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External report for the PhD thesis of Sergio Menchero Fernandez

The question of interest pursued in this project relates to one of the most fundamental
processes of mammalian development: how the founder lineages for the foetus and
placenta are initially segregated. The Introduction provides ample evidence of extensive
background reading and a genuine understanding of the current state of knowledge. It
is thoughtfully illustrated throughout with figures that are largely original. Reflecting the
state of current interest in the research questions being addressed, the candidate has
already published a review article summarizing the mechanisms of early mouse
development. In preparation for the results section, the objectives are clearly articulated
and provide a strong motivation for the work. The nature of the interaction of two
embryonic pathways, Notch and Hippo that leads to specification of Cdx2 expression in
the trophectoderm is explored in the first experimental chapter. Using embryos carrying
various genetic modifications in the relevant pathways a detailed quantitative study of
protein distribution was performed. The experimental design is sound and the images
and figures are of excellent quality. A series of developmental stages from early
cleavage until blastocyst is used in order to pinpoint temporally the requirement for the
components of the two signaling pathways for trophectoderm specification. Embryos
carrying multiple fluorescent reporters were also employed to track the activity of
specific signaling pathways. The analysis of cell properties in the context of position
within the embryo required the use of sophisticated tools; these are well explained and
clearly presented. Molecular profiling and bioinformatic analysis were also performed
comparing various mutant and unmanipulated embryos. This led to the identification of
candidate target genes of Notch in the context of preimplantation mouse development.
Two in particular (Tbx3 and Tle4) were affected by treatment of embryos with Notch
inhibitor ex vivo. Specific regions of these associated with chromatin accessibility were
mutated in embryos to test their requirement for Notch signaling. Only the deletion in
Tle4 appears to be necessary for functional Notch signaling. In the next set of
experiments the role of Notch signaling in the context of exit from naive pluripotency
(differentiation) was explored. Embryonic stem cells as well as early embryos were
utilized to address this question. A role for Notch signaling in allowing transition from an
unspecified to a committed state was therefore identified in these two contexts.

Overall, this thesis began with a set of important questions in the context of mammalian
development and cell differentiation. Diverse experimental techniques and analyses
were engaged, as required by the arising questions, indicating a high level of talent and
dedication to the project. The results are carefully and engagingly presented and each
finding thoughtfully discussed. It has been a pleasure and an education to read. Most
importantly, the work presented provides novel and important scientific advances. There
is no question that Sergio deserves to be awarded a PhD and | look forward to following
his future progress.

Jennifer Nichols
24" October 2018
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To Whom It May Concern,
RE: Report for the thesis entitled “Onset of cell differentiation and first lineage
decisions in the mouse embryo through the Notch pathway” by Sergio Menchero

Fernandez.

The first lineage choice in the mammalian embryo takes place before implantation. From an
undifferentiated group of cells, the trophectoderm and the inner cell mass arise. This thesis
examines the molecular mechanisms governing this important decision in the embryo

development.

The introduction provides with a compendium of the previous literature in the field. It contains
all the important experiments done previously to this work and covers the different signaling
pathways that control the differentiation process. Overall, it offers a clear and comprehensive

overview of the subject.

The results describe the experiments performed by the candidate towards the understanding
of the regulation of the first lineage decision in the mouse embryo. Sergio has studied the
regulation of trophectoderm specification taking Cdx2 as a marker of trophectoderm cells. To
that end, he has focused in the earliest stages in which Cdx2 becomes expressed: the early
morula. In that stage, by using genetic loss of function models, he discovered that both Notch
and Hippo signaling pathways are important for the expression of Cdx2 but they do not act in
the same time window. By inhibiting either Notch or Hippo pathway, he determined that at
early stages is Notch that regulates the onset of Cdx2 expression and determines the position

of the cells in the blastocyst, while at later stages is the Hippo pathway that takes over and
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maintains Cdx2 expression. In the second part of the results section, by means of RN.Aseq
analysis in morulae lacking the Notch pathway effector, Rbpj, he unveiled specific targets of
the Notch pathway at early stages: Tle4 and Tbx3, which are important for the exit of

pluripotency.

This work has deep ramification in the functional role of Notch prior to the establishment of
the first lineages in the embryo, as Sergio has established that Notch expression triggers

differentiation in the early morula through the activation of specific targets.

The discussion not only helps understanding the whole project, but also its implications. It
proposes a model in which one pathway is not enough to define the first lineage choice in the
embryo. Instead, it is needed an interplay of two different pathways, one for the onset and

other for the maintenance of the trophectoderm lineage.

This is a unique thesis that carries new ideas into the field of early embryo differentiation and
stem cells. The implications of this work in future projects in this and other fields make this an
invaluable effort. For all this, Sergio deserves to be awarded a PhD.

We thank you for your consideration.

With best wishes,

Tristan Rodriguez, PhD

Imperial College of Science, Technology and Medicine
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SUMMARY

A central question in developmental biology is how a single cell, the zygote, divides and
differentiates to generate all the specialised cells that will build a whole organism. The
zygote has totipotent capacity, which means that it is able to give rise to any necessary
cell type (embryonic or extraembryonic) to form an adult individual. This capacity is
gradually reduced during embryonic development, as cells make fate decisions that

increase their specialisation at the expense of restricting their developmental potential.

The first lineage choice of the mammalian embryo occurs before its implantation in the
maternal uterus (so-called preimplantation development) at the blastocyst stage, and
leads to the appearance of the first morphologically distinct cell populations: the
trophectoderm and the inner cell mass. The trophectoderm is characteristic of mammals
and will give rise to extraembryonic tissues such as the placenta, while the inner cell mass

will form the embryo proper.

Cdx2is the key gene required for the specification of the trophectoderm and is regulated
by the cooperation of two signalling pathways: Hippo and Notch. The Hippo pathway
functions as a readout of intracellular polarity cues starting at the morula stage, but little
is known about the role of Notch in preimplantation before the blastocyst stage. By using
genetic and pharmacological tools /n vivo, together with image analysis of single
embryos, we have found an early requirement for Notch, which is active from the 4-cell
stage, and precedes that of Hippo in the regulation of CaxZ Moreover, transcriptomic
analysis identified novel Notch targets at these stages including early naive pluripotency
markers or transcriptional repressors such as 7/e4. Our results unveil a role for Notch in
driving the transition towards a more committed state during the gradual loss of potency

that takes place in the early mouse embryo prior to the first lineage decisions.
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RESUMEN

Una pregunta central en el campo de la biologia del desarrollo es como una Unica célula,
el zigoto, se divide y se diferencia para generar todas las células especializadas que
forman un organismo. El zigoto tiene una capacidad totipotente, es decir, es capaz de
dar lugar a cualquier tipo celular (embrionario o extraembrionario) necesario para la
formacion de un individuo adulto. Esta capacidad se reduce gradualmente durante el
desarrollo embrionario dado que las células toman decisiones de linaje que suponen un

aumento de su especializacién a expensas de un potencial mas restringido.

La primera decision de linaje del embrion de mamiferos ocurre antes de su implantacién
en el Utero materno (a lo que se llama desarrollo preimplantacional) en el estadio de
blastocisto, y supone la aparicion de las primeras poblaciones celulares
morfoldgicamente distintas: el trofoectodermo y la masa celular interna. El
trofoectodermo es caracteristico de los mamiferos y dard lugar a estructuras
extraembrionarias como la placenta, mientras que la masa celular interna formara el

embrion.

Cdx2 es un gen clave necesario para la especificacion del trofoectodermo, y se regula
gracias a la cooperacién de dos vias de sefializacion: Hippo y Notch. La via de Hippo
traduce las sefiales que recibe de polaridad intracelular desde el estadio de morula, pero
el papel de la via de Notch en estadios preimplantacionales es poco conocido. Mediante
el empleo de herramientas genéticas y farmacolégicas /n vivo, junto con analisis de
imagen de embriones individuales, hemos descubierto un requerimiento temprano de la
via de Notch, que esta activa desde el estadio de 4 células, precediendo asi al de la via
de Hippo en la regulacion de Cdx2 Ademas, analisis transcriptomicos nos han llevado a
identificar nuevas dianas de Notch en estos estadios, entre los que se incluyen
marcadores de pluripotencia naif o represores transcripcionales como 7/e4. Nuestros
resultados revelan, por tanto, que Notch tiene un papel dirigiendo la transicion hacia
estados mas comprometidos celularmente durante la pérdida gradual de potencial que

tiene lugar en el embridn temprano de ratdn, antes de la primera decision de linaje.
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INTRODUCTION

Developmental biology studies how an organism is built starting from a fertilised egg. It
is a field of dynamic rather than static pictures, and focuses in fate acquisitions, transitions
between cellular states or morphogenetic organizations. Understanding differentiation,
shape and growth are the pillars of this discipline. Since the initial studies of embryology
(the mother discipline of developmental biology) more than a century ago, important
breakthroughs have answered fascinating questions to better understand life through
anatomical, experimental and genetic approaches. In the 1800s, Karl Ernst von Baer
claimed that development proceeds from homogeneous to heterogeneous and
specialized features, finishing off the preformationist ideas (Buettner, 2007). Since then,
the view of developmental biology has shifted to include theoretical and methodological
contributions from evolution, phylogeny, cell biology, genetics or stem cell biology

(Gilbert, 2017).

In the mid-1900s, Conrad Hal Waddington introduced for the first time the idea of
development as a series of branching decisions, taken under the control of genes (Slack,
2002). His ideas on decision-making are still at the roots of how we understand

development today.

The mammalian embryo: a self-organising system

Multicellular organisms develop from a single cell, the zygote, no matter if this is a worm,
an insect, an amphibian or a human being. The unicellular zygotes from evolutionary
distant species may look alike despite generating completely different animals. However,
there is a particular feature that we find mostly in mammals: regulative development. In
many species like sea urchins (P. /ividus), worms (C. elegans) or flies (D. melanogaster),
the zygotes present asymmetric distribution of proteins or mRNAs, maternally
segregated in the oocyte, that will dictate the fate of descendant cells that inherit those
factors (Figure 1) (Davidson, 1989, 1990; Sulston et al., 1983; Wieschaus, 2016). This is
known as pre-patterned or mosaic development. In contrast, mammalian zygotes do not
show any clear asymmetry and even during three rounds of division in mice, cells are

equal in terms of geometry and developmental potential (Figure 1, Figure 2). Cell fate

35



INTRODUCTION

is acquired through a self-organising model by the combined influence of factors intrinsic
to each cell, such as gene expression, and factors resulting of cell-cell interactions, such
as mechanical inputs (Wennekamp et al, 2013). The terms of mosaic and regulative
development have been used for decades to classify the way the organisms develop.
Nevertheless, it has been shown that these processes are not mutually exclusive and we
cannot talk about totally pre-patterned or regulative development. All embryos depend
on cell-cell interactions to some extent, reinforcing or not the signals provided by
localized determinants (Condic, 2016; Lawrence and Levine, 2006). What is
unquestionable is the inherent plasticity that the first cells to be generated in mammalian

embryos possess.

f i ¥
P lividus C. elegans D. melanogaster M. musculus H. sapiens

SIS @O0

Figure 1. Images and schematic representations of unicellular embryos from five
different species. From left to right: sea urchin (Paracentrotus lividus), nematode
(Caenorhabditis elegans), fly (Drosophila melanogaster), mouse (Mus musculus) and
human (Homo sapiens). Gradient of colours represent asymmetric distribution of
maternal determinants. Images from the author and from (Baruni et al., 2008; Gildor et
al, 2017; Nien et al., 2011).

Emergence of cellular heterogeneity in the mouse

preimplantation embryo

The newly fertilised mouse zygote undergoes a series of synchronous divisions that
results in an increase in the number of cells while the global size of the embryo is roughly

maintained. These cells, called blastomeres, are initially indistinguishable until the 8-cell
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embryo and retain full potential to become any cell of the embryo (Figure 2). Even
isolated blastomeres from 2-cell and 4-cell embryos have the capacity of developing into
a whole embryo (Suwinska et al., 2008; Tarkowski, 1959; Tarkowski et al., 1967). This
totipotent capacity will be gradually lost leading to the generation of specialised cells

that will progressively take lineage decisions resulting in commitment to specific fates.

Despite their morphologically similar aspect, recent studies on single-cell gene
expression have reported differences among blastomeres of the 4-cell embryo.
Moreover, these differences can bias the contribution of descendant cells to one lineage
or another (Burton et al, 2013; Goolam et al, 2016; Torres-Padilla et al., 2007).
Blastomeres at this stage still maintain the capacity to generate any tissue in the embryo,
but they acquire preferences for particular populations (Kelly, 1977; Tabansky et al., 2013;
Tarkowski and Wroblewska, 1967). Thus, molecular heterogeneities appear before the

potency of blastomeres is restricted.

The first morphological sign of differentiation is evident at the morula stage, two and a
half days post-fertilisation (2.5 dpf or embryonic day E2.5). Blastomeres in the 8-cell
embryo increase their intercellular interactions and acquire an apical-basal polarity, with
the apical domain facing the outer surface of the embryo (Ziomek and Johnson, 1980).
This process is known as compaction and is driven by periodic cortical waves controlled
by the actomyosin cortex together with E-cadherin (CDH1) (Maitre et al.,, 2015). In the
following rounds of cell division, blastomeres can divide symmetrically or asymmetrically.
As a result, two populations emerge in the embryo: an outer population of polarised cells
that enclose an inner population of apolar cells (Johnson and Ziomek, 1981; Tarkowski
and Wroblewska, 1967; Ziomek and Johnson, 1980). The inner or outer position of a
blastomere are still considered the basis of the first fate decision. However, recent reports
have shown that the initial position of blastomeres in the embryo or the division angle
that will determine symmetric or asymmetric divisions do not consistently predict their
fate. Relocations of cells within the embryo have been regularly found (Anani et al., 2014;
McDole et al., 2011; Toyooka et al., 2016; Watanabe et al., 2014). Heterogeneous tensile
forces in outer cells make myosin II to accumulate around constricting cells that will

become embedded in the inner population (Samarage et al.,, 2015). Also, polarised and
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apolar blastomeres show heterogeneities in contractility. Outer apolar cells have more
cortical myosin and a higher contraction amplitude than polar cells, and this triggers its

internalization (Maitre et al., 2016).

At the ~32-cell stage, a fluid-filled cavity known as the blastocoel begins to form within
the embryo. The blastocoel is maintained by a seal formed by tight junctions established
between outer cells. This process is known as cavitation and entails a physical constraint
in the embryo. As the blastocoel expands, outer cells epithelialize and inner cells are
relocated to one end of the cavity. The embryo then reaches the blastocyst stage (Figure
2). At this point (E 3.5), the two first cell populations to appear during mouse
development are clearly distinguished. The outer epithelial layer forms the
trophectoderm (TE) while the inside apolar population forms the inner cell mass (ICM). A
day later (E 4.5), the cells forming the ICM are sorted into two new populations: a
monolayer lying in contact with the blastocoel, known as primitive endoderm (PrE) or
hypoblast; and the epiblast, which remains enclosed between the TE and the PrE, and
gives rise to the embryo proper. At this moment, the embryo is ready to implant in the

maternal uterus.

