtration rate. The SSBpods were located in developing kidneys using immunostain-
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ing and smFISH. Finally, the exploration of signaling factors differentially expressed in
SSBpods led to nominate potential targets for perturbation studies.

5.2. MATERIALS AND METHODS

5.2.1. ETHICS STATEMENT

The collection and use of human material in this study was approved by the Medical
Ethics Committee from the Leiden University Medical Center (P08.087). The gestational
age was determined by ultrasonography, and the tissue was obtained by vacuum aspi-
ration from women undergoing elective abortion. The material from six embryos (w9,
male; wll, male; wl3, female; wl5, female; w16, male; and w18, female) was donated
with written informed consent. Questions about the human material should be directed
to S. M. Chuva de Sousa Lopes (Lopes@lumc.nl).

5.2.2. EXPERIMENTAL METHODS

SINGLE-CELL DISSOCIATION OF HUMAN FETAL KIDNEY

One human embryo of w16 (male) was isolated and the kidney dissected in cold saline
solution (0.9% NaCl, Versylene Fresenius). For sex genotyping, polymerase chain reac-
tion (PCR) for AMELX/Y was used as previously described [14]. The obtained kidney
was decapsulated and kept on ice in dissociation buffer (DPBS + Penicillin 100 U/mL
+ Streptomycin 0.1 mg/mL; all from Life Technologies) before cutting it into 1-2 mm
pieces. The pieces were washed three times with washing solution (Advanced DMEM
F12 supplemented with ITS commercial solution (Insulin-Transferrin-Selenium; Ther-
mofisher), Glutamax, Penicillin 100 U/mL, and Streptomycin 0.1 mg/mL) with brief cen-
trifugation (160 g) in order to remove as many red blood cells as possible. The washed
kidney tissue was then incubated with digestion solution (Trypsin/EDTA solution 0.25%
and Collagenase-II 280 U/mL) and incubated overnight at 4°C. The next day, the diges-
tion solution was removed, and the kidney was rinsed with washing solution and incu-
bated with washing solution for 30min at 37°C with agitation. Subsequently, the sample
was sequentially passed through sterile cell strainers of 100, 70, and 40 um pore size with
the help of washing solution. The cells were then centrifuged and counted, and viability
was measured to be 78% (trypan blue assay) before proceeding with scRNA-seq library
preparation. Four additional human fetal kidneys (w9, male; wll, male; w13, female;
and w18, female) were dissected as described above, but, additionally, live cells were pu-
rified by FACS before library preparation [15].

SCRNA-SEQ LIBRARY PREPARATION AND SEQUENCING
scRNA-seq libraries were prepared using the Chromium Single Cell 3’ Reagent Kit, Ver-
sion 2 Chemistry (10X Genomics) according to the manufacturer’s protocol. Libraries
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were sequenced on a NextSeq500 in Mid Output mode using a version 2, 150-cycle kit
(Ilumina).

IMMUNOSTAINING

A paraffin-embedded w15 human kidney (female) was sectioned (5 pm) using a RM2255
microtome (Leica Microsystems GmbH) and mounted on StarFrost slides (Waldemar
Knittel).

For immunofluorescence, sections were deparaffinized and rehydrated by standard
procedures, starting with xylene (twice for 20 min), followed by ethanol with sequential
dilution and ending with distilled water, all at RT. Antigen retrieval was performed by
a double treatment of 10 min in a microwave (97°C) with 0.01 M sodium citrate buffer
(pH 6.0). The sample was then allowed to cool down, rinsed three times with PBS, and
blocked for 1h at RT in blocking buffer (1% BSA, 0.05% Tween-20 in PBS). Subsequently,

sections were incubated overnight with the following antibodies diluted in blocking buffer—

rabbit anti-SIX2 (1:100, 11562-1-AP;Proteintech), mouse anti-CITED1 (1:500, H00004435-
MO03; Novus Biologicals), mouse anti-MAFB (1:200, LS-C336952; LifeSpan Biosciences),
rabbit anti-ACTA2 (1:200, ab5694; Abcam), goat anti-PODXL (1:200, AF1658; R&D Sys-
tems), and rabbit anti-UNCX (1:10, PA5-69485; Thermo Fisher Scientific), rabbit anti-
CKS2 (HPA003424, 1:100; Sigma Aldrich), rabbit anti-NURR77 (NR4A1) (ab13851, 1:50;
Abcam Biochemicals), and mouse anti-HSP70 (HSPA1A) (ab2787, 1:50; Abcam Biochem-
icals). The secondary antibodies were diluted in blocking buffer and applied at RT for
1h followed by nuclear counterstaining with 4;6-diamidino-2-phenylindole (DAPI; Life
Technologies). The secondary antibodies used were Alexa Fluor 647 donkey anti-rabbit
(1:500, A-31573; Life Technologies), Alexa Fluor 594 donkey anti-mouse (1:500, A-21203;
Life Technologies), and Alexa Fluor 555 donkey anti-goat (1:500, A32727; Life Technolo-
gies). The sections were then mounted using ProLong Gold (Life Technologies).

For immunohistochemistry, sections were deparaffinized and blocked as above. Af-
ter overnight incubation with primary antibodies rabbit anti-UNCX (1:10, PA5-69485;
Thermo Fisher Scientific) and mouse anti-CITED1 (1:500, H00004435-M03; Novus Bio-
logicals) in blocking buffer, 0.3% H,O; was used to quench endogenous peroxidase ac-
tivity for 20min. Next, the sections were incubated with biotin-labeled goat anti-rabbit
IgG (1:200, BA-1000; Vector Laboratories) diluted in normal goat serum (1:66, S-1000;
Vector Laboratories) or biotin-labeled horse anti-mouse (1:200, BA-2000; Vector Labora-
tories) diluted in normal horse serum (1:66, S-2000; Vector Laboratories) for 40min. Sec-
tions were then treated for 40min with avidin-biotin-peroxidase complex (VECTASTAIN
Elite ABC HRP Kit, #PK-6100; Vector Laboratories) following the manufacturer’s instruc-
tions, followed by DAB (D5637; Sigma-Aldrich) and hematoxylin (1043020025; Merck)
and were mounted with Entellan (1079610100; Merck).

SINGLE-MOLECULE FISH

Paraffin embedded sections from the w15 human fetal kidney (female) used for im-
munostaining were also used for smFISH experiments. Paraffin was removed by immer-
sion in xylene twice for 10 min at RT. The sections were then rehydrated by sequential
immersion in ethanol solutions (100% (2x, 10min), 85% (2x, 5 min), and 70% (2x, 3 min)).



5. SINGLE-CELL TRANSCRIPTOMICS REVEALS GENE EXPRESSION DYNAMICS OF HUMAN
102 FETAL KIDNEY DEVELOPMENT

Subsequently, sections were permeabilized in 70% ethanol for 5h before incubation with
proteinase-K (P4850; Sigma Aldrich) for 15 min at 37°C (23 pg/mL in TE buffer at pH =
8) and a wash in RNAse-free water (3x, 5 min). smFISH was performed as described
previously [16]. Briefly, custom designed smFISH probes (BioCat,Hochane et al. [1] S5
Table), labeled with Quasar 570, CAL FLuor Red 610, or Quasar 670, were incubated with
the samples for 16h at 30°C in hybridization buffer (100 mg/mL dextran sulfate, 25%
formamide, 2X SSC, 1 mg/mL E.coli tRNA, 1 mM vanadyl ribonucleoside complex, 0.25
mg/mL BSA). Samples were washed twice for 30 min at 30°C with wash buffer (25% for-
mamide, 2x SSC) containing DAPI (1 pg/mlL, D9542; Sigma). All solutions were prepared
with RNAse-free water. Finally, the sections were mounted using ProlongGold (P36930;
Life Technologies) and imaged the next day.

IMAGING

Immunostained and smFISH-treated kidney sections were imaged on a Nikon Ti-Eclipse
epifluorescence microscope equipped with an Andor iXON Ultra 888 EMCCD camera,
using a 100x /1.45 Plan Apo Lambda oil objective (Nikon) and dedicated, custom-made
fluorescence filter sets (Nikon). To cover large areas of the sectioned kidney, images of
multiple adjacent areas were taken and combined using the tiling feature of the NIS El-
ements software (Nikon). For imaging of smFISH signals, z-stacks were collected with
distances of 0.3-0.5 um between planes in four fluorescence channels (GFP, Quasar 570,
CAL FLuor Red 610, Quasar 670).

5.2.3. QUANTIFICATION AND STATISTICAL ANALYSIS

SCRNA-SEQ DATA PRUNING AND NORMALIZATION

Single-cell expression for the w16 sample was quantified using unique molecular iden-
tifiers (UMIs) by 10X Genomics’ Cell Ranger software. After removing cells with less
than 2,000 transcripts per cell, 8,503 cells were retained for further analysis. On aver-
age, 1,789 genes were detected per cell and a median of 4,805 transcripts per cell (Fig.
5.2A). Given the recent report that dissociation can have a significant influence on the
single-cell transcriptome [17] and that the kidney is notoriously difficult to dissociate,
special attention was paid to dissociation-related artifacts. The amount of 1,859 cells
with signs of stress were removed from the dataset (Fig. 5.2B). These cells had more
than 10% of their expression come from mitochondrial genes (MT-ND1, MT-ND2, MT-
CO1, MT-CO2, MT-ATP8, MT-ATP6, MT-CO3, MT-ND3, MT-ND4L, MT-ND4, MT-ND5,
MT-ND6, MT-CYB) or more than 5% from stress markers. Stress markers were defined
as those genes that were significantly up-regulated upon prolonged enzymatic incuba-
tion of mouse kidney tissue in the study by Adam, Potter, and Potter [18] (Hochane et al.
[1] S2 Table, Fig. 5.2B). Mouse genes from this list were converted to human genes us-
ing biomart [19]. Genes of the literature set (Table 5.1) only showed small differences
between stressed and nonstressed cells (Fig. 5.2C-D), and stressed cells did not form a
separate cluster (Fig. 5.2E-F). Therefore, removing stressed cells did not reduce the cell
type diversity in the sample. Additionally, 42 cells had more than 1% of their expres-
sion coming from HBB, HBA1, and HBA2 and were therefore classified as red blood cells
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and discarded from any further analysis (Fig. 5.2E). Sporadic expression of hemoglobin
genes in other cells was likely due to red blood cells that burst before isolation. The same
filtering approach was applied to the samples from the other developmental ages as well
as the data from Lindstrém et al. [13]. Raw UMI counts were smoothened by k-nearest
neighbors smoothing version 2.1 [20]. This procedure reduces technical noise by sharing
information between transcriptionally similar cells, which likely belong to the same cell
type. Briefly, the expression profiles of each cell and its knn were summed (k = 10; dis-
tance metric: Euclidean distance of the first 10 principal components (PCs) with a dither
of 0.05). The resulting smoothened count matrix had a higher total count than the orig-
inal and was therefore scaled back to the original matrix by a global factor. Expression
was normalized by the method developed by Lun and colleages [21] (as implemented in
the scran (version 1.10.1)R package using the functions quickCluster and computeSum-
Factors). Normalized gene expression was Freeman-Tukey (FT) transformed in further
analyses unless stated otherwise.

