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ABSTRACT
In vitro cell lines derived from the early embryo retain the identity and lineage
restrictions of their embryonic counterparts: embryonic stem cells (ESCs) are pluripotent
and similarly to ICM contribute to all tissues in the embryo proper, being generally
excluded from the extraembryonic layer. On the other hand, trophoblast stem cells
(TSCs) resemble TE and are restricted to the extra-embryonic lineage. Despite the efforts
of several groups, it is still not possible to completely convert ESCs to TSCs. The
molecular players that underpin this restriction in ESCs remain largely unknown. I
therefore proposed to identify suppressors of ESC differentiation to trophoblast in an
unbiased approach, using CRISPR/Cas9 genome-wide loss of function screening.
I developed a reporter cell line that constitutively expressed Cas9 from the Rosa26
locus, and was engineered with knock-in of T2A-Venus into the Elf5 locus (Elf5::Venus
ESCs). Elf5 is a stringent TSC marker that fails to be activated in most published methods
for ESC conversion to TSC. Proof-of-concept experiments used Oct4 knockout via
CRISPR/Cas9 to validate this line for both efficient gene editing and faithful tracking of
TSC differentiation. Elf5::Venus ESCs were then transduced with a genome-wide
lentiviral gRNA library for CRISPR/Cas9 genetic screen. Mutant cells were differentiated
in TSC media for fourteen days, at which point Venus positive and negative populations
were sorted. gRNA representation was subsequently analysed by next generation
sequencing. At a false discovery rate of 10%, I could identify 42 genes whose loss of
function allowed ESC conversion to TSC. I could validate 22 genes with different
phenotype strength, implicated in the maintenance of the first cell lineage decision.
Importantly, the screen identified four components of the non-canonical Polycomb
Repressive Complex 1.1 as strong lineage regulators. The role of two of these genes,

Bcor and Rnf2, was further explored in ESCs for their differentiation profile as well as
transcriptional changes that underline their mechanism. Preliminary data for in vivo
chimera assays showed that derivatives of ESCs deficient for Bcor or Rnf2 could be
found within extraembryonic tissues in chimeric embryos. Further studies however will
be necessary to assess both reproducibility and cell identity, and evaluate if this lineage
restriction is indeed impaired in vivo in knockout ESCs.
Overall, my studies demonstrate the power of CRISPR/Cas9 screen, highlighting new
layers of regulation for the first cell lineage decision and its maintenance in ESCs. I
believe further characterisation of remaining screen hits will continue to elucidate the
molecular mechanisms of TE and ICM segregation in early embryos.
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CHAPTER 1
1 INTRODUCTION

1.1 Totipotency

and

preimplantation

mouse

embryo

development
Waddington’s epigenetic landscape model conceptualises development of a cell
towards terminal differentiation as a ball descending along a series of branching valleys
and ridges (Waddington 1940). During its path down the mountain, the variations in the
landscape limit the number of trails the ball can ultimately follow. Under normal
conditions, once in its final valley, the ball cannot easily cross to neighbouring valleys
(trans-differentiation) or climb back to preceding states (reprogramming). In this
metaphor, the ball at the top of the mountain represents a totipotent cell and
development corresponds to the series of progressive fate restrictions along the
descending valleys, that result in a complete organism.
Mouse preimplantation development comprises the stages from fertilization to uterine
implantation, at embryonic day 4.5 (Figure 1.1).
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Figure 1.1 | Preimplantation mouse embryo development. Upon fertilisation, fusion of the egg and sperm results
in formation of the totipotent zygote. The zygote undergoes a series of symmetric cleavage divisions, sequentially
producing 2-cell, 4-cell and 8-cell embryos. After the 8-cell stage, the first cell lineage decision takes place and outer
cells in the morula become biased towards forming the trophectoderm (TE) whereas inside cells are biased to form
inner cell mass (ICM). As the blastocyst progresses through early, mid and late stages, ICM cells undergo the second
lineage decision and further specify into either epiblast (Epi) or primitive endoderm (PrE). Adapted from Niakan et al
(Niakan, Schrode et al. 2013).

1.1.1 Totipotency and epigenetic dynamics in early preimplantation
Mammalian embryonic development starts with the fusion of two highly specialised
and haploid cells, the sperm and egg, producing the fertilized 1-cell diploid zygote.
During preimplantation development, the zygote follows serial divisions in which the cells
progressively lose potency and acquire fate specialization. A stringent definition of
totipotency is the ability of a single-cell to develop to a full organism on its own (Edwards
and Beard 1997) and this way only the mouse zygote and 2-cell blastomeres fit the
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requirements (Tarkowski 1959). Considering a less stringent definition, individual mouse
blastomeres of up to the 8-cell stage embryo are considered totipotent (Ishiuchi and
Torres-Padilla 2013) in the sense that each can contribute to all cell lineages, embryonic
and extra-embryonic, when supported by carrier blastomeres (Rossant 1976, Kelly 1977,
Balakier and Pedersen 1982).
Totipotency of early embryos is specified by unique epigenetic status including
histone variants, histone modifications and patterns of DNA hypomethylation (Zhou and
Dean 2015). A complex epigenetic reprogramming is triggered upon fertilization and is
believed to be the basis of reacquisition of totipotency. Immediately after fertilization, the
paternal genome is subject to active demethylation and hydroxymethylation, while the
maternal genome is exposed to slower demethylation (Santos, Hendrich et al. 2002,
Iqbal, Jin et al. 2011, Wossidlo, Nakamura et al. 2011), in order to ensure embryonic
gene activation (EGA), also referred to as zygotic gene activation (ZGA).
Fertilization also induces the paternal genome to exchange protamines for maternal
histones and acquire histone modifications, while the maternal genome appears
epigenetically stable (Zhou and Dean 2015). This histone organisation generates an
epigenetic asymmetry between paternal and maternal genomes that is correlated with
asymmetric transcriptional activity and may account for the different reprogramming
capacities of the two pronuclei (Liu, Yin et al. 2014). In cleavage stage mouse embryos,
this epigenetic asymmetry is associated with cell fate decision and can be detected by
the 4-cell stage (VerMilyea, Maneck et al. 2011). Consistent with the key roles for
preimplantation epigenome remodelling, the spatiotemporal timeline of preimplantation
development can be reconstructed exclusively based on the expression patterns of
chromatin modifiers (Burton, Muller et al. 2013).
Transcriptionally, until the 8-cell stage of mouse development, blastomeres coexpress determinants of all three main lineages – TE, Epi and PrE (Dietrich and Hiiragi
2007). On the basis of lineage segregation, totipotent cells would be the ones that coexpress embryonic and extraembryonic determinants (Morgani and Brickman 2014),
such as Pou5f1 (Oct4), Gata6, Nanog and Cdx2 (Dietrich and Hiiragi 2007, Plusa,
Piliszek et al. 2008).
There is much to be learned regarding the complex process of acquisition of
totipotency, such as defining key reprogramming factors in the nucleus and cytoplasm
required for totipotency or determining the triggering events for activation of totipotent
genome/epigenome (Zhou and Dean 2015). Recently, there were several reports of
totipotent-like subpopulations within ESCs (reviewed in Baker et al (Baker and Pera
2018)). Moreover, two groups reported establishment of stable stem cell in vitro cultures
3

with expanded developmental potential, defined as the capacity to contribute to both
embryonic and extraembryonic tissues (Yang, Ryan et al. 2017, Yang, Liu et al. 2017).
These represent exciting new model systems for future biochemical and molecular
interrogations of the totipotent-like state.

1.1.2 The first cell lineage decision: inner cell mass versus trophectoderm
specification
1.1.2.1 Classical models for the first cell lineage specification
Following the developmental course, the 8-cell embryo undergoes compaction,
blastomeres acquire apical polarity and subsequent asymmetric divisions result in outer
polar and inner apolar cells (Zernicka-Goetz 2005). By the 16-cell stage, outer and inner
cells are biased towards extraembryonic trophectoderm (TE) and inner cell mass (ICM),
respectively, and these two lineages become fully segregated by the blastocyst stage
(Morgani and Brickman 2014). The molecular mechanisms behind this first cell lineage
specification remain elusive and the exact timing for lineage bias is uncertain.
Nevertheless, there are two main theories proposed to explain this process: the
inside/outside model, and the cell polarity model (Figure 1.2).
The observation that cells in the early embryo can switch cell fate when moved to a
new position (Mintz 1965) led to the idea that cell positioning is the key determinant for
ICM or TE cell fate. This was further supported by the fact that in pre-compaction morula,
outside blastomeres had a preference to colonise the TE layer of the embryo, whereas
inside blastomeres were biased towards ICM (Tarkowski and Wroblewska 1967). These
observations led to the classical inside/outside model (Figure 1.2A).
Blastomeres become polarised by the 8-cell stage, so that the outward facing region
(apical) become distinct from the inward-facing region (basolateral) (Ziomek and
Johnson 1980, Johnson and Ziomek 1981). The apical domain is established and
enriched for microvilli, F-actin and an apical protein complex composed of PAR3, PAR6
and atypical protein kinase C (aPKC) (Yamanaka, Ralston et al. 2006). The cell polarity
model was proposed to address how inside/outside differences are established
(Johnson and Ziomek 1981) (Figure 1.2B). It assumes that unequal distribution of polarity
in daughter cells resulting from the cleavage division following the 8-cell stage
determines the inner and outer positioning and thus ICM and TE fate. If the cleavage
occurs parallel to the polarity axis, this produces a symmetric division where the two
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daughter cells inherit equal polarity. If the cleavage occurs perpendicular to the polarity
axis, then division is asymmetric and produces one polar and one apolar daughter cell.
Polar cells position in the outer layer and are biased towards TE whereas apolar cells
position inwards and will form ICM. The unequal distribution of polarity proteins likely
results in asymmetric distribution of RNA, histones and other signalling molecules. For
instance, mRNA coding for the TE lineage specifier Cdx2, localises in the apical region
of the 8- and 16-cell stage blastomeres (Jedrusik, Parfitt et al. 2008). Consistently, polar
cells are more likely to inherit this transcription factor and activate the TE transcriptional
programme (Skamagki, Wicher et al. 2013). Additionally, it has been shown that Cdx2
can regulate cell polarity in such a way that its depletion leads to downregulation and
mislocalisation of aPKC polarity protein, whereas Cdx2 overexpression results in aPKC
upregulation and increased TE cell numbers (Jedrusik, Parfitt et al. 2008).
These two classical models provide conceptual guidance to explain the first cell
lineage decision. However, it has been shown that outer morula cells can overwrite this
positional information when aggregated with 8-cell embryos and contribute to ICM
(Rossant and Vijh 1980). This is an example of high cellular plasticity in preimplantation
development with some rare cells are still capable to transition between lineages even
after cell fate establishment (reviewed in Morgani et al (Morgani and Brickman 2014)).
Moreover, how polarity is first determined and at which precise stage do blastomeres
become biased towards one lineage remains unknown.
Studies using Cre-loxP labelling or rainbow reporter mice strategies, suggest that
TE/ICM bias might be present as early as the 4-cell stage (Fujimori, Kurotaki et al. 2003,
Tabansky, Lenarcic et al. 2013). Furthermore, heterogeneity of different factors at the 4cell stage has been functionally connected to developmental bias (Torres-Padilla, Parfitt
et al. 2007, Plachta, Bollenbach et al. 2011, Burton, Muller et al. 2013).
Levels of Histone H3 arginine 26 methylation (H3R26me) are higher in 4-cell
blastomeres that later contribute to either ICM or polar TE, whereas low H3R26me at this
early stage seems to result in a bias towards mural TE (Torres-Padilla, Parfitt et al. 2007).
By overexpressing CARM1, an H3-specific arginine methyltransferase, in one of the 2cell blastomeres, it could be demonstrated these would contribute preferentially to ICM
(Torres-Padilla, Parfitt et al. 2007). Similarly, PRDM14 is heterogeneously expressed in
4-cell stage blastomeres and its overexpression in one of the 2-cell blastomeres showed
this modified cell displayed a preference for ICM integration (Burton, Muller et al. 2013).
Additionally, a link between Oct4 kinetics in early blastomeres and TE/ICM cell fate has
also been established, such that blastomeres with “slow” or “fast” Oct4 kinetics are
biased to ICM and TE, respectively (Plachta, Bollenbach et al. 2011).
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Recent reports showing single-cell transcriptomic characteristics of preimplantation
embryos have also demonstrated high heterogeneity in early blastomeres (Biase, Cao
et al. 2014, Deng, Ramskold et al. 2014, Piras, Tomita et al. 2014, Shi, Chen et al. 2015).
These will certainly contribute to future functional elucidation of this early decision.
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Figure 1.2 | Models for the first cell lineage decision. A | The inside/outside model considers that by the 16-stage,

cell position determines fate decision, in such a way that outside cells contribute preferentially to TE and inner cells
to ICM (Tarkowski and Wroblewska 1967). B | In the cell polarity model, cell polarity and cleavage pattern by the 8cell stage determine inside and outside positioning by 16-cell and later stages. A symmetric division plane parallel to
the polarity axis produces two polar outer daughter cells. In contrast, asymmetric cleavage with a division plane
perpendicular to polarity axis results in one polar outer and one apolar inner daughter cell (Johnson and Ziomek
1981).

1.1.2.2 Transcriptional networks associated with TE/ICM fate decision
Cdx2 is a key transcription factor expressed in the TE and is essential for its
establishment (Strumpf, Mao et al. 2005). Cdx2 null embryos initiate TE commitment and
formation of the blastocoel cavity, but by the late blastocyst stage outer cells fail to
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acquire epithelial identity and express reduced levels of TE markers, resulting in a
compromised trophoblast compartment (Strumpf, Mao et al. 2005). As a result, mutant
blastocysts arrest their development prior to implantation (Chawengsaksophak, James
et al. 1997).
Cdx2 zygotic mutants show ectopic expression of Nanog and Oct4 in TE, suggesting
Cdx2 mediates repression of these two pluripotent genes in the TE compartment
(Strumpf, Mao et al. 2005). Additionally, Cdx2 and Oct4 directly interact, acting as corepressors and this way contributing to ICM and TE segregation (Niwa, Toyooka et al.
2005). In fact, overexpression of Cdx2 in embryonic stem cells can convert them to
trophoblast stem cells (Niwa, Toyooka et al. 2005). Conversely, downregulation of Oct4
produces the same effect (Niwa, Miyazaki et al. 2000). In the TE compartment, Cdx2
cooperates with Gata3, Eomes and Elf5 to establish the trophoblast transcriptional
programme (Russ, Wattler et al. 2000, Ng, Dean et al. 2008, Ralston, Cox et al. 2010)
(Figure 1.3B).
Different signalling pathways have been shown to affect the first cell lineage decision.
The Hippo signalling pathway is perhaps one of the best characterised players in TE/ICM
specification (Figure 1.3A). The transcription factor Tead4 is essential for TE lineage
specification as Tead4 null mutation are embryonically lethal, with mutant embryos
lacking TE formation (Yagi, Kohn et al. 2007). Tead4 is expressed quite early in
development, and was shown to induce Cdx2 expression, this way initiating TE
specification (Yagi, Kohn et al. 2007, Nishioka, Yamamoto et al. 2008). The role of Tead4
is differentially regulated in inner and outer cells due to differential activity of the Hippo
pathway. Tead4 needs its transcriptional co-activators YAP and TAZ (also known as
WWTR1) in order to upregulate TE-specific genes (Nishioka, Yamamoto et al. 2008). YAP
and TAZ have different subcellular localisation depending on their phosphorylation
status. In TE, non-phosphorylated YAP/TAZ can translocate to the nucleus where they
associate with Tead4 and activate TE-specific genes such as Cdx2 and Gata3 (Nishioka,
Inoue et al. 2009, Ralston, Cox et al. 2010). On the other hand, active Hippo signalling
in ICM cells results in phosphorylation of YAP/TAZ by LATS kinases (Lats1/2), resulting
in cytoplasmic localisation for these co-activators and preventing the activation of TE
transcriptional programme in the pluripotent layer (Nishioka, Inoue et al. 2009).
Further studies have identified other regulators of Hippo signalling in ICM and TE
cells. Nf2 was shown to affect YAP subcellular localisation as maternal and zygotic Nf2
mutant embryos displayed YAP and Cdx2 expression in ICM cells (Cockburn, Biechele
et al. 2013). The role of Nf2 was specific to ICM cells, where it acts upstream of Lats1/2

7

to promote YAP phosphorylation and cytoplasmic localisation (Cockburn, Biechele et al.
2013).
RHO-ROCK signalling affects ICM and TE segregation due to an essential role on
both Hippo signalling and cell polarity (Kono, Tamashiro et al. 2014). Inhibition of ROCK
signalling affected segregation of several apical and basal polarity regulators (Kono,
Tamashiro et al. 2014). In addition, in TE cells, ROCK acts upstream of Lats1/2 inhibiting
these two kinases and therefore ensuring proper YAP nuclear localisation.
Another connection between Hippo signalling and cell polarity was recently
established due to identification of junction-associated scaffolding Angiomotin (AMOT),
which is necessary to maintain active Hippo signalling in ICM cells (Hirate, Hirahara et
al. 2013, Leung and Zernicka-Goetz 2013). In the apolar ICM cells, phosphorylation of
AMOT results in its localisation next to adherens junctions (Hirate, Hirahara et al. 2013).
AMOT cooperates with Nf2 and Lats1/2 to promote YAP phosphorylation. In TE polar
cells, non-phosphorylated AMOT is restrained at the apical domain, ensuring Hippo
signalling remains inactive.
Other signalling pathways have been shown to regulate or be necessary for the first
cell lineage specification, although their precise role remains elusive. BMP signalling
was shown to be required for proper extraembryonic lineage specification (Graham,
Wicher et al. 2014). Notch signalling is differentially expressed between inner and outer
cells, in a reverse fashion to Hippo signalling. Notch is active in TE cells where it
cooperates with Tead4 to promote Cdx2 expression, whereas it remains inactive in ICM
(Rayon, Menchero et al. 2014). Interestingly, overexpression of Notch resulted in inner
cells relocating to an outside position and adopting a TE fate (Rayon, Menchero et al.
2014).
The Ras/MAPK pathway has also been implicated in TE/ICM segregation as
expression of a constitutively active form of Ras results in Cdx2 upregulation and delays
in blastocyst development, in addition to promoting differentiation of ESCs to TSCs
(Saba-El-Leil, Vella et al. 2003, Lu, Yabuuchi et al. 2008). Inhibition of Ras/MAPK
hampers Cdx2 expression and results in embryonic lethality due to TE defects (Saba-ElLeil, Vella et al. 2003, Lu, Yabuuchi et al. 2008).
Overall, differential signalling pathway activities between inner and outer cells may
ensure proper lineage segregation as exemplified by the central role of Hippo signalling.
Hippo provides a working model for the integration of cell polarity, cell positioning and
transcriptional regulation of ICM/TE specification. Nevertheless, the mechanisms
dictating acquisition of polarity and blastomere positioning remain unclear. Furthermore,
other signalling pathways independent of Hippo might also play a role in this early event.
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Figure 1.3 | Major signalling and transcriptional networks controlling TE and ICM segregation. A | Hippo Signalling
is differentially controlled in outer TE cells versus inner ICM cells. Inactivation of Hippo signalling in outside cells is
maintained by AMOT sequestration in the apical domain and inhibition of Lats1/2 kinases by Rock2. This way, YAP
and TAZ remain non-phosphorylated and translocate to the nucleus where they associate with Tead4 to promote
expression of TE-genes such as Cdx2. In ICM cells, Hippo signalling is active and AMOT, Nf2 and Lats1/2 associate
to phosphorylate Tead4 co-activators YAP and TAZ, preventing their translocation to the cell nucleus and consequent
Cdx2 expression in the ICM. B | Upon fate determination, specific transcriptional networks are established in the ICM
and TE to reinforce lineage commitment. In TE cells, Cdx2, Eomes, Gata3 and Elf5 cooperate to maintain TE identity
and repress ICM-specific genes. Conversely, in the ICM, Oct4, Nanog, Sox2 and Sall4 cooperate to establish the
pluripotency programme while repressing TE-specifiers. Image based on (Oron and Ivanova 2012, Chazaud and
Yamanaka 2016).

1.1.3 The second cell lineage decision: Epiblast versus Primitive Endoderm
Shortly after formation of the ICM in the early blastocyst-stage embryo, the second
cell lineage specification event begins, resulting in the formation of the epiblast (Epi) and
a second extraembryonic layer, the primitive endoderm (PrE) (Figure 1.1). By the late
blastocyst at E4.5, cells at the surface of the ICM are in direct contact with the blastocoel
cavity and form the PrE layer, with a polarized epithelium and a basement membrane.

9

The Epi apolar cells are located deeper in the structure and protected from
extraembryonic signalling.
ICM cells isolated from E4.5 embryos reconstitute a PrE layer on their surface
(Rossant 1975), an observation suggesting that cell positioning also played a role in
Pre/Epi specification. Thus, early models of PrE/Epi cell fate decision were conceptually
similar to inside/outside model for TE/ICM specification (Figure 1.4A). However,
identification of Epi and PrE markers, Nanog and Gata6, respectively, (Fujikura, Yamato
et al. 2002, Mitsui, Tokuzawa et al. 2003, Chazaud, Yamanaka et al. 2006), and use of
live imaging revealed that lineage commitment occurred earlier than previously thought
and questioned the validity of the positioning model per se. Nanog and Gata6 were both
expressed in E3.5 ICM, prior to positional segregation of the two lineages (Plusa, Piliszek
et al. 2008). By the 64-cell stage, Gata6 and Nanog expression in the ICM is mutually
exclusive, resulting in an apparently random “salt and pepper” distribution of PrE and
Epi progenitors (Chazaud, Yamanaka et al. 2006, Kurimoto, Yabuta et al. 2006, Plusa,
Piliszek et al. 2008). Furthermore, lineage tracing showed that at E3.5 the lineage was
already restricted as single ICM cells gave rise to either Epi or PrE in E5.5 chimeras
(Chazaud, Yamanaka et al. 2006). The current working model for PrE/Epi specification
entails at least two phases, with an initial lineage commitment stage that is completed
by E3.5, followed by cell assortment and positioning in the E4.5 blastocyst (Figure 1.4A).
Lineage specification has been connected to cleavage history within ICM cells. This
model claims that cells internalised during the first wave of asymmetric cell division (8 –
16 cells) have a bias towards forming Epi, whereas cells internalised during the following
two waves (16 – 32 and 32 – 64 cells) displayed a preference for PrE (Rossant, Chazaud
et al. 2003, Yamanaka, Ralston et al. 2006). This spatial organisation would shield the
primary inner cells, resulting from the first wave of cell division, from extraembryonic and
external environment signalling. This hypothesis was experimentally addressed by two
independent groups, yielding conflicting results. In a lineage tracing experiment in
unmanipulated embryos, Morris et al confirmed this model (Morris, Teo et al. 2010).
However, using a chimera approach, Yamanaka et al concluded both primary and
secondary inner cells in ICM could contribute to Epi and Pre in similar proportions
(Yamanaka, Lanner et al. 2010). These results indicate that cell history, at least on its
own, is not sufficient to determine developmental fate. A model for progressive PrE and
Epi commitment through a stochastic process (Yamanaka, Lanner et al. 2010) is
currently the most accepted and will be discussed in the following sub-section.
Independently of how lineage is specified, upon fate determination, the ICM cells
eventually reorganise to position the PrE layer at the surface in contact with the
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blastocoel. This process is referred to as cell sorting and involves actin-dependent cell
movement as well as retention of position by PrE-committed cells already in contact with
the blastocoel (Plusa, Piliszek et al. 2008, Meilhac, Adams et al. 2009). The embryo then
has a plasticity degree shown by the fact that some PrE-committed cells that fail to sort,
keeping an inside location, can downregulate PrE markers and possibly acquire Epi fate;
alternatively, these are eliminated through apoptosis (Plusa, Piliszek et al. 2008, Meilhac,
Adams et al. 2009, Morris, Teo et al. 2010). PrE cells in their final position form a polarized
epithelial layer (Gerbe, Cox et al. 2008) and show expression differences relative to presorted cells, as illustrated by the specific activation of Sox7 in sorted cells (Artus, Piliszek
et al. 2011).

1.1.3.1 Transcriptional

networks

and

signalling

associated

with

PrE/Epi

commitment
An interplay between mutually exclusive factors Nanog and Gata6, controlled by
differential FGF/ERK signalling in PrE and Epi precursors is the known basis of lineage
specification and commitment (Figure 1.4B). Nanog expression is first detected at the 8cell stage, being specific to ICM after the first cell lineage segregation and to Epi upon
the second cell lineage decision (Chambers, Colby et al. 2003, Chazaud, Yamanaka et
al. 2006). Nanog-null embryos arrest in preimplantation development, do not form Epi
and overexpress the PrE marker Gata6 in the ICM (Mitsui, Tokuzawa et al. 2003). These
results highlight the key role for Nanog in the Epi layer, but also as a negative regulator
of Gata6.
Gata6 and Gata4 are individually not pivotal for PrE specification, but their knockout
severely impairs PrE differentiation (Soudais, Bielinska et al. 1995, Morrisey, Tang et al.
1998, Koutsourakis, Langeveld et al. 1999). Gata6 and Gata4 might have redundant
functions in preimplantation embryo and compensate for each other in PrE specification.
In line with this, overexpression of dominant-negative Gata6 relocates outer cells to an
inner location within the ICM (Meilhac, Adams et al. 2009). Overexpression of Gata6 is
not sufficient to shift inner ICM cells to the surface, but this could be achieved by coexpression of another factor expressed in surface ICM cells, Wnt9a (Meilhac, Adams et
al. 2009). These results suggest Gata6 might actually have a role in cell sorting during
PrE formation.
Interestingly, at the 8-cell stage, blastomeres co-express both Nanog and Gata6, but
these become mutually exclusive as PrE and Epi specify (Plusa, Piliszek et al. 2008, Guo,
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Huss et al. 2010). This observation resembles the Oct4/Cdx2 co-repression and its role
for TE/ICM segregation. Other factors have been identified that act downstream of Gata6
and cooperate with it for the definitive establishment of PrE fate, such as Sox17, Sox7
and Gata4 (Artus, Piliszek et al. 2011).
FGF/ERK signalling plays a key role in PrE specification as mutants of several genes
in this pathway exhibit impairment in PrE formation. These include the Fgf receptor FgfR2
(Arman, Haffner-Krausz et al. 1998), its ligand Fgf4 (Feldman, Poueymirou et al. 1995,
Goldin and Papaioannou 2003), and the adaptor molecule Grb2 (Cheng, Saxton et al.
1998, Chazaud, Yamanaka et al. 2006). Small molecule inhibition of FgfR2 or MEK
effector prevents PrE formation (Nichols, Silva et al. 2009, Yamanaka, Lanner et al.
2010). Conversely, supply of high Fgf4 doses bias the majority of ICM cells towards a
PrE fate (Yamanaka, Lanner et al. 2010). In the blastocyst, Fgf signalling is differentially
regulated in such a way that Fgf4 is secreted from Epi cells as a direct target of Oct4
and Sox2 (Yuan, Corbi et al. 1995). In contrast, its receptor is downregulated in ICM cells
that form Epi progenitors while specifically maintained in TE and PrE progenitor cells
(Guo, Huss et al. 2010). Guo et al analysed the expression profiles of single blastomeres,
and revealed that FgfR2 and Fgf4 expression onset occurs at the 32-cell stage and its
mutually exclusive pattern precedes that of Nanog/Gata6 (Guo, Huss et al. 2010). This
finding suggests FGF signalling acts upstream of the lineage restriction through
Nanog/Gata6. The mechanisms for Fgf4 and FgfR2 regulation remain however unknown.
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Figure 1.4 | The second cell lineage specification: Epiblast (Epi) versus Primitive Endoderm (PrE). A | Models

explaining the second lineage decision in mouse embryos. The top schematic represents a classical view of an
inside/outside model, in which cells positioned in the outside layer of the ICM, facing the blastocoel cavity, will
differentiate towards PrE, whereas inside cells will form the Epi layer. A second model (bottom schematic) was later
developed based on the observation of a mutually exclusive “salt and pepper” distribution of lineage determinants
Gata6 and Nanog in the ICM. This model purports there is a first stage for lineage commitment completed by E3.5,
followed by cell sorting and positioning of Gata6-PrE cells in the external layer facing the blastocoel cavity at E4.5.
The inside layer forms the Epi, which is physically protected from extraembryonic signalling. B | The major pathway
involved in this process is FGF/MAPK signalling, responsible for the differential expression of Nanog and Gata6. In
the ICM, both Fgf4 and its receptor FgfR2 activate expression of Gata6, which inhibits Nanog. In Epi progenitor cells,
FgfR2 expression is lost. A higher level of Nanog, in cooperation with Sox2 and Oct4 drive the expression of Fgf4
while Nanog continues to repress Gata6. On the other hand, PrE progenitors retain expression of FgfR2, which is
activated by Fgf4 secreted from Epi neighbouring cells and result in phosphorylation of Erk. Activated Erk and Gatat6
both cooperate to inhibit Nanog expression and promote activation of Sox17 and Gata4, which together with FgfR2
and Gata6 form the transcriptional network required to maintain PrE identity. Figure recreated based on (Chazaud
and Yamanaka 2016).
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1.2 Stem cell lines derived from preimplantation mouse
embryos
The blastocyst stage embryo is composed of three different lineages: trophectoderm
(TE), epiblast (Epi) and primitive endoderm (PrE). The trophectoderm layer of the embryo
is multipotent and restricted to form the extraembryonic tissues that support embryo
development, such as the placenta. The epiblast is the pluripotent compartment of the
blastocyst and has the potency to generate all tissues comprising the embryo-proper.
Primitive endoderm is a second extraembryonic layer, and gives rise to the visceral and
parietal endoderm layers of the yolk sac. Extensive research allowed determining culture
conditions to isolate and maintain stem cell lines representative of these three embryonic
lineages (Figure 1.5). Embryonic stem cells (ESCs) can be derived from the Epi (Evans
and Kaufman 1981, Martin 1981) whereas trophoblast stem cells (TSCs) can be isolated
from the TE (Tanaka, Kunath et al. 1998) and extraembryonic endoderm (XEN) cells from
the PrE (Kunath, Arnaud et al. 2005). The term “stem cell” implies these cell lines can i)
self-renew and proliferate for long periods in culture while ii) remaining in an
undifferentiated state under appropriate culture conditions, and iii) retain the
developmental potential of their embryonic counterparts differentiating to equivalent cell
lineages both in vivo and ex vivo.
These different stem cell lines provide valuable in vitro models to study mechanisms
involved in lineage specification and maintenance in early embryos.

1.2.1 Embryonic Stem Cells (ESCs)
A major breakthrough in stem cell biology occurred when two independent groups
established that culturing the epiblast from mouse blastocysts on a mitotically
inactivated mouse embryonic fibroblast (MEF) feeder layer and in the presence of serum
allowed the in vitro derivation of ESCs (Evans and Kaufman 1981, Martin 1981). These
ESCs were shown to retain the epiblast pluripotency by their ability to form
teratocarcinomas when injected into mice, their potential to differentiate to all somatic
lineages, and their capacity to contribute to chimeras with germline transmission (Evans
and Kaufman 1981, Martin 1981, Bradley, Evans et al. 1984, Beddington and Robertson
1989).
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Figure 1.5 | Stem cell lines can be established from blastocyst stage mouse embryos and cultured indefinitely in
vitro. Stem cell lines representative of the three layers that compose a blastocyst stage embryo can be isolated and
maintained in vitro. Embryonic stem cells (ESCs) are derived from the epiblast (Epi), trophoblast stem cells (TSCs)
from the trophectoderm (TE) and extraembryonic endoderm (XEN) cell from the primitive endoderm (PrE). These stem
cell lines are characterised by different morphologies, expression of different lineage-specific transcription factors
(highlighted in grey) and culture conditions. Importantly, they retain the developmental potential of their embryonic
counterparts in chimeras. Figure recreated based on Artus et al (Artus and Hadjantonakis 2012).

The discovery of ESCs has revolutionised our understanding of pluripotency, selfrenewal and the mechanisms controlling differentiation in development. Furthermore,
ESCs allowed germline transmission of genetic modifications introduced in vitro,
transforming our capacity to generate mouse models with defined genetic perturbations
(Robertson, Bradley et al. 1986).
The initial culture condition to derive ESCs contained unknown factors secreted by
the feeder layer. Dissection of individual culture components identified Leukaemia
inhibitory factor (LIF) as the key element secreted by feeders, thus allowing the culture
of ESCs in feeder-free conditions when supplementing serum-containing medium with
LIF (Smith, Heath et al. 1988, Williams, Hilton et al. 1988). LIF signalling occurs through
LIFR and GP130 membrane receptors, resulting in phosphorylation of the transcription
factor STAT3 (signal transducer and activator of transcription 3) (Niwa, Burdon et al.
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1998, Matsuda, Nakamura et al. 1999), which then translocates into the nucleus where
it regulates gene expression of factors such as Myc and Klf4 (Cartwright, McLean et al.
2005, Hall, Guo et al. 2009). In fact, ESCs expressing a stabilized form of MYC protein
can be maintained with LIF-free serum-medium (Cartwright, McLean et al. 2005).
Bone morphogenic protein 4 (BMP4) was later identified as the pivotal component in
serum, such that ESCs can be derived and maintained in an undifferentiated state in
serum-free media supplemented with LIF and BMP4 (Ying, Nichols et al. 2003).
Additionally, it has been shown that rather than exogenous culture factors promoting
self-renewal, this state is well preserved through inhibition of intrinsic differentiation
signalling (Burdon, Stracey et al. 1999). In particular, the combined inhibition of
glycogen synthase kinase 3 (GSK3) and fibroblast growth factor (FGF) / extracellularsignal-related-kinase (ERK) signalling – a culture condition termed 2iLif – allowed the
establishment of ground state ESCs (also known as naïve ESCs) (Ying, Wray et al. 2008).
In ESCs, FGF4 acts as an intrinsic factor to mediate exit from the pluripotent state and
initiation of lineage commitment through stimulation of ERK (Kunath, Saba-El-Leil et al.
2007). GSK3 on the other hand acts via the canonical Wnt pathway, regulating
ubiquitination and degradation of b-catenin. The b-catenin destruction complex is
composed of Axin, GSK3-b, APC (adenomatous polyposis coli) and CK-1 (casein kinase
1). In the cytoplasm, GSK promotes phosphorylation of b-catenin, tagging it for
degradation. Upon inhibition of GSK3, b-catenin remains unphosphorylated and
translocates to the nucleus where it binds to TCF3 transcriptional repressor, blocking it
from binding to key pluripotency loci and thereby promoting ESC self-renewal (Wray,
Kalkan et al. 2011).
2iLif culture conditions allowed efficient derivation of ESCs from strains previously
non-permissive to ESC establishment (Ying, Wray et al. 2008, Nichols, Silva et al. 2009).
In addition, compared to serum-cultured ESCs, 2iLif cultures have a more homogeneous
expression of pluripotency factors, minimal expression of lineage specifiers and reduced
amounts of both bivalent domains and repressive histone marks (Marks, Kalkan et al.
2012). It was recently shown that global transcriptome in naïve ESCs strongly resemble
that of E4.5 epiblast cells (Boroviak, Loos et al. 2015).
The core transcriptional network promoting pluripotency and maintaining prolonged
ESC self-renewal in culture has been extensively characterised. Core components
consist on Oct4, Sox2 and Nanog, which act in a positive feedback loop to regulate
themselves, in addition to preventing expression of lineage specifier genes (Boyer, Lee
et al. 2005, Loh, Wu et al. 2006). Consistent with their key role in pluripotency, ESCs
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cannot be derived from oct4- or sox2- null embryos (Nichols, Zevnik et al. 1998, Avilion,
Nicolis et al. 2003). Moreover, the levels of Oct4 are tightly controlled in self-renewing
ESCs, in such a way that its downregulation promotes TSC differentiation whereas its
upregulation induces PrE and mesoderm differentiation (Niwa, Miyazaki et al. 2000).
Nanog, identified for its role promoting pluripotency in the absence of LIF, enhances
ESC self-renewal but is dispensable to maintain this property (Mitsui, Tokuzawa et al.
2003, Chambers, Silva et al. 2007). Similar roles were reported for Klf4 and Esrrb (Niwa,
Ogawa et al. 2009, Martello, Sugimoto et al. 2012, Martello, Bertone et al. 2013).
In summary, the regulatory network that sustains ESC self-renewal integrates both
exogenous and intrinsic signals that maintain the balance between the pluripotent state
and differentiation (recently reviewed by Li et al (Li and Belmonte 2017)).

1.2.2 Trophoblast Stem Cells (TSCs)
Early transplantation and chimerisation experiments have suggested the presence of
a stem cell population within the E5.5 – E6.5 trophoblast compartment (Rossant, Gardner
et al. 1978). Reciprocal expression of FgfR2 and its ligand Fgf4 suggested the
trophoblast could be dependent on embryonic FGF signalling (Orr-Urtreger, Bedford et
al. 1993, Feldman, Poueymirou et al. 1995). Consistently, TSC lines could be established
from the extraembryonic ectoderm in E6.5 embryos, but also from blastocysts, when
cultured on inactivated MEF feeder layers and serum-medium supplemented with Fgf4
and Heparin (Tanaka, Kunath et al. 1998). Unlike ESCs, TSCs could be derived from
embryos up to E8.5, from particular niches within the extraembryonic compartment
(Tanaka, Kunath et al. 1998, Uy, Downs et al. 2002). Importantly, all these different
origins allow establishment of TSC cultures with similar developmental plasticity,
equivalent to the blastocyst TE.
Under appropriate culture conditions, TSCs can self-renew maintaining an
undifferentiated state. Withdrawal of MEFs, Fgf4 and Heparin results in terminal
differentiation to different trophoblast types (Tanaka, Kunath et al. 1998). Furthermore,
TSCs contribute exclusively to placenta in chimeras, being able to support normal
development to term (Tanaka, Kunath et al. 1998).
Continued studies on TSC culture conditions found that members of the Tgfb
superfamily Activin and Tgfb, but not Nodal, can replace feeders, demonstrating the role
for this signalling in TSC self-renewal (Erlebacher, Price et al. 2004, Natale, Hemberger
et al. 2009). The presence of unknown factors in serum stimulated the development of
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chemically defined media for the precise study of TSC biology. Kubaczka et al
developed TX media, a formulation based on DMEM/F12 supplemented with ten
components including Fgf4, Heparin, insulin and Tgfb1 (Kubaczka, Senner et al. 2014).
Culturing TSCs in TX media requires coating the plates with extracellular basement
membrane components such as Matrigel (Kubaczka, Senner et al. 2014). Ohinata et al
developed another chemically defined medium, CDM/FAXY, with a formulation that
includes Fgf2, activin A and small molecules inhibitors XAV939 (canonical Wnt inhibitor)
and Y27632 (Rho-associated kinase p160ROCK inhibitor) (Ohinata and Tsukiyama
2014). In this case, TSCs need to be maintained in fibronectin-coated dishes. Both TX
and CDM/FAXY media allow derivation and maintenance of TSC cultures with full
differentiation capacity and in vivo potency to colonise the placenta in chimeras
(Kubaczka, Senner et al. 2014, Ohinata and Tsukiyama 2014).
FGF signalling is essential for maintenance of TSCs. Consistently, deletion of its
components Fgf4, FgfR2 or Erk2 results in preimplantation (Fgf4) or early
postimplantation (FgfR2 and Erk2) developmental arrest, affecting extraembryonic
layers (Feldman, Poueymirou et al. 1995, Arman, Haffner-Krausz et al. 1998, Saba-ElLeil, Vella et al. 2003). The transcriptional network governing TSC self-renewal revolves
around Cdx2 expression, as reviewed previously for TE specification, and will be
discussed in more detail in section 1.3.2.

1.2.3 Extraembryonic Endoderm Stem Cells (XEN cells)
XEN cell lines can be established from the blastocyst stage embryos (Kunath, Arnaud
et al. 2005). These cells were derived in different culture conditions (Kunath, Arnaud et
al. 2005, Niakan, Schrode et al. 2013). Surprisingly, they do not always require Fgf4
signalling for derivation and maintenance (Kunath, Arnaud et al. 2005). XEN cells have
also been derived using ESC conditions, with feeders and serum and LIF
supplementation. In vitro, XEN cells have gene expression profile similar to specified PrE
cells, with expression of Gata6, Gata4, Sox7 and Sox17. In fact, these factors have been
implicated in XEN cell self-renewal mechanism (Lim, Tam et al. 2008, Niakan, Ji et al.
2010). In vivo, XEN cells maintain the lineage potency of PrE cells and contribute to the
extraembryonic visceral and parietal endoderm in chimeras (Kunath, Arnaud et al.
2005). The signalling pathways required to maintain XEN cells are largely unknown, but
Pdgfa is required for the establishment of XEN cultures (Artus, Panthier et al. 2010).
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1.3 The trophoblast lineage and early placenta development
The placenta is a complex organ that accomplishes remarkable functional diversity.
The trophoblast lineage forms the main structural and functional elements needed for
the placenta to establish the maternal-fetal interface (Rossant and Cross 2001). Early on,
trophoblast cells are responsible for attachment and invasion of the uterine walls during
implantation and dictate vascular remodelling and cell fusion that bring maternal and
fetal blood systems in close proximity (Cross, Hemberger et al. 2002), establishing the
maternal-fetal interface. Here, the placenta mediates exchange of gases, nutrients and
waste products between mother and fetus (Maltepe, Bakardjiev et al. 2010). Additionally,
the placenta is involved in immune protection of the fetus (PrabhuDas, Bonney et al.
2015), as well as secretion of hormones and growth factors essential for pregnancy
progress (Newbern and Freemark 2011).

1.3.1 Early placenta development and trophoblast differentiation
The trophoblast layer of the placenta develops from the very first differentiated cell
lineage in the mammalian embryo, the trophectoderm (TE). In the mouse embryo,
trophoblast differentiation starts around E4.5, at the onset of implantation. In the
blastocyst, TE cells in direct contact with the epiblast are denoted polar TE, whereas TE
cells in contact with the blastocoel cavity form the mural TE (Figure 1.6A). Around E4.5,
the mural TE cells stop dividing and undergo endoreplication – that is, several rounds of
DNA replication without cell mitosis –, yielding the first layer of polyploid trophoblast
giant cells (TGCs), the primary TGCs (Hu and Cross 2010). These are terminally
differentiated and highly specialised cells. The polar TE on the other hand, continues to
proliferate and shortly after implantation generates the diploid extraembryonic ectoderm
(ExE) (Copp 1979). The ExE further expands and is the precursor of the ectoplacental
cone (EPC), formed by E6.0, as well as primary TGCs. As development progresses, by
E7.5 ExE gives rise to the chorionic epithelium, which is in contact with a layer of
mesothelium. The allantois is also formed at this stage, and is derived from embryonic
mesoderm. By E8.5, the allantois attaches to the chorion, in a process termed
chorioallantoic fusion. It results in morphogenesis in this interface, opening space for
fetal blood vessels growth from the allantois and in this way establishing the fetal side of
the placental vascular network. This dual structure undergoes villous branching, forming
a highly packed structure termed the labyrinth, which constitutes the area for direct

19

product exchange between fetal and maternal blood supply (Hemberger, Kurz et al.
2001, Cross, Hemberger et al. 2002, Maltepe, Bakardjiev et al. 2010). Around the
chorioallantoic fusion, trophoblast from the chrorionic plate differentiate into different
layers of labyrinth trophoblast, the syncytiotrophoblast (SnT), type I and type II.
Additionally, chorion also forms sinusoidal TGCs, located at the blood vessels interface
(Simmons, Fortier et al. 2007).
Development of the labyrinth is structurally supported by the spongiotrophoblast
(SpT) derived from the EPC, which form a compact layer between the labyrinth and the
external TGC layer. EPC further differentiates into glycogen cells, with unknown function
(Prudhomme and Morey 2016), and secondary TGCs which are located at the interface
between SpT and the decidua (John and Hemberger 2012).
SpT and sinusoidal TGCs produce hormones and cytokines that lead to remodelling
of the maternal vasculature, contribute to maternal and fetal nutrient exchange as well
as immunity factors (Cross, Hemberger et al. 2002, John and Hemberger 2012).
As described, the trophoblast lineage has a high degree of cellular plasticity,
producing different cell types with a wide variety of functions in the placenta. However,
the transcriptional network regulating the trophoblast lineage tree is still largely unknown,
despite the identification of some subtype markers (Figure 1.6B). TSCs are at the top of
the lineage tree and express the markers Cdx2, Eomes and Elf5. Despite in vivo
exhaustion of trophoblast stem cell potential by E8.5, the rodent placenta continues to
grow nearly until term (Adamson, Lu et al. 2002, Uy, Downs et al. 2002, Simmons and
Cross 2005). This raised the possibility that thereafter, placenta development depends
on multipotent progenitor cells. In fact, two different progenitor populations have been
identified. Ueno et al isolated progenitors of the labyrinth layer, identified by the high
expression of Epcam, which can differentiate into Syn-I, Syn-II and sinusoidal TGCs, and
are dependent on the hepatocyte growth factor c-Met signalling (Ueno, Lee et al. 2013).
In addition, Mould et al identified a population of proliferative precursors within the
spongiotrophoblast layer, characterised by expression of Blimp1, which can differentiate
to particular TGC types and glycogen cells (Mould, Morgan et al. 2012). These
progenitors could not be maintained in culture so far, but their identification opens new
avenues for the discovery of new trophoblast subtypes.
Much has been described about the placenta (reviewed recently by Malpete et al
(Maltepe and Fisher 2015)). However, precise functions for different cell types, as well
as the processes that lead to differentiation and subtype specification remain largely
unknown and will provide valuable insights for both developmental biology and
reproductive medicine.
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Figure 1.6 | Early placenta development and trophoblast differentiation. A | Early mouse embryo development,
depicting the organization of extraembryonic lineages from embryonic day E4.5, leading to an established functional
placenta by E12.5. TGCs, trophoblast giant cells. Image adapted from Rossant et al (Rossant and Cross 2001). B |
Differentiation of trophoblast stem cells into the different trophoblast lineages that compose a mature placenta. The
mural TE gives rise to primary TGCs. The polar TE forms the extraembryonic ectoderm which then divides into two
axes of differentiation: the chorionic plate and the ectoplacental cone. The chorionic plate will form sinusoidal TGCs
and labyrinth progenitors, which then generate syncytiotrophoblast (SynT). The ectoplacental cone forms glycogen
cells and spongiotrophoblast (SpT), which can also produce secondary TGCs (also directly generated from
ectoplacental cone progenitors). Highlighted in grey are gene markers expressed by the different populations.
Scheme adapted from Latos et al (Latos and Hemberger 2016).
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1.3.2 Trophoblast Stem Cell Regulatory Networks
1.3.2.1 TSC self-renewal core transcriptional network
Analysis of mouse mutants exhibiting embryonic lethality at different developmental
stages has identified several core components of trophoblast specification and
differentiation. Tead4 was identified as one of the earliest regulators of TE specification
as tead4-null mutants arrest during preimplantation, lacking the TE layer (Yagi, Kohn et
al. 2007). Cdx2 was also identified as essential at the blastocyst stage (Strumpf, Mao et
al. 2005), whereas Eomes displayed a role post implantation (Russ, Wattler et al. 2000,
Strumpf, Mao et al. 2005). Other genes were associated with embryonic lethality at later
stages such as Esrrb, Ets2, Tfap2c or Elf5 (Luo, Sladek et al. 1997, Yamamoto, Flannery
et al. 1998, Auman, Nottoli et al. 2002, Werling and Schorle 2002, Donnison, Beaton et
al. 2005). Ets2-null embryos arrested by E8.5, with failure of ectoplacental cone
proliferation (Yamamoto, Flannery et al. 1998). Tfap2c was found to be expressed in all
preimplantation lineages, but becomes restricted to the extraembryonic lineages at
implantation (Auman, Nottoli et al. 2002). Tfap2c-null embryos however arrest around
E8.5 with malformation in the extraembryonic tissues, demonstrating it is not essential
for TE specification or early differentiation, but rather for later stages in the trophoblast
lineage (Auman, Nottoli et al. 2002, Werling and Schorle 2002). Elf5-null embryos were
shown to fail at the gastrulation stage, with an abnormal extraembryonic ectoderm layer;
additionally, TSCs could not be derived from these embryos demonstrating the essential
role for Elf5 in the TSC transcriptional network (Donnison, Beaton et al. 2005).
Cdx2 and Eomes were initially found at the centre of the TSC self-renewal network
(Tanaka, Kunath et al. 1998). Elf5 was later established as necessary to boost and fully
establish the TSC self-renewal programme through positive feedback loops with Cdx2
and Eomes (Ng, Dean et al. 2008). Tfap2c was also established as essential for TSC
self-renewal in a mechanism independent from Cdx2, but that requires cooperation of
both Tfap2c and Cdx2 networks for upregulation of Elf5 and complete establishment of
a self-renewing state (Kuckenberg, Buhl et al. 2010). In fact, the stoichiometric levels of
Eomes, Tfap2c and Elf5 determine TSC self-renewal and onset of differentiation (Latos,
Sienerth et al. 2015). Comparison between gene expression profiles of TSCs, ESCs and
XEN cells identified Gata3 as another axis of TSC self-renewal, acting in response to
Tead4, but in a parallel network to Cdx2 (Ralston, Cox et al. 2010). Additionally, Sox2
and Esrrb were identified as key genes for TSC self-renewal acting in response of Fgf
signalling (Adachi, Nikaido et al. 2013, Latos, Goncalves et al. 2015).
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Genome-wide occupancy analysis of the transcription factors stated above revealed
they co-occupy a significant number of target loci, including themselves, this way
establishing an autoregulatory positive feedback loop that reinforces TSC self-renewal
network (Kidder and Palmer 2010, Adachi, Nikaido et al. 2013, Chuong, Rumi et al. 2013,
Latos, Goncalves et al. 2015).
As described previously regarding the first cell lineage decision, cell positioning,
polarity and Hippo signalling are major determinants of the trophoblast fate. In addition,
Fgf signalling is also differentially regulated between embryonic and extraembryonic
layers with Fgf4 ligand being secreted by embryonic lineages, but having its receptor
FgfR2 restricted to extraembryonic TE and PrE. Indeed, the establishment of TSC
cultures is dependent on Fgf4 signalling (Tanaka, Kunath et al. 1998).
Recent studies aimed at analysing the downstream effectors of Fgf signalling in TSCs
(Figure 1.7). Adachi et al and Latos et al used small molecule inhibitors of Fgf/Erk
signalling to dissect induced transcriptomic changes (Adachi, Nikaido et al. 2013, Latos,
Goncalves et al. 2015). Both teams modulated Fgf signalling by inhibition of Fgf receptor
using PD173074, and of Mek using PD0325901, concluding that TSCs downregulate
self-renewal genes such as Cdx2, Eomes, Elf5, Sox2 or Esrrb. Transcriptomic analysis
at 3h and 24h of Fgf inhibition revealed Esrrb and Sox2 as two of the genes with faster
and stronger downregulation (Latos, Goncalves et al. 2015). In fact, it was demonstrated
that co-overexpression of these two factors was sufficient to allow TSC self-renewal in
Fgf4-depleted medium (Adachi, Nikaido et al. 2013).
Both Sox2 and Esrrb are also pivotal for ESC self-renewal (Avilion, Nicolis et al. 2003,
Martello, Sugimoto et al. 2012). Adachi et al performed microarray analysis and
chromatin immunoprecipitation experiments to determine the loci occupancy of Sox2 in
both ESCs and TSCs. They demonstrate Sox2 occupies a different subset of genes in
ESCs and TSCs, including Oct4 and Cdx2, respectively. In addition, Sox2 knockout
promoted downregulation of Oct4, Nanog or Klf4 in ESCs, and Cdx2 or Elf5 in TSCs.
Furthermore, it was demonstrated that in TSCs, Sox2 interacts with Tfap2c to upregulate
several TSC core genes (Adachi, Nikaido et al. 2013).
Similarly, mass spectrometry analysis of the Esrrb interactome in ESCs and TSCs
showed it interacts with different networks, and chromatin immunoprecipitation revealed
it binds to Elf5 exclusively in the TSC compartment (Latos, Goncalves et al. 2015). Esrrb
was shown to directly bind and regulate several TSC transcription factor loci such as
Eomes, Elf5 and Cdx2.
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The dual role for Sox2 and Esrrb in TSCs and ESCs demonstrate that transcription
factors display a versatile function depending on their cellular environment and can
orchestrate completely different transcriptional networks even in neighbouring cell types.
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Figure 1.7 | Signalling and transcriptional regulation of self-renewal in TSCs. Fgf and Hippo signalling are the two
main signalling pathways regulating TSC transcriptional network. Inactive Hippo signalling maintains YAP/TAZ
unphosphorylated, which translocate to the cell nucleus and cooperate with Tead4 to activate Cdx2 expression. Fgf
signalling is activated by binding of Fgf4 to its receptor FgfR2, promoting activation of the Mek/Erk pathway.
Phosphorylated Erk then indices the expression of Sox2 and Esrrb. Sox2 forms a complex with Tfap2c and together
activate the expression of several TSC genes, such as Cdx2. Similarly, Esrrb also promotes expression of core TSC
genes such as Elf5, Tfap2c and Eomes, as well as others. This activation is individually regulated by also in association
with histone demethylase Lsd1. Elf5, Tfap2c, Eomes and Cdx2 establish positive feedback loops, reinforcing each
other’s expression and maintaining an undifferentiated TSC state. Schematics based on Latos et al (Latos and
Hemberger 2016).

