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Abstract

The eukaryotic genome is highly organized in both space and sequence. From entire chromosomes to individual genes the 3D organization of the genome is linked to transcription and many regulatory mechanisms likely coexist at different scales. At the sub-megabase scale, the eukaryotic genome is physically organized into self-interacting topologically associating domains (TADs) that are thought to constrain the range of action of gene regulatory elements called 'enhancers'. Perturbations of TAD structures affecting enhancer-gene contacts are involved in many cancers.

Current data suggest that TADs serve as 'regulatory units' to coregulate multiple genes by exposing them to the same landscape of enhancers. Genes from the same TAD indeed often display correlated expression across different tissues and cell types. Interestingly, correlated expression is seen between functionally related genes. However, how 3D organization at an individual locus plays a mechanistic role in coregulating functionally related genes is unknown.

Using single-molecule imaging techniques, I observed the spatial positions and transcriptional activities, in single cells, of pairs of adjacent genes regulated by the same -or by differentenhancers. I used estrogen stimulation in breast cancer cell line MCF7 as a model system to study hormone-responsive genes and enhancers. I selected three enhancer-dependent and functionally-related AP-1 family genes. Using single-molecule RNA FISH and iFISH/Oligopaints DNA FISH techniques, I measured the coupling between genes as the correlation in cis of their transcriptional activity. I found, that stimulation of transcription with estrogen increases the correlation in cis between genes belonging to the same TAD. To further discern between the contributions of enhancers and TAD structures in coregulation, we have also perturbed TAD boundary at the locus of interest, which revealed the contribution of contact insulation to gene coregulation. Together, this work lays the ground towards an understanding of how multiple enhancers and multiple genes communicate and coordinate their activity within the 3D genome. In parallel, I also present an optimized protocol for combined labeling of RNA and RNA in the same nuclei, which can be used by the community to study the relationship between genome organization and transcription.

Summary of the work

Despite tremendous progress in the past century, it is still unclear how our genes are regulated together in a coordinated way. At each moment, different genes are expressed in different cells to participate in various cellular processes. Therefore, gene expression needs to be precisely regulated in order to achieve cell-type-specific transcriptional programs. Indeed, epigenomic studies revealed that the human genome is filled with thousands of regulatory sequences, which drive cell-type-specific transcriptional programs (The ENCODE Project Consortium et al., 2020).

Genes involved in the same processes or being parts of the same protein complexes have been shown to be coexpressed, i.e. expressed in a coordinated manner between cell types and tissues.

This raises a question about the common underlying mechanisms, which coregulate these genes. For decades, coexpression of genes have been used to infer the coregulation mechanisms, with a lot of emphasis put on gene regulatory networks. In recent years, it has become apparent that the 3D genome organization might be one of the mechanisms coregulating gene expression both locally and globally.

The history of studying the 3D genome reaches back a century, yet great progress has been made within the last decade due to advancements in microscopy and developments of chromosome conformation capture techniques. These techniques revealed complex, multilayered genome organization, which likely contributes to gene regulation at each of the layers.

It is now the key question of that field to understand this multi-level organization and how it is related to gene regulation.

At the sub-megabase scale, topologically associating domains (TADs) are known to contribute to gene regulation by affecting local contacts in the genome and thus constraining the communication between genes and their distal regulatory sequences, called enhancers. Defects in the communication between genes and enhancers are known to play a key role in a number of pathologies [START_REF] Spitz | Gene regulation at a distance: From remote enhancers to 3D regulatory ensembles[END_REF][START_REF] Valton | TAD disruption as oncogenic driver[END_REF], including multiple cancers and developmental diseases, leading the field to consider them as 'enhanceropathies' [START_REF] Smith | Enhancer biology and enhanceropathies[END_REF]. Deciphering the fundamental mechanisms in enhancer-gene communication is hence a major challenge in contemporary biology, with a clear impact for human health.

During my PhD, I aimed to understand the regulatory mechanisms contributing to gene regulation in cis and how this provides a mean for coregulating different genes. This manuscript recapitulates the results of the project, that focused on deciphering the mechanisms of gene coregulation by enhancers and contribution of local genome organization into TADs to this coregulation.

In Chapter 1, I introduce the link between 3D genome organization and functions. I first review the literature on different aspects related to studying genome organization, in particular at the level of TADs, which constitute the scale of interest for this study. Then, I give an overview of the biology and mechanisms involved in transcription and transcriptional regulation, with a focus on regulation by enhancers. Finally, I describe the multi-level complexity of gene coregulation. At each of these sections, I point out what is known and unknown.

In Chapter 2, I present the results of my PhD project, which relate to studying gene coregulation in cis at the single-allele level using microscopy. I first describe the various aspects of the model system and the genomic data used in this study. Then, I present the experimental and analysis approaches employed to study local gene coregulation. Finally, I describe the results obtained in the wild-type and perturbed contexts.

In Chapter 3, I introduce the computational tool that was developed during the course of my PhD in order to assess the quality of signal from FISH experiments. I also present the development and optimization of the protocol for combined RNA-DNA FISH based on singlemolecule RNA FISH and iFISH/Oligopaints technologies.

In chapter 4, I discuss the findings of my PhD project and put them in the context of the current literature data.

Chapter 1 Introduction

3D ORGANIZATION AND FUNCTIONS OF THE MAMMALIAN GENOME

The eukaryotic nucleus contains ~2 meters of DNA complexed with histone proteins into chromatin. In the small volume of the nucleus, the need for chromatin to remain dynamic and accessible for various genome functions (gene expression, DNA replication or repair) imposes that chromatin be highly structured within the nuclear space. Indeed, the eukaryotic genome is organized at multiple levels both in space and sequence and, at each of these levels, the organization is related to genome functions.

The organization of the genome in the nucleus has been studied for decades using microscopy (Cremer and Cremer, 2006a,b). However, the advent of chromosome conformation capture (3C) and other sequencing-based assays, as well as the advancement of microscopy techniques, have started to uncover, in the recent years, the complexity of the three-dimensional organization of the genome.

Early studies of genome organization

Historically, microscopy was the primary method of studying nuclear organization. The first observation of the cell nucleus was made as early as in 1682 by Dutch microscopist Antonie van Leeuwenhoek [START_REF] Cole | The Collected Letters of Antoni van Leeuwenhoek[END_REF]. Using his home-built microscope, he was observing blood cells of cod and salmon. In his letter to the Royal Society of London he reported seeing some cells containing 'a little round body or globule' [START_REF] Harris | The birth of the cell[END_REF]. However, both the term nucleus and its more detailed description arose almost two centuries later from observations of Scottish botanist Robert Brown. Nuclei were subsequently observed in plant and animal cells, but for a long time they were believed to have no functional meaning and were considered dispensable for cells.

Studies of cell division brought the nucleus to the forefront and established it as a core organelle for the life of a cell. Karl Reichert, while studying sperm formation in nematodes, concluded that nuclei 'dissolve' before cell division and re-appear in daughter cells (Cremer & Cremer, 2006). Robert Remak proposed that this nuclear division happens by a simple binary fission, with equal partition of the nuclear material to daughter cells [START_REF] Remak | CTCF-Mediated Enhancer-Promoter Interaction Is a Critical Regulator of Cell-to-Cell Variation of Gene Expression[END_REF]. However, observations from Friedrich Anton Schneider disproved this theory in favor of a model of 'indirect division', according to which many complex steps involving appearance of filaments and their reorganization within the nucleus preceded the nuclear division [START_REF] Schneider | Untersuchungen über Plathelminthen[END_REF].

Today, we know that Schneider de facto observed and described mitosis.

Great progress in the field of nuclear division was made by Walther Flemming, who not only named the process of mitosis, but also very accurately described its phases based on observations of nuclei stained with aniline dyes. He also introduced the term chromatin to describe the nucleic substance visible under light microscope after such staining [START_REF] Flemming | Zell-substanz[END_REF]. The 'chromatin threads', the segregation of which Flemming had observed, were later re-named to chromosomes [START_REF] Waldeyer | Über Karyokinese und ihre Beziehung zu denBefruchtungsvorgängen[END_REF].

Around the same time, Wilhelm Roux tried to understand the evolutionary meaning of 'indirect division'. His theory was that mitosis must have evolved for a purpose other than just a simple bisection of nucleus into two halves. He supposed that the reason was rather to faithfully propagate to two daughter cells the same 'composition of individual qualities' [START_REF] Roux | Über die Bedeutung der Kerntheilungsfiguren -Eine hypothetische Erörterung[END_REF].

This required an assumption that chromatin had a structure -an assumption that was in opposition to then widespread beliefs that nuclear content is homogenous (Cremer & Cremer, 2006).

The first studies of chromatin structure in interphase were related to mitosis. Theodor Boveri, who was studying the number and morphology of chromosomes during nuclear division, proposed principles of chromosome continuity and individuality, according to which chromosomes are independent from each other and maintain their independence even in nondividing nuclei [START_REF] Boveri | Die Blastomerenkerne von Ascaris Megalocephala und die Theorie der Chromosomenindividualität[END_REF]. He also showed that, during interphase, mitotic chromosomes decondense to form chromosome territories which preserve their positions in the nuclear space until the next mitotic division (Cremer & Cremer, 2006).

A significant step forward in understanding the structure of chromosomes was made with the development of cytogenetics, grounds for which were laid by the works of Emil Heitz. By improving the existing sample preparation method, he visualized regions of moss' chromosomes that remained condensed during interphase [START_REF] Heitz | Differential context-specific impact of individual core promoter elements on transcriptional dynamics[END_REF]. He noted that such a behavior was consistently seen in the same regions of the same chromosome (Figure 1). Heitz termed condensed regions heterochromatin (chromatin with differential behavior during interphase, i.e. being condensed) and euchromatin the regions that become invisible during interphase.

The existence of heterochromatin and euchromatin was further confirmed later in the 20 th century, thanks to the development of electron microscopy (Figure 7A). It became established that interphase chromosomes are organized into chromatin fibers (consisting of nucleosomes [START_REF] Olins | Spheroid chromatin units (v bodies)[END_REF]), which mingle with each other in the nucleoplasm. However, it was widely believed that spatial distribution of chromatin was random and had no functional importance. Very few scientists believed that cell type specific 3D structures may exist, but are hidden within the chromatin mass (Cremer & Cremer, 2006).

The next step towards elucidating the structure of chromatin was to go beyond just heterochromatin vs euchromatin and visualize different regions with sequence specificity. This first happened when Torbjörn Caspersson and colleagues reported a method of chromosome banding to visualize regions of chromosomes with differential base pair composition [START_REF] Caspersson | The 24 fluorescence patterns of the human metaphase chromosomes -distinguishing characters and variability[END_REF]. However, it was the development of the in situ hybridization (ISH) methods that enabled investigation of the ultrastructure of chromatin.

Following the discovery of DNA and RNA biologists tried to employ in cytogenetics their ability to form heteroduplexes. The first ISH techniques were based on radioactive labeling of oligonucleotides complementary to the target sequence [START_REF] Van Der Ploeg | Cytochemical nucleic acid research during the twentieth century[END_REF]. Switch from radioactive to fluorescent labeling (FISH) allowed for flexibility in the choice of fluorescent dyes and subsequently for visualization of multiple targets in the same sample (including whole nuclear DNA, by combining FISH with DAPI staining). FISH approaches became widely used to identify chromosomal rearrangements, which proved useful also for diagnostic applications Heterochromatin is stained in dark, while euchromatin is stained lightly. In multiple observations always the same regions of chromosomes are heterochromatinized or euchromatinized Adapted from Passarge, 1979. (Cremer & Cremer, 2006), but more importantly they became one of the main tools to study the 3D genome organization.

Current approaches to characterize the 3D genome

Currently, 3D genome organization can be studied using two sets of approaches -sequencingbased techniques and microscopy techniques. Each of these approaches investigates distinct and complementary aspects of the genome architecture, but they are also associated with specific limitations. Most sequencing-based techniques are able to interrogate the features of chromatin interactions across large cell populations, thus they are high-throughput. Despite that, it is unclear whether these features exist in single cells. Imaging approaches allow the investigation of genome organization in single cells. While the number of possible targets to visualize in one experiment constantly increases, microscopy still lacks the throughput and genomic resolution available with sequencing-based approaches.

Chromosome conformation capture techniques

The family of chromosome conformation capture techniques (3C) groups biochemical methods to infer 3D genome structure from the frequency of physical interactions between genomic regions, using chromatin collected from large populations of cells (Table 1). Many variations exist, but the core steps of these techniques are often (Figure 2):

1. Crosslinking of chromatin, which preserves physical contacts in 3D.

2. Fragmentation of chromatin with restriction enzyme(s) or sonication.

3. Ligation of free DNA ends of the crosslinked complex.

4. Detection of ligated junctions using various molecular biology tools -typically pull down, PCR and sequencing.

5. Computational analysis of frequency of contacts captured by crosslinked DNA fragments.

Development of the 3C methods and their derivatives (reviewed in [START_REF] Goel | The macro and micro of chromosome conformation capture[END_REF] have revolutionized the field of nuclear organization, revealing the multi-level organization of genomes, with structures existing at many genomic scales, ranging from nucleosomes and regulatory elements to the whole genome. 3C probes with high resolution the pairwise interaction frequency between predefined genomic loci, such as promoters and enhancers [START_REF] Dekker | Capturing chromosome conformation[END_REF]. However, this approach is restricted by the choice of location of PCR primers, making it low-throughput. 4C (circular chromosome conformation capture) circumvent this limitation by circularizing the ligation product, which requires only one primer pair for detection of interaction [START_REF] Simonis | Nuclear organization of active and inactive chromatin domains uncovered by chromosome conformation capture-on-chip (4C)[END_REF]. With 4C, the genome-wide interactions of a single genomic site (called the viewpoint) can be assessed. In 5C (chromosome conformation capture carbon copy), a selected portion of the 3C library is amplified, making it possible to investigate many pairwise contacts [START_REF] Dostie | Chromosome Conformation Capture Carbon Copy (5C): a massively parallel solution for mapping interactions between genomic elements[END_REF], such as all contacts within a given genomic region or between selected promoters and enhancers [START_REF] Sanyal | The long-range interaction landscape of gene promoters[END_REF].

Despite an increase in resolution, based on the choice of restriction enzymes, and an increasing genomic range in which interactions could be investigated, the 3C, 4C and 5C methods were still based on the arbitrary choice of genomic region to be studied and had limited ability to study regions not in an immediate genomic proximity. Chromatin is first crosslinked, which results in preservation of the 3D contacts between spatially proximal DNA fragments. Then, chromatin is digested with a restriction enzyme, and the resulting sticky ends are filled with biotinylated nucleotides. The resulting product is then ligated and DNA purified and sheared. Biotinylated fragments are then isolated with streptavidin beads and sequenced using paired-ends. The first 'all versus all' method that overcame this limitation was Hi-C (Lieberman- [START_REF] Lieberman-Aiden | Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human Genome[END_REF]. Hi-C is a high-throughput derivative of 3C, where all ligation products are sequenced, which provides unbiased way to quantify interactions inside nuclei. The output of Hi-C is a 'contact frequency map' (Figure 3), which visualizes the frequency of contacts between any pair of restriction fragments genome-wide. Further modifications of the Hi-C protocol allowed the investigation of genomic interactions in single cells [START_REF] Nagano | Single-cell Hi-C reveals cell-to-cell variability in chromosome structure[END_REF] and to achieve nucleosome resolution [START_REF] Hsieh | Mapping Nucleosome Resolution Chromosome Folding in Yeast by Micro-C[END_REF]. Contacts between a list of predefined elements, e.g. all loci within a genomic region [START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF], or promoters and enhancers [START_REF] Sanyal | The long-range interaction landscape of gene promoters[END_REF] All A salient feature of Hi-C maps is their diagonal, which is strongly pronounced, because the contact frequencies are the highest within small genomic distances. As these distances increase, i.e. as one moves away from the diagonal, a gradual decay of contact frequencies can be observed. The diagonal thus represents genomic contacts in cis, while the regions away from the diagonal represent contacts in trans. Different features representing multiple layers of the 3D genome organization can be appreciated in Hi-C contact maps, depending on the genomic scale.

Technique

An interest in chromatin-associated proteins and their role in shaping genome organization prompted the merge of chromatin immunoprecipitation (ChIP) methodology into 3C protocols.

ChIA-PET is an example of such method, allowing to investigate interactions between genomic sites that are associated with a protein of interest [START_REF] Fullwood | An oestrogen-receptor-α-bound human chromatin interactome[END_REF]. However, ChIA-PET is difficult to interpret: detecting an interaction by ChIA-PET does not mean that the interaction is mediated by the targeted protein, nor that the interaction is specific to the captured loci. In addition, a change of ChIA-PET signal between two conditions can result from a change in contact, a change in protein occupancy, or both.

Recently, methodologies orthogonal to Hi-C, which probe multi-way contacts were also developed. In contrast to 3C-based methods, GAM [START_REF] Beagrie | Complex multi-enhancer contacts captured by genome architecture mapping[END_REF] and SPRITE (Quinodoz et al., 2018) do not rely on proximity ligation and enzymatic digestion. The data obtained using these methods agrees with features observed in Hi-C and demonstrate that interactions observed in Hi-C are the result of short-range 3D proximity [START_REF] Mccord | Chromosome Conformation Capture and Beyond: Toward an Integrative View of Chromosome Structure and Function[END_REF].

GAM and SPRITE can robustly detect high-complexity chromatin contacts that involve three or more DNA fragments, in contrast to Hi-C that can only interrogate two-way interactions.

Moreover, these methods have revealed novel aspects of chromatin organization, previously unappreciated in Hi-C data. GAM seems to be better suited than Hi-C to detect specific interactions between super-enhancers and transcriptionally active chromatin regions, as such contacts are not readily detected in Hi-C [START_REF] Beagrie | Complex multi-enhancer contacts captured by genome architecture mapping[END_REF][START_REF] Kempfer | Methods for mapping 3D chromosome architecture[END_REF].

Hi-C contact maps represent an ensemble of pairwise genomic interactions within a population of cells. However, it is difficult to determine what the 'contact' means. Hi-C relies on formaldehyde crosslinking and ligation -two processes that have been criticized for introducing biases [START_REF] Belmont | Large-scale chromatin organization: the good, the surprising, and the still perplexing[END_REF][START_REF] Williamson | Spatial genome organization: contrasting views from chromosome conformation capture and fluorescence in situ hybridization[END_REF][START_REF] Gavrilov | In vivo formaldehyde cross-linking: it is time for black box analysis[END_REF].

Crosslinking may capture contacts that are not mediated by direct molecular interactions, but rather indirect events mediated by intervening proteins. Ligation might favor creation of nonspecific molecular hybrids between crosslinked and soluble chromatin. Moreover, pairwise contacts identified from Hi-C as statistically significant over background polymer behavior do not necessarily correlate with biological function. Also, functionally relevant interactions might not happen only between pairs of loci, but rather within clusters of cooperative contacts. Finally, Hi-C captures a 'contacts' when two genomic regions are close enough to be ligate -a distance that may not be the relevant distance for many biological processes.

When interpreting population-averaged data such as Hi-C, one needs to consider several aspects related to specificity of this kind of data. Hi-C represents an ensemble of pairwise contacts from millions of cells, therefore it is not possible to distinguish whether observed contact patterns occur in cells simultaneously or are mutually exclusive. Not seeing a certain structure does not rule out its existence -it simply means that the structure may not exist frequently enough within cell population. Also, seeing a structure in a fraction of cells, one cannot assume that this structure is stable over time. In addition, contact frequency does not equate to physical distance between interacting loci -Hi-C only captures interactions between genomic elements, that are close enough in space to be crosslinked by formaldehyde.

Imaging genome organization

Microscopy, as a primary tool to study the 3D genome, has undergone significant improvements since its early applications. Notably, the advent of multiplexed DNA FISH (Table 2) and superresolution of microscopy revealed an unprecedently detailed view of chromatin organization, going much beyond what was achieved with 3C-based techniques in single cells [START_REF] Wang | Spatial organization of chromatin domains and compartments in single chromosomes[END_REF][START_REF] Bintu | Super-resolution chromatin tracing reveals domains and cooperative interactions in single cells[END_REF][START_REF] Cardozo Gizzi | Microscopy-Based Chromosome Conformation Capture Enables Simultaneous Visualization of Genome Organization and Transcription in Intact Organisms[END_REF]. Indeed, contact maps inferred from multiplexed DNA FISH agree with Hi-C data, when spatial distance threshold is applied [START_REF] Mccord | Chromosome Conformation Capture and Beyond: Toward an Integrative View of Chromosome Structure and Function[END_REF].

Techniques currently used to visualize DNA can be classified into two groups (Table 2). In traditional DNA FISH, the probes are generated through a procedure involving cloning and amplification of the genomic region to be labeled, incorporation of fluorescent nucleotides into the probes by nick-translation, and finally denaturation of the nicked DNA to obtain singlestranded DNA molecules complementary to the region of interest [START_REF] Rigby | Labeling deoxyribonucleic acid to high specific activity in vitro by nick translation with DNA polymerase I[END_REF]. Because the probes originate from a double-stranded DNA molecule and are variable in size (broad distribution, typically around 200nt), the denaturation and hybridization conditions are necessarily constrained by a strong tradeoff between favoring on-target binding and minimizing off-target binding and duplex-reformation between probes. Hence, the efficiency of labeling can be low, especially when labeling small regions. Another major limitation of this approach is the low number of achievable targets (each target needs to be separately cloned, amplified etc.). However, several tens of the probe sets generated from bacterial artificial chromosomes (BACs; Figure 4A) have been successfully used to probe the interaction frequency between loci in human fibroblast cells [START_REF] Finn | Extensive Heterogeneity and Intrinsic Variation in Spatial Genome Organization[END_REF].

To circumvent the limitations associated with generating probes from BACs or fosmids, DNA FISH probes composed of chemically synthesized and directly fluorescent nucleotides were introduced. These probes have been demonstrated to enable detection of genomic regions as small as only few kilobases. FISH approach with BAC probes was also used to distinguish gene-rich from gene-poor regions of chromosomes (Figure 6; [START_REF] Boyle | Fluorescence in situ hybridization with high-complexity repeat-free oligonucleotide probes generated by massively parallel synthesis[END_REF]. A PCR-based approach was also developed for generating probes genome-wide for high-definition DNA FISH (HD-FISH; [START_REF] Bienko | A versatile genome-scale PCR-based pipeline for high-definition DNA FISH[END_REF]. This approach has allowed generation of probes for any desired genomic region -ranging from single genes to entire chromosomes -from human and mouse, as the library of PCR primers covered more than 90% of the both genomes.

Recently, iFISH -a comprehensive repository of DNA FISH probes for the entire human genome [START_REF] Gelali | iFISH is a publically available resource enabling versatile DNA FISH to study genome architecture[END_REF] enabled combination with Oligopaints technology [START_REF] Beliveau | Versatile design and synthesis platform for visualizing genomes with Oligopaint FISH probes[END_REF]reviewed in Boettiger & Murphy, 2020) which have overcome many of the limitations of classical DNA FISH. In iFISH/Oligopaints, the genomic regions of interest are labeled with libraries consisting of thousands of synthetically generated single-stranded DNA oligonucleotide probes (oligos; Figure 4B). Each oligo has a core sequence complementary to the target genomic DNA. The core sequence is flanked by specific sequences, which are used for (i) PCR amplification of the library and generation of directly fluorescent probes through reverse transcription with use of a fluorescent primer (ii) binding of secondary fluorescent probes to highlight only a fraction of the whole library, when already bound to the target DNA. et al., 2013) iFISH [START_REF] Gelali | iFISH is a publically available resource enabling versatile DNA FISH to study genome architecture[END_REF],

Oligopaints [START_REF] Beliveau | Versatile design and synthesis platform for visualizing genomes with Oligopaint FISH probes[END_REF] Chromosome walk [START_REF] Wang | Spatial organization of chromatin domains and compartments in single chromosomes[END_REF][START_REF] Bintu | Super-resolution chromatin tracing reveals domains and cooperative interactions in single cells[END_REF][START_REF] Nir | Walking along chromosomes with super-resolution imaging, contact maps, and integrative modeling[END_REF] ORCA [START_REF] Mateo | Visualizing DNA folding and RNA in embryos at single-cell resolution[END_REF] Hi Tens to thousands Such versatility in the design of oligoprobes resulted in numerous variations of Oligopaints to visualize genome organization at different genomic and spatial scales. A notable example are the multiplexed Oligopaints where secondary oligos are hybridized in a sequential manner to the same library of primary oligos, allowing to visualize a different portion of the genome with every hybridization round, while not depending on spectrally distinct fluorophores. Multiplexed

Oligopaints have been used to obtain the 3D conformation of individual chromosomes in single cells and reconstruct their interaction patterns [START_REF] Wang | Spatial organization of chromatin domains and compartments in single chromosomes[END_REF][START_REF] Nir | Walking along chromosomes with super-resolution imaging, contact maps, and integrative modeling[END_REF]. The iFISH was used to quantify intermingling between chromosomes in human cells [START_REF] Gelali | iFISH is a publically available resource enabling versatile DNA FISH to study genome architecture[END_REF].

DNA FISH performed on few selected loci is often used as a validation of the results obtained [START_REF] Hakim | Diverse gene reprogramming events occur in the same spatial clusters of distal regulatory elements[END_REF][START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF][START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF]. However, Hi-C interaction frequency does not directly translate to physical distance. DNA FISH investigation of physical distances between equidistant highly interacting or weakly interacting regions (determined from Hi-C) on chromosome 1 revealed strong overlap between distance distributions of highly interacting and weakly interacting regions with the overlap coefficient 0.57 [START_REF] Finn | Extensive Heterogeneity and Intrinsic Variation in Spatial Genome Organization[END_REF]. This indicates the lack of clear difference in physical distances between equidistant genomic loci, no matter whether they exhibit high contact frequency in Hi-C or not. Re-analysis of data from [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF] and polymer simulations confirm this observation -within the range of short 3D distances (range imposed in Hi-C by crosslinking and proximity ligation) results from Hi-C and DNA FISH are in good agreement, however, at larger 3D distances, the contact frequency between genomic regions interacting in Hi-C can be lower than for a pair of non-interacting regions [START_REF] Fudenberg | FISH-ing for captured contacts: towards reconciling FISH and 3C[END_REF]. These results show that while 3D distances from DNA FISH experiments and contact frequency from Hi-C are often inversely correlated, they are not the same and cannot be treated equally.

Genome organization in relation with genome functions

The eukaryotic genome is highly organized in both space and sequence. As I will review in this section, from entire chromosomes to individual genes the 3D organization of the genome is linked to transcription and many regulatory mechanisms likely coexist at different scales.

Chromosomes occupy distinct chromosome territories within the nuclear space and their positioning correlates with their transcriptional activity. In addition, genome organization into physically segregated compartments mirrors the transcriptional active/inactive state of chromatin. At the local genomic scale, topologically associating domains (TADs) are thought to regulate how enhancers communicate with genes, possibly through formation of chromatin loops.

Chromosome territories

The concept of chromosome territories (CTs) lacked popularity throughout the 20 th century due to the evidence based on electron microscopy studies indicating that chromatin appears within the nuclear space as intermingling fibers with individual chromosomes not distinguishable (Cremer & Cremer, 2006). The experimental evidence supporting the existence of CTs was provided by a study of nuclei locally irradiated with the UV light (Cremer et al., 1984).

Following the UV exposure, nuclei were stained for DNA damage markers. The prediction was that distributions of the damage markers would differ depending on spatial arrangements of chromosomes. In case of extensive intermingling, the damage markers would be scattered across many different chromosomes in contrast to a few localized signals for the case of chromosomes occupying distinct territories. Only a few chromosomes exhibited DNA damage, supporting the model of their territorial organization. Direct evidence of chromosome territories was provided later by FISH studies [START_REF] Boyle | The spatial organization of human chromosomes within the nuclei of normal and emerin-mutant cells[END_REF][START_REF] Parada | Conservation of relative chromosome positioning in normal and cancer cells[END_REF].

Technical advances in FISH probe preparation enabled visualization of the single CTs (Figure 5). The development of chromosome sorting gave the possibility to produce libraries of the sequences derived from sorted chromosomes and microdissection of chromosomes pushed the labeling size to sub-chromosomal regions (Cremer et al., 1984;[START_REF] Albiez | Chromatin domains and the interchromatin compartment form structurally defined and functionally interacting nuclear networks[END_REF].

The existence of CTs raised questions about the (non-)random nature of chromosome positioning. This has been investigated in a study of human lymphoblastoid cells [START_REF] Croft | Differences in the localization and morphology of chromosomes in the human nucleus[END_REF]. The gene-dense chromosome 19 was found more often in the interior of the nucleus, in contrast to the gene-poor chromosome 18, mostly localized close to the nuclear periphery (Figure 5C). Those observations were consistent in different cell types and throughout the cell cycle. The correlation between radial chromosome positioning and their gene density was later demonstrated for all of the human chromosomes [START_REF] Boyle | The spatial organization of human chromosomes within the nuclei of normal and emerin-mutant cells[END_REF] and also in other species [START_REF] Cremer | Chromosome Territories[END_REF].

Other features have also been shown to correlate with non-random radial chromosome positioning. In fibroblast nuclei, smaller chromosomes tend to be distributed towards the nuclear interior, whereas larger chromosomes towards the periphery, with possible influence of the shape of the nucleus [START_REF] Bolzer | Three-Dimensional Maps of All Chromosomes in Human Male Fibroblast Nuclei and Prometaphase Rosettes[END_REF]. In human and other primate cells, early replicating genomic regions tend to be localized in the nuclear interior, while late replicating regions at the periphery [START_REF] Grasser | Replication-timing-correlated spatial chromatin arrangements in cancer and in primate interphase nuclei[END_REF]. The GC-rich DNA in amphibians and reptiles also localize in the center of the nucleus, as opposed to the GC-poor DNA [START_REF] Federico | Gene-rich and gene-poor chromosomal regions have different locations in the interphase nuclei of cold-blooded vertebrates[END_REF]. In six different human cell lines, genomic regions containing highly expressed genes were reported to be predominantly located in the nuclear interior, compared to the regions with weakly expressed genes, which were on average closer to the nuclear envelope [START_REF] Goetze | The Three-Dimensional Structure of Human Interphase Chromosomes Is Related to the Transcriptome Map[END_REF].

Despite the preferential localization of CTs within the nuclear space, their relative positions are variable between different cell types and tissues in mouse [START_REF] Parada | Tissue-specific spatial organization of genomes[END_REF][START_REF] Mayer | Common themes and cell type specific variations of higher order chromatin arrangements in the mouse[END_REF] and human [START_REF] Wiblin | Distinctive nuclear organisation of centromeres and regions involved in pluripotency in human embryonic stem cells[END_REF]. Moreover, even within the same cell type there is a significant variability in CT positioning from one cell to another [START_REF] Cremer | Chromosome Territories[END_REF].