REDUCTION OF DIMENSIONALITY

Variability of gene expression was calculated using the improvedCV2-function from the
scran R package. Intercell distances were calculated using the 5% most highly variable
genes (HVGs) excluding stress markers [18] (Hochane et al. [1] S2 Table) and ribosomal
genes (obtained from the HGNC website) without any filter for minimum mean expres-
sion. For maps of individual samples, we used (1-Pearson correlation) as distance mea-
sure. For maps of combined samples, we used Euclidean distance in the MNN-corrected
PC space. All t-distributed stochastic neighbor embedding (tSNE) maps used a perplex-
ity setting of 500. For the DDRTree embedding used with pseudotime analysis, see Pseu-
dotime analysis sections.

CLUSTERING

Hierarchical cluster analysis was performed using Ward linkage and the same intercell
distances as for the reduction of dimensionality. The dendrogram of this clustering was
cut at height 0.6 to yield 29 clusters of cells (Fig. 5.4). The cut off was chosen such that the
number of resulting clusters was comparable to the number of cell types expected from
the literature on mouse development [22] and other scRNA-seq studies of the human fe-
tal kidney [11, 13, 23, 24, 25]. We estimated the number of cell types to be around 20 but
created slightly more as a starting point to allow for the discovery of new cell types. On
the other hand, we did not want to use a much higher number to avoid overclustering
(i.e., creating many clusters that are merely driven by noise, which would then have to
be merged manually). The presence of known markers of the different cell types in the
kidney (literature set, Table 5.1) was then used to identify cell types (Fig. 5.4). Based on
this analysis, some adjacent clusters (clusters 4 and 5, 11 and 12, 15 and 16, and 17 and
18) showed very similar expression of known marker genes of podocytes, ICs, UB, and
collecting duct and proximal tubule cells, respectively. In addition, the aforementioned
clusters were in close proximity, both in the clustering dendrogram as well as in tSNE
space (Fig. 5.4). Consequently, these clusters were merged. For example, clusters 4 and
5 had similar expression of genes known to be expressed in mature podocytes (NPHS2,
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PTPRO, PODXIL) compared to cluster 6, which showed very weak expression of these
genes and had distinctive expression of OLFM3, which has been shown to be specifi-
cally expressed in podocytes precursors [13, 23]. Furthermore, we also merged clusters
7 and 25, which were more distant in the dendrogram of the hierarchical clustering but
had very similar literature marker profiles (e.g., LHXI, WNT4, CCNDI, JAG1, PAX2, and
PAX8) and appeared in close proximity in tSNE space. Finally, clusters 26 and 29 were
also merged. Cluster 26 was a heterogeneous cluster of only 56 cells that were spread in
tSNE space between multiple other clusters. This cluster was closest to PTA (cluster 29)
in terms of literature marker expression (WNT4, LHX1, and CCNDI) and differed from
it with respect to proliferative state, which may account for the heterogeneous distribu-
tion.

COMBINING DIFFERENT DATASETS

To compare cells from multiple scRNA-seq datasets, we used the fastMNN function [26]
implemented in scran (version 1.10.1) on the first 50 PCs of the 5% HVGs without stress
markers or ribosomal genes. We used a knn approach to infer the cell types of unclas-
sified cells from already classified cells. For each unclassified cell, the 20 nearest neigh-
bors in batch-corrected PC space (Euclidean distance) were determined. The most com-
mon cell type among these neighbors was then assigned to the unclassified cell. For the
comparison with the dataset from Lindstrom et al. [13], we restricted our dataset to the
nephrogenic niche. The cluster identities for the Lindstrém et al. [13] dataset were kindly
provided to us by the group of Andrew D. Smith.

CELL CYCLE AND PROLIFERATION
Cell cycle scores were calculated using the Cyclone tool [27] from the scran (version

1.10.1) R package. A list of proliferation markers was adopted from a publication by
Whitfield et al. [28].

PSEUDOTIME ANALYSIS

We used the Monocle 2 algorithm [29] to perform embedding and pseudotime analy-
ses on the 2,594 cells of the nephron epithelium, starting from the PTA (cells classi-
fied as PTA, renal vesicle/comma-shaped body (RVCSB)a, RVCSBb, SSB medial/distal
(§SBm/d), SSB proximal precursor cell (SSBpr), SSBpod, distal tubule/loop of Henle
(DTLH), early proximal tubule (ErPrT), or podocytes), and separately on the 2,153 cells
of the nephrogenic niche (NPC) and the PTA. The 5% HVGs (without stress or riboso-
mal genes) were used as input to the algorithm. We used the reduceDimension func-
tion (max_components = 3 for Fig. 5.9; max_components = 2 for Fig. 5.16A) to run the
DDRTree algorithm [30]. The root of the graph learned by DDRTree was placed on the
branch that starts with the PTA to obtain the pseudotime shown in Fig. 5.9B.
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MARKER GENES AND KEYGENES

For each gene, the cluster of interest (COI) was defined as the cluster that had the highest
mean expression of the gene. Then, a binary classifier based on an expression threshold
was defined: cells with expression above that threshold were considered to be part of the
COI. We systematically varied this threshold to create a receiver operating characteristic
(ROC) based on the cells’ true cluster identities. The area under the ROC (AUROC) was
then used to determine the usefulness of this gene as a marker (rather than the speci-
ficity or sensitivity at a specific threshold). Genes that had an AUROC exceeding 0.8 were
detected in at least 80% of the cells in the COI, had a minimum mean expression of 1.5 in
the COI, and those for which maximally 25% of the cells outside the COI had significant
expression, were defined as marker set candidates (Hochane et al. [1] S3 Table). Signifi-
cant expression was defined here as an expression level higher than the 25th percentile
of expression in the COI. Subsequently, the top four candidate marker genes per cluster,
as ranked by the AUROC, resulted in a final set of 88 marker genes (marker set, Hochane
et al. [1] S3 Table).

To apply the KeyGenes prediction algorithm [31], two-thirds of the cells were as-
signed to the training set and one-third to the test set. A multinomial logistic regression
model was trained on the training set with LASSO shrinkage using the 500 most HVGs,
filtered for stress markers and ribosomal genes. The shrinkage parameter was deter-
mined by 20-fold cross validation. To apply the KeyGenes method to single cells, each
cell was treated as a sample, and cross validation was used to control for overfitting. The
model obtained a list of 95 classifier genes with nonzero weights (KeyGenes set, Hochane
et al. [1] S3 Table). Thereafter, the cells in the test set were assigned to the cell type with
the highest identity (id) score; 84% of the cells in the test set were classified correctly
(16% test error). On average, the id score was 0.59, and 24% of the cells in the test set
obtained an id score higher than 0.8.

DIFFERENTIAL EXPRESSION ANALYSIS

For all differential expression analyses, we used EdgeR (version 3.24.0) [32] on raw counts.
Normalization and dispersion estimates were calculated by calcNormFactors and esti-
mateDisp, respectively. We modeled gene expression with a negative binomial general-
ized linear model with glmQLFit. Besides the conditions to be compared, a detection
rate for each gene was added to the design matrix. The detection rate is defined as the
fraction of cells with nonzero expression. In the comparison of different ages, we ex-
cluded the w9 and w16 samples. The w9 sample contained only a few cells, which results
in high uncertainty for average gene expression levels. The w16 sample was created sep-
arately from the other samples. Therefore, to avoid batch effects, which are not corrected
for in the differential expression analysis, we therefore also excluded the w16 sample.

GENOME-WIDE ASSOCIATION STUDIES (GWAS) ANALYSIS

The NHGRI-EBI GWAS catalog was used to retrieve genes associated with traits related to
kidney diseases. Specifically, we selected the following kidney traits: kidney stone, kidney
disease, rapid kidney function decline, chronic kidney disease, kidney amyloid deposition
measurement, acute kidney injury, type 1 diabetes nephropathy, nephrolithiasis, diabetic
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nephropathy, proteinuria, GFR change measurement, renal cell carcinoma, serum creati-
nine measurement, cystatin C measurement, type 2 diabetes nephropathy, immunosup-
pressive agent, tacrolimus measurement, focal segmental glomerulosclerosis, nephrotic
syndrome, membranous glomerulonephritis, lupus nephritis, IgA glomerulonephritis, re-
nal system measurement, and Wegener's granulomatosis. This selection resulted in a list
of 560 genes (Hochane et al. [1] S4 Table, Kidney GWAS genes). As a negative control, we
also obtained alist of 1,508 genes associated with traits related to lung diseases (Hochane
et al. [1] S4 Table, Lung GWAS genes) in which we selected the following traits: lung
adenocarcinoma, lung carcinoma, interstitial lung disease, squamous cell lung carci-
noma, lung disease severity measurement, family history of lung cancer, non-small cell
lung carcinoma, diffusing capacity of the lung for carbon monoxide, pulmonary func-
tion measurement, vital capacity, emphysema, idiopathic pulmonary fibrosis, chronic
bronchitis, chronic obstructive pulmonary disease, pneumonia, and asthma. We per-
formed a one-sided Fisher’s exact test to determine whether the genes in the GWAS lists
were significantly enriched in the genes that were differentially expressed in our clusters
of interest.

MULTIPLE HYPOTHESIS TESTING
In all cases in which significance is reported, p-values were adjusted for multiple hy-
pothesis testing using the Benjamini-Hochberg method.

FUNCTIONAL ANNOTATION ENRICHMENT

To look for enrichment of gene ontology (GO) terms or transcription factor binding sites
we use the DAVID Functional Annotation tool [33], version 6.8 https://david.ncifcr
f . gov/ with all genes in the human genome as background gene set. For enrichment of
transcription factor binding sites, we used the UCSC_TFBS category.

IMAGE ANALYSIS
smFISH image stacks were processed with 3D deconvolution and background correction
(rolling ball, radius: 3 pixels = 0.39 p m), using the NIS Elements software. Subsequently,
maximum projection was used to create a 2D representation of the image stack. The re-
sulting smFISH images were analyzed with homemade MATLAB scripts. First, autoflu-
orescent background was removed by subtracting the appropriately scaled signal of the
GFP channel from each of the other channels. Then a region of interest (ROI) contain-
ing the structure of interest was defined manually, and candidate smFISH signals were
detected by binarizing the image using a global threshold. Connected components were
then counted as smFISH signals if they fulfilled two criteria: their average intensity was
bigger than the third quartile of individual pixel intensities and they had an area of three
pixels or bigger. The density of smFISH signals in the ROI was calculated as the number
of retained connected components divided by the area of the ROL.

