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Summary

The vertebrate body is laid down in a head to tail fashion by cells emerging from a growth

zone at the posterior end of the embryo. This domain contains progenitor reservoirs providing

the cellular material for axial elongation as well as the posterior notochord, which organizes

the nascent tissues. The developmental master regulator Brachyury (T) controls progenitor

maintenance, mesoderm formation and the specification of the notochord in a dosage

dependent manner. How these different activities of T are regulated is not fully understood.

In this study, I systematically dissected the gene regulatory landscape of the mouse T locus,

where an enhancer cluster upstream of the T gene was mapped using ChIP-Seq. Employing

the CRISPR/Cas9 system, I show that deletion of this regulatory region disrupts notochord

development and tail outgrowth. Within this region, I identified a critical notochord enhancer.

The enhancer mutants display axis truncation phenotypes that are consistent with the

necessity of high T levels for notochord maintenance and the essential role of the notochord

in axis extension.

Progenitors for axial tissues of different lineages are closely associated with the posterior

notochord in a conserved topological arrangement. It has been proposed that the

presumptive notochord provides the niche for axial progenitors and that these two cell groups

together function as the organizer of trunk and tail development. To explore this concept, I

analyzed the expression profile of nascent notochord, marked by a Noto reporter. Noto+ cells

are the source of combinatorial Shh, Nodal, Fgf, Wnt and apelinergic signaling as well as BMP

antagonists. The expression of some of these signals peaks at the stages of development when

progenitor cells are amplified, indicating a role for Noto+ cells in this process. Further, I

investigated the activity of the pluripotency factor Oct4 by light sheet microscopy throughout

axial elongation, revealing a novel expression domain in a subset of progenitor cells in the

early tail bud. RNA-Seq suggests that co-expression of Oct4, Sox2 and T represents an axial

stem cell signature.

Taken together, axial elongation is driven by interactions of Noto+ cells and progenitors.

Differentially regulated activities of Brachyury are essential for every aspect of this process.



Zusammenfassung

Der Körper von Wirbeltieren wird entlang der rostrokaudalen Achse von Zellen aus einer

Wachstumszone am hinteren Ende des Embryos angelegt. Diese Domäne enthält Reservoirs

von Vorläuferzellen, die das Zellmaterial für die Achsenverlängerung generieren, sowie das

posteriore Notochord, das die entstehenden Gewebe organisiert. Der für die Entwicklung

maßgebliche Transkriptionsfaktor Brachyury (T) steuert dosisabhängig die Erhaltung der

Vorläuferzellen, die Mesodermbildung und die Spezifizierung des Notochords. Wie diese

verschiedenen Aktivitäten von T reguliert werden, ist nicht vollständig verstanden. In dieser

Studie wurden genregulatorische Elemente des T-Locus in der Maus mittels des CRISPR/Cas9-

Systems systematisch zerlegt und so ein Enhancer-Cluster upstream von T anhand von ChIP-

Seq Daten lokalisiert. Die Deletion dieser regulatorischen Region verhindert die Entwicklung

des Notochords und das Auswachsen der Schwanzknospe. Innerhalb der Region wurde ein

essentieller Notochord-Enhancer identifiziert. Die Enhancer-Mutanten zeigen neben anderen

Defekten einen vorzeitigen Abbruch der Achsenbildung auf. Folglich werden bestimmte

Schwellenwerte an T Expression für die Aufrechterhaltung des Notochords benötigt. Das

Notochord wiederum spielt eine essentielle Rolle bei der Aufrechterhaltung der

Achsenbildung.

Vorläuferzellen der axialen Gewebe sind in einer konservierten Anordnung eng mit dem

posterioren Notochord verbunden. Es ist möglich, dass das präsumptive Notochord die Nische

für axiale Vorläuferzellen bildet und diese beiden Zellgruppen zusammen als Organisator der

Rumpf- und Schwanzentwicklung fungieren. Um dieses Konzept zu untersuchen, wurde das

Expressionsprofil des frühen Notochords mittels eines Noto-Reporters analysiert. Noto+-

Zellen sind die Quelle von sekretierten Shh-, Nodal-, Fgf-, Wnt- und Apelin-Signalen, sowie

BMP-Antagonisten. Die Expression einiger dieser Signale erreicht ihren Höhepunkt in den

Entwicklungsstadien, in denen die Vorläuferzellen expandiert werden, was auf eine Rolle der

Noto+-Zellen in diesem Prozess hinweist. Des weiteren wurde die Aktivität des

Pluripotenzfaktors Oct4 während der Achsenbildung durch Mikroskopie analysiert, wobei eine

bisher unbeschriebene Expressionsdomäne innerhalb der Vorläuferzellen in der frühen

Schwanzknospe entdeckt wurde. Transkriptomdaten legen nahe, dass Oct4, Sox2 und T die

Genexpressionssignatur einer neuen Klasse axialer Stammzellen bilden.

Zusammenfassend legen die Daten nahe, dass Interaktionen von Notochord- und

Vorläuferzellen die Achsenbildung antreiben. Unterschiedlich regulierte Aktivitäten von

Brachyury sind für jeden Aspekt dieses Prozesses wesentlich.
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1 Introduction

1.1 The organizer concept in developmental biology

The metazoan body is a highly complex, stable system comprising specialized cell types,

tissues and organs unfolding from a single totipotent cell during embryonic development. In

the early 20th century, scientists pioneering the field of experimental biology established

methods to manipulate, dissect and analyze embryos during this dynamic process. Grafting

experiments in amphibian and sea urchin embryos, where fragments of embryos were tested

for their potential to contribute to tissues in different contexts, coined basic principles of

developmental biology, such as differentiation and self-regulation (Huxley and De Beer, 1934).

The Organizer is probably the most defining concept of that era and was introduced by

Hans Spemann based on the findings of his doctorate student Hilde Mangold. They famously

identified a structure at the amphibian upper blastopore lip, which, upon transplantation to

an ectopic site in a host embryo, would initiate the development of a twinned embryo

(Spemann and Mangold, 1924; Figure 1.1). Other than previous studies with similar results,

they used differentially pigmented newt species and were able to distinguish between host

and donor cells (Harland and Gerhart, 1997; Holtfreter, 1988). They found that the secondary

body axis was formed by host cells, whereas contribution of the donor cells was mainly limited

to axial mesoderm (Spemann and Mangold, 1924). These observations suggested that rather

than integrating into the host environment, the transplanted cells from this specific region

instructed their neighboring cells, which otherwise would have developed into epidermis, to

become “dorsalized”, adopt a new fate and give rise to the tissues of a duplicate axis.

The “Organizing center” was postulated as a structure with three major features: First,

the potential to instruct morphogenesis, induce the establishment of the body plan and

initiate neural activation. Second, self-differentiation into notochord and partly somites and

floor plate. Finally, the activity of a signaling center patterning surrounding tissues and organ

anlagen (Spemann and Mangold, 1924).
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Figure 1. 1 The Organizer experiment

 (A) Schematic of the grafting experiment using differently colored Triturus newt species (B) Section through the
trunk of a secondary embryo. The graft (light-gray) contributes to notochord and partly medial somites and floor
plate. The graft has an induced neural tube, somites, a pronephros and a secondary archenteron cavity in the
host (dark-gray). (C, D) Contemporary organizer grafts from Andrea E. Wills (UC Berkeley, CA, USA). (C) The
section shows a rafted organizer labeled with lacZ mRNA and stained with Red-Gal. (D) Twinned Xenopus embryo,
resulting from an organizer transplantation. Figure adapted from (Harland, 2008).

In the era of pre-molecular biology, the compounds mediating cell-cell communication

and signaling remained elusive. It took until the end of the twentieth century to find the first

parts of the molecular cocktail secreted by the Spemann-Mangold Organizer. Isolation of

genes from organizer derived cDNA libraries identified a range specifically expressed factors,

which can induce the neural axis in a gastrulating embryo mainly by antagonizing BMP, Wnt

and Nodal signaling (De Robertis and Kuroda, 2004; Niehrs, 1999).

The group of cells introduced as the Organizer in the initial graft experiment has been

further dissected in sub-regions with specific activities that become sequentially important

during development (Smith and Slack, 1983). An organizer from an early gastrula embryo can

induce a complete axis, whereas grafts from a late gastrula embryo only result in formation of

posterior tissues, which led to the proposition that there are separate organizers for head,

trunk and tail (Zoltewicz and Gerhart, 1997). Alternatively, in contrast to a model where

different portions of the organizer code for different positional information, Peter Nieuwkoop

proposed a two-step model in which first, formation of anterior neural structures is activated
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and in a second transformation step, signals from the organizer gradually “posteriorize”

neural tissue (Nieuwkoop, 1952). Experimental evidence of sub-regions with distinct

organizing properties and the activation-transformation model were integrated in a three-

step-model, in which a pre-neural state is transiently activated, then stabilized by signals from

the organizer, which finally posteriorizes the neural territory (Stern, 2001).

Considering the rapid progression of embryogenesis in newts, the Spemann-Mangold

Organizer is an accumulation of distinct dynamic activities that spatio-temporally overlap in

amphibian embryos, rather than a uniform and universal structure.  Some decades after

publication of the Organizer experiment, the importance of the competence of the host tissue

to respond to external signaling and self-organize after induction was emphasized (Holtfreter,

1988). Nevertheless, the basic phenomenon is widely conserved and structures with

analogous functions are found in other vertebrates, like the embryonic shield in zebrafish,

Hensen’s node in birds and arguably the node in mammalian embryos (Joubin and Stern,

2001).

1.2 The Organizer in the mouse

1.2.1 Initial axis development and the role of early and late gastrula organizer

In the mouse, the homologous organizer structures appear after implantation into the

uterus at a stage when the embryo has already completed some axial organization. The

earliest rounds of zygotic cleavages establish a polarity that is epigenetically engraved into the

cells and determines which blastomeres of the morula become trophoectoderm and which

will contribute to the inner cell mass (Torres-Padilla et al., 2007; Zernicka-Goetz, 2002;

Zernicka-Goetz et al., 2009). The inner cell mass further segregates into epiblast, a pluripotent

epithelium that will form the embryo proper, and primitive endoderm, the second

extraembryonic lineage which covers the epiblast. By the time the resulting blastocyst embryo

implants into the uterine wall at embryonic day (E) 4.5, two asymmetries are specified: The

proximal-distal (PD) axis with the epiblast on one pole and the trophoectoderm on the other

as well as a bilaterality apparent by a slight tilt in the blastocyst. While the role of the latter
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remains unclear, the PD polarity is converted to the anterior-posterior (AP) axis in a series of

cell interactions during implantation. On the distal pole, high Nodal signaling from the epiblast

induces expression of Lefty1, a Nodal antagonist in a subset of primitive endoderm cells

(Takaoka et al., 2017). These specified cells will give rise to the distal visceral endoderm (DVE;

Figure 1.2), a signaling center expressing Lefty1, Cerberus (Cer1) and Dkk1, which act as

extracellular antagonists on Nodal and Wnt signaling in the overlying epiblast (Arnold and

Robertson, 2009). At about E5.5, the DVE cells collectively migrate into one direction and form

the anterior visceral endoderm (AVE), which establishes a Nodal and Wnt gradient throughout

the epiblast and is the foundation of the AP axis (Antonica et al., 2019; Morris et al., 2012;

Takaoka et al., 2011). The posterior side is determined by high levels of Nodal, Wnt3 and

Wnt3a, as well as BMP4 and Nodal potentiating convertases from the extraembryonic

ectoderm (ExE) (Ben-Haim et al., 2006; Perea-Gomez et al., 2001; Perea-Gomez et al., 2002).

The AVE secretes Wnt and Nodal inhibitors which further regionalize the embryo (Glinka et

al., 1997; Perea-Gomez et al., 2001).

Figure 1. 2 Early embryogenesis from implantation to primitive streak formation

(a-d) Post-implantation development from 3.5-6.5 dpc (days post coitum). Adapted from (Arkell and Tam, 2012).
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The molecular patterning in the implanted embryo sets up the coordinate system for

gastrulation, in which the apparent radial symmetry is broken. During gastrulation, cells from

the posterior epiblast undergo epithelial to mesenchymal transition (EMT) and ingress

through the primitive streak (PS) to form the three germ layers, ectoderm, mesoderm and

definitive endoderm (Keller et al., 2003; Solnica-Krezel and Sepich, 2012; Tam and Loebel,

2007). This represents a major morphological transformation, which lays out both the AP axis

and the dorso-ventral (DV) axis with the ectoderm layer on the dorsal and endoderm layer on

the ventral side.