1.3.2.2 Epigenetic regulation of TSCs
TSCs and ESCs can be readily distinguished based on their chromatin state,
distribution of histone marks and global methylation status (Alder, Lavial et al. 2010,
Rugg-Gunn, Cox et al. 2010, Senner, Krueger et al. 2012).
ESCs have an atypical chromatin state, which is highly decondensed and enriched
for active histone marks (Meshorer and Misteli 2006, Meshorer, Yellajoshula et al. 2006).
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This results in low expression of both coding and noncoding genetic elements (Efroni,
Duttagupta et al. 2008). Exit from the pluripotent state is accompanied by the
appearance of large condensed domains of heterochromatin, accumulation of
repressive histone marks and activation of a tissue-specific transcription network
(Meshorer and Misteli 2006, Efroni, Duttagupta et al. 2008). Furthermore, ESCs display
bivalent chromatin domains at lineage specifier loci, composed by active and repressive
histone marks, H3K4me2/3 and H3K27me3, respectively (Azuara, Perry et al. 2006,
Bernstein, Mikkelsen et al. 2006). Upon differentiation, these bivalent domains resolve to
maintain one of the marks according to expression or repression of the target gene.
Bivalent domains might reflect culture heterogeneity in serum-conditions as both naïve
ESCs and ICM display lower levels of these domains (Marks, Kalkan et al. 2012, Liu,
Wang et al. 2016).
Evaluation of chromatin structures by electron microscopy showed that, similarly to
ESCs, epiblast cells in the embryo also displayed an open chromatin (Ahmed, Dehghani
et al. 2010). In contrast, cells in the extraembryonic layers and their in vitro counterparts,
TSCs and XEN cells, display larger domains of condensed chromatin (Ahmed, Dehghani
et al. 2010).
The overall levels of H3K27me3 repressive mark are much lower in TSCs compared
to ESCs, suggesting gene repression might be mediated by different marks. This
observation could be related to lower expression of Eed in TSCs, a component of the
Polycomb repressive complex 2 (PRC2) which mediates H3K27 methylation (RuggGunn, Cox et al. 2010, Saha, Home et al. 2013). In fact, Rugg-Gunn et al demonstrated
that H3K9me3 functions as a repressive histone mark in extraembryonic stem cells
(Rugg-Gunn, Cox et al. 2010).
TSCs and XEN cells display lower number of bivalent domains compared to ESCs,
suggesting a different regulation in the extraembryonic stem cells (Alder, Lavial et al.
2010, Rugg-Gunn, Cox et al. 2010). Additionally, it has been reported that in TSCs a set
of somatic lineage regulators marked with bivalent chromatin marks H3K27me3 and
H3K4me2 are specifically recognised by Suv39h1 (Alder, Lavial et al. 2010). Suv39h1
deposits an extra repressive H3K9me3 mark at such loci, resulting in stable repression
of genes associated with embryonic development, so that they are not erroneously
expressed during trophoblast differentiation. The mechanism involves exclusion of the
PRC1 component Ring1b (Rnf2) from bivalent domains, this way removing the poised
RNA polymerase II from these sites and effectively preventing their expression (Alder,
Lavial et al. 2010). Besides the differences in chromatin condensation, distribution of
active and repressive histone marks and abundance and regulation of bivalent domains
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(Figure 1.8A), TSCs also display distinct global methylation profiles compared to ESCs
(Figure 1.8B).
Early analysis of DNA methylation status used southern-blot to compare derivatives
of the epiblast and extraembryonic lineages, revealing these displayed significantly
lower methylation in repetitive elements and specific protein coding genes compared to
the epiblast (Chapman, Forrester et al. 1984, Rossant, Sanford et al. 1986). This early
observation was later confirmed by 5-mC (5-methylcytosine) immunostaining for
blastocyst and early postimplantation embryos (Santos, Hendrich et al. 2002).
In development, lineage commitment should be followed by the establishment of an
epigenetic memory that creates stable lineage barriers. In the early embryo, lineage
restriction is followed by asymmetric distribution of DNA methylation, such that around
implantation, ICM derivatives show de novo methylation whereas TE derivatives do not
(Santos, Hendrich et al. 2002).
Mass spectrometry and MeDIP (methylated DNA immunoprecipitation) analysis
revealed the first global view of differences between ESCs, TSCs and XEN cells
demonstrating these have distinct methylomes (Senner, Krueger et al. 2012). Again,
results confirmed the extraembryonic stem cells were significantly hypomethylated at
repetitive satellite elements, retaining this property from their in vivo counterparts
(Chapman, Forrester et al. 1984, Oda, Yamagiwa et al. 2006). MeDIP identified that
extraembryonic stem cells were hypermethylated at CpG islands (CGI) compared to
ESCs, in particular at CGI and promoters from pluripotency genes such as Nanog and
Oct4. Importantly, for most CGIs, TSCs displayed higher methylation than ESCs. Key
TSC genes such as Cdx2, Eomes or FgfR2, remain hypomethylated in ESCs (Ng, Dean
et al. 2008). The discovery of differentially methylated genes, which show
hypermethylated CGI in ESCs, and are thus repressed, but are hypomethylated and
expressed in TSCs represent potential gatekeepers of the first cell lineage decision (Ng,
Dean et al. 2008, Senner, Krueger et al. 2012, Cambuli, Murray et al. 2014). In fact, Elf5
was identified as such a gene and is shown to be part of an epigenetic memory and
lineage barrier between ESCs and TSCs (Ng, Dean et al. 2008, Cambuli, Murray et al.
2014).
Collectively, these observations reveal that TSCs and ESCs use DNA methylation in
different regulatory roles: TSCs repress embryonic determinant genes by methylation of
their CGI, whereas ESCs use methylation to silence repetitive sequences. However,
ESCs seem to methylate a small subset of key gatekeeper genes, which form an
epigenetic memory of epiblast origin and prevent the effective activation of a trophoblast
programme in the embryonic compartment (Cambuli, Murray et al. 2014).
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Figure 1.8 | Epigenetic regulation of TSCs. A | Characteristics of bivalent domains in ESCs and TSCs. In ESCs,
bivalent domains are marked by H3K4me2/3 and H3K27me3. Upon differentiation the bivalent domain is resolved,
H3K27me3 mark is maintained in genes that are repressed, whereas H3K4me2/3 marks expressed genes. In TSCs,
the bivalent domains marking embryonic/somatic genes are permanently repressed with an extra layer of chromatin
marks H3K9me2/3, ensuring these will not be expressed during TSC differentiation. B | DNA methylation in ESCs and
TSCs. Highly repetitive elements are hypermethylated in ESCs and hypomethylated in TSCs. ESCs have a general
hypomethylated in gene promoters. However, a small subset of trophoblast genes shows differential methylation
status, being hypermethylated and repressed in ESCs and hypomethylated and expressed in TSCs. Figure adapted
from Prudhomme et al (Prudhomme and Morey 2016).

Overall, our knowledge of regulatory networks in the extraembryonic tissues and stem
cells is gradually growing. Nevertheless, in comparison with pluripotency and selfrenewal, we are just starting to understand how the trophectoderm lineage is established
and maintained. We have also limited knowledge on the pathways involved in the first
cell lineage decision, that result in trophoblast specification. Differences in epigenetic
and methylation profiles can readily distinguish TSCs and ESCs. However, the role of
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these differences in the lineage decision, or how do they cooperate to maintain an
epigenetic memory and cell fate commitment remain to be determined.

1.3.3 In vitro Trophoblast Stem Cell Lines – Identity and Potency
The evidence for the possible existence of a stem cell population within the
extraembryonic compartments of preimplantation and early postimplantation mouse
embryos arose through chimera assays and embryo reconstitution experiments in the
early 70s-80s. Gardner et al. used reconstitution of blastocysts with ICM and TE cells
containing different glucose phosphate isomerase (GPI) isozymes as genetic markers
(Gardner, Papaioannou et al. 1973). This way, it was possible to trace the descendants
of both layers, showing that TE progeny could be found at the EPC and TGCs in E7.5
embryos, but not in the embryo proper. Similar conceptual experiments were later
performed using ICM and TE from Mus caroli or Mus musculus, respectively, followed
by in situ hybridization with probes that distinguish the two genetic backgrounds at E7.5
embryos. The results consistently demonstrated that TE derivatives could be found in
the EPC, ExE and TGCs, but not in the embryo nor yolk sac (Rossant and Croy 1985). In
addition, isolation of ExE cells from E5.5 and E6.5 embryos followed by re-introduction
into E3.5 host blastocysts, showed these could colonize the EPC and TGCs in E9.5
chimeric conceptuses (Rossant, Gardner et al. 1978). These experiments however,
showed about 36% contribution towards EPC, compared to 70-90% contribution to
TGCs, demonstrating a possible in vivo bias for differentiation of ExE cells at E5.5 and
E6.5 stages.
The identification of a series of polypeptide markers which allowed distinction of ExE,
EPC and TGCs, led to the discovery that ExE cells isolated from E7.5 conceptuses and
cultured in vitro would differentiate to EPC after two days, followed by TGCs after six
days. Additionally, EPC cells isolated from E7.5 would progress to TGC profile after four
days of in vitro culture (Johnson and Rossant 1981).
Together, these early experiments suggested that TE cells from the E3.5 blastocyst
could differentiate to ExE in postimplantation embryos, which would then originate the
EPC and TGCs through development. It was later shown that in vitro co-culture of ExE
isolated from E7.5 embryos, enclosed by ICM derivatives could maintain an ExE diploid
population, whereas the same diploid state could not be maintained for EPC-isolated
cells (Rossant and Tamura-Lis 1981). This observation led to the proposal of a stem cell
model for the trophoblast lineage in which ExE diploid cells act as a stem cell pool for
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all trophoblast derivatives (Rossant and Tamura-Lis 1981). Furthermore, it showed that
in vitro maintenance of this presumed stem cell population was dependent on embryonic
signalling.
Indeed, as discussed in section 1.2.2, later studies narrowed down this embryonic
signalling to the FGF pathway (Orr-Urtreger, Bedford et al. 1993, Feldman, Poueymirou
et al. 1995) and paved the way for the first report of the derivation of trophoblast stem
cells (TSCs), seventeen years after the stem cell model proposal (Tanaka, Kunath et al.
1998). Consistent with the early chimera / embryo reconstitution experiments, TSCs
could be derived from the ExE of E6.5 embryos, but also from E3.5 blastocysts (Tanaka,
Kunath et al. 1998) and particular niches in embryos up to E8.5 (Uy, Downs et al. 2002).
Interestingly, these different sources converge towards an in vitro stem cell state that is
morphologically indistinguishable and with an equivalent cellular potency (Tanaka,
Kunath et al. 1998). Nevertheless, to date there haven’t been studies that systematically
address these similarities – it would be important to actually perform transcriptomics and
epigenomics analysis of TSC cell lines derived from different niches. Similarly, there are
no rigorous assessments of developmental potency and the derivatives of each of these
in vitro cell lines towards the different trophoblast cell types.
Most published work shows a robust integration of TSC-descendants into the labyrinth
layer of the placenta, as well as spongiotrophoblasts and giant cells (Tanaka, Kunath et
al. 1998, Erlebacher, Price et al. 2004, Kubaczka, Senner et al. 2014, Ohinata and
Tsukiyama 2014). This analysis is mainly performed based on the presence of GFPlabelled TSC descendants within the placenta structures. These would have to be
verified by immunostaining with markers for the different trophoblast cells to truly
consider cellular identity (see Figure 1.6). Alternatively, chimera assays followed by
sorting of TSC-descendant cells at different developmental points and single-cell RNA
sequencing would help dissect the precise differentiation potential of TSCs.
Interestingly, in vitro differentiation of TSCs has a bias towards EPC and TGC-fate,
with very limited differentiation towards chorion and labyrinth lineage (Tanaka, Kunath et
al. 1998, Kubaczka, Senner et al. 2014, Benchetrit, Herman et al. 2015, Kubaczka,
Senner et al. 2015). Further, unlike pluripotent stem cells, which are capable to generate
all-ESC chimeras, in vivo contribution of TSCs to the placenta is generally formed by
small patches of cells, with few reports of extensive contribution and, so far, none of allTSC placentas. In one hand, limitations in in vitro differentiation towards chorion and
labyrinth layers might be a result of our limited understanding of the in vivo interplay
between embryonic and extraembryonic signalling driving trophoblast differentiation. On
the other hand, the lack of extensive contribution to placenta from TSC might imply that
29

the culture conditions to maintain a stem cell state with higher potency is still to be
discovered.
Assuming that morphology and some evidence of contribution to different layers in
the placenta (Tanaka, Kunath et al. 1998) actually reflect similar in vitro states for TSCs
derived from E3.5 or E6.5, then it is worth asking if FGF signalling selects for a particular
cell state rather than recapitulating the original embryonic populations.
Recent studies demonstrated that TSC cultures are heterogeneous both in
morphology (Motomura, Oikawa et al. 2016) and expression of core transcription factors
Cdx2, Eomes and Elf5 (Kuales, Weiss et al. 2015). These seem to reflect the co-existence
of undifferentiated TSC colonies, together with colonies which are partially differentiated.
With single-cell RNA-sequencing, it is now possible to precisely assess in vitro models
and evaluate the resemblance to their embryonic counterparts. A new study has finally
addressed TSC culture heterogeneity and compared it with the expression profile of
single mural or polar TE cells (Javier Frias-Aldeguer 2019). The authors confirm culture
heterogeneity and classify subpopulations according to Cdx2 expression levels,
showing that Cdx2High cells have strong expression of self-renewal transcription factors
and reflect a transcriptome that resembles polar TE. On the other hand, Cdx2Low cells
express higher levels of trophoblast differentiation markers and their transcriptome
shows they are differentiating cells. Comparison of TSC subpopulations with
differentiating TSCs (through withdrawal of Fgf4 signalling) revealed the TSC cultures
possess cells that reflect both pre- and postimplantation trophoblasts. With these
differences in mind, the authors then screened for media formulations that would
maintain a homogeneous Cdx2High population. Upon optimisation they were able to
derive polar-like TSCs (pTSCs) that resemble preimplantation TE with clonogenicity
equivalent to naïve ESCs (Javier Frias-Aldeguer 2019). Importantly, in vivo assays
demonstrated these could contribute extensively to the placenta, although further
molecular analysis will be necessary to determine exact cells types and comparison to
“conventional” TSCs, as well as reproducibility.
Comparison of TSC with postimplantation cell types hasn’t been done yet, so the
question remains if these cell lines simply lack signalling to select for undifferentiated
stem cell populations, or if they reflect different in vivo counterparts. The discovery of
pTSCs might resemble a ground-state TSC and opens the possibility to fine-tune culture
conditions that would capture homogeneous TSC populations. Like pluripotency, we
might be on the path to discover cell populations which recapitulate different
developmental stages for the trophoblast lineage and represent preimplantation and
postimplantation trophoblast states. It is now time to re-visit the hierarchy of the TSC
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lineage tree and evaluate if pTSC could represent a polar TE cell state that progresses
in development through a postimplantation TSC state. Further, it is pertinent to ask
whether it is possible to derive pTSC lines from later developmental stages, as seen for
TSCs. Can this be a stem cell population preserved through development, or as seen
for ground-state pluripotency, does it dissolve and acquire different states at the onset
of differentiation?
Technological advances bring new tools for the dissection of the trophoblast lineage.
It is an exciting time to reassess our knowledge of this key lineage and in vitro stem cell
models.

1.4 Mammalian Genome Engineering
1.4.1 Gene targeting and Homologous Recombination
Classical approaches for specific disruption (commonly referred as knockout) of a
gene used gene targeting inactivation via homologous recombination to assess how the
specific genotype influences a phenotype (Capecchi 2005). The experimental
demonstration that ESCs could be maintained in culture preserving pluripotency and
additionally contribute to germline transmission in mice (Evans and Kaufman 1981,
Martin 1981, Bradley, Evans et al. 1984, Robertson, Bradley et al. 1986) prompted the
rapid development of gene targeting in mammalian ESCs. ESCs provided a unique
means to generate and select specific mutations in vitro, that could then be transferred
to mice for in vivo evaluation of gene function.
Early experiments in yeast demonstrated that exogenous sequences with homology
to chromosomal regions could be specifically introduced in the host genome by
homologous recombination (Hinnen, Hicks et al. 1978, Orr-Weaver, Szostak et al. 1981).
The observation that microinjection of DNA in mammalian cells resulted in integration of
multiple copies of the transforming gene at very few loci, and in highly ordered head-totail concatemers provided the first evidence for homologous recombination in this cell
type (Folger, Wong et al. 1982). The first gene targeting experiment in cultured
mammalian cells was done in 1984 by Lin and Sternberg, using the herpes simplex virus
thymidine kinase (tk) gene (Lin and Sternberg 1984). In 1985 the first targeting of an
endogenous locus was reported and consisted of the introduction of a neoR (neomycin
resistance gene) selection cassette into the human b-globin locus, using a 11.1 kb
(kilobase pairs) homology cassette (Smithies, Gregg et al. 1985). Using similar
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strategies, the Hrpt1 locus (hypoxanthine phosphoribosyl transferase), located in the Xchromosome, was also readily targeted in male ESCs (Doetschman, Gregg et al. 1987,
Thomas and Capecchi 1987). This process occurred with an efficiency of 1 to 1000,
comparing homologous recombination-mediated insertion to random integration, which
highlights one of the key limitations for gene targeting. Importantly, genetic manipulation
in ESCs followed by drug selection, did not affect their capacity to confer germline
transmission in chimeras (Koller, Hagemann et al. 1989, Schwartzberg, Goff et al. 1989,
Thompson, Clarke et al. 1989).
The disruptive capacity to modify the mammalian genome by homologous
recombination in ESCs, pioneered by the laboratories of Mario Capecchi, Oliver Smithies
and Martin Evans, was awarded a Nobel Prize in Physiology or Medicine in 2007. Since
their discovery, the application of gene targeting technologies has exploded, both for in
vitro assessment of gene function, but also in vivo with large projects such as the
international mouse knockout consortium (International Mouse Knockout, Collins et al.
2007). This consortium aimed to disrupt every gene in the mouse genome and has
already produced about 7400 different knockout mouse strains, many of which have
already been phenotypically analysed.

1.4.2 Genome Editing and the use of engineered chimeric nucleases
Despite the impact of gene targeting technologies in genetics, the absolute rates for
homology-directed repair (HDR) efficiency remain low, and random integration is more
frequently the outcome following transfection of DNA. Although specific versus random
insertions can be selected and screened for in ESCs (Mansour, Thomas et al. 1988), the
low efficiency represented a limitation for other cell types, such as human induced
pluripotent stem cells (hIPSCs) and hESCs (Tenzen, Zembowicz et al. 2010), other
organisms and for therapeutic applications.
The discovery that a rare-cutting endonuclease, I-SceI, could introduce double-strand
breaks (DSB) in the DNA and stimulate gene targeting by activation of the endogenous
DNA repair machinery (Rouet, Smih et al. 1994) paved the way for a new generation of
genome editing technologies. Repair of the DSB happened either via HDR-mediated
homologous recombination, or via non-homologous end-joining (NHEJ) pathway,
resulting in junctions with insertions or deletions (indels) of nucleotides with different
sizes. NHEJ-induced indels can efficiently disrupt genes via frame-shifting mutations
that alter protein sequence and often introduce early stop codons. On the other hand,
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HDR can be used for precise gene targeting mutations when combined with a custom
homologous “donor” template, allowing a panoply of different modifications from large
insertions and deletions to point mutations or gene replacement.
The next challenge was to confer specificity to control the target site of DSB and allow
gene targeting at precise locations throughout the genome. This bottleneck was
addressed by the development of engineered nucleases, composed of a DNA-binding
domain that confers sequence specificity, fused to a nonspecific nuclease which
introduces a DSB at the specific target. Three major classes for these chimeric
programmable nucleases have been developed to date: meganucleases (Smith, Grizot
et al. 2006, Silva, Poirot et al. 2011), zinc finger nucleases (ZFNs) (Urnov, Rebar et al.
2010, Carroll 2011) and transcription-activator-like effector nucleases (TALENs) (Miller,
Tan et al. 2011, Gaj, Gersbach et al. 2013).
Meganucleases are derived from microbial mobile genetic elements and represent a
family of naturally occurring rare-cutting endonucleases, that can recognise DNA
sequences of 14-40 bp through non-modular protein-DNA interactions (Smith, Grizot et
al. 2006). Meganucleases have successfully been used for targeted genome editing,
but the lack of clear correlation between protein sequence and DNA specificity posed
challenges in their engineering and thus they were not widely adopted by the scientific
community (Smith, Grizot et al. 2006, Silva, Poirot et al. 2011).
ZFN combine the use of the zinc finger domain found in eukaryotic transcription
factors, which confers DNA sequence specificity, with the FokI nuclease catalytic
domain, which induces a DSB (Kim, Cha et al. 1996, Bibikova, Carroll et al. 2001). This
technology was first used in Drosophila melanogaster (Bibikova, Golic et al. 2002,
Bibikova, Beumer et al. 2003). An individual zinc finger consists of approximately 30
amino acids in a bba configuration (Beerli and Barbas 2002), with some amino acids in
the a-helix recognising specific sequences of 3 bp in DNA. Early studies used three
fingers to bind 9-bp targets, which enabled ZFN dimers to recognise 18-bp per cleavage
site. ZF can be assembled in a modular fashion, combining individual zinc fingers
recognizing triplets of DNA and linking them into a multifinger peptide to recognise
specific DNA regions (Segal, Beerli et al. 2003). ZFN are active as dimers and are
engineered so that each monomer confers sequence specificity to either left or right side
of the desired target site, separated by a 5 – 7 bp spacer that is then recognized by the
FokI cleavage domain.
ZFNs are widely used in research and have been used for targeting in several
organisms including human (Li, Haurigot et al. 2011, Gaj, Guo et al. 2012), zebrafish
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(Doyon, McCammon et al. 2008, Meng, Noyes et al. 2008), rat (Geurts, Cost et al. 2009),
Arabidopsis (Zhang, Maeder et al. 2010) or C. elegans (Wood, Lo et al. 2011), among
many others.
TALE proteins were found in plant pathogenic bacteria from the genus Xanthomonas
and are characterised by DNA binding domains composed of a series of 33-35 amino
acid repeat domains, each recognising a single DNA base pair (Boch, Scholze et al.
2009, Moscou and Bogdanove 2009). TALE specificity is determined by two
hypervariable amino acids, also known as the repeat-variable di-residues (RVDs),
requiring a code of 4 different repeat domains to recognize the 4 DNA nucleotides
(Deng, Yan et al. 2012, Mak, Bradley et al. 2012). The single base recognition of TALE
domains made them an attractive tool for researchers, due to easier protein engineering
as well as higher targeting flexibility compared to the triplet-confined zinc finger
domains. TALE domains were quickly developed for different genetic modifications
including fusion to nucleases (Christian, Cermak et al. 2010, Mussolino, Morbitzer et al.
2011), transcription activators and repressors (Maeder, Linder et al. 2013, Gao, Tsang
et al. 2014, Thakore and Gersbach 2016), and site-specific recombinases (Mercer, Gaj
et al. 2012).

1.4.3 CRISPR/Cas9 Genome editing
Both ZFNs and TALENs have revolutionised genome engineering and allowed precise
gene targeting in countless organisms and applications from basic biology to gene
therapy. In fact, the use of ZFNs to disable the HIV receptor CCR5 in primary T cells
(Perez, Wang et al. 2008) and hematopoietic stem/progenitor cells (Holt, Wang et al.
2010) is the basis of three clinical trials (NCT01252641, NCT00842634 and
NTC01044654). One of the major limitations for TALENs and ZFNs, however, is their DNA
binding mechanism which is based on protein-DNA recognition motifs, making their
engineering for target specificity very labour intensive, costly and time-consuming.
The discovery of CRISPR/Cas (clustered regularly interspaced short palindromic
repeats/CRISPR associated) systems provided a new DNA recognition mechanism,
based on a short guide RNA sequence that leads the Cas9 nuclease to its target DNA.
The simplicity of DNA recognition makes it a fast, inexpensive and extremely versatile
system, which has propelled CRISPR/Cas9 to the centre of a new generation of genome
engineering tools.
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Native CRISPR/Cas systems are adaptive immunity mechanisms developed by
prokaryotes and archaea to shield themselves from foreign genetic elements such as
viruses and plasmids (Mojica, Diez-Villasenor et al. 2005, Barrangou, Fremaux et al.
2007). Adaptive immunity conferred by CRISPR/Cas systems occurs in three stages: i)
small fragments of foreign DNA are inserted as a spacer sequence into the CRISPR array
locus; ii) transcription of precursor crRNA (CRISPR RNA) that produces individual
crRNAs upon maturation, each composed of a repeat sequence and the foreign-DNA
targeting spacer; iii) crRNA drives Cas9 proteins to foreign DNA molecules with
sequence complementary to the targeting spacer, where it promotes their degradation.
The CRISPR/Cas system can be classified into two main classes, each with three
different types (type I – IV) (Mohanraju, Makarova et al. 2016). Types I, II and III use
different molecular machinery to promote DNA recognition and cleavage (Makarova,
Aravind et al. 2011, Makarova, Haft et al. 2011), with types I and III using large
complexes of Cas proteins to mediate DNA cleavage (Brouns, Jore et al. 2008, Haurwitz,
Jinek et al. 2010), whereas type II requires a single Cas protein for its action (Gasiunas,
Barrangou et al. 2012, Jinek, Chylinski et al. 2012).
The CRISPR/Cas9 technology is derived from type II CRISPR/Cas system. It uses
three components: i) a crRNA that confers target specificity; ii) a trans-activating crRNA
(tracrRNA) which contains short sequences complementary to the crRNA and is also
required for Cas9 catalytic activity; and iii) a single multi-domain effector protein, Cas9
which contains nuclease activity for cleavage at the target site. In this system, the Cas9
endonuclease assembles a ribonucleoprotein (RNP) complex with an RNA duplex
formed by tracrRNA:crRNA, which is then directed to the target site for induction of a
DSB mediated by Cas9. Importantly, target recognition by Cas9 requires a protospacer
adjacent motif (PAM), which is a short sequence of 2 – 6 nucleotides, immediately
following the crRNA-specified target site. Different species require different PAM
sequences (reviewed in (Doudna and Charpentier 2014, Hsu, Lander et al. 2014)). Most
of the current applications of CRISPR/Cas9 systems employ the Cas9 protein from
Streptococcus pyogenes (SpCas9), which requires a 5’-NGG or, at lower editing
efficiency, 5’-NAG as PAM sequences.
A major discovery that simplified the adoption of CRISPR/Cas9 for mammalian
genome editing was that the crRNA:tracrRNA duplex could be engineered as a single
molecule, known as a guide RNA (gRNA) (Jinek, Chylinski et al. 2012) (Figure 1.9). After
this discovery, CRISPR/Cas9 was adapted for genome engineering in human and mouse
cells by modulating the 20 nucleotide guide sequence in the gRNA to confer specificity
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to the desired target and efficiently inducing DSB in mammalian genomes with sequence
specificity (Cong, Ran et al. 2013, Jinek, East et al. 2013, Mali, Yang et al. 2013).
Since its advent as a genome engineering tool, CRISPR/Cas9 has been used to edit
in genomes from multiple organisms such as zebrafish (Shah, Davey et al. 2015), plants
(Feng, Zhang et al. 2013) and C. elegans (Friedland, Tzur et al. 2013), as well as a
plethora of different cell types. Additionally, similarly to TALEs, it has also been adapted
for gene activation and repression using a catalytically inactive version of Cas9 fused
with activation or repression domains (Kiani, Chavez et al. 2015, Konermann, Brigham
et al. 2015, Thakore, D'Ippolito et al. 2015).

Cas9 programmed by
crRNA::tracrRNA duplex

Cas9

Cas9 programmed by
single guide RNA

Cas9

PAM

PAM

Target
DNA
3’ crRNA
5’ tracrRNA
Linker
loop

sgRNA-Cas9 DSB

NHEJ

Gene disruption by small
insertions or deletions (indel)

HDR

Gene correction or insertion
by assisted homologous recombination

Figure 1.9 | Schematic representation of type II CRISPR/Cas9 mediated genome editing. Cas9 nuclease can be
programmed with either an RNA duplex generated by sequence complementarity in crRNA and tracrRNA or a single
chimeric guide RNA. The ribonucleoprotein complex is then targeted to the region defined by the 20nt sequence in
the crRNA or guide RNA, where it mediates DNA double strand break (DSB). Upon DSB, the cellular DNA repair
machinery corrects it via NHEJ pathway, generating small indels, or via HDR pathway, leading to precise mutations
in the presence of a donor template. Figure adapted from (Doudna and Charpentier 2014).
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1.5 Thesis Aims
The totipotent zygote has the capacity to generate all tissues that make an adult
organism, including all embryonic lineages that constitute the embryo proper, but also
all extra-embryonic tissues that support embryo development. As development
proceeds, the cells that compose the embryo progressively lose potency (the ability to
differentiate towards different cell types) and acquire fate specification towards the
different organs/tissues that constitute a developed organism. In this context, cell
lineage denotes the developmental trajectory of a specific mature tissue from its origin
in the zygote, compiling a lineage tree that describes all the intermediate cellular stages
that led to the final cell type.
Ultimately, all cells in a mammalian organism possess the same genetic information
(DNA) and descend from a single cell. It is the series of lineage decisions during
development that dictate their mature cell type and specific function. Lineage decision
is then defined as a process in which a cell with higher potency irreversibly commits to
one cellular lineage over another, resulting in a state with lower potency and higher
fate/functional specification. It is accomplished through an initial stage of lineage/fate
commitment, whereby the cell activates key determinants of a specific lineage identity
and blocks alternative fates. The decision is then complete through the maintenance
stage, in which different regulatory mechanisms maintain the cellular state acquired and
efficiently restrict its potency, in an irreversible manner under physiological conditions.
This way, once a cell commits to one lineage, its descendants lose the capacity to adopt
a different cell fate (trans-differentiation) or the initial stage with higher potency
(reprogramming). The molecular mechanisms in place to ensure this restriction are
referred to as “lineage barrier” or “lineage restriction” in this thesis.
The first cell lineage decision in the mouse embryo specifies the pluripotent ICM and
the extraembryonic TE. The cell commitment established at this stage is preserved in
the two stem cell populations derived in vitro from these layers, ESCs and TSCs, which
retain the potency and lineage restrictions of their embryonic counterparts. Hence, once
injected into carrier host embryos, ESCs, like pluripotent ICM cells, contribute to all the
lineages in the embryo proper, but fail to integrate the extraembryonic layers such as
the placenta. Conversely, TSCs, similarly to TE cells, are restricted to the extraembryonic
lineage and cannot integrate the embryo proper. Consistent with in vivo experiments,
ESCs also resist in vitro differentiation towards a TSC fate and to date a limited number
of genes have been identified as suppressors of this conversion. These in vivo and in
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vitro experiments exemplify the strong lineage restriction established upon ICM/TE
segregation in the embryo, and recapitulated in vitro in ESCs and TSCs.
The molecular mechanisms maintaining the extraembryonic restriction in the
pluripotent compartment remain largely unknown and are the primary focus of this thesis.
Here, I aim to explore the ESC-TSC lineage barrier in an unbiased approach, using a
CRISPR/Cas9 genome-wide loss-of-function screen to identify genes supressing ESC
differentiation to TSC. Such a screen will identify a network of genes regulating the
maintenance of the first cell lineage decision, and potentially yield a refreshed
perspective of the molecular players in this early developmental process.
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CHAPTER 2
2 MATERIALS AND METHODS

2.1 Cell culture
2.1.1 Embryonic (ESC) and Trophoblast (TSC) stem cell lines
JM8 wild-type line is derived from B57BL/6N blastocyst (Pettitt, Liang et al. 2009).
AB2.2 wild-type line is derived from 129S6 blastocyst (McMahon and Bradley 1990).
JM8-R26-Cas9 line was a gift from Dr. Kosuke Yusa’s lab. It was generated by
integration of an EF1a-Cas9-IRES-NeoR cassette into the Rosa26 locus of wild-type JM8
(Tzelepis, Koike-Yusa et al. 2016). The Cas9 gene in this construct is humanised and
codon-optimised with a Nuclear Localisation Sequence (NLS) tag at the C-terminus.
All subsequent knockout lines generated in the present work were derived from either
JM8-R26-Cas9 or AB2.2.
The Trophoblast Stem Cell (TSC) F4 wild-type line was a gift from Dr. Janet Rossant’s
lab and was derived from ICRxICR blastocyst.

2.1.2 Cell culture conditions
ESC and TSC lines were maintained at 5% CO2 and 37°C.
In standard conditions, ESCs were cultured in M15Lif medium in gelatinised plates.
For chimera assay injections, cells were maintained in M15 medium, on a layer of
irradiated feeder fibroblasts (SNL76/7) for at least three passages (Ramírez-Solis, Davis
et al. 1993). Medium was changed daily.
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Where indicated, ESCs were converted from standard conditions to different culture
systems, by maintenance in 2iLif or EPSCM media for at least three passages.
For maintenance of TSCs, cells were cultured in TSC media, on a layer of irradiated
mouse embryonic fibroblasts prepared from E14.5 embryos (MEFs) (Tanaka, Kunath et
al. 1998). When specified, TSCs were converted to TX medium for at least three
passages, also on irradiated MEFs (Kubaczka, Senner et al. 2014). Medium was
changed every two days.

2.1.2.1 Media composition
The different media formulations used throughout this work were as follows:
1. M15 medium: DMEM (Lonza) supplemented with 15% fetal bovine serum (Gibco),
100 µM b-mercaptoethanol, 1x non-essential amino acids and 2 mM L-glutamine.
2. M15Lif medium: M15 medium supplemented with 100 U/mL recombinant human
leukemia inhibition factor (LIF) (Millipore).
3. 2iLif medium: 1:1 mix Neurobasal medium and DMEM/F12, supplemented with 1x
N2, 1x B27 (all from Gibco), 100 µM b-mercaptoethanol, 2 mM L-glutamine, 100
U/mL LIF, 1 µM of the MEK inhibitor PD0325901 (Stem Cell Institute) and the 3 µM
of the GSK3b inhibitor CHIR99021 (Stem Cell Institute).
4. TSC medium: RPMI-1640 (Gibco), 20% fetal bovine serum (Gibco), 1x PenincillinStreptomycin-Glutamine, 1 mM sodium pyruvate, 100 µM b-mercaptoethanol
supplemented with 25 ng/mL Fgf4 (Biolegend) and 1 µg/mL Heparin (Sigma).
5. TSC terminal differentiation medium: TSC medium without Fgf4 and Heparin.
6. TX medium: DMEM/F12 supplemented with 1x N2 (Gibco) as source for insulin,
holo-transferrin and sodium selenite, 1x Penincillin-Streptomycin-Glutamine, 64
µg/mL vitamin C (Sigma), 25 ng/mL Fgf4 (Biolegend), 1 µg/mL Heparin (Sigma)
and 2 ng/mL human recombinant TGF-b1 (Preprotech).

2.1.2.2 Antibiotic selection
Antibiotics used for selection were:
1. Puromycin (1.5 - 3 µg/mL), for selection of Puro expression. Concentrations were
adjusted depending on the batch of puromycin in use.
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2. G418 (Geneticin) (500 µg/mL), for selection of Neo expression. This high
concentration was used to select for high expression of Cas9-IRES-Neo.
3. Blasticidin S (10 µg/mL), for selection of Bsd expression.

2.1.3 ESC and TSC passaging and cryopreservation
Cells were passaged when about 80% confluent, by washing with PBS followed by
treatment with trypsin for 5 minutes (TSCs) or 15 minutes (ESCs), at 37°C. Trypsin was
inactivated with serum-containing media. ESCs were routinely passaged 1:4 every 2 - 3
days, whereas TSCs were passaged 1:20 every 3 – 4 days.
For cryopreservation, upon harvesting, cells were resuspended in 500 µL freezing
media (90% fetal bovine serum and 10% DMSO) and placed at -80°C overnight, before
transfer to liquid nitrogen or -150°C for long term storage.

2.1.4 In vitro differentiation towards trophoblast lineage
Upon optimisation of differentiation conditions (discussed on chapter 3), the protocol
adopted for differentiation of ESCs to TSC lineage consisted on plating 200,000 ESCs
onto gelatinized 12-well plates with a layer of irradiated MEFs. Cells were cultured in
either TSC medium (default) or TX medium, when specified. Medium was changed every
other day and differentiation carried out for 14 – 18 days. For plating in different formats,
cell density and media volume were scaled proportionally to culture area.
For terminal differentiation, cells were cultured in gelatinised plates without irradiated
MEFs and maintained with TSC terminal differentiation medium (withdrawal of Fgf4 and
Heparin).

2.1.5 ESC transfection
For all transfections, ESCs were fed with fresh media 2 - 3h in advance. Media was
changed the next morning and appropriate antibiotic selection (see section 2.1.2.2)
started 48h post-transfection.
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2.1.5.1 Lipofection
Transfection of ESCs was carried out using Lipofectamine LTX Reagent (Invitrogen)
according to the manufacturer’s instructions. Briefly, considering the reaction for 6-well
plates, a total of 1.5 μg of DNA was mixed with 4 μL of Plus reagent and 500 μL OptiMEM (Gibco) and incubated 5 minutes at room temperature. 12 μL of Lipofectamine LTX
were then mixed with the DNA solution and incubated at room temperature for at least 5
minutes. Next, 1 to 1.5 million cells resuspended in 500 μL of M15Lif were plated in a
gelatinised well, immediately followed by drop-wise addition of the lipofectamine:DNA
complexes and topped up with 1 mL M15Lif.

2.1.5.2 Nucleofection
For nucleofection, 1 to 1.5 million ESCs were resuspended in 100 μL of Opti-MEM and
mixed with 1.5 μg of DNA. Cells were then electroporated using Amaxa Nucleofector
(Lonza), with programme A-023, followed by addition of 1 mL of M15Lif media to the
cuvette and transfer to gelatinised 6-well. Wells were topped up with an extra 1 mL of
media.

2.2 Molecular Biology
2.2.1 Molecular cloning
2.2.1.1 Gibson assembly of Elf5 targeting construct
The Elf5 targeting construct (pl253-Elf5-T2A-H2B-Venus-LoxP-PGK-Bsd) was
generated using pl253 backbone plasmid (Liu, Jenkins et al. 2003) digested with NotI
and BamHI. The left homology arm was ordered as a gene block that adds a T2A
sequence at the end of Elf5 CDS, and the remaining fragments were PCR amplified as
described in Methods Table 2.1. pl253-Oct4-2Avenus-2A-BSD template was a kind gift
from Dr. Xuefei Gao and pl514 from Dr. Pentao Liu (unpublished). All PCR products were
purified using Agencourt AMPure XP beads prior to Gibson assembly following the
manufacturer’s instructions (NEB). Briefly, 50 ng of digested plasmid were mixed with
30 ng of each fragment and Gibson Master mix and incubated for 1 hour at 50°C.
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NEB10b cells were used to transform the product. Cloning was confirmed by restriction
analysis and Sanger sequencing.

2.2.1.2 Gibson assembly of Rnf2-TY1 overexpression construct
pKLV-flipedU6gRNA_PB_BbsI_PGKpuro2ABFP (Metzakopian, Strong et al. 2017)
was used as backbone plasmid, upon double digestion with BbsI and KpnI restriction
enzymes. Gibson cloning was then performed as described in the previous section,
using fragments generated according to Methods Table 2.2.

2.2.1.3 gRNA design
gRNA sequences were designed using online tools developed by the Zhang lab (MIT)
(http://crispr.mit.edu; http://www.genome-engineering.org) or the WTSI Genome Editing
database (https://www.sanger.ac.uk/htgt/wge/) (Hodgkins, Farne et al. 2015). These
tools allow the selection of genomic target sites followed by a 5’-NGG or 5’-NAG PAM
sequence with minimal likelihood of off-target genome modifications.

2.2.1.4 gRNA cloning
gRNA sequences used in this work can be found on Methods Table 2.4.
For Elf5, Oct4 and Dnmt1 targeting gRNAs, the backbone plasmid used was pKLVflipedU6gRNA_PB_BbsI_PGKpuro2ABFP (Metzakopian, Strong et al. 2017).
All remaining gRNAs were cloned in pLVPB-U6-sgRNAv2fl-shortccdB-PGK-Puro-BFP
backbone plasmid, a gift from Dr. Mathias Friedrich. This plasmid has an improved
gRNA scaffold, demonstrated to result in higher knockout efficiency compared with the
same gRNA expressed in conventional scaffold (Chen, Gilbert et al. 2013, Dang, Jia et
al. 2015, Tzelepis, Koike-Yusa et al. 2016). This is also equivalent to the gRNA library
version 2 used in this work (Tzelepis, Koike-Yusa et al. 2016).
For each gRNA, oligos were ordered from IDT, containing the 20nt gRNA sequence
and overhangs compatible with BbsI digestion of each backbone plasmid. Sense and
antisense oligos (10 µM each) were mixed with T4 ligase buffer in 100 µL reaction. The
mixture was incubated at 98 °C for 5 min followed by ramp down to 25°C at 5 °C min−1.
Annealed products were diluted 1:100 and used for ligation to BbsI-digested backbone
plasmid, using T4 DNA ligase (NEB). All cloned gRNAs were sequence verified by
Sanger sequencing.
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2.2.2 Nucleic Acid Extraction
2.2.2.1 Plasmid DNA preps
In default conditions, DNA plasmids were propagated using NEB10b chemically
competent cells (NEB) grown in LB medium with appropriate antibiotic selection.
Minipreps and midipreps were obtained using NucleoSpin Plasmid kit and
NucleoBond Xtra Midi EF kit, respectively (Macherey-Nagel), as per manufacturer’s
instructions.

2.2.2.2 Genomic DNA extraction
To genotype clones picked from ESC targeting experiments, media was aspirated
from confluent 96-well plates and cells were frozen at -20°C. Upon thawing, 50 µL of
lysis buffer (10 mM Tris-HCl pH 7.5, 10 mM EDTA, 10 mM NaCl, 0.5% Sarcosyl and 1
mg/mL proteinase K) were added to each well followed by 3-hour incubation at 65°C.
150 µL of precipitation buffer (absolute ethanol with 150 mM NaCl) were added per well
and the plate was centrifuged for 20 minutes at full speed in an Eppendorf 5804 R
centrifuge. Supernatant was decanted and genomic DNA washed twice with 70%
Ethanol. Pellets were allowed to dry and resuspended in 50 µL of water. Typically, 1 µL
of extracted gDNA was used for genotyping PCR.
For larger cell numbers, genomic DNA was extracted with QIAamp DNA Mini Kit
(Qiagen), according to the manufacturer’s instructions.

2.2.2.3 RNA extraction
In standard conditions, RNA was isolated using the RNAeasy Mini Kit (Qiagen),
according to the manufacturer’s instructions.
For samples from low cell number (less than 0.25 million cells), RNA was extracted
using the Arctarus PicoPure RNA Isolation kit (Applied Biosystems), as per the manual
guidelines.
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2.2.3 Genotyping
Primers used for the different genotyping reactions can be found on Methods Table
2.3.

2.2.3.1 Standard PCR genotyping
To genotype Elf5 targeting clones, PCR was performed using ThermoScientific
Extensor Long PCR Reddy Mix according to manufacturer’s instructions.

2.2.3.2 Indel detection
Surveyor Assay
The region surrounding gRNA cutting site was amplified by PCR using KAPA-HiFi Hot
Start (usually around 1kb long, with the cutting site in the middle). PCR products were
purified with Agencourt AMPure XP beads in a PCR-product:bead ratio of 1:0.7 and
normalised to 20 ng/µL. Surveyor Assay was performed as described in (Ran, Hsu et al.
2013). Purified PCR products were mixed with LongAmp Taq 1x buffer in a total volume
of 20 µL for DNA heteroduplex formation PCR. The hybridized product was then
incubated with Surveyor Nuclease (IDT), according to manufacturer’s instructions and
the reaction was incubated for 1 hour at 42°C. The product was analysed on a 2%
agarose gel.