Images of immunostaining were pre-processed by background subtraction (rolling
ball, radius: 100 pixels = 13 p m) using Image]J [34]. Quantification of the immunostain-
ing signal was carried out using homemade MATLAB scripts. First, the CM region was
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segmented manually. Then, cross-sections of the CM, roughly perpendicular to the out-
line of the UB, were drawn by hand, approximately 30 pixels apart. For the starting point
of each cross-section, the contour length s along the UB starting from the top of the CM
(close to the edge of the cortex) was determined (see Fig. 5.16B). The distance s was ex-
pressed relative to the total contour length (from top to bottom of the UB). The distance
from the UB along the cross-sections was defined to be the distance d (see Fig. 5.16B).
Fluorescence intensities were then averaged over lines of 30 pixels length perpendicular
to the drawn cross-section. The resulting intensity profiles (which depend on d and s)
were then averaged over multiple images and either s or d to get average intensity pro-
files depending only on d or s. Normalization to the maximum intensity of each profile
resulted in the intensity profiles reported in Fig. 5.16D-E. Division of the CITED1 inten-
sity profile by the SIX2 intensity profile gave the ratio plotted in Fig. 5.16D-E. Accuracy,
indicated by error bars in the plots, was quantified as the standard error of the mean
calculated over all evaluated profiles.

5.3. RESULTS

5.3.1. CLUSTERING AND IDENTIFICATION OF CELL TYPES

We performed single-cell transcriptomics on a human fetal kidney from w16 of ges-
tation, equivalent to 14 weeks of development (Fig. 5.1C). After data pruning and strin-
gent removal of cells affected by stress (Fig. 5.2, Materials and methods ), 6,602 cells
were retained for further analysis. Clusters of cells were identified by hierarchical clus-
tering after knn smoothing [20]. We assigned cell types (see ) to these clusters by ex-
pression of marker genes from the literature on mouse kidney development.The studies
that linked the genes of this literature set to particular cell types are referenced in Fig.
5.1.After merging similar clusters (Fig. 5.4,Fig. 5.5,Materials and methods ), we obtained
22 cell types (Hochane et al. [1] S4 Fig) and visualized the single-cell transcriptomes in a
two-dimensional tSNE map [35] (Fig. 5.3).

Figure 5.2 (following page): Removing stressed cells did not bias the scRNA-seq results in the w16 sample.
(A) Number of detected genes and total number of transcripts per cell. tx = transcript (B) Relative expression of
mitochondrial and stress marker genes per cell. Red line indicates the threshold used to define stressed cells.
See Materials and methods for the list of mitochondrial genes and Hochane et al. [1] S2 Table for the list of
stress markers. (C and D) log» fold change (L2FC) and scatter plot of the literature set genes (5.1). Red dashed
lines indicate fold-change of 0.5 and 2. (E) PCs one to eight of the top 5% most HVGs for all cells. Blue and
red points indicate stressed cells and red blood cells, respectively. Expression values in C-E are normalized to
library size and log-transformed with a pseudocount of 1. (F) Fraction of stress markers in the 6,602 remaining
cells. tSNE map corresponds to 5.3.
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Figure 5.3: Single-cell transcriptomics identified 22 unique cell types in the human fetal kidney. Top left:
2D tSNE map of 6,602 human fetal kidney cells. Colors and labels indicate the assigned cell type. (Other
panels) tSNE maps indicating expression of SIX2, LHX1, CLDN2, CLIC5, DCN,PDGFRB, and AQP2. Expression
is indicated by color; expression values of 1 are plotted in gray.

Figure 5.4 (following page): Adjacent clusters were merged based on similarity in literature set gene expres-
sion. Heat map of literature set gene expression. Expression was Freeman-Tukey (FT) transformed, averaged
over all cells in the 29 clusters found by hierarchical clustering (indicated by the dendrogram on top of the
heat map) and standardized gene-wise. Cluster average cell cycle scores, calculated by Cyclone [27] as well as
average expression of proliferation markers [28], are indicated by colored circles below each cluster (Z-score of
the mean score or mean expression).
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Figure 5.5: Merged hierarchical clusters were similar on the tSNE map. tSNE maps highlighting the clusters
that were merged to give the cell types indicated in the titles of each map. (Inset right) Table listing the numbers
of cells in each of the 29 original clusters. tSNE map corresponds to 5.3.

Figure 5.6 (following page): HVGs adequately described all cell clusters. Heat map of 2,034 randomly chosen
cells (maximum 100 per cluster) and the five most HVGs with a minimum mean expression of 0.01 excluding
stress markers (Hochane et al. [1] S2 Table) and ribosomal genes. Genes were assigned to clusters based on
highest mean expression within that cluster. Values shown are the ranks of nonzero cells (cells with no expres-
sion receive rank 0) divided by the highest rank per gene.



5. SINGLE-CELL TRANSCRIPTOMICS REVEALS GENE EXPRESSION DYNAMICS OF HUMAN
112 FETAL KIDNEY DEVELOPMENT

i Md

DAPL1 TR T
IIIII \ H\ “\HHI‘ 'L

0
S 03 ) \IHIHH Il I\ I II\I\ H I h
11V lbL
‘ ‘H I

“SPSZ’Si; | ‘h W‘h i "‘”M‘ )w W\\ 'W |
ccccc " y‘ sk
i

eeeee T umuul | “M”:r i |||||uu l:l‘wI:I\:l\\Ml:qﬂm
)luui mi “ “| " " % u ”'H'\”" M% ll

CCCCC Ii
HIST1H4C T
U
HEY1 \IIHIHIII\I I\I\IHIIW’I ! \ H | \ i
LTI I‘IhHlIHI\I\IHIII Il \‘

)| e
e = i

FRP2 IHFIW\ M\I ‘H\‘Hll\ OB 100 \IIIII- ‘
” P

PCP4 I \ H I \ w h MUM i e #I ‘\ | ’ I
HIHIIHI‘\ ] 1l ] || ﬂ

PAX8

NN L \ i LI T
H?gﬁ’ﬁ‘* m n w. a i uvuu'mmihw ™ TP O W
CEBPD HH F\I\ ) ‘ HHI | NI 0| \ W0 HH \" ‘III H\ ‘ (UL “ Im m v ’l Scaled

EEEEE ‘"\H‘” | B uununh ) bl

SSSSSS tr” H% M | ) ‘ u‘”}‘ulwmlul il W’h”l \\ W :eax?)l:ec;fsmn
i?égc \IlmmII!I\IIII\[IIHIHIH\\ il [ | il i muun' TR \h\” ww 1.00
S i L e i Mk ”‘vumww‘\‘"'T""'.l.” ] |

C;g;;j [l ||I\|I\I|\II“FIIIWHI\I\IIH\IHIHIIIHI MHH‘W ’H\ |\|\ ‘1 ‘ | - m”mlllll”qw*ll_ HH”‘ Hl
TMEM213 - | \H‘l [0 T1 1) \H\ ‘ ||H I
b wwwyn«a(uwH\W'W i ol v |

PPPPPPPP L
M%ﬁ?% [ | | \‘ ! | II\ L 1101 . ‘ " I”h 1l 0.00
Wm WW l&\, i w e i Al ol
PShBé% \H lHH AR HH\‘\ \|\H, I \II\II LA N \‘ “M | ‘H I ‘\‘ Il HIIIWH ‘ l\ ‘\

SSSSSS H Il

K.II-AJi%%?J? " I“l" ‘\IIHIHI WWH I II“HM ‘.‘liw‘l‘lm Ji [LON LT ‘

0.50

LGALS 1Rl (LU il 1 IW\I \ Ii Iil IR \ [
TOP2A I Il I \ U1 ‘

A 6 WU |III L |IH‘||||||| | H I n I B l\l ! H | AR oAr A ‘HI\ ‘II |
LDN11 MNWH"‘ ‘*M\m H WM’ "M'/” ‘:\‘I ‘" "W ’ Wl‘"‘ Ml IN‘I “‘ ﬁ\x \‘MH\IHI‘ H\II‘\‘\IMI‘HIJ‘IIW" "W“ ‘“ ||

SUSLFRP1 (HRETCE T [0 0 I HI‘ | \‘\‘H\l\l ‘\‘: H :\‘II\IM‘ ! W‘I“‘I

CCCCC w1 I "" ‘ .

APAC::: :IL“ \IIHIII"IJI‘IIIIIJII\\III I‘I:\‘I “I‘I\P IMI‘HIV\L‘IJL\I I IIIH'HII‘\I HMIIIIIII“I“IHIWII\ NFIII\I‘ ‘im gt I| WWI! III\#IWiI
ACTAZ I A \I\“H N H I (I‘ \|‘ W | \HHIH\ | ‘ HII\lHIIHIH " HIHIII‘\ I 0| Fl\w Il

IIIIII \IIIITII\ H\ H‘ i I IHHI Ly H \i “'\ (T \ ‘ \‘H\H T I “NH
i um 1) ol 1 e
[ | |

[ {w
1 \ HH \H I H‘\HIIHII\I\ 111 I\H‘

J:W”“l\rl M ‘I\ Hﬂ il III*\\I\HITT‘I‘\MW [0 1 H\IIIII“ v‘l\ IIIW“HH‘\‘HW’WW“ ‘H |

T O O T T O T 5 © oS OO ® onT e
S8S8FdBEhesirooad8823%
Coaaonn EBScoEra g= o
zzzz 00838 ow 3

TRO O



5.3. RESULTS 113

The mean expression levels of the literature set genes showed clear differences be-
tween cell types (Fig. 5.7). NPCs, which were distributed over four distinct clusters
(NPCa-d), were marked by the established markers SIX2 (Fig. 5.3), CITEDI, MEOX1, and
EYAI. Expression of these progenitor markers was highest in NPCa, which we hence con-
sidered bona fide self-renewing NPCs. NPCb showed lower levels of CITEDI and SALLI
and higher levels of GDNF and HESI compared to the other NPC clusters. HES], a tran-
scription factor downstream of Notch signaling, is important for further renal cell dif-
ferentiation. Compared to the other NPC clusters, NPCc showed higher expression of
CRABP2, which is related to retinoic acid (RA) signaling [36]. NPCd exhibited low OSRI,
CITEDI, and MEOX1 expression and increased levels of LEF1, a known indicator of NPC
induction towards differentiation. Compared to the other NPC subtypes, NPCd was also
marked by a larger fraction of cells in G2/M-phase (Fig. 5.8A-B) and a higher expression
of proliferation markers (Fig. 5.8C), which indicated faster proliferation. We will discuss
the relationship between the various NPC clusters in more detail below (see Heterogene-
ity in the nephrogenic niche).