In the mouse, the first Organizer structure is specified after the PS is specified. Epiblast

cells close to the anterior tip of the PS form the Early Gastrula Organizer (EGO), marked by

expression of Gsc and Foxa2 (Filosa et al., 1997). Lineage tracing of EGO cells suggest that it is

a transient cell population with main contributions to head process notochord and foregut

endoderm (Kinder et al., 2001). In contrast to its equivalents in amphibians, fish and birds, the

mouse EGO does not evoke the complete organizer response in transplantations experiment

(Tam et al., 1997). However, when co-transplanted with the AVE and its adjacent epiblast, it

can induce a secondary axis expressing anterior forebrain markers (Tam and Steiner, 1999).

Proper positioning of the AVE is required for head formation and mutants lacking the secreted

factors or transcription factors for AVE specification have a headless phenotype (Albazerchi

and Stern, 2007; Perea-Gomez et al., 2002). Still, the AVE is not sufficient to induce the

neuraxis but rather synergistically interacts with signals from the EGO and PS (Perea-Gomez

et al., 2001; Tam and Steiner, 1999).

At mid streak stage, the Gastrula Organizer was shown to acquire a different molecular

signature and expresses BMP antagonists Chordin and Noggin (Kinder et al., 2001). Grafting

experiments of the Mid Gastrula Organizer (MGO) revealed tissue contributions similar to the

EGO, but a slightly increased capacity to induce expression of anterior neural markers like Otx2

(Kinder et al., 2001).

In general, the Organizer activities that are condensed in amphibians are spatially and

temporally dispersed in mammalian embryos. After initial self-organization of the blastocyst,

different signaling centers, namely the AVE, the EGO and MGO synergistically regulate head

formation and positioning of the primitive streak. There is no single structure in the mouse

gastrula that would meet all of Spemann’s stringent Organizer characteristics.
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1.2.2 The node

The primitive node is the third region with organizing activity in the mouse and arises

after primary gastrulation (E7.5) at the anterior end of the PS as an indentation at the surface

of the cup-shaped embryo. In contrast to the EGO and MGO, the node is a morphologically

distinct structure, which is distinguishable from squamous endoderm by its columnar cell

shape. Transplants from the node region were shown to differentiate into trunk notochord

and to evoke a limited organizer response inducing posterior tissues (Beddington, 1994;

Kinder et al., 2001; Sulik et al., 1994). Therefore, the node was postulated to function as trunk

and tail organizer and an equivalent of the LGO (Kinder et al., 2001).

Figure 1. 3 Node and notochord morphogenesis in the mouse

Top: Schematic representation of axial mesoderm formation. Figure adapted from (Balmer et al., 2016). Bottom:
Scanning electron microscopy of an E8.25 node. (A) Top view of the whole embryo. (B) Sagittal section. (C) Zoom
of the node area indicated by the square in (B). (D) Close-up of the ciliated ventral node. Figure adapted from
(Sulik et al., 1994).
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The phenotype of mutants that do not form a node (Ang and Rossant, 1994; Weinstein

et al., 1994) as well as ablation experiments  (Davidson et al., 1999) demonstrate that it does

not have an essential function in AP axis establishment. The axis truncation phenotype in these

mutants however suggests that the node structure could have a function in maintenance of

axial elongation.

Additionally, the ventral node establishes of left-right (LR) asymmetry, the final major

body axis. This function has been attributed monociliated cells in the node pit (Figure 1.3),

which propel a unilateral flow of Nodal protein (Hirokawa et al., 2006; Lee and Anderson,

2008; Nonaka et al., 2002).

There is some controversy concerning the terminology of “the node”. A careful

morphological and genetical analysis showed that ciliation and expression of organizer

signature genes are displayed by different entities: Columnar cells in the indentation giving

the node its typical gestalt are ciliated, but expression of Nodal is limited to the crown cells, a

more posterior, squamous cell population (Blum et al., 2007). It was suggested to revise the

nomenclature and refer to the ciliated cells in the indentation as notochordal plate or

posterior notochord (PNC) and reserve the term “node”, which implies organizer activity, for

the crown cells (Blum et al., 2007).  In their function specifying LR asymmetry, the PNC is more

analogous to the gastrocoel roof in anamniotes or Kupffer’s vesicle in fish than to the late

gastrula organizer. Again, organizer activities are distributed between separate signaling

centers, which in some, but not all cases temporally and spatially overlap between different

animal clades (Martinez Arias and Steventon, 2018).
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1.2.3 The notochord

After the nascent embryonic linages of the gastrula are specified by the primary

organizer structures discussed above, dorso-ventral and medio-lateral (ML) patterning is

established and maintained by axial mesoderm. Axial mesoderm is positioned in the middle

of the DV and ML axes and can be partitioned in three parts: prechordal plate, head process

notochord and node-derived trunk and tail notochord (Figure 1.3).

The notochord is a rod-like structure, which runs through the midline of the embryo

from head to tail. As the defining feature of chordates it serves two major functions:

Patterning and providing structural stability to the developing embryo (Stemple, 2005). It

comprises an epithelium wrapped around a core of vacuolated cells, which makes the

structure both solid and laterally flexible. In aquatic animals, these characteristics are essential

and allow the embryo to swim. In fact, in some primitive fish the notochord serves as the main

axial skeleton. In most Chordates and all mammals however, the notochord is a transient

embryonic signaling center, which regresses during fetal development and gives rise to the

nucleus pulposus of the vertebral discs (Choi et al., 2008; McCann et al., 2012).

Adjoining organ anlagen of all germ layers, the notochord lies ventral to the

neuroectoderm, dorsal to the gut endoderm and is flanked by somitic mesoderm. Patterning

of the neural tube via secretion of Hedgehog ligands and Bmp antagonists from the notochord

is possibly its best described signaling function (Placzek and Briscoe, 2018). Further, critical

signals from the notochord maintain the LR axis and provide signals for endoderm derivatives

during organogenesis (Cleaver and Krieg, 2001). In the mesodermal lineage, the notochord is

required for somite patterning (Brand-Saberi et al., 1993; Fan and Tessier-Lavigne, 1994) as

well as vertebral column differentiation and segmentation (Ward et al., 2018; Wopat et al.,

2018).

While the exact mechanism of notochord formation remains unclear (Balmer et al.,

2016), there are three phases that can be distinguished. First, precursors of head process

notochord and node re-emanate from the PS and epithelialize at its anterior end. Head

process cells move towards the anterior pole, then, in the second phase, cells from the node

form the trunk notochord. At E7.5, node and notochordal plate cells have a basement
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membrane continuous with the definitive endoderm until subsequently they submerge from

the surface of the embryo and elongate in a convergence and extension process. The

convergent extension required for trunk notochord formation is controlled by the planar cell

polarity (PCP) and non-canonical Wnt signaling (Andre et al., 2015; Minegishi et al., 2017; Song

et al., 2010; Ybot-Gonzalez et al., 2007). Cells from the relatively broad node region straighten

and intercalate to form notochord. Lengthening of the node structure may be sufficient to

produce the more anterior trunk notochord, but since in parallel AP axis of the embryo

drastically extends between E7.5 and E13.5, an additional source of cells is required to

generate posterior trunk and tail notochord. Thus, after the quiescent node cells are

exhausted, progenitor reservoirs are thought to give rise to the third section of the notochord

(Ukita et al., 2009; Wymeersch et al., 2019; Yamanaka et al., 2007). The origin of these cells

remains to be understood, however live-imaging data suggests that progenitor cells residing

at the caudal tip of the notochord actively migrate towards the posterior to extend the midline

axis (Yamanaka et al., 2007). The initially quiescent notochord progenitors proliferate at E9.5

after a stimulus, which probably involves  ʲ-catenin (Ukita et al., 2009) and EMT (Andre et al.,

2015).

Genetically, the different levels of notochord specification are controlled by a hierarchy

of transcription factors. The endodermal master regulator Foxa2 is essential for the formation

of prechordal plate, the head process as well as trunk and tail notochord and  throughout the

AP axis (Ang and Rossant, 1994; Weinstein et al., 1994). Node formation and specification of

trunk and tail notochord is controlled by the pan-mesodermal regulator Brachyury T

(discussed in more detail in 1.5) in a dosage dependent manner (Herrmann et al., 1990; Kispert

and Herrmann, 1994). Noto is required for tail notochord and disrupted in the truncate

mutant, which displays a shortened tail phenotype (Abdelkhalek et al., 2004; Plouhinec et al.,

2004; Zizic Mitrecic et al., 2010). Of the three, Noto is the only factor that is exclusively

expressed in axial mesoderm precursors from E7.5. During trunk notochord morphogenesis,

Noto functions in a synergistically with Foxa2, before it becomes essential for tail notochord

maintenance (Yamanaka et al., 2007).

During development of trunk and tail, the notochord patterns the axial and paraxial

tissues. Both notochord and neighboring tissues are derivatives of progenitor cell pools

residing in close proximity to the caudal end of the notochord (Wymeersch et al., 2021).
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1.3 Neuromesodermal progenitors and the axial stem cell niche

Vertebrates are highly variable in their length, which depends on the duration of axial

elongation. This process generates a species-specific number of segments comprising the

major proportion of the body in most animals. Axial elongation occurs during mid gestation in

a head to tail fashion and is fueled by a supply of cells from a posterior growth zone. Constant

recruitment of cells from the caudal growth zone leads to a drastic extension of the body

between E7.5 and E13.5. Tissues of all germ layers are continuously generated: Musculature,

bones, kidney and heart from mesoderm, spinal cord and epidermis from ectoderm and lungs

and organs of the digestive tract from endoderm. In the last decades, the paradigm that the

three germ layers segregate during gastrulation was challenged with the discovery of multi-

potent progenitors that retain germ layer plasticity, self-renew and therefore behave like stem

cells (Wilson et al., 2009). In the mouse, such populations have been identified through serial

transplantation in specific regions, namely the node-streak border (NSB) and caudal lateral

epiblast (CLE) in the trunk (Cambray and Wilson, 2007) and the chordo-neural hinge (CNH) in

the tail bud (Figure 1.4; Cambray and Wilson, 2002). Cells in these compartments retain their

stemness after passage through multiple embryos. The CNH is a continuum of the NSB and

both regions have a shared arrangement of topological domains: An ectodermal layer

expressing mesodermal characteristics lying dorsally adjacent to notochord precursors. Clonal

analysis revealed that the stem-like cells can contribute to both somitic mesoderm and

neuroectoderm throughout embryogenesis and have hence been termed neuro-mesodermal

progenitors (NMPs) (Henrique et al., 2015; Tzouanacou et al., 2009). NMPs reside in an

environment that protects them from differentiation promoting growth factors and signals.

Co-expression of mesodermal master regulator Brachyury T  and pluripotency and neuro-

ectodermal factor Sox2 creates an undifferentiated state, which is maintained by high Wnt

and Fgf (Delfino-Machín et al., 2005; Garriock et al., 2015; Henrique et al., 2015; Koch et al.,

2017; Tsakiridis and Wilson, 2015). Antagonistic activities of Sox2 and T create a bi-stable

switch controlling the progenitor exit and neural versus mesodermal fate choice (Gouti et al.,

2017; Koch et al., 2017). In the posterior trunk and tail NMPs, lineage decisions and

differentiation are inhibited by a network involving the Lin28/let-7 pathway, which genetically

maintains the progenitor state (Aires et al., 2019; Robinton et al., 2019).
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NMPs can be generated in vitro from embryonic stem cells  (ESCs) by Wnt and FGF

application in neural-lineage promoting medium (Gouti et al., 2014; Turner et al., 2014). In

addition to 2D cell culture approaches, 3D systems for studying embryonic development have

been gaining momentum with the development of protocols for the generation of

“gastruloids”, ESC derived elongating cellular ensembles with a T+/Sox2+ double positive

progenitor pool producing neural and mesodermal derivative tissue (van den Brink et al.,

2014). Upon addition of the ECM surrogate Matrigel to the culture medium, these neural and

mesodermal derivatives were shown to give rise to neural tube and segment into somites,

respectively (van den Brink et al., 2020; Veenvliet et al., 2020).

Further, it was recently postulated that NMPs are in a partial EMT like, transitory state

that allows them to switch between neuroepithelium and mesodermal mesenchyme (Dias et

al., 2020; Goto et al., 2017; Kinney et al., 2020).

NMPs are bicompetent precursor cells, which are regulated by a specific signaling

environment, an intrinsic transcriptional balance and an intermediate morphological state. It

is still a matter of debate whether NMPs reflect a self-renewing axial stem cell population that

persists throughout axial elongation or if an NMP is a cell in a transient bipotent cell state

(Sambasivan and Steventon, 2020).