Tracking of Indels by DEcomposition (TIDE)
Similarly to Surveyor Assay, the region surrounding gRNA cutting site was amplified
by PCR using KAPA-HiFi Hot Start and purified with Agencourt AMPure XP beads in a
PCR-product:bead ratio of 1:0.7. A wild-type sample for the same region was included
as a control. Products were Sanger sequenced and results were analysed using the
online TIDE resource (https://tide.deskgen.com/)(Brinkman, Chen et al. 2014).
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2.2.4 cDNA preparation
2.2.4.1 “Standard” Reverse Transcription
First strand cDNA was generated using the QuantiTect Reverse Transcription Kit
(Qiagen), according to manufacturer’s instructions. Briefly, 500 – 1000 ng of total RNA
were used for elimination of genomic DNA followed by reverse transcription for 1h at
42°C. The reaction was inactivated for 3 min at 95°C. For RT-qPCR analysis, cDNA was
diluted 1:100 and 3 µL were used per reaction.

2.2.4.2 Low input samples – adaptation Smartseq2 protocol
For samples with low cell number (less than 0.25 million cells), cDNA preparation was
a limiting factor when using standard reverse transcription protocols. To work with these,
an adaptation of single-cell Smart-seq 2 method (Picelli, Faridani et al. 2014) was
performed. After RNA extraction with the PicoPure kit, 50 ng of total RNA (in a total
volume of 3.5 µL) were used for oligodT annealing with 1 µL of dNTP mix and 1 µL of
oligodT primer (100 µM stock), incubated for 3 minutes at 72°C and immediately placed
on ice.
The first strand reaction was performed as described in (Picelli, Faridani et al. 2014),
using Superscript II enzyme (Invitrogen) and the same PCR parameters. The product
from this reaction was diluted 1:3 and 20 µL were used for preamplification with KapaHiFi
HotStart Ready Mix (Kapa Biosystems), which was then carried on as described in the
original paper, with 15 cycles. The number of cycles for preamplification was previously
optimised by analysis of PCR product on agarose gel.
cDNA was purified using Agencourt AMPure XP beads in a PCR-product:bead ratio
of 1:0.7 and analysed on a Agilent High Sensitivity DNA Bioanalyzer Chip (Agilent).
For all RT-qPCR reactions using cDNA prepared with this method, appropriate
controls were made with similar cell numbers to limiting samples.

2.2.5 RT-qPCR
For real-time PCR, TaqMan Gene Expression Assays (Life Technologies) (Methods
Table 2.5) and ABsolute Blue qPCR ROX Mix (ABgene) were used. Quantitative PCR
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was performed in a 7900HT Fast Real-Time PCR System (Applied Biosystems). Gene
expression was determined relative to GADPH gene using the ΔCt method. Data are
generally shown as the mean and standard deviation (s.d.) of three technical replicates.

2.2.6 Elf5 promoter DMR analysis
DMR analysis was performed in collaboration with Dr. Sandeep Rajan.
Genomic DNA for bisulfite conversion was extracted using QIAamp Mini DNA Kit
(Qiagen). 500 ng of gDNA were used per bisulfite treatment with EZ DNA Methylation
StartUP Kit (Zymo), according to the manufacturer’s instructions. The Elf5 promoter
region was then PCR amplified using Zymotac and primers described on Methods Table
2.6 (PCR parameters: annealing 52°C for 35 seconds, extension 72°C for 35 seconds,
40 cycles). PCR products were cloned into pGEM-T Easy Vector (Promega) and
transformed in NEB10b cells. Cells were plated on LB-ampicillin plates with X-Gal for
blue/white selection. For each sample, ten white colonies were sequenced.

2.3 Flow cytometry and fluorescent-activated cell sorting
(FACS)
For flow cytometry, cells were harvested by trypsinization and analyzed accordingly
to the fluorescent reporter combinations of interest using either the LSRFortessa
instrument or Cytoflex (both BD Biosciences). For the LSRFortessa instrument, the
different fluorescent reporters were analyzed with the following parameters: BFP signal
obtained using the 405nm laser, and 450/50 filter; Venus / AF488 signal obtained using
the 488nm laser, and 530/30 filter; mCherry / AF594 signal obtained using the 591nm
laser, and 610/20 filter. For the Cytoflex, the following parameters were used: BFP
detected through the 405nm laser, and 450/45 BP filter; Venus / AF488 detected through
the 488nm laser, and 525/40 BP filter; mCh / AF594 detected through the 488nm laser,
and 610/20 BP filter; PE detected through 488 nm laser and 585/42 BP.
For FACS, cells were harvested by trypsinization and analyzed using either the BD
Influx Cell Sorter (BD Biosciences) or the MoFlo (Beckman Coulter). The parameters in
both these instruments were equivalent to the LSRFortessa.
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2.4 Lentivirus methods and genome-wide CRISPR/Cas9
screening
2.4.1 Lentivirus Production
Lentivirus was produced by transfection of HEK-293FT cells (a gift from Dr. Kosuke
Yusa’s lab) using Addgene packaging plasmids psPAX2 and pMD2.G and lipofectamine
LTX. HEK-293FT cells were cultured in D10 medium (DMEM supplemented with 10%
FBS and 1x glutaMAX (Gibco)).
To produce concentrated virus, a 15-cm plate format was generally used. Cells were
grown on gelatinised 15-cm plates and split 1:3 one day ahead of transfection to achieve
about 70-80% confluency on the day. For transfection, 7.5 µg of lentiviral transfer vector
(containing cloned gRNAs as described in section 2.2.1.4) were mixed with 18.5 µg of
psPAX2 and 4 µg of pMD2.G in 7.5 mL of optiMEM media followed by the addition of 30
µL of PLUS reagent and incubation for 5 minutes at room temperature. 90 µL of
Lipofectamine LTX reagent were then added to the mix and incubated for 30 minutes.
Medium was aspirated from the plates and the Lipofectamine:DNA complexes were
added dropwise and topped-up with 12.5 mL of D10 medium. Medium was changed the
following morning to fresh D10 (45 mL) and the supernatant was harvested 48 hours
later. Supernatant was filtered through 45 µm surfactant-free cellulose acetate filters and
lentivirus were concentrated by centrifugation at 6.000 g, overnight at 4°C. Each pellet
obtained from a 15-cm plate was resuspended in 400 µL of PBS, aliquoted and stored
at -80°C.
Each batch of concentrated lentivirus produced was tested by titration in order to
determine the amount needed to achieve MOI 0.3.

2.4.2 ESC transduction and Lentivirus titration
The method described considers a 24-well plate format and was generally used for
lentivirus titration and screening validation experiments. All other scale-up reactions
were performed directly proportional to culture area.
For lentivirus titration, a serial dilution was prepared ranging from 1:10 to 1:10.000 in
a total volume of 100 µL M15Lif supplemented with 8 μg/mL of polybrene (Sigma). ESCs
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were harvested and resuspended at a density of 300.000 cells per 400 µL of M15Lif
supplemented with 8 μg/mL of polybrene (Sigma). Per transduction, 400 µL of mediacontaining cells was incubated with the appropriate lentivirus dilution and incubated 30
minutes at 37°C before plating onto gelatinised 24-well plates. Media was changed the
next morning and lentivirus infection efficiency was determined 48 hours posttransduction using flow cytometry.
For ESC transduction the protocol was as above, using the virus dilution determined
for 20-30% infection rate. Typical virus dilution for concentrated virus was 1:500 –
1:1.000.
In the screening validation experiments, lentiviruses were produced in 6-well plate
format and the supernatant (2 mL per well) was directly used to infect ESCs (either fresh
or thawed from -80°C). Typically using 1:1 mix of supernatant and M15Lif mediumcontaining ESCs yielded 15 - 30% transduction efficiency.

2.4.3 Genome-wide mouse gRNA lentiviral library
The genome-wide mouse gRNA lentiviral library (version 2) used in this work was a
gift from the Yusa Lab at the WTSI (Tzelepis, Koike-Yusa et al. 2016).

2.4.4 Genome-wide ESC mutant libraries and screening
90 million ESCs (JM8-R26-Cas9-Elf5-T2A-H2BVenus, from now on referred to as
Elf5::Venus ESCs for simplification) were transduced with the gRNA lentiviral library at
an MOI of 0.3. Two independent transductions were performed, generating two
independent mutant ESC libraries. Two days post-transduction, puromycin was added
to the cultures for selection of gRNA-carrying cells. For each independent transduction,
two differentiation screens were conducted as biological replicates. Given that the
phenotype studied is tightly connected with ESC self-renewal, we tried to maximize the
diversity of ESC mutant libraries at the start of differentiation by setting up differentiations
at different timepoints post-transduction. Screening 1.1 started 7 days post-transduction,
and its biological replicate 1.2 started 9 days post-transduction (one extra passage of
the ESC mutant library). Screening 2.1 started 5 days post-transduction and 2.2, 7 days.
For each screen, at day zero of differentiation, 48 million mutant ESCs were seeded into
a total of twenty 12-well plates with MEFs (200.000 ESC cells per well) on TSC medium.
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Media was changed every two days. At day 14 of differentiation, cells were harvested
by trypsinization and Venus positive cells were sorted. To verify mutant ESC library
quality, a sample of each replicate was collected at day zero for differentiation. For
posterior gRNA enrichment analysis, at day 14 we collected three populations: unsorted,
Venus negative and Venus positive. Genomic DNA was extracted from all these samples
and used for PCR templates.

2.4.5 Illumina sequencing of gRNAs
For sequencing of the gRNAs in the different screening populations, we proceeded
as described in (Koike-Yusa, Li et al. 2014). The region containing the gRNA was
amplified using 1 μg of genomic DNA and primers (gLibrary-HiSeq_50bp-SE U1
(ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTTGTGGAAAGGACGAAACA) and
–L1 (TCGGCATTCCTGCTGAACCGCTCTTCCGATCTCTAAAGCGCATGCTCCAGAC)
(Koike-Yusa, Li et al. 2014)) with Q5 Hot Start High-Fidelity 2x Master Mix and the
following conditions: 98°C for 30 s; 27 cycles of 98°C for 10 s, 60°C for 30 s and 72°C
for 15 s; and the final extension 72°C for 2 min. The PCR products were purified using
QIAquick PCR Purification Kit (Qiagen). Two hundred picograms of the purified products
were used for PCR enrichment with KAPA HiFi HotStart ReadyMix using primers
iPCRtagT1 to iPCRtagT16 and PE 1.0 (Illumina) and conditions as stated in (Koike-Yusa,
Li et al. 2014). Lastly, the PCR products were purified with Agencourt AMPure XP beads
in a PCR-product:bead ratio of 1:0.7. Purified libraries were quantified and sequenced
on 2 lanes of HiSeq2500 by 75-bp paired-end sequencing.

2.5 Immunostaining
Methods Table 2.7 describes the list of antibodies used in this work.
All immunostainings were carried out at room temperature unless stated otherwise.

2.5.1 Immunocytochemistry
Cells were fixed with 4% paraformaldehyde (PFA) for 10 minutes and subsequently
blocked and permeabilised by 20 minutes incubation in blocking buffer (3% serum* in
PBS with 0.1% Triton X100 and 1% BSA). Cells were incubated with primary antibody
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overnight at 4°C. After washing with PBS containing 0.1% Triton X100, cells were
incubated with the appropriate secondary antibody (diluted 1:1000 in blocking buffer)
for 1 hour in the dark. Cells were washed and counter stained with DAPI for 5 minutes.
Note: * Serum from the species where the secondary antibody was raised in.

2.5.2 Embryo Immunostaining
Embryo staining protocol was adapted from (Nichols, Silva et al. 2009). Embryos were
fixed in 2.5% PFA in PBS for 15 minutes (blastocyst stage) or 30 minutes (E6.5 embryos)
and washed in PBS/PVP solution (PBS containing 3 mg/mL polyvinylpyrolidone).
Permeabilisation was performed by 2 hours incubation with 0.25% Triton X in PBS/PVP
buffer, followed by blocking for 1h in blocking solution (PBS/PVP containing 0.1% BSA,
0.01% Tween20 and 2% donkey serum). They were then incubated with appropriate
primary antibody dilutions (in blocking solution) overnight at 4°C. Embryos were rinsed
three times in blocking solution for about 15 minutes each, followed by incubation with
secondary antibodies (diluted 1:500 in blocking solution) for 1 hour in the dark. Embryos
were again washed three times and moved through a series of 50%, 75% and 100%
ProLong Gold Antifade Mountant with Dapi (Life Technologies) before mounting in a
small drop of mounting media, covered with a coverslip and sealed with nail varnish.

2.5.3 Image acquisition
For embryo imaging, stained samples were analysed with a Leica DM5000B
microscope equipped with narrow band-pass filters for Dapi, Cy5.5, Cy3.5 and FITC
fluorescence. Images were acquired with a monochrome digital camera (ORCA-03G,
Hamamatsu). Immunocytochemistry and live cell imaging were acquired with either
Olympus IX81 or Zeiss Vert A1 microscopes. All images were processed with ImageJ
(Schneider, Rasband et al. 2012) and Adobe Photoshop.

2.5.4 Cell surface Immunostaining for flow cytometry analysis
Cells were harvested and washed once with staining buffer (PBS, 0.5% BSA).
Approximately 1 to 2 million live cells were used per stain. Cells were blocked with 50
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µL of Mouse BD Fc Block (BD Biosciences), diluted 1:200 in staining buffer, for 15
minutes. Primary antibody was directly added to each sample (1:10 dilution) and
incubated for 1 hour in the dark. Cells were washed twice with staining buffer and
analysed by flow cytometry.

2.5.5 Intracellular Immunostaining for flow cytometry analysis
The protocol was carried out at room temperature unless stated otherwise.
Upon harvesting, cells were fixed in IC Fixation Buffer (Invitrogen) for 10 minutes at
4°C. Cells were washed twice with PBS and permeabilised with permeabilisation buffer
(PBS, 0.1% Tween) for 20 minutes. Blocking was performed with PBS, 0.3M glycine and
10% goat serum, for 30 minutes, followed by incubation with primary antibody diluted in
permeabilisation buffer, 1 hour in the dark. Cells were washed twice and incubated with
secondary antibody (1:2000 dilution in permeabilisation buffer) for 1 hour in the dark
followed by two washes in FACS buffer (PBS, 2%FBS) and analysed by flow cytometry.
For Cdx2 staining better profiles were observed using the FoxP3 buffer system
(eBioscience), following the same protocol as above, but using FoxP3
Fixation/Permeabilisation buffer for fixation and FoxP3 permeabilisation buffer in the
remaining steps.

2.5.6 Western Blot
2.5.6.1 Nuclear Extracts
Nuclear extracts (NE) were prepared from ESCs grown in 10-cm plates. Cells were
washed twice with cold PBS and scraped from the plate followed by centrifugation for 4
minutes at 300 g. Cell pellets were resuspended in 1 mL of nuclear extract buffer A (10
mM KCl, 20 mM HEPES pH7.9, 1 mM EDTA, 1 mM Dithiothreitol and 1x Protease inhibitor
cocktail) and incubated on ice for 2 hours. NP-40 was added at 1% final concentration
and tubes were vortexed for 30 seconds before pelleting nuclei by centrifugation at 2000
g for 5 minutes. Supernatants were aspirated and cell nuclei resuspended in 200 µL of
Nuclear extract buffer B (400 mM NaCl, 10 mM EDTA, 25% glycerol, 1 mM Dithiothreitol
and 1x Protease inhibitor cocktail) and incubated on ice for 1 hour. Nuclear debris were
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pelleted by centrifugation for 10 minutes at 12000 g and supernatant containing NE was
collected in a new tube and stored at -20°C.

2.5.6.2 Western Blot
Protein was quantified using BCA assay (Thermo Scientific). 40 μg total protein were

resolved by SDS-PAGE in a 4 - 15% gradient Mini Protean TGX gel (BioRad), transferred
onto PVDF membranes and probed with antibodies described in Methods Table 2.7 |
List of antibodies.

2.6 RNAseq library preparation and NGS sequencing
RNAseq library preparation was performed by the Sample Management pipeline.
RNA samples were normalised to 100 ng / 50 µL. Library preparation was performed
using NEB Ultra II RNA custom kit, on an Agilent Bravo WS automation system. cDNA
libraries were indexed using KapaHiFi Hot start mix and IDT dual indexed tag barcodes
on Agilent Bravo WS automation system, in a PCR reaction with 14 cycles. Libraries were
then purified using Agencourt AMPure XP SPRI beads on Caliper Zephyr liquid handling
platform. They were quantified with Biotium Accuclear Ultra high sensitivity dsDNA
Quantitative kit and pooled in equimolar amounts on a Beckman BioMek NX-8 liquid
handling platform. Pooled libraries were quantified on an Agilent Bioanalyzer and
normalised to 2.8 nM for sequencing. Libraries were then loaded on six lanes of an
Illumina HiSeq4000.

2.7 Embryo work
All animal experiments were performed in accordance with the UK’s 1986 Animals
and Scientific Procedures Act and local institute ethics committee regulations.
Preparation of embryos and foster recipients as well as ESC injections were carried
out in collaboration with Dr. Guocheng Lan and Dr. Xiangang Zou at Cancer Research
UK Cambridge Institute.
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2.7.1 Preparing embryos and foster recipients
To generate 8-cell stage embryos, CD1 females were super-ovulated by
intraperitoneal injection of Pregnant Mare Serum Gonadotropin (7.5 IU each) followed
by injection of human Chorionic Gonadotropin (7.5 IU each) 48 hours later. Vaginal plugs
were checked the next morning (0.5 days post coitum, dpc), and 8-cell embryos were
collected at 2.5 dpc and cultured in KSOM medium with 3 mg/mL BSA in an incubator
with 5% CO2 at 37°C.
For foster recipient preparation, CD1 females were mated with vasectomized
C57BL6/JCBA F1 males two days before the planned injection date. At the following day,
females were checked for copulation plugs. Plugged females were used as foster
recipients for embryo transfer.

2.7.2 ESC microinjection into 8-cell embryos for chimera assays
To follow ESC contribution in chimera assays the injected cells were stably transfected
with a PB-EF1a-H2B-mCherry-PGK-Puro construct, using Lipofection.
For chimera generation, 6-8 cells were microinjected into 8-cell embryos at room
temperature, in M2 medium (Sigma). The injected embryos were then cultured in vitro in
a mix 1:1 of KSOM and ESC culture media and allowed to develop to the blastocyst
stage.
For in vitro chimera assays, cultured embryos were allowed to progress to the hatched
blastocyst stage. Contribution was then assessed by live imaging, followed by embryo
fixation for immunostainings.
For in vivo chimera assay, a maximum of 20 injected blastocysts were transferred into
both uterine horns of a foster recipient. Embryos were then collected at E6.5 for analysis
of chimera contribution.

2.8 Computational methods
2.8.1 CRISPR/Cas9 screening analysis
Screening analysis was performed in collaboration with Dr. Hannes Ponstingl and
Nikolaos Patikas. gRNA counts were obtained with an in-house written software that
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counts based on exact match to the reference gRNA library (Tzelepis, Koike-Yusa et al.
2016). Enrichment analysis was performed with MAGeck software version 0.5.4 (Li, Xu
et al. 2014). Pathway analysis was obtained using GSEA online software and Molecular
Signatures Database (MSigDB) v6.2 (Subramanian, Tamayo et al. 2005). Protein
interaction analysis was done with STRING database (Szklarczyk, Morris et al. 2017).

2.8.2 RNAseq analysis
RNAseq analysis was performed in collaboration with Nikolaos Patikas.
Reads were mapped using STAR [] v2.5.3 and the reference genome GRCm38.p5
from ENSEMBL. Gene vectors were generated during mapping using the “--quantMode
GeneCounts” option and the Mus Musculus GRCm38 version 91 gene annotations. QC
was carried out by inspecting the uniquely mapped reads to the reference genome and
by performing Principal Component Analysis on the log-normalized count vectors.
Differential expression analysis was carried out using the DESeq2 (Love, Huber et al.
2014) with lfcShrink option. Genes were considered upregulated if displaying FDR < 0.1
and log2 (Fold-change) > 1. Conversely, downregulated genes were defined as those
showing FDR < 0.1 and log2 (Fold-change) < -1. Downstream gene set enrichment
analysis was performed using GSEA online software and Molecular Signatures Database
(MSigDB) v6.2 (Subramanian, Tamayo et al. 2005) with Hallmark Collection (Liberzon,
Birger et al. 2015) and Biological Processes GO-term analysis.

2.8.3 CHIPseq data analysis (Published dataset)
CHIPseq analysis was performed in collaboration with Dr. Vijaya Baskar.
The ChIPseq data generated by Wang et al (Wang, Gearhart et al. 2018) for Pcgf1,
Bcor, Rnf2 and Input DNA were downloaded from Gene Expression Omnibus
(GSE104690). The reads were aligned to the human genome (hg38) using BurrowsWheeler Aligner (Li and Durbin 2009). The peaks for PCGF1, BCOR and RNF2 were the
regions where the aligned reads were significantly (p<0.05) enriched compared to the
Input DNA, according to MACS2 (Zhang, Liu et al. 2008). These peaks were merged to
form a master set of 38978 binding regions using BedTools (Quinlan and Hall 2010) and
mapped to the nearest genes using ChIPseeker (Yu, Wang et al. 2015).
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2.9 Methods Tables
All primer sequences are 5’ to 3’.
Methods Table 2.1 | Primers for Gibson assembly of Elf5 targeting vector. Highlighted in bold are the overlapping
regions for the different fragments.

PCR fragment
H2B-Venus

Primer Name

Primer Sequence

Template

Elf5_F2_FOR

GACCGGGGGGACCAG

pl253-Oct4-2Avenus-

TGTGATATGGCTGATTATGATCATTACTTACTTGT

2A-BSD

Elf5_F2_REV

bovine PA

Elf5_F3_FOR
Elf5_F3_REV

LoxP-PGK-Bsd

Elf5-RH Arm

ACAGCTCGTCCATGC
TAAGTAATGATCATAATCAGCCATATC

pl253-Oct4-2Avenus-

AATTGGGCTGCAGGAGATCCAGACATGATAAGAT

2A-BSD

ACATTG

Elf5_F4 _FOR

TATCATGTCTGGATCTCCTGCAGCCCAATTC

Elf5_F4_ REV

CAACAACAGAAATCCGATCCCCTCGAGGGAC

Elf5_F5_FOR

Elf5_F5_REV

TCCCTCGAGGGGATCGGATTTCTGTTGTTGGAAA
CAATCAGATC
TCTTGAAAACCACACTGCTCGACTCTAGAGATAG

PL514

genomic DNA (JM8
ESC)

CCACCAGTGAGGTGAAG
TAGGGCGAATTGGAGCTCCACCGCGGTGGCGGCCGCCCCCTGAAGAGA
ACTGTGGCATCCTGGAATGGGAAGACAGGGAGCAGGGCATTTTCCGAGT
GGTTAAGTCAGAAGCCCTGGCAAAGATGTGGGGACAAAGGAAGAAGAAT
GACAGGATGACGTACGAGAAGCTGAGCCGAGCCCTGAGGTAAGTGGGC
AGCAACGGACGCAGTGAACCTGCAAAGACAAGTTATATAAAATAGCGGG
GCCGGGGAAACCCACACTCTGTTCAAAGCTTCCCCTCCCCCGCTTCATAT

Gene Block (Adds
Elf5-LH Arm

T2A sequence,
underlined, at the
end of Elf5 CDS)

GAAAGGGTCACGAGCTAAACCTCTTCTTAGTTTCAGATGGGATTATGGGT
GGTAAAGTGACCCACCATCCTTTTTTGGCCTTGGCAGCATTCCCTGGGGG
GGATCACCCTAAACCCAAGCTGTGGTGCACACCAGCACACAAACGCACG
CTCAACTGACTGTGGAGAGAGAGGTTCAGCCTGTGAAGTGTCTGGGAAG
GAAGGGTTTAAGTGTAAGCTGATAACGGGTGTGAAAATACCAGGGTAAGT
AGAGCCCGGGCTATCACCTGAGAGAGCCAGGAGTGTTTATATATGCTGTT
GTTTTTCTTGTGGTGCAAACCTTCTCTGGATTTCTCTCCTTTGCTTGCTTTC
ACAGATACTACTATAAAACGGGAATTCTGGAGCGGGTTGACCGGAGGTTA
GTGTACAAATTTGGAAAGAACGCGCACGGGTGGCAGGAAGAGAAACTCG
AGGGCAGAGGAAGTCTTCTAACATGCGGTGACGTGGAGGAGAATCCCGG
ACCGGGGGGACCAGAGCCAGCGAAGTCTG
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Methods Table 2.2 | Primers for Gibson assembly of Rnf2-TY1 overexpression construct. Highlighted in bold are

the overlapping regions for the different fragments. Cloning carried out by Dr. Sandeep Rajan.
PCR fragment

Primer Name

Primer Sequence

Template

EF1a promoter

Fragment1_F

GGACTAGCCTTATTTTAACTTGCTATTTCTAGCTC

EF1a_Lig4_expression

GCTCCGGTGCCCGTCAGTG

vector

TTGAGTTCCATTTGTCTGCACAGCCTGAGACATGT

house)

Fragment1_R

(designed

CGACGGTGGCGGCACC
Rnf2 CDS 1

Fragment2_Ne

ATGTCTCAGGCTGTGCAGACAAAT

cDNA JM8 ESC

sted_F
Fragment2_Ne

TTTGTGCTCCTTGGTGGGTGCAT

sted_R
Rnf2 CDS

Fragment2_F

(primer

adds

2xTY1

tag,

GATCTATTTCCGGTGCCGCCACCGTCGACATGTC

Rnf2 CDS 1 fragment

TCAGGCTGTGCAGACAAAT
Fragment2_R

underlined)

GGACCCGCCGCCAGCATCCAGAGGATCCTGATTT
GTATGGACTTCGGCGTCCAGGGGGTCCTGGTTGG
TGTGCACCTCTCCTCCGGACCCGCCGCCTTTGTG
CTCCTTGGTGGGTGCATA

T2A-PuroR

CATACAAATCAGGATCCTCTGGATGCTGGCGGCG

pKLV-

GGTCCGGAGGAGAGGGCAGAGGAAGTCTCCTAA

flipedU6gRNA_PB_B

T2A sequence,

CATGCGGTGACGTGGAGGAGAATCCTGGCCCAAT

bsI_PGKpuro2ABFP

underlined)

GACCGAGTACAAGCCCACG

(Metzakopian, Strong

GATCTACAGCTGCCTTGTAAGTCATTGGTCTTAAA

et al. 2017)

(primer

Fragment3_F

adds

Fragment3_R

GGGTACTTAGGCACCGGGCTTGCGGGTC
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in-

Methods Table 2.3 | Genotyping primers. Used for either PCR or Surveyor / TIDE analysis.

Context

Primer Name

Primer Sequence

Elf5_Genotyping_FOR

GCTTCCACTGGATATTACTAGGAGACAC

Elf5_Genotyping_REV

GGAAGTTAGGGTTCAGGGCACTC

Elf5_g1_OffT1_NM134029_F

CTTTACCTCCTGCCACAACTACCAC

Elf5_g1_OffT1_NM134029_R

CTTGGGAGAAGAGTAGGGACGAGG

Elf5 gRNA 1

Elf5_g1_OffT2_NM001013766_F

CCAGATGATTGCAAACTCTTGGAAG

Off-Targets

Elf5_g1_OffT2_NM001013766_R

GTTTGGGACATGGCAAAGGAC

Elf5_g1_OffT3_NM001083902_F

GCCAAGCAGTTTCTCTTTCCATTCC

Elf5_g1_OffT3_NM001083902_R

CTTGGTGTCACCTGATCATCCTGG

Oct4_Sur_F1

GTGCAGTGCCAACAGGCTTT

Oct4_Sur_R1

CTGGTGTACAGACAGTGATGGCA

Oct4_Sur_F2

GACACAGGCAGATAGCGCT

Oct4_Sur_R2

CCACACATGGCCCAAACAAG

Dnmt1_Sur_ex5_F

CTGGCCTCTGGCTTAGTTTCTGT

Dnmt1_Sur_ex5_R

AATGAATGTCTATGCGAAGCCACG

Dnmt1_Sur_ex19_F

GTACCATGCATGTGGGGTCATATAGG

Dnmt1_Sur_ex19_R

GCCAAATGGATCAGGGCTCTCATAC

Dnmt1_Sur_ex28_F

GGGCAGCCAGCTTTGTCATAAG

Dnmt1_Sur_ex28_R

GCCAAGGACTGGAAAACAAACTCC

Dnmt1_Sur_ex30_F

CCGAGACTGTTTTTGTAGGCGTC

Dnmt1_Sur_ex30_R

GGAATCCTTCCGATAACCCTCCA

Dnmt1_Sur_ex31_F

CAGTGTGAGGGGATCCATGCATTTC

Dnmt1_Sur_ex31_R

CCCACAAACCTGAATCTAGACTGGG

Bcor_Sur_F

GCGCTTGCTTACCTTTTCCC

Bcor_Sur_R

GGAGATGTGTAGCAGTCGCA

Rnf2_g1_Sur_F

CCGACAGGTAGGACACTCTTTG

Rnf2_g1_Sur_R

GCTTACATTACAGCTGTGGTCCTG

Elf5 targeting

Oct4 KO

Dnmt1 KO

Bcor KO

Rnf2 KO
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Methods Table 2.4 | Sequences of gRNAs used in this work.

Context

Gene_gRNA#

Sense Oligo

Antisense Oligo

Elf5

Elf5_1

CACCGGGACACCAGGCTCATTTGAGT

TAAAACTCAAATGAGCCTGGTGTCCC

targeting

Elf5_2

CACCGCTGATGGACACCGGACACCGT

TAAAACGGTGTCCGGTGTCCATCAGC

Elf5_3

CACCGATCAAATGAGCCTGGTGTCGT

TAAAACGACACCAGGCTCATTTGATC

Elf5_4

CACCGGAGAAACTCTGATGGACACGT

TAAAACGTGTCCATCAGAGTTTCTCC

Oct4_1

CACCGACTCGTATGCGGGCGGACAGT

TAAAACTGTCCGCCCGCATACGAGTC

Oct4_7

CACCGCCGCATACGAGTTCTGCGGGT

TAAAACCCGCAGAACTCGTATGCGGC

Oct4_10

CACCGCTGAGCCTGGTCCGATTCCGT

TAAAACGGAATCGGACCAGGCTCAGC

Oct4_11

CACCGCTAGTCCCCCAAGTTGGCGGT

TAAAACCGCCAACTTGGGGGACTAGC

Oct4_13

CACCGTTCACGGCATTGGGGCGGTGT

TAAAACACCGCCCCAATGCCGTGAAC

Oct4_15

CACCGCATTGGGGCGGTCGGCACAGT

TAAAACTGTGCCGACCGCCCCAATGC

Dnmt1_1_ex19

CACCGGACCTGATCAATAAGATTGGT

TAAAACCAATCTTATTGATCAGGTCC

Dnmt1_2_ex19

CACCGTTGGCTCATACTCTTTGCTGT

TAAAACAGCAAAGAGTATGAGCCAAC

Dnmt1_3_ex28

CACCGTTATCCGACCGATGCGATAGT

TAAAACTATCGCATCGGTCGGATAAC

Dnmt1_4_ex28

CACCGATACTTGCGGTAGTGCTCAGT

TAAAACTGAGCACTACCGCAAGTATC

Dnmt1_5_ex30

CACCGCCGCAGCCCTGGGAACAAAGT

TAAAACTTTGTTCCCAGGGCTGCGGC

Dnmt1_6_ex30

CACCGGGTGGGTCTTCAAAGTTCTGT

TAAAACAGAACTTTGAAGACCCACCC

Dnmt1_7_ex31

CACCGCAGCCGGAAAACACATCCAGT

TAAAACTGGATGTGTTTTCCGGCTGC

Dnmt1_8_ex31

CACCGGCTGTGGAGGGTTATCGGAGT

TAAAACTCCGATAACCCTCCACAGCC

Dnmt1_9_ex5

CACCGGAAACTTCACCTAGTTCCGGT

TAAAACCGGAACTAGGTGAAGTTTCC

Dnmt1_10_ex5

CACCGTTCGTGAAGTGAGCCGTGAGT

TAAAACTCACGGCTCACTTCACGAAC

Screening

Non-Targeting_1

CACCGGTACTGGACATTCTTATCCGT

TTAAACGGATAAGAATGTCCAGTACC

Validation

Non-Targeting_2

CACCGTCCAGCTTATGATTGGCGCGT

TTAAACGCGCCAATCATAAGCTGGAC

1_p53 _1

CACCGAAGTCACAGCACATGACGGGT

TTAAACCCGTCATGTGCTGTGACTTC

1_p53 _2

CACCGTCGGAGCAGCGCTCATGGTGT

TTAAACACCATGAGCGCTGCTCCGAC

2_Tsc1 _1

CACCGTGCAATACCGGCTGAGAATGT

TTAAACATTCTCAGCCGGTATTGCAC

2_Tsc1 _2

CACCGCCTATGCTTGTCAACACGTGT

TTAAACACGTGTTGACAAGCATAGGC

3_Rock2 _1

CACCGGCTGAAGTAGTGCTTGCACGT

TTAAACGTGCAAGCACTACTTCAGCC

3_Rock2 _2

CACCGTGATGGAGTACATGCCAGGGT

TTAAACCCTGGCATGTACTCCATCAC

4_Mcoln1 _1

CACCGGTGACAAGTTCCGGGCCAAGT

TTAAACTTGGCCCGGAACTTGTCACC

4_Mcoln1 _2

CACCGCAGGTGGTCAAGATCTTGGGT

TTAAACCCAAGATCTTGACCACCTGC

5_Nf2 _1

CACCGTTTGGTGTGCCGGACACTGGT

TTAAACCAGTGTCCGGCACACCAAAC

5_Nf2 _2

CACCGGATTTGGTGTGCCGGACACGT

TTAAACGTGTCCGGCACACCAAATCC

6_Tsc2 _1

CACCGACAATCGCATCCGAATGATGT

TTAAACATCATTCGGATGCGATTGTC

6_Tsc2 _2

CACCGCATTCGGATGCGATTGTTGGT

TTAAACCAACAATCGCATCCGAATGC

7_Pten _1

CACCGATCCCATAGCAATAATATTGT

TTAAACAATATTATTGCTATGGGATC

Oct4 KO

Dnmt1 KO
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7_Pten _2

CACCGAAGCTGGAAAGGGACGGACGT

TTAAACGTCCGTCCCTTTCCAGCTTC

8_Bcor _1

CACCGGGAGTCTTTGGTTGCTGGGGT

TTAAACCCCAGCAACCAAAGACTCCC

8_Bcor _2

CACCGTTGCACACCTCGGAGTCTTGT

TTAAACAAGACTCCGAGGTGTGCAAC

9_Hira _1

CACCGATGTGTGAACTGTGTGCGGGT

TTAAACCCGCACACAGTTCACACATC

9_Hira _2

CACCGGGAGATGACAAACTGATTAGT

TTAAACTAATCAGTTTGTCATCTCCC

10_Lats1 _1

CACCGAGAGACACGGCCCATCTCTGT

TTAAACAGAGATGGGCCGTGTCTCTC

10_Lats1 _2

CACCGTCTGAAAGCCCCAACTCACGT

TTAAACGTGAGTTGGGGCTTTCAGAC

11_Asxl1 _1

CACCGGCATTGAGGCACGCAAGAGGT

TTAAACCTCTTGCGTGCCTCAATGCC

11_Asxl1 _2

CACCGTGGCATTGAGGCACGCAAGGT

TTAAACCTTGCGTGCCTCAATGCCAC

12_Vps16 _1

CACCGGAGGAGCTCAAGGATTGCCGT

TTAAACGGCAATCCTTGAGCTCCTCC

12_Vps16 _2

CACCGGTGGCTGCTGCACCCTATGGT

TTAAACCATAGGGTGCAGCAGCCACC

13_Kctd5 _1

CACCGGGATCTCTGTCGATTAAATGT

TTAAACATTTAATCGACAGAGATCCC

13_Kctd5 _2

CACCGATTAACAAAGACCTCGCAGGT

TTAAACCTGCGAGGTCTTTGTTAATC

14_Smad2 _1

CACCGTCTCTTGATGGCCGTCTTCGT

TTAAACGAAGACGGCCATCAAGAGAC

14_Smad2 _2

CACCGGGTCTCAACTCTCTGGTAGGT

TTAAACCTACCAGAGAGTTGAGACCC

15_Spns1 _1

CACCGAGTTCTTTAACATCGGAGAGT

TTAAACTCTCCGATGTTAAAGAACTC

15_Spns1 _2

CACCGACATCGGAGATGGTAGTACGT

TTAAACGTACTACCATCTCCGATGTC

16_Socs3 _1

CACCGGATCCAGGAACTCCCGAATGT

TTAAACATTCGGGAGTTCCTGGATCC

16_Socs3 _2

CACCGGAACCCTCGTCCGAAGTTCGT

TTAAACGAACTTCGGACGAGGGTTCC

17_Tet1 _1

CACCGCATCCTTCTCCGGCTTGGAGT

TTAAACTCCAAGCCGGAGAAGGATGC

17_Tet1 _2

CACCGCCATGGACTGCAGTAGACGGT

TTAAACCGTCTACTGCAGTCCATGGC

18 _Fubp1 _1

CACCGTCAAATGACTATGGTTATGGT

TTAAACCATAACCATAGTCATTTGAC

18 _Fubp1 _2

CACCGATTCAAATGACTATGGTTAGT

TTAAACTAACCATAGTCATTTGAATC

19_Rnf2 _1

CACCGTTAATGTGCCCAATTTGTTGT

TTAAACAACAAATTGGGCACATTAAC

19_Rnf2 _2

CACCGTGTTTACATCGGTTTTGCGGT

TTAAACCGCAAAACCGATGTAAACAC

20_Cnot8 _1

CACCGGTGTTGTTGTACGGCCGATGT

TTAAACATCGGCCGTACAACAACACC

20_Cnot8 _2

CACCGCCCGTCTGGAATCAACACAGT

TTAAACTGTGTTGATTCCAGACGGGC

21_Ccdc101 _1

CACCGTCTGTCTGCATCCGCTCGTGT

TTAAACACGAGCGGATGCAGACAGAC

21_Ccdc101 _2

CACCGCATCCAGAAAACCCACGAGGT

TTAAACCTCGTGGGTTTTCTGGATGC

22_Rybp _1_K5-3

CACCGAATATCAGACTTTGGTCTAGT

TTAAACTAGACCAAAGTCTGATATTC

22_Rybp _2_K5-4

CACCGCCAGCTGAGAATTGATGCGGT

TTAAACCGCATCAATTCTCAGCTGGC

23_Taf5l _1

CACCGAAACTGCACTTCATACTGCGT

TTAAACGCAGTATGAAGTGCAGTTTC

23_Taf5l _2

CACCGGAATCTGGTTGTGCCAATGGT

TTAAACCATTGGCACAACCAGATTCC

24_Rprd2 _1

CACCGAAAAGAGATTCAAACGATGGT

TTAAACCATCGTTTGAATCTCTTTTC

24_Rprd2 _2

CACCGATAAAAGAGATTCAAACGAGT

TTAAACTCGTTTGAATCTCTTTTATC

25_Spop _1

CACCGAACTTTAGTTTTTGCCGGGGT

TTAAACCCCGGCAAAAACTAAAGTTC

25_Spop _2

CACCGTTATTGATGGTCCACATGTGT

TTAAACACATGTGGACCATCAATAAC

26_Slc11a2 _1

CACCGGGCAGGGTTGATGGCGCCAGT

TTAAACTGGCGCCATCAACCCTGCCC

26_Slc11a2 _2

CACCGGCATTGCCTACCTAGACCCGT

TTAAACGGGTCTAGGTAGGCAATGCC

27_Lipt2 _1

CACCGCTTTGAAGCGCCTCACTCAGT

TTAAACTGAGTGAGGCGCTTCAAAGC

27_Lipt2 _2

CACCGCTGTTCAACCGACCTCACAGT

TTAAACTGTGAGGTCGGTTGAACAGC

28_Trim24 _1

CACCGACTTTTCTACTGTACTACTGT

TTAAACAGTAGTACAGTAGAAAAGTC

28_Trim24 _2

CACCGACACTCTTGACTGCAAACTGT

TTAAACAGTTTGCAGTCAAGAGTGTC

29_Stk35 _1

CACCGAGTGCGTCCTACAGCGCAAGT

TTAAACTTGCGCTGTAGGACGCACTC

29_Stk35 _2

CACCGAGCTACGGCGTGGTTTATGGT

TTAAACCATAAACCACGCCGTAGCTC

30_Supt20 _1

CACCGAAAGGAAATACCTGTCTAGGT

TTAAACCTAGACAGGTATTTCCTTTC

30_Supt20 _2

CACCGTCAGCAGAGACCTCCTAAAGT

TTAAACTTTAGGAGGTCTCTGCTGAC

31_Lipt1 _1

CACCGTCGGGTGCCTTAATAGCGCGT

TTAAACGCGCTATTAAGGCACCCGAC

31_Lipt1 _2

CACCGCCGTATGAGCAGGCGCATTGT

TTAAACAATGCGCCTGCTCATACGGC

32_Pcgf1 _1

CACCGTATGGCTGTCCCGCTGGTTGT

TTAAACAACCAGCGGGACAGCCATAC

32_Pcgf1 _2

CACCGGAGAACCTCATTGTCAAAAGT

TTAAACTTTTGACAATGAGGTTCTCC

33_Taf6l _1

CACCGGGTGATCTCTACTTCCCGGGT

TTAAACCCGGGAAGTAGAGATCACCC

33_Taf6l _2

CACCGGCTCACTTCTCGATCCTCCGT

TTAAACGGAGGATCGAGAAGTGAGCC

34_Cnfn _1

CACCGGCCGCATCTCCGATGACTTGT

TTAAACAAGTCATCGGAGATGCGGCC

34_Cnfn _2

CACCGGCAGACCTCCGGGCAGGTAGT

TTAAACTACCTGCCCGGAGGTCTGCC

35_Psmf1 _1

CACCGTATTGCTGTTCCACTTAGCGT

TTAAACGCTAAGTGGAACAGCAATAC

35_Psmf1 _2

CACCGTCCATCCTTAGACTCATACGT

TTAAACGTATGAGTCTAAGGATGGAC
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Methods Table 2.5 | List of mouse Taqman Probes for qRT-PCR.

Gene Name

Applied Biosystems Assay ID

Ascl2

Mm01268891_g1

Bcor

Mm01291502_m1

Cdx2

Mm01212280_m1

Dio3

Mm00439576_m1

Dnmt1

Mm01151063_m1

Elf5

Mm00468732_m1

Eomes

Mm01351984_m1

Esrrb

Mm00442411_m1

Fgf5

Mm00438615_m1

FgrR2

Mm01269930_m1

Gadph

4352339E

Gata3

Mm00484683_m1

Gata6

Mm00802636_m1

Gcm1

Mm00492310_m1

Gm52 (Syncytin a)

Mm02744887_s1

H19

Mm01156721_g1

Hand1

Mm00433931_m1

Igf2R

Mm00439576_m1

IntA7

Mm00434400_m1

Klf4

Mm00516104_m1

Nanog

Mm02384862_g1

Pcgf1

Mm01617932_g1

Peg10

Mm01167724_m1

Peg3

Mm01337379_m1

Pou5f1 (Oct4)

Mm00658129_gH

Prl2c4 (Prl2c2, Plf)

Mm04208104_gH

Prl3b1 (PL2)

Mm00435852_m1

Prl3d1 (PL1)

Mm04213281_g1

Rnf2

Mm00803321_m1

Rybp

Mm00451094_m1

Sox1

Mm00486299_s1

Sox2

Mm03053810_s1

Syncitin b

Mm04212068_g1

T

Mm01318252_m1

Tfap2a

Mm00495574_m1

Tfap2c

Mm01352548_g1

Tpbpa

Mm00493788_g1

Zfp42 (Rex1)

Mm03053975_g1
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Methods Table 2.6 | Primers used for Elf5 promoter DMR analysis.
Primer Name

Primer Sequence

Elf5_DMR1_MH_F

TTTGTAGTTTGAGTATTTTGGTG

Elf5_DMR1_MH_R

ACCTTTCCACTCTAAACACCCAAA

Elf5_DMR2_F

GTTTTTTGGGTGTTTAGAGT

Elf5_DMR2_R

CATTACAACCTTTACCTAAACTA

Methods Table 2.7 | List of antibodies.
Application

Antibody

Company

Catalogue Number

Dilution

Rnf2

Abcam

ab181140

1:1000

TY1

Diagenode

C15200054

1:1000

Histone H3

Abcam

ab1791

1:1000

Lamin B

Santa-Cruz

sc-374015

1:500

Goat anti-mouse IgG-HRP

Santa-Cruz

sc-2005

1:5000

Goat anti-rabbit IgG-HRP

Invitrogen

A16116

1:10.000

Oct4

Abcam

ab181557
ab19857

1:250
1:250

Nanog

Abcam

ab80892

1:250

Cdx2

Biogenex

MU392A-UC

1:150

GFP

Abcam

ab13970

1:1000

Elf5

Santa-Cruz

sc-9645

1:50

Gata3

Santa-Cruz

sc-1236

1:150

PL1

Santa-Cruz

sc-34713

1:50

mCherry

Abcam

ab167453

1:200

Gata6

Santa-Cruz

sc-7244

1:50

Goat anti-mouse AF488

Invitrogen

A11029

1:500 – 1:1000

Goat anti-mouse AF594

Invitrogen

A11005

1:500 – 1:1000

Goat anti-Chicken AF488

Abcam

ab150169

1:500

Goat anti-Rabbit CF647

Biotium

20043-1-BT

1:500

And

Goat anti-Rabbit AF488

Invitrogen

A11008

1:1000

Embryo

Goat anti-Rabbit AF594

Invitrogen

A11037

1:1000

staining

Donkey anti-Goat AF594

Invitrogen

A11058

1:1000

Oct4

Abcam

ab19857

1:100

Cdx2

Biogenex

MU392A-UC

1:100

Dnmt1

Abcam

ab87656

1:500

Western Blot

Immunocytochemistry

Bio-techne (R&D
Integrin alpha-7

Systems)

FAB3518P

1:10

Flow

Goat anti-rabbit AF594

Invitrogen

A11012

1:2000

Cytometry

Goat anti-mouse AF594

Invitrogen

A11005

1:2000
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CHAPTER 3
3 PROOF-OF-CONCEPT STUDIES FOR THE USE OF CRISPR/CAS9
GENETIC SCREENS IN THE DIFFERENTIATION OF ESCS TO TSCS

3.1 Introduction
Stem cell lines can be established from the three layers of cells that compose a mouse
blastocyst. These are embryonic stem cells (ESCs), derived from the epiblast (Evans
and Kaufman 1981, Martin 1981), trophoblast stem cells (TSCs), derived from the
trophectoderm layer (Tanaka, Kunath et al. 1998) and extraembryonic endoderm cells
(XEN), derived from the primitive endoderm (Kunath, Arnaud et al. 2005). They represent
important in vitro models to study embryo development considering their ability to
indefinitely self-renew, maintain an undifferentiated state when cultured in appropriate
conditions, and their capacity to retain both the developmental potential and lineage
restrictions of their embryonic counterparts. I focus particularly on stem cells
representative of the two layers generated in the embryo upon the first cell lineage
decision, ESCs and TSCs. ESCs are classically regarded as pluripotent, based on their
capacity to generate chimeras and differentiate into all embryonic lineages when
engrafted into morulae or blastocysts, and their lack of contribution to extraembryonic
tissues (Evans and Kaufman 1981, Martin 1981, Smith, Heath et al. 1988, Beddington
and Robertson 1989, Ying, Wray et al. 2008). On the other hand, TSCs are multipotent
cells restricted to the extraembryonic lineage in chimera assays, unable to contribute
the embryo proper (Tanaka, Kunath et al. 1998). The study of ESCs and TSCs provides
important tools to address the regulation of their embryonic counterparts, both for
lineage establishment and fate restriction.
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3.1.1 Bypassing the first cell lineage decision: conversion of ESCs to TSC
fate
Under normal conditions, ESCs retain epiblast lineage restrictions and have limited
ability to spontaneously differentiate to extraembryonic tissues (Beddington and
Robertson 1989). However, several genetic approaches were reported that could
bypass the lineage barrier and convert ESCs to a TSC fate shedding light on important
regulators of lineage decision and maintenance, as well as key factors for TSC and TE
transcriptional networks. These have different extents of lineage conversion as shown
by in vivo potency and are summarised on Table 3.1. They can be subdivided in
knockout approaches, which likely result in abolishing the mechanisms of fate restriction,
and overexpression approaches, which enforce the activation of TSC transcription
circuitry.
Conditional knockout of Oct4 was the first study demonstrating that expression levels
of this transcription factor in ESCs are tightly connected with cell fate, whereby forced
repression of Oct4 allows differentiation to TSC (Niwa, Miyazaki et al. 2000). The role of
Oct4 repression was later mimicked by enforced expression of Cdx2 or Eomes, which
redirected the transcriptional network to acquire a TSC fate (Niwa, Toyooka et al. 2005),
demonstrating the key role of these two transcription factors in TSC. Furthermore, this
study established the direct interaction between Oct4 and Cdx2, resulting in reciprocal
repression, as a key determinant for lineage segregation in the mouse embryo.
Activation of Cdx2 was also achieved through conditional expression of activated Ras,
enabling the derivation of TSCs from ESCs and implicating Ras-MAPK signalling in
promoting TE formation in embryos (Lu, Yabuuchi et al. 2008).
A key barrier in lineage restriction is achieved through DNA methylation. Indeed, this
was demonstrated in the ESC/TSC context by the fact that Dnmt1 deficient ESCs bypass
their lineage commitment and differentiate to TSC (Ng, Dean et al. 2008). Analysis of
differentially methylated promoters in ESCs, TSCs and Dnmt1 deficient ESCs, revealed
that Elf5 was the key hypermethylated and repressed gene in ESC state, and
demethylated and expressed in the remaining two cases. This established Elf5 promoter
methylation as a key player on the maintenance of the first cell lineage decision.
Furthermore, overexpression of Elf5 in ESCs induced trophoblast transition that was not
stable in the stem cell state, progressing to terminal differentiation (Ng, Dean et al. 2008).
Highlighting the importance of a correct balance between DNA methylation and
demethylation for proper lineage restriction, later experiments showed that
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downregulation of the 5-mC hydroxylaseTet1 in ESCs also allows differentiation towards
TSC (Koh, Yabuuchi et al. 2011).
The demonstration that Tead4 was involved in initiation of TE formation upstream of
Cdx2 (Nishioka, Yamamoto et al. 2008), prompted the follow up study showing that
inducible expression of active Tead4 (Tead4VP16ER) also resulted in activation of Cdx2
in ESCs and their conversion to TSC (Nishioka, Inoue et al. 2009). Ralston and
colleagues analysed a previous microarray expression dataset for genes specifically
enriched in TSCs compared to ESC and XEN cells (Kunath, Arnaud et al. 2005), finding
Gata3 among these, in addition to the already established transcription factors Cdx2,

Eomes and Tead4. They proved that overexpression of Gata3 in ESCs can promote TSC
differentiation independently of Cdx2, demonstrating a parallel pathway to Cdx2
regulation downstream of Tead4 that also coordinates trophoblast fate (Ralston, Cox et
al. 2010). Moreover, in this case, Gata3 overexpression induces differentiation of ESCs
to differentiated trophoblast rather than maintaining a stable stem cell state. Similarly to
Gata3, overexpression of Tfap2c in ESCs resulted in induction of TSC fate independently
of Cdx2 (Kuckenberg, Buhl et al. 2010). The authors also showed that both Cdx2 and
Tfap2c are required for the upregulation of Elf5, which further promotes TSC
maintenance (Kuckenberg, Buhl et al. 2010).
More recently, ESC to TSC differentiation was explored to elucidate the role of
microRNAs in this lineage transition. It demonstrated that upregulation of TE-specific
microRNAs miR-15b, miR-322 or miR-467g in ESCs was sufficient to generate stable
TSC lines, expanding the TSC regulatory network beyond transcription factors and
epigenetic modifiers (Nosi, Lanner et al. 2017).