Nephrogenesis continues with the creation of PTA cells, which in turn develop into
the RV and CSB cells. In our data, PTA cells were identified based on high expression of
LHX1 (Fig. 5.3), JAGI, WNT4, and CCNDI. Because RV and CSB are mainly distinguish-
able by morphology, cells belonging to these two structures were grouped in our analysis
(RVCSB). RVCSBs were marked by the same genes as PTA cells but they appeared to pro-
liferate less (Fig. 5.8). Furthermore, they expressed markers reflecting more advanced
regional patterning, which allowed us to discriminate between two subtypes (a and b).
RVCSBa had a higher expression of genes that were recently associated with the distal
RV (SFRP2, DLL1, LHX1), whereas RVCSBb expressed genes that indicate the proximal
RV (CDH6, FOXC2, MAFB, CLDN1, WT1).

The next step in development is the formation of the SSB. In our dataset, this struc-
ture was represented by three clusters, named according to the part of tubule and glomeru-
lar epithelium they are known to give rise to SSBpr, proximal tubule; SSBm/d; SSBpod,
podocytes. SSBpr were identified in our data by markers of the ErPrT (such as NFIA,
CDHG6, AMN), as well as low expression of SLC3A1, LRP2, and SLC13A1, which are known
to be found in more mature proximal tubule cells. Therefore, SSBpr were likely pre-
cursors of the ErPrT cells, which expressed higher levels of early proximal markers to-
gether with CLDN2 (Fig. 5.3), ANPEP, and SLC34A1. Another cluster accounted for the
precursor cells of the loop of Henle (LOH) and the distal tubule in the SSB (SSBm/d).
This cluster could be identified by the presence of IRXI, IRX2, SIM2, SOX9, POU3F3,
and HNF1B, together with low expression of PAPPA2 and MAL and the absence of CDH6
and HNFIA. Cell types that are known to develop from the SSBm/d were found together
in one cluster (DTLH). This cluster showed high expression of the distal markers MAL,
CLCNB5, SLC12A3, and POU3F3, which are specific to the distal tubule, as well as SLCI2A1,
PAPPA2, and UMOD, which are found in the LOH. Finally, cells that likely gave rise to
podocytes, SSBpod, clustered separately. These cells showed high expression of MAFB
and FOXC2, both transcription factors necessary for the development of podocyte iden-
tity, and low levels of the mature podocytes markers CLIC5 (Fig. 5.3), PTPRO, NPHSI,



5. SINGLE-CELL TRANSCRIPTOMICS REVEALS GENE EXPRESSION DYNAMICS OF HUMAN
114 FETAL KIDNEY DEVELOPMENT

TN S aa g &
RER AOA%Q’%Q’%Q’ SRR PSRN S

RVCSBa&b
CLDN1 RVCSBa&b
H6 RVCSBa&b

DNDNDDDONDDNG
O

NDDDNUNUNUDNNDUNC

CLCNS
{1251 L expression

ANPEP ErPrT
SLC34A1 ErPrT
CLDN2 ErPrT

Er%rT 0 2 4

O TR XS £ & ~z~ D9 R NN
2 /\V’%Q)éb X Z@Q SRS ({/g Qo@o {2 RS @@Q/o 20
Cell type
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and NPHS2. This cluster also showed the highest expression of OLFM3, previously iden-
tified as a specific marker of podocyte precursors residing in the visceral part of the prox-
imal segment of the SSB. In contrast to SSBpod, podocytes showed higher expression of
mature podocyte markers and lower levels of MAFB. Differences between SSBpod and
podocytes will be studied in more detail below (see Podocyte development). Because of
the high similarity in gene expression between SSB and capillary loop stage, we could
not exclude that the SSB clusters also contained cells from the capillary loop stage.

Cells of the connecting tubule (CnT), which connects the distal tubule to the col-
lecting duct, could also be identified in the data. They shared markers with the collect-
ing duct (such as ALDHIA1, TACSTD2, and CDH1), distal tubule (SOX9, POU3F3), and
UB (RET, KRTS8, KRT18, MMP?). Cells of the ureteric bud/collecting duct (UBCD) were
strongly marked by well-known genes like AQP2 (Fig. 5.3), CALBI1, KRT8, KRT18, RET,
and GATA2, found in the collecting duct as well as the stalk and tip of the UB.

The developing nephrons are surrounded by interstitial tissue, a separate lineage that
originates in interstitial progenitor cells (IPCs). We identified IPCs by coexpression of
FOXD1I and GDNF. These cells also expressed lower levels of markers known to be found
in more mature cells like PDGFRA for ICs or PDGFRB (Fig. 5.3) and ACTA2 for mesan-
gial cells. We identified two subtypes of IC (a and b), which were similar in their marker
gene profile. Compared to IPCs, they lacked FOXD1I and expressed less (ICa) or no (ICb)
GDNE ICa showed high levels of FGF7, which has been localized to the renal fibroblasts
or stroma surrounding the ureter and the collecting system. ICa also showed high lev-
els of TPM2 and ACTA2, markers of smooth muscle-like cells. ICb, on the other hand,
expressed genes like DCN (Fig. 5.3), DES, SERPINE2, and COL3A1, which are known to
mark cortical stromal cells. Endothelial cells were identified by markers such as KDR
and TEK, whereas leukocytes showed many specifically expressed genes, such as CD37
or CD48. Finally, one cluster of cells (proliferating cells) had a higher expression of pro-
liferation markers compared to most other cell types (Fig. 5.8C) but lacked discernible
cell type markers.

5.3.2. DEVELOPMENTAL FLOW

The literature-based analysis of the found clusters seemed to suggest that cells clus-
ter by developmental progression (e.g., NPCs versus PTA cells), as well as location (e.g.,
RVCSBa, distal, versus RVCSBDb, proximal). Because the interpretation of clusters is some-
times based on genes that are expressed in multiple developmental stages, we wanted to
retrieve the developmental flow with an independent method. We used Monocle 2 [29] to
learn a graph that represents the developmental hierarchy of the cell types from the PTA
on (Fig. 5.9A). Subsequently, cells were placed on a pseudotime scale rooted in the PTA
(Fig. 5.9B-C). This analysis showed that PTA cells were followed by RVCSBa and RVCSBDb,
the SSB clusters, and finally the clusters identified as more mature types (DTLH, ErPrT,
podocytes). Therefore, the clustering was strongly driven by developmental progression
RVCSBa cells were distributed over a fairly broad period of pseudotime and already oc-
curred before branch point 1, which separates proximal from distal cell fates (Fig. 5.9A).
This might indicate that some of these cells preceded the RVCSBb, whereas others were
primed to develop into distal fates. RVCSBDb cells, however, only appeared after branch
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point 1, which confirmed that they were likely progenitors of proximal cell fates. On
three separate branches, SSBm/d preceded DTLH, SSBpr preceded ErPrT, and SSBpod
preceded podocytes, which confirmed the identity of the SSB clusters. The temporal re-
lationship of the NPC subtypes will be discussed in detail below (see Heterogeneity in
the nephrogenic niche).
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Figure 5.9: Pseudotime analysis clarified the developmental relationship of the cell clusters. (A) Two-
dimensional embedding (with the DDRTree algorithm [30] of all w16 kidney cells, calculated by Monocle 2
[29]. The graph learned by the algorithm is shown as a black line. Colors and labels indicate cell types. (B)
Same embedding as in panel A. Color indicates pseudotime calculated by Monocle 2. (C) Box plots of cell type
distribution over pseudotime.

5.3.3. COMPARISON WITH EXISTING SINGLE-CELL TRANSCRIPTOMICS DATA

To further confirm the interpretation of the cell clusters, we wanted to compare our
data with an existing single-cell transcriptomics study of a w17 fetal kidney by Lindstrém
et al. [13]. To that end, we first corrected for batch effects, using a method based on
matching mutual nearest neighbors in the two datasets [26]. After correction, the two
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datasets showed a large degree of overlap (Fig. 5.10, Fig. 5.11). This allowed us to use
the cell types found by Lindstrom et al. [13] to classify the cell clusters found here, using
a knn approach (see Materials and methods ). NPCa-c were also classified as NPC by
Lindstrém et al. [13], whereas NPCb were considered primed NPC, which supports the
notion that NPCb were primed to differentiate. The NPCd cluster was classified as prolif-
erating cells This classification is in agreement with our observation that NPCd seemed
to proliferate more than other NPC subtypes (Fig. 5.8). Because NPCd cells expressed
low levels of NPC markers (such as SIX2 and CITEDI), these cells were likely in a tran-
sition state between NPCs and PTA cells. Although the majority of PTA cells identified
here were considered PTA/RV I by Lindstrém et al. [13], RVCSBa cells were spread over
multiple cell types. This spread was likely due to the fact that transitory cell types are
transcriptionally similar, and their clustering is therefore less robust. Nevertheless, the
PTA/RV II cluster received most of the RVCSBa cells. RVCSBD cells were called podocyte
precursors in the Lindstrom et al. [13], whereas SSBpod as well as podocytes were clas-
sified as podocytes. In our dataset, RVCSBb directly preceded SSBpod (Fig. 5.9A), so
they could indeed be considered podocyte progenitors. Below, we will show that SSB-
pod did form a cell state separate from podocytes and should not be grouped with them
(see Podocyte development). In agreement with our analysis, the majority of SSBpr were
classified as proximal precursor or proximal tubule, and all ErPrT were considered prox-
imal tubule by Lindstrom et al. [13]. CnT and DTLH were both classified as distal/LOH
precursor. The fact that two cell types in the study by Lindstrom et al. [13] (podocytes
and distal/LOH precursor) were split in multiple subclusters in our study likely reflects
differences in sample preparation. Whereas Lindstrom et al. [13] preferentially released
single cells from the nephrogenic niche, here, the whole kidney was used.
Consequently, the Lindstrom et al. [13] dataset has a finer resolution of NPCs and early,
proliferating cell types, whereas our dataset allowed us to resolve more mature cell types.
The two datasets therefore complement each other.

5.3.4. MARKER IDENTIFICATION

To confirm the inferred cell types and also identify novel markers, we pursued two
complementary strategies. First, we determined a set of marker genes based on their
usefulness as classifiers for individual cell types: for each gene, the performance of a bi-
nary classifier was evaluated by the AUROC and combined with expression level filtering
(see Materials and methods ). This resulted in 88 marker genes (See Fig. 5.12, marker
set, Hochane et al. [1] S3 Table). Only 11 of these markers overlapped with the 89 genes
in the literature set (See Fig. 5.13C). To our knowledge, many of the remaining markers
had not been associated with kidney development in previous studies. As an indepen-
dent approach, we used the KeyGenes algorithm [31] to identify classifier genes among
the 500 most HVGs, using two-thirds of all cells as a training set. Based on the classifier
genes determined by KeyGenes, we next predicted the cell types of the remaining one-
third of the cells (test set). Cell types could be predicted with an average certainty (id
score) of 0.59; 24% of the cells in the test set obtained an id score higher than 0.8. Of the
95 classifier genes (See Fig. 5.12A, KeyGenes set, Hochane et al. [1] S3 Table), 24 were the
same as in the marker set, and 14 were common with the literature set (See Fig. 5.13B).