Their close spatial association to the node and posterior end of the notochord suggests

that there is a functional connection between the two domains (Wymeersch et al., 2019;

Wymeersch et al., 2021). One possible nature of such an interaction could be that the

posterior notochord provides factors establishing the niche where the NMPs can self-renew.

It is also conceivable that in addition to the DV and ML patterning of the axial tissues by the

notochord, the very first derivatives of NMPs receive lineage instructing signals from the

posterior-most notochord cells.
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Figure 1. 4 Node-Streak-Border and Chordo-Neural-Hinge are conserved domains harboring progenitor cells

A conserved topological arrangement of morphologies and gene expression define the Node-Streak-Border (NSB)
and Chordo-Neural-Hinge (CNH) in mouse (A) and chick (B). R = Rostral. C = Caudal.  NC = notochord. N = node.
PS = primitive streak. NT = neural tube. TBM = tail bud mesoderm. In the mouse, NSB and CNH can be defined as
the axial position where Foxa2 and Fgf8 expression overlap. In chick, Fgf8 extends more rostral to the NSB and
CNH and cannot be used as a marker. Figure adapted from (Wilson et al., 2009).
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1.4 Signals in the caudal growth zone

Embryonic development is driven by coordinated differentiation of competent

progenitors towards increasingly specialized tissues, which is orchestrated by signaling

centers, reciprocal signaling between tissues and self-organization. During vertebrate axis

elongation, progenitor populations in the caudal end have to be protected from

differentiation promoting signals. This is ensured by an interplay of signaling pathways (Wilson

et al., 2009). In brief, Wnt and Fgf signals in the progenitor zone inhibit factors like retinoic

acid (RA) that promote differentiation. At the core of this mechanism is a positive feedback

loop between Wnt3a, T, and Fgf8/4 binding to Fgfr1. All of these compounds are essential and

mutants show severe axis truncation phenotypes (Ciruna and Rossant, 2001; Herrmann, 1991;

Naiche et al., 2011; Takada et al., 1994). RA is synthesized by Aldehyde dehydrogenase

Aldh1a2 in NMP derivatives, namely neural plate and somites, and opposes Fgf8 activity in the

NMP domain (Diez del Corral et al., 2003). Wnt3a and T regulate Cyp26a1, a hydroxylase that

degrades RA, thereby protecting the NMP domain from RA  exposure (Gouti et al., 2017;

Martin and Kimelman, 2010). The activation of the progenitor niche is further assisted by Cdx

transcription factors, most prominently Cdx2, which links Wnt and Fgf signaling and positional

information encoded in Hox collinearity (Amin et al., 2016; Savory et al., 2009; Young et al.,

2009).

 Within NMPs, the neural versus mesodermal lineage choice is controlled by a genetic

antagonism between T and Sox2, with cells downregulating T and upregulating Sox2 to

undergo neural differentiation and vice versa (Gouti et al., 2017; Koch et al., 2017; Romanos

et al., 2020). Mesodermal lineage commitment is initiated by T and Wnt3a and genetically

anchored by Tbx6 expression, which downregulates both T and Sox2 (Figure 1.5; Chapman and

Papaioannou, 1998; Koch et al., 2017; Takemoto et al., 2011). Cells that are now committed

to pre-somitic mesoderm (PSM) remain mesenchymal for about two cell cycles (Tam, 1981).

During that time, Fgf8 and Fgf4 are thought to chemotactically guide the NMP derivatives from

the posterior progenitor zone, with Fgf8 repelling the cells and Fgf4 attracting them towards

somite border (Yang et al., 2002). Paraxial mesoderm is then segmented into somites, which

are blocks of mesoderm giving rise to vertebrae, ribs, cartilage and muscle.  The individual

somites are defined by an outer epithelium formed in a mesenchymal to epithelial transition.
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At a certain threshold level of the AP Wnt/Fgf gradient, referred to as the determination front,

PSM becomes competent for instructive signals that govern the timing of somite formation.

The determination front is periodically hit by signaling from the segmentation clock, a

molecular oscillator. A tightly wired network of Wnt, Fgf and Notch signaling pathways

generates waves of transcription, which start out of phase and become synchronized to induce

somitogenesis (Aulehla et al., 2003; Aulehla et al., 2008; Bénazéraf and Pourquié, 2013;

Sonnen et al., 2018).

Figure 1. 5 Regulation of NMP maintenance and lineage choice

(A) NMPs (red + green) are maintained in a balanced state through Wnt3a, Fgf4/8 as well as T and Sox2.
Descendants acquire a determined state. Mutual inhibition of T and Sox2 regulates the lineage choice. The
determined state is reinforced by lineage control genes like Tbx6. Neural progenitors (green) remain in the
neuroepithelium, while mesoderm progenitors (red) become mesenchymal. PS = primitive streak. NC =
notochord. PSM = presomitic mesoderm. NT = neural tube. Figure adapted from (Koch et al., 2017).
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1.5 Brachyury functions in axial elongation

Brachyury (T) is a key regulator and essential for multiple aspects of axial elongation

(Herrmann et al., 1990; Wilkinson et al., 1990). T was shown to act as a transcription factor

binding to T-box motifs (Kispert et al., 1995; Muller and Herrmann, 1997).  In the mouse,

homozygous T -/- mutant embryos are truncated and die around E10.5 due to a dysfunctional

chorio-allantoic connenction (Chesley, 1935; Gluecksohn-Schoenheimer, 1944; Inman and

Downs, 2006). After formation of the first eight somites, T -/- embryos fail to generate paraxial

mesoderm. Further, the mutants display morphological aberrations in the node and lack its

derivative, the trunk notochord (Davidson et al., 1999; Fujimoto and Yanagisawa, 1983).

Heterozygous T+/- mutants are viable, but have short tails with a variable phenotype between

tailless and a tail of about half the normal length (Gluecksohn-Schoenheimer, 1944). The axis

defects in T mutants result from the loss of different T functions at successive stages of trunk

and tail morphogenesis (Figure 1.6).

Figure 1. 6 Brachyury activities in axial elongation

Left: E9.75 mouse embryo. Maximum intensity projection of confocal microscopy stacks. Whole-mount
immunofluorescence for T (red), nuclei stained using DAPI (grey). Right: Sagittal optical section through the tail
bud. Immunofluorescence for T (red) and Sox2 (blue). Different activities and their corresponding expression
domains are indicated.
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T activity is required to maintain the pool of NMPs (Henrique et al., 2015; Li et al., 2007;

Tsakiridis and Wilson, 2015; Wymeersch et al., 2016). The conserved Wnt/T loop promotes

mesodermal lineage choice and acts antagonistic to the proneural activity of Sox2 (Garriock

et al., 2015; Gouti et al., 2017; Koch et al., 2017; Martin and Kimelman, 2008; Martin and

Kimelman, 2012; Turner et al., 2014). As a pan-mesodermal pioneer factor, T induces

mesoderm formation in the primitive streak and tail bud (Beisaw et al., 2018; Tosic et al.,

2019). Finally, somites, gut and neural tube are patterned by signals from the node and

notochord, which require a high dosage of T for their maintenance (Chiang et al., 1996;

Pennimpede et al., 2012; Stemple, 2005; Zhu et al., 2016).

Brachyury exerts these functions in adjacent domains and its dynamic expression requires

robust spatio-temporal control. Expression in the nascent mesoderm is transient and

downregulated as cells differentiate (Wilkinson et al., 1990). Integration of a 23 kb genomic

fragment starting 8 kb upstream of the T gene was shown to restore the capacity of T -/- mESCs

to colonize mesodermal tissues in vivo and completely rescue the short tailed phenotype of T

+/- mice (Stott et al., 1993; Wilson and Beddington, 1997). This fragment contains the T

promoter (-500 to 150 bp from the TSS) sufficient for primitive streak and tail bud expression

as well as a recently discovered divergently transcribed non-coding RNA termed yyT (Clements

et al., 1996; Frank et al., 2019). In addition to the dynamically regulated expression levels in

mesoderm precursors, T expression in the resident progenitors, as well as in the notochord is

persistent until the completion of the tail. At E13.5, NMPs are thought to be exhausted and

the notochord regresses to give rise to the nucleus pulposus of the vertebral disk (Choi et al.,

2008; McCann et al., 2012). The promoter and proximal elements within the 23kb genomic

region are not sufficient for the high T dosage required for notochord specification and tail

bud outgrowth (Stott et al., 1993). Interestingly, the TBoB mutation, which has a 200 kb

insertion mapped about 35 kb upstream of T, induces a partial, less severe T -/- phenotype

with absent notochord and impaired tail bud outgrowth (Rennebeck et al., 1995). The TBoB

insertion was show to disrupt the rodent specific T2 transcript (Rennebeck et al., 1998).

However, the similarity of the axis phenotype as well as the genetic interactions of the T and

TBoB mutants suggest that rather than T2 coding for an equally critical factor, the notochord

enhancers of T might be embedded in the T2 region and be deleted or insulated from the

promoter by the large insertion in TBoB (Wu et al., 2007).
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The exact location of these enhancers however is not known and the complex transcriptional

control of this developmental master regulator remains incompletely understood. Identifying

these elements might reveal how during development and evolution, T is modulated to shape

the Chordate body plan. With T being a tumor marker, oncogene and possibly a drug target,

the investigation of its transcriptional regulation also has some clinical significance (Shah et

al., 2017; Sharifnia et al., 2019; Tarpey et al., 2017; Tirabosco et al., 2008; Yang et al., 2009).

1.6 Developmental enhancers

Embryonic development produces about 200 specialized cell types from common

progenitors in a relatively short time frame. Cell specification is driven by a dynamic activation

of gene regulatory networks by transcription factors. Especially powerful developmental

regulators, such as T for the mesodermal lineage, require a tight spatio-temporal control of

gene expression, which is mediated by multiple enhancers. Enhancers are cis-regulatory DNA

elements that contain transcription factor binding sites and can contact promoters and

activate transcription over long distances, from typically about 30-70kb to 1Mb (Shlyueva et

al., 2014; Spitz and Furlong, 2012). With hundreds of thousands of enhancers distributed

across the genome, the estimated number of enhancer elements vastly exceeds the number

of genes, implying that one gene is typically regulated by many enhancers acting in additive,

synergistic or redundant ways (Kvon et al., 2021). Enhancer activity usually requires binding

of multiple transcription factors, which facilitates lineage specificity and the integration of

signaling pathways. Active enhancers recruit RNA Polymerase (Pol) II as well as transcriptional

co-activators such as general transcription factors, p300 and the Mediator complex to

promoters via DNA looping (Heintzman et al., 2007).  Looping and DNA topology allows more

remote enhancers to bridge closer genes or regulatory sites and selectively interact with

specific promoters (Levine et al., 2014). The enhancer-promoter interaction is dependent on

three dimensional chromatin organization and preferentially happens within loop domains

formed by a ring-like cohesion complex and boundary elements. These topologically

associating domains (TADs) may function as a scaffold for interactions of regulators elements

(Furlong and Levine, 2018).



18

Figure 1. 7 Schematic illustration of tissue specific enhancer activation

(a) Schematic showing a Gene X regulated by a proximal  Enhancer A and more distal Enhancer B, each containing
a different combination of binding sites for tissue-specific activating and repressive TF (Transcription factor)
binding sites. (d) Gene expression pattern resulting from regulated by combinatorial activity of Enhancers A/B.
(b) and (c) Enhancer activation by tissue specific TF binding and recruitment of activating histone modifications
resulting in enhancer activity patterns (e) and (f). Figure adapted from (Shlyueva et al., 2014)
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The recruitment of the transcription machinery leads to transcription of active

enhancers (Kim et al., 2010). A genome-wide analysis of PolII and co-activator binding and

enhancer transcription revealed CpG high enhancer clusters of 0.4-10 kb especially in

proximity of tissue-specific genes which were termed transcription initiation platforms (Koch

et al., 2011). Recently, genomic features sharing similar characteristics are more often

referred to as “super-enhancers” (Whyte et al., 2013). These regulatory regions are associated

with oncogenes and key regulators of cell identity, including Brachyury (TBX-T) in human

chordoma cell lines (Sharifnia et al., 2019; Sheppard et al., 2021).