Zygote 4-cell 8-cell Morula Blastocyst

Figure 2. Mouse preimplantation development. Overview of wide field microscopic
images of embryonic stages from the totipotent zygote up to the blastocyst stage, in
which the trophectoderm and the inner cell mass have been segregated. Upon
fertilisation, the unicellular zygote undergoes a series of divisions that do not alter the
total size of the embryo.
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The first choice: embryonic versus extraembryonic

The two first cell populations determined between the second and the third day after
fertilisation, during the transition from morula to early blastocyst, are the result of the
first lineage decision of the embryo. Blastomeres are segregated between an embryonic
fate, being part of the pluripotent ICM, and an extraembryonic fate, forming the
differentiated TE. The TE gives rise to the extraembryonic ectoderm and the ectoplacental
cone in the early postimplantation embryo, which will later differentiate into the major
portion of the fetal placenta. In contrast, the ICM forms the embryo proper, the yolk sac

and the allantois.

The emergence of these populations is underpinned by a transcriptional circuitry that
orchestrates the fate of every cell. The core of these networks is a set of transcription
factors (TFs) that trigger specific programs and drive the establishment of one lineage or
another. Two different programs control the first lineage choice: the pluripotency

network and the TE network.

The key genes of the pluripotency network are Oct4 (Pou5fI) (Nichols et al., 1998), Nanog
(Chambers et al., 2003; Mitsui et al., 2003) and SoxZ (Avilion et al., 2003). This set of TFs
maintain pluripotency both /n vivo and /n vitro, and at the same time repress
differentiation. Cdx2 is the main component in the regulatory network determining the
TE lineage (Strumpf et al., 2005), a mammalian homologue of the Drosophila homeotic
gene caudal (Mlodzik et al., 1985) that encodes a homeodomain TF. Other markers
related to the TE are the TFs Gata3 and GataZ (Home et al., 2009, 2017; Ralston et al.,
2010), Fomes (Russ et al., 2000), 7Tfap2c(Cao et al., 2015) or the cytokeratin intermediate
filament Krt8. Intriguingly, K/f5 regulates markers of both the embryonic and the
extraembryonic lineages (Lin et al., 2010). Cdx2 null embryos are unable to maintain the
blastocoel, and the expression of other TE markers is impaired while pluripotency factors
such as OCT4 and NANOG are detected in all cells (Huang et al., 2017; Strumpf et al,
2005). Accordingly, the core pluripotency network represses the expression of TE specific
genes (Niwa et al,, 2005), and the absence of Oct4 leads to increased predisposition to

differentiate towards trophoblast both /n vivo and /n vitro (Nichols et al., 1998; Niwa et
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al., 2000). Thus, the first lineages are established and maintained through the progressive

activation of TFs from one network and the repression of the opposite one (Figure 3).

Pluripotency Trophectoderm
TFAP2C
SOX2 | |
oCT4 || | CDX2 EOMES

NANOG |[F——

KLF5

GATA3
KRT8 GATA2

Figure 3. The circuitry defining pluripotency and trophectoderm networks.
Interactions described between core members of the pluripotency (left panel) and
trophectoderm (right panel) networks. Green arrows indicate activation and red lines
indicate repression. Modified from (Menchero et al., 2018).

The expression pattern of OCT4, NANOG, SOX2, CDX2 or GATAS3 is initially ubiquitous
and stochastic, and it is only at the blastocyst stage that they become restricted to their
definitive domains and the two lineages are properly established (Dietrich and Hiiragi,
2007; Guo et al., 2010; Ohnishi et al., 2014; Posfai et al., 2017; Xenopoulos et al., 2015).
Thus, the establishment of the first lineages is promoted by the progressive activation of
TFs that shape a network and the later repression of the opposite network. The

heterogeneous expression of most of these TFs reveal that no single factor per se is

40



INTRODUCTION

predictive of lineage segregation before the blastocyst stage, and they might not be the
initial drivers of lineage decisions, but rather the managers for maintaining and executing

lineage-specific programs.

Box 1. Human preimplantation development.

The understanding of human development has been historically extrapolated by
comparison with other model organisms, but recent advances in transcriptomic
analysis at the single cell level have allowed the ability to analyse gene expression
directly in the human embryo (Wamaitha and Niakan, 2018). Preimplantation mouse
and human embryos are very similar in morphology at these early stages, and most
of the key lineage specifiers such as CDX2 or OCT4 are conserved (Petropoulos et
al., 2016). As a general rule, the main events occurring during preimplantation stages
are prolonged in the timeline of the human embryo. For instance, the embryo
genome activation takes place between the 4- and 8- cell stage (~2.5 dpf) as
compared to the 2-cell stage in the mouse (~1.5 dpf) (Blakeley et al., 2015), cell
compaction occurs between the 8- and 16-cell stage (3-4 dpf) (Nikas et al.,, 1996),
and blastocyst formation at 64-128 cell stage (5-6 dpf) (Steptoe et al., 1971). Beyond
that, differences in timing of expression and therefore timing of specification of early
lineages have been described. In humans, the three lineages (trophectoderm,
epiblast and primitive endoderm) are specified more simultaneously and at later
stages as compared to the mouse (Petropoulos et al., 2016). Single-cell RNA-seq
analysis in human samples have provided a valuable resource of the temporal
changes in term of expression that are taking place (Stirparo et al.,, 2018). Future
approaches may give insight on the genomic cues that control the heterochrony in

mouse and human preimplantation embryos.
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Establishment of trophectoderm fate

Cdx2 is first expressed in the 8-cell embryo upon compaction in a salt-and-pepper
pattern before becoming restricted to the TE in the early blastocyst (Dietrich and Hiiragi,
2007; Posfai et al., 2017; Ralston and Rossant, 2008). Cdx2 is in fact the first core factor
that delimit its spatial expression to its definitive domain. Two signalling pathways have

been described to lie upstream of Cax2 the Hippo pathway and the Notch pathway.

Hippo is the main pathway described to have a role in the first lineage choice. It was first
identified in Drosophilaand it is involved in tissue growth control (Meng et al., 2016; Pan,
2010). Mammals have an analogous pathway that includes the main components
described in the fly. However, in the preimplantation embryo, Hippo has not been
associated to growth regulation but instead provides the link between cell polarisation
and fate. The differential distribution of Hippo pathway components in polarised and
unpolarised blastomeres dictates the activity of the pathway (Manzanares and Rodriguez,
2013; Sasaki, 2015). In apolar inner cells, where the Hippo pathway is active, the junction-
associated protein AMOT (Angiomotin) localizes at adherent junctions (Hirate et al., 2013;
Leung and Zernicka-Goetz, 2013). There, AMOT interacts with two other Hippo
components, the LATS1/2 kinase and NF2 (Neurofibromin 2). LATS1/2 phosphorylates
AMOT and stabilizes this complex together with NF2 (Hirate et al., 2013). LATS1/2 then
phosphorylates the transcriptional coactivator YAP (as well as the Yap-related protein
TAZ), which is retained in the cytoplasm (Nishioka et al., 2009) (Figure 4). In polar outer
cells, AMOT is sequestered by the apical complex, NF2 remains in the lateral membrane,
the kinases are inactive and, therefore, YAP is not phosphorylated. YAP is then
translocated into the nucleus, where it acts as a transcriptional coactivator by binding the
TF TEAD4, and activates the expression of its target genes that include the TE markers
Cdx2 (Nishioka et al., 2009) and Gata3 (Ralston et al., 2010) (Figure 4). Disruption of
Lats1/2, Amot or Nf2impairs the correct activation of the pathway and causes ectopic
nuclear YAP accumulation and CDX2 expression in inner cells (Cockburn et al., 2013;
Hirate et al., 2013; Leung and Zernicka-Goetz, 2013; Nishioka et al., 2009). Lack of the
effector 7ead4 leads to the opposite effect: 7ead4 null embryos cannot switch off the

pathway in outer cells and, consequently, CDX2 is absent in most of the cells from the
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blastocysts. Moreover, these embryos are not able to cavitate nor to implant in the uterus
(Nishioka et al., 2008; Yagi et al., 2007). Interestingly, this phenotype can be circumvented
when Tead4” embryos are cultured in low oxygen conditions that reduce oxidative stress
(Kaneko and DePamphilis, 2013). A recent study has shown that mitochondrial activity
depends on TEAD4 in the blastocyst, defining a role not only in cell fate but also in the
metabolic switch for energy production that the trophectoderm needs to mature (Kumar
et al., 2018). Furthermore, the Hippo pathway also contributes to the establishment of

the ICM by restricting SoxZ2 expression to inner cells (Wicklow et al., 2014) (Figure 4).

More recently, the Notch pathway has also been shown to regulate of Cax2during mouse
preimplantation development (Rayon et al., 2014). The Notch signalling pathway is a
highly conserved cell-to-cell signalling system involved in multiple cell fate decisions
during embryonic development (Koch et al., 2013). Interaction of a receptor with a ligand
of the pathway leads to a cascade of proteolytic events that result in the release of the
Notch intracellular domain (NICD). The NICD translocates into the nucleus, where it binds
the transcription factor RBPJ and the coactivator MAML and leads to activation of target
genes. In the absence of the NICD, RBPJ may associate to corepressors to inhibit gene
expression (Wang et al, 2015). In mammals, there are four Notch transmembrane
receptors (Notchl-4) and five ligands from two different families, Delta-like (D//1, D//3
and D//4) and Jagged (JagI and Jag2). Disruption of the main components of the pathway
does not affect embryo survival until postimplantation stages, and therefore a role for
Notch during preimplantation development had been ruled out (Conlon et al., 1995; Shi
et al., 2005; Souilhol et al., 2006). However, through the characterization of a regulatory
element upstream of Cax2, the TEE, we showed that Notch signalling pathway is active
in the TE and converges with the input of Hippo to regulate CdxZexpression in the mouse
blastocyst (Figure 4) (Rayon et al, 2014). Double mutants for 7ead4 and Rbpj, the
transcription factors that act as effectors of the Hippo and Notch pathways respectively,
exacerbate their single phenotypes and lead to embryonic lethality before the blastocyst
stage. The interaction between Notch and Hippo on the TEE is mediated by the chromatin
remodeler SBNO1 (Strawberry Notchl) (Watanabe et al., 2017). SBNO1 physically
interacts with the YAP/TEAD and NICD/RBPJ complexes, and lack of Sbnol prevents Cax2

to be correctly induced.
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YAP
Z A e ETE

D )

Figure 4. Driving the first lineage choice. Representation of cells showing the
differential distribution of lineage markers and components of the Hippo and Notch
signalling pathways in trophectoderm (TE) and inner cell mass (ICM) of a mouse
blastocyst. Modified from (Menchero et al., 2017).

The activity of both signalling pathways is, therefore, delimited to the TE of the blastocyst,
being the coactivators YAP and NICD translocated into the nuclei of this outer lineage
(Figure 5). Before that stage, and similarly to CDX2 pattern, the activity of both pathways

is heterogeneously distributed in the blastomeres of the morula (Figure 5).

Thus, the first differentiation event is driven by more than one signalling pathway. Besides
Hippo and Notch, Rho/Rock signalling has been shown to mediate cell polarisation and
Hippo regulation (Kono et al., 2014; Mihajlovic and Bruce, 2016). The Hippo pathway is
the main one orchestrating TE fate, given that its absence drastically alters TE
specification, but its role is supported by other players. These different inputs may act

redundantly to ensure the robustness of embryonic development, or they may act in a
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complementary, sequential or synergistic manner to achieve correct functioning

(Menchero et al,, 2017).

Figure 5. Hippo and Notch regulate CDX2. Heterogeneous expression of CDX2
(green), and the coactivators YAP (blue) and Notch intracellular domain (NICD, red) in
the early morula. Polarised blastomeres (apical domain in ochre) correlate with nuclear
YAP. Cytoplasmic YAP is highlighted in unpolarised blastomeres. In the blastocyst, YAP,
NICD and CDX2 are coexpressed in the trophectoderm. Adapted from (Menchero et
al., 2018).
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Box 2. The Notch signalling pathway

Notch receptors (NOTCH1-4) and ligands (JAG1-2 and DLL1,3,4) are transmembrane
proteins with an extracellular domain formed by a variable number of EGF-like
repeats required for the receptor-ligand interaction. Members of the Fringe family
glycosylate the receptor and give Notch the selectivity for its ligand (Panin et al.,
1997) and, the E3 ubiquitin-protein ligase Mind-bomb (MIB) modifies the ligand
upon its binding to the receptor (Itoh et al., 2003). This event leads to a cascade of
proteolytic cleavages mediated by metalloproteinases and gamma-secretases that
result in the release of the Notch intracellular domain (NICD). NICD is translocated
into the nucleus and bound to the transcription factor RBPJ. They recruit the co-
activator Mastermind-like protein (MAML) to activate target gene expression

(MacGrogan et al., 2018).
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Plasticity during fate specification

As previously mentioned, the outer or inner position of blastomeres in the morula
correlates with their later fate in the blastocyst. However, the repositioning of cells during
the transition from morula to blastocyst (Anani et al., 2014; Watanabe et al., 2014) raised
the question of how plastic are blastomeres. Given that lineage commitment is a gradual
process that is not dependent on a single factor, are uncommitted blastomeres the ones
that change their position to the other population? Or are committed blastomeres able

to change their fate according to their location?

Two independent CDX2-GFP reporter lines, a knocked-in Cax2-GFP fusion allele (McDole
and Zheng, 2012) and a BAC transgene with a GFP inserted at the initial codon of the
CdxZ coding sequence (Toyooka et al., 2016), showed by live imaging how GFP positive
cells located on the outside of the late morula can get internalised and gradually reduce
GFP levels. More recently, the potential of single cells has been assessed in more detail
using the CDX2-GFP fusion protein reporter in order to map the precise timing of
irreversible lineage commitment (Posfai et al., 2017). In this work, the authors show that
the triggering of the TE program in the blastomeres of the morula does not immediately
restrict their potential. The capacity of a cell to contribute to both populations decreases
at the 16-32 cell transition but, interestingly, the ability to change the lineage from pre-
TE cells and pre-ICM cells to the opposite one is not the same. In wildtype embryos, we
find CDX2-GFP"9" cells that preferentially contribute to the TE and CDX2-GFP'*" cells that
exclusively contribute to the ICM from the early 32-cell stage. Remarkably, this plasticity
changes in reconstituted embryos composed of only 32-cell stage CDX2-GFP'" or CDX2-
GFP"9"_In the first case, cells still form both lineages, and it is not until the 64-cell stage
that cells lose their ability to form TE. In contrast, embryos built with CDX2-GFP"9" cells
do not develop because the cells have already lost their ability to form ICM (Posfai et al.,
2017). These differences in plasticity suggest that TE is the first committed lineage in the

embryo, whereas ICM cells retain a broader potential.
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Capturing the first lineages in culture

A remarkable property of the first lineages of the blastocyst is that cells at these states
can be isolated and cultured on a dish under conditions that preserve their stemness and
can eventually be reintroduced into live embryos and recapitulate their lineage potential.
Moreover, these stem cells can be pushed to differentiate spontaneously or driven
towards specific fates, thereby providing instrumental tools to dissect the molecular

mechanisms operating in these lineages.

