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Mouse embryonic stem (ES) cells are derived from the pre-implantation blastocyst and are able to maintain their pluripotent state through virtually limitless cell divisions in vitro. The study of the mechanisms regulating the specific features of ES cells led to the discovery of the transcription factors (TFs) governing their unique transcriptome. Among those TFs, Nanog plays a central role in the gene regulatory network that supports ES cells self-renewal.

However, the molecular mechanisms by which Nanog exerts its functions are not fully elucidated.

We adapted an inducible CRISPR activation (CRISPRa) system in mouse ES cells and demonstrated its functionality to stimulate transcription at endogenous loci. We then accurately determined the list of Nanog responsive genes using gain (CRISPRa cell line) and loss of function experiments and total RNA sequencing. Moreover, the DNA binding profiles of distinct pluripotency TFs were assessed genome-wide by chromatin immunoprecipitation (ChIP) and sequencing upon Nanog depletion and revealed the importance of the latter in the regulation of the pluripotency network activity at thousands of loci. We additionally showed that Nanog employs distinct mechanisms to activate and repress its targets through binding rather distal or proximal DNA regulatory elements respectively. We further investigated the action of Nanog overexpression in the absence of the LIF cytokine (otherwise mandatory to support ES cells self-renewal) and showed that Nanog both activates pluripotency sustaining factors and, to a greater extent, represses differentiation determinants. Furthermore, we found that Nanog-dependent gene repression is strongly correlated with the enrichment of the repressive histone mark H3K27me3 thus proposing a new mechanism through which Nanog could indirectly repress its targets such as Otx2, a major early differentiation factor.

We further explored the regulation of long non-coding RNAs (lncRNAs) expression by Nanog and selected non-coding candidates that could potentially be involved in the maintenance of mouse ES cell self-renewal. So far, only one of them seems to give promising results and will be further investigated.

Finally, a fortuitously observed off-target effect of a specific gRNA, together with CRISPRa, led to the induction of the 2-cell-like state transcriptomic profile spontaneously found in a small subset of ES cells. CRISPRa off-target binding sites were determined genomewide by ChIP sequencing and candidate genes potentially responsible for the induction of the observed effect are now under investigation.
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Introduction I. Early development & embryonic stem cells A. Early mouse embryo development

The fertilized oocyte as well as all the blastomeres resulting from its first cleavages are able to produce all embryonic as well as extraembryonic tissues originating from the embryo, they are totipotent (Boroviak and Nichols 2014). After fertilization, while the spermatozoid has been largely emptied for the benefit of high mobility and contains nearly only the paternal genome, the stock of maternal transcripts and proteins allows for the first steps of development to occur including the transcriptional activation of the zygotic genome around the 2-cell stage.

The first five cleavages of the embryo occur at constant volume, without any cell growth, and consist of subsequent divisions of the initial egg cytosol (Fig. 1.1). Apart from the initial zygote, only the two blastomeres resulting from its first cleavage are able to autonomously produce a full embryo, while blastomeres produced at later cleavages can only participate to all embryonic and extraembryonic tissues when aggregated with host blastomeres [START_REF] Chazaud | Lineage Specification in the Mouse Preimplantation Embryo[END_REF]. Although 8-cell stage blastomeres were considered as identical and equipotent, accumulating evidences show that they actually differ on several aspects including DNA methylation status, histone modifications enrichment and transcription factors expression [START_REF] Tabansky | Developmental Bias in Cleavage-Stage Mouse Blastomeres[END_REF]). Yet, the functional significance of those early differences is not totally deciphered.

Fig. 1.1. Pictures and schematic representation of the early development of the mouse embryo form the fertilisation until its implantation [START_REF] Piliszek | Cell Fate in Animal and Human Blastocysts and the Determination of Viability[END_REF].

Until the eight-cell stage, the dividing blastomeres, surrounded by the zona pellucida inherited form the egg, look like a loose aggregate of spherical cells. Starting from the eightcell stage the embryo undergoes a morphologically noticeable event called compaction (Fig. 1.1). This corresponds to the increase of cell-cell interactions and generates a cohesive sphere therefore establishing a layer of polarized cells outside the embryo and a small apolar population inside [START_REF] White | Chapter Seven -Mouse Embryo Compaction[END_REF]. It has been shown that blastomeres facing the exterior of the embryo at this stage are strongly biased to differentiate towards the extraembryonic trophectoderm (TE) lineage which will be necessary for implantation, placenta development and embryonic health [START_REF] Rossant | Blastocyst Lineage Formation, Early Embryonic Asymmetries and Axis Patterning in the Mouse[END_REF]. On the contrary, blastomeres confined at the centre of the compacted embryo tend to be part of the inner cell mass (ICM) of the blastocyst which will generate the whole foetus as well as additional extra-embryonic tissues. The Hippo pathway, known for its cellular role in integrating physical cues from the surrounding environment (cell-cell contact, adhesion strength, physical stress), through the inhibition of the transcription factor Yap1 is largely involved in this process [START_REF] Nishioka | The Hippo Signaling Pathway Components Lats and Yap Pattern Tead4 Activity to Distinguish Mouse Trophectoderm from Inner Cell Mass[END_REF]). The next cleavages will therefore give rise to the first lineage choice in the embryo: TE outside and ICM inside (Fig. 1.1). Master transcriptional regulators have been characterized in the control of this choice as Cdx2 and Gata3 for TE commitment and Oct4, Sox2 and Nanog for the ICM specification [START_REF] Chazaud | Lineage Specification in the Mouse Preimplantation Embryo[END_REF]. A second cell fate choice will happen within the ICM population after it includes about 15 cells, separating the primitive endoderm (PrE) from the epiblast (Epi). The PrE will generate extra-embryonic tissues as the yolk sac whereas the Epi will generate the whole foetus. While Gata6 and Nanog, markers of the PrE and the Epi respectively are first co-expressed in the early ICM, they progressively become mutually exclusive in the late blastocyst stage showing a salt-and-pepper distribution. Importantly, the FGF pathway through its ligand/receptor dyad FGF4/FGFR2 plays a key role in this segregation as inhibition of the pathway through chemical agents completely abolishes PrE development [START_REF] Chazaud | Early Lineage Segregation between Epiblast and Primitive Endoderm in Mouse Blastocysts through the Grb2-MAPK Pathway[END_REF][START_REF] Kang | FGF4 Is Required for Lineage Restriction and Salt-and-Pepper Distribution of Primitive Endoderm Factors but Not Their Initial Expression in the Mouse[END_REF]. Practically, a cross-talk is organized in such a way that cells from the PrE express the receptor and Epi cells synthetize the ligand but are not responsive to it thus reinforcing the nascent differential identities [START_REF] Ohnishi | Cell-to-Cell Expression Variability Followed by Signal Reinforcement Progressively Segregates Early Mouse Lineages[END_REF]).

It has not been clearly established whether initial positioning of the cells within the ICM determines or not their PrE/Epi choice. It was recently shown that apoptosis is clearly involved in the proper segregation of Epi/PrE cells, acting as a selective mechanism. As the Epi progenitors start to emerge from the ICM population they quickly proliferate and are definitively engaged in their lineage while PrE cells are more plastic and have been shown to be able to revert to an Epi state in vivo [START_REF] Xenopoulos | Heterogeneities in Nanog Expression Drive Stable Commitment to Pluripotency in the Mouse Blastocyst[END_REF].

After blastocyst implantation, the founder cells of the gametes, called Primordial Germ Cells (PGCs), will emerge from the ICM cells. In contrast to the rest of the embryo, they will undergo a complete epigenetic "resetting". Indeed a major regulator of gene expression, i.e.

DNA methylation, will be completely erased from the PGCs before being slowly re-established in a sex-dependent manner. While the genetic information brought by the parental genomes is obviously different, a more drastic dissimilarity between the two gametes is found in the way those two genomes are pre-modified. This high asymmetry, arising from the divergent differentiation between male and female germ cells, will be partially maintained during the life of the new embryo and will widely contribute to its proper development [START_REF] Weaver | Imprinting and Epigenetic Changes in the Early Embryo[END_REF][START_REF] Smallwood | De Novo DNA Methylation: A Germ Cell Perspective[END_REF]Z. D. Smith and Meissner 2013).

B. The establishment of pluripotency in vitro

The characterization of Embryonic Stem (ES) cells mostly results from the study of teratocarcinomas ("monster tumors") known for ages as tumors containing many types of differentiated tissues. Their exploration truly started after their transplantation was established, allowing their continuous maintenance through serial grafting (Leroy C. [START_REF] Stevens | Spontaneous Testicular Teratomas in an Inbred Strain of Mice[END_REF]. Strikingly, single but not all cells arising from those tumors were able to regenerate a new multilineage cellular mass that was transplantable when injected into a recipient animal.

This was demonstrating the existence in the tumor of a sub-population of cells, called Embryonic Carcinoma (EC) cells, able to both self-renew and generate multiple cell types [START_REF] Kleinsmith | MULTIPOTENTIALITY OF SINGLE EMBRYONAL CARCINOMA CELLS[END_REF]Martin 1981). Surprisingly, those cells morphologically resembled cells present in the early mouse embryo prior to gastrulation and were able to form three dimensional structures when aggregated together showing common characteristic of the early embryo (so called embryoid bodies) [START_REF] Martin | Differentiation of Clonal Lines of Teratocarcinoma Cells: Formation of Embryoid Bodies in Vitro[END_REF]. They also had markers of early embryos [START_REF] Martin | Teratocarcinomas and Mammalian Embryogenesis[END_REF]. In addition, it was shown that the same kind of tumors could be generated when some of the cells originating from an early mouse embryo were grafted into extra-uterine sites of an adult mice (L. C. [START_REF] Stevens | The Development of Teratomas from Intratesticular Grafts of Tubal Mouse Eggs[END_REF][START_REF] Solter | Extrauterine Growth of Mouse Egg-Cylinders Results in Malignant Teratoma[END_REF][START_REF] Diwan | Development of Teratomas from the Ectoderm of Mouse Egg Cylinders[END_REF]. Blastocyst injection then opened new routes to explore the relationship between EC cells and embryo development. Many of them failed to incorporate or caused abnormal development and tumors probably due to their abnormal karyotypes. But few EC cells injected in the blastocyst gave rise to what is called "chimeric" embryos originating from both recipient and grafted cells. The link between EC cells and early development of the embryo was clearly established [START_REF] Bradley | Formation of Germ-Line Chimaeras from Embryo-Derived Teratocarcinoma Cell Lines[END_REF]. It was shown later on that pluripotent cells could actually be derived from the aforementioned PGCs and were most likely at the origin of teratocarcinomas [START_REF] Matsui | Derivation of Pluripotential Embryonic Stem Cells from Murine Primordial Germ Cells in Culture[END_REF][START_REF] Resnick | Long-Term Proliferation of Mouse Primordial Germ Cells in Culture[END_REF][START_REF] Leitch | Rebuilding Pluripotency from Primordial Germ Cells[END_REF].

Stable EC cell lines were clonally derived and cultured on non-dividing feeder cells and their culture conditions were optimized to increase their proliferation efficiency and their differentiation potential [START_REF] Kahan | Developmental Potentialities of Clonal in Vitro Cultures of Mouse Testicular Teratoma[END_REF]. Two independent teams therefore tried to derive in identical conditions cells coming from the early embryo before implantation. This was finally achieved in 1981 [START_REF] Evans | Establishment in Culture of Pluripotential Cells from Mouse Embryos[END_REF]Martin 1981). These cells derived in vitro from early stage embryos were able to self-renew clonally, gave rise to teratocarcinomas when injected in adult compartments, and finally produced chimeric animals when injected back in pre-implantation embryos and could contribute to the germ line of the new born [START_REF] Bradley | Formation of Germ-Line Chimaeras from Embryo-Derived Teratocarcinoma Cell Lines[END_REF]. The so-called mouse Embryonic Stem Cells were born.

C. Origin and properties

Embryonic Stem cells are derived from early blastocyst between E3.5 and E4.5 originating from the ICM compartment. However, depending on the culture conditions, transcriptionally they rather resemble to the naïve epiblast cells (Boroviak et al. 2014). They are usually derived either on feeder cells (mouse embryonic fibroblasts) or gelatine coated surfaces. ES cells exert the two properties defining a stem cell: they maintain their ability to differentiate in all the tissues that will constitute an adult body (pluripotency) through virtually infinite divisions when kept in particular conditions in vitro (self-renewal).

The ability of ES cells to contribute to many tissues including the germline when injected into an embryo combined with the increasing easiness of their genetic manipulation, selection and clonal expansion radically improved the generation of genetically modified animals. Notably, homologous recombination allows the precise and specific targeting of a given genome sequence and opens the way to dissect gene function and regulatory genetic effects [START_REF] Doetschman | Targetted Correction of a Mutant HPRT Gene in Mouse Embryonic Stem Cells[END_REF][START_REF] Thomas | Site-Directed Mutagenesis by Gene Targeting in Mouse Embryo-Derived Stem Cells[END_REF].

D. The spectrum of pluripotent cells

Besides ES cells, other in vitro derived cells form distinct origins are pluripotent and able to self-renew. First, the aforementioned EC cells of tumor origin show these two properties despite their relative genomic instability and their poor capacity to contribute to chimeric animals [START_REF] Bradley | Formation of Germ-Line Chimaeras from Embryo-Derived Teratocarcinoma Cell Lines[END_REF]. Second, Embryonal germ (EG) cells that can be derived from the primordial germ cells (PGCs) found in the post-implantation embryo strongly resemble ES cells despite showing clone-dependent erasure of genomic imprinting. This property is most likely at the origin of the development of teratocarcinomas in vivo through abnormal reprogramming possibly mediated by the ectopic activation of the LIF/Stat3 pathway [START_REF] Leitch | Rebuilding Pluripotency from Primordial Germ Cells[END_REF]. Mouse pluripotent cell lines could as well be derived from post-implantation epiblasts (called Epiblast stem cells, EpiSCs). EpiSCs show dependency to different signalling pathways and a distinct expression profile of pluripotent markers compared to ES cells. They can form teratocarcinomas showing multiple lineage origins, a hallmark of pluripotent cells, but are unable to contribute to chimeras upon blastocyst injection [START_REF] Brons | Derivation of Pluripotent Epiblast Stem Cells from Mammalian Embryos[END_REF][START_REF] Tesar | New Cell Lines from Mouse Epiblast Share Defining Features with Human Embryonic Stem Cells[END_REF]. A low E-cadherin expression has been suggested to be responsible of this inability, impeding EpiSCs to integrate into the pre-implantation embryo [START_REF] Ohtsuka | E-Cadherin Promotes Incorporation of Mouse Epiblast Stem Cells into Normal Development[END_REF]. However, EpiSCs are still able to contribute to the development of various lineages, including the germ line, when grafted at specific locations in the post-implantation embryos (Y. [START_REF] Huang | In Vivo Differentiation Potential of Epiblast Stem Cells Revealed by Chimeric Embryo Formation[END_REF][START_REF] Kojima | The Transcriptional and Functional Properties of Mouse Epiblast Stem Cells Resemble the Anterior Primitive Streak[END_REF]. Based on the detailed characterization of the markers of the pluripotent state, [START_REF] Takahashi | Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by Defined Factors[END_REF] managed to induce the reprograming of differentiated cells through the artificial expression of pluripotencyassociated transcription factors (named reprogramming factors). The so called iPSCs (induced pluripotent stem cells) show identical properties to ES cells. The reprogramming process involves the combination of the silencing of the somatic program and the induction of the pluripotency-associated gene network. It was shown that the somatic cell type of origin as well as the reprogramming culture condition greatly impact the requirement and mechanisms of the reprogramming progression. These artificially reset cells have now been produced from a wide diversity of differentiated tissues in both mice an human but have also been shown to keep discreet traces of their tissue of origin due to incomplete epigenetic erasure [START_REF] Roost | DNA Methylation and Transcriptional Trajectories during Human Development and Reprogramming of Isogenic Pluripotent Stem Cells[END_REF][START_REF] Shi | Induced Pluripotent Stem Cell Technology: A Decade of Progress[END_REF][START_REF] Apostolou | Cellular Trajectories and Molecular Mechanisms of IPSC Reprogramming[END_REF]).

E. The maintenance of the pluripotent state

While pluripotency is a relatively brief and transient property of the early embryo, it was shown to be extraordinarily stable in vitro. Given their great potential for regenerative medicine as well as the excellent model that they constitute to investigate early cell fate choices, a massive effort was made to understand the major cues regulating the specific properties of mouse ES cells. We will therefore briefly review some of the key identified mechanisms leading to mouse ES cells self-renewal.

II. Signalling pathways regulating pluripotency

Cells constituting the early developing embryo are subjected to numerous external cues coming from adjacent or more distal cells, mechanical constrains or maternal tissues, among others. They have to properly integrate and respond to these signals in order to follow the proper developmental path of the embryo. Mouse ES cells nicely recapitulate these properties and show high responsiveness to their environment. However, we will mainly focus on three [START_REF] Hackett | Regulatory Principles of Pluripotency: From the Ground State Up[END_REF].

A. LIF signalling

The Leukaemia Inhibitory Factor (LIF) belongs to the interleukin (IL)-6 family cytokines regrouping the ligands that require the receptor co-activator glycoprotein 130 (gp130) to transduce their signal. The LIF was first reported in 1984 [START_REF] Koopman | A Factor Produced by Feeder Cells Which Inhibits Embryonal Carcinoma Cell Differentiation. Characterization and Partial Purification[END_REF] and more precisely described later on (A. G. [START_REF] Smith | Buffalo Rat Liver Cells Produce a Diffusible Activity Which Inhibits the Differentiation of Murine Embryonal Carcinoma and Embryonic Stem Cells[END_REF] as a secreted factor present in Buffalo rat liver extracts with differentiation-inhibiting activity (thus named DIA) for ES cell and EC cells. The provision of this factor was shown to eliminate the requirement for feeder cells in pluripotent cells culture. Independently, the gene of a protein identified as a differentiation-promoting and proliferation-inhibiting factor for murine myeloid leukemic cells in vitro, therefore called LIF, was cloned [START_REF] Gearing | Molecular Cloning and Expression of CDNA Encoding a Murine Myeloid Leukaemia Inhibitory Factor (LIF)[END_REF]. Soon after, the exact connexion between DIA and LIF was demonstrated. It was further showed that ES cell cultured in LIFcontaining medium without feeder cells were able to keep their pluripotent status through numerous passages and give rise to a high degree of chimaerism after transplantation in the blastocyst (Austin G. [START_REF] Smith | Inhibition of Pluripotential Embryonic Stem Cell Differentiation by Purified Polypeptides[END_REF][START_REF] Williams | Myeloid Leukaemia Inhibitory Factor Maintains the Developmental Potential of Embryonic Stem Cells[END_REF]. It was thus remarkable that a unique cytokine has such opposite effects in two distinct cellular contexts. Feeder cells were later shown to produce the LIF in a form that is first associated to the cell surface before being released in the medium [START_REF] Rathjen | Developmentally Programmed Induction of Differentiation Inhibiting Activity and the Control of Stem Cell Populations[END_REF]). Other members of the IL6 family have since been

shown to be able to stimulate the LIF pathway and partially substitute for the need of LIF activation to promote ES cell self-renewal (Jennifer [START_REF] Nichols | Derivation of Gerlime Competent Embryonic Stem Cells with a Combination of Interleukin-6 and Soluble Interleukin-6 Receptor[END_REF][START_REF] Rose | Oncostatin M (OSM) Inhibits the Differentiation of Pluripotent Embryonic Stem Cells in Vitro[END_REF].

The LIF acts through its specific transmembrane receptor, the LIF receptor (LIFR) [START_REF] Gearing | Leukemia Inhibitory Factor Receptor Is Structurally Related to the IL-6 Signal Transducer, Gp130[END_REF]. The binding of LIF to the LIFR mediates the recruitment of gp130 and their heterodimerisation [START_REF] Gearing | The IL-6 Signal Transducer, Gp130: An Oncostatin M Receptor and Affinity Converter for the LIF Receptor[END_REF]. This contact activates the gp130-associated JAK kinase by a trans-phosphorylation process which in turn further phosphorylates the LIFR and gp130. Phosphorylated gp130 is bound by Signal transducer and activator of transcription 3 (Stat3) which can then be activated by JAK phosphorylation. JAK kinase can also activate the extracellular signal-related kinase (ERK) and phosphatidyl inositol-3 kinase (PI3K) pathways.

However LIF-stimulation of these pathways doesn't promote mouse ES cells self-renewal. The activation of ERK is actually antagonistic to self-renewal and a mutated form of gp130 precluding ERK activation leads to enhanced self-renewal [START_REF] Boeuf | Leukemia Inhibitory Factor-Dependent Transcriptional Activation in Embryonic Stem Cells[END_REF][START_REF] Matsuda | STAT3 Activation Is Sufficient to Maintain an Undifferentiated State of Mouse Embryonic Stem Cells[END_REF][START_REF] Burdon | Suppression of SHP-2 and ERK Signalling Promotes Self-Renewal of Mouse Embryonic Stem Cells[END_REF][START_REF] Niwa | A Parallel Circuit of LIF Signalling Pathways Maintains Pluripotency of Mouse ES Cells[END_REF][START_REF] Martello | Identification of the Missing Pluripotency Mediator Downstream of Leukaemia Inhibitory Factor[END_REF]. The activation of Stat3 triggers its dimerization and translocation into the nucleus where it transcriptionally regulates downstream targets [START_REF] Boeuf | Leukemia Inhibitory Factor-Dependent Transcriptional Activation in Embryonic Stem Cells[END_REF][START_REF] Niwa | Self-Renewal of Pluripotent Embryonic Stem Cells Is Mediated via Activation of STAT3[END_REF][START_REF] Matsuda | STAT3 Activation Is Sufficient to Maintain an Undifferentiated State of Mouse Embryonic Stem Cells[END_REF] The disruption of the LIF signalling by LIF deprivation, LIFR or Stat3 depletion or chemical inhibition of JAK lead to the differentiation of mouse ES cells cultivated in serum (Chambers et al. 2003;Hall et al. 2009a). Despite the critical role of the LIF signalling in the maintenance of pluripotency in vitro in FCS/LIF, no evidence for early development defects have been reported for LIF, LIFR, gp130, JAK1 null embryos [START_REF] Stewart | Blastocyst Implantation Depends on Maternal Expression of Leukaemia Inhibitory Factor[END_REF]M. Li, Sendtner, and Smith 1995;[START_REF] Yoshida | Targeted Disruption of Gp130, a Common Signal Transducer for the Interleukin 6 Family of Cytokines, Leads to Myocardial and Hematological Disorders[END_REF][START_REF] Rodig | Disruption of the Jak1 Gene Demonstrates Obligatory and Nonredundant Roles of the Jaks in Cytokine-Induced Biologic Responses[END_REF][START_REF] Nakashima | Astrocyte Differentiation Mediated by LIF in Cooperation with BMP2[END_REF]).

However, it was reported that Stat3 knockout embryos show abnormal development of the epiblast at E6.5 stage [START_REF] Takeda | Targeted Disruption of the Mouse Stat3 Gene Leads to Early Embryonic Lethality[END_REF]. Importantly, gp130 KO embryos have been shown not to be able to survive diapause, a process where mouse embryos are arrested at the late blastocyst stage due to their impossible implantation induced either naturally in lactating females or artificially upon ovariectomy. Therefore, the apparent discrepancy between the requirement of LIF signalling for the in vitro culture of mouse ES cells in FCS/LIF and early embryo development seems to find an answer with the idea that LIF/gp130 signalling is important for the long-term maintenance and survival of pluripotent epiblast (J. [START_REF] Nichols | Physiological Rationale for Responsiveness of Mouse Embryonic Stem Cells to Gp130 Cytokines[END_REF]). An idea that has to be however revisited since Stat3 expression and activation through the LIF signalling was more recently shown to be essential in the maintenance of pluripotency in the ICM but not in the blastocyst [START_REF] Do | A Genetic and Developmental Pathway from STAT3 to the OCT4-NANOG Circuit Is Essential for Maintenance of ICM Lineages in Vivo[END_REF]. Interestingly, mouse ES cells states that would resemble the in vivo diapause embryo were shown to be induced by Myc depletion or inhibition of the mTor complex but the effect of LIF deprivation was not analysed in these contexts [START_REF] Bulut-Karslioglu | Inhibition of MTOR Induces a Paused Pluripotent State[END_REF][START_REF] Scognamiglio | Myc Depletion Induces a Pluripotent Dormant State Mimicking Diapause[END_REF]. Due to its crucial role in the maintenance of mouse ES cells self-renewal, an intensive effort has been deployed on the identification and characterization of the downstream targets of the JAK/STAT3 signalling pathway. Several factors, including c-Myc, Klf4, Tfcp2l1, Klf5, Tbx3, Gbx2 and Esrrb [START_REF] Cartwright | LIF/STAT3 Controls ES Cell Self-Renewal and Pluripotency by a Myc-Dependent Mechanism[END_REF]; X. [START_REF] Zhang | Esrrb Activates Oct4 Transcription and Sustains Self-Renewal and Pluripotency in Embryonic Stem Cells[END_REF][START_REF] Bourillot | Novel STAT3 Target Genes Exert Distinct Roles in the Inhibition of Mesoderm and Endoderm Differentiation in Cooperation with Nanog[END_REF]Hall et al. 2009a;[START_REF] Niwa | A Parallel Circuit of LIF Signalling Pathways Maintains Pluripotency of Mouse ES Cells[END_REF][START_REF] Martello | Identification of the Missing Pluripotency Mediator Downstream of Leukaemia Inhibitory Factor[END_REF][START_REF] Tai | Gbx2, a LIF/Stat3 Target, Promotes Reprogramming to and Retention of the Pluripotent Ground State[END_REF]Ye et al. 2013a;[START_REF] Huang | LIF-activated Jak signaling determines Esrrb expression during late-stage reprogramming[END_REF]) have been identified as direct targets of the LIF pathway and shown to allow for diverse levels of compensation of LIF withdrawal effects. Furthermore, genome-wide studies indicate that Stat3 and its downstream targets are involved in the activation of Oct4, Sox2 and Nanog in ESCs, hence connecting the LIF pathway to the core of the pluripotency network [START_REF] Chen | Integration of External Signaling Pathways with the Core Transcriptional Network in Embryonic Stem Cells[END_REF][START_REF] Niwa | A Parallel Circuit of LIF Signalling Pathways Maintains Pluripotency of Mouse ES Cells[END_REF][START_REF] Do | A Genetic and Developmental Pathway from STAT3 to the OCT4-NANOG Circuit Is Essential for Maintenance of ICM Lineages in Vivo[END_REF]). Stat3 recruitment on its transcriptional targets was further reported to be facilitated by Brg1, a component of the esBAF chromatin remodelling complex. Brg1 was shown to be necessary for the targeting of Stat3 to many genomic places by antagonising the effect of the Polycomb PRC2 complex that triggers the organisation of facultative heterochromatin through the deposition of the repressive H3K27me3 histone mark (Ho et al. 2009[START_REF] Ho | EsBAF Facilitates Pluripotency by Conditioning the Genome for LIF/STAT3 Signalling and by Regulating Polycomb Function[END_REF][START_REF] Novershtern | EsBAF Safeguards Stat3 Binding to Maintain Pluripotency[END_REF][START_REF] Singhal | BRG1 Is Required to Maintain Pluripotency of Murine Embryonic Stem Cells[END_REF]. One of the most responsive genes to LIF signalling is the Suppressor of cytokine signalling 3 (Socs3) [START_REF] Duval | Role of Suppressors of Cytokine Signaling (Socs) in Leukemia Inhibitory Factor (LIF) -Dependent Embryonic Stem Cell Survival[END_REF][START_REF] Krebs | SOCS Proteins: Negative Regulators of Cytokine Signaling[END_REF]. Socs3 is actually involved in a negative feedback loop repressing Stat3 activation. It acts by intercalating its kinase inhibitory domain in the activation domain of JAK1. Its overexpression leads to differentiation of mouse ES cells in FCS/LIF due to the strong repression of the LIF stimulating effects.

However, its loss, while triggering higher activation of Stat3 and JAK1 also tend to promote spontaneous differentiation towards endodermal lineages most likely due to the concomitant hyper-activation of the MAPK pathway by JAK kinase [START_REF] Duval | Role of Suppressors of Cytokine Signaling (Socs) in Leukemia Inhibitory Factor (LIF) -Dependent Embryonic Stem Cell Survival[END_REF][START_REF] Nicholson | Suppressor of Cytokine Signaling-3 Preferentially Binds to the SHP-2-Binding Site on the Shared Cytokine Receptor Subunit Gp130[END_REF][START_REF] Schmitz | SOCS3 Exerts Its Inhibitory Function on Interleukin-6 Signal Transduction through the SHP2 Recruitment Site of Gp130[END_REF][START_REF] Forrai | Absence of Suppressor of Cytokine Signalling 3 Reduces Self-Renewal and Promotes Differentiation in Murine Embryonic Stem Cells[END_REF][START_REF] Boyle | Deletion of the SOCS Box of Suppressor of Cytokine Signaling 3 (SOCS3) in Embryonic Stem Cells Reveals SOCS Box-Dependent Regulation of JAK but Not STAT Phosphorylation[END_REF]).

However, the LIF signalling alone without serum is not sufficient to maintain selfrenewal [START_REF] Ying | BMP Induction of Id Proteins Suppresses Differentiation and Sustains Embryonic Stem Cell Self-Renewal in Collaboration with STAT3[END_REF]. In fact, the main messenger provided by serum addition was shown to be the Bone morphogenetic protein (BMP). Indeed, BMP provision can bypass the need for serum by inducing the Id (Inhibitor of DNA-binding/differentiation) proteins. Ids inhibit the activity of master differentiation factors as Pax, bHLH, myoD, Ets, mash1 by heterodimerisation with these helix-loop-helix transcription factors [START_REF] Ying | BMP Induction of Id Proteins Suppresses Differentiation and Sustains Embryonic Stem Cell Self-Renewal in Collaboration with STAT3[END_REF][START_REF] Ying | Conversion of Embryonic Stem Cells into Neuroectodermal Precursors in Adherent Monoculture[END_REF]K. Zhang et al. 2010;[START_REF] Davies | Tcf15 Primes Pluripotent Cells for Differentiation[END_REF]. Therefore, upon serum withdrawal, ES cells continue to proliferate but differentiate over five to six days, mostly into neural precursors. However, BMP pro self-renewal activity stricly depends on LIF costimulation as LIF withdrawal in serum containing medium leads to non-neural differentiation [START_REF] Wiles | Embryonic Stem Cell Development in a Chemically Defined Medium[END_REF][START_REF] Ying | BMP Induction of Id Proteins Suppresses Differentiation and Sustains Embryonic Stem Cell Self-Renewal in Collaboration with STAT3[END_REF][START_REF] Malaguti | Bone Morphogenic Protein Signalling Suppresses Differentiation of Pluripotent Cells by Maintaining Expression of E-Cadherin[END_REF].

B. FGF signalling

As previously mentioned, in vivo, the FGF signalling activity is detected during the early development of the embryo and is a key pathway regulating the segregation of the PrE and the Epi (G. [START_REF] Guo | A Genome-Wide Screen in EpiSCs Identifies Nr5a Nuclear Receptors as Potent Inducers of Ground State Pluripotency[END_REF][START_REF] Frankenberg | Primitive Endoderm Differentiates via a Three-Step Mechanism Involving Nanog and RTK Signaling[END_REF][START_REF] Kang | FGF4 Is Required for Lineage Restriction and Salt-and-Pepper Distribution of Primitive Endoderm Factors but Not Their Initial Expression in the Mouse[END_REF][START_REF] Bessonnard | Gata6, Nanog and Erk Signaling Control Cell Fate in the Inner Cell Mass through a Tristable Regulatory Network[END_REF]. In vitro, the inactivation of this pathway blocks the spontaneous differentiation and enhances the self-renewal of mouse ES cells [START_REF] Nichols | Formation of Pluripotent Stem Cells in the Mammalian Embryo Depends on the POU Transcription Factor Oct4[END_REF][START_REF] Burdon | Suppression of SHP-2 and ERK Signalling Promotes Self-Renewal of Mouse Embryonic Stem Cells[END_REF][START_REF] Kunath | FGF Stimulation of the Erk1/2 Signalling Cascade Triggers Transition of Pluripotent Embryonic Stem Cells from Self-Renewal to Lineage Commitment[END_REF][START_REF] Stavridis | A Discrete Period of FGF-Induced Erk1/2 Signalling Is Required for Vertebrate Neural Specification[END_REF]Ying et al. 2008;[START_REF] Joo | Establishment of a Primed Pluripotent Epiblast Stem Cell in FGF4-Based Conditions[END_REF]. Indeed, ES cells produce significant amounts of Fibroblast growth factor 4 (Fgf4) and express its associated receptor, Fgfr2. Although initially supposed to be an autocrine self-renewal stimulator, the deletion of Fgf4 in mouse ES cells clearly demonstrated its role in differentiation [START_REF] Wilder | Inactivation of the FGF-4 Gene in Embryonic Stem Cells Alters the Growth and/or the Survival of Their Early Differentiated Progeny[END_REF]. Further, the autocrine secretion of Fgf4 prompts ES cells towards differentiation [START_REF] Kunath | FGF Stimulation of the Erk1/2 Signalling Cascade Triggers Transition of Pluripotent Embryonic Stem Cells from Self-Renewal to Lineage Commitment[END_REF][START_REF] Stavridis | A Discrete Period of FGF-Induced Erk1/2 Signalling Is Required for Vertebrate Neural Specification[END_REF]). This secreted factor lays upstream of the MEK/ERK kinases pathway in mouse ES cells. Accordingly, Erk2 KO cells have been shown to be strongly resistant to differentiation [START_REF] Kunath | FGF Stimulation of the Erk1/2 Signalling Cascade Triggers Transition of Pluripotent Embryonic Stem Cells from Self-Renewal to Lineage Commitment[END_REF]. The mechanisms through which the FGF signal is driving differentiation are diverse. First, Erk has been shown to directly operate on the pluripotency factors by phosphorylation triggering their ubiquitination and degradation, as shown for Klf4 and Klf2 (M. O. [START_REF] Kim | ERK1 and ERK2 Regulate Embryonic Stem Cell Self-Renewal through Phosphorylation of Klf4[END_REF][START_REF] Yeo | Klf2 Is an Essential Factor That Sustains Ground State Pluripotency[END_REF][START_REF] Dhaliwal | KLF4 Nuclear Export Requires ERK Activation and Initiates Exit from Naive Pluripotency[END_REF]).

Second, it was shown that Erk is also directly recruited to chromatin and strikingly, towards Polycomb complex targeted regions, strongly enriched for developmental regulators in ES cells. The Polycomb complex is known for its role in the formation of facultative heterochromatin and deposition of its associated repressive histone mark, H3K27me3 (see below). It was further shown that Erk has a positive impact on the recruitment of this complex and the formation of repressive domains thus participating in the inhibition of its target genes.

However, the tethering of Erk at these genomic loci is also associated with a significant enrichment in the Serine-5 phosphorylated form of RNA-Pol II, involved in the initiation of transcription. A phosphorylation mark that was additionally shown to be triggered, among others, by Erk. Differentiation accompanied by activation of these developmental genes was further associated with a reduction of Erk positioning at these sites. Therefore, it seems that Erk plays a dual role on key developmental regulators activation as Eomes, Otx2 or the Hox genes. It simultaneously promotes transcription initiation, fitting with the conception of Erk as a differentiation stimulator, but also prevents further expression through Polycomb complex cooperation, therefore poising these genes for rapid activation upon differentiation cues [START_REF] Tee | Erk1/2 Activity Promotes Chromatin Features and RNAPII Phosphorylation at Developmental Promoters in Mouse ESCs[END_REF]. As most signalling pathways, Fgf signal holds a negative feedback loop mechanism. A CRISPR/Cas9 screening identified the Rsk1 kinase, a downstream phosphorylated target of the Fgf pathway, as a strong repressor of Erk activation. Genetic or chemical invalidation of Rsk1 resulted in elevated Erk phosphorylation leading to abnormal kinetics of differentiation characterized by the faster extinction of naïve pluripotency factors and activation of epiblast and lineage specific markers [START_REF] Nett | Negative Feedback via RSK Modulates Erk-dependent Progression from Naïve Pluripotency[END_REF]. The chemical inhibition of Erk (by PD0325901, one of the two components of the "2i" medium) also sustains robust ES cell self-renewal in the presence of LIF or upon simultaneous inhibition of a repressor of the Wnt pathway (Ying et al. 2008).

C. Wnt signalling

The main effector of the canonical Wnt pathway is β-catenin. In the absence of Wnt stimulation, β-catenin is phosphorylated by GSK3β with the support of additional scaffold proteins leading to its degradation. When the Frizzled (Fzd) receptors of the Wnt pathway are stimulated, β-catenin is stabilized and interacts with the Lef/Tcf factors which normally act as transcriptional repressors [START_REF] Clevers | Wnt/β-Catenin Signaling in Development and Disease[END_REF]. In mouse ES cells, the interaction between β-catenin and Tcf3 leads to the abolition of its repressing effects by dissociating Tcf3 from its DNAbinding sites (C.-I. [START_REF] Wu | Function of Wnt/β-Catenin in Counteracting Tcf3 Repression through the Tcf3-β-Catenin Interaction[END_REF][START_REF] Shy | Regulation of Tcf7l1 DNA Binding and Protein Stability as Principal Mechanisms of Wnt/β-Catenin Signaling[END_REF]. Importantly, Tcf3 deletion in ES cells phenocopies the chemical inhibition of GSK3β by increasing resistance to differentiation [START_REF] Pereira | Repression of Nanog Gene Transcription by Tcf3 Limits Embryonic Stem Cell Self-Renewal[END_REF]G. Guo et al. 2011;[START_REF] Wray | Inhibition of Glycogen Synthase Kinase-3 Alleviates Tcf3 Repression of the Pluripotency Network and Increases Embryonic Stem Cell Resistance to Differentiation[END_REF] suggesting that the main target mediating β-catenin effect is Tcf3. In addition, Tcf3 has been shown to colocalize with many pluripotency factors on key regulatory regions to directly repress pluripotency factors as Nanog and is clearly established as a crucial factor to instruct early differentiation of mouse ES cells [START_REF] Pereira | Repression of Nanog Gene Transcription by Tcf3 Limits Embryonic Stem Cell Self-Renewal[END_REF][START_REF] Cole | Tcf3 Is an Integral Component of the Core Regulatory Circuitry of Embryonic Stem Cells[END_REF]G. Guo et al. 2011;[START_REF] Martello | Esrrb Is a Pivotal Target of the Gsk3/Tcf3 Axis Regulating Embryonic Stem Cell Self-Renewal[END_REF][START_REF] Leeb | Genetic Exploration of the Exit from Self-Renewal Using Haploid Embryonic Stem Cells[END_REF]. Another important role for β-catenin to sustain self-renewal has been suggested in cell adhesion [START_REF] Lyashenko | Differential Requirement for the Dual Functions of β-Catenin in Embryonic Stem Cell Self-Renewal and Germ Layer Formation[END_REF]. β-catenin pathway has also been shown to repress neuronal differentiation [START_REF] Kielman | Apc Modulates Embryonic Stem-Cell Differentiation by Controlling the Dosage of Beta-Catenin Signaling[END_REF][START_REF] Haegele | Wnt Signalling Inhibits Neural Differentiation of Embryonic Stem Cells by Controlling Bone Morphogenetic Protein Expression[END_REF], this was further supported by a recent study showing that methylation or acetylation of the lysine 49 of βcatenin protein orchestrates a balance between repression of neuronal differentiation factors and activation of mesodermal markers [START_REF] Hoffmeyer | Trimethylation and Acetylation of β-Catenin at Lysine 49 Represent Key Elements in ESC Pluripotency[END_REF]. The chemical inhibition of GSK3β (by CHIR99021) thus mainly prevents β-catenin degradation and is achieved by the second of the two component of the "2i" medium (Ying et al. 2008). In this condition, by inhibition of MEK/ERK and GSK3β kinases, spontaneous differentiation of mouse ES cells is abolished, LIF and serum stimulation become facultative, and the pluripotent state is considered as naïve.

III. Transcription Factors-based regulation of pluripotency

A. Pluripotency factors

"Pluripotency factors" qualify internal regulators of pluripotent cells that specifically orchestrate the maintenance of the ES cell state. Therefore, genes that are involved in general functions such as metabolism, cytoskeleton or transcription, are not included in this category even though they might be necessary for ES cell self-renewal. Many of these factors have been identified with diverse roles and regulatory skills, converging towards the same outcome, the propagation of mouse ES cells identity throughout cell division. We will first focus on what has been proposed to be the three major pluripotency factors: Oct4, Sox2 and Nanog. Then, we will concentrate on a functional property shared by several pluripotency factors: the induction of LIF-independent self-renewal. Finally, the role of Otx2 in the early establishment of differentiation will be examined.