In the last years, the phase separation hypothesis for super-enhancer activity has gained a lot

of attention (Hnisz et al., 2017).  In this model, chromatin architecture creates hubs in which

transient clusters of PolII and complexes of the transcription machinery come together. The

aggregations are thought to depend on liquid-liquid phase transitions created by interactions

of intrinsically disordered regions in the TFs and parts of the transcription machinery (Boija et

al., 2018). This model integrates observations like enhancer tracking, transcription from

enhancers, linking, looping and transcriptional factories. It further would explain dosage

effects of TFs and indirect interactions of TFs.

In general, enhancers can be predicted by assessing combinatorial high throughput datasets

for transcription factor binding sites, chromatin accessibility or epigenetic markers such as

histone modifications (Heintzman et al., 2007; Rada-Iglesias et al., 2011; Visel et al., 2009).

Since enhancer function is independent of orientation and distance to promoters, the gold

standard for enhancer activity has been the capacity to induce reporter expression when

cloned upstream of a minimal promoter (Kvon, 2015). In addition, the CRISPR/Cas9 System

has become a feasible tool for functional assays specifically disrupting gene regulation (Lopes

et al., 2016).
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1.7 Aim of this study

In essence, the generation of the vertebrate trunk and tail is initiated by two

components: Progenitor reservoirs that produce the cellular material for the different

lineages, as well as structures providing the signals that perpetuate these progenitors, specify

their descendants and pattern the nascent tissues. The work presented here was driven by

the hypothesis that the node and the posterior end of the notochord establish an instructive

niche for axial progenitor cells. Brachyury activity is essential in different aspects of this

system, namely for progenitor cell maintenance, mesoderm formation and the specification

of the notochord. How the expression domains corresponding to these activities are

controlled remains incompletely understood.

Therefore, in this study I set out to identify the enhancers that orchestrate T expression

in trunk and tail development. To this end, I systematically dissected the cis-regulatory

landscape of T using CRIPSR/Cas9. I generated and characterized loss-of-function mutants

lacking different regulatory elements to provide insight into the linkage of notochord

development and axial elongation.

Further, I investigated both components of the putative niche throughout trunk

development. To explore the capacity of nascent notochord cells to form the niche and

orchestrate lineage allocation via secreted signals, I profiled the transcriptome of Noto

expressing cells. To localize the putative stem cells that might populate this niche, I modified

the pluripotency factor Oct4 with a fluorescent protein tag and imaged the activity throughout

mid-gestational development.

Finally, I frequently observed that some of the Noto expressing cells were not fully

committed to notochord and contributed to paraxial mesoderm. This route of notochord

progenitors towards vertebrae might represent an alternative mechanism for chordoma

formation. Therefore, I investigated the possibility of a common precursor for the sub-

mesodermal lineages using fate-mapping and RNA-Seq.
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2 Results

Part I– Investigating the functions of Brachyury in axis elongation

2.1 Brachyury activity in notochord development

2.1.1 Establishment of a Noto reporter line

The node and the posterior portion of trunk and tail notochord are distinguished by the co-

expression of the transcription factors Foxa2, T and Noto. With Foxa2 expression in

endodermal derivatives and floor plate and T expression in pre-somitic mesoderm, hindgut

roof and posterior neural tube, only Noto qualifies as a specific marker gene (Abdelkhalek et

al., 2004; Plouhinec et al., 2004). In order to make the nascent axial mesoderm cells accessible

for in vivo fluorescence microscopy and flow cytometry purification, a fluorescent reporter

mouse embryonic stem cell (mESC) line was established.

To this end, a bacterial artificial chromosome (BAC) clone comprising the murine Noto locus

was modified such that the ATG start codon was replaced by a reporter cassette via RET-

recombineering (Muyrers et al., 1999). The cassette contains the coding sequence of a Histone

2b (H2B) fused to mCherry fluorescent protein for nuclear signal as well as a hygromycin

resistance cassette for selection in mESCs (Figure 2.1.1A). The linearized Noto::H2B-mCherry

BAC was randomly integrated into wildtype F1G4 hybrid mESCs (Nagy et al., 1993), single

clones were picked after selection and genotyped by PCR.

In order to validate the expression pattern of Noto::H2B-mCherry (hereafter NotomC) reporter

and exclude secondary effects from the modification, mouse embryos of mESC clones were

generated by tetraploid complementation assays (Figure 2.1.1B). Embryos were isolated at

E7.5 and E9.5. The embryos did not display any signs of developmental defects. At E7.5, clear

mCherry signal was detectable in the node and, in a more scattered pattern, in the head

process notochord and pre-chordal plate. At E9.5, reporter expression is strongest at the

posterior end of the notochord but remains detectable throughout the trunk notochord. In
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general, the NotomC reporter adequately recapitulates the transcription domains known from

Noto whole mount in situ hybridization (WISH), with NotomC signal extending somewhat

further into the mature notochord, which can be attributed to the higher stability of the

fluorescent reporter compared to the endogenous protein due to the H2B fusion (Figure

2.1.1B).

To further confirm that NotomC marks the right cell type, embryos were stained for T and Foxa2

by immunofluorescence. At all stages tested, NotomC overlaps with Foxa2 and high T

expression and distinguishes axial mesoderm from neighboring cells (Figure 2.1.1 C).

Therefore, the NotomC reporter is an appropriate tool to analyze the cells of the early

notochordal lineage.
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Figure 2.1.1 Establishment of a Noto reporter mESC line

(A) Schematic representation of the Noto::H2B-mCherry reporter BAC. (B) Left: Noto whole mount in situ
hybridization adapted from Pennimpede et al, 2012. Right: NotomC reporter fluorescence in a E9.5 embryo
acquired by stereomicroscopy (C) Confocal fluorescence microscopy of a E7.25 early headfold stage embryo and
a E9.0 caudal end with NotomC reporter expression and immunofluorescence for T and Foxa2. At E7.25, NotomC

can be detected in the ventral node, head process notochord, crown cells and cells in the midline of the epiblast.
At E9.0. NotomC marks the posterior tip of the notochord. Yellow arrows point out exemplary cells co-expressing
all markers. Scale bar=500µm
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2.1.2 ChIP-seq identifies conserved regulatory elements on the T locus

The multiple roles of Brachyury (T) activity during axial elongation require a robust and tight

transcriptional control. The promoter and proximal elements which drive expression in the

primitive streak and tail bud and induce paraxial mesoderm formation have been identified

decades ago (Clements et al., 1996; Schmidt et al., 1997). There has been some evidence for

one or more distal enhancers initiating the high expression levels required for notochord

formation located at the T locus upstream of the T gene, the exact location however remains

unknown (Stott et al., 1993; Wu et al., 2007).

Tissue specific transcription factor binding is a hallmark of enhancer activity. In order to

identify novel notochord enhancer candidates, binding sites of T and Foxa2 were analyzed by

Chromatin Immunoprecipitation DNA-Sequencing (ChIP-Seq). In order to achieve the high cell

numbers required for this experiment, an in vitro notochord differentiation protocol was

employed. The procedure was based on the previously published protocol by Winzi et al.

(2011), which was optimized by Jesse Veenvliet (personal communication). The NotomC mESC

line was seeded without feeders in N2B27 medium with Activin A to stimulate the Nodal-

pathway and to differentiate the cells towards mesendoderm (Figure 2.1.2). After three days,

cells were cultured in step II medium, which contains additional factors that activate FGF and

Sonic Hedgehog and inhibit the BMP and retinoid acid pathways for an additional four days.

Figure 2.1.2 Schematic representation of the notochord differentiation procedure

FACS plots show the proportion NotomC+ expressing cells after application of step II medium at d3 in an exemplary
experiment.
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Between day 6 and day 7 of the protocol, these conditions yielded typically between 10-20%

NotomC positive cells in the culture, as determined by fluorescence activated cells sorting

(FACS; Figure 2.1.2).

ChIP-seq analysis was performed on bulk in vitro differentiated notochord-like cells for T and

Foxa2. Binding sites of these notochord key transcription factors should be predictive for

enhancers that are active early in the notochord lineage. To examine lineage specificity, these

data were overlapped with published ChIP-seq data (Koch et al., 2017), where T, Sox2 and ʲ-

Catenin binding was assayed in in vitro generated NMPs at d3 (Figure 2.1.3 A). Indeed, the T

locus is highly auto-regulated with multiple tissue specific T binding sites, of which many are

co-occupied by other key transcription factors. Co-binding of T and Foxa2 suggests a role for

the element in axial mesoderm or hindgut formation, co-binding of T and Sox2 would indicate

a role in the neural vs. mesodermal fate choice in NMPs. The most prominent peaks were

annotated as putative T enhancers (TE1-TE7) for further analysis. Interestingly, the sequences

of these binding sites are largely conserved in mammals, a characteristic that is often seen in

developmental enhancers (Figure 2.1.3 B).

Taken together, with an optimized protocol, the cell numbers for transcription factor binding

profiling in notochord cells can be derived by in vitro differentiation. ChIP-Seq identified a

number of evolutionary conserved putative enhancer elements which were characterized in

further experiments.
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Figure 2.1.3 ChIP-Seq identifies enhancer candidates at the T locus

(A) ChIP-Seq tracks showing the T locus on chromosome 17 with T, Sox2 and ʲ-Catenin binding sites in in vitro
derived NMPs (Koch et al., 2017) and T and Foxa2 binding sites at D7 of the notochord differentiation protocol
(this study). T Binding sites are annotated as T Enhancer 1-7 (TE1-7) highlighted in green. (B) The genomic
sequences of the corresponding loci in rat, human, chimp, cow and chicken were plotted against the mouse T
locus (chr17:8,386,974-8,452,208) using the VISTA browser (http://genome.lbl.gov/vista/index.shtml).
Mammalian species icons were taken from a royalty free database (flaticom.com).
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2.1.3 A systematic dissection of the Brachyury regulatory region using CRISPR/Cas9

The current state of knowledge about transcriptional regulation of Brachyury has mainly been

established in the years after the gene was cloned (Herrmann et al., 1990). Insertion of a 23

kb genomic fragment containing the T gene and starting about 8 kb upstream of T can rescue

the T mutant phenotype to some extent, but is not sufficient to restore notochord

specification (Stott et al., 1993; Wilson and Beddington, 1997). Additionally, the TBoB mutant,

which has a 200 kb insertion mapped about 16 kb upstream of T, induces a notochord and tail

bud outgrowth phenotype (Rennebeck et al., 1995). Therefore, it is reasonable that one or

more notochord elements of T are embedded in the locus upstream of T and displaced or

disrupted in the TBob mutant. After having identified some candidates within that region via

ChIP-Seq, a systematic dissection of the T locus was carried out.

To this end, CRISPR/Cas9 technology was employed to generate a series of mutants in the

NotomC mESC line (Figure 2.1.1). First, to test if the complementation assays with the genomic

fragment can be recapitulated in this system, a large 35 kb deletion was introduced, which

disrupts the upstream regulatory region in a way that the elements TE1-TE5 are deleted and

only 8 kb containing the extended promoter remain (hereafter referred to as TUD). Then, in

order to refine and narrow down the analysis, single elements were deleted in wildtype and

heterozygous T mutant backgrounds (Figure 2.1.4).

The break points of the deletions were determined by PCR and Sanger sequencing

(Supplementary Figures 1-3). Embryos were generated from the modified mESC clones by

tetraploid complementation assays by the transgenic unit of the Max-Planck-Institute for

Molecular Genetics, Berlin. Transgenic embryos were isolated between E7.5 and E13 and

directly analyzed. In the following, a selection of the mutants generated is presented.
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Figure 2.1.4 Genotypes of Mutants discussed in this study

Schematic showing the T locus (chr17:8,387,000-8,452,000; mm10) with genotypes of mutants generated in this
work. Enhancer candidates highlighted in green. Large deletions indicated by dotted lines, red crosses indicate
smaller deletions. TCD (81 kb deletion) and Tcd (64 kb deletion) are both deletions of the T locus including the T
gene, with TCD starting further upstream. The exact genomic coordinates of each genotype are specified in
Supplementary Table 1 and Supplementary Figures 1-3.
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Table 1 A systematic dissecion of regulatory elements on the T locus using CRISPR/Cas9

List of tetraploid complementation experiments (n=number of embryos displaying the specified phenotype) of
all genotypes discussed in this chapter. Proportion of embryos displaying a specific tail phenotype specified in
brackets. TL = tailless. ST = short tail. NT = no tail.