All these studies illustrate that differentiation of ESC to TSC is a faithful in vitro model
that allows meaningful dissection of regulators of the first cell lineage decision in the
mouse embryo. This is clearly illustrated by the fact that most of the studies mentioned
either confirmed that: i) in vivo findings were also relevant for in vitro cell lines; or ii)
conversely, in vitro discoveries were often confirmed in vivo.
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Table 3.1 | Summary of genetic approaches used to circumvent lineage restriction in ESCs and allow

differentiation to TSC-like states. N.A., not assessed.

Chimera Assay

Elf5 expression / DMR analysis

Oct4 knockout

N.A.

Upregulation Elf5 / partial
demethylation DMR region

Cdx2

Placenta
contribution

Upregulation Elf5 / slight
demethylation DMR region

N.A.

N.A.

Ex vivo contribution
to TE in blastocysts

Upregulation of Elf5 / partial
demethylation DMR region

(Ng, Dean et al. 2008)

N.A.

Upregulation of Elf5

(Ng, Dean et al. 2008)

Placenta
contribution

No Elf5 upregulation /
hypermethylated DMR

N.A.

N.A.

N.A.

N.A.

Approach

overexpression

Eomes
overexpression

Dnmt1 knockout
Elf5
overexpression

Ras activation
Tead4-VP16
activation

Gata3
overexpression

Tfap2c

Ex vivo contribution

overexpression

to TE in blastocysts
Placenta
contribution
Ex vivo contribution
to TE in blastocysts

Tet1 knockdown
Arid3a
upregulation
CRISPRamediated Cdx2
overexpression
Overexpression
miR-15b (or miR322, miR-467b)
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Placenta
contribution
Extraembryonic
contribution in E6.5
embryos

Reference

(Niwa, Miyazaki et al.
2000, Cambuli, Murray et
al. 2014)
(Niwa, Toyooka et al.
2005, Tolkunova,
Cavaleri et al. 2006,
Cambuli, Murray et al.
2014)
(Niwa, Toyooka et al.
2005)

(Lu, Yabuuchi et al.
2008, Cambuli, Murray et
al. 2014)
(Nishioka, Inoue et al.
2009)
(Ralston, Cox et al. 2010)

Moderate Elf5 upregulation /
hypermethylated DMR

(Kuckenberg, Buhl et al.
2010)
(Koh, Yabuuchi et al.
2011)

N.A.

(Rhee, Lee et al. 2014)

Low Elf5 upregulation / N.A.

Elf5 upregulation / DMR
hypomethylation

Elf5 upregulation

(Wei, Zou et al. 2016)

(Nosi, Lanner et al. 2017)

3.1.2 Epigenetic memory of the first cell lineage
ESCs and TSCs are characterised by distinct distribution of active and repressive
histone modifications (Alder, Lavial et al. 2010, Rugg-Gunn, Cox et al. 2010), in addition
to unique DNA methylation profiles (Senner, Krueger et al. 2012) which contribute to both
define their identity and expression patterns, and restrain them to their respective
lineage. Despite the cumulative reports of ESC conversion to TSC, the extent to which
different strategies fully reprogramme their transcriptomic and epigenomic landscapes
was only recently analysed in a study by (Cambuli, Murray et al. 2014). The authors
performed an in-depth characterisation of several methods that were shown to achieve
TSC differentiation from ESC lines - conditional Oct4 deletion, overexpression of Cdx2
and conditional activation of Ras-Erk1/2.
Gene expression and epigenetic analysis, found that none of the abovementioned
approaches achieves an expression profile similar to bona-fide TSCs. Indeed, the two
methods with best performance were Oct4 deletion (achieving only about 20% of Cdx2,
Elf5 and Eomes expression relative to TSCs) and Cdx2 upregulation (which achieved
40% of TSC expression levels). Activation of Ras-Erk1/2 produced low upregulation of
these transcription factors, with Elf5 expression not detected. Importantly, analysis of
DNA methylation patterns in these models revealed that the Elf5 promoter remains
heavily methylated in most cases, demonstrating these differentiated cells retain an
epigenetic memory of the first cell lineage decision. In this case, the concept of
“epigenetic memory” is used to describe the fact that converted cells maintain a
methylation status at the Elf5 promoter that is characteristic of their ESC-state rather than
fully erasing this mark and acquiring a methylation level equivalent to bona-fine TSCs.
Consistent with their expression profiles, methylation levels in Cdx2 overexpressionderived TSCs were partially reprogrammed to 64% whereas Oct4 knockout-derived
TSCs showed a persistence of 26%. Exploring genome-wide methylation patterns led to
the identification of nine other genes with potential “gatekeeper” function, similarly to Elf5
– that is, highly methylated and repressed in ESCs and demethylated and expressed in
TSCs, which further confirmed the partial reprogramming to TSC fate.
Nevertheless, many of the published models have reported contribution of induced
TSCs to placenta in chimera assays (see Table 3.1), demonstrating either the presence
of small populations that fully reprogramme to functional TSCs or completion of
reprogramming upon integration in the embryo environment. Most of these studies
however rely on positioning of injected cells in the blastocyst/placenta structures and do
not assess their true functional identity. In fact, only cells resulting from Cdx2
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overexpression were analysed by co-immunostainings to demonstrate that their
presence in extraembryonic regions indeed is complemented with in vivo expression of
trophoblast markers (Cambuli, Murray et al. 2014). Further evaluation of the remaining
models will help clarify their in vivo potency.
In a process equivalent to the generation of induced pluripotent stem cells (iPSCs),
the conditions to reprogramme mouse embryonic fibroblasts (MEFs) to induced
trophoblast stem cells (iTSCs) were recently reported by two independent groups. These
relied on the overexpression of a transcription factor cocktail with either Gata3, Eomes,
Tfap2c and Ets2 (Kubaczka, Senner et al. 2015), or Gata3, Eomes, Tfap2c and the
optional use of Ets2 or Myc (Benchetrit, Herman et al. 2015). The resulting iTSCs had
both transcriptome and Elf5 promoter methylation status similar to bona-fide TSCs. They
also achieved in vivo contribution to placenta when injected into chimeras. Strikingly,
when the same transcription factor cocktail was overexpressed in ESCs, these proved
resistant to iTSC reprogramming, further demonstrating the strength of the first cell
lineage restriction (Kubaczka, Senner et al. 2015).
A recent study that converted ESCs to TSCs through the activation of Cdx2 using
CRISPRa, also generated stable TSCs with Elf5 upregulation and hypomethylated
promoter (Wei, Zou et al. 2016).
Nevertheless, all of the reports that induce TSC fate achieving equivalent expression
and epigenetic landscape to bona-fide TSCs (Benchetrit, Herman et al. 2015, Kubaczka,
Senner et al. 2015, Wei, Zou et al. 2016) had subcloning steps in their protocols, in which
TSC-like colonies were picked and further expanded. This might be selective for cells
that had the capacity to bypass the first cell lineage memory and fully reprogramme to
TSC fate, in a similar process to establishing iPSC lines from primary colonies.
A key need in the field is to define the end point of each experimental model. Currently,
many studies rely on upregulation of key marker genes and evaluate heterogeneous
populations by the end of a fixed differentiation time-course. It will be valuable to
distinguish which genetic modifications allow establishment of self-renewing TSC-like
states in the future. Additionally, systematic analysis of the extent of epigenetic
reprogramming of ESCs to TSCs will continue to elucidate mechanisms involved in the
maintenance of ICM and TE segregation.
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Figure 3.1 | Epigenetic restriction of the first cell lineage decision. Model for the epigenetic memory of ICM/TE

segregation in ESCs, that prevents their complete reprogramming to TSCs. This lineage barrier is specially preserved
at the Elf5 promoter methylation status, which is hypermethylated in ESCs and hypomethylated in TSCs, but remains
mostly methylated in many genetic approaches for ES-to-TS cell conversion. Conversion can be completed upon
incorporation into in vivo embryonic environment. This lineage restriction is strong enough to prevent ESC
reprogramming to iTSCs, following the overexpression of a cocktail capable of successfully reprogramme MEFs.
Image based on Cambuli et al (Cambuli, Murray et al. 2014).
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3.1.3 Role of Elf5 in the trophoblast compartment
Elf5-null embryos implant and form the ectoplacental cone, but fail to develop
extraembryonic ectoderm by E6.5 and arrest between E8.5 and E10.5 (Donnison,
Beaton et al. 2005). The inability to derive TSC lines from these mutant embryos shows
it has an essential role for the establishment and maintenance of these in vitro stem cells
(Donnison, Beaton et al. 2005).
Using ESC differentiation to TSC as a model system, Elf5 was later established as a
gatekeeper of the first cell lineage decision due to the differential methylation profile of
its promoter in ESCs and TSCs (Ng, Dean et al. 2008). Elf5 acts downstream of Cdx2
and Eomes transcription factors and creates a positive feedback loop that reinforces
trophoblast stem cell circuitry and is necessary to expand the trophoblast compartment.
In the absence of Elf5, low levels of these two transcription factors do not result in
establishment of trophoblast fate upon ESC differentiation. This feedback loop acts
specifically in the trophoblast lineage due to hypomethylation of Elf5 promoter. On the
other hand, hypermethylation blocks Elf5 expression in ESCs thereby restricting the
activation of a stable TSC fate in the pluripotent compartment.
Elf5 reinforcement of TSC network is limited in time, as continued expression results
in terminal differentiation of ESC-converted TSCs, which positions Elf5 both at the centre
of self-renewal and onset of differentiation (Ng, Dean et al. 2008, Latos, Sienerth et al.
2015). In fact, a recent study (Latos, Sienerth et al. 2015) showed that Elf5 regulates TSC
self-renewal and differentiation in a tight stoichiometry balance with Eomes and Tfap2c.
In a stem cell state where Eomes is expressed in at least equal stoichiometry to Elf5 and
Tfap2c, the three associate in a tripartite complex and bind preferably to self-renewal
genes, promoting their expression and reinforcing the network. On the other hand, at the
onset of TSC differentiation, the expression of Eomes is reduced and the association of
Elf5 and Tfap2c as a bipartite complex alters their binding profile to a differentiation
promoting program. This way, tight regulation of Elf5 levels, in a parallel to the role of
Oct4 in pluripotency (Niwa, Miyazaki et al. 2000, Radzisheuskaya, Chia Gle et al. 2013),
dictate self-renewal and differentiation programmes in TSCs.
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3.1.4 Scope of this chapter
This chapter describes the framework to allow genome-wide CRISPR/Cas9 knockout
screening for the unbiased identification of genes preventing ESCs from adopting a
trophoblast fate. I first describe the development of a Elf5::Venus reporter ESC line that
constitutively expresses Cas9 from the Rosa26 locus. This allows both efficient genetic
manipulation using CRISPR/Cas9 and monitoring differentiation towards trophoblast
stem cell lineage. I next describe the validation of this line and confirmation of the
transcription profile of Venus positive cells. I then proceed with exploring the feasibility
of using CRISPR/Cas9 to knockout two genes known to prevent ESC to TSC
differentiation, Oct4 and Dnmt1, and optimise the experimental setup for differentiation.
I finally summarise the lessons learnt from the different proof-of-concept experiments
and discuss considerations for the experimental setup to be used in the genome-wide
screening to follow.
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3.2 Results
3.2.1 Generation of an Elf5::Venus ESC reporter line for trackable
detection of trophoblast differentiation
3.2.1.1 Development of Elf5::Venus knock-in ESCs with stable expression of Cas9
Homogeneous expression of Cas9 is an important parameter when considering
genome-wide screening to avoid bias arising from gRNAs transduced into
subpopulations with either higher Cas9 expression or less functional protein (Zhou, Zhu
et al. 2014). Indeed, it has been shown that in a mixed population of Cas9-integrated
cell lines, often mutations can arise in Cas9 that render it inactive (Tzelepis, Koike-Yusa
et al. 2016). I therefore chose to engineer the JM8-R26-Cas9 ESC line to generate the

Elf5::Venus reporter, as it has stable integration of EF1a-Cas9::IRES::NeoR in the Rosa26
locus (Figure 3.2A) and was clonally selected for high editing efficiency (Tzelepis, KoikeYusa et al. 2016).
To ensure proper regulation of the Venus reporter, I decided to target the endogenous
Elf5 locus. I used the T2A self-cleavage peptide so that Elf5 was not affected by fusion
to Venus, and an H2B sequence was included to induce nuclear localisation of Venus
and allow a more defined fluorescent signal for microscopy.
A schematic representation of the CRISPR/Cas9-mediated homology-directed repair
strategy used for knock-in is shown in Figure 3.2. I constructed a targeting vector that
contains 700-bp homology arms, a T2A::H2B::Venus cassette to express nuclearlocalised Venus protein upon Elf5 expression, and an excisable selection cassette
composed of PGK-BsdR flanked by LoxP sites for blasticidin selection (Figure 3.2C). The
excisable cassette was included to allow selection of integrated clones with blasticidin,
followed by removal of this cassette to promote minimal disruption of the endogenous
Elf5 locus in the final cell line. I then co-transfected ESCs with the donor construct and
a gRNA-expressing plasmid (Figure 3.2D) used to induce a double-strand break
downstream of the stop codon and facilitate homology-directed repair (Figure 3.2B).
Colonies were selected for stable integration in Blasticidin (Figure 3.2E). Targeted clones
were identified by genotyping PCR, using the primer strategy illustrated in Figure 3.2.
Briefly, these primers bind outside the homology arms in the endogenous Elf5 locus,
amplifying a 2 kb band in wild-type locus (Figure 3.2B) and a 5 kb band in successfully
targeted clones (Figure 3.2E). Finally, to guarantee minimal perturbation of the
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endogenous Elf5 locus, successfully cloned cells were transiently transfected with Cre
to mediate excision of the selection cassette, leaving the targeted locus with
Elf5::T2A::H2B::Venus (Figure 3.2F). Following transfection with Cre, colonies were
picked and genotyped with the same pair of primers used before, which generate a 3.5
kb band when the selection cassette is efficiently removed (Figure 3.2F).
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Figure 3.2 | Schematic representation of the strategy used to generate the Elf5::Venus reporter ESC line. A | The

JM8-R26-Cas9 line used in this work has stable integration of Cas9 in the Rosa26 locus, expressed from the EF1a
promoter followed a neomycin resistant gene (NeoR). EF1a, human elongation factor 1a. IRES, internal ribosome entry
site. B | Representation of the Elf5 locus. Underlined in grey are the regions used for left (LH) or right (RH) homology
arms and outlined in red is the location of the primers used for genotyping. gRNAs designed target the end of Elf5
coding sequence. C | Targeting vector, composed of LH and RH sequences, a cassette for integration of

75

T2A::H2B::Venus, and a excisable selection cassette that expresses blasticidin resistant gene (BsdR) from the PGK
promoter, flanked by LoxP sites (triangles). T2A, T2A self-cleaving peptide. H2B, Histone 2B. PGK, mouse Pgk1
promoter. D | piggyBac vector carrying a gRNA expression cassette driven by the human U6 promoter (U6) and a
Puromycin-resistance gene (PuroR) fused with a T2A to blue fluorescent protein (BFP), under the regulation PGK
promoter. PB, piggyBac repeats. 20 bp, gRNA specificity sequence. E | Schematic representation of the Elf5 locus
upon the first round of targeting. F | Final edited Elf5 locus, obtained after removal of the blasticidin selection cassette
upon transfection with Cre.

In order to obtain efficient homology-directed repair mediated by CRISPR/Cas9, one
should design gRNAs up to 100-bp from the desired insertion site with the distance
between this and the PAM sequence being one of the key determinants for targeting
efficiency (Paquet, Kwart et al. 2016, Liang, Potter et al. 2017). This limited sequence
does not always allow the design of a gRNA with high cutting efficiency and minimal offtargets. With this in mind, I tested the use of four different gRNAs to induce double-stand
break up to 30-bp downstream of the Elf5 stop codon (Figure 3.3A). Note the exclusion
of the stop codon in the left homology arm to allow for T2A::H2B::Venus expression
following Elf5 expression (Figure 3.3A).
Four independent transfections were carried-out using each gRNA and the targeting
vector, followed by selection with blasticidin. It is important to highlight that even though
the expression plasmid for gRNA delivery contains piggyBac repeats, the transfections
to generate the reporter line were all transient to both minimise gRNA off-targets, and
avoid conflicts with downstream applications of the final line. These will rely on both BFP
and PuroR expression. Twenty-four blasticidin resistant colonies were picked per
transfection, expanded on feeders and genotyped to detect the targeted insertion of the
T2A::Venus-LoxPBsd cassette. Figure 3.3B shows the genotyping results from colonies
transfected with gRNA #1. The gRNAs had similar efficiencies independently of the
gRNA used, ranging from 21% to 29% (Figure 3.3C). At this point, I chose to proceed
with clones generated with gRNA #1 given it was the one with the lowest number of
predicted off-targets (3 exonic off-targets, compared to 7, 6 and 9 for gRNAs #2, #3 and
#4, respectively). ESC clone 1.18 was then transiently transfected with Cre to mediate
excision of the blasticidin selection cassette followed by colony picking and genotyping
(Figure 3.3D). Note that before this point, cells were grown on a feeder layer and hence
show a wild-type band which is no longer visible in the clones picked after Cre excision,
routinely grown on gelatin plates (Figure 3.3B and D). The final line carries homozygous
knock-in and is referred from now on as Elf5::Venus ESC.
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Figure 3.3 | Generation of the Elf5::Venus knock-in ESC line. A | Diagram showing the design of the four gRNAs
used to induce double-strand break upstream of mElf5 stop codon (highlighted in bold and asterisk). The boundaries
of both left homology (LH) and right homology (RH) arms are underlined in grey. B | Genotyping results for 24 colonies
resistant to blasticidin selection, picked from targeting reaction using gRNA #1. Positive clones are identified by
numbers, with an asterisk marking the clone chosen for downstream work. C | Table depicting the efficiency of
homologous recombination by gRNA used. D | Confirmation of excision of Blasticidin selection cassette, mediated by
Cre.

As a quality control to guarantee that the line generated was not affected by gRNA #1
outside its predicted target, I PCR amplified and sequenced the three predicted exonic
off-target regions. I sequenced both the original JM8-R26-Cas9 ESC line, and four
different clones generated through this gRNA. All of them displayed the wild-type
sequence at these sites, with absence of CRISPR/Cas9-mediated indels (Figure 3.4).
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GATCGGATGGTACAGCAACTGGTAAAGAAAATTGGACACCAGGCTGTTCTGATGGACTTCATTAAGAAATACAAGCAGGGCAATCAAGAGCTG
GATCGGATGGTACAGCAACTGGTAAAGAAAATTGGACACCAGGCTGTTCTGATGGACTTCATTAAGAAATACAAGCAGGGCAATCAAGAGCTG
GATCGGATGGTACAGCAACTGGTAAAGAAAATTGGACACCAGGCTGTTCTGATGGACTTCATTAAGAAATACAAGCAGGGCAATCAAGAGCTG
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- Strand GGGGGTTTCCTCGGACTCCAGGC
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ACCTGTTCTTCCCCTCTCCCCATCCTATGTCTCCCCCAAAGGAGCCTGAGGTCCGCCCAGGAGCAAATCATCTTGGCGCCATCACCAGCCAAG
ACCTGTTCTTCCCCTCTCCCCATCCTATGTCTCCCCCAAAGGAGCCTGAGGTCCGCCCAGGAGCAAATCATCTTGGCGCCATCACCAGCCAAG
ACCTGTTCTTCCCCTCTCCCCATCCTATGTCTCCCCCAAAGGAGCCTGAGGTCCGCCCAGGAGCAAATCATCTTGGCGCCATCACCAGCCAAG
ACCTGTTCTTCCCCTCTCCCCATCCTATGTCTCCCCCAAAGGAGCCTGAGGTCCGCCCAGGAGCAAATCATCTTGGCGCCATCACCAGCCAAG

Figure 3.4 | Absence of Cas9-mediated indels in the three predicted exonic off-targets of gRNA #1. The genomic
regions for these were amplified by PCR and sequenced for the non-targeted JM8-R26Cas9 line, and for four different
clones generated with gRNA #1. Shown are the alignments of the results from the five samples with a representative
Sanger sequencing chromatogram depicted for each off-target (OT). The OT region is shown aligned with gRNA #1
in red, with mismatches in black. PAM sequence in each OT is highlighted in bold. A | Off-target 1 (OT1), located on
gene Nt5m (NM134029). B | Off-target 2 (OT2), located on gene Slc12a8 (NM001013766). C | Off-target 3 (OT3),
located on gene Samd3 (NM001083902). Note that in this case, the OT sequence is present in the minus strand (Strand).

3.2.1.2 Validation of Elf5::Venus ESC for its use in TSC differentiation
One of the key distinctions between ESCs and TSCs is the methylation status of Elf5
promoter region, which appears hypermethylated in ESCs and unmethylated in TSCs
(Ng, Dean et al. 2008). It is therefore important to verify the integrity of this regulation
layer upon Elf5 targeting as it can affect the lineage barrier in a direct manner.
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To assess the effect of targeting Elf5 locus on the methylation status of Elf5 promoter
DMRs, the genomic DNA from JM8-R26-Cas9 and the knock-in Elf5::Venus ESC lines
was bisulphite converted followed by PCR amplification of the DMR regions (Frommer,
McDonald et al. 1992, Herman, Graff et al. 1996). 10 colonies obtained from cloning of
each PCR product were analysed by sanger sequencing to determine their methylation
levels. The results demonstrate that Elf5 promoter remains highly methylated upon gene
editing in Elf5::Venus ESCs (Figure 3.5). This dataset was obtained in collaboration with
Dr. Sandeep Rajan.
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Figure 3.5 | Analysis of Elf5 promoter DMR methylation status upon gene targeting demonstrates it remains highly
methylated. Circles represent CpGs, with closed and open circles indicating methylated and unmethylated CpG,

respectively. Grey circles indicate CpG that could not be assessed due to sequencing quality.

In order for Elf5::Venus ESC to be used in this study, one needs to prove that
expression of Venus faithfully reflected the dynamics of Elf5 activation. To test this, and
given that Elf5 is not expressed in ESCs, I had to induce TSC differentiation. Oct4
knockout is one of the most robust methods for differentiation of ESCs to TSCs, being
reproduced independently in several labs (Niwa, Miyazaki et al. 2000, Niwa, Toyooka et
al. 2005, Alder, Lavial et al. 2010, Cambuli, Murray et al. 2014), in addition to its wellknown role as a direct regulator of the first cell lineage decision in the mouse embryo
(Nichols, Zevnik et al. 1998). Importantly, it has been shown that Oct4 knockout is one
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of the few published methods achieving Elf5 upregulation during TSC differentiation, as
well as Elf5 promoter demethylation (Cambuli, Murray et al. 2014).
For this validation experiment (Figure 3.6A and B), I transfected Elf5::Venus ESCs with
a pool of three gRNAs targeting Oct4. In this experiment I used PBase to mediate gRNA
integration and stable expression. Given the role of Oct4 in ESC self-renewal, BFP
positive cells containing gRNA expression plasmid were sorted 48h post transfection
and directly replated for differentiation on MEF feeders and TSC media (Tanaka, Kunath
et al. 1998). The cell density at day zero was chosen based on published work and set
to 20.000 cells per well of a 12-well plate. TSC differentiation was carried-out for 10 days
with the percentage of Venus positive cells assessed by flow cytometry. In this
experimental setting, cells transfected with Oct4 gRNAs, generated about 4% Venus
expressing cells, peaking at day 6 of differentiation (Figure 3.6C). In contrast,
untransfected cells peaked at only about 1% Venus expressing cells, also by day 6
(Figure 3.6C). Importantly, bulk RT-qPCR analysis at the peak of differentiation
demonstrated modest upregulation of Elf5 at the population level, detectable upon Oct4
knockout but not in the untransfected control (Figure 3.6D). On the other hand, similar
levels of Cdx2 upregulation were observed for both control and Oct4 knockout, pointing
to an easier activation of Cdx2 expression upon induction of TSC differentiation, in
comparison with Elf5. Eomes and Tpbpa, other two markers of trophoblast lineage were
not detected. Analysis at the population level showed a modest tendency of activation
of trophoblast stem cell programme, in agreement with the low percentage of Venus
positive cells present in culture.
In order to assess if Venus positive cells specifically reflect the activation of Elf5 and
other trophoblast markers, these were sorted at day 10 of differentiation and profiled by
RT-qPCR. About 0.3% Venus positive cells could be detected in the control experiment,
compared to 3% in the Oct4 knockout case (Figure 3.6E). Both of these positive
populations were sorted and analysed for their expression profile using a low input cDNA
preparation method adapted from single-cell Smart-seq2 protocol (Picelli, Faridani et al.
2014), as described in the methods section (2.2.4.2). Importantly, Venus negative and
ESC wild-type controls were prepared with the same cell numbers and overall protocol
as Venus positive cells for suitable comparison of the results. RT-qPCR analysis (Figure
3.6F) demonstrated that Venus positive cells clearly upregulated Cdx2, Elf5 and Tpbpa
trophoblast markers, in comparison with Venus negative or wild-type ESC control. Eomes
did not seem to be specifically upregulated as its expression levels are similar between
negative and positive populations, and between untransfected control and Oct4
knockout cells. Critically, the small percentage of Venus positive cells observed in
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untransfected control, displayed an expression profile consistent with the same cells
resulting from Oct4 knockout, demonstrating that these are more likely to reflect
background spontaneous differentiation rather than Venus leaky expression.
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Figure 3.6 | Validation of the Elf5::Venus reporter ESC line, through CRISPR/Cas9-mediated Oct4 knockout
followed by induction of trophoblast differentiation. A | Schematic of the piggyBac vector carrying a gRNA expression

cassette driven by the human U6 promoter (U6) and a Puromycin-resistance gene (PuroR) fused with a T2A selfcleaving peptide (T2A) to blue fluorescent protein (BFP), under the regulation of the mouse Pgk1 promoter (PGK). PB,
piggyBac repeats. 20 bp, gRNA specificity sequence. bpA, bovine polyadenylation signal sequence. B | Diagram
depicting the experimental setup. Elf5::Venus ESCs were transfected at day -2 with a pool of three gRNAs targeting
Oct4, and piggyBac transposase (PBase). 48h later, BFP expressing cells were sorted and plated for trophoblast
stem cell differentiation (TSdiff) on MEFs and TSC media. At day 10, cells were sorted for Venus expression and their
profile analysed by RT-qPCR. C | Flow cytometry analysis showing the percentage of Venus positive cells over the
differentiation time-course. D | Bulk RT-qPCR depicting the expression profile of untransfected or Oct4 gRNA
transfected cells at the peak of Venus expression, day 6 (D6). Results are shown for Oct4, and four markers of
trophoblast lineage (Cdx2, Elf5, Eomes and Tpbpa). Expression is normalized to Gapdh, and relative to Elf5::Venus
at day 0 (D0).
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3.2.2 Proof-of-concept for the use of CRISPR/Cas9 in genome-wide
knockout screening for TSC differentiation: Oct4 knockout and
optimisation experiments
In this chapter I discuss the development of tools and experimental conditions
required to perform a genome wide CRISPR/Cas9 knockout screen. This type of pooled
screening relies on the use of lentiviral gRNA libraries that are transduced at a low
multiplicity of infection (MOI) for the delivery of ideally one single gRNA per cell. The cell
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knockout libraries thus generated are then submitted to a phenotypic pressure and the
gRNAs present in selected cells are sequenced in order to identify enriched or depleted
gRNAs and this way infer genes involved in the phenotype.
Proof-of-concept experiments should mimic the experimental setup to be taken in a
screening context, that is, in a positive control, delivery of a single gRNA through
lentiviral transduction needs to be sufficient to allow differentiation towards TSC lineage.
Also, given that in a screen only a few genes are expected to allow differentiation, the
relevant clone/cell line must be capable of eliciting a phenotype in a pool of cells that
are not doing so. In other words, it must behave cell autonomously and not be subject
to signals from adjacent cells in the culture.
Considering the reasons stated in the previous section for the choice of Oct4 knockout
as a model for induction of TSC differentiation, I first set to design six different gRNAs
targeting exon 1 to select for efficient gRNAs capable of mediating high indel
frequencies in the Oct4 locus (Figure 3.7A). These were cloned in the gRNA expression
plasmid described in Figure 3.6A and transfected into Elf5::Venus ESCs together with
PBase for stable integration. Transfected cells were selected with Puromycin and six
days post-transfection, genomic DNA was extracted for indel analysis. To determine
gRNA cutting efficiency, the region surrounding the cutting site was PCR amplified
(schematic representation on Figure 3.7A) and first analysed by surveyor assay. This
assay relies on the use of Surveyor Endonuclease, a mismatch-specific DNA
endonuclease, which cleaves at the 3’ side of any mismatch with high specificity and in
both DNA strands (Qiu, Shandilya et al. 2004). This makes it a useful tool to quickly
assess indel frequency mediated by CRISPR/Cas9 editing as simple PCR amplification
of the gRNA target region followed by denaturing and re-hybridization of the PCR
product before incubation with Surveyor endonuclease should allow the detection of
mismatches produced according to indel frequency in the population visualised by
cleavage of the initial PCR product. The results of this assay (Figure 3.7B) demonstrate
that all gRNAs can induce indels in the Oct4 locus, detected by the presence of smaller
bands upon incubation with Surveyor enzyme. To gain a quantitative insight on cutting
efficiency per gRNA, the PCR products were also sequenced and analysed by TIDE
(Tracking of Indels by Decomposition) (Brinkman, Chen et al. 2014). A typical Sanger
sequencing chromatogram obtained from cells treated with CRISPR/Cas9 is marked by
mixed traces surrounding the gRNA cutting site, as a consequence of NHEJ and the
presence of indels in the edited population (Figure 3.7C). For TIDE analysis, wild-type
control and sample sequence traces are submitted to an online analysis software
(https://tide.deskgen.com/) which deconvolutes the mixed traces present on edited
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population, reporting discrete indel frequencies in the overall sample and an estimation
of cutting efficiency. TIDE analysis of the different Oct4 gRNAs revealed that gRNAs #1
and #7 display the highest cutting efficiency (Figure 3.7D).
As the kinetics of PBase-mediated integration is different from lentiviral integration, I
next performed a time-course experiment in order to understand cutting dynamics using
lentivirus. I produced lentiviruses for the independent delivery of gRNAs #1 and #7 and
transduced Elf5::Venus ESCs with these, approximately at MOI of 0.3. Cells were
selected with Puromycin from day 2 post transduction. I then extracted genomic DNA at
different days and analysed the indel complexity by TIDE. Results demonstrate that
cutting is detected from day 3, and increases over time, with the highest cutting
efficiency visible at day 8 (Figure 3.7E).
Standard conditions for TSC maintenance require a MEF feeder layer, or MEFconditioned TSC media. TSC media is widely established in the scientific community as
it was used to derive the first TSC lines from mouse blastocysts (Tanaka, Kunath et al.
1998). It contains serum and provides the cytokine Fgf4 and cofactor Heparin to promote
TSC proliferation. TX media is a serum-free defined formulation developed more recently
for derivation and maintenance of TSCs (Kubaczka, Senner et al. 2014) and in addition
to Fgf4 and Heparin, it relies on the cytokine Tgf-b1 which replaces the need for MEFconditioned media (Erlebacher, Price et al. 2004).
Having determined efficient gRNAs to induce Oct4 knockout, and the kinetics of
lentiviral-mediated editing, I next started proof-of-concept experiments to assess the
capacity for the mutated population to differentiate towards TSCs. Additionally, I
designed the experiments to test how different plating densities and culturing media
might affect differentiation efficiency. I chose to test both TSC media and TX media.
Moreover, in this first round, I tested plating the pool of mutated cells for differentiation
at low density, according to most published protocols, or increasing 10-fold this initial
cell number. This is an important parameter given that in a genome-wide screening
context, millions of cells should be used for differentiation to guarantee library
representation, and therefore higher plating density becomes a valuable technical
advantage provided it is not detrimental to differentiation efficiency.
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Elf5::Venus ESCs were transduced with Oct4 gRNA #1 or a U6 empty vector control.
A mock control was also included in this first lentiviral experiment to measure
transduction effects on background spontaneous differentiation. Transduced cells were
selected with puromycin. Seven days post-transduction (differentiation day zero), cells
were plated at 20.000 or 200.000 cells per well of a 12-well plate, on MEF feeders, and
cultured on TSC media or TX media for 14 days (Figure 3.8A). To test the effect of editing
on Oct4 protein levels at the start of differentiation, part of the culture was fixed and
stained with anti-Oct4 antibody followed by flow cytometry analysis. The results
demonstrate that in comparison with mock or U6 controls, there was a shift towards lower
levels of protein expression upon editing with Oct4 gRNA #1 (Figure 3.8B). I next
analysed indel complexity in the edited ESC culture at day zero of differentiation
(corresponding to P2 post-transduction) and one passage later. TIDE estimation
determined a cutting efficiency of 52.6% by P2 and an increase to 63.1% by P3 (Figure
3.8C). Further analysis of indel profile demonstrated that despite high cutting efficiency,
most of the edited population by P2 displayed deletions of 6, 9 or 12 bp generating inframe mutations, with only about 7.6% frame-shifting mutations present. Additionally, by
P3 the culture was taken over by cells with in-frame deletions.
TSC differentiation was monitored using flow cytometry to measure percentage of
Venus positive cells over time. Both mock and U6 controls showed equivalent dynamics,
with very low percentage of Venus cells by day 14 in any of the conditions tested (Figure
3.8D and E), demonstrating that transduction does not affect background differentiation
significantly. On the other hand, despite the low percentage of frame-shifting mutations
by day zero, differentiating Oct4 knockout cells in TSC media yielded an increasing
Venus expression over time, culminating in about 20% Venus positive cells by day 14
when plating 20.000 cells per well, and 30% when starting with 200.000 cells (Figure
3.8D). The same differentiations in TX media, resulted in lower efficiencies (Figure 3.8E),
with 20.000 cells per well providing better results. Moreover, TX media induced high
levels of cell death in culture.
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Considering that by day seven post-transduction, I could only detect 7.6% frameshifting mutations in the Oct4 knockout pool, and that one passage seemed to have a
drastic effect on indel profiles, I next examined whether initiating differentiation at an
earlier time post-transduction could capture a higher degree of frame-shifting mutations
and improve differentiation yields.
Elf5::Venus ESCs were transduced with U6 control and Oct4 gRNA#1, as previously,
and selected with puromycin. Three days post-transduction, cells were plated for
differentiation again in either TSC media or TX media on MEF feeders. Plating cell density
was 200.000 or 400.000 cells per well of a 12 well plate and differentiation carried on for
14 days (Figure 3.9A). TIDE analysis of indel profile by day zero of differentiation
confirmed the expected result, and one could detect 43% cutting efficiency, with 30.4%
frame-shifting indels (Figure 3.9B). However, analysis of Oct4 protein levels by
immunostaining and flow cytometry did not show lower expression compared to control
untransfected cells (Figure 3.9C). Differentiation in TSC media showed again an increase
in Venus percentage over time, with little difference between the two plating densities
tested (Figure 3.9D). The overall efficiency was nevertheless about half the previous
experiment. On the other hand, efficiency of differentiation in TX media was greatly
improved in this setting, displaying an increasing Venus positive population over time
and reaching about 40% by day 14 when plating the cells at 200.000 cells per well
(Figure 3.9E). In this case, increasing plating density clearly had a detrimental effect on
differentiation as seen by the curve for 400.000 cells per well (Figure 3.9E). Nevertheless,
TX media seems to either be highly toxic or highly selective as most cells in culture die
during differentiation. High levels of cell death could also be detected in TSC media due
to the confluency each well reaches over time, but by the end of differentiation I could
count about 240.000 cells per well in TX media, as opposed to about 2.3 million cells in
TSC media.
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To evaluate whether Elf5 protein can be detected in cells expressing Venus, I sorted
these cells at day 14 of differentiation and cytospun them to poly-lysine coated slides
followed by immunostaining for Elf5. This confirmed that Elf5 is co-localised with Venus
in individual cells (Figure 3.10A).
I have also examined Cdx2 protein expression through immunostaining by day 10 of
differentiation is TS media, in cells transduced with either U6 control or Oct4 gRNA #1.
These results demonstrate that Cdx2 can be readily detected in the control experiment
whereas clear Venus positive cells are difficult to find (Figure 3.10B). On the other hand,
knocking out Oct4 clearly increased the number of cells expressing Cdx2 (Figure
3.10C), keeping Venus positive cells at low levels. Importantly, Venus positive cells coexpress Cdx2.
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3.2.3 Using

Dnmt1

knockout

as

a

second

case-study

for

TSC

differentiation
Oct4 is a gene essential for ESC self-renewal (Niwa, Miyazaki et al. 2000). As a
consequence, it has strong effects on the indel profiles that could be detected on a
mixed population resulting from CRISPR/Cas9 editing, as shown in subchapter 3.2.2. In
order to try to maximise the type of genes I might pick from the genome-wide screening
setup I chose to perform, I next decided to test knockout of Dnmt1 to get a different
profile for editing and differentiation. Dnmt1 null mutations do not affect self-renewal in
ESCs (Lei, Oh et al. 1996). Furthermore, it has been implicated in the regulation of the
epigenetic memory of the first cell lineage decision, as ESCs homozygous for Dnmt1
mutation can differentiate to TSC (Ng, Dean et al. 2008). Importantly, this was the seminal
work revealing the role of Elf5 in the epigenetic restriction of cell fate.
As for the Oct4 case, I designed and evaluated gRNAs to mediate efficient Dnmt1
knockout. Dnmt1 is a large locus and published work relies on replacing or disrupting
its catalytic domain to affect protein function (Lei, Oh et al. 1996, Tsumura, Hayakawa et
al. 2006). As Dnmt1 is a gene composed of 40 exons, I designed ten gRNAs targeting
different regions of the gene, with a special focus towards the catalytic domain (Figure
3.11A). I have also included gRNAs #9 and #10, which target exon 5 and were validated
previously (Sanjana, Shalem et al. 2014). gRNA cutting efficiency was assessed by
transfection of Elf5::Venus ESCs with each gRNA and PBase followed by puromycin
selection for 6 days. At this point, genomic DNA was extracted and the regions
surrounding each gRNA target site amplified by PCR (schematic representation Figure
3.11A). The surveyor assay demonstrated that all gRNAs can produce indels at the
desired locus (Figure 3.11B). Cutting efficiency was then evaluated by TIDE estimation
revealing a range of efficiencies from 40 – 80% for most gRNAs apart from #6 and #7
(Figure 3.11C).
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I next proceeded with lentiviral experiments in a similar setting as used for Oct4. Cells
were transduced with either U6 control or Dnmt1 gRNA #3 followed by selection with
puromycin. Seven days post-transduction they were seeded for differentiation in 12 well
plates with MEF feeders at a plating density of 200.000 or 400.000 cells per well, and
cultured for 14 days in either TSC or TX media (Figure 3.12A). The effect of Dnmt1
knockout on Dnmt1 protein expression by day zero of differentiation was assessed by
immunostaining followed by flow cytometry analysis. A clear reduction on Dnmt1
expression levels could be detected in cells transduced with Dnmt1 gRNA#3 compared
with U6 control (Figure 3.12B). TIDE estimation of cutting efficiency at different passage
number post-transduction (TSC differentiation was started at P3), showed stable
percentage of edited ESCs with 76.5% cutting efficiency by P2 and P3 and a lower level
by P5, 62% (Figure 3.12C). Importantly, indel diversity could be maintained over time,
with a consistent percentage of frame-shifting mutations. Nevertheless, the slow
increase of wild-type sequences, reaching about 10% by P5, might indicate a growth
advantage of cells with wild-type Dnmt1 sequences compared with those with mutated
Dnmt1.
Analysis of the presence of Venus positive cells over the differentiation time-course
demonstrated that despite achieving high mutation rates and protein knockdown, this
was not sufficient to allow differentiation in any of the conditions tested (Figure 3.12D
and E). I have additionally tested the use of lentiviral delivery of gRNA #8, another highly
efficient gRNA for Dnmt1 editing, followed by initiation of differentiation at an earlier
timepoint post-transduction, with the same negative outcome (data not shown).
Together, these experiments indicate that Dnmt1 knockout might not allow TSC
differentiation in an equivalent setting to Oct4 knockout.
Dnmt1 phenotype in ESC to TSC differentiation was shown for a homozygous mutant
(Ng, Dean et al. 2008). I therefore decided to run a final test using co-transfection of
gRNAs and PBase to aim for multiple gRNA integrations and this way try to achieve
higher mutation rates. I transfected ESCs with all the gRNAs shown to be effective for
Dnmt1 knockout (individually) or two pools of five gRNAs each. I then selected with
puromycin and six days later seeded mutated ESCs for differentiation using an
experimental design equivalent to published work (Ng, Dean et al. 2008): low plating
density (25.000 cells per well of a 12 well plate) and culture in TSC media for 12 days
(Figure 3.13A). The levels of Dnmt1 knockdown were measured by RT-qPCR
demonstrating a significant downregulation in all gRNA transfections, compared with
untransfected control (Figure 3.13B). Once again, analysis of the percentage of Venus
positive cells over the differentiation time-course maintained a level similar to
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spontaneous differentiation observed in untransfected cells, even when pools of gRNAs
were used to induce mutation.
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of Venus positive cells over the differentiation time-course in TSC media (D) and TX media (E), analysed by flow
cytometry.
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3.3 Discussion
Several groups have reported differentiating ESCs to TSC fate, as discussed in
section 3.1.1. However, comparison of multiple strategies in a systematic manner has
shown that most of these methods result in partial differentiation due to the epigenetic
memory of the first cell lineage decision and mainly fail to efficiently activate Elf5
transcription as a consequence of its promoter methylation status (Cambuli, Murray et
al. 2014). With this current bottleneck in mind, I set out to build an Elf5 reporter cell line,
and follow the activation of this stringent marker to unveil new molecular players in the
maintenance of the first cell lineage barrier. In this chapter, I describe tools and
conditions to perform a genome-wide CRISPR/Cas9 knockout screen to address this
question.

3.3.1 Development of Elf5::Venus ESCs that faithfully report TSC
differentiation
I started by engineering JM8-R26-Cas9 ESC line, which has stable integration of Cas9
in the Rosa26 locus and was clonally selected for high Cas9 activity (Tzelepis, KoikeYusa et al. 2016). I successfully knocked-in T2A::H2B::Venus into the Elf5 locus, using a
CRISPR/Cas9-mediated homology-directed repair strategy. In this approach, the use of
CRISPR/Cas9 induces a double-strand break at the 3’ end of the Elf5 coding sequence.
It then exploits the endogenous homology-directed repair machinery to repair this break
by recombination with homology arms on the exogenous repair template provided,
thereby knocking-in the T2A::H2B::Venus sequence. As a quality control, I then showed
edited clones had no indels present in any of the predicted exonic off-target sequences
of the gRNA employed.
I next verified the integrity of Elf5 promoter DMR regions upon editing as this is a key
regulatory element preventing ESCs from adopting a trophoblast fate. I confirmed that
Elf5::Venus ESCs maintain the levels of methylation seen in wild-type cells, reflecting an
intact lineage barrier after editing and are therefore a valid system to address genetic
suppressors of TSC differentiation in ESCs.
In order to completely validate the use of Elf5::Venus ESC as a reporter system, I next
employed CRISPR/Cas9-mediated Oct4 knockout to allow differentiation towards TSC
lineage and test whether i) Venus positive cells could be detected over time, and ii) cells
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expressing Venus truly reflect Elf5 expression and the activation of a TSC transcriptional
profile.
I performed this experiment with a pool of gRNAs co-transfected with PBase and
followed the published protocol for differentiation (Ng, Dean et al. 2008). This setting
was not the most efficient, generating low percentage of Venus positive cells, likely due
to starting differentiation 48h post-transfection which is not enough time to induce high
indel frequency, as shown by others (Kosicki, Rajan et al. 2017). It is also a short period
to allow mRNA and protein downregulation. Nevertheless, this preliminary experiment
allowed sorting and RT-qPCR profiling of Venus positive cells from both untransfected
and Oct4 knockout samples. This demonstrated Venus expressing cells have a distinct
profile from Venus negative ones, and upregulate key TSC markers Elf5, Cdx2 and
Tpbpa, reflecting the activation of trophoblast transcriptional programme. I later further
demonstrate faithful expression of Elf5 by sorting Venus positive cells followed by
immunostaining, corroborating that individual Venus cells co-stain with Elf5 protein.
Population level RT-qPCR data from this experiment together with immunostainings of
differentiating cells reinforced the choice of Elf5 as a marker for TSC differentiation over
Cdx2, another core transcription factor in TSC (Ralston and Rossant 2008). Indeed,
analysing bulk RT-qPCR data, I could find that Cdx2 was readily expressed in control
experiments, which was later confirmed by immunostaining. This upregulation was more
prominent upon Oct4 knockout. On the other hand, Elf5 is more stringent, and was not
detected at the population level in RT-qPCR of control experiments, but could
specifically be induced upon Oct4 KO. This was consistently demonstrated in the
immunostaining of differentiating cells resulting from Oct4 KO, where the proportion of
Cdx2 positive cells was higher than Venus and, importantly, Venus cells co-expressed
Cdx2.
Together, data generated corroborate the suitability of Elf5::Venus ESCs as a useful
tool to address differentiation of ESCs to TSCs.

3.3.2 Optimisation of experimental setup for CRISPR/Cas9 genome-wide
screening using Oct4 knockout model
For a genome-wide knockout screen to be possible, delivery of a single gRNA per
cell needs to produce efficient gene-editing to overcome the lineage restriction that
prevents ESCs from adopting a trophoblast fate, and result in detectable activation of
Venus / Elf5 expression. At the other end of the screen, one should be able to retrieve
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enough Venus positive cells so that genomic DNA can be extracted and analysed for
gRNA enrichment. It was therefore key to have a good positive control to both prove the
feasibility of the screening and optimise experimental conditions to maximise
differentiation efficiency.
I chose to use Oct4 knockout as a model for these experiments, due to its robust role
on ESC to TSC differentiation. Upon defining efficient gRNAs to target this locus, I could
demonstrate that lentiviral transduction at MOI 0.3 (presumed to provide an average of
1 gRNA per selected cell), is sufficient to allow differentiation of Elf5::Venus ESCs
towards TSC lineage. This validated the feasibility of a CRISPR/Cas9 genome-wide
screening.
I then explored this system for optimisation experiments in order to define the best
conditions for TSC differentiation. Several variables were considered and are discussed
below.