B. Oct4 (Pou5f1)

The octamer-binding transcription factor 4 (Oct4) is considered to be the central pluripotency factor. It was historically the first transcription factor to be identified as strongly associated with early development and pluripotency (H. R. [START_REF] Schöler | A Family of Octamer-Specific Proteins Present during Mouse Embryogenesis: Evidence for Germline-Specific Expression of an Oct Factor[END_REF][START_REF] Schöler | New Type of POU Domain in Germ Line-Specific Protein Oct-4[END_REF][START_REF] Okamoto | A Novel Octamer Binding Transcription Factor Is Differentially Expressed in Mouse Embryonic Cells[END_REF][START_REF] Palmieri | Oct-4 Transcription Factor Is Differentially Expressed in the Mouse Embryo during Establishment of the First Two Extraembryonic Cell Lineages Involved in Implantation[END_REF]. Oct4 is detected in oocytes, during the first cleavages of the embryo, then restricted to the inner cell mass of the blastocyst and later detected exclusively in the germ cell lineage. In vitro, Oct4 was found only in EC, EG, and ES cells and was lost upon differentiation of these different cell types. Oct4 KO embryos fail to develop a pluripotent ICM despite developing until the blastocyst stage. Instead, ICM cells differentiate into extraembryonic trophoblast lineage and the resulting absence of pluripotent cells, in turn, impairs the proper development of their surrounding trophoblastic cells inducing the premature death of the embryo (Jennifer [START_REF] Nichols | Formation of Pluripotent Stem Cells in the Mammalian Embryo Depends on the POU Transcription Factor Oct4[END_REF]. No pluripotent cell lines could be established in vitro in the same study showing the essential role of Oct4 in maintaining the pluripotent state. Moreover, induced deletion of Oct4 in vitro leads to loss of self-renewal and differentiation [START_REF] Niwa | Quantitative Expression of Oct-3/4 Defines Differentiation, Dedifferentiation or Self-Renewal of ES Cells[END_REF]. Surprisingly, this differentiation is strongly biased towards the trophoblast lineage, which is not a common fate for ES cells. All these results established the vital role of Oct4 in the propagation of pluripotent cells. However, the overexpression of Oct4 does not reinforce ES cell self-renewal. On the contrary, its forced expression, even at a low extent, also drives differentiation [START_REF] Niwa | Quantitative Expression of Oct-3/4 Defines Differentiation, Dedifferentiation or Self-Renewal of ES Cells[END_REF]. This finding suggested that Oct4 plays a dual role in self-renewal and differentiation and that its level should be tightly regulated to maintain pluripotency. An hypothesis for that fact, is that Oct4 is still expressed in the post implantation epiblast thus also suggesting a role in the progress of lineage commitment in vivo [START_REF] Thomson | Pluripotency Factors in Embryonic Stem Cells Regulate Differentiation into Germ Layers[END_REF][START_REF] Osorno | The Developmental Dismantling of Pluripotency Is Reversed by Ectopic Oct4 Expression[END_REF][START_REF] Deveale | Oct4 Is Required ∼E7.5 for Proliferation in the Primitive Streak[END_REF]). Nevertheless, interestingly, heterozygous expression of Oct4 was shown to sustain self-renewal however impairing differentiation [START_REF] Karwacki-Neisius | Reduced Oct4 Expression Directs a Robust Pluripotent State with Distinct Signaling Activity and Increased Enhancer Occupancy by Oct4 and Nanog[END_REF].

C. Sox2

The SRY-box transcription factor 2 (Sox2) is also essential for ES cell self-renewal.

Sox2 depletion in mouse ES cells results in trophoblast differentiation, thus phenocopying the loss of Oct4 [START_REF] Masui | Pluripotency Governed by Sox2 via Regulation of Oct3/4 Expression in Mouse Embryonic Stem Cells[END_REF]). The consequences of its inactivation in vivo are less clear due to the persistence of the factor from maternal origin [START_REF] Avilion | Multipotent Cell Lineages in Early Mouse Development Depend on SOX2 Function[END_REF] but was shown to be required for trophectoderm formation [START_REF] Keramari | Sox2 Is Essential for Formation of Trophectoderm in the Preimplantation Embryo[END_REF]. However, overexpression of Sox2 predisposes mouse ES cells to differentiation in neuroectoderm, mesoderm, and trophectoderm but not endoderm (S. [START_REF] Zhao | SoxB Transcription Factors Specify Neuroectodermal Lineage Choice in ES Cells[END_REF]; J. L. [START_REF] Kopp | Small Increases in the Level of Sox2 Trigger the Differentiation of Mouse Embryonic Stem Cells[END_REF], showing that Sox2 expression levels should be tightly regulated for efficient self-renewal, as shown previously for Oct4 levels. Sox2 is known as an Oct4 partner with which it binds DNA on a chimeric Oct/Sox DNA element. Oct4 and Sox2 motifs were initially found to be in close contiguity at some regulatory elements found close to pluripotency and developmentally related genes. It was further shown that the juxtaposition of the two motifs was important for such elements to display their activatory functions. Finally, a chimeric motif was proposed to mediate the binding of the two factors in close interaction with each other (D. C. [START_REF] Ambrosetti | Synergistic Activation of the Fibroblast Growth Factor 4 Enhancer by Sox2 and Oct-3 Depends on Protein-Protein Interactions Facilitated by a Specific Spatial Arrangement of Factor Binding Sites[END_REF]D.-C. Ambrosetti et al. 2000;[START_REF] Chew | Reciprocal Transcriptional Regulation of Pou5f1 and Sox2 via the Oct4/Sox2 Complex in Embryonic Stem Cells[END_REF][START_REF] Kuroda | Octamer and Sox Elements Are Required for Transcriptional Cis Regulation of Nanog Gene Expression[END_REF]. Thanks to genome-wide studies, it was further attested that Oct4 and Sox2 share a broad proportion of common targets among the genome of mouse ES cells and that shared binding sites mostly harbour the aforementioned chimeric motif (Loh et al. 2006;[START_REF] Chen | Integration of External Signaling Pathways with the Core Transcriptional Network in Embryonic Stem Cells[END_REF]. However, in contrast with this common view, the role of Sox2 in mouse ES cells was shown to be mainly mediated through the indirect activation of Oct4, as Sox2 depletion can be fairly compensated by the forced expression of oct4 [START_REF] Masui | Pluripotency Governed by Sox2 via Regulation of Oct3/4 Expression in Mouse Embryonic Stem Cells[END_REF], thus questioning the functional relevance of their highly correlated genome-wide binding profiles. Interestingly, as reported for the recruitment of Stat3 at many genomic sites, the chromatin remodeller Brg1 strongly facilitates Oct4 and, to a lower extent, Sox2 binding at a vast number of regions in pluripotent cells as well as during the reprogramming process of somatic cells (Kidder, Palmer, and Knott 2009;King and Klose 2017) therefore placing this chromatin modifier factor at a central role in the support of pluripotency factors function. Together with Oct4 and Sox2, a third factor was shown to share a great overlap of targets throughout the genome, Nanog, setting the triumvirate of the core pluripotency factors.

D. Nanog

Nanog was first identified in an ES-specific set of genes [START_REF] Ramalho-Santos | Stemness": Transcriptional Profiling of Embryonic and Adult Stem Cells[END_REF] and was later described as a homeobox-containing gene preferentially expressed in preimplantation embryo and ES cell (S.-H. [START_REF] Wang | A Novel NK-Type Homeobox Gene, ENK (Early Embryo Specific NK), Preferentially Expressed in Embryonic Stem Cells[END_REF]. It was then further characterized by two independent functional screenings (Chambers et al. 2003;[START_REF] Mitsui | The Homeoprotein Nanog Is Required for Maintenance of Pluripotency in Mouse Epiblast and ES Cells[END_REF] where Nanog was the only retrieved factor whose forced expression in ES cell could circumvent LIF dependency for efficient self-renewal. Given its ability to lock ES cells in a self-renewing state, it was consequently named, inspired from Irish mythology, "Tir na nog" the "land of the ever young". Nanog sequence homologies led the authors of these two studies to link it with the Nk2 homeoprotein family. However, apart from its homeodomain the rest of Nanog protein didn't resemble any previously characterized protein. In addition, Nanog DNA recognition domain seems to be different from the Nk2 consensus binding motif. In vitro, Nanog was shown to be expressed in ES and EC cells and rapidly decreasing upon differentiation.

Moreover, Nanog was shown to be regulated by Oct4 and Sox2 which directly bind its promoter through a canonical Oct/Sox motif and activate its expression (D. Y. [START_REF] Wu | Isolation and Characterization of the Murine Nanog Gene Promoter[END_REF][START_REF] Kuroda | Octamer and Sox Elements Are Required for Transcriptional Cis Regulation of Nanog Gene Expression[END_REF][START_REF] Rodda | Transcriptional Regulation of Nanog by OCT4 and SOX2[END_REF]. Nanog expression was shown to start in the early embryo from the 8 cell stage (Chambers et al. 2003;[START_REF] Hart | Identification, Cloning and Expression Analysis of the Pluripotency Promoting Nanog Genes in Mouse and Human[END_REF][START_REF] Dietrich | Stochastic Patterning in the Mouse Pre-Implantation Embryo[END_REF] and is homogenously expressed in all the blastomeres of the ICM until E3.5, when a reciprocal expression between Nanog and Gata6 appears [START_REF] Chazaud | Early Lineage Segregation between Epiblast and Primitive Endoderm in Mouse Blastocysts through the Grb2-MAPK Pathway[END_REF][START_REF] Plusa | Distinct Sequential Cell Behaviours Direct Primitive Endoderm Formation in the Mouse Blastocyst[END_REF]. The subsequent activation of FGF signalling in PrE restricts Nanog expression to the epiblast [START_REF] Messerschmidt | Nanog Is Required for Primitive Endoderm Formation through a Non-Cell Autonomous Mechanism[END_REF][START_REF] Frankenberg | Primitive Endoderm Differentiates via a Three-Step Mechanism Involving Nanog and RTK Signaling[END_REF]. Therefore, Nanog presented all the characteristics of a key pluripotency factor.

In human ES cells also, NANOG overexpression enhances self-renewal, allowing for culture at lower cell density and in absence of feeder cells [START_REF] Darr | Overexpression of NANOG in Human ES Cells Enables Feeder-Free Growth While Inducing Primitive Ectoderm Features[END_REF]. Nanog overexpression further showed additional abilities in supporting pluripotency. It was shown to strongly increase the efficiency of neural stem (NS) cells nuclear reprogramming when fused with Nanog overexpressing ES cells compared to WT. However, Nanog alone was not able to reprogram NS cell when ectopically expressed alone. This suggests a role for Nanog in orchestrating the instatement of a pluripotent genome/transcriptome in conjunction with other ES cell partners rather than by autonomous activation (José [START_REF] Silva | Nanog Promotes Transfer of Pluripotency after Cell Fusion[END_REF]. Nanog was additionally shown to reprogram murine F9 EC cells in ES-like cells and EpiSCs into Epi-iPSCs (Yanmei Chen, Zhongwei Du, and Zhen Yao 2006;[START_REF] Silva | Nanog Is the Gateway to the Pluripotent Ground State[END_REF]). On the contrary, when NS cells nuclear reprogramming was performed by fusion with Nanog KO ES cells, no naïve pluripotent cells could be obtained. It was thus postulated that Nanog expression was strictly required for the acquisition of naïve pluripotency assessed by the ability of the cells to survive in 2i medium (Ying et al. 2008;[START_REF] Silva | Nanog Is the Gateway to the Pluripotent Ground State[END_REF]. This results was later contradicted by showing that Nanog was dispensable for the generation of iPSCs if, for instance, ascorbic acid was added to the culture medium (Schwarz et al. 2014;[START_REF] Carter | Nanog-Independent Reprogramming to IPSCs with Canonical Factors[END_REF]. Ascorbic acid (Vitamin C) has been reported to activate DNA (Tet) and histones (Kdm) demethylation enzymes in mouse pluripotent cells [START_REF] Blaschke | Vitamin C Induces Tet-Dependent DNA Demethylation and a Blastocyst-like State in ES Cells[END_REF][START_REF] Ebata | Vitamin C Induces Specific Demethylation of H3K9me2 in Mouse Embryonic Stem Cells via Kdm3a/B[END_REF]). However, even though Nanog was not included in the official quartet of the "Yamanaka factors" for generating mouse iPS cells [START_REF] Takahashi | Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by Defined Factors[END_REF], when combined with Oct4, Sox2 and Lin28, Nanog could reprogram human somatic cells to pluripotency [START_REF] Yu | Induced Pluripotent Stem Cell Lines Derived from Human Somatic Cells[END_REF]). These results suggest an important role of Nanog in the late step of the reprogramming process, which can however be substituted in specific contexts.

While forced expression of Nanog noticeably impaired differentiation, on the contrary, Nanog KO ES cell differentiated massively with parietal endoderm-like morphology while still being able to be kept for serial passaging at low efficiency (Chambers et al. 2003). However, Nanog expression was shown to be dispensable for the maintenance of pluripotency in mouse ES cells (Chambers et al. 2007). Indeed, stable knock-out cells could be propagated for many passages despite their strong tendency to differentiate. Antibiotics selection cassette knockedin endogenous loci of Nanog allowed those cells to be artificially "purified" when maintained under selection. This most likely indirectly selects for the presence of an upstream activator of Nanog or the absence of a Nanog repressor but is so far unknown. Hence, despite this clever trick, these factual Nanog KO ES cells were able to properly self-renew, were karyotypically stable, expressed the markers of the naïve state of pluripotency (Rex1, Stella) and were still capable of differentiation in vitro and in vivo upon selection release (Chambers et al. 2007).

This clearly assessed the dispensability of Nanog for in vitro maintenance of pluripotency.

Remarkably, Nanog was shown to be heterogeneously expressed in ES cell cultured in serum-containing medium with both positive and negative states being reversible, showing dynamic fluctuations of Nanog expression (Chambers et al. 2007). Moreover, all these cells were still Oct4 positive confirming the contingency of Nanog expression for ES cell selfrenewal. However, as Nanog KO cells, Nanog negative cells were associated to a higher probability to differentiate and a lower proliferation or higher death rate. An important number of reports then focused on Nanog heterogeneous expression which has been associated with random monoallelic expression, stochastic burst of transcription or Nanog auto-repression negative feedback loop (Martinez [START_REF] Arias | Gene Expression Heterogeneities in Embryonic Stem Cell Populations: Origin and Function[END_REF]Navarro et al. 2012;[START_REF] Fidalgo | Zfp281 Mediates Nanog Autorepression through Recruitment of the NuRD Complex and Inhibits Somatic Cell Reprogramming[END_REF][START_REF] Macarthur | Nanog-Dependent Feedback Loops Regulate Murine Embryonic Stem Cell Heterogeneity[END_REF][START_REF] Filipczyk | Biallelic Expression of Nanog Protein in Mouse Embryonic Stem Cells[END_REF][START_REF] Faddah | Single-Cell Analysis Reveals That Expression of Nanog Is Biallelic and Equally Variable as That of Other Pluripotency Factors in Mouse ESCs[END_REF][START_REF] Abranches | Stochastic NANOG Fluctuations Allow Mouse Embryonic Stem Cells to Explore Pluripotency[END_REF]. These fluctuations, also reported but to a much lower degree in 2i medium, support a model where Nanog different levels allow mouse ES cells for exploring their differentiation potential and eventually respond to external cues without being definitely committed to differentiate. A recent study analysed the mechanisms of 2i medium inhibitors on the suppression of this heterogeneity and reported both the death of Nanog null cells upon addition of the two chemical compounds as well as a rapid activation of Nanog expression [START_REF] Hastreiter | Inductive and Selective Effects of GSK3 and MEK Inhibition on Nanog Heterogeneity in Embryonic Stem Cells[END_REF].

Therefore, an important point was to determine whether the dispensability of Nanog to sustain self-renewal of mouse pluripotent cells in vitro also existed in vivo. It was first reported that Nanog null ES cells could be grafted in recipient embryos and participate in the development of chimeric animals excluding the PGCs pool (Chambers et al. 2007). This stated the notion of a non-essential role of Nanog in embryo development. However, Nanog null embryos were later shown to be unable to give rise to the pluripotent cells of the ICM rather leading to trophoblastic differentiation and a consequent absence of development of the PrE.

The same result was observed when these embryos were derived in culture (Jose Silva et al. 2009;[START_REF] Messerschmidt | Nanog Is Required for Primitive Endoderm Formation through a Non-Cell Autonomous Mechanism[END_REF][START_REF] Frankenberg | Primitive Endoderm Differentiates via a Three-Step Mechanism Involving Nanog and RTK Signaling[END_REF]. It was therefore demonstrated that Nanog is strictly necessary for the establishment of pluripotency in vivo.

Inversely, the role of Nanog in the development of germ cells that was reported to be crucial was recently reconsidered showing that Nanog null cells can actually complete germ line development despite a broad depletion of PGCs number (M. Zhang et al. 2018).

Therefore, in order to properly interpret the preceding reports and unravel the functional relevance of Nanog in these various contexts, a precise understanding of the mechanisms through which Nanog instates or supports pluripotency and self-renewal of pluripotent cells has to be settled. So far, many studies point out the role of the activation or the repression of a given factor consequently not providing a very clear picture of Nanog regulatory function genome-wide, some of these studies will be reviewed thereafter. The redundancy of the pluripotency network certainly participates in obscuring our understanding of these mechanisms.

It was first reported that Nanog was not intervening in the LIF pathway and was neither a canonical target of Stat3 transcription factor (Chambers et al. 2003). More recently, Nanog was reported to act in synergy with the LIF cascade on the phosphorylated form of Stat3 (pSTAT3) [START_REF] Stuart | NANOG Amplifies STAT3 Activation and They Synergistically Induce the Naive Pluripotent Program[END_REF]. Nanog was proposed to directly repress Socs3 expression to potentiate the effect of the LIF stimulus. Nanog and LIF pathway were also shown to synergistically act on Klf4 induction, one of the most responsive pluripotency factor to LIF stimulation [START_REF] Stuart | NANOG Amplifies STAT3 Activation and They Synergistically Induce the Naive Pluripotent Program[END_REF]. Nanog actually shows an intricate relationship with Klf factors 2, 4 and 5 and the LIF pathway. Indeed, Klf4 and 5 have been shown to be responsive targets of the LIF pathway, they also activate Nanog and reciprocally. Instead, Klf2 is not activated by LIF stimulation but also positively regulates Nanog. All of them share a multitude of common genomic targets with Nanog, thus strongly suggesting a broad redundancy of all these factors when co-expressed, also supported by their common propensity to support mouse ES cells selfrenewal. Given this tight and redundant association, it is not surprising that Nanog and the Klf factors are all dispensable for mouse ES cells self-renewal. [START_REF] Niwa | Quantitative Expression of Oct-3/4 Defines Differentiation, Dedifferentiation or Self-Renewal of ES Cells[END_REF][START_REF] Chen | Integration of External Signaling Pathways with the Core Transcriptional Network in Embryonic Stem Cells[END_REF][START_REF] Parisi | Klf5 Is Involved in Self-Renewal of Mouse Embryonic Stem Cells[END_REF]Hall et al. 2009a;[START_REF] Bourillot | Novel STAT3 Target Genes Exert Distinct Roles in the Inhibition of Mesoderm and Endoderm Differentiation in Cooperation with Nanog[END_REF]P. Zhang et al. 2010). The LIF Pathway was also proposed to have an effect on Nanog protein stability.

It was reported that the deubiquitinase USP21, a transcriptional target of the LIF/STAT3 pathway, deubiquitinates and stabilizes Nanog protein [START_REF] Jin | The Deubiquitinase USP21 Maintains the Stemness of Mouse Embryonic Stem Cells via Stabilization of Nanog[END_REF]). In addition, USP21 is also a phosphorylation target of ERK signalling leading to its dissociation from Nanog and the increased degradation of the latter. This study therefore showed how a balance between the LIF and ERK pathways can directly act on the expression level of a pluripotency factor at the post-transcriptional level. The ERK pathway was also proposed to negatively impact Nanog effect by two additional mechanisms. First, ERK1 was shown to directly phosphorylate Nanog protein decreasing its stability (S.-H. Kim et al. 2014, 1). Second, by activating Brf1 that is responsible for the destabilization of pluripotency factors messenger RNAs, in particular Nanog, and promoting mesendoderm commitment [START_REF] Tan | Brf1 Posttranscriptionally Regulates Pluripotency and Differentiation Responses Downstream of Erk MAP Kinase[END_REF]. In return, Nanog was shown to inhibit some of the canonical positive ERK targets as Sox17, and reciprocally activate some of its negative targets as Klf2 (Festuccia et al. 2012;[START_REF] Yeo | Klf2 Is an Essential Factor That Sustains Ground State Pluripotency[END_REF][START_REF] Hamilton | Erk Signaling Suppresses Embryonic Stem Cell Self-Renewal to Specify Endoderm[END_REF].

Several studies revealed the genome-wide binding of Nanog in mouse ES cells and showed that Nanog, Oct4 and Sox2 share a substantial number of common genomic targets (Loh et al. 2006;[START_REF] Chen | Integration of External Signaling Pathways with the Core Transcriptional Network in Embryonic Stem Cells[END_REF]Whyte et al. 2013). However, Nanog is not able to promote self-renewal in absence of Oct4 and both factors show relatively different features concerning the way they support self-renewal [START_REF] Niwa | Quantitative Expression of Oct-3/4 Defines Differentiation, Dedifferentiation or Self-Renewal of ES Cells[END_REF]Chambers et al. 2003Chambers et al. , 2007)). Therefore, a still open question is to understand the relevance of this extensive overlap of binding for rather functionally distinguishable factors. The three core pluripotency factors remarkably bind most of the genes playing a role in the regulation of mouse ES cells self-renewal or down regulated upon differentiation, starting form themselves.

RNAi experiments showed that Nanog and Oct4 can both activate or repress gene expression with a bias towards the activation ability (Loh et al. 2006) Remarkably, many genes showing binding of Nanog in their vicinity didn't show any transcriptional response upon Nanog loss suggesting that the redundancy of binding of the factors may mask the effect upon loss of a single one. Surprisingly, Nanog overexpression was additionally shown to trigger a rather partial and variable rescue of the expression of pluripotency factors upon retinoic acid directed differentiation for 2 days (Loh et al. 2006), suggesting that not all of the pluripotency factors expression is necessary for Nanog-mediated blocking of lineage commitment. Strikingly, the best binding motifs predicted for Nanog from two independent studies in vitro [START_REF] Mitsui | The Homeoprotein Nanog Is Required for Maintenance of Pluripotency in Mouse Epiblast and ES Cells[END_REF][START_REF] Jauch | Crystal Structure and DNA Binding of the Homeodomain of the Stem Cell Transcription Factor Nanog[END_REF] and identified from two studies based on Nanog binding regions in mouse ES cells (Loh et al. 2006;[START_REF] Chen | Integration of External Signaling Pathways with the Core Transcriptional Network in Embryonic Stem Cells[END_REF] showed an astonishing discrepancy, raising the question of Nanog DNA-binding specificity and recruitment to chromatin.

Furthermore, Nanog has been demonstrated to physically interact with many partners (J. [START_REF] Wang | A Protein Interaction Network for Pluripotency of Embryonic Stem Cells[END_REF][START_REF] Costa | Nanog-Dependent Function of Tet1 and Tet2 in Establishment of Pluripotency[END_REF][START_REF] Gagliardi | A Direct Physical Interaction between Nanog and Sox2 Regulates Embryonic Stem Cell Self-renewal[END_REF]. Many pluripotency factors are found in the list (Oct4, Sox2,, Esrrb, Klf5) as well as more generic factors as chromatin structure regulators (NuRD, Polycomb, LSD1). Yet, the relevance of all these contacts is still to be determined. However, for instance, Nanog interaction with Tet1 and Tet2 DNA demethylases importance was demonstrated in the activation of gene expression in mouse ES cells and during the reprogramming process [START_REF] Costa | Nanog-Dependent Function of Tet1 and Tet2 in Establishment of Pluripotency[END_REF].

Another approach aiming at unravelling the key downstream targets of Nanog function consisted in identifying the best transcriptionally responsive genes upon Nanog induction. One of those appeared to be Esrrb (Festuccia et al. 2012). Esrrb can variably substitute for Nanog function in LIF-independent self-renewal and reprogramming of EpiSCs as well as PGCs development (Festuccia et al. 2012;[START_REF] Martello | Esrrb Is a Pivotal Target of the Gsk3/Tcf3 Axis Regulating Embryonic Stem Cell Self-Renewal[END_REF]M. Zhang et al. 2018). Similarly to Nanog, Esrrb is dispensable for ESC self-renewal and quickly down-regulated during exit of naïve pluripotency. Ncoa3 was shown to be an important cofactor of Esrrb transcriptional activity and both bind at many genomic positions together with Oct4/Sox2/Nanog [START_REF] Percharde | Ncoa3 Functions as an Essential Esrrb Coactivator to Sustain Embryonic Stem Cell Self-Renewal and Reprogramming[END_REF]. However, Esrrb could barely substitute for Nanog function in providing LIFindependent self-renewal suggesting that additional mechanisms are employed by Nanog to mediate this function.

Conversely, the study of the repression of Nanog target genes seems particularly relevant when considering the effect of Nanog in preventing differentiation. Indeed, several Nanog repressed genes have been reported to prime ESCs towards differentiation: Otx2, Tcf15, Pou3f1, Sox17 [START_REF] Niakan | Sox17 Promotes Differentiation in Mouse Embryonic Stem Cells by Directly Regulating Extraembryonic Gene Expression and Indirectly Antagonizing Self-Renewal[END_REF]Festuccia et al. 2012;D. Acampora, Di Giovannantonio, and Simeone 2013;[START_REF] Davies | Tcf15 Primes Pluripotent Cells for Differentiation[END_REF][START_REF] Zhu | The Transcription Factor Pou3f1 Promotes Neural Fate Commitment via Activation of Neural Lineage Genes and Inhibition of External Signaling Pathways[END_REF]Buecker et al. 2014;[START_REF] Acampora | Functional Antagonism between OTX2 and NANOG Specifies a Spectrum of Heterogeneous Identities in Embryonic Stem Cells[END_REF]). Therefore, it is possible that the repression of these factors also plays an essential role in preserving the equilibrium between self-renewal and differentiation of mouse ES cells orchestrated by Nanog. In support of this idea, several repressive complexes, including PRC1 and PRC2 complexes were identified as Nanog partner proteins [START_REF] Gagliardi | A Direct Physical Interaction between Nanog and Sox2 Regulates Embryonic Stem Cell Self-renewal[END_REF]) while many of these developmental factors are targets of these repressive complexes (Azuara et al. 2006;Bernstein et al. 2006;[START_REF] Leeb | Ring1B Is Crucial for the Regulation of Developmental Control Genes and PRC1 Proteins but Not X Inactivation in Embryonic Cells[END_REF]. However, despite the reported tendency of pluripotency and polycomb factors to colocalize on repressed loci (Boyer et al. 2006), the mechanisms of polycomb complexes recruitment to chromatin are still elusive [START_REF] Holoch | Mechanisms Regulating PRC2 Recruitment and Enzymatic Activity[END_REF]. Moreover, Nanog and PRC2 have been reported to have largely nonoverlapping binding profiles genome-wide (Xi Chen et al. 2008), it's thus unlikely that Nanog would be responsible for the direct recruitment of this complex to its genomic targets.

Therefore, several major aspects of Nanog supportive activity to self-renewal still need to be explored and leave open questions: How does functional redundancy of pluripotency factors account for the differentiation block imposed by Nanog? How does the simultaneous binding of Nanog to common binding regions influence the behaviour of its local partners and what is the functional relevance of this redundant recruitment? How does Nanog induce the repression of its targets?

E. LIF independent self-renewal

The overexpression of some of the pluripotency factors allows self-renewal of mouse ES cells in the absence of functional LIF signalling. Since mouse ES cells secrete some LIF which then acts as a paracrine factor, strict LIF independence is usually validated through the inactivation of one of the key LIF signalling components by the use of a JAK inhibitor, a LIFR antagonist (hLIF-05), a dominant-negative form of Stat3 or is assessed in Lifr KO ES cells (Chambers et al. 2003). Among the three core pluripotency transcription factors, only Nanog has been shown to be able to induce LIF-independent self-renewal of mouse ES cells. This property was reported to happen in the absence of Klf4 and Tbx3 activity [START_REF] Niwa | A Parallel Circuit of LIF Signalling Pathways Maintains Pluripotency of Mouse ES Cells[END_REF]. Moreover, as aforementioned , expression of many pluripotency factors didn't seem to be rescued by Nanog overexpression during early differentiation upon retinoic acid treatment (Loh et al. 2006) despite the known ability of Nanog to sustain self-renewal in this context (Chambers et al. 2003). From the Klf factors involved in pluripotency (Klf2, 4 and5), only Klf2 has been shown to robustly sustain self-renewal independently of LIF, even though it is the only one of the three not being a target of the LIF pathway (Hall et al. 2009a). However, Klf4 and 5 also showed the capacity to support self-renewal in the absence of LIF but to a lower extent. In addition, even though Klf2 is not as efficient as Nanog in promoting LIFindependence, its effect was shown to be Nanog-independent. However, it is not known whether Nanog can sustain self-renewal in the absence of Klf2 and LIF (Hall et al. 2009a). The overexpression of Esrrb was also reported to provide LIF independence (Festuccia et al. 2012).

Here again, while performing much less efficiently than Nanog in that task, this effect was shown to be Nanog-independent. Moreover, in the same study, it was reported that Nanog was not able to confer LIF independency in Esrrb KO cells. However, it's worth mentioning that Esrrb depleted cells have a greatly impaired self-renewal, even in presence of LIF, and it would thus be interesting to validate this result in a different context, starting from a bona fide mouse ES cells culture. Another factor has been shown to provide cytokine independent self-renewal, Tfcp2l1 [START_REF] Martello | Identification of the Missing Pluripotency Mediator Downstream of Leukaemia Inhibitory Factor[END_REF]Ye et al. 2013b, 1). Tfcp2l1 has been identified as a major factor of the LIF/Stat3 pathway able to substitute for its upstream regulators. The comparison to the gold standard factor, Nanog, revealed again a lower efficiency. Finally, overexpression of a stabilized mutant of Myc, a downstream target of the LIF pathway, also maintains self-renewal of mouse ES cells in the absence of exogenous provision of LIF [START_REF] Cartwright | LIF/STAT3 Controls ES Cell Self-Renewal and Pluripotency by a Myc-Dependent Mechanism[END_REF]. It was shown that upon LIF withdrawal, Thr58 of c-Myc is phosphorylated by GSK3β, resulting in its degradation. However, if a Myc variant where Thr58 is replaced with an alanine residue, is overexpressed, mouse ES cells can self-renew in the absence of LIF and Stat3. Whereas few distinct mechanisms leading to this common phenotype have been proposed, a comprehensive comparison of the self-renewing cells resulting from the overexpression of these different factors in the absence of LIF might elucidate the essential processes required to confer LIF-independence.

F. Otx2

As presented above, signalling pathways related to self-renewal and pluripotency transcription factors are engaged in a self-sustaining crosstalk characterized by a large redundancy of intracellular effectors. However, the naïve pluripotent state is established in the E4.5 epiblast in vivo and is rapidly disassembled around E5.5 (Boroviak et al. 2014). Therefore, how is this multi-layered pluripotency network rapidly dismantled in response to external differentiation cues? It has been proposed that the pluripotency network and the differentiation regulators are finely wired to ensure an efficient and coordinated hand over [START_REF] Hackett | Regulatory Principles of Pluripotency: From the Ground State Up[END_REF]. In addition, as aforementioned, Nanog is heterogeneously expressed in mouse ES cells cultured in Serum/LIF condition and such variations have been proposed to allow ES cells to randomly explore differentiation directions that can be reverted or confirmed according to the environment instructions (Chambers et al. 2007;[START_REF] Arias | Gene Expression Heterogeneities in Embryonic Stem Cell Populations: Origin and Function[END_REF].

Interestingly, Otx2 shows a comparable expression profile, with Otx2 high cells showing reduced Nanog protein level and vice versa (D. Acampora, Di Giovannantonio, and Simeone 2013). Furthermore, Otx2 has been shown to be repressed by many pluripotency transcription factors, including Nanog [START_REF] Parisi | Direct Targets of Klf5 Transcription Factor Contribute to the Maintenance of Mouse Embryonic Stem Cell Undifferentiated State[END_REF]Festuccia et al. 2012;[START_REF] Grabole | Prdm14 Promotes Germline Fate and Naive Pluripotency by Repressing FGF Signalling and DNA Methylation[END_REF][START_REF] Okashita | PRDM14 Drives OCT3/4 Recruitment via Active Demethylation in the Transition from Primed to Naive Pluripotency[END_REF][START_REF] Acampora | Functional Antagonism between OTX2 and NANOG Specifies a Spectrum of Heterogeneous Identities in Embryonic Stem Cells[END_REF] and to be strongly downregulated in 2i medium [START_REF] Marks | The Transcriptional and Epigenomic Foundations of Ground State Pluripotency[END_REF]. Additionally, Otx2 was reported to be strongly induced during the conversion of ES cells into EpiSC and to interact with and reposition Oct4 at novel regulatory regions thus allowing the proper activation of EpiSC enhancers (Buecker et al. 2014;[START_REF] Yang | Otx2 and Oct4 Drive Early Enhancer Activation during Embryonic Stem Cell Transition from Naive Pluripotency[END_REF].

Otx2 was initially shown to play a key role in the development of neuroectodermal tissues (D. Acampora et al. 1995). However, Otx2 expression was also detected in E3.5 blastocyst and ubiquitously expressed in the epiblast of E5.5 blastocyst (D. Acampora, Di Giovannantonio, and Simeone 2013) suggesting an unanticipated role for Otx2 during periimplantation development. In vitro, Otx2 KO mouse ES cells show profound defects to respond to Fgf stimulation and undergo EpiSC conversion (D. Acampora, Di Giovannantonio, and Simeone 2013). In addition, Otx2 overexpression drives mouse ES cells to differentiate even when cultured in 2i/LIF condition, indicating that Otx2 can actively dissolve the naïve pluripotency network (Buecker et al. 2014). On the basis of few markers, Otx2 overexpressing cells were shown to be comparable to Nanog KO ES cells whereas Otx2 KO ES cells strongly resemble Nanog overexpressing ones (Dario Acampora et al. 2017). The double knock-out of Otx2 and Nanog led also to a primed state with a reduced capacity to integrate pre-implantation blastocyst. All these results showed a marked antagonism between Nanog and Otx2 orchestrating the balance between primed (EpiSC) and naïve (ES) pluripotent states.

Considering the convergent view of all these results, the report showing that the deletion of Otx2 binding site in Nanog promoter led to a decrease of Nanog expression and a conversion of ES cells towards Epi-like cells state was quite surprising, suggesting a positive effect for local Otx2 binding on Nanog expression (Dario [START_REF] Acampora | Loss of the Otx2-Binding Site in the Nanog Promoter Affects the Integrity of Embryonic Stem Cell Subtypes and Specification of Inner Cell Mass-Derived Epiblast[END_REF]. In vivo, the effect of this deletion was consistent with the in vitro consequences, showing a down regulation of Nanog in epiblast cells with an expansion of the PrE population, suggesting a clear, unanticipated, role for Otx2 as a transcriptional activator of Nanog expression. This result suggests an ambiguous effect of Otx2 on the regulation of Nanog where low level of Otx2 would promote a direct, positive, effect on Nanog expression whereas higher level would lead to a negative, indirect, effect most likely mediated by ES cells commitment towards Epiblast lineage. However, we cannot exclude that the modification of the 8bp centred on Otx2 binding site within Nanog promoter affected the binding of other activating factors.

IV. Polycomb regulation and bivalent domains in pluripotency A. Polycomb complexes and functions

Facultative heterochromatin corresponds to genomic regions that are kept silent in a given cell type but retain the potential to be activated by a specific stimulus and therefore corresponds to different regions for every cell type. Such loci usually correspond to developmental genes that require to be expressed under specific temporal and/or spatial contexts to specify the particular features of a given tissue. H3K27me3 is the characteristic mark of facultative heterochromatin and is deposited by Polycomb. Two different Polycomb repressive complexes exist called PRC1 and PRC2. Both polycomb complexes are involved in the deposition of different modifications on distinct histone tails but the resulting effect generally leads to transcriptional repression [START_REF] Schuettengruber | Genome Regulation by Polycomb and Trithorax: 70 Years and Counting[END_REF].

PRC2 is responsible for the mono-, di-, and tri-methylation of H3K27 (R. [START_REF] Cao | Role of Histone H3 Lysine 27 Methylation in Polycomb-Group Silencing[END_REF]. This histone modification is deposited by the histone methyltransferase Enhancer of zeste homolog 2 (Ezh2) or its homologue Ezh1. Ezh2 is accompanied by additional partners, Eed, Suz12, and Rbap46/48 which help stabilizing the PRC2 complex on its histone substrate and enhance Ezh2 catalytic activity. These four proteins are considered to compose the core of the PRC2 complex but additional components such as Jarid2, Aebp2, and polycomb-like proteins (Pcl1-3) help in regulating PRC2 activity [START_REF] Margueron | The Polycomb Complex PRC2 and Its Mark in Life[END_REF]. Among the three different methylation states of H3K27, H3K27me3 has been associated to gene expression repression while H3K27me2 has also been found enriched in intergenic regions to block H3K27 acetylation and maintain enhancers inactive. Finally, mono-methylation of H3K27 co-localizes with intragenic active transcriptional units and H3K36me3 [START_REF] Ferrari | Polycomb-Dependent H3K27me1 and H3K27me2 Regulate Active Transcription and Enhancer Fidelity[END_REF]).

PRC1 complex is responsible for the ubiquitination of histone H2A on lysine 119 (H2AK119ub) which participates in chromatin compaction and triggers gene silencing. PRC1 is more heterogeneous than PRC2 in its organisation and can be formed by different sets of partners grouped around an essential catalytic core composed by Ring1A/B E3 ubiquitin ligases. The canonical PRC1 complex includes the proteins Bmi1 and a polycomb-like chromobox homolog (Cbx), which recognizes H3K27me3 mark deposited by PRC2 [START_REF] Morey | Polycomb Group Protein-Mediated Repression of Transcription[END_REF]. A non-canonical PRC1 complex has also been identified where the Rybp protein replaces both Cbx and Bmi1 proteins. In this form, PRC1 doesn't recognize H3K27me3, and the mechanism of its recruitment on chromatin is not clearly understood [START_REF] Gil | PRC1 Complex Diversity: Where Is It Taking Us?[END_REF].

B. Bivalent domains and Polycomb regulation in pluripotent cells

In mouse ES cells, H3K27me3 and PRCs can be found at large genomic domains covering repressed developmental regulators (Boyer et al. 2006;Mikkelsen et al. 2007;[START_REF] Endoh | Polycomb Group Proteins Ring1A/B Are Functionally Linked to the Core Transcriptional Regulatory Circuitry to Maintain ES Cell Identity[END_REF][START_REF] Ku | Genomewide Analysis of PRC1 and PRC2 Occupancy Identifies Two Classes of Bivalent Domains[END_REF]. Inversely, the trithorax system is associated with trimethylation of histone H3 lysine 4 (H3K4me3) and is associated with active transcription site [START_REF] Kingston | Transcriptional Regulation by Trithorax-Group Proteins[END_REF]. However, a subset of mouse ES cells CpG islands (CGIs) contain nucleosomes marked by both H3K27me3 and H3K4me3 histone marks (Fig. 1.3). The genomic sites containing this antagonistic combination of histone modifications have been referred as "bivalent" (Azuara et al. 2006;Bernstein et al. 2006). Promoters showing the simultaneous presence of these two chromatin marks are also characterized by the occupancy of the aforementioned Serine-5 phosphorylated form of RNA-Pol II associated with transcription initiation and has been shown to be mediated by ERK phosphorylation [START_REF] Brookes | Polycomb Associates Genome-Wide with a Specific RNA Polymerase II Variant, and Regulates Metabolic Genes in ESCs[END_REF][START_REF] Tee | Erk1/2 Activity Promotes Chromatin Features and RNAPII Phosphorylation at Developmental Promoters in Mouse ESCs[END_REF]. The presence of this poised state of RNA-Pol II has been proposed to contribute to the robust activation of developmental genes during the exit from pluripotency and the initiation of differentiation [START_REF] Voigt | Asymmetrically Modified Nucleosomes[END_REF]. Regarding their equivocal chromatin features, upon differentiation, bivalent domains typically resolve in monovalent H3K4me3 or H3K27me3 at genes that are activated or silenced, respectively, according to their novel cell type (Mikkelsen et al. 2007;[START_REF] Voigt | Asymmetrically Modified Nucleosomes[END_REF][START_REF] Ferrari | Polycomb-Dependent H3K27me1 and H3K27me2 Regulate Active Transcription and Enhancer Fidelity[END_REF]) (Fig. 1.3). Despite an apparent simple model proposing bivalency as a way to poise key developmental factors for rapid activation, the functional evidences supporting that view are remains relatively limited. The study of KO ES cells for key PRC2 complex components, as Suz12, Eed or Jarid2 indicate that PRC2 complex has a limited impact on self-renewal.