A possible explanation for this observed variability are the cell-type-specific factors resulting in chromosome repositioning. Enhanced chromosome motion happens at the early G1 phase during the cell cycle [START_REF] Walter | Chromosome order in HeLa cells changes during mitosis and early G1, but is stably maintained during subsequent interphase stages[END_REF][START_REF] Thomson | The Radial Positioning of Chromatin Is Not Inherited through Mitosis but Is Established De Novo in Early G1[END_REF]. Thereafter, the CTs retain their positions until mitosis, when they are lost and re-established de novo in the next G1 [START_REF] Walter | Chromosome order in HeLa cells changes during mitosis and early G1, but is stably maintained during subsequent interphase stages[END_REF], concomitantly with the differential re-establishment of radial positioning of specific genomic loci with respect to the nuclear edge or the nucleolus [START_REF] Thomson | The Radial Positioning of Chromatin Is Not Inherited through Mitosis but Is Established De Novo in Early G1[END_REF]. Indeed, gene loci can be found at variable locations within the nuclear space, or even within their respective CTs [START_REF] Hepperger | Three-dimensional positioning of genes in mouse cell nuclei[END_REF].

Transcriptional activity can also result in repositioning of both endogenous genes and transgenes. In astrocytes, the two alleles of the mono-allelically expressed gene GFAP adopt different radial localizations, with the active allele closer to the center of the nucleus that the inactive one [START_REF] Takizawa | Allele-specific nuclear positioning of the monoallelically expressed astrocyte marker GFAP[END_REF]. Targeting the VP16 activator to a genomic locus of interest induces relocation of the locus from the nuclear periphery to the interior [START_REF] Tumbar | Interphase movements of a DNA chromosome region modulated by VP16 transcriptional activator[END_REF][START_REF] Chuang | Long-Range Directional Movement of an Interphase Chromosome Site[END_REF]. Similar relocation was observed when regulatory sequences of β-globin gene were used as activator [START_REF] Dietzel | Differential large-scale chromatin compaction and intranuclear positioning of transcribed versus non-transcribed transgene arrays containing -globin regulatory sequences[END_REF].

Several studies demonstrated that upon transcriptional activation the MHC, EDC and Hox genes can even 'loop out' of their respective chromosome territories [START_REF] Volpi | Large-scale chromatin organization of the major histocompatibility complex and other regions of human chromosome 6 and its response to interferon in interphase nuclei[END_REF][START_REF] Williams | Subchromosomal Positioning of the Epidermal Differentiation Complex (EDC) in Keratinocyte and Lymphoblast Interphase Nuclei[END_REF][START_REF] Chambeyron | Chromatin decondensation and nuclear reorganization of the HoxB locus upon induction of transcription[END_REF]. Specific labelling by DNA FISH of the exons versus the total DNA of mouse chromosome 2 (Figure 6) showed that gene-rich regions spread extensively outside of their CT and occupy a larger volume than the bulk of the chromosome [START_REF] Boyle | Fluorescence in situ hybridization with high-complexity repeat-free oligonucleotide probes generated by massively parallel synthesis[END_REF], revealing the decondensed chromatin structure of transcriptionally active loci. Interestingly, activation of transcription by VP16 or β-globin regulatory sequences also causes local decondensation of chromatin at the targeted loci [START_REF] Tumbar | Interphase movements of a DNA chromosome region modulated by VP16 transcriptional activator[END_REF][START_REF] Dietzel | Differential large-scale chromatin compaction and intranuclear positioning of transcribed versus non-transcribed transgene arrays containing -globin regulatory sequences[END_REF][START_REF] Therizols | Chromatin decondensation is sufficient to alter nuclear organization in embryonic stem cells[END_REF], while chemical inhibition of Pol I and Pol II activity has been shown to decrease the volume of the CT of chromosome 19 in human lymphoblastoid cells [START_REF] Croft | Differences in the localization and morphology of chromosomes in the human nucleus[END_REF]. The interchromosome domain (ICD) model proposed the existence of a subnuclear compartment built of a network of channels excluded from chromosome territories and containing the transcriptional machinery [START_REF] Zirbel | Evidence for a nuclear compartment of transcription and splicing located at chromosome domain boundaries[END_REF]. This model implied that CTs have smooth surface and are impenetrable to the transcriptional machinery and predicted that active genes would be located at the surface of CTs in order to interact with the factors located in the ICD. However, the observations of active genes both within [START_REF] Hepperger | Three-dimensional positioning of genes in mouse cell nuclei[END_REF] and outside of CTs [START_REF] Volpi | Large-scale chromatin organization of the major histocompatibility complex and other regions of human chromosome 6 and its response to interferon in interphase nuclei[END_REF][START_REF] Williams | Subchromosomal Positioning of the Epidermal Differentiation Complex (EDC) in Keratinocyte and Lymphoblast Interphase Nuclei[END_REF][START_REF] Chambeyron | Chromatin decondensation and nuclear reorganization of the HoxB locus upon induction of transcription[END_REF] challenged the idea of CTs being non-overlapping structures. In fact, DNA FISH on ultrathin cryosections (cryo-FISH) demonstrated that interphase chromosomes can significantly intermingle [START_REF] Branco | Intermingling of Chromosome Territories in Interphase Suggests Role in Translocations and Transcription-Dependent Associations[END_REF]. Recently it has been shown that the mixing index between different CTs can reach over 20% [START_REF] Gelali | iFISH is a publically available resource enabling versatile DNA FISH to study genome architecture[END_REF].

Genomic compartments

At the scale of several megabases, the mammalian genome appears from chromatin conformation capture data as being partitioned into two types of compartments, termed A and B compartments. On Hi-C contact maps, compartments appear as blocks of increased interactions between linearly distant regions of the genome, alternating with blocks of depleted interaction frequency, which results in characteristic 'checkerboard' pattern (Figure 7B). This pattern indicates that a genomic region interact frequently with other regions of the same compartment type (preference for A-A and B-B interactions) but infrequently with regions of the opposite compartment type. Thus, two regions from the same compartment type would be more often in close proximity in space and this is confirmed by 3D DNA FISH: two linearly distant chromosomal regions belonging to the A compartment are spatially closer -and hence more frequently in contact -than two linearly close regions belonging to the A and B compartments [START_REF] Lieberman-Aiden | Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human Genome[END_REF]. et al., 2009;[START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF]. The correlation of compartments with transcriptional activity suggests that compartments are celltype-specific structures related to cell-type-specific transcriptional programs [START_REF] Lieberman-Aiden | Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human Genome[END_REF]. Higher resolution Hi-C suggests that compartments can be further subdivided into six subcompartments -two within the A compartment and 4 within the B compartment -with distinct combinations of genomic and epigenomic signatures [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF].

Consistently with their euchromatic/heterochromatic character, the A/B compartments are spatially arranged in a polarized manner and they adopt distinct positions within the nuclear space -the A compartment can be found in the central parts of nuclei, whereas B compartment at the nuclear periphery and around nucleoli [START_REF] Wang | Spatial organization of chromatin domains and compartments in single chromosomes[END_REF][START_REF] Stevens | 3D structures of individual mammalian genomes studied by singlecell Hi-C[END_REF]. Recently, this radial positioning of A and B compartments within the nucleus was confirmed by GPSeq -a method of gradual fragmentation of genomic DNA inside nuclei, starting from the periphery towards the nuclear center, followed by next-generation sequencing to reconstruct the radial positions of sequenced fragments [START_REF] Girelli | GPSeq reveals the radial organization of chromatin in the cell nucleus[END_REF]. GPSeq thus infers the 3D distances of genomic features from the nuclear periphery along the whole nuclear radius. Performed on human HAP1 cells, GPSeq has confirmed, that A compartments adopt more central positions than B compartments. Interestingly, this radial polarization is not equally pronounced at each chromosome -more central chromosomes have strong A/B radial polarization, while for more peripheral chromosomes the radial positions of A and B compartments are similar [START_REF] Girelli | GPSeq reveals the radial organization of chromatin in the cell nucleus[END_REF]. Physical segregation of active and inactive chromatin is supported by electron microscopy observations (Figure 7A), where electron-dense heterochromatin localizes at the nuclear periphery and nucleoli and electron-poor euchromatin localizes towards the nuclear interior [START_REF] Pueschel | From single genes to entire genomes: the search for a function of nuclear organization[END_REF].

Several mechanisms have been proposed to explain compartmentalization. In mammalian nuclei, large chromatin domains are associated with the nuclear lamina -the fibrous inner layer of the nuclear envelope. Such lamina-associated domains (LADs) possess molecular features of heterochromatin and are believed to be involved in chromosome organization in the nucleus [START_REF] Van Steensel | Lamina-Associated Domains: Links with Chromosome Architecture, Heterochromatin, and Gene Repression[END_REF]. Mapping the frequency of lamina interaction along the genome in human cells shows nearly identical patterns as the A/B compartments from Hi-C, with LADs corresponding to the B compartment [START_REF] Kind | Genome-wide Maps of Nuclear Lamina Interactions in Single Human Cells[END_REF]. This suggests that LADs interact with each other and physically segregate from the active portions of the genome. This would suggest that B compartments are mostly associated with the nuclear lamina, however this does not explain their association with nucleoli and pericentric heterochromatin [START_REF] Van Steensel | Lamina-Associated Domains: Links with Chromosome Architecture, Heterochromatin, and Gene Repression[END_REF].

The preferential A-A and B-B interactions suggest that self-affinity of chromatin with similar epigenomic states could mediate compartmentalization. This possibility has been explored using polymer modeling within a 'block co-polymer' framework [START_REF] Haddad | Perspectives: using polymer modeling to understand the formation and function of nuclear compartments[END_REF]. In this framework, chromatin is modeled as a chain of monomers with distinct epigenomic states and only monomers with the same state have an affinity for each other. This model can reproduce the 'checkerboard' pattern observed for compartments in Hi-C maps, indicating that preferential interaction between similar chromatin types could indeed be involved in compartment formation. The reorganization of interphase chromosomes in mouse cells with inverted nuclear architecture, i.e. with heterochromatin in the nuclear interior and euchromatin at the periphery, has provided an experimental model system of compartmentalization mediated by attractions between heterochromatic regions [START_REF] Falk | Heterochromatin drives compartmentalization of inverted and conventional nuclei[END_REF]. Different cell types -with conventional and inverted nuclear architecture -exhibit the 'checkerboard' pattern when investigated by Hi-C, indicating presence of A/B compartments despite different spatial positioning of euchromatin and heterochromatin. Employing the block co-polymer model to reproduce inverted nuclear organization revealed that compartmentalization depends largely on strong interactions between heterochromatin regions. Simulation of the timecourse of chromatin inversion mirrored the process of rod cell differentiation and showed that heterochromatin forms droplets which undergo liquid-like fusion, similarly to phase separation observed in vitro [START_REF] Falk | Heterochromatin drives compartmentalization of inverted and conventional nuclei[END_REF]. In line with the idea that phase separation might contribute to compartmentalization mediated by the self-affinity of heterochromatin, the heterochromatin protein 1a (HP1a) -a protein that organizes DNA into heterochromatin -has been shown to undergo phase separation in vitro and form condensates in living cells [START_REF] Larson | Liquid droplet formation by HP1α suggests a role for phase separation in heterochromatin[END_REF][START_REF] Strom | Phase separation drives heterochromatin domain formation[END_REF]. According to the phase separation model of heterochromatin formation, mobile HP1a molecules form DNA-containing condensates in which the DNA-bound fractions of HP1a becomes immobile over time by binding to the histone mark H3K9me2/3 recognized by HP1a, giving rise to heterochromatin domains that would consist of both mobile and immobile HP1a molecules [START_REF] Strom | Phase separation drives heterochromatin domain formation[END_REF].

Topologically associating domains (TADs)

Topologically associating domains (TADs) were discovered as statistical features in some of the very first contact maps obtained using the C-techniques in mESCs, hESCs, Drosophila embryos and Kc167 cells [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF][START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF][START_REF] Sexton | Three-Dimensional Folding and Functional Organization Principles of the Drosophila Genome[END_REF]. In the original low-resolution 5C and Hi-C studies, the median size of TADs in mESCs was estimated at 880kb and covering 91% of the mouse genome [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF][START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF]. In contact maps, TADs manifest as submegabase scale domains -visible as squares along the diagonal of a contact map (Figure 8)

-in which genomic elements exhibit higher interaction frequency than with genomic elements from the neighboring TADs. Contact frequency between genomic elements belonging to the same TAD is 2-3 times higher than for two equally distant elements belonging to neighboring TADs [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF][START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF]. The salient feature of TADs are their boundaries, often engaged in strong interactions and seen in Hi-C maps as 'corner peaks', which suggests formation of 3D loops between the two boundaries of most TADs [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF].

Early studies have indicated that TADs are conserved between different cell types and even mammalian species [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF][START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF], suggesting their role as a general and widespread feature of genome organization. Within over 2000 domains identified in lowresolution Hi-C up to 72% are conserved in different human and mouse cell types and up to 76% are conserved between mouse and human cells [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF], while the number of domains conserved between human cell types is estimated at around 54% in higher-resolution Hi-C [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF]. To date, those two studies are the examples of direct genome-wide comparative approaches supporting the conservation of TADs (for review see [START_REF] Eres | A TAD Skeptic: Is 3D Genome Topology Conserved?[END_REF]. Other examples of direct evidence include similarities between species of TAD structures at the loci of Hox or Six genes [START_REF] Woltering | Conservation and Divergence of Regulatory Strategies at Hox Loci and the Origin of Tetrapod Digits[END_REF][START_REF] Gómez-Marín | Evolutionary comparison reveals that diverging CTCF sites are signatures of ancestral topological associating domains borders[END_REF].

Most of the other evidence for TAD conservation comes from indirect inference based on genomic data that are independently associated with TADs. For example, regions enriched in conserved noncoding elements overlap with TADs in different species, therefore, the authors conclude that TADs are conserved as well [START_REF] Harmston | Topologically associating domains are ancient features that coincide with Metazoan clusters of extreme noncoding conservation[END_REF].

Despite the presence of TADs or TAD-like structures in different species and possible evolutionary conservation between them, their formation involves different mechanisms depending on the species. In mammals, TAD boundaries are enriched in binding of CCCTCbinding factor (CTCF) and structural maintenance of chromosomes (SMC) cohesin complex, which are they key components of the loop extrusion model of TAD formation (see chapter 1.1.4). Moreover, ~39% of TAD boundaries have a 'corner peak' on Hi-C maps, indicating the association of a large number of TADs with chromatin 3D looping [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF][START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF]. Notably, TAD-associated loops are almost always formed between CTCF sites in convergent orientation, with the asymmetric CTCF motifs oriented towards each other on opposite DNA strands [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF].

In Drosophila, despite CTCF being present, the existence of CTCF-dependent domains is unclear. Various other proteins are enriched at the boundaries of contact domains and formation of those domains is believed rather to be linked with genome compartmentalization and transcription, as fly domains correlate well with epigenetic states and promoters of highly transcribed genes [START_REF] Sexton | Three-Dimensional Folding and Functional Organization Principles of the Drosophila Genome[END_REF][START_REF] Ulianov | Active chromatin and transcription play a key role in chromosome partitioning into topologically associating domains[END_REF][START_REF] Szabo | Principles of genome folding into topologically associating domains[END_REF]. Consistently, CTCF depletion in mESCs leads to a loss of TADs and Hi-C peaks [START_REF] Nora | Targeted Degradation of CTCF Decouples Local Insulation of Chromosome Domains from Genomic Compartmentalization[END_REF], while CTCF loss in Drosophila affects less than 10% of contact domain boundaries [START_REF] Kaushal | CTCF loss has limited effects on global genome architecture in Drosophila despite critical regulatory functions[END_REF].

TADs appear as structural units of genome organization. It is hence an open question in the field to which extent they can be functional units of the genome. In the context of gene regulation, TADs were shown in many cases to constrain the genomic range in which enhancers can communicate with their target genes, suggesting that they could constitute autonomous gene regulatory domains [START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF][START_REF] Symmons | Functional and topological characteristics of mammalian regulatory domains[END_REF][START_REF] Lupiáñez | Disruptions of Topological Chromatin Domains Cause Pathogenic Rewiring of Gene-Enhancer Interactions[END_REF]. I will review this in greater depth in section 1.3 since this is the core of my argument.

Observations also indicate that TADs could have a functional role in other genomic functions.

In IMR90 cells, around 80% of TAD boundaries correspond to the boundaries between domains exhibiting opposite replication timing patterns [START_REF] Pope | Topologically associating domains are stable units of replicationtiming regulation[END_REF]. Approximately 30% of TAD boundaries coincide with transitions between domains of DNA supercoiling in RPE1 cells [START_REF] Naughton | Transcription forms and remodels supercoiling domains unfolding large-scale chromatin structures[END_REF]. During B cell maturation, the majority of the VDJ recombination events allowing the production of antigen-binding immunoglobulins happen preferentially within TADs [START_REF] Hu | Chromosomal Loop Domains Direct the Recombination of Antigen Receptor Genes[END_REF]. The spread of the DNA double-strand break repair components such as histone variant gH2AX and 53BP1 is also constrained by TAD boundaries in human DIvA cells [START_REF] Arnould | Loop extrusion as a mechanism for formation of DNA damage repair foci[END_REF]. Coregulation is likely constrained by TAD boundaries, as deletions of TAD boundaries are involved in ectopic gene activation mediated by abnormal enhancer-gene communication [START_REF] Lupiáñez | Disruptions of Topological Chromatin Domains Cause Pathogenic Rewiring of Gene-Enhancer Interactions[END_REF].

Box 1 What is a TAD? -a question of definition

The 3D structure of mammalian genomes is linked to gene regulation, but there is still a lack of consensus on the computational and biological definition for topologically associating domains. Originally, TADs were defined as blocks of enriched genomic contacts based on low-resolution 5C and Hi-C studies [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF][START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF], thus at the very beginning the term was used to describe a feature observed in population-averaged data.

However, the name 'TAD' was also recently used to describe globular features observed by DNA FISH labeling of genomic regions corresponding to population-defined TADs [START_REF] Szabo | Regulation of single-cell genome organization into TADs and chromatin nanodomains[END_REF]. This is one of many examples demonstrating that since the discovery of TADs by Hi-C, their name has been used to describe different objects and features, which resulted in confusion in the field as to what the term 'TAD' refers to.

If the original definition of TADs is used (squares along the diagonal of Hi-C maps), it can create confusion as well. The squares along the diagonal have been observed in several species, including bacteria, yeast, plants and

Drosophila. Considered together with the observations, that these squares likely do not result from the same underlying mechanism(s) (see examples of mammals and Drosophila in the previous chapter), talking about TADs also contributes to the confusion. However, despite being formed by different mechanisms, the contact domains observed in mESCs and Drosophila exhibit correlated expression of genes located within [START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF][START_REF] Ramírez | High-resolution TADs reveal DNA sequences underlying genome organization in flies[END_REF], therefore suggesting that they may fulfill similar functions in coregulating gene expression.

Definition of TADs and their boundaries strongly depends on computational algorithms used to identify them as well as on the resolution of Hi-C data. Indeed, there are various algorithms used by different groups in the field without the consensus on which one is the 'best' for identifying domains in chromatin interaction data [START_REF] Dixon | Chromatin Domains: The Unit of Chromosome Organization[END_REF]. Some algorithms use computational features from Hi-C, such read count density, insulation score or directionality of the contact bias, while others use biological features, such as enrichment of CTCF or association with cohesin [START_REF] Dali | A critical assessment of topologically associating domain prediction tools[END_REF][START_REF] Sauerwald | Capturing the complexity of topologically associating domains through multi-feature optimization[END_REF]biorXiv). Therefore, even when using the data from the same cell type or tissue, different algorithms can give different outcomes in TAD detections.

Increasing sequencing depth and therefore the resolution of Hi-C has revealed that within TADs exist finer patterns of genomic contacts and internal insulation regions. Those internal structures have gained several names:

'subTADs' [START_REF] Phillips-Cremins | Architectural Protein Subclasses Shape 3D Organization of Genomes during Lineage Commitment[END_REF], 'insulated neighborhoods' [START_REF] Dowen | Control of Cell Identity Genes Occurs in Insulated Neighborhoods in Mammalian Chromosomes[END_REF] or 'loop domains' [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF]. Similarly to TADs, subTADs, insulated neighborhoods or loop domains also display self-associative and insulation properties, which contributes to the confusion in their naming and raises the question whether these internal structures are the same genomic features as TADs, but at smaller length scales. To some extent the differences between those structures can be attributed to different algorithms used to identify them and the type and quality of the data.

Chromatin loops and local contacts

Within the mammalian genome, genes are surrounded by a large number of distal regulatory elements, known as enhancers -i.e. genomic sequences that can influence the expression of genes (see section 1.2.3 for a more precise definition). A major question is how those elements regulate gene expression at a given time. Enhancers are often separated from their target genes by large linear genomic distances and current data supports the model, in which enhancers, in order to exert their regulatory function on genes, are brought into close spatial proximity to their target promoters, which involves formation of a chromatin loop or the enrichment of local contacts (for review of different models of enhancer-gene communication see chapter 1.3.1).

Specific looping between genomic loci is a salient feature of TADs. Indeed, 38% of loopsseen as peaks of contact frequency in a Hi-C map-form between TAD boundaries [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF]. However, the existence of specific loops between functional elements is less evident.

One of the most extensively studied examples of enhancer-promoter interaction is the set of bglobin genes and their enhancer, called locus control region (LCR). LCR interacts strongly via long-range chromatin contacts with its target genes in erythroid cells, where b-globin is expressed and this interaction happens significantly less frequently in cells not expressing bglobin, such as neurons or stem cells [START_REF] Tolhuis | Looping and interaction between hypersensitive sites in the active beta-globin locus[END_REF][START_REF] Palstra | The β-globin nuclear compartment in development and erythroid differentiation[END_REF]. Enhancerpromoter loops were also reported to be frequent in the genome, as 30% of loops identified in human cells using high resolution Hi-C are close to genes and enhancers, and cell-type-specific loops are associated with gene activation [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF].

Chromatin loops were also reported in other contexts than enhancer-promoter interactions. In mESC cells, the cluster of Hox genes repressed by Polycomb complex and marked by inactive histone mark H3K27me3 interacts in 3D with other gene targets repressed by Polycomb [START_REF] Vieux-Rochas | Clustering of mammalian Hox genes with other H3K27me3 targets within an active nuclear domain[END_REF].

Recently, the fine-scale looping interactions have been revealed in mESCs at high resolution using microC, which identified almost 5 times more loops (29 548 loops identified), than with

Hi-C at similar sequencing depth [START_REF] Hsieh | Resolving the 3D Landscape of Transcription-Linked Mammalian Chromatin Folding[END_REF]. Besides enhancer-promoter loops and loops connecting Polycomb-repressed genomic regions, other types of loops have been also identified, including promoter-promoter loops and loops encompassing single genes or intergenic regions.

Mechanism(s) of mammalian TAD formation

The picture emerging from the first studies demonstrating the existence of TADs was that chromatin regions forming TADs could fold into a physically segregated globules, which would explain higher interaction frequency within vs between TADs. However, this view lacked the mechanistic aspect of TAD formation. A variety of mechanistic models, supported by polymer simulations, were proposed and evaluated based on their ability to reproduce contact patterns seen by Hi-C in normal and perturbed situations.

1.1.4.1

The key players of TAD formation A notable feature of mammalian TADs is the presence at their boundaries of CTCF bound with preferential orientation and cohesin (Figure 9; [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF][START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF]. CTCF is an 11-zinc-finger DNA-binding protein, classically described in vertebrates as an insulatori.e. a genomic element able to block enhancer activity [START_REF] Bell | The Protein CTCF Is Required for the Enhancer Blocking Activity of Vertebrate Insulators[END_REF]. Cohesin is a multiprotein complex that in mammals consists of SMC1, SMC3, RAD21, HEAT-A and HEAT-B proteins forming a ring structure that is able to topologically entrap DNA [START_REF] Ivanov | A Topological Interaction between Cohesin Rings and a Circular Minichromosome[END_REF][START_REF] Haering | SnapShot: SMC Protein Complexes Part I[END_REF]. This structural feature of cohesin enables its multiple functions, such as maintenance of sister chromatid cohesion from the S-phase until mitosis during cell cycle [START_REF] Nasmyth | Cohesin: Its Roles and Mechanisms[END_REF].

The functional link between CTCF and cohesin was provided by the observations that CTCF and cohesin co-occupy tens of thousands of sites genome-wide (Figure 9; [START_REF] Parelho | Cohesins Functionally Associate with CTCF on Mammalian Chromosome Arms[END_REF].

However, cohesin has been also found associated elsewhere in the genome, notably at promoters and enhancers, where it colocalizes with its loader protein NIPBL and Mediator components, suggesting a role of cohesin in transcriptional regulation [START_REF] Kagey | Mediator and cohesin connect gene expression and chromatin architecture[END_REF][START_REF] Yan | Transcription Factor Binding in Human Cells Occurs in Dense Clusters Formed around Cohesin Anchor Sites[END_REF].

1.1.4.2 Perturbations of the key players of TAD formation and their effects on genome organization Deletions of CTCF-demarcated TAD boundaries or even a single CTCF site within a boundary can result in fusion of two adjacent TADs into a single domain (Figure 10A; [START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF][START_REF] Lupiáñez | Disruptions of Topological Chromatin Domains Cause Pathogenic Rewiring of Gene-Enhancer Interactions[END_REF][START_REF] Narendra | CTCF establishes discrete functional chromatin domains at the Hox clusters during differentiation[END_REF][START_REF] Sanborn | Chromatin extrusion explains key features of loop and domain formation in wild-type and engineered genomes[END_REF]. Furthermore, inverting a CTCF site to an opposite orientation disrupts the chromatin looping, visible as a loss of a corner peak in Hi-C map (Figure 10B), which suggests that convergent orientation of CTCF sites is crucial for the frequency of their interactions [START_REF] Sanborn | Chromatin extrusion explains key features of loop and domain formation in wild-type and engineered genomes[END_REF]. Acute depletion of CTCF using an auxin-inducible degron (AID) system in mESCs leads to the loss of insulation at majority of TAD boundaries and abrogates the formation of chromatin loops between CTCF sites (Figure 11A; [START_REF] Nora | Targeted Degradation of CTCF Decouples Local Insulation of Chromosome Domains from Genomic Compartmentalization[END_REF][START_REF] Wutz | Topologically associating domains and chromatin loops depend on cohesin and are regulated by CTCF, WAPL, and PDS5 proteins[END_REF].

Following the loss of CTCF, only the inter-TAD interactions seem to be affected, as seen by decreased 3D

distances between inter-TAD DNA FISH probes after CTCF depletion, while distances between intra-TAD probes remain unchanged [START_REF] Nora | Targeted Degradation of CTCF Decouples Local Insulation of Chromosome Domains from Genomic Compartmentalization[END_REF]. The effect of depletion on TAD insulation is strictly dosage-dependent and requires near-complete loss of CTCF, since cells retaining even only 15% of CTCF still display insulation, which suggests that low levels of CTCF are enough to preserve insulation.

Surprisingly, global loss of TAD insulation was reported to have a minimal effect on gene expression measured by RNA-Seq, as only 370 genes are deregulated after 1 day of CTCF depletion, when the loss of TADs is already visible [START_REF] Nora | Targeted Degradation of CTCF Decouples Local Insulation of Chromosome Domains from Genomic Compartmentalization[END_REF]. Interestingly, disruption of TADs does not affect the higher-order segregation of chromatin into A/B compartments, indicating that compartmentalization depends on other than CTCF-mediated mechanisms [START_REF] Nora | Targeted Degradation of CTCF Decouples Local Insulation of Chromosome Domains from Genomic Compartmentalization[END_REF].

Decreased insulation at TAD boundaries was also observed in mESCs with endogenous CTCF depleted and replaced with its inducible version lacking the N-terminus [START_REF] Nora | Molecular basis of CTCF binding polarity in genome folding[END_REF].

Mutated version of CTCF is still able to bind its cognate sites on chromatin, but the level of associated cohesin subunit RAD21 is reduced twofold indicating that retention of cohesin at CTCF sites requires a functional CTCF N-terminus. Indeed, cohesin interacts with CTCF through its N-terminus and convergent orientation of CTCF binding sites seems to enable cohesin translocating on chromatin from the TAD interior towards boundaries, that it first encounters the CTCF N-terminus, since TAD insulation is also perturbed, when the N-and Ctermini of CTCF are switched [START_REF] Nora | Molecular basis of CTCF binding polarity in genome folding[END_REF].

Depletion of cohesin subunit RAD21 using the AID system results in a complete disappearance of TADs and loops (Figure 11B; [START_REF] Rao | Cohesin Loss Eliminates All Loop Domains[END_REF][START_REF] Wutz | Topologically associating domains and chromatin loops depend on cohesin and are regulated by CTCF, WAPL, and PDS5 proteins[END_REF]. The loss of TADs is accompanied by a decrease in genome-averaged contact probability at the scale of tens to hundreds of kilobases, where the intra-TAD contacts typically happen and the frequency of long-range interactions (>10Mb) increases [START_REF] Wutz | Topologically associating domains and chromatin loops depend on cohesin and are regulated by CTCF, WAPL, and PDS5 proteins[END_REF]. Interestingly, the A/B compartments become stronger by 2-fold following the cohesin loss. Despite dramatic loss of TADs and loops, cohesin depletion has only a minor impact on gene expression. Analysis of nascent transcription by PRO-Seq in cohesin-depleted HCT116 cells shows that only 1% of genes not expressed in WT cells becomes ectopically activated in the absence of cohesin, while 87% of genes expressed in WT do not change their expression by more than 30% [START_REF] Rao | Cohesin Loss Eliminates All Loop Domains[END_REF]. Similarly to the loss of cohesin, deletion of cohesin-loading factor NIPBL in mouse liver cells also results in disappearance of TADs and the associated Hi-C peaks, enhanced and finer A/B compartmentalization and modest changes in gene expression measured by RNA-Seq [START_REF] Schwarzer | Two independent modes of chromatin organization revealed by cohesin removal[END_REF].