1. Plating density
In a genome-wide screening context it is important to guarantee high library coverage,
with a recommended guideline of about 500 cells per gRNA (Joung, Konermann et al.
2017). Considering a library of about 90.000 gRNAs (Tzelepis, Koike-Yusa et al. 2016),
achieving a coverage of 500x means having to differentiate 45 million cells per screen.
Most of the published protocols for ESC to TSC differentiation rely on low plating density
(Niwa, Toyooka et al. 2005, Ng, Dean et al. 2008, Abad, Mosteiro et al. 2013, Cambuli,
Murray et al. 2014). My results demonstrate that increasing plating density to 200.000
cells per well had no adverse effects on the percentage of Venus positive cells detected.
When testing an increased cell density to 400.000 cells per well, differentiation in TX
media was unreliable. I decided to carry on with 200.000 cells per well for the genomewide screening setup.
2. Medium used to induce differentiation
There are different culture conditions for the maintenance of TSCs (Tanaka, Kunath et
al. 1998, Erlebacher, Price et al. 2004, Kubaczka, Senner et al. 2014, Ohinata and
Tsukiyama 2014). Of these, I focused on media formulations according to three criteria:
i) they allow derivation of TSC lines from mouse embryos; ii) TSCs maintained on these
have demonstrated in vivo contribution to placenta; iii) they contain small number of
cytokines and small molecules. This last point was included given that complex media
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formulations could result on the screening picking up genes involved in specific
response to media components rather than their role on lineage restriction.
This way, I have tested the use of TSC medium (Tanaka, Kunath et al. 1998) and TX
medium (Kubaczka, Senner et al. 2014). TSC medium revealed relatively consistent
results between the different experimental settings tested, demonstrating a consistent
increase in Venus population overtime. It allowed efficiencies of 15 - 30 % Venus positive
cells by day 14 independently of the cell density or timing post-transfection used for
induction of differentiation.
On the other hand, TX media had dramatic differences in efficiencies depending on
cell density and the starting point for differentiation. Initiating differentiation 7 days posttransduction resulted in poor differentiation, with a peak of Venus expression by day 12,
which was lost by day 14. Starting differentiation 3 days post-transduction could result
in 40% Venus positive cells by day 14 when plating 200.000 cells per well, compared to
a decrease to 10% if plating density was doubled.
Even though TX media seemed to allow high differentiation efficiency in one of the
conditions tested, this formulation was always accompanied by massive cell death in
culture. In fact, counting cell numbers by day 14 of differentiation demonstrated that TX
medium cultures had about 240.000 cells per well, compared to 2.3 million cells per well
in TSC medium, which would prove challenging to yield enough Venus positive cells for
analysis in a genome-wide screening setting.
Considering the consistency between experiments with TSC medium, and high cell
survival through differentiation, it has the best formulation for differentiation towards TSC.
3. Timing for induction of TSC differentiation
Adjusting the timing post-transduction for initiation of differentiation was the final
parameter considered. Oct4 knockout turned out to be an interesting case-study for this
due to its effect on ESC self-renewal. On one hand, before differentiation, one should
allow enough time for lentiviral integration of the gRNA cassette, gRNA expression and
editing of the Oct4 locus. On the other hand, given the role of Oct4 in self-renewal, each
ESC passage reduced the complexity of indels present in the population and quickly
cultures would be overgrown by cells with in-frame mutations. Indeed, starting
differentiation seven days post-transduction identified just 7.6% frame-shifting mutations
that resulted in 30% Venus positive cells by day 14 of differentiation in TSC media.
Instead, starting differentiation three days post-transduction captured higher indel
diversity in culture, with 30.4% frame-shifting mutations, but yielded only about 15% of
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Venus positive cells in the same condition. This was likely correlated with protein turnover as Oct4 immunostaining did not detect downregulation of Oct4 levels in this case.
Given the Oct4 example, and in order to be more likely to detect higher indel diversity
on a genome-wide screening experiment, I concluded that the best approach would be
to start replicates covering different timepoints post-transduction.

3.3.3 Limitations in CRISPR/Cas9 screening: the Dnmt1 knockout
scenario
To maximise the type of genes a genome-wide knockout screen could pick up, I
decided to also test Dnmt1, which is not necessary for ESC self-renewal (Lei, Oh et al.
1996, Tsumura, Hayakawa et al. 2006) and allows differentiation to TSC (Ng, Dean et al.
2008).
I identified efficient gRNAs which target Dnmt1. TIDE estimations reached 60 – 80%
cutting efficiency for most of the gRNAs tested. Dnmt1 immunostaining followed by
cytometry analysis demonstrated a clear reduction in knockout experiments, compared
to control ESCs and the data was further corroborated through RT-qPCR. Nevertheless,
none of the experimental setups tested for differentiation resulted in significant
expression of Venus positive cells demonstrating a failure in TSC differentiation,
compared with the Oct4 knockout case.
This absence of differentiation towards TSC might be related with the level of Dnmt1
knockout achieved through CRISPR/Cas9, as the original work was developed in an ESC
line with a Dnmt1 null mutation through removal of its catalytic domain (Lei, Oh et al.
1996, Ng, Dean et al. 2008). Despite clearly showing a reduction in Dnmt1 expression,
the current data cannot guarantee I had fully depleted this protein in any cell.
On the other hand, the phenotype associated with Dnmt1 knockout cells is dependent
on CpG island methylation. In a wild-type scenario, Dnmt1 enzyme ensures that
methylation patterns are maintained during cell division. However, it’s the demethylation
of Elf5 promoter region that allows Dnmt1 null cells to differentiate towards TSCs (Ng,
Dean et al. 2008). In the absence of Dnmt1, passive demethylation through cell division
is likely the mechanism for loss of methylation marks. Therefore, CRISPR/Cas9-mediated
knockout cells might require longer culture periods before achieving a TSC-permissive
state.
Further experiments would be needed to address lack of TSC differentiation. For
instance, ensuring the generation of a homozygous knockout by using two gRNAs to
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induce deletion of the catalytic domain, followed by colony picking and genotyping. This
type of experiments would allow to understand the effect of Dnmt1 levels in differentiation
to TSC, but would not be helpful in the context of a pooled genome-wide screening as
current methodology relies on indel induction through a single gRNA generating a pool
of mutant cells. Additionally, culturing knockout ESCs for longer periods might help to
reveal demethylation-related phenotypes, but would introduce higher bias and
misrepresentation of genes that have an effect on ESC survival/growth.
Nevertheless, it is important to highlight that a small percentage of frame-shifting
mutations in the case of Oct4 gene were enough to allow differentiation towards TSC at
the population level, which is clearly not the case for Dnmt1. Perhaps this is related with
the mechanistic nature of Dnmt1 phenotype in comparison with strong regulatory genes
such as Oct4 which have an acute effect on this differentiation. Identifying genes with a
profile similar to Dnmt1 will be a limitation for a genome-wide screening, as highlighted
with this proof-of-principle experiment. The current setting is more likely to detect genes
with a strong phenotype, which do not affect ESC self-renewal.
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Supplementary Figure 3.1 | Gating strategy for flow cytometry analysis of trophoblast differentiation in TSC media.
The plots represent data acquired by day 14 of a typical differentiation experiment. Upon gating of P1 (A) and single
cells (B), cells transfected with a gRNA construct were selected based on BFP expression: C | non-transfected control;
and D | gRNA transfected line. BFP-positive cells were then evaluated for Venus expression: E | Representative result
for U6 control; F | Representative result for Oct4 gRNA 1 transfection.
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Supplementary Figure 3.2 | Gating strategy for flow cytometry analysis of trophoblast differentiation in TX media.
The plots represent data acquired by day 14 of a typical differentiation experiment. Upon gating of P1 (A) and single
cells (B), cells transfected with a gRNA construct were selected based on BFP expression: C | non-transfected control;
and D | gRNA transfected line. BFP-positive cells were then evaluated for Venus expression: E | Representative result
for U6 control; F | Representative result for Oct4 gRNA 1 transfection.
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CHAPTER 4
4 CRISPR/CAS9 GENOME-WIDE RECESSIVE SCREENING IDENTIFIES
NEW GENES PREVENTING ESC DIFFERENTIATION TO TROPHOBLAST

4.1 Introduction
The advent of genome sequencing, combined with development of next generation
sequencing (NGS) technologies and the significant reduction in their cost, have
provided unprecedented detailed information about the genetic make-up of organisms.
The current challenge consists of gaining functional information of both coding and noncoding genomic elements. Genetic analysis aim to identify genes that contribute to
specific phenotypes and can consist of two different approaches – forward and reverse
genetics.
Reverse genetics entails hypothesis-driven approaches, where genotype-tophenotype relationships are established based on prior knowledge of a gene’s
sequence. These rely on a wide range of genetic perturbations such as overexpression,
knock-down or knockout of the gene in order to understand its function. More focused
queries can be achieved by combination of gene targeting with site specific
recombination systems such as Cre-loxP to generate conditional mutations that can be
induced in a tissue and/or temporal specific manner (Gu, Marth et al. 1994, Livet,
Weissman et al. 2007).
Forward genetics, on the other hand, consists of a phenotype-to-genotype strategy.
Generally, genome-wide genetic perturbations are first introduced, followed by
identification of cells or organisms with a phenotype of interest. Mutations responsible
for that specific effect are then identified, historically through laborious clonal isolation
and genetic crosses (Broach, Strathern et al. 1979, Nusslein-Volhard and Wieschaus
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1980, Mullins, Hammerschmidt et al. 1994) or complementation with gene expression
libraries (Hua, Liu et al. 1998, Yamaoka, Courtois et al. 1998), and recently facilitated
through NGS (reviewed in (Schneeberger 2014)).

4.1.1 High-throughput loss-of-function genetic screens
High-throughput genetic screens can be divided in two types, gain-of-function (GoF)
and loss-of-function (LoF). Gain-of-function screens induce overexpression of genes in
order to identify factors involved on a biological process. These mainly rely on
overexpression of cDNA libraries (Pritsker, Ford et al. 2006, Abujarour, Efe et al. 2010),
but are also possible with insertional activation, for example using piggyBac
transposition (Guo and Smith 2010, Chen, Stuart et al. 2013), and more recently with
CRISPR/Cas9 activators (Konermann, Brigham et al. 2015, Joung, Konermann et al.
2017, Yang, Rajan et al. 2019). A landmark GoF screen, with a focused library approach,
was performed by Takahashi and Yamanaka. Using retroviral-mediated overexpression
of 24 factors for cellular reprogramming they discovered the OSKM cocktail of factors –
Oct4, Sox2, Klf4 and c-myc – which are capable to generate induced pluripotent stem
cells from fibroblasts (Takahashi and Yamanaka 2006).
Loss-of-function screens, disrupt gene function, either through direct DNA mutation,
or through gene silencing via mRNA degradation or through the use of transcriptional
repressors. These will be briefly highlighted in the paragraphs to follow.
Early approaches to genetic screens relied on radiation (Russell 1951) and chemical
mutagens such as ethyl methanesulfonate (EMS) or N-ethyl-N-nitrosourea (ENU)
(Cordes 2005, Bokel 2008) to generate random mutations throughout the genome of
several model organisms such as Caenorhabditis elegans (Brenner 1974), Drosophila
melanogaster (Gans, Audit et al. 1975, Nusslein-Volhard and Wieschaus 1980) or Mus
musculus (Russell 1951, Cordes 2005), leading to the identification of many genes
fundamental for proper development as well as other biological processes.
A different method allowing genome-wide perturbations relied on insertional
mutagenesis through the use of retroviruses or DNA transposons (reviewed in (Carlson
and Largaespada 2005, Kool and Berns 2009)). These two methodologies allow transfer
of known cargo, that will be randomly integrated into the genome such that if the
insertions occur in the coding region of a gene, its product will be disrupted and nonfunctional. This approach allows a faster readout compared to chemical/radiation
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mutagenesis given that the known cargo can be used as a DNA tag that can directly
pinpoint the insertion site.
While powerful technologies, these mutagenesis techniques had limited applicability
for the generation of homozygous mutants in the diploid mammalian cells that exhibit low
homologous recombination rates. The discovery that ESC lines deficient for Bloom’s
syndrome protein (BLM) that display higher rates of mitotic recombination and segregate
heterozygous mutations into homozygous daughter cells (Luo, Santoro et al. 2000)
addressed this bottleneck and provided a new tool for genetic screens. In fact, using
these ESCs combined with retrovirus mutagenesis allowed identification of genes
involved in DNA mismatch repair (Guo, Wang et al. 2004).
The discovery of haploid cells, such as human haploid cell lines KBM7 (Kotecki,
Reddy et al. 1999) and HAP1 (Carette, Raaben et al. 2011) or haploid mouse ESCs (Leeb
and Wutz 2011) further facilitated insertional mutagenesis screens in mammalian cells
given that their genetic manipulation directly cause loss-of-function mutations that can
be studied for their role in multiple processes (Leeb, Dietmann et al. 2014, Monfort, Di
Minin et al. 2015).
RNA interference (RNAi) technology emerged as an alternative approach for genomewide LOF screens, resulting in gene silencing through sequence-specific targeting of
mRNAs (Fellmann and Lowe 2014). This methodology relies in the use of synthetic short
interfering RNA (siRNAs), short hairpin RNA (shRNA) or long double-stranded RNAs
(dsRNAs). Once in the cell, dsRNAs and shRNAs are processed by DICER to generate
siRNAs which are then incorporated into the RNA-induced silencing complex (RISC).
The siRNA-RISC complex mediates gene knockdown either by cleavage of mRNA
perfectly complementary to the siRNA, leading to its degradation, or by translational
repression if the target sequences are partially complimentary. The production of RNAi
on a large scale, as well as their efficiency in promoting gene silencing, prompted their
wide use for high-throughput LOF screens, leading to the identification of genes involved
in DNA-damage response (Adamson, Smogorzewska et al. 2012), mediators of NF-kB
activation (Gewurz, Towfic et al. 2012) or genes required for ESC self-renewal (Hu, Kim
et al. 2009), among many others.

4.1.2 CRISPR/Cas9 in genome-wide screenings
The adaptation of CRISPR/Cas9 systems to efficiently engineer mammalian genomes
(Cong, Ran et al. 2013, Jinek, East et al. 2013, Mali, Yang et al. 2013) has revolutionised
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genome editing in these organisms. The simplicity of DNA recognition, relying on a 20bp guide RNA sequence that can be designed as a synthetic DNA oligo, made possible
the generation of large libraries containing thousands of gRNAs as a fast and
inexpensive approach. In fact, the first genome-wide LOF screens were reported soon
after the first publications of the application of CRISPR/Cas9 in mammalian genome
editing. These were carried out in human (Wang, Wei et al. 2014, Zhou, Zhu et al. 2014)
and mouse (Koike-Yusa, Li et al. 2014) cells and showed promising results for both
negative and positive selections. CRISPR/Cas9 simplicity and efficiency quickly
prompted the application as the method of choice in genome-wide LOF screens.
Comparison of CRISPR/Cas9 with shRNA approaches indicates that Cas9 is more
specific, with lower off-target effects, and more robust than shRNA (Shalem, Sanjana et
al. 2014, Evers, Jastrzebski et al. 2016). LOF screens to identify lethal genes consistently
produced higher number of hits when employing Cas9 than when using shRNA,
indicating that Cas9 might be able to mediate complete inactivation of genes more
efficiently than shRNA knockdown strategies (Evers, Jastrzebski et al. 2016). Complete
ablation of genes can bypass some phenotypes and therefore CRISPR/Cas9 and shRNA
provide complimentary approaches to investigate complex biological processes.

4.1.3 Arrayed and Pooled screening approaches
Genetic screens can be performed in one of two fashions: pooled or arrayed. In a
pooled screen, a gRNA library is pooled and mutant cell libraries are developed and
screened for in a similar approach. Arrayed formats, on the other hand, deliver single or
very small pools of gRNAs in individual wells, which are maintained as “independent”
experiments, and are then screened for the specific phenotype.
Most of CRISPR/Cas9 screens to date have been conducted in a pooled format. This
straightforward design is uniquely conferred by the simplicity of CRISPR-mediated DNA
recognition which facilitates complex library synthesis in the form of a pool of defined
oligonucleotides. These can be cloned into a lentiviral expression vector in a single tube,
and used for virus production. One key limitation of these screens is the range of specific
phenotypes which can be detected through such approach. These are limited to specific
effects on cell survival and proliferation (Wang, Wei et al. 2014, Zhou, Zhu et al. 2014,
Hart, Chandrashekhar et al. 2015), or phenotypes that rely on the expression of
fluorescence (Li, Yu et al. 2018) or cell surface markers (Koike-Yusa, Li et al. 2014,
Parnas, Jovanovic et al. 2015) that can be selected via cell sorting. In addition, pooled
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screens require facilities with biosafety level 2 to use transduction for delivery of a single
gRNA per cell, which are not accessible to every laboratory and can limit their
applicability. Lentiviral-mediated genomic integration allows for tracing the screen
readout through NGS, by direct comparison of gRNA abundance in the selected
population versus an appropriate control.
Clonal arrayed screens rely on the use of multi-well plates and if conducted genomewide require significantly more resources than a pooled format. Automated platforms are
necessary if applied genome-wide. Arrayed screens are more flexible in terms of gRNAs
delivery – for example transient transfection or stable integration via transposon systems,
or viral transduction. Additionally, clonal screens offer a wider range of detectable
phenotypes that include luminescence-based reporter systems and cellular events
detectable by cell imaging such as morphological changes or subcellular protein
localization (Echeverri and Perrimon 2006, Neumann, Held et al. 2006, Hasson, Kane et
al. 2013). Libraries for clonal screens are pre-sequenced, providing immediate
knowledge of genotype-phenotype relationships. Furthermore, transcriptomics data or
other characterisations can potentially be obtained from the wells with the desired
phenotype.

4.2 Scope of this chapter
Building on the tools and proof-of-concept experiments discussed on chapter 3, I
describe the first genome-wide CRISPR/Cas9 knockout screening for the unbiased
identification of genes involved in the lineage barrier between ESCs and TSCs. I then
explore gene enrichment and protein network analysis to identify biological processes
connected to the screening hits. I follow up with independent validation of candidate
genes through two different methods and explore the differentiation kinetics of several
validated factors. I conclude with the impact of the newly identified genes on our current
view of trophoblast biology and discuss the limits of the screening developed.

109

4.3 Results
4.3.1 High-throughput CRISPR/Cas9 recessive screening uncovers genes
regulating the first cell lineage barrier in ESCs
Chapter 3 described the development of a reporter system that faithfully reflects the
activation of the stringent TSC marker Elf5 when ESCs differentiate to the trophoblast
lineage. Moreover, stable integration of Cas9 was shown to allow efficient gene editing
through CRISPR/Cas9.
In the current chapter I use this cell line to conduct a genome-wide genetic screen in
which virtually every single gene in the mouse genome is knocked-out through the use
of a gRNA library. This was coupled to induction of TSC differentiation in an attempt to
identify suppressors of Elf5 activation, and therefore likely regulators of the maintenance
of first cell lineage decision.
For the genome-wide CRISPR/Cas9 screening I have employed the Yusa_v2 mouse
lentiviral library (Tzelepis, Koike-Yusa et al. 2016). This library is composed of 90,230
gRNAs targeting a total of 18,424 genes in the mouse genome with about 5 gRNAs per
gene. It was developed as an optimisation of the Yusa_v1 library (Koike-Yusa, Li et al.
2014) with re-design of gRNAs cloned into an improved scaffold (Chen, Gilbert et al.
2013). This improved scaffold was engineered to alter two properties of the conventional
gRNA scaffold. It disrupts the stretch of consecutive uracils (4 U’s) as it represents a
putative polymerase III terminator sequence that can affect transcription efficiency from
the U6 promoter (Nielsen, Yuzenkova et al. 2013). It also extends the Cas9-binding
hairpin structure for improved gRNA/Cas9 assembly (Chen, Gilbert et al. 2013). The
resulting combination was shown to significantly increase gRNA cutting efficiency
(Dang, Jia et al. 2015, Tzelepis, Koike-Yusa et al. 2016).
The workflow for the genome-wide genetic screening is illustrated in Figure
4.1.Elf5::Venus ESCs were transduced with the lentiviral library at an MOI of 0.3, followed
by puromycin selection. As discussed in the previous chapter, in order to capture a
higher diversity of indels, TSC differentiation was initiated at different timepoints posttransduction, ranging from day 5 to day 9. At the designated timepoint, 48 million mutant
ESCs were seeded for differentiation in a total of twenty 12-well plates, with a plating
density of 200.000 cells per well. This represents a library coverage of 500x. At this point,
a sample was collected for sequencing, to use as quality control for the mutant ESC
library complexity. Cells were cultured in TSC media for 14 days after which they were
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harvested, mixed and sorted for Venus expression. As controls for gRNA enrichment
analysis, 10% of harvested cells were kept as an unsorted population, and 6 million
Venus negative cells were also sorted. Genomic DNA was extracted from all samples
and used as template for PCR amplification of the gRNA expression cassette. PCR
products were barcoded and submitted for next generation sequencing. Data analysis
was performed using MAGeCK software to determine gRNA enrichment in the Venus
positive population, in collaboration with Dr. Hannes Ponstingl and Nikolaos Patikas.
Day -9 to -5

Day 0

Day 14

Transduction Lentiviral
gRNA library
Incubate
TSC media
48 million cells
(500x coverage)

Elf5::Venus

14 days

Mutant Elf5::Venus
ESC knock-out library
Sample for Sequencing
QC mESC library

Cell Sorting
Samples for Sequencing:
1. Unsorted
2. Venus Negative
3. Venus Positive

Extract gDNA
1. Unsorted

MAGeCK Analysis
gRNA enrichment

PCR amplification
gRNA cassette

2. Venus Negative

3. Venus Positive

NGS sequencing
HiSeq2500
Figure 4.1 | Genome-wide CRISPR/Cas9 knockout screening outline. Briefly, Elf5::Venus ESCs were transduced
with the lentiviral gRNA library, generating a mutant ESC library that was then used for TSC differentiation for two
weeks. At the end of this process, Venus positive cells were sorted and gRNA abundance was compared with that of
unsorted and Venus negative populations via NGS, to detect genes affecting ESC differentiation to TSC.

Two independent lentiviral transductions were used as replicates (screen v1 and v2),
each used to setup TSC differentiation at two consecutive passage numbers generating
a total of four biological replicates. The backbone vector used for lentiviral gRNA library
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expression is described on Figure 4.2A. The levels of TSC differentiation observed in the
different replicates for the genome-wide screening were equivalent to typical
spontaneous differentiation detected in control experiments in proof-of-concept studies
(Figure 4.2B). Screening differentiation data is summarized in Figure 4.2C. All replicates
showed 0.1 to 0.2% Venus positive cells, yielding between 0.42 and 1.27 million sorted
cells for gRNA profiling. The higher cell number obtained for screen v2.2 was achieved
due to the use of two sorting machines, rather than as a result of different differentiation
profile. The gRNA cassette was PCR amplified (Figure 4.2D) and sent for next generation
sequencing.
To analyse the quality of the ESC mutant libraries used for each screen, reads were
mapped and counted based on exact match with each gRNA in the Yusa_v2 library. The
distribution of gRNA abundance was then compared between replicates and the
untransfected plasmid library (Figure 4.3A). This is represented by the cumulative
frequency as a function of normalized read counts per gRNA and shows that all ESC
mutant libraries exhibited similar gRNA distribution, demonstrating their reproducibility.
These had a uniform coverage, with only 8 to 13-fold difference between the 10th and the
90th percentiles (reflecting under or over-represented gRNAs, respectively).
Analysis of gRNA abundance by day 14 for both unsorted (Figure 4.3B) and Venus
negative (Figure 4.3C) populations, demonstrated an increase in the number of gRNAs
with lower count number compared to plasmid library. This shift results from cells
transduced with gRNAs targeting essential mammalian genes, that therefore deplete
from culture overtime generating a drop in detected counts (Hart, Chandrashekhar et al.
2015, Wang, Birsoy et al. 2015, Tzelepis, Koike-Yusa et al. 2016). The opposite effect is
also visible, where cells acquiring genetic mutations that confer fitness advantage will
grow faster and increase the respective gRNA representation.
As a result of phenotypic selection, distribution of gRNA abundance has a drastic
change in the Venus positive population sorted at day 14, compared to the plasmid
library and control populations (Figure 4.3D). This is illustrated by the increase in gRNAs
with zero or low counts, in addition to enrichment in gRNAs over-represented. Different
replicates show noisier distributions in depleted gRNAs, as these are likely not
associated with the phenotype, and are therefore randomly distributed. The curves
become more consistent for over-represented gRNAs, in line with an effective selection
process.
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Figure 4.2 | Summary of the different screening replicates. A | Schematic representation of the backbone vector

used for lentiviral gRNA library. CMV, Cytomegalovirus promoter; RU5, 5’ long terminal repeat (LTR); hU6, human U6
promoter; 20bp, gRNA specificity sequence; gRNA iScaffold, improved gRNA scaffold; PGK, mouse Pgk1 promoter;
PuroR, puromycin resistance gene; T2A, T2A self-cleaving peptide; BFP, blue fluorescent protein; WPRE, Woodchuck
Hepatitis Virus posttranscriptional regulatory element; ΔU3RU5, self-inactivating 3’ LTR. B | Sorting strategy used for
the screen. C | Summary of the different replicates. D | PCR amplification of gRNA cassette prior to NGS sequencing.
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Next, gRNA enrichment analysis was carried out using MAGeCK software (Li, Xu et
al. 2014), in collaboration with Dr. Hannes Ponstingl and Nikolaos Patikas. Evaluation of
gRNA abundance in the Venus positive population compared to the control (Figure 4.4A)
shows gRNAs with a shift towards Venus positive, illustrating their enrichment in this
population. Within each category highlighted, it is also possible to detect gRNAs that do
not show a difference between the two populations. MAGeCK analysis ranks each gRNA
based on p-value and then applies modified robust ranking aggregation (RRA) algorithm
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(Kolde, Laur et al. 2012) to integrate the information of multiple gRNAs per gene in order
to generate a final list of enriched (FDRPOS) and depleted (FDRNEG) genes.
In the context of this screen, I aim to identify genes enriched in the Venus population,
meaning knockout of this factor likely relieves the lineage barrier in ESCs and allows their
differentiation to TSCs. MAGeCK analysis could identify 42 genes with FDRPOS lower than
0.1 (Figure 4.4B). Despite its use as a positive control, Oct4 was not enriched in this
sample, as expected due to its role in ESC self-renewal and the low percentage of frameshifting mutations detected in proof-of-concept experiments. Indeed, comparison of the
different ESC libraries with the plasmid library could detect Oct4 as one of the top
dropout genes, together with other transcription factors necessary for ESC self-renewal
such as Nanog, Sox2 or Klf4.
Among the 42 hits, we found genes previously associated with ESC to TSC
conversion, or lineage establishment in the early embryo – Nf2, Hira, Tet1, Lats1 and
Rock2 (McClatchey, Saotome et al. 1997, Nishioka, Inoue et al. 2009, Koh, Yabuuchi et
al. 2011, Banaszynski, Wen et al. 2013, Cockburn, Biechele et al. 2013, Kono, Tamashiro
et al. 2014). Nf2 is essential for extraembryonic development, with mutant embryos
arresting by E6.5 – E7.0 and displaying underdeveloped extraembryonic layers
(McClatchey, Saotome et al. 1997). On the other hand, it is also necessary for ICM
specification through its role upstream the Hippo pathway components Lats1/2
(Cockburn, Biechele et al. 2013). Lats1 (and Lats2) supress expression of Cdx2 in inner
cells in the embryo by phosphorylating Yap and preventing its nuclear localization,
where it would associate with Tead4 and drive Cdx2 expression (Nishioka, Inoue et al.
2009). Rock2 acts upstream of Lats1/2, inhibiting these on outside cells in the embryo,
thereby promoting Cdx2 expression (Kono, Tamashiro et al. 2014, Cao, Carey et al.
2015). Its detection in this screen is therefore contradictory to its reported role. Hira and
Tet1 contribute to different layers of epigenetic regulation. Hira is a histone chaperone
required for deposition of histone H3.3 into chromatin, including within the promoters of
bivalent genes (Filipescu, Szenker et al. 2013). ESCs were shown to upregulate Hand1
and Cdx2 upon Hira knockout, and trophoblast giant cells could be found in teratomas
from H3.3-depleted ESCs (Banaszynski, Wen et al. 2013). As for Tet1 it promotes
oxidation of 5-mC methylation marks to 5-hmC. Global levels of 5-hmC were shown to
be distinct both between ICM and TE (Ruzov, Tsenkina et al. 2011), and ESCs and TSCs
(Ito, D'Alessio et al. 2010, Senner, Krueger et al. 2012), with higher levels in the
pluripotent compartment. Its active role on ESC differentiation to TSC was shown by the
presence of giant cells in teratomas from tet1 homozygous knockout ESCs (Dawlaty,
Ganz et al. 2011) and direct conversion of ESCs to TSCs (Koh, Yabuuchi et al. 2011).
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Figure 4.4 | CRISPR/Cas9 knockout screening uncovers 42 genes involved on the differentiation of ESCs to TSCs.
A | Enrichment analysis per gene, calculated using MAGeCK software. Genes are plotted alphabetically, according
to -log10 (FDRPOS). B | Comparison of gRNA counts of Venus Positive and Venus Negative populations. Genes with

an FDRPOS < 0.1 were considered enriched in the Venus positive population and are represented by large circles.

Besides identification of a set of published genes, which demonstrates the screening
could recapitulate some of the known biology, I could also detect genes involved in other
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epigenetic roles such as factors related to H2A mono-ubiquitination – Bcor, Pcgf1, Rnf2
and Rybp – and genes associated with chromatin organisation / modification – Asxl1,
p53 (Trp53), Taf5l, Taf6l –, among several other processes. These will be further
explored in the sections to follow.
It was interesting to notice, that comparing unsorted population by day 14 with the
initial ESC libraries, Dnmt1 is actually one of the top genes with FDRNEG<0.1, indicating
it drops out of culture overtime. This might indicate that Dnmt1 knockout could incur a
growth disadvantage in TSC medium and explain the proof-of-concept results.
Pluripotency genes such as Sall4, Utf1, Klf4 and Klf5 were also depleted in the
differentiated population.
Evaluation of hits detected by screen v1 or v2 independently, and their analysis as
four replicates demonstrated the gain of information from their combination (Figure 4.5).
In fact, screen v1 could only identify 20 genes, whereas v2 could detect 30. Their
combination resulted in refined statistics and identification of 42 genes, 12 of which
would not be identified by independent analysis of v1 or v2. Importantly, the overlap
between these comparisons contains 7 genes which are more likely to represent true
hits: Mcoln1, Nf2, p53, Cnot8, Ccdc101, Taf5l and Tsc2.
Screen v1, n = 20
Mcoln1
Nf2
Trp53
Cnot8
Ccdc101
Taf5l
Tsc2

Screen v2, n = 30
Screen v1 + v2, n = 42
5

7

8
12

Stk35
Spns1
Smad2
Taf6l
Rnf2
Psmf1
Lipt1
Pcgf1
Cnfn
Patz1
Speg
Sipa1l1

Figure 4.5 | Venn diagram depicting enriched genes detected with screen v1 or v2, and the added effect of the
four replicates.

I next performed gene set enrichment analysis (GSEA) (Mootha, Lindgren et al. 2003,
Subramanian, Tamayo et al. 2005) on the 42 candidate genes. Biological process
enrichment analysis (Figure 4.6A) revealed genes linked to embryo development or
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morphogenesis. A high number of categories related to epigenetic control of gene
expression, such as chromatin organisation/modification or histone ubiquitination, were
also detected in agreement with the role of epigenetics on lineage maintenance. This
idea is additionally reinforced by the multiple terms associated with negative regulation
of biological processes, suggesting networks involved in suppressing TSC differentiation
in ESCs.
Canonical pathway enrichment analysis (Figure 4.6B) showed the mTOR pathway
followed by LKB1 pathway and Phosphoinositol (PIP) signalling as the top hits. Due to
the small number of candidate genes obtained from the screening, pathway enrichment
was not highly informative, as I could mainly detect 2 – 3 genes in each category. In fact,
a closer look at the analysis revealed that 29 out of the 42 genes were not associated
with any canonical pathway.
To gain a better understanding of the possible protein interactions within the 42
candidate genes identified in the genome-wide screen, I next performed a STRING
network analysis with medium confidence (cutoff 0.4) (Szklarczyk, Morris et al. 2017)
(Figure 4.7). I have selected for known interactions from curated databases or
experimentally determined. I have equally included information from co-expression and
textmining, by which two proteins are referred to in the same publications. Additionally,
MCL clustering analysis was performed, which grouped the network in 8 different
clusters. The larger cluster was related to Trp53 (p53), being composed of 7 proteins
with distinct roles from DNA repair (Xrcc4) to JAK/Stat signalling (Socs3) or Tgfb
signalling (Smad2). Other clusters were functionally more informative, and consistent
with biological process enrichment analysis carried out previously. The second larger
cluster comprised 6 proteins, five of which are described as Polycomb Group (PcG),
Asxl1, Bcor, Rnf2, Rybp and Pcgf1. Interestingly, the latter four proteins form a polycomb
complex specifically responsible for H2A monoubiquitination (Wu, Johansen et al. 2013).
The following cluster was formed by Tsc2, Tsc1, Pten and related nodes, demonstrating
an enrichment for mTOR signalling. The role of mTOR has been implicated in early
embryo and embryonic stem cells (Gangloff, Mueller et al. 2004, Murakami, Ichisaka et
al. 2004), and Tsc1 andTsc2 were found to delay exit from naïve pluripotency in a siRNA
genome-wide screen (Betschinger, Nichols et al. 2013), a phenotype recently confirmed
in a similar CRISPR/Cas9 knockout screen (Li, Yu et al. 2018).
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Figure 4.6 | Gene set enrichment analysis of the 42 hits from the screening. A | Biological process enrichment
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Clustering could then group Taf6l, Taf5l, Ccdc101 and Trim24. These correspond to
proteins involved in histone acetylation. Taf6l and Taf5l are components of PCAF
complex, responsible for histone acetylation (Ogryzko, Kotani et al. 1998). Ccdc101,
also known as Sgf29, is a subunit of histone acetyltransferase complexes such as SAGA
or STAGA complexes (Kurabe, Katagiri et al. 2007, Bian, Xu et al. 2011). In the SAGA
context, Ccdc101 works as a recognition motif that binds to methylated H3K4
(H3K4me3) chromatin marks to recruit the complex to specific target sites and mediate
histone H3 acetylation (Bian, Xu et al. 2011). A similar role is described for Trim24, which
recognises both unmodified H3K4 (H3K4me0) and acetylated H3K23 (H3K23ac) (Tsai,
Wang et al. 2010). Trim24 also co-binds estrogen receptor alpha (ERa), which in turn
recruits histone acetyltransferases such as the PCAF complex (Tsai, Wang et al. 2010).
The remaining three clusters represent interactions of pairs of proteins in the screen
hit list. Lipt1 and Lipt2 are fairly uncharacterized, but associated with the lipoic acid
pathway (Cao, Zhu et al. 2018). Nf2 and Lats1 are connected through their role in Hippo
Signalling (Cockburn, Biechele et al. 2013). Cnot8 and Cnot2 are both part of the CCR4NOT transcription complex, involved in mRNA deadenylation and degradation (Temme,
Simonelig et al. 2014). In fact, Cnot1, Cnot2 and Cnot3 have been shown to be involved
in pluripotency maintenance in both mouse and human ESCs by inhibiting differentiation
to trophectoderm and primitive endoderm (Zheng, Dumitru et al. 2012, Zheng, Yang et
al. 2016). This work however did not differentiate ESCs to TSCs, but rather demonstrated
an upregulation of Cdx2, Gata3 and Eomes in mutant ESCs. The CCR4-NOT complex
has also recently been linked to delayed exit from naïve pluripotency upon knockout of
Cnot1-3 or Cnot8 (Li, Yu et al. 2018).
Overall, this CRISPR/Cas9 screen could find genes already described in the literature,
recapitulating some of the known biology of the first cell lineage decision. Furthermore,
STRING analysis showed that it could identify proteins with known interactions and
multiple components of similar processes, providing higher confidence for the biological
relevance of candidate genes.
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Continuous lines show direct cluster interactions, whereas dashed lines show inter-cluster edges.

4.3.2 Validation of candidate genes
Genome-wide screens can be very noisy and therefore validation of hits is an
important step to verify the overall reliability of results. Moreover, even though statistical
analysis provides a ranking of candidate genes, these do not necessarily reflect the
strength of the phenotype associated to each target.
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To select hits for validation, I started by examining the gRNA summary statistics
resulting from MAGeCK analysis. I ranked all gRNAs based on FDR values for positive
enrichment. I then analysed how many gRNAs per candidate gene could be found in the
top 1000 FDR values, immediately excluding genes with no gRNA within this limit (Speg,
Gatad2a and Sipa1l1). I selected genes with more than one gRNA present in this list, as
these replicate each other and are thus more likely to be true hits (Figure 4.8). This cutoff
would exclude Lats1 from validation, but given it is already described in the literature, I
decided to include it on the list for validations, yielding a total of 34 genes for individual
testing.

Figure 4.8 | Shortlisting candidate genes for validation. The gRNA summary list resulting from MAGeCK analysis
was ordered by FDR values. Candidate genes were then scored according to the number of gRNAs present within
the top 1000 FDR values, and selected for validation if showing more than one gRNA in this list.

To produce results independent of the Yusa_v2 library, I have used two gRNAs per
gene, designed based on a CRISPR-arrayed library (Metzakopian, Strong et al. 2017)
and cloned into an improved scaffold backbone vector.
I first carried-out validations using a similar approach to the screening, that is,
independently transducing Elf5::Venus ESCs with the two lentiviral gRNAs, at an MOI of
0.3. Cells were selected with puromycin and 7 to 9 days post-transduction, they were
seeded for TSC differentiation, at a plating density of 100.000 cells per well of a 24-well
plate. Two independent gRNAs were used per gene, and the differentiations were
performed in triplicates. The percentage of Venus positive cells was analysed by flow
cytometry at day 14 and compared to two non-targeting gRNA controls using two-way
ANOVA with Dunnets multiple-comparison test (Figure 4.9). The two gRNAs used for
Oct4 control in this subchapter are labelled as 1 and 2, and correspond to gRNA#1 and
gRNA#13 from the proof-of-principle experiments, respectively. For most of the genes,
the two gRNAs tested performed similarly, with exception of Ccdc101, Trim24 and Pcgf1
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where one of the gRNAs gave significantly better results. With this validation method, I
could only find 10 statistically significant genes, with different phenotype strengths. Bcor,
Rnf2 and Pcgf1 showed the highest percentage of Venus positive cells yielding 15 –
20% by day 14. Remarkably, Bcor and Rnf2 displayed similar results to Oct4 knockout.
These were followed by Nf2, Tsc2, Tet1, Ccdc101 and Taf5l, all reaching 5 – 10%
differentiation efficiency. Cnot8 and Trim24 had the weaker phenotype in this assay.
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Figure 4.9 | Validation of candidate genes through lentiviral delivery of gRNAs. Elf5::Venus ESCs were transduced

at an MOI of 0.3, using two independent gRNAs per gene. Cells with integration were selected with puromycin and 7
to 9 days post-transfection they were seeded for differentiation in TSC media. The percentage of BFP/Venus positive
cells was assessed by flow cytometry at day 14. Differentiation was performed in triplicates and results per gene were
compared to non-targeting control gRNAs (NT) and analysed using two-way ANOVA with Dunnett’s multiple
comparison test. Asterisks represent adjusted p-value (**** < 0.0001; ***, 0.0002; * <0.033).

To assess how different genes affect differentiation over time, I next verified the
kinetics of TSC differentiation for these ten genes (Figure 4.10). The experiment was
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performed as above, monitoring the expression of Venus by flow cytometry every two
days (from day 4). I found that for most of the tested genes, there was a steady increase
in the Venus percentage over time with its onset between day 6 and day 8. Trim24 and
Pcgf1 were the exceptions to this pattern showing a delayed onset - between day 8 and
10 for Trim24 and day 10 and 12 for Pcgf1. Unlike other genes, Bcor, Rnf2 and Pcgf1
displayed a steep increase in the percentage of Venus positive cells from the onset of
differentiation. Together with Rybp, these belong to the same Polycomb Group complex,
the non-canonical Polycomb Repressive Complex 1.1 (ncPRC1.1).
Given that using low MOI and lentiviral delivery I could only validate 10 genes, I next
tested whether integration of multiple gRNA copies through PBase transposition could
improve the differentiation profile of a subset of genes. I used Oct4 as positive control
and Bcor as a hit with efficient differentiation. Nf2 was chosen as a gene with an
intermediate phenotype and Lats1 as a gene already described in the literature that
could not be validated through lentivirus-mediated editing.
I transfected Elf5::Venus ESCs with PBase and the different gRNAs. Cells were
selected with puromycin and again seeded for differentiation in triplicates by day 7 to 9.
A time-course of Venus expression was obtained by flow cytometry analysis every
couple of days and compared to the previous dataset resulting from lentiviral
transduction of the same gRNAs (Figure 4.11). For Oct4, lentiviral integration of gRNAs
seemed to be more efficient, particularly in the case of gRNA 2 where the PBase
experiment yielded a significantly lower percentage of Venus expressing cells. This was
likely related to higher mutagenesis followed by ESC differentiation in the 7 to 9 days
post-transfection, as I could observed drastic changes in ESC morphology in the PBase
experiment, compared to lentivirus. Comparison of the two methods for integration of
gRNA cassette was performed using two-way ANOVA with Dunnett’s multiple
comparison test. This demonstrated that PBase-mediated integration of gRNAs
significantly improved differentiation efficiency for the three other genes tested.
Importantly, Nf2 knockout could yield an efficiency comparable to Oct4 in this setting. In
addition, Lats1, which could not be validated using lentiviral methods, could now be
detected as statistically significant and yielded about 5% Venus positive cells by day 14.
Bcor differentiation also showed a statistically significant improvement in differentiation,
although the magnitude of the change was not as great as the other genes tested. I
hypothesise that because it is an X-linked gene, only a single allele knockout is required.
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Figure 4.10 | TSC differentiation time-course for candidate genes validated through low MOI lentiviral
transductions. Elf5::Venus ESCs were transduced at an MOI of 0.3, using two independent gRNAs per gene.

Integrated cells were selected with puromycin and 7 to 9 days post-transfection they were seeded for differentiation
in TSC media. The percentage of BFP/Venus positive cells was assessed by flow cytometry every other day.
Differentiation was performed in triplicate and values are represented as mean and standard deviation.

125

NT gRNA1
NT gRNA 2

Gene gRNA 1
Gene gRNA 2
35

Trim24

30

%BFP+ / Venus+ Cells

% BFP+ / Venus+ Cells

35

25
20
15
10
5
0

Gene gRNA 1
Gene gRNA 2

0

2

4

6

Day

8

10

12

25
20
15
10
5
0

14

Pcgf1

30

0

2

4

6

Day

8

10

12

14
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Given that PBase-mediated delivery of gRNAs was an efficient way to mediate
knockout mutations and achieve better differentiation profiles, I repeated the validations
and applied PBase transposition to simultaneously integrate both gRNAs for each gene,
followed by TSC differentiation as described for previous experiments. With this editing
strategy, I detected 20 statistically significant genes, as determined by comparison to
non-targeting control using two-way ANOVA with Dunnett’s test (Figure 4.12). Again,
different strengths of phenotype could be detected. Highly efficient genes
demonstrating a differentiation capacity of about 20% or higher were Nf2, Bcor, Kctd5,
Rnf2, Rybp and Pcgf1. Interestingly, among these genes, neither Kctd5 nor Rybp could
be validated in the lentivirus experiment, demonstrating the value of delivery of multiple
copies of gRNA. Genes yielding intermediate levels of differentiation (10% Venus
positive cells by day 14) were Tsc1, Tsc2, Rprd2, Lipt2, and Psmf1. Genes with a lower
capacity for the activation of Elf5 were p53, Lats1, Smad2, Socs3, Fubp1, Cnot8, Taf5l,
Trim24 and Supt20, which yielded less than 10% Venus expressing cells. Intriguingly,
neither Tet1 nor Ccdc101 genes could be validated in the current experiment, despite
their results in the lentivirus setting. The role of Ccdc101 in pluripotency is not reported,
and Tet1 is described as dispensable for self-renewal (Dawlaty, Ganz et al. 2011) so it
is less likely that they follow the Oct4 pattern. Possibly, their role in differentiation of ESCs
to TSCs is dose dependent and requires heterozygous rather than a complete knockout,
which would be compatible with the lower editing efficiency of lentiviral gRNA delivery.
Next, I studied the TSC differentiation kinetics for genes with high (Figure 4.13) and
intermediate efficiencies (Figure 4.14). Genes with high efficiency, similarly to the
patterns observed in the lentiviral time-course, demonstrate a steep increase in the
percentage of Venus positive cells from the onset of differentiation. This seemed to
happen around day 8 for most cases, with a delay up to day 10 for Kctd5 and Bcor. Rnf2
was the gene with the stronger effect followed by Pcgf1 and Nf2. The four members of
ncPRC1.1 had a similar time-course with different degrees of differentiation, but
consistently ranked among the top validated genes. This provides strong evidence for
their role in supressing ESC differentiation to the trophoblast lineage.
Genes with intermediate differentiation capacity (Figure 4.14) demonstrate slightly
different kinetics. It is interesting to see that both Tsc1 and Tsc2, two members of the
same complex, exhibit similar differentiation curves, supporting the role of mTOR
signalling in this process. Psmf1 shows a steady increase in Venus expressing cells over
time with onset of differentiation by day 8. Rprd2 and Lipt2 display the same onset, but
Rprd2 shows to plateau from day 12 whereas Lipt2 peaks at day 10, decreasing from
there.
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Figure 4.12 | Validation of candidate genes using PBase to mediate integration of two gRNAs per gene. Elf5::Venus

ESCs were transfected with PBase and two gRNAs per gene. Integrated cells were selected with puromycin and 7 to
9 days post-transfection they were seeded for differentiation in TSC media. The percentage of BFP/Venus positive
cells was assessed by flow cytometry at day 14. Differentiation was performed in triplicates and results were compared
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independent sets of transfections, with the respective NT (grey bar) and Oct4 (yellow bar) controls.

128

Gene

NT control

35
30
25
20
15
10
5
0

2

4

45

6

Day

8

10

12

35
30
25
20
15
10
5
0

0

2

4

45

6

Day

8

10

12

30
25
20
15
10
5
0

2

4

6

Day

8

25
20
15
10
5
0

2

4

6

10

12

14

Day

8

10

12

14

8

10

12

14

10

12

14

Rnf2

40
35
30
25
20
15
10
5
0

2

4

45

35

0

30

0

14

Rybp

40

35

45

Kctd5

40

Bcor

40

0

14

% BFP+ / Venus+ Cells

% BFP+ / Venus+ Cells

% BFP+ / Venus+ Cells

40

0

% BFP+ / Venus+ Cells

45

Nf2

% BFP+ / Venus+ Cells

% BFP+ / Venus+ Cells

45

6

Day

Pcgf1

40
35
30
25
20
15
10
5
0

0

2

4

6

Day

8

Figure 4.13 | TSC differentiation time-course for candidate genes with strong phenotypes. Elf5::Venus ESCs were
transfected with PBase and two gRNAs per gene. Cells with gRNA integration were selected with puromycin and 7 to
9 days post-transfection they were seeded for differentiation in TSC media. The percentage of BFP/Venus positive
cells was assessed by flow cytometry every other day. Differentiation was performed in triplicate and values are
represented as mean and standard deviation.