Although many bivalent genes tend to get upregulated upon single or combinatorial depletion of PRC2 members, mouse ES cells are not subjected to massive differentiation. However, their differentiation is greatly impaired, with inappropriate silencing of pluripotency factors and abnormal expression of developmental markers in agreement with the severe phenotypes observed in the developing embryo [START_REF] O'carroll | The Polycomb-Group GeneEzh2 Is Required for Early Mouse Development[END_REF]Pasini et al. 2007;[START_REF] Shen | EZH1 Mediates Methylation on Histone H3 Lysine 27 and Complements EZH2 in Maintaining Stem Cell Identity and Executing Pluripotency[END_REF][START_REF] Chamberlain | Polycomb Repressive Complex 2 Is Dispensable for Maintenance of Embryonic Stem Cell Pluripotency[END_REF]G. Li et al. 2010;[START_REF] Landeira | Inactive yet Indispensable: The Tale of Jarid2[END_REF][START_REF] Riising | Gene Silencing Triggers Polycomb Repressive Complex 2 Recruitment to CpG Islands Genome Wide[END_REF]. From these results, few studies proposed that Polycomb occupancy could only be the reflection of an absence of transcriptional activity upon a given locus [START_REF] Chamberlain | Polycomb Repressive Complex 2 Is Dispensable for Maintenance of Embryonic Stem Cell Pluripotency[END_REF][START_REF] Riising | Gene Silencing Triggers Polycomb Repressive Complex 2 Recruitment to CpG Islands Genome Wide[END_REF] with relatively few functional consequences.

Remarkably, the phenotype of PRC1 inactivation in mouse ES cells shows more dramatic effects. Ring1b depletion is quickly followed by cell death, morphological changes and upregulation of PRC1-repressed genes [START_REF] Leeb | Ring1B Is Crucial for the Regulation of Developmental Control Genes and PRC1 Proteins but Not X Inactivation in Embryonic Cells[END_REF][START_REF] Stoop | Ubiquitin E3 Ligase Ring1b/Rnf2 of Polycomb Repressive Complex 1 Contributes to Stable Maintenance of Mouse Embryonic Stem Cells[END_REF] with double Ring1 KO showing even more severe phenotype [START_REF] Stock | Ring1-Mediated Ubiquitination of H2A Restrains Poised RNA Polymerase II at Bivalent Genes in Mouse ES Cells[END_REF][START_REF] Endoh | Polycomb Group Proteins Ring1A/B Are Functionally Linked to the Core Transcriptional Regulatory Circuitry to Maintain ES Cell Identity[END_REF].

Therefore, a possible hypothesis is that the loss of PRC2 and H3K27me3 at bivalent domains is compensated by the continuing presence of non-canonical PRC1 and the maintenance of H2AK119ub preventing a dramatic upregulation of PRC2 targeted genes.

Interestingly, 2i medium culture of mouse ES cells lead to a genome-wide reorganisation of H3K27me3 coinciding with a decrease of the mark at bivalent promoters with no apparent transcriptional change of these genes [START_REF] Marks | The Transcriptional and Epigenomic Foundations of Ground State Pluripotency[END_REF]. However the loss of H3K27me3 at bivalent CGIs has been shown to come with an increased enrichment in the body of their associated genes [START_REF] Illingworth | Polycomb Enables Primitive Endoderm Lineage Priming in Embryonic Stem Cells[END_REF]. PRC2 complex was further shown not to be responsible nor necessary for gene silencing in 2i medium (Galonska et al. 2015) compared to serum/LIF condition where mouse ES cells appeared to be more unstable upon Eed depletion.

One possibility for the absence of transcriptional response in 2i medium, despite an acute loss of H3K27me3, is that Erk inhibition impedes Ser5 RNA-polII phosphorylation at bivalent promoters therefore precluding transcriptional initiation [START_REF] Tee | Erk1/2 Activity Promotes Chromatin Features and RNAPII Phosphorylation at Developmental Promoters in Mouse ESCs[END_REF].

Finally, the mechanism of PRC2 recruitment onto chromatin is still an open question.

Polycomb-like proteins (Pcl) have been reported to show high affinity for H3K36me3 histone mark through their Tudor domain as well as for methylated CPGs and have been proposed to be key factors in the recruitment of PRC2 complex to chromatin. Moreover, their activity in mouse ES cells has been associated with both repression of bivalent genes and repression of pluripotency genes upon early differentiation [START_REF] Ballaré | Phf19 Links Methylated Lys36 of Histone H3 to Regulation of Polycomb Activity[END_REF]Brien et al. 2012, 19;[START_REF] Hunkapiller | Polycomb-Like 3 Promotes Polycomb Repressive Complex 2 Binding to CpG Islands and Embryonic Stem Cell Self-Renewal[END_REF][START_REF] Cai | An H3K36 Methylation-Engaging Tudor Motif of Polycomblike Proteins Mediates PRC2 Complex Targeting[END_REF]. Besides, PRC2 complex have been shown to bind RNA with high affinity and many discoveries made in the field of long non-coding RNAs (lncRNAs) suggest that these transcripts may act as scaffolds to guide histone modifying complexes to their genomic targets thus proposing a possible model of RNA-mediated recruitment of PRC2 throughout the genome (J. [START_REF] Zhao | Genome-Wide Identification of Polycomb-Associated RNAs by RIP-Seq[END_REF][START_REF] Brockdorff | Noncoding RNA and Polycomb Recruitment[END_REF][START_REF] Kaneko | PRC2 Binds Active Promoters and Contacts Nascent RNAs in Embryonic Stem Cells[END_REF]Kaneko, Son, et al. 2014;Kaneko, Bonasio, et al. 2014a;Brockdorff 2017).

V. Long non-coding RNAs & mouse ES cells A. Description and characteristics

The improvement of high-throughput sequencing technology has greatly improved our knowledge about the transcriptional activity in coding and non-coding regions of mammalian genomes. For instance, it was estimated that more than 70% of the human genome might be actually transcribed in some conditions while only 1 to 2% of it is supposed to code for proteinrelated genes [START_REF] Dinger | Pervasive Transcription of the Eukaryotic Genome: Functional Indices and Conceptual Implications[END_REF]K. C. Wang and Chang 2011). An important portion of these non-coding transcription units have been shown to fall under the category of lncRNAs (The FANTOM Consortium et al. 2014).

As explicitly revealed in their denomination, lncRNAs are defined by two common properties: their length must be greater than 200nt to differentiate them from shorter noncoding RNAs (miRNAS, piRNAs) and their coding potential must not indicate the possible production of any or any functional protein. The latter criteria is a matter of debate since many lncRNAs have been shown to interact with ribosomal units, although this is not a real evidence for effective translation (G.-L. [START_REF] Chew | Ribosome Profiling Reveals Resemblance between Long Non-Coding RNAs and 5' Leaders of Coding RNAs[END_REF][START_REF] Ji | Many LncRNAs, 5'UTRs, and Pseudogenes Are Translated and Some Are Likely to Express Functional Proteins[END_REF][START_REF] Carlevaro-Fita | Cytoplasmic Long Noncoding RNAs Are Frequently Bound to and Degraded at Ribosomes in Human Cells[END_REF][START_REF] Zeng | Identification and Analysis of Ribosome-Associated LncRNAs Using Ribosome Profiling Data[END_REF], and that some, however predicted as non-coding, were responsible for the synthesis of small functional peptides [START_REF] Nelson | A Peptide Encoded by a Transcript Annotated as Long Noncoding RNA Enhances SERCA Activity in Muscle[END_REF]. Indeed, in the case where an open reading frame (ORF) is present within such a transcript, the determination of its non-coding potential is based on the short size of the ORF or its absence of conservation among a large panel of related species (M. F. [START_REF] Lin | PhyloCSF: A Comparative Genomics Method to Distinguish Protein Coding and Non-Coding Regions[END_REF]L. Wang et al. 2013). An inconvenient drawback of this arbitrary (size) and negative (non-coding) definition of lncRNAs is that they harbour a large diversity of molecules with distinct functional and mechanistic properties that is, however, inherent to their recent discovery [START_REF] Ulitsky | LincRNAs: Genomics, Evolution, and Mechanisms[END_REF].

Numerous sub-categories of lncRNAs have been proposed based on different features such as their location relative to surrounding coding genes (intergenic, sense/antisense overlapping, divergent) or the chromatin context embedding their transcription start site (TSS) (promoter of a coding gene, enhancer, CTCF binding) but will probably need to be reconsidered based on functional or intrinsic properties of the lncRNAs themselves [START_REF] Mattick | Discovery and Annotation of Long Noncoding RNAs[END_REF]. While most stable lncRNAs are transcribed by RNA-pol II, possess a 5' cap, are polyadenylated and often spliced, some use different ways for 3' maturation or are otherwise usually unstable and rapidly degraded transcripts [START_REF] Wilusz | 3' End Processing of a Long Nuclear-Retained Non-Coding RNA Yields a TRNA-like Cytoplasmic RNA[END_REF][START_REF] Guttman | Chromatin Signature Reveals over a Thousand Highly Conserved Large Non-Coding RNAs in Mammals[END_REF][START_REF] Lloret-Llinares | Relationships between PROMPT and Gene Expression[END_REF][START_REF] Zong | Natural Antisense RNA Promotes 3' End Processing and Maturation of MALAT1 LncRNA[END_REF].

The sequence conservation across species of these RNAs is on average much lower than for their coding counterparts [START_REF] Ulitsky | LincRNAs: Genomics, Evolution, and Mechanisms[END_REF]. It is still not clearly understood whether this suggests that the selection pressure applied on lncRNAs is based on different criteria than the one applied on mRNAs or if it simply reflects the insignificant functionality of a vast majority of them. Indeed, if the structures of lncRNAs are more important than their actual sequences, which might be suggested by the fact that in silico predictions of secondary structures for lncRNAs lead to complex and organised folding [START_REF] Pegueroles | Secondary Structure Impacts Patterns of Selection in Human LncRNAs[END_REF], it is conceivable that their DNA sequence evolved rapidly under lower constrains.

The average level and tissue-specificity of lncRNAs expression also shows a distinguishable behaviour compared to coding genes. Indeed, the vast majority of lncRNAs are expressed at a lower level than mRNAs, possibly suggesting their specific expression in some sub-populations of cells within a given tissue or cell culture [START_REF] Cabili | Integrative Annotation of Human Large Intergenic Noncoding RNAs Reveals Global Properties and Specific Subclasses[END_REF][START_REF] Pauli | Systematic Identification of Long Noncoding RNAs Expressed during Zebrafish Embryogenesis[END_REF][START_REF] Derrien | The GENCODE v7 Catalog of Human Long Noncoding RNAs: Analysis of Their Gene Structure, Evolution, and Expression[END_REF]. In agreement with this idea, the expression of lncRNAs is more strongly restricted to a specific tissue or cell type than it is for coding genes. Such specific features argue for a role of lncRNAs in the maintenance of cell identity or in highly specified functional biological tasks (S. J. [START_REF] Liu | CRISPRi-Based Genome-Scale Identification of Functional Long Noncoding RNA Loci in Human Cells[END_REF].

B. LncRNAs function in mouse ES cells

First of all, it's worth mentioning that new ways of action are constantly proposed for lncRNAs. This is not surprising given the incredibly high diversity of transcripts grouped together in the lncRNA family. We will therefore focus on a limited subset of transcripts, chosen to be representative of the diverse functions fulfilled by the lncRNAs, and that have more specifically been shown to play a functional role in pluripotent cells. In particular, the three main classes of regulatory lncRNAs will be mentioned: regulating neighbouring gene(s) in cis, regulating in trans the transcription of distant genes in the nucleus, acting on regulation of gene expression in the cytoplasm.

Despite the very large number of lncRNAs found to be specifically expressed in mouse pluripotent cells, very few of them have been functionally characterized so far (M. Guttman 2009; Mitchell [START_REF] Guttman | Ab Initio Reconstruction of Cell Type-Specific Transcriptomes in Mouse Reveals the Conserved Multi-Exonic Structure of LincRNAs[END_REF][START_REF] Guttman | LincRNAs Act in the Circuitry Controlling Pluripotency and Differentiation[END_REF][START_REF] Lv | Identification of 4438 Novel LincRNAs Involved in Mouse Pre-Implantation Embryonic Development[END_REF][START_REF] Bergmann | Regulation of the ESC Transcriptome by Nuclear Long Noncoding RNAs[END_REF][START_REF] Bogu | Chromatin and RNA Maps Reveal Regulatory Long Noncoding RNAs in Mouse[END_REF].

Gm15055 is a typical cis-regulatory lncRNA (G.-Y. Liu et al. 2016). It is highly expressed in mouse ES cells where it was shown to be positively regulated by Oct4 through a cis-regulatory element. Gm15055 is located 50kb upstream of the Hoxa gene cluster towards which it was shown to recruit the PRC2 complex resulting in the maintenance of H3K27me3 deposition on Hoxa gene promoters and induce transcriptional repression. It was further shown by chromosome conformation capture experiments that Gm15055 locus directly contacts multiple sites of the Hoxa gene cluster in mouse ES cells thus facilitating the cis targeting of Gm15055 RNA to the Hoxa genes.

The lncRNA TUNA (for Tcl1 upstream neuron-associated lincRNA) was first identified in an RNAi screen in mouse ES cells (N. [START_REF] Lin | An Evolutionarily Conserved Long Noncoding RNA TUNA Controls Pluripotency and Neural Lineage Commitment[END_REF]. TUNA was shown to be critical for mouse ES cells self-renewal as well as neural differentiation. It was further reported to have a positive impact on reprogramming efficiency when overexpressed. Remarkably, TUNA was shown to contain a 200-nt long RNA sequence displaying a strong evolutionary conservation across vertebrates allowing for its interaction with three RNA-binding proteins: Ptbp1, hnRNP-K, and Ncl. TUNA RNA and its three partners were further demonstrated to colocalize at the promoters of Nanog, Sox2 and Fgf4, whereas the precise mechanism through which this complex would be recruited at such locus was not assessed. However, Sox2 RNAi experiment revealed that it shares with TUNA a large portion of misregulated genes upon their depletion in mouse ES cells. Given the fact that both genes are involved in neurogenesis and show a highly similar expression pattern along neurodevelopment, the authors suggested a close relationship between Sox2 and TUNA regulatory functions.

Panct1, as TUNA RNA, was first identified in a RNAi screen [START_REF] Chakraborty | Combined RNAi and Localization for Functionally Dissecting Long Noncoding RNAs[END_REF] looking for lncRNAs whose expression would be necessary for preserving mouse ES cells selfrenewal. It is a sense overlapping lncRNA included in the protein coding gene Tobf1.

Interestingly, the depletion of Tobf1 in mouse ES cells also leads to the loss of pluripotency, but more surprisingly Panct1 and Tobf1 were shown to colocalize in the nuclear space of mouse ES cells [START_REF] Chakraborty | LncRNA Panct1 Maintains Mouse Embryonic Stem Cell Identity by Regulating TOBF1 Recruitment to Oct-Sox Sequences in Early G1[END_REF]) and to specifically form discreet foci in early G1 phase. The DNA binding of Tobf1, shown to be dependent of Panct1, was mapped genome-wide and revealed to overlap significantly with Oct4 binding. Strikingly, mutating an octamer-like motif in Panct1 RNA strongly diminishes the strength of Tobf1, and to a lower extent of Oct4, localization and recruitment to their common targets proposing a regulatory role of Panct1/Tobf1 complex on the recruitment of Oct4 as specific regions in cell cycle-dependent manner.

Linc-RoR (regulator of reprogramming), despite acting at distance from its transcriptional site, represents a radically different class of lncRNAs compared to Panct1 and TUNA RNAs. Linc-RoR is a human-specific cytosolic lncRNA which was first identified as enhancing the reprogramming efficiency of iPSCs when overexpressed (Loewer et al. 2010).

However, linc-RoR was later shown to act as a microRNA sponge, buffering the effect of miR-145 and repressing its negative impact on OCT4, NANOG and SOX2 levels (Y. Wang et al. 2013). Its expression was shown to be directly controlled by the pluripotency factors and necessary for human ES cells self-renewal thus creating a self-sustaining feedback loop of the pluripotency network.

Finally, lincU was very recently studied on the basis of its regulation by the pluripotency factor Nanog in mouse ES cells [START_REF] Jiapaer | LincU Preserves Naïve Pluripotency by Restricting ERK Activity in Embryonic Stem Cells[END_REF]. LincU was shown to be localized in the cytoplasm where it stabilizes Dusp9 protein, an ERK-specific phosphatase, preventing its ubiquitination and degradation. This effect logically results in the repression of the ERK1/2 signalling pathway activity. Hence, upon depletion of lincU, mouse ES cells selfrenewal is severely impaired while its overexpression induces the ground state of pluripotency.

Remarkably, lincU is evolutionary conserved in human genome, and its effect on self-renewal is also conserved in human ES cells.

Therefore, it has been clearly established that lncRNAs can display regulatory functions on self-renewal of pluripotent cells through diverse functions and mechanisms involving all the layers of gene expression regulation (transcriptional, post-transcriptional and at the protein level). Given the extremely low percentage of them that have been characterized so far, we can expect that many more of them will find a place in the complex network regulating pluripotency.

VI. From CRISPR discovery to CRISPR activators A. Historical background

Although genome engineering with CRISPR/Cas9 system is now a routinely used technique to insert, delete or modify DNA sequences in living organisms, it took more than 20 years after its first discovery [START_REF] Ishino | Nucleotide Sequence of the Iap Gene, Responsible for Alkaline Phosphatase Isozyme Conversion in Escherichia Coli, and Identification of the Gene Product[END_REF] for this tool to be used as a genome engineering tool in eukaryotic cells. While studying the IAP enzyme in Escherichia coli, Ishino et al. cloned and sequenced a 1.7 kb chromosomal fragment containing the iap gene and noticed "An unusual structure […] in the 3'-end flanking region of iap […]. Five highly homologous sequences of 29 nucleotides were arranged as direct repeats with 32 nucleotides as spacing."

With the increase of sequenced prokaryotic genomes in the 90s, it appeared that a great portion of bacteria and archaea actually possess the same kind of short repeated sequences. They were frequently organized in clusters but always regularly separated by unique sequences of constant length. They were first called Short Regularly Spaced Repeats (SRSRs) [START_REF] Mojica | Biological Significance of a Family of Regularly Spaced Repeats in the Genomes of Archaea, Bacteria and Mitochondria[END_REF] before getting their actual name CRISPR for Clustered Regularly Interspaced Short Palindromic Repeats [START_REF] Jansen | Identification of Genes That Are Associated with DNA Repeats in Prokaryotes[END_REF]. It was therefore shown that in most species those clusters were flanked on one side by a common "leader" sequence. The repeats and their leader sequences were shown to be conserved within a species, but different between species. Four unique CRISPR-associated (Cas) genes were identified always adjoining a CRISPR locus indicating that Cas genes and CRISPR loci might be functionally linked. It was also shown that those CRISPR arrays were transcribed (T.-H. [START_REF] Tang | Identification of 86 Candidates for Small Non-Messenger RNAs from the Archaeon Archaeoglobus Fulgidus[END_REF]. A deep bioinformatics study [START_REF] Haft | A Guild of 45 CRISPR-Associated (Cas) Protein Families and Multiple CRISPR/Cas Subtypes Exist in Prokaryotic Genomes[END_REF]) dug into uncharacterized genes in the neighbourhood of CRISPR loci and found many additional protein families strictly linked to CRISPR loci across multiple prokaryotic species. They showed that Cas genes number can be larger than previously expected with up to 20 different ones and can also be located between two clusters of repeat.

CRISPR loci were later classified on the basis of the Cas proteins they contained and were grouped in three classes, with the class I and III harbouring many Cas proteins acting in complex in opposite to the Class II having few effector Cas proteins. A big step-forward was taken when close analyses focused on the unique spacer sequences separating the clustered repeats and revealed their extrachromosomal, phage or plasmid-associated origins [START_REF] Pourcel | CRISPR Elements in Yersinia Pestis Acquire New Repeats by Preferential Uptake of Bacteriophage DNA, and Provide Additional Tools for Evolutionary Studies[END_REF][START_REF] Mojica | Intervening Sequences of Regularly Spaced Prokaryotic Repeats Derive from Foreign Genetic Elements[END_REF][START_REF] Bolotin | Clustered Regularly Interspaced Short Palindrome Repeats (CRISPRs) Have Spacers of Extrachromosomal Origin[END_REF]. It was additionally shown that the presence of exogenous sequences from a given virus within the CRISPR loci was positively correlated with the ability of the prokaryote to resist the viral infection. It was consequently postulated that CRISPR arrays serve as stable immune memory platforms leading to functional defence against pathogens. In 2007 the link between viral infection, viral spacer sequences insertion in CRISPR arrays, Cas proteins effector functions and viral resistance was clearly established [START_REF] Barrangou | CRISPR Provides Acquired Resistance Against Viruses in Prokaryotes[END_REF]. It was later evidenced that CRISPR transcripts are processed in small RNAs (CRISPR RNAs, crRNAs) containing single spacers to guide by a base-pairing mechanism the Cas nuclease activity [START_REF] Brouns | Small CRISPR RNAs Guide Antiviral Defense in Prokaryotes[END_REF]. A type III CRISPR was shown to act on DNA rather than RNA as it was preventing plasmid conjugation in bacteria [START_REF] Marraffini | CRISPR Interference Limits Horizontal Gene Transfer in Staphylococci by Targeting DNA[END_REF]. The same year, the importance of the presence in the target sequence of the short protospacer-adjacent motifs (PAMs) for Cas9-mediated cleavage of DNA was demonstrated [START_REF] Deveau | Phage Response to CRISPR-Encoded Resistance in Streptococcus Thermophilus[END_REF]). However, the proper demonstration of Cas9 as being the only enzyme within its Cas genes cluster able to cleave DNA was done in 2010 [START_REF] Garneau | The CRISPR/Cas Bacterial Immune System Cleaves Bacteriophage and Plasmid DNA[END_REF]. A new component of the type II CRISPR systems was characterized the next year: the non-coding tracrRNA (trans-activating crRNA) was shown to be complementary of the repeated sequence of the CRISPR array and to hybridize with the crRNA to allow its maturation by endogenous RNase III and Cas9 protein. It was therefore demonstrated that Cas9 and two short non-coding transcripts only were required for targeted DNA cleavage. The route for targeted genome editing was opened.

It was first shown that the type II CRISPR system and subsequent interference function was transferrable from one bacterial strain to another [START_REF] Sapranauskas | The Streptococcus Thermophilus CRISPR/Cas System Provides Immunity in Escherichia Coli[END_REF]). Soon after, purified Cas9 guided by crRNAs was shown to be able to cleave target DNA in vitro [START_REF] Gasiunas | Cas9-CrRNA Ribonucleoprotein Complex Mediates Specific DNA Cleavage for Adaptive Immunity in Bacteria[END_REF][START_REF] Jinek | A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity[END_REF]. A chimeric non-coding RNA resulting from a pseudo-fusion of the crRNA and the tracrRNA (called single guide RNA, sgRNA) was then engineered and shown to reproduce the function of the cr and tracrRNA duo in vitro. Finally, two studies reported simultaneously for the first time targeted genome editing in mammalian cells with type II CRISPR Cas9 [START_REF] Cong | Multiplex Genome Engineering Using CRISPR/Cas Systems[END_REF]Mali, Yang, et al. 2013). Non Homologous End Joining (NHEJ) or Homology Directed Repair (HDR) mediated genome modification was obtained by heterologous expression of Cas9 and a sgRNA or a crRNA/tracrRNA hybrid allowing modification of a single gene as well as multiple genes at once in different human cell lines.

After these pioneer studies, the use of CRISPR/Cas9 system as well as new Cas proteins exploded rapidly to become a widely used technology in numerous different organisms.

B. Summarized way of action

As type II CRISPR/Cas9 has been the most used and characterized CRISPR system so far, we will only focus on its particular properties. The full response of CRISPR/Cas9 system after phage or plasmid invasion is commonly divided in three steps. First, Cas1/2 complex is involved in the cleavage of the exogenous DNA in short sequences and their insertion within the CRISPR array between the crRNA-associated repeats. Those small fragments are not randomly picked from the foreign DNA but selected to be followed by a few nucleotides-long motif (Protospacer Adjacent Motif or PAM) that is necessary for further cleavage by Cas9 protein. Second, the newly modified CRISPR array is transcribed in a long non-functional fusion of crRNA and further matured by cleavage in mature crRNAs by endogenous RNase III. Repeated portion of the crRNA allows for hybridization with the trans-activating CRISPR RNA (tracrRNA) and allows the resulting pair of transcripts to interact with Cas9 protein.

Third, Cas9 protein recognizes its specific target through base pairing with the spacer sequence of the crRNA and only if followed by the required PAM sequence subsequently cleaves the invading DNA molecule [START_REF] Hille | CRISPR-Cas: Biology, Mechanisms and Relevance[END_REF]F. Jiang and Doudna 2017).

C. Genome engineering

First, as mentioned before, a fusion of the crRNA and the tracrRNA called single guide RNA (sgRNA) have been shown to efficiently replace the need of separated transcripts. This chimeric RNA reproduces the repeat/anti-repeat hybridisation of the two original RNAs by internal looping and incorporates the three stem loops of the tracrRNA necessary for Cas9 interaction and activation. Cas9 is a bilobed protein including a REC lobe involved in the match detection of the sgRNA and its target sequence and a second lobe including two nuclease domains (called RuvC and HNH based on their biochemical structure homology with known nucleases) and a PAM-interacting domain (PI) responsible for PAM detection [START_REF] Nishimasu | Crystal Structure of Cas9 in Complex with Guide RNA and Target DNA[END_REF]. HNH nuclease domain is responsible for cleavage of the DNA strand complementary to the crRNA while RuvC domain cuts its opposite strand. Cas9 protein has been shown to dramatically change its three-dimensional conformation upon sgRNA binding in such a way that it seems to serve as a real scaffold for the protein allowing nuclease sites to become open and thus potentially active [START_REF] Jinek | Structures of Cas9 Endonucleases Reveal RNA-Mediated Conformational Activation[END_REF][START_REF] Lim | Structural Roles of Guide RNAs in the Nuclease Activity of Cas9 Endonuclease[END_REF]. Once interacting with a sgRNA Cas9 can start scanning the genome. It has been shown that this scanning is first depending on PAM recognition followed by DNA strands separation and RNA-DNA duplex formation [START_REF] Anders | Structural Basis of PAM-Dependent Target DNA Recognition by the Cas9 Endonuclease[END_REF][START_REF] Sternberg | DNA Interrogation by the CRISPR RNA-Guided Endonuclease Cas9[END_REF]. Only an extensive pairing between the sgRNA and its target will allow for efficient double strand cleavage by Cas9 three base pairs upstream of the PAM. However, it was shown that a short homology was sufficient for transient binding of the sgRNA/Cas9 complex but that only a high overlap between the sgRNA and the target sequences leads to efficient cleavage (X. Wu et al. 2014a). More precisely, Cas9 specificity has been extensively characterized and showed that Cas9 allows for few off-targets throughout the sgRNA sequence with more sensitivity for mismatches close to the PAM sequence (X.-H. [START_REF] Zhang | Off-Target Effects in CRISPR/Cas9-Mediated Genome Engineering[END_REF][START_REF] Tycko | Methods for Optimizing CRISPR-Cas9 Genome Editing Specificity[END_REF]. Off-targets effects led scientists to derive a semi active form of Cas9 original protein by inactivation of one of its two nuclease domains [START_REF] Gasiunas | Cas9-CrRNA Ribonucleoprotein Complex Mediates Specific DNA Cleavage for Adaptive Immunity in Bacteria[END_REF]Mali, Aach, et al. 2013;[START_REF] Ran | Double Nicking by RNA-Guided CRISPR Cas9 for Enhanced Genome Editing Specificity[END_REF]. Thus, two sgRNAs targeting opposite strands were necessary for double DNA strand break greatly increasing the specificity of cleavage genome-wide.

The easiness of sgRNA design and expression vector generation made of CRISPR/Cas9 system a very quickly expanding tool. It has been extensively used for genome engineering in cultured cells, embryos and live organisms as well as a versatile tool for large scale screening for gene inactivation and even started to be used for therapeutics goals.

D. Other kind of versatile DNA-binding protein

Gene targeting pre-existed long before the "CRISPR era". In 1988 it was shown that DNA double strand breaks at specific site greatly increased the efficiency of gene targeting in yeast [START_REF] Rudin | Efficient Repair of HO-Induced Chromosomal Breaks in Saccharomyces Cerevisiae by Recombination between Flanking Homologous Sequences[END_REF]. A comparable effect was later shown in mammalian cells through the use of the yeast meganuclease I-SceI and its large recognition sequence [START_REF] Rouet | Expression of a Site-Specific Endonuclease Stimulates Homologous Recombination in Mammalian Cells[END_REF] producing both HDR and NHEJ. Few modifications of this and other meganucleases were further tested [START_REF] Epinat | A Novel Engineered Meganuclease Induces Homologous Recombination in Yeast and Mammalian Cells[END_REF] with the goal to build custom endonucleases but its limited plasticity and the apparition of better alternatives rapidly stopped their development.

FokI, a bacterial restriction enzyme working only upon dimerization on dual DNA targets, was shown to be composed of two separated nuclease and DNA-binding domains. This discovery opened the route to the customized design of site-specific DNA targeting enzyme through the use of FokI cutting domain fused to modular DNA-binding protein. In that aim, Zinc Finger proteins were the first kind of DNA-binding protein to be used (Y. G. [START_REF] Kim | Hybrid Restriction Enzymes: Zinc Finger Fusions to Fok I Cleavage Domain[END_REF]. However, despite their relatively easy design (a single zinc finger domain interacts with a 3 bp-sequence, [START_REF] Pavletich | Zinc Finger-DNA Recognition: Crystal Structure of a Zif268-DNA Complex at 2.1 A[END_REF], they had a major drawback: most of them were highly cytotoxic asking for laborious optimization. A new class of DNAbinding protein was later characterized. Transcription-activator-like effector (TALE) originates from the plant pathogen Xanthomonas bacteria. Each repeat domain recognizes a single base thus allowing for the creation of truly flexible site-specific DNA binding domain.

When fused to DNA cleavage domain of FokI, TALENs (N for nuclease) had very low cytotoxicity [START_REF] Guilinger | Broad Specificity Profiling of TALENs Results in Engineered Nucleases With Improved DNA Cleavage Specificity[END_REF]). Thus, a large effort was made to simplify their design and many expression vectors were generated but the development of CRISPR rapidly decreased their use.

E. Transcriptional modulation

Thanks to its flexible DNA binding capacity, many groups rapidly envisaged Cas9 as a new cargo protein for delivery to a specific genomic location of any functional effectors, as done previously with ZF and TALE proteins. The first step on that way was to turn Cas9 into an inert DNA-binding protein. This was done by introducing one inactivating mutation in both RuvC and HNH enzymatic sites [START_REF] Jinek | A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity[END_REF]. Recruitment of the newly created inactive form of Cas9 (dCas9 for enzymatically dead Cas9) was first published [START_REF] Qi | Repurposing CRISPR as an RNA-Guided Platform for Sequence-Specific Control of Gene Expression[END_REF] in the bacteria E. coli where its recruitment was shown to strongly impede transcription initiation and elongation at promoter or gene body respectively in a strand-specific manner. This result was confirmed by nascent RNA sequencing and showed a clear block of transcription about 20bp upstream of the gRNA targeted site. This effect was shown to be highly specific by total RNA sequencing. Multiple genes could also be affected at once by multiple gRNAs delivery.

Efficiency was clearly higher when targeting the close proximity of the transcription start of the gene (TSS). The system was further applied in human cells to chromosomally-integrated viral fluorescent reporters. In that case, however, gene expression decrease was much lower, reaching in the best case 50% decrease with most of tested gRNAs not producing any effect. This might reflect an intrinsic property of Cas9, originally existing to target DNA in prokaryotic organisms where genome structure is largely different than eukaryotic chromatin. This CRISPR-mediated repression of gene expression by steric competition with RNApolymerase or DNA-binding activator of transcription was called CRISPR interference (CRISPRi). Another study using CRISPRi in bacteria [START_REF] Bikard | Programmable Repression and Activation of Bacterial Gene Expression Using an Engineered CRISPR-Cas System[END_REF]) demonstrated its strong potency in gene repression and further developed an opposite system for transcription activation by fusing to dCas9 the ω subunit of RNA polymerase, previously shown to be sufficient for transcription induction. When dCas9-ω was recruited close to the TSS (-35bp), repression of transcription was reproduced but when moved further a strong induction could be obtained at specific positions (around -90bp).

CRISPRi was concomitantly developed and optimized in eukaryotic cells by fusing separately to the inactive dCas9 cargo [START_REF] Gilbert | CRISPR-Mediated Modular RNA-Guided Regulation of Transcription in Eukaryotes[END_REF]) three different transcriptional repressive domains: the KRAB (Krüppel associated box) domain of Kox1, the CS (Chromo Shadow) domain of HP1α, or the WRPW domain of Hes1. In human cells (HEK293T), KRAB domain was showing the best repressive effect when recruited on the promoter or the coding part of a stably integrated artificial fluorescent reporter, outperforming dCas9 recruitment alone. This effect was shown to be stable over time (up to 5 days), induced with a single gRNA and highly specific of the targeted gene. This was reported on transgenic reporters as well as endogenous genes where dCas9-KRAB frequently performs better than dCas9 resulting to about 50% decrease of protein expression as assessed by FACS analysis. Here again, the effect was shown to work properly for multiplexing by targeting several genes at the same time. The same system was shown to be functional in yeast when KRAB domain was replaced by Mxi1 a yeast transcriptional repressor. An important result was that dCas9-KRAB also works on regulatory elements such as enhancers where dCas9 alone doesn't. However, dCas9 recruitment alone on a Tetracycline responsive element (TRE) can prevent TET-ON activation of a reporter thus suggesting steric competition between dCas9 and other programmable TFs.

The efficiency of dCas9-KRAB fusion was assessed in other organisms [START_REF] Gao | Comparison of TALE Designer Transcription Factors and the CRISPR/DCas9 in Regulation of Gene Expression by Targeting Enhancers[END_REF][START_REF] Farzadfard | Tunable and Multifunctional Eukaryotic Transcription Factors Based on CRISPR/Cas[END_REF] and later used for genome-wide phenotypical screenings upon gene inactivation [START_REF] Gilbert | Genome-Scale CRISPR-Mediated Control of Gene Repression and Activation[END_REF]. A later study [START_REF] Kearns | Functional Annotation of Native Enhancers with a Cas9 -Histone Demethylase Fusion[END_REF] compared LSD1 (an H3K4 and K9me demethylase) and KRAB fusion with dCas9 recruitment on regulatory regions of Oct4 and Tbx3 genes in mouse ES cells. Their results suggested that LSD1 was more efficient at triggering repression when recruited at distal regulatory elements than KRAB domain which was shown to better perform at proximal enhancers or promoters. Their inhibition effect was shown to be achieved without histone occupancy modification or three dimensional re-organization of the targeted locus but rather by post-translational modification of histones. Instead of using histone modifying enzymes, another group (X. S. Liu et al. 2016) used a DNA-methyltransferase fused to dCas9 to induce gene repression. They showed that fusion of Dnmt3a with dCas9 was able to induce methylation of endogenous loci and subsequent efficient gene repression. They could also show that this system was able to block CTCF binding at a given site in a Dnmt3a activity-dependent manner. A 3D modification of the targeted region was further assessed by 3C assay. The binding specificity of the system was evaluated by ChIPseq experiment and revealed few off-target sites with low binding signal and marginal methylation effects. This latter result is worth being compared with a more recent study [START_REF] Galonska | Genome-Wide Tracking of DCas9-Methyltransferase Footprints[END_REF] showing that dCas9 fusion to the catalytic domain of Dnmt3a (cat3a) was able to non-specifically methylate CpGs at a genome-wide scale in the absence of gRNA. However, this effect was not mediated by dCas9 binding to the genome but rather to an increased concentration of cat3a in the nucleus.

CRISPR activation (CRISPRa) was first developed [START_REF] Gilbert | CRISPR-Mediated Modular RNA-Guided Regulation of Transcription in Eukaryotes[END_REF]) by fusing dCas9 to VP64 (four copies of the viral protein VP16 C-terminal domain) or p65 activation domain (a member of the NF-κB family) both known for their transcriptional activation properties. Strong activation was obtained in human cells when targeting the promoter of a stably integrated transgenic fluorescent reporter preceded by a minimal CMV promoter and three repeated targetable sites for a single gRNA. This result was rapidly confirmed with a smaller number of VP16 domains fusion (VP48) [START_REF] Cheng | Multiplexed Activation of Endogenous Genes by CRISPR-on, an RNA-Guided Transcriptional Activator System[END_REF]). But when applied to endogenous loci with a single binding site, absolutely no effect was observed. A higher number of VP16 domain was therefore fused to dCas9. A new dCas9-VP160 was thus tested with a single gRNA, the level of activation was still very poor but a synergistic effect was shown when using a combination of gRNAs targeting the same promoter. These results were further confirmed by following studies using the same experimental set up [START_REF] Maeder | CRISPR RNA-Guided Activation of Endogenous Human Genes[END_REF][START_REF] Perez-Pinera | RNA-Guided Gene Activation by CRISPR-Cas9-Based Transcription Factors[END_REF][START_REF] Farzadfard | Tunable and Multifunctional Eukaryotic Transcription Factors Based on CRISPR/Cas[END_REF].

A new generation of CRISPRa systems followed these pioneer tools including three potent technologies: SunTag, SAM and VPR. The SunTag system (Tanenbaum et al., 2014) was initially developed for live tracking of protein dynamics and localization. This was achieved by fusion to the protein of interest of a repeated array of small epitopes (coming from the yeast GCN4 protein) which were specifically recognized by diffusible antibodies (single chain fragments variable) conjugated to fluorescent tags, therefore allowing for great amplification of the fluorescent signal (Fig. 1.4). An elegant adaptation of this tool was set up for CRISPR activation purpose. The repeated epitopes array was fused to dCas9 and the diffusible antibody to VP64 allowing for the local accumulation of multiple copies of VP64.

The system was shown to be impressively more powerful than all previously reported CRISPRa systems in mammalian cells generating high induction of endogenous loci with a single gRNA.

This system demonstrates its robustness and specificity in a genome-wide screening [START_REF] Gilbert | Genome-Scale CRISPR-Mediated Control of Gene Repression and Activation[END_REF]) using a broad gRNAs library. Based on the Cas9-gRNA complex crystal structure [START_REF] Nishimasu | Crystal Structure of Cas9 in Complex with Guide RNA and Target DNA[END_REF]) and identified free-of-interaction loops within the gRNA molecule, another group [START_REF] Konermann | Genome-Scale Transcriptional Activation by an Engineered CRISPR-Cas9 Complex[END_REF] imagined the use of the guide RNA itself as a recruiting component for transcriptional activation. The rationale for this idea was based on the fact that the gRNA is in very close proximity to the chromatin thus potentially producing a stronger effect than when the effector is fused to the large Cas9 protein and possibly far from the targeted DNA sequence. They therefore inserted RNA aptamers recognized by the MS2 protein [START_REF] Peabody | The RNA Binding Site of Bacteriophage MS2 Coat Protein[END_REF] within the gRNA loops. The system included a dCas9-VP64 fusion, a gRNA with two aptamer loops and a MS2 protein fused with p65 and HSF1, two transactivation domains (Fig. 1.4). This novel CRISPPRa complex was referred as SAM for Synergistic Activation Mediator. SAM performed tremendously better than dCas9-VP64. The authors identified the best window to be targeted for a high efficiency of induction being from -200 to +1bp relative to the TSS of the target gene. As previously reported, it was found that basal level of expression of a gene highly influences the degree of induction, lowest expressed genes being the best induced ones. Multiplexing with up to 10 gRNAs targeting 10 different genes was performed, however producing lower induction than when each was targeted separately. RNA sequencing experiments confirmed the high specificity of the system and validation with a functional screening was performed. Finally, The VPR system [START_REF] Chavez | Highly-Efficient Cas9-Mediated Transcriptional Programming[END_REF]) came from a screening testing more than twenty fusions of activation domains from Mediator/Transcription Initiation Complex subunits or transcription factors to dCas9 for activation of a fluorescent reporter. VP64, p65 and Rta were identified as the three best transcription inducer proteins (Fig. 1.4). Tested on endogenous genes the dCas9-VP64-p65-Rta outperformed VP64 alone in human cells. Multiple genes could be induced at once with high efficiency and specificity. VPR was shown to work as well in drosophila and mouse cell lines, showing the versatility of the designed system.

A different system was based on the histone acetylase protein p300 ability to promote transcriptional activation [START_REF] Hilton | Epigenome 145 Editing by a CRISPR/Cas9-Based Acetyltransferase Activates Genes from Promoters and Enhancers[END_REF]. The enzymatically active domain of p300 (called p300 core) only was fused to dCas9 (Fig. 1.4). Induction with this new fusion was now as good as or even a little bit better compared to VP64 while both fusions were expressed at the same level. The effect was shown to be fully dependent on the enzymatic power of p300 core. The most noteworthy result of this study is that while VP64 was only able to induce downstream transcriptional response when targeted to promoters, p300 core was able to produce not only better induction when recruited to promoters but also to induce a nice response through proximal and distal enhancers. However, it is important to notice that good levels of transcriptional induction were always obtained with pooled gRNAs.