Genotype Phenotype
(NotomC morphology)
E9.5-10.5

Exp.
clone/n
E9. -10.5

Tail outgrowth
E12-13

Tail
E12-13

Exp.
clone/n
E12-13

WT normal #1 n =43
#1 n = 47
#1 n = 6
#1 n =33

Yes normal 1. #1 n=4

TCD / TCD Axial truncation, no paraxial
mesoderm after the forelimb bud,
no notochord and other defects of
the T null mutant (Chesley, 1935)

#1 n= 13

Tcd /+ Dispersed from hindlimb
NotomC+ cells scattered in tail bud;
Variable

#1 n=24
#1 n=9
#2 n=7

Yes
variable tail length
correlates with
notochord
dependent on
background
(BL6/SV129)

TL (17/21)
ST(4/21)
ST (11/11)

1. #1 n=21
2. #3 n=11

ɲTUD/ ɲTUD Axial truncation, Excess
neuroectoderm,
Notochord not maintained from
forelimb bud,
Noto::mC+ cells in the gut and few
in the caudal end (57/58)

#1 n=29
#1 n=12
#2 n=12

No,
undifferentiated
tissue,
neuroepithelium
enlarged

TL,
NT defects (6/6)

1. #1 n=6

ɲTE2/ɲTE2 Trunk notochord formed with
weaker T expression
Notochord dispersed from hindlimb
NotomC + cells scattered in tail bud

1. #1 n=22
2. #1 n=16
3. #1 n=7
4. #2 n=33
5. #1 n=4

yes
(~15 somites)
Does not develop
further,
apoptosis ->
regresses

TL(14/14) 1. #1 n=6
2. #2 n=6
3. #1 n=2

Tcd/ɲTE2 Trunk notochord absent/disrupted,
few NotomC + cells in the caudal end
(26/26)

1. #1 n=15
2. #1 n=27
3. #1 n=5
4. #1 n=9

Yes
(~10 somites)
Does not develop
further, regresses

TL (14/14) 1. #1 n=14

ɲTE3/ɲTE3 normal 1. #1 n=6
2. #1 n=8

Yes Bifurcation at ~
somite 50 (9/9)

1. #1 n=4
2. #1 n=4
3. #2 n=1

Tcd/ɲTE3 Dispersed from hindlimb
Noto:mC+ cells scattered in tail bud
Variable

1. #1 n=10
2. #1 n=5

Yes (~10 somites) TL (8/8)
bifurcations, open
neural tubes,
meandering
neural tube

1. #1 n=4
2. #1 n=4

ɲTE2/ɲTE2;
ɲTE3/ɲTE3

like ɲTE2/ɲTE2, no additional
defects

1. #1 n=11
2. #2 n=14

Yes
(~15 somites)

TL 1. #1 n=12

Tcd/ɲTE2; ɲTE4-5 like Tcd/ɲTE2, no additional defects 1. #1 n=28 Yes
(~10 somites)

like T/ɲTE2 1. #1n=1

T2 -/- Yes normal 1. #1 n=17
2. #2 n=16

Tcd/ɲTE1 like Tcd/+, no additional defects 1. #1 n=10

Tcd/ɲTE7 like Tcd/+,no additional defects 1. #1 n=10

Tcd/ɲTE2; ɲTE4 like Tcd/ɲTE2,no additional defects 1. #1 n=16
2. #2 n=21

like Tcd/ɲTE2,no
additional defects

1. #1 n=4
2. #2 n=7
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2.1.4 A 35 kb upstream regulatory region harbors enhancers required for trunk

notochord specification and tail bud outgrowth

Embryos with a homozygous deletion of the upstream regulatory region (TUD/ TUD) displayed

a distinct phenotype that became apparent at around E9.5, when the tail bud is being formed.

Whereas in wild type tail buds, the neural tube is closed and flanked by paraxial mesoderm,

this organization was disrupted in TUD/ TUD. Immunostaining for T and the neuroectodermal

marker Sox2 in WT, TUD/ TUD and TCD/TCD revealed several defects (Figure 2.1.5 A,C,E).

Firsty, in TUD/ TUD and TCD/TCD, the trunk notochord, marked by high T expression in the WT

was not formed (Figure 2.1.5 A,C,E,B’,D’,F’). While T expression in the axial midline was

completely ablated, the expression in the caudal end of TUD/ TUD persisted. In addition, excess

neuroectoderm was produced in both TUD/TUD and TCD/TCD which led to an enlarged neural

tube that did not close and enveloped the caudal truncation as a thick Sox2+ multilayered

epithelium (Figure 2.1.5 B’’,D’’,F’’).

TCD/TCD embryos formed the first occipitocervical somites, but did not generate paraxial

mesoderm after the forelimb bud (Figure 2.1.5 E’). In TUD/ TUD mutants, all somites of the trunk

were formed, although the somites became smaller towards the hindlimb bud and

sporadically showed ectopic Sox2 expression, further substantiating an imbalance of neural

vs. mesodermal tissue (Figure 2.1.5 C’). Lateral plate mesoderm formation was not affected in

TUD/TUD and TCD/TCD (Figure 2.1.5 B’,D’,F’).

At E12.5, tail outgrowth was severely impaired in TUD/TUD embryos, which had a bulge of

undifferentiated tissue instead of an elongated tail (Figure 2.1.5 G-I). Also, secondary effects

such as neural tube closure defects, somite irregularities and a caudal regression were visible,

which are malformations known from mutants lacking signaling from the notochord. Given

this severe phenotype, TUD/TUD is most likely embryonically lethal and would not develop

much further.

Taken together, TUD/TUD embryos failed to specify trunk notochord and displayed a loss of

paraxial mesoderm formation and a concomitant expansion of neuroectoderm leading to axial

arrest at the hindlimb bud.
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Figure 2.1.5 A 35 kb regulatory region contains elements required for notochord specification and tail
outgrowth.

(A-F’’) Immunostaining for T (cyan) and Sox2 (red) with nuclear DAPI (grey) staining in Wildtype, TUD/TUD and
TCD/TCD E9-E9.75 embryos. Number of embryos displaying the shown genotype and total number of isolated
embryos specified in the bottom left of panels depicting mutants. Maximum intensity projections of confocal
stacks (A,C,E) and optical sections with light sheet microscopy (A’-B’’, C’-D’’, E’-F’’) . Number of the last recently
formed somite indicated (A’, C’, E’). The yellow arrow points out the position of the notochord (B’), which is not
present in the mutants. LPM= Lateral Plate Mesoderm.  (G-I) Lateral, ventral and dorsal views of E12.5 WT vs.
TUD/TUD mouse embryos. Red arrows indicate the undifferentiated bulge that forms in the mutants instead of a
tail.
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2.1.5 TE2 is a critical notochord enhancer of Brachyury

The deletion in TUD spans multiple enhancer candidates (Figure 2.1.4) and induced a

phenotype that is associated with roles of T in different sub-processes of axial elongation (Fig.

2.5). Thus, it is tempting to assume that the region contains several regulatory elements for

notochord and NMP activity of Brachyury.

In order to test genomic fragments for their enhancer activity in vivo, an enhancer reporter

assay was established. In short, the binding sites were cloned upstream of a minimal heat

shock promoter and the coding sequence for Venus fluorescent protein. These donor

constructs are flanked by different loxP sites, which allows for a targeted integration into a

modified Rosa26 locus via recombinase mediated cassette exchange (based on Vidigal et al.,

2010). Transient Cre-recombinase expression facilitated recombination and successive stable

selection. Single clones were genotyped by PCR spanning the loxP sites and expanded.

Embryos were generated by diploid complementation assays and analyzed at E8.5 and E9.5.

TE2, a 1 kb element centered around the most prominent T binding peak showed strong

reporter expression in the nascent notochord in the trunk and early tail bud (Figure 2.1.6). At

E9.75, additional domains of T expression like the tail bud mesenchyme, the posterior

neuroepithelium and the gut tube also contain single Venus+ cells in a more scattered fashion

(Figure 2.1.6).

Overall, TE2-HSP68-Venus expression was strongest in the early notochordal lineage, where

presumably the specification of notochord progenitors occurs, making TE2 a promising

notochord enhancer candidate.
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Figure 2.1.6 TE2 is an enhancer with activity in the notochord

(A) Recombinase mediated cassette exchange cloning strategy based on Vidigal et al. (2010). Enhancer
candidates were cloned upstream of the HSP68 minimal promoter. pA = polyadenylation. PPGK = PGK promoter.
ins = insulator. HygroR = Hygromycin resistance. NeoR = Neomycin resistance. (B) TE2 driven Venus expression
demonstrates enhancer activity in nascent axial mesoderm. Nuclei stained with DAPI (grey). Left: Maximum
intensity projections of confocal microscopy. Right: sagittal optical sections; Light sheet acquisitions. nc =
notochord. nt = neural tube. Number of embryos analyzed at the corresponding stage that showed the depicted
expression pattern specified at the bottom right. At E9.75, no  reporter signals was detected in few outliers,
possibly due to chimerism in diploid complementation assays.

With the activity of the TE2 element in early notochord demonstrated, the question whether

there is a functional role for TE2 was addressed employing CRISPR/Cas9 to generate knockouts

in both wild type and Tcd/+ NotomC mESCs (Figure 2.1.4). Mouse embryos were generated by

tetraploid aggregations and analyzed between E7.5-E12.5.

Again, T protein was visualized by immunostaining at trunk to tail transition (E9.75) and in the

developing tail at E11.5 (Figure 2.1.7).
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Figure 2.1.7 TE2 is a critical notochord enhancer of Brachyury

(A-D) Maximum intensity projections of E9.75 embryos with NotomC reporter signal, immunostaining for T (green)
and DAPI nuclear staining (grey). Total number of embryos isolated at E9.75 (A-D) and E11.5 (G,I,K) specified.
E11.5 tails were imaged by confocal microscopy (E,G,I,K) or Light sheet (F,H,J,L) and show different specimen.
Scale bar=500µm. The square indicates the area magnified in single channels (A’-D’’). Yellow arrow points at the
disruption NotomC+ notochord progenitors. (E,G,I,K) Maximum intensity projections of E11.5 tails with
immunostaining for T (green), Sox2 (blue) and DAPI (grey). (F,H,J,L) Maximum intensity projections of E11.5 tails
with immunostaining for T (green) and the NotomC reporter signal (magenta). Asterisks indicate bifurcations in
the tail.
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Figure 2.1.8 TE2 is an essential notochord enhancer required for tail development

(A-D) Lateral, ventral and dorsal views of E12.5 wild type and mutant embryos. Red arrows indicate
developmental defects. Number of embryos that displayed the represented phenotype shown in each panel. All
mutants displayed identical morphological features, except for Tcd/+ which had a variable tail phenotype (17/21
tailless and 4/21 short tail).
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Embryos with a homozygous deletion of the TE2 enhancer displayed abnormalities starting at

E9.75, where NotomC reporter signal in the differentiated rod-like structure of the notochord

was disrupted at around hindlimb levels (Figure 2.1.7 B’’). T expression in the more anterior

trunk notochord was weaker than in the wild type and depleted from more posterior NotomC+

cells emerging from the caudal growth zone. In this region including the ectopically distributed

NotomC+ cells, T expression was not affected by the deletion (Figure 2.1.7 B’).  After trunk to

tail transition, the NotomC+ cells were still generated, but not specified and therefore scattered

throughout somites and neural tube (Figure 2.1.7 H). At E12.5, it was evident that the tail bud

initially grew out and formed the first 15-20 post-anal somites, but did not develop further

(Figure 2.1.8 B). At this stage, the tails displayed hemorrhagic lesions and were on the verge

of degeneration into a filament (Figure 2.1.8 B).

To see whether TE2 is also involved in earlier notochord development, an additional knock-

out mutant was generated in the heterozygous Tcd/+ background. T+/- mice are viable, but

have a shortened tail of variable length (Gluecksohn-Schoenheimer, 1938). To generate the

Tcd/+ mutant in this study, a CRISPR/Cas9 approach was used to induce a heterozygous

deletion of the complete T locus. This modification resulted in a phenotype that was largely

similar to ɲTE2/ɲTE2 (Figure 2.1.7 C). However, some differences could be observed in Tcd/+

compared to ɲTE2/ɲTE2, such as more variability in tail length and higher T levels in NotomC+

cells (Figure 2.1.7 B’, C’; 2.8 B, C). In Tcd/ɲTE2 mutants, in which the only copy of the TE2

enhancer is deleted, trunk notochord formation was entirely impaired (Figure 2.1.7 D). Even

though clusters of NotomC+ cells were found in the midline, these did not express T and were

mainly located in the dorsal hindgut. Because of the stability of the H2B-mCherry reporter,

the signal in the endoderm was most likely a remnant from an earlier notochord progenitor

state of cells that did not complete differentiation into the notochord lineage.