Embryonic stem (ES) cells are derived from the ICM (Evans and Kaufman, 1981; Martin,
1981), while trophoblast stem (TS) cells are derived from the TE (Tanaka et al., 1998).
These stem cell populations largely maintain the potency and regulatory networks from
the population they were derived from and, in chimera assays, they contribute to their
lineage of origin (Beddington and Robertson, 1989; Tanaka et al., 1998). Importantly, the
ease of genetic manipulation in culture has allowed to study their functional plasticity
and addressing their capacity to be interconverted by changing their identity. ES cells
that overexpress Cax2, Gata3, Fomes, TfapZc or Tead4, transdifferentiate to TS-like cells
(Kuckenberg et al., 2010; Nishioka et al., 2009; Niwa et al., 2005; Ralston et al., 2010). The
opposite situation is found when TS cells are reprogrammed using the same strategy
used to generate induced pluripotent stem cells (iPSCs); this is overexpressing Oct4, SoxZ,
KIf4 and c-Myc (Kuckenberg et al., 2011). Even more, cellular states preceding the first
lineage choice can be maintained in culture. A transient population of ES cells that
express transcripts found in 2-cell embryos has been described. Using this population or
culturing ES cells in the presence of MEK and GSK3 inhibitors (2i conditions (Ying et al.,
2008)) allows ES cells to expand their potency capabilities and contribute /n vivo to both

embryonic and extraembryonic lineages (Macfarlan et al., 2012; Morgani et al., 2013).

The culture of ES cells has revealed the coexistence of two distinct populations in the
conventional heterogeneous culture conditions which differ in their pluripotent state. ES
cells in a naive state have the signature of the preimplantation epiblast, characterized by
the expression of the core factors Oct4, Sox2 and Nanog as well as a series of other
factors known as naive markers such as Prdm14, Dppa3, Esrrb or Zfp42. In contrast, ES

cells in a primed state have reduced expression levels of Nanog and the naive markers,
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and are more predisposed to differentiate (Hackett and Surani, 2014; Kalkan and Smith,
2014). However, these subpopulations can also interchange their identity (Abranches et
al., 2013) suggesting that they are not irreversible states and that they may coexist in an

equilibrium within the pluripotent state.

Stem cell lines have provided vital tools to understand fate decisions circumventing the
technical challenges of limited embryonic material. However, it is important to keep in
mind that they are not completely equivalent. For instance, differences between the TE
and TS cells have been reported regarding their epigenetic status (Senner et al., 2012) or
the non-coding elements that regulate Cdx2 (Rayon et al., 2016). Furthermore, the
mechanisms regulating the 3D structure of the embryo such as cell polarity or cortical
tensions cannot be recreated in regular 2D cultures. This issue has been recently
addressed with the assembly of blastocyst-like structures (blastoids) after confined
culture of ES cells and TS cells (Rivron et al., 2018). This new methodology to create
synthetic embryos has provided new tools to understand how a blastocyst is built and

perform large-scale analysis without the limitations of working with embryos.

Spatio-temporal control in development: gene regulatory

elements

A full organism is generated based on the genomic information contained in a single cell.
However, the millions of cells generated from it are specialized and different from each
other despite having the same genome. How is this controlled? Cells do not only have
genes in its DNA, but also all the information required to regulate where, when and how
much those genes have to be activated. During embryo development, different lineages
and tissues are established in the body plan of the new organism. Cells will take fate
decisions successively by triggering specific programmes and they will have to do it at
the right time and in the right place. In the non-coding DNA, there are sequences that
act as regulatory elements to orchestrate the spatio-temporal control of these gene

expression programmes.
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Transcriptional regulation is mainly mediated by the action of promoters, enhancers,
repressors and insulators (Symmons and Spitz, 2013). While promoters, that are located
near the transcription start site, recruit RNA polymerase II and trigger transcription, they
require enhancers, that can act from both proximal and distal positions, and other cis-
regulatory elements for full activity and to achieve spatially and temporally controlled
domains of expression (Banerji et al., 1981; Catarino and Stark, 2018). The genome
structures in 3D within the nucleus to facilitate promoters and enhancers physically
interact and promote gene expression. Complex expression patterns of genes that are
expressed in different tissues or at different time points during development are achieved
by the combined action of several enhancers. Each element may regulate a subset of the
global expression pattern of a gene whereas other enhancers may function in an additive

manner (Andrey and Mundlos, 2017).

Regulation of Cdx2 has been shown to be dependent on several regulatory elements
during different stages in development or in TS cells (Figure 6) (Benahmed et al., 2008;
Home et al,, 2009; Rayon et al., 2016; Wang and Shashikant, 2007). The TEE element drives
reporter expression in the TE at blastocyst stage but it is not active in TE-derived tissues
of the early postimplantation embryo, such as the extraembryonic ectoderm, or in TS
cells, where CdxZ2 is robustly expressed. In contrast, other elements located in the first
intron or downstream of CaxZare active in TS cells and in a portion of the extraembryonic
compartment at E6.5 (Figure 6) (Rayon et al., 2016). This is an example of how a gene
depends on different inputs in a context-dependent manner to achieve the proper level

and spatio-temporal scale of expression.
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Figure 6. Regulation model of Cdx2. Different regulatory elements (represented in
different colours) of the genomic landscape of CdxZshow enhancer activity in different
regions and stages of embryo development.

Approaches to predict enhancers are based on functional reporter assays, identification
of open chromatin regions or the presence of specific post-transcriptional modifications
of Histone 3 such as mono-methylation of the lysine residue in position 4 (H3K4mel) or
acetylation of lysine 27 (H3K27ac) (Banerji et al., 1981; Buenrostro et al., 2013; Heintzman
et al., 2009; Rada-Iglesias et al., 2011). However, their identification can be challenging
as they do not necessarily regulate the closest gene and they can be placed hundreds of
kilobases away from their targets. Identification of regulatory elements for the main
players involved in the first specifications of lineages can help to better understand the

changes in gene expression and how fates are established.

Therefore, the study of the regulatory circuitry as well as the signals and inputs needed
to activate specific elements can provide valuable information to unravel the spatial and

temporal dynamics driving the transitions from plastic to committed populations.

Once we have decoded the key transcription factors located at the core of the first
lineage programmes, how the heterogeneities arise in the embryo and how the road to

cell fates is monitored are still open questions in the field. In this work, we aimed to
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understand the role of the Notch signalling pathway driving the blastomeres of the early

embryo towards the specification of the first populations.
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OBJECTIVES

The central aim of this doctoral thesis project has been to unravel how the key factors
responsible for the first lineages arising during preimplantation development are acting
in the embryo, and how upstream inputs regulate cell commitment. With this general

objective in mind, we defined the following specific objectives:

e To study the interplay between the Notch and Hippo signalling pathways during
preimplantation stages of mouse development.

e To dissect the temporal requirements of Notch and Hippo in the regulation of
the trophectoderm lineage specifier CDX2.

e To assess the dynamics of the Notch pathway during preimplantation
development.

e To identify novel targets and regulatory elements downstream of the input of
Notch to gain insight into how signalling is acting to promote the specification

of the first lineages.
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Animal experimentation

In this work, wildtype mice, CD1 and F1 (C57BI6 x CBA), as well as mouse strains with
specific modified alleles were used to perform the experiments. The different mouse lines

used are listed in Table 1.

Mouse line Reference
CBF1-VENUS (Nowotschin et al., 2013)
Rbpj " (Oka et al., 1995)
Tead4 ” (Nishioka et al., 2008)
Rbpj "™ (Han et al., 2002)
Notchl (Conlon et al., 1995)
iChr-Notch-Mosaic (Pontes-Quero et al., 2017)
Rosa26-stop-N1ICD-ires-eGFP (Murtaugh et al., 2003)
Zp3 (de Vries et al., 2000)
Sox2 "¢ (Hayashi et al., 2003)
Polr2a “***'< (Guerra et al., 2003)

Table 1. Mouse strains.

All the lines were maintained in heterozygosis in an outbred background. Adults were
genotyped by PCR of tail-tip DNA using primers and conditions previously described for
each line. For preimplantation embryos, genotyping was performed directly on

individually isolated embryos after recovery, culture or antibody staining.

Mice were housed and maintained in the animal facility at the Centro Nacional de
Investigaciones Cardiovasculares (Madrid, Spain) in accordance with national and
European Legislation. Procedures were approved by the CNIC Animal Welfare Ethics
Committee and by the Area of Animal Protection of the Regional Government of Madrid

(ref. PROEX 196/14).
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Embryo collection and culture

Females from the different mouse lines or outbred wildtype CD1 were superovulated as
previously described (Behringer et al., 2014), except in the case of embryos to be used
for RNA-seq. For embryo culture, zygotes were collected from oviducts, treated with
hyaluronidase (#H3884, Sigma) to remove cumulus cells and cultured until the desired
stage at 37.5°C, 5% CO,, in M16 medium (#M7292, Sigma) covered with mineral oll
(NidOil, EVB). For experiments that did not require culture, embryos were collected at
morula or blastocyst stage by flushing the oviduct or the uterus with M2 medium

(#M7167, Sigma) and fixed.

Immunofluorescence of preimplantation embryos

Immunofluorescence was performed as previously described (Dietrich and Hiiragi, 2007).
The antibodies and dilutions used are listed in Table 2. Secondary Alexa Fluor conjugated
antibodies (Life Technologies) were used at 1:1000. Nuclei were visualized by incubating

embryos in DAPI at 1 pg/ml.

Antibody Reference Dilution

Monoclonal mouse anti-CDX2 MU393-UC, Biogenex 1:200
Rabbit monoclonal anti-CDX2 ab76541, Abcam 1:200
Mouse monoclonal anti-Oct4 sc-5279, Santa Cruz Biotechnology 1:200
Mouse monoclonal anti-YAP sc-101199, Santa Cruz Biotechnology 1:200
Rat monoclonal anti-NANOG 14-5761, eBioscience 1:200
Rabbit polyclonal anti-pERM 3141, Cell Signaling 1:250
Rat monoclonal anti-E-Cadherin U3254, Sigma 1:250
Mouse monoclonal anti-TEAD4 ab58310, Abcam 1:100
Rabbit monoclonal anti-N1ICD 4147, Cell Signaling 1:100
Rabbit polyclonal anti-DsRed 632496 living colors Clontech 1:500
Goat polyclonal anti-GFP R1091P, Acris, Origene 1:200
Rat monoclonal anti-HA 11867423001, Sigma 1:200

Table 2. Antibodies.
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Imaging and quantification

Images of antibody-stained embryos were acquired on glass-bottomed dishes (Ibidi or
MatTek) with a Leica SP5, Leica SP8 or Zeiss LSM880 laser scanning confocal microscopes.
The same parameters were used for imaging each experiment. Semi-automated 3D
nuclear segmentation for quantification of fluorescence intensity was carried out using
MINS, a MatlLab-based algorithm (http://katlab-tools.org/) (Lou et al., 2014), and
analysed as previously described (Saiz et al., 2016). Mitotic and pyknotic nuclei were

excluded from the analysis.

For live imaging, embryos were cultured in microdrops of PBS on glass-bottomed dishes
(MatTek) in an environmental chamber as described previously (Xenopoulos et al., 2015).
Images were acquired with a Zeiss LSM880 laser scanning confocal microscope system
using a 40x objective. An optical section interval of 1.5 ym was acquired per z-stack, every

15 minutes.

Cell tracking of 3D-movies was carried out using a TrackMate plugin in Fiji (Fernandez-
de-Manuel et al., 2017; Schindelin et al., 2012; Tinevez et al., 2017). The 3D reconstruction
of the embryos and position of the cells was done using vTONI, a MatLab-based tool
generated in the lab (Lopez-Izquierdo et al., unpublished). The shape of the embryos was
fitted into an ellipse and the coordinates in X, Y, Z for each blastomere were normalised
to the centroid of the ellipse. The algorithm assigned an inner or outer position to each
blastomere according to an established threshold, and they were manually verified. The
intensity levels of VENUS fluorescent protein in each cell and time point were normalised
according to the Z-position to correct the decay of signal intensity due to the distance
with the objective (Saiz et al., 2016). The frequencies of the intensity levels for each
embryo followed a Gaussian distribution. In order to compare different embryos,
intensity levels were normalised so that the mean was 0 and the standard deviation was

1.
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Fluorescent /n situ hybridisation

Fluorescent /n situ hybridisation in mouse blastocysts was performed as previously
described (Gasnier et al., 2013) using permeable transwells (Costar) in 24 well-plates.
Blastocysts were fixed in 4% PFA at 4°C for 2 h, dehydrated and then rehydrated through
decreasing and increasing methanol series respectively. After permeabilisation and post-
fixation, embryos were pre-hybridised at 65°C for 1 h. Probes were hybridised overnight
at 65°C. After washing, embryos were incubated in blocking solution with 10% calf serum
and 0.5% BSA for 2h at room temperature, followed by overnight incubation at 4°C with
anti-DIG-POD (1:200). Signal was amplified using tyramides (TSA Cy3, Perkin Elmer),
which form a precipitate in the presence of peroxidase that will be recognised by

fluorescent molecules.

Probes to detect D//1 and JagZ2 (provided by José Luis de la Pompa) were transcribed

from plasmids containing the requisite cDNA.
Pharmacological inhibitor treatments

Two-cell or morula stage embryos were cultured in drops of M16 medium (#¥M7292,
Sigma) covered with mineral oil (NidQOil, EVB) at 37°C, 5% CO, containing the
corresponding pharmacological inhibitor or only DMSO (the solvent used for diluting
both inhibitors) as control until the corresponding stage. The following inhibitors and
concentrations were used: 10 or 20 uM of the gamma-secretase inhibitor RO4929097
(51575, Selleckchem) (Munch et al, 2013) and 10 uM of the TEAD/YAP inhibitor
Verteporfin (Sigma) (Liu-Chittenden et al., 2012).

RT Quantitative-PCR

RNA from pools of 25-30 embryos (for pharmacological inhibitor experiments) or from
single embryos (for CRISPR/Cas9 editing) was isolated using the Arcturus PicoPure RNA
Isolation Kit (Applied Biosystems) and reverse transcribed using the Quantitect Kit
(Qiagen). RNA was isolated from ES cells with the RNeasy Mini Kit (Qiagen) and reverse

transcribed using the High Capacity ¢cDNA Reverse Transcription Kit (Applied
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Biosystems). cDNA was used for quantitative-PCR (RT-gqPCR) with Power SYBR® Green
(Applied Biosystems) in a 7900HT Fast Real-Time PCR System (Applied Biosystems).
Expression of each gene was normalized to the expression of the housekeeping genes
Actin (in ES cells or pools of embryos) or 185 rRNA (in single embryos). Primers used are

detailed in Table 3.