A good comparison [START_REF] Chavez | Comparative Analysis of Cas9 Activators Across Multiple Species[END_REF]) of most of the CRISPRa systems (VP64, VPR, SAM, Scaffold, SunTag, p300 core, VP160, dual VP-64) was performed and reported SunTag, VPR and SAM systems to be the most efficient ones (Fig. 1.4). 

F. Examples of CRISPRa studies in stem cell biology and cell reprogramming

The targeted differentiation of pluripotent cells in specific lineages has been efficiently performed with CRISPRa strategies. For instance, [START_REF] Wei | Conversion of Embryonic Stem Cells into Extraembryonic Lineages by CRISPR-Mediated Activators[END_REF] obtained a high induction of Cdx2 in mESCs leading to, when cells were placed in Trophectoderm Stem Cell (TSC) culture media, a good induction of TSC-like cells (Cdx2+) obtained at a higher efficiency compared with a Cdx2 exogenous transgene transfection. The same study was performed with Gata6 and Extra Embryonic-like (XEN-like) cells with comparable results. [START_REF] Chavez | Highly-Efficient Cas9-Mediated Transcriptional Programming[END_REF] used VPR to differentiate iPS cells in neuronal lineages through the transfection of a pool of 30 gRNAs targeting NGN2 or NEUROD1 and showed that this was sufficient to trigger strong neuronal differentiation of pluripotent cells cultured in self-renewing condition.

An interesting advantage of CRISPRa compared to conventional cDNA-mediated techniques in transient overexpression of factors was reported by [START_REF] Black | Targeted Epigenetic Remodeling of Endogenous Loci by CRISPR/Cas9-Based Transcriptional Activators Directly Converts Fibroblasts to Neuronal Cells[END_REF]. Indeed, they could show that, while both kind of non-integrated transgenes were eliminated with the same kinetics over time, CRISPRa lead to a more durable overexpression due to the epigenetic remodelling of the targeted locus inducing a prolonged effect compared to exogenous expression. The authors used both ways to activate Brn2, Ascl1, and Mytl1 transcription factors in MEFs in order to induce neuronal differentiation. They showed that endogenous expression of the factors was strongly sustained after CRISPRa transgenes disappearance compared to cDNA vectors where endogenous expression rapidly decreased after transgenes elimination.

Therefore, a largely more efficient reprogramming was obtained through CRISPRa vectors transient transfection in MEFs.

Finally, it was recently shown for the first time that endogenous induction of Sox2 locus alone could lead to the reprogramming of mouse fibroblasts into induced pluripotent cells. The authors (P. [START_REF] Liu | CRISPR-Based Chromatin Remodeling of the Endogenous Oct4 or Sox2 Locus Enables Reprogramming to Pluripotency[END_REF]) activated seven reprogramming candidate genes (Oct4, Sox2, Klf4, c-Myc, Nr5a2, Glis1, Cebpa) with the SunTag system through combinatorial and multiplexed inductions. By this way, they could efficiently obtain reprogramming of MEFs and found that endogenous activation of Sox2 alone along with a chemical cocktail was sufficient to induce MEFs reprogramming into iPSCs. When re-differentiated in MEFs, those cells could be efficiently reprogrammed again by SunTag activation. The same effect was obtained when recruiting the SunTag system to Oct4 promoter and proximal enhancer. This study underlined the fact that endogenous locus activation can result in different effects than transgenic expression methods probably due to local effects or recapitulation of "natural" pluripotency associated genome architecture therefore enhancing reprogramming efficiency.

Methods
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Methods

Cell culture

Regular cultures:

ES cells (E14Tg2a and derivatives) were cultured at 37°C in 7% CO2 on 0.1% gelatine (SIGMA, G1890-100G) in DMEM+GlutaMax-I (Gibco 31966-021), 10% FCS (Sigma F7524), 100 μM 2mercaptoethanol (Gibco 31350-010), 1× MEM non-essential amino acids (Gibco 1140-035) and 10 ng/ml recombinant LIF (MILTENYI BIOTEC, 130-099-895). Cells were passaged 1:10 every 2-3 days with 1X trypsin-EDTA 0.05% (Thermo 25300062). Only when mentioned cells were cultured in 2i medium containing 0.5X DMEM/F12 (Gibco 31331093), 0.5X Neurobasal (Gibco 21103049), 0.5% N2 supplement 100X (Gibco 17502048), 1% B27 supplement 50X (Gibco 17504044), 10µg/mL Insulin (Sigma I1882-100MG), 2 mM L-Glutamine (Invitrogen 91139), 0.05% BSA (Sigma A3311-10G), 100 μM 2-mercaptoethanol (Gibco, 31350-010), 10 ng/ml recombinant LIF (MILTENYI BIOTEC, 130-099-895), 1 µM PD0325901 (Axon Medchem Bv Axon-1408), 3 µM CHIR99021 (Axon Medchem Bv Axon-1386). When specified cells were treated with 1 µg/mL of Doxycycline (Sigma D3072-1ML), 1 µg/mL Puromycin (Sigma P9620-10ML), 400 µg/mL Hygromycin B (Sigma H3274-50MG), 0.2 mg/mL G418 (Sigma G8168-10ML), 1µM Tamoxifen (Sigma H7904-5MG).

Nanog loss-and gain-of-function:

For all SunTag induction experiments, 30.000 cells per cm 2 were plated in presence or absence of Doxycycline/LIF. Medium was changed every day after one wash with the same medium.

At day 3, cells were either lysed on the plate for RNA extraction or harvested for Western blot lysates, microscopy slides and chromatin preparation. For induction kinetics over 6 days, cells were passaged at day 3 at the same density. 44iN cells (Festuccia et al., 2012) were kept in culture with Doxycycline for at least 3 passages, except when explicitly stated. Subsequently, 30.000 cells per cm 2 were plated in presence or absence of Doxycycline for the indicated 2/17 times. To culture 44iN cells in the absence of Nanog long-term, the cells were maintained under G418 selection, as previously described (Festuccia et al., 2012). Finally, 44NERT (Navarro et al., 2012) cells were cultured under G418 selection and plated at 30.000 cells per cm 2 to perform Tamoxifen induction kinetics for the indicated times.

Clonal assays:

Clonal assays were performed by plating 600 cells/P6 well in +/-LIF and +/-Dox, in parallel.

Medium was changed every day after one wash with the same medium. After 6 days, colonies were fixed (25% Citrate solution, Sigma 854: 67% Acetone, Sigma 270725; 8% Formaldehyde, Sigma F8775) for 1min and stained for 20min with Alkaline Phosphatase staining kit (Sigma, 86R). Number of undifferentiated, mixt and differentiated colonies was then assessed on a stereo-microscope (NIKON-SMZ1500). For serial cloning assay, all cells from -LIF +Dox condition were harvested at day 6, counted and plated again at clonal density for 6 additional days, as indicated, and processed as above. Finally, to assess the pluripotent state of Nanog SunTag cells cultured in -LIF +Dox, all cells were harvested at day 6 and passaged 1:4 in FCS/LIF for 1 day to ensure correct cell adhesion. The next day medium was replaced by 2i/LIF.

Generation of SunTag ES cells

Cloning of the SunTag and gRNA expressing vectors:

The SunTag vectors were obtained from Addgene (#60903, #60904). The PiggyBac vectors containing the rtTA trans-activator (PB-CAG-rtTA) and a TRE-driven expression cassette (A-ND2) as well as the PBase vector were kindly provided by Dr. Pentao Liu [START_REF] Gao | Reprogramming to Pluripotency Using Designer TALE Transcription Factors Targeting Enhancers[END_REF]. To generate the PB-TRE-SunTag-dual-Hygro vector (see Sup. Fig1) expressing the two moieties of the SunTag system, we first modified #60903 as follows. The TRE promoter was PCR-amplified and inserted upstream of dCas9. Next, we excised the lentiviral part of the vector downstream of the WPRE element and ensured its integrity by ligating a short WPRE amplicon. Both 5' and 3' LTRs were PCR-amplified from PB-CAG-rtTA and sequentially inserted on both sides of the TRE-dCas9-GCN4-BFP cassette, and a bGH polyA signal was PCR amplified and inserted downstream of the BFP sequence. Finally, an IRES-Hph (Hygromycin resistance) cassette was amplified by PCR and inserted in frame with the dCas9-GCN4-BFP cassette upstream of the bGH polyA signal, generating the PB-TRE-dCas9-GCN4-P2A-BFP-IRES-Hph-pA vector. To 3/17 modify #60904 we first PCR-amplified the scFv-GCN4-sfGFP-VP64-GB1-NLS cassette and inserted it in A-ND2 vector downstream of the TRE promoter. After a subsequent PCR amplification of the resulting cassette, it was finally inserted in the modified #60903 vector, generating our final Dox-inducible SunTag construct. To generate the gRNA expression vector, we used the #51133 plasmid (Addgene) to introduce the U6-gRNA-PGK-PuroR-pA cassette in the PiggyBac backbone of the PB-CAG-rtTA. The resulting plasmid is referred to as PB-gRNA-Puro. This vector was used to clone annealed oligos corresponding to the 20 bp of the sgRNA sequence preceded by specific overhangs (5'-CACC and 5'TTTG).

Establishment of Parental SunTag ES cells:

Subconfluent E14Tg2a cells were transfected with 5 µL of Lipofectamine 2000 (ThermoFisher), 0.8 µg of PB-CAG-rtTA, 0.8 µg of dual SunTag PiggyBac vector and 0.4 µg of the PBase vector.

Upon Doxycycline treatment (1 µg/mL) the cells were selected with Hygromycin B for 10 days. 

gRNA design and selection:

To design gRNAs targeting the SunTag system to the Nanog and Otx2 promoters, we first identified all the potential targets of 20 nucleotides preceding a 'NGG' protospacer adjacent motif (PAM) on both strands. Those having a GC content between 35% and 85%, and not containing a stretch of 4 or more repeated nucleotides were kept. A potential efficiency score 4/17 was calculated for each candidate guide given the sequence and using a predictive model, as described [START_REF] Doench | Rational design of highly active sgRNAs for CRISPR-Cas9-mediated gene inactivation[END_REF]. To control off-target effects and ensure DNA targeting specificity, the remaining list of sgRNA candidates was mapped on the complete mm9 mouse genome using the EMBOSS Fuzznuc tool, allowing various ambiguities and complex search patterns. As CRISPR-CAS9 efficiency depends on sgRNA-target similarity pattern (Hsu et al., 2013), candidates having off-targets with only 0, 1 or 2 mismatches were excluded, while offtargets with 5 mismatches or more were ignored, as well as off-targets not followed by a PAM.

Off-targets with 3 or 4 mismatches were then sorted by the lowest number of off-targets with 3 mismatches in the 5' end, then by the highest proportion of off-targets with 2 mismatches or more in the seed. The efficiency of promoter induction with candidate gRNAs was then experimentally tested by transient transfection and the best gRNA was kept for further analyses.

Generation of Nanog-, Otx2-and Nanog/Otx2-SunTag ES cells:

C1 and C2 were lipofected as described above with 1 µg of PB-gRNA-Puro and 0.5 µg of PBaseexpression vector, selected with Puromycin for 4 days and plated clonally under selection. 

Single-molecule RNA Fluorescent In Situ Hybridisation (smFISH):

5/17 Cells were washed in 1X PBS, trypsinized, pelleted, washed again in 1X PBS and resuspended in 2mL of DMEM/FCS medium. Cells were fixed with 1% Formaldehyde (Sigma F8775) with slow agitation. Fixation reaction was stopped by addition of 300µL of 1M glycine (SIGMA G7126-500G) for 5min. Cells were then pelleted at 4°C, washed in cold 1X PBS, and pelleted again. Cells were resuspended in cold 1%BSA 1X PBS at 1 million cells/mL and cytospun at 400 rpm (Low acceleration) for 5 min on SuperFrost slides (Thermo J1800AMNT). Slides were air dried and stored in 70° EtOH at 4°C. Each spot was incubated at 37°C for 3hrs with hybridization cocktail (10% Formamide, 2X SSC buffer, 1µg/mL BSA, 1µL of E.Coli RNAs at 1µg/mL, 1µL of Nanog probe at 20 pmol/µL). The slides were washed 3 times in 2X SSC 10%

Formamide for 30min at 37°C and mounted in Vectashield medium with DAPI (Vector-abcys H-1200). Nanog pre-messenger probe was designed using Stellaris Probe Designer version 4.2 on Biosearch Technologies website with the maximum masking level (5) and was synthetized by the same company. Image stacks (0.5 μm gap) were acquired using a Nikon Eclipse X microscope equipped with: 63× oil immersion objective (N.A1.4); LUMENCOR excitation diodes; Hamamatsu ORCA-Flash 4.0LT camera; NIS Elements 4.3 software. The number of active transcription sites per cell was automatically counted with FISH-quant program [START_REF] Mueller | FISH-Quant: Automatic Counting of Transcripts in 3D FISH Images[END_REF]. We used ImageJ software to measure the intensity of the signal at active transcription sites. A line of 16 pixels, with constant orientation being kept over all images, was centred on each analysed spot. The function Analyse>Measure was used to get pixel intensities along the line. The intensity of each pixel was then normalised to the mean of the first and last pixel of each individual analysed spot. Spots were randomly selected until at least 40 had been quantified for each of the Nanog SunTag clones in both -Dox and +Dox conditions.

RNA, protein and chromatin analyses:

Western Blot:

One million cells were lysed in 100 µL of Laemmli Sample Buffer (Biorad, 1610737) and 10 µL loaded in wells of 10X Mini Protean TGX gels 10 % (Biorad 456-1034). Migration was performed at 20 mA for 1h30 and transfer to nitrocellulose membranes (GE Healthcare RPN303D) was performed at 300 mA for 1h at 4°C. Ponceau (Sigma P7170-1L) staining was used to check loading homogeneity and a picture was taken with a ChemiDoc MP Imaging System (Biorad 1705062). Membrane was blocked in PBS-0.1% Tween20 (PBST) 5%BSA for 1hr 6/17 at room temperature. Membrane was incubated with primary antibodies at 4°C overnight in blocking buffer, washed 3 times for 5min in PBST at room temperature and incubated in blocking buffer with secondary antibodies for 1ht at RT. Membranes were washed three times in PBST and revealed with Clarity Max Western ECL Substrate (Biorad 1705062).

Chemoluminescence was imaged on a ChemiDoc MP Imaging System (Biorad 1705062).

Membrane stripping was done with mild stripping buffer (water 0.15% glycine, 0.1% SDS, 0.1% Tween 20, adjusted to pH 2.2) for three washes of 5 min. Membrane was blocked again after stripping and processed as above. The antibodies used can be found in Table S4.

RNA extraction and Reverse Transcription:

Cells were lysed with 1mL TRIzol (ThermoFisher) and RNAs extracted according to manufacturer's protocol. To eliminate any genomic DNA contamination, this was followed by an additional DNAse I treatment (Qiagen 79254) for 20min at 37°C followed by phenol:chloroform purification. RNAs were resuspended in Ultrapure DNAse/Rnase Free Distilled Water (Thermo 10977035). Reverse Transcription was performed with 1µg of total RNAs with random hexamers or specific primers for strand specific RT-qPCR (Table S4; Roche 04379012001) following manufacturer's protocol on a TM 100 Thermal Cycler (Biorad).

Quantitative real-time PCR:

Real-time PCR reactions were performed in duplicates in 384-well plates with a LightCycler 480 (Roche) using 4.5µL of LightCycler 480 SYBR Green I Master (Roche, 04707516001), 5µL of sample and 0.25µL of each primer at 20µM in a final reaction volume of 10µL. Standard and melting curves were generated to verify the amplification efficiency (>85%) and the production of single DNA species. PCR primer sequences are listed in Table S4. The 2dCt method was used both for ChIP and RT-PCR analysis. For the former, all values were corrected to the input; for the latter, Tbp was used to normalise the data.

Chromatin preparation:

Nanog SunTag cells (3.10 7 ) used for H3K27me3 analysis, were resuspended in 3 ml PBS and crosslinked for 10 min at room temperature with 1% formaldehyde (Sigma F8775).

Crosslinking was stopped with 0.125 mM glycine for 5 min at room temperature. 44iN cells (3.10 7 ) used for TF binding profiling were crosslinked in 3 ml of freshly prepared PBS-DSG 7/17 2 mM at pH 7.0 (Sigma, 80424-5 mg) for 50 min at room temperature with occasional shaking.

After pelleting and washing in PBS, cells were incubated for 10 min in 3 ml PBS 1% formaldehyde (Sigma F8775), quenched with 0.125 MM glycine. After fixation, cells were pelleted, washed twice with ice-cold PBS and resuspended in 6 ml of swelling buffer (25 mM Hepes pH 7.95, 10 mM KCl, 10 mM EDTA) freshly supplemented with 1X protease inhibitor cocktail (PIC-Roche, 04 693 116 001) and 0.5% NP-40. After 30 min on ice with occasional shaking, the suspension was centrifuged and resuspended in 450 μl of TSE150 (0.1% SDS, 1%

Triton, 2 mM EDTA, 20 mM Tris-HCl pH8, 150 mM NaCl) buffer, freshly supplemented with 1X PIC. Samples were split in 3 (150µL) and sonicated in 1.5 mL tubes (Diagenode) using a Bioruptor Pico (Diagenode) for 7 cycles divided into 30 s ON -30 s OFF sub-cycles at maximum power, in circulating ice-cold water. After centrifugation (10 min, full speed, 4 °C), the supernatant was stored at -80 °C. Five microlitres was used to quantify the chromatin concentration and check DNA size (typically 200-500 bp).

Chromatin immunoprecipitation (ChIP):

The chromatin was pre-cleared for 90 min on a rotating wheel at 4 °C in 300 μl of TSE150 containing 50 μl of pG Sepharose beads (Sigma, P3296-5 ML) 50% slurry, previously blocked with BSA (500 μg ml-1; Roche, 5931665103) and yeast tRNA (1 μg ml-1; Invitrogen, AM7119).

Immunoprecipitations were performed overnight rotating on-wheel at 4 °C in 500 μl of TSE150. 20 µL was set apart for input DNA extraction and precipitation. 50 µL of blocked pG beads 50% slurry was added for 4 h rotating on-wheel at 4 °C. Beads were pelleted and washed for 5 min rotating on-wheel at room temperature with 1 ml of buffer in the following order: 3 × TSE150, 1 × TSE500 (as TSE150 but 500 mM NaCl), 1× washing buffer (10 mM Tris-HCl pH8, 0.25M LiCl, 0.5% NP-40, 0.5% Na-deoxycholate, 1 mM EDTA), and 2 × TE (10 mM Tris-HCl pH8, 1 mM EDTA). Elution was performed in 100 μl of elution buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8) for 15 min at 65 °C after vigorous vortexing. Eluates were collected after centrifugation and beads rinsed in 150 μl of TE-SDS1%. After centrifugation, the supernatant was pooled with the corresponding first eluate. For both immunoprecipitated and input chromatin, the crosslinking was reversed overnight at 65 °C, followed by proteinase K treatment, phenol/chloroform extraction and ethanol precipitation. The antibodies and the amount of chromatin used for PCR or sequencing analyses is indicated in Table S4.
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Chromatin accessibility (ATAC): 50,000 viable cells were washed with cold 1X PBS, pelleted by centrifugation for 5 min at 500g at 4°C, resuspended in 50 μl of transposition reaction mix (25 μl of Tagmentation DNA buffer, 2.5 μl Tagment DNA enzyme (Illumina) and 22.5 μl nuclease-free H2O) and incubated for 30 min at 37 °C. DNA was purified with a MinElute PCR purification kit (Qiagen),

Libraries preparation and sequencing

RNA-seq:

We used 0.5 μg of total RNA to purify polyadenylated mRNAs and to build an RNA library, using TruSeq Stranded mRNA Sample Prep Kit (Illumina, #RS-122-9004DOC), as recommended by the manufacturer. Directional libraries were checked for concentration and quality on DNA chips with the Bioanalyser (Agilent). More precise and accurate quantification were performed with sensitive fluorescent-based quantitation assays ("Quant-It" assays kit and QuBit fluorometer, Invitrogen). Samples were normalized to 2nM and multiplexed. After denaturation using 0.1N NaOH (5' at room temperature), the samples were diluted to 9pM and loaded on the flowcell. Sequencing was performed on the HiSeq 2500 sequencer (Illumina) in 65 bases V4 single-end mode.

ChIP-seq:

Chiped DNA was end repair in a total volume of 50µL (sample 37.5 µL, 10mM dNTPs 2 µL, NEB T4 ligase buffer 5 µL, NEB T4 polymerase 2.5 µL, NEB Klenow polymerase 0.5 µL, NEB T4 PNK 2.5 µL) and incubated for 30min at 20°C. After DNA purification (see below), A-tailing was subsequently performed in a total volume of 25 µL (sample 20 µL, NEB Buffer 2 2.5 µL, 5mM dATP 1 µL, NEB Klenow 3'-5' exo minus 1.5 µL) at 37°C for 30min. Illumina TruSeq adapters were used for libraries indexing, ordered from IDT Company with 5' phosphate modification.

Illumina adapters' compatibility was checked with the online tool checkmyindex (checkmyindex.pasteur.fr) for multiplexing. Truseq adapters were annealed with Illumina Universal adapter at 20µM each in 1X NEB Buffer 2 on a TM 100 Thermal Cycler (Biorad).

Adapters ligation was performed in a total volume of 25 µL (sample 19.25 µL, NEB 10x T4 ligase buffer 2.5 µL, 0.2µM adapter 1.25 µL, NEB T4 ligase 2 µL) at 16°C overnight. After DNA purification, DNA was amplified in a total volume of 50 µL (sample 19.5 µL, Pico green 1 µL -9/17 1:10 in water; Life Technologies P7589 -, 25 µL of KAPA HiFi HOTSTART Ready mix -NC0295239 -, PCR 1.0 10µM 1 µL, PCR 2.0, 10µM 1 µL) on a LightCycler 480 (Roche). PCR primers are listed in Table S4. Any sample reaching an absolute fluorescence value of 6 was taken out from the plate at the end of the last extension. Any library requiring more than 16 cycles of amplification to reach this level was discarded and reprepared. DNA was finally purified and the concentration was measured with a Qubit 4 Fluorometer (Thermo Q33226).

Libraries quality check and size estimation were then performed on an Agilent 2200 Tape Station with High Sensitivity D5000 ScreenTape (Agilent Technologies, 5067-5592) and High Sensitivity D1000 Reagents (Agilent Technologies, 5067-5585) using 1-2ng of material.

Libraries were subsequently adjusted to equimolar concentration of 2nM according to fragments average size and concentration prior mixing them for subsequent sequencing on the HiSeq 2500 sequencer (Illumina) in 65 bases V4 single-end mode.

ATAC-seq:

Libraries were prepared as described [START_REF] Buenrostro | ATAC-seq: A Method for Assaying Chromatin Accessibility Genome-Wide[END_REF] but replacing NEB Next High-Fidelity 2X PCR Master Mix, by KAPA HiFi HotStart (KapaBiosystems KM2602) for PCR amplification, after determining the number of cycles needed by qPCR. The concentration and quality of the libraries were assessed as described above. Libraries were sequenced on the HiSeq 2500 sequencer (Illumina) in 65 bases V4 paired-end mode.

SPRI beads preparation and DNA purification:

SPRI beads for DNA purification were prepared as follows: 50% (w/v) PEG 8000 stock was prepared by progressively pouring nuclease-free water on 12.5g of PEG 8000 (Promega V3011) until reaching a total volume of 25mL. 1mL of vigorously resuspended Sera-Mag Magnetic Speed beads (Ge Healthcare 65152105050250) were washed three times with washing buffer (10 mM Tris HCl pH 8, 1 mM EDTA, 0.05% Tween 20) by vortexing (15sec) and supernatant removal with an PureProteom Protein G Magnetic Bead System 11740343 (EMD Millipore). Then, incomplete storage buffer was prepared (25mL NaCl 5 M, 6.25mL Nucleasefree water, 0.5mL Tris base 1 M, 0.5mL Disodium EDTA 0.1 M) and 1mL was used to resuspend the beads after last washing step by vortexing 15sec. Resuspended beads were added to the rest of the incomplete storage buffer and the mix was vortexed for 30sec. 17.5mL of 50% (w/v) PEG 8000 stock was then slowly added to the mix. Finally, 250µL of Tween 20 were added and 10/17 the mix was slowly inverted until solution homogenised. Beads were further aliquoted in 2mL

Eppendorf tubes and kept at 4°C. Optimal Beads:sample ratios for precise DNA size recovery were finally assessed using a 50bp DNA step ladder (Sigma S7025-50UG) and an Agilent 2200 Tape Station using High Sensitivity D5000 ScreenTape (Agilent Technologies, 5067-5592) and High Sensitivity D1000 Reagents (Agilent Technologies, 5067-5585). DNA purification steps were performed in round bottom 96 well plates (Thermo 611U96) using an Agencourt SPRI Plate Super Magnet Plate (Beckman Coulter A32782) at room temperature. DNA sample and beads solution were mixed (0.8 to 2:1 ratio) in the P96 well and left for 5min and washed twice with 200µL 70% EtOH. DNase-free water was added to the beads for DNA elution, with successive rounds of pipetting. After 5min, the samples were repositioned on the magnetic plate for 5min and the supernatant was collected.

Informatic analyses

Data and availability:

A summary of data collected and sequenced for RNA-seq, ChIP-seq along with public data used to identify Nanog binding regions is available in Table S5. Briefly, for Nanog induction RNAseq between 2-4 replicates were sequenced per condition; for 44iN ChIP-sequencing we collected two replicates per factor for plus and minus Dox, and correspondingly 2 replicates per +/-Dox for ATAC-seq. For H3K27me3 ChIP-seq we collected and sequenced 4 replicates per Lif/Dox condition, some of which were excluded due to quality issues (see Identification of H3K27me3 Domains). To identify Nanog binding regions we combined Nanog ChIP-seq from four independent studies: GSE56312, (Galonska et al., 2015); GSE11724, [START_REF] Marson | Connecting microRNA genes to the core transcriptional regulatory circuitry of embryonic stem cells[END_REF]; GSE44288, (Whyte et al., 2013); GSE55404, [START_REF] Lee | Tgif1 Counterbalances the Activity of Core Pluripotency Factors in Mouse Embryonic Stem Cells[END_REF]. To compare to previously published Nanog targets, microarray data was taken from: Nishiyama et al., 2009 andFestuccia et al., 2012.

ChIP-seq Data Processing:

For all ChIP-seq samples (Nanog public datasets, 44iN +/-Dox, H3K27me3) reads were aligned with bowtie2 [START_REF] Langmead | Fast gapped-read alignment with Bowtie 2[END_REF] in the mm9 genome, with options "-k 10" for all samples and additionally "-I 0 -X 1000 --no-discordant --no-mixed" for paired-end samples from Lee et al. Reads were additionally filtered for those with a single alignment (mapping 11/17 quality: 255) and an edit distance less than 4 (mean edit distance for paired reads). For Nanog and 44iN datasets distinct reads aligning with identical coordinates were treated as duplicates and collapsed to one.

RNA-seq Data Processing:

Stranded RNA-seq reads were aligned to the mm9 genome using STAR [START_REF] Dobin | Mapping RNA-seq Reads with STAR[END_REF] and quantified by RSEM [START_REF] Li | RSEM: accurate transcript quantification from RNA-Seq data with or without a reference genome[END_REF] using the RSEM-STAR pipeline, with additional options "--seed 1618 --calc-pme --calc-ci --estimate-rspd --forward-prob 0.0".

ATAC-seq Data Processing:

Paired end 65bp ATAC-seq reads were trimmed by aligning read pairs to discover regions of reverse complementarity surrounded by Nextera sequencing adapters. Similarly to ChIP-seq processing, reads were aligned to mm9 genome using bowtie2 [START_REF] Langmead | Fast gapped-read alignment with Bowtie 2[END_REF] with options "-k 10 -I 0 -X 1000 --no-discordant --no-mixed", and filtered for reads with a single alignment mean edit distance less than 4 between read pairs. Heatmaps and meta plots were generated by marking ATAC-seq cut sites, left-most and right-most coordinates of each read with shifted inwards by 4bp, as recommended [START_REF] Buenrostro | ATAC-seq: A Method for Assaying Chromatin Accessibility Genome-Wide[END_REF], and base pair of the cut site and the two surrounding were marked. Total cut-site signal was normalised for sequencing depth and averaged over replicates.

Identifying Nanog binding regions from Public datasets

Six independent samples from four studies were combined, as specified above. Peaks were called against relevant inputs/controls for all samples using macs2 [START_REF] Feng | Identifying ChIP-seq enrichment using MACS[END_REF] with "callpeak -q 0.2 -g mm", with the exception of [START_REF] Lee | Tgif1 Counterbalances the Activity of Core Pluripotency Factors in Mouse Embryonic Stem Cells[END_REF] in which controls were unavailable, in this case macs2 was run without controls and peaks are called against a local background model. Peaks intersecting with the mm9 blacklist (ENCODE Project Consortium 2012) were excluded along with those on chrM and chrY. This resulted in 69,088 & 25,047 peaks for (Galonska et al., 2015), 17,950 & 10,347 peaks for [START_REF] Marson | Connecting microRNA genes to the core transcriptional regulatory circuitry of embryonic stem cells[END_REF], 31,062 peaks for (Whyte et al., 2013), and 27,888 peaks for [START_REF] Lee | Tgif1 Counterbalances the Activity of Core Pluripotency Factors in Mouse Embryonic Stem Cells[END_REF]. Combined, this resulted in 85,697 candidate Nanog binding regions, which were further filtered to those occurring in at least two independent samples resulting in 39,164 peaks. Reflecting that these regions are representative of Nanog binding, we found the fraction of reads in these peaks to be high over 12/17 all samples: 17.1%, 23.9% (Galonska et al. 2015); 16.6% & 16.6% [START_REF] Marson | Connecting microRNA genes to the core transcriptional regulatory circuitry of embryonic stem cells[END_REF]; 12.8% (Whyte et al., 2013); 25.8% [START_REF] Lee | Tgif1 Counterbalances the Activity of Core Pluripotency Factors in Mouse Embryonic Stem Cells[END_REF]. Finally, to focus on those regions with clear Nanog binding we additionally filtered peaks to those with a minimum height (averaged over all samples) of 1 read per million resulting in 27,782 peaks.

Clustering of 44iN ChIP-seq

ChIP-seq signal for Esrrb, Oct4, Sox2 and Brg1 was quantified over 1kb (+/-500bp) centred on Nanog peaks. Our objective was to identify the set of regions with strong co-binding between at least one of the factors and Nanog. Employing preliminary clustering on the sequencing depth normalised signals from the four factors, we found regions segregated into those displaying nanog co-binding and nanog solo behaviour. We found that a peak height threshold of ~30 reads normalised to the mean sequencing depth (~2.7 reads per million) for at least one factor in one condition captured the co-binding versus solo distinction. Applying this threshold resulted in 13,515 nanog solo regions, and 14,259 nanog co-binding regions which were subject to further comprehensive clustering. To identify patterns of co-binding that do not depend of differences between occupancy between factors or globally between sites (i.e. denoting its max-normalisation as .

We then apply a k-means clustering with a Euclidean distance metric on the . K-means clustering was applied using the Clustering package in Julia. We selected k to provide a clear 13/17 group of regions were Nanog is required for other factors to bind or not. We found k = 8 to provide a good balance between summarising broad Nanog dependence and identifying complex co-binding relationships: when evaluating the cluster assignments for k and (k+1), in the range 2≤k≤20, we found that the Rand Index [START_REF] Rand | Objective Criteria for the Evaluation of Clustering Methods[END_REF], defined as the number of pairs of regions assigned to the equivalent cluster over the total numbers of pairs exceeded 0.9 for k≥7. Importantly, only at k=8 the Oct4 only dependent cluster which retains accessibility (Fig 3) was resolved, and for k = 9 and k = 10 the overall cluster identity in terms of dominant factors and dependent vs independent assignments no longer changed.

Identification of H3K27me3 Domains

Candidate H3K27me3 domains were identified by MACS2 [START_REF] Feng | Identifying ChIP-seq enrichment using MACS[END_REF], run in broad peak mode with options "--broad -q 0.2 -g mm" against relevant inputs. A high level on concordance in peaks between the samples was observed. We merged all peak regions within 3kb, taking those present in at least 8 samples (i.e. all four replicates of at least two conditions), to focus on broad domains. This resulted in 6240 H3K27me3 domains. We noticed that certain replicates were outlying, and excluded those samples that had the maximum reads per peak over all replicates of a condition in at least 60% of the peaks. This excluded a sample from each of SunTag +LIF-Dox, SunTag, +LIF+Dox and SunTag -LIF+Dox. We considered a gene to be embedded within a H3K27me3 domain, if its loci intersected with the domain by at least 1bp or if a domain lay within 4kb of the TSS and that domain did not intersect with another gene.

Clustering of H3K27me3

To identity a broad set of H3K27 domains with a dynamic response to removal of LIF and Nanog induction, we clustered the total number of reads per peak max normalised over all SunTag conditions by k-means clustering with k = 3.

RNA-seq Differential Expression Analysis in the presence of LIF

RSEM estimated read counts per sample were rounded for use with DESeq2 [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF].

Genes with at least 10 normalised counts in all replicates of at least one condition were considered for differential expression analysis. For all differential expression tests DESeq2 was run without independent filtering and without any fold change shrinkage, genes with FDR < 0.05 are considered differentially expressed. For +LIF samples, Nanog responsive genes in 14/17

SunTag were identified by a Wald Test with the formula ~Dox on SunTag samples, and correspondingly the same was applied to 44iN samples. Since the overlap between the two systems is good (contingency table accounting for up, down, and non-significantly regulated χ²=2126.97, df=4, p≈0.0 and a large statistical effect Cramér's V = 0.267), and non-significant Nanog/Otx2 guides. We tested for the difference between the two guides in +Dox -LIF.

genes

Gene Peak Proximity Enrichments

To determine whether a set of Nanog responsive genes were enriched in proximity to a set of Nanog peaks. We calculated the distance between the TSS of each gene that had been tested

for differential expression and the set of Nanog peaks. We then performed fisher exact tests between the association of genes in the responsive set to all expressed genes within xbp of a peak, for x in the range [1, 1e+8] bp.

As most of the methods used in the thesis are described in the manuscript methods only the one which are not included or not sufficiently detailed within it will be included in that section. All experiments have been done in the same conditions than in the manuscript if not precised.

A. sgRNA cloning

Two oligonucleotides corresponding to the 20 bp of the sgRNA sequence preceded by the following overhangs were synthesized: A running window of 400 bp with a step of 150 bp was performed to bin the genome.

Reads were counted on both strands separately. RPM quantification was done on every bins.

Bins with log2(RPM)<-5 in all samples were discarded from the analyses. A percentile normalization was applied on the retained bins values. Bins were filtered for log2(2i/FCS)>2, then sequentially log(dox/iN)>2, and log2(fcs/iN) > 2. Bins overlapping CDS on the same strand were further discarded. Only probes with at least Log2(RPM)>-4.5 in two samples were finally kept.

Contig probe generator: by default parameters. A percentile normalization was performed on the obtained contigs. Only contigs with at least one value of Log2(RPM)>-4.5

were kept. Selection by expression level: log2(2i/FCS)>1, log(dox/iN)>1, and log2(fcs/iN)>1.

Contigs overlapping CDS on the same strand were discarded.

C. Cell fractionation

ES cells were lysed in hypotonic lysis buffer (10 mM Hepes pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.1% Triton X-100, 0.34 M sucrose, 10% glycerol, 1 mM DTT, 1× protease inhibitor cocktail (Roche) and 300 U/ml RNasIN (Promega)) for 6 min on ice; ten million cells in 200µl of lysis buffer. The nuclei were isolated from the cytoplasmic fraction by centrifugation at 1300 g for 5 min. The supernatant was then re-centrifuged 5 min at 20 000 g, and the purified cytoplasmic fraction was taken apart to a new tube where three volumes of TRIzol® were added in order to extract cytoplasmic RNA. The nuclei pellets were washed in lysis buffer and RNA was extracted by TRIzol® addition following manufacturer's protocol. entangled by indirect processes but the causality between the alteration of the gene product and its downstream effect is usually straightforward. In the case of gain of function assay, where a hyperactivec form of a protein is synthetized or where a gene product is overexpressed, the interpretation of the result is way more complicated. Indeed, it is impossible to predict whether the resulting increased activity will only enhance the natural activity of the gene or also provide it novel functions (partners, targets…). However, pluripotent stem cell biology greatly benefited from such kind of approaches allowing for artificially enforced cellular fate. Notably, but not exhaustively, the characterization of the famous reprogramming factors and the generation of iPS cells [START_REF] Takahashi | Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by Defined Factors[END_REF], the discovery of the regulatory role of Nanog in mouse ES cells self-renewal (Chambers et al. 2003) as well as the targeted differentiation of pluripotent stem cells towards multiple lineages [START_REF] Fujikura | Differentiation of Embryonic Stem Cells Is Induced by GATA Factors[END_REF][START_REF] Niwa | Interaction between Oct3/4 and Cdx2 Determines Trophectoderm Differentiation[END_REF][START_REF] Theodorou | A High Throughput Embryonic Stem Cell Screen Identifies Oct-2 as a Bifunctional Regulator of Neuronal Differentiation[END_REF][START_REF] Magnúsdóttir | A Tripartite Transcription Factor Network Regulates Primordial Germ Cell Specification in Mice[END_REF][START_REF] Yamamizu | Identification of Transcription Factors for Lineage-Specific ESC Differentiation[END_REF][START_REF] Yamamizu | Generation and Gene Expression Profiling of 48 Transcription-Factor-Inducible Mouse Embryonic Stem Cell Lines[END_REF].

Nevertheless, while near transcriptome-wide loss of function screenings have been efficiently performed in mammalian cells for years, mostly thanks to small interfering RNA libraries as well as random mutagenesis or genomic insertion [START_REF] Paddison | A Resource for Large-Scale RNA-Interference-Based Screens in Mammals[END_REF][START_REF] Carpenter | Systematic Genome-Wide Screens of Gene Function[END_REF]; J. M. [START_REF] Silva | Second-Generation ShRNA Libraries Covering the Mouse and Human Genomes[END_REF], large scale gain of function studies were strongly hindered by technological reasons: the need of massive full length cDNAs production and cloning despite their large sequence size. This led either to blind and low-efficiency -but successful -methods [START_REF] Harrington | Creation of Genome-Wide Protein Expression Libraries Using Random Activation of Gene Expression[END_REF]Chambers et al. 2003) Furthermore, CRISPRa directly enhances the transcription of a gene at its natural locus, which thus allows for recapitulating the role of a locally acting RNA molecule. Indeed, some lncRNAs have been shown to act in the vicinity of their transcription site or on the same chromosome with poor locus specificity [START_REF] Lee | Long-Range Cis Effects of Ectopic X-Inactivation Centres on a Mouse Autosome[END_REF][START_REF] Tang | Efficiency of Xist-Mediated Silencing on Autosomes Is Linked to Chromosomal Domain Organisation[END_REF].

Remarkably, the RNA molecule was even shown to be dispensable for mediating some lncRNAs function for which rather transcription or splicing itself was shown to be important [START_REF] Engreitz | Local Regulation of Gene Expression by LncRNA Promoters, Transcription and Splicing[END_REF]). Consequently, their overexpression from a cDNA containing vector randomly inserted in the genome would precisely not reproduce their endogenous role, strongly precluding the use of such a method for functional screening and characterization of this kind of molecule (K. C. Wang et al. 2011;[START_REF] Maamar | Linc-HOXA1 Is a Noncoding RNA That Represses Hoxa1 Transcription in Cis[END_REF]. Moreover, proceeding through induction of endogenous loci, CRISPRa requires minimal knowledge about the structure of the targeted gene apart from a loose idea about its transcription initiation site. Thus, this method is fairly appropriate for functional investigation of poorly characterized transcription units as many lncRNAs are to date.

CRISPRa thus appears as a real opportunity for the stem cell biology field which tremendously benefited from overexpression studies and represents a great perspective for the exploration of the poorly analysed lncRNAs family. In our case, Nanog endogenous activation was used to refine the understanding of its molecular mechanism orchestrating mouse ES cells self-renewal. Then, in a second approach, a small number of lncRNAs potentially involved in mouse pluripotent cells biology were functionally interrogated using CRISPR-based overexpression. Finally, an unpredictable effect of CRISPRa brought us through embryo early cleavages field.

B. Construction of the first SunTag cell line generation

As previously mentioned, the SunTag system is one of the most powerful CRISPR activation system reported in the literature to efficiently enhance transcription in eukaryotic cells (Tanenbaum et al. 2014). We thus decided to introduce it in WT mouse ES cells. The transgenes coding for the two components of the SunTag complex were publicly available as lentiviral vectors which can therefore easily be transduced in mammalian cells. However, lentiviral vectors are known to be progressively silenced in pluripotent cells [START_REF] Yao | Retrovirus Silencing, Variegation, Extinction, and Memory Are Controlled by a Dynamic Interplay of Multiple Epigenetic Modifications[END_REF]).