Depletion of cohesin-unloading factor WAPL leads to several different phenotypes observed in Hi-C maps (Figure 11C; [START_REF] Haarhuis | The Cohesin Release Factor WAPL Restricts Chromatin Loop Extension[END_REF][START_REF] Wutz | Topologically associating domains and chromatin loops depend on cohesin and are regulated by CTCF, WAPL, and PDS5 proteins[END_REF]. Many TADs develop pronounced corner peaks, which are not present in WT cells and globally, more loops can be detected, sometimes manifesting even as grids. The increased number of loops in WAPLdeficient cells is accompanied by an increase in median loop size and TAD size [START_REF] Haarhuis | The Cohesin Release Factor WAPL Restricts Chromatin Loop Extension[END_REF][START_REF] Wutz | Topologically associating domains and chromatin loops depend on cohesin and are regulated by CTCF, WAPL, and PDS5 proteins[END_REF]. Interestingly, those newly emerged loops following WAPL depletion can also be detected in WT cells using aggregate loop analysis, indicating that such loops exist in WT cells, but WAPL depletion increases their frequency in the cell population [START_REF] Wutz | Topologically associating domains and chromatin loops depend on cohesin and are regulated by CTCF, WAPL, and PDS5 proteins[END_REF]. Surprisingly, a large number of loops in WAPL-deficient cells violate the rule of convergent CTCF orientation, with ~30% of identified loops in HeLa cells [START_REF] Haarhuis | The Cohesin Release Factor WAPL Restricts Chromatin Loop Extension[END_REF] and 50.2% of loops in HAP1 cells [START_REF] Wutz | Topologically associating domains and chromatin loops depend on cohesin and are regulated by CTCF, WAPL, and PDS5 proteins[END_REF] being associated with tandem or divergent CTCF sites. WAPL deficiency results also in decrease in intra-TAD contact frequency, increase in inter-TAD contact frequency and decrease in A/B compartmentalization [START_REF] Haarhuis | The Cohesin Release Factor WAPL Restricts Chromatin Loop Extension[END_REF][START_REF] Wutz | Topologically associating domains and chromatin loops depend on cohesin and are regulated by CTCF, WAPL, and PDS5 proteins[END_REF]. Similarly to the loss of CTCF and cohesin, the loss of WAPL has only minor effect on gene expression, with only 1009 genes differentially expressed in HAP1 cells [START_REF] Haarhuis | The Cohesin Release Factor WAPL Restricts Chromatin Loop Extension[END_REF].

In search for a model of TAD formation

Polymer modeling studies first proposed models where TADs could be formed through interactions of chromatin blocks of the same epigenetic states or bound by polyvalent binders that would bind only within a given domain [START_REF] Barbieri | Complexity of chromatin folding is captured by the strings and binders switch model[END_REF][START_REF] Jost | Modeling epigenome folding: formation and dynamics of topologically associated chromatin domains[END_REF]. Although those models could recapitulate features observed in Hi-C experiments, chromatin of different epigenetic states would produce in Hi-C map a 'checkerboard' pattern, characteristic rather for A/B compartments than TADs and more than two thousand types of polyvalent binders would be required to explain all the TADs in the genome. 

C

One proposed mechanism in good agreement with Hi-C data was based on DNA supercoiling [START_REF] Benedetti | Models that include supercoiling of topological domains reproduce several known features of interphase chromosomes[END_REF]. However, the observation that only 10% of boundaries between supercoiling domains coincides with TAD boundaries [START_REF] Naughton | Transcription forms and remodels supercoiling domains unfolding large-scale chromatin structures[END_REF] makes the supercoiling model less plausible.

The list of models of the formation of mammalian loops and TADs presented here is nonexhaustive and more alternative mechanisms have been proposed. However, the successful model should solve two important problems, as discussed in the following section. 1.1.4.4 TAD formation -a 3D problem and a 1D problem

Chromatin is a polymer. As such, many of its structural properties -3D folding, dynamics, contacts -reflect its polymer nature. In particular, this can strongly affect the ability of genomic loci to interact. Ultimately, their ability to 'find' each other in space will be reflected in the fraction of cells in which an interaction occurs, i.e. what a we observe in contact maps. An appropriate model for TAD formation -as a process that operates on a polymer -needs to overcome two challenges:

• Finding partners in 3D: If looping between TAD boundaries bound by CTCF was to rely purely on CTCF-CTCF affinity, the looping could only happen if the boundaries were already close to each other in space, as protein-protein interactions are by nature short-range. Given the size of human TADs -ranging between 40kb and 3Mb [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF], which translates to the spatial distance of 100-150nm [START_REF] Finn | Extensive Heterogeneity and Intrinsic Variation in Spatial Genome Organization[END_REF][START_REF] Dekker | The 3D Genome as Moderator of Chromosomal Communication[END_REF] -encounters of proteins at TAD boundary seem unlikely and too rare in a cell population to explain TADs. Indeed, the polymer nature of chromatin limits the mobility of genomic loci, so that an individual locus can explore only up to 1.5µm of its spatial proximity within 24 hours, which is a length of a typical cell cycle [START_REF] Dekker | The 3D Genome as Moderator of Chromosomal Communication[END_REF]. This means that two CTCF sites separated by 1Mb of the linear genome and 1.4µm in space would rarely have enough time to come in contact by pure diffusion within one cell cycle [START_REF] Dekker | The 3D Genome as Moderator of Chromosomal Communication[END_REF]. Hence, any proposed mechanism relying on diffusion, encounter and affinity seem unlikely to explain how TAD boundary find each other in 3D.

• Integrating information in 1D: Two outstanding questions about TAD formation are (i) how can a single/few CTCF proteins (of a size ~3nm) dictate the contact between genomic regions that are larger in diameter by two orders of magnitude (Figure 12), and

(ii) how would two CTCF molecules colliding in 3D interact -or not -depending on their relative orientation along the long polymer that connect them? [START_REF] Dekker | The 3D Genome as Moderator of Chromosomal Communication[END_REF]. In other words, in both cases, how could the interaction between two monomers depend on the entire polymer between them? These features intrinsically require a 1D mechanism, 'tracking' along the chromatin fiber and 'reading' or 'integrating' information along the polymer sequence.

The loop extrusion mechanism mediated by cohesin and CTCF provides an explanation that solves both the 3D and 1D problems for TAD formation [START_REF] Dekker | The 3D Genome as Moderator of Chromosomal Communication[END_REF]. The process of extrusion itself is onedimensional, but results in facilitated 3D contacts once the loop is formed. Insulation is provided by CTCF bound at the boundary elements and its insulator function ensures that extrusion facilitates spatial contacts only between elements residing in the same TAD and not in different TADs, resulting in enrichment of contacts within.

Different models of loop extrusion explain also how a small protein CTCF can efficiently insulate contact frequency between much larger TADs. Insulation is easy to imagine, when chromatin is drawn as a straight line with the insulating element (red) between two genomic regions (green and blue). However, in 3D the situation is more complicated -the insulating element of small size is able to dictate contacts between genomic regions that are far apart in 3D. [START_REF] Alipour | Self-organization of domain structures by DNA-loopextruding enzymes[END_REF][START_REF] Sanborn | Chromatin extrusion explains key features of loop and domain formation in wild-type and engineered genomes[END_REF][START_REF] Fudenberg | Formation of Chromosomal Domains by Loop Extrusion[END_REF]. According to this model, a ring-like complex, such as cohesin, associates with the chromatin fiber and grows -or extrudes -a loop thanks to a molecular motor activity (Figure 13). The extrusion is stopped by the dissociation of the extruding complex or by its encounter with an occupied CTCF site in a given orientation. As a result, loops are dynamically formed between convergently oriented CTCF sites occupied by CTCF.

In the loop extrusion model, a process of extrusion requires consumption of energy via ATP hydrolysis by a molecular motor, such as cohesin in interphase or condensin during mitosis, which associates with chromatin fiber and progressively moves along it, producing a loop. Such mechanism, termed also 'loop enlargement' [START_REF] Nasmyth | Disseminating the Genome: Joining, Resolving, and Separating Sister Chromatids During Mitosis and Meiosis[END_REF] and 'loop expansion' [START_REF] Kimura | 13S Condensin Actively Reconfigures DNA by Introducing Global Positive Writhe[END_REF] have been suggested already more than two decades ago to be involved in chromosome condensation and segregation of sister chromatids in mammalian cells [START_REF] Alipour | Self-organization of domain structures by DNA-loopextruding enzymes[END_REF][START_REF] Goloborodko | Compaction and segregation of sister chromatids via active loop extrusion[END_REF]. The idea that loop extrusion might be involved in TAD formation emerged later and was initially investigated using theoretical simulations.

In 2012, a model has been proposed in which molecular machines with two DNA binding sites and ability to translocate in cis along DNA can robustly produce chromosomal loops [START_REF] Alipour | Self-organization of domain structures by DNA-loopextruding enzymes[END_REF]. Such machines would require to bind and unbind the DNA molecule to result in a 'stacked' configuration where several machines would be found at the loop anchor and the loop size could be regulated by boundary elements. This model has been speculated to reflect mitotic chromosome condensation by condensins and indeed, polymer modeling have shown that loop extrusion by condensins could organize interphase chromatin into a dense array of consecutive loops [START_REF] Goloborodko | Compaction and segregation of sister chromatids via active loop extrusion[END_REF] which was in quantitative agreement with Hi-C data of human mitotic chromosomes [START_REF] Naumova | Organization of the Mitotic Chromosome[END_REF].

The minimal model of loop extrusion underlying TAD formation have proposed that TADs are formed by multiple exchanging cohesins that are stalled at TAD boundaries [START_REF] Fudenberg | Formation of Chromosomal Domains by Loop Extrusion[END_REF]. Testing this model with polymer simulations reproduced many characteristics of TADs observed by Hi-C. According to the model, TADs seen in Hi-C are an ensemble of multiple loops dynamically formed by extrusion. A similar model of loop extrusion requires additionally that cohesin interacts with CTCF in order to stabilize the loop [START_REF] Sanborn | Chromatin extrusion explains key features of loop and domain formation in wild-type and engineered genomes[END_REF]. The mechanism of loop extrusion explains the experimental observations of (i) enrichment of CTCF and cohesin at TAD boundaries [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF], (ii) enrichment of intra-TAD interactions, (iii) presence of 'corner peaks' at boundaries [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF], (iv) convergent orientation of CTCF binding sites flanking TADs [START_REF] Sanborn | Chromatin extrusion explains key features of loop and domain formation in wild-type and engineered genomes[END_REF], (v) fusions of adjacent TADs following deletion of their boundaries [START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF][START_REF] Sanborn | Chromatin extrusion explains key features of loop and domain formation in wild-type and engineered genomes[END_REF] and (vi) loss or enhancement TADs upon depletion of key molecular players [START_REF] Fudenberg | Formation of Chromosomal Domains by Loop Extrusion[END_REF]

; see chapter 1.1.4.2).
Other hypotheses regarding mechanism of TAD formation by loop extrusion have been put forward [START_REF] Bouwman | Getting the genome in shape: the formation of loops, domains and compartments[END_REF][START_REF] Nichols | A CTCF Code for 3D Genome Architecture[END_REF]. In those models cohesin binds to CTCF occupying one of the borders and then extrudes a single loop until a second border occupied by CTCF is reached (Banigan andMirny, 2020a, 2020b).

Consistent with the hypothesized role of condensin and cohesin, loop extrusion by these two complexes has been observed in vitro using live imaging [START_REF] Ganji | Real-time imaging of DNA loop extrusion by condensin[END_REF][START_REF] Davidson | DNA loop extrusion by human cohesin[END_REF]. The yeast condensin complex is able to locally compact naked l-DNA molecule attached to a surface and upon application of a flow, condensin gradually extends the DNA resulting in an extended DNA structure with two clearly visible DNA strands, consistent with a loop structure (Figure 14; [START_REF] Ganji | Real-time imaging of DNA loop extrusion by condensin[END_REF]. Formation of the loop is strictly ATP-dependent, since loops are not formed neither using the condensin mutant unable to bind ATP nor in the absence of ATP in solution. Furthermore, the extrusion process by condensin seems to be asymmetric, with DNA being reeled in from only one side of the condensin complex, in contrast to theoretical extrusion models [START_REF] Sanborn | Chromatin extrusion explains key features of loop and domain formation in wild-type and engineered genomes[END_REF][START_REF] Fudenberg | Formation of Chromosomal Domains by Loop Extrusion[END_REF].

Using the same approach of attaching l-DNA to a surface and applying a flow, loop extrusion has been also demonstrated for human cohesin [START_REF] Davidson | DNA loop extrusion by human cohesin[END_REF]. Similarly to condensin, cohesin requires ATP to extrude loops, and both condensin and cohesin localize to the anchor of an extruded loop [START_REF] Ganji | Real-time imaging of DNA loop extrusion by condensin[END_REF][START_REF] Davidson | DNA loop extrusion by human cohesin[END_REF], consistently with the enrichment of cohesin at TAD boundaries [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF]. However, unlike condensin, cohesinmediated extrusion is symmetrical and cohesin, beyond ATP, additionally also requires NIPBL [START_REF] Davidson | DNA loop extrusion by human cohesin[END_REF] a protein responsible for cohesin loading onto chromatin [START_REF] Ciosk | Cohesin's Binding to Chromosomes Depends on a Separate Complex Consisting of Scc2 and Scc4 Proteins[END_REF]. Recombinant human cohesin-NIPBL complex has been shown to compact both the naked and nucleosome-containing DNA [START_REF] Kim | Human cohesin compacts DNA by loop extrusion[END_REF], which was later reported also for human condensin [START_REF] Kong | Human Condensin I and II Drive Extensive ATP-Dependent Compaction of Nucleosome-Bound DNA[END_REF].

Perturbation experiments reviewed in chapter 1.1.4.2 support the model, where TADs are formed by loop extrusion. Consistently with this model, depletion of CTCF only leads to the disappearance of TAD boundaries, but not the local enrichment of contact. Indeed, the extruding factor -cohesin -is still loaded onto chromatin and extrudes loops, but without being stopped by CTCF anymore [START_REF] Nora | Targeted Degradation of CTCF Decouples Local Insulation of Chromosome Domains from Genomic Compartmentalization[END_REF]. On the other hand, depletion of cohesin or its loader NIPBL results in a complete loss of TADs and chromatin loops, since there is no factor to perform extrusion [START_REF] Rao | Cohesin Loss Eliminates All Loop Domains[END_REF][START_REF] Schwarzer | Two independent modes of chromatin organization revealed by cohesin removal[END_REF]. WAPL removes cohesin from chromatin, therefore depletion of WAPL disrupts the cohesin turnover, resulting in longer loops due to prolonged extrusion and accumulation of cohesin on chromatin, visible as accumulation of loops on Hi-C maps [START_REF] Haarhuis | The Cohesin Release Factor WAPL Restricts Chromatin Loop Extension[END_REF]. Interestingly, depletion of CTCF does not lead to a complete disappearance of all TADs borders, indicating that other factors and sequences that CTCF may constitute a roadblock for extrusion [START_REF] Nora | Targeted Degradation of CTCF Decouples Local Insulation of Chromosome Domains from Genomic Compartmentalization[END_REF].

TADs in single cells

A central question about TADs is whether they represent only a statistical feature observable in population-averaged Hi-C contact maps and whether they exist in single cells.

The first single-cell Hi-C study in mouse T cells provided some initial insights into this question, suggesting that large-scale features observed in population-averaged Hi-C, such as preferential intra-chromosomal interactions and A/B compartments can be observed in sparse, low-complexity matrices created from a pool of 60 single cells [START_REF] Nagano | Single-cell Hi-C reveals cell-to-cell variability in chromosome structure[END_REF]. Statistical analysis of ratios between intra-vs inter-TAD interaction frequency (with TAD positions inferred from regular Hi-C done on the same cell population) showed approximately 2-fold enrichment at the scale of 100kb-1Mb [START_REF] Nagano | Single-cell Hi-C reveals cell-to-cell variability in chromosome structure[END_REF], which is consistent with observations from population-averaged Hi-C data. Subsequent single-cell Hi-C data revealed considerable stochasticity in contacts at the scale of TADs, with clusters of contacts expanding beyond the population Hi-C-defined TAD boundaries, but averaging into TADs when observed in pooled cells, which suggests substantial cell-to-cell variability between TADs and loops and supporting the notion that TADs visible in Hi-C maps represent a population of variable loops present in single cells [START_REF] Flyamer | Single-nucleus Hi-C reveals unique chromatin reorganization at oocyte-to-zygote transition[END_REF][START_REF] Stevens | 3D structures of individual mammalian genomes studied by singlecell Hi-C[END_REF].

Studying individual nuclear structures with single cell Hi-C poses several challenges linked to the low resolution and coverage of this technique. Moreover, for each genomic position only one interaction can be studied at a time, which makes it impossible to take into account the spatial relationships. Microscopy approaches being inherently single-cell can overcome this last limitation and have already provided visual evidence of domain-like genome organization in individual cells and agree with findings from single-cell Hi-C.

Chromatin tracing using Oligopaints technology combined with super-resolution microscopy has revealed the existence of globular structures that can be physically segregated in individual cells [START_REF] Bintu | Super-resolution chromatin tracing reveals domains and cooperative interactions in single cells[END_REF]. The genomic positions of boundaries between these globules vary extensively from one cell to another, yet they exhibit a clear preference for CTCF binding sites.

Interestingly, globular structures somewhat persist following cohesin depletion using the AID system, but (i) they are globally less frequent and dense, and (ii) the preferential positioning of their boundaries to CTCF sites is lost. This suggests that, in the absence of cohesin, chromatin may behave as homogenous random polymer, in which one expects to observe randomly positioned globules. Unfortunately, the data was not examined in this light and compared to the null model of a random polymer [START_REF] Bintu | Super-resolution chromatin tracing reveals domains and cooperative interactions in single cells[END_REF].

Recently, the heterogeneity of TADs and their boundaries in single cells have been studied also with Oligopaints and super-resolution microscopy [START_REF] Luppino | Cohesin promotes stochastic domain intermingling to ensure proper regulation of boundary-proximal genes[END_REF][START_REF] Szabo | Regulation of single-cell genome organization into TADs and chromatin nanodomains[END_REF].

Contacts across TAD boundaries seem to be a widespread feature of the human genome, as two pairs of adjacent TADs on chromosomes 12 and 22 in HCT116 cells have been found to intermingle extensively with frequent interactions across the boundary [START_REF] Luppino | Cohesin promotes stochastic domain intermingling to ensure proper regulation of boundary-proximal genes[END_REF].

Furthermore, the intermingling behavior of TADs following depletion of CTCF, cohesin, NIPBL and WAPL agrees with the predictions from Hi-C data and loop extrusion model. In the absence of CTCF the adjacent TADs intermingle more, consistently with the loss of boundary insulation and increase in the inter-TAD interaction frequency [START_REF] Luppino | Cohesin promotes stochastic domain intermingling to ensure proper regulation of boundary-proximal genes[END_REF][START_REF] Szabo | Regulation of single-cell genome organization into TADs and chromatin nanodomains[END_REF]. On the contrary, after depleting either cohesin subunit RAD21 or cohesin loader NIPBL, the TADs exhibit less intermingling and higher spatial separation [START_REF] Luppino | Cohesin promotes stochastic domain intermingling to ensure proper regulation of boundary-proximal genes[END_REF][START_REF] Szabo | Regulation of single-cell genome organization into TADs and chromatin nanodomains[END_REF]. This is fully consistent with the idea that, although both CTCF and RAD21/NIPBL depletions lead to TAD loss, the latter abrogates loop extrusion and hence diminishes local contacts, while in the former case, extrusion still operate and promotes local contacts even between regions that would normally be insulated by CTCF (see section 1.1.4.2).

Depletion of WAPL results in more TAD intermingling and greater spatial overlap, consistently with the increase in TAD size and loop strength [START_REF] Luppino | Cohesin promotes stochastic domain intermingling to ensure proper regulation of boundary-proximal genes[END_REF].

Open question: What is the functional relevance of TADs in single cells?

Investigation of population-defined TADs in single cells using Hi-C [START_REF] Nagano | Single-cell Hi-C reveals cell-to-cell variability in chromosome structure[END_REF] and microscopy [START_REF] Wang | Spatial organization of chromatin domains and compartments in single chromosomes[END_REF][START_REF] Bintu | Super-resolution chromatin tracing reveals domains and cooperative interactions in single cells[END_REF][START_REF] Luppino | Cohesin promotes stochastic domain intermingling to ensure proper regulation of boundary-proximal genes[END_REF][START_REF] Szabo | Regulation of single-cell genome organization into TADs and chromatin nanodomains[END_REF] revealed that TADs do not seem to exist in individual cells and appear only, when observations from many cells are averaged. This raises a question of the functional relevance of these structures in single cells. Since within a population there is no communication between different cells with respect to the genome structure, how come that some features are detected more frequently than others?

A possible explanation could be linked to the fact, that these approaches all rely on cell fixation, thus they provide a static view of dynamic processes happening inside nuclei. Therefore, what we observe in Hi-C and under the microscope is an assembly of single snapshots of what occurs in cell population. Adding the time dimension to the picture could, at least partially, resolve this problem. According to the loop extrusion model, TAD formation is stochastic by nature (see section 1.2.5), meaning that TADs are constantly and dynamically reformed in single cells. Thus, if it was possible to observe conformations in single cells over time and integrate (i.e. sum) the interactions over time, it cannot be ruled out that TADs in single cells could be observed as dynamic structures. This would mean that these structures may exist in single cells and thus have a biological relevance.

TRANSCRIPTIONAL REGULATION OF GENE EXPRESSION

The execution of many biological processes, such as development, cell differentiation, proliferation and apoptosis, requires proper spatial and temporal patterns of gene expression.

Misregulation of these patterns can often leads to disease [START_REF] Lee | Transcriptional regulation and its misregulation in disease[END_REF].

The human genome encodes ~20,000 of protein-coding genes, according the current estimations [START_REF] Salzberg | Open questions: How many genes do we have?[END_REF], and over 1 million of non-coding regulatory elements (The ENCODE Project Consortium et al., 2020) which govern when and where genes will be expressed. The expression of a eukaryotic gene can be regulated at several steps, including transcription initiation and elongation, RNA processing, transport, translation and RNA and protein decays. However, a large part of the regulatory events happen at the level of transcription initiation [START_REF] Maston | Transcriptional Regulatory Elements in the Human Genome[END_REF]. Transcription of all protein-coding genes and many non-coding sequences is performed by RNA polymerase II (Pol II). The genes transcribed by Pol II typically have two groups of sequences acting in cis: (i) promoters with proximal regulatory elements and (ii) distal regulatory elements -enhancers, silencers and insulators.

These sequences contain binding sites for DNA-binding transcription factors (TFs), which regulate gene expression in trans by increasing or decreasing transcription.

Historical aspects of studying gene expression

Our current understanding of how heritable traits are passed from one generation to another comes from the principles first proposed by Gregor Mendel [START_REF] Mendel | Versuche über Plflanzenhybriden[END_REF]. Based on his works on inheritance of dominant and recessive traits in pea plants over several generations, he proposed that inheritance involves the passing of 'discrete units of inheritance' (or genes, as we know them today) from parents to offspring. He also proposed that, during reproduction, the inherited units must separate into reproductive cells (the principle of segregation) and that different units are inherited independently (the principle of independent assortment). Few decades later, Mendel's discrete units of inheritance were called 'genes' by Wilhelm Johannsen [START_REF] Johannsen | Elemente der exakten Erblichkeitslehre[END_REF].

In 1940s, thanks to the experiments on bacterial transformation, it became known that not proteins, but DNA was the carrier of genetic information [START_REF] Avery | STUDIES ON THE CHEMICAL NATURE OF THE SUBSTANCE INDUCING TRANSFORMATION OF PNEUMOCOCCAL TYPES : INDUCTION OF TRANSFORMATION BY A DESOXYRIBONUCLEIC ACID FRACTION ISOLATED FROM PNEUMOCOCCUS TYPE III[END_REF]. The structure of DNA was studied by Rosalind Franklin, who used X-ray diffraction methods to determine the helical conformation of DNA. Her works laid grounds for Watson and Crick to suggest, that DNA is a linear molecule -a double helix of two DNA strands with paired sequences of nucleotides [START_REF] Watson | Molecular structure of nucleic acids; a structure for deoxyribose nucleic acid[END_REF]. Experiments by Benzer later showed that genes correspond to linear sections of DNA [START_REF] Benzer | FINE STRUCTURE OF A GENETIC REGION IN BACTERIOPHAGE[END_REF].

In 1950s, the connection between genes and proteins was already established, thanks to the works on the eye coloring in Drosophila. George Beadle and Boris Ephrussi, by transplanting the eye tissue from mutant white-eyed flies to wild-type red-eyed flies, could observe that the mutant tissue could develop the WT phenotype, which led them to hypothesize that products of genes responsible for eye coloring (enzymes) can diffuse from WT to the mutant tissue to correct for the mutant phenotype (Beadle andEphrussi, 1936, 1937). However, not much was known about the molecular nature of RNA at that time, except that it was a nucleic acid found mostly in the cytoplasm, containing ribose instead of deoxyribose and uracil instead of thymine [START_REF] Darnell | RNA: life's indispensable molecule[END_REF].

The discovery of RNA as an intermediate between DNA and proteins came from virology. The earliest studied viruses were those from plants and they were found to consist of proteins and RNA, but not DNA. However, it was known that viruses possessed a 'genetic' capacity, since they were able to cause the production of more viruses able to infect plant leaves. Reconstitution of tobacco mosaic virus (TMV) using purified RNA from ribgrass mosaic virus (HR) and protein coat from regular TMV strain resulted in production of viruses with HR characteristics, and doing the inverse produced viruses with regular TMV characteristics [START_REF] Fraenkel-Conrat | Virus reconstitution[END_REF][START_REF] Fraenkel-Conrat | Virus reconstitution[END_REF]. These experiments proved that RNA carries all the information necessary for production of viral proteins with no involvement of DNA.

In the following years, development of cellular fractionation methods and electron microscopy have led to separation and visualization of endoplasmic reticulum (initially named microsomes). The reticulum was found to contain particles consisting of RNAs and proteins and was identified as a cellular compartment, where protein synthesis occurs by incorporation of amino acids [START_REF] Darnell | RNA: life's indispensable molecule[END_REF]. The protein-producing particles were later named ribosomes and tRNAs were identified as the RNA species responsible of incorporation of amino acids into a polypeptide [START_REF] Hoagland | Intermediate reactions in protein biosynthesis[END_REF][START_REF] Hoagland | A soluble ribonucleic acid intermediate in protein synthesis[END_REF].

It was due to the works of bacterial geneticists Francois Jacob and Jacques Monod, that mRNAs were discovered and the field of gene regulation emerged. By studying different E. coli mutants of b-galactosidase pathway, they described what they called the lac operon, consisting of two types of genes -structural genes responsible for protein production and regulatory gene responsible for controlling the expression of structural genes [START_REF] Jacob | Genes of structure and genes of regulation in the biosynthesis of proteins[END_REF]. They envisioned that for efficient regulation of genes of the lac operon and for expression of their protein products, an unstable short-lived 'messenger' molecule must exist that can translocate from regulatory to structural genes and from structural genes inside the nucleus to ribosomes in the cytoplasm [START_REF] Jacob | Genetic regulatory mechanisms in the synthesis of proteins[END_REF]. This molecule has been later confirmed to be RNA and termed messenger RNA [START_REF] Brenner | An Unstable Intermediate Carrying Information from Genes to Ribosomes for Protein Synthesis[END_REF].

The 'Central dogma of Molecular Biology' (transfer of information from DNA through RNA to proteins; [START_REF] Crick | On protein synthesis[END_REF] that emerged from bacterial genetics and biochemistry prompted many questions regarding the nature of the processes involved. It was discovered that the information regarding protein structure is encoded in DNA sequence and that genetic code governs which triplets of nucleotides correspond to which amino acids [START_REF] Nirenberg | The dependence of cell-free protein synthesis in E. coli upon naturally occurring or synthetic polyribonucleotides[END_REF][START_REF] Nirenberg | The RNA code and protein synthesis[END_REF]. Description of RNA polymerases in bacteria [START_REF] Stevens | Incorporation of the adenine ribonucleotide into RNA by cell fractions from E. coli B[END_REF][START_REF] Hurwitz | The Enzymatic Incorporation of Ribonucleotides into RNA and the Role of DNA[END_REF] and later in eukaryotes [START_REF] Roeder | Multiple forms of DNA-dependent RNA polymerase in eukaryotic organisms[END_REF] have helped to understand how the information encoded in DNA is read and copied to RNA.

By the 1980s it was already known that in eukaryotes Pol II could initiate transcription from a precise position within a gene promoter, with the help of general transcription factors. However, the regulatory mechanisms and actors involved in transcriptional regulation were largely unknown [START_REF] Darnell | RNA: life's indispensable molecule[END_REF]. Furthermore, DNA was known to exist in a form of chromatin, which was believed to be inaccessible to transcription. It was thus of high interest to identify the regulatory DNA sequences, their associated proteins and to understand the role of chromatin in regulating gene transcription.

The first step was the recognition of hundreds of transcription factors acting positively as transcription activators and/or negatively as repressors, as well as other protein components associating with transcription factors through protein-protein interactions -coactivators and corepressors. Later on, histone modifications and chromatin remodeling with their influence on transcription came into light, leading to the field of epigenetics gain momentum, which continues nowadays.

Mechanism of eukaryotic transcription

Gene expression in eukaryotes starts with transcription, i.e. copying of a DNA sequence into an RNA transcript by Pol II. However, initiation of transcription is preceded by a chain of events, which include chromatin remodeling and histone modifications, recruitment of TFs and coregulators to enhancers and promoters and assembly of the pre-initiation complex (PIC) at the core promoter sequences [START_REF] Haberle | Eukaryotic core promoters and the functional basis of transcription initiation[END_REF]. Initiation of transcription happens within the promoter, located at the 5' end of each gene at a genomic position called the transcription start site (TSS). The sequences immediately surrounding the TSS (~50bp upstream and downstream) constitute the core promoter, which serves as a platform for the assembly of the PIC through binding of the transcriptional machinery comprising of Pol II and its associated general transcription factors (GTFs) -TFIIA (transcription factor, RNA polymerase II, A), TFIIB, TFIID, TFIIE, TFIIF, and TFIIH [START_REF] Hampsey | Molecular genetics of the RNA polymerase II general transcriptional machinery[END_REF]. Core promoters are sufficient to drive basal levels of transcription, which can be further suppressed by chromatin structure or activated by distal enhancers [START_REF] Haberle | Eukaryotic core promoters and the functional basis of transcription initiation[END_REF].