Gene Primer F Primer R

Actin CAGAAGGAGATTACTGCTCTGGCT TACTCCTGCTTGCTGATCCACATC
18S rRNA GCAATTATTCCCCATGAACG GGCCTCACTAAACCATCCAA
Cdx2 TCAACCTCGCCACAACCTTCCC TGGCTCAGCCTGGGATTGCT
Gata3 GGGTTCGGATGTAAGTCGAG CCACAGTGGGGTAGAGGTTG
Oct4 ATCAGCTTGGGCTAGAGAAGGATG AAAGGTGTCCCTGTAGCCTCATAC
Nanog CTTACAAGGGTCTGCTACTGAGATGC  TGCTTCCTGGCAAGGACCTT

Tled CTGGACAGGTGGTTTGGACAA GAGGTGAAGTCATGTTGCTGC
Tbx3 TGAGGTGCTCTGGACTGGAT ACCATCCACCGAGAGTTGTG
Prdm14 CAACCTTGGAAACTGGCAGC AAGCATCAAGAGGGGCCATC
Dppa3 GACCCAATGAAGGACCCTGAA GCTTGACACCGGGGTTTAG

Esrrb GGACACACTGCTTTGAAGCA ACAGATGTCTCTCATCTGGC

Fgf5 AAGTAGCGCGACGTTTTCTTC CTGGAAACTGCTATGTTCCGAG
Pou3fl TCGAGGTGGGTGTCAAAGG GGCGCATAAACGTCGTCCA

Table 3. Primers sequences used for RT-qPCR assays.

RNA-sequencing data analysis

RNA-seq was performed on single morulae from the same litter. cDNA synthesis was
performed using SMART-Seq Ultra Low Input RNA Kit (Clontech). Library preparation and
sequencing was performed by the CNIC Genomics Unit using the Illumina HiSeq 2500
sequencer. Gene expression analysis was performed by the CNIC Bioinformatics Unit.
Reads were mapped against the mouse transcriptome (GRCm38 assembly, Ensembl
release 76) and quantified using RSEM v1.2.20 (Li and Dewey, 2011). Raw expression

counts were then processed with an analysis pipeline that used Bioconductor packages
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EdgeR (Robinson et al., 2010) for normalisation (using TMM method) and differential
expression testing. Expression data of Rbpjand Neo were used to genotype the samples.
Two mutant and three control (two wildtype and one heterozygote) embryos were
selected for analysis. Changes in gene expression were considered significant if

associated to Benjamini and Hochberg adjusted p-value < 0.05.

RBPJ binding motifs were located according to the consensus motif from CIS-BP
database (M6499_1.02 motif) using FIMO (Grant et al., 2011). Association of RBPJ motifs
to DEG was performed using BEDTOOLS (Quinlan and Hall, 2010) using a 10 Kb window
surrounding the transcriptional start site of genes. ATAC-seq data from 8-cell stage
embryos (Wu et al,, 2016) was mapped to the GRCm38 assembly and integrated with the

coordinates of RBPJ motifs previously detailed.
Transient transgenic assay

For the generation of transient transgenics, F1 (C57BI/6 x CBA) females were
superovulated to obtain fertilised oocytes as described (Behringer et al., 2014). Each
construct was microinjected into the pronucleus of fertilised oocytes at E0.5 at a
concentration of 2 ng/pl. Microinjected oocytes were cultured in microdrops of M16
medium (Sigma) covered with mineral oil (NidQil, EVB) at 37°C, 5% CO, until the morula

stage.

Each fragment to be tested was amplified from mouse genomic DNA and by means of
the NEBuilder HiFi DNA Assembly kit (New England Biolabs), they were cloned into a
modified pBluescript vector (Yee and Rigby, 1993) containing a H2B-mRFP reporter gene
under the control of the human beta-globin minimal promoter and including an SV40
polyadenylation signal. Primers for amplifying and cloning the 700 bp Tle4-up region
and the 600 bp Tbx3-i7 region are detailed in Table 4. Constructs were linearized and
plasmid sequences removed before microinjection. For H2B-mRFP detection, embryos

were fixed in 4% paraformaldehyde for 10 min at room temperature and immunostained.
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Fragment Primers

Tle4-up ctatagggcgaattggagctcTTCTTTAGAGGCACCAGTC
ggatccactagttctagagcggccgcATAAAGCCATTTTGCTTAACTG

Tbx3-i7 ctatagggcgaattggagctcCAAGCCAGCCTCAGTCCC
ggatccactagttctagagcggccgcCACACAAGCTTGCCAGCC

Table 4. Primers sequences for amplification and cloning Tle4-up and Tbx3-i7
regions. Lower case indicates sequence annealing to the plasmid and capital letters
indicates sequence annealing to the genome.

Mutagenesis

"%} 'was generated by site-directed

Mutated version of Tle4-up (Tle4-up mut
mutagenesis (Mutagenex Inc.), changing the TGTGGGAAA binding motif to TGTccGAAA.
Mutated version of Tbx3-i7 (Tbx3-i7 mut®®”) was generated using QuickChange I XL Site-
Directed Mutagenesis Kit (Agilent Technologies) changing CGTGGGAAA to CGTccGAAA.

Lower case indicates the altered residues. Changes that abolish RBPJ binding were based

on previously described mutated versions of the binding site (Tun et al.,, 1994).
CRISPR/Cas9 genome editing

Two guide-RNAs at 60 ng/ul were incubated with tracRNA (Sigma) at 240 ng/ul for 5 min
at 95°C. The hybridised gRNAs were then incubated with the Cas9 protein (PNA bio) at
30 ng/ul for 15 min at RT and microinjected into the pronuclei of (CBAxC57) F1 zygotes.
sgRNAs were designed using the CRISPOR tool (http://crispor.tefor.net/) (Haeussler et
al., 2016). The following guide RNAs were used: 7/e4, TTAGCCTGCACTTCGAGTTA and
CCCAATTCAAGGCGTTCTGT; Tbx3, TAACCCTTTAGAGATAGGCT and
TACCAGAGAGGTTTCCTACT. Embryos were recovered at E2.5 and lysed in 50 ul extraction
buffer from the Arcturus PicoPure RNA Isolation Kit (Applied Biosystems). Aliquots of 10
ul were used for DNA extraction for PCR genotyping. Mosaic embryos were those where
we detected both the deleted and the wildtype allele. The remaining 40 ul were used for
RNA extraction for RT-gPCR.
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Cell culture

IChr-Notch-Mosaic ES cells were cultured in standard ES cell media (DMEM, Gibco)
supplemented with 15% foetal bovine serum (HyClone), 1% Glutamine, 1% NEAA
(Hyclone), 0.1% B-mercaptoethanol (Sigma) and LIF (produced in-house) in dishes
seeded with a feeder layer of mouse embryonic fibroblasts (MEFs). Cells were transfected
with a Cre expressing plasmid to induce recombination using Lipofectamine 2000
(Invitrogen) for 24 hours. After recombination, cells were sorted using a Becton Dickinson
FACS Aria Cell Sorter. To promote spontaneous differentiation, cells were cultured on
gelatine-covered dishes for 48 hours in DMEM (Gibco) supplemented with 20% serum,

1% Glutamine and 0.1% B-mercaptoethanol (Sigma).

Statistics

Statistical analyses were performed with GraphPad Prism 7 or R studio. Data are
presented as means + s.e.m or means + s.d as indicated. Differences were considered
statistically significant at p-value < 0.05. Tests used to calculate p-value are detailed in
the figure legends. Student’s t-test was used to compare two groups. ANOVA with Fisher
or Bonferroni post-test was used to compare several groups. Fisher's exact test was used

to compare distributions.
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1. Convergence of Notch and Hippo pathways on Cdx2

regulation

In order to understand how an embryo loses its initial plasticity to favour the appearance
of the first lineages, we focused in studying the regulation of CdxZ, which is the first
transcription factor to acquire a specific domain of expression during preimplantation
development. In our group, we have previously described how Notch and Hippo
converge on the TEE enhancer to promote CdxZactivation (Rayon et al., 2014). However,
we still do not know how these two pathways interact to achieve this regulation, if they

have redundant roles or if they are involved in different aspects of Cax2regulation.
1.1 Effect of genetic disruption of Rbpjand Tead4 in the morula

To study the cooperation of Notch and Hippo, we generated embryos containing
different combinations of mutant alleles for Rbp/ and T7Tead4 the respective
transcriptional effectors of these signalling pathways (Nishioka et al., 2008; Oka et al.,
1995). Mutant homozygotes for both TFs (double knockout) could not be recovered at
blastocyst stage (Rayon et al., 2014), suggesting that they died before this stage and
showed an exacerbated phenotype compared to single mutant for any of the genes
(Nishioka et al., 2008; Oka et al., 1995; Yagi et al., 2007). We therefore decided to check
earlier, at morula stage (E2.5), recovering double mutant embryos at expected Mendelian
ratios (Figure 7). Therefore, loss of Hippo and Notch show an additive effect before the
blastocyst stage.

30 7 % observed
_ 1 % expected

20 A
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% of embryos by genotype
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Tead4 wt het wt het ko wt ko het ko

Figure 7. Distribution of embryos by genotype. Percentage of recovered and
expected embryos in different Rbpjand Tead4 allelic combinations (n = 150 embryos).
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We examined CDX2 levels and these were lower in Rbpj”; Tead4”” and Rbpj*"; Tead4”
morulae but it could still be detected. However, we did not detect any CDX2 expression
in double knockout embryos (Rbpj”", Tead4”"), although the pluripotent marker OCT4 was

expressed (Figure 8).

Wildtype Rbpj*’- ;Tead4*- Rbpj”’- ;Tead4*- Rbpj*/-;Tead4”’~ Rbpj”/- :Tead4™-

Figure 8. CDX2 depends on Rbpjand Tead4inputs. Maximal projections of confocal
images after immunostaining for CDX2 and OCT4 in different combinations of wildtype
and mutant alleles for Rbpj and Tead4 at E2.5. Nuclei were stained with DAPIL Scale
bars, 20 um.

Compaction of blastomeres and polarisation of outer cells are critical events needed for
the onset of CDX2 in the morula (Ralston and Rossant, 2008; Wu et al., 2010). We
therefore examined if the absence of CDX2 in the double Rbpj Tead mutants could be
due to a defect in these processes. We examined the expression of E-cadherin and
phospho-ERM as markers of cell-cell adhesion and apical polarity. No differences in the
distribution or intensity of these markers were observed in any of the allelic
combinations, including Rbp”, Tead4”” embryos (Figure 9). Thus, disruption of Rbpjand
Tead4 does not affect compaction or cell polarisation but does result in loss of initiation

of CDX2 expression.
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Wildtype Rbpj*- :Tead4*~  Rbpj’- ;Tead4*- Rbpj*-;Tead4’- Rbpj’-;Tead4-'-

Figure 9. Lack of Rbpj and Tead4 does not affect compaction or polarisation.

Optical sections (top panel) and maximal projections (middle and bottom panels) of
confocal images after immunostaining for E-Cadherin and phospho-ERM in different
combinations of wildtype and mutant alleles for Rbpj and Tead4 at E2.5. Nuclei were
stained with DAPI. Scale bars, 20 um.

1.2 Imaging of CDX2, YAP and NOTCH activity during preimplantation

development

The expression of CDX2 and the coactivators YAP and N1ICD (the intracellular domain of
Notch) is restricted to the TE of the blastocyst, while in the morula they show a more
heterogeneous pattern (see Figure 5) (Nishioka et al., 2009; Rayon et al., 2014; Strumpf
et al, 2005). To better understand the contributions of each of the Notch and Hippo
pathways to CDX2 expression, we examined the expression of the three components in
both morula and blastocyst stage. To study the behaviour of the Notch pathway we used
a mouse line carrying a CBF1-VENUS transgene that faithfully reports the activation state
of the pathway (Nowotschin et al., 2013). This reporter line contains multiple RBPJ (CBF1)
binding sites driving the expression of a nuclear-targeted VENUS fluorescent protein. In
the cells where the Notch pathway is active, NICD translocates into the nucleus and binds
to the RBPJ binding sites to promote VENUS expression. The reporter is active in most of

the cells of the morula to be progressively restricted to the TE in the blastocyst. The
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pattern of N1ICD, the active form of the Notchl receptor, coincides with the reporter
being localised in the TE in the blastocyst (Rayon et al., 2014) and being expressed

heterogeneously in the morula (Figure 10).

Nuclei

morula

blastocyst

Figure 10. The Notch pathway is active in the preimplantation embryo. Optical
sections (left and middle panel) and maximal projections (right panel) in the morula
and blastocyst after immunostaining for N1ICD. Nuclei were stained with DAPIL Scale
bars, 20 um.

We performed immunostaining for YAP and CDX2 in morulae and blastocysts from the
CBF1-VENUS reporter line, and then correlated expression in single cells between the
three components. Nuclear YAP was detected preferentially in outer cells, presumably
polarised blastomeres, whereas CBF1-VENUS and CDX2 were detected in both inner and
outer cells of the morula. In the blastocysts, the three markers were restricted to nuclei
of the TE (Figure 11A). We quantified nuclear intensity levels of expression using MINS,
a Matlab based segmentation tool (Lou et al., 2014), and found that VENUS and YAP both
correlated positively with CDX2 at morula and blastocyst stages (Figure 11B-C).
Interestingly, there was no correlation between VENUS and YAP in the morula,
suggesting that the two pathways are independent from each other at this stage (Figure
11B). At blastocyst stage, VENUS and YAP showed a positive correlation although weaker
than the correlation of either of them with CDX2 (Figure 11C). If the levels of the three
markers were taken into account simultaneously, the coefficient of correlation increased
both in morula (Figure 11D) and blastocyst (Figure 11E), indicating that the combination
of Notch and Hippo pathways better explained CDX2 expression than any of them

individually.
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Figure 11. CDX2 expression relies on the input from Notch and Hippo signalling
pathways. (A) Optical sections of confocal images after immunostaining for CDX2 and
YAP in the CBF1-VENUS reporter line at morula (upper row) and blastocyst (lower row)
stage. Fluorescent VENUS reporter is directly detected. Arrowheads indicate a cell
positive for CDX2 and VENUS, but negative for nuclear YAP. Nuclei were stained with
DAPL. Scale bars, 20 um. (B-C) Pairwise correlations of single cell fluorescence intensity
levels for CDX2, VENUS and YAP from embryos at morula (B) or blastocyst (C) stage.
Pearson correlation (R?) is indicated for each correlation. (D-E) Three-way correlations
of single cell fluorescence intensity levels for CDX2, VENUS and YAP from embryos at
morula (D) and blastocyst (E) stage. Cronbach Alpha (a) to measure internal
consistency reliability among the three variables is indicated. (F) Venn diagram
showing number of positive cells for CBF1-VENUS, YAP and CDX2 at morula stage.
n=415 blastomeres from 28 embryos (morula stage); n=428 blastomeres from 6
embryos (blastocyst stage).
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In most cases, individual nuclei from morulae were positive for the three markers.
However, we found some cases in which nuclei were positive for CBF1-VENUS and CDX2,
but negative for YAP (Figure 11A, arrowhead). We therefore analysed all morulae to
determine the distribution of cells positive for each combination of markers. We
observed that Notch was active in most of the cells at this stage and confirmed that the
majority of blastomeres were triple positive (295 blastomeres, 72.3%, Figure 11F).
Moreover, the population represented by cells that were only positive for CBF1-VENUS
and CDX2 was noteworthy (85 blastomeres, 20.8%). However, we rarely found cells
expressing YAP and CDX2, but not VENUS (Figure 11F). Interestingly, all positive cells for
CDX2 were positive for either CBF1-VENUS or YAP, suggesting that at least one of both
pathways needs to be active to induce CDX2 expression. Together, these results show
that Notch and Hippo are responsible for CDX2 expression and suggest that they are

acting in an independent manner from one another.