This effect is particularly famous during the process of iPSCs reprogramming [START_REF] Takahashi | Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by Defined Factors[END_REF][START_REF] Hotta | Retroviral Vector Silencing during IPS Cell Induction: An Epigenetic Beacon That Signals Distinct Pluripotent States[END_REF], where retroviral exogenous vectors are progressively shut off until the end of the conversion and is considered as a hallmark of fully reprogrammed pluripotent cells [START_REF] Stadtfeld | Defining Molecular Cornerstones during Fibroblast to IPS Cell Reprogramming in Mouse[END_REF]. We consequently looked for another integration method. It appeared that the PiggyBac transposon system was an excellent candidate for this aim.

This natural transposon was discovered in the "cabbage looper" butterfly and has been shown to allow for transposition of small as well as very large cargos with a high efficiency in mouse and human cells [START_REF] Ding | Efficient Transposition of the PiggyBac (PB) Transposon in Mammalian Cells and Mice[END_REF] silencing of this type of transposon in mammalian cells has been reported so far. Thus, this natural hijacked system appears to be proficient for stable, random insertion of DNA sequences in mouse cell genome. Practically, such insertion is achieved by co-transfection of a plasmid containing a sequence of interest (cargo) flanked by PiggyBac 5' and 3' LTRs along with a PiggyBac transposase coding vector. The transiently expressed transposase specifically recognizes the PiggyBac LTRs and, through a "cut and paste" mechanism, proceed to the integration of the cargo together with its flanking LTRs within the genome of the transfected cell. It was shown that PiggyBac transposition events are biased through open and AT rich genomic regions and that PiggyBac transposase generally integrate the transposon at the centre of an AATT motif (Fig. 2.1) (Malcolm J. [START_REF] Fraser | Assay for Movement of Lepidopteran Transposon IFP2 in Insect Cells Using a Baculovirus Genome as a Target DNA[END_REF][START_REF] Fraser | Precise Excision of TTAA-Specific Lepidopteran Transposons PiggyBac (IFP2) and Tagalong (TFP3) from the Baculovirus Genome in Cell Lines from Two Species of Lepidoptera[END_REF]. From a technical point of view, very little amount of DNA is necessary to be transfected for genomic integration compared to more "passive" methods like electroporation or nucleofection and prior linearization of the vector is not required. We therefore decided to insert the SunTag transgenes in PiggyBac vectors. However, in order to generate a tightly controllable form of this transcriptional induction system we introduced Tet-ON promoters upstream of the two SunTag modules, making them inducible under Doxycycline (Dox) treatment [START_REF] Gossen | Tight Control of Gene Expression in Mammalian Cells by Tetracycline-Responsive Promoters[END_REF]. This was progressively achieved and led, together with an unanticipated issue (see below), to the construction of two generations of SunTag mouse ES cells lines.

The SunTag system is composed of two fusion proteins: -1. the inactivated form of Cas9 enzyme (dCas9) [START_REF] Qi | Repurposing CRISPR as an RNA-Guided Platform for Sequence-Specific Control of Gene Expression[END_REF]) directly fused to ten repeats of a short yeast epitope (from the GCN4 protein) -2. a single-chain variable fragment (scFv), corresponding to the fusion of the variable regions of an immunoglobulin [START_REF] Huston | Protein Engineering of Antibody Binding Sites: Recovery of Specific Activity in an Anti-Digoxin Single-Chain Fv Analogue Produced in Escherichia Coli[END_REF], specifically recognizing the GCN4 yeast epitope [START_REF] Hanes | Ribosome Display Efficiently Selects and Evolves High-Affinity 144 Antibodies in Vitro from Immune Libraries[END_REF]. This diffusible antigen binding protein carries four copies of the transactivation domain of the viral protein VP16 (VP64) (Chris I. [START_REF] Ace | Mutational Analysis of the Herpes Simplex Virus Type 1 Trans-Inducing Factor Vmw65[END_REF][START_REF] Cousens | The C-Terminal 79 Amino Acids of the Herpes Simplex Virus Regulatory Protein, Vmw65, Efficiently Activate Transcription in Yeast and Mammalian Cells in Chimeric DNA-Binding Proteins[END_REF]) (Fig. 2.2). Recruited to a specific promoter through any gRNA sequence, this sophisticated complex has been shown to potently activate expression of the downstream transcriptional unit (Tanenbaum et al. 2014). 

C. Construction of the second SunTag ES cell line generation

As mentioned before, PiggyBac transposase has been shown to preferentially integrate the "donor" PiggyBac transposon towards open genomic regions. The advantage of this feature is that the resulting integrated vector will tend to be decently expressed in the transfected cell line. But, the risk of integration in transcribed genes is also significantly increased compared with a truly random insertion and can thus lead to endogenous gene inactivation as well as the expression of chimeric proteins from endogenous and exogenous origins. In addition, even if PiggyBac transfection parameters can be optimized to promote single copy integration (W. [START_REF] Wang | Chromosomal Transposition of PiggyBac in Mouse Embryonic Stem Cells[END_REF], the number of incorporated PiggyBac transposons is impossible to predict.

Therefore, the number of transgenes to randomly integrate should be minimized as much as possible. In order to reduce the chance of such events we decided to reduce the number of vectors necessary to construct our SunTag cell line. This would also simplify the integration of the SunTag vectors in any given cell line. We finally inserted both components of the SunTag complex in a single PiggyBac vector downstream of two, head-to-head positioned, Dox responsive promoters (Fig. 2.6 A). We validated the induction of Nanog expression with the six clones of the second SunTag cell line generation (section I.B.) with one of the best inducing gRNA (gRNA 1). As

This new vector was

shown before, the level of Nanog reached upon induction in presence or absence of LIF was comparable and all clones appeared to show equivalent induction strength in both conditions (Fig. 2.10 A). In addition, the two definitive SunTag clones (1 and 2) harbouring the same gRNA were cultured in 2i medium for three days and plated again for three more days in 2i with Dox treatment or not. While Nanog basal level was already higher than compared to serum containing culture, a mild increase (lower than two fold) seems to be still achieved, though not reaching the same level obtained in serum culture. This effect appeared to be consistent between mature as well as pre messenger Nanog RNA (Fig. 2.10 B). Interestingly, it appeared that Egf, the closest gene to AK031828 initiating 3kb upstream in the opposite direction (Fig. 2.8 A), was strongly upregulated by the overexpression of its non-coding neighbour (Fig. 2.11). But surprisingly, while the overexpression of AK031828 was severely reduced, if not completely abolished, in the absence of LIF, likely due to its natural extinction upon LIF withdrawal, the simultaneous induction of Egf showed an opposite tendency, although its basal expression didn't show any significant change. This result subtly suggests that activation of both transcripts results from two uncoupled mechanisms, therefore unveiling a proximal enhancer-like function for SunTag complex binding.

Indeed, such a function unmistakably reminds VP16 transactivation domain ability to recruit histone acetyl-transferases [START_REF] Choy | Eukaryotic Activators Function during Multiple Steps of Preinitiation Complex Assembly[END_REF]Utley et al. 1998;[START_REF] Vignali | Distribution of Acetylated Histones Resulting from Gal4-VP16 Recruitment of SAGA and NuA4 Complexes[END_REF][START_REF] Kundu | Activator-Dependent Transcription from Chromatin In Vitro Involving Targeted Histone Acetylation by P300[END_REF]. This potential effect prompted us to explore the capacity of SunTag to activate gene expression from a long-distance regulatory element. We therefore designed two gRNAs targeting a putative long distance (about 150kb) enhancer of Pax6 gene identified by a collaborating group (Noordermeer D. laboratory, Gif-sur-Yvette, France) as physically interacting with Pax6 promoter in mouse ES cells by Hi-C/4C experiments (unpublished) (Fig.

2.12).

Pax6 is a transcription factor known as a master developmental regulator of ectodermal tissues [START_REF] Osumi | Concise Review: Pax6 Transcription Factor Contributes to Both Embryonic and Adult Neurogenesis as a Multifunctional Regulator[END_REF][START_REF] Blake | Pax Genes: Regulators of Lineage Specification and Progenitor Cell Maintenance[END_REF]. Its CpG island promoter is one of the socalled bivalent domains of mouse ES cells and is therefore, as well as its gene body, targeted by the PRC2 polycomb complex and covered by a large H3K27me3 repressive domain (Bernstein et al. 2006;[START_REF] Sachs | Bivalent Chromatin Marks Developmental Regulatory Genes in the Mouse Embryonic Germline in Vivo[END_REF]. Therefore, we designed two additional gRNAs on Pax6 promoter in order to assess whether this gene was refractory to transcriptional activation by CRISPR activation as Cas9 binding has been shown to be affected by heterochromatin structures (Xiaoyu [START_REF] Chen | Probing the Impact of Chromatin Conformation on Genome Editing Tools[END_REF][START_REF] Jensen | Chromatin Accessibility and Guide Sequence Secondary Structure Affect CRISPR-Cas9 Gene Editing Efficiency[END_REF]. All four gRNAs were integrated separately in one of the two SunTag clones (clone 1). Cells were treated or not with Dox for two days and transcriptional effects were assessed by RT-qPCR (Fig. 2.13).

Recruitment of the SunTag complex to Pax6 promoter lead to a three and seven fold increase of expression with gRNA 1 and 2 respectively showing a good responsiveness to Pax6 locus for CRISPRa stimulation despite polycomb-mediated repression. Likewise, both gRNAs targeting the aforementioned distal regulatory region resulted in the increased transcription of local enhancer RNAs (eRNAs). However, in that case, no effects were detected on Pax6 transcription as shown by intronic primers pair (Fig. 2.13). This negative result then raised the possibility that this enhancer could actually be involved in the regulation of another surrounding gene. Subsequently, the genes lying in the same topologically associated domain (TAD) [START_REF] Nora | Spatial Partitioning of the Regulatory Landscape 160 of the X-Inactivation Center[END_REF][START_REF] Dixon | Topological Domains in Mammalian Genomes Identified by Analysis of Chromatin Interactions[END_REF][START_REF] Sexton | Three-Dimensional Folding and Functional Organization Principles of the Drosophila Genome[END_REF] were delineated according to public Hi-C data (3D genome browser, Yue Lab). All of them appeared to be unaffected by the stimulation of Pax6 promoter or its putative enhancer (Fig. 2.13). Thus, we were unable to decipher the regulatory function of this region within the scrutinized genomic region and to assess whether the transcriptional induction of this distal enhancer was sufficient for gene activation. 

E. Discussion

PiggyBac transposon as an active genomic integration method is a powerful and convenient tool for stable integration of exogenous DNA. Moreover, its ease of cell delivery and insertion is a great resource when combined with the versatility of CRISPR technology based on gRNA's simple design and cloning [START_REF] Xu | PiggyBac Mediates Efficient in Vivo CRISPR Library Screening for Tumorigenesis in Mice[END_REF]). However, random integration of several vectors for the construction of a stable cell line revealed not to be an optimal choice.

Indeed, the unexpected behaviour of the "first generation" SunTag clone (Fig. 2.5) can be most likely explained by the integration of one of the inducible SunTag vectors in a region where its activation led to the modified expression of a gene impacting ES cell fate or morphology.

Genomic mapping of the insertion of the vectors was attempted by splinkerette PCR but remained unsuccessful [START_REF] Horn | Splinkerette PCR for More Efficient Characterization of Gene Trap Events[END_REF]). Moreover, the fact that Nanog induction in 2i The fold changes order of magnitude reported in few CRISPRa papers is astronomical (up to five log10) (Perez-Pinera, [START_REF] Perez-Pinera | RNA-Guided Gene Activation by CRISPR-Cas9-Based Transcription Factors[END_REF][START_REF] Chavez | Highly-Efficient Cas9-Mediated Transcriptional Programming[END_REF]Polstein and Gersbach 2015;[START_REF] Chavez | Comparative Analysis of Cas9 Activators Across Multiple Species[END_REF]). One could be surprised by the moderate efficiency of one of these systems in our hands. First, in all the cases showing such efficiencies, gRNAs pools were used to activate a single gene as a synergistic effect has been shown for artificial transcriptional activators [START_REF] Perez-Pinera | Synergistic and Tunable Human Gene Activation by Combinations of Synthetic Transcription Factors[END_REF][START_REF] Cheng | Multiplexed Activation of Endogenous Genes by CRISPR-on, an RNA-Guided Transcriptional Activator System[END_REF]. Second, such fold changes are only obtained for genes that are very lowly expressed or even not detectable in the cell line in which they were induced, thus producing amazingly high values of difference. In addition, a negative correlation between gene expression level and power of induction was clearly established [START_REF] Konermann | Genome-Scale Transcriptional Activation by an Engineered CRISPR-Cas9 Complex[END_REF][START_REF] Chavez | Highly-Efficient Cas9-Mediated Transcriptional Programming[END_REF][START_REF] Chavez | Comparative Analysis of Cas9 Activators Across Multiple Species[END_REF]. One of those studies in fact precised that, after CRISPRa induction, the resulting expression level of these genes remained lower or comparable to the level of expression in the tissue where they are naturally expressed [START_REF] Chavez | Highly-Efficient Cas9-Mediated Transcriptional Programming[END_REF]. For comparison, in our case, the induction fold change of Egf, which is nearly not expressed in mouse ES cells, through targeting of AK031828, was indeed ranging from twelve to eighty-six (Fig. 2.11). But in our hands, for active genes, the fold change of induction rarely exceed ten, closer to what has been reported before with a single gRNA targeting an already expressed gene [START_REF] Cheng | Multiplexed Activation of Endogenous Genes by CRISPR-on, an RNA-Guided Transcriptional Activator System[END_REF]Tanenbaum et al. 2014;[START_REF] Gao | Comparison of TALE Designer Transcription Factors and the CRISPR/DCas9 in Regulation of Gene Expression by Targeting Enhancers[END_REF]. However, in agreement with the literature, our results show that CRISPRa effect is highly gene-dependent. Two of our tested genes didn't respond at all to SunTag activation (Fig.

A).

Of note, Esrrb promoter gives rise to bidirectional transcription with synthesis of a nonannotated lncRNA transcribed in the opposite direction to Esrrb gene (Fig. 2.14 A, identified in section III). The two gRNAs designed and tested on this region are actually located in the first exon of this non-coding transcript. Since divergent lncRNAs expression has been shown

to be important for adjacent gene regulation in mouse ES cells [START_REF] Sigova | Divergent Transcription of Long Noncoding RNA/MRNA Gene Pairs in Embryonic Stem Cells[END_REF][START_REF] Luo | Divergent LncRNAs Regulate Gene Expression and Lineage Differentiation in Pluripotent Cells[END_REF], it would be interesting to see whether dCas9 recruitment at these positions disrupts the non-coding RNA expression possibly counteracting the otherwise potential induction of Esrrb.

Bidirectional induction of transcription seems to be a feature shared by CRISPRa as illustrated by the symmetrical induction of AK031828 and its divergent neighbouring gene Egf H3K27me3 enrichment in the region showed in Fig. 2.12 showing the presence of two strong domains towards Pax6 and WT1 loci.

It was surprising for us to see that SunTag tethering to a given promoter can independently show proximal enhancer function for the closest neighbouring gene. Indeed, it was shown that dCas9-VP64 recruitment was truly inefficient in activating proximal enhancers, especially if compared to dCas9-p300 fusions [START_REF] Hilton | Epigenome 145 Editing by a CRISPR/Cas9-Based Acetyltransferase Activates Genes from Promoters and Enhancers[END_REF]. However, the maximum number of VP64 copies theoretically recruited by the SunTag complex is ten times higher than a direct dCas9-VP64 fusion thus possibly increasing its ability to activate enhancer or generate similar effect. Indeed, as mentioned before, VP16 transactivation domain has been clearly

shown to recruit different histone acetylases [START_REF] Choy | Eukaryotic Activators Function during Multiple Steps of Preinitiation Complex Assembly[END_REF]Utley et al. 1998;[START_REF] Vignali | Distribution of Acetylated Histones Resulting from Gal4-VP16 Recruitment of SAGA and NuA4 Complexes[END_REF][START_REF] Kundu | Activator-Dependent Transcription from Chromatin In Vitro Involving Targeted Histone Acetylation by P300[END_REF]. We were not able to demonstrate such an effect on the putative long-distance (150 kb) enhancer of Pax6. Despite transcriptional activation of local eRNAs no impact could be objectified on all tested surrounding genes (Fig. 2.13). It is worth mentioning that the most distal activation reached through dCas9-p300core targeting to an enhancer was obtained for a forty-six kilobases distance but failed for a longer one [START_REF] Hilton | Epigenome 145 Editing by a CRISPR/Cas9-Based Acetyltransferase Activates Genes from Promoters and Enhancers[END_REF]. This result was obtained on the well-characterized human β-globin locus where a single enhancer in known to activate four haemoglobin coding genes (D. [START_REF] Carter | Long-Range Chromatin Regulatory Interactions in Vivo[END_REF][START_REF] Deng | Reactivation of Developmentally Silenced Globin Genes by Forced Chromatin Looping[END_REF].

Another regulatory region showing clear enhancer features (H3K27ac, H3K4me1, p300, visualized on UCSC browser, ENCODE data) is present between Pax6 gene and our targeted enhancer (Fig. 2.12). The interaction between this region and the Pax6 locus seems relatively strong according to the Hi-C data shown previously. Thus, it is most likely that other regulatory regions also take part in orchestrating Pax6 expression and might possibly hold prevalent functions. This question could actually be addressed by activation of all regulatory elements surrounding Pax6 genes through single or multiplexed targeting with CRISPRa: an elegant approach used to dissect enhancers regulatory functions of a given gene by systematic and combinatorial repression or activation [START_REF] Fulco | Systematic Mapping of Functional Enhancer-Promoter Connections with CRISPR Interference[END_REF][START_REF] Carleton | Multiplex Enhancer Interference Reveals Collaborative Control of Gene Regulation by Estrogen Receptor α-Bound Enhancers[END_REF][START_REF] Thormann | Genomic Dissection of Enhancers Uncovers Principles of Combinatorial Regulation and Cell Type-Specific Wiring of Enhancer-Promoter Contacts[END_REF]. Another approach, to assess the role of this potential enhancer in early activation of Pax6, could be to repeat the same experiment at the onset of mouse ES cells differentiation towards neuronal lineage by retinoic acid treatment, a set up where Pax6 gets properly activated [START_REF] Gajović | Retinoic Acid Mediates Pax6 Expression during in Vitro Differentiation of Embryonic Stem Cells[END_REF]. Pax6 promoter contains a high density CpG island and is largely covered by a repressive H3K27me3 domain. It was very recently shown that PRC2 complex in mouse ES cells is recruited in the first place to "nucleation sites" consisting of dense CpG island promoters and further spread out to other repressed regions by cis long range contacts [START_REF] Oksuz | Capturing the Onset of PRC2-Mediated Repressive Domain Formation[END_REF]. Interestingly, Pax6 was reported to be one of those specific regions. Hi-C heatmap of Fig. 2.12 shows a long distance inter-TAD interaction between Pax6 and Wt1 loci (isolated red area in the top left of the Fig. Transcription factor networks, together with histone modifications and signalling pathways, underlie the establishment and maintenance of gene regulatory architectures associated with the molecular identity of each cell type. However, how master transcription factors individually impact the epigenomic landscape and orchestrate the behaviour of regulatory networks under different environmental constraints is only very partially understood. Here, we show that the transcription factor Nanog deploys multiple distinct mechanisms to enhance embryonic stem cell self-renewal. In the presence of LIF, which fosters self-renewal, Nanog rewires the pluripotency network by promoting chromatin accessibility and binding of other pluripotency factors to thousands of enhancers. In the absence of LIF, Nanog blocks differentiation by sustaining H3K27me3, a repressive histone mark, at developmental regulators. Among those, we show that the repression of Otx2 plays a preponderant role.

Our results underscore the versatility of master transcription factors, such as Nanog, to globally influence gene regulation during developmental processes.

Introduction

Gene regulatory networks driven by master transcription factors (TFs) play pivotal roles over a large spectrum of biological processes, from adaptive cell responses [START_REF] Shinozaki | Regulatory network of gene expression in the drought and cold stress responses[END_REF] to cell fate specification during development [START_REF] Davidson | A genomic regulatory network for development[END_REF]. The key properties of TF networks, shared among cell types, developmental contexts and organisms [START_REF] Huang | Cell fates as high-dimensional attractor states of a complex gene regulatory network[END_REF], are exemplified by the pluripotency network, which plays a dominant role during early mammalian embryogenesis [START_REF] Frum | Cell signaling and transcription factors regulating cell fate during formation of the mouse blastocyst[END_REF]. The robustness of this network allows the capture ex vivo of the transient biological identity of the pluripotent epiblast through the derivation of self-renewing Embryonic Stem (ES) cells [START_REF] Parfitt | From blastocyst to gastrula: gene regulatory networks of embryonic stem cells and early mouse embryogenesis[END_REF], which have enabled identification of key TFs (e.g. Oct4, Sox2, Nanog and Esrrb). The study of processes driving the balance between ES cell self-renewal and differentiation has provided us with a canonical picture of how TF networks operate, establishing self-sustaining regulatory loops and acting together through multiple promoters and enhancers [START_REF] Boyer | Core Transcriptional Regulatory Circuitry in Human Embryonic Stem Cells[END_REF]Loh et al., 2006;Chen et al., 2008;[START_REF] Kim | An extended transcriptional network for pluripotency of embryonic stem cells[END_REF]. For in-stance, Oct4, without which pluripotent cells cannot be maintained (Niwa et al., 2000), acts with the TF Sox2 to recognise and bind chimeric motifs (Chew et al., 2005) found at a large number of regulatory elements driving ES cell-specific transcription. Oct4 and Sox2 tend also to bind with other TFs, including Nanog and Esrrb, at multiple enhancers across the genome, to combinatorially coregulate a large number of targets. This simultaneous and concerted action over hundreds of common targets ensures extensive redundancy, and, therefore, robust genome-wide responses. How these TFs synergise at or compete for common regulatory elements, and how by these means they individually contribute to the network's activity, is however not well understood. Moreover, several TFs of the pluripotency network are directly connected to cell signalling, enabling ES cells to establish appropriate responses that are instructed extrinsically. A prominent example is provided by the LIF cytokine, which promotes self-renewal by activating several pluripotency TFs such as Esrrb (Niwa et al., 2009;Huang et al., 2018). Hence, a key function of the pluripotency network is to integrate signalling cues to appropriately respond to changes in the environment, conferring the responsiveness of ES cells and their capacity to readily differentiate. In this regard, it is noteworthy that Nanog was first identified as a factor capable of bypassing the requirements for LIF: in the presence of ectopic Nanog expression, ES cell self-renewal is strongly enhanced and completely independent of LIF (Chambers et al., 2003). In the current model, Nanog achieves LIFindependent self-renewal by activating LIF-responsive genes, in particular Esrrb. Hence, the Nanog-Esrrb axis and its intersection with LIF signalling represents a major mechanism by which intrinsic and extrinsic cues fine-tune self-renewal and avoid differentiation (Festuccia et al., 2012). Yet, the precise mechanisms by which Nanog, and more generally the pluripotency network, controls differentiation genes are not fully understood. It is known, however, that differentiation genes adopt a particular chromatin state known as "bivalent" (Azuara et al., 2006;Bernstein et al., 2006): while their promoters are enriched for H3K4me3, a mark of gene activity, they are simultaneously embedded within larger domains of H3K27me3, a repressive mark. During differentiation, this state is resolved in either H3K27 or K4me3 in a lineagespecific manner (Mikkelsen et al., 2007). In agreement, Polycomb Group proteins triggering H3K27me3 ensure appropriate cell fate changes (Boyer et al., 2006;Pasini et al., 2007;[START_REF] Leeb | Polycomb complexes act redundantly to repress genomic repeats and genes[END_REF]. This underscores the importance of H3K27me3 as cells dismantle the pluripotency network, inhibit self-renewal and exit from pluripotency. Whether bivalent chromatin marks are governed by pluripotency TFs remains to be thoroughly addressed.

In this study, we explore the function of Nanog in mouse ES cells using inducible approaches of gain-and loss-offunction. We show that Nanog drives the recruitment of Oct4, Sox2 and Esrrb at thousands of regulatory regions, from where it mainly activates transcription. At these sites, Nanog also recruits Brg1 and promotes chromatin accessibility. On the contrary, to repress transcription Nanog does not recruit these TFs; rather, it frequently inhibits Oct4 or Sox2 binding. Nanog also binds at other enhancers where it acts redundantly with other TFs. However, in the absence of LIF the action of Nanog over these regulatory elements becomes dominant, particularly to promote transcription. This results in Nanog having an expanded action in the absence of LIF. Yet, its expanded repressive activity is not associated with ES cell enhancers. Rather, Nanog is required to maintain H3K27me3 at differentiation-associated genes. This is the case of the TF Otx2, whose downregulation by Nanog leads to LIF-independent self-renewal even when Esrrb is not expressed. Hence, Nanog deploys distinct molecular means to promote self-renewal and counteract differentiation: when the network is fully operative (in the presence of LIF), Nanog rewires its activity; when it is partially dismantled (in the absence of LIF), Nanog represses differentiation genes via H3K27me3. Overall, we reveal different modes and the varied logic employed by Nanog to orchestrate the three main features associated with self-renewal: the inter-dependencies between pluripotency TFs, LIF signalling, and bivalent chromatin domains.

Results

Inducible CRISPR-ON ES cells efficiently activate Nanog transcription. The SunTag system was developed as a versatile tool to either visualise specific molecules in live cells or to perform epigenome editing of endogenous loci when coupled to an enzymatically inert dCas9 (Tanenbaum et al., 2014). It involves the expression of diffusible antibodies (scFv) that interact with high affinity with 10 copies of the GCN4 epitope linked to an enzymatically inert Cas9 (dCas9). These scFv antibodies are fused to GFP and the potent activator VP64, such that upon expression of a gRNA targeting a given genomic region, several VP64 molecules are brought about with high efficiency and specificity. To provide increased flexibility to the system, and facilitate the generation of cell lines carrying an inducible CRISPR-ON system, we engineered a single vector expressing the two SunTag moieties under the control of a Tetracycline Responsive Element. Moreover, dCas9 is linked to BFP and HpH through P2A and IRES sequences, respectively (Fig. S1A). Hence, upon induction of the system with Doxycycline (Dox), the cells are expected to become green, blue, and Hygromycin-resistant, providing a high tractability. This vector was introduced in ES cells together with the rtTA activator: two clones (C1 and C2) showing a high percentage of green/blue cells upon Dox treatment and a strong induction of dCas9 and VP64 (Fig. S1B,C), were selected. They both self-renew normally and differentiate in the absence of LIF; their karyotypes are also normal (Fig. S1D). Next, we introduced to C1 and C2 a vector expressing a gRNA targeting the minimal Nanog promoter and validated binding of dCas9/VP64 with good specificity and inducibility (Fig. S1E). This was accompanied by increased histone H3 acetylation around the promoter (Fig. 1A,B), as expected given the ability of VP64 to recruit histone acetyltransferases (Utley et al., 1998), in the context of presumably unaltered nucleosomal organisation as evaluated by total H3 analysis (Fig. 1B). We also assessed Nanog expression over the course of 6 days of induction, and showed that both Nanog pre-and mRNA were induced from day 1 onwards (Fig. 1C), leading to an increase of Nanog protein levels (Fig. S1C). We also found that the increase of Nanog expression was due both to stronger and more frequent transcriptional bursts (Fig. 1D and Fig. S1F,G). Finally, we analysed the effects of Dox administration at the proximal -5kb enhancer of Nanog: upon induction, we found both sense and anti-sense enhancer transcription to be increased (Fig. 1E). Whether this is due to the proximity of these two regulatory elements or to a functional influence of the promoter on the enhancer, remains to be determined. In conclusion, we have generated Dox-inducible SunTag ES cells to activate endogenous promoters and dissect the subsequent consequences.

Definition of Nanog responsive genes. Upon Dox induction of Nanog in our SunTag cells we observed a 2-fold increase of Nanog binding to a panel of regulatory elements displaying a wide range of enrichment levels (Fig. 2A). This suggests that Dox induction may lead to functional consequences. However, the two main targets of Nanog that have been previously identified, Esrrb and Klf4 (Festuccia et al., 2012), did not show any variation in expression levels over the course of 6 days of endogenous Nanog induction (Fig. 2B). Prompted by this unexpected observation, we performed RNA-seq to comprehensively study the global response to Dox treatment. We found a small number (163) of transcripts that were either up-or down-regulated (Fig. 2C top); neither Klf4 nor Esrrb were among the induced genes (Table S1 and Fig. S2A,B). Nevertheless, the vast majority of genes that have been previously identified as responding to Nanog levels (Nishiyama et al., 2009;Festuccia et al., 2012), do exhibit the appropriate expression changes in our SunTag cells (Fig. S2C). To further validate our list of Nanog-responsive genes, we performed a complementary analysis using previously established Nanog-null cells (44iN) expressing a Doxinducible Nanog transgene (Festuccia et al., 2012). The cells were grown in the continuous presence of Dox, which was then removed for 24 hours leading to a nearly complete loss of Nanog expression (Fig. 2C bottom). The number of responsive genes (141) observed with this strategy was also small (Fig. 2C and Table S1); they intersected with excellent statistical significance with the genes identified in the Sun-Tag cells (p<1e-53). Moreover, we found the expression of genes significantly regulated in only one system, to nevertheless display highly coherent expression changes in the other system (Fig. 2D). Hence, to improve statistical power and expand on Nanog targets we combined the SunTag and 44iN datasets to test for those genes with coherent Nanog response across both systems (Fig. 2E and Fig. S2D). Combining with those genes already identified, this resulted in 457 genes (Fig. 2E and Fig. S2D), which generally display extremes of expression differences between Dox-treated SunTag (high Nanog) and untreated 44iN cells (low/absent Nanog); they globally behave in a concordant way when long-term Nanognull cells are compared to wild-type cells (Fig. S2D), or when their expression is analysed in published datasets (Fig. S2E). Genes activated by Nanog are enriched in regulators of stem cell maintenance (FDR<2.99e-16), while repressed genes are enriched in differentiation processes such as nervous system development (FDR<6.89e-10). Hence, we have defined the compendium of Nanog-responsive genes in undifferentiated ES cells with unprecedented completion. Strikingly, neither Klf4 nor Esrrb belong to our list of Nanog-responsive genes. Nanog rewires the pluripotency network to control its targets. Having established a list of Nanog-responsive genes, we aimed at exploring the mechanisms by which Nanog influences their expression, focusing on a potential role of Nanog in modulating binding of other regulators such as pluripotency TFs (Oct4, Sox2 and Esrrb) and the chromatin remodeller Brg1 that is functionally associated with selfrenewal (Ho et al., 2009;Kidder et al., 2009). To do this, we first established a list of 27,782 regulatory elements bound by Nanog using six datasets derived from four independent published studies (Table S2) and used 44iN cells to address how Nanog impacts TF binding and chromatin accessibility at these sites. We noticed that at some Nanog binding regions, Esrrb, Oct4, Sox2, and Brg1, display a strong reduction of binding and decreased chromatin accessibility, after 24 hours of Dox withdrawal (Fig. 3A). This observation can be generalised to a large proportion of regions and is particularly prominent in the case of Esrrb (Fig. 3B). We then divided Nanog binding regions in two major groups Fig. 3B and Fig. S3, based on the presence of other TFs (regions of co-binding) or not (Nanog-solo regions). In Nanog-solo regions, which display lower levels of Nanog binding, the chromatin is less accessible irrespective of Nanog (Fig. 3B and Fig. S3), indicating that additional factors may be recruited. Strikingly, when we computed the number of Nanogresponsive genes as a function of the distance to Nanog binding regions, we observed that both activated and downregulated genes are particularly enriched in the vicinity of co-binding regions and not of Nanog-solos (Fig. 3C). Moreover, while activated genes tend to be located distally (within 10 to 100kb), downregulated genes also show a significant enrichment over closer distances (<10kb). To further explore the relationships between Nanog and other TFs, we used kmeans clustering to identify 8 subgroups of Nanog binding sites (Fig. 3D and Fig. S3). In the first 4 clusters, the depletion of Nanog leads to an acute loss of TF binding; collectively these regions are strongly associated with the activation of Nanog targets (Fig. 3C). In contrast, clusters 5-8 are significantly associated with genes repressed by Nanog and the effects of its depletion are more nuanced (Fig. 3C,D). More specifically, clusters 1 to 3 display a nearly total loss of TF binding in the absence of Nanog, along with a marked decrease in chromatin accessibility (Fig. 3D and Fig. S3). These 3 clusters, in particular clusters 1 and 2, are associated with genes activated by Nanog (Fig. 3C). At cluster 4, however, chromatin accessibility shows minimal variations and, while very strong Oct4 binding is nearly completely lost upon Nanog depletion, Sox2 is not affected. Since Brg1 is particularly low across this cluster, Sox2 may recruit other chromatin remodellers to render the chromatin accessible at these regions, in a Nanog-independent manner. Accordingly, the correlation with Nanog-responsive genes of cluster 4 is weaker (Fig. 3C). Overall, at more than 6000 regions (clusters 1 to 3), Nanog plays a chief role in establishing functional and accessible regulatory regions capable of recruiting different combinations of TFs to activate its targets. Con-versely, at clusters 5 to 8, the effects of the loss of Nanog are rather small both at the level of TF binding and of chromatin accessibility (Fig. 3D and Fig. S3). This suggests that Nanog-mediated repression uses radically different mechanisms, which are not based on the increased recruitment of Esrrb, Oct4 and Sox2. Rather, clusters 7 and 8 display increased Oct4 and Sox2 binding in the absence of Nanog, respectively, suggesting that Nanog downregulates the genes functionally linked to these two clusters by blocking Oct4 or Sox2 recruitment (Fig. 3D and Fig. S3). At other enhancers associated with genes repressed by Nanog, showing no alteration of Oct4 and Sox2 occupancy (clusters 5 and 6), Nanog may block the otherwise activatory function of other TFs. In conclusion, Nanog wires the pluripotency network by fostering TF recruitment and chromatin accessibility at distal regulatory elements to act as an activator, and uses different mechanisms, including the impairment of Oct4/Sox2 recruitment, both at promoter-proximal and distal regulatory elements of the genes it represses.

Nanog confers LIF-independent self-renewal in the absence of Esrrb induction. The strong influence of Nanog on the efficiency of self-renewal has been proposed to be largely mediated by Esrrb (Festuccia et al., 2012). Therefore, we were not expecting our SunTag cells endogenously activating Nanog to exhibit increased self-renewal capacity, given that Esrrb and other genes involved in self-renewal, such as Klf4 (Niwa et al., 2009), are not strongly induced (Fig. 2B). To test this, we initially plated our SunTag lines at clonal density together with the parental controls lacking the Nanog gRNA, and cultured them in the presence or absence of Dox for 6 days (Fig. 4A). In the presence of LIF, we could not observe any major change in the efficiency of self-renewal. In contrast, in the absence of LIF, when virtually all the colonies display complete or partial signs of differentiation in all controls, cells with enhanced endogenous Nanog expression generated a substantial proportion of undifferentiated colonies (Fig. 4A,B). To further validate that these cells are bona-fide ES cells, we harvested them at the end of the clonal assay and performed two complementary assays. First, we re-plated them in 2i medium lacking serum (Ying et al., 2008), where only truly undifferentiated cells proliferate: both clones gave rise to typical spherical and undifferentiated colonies (Fig. 4C). Second, we re-plated them at clonal density in the absence of LIF and the presence/absence of Dox: only in the presence of Dox did we recover undifferentiated colonies; in the absence, all the cells differentiated (see below). This demonstrates that the exposure to Dox does not alter the differentiation capacity of our cell lines upon its withdrawal. We conclude, therefore, that Dox-induction of Nanog confers to our SunTag lines the ability to self-renew in the absence of LIF, a definitive proof of the efficiency of our CRISPR-ON strategy to study Nanog function. Strikingly, LIF-independent self-renewal was attained in the absence of any apparent induction of Klf4 and Esrrb mRNAs (Fig. S4A) or proteins (Fig. 4D). Therefore, to explore both the magnitude of the differentiation blockade at the molecular level, and to identify potential Klf4/Esrrb-independent mechanisms underlying Nanog-mediated selfrenewal, we performed transcriptomic analyses. In control cells that were not stimulated by Dox, a large number of genes responded to LIF withdrawal (>5000) and exhibited important quantitative differences (Fig. S4B,C,D). In the presence of Dox, the magnitude of the expression changes of these LIF-responsive genes was globally diminished (Fig. S4B), even though the vast majority of pluripotency genes remained strongly downregulated (Fig. S4C,D). In fact, not all genes that respond to LIF withdrawal were rescued by Nanog induction to the same extent, with only around 20% being efficiently rescued (Fig. 4E, Fig. S4E and Table S1). This argues against the idea that the presence of substantial numbers of undifferentiated cells may explain all the expression changes measured upon Dox induction in the absence of LIF.

Increased regulatory potential of Nanog in the absence of LIF, due to a loss of redundancy. In the absence of LIF, the effects of endogenous Nanog induction are largely maximised: if in the presence of LIF we identified 285 up and 172 downregulated genes, in its absence these numbers raised to 856 and 589, respectively (Table S1). It appears, therefore, that LIF signalling attenuates the relative impact of Nanog on the ES cell transcriptome. To explore this further, we established the associations between the clusters of Nanog binding regions we have identified (Fig. 3), with four groups of genes: genes down-or upregulated upon LIF withdrawal and, among these two categories, those that Nanog can or cannot partially rescue by activating or repressing them, respectively (Fig. 4E). We observe that only one group, constituted of genes repressed by Nanog in the absence of LIF, is not enriched in any Nanog binding region that we have studied (Fig. 4F and Fig. S4F). In contrast, the group of genes downregulated upon LIF withdrawal, and rescued by Nanog, is similarly enriched for Nanog binding regions where Nanog leads the recruitment of other TFs (clusters 1 to 4) than for those where it does not (clusters 5 to 8; Fig. 4F and Fig. S4F). The activatory potential of Nanog through clusters 1 to 4 was already established from the previous analysis. However, the vast majority of genes upregulated by Nanog in the absence of LIF were not activated in LIF containing medium (>700 genes, Table S1). This suggests that in the presence of LIF, these genes are redundantly controlled by other LIFdependent TFs, either through regions belonging to clusters 5 to 8 or through other regulatory elements where Nanog does not bind. Since clusters 5 to 8 were previously associated with genes repressed by Nanog in the presence of LIF, their enrichment in the vicinity of genes activated by Nanog in the absence of LIF implies that they are constituted by at least two functional categories: enhancers that are blocked by Nanog in the presence of LIF, leading to the downregulation of Nanog targets, and enhancers where Nanog also acts as an activator but redundantly to other LIF-dependent factors, most likely Esrrb. In agreement, this group is strongly enriched in genes of the pluripotency network (Fig. 4G), which are known to be controlled by several pluripotency TFs and from multiple distinct enhancers. The level of upregulation of these Nanog-activated genes is, however, relatively minor and the rescue of pluripotent TFs, including Esrrb and Klf4, marginal (Fig. 4D and Fig. S4A,C). Finally, LIF-responsive genes that are not rescued by Nanog are associated with clusters 5 to 8 (Fig. 4F). This indicates that a large number of regulatory regions of the pluripotency network for which Nanog has a modest functional impact are present within these clusters. These regions activate or repress genes prior to differentiation in a Nanog-independent manner; upon LIFwithdrawal, their activity is likely invalidated with the ensuing consequences on gene expression even when Nanog is induced. These Nanog-independent, LIF-responsive genes, are closely associated with cluster 6 (Fig. S4F), which is dominated by Esrrb (Fig. 3D and Fig. S3), a prominent LIF target. This is particularly true for genes downregulated upon LIF withdrawal; satisfactorily, given the known role of Esrrb as a general regulator of metabolism and energy production [START_REF] Sone | Hybrid Cellular Metabolism Coordinated by Zic3 and Esrrb Synergistically Enhances Induction of Naive Pluripotency[END_REF], these genes are enriched for related terms such as oxidation-reduction (Fig. 4G). Notably, the inability of Nanog to rescue these genes further supports the notion that our SunTag cells have acquired LIF-independent self-renewal in the absence of functional Esrrb. In conclusion, these analyses underscore the complexity of the pluripotency network: whilst Nanog activates genes both in the presence and absence of LIF through regulatory regions belonging to clusters 1 to 4, at other enhancers the activation of Nanog can only be unmasked in the absence of LIF, when other pluripotency TFs are downregulated and their functional redundancy with Nanog, abolished. Unexpectedly, however, the genes repressed by Nanog in the absence of LIF, which exhibit a robust rescue of higher magnitude than that observed for the genes that Nanog activates (Fig. S4E), appear largely disconnected from the Nanog binding regions that we have studied here (Fig. 4F and Fig. S4F). These genes are associated, among other categories, with signalling and molecular pathways linked to differentiation (Fig. 4G). Hence, the probably indirect repression mediated by Nanog over these genes may underlie LIF-independent self-renewal in Dox-treated Sun-Tag cells, despite the lack of Esrrb and Klf4.