The assembly of the PIC is thought to happen in a sequential manner -first TFIID, then TFIIA and TFIIB, Pol II-TFIIF complex, TFIIE, TFIIH (reviewed in [START_REF] Sainsbury | Structural basis of transcription initiation by RNA polymerase II[END_REF] -although a strict sequential order is unlikely [START_REF] Esnault | Mediator-dependent recruitment of TFIIH modules in preinitiation complex[END_REF][START_REF] Sikorski | The basal initiation machinery: beyond the general transcription factors[END_REF][START_REF] Coulon | Kinetic competition during the transcription cycle results in stochastic RNA processing[END_REF][START_REF] Baek | Single molecule studies reveal branched pathways for activator-dependent assembly of RNA polymerase II pre-initiation complexes[END_REF]biorXiv) pausing [START_REF] Core | Transcription Regulation Through Promoter-Proximal Pausing of RNA Polymerase II[END_REF]. The release from pausing is mediated by phosphorylation of

Pol II CTD at Ser2, which leads to productive elongation.

Core promoter structure

The structure of a core promoter can be considered at the level of its sequence and its protein composition. Regarding the sequence, the core promoter consists of a range of canonical elements which are bound by different GTFs during assembly of the PIC (Figure 15). Initially, core promoters of Pol II-transcribed genes were believed to be invariant, however, they exhibit considerable structural and functional diversity and there is no universal core promoter architecture found in all promoters [START_REF] Smale | Core promoters: active contributors to combinatorial gene regulation[END_REF][START_REF] Butler | The RNA polymerase II core promoter: a key component in the regulation of gene expression[END_REF].

The first identified core promoter element was the TATA box, which consensus sequence was determined by comparing 5' flanking regions of Drosophila, mammalian, and viral proteincoding genes [START_REF] Breathnach | Organization and Expression of Eucaryotic Split Genes Coding for Proteins[END_REF]. TATA box is located 25-30bp upstream of the TSS and its recognition by the TBP (TATA binding protein) subunit of TFIID (Figure 15; [START_REF] Burley | Biochemistry and structural biology of transcription factor IID (TFIID)[END_REF] constitutes the first step of the PIC assembly. Mutations within TATA box reduce or abolish transcription initiation and prevent the proper positioning of TSS [START_REF] Smale | Core promoters: active contributors to combinatorial gene regulation[END_REF]. The BRE motifs act in conjunction with TATA box and can be located immediately upstream or downstream of it (Figure 15; [START_REF] Kadonaga | Perspectives on the RNA polymerase II core promoter: Perspectives on the RNA polymerase II core promoter[END_REF]. BRE motifs are recognized by TFIIB [START_REF] Deng | A core promoter element downstream of the TATA box that is recognized by TFIIB[END_REF] and have been shown to have both positive and negative influence on basal transcriptional activity [START_REF] Lagrange | New core promoter element in RNA polymerase II-dependent transcription: sequence-specific DNA binding by transcription factor IIB[END_REF][START_REF] Evans | Activator-mediated disruption of sequence-specific DNA contacts by the general transcription factor TFIIB[END_REF].

The initiator (Inr) encompasses the TSS (Figure 15) and has been identified as a core promoter element functionally similar to TATA box, but able to act independently in the absence of TATA box [START_REF] Smale | The "initiator" as a transcription control element[END_REF]. The synergistic transcriptional activation between Inr and TATA box depend on the distance separating them -synergy is observed only if the distance is lower than 25-30bp and above this distance Inr and TATA box act independently (O'Shea-Greenfield and [START_REF] O'shea-Greenfield | Roles of TATA and initiator elements in determining the start site location and direction of RNA polymerase II transcription[END_REF]. Similarly to TATA box, the Inr is recognized by TFIID [START_REF] Chalkley | DNA binding site selection by RNA polymerase II TAFs: a TAF(II)250-TAF(II)150 complex recognizes the initiator[END_REF]. The +1 adenine within the Inr consensus sequence is typically used to indicate the position of the TSS [START_REF] Kadonaga | Perspectives on the RNA polymerase II core promoter: Perspectives on the RNA polymerase II core promoter[END_REF].

The downstream promoter element (DPE) is located precisely 28-32bp downstream of TSS, and this position is critical for efficient initiation of transcription and cooperative binding of TFIID to both DPE and Inr (Figure 15; [START_REF] Kutach | The downstream promoter element DPE appears to be as widely used as the TATA box in Drosophila core promoters[END_REF]. DPE is typically found in TATA-less promoters, where it acts synergistically with the Inr as a downstream counterpart to TATA box and [START_REF] Burke | Drosophila TFIID binds to a conserved downstream basal promoter element that is present in many TATA-box-deficient promoters[END_REF]. However, in contrast to the TATA box, the DPE cannot act independently of the Inr [START_REF] Smale | The RNA Polymerase II Core Promoter[END_REF]. The MTE motif is located immediately upstream of the DPE (Figure 15) and also required Inr for its function. It acts synergistically with TATA box or DPE, but can also compensate for mutations in either of those two elements [START_REF] Lim | The MTE, a new core promoter element for transcription by RNA polymerase II[END_REF].

Statistical analysis of 10,664 human promoters revealed that there are no universal core promoter elements and that core promoter architectures can exhibit significant diversity with Inr present in ~50% of promoters, TATA box in 10-20%, DPE and BRE in ~25%, and ~25%

of promoters not associated with any of these canonical elements [START_REF] Gershenzon | Synergy of human Pol II core promoter elements revealed by statistical sequence analysis[END_REF]. Consistently, other core promoter sequences have been discovered (reviewed in [START_REF] Haberle | Eukaryotic core promoters and the functional basis of transcription initiation[END_REF]. The sequence diversity within core promoters might be functionally involved in combinatorial gene regulation pathways by providing platforms for cooperative action of different TFs bound to promoters and enhancers [START_REF] Smale | The RNA Polymerase II Core Promoter[END_REF]. For example, in Drosophila Hox gene scluster, the AE1 enhancer selectively activates expression of the ftz gene, despite being equidistant to both ftz and another gene Scr [START_REF] Ohtsuki | Different core promoters possess distinct regulatory activities in the Drosophila embryo[END_REF]. The ftz promoter contains the TATA box, while the Scr promoter possesses Inr and DPE elements and analysis of several transgenic lines has revealed that AE1 preferentially activates genes, the promoters of which contain the TATA box.

Polymerases

In eukaryotic cells, three DNA-dependent RNA polymerases -Pol I, Pol II and Pol III are responsible for transcription of different classes of genes. They all seem to have evolved from subunits, respectively and their molecular weights 589, 514, and 693 kDa, respectively [START_REF] Cramer | Structure of Eukaryotic RNA Polymerases[END_REF]. Ten subunits constitute the structural core, conserved between the three polymerases, while additional subunits are specific.

Pol I is the most specialized of the three. It is responsible for the production of only a single transcript, named precursor ribosomal RNA (rRNA) from ribosomal DNA (rDNA) sequences, present in ~600 copies in the nucleolus. rRNAs represents 60% of the total nascent RNAs in the nucleus and undergoes processing and maturation into 18S, the 5.8S, and the 28S RNA molecules -the constituents of ribosomes [START_REF] Engel | RNA polymerase I structure and transcription regulation[END_REF]. Pol II transcribes a wide diversity of transcripts: all protein-coding mRNAs, long non-coding RNAs and many small RNAs, including microRNAs, siRNAs and snoRNAs. Pol III uniquely synthesizes short RNAs, most of which are tRNAs, but also 5S rRNA, U6 snRNA and SINES [START_REF] Dieci | The expanding RNA polymerase III transcriptome[END_REF][START_REF] White | Transcription by RNA polymerase III: more complex than we thought[END_REF].

Plants, on top of polymerases I, II and III, have evolved two additional multisubunit RNA polymerases -Pol IV and Pol V, which orchestrate non-coding RNA-mediated gene and transposon silencing during development or anti-viral defenses [START_REF] Haag | Multisubunit RNA polymerases IV and V: purveyors of non-coding RNA for plant gene silencing[END_REF].

These two polymerases are specific to plant kingdom and have evolved from Pol II to perform plant-specific gene silencing [START_REF] Ream | Subunit Compositions of the RNA-Silencing Enzymes Pol IV and Pol V Reveal Their Origins as Specialized Forms of RNA Polymerase II[END_REF].

Transcription factors

The regulation of transcription is mediated by transcription factors (TFs), which are proteins that can bind to DNA in a sequence-specific manner and influence the amount of mRNAs produced by a gene via recruitment of cofactors or direct interactions with Pol II and/or GTFs [START_REF] Lambert | The Human Transcription Factors[END_REF]. These interactions are determined by modular structure of TFs, which allows them to associate with each other to form homodimers and heterodimers [START_REF] Maston | Transcriptional Regulatory Elements in the Human Genome[END_REF]. By activating/repressing transcription, TFs determine the spatiotemporal patterns of gene expression throughout the life of a cell and organism. TFs can act in groups to coordinately direct cell growth, division and apoptosis, establishment of a body plan during development, or act intermittently in response to external stimuli, such as hormones [START_REF] Lambert | The Human Transcription Factors[END_REF].

There are ~1600 TFs in the human genome and they represent ~8% of all the genes [START_REF] Lambert | The Human Transcription Factors[END_REF]. Mutations in TF binding domains are often highly deleterious and coding sequences of these domains are thus depleted of genetic variations [START_REF] Barrera | Survey of variation in human transcription factors reveals prevalent DNA binding changes[END_REF].

Several families of TFs exist, based on either structural features related to their DNA-binding domains -e.g. homeodomain, zinc finger proteins, basic helix-loop-helix, basic leucine zipper families-or their function and evolutionary relationship -e.g. nuclear receptors.

I emphasize here, in Box 2 and Box 3, two families of TFs, which relate more directly to my work. Indeed, chapter II will describe the study of the regulation by a nuclear receptor, the estrogen receptor α (ERα), of several genes coding for AP-1 family TFs.

An important subgroup of TFs are also the so-called pioneer TFs. In eukaryotic cells, DNA is wrapped around core histones, which often prevents the TF binding. In order for the binding to happen, nucleosomes must be actively displaced. Pioneer TFs are believed to have the ability to directly bind to nucleosome-wrapped DNA to facilitate nucleosome displacement, which results in chromatin opening and subsequent binding of other TFs [START_REF] Zaret | Pioneer transcription factors: establishing competence for gene expression[END_REF].

The known pioneer factor for ERα regulated genes is FOXA1 [START_REF] Hurtado | FOXA1 is a key determinant of estrogen receptor function and endocrine response[END_REF].

Box 2 The superfamily of nuclear receptors

The nuclear receptor (NR) superfamily groups a wide range of TFs involved in various important biological processes, such as development, growth, metabolism, and maintenance [START_REF] Kininis | A global view of transcriptional regulation by nuclear receptors: gene expression, factor localization, and DNA sequence analysis[END_REF]. Currently, the superfamily includes 7 subfamilies (NR0-6), that can be classified based on their phylogeny (Figure 16) and consisting of total 48 members in humans [START_REF] Weikum | The nuclear receptor superfamily: A structural perspective[END_REF]. Most NRs are activated endogenously by small lipophilic ligands, such as hormones or vitamins, and a subset on NRs falls under the category of 'orphan NRs', for which the ligands have not yet been described [START_REF] Mullican | The orphan nuclear receptors at their 25-year reunion[END_REF]. Binding of a ligand induces conformational changes of the receptor, which in turn binds to specific DNA sequences throughout the genome to regulate gene expression through recruitment of coregulators, chromatin remodelers and transcriptional machinery [START_REF] Pawlak | General molecular biology and architecture of nuclear receptors[END_REF].

Despite a diversity of shapes, sizes and ligands, NRs share a conserved structure characterized by functional domains with distinct roles in NR biology [START_REF] Weikum | The nuclear receptor superfamily: A structural perspective[END_REF]: (1) disordered N-terminal domain (NTD), which contains the activator Function-1 region (AF-1) responsible for protein-protein interactions with coregulators, (2)

DNA binding domain (DBD), which is the most conserved among all NRs and binds to DNA through its dimeric zing-finger structure, (3) hinge region, which is the least conserved between the NRs and is involved in conformational changes after ligand binding, (4) ligand binding domain (LBD) is a complex allosteric signaling domain responsible for binding of respective ligands and interactions with coregulators through the AF-2 region. Estrogen receptors (ERs) belong to the steroid receptors subfamily of NRs and were the first receptors ever discovered for any hormone [START_REF] Fuentes | Estrogen receptor signaling mechanisms[END_REF]. There are three estrogen receptors -nuclear receptors ERa, ERb and membrane receptor GPER1. As members of the NR superfamily, the structures ERa and ERb are composed of domains with different functions -NTD, DBD, hinge and LBD. The main difference between ERa and ERb is that the NTD of ERb is shorter than the one of ERa. ERα and ERβ act as ligand-activated transcription factors -upon binding of estradiol in the cytoplasm, conformational changes occur, including ER dimerization (Le [START_REF] Le Dily | Signaling by Steroid Hormones in the 3D Nuclear Space[END_REF]. This complex is then translocated to the nucleus, where it binds to the chromatin at estrogen-responsive elements (EREs) located primarily within enhancers [START_REF] Klinge | Estrogen receptor interaction with estrogen response elements[END_REF].

Box 3 The AP-1 family of transcription factors

Much of our current knowledge about TFs and their mechanisms of action comes from studies of activator protein 1 (AP-1) -one of the first discovered mammalian transcription factors [START_REF] Lee | Activation of transcription by two factors that bind promoter and enhancer sequences of the human metallothionein gene and SV40[END_REF]. The AP-1 complex is involved in a wide range of cellular processes, including proliferation, differentiation, apoptosis and oncogenic transformation and mediates gene expression by responding to plethora of physiological and pathological stimuli, including cytokines, growth factors, stress signals and oncogenic stimuli [START_REF] Hess | AP-1 subunits: quarrel and harmony among siblings[END_REF]. AP-1 collectively describes a group of structurally and functionally related bZIP domain proteins, which can form dimers composed of members of the JUN family (JUN, JUNB and JUND) together with FOS family (FOS, FOSB, FRA1 and FRA2), ATF (ATF1-7, BATF, BATF2, BATF3) or JDP (JDP1, JDP2) subfamilies. The ATF and JDP subfamilies share structural similarities and form heterodimers predominantly with JUN [START_REF] Hess | AP-1 subunits: quarrel and harmony among siblings[END_REF]. The AP-1 dimer binds to TPA-response element (TRE) with the consensus sequence 5′-TGAG/CTCA-3′ -so called because of strong induction of AP-1 binding by the tumor promoter 12-O-tetra-decanoylphorbol-13-acetate (TPA). Additionally, binding of AP-1 to TRE can be induced by growth factors, cytokines and oncoproteins [START_REF] Hess | AP-1 subunits: quarrel and harmony among siblings[END_REF].

The regulation of AP-1 activity is complex and occurs at multiple levels, starting from the dimer composition through transcriptional and post-translational control to interactions with other proteins and response to external stimuli. JUN proteins exist as both homo-and heterodimers, whereas FOS can only form heterodimers with JUN [START_REF] Halazonetis | c-Jun dimerizes with itself and with c-Fos, forming complexes of different DNA binding affinities[END_REF][START_REF] Eferl | AP-1: a double-edged sword in tumorigenesis[END_REF]. The JUN/FOS heterodimer acts as a transcriptional activator [START_REF] Hess | AP-1 subunits: quarrel and harmony among siblings[END_REF], whereas JUN/JDP2 heterodimer has repressive activity [START_REF] Aronheim | Isolation of an AP-1 repressor by a novel method for detecting protein-protein interactions[END_REF][START_REF] Jin | JDP2, a repressor of AP-1, recruits a histone deacetylase 3 complex to inhibit the retinoic acid-induced differentiation of F9 cells[END_REF].

The JUN/ATF heterodimers do not bind preferentially to TRE, but have more affinity to cAMP-responsive element (CRE) with a different consensus sequence [START_REF] Hai | Cross-family dimerization of transcription factors Fos/Jun and ATF/CREB alters DNA binding specificity[END_REF]. At the level of transcription, JUN is positively regulated by AP-1 and mutations in AP-1 binding site upstream of JUN abolish the TPA-mediated JUN transcription [START_REF] Angel | The jun proto-oncogene is positively autoregulated by its product, Jun/AP-1[END_REF]. At the post-translational level in response to external factors, various components of AP-1 have been shown to be phosphorylated in order to activate transcription of the AP-1 target genes (reviewed in [START_REF] Hess | AP-1 subunits: quarrel and harmony among siblings[END_REF][START_REF] Gazon | Hijacking of the AP-1 Signaling Pathway during Development of ATL[END_REF].

AP-1 has been linked to cancer and cellular growth following the discoveries that JUN and FOS are cellular homologs of viral oncoproteins [START_REF] Curran | Fos and jun: The AP-1 connection[END_REF]. When overexpressed in mice, Fos causes osteosarcoma [START_REF] Wang | A novel target cell for c-fos-induced oncogenesis: development of chondrogenic tumours in embryonic stem cell chimeras[END_REF] and overexpression of JUN in breast cancer cells MCF7 leads to formation of highly invasive and hormone-resistant tumors [START_REF] Smith | cJun overexpression in MCF-7 breast cancer cells produces a tumorigenic, invasive and hormone resistant phenotype[END_REF].

Transcriptional cofactors

Transcriptional regulation happens through the binding of TFs to their cognate regulatory elements within the genome, which in turn recruit cofactors that modulate chromatin structure and gene activity. Cofactors can function in enzymatic, or non-enzymatic manner. Nonenzymatic cofactors include Mediator complex, among others. Enzymatic cofactors group histone-modifying proteins (described in chapter 1.2.3.1.1) and chromatin remodeling complexes (for review see [START_REF] Wang | Interplay between cofactors and transcription factors in hematopoiesis and hematological malignancies[END_REF]. For instance, p300 and CBP are enzymatic cofactors that participate in the modification of histone marks at enhancers during transcriptional activation (see section 1.2.3.1.1).

The Mediator complex is a large macromolecular complex that bridges TFs bound to enhancers with the Pol II engaged in the PIC at promoters. The mediator is composed of 26 subunits in mammals, which provides versatility in gene regulation, because different TFs can bind different mediator subunits [START_REF] Allen | The Mediator complex: a central integrator of transcription[END_REF]. This composition is not constant across different cell types and conditions -Mediator complexes lacking one or more core subunits have been isolated [START_REF] Allen | The Mediator complex: a central integrator of transcription[END_REF] and such complexes cannot transduce the signal from TFs that would normally bind the missing subunits. For example, thyroid hormone receptor (TR) binds MED1/TRAP220 subunit of Mediator [START_REF] Fondell | Ligand induction of a transcriptionally active thyroid hormone receptor coactivator complex[END_REF] andMED1 knockout in mouse cells inhibits activation of TR-responsive genes [START_REF] Ito | Involvement of the TRAP220 Component of the TRAP/SMCC Coactivator Complex in Embryonic Development and Thyroid Hormone Action[END_REF].

Chromatin remodeling

Eukaryotic genomes exist in the form of chromatin, where DNA is wrapped around nucleosome core particles. This contributes to DNA compaction and controls the accessibility to genes and regulatory elements of the protein complexes that process genetic information. The architecture of nucleosomes can be altered in order to expose or hide certain DNA sequences from the 2007). SWR1 also specifically incorporates the H2A.Z-H2B dimers and displaces canonical H2A-H2B dimers in order to specialize certain chromatin regions, such as promoters for transcriptional activation [START_REF] Mizuguchi | ATP-driven exchange of histone H2AZ variant catalyzed by SWR1 chromatin remodeling complex[END_REF][START_REF] Raisner | Histone variant H2A.Z marks the 5' ends of both active and inactive genes in euchromatin[END_REF]. Chromatin remodelers have diverse roles in gene regulation -the SWI/SNF subunits are associated genome-wide with TSSs, enhancers, Pol II-occupied sites and CTCF sites [START_REF] Euskirchen | Diverse Roles and Interactions of the SWI/SNF Chromatin Remodeling Complex Revealed Using Global Approaches[END_REF].

Enhancers -gene regulation at a distance

In the late 20 th century, gene expression was already known to be regulated by DNA-binding proteins [START_REF] Jacob | Genetic regulatory mechanisms in the synthesis of proteins[END_REF][START_REF] Ptashne | Specific Binding of the λ Phage Repressor to λ DNA[END_REF] and associated with open chromatin (i.e.

sensitive to DNase I treatment) at gene promoters [START_REF] Stalder | Tissue-specific DNA cleavages in the globin chromatin domain introduced by DNAase I[END_REF]. The term 'enhancer' was introduced in 1981 in studies that discovered a 72bp non-coding DNA sequence from SV40 virus, able to enhance the expression of the β-globin gene independently of its orientation and precise genomic position relative to the β-globin promoter [START_REF] Banerji | Expression of a β-globin gene is enhanced by remote SV40 DNA sequences[END_REF][START_REF] Moreau | The SV40 72 base repair repeat has a striking effect on gene expression both in SV40 and other chimeric recombinants[END_REF]. Few years later, the first endogenous, tissue-specific mammalian enhancer was identified at the mouse IgH locus [START_REF] Banerji | A lymphocyte-specific cellular enhancer is located downstream of the joining region in immunoglobulin heavy chain genes[END_REF][START_REF] Gillies | A tissue-specific transcription enhancer element is located in the major intron of a rearranged immunoglobulin heavy chain gene[END_REF][START_REF] Mercola | Transcriptional enhancer elements in the mouse immunoglobulin heavy chain locus[END_REF].

Enhancers are short, 50-1500bp sequences, which are often located up to 1Mb away from their target genes in the linear genome, as it is the case of the ZRS enhancer of developmentally regulated Shh gene [START_REF] Blackwood | Going the distance: a current view of enhancer action[END_REF][START_REF] Lettice | A long-range Shh enhancer regulates expression in the developing limb and fin and is associated with preaxial polydactyly[END_REF]. Occasionally, enhancers can act at longer distances or even in trans between chromosomes [START_REF] Lim | Visualization of Transvection in Living Drosophila Embryos[END_REF][START_REF] Bashkirova | Olfactory receptor genes make the case for interchromosomal interactions[END_REF]. It is estimated that human genome contains hundreds of thousands of enhancers (The ENCODE Project Consortium et al., 2020), which largely outnumbers the ~20000 protein-coding genes. Indeed, in human cells, one enhancer can regulate the expression of several genes (1-2 on average) and the expression of one gene can be influenced by 4-5 enhancers on average [START_REF] Jin | A high-resolution map of the three-dimensional chromatin interactome in human cells[END_REF].

Enhancers regulate gene expression by providing binding sites for multiple transcription factors. Specificity of gene expression is determined by cooperativity in the TF binding to DNA and can be enhanced by direct interactions between TFs themselves. Cooperativity can be established at the level of DNA sequence -TF binding sites can differ between species and even between different individuals of the same species [START_REF] Kasowski | Variation in Transcription Factor Binding Among Humans[END_REF] and mutation in binding site of one TF can result in a loss of binding of other TFs [START_REF] Isakova | Quantification of Cooperativity in Heterodimer-DNA Binding Improves the Accuracy of Binding Specificity Models[END_REF]. Viral induction of the IFNb gene involves cooperative assembly at its enhancer of a large nucleoprotein complex, called enhanceosome, consisting of several TFs, architectural protein HMGI(Y) and coactivator p300/CBP [START_REF] Thanos | Virus induction of human IFNβ gene expression requires the assembly of an enhanceosome[END_REF]. Mutations of binding sites of any of the TFs or insertions of half-helical DNA turn in between them reduce enhancer activity, suggesting that the sequence and arrangement of the TF binding sites is critical for enhanceosome formation. Cooperativity in TF binding to an enhancer can result in the target gene expression being higher than predicted by the principle of additivity, also termed 'synergistic activation'. RET, a gene mutated in Hirschsprung disease and involved in breast cancer has been shown to be cooperatively regulated by estrogen and retinoic acid (RA) via distal enhancer RET -49.8 in breast cancer cells MCF7 [START_REF] Stine | Steroid hormone modulation of RET through two estrogen responsive enhancers in breast cancer[END_REF]. Estrogen and retinoic acid, when used separately, upregulate RET expression by 7.4-fold and 1.6-fold, respectively. However, simultaneous treatment with both estrogen and retinoic acid results in 18-fold increase in RET expression, which suggests synergistic activation.

Enhancers act on their target genes in a highly selective manner. In Drosophila, the AE1 enhancer is equidistant from the ftz and Scr promoters, but only activates ftz expression [START_REF] Ohtsuki | Different core promoters possess distinct regulatory activities in the Drosophila embryo[END_REF]. Similarly, the dpp enhancer specifically activates dpp gene, but not more proximal genes Slh and oaf [START_REF] Merli | Promoter specificity mediates the independent regulation of neighboring genes[END_REF]. Selective activation of specific subsets of genes by enhancers has been shown also Hox gene clusters in mouse embryos [START_REF] Sharpe | Selectivity, sharing and competitive interactions in the regulation of Hoxb genes[END_REF].

Indeed, Hi-C analysis of several human cell lines revealed that only ~22% of looping interactions between enhancer and active genes include the nearest gene [START_REF] Sanyal | The long-range interaction landscape of gene promoters[END_REF].

This enhancer-gene selectivity may have different origins, such as core promoter architecture, presence of insulator elements, biochemical compatibility and 3D genome organization [START_REF] Van Arensbergen | In search of the determinants of enhancer-promoter interaction specificity[END_REF].

In the decades following their discovery, enhancers have been thoroughly characterized and few principles emerged [START_REF] Gasperini | Towards a comprehensive catalogue of validated and target-linked human enhancers[END_REF] to their target promoters.

Methods to identify enhancers and measure their activity

Enhancers occupy relatively small portion of the linear genome, compared to other genomic domains, such as TADs or genes, but their activity depends on both the 1D and 3D chromatin landscapes they reside in, as well as on the trans environment regulated by TFs, among others.

These dependencies result in the activity of individual enhancers being heterogenous, often cell-type-specific and condition-specific [START_REF] Gasperini | Towards a comprehensive catalogue of validated and target-linked human enhancers[END_REF]. Thus, a set of general rules and features to identify enhancers is difficult to establish.

The primary DNA sequence at enhancers can provide information about their positions in the genome. Enhancer sequences are evolutionarily conserved and this conservation relates to their functional role [START_REF] Pennacchio | In vivo enhancer analysis of human conserved non-coding sequences[END_REF]. However, not all enhancer sequences are conserved, such as those active in heart cells [START_REF] Blow | ChIP-Seq identification of weakly conserved heart enhancers[END_REF]. Interrogating the genome for binding sites of TFs can further support the sequence-based discovery of enhancers, but not all TFs have their binding sites described and some factors can bind enhancers indirectly, through other proteins [START_REF] Gasperini | Towards a comprehensive catalogue of validated and target-linked human enhancers[END_REF]. Hence, the primary sequence can provide, at best, the location of an enhancer, but lacks the information necessary to make any inference about its activity, cell type specificity or its target genes.

Biochemical annotations associated with enhancers

Biochemical features associated with enhancers are measurable genome-wide using highthroughput sequencing methods and include TF binding and histone modifications (ChIP-Seq,

CUT&RUN), open chromatin (DNase-Seq, ATAC-Seq) and transcription originating from non-coding sequences (e.g. as measured by GRO-Seq). See Box 4 for the definition of these biochemical methods.

Box 4 Biochemical methods to study enhancers ATAC-Seq (Assay for Transposase-Accessible Chromatin using sequencing; [START_REF] Buenrostro | Transposition of native chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome position[END_REF] identifies open chromatin regions using hyperactive mutant Tn5 transposase, that cleaves DNA of those regions and inserts sequencing adaptors. Tagged DNA molecules are then purified, PCR-amplified and sequenced using nextgeneration sequencing. ATAC-Seq has been used for nucleosome mapping, TF binding analysis and enhancer identification, among others.

ChIP-Seq (Chromatin Immunoprecipitation with sequencing) identifies the binding sites of DNA-associated proteins and can be used to map global binding sites for a given protein. Following ChIP protocols, DNA-bound protein is immunoprecipitated using a specific antibody. The bound DNA is then coprecipitated, purified, and sequenced. ChIP-seq is primarily used to study transcription factors [START_REF] Cawley | Unbiased mapping of transcription factor binding sites along human chromosomes 21 and 22 points to widespread regulation of noncoding RNAs[END_REF] and other chromatinassociated proteins, such as histones and histone modifications.

CUT&RUN (Cleavage Under Targets & Release Using Nuclease; [START_REF] Orsi | High-resolution mapping defines the cooperative architecture of Polycomb response elements[END_REF][START_REF] Skene | An efficient targeted nuclease strategy for high-resolution mapping of DNA binding sites[END_REF] is an enzyme-based protocol for identifying DNA binding patterns that overcomes some of the limitations of ChIPseq -necessity for crosslinking and high number of the input material. CUT&RUN works by using the DNA cutting activity of a Protein A fused micrococcal nuclease (MNase) to specifically isolate DNA that is bound by a protein of interest. FAIRE-Seq (Formaldehyde-Assisted Isolation of Regulatory Elements; [START_REF] Giresi | FAIRE (Formaldehyde-Assisted Isolation of Regulatory Elements) isolates active regulatory elements from human chromatin[END_REF] is based on differences in crosslinking efficiencies between DNA and nucleosomes or sequence-specific DNA-binding proteins. In this method, DNA-protein complexes are crosslinked briefly in vivo using formaldehyde. This method then segregates the non-crosslinked DNA that is usually found in open chromatin, which is then sequenced. The proteome of enhancers consists of five major groups of proteins: (i) TFs (see chapter 1.2.2.3), (ii) architectural proteins such as modified histones, CTCF and cohesin, (iii) coregulators that are recruited to enhancers through protein-protein interactions with TFs, (iv) reader proteins that recognize histone modifications and (v) catalytic enzymes involved in transcription initiation, such as Pol II and its machinery [START_REF] Panigrahi | Mechanisms of enhancer action: the known and the unknown[END_REF].

DNase-Seq

GRO-Seq (Global

Enhancers are accessed through binding of pioneer TFs, such as FOXA1, which can directly associate with nucleosomal DNA to decompact condensed chromatin and their binding precedes the binding of other TFs [START_REF] Cirillo | Opening of Compacted Chromatin by Early Developmental Transcription Factors HNF3 (FoxA) and GATA-4[END_REF][START_REF] Zaret | Pioneer transcription factors: establishing competence for gene expression[END_REF]. After this pioneering event, other TFs, coregulators, chromatin remodelers and Pol II machinery are cooperatively recruited to the region, resulting in a multi-protein assembly involving hundreds of proteins [START_REF] Adams | Binding of disparate transcriptional activators to nucleosomal DNA is inherently cooperative[END_REF][START_REF] Foulds | Proteomic Analysis of Coregulators Bound to ERα on DNA and Nucleosomes Reveals Coregulator Dynamics[END_REF][START_REF] Yan | Transcription Factor Binding in Human Cells Occurs in Dense Clusters Formed around Cohesin Anchor Sites[END_REF][START_REF] Liu | Enhancer Activation Requires trans-Recruitment of a Mega Transcription Factor Complex[END_REF].