2.Do Notch and Hippo have a redundant role on Cdx2

expression?

The correlation analysis between CBF1-VENUS and YAP levels in single blastomeres
indicated a possible independent role of Notch and Hippo pathways in the regulation of
CDX2. However, we do not know if they act redundantly or if the lack of one can be
compensated by increased activity of the other in regulating Cdx2. Given that the Hippo
pathway is the major regulator of CdxZexpression in the blastocyst, we assessed if forced
activation of the Notch pathway would be sufficient to compensate and restore CDX2
levels in a Tead4 null background. To do so, we crossed the 7ead4 mutant allele with a
mouse line that conditionally overexpresses the coactivator N1ICD linked to a GFP
reporter under the RosaZ6 promoter (RosaZ6-stop-N1ICD-ires-eGFP) (Murtaugh et al.,
2003), and used a mouse line carrying a maternal Sox2-Cre allele to recombine it in
oocytes (Hayashi et al., 2003). Although there is a certain degree of mosaicism in embryos
resulting from this cross (mean of 87% of GFP+ cells in recombined blastocysts), we
observed a significant increase in CDX2 intensity levels in NIICD-GFP.Tead4” as
compared to 7ead4” embryos (Figure 12). However, embryos did not progress to the

blastocyst stage as occur in Tead4 mutant embryos (Nishioka et al., 2008; Yagi et al.,
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2007). Thus, while Notch is able to positively regulate CDX2 in the absence of Tead4
transcriptional input, it is not sufficient on its own to rescue the morphological defects
due to the lack of 7ead4. Again, these results suggest that Notch and Hippo act

independently and do not have a redundant role during preimplantation development.
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Figure 12. Overexpression of N1ICD does not fully rescue 7ead4 null phenotype.
Maximal projections of confocal images after immunostaining for CDX2 and GFP in
wildtype, Tead4”, and N1ICD-GFP; 7ead4”” embryos. Quantification of CDX2 intensity
levels in Tead4”” (n=75 blastomeres from 2 embryos) and N1ICD-GFP; Tead4” (n=224
blastomeres from 5 embryos) embryos. *** p<0.001 by Student’s t-test.

3. Temporal modulation of Notch and YAP inhibition

To better understand how parallel signalling pathways drive CdxZ expression, we
assessed temporal differences in the regulation of CaxZexpression by Notch and Hippo.
To do so, we took advantage of pharmacological compounds that allow inhibition of
these pathways in a temporal-controlled manner. We used RO4929097 (RO), a gamma-
secretase inhibitor that impedes the release of the NICD, to block the Notch pathway
(Munch et al., 2013), and Verteporfin to disrupt YAP-TEAD4 interaction (Liu-Chittenden
et al., 2012). We treated wildtype embryos in two different time-windows: from the 2-cell

up to morula stage, and from morula to blastocyst stage. As a control, we cultured
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embryos with DMSQO, the solvent used for diluting both inhibitors. After treatment, gene
expression was analysed by RT-qPCR in pools of 25 embryos. In the early time-window,
from 2-cell to morula stage, Cdx2 was downregulated when Notch was blocked while
there was no change when the Hippo pathway was altered (Figure 13A). Interestingly,
we observed the opposite when we altered the pathways from morula to blastocyst. Cax2
expression was reduced when YAP-TEAD4 activity was blocked (Figure 13B) but not by
inhibition of the Notch pathway. These results indicate that, although both signalling
pathways cooperate to regulate CdxZ, they do not act redundantly but sequentially to
fine tune CaxZ levels in a stage specific way. Neither the TE-related marker Gata3, nor
the pluripotent genes Oct4 and Nanog were significantly changed after Notch or YAP
inhibition in any of the time-window treatments, indicating that CaxZis the main target

of the pathways during preimplantation development.
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Figure 13. Notch and Hippo sequentially pattern Cdx2. Relative expression of Cdx’,
Gata3, Oct4 and Nanog in pools of 25 embryos after treatment with RO4929097 to
inhibit Notch pathway (left) or Verteporfin to inhibit YAP-TEAD4 interaction (right).
Treatments were performed from the 2-cell to morula stage (A; n = 6) or from morula
to blastocyst stage (B; Notch inhibition, n = 4-6; YAP-TEAD4 inhibition, n = 6-11). Pools
of embryos treated with DMSO were used as controls. Data are means * s.d. * p-value
< 0.05 by Student's t test.
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4. Notch regulates the early phase of Cdx2 expression.

Next, we wanted to confirm the early requirement of Notch input using genetic loss of
function models. We recovered early (8-16 cells) and late (17-32 cells) morulae and
analysed CDX2 expression in wildtype and Rbp/”" embryos (Figure 14). We quantified
CDX2 positive cells in individual embryos and found that Rbp/”" early morulae had a
significantly lower number compared to wildtype embryos (Figure 14A). In contrast, we

did not observe differences in late morulae (Figure 14B).
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Figure 14. CDX2 decreases in Rbpj mutant early morulae. Optical sections of
confocal images after immunostaining of CDX2 in wildtype and Rbpj” early (A) and
late (B) morulae. Right panels show quantification of number of CDX2 positive cells in
early morulae (A; n=11 embryos) and late morulae (B; wildtype, n = 4 embryos; Rbp;”
, n=5 embryos). Nuclei were stained with DAPL Scale bar, 20 ym. Data are means *
s.e.m. *** p<0.001 by Fisher's exact test.
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The same observations were obtained when we analysed embryos mutant for the
pathway receptor Notchl (Conlon et al, 1995). Notchl” early morulae (8-16 cells)
showed a reduction in the number of CDX2 positive cells compared to wildtype early
morulae (Figure 15A), but late morulae (17-32 cells) did not present any differences
(Figure 15B). These observations demonstrate that ANotchl is the main player of the
Notch pathway during preimplantation development and its loss recapitulates Rbpjloss

of function effects.
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Figure 15. CDX2 decreases in Notchl mutant early morulae. Optical sections of
confocal images after immunostaining of CDX2 in wildtype and Notch1”" early (A) and
late (B) morulae. Right panels show quantification of the number of CDX2 positive cells
in early morulae (A; n = 11) and late morulae (B; wildtype, n = 5; Notch1”, n = 3).
Nuclei were stained with DAPI. Scale bars, 20 um. Data are means + s.e.m. *** p<0.001
by Fisher's exact test.
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Together, these results show that there is an earlier requirement for Notch than for Hippo
in the regulation of Cdx2 and that both pathways exert non-redundant roles. Our
observations suggest a model where Notch regulates the onset of Cax2 expression, and

Hippo subsequently maintains restricted expression at later stages.

5. Maternal contribution of Rbpjis not necessary for Cdx2

expression

Similarly to our observations in late Rbp/ mutant morulae, previous analysis at blastocyst
stage showed that the number of CDX2 positive cells did not change between wildtype
and Rbpj” blastocysts and that the levels of CDX2 were subtly decreased (Rayon et al.,
2014). To investigate if the maternal contribution of Rbp/ provided in the oocyte could
have a role and compensate for the lack of zygotic gene expression in Rbp/ mutant
embryos, we assessed the effect of loss of maternal Rbpj. To test this, we used a mouse
line carrying loxP sites flanking the exons coding the DNA binding domain of RBPJ to
conditionally knockout the gene (Han et al,, 2002), and a female germline-specific Zp3-
Cre line (de Vries et al., 2000). Rbp/ /™. 7p3“* females were crossed with Rbp/” males
to generate embryos lacking both maternal and zygotic Rbp/ (MZ Rbp;”") as well as

littermates deficient in maternal Rbp/ but heterozygous for the zygotic allele (maternal

Rbpj”) (Figure 16A).

Blastocysts showed normal pattern of CDX2 expression in both maternal and maternal-
zygotic Rbp/ mutants, indicating that removal of Rbp/ from the oocytes does not

exacerbate the effect of loss of zygotic mutant Rbp/on CDX2 expression (Figure 16B).
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Figure 16. Removal of maternal and zygotic Rbpj does not exacerbate CDX2
decrease. (A) Schematic representation of mouse crosses to conditionally delete Rbp/
from oocytes using Zp3“® and Rbp/™ mice. (B) Optical sections of confocal images
after immunostaining of CDX2 in maternal Rbp/”” and maternal-zygotic (MZ) Rbg/”".
Nuclei were stained with DAPI. Scale bars, 20 pm.
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6. The Notch pathway is heterogeneously active in the embryo

starting at the 4-cell stage

After the above findings revealing a requirement of the Notch pathway when the TE
program is first triggered, we decided to investigate when Notch is first active, using the
CBF1-VENUS reporter mouse line as a readout of the activity of the pathway. We
collected embryos from the CBF1-VENUS line and found that the reporter was first
detected in 4-cell embryos, albeit at lower levels than at later stages (Figure 17A). The
number of VENUS positive cells was variable among embryos examined, and a third of
them had no positive cells (7 out of 20) (Figure 17C). This suggests that the onset of
Notch pathway activation is indeed occurring at this stage. As a general rule, from the 4-
cell stage and before compaction, the number of positive blastomeres increased with the
total number of cells per embryo (Figure 17B-C). Upon compaction, most of the cells
were VENUS positive and the activity of the reporter was later restricted to the outer TE

cells once the blastocyst is formed (Figure 11A).

7. Notch activity dynamics in the morula to blastocyst transition

In order to follow the dynamics of the reporter and determine how restriction of Notch
activity is achieved during preimplantation stages, we performed live imaging during 24
hours of embryos at the transition from compacted morula (~16-cells) to the early
blastocyst stage (Figure 18A, Movie 1). We collected 3D + time (4D) imaging data of
CBF1-VENUS embryos and selected seven of them for processing and analysis. Cell
tracking for each embryo resulted in the generation of lineage trees that included a cell

at 0 time point and all of its descendants (Figure 18B).
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Figure 17. The Notch pathway is active from the 4-cell embryo. (A) Maximal
projections of confocal images of CBF1-VENUS reporter line in 4-cell, 6-cell, 8-cell and
compacted morula stages. Immunostaining for phospho-ERM (bottom row) confirms
acquisition of apical polarity in compacted morulae. Nuclei were stained with DAPL
Scale bar, 20 ym. (B) Mean percentage of VENUS positive cells per embryo at different
stages (4-5 cell embryos, n=24; 6-7 cell embryos, n=7; 8-cell embryos, n=9). (C)
Percentage of VENUS positive cells in single embryos from 4- to 8-cell stages

(indicated on the x-axis).
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time

Figure 18. Live imaging of morula to blastocyst transition in CBF1-VENUS
embryos. (A) Schematic diagram showing 3D + time image data acquisition of CBF1-
VENUS embryos. Maximal projections of confocal images of VENUS (upper row) or
VENUS + brightfield (bottom row) are shown. Time since the onset of time lapse is
indicated. (B) Cell tracking and family tree (each family in a different colour) after live
imaging (see Movie 1).

To analyse the data collected after live imaging, we developed vTONI, a Matlab based
tool that allows to visualise and monitor the behaviour of each individual cell and its
progeny within the embryo. With this tool, we were able to reconstruct each time point
and assign an initial position (inner or outer) to each blastomere as well as its final

location in the TE/OUT or the ICM/IN positions (Figure 19, Movie 2).
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Figure 19. 3D visualization of embryos after time lapse imaging. Maximal
projections (top row) and 3D reconstructions (bottom row) of four time-points during
live imaging of embryos from the CBF1-VENUS reporter line. A selected cell and its
progeny are highlighted in orange. Blue blastomeres indicate inner position and grey
blastomeres indicate outer position. Time since the onset of time lapse is indicated.

By means of the 3D reconstruction and the lineage trees, we classified families according
to the position of the cells at the first and final time points. This allowed us to divide the
families in four groups: "IN-ICM" (cells that began in an inner position and their
descendants remained in an inner position), “IN-TE+ICM" (cells that began in an inner
position and at least one of their descendants ended up in an inner position but other/s
in an outer position), “OUT-TE" (cells that began in an outer position and their
descendants remained in an outer position), and "OUT-TE+ICM" (cells that began in an
outer position and at least one of their descendants ended up in an outer position but

other/s ended up in an inner position).

Confirming previous findings (Anani et al., 2014; McDole et al,, 2011; Posfai et al., 2017;
Toyooka et al., 2016; Watanabe et al., 2014), although most of the cells of the blastocyst
retained the position of their predecessor cell in the compacted morula, a small
percentage changed their location (Figure 20A). We next quantified intensity levels of
the VENUS reporter in all cells within families, and determined if it correlated with their

position during the time lapse. Notch activity levels were variable among families and
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embryos, but when we analysed the mean intensity for each group, we found that VENUS
levels were significantly lower in the families that were always inside as compared to the
families that were always outside (Figure 20B). Interestingly, this difference was already
established when we measured the initial intensity in the first time point (Figure 20C). In
the families whose cells end up in both inner and outer position, VENUS levels were
intermediate (Figure 20B-C). When we analysed families individually, we detected higher
and increasing levels in OUT-TE families while IN-ICM families generally showed lower
and decreasing levels. The intensity levels in families that contributed to both TE and ICM

did not follow a clear pattern (Figure 20D-F).