Nanog sustains H3K27me3 to maintain silent differentiation genes upon LIF withdrawal. Gene set enrichment analysis (Fig. S5A) indicated that Nanog-rescued genes that are normally upregulated upon LIF withdrawal are enriched for targets of Polycomb Group proteins and for one of the marks they deposit to trigger facultative heterochromatin, H3K27me3 (FDR<6e-43). Hence, we profiled H3K27me3 in SunTag cells grown in the presence/absence of LIF and Dox. Overall, the patterns of H3K27me3 were found similar among all conditions, with notable exceptions (Fig. 5A). We identified three broad classes of H3K27me3 domains: those with high levels across all conditions and those that show either a loss or a gain of H3K27me3 upon LIF withdrawal (Fig. 5B and Table S3). Strikingly, the regions losing H3K27me3 in the absence of LIF maintained significant levels when endogenous Nanog expression was induced with Dox (Fig. 5B). In the presence of LIF, however, the induction of Nanog had minor consequences on H3K27me3, if any. This indicates that Nanog and LIF use parallel pathways to maintain H3K27me3 at a subset of H3K27me3 domains, and suggests that Nanog may confer LIF-independent self-renewal by sustaining H3K27me3 at these regions. Notably, the genes upregulated upon LIF withdrawal display differential enrichment among these three classes of H3K27me3 domains, depending on their Nanog-responsiveness: while nearly 70% of Nanog-rescued genes are marked by H3K27me3, which tends to decrease upon LIF-withdrawal except when Nanog is induced, only 30% of genes that are not rescued by Nanog show a similar pattern (Fig. S5B). This confirms that Nanog-rescued genes are particularly enriched in LIFdependent H3K27me3. More specifically, H3K27me3 concentrates around the promoters of these genes, and displays a reduction in levels upon LIF withdrawal, exclusively in the absence of Nanog induction (Fig. 5C). Hence, Nanog stimulates the maintenance of H3K27me3 at a large subset of the promoters it represses in the absence of LIF. Nevertheless, a third of the genes repressed by Nanog in the absence of LIF is not embedded within H3K27me3; conversely, a third of the genes that are upregulated upon LIF withdrawal regardless of Nanog expression are enriched in H3K27me3 (Fig. S5B) and maintain higher levels around their promoters in the presence of Nanog (Fig. 5C). Thus, we determined whether quantitative differences regarding the effect of Nanog over these groups could be measured. Among the genes repressed by Nanog, the higher magnitude of rescue is observed for those genes that are embedded in H3K27me3 (Fig. S5C). Similarly, even though their gene expression changes upon Dox induction were not statistically significant, within the group of genes not rescued by Nanog, those enriched in H3K27me3 show a clear tendency to be downregulated (Fig. S5C). A clear, global pattern can be inferred from these analyses: the ability of Nanog to rescue genes that are upregulated upon LIF withdrawal is directly correlated with H3K27me3 levels. Accordingly, ordering the heatmap of genes upregulated upon LIF withdrawal (regardless of the ability of Nanog to rescue them) by their enrichment levels for H3K27me3 in the presence of LIF and the absence of Dox, naturally orders the genes from efficient to poor rescue (Fig. 5D). Hence, H3K27me3 levels before LIF withdrawal are highly predictive of the efficiency of Nanog to block gene upregulation during differentiation. Overall, these analyses indicate that in the absence of LIF, Nanog mediates its repressive function by other means than those described in its presence (Fig. 3): by maintaining high levels of H3K27me3.

Nanog represses Otx2 to confer increased self-renewal efficiency regardless of LIF signalling. Among the genes downregulated by Nanog in the absence of LIF are several developmental TFs such as Sox11, Id1 and Pou3f1, among others (Table S1). Therefore, it may be possible that LIFindependent self-renewal is attained by the simultaneous inhibition of several developmental pathways. However, within the list of Nanog-repressed genes characterised by Nanogdependent H3K27me3, we could also identify Otx2 (Fig. 5A and Table S3), a key regulator of the earliest stages of ES cell differentiation (Acampora et al., 2013;Buecker et al., 2014). Several lines of evidence point to Otx2 downregulation being an important mediator of Nanog function. First, Otx2 has been already identified as an important negative target of Nanog (Festuccia et al., 2012;Acampora et al., 2017); accordingly, we observe its downregulation at the mRNA and protein levels upon Nanog induction (Fig. S5D,E). Moreover, further expression analyses indicate Otx2 expression is closely controlled by Nanog levels (Fig. S5F). Second, the genes that are upregulated in the absence of LIF and that are rescued by Nanog, are enriched in genes activated by Otx2, while non-rescued genes are not (Fig. S5A). Third, the ectopic expression of Otx2 drives ES cells into differentiation (Buecker et al., 2014;Acampora et al., 2017), even in the presence of LIF, as we show here using our Sun-Tag system targeted to the Otx2 promoter (Fig. S5E,G). Therefore, it may be possible that its Nanog-mediated downregulation contributes to LIF-independent self-renewal in the context of our endogenous Nanog activation, despite the lack of strong upregulation of Klf4 and Esrrb. To test this, we exploited the flexibility of the SunTag system to simultaneously activate Nanog and Otx2 and perform clonal assays. Upon the additional induction of Otx2, the proportion of undifferentiated colonies decreased in the absence of LIF, compared to cells activating Nanog only, in particular after two successive rounds of clonal growth (Fig. 5E). These results clearly place Otx2 as a key factor that needs to be repressed by Nanog in order to obtain efficient LIF-independent self-renewal. Next, we performed transcriptomic analyses upon Nanog/Otx2 induction in the absence of LIF to identify the set of genes that were effectively compensated by the action of Otx2. We observed that around 40% of the genes repressed by Nanog, and 70% of the genes activated by Nanog, displayed similar Fig. 6. Nanog is a versatile TF impacting the pluripotency network and epigenome. The function of Nanog at stereotypical clusters of regulatory elements targeted by the pluripotency network, as well as at differentiation genes, is shown. Briefly, Nanog displays four major behaviours (left to right): 1/ recruitment of other factors (Oct4, Sox2 and Esrrb, together with Brg1) to promote chromatin accessibility and activate gene transcription; 2/ inhibiting enhancer activity, leading to gene repression either by blocking Oct4/Sox2 recruitment (shown) or by other mechanisms (not shown for simplicity; see text for details); 3/ complementing enhancer activity redundantly with other factors which are controlled by LIF (such as Esrrb) -in this case, its activatory role can only be appreciated in the absence of LIF; 4/ Nanog and LIF act in parallel to sustain H3K27me3 at differentiation genes such as Otx2. This latter role of Nanog is particularly important in the context of Nanog-mediated, LIF-independent self-renewal. levels to control cells grown in the absence of LIF and Dox, when both Otx2 and Nanog were induced (Fig. 5F). Hence, at the molecular level, Otx2 induction partially compensates the gene expression changes induced by Nanog overexpression in the absence of LIF, underscoring the antagonistic effect of Nanog and Otx2 over a large set of common genes (Acampora et al., 2017), including developmental TFs such as Sox3, Sox11, Id1 and Pou3f1, among others (Table S1), which tend to be expressed in somatic cells and more particularly in neuroectodermal derivatives. In combination with the previous section, these results indicate strongly that Nanog controls H3K27me3 at key nodes in the differentiation network, such as Otx2, to indirectly repress a large set of genes involved with differentiation.

Discussion

Nanog rewires the pluripotency gene regulatory network. Gene regulatory networks constituted of master TFs are characterised by the capacity of individual factors to act over the same sets of regulatory elements, which together define and specify the molecular and transcriptional identity of each cell type [START_REF] Shlyueva | Transcriptional enhancers: from properties to genome-wide predictions[END_REF][START_REF] Spitz | Transcription factors: from enhancer binding to developmental control[END_REF]. However, we still have a relatively poor understanding of how single TFs impact globally on the recruitment of other members of a given network to impact its activity. Recently, the role of Oct4 has been suggested to rely on its ability to recruit Brg1 to render the chromatin accessible for other TFs to bind (King and Klose, 2017), matching a subset of the mechanisms we propose here for Nanog. However, it is unclear how much the initiation of differentiation that follows Oct4 depletion (Niwa et al., 2000) influenced the interpretations regarding how Oct4 directly impinges upon the pluripotency network. In our case, we have focused on Nanog, a factor that can be depleted from ES cells while preserving pluripotency (Chambers et al., 2007). Hence, it is likely that the rewiring of the network that we observe shortly after depleting Nanog, is due to primary and direct effects. Strikingly, our analyses suggest that the simplified view positing that pluripotency TFs bind cooperatively at regulatory elements to collectively control transcription, may need to be partially revisited: at least from the perspective of Nanog, the combinations of binding, their dependencies on Nanog, and their association to responsive genes, are more complex than we had previously anticipated (Fig. 6).

Although we observe, as expected, that Nanog-bound regions where other pluripotency TFs are also recruited are more strongly associated with Nanog-responsive genes compared to regions where Nanog binds alone, we also find that only a small subset displays similarly high binding levels of all three pluripotency TFs that we tested (Esrrb, Oct4 and Sox2). Indeed, the binding of one or two factors, in addition to Nanog, tends to dominate the others. This is valid even for Oct4/Sox2, which are believed to bind together at Oct4/Sox2 chimeric motifs (Chew et al., 2005). Therefore, different stoechiometries and/or residence times of individual factors seem to apply at distinct sets of regions. This produces a level of complexity that surpasses a simple model in which all factors bind together at key enhancers. Moreover, the effect of Nanog over these factors is also highly variable, with two clear groups of regions being easily identifiable: those in which Nanog plays a leading role; those where it does not. Strikingly, these two groups of regions display sharp distinctions regarding their association to Nanog-responsive genes. Regions where Nanog preserves chromatin accessibility and drives the recruitment of other pluripotency TFs and Brg1, are strongly biased to genes activated by Nanog. Conversely, the regions where Nanog does not promote TF binding or accessibility are associated either with genes repressed by Nanog in the presence of LIF, or with genes where Nanog acts as a redundant activator with LIF-stimulated TFs (Fig. 6).

To activate its targets, Nanog seems to use an expected mechanism essentially based on establishing a permissive chromatin architecture associated with the recruitment of other TFs and the formation of functional regulatory complexes. In contrast, while some precedents already pointed in the past into the direction of Oct4/Sox2-independent Nanog repression [START_REF] Navarro | Molecular Coupling of Xist Regulation and Pluripotency[END_REF](Navarro et al., , 2012)), it is remarkable that Nanog-mediated repression is so strongly associated with regulatory elements where Nanog does not facilitate Esrrb, Oct4 and Sox2 binding and the chromatin remains equally accessible irrespectively of Nanog. This differential association between gene activation/repression and the role of Nanog as a nucleation factor of functional complexes, suggests that Nanog displays cooperative binding primarily to promote gene expression. At repressive sites, Nanog may either turn the whole complex into repressive or inhibit its otherwise transactivation potential. Additionally, at a large number of regions, the loss of Nanog leads to increased binding of either Oct4 or Sox2 (Fig. 6). It is therefore questionable that Nanog/Oct4 and Nanog/Sox2 bind at the same time over the same DNA molecules, at least over these regions. Thus, caution must be taken when extrapolating molecular functions from generic binding profiles: even though Nanog/Oct4 and Nanog/Sox2 appear to bind together, the binding of Nanog is in fact detrimental to that of the other two factors. Remarkably, these regions are closely associated with genes repressed by Nanog, indicating that to repress its targets Nanog interferes with the binding or the activity of other pluripotency TFs. Whether the alternate behaviours of Nanog to activate or repress transcription (Fig. 6) represents a general rule or a specific property of Nanog should be thoroughly investigated.

Nanog-dependent H3K27me3 and Otx2 repression, an alternative route for self-renewal. The ability of Nanog to block differentiation and promote LIF-independent selfrenewal, something that not every pluripotent TF, including Oct4 and Sox2, is capable of doing, represents a defining property of Nanog (Chambers et al., 2003). However, this is not a unique characteristic of Nanog: a plethora of additional TFs, exemplified by Klf4 and Esrrb, have been progressively identified and demonstrated to provide LIF-independent selfrenewal (Niwa et al., 2009;Festuccia et al., 2012). Hence, over the years, the importance of Nanog has been somehow equilibrated with that of other TFs, most notably Esrrb, which can replace Nanog in several contexts (Festuccia et al., 2012;Zhang et al., 2018). More strikingly, Esrrb has been proposed to be an obligatory mediator of the promotion of LIF-independent self-renewal by Nanog (Festuccia et al., 2012). Therefore, our observation of LIF-independent self-renewal in the absence of strong Esrrb upregulation, and of many other pluripotency TFs, is particularly enthralling. This is not the first time, however, that the role of a TF within the pluripotency network needs to be nuanced. Nanog itself was initially thought to be strictly required for germ cell development (Chambers et al., 2007) and for the induction of pluripotency via somatic cell reprogramming (Silva et al., 2009), conclusions that were subsequently invalidated (Carter et al., 2014;Schwarz et al., 2014;Zhang et al., 2018). Moreover, major experimental differences between our and previous studies may underlie the different conclusions regarding the mandatory requirement for Esrrb. Indeed, while others ectopically expressed Nanog constitutively and at high levels in Esrrb knock-out cells (Festuccia et al., 2012), we have used an inducible CRISPR-ON system to activate endogenous Nanog concomitantly with LIF withdrawal and the ensuing progressive downregulation of Esrrb. There-fore, the dynamic aspects of the two experimental setups are drastically different: it is possible that Esrrb is downregulated after Nanog has already impacted on other genes, which may independently block differentiation even when Esrrb is subsequently silenced. Besides this, however, our findings and their confrontation to previous conclusions highlight that different factors and mechanisms can potentially lead to similar phenotypic outcomes [START_REF] Konstantinides | Phenotypic Convergence: Distinct Transcription Factors Regulate Common Terminal Features[END_REF].

Identifying the genes that mediate LIF-independent selfrenewal in the absence of Esrrb may be particularly challenging because several prominent developmental regulators, from TFs to signalling molecules, are enriched among the genes that normally respond to LIF withdrawal but that endogenous Nanog induction is able to block. However, the genes that are upregulated when LIF is removed, and that Nanog is able to keep in check, display a blatant property: they tend to be targets of Polycomb PRC2 complexes and are embedded within H3K27me3 domains (Azuara et al., 2006;Bernstein et al., 2006;Boyer et al., 2006). At these genes, either LIF or Nanog are required to maintain H3K27me3 (Fig. 6). Therefore, this study identifies at least two modes of gene regulatory redundancy between Nanog and the LIF pathway: one directly based on LIF-stimulated TFs, such as Esrrb and Klf4, and another one based on the activity of Polycomb Group proteins (Fig. 6). We anticipate that identifying the exact molecular mechanisms used by Nanog to modulate H3K27me3 will be of great interest, and propose here that they are likely to be indirect. Overall, our observations argue for the existence of an alternative pathway to promote LIF-independent self-renewal through a previously unanticipated role of Nanog in the maintenance of H3K27me3 at differentiation-associated genes, thereby inhibiting the capacity of the cells to readily differentiate. This type of compensatory, chromatin-based mechanism, enables individual TFs to have broad impact by targeting key chromatin regulators with a more generic and systemic function. This remains so even when a regulatory network is largely dismantled, as is the case of the pluripotency network in the absence of LIF. This novel mechanism that we have unveiled may have the potential to dramatically increase the robustness and temporal integration of complex gene regulatory systems.

Whether the promotion of LIF-independent self-renewal associated with the inappropriate maintenance of H3K27me3 at differentiation genes results from the sum of many partial effects or, conversely, is based on specific and potent effects mediated by one or a few regulators, needs now specific attention. Given that the genes repressed by Nanog in the absence of LIF are strongly enriched for targets of Otx2, a driver of differentiation (Acampora et al., 2013;Buecker et al., 2014) that belongs to the category of bivalent genes in ES cells, we explored the possibility that Otx2 downregulation may be the sole explanation for LIF-independent self-renewal in the absence of induced expression of other pluripotency TFs than Nanog itself. Using our SunTag cells to simultaneously activate both Nanog and Otx2, we could indeed observe that the efficiency of self-renewal was lower compared to the exclusive induction of Nanog. However, the effects became robust after two continuous phases of clonal growth, indicating that, for this level of upregulation of Otx2, the functional compensation takes time to be fully established. Nevertheless, our transcriptomic studies after three days of induction already show that a large fraction of the genes normally misregulated upon Nanog induction, show expression levels similar to control cells. In accord with the developmental role of Otx2 (Acampora et al., 1995), this seems to be particularly true for neuroectodermal genes. It should now be investigated whether a relationship similar to Nanog-Otx2 exists between Nanog and other lineage specific determinants targeted by H3K27me3. Overall, this work underlines the ability of Nanog to convey its function through remarkably distinct molecular mechanisms in different environmental conditions (Fig. 6). Extrapolating our work to other TFs of the pluripotency network and more generally to other gene regulatory systems, would be of great interest.

IX. LASER: LncRNAs Associated with SElf-Renewal of mouse ES cells

A. Introduction

LncRNAs have been functionally associated with all layers of gene expression regulation (F. [START_REF] Kopp | Functional Classification and Experimental Dissection of Long Noncoding RNAs[END_REF]. Many of those have been shown to be specifically expressed in pluripotent cells when compared to their differentiating offspring [START_REF] Dinger | Long Noncoding RNAs in Mouse Embryonic Stem Cell Pluripotency and Differentiation[END_REF][START_REF] Guttman | Chromatin Signature Reveals over a Thousand Highly Conserved Large Non-Coding RNAs in Mammals[END_REF], 2011;N. Lin et al. 2014;[START_REF] Bergmann | Regulation of the ESC Transcriptome by Nuclear Long Noncoding RNAs[END_REF][START_REF] Fort | Nuclear Transcriptome Profiling of Induced Pluripotent Stem Cells and Embryonic Stem Cells Identify Non-Coding Loci Resistant to Reprogramming[END_REF][START_REF] Bogu | Chromatin and RNA Maps Reveal Regulatory Long Noncoding RNAs in Mouse[END_REF]. Therefore, a functional role in regulating mouse ES cells fate was hypothesized for this class of transcripts as done in the past for protein coding genes found exclusively in pluripotent cells [START_REF] Okamoto | A Novel Octamer Binding Transcription Factor Is Differentially Expressed in Mouse Embryonic Cells[END_REF]). But, despite intensive efforts, only few of them were described as shielding ES cell self-renewal with mostly limited impact. Of note, all of this large scale studies were based on loss-of-function strategies screening for impaired self-renewal capacities. The idea that lncRNAs might mostly display fine-tuning regulatory functions of gene expression with a possible high redundancy is progressively emerging (L. [START_REF] Li | Physiological Roles of Long Noncoding RNAs: Insights from Knockout Mice[END_REF][START_REF] Ransohoff | The Functions and Unique Features of Long Intergenic Non-Coding RNA[END_REF]. As evidenced in the previous section, some "ancillary" pluripotency regulators show redundant functions in mouse ES cells and have been shown to be dispensable for pluripotency maintenance in different contexts (Chambers et al. 2007; J. [START_REF] Jiang | A Core Klf Circuitry Regulates Self-Renewal of Embryonic Stem Cells[END_REF][START_REF] Niwa | A Parallel Circuit of LIF Signalling Pathways Maintains Pluripotency of Mouse ES Cells[END_REF][START_REF] Martello | Esrrb Is a Pivotal Target of the Gsk3/Tcf3 Axis Regulating Embryonic Stem Cell Self-Renewal[END_REF][START_REF] Hackett | Regulatory Principles of Pluripotency: From the Ground State Up[END_REF][START_REF] Yeo | Klf2 Is an Essential Factor That Sustains Ground State Pluripotency[END_REF][START_REF] Yamane | Overlapping Functions of Krüppel-like Factor Family Members: Targeting Multiple Transcription Factors to Maintain the Naïve Pluripotency of Mouse Embryonic Stem Cells[END_REF]). Yet, as perfectly illustrated by Nanog, they can harbour strong regulatory functions. We thus speculate that some lncRNAs may display a comparable behaviour that couldn't be captured by loss of function experiments scrutinizing for strong differentiation phenotypes.

Interestingly, the network of ancillary pluripotency factors (Nanog, Klf2, Esrrb, Klf4, Prdm14, Sall4, Tfcp2l1, Tbx3) has been shown to be strongly interconnected, each factor having in general a positive impact on the others [START_REF] Dunn | Defining an Essential Transcription Factor Program for Naïve Pluripotency[END_REF]). Moreover, their expression is stabilized when mouse ES cells reach the ground state of pluripotency (Ying et al. 2008;[START_REF] Wray | Inhibition of Glycogen Synthase Kinase-3 Alleviates Tcf3 Repression of the Pluripotency Network and Increases Embryonic Stem Cell Resistance to Differentiation[END_REF][START_REF] Ghimire | Comparative Analysis of Naive, Primed and Ground State Pluripotency in Mouse Embryonic Stem Cells Originating from the Same Genetic Background[END_REF]). Interestingly, it was reported that the most responsive transcriptional targets of Nanog were enriched in these factors (Festuccia et al. 2012), a notion that might need to be revisited in regards to our recent work (see previous section). Therefore, in order to identify "ancillary pluripotency lncRNAs" we aimed at identifying such molecules whose expression was reinforced in ground state condition and were transcriptionally controlled by Nanog. A way to functionally characterize those non-coding transcripts then consists in overexpressing them in differentiation condition and assess whether this gives rise to sustained self-renewal: a property shared by most of the aforementioned pluripotency factors (Chambers et al. 2003;[START_REF] Niwa | A Parallel Circuit of LIF Signalling Pathways Maintains Pluripotency of Mouse ES Cells[END_REF]Hall et al. 2009b;Festuccia et al. 2012). We thus took advantage of CRISPRa as an appropriate means to enhance their endogenous expression since, as aforementioned, transcription site is an important parameter for lncRNAs mediated function.

B. Preliminary selection of lncRNAs candidates

Hence, in order to select Nanog-regulated lncRNAs we took advantage of the 44iN cell line where the endogenous loci of Nanog have been invalidated but expression can be artificially restored by transgene induction under Dox treatment (Festuccia et al. 2012). Those cells were cultured for a long term in the absence of Nanog (44iN) before expression was rescued for twenty-four hours (44iN + Dox). WT cells routinely cultured in serum-containing medium (WT FCS) were placed in 2i/LIF condition for three days (Fig. 2.15 A). RNAs from four biological replicates of each condition were prepared, RT-qPCR experiments were done for validation of few Nanog target or 2i responsive genes (not shown). The four replicates of each condition were pre-mixed prior to library preparation. Total RNAs after ribosomal depletion were further sequenced by high-throughput RNA-seq capturing even non-or poorly poly-adenylated transcripts (Y. [START_REF] Zhang | Life without A Tail: New Formats of Long Noncoding RNAs[END_REF]. Since lncRNAs have been shown to be, on average, lower expressed than their coding counterparts (M. [START_REF] Guttman | Chromatin Signature Reveals over a Thousand Highly Conserved Large Non-Coding RNAs in Mammals[END_REF][START_REF] Guttman | Ab Initio Reconstruction of Cell Type-Specific Transcriptomes in Mouse Reveals the Conserved Multi-Exonic Structure of LincRNAs[END_REF][START_REF] Ulitsky | Conserved Function of LincRNAs in Vertebrate Embryonic Development despite Rapid Sequence Evolution[END_REF][START_REF] Derrien | The GENCODE v7 Catalog of Human Long Noncoding RNAs: Analysis of Their Gene Structure, Evolution, and Expression[END_REF][START_REF] Sigova | Divergent Transcription of Long Noncoding RNA/MRNA Gene Pairs in Embryonic Stem Cells[END_REF]), RNA-seq was performed with a relatively important depth (more than 150 million reads/sample).

After alignment, data were further analysed with Seqmonk program (Babraham Institute -for detailed procedure see Material and Methods section). Since unique sequencing samples were generated for each condition, precluding any statistical approach, we first evaluated the reliability of our RNA-seq results through their comparison with published datasets of similar samples. For this aim, we looked at the expression of the genes reported as tightly regulated by Nanog (Festuccia et al. 2012) or differentially expressed between FCS/LIF and 2i/LIF condition [START_REF] Marks | The Transcriptional and Epigenomic Foundations of Ground State Pluripotency[END_REF]) in our samples. It appeared that the response of those genes was highly consistent with their previously reported behaviour (Fig. 2.16 A, B and C).

More precisely, the percentage of genes showing the expected tendency (fold change treated/control > or < 1) in our dataset was high for each kind of response (89% (1737/1947) serum higher, 79% (1169/1479) 2i higher, 71% (346/489) Nanog induced, 91% (390/430) Nanog repressed). This result thus allowed us to gain further confidence in our datasets.

In order not to restrict our analysis to already annotated lncRNAs we combined three different blind analyses to identify our gene candidates. First, using Seqmonk analysis software, we divided the genome in small overlapping adjacent bins and quantified RNA-seq signal on both strands separately (Fig. 2.15 B). Genomic bits with sufficient signal level showing a Nanog-dependent expression and being upregulated in 2i condition were selected (Fig. 2.15 A). Since only one replicate was sequenced for each condition, our selection was only based on fold change thresholding. All selected segments overlapping an annotated CDS (coding DNA sequence) on the same strand were trimmed out. This analysis resulted in the selection of about 900 genomic pieces actually representing 343 independent loci. Second, an integrated Seqmonk tool called 'contig probe generator' identifying continuous stretches of reads was used to blindly bait active transcriptional blocks. CDS overlapping probes were discarded and 63 clusters with relevant expression profile were finally obtained. Finally, our sequencing data were sent to a collaborating group (Ulitsky I. laboratory, Noa Gil, Weizmann Institute of Science, Israel) who identified high confidence lncRNAs thanks to their previously published pipeline integrating conservation and coding potential features [START_REF] Hezroni | Principles of Long Noncoding RNA Evolution Derived from Direct Comparison of Transcriptomes in 17 Species[END_REF].

From these high confidence transcripts, 31 regions fitting into our researched expression profile were selected.

Finally, the pool of all these transcripts was manually curated in order to remove alignment artefacts (mainly pseudogenes and repeated region misalignments), further selected on clear exonic structure, expression level and presence of active chromatin marks and led to a final list of 24 transcripts (see Table 2). Given their expected regulation by Nanog and increased expression in the ground state of pluripotency, these lncRNAs will thereafter be referred to as LASER for LncRNA Associated with SElf-Renewal. 

D. LASER gRNAs design and test

After validating the expression profile and the absence of coding potential of our LASER we aimed at functionally testing their capacity to promote sustained self-renewal. We therefore needed to design gRNAs targeting each of our 24 promoters for subsequent overexpression with our SunTag cell line. A new algorithm for gRNAs design was set up in collaboration with the Bioinformatics platform of the Institut Pasteur (Damien Mornico) for rapid and multiplexed gRNAs design (see methods). After running this algorithm on the upstream regions (from -50bp to -1kb) preceding the TSS of our 24 lncRNA candidates, the two (or one if two acceptable gRNAs couldn't be designed) gRNAs showing the lowest offtarget probability were selected. All selected gRNAs were further cloned separately into the PiggyBac gRNA expressing vector. 

F. Transcriptomic response upon three LASER overexpression

Following the negative conclusion we faced in the previous functional test, we decided to focus our attention on three of the LASER. One of them, LASER1, is located 50kb away from Esrrb gene and shows great upregulation in 2i medium as well as low expression in Nanog KO cell line but is not responsive to Nanog rescue (Fig. 2.20). The second one, LASER 10, shows both a nice response to Nanog rescue and a strong response in 2i medium. It is located close to Tfap2c gene (Fig. 2.21 A) which has been largely associated both with trophectoderm and PGCs differentiation process [START_REF] Magnúsdóttir | A Tripartite Transcription Factor Network Regulates Primordial Germ Cell Specification in Mice[END_REF][START_REF] Schemmer | Transcription Factor TFAP2C Regulates Major Programs Required for Murine Fetal Germ Cell Maintenance and Haploinsufficiency Predisposes to Teratomas in Male Mice[END_REF]Z. Cao et al. 2015). The last one, LASER 17, initiates in a mouse ES cells super enhancer and is adjacent to Cd9 locus (Fig. 2.21 A). Cd9 has been shown to be highly expressed in mouse ES cells despite its dispensability for mouse ES cells self-renewal [START_REF] Akutsu | Maintenance of Pluripotency and Self-Renewal Ability of Mouse Embryonic Stem Cells in the Absence of Tetraspanin CD9[END_REF]. LASER 17 shows about 3 fold upregulation both upon Nanog rescue and FCS/2i switch and is also lowly expressed in Nanog KO cells (Fig. 2.20). All three appeared to be efficiently spliced and largely detected in polyA selected datasets (Fig. 2.21 A). Therefore, their precise spliced sequences could be determined and submitted to coding potential evaluation tool CPAT (L. Wang et al. 2013). They all got labelled as non-coding with low coding probabilities (from 4 to 25%, a range where the discrimination specificity of CPAT is still greater that 90%). Of note, none of them had an annotated human orthologue in GENCODE database. Therefore, the relevance of their genomic location, their bona fide characteristics of mature RNA-Pol II transcribed RNAs as well as their very low coding probability prompted us to assess the transcriptional effects of their endogenous overexpression. The two gRNAs targeting each of these three LASER were among the most efficient ones (Fig. 2.18). Thus, we transfected again the six corresponding gRNAs separately in our two SunTag clones and manually picked single subclones originating from each of these transfections. In total, 21 subclones originating from the two parental SunTag clones and harbouring one of the six gRNAs were kept for further experiments (each gRNA being represented by 2 to 4 subclones). This ensured that a clonal or SunTag off-target effect would be easily identified and separated from any significant result. We treated all these clones with Dox for 72 hours before harvesting them for RNA purification. SunTag induction of the three LASER was validated by RT-qPCR and compared to three additional subclones that received the LacZ non-targeting gRNA (Fig. 2.21 B). This confirmed the strong upregulation of our three lncRNAs with a consistent difference in efficiency within the couples of gRNAs targeting the same LASER. Therefore, in order to assess the transcriptomic consequences of the overexpression of these three self-renewal associated transcripts, we sent these 48 samples for RNA-seq (21 LASER subclones, 3 LacZ clones, -/+ Dox). The analysed RNA-seq signal (aligned by N. Owens) validated the upregulation of our three LASER from their endogenous loci (Fig. 2.21 A). Interestingly, transcription initiation and termination as well as splicing didn't seem to be affected by the artificial activation produced by the recruitment of the SunTag complex. Expression of the surrounding genes didn't seem to be affected neither (not shown). We then performed a statistical analysis with DESEQ program to identify the differentially expressed genes upon activation of the three LASER. Few differentially expressed genes (DEGs) with relatively low expression level could be identified between none treated and Dox treated samples for each gRNA separately (FDR<0.05). However, when intersecting the lists of DEGs obtained with the two gRNAs targeting the same LASER, it appeared that each overlap was empty. If performing the same DESEQ analysis by pooling together the samples obtained with the two gRNAs, even less DEGs were significantly (FDR<0.05) identified showing usually inconsistent expression profile along all our samples. It is most likely that the few DEGs identified with a single gRNA were due either to spurious off-target binding of the SunTag complex or were randomly pulled out and further eliminated when pooling together the two gRNAs data by increasing the power of our statistical analysis. However, one of the gRNAs (LASER 1, gRNA2) produced a number of DEGs that largely exceeded what one would expect from random fluctuation of gene expression. This observation will be discussed in section IV.

Consequently, it seems that the overexpression of these three non-coding RNAs didn't result in the modification of expression of another transcript at the genome-wide level.

However, this doesn't exclude the possibility that these lncRNAs might have a functional role at any level of gene regulation.

G. Additional lncRNAs candidates selection

Despite its unsuccessful outcome, our low-scale screening of LASER overexpression upon LIF withdrawal demonstrated the feasibility of our approach. This prompted us to select a higher number of candidates in order to be able to perform a similar screening at a higher magnitude. However, a wide list of lncRNAs candidates cannot be curated manually unless countless human and time resources. Therefore, a greater number of conditions and replicates was needed to greatly increase our confidence in the selected lncRNAs. We thus augmented our previous RNA datasets with loss of function experiments of Nanog, Esrrb and Oct4 transcription factors for 24 hours with the help of cell lines using Tet-ON or OFF systems (Fig. [START_REF] Niwa | Quantitative Expression of Oct-3/4 Defines Differentiation, Dedifferentiation or Self-Renewal of ES Cells[END_REF]Festuccia et al. 2012[START_REF] Festuccia | Mitotic Binding of Esrrb Marks Key Regulatory Regions of the Pluripotency Network[END_REF]. Remarkably, it appeared that all our LASER were fairly detectable in RNA-seq datasets performed on poly-adenylated RNAs (see examples: Fig. 2.21. A). We thus decided to restrict our analysis to this kind of transcripts and performed polyA selected RNA-seq providing increased coverage for spliced and mature RNA-pol II transcribed RNA at the expense of intronic and none poly-adenylated RNAs signal. Nanog SunTag dataset (see section II.) in which Nanog overexpression was performed in the presence and absence of LIF was included as well in our analysis.

B)

A new high-confidence database of 3490 lncRNAs including all LASER, all noncoding transcripts identified by our collaborators (Igor Ulitsky laboratory) and all annotated lncRNAs in ENSEMBL mouse database supported by minimal coverage in a good fraction of our samples was generated by Nick Owens, a computational biologist in the laboratory. Thanks to a statistical tool he set up for that aim, we already selected several clusters of lncRNAs showing relevant patterns of expression among all our conditions (Fig. 2.22. A). These transcripts will be further screened for their capacity to provide LIF-independence.

H. LASER 23 (Gm14820) characterization

LASER 23 fairly fulfilled the criteria previously mentioned for lncRNAs candidates' selection (Fig. 2.23). But it further captured our attention because of its antisense relationship with Suv39h1 gene in a 'tail-to-tail' orientation (Fig. 2.24 A). Suv39h1 is a histone methyl transferase associated with the formation and the function of constitutive heterochromatin on genomic repeated elements such as satellites, tandem repeats or retroviruses but is also involved in the repression of lineage-inappropriate genes in the trophectoderm or S-phase associated genes in terminally differentiated cells [START_REF] Firestein | Set Domain-Dependent Regulation of Transcriptional Silencing and Growth Control by SUV39H1, a Mammalian Ortholog OfDrosophila Su(Var)3-9[END_REF][START_REF] Lehnertz | Suv39h-Mediated Histone H3 Lysine 9 Methylation Directs DNA Methylation to Major Satellite Repeats at Pericentric Heterochromatin[END_REF][START_REF] Slimane | A Suv39hdependent Mechanism for Silencing S-phase Genes in Differentiating but Not in Cycling Cells[END_REF][START_REF] Alder | Ring1B and Suv39h1 Delineate Distinct Chromatin States at Bivalent Genes during Early Mouse Lineage Commitment[END_REF][START_REF] Fritsch | A Subset of the Histone H3 Lysine 9 Methyltransferases Suv39h1, G9a, GLP, and SETDB1 Participate in a Multimeric Complex[END_REF][START_REF] Bulut-Karslioglu | Suv39h-Dependent H3K9me3 Marks Intact Retrotransposons and Silences LINE Elements in Mouse Embryonic Stem Cells[END_REF], 2012;[START_REF] Velazquez Camacho | Major Satellite Repeat RNA Stabilize Heterochromatin Retention of Suv39h Enzymes by RNA-Nucleosome Association and RNA:DNA Hybrid Formation[END_REF]. It has been shown to recognize and propagate H3K9 trimethylation through its chromo and SET domains respectively and interact with other H3K9 methyltransferases as well as Hp1 proteins and RNAs to form and expand heterochromatin domains. The loss of Suv39h1 and 2 in mouse ES cells leads to the loss of H3K9me3 at pericentric regions but is associated with a gain in polycomb-mediated repressive histone mark H3K27me3 at the same places with no major functional consequences, a plasticity which seems also present at the zygotic stage [START_REF] Peters | Partitioning and Plasticity of Repressive Histone Methylation States in Mammalian Chromatin[END_REF][START_REF] Puschendorf | PRC1 and Suv39h Specify Parental Asymmetry at Constitutive Heterochromatin in Early Mouse Embryos[END_REF][START_REF] Marks | The Transcriptional and Epigenomic Foundations of Ground State Pluripotency[END_REF].

In contrast, Suv39h1/2 depletion in somatic tissues leads to genomic instability inducing higher tumor risk and defects in male germ cells meiosis [START_REF] Peters | Loss of the Suv39h Histone Methyltransferases Impairs Mammalian Heterochromatin and Genome Stability[END_REF].

Interestingly, constitutive heterochromatin structure differs between male and female genomic material at the time of fertilization and persists during the first cleavages until the 8 cell stage [START_REF] Arney | Histone Methylation Defines Epigenetic Asymmetry in the Mouse Zygote[END_REF][START_REF] Santos | Dynamic Chromatin Modifications Characterise the First Cell Cycle in Mouse Embryos[END_REF][START_REF] Heijden | Transmission of Modified Nucleosomes from the Mouse Male Germline to the Zygote and Subsequent Remodeling of Paternal Chromatin[END_REF][START_REF] Govin | Pericentric Heterochromatin Reprogramming by New Histone Variants during Mouse Spermiogenesis[END_REF][START_REF] Puschendorf | PRC1 and Suv39h Specify Parental Asymmetry at Constitutive Heterochromatin in Early Mouse Embryos[END_REF]. Indeed, in mice, at these stages, male chromosomes are fully deprived from Suv39h-mediated H3K9me3 repressive mark but rather enriched in PRC2-mediated H3K27me3 compared to female genome (H. [START_REF] Liu | Regulation of Histone H3 Lysine 9 Methylation in Oocytes and Early Pre-Implantation Embryos[END_REF][START_REF] Puschendorf | PRC1 and Suv39h Specify Parental Asymmetry at Constitutive Heterochromatin in Early Mouse Embryos[END_REF]). This asymmetry is progressively lost with the formation of compact repressive hubs, the chromocenters, where centromeric and pericentromeric regions cluster together, and gradual trimethylation of H3K9 residues on the paternal genome [START_REF] Mayer | Spatial Separation of Parental Genomes in Preimplantation Mouse Embryos[END_REF][START_REF] Kuznetsova | LINE-Related Component of Mouse Heterochromatin and Complex Chromocenters' Composition[END_REF][START_REF] Puschendorf | PRC1 and Suv39h Specify Parental Asymmetry at Constitutive Heterochromatin in Early Mouse Embryos[END_REF]). However, this transition is tightly regulated and is critical for the establishment of proper nuclear structure later on [START_REF] Burton | Epigenetic Reprogramming and Development: A Unique Heterochromatin Organization in the Preimplantation Mouse Embryo[END_REF][START_REF] Nakamura | PGC7 Binds Histone H3K9me2 to Protect against Conversion of 5mC to 5hmC in Early Embryos[END_REF][START_REF] De | ATRX Contributes to Epigenetic Asymmetry and Silencing of Major Satellite Transcripts in the Maternal Genome of the Mouse Embryo[END_REF][START_REF] Ma | The Dynamics and Regulatory Mechanism of Pronuclear H3k9me2 Asymmetry in Mouse Zygotes[END_REF]. Thus, appropriate expression of heterochromatin organizers as Suv39h1 seems to be critical in these very early steps of development. Given the known ability of antisense lncRNAs to regulate the expression of their opposite gene [START_REF] Magistri | Regulation of Chromatin Structure by Long Noncoding RNAs: Focus on Natural Antisense Transcripts[END_REF], we examined the expression of Laser23 and Suv39h1 in undifferentiated and differentiating ES cells. It appeared that both expressions were negatively correlated (Fig. 2.24 B). While LASER 23 was strongly repressed two days after cells being cultured in the absence of LIF or 24 hours after Oct4 depletion, Suv39h1 precisely showed the reverse pattern. We thus wondered whether these opposite expression profiles could also be found in vivo during early development, when heterochromatin organisation faces dramatic rearrangement. We therefore looked at single cell RNA-seq data (Q. Deng et al. 2014) performed from the zygote to the blastocyst stage of mouse embryo development (with help of Nick Owens). It appears that LASER 23 is already expressed at the zygotic stage before peaking at the early 2 cell stage and progressively decreases until blastocyst stage where only very few cells keep residual expression. Suv39h1 is oppositely getting highly induced at the mid 2 cell stage to be intermediately expressed throughout the following steps of development To assess whether the opposite expression profile observed in the early embryo also exists in mouse ES cells at the single cell level, we performed single molecule RNA-FISH on LASER 23 and Suv39h1 transcripts (non-overlapping exonic probes) in WT male ES cells (Fig. 2.25). LASER 23 molecules could be detected at its transcription site but also as few diffusible molecules in the nucleus while Suv39h1 RNAs were detected both in the cytoplasm and the nucleus. We quantified the relative distribution of both RNAs with a collaborator (F.

Mueller, Institut Pasteur) using FISHQuant program [START_REF] Mueller | FISH-Quant: Automatic Counting of Transcripts in 3D FISH Images[END_REF]. This clearly showed a negative correlation between the distribution of Suv39h1 and its antisense since cells that are high for one transcript are low for the other (Fig. 2.25). However, few hypothetically cotranscriptional events were detected, maybe suggesting a model where transcription can initiate from both promoters, but one direction rapidly overtakes.

We consequently decided to actively interfere with the transcriptional activity of the locus in order to assess the functional relevance of LASER 23 expression. Since the first gRNA designed towards one of its two alternative promoters didn't work in our previous study (Fig. 2.18), we designed three additional ones targeting its second promoter (Fig. 2.24. A). It is worth mentioning that both promoters seem to be equally active in mouse ES cells according to RNAseq data (not shown). We therefore transfected these three gRNAs in our SunTag clones and picked individual subclones harbouring each of them. Cells were then treated with Dox for 2 days followed by RNA extraction. This experiment was performed both in presence and absence of LIF as Suv39h1 was shown to be upregulated upon LIF withdrawal (Fig. 2

.24. B).