129

Gene

NT control

30
25
20
15
10
5
0

2

4

45

6

Day

8

10

12

25
20
15
10
5
2

4

6

Day

8

25
20
15
10
5
0

2

4

6

45

30

0

30

0

35

0

35

14

Rprd2

40

Tsc2

40

% BFP+ / Venus+ Cells

35

0

% BFP+ / Venus+ Cells

45

Tsc1

40

10

12

% BFP+ / Venus+ Cells

8

10

12

14

10

12

14

35
30
25
20
15
10
5
0

14

45

Day

Lipt2

40

% BFP+ / Venus+ Cells

% BFP+ / Venus+ Cells

45

0

2

4

6

Day

8

Psmf1

40
35
30
25
20
15
10
5
0

0

2

4

6

Day

8

10

12

14
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Elf5 expression is pivotal for TSC self-renewal but not specific to this stage, as it
remains in cells initiating differentiation along the trophoblast lineage (Latos, Sienerth et
al. 2015). Consistent with this, the morphology of Venus positive cells in culture for genes
with stronger phenotypes exhibited a variety of nuclei sizes, with the smaller ones
possibly representing TSC-like colonies, and larger nuclei indicating cells that
progressed down the trophoblast lineage, exiting the self-renewing state (Figure 4.15).
This heterogeneity could be detected for most candidate genes, demonstrating one of
two possibilities: i) the culture condition, generating high cell density by day 14, is prone
to inducing TSC terminal differentiation; or ii) these candidate genes also have a role in
TSC self-renewal and this state cannot be sustained in their absence.
Overall, using lentiviral- and PBase-mediated approaches, I could validate 22 genes
out of 34 tested, considerably expanding our current knowledge on molecular players
controlling the expression of Elf5 in ESCs and their differentiation to trophoblast lineage.
I have then updated STRING network analysis for the validated genes and queried for
expanded interactors to highlight related factors that could also play a role on the
conversion of ESCs to TSCs (Figure 4.16). I coloured screening hits according to the
strength of their phenotype to correlate the network with knowledge gained from
experimental validations. New nodes represent direct interactors of validated genes (first
shell interactors) and secondary interactors that directly relate to the first shell. This
expanded network highlights a possible role for Bmi1 together with the remaining
Polycomb genes. It further implicates the CCR4-NOT complex, and Rheb as
complementary to Tsc1 and Tsc2 function. The cluster of proteins previously related
through their role in histone acetylation (Figure 4.7), now composed of Ccdc101, Taf5l
and Trim24, could be expanded to Crebbp and Ep300 as direct interactors, which play
important roles in the same biological process.
Several genes are still not connected with other proteins in this network, for example
Kctd5 which displayed a strong phenotype. Kctd5 is gene with a potassium channel
tetramerization domain (KCTD) that interacts with Cullin3 E3 ubiquitin ligase through its
BTB (Broad-Complex,Tramtrack and Bric a brac) domain and can also bind
ubiquitinated proteins (Bayon, Trinidad et al. 2008). Recently, it has been shown that
Kctd5 acts as a negative regulator of the AKT pathway, and that its knockout leads to
increased phosphorylated-AKT at S473 (Brockmann, Blomen et al. 2017). This new layer
for regulation of phospho-AKT occurs as a result of inhibition of G-protein subunits b and
g together with their chaperone PDCL. These are degraded by proteolysis due to the
interaction between Kctd5 and Cullin3 and this way limit the activation of PI3K effector.
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132

Smad2

Taf5l
Ccdc101

Trim24

Bmi1

Crebbp

Fubp1

Rnf2

Ep300
Kctd5
Bcl6

Bcor

Psmf1

Rprd2

Pcgf1
Rybp

Mdm2

Trp53

Mdm4

Tet1

Lipt2
Supt20

Rqcd1

Tsc2

Cnot7
Cnot2

Il6st
Jak2

Tsc1

Cnot1
Cnot8

Cnot6l

Cnot3

Socs3
Rheb
Tceb2

Cnot6

Tceb1
Cul2

Validated hits

Expanded Interactors

> 20% Venus+

1st shell

~ 10% Venus+

Vhl
Lats1

2nd shell

< 10% Venus+
Interactions:

Nf2

From curated databases
Experimentally determined
Co-expression

Figure 4.16 | STRING network analysis of validated hits with expanded interactors. Protein nodes are connected

by lines demonstrating different types of interactions that were calculated with a confidence cutoff of 0.4 (medium) known interactions from curated databases or experimentally determined, and co-expression. Nodes for validated
hits are coloured according to their differentiation efficiency by day 14 (yellow, less than 10% Venus positive cells;
orange, about 10%; red, higher than 20%). An expanded network is shown by blue nodes for proteins with direct
interactions with validated hits (first shell interactors), and by grey nodes for second shell interactors (direct interactors
of first shell).

133

The development of single-cell RNA sequencing technologies has allowed detailed
transcriptional profiling of preimplantation mouse embryo development (Burton, Muller
et al. 2013, Xue, Huang et al. 2013, Deng, Ramskold et al. 2014, Trapnell, Cacchiarelli
et al. 2014). The availability of these datasets is a valuable resource to check expression
profiles of validated genes in an in vivo context. Therefore, I have retrieved the
expression patterns for genes that yielded over 10% differentiation efficiency from Deng
et al. (Deng, Ramskold et al. 2014) (Figure 4.17). Lipt2 was found as non-expressed in
early embryos, which might implicate its role could be specific to ESCs. Interestingly,
with the exception of Bcor and Tsc2, all the genes queried display a similar pattern of
expression, with high expression at early stages from zygote to 4-cell and stabilizing at
lower levels at later developmental stages. Additionally, many of these demonstrate high
heterogeneity at the 2-cell state, raising the possibility that these differences in
expression levels might bias each of the blastomeres to a different cell fate.
Taken together, I could demonstrate that my screens identified hits with different
strengths of regulation of ESC to TSC conversion, with genes involved in similar
processes demonstrating consistent differentiation efficiencies and kinetics.
Furthermore, these display very interesting expression profiles in preimplantation
embryo development, indicating their role might also be conserved in vivo.
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4.4 Discussion
The conversion of ESCs to TSCs has long been used to study genes involved in the
establishment and maintenance of the first cell lineage decision in the embryo as well as
factors necessary for trophoblast transcriptional networks (reviewed on chapter 3). This
robust in vitro model has mainly been used for hypothesis-driven studies, revealing key
regulators for these processes. Here, I described a genome-wide recessive genetic
screen designed to follow the activation of the stringent trophoblast lineage marker Elf5
during ESC to TSC differentiation. This represented the first unbiased look at
suppressors of TSC differentiation in ESCs.

4.4.1 CRISPR/Cas9 genome-wide screen for Elf5 activation: strengths and
pitfalls
Differentiation of ESCs to TSCs is marked by a strong lineage barrier that prevents
activation of Elf5 in many of the published methods (Cambuli, Murray et al. 2014). Using
Oct4 knockout as a proof-of-principle experiment, I could achieve up to 30%
differentiation efficiency in optimised conditions. I then went on to perform a genomewide CRISPR/Cas9 screen using the reporter cell line developed in Chapter 3. I have
employed the Yusa_v2 lentiviral gRNA library (Tzelepis, Koike-Yusa et al. 2016) with
transduction at low MOI to guarantee delivery of a single genetic perturbation per cell.
The screening was performed with 500x coverage, meaning each replicate started
differentiation with about 500 cells per gRNA.
TSC differentiation was quite inefficient as I could only detect about 0.2% Venus
positive cells by day 14 in all replicates, levels which were equivalent to spontaneous
differentiation observed in negative controls. This resulted in sorting low cell numbers
for enrichment analysis. Nevertheless, despite studying a challenging differentiation
process coupled to the activation of a stringent marker, I could identify 42 genes whose
depletion results in expression of Elf5 upon ESC to TSC conversion. This clearly
highlights the power of CRISPR/Cas9 technology in genome-wide genetic screens.
The use of four replicates proved advantageous as their combination could detect 42
genes as opposed to 20 and 30 for screens v1 and v2, respectively. Among the 12 hits
detected through analysis of all replicates were Rnf2 and Pcgf1, two of the genes with
stronger phenotypes as determined with validation experiments. This suggests that
increasing replicate number could possibly identify other important regulators.
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Overall, the screening identified 42 genes, including factors already described in the
literature. Biological process enrichment analysis, together with STRING network
analysis demonstrated that several of these hits underline similar molecular functions
and reconstitute known protein networks. This strengthens the value of the newly
identified regulators. Out of the 42 hits, 34 were individually validated through two
different editing strategies and in total I could confirm 22 genes with a range of
differentiation efficiencies. Rock2 was initially annotated as a gene involved in
trophectoderm establishment in the embryo and its described role would contradict the
screening result. In fact, none of the validation strategies could replicate MAGeCK
analysis, confirming Rock2 as a false positive. Similarly, Hira was also not validated
demonstrating it might not be able to activate Elf5 for reinforcement of TSC network,
despite its described role in Cdx2 regulation (Banaszynski, Wen et al. 2013).
Interestingly, most of the validated genes display similar differentiation kinetics,
recapitulating Oct4 results – that is, most of them show a steady increase of Venus
positive cells over the studied time-course, with Lipt2 being the only exception to this
trend. This might be emphasizing a bias in the experimental setting employed, where
genes that might peak earlier or have a delayed differentiation onset, would probably
remain undetected. In line with this, Venus positive cells could be detected with different
nuclei sizes for most genes, reflecting the presence of both TSC-like and cells
progressing in trophoblast differentiation. This raises the possibility that the selected
timepoint might be excluding genes necessary for TSC self-renewal. There are intrinsic
limitations to any differentiation screen, though these could be overcome with a timecourse screening series.
As expected, ESC libraries were depleted from self-renewal genes such as Oct4,
Nanog, Sox2 or Klf4 as early as day 5 post-transduction, which means none of these
genes were actually screened for their role in TSC differentiation. The cell competition
inherent in pooled screening results in loss of cells (drop outs) that are quicker than in
individual experiments with single genes such as the ones undertaken with Oct4 for
proof-of-principle. In order to capture such factors, arrayed-screen could be a valid
solution as each well would contain only one type of mutation and these would not
compete with cells carrying different genetic knockouts. The PBase validation results,
with higher differentiation efficiencies compared to lentiviral gRNAs, also argue in favour
of an arrayed approach and simultaneous delivery of multiple copies of each gRNA
(Agrotis and Ketteler 2015, Metzakopian, Strong et al. 2017). This would however be
very time consuming, as well as require significantly more resources. An alternative
approach would be the use of lentiviral libraries for the single delivery of 2 gRNAs
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targeting the same gene in order to achieve higher mutation rates while still employing
a pooled screening strategy (Erard, Knott et al. 2017).
Genes related to DNA hypomethylation in ESCs, such as Np95 or Cxx1, previously
shown to allow Elf5 upregulation (Ng, Dean et al. 2008), were also not detected. These
results indicate that the genome-wide screen performed was not saturated and did not
capture all the genes preventing ESC differentiation to TSC. It nevertheless highlighted
the sensitivity of CRISPR/Cas9 screening technology and its potential to continue to fill
the missing gaps in our understanding of the first lineage decision – combined with
different time-courses and reporter genes, it can help to draw the wider picture of
regulatory networks in this early event.

4.4.2 A renewed look at regulators of ESC to TSC lineage barrier
The difficulty to achieve full reprogramming of ESCs to TSCs reflects the strong
lineage restriction in ESCs. Consistently, there have been few reports of genetic
manipulations that can achieve activation of Elf5 marker upon ESC conversion to TSC,
demonstrating our limited knowledge on the regulators of this lineage barrier. The
genome-wide recessive screening here-in constitutes a major step towards identification
of suppressors of trophoblast lineage in the pluripotent compartment by directly
addressing the Elf5 bottleneck. With this approach I could validate 22 genes that
regulate Elf5 activation with different strengths. Compatible with our current view of the
first cell lineage specification, Nf2 and Lats1 could be identified, likely related to their
role in Hippo signalling. In fact, Nf2 demonstrated a stronger phenotype possibly due to
acting upstream Lats1/2, having a broader effect than Lats1 knockout alone. Despite
having a known role in TE/ICM specification, their implication in differentiation of ESCs
to TSCs has not been directly reported before.
The screen could then demonstrate mTOR signalling as another pathway with a direct
effect on Elf5 regulation. Tsc1 and Tsc2 displayed a moderate phenotype. In addition,
Kctd5 showed stronger effect, and its disruption has been linked to activation of Akt
pathway (Brockmann, Blomen et al. 2017). In fact, if knockout of Kctd5 results in overactivation of Akt, which in turn cross-talks with mTOR via inhibition of Tsc2, this would
corroborate the effect of Tsc1 or Tsc2 knockout. They result in the same downstream
effect, with consequent de-repression of Rheb and constitutive activation of mTORC1
(Inoki, Li et al. 2003, Zhang, Cicchetti et al. 2003). A key experiment to further validate
these findings would be achieved through rescue of differentiation potential in the
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presence of mTOR and AKT chemical inhibitors. In this case, treatment of Tsc1 and Tsc2
knockout ESCs with Rapamycin during TSC differentiation should block Elf5 activation if
their role is functionally linked to increased mTOR activity. Similarly, if the phenotype of
Kctd5 knockout ESCs is mediated by AKT pathway, treatment with AKT inhibitor (ex.
Akti-1/2) should rescue differentiation whereas treatment of wild-type ESCs with AKT
activator (ex. SC-79) should mimic Kctd5 knockout.
AKT and mTOR signalling pathways have complex dynamics, with negative feedback
loops that result in lower PI3K activation upon constitutive mTORC1 signalling (Huang
and Manning 2009). How the integration of information from these two pathways occurs
in the context of the first cell lineage decision remains to be elucidated, but our results
highlight these might constitute important modulators.
I could further implicate histone acetylation as a possible epigenetic regulatory
mechanism with a weak phenotype, acting through Trim24, Taf5l and Ccdc101. In the
context of Elf5 activation Tet1 knockout displayed similar efficiencies to the
aforementioned genes. Moreover, it has previously been shown that knockout of Tet1 in
ESCs allows their differentiation towards TSC both in vitro and in vivo (Koh, Yabuuchi et
al. 2011). This highlights that even factors identified in the present work with weak
phenotype might have an in vivo role.
The strongest phenotypes were obtained for Rnf2, Bcor, Rybp and Pcgf1, all of which
consistently yielded efficiencies comparable to Oct4 knockout. These four genes,
together with Skp1, Kdm2b and USP7 form a non-canonical Polycomb repressive
complex, ncPRC1.1. Much has been described about the role of Polycomb repressive
complex 2 (PRC2) and canonical Polycomb repressive complex 1 (cPRC1) in the
regulation of ESC self-renewal and bivalent domains (Brookes, de Santiago et al. 2012,
Endoh, Endo et al. 2012, Qin, Whyte et al. 2012, Aloia, Di Stefano et al. 2013, Turner and
Bracken 2013). However, the functional role of ncPRC1.1 in the context of embryo
development or first cell lineage decision has not been described. Interestingly, it was
recently shown that H2A ubiquitination is a highly dynamic process during
preimplantation development and non-canonical PCR1 was shown to be active as early
as the zygote stage (Eid and Torres-Padilla 2016). My findings implicate this complex
has an essential role supressing the trophoblast lineage in the embryonic compartment
and thereby ensuring proper embryo development.
Analysis of published phenotypes for mouse homozygous mutants for validated
genes (summarised in Table 4.1) shows that many have an effect on embryo
development but none is shown to be essential for preimplantation stages as they arrest
at later points. Further, only Nf2 and Rybp have an essential role in early postimplantation
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development as mutant embryos arrest around E6.5 (McClatchey, Saotome et al. 1997,
Pirity, Locker et al. 2005).
Table 4.1 | Summary of literature data from mouse knockout mutants and the effect of validated genes on
embryonic development. N.A., Not assessed / described. -----, homozygous mutant data not available. ExE,

extraembryonic ectoderm. MGI, mouse genome informatics database.

Gene

Embryo Development
in homozygous
mutants

Phenotype Embryo

Phenotype
Extraembryonic Tissues

References

Nf2

Arrest E6.5 - E7.0

Fails to initiate
gastrulation

Collapsed extraembryonic
region and lack of
organized ExE

(McClatchey, Saotome
et al. 1997)

Rnf2

Arrest E10.5,
developmental delays
from E6.5 onwards

Abnormal gastrulation

Delayed extraembryonic
development

(Voncken, Roelen et
al. 2003)

Bcor

Arrest E9.5

Abnormal gastrulation

Defects in chorioallantoic
fusion

(Wamstad, Corcoran
et al. 2008, Cox,
Vollmer et al. 2010)

Pcgf1

Preweaning lethality

Several tissues
affected from E9.5

N.A.

MGI:1917087

(Pirity, Locker et al.
2005)

Rybp

Arrest E6.5

Disorganized epiblast

“Indistinguishable”
embryonic and
extraembryonic layers by
E5.5

Kctd5

-----

-----

-----

----(Kobayashi, Minowa et
al. 2001, Kwiatkowski,
Zhang et al. 2002)
(Kobayashi, Minowa et
al. 1999, Onda, Lueck
et al. 1999)

Tsc1

Arrest E10.5-E11.5

Delayed development,
several tissues affected

N.A.

Tsc2

Arrest E10.5-E11.5

Delayed development,
several tissues affected

N.A.

Psmf1

Arrest after E18.5

Delayed development

N.A.

(Adi Minis 2019)

Rprd2

-----

-----

-----

-----

Lipt2

-----

-----

-----

-----

Fubp1

Arrest E13.5

Several tissues
affected

Collapse of labyrinth layer
of the placenta

Trim24

Normal development

Normal development

Normal development

Smad2

Arrest E9.5

Abnormal gastrulation

Defects in extraembryonic
development

(Zhou, Chung et al.
2016)
(Jiang, Minter et al.
2015)
(Weinstein, Yang et al.
1998, Vivian, Chen et
al. 2002)

Taf5l

-----

-----

-----

-----

Ccdc101

-----

-----

-----

Trp53

Normal development

Normal development

Normal development

Tet1

Normal development

Normal development

Normal development

Supt20

Arrest E9.5

Abnormal gastrulation
aberrant mesoderm

N.A.

Socs3

Arrest E11.5 - E13.5

Decreased embryo size

Extensive abnormalities in
the placenta

Lats1

Normal development

Normal development

Normal development

Cnot8

-----

-----

-----
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----(Donehower, Harvey
et al. 1992)
(Dawlaty, Ganz et al.
2011)
(Warrier, Nuwayhid et
al. 2017)
(Roberts, Robb et al.
2001, Takahashi,
Dominici et al. 2006)
(St John, Tao et al.
1999)

-----

Early embryo development is a process with high cellular plasticity. Some key genes
are “master regulators” and essential for early developmental events and their disruption
leads to immediate developmental arrest. That is the case of Tead4, which is essential
for TE specification and mutant embryos arrest prior to implantation, lacking TE formation
(Yagi, Kohn et al. 2007). However, from a developmental and evolutionary perspective,
the embryo cannot rely only on master regulator genes, mutation of which result in
developmental arrest early on. It is “safer” for the embryo to also depend on groups of
“redundant genes” that can complete essential functions and therefore allow proper
development in the absence of a specific gene/subset. In line with this, mouse embryos
with Lats1 knockout can develop normally (St John, Tao et al. 1999) while embryos with
Lats2 knockout arrest around E10.5 – E12.5 (McPherson, Tamblyn et al. 2004). However,
despite individually not showing a phenotype in early preimplantation, these two genes
are pivotal for proper TE/ICM specification through their role on Hippo signalling
(Nishioka, Inoue et al. 2009). In fact, deletion of either of them has no phenotype in
blastocyst formation, but co-deletion results in aberrant nuclear localization of Yap and
Cdx2 expression in inner cells, and failure to establish a functional ICM layer (Nishioka,
Inoue et al. 2009, Lorthongpanich, Messerschmidt et al. 2013).
Another example of redundancy in early development comes from the Polycomb
Group genes Ring1a and Rnf2 (Ring1b). Ring1a-null embryos can develop to term (del
Mar Lorente, Marcos-Gutierrez et al. 2000) while Rnf2-null embryos arrest around E10.5
(Voncken, Roelen et al. 2003). However, simultaneous deletion of both genes
demonstrated they are essential for proper zygotic genome activation and resulted in
developmental arrest at the 2-cell stage (Posfai, Kunzmann et al. 2012).
The genome-wide CRISPR/Cas9 screen performed in this work had clear limitations
in the nature of genes it could detect, as discussed in section 4.4.1. In this case, key
genes for ESC self-renewal were not actually screened for their phenotype as they
dropout of culture before the differentiation assay. Similarly, it is expected that genes
essential for TSC self-renewal might also not be detected as cells would not divide and
may not survive in culture until day 14. This way, it was not necessarily expected to
detect genes essential for either ICM or TE and hence, with strong phenotypes in early
preimplantation embryos. Instead, candidates were more likely to fall within the
“redundant genes” category and reveal processes that in their sum are vital for proper
development. Future work should address the possible redundancy between genes in
the different processes identified here-in and re-assess their effect on preimplantation
development.
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Another possible explanation for lack of phenotypes in early development comes from
the fact that for every validated gene, only a fraction of cells in culture actually responded
to Fgf4 signalling through activation of Elf5. The events downstream of a gene are also
dependent on the overall transcriptional state of each individual cell. Hence, some
particular cells may have a global expression network that allows them to take TSC
differentiation routes while others follow different fates. This way, in the embryonic
environment, the number of cells permissive to a phenotype might be compatible with
developmental progression. Multiple experiments have already demonstrated that
mouse preimplantation development is a process with high cellular plasticity. For
example, early experiments that moved cells within the embryo structure showed these
could rewire their fate according to the new position (Mintz 1965). Further, experiments
that aggregated ICM cells and morula could demonstrate their potential to over-ride the
first cell lineage decision and form both TE and ICM in the chimeric embryo (Rossant
and Lis 1979), reviewed in (Morgani and Brickman 2014). Recently embryonic plasticity
was addressed from the perspective of mosaicism, demonstrating that the
preimplantation mouse embryo has the capacity to develop even in the presence of
aneuploidy in some of its cells (Bolton, Graham et al. 2016). The embryo copes with
different strategies: in the epiblast lineage, aneuploid cells could be eliminated by
apoptosis, whereas the trophoblast lineage would retain some of the aneuploidy.
Importantly, mosaic embryos had full developmental potential (100% rescue of
aneuploidy) when the proportion of euploid to aneuploid cells was 1:1, and could show
rescue in a lower fraction of embryos when the proportion was 1:3 (Bolton, Graham et
al. 2016). All these different examples argue to the possible rearrangement of cellular
functions (cellular plasticity) with the ultimate goal of successful development. For
instance, it is possible that knockout cells that would respond by activation of a
“incorrect” trophoblast fate would be repositioned in the proper layer and replaced by
cells with an ICM-like behaviour. This would be a mechanism similar to the sorting
process that occurs in the salt-and-pepper model for the second cell lineage decision
(section 1.1.3).
Overall, the data discussed in this chapter directly pinpoints several biological
processes and specific genes supervising the maintenance of the first cell lineage
decision. For most genes, this represents the first direct link for their role in supressing
ESC differentiation to TSC and further expands our current understanding of this key
developmental event.
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CHAPTER 5
5 ROLE OF NCPRC1.1 MEMBERS BCOR AND RNF2 (RING1B) IN THE
MAINTENANCE OF THE FIRST CELL LINEAGE DECISION

5.1 Introduction
In eukaryotic cells, the genome is highly compacted in the nucleus, in a
macromolecular complex formed by DNA, RNA, histone and non-histone proteins – the
chromatin. The nucleosome is the structural unit of chromatin, composed of 147 base
pairs of DNA wrapped around an octamer of pairs of histones H2A, H2B, H3 and H4
(Kornberg 1974, Kouzarides 2007). Epigenetic regulation of gene expression is an
essential mechanism controlling cell fate decisions and cell identity during development.
It encompasses different layers of regulation including non-coding RNAs, chemical
modifications of DNA such as methylation and hydroxymethylation, or histone post
translational modifications (Bonasio, Tu et al. 2010). A combination of epigenetic and
transcription programmes controls the establishment and maintenance of different cell
types from information encoded in the genome. Polycomb group (PcG) proteins are a
prominent family controlling epigenetic regulation in a vast number of cellular processes,
from genomic imprinting (Terranova, Yokobayashi et al. 2008) and X-chromosome
inactivation (Plath, Fang et al. 2003, Zhao, Sun et al. 2008) to stem cell (Aloia, Di Stefano
et al. 2013) or cancer biology (van Lohuizen, Frasch et al. 1991). This range of function
is due to the high number of PcG alternative complexes that are assembled in a
temporal- and cell-specific form, and modify chromatin at their specific target sites via
histone modification or chromatin remodelling.
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5.1.1 Polycomb Group (PcG) Proteins
The first Polycomb gene was discovered in Drosophila melanogaster (Lewis 1947)
playing a role in anterior to posterior segmentation due to expression of Homeotic (Hox)
genes in mutant flies (Lewis 1978). PcG complexes are conserved during evolution in
the five major animal lineages and plants, but not fungi (Schuettengruber, Chourrout et
al. 2007, Schuettengruber, Bourbon et al. 2017). In mammals, Polycomb complexes can
be divided in two main families, Polycomb repressive complex (PRC) 1 and PRC2 (Figure
5.1). Due to differences in their core machinery, PRC1 and PRC2 mediate different
histone modifications.
PRC1 core machinery contains one of two proteins with E3 ligase activity, Ring1a or
Ring1b (Rnf2), which mediate histone H2A monoubiquitination (Wang, Wang et al. 2004,
Cao, Tsukada et al. 2005), and one Polycomb group of ring finger (Pcgf) protein (Pcgf1
– 6) (Gao, Zhang et al. 2012). Initial classification of PRC1 complexes distinguished
canonical (cPRC1) and non-canonical (ncPRC1) based on the presence of one
Chromobox (Cbx) protein in cPRC1, and the presence of the Ring1b and Yy1-binding
protein (Rybp) or its paralog YAF2 in ncPRC1 complexes (Wilkinson, Pratt et al. 2010,
Gao, Zhang et al. 2012, Tavares, Dimitrova et al. 2012, Morey, Aloia et al. 2013). Gao et
al further classified the different PRC1 complexes based on the choice of Pcgf subunit
for assembly, defining six different subclasses (PRC1.1 to PRC1.6, depending on
incorporation of Pcgf1-6 in the core complex) (Gao, Zhang et al. 2012).
cPRC1 complexes (Figure 5.1A) contain Pcgf2 (Mel-18) or Pcgf4 (Bmi-1) in their core
and one Cbx protein (Cbx2/4/6-8), which recognizes H3K27me2/3 chromatin marks
(Bernstein, Duncan et al. 2006, Kaustov, Ouyang et al. 2011). Cbx proteins also recruit
a Polyhomeotic (Ph) homologous protein (PHC1-3) that contains a sterile alpha motif
(SAM) domain essential for PRC1-mediated repression (Robinson, Leal et al. 2012).
In ncPRC1 complexes, RYBP or YAF2 subunits associate with Pcgf1, Pcgf3/5 or Pcgf6
to assemble ncPRC1.1, ncPRC1.3/ncPRC1.5 or ncPRC1.6, respectively (Figure 5.1A).
ncPRC1.1 complex, also known as BCOR complex (Gearhart, Corcoran et al. 2006,
Sanchez, Sanchez et al. 2007), contains Pcgf1 at its core, which enhances the catalytic
activity of Rnf2 both in vitro and in vivo (Gearhart, Corcoran et al. 2006, Sanchez,
Sanchez et al. 2007, Wu, Johansen et al. 2013). Additionally, ncPRC1.1 contains the
Histone 3 lysine 36 (H3K36)-specific histone demethylase Kdm2b, which holds a CxxC
domain that targets the complex to unmethylated CpG Islands (CGIs) in DNA (Farcas,
Blackledge et al. 2012, He, Shen et al. 2013, Wu, Johansen et al. 2013).
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ncPRC1.3 and ncPRC1.5 contain, among others, Dcaf7 and WDR5, that act as central
scaffold proteins (Hauri, Comoglio et al. 2016). Unlike most PRC, which mainly act
through gene repression, ncPRC1.5 has been linked to active genes (Gao, Lee et al.
2014). Finally, ncPRC1.6, also known as E2F6.com (Ogawa, Ishiguro et al. 2002, Trojer,
Cao et al. 2011) contains the transcriptional repressor E2F6 and the oncoprotein
L3mbtl2, together with histone deacetylases HDAC1 and HDAC2 among other
interacting partners (Trojer, Cao et al. 2011, Qin, Whyte et al. 2012).
Different PRC1 complexes exhibit different functions depending on the cellular
environment. For instance, ncPRC1.6 and ncPRC1.1 are required for maintenance of
ESC self-renewal capacity (Endoh, Endo et al. 2008, Trojer, Cao et al. 2011) whereas
Pcgf4-containing complexes are necessary for both neural and hematopoietic stem cell
self-renewal (Bruggeman, Valk-Lingbeek et al. 2005, Zencak, Lingbeek et al. 2005,
Oguro, Yuan et al. 2010, Smith, Yeung et al. 2011).
The core of PRC2 is composed of four subunits: one of the SET-domain-containing
histone methyltransferases enhancer of zeste (Ezh1 or Ezh2), suppressor of zeste
(Suz12), embryonic ectoderm development (Eed) and the CAF1 histone-binding
proteins Rbbp4 and Rbbp7 (Figure 5.1B). This core composition is essential for histone
methyltransferase activity of PRC2 (reviewed in (Blackledge, Rose et al. 2015)). Ezh1
and Ezh2 are mutually exclusive in the complex. PRC2-Ezh2 has a well characterised
role in gene repression (Muller 1995, Cao, Wang et al. 2002, Kuzmichev, Jenuwein et al.
2004) whereas PRC2-Ezh1 remains not fully understood. PRC2-Ezh2 efficiently mediates
H3K27 methylation while PRC2-Ezh1 has lower activity (Margueron, Li et al. 2008, Shen,
Liu et al. 2008). A proteomics survey in human cells revealed two alternative complexes
linked to PRC2 core complex: PRC2.1 and PRC2.2 (Hauri, Comoglio et al. 2016). PRC2.1
assemble mutually exclusive Polycomb-like homologs (PLC 1 – 3), that possess
H3K36me3 binding activity and can enhance Ezh2-mediated methylation of H3K27me2
(Nekrasov, Klymenko et al. 2007, Sarma, Margueron et al. 2008). Lcor and EPOP were
also found to co-purify with PRC2.1 (Beringer, Pisano et al. 2016, Kloet, Makowski et al.
2016). PRC2.2 on the other hand is composed by Aebp2 and Jarid2, two zinc-finger
proteins that improve enzymatic activity and regulate recruitment of PRC2 complex to
specific genomic loci (Cao and Zhang 2004, Nekrasov, Wild et al. 2005, Sarma,
Margueron et al. 2008, Zhang, Jones et al. 2011).
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Figure 5.1 | Composition of mammalian PcG complexes. PcG complexes are divided in two major classes, PRC1
which catalises Histone 2A monoubiquitination, and PRC2, responsible for Histone 3 Lysine 27 (H3K27) methylation.
A | Components of PRC1 complexes. The core of PRC1 is formed by Ring1A/B and its association with different Pcgf
proteins (Pcgf1-6) define five different complexes, subdivided in canonical PRC1 (cPRC1) and non-canonical PRC1
(ncPRC1). cPRC1 and ncPRC1 differ in the presence of Rybp/Yaf2 in the latter. B | Components of PRC2 complexes.
The core PRC2 is composed of Ezh1/2, Suz12, Eed and Rbbpa4/7. These associate with different proteins to form
PRC2.1 and PRC2.2 complexes. Figure adapted from (Schuettengruber, Bourbon et al. 2017).

5.1.2 Models for PRC1 and PRC2 recruitment to chromatin
PcG complexes are responsible for gene repression via chromatin modifications and
compaction. PRC2 promotes methylation of H3K27 depositing H3K27me2 and
H3K27me3 repressive chromatin marks at Polycomb target loci. PRC1 on the other hand
mediates Histone 2A monoubiquitination, which compromise transcriptional elongation
(Stock, Giadrossi et al. 2007) and is essential for gene repression (Endoh, Endo et al.
2012). PRC1 can also mediate gene repression through chromatin compaction (Francis,
Kingston et al. 2004, Endoh, Endo et al. 2012) and reduction of nucleosome turnover
(Deal, Henikoff et al. 2010).
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The hierarchical model for Polycomb gene repression states that PRC2 is first
recruited to chromatin via Jarid2 and Pcl1-3 proteins, where it deposits H3K27me3
marks. These are then recognised by the chromodomain of Cbx proteins in cPRC1
complex (Fischle, Wang et al. 2003), recruiting the remaining canonical machinery and
resulting in H2A monoubiquitination at lysine 119 (H2AK119ub1). It then mediates
chromatin compaction and gene silencing at target loci. This model is in agreement with
the high co-occupancy for PRC1 and PRC2 at their target sites (Morey, Pascual et al.
2012). In addition to Jarid2 and Pcl proteins binding sites, PRC2 occupancy has been
associated with unmethylated CGI (Ku, Koche et al. 2008), possibly through Pcl3
recognition (Hunkapiller, Shen et al. 2012). Consistently with the role of methylation in
PRC recruitment to chromatin, Tet1-mediated hypomethylation of CpG-rich promoters
facilitates binding of PRC2 to these regions (Wu, D'Alessio et al. 2011).
Growing evidence suggests an alternative mechanism to the hierarchical model,
where PCR1 displays a role independent of PRC2. In this case, ncPRC1 first binds to
chromatin through Rybp and catalyses H2AK119ub1 (Tavares, Dimitrova et al. 2012,
Blackledge, Farcas et al. 2014, Cooper, Dienstbier et al. 2014). This mark then promotes
recruitment of PRC2.2, possibly through Aebp2 binding to H2AK119ub1, followed by
deposition of H3K27me3 repressive mark (Kalb, Latwiel et al. 2014). Another method of
PRC1 recruitment to chromatin is mediated by Kdm2b protein in ncPRC1.1, which
recognises unmethylated CGI, and contributes to PRC1 occupancy at these elements
(Farcas, Blackledge et al. 2012, He, Shen et al. 2013, Wu, Johansen et al. 2013).
The complex interplay between PRC1 and PRC2 complexes and their recruitment to
chromatin as well as mechanisms for regulation of gene expression were recently
reviewed in detail by Aranda et al and Schuettengruber et al (Aranda, Mas et al. 2015,
Schuettengruber, Bourbon et al. 2017).

5.1.3 The role of PRC1 and PRC2 in ESC self-renewal and differentiation
Several loss of function models for different PcG components have been employed to
address their role in ESCs. These established that PcG complexes play different roles,
mostly in ESC differentiation, but also in self-renewal.
The two PRC1 core components Ring1A and Rnf2 act in a redundant manner as they
are individually dispensable for ESC self-renewal, yet their co-deletion leads to exit from
pluripotency (Endoh, Endo et al. 2008). This demonstrates the need for active PRC1 in
the maintenance of ESC identity. Some components of PRC2, such as Plc2 and Plc3,
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have also been linked to ESC self-renewal and were shown to influence the expression
of pluripotency genes (Walker, Chang et al. 2010, Ballare, Lange et al. 2012, Hunkapiller,
Shen et al. 2012).
Knockout of Rnf2 or Eed, which nearly abolish PRC1 and PRC2 activity, respectively,
did not affect self-renewal nor expression of pluripotency genes in ESCs (Chamberlain,
Yee et al. 2008, Endoh, Endo et al. 2008). However, it resulted in the upregulation of
differentiation markers in ESC cultures (Leeb and Wutz 2007, Leeb, Pasini et al. 2010).
PRC1 and PRC2 have redundant functions in ESC differentiation as single knockout of
either Eed or Rnf2 allowed differentiation to the three germ layers, but simultaneous
ablation of both genes severely impaired this process (Leeb, Pasini et al. 2010).
PcG complexes have a more pronounced effect on ESC differentiation. Several PRC2
components were shown to affect different lineages: Ezh2 is required for mesoderm
differentiation (Shen, Liu et al. 2008), whereas Suz12 is needed for endoderm formation
(Pasini, Bracken et al. 2004) and Jarid2 and Pcl proteins have a wider role in
differentiation (Pasini, Cloos et al. 2010, Walker, Chang et al. 2010, Ballare, Lange et al.
2012). For PRC1, besides Rnf2 and Ring1a, Rybp is also required for proper ESC
differentiation (Hisada, Sanchez et al. 2012, Tavares, Dimitrova et al. 2012) whereas
L3mbtl2 is essential for both ESC self-renewal and differentiation (Qin, Whyte et al. 2012).
An alternative mechanism for cPRC1 distinctive role in ESC self-renewal and
differentiation encompasses switching the Cbx subunit of the complex depending on the
cellular context. In fact, Cbx7 is mainly expressed during pluripotency whereas Cbx2
and Cbx4 are upregulated in differentiating ESCs (Morey, Pascual et al. 2012). Cbx2
and Cbx4 are thought to replace Cbx7 in cPRC1 at differentiation onset, thereby
recruiting cPRC1 to a different set of loci (Morey, Pascual et al. 2012). This subunit swap
mechanism is controlled by an autoregulatory loop in which Cbx7 occupies the
promoters of the differentiation-inducing subunits, preventing their expression. At the
other end, Cbx2 and Cbx4 repress Cbx7 in differentiated cells, thereby promoting a
balance between ESC self-renewal and differentiation (Morey, Pascual et al. 2012).
One hallmark of ESCs is their dual capacity for self-renewal and differentiation. This
capacity is thought to be underpinned by the high prevalence of bivalent domains in
ESCs. These generally correspond to lineage-specific loci, which are marked with both
active (H3K4me3) and repressive (H3K27me3) histone marks (Azuara, Perry et al. 2006,
Bernstein, Mikkelsen et al. 2006). PRC2 is the complex responsible for deposition of
H3K27me3 whereas trithorax/MLL complex adds the H3K4me3 mark (Denissov,
Hofemeister et al. 2014). This epigenetic regulation ensures lineage determinants are
silent in self-renewing cells, but primed to rapid activation upon differentiation stimuli,
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due to the presence of poised RNA polymerase II at these bivalent domains (Brookes,
de Santiago et al. 2012).
These findings highlight the key role of Polycomb complexes in epigenetic regulation
of ESC pluripotency as well as ESC differentiation to the three germ layers, reflecting the
essential function of PcG proteins in mouse development.

5.1.4 The function of Bcor in mouse embryo development and ESCs
Bcor (Bcl6 corepressor) is a transcriptional corepressor of the oncoprotein Bcl6,
through interaction with its POZ domain (Huynh, Fischle et al. 2000). Chromosomal
translocations in the genomic region of human Bcl6 are a common alteration in nonHodgkin’s B cell lymphomas (Baron, Nucifora et al. 1993, Ye, Lista et al. 1993, Miki,
Kawamata et al. 1994) causing aberrant expression of Bcl6 (Ye, Chaganti et al. 1995,
Chen, Iida et al. 1998). Besides its role in haematopoiesis (Hedera and Gorski 2003, Ng,
Thakker et al. 2004), Bcor is also important for the development of other organs as
mutations in human Bcor cause X-linked oculofaciocardiodental syndrome and are lethal
in males (Ng, Thakker et al. 2004). Purification of the Bcor complex demonstrated it copurifies with several PcG proteins, namely Pcgf1, Rybp, Rnf2, and Fbxl10 (Gearhart,
Corcoran et al. 2006). This complex was later classified as ncPRC1.1 complex due to its
interaction with Pcgf1 (Gao, Zhang et al. 2012) and is responsible for Bcor-mediated
epigenetic regulation.
Single-cell RNA sequencing analysis of preimplantation mouse embryo development
indicates Bcor expression is low up to the late epiblast stage (Deng, Ramskold et al.
2014). Interestingly, a recent RNAi screen in mouse embryos suggested Bcor could
have a role in early development as its knockdown results in blastocyst outgrowth
defects (Cui, Dai et al. 2016). Production of Bcor knockout ESCs demonstrated Bcor is
dispensable for ESC self-renewal (Wamstad, Corcoran et al. 2008). Yet, Bcor was
essential for ESC differentiation into ectoderm, mesoderm and hematopoietic lineages,
indicating its broad role during embryonic development (Wamstad, Corcoran et al.
2008). Bcor is highly expressed in the extraembryonic layer during gastrulation, and its
transcription increases in the embryo proper after E9.0, being expressed in a wide range
of tissues (Wamstad and Bardwell 2007). In agreement with its expression profile, Bcor
knockout embryos arrest at E9.5 with defects in the ventral forebrain, cardiac tissue and
chorioallantoic fusion (Cox, Vollmer et al. 2010). This illustrates a key function for Bcor in
both embryo development and placenta formation.
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5.1.5 The role of Rnf2 in mouse embryo development and ESCs
Rnf2, also known as Ring1b, is a RING finger protein with ubiquitin E3 ligase activity,
which catalyses histone H2A ubiquitination on lysine 119 (H2AK119u). It is part of the
core PRC1 complex, present in both canonical and non-canonical forms. Rnf2 was
identified as part of ncPRC1.1 by co-purification with other complex subunits such as
Bcor and Rybp (Sanchez, Sanchez et al. 2007). The same complex composition had
previously been shown by Bcor pulldown studies (Gearhart, Corcoran et al. 2006).
Single-cell RNA sequencing in mouse preimplantation embryos demonstrated Rnf2 is
present in the zygote and becomes heterogeneously expressed at the two cell stage,
with cells showing either high or low levels (Deng, Ramskold et al. 2014). Its expression
is then stabilized at low levels up to the late epiblast (Deng, Ramskold et al. 2014).
In contrast with its homolog Ring1A which is dispensable for embryo development
(del Mar Lorente, Marcos-Gutierrez et al. 2000), Rnf2 is essential for the gastrulation
stage as knockout embryos do not progress beyond E10.5 (Voncken, Roelen et al.
2003). In fact, from E6.5 onwards Rnf2 deficient embryos displayed delayed
development compared to wild-type, in both embryonic and extraembryonic layers
(Voncken, Roelen et al. 2003). Interestingly, the E3 ubiquitin ligase activity of Rnf2 is not
essential in the early stages of development allowing development up to E15.5 in a
catalytic inactive Rnf2 model (Illingworth, Moffat et al. 2015). This implicates the role of
Rnf2 in development goes beyond its ubiquitination capacity.
ESCs with Rnf2 knockout can be maintained in culture for over 20 passages with
stable ESC morphology (de Napoles, Mermoud et al. 2004, Fujimura, Isono et al. 2006,
Endoh, Endo et al. 2008). However, double knockout of Ring1A and Rnf2 affect
pluripotency demonstrating these two PRC1 components play redundant roles (Endoh,
Endo et al. 2008). Rnf2 and Ring1A maintain ESC identity by repression of differentiation
regulators (Endoh, Endo et al. 2008, van der Stoop, Boutsma et al. 2008). Rnf2 binding
has a preference for CpG-rich promoters, as well as active H3K4me3 histone mark or
bivalent domains (van der Stoop, Boutsma et al. 2008). Additionally, PRC1 recruitment
at target sites was shown to depend on Oct4, indicating they act downstream of the
pluripotency network to maintain an undifferentiated state.
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5.1.6 Scope of this chapter
The genome-wide loss-of-function screening described in chapter 4 uncovered a key
role for several members of ncPRC1.1 complex on the maintenance of trophectoderm
restriction in ESCs. In this chapter, I study the specific function of Bcor and Rnf2 (Ring1b)
on ESC differentiation to TSC. I start by characterising the differentiation time-course of
pooled knockout ESCs (populations with mixed indels) for each gene by RT-qPCR. I then
generate knockout cells for both Bcor and Rnf2 in a cell line with Elf5::Venus and
characterise individual clones, followed by rescue experiments through overexpression
of Bcor or Rnf2. I further explore their mechanistic role assessing transcriptional changes
in knockout cells using RNAseq and follow with preliminary data of their in vivo function
in chimera assays. To conclude, I discuss how my findings contribute to elucidate the
role of ncPRC1.1 in the context of the first cell lineage decision and consider future work.
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5.2 Results
5.2.1 The role of Bcor in the maintenance of ESC and TSC lineage barrier
5.2.1.1 Expression profiling of Bcor-KO differentiating cells
To study the role of Bcor, I first repeated the validation experiments and characterised
the expression profiles of Bcor knockout (Bcor-KO) ESCs at the start of differentiation,
as well as their profile by day 14. In this experiment I compared the Bcor-KO profile with
that of the Oct4 knockout (Oct4-KO). Elf5::Venus ESCs were transfected with PBase and
two independent gRNAs (as biological replicates) targeting Oct4 or Bcor, in addition to
two non-targeting controls (Figure 5.2A). Cells were selected with puromycin and seven
days later seeded for TSC differentiation. At this point, a sample was kept for RNA
extraction and RT-qPCR profiling of the different knockout populations. By day 14, Venus
positive and negative cells were sorted to characterise their final expression profile and
assess the extent of differentiation in comparison with a TSC wild-type line (a kind gift
from Dr Janet Rossant’s lab).
Analysis of the two gRNA replicates at the start of differentiation (Figure 5.2B) showed
that none of the knockouts affected the pluripotency network at the population level, as
assessed by the expression profile of Oct4, Nanog, Sox2, Klf4 and Rex1. To determine
if Oct4-KO or Bcor-KO result in increased differentiation in the ESC cultures I have
included a panel of markers of ESC differentiation to the three germ layers: Gata6
(endoderm), T or Brachyury (mesoderm), Sox1 (ectoderm). I have also included Fgf5 as
a primed epiblast marker that is expressed at low levels in ESCs but upregulated in
epiblast stem cells. This panel of transcription factors demonstrated that, in comparison
with non-targeting controls, none of the knockout populations exhibited increased
differentiation. I then selected four markers of the TSC self-renewal programme: Cdx2,
Elf5, Eomes and Gata3. Comparison with non-targeting controls revealed that most
remain expressed at comparable levels, showing that neither Oct4-KO nor Bcor-KO
result in upregulation of the TSC transcriptional network at the ESC state. Nevertheless,
Bcor-KO has a direct effect on the expression levels of Cdx2 which might be related with
the ability of these cells to further differentiate to TSC upon Fgf4 signalling. Additionally,
I have analysed the changes in expression levels for markers of TSC terminal
differentiation to different trophoblast lineages, Tpbpa, PL1 (Prl3d1), PL2 (Prl3b1) and
Plf (Prl2c2). Bcor-KO does not result in upregulation of any of these markers in ESC
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cultures, unlike the Oct4-KO which strongly upregulated Tpbpa and to a lower level Plf,
a marker for trophoblast giant cells. Finally, evaluation of expression of ncPRC1.1 genes
Bcor, Rnf2 and Rybp displayed no differences in the knockout lines. This might indicate
that either Bcor-KO, similarly to Oct4-KO, results in high frequencies of in-frame
mutations, or that the indels generated do not result in changes at the level of mRNA
expression.
I next characterised the final differentiated population and compared it with the TSC
line (TSCwt) (Figure 5.2C). Cells that remained Venus negative by day 14 had
consistently high expression of the pluripotency factors Oct4 and Nanog, which were
expressed at lower levels in the equivalent Venus positive population. Nevertheless, in
TSCwt, the levels of pluripotency genes were much lower compared to differentiated
cells by day 14. This might indicate that either the cells need longer to downregulate
Oct4 and Nanog, or Bcor-KO allows activation of Elf5 expression but is unable to fully
shutdown the pluripotency network.
Interestingly, evaluation of ncPRC1.1 expression in TSCs (Figure 5.2C) and in ESCs
(Figure 5.2B) showed that Bcor and Rybp are upregulated in TSCwt, suggesting higher
ncPRC1.1 levels in the extraembryonic compartment. Expression of ncPRC1.1 was
similar between the two Venus populations, with increased Bcor and Rybp levels in Oct4KO cells that activate Venus by day 14. I then analysed a panel of TSC self-renewal
genes, showing that most remain unchanged in the negative population. The exception
was Bcor-KO where Venus negative cells expressed low levels of Cdx2 and Elf5,
indicating these might progress in differentiation with prolonged culture. Importantly,
Venus positive cells arising from both Oct4-KO and Bcor-KO exhibited similar levels to
TSCwt cells, showing the extent of ESC reprogramming to TSC. To conclude
differentiation profiling I evaluated the levels of expression of trophoblast terminal
differentiation markers. TSCwt shows low levels for Tpbpa, PL1 and PL2, with high
expression of Plf probably arising from spontaneous differentiation in TSC culture. Venus
negative cells showed low levels for these markers. In Venus positive populations
however, Tpbpa and Plf could be detected indicating the presence of differentiated
trophoblast cells, in addition to self-renewing TSCs.
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Figure 5.2 | Expression profiling of Bcor knockout and its differentiation to TSC lineage. A | Diagram of experimental

setup. Elf5::Venus ESCs were co-transfected with PBase and two independent gRNAs targeting either Oct4, Bcor or
non-targeting (NT) controls, followed by selection with Puromycin. Seven days later they were seeded for TSC
differentiation. Venus positive and negative cells were sorted on day 14 for RT-qPCR profiling. B and C | Heatmap
representing RT-qPCR analysis of transfected cells on day zero (B) or day 14 (C) of differentiation. A panel of markers
was selected for: pluripotency, ESC differentiation towards the three germ layers, TSC self-renewal, trophoblast
terminal differentiation and ncPRC1.1 complex. Mean of three technical replicates are shown, represented as log10
of relative expression to Gapdh. TSCwt, wild-type TSC line.