Therefore, the analysis of the CBF1-VENUS line showed that the reporter is active before
the first lineage decision is taken, and that differences in the levels of pathway activation
in inner or outer cells of the compacted morula correlate with the final position of their

descendants in the blastocyst.
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Figure 20. CBF1-VENUS dynamics in the morula to blastocyst transition. (A)
Percentage of cells from the ICM or from the TE according to the position (IN/OUT) of
their progenitor cell in the first frame of the time lapse (n=7). (B) Mean intensity levels
of VENUS in all the families of the live imaged embryos (n = 7) according to the
position of a cell and their progeny in the first and the final time frame. (C) Initial
intensity levels of VENUS in all the families of the live imaged embryos according to
the position of a cell and their progeny in the first and the last time frame. n=13 families
for IN-ICM, n=11 families for IN-TE+ICM, n=55 families for OUT TE, n=16 families for
OUT-TE+ICM. *** p<0.001, * p<0.05 by ANOVA with Bonferroni post-test. (D-F)
Representative examples of VENUS intensity levels of cells from families with different
outcomes relating to their position in the first and final frame of the time lapse movies.

8. Different Notch levels determine cell position in the morula

and in the blastocyst

Previous results have shown that forced activation of Notch activity does not impede
blastocyst formation but leads to a preferential allocation of cells to the outer
trophectoderm (Rayon et al,, 2014; Souilhol et al., 2015). However, the onset of this effect

had not been tested nor whether blocking Notch would have an effect in cell allocation.
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To address these questions, we used a genetic mosaic line (/Chr-Notch-Mosaic) that
allowed us to generate cells with different Notch activity levels and confront them within
the same embryo (Pontes-Quero et al,, 2017). The construct consists of three different
cassettes preceded by specific loxP sites. The first cassette is a H2B-CHERRY fluorescent
protein that, upon recombination, generates red wildtype cells. The second cassette
contains a dominant-negative version of Mastermind-like 1 (DN-MAMLL), a
transcriptional coactivator of the Notch pathway, linked to a H2B-eGFP by a cleavable 2A
peptide, whose expression leads to the loss of function (LOF) of the pathway. The third
one is a gain of function (GOF) cassette that expresses a constitutively active NICD linked
to an HA-H2B-Cerulean. The specific loxP sites are mutually exclusive, so in any unique
cell there will be only one possible outcome as the result of Cre-mediated recombination.
We used a Po/r2a“**™ driver which is ubiquitously expressed and inducible by tamoxifen
(Guerra et al., 2003). We induced recombination by adding 40H-Tx (4-hydroxy-
tamoxifen) from the 2- to the 4-cell stage, aiming to achieve a situation where cells
expressing each cassette derive from a single recombined blastomere, and we evaluated
recombination in the late morula (<32 cells) or in the blastocyst (Figure 21A). We
performed immunofluorescent assays with three antibodies to distinguish the three
cassettes. The wildtype cassette was detected by an anti-RFP antibody, the LOF by an
anti-GFP antibody, and the GOF an anti-HA antibody. However, GOF cells were triple
positive because of cross-reactivity between antibodies and the HA-H2B-Cerulean

protein (Figure 21B).
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Figure 21. Confronting different Notch activity levels within the embryo. (A)
Schematic diagram of the experimental strategy, where /Chr-Notch-Mosaic mice were
crossed with PolrZaCreERTZ2 driver. Embryos were collected and treated with 40H-
Tamoxifen from 2- to 4-cell stage to induce recombination. At morula and blastocyst
stage, embryos were fixed and immunostained. (B) Optical section of confocal images
after immunostaining for RFP, GFP and HA. Arrowheads indicate examples of cells
recombined for the wildtype cassette (red), the Notch loss of function cassette (LOF,
green) or the Notch gain of function cassette (GOF, blue). Nuclei were stained with
DAPI. Scale bars, 20 um.

We selected embryos in which all three recombination events had occurred and analysed
the percentage of cells expressing the control, LOF or GOF cassette. Although the
probabilities of recombination are higher when the loxP sites are closer to one another
(the wildtype recombination event in this case), we observed that most of the cells were
Notch GOF while only a small proportion were Notch LOF both in the morulae and
blastocysts analysed (Figure 22A-B). Quantifying all of the embryos, we found that 58%
of the cells were Notch GOF, 32% were wildtype cells and only a 10% were Notch LOF
cells, what suggests that Notch activity could affect cell proliferation in the embryo

(Figure 22C). Next, we determined the proportion of cells from each population that
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were in inner or outer positions in order to see if there was a correlation with the levels
of Notch as we could expect after the live imaging analysis in CBF1-VENUS embryos.
Approximately 60% of wildtype cells were located at outer positions in both morula and
blastocyst stage. Interestingly, this proportion was not maintained when Notch activity
levels were altered. Notch LOF cells were enriched at inner positions of the morula or in
the ICM of the blastocyst, while Notch GOF cells tended to occupy outer positions in
both cases (Figure 22D-E). These experiments show how manipulating levels of Notch

pathway activity as early as the 4-cell stage instructs cells to adopt an inner or outer

position at later stages.
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Figure 22. Differences in Notch activity drive cell fate in the preimplantation
embryo. (A-B) Percentage of cells recombined for each cassette (wildtype, red; LOF,
green; GOF, blue) in individual morulae (A) or blastocysts (B) from the /Chr-Notch-
Mosaic mouse line. (C) Percentage of cells recombined for each cassette (n=11). (D-E)
Percentage of cells for each cassette that are in an inner (grey) or outer (yellow)
position at the morula (D; Wildtype, n=21; LOF, n=6; GOF, n=44) or blastocyst stage
(E; Wildtype, n=75; LOF, n=26; GOF, n=131). ** p<0.01, **** p<0.0001 by Fisher's exact

test.
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9.Lack of Rbpj disrupts the triggering of differentiation

programs in the morula

Results described so far show that the Notch pathway plays a role in mouse development
and in regulating Cdx2 expression, earlier and non-redundant with that of the Hippo
pathway, and in determining the location of cells to inner or outer positions. To gain
further insight into how Notch is acting during preimplantation development, we
performed RNA-sequencing (RNA-seq) in control and Rbp;”” single morulae, obtained
from the same litter to reduce variability. Hierarchical clustering separated the control

group (wildtype and heterozygotes) from homozygous Rbp/mutant morulae (Figure 23).

Color Key

WT HET WT KO KO

Figure 23. Transcriptome profiling of Rbp/mutant morulae. Hierarchical clustering
separates the control group (2 wildtype, WT; and 1 heterozygous, HET, embryos) from
Rbpj mutant morulae (KO). Colour code from red to green indicates lower or higher
levels of expression for each differentially expressed gene (adjusted p-value <0.05).
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1273 genes were differentially expressed (Appendix 1), 79% of which were
downregulated, suggesting that Rbp/is mainly activating gene expression in the morula.
Among the downregulated genes we found CdxZ2and other TE associated genes such as
GataZ, Gata3 or Fgfr2 (Haffner-Krausz et al.,, 1999; Home et al., 2009, 2017; Ralston et al.,
2010; Strumpf et al.,, 2005); genes related with the Hippo pathway (7ead4, Nf2, Lats2) and,
interestingly, also genes related with the embryonic pluripotency network such as Sa//1,
Sall4, Tbx3 or Sox21 (Figure 24A-B) (Goolam et al.,, 2016; Han et al., 2010; Karantzali et
al, 2011; Niwa et al., 2009; Yang et al., 2010). Among the upregulated genes, we found
Dppa3 (Stella) and Prdm14, which have been characterised as naive pluripotency markers
(Figure 24A-B) (Hayashi et al, 2008; Yamaji et al, 2013). Moreover, a large set of
chromatin modifiers were differentially expressed (Figure 24C). Important chromatin
dynamics have been reported during preimplantation development (Burton and Torres-
Padilla, 2014), which could fit with a broad mis-regulation of transcription in the mutant
embryos. Remarkably, some of the downregulated modifiers like Dnmt3b or Kdméa have
been shown to be enriched in the trophectoderm conversely to Prdmi4 (Burton et al,
2013). Overall, the transcriptome profiling suggests that embryos lacking Rbp/ do not
properly trigger trophectoderm differentiation programs, although they also show

defects in pluripotency related genes.

91



RESULTS

A DOWN in Rbpj* UP in Rbpj™
. < _
° i ©Dppa3
1‘3‘ 0
=
©
>
8 g -
=
w n
\6 L
o i
S 2 i
! . ‘g oFbxo15
| : Prdm14
o [}
I T T 1
=15 5 10 15
logFC
B C
Kdm1b4
Kdm2b-
Kdmd4cA
KdmbbA
i Kdm5cA
Cdx2 Kdm6a-
Gata3- Tet1-
GataZ' Tet3_
Fgfr14 Dnmt1
Fgfr2- Dnmt3b-
Fgfr3- Prdm14
Tead4+ Prdm154
Nf2- Setdb14
Amotl2- Setd2-
Lats2+ Suv39h14
Prdm144 Chaf1a-
Dppa3- AS’:‘.’a'
Fbxo154 ‘éa"ﬁ'
Sall1- uz127
Hdac6
Sox21- Kmt2d-
be‘;- Kmt2c-
rp<7 Carm1-
Tfep2i1- Ehmt2-
Tle44 Kat7
Cdh1- Brpfi
o) Q ) ) 2] \) o N
log FC log FC

Figure 24. Differentially expressed genes between control and Rbpj/ mutant
morulae. (A) Volcano plot of differentially expressed genes between control and Rbp/
/single morulae. In blue, genes downregulated in Rbp/”" embryos (p-adj<0.05 and
logFC < -1); in orange, genes upregulated in Rbp;”” embryos (p-adj<0.05 and logFC >
1). Representative genes are indicated. (B-C) log FC of selected differentially expressed
genes between control and Rbp”" embryos related with lineage programs (B) or
chromatin modifiers (C).
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10. Notch regulates the transcriptional repressor coding genes

Tle4 and Tbx3in the early embryo

To identify putative direct targets of Notch signalling at this stage, we searched for
consensus RBPJ binding sites in the vicinity of differentially expressed genes. We
established an arbitrary window of 10 Kb surrounding each gene to perform the analysis
and found RBPJ binding motifs in 921 genes. To further restrict this list, we examined
how many of these putative binding sites were located in open chromatin regions, a
hallmark for active regulatory elements. To do so, we took advantage of ATAC-seq
profiles from published datasets of 8-cell mouse embryos (Wu et al., 2016), and reduced
our list to 186 candidate genes (Figure 25, Appendix 2). Among these genes was CdxZ,
where the predicted RBPJ binding site and ATAC-seq open chromatin signature mapped
to the TEE enhancer we have previously characterised (Rayon et al., 2014), thus validating

our approach.

s 2

DEG DEG DEG
RBPJ motif (10 Kb window) RBPJ motif (10 Kb window)
ATAC-seq (8-cell embryos)

Figure 25. Analysis of differentially expressed genes in Rbpj mutants versus
control morulae. Number of differentially expressed genes (DEG) between wildtype
and Rbp;”” morulae (left), those that have a RBPJ motif in a 10 Kb window surrounding
the gene (middle), and those in which this site is included in an open chromatin ATAC-
seq peak in 8-cell embryos (Wu et al., 2016) (right).

From that list, we selected two genes as putative Notch targets that were downregulated
in Rbpj mutant morulae and had been previously associated with exit from pluripotency
in mouse ES cells. These are those coding for the Groucho-family transcriptional
repressor TLE4 (Laing et al., 2015) and the T-box family transcription factor TBX3 (Russell

et al., 2015; Waghray et al., 2015). Both genes are heterogeneously expressed in ES cells
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and repress naive pluripotency genes. We hypothesized that 7/e4 and 76x3 could be
direct targets of Notch signalling and that their downregulation could in part explain the
blockade in differentiation that we observed in the RNA-seq analysis. Treatment of
wildtype embryos with the Notch pathway inhibitor RO4929097 from 2-cell to morula

stage confirmed a significant reduction in both 7bx3 and T7/e4 levels (Figure 26).
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Figure 26. Notch signalling inhibition leads to reduction in 7bx3 and T7/e4
expression. 7bx3 and Tle4 relative expression in pools of 25 embryos after treatment
with RO4929097 to block Notch from 2-cell to morula stage. Pools of embryos treated
with DMSO were used as controls. Data are means + s.d. * p<0.05 by Student’s t test

The RBPJ binding motif search within ATAC-seq peaks identified two potential candidate
regulatory regions in the vicinity of 7/e4 and 7bx3. They are located 1.3 Kb upstream of
Tle4 (Tled-up) and in the seventh intron of 7bx3 (Tbx3-i7) respectively. We decided to
test the potential regulatory function of these non-coding regions and the involvement

of Notch signalling in their activity.
10.1 Notch-mediated regulation of 7/e4in the preimplantation embryo

Screening of non-coding DNA sequences by transient transgenic assays has long been
used to identify functional enhancers /n vivo (Banerji et al.,, 1981). We tested the 700 bp
sequence upstream of 7/e4 (Figure 27A) and proved that the Tle4-up region could act

as transcriptional enhancer driving H2B-mRFP reporter expression in the morula (32% of
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positive embryos) (Figure 27B-C). To investigate if Notch was directly involved in this
regulation, we mutated the RBPJ motif included in the Tle4-up sequence and observed
that the activity of the Tle4-up mut®®” fragment was significantly diminished (from 32%

to 13% positive embryos) (Figure 27B-C).
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Figure 27. An RBPJ consensus binding site is necessary for full activity of the Tle4-
up enhancer. (A) Genomic landscape of the region upstream 7/e4 indicating the
location of the RBPJ motif and the ATAC-seq track. (B) Maximal projection of confocal
images after RFP immunostaining of representative transgenic embryos for the region
highlighted in pink in (A) (left) or the mutated version for the RBPJ site (right). Nuclei
were stained with DAPL Scale bar, 20 um. (C) Percentage of positive embryos in the
transient transgenic assay of Tle4-up region (n=137) or the mutated version (n=169).
** p<0.01 by Fisher's exact test.