No NotomC+ cells could be detected in the tail (Figure 2.1.7 L), which initially grew out, but did

not develop further after formation of about 10 somites (Figure 2.1.8 D).  The medio-lateral

organization appeared to be lost and the posterior growth zone branched into multiple T+

poles (Figure 2.1.7 L). In addition to the tail phenotype, the E12.5 Tcd/ɲTE2 embryos showed

several defects that were previously described in other notochord mutants and likely caused

by the loss of Shh signaling from the midline: Neural tube closure defects, posterior regression

syndrome and irregular somites (Chiang et al., 1996; Pennimpede et al., 2012; Zhu et al.,
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2016). A significant amount of necrotic tissue in the posterior proportion of the trunk indicated

that this mutant would likely be embryonically lethal.

In conclusion, these data show that TE2 is a notochord enhancer of Brachyury that is active in

the nascent notochord and essential for tail notochord specification and tail development.

2.1.6 Tail outgrowth is not dependent on notochord progenitors

One of the aims of this study was to assess whether the posterior notochord cells are required

to maintain the progenitor cells that produce the cellular material for AP axis elongation. In

the Tcd/ɲTE2 and TUD/ TUD mutant, Brachyury expression was not detected in NotomC+ cells

anterior to the caudal end. Antibody staining for Foxa2 demonstrated that while the anterior

head process was not affected, both trunk notochord and floor plate were truncated at around

the level of the forelimb buds (Supplementary Figure 4). This showed that the remnant

NotomC+ cells did not have the capacity to induce floor plate and had most likely acquired

endodermal fate. Both mutants displayed different tail phenotypes: TUD/ TUD produced an

undifferentiated bulge and in Tcd/ɲTE2, a bona fide tail with somites, gut and neural tube

initially grew out.

In order to test if the different tail morphologies could be explained by a loss of Noto+ cells

adjacent to the NMP domain, E9.75 tail buds were analyzed in more detail using Lighsheet

microscopy (Figure 2.1.9). In WT, NotomC+ cells were those with the highest T

immunofluorescence signal. This population was smaller and disrupted in Tcd/+, but those

NotomC+ cells that emerged from the caudal growth zone maintained the expression of T. This

was not the case in ɲTE2/ɲTE2 where T expression was reduced in the differentiated NotomC+

cells and NotomC+ were dispersed and did not form a defined structure. In Tcd /ɲTE2 tail buds,

no or very few NotomC+ cells could be detected, although the overall morphology of the tail

bud was normal (Figure 2.1.9). In contrast, TUD/TUD tail buds, which were disorganized and not

capable to generate a tail, contained few NotomC+ cells, which were dispersed and did not

maintain T expression. In addition, the posterior growth zone persisted in the tails of Tcd/ɲTE2,

even though it eventually split in multiple poles with T/Sox2 co-expression (Figure 2.1.8 K),

which is a signature of NMPs.
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Based on these data, a dependency of NMPs on notochord progenitors cannot be conclusively

demonstrated. NMPs seem to be capable to self-renew and independently give rise to neural

and mesodermal primordia. These however do not mature without organizing signals from

the notochord.

Figure 2.1.9 Notochord progenitors in the tail bud

E9.75 tail buds of different mutants. Optical sections of Light sheet acquisitions. Immunostaining for T (white)
and NotomC+ reporter signal (red). Arrows indicate single T and NotomC+ cells.
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2.1.7 Apoptosis in tails without notochord

After emanating from the posterior growth zone in an almost wild-type arrangement, somites

and neural tube of the TE2 enhancer mutant tails did not develop further. Reports of other

tail notochord mutants have shown cell death causing regression of the tail (Pennimpede et

al., 2012). To explore whether apoptosis was induced in the ɲTE2/ɲTE2 and Tcd/ɲTE2 mutants,

immunostaining for cleaved Caspase 3 (Casp3) was performed (Figure 2.1.10).

Indeed, clusters of cells in neural tube and somites, as well as in the caudal growth zone

displayed increased Casp3 expression (Figure 2.1.10). This suggests that without signals from

the midline, the transient axial and paraxial tissues induced apoptosis shortly after their

specification.

Figure 2.1.10 Apoptosis in TE2 mutant tails

Top: Maximum intensity projections of Wild type (WT) and mutant tails. Casp3 immunofluorescence as a single
channel and overlap with DAPI nuclear staining. Last formed somite number indicated. Bottom: Light sheet
acquisitions of optical sections. Scale bar=500µm.
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2.1.8 Is the tail interaction factor (tct) a notochord enhancer of Brachyury?

The t haplotypes are variants of chromosome 17 of the house mouse carrying a set of alleles

with severe effects on inheritance and embryonic development (Silver, 1985). The haplotypes

have four large inversions, which suppress recombination with the wild-type homolog and

contain genes that can hijack spermatogenesis, leading to distorted transmission ratio in their

favor and therefore fairly high occurrence in wild populations (Herrmann et al., 1999;

Schimenti, 2000; Silver, 1993). Numerous t haplotypes have been discovered both in the wild

and the laboratory (Bennett, 1975).

A common feature of t haplotypes, which also lead to their discovery almost a century ago, is

the interaction of the tct (t complex tail interaction) factor with Brachyury T mutations

(Dobrovolskaia-Zavadskaia and Kobozieff, 1932). Whereas T/+ heterozygotes have a short tail

of variable length, T/t mice are always tailless (Chesley and Dunn, 1936). Both t/+ and t/t are

normal-tailed. Therefore, tct enhances the T phenotype and is genetically linked to, but not

identical to the T gene (Justice and Bode, 1988).

In this work, the effect of tct on notochord development was analyzed by microscopy and

transcriptome profiling. Since in today’s understanding of transcriptional control, tct is likely

to be a cis-regulatory element of T, it was explored whether tct is identical to the TE2

enhancer. The tw5 allele carries the complete set of mutations on chromosome 17 that have

been described for t haplotypes and was therefore chosen as the genetic background for these

experiments (Dunn and Suckling, 1956; Lyon and Meredith, 1964).

In order to make the T/t genetic background accessible to genomic modifications and for the

production of T/t embryos via tetraploid aggregations, a T/tw5 mESC line was established by

Lars Wittler and Manuela Scholze-Wittler (MPI-MG, Berlin). The tailless phenotype was

validated in embryos from tetraploid complementation assays. At E12.5, the tail regressed to

a filament recapitulating the phenotype observed in T/+ x tw5/+ crossings (Figure 2.1.11 C;

Dunn and Suckling, 1956).

To enable monitoring of notochord development, a Noto::H2B-mCherry reporter BAC (Figure

2.1.1) was randomly integrated into the T/tw5 mESC line. Embryos were generated, isolated

at E9.5 during trunk to tail transition and analyzed by antibody staining for T (Figure 2.1.11).
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Figure 2.1.11 Disruption of tail notochord in T/tw5 embryos

(A) E10.0 embryo. Maximum intensity projection of confocal microscopy stacks. NotomC reporter signal
(magenta), T immunofluorescence (green). Nuclei stained with DAPI (grey). Scale bar=500µm. Yellow arrow
indicates the disruption of trunk notochord at hindlimb level. Wild type in Figure 2.1.8 A. (B) E9.75 tail bud.
Optical sections of Light sheet microscopy. NotomC reporter signal (red), T immunofluorescence (grey). Dotted
bars 1-3 in top left image indicate the sectional planes 1-3. Scale bar=200µm. (C) E12.5 mouse embryo generated
by tetraploid complementation assays. Red arrow indicates the tail phenotype. Wild type in Figure 2.1.8 A.

Similar to other T mutants, the tail phenotype was preceded by a notochord defect that

becomes evident in T/tw5 at E9.75. At the axial level where the hindlimb bud forms (somite

24-28), the notochord lost its discrete morphology and broadened (Figure 2.1.11 A). More

posterior, NotomC+ cells were scattered and mislocalized in somites and dorsal hindgut (Figure

2.1.11 B).  T protein expression in the caudal growth zone and the anterior trunk notochord

was not affected, but not detected from NotomC+ that emerged from the caudal end posterior

to the hindlimb level (Figure 2.1.11 A, B).

Since the caudal NotomC+ cells should represent the most nascent notochord and notochord

precursors, their transcriptome was profiled to characterize this population and thereby

assess notochord development in T/tw5.

To this end, WT and T/tw5 embryos carrying the NotomC reporter were isolated at E9.5 and

five caudal ends per genotype were dissected at the first visible somite border. NotomC+ cells

were purified by fluorescence activated cell sorting (FACS) and the samples subjected to bulk

RNA-Seq analysis (Figure 2.1.12).
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Fragments per kilobase of transcript per million of mapped reads (FPKM) expression values

were quantified using cufflinks (Trapnell et al., 2013) and compared, revealing 3143 genes that

were dysregulated in T/tw5 NotomC+ cells by at least twofold (Figure 2.1.12).

Among these were a broad number of notochord signature genes including Noto, Shh, Chrd,

T, Foxa1, Bicc1, Foxa2 and Sox9 (Besnard et al., 2004; Echelard et al., 1993; Klingensmith et

al., 1999; Plouhinec et al., 2004; Tamplin et al., 2011; Wilkinson et al., 1990). Strikingly, even

though the cells were sorted using a Noto reporter and no significant decrease in the

proportion of NotomC+ cells was detected, Noto was among the first eight of the most

downregulated genes, indicating that the expression level of the endogenous Noto transcript

reached only a fraction of the wild-type expression level.

Antibody staining showed that T protein was expressed within the scattered NotomC+ cells in

the caudal growth zone of T/tw5 mutants, but was not maintained in the NotomC+ remnants

in the more differentiated tissues. Accordingly, T transcript was clearly detectable (FPKM=69)

in the NotomC+ cells isolated from T/tw5 caudal ends, but downregulated by more than tenfold

compared to the wildtype (FPKM=759).

The posterior NotomC+ cells that did not form a discrete notochord structure in T/tw5 were

distributed throughout other tissues, mainly in the dorsal gut tube as well as presomitic and

paraxial mesoderm (Figure 2.1.11 B). This fate transition was also reflected in the list of

upregulated genes (Figure 2.1.12 B). Their transcriptome was on the one hand enriched for

markers for paraxial mesoderm like Tbx6, Msgn1, Dll1, Meox2, Mesp2 (Bettenhausen et al.,

1995; Chapman et al., 1996; Chenevix-Trench et al., 1992; Saga et al., 1997; Yoon et al., 2000)

and on the other for hindgut markers like Cldn3, Cldn7 and Cldn8 (Anderson et al., 2008).

Taken together, localization and expression profiling of NotomC+ cells suggests that the tailless

phenotype in T/tw5 mutants is caused by defects in tail notochord specification. Notochord

precursors were likely generated but failed to maintain the dosage of T required to

differentiate into notochord. This further substantiates the notion that tct is a mutated version

of a notochord enhancer of Brachyury rather than an independent gene.
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Figure 2.1.12 Differentially expressed genes in T/tw5 vs WT NotomC+ cells

(A) FACS plots of sorted cells. SSC-W = side scatter pulse width. Material from 5 embryos per genotype was
sorted. Gating was slightly adapted to the higher background in the T/tw5 sample. (B) Heatmap showing ranked
FPKM expression values of 3143 dysregulated genes in T/tw5 vs wild-type (WT) embryos. Only genes with an
FPKM>2 and with at least twofold up- or downregulation included. Genes indicated on the right represent
important lineage markers for the notochord (top), paraxial mesoderm (bottom left) and endoderm (bottom
right).
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The T/tw5 phenotype was remarkably similar to the ɲTE2/ɲTE2 enhancer mutant (Figure

2.1.7) which also had defects from a specific loss of T expression in the notochord posterior to

the hindlimb bud. This suggests that the insights from the T/tw5 transcriptome could be

transferred to ɲTE2/ɲTE2 and in both mutants, transient NotomC+ cells were not properly

specified and acquired a different fate. It further implies that after trunk to tail transition, a

higher dosage of T is required for notochord specification.

The exact genomic location of tct remains unknown, however it has been mapped to the

region closer to the centromere on chromosome 17, within the t complex and not separable

from the T locus (Fox et al., 1985). The essential notochord enhancer TE2 presented in this

work is located in this region, which makes TE2 a candidate for tct. Deletion of TE2 in the Tcd/+

heterozygous background displayed a more severe phenotype than T/tw5 (Figure 1.7). Thus,

if TE2 and tct are identical, the tw5 variant of TE2 should not be absent but rather perturbed.