5.3. RESULTS 119

A Hochane et al.’s classification B Lindstréom et al., and Hochane et al. combined
ssBm/id PTA - . Lindstrom et al.

DTLH %.
o B, ""l“)- " Y - ﬁ
a . 2 AP {Jﬁ‘ 2 BT !
(RE I V. 0 AN /'.n. 3. Hochane et al.

% 3

oNPC_type_|

©oNPC_type_II
NPC_type_lil

©NPC_type_IV
NPGC_prolif.
primed_NPC_lI

Aprimed_NPC_Il

A proliferating_cell_c8
proliferating_cell_c10

A proliferating_cell_c12
proliferating_cell_c22
prolif._prim._/diff._cell

-+ differentiating_cell_Il

-+ primed/diff._cell

+*PTA/RV |

+PTA/RV Il

+ proximal_precursor
podocytes_precursor

x distal_precursor

x distal/LOH_precursor

» proximal_tubule

x

20 10 0 10 20

Figure 5.10: Comparison with an existing single-cell transcriptomics dataset showed congruent expression
profiles. Two-dimensional tSNE maps comparing the data presented here with the data from Lindstrém et al.
[13] both restricted to the nephrogenic niche by their own classification. The map was calculated using both
data sets after batch correction [26]. (A) Only cells measured in this study are shown. Color and labels indicate
the classification developed in this study. (B) Same tSNE map as above. Color indicates the data set. (C) Same
tSNE map as (B). Only cells measured by Lindstrom et al. are shown. Color and labels indicate the classification
by Lindstrom et al. See Fig. 5.11.
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Figure 5.11: Comparison with an existing single-cell transcriptomics dataset showed differences in cell
type distribution. Confusion matrix relating the cells measured in this study to the classification by Lindstrém
etal. [13]. After batch correction, cells measured here were mapped on the cells in the Lindstrom et al. data set
using a nearest neighbors-based approach (see Materials and methods ). See Fig. 5.10.
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Figure 5.12: An ROC-based method identified novel marker genes. Expression heat map of the 88 genes
identified by a method that evaluates the ROC for each gene (marker set, Hochane et al. [1] S3 Table). Expres-
sion was FT transformed, averaged over all cells in a cluster, and standardized gene-wise. See Fig. 5.13.




5. SINGLE-CELL TRANSCRIPTOMICS REVEALS GENE EXPRESSION DYNAMICS OF HUMAN
122 FETAL KIDNEY DEVELOPMENT

A Z-score of gene expression [l 1
-2 0 2 4

KeyGenes set (95

Gene

Literature set (89) Marker set (88)

200 O D 20 V& D &0l SN
P Qg}%io%@%@é‘\%%‘biqgo Q°o«\5;{z‘ O o“oq,oo ST

SIS <

Cell type

Figure 5.13: The KeyGenes method identified novel marker genes. (A) Expression heat map of the 95 genes
identified by the KeyGenes algorithm (KeyGenes set, Hochane et al. [1] S3 Table). Expression was FT trans-
formed, averaged over all cells in a cluster, and standardized gene-wise. (B) Euler diagram of the literature set,
marker set, and KeyGenes set (Hochane et al. [1] S3 Table). See Fig. 5.12.
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Because the interpretation of the found cell clusters was largely based on markers
identified in mouse development, we were wondering whether the new markers identi-
fied here were informative for the classification of cell types in the mouse kidney. Using
a scRNA-seq measurement of cells from a whole P1 mouse kidney [18], we plotted the
expression of the newly identified marker genes in single cells (Hochane et al. [1] S7 Fig).
In many cases, markers that were found to label a particular cell type in the human fe-
tal kidney were coexpressed in the same subset of mouse cells. A few markers, however,
were either ubiquitously expressed or almost completely absent. This might be due to
interspecies differences.

5.3.5. COMPARISON OF DIFFERENT DEVELOPMENTAL AGES

By establishing the identity of cell clusters at w16, we obtained a snapshot of cell
type diversity in the fetal kidney. To explore whether the identified expression patterns
change dynamically throughout development, we analyzed four additional samples from
different developmental ages (w9, wll, w13, and w18), which together contained 11,359
usable cells. Using, again, batch correction based on mutual nearest neighbors [26], we
visualized all samples in a common tSNE map (5.15, 5.14).Overall, gene expression in
the different samples was largely overlapping for the majority of cell types.For example,
proximal tubules cells (ErPrT) appeared at the same positions in the tSNE map in all
samples (5.15B). The position of podocytes shifted systematically across different ages,
which corresponds to a continuing change in expression pattern (5.15C). This observa-
tion might suggest that podocytes further matured in terms of their expression pattern
after being specified.

Differential expression analysis of podocytes of different ages revealed 109 differen-
tially expressed genes (fold change > 2 in any comparison, FDR < 0.05, Hochane et al. [1]
S4 Table). Functional annotation analysis of these genes showed significant enrichment
of two gene ontology (GO) terms: proteinaceous extracellular matrix (adjusted p-value
=1.9-1073, including SPON2, BGN, COL1A2, and CTGF) and extracellular exosomes (ad-
justed p-value = 1.4- 1073, including NPNT, SI00A10, ANXAI, and EPCAM). Some of the
differentially expressed genes have been shown to be important for kidney development.
For example, NPNT and DCN showed increasing expression from w11l to w18. Knock-
out of the extracellular matrix protein NPNT in mice decreases the invasion of the UB
and causes agenesis or hypoplasia [37]. NPNT was further shown to be expressed in
the glomerular basement membrane and to be necessary for podocyte adhesion in mice
[38]. Ablation of this gene in mice causes podocyte effacement. As in the case of NPNT,
DCN has been reported to be part of the glomerular basement membrane proteins [39].
This gene appeared strongly up-regulated in podocytes between wll and w13 or wl8
(fold changes of 3.25 and 4.6, respectively). The increase of NPNT and DCN expression
over time in our data set could reflect an increase in adhesion between podocytes and
glomerular basement membrane.Podocytes further showed significant differential ex-
pressions of genes related to stress, like HSPAIA and HSPA1B or NFKB genes (NFKB2,
NFKBIA, and REL), with the highest levels at w18.This might suggest that dissociation-
related stress increases with age for podocytes, maybe related to stronger adhesion of
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Figure 5.14: Samples of different developmental ages had a similar cell type diversity. tSNE map calculated
for all five samples (w9, wll, w13, w16, w18) combined after batch correction [26]. Developmental age is
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Figure 5.15: Comparison of different developmental ages suggested continued expression changes in
podocytes. (A) tSNE map combining all five samples (w9, wll, w13, w16, w18). Samples were corrected for
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this plot to improve visualization. (C) tSNE map of all ages restricted to podocytes. Labels and colors indicate
ages.
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the cells, or that stress-related genes have another, physiological role in development.

We would like to emphasize that the observed gene expression changes with age
should be considered with caution because they might be related to the differences in
genotype between the samples. A much larger number of samples would be necessary
to rule out such interindividual differences as a cause.

Having established the identity of the cell clusters, we next wanted to demonstrate
how the dataset can be used to explore different aspects of kidney development. We
specifically focused on the nephrogenic niche, which showed pronounced heterogene-
ity, and the development of podocytes, which progressed via a distinct, intermediate cell
state (SSBpod).

5.3.6. HETEROGENEITY IN THE NEPHROGENIC NICHE

The formation of the nephron epithelium starts with the NPCs that differentiate and
form the PTA, RV, and CSB. Studies in the mouse suggest that cells in the NPC compart-
ment are not biased towards a particular lineage and patterning is first detectable in the
PTA [40].Nevertheless, the w16 scRNA-seq indicated the presence of several nephron
progenitor subpopulations, NPCa-d. To clarify the temporal relationship of these clus-
ters, we employed Monocle 2 again to arrange them together with the PTA cells on a
pseudotime scale (5.16A). NPCa clearly preceded NPCb and c, which seemed to appear
around the same pseudotime. NPCd cells followed NPCb and c and preceded PTA. This
analysis suggested that NPCa are the bona fide NPCs and give rise to NPCb and c. NPCd,
which were likely more proliferative than the other NPCs (5.8), seemed to be an interme-
diate state between (slowly cycling) NPCa-c and the PTA.

To localize the NPC clusters in the tissue, we made use of the fact that they expressed
various levels of CITEDI and SIX2 (5.7): although NPCa and NPCc exhibited roughly sim-
ilar levels of these markers, NPCb and NPCd had lost CITEDI almost completely, while
retaining some SIX2 expression. In an immunostaining of a w15 kidney, CITED1 and
SIX2 appeared overlapping in a subset of cells (5.16C). Quantification of the fluorescence
signal (see 5.2) revealed clear differences between their expression patterns. Although
SIX2 expression was approximately constant throughout the CM, CITED1 expression
decreased, relative to SIX2, with increasing (radial) distance from the UB (5.16D-E). A
marked drop of CITED1 was visible between 10 and 20 um from the UB, which approx-
imately corresponds to the first layer of cells. To exclude that the observed difference
between SIX2 and CITED1 expression was due to the different fluorophores on the sec-
ondary antibodies, we repeated the experiment with swapped fluorophores. This mea-
surement produced a very similar expression gradient (5.16F). To exclude that the ob-
served effect was influenced by PTA found in the CM towards the stalk of the UB, the
analysis was repeated, taking only the 20% of CM cells closest to the edge of the cortex
into account.

A similar expression gradient was observed (5.16H). This result implies the existence
of a CITED1 low/SIX2 high subpopulation of cells, which are not in contact with the
UB. Secondly, we observed that CITED1 decreased relative to SIX2 towards the interface
with the PTA and the stalk of the UB (5.16D-E). A similar observation was made when
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Figure 5.16: The nephrogenic niche exhibited a complex spatial organization. (A) Pseudotime analysis of
the nephrogenic niche and the PTA. Two-dimensional DDRTree [30] embedding and the learned graph (shown
as a black line) were calculated with Monocle2 [29]. Labels and colors indicate cell types. (B) Schematic sketch
of the CM indicating the distance d from the UB to the edge of the CM (solid arrow) and the relative distance
s along the UB (dashed arrow), in which 0 and 1 represent the top and bottom of the CM, respectively. (C)
Representative image of SIX2 and CITED1 immunostaining in a w15 human fetal kidney. Dashed lines in the
insets indicate the outline of the nuclei, based on DAPI signal. Arrows in the inset point to cells in which
CITED1 is concentrated in the nucleus. Scale bar = 50um. (D and E) Quantification of SIX2 and CITED1
immunostaining with respect to the distance d from UB or distance s along the UB; see panel A. Error bars
indicate the standard error of the mean standard error of the mean calculated over all evaluated profiles (n =
24). (F and G) Same as D and E, but the fluorophores on the secondary antibodies were swapped. (n=19). (H)
Quantification of SIX2 and CITED1 immunostaining with respect to the distance d from UB in which only cells
with a relative distance s (along the UB) < 0.2 were taken into account. Error bars indicate the SEM calculated
over all evaluated profiles (n=19).
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the experiment was repeated with swapped fluorophores (5.16G). Taken together, these
results suggested that NPCa and NPCc were located closer to the surface of the UB and
closer to the tip of the UB compared to the other NPC subtypes. Additionally, we also ob-
served differences in subcellular localization of CITED1 protein within the CITED1 high
compartment. Although for the majority of cells CITED1 was found in the cytoplasm, in
several cells it was concentrated in the nucleus (right inset in 5.16C). In contrast, SIX2
was always found restricted to the nucleus (left inset in 5.16C). This observation might
indicate that CITED1 was only active in a small population of cells, which would consti-
tute another layer of cell-cell heterogeneity.