The induction of LASSER 23 was moderate in +LIF condition but reached very low level in -LIF where it naturally gets strongly down-regulated probably due to the high content in ERVK elements of its promoter (as seen for AK031828 in section I) (Fig. 2.26). However, we didn't assess yet the consequences of the recruitment of the SunTag complex within the first intron of the longest isoform of LASER 23 on its expression. Indeed, we cannot exclude a subsequent transcriptional interference which would lessen the impact of our assay. Nevertheless, this low overexpression of LASER 23 had no significant impact on Suv39h1 expression (Fig. 2.26). We further assessed the effect of the depletion of LASER 23 on Suv39h1 expression.

In that aim, we used CRISPR/Cas9 system to delete the two alternative promoters of LASER 23. Two gRNAs were subsequently designed at each side of these two promoters potentially generating a 6 kb-long deletion (Fig. 2.24 A). This experiment was performed in male E14 WT ES cells and several KO clones were obtained with no noticeable phenotype. The absence of residual expression of LASER 23 in the KO cells was confirmed by smFISH while Suv39h1 signal looked more homogenous among the cell population with a slightly increased number of detected dots (Fig. 2.27 A). However, this still needs to be properly quantified. We further evaluated Suv39h1 and LASER 23 expression by RT-qPCR (Fig. 2.27 C). While LASER 23 RNA could not be detected at all in our KO clones, it appeared that Suv39h1 expression was increased in the same cells. This was particularly true in 2i medium where we could confirm this result at the protein level (Fig. 2.27 B). Taken together, all these results suggest a repressive effect of LASER 23 transcription, associated with the undifferentiated state of ES cells and the first cleavage state of the embryo, on Suv39h1 expression. However, many experiments are still to be done in order to assess the precise mechanism of this inhibition.

I. Discussion

Our preliminary approach allowed us to select a small number of lncRNAs whose expression is enhanced in the ground state of pluripotency and associated with Nanog activity.

We now greatly extended our capacity of selection by generating a large amount of sequencing samples representing a challenging framework for the pluripotency network. We additionally built a comprehensive list of high confidence lncRNAs expressed in mouse pluripotent cells.

We further identified hundreds of transcripts responsive to drastic variations of expression of the pluripotency factors (Nanog, Esrrb, Oct4) as well as signalling pathways inhibition (LIF, MEK/ERK, GSK3β). These reliable lists of lncRNAs can now be functionally investigated using CRISPRa at a higher scale. This will more likely require the design and cloning of more than two gRNAs per promoter given the high rate of inefficient ones (close to 50% in our hands). We additionally generated a gRNA expressing vector inserted within a PiggyBac transposon which allows for efficient transfection and integration of large size libraries of vectors with single integrant per cell (G. [START_REF] Guo | Klf4 Reverts Developmentally Programmed Restriction of Ground State Pluripotency[END_REF]G. Guo and Smith 2010). Hence, a library of thousands of gRNAs can be properly delivered to our SunTag clones followed by serial passages in the absence of LIF, a condition that would be less stringent than a plating at clonal density where the LIF can be properly washed out, but allows for the emergence of clones with enhanced proliferative capacities in the absence of the cytokine. Downstream identification of the overrepresented gRNAs in the self-renewing cell population by DNA sequencing would lead to the characterization of lncRNAs conferring reduced requirement to LIF signalling. Such kind of phenotypic advantage-based CRISPRa screening already gave 102 quite promising results [START_REF] Gilbert | Genome-Scale CRISPR-Mediated Control of Gene Repression and Activation[END_REF][START_REF] Konermann | Genome-Scale Transcriptional Activation by an Engineered CRISPR-Cas9 Complex[END_REF][START_REF] Joung | Genome-Scale Activation Screen Identifies a LncRNA Locus Regulating a Gene Neighbourhood[END_REF][START_REF] Liu | CRISPRi-Based Genome-Scale Identification of Functional Long Noncoding RNA Loci in Human Cells[END_REF].

Indeed, the screening that we performed on the 18 LASER where cells were placed at low density in the absence of LIF is relatively stringent if we consider that a powerful transcription factor such as Klf4 (one of the Yamanaka factors) has been reported to confer variable self-renewal sustaining capacities according to different studies (J. Jiang et al. 2008, 4;[START_REF] Niwa | A Parallel Circuit of LIF Signalling Pathways Maintains Pluripotency of Mouse ES Cells[END_REF]Hall et al. 2009b;P. Zhang et al. 2010;[START_REF] Martello | Identification of the Missing Pluripotency Mediator Downstream of Leukaemia Inhibitory Factor[END_REF][START_REF] Jeon | Comprehensive Identification of Krüppel-Like Factor Family Members Contributing to the Self-Renewal of Mouse Embryonic Stem Cells and Cellular Reprogramming[END_REF][START_REF] Yamane | Overlapping Functions of Krüppel-like Factor Family Members: Targeting Multiple Transcription Factors to Maintain the Naïve Pluripotency of Mouse Embryonic Stem Cells[END_REF]. Together with the previously mentioned idea that lncRNAs might mainly confer fine-tuning regulatory functions on gene expression, it seems reasonable to reduce the selective strength of our strategy. We could as well screen for a synergistic effect of the upregulation of our lncRNAs with one of the ancillary pluripotency factors in shielding mouse ES cells against differentiation. This could be achieved by creating a basal vector harbouring a gRNA targeting one of these pluripotency factors that would then serve to build a large library of vectors by adding gRNAs targeting the lncRNAs candidates.

It was shown in section II than Nanog confers LIF-independent self-renewal through, among other mechanisms, maintaining H3K27me3 level at many repressed loci by an indirect mechanism. Moreover, this effect is clearly specific to a subset of genomic locations but doesn't seem to be related to Nanog bound regions. So, how are all these specific loci recognized by the PRC2 complex for proper repressive mark deposition? PRC2 complex recruitment in mouse ES cells has been extensively linked with its RNA interacting property (J. [START_REF] Zhao | Genome-Wide Identification of Polycomb-Associated RNAs by RIP-Seq[END_REF][START_REF] Kaneko | PRC2 Binds Active Promoters and Contacts Nascent RNAs in Embryonic Stem Cells[END_REF][START_REF] Bonasio | Interactions with RNA Direct the Polycomb Group Protein SCML2 to Chromatin Where It Represses Target Genes[END_REF]Kaneko, Bonasio, et al. 2014b, 2014b). We can therefore hypothesize that one or several lncRNAs that get activated by Nanog may drive the PRC2 complex to specific positions for repressive state maintenance (S. C. [START_REF] Wu | Role of H3K27 Methylation in the Regulation of LncRNA Expression[END_REF]Kaneko, Bonasio, et al. 2014b;[START_REF] Ng | Human Long Non-Coding RNAs Promote Pluripotency and Neuronal Differentiation by Association with Chromatin Modifiers and Transcription Factors[END_REF]. Such molecule should be potentially identified by the analysis of the group of our lncRNAs that get strongly induced by Nanog in the absence of LIF. Additionally, we can take advantage of the different ChIP-seq clusters identified in section II to refine our selection to identify direct and truly dependent targets of Nanog function.

In contrast, LASER 1, 10 and 17 differently respond to Nanog induction but were all upregulated when ES cells were placed in 2i medium. Their low level of expression in serum/LIF culture led us to speculate that they might be expressed only in a small portion of the cells and that their strong increase in 2i medium may correlate with the higher and more homogenous expression of some pluripotency factors appearing in this condition. We therefore hypothesised that increasing their expression in every cell in serum/LIF would recapitulate their potential effect in the ground state of pluripotency. Surprisingly, none of our three LASER overexpressions did produce any modification of gene expression at the transcriptome-wide level. Therefore, wouldn't it be more relevant to assess the effect of their depletion in 2i medium? Not really, supposing the same redundancy exists within lncRNAs than among the ancillary pluripotency factors, especially when considering the milder phenotypes usually resulting from lncRNAs depletion compared to mRNA [START_REF] Nakagawa | Lessons from Reverse-Genetic Studies of LncRNAs[END_REF]. Additionally, while small families of protein were identified based on sequence homologies and shared functional domains and led to simultaneous inactivation studies unmasking some redundancies (J. [START_REF] Jiang | A Core Klf Circuitry Regulates Self-Renewal of Embryonic Stem Cells[END_REF], a functional classification of lncRNAs is still inexistent. Therefore, it seems more promising to assess the effect of their ectopic expression in a situation where they are not or very lowly expressed assuming that their potential redundancy with other lncRNAs is there inexistent. Considering the effects of Nanog overexpression in presence and absence of LIF (section II), this consideration seems even more relevant.

The remarkable technological improvements recently achieved in the RNA biology field bring a hope for and will surely greatly influence lncRNAs classification and characterization. In particular in regards to the identification of the partners (proteins, other RNAs) [START_REF] Aw | In Vivo Mapping of Eukaryotic RNA Interactomes Reveals Principles of Higher-Order Organization and Regulation[END_REF][START_REF] Lu | RNA Duplex Map in Living Cells Reveals Higher-Order Transcriptome Structure[END_REF][START_REF] Mchugh | RAP-MS: A Method to Identify Proteins That Interact Directly with a Specific RNA Molecule in Cells[END_REF], the structure [START_REF] Denny | High-Throughput Investigation of Diverse Junction Elements in RNA Tertiary Folding[END_REF]) and the cellular localization [START_REF] Abudayyeh | RNA Targeting with CRISPR-Cas13a[END_REF]) of these transcripts which represent essential phases for their unbiased description. Indeed, some studies focus on the interaction between a lncRNA of interest and a given protein, which was sometimes never shown to have RNA interacting properties, for quite obscure reasons [START_REF] Jiapaer | LincU Preserves Naïve Pluripotency by Restricting ERK Activity in Embryonic Stem Cells[END_REF]. One could therefore anticipate a big qualitative step towards the understanding of this still mysterious class of transcripts in the next decade.

Nonetheless, LASER23 relationship with Suv39h1 seems to be on the way of being characterized. We indeed accumulated many clues suggesting a repressive effect of LASER 23 upon its opposite coding gene. However, this still needs proper confirmation as well as a mechanistic explanation. Indeed, we plan to validate the upregulation of Suv39h1 in the absence of LASER 23 through other experimental approaches. First, a strong polyA signal will be knocked-in the first intron of LASER 23 transcript to separate a possible regulatory function of the underlying genomic sequence including LASER 23 transcription initiation sites from the RNA per se or its transcription. Histone modifications along its locus as well as splicing efficiency will be evaluated for Suv39h1 in the context of truncated (polyA signal), absent (KO) and WT LASER 23 transcript. The same experiments will be repeated in the context of a strong induction of LASER 23 expression upon knock-in of a potent constitutive promoter upstream of its TSS. Finally, to decipher whether any regulatory effect is mediated through the specific tethering of LASER 23 RNA to Suv39h1 locus, the overexpression from an exogenous cDNA vector will be performed in WT and KO cells. Indeed, the few diffusible molecules that could be observed by sm-RNA-FISH and the accumulation at its transcription site rather suggest a locally mediated effect of LASER 23.

Furthermore, the downstream effects of this potential repression in mouse ES cells will need to be addressed. Given the demonstrated functions of Suv39h1, a particular attention should be placed on the expression of repeated sequences, as retrotransposons and satellites, as well as on the chromatin modifications at those loci. This will be performed upon, acute or prolonged, induction or repression of LASER 23 in order to assess the potential dynamics of any effect as short and long term compensatory mechanisms exist in the silencing of repeated elements in mouse pluripotent cells [START_REF] Peters | Partitioning and Plasticity of Repressive Histone Methylation States in Mammalian Chromatin[END_REF][START_REF] Berrens | An EndosiRNA-Based Repression Mechanism Counteracts Transposon Activation during Global DNA Demethylation in Embryonic Stem Cells[END_REF]. Moreover, Suv39h1 has also been shown to play an important role in the silencing of bivalent promoters during trophoblast stem like (TSL) cells differentiation [START_REF] Alder | Ring1B and Suv39h1 Delineate Distinct Chromatin States at Bivalent Genes during Early Mouse Lineage Commitment[END_REF]. We previously showed that LASER 23 is strongly repressed upon this directed differentiation in zhbtc4 cells (Fig. 2.24 B) [START_REF] Niwa | Quantitative Expression of Oct-3/4 Defines Differentiation, Dedifferentiation or Self-Renewal of ES Cells[END_REF]. Therefore, we can speculate that the ectopic expression of LASER 23 in that context would impair the proper establishment of a trophoblastic identity through the repression of Suv39h1, an experimental approach that is planned to be done.

Finally, a major aspect of LASER 23 characterization might be coming from the early embryo development. Indeed, the expression of LASER 23 was shown to be even higher prior or towards fertilization than in the following stages of zygotic development and cleavages (Fig. [START_REF] Karlic | Long Non-Coding RNA Exchange during the Oocyte-to-Embryo Transition in Mice[END_REF]), therefore at the moment where Suv39h1 has been shown to be totally absent [START_REF] Puschendorf | PRC1 and Suv39h Specify Parental Asymmetry at Constitutive Heterochromatin in Early Mouse Embryos[END_REF]. One hypothesis would be that the strong expression of 
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X. A serendipity-driven approach A. Introduction

The 2 cell-like state has been described as a rare population of cells arising from mouse ES cells culture showing a transcriptomic profile resembling the first cleavage stage of the embryo including expression of the retroviral MERVL elements and the Zscan4 protein family members [START_REF] Macfarlan | ES Cell Potency Fluctuates with Endogenous Retrovirus Activity[END_REF]. This state has also been associated with numerous additional transient features as rapid telomere elongation, genome-wide chromatin decompaction and DNA demethylation, dispersed chromocenters, histones hyper acetylation, global translation block and Oct4 protein depletion as well as extended potency [START_REF] Zalzman | Zscan4 Regulates Telomere Elongation and Genomic Stability in ES Cells[END_REF][START_REF] Macfarlan | ES Cell Potency Fluctuates with Endogenous Retrovirus Activity[END_REF][START_REF] Dan | Roles for Tbx3 in Regulation of Two-Cell State and Telomere Elongation in Mouse ES Cells[END_REF][START_REF] Ishiuchi | Early Embryonic-like Cells Are Induced by Downregulating Replication-Dependent Chromatin Assembly[END_REF][START_REF] Eckersley-Maslin | MERVL/Zscan4 Network Activation Results in Transient Genome-Wide DNA Demethylation of MESCs[END_REF][START_REF] Choi | Deficiency of MicroRNA MiR-34a Expands Cell Fate Potential in Pluripotent Stem Cells[END_REF].

It was additionally shown that every mouse ES cells is likely to undergo such event every 9 passages (18-27 days) [START_REF] Zalzman | Zscan4 Regulates Telomere Elongation and Genomic Stability in ES Cells[END_REF]). Different ways have been discovered to artificially enhance the entry in this specific state of mouse ES cells: Dux and Zscan4 induction, CAF-1 complex or LINE1 RNAs knock down or mir34a depletion [START_REF] Zalzman | Zscan4 Regulates Telomere Elongation and Genomic Stability in ES Cells[END_REF][START_REF] Ishiuchi | Early Embryonic-like Cells Are Induced by Downregulating Replication-Dependent Chromatin Assembly[END_REF][START_REF] Choi | Deficiency of MicroRNA MiR-34a Expands Cell Fate Potential in Pluripotent Stem Cells[END_REF][START_REF] Hendrickson | Conserved Roles for Murine DUX and Human DUX4 in Activating Cleavage Stage Genes and MERVL/HERVL Retrotransposons[END_REF][START_REF] Percharde | A LINE1-Nucleolin Partnership Regulates Early Development and ESC Identity[END_REF]). However, the natural mechanism, if unique [START_REF] Rodriguez-Terrones | A Molecular Roadmap for the Emergence of Early-Embryoniclike Cells in Culture[END_REF], leading to this original state has not been clarified.

B. An unexpected 2 cell-like state induction

As exposed in the previous section, an RNA-seq experiment was performed under induction of LASER 1, 10 and 17. No differentially expressed gene (DEG) could be identified showing a consistent response between the two tested gRNAs for each lncRNA. Yet, while one of the gRNA (gRNA 1) targeting the promoter of LASER 1 only led to the identification of few DEGs, it appeared that activation of the SunTag system combined with the expression of the second one (gRNA 2) produces a very large number of responsive genes. Indeed, 900 DEGs could be identified by a DESEQ analysis (-1<log2FC<1, padj<0.05) (performed by Olivier Piau). These 900 DEGs included 742 upregulated and 158 downregulated genes. We rapidly understood that this list of genes strongly resembled the typical subset of transcripts induced upon the 2 cell-like state as the most famous markers of it (Zscan4 family, Zfp352, Eif1a-like family) were among the strongest induced genes. In addition, activation of many ERVL repeat elements could be easily visualised on the sequencing data (Fig. 2.29). When comparing these results with published datasets dealing with the induction of the 2 cell-like state [START_REF] Ishiuchi | Early Embryonic-like Cells Are Induced by Downregulating Replication-Dependent Chromatin Assembly[END_REF][START_REF] Eckersley-Maslin | MERVL/Zscan4 Network Activation Results in Transient Genome-Wide DNA Demethylation of MESCs[END_REF][START_REF] Hendrickson | Conserved Roles for Murine DUX and Human DUX4 in Activating Cleavage Stage Genes and MERVL/HERVL Retrotransposons[END_REF], it appeared that half (434) of our DEGs have been shown to be misregulated in at least one of this three studies (Fig. 2.30). In addition, about 50% of the DEGs identified in two of these studies [START_REF] Eckersley-Maslin | MERVL/Zscan4 Network Activation Results in Transient Genome-Wide DNA Demethylation of MESCs[END_REF][START_REF] Hendrickson | Conserved Roles for Murine DUX and Human DUX4 in Activating Cleavage Stage Genes and MERVL/HERVL Retrotransposons[END_REF] were included in our dataset.

Among the 38 genes that were shared between all these studies and us, Zscan4 family genes and Zfp352 could be found. The range of misregulated genes in our case was not particularly high if comparing to CAF-1 complex depletion study [START_REF] Ishiuchi | Early Embryonic-like Cells Are Induced by Downregulating Replication-Dependent Chromatin Assembly[END_REF] in which the use of two different shRNAs led to 2517 or 1676 upregulated (1498 common) and 96 or 31 downregulated genes respectively (15 common). We further validated some of our DEGs by RT-qPCR (Fig. 2.31 A). Fig. 2.30. Differentially expressed genes overlap between our genes list (SunTag 2C) and other genome-wide published datasets reporting induction of the 2-cell like state [START_REF] Ishiuchi | Early Embryonic-like Cells Are Induced by Downregulating Replication-Dependent Chromatin Assembly[END_REF][START_REF] Hendrickson | Conserved Roles for Murine DUX and Human DUX4 in Activating Cleavage Stage Genes and MERVL/HERVL Retrotransposons[END_REF][START_REF] Eckersley-Maslin | MERVL/Zscan4 Network Activation Results in Transient Genome-Wide DNA Demethylation of MESCs[END_REF].

We further performed gene set analysis with the lists of our upregulated and downregulated genes separately using the ESCAPE online database containing many functional studies performed in pluripotent cells. It revealed that our upregulated genes were highly enriched in genes shown to be upregulated by Gata3 (padj 3.10 -59 ) and Zscan4c (padj 6.10 -43 ) transcription factors overexpression in mouse ES cells (Nishiyama et al. 2009) and that our downregulated genes were strongly enriched in Gata3 (padj 3.10 -54 ) downregulated genes in the same study. In fact, when digging into these genes lists, it appears that half of the misregulated genes obtained by Nishiyama et al. 2009 under Zscan4c overexpression are shared with Gata3. Interestingly, Gata3 binding site motif has been shown to be highly enriched in open chromatin regions in single cell at the 2 cell stage of mouse embryo development (F. [START_REF] Guo | Single-Cell Multi-Omics Sequencing of Mouse Early Embryos and Embryonic Stem Cells[END_REF]). In addition, Gata2 and 3 have been shown to have an identical binding motif 109 in human ESCs [START_REF] Krendl | GATA2/3-TFAP2A/C Transcription Factor Network Couples Human Pluripotent Stem Cell Differentiation to Trophectoderm with Repression of Pluripotency[END_REF]) and share redundant functions and targets during mouse pre-implantation embryo development [START_REF] Home | Genetic Redundancy of GATA Factors in the Extraembryonic Trophoblast Lineage Ensures the Progression of Preimplantation and Postimplantation Mammalian Development[END_REF]. Moreover, Gata2 de-repression has been shown to strongly induce 2 cell-like state features in mouse ES cells [START_REF] Choi | Deficiency of MicroRNA MiR-34a Expands Cell Fate Potential in Pluripotent Stem Cells[END_REF].

Consequently, it is very likely that a 2 cell-like state gene expression signature was induced upon Gata3 increase by Nishiyama et al. 2009 explaining the similarity of this dataset with ours. Of note, while Gata3 is not included in our list of DEGs and doesn't show any significant change in our datasets, Gata2 is upregulated upon induction of SunTag expression with LASER 1 gRNA 2 (Fig. 2

.31. B).

As a result, the set of DEGs obtained in our dataset is comparable with the list of the genes affected in the two cell-like state of ES cells. induction. P1 and P2 correspond to the primer depicted in A. with a reverse primer lying within LASER 1 exon 2. ex1-2 = exons 1-2 spanning primers pair (identical for ex2-4 and ex4-5). Int = intronic primers located in intron 2. Ex5-Gpacth corresponds to a rare splicing detected between the last exon of LASER 1 and the second exon of its adjacent gene Gaptch2l. Values are normalized to Tbp level (n=2, Mean ± SEM). It is worth mentioning that the small effect on Zscan4 expression seen in this experiment can be associated with the reported extensive heterogeneity of cellular clones in inducing the 2 cell-like state [START_REF] Hendrickson | Conserved Roles for Murine DUX and Human DUX4 in Activating Cleavage Stage Genes and MERVL/HERVL Retrotransposons[END_REF]. Indeed, gene expression analysis was this time measured on a batch of transfected cells and not on previously picked individual clones, thus increasing the intrinsic heterogeneity of the examined population compared to our previous RT-qPCR and RNA-seq data (Fig. 2.31 A). Hence, all these results collectively argued against a LASER 1-mediated effect.

D. Second hypothesis: an off-target effect

After accumulating evidence that the two cell-like markers induction was not due to LASER 1 locus induction we decided to map the binding sites of the SunTag system genomewide when expressed along with gRNA 2. We therefore repeated the induction experiment with our LASER 1 gRNAs 1 and 2 clones and prepared chromatin samples for ChIP-sequencing.

We immuno-precipitated the HA Tag as it is fused to both parts of the SunTag complex. We included samples from the two parental SunTag clones without gRNAs as negative controls Binding at the on-target LASER 1 locus was very sharp and strong compared to background (Fig. 2.34 A). It was quite obvious at first glance that binding profile of SunTag with gRNA 2 was showing off-target binding at multiple positions even if signal at those places was weaker than on the on-target site. One of the strongest one we could manually identify was closer inspected (Fig. 2.34 B). It revealed, at the summit of the peak, a conventional off-target site with 5 mismatches situated in the 5' region of the gRNA that has been shown to be the less critical part for mismatched allowing for Cas9 binding (Hsu et al. 2013). The ChIP-seq results were further analysed with MACS to identify high confidence binding sites throughout the genome (performed by Olivier Piau). Without any gRNA we identified 7 consistent peaks within the two SunTag clones corresponding to weak binding at very broadly open regions as super enhancers where dCas9 scanning likely happens more frequently with a probably higher residency time than randomly expected. With gRNA 1, only 5 off-target sites could be identified showing canonical off-target sequences with few mismatches in the 5' region of the gRNA. Finally, 928 off-target peaks were identified by MACS in at least 4 of the 6 replicates we had with gRNA 2. Strikingly, no peaks were seen in the vicinity of identified inducers of the two cell-like state (Dux, Zscan4 cluster, Gata factors, Eif1a-like clusters…) thus not allowing for a simple explanation of the observed effect.

One very broad off-target binding site caught our attention. This signal was almost 2kb long with detected binding all along it (Fig. 2.35 A). This SunTag binding domain was actually located in the second exon of a coding gene, the Loricrin gene (Lor). When looking for the sequence leading to such a broad binding it appeared that this region was mainly composed of a (CCG)n repeat and a high GC percentage but didn't contain any sequence resembling the full gRNA 2 sequence. However we noticed that the end of the gRNA sequence contained a CCGG motif and subsequently wondered whether such a short kind of motif could trigger dCas9 binding towards so many places. We found in the literature that such small motifs contained in the seed region of the gRNA (last 6 to 8 bp before the PAM) were reported to be able to trigger genome-wide binding of dCas9 into open regions. However, such binding is usually weaker (or faster) than compared to the on-target site and rarely gave rise to indels when using the active Cas9 protein (X. Wu et al. 2014b;Polstein et al. 2015). We thus used MEME-ChIP tool [START_REF] Machanick | MEME-ChIP: Motif Analysis of Large DNA Datasets[END_REF] to identify a possible recurrent motif in our 928 identified peaks (performed by Olivier Piau). A CTCCGGNGG motif corresponding to the six last nucleotides of the gRNA followed by the PAM sequence (Fig. 2.34 B) was identified and found in 86% of the peaks (Fig. 2.35 B) therefore explaining the off-target activity of our gRNA 2. In the case of the Loricrin gene, an extensive transcriptional induction resulted from the broad recruitment of the SunTag complex at the locus (Log2FC around 7) (Fig. 2.35 A). We thus expected our 742 upregulated genes to show such a binding towards their promoter. We therefore investigated the relationship between the transcriptional response at the genome-wide level and the binding activity of the SunTag complex guided by LASER 1 gRNA 2 (performed by Olivier Piau) (Fig. 2.35 C). It surprisingly showed that most of our DEGs are not in the proximity of the identified binding sites, and are consequently most likely, not directly induced by the SunTag system. This raises the possibility that one intermediary activator would be stimulated by one of these binding events and that this effector would, downstream, activate the 2 cell like state specific transcriptome. This analysis also showed that, despite off-target binding of the SunTag complex towards many promoters, a transcriptional response can only be observed for very few of the downstream genes, suggesting that the efficiency of SunTag activation at off-target sites is low.

E. Identification of candidate genes

Following the hypothesis that one of the DEGs might be responsible for the activation of the 2 cell-like state, we selected all of them showing a gRNA 2 SunTag binding peak at less than 3 kb away from their TSS. We subselected the ones presenting a log2 fold change of expression greater than 1 in at least one the three aforementioned datasets upon 2 cell-like state induction [START_REF] Ishiuchi | Early Embryonic-like Cells Are Induced by Downregulating Replication-Dependent Chromatin Assembly[END_REF][START_REF] Eckersley-Maslin | MERVL/Zscan4 Network Activation Results in Transient Genome-Wide DNA Demethylation of MESCs[END_REF][START_REF] Hendrickson | Conserved Roles for Murine DUX and Human DUX4 in Activating Cleavage Stage Genes and MERVL/HERVL Retrotransposons[END_REF]) (Fig.

B).

Only ten DEGs passed these two filters. From those, only two showed great potential based on the fact that they are not expressed in the absence of and show a high induction upon Dox treatment in our SunTag 2 cell-like state samples, and are known regulators of transcription: Dmrt2 and Ebf3 (Fig. 2

.36).

Dmrt2 is a transcription factor that has been shown to be involved in the skeletal and muscular development of the mouse embryo [START_REF] Seo | Targeted Disruption of the DM Domain Containing Transcription Factor Dmrt2 Reveals an Essential Role in Somite Patterning[END_REF]). Dmrt2 null embryos show somite patterning defects and die soon after birth due to abnormal rib and sternal development, leading to breathing inability. Its expression in early embryo, from the previously used single cell RNA-seq, shows that it is expressed in the zygote and rapidly decreases after the early 2- A comparable expression profile was observed for Ebf3 during early development (Fig.

A).

Ebf3, as well, is a transcription factor and has been shown to play a large panel of regulatory functions in multiple tissues, from development of the cortical neurons to terminal differentiation of specific muscles and maintenance of the integrity of the hematopoietic stem cell niche [START_REF] Blackburn | Novel de Novo Variant in EBF3 Is Likely to Impact DNA Binding in a Patient with a Neurodevelopmental Disorder and Expanded Phenotypes: Patient Report, in Silico Functional Assessment, and Review of Published Cases[END_REF][START_REF] Sleven | De Novo Mutations in EBF3 Cause a Neurodevelopmental Syndrome[END_REF][START_REF] Harms | Mutations in EBF3 Disturb Transcriptional Profiles and Cause Intellectual Disability, Ataxia, and Facial Dysmorphism[END_REF][START_REF] Seike | Stem Cell Niche-Specific Ebf3 Maintains the Bone Marrow Cavity[END_REF][START_REF] Iwai | A Prdm8 Target Gene Ebf3 Regulates Multipolar-to-Bipolar Transition in Migrating Neocortical Cells[END_REF]. Its deletion has therefore been associated with neurodevelopmental disease in human [START_REF] Lopes | Whole Gene Deletion of EBF3 Supporting Haploinsufficiency of This Gene as a Mechanism of Neurodevelopmental Disease[END_REF]Harms et al. 2017, 3) but Ebf3 null mice are viable and fertile with a, however, dramatically and slightly reduced mating efficiency in males and females respectively (S. S. [START_REF] Wang | Genetic Disruptions of O/E2 and O/E3 Genes Reveal Involvement in Olfactory Receptor Neuron Projection[END_REF]). Consequently, its maternal depletion doesn't seem to strongly affect early development. [START_REF] Ishiuchi | Early Embryonic-like Cells Are Induced by Downregulating Replication-Dependent Chromatin Assembly[END_REF][START_REF] Hendrickson | Conserved Roles for Murine DUX and Human DUX4 in Activating Cleavage Stage Genes and MERVL/HERVL Retrotransposons[END_REF] showing that both candidates are significantly induced upon Dux overexpression but also have a positive Log2FC among all datasets.

F. Discussion

The short motif-driven, binding of dCas9, consequently tethering the SunTag complex to many genomic places, induced the expression of bona fide markers of the 2-cell like state in our SunTag clones. The fact that many copies of this motif exist in the genome (about 28.000 occurrences) but that only a small subset of them are actually bound, is comparable to what can be seen with conventional transcription factors and mostly depends on chromatin accessibility (X. Wu et al. 2014a;Polstein et al. 2015). What was more surprising for us was that many genes present a peak close to their TSS, but only few of them show any response to SunTag activation. We should first eliminate the possibility that all these genes are not simply highly expressed genes in ES cells whose the spurious binding of the SunTag complex in the vicinity of their promoter doesn't manage to overexpress. But if this is not the case, it would be very informative for us and others to understand what rules the fact that a gene will be responsive or not to CRISPRa stimulation. Therefore, chromatin context, transcription factors binding, and chromatin modifiers enrichment should be correlated with the responsiveness of all these bound TSS.

A clear mechanism for the induction of our phenotype first needs to be found before further characterization of our cells showing a 2-cell like state expression profile. Indeed, many different aspects are characteristic of this transient behaviour. First, validation of MERVL and Zscan4 inductions in single cell needs to be determined by RNA FISH and immuno staining.

This should allow us to assess the percentage of our cells entering the 2-cell like state at a given time. The chromatin state of these cells will need to be evaluated in term of histone acetylation, histone motility, chromatin accessibility, as well as DNA methylation status and translation activity that are the main features getting affected towards the appearance of this state [START_REF] Hung | Repression of Global Protein Synthesis by Eif1a-Like Genes That Are Expressed Specifically in the Two-Cell Embryos and the Transient Zscan4-Positive State of Embryonic Stem Cells[END_REF][START_REF] Ishiuchi | Early Embryonic-like Cells Are Induced by Downregulating Replication-Dependent Chromatin Assembly[END_REF][START_REF] Rodriguez-Terrones | A Molecular Roadmap for the Emergence of Early-Embryoniclike Cells in Culture[END_REF]. Moreover, extended potency of the cells will have to be assessed as ES cells transiting through this state have been shown to have totipotent abilities [START_REF] Macfarlan | ES Cell Potency Fluctuates with Endogenous Retrovirus Activity[END_REF][START_REF] Choi | Deficiency of MicroRNA MiR-34a Expands Cell Fate Potential in Pluripotent Stem Cells[END_REF].

As previously mentioned and shown in Fig. 2.29, the repeated cluster of Eif1a-like genes are strongly induced upon our 2-cell like state induction and has been reported in almost all studies presenting a similar expression profile. These proteins have been shown to be responsible for the induction of a translational block [START_REF] Hung | Repression of Global Protein Synthesis by Eif1a-Like Genes That Are Expressed Specifically in the Two-Cell Embryos and the Transient Zscan4-Positive State of Embryonic Stem Cells[END_REF][START_REF] Eckersley-Maslin | MERVL/Zscan4 Network Activation Results in Transient Genome-Wide DNA Demethylation of MESCs[END_REF]) appearing during the 2-cell like state. However, an interesting observation is that MERVL elements, as many retroviral elements, harbour a functional protease in absence of accumulated mutations and have been shown to produce virus-like particles in the 2-cell stage embryo [START_REF] Bénit | Cloning of a New Murine Endogenous Retrovirus, MuERV-L, with Strong Similarity to the Human HERV-L Element and with a Gag Coding Sequence Closely Related to the Fv1 Restriction Gene[END_REF][START_REF] Ribet | Murine Endogenous Retrovirus MuERV-L Is the Progenitor of the "Orphan" Epsilon Viruslike Particles of the Early Mouse Embryo[END_REF]. Remarkably, viral proteases have been shown to strongly interfere with host cell translation [START_REF] Balvay | Translational Control of Retroviruses[END_REF][START_REF] Walsh | Tinkering with Translation: Protein Synthesis in Virus-Infected Cells[END_REF] to redirect the endogenous machinery towards the production of viral proteins.

Therefore, MERVL protease expression should perhaps be investigated during the 2-cell like state and its potential effect on translation assessed. Since retroviral protease inhibitors are well-developed drugs [START_REF] Kuhelj | Inhibition of Human Endogenous Retrovirus-K10 Protease in Cell-Free and Cell-Based Assays[END_REF][START_REF] Tyagi | Inhibition of Human Endogenous Retrovirus-K by Antiretroviral Drugs[END_REF], the functional role of their expression could be easily tested. A translational block has never been reported so far at the 2cell-stage embryo but seems to be important to test in regards to what has been observed in the 2-cell like state. Indeed, this might be an important feature impacting the maternal-zygotic transition characterized by the turnover of maternal factors progressively replaced by the zygotic ones [START_REF] Tadros | The Maternal-to-Zygotic Transition: A Play in Two Acts[END_REF]. Such a mechanism would also propose a new functional explanation for the brief expression of these hijacked retroviral elements as a mean for the host organism to transiently impact one of its main cellular machinery. Another interesting aspect of the regulation of the translational activity is its direct impact on the regulation of chromatin structure and accessibility as shown recently in mouse ES cells [START_REF] Bulut-Karslioglu | The Transcriptionally Permissive Chromatin State of Embryonic Stem Cells Is Acutely Tuned to Translational Output[END_REF]).

As shown above (Fig. 2.37 A) Dux and Zscan4 genes get activated during the early and mid 2-cell stage of the embryo respectively. It would thus be surprising that those factors might be in vivo responsible for the induction of the transcription wave to which they belong to. Therefore, we can speculate that upstream activators of the specific 2-cell stage transcriptional profile might exist. Such factors should be already expressed at the zygotic stage, most likely inherited from the maternal stock of mRNAs. Remarkably, that is the case of the two candidates we selected, Dmrt2 and Ebf3. Nevertheless, if Dux and Gata2/3 factors are able to induce this response in vitro, what is the common property they share to do so? Moreover, would this property also be shared with our candidate factors? Strikingly, if looking at the reported binding motif of Dmrt2, it appears as a composite of Gata3 (closely related to Gata2) and Dux motifs (Fig. 2.38) suggesting that it might be able to activate a comparable set of targets. In contrast, Ebf3 binding motif has not been robustly characterized so far. Finally, we now aim at validating 122 whether both candidates are able to recapitulate the transcriptional activation of the 2-cell like state signature by their overexpression in mouse ES cells. If such a result would be confirmed, given their expression pattern in the early embryo, it would suggest an upstream role of these factors in initiating the establishment of the 2 cell stage transcriptional landscape. [START_REF] Hendrickson | Conserved Roles for Murine DUX and Human DUX4 in Activating Cleavage Stage Genes and MERVL/HERVL Retrotransposons[END_REF][START_REF] Murphy | Vertebrate DM Domain Proteins Bind Similar DNA Sequences and Can Heterodimerize on DNA[END_REF]. 

Table 1. gRNAs, primers and additional antibodies list

  Fig. 1.2. Schematic representation of the main signalling pathways regulating the self-renewal of mouse ES cells, from (Hackett and Surani 2014).
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 13 Fig. 1.3. Schematic representation of bivalent domains showing H3K27me3, H3K4me3 and poised RNA Pol II enrichment and their resolution towards differentiation (Di Croce and Helin 2013).

Fig. 1

 1 Fig. 1.4. Schematic representations of most of the aforementioned CRISPRa systems, from Chavez et al. 2016.

  Single clones were manually picked and expanded in absence of Doxycycline and Hygromycin B. After expansion and stock freezing, induction of GFP/BFP expression was analysed for 6 clones on a LSR II Fortessa (Becton-Dickinson). Data were analysed using the FlowJo software suite (Tree Star). The 2 clones showing the best percentages of GFP/BFP positive cells under Doxycycline treatment and an absence of fluorescent signals in absence of Doxycycline were kept for further experiment (C1 and C2). The karyotype of C1 and C2 cells were established using colcemid arrest (4 h; 100 ng/ml-1; Gibco, 15212-012), hypotonic shock (NaCitrate 0.017 M, KCl 0.03 M) and cold acetic acid-methanol (1:3) fixation at 4°C. Fixed cells were spread by dropping on pre-heated glass slides, mounted (Vectashield; VectorLab, H1200) and imaged using a Nikon Eclipse X microscope equipped with: 63× oil immersion objective (N.A1.4); LUMENCOR excitation diodes; Hamamatsu ORCA-Flash 4.0LT camera; NIS Elements 4.3 software. Chromosomes number was then counted manually with NIS Elements 4.3 software for a minimum of 20 randomly chosen cells per clone.