TF binding to enhancers results in nucleosome depletion which can extend up to 200bp away from the TF binding site, as demonstrated in vitro for the HS2 enhancer at the b-globin locus [START_REF] Armstrong | NF-E2 disrupts chromatin structure at human beta-globin locus control region hypersensitive site 2 in vitro[END_REF].

Nucleosome depletion results in an increased sensitivity of enhancer sequences to DNA nucleases such as DNase I (Figure 17; [START_REF] Gross | Nuclease Hypersensitive Sites in Chromatin[END_REF]. DNase I is an enzyme that digests DNA in regions of low nucleosome occupancy, which are present in open, accessible chromatin and DNase I hypersensitive sites (DHSs) have been used to identify regulatory regions in the genome [START_REF] Keene | DNase I hypersensitive sites in Drosophila chromatin occur at the 5' ends of regions of transcription[END_REF][START_REF] Mcghee | A 200 base pair region at the 5' end of the chicken adult betaglobin gene is accessible to nuclease digestion[END_REF]. Besides their association with enhancers, DHSs are also correlated with TSSs, active histone marks and CTCF [START_REF] Boyle | High-Resolution Mapping and Characterization of Open Chromatin across the Genome[END_REF]. In seven different human cell lines, DHSs mapped by DNase-Seq and FAIRE-Seq have similar genomic positions in functionally related cell types and cell-type-specific DHSs are located far from TSSs [START_REF] Song | Open chromatin defined by DNaseI and FAIRE identifies regulatory elements that shape cell-type identity[END_REF].

Rather than being nucleosome-free, enhancers are associated with nucleosomes containing specialized histone variants H2A.Z and H3.3 (Figure 17), incorporated into chromatin in replication-independent manner [START_REF] Jin | H3.3/H2A.Z double variant-containing nucleosomes mark "nucleosomefree regions" of active promoters and other regulatory regions[END_REF]. Compared to canonical nucleosomes, the nucleosomes containing H2A.Z and H3.3 seem to be less stable and thus easier to displace from chromatin [START_REF] Felsenfeld | Nucleosome stability mediated by histone variants H3.3 and H2A.Z[END_REF]. During mESC differentiation into hepatic progenitor cells, binding of the FOXA2 pioneer factor to chromatin regions with H2A.Z-containing nucleosomes results in preferential loss of those nucleosomes through the action of chromatin remodeling factors Nap1l1, SWI/SNF and INO80, which is essential for proper cell differentiation [START_REF] Li | Foxa2 and H2A.Z Mediate Nucleosome Depletion during Embryonic Stem Cell Differentiation[END_REF].

In contrast to DHSs, which are the feature of both enhancers and promoters, some histone modifications are exclusively associated with enhancers. The first identified modification enriched at enhancers was the monomethylation of lysine 4 of histone H3 (H3K4me1; Figure 17; [START_REF] Heintzman | Distinct and predictive chromatin signatures of transcriptional promoters and enhancers in the human genome[END_REF]. In this study, the analysis of 182 distal p300 binding sites in IFNgtreated HeLa cells associated the H3K4me1 mark with active enhancers, in contrast to

H3K4me3 enriched mostly at promoters. However, there are examples of association of H3K4me3 with enhancers [START_REF] Barski | High-Resolution Profiling of Histone Methylations in the Human Genome[END_REF][START_REF] Wang | Combinatorial patterns of histone acetylations and methylations in the human genome[END_REF] and it is the high H3K4me1 to H3K4me3 ratio that distinguishes enhancers from promoters [START_REF] Djebali | Landscape of transcription in human cells[END_REF]. In murine thymocytes, the acquisition or loss of the H3K4me3 mark at H3K4me1-marked enhancers has been shown to correlate with, respectively, activation or repression of the associated genes [START_REF] Pekowska | H3K4 tri-methylation provides an epigenetic signature of active enhancers: Epigenetic signature of active enhancers[END_REF].

The ability of TFs to activate transcription is dependent on recruitment of coregulators that often have a histone acetyltransferase (HAT) activity. A significant progress in linking histone acetylation with gene activation came from a study in which Gcn5, the Tetrahymena homolog of yeast transcriptional coactivator, has been identified as a HAT [START_REF] Brownell | Tetrahymena Histone Acetyltransferase A: A Homolog to Yeast Gcn5p Linking Histone Acetylation to Gene Activation[END_REF]. Since then, more transcriptional activators have been assigned HAT activity, including transcriptional adaptors p300 and its closely related paralog CBP (Figure 17; [START_REF] Bannister | The CBP co-activator is a histone acetyltransferase[END_REF][START_REF] Ogryzko | The Transcriptional Coactivators p300 and CBP Are Histone Acetyltransferases[END_REF]. p300/CBP are correlated with transcriptional activation and localize at TSSs and enhancers [START_REF] Heintzman | Distinct and predictive chromatin signatures of transcriptional promoters and enhancers in the human genome[END_REF][START_REF] Visel | ChIP-seq accurately predicts tissue-specific activity of enhancers[END_REF][START_REF] Wang | Genome-wide Mapping of HATs and HDACs Reveals Distinct Functions in Active and Inactive Genes[END_REF], making them a good proxy for enhancer localization genome-wide in different cells types and tissues [START_REF] Calo | Modification of Enhancer Chromatin: What, How, and Why?[END_REF]. One of the main substrates acetylated by p300/CBP is lysine 27 on histone H3 (H3K27ac; Figure 17) and this modification is introduced by p300/CBP in the absence of Polycomb Repressive Complex (PRC) activity in mESCs and Drosophila [START_REF] Tie | CBP-mediated acetylation of histone H3 lysine 27 antagonizes Drosophila Polycomb silencing[END_REF][START_REF] Pasini | Characterization of an antagonistic switch between histone H3 lysine 27 methylation and acetylation in the transcriptional regulation of Polycomb group target genes[END_REF]. Deletion of p300/CBP in mouse embryonic fibroblasts dramatically reduces H3K27ac levels and prevents transcription of target genes of the nuclear receptor PPARδ [START_REF] Jin | Distinct roles of GCN5/PCAF-mediated H3K9ac and CBP/p300-mediated H3K18/27ac in nuclear receptor transactivation: Histone acetylation and gene activation[END_REF]. The presence of H3K27ac has been used to distinguish active from poised enhancers in mESCs, hESCs and in Drosophila [START_REF] Creyghton | Histone H3K27ac separates active from poised enhancers and predicts developmental state[END_REF][START_REF] Rada-Iglesias | A unique chromatin signature uncovers early developmental enhancers in humans[END_REF][START_REF] Bonn | Tissue-specific analysis of chromatin state identifies temporal signatures of enhancer activity during embryonic development[END_REF].

Other histone modifications, although not extensively studied, have been also associated with enhancers. Besides catalyzing H3K27ac, p300/CBP can also introduce the H3K18ac mark at enhances [START_REF] Jin | Distinct roles of GCN5/PCAF-mediated H3K9ac and CBP/p300-mediated H3K18/27ac in nuclear receptor transactivation: Histone acetylation and gene activation[END_REF]. Moreover, H3K9ac and H3K14ac have been found on active enhancers in mESCs [START_REF] Karmodiya | H3K9 and H3K14 acetylation co-occur at many gene regulatory elements, while H3K14ac marks a subset of inactive inducible promoters in mouse embryonic stem cells[END_REF]. Interestingly, in pluripotent hESCs and mESCs poised enhancers lack H3K27ac but are marked by H3K4me1, H3K27me3 and bound by Polycomb repressive complex PRC2, the latter two being rather linked to transcriptional inactivation [START_REF] Rada-Iglesias | A unique chromatin signature uncovers early developmental enhancers in humans[END_REF][START_REF] Zentner | Epigenetic signatures distinguish multiple classes of enhancers with distinct cellular functions[END_REF]. Poised enhancers are located in proximity of the key developmental genes, but are unable to drive their transcription in pluripotent cells -this ability is only acquired during differentiation and coincides with loss of H3K27me3 and gain of H3K27ac [START_REF] Rada-Iglesias | A unique chromatin signature uncovers early developmental enhancers in humans[END_REF].

In line with the looping model of enhancer-gene communication (see chapter 1.3.1.1), architectural proteins involved in the 3D genome organization have been found at enhancers.

Analysis of chromatin regulators important for pluripotent cell state of mESCs shows that cohesin subunits Smc1a and Smc3 as well as cohesin loader Nipbl physically interact and occupy enhancers and promoters bound by mediator -a multiprotein complex involved in Pol II transcription initiation and transduction of activating signals from TF-bound enhancers to promoters [START_REF] Kagey | Mediator and cohesin connect gene expression and chromatin architecture[END_REF][START_REF] Soutourina | Transcription regulation by the Mediator complex[END_REF]. Analysis of binding patterns of TFs in human colorectal cancer cell reveals that TF clusters are formed around cohesin and cohesin depletion decreases DNA accessibility and TF binding to clusters [START_REF] Yan | Transcription Factor Binding in Human Cells Occurs in Dense Clusters Formed around Cohesin Anchor Sites[END_REF]. In mouse immune Th2 cells 70% of genomic sites bound by CTCF are located within 20kb of enhancers marked by p300, CTCF binding is positively correlated with H3K27ac binding and CTCF sites interact in 3D with both enhancers and promoters (Ren et al., 2017).

Enhancers themselves, together with their target promoters, undergo transcription producing short enhancer RNAs (eRNAs; Figure 17) of uncertain functions [START_REF] Panigrahi | Mechanisms of enhancer action: the known and the unknown[END_REF]. Intergenic transcription has been first observed in mouse and human b-globin loci using in situ hybridization and RNA protection assays [START_REF] Tuan | Transcription of the hypersensitive site HS2 enhancer in erythroid cells[END_REF][START_REF] Ashe | Intergenic transcription and transinduction of the human beta -globin locus[END_REF]. In mouse macrophages stimulated by lipopolysaccharide (LPS), 69% of intergenic transcription sites overlap with enhancers defined by high p300 and H3K4me1 occupancy and low H3K4me3 occupancy [START_REF] De Santa | A Large Fraction of Extragenic RNA Pol II Transcription Sites Overlap Enhancers[END_REF]. RNA-Seq in mouse cortical neurons and integrated Cap analysis of gene expression (CAGE) datasets from different human cell lines and tissues show that enhancer transcription is bi-directional [START_REF] Kim | Widespread transcription at neuronal activity-regulated enhancers[END_REF][START_REF] Andersson | An atlas of active enhancers across human cell types and tissues[END_REF]. On a genomic scale eRNA transcription is correlated with mRNA transcription at neighboring genes and thus eRNAs are believed to be the markers of enhancer activity [START_REF] Kim | Widespread transcription at neuronal activity-regulated enhancers[END_REF][START_REF] Mikhaylichenko | The degree of enhancer or promoter activity is reflected by the levels and directionality of eRNA transcription[END_REF]. The peak of intergenic transcription precedes the peak of promoter-driven transcription of the adjacent genes in mouse macrophages induced by LPS [START_REF] De Santa | A Large Fraction of Extragenic RNA Pol II Transcription Sites Overlap Enhancers[END_REF]. In contrast, in estrogen-induced transcription in MCF7 cells, synthesis of eRNAs happens synchronously with the synthesis of mRNAs, as seen using GRO-Seq [START_REF] Hah | Enhancer transcripts mark active estrogen receptor binding sites[END_REF]. Inhibition of eRNA production with flavopiridol -a drug that blocks transcription elongation -does not affect other molecular signatures of enhancers, suggesting that eRNA transcription happens downstream of enhancer assembly [START_REF] Hah | Enhancer transcripts mark active estrogen receptor binding sites[END_REF]. Knocking-down the expression of eRNAs (using shRNA strategy) at enhancers of MMP9 and CCL2 genes results in three-fold decrease in TNF-α-mediated transcription of those genes [START_REF] Rahnamoun | RNAs interact with BRD4 to promote enhanced chromatin engagement and transcription activation[END_REF] and ectopic overexpression of eRNA named Bloodlinc leads to increase in transcription of its respective mRNA targets in erythroid precursor cells [START_REF] Alvarez-Dominguez | The Super-Enhancer-Derived alncRNA-EC7/Bloodlinc Potentiates Red Blood Cell Development in trans[END_REF]. Consistently with eRNA transcription, enhancers are also enriched in Pol II and general transcription factors binding [START_REF] Koch | Transcription initiation platforms and GTF recruitment at tissue-specific enhancers and promoters[END_REF]. Ubiquitination and dismissal of Pol II from enhancers results in enhancer decommissioning and downregulation of its target genes [START_REF] Tan | Dismissal of RNA Polymerase II Underlies a Large Ligand-Induced Enhancer Decommissioning Program[END_REF].

In the recent years, epigenomic studies revealed that the human genome is filled with thousands of regulatory sequences that act as enhancers, which drive cell-type-specific transcriptional However, none of these features constitute the perfect rule for identifying enhancers, as counterexamples can be found for each one [START_REF] Gasperini | Towards a comprehensive catalogue of validated and target-linked human enhancers[END_REF]. Moreover, the causal relationships between these features and enhancer function are unclear (Rada-Iglesias, 2018).

Depletion of enzymes catalyzing H3K4me1 deposition at enhancers in mESCs results in loss of H3K4me1, but no changes in transcription from enhancers and promoters [START_REF] Dorighi | Mll3 and Mll4 Facilitate Enhancer RNA Synthesis and Transcription from Promoters Independently of H3K4 Monomethylation[END_REF]. CRISPR deletion of a candidate sequence upstream of POU5F1, which lacks the canonical enhancer marks in hESCs, leads to decrease in POU5F1 expression, suggesting that the candidate sequence acts as an enhancer [START_REF] Diao | A tiling-deletion-based genetic screen for cis-regulatory element identification in mammalian cells[END_REF].

Methods to validate enhancers and their targets

In the recent years, definitions of enhancers were mostly based on the biochemical features associated with their sequences. These features are also commonly used to predict novel enhancers. However, oftentimes, the term 'predicted' is dropped when describing such candidate enhancers. One should clearly separate the prediction of functional enhancer-gene associations and the experimental validation of it. Since the former is linked to mechanisms, I differ its discussion to section 1.3 on 'Communication between enhancers and genes'. In this section, I focus on the experimental validation of the candidate enhancers.

The most widely used methodologies to identify functional enhancer-gene pairs in their native genomic contexts stem from the CRISPR/Cas9 technology. In this context, CRISPR has been repurposed for use with different perturbation strategies to disrupt the activity of an enhancer and thus identify its target gene(s). These methodologies consist in the delivery of a library of enhancer-targeting guide RNAs (gRNAs) followed by assays measuring phenotypic or transcriptional changes in gene activities. Both nuclease-active and -inactive types of screens have been used to date.

In approaches employing the active Cas9, the target putative enhancer sequence is directly disrupted by an introduction of one or more cuts in the DNA sequence [START_REF] Shalem | Genome-Scale CRISPR-Cas9 Knockout Screening in Human Cells[END_REF][START_REF] Canver | BCL11A enhancer dissection by Cas9-mediated in situ saturating mutagenesis[END_REF]. A single cut introduces a double-strand break repaired through error-prone mechanism of the non-homologous end joining (NHEJ) which results in small-sequence insertions or deletions (indels). Such indels can prevent binding of the TFs through perturbing the sequences at their binding sites. However, this can only happen when the cut overlaps with the TF binding site, which is not always possible since the availability of the protospacer adjacent motifs (PAMs) motifs restricts the Cas9 binding. Also, perturbation of binding of only one of the many TFs present at enhancers might not be sufficient to disrupt enhancer activity.

To address the challenges of the single-cut strategy, the double-cut approach was developed.

Here, the pairs of gRNAs are designed in the way so that they flank the target enhancer, which results in a deletion of the intervening sequence. The limitation of this approach is the efficiency that decreases with the length of the target sequence.

In addition to direct perturbations of DNA sequence, epigenetic perturbations were developed based on fusions of the catalytically inactive Cas9 (dCas9) with activating domains (CRISPR activation, CRISPRa) or repressing domains (CRISPR interference, CRISPRi). Here, the perturbations happen through the introduction of active/inactive histone marks onto the chromatin at enhancers. The first CRISPRi construct was the dCas9-KRAB which, when targeted to an enhancer, could mediate repression of a target gene [START_REF] Thakore | Highly specific epigenome editing by CRISPR-Cas9 repressors for silencing of distal regulatory elements[END_REF].

Activation domains such as dCas9-VP64 [START_REF] Klann | CRISPR-Cas9 epigenome editing enables high-throughput screening for functional regulatory elements in the human genome[END_REF] or dCas9-p300 [START_REF] Simeonov | Discovery of stimulation-responsive immune enhancers with CRISPR activation[END_REF] have been used to identify enhancers around the known genes. Other domains, such as histone demethylase LSD1 [START_REF] Kearns | Functional annotation of native enhancers with a Cas9-histone demethylase fusion[END_REF], histone deacetylase HDAC3 [START_REF] Kwon | Locus-specific histone deacetylation using a synthetic CRISPR-Cas9-based HDAC[END_REF] or DNA methyltransferase MQ1 [START_REF] Lei | Targeted DNA methylation in vivo using an engineered dCas9-MQ1 fusion protein[END_REF] have also been shown to disrupt enhancer activity.

CRISPR-based approaches to investigate functional links between enhancers and genes

Despite a growing number of methods to identify enhancers (usually based on their associated biochemical features) and validate enhancer activity, relatively few examples of functional enhancer-promoter links exist and there are no general rules to predict them. Investigation of enhancer targets is difficult due to their multilateral regulatory nature, i.e. enhancers often regulating several genes and gene often being regulated by several enhancers. In recent years, approaches based on CRISPR emerged for in-genome perturbations of enhancers. These include approaches employing active Cas9 for sequence disruption [START_REF] Canver | BCL11A enhancer dissection by Cas9-mediated in situ saturating mutagenesis[END_REF] or nuclease dead Cas9 (dCas9) tethered to an epigenetic repressor [START_REF] Thakore | Highly specific epigenome editing by CRISPR-Cas9 repressors for silencing of distal regulatory elements[END_REF][START_REF] Fulco | Systematic mapping of functional enhancer-promoter connections with CRISPR interference[END_REF] or activator domain [START_REF] Simeonov | Discovery of stimulation-responsive immune enhancers with CRISPR activation[END_REF]. Because these genetic and epigenetic perturbations are phenotyped by methods that measure gene expression, they have the potential to functionally link enhancers to their target genes.

Targeted deletion of the 12kb intronic enhancer of BCL11A gene, using a pairs of sgRNAs in human HUDEP-2 cells, results in near-complete loss of BCL11A expression [START_REF] Canver | BCL11A enhancer dissection by Cas9-mediated in situ saturating mutagenesis[END_REF]. Additionally, a library of individual sgRNAs targeting three DHSs within the enhancer allowed to discover a critical GATA1 motif indispensable for the function of this enhancer.

CRISPRa has helped to identify stimulus-responsive enhancers around the key autoimmunity risk genes in Jurkat T cells [START_REF] Simeonov | Discovery of stimulation-responsive immune enhancers with CRISPR activation[END_REF]. Both CD69 and IL2RA are normally induced by T cell receptor stimulation [START_REF] Ziegler | The activation antigen CD69[END_REF]. In the absence of stimulation, the dCas9-VP64 activator protein fusion targeted to different genomic positions around CD69 and IL2RA, was able to upregulate their expression from three and six regions, respectively [START_REF] Simeonov | Discovery of stimulation-responsive immune enhancers with CRISPR activation[END_REF]. In the case of CD69, one of the targeted regions was a previously characterized enhancer, which confirmed the ability of CRISPRa to discover new functional enhancer-gene links.

Targeting dCas9-KRAB to the HS2 enhancer within the b-globin locus disrupts the expression of multiple globin genes [START_REF] Thakore | Highly specific epigenome editing by CRISPR-Cas9 repressors for silencing of distal regulatory elements[END_REF]. The binding of dCas9-KRAB was specific to enhancer and only genes belonging to the b-globin cluster (HBE1, HBG1, HBG2, HBB) were observed to be downregulated as a result, indicating the specificity of the perturbation.

Targeting the KRAB domain -known to recruit SETDB1 methyltransferase to chromatin [START_REF] Schultz | SETDB1: a novel KAP-1-associated histone H3, lysine 9-specific methyltransferase that contributes to HP1-mediated silencing of euchromatic genes by KRAB zinc-finger proteins[END_REF] -to the HS2 enhancer, resulted in introduction of the repressive histone mark H3K9me3, decreased binding of transcription factors GATA1 and FOSL1 and decreased chromatin accessibility at the HS2 and promoters of HBE1, HBG1 and HBG2.

Investigation of non-coding sequences in the vicinity of transcription factor genes GATA1 and MYC with dCas9-KRAB and a library of 98,000 sgRNAs in human erythroleukemia cells has identified distal enhancers controlling expression of those genes and affecting cellular proliferation [START_REF] Fulco | Systematic mapping of functional enhancer-promoter connections with CRISPR interference[END_REF]. Perturbations of two DHS-and H3K27ac-marked enhancers around GATA1 reduced GATA1 expression and also affected expression of genes regulated by GATA1 transcription factor, confirming those enhancers as GATA1 regulators. Within 1.2Mb around MYC seven candidate enhancers have been identified using the same approach and similarly, perturbations pf those enhancers decreased MYC expression and affected cell proliferation.

Using CRISPR-based approaches -employing both catalytically active and inactive Cas9 -has allowed functional validation of enhancer-gene links. Compared to the current practice, where putative enhancers are defined purely based on their biochemical annotations, the CRISPRbased methods provide the next step towards a catalogue of functionally validated enhancers, that is well-annotated in terms of the cell types, in which a given enhancer is active.

Super-enhancers

Certain enhancers are believed to operate in highly cooperative manner within so-called superenhancers (SEs). The term 'super-enhancer' was devised to describe clusters of closely positioned enhancers within genomic distances larger by an order of magnitude than a typical enhancer and associated with high levels of binding of Mediator complex (Med1) and the key pluripotency factors in mESCs -Oct4, Sox2 and Nanog [START_REF] Whyte | Master Transcription Factors and Mediator Establish Super-Enhancers at Key Cell Identity Genes[END_REF]. SEs are also enriched in factors usually associated with enhancer activity, such as Pol II, eRNAs, p300/CBP and H3K27ac histone modification [START_REF] Hnisz | Super-Enhancers in the Control of Cell Identity and Disease[END_REF]. SEs are often found near genes having cell-type-specific functions and are enriched in binding of TFs responsible for cell-type-specific transcriptional programs [START_REF] Hnisz | Super-Enhancers in the Control of Cell Identity and Disease[END_REF]. Oncogene expression can be driven by SEs, as MYC is associated with specific SEs in different tumor types [START_REF] Sur | The role of enhancers in cancer[END_REF]. Our analysis of public data indicates that in MCF7 breast cancer cells expression of another oncogene -FOS -is regulated by a super-enhancer located 20kb upstream (Figure 18).

Recently, phase separation has been proposed to contribute to transcriptional regulation at super-enhancers (for reference see chapter 1.3.1.1).

The presence of SEs is highly correlated with gene expression -genes associated with SEs are more strongly expressed than genes regulated by typical enhancers [START_REF] Whyte | Master Transcription Factors and Mediator Establish Super-Enhancers at Key Cell Identity Genes[END_REF]. SEs are very sensitive to perturbations, as deletions of the contributing enhancers lead to decrease in overall target gene expression [START_REF] Hnisz | Convergence of Developmental and Oncogenic Signaling Pathways at Transcriptional Super-Enhancers[END_REF]. Deletion of a whole distal SE of Sox2 in mESCs causes decrease in Sox2 expression, but also reduces expression of other pluripotency factors -Pou5f1, Nanog, Klf4, Esrrb and Kit [START_REF] Li | CRISPR Reveals a Distal Super-Enhancer Required for Sox2 Expression in Mouse Embryonic Stem Cells[END_REF]. Treatment of multiple myeloma cells with bromodomain protein inhibitor JQ1 causes preferential loss from SEs of BRD4normally enriched at SEs -and Mediator and this loss is associated with loss of expression of many SE-associated genes, including MYC [START_REF] Lovén | Selective Inhibition of Tumor Oncogenes by Disruption of Super-Enhancers[END_REF].

Gene regulation by SEs involves their 3D proximity and chromatin looping. SEs are enriched in binding of CTCF and cohesin and contact each other in 3D at the Cd3 locus in mouse thymocytes [START_REF] Ing-Simmons | Spatial enhancer clustering and regulation of enhancer-proximal genes by cohesin[END_REF]. Analysis of multi-way contacts within the genome of mESCs using GAM has revealed that TADs containing SEs tend to co-localize in the nuclear space, while TADs containing typical enhancers do not [START_REF] Beagrie | Complex multi-enhancer contacts captured by genome architecture mapping[END_REF]. 

Enhancers in development

Most enhancer features were initially described at gene loci involved in development.

Development provides a dynamic system to study enhancer-associated features, that would be difficult to investigate in static, terminally differentiated cells. Developmental enhancers are enriched in evolutionary conserved sequences, which tend to be localized close to genes coding for developmentally important TFs, suggesting that deeply conserved enhancers are necessary to precisely regulate switch-like transitions in expression of those factors [START_REF] Long | Ever-Changing Landscapes: Transcriptional Enhancers in Development and Evolution[END_REF].

Tissue-and time-specific expression of developmental genes is often regulated by several enhancers acting redundantly to ensure expression robustness and stability (for examples of enhancer redundancy see chapter 1.3.2.1). However, there are examples where deletion of a single enhancer has the same effect as the loss of expression of a gene it regulates [START_REF] Kim | Copy number variation of two separate regulatory regions upstream of SOX9 causes isolated 46,XY or 46,XX disorder of sex development[END_REF][START_REF] Sagai | SHH signaling directed by two oral epithelium-specific enhancers controls tooth and oral development[END_REF][START_REF] Gonen | Sex reversal following deletion of a single distal enhancer of Sox9[END_REF]. Elimination of the ZRS enhancer of the Shh gene results in a complete loss of Shh expression in mouse limb buds and results in shortening of mouse limbs [START_REF] Sagai | Elimination of a long-range cis-regulatory module causes complete loss of limb-specific Shh expression and truncation of the mouse limb[END_REF].

Colinear expression of Hox genes provides an example of enhancer-controlled developmental gene expression with spatial and temporal inputs. In mammals, 39 Hox genes are grouped in four clusters in the genome, and expression of the genes within each cluster follows the principle of spatial and temporal collinearity, i.e. genes are expressed in the order they are located in the genome both along the head-tail body plan and also progressively during development [START_REF] Kmita | Organizing axes in time and space; 25 years of colinear tinkering[END_REF]. The spatial collinearity of the Hox genes seems not to be dependent on genomic arrangement of genes, but rather on a set of enhancers, which act autonomously and independently of the orientation within the Hox cluster [START_REF] Mallo | The regulation of Hox gene expression during animal development[END_REF]. The collinearity depends on TADs, as within the HoxD locus, the TADs flanking the gene cluster match the expression patterns of the genes from the cluster -3' TAD mediates proximal gene expression and the 5' TAD is responsible for distal limb expression [START_REF] Andrey | A Switch Between Topological Domains Underlies HoxD Genes Collinearity in Mouse Limbs[END_REF].

These data suggest that by limiting the number of possible enhancer-gene interactions, TADs may provide a stable framework for tissue-specific gene expression controlled by enhancers. It also provides an example illustrating how 3D genome organization can coordinate the coexpression of several genes (see section 1.4.4) and regulate expression of functionally related genes (see section 1.4.5).

Enhancers in disease

Mutations in protein-coding genes are known to cause human diseases and, similarly, such mutations affecting enhancers and their communication with genes can also lead to disorders.

This includes multiple cancers and developmental diseases, leading the field to consider them as enhanceropathies [START_REF] Smith | Enhancer biology and enhanceropathies[END_REF].

There are many ways through which enhancer activity can be affected by genetic mutations (for review see [START_REF] Kleinjan | Long-Range Control of Gene Expression: Emerging Mechanisms and Disruption in Disease[END_REF]. Deletions of enhancers can cause silencing of genes, while translocations or inversions may result in activation of genes near which enhancer is repositioned. Deletions can also affect TAD boundaries, which results in ectopic interactions between enhancers and promoters that are normally insulated; examples of such boundary deletions and their implications in disease are described in section 1.3.3. Multiple deletions affecting enhancers of POU3F4 gene are associated with X-linked deafness type 3 [START_REF] Naranjo | Multiple enhancers located in a 1-Mb region upstream of POU3F4 promote expression during inner ear development and may be required for hearing[END_REF]. Insertion of a 13bp sequence within the ZRS enhancer of SHH gene creates new binding sites for TFs involved in limb development and causes limb malformation called preaxial polydactyly in human patients [START_REF] Laurell | A novel 13 base pair insertion in the sonic hedgehog ZRS limb enhancer (ZRS/ LMBR1 ) causes preaxial polydactyly with triphalangeal thumb[END_REF]. Inversion, which removes SHH from under the control of brain-specific enhancers, is associated with holoprosencephaly spectrum -a rare brain malformation resulting from incomplete separation of the two hemispheres [START_REF] Lettice | Enhancer-adoption as a mechanism of human developmental disease[END_REF]. Duplication upstream of SOX9 creates ectopic enhancers and is associated with Testicular Disorder of Sex Development [START_REF] Hyon | Refining the regulatory region upstream of SOX9 associated with 46,XX testicular disorders of Sex Development (DSD)[END_REF]. Point mutation within enhancer of PAX6 gene results in PAX6 haploinsufficiency and causes congenital eye malformation aniridia [START_REF] Bhatia | Disruption of Autoregulatory Feedback by a Mutation in a Remote, Ultraconserved PAX6 Enhancer Causes Aniridia[END_REF]. Translocation within chromosome 7 separates DYNC1I1 enhancers from their target genes DLX5 and DLX6, which is associated with split-hand/foot malformations (Lango [START_REF] Lango Allen | Next generation sequencing of chromosomal rearrangements in patients with split-hand/split-foot malformation provides evidence for DYNC1I1 exonic enhancers of DLX5/6 expression in humans[END_REF].