In addition to the observed heterogeneity in CITED1 and SIX2, differences between
the NPC clusters could also be gleaned from the set of novel markers (marker set, Hochane

et al. [1] S3 Table).

CKS2 CITED1

Figure 5.17: Expression variability in the nephrogenic niche. (Representative image of HSPA1A, NR4A1, and
CKS2 immunostaining in a w15 human fetal kidney. Scale bar = 20pum.

TMEM100 and RSPO3 specifically marked NPCa. RSPO3 s an activator of the canon-
ical WNT signaling pathway [41], suggesting a role of WNT either in NPC self-renewal or
UB branching morphogenesis. Notably, all markers of NPCb (CACYBP, MRPL18, ZFAND2A,
DNAJBI) were related to the stress response in some form. The markers of NPCc (CRABP2,
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HAS2, MDK, HOXC6), which were also expressed in the other NPC types, are all either tar-
gets of RA or binding it [36, 42, 43]. MDK has been shown to be expressed in the CM of the
developing rat kidney, and its neutralization reduced the number of formed nephrons in
vitro [44, 45]. Finally, the NPCd markers CENPF, HMGB2, CCNB2, and NUSAPI all have
a role in cell cycle regulation or proliferation [28]. HMGB2 was recently implied in the
activation of quiescent adult neural stem cells [46].

The observation that markers of NPCb were related to the stress response seemed to
suggest that this cluster was created as an artifact of cell dissociation [17], despite our
best efforts to remove stressed cells (see Materials and methods ). On the other hand,
the vast majority of NPCb cells were classified as primed NPC II in the Lindstrém et al.
[13] dataset (5.10, 5.11). The fact that NPCb cells were only detected in the w16 and w18
kidneys is consistent with single-cell dissociation becoming increasingly difficult with
fetal age, or alternatively, with a progenitor cell aging phenomenon.
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Figure 5.18: Markers of heterogeneity in the nephrogenic niche. (A [top], A [bottom], B, C, D [top] and D
[bottom]) tSNE maps showing expression of HSPAIA, NR4A1, EGRI, CKS2, CITEDI and UNCX respectively.
Expression is indicated by color; expression values of 1 are plotted in gray.

To explore the differences between NPCb and the other NPC clusters further, we im-
munostained HSPAIA and NR4Al, both known stress-response genes, in w15 kidney
sections (5.17). HSPAIA was identified as a marker of NPCb (5.18A, Hochane et al. [1]
S3 Table), whereas NR4A1 was expressed in multiple NPC clusters but highest in NPCb
(5.18A). Furthermore, NR4AI was also identified in the study by Adam, Potter, and Potter
[18] to be up-regulated in response to elevated temperatures during enzymatic dissoci-
ation. HSPA1A and NR4A1 were both observable in the nephrogenic niche at the level of
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the stalk of the UB and at the transition to the PTA or RV. Additionally, we studied the ex-
pression of EGRI, another stress-related gene that marked NPCb, with smFISH (5.18B).
EGRI was mainly found toward the stalk of the UB and in a few cells around the tip of
the UB, whereas SIX2 and CITEDI transcripts were visible throughout the CM (5.19A).
Because results obtained in fixed tissue sections are not confounded by dissociation-
related artifacts, these immunostainings and smFISH measurements supported the ex-
istence of NPCb cells in the fetal kidney:.

The fourth NPC cluster, NPCd, was clearly distinguished by proliferation markers
(5.8). To locate NPCd in the tissue, we immunostained the cell cycle regulator and NPCd
marker CKS2 (5.18C). CKS2 signal could be observed around the stalk of the UB and in
RV (5.17). This result supported the interpretation that NPCd were a proliferating transi-
tory state between NPCa-c and PTA.
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Figure 5.19: In situ expression of NPC markers. (A)) smFISH of SIX2, CITEDI, and EGRI. The three insets
at the bottom correspond to the three areas marked by solid boxes in the main image. Scale bar = 25um. (B)
Representative image of UNCX and CITED1 immunostaining. Arrowheads indicate the presence of immunos-
taining signal. Scale bar = 100pm.(C) Immunostaining of CITED1 and UNCX. Scale bar = 10um.
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Given the crucial role of the nephrogenic niche in the development of nephrons, it is
likely that misexpression or mutation of genes that are specifically expressed in NPC af-
fect kidney function. Mining a database of GWAS revealed that genes that were differen-
tially expressed in NPCs were significantly enriched for association with kidney disease
(p-value=1.7 1073, one-sided Fisher’s exact test). No enrichment was found for lung dis-
eases (p-value = 0.21), one-sided Fisher’s exact test) (see Materials and methods , 5.20A,
Hochane et al. [1] S4 Table). Unsurprisingly, several of the disease-associated genes are
known regulators of kidney development, such as SALLI, SOX11, and HAS2 [47, 48, 49,
50]. The other identified genes had not been previously associated with kidney develop-
ment. For example, DDX1, which was differentially expressed in NPCs as well as SSBpod,
is an RNA helicase that promotes microRNA maturation [51]. UNCX, which was broadly
expressed in all NPC clusters, is a homeobox transcription factor involved in somitoge-
nesis and neurogenesis [52] and has also been found to be up-regulated in the induced
mouse nephrogenic mesenchyme in culture [53]. It was recently associated with renal-
function-related traits [54] as well as glomerular filtration rate [55, 56, 57]. In our data,
the expression profile of UNCX was similar to that of CITED1 (5.18D). Immunostain-
ing of UNCX confirmed the scRNA-seq results and showed expression of UNCX in the
nephrogenic zone, as marked by CITED1 (5.19C-D). These findings suggested UNCX as
a novel potential regulator of early nephrogenesis.

5.3.7. PODOCYTE DEVELOPMENT

Another cell type of high relevance for kidney function is the podocyte. This cell type
is critical for filtration and is implied in several forms of kidney disease [38]. podocyte
(Pod)ocytes wrap around the glomerular basement membrane (capillary bed) inside
Bowman'’s capsule (5.21A). Clustering (5.3) and pseudotime analysis (5.9) of the w16 kid-
ney dataset had indicated that development into podocytes occurs via a distinct inter-
mediate state that we dubbed SSBpod here. This cell state was likely related or even
identical to previously discovered podocyte precursors [13, 23]. In the Lindstrém et al.
[13] dataset, SSBpod and podocytes were both classified as podocytes, and the RVCSB
were considered podocyte precursors (5.11). To show that SSBpod cells were indeed a
localizable cell state distinct from podocytes, we further investigated their expression
pattern (5.21B), focusing on known literature markers (literature set) and the marker set
(Hochane et al. [1] S3 Table). Compared to RVCSB, SSBpod showed higher expression of
MAFB and FOXC2, which are necessary for the determination of podocyte identity [58,
59]. On the other hand, compared to podocyte cells, they exhibited lower expression
of genes typically associated with more mature podocytes, like CLIC5, PODXL, and PT-
PRO. Filtration function-related genes like NPHSI, NPHS2, and PTPRO were expressed
at intermediate levels in SSBpod compared to RVCSBb, where they were absent, and
podocytes, where they are highly expressed. A similar pattern could be observed for
genes associated with podocyte polarization or structural organization as well as pedicel
growth and patterning. Finally, podocytes showed the expression of genes that nega-
tively regulate the cell cycle and support long term survival, consistent with their post-
mitotic nature [60]. In contrast, SSBpod specifically expressed ORC4, which has a func-
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Figure 5.20: Disease-associated genes were specifically expressed in transient cell types. Expression of genes
from GWAS traits related to kidney disease. Disease phenotypes associated with these genes are indicated by
color; genes were filtered for high expression in cluster(s) of interest relative to all other cell types. Expression
was FT transformed, averaged over all cells in a cluster, and standardized gene-wise. (A) Disease-associated
genes expressed in early nephron progenitor state (NPC to PTA). (B) Disease-associated genes expressed in
SSBpod.
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Figure 5.21: Podocyte (Pod) develop via a precursor state. (A) Schematic of development from the SSB to
the glomerulus. Regional patterning is shown in color—proximal (purple), medial (green), distal (orange). (B)
Expression heat map of the subset of marker set genes that are markers for SSBpod and podocyte (Pod). Expres-
sion was FT transformed, averaged over all cells in a cluster and standardized gene-wise. (C) Two-dimensional
tSNE map showing the expression of OLFM3. Expression is indicated by color; expression values of 1 are plot-
ted in gray. (D) Typical images of MAFB, PODXL, and ACTA2 immunostaining in SSB and glomeruli. Scale bar
=50um.
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tion in DNA replication. However, proliferation markers were lowly expressed in both
SSBpod and podocytes (5.8C), which suggested low proliferative potential in both cell
types. In contrast to NPCs, association with kidney disease was not significantly en-
riched among genes differentially expressed in SSBpod (p-value = 0.1, one-sided Fisher’s
exact test). One of the disease-associated genes was OLFM3, which has been associated
with glomerular filtration rate (5.20B) [61]. OLFMS3, a secreted glycoprotein, has a known
function in brain and retina development [62] and has been identified as a marker for
podocyte precursors in two independent studies [13, 23]. In our dataset, it was specifi-
cally expressed in SSBpod (5.21C) and was a marker for this cell type in the marker set
and KeyGenes set (Hochane et al. [1] S3 Table).
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Figure 5.22: SSBpod is localized in the visceral proximal SSB. (A) Representative images of smFISH of
OLFM3, MAFB, and CLIC5 in SSBpod and Pod. w15 female kidney. Scale bar = 10um. (B) Box plots of sm-
FISH signal densities in SSB (n = 10), capillary loop (1 =4), and glomeruli (n = 8), for OLFM3, MAFB and CLIC5
(* adjusted p < 0.05, ** adjusted p < 0.0005).