Finally, to examine whether the Tle4-up enhancer was necessary for the endogenous
expression of 7/e4, we deleted a region within the enhancer that contained the RBPJ motif
by CRISPR/Cas9 mediated genome editing (Ran et al, 2013), and analysed gene
expression by RT-gqPCR on individually edited E2.5 embryos. We observed a significant
decrease in T/e4 expression in edited morulae (deleted, n = 10) as compared to injected

embryos that were partially (mosaic, n = 9) or not edited (wildtype, n = 14) (Figure 28).
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Figure 28. 7/e4 is a direct target of RBPJ. (A) Genomic landscape of the region
upstream T7/e4 indicating the location of the RBPJ motif to be deleted (represented
with scissors) and the ATAC-seq track. (B) Representative gel of PCR-genotyping of
individual E2.5 embryos showing wildtype, mosaic, deleted and not detected samples.
(C) Tle4 relative expression in single embryos (wildtype, n=14; mosaic, n=9; deleted,
n=10) after CRISPR/Cas9 deletion of the region containing the RBPJ motif. Data are
means + s.d. * p<0.05 by Student's t test in (C) and (G). ** p<0.01 by Student’s t test

10.2 Deciphering the regulation of 7bx3 in the preimplantation embryo

To study the potential enhancer activity of the non-coding sequence that has an RBPJ
binding motif inside an ATAC-seq peak in the 7bx3locus, we followed the same strategy.
In this case, the candidate region is located in the seventh intron of 76x3(Tbx3-i7) (Figure
29A). By means of transient transgenic assay, we showed that this 600pb sequence
presented enhancer activity driving H2B-mRFP reporter expression in the E2.5 embryo
(56% of positive embryos). However, when we mutated the RBPJ motif included in this
region, the activity of the Tbx3-i7 mut®® fragment was not affected (60% of positive
embryos) (Figure 29B-C). We next deleted a region included in the Tbx3-i7 enhancer
containing the RBPJ binding motif by CRISPR/Cas9 mediated genome editing. RT-qPCR
analysis on individual edited embryos revealed that 76x3 expression did not change

when the RBPJ motif was deleted (Figure 29D-E).
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Therefore, these assays provide evidence that these non-coding genomic regions act as
cis-regulatory elements and, in the case of 7/e4, are directly regulated by RBPJ and
necessary for correct expression. However, the regulatory element from 7bx3 does not

depend solely of RBPJ for its activity.
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Figure 29. Testing the regulation of 7hx3in the morula. (A) Genomic landscape of
the region surrounding the seventh intron of 76x3 indicating the RBPJ motif to be
deleted (represented with scissors) and the ATAC-seq track. (B) Maximal projection of
confocal images after RFP immunostaining of representative transgenic embryos for
the region highlighted in pink in (A) (left) or the mutated version for the RBPJ site
(right). Nuclei were stained with DAPL Scale bars, 20 um. (C) Percentage of positive
embryos in the transient transgenic assay of Tbx3-i7 region (n=75) or the mutated
version (n=80). (D) Representative gel of PCR-genotyping of individual E2.5 embryos
showing wildtype, mosaic, deleted and not detected samples. (E) 7bx3 relative
expression in single embryos (wildtype, n=7; mosaic, n=9; deleted, n=10) after
CRISPR/Cas9 deletion of the region containing the RBPJ motif. Data are means + s.d.
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11. Notch coordinates the balance between naive pluripotency

and triggering of differentiation in ES cells

The transcriptomic profiling carried out in Rbp/ mutant embryos identified genes related
with naive pluripotency among the upregulated genes. Naive pluripotency corresponds
to a state in which cells are refractory to differentiation, in contrast to cells that are in a
primed pluripotency state (Kalkan and Smith, 2014). These pluripotent states, as well as
the transition between them, have been extensively studied in ES cells and Epi-Like cells
(EpiLCs), in vitro counterparts of the epiblast of the preimplantation embryo and the
epiblast of the postimplantation pre-gastrulating embryo respectively (Hackett and

Surani, 2014).
11.1 Naive pluripotency genes in the preimplantation embryo

There are a number of naive pluripotency markers that are also expressed in the
preimplantation embryo before the specification of the first lineage programs. Prdmi4
is initially expressed at the 2- and 4-cell stage, switched off in the morula and re-
expressed in the ICM of the blastocyst (Burton et al.,, 2013). Analysis of published singe-
cell RNA-seq data (Goolam et al.,, 2016) confirmed that Prdmi14 decreased drastically
from the 4-cell to 8-cell stage, and expression of Dppa3 also decreased from the 2-cell
to the 4-cell stage (Figure 30). In contrast, 7/e4 and 7bx3 expression augmented from

the 4-cell to 8-cell stage (Figure 30).

Our data from Rbp/ mutant morulae suggests that embryos do not properly switch off
Prdm14 nor Dppa3, since their expression is upregulated as compared to control
embryos. Blocking Notch signalling with RO4929097 from the 2-cell to 4-cell stage
confirmed the effect on Prdm1i4, whose levels were significantly increased after the
treatment (Figure 31). However, Dppa3 expression did not change suggesting that the

effect is stronger on Prdm1i4.
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Figure 30. Naive pluripotency markers in the preimplantation embryo. Expression
of Pdrm14, Dppa3, Tle4 and Tbx3in 2-cell, 4-cell and 8-cell stage single-cell RNA-seq
data from Goolam et al. (Goolam et al., 2016). Data are means + s.d. ** p<0.01, ***
p<0.001, **** p<0.0001 by ANOVA with Fisher post-test

Figure 31. Notch inhibition increases Prdmi14 expression. Dppa3 and Prdmli4
relative expression in pools of 30 embryos after treatment with RO4929097 to block
Notch from 2-cell to 4-cell stage. Pools of embryos treated with DMSO were used as
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11.2 Different Notch levels coordinate the transition from a naive state to

commitment for differentiation in ES cells

Following the results obtained in the preimplantation embryo, we speculated if the
blocking of naive markers and guiding differentiation programs by Notch was also
occurring in ES cells, where those naive pluripotency markers are indeed present. We
used /Chr-Notch-MosaicES cells (Pontes-Quero et al., 2017) to confront populations with
different Notch levels, following the same strategy than we had used in the embryo
(Figure 32A). After recombination by cell transfection with a Cre expressing plasmid, ES
cells were sorted according to the fluorescent reporter cassette they expressed (Figure
32B). We measured expression levels of naive pluripotency markers by RT-qPCR in sorted
populations, and found that levels of Prdmi4 and Dppa3 correlated negatively with

Notch activity but other markers such as Nanog or Esrrb were not affected (Figure 32C).
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Figure 32. Notch levels correlate negatively with naive pluripotency. (A) Construct
showing the wildtype (red), Notch loss of function (green) and Notch gain of function
(blue) cassettes from /Chr-Notch-Mosaic ES cells. (B) Schematic diagram of
experimental design, where /Chr-Notch-MosaicES cells were recombined with Cre and
sorted according to Notch activity. (C) Prdmi14, Dppa3, Nanog and Esrrb relative
expression in /Chr-Notch-Mosaic ES cells after sorting of Notch LOF, Wildtype and
Notch GOF populations (n=13 for Prdm14, n=17 for Dppa3, n=16 for Nanog, n=11 for
Esrrb). Data are means + s.e.m. * p<0.05, ** p<0.01, **** p<0.0001 by ANOVA with
Fisher post-test.

We next asked how Notch would affect the differentiation potential of pluripotent cells
using this system. To do that, we allowed sorted /Chr-Notch-Mosaic ES cells to
spontaneously differentiate, and analysed the expression of genes related to early
differentiation events at 12, 24 and 48 hours after LIF withdrawal (Figure 33A). On the
one hand, we observed that the peak of expression of 7/e4and the early epiblast markers
Fgf5 and Pou3f1 occurred earlier and remained at higher levels in Notch GOF than in
wildtype ES cells. On the other, Notch LOF cells did not reach normal levels of 7bx3 or

Fgf5 during the differentiation process (Figure 33B).
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Figure 33. Notch promotes cell differentiation of ES cells. (A) Schematic diagram

of experimental design, where sorted recombined /Chr-Notch-Mosaic ES cells were
differentiated after LIF removal. (B) 7/e4, Tbx3, Fgf5 and Pou3f1 relative expression in
Notch LOF, wildtype and Notch GOF cells at Oh, 12h, 24h and 48h after LIF withdrawal
to promote differentiation (n=6). (C) Nanog, Prdm14 and Dppa3 relative expression in
Notch LOF, wildtype and Notch GOF ES cells at Oh, 12h, 24h and 48h after LIF

withdrawal (n=6). Data are means

ANOVA with Fisher post-test.
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These results show that Notch is not only sufficient to promote expression of

differentiation markers such as 7/e4, but also necessary to achieve proper levels of others

such as T7bx3. However, modulation of Notch levels does not prevent, in general,

pluripotency markers to decline once ES cells have been pushed to differentiate (Figure

33C). Overall, our results suggest that Notch is involved in coordinating exit from

pluripotency and promoting cell differentiation in ES cells, mirroring its role in the

preimplantation embryo.
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12. Expression of Notch pathway components in the

preimplantation embryo

To have a clear understanding on how Notch signalling is acting during preimplantation
development, an important aspect is to investigate which components of the pathway
are involved in its activity. As described in the introduction, there are four Notch
receptors and five ligands from two different families (Delta-like and Jagged) in
mammals, that interact between them and, together with other components, lead to the
activation of the pathway (see Box 2). In order to know which of them were expressed at
the stages under study, we took advantage of RNA-seq data from control embryos at
morula stage and from RNA-seq data generated in the laboratory at blastocyst stage.
We selected a list including the most relevant genes coding for receptors, ligands and
other regulators such as Mastermind-like proteins (Mam)) or Mind bomb factors (Mib),

and analysed their expression in morula and blastocyst stages (Figure 34).
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Figure 34. Expression of Notch pathway components in the preimplantation
embryo. Normalized expression levels of the main components of the Notch pathway
at morula and blastocyst stage.

We observed that most of the genes analysed are expressed at both stages. Notchl is
expressed in both stages as we have previously shown using a N1ICD antibody (Figure

10), although it is not the only receptor present as NotchZis also expressed in the morula
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and blastocyst stage. As for ligands, D//3 and JagZ are expressed at both stages, while
DII1 is only expressed in the blastocyst and JagI is only detected in the morula,
suggesting that different combinations of ligands and receptors may act throughout
preimplantation development. It is also remarkable that the coactivator Mam/Iis the only
member of its family expressed and, similarly, Rfng is likely the family member in charge

of glycosylation of Notch receptors in these early stages.

In the blastocyst, we previously showed that the Notch pathway was specifically active in
the TE since N1ICD and CBF1-VENUS expression are restricted to this lineage (Figure 10
and 11). We wondered if other components would be differentially expressed between
TE and ICM to achieve this restricted activity. We examined the expression of two ligands
in the blastocyst: JagZ, which was expressed in both morula and blastocyst stage, and
DI/1 that was specifically expressed in the blastocyst (Figure 34). By means of fluorescent
in situ hybridisation assays we observed that JagZwas highly expressed in the ICM while
DIll1 had a more homogenous pattern throughout the whole blastocyst (Figure 35),
suggesting that they could have different roles in regulating the pathway in the

blastocyst.

Figure 35. Jag2 and DI//1 expression in the blastocyst. Fluorescent /n situ
hybridisation of JagZ and D//1 in the blastocyst. Nuclei were stained with DAPL Scale
bars, 20 um.
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Taken all together, in this work we have investigated how the mouse embryo specifies
its first lineages. Through the use of different mutant alleles, live imaging, single-embryo
RNA-seq, transgenesis and mutagenesis of regulatory elements, and pluripotent stem
cell culture assays, we have unveiled a role for the Notch pathway driving the transition
towards a more committed state before the establishment of the first cell fates. By
blocking naive markers such as Prdm14, Notch allows blastomeres to pass from a more
plastic state to trigger lineage programs. In the morula, it has a key role in the regulation
of CadxZ, which is later reinforced by the input of the Hippo pathway to determine the
trophectoderm lineage. This thesis reflects how different signalling pathways work

together to regulate cell fate.
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Different signalling pathways work together to establish cell

fate

During the first days of mammalian embryo development, the onset of cell differentiation
takes over after the loss of the totipotent state to favour the emergence of the first
committed populations: the trophectoderm (TE) and the inner cell mass (ICM). A circuitry
of master transcription factors and morphological cues related to cell adhesion and
polarity are critical for the establishment and maintenance of these early lineages. The
Hippo pathway is known to act as a readout of cell polarity and mediate the translation
between this cellular phenotype and the expression of lineage-specifying markers
(Sasaki, 2015). The differential activity of Hippo in polarised and unpolarised blastomeres
together with the input of the Notch pathway regulate the expression of CdxZ, key
element in the TE lineage (Rayon et al., 2014). In this work, we assessed the temporal
modulation of the pathways to show that Notch and Hippo do not act redundantly but
sequentially to pattern the expression of CaxZ TEAD4 and YAP, the transcriptional
effectors of the Hippo pathway, activate CdxZ2 in cells that have established an apical
domain. However, the initial expression of Cadx2 both in inner and outer cells (Dietrich
and Hiiragi, 2007; Posfai et al., 2017) suggested that inputs other than Hippo would
initially be acting because its expression could not be explained only by YAP/TEAD4
activity. In fact, previous reports have described that although in most Tead4”
blastocysts CDX2 is not detected, early 7ead4” morulae retain CDX2 expression
(Nishioka et al., 2008). In agreement with these observations, we found blastomeres in
the morula that express CDX2 but do not have nuclear YAP. In this situation, expression
of CDX2 is likely due to Notch activity as the CBF1-VENUS reporter, used as a proxy for
activity of the pathway (Nowotschin et al., 2013), is present in those cells. The analysis of
Rbpj and Notchl mutants in early and late morulae, as well as pharmacological
treatments of preimplantation embryos to block the pathway, further supports the notion
that the input provided by Notch is necessary for the early phases of Cdx2 expression.
These results, together with the fact that Notch overexpression cannot fully rescue the
Tead4 mutant phenotype, show that Notch and Hippo have non-redundant but partially

overlapping roles in early and late phases of CaxZ2expression respectively.
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Moreover, only double mutant morulae for Rbpjand Tead4 completely lack CDX2, and
all CDX2 positive cells have at least one of the two pathways active. These findings
support a model whereby overlapping or complementary inputs from different signalling
pathways provide robustness in the system, circumventing any disturbances and
ensuring proper development (Menchero et al., 2017). In such a model, Notch regulates
the early expression of CdxZand this is later reinforced by the input of Hippo signalling

and together, they ensure the correct specification and maintenance of the TE.

Tead4” embryos fail to cavitate properly and are unable to implant (Nishioka et al., 2008;
Yagi et al., 2007), while Rbpj”" embryos are lethal in postimplantation stages (~E 9.0)
(Souilhol et al., 2006). Therefore, the lethal phenotype of single mutants is exacerbated
in double mutant embryos for Rbpj and 7Tead4, which die before the blastocyst stage
(Rayon et al., 2014). Double mutant morulae showed a complete loss of CDX2 while cell
compaction did not seem affected. It is unlikely that the earlier lethality is only due to the
lack of CDX2 given that Cdx2”” embryos reach the blastocyst stage (Strumpf et al., 2005).
The role in metabolism and energy production that has been recently shown for 7ead4
could also be, in part, responsible for this aggravated phenotype (Kumar et al.,, 2018).

Further analysis may give more insight on this interaction.