These types of somatic non-coding mutations have also been implicated in oncogenesis and are present in specific types of tumors. One of the first evidence for involvement of enhancers in cancer was the observation that the MYC oncogene is frequently translocated to the proximity of enhancer region of the immunoglobulin heavy chain (IGH) locus in Burkitt lymphoma cells, which results in strong MYC overexpression [START_REF] Erikson | Transcriptional activation of the translocated c-myc oncogene in Burkitt lymphoma[END_REF]. Tumor cells can acquire (super-)enhancers created de novo during oncogenesis and these enhancers can regulate growthrelated genes in tumor-specific manner. For example, MYC in pancreatic cancer is regulated by a super-enhancer located just downstream of the transcription termination site, while in T cell acute lymphoblastic leukemia, the super-enhancer is located more than 1Mb downstream of the gene, and in colorectal cancer another super-enhancer is created 500kb upstream of the MYC TSS [START_REF] Sur | The role of enhancers in cancer[END_REF]. Tumor cells divide in an uncontrolled manner and associated defects of cell cycle or DNA repair result in their genomes being severely altered and exhibiting copy number variations, which can amplify the number of enhancers. For example, the breast cancer cell line MCF7 used in this work has on average 5 copies per cell of the locus on chromosome 14 that contains a known oncogene FOS and its super-enhancer.

Genetic evidence for the roles of enhancers in cancer is also underlined by genome-wide association studies (GWAS), i.e. studies investigating human genetic variations across many individuals and linking them to particular diseases. Many single-nucleotide polymorphisms (SNPs) associated with cancer reside within cell-type-specific enhancers [START_REF] Corradin | Enhancer variants: evaluating functions in common disease[END_REF].

Enhanceropathies can arise not only from perturbations of the enhancer sequence, but also from mutations of proteins that regulate enhancer functions. Mutations of P300/CBP acetyltransferases, which deposit active histone mark H3K27ac on enhancers, can cause Rubinstein-Taybi syndrome -a disorder characterized by mental and growth retardation; inactivation of just one allele coding for either enzyme results in the disorder, suggesting that cellular levels of those proteins play an important role [START_REF] Roelfsema | Genetic Heterogeneity in Rubinstein-Taybi Syndrome: Mutations in Both the CBP and EP300 Genes Cause Disease[END_REF].

It has become apparent, that on top of mutations in protein-coding genes, mutations in enhancers are also a major component of many human diseases, including cancer. This notion is supported by multiple studies on disease-relevant enhancers or enhancers of oncogenes and tumor suppressor genes. Despite the large amount of disease-relevant data, the mechanistic understanding is still lacking. Approaches, such as CRISPR (see section 1.2.3.2), hold great promise for the ability to hypotheses regarding enhancer function and disease-associated malfunction.

Enhancers in hormone regulation

Cells are constantly exposed to a wide range of environmental factors, which can influence gene expression [START_REF] Panigrahi | Mechanisms of enhancer action: the known and the unknown[END_REF]. This happens through transduction of generegulatory information from these external factors to the genome. These external factors include, among others, biotic agents, chemical compounds or hormones -i.e. signaling molecules present in multicellular organisms, that are transported to distant organs to regulate physiology and behavior.

Hormones interact with their corresponding receptors, either on the cell surface or inside the cell after penetrating it. This, in turn, triggers cascades of signaling pathways, which results in activation of specific TFs. These TFs then bind to their cognate binding sites in the genome to regulate gene expression [START_REF] Aranda | Nuclear Hormone Receptors and Gene Expression[END_REF]. Interestingly, many of the regulatory events mediated by hormone-responsive TFs happens through enhancers [START_REF] Ong | Enhancer function: new insights into the regulation of tissue-specific gene expression[END_REF].

Steroid hormone signaling represents a well-described example of enhancer-mediated transcriptional regulation. Upon hormone exposure, specific nuclear receptors (see Box 2, page 56), such as estrogen receptor (ER), progesterone receptor (PR), glucocorticoid receptor (GR)

or androgen receptor (AR) are known to dimerize after binding their ligands and translocate to the nucleus to regulate gene expression via binding to cell-type-specific enhancers and interactions with transcriptional coregulators, which activates different sets of genes in different tissues [START_REF] Tsai | Molecular interactions of steroid hormone receptor with its enhancer element: Evidence for receptor dimer formation[END_REF][START_REF] Sever | Signaling by Nuclear Receptors[END_REF]. For example, the pioneer factor FOXA1 mediates the androgen-and estrogen-responsive transcription in prostate cancer cells LNCaP and breast cancer cells MCF7, respectively, by binding at enhancers marked by H3K4me1/me2 histone marks [START_REF] Lupien | FoxA1 Translates Epigenetic Signatures into Enhancer-Driven Lineage-Specific Transcription[END_REF]. FOXA1 binding, in turn, relaxes chromatin structure of these enhancers and allows the binding of ER in MCF7 cells and AR in LNCaP cells.

The estrogen receptor a (ERa) is one of the most well-studied nuclear receptors, with many existing genome-wide maps of its occupancy. The majority of binding sites of ERa are located within enhancers but not promoters and the binding is associated with both gene up-regulation than downregulation [START_REF] Cheung | Genomic Analyses of Hormone Signaling and Gene Regulation[END_REF]. Interestingly, the down-regulated genes are transiently bound by ERa at early steps of estrogen stimulation, possibly in order to interact with cofactors and redistribute them from enhancers active before E2 stimulation to enhancers activated after E2 [START_REF] Guertin | Transient Estrogen Receptor Binding and p300 Redistribution Support a Squelching Mechanism for Estradiol-Repressed Genes[END_REF]. Concomitant to up-regulated gene transcription, ERa-bound enhancers also undergo active transcription upon estrogen stimulation, which results in production of eRNAs consisting 6.8% of all nascent transcripts identified using GRO-Seq in MCF7 cells [START_REF] Hah | A Rapid, Extensive, and Transient Transcriptional Response to Estrogen Signaling in Breast Cancer Cells[END_REF].

Interestingly, our analysis of publicly available ChIP-Seq data of ERa binding kinetics during timecourse of estrogen treatment [START_REF] Dzida | Predicting stimulation-dependent enhancer-promoter interactions from ChIP-Seq time course data[END_REF] shows that ERa binds to chromatin extremely rapidly, as ERa peaks are already saturated after 5 minutes after addition of E2 (Figure 19), whereas the transcription of many E2-responsive keeps increasing for tens of minutes [START_REF] Hah | A Rapid, Extensive, and Transient Transcriptional Response to Estrogen Signaling in Breast Cancer Cells[END_REF]. 

Transcription in single cells: stochastic gene expression

Two genetically identical cells placed together in the same conditions can exhibit different amounts of protein products of the same gene. This cell-to-cell variability has been demonstrated in prokaryotes [START_REF] Elowitz | Stochastic gene expression in a single cell[END_REF] and eukaryotes [START_REF] Blake | Noise in eukaryotic gene expression[END_REF] and is thought to arise in large part due to the stochastic nature of gene transcription. Indeed, as we will see in section 1.2.4, transcription of most mammalian genes occurs in bursts, i.e. pulsatile periods of mRNA production, interspersed by refractory periods of inactivity, both of which are variable in length [START_REF] Levsky | Single-cell gene expression profiling[END_REF][START_REF] Raj | Stochastic mRNA synthesis in mammalian cells[END_REF][START_REF] Fritzsch | Estrogen-dependent control and cell-to-cell variability of transcriptional bursting[END_REF][START_REF] Rodriguez | Intrinsic Dynamics of a Human Gene Reveal the Basis of Expression Heterogeneity[END_REF]. This stochasticity, also called transcription noise, results from the low numbers of molecules involved in gene expression, with a given gene present in 1-2 copies per cell, transcribed into tens of mRNA molecules, which are further translated into hundreds of protein molecules [START_REF] Raj | Stochastic mRNA synthesis in mammalian cells[END_REF]. Importantly, while transcription is often considered the primary source of stochasticity in gene expression, some studies found a contribution of other levels [START_REF] Ozbudak | Regulation of noise in the expression of a single gene[END_REF]. Stochastic gene expression is also a major factor contributing to heterogeneity of response to stimuli of individual cells within a cell population [START_REF] Van Roon | The initiation of hepatocyte-specific gene expression within embryonic hepatocytes is a stochastic event[END_REF][START_REF] Fiering | Single cell assay of a transcription factor reveals a threshold in transcription activated by signals emanating from the T-cell antigen receptor[END_REF][START_REF] Ko | The dose dependence of glucocorticoid-inducible gene expression results from changes in the number of transcriptionally active templates[END_REF].

Box 5 Imaging gene expression in single cells

Current experimental techniques to study stochastic gene expression rely on imaging of proteins and RNAs in single cells.

Initial studies of stochastic gene expression used fluorescent reporter genes to quantify the cellular levels of their protein products. Elowitz and colleagues have introduced into the genome of Escherichia coli two copies of the same promoter -one expressing CFP and another expressing YFP [START_REF] Elowitz | Stochastic gene expression in a single cell[END_REF]. Using such a system, they were able to measure levels of both fluorescent proteins in different conditions and observed two components in the cell-to-cell variability of reporter gene expression, which they termed extrinsic and intrinsic noise (see section 1.2.4.1). Although more recent approaches also used a protein-based approach to study stochastic gene expression [START_REF] Harper | Dynamic Analysis of Stochastic Transcription Cycles[END_REF][START_REF] Suter | Mammalian Genes Are Transcribed with Widely Different Bursting Kinetics[END_REF] the use of fluorescent proteins has several important limitations.

The sensitivity of such systems is low, because of a limited ability to identify small number of fluorescent proteins using conventional microscopy or flow cytometry. Given that stochastic effects are the most pronounced at low molecule numbers, which is the case for nucleic acids and not proteins, the sensitivity becomes an important limiting factor [START_REF] Raj | Single-Molecule Approaches to Stochastic Gene Expression[END_REF]. Also, proteins are characterized by their long half-life, which can obscure direct investigation of gene activation events at the protein level.

Detection of individual mRNA molecules in fixed cells using FISH has helped in overcoming the limitations of studying noisy nature of gene expression with fluorescent proteins. With this method, the RNAs of interest are labeled with a set of complementary oligonucleotides located adjacently on the target mRNA and conjugated with a fluorophore. This provides enough fluorescence to visualize individual mRNAs using fluorescence microscopy, hence allowing to determine the exact number of mRNAs per cell of any gene of interest [START_REF] Femino | Visualization of single RNA transcripts in situ[END_REF][START_REF] Raj | Imaging individual mRNA molecules using multiple singly labeled probes[END_REF][START_REF] Zenklusen | Single-RNA counting reveals alternative modes of gene expression in yeast[END_REF]. This single-molecule RNA FISH (smFISH) approach revealed, in mammalian CHO cells, that transcription occurs as infrequent bursts of mRNA production independently between different genes and that the amounts of mRNA molecules -similarly to what has been reported for protein levels -are variable from one cell to another. In addition, these variable amounts of mRNA correlated with the presence of active sites of transcription, i.e. fluorescent foci in the nucleus where the RNA FISH signal accumulates from many nascent RNAs that are being transcribed on the gene of interest [START_REF] Raj | Stochastic mRNA synthesis in mammalian cells[END_REF].

In contrast to smFISH, MS2 RNA labeling allows visualizing RNAs in living cells and following them over time.

This system exploits the specific binding of the MS2 coat protein protein (MCP, a component of the capsid of the MS2 bacteriophage) to RNA stem-loop structures taken from the RNA genome of the MS2 bacteriophage [START_REF] Bertrand | Localization of ASH1 mRNA particles in living yeast[END_REF]. When a gene of interest is tagged with multiple copies of the stem-loop, it produces RNAs that are then bound by MCP-GFP fusion proteins expressed in the same cell. This results in each RNAs being labeled with multiple MCP-GFP proteins, making the RNA bright enough for live-cell imaging. Initially, the MS2 system was used to study mRNA localization and follow its dynamics in yeast cells [START_REF] Bertrand | Localization of ASH1 mRNA particles in living yeast[END_REF][START_REF] Beach | Localization and anchoring of mRNA in budding yeast[END_REF]. Later, studies using MS2 have demonstrated in living cells that transcriptional bursting is a general feature present in prokaryotes and eukaryotes [START_REF] Golding | Real-Time Kinetics of Gene Activity in Individual Bacteria[END_REF][START_REF] Chubb | Transcriptional Pulsing of a Developmental Gene[END_REF]. Development of an orthogonal system from the PP7 phage [START_REF] Chao | Structural basis for the coevolution of a viral RNA-protein complex[END_REF] has allowed simultaneous visualization and tracking of two mRNA species inside the same living cell and has been employed to study Pol II elongation and splicing kinetics [START_REF] Hocine | Single-molecule analysis of gene expression using two-color RNA labeling in live yeast[END_REF][START_REF] Coulon | Kinetic competition during the transcription cycle results in stochastic RNA processing[END_REF].

Intrinsic vs. extrinsic sources of stochasticity

The stochastic expression of a single gene results in different amounts of its mRNA in different cells, but also within a single cell over time. These fluctuations can have many origins.

Since the early studies on stochastic gene expression [START_REF] Elowitz | Stochastic gene expression in a single cell[END_REF] [START_REF] Raser | Control of stochasticity in eukaryotic gene expression[END_REF], a way to separate different sources of stochasticity has been to observe the transcriptional correlation between two gene inside the same cell. In such a setting, the biological processes affecting the two genes independently from each other would result in uncorrelated variability in their transcription, while factors affecting both genes the same way would correlate their expression. These two components are termed respectively extrinsic and intrinsic noise [START_REF] Elowitz | Stochastic gene expression in a single cell[END_REF]. Importantly, these concepts can be used to capture different sources of stochasticity depending on the relationship between the two genes considered [START_REF] Scott | Estimations of intrinsic and extrinsic noise in models of nonlinear genetic networks[END_REF]. For instance, using gene pairs that are either (i) two alleles of the same gene, (ii) two genes involved in the same multi-protein complex or pathway, or (iii) two genes that do not share these relationships, Sigal et al. were able to separate different sources of stochasticity [START_REF] Sigal | Variability and memory of protein levels in human cells[END_REF]. The most common situation -and the one we will be assuming below -is one where the two genes are two identical copies of the same gene.

Even for two identical genes are in the same nucleus, the biochemical reactions involved in Therefore, in a general situation, the total variability in gene expression consists of both the intrinsic and extrinsic components present to different extents at any given time within and between cells. However, such approaches have been used in bacteria [START_REF] Elowitz | Stochastic gene expression in a single cell[END_REF], yeast [START_REF] Raser | Control of stochasticity in eukaryotic gene expression[END_REF], mammalian [START_REF] Harper | Dynamic Analysis of Stochastic Transcription Cycles[END_REF] and plant cells [START_REF] Araújo | Stochastic gene expression in Arabidopsis thaliana[END_REF] and while studies from prokaryotes demonstrated that variability in gene expression is largely or completely of intrinsic nature, in eukaryotes both intrinsic and extrinsic components contribute significantly.

Transcription of genes occurs as 'bursts' of RNA production

The interest in transcriptional bursting stemmed from the initial observations, made in bacteria, that protein levels are variable between genetically identical cells, and that the extrinsic/intrinsic separation approach generally concluded on an important intrinsic component. Early studies showed that this can originate from the biochemical reactions of transcription and translation [START_REF] Elowitz | Stochastic gene expression in a single cell[END_REF][START_REF] Ozbudak | Regulation of noise in the expression of a single gene[END_REF]. Translation has been observed to happen in bursts [START_REF] Cai | Stochastic protein expression in individual cells at the single molecule level[END_REF][START_REF] Yu | Probing gene expression in live cells, one protein molecule at a time[END_REF], which was in line with variability in protein levels. These observations were consistent with a simple model assuming that mRNA production happens continuously with a constant probability over time [START_REF] Thattai | Intrinsic noise in gene regulatory networks[END_REF].

However, according to this model the variability in mRNA number would be very low and almost negligible, especially at high transcription rates. This was not the case in experimental studies in eukaryotic species, which rather point to the model in which transcription occurs in bursts [START_REF] Blake | Noise in eukaryotic gene expression[END_REF][START_REF] Raser | Control of stochasticity in eukaryotic gene expression[END_REF][START_REF] Raj | Stochastic mRNA synthesis in mammalian cells[END_REF] One of the first studies that reported bursting transcription was investigating the intrinsic component of stochastic gene expression [START_REF] Raj | Stochastic mRNA synthesis in mammalian cells[END_REF]. They introduced into the genome of mammalian CHO cells a reporter gene, the mRNAs of which could be bound by 32 fluorescent smFISH probes. The RNA FISH experiments demonstrated significant heterogeneity in the numbers of mRNAs per cell and also revealed the presence in some nuclei of bright spots, corresponding to active transcription sites (TSs). Presence of those TSs in only a fraction of cells suggested that mRNAs are not produced continuously, but rather in short periods of time, when the gene is in an active state. They also found a correlation between the presence of TSs and the number of mRNAs per cell, further supporting the bursting model of transcription. Transcriptional bursting has also been demonstrated for dscA developmental gene in social amoeba Dictyostelium, using the MS2 system [START_REF] Chubb | Transcriptional Pulsing of a Developmental Gene[END_REF]. Transcription occurred as irregularly-spaced pulses of mRNA production, interspersed with periods of gene inactivity, suggesting that gene switches between an active 'ON' and inactive 'OFF' states. The duration of bursts was also variable, from many short-timed pulses to few bursts that can last more than 10 minutes. Time-lapse fluorescence microscopy of 8000 individual human loci in Jurkat T lymphocytes also demonstrated that episodic bursting is a predominant mode of expression [START_REF] Dar | Transcriptional burst frequency and burst size are equally modulated across the human genome[END_REF]. Following the discovery of bursting behavior in eukaryotic genes several studies described it in cell lines and tissues [START_REF] Zenklusen | Single-RNA counting reveals alternative modes of gene expression in yeast[END_REF][START_REF] Harper | Dynamic Analysis of Stochastic Transcription Cycles[END_REF][START_REF] Suter | Mammalian Genes Are Transcribed with Widely Different Bursting Kinetics[END_REF][START_REF] Molina | Stimulus-induced modulation of transcriptional bursting in a single mammalian gene[END_REF][START_REF] Bahar Halpern | Bursty Gene Expression in the Intact Mammalian Liver[END_REF].

Mechanisms modulating transcriptional bursting

The transcriptional bursting behavior of a gene can be characterized by three parameters:

frequency, duration and size of bursts. Burst frequency reflects the number of bursts per unit of time. Burst duration corresponds to the time the gene spends in the 'ON' state. Burst size -also called burst amplitude -describes the number of mRNA molecules produced during an 'ON' period. These parameters are highly gene specific [START_REF] Suter | Mammalian Genes Are Transcribed with Widely Different Bursting Kinetics[END_REF][START_REF] Muramoto | Live imaging of nascent RNA dynamics reveals distinct types of transcriptional pulse regulation[END_REF][START_REF] Skinner | Single-cell analysis of transcription kinetics across the cell cycle[END_REF] and reflect the diversity of regulatory mechanisms underlying gene expression, such as events occurring at promoters and enhancers. The different biological process and mechanisms that contribute to gene regulation can affect one or more of these bursting parameters.

Gene induction by external stimuli can typically affect distinct bursting parameters. For example, serum induction in U2OS cells increased the number of TSs per cell of the FOS oncogene without changing the average number of nascent RNAs per TS, which was interpreted as an increase in burst frequency without affecting burst amplitude [START_REF] Senecal | Transcription Factors Modulate c-Fos Transcriptional Bursts[END_REF]. On the other hand, the burst amplitude of FOS increased when a synthetic TF with strong activating domain VP64 was used and the burst duration increased upon increase in the number of such synthetic TFs bound at the promoter of FOS [START_REF] Senecal | Transcription Factors Modulate c-Fos Transcriptional Bursts[END_REF]. Changes in TF activity through external stimuli have been shown to affect different parameters of transcriptional bursting. Real-time imaging of transcription of GREB1 -a gene regulated by transcription factor ERa in response to estrogen in MCF7 breast cancer cell line -revealed that estrogen increases GREB1 transcription in dose-dependent manner by increasing the burst frequency and burst size [START_REF] Fritzsch | Estrogen-dependent control and cell-to-cell variability of transcriptional bursting[END_REF]. Another estrogen-regulated gene observed by live imaging in MCF7 cells -TFF1 -also exhibits increased burst frequency upon estrogen stimulation.

However, it also exhibits a 'deep repressive state', in which some TFF1 alleles do not burst for tens of hours despite saturating estrogen concentrations [START_REF] Rodriguez | Intrinsic Dynamics of a Human Gene Reveal the Basis of Expression Heterogeneity[END_REF]. These results highlight that even using the same model system (estrogen induction in MCF7 cells), where similar regulation could be expected for many genes, significant differences are present, potentially reflecting different control dynamics.

At the level of the core promoter, the diversity of architectures provide intrinsic heterogeneity in transcriptional outputs as investigated by systematic analysis of 320 combinations of six core promoter elements in five different backgrounds in K562 erythroleukemia cells [START_REF] Weingarten-Gabbay | Systematic interrogation of human promoters[END_REF]. Individual core promoter sequences seem to have different roles in transcriptional bursting also at the single cell level. At the promoter of MHC class I gene in mouse primary B-cells, the Sp1BS element regulates burst size, while the Inr element affects burst frequency (Hendy et al., 2017). Even within a family of 17 actin genes coding for exactly the same protein in Dictyostelium, significant differences in bursting patterns of individual genes were observed using live-cell imaging and switching promoters between genes on different chromosomes revealed that upstream promoter sequences dictate bursting dynamics of single genes with only minor contributions of genomic context [START_REF] Tunnacliffe | Promoter-mediated diversification of transcriptional bursting dynamics following gene duplication[END_REF].

Modulation of TF binding sites or core promoter sequences also affect bursting parameters.

Increasing the number of TF binding sites in synthetic promoters results in increased burst size [START_REF] Raj | Stochastic mRNA synthesis in mammalian cells[END_REF][START_REF] Senecal | Transcription Factors Modulate c-Fos Transcriptional Bursts[END_REF]. In yeast, replacement of the GAL3 UAS (upstream activating sequence) at the promoter of GAL3 with GAL10 UAS with reduced binding affinity to Gal4 transcription factor results in reduced burst size through shortened burst duration, as measured by live imaging of GAL3-MS2 RNA [START_REF] Donovan | Live-cell imaging reveals the interplay between transcription factors, nucleosomes, and bursting[END_REF]. Point mutations in the TATA box of the promoter of actin5 gene in Dictyostelium result in decreased burst size by decreasing the burst initiation rate [START_REF] Corrigan | A continuum model of transcriptional bursting[END_REF].

The genomic environment and chromatin context of a gene is also linked to it bursting kinetics. A reporter construct expressing a luciferase under the control of the promoter of a circadian gene Bmal1, when stably integrated in three different genomic locations in NIH3T3 fibroblasts, exhibits three different mean expression levels, suggesting a role of the chromatin environment in modulating bursting parameters [START_REF] Nicolas | Modulation of transcriptional burst frequency by histone acetylation[END_REF]. In Jurkat cells with integrated lentiviral reporter system, nucleosome occupancy at promoters seems to be predictive of burst frequency, as high nucleosome density at TSS correlates with low burst frequency, but not with burst size [START_REF] Dey | Orthogonal control of expression mean and variance by epigenetic features at different genomic loci[END_REF]. Nucleosomes can bear different histone modifications, which may also affect bursting parameters. Comparative analysis of single-cell RNA-Seq from human embryos and ChIP-Seq datasets of different euchromatic histone modifications from human embryonic stem cells revealed that gene-body-associated modifications H3K36me3, H3K79me2, and H4K20me1 correlate more with burst frequency than burst size, while other, promoter-and enhancer-related modifications are associated to similar extent with both burst size and frequency [START_REF] Wu | Independent regulation of gene expression level and noise by histone modifications[END_REF]. However, introducing the active H3K27ac mark at the promoter of stably integrated Bmal1-sLuc2 transgene in human HEK293T cells using the dCas9-p300 approach increases burst frequency [START_REF] Nicolas | Modulation of transcriptional burst frequency by histone acetylation[END_REF], suggesting here a direct causal role.

Finally, distal regulatory elements, such as enhancers also affect gene transcription by modulating different bursting parameters. Deletion of the locus control region (LCR) -the distal enhancer of β-globin gene -in mouse erythroblast cell line strongly decreases burst frequency of β-globin, observed in smFISH experiments as decrease by 200-300-fold in the number active TSs per cell, and moderately (~3-fold) decreases burst size [START_REF] Bartman | Enhancer Regulation of Transcriptional Bursting Parameters Revealed by Forced Chromatin Looping[END_REF]. On the other hand, forcing enhancer-promoter contacts by tethering the LCR to the βglobin promoter using zinc-finger and Ldb1 nuclear factor resulted in increased burst frequency, but not size. In human erythroid cells, β-globin is expressed in adults while g-globin is a fetal form. Using the forced looping system to redirect the LCR to the promoter of g-globin increases burst frequency of g-globin and reduces burst frequency of β-globin, without changing the burst size [START_REF] Bartman | Enhancer Regulation of Transcriptional Bursting Parameters Revealed by Forced Chromatin Looping[END_REF]. This suggest a competition between promoters of those two globin genes for contacts with the LCR. Similarly, change in burst frequency and promoter competition for enhancer was reported in Drosophila, using an artificial system based on MS2 and PP7, with strong enhancer producing more bursts than weak enhancer [START_REF] Fukaya | Enhancer Control of Transcriptional Bursting[END_REF].

Eukaryotic genes are transcribed in bursts which are interspersed with periods of inactivity.

Multiple factors modulate different aspects of bursting, such as the amount of RNAs produced (burst size), the amount of time a given gene is active (burst duration) and the number of bursts themselves in time (burst frequency). These factors are associated with different molecular mechanisms which constitute intrinsic sources of stochasticity in gene expression.

Open question: How does transcriptional variability relate to conformational variability?

Gene expression is variable from one cell to another, which manifests itself in different number of mRNA and protein molecules of the same gene present in different cells [START_REF] Elowitz | Stochastic gene expression in a single cell[END_REF][START_REF] Raj | Stochastic mRNA synthesis in mammalian cells[END_REF] and variable dynamics of single gene transcription in single cells over time [START_REF] Rodriguez | Intrinsic Dynamics of a Human Gene Reveal the Basis of Expression Heterogeneity[END_REF]. This variability stems from the stochastic nature of gene expression, where at the molecular level genes switch randomly between transcriptionally active 'ON' and inactive 'OFF' states which results in 'bursts' of mRNA production. Several studies have linked transcriptional bursting to enhancer-gene communication [START_REF] Fukaya | Enhancer Control of Transcriptional Bursting[END_REF][START_REF] Alexander | Live-cell imaging reveals enhancer-dependent Sox2 transcription in the absence of enhancer proximity[END_REF]. In parallel, both single-cell Hi-C [START_REF] Nagano | Single-cell Hi-C reveals cell-to-cell variability in chromosome structure[END_REF] and imaging approaches [START_REF] Bintu | Super-resolution chromatin tracing reveals domains and cooperative interactions in single cells[END_REF][START_REF] Luppino | Cohesin promotes stochastic domain intermingling to ensure proper regulation of boundary-proximal genes[END_REF][START_REF] Su | Genome-Scale Imaging of the 3D Organization and Transcriptional Activity of Chromatin[END_REF][START_REF] Trzaskoma | Ultrastructural visualization of 3D chromatin folding using volume electron microscopy and DNA in situ hybridization[END_REF] have demonstrated that genome organization into TADs is also highly stochastic within a cell population. These observations raise the question whether and how the stochastic nature of TADs is related to transcriptional bursting mediated by enhancer-gene interactions.

There are contrasting results on how enhancer-mediated transcription relates to gene mobility.

Simultaneous monitoring of the real-time DNA dynamics of a single-copy gene and mRNA synthesis within the same cell revealed confined motion of transcribing gene upon estrogen stimulation of MCF7 cells [START_REF] Germier | Real-Time Imaging of a Single Gene Reveals Transcription-Initiated Local Confinement[END_REF]. The CCND1 gene with its DNA tagged with ANCHOR3 system and transcription followed by MS2 system exhibits decreased mobility within minutes of estrogen stimulation and this confinement is maintained upon inhibition of Pol II elongation, but does not occur, when transcription initiation or Pol II recruitment are blocked. This suggests that confinement of chromatin dynamics is established at the step of transcription initiation. In contrast, live imaging of movement of enhancers and promoters interactions in differentiating mESCs suggests increased mobility upon transcriptional activation [START_REF] Gu | Transcription-coupled changes in nuclear mobility of mammalian cisregulatory elements[END_REF]. The Fgf5 gene becomes transcriptionally activated during differentiation of mESCs and concomitantly, both Fgf5 promoter and its enhancers labeled by CARGO-dCas9 system exhibit increased mobility upon cell differentiation, which the authors associate with the energy-consuming process of transcription and resulting molecular agitation.

These observations suggest, that despite increased transcription following gene activation by enhancers, the associated gene mobility can also be heterogenous and possibly reflect locusspecific biology or different steps of the process of transcription (e.g. initiation versus elongation).

The most popular mechanism for enhancer-gene communication is chromatin looping, which involves physical proximity or even contacts between enhancers and their target genes. In this view, the proximity might help to increase the local concentration of TFs and coregulators, which in turn results in transcriptional. In addition, live-cell imaging approaches have shown that enhancers predominantly modulate the burst frequency [START_REF] Fukaya | Enhancer Control of Transcriptional Bursting[END_REF][START_REF] Rodriguez | Intrinsic Dynamics of a Human Gene Reveal the Basis of Expression Heterogeneity[END_REF]. A recent study also showed, in Drosophila, that transcriptional bursts start at the moment of enhancer-gene contact in a system of force looping between these elements [START_REF] Chen | Dynamic interplay between enhancer-promoter topology and gene activity[END_REF]. It is hence tempting to speculate that transcriptional bursting might generally reflect intermittent enhancer-gene contacts.

However, other pieces of data would argue against this view. The process of TAD formation through loop extrusion helps to modulate proximity between enhancers and promoters. If enhancer and gene are both located close to CTCF sites, the chromatin loop formed between these sites can bring the enhancer in proximity to the target promoter -examples include the mouse protocadherin gene clusters [START_REF] Guo | CRISPR Inversion of CTCF Sites Alters Genome Topology and Enhancer/Promoter Function[END_REF] or Shh gene and its enhancer ZRS [START_REF] Lettice | A long-range Shh enhancer regulates expression in the developing limb and fin and is associated with preaxial polydactyly[END_REF]. But majority of enhancer-promoter interactions do not exhibit an enrichment in Hi-C contact maps, suggesting that sustained proximity or contact is not necessary for their mechanism of action. Consistently, some experiments show that transcription does not require enhancer-promoter proximity. In particular, no correlation was observed between spatial distance of Sox9 to its enhancer SCR and bursting of Sox9 in living mESC cells [START_REF] Alexander | Live-cell imaging reveals enhancer-dependent Sox2 transcription in the absence of enhancer proximity[END_REF]. This result suggests that stable looping might not be the main mechanism regulating stochastic gene expression and hence argues against the view that a transcriptional burst is the immediate outcome of an enhancer-gene contact.