In order to localize SSBpod, podocytes and mesangial cells in situ, we immunos-
tained w15 kidney sections with antibodies for MAFB, PODXL, and ACTA2 (5.21D). As
expected, PODXL and MAFB were found in podocytes at the capillary loop stage and in
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more mature glomeruli. MAFB staining extended to the proximal segment of the SSB,
which indicated that SSBpod may be part of this structure. To locate the SSBpod cells
more precisely, we performed smFISH on CLIC5 and MAFB, expressed both in podocytes
and SSBpod (5.22A). We observed a subpopulation of MAFB+/ CLIC5- cells outside the
glomeruli, which we identified as the SSBpod. These cells could be found predominantly
in the visceral part of the proximal segment of the SSB but also at the capillary loop stage.
This result supported the notion that SSBpod were transient cells that preceded (mature)
podocytes. Having localized the SSBpod, we next wanted to confirm OLFM3 as a marker
of this cell type. smFISH of OLFM3, MAFB, and CLIC5 showed OLFM3 to be coexpressed
with MAFBbut absent in cells that were positive for CLIC5 (5.22A), a marker that persists
in podocytes in the adult kidney. Quantification of the density of smFISH signals (5.22B)
showed that OLFM3was absent in glomeruli but could be detected in the subpopulation
we identified as SSBpod (MAFB+/ CLIC5-). In summary, these results supported OLFM3
as a robust marker of podocyte precursors.

Finally, we were wondering whether our dataset would also allow us to identify can-
didate mechanisms that drive development from SSBpod to podocytes. Differential ex-
pression analysis revealed 228 genes that had a significant, bigger than 2-fold changes
between SSBpod and podocytes (5.23, Hochane et al. [1] S4 Table). Among these we
found factors belonging to multiple signaling pathways, such as FGF1, VEGFA, HESI,
and EGF1. Vegfa and Fgfl are known to have a homeostatic function in podocytes [63,
64, 65], whereas Hesl, a target of the Notch signaling pathway, seems to be necessary
for the synthesis of extracellular matrix proteins in these cells [66]. Binding sites for the
transcription factor AP-1 were strongly enriched in this set of genes (145 out of 228 genes,
adjusted p-value = 1.3-107°). AP-1 would therefore be an interesting target for perturba-
tion studies in mouse models.
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Figure 5.23: AP-1 targets are enriched in the differentially expressed genes of Pod versus SSBpod. Vol-
cano plot of differential gene expression between SSBpod and Pod. log» fold change Pod over SSBpod versus
—logio(adjusted p-value). Genes with an adjusted p < 0.05 and /og> fold change > 1 were considered signifi-
cant (colored data points). Genes with an AP-1 binding site are shown in red.
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All in all, the results presented here complement other, recent, single-cell transcrip-
tomics studies of the fetal kidney. We demonstrated how the data can be interrogated to
find expression patterns that will improve our understanding of human kidney develop-
ment.

5.4. DISCUSSION

5.4.1. THE NEPHROGENIC NICHE IS HETEROGENEOUS

Building an organ during development requires the careful balance between two fun-
damental processes—growth and the creation of structure. In many organs, these two
functions are reconciled by self-renewing progenitor cells that can be induced to differ-
entiate. In kidney development, NPCs give rise to the epithelium of the nephron, the
functional unit of the kidney. To balance growth with patterning, self-renewal and dif-
ferentiation of NPCs have to be tightly controlled. It is well established that the niche of
the NPC plays an important role in this control, but the precise mechanisms are not well
understood. In particular, it is not clear how the position and movement of NPCs in the
niche might impact the induction towards differentiation.

Heterogeneity in the nephrogenic niche was brought to light first by Mugford et al.
[40] in 2009 and has been confirmed by multiple recent studies [11, 13, 23, 24, 25]. Mug-
ford et al. [40] used in situ hybridization to study the localization of transcriptional regu-
lators in E15.5 mouse kidney. Three distinct compartments were defined in the CM—
inner capping mesenchyme (which lies closest to the cleft of the UB), outer capping
mesenchyme (at the tip of the UB), and induced mesenchyme (at the level of the stalk
of the UB). Although all compartments express Six2, only inner and outer capping mes-
enchyme express Citedl. The induced CM was distinguished by Wnt pathway activity,
as evidenced by Wnt4 expression. Several recent scRNA-seq studies confirmed hetero-
geneity in the nephrogenic niche. Brunskill et al. [24] studied an E12.5 mouse kidney
and found two subpopulations in the CM, which they classified as uninduced (Six2 pos-
itive, Cited positive) and induced (Six2 positive, Citedl negative). Among the hundreds
of genes that were differentially expressed between these two populations, they found
genes related to the Wnt signaling pathway as well as protein vesicular trafficking and
degradation. Wang et al. [25] also found two subclusters in the CM of the human fe-
tal kidney. They interpreted one subcluster as the self-renewing compartment due to
higher expression of markers for cell division. The other subcluster, which showed gene
expression related to Notch signaling (HESI, HEY1), was considered induced. Two stud-
ies by [11, 13] also explored NPC heterogeneity. The first study [11] identified four NPC
clusters (self-renewing, primed, differentiating, and proliferating), whereas the second
[13] revealed four clusters of NPCs (I-IV), two clusters of primed NPCs (I-1I), as well as
several clusters of proliferating cells.

In the dataset presented here, we identified four clusters of NPCs. Among these,
NPCa are most likely the self-renewing compartment. In agreement with the studies by
Lindstrom et al. [13] [11, 13], they expressed the highest levels of CITED1 and TMEM100
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compared with the other NPCs. Furthermore, they preceded all other NPC clusters in
pseudotime analysis. NPCb showed expression of several genes that modulate Notch,
BMBP, and TGF- 8 pathway activity, as well as low levels of LEF1, which has been shown to
indicate induction towards differentiation [11, 13]. The classification of NPCb as primed
NPC by comparison to the Lindstrom et al. [13] dataset supported the interpretation of
NPCb as a state distinct from NPCa that is primed to differentiate. The fact that we de-
tected NPCb only at w16 and w18 leads us to speculate that NPCb could be the result
of continuous changes in the nephrogenic niche over the course of development. The
third NPC cluster, NPCc, appeared together with NPCb in pseudotime and was distin-
guished from the other NPCs by higher expression of genes involved in or regulated by
RA signaling. The RA binding protein CRABP2 has been identified as an NPC marker in
other reports [11, 25]. We speculate that NPCc are the result of spatially varying con-
centrations of RA, which is produced in the cortical interstitium [67]. Finally, NPCd ap-
peared between NPCb-c and PTA in pseudotime and were clearly distinguished from the
other NPC clusters by increased proliferation, at least as far as that can be inferred from
gene expression data. In agreement with our analysis, NPCd were classified as prolifer-
ating cells by comparison with the Lindstrom et al. [13] dataset. NPCd cells also lowly
expressed markers of induction towards differentiation (such as LEFI, LHX1, WNT4),
which indicates a transitory state between induced and/or primed NPCs and PTA. The
suggested developmental flow from NPCa via NPCb-c to NPCd was supported by a grad-
ual decrease of OSR1, which is a well-known marker of the early CM.

By in situ detection of CITEDI, SIX2, and other genes, we also explored the spatial
localization of the different NPC clusters. NPCa seemed to reside closest to the tip of
the UB, the induced and/or primed NPCb and c were situated closer to the stalk, and
NPCd were closest to the PTA. This finding is consistent with the recent report of NPCs
streaming from their niche at the UB tip towards the UB branch point to form the PTA
and RV [13]. On this path, the cells gradually lose the NPC transcriptional program, and
differentiation is induced. In the mouse, trajectories of NPCs also seem to have a large
stochastic component: NPCs repeatedly detach from the UB and attach again and also
shuttle back and forth between the uninduced region at the UB tip and the committed
region around the stalk of the UB [68]. This observation could indicate that varying ex-
pression levels of genes such as CITEDI occur as a consequence of cell migration and
are not necessarily functionally relevant. Indeed, Cited1 knockout has no adverse effects
on kidney development in the mouse [69]. Taken together, our results support a model
in which (self-renewing) NPCa reside at the tip of the UB, probably in close proximity or
even in contact with the UB. Movement away from the UB tip, toward the stalk, is ac-
companied by decreased CITEDI expression and transformation to the (induced and/or
primed) NPCb-c states. Arrival at the stalk of the UB is characterized by the NPCd ex-
pression state, increased proliferation, and eventually transformation to the PTA. It is
conceivable that cells sometimes visit the different NPC states in reverse order, which
would reconcile this model with the observed high, multidirectional motility of NPCs
(68].
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5.4.2. PROXIMAL-DISTAL PATTERNING

In the prevailing model of mammalian kidney development, self-renewing NPCs are
not prepatterned to develop into a certain lineage. When the developing nephron first
displays signs of proximal-distal patterning is an important, outstanding question. Mug-
ford et al. [40] have found evidence that the PTA, which succeeds the NPC, is already
polarized. A recent study by Lindstrom et al. [13] proposed an intriguing mechanism
that couples temporal and spatial cues: although NPCs that are recruited to the PTA
early develop into distal cell types, NPCs that are integrated later contribute to the prox-
imal compartment. In our study, we identified the PTA by known marker genes (CCND1,
LHX1, and WNT4) and high proliferation. We were unable to detect any substructure
within the PTA, which might be due to the limited resolution of our scRNA-seq method.
RV/CSB, the next developmental stage, however, was split in two clusters (a and b). Pseu-
dotime analysis suggested that RVCSBa was a heterogeneous cluster comprising early RV
cells (which appeared before RVCSBb) and the distal segment of the RVCSB. This obser-
vation is consistent with the time-dependent recruitment model by Lindstrém et al. [13]
in the sense that in that model, distal specification precedes proximal patterning.

5.4.3. FETAL PODOCYTES MAY HAVE VARYING DEGREE OF MATURATION

Single-cell transcriptomics studies of various organs have brought to light many new,
intermediate cell states. This has provoked the question of whether we should consider
gene expression in complex tissues as a continuum rather than a collection of distinct
expression profiles. In developmental systems, it is certainly useful to think about gene
expression change as a continuous process. Nevertheless, there are clearly distinct in-
termediate cell states even within linear developmental paths. In our study, we observed
that RVCSBb gave rise to podocytes via an intermediate state, the SSBpod, which di-
rectly preceded the podocytes in pseudotime. Specific expression of OLFM3 made it
likely that this cluster is identical to previously identified podocyte precursors, which
were marked by this gene [13, 23]. Menon et al. [23] defined a cluster of immature or
early podocytes, characterized by high OLFM3 and low MAFB expression. In that study;,
podocytes showed increased MAFB expression but loss of OLFM3. Lindstrém et al. [13]
located OLFM3 positive cells to the proximal part of the SSB. In our study, we confirmed
all of these observations: OLFM3 was localized to the visceral part of the proximal seg-
ment of the SSB, and OLFM3 negative podocytes showed higher expression of mature
podocyte markers compared to the OLFM3 positive SSBpod. Functional annotation
analysis of genes that were differentially expressed between SSBpod and podocytes re-
vealed enrichment of a binding site for AP-1. This transcription factor has been found
to be important for the development of the skin [70], neural precursor cells [71], and the
heart valve [72] in mice. A role of AP-1 in kidney development has not been described
yet, and further research is needed to elucidate its potential function. The analysis of
the kidneys from different gestational ages showed high similarity of cell types across
different ages with the exception of podocytes. These displayed a systematic change in
expression pattern, which might indicate the continued maturation of podocytes over
time. This observation is in agreement with a study by Brunskill et al. [73] in the mouse,
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which compared embryonic (E13.5 and E15.5) with adult podocytes (defined as Mafb
positive cells). That study found hundreds of genes that were differentially expressed be-
tween embryonic and adult podocytes. Furthermore, targeted experiments are needed
to demonstrate the possible maturation of podocytes in human kidney development.