During embryonic development as well as in other biological processes such as cell-cell
communication, cancer or inflammation, different signalling pathways have been shown
to interact with each other to favour a specific phenotype (Ma and Hottiger, 2016;
Ungefroren et al., 2018). The crosstalk between YAP and Notch has been studied in
different cellular contexts (Totaro et al., 2018). YAP acts upstream of Notch in controlling
epidermal stem cell or liver cell fate (Totaro et al., 2017; Yimlamai et al., 2014) while Notch
is upstream of YAP in the corneal epithelium during chronic inflammation (Nowell et al.,
2016). Also, YAP and Notch can cooperate to control the onset of oscillations in the
segmentation clock (Hubaud et al., 2017) and they interact to promote the expression of
Jaglin smooth muscle cells (Manderfield et al., 2015). During TE establishment, YAP and
NICD have also been shown to interact through SBNO1, and act synergistically to
regulate Cdx2 (Watanabe et al, 2017). In this context, our results show that both

pathways are acting in parallel since there is no correlation among YAP and CBF1-VENUS
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expression levels in single blastomeres in morula stage embryos. Nevertheless, several
components of the Hippo pathway are downregulated in Rbp/”” morulae, so we cannot

rule out the possibility of cross-transcriptional regulation between the pathways.

Early activation of Notch signalling

The role of Notch signalling in the specification of cell fates during development has
been widely studied (Koch et al., 2013). Notch promotes heterogeneities and reinforces
differences between neighbouring cells, which contributes to the segregation of cell fates
in multiple processes and in different species (Artavanis-Tsakonas et al., 1999). The
heterogeneous activity of the CBF-VENUS reporter in 4-cell stage embryos coincides with
the loss of cell equivalence and emergence of differences among blastomeres. The
asymmetrical activity of Notch in early development has also been reported in zebrafish
and Xenopus, where Notchl is enriched in the ventral part from the beginning of
embryogenesis and represents the earliest sign of ventral specification (Castro
Colabianchi et al., 2018). Other factors have been shown to be differentially expressed
among blastomeres of the 4-cell mouse embryo (Burton et al., 2013; Goolam et al.,, 2016),
suggesting that this is at this stage when cells lose their homogeneous state to
desynchronize and start undertaking divergent developmental pathways. Interestingly,
Prdm14, one of these factors, and Notch show divergent patterns of expression during
multiple phases of embryo development. Prdm1i4 is first expressed at the 2- and 4-cell
stage to be switched off in the morula, then re-expressed in the ICM of the blastocyst
and later is restricted to the primordial germ cells (Burton et al., 2013; Yamaji et al., 2008).
In contrast, the Notch pathway, as revealed by the CBF-VENUS reporter, begins to be
active at the 4-cell stage, is active in most of the cells of the morula, and is later restricted
to the TE of the blastocyst. After implantation, Notch activity is detected throughout the
epiblast (Nowotschin et al., 2013). Therefore, the expression pattern of Pradm14 coincides
with conditions where groups of cells show an undetermined state, while Notch is

activated when cells transition towards their next developmental phase (Figure 36). Our
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results suggest that Notch would be regulating these transitions by downregulating

Prdm14 expression.

Figure 36. Divergent patterns of expression between Prdm14 and Notch activity.
Schematic representation of early stages of mouse development from the 2-cell up to
the early postimplantation embryo (E 6.5) showing pattern of expression of Prdmi4
(purple) and Notch activity (yellow).

Triggering of cell differentiation

The transcriptome profiling performed in wildtype and Rbp/ mutant morulae revealed
that the role of Notch signalling during preimplantation stages is not limited to establish
the TE lineage at the expense of the ICM lineage. Beyond the downregulation of TE
markers such as CdxZ, Gata? or Gata3, several pluripotency markers were also
downregulated (Sa//1, Sall4 or Tbx3). This, together with the upregulation of naive
markers like Prdmi4 or Dppa3 lead us to propose that Notch is acting before the
specification of the first lineages, boosting the general onset of cell differentiation in the

embryo.

However, it is remarkable that when different Notch levels are confronted in the 4-cell
stage embryo in our genetic mosaic experiments, higher Notch activity correlates with
outer positions and thus, the TE lineage. Nevertheless it is also true that the TE is the first
cell population to be differentiated in the embryo, while the ICM represents the
pluripotent population and therefore, this observation is still consistent with the idea of

Notch promoting differentiation. In this set of experiments, we also noticed that Notch
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could influence proliferation of blastomeres, since the number of Notch GOF cells is
predominant at the expense of Notch LOF cells. Notch is known to affect proliferation in
several developmental contexts, including intestinal progenitor cells, gastric epithelial
cells or angiogenesis (Benedito et al., 2009; Demitrack and Samuelson, 2017; VanDussen
et al., 2012). Interestingly, we did not find any change in the total number of cells in Rbp/
or Notchl mutant morulae as compared to their wildtype littermates which could
indicate that only when confronting distinct Notch activity levels, the differences in
proliferation capacities are exposed. Further investigation may clarify this aspect during

preimplantation development.

In line with the upregulation of Prdm14in embryos that lack Notch activity, the analysis
of the RNA-seq showed a downregulation of Fgf receptors (Fgfrl, 2 and 3) and DNA
methyltransferases (Dnmt3b, Dnmt1b), which are known to be repressed by PRDM14
(Grabole et al., 2013; Yamaji et al., 2013). It is also interesting to note that in our mosaic
ES cell experiments, Notch levels correlate with those of Prdmi4and Dppa3, but not with
other pluripotency markers such as Nanog or Esrrb. Therefore, Notch is not simply
turning off the general pluripotency network to promote differentiation, but acting on a

subset of early naive pluripotency markers.

The interplay between Notch and chromatin remodellers has been reported in several
situations (Schwanbeck, 2015). Expression changes in chromatin modifiers precede the
action of transcription factors that consolidate lineage choices during preimplantation
development (Burton et al,, 2013). Moreover, regulators of H3K9me3 heterochromatin
that restrict cell plasticity and stemness, such as those encoded by Setdbl or Suv39h
(Yadav et al, 2018) are also downregulated in Notch loss of function morulae. The
apparent dysregulation of chromatin opens a new set of questions that will require
further investigation in order to elucidate how Notch can be mediating these changes.
However, these alterations already suggest that Rbp/ mutant embryos do not established
correct epigenetic landscapes, do not turn off early markers such as Prdmi14 or Dppa3
and are not able to properly trigger differentiation programmes leading to a delay in the

expression of lineage specifiers such as CaxZ.
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The role of Notch in ES cells has already been explored in the context of neural
differentiation (Lowell et al., 2006). A blockade in Notch signalling prevents ES cells from
adopting a neural fate while its overexpression accelerates the frequency of neural
specification. In light of our results, we consider that Notch might have a more general
role in promoting early differentiation, with a more specific function in neural
specification at later stages. In this work (Lowell et al., 2006), it is shown that Jagl, JagZ2
and DI//3 are the ligands present in ES cells; interestingly, these are the same pathway
components that we detect in the morula according to the RNA-seq analysis. Future
studies on the mechanism by which Notch is being activated in the morula could reveal

the role of these ligands and if they act similarly in the embryo and in ES cells.

Novel targets of Notch: 7/e4and Tbx3

In this thesis, we have also identified novel putative targets positively regulated by the
Notch pathway, among them 7/e4 and 7bx3. Their function as repressors has been
studied in several contexts. TLE4 silences gamma interferon expression in tolerant T
helper cells (Bandyopadhyay et al, 2014) and acts as tumour suppressor in myeloid
leukaemia (Dayyani et al., 2008; Shin et al., 2016). TBX3 represses differentiation into
ventricular myocardium to specify the atrioventricular conduction system (Bakker et al.,
2008) and promotes melanoma cell invasion by repressing E-cadherin in melanocytes
(Boyd et al., 2013). Interestingly, their role in ES cells is related with exit from pluripotency
by repressing key pluripotency factors (Laing et al., 2015; Russell et al., 2015; Waghray et
al., 2015). The increase in expression of both genes from the 2-cell to morula supports a
possible role in promoting early differentiation /n vivo as well. TLE4 does not bind directly
to DNA, but associates with other proteins to act as a transcriptional corepressor (Kaul
et al., 2015). It will be interesting to identify its transcriptional partners during
preimplantation development and elucidate the mechanism by which it allows cell
differentiation in this context. The role of TBX3 in the perspective of pluripotency is more
complex given that, in addition to favour cell differentiation, it has also been associated
with pluripotency maintenance (Han et al.,, 2010; Niwa et al., 2009). Furthermore, /n vivo

TBX3 is detected in most of the cells of the morula but it is later restricted to the ICM
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(Russell et al., 2015), therefore initially following an equivalent pattern to Notch activity,
but a complementary pattern later in the blastocyst. Thus, 76x3 regulation must involve
Notch-dependent and Notch-independent inputs. This could explain why the mutation
or deletion of the RBPJ motif included in the intronic 76x3 regulatory element did not
disrupt enhancer activity or endogenous expression. Other regulatory elements and

other inputs may complement the transcriptional activity driven by this enhancer.

In light of the above findings and data from published literature, we can propose a
network in which Notch, on one hand would activate the repressors 7/e4and 7bx3, which
would block the expression of the naive pluripotency markers Dppa3 and Prdmi4; and
on the other would promote the expression of Cadx2 In embryos that have lost Notch
signalling, the repressors are not fully activated, and the naive markers are not turned
down. Consequently, other factors repressed by PRDM14 such as Dnmt3b or Fgf

receptors would be downregulated (Figure 37).

NOTCH

DPPA3 PRDM14 ——— cizii

J- FGFR3

Figure 37. Proposed network regulated by Notch signalling during mouse
preimplantation development. Factors in blue boxes are downregulated and in
yellow boxes upregulated in the RNA-seq analysis of Rbp/ mutant morulae as
compared to controls.
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Notch drives transitions in cell potency during mouse

preimplantation development

During the first three days of embryonic development the mouse embryo must exit the
totipotent state and gradually lose cell plasticity, and we propose that Notch signalling
is mediating this transition. Our results suggest that Notch is underlying these events
controlling the setup for the specification of cell fate by inducing a differentiation-prone
state thanks to reduction of naive marker levels first, and by activating lineage specifiers

such as CaxZ later.

Notch signalling is known to operate through cell-cell interactions (¢rans) by two possible
mechanisms: lateral inhibition and lateral induction. Lateral inhibition generates distinct
cell fates from initially equivalent groups of neighbouring cells (Artavanis-Tsakonas et al.,
1999) while lateral induction promotes neighbouring cells to adopt the same fate (Luna-
Escalante et al., 2018). Furthermore, signalling can also operate through ligand-receptor
interaction within the same cell (¢/s) inducing either inhibitory (Fiuza et al., 2010; Sprinzak
et al., 2010) or activating (Elowitz et al., 2018) responses. The mechanisms operating in
the early embryo remain unknown but according to the expression pattern of the
reporter for Notch activity we can speculate that lateral inhibition could drive the first
responses of the signalling at the 4-cell stage, when Notch is heterogeneously activated.
In this context, activation of Notch would start blocking the expression of the naive
markers. In this scenario, Notch receptor and ligand expression should be
complementary, that is why blastomeres expressing the ligand would also express
Prdm14 while blastomeres expressing the receptor (receiving the signal) would block
Prdm1i14 expression (Figure 38). In the early morula, when the activity of Notch is
expanded to all the blastomeres of the embryo, mechanisms of lateral induction or ¢/s-
induction could be involved. As a result, the naive markers are turned down and Cdx2
starts to be expressed in a polarity- and position-independent manner (Figure 38).
Finally in the blastocyst, Cdx2 expression is restricted to the outer layer and maintained
by the combination of Notch and Hippo inputs which also have restricted their activity
to the TE. In this case lateral induction mechanisms between cells of the TE and lateral

inhibition mechanisms between TE and ICM cells could mediate the restricted spatial
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response (Figure 38). Future work on the study of specific ligand behaviour will help to
clarify the mechanisms driving the activity of the Notch pathway in the preimplantation

mouse embryo.

HIPPO PATHWAY
NOTCH PATHWAY

4-cell early morula blastocyst

Ligand

Figure 38. Temporal activity of the Notch pathway during preimplantation
development. Proposed model explaining the activity of Notch signalling in the early
mouse embryo. In the 4-cell stage, Notch acts through lateral inhibition to block
PrdmI14 and generate heterogeneities (left panel). In the early morula, and through
lateral induction, Notch induces polarity-independent Cdx2expression (middle panel).
In the blastocyst, the Hippo pathway translates polarity cues into transcriptional
responses activating Cax2 through YAP in the TE, and Notch reinforces this signal
maintaining its activity in the TE through lateral induction between TE cells and through
lateral inhibition between TE and ICM cells (right panel).
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CONCLUSIONS

Cax2 expression in the mouse preimplantation embryo requires the input from

Hippo and Notch signalling pathways.

Notch regulates the early expression of CdxZthat is later reinforced by the input

of Hippo.

Notch and Hippo pathways act in parallel in a non-redundant and sequential

manner.

The Notch pathway is heterogeneously active before compaction, starting in the
4-cell stage embryo, and different levels of activity between inner and outer cells

are already detected in the morula.

Different Notch activity levels in blastomeres of the 4-cell embryo drive the
position of the descendant cells in the morula and in the blastocyst. High Notch
activity predisposes cells to adopt an outer position while low Notch activity

prompts an inner position.

Notch directly regulates the expression of the co-repressor 7/e4 in the morula

through an enhancer located upstream of the gene.

Exit of pluripotency in mouse embryonic stem cells is boosted by Notch.

Notch blocks naive pluripotency markers and triggers cell differentiation events

in the mouse preimplantation embryo.
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CONCLUSIONES

La expresion de CdxZ en el embrion preimplantacional de raton requiere la

participacion de las vias de sefalizacion de Hippo y Notch.

Notch regula la expresién inicial de CdxZque es reforzada mas tarde por la accion

de Hippo.

Las vias de Notch y Hippo actian en paralelo de manera no redundante y

secuencialmente.

La via de Notch se active heterogéneamente antes de la compactacion,
empezando en el embridén de 4 células. En la mérula se detectan diferentes

niveles de actividad entre células internas y externas.

Diferentes niveles de actividad de Notch en blastémeros del embrion de 4 células
dirigen la posicion de sus células hijas en la moérula y en el blastocisto. Niveles
altos de actividad de Notch predispone a las células a adquirir una posicion
exterior mientras que niveles bajos de actividad de Notch favorece una posicién

interior.

Notch regula directamente la expresion del correpresor 7/e4 en la moérula a través

de un elemento potenciador situado en posicién 5’ del gen.

La salida del estado pluripotente en células troncales embrionarias de raton esta

promovida por la actividad de Notch.

Notch bloquea marcadores de pluripotencia naif y desencadena eventos de

diferenciacion celular en el embrion preimplantacional de raton.
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APPENDIX

This thesis includes a CD with the following information:
e Appendix 1: Table with differentially expressed genes (DEG) obtained after the
RNA-seq analysis in control and Rbp/ mutant morulae.
e Appendix 2: Table with differentially expressed genes (DEG) that have an RBPJ
consensus binding site included in an open chromatin ATAC-seq peak in a 10 Kb

window surrounding the gene.

e Movie 1: Time lapse imaging of a mouse embryo from the CBF1-VENUS line
during morula to blastocyst transition.

e Movie 2: 3D reconstruction of a mouse embryo from the CBF1-VENUS line after
live imaging during morula to blastocyst transition.
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