However, transient encounters between enhancers and promoters located far from CTCF sites can still happen during loop extrusion, and there is a possibility that such brief contacts are sufficient to trigger changes in protein composition at the promoter, which ultimately results in transcriptional burst. Specific inter-chromosomal contacts/proximity have been demonstrated

to occur in only a small fractions of cell populations [START_REF] Noordermeer | Variegated gene expression caused by cell-specific long-range DNA interactions[END_REF][START_REF] Fanucchi | Chromosomal Contact Permits Transcription between Coregulated Genes[END_REF]. If this is true also for the intra-chromosomal contacts, then the stochastic nature of loop extrusion (binding and unbinding of cohesin and CTCF) could therefore link the stochasticity of gene expression to the variability of TAD structures.

COMMUNICATION BETWEEN ENHANCERS AND

GENES

Enhancers are often separated from their target genes by large liner genomic distances, which can range up to 1 Mb [START_REF] Lettice | A long-range Shh enhancer regulates expression in the developing limb and fin and is associated with preaxial polydactyly[END_REF] or more. Yet, transcriptional activation requires them to communicate in some way. To explain this communication, several models have been proposed, among which the 'looping' model (discussed in details in chapter 1.3.1.1) gained the most attention and is consistent with the largest amount of experimental data.

Models of enhancer-gene communication

The 'looping' model (Figure 20A) proposes that enhancer-bound TFs can physically interact with the components of transcription initiation machinery located at gene promoters. This which would require the enhancer to come in close spatial proximity to the promoter, which would necessitate looping of the intervening DNA [START_REF] Ptashne | Gene regulation by proteins acting nearby and at a distance[END_REF][START_REF] Bulger | Looping versus linking: toward a model for long-distance gene activation[END_REF].

This model stemmed from experiments on bacterial and phage repressor proteins, such as AraC or l, which suggested that they need to be bound to separate operator sites and physically interact in order to effectively repress their target genes, with concomitant formation of a DNA loop [START_REF] Ptashne | Gene regulation by proteins acting nearby and at a distance[END_REF]. These predictions were visually confirmed by electron microscopy, which demonstrated DNA looping mediated by l repressors bound to DNA [START_REF] Griffith | DNA loops induced by cooperative binding of lambda repressor[END_REF].

Alternative models differ slightly from looping, mainly with respect to the mechanisms by which the contact is established. A simple variant is the 'tracking' or 'scanning' model, which involves a search mechanism, where a protein factor after binding to an enhancer would then move along the chromatin fiber until it reached the target promoter [START_REF] Blackwood | Going the distance: a current view of enhancer action[END_REF]. Notably, while moving towards the promoter, the protein factor could still be bound to the enhancer, thus resulting in formation of a progressively larger loop, which would become stabilized upon reaching the target promoter (Figure 20C). hyperacetylation have been observed to progressively and unidirectionally spread from enhancer to promoter of the HNF-4a gene during enterocyte differentiation [START_REF] Hatzis | Dynamics of enhancer-promoter communication during differentiation-induced gene activation[END_REF]. The tracking mechanism explains well the enhancer-blocking properties of insulator proteins, i.e. proteins that abrogate enhancer-promoter contacts, when placed in between. However, given large distances usually separating enhancers and their promoters in mammalian genomes, it is difficult to imagine how intervening chromatin would contribute to enhancer-promoter communication via tracking [START_REF] Vernimmen | The Hierarchy of Transcriptional Activation: From Enhancer to Promoter[END_REF] and at the same time how the enhancer-promoter specificity would be ensured without affecting the intervening genes.

Another, more indirect model, termed 'oozing' or 'linking' proposed that the activating signal is propagated from enhancer to promoter via a protein chain on the intervening chromatin [START_REF] Ptashne | Gene regulation by proteins acting nearby and at a distance[END_REF][START_REF] Bulger | Looping versus linking: toward a model for long-distance gene activation[END_REF]. According to this model, an activator protein binds to an enhancer, which in turn facilitates a cascade of binding of other TFs to adjacent DNA sequences (Figure 20B). The cascade of binding would then continue, until the target promoter is reached. Consistently with the linking model, Pol II has been found at the promoter of the PSA gene, its enhancer and the intervening region in prostate cancer cells upon induction with dihydrotestosterone [START_REF] Wang | Spatial and Temporal Recruitment of Androgen Receptor and Its Coactivators Involves Chromosomal Looping and Polymerase Tracking[END_REF]. Linking has been also proposed to explain the activation of b-globin genes via homeodomain TFs [START_REF] Bulger | Looping versus linking: toward a model for long-distance gene activation[END_REF]. However, TFs do not bind everywhere in the genome, thus it would be difficult to explain communications between enhancers and genes that do not have TF binding sites in between them.

Current hypotheses for enhancer gene communication

Currently, the looping model remains the most favored one to explain enhancer-gene communication and is supported by wealth of experimental data (reviewed in de [START_REF] De Laat | Chapter 5 Three-Dimensional Organization of Gene Expression in Erythroid Cells[END_REF][START_REF] Bulger | Functional and mechanistic diversity of distal transcription enhancers[END_REF]. However, concepts from other aforementioned models -in particular the tracking/scanning model-may also be relevant to explain current data.

In eukaryotes, gene activation has been shown to depend on the recruitment and assembly of multi-protein complexes, involving TFs and components of the transcriptional machinery, onto promoter and enhancer sequences [START_REF] Rippe | Action at a distance: DNA-looping and initiation of transcription[END_REF][START_REF] Ptashne | Transcriptional activation by recruitment[END_REF]. Thus, similarly to the observations in bacteria, the idea of DNA looping mediated by protein-DNA and proteinprotein interactions has been prevalent also in the field of eukaryotic gene regulation.

A number of experimental observations can be explained by the looping model. Those include the trans-activation by enhancers, i.e. the ability of an enhancer to activate a gene located on a physically separate DNA molecule. This phenomenon occurs naturally in Drosophila, were an enhancer can activate a promoter on paired homologous allele [START_REF] Geyer | Tissue-specific transcriptional enhancers may act in trans on the gene located in the homologous chromosome: the molecular basis of transvection in Drosophila[END_REF]. In Xenopus oocytes co-injection of two intertwined plasmids containing an rRNA minigene on one and an enhancer on another plasmid results in trans-activation of the minigene [START_REF] Dunaway | Transactivation of the Xenopus rRNA gene promoter by its enhancer[END_REF]. This, and other experiments on trans-activation (reviewed in de [START_REF] De Laat | Chapter 5 Three-Dimensional Organization of Gene Expression in Erythroid Cells[END_REF] demonstrated that the cis configuration of gene and enhancer is not a prerequisite for transcriptional activation, as predicted by looping model.

Other observations supporting the looping model are related to promoter competition for enhancers. In the cluster of b-globin genes, individual genes are thought to compete for the same enhancer in order to be transcribed. Transient transfection experiments of separate constructs containing either adult-specific or embryo-specific chicken globin genes together with the same enhancer result in transcription of both genes in mature erythroid cells, where normally embryo-specific globin is not expressed [START_REF] Choi | Developmental regulation of β-globin gene switching[END_REF]. When a single construct containing both genes with the enhancer was transfected, only adult-specific globin was expressed, while expression of the embryo-specific globin was inhibited. In mammals, the globin genes are regulated by a cluster of DHSs, called locus control region (LCR) and located upstream of the genes. RNA FISH experiments in mouse transgenic cell line expressing human b-globin genes revealed that in 80% of nuclei only adult or fetal globin are expressed from the same allele at a given time, but not both [START_REF] Wijgerde | Transcription complex stability and chromatin dynamics in vivo[END_REF], suggesting that the LCR can drive the transcription of only one gene at a time. Imaging of DNA and RNA in mouse olfactory neurons revealed that 1300 odorant receptor (OR) genes located on different chromosomes compete with each other for contacts with one enhancer to ensure monoallelic expression of only one OR gene per neuron [START_REF] Lomvardas | Interchromosomal Interactions and Olfactory Receptor Choice[END_REF].

These experiments showed that physical proximity between enhancers and genes is necessary for transcriptional regulation and that DNA conformation also plays a role. However, they did not directly prove that it involves the looping of intervening DNA. Topology is more supercoiling

The looping model received strong support from studies employing chromosome conformation capture techniques. When 3C was performed on the b-globin locus in mouse cells, it revealed that active b-globin genes come in contact with six DHSs that form LCR, which was interpreted as DNA looping [START_REF] Tolhuis | Looping and interaction between hypersensitive sites in the active beta-globin locus[END_REF]. Moreover, knocking out TFs EKLF or GATA-1, which eliminates b-globin transcription in mouse cells, also results in decreased contact frequency between b-globin and LCR [START_REF] Drissen | The active spatial organization of the beta-globin locus requires the transcription factor EKLF[END_REF][START_REF] Vakoc | Proximity among Distant Regulatory Elements at the β-Globin Locus Requires GATA-1 and FOG-1[END_REF]. Forced looping of the LCR to the promoter of embryonic globin gene in mature mouse and human erythroid cells, where this gene is inactive, triggers its transcriptional reactivation and increases the LCRpromoter contacts investigated by 3C [START_REF] Deng | Reactivation of Developmentally Silenced Globin Genes by Forced Chromatin Looping[END_REF].

Enhancer-promoter looping was reported to be a widespread feature in the human genome.

High-resolution Hi-C in human cells revealed that the two anchor points of 30% of identified loops fall in genomic proximity to promoters and enhancers and that genes associated with such loops are 6-fold more expressed that genes not associated with loops [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF].

However, in line with the role of cohesin and CTCF in formation of chromatin loops, these proteins were found enriched in the vicinity of enhancers and promoters [START_REF] Kagey | Mediator and cohesin connect gene expression and chromatin architecture[END_REF], suggesting that the reported enhancer-promoter contacts are not specifically happening between these elements, but are a consequence of cohesin-mediated loops between CTCF sites.

Looping involves physical enhancer-promoter proximity, which can be visualized using FISH or live imaging approaches. The Sonic hedgehog gene (Shh) and its enhancer ZRS colocalize in mouse posterior limb bud at developmental stages where Shh is expressed and do not colocalize at the stages or in tissues, where Shh is not expressed, indicating a positive correlation between Shh-ZRS proximity and Shh expression [START_REF] Williamson | Shh and ZRS enhancer co-localisation is specific to the zone of polarizing activity[END_REF]. Similar expression-dependent proximity pattern of was observed in mouse posterior limb bud for Hoxd13 gene and its enhancer GCR [START_REF] Williamson | Anterior-posterior differences in HoxD chromatin topology in limb development[END_REF]. Live imaging of transcription in Drosophila embryos revealed that sustained physical proximity of endogenous eve enhancers is sufficient for continuous transcription of a reporter gene [START_REF] Chen | Dynamic interplay between enhancer-promoter topology and gene activity[END_REF]. However, this

does not allow to conclude on the necessity of such contacts in general for transcriptional activation.

Some experimental observations contradict the view that enhancer-promoter proximity is necessary for transcription. During mESC differentiation into neural progenitor cells, Shh gene becomes activated by its brain enhancers, however this activation is accompanied by increase in the spatial separation between Shh and these enhancers, as seen by 3D DNA FISH [START_REF] Benabdallah | Decreased Enhancer-Promoter Proximity Accompanying Enhancer Activation[END_REF]. This increased separation seems to be dependent on intervening proteins, as tethering CTCF between Shh and its brain enhancers abrogates the increase in spatial distance following transcriptional activation, suggesting a contribution of 'tracking' or 'linking' mechanism. Also in mESCs, the 3D distance distribution between the pluripotency gene Sox2 and its enhancer (the Sox2 control region; SCR), measured in live-cell imaging, is similar to the distribution between SCR and an equidistant non-specific region, indicating no preferential enrichment of Sox2-SCR contacts [START_REF] Alexander | Live-cell imaging reveals enhancer-dependent Sox2 transcription in the absence of enhancer proximity[END_REF]. This was further confirmed when Sox2-SCR distance was monitored in parallel with Sox2 transcription using MS2 system -no correlation between Sox2 bursting and Sox2-SCR proximity was observed.

These observations suggest that looping may not be the only mechanism at play in enhancergene communication and additional factors may contribute, possibly in a locus-specific manner.

In recent years, another model has been emerging, which involves phase separation in enhancer-gene communication. This model has been proposed to explain the mechanism of action of super-enhancers [START_REF] Hnisz | A Phase Separation Model for Transcriptional Control[END_REF]. In this model, super-enhancers would act as nucleation sites for phase-separated condensates (also called 'liquid droplets'), consisting of components of the transcription machinery, TFs, chromatin regulators and eRNAs, all present at high concentrations. In line with this model, phase-separated condensates containing TAF15 transcription factor have been shown to enhance transcription in living cells [START_REF] Wei | Nucleated transcriptional condensates amplify gene expression[END_REF].

A feature of phase-separated condensates is a network weak, transient, multivalent interactions between molecules. Liquid droplets can be also characterized by their ability to fuse and create larger condensates. Their content can be dynamically exchanged, as demonstrated by rapid recovery after photobleaching and condensates undergo dissolution upon treatment with 1,6hexanediol -an aliphatic alcohol which interferes with weak hydrophobic interactions [START_REF] Strom | Phase separation drives heterochromatin domain formation[END_REF][START_REF] Sabari | Coactivator condensation at super-enhancers links phase separation and gene control[END_REF].

Many components of super-enhancers exhibit multivalent properties, including intrinsically disordered regions (IDRs) of proteins, modular structure of RNAs or high number of TF binding sites [START_REF] Panigrahi | Mechanisms of enhancer action: the known and the unknown[END_REF]. Consistently, Pol II, Mediator complex and transcriptional coactivators, such as BRD4 have been shown to form phase-separated droplets in vitro and in vivo [START_REF] Boija | Transcription Factors Activate Genes through the Phase-Separation Capacity of Their Activation Domains[END_REF][START_REF] Cho | Mediator and RNA polymerase II clusters associate in transcriptiondependent condensates[END_REF][START_REF] Sabari | Coactivator condensation at super-enhancers links phase separation and gene control[END_REF].

In mESCs, BRD4 and MED1, a subunit of Mediator complex, form discrete puncta associated with super-enhancers of pluripotency factor Nanog, as revealed by co-localization of IF signals of BRD4 and MED1 with DNA and RNA FISH signals of Nanog, and these puncta exhibit rapid fluorescent recovery after photobleaching -a property of liquid droplets [START_REF] Sabari | Coactivator condensation at super-enhancers links phase separation and gene control[END_REF]. In living mESCs, Mediator forms stable clusters also with Pol II [START_REF] Cho | Mediator and RNA polymerase II clusters associate in transcriptiondependent condensates[END_REF].

Treatment with hexanediol disrupts BRD4 and MED1 puncta and Pol II clusters and decreases their ChIP-Seq occupancy at super-enhancers and genes which expression is driven by superenhancers [START_REF] Cho | Mediator and RNA polymerase II clusters associate in transcriptiondependent condensates[END_REF][START_REF] Sabari | Coactivator condensation at super-enhancers links phase separation and gene control[END_REF]. Inhibition of BRD4 in leukemia SEM cells reduces ChIP-Seq occupancy of BRD4/MED1 at enhancers of MYC and BCL2 genes and downregulates their expression measured by RT-qPCR, but these changes do not affect the 3D contacts between promoters of MYC and BCL2 and their enhancers, as reciprocal Capture-C performed in BRD4-depleted cells shows only minimal changes in interaction frequency [START_REF] Crump | BET inhibition disrupts transcription but retains enhancer-promoter contact[END_REF]. This indicates that Mediator and BRD4 link enhancers and promoters functionally, but not architecturally.

Interestingly, the phase separation model of enhancer action would provide a mean for enhancer-gene communication without the necessity for short-range contact. Indeed, droplets can be up to a few hundred nanometers in size, so that the enhancer-dependent formation of a droplet could hence influence a gene at a distance compatible with experimental observations [START_REF] Alexander | Live-cell imaging reveals enhancer-dependent Sox2 transcription in the absence of enhancer proximity[END_REF]. As a side effect, any sequences embedded in the droplet -including enhancer and promoter-would also tend to interact physically more than without the droplet, but such short-range interaction would not be the cause of gene activation. This view would make contact predictive but not necessary for enhancer-gene communication, hence reconciling observations often presented as conflicting.

Enhancer-gene communication as a 1D vs 3D process

Studies employing the 'C' techniques and microscopy have given many examples suggesting that for a gene to be transcriptionally activated, its needs to come into spatial proximity/contact with its enhancer(s) and that this proximity involves formation of a DNA loop. Yet, the underlying mechanism(s) by which enhancers and promoters can efficiently encounter one another in 3D still remains unknown.

neighboring genomic positions belonging to the same TAD. This suggests that enhancerpromoter interactions are indeed transient, but still resulting in gene activation.

Recent preprint suggests a possible role of loop extrusion in establishment of enhancerpromoter contacts upon mitotic exit in mouse pluripotent stem cells (Pelham-Webb et al., 2020, bioRxiv). When the cells enter G1, the loops that are formed most rapidly are associated with enhancers and promoters and are enriched in binding of pluripotency TFs and transcriptional machinery, while loops formed more slowly are larger in size and more associated with cohesin and CTCF, suggesting that enhancer-promoter regulatory loops are formed at different speed than architectural loops.

Loop extrusion/tracking represents an attractive mechanism explaining both the 3D and 1D aspects of enhancer-gene communication. It accommodates the observations, that this communication is associated with the formation of chromatin loops, the dependency of gene activation on linear genomic distance from enhancers, and the ability of insulator sequences to block enhancer from activating promoters.

Enhancer hierarchy

It is established that enhancers in the genome vastly outnumber protein-coding genes by at least an order of magnitude (The ENCODE Project Consortium et al., 2020), which raises the question of a possible functional significance of this difference. The expression of some genes can be driven predominantly by a single enhancer, such as Shh by ZRS in mouse [START_REF] Sagai | Elimination of a long-range cis-regulatory module causes complete loss of limb-specific Shh expression and truncation of the mouse limb[END_REF]. However, the majority of genes are controlled by multiple enhancers. It is unclear how different enhancers behave and whether they participate in a regulatory network made of several enhancers. At certain loci, enhancers appear to act in an additive manner by complementarily regulating different spatiotemporal aspects of gene expression, while at other locations, the regulatory activities of enhancers may overlap, suggesting functional redundancy.

Additivity, cooperativity and redundancy in enhancermediated gene regulation

Some gene regulatory landscapes operate based on the principle of enhancer additivity, with each enhancer providing a certain amount of the total transcriptional output of their target gene.

Additivity can be investigated by perturbation experiments affecting enhancers -in such an experiment, a correlation is expected between the number of perturbed enhancers and the strength of gene downregulation resulting from the perturbation. The Ihh gene -a master regulator of skeletal development -is regulated in mouse embryos by nine enhancers which function in an additive manner (Will et al., 2017). These enhancers display unique patterns of expression in digits, fingertips, growth plates and skull sutures, with variable degrees of overlapping activity. Upon CRISPR deletions of enhancers, the loss of Ihh transcription was proportional to the number of deleted enhancers and when the whole enhancer region was duplicated, the amount of Ihh transcription increased above the wild-type levels, indicating that Ihh transcription is positively correlated with the number of enhancers, consistent with enhancer additivity. Similarly, using CRISPRa in endometrial cancer cell line to activate enhancers of four estrogen-responsive genes -MMP17, CISH, HES6 and FHL2 -revealed, that even in the absence of estrogen, targeting of dCas9-VP16 activator protein fusion to individual enhancers increases gene expression independently from each other and targeting multiple enhancers in parallel results in additive effect [START_REF] Ginley-Hidinger | Sufficiency analysis of estrogen responsive enhancers using synthetic activators[END_REF].

Enhancer cooperativity happens, when the transcriptional output of their target gene is higher, than predicted by the principle of additivity. In transgenic assays in Drosophila embryos, two enhancers of developmental gene kni produce higher levels of expression than the predicted sum of either of the two enhancers acting alone and mathematical modeling suggests, that in order to reproduce this cooperative behavior, two enhancers would need to form an active complex with the kni promoter at the same time [START_REF] Bothma | Enhancer additivity and non-additivity are determined by enhancer strength in the Drosophila embryo[END_REF]. Such a complex would be more able to initiate transcription than individual enhancer-promoter interactions.

Enhancers regulating the same gene often display overlapping spatio-temporal activity and this redundancy is believed to ensure robustness of gene expression to stochastic, genetic and environmental perturbations. Deletions of ten individual enhancers regulating seven genes important for mouse limb development do not result in noticeable changes in limb morphology, neither do they change the expression patterns of their target genes [START_REF] Osterwalder | Enhancer redundancy provides phenotypic robustness in mammalian development[END_REF].

However, homozygous deletions of pairs of enhancers and individual deletions in a sensitized background, where dosage of the target gene is reduced, both result in abnormal limb phenotypes, indicating the role of enhancers in conferring the robustness against genetic perturbations. Similar patterns of gene expression and associated phenotypes upon single vs combinatorial enhancer deletions were described for Pax6 gene in eye lens development [START_REF] Antosova | The Gene Regulatory Network of Lens Induction Is Wired through Meis-Dependent Shadow Enhancers of Pax6[END_REF] and Shh gene in teeth development [START_REF] Sagai | SHH signaling directed by two oral epithelium-specific enhancers controls tooth and oral development[END_REF]. The role of redundancy in enhancer activity remains unclear, but several possible explanations exist. The observation that in sensitized background with decreased target gene dosage a single enhancer deletion is sufficient to cause abnormal phenotype, while the same deletion in WT situation does not result in a visible phenotype [START_REF] Osterwalder | Enhancer redundancy provides phenotypic robustness in mammalian development[END_REF], suggests that one enhancer can drive sufficient levels of gene expression for normal development, but having many enhancers increases the probability of maintaining necessary levels of expression and thus also increases the chance for normal development. Alternatively, gene expression noise could be buffered by usage of different combinations of TFs at different enhancers of the same gene, as it is the case of the Kruppel gene in Drosophila [START_REF] Wunderlich | Krüppel Expression Levels Are Maintained through Compensatory Evolution of Shadow Enhancers[END_REF]. In such a situation, expression noise is not sensitive to perturbations of upstream TFs.

Pre-existing enhancers in estrogen regulation

A specific example of cooperativity are enhancers bound by the transcription factor ERa even in the absence of its ligand, estrogen. Normally, ERa dimerizes upon binding estrogen, translocates to the nucleus and there exerts its TF activity by binding to enhancers. However, estrogen-independent roles of ERa were also reported; in the absence of estrogen, ERa acts as an activator of expression of TNFa gene and upon binding of estrogen, ERa disappears from the TNFa promoter, which results in repression of TNFa [START_REF] Cvoro | Distinct Roles of Unliganded and Liganded Estrogen Receptors in Transcriptional Repression[END_REF]. Consistently, genomic sites bound by ERa in the absence of estrogen were reported. In MCF7 cells cultured in estrogen-depleted medium and with ERa levels reduced by 80% using siRNA strategy, 4232 pre-existing sites were found [START_REF] Caizzi | Genome-wide activity of unliganded estrogen receptor-α in breast cancer cells[END_REF]. These sites, which we refer to as pre-existing ERa sites, were persistent even after 12 days of estrogen depletion and located closely in the genome to genes related to development, cell differentiation, and morphogenesis. CRISPR interference has revealed that each of those genes possesses one predominant enhancer which is responsible for the majority of estrogen response of the gene [START_REF] Carleton | Multiplex Enhancer Interference Reveals Collaborative Control of Gene Regulation by Estrogen Receptor α-Bound Enhancers[END_REF].

Super-enhancers and phase separation

Super-enhancers (see section 1.2. Formation of SEs through phase separation seems to occur in a binary fashiona bove a critical concentration of interacting factors. Computer simulations suggest, that when this concentration is reached, phase separation occurs, creating a multi-molecular assembly [START_REF] Hnisz | A Phase Separation Model for Transcriptional Control[END_REF]. Moreover, this critical concentration depends on the valency of involved interacting components, i.e. the number of residues in each molecule that can potentially engage in the interactions with other components. In reality, super-enhancers are composed of many diverse components that could account for such interactions, most of which are subject to reversible chemical modifications that can further change the valency. These components include TFs, transcriptional coactivators, chromatin remodeling enzymes, non-coding RNAs and Pol II, many of which are multivalent, i.e., contain multiple modular domains or interaction motifs, and are thus able to interact with multiple other components at super-enhancers.

Therefore, the potential formation of phase-separated assemblies at super-enhancers would depend on the amount of TFs, their binding sites on chromatin, and their ability to engage in interactions with other proteins and RNAs, which can be also chemically modified themselves.

TADs constrain enhancer-gene communication

TADs provide structural scaffolds for gene regulation by enhancers. Many studies have demonstrated that at loci with disrupted boundaries ectopic inter-TAD interactions between enhancers and their non-target promoters cause abnormal gene expression. Such disruptions occur naturally in pathologies and diseases and experimental perturbations of TAD boundaries in non-malignant cells can recapitulate gene expression and chromatin interaction phenotypes found in disease.

Several human limb malformations are associated with different genetic rearrangements within the WNT6/IHH/EPHA4/PAX3 locus [START_REF] Lupiáñez | Disruptions of Topological Chromatin Domains Cause Pathogenic Rewiring of Gene-Enhancer Interactions[END_REF]. The ~1.9Mb deletions recurrently found in patients with brachydactyly include EPHA4 and majority of its TAD, including the TAD boundary and extending into the adjacent TAD of PAX3. In F-syndrome and polydactyly, inversions and duplications affecting WNT6 and IHH bring them in contact with the EPHA4 TAD. In the mouse models of brachydactyly, F-syndrome and polydactyly, the CRISPRengineered rearrangements result in ectopic interactions of Pax3, Wnt6 and Ihh, respectively, with a portion of the Epha4 TAD containing Epha4 enhancers. This, in turn, results in abnormal expression of Pax3, Wnt6 and Ihh in developing limb bud, where in WT embryos only Epha4 is expressed [START_REF] Lupiáñez | Disruptions of Topological Chromatin Domains Cause Pathogenic Rewiring of Gene-Enhancer Interactions[END_REF]. Notably, the deletion of similar size preserving the TAD boundary between Epha4 and Pax3 did not result in abnormal Pax3 activation. Inversion of a 89Mb region on chromosome 6 in patients with a rare congenital disorder branchiooculofacial syndrome physically disconnects the TFAP2A gene from its enhancers in neural crest cells and results in mono-allelic and reduced expression of TFAP2A [START_REF] Laugsch | Modeling the Pathological Long-Range Regulatory Effects of Human Structural Variation with Patient-Specific hiPSCs[END_REF].

Perturbations of TAD structure are also present in cancer. In a cellular model of T cell acute lymphoblastic leukemia, six deletions of CTCF sites are located near the genes involved in its pathogenesis [START_REF] Hnisz | Activation of proto-oncogenes by disruption of chromosome neighborhoods[END_REF]. The hypermethylation of CTCF sites in IDH mutant gliomas is associated with loss of insulation and aberrant contact of a constitutive enhancer with the glioma oncogene PDGFRA [START_REF] Flavahan | Insulator dysfunction and oncogene activation in IDH mutant gliomas[END_REF].

Boundary disruptions also affect the cell state and differentiation. In clusters of the Hox genes during mESCs differentiation, removal of a single CTCF binding sites results in expansion of active chromatin and activation of genes repressed by H3K27me3 [START_REF] Narendra | CTCF establishes discrete functional chromatin domains at the Hox clusters during differentiation[END_REF].

Similarly, mESC cells with deleted CTCF site near the miR-290-295 gene exhibit high expression of ectodermal marker and low expression of endodermal marker, suggesting alteration of the cell state [START_REF] Dowen | Control of Cell Identity Genes Occurs in Insulated Neighborhoods in Mammalian Chromosomes[END_REF]. Inversion of the TAD boundary resulting in the switch of Xist and Tsix promoters results in abnormal upregulation of the Xist RNA in male mESCs and perturbs the initiation of the X chromosome inactivation in female mESCs [START_REF] Van Bemmel | The bipartite TAD organization of the X-inactivation center ensures opposing developmental regulation of Tsix and Xist[END_REF].

Some studies claim the non-essential roles of TAD boundaries in gene expression during development. Deletions of each of the five single CTCF sites of the TAD containing the Shh gene do not seem to change the limb-specific pattern of expression of Shh in developing mouse embryo [START_REF] Williamson | Developmentally regulated Shh expression is robust to TAD perturbations[END_REF]. Similarly, at the Kcnj2-Sox9 locus, deletions of single CTCF sites separating the promoters of Kcnj2 and Sox9 did not result in change in expression patterns of those genes in mouse limb bud [START_REF] Despang | Functional dissection of the Sox9-Kcnj2 locus identifies nonessential and instructive roles of TAD architecture[END_REF]. However, following the deletion of all the CTCF sites, a change in expression patterns could be observed, the phenotype being even stronger when the region containing the CTCF sites was inverted, resulting in redirected regulatory activity from Sox9 to Kcnj2 [START_REF] Despang | Functional dissection of the Sox9-Kcnj2 locus identifies nonessential and instructive roles of TAD architecture[END_REF].

Predicting enhancer activity from 3D contacts

In recent years, the activity-by-contact (ABC) model of enhancer-gene communication was developed, which integrates chromatin epigenetic state measurements with the 3D conformation mapping [START_REF] Fulco | Activity-by-contact model of enhancer-promoter regulation from thousands of CRISPR perturbations[END_REF]. In this model, the activity of an enhancer is estimated from the ChIP-Seq data of DHSs and H3K27ac and contact information is derived from the Hi-C interaction frequency between the enhancer and promoter of a given gene. To test 4662 candidate enhancers of 30 genes in K562 cells, the dCas9-KRAB was used to target the putative enhancers and RNA FISH was used to assess gene expression by flow cytometry.