According to validation time-course experiments (Chapter 4), the percentage of
Venus positive cells increases steadily over time. Microscopy analysis of differentiated
cells by day 14 demonstrated the presence of small and large Venus positive nuclei,
suggesting a mixture of self-renewing TSCs and differentiating ones. This observation
was now confirmed by RT-qPCR showing the expression of trophoblast terminal
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differentiation markers by day 14. To understand the differentiation dynamics over time,
I next profiled Venus positive cells sorted at different timepoints (days 4, 8, 10 and 14).
The aim was to determine if there was a peak of TSC self-renewal genes followed by
activation of terminal differentiation, or if there is a gradual expression of the different
markers. The experimental setup was the same as described above (Figure 5.2A). TSC
self-renewal programme was assessed according to the expression of Cdx2, Elf5,
Eomes and Gata3, whereas terminal differentiation was analysed by the expression of
Tpbpa, PL1, PL2 and Plf. Both gRNAs for Oct4-KO and Bcor-KO displayed consistent
results (Figure 5.3). For both genes, expression of TSC self-renewal programme was
stable overtime, with a slight increase for Bcor-KO. Terminal differentiation genes Tpbpa
and Plf showed high expression from day zero for Oct4-KO cells, whereas PL1 and PL2
increase their expression from day 4. In the case of Bcor-KO, PL1 and PL2 were
expressed at similar levels over time, whereas Tpbpa and Plf increased slightly between
day 4 and day 14. Nevertheless, the overall changes in terminal differentiation genes
were not drastic. This experiment demonstrated that throughout the differentiation timecourse, higher number of Venus positive cells progressively arise, and these mainly
maintain similar expression profiles.
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5.2.1.2 A stable TSC-like line could be established from Bcor-KO ESCs
The expression profile of Bcor-KO ESC differentiation to TSCs showed a robust
upregulation of TSC self-renewal transcriptional network in Venus positive cells.
Additionally, it has been implied that Bcor is not necessary for TSC self-renewal (Zhu,
Fei et al. 2015). Therefore, I next aimed to establish a stable TSC-like line from Bcor-KO
ESCs. To this end, Elf5::Venus ESCs were transduced with lentivirus delivering Bcor
gRNA 1 (Figure 5.4A). TSC differentiation was initiated as previously and Venus positive
cells were sorted by day 12 and replated in TSC culture conditions. When colonies
formed, those with uniform Venus expression and TSC morphology were picked and
expanded. It was interesting to notice that cells were very sensitive to sorting and most
of them did not attach to the well. Colonies took about 7 to 10 days to form, and consisted
of a mixture of Venus positive and negative colonies, as well as mixed ones. The same
was observed when sorting cells at earlier timepoints. This indicated that even though
TSC self-renewal master genes were active, this state was not stable when passaging
and reconstituted a mixed population. It could also be related to previous RT-qPCR
results demonstrating Oct4 and Nanog prevalence in Venus positive cells sorted by day
14 (Figure 5.2C). Expression of these two pluripotency genes can be counterbalancing
the establishment of TSC programme and thus resulting in mixed populations upon
replating. Nevertheless, one colony out of seven picked at passage 1 displayed selfrenewal capacity and maintained a TSC-like morphology with 80 – 90% Venus positive
cells. This TSC-like line could be stably maintained in both TSC and TX media (Figure
5.4B), for over 25 passages. I next genotyped the established line, by PCR amplification
of a 1kb region surrounding the gRNA cutting site, followed by Sanger sequencing. Bcor
is an X-linked gene, and therefore there is a single allele to knockout in the male JM8
ESC line. Genotyping confirmed the presence of a 7-bp deletion (Figure 5.4C), which
resulted in a frame-shift mutation that altered the amino acid sequence encoded by Bcor
exon 6 and produced an early stop codon (Figure 5.4D).
Expression profiling of TSC-like line cultured in both media showed similar results to
TSCwt line for all self-renewal genes tested (Figure 5.5A). Additionally, unlike Venus
positive cells by day 14 (Figure 5.2C) which still displayed residual Oct4 expression, the
TSC-like established line shows levels comparable to TSCwt. A survey of surface
markers to distinguish ESCs, TSCs and XEN cells has demonstrated expression of
Integrin-a7 (IntA7) as a marker for TSCs (Rugg-Gunn, Cox et al. 2012). Therefore, I next
analysed the presence of this protein by immunostaining followed by flow cytometry
(Figure 5.5B).
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Figure 5.4 | A stable TSC-like line could be obtained upon Bcor knockout in ESCs followed by differentiation to
TSC. A | Schematic representation of the experimental setup. Elf5::Venus ESCs were transduced with gRNA 1

targeting Bcor gene and selected with Puromycin. Seven days later, cells were seeded for TSC differentiation. By day
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6 CDS, and the resulting amino acid arrangement upon 7 bp deletion. Shown in red is the frame-shift result after gene
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Compared to TSCwt line cultured in TSC media, which showed 86% of cells with IntA7
expression, TSC-like cells had about 60%. The opposite effect was observed for both
lines cultured in TX media, where TSCwt displayed 57% positive cells compared to 81%
for the TSC-like cells. Intracellular staining for Cdx2 expression (Figure 5.5C)
demonstrated that the TSC-like line had comparable levels to TSCwt in both media. In
fact, TSCwt cultured in TX media displayed lower levels of Cdx2, consistent with lower
levels of IntA7 staining.
These might be due to lower cell density in these samples, or an effect specific to TX
media for the TSCwt line used. Staining of Cdx2 was done with AF594 as secondary
antibody, as TSC-like express Venus. The lower fluorescent intensity of AF594 results in
a modest shift between Cdx2 negative and positive cells, which could be increased if
staining TSCwt with AF488 (data not shown). Nevertheless, staining an ESC line as a
negative control clearly outlined Cdx2 positive gating.
I next analysed the methylation levels of Elf5 promoter DMR region in TSC-like cells
cultured in TSC media, compared to TSCwt (Figure 5.5D). TSC-like cells had extensive
de-methylation in this promoter, with levels equivalent to TSCwt, which demonstrates this
line had completed lineage conversion and fully acquired a TSC fate.
To gain a transcriptomic view of the TSC-like cells derived from Bcor-KO ESC
differentiation and their relation to bona-fide wild-type TSC derived from the blastocyst
(TSCwt), I performed RNA sequencing (RNAseq) profiling of these cells cultured in either
TSC or TX media (Figure 5.6). Principal component analysis (PCA), considering global
transcriptome in all samples, demonstrates a clear difference between the TSC-like line
and Elf5::Venus ESCs (Figure 5.6A). PC1 accounts for 40% of all variability in the cells,
whereas PC2 accounts for 17%. Most of variation is reflected by the PC1 axis, which
clusters TSC-like cells close to TSCwt, demonstrating their similarities. Culture in TSC or
TX media did not significantly alter the transcriptomic profiles, as cells cluster by cell
type rather than culture media.
I proceeded with analysis of representative genes for five different classes, capturing
a broad overview of TSC-like characterisation. I included five genes for the core
pluripotency to verify if in ESC-derived TSC lines, the pluripotency network could be
completely dissolved. Next, a subset of genes reflecting the central TSC self-renewal
programme were chosen, including factors previously assessed by RT-qPCR, but also
Tfap2c, Esrrb, FgfR2 and Itga7 (IntA7). To address the level of spontaneous terminal
trophoblast differentiation in the TSC-like line, I checked two panels of genes reflecting
differentiation to ectoplacental-like axis (EPC-like) or chorion/labyrinth progenitor-like
axis (Chorion-like), the two alternative terminal differentiation routes TSCs can assume.
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I finalise the analysis by assessing a group of nine genes that were found to have similar
regulation to Elf5 and to also reflect epigenetic memory of the first cell lineage decision
in ESC-derived TSCs (Cambuli, Murray et al. 2014) (Differentially methylated). These
genes were shown to be highly methylated and repressed in ESCs, but hypomethylated
and expressed in TSCs.
Evaluation of the pluripotency network revealed that TSC-like cells had downregulated
ESC self-renewal genes to levels comparable to TSCwt (Figure 5.6B), demonstrating
complete dissolution of the ESC state. This finding contrasts with previous RT-qPCR
profiling of Venus positive cells by day 14 of TSC differentiation (Figure 5.2C), indicating
that at least in an established TSC-like line, the pluripotency network can be fully
overwritten.
Assessment of the expression profile of core TSC self-renewal genes demonstrated
that TSC-like cells had similar levels to TSCwt for most of the factors analysed (Figure
5.6B). Interestingly, the levels of Elf5 expression are still lower than those in TSCwt.
Consistent with an active TSC self-renewal programme, TSC-like cells did not contain
spontaneous differentiation in their cultures, as evaluated by low levels of trophoblast
terminal differentiation markers for both EPC-like and Chorion-like descendants.
Importantly, analysis of the panel for differentially methylated genes showed successful
upregulation of all of those. Map3k8 was the marker with the lowest expression, which
was nevertheless higher than in ESC controls, and at similar levels to TSCwt. This finding
suggests that Bcor-KO could fully relieve ESC-derived TSCs from the lineage barrier
imposed by promoter methylation at these key loci. It is still intriguing how the TSC selfrenewal could be successfully induced, together with ablation of the epigenetic memory
barrier and hypomethylation of Elf5 promoter, but Elf5 expression remains below that of
TSCwt.
To address the differentiation potential of TSC-like cells, I next induced terminal
trophoblast differentiation by withdrawal of Fgf4 and heparin from TSC media, as well as
plating the cells in gelatine-coated dishes rather than on MEF feeders. I cultured TSClike cells and TSCwt for eight days and then assessed their expression profile by RTqPCR (Figure 5.7). Again, I checked a panel of genes reflecting TSC self-renewal as well
as terminal differentiation towards the EPC-like axis or the Chorion-like axis. Both TSCwt
and TSC-like cells show similar profiles for the changes in TSC identity genes, with strong
downregulation of Cdx2, Elf5 and IntA7 by day eight (Figure 5.7A and B). They however
retain expression of Gata3 and Tfap2c. Analysing expression of EPC-like markers, I
could detect that apart from Hand1, all other factors associated with this lineage were
expressed at considerably lower levels in TSC-like cells compared to TSCwt (Figure
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5.7A). Nevertheless, normalising their expression in relation to day zero demonstrated
that TSC-like cells could upregulate Tpbpa to 20-fold, and Prl3d1 (PL1) and Prl3b1 (PL2)
trophoblast giant cell markers for 50-fold (Figure 5.7B). The same was not true for Prl2c2
(Plf) and Hand1, which were also modestly upregulated in TSCwt. These results indicate
TSC-like could differentiate to some EPC-like derivatives, but at lower efficiency
compared to TSCwt.

Figure 5.6 | Transcriptomics analysis of TSC-like cells shows they resemble bona-fide TSCs. A | Principal
component analysis (PCA) of TSC-like cells cultured in either TSC (TSCm) or TX (TXm) media, compared to wild-type

TSCs in the same conditions. Projections were performed based on transcriptome profiles of the different samples.
Elf5::Venus wild-type (Elf5wt) was included as reference. B | Heatmap depicting expression levels for several
illustrative genes representing pluripotency, TSC self-renewal (TSC), TSC terminal differentiation into ectoplacental
cone (EPC)-like or chorion-like derivatives and differentially methylated genes associated to epigenetic lineage
restriction in ESCs (Cambuli, Murray et al. 2014). Two wild-type ESC lines were used as controls, JM8 and Elf5::Venus.

TSC wild-type cells have low efficiency to differentiate towards chorion and labyrinth
lineage in vitro, demonstrating a preference for trophoblast giant cell fate through EPClike progenitors (Tanaka, Kunath et al. 1998, Niwa, Toyooka et al. 2005, Kubaczka,
Senner et al. 2014, Benchetrit, Herman et al. 2015, Kubaczka, Senner et al. 2015). Bcor
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knockdown in TSCs was shown to improve in vitro differentiation towards
chorion/labyrinth progenitors (Zhu, Fei et al. 2015). Contrary to the role reported for Bcor
loss of function in TSCs, TSC-like cells could not upregulate markers for chorion-like cells
(Figure 5.7A and B). This differentiation potential is however not fully clarified as the
reported work detected Gcm1 upregulation by day 4 of Fgf4 / Heparin withdrawal,
followed by downregulation by day 6 (Zhu, Fei et al. 2015). Further studies would be
necessary to understand if TSC-like cells could reproduce these findings. Nevertheless,
similar to TSCwt, in vitro differentiation towards chorion lineage is also a challenge for
TSC-like cells.
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Figure 5.7 | Terminal differentiation of TSC-like cells indicate they can differentiate, but with lower efficiency
compared to TSCwt. TSC-like and TSCwt cells were plated in gelatine-coated dishes and cultured for eight days in

TSC media depleted from Fgf4 and Heparin. A panel of TSC self-renewal markers, and differentiation towards either
EPC-like or Chorion-like axis were then analysed by RT-qPCR. A | Heatmap depicting expression of different markers
at day zero and day eight of differentiation. Data is a result of three technical replicates and is represented as log10
of relative expression to Gapdh. B | Expression changes in differentiated TSC-like and TSCwt, relative to their
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respective cell line at day zero. Data is represented as mean and standard deviation from three technical replicates.
Dotted grey line highlights fold-change of 1.

5.2.1.3 Exploring the function of Bcor in ESC differentiation to TSC using clonal
Bcor-KO ESCs
Bcor has been reported as non-essential for mouse ESC self-renewal (Wamstad,
Corcoran et al. 2008). In order to understand the role of Bcor in the lineage barrier
between ESCs and TSCs, I next generated clonal Bcor-KO Elf5::Venus lines. This allows
a precise genotype for future characterisation as opposed to the mixed indel population
used so far. I targeted Elf5::Venus ESCs through transient expression of Bcor gRNA 1
followed by three days selection with puromycin (Figure 5.8A). Cells were then moved
back to antibiotic-free media to allow colony formation. Individual colonies were picked
and expanded for genotyping. As Bcor is an X-linked gene and JM8 ESCs are male,
there is only one allele to knockout and Sanger sequencing is an easy assay to determine
genotype. Out of 32 colonies picked, 18 could be established. 13 of these were
genotyped and all of them contained indels surrounding the gRNA cutting site. The
different clones captured a range of indels (Figure 5.8B) with 31% of clones displaying
insertion of a single thymine and 23% had an 8-bp deletion. Two clones analysed had
in-frame mutations (15%). Frame-shifting indels altered the amino acid sequence
encoded by exon 6 CDS and introduced early stop codons (Figure 5.8C).
Despite being reported as not essential for ESC self-renewal, all edited clones had
problems proliferating. Most cells died in their first freeze/thaw cycle and just a few
colonies grew back. This observation was also noted when knocking out Bcor in a wildtype AB2.2 ESC line and could be connected to the role of Bcor in the formation of
primary outgrowth from blastocysts (Cui, Dai et al. 2016), an essential step for ESC
derivation. It suggests Bcor-KO might have an effect in ESC self-renewal which is
overcome by some clones allowing the establishment of stable pluripotent knockout cell
lines. Upon establishment of these clones, freeze-thawing was no longer a problem for
cell revival.
I next characterised three independent clones (clones 2, 9 and 11) for Bcor-KO by
RT-qPCR profiling of four classes of genes representing markers for pluripotency
maintenance, ESC differentiation towards the three germ layers, TSC self-renewal and
ncPRC1.1 (Figure 5.9A). I selected three clones with different indel repairs to guarantee
the phenotype observed is not connected to one specific genotype. Expression profiling
was consistent with the previous analysis performed in mixed indel populations for the
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Bcor-KO (Figure 5.2B). Evaluation of pluripotency markers showed that Bcor-KO clones
have an intact pluripotent network. In agreement with this, cultures displayed low levels
for differentiation markers Gata6, T, Sox1 and Fgf5, similar to wild-type controls.
Assessment of TSC core genes showed that Cdx2 is upregulated in Bcor-KO clones 9
and 11. These two clones also had a slight upregulation of Gata3. Levels for the
expression of these two genes were nevertheless low. Eomes and Elf5 remained
unaltered relative to control ESCs. Components of the ncPRC1.1 complex also did not
change their expression in Bcor-KO ESCs. As observed before, knockout of Bcor was
not clearly detected at the mRNA level, with knockout clones displaying about half the
expression compared to Elf5::Venus wild-type.
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Figure 5.8 | Generation of clonal Bcor-KO Elf5::Venus ESCs. A | Schematic representation of the Bcor locus. gRNA

1 was used to target exon 6 and mediate indel formation. Upon transient expression of gRNA 1 in Elf5::Venus ESCs
cells were selected with puromycin for three days. Individual colonies were picked and genotyped. B | Indel frequency
in the different lines generated. C | Protein alignment of wild-type coding sequence, obtained from Bcor exon 6 CDS,
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and the resulting amino acid arrangement upon different indels. Shown in red is the conserved sequence with wildtype CDS. Differences thereafter are a result of frame-shift induced by gene editing.

I proceeded to check the methylation status of Elf5 promoter to determine if Bcor-KO
could have a direct effect in this key lineage gatekeeper, this way allowing TSC
differentiation. Bisulphite sequencing of Elf5 DMRs in clones 9 and 11 demonstrated
these were hypermethylated (Figure 5.9B), similarly to wild-type ESCs (data shown in
Chapter 3). These results indicate that knockout of Bcor does not directly alter Elf5
epigenetic regulation, but rather promotes a cell state capable to respond to Fgf4
signalling and differentiate to TSC. The establishment of a TSC-like cell line from BcorKO ESCs, described in the previous subsection, further supports this hypothesis given
that a final cell state with hypomethylation in Elf5 DMRs could be achieved.
Differentiation of the three independent Bcor-KO clones by culture in TSC media for
18 days reproduced the findings reported for mixed indel cultures (Figure 5.9C).
However, the phenotype strength in individual clones varied in efficiency in different
experiments, and often yielded lower percentage of Venus positive cells compared to
the results obtained with mixed indel populations. This could be related to the observed
“culture adaptation” upon Bcor-KO, where cells that can sustain an intact pluripotency
network arise in culture after the initial crash post-thawing. This adaptation did not occur
in mixed indel experiments given the short timeframe (7 days) until induction of
differentiation. Re-generation of knockout clonal lines followed by assessment of
trophoblast differentiation capacity without freeze-thawing crash would be necessary to
test this “culture adaptation” hypothesis.
In order to definitely establish the role of Bcor suppressing TSC differentiation in ESCs,
I next performed rescue experiments by overexpressing the Bcor coding sequence in
Bcor-KO ESCs followed by evaluation of differentiation potential (Figure 5.10). Both
control and Bcor overexpressing plasmids (Figure 5.10A) were a kind gift from Dr. Milena
Mazan. Elf5::Venus (WT) or Bcor-KO ESC clones were co-transfected with the two
constructs along with PBase. Cells were selected with puromycin and 7 days later were
seeded for TSC differentiation. At the start of differentiation, a sample was collected to
confirm Bcor overexpression. Nuclear extracts were used for western blot analysis of the
TY1 tag (Figure 5.10B). The control experiment showed a band below 37 kDa, which
corresponds to PuroR-TY1 fusion protein resulting from incomplete T2A cleavage
(expected size 26 kDa). Overexpression of TY1-Bcor could be confirmed by the
presence of a band below 250 kDa (expected size 195 kDa). Smaller bands likely
resulting from protein degradation were also be visible in all samples.
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Evaluating TSC differentiation efficiency in the different conditions showed that Bcor
overexpression could significantly decrease the percentage of Venus positive cells by
day 18, demonstrating partial rescue of the phenotype (Figure 5.10C). The kinetics of
Venus activation cells for clone 2 illustrated that differentiation upon Bcor overexpression
was reduced from day 14 onwards (Figure 5.10D). The slow increase in the percentage
of Venus in this condition can be related to a mixed population of cells overexpressing
different levels of Bcor, with some progressing in differentiation due to insufficient TY1Bcor. This hypothesis would have to be further explored through immunostainings to
evaluate the TY1-Bcor transfected cultures and determine if they are indeed
heterogeneous for expression of the rescue construct. However, currently none of the
commercially available Bcor antibodies demonstrated specificity to perform these
experiments. Alternatively, clones from rescue transfections could be isolated and
individually tested for their differentiation capacity.
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Figure 5.9 | Characterisation of the clonal Bcor-KO ESCs generated. A | RT-qPCR expression profiling for four
classes of genes representing pluripotency, ESC differentiation, TSC self-renewal and ncPRC1.1. Three independent
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hypermethylated in the two clones analysed. Closed circles represent methylated CpGs whereas open circles indicate
unmethylated. C | TSC differentiation kinetics for three targeted clones. Data is shown as mean and standard deviation
of three biological replicates.
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Figure 5.10 | ESC lineage barrier can be partially rescued upon overexpression of Bcor in Bcor-KO ESCs. A |

Schematic representation of a control construct (top) with EF1a promoter driving the expression of Puromycin resistant
gene (PuroR) followed by T2A cleavage peptide and 2xTY1 tag. The Bcor overexpression construct (bottom) consists
of EF1a promoter driving the expression PuroR followed by T2A cleavage peptide and Bcor coding sequence. Bcor
is overexpressed with a 2xTY1 tag fused to its N-terminal. Both plasmids are flanked by piggyBac repeats (PB). B |
Western blot analysis of ESCs co-transfected with PBase and the two constructs (- indicating control construct and +
Bcor overexpression), by day zero of TSC differentiation. Elf5::Venus wild-type cells (WT), and three Bcor-KO clones
were transfected as indicated and selected with puromycin for about 7 days before initiating TSC differentiation.
Nuclear extracts were prepared for the different samples and analysed for TY1 expression. LaminB was used as a
loading control. The triangle indicates the band corresponding to full length TY1-Bcor. C | Evaluation of TSC
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Having established the role of Bcor in differentiation of ESCs to TSCs, suggesting a
possible regulatory function in embryo development, I next questioned whether this
lineage restriction mechanism was preserved in the preimplantation epiblast stage.
Culture of ESCs in 2iLif medium allows access to ground-state pluripotency (Ying, Wray
et al. 2008), which was shown to strongly resemble E4.5 epiblast (Boroviak, Loos et al.
2015). Therefore, I converted several Bcor-KO clones to ground-state by a minimum of
three passages in 2iLif medium. I used an in-frame edited clone as control (clone 6) and
three biological replicates for Bcor-KO. All clones could successfully rewire the naïve
pluripotency network, as demonstrated by acquisition of a typical well-defined round
morphology in this condition, indicating Bcor expression is not necessary for
maintenance of ground-state (Figure 5.11A).
The different ESC cultures were then used for TSC differentiation for a 14-day period.
Both M15Lif cells, and 2iLif converted ones could successfully differentiate to TSC, as
opposed to clone 6 control line (Figure 5.11B). For clones 9 and 19, ground-state ESCs
achieved higher differentiation efficiency than M15Lif. In fact, analysis of the
differentiation time-course showed 2iLif clones displayed an earlier onset for Venus
expression, detected by day 4, compared to day 10 for M15Lif (Figure 5.11C). This could
be a result from combination of the naïve pluripotency hypomethylation state (Ficz, Hore
et al. 2013), and Bcor-KO-mediated relieve of the TSC lineage barrier.
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Figure 5.11 | Bcor maintains trophoblast lineage restriction in preimplantation epiblast-like naïve ESCs. To assess
the role of Bcor in naïve pluripotency, Bcor-KO clones were cultured in 2iLif for at least three passages before initiating
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Differentiation time-course.
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5.2.2 The role of Rnf2 in the restriction of ESC to TSC differentiation
5.2.2.1 Expression profiling of Rnf2-KO differentiating cells
Similar to the characterisation of Bcor-KO ESCs, I first evaluated the expression profile
of Rnf2-KO ESCs in a mixed indel population and their differentiation towards TSCs. I
repeated the validation experiments described in Chapter 4, using PBase for integration
of two independent gRNAs per condition – non-targeting controls, Oct4 and Rnf2 –,
followed by TSC differentiation for 14 days (Figure 5.12A). Profiling of the different ESC
populations on day zero of differentiation (Figure 5.12B) demonstrated that similarl to
Bcor-KO, Rnf2-KO cells displayed an intact pluripotency network as assessed by the
expression of Oct4, Nanog, Sox2, Klf4 and Rex1. These cultures had however
upregulation of ESC differentiation markers Gata6 (endoderm) and Fgf5 (epiblast), with
a modest upregulation of T (mesoderm). This contrasted with Bcor-KO cultures, which
demonstrated absence of ESC differentiation. Analysis of TSC self-renewal genes
showed that Rnf2-KO upregulated Cdx2 and Gata3, but not Elf5 nor Eomes. These also
did not express trophoblast terminal differentiation markers as opposed to Oct4 control.
Again, similarly to the observation for Bcor-KO line, RT-qPCR analysis could not detect
a reduction in Rnf2 expression upon its knockout. Nevertheless, Rnf2-KO resulted in
upregulation of the other two ncPRC1.1 genes, Bcor and Rybp.
Evaluation of the expression profile of differentiated cells, sorted by day 14 according
to Venus expression (Figure 5.12C), demonstrated the activation of a trophoblast
differentiation programme in positive cells, with both self-renewing and terminal
differentiation markers present. Venus negative cells displayed higher expression of
pluripotency genes, compared with the positive population. Like Bcor-KO ESCs, Venus
negative cells arising from Rnf2-KO had also upregulated Cdx2 and Elf5 compared to
the equivalent population for non-targeting and Oct4-KO controls.
I next evaluated the differentiation kinetics and determined the balance between selfrenewal and terminal differentiation. For that, Rnf2-KO ESCs were differentiated as above
and Venus positive cells were sorted at different time points (day 4, day 8, day 10 and
day 14). A panel of self-renewal genes, and another for terminal trophoblast
differentiation were monitored (Figure 5.13). Rnf2-KO differentiating cells increased
expression of Elf5 and Gata3 over time, but maintained stable levels of Eomes and Cdx2
compared with day zero. This indicates that possibly Rnf2-KO do not fully rewire the TSC
self-renewal programme, and Rnf2 might be needed for TSC self-renewal, unlike Bcor.
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Analysis of terminal differentiation markers showed that Tpbpa and Plf were the genes
with higher upregulation by day 14. PL1 and PL2 were overall maintained at low levels,
with the exception of gRNA 2 sample which peaked at day 4 and decreased over time.
Again, similar to Bcor-KO, over time differentiation of Rnf2-KO cells yielded increasing
number of Venus positive cells, that had a similar expression profile regarding selfrenewal genes. These increase expression of terminal differentiation from day 10 but the
gain in percentage of Venus positive cells (typically from 25 to 40% between day 10 and
day 14) justifies the longer differentiation.
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Figure 5.12 | Expression profiling of Rnf2 knockout and its differentiation to TSC lineage. A | Diagram of

experimental setup. Elf5::Venus ESCs were co-transfected with PBase and two independent gRNAs targeting either
Oct4, Rnf2 or non-targeting (NT) controls, followed by selection with Puromycin. Seven days later they were seeded
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trophoblast terminal differentiation and ncPRC1.1 complex. Data is the mean of three technical replicates and is
represented as log10 of relative expression to Gapdh. TSCwt, wild-type TSC line.
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Figure 5.13 | Expression profiling of TSC differentiation upon Rnf2 knockout. The experimental setup was the same

as described in Figure 1. Venus positive and negative cells were sorted at day 4, day 8, day 10 and d14 of
differentiation and used for RT-qPCR profiling. A panel of TSC self-renewal genes was analysed, as well a set of genes
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I next tried to establish TSC-like lines from Rnf2-KO ESCs. This experiment was similar
to the one performed for Bcor-KO ESCs described previously. Elf5::Venus cells were
transduced with Rnf2 gRNA 1 and seven days later seeded for TSC differentiation.
Similarly, Venus positive cells were sorted at different timepoints and replated for
expansion. Again, replating was accompanied with high cell death due to sorting and
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mixed populations were re-established. Unlike Bcor sorted cells, Rnf2-KOs could not
expand into TSC-like lines as replated cells would mainly progress to terminal
differentiation. This could be visualised by the formation of large nuclei cells resembling
trophoblast giant cells and less colonies with TSC morphology (data not shown). This
data indicates, in agreement with a weaker activation of Cdx2 and Eomes, and indicates
that Rnf2 might be necessary for the TSC self-renewal regulatory network.

5.2.2.2 Exploring the function of Rnf2 in the maintenance of TSC barrier in clonal
Rnf2-KO ESCs
Despite contradictory reports for the requirement of Rnf2 for ESC self-renewal, with
one group claiming it affects pluripotency maintenance (van der Stoop, Boutsma et al.
2008), most of the published work suggests that Rnf2 is not essential for ESC selfrenewal (de Napoles, Mermoud et al. 2004, Fujimura, Isono et al. 2006, Endoh, Endo et
al. 2008, Leeb, Pasini et al. 2010), having a redundant function with Ring1a (Endoh, Endo
et al. 2008). To better understand the role of Rnf2 in the first cell lineage barrier in ESCs,
establishment of Rnf2-KO clonal lines with defined genotype would represent an
advantage compared to mixed indel populations. To this end, I knocked-out Rnf2 in
Elf5::Venus ESC model via transient expression of Rnf2 gRNA 1 (Figure 5.14A).
Transfected cells were selected with puromycin for 3 days and moved back to antibioticfree medium until colony formation. Individual colonies were then picked and expanded
for genotyping. Genotyping was performed by PCR amplification of a 1-kb region
surrounding gRNA cutting site, followed by Sanger sequencing and indel analysis by
TIDE. All of the 16 clones genotyped contained indels in both alleles as detected by the
clear TIDE decomposition showing only two indel types in most samples (Figure 5.14B,
depicting results for the four clones used for downstream analysis). Two of the 16 clones
examined had one allele with an in-frame mutation. Rnf2 protein depletion was validated
by immunocytochemistry against Rnf2, showing expression in wild-type cells, but its
absence in Rnf2-KO clones (Figure 5.14C). The same results could be obtained by
western blot (representative data displayed in Figure 5.16B). Rnf2-KO cells could be
maintained for over 20 passages.
Transcriptional profile of Rnf2-KO clones by RT-qPCR and comparison with wild-type
Elf5::Venus or JM8 ESCs (Figure 5.15A) demonstrated they retain expression of
pluripotency genes in levels equivalent to the control ESCs. In contrast to the results
obtained for ESC differentiation markers in mixed indel populations (Figure 5.12B), clonal

174

Rnf2-KO cells displayed low levels for T, Sox1 and Fgf5. Gata6 was nevertheless
expressed in these cultures showing some degree of endoderm differentiation. Analysis
of a panel for TSC self-renewal genes indicated Cdx2 and Elf5 were not expressed in
these cells, but Eomes and Gata3 were upregulated. Lastly, evaluation of ncPRC1.1
components, indicated upregulation of Rybp in Rnf2-KO clones. Again, RT-qPCR could
not detect downregulation of Rnf2, even though western blot and immunocytochemistry
clearly showed protein depletion. This demonstrates knockout out of Rnf2 did not reduce
its mRNA production.
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Next, I evaluated the TSC differentiation potential of established Rnf2-KO ESC lines
using three independent clones. Cells were seeded for TSC induction and Venus
expression was monitored over a period of 18 days (Figure 5.15B). Clonal Rnf2-KO ESCs
consistently exhibited enhanced differentiation capacity compared with mixed indel
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populations, reaching 50 - 70% Venus positive cells by day 18. These results further
highlight the key role of Rnf2 in ESC-to-TSC lineage restriction.
To study whether Rnf2-KO could allow such an efficient activation of Elf5 upon TSC
differentiation due to a direct effect on the regulation of Elf5 promoter DMR, I then
determined its methylation levels by bisulphite sequencing (Figure 5.15C). The two
clones analysed were consistent on the levels of methylation of Elf5 DMR1, with 77.5%
methylated CpGs for clone 2 and 71.25% for clone 4. This represents a slight reduction
in typical wild-type ESC methylation levels (86.25% for Elf5::Venus). DMR2 region was
not consistent between clones, with clone 2 resembling wild-type Elf5::Venus ESCs and
displaying 83.9% methylated CpGs. Clone 4 however, had considerably reduced
methylation in this region, with only 43.2%. Further analysis will be necessary to clarify
the discrepancies between these two clones and assess the role of Rnf2 in the
maintenance of Elf5 DMR methylation status.
As a definitive proof of Rnf2 role in the lineage restriction between ESCs and TSCs, I
next asked if overexpression of Rnf2 coding sequence in Rnf2-KO ESCs could rescue
its phenotype and restore the lineage barrier. To this end, an overexpression construct
was assembled in collaboration with Dr. Sandeep Rajan. The backbone vector was the
same used for Bcor overexpression construct. Rnf2 CDS expression is driven by EF1a
promoter and fused to a 2xTY1 tag at its C-terminal, followed by T2A cleavage peptide
and puromycin resistant gene for selection of transfected cells (Figure 5.16A). Unlike the
architecture used for Bcor overexpression, in this case puromycin selection comes after
Rnf2 CDS to guarantee that selected cells contain in-frame expression of both coding
sequences. Elf5::Venus wild-type (WT) and two independent clones for Rnf2-KO were
co-transfected with PBase and either control Puro-TY1 construct or Rnf2-TY1
overexpression plasmid (Figure 5.16A). Cells were selected with puromycin for seven
days prior to induction of TSC differentiation. Nuclear extracts were prepared with
samples at day zero of differentiation and used for western blot confirmation of Rnf2-TY1
overexpression.
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Figure 5.15 | Characterisation of the clonal Rnf2-KO ESCs generated. A | RT-qPCR expression profiling for four

classes of genes representing pluripotency, ESC differentiation, TSC self-renewal and ncPRC1.1. Three independent
clones were compared with wild-type lines JM8 and Elf5::Venus. Data is a result of three technical replicates and is
represented as log10 of relative expression to Gapdh. B | TSC differentiation kinetics for three targeted clones. Data
represented as mean and standard deviation of three biological replicates. C | Analysis of Elf5 promoter DMR in two
knockout clones. Closed and open circles represent methylated and unmethylated CpGs, respectively. Grey circles
indicate CpG that could not be assessed due to sequencing quality.

Denaturing western blot analysis of Rnf2 expression showed that wild-type cells
transfected with Puro-TY1 contained one band of about 37 kDa, corresponding to
endogenous Rnf2. The same sample transfected with Rnf2-TY1 presented two bands,
one corresponding to Rnf2 at its predicted molecular weight (37 kDa) and another below
50 kDa. This second band corresponds to the exogenous Rnf2-TY1, which has a
predicted molecular weight of 42.5 kDa. Rnf2-KO clones show no Rnf2 staining in the
control transfection, and the exogenous Rnf2-TY1 band in the overexpression condition.
Western blot analysis of TY1 tag expression confirms the results obtained for Rnf2
detection. Samples transfected with control Puro-TY1 present a weaker band above 25
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kDa likely resulting from incomplete T2A cleavage, producing PuroR fused to TY1
(predicted mw 26.1 kDa). In contrast, samples transfected with Rnf2-TY1 show a strong
band below 50 kDa, resulting from successful Rnf2-TY1 overexpression. Both Rnf2 and
TY1 western blots can also detect smaller bands, either due to protein degradation, or
incorrectly spliced products. I further validated overexpression of Rnf2-TY1 by
immunocytochemistry against Rnf2 protein, clearly demonstrating that most, if not all,
individual cells in culture successfully overexpress this construct (Figure 5.16C).
Having established the rescue experiment was working as predicted, I next evaluated
TSC differentiation in the different conditions, assessing the percentage of Venus
positive cells in culture by day 18 (Figure 5.16D). Overexpression of Puro-TY1 did not
affect differentiation efficiency compared to untransfected Rnf2-KO clones. On the other
hand, overexpression of Rnf2-TY1 completely ablated TSC differentiation in both Rnf2KO clones, clearly demonstrating the lineage barrier could be re-established upon
reintroduction of Rnf2. This observation could be further confirmed by analysis of
differentiation kinetics over the 18-day period, showing the consistent lack of Venus
positive cells at any timepoint in the Rnf2-TY1 sample (Figure 5.16E).
Similarly to Bcor studies, I next questioned whether the function of Rnf2 in ESC to TSC
lineage restriction was preserved in epiblast-like naïve ESCs. For that, three biological
replicates for Rnf2-KO, as well as Elf5::Venus WT control, were converted to 2iLif for at
least three passages. Rnf2-KO clones could be converted to 2iLif media as seen by the
acquisition of typical round morphology in this condition (Figure 5.17A), showing Rnf2 is
not necessary for naïve pluripotency. Cells cultured in M15Lif or 2iLif were then used for
TSC differentiation over 18 days. Analysis of the percentage of Venus positive cells by
the end of this time-course indicated Rnf2-KO clones could achieve at least around 50%
differentiation efficiency in both conditions (Figure 5.17B). Unlike Bcor-KO, in the case
of Rnf2-KO, 2iLif culture did not seem beneficial to TSC differentiation as two clones
displayed reduced differentiation compared to M15Lif. In agreement with this, timecourse evaluation of differentiation kinetics indicated that in this case both 2iLif and
M15Lif cultured cells had an onset of differentiation at day 6 and preserved similar
kinetics throughout the 18 days (Figure 5.17C).
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Figure 5.16 | ESC lineage barrier can be fully restored upon overexpression of Rnf2 in Rnf2-KO ESCs. A |

Schematic representation of a control construct (top) with EF1a promoter driving the expression of Puromycin resistant
gene (PuroR) followed by T2A cleavage peptide and 2xTY1 tag. The Rnf2 overexpression construct (bottom) consists
of EF1a promoter driving the expression Rnf2 coding sequence followed by T2A cleavage peptide and PuroR. Rnf2 is
overexpressed with a 2xTY1 tag fused to its C-terminal. Both plasmids are flanked by piggyBac repeats (PB). B |
Western blot analysis of ESCs co-transfected with PBase and the two constructs (- indicating control construct and +
Rnf2 overexpression), by day zero of TSC differentiation. Elf5::Venus wild-type cells (WT), and two Bcor-KO clones
were transfected as indicated and selected with puromycin for about 7 days before initiating TSC differentiation.
Nuclear extracts were prepared for the different samples and analysed for Rnf2 (top panel) and TY1 (middle)
expression. Histone H3 (bottom panel) was used as a loading control. C | Representative images for
immunocytochemistry validation of Rnf2 overexpression. Cells were stained with Rnf2 primary antibody, and AF594
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as secondary. Nuclei were stained with dapi. Scale bar, 100 µm. D | Evaluation of TSC differentiation efficiency by
day 18. Unt ctr, untransfected control. Data is shown as mean and standard deviation of three biological replicates.
Results were analysed using two-way ANOVA with Tukey test. Ns, non-significant. ***, p-value < 0.0002. ****, p-value
< 0.0001. D | Representative plot for the differentiation kinetics in Rnf2-KO clone 4, transfected with the different
constructs. Data is shown as mean and standard deviation of three biological replicates.
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Figure 5.17 | Rnf2 maintains trophoblast lineage restriction in preimplantation epiblast-like naïve ESCs. To assess

the role of Rnf2 in naïve pluripotency, Rnf2-KO clones were cultured in 2iLif for at least three passages before initiating
TSC differentiation. A | Morphology changes in converted cell lines. Spiky morphology in M15Lif cultured cells acquire
a typical round, well-delineated morphology when converted to 2iLif. Scale bar, 200 µm. B | Efficiency of TSC
differentiation by day 14, in three different Rnf2-KO clones. Data is shown as mean and standard deviation of three
biological replicates. Results were analysed using two-way ANOVA with Tukey test. **, p-value < 0.0021. ****, p-value
< 0.0001. C | Differentiation time-course. Data is shown as mean and standard deviation of three biological replicates.
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5.2.3 Transcriptomic characterisation of Bcor-KO and Rnf2-KO ESCs
5.2.3.1 Transcriptional changes in Bcor- and Rnf2-KO ESCs
The first cell lineage restriction acts as a strong barrier preventing ESC differentiation
towards trophoblast. My findings revealed that this restriction can be relieved upon
deletion of ncPRC1.1 components in ESCs. Knockout of Bcor and Rnf2 genes allows
differentiation of ESCs to TSCs, with activation of the core TSC self-renewal
transcriptional network, including the trophoblast gatekeeper Elf5. To understand the
transcriptional changes upon Bcor and Rnf2 knockout in ESCs, which affect the
mechanisms involved in the maintenance of TE/ICM lineage barrier, I next performed
RNAseq analysis. I have profiled three biological replicates per knockout and compared
them with wild-type Elf5::Venus cells.
I began with analysis of Bcor-KO ESCs, determining the transcriptome for clones 2, 9
and 11 followed by analysis of differentially expressed genes in relation to wild-type
Elf5::Venus ESCs. This comparison found that Bcor-KO cells showed a total of 4526
genes differentially expressed, with an FDR < 0.1. Knockout cells displayed 906 genes
with an upregulation of at least 2-fold in relation to Elf5::Venus, whereas they
downregulated 296 using the same metrics (Figure 5.18A). Gene set enrichment
analysis (GSEA) of the 906 upregulated genes (Figure 5.18B) highlighted hallmark
processes such as p53 signalling, early and late estrogen response, heme metabolism
and KRAS signalling. Note that hallmark KRAS signalling up and down correspond to
genes upregulated and downregulated in response to active KRAS, respectively,
indicating overactivation of this pathway in Bcor-KO ESCs. This upregulation feeds to
the known role for constitutively active Ras and the partial conversion of ESCs to TSCs
(Lu, Yabuuchi et al. 2008, Cambuli, Murray et al. 2014). Furthermore, estrogen signalling
is involved in embryo implantation as estrogen receptor a (ERa) affects blastocyst
hatching (Seshagiri, Sen Roy et al. 2009). It also affects trophoblast differentiation and
placenta development (reviewed in (Gambino, Maymo et al. 2012). Similarly, heme
metabolism is necessary for placenta development (Watanabe, Akagi et al. 2004, Zhao,
Wong et al. 2009).
Consistent with its role in conversion of ESC to TSC, biological process enrichment
analysis of upregulated genes (Figure 5.18B) found terms related to organism and tissue
development, as well as regulation of transcription from RNA polymerase II (RNAP II)
promoter. This last category corresponds to a well-known mechanism for Polycomb-
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mediated gene silencing, which can act by holding a poised RNAP II state or by blocking
RNAP II elongation (reviewed in (Aranda, Mas et al. 2015)).
At the other end, GSEA analysis of downregulated genes (Figure 5.18C) identified
hallmark terms related to apoptosis, estrogen early response, spermatogenesis or fatty
acid metabolism. Biological process enrichment highlighted again categories related to
regulation of transcription through RNAP II, different classes of cellular response and
DNA methylation and demethylation. Particularly, Dnmt3a/b/l were all downregulated in
Bcor-KO cells demonstrating defects in the de novo methylation pathway. Indeed, ESCs
deficient in Dnmt3a/b were shown to overexpress Elf5 due to promoter DMR
demethylation (Ng, Dean et al. 2008).
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Figure 5.18 | Transcriptome profile for Bcor-KO ESCs. A | Differentially expressed genes in Bcor-KO ESCs
compared to Elf5::Venus wild-type. Shown is the log2 fold-change between KO and wt cells, in function of the mean
of normalised counts. Genes with FDR < 0.1 are depicted in red dots. Blue dotted line highlights genes up- or downregulated with a fold-change > 2. B and C | Gene set enrichment analysis (GSEA) of significantly upregulated (B) and
downregulated (C) genes, showing GO terms for Hallmark Collection and Biological Processes.
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I proceeded with a similar analysis for Rnf2-KO ESCs, profiling transcriptional
changes in clones 2, 4 and 7, compared to wild-type Elf5::Venus ESCs. Relative to BcorKO, it would be expected that Rnf2 loss-of-function affected higher number of genes as
its role is not only linked to ncPRC1.1, but rather to all PRC1 complexes. In agreement
with this assumption, differential expression analysis demonstrated that Rnf2-KO affects
a total of 6716 genes at FDR<0.1. I then considered for analysis significant genes that
had an upregulation or downregulation higher than 2-fold (Figure 5.19A). With these
metrics, I could find 2666 genes upregulated and 1039 genes downregulated in Rnf2KO ESCs. GSEA analysis of overexpressed genes (Figure 5.19B) highlighted hallmark
terms that reflect metabolic changes, such as hypoxia, glycolysis and heme metabolism.
Consistent with results obtained for Bcor-KO, Rnf2-KO also resulted in upregulation of
estrogen response genes, as well as KRAS signalling. Interestingly, Rnf2-KO could
upregulate mTORC1 signalling, an observation that crosstalks with the CRISPR/Cas9
loss of function screen presented in Chapter 4, where overactivation of mTORC1 via
Tsc1/2 knockout could induce TSC differentiation from ESCs.
Similar to the results obtained for Bcor-KO, biological process enrichment analysis
(Figure 5.19B) demonstrated Rnf2-KO could upregulate terms related to embryo, tissue
or cell development, as well as regulation of transcription from RNAP II.
Evaluation of hallmark terms enriched in genes downregulated (Figure 5.19C) showed
a plethora of different processes such as Myc targets and IL2/Stat5 signalling, as well
as Tgfb signalling and KRAS or mTORC1. A few hallmark terms were detected in both
upregulated and downregulated genes in Rnf2-KO ESCs. This demonstrates that further
studies will be necessary to fully understand the balance in these processes, as well as
pinpoint which might be directly related to the maintenance of the first cell lineage
decision. It is important to bear in mind that both Rnf2 and Bcor were shown to affect
ESC differentiation to different embryonic lineages (Endoh, Endo et al. 2008, Wamstad,
Corcoran et al. 2008). This implicates that their knockout produces a wide range of
changes that affect multiple cellular processes rather than a specific and direct link to
trophoblast differentiation.
Again, GSEA analysis of biological processes in the downregulated gene list showed
terms related to development, but also terms related to RNA and non-coding RNA
(ncRNA).
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Figure 5.19 | Transcriptome profile for Rnf2-KO ESCs. A | Differentially expressed genes in Rnf2-KO ESCs
compared to Elf5::Venus wild-type. Shown is the log2 fold-change between KO and wt cells, in function of the mean
of normalised counts. Genes with FDR < 0.1 are depicted in red dots. Blue dotted line highlights genes up- or downregulated with a fold-change > 2. B and C | Gene set enrichment analysis (GSEA) of significantly upregulated (B) and
downregulated (C) genes, showing GO terms for Hallmark Collection and Biological Processes.
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To compare common mechanisms between Bcor-KO and Rnf2-KO, which might be
responsible for their role in ESC to TSC differentiation, I next overlapped the lists for
upregulated and downregulated genes (Figure 5.20). I found 501 genes upregulated by
both knockout cells (Figure 5.20A). GSEA hallmark analysis of this subset found
processes such as p53 pathway, estrogen response or heme metabolism. Interestingly,
even though KRAS signalling was found to be upregulated in both cells, it seems the
target genes might be different and therefore this term was not conserved in the common
list.
The number of downregulated genes shared by both Bcor-KO and Rnf2-KO ESCs
was only 136 (Figure 5.20B). GSEA analysis could not detect enriched hallmark terms
probably due to the small gene list, but biological process analysis showed changes in
several metabolic and biosynthetic processes, as well as development-related terms.
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Figure 5.20 | Common transcriptional changes in Bcor-KO and Rnf2-KO ESCs. A | Venn diagram depicting
common genes upregulated in the two knockout ESCs (left). GSEA analysis for Hallmark Collection terms within the
common subset (right). B | Venn diagram depicting common genes downregulated in the two knockout ESCs (right).
GSEA analysis for Biological Process within the common subset (left). GSEA could not detect hallmark terms for the
shared downregulated gene list.
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5.2.3.2 Bcor-KO and Rnf2-KO in ESCs allows partial differentiation to TSC
Differentiation of Bcor-KO and Rnf2-KO ESCs for 18 days in TSC media allows
activation of Elf5 expression measured by the co-activation of Venus fluorescent
reporter. To gain an understanding of the final differentiated state achieved from each
knockout, and its overall resemblance to bona-fide TSCwt, I next performed RNAseq on
Venus positive cells sorted on day 18. Similar to the study shown in the previous
subchapter, I analysed differentiation of three biological replicates per knockout.
Principal component analysis of global transcriptional changes from day zero to day
18 showed that Bcor-KO ESCs cluster with Elf5::Venus wild-type cells on day zero,
having a drastic transcriptional change by day 18 (Figure 5.21A). However, they are still
distinct from TSCwt cells. PC1 captures 43% of total variation in the samples, whereas
PC2 represents 18%. Most of the changes are accounted for in PC1 axis, showing a
clear trajectory from ESCs on the left, to TSCwt closer to the right and Bcor-KOdifferentiated cells further to the right. These results indicate that the final differentiated
cells follow a TSC trajectory, but are likely either not fully differentiated, or beyond the
trophoblast stem cell state. A similar result was observed for Rnf2-KO differentiated cells
(Figure 5.21B).
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Figure 5.21 | Principal Component Analysis (PCA) of differentiating Bcor-KO (A) and Rnf2-KO (B) cells.