In summary, we have leveraged a combination of single-cell transcriptomics and in
situ imaging to study the intricate structure of the developing human kidney. The tran-
scriptomics data, accessible via a web application http://www.semraulab.com/ki
dney, will be a valuable starting point for discovering gene regulatory mechanisms or
finding new disease mechanisms.

DATA AVAILABILITY

The scRNA-seq data have been deposited in the GEO database under accession num-
ber GSE114530. An interactive web application accompanying this paper, which pro-
vides convenient access to the data, can be found here: http://www.semraulab.com/
kidney.
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5.5. SUPPLEMENTARY INFORMATION

Abbreviation  Cell type Gene Reference
OSR1 [47]
SIX1 [74]
SIX2 [75, 76]
CITED1 [77,78]
EYAl [79]
SALL1 [80, 69]
. MEOX1 [3]
NPCs | nephron progenitor cells GDNF 1]
ETV4 [82]
COL2A1 [83]
HES1 [84, 78]
CRABP2 [13]
LEF1 [13]
ITGA8 [23]
LHX1 [13]
PTA | pretubular aggregate WNT4 [85]
CCND1 [86]
LHX1 [87]
PAX8 [85]
JAG1 [88]
RVCSBaandb | renal vesicle/comma-shaped body PAX2 [53]
WNT4 [89]
SFRP2 [90]
DLL1 [4]
HNF1B [91]
POU3F3 [92]
SSBm/d | SSB medial/distal 21(1)\;[(3 Eg}
IRX2 [23]
IRX3 [23]
CDH6 [94, 95]
SSBpr | SSB proximal precursor cell HNFI1A [96, 97]
AMN [93]
FOXC2 [98]
SSBpod | SSB podocyte precursor cell 1(\)41{\;\]/3[ 3 Eg}
WT1 [99]
PTPRO [100]
NPHS2 [101]
NPHS1 [102]
Pod | podocytes PODXL [103]
TGFBR3 [103]
CLIC5 [104]
CITED2 [98]
PAPPA2 [105]
MAL [106]
. CLCN5 [107]
DTLH | distal tubule/loop of Henle SLCI12A3 [108]
UMOD [13]
SLCI2A1 [109]
LRP2 [110]
ANPEP [111]
Continued on next page

ErPrT  early proximal tubule



5.5. SUPPLEMENTARY INFORMATION

141

Continued from previous page

Abbreviation  Cell type Gene Reference
SLC34A1 [112]
CLDN1 [113]
CLDN2 [114]
SLCI13A1 [115]
CUBN [116]
ALDHIA1 [13]
CnT | connecting tubule TACSTD2 [13]
CDH1 [117]
. " . GDNF [118]
IPC | interstitial progenitor cell FOXD1 (119]
DES [120]
COL3A1 [121]
COL1A1 [122]
ICsaandb | interstitial cells a and b SERPINE2 | [123]
FGF7 [53, 124]
LEF1 [125]
DCN [126]
ACTA2 [123]
TPM2 [127]
. PDGFRB [128]
Mes | mesangial cells MCAM (123]
CSPG4 [123]
CD248 [129]
KRT18 [130]
KRT8 [130]
RET [131]
. . CLDN7 [132]
UBCD | ureteric bud/collecting duct AQP2 (133]
GATA2 [133]
MMP7 [134]
CALB1 [117]
KDR [135]
TEK [136]
End | endothelial cell FLT1 [135]
CDH5 [137]
PECAM1 [138]
CD37 [139]
CD48 [140]
Leu | leukocytes ITGB2 [141]
IFI30 [142]
IL1B [143]

Table 5.1:

Literature marker set and references.
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ACRONYMS

AUROC area under the ROC

BSA bovine serum albumin

COI cluster of interest

FISH fluorescence in situ hybridization

FT Freeman-Tukey

GDNF glial cell-derived neurotrophic factor
GO gene ontology

GWAS genome-wide association studies
HVG highly variable gene

knn k-nearest neighbors

PC principal component

CELL TYPES

CM cap mesenchyme

CnT connecting tubule

CSB comma-shaped body
DTLH distal tubule/loop of Henle
End endothelial cell

ErPrT early proximal tubule
IC interstitial cell

IPC interstitial progenitor cell
Leu leukocytes

LOH loop of Henle

Mes mesangial cells

MM metanephric mesenchyme

PCR polymerase chain reaction

RA retinoic acid

RET ret proto-oncogene

ROC receiver operating characteristic
ROI region of interest

RT room temperature

scRNA-seq single-cell RNA sequencing
smFISH single-molecule FISH

tSNE t-distributed stochastic neighbor embedding

UMI unique molecular identifier

wl6 week 16

NPC nephron progenitor cell

Pod podocyte

PTA pretubular aggregate

RV renal vesicle

RVCSB renal vesicle/comma-shaped body
SSB s-shaped body

SSBm/d SSB medial/distal

SSBpod SSB podocyte precursor cell
SSBpr SSB proximal precursor cell

UB ureteric bud

UBCD ureteric bud/collecting duct
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OUTLOOK AND DISCUSSION

Our current understanding of embryogenesis is the result of decades of work by many
generations of scientists. Despite this tremendous effort, there is still much to discover
and unravel. Importantly, the continuing interest in developmental biology is not only
driven by the desire to achieve fundamental understanding, but also applications in the
medical field. The treatment of conditions caused by developmental defects and lever-
aging the great potential of regenerative approaches both rely on a detailed understand-
ing of embryogenesis and cell differentiation. Lately, the combination of top-down and
bottom-up approaches, as well as the development of new technologies in imagining,
sequencing and bioengineering, have delivered new insights at unprecedented speed.
In this thesis, we have leveraged state-of-the-art techniques to delve into three differ-
ent pieces of the embryogenesis puzzle. In each example, new questions and exciting
avenues for further exploration were unveiled.

In chapter 2 and 3, we studied how the interaction between embryonic and extraem-
bryonic cells leads to tissue-level organization. In a new in vitro model of embryoge-
nesis, the XEN-enhanced gastruloid (XEG) that combines mouse embryonic stem cells
and mouse extraembryonic endoderm-like cells (XEN) called XE-gastruloids (XEGs), we
observed the formation of tubular structures consisting of neural progenitors-like cells.
Notably, this tissue-level organization is achieved without the external addition of sig-
naling cues, or the use of finely tuned growth conditions. The experiments presented in
chapter 2 demonstrated the neural-like characteristics of the tubular structures in XEGs.
They also showed that cell rearrangements in XEGs are reminiscent of secondary neuru-
lation. This system could thus be used to identify the minimal parameters necessary for
neural tube formation in vitro. Finally, since XEGs contain derivatives of the three germ
layers, as well as extraembryonic cells, they could be the starting point for developing
complex model systems of other stages of the development. For example, we were able
to differentiate XEGs further to cortex-like tissue and observed the presence of cells with
endothelial characteristics, which might be able to form a vascular network.

In chapter 3, we focused on the role and fate of the XEN cells in XEGs. Our ex-
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periments showed that the XEN cells induce the formation of neural tubular structures
through at least two different mechanisms. On one hand, XENs produce large amounts
of extracellular matrix, thereby creating a basal membrane. This might induce the ep-
ithelialization of adjacent cells. On the other hand, XEN cells secrete DKK1, an antago-
nist of WNT signaling. Our signaling perturbation experiments showed that DKK1 was
directly connected to the positioning of primitive streak-like cells within XEGs and the
elongation axis of the aggregates. It also appears to be necessary for the formation of the
neural tube-like structures. Finally, a scRNA-seq measurement revealed that the XEN
cells in XEGs differentiate toward a more visceral endoderm (VE)-like state. VE is the
extraembryonic endoderm directly surrounding the developing embryo. While it was
already established that VE cells and their derivatives influence the differentiation and
patterning of the developing embryo, our results suggest that there is also a reciprocal
effect of the developing epiblast on the differentiation of the VE cells. This observation
supports the idea that interaction between embryonic and extraembryonic cells are cru-
cial for proper embryonic development. Adding extraembryonic cells could thus bring
existing embryonic in vitro models or even organoids to another level of complexity.

In chapter 4, we proposed new in vitro systems to study the sorting between epi-
blast (EPI) and primitive endoderm (PrE) cells. This important morphogenic event oc-
curs early in development (for example, on day 3 in mouse embryos), when the em-
bryo is still fairly simple. This process is therefore an ideal candidate for minimal in
vitro modeling. The first system, the chimeric embryoid body (chim-EBs) is perfect for
high throughput studies that do not require high-resolution imaging. Chim-EBs could
be used for the screening experiments that can identify the key factors of the sorting
process. Preliminary experiments with chim-EBs revealed, that blocking the adhesion
molecule integrin-f1 prevents sorting. The second in vitro approach, the embryonic
disk (ED), approximates the actual geometry of the embryo more closely and has the
great advantage of providing optimal conditions to image cell movement. This system
allowed us to characterize EPI/PrE sorting at the single-cell level. In the future this sys-
tem could be used to study the effects of particular candidate genes, identified in screen-
ing assays with chim-EBs. The detailed migration dynamics extracted from cell tracking
experiments in EDs could also be used to constrain the parameters of a mathematical
model of cell sorting. We envision that the combination of our two minimal in vitro
systems and mathematical modeling will help achieve a detailed understanding of cell
sorting in the early mammalian embryo.

Finally, in Chapter 5 we presented a single-cell transcriptomics atlas of the human
fetal kidney. We focused specifically on investigating the heterogeneity of nephron pro-
genitor cell types, and the intermediates of podocyte maturation. Those cell types are es-
sential for the proper development of the kidney epithelium and thereby optimal func-
tion. Our measurements revealed several transient cell types, present only during de-
velopment, which were nevertheless associated with kidney disease. As an example,
we found the gene OLFM3, which was associated with glomerular filtration rate in a
genome-wide association study to be specifically expressed in podocytes precursors.
Our data is accessible through the GEO database, as well as an interactive web appli-
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cation. An accessible single-cell atlas constitutes a very valuable source of information
that might support our understanding of developing organs.

All in all, we hope that this thesis has demonstrated, that minimal model systems
and quantitative tools can drive new insights in developmental biology. We are excited
for the unprecedented level of understanding that these new approaches will help us
achieve in the future.
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