In order to find mutations in the tw5 TE2 enhancer, the element was analyzed by Sanger

sequencing and mapped against the BL6 wild-type sequence. Indeed, the tw5 haplotype TE2

core region has 3 point mutations and one insertion which introduce a novel Myc::Max binding

E-box motif (5’-CACGTG-3’) in proximity to the T-Box motifs (Figure 2.1.13 A). This motif as

well as the nearby T motif might be bound by Mga, a T-box factor, which can form a

heterodimer with Max and recruit the PRC1.6 complex, which was postulated to function as a

repressive mechanism to silence T-responsive genes (Hurlin et al., 1999; Stielow et al., 2018).

Therefore, the point mutation in tw5 TE2 suggest a scenario, in which the Mga-Max dimer can

bind to the novel E-box motif and compete with T for the T-box motif (Figure 2.1.13 A). This

could inhibit TE2 activity and create a hypomorph version of this critical notochord enhancer.

To explore this hypothesis, a CRISPR/Cas9 based oligo repair strategy was persued to replace

the four mutations with the BL6 wild-type sequence (Figure 2.1.13 B). The T/tw5 mESC line

carrying the NotomC reporter was used and transfected with a vector for guide RNA expression

and a 200bp single stranded oligonucleotide as a template for the repair. For screening of

positive clones, a tw5 specific PmlI site was utilized for restriction digest of the PCR fragments.

Clones were validated by Sanger sequencing. Only one clone that had no additional insertions

or deletions was identified in 288 screened candidates. In that clone, the two 5’ mutations in

the tw5 TE2 enhancer were replaced with the BL6 sequence, removing the Myc::Max E-box

motif (Figure 2.1.13).
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To test if the repair of this site would restore T activity in the notochord and rescue the T/tw5

tailless phenotype to a short tailed T +/- morphology, mouse embryos were generated from

the clone with repaired 5’ mutations and isolated at E12.5. The tailless phenotype was still

displayed (Supplementary Figure 5), suggesting that either tct and TE2 are different alleles or

that restoring the two 5’ mutations at the core of the enhancer was not sufficient for a rescue,

which would imply that other mutations still play a role.

Figure 2.1.13 TE2 is a candidate for the tail interaction factor

(A) ChIP-Seq track of T binding on the T locus to indicate relative enhancer position. Sequence at the center of
the binding peak shown. Alignment of BL6 wild-type and tw5 haplotype reveals 3 point mutations and one
adenine insertion. Transcription factor binding motifs annotated: 5’ novel Myc::Max E-box motif (CACGTG), 3’ T-
box motifs not affected by the mutations. (B) CRISPR-based rescue strategy. Guide RNA sequence highlighted in
yellow. Large triangle indicates the Cas9 cutting site -3bp from the Protospacer Adjacent Motif (PAM). Small
triangle points at the cut of the (5’-CACGTG-3’) PmlI restriction site used for screening PCR fragments for the
sequence repair. Sanger sequencing alignment of the single positive clone at the bottom.
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2.1.9 Disruption of the T2 open reading frame does not affect axis extension

The regulatory region upstream of T contains the rodent specific T2 gene, which according to

its annotation encodes 3 spliced transcript variants of 2559 bp, 1755 bp and 1080 bp (Figure

2.1.14 A; MGI-ID:104658). While the latter transcript is eliminated by nonsense mediated

decay, the first two have 297 aa and 393 aa protein coding sequences (MGI-ID:104658). So

far, no T2 protein has been characterized or detected.

The T2 open reading frame is disrupted by a 200kb insertion in the TBob mutant, which displays

a notochord development and tail outgrowth phenotype (Rennebeck et al., 1995). Therefore,

when the T2 cDNA was initially discovered, it was postulated to code for a factor with an

essential function in axial development and termed T2, implicating a second Brachyury gene

(Rennebeck et al., 1998). Since then, the authors have arrived at a different hypothesis and

have suggested that the TBob mutant phenotype is induced by the disruption of a

transcriptional enhancer of Brachyury rather than the T2 gene (Wu et al., 2007).

Some mutants presented in this work also have deletions of T2 exons (Figure 2.1.14 A; Figure

2.1.4) hence it is necessary for the interpretation of the results to clarify the function of T2 in

embryogenesis. To this end, CRISPR/Cas9 was employed to disrupt the T2 protein coding

sequence. Exon 2 of the TE2.201 (ENSMUST00000163578.7) transcript was chosen, because

it is present in all splice variants, it is not expected to interfere with TE2 enhancer activity and

in contrast to most exons downstream, it does not contain a methionine residue that could

serve as an alternative start codon and restore the open reading frame in case of exon

skipping.

The exon was targeted in the NotomC mESC line used as the parental line for all mutants

presented in this study using a single CRISPR guide RNA. Single colonies were picked and

screened for the deletion by PCR fragment restriction digest. PCR fragments were further

subcloned into plasmids to distinguish between the different alleles and confirm homozygous

frameshift mutants. Two clones were identified in which the protein coding sequence was

disrupted by indels that cause a frameshift and translation running into several premature

stop codons (Figure 2.1.14 B).



Results

47

From these two clones, Embryos were generated by tetraploid aggregation and isolated at

E12.5. In contrast to the ɲTE2/ɲTE2 and TUD/TUD mutants, which displayed clear axis

phenotypes at this stage, all T2 -/- specimen analyzed displayed normal development (Clone

d2 n=17/17; Clone d3 n=16/16; Supplementary Figure 5). In addition, the ɲTE1 and ɲTE5

deletions, in which T2 Exons 2 and 8 are affected, respectively, did not recapitulate the ɲTE2

defects (Table 1; Supplementary Figure 2-3).

Since no T2 protein product has been identified so far and the T2 mRNA transcript is hard to

detect in most embryonic cell types, it was difficult to verify the knock out. However, the fact

that neither deletions of other exons nor disruption of the T2 open reading frame phenocopy

the ɲTE2/ɲTE2 mutant, strongly implies that TE2 is a bona fide enhancer.
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Figure 2.1.14 T2 Open Reading Frame disruption using CRISPR/Cas9

(A) T2 transcript variants annotated in the ensemble database. Location: Chromosome 17: 8,355,992-8,423,513
forward strand. (GRCm38:CM001010.2). Top: Mutant genotypes covering exons of the transcript. (B) Knock-out
strategy using a single CRISPR guide RNA to introduce indels in Exon 2. Representative genotyping of one clone.
Top: Sanger sequencing of subcloned PCR fragments. Because a hybrid cell line is used, the BL6 and SV129 alleles
can be discriminated via short nucleotide polymorphisms (SNPs). Bottom: Amino acid sequence alignment.
Frameshift sequence highlighted in red, stop codons indicated by red asterisks.
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2.2 TE3 is a nascent mesoderm and hindgut enhancer of Brachyury and required

for the completion of tail development

The second most prominent T binding site revealed by ChIP-Seq is found 12 kb downstream

of TE2 and 26 kb upstream of T and was termed TE3. Binding of T at TE3 is more pronounced

in in vitro derived NMPs and the T peak is flanked by two Sox2 binding peaks, suggesting TE3

could be a site of antagonistic binding found in NMPs (Figure 2.1.3).

Figure 2.2.1 Reporter activity of the TE3 enhancer.

E10.5 tail bud. Nuclei counterstained using DAPI (grey). Light sheet imaging. Left: Maximum intensity projection.

Number of embryos that displayed the shown expression pattern specified in the bottom right corner. 5/20

embryos did not show any reporter signal, which could be due to chimerism in diploid aggregation assays. Right:

Optical sagittal section. NT = neural tube. NC = notochord. GUT = hindgut tube. PSM= presomitic mesoderm.

To test the potential of the element to drive reporter gene expression, it was cloned and

subjected to the activity assay described in Figure 1.2.6. No reporter signal was detected

between  E8.5 and E9.

However, after trunk to tail transition, Venus expression was detected in multiple domains of

T expression in the tail bud, including the presomitic mesoderm, the posterior neural plate

and the hindgut roof. As opposed to TE2, no signal was detected in the notochord.
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Figure 2.2.2 TE3 enhancer deletion induces a late axis elongation phenotype

 (A-F; H) E12.5 embryos generated by tetraploid complementation. Total number of isolated embryos in all
experiments specified. (A) Wild-type. Scale bar=1mm. (B) TE3 knockout in the wild-type background. Red arrows
indicate caudal tail bifurcation (n=9/9). Scale bar=1mm (C-D) Maximum intensity projections of confocal stacks.
E12.5 tails with immunostaining for T (light blue) and Sox2 (red). Nuclei stained using DAPI (grey). Scale
bar=500µm. (E) T/+ heterozygous mutant. Scale bar=1mm.  (F) TE3 deletion in the heterozygous background.
Arrows indicate additional defects like split tail or neural tube closure defects. Scale bar=1mm.  (G-H) Light sheet
imaging of E11.5 tails. Immunostaining for T (light blue) and Sox2 (red). Dashed line indicates optical section
plane. Asterisk points out excess neural tissue. Scale bar=200µm.
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To investigate a possible function of TE3, it was deleted in both wild-type and Tcd/+ mESCs and

chimeric embryos generated by tetraploid aggregation were isolated at E9-E12.5. The gross

morphology was not affected during earlier stages. However, ҟTE3/ҟTE3 embryos displayed

bifurcations and a late axis truncation in the last third of the tail at E12.5. This phenotype was

more pronounced in the Tcd/ҟTE3 heterozygous background, which in addition displayed

defects in the neuroectoderm, like meandering or open neural tubes (Figure 2.2.2 F).

The axis defects induced by the TE3 deletion were rather subtle compared to the stronger and

more variable phenotype of the heterozygous Tcd/+ mutant. Thus it is difficult to specifically

differentiate between the enhancer knockout and Tcd/+ haploinsufficiency phenotype. For this

reason, ҟTE3/ ҟTE3 homozygous mutant with both alleles of T still intact was used for further

experiments, even though the phenotype was not as pronounced in this background.

The first abnormality preceding the tail bifurcation became visible after trunk to tail transition,

when few T/Sox2 double positive cells with lower expression for both factors accumulated at

an ectopic site between the epithelium of the neural tube and the notochord (Figure 2.2.3 A-

B). To detect a possible imbalance between mesodermal and neuroectodermal tissue, early

tail buds at E9.75 were analyzed by immunofluorescence for T and Sox2. Using ZEN pro

software (Zeiss), confocal microscopy stacks were acquired with 10µm intervals and

automatically segmented into nuclei according to DAPI signal. Mean fluorescence intensity

was measured for T and Sox2 protein and normalized to DAPI fluorescence intensity to

minimize working distance and laser penetration depth effects.

In addition, cell types in the caudal end were manually annotated in three central sections per

specimen. Plotting based on T and Sox2 expression levels showed that the different

populations with T and/or Sox2 activity cluster together and therefore, the amount of

notochord (NC), presomitic mesoderm (PSM), dorsal hindgut (GUT), chordo-neural-hinge

(CNH), neural tube (NT) and surface ectoderm (SFE) cells can be measured. The distribution of

these populations was similar between wild type and ҟTE3/ҟTE3 mutants with two exceptions:

T/Sox2 double positive cells localized in the chordo-neural hinge and dorsal hindgut showed a

loss of T expression (Figure 2.2.3 C-D). This effect also became evident in the mean expression

in the annotated cell types (Figure 2.2.3 E-F).
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Figure 2.2.3 TE3 controls Brachyury expression in hindgut and NMPs of the tail bud

(A-B) Sagittal optical sections of E9.75 tail buds. Immunostaining for T (blue) and Sox2 (red). Scale bar=200µm.
CNH = Chordo-neural hinge. SFE = Surface ectoderm. PSM = Presomitic mesoderm. NT = Neural tube. GUT =
Hindgut. NC = Notochord. Asterisk indicates ectopic T+/Sox2+ cells. (C-D) Plots for ҟTE3/ҟTE3 and wild-type
mean fluorescence intensities (MFIs) of auto-segmented cells. Manually annotated cells highlighted with color
according to population. (E-F) MFI of T and Sox2 in annotated cell populations.
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Taken together, TE3 had enhancer activity in nascent mesoderm and T/Sox2 co-expressing

cells of the chordo-neural hinge and dorsal hindgut. T expression decreased in these domains

upon enhancer deletion. This led to a minor, but clear axis elongation defect and suggests a

role for TE3 in the T vs. Sox2 mutual inhibition mechanism that has been proposed previously

(Koch et al., 2017).
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2.3 Part II Transcriptome profiling of notochord progenitors in axis development

Nascent notochord cells are located in the center of the posterior growth zone and function

as a source of secreted signals for the emerging tissue anlagen and their progenitors.