  Twelve clones (six originating from C1 and C2) were selected for RT-qPCR induction of either Nanog or Otx2. One clone from C1 and another one from C2 showing good induction levels were finally used for all experiments. For Nanog-Otx2 dual SunTag cells, Nanog-SunTag C1 and C2 cells were lipofected as above with Otx2 gRNA. Ten clones were then picked for each C1 and C2, expanded, and analysed for Otx2 induction. One clone originating from each transfection showing good induction levels of both Nanog and Otx2 were used for all experiments.Microscopy:Bright field microscopy:Cell culture dishes pictures were taken on a Nikon Eclipse Ti-S inverted microscope equipped with: CFI S Plan Fluor ELWD 20X objective; 89 North PhotoFluor LM-75; Hamamatsu ORCA-Flash 4.0LT camera; NIS Elements 4.3 software.

  to group together Nanog sites which have the same binding pattern at potentially different occupancy levels), we normalise each factor to the same mean occupancy, and then normalise by the maximum peak height over all factors at each region. We apply k-means clustering on the combined normalised signal from +/-250 bp surrounding the summit of each nanog peak for each factor. Formally, if is the normalised read depth in +Dox for factor at region at position , and correspondingly for -Dox, then the trace over the entire region of length is and similarly for -Dox. The combined trace is denotedWe calculate a mean +Dox occupancy score for each factor:and then denote the normalised trace over factors , finally

  in either SunTag or 44iN had the correct fold change when the gene was significantly misregulated in the other setup (Fig S2), we tested to find those genes consistently misregulated by induction of Nanog in SunTag or 44iN by a Likelihood ratio test. More specifically, we tested the alternative hypothesis ~Cell + Dox + Cell:Dox over the null model ~Cell, where Cell is a factor indicating SunTag or 44iN and Dox indicating Dox treatment. The likelihood ratio test identified 419 Nanog responsive genes (FDR < 0.05), including 152/164 genes identified by SunTag alone, and 115/141 genes identified by 44iN alone. To select a list of Nanog responsive genes in +Lif we required that a gene with differentially expression with FDR < 0.05 in any of SunTag alone, 44iN alone or the likelihood ratio test, resulting in 457 genes.RNA-seq Differential Expression Analysis in the absence of LIFFor SunTag Nanog RNA-seq in +/-LIF and +/-Dox we opted for Wald tests on contrasts on the formula ~LIF + Dox + LIF:Dox. This allowed us to identify genes that responded to LIF or Dox in independent manner along with genes whose response to Dox was dependent on LIF. We tested three variables: LIF, Dox and the sum of Dox and LIF:Dox interaction term, resulting in a fold change due to the loss of LIF, a fold change due to the addition of Dox in +LIF and a fold change due to the addition of Dox in -LIF. Classifying genes as either activated, repressed or not significant for each variable results in the assignment of genes to one of 24 different patterns of response. We tested 15,301 genes and found 7999 genes (52.2%) had no significant change in expression in either +/-LIF or +/-Dox; 2790 (18.2%) and 2648 (17.3%) genes were activated and repressed upon loss of LIF with no Dox response; 684 (4.7%) genes were repressed on loss of LIF and activated by Nanog in -LIF; 528 (3.4%). The remaining ~5% of genes either had a Nanog response in +LIF only, or a Nanog response in -LIF in which the gene did not respond to the removal of LIF. To assess the potential Otx2-driven compensation of Nanog effects, we applied an identical analysis to Nanog alone, noting those cases in which a gene previously assigned as a Nanog target in -LIF, is now either not significant or is 15/17 significant in the opposing direction. To detect those genes where the Otx2 only partially compensates for Nanog rescue (i.e. expression is not returned to -LIF -Dox levels), we combined Nanog and Nanog/Otx2 SunTag samples and tested ~LIF + DoxGuide + LIF:DoxGuide, where DoxGuide is a factor representing +/-Dox and either Nanog alone or

  -gRNA-Puro plasmid was digested with BbsI for 1hr at 37°C (1 µg Plasmid, 1 µl FastDigest BbsI, 2 µl 10X FastDigest Buffer, X µl H2O for 20 µl total). In the meanwhile the pair of oligos were annealed (5 µl of each oligo at 100 µM) by heating up at 95°C for 5 min and cooling at RT on the bench for 45 min. 3 µL of cooled oligo mix was diluted in 750 µL of water. Ligation was performed for 30 min at RT (2 µL of BbsI-digested plasmid with no need for purification, 2 µl of diluted oligo mix, 2 µl 10X T4 ligase Buffer (NEB), 13 µl H2O, 1 µl T4 ligase (NEB)). To avoid high background, ligation reaction was followed by additional BbsI restriction for 10 min at 37°C (add 3µL 10X FastDigest Buffer, 6µL H2O, 1µL BbsI to ligation mix). 2 µL of the mix was then transformed in competent bacteria. The next day, 2 colonies were picked and after miniprep and plasmid purification submitted to Sanger sequencing with the following primer : ACTATCATATGCTTACCGTAAC.RNAseq results validation withFestuccia and Marks datasets: For Marks et al. 2012, tables were directly taken from the publication. From Festuccia et al. 2012: from the microarrays results table provided in the article, all genes with absolute value of log2FC(12h/0h) greater than 0.2 were selected as Nanog induced/repressed according to expression change. Genes' lists were further quantified through RPKM quantification on our four RNAseq samples. LASER selection with Seqmonk program: Reads were aligned with bowtie 2 in the platform for Bioinformatics at the Institut Pasteur facility (Caroline Proux).

(

  Adapted from X. Q. D. Wang and Dostie 2017) D. Single cell sorting ES cells transfected with the PiggyBac vectors (see Results section VII. B) and treated with Dox for 48 hours were trypsinized and resuspended in FCS/LIF medium, filtered through a 40µm cell strainer and kept on ice. The highest GFP-positive ES cells were sorted as single cell per well in a gelatinized 96-well plate (containing FCS/LIF medium) using a FacsARIA III cell sorter (Becton-Dickinson), while keeping samples on ice. WT cells were plated in a 6-well plate at D0. Meanwhile, 1 µg of a plasmid containing the 5'-deletion guide and a Cas9-mCherry cassette was pre-mixed with 3 µg of a plasmid containing the 3'-deletion guide and a Puromycin cassette in 250 µL of DMEM without serum. 5 µL of Lipofectamin 2000 (Invitrogen, 11668-019) was added to 250 µL of DMEM Medium without serum in a separated tube. After 5 min, both tubes were mixed (final volume 500µL) and left for 30 min at room temperature to allow complexes formation. Finally, the mix was added to the medium. Transient Puromycin (1 µg/mL) selection was performed from D1 to D4 to select. At D4 cells were plated at clonal density, and clones were picked 10 days later. Genomic DNA was isolated with NucleoSpin Tissue DNA extraction Kit (Macherey-Nagel, 740952.50), and screened by qPCR with genomic primers matching inside and outside the deleted region. Finally, deletion was confirmed by PCR and migration on agarose gel. The resulting DNA amplicon originating form correctly deleted clones was sent for sequencing for validation. VII. Adaptation of the CRISPRa SunTag system in mouse ES cells A. Why developing CRISPR-activation? Gain and loss of function experiments have been extensively carried out to assess the functional relevance of a given gene. Loss of function experiment proceeds through the deprivation or the alteration of a gene product and assess its molecular or phenotypical consequences. If any resulting trait is observed, the interpretation of the result might be

Fig. 2 . 1 .

 21 Fig. 2.1. Schematic representation of the PiggyBac transposition from a PiggyBac vector mediated by its specific transposase within an AATT genomic motif.

Fig. 2 . 2 .Fig

 22 Fig. 2.2. Schematic representation of the SunTag system for endogenous transcriptional activation. The dCas9 protein in complex with the gRNA scans the genome looking for genomic sequence match. The scfv-VP64 chimeric fusion recognizes and binds the GCN4 epitopes presented by dCas9 and activates transcription around the target binding site through recruitment of the transcriptional machinery and chromatin modifying enzymes.

Fig. 2

 2 Fig. 2.4. A. Second integrated vector. B. FACS analysis of the selected clones at 24 hours posttreatment. Double GFP/BFP positive (G/B+) cells represent 78% of the whole population in the Dox treated sample (+Dox). 20% of the Dox treated cells were GFP positive only (G+). WT and non treated cells were analysed for comparison. C. Microscopy images of the first SunTag clone after 24 hours of Dox treatment.

Fig. 2 . 5 .

 25 Fig. 2.5. Bright field pictures of the SunTag clone with (+Dox) or without (-Dox) Dox treatment for 48 hours. Decompaction of the colonies can be observed in +Dox condition.

  transfected along with the rtTA coding transgene and the PiggyBac transposase in early passage E14 WT cells (Fig. 2.6 A). Cells were plated at clonal density in presence of Dox and Hygromycin as resistance was conferred by dCas9 transgene expression. Forty-eight single colonies were manually picked and expression of GFP and BFP reporters in presence of Dox was assessed under a fluorescent microscope. Based on this first examination with, this time, more careful attention to their morphological behaviour under induction, six clones were sub-selected for further evaluation. Reversibility of the reporters' expression after Dox stimulation was tested: none of the 6 clones showed residual GFP/BFP signal when put back in the absence of Dox for one day (not shown). All clones differentiated properly in the absence of LIF and in N2B27 medium and formed round shape colonies in 2i medium. Dox treatment didn't show any substantial effect on cell fate in any of these culture conditions. For better evaluation of the expression of the transgenes, the six clones were analysed by FACS in the presence and absence of Dox treatment (Fig. 2.6 B). Three of them (clones 3, 4 and 5) showed leakiness of expression of both fluorescent reporters in the absence of stimulation when compared to WT cells. Clone 2 presented a significant proportion (40%) of Dox treated cells with no GFP or BFP signal. Clones 1 and 6 showed no or minor leakiness of expression in the absence of induction and revealed a large percentage of BFP/GFP positive cells with a reasonably sharp distribution of fluorescence under Dox treatment. Interestingly, with this new, "all-in-one" SunTag vector, BFP and GFP levels in single cell now clearly showed a linear relationship (Fig.2.6 B) thus ensuring simultaneous expression of the two parts of the SunTag complex in the same cell. This obviously increases the probability of homogenous and efficient induction among the cell population. The karyotype of clone 1 and 6 (thereafter called SunTag clones 1 and 2 for the rest of this manuscript) was examined and showed regular modal number of forty chromosomes. (Fig. 2.7). Both clones were able to induce expression of the transgenes in differentiation conditions (-LIF and N2B27) for two days under Dox treatment although to a lesser extent (not shown) thus demonstrating their potential to induce gene expression in self-renewing ES cells as well as early differentiating cells.

Fig. 2 . 7 .

 27 Fig. 2.7. Chromosome spread of clone 1 (top) and 2 (bottom) showing 40 chromosomes karyotypes. Cells were treated for 4 hours with Colcemid before fixation. More than 20 karyotypes were examined for each clone showing a modal number of 40 chromosomes.
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 2 Fig. 2.8 A. Schematic illustration of the gRNAs location on the promoter of each targeted gene. Genomic scale is represented above each track. DNase Hyper sensibility signal is showed to illustrate chromatin openness and was obtained from the UCSC genome browser (ENCODE track) B. PiggyBac vector for gRNA expression: gRNA transcription is driven by a RNA Pol-III U6 promoter. A Puromycin resistance cassette is transcribed from an independent PGK promoter. Its transfection along with the PBase coding vector allows for stable genomic integration.

Fig. 2 . 9 A

 29 Fig. 2.9 A. RT-qPCR measure of the induction of endogenous genes with the first generation SunTag clone in serum/LIF condition. Cells were treated with Dox for 48hrs. Values are normalized to Tbp level and -Dox condition is set to 1 for each gRNA. B. Same experiment as A. where LIF was withdrawn at the beginning of Dox treatment. Since both experiments were done in parallel, values are normalized to +LIF level without Dox from A. such that induction fold changes are comparable.

Fig. 2 .

 2 Fig. 2.10 A. RT-qPCR measure of induction of Nanog gene with the SunTag cell line in serum/LIF (left) or upon LIF withdrawal (right) in the six SunTag clones (second generation) compared to WT cells. Values are normalized to Tbp level. B. RT-qPCR measure of induction of Nanog gene with the two SunTag clones. Cells were cultured for 3 days in 2i/LIF and kept in 2i/LIF for 3 additional days with or without Dox treatment in parallel with WT cells. Values are normalized to Tbp level.

Fig. 2 .

 2 Fig. 2.11. RT-qPCR measure of AK031828 lncRNA induction and its closest neighbouring gene Egf with gRNA g1 (see Fig. 2.8. A). Experiment was performed with both SunTag clones in FCS/LIF or upon LIF withdrawal for 2 days in parallel with WT cells. Values are normalized to Tbp level.

Fig. 2 .

 2 Fig. 2.12. Pax6 neighbourhood and gRNAs design. Pax6 TAD (yellow) and the two surrounding TADs (blue) are shown in the upper picture with Hi-C heatmap obtained from 3D genome browser -Yue Lab website -with mouse ES cells dataset from (Bonev et al. 2017). Black triangle corresponds to the zoomed in region below. gRNAs 3 and 4 are designed over the targeted putative enhancer of Pax6 while gRNAs 1 and 2 directly recruit the SunTag system to its promoter. DNase hypersensitivity (HS) signal is shown to illustrate chromatin openness (UCSC browser -ENCODE), H3K27ac and H3K27me3 enrichments are shown to attest for enhancer regions and polycomb-mediated Pax6 repression respectively.

Fig. 2 .

 2 Fig. 2.13. RT-qPCR measure of Pax6 mature (mRNA) and pre-messenger (pre) RNA, enhancer RNAs upstream (eRNA 5') or downstream (eRNA 3') of the targeting gRNAs, and of the Pax6 TAD associated genes expression. This experiment was performed in one of the two SunTag clones in in serum/LIF medium. Cells were cultured for two days with Dox treatment or not. Values are normalized to Tbp level.

  medium was decreased relatively to what was obtained in serum containing medium (Fig. 2.10 B) might be the direct consequence of a lower expression of the SunTag components as fluorescent reporters signal was usually reduced in this medium under Dox treatment (not shown). Consequently, homologous recombination in a ubiquitously expressed locus like the well-known Rosa26 region (Friedrich and Soriano 1991) should perhaps have been favoured for the integration of the SunTag and rtTA vectors thus reducing the risk of endogenous gene expression alteration and transgene silencing upon varying cell fate. Nevertheless, the complete set of SunTag, rtTA and gRNA PiggyBac vectors constitutes a powerful toolkit for rapid gene overexpression in any mammalian cell type.

  In that case, SunTag recruitment about two kilobases upstream of Egf TSS likely acts as a proximal enhancer, despite the absence or the very low enrichment for enhancer characteristic features (H3K4me1, H3K27ac, p300) at this site (Fig.2.14 B). The lncRNA AK031828 is noticeably repressed upon LIF withdrawal, possibly related to the high enrichment in ERVK repeat elements found in its sequence whose activation has been previously linked with undifferentiated state of pluripotent stem cell (The FANTOM Consortium et al. 2014) (Fig.2.14 B). But while AK031828 induction is strongly reduced, the activation of Egf in the absence of LIF seems surprisingly higher than in + LIF condition, an effect that looks consistent between the two SunTag clones (Fig.2.11). This effect might be driven by local chromatin reorganization of the locus upon LIF withdrawal favouring physical contacts between the gRNA-targeted region and the promoter of Egf or by the redirection of the transcriptional machinery from AK031828 towards Egf promoter. This suggests that SunTag activity is partially dependent of and cannot completely override endogenous regulation of gene expression. Of note, a reverse but comparable response was detected upon SunTag activation of Nanog promoter on the transcriptional activity of its -5 kb enhancer (see section II) where bidirectional transcription was shown to be induced.

Fig. 2 .

 2 Fig. 2.14. A. Schematic representation of Esrrb and its divergent lncRNA. Small black triangles symbolized gRNAs targeting sites laying in the lncRNA first exon. RNA-seq reads from WT ES cells are shown below to attest of both divergent transcription. B. Schematic representation of AK031828 and Egf locus showing ERVK elements enrichment and characteristic enhancer features along the region (UCSC browser -ENCODE data) C.
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Fig. 1 .

 1 Fig. 1. CRISPR-ON ES cells for Dox-inducible activation of endogenous Nanog. (A) Schematic representation of the Nanog locus (black arrow: promoter; yellow boxes: exons; grey box: Nanog enhancer; red arrowhead: gRNA). Below, the position of the amplicons and probe used for the assays indicated on the right is shown. (B) ChIP across the Nanog locus monitoring total histone H3 (top) and pan-acetyl H3 (bottom) in the absence (blue) and after 72h of Dox treatment (red). Each dot represents normalised %IP measured in individual replicates and lines the averages. (C) Normalised levels of Nanog mRNA (top) and pre-mRNA (bottom) after the indicated number of days in the absence (blue) and the presence (red) of Dox. Each dot represents measurements in individual replicates as in (B). (D) Representative smFISH image using intronic Nanog probes before and after 72h of Dox induction. (E) Normalised levels of eRNA production from the -5kb enhancer presented as in (C). In all panels, n=4; 2 with each independent SunTag clone.

Fig. 2 .

 2 Fig. 2. Identification of Nanog-responsive genes. (A) ChIP analysis of Nanog binding across a set of targets, as indicated on the X-axis. Each dot represents measurements in individual replicates (n=4; 2 for each independent SunTag clone) (B) Normalised levels of Esrrb (top) and Klf4 (bottom) mRNA after the indicated number of days in the absence/presence of Dox. Each dot represents measurements in individual replicates as in (A). (C) MA Plots displaying log2 fold changes as indicated on the Y-axis as a function of average expression. RNA-seq was performed in both SunTag (72h Dox induction) and 44iN cells (24h Dox withdrawal). Red and blue represent differentially expressed genes (FDR<0.05). (D) Boxplot of the log2 fold change for the genes identified in (C) as upregulated (red) or downregulated (blue) by Nanog, in either SunTag (left) or 44iN cells (right), measured in both inducible systems as indicated on the X-axis. (E) Heat map representing gene expression z scores of all transcripts identified by combining SunTag (FDR < 0.05), 44iN (FDR <0.05) and SunTag/44iN likelihood ratio test (FDR < 0.05) datasets.

Fig. 3 .

 3 Fig. 3. Nanog rewires the pluripotency network. (A) Representative enrichment profiles (reads per million) of the indicated TFs (ChIP-seq) and chromatin accessibility (ATAC-seq) across an 8kb-long genomic region (mm9: chr10:33,952,000-33,960,000). In black, average signal from 6 publicly available Nanog datasets. In blue and red, average signal of 44iN cells cultured in the presence or absence of Dox, respectively. The peak highlighted by a green box shows reduced signal in the absence of Dox; note an upstream peak displays increased Sox2 binding. (B) Heat map of average enrichment levels in each indicated condition (+/-Dox) across 0.5kb centred on the Nanog peak summit at all Nanog sites (27,782), ranked from high to low Nanog. The regions were split in two groups depending on the presence (co-binding) or absence (Solos) of other TFs. (C) Plots displaying the -log10 Fisher p-value (Y-axis) of the enrichment of genes up-(left) or downregulated (right), at a given distance (X-axis) from specific groups of Nanog binding sites identified in (B, D), as indicated in the colour-coded insets. (D) Heat map corresponding to 8 clusters identified on the basis of TF co-binding and the effects of Dox withdrawal, presented as in (B) without ranking for Nanog binding levels.

Fig. 4 .

 4 Fig. 4. Endogenous induction of Nanog mediates LIF-independent selfrenewal by non-canonical mechanisms. (A) Histogram representing the percentage of undifferentiated (red), mixt (blue) and differentiated (white) colonies (Y-axis) counted after 6 days of clonal growth in the indicated conditions (X-axis). Error bars represent std. dev. (n=4). (B) Representative image of Alkaline Phosphatase stained colonies after 6 days of clonal growth in the presence/absence of Dox. (C) Representative image of the two SunTag clones after culturing them in 2i for 3 days following a 6-day clonal assay in the absence of LIF and the presence of Dox. (D) Representative Western-Blot of Nanog, Esrrb and Klf4 after 3 days of culture in the indicated conditions. (E) Heat map representing gene expression z scores across 4 groups of transcripts, as indicated in the left. UP/DOWN refers to their expression changes after 3 days of LIF deprivation (FDR<0.05); rescued versus not rescued indicates whether Nanog significantly alleviates their misregulation (FDR<0.05). (F) Cumulative plots displaying the -log10 Fisher p-value (Y-axis) of the enrichment of genes belonging to the groups identified in (E) at a given distance (X-axis) from Nanog binding clusters 1 to 4 (red) and 5 to 8 (blue), as established in Fig. 3. (G) Representative Gene Ontology terms enriched in each group of genes. The FDR is indicated together with selected examples.

Fig

  Fig. 5. A Nanog/H3K27me3/Otx2 axis controls LIF-independent selfrenewal. (A) H3K27me3 average levels (reads per million) across 5.15Mb (mm9: chr14:45346123-50415313) encompassing the Bmp4 and Otx2 genes that display the two stereotypical behaviors observed in SunTag cells cultured in the presence/absence of LIF/Dox for 3 days. (B) Heat map of H3K27me3 z scores of 6,240 H3K27me3 domains identified in SunTag cells cultured as indicated. (C) Average H3K27me3 (reads per million) across promoter regions of genes upregulated in the absence of LIF and either rescued (left) or not (right) by Nanog. (D) Correlative analysis of ranked H3K27me3 (left) with gene expression changes (arbitrary units; middle) for transcripts upregulated (top) or downregulated (bottom) in Sun-Tag cells cultured in the presence/absence of LIF/Dox for 3 days. The percentage of genes belonging to rescued (red line) versus non-rescued genes (blue line) in a 500 gene sliding window across the regions of the heat map is shown on the right. (E) Histogram representing the percentage of undifferentiated (red), mixt (blue) and differentiated (white) colonies (Y-axis) counted after 6 (Passage 1) or 12 (Passage 2) days of clonal growth in the indicated conditions (X-axis). Error bars represent std. dev. (n=4). (F) Heat map of the average log2 fold change in gene expression between SunTag cells activating either Nanog or Nanog and Otx2, grown in the absence of LIF and the presence/absence of Dox for 3 days. Genes for which the simultaneous activation of Otx2 compensates the changes observed when only Nanog is induced (FDR<0.05), are highlighted.

Fig. 2 .

 2 Fig. 2.15. A. Schematic representation of the four RNA samples sent for RNA-seq. 44iN Nanog KO cells were continuously kept in the absence of induction before Dox treatment was applied for 24 hours (44iN + Dox) shortly rescuing Nanog expression. WT E14 cells were cultured in FCS/LIF (WT FCS) and placed in 2i/LIF (WT 2i) medium for 3 days. Last raw corresponds to the expression profile that should be followed by lncRNA candidates. B. Analysis pipeline used to select our 24 LASER.

Fig. 2 .

 2 Fig. 2.16. External validation of the RNA-seq data A. Variation of expression between the 44iN+Dox and 44iN conditions for the 489 genes up regulated and 430 genes downregulated upon Dox treatment in 44iN cells from Festuccia et al. 2012. B. Variation of expressionbetween 2i and FCS conditions for the 1947 'serum higher' genes and 1479 '2i higher' genes from[START_REF] Marks | The Transcriptional and Epigenomic Foundations of Ground State Pluripotency[END_REF]. C. Expression of the serum and 2i higher genes from[START_REF] Marks | The Transcriptional and Epigenomic Foundations of Ground State Pluripotency[END_REF] in our four sequenced samples showing consistent tendency of the two sets of genes in all our serum samples compared to 2i condition.

Fig. 2 .

 2 Fig. 2.18. All gRNAs were transfected separately in our SunTag cell line. Cells were treated with Dox for 2 days and expression of each LASER was measured by RT-qPCR in the samples having received its targeting gRNA as well as in samples with gRNAs targeting another LASER. Those latter values were used to normalize each LASER expression separately. (n=1)

Fig. 2 .

 2 Fig. 2.20. RT-qPCR validation of the expression profile of LASER1, 10 and 17 in the samples listed before showing strong response upon FCS to 2i medium switch for the 3 lncRNAs but rather different levels of response to Nanog expression. Values are normalized to Tbp level. (n=2, SEM).

Fig. 2 .

 2 Fig. 2.21. A. Schematic representation of the three LASER loci with RNA-seq coverage profile upon SunTag induction. CTL = LacZ non targeting gRNA. B. RT-qPCR measure of the induction with SunTag for 72h in FCS/LIF, values are normalized to Tbp level (n=4-8, Mean ± SEM).

Fig. 2 .

 2 Fig.2.22 A. New candidates selected on the basis of their expression profiles in our new RNAseq data, this cluster was selected for the following pattern: down-regulation upon loss of Oct4 or Nanog and LIF-withdrawal. B. New biological samples analysed by RNA-seq with polyA selected libraries and about 30 million reads per sample. 2 to 3 replicates of each condition have been sequenced. LOF = loss of function; GOF = gain of function.

Fig. 2 .

 2 Fig. 2.23. RT-qPCR measure of RNA expression of LASER 23 in the four aforementioned samples used for LASER selection. LASER 23 shows both response to Nanog expression as well as pluripotency ground state attainment. Values are normalized to Tbp level (n=2, Mean ± SEM).

Fig. 2 .

 2 Fig. 2.24. A. Schematic representation of LASER 23/Suv39h1 locus. LASER 23 shows two alternative promoters both active in mouse ES cells. gRNAs used for SunTag overexpression are represented as black arrowheads. gRNAs used for CRISPR/Cas9 deletion are represented by red crosses. B. RT-qPCR measure of LASER 23 and Suv39h1 RNAs expression in E14 WT cells cultured for 2 days in presence or absence of LIF (n=6) and in Zhbtc4 cells treated (Oct4-

Fig. 2 .

 2 Fig. 2.25. Single molecule-RNA-FISH of Suv39h1 and LASER 23 in FCS/LIF WT male ES cells. Representative pictures of Suv39h1 (green) and LASER 23 (red) transcripts in single cells. Transcriptional sites for Suv39h1 (white arrowhead), LASER 23 (white arrow) and potential co-transcriptional sites (white square) could be identified as well as diffusing Suv39h1 single RNA molecule (yellow arrow head). Bottom right: detected single RNA molecules of Suv39h1 and Laser 23 in single cells quantified by FISHQuant pipeline.

Fig. 2 .

 2 Fig. 2.26. RT-qPCR measure of LASER 23 and Suv39h1 RNA expression during SunTag activation of LASER 23 in the presence and absence of LIF with the three gRNAs previously depicted (Fig. 2.22). Two clones per gRNA originating each from one of the 2 SunTag clones. (n=4, Mean ± SEM).

Fig. 2 .

 2 Fig. 2.27. A. Single molecule RNA FISH of Suv39h1 (left) and LASER 23 (right) RNAs in one of our KO clones. Only background signal can be observed in LASER 23 channel. B. Western Blot for Suv39h1 and total-H3 loading control performed with lysates of WT cells (left) and two KO clones (right) after 2 passages in 2i medium. C. RT-qPCR measure of LASER 23 and Suv39h1 RNAs expression level in WT cells and our KO clones in 2i medium (2 passages), FCS/LIF and after 2 days of LIF withdrawal, ND=non-detectable (n=4, Mean ± SEM).

  LASER 23 in the mouse oocyte allows for robust and long-lasting repression of Suv39h1 until the 2-cell-stage assuring the absence of its expression and downstream function towards fertilization where paternal deprivation of H3K9me3 mark is precociously maintained. Consequently, assessing the effect of LASER 23 deprivation in oocytes on zygotic development and early development chromatin structure would represent an essential experiment to question the function of this lncRNA in vivo. However, such investigation would require LASER 23 KO female mice to be viable or the generation of a new model of tissue-(oocyte) specific depletion of LASER 23 through Cre-mediated, tissue-specific, recombination (Lan, Xu, and Cooney 2004).

Fig. 2 .

 2 Fig. 2.28. RNA-seq expression profile of LASER 23 in oocytes and early developing mouse embryo from Karlic et al. 2017 GV=germinal vesicle, MII= meiosis II oocytes (Y-scale represents FPKM).

Fig. 2 .

 2 Fig. 2.29. Screenshots of IGV browser showing RNA-seq coverage obtained before (-Dox) and after SunTag induction (+Dox) with the two different gRNAs targeting LASER 1 promoter.Strong induction of Zscan4d, Zfp352, Gm2022 as well as a chimeric transcript of Abcb5 gene initiating in an ERVL element can be seen.

Fig. 2 .

 2 Fig. 2.31. A. RT-qPCR validation of differentially expressed genes expression (n=4, Mean ± SEM). B. RNA-seq quantification in tpm of Gata2 and 3 expression. CTL corresponds to LacZ non targeting gRNA (n=2, Mean ± SEM).

Fig. 2 .

 2 Fig. 2.32. A. Schematic representation of LASER 1 locus. The different gRNAs targeting sites are shown with red arrowheads. Forward primers for TSS mapping are represented in blue on the first LASER 1 exon. B. RT-qPCR measure of LASER 1 expression upon gRNA 1 and 2

Fig. 2 .

 2 Fig. 2.33. A. RT-qPCR measure of RNA abundance in nuclear and cytoplasmic fractions of LASER 1 spliced RNA (Ex) or primary transcript (Int) showing unaffected nuclear distribution of LASER 1 under induction with both gRNAs. Two or three independent clones (c1, c2, c3) harbouring gRNA 1 or 2 were used for this experiment. B. RT-qPCR measure of expression of LASER 1 and Zscan4d RNAs with or without induction of LASER 1 with the four different gRNAs shown in Fig. 2.30 A. The two SunTag clones were transfected with the four gRNAs and, after selection for stable integration, the batch of cells was used for Dox treatment and RNA extraction (n=2, Mean ± SEM).

(

  Fig. 2.34. A. Screenshot of IGV browser showing ChIP-sequencing signal around LASER 1 gene. This dataset includes: 4 replicates of Input samples, 4 replicates of the two SunTag clones without gRNA, 4 replicates of SunTag subclones with gRNA 1, 6 replicates of SunTag

Fig. 2 .

 2 Fig. 2.35. A. Screenshot of IGV browser showing ChIP-seq binding profile (blue) of SunTag and transcriptional response (black and red) from RNA-seq experiment with gRNA 1 and 2

  Fig. 2.36. Screenshots of IGV browser showing RNA-seq coverage obtained before (-Dox, black) and after induction (+Dox, red) with the two different gRNAs targeting LASER 1 promoter. A. Dmrt2 locus showing a strong SunTag binding (blue) with gRNA 2 on its promoter inducing both Dmrt2 and its divergent neighbour expression. B. Ebf3 locus showing

Fig. 2 .

 2 Fig. 2.37. A. Single cell RNA-seq expression during mouse embryo early development, from Deng et al. 2014. (zyg = zygote, 2C, 4C, 8C, 16C = 2, 4, 8 and 16 cells stage, 1 = early, 2 = middle, 3 = late). Tpm counts values are represented for each cell. B. Log2 Fold Change of expression and corresponding adjusted p-value in 4 different datasets involving 2-cell like state

Fig. 2 .

 2 Fig. 2.38. Comparison of Dmrt2 binding motif with Gata3 and Dux factors showing a substantial overlap of similarity with both factors (Jaspar database, (Hendrickson et al. 2017;

  

  

  

  

  

  

  

  

  

  

  

  

  

  strategies with high specificity[START_REF] Gilbert | Genome-Scale CRISPR-Mediated Control of Gene Repression and Activation[END_REF]) but also greatly simplified lower scale studies (P.[START_REF] Liu | CRISPR-Based Chromatin Remodeling of the Endogenous Oct4 or Sox2 Locus Enables Reprogramming to Pluripotency[END_REF]).

	or moderate scale, gene
	candidate-based, time-consuming approaches (Takahashi and Yamanaka 2006; Yamamizu et
	al. 2016).

The development of CRISPRa, guided by a very short RNA molecule, opened a new route to flexible transcriptome-wide gain of function screenings mirroring the efficiency of knock-down

  ; M. A.Li et al. 2011;[START_REF] Rostovskaya | Transposon-Mediated BAC Transgenesis in Human ES Cells[END_REF][START_REF] Li | PiggyBac Transposase Tools for Genome Engineering[END_REF][START_REF] Hsu | DNA targeting specificity of RNA-guided Cas9 nucleases[END_REF][START_REF] Chantzoura | Reprogramming Roadblocks Are System Dependent[END_REF]. PiggyBac vectors have been used in many studies on mammalian pluripotent stem cells for random gene activation or trapping screenings, reprogramming assays or cell line construction with great success (W.Wang et al. 

2008; G.

[START_REF] Guo | Klf4 Reverts Developmentally Programmed Restriction of Ground State Pluripotency[END_REF] G. Guo and Smith 2010; X. Wu et al. 2014b)

. Importantly, no active
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	self-renewal
	). Moreover, it appears that Wt1 gene
	is also highly enriched in H3K27me3 histone mark (Fig. 2.14 C). It is thus possible that Wt1
	locus is one of the region where Polycomb mediated repression is spreading out from Pax6

promoter, therefore arguing for Pax6 locus as the core of a physically interacting, repressed, multiple regions hub. It is thus comprehensible that single long-distance enhancer activation doesn't succeed in inducing this central repressive region. Direct recruitment of SunTag complex towards Victor Heurtier 1,2, a , Nick Owens 1, a , 1 a Equal contribution
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Results

D. D. Transcriptional Induction tests

We first decided to assess the efficiency of our slightly modified SunTag system on four endogenous promoters targeted by multiple gRNAs. We picked two pluripotency factors expressed at reasonably high level in ES cell and two lncRNAs which expression is relatively low and have been previously linked with ES cell biology (Mitchell [START_REF] Guttman | LincRNAs Act in the Circuitry Controlling Pluripotency and Differentiation[END_REF]). Six gRNAs were designed upstream of Nanog promoter, two upstream of Esrrb and linc1242

promoters and three upstream of AK031828 lncRNA (Fig. 2.8 A) (sequences listed in Table 1). The gRNAs were preferentially designed, when possible, in the region laying between fifty to four hundred base pairs upstream of the targeted gene TSS as being reported to be the best region for CRISPRa activity [START_REF] Gilbert | Genome-Scale CRISPR-Mediated Control of Gene Repression and Activation[END_REF]. All these gRNAs were cloned into a PiggyBac vector harbouring a gRNA cassette and driving Puromycin resistance. These vectors were transfected separately along with the PiggyBac transposase (Fig. 2.8 B) for stable integration in the SunTag clone resulting from the first generation (section I.A.). After

Puromycin selection, cells were plated in the presence or not of Dox and RNAs were extracted two days later. Induction of the targeted genes was tested by RT-qPCR (Fig. 2.9 A).

Nanog mature and pre-messenger RNA (Nanog pre) expressions were induced with five out of the six tested gRNAs. This induction raises from two to four fold. The only gRNA designed downstream of Nanog TSS appeared to be inactive, most likely due to the reported interference of dCas9 binding with transcription initiation when recruited on or closely downstream of a TSS [START_REF] Qi | Repurposing CRISPR as an RNA-Guided Platform for Sequence-Specific Control of Gene Expression[END_REF][START_REF] Gilbert | CRISPR-Mediated Modular RNA-Guided Regulation of Transcription in Eukaryotes[END_REF]) (Fig. 2.9 A). The same experiment was done with four out of the six gRNAs in parallel where LIF was withdrawn at the beginning of the induction (Fig. 2.9 B). While Nanog expression dropped in that condition as expected, the SunTag induction fold change under Dox treatment was here much higher. However, the "absolute" levels of Nanog reached in the absence and the presence of LIF were actually really close to each other, suggesting that a maximal level of Nanog induction was obtained in both conditions with our experimental set up.

The overexpression of lncRNA AK0301828 was achieved with all three designed gRNAs targeting its promoter. A minimum of threefold induction was obtained despite the fact that two gRNAs were located further than five hundred base pairs away from its TSS. However, no induction was observed for Esrrb neither linc1242 despite the a priori, rationally welldesigned and located double gRNAs. (Fig. 2.8 A and 2.9 A). These results quickly illustrate the gRNA and gene-dependent activity of CRISPR activation method. 
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Five Supplementary Tables are available online:

Table S1: The Nanog-centred transcriptome. In this table, all RNA-seq results are provided and annotated.

Table S2: Compendium of Nanog binding sites and their properties. In this table, all TF ChIP-seq and ATAC-seq results are provided and annotated.

Table S3: Nanog and LIF-dependent H3K27me3. In this table, all H3K27me3 domains are provided and annotated.

Table S4: Primer sequences and antibodies used in this study.

Table S5: Data Overview. In this table, all samples collected for RNA-seq, ChIP-seq and ATAC-seq are described along with Nanog public data sets. 

C. Characterization of the 24 LASER

After manually defining the 5' and 3' extremity of each of the LASER from our RNAseq data, RNA-seq quantification was done on the 24 loci. While their selection was sometimes only based on subsections of the full transcript, most of them showed the expected pattern of expression (Fig. 2.17 A). Their expression profile was further validated by RT-qPCR for 23 of them (no acceptable primers could be designed for LASER5) (Fig. 2.17 B) on two separated replicates and showed an excellent consistency with the RNA-seq results therefore validating the reliability of our approach. From our 24 LASER, 13 were already annotated in ENSEMBL [START_REF] Zerbino | Ensembl 2018[END_REF] as non-coding RNAs, some of the others were partially covered by fragmentary annotations found in large non-coding transcripts dedicated databases (Y. [START_REF] Zhao | NONCODE 2016: An Informative and Valuable Data Source of Long Non-Coding RNAs[END_REF][START_REF] Zheng | DeepBase v2.0: Identification, Expression, Evolution and Function of Small RNAs, LncRNAs and Circular RNAs from Deep-Sequencing Data[END_REF]. In order to check the absence of coding potential of the LASER, but since their exact sequence could not always be clearly inferred from our sequencing data, the PhyloCSF (M. F.

Lin, Jungreis, and Kellis 2011) track of the UCSC genome browser was scrutinized all along

We further tested the efficiency of all successfully cloned gRNAs separately (43 in total) (Fig. 2.18). This showed that near half of them gave rise to a higher than twofold upregulation while around 25% of them completely failed to induce any transcriptional response. This led to the successful activation of more than half of our LASER although at least five of them didn't get activated at all in this single assay. LASER 5 gRNAs efficiency couldn't be assessed since no efficient qPCR primers were obtained. No specific bias could obviously be found for the non-working gRNAs in term of sequence or distance to TSS.

Therefore, more than half of our LASER could be moderately overexpressed in our SunTag cell line allowing for functional test in differentiation condition.

E. LASER overexpression upon LIF withdrawal

From our previous experiment, we picked for further experiments the gRNAs leading to the highest response for the 18 LASER showing transcriptional induction under SunTag activation. We additionally selected the four gRNAs showing an induction fold change greater than two (LASER 1,17,4,22). All of them were transfected for a second time (independently of previous section) in our SunTag clones along with a gRNA targeting Nanog promoter (see section II) and a non-targeting gRNA (LacZ). Cells were plated at low density in the absence of LIF, where mouse ES cells massively differentiate (Austin G. [START_REF] Smith | Inhibition of Pluripotential Embryonic Stem Cell Differentiation by Purified Polypeptides[END_REF]), and treated with Dox. After a week, cells were fixed and stained for alkaline phosphatase activity, the gold standard to assess the undifferentiated state of mouse ES cells. While, as expected, Nanog gRNA transfected cells gave rise to a homogenous layer of stained colonies, our LacZ negative control only showed the presence of few coloured colonies (Fig. 2.19). This confirmed the ability of our experimental setup to discriminate between factors conferring LIF-independence and those that do not. Unfortunately, all cells transfected with LASER's gRNAs essentially resembled our negative control, in both SunTag clones (see two examples in Fig. 2.19). We therefore concluded that none of our tested LASER (18/24) gave rise to LIF-independent selfrenewal when overexpressed.

(Fig. 2.24 C). Therefore, LASER 23 and Suv39h1 seem to have mutually exclusive expression profiles which prompted us to dig into the relationship between these two transcripts.

We then explored LASER 23 conservation between mouse and human as this has been

shown to be a good prediction factor for functionality [START_REF] Ulitsky | Evolution to the Rescue: Using Comparative Genomics to Understand Long Non-Coding RNAs[END_REF]. It appeared that a similarly structured transcript was present in the syntenic region of the human genome (AF196970) annotated as an lncRNA. It correspondingly initiates downstream of human SUV39H1 in the opposite direction and also shows a large overlap with SUV39H1 exon 3.

Sequence conservation between LASER 23 and AF196970 is only restricted to their overlapping region with suv39h1/SUV39H1 exon 3, therefore not exhibiting a real sequence similarity for the non-coding transcripts. This might indicate that the act of transcription rather than the sequence of the antisense RNA is important for the regulation of this locus. We further evaluated the coding potential of both human and mouse lncRNAs with the CPAT tool (L. Wang et al. 2013) and obtained very low coding probabilities of 13 and 1% for human and mouse transcripts respectively indicating that in both species the antisense transcript to suv39h1/SUV39H1 most likely doesn't have coding functions.

C. First hypothesis: a LASER 1-mediated effect

Although the hypothesis of an off-target effect induced by the gRNA 2 was the most compelling one, we first wanted to validate or eliminate the possibility that such an effect could be mediated by LASER 1 induction. Then, one possibility explaining the discrepancy between the two gRNAs effect could result from the expression of a different form of LASER 1 (alternative splicing, transcription start site…) under recruitment of the SunTag complex through gRNA 1 or 2. Indeed, a slight modification in the RNA sequence could potentially provide novel functions through many different ways: apparition of a new open reading frame, modified localization, new partners/targets.

We assessed the structure of the induced transcript by RT-qPCR (Fig. 2.32 A and B).

The closest forward primer to the TSS of LASER 1 showed transcriptional induction only with gRNA 2. This revealed that the recruitment of SunTag mediated by the two gRNAs led to two different sites of transcription initiation. Indeed, gRNA 1 was located near by the annotated TSS of LASER 1 and it is likely that dCas9 binding prevented its accurate transcription initiation to happen. This might also explain the lower upregulation obtained with gRNA 1 compared to gRNA 2. However, downstream splicing of the transcript didn't seem to be affected. Thus, we wondered whether this different sequence content could impact cellular localization of Laser 1. We performed cellular fractionation experiment under Dox treatment with both gRNA but neither of the primary transcript or the spliced RNA localization seemed to be affected by this different transcription start sites (Fig. 2.33 A).

We finally assessed the consequence of the induction of LASER 1 with two novel gRNAs located around gRNA 2 targeting site (Fig. 2.32 A). These two new gRNAs (3 and 4)

were cloned into expression vectors and integrated in parallel with the two previous ones (1 and 2) in our two SunTag clones. gRNA 4 appeared to be a little bit more efficient than gRNA 2 while the other new gRNA didn't produce any activation (gRNA 3). Since gRNA 4 was almost exactly antisense to gRNA 2 it was very unlikely that they would lead to any difference in LASER 1 transcription initiation site. Finally, while induction of the SunTag system in gRNA 2 containing cells led to a slight increase of Zscan4d expression, none of the other gRNAs showed the same effect (Fig. 2.33 B).

gRNAs RT-qPCR Antibodies

Dilution used for WB Nanog-F caccGCTTCCCACTAGAGATCGCCA Tbp-F GGGGAGCTGTGATGTGAAGT H3 (Abcam ab1791) 1:5000 Nanog-R aaacTGGCGATCTCTAGTGGGAAGC Tbp-R CCAGGAAATAATTCTGGCTCA anti-rabbit IgG HRP (Thermo RB230254) 1:10000 Laser10-1-F caccGGCGGTACCAACTGTTGAGA Nanog-F aggatgaagtgcaagcggtg anti-mouse IgG HRP (Thermo QB213868) 1:10000