To get a better understanding of cell states by day 18, I next compared the different
clones for both Bcor-KO and Rnf2-KO, together with Elf5::Venus wild-type and TSCwt
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controls. For reference, I have also included the TSC-like line established from Bcor-KO
ESCs (subchapter 5.2.1.2). Principal component analysis of global transcriptome
showed that cells differentiated from Bcor-KO and Rnf2-KO for 18 days display similar
profiles, clustering close to each other (Figure 5.22A). Nevertheless, these can still be
distinguished according to genotype, indicating the end result of differentiation is slightly
different for the two knockouts. Importantly, as described in Figure 5.21, day 18 samples
have a clear difference relative to Elf5::Venus, and show a trajectory in the direction of
TSCwt. Analysis of the TSC-like line demonstrated it clusters with TSCwt. This supports
the view that knockout of Bcor and Rnf2 allows ESCs to differentiate to the TSC lineage
but does not generate a pure population of self-renewing TSCs. Upon selection of
colonies with TSC morphology and establishment homogeneous lines (as described for
TSC-like in subchapter 5.2.1.2), it is possible to capture a cell state with TSC properties.
This can only occur if the disrupted gene is dispensable for TSC self-renewal, as
reported for Bcor (Zhu, Fei et al. 2015). The role of Rnf2 in TSC self-renewal warrants
further studies, but in the current work, it was not possible to establish TSC-like lines from
this mutant ESC in the different attempts performed (see section 5.2.2.1).
I next evaluated the expression profile for several groups of genes, as described
previously, representing different processes: pluripotency, TSC self-renewal, terminal
trophoblast differentiation towards EPC-like or chorion-like axis, and differentially
methylated genes (Figure 5.22B). Analysis of the ESC state (samples at day zero)
indicates both knockouts displayed an intact pluripotency network. They overall show
similar levels of TSC and trophoblast differentiation genes to Elf5::Venus wild-type cells,
again demonstrating that neither knockout results in aberrant trophoblast signature
genes expressed in the ESC cultures. Interestingly, Bcor-KO did not affect the
expression of differentially methylated genes in ESCs. Yet, Rnf2-KO resulted in the
upregulation of Tinagl1, Plet1 and Hand1 (FDR<0.1 and fold-change > 4 as determined
by differentially expressed genes analysis shown in Figure 5.19A).
Analysis of the expression profile in differentiated cells (samples at day 18) illustrated
that both knockouts could successfully downregulate the pluripotency network to levels
similar or below TSCwt control (Figure 5.22B). Interestingly, both Bcor-KO and Rnf2-KO
retain some expression of Klf4. The major differences between Bcor-KO and Rnf2-KO
consisted on the capacity to upregulate the core TSC self-renewal network. Both remain
below the levels of expression in bona-fide TSCwt cells. With the exception of Esrrb,
Bcor-KO upregulates all genes analysed in this category. In contrast, Rnf2-KO can
upregulate all genes relative to day zero, but achieves lower expression for Cdx2, Elf5
and Eomes, compared to Bcor-KO cells. This reflects two possibilities, either
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differentiation cannot be completed in Rnf2-KO, or Rnf2 is essential to maintain the TSC
self-renewing state. As discussed in subchapter 5.2.1.2, establishment of TSC-like cells
resulted in a population with higher upregulation for all TSC markers.
Evaluation of terminal differentiation genes demonstrated that both knockout lines had
a slight upregulation of EPC-like markers, but did not show extensive differentiation as
they remain express at very low levels. Similarly, most Chorion-like genes remained low,
with upregulation of Syna more noticeable for Rnf2-KO.
Finally, analysis of differentially methylated genes corroborated that both Bcor-KO
and Rnf2-KO differentiated cells could upregulate these genes, with the exception of

Map3k8 and Sh2d3c. This further confirms that, as observed for the expression of Elf5,
ncPRC1.1 controls the methylation restriction imposed by the first cell lineage decision,
affecting the activation of differentially methylated genes that mark ESC and TSC
segregation.
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5.2.3.3 CHIPseq analysis of ncPRC1.1 target sites in human ESCs
A recent study for the role of ncPRC1.1 complex in the regulation of human ESCs
(hESCs) identity revealed that Bcor, ncPRC1.1 and PRC2 components co-occupy the
promoters of differentiation genes thereby mediating their repression (Wang, Gearhart
et al. 2018). Furthermore, Bcor depletion resulted in endoderm and mesoderm
differentiation in hESCs and was essential for maintenance of primed pluripotency.
Importantly, this study generated a comprehensive chromatin immunoprecipitation
sequencing (CHIPseq) dataset for genomic target sites recognised by several ncPRC1.1
components in a pluripotency context. It therefore constituted a valuable resource to
check for ncPRC1.1 genome-wide regulation. In collaboration with Dr. Vijaya Baskar,
CHIPseq peaks for Bcor, Rnf2 and Pcgf1 binding sites were retrieved for analysis. It was
very interesting to find that in hESCs Bcor, Rnf2 and Pcgf1 bind to the promoter regions
of three core trophoblast transcription factors, Eomes, Cdx2 and Gata3, but not Elf5
(Figure 5.23). This observation raises the hypothesis that in mouse ESCs, ncPRC1.1
might contribute to the lineage barrier in ESCs by direct repression of trophoblast
determinants.
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Figure 5.23 | CHIPseq analysis of ncPRC1.1 binding sites in hESCs reveals a direct link to repression of trophoblast
lineage markers Eomes, Cdx2 and Gata3, but not Elf5. Data obtained from Wang et al (Wang, Gearhart et al. 2018).

Note the differences in scales used per locus, in order to highlight different peak distribution. This is particularly
relevant for Elf5 locus, where there is no binding of ncPRC1.1.
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5.2.4 Surveying Bcor- and Rnf2-mediated lineage restriction in vivo
The functional test for pluripotency in ESCs consists of injection of these cells into host
embryos for chimera assays. Pluripotent cells will be able to colonise the embryo and
contribute to all tissues in the chimera (Bradley, Evans et al. 1984, Evans, Bradley et al.
1985). With rare exceptions, ESCs are excluded from integrating into the extraembryonic
layer of the developing embryo (Beddington and Robertson 1989). If Bcor and Rnf2 are
involved in the lineage barrier that prevents cells in the embryonic compartment from
acquiring an extraembryonic fate, then injection of Bcor-KO and Rnf2-KO ESCs into host
embryos should produce chimeras with some contribution to the extraembryonic layer.
To test this hypothesis, I started by labelling Bcor-KO and Rnf2-KO ESCs with
constitutive expression of H2B-mCherry. This was achieved by co-transfection of ESCs
with an EF1a-H2BmCherry-IRES-PuroR construct and PBase (Figure 5.24A and Figure
5.27A). Cells with stable integration were selected with puromycin and mCherry
expression was confirmed to be homogeneous by flow cytometry. Labelling ESCs in this
way allows the identification of their progeny in chimeric embryos as these will also
constitutively express mCherry.
Labelled cells were then injected into 8-cell host embryos, in collaboration with Dr.
Guocheng Lan, allowed to develop to the blastocyst stage in vitro and transferred to one
foster recipient (20 blastocysts per cell line). Given the role of Rnf2 in gastrulation
(Voncken, Roelen et al. 2003), as well as Bcor function in placental development
(Wamstad, Corcoran et al. 2008, Cox, Vollmer et al. 2010), chimeric embryos were
analysed at an early time point (Figure 5.24A and Figure 5.27A). E6.5 embryos were
dissected and analysed in collaboration with Dr. Jian Yang.
Evaluation of Bcor-KO effect in ESC chimera colonisation was performed by injection
of two independent clones, clone 2 and clone 11. Contribution was scored based on live
imaging and positioning of mCherry cells in the E6.5 embryo structure. From clone 2, 14
E6.5 embryos were retrieved (out of the 20 blastocysts transferred), with 11 of these
showing some degree of chimerism, and 3 having contribution to both embryonic and
extraembryonic layers (Figure 5.24B). Similarly, for clone 11, we recovered 12 E6.5
embryos of which 8 were chimeras and 2 showed contribution to both lineages.
Representative live images are depicted in Figure 5.24C, with all embryos obtained from
clone 2 shown in Figure 5.25, and all chimeric E6.5 obtained from clone 11 in Figure
5.26. Bcor-KO ESCs showed a robust pluripotency network, as exemplified by the first
embryo, displaying a strong colonisation of the embryonic compartment (Figure 5.24C).
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Figure 5.24 | Preliminary results indicate Bcor-KO ESCs can be found in the extraembryonic compartment in
chimeric embryos. A | Outline of the experimental setup. Bcor-KO ESCs were labelled with constitutive expression of

H2B-mCherry, driven by EF1a promoter. 5 to 6 cells were injected into an 8-cell host embryo for chimeric assays.
E6.5 chimeric embryos were then dissected and analysed for the expression of mCherry. E6.5 embryo representation
adapted from TaKaoka et al, 2012 (Takaoka and Hamada 2012). PB, piggyBac repeats. H2B, Histone 2B nuclear
localisation sequence. IRES, internal ribosome entry site. PuroR, puromycin resistant gene. B | Table depicting analysis
of E6.5 embryos, resulting from the injections of Bcor-KO clone 2 and clone 11. Em, embryo. ExEm, extraembryonic.
C | Representative live images of chimeric embryos. Green channel was used as autofluorescence. Triangles denote
embryonic/extraembryonic junction. D | Immunostaining of chimeric embryo showing integration of mCherry-Bcor-KO
ESC descendants in the extraembryonic layer. Red, mCherry. Green, autofluorescence. Blue, dapi. Arrows point to
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mCherry-positive cells located in the extraembryonic portion of the embryo. EP, Embryo Proper. ExE, Extraembryonic
Ectoderm. Scale bar, 100 µm.

They could also be found in the extraembryonic layers as shown in two embryos (Figure
5.24C). This preliminary experiment could demonstrate the presence of mCherrypositive cells in the extraembryonic region (Figure 5.24D). Their identity however remains
to be determined and it is a key question to address their real in vivo potency. I therefore
attempted to perform immunostaining of chimeric embryos for Elf5 and mCherry, in
collaboration with Dr. Jian Yang. The staining for Elf5 was not successful and many
embryos were damaged in the process, so these experiments will have to be optimised
and repeated in the future.
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Figure 5.25 | Live Images from E6.5 Chimeric Embryos resultant from injections of Bcor-KO ESC clone 2 into 8cell host embryos. Embryos with normal morphology have the Embryo Proper (EP) region and Extraembryonic

Ectoderm (ExE) highlighted. Arrows point to mCherry-positive cells located in the extraembryonic portion of the
embryo. Some embryos were smaller, possibly due to delays in development / abnormal development.
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Figure 5.26 | Live Images from E6.5 Chimeric Embryos resultant from injections of Bcor-KO ESC clone 11 into 8cell host embryos. Embryos with normal morphology have the Embryo Proper (EP) region and Extraembryonic

Ectoderm (ExE) highlighted. Arrows indicate mCherry positive cells located in the extraembryonic region. Some
embryos were smaller, possibly due to delays in development / abnormal development.

I next assessed the developmental potential of Rnf2-KO ESCs, by independent
injection of clones 4, 7 and 9 into 8-cell embryos for chimera assays (Figure 5.27). Rnf2KO ESCs generated lower number of chimeric E6.5 embryos compared to Bcor-KO cells
(Figure 5.27B). Further, these chimeras were generally smaller than Bcor-KO ones and
many had abnormal morphology, including smaller epiblast compartments (live images
of all embryos can be seen in Figure 5.28). Nevertheless, Rnf2-KO derivatives displayed
different patterns of integration, spreading through the E6.5 structure in several chimeras
(Figure 5.27C). I could not find chimeric embryos with extensive contribution to the
embryonic layer, which could indicate Rnf2-KO cells have lower developmental potency.
On the other hand, these ESCs have been extensively cultured in vitro before chimera
assays (over 50 passages, compared to about 40 for Bcor-KO ESCs), so it might be
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worth to generate Rnf2-KO in a cell line with lower passage number for future
experiments.
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Figure 5.27 | Preliminary results indicate Rnf2-KO ESCs can be found in the extraembryonic compartment in
chimeric embryos. A | Outline of the experimental setup. Rnf2-KO ESCs were labelled with constitutive expression of

H2B-mCherry, driven by EF1a promoter. 5 to 6 cells were injected into an 8-cell host embryo for chimera assays. E6.5
chimeric embryos were then dissected and analysed for the expression of mCherry. E6.5 embryo representation
adapted from TaKaoka et al, 2012 (Takaoka and Hamada 2012). PB, piggyBac repeats. H2B, Histone 2B nuclear
localisation sequence. IRES, internal ribosome entry site. PuroR, puromycin resistant gene. B | Table depicting analysis
of E6.5 embryos, resulting from the injections of Rnf2-KO clones 4, 7 and 9. Em, embryo. ExEm, extraembryonic. C |
Representative live images of chimeric embryos. Triangles denote the embryonic/extraembryonic junction. Arrows
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point to mCherry-positive cells located in the extraembryonic portion of the embryo. EP, Embryo Proper. ExE,
Extraembryonic Ectoderm. Scale bar, 100 µm.
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Figure 5.28 | Live Images from E6.5 Chimeric Embryos resultant from injections of Rnf2-KO ESC clones into 8-cell
host embryos. A | Clone 2 (Six embryos). B | Clone 7 (Two embryos) C | Clone 9 (Five embryos). Embryos with normal

morphology have the Embryo Proper (EP) region and Extraembryonic Ectoderm (ExE) highlighted. Triangles denote
embryonic/extraembryonic junction. Arrows indicate mCherry positive cells located in the extraembryonic region.
Some embryos were smaller, possibly due to delays in development / abnormal development.
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Overall, preliminary in vivo analysis of developmental potential for Bcor-KO and Rnf2KO ESCs suggests their derivatives can be found in the extraembryonic compartment in
chimeric embryos. Nevertheless, scoring contribution based on live imaging has
limitations as cells can be undergoing apoptosis or might be mispositioned during
embryo morphogenesis. In order to demonstrate that these mutant ESCs have an
impaired lineage restriction, it will be necessary to prove the identity of the mCherrypositive cells in the E6.5 embryo structure by immunostaining with key markers. Only
then it will be possible to prove that cells within the extraembryonic region indeed
express extraembryonic markers and have therefore acquired a trophoblast fate in vivo.
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5.3 Discussion
In this chapter I address the function of two members of the ncPRC1.1 complex
identified in the screen for suppressors of ESC differentiation to TSC. I chose Bcor and
Rnf2 for their consistent differentiation profiles. On the other hand, both of these genes
have been shown to not affect ESC self-renewal and pluripotency (de Napoles, Mermoud
et al. 2004, Fujimura, Isono et al. 2006, Endoh, Endo et al. 2008, Wamstad, Corcoran et
al. 2008) which facilitates their characterisation. In addition, maintenance of TSCs in
media containing Activin was shown to promote their self-renewal due to downregulation
of Bcor (Zhu, Fei et al. 2015), which suggests Bcor is also not essential for the TSC state
and further contributed to its selection.

5.3.1 Bcor and ESC conversion to TSC
In chapter 4 I have shown that knockout of Bcor in ESCs allows acquisition of a
trophoblast fate and upregulation of the stringent TSC marker Elf5. All experiments
performed for the screen validation relied on expression of Venus in the Elf5::Venus
reporter cell line. I started my studies on the role of ncPRC1.1 in the first cell lineage by
confirming the expression profile of differentiating cells. RT-qPCR characterisation of the
differentiation time-course demonstrated the activation of TSC self-renewal network, as
well as differentiated trophoblast markers. These results confirmed the activation of a
TSC programme during differentiation, in addition to the expression of Elf5.
In order to perform detailed molecular characterisation of the effect of Bcor knockout
in ESCs and its regulation of TSC lineage restriction, I then generated clonal Bcor-KO
Elf5::Venus ESCs. Upon line establishment, these maintained an undifferentiated
morphology in culture, as well as an intact pluripotency network and low levels of
differentiation markers, consistent with its reported role in ESCs (Wamstad, Corcoran et
al. 2008). Additionally, they were amenable to conversion to naïve pluripotency.
Individual clones could be differentiated to TSC at variable efficiency (between 15 –
40%). Importantly, evaluation of the methylation status of Elf5 promoter DMR regions in
the knockout ESC clones demonstrated they retain hypermethylation, which indicates
Bcor-KO does not directly affect this epigenetic gatekeeper.
Overexpression of a TY1-Bcor construct in Bcor-KO ESCs could partially rescue their
phenotype and reduce the levels of TSC differentiation. Compared to the rescue
experiments for Rnf2, which could fully restore the lineage barrier, in Bcor-KO these were
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not as efficient. Two technical limitations might explain this. First, the Bcor coding
sequence is 5-kb long and therefore its overexpression is more challenging than the 1kb long Rnf2. Second, the construct for TY1-Bcor overexpression contains the PuroR
gene upstream TY1-Bcor. This way, puromycin selection won’t be sensitive to frame-shift
mutations in TY1-Bcor. The lack of good anti-Bcor antibodies also hindered the
evaluation of this experiment. That is, for Rnf2 I could demonstrate most of the
transfected cells successfully overexpressed Rnf2-TY1, whereas for Bcor-KO I could
only generate a population view by an anti-TY1 western blot.
Importantly, Bcor is also responsible for maintenance of TSC lineage restriction in
naïve pluripotent cells, suggesting a role in mouse epiblast. The identity of differentiated
cells from these experiments will need to be confirmed in the future to demonstrate
upregulation of TSC markers besides Elf5.
RNAseq profiling of Venus expressing cells differentiated from Bcor-KO ESCs
demonstrated these partially differentiate to TSC, with upregulation of the core TSC selfrenewal network, but at levels below bona-fide TSCwt. This would be expected as it is
generally difficult to reach homogeneous differentiated populations. Nevertheless,
differentiated Bcor-KO cells showed higher expression of Cdx2, Eomes and Elf5
compared to Rnf2-KO.
Consistent with a more efficient upregulation of the core TSC self-renewal programme,
I could establish a TSC-like line from Bcor-KO, which was not possible for Rnf2-KO ESCs.
The process for line establishment supports the view that Venus positive cells in
differentiating cultures are heterogeneous. Sorting Venus positive cells by day 12 of
differentiation followed by replating reconstituted mixed populations of Venus positive
and negative cells. This observation likely illustrates the fact that some Venus positive
cells were only partially differentiated at day 12 and could not sustain the TSC selfrenewal network. Similar results could be obtained when sorting Venus cells at earlier
timepoints, suggesting the same could be true for cells differentiated by day 18.
Nevertheless, 1 out of 7 colonies picked could establish a stable TSC-like line that
could be maintained in TSC media for over 20 passages. Future experiments will have
to address the reproducibility of TSC-like line derivation from Bcor-KO ESCs. The current
data shows that the established TSC-like cells could be cultured in both TSC and TX
media and displayed a global transcriptome equivalent to bona-fide TSCwt. Importantly,
analysis of Elf5 promoter DMR regions indicated these were hypomethylated to levels
comparable to TSCwt, showing complete ablation of this epigenetic memory component.
Surprisingly, transcriptomic analysis showed that even in the TSClike line, the expression
of Elf5 was not as high as TSCwt. TSC-like cells could differentiate to terminal EPC-like
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trophoblast cells with lower efficiency compared to TSCwt. This could either be a result
of insufficient upregulation of Elf5 or a role for Bcor controlling differentiation in the
extraembryonic lineages. Further studies to fully assess the developmental potential of
the TSC-like line will help clarify its potency. For instance, using of TSC-like cells in
teratoma formation assays to verify their capacity to generate haemorrhagic lesions, or
chimera assays to confirm in vivo integration into extraembryonic tissues. The same type
of in vivo functional validations should also be performed for Venus positive cells
obtained from differentiation of mutant ESCs, to demonstrate their developmental
potential towards the trophoblast lineage.
Preliminary in vivo assessment of Bcor-KO ESC potency demonstrated that,
consistently with in vitro differentiation to TSCs, these were able to colonise the
extraembryonic compartment in E6.5 chimeric embryos. These in vivo experiments will
have to be repeated with higher number of embryos for reproducibility. Furthermore, in
order to validate these findings, the identity of mCherry positive cells within the
extraembryonic layers will have to be assessed. This can be achieved through
immunostaings to evaluate if integrated cells co-express trophoblast markers, proving
their functional identity.

5.3.2 Rnf2 and ESC conversion to TSC
I started by confirming the expression profiles in cells differentiated from Rnf2-KO to
guarantee that besides overexpressing Elf5, measured by Venus expression, they could
also upregulate the remaining TSC core transcriptional network. RT-qPCR profiling
confirmed the expression of Cdx2, Elf5, Eomes and Gata3, but also terminal
differentiation markers such as Tpbpa and Plf.
I next established clonal Rnf2-KO Elf5::Venus lines, for detailed molecular
characterisation. These maintained an undifferentiated morphology, displaying an active
pluripotency network and low expression of differentiation markers with the exception of
Gata6. Additionally, Rnf2-KO ESCs could be converted to naïve pluripotency.
Differentiation of individual clones demonstrated they could consistently achieve high
percentages of Venus positive cells by day 18 (50 – 70%). Similar differentiation
efficiencies could be obtained from naïve Rnf2-KO ESCs demonstrating this lineage
restriction mechanism is likely preserved in the epiblast stage of the mouse embryo.
Importantly, overexpression of a Rnf2-TY1 construct in Rnf2-KO clones could fully
restore lineage restriction in ESCs and prevent their differentiation to TSCs.
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Analysis of the Elf5 promoter DMR regions in Rnf2-KO ESCs showed overall high
methylation levels. Nevertheless, results were inconsistent between the two clones
analysed with one of them displaying 43% methylation for DMR2, which would represent
a considerable change relative to wild-type ESCs. Further studies will be necessary to
clarify the role of Rnf2 in the maintenance of Elf5 DMR methylation.
Similar to the results obtained for Bcor-KO, RNAseq profiling of Venus expressing
cells differentiated from Rnf2-KO ESCs demonstrated these partially differentiate to TSC.
Rnf2-KO cells upregulated the core TSC self-renewal network but displayed lower levels
for Cdx2, Eomes and Elf5 compared to Bcor-KO. This lower upregulation is not related
with higher degrees of terminal trophoblast differentiation as assessed by the expression
levels of several markers for this process. It can either be related to insufficient
differentiation capacity, or Rnf2 is required for establishment/reinforcement of the selfrenewal network in TSCs. Consistent with the lower upregulation of these core
transcription factors, I could not establish stable TSC-like lines from Rnf2-KO ESCs.
In agreement with their in vitro capacity for TSC differentiation, preliminary in vivo
assessment of Rnf2-KO ESC potency demonstrated these could also be found in the
extraembryonic compartment in E6.5 chimeric embryos. As discussed for Bcor-KO
chimeras, in order to confirm impaired lineage restriction, higher number of chimeric
embryos will have to be analysed, together with immunostainings to demonstrate the
identity of integrated cells.

5.3.3 Role of Bcor and Rnf2 in the maintenance of the first cell lineage
decision in ESCs
Transcriptional profiling of Bcor-KO and Rnf2-KO ESCs revealed these have extensive
effects on ESC transcriptome, but they don’t express trophoblast determinants in ESC
conditions. Instead, they result on a cellular state permissive to TSC differentiation in
response to Fgf4 signalling. Bcor-KO ESCs upregulate hallmark terms related to KRAS
activation, estrogen signalling or heme metabolism. On the other hand, they
downregulate DNA methylation/demethylation biological processes, among others.
Particularly, active KRAS signalling (Lu, Yabuuchi et al. 2008) and knockout of DNA
methylation genes Dnmt3a/b (Ng, Dean et al. 2008) were already shown to generate an
ESC state capable of TSC differentiation.
Rnf2-KO ESCs upregulated genes related to metabolic changes, as well as active
KRAS signalling or mTORC1 active state. Nevertheless, similar terms were also
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highlighted in downregulated genes. Detailed analysis into the actual genes associated
with each term will be necessary to gain a better understanding of these changes.
Given that both Bcor-KO and Rnf2-KO result in a similar phenotype, analysis of
commonly upregulated and downregulated genes can provide a better notion of shared
molecular mechanisms. The number of shared downregulated genes was too low to
detect hallmark terms. However, the two knockouts share 501 upregulated genes
involved in metabolic processes or estrogen response, among others. These common
genes will be a good starting point to provide a better molecular view of Bcor and Rnf2
roles.
Importantly, analysis of a recently published dataset for Bcor, Rnf2 and Pcgf1
CHIPseq in human ESCs (Wang, Gearhart et al. 2018), showed that ncPRC1.1 directly
binds to the promoter regions of Cdx2, Gata3 and Eomes. The same was recently shown
for Rnf2 and Pcgf1 in mouse ESCs (Fursova, Blackledge et al. 2019, Scelfo, FernandezPerez et al. 2019). Considering that knocking out any of these ncPRC1.1 components
results in mouse ESC differentiation to TSCs, I thereby hypothesize that Bcor and Rnf2
can directly bind these promoters in mouse ESCs and mediate their silencing.
In addition, both Bcor-KO and Rnf2-KO differentiated cells upregulate several
differentially methylated genes reported to act, similarly to Elf5, as gatekeepers of the
first cell lineage decision (Cambuli, Murray et al. 2014). These genes were upregulated
in both knockouts, even though they show different strengths for activation of core TSC
machinery (namely Cdx2, Elf5 and Eomes). This observation suggests that Bcor and
Rnf2 mediate efficient silencing of these genes in wild-type ESCs and might be directly
or indirectly involved on the regulation of methylation at these promoters. Methylated
DNA immunoprecipitation (MeDIP) analysis of genome-wide distribution of 5-mC
methylation marks would allow to clarify the effect of ncPRC1.1 depletion on methylation.
Current data however suggests that rather than a direct effect on Elf5 promoter
methylation (which was intact for Bcor-KO ESCs), ncPRC1.1-depleted ESCs might result
in a cellular state that is responsive to Fgf4 signalling. This way, it is possible that the
effect on methylation is only detectable upon induction of trophoblast differentiation
rather than immediately at the ESC state.

5.3.4 Future Perspectives
Polycomb proteins are involved in epigenetic regulation of gene expression. My initial
characterisation of Bcor-KO and Rnf2-KO ESC transcriptomic changes highlight
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common processes that could explain changes in gene sets that are usually bound and
repressed by ncPRC1.1, but become active upon their knockout. CHIPseq should
identify the target genes of Bcor and Rnf2 in ESCs, and recent publicly available
datasets can be explored for this (Fursova, Blackledge et al. 2019, Scelfo, FernandezPerez et al. 2019). Validation of the available data can be performed by CHIP-qPCR at
relevant loci (for example Gata3, Cdx2 and Eomes, or other TSC determinant loci bound
by ncPRC1.1 components). The rescue experiments performed for the current chapter
facilitate validations, as these relied on overexpression of TY1-tagged Bcor and Rnf2.
The success of rescue experiments demonstrates that tools for CHIP-qPCR are available
as chromatin immunoprecipitation can be performed with anti-TY1 antibody. Results
from Bcor and Rnf2 binding sites can be cross-related to CHIP-qPCR analysis of
distribution of H2AK119ub1 in wild-type and knockout ESCs. This comparison will allow
the detection of genes bound by ncPRC1.1 and silenced through H2AK119ub1, that lose
H2AK119ub1 mark upon knockout of Rnf2 or Bcor. Conversely, if these are functionally
related to TSC differentiation, then their histone modifications should be restored upon
overexpression of TY1-Bcor and Rnf2-TY1 constructs. Stronger proof for the role of
H2AK119ub1 could be achieved using a catalytic inactive Rnf2 form (Illingworth, Moffat
et al. 2015) for rescue experiments. If the E3 ubiquitin ligase activity of Rnf2 is on the
basis of ESC differentiation to TSC, then overexpression of this mutant form won’t rescue
the phenotype.
In parallel, ATACseq could be performed to detect global changes in open chromatin
in Bcor-KO and Rnf2-KO ESCs, compared to wild-types. Identification of chromatin
landscape changes will provide a broad view of epigenetic changes in knockout cells.
Besides a mechanistic view for Bcor and Rnf2 role on the maintenance of the first cell
lineage decision, it will also be relevant to address the role of these two genes in TSCs.
Knockout of Bcor and Rnf2 in TSCs will help to understand their role in TSC self-renewal
and differentiation and provide possible explanations for the differentiation profiles
obtained in Bcor-KO and Rnf2-KO ESCs.
Single-cell RNAseq datasets from preimplantation mouse embryos have revealed that
Rnf2 is heterogeneously expressed at the 2-cell state (2C) (Deng, Ramskold et al. 2014).
This raises the possibility that the levels of Rnf2, could affect the first cell lineage decision
at the commitment stage. To address if the role of Bcor and Rnf2 consists on restricting
TSC fate in the embryonic compartment, or if their levels also affect TE/ICM specification,
injections of siRNA into one of the 2C embryo cells could be conducted. Specific siRNAs
would induce knockdown of Bcor or Rnf2 in the injected cell, leaving the remaining cell
unaffected. Co-injection with a fluorescent reporter such as H2B-Venus mRNA would
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then allow to follow the injected cells’ descendants to be examined at the blastocyst
stage. Given that both blastomeres at the 2C stage were shown to be totipotent
(Tarkowski 1959), in a scenario where Bcor and Rnf2 knockout does not affect lineage
decision, descendent cells will contribute equally to ICM and TE. On the other hand, if
knockout of either gene affects the lineage decision, descendant cells will show a biased
contribution to one of the layers.
The role of Polycomb Complexes in development is far from simple. PRC1 and PRC2
have a combined broad role in differentiation of ESCs towards the three germ layers,
being redundant to each other (Leeb, Pasini et al. 2010). My work demonstrates the role
of PRC1 goes beyond regulation of embryonic lineages, and also oversees the
maintenance of the first cell lineage decision in the pluripotent compartment. Unlike
every embryonic lineage, which are accessible to pluripotent cells through development,
the extraembryonic lineage is the one irreversibly “locked” and unreachable to the
pluripotent state. Therefore, there must be a different/complementary mechanism for the
irreversible effect of Polycomb on extraembryonic versus embryonic lineages, under
normal developmental conditions. The capacity to generate extraembryonic tissues is
the functional difference between the totipotent and pluripotent states (in a less stringent
definition of totipotency (Ishiuchi and Torres-Padilla 2013)). This could implicate
Polycomb on the exit from the totipotent state. In fact, it was shown that in ESCs, Rybp,
a central component to all ncPRC1 complexes, mediates silencing of endogenous
retroviruses (Hisada, Sanchez et al. 2012), whose activity is associated with a 2-cell like
state (Macfarlan, Gifford et al. 2012). The same effect on inhibition of 2-cell like state was
reported for ncPRC1.6 (Rodriguez-Terrones, Gaume et al. 2018). Furthermore,
simultaneous knockout of Ring1a and Rnf2 in mouse embryos results in developmental
arrest at the 2-cell state (Posfai, Kunzmann et al. 2012). Normal preimplantation
development was detected for individual knockout of Ring1a (normal development) and
Rnf2 (arrest at E10.5), demonstrating these two genes have redundant roles in early
development (del Mar Lorente, Marcos-Gutierrez et al. 2000, Voncken, Roelen et al.
2003).
It was recently shown that ncPRC1 complexes have a synergistic effect on the
regulation of PRC1-mediated gene repression in ESCs (Fursova, Blackledge et al. 2019,
Scelfo, Fernandez-Perez et al. 2019). The authors concluded that the sum of different
ncPRC1 complexes result in the genome-wide patterns of H2AK119ub deposition and
efficient gene repression. For instance, deletion of Pcgf1 (hence ncPRC1.1 activity)
resulted only in H2AK119ub levels corresponding to 60% of its wild-type level, whereas
co-deletion on Pcgf1/3/5 reduced these to 20% and co-deletion of Pcgf1/3/5/6 abolished
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this mark (Fursova, Blackledge et al. 2019). In contrast, Scelfo et al. report a redundant
role for Pcgf1 and Pcgf2 in H2AK119ub, defending an irrelevant role for Pcgf3/5/6 on
this histone mark (Scelfo, Fernandez-Perez et al. 2019). These two papers further
highlight the complex interplay between different ncPRC1 complexes in ESCs, which
might play redundant functions in early embryo development. In line with this, knockout
of Rybp, a central component in all non-canonical though PRC1 complexes, results in
early post-implantation developmental arrest (Pirity, Locker et al. 2005), while Pcgf1,
Pcgf2 or Pcgf4 knockouts are compatible with development (MGI database, (Suzuki,
Mizutani-Koseki et al. 2002). Even though my screen points to a specific effect from
ncPRC1.1 in the silencing of extraembryonic determinants in ESCs, these recent findings
suggest that individual knockout of Pcgf genes should be performed and assessed for
their specific role in ESC differentiation to TSC. Additionally, combinations of these genes
should be tested to evaluate if different complexes cooperate in this lineage restriction.
Nevertheless, once functionally assessed for their specific role in TSC differentiation, the
datasets generated by Scelfo et al and Fursova et al will provide valuable molecular
insights in the context of this biological question (Fursova, Blackledge et al. 2019, Scelfo,
Fernandez-Perez et al. 2019).
In summary, future work will be needed to understand the mechanism behind
ncPRC1.1 role in the maintenance of lineage restriction between ESCs and TSCs.
Similarly, their function in TSC compartment also remains unknown, despite reports for
embryonic lethality with abnormal placental development for both genes (Voncken,
Roelen et al. 2003, Cox, Vollmer et al. 2010). The complete picture would be formed by
siRNA assays in 2C-embryos, analysing if the ncPRC1.1 plays an active role in lineage
commitment or if it mainly maintains lineage restriction, settling the cell fate. To conclude,
evaluation of TSC differentiation potential for knockout of other ncPRC1 complexes
should clarify if this is a specific role of ncPRC1.1 or a cooperative effort from the ncPRC1
family.
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CHAPTER 6
6 DISCUSSION AND FUTURE DIRECTIONS

6.1 Summary
In the current thesis I explore the molecular mechanisms involved in the maintenance
of the first cell lineage decision in the mouse embryo, using in vitro stem cell models. I
employ an unbiased genome-wide loss of function strategy using a CRISPR/Cas9
genetic screen coupled to the differentiation of ESCs to TSCs, to identify genes that
suppress this lineage conversion in ESCs.

6.1.1 Proof-of-concept studies
For this screen I developed an Elf5::Venus ESC reporter cell line, which carries Cas9
stably integrated in the Rosa26 locus, and a T2A::H2B::Venus cassette knocked-in the
Elf5 locus, thereby taking advantage of the endogenous control elements regulating Elf5.
Bisulphite sequencing of the DMR regions in the Elf5 promoter revealed the engineered
line remained hypermethylated, reflecting an intact lineage barrier upon gene editing.
Proof-of-concept experiments using knockout of Oct4 proved that the Elf5::Venus
reporter line was efficient for CRISPR/Cas9-mediated gene editing, and also allowed
faithful monitoring of Elf5 activation and thus, TSC differentiation. The reliability of this
reporter line was assessed by RT-qPCR profiling of Venus positive cells, showing they
activate a TSC transcriptional programme, and by immunostaining proving Venus cells
co-express Elf5, as well as Cdx2. These proof-of-principle experiments laid the
foundation for the genome-wide screen, as they allowed optimisation of editing and
differentiation conditions. They also highlighted two screen limitations. First, detection of
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genes essential for ESC self-renewal, as the Oct4 knockout indel population is quickly
taken over by in-frame mutations due to their growth advantage. Second, genes like
Dnmt1, that might either need a complete protein depletion or prolonged ESC culture to
allow downstream effects to take place before achieving a state permissive to TSC
differentiation.

6.1.2 Genome-wide CRISPR/Cas9 loss-of-function screen identifies new
suppressors of ESC differentiation to trophoblast
Using lentiviral delivery of a CRISPR gRNA library covering the mouse genome, I then
performed a genome-wide loss-of-function screen to identify genes whose mutation
allow activation of Elf5, and thus cells expressing Venus. I differentiated the Elf5::Venus
mutant ESC library for 14 days in TSC medium and sorted Venus positive cells at the
end of this process for analysis of enriched gRNAs by NGS. With this strategy I could
identify 42 genes that result in ESC conversion to TSC, including factors such as Nf2,
Lats1 or Tet1 (Nishioka, Inoue et al. 2009, Koh, Yabuuchi et al. 2011, Cockburn, Biechele
et al. 2013), which were already described in the literature, demonstrating the screen
could capture some of the known biology underlying this lineage barrier. Out of the 42
screen hits, I took 34 for validation experiments, confirming 22 genes with varying
differentiation efficiency.
Genes related to histone acetylation, such as Trim24, Taf5l and Ccdc101, exhibited a
weak activation of Elf5. The same was seen for Tet1, which was already shown to allow
TSC differentiation (Dawlaty, Ganz et al. 2011, Koh, Yabuuchi et al. 2011) with in vivo
contribution to placenta (Koh, Yabuuchi et al. 2011), indicating that even genes with
weak phenotype in this experimental setting might reflect important biological functions.
An intermediate phenotype was observed for genes related to mTOR signalling such
as Tsc1 and Tsc2. In addition, Kctd5 was also identified, which has been described as
a negative regulator of the Akt pathway. This way, Kctd5 knockout results in overactivation of the Akt pathway (Brockmann, Blomen et al. 2017), which acts upstream of
Tsc1/2, promoting mTOR activation and further reinforcing the possible interplay of these
two signalling pathways in early embryo development. Finally, strong phenotypes were
detected for genes that compose the ncPRC1.1 polycomb complex, Bcor, Rnf2, Rybp
and Pcgf1, implicating this complex has an essential role suppressing the trophoblast
lineage in ESCs.
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Overall, for most of the genes identified through my genetic screen, their role in the
function and maintenance of the first cell lineage decision in ESCs was not previously
known. Together, my findings shed new light on the mechanisms active at this early
developmental checkpoint.

6.1.3 Bcor and Rnf2 in the lineage barrier preventing ESC differentiation to
TSC
Based on my genome-wide screen, I have established ncPRC1.1 in the maintenance
of the TSC lineage restriction in ESCs. I next studied in higher detail the specific role for
Bcor and Rnf2 genes in this process. I confirmed that upon differentiation, both Bcor-KO
and Rnf2-KO activate a trophoblast transcriptional programme. Derivation of clonal
Bcor-KO and Rnf2-KO ESCs confirmed these do not affect ESC self-renewal, and are
convertible to the naïve state. Furthermore, this lineage restriction is preserved in the
epiblast-equivalent state, allowing differentiation of naïve knockout ESCs to TSCs. This
phenotype could be partially rescued upon TY1-Bcor overexpression in Bcor-KO ESCs,
and fully rescued in the equivalent experiment for Rnf2-KO. Importantly, Bcor-KO ESCs
displayed hypermethylated Elf5 promoter DMR regions demonstrating Bcor does not
have a direct role on this epigenetic layer. For Rnf2, the results were not as clear and
further studies will be necessary to address the effect of Rnf2-KO on the Elf5 promoter
methylation status.
RNA sequencing analysis of the differentiation profiles for Bcor-KO and Rnf2-KO
Venus positive cells by day 18 indicated these are partially differentiated, upregulating
TSC core genes but to levels below those of bona-fide TSCs. Importantly, Rnf2-KO cells
had lower capacity for upregulation of Cdx2, Eomes and Elf5 compared to Bcor-KO
cells. Consistently, I could not establish a TSC self-renewing line from Rnf2-KO cells, but
I succeeded in establishing one TSC-like line from Bcor-KO ESCs. This limitation from
Rnf2-KO ESCs can either be due to a lower capacity for TSC differentiation compared
to Bcor-KO ESCs, or due to Rnf2 playing a role in TSC self-renewal.
Transcriptomics analysis of Bcor-KO and Rnf2-KO ESCs revealed extensive changes
compared to wild-type ESCs. Both genes affect different processes, but have hundreds
of upregulated genes in common, which form an important basis for future mechanistic
studies.
Importantly, preliminary in vivo chimera experiments, with injection of Bcor-KO and
Rnf2-KO ESCs into 8-cell host embryos, showed these mutant ESCs display impairment
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of the first cell lineage restriction and can be found within extraembryonic compartments
in E6.5 chimeric embryos. These results will have to be further corroborated with
independent experiments, as well as immunostainings to definitely prove that cells
incorporated into the extraembryonic tissues truly express the expected cell markers
and are not mis-positioned ESCs.

6.2 Future Perspectives
6.2.1 The potential of genome-wide CRISPR/Cas9 screens as tools for
dissection of lineage specification and restriction
In vitro stem cells represent valuable models for embryo development as they can
overcome many of the limitations associated with the reduced throughput of in vivo
developmental studies. Mammalian embryo biology has typically been addressed with
hypothesis-driven approaches. Hypothesis-free forward genetics have the potential to
uncover unexpected regulators and widen our view of key biological processes. To date,
there have been a few genome-wide studies in early mouse development, mainly
focused on pluripotency and ESC self-renewal (Hu, Kim et al. 2009, Guo, Huang et al.
2011, Zheng and Hu 2014) or exit from this state (Betschinger, Nichols et al. 2013, Li,
Yu et al. 2018).
Pluripotency networks and ESC self-renewal have been widely characterised. In
contrast, the mechanisms underlying the first cell lineage decision and its maintenance
in ESCs remain poorly understood. Herein, I presented the results of an unbiased
genome-wide CRISPR/Cas9 screen to address this question.
Due to the simplicity of the DNA recognition mechanism of CRISPR/Cas9, this tool
was quickly adopted for high-throughput loss-of-function screens. Thus far these
screens have mainly explored growth-related phenotypes such as cell survival and
proliferation (Shalem, Sanjana et al. 2014, Wang, Wei et al. 2014, Zhou, Zhu et al. 2014,
Hart, Chandrashekhar et al. 2015, Wang, Birsoy et al. 2015, Evers, Jastrzebski et al.
2016, Tzelepis, Koike-Yusa et al. 2016, Han, Perez et al. 2018). Although there are some
examples of screens based on the expression of fluorescent reporter markers or cell
surface markers followed by FACS (Koike-Yusa, Li et al. 2014, Parnas, Jovanovic et al.
2015, Golden, Chen et al. 2017, Li, Yu et al. 2018), these are still less common. My
screen readout was based on the expression of Venus fluorescent protein, upon
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activation of endogenous Elf5 as a selection for trophoblast differentiation, adding
another example to the successful CRISPR/Cas9 screens based on cell sorting.
Genes which affect differentiation of ESCs to TSCs with activation of Elf5 expression
are rare as demonstrated by the low percentage of Venus positive cell at the end of all
my screen replicates (about 0.2%). Nevertheless, I could still identify 42 genes involved
in this lineage conversion and I validated 22 of them with different phenotype strengths.
This clearly shows the power of genetic screens using CRISPR/Cas9. This work directly
contributes to knowledge of these genes’ role in the mechanisms orchestrating the
ESC/TSC lineage barrier.
In a broader context, my work clearly highlights the value of using similar approaches.
Each differentiation screen is biased depending on the timings and conditions used,
which means that employing different time-courses and different culture media will likely
identify other factors regulating this lineage conversion. Furthermore, in the future,
differentiation studies should be carried out using multiple lineage markers in order to
gain a wider understanding of the differentiation process. For example, in my case, Elf5
is a stringent marker for ESC differentiation to TSC, that fails to be activated in most
published protocols (Cambuli, Murray et al. 2014) and hence was chosen for this study.
However, Elf5 is not specific to the TSC self-renewal network and can also be expressed
in differentiating TSC cells (Latos, Sienerth et al. 2015). Consistently, most of the genes
detected result in mixed populations of self-renewing and differentiating TSCs.
If one is interested in identifying factors affecting a particular cell population, then the
use of multiple reporter systems should be considered given that each individual gene
can be expressed in distinct cell types throughout development. Considering a selfrenewing TSC state, reporter genes such as Cdx2, Eomes or Tfap2c could prove
beneficial as these are core transcription factors of the TSC self-renewal machinery.
Therefore, crosstalk between modulators of all these could yield the recipe that truly
converts ESCs to self-renewing TSCs. Importantly, design of knock-in cell lines to follow
the endogenous expression of specific markers coupled to genome-wide CRISPR/Cas9
recessive screens can be a valuable tool to provide hypothesis-free insights into
countless biological questions.
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6.2.2 ncPRC1.1 as key player in the maintenance of the first cell lineage
decision
Polycomb group proteins were initially discovered in Drosophila (Lewis 1947) where
they are part of an epigenetic cellular memory system that maintains the expression
patterns of HOX gene throughout development (Ingham 1985, Cavalli and Paro 1998,
Paro, Strutt et al. 1998, Poux, Horard et al. 2002). In mammalian systems, there are two
main Polycomb complexes, PRC1 and PRC2 which are also involved in gene repression
through histone post-translational modifications. In ESCs, PRC1 and PRC2 are widely
established as regulators of differentiation, with PRC2 depositing the repressive histone
mark H3K27me3 (Cao and Zhang 2004, Kuzmichev, Jenuwein et al. 2004) and PRC1
complementing this repression through H2AK119ub1 (Wang, Wang et al. 2004, Cao,
Tsukada et al. 2005). Both PRC1 and PRC2 are essential for differentiation of ESCs to
the three germ layers as exemplified by the fact that co-deletion of Rnf2 and Eed (both
essential for PRC1and PRC2 activity, respectively) severely impaired the formation of
embryoid bodies from ESCs (Leeb, Pasini et al. 2010). They however seem to be
redundant as embryoid body formation is possible in individual knockouts (Leeb, Pasini
et al. 2010). Other components of Polycomb group proteins also affect differentiation of
ESCs to the embryonic lineages, as discussed in chapter 5.1.3. Nevertheless, their role
in preimplantation development has not been reported yet, although co-deletion of both
Ring1a and Rnf2 results in developmental arrest at the 2-cell state (Posfai, Kunzmann et
al. 2012).
My work revealed that ncPRC1.1 is involved in maintaining the first cell lineage
restriction in ESCs preventing their conversion to trophoblast. As such, knockout of Bcor,
Rnf2, Rybp or Pcgf1 results in an ESC state permissive to TSC differentiation,
demonstrating a disrupted lineage barrier. It has been shown that H2AK119ub1 is a
highly dynamic process in preimplantation embryo development and ncPRC1 is active
as early as the zygote stage (Eid and Torres-Padilla 2016). The results herein
complement this observation and suggest an active role specifically for ncPRC1.1
complex in early embryo development.
The mechanism behind the specific role of Bcor and Rnf2 in the first cell lineage
restriction remains to be elucidated and will be addressed in the future, as discussed in
chapter 5.3.4. One of the key epigenetic distinctions between ESCs and TSCs is the
presence of a small subset of genes, defined as gatekeepers, which display
hypermethylated CGIs in their promoters and are silenced in ESCs state, but are
hypomethylated and expressed in TSCs (Ng, Dean et al. 2008, Cambuli, Murray et al.
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2014). This is considered an epigenetic memory as most of the published protocols for
conversion of ESCs to TSCs fail to activate Elf5 and the other 9 gatekeeper genes,
maintaining a methylation state characteristic of their embryonic origin (Cambuli, Murray
et al. 2014). Bcor-KO and Rnf2-KO cells have different capacities for the upregulation of
the core transcriptional network for TSC self-renewal. However, they both successfully
upregulate this class of genes, clearly demonstrating their common role in the
maintenance of this epigenetic layer.
Bcor and Rnf2 are expressed in both ESCs and TSCs. Both genes are dispensable
for ESC self-renewal, but necessary for proper differentiation towards embryonic
lineages. In TSCs, Bcor is dispensable for TSC self-renewal (Zhu, Fei et al. 2015). The
exact role of Bcor and Rnf2 in TSC self-renewal and differentiation is not reported and is
another important factor to be addressed in follow up experiments. Nevertheless, both
should be essential for proper trophoblast differentiation as knockout embryos arrest in
development with placental defects (Voncken, Roelen et al. 2003, Cox, Vollmer et al.
2010). Considering this, it seems that ncPRC1.1 is important for the differentiation of both
ESCs and TSCs. An equivalent paradox has been reported for Sox2 and Esrrb genes,
both necessary for TSC and ESC identity (Avilion, Nicolis et al. 2003, Martello, Sugimoto
et al. 2012, Adachi, Nikaido et al. 2013, Latos, Goncalves et al. 2015). These two
transcription factors were shown to be context-dependent and to be able to recruit
different machinery in ESCs and TSCs, resulting in distinct downstream regulation
(Adachi, Nikaido et al. 2013, Latos, Goncalves et al. 2015). Similarly, Bcor and Rnf2
might be regulating a different subset of genes in the embryonic and extraembryonic
lineages.
ncPRC1.1 was recently established as essential for hESC self-renewal (Wang,
Gearhart et al. 2018). Analysis of their published datasets for chromatin binding profiles
of Bcor, Rnf2 and Pcgf1 demonstrated that in hESCs ncPRC1.1 directly binds to the
promoter regions of core TSC genes Cdx2, Eomes and Gata3. Based on this data, I raise
the hypothesis that in mouse ESCs, ncPRC1.1 might also directly bind and repress these
genes, ensuring proper restriction of the trophoblast lineage in the embryonic
compartment. Furthermore, this data suggests that this particular lineage restriction
mechanism might be conserved between mouse and human embryos and can be an
exciting area of investigation in the future. If true, then it would implicate Polycomb genes
as a mechanism of cellular memory throughout development, in a function conserved
from Drosophila to mouse and human, and acting as early as the very first cell lineage
decision in mammals.
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