Throughout trunk and tail development, the NMP domain is closely associated with the Noto

expressing cells, suggesting that these cells form an instructive niche in the node-streak border

(NSB) and later the chordo-neural hinge (CNH). The progenitor pools preserved in this niche

might in addition give rise to the cells that extend the notochord, thereby moving the

progenitor zone to the posterior. This function of Noto+ cells together with the progenitors

would constitute an organizer for notochord and tail elongation.

In this chapter, the expression profile of Noto+ cells was analyzed to identify genes controlling

notochord development as well as the signaling factors exerting Noto+ cell function.

2.3.1 A Noto/T/Foxa2 triple reporter enables dissection of the axial progenitor niche

The model in which Noto+ cells interact with the progenitor domain to form the niche implies

direct contact or close proximity of both populations. In order to dissect the components of

the posterior growth zone, a Noto, T and Foxa2 triple reporter mESC line was utilized

(established by Milena Pustet, Bachelor’s thesis, MPI-MG). The line is based on the NotomC

clone used earlier in this work and has T::H2B-Venus (TVe) and Foxa2::H2B-mTurquoise2

(Foxa2mT)  reporter BACs integrated in addition to NotomC.

All three transcription factors are expressed in the notochord at high levels.  TVe signal was

high in the pre-somitic mesoderm and highest in the NSB/CNH and hindgut containing

T+/Sox2+ double positive cells. In addition to strong signal in the notochord, Foxa2mT marked

the hindgut pocket and could therefore be used to differentiate between TVe+ cells in the

endoderm and NMP domain (Figure 2.3.1 A). In this way, it was possible to differentiate

putative signal secreting NotomC+/TVehigh/Foxa2mT+ cells from responding TVehigh/NotomC-

/Foxa2mT- cells by FACS (Figure 2.3.1 A).
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Figure 2.3.1 A Noto/T/Foxa2 triple reporter line for the dissection of signaling in the caudal growth zone

(A) Left: E9.5 embryo with Noto::H2B-mCherry, T::H2B-Venus, Foxa2::H2B-mTurquoise2 reporter signal. Right:
Airyscan acquired optical section of the caudal growth zone. Scale bar=200µm. (B) FACS profiles of a E9.5 sample.
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Embryos (n=5 per stage) were generated by diploid complementation assays and isolated at

the 9-11 somite stage and 24-28 somite stage. Caudal ends were obtained cutting at the

somite border and populations were sorted by flow cytometry. RNA was extracted from 250

cells per sample and subjected to low input library preparation (Ovation SoLo) followed by

sequencing. After index based duplicate removal and mapping, FPKM expression values were

calculated using cufflinks (Trapnell et al., 2013).

High expression of markers such as Noto, Shh, Foxa1, Lmx1a (Abdelkhalek et al., 2004; Barnes

et al., 1994; Besnard et al., 2004; Echelard et al., 1993) in the NotomC+/TVehigh/Foxa2mT+

sample confirmed that it was comprised by nascent notochord cells (Figure 2.3.2). In the

TVehigh/NotomC-/Foxa2mT- sample, markers of pre-somitic mesoderm, like Tbx6, Msgn1, Dll1,

Dll3 (Bettenhausen et al., 1995; Chapman et al., 1996; Dunwoodie et al., 1997; Yoon et al.,

2000) were enriched and NMP markers Sox2, Cdx2, Cdx4 and Nkx1.2 (Amin et al., 2016;

Rodrigo Albors et al., 2018; Takemoto et al., 2011) were moderately expressed. This suggests

that the sample contained a mix of few NMPs as well as NMP descendants with mesodermal

fate, which both are cell types exposed to signals secreted from Noto+ cells (Figure 2.3.2).

Therefore, the signaling interactions between Noto+ cells and their neighbors can be studied

in the harvested populations.

Next, the FPKM list was filtered for genes with gene ontology (GO) term annotations for the

major developmental signaling pathways involved in axial elongation, namely Wnt, Fgf, Bmp,

Tgf-ʲ and Notch. Literature research was conducted using the Mouse Genome Informatics

(MGI) database to evaluate the candidate genes that were either specifically expressed in one

group (two-fold upregulation) or highly expressed in both groups.

The ligands Wnt3, Wnt3a, Wnt5a and Wnt6 and the secreted co-factor Rspo3 (Andre et al.,

2015; Liu et al., 1999; Schmidt et al., 2004; Takada et al., 1994) were detected in Noto+ cells.

Wnt6 and Wnt3 were specifically expressed in Noto+ cells at low levels according to the

acquired data. However, expression of Wnt3a, Wnt5a and Rspo3 was clearly stronger in the

neighboring progenitor cells. Thus, the transcriptome did not strongly support the hypothesis

that Noto+ cells function as a regionalized source of Wnt ligands. (Figure 2.3.2).

On the other hand, the Noto+ cell expression profile was enriched for components of the

pathway that mediate the Wnt response. Wnt receptors Frizzled 4/5/6, Lrp5/6, Lgr5 (Kelly et

al., 2004; Morita et al., 2004; Pinson et al., 2000; Wang et al., 2016) and a number of
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extracellular activators like Cd44, Lypd6 and Pkd2 (Boulter et al., 2001; Özhan et al., 2013;

Schmitt et al., 2015) were upregulated. In addition, intracellular factors that promote ʲ-

catenin translocation to the nucleus (Fermt1) or directly interact with ʲ-catenin to enhance

the transcriptional Wnt-response, like Sp5, Sp8, Tcf7l2 (Tcf4) and Sox4 (Jiao et al., 2017;

Kennedy et al., 2016; Liu et al., 2017; Sinner et al., 2007) were particularly expressed. The

expression profile therefore indicates that Noto+ cells may not necessarily produce high levels

of Wnt ligands, but are highly capable to respond to and potentiate canonical Wnt signals.

Further, high levels of Wnt5b were detected and several components of the non-canonical

Wnt pathway including Vangl1, Prickle1, Celsr1, Cthrc1 and Daam1/2 (Brzóska et al., 2016; Lee

and Deneen, 2012; Liu et al., 2014; Nakaya et al., 2020; Yamamoto et al., 2008) were highly

upregulated. This is in line with the requirement of the planar cell polarity pathway for

convergent extension and notochord development (Minegishi et al., 2017).

In general, transcripts of Fgf ligands (Fgf3, Fgf13 and Fgf15), receptors (Fgfr1, Fgfr2) and

antagonists (Spry2, Spry4) were enriched in the mesodermal progenitors (del Corral and

Morales, 2017). Expression of Fgf8, which is an essential factor for NMP maintenance (Boulet

and Capecchi, 2012; Henrique et al., 2015) was clearly stronger in Noto+ cells.

Interestingly, the Apelin receptor Aplnr and one of its endogenous ligands, Apela are highly

expressed in Noto+ cells. Apela -/- mutants display axial truncations, therefore apelinergic

signaling is a potential new player in embryonic development (Freyer et al., 2017).

Bone morphogenic proteins Bmp1, Bmp2, Bmp4 and Bmp7 as well as Furin, coding for a Bmp

proconvertase (Mishina, 2003; Roebroek et al., 1998) show regionalized moderate expression

in Noto+ cells. Most prominent however is the notochord specific expression of Nog, Chrd,

and Dand5, encoding secreted Bmp antagonists (Bachiller et al., 2000; Li et al., 2007; Minegishi

et al., 2020). Other notable factors of the TGF-ʲ superfamiliy that were detected in Noto+ cells

included Nodal, Gdf1, Tgfb1 and Tgfb2 (Andersson et al., 2006; Sanford et al., 1997; Shull et

al., 1992; Zhou et al., 1993). Expression of Gdf11, required for trunk to tail transition (Jurberg

et al., 2013), was restricted to the mesodermal progenitors.

Taken together, comparative transcriptome analysis of Noto+ cells and adjacent mesodermal

progenitors shows an enrichment of Wnt/PCP genes and components of the canonical Wnt

response in Noto+ cells. Potential localized and secreted niche factors in Noto+ cells include

Wnt3, Fgf8 and Apela. In addition, Noto+ cells are a source of patterning morphogens,

especially Shh and Bmp antagonists.
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Figure 2.3.2 Differential expression of signaling pathway components in Noto+ and Mesoderm progenitors

Heatmap of per gene normalized FPKM values. Sum of the squares of values in each row equals 1. Noto+ =

samples of NotomC+/TVehigh/Foxa2mT+ cells. MesoP = samples of TVehigh/NotomC-/Foxa2m cells.
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2.3.2 The developmental transcriptome of notochord precursors between E7.5 and

E9.75

Trunk notochord is formed by cells of the node undergoing convergent extension. Notochord

elongation in the tail is thought to be driven by cells recruited from posterior progenitors

(Yamanaka et al., 2007). In order to determine the gene expression in these different phases

of notochord formation and function, the NotomC reporter line was utilized to harvest nascent

notochord cells from node formation to trunk-tail transition (Figure 2.3.3). Embryos generated

by diploid aggregation assays were isolated at early headfold (EHF), late headfold (LHF), 12-15

somite, 16-18 somite and 24-28 somite stages. To determine the specificity of gene expression

values in the wild-type cells several reference groups were included. First, NotomC+ cells from

T/tw5 mutants of equivalent stages, which activated the reporter but were not specified and

therefore did not function like their wild-type counterparts. In addition, cells isolated from the

more mature notochord anterior of the somite border were analyzed to distinguish general

notochord genes from those specifically expressed in the nascent NotomC+ cells of the caudal

growth zone. Finally, in vitro derived NotomC+ cells harvested at day 7 of the protocol were

included to evaluate which in vivo embryonic stage they resemble the most.

Figure 2.3.3 Experimental set up for the purification of Noto+ cells in different developmental stages

Wild-type embryos were isolated between E7.0 (Early headfold stage) and E9.5 (24-28 somite stage), regions of
interest were trimmed and single cell suspensions sorted by FACS. Nascent NotomC+ cells (Typically ~1% of all
cells in the caudal ends) were harvested from wild-type and T/tw5 caudal ends cut at the somite border. Mature
notochord was sorted from trunk tissue between somite border and forelimb bud using the NotomC+/TVe/Foxa2mT

triple reporter. In vitro derived Noto+ cells were isolated at d7 of the differentiation. Representative FACS plot
shows an E9.0 (16-18 somite stage) wild-type sample.
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Extraembryonic tissues were removed from the headfold stage embryos and caudal ends were

trimmed at the somite border of older embryos. Depending on the amount of embryos

available, five to ten embryos were used per sample (Supplementary table 2). NotomC+ cells,

which comprised approximately one per cent of the samples, were purified from single cell

suspensions using flow cytometry. As described in 2.3.1, total RNA from about 250 cells per

sample was used for library preparation and RNA-Seq (Supplementary table 1). After de-

duplication and mapping, FPKM values were calculated.

For a rough overview of similarities between the samples presented in this chapter,

unsupervised hierarchical clustering of log-transformed FPKM values was performed. The

structure of the sample tree indicates that the samples first grouped into into cell type based

clusters and then clustered roughly according to developmental stage (Supplementary Figure

7). The headfold stage samples isolated at E7.0-E7.5, when NotomC+ cells form the node

separated from caudal end samples isolated at E8.25-9.0 (4-15 somites) and E9.25-E9.75 (16-

28 somites). The in vitro differentiated NotomC+ cells were most similar to the mature trunk

notochord between somite border and forelimb bud at 4-11 somite stage and 24-32 somite

stages, which also grouped together. This section of the notochord is derived from the node,

one of the earliest domains of Noto expression at E7.0 (Plouhinec et al., 2004). With the first

NotomC+ arising at d5, it is possible that the differentiation protocol recapitulates the

endogenous sequence of notochord development. T/tw5 mutant NotomC+ samples were

closest to TVe+/NotomC-  and other mesoderm precursor samples, which further substantiates

that they acquired paraxial mesoderm fate.

The structure of the hierarchical clustering did not show any tendency of samples that were

processed together to group together, which indicated that there were no strong batch effects

from the three different rounds of library preparation and sequencing.

In conclusion, the global gene expression profile of NotomC+ cells changes throughout trunk

development between specification of the node at E7.25 and the trunk to tail transition at

E9.75. In order to assess the expression dynamics of genes important for notochord

development and function, lineage markers and differentially regulated signaling pathway

components determined in 2.3.1 were analyzed.
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Figure 2.3.4 Developmental transcriptome of Noto+ cells

Expression of selected genes (notochord lineage markers, signaling factors and Wnt response genes) from

different developmental stages. FPKM values were normalized such that the sum squares of the values in each

row equal 1.














































































































































































