Enhancer perturbations led to decrease in gene expression in 77% of the enhancer-gene pairs tested. Within the CRISPRi dataset, the ABC model predicted functional enhancer-gene pairs with much higher precision than other predictors: distance between enhancer and promoter, enhancer activity measured from DHS or H3K27ac and contact frequency between enhancer and promoter measured by Hi-C. Recently, the ABC model was used to interpret the functions of GWAS-identified disease risk variants and link those variants with the genes they affect [START_REF] Nasser | Genome-wide enhancer maps link risk variants to disease genes[END_REF].

Open question: are TADs the units of gene regulation?

TADs are thought to constrain enhancer-gene communication so that ectopic contacts cannot occur between enhancers and genes which are not their targets. The lacZ sensory reporter gene, inserted at hundreds of random positions in the mouse genome, has helped to define the range of regulatory domains -domains in which enhancers provide a tissue-wise expression patterns in developing embryo -the majority of which correspond to TADs identified by Hi-C in mouse [START_REF] Symmons | Functional and topological characteristics of mammalian regulatory domains[END_REF]. This suggests that TADs could be viewed as units of gene regulation, in which enhancers will preferentially regulate only a specific subset of genes. However, other factors, such as genomic distance, might additionally influence gene regulation and separating the effects of TADs from these additional effects is difficult.

A recent preprint had shed light onto the contribution of genomic distance to transcriptional regulation within TADs. In transgenic mESCs, inserting the SCR enhancer at different positions from the Sox2 promoter driving the expression of eGFP revealed that TADs delineate the range of activity of SCR enhancer -insertion of enhancer outside of the TAD containing the transgene promoter does not result in promoter activation (Zuin et al., 2021, biorXiv). Insertion of SCR almost anywhere within the TAD increases the eGFP expression in a manner that depends on genomic distance between SCR and Sox2 -the further these elements are from each other, the weaker is the eGFP expression.

These data suggest that TADs might add an extra level to transcriptional regulation of genes by enhancers and may indeed serve as units of regulation, since outside a TAD enhancer seems not to be able to drive expression of the target gene (Zuin et al., 2021, biorXiv) and tissue-wise expression pattern of a transgene change, depending in which TAD the transgene is inserted [START_REF] Symmons | Functional and topological characteristics of mammalian regulatory domains[END_REF].Thus, genes regulated in a similar way would be frequently found within the same TAD and one would expect signatures of coregulation within TADs -the notion discussed in the next section.

COREGULATED GENE EXPRESSION

Genes and proteins interact together through extensive regulatory networks, in which expression of one gene depends on expression of other genes from the same network in order to perform specific cellular functions, such as development, differentiation and response to environmental cues. This inter-dependency implies that subsets of genes involved in the same network are expressed or not in the same conditions, i.e. coexpressed depending on the cell state or the process involved. Coexpression analysis consist in the identification of groups of genes -called coexpression clusters-expressed together across many samples, i.e. cell types/tissues, experimental conditions, or over time [START_REF] Eisen | Cluster analysis and display of genome-wide expression patterns[END_REF]. Gene coexpression suggests functional relationships between genes of a network and the possible existence of a common mechanism of regulation shared by all the genes in the cluster. Indeed, coexpression clusters have been used in the past decades as a way to infer gene regulatory networks and biological functions [START_REF] Wu | Large-scale prediction of Saccharomyces cerevisiae gene function using overlapping transcriptional clusters[END_REF]. Hereafter, we use the term coregulation to describe any mechanism and/or biological process that regulate several genes together, i.e. a common mechanism of regulation between genes. As we will see, these can be of various nature.

Coregulation of functionally related genes is an evolutionarily ancient feature. Prokaryotes possess operons is an example of this, the most famous of which is the lac operon, consisting of three adjacent genes involved in metabolism and transport of lactose in bacteria, all three being part of the same transcription unit [START_REF] Osbourn | Operons[END_REF]. Non-random gene order and genomic clustering of genes with similar expression levels have been also described in several eukaryotic species [START_REF] Michalak | Coexpression, coregulation, and cofunctionality of neighboring genes in eukaryotic genomes[END_REF]. In general, in eukaryotes, many complex -and often overlapping-mechanisms of coregulation may exist. These include coregulation of genes by common TFs, by local epigenetic modifications of chromatin and by 3D genome organization, all of which can be involved in dynamic processes, such as the cell cycle or differentiation. All these factors contribute to gene coregulation at many levels, making the dissection of coregulation mechanisms difficult.

Difference between coexpression and coregulation

When considering the expression of genes from the same gene cluster, the terms coexpression and coregulation have different meanings that are important to distinguish. However, coexpression and coregulation are often used interchangeably in literature, which generates confusion and may lead to incorrect conclusions. Coexpression is the mere observation of a correlation between the expression of genes. Coregulation is the existence of a common mechanism of regulation shared between several genes. The difference between coexpression and coregulation is the same as between correlation and causation. In statistics, it is known that correlation of two phenomena does not inform on a causal relationship between them, but that phenomena that are causally linked will likely be correlated. Hence, correlation is a sign of a potential causal link between phenomena. In other words, the coexpression of genes suggests the possible existence of a mechanism coregulating them, but does not prove it. Hence, it should only be viewed as a way to guide the further investigation of coregulatory mechanisms between genes, e.g. by perturbation methods.

Cells are exposed to a variety of external signals acting often in parallel and these different signals can activate different sets of genes. This results in many genes being coexpressed, i.e.

active at a given timepoint within a cell, a population of cells or a tissue, without necessarily being coregulated. For instance, when two different external signals A and B act at the same time, two sets of coregulated genes -one coregulated by signal A and second one coregulated by signal B -will be coexpressed within a target cell or tissue. Thus, coexpression is a result of combination of the effects of many signals/TFs that are not shared across all the genes.

Multi-level mechanisms of gene coregulation

Gene expression is influenced by plethora of stimuli originating both from the cell itself (cell cycle, metabolism) and from its environment. This signaling is very complex -it involves many states and often redundant or alternative relationships between the system components. Thus, different stimuli act together at any given time and this results in different sets of coregulated genes being coexpressed.

One signal can activate multiple signaling pathways, which ultimately results in expression of different, pathway-specific sets of genes. In this situation, coregulation can be defined in two ways -either (i) in a broad sense, all of the genes that respond are coregulated because they are all activated by the same external signal, or (ii) in a narrower sense, there are several distinct groups of coregulated genes, depending on the specific pathway that leads to their activation.

Furthermore, groups of genes being consistently upregulated and/or downregulated can also be considered coregulated. On the other hand, one gene can be activated by multiple signaling pathways, meaning that it might be coregulated each time together with a distinct set of genes, depending on the activation pathway.

Coexpression is also context-dependent and requires defining the experimental system used to measure it. Indeed, coexpression can be measured (i) between cell population (i.e. different samples like tissues or experimental conditions), (ii) between single cells within a population, or (iii) between single alleles within individual cells. A strong parallel can be made with the definition of intrinsic and extrinsic noise in gene expression. Indeed, as pointed out in section 1.2.4.1, these notions strongly depend on the choice of the experimental system -namely the relationship between two genes used to measure stochastic gene expression -and this can be used to separate different sources of stochastic gene expression [START_REF] Sigal | Variability and memory of protein levels in human cells[END_REF]. As such, extrinsic noise in gene expression can be viewed as a single-cell version of the notion of coexpression. Overall, different regulatory mechanisms will make genes coregulated at different levels. Thus, defining coregulation requires to consider different possible sources that may coregulate genes in cis and in trans.

Cis and trans sources of gene coregulation

Studying covariations in gene expression can provide insights into different sources of coregulation. Investigating transcription in individual cells using microscopy or single-cell RNA-Seq enables the analysis of covariations with consideration that each cell is a distinct experimental condition. This type of research has an advantage, because it takes into account stochastic differences in gene expression between cells, which might not be detectable using bulk analyses. Single-cell RNA-Seq in mESCs revealed that more than 67,000 gene pairs covary intrinsically, i.e. without the confounding effects of extrinsic noise, such as cell cycle or differentiation [START_REF] Tarbier | Nuclear gene proximity and protein interactions shape transcript covariations in mammalian single cells[END_REF].

Genes located close by in linear genomic distance tend to covary strongly (~4 fold enrichment in covariations) and the enrichment is even stronger (~15 fold enrichment), when two genes are located within the same TAD [START_REF] Tarbier | Nuclear gene proximity and protein interactions shape transcript covariations in mammalian single cells[END_REF]. Moreover, two genes localized on the same chromosome covary more strongly than two genes being in 3D proximity, but localized on different chromosomes, which suggests the strong effect of gene localization in cis relative to each other [START_REF] Tarbier | Nuclear gene proximity and protein interactions shape transcript covariations in mammalian single cells[END_REF]. The correlation between short genomic distance and increased coregulation is also supported by experiments in E. coli [START_REF] Pannier | Effect of genomic distance on coexpression of coregulated genes in E. coli[END_REF]. In chapter 2, I will show how gene coexpression depend both on their genomic proximity and the contact insulation between them. The observations that TADs constrain enhancer-gene communication (see section 1.3.3) genes from the same TAD are transcriptionally coregulated (see section 1.4.4 and 2.6 ) suggest, that sharing a common pool of enhancers within a TAD might provide another source of coregulation in cis.

Cell cycle progression coregulates many genes in trans. In yeast 416 genes exhibit cell cycledependent periodicity in their mRNA production and over 25% of those genes are adjacent in the linear genome to other genes, the expression of which is also induced during the same phase of cell cycle [START_REF] Cho | A genome-wide transcriptional analysis of the mitotic cell cycle[END_REF]. Similarly, close to 700 genes exhibit periodicity consistent with cell cycle progression in human cells [START_REF] Cho | Transcriptional regulation and function during the human cell cycle[END_REF].

Another source of gene coregulation in trans is regulation by the same transcription factor or miRNA. Gene targets of the same TFs or miRNAs are significantly enriched for covariations in single mESC cells [START_REF] Tarbier | Nuclear gene proximity and protein interactions shape transcript covariations in mammalian single cells[END_REF]. Genes belonging to the same coexpression cluster often share common TF binding sites [START_REF] Wolfsberg | Candidate regulatory sequence elements for cell cycledependent transcription in Saccharomyces cerevisiae[END_REF][START_REF] Yin | Emergence of co-expression in gene regulatory networks[END_REF] and pairs of genes showing positive correlation of expression profiles in yeast are more likely to be bound by the same TF in vivo than genes weakly or not correlated [START_REF] Allocco | Quantifying the relationship between co-expression, co-regulation and gene function[END_REF]. Also in yeast, genes regulated by the same TFs Gcn4 and Sip4 change their expression in a coordinated manner in response to perturbations of galactose utilization pathway [START_REF] Ideker | Integrated genomic and proteomic analyses of a systematically perturbed metabolic network[END_REF].

Coregulation in 3D space

Expression of coregulated genes occurs in the context of 3D genome organization. Many genomic loci are involved in preferential associations -both in cis and in trans -and these associations may have functional significance for gene expression [START_REF] Osborne | Active genes dynamically colocalize to shared sites of ongoing transcription[END_REF][START_REF] Fullwood | An oestrogen-receptor-α-bound human chromatin interactome[END_REF]. Oncogenes Fos and Myc, which are located on different chromosomes and undergo coregulation during B cell stimulation in mice, have been found to often be in proximity in the nuclear space [START_REF] Osborne | Myc Dynamically and Preferentially Relocates to a Transcription Factory Occupied by Igh[END_REF]. Similarly, mouse globin genes Hbb and Hba cluster with hundreds of actively transcribed loci from across nearly all chromosomes in regions enriched in Pol II and transcription factor Klf1 [START_REF] Schoenfelder | Preferential associations between co-regulated genes reveal a transcriptional interactome in erythroid cells[END_REF].

Tumor necrosis factor alpha (TNFa), a cytokine that activates gene transcription through transcription factor NFκB, results in clustering of genes coregulated by NFκB [START_REF] Papantonis | Active RNA Polymerases: Mobile or Immobile Molecular Machines?[END_REF][START_REF] Papantonis | TNFα signals through specialized factories where responsive coding and miRNA genes are transcribed: Specialized transcription factories[END_REF][START_REF] Fanucchi | Chromosomal Contact Permits Transcription between Coregulated Genes[END_REF] . Genes SAMD4A and TNFAIP2 located 50 Mb appart on the same chromosome, as well as SLC6A5 on a different chromosome associate in 3D at foci enriched in Pol II already after 10 minutes of TNFa stimulation, as measured by RNA FISH [START_REF] Papantonis | Active RNA Polymerases: Mobile or Immobile Molecular Machines?[END_REF][START_REF] Fanucchi | Chromosomal Contact Permits Transcription between Coregulated Genes[END_REF], but cotranscription in proximity of all three of those genes is a rare event, which occurs only in ~5% of the cell population in HUVEC cells [START_REF] Fanucchi | Chromosomal Contact Permits Transcription between Coregulated Genes[END_REF]. This raises questions about the relationship between gene colocalization and transcription regulation. Introduction of a double-strand break disrupting the chromatin loop of SAMD4A reduces transcription of SAMD4A, TNFAIP2 and SLC6A5, the amount of their respective protein products and their colocalization, suggesting that coregulated genes influence each other's transcription [START_REF] Fanucchi | Chromosomal Contact Permits Transcription between Coregulated Genes[END_REF].

In MCF7 cells, two estrogen-regulated genes located on different chromosomes -GREB1 and TFF1 -do not exhibit increased colocalization following estrogen treatment, when investigated by RNA FISH [START_REF] Kocanova | Activation of Estrogen-Responsive Genes Does Not Require Their Nuclear Co-Localization[END_REF]. This suggests that 3D repositioning of genes coregulated by external signals is not a widespread feature, but may depend on biology of a given gene locus or on the experimental system.

Coregulation within TADs

By constraining enhancer-promoter interactions, TADs were demonstrated to play a major role for gene regulation at many loci (see chapter 1.3.3). As a result, one can expect coregulation of transcriptional activities of genes belonging to the same TAD, which should manifest as signature of coexpression.

Transcriptomic analysis of mESC differentiation into neural precursor cells (NPCs) revealed that groups of genes which promoters are located in the same TAD exhibit significant transcriptional correlation during the timecourse of differentiation (Figure 22A; [START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF]. This correlation was higher than the correlation between genes from different TADs or genes from randomly defined TADs on the mouse X chromosome. Genes within TADs also exhibit higher correlations than the average correlation coefficient observed between neighboring genes on X chromosome.

In a study of the Drosophila development, when dividing the genome in small genomic bins of 1kb and assessing how the transcriptional activity throughout development correlates between bins, Ramírez et al. found that genomic bins belonging to the same TAD was more correlated than for two bins from different TADs (Figure 22B; [START_REF] Ramírez | High-resolution TADs reveal DNA sequences underlying genome organization in flies[END_REF]. The effect of genomic distance within a TAD could also be observed, as the bins located further apart within the same TADs showed less correlation than close-by bins. Also, if two adjacent genes were located in the same TAD, their variability in expression was positively correlated.

Genes from the same TAD have been shown to respond to hormone treatment in a coordinated manner. In breast cancer cells T47D, genes showing the same direction of response (upregulation or downregulation in RNA-Seq) to 6 hours of progesterone treatment are preferentially located in the same TADs, compared to a random control (Le [START_REF] Dily | Distinct structural transitions of chromatin topological domains correlate with coordinated hormone-induced gene regulation[END_REF].

Around 20% of all identified TADs exhibited such coordinated behavior and some of the TADs had all their genes responding in the same manner. In addition, a positive correlation of 0.488 was observed between coding and non-coding RNA-Seq reads coming from the same TAD upon progesterone treatment, suggesting that TAD-wise coregulation being a frequent situation.

Genomic separation between genes can also contribute to coregulation even within the same TADs. Studying covariations in gene expression by single-cell RNA Seq revealed that proximal genes covary more than distal genes within the same TAD [START_REF] Tarbier | Nuclear gene proximity and protein interactions shape transcript covariations in mammalian single cells[END_REF]. Combination of being in the same TAD and close in genomic distance increases the likelihood of covariation by a fold of ~15.

Correlation between gene expression within normal and cancerous breast tissue samples is a feature that helped to define coexpression domains (CODs) within the genome [START_REF] Soler-Oliva | Analysis of the relationship between coexpression domains and chromatin 3D organization[END_REF]. CODs group adjacent genes that are highly coexpressed in either normal or breast cancer samples. COD boundaries, however, did not seem to coincide with TAD boundaries identified in Hi-C maps of mammary epithelial cell lines T47D and HMEC. This might be due to the threshold-based methods used to identify TAD and COD boundaries -adjusting the thresholds may result in a significant coincidence between the boundaries. Secondly, the identified CODs usually span over several TADs, which does not exclude the possible coregulation of genes within TADs.

Differentiation of mESCs into neurons

Finally, correlated gene expression is a feature of paralog genes, i.e. genes that arose from a gene duplication during evolution. Paralogs tend to be localized on the same chromosome and close to each other in the linear genome (Ibn-Salem et al., 2017). Between 35% and 73% of paralog gene pairs (with their promoters within 1Mb away from each other) are located within the same TAD, depending on the cell type. At the level of transcription, paralogs are coexpressed across tissues more than randomly sampled gene pairs with similar genomic distance and this may result from their coregulation by enhancers, since paralog pairs share common enhancers more frequently that random pairs. Paralogs are copies of the same gene that diverged through evolution. As such, they are often functionally related, i.e. they constitute alternative subunits the same protein complex, alternative enzymes in the same pathway, etc. The observation, that such genes are coregulated by enhancers within TADs suggest a widespread coexpression of functionally related genes.

Coexpression of functionally related genes

By the principle of 'guilt by association' it has been reckoned that functionally related genes ore often coexpressed together, which allows also for functional annotation of uncharacterized genes. Indeed, genes coding for proteins that physically interact with each other are more transcriptionally correlated than random genes in yeast [START_REF] Ideker | Integrated genomic and proteomic analyses of a systematically perturbed metabolic network[END_REF] and expression of interacting proteins exhibits coordinated changes across yeast species [START_REF] Fraser | Coevolution of gene expression among interacting proteins[END_REF].

Genes coding for physically interacting proteins are also enriched in covariations in single mESCs [START_REF] Tarbier | Nuclear gene proximity and protein interactions shape transcript covariations in mammalian single cells[END_REF]. These data suggest that functionally related genes might undergo transcriptional coregulation.

Genes of proteins involved in the same complex are 2.6-fold enriched in covariations, while genes involved in the same biological pathway show 1.6-fold enrichment, suggesting that coregulation of genes coding for proteins of the same complex may ensure the proper stoichiometry of their protein products within a complex [START_REF] Tarbier | Nuclear gene proximity and protein interactions shape transcript covariations in mammalian single cells[END_REF]. Other examples of coregulation of functionally related genes include splicing factors in breast cancer [START_REF] Koedoot | Co-regulated gene expression of splicing factors as drivers of cancer progression[END_REF] or ribosomal protein genes from yeast [START_REF] Reja | Molecular mechanisms of ribosomal protein gene coregulation[END_REF]. between conserved enhancers and genes in human and zebrafish scales with their respective genome sizes, suggesting that the distance from its target gene does not matter for the regulatory potential of an enhancer [START_REF] Clément | Enhancer-gene maps in the human and zebrafish genomes using evolutionary linkage conservation[END_REF], consistently with the observation that inserting a reporter gene at different distances from enhancer within a TAD results in the same tissuewise expression patterns [START_REF] Symmons | Functional and topological characteristics of mammalian regulatory domains[END_REF]. Clusters of conserved enhancers in human and Drosophila coincide with a subset of TAD boundaries, which suggests that the relationship between enhancer-gene communication and genome organization into TADs existed already hundreds of millions of years ago, at least in the common ancestor of chordates and arthropods [START_REF] Harmston | Topologically associating domains are ancient features that coincide with Metazoan clusters of extreme noncoding conservation[END_REF]. It also suggest that, although TADs in Drosophila and in mammals are likely formed by different mechanisms, they may have similar functions for enhancer-gene communication.

These data suggest that coregulation of genes observed within TADs might be a product of evolutionary conservation of enhancer localization within TADs and relative enhancer-gene positions.

Open question: Why would evolution favor several layers of gene coregulation?

One of the most prominent and well-studied examples of coregulation include coordinated expression of genes coding for proteins of the same complex, presumably in order to maintain the proper protein stoichiometries within the complex. Indeed, proteins that physically interact as complexes contacts tend to be coexpressed across samples [START_REF] Ideker | Integrated genomic and proteomic analyses of a systematically perturbed metabolic network[END_REF][START_REF] Wuchty | Stable evolutionary signal in a yeast protein interaction network[END_REF] and in single cells [START_REF] Tarbier | Nuclear gene proximity and protein interactions shape transcript covariations in mammalian single cells[END_REF]. This coregulation is likely to have evolutionary origins, as expression of interacting proteins changes in a coordinated manner across yeast species [START_REF] Fraser | Coevolution of gene expression among interacting proteins[END_REF]. Moreover, coregulation by transcription factors also seems to be evolutionarily favored -clusters of genes coregulated by the same TFs are conserved between human and mice [START_REF] Rattay | Evolutionary conserved gene co-expression drives generation of selfantigen diversity in medullary thymic epithelial cells[END_REF]. This raises a question about the functional significance of coregulating genes and why many levels of coregulation exist within cells (see examples in chapter 1.4.2).

The answer could be that large-scale changes in transcriptional programs can only be achieved by evolutionary strategies that can coregulate many genes at a time. For instance, differentiation of mESCs involves switching of the whole A compartment regions to B compartments (and vice versa) and this switching correlates with changes in replication timing of these regions [START_REF] Miura | Single-cell DNA replication profiling identifies spatiotemporal developmental dynamics of chromosome organization[END_REF]. Also, a global response to an external signal is best achieved by a trans regulating factor.

Estrogen response is mediated by ERa which has hundreds of targets genome wide (see Box 2 and section 1.2.3.4.3). More local scales of coregulation, including the TAD scale, can potentially serve better the transcriptional correlation of a few genes (instances of a TAD containing tens of genes are rare) and the fine tuning of the correlation between them in addition to other -more global -coregulation strategies.

In this work, I show that, in MCF7 cells, coregulation within TADs is observed only in estrogen-induced conditions, but not in the absence of estrogen (see chapter 2.6 Moreover, TAD-wise coregulation has been so far observed during dynamic processes, such as cell differentiation or embryonic development, which coregulate many genes in trans [START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF][START_REF] Ramírez | High-resolution TADs reveal DNA sequences underlying genome organization in flies[END_REF]. Thus, coregulation within TADs might not be happening constantly, but rather be context-dependent, where TADs by constraining enhancer-gene communication would act as structural scaffolds, inside which coregulation would occur in cis.

This suggests, that the functional significance of coregulation is also context-dependent and different sources mediate coregulation in different situations. While transcription factors or dynamic processes globally regulate hundreds of genes (trans coregulation), the local principles of coregulation may fine tune the coexpression of genes that are more directly functionally related (e.g. part of the same complex).

OBJECTIVES OF THE PHD AND OVERVIEW OF THE APPROACH

Genome organization is closely linked, at many scales, to DNA-dependent functional processes, such as transcription, replication and repair. In particular, chromosome conformation capture techniques, such as Hi-C revealed that, at the sub-megabase scale, eukaryotic genomes are folded into TADs, i.e. self-interacting regions, which borders frequently form a loop together and insulate contacts with adjacent regions, through the action of CTCF and cohesin [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF][START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF][START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF][START_REF] Nora | Targeted Degradation of CTCF Decouples Local Insulation of Chromosome Domains from Genomic Compartmentalization[END_REF][START_REF] Rao | Cohesin Loss Eliminates All Loop Domains[END_REF].

TADs are thought to functionally constrain enhancer-gene communication, presumably by preventing ectopic contacts between enhancers and genes that are not their usual targets [START_REF] Symmons | Functional and topological characteristics of mammalian regulatory domains[END_REF][START_REF] Lupiáñez | Disruptions of Topological Chromatin Domains Cause Pathogenic Rewiring of Gene-Enhancer Interactions[END_REF].

An important feature of TADs is that genes from the same TAD tend to display correlated transcriptional activity across cells and tissues, and throughout development/differentiation [START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF][START_REF] Ramírez | High-resolution TADs reveal DNA sequences underlying genome organization in flies[END_REF][START_REF] Tarbier | Nuclear gene proximity and protein interactions shape transcript covariations in mammalian single cells[END_REF]. These results depict TADs as regulatory units of the genome where enhancers would coregulate multiple genes domain-wide.

Arguing in this direction, two transgenes regulated by a single artificial enhancer were even found to display correlated transcription in individual fly nuclei [START_REF] Fukaya | Enhancer Control of Transcriptional Bursting[END_REF].

Interestingly, correlated expression is often seen between functionally related genes [START_REF] Tarbier | Nuclear gene proximity and protein interactions shape transcript covariations in mammalian single cells[END_REF], especially when coding for proteins which can form a complex, suggesting functional implications (e.g. stoichiometry). This effect is stronger for nearby genes along the genome, raising the possibility that local 3D genome organization could play a role in coregulating functionally related genes. However, this 'TAD-wise' logic in gene coregulation remains poorly investigated.

The majority of the findings in the field of genome organization -in particular those regarding TAD structures and gene coregulation -were made on the foundation of population-based approaches, in which conclusions are drawn from population averages. However, growing amount of experimental evidence from microscopy studies suggest substantial heterogeneity in genome structure, enhancer-gene interactions and gene expression across cells [START_REF] Raj | Stochastic mRNA synthesis in mammalian cells[END_REF][START_REF] Chen | Dynamic interplay between enhancer-promoter topology and gene activity[END_REF][START_REF] Rodriguez | Intrinsic Dynamics of a Human Gene Reveal the Basis of Expression Heterogeneity[END_REF][START_REF] Luppino | Cohesin promotes stochastic domain intermingling to ensure proper regulation of boundary-proximal genes[END_REF]. Therefore, it is of importance to dissect the mechanisms governing those processes in individual cells.

The main objective of this work was to understand at the single-cell level how a set of enhancers can locally coregulate multiple genes in parallel at an endogenous locus and how genome organization into TADs influences this coregulation.

The central hypothesis of the project is that, by confining enhancer-gene communication, the local 3D organization of the genome into TADs shapes the coregulation of genes in cis.

To address these questions, I combined single-molecule RNA FISH and DNA FISH (iFISH/Oligopaints technology) to visualize the transcriptional activity and positions of individual genes within the nuclear space. A key advantage of an imaging-based approach is to be able to measure nascent transcription at individual alleles -as opposed to analyses performed on single-cell RNA-Seq data, which can only access mRNA levels in the whole cell [START_REF] Tarbier | Nuclear gene proximity and protein interactions shape transcript covariations in mammalian single cells[END_REF]. This leads our approach one step further: from the single-cell level down to the single-allele level. This is particularly relevant to separate cis-acting mechanisms from confounding effects occurring in trans. Indeed, relying upon the notions of intrinsic/extrinsic stochasticity (section 1.2.4.1) and multi-level coexpression analysis (section 1.4.2), we devised an approach to isolate the part the coexpression between genes that occurs specifically in cis.

With this approach, I investigated gene regulation at a locus with three genes, where all three pairs differ in the genomic distance separating genes and in the levels of contact insulation between them. Two genes are located in the same TADs -thus possibly regulated by the same set of enhancers -while the third gene is located in an adjacent TAD -thus possibly regulated by a different set of enhancers.

The genomic locus that I chose to study is composed of 3 genes: the proto-oncogene FOS and two AP-1/ATF subfamily members -JDP2 and BATF -all three being part of the AP-1 transcription factor complex family, which are key regulators of proliferation, oncogenic transformation and cell death [START_REF] Shaulian | AP-1 as a regulator of cell life and death[END_REF][START_REF] Atsaves | AP-1 Transcription Factors as Regulators of Immune Responses in Cancer[END_REF]. These genes have a strong functional relationship: BATF and JDP2 directly compete with FOS as inactive dimerization partners with JUN [START_REF] Echlin | B-ATF functions as a negative regulator of AP-1 mediated transcription and blocks cellular transformation by Ras and Fos[END_REF][START_REF] Jonak | c-JUN Dimerization Protein 2 (JDP2) Is a Transcriptional Repressor of Follicle-stimulating Hormone β (FSHβ) and Is Required for Preventing Premature Reproductive Senescence in Female Mice[END_REF].

All the experiments were carried out in human breast cancer cells MCF7. These cells show strong transcriptional response of hundreds of genes upon estrogen (E2) stimulation, many of which appear to be regulated by enhancers [START_REF] Hah | A Rapid, Extensive, and Transient Transcriptional Response to Estrogen Signaling in Breast Cancer Cells[END_REF][START_REF] Hah | Enhancer transcripts mark active estrogen receptor binding sites[END_REF]. This provides a convenient system for controlling and imaging gene regulation by enhancers. This is also a well-described cell line with many genomic datasets available, including chromatin conformation capture experiments.

From the FISH experiments, I extracted the transcriptional activities of genes as a number of nascent RNAs produced at their transcription sites (TSs). The TSs were paired in cis based on spatial distance between them. After mathematically separating global from local effects, I obtained the cis-specific component the correlation between the activities of genes as a reflection of their local coregulation. Having this as a readout, we perturbed TAD boundary at the locus to dissect how contact insulation and genomic distance contribute to coregulation of genes domain-wide.

The 3D organization of the mammalian genome appears closely linked to its functions at many scales [START_REF] Cavalli | Functional implications of genome topology[END_REF]. At the sub-megabase scale, chromosome conformation capture techniques, such as Hi-C, have revealed that the genome is partitioned into topologically associating domains (TADs), i.e. self-interacting regions of the genome.

TADs are thought to functionally influence gene regulation by exerting spatial constraints on enhancer-gene communication. Indeed, mutations that perturb TAD structure can result gene mis-regulation by 'enhancer adoption' i.e. ectopic interactions of enhancers with genes that are normally not their target [START_REF] Corces | The three-dimensional cancer genome[END_REF][START_REF] Valton | TAD disruption as oncogenic driver[END_REF].

Genes from the same TAD tend to show correlated transcription across cells and tissues, and during development [START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF][START_REF] Ramírez | High-resolution TADs reveal DNA sequences underlying genome organization in flies[END_REF]. These results suggest that TADs could serve as 'regulatory units' of the genome, within which enhancers would coregulate multiple genes. Correlated expression often occurs between functionally related genes, e.g. coding for proteins of a complex and this correlation is stronger for nearby genes along the genome.

These observations raise the possibility that local 3D genome organization into TADs could play a role in coregulating functionally related genes. However, this domain-wise logic in gene coregulation remains poorly understood.

TADs seem to exist only as ensemble structures observed in contact matrices of populationaveraged chromosome conformation capture techniques and likely they do not have the reality in single cells. How then can TADs coregulate the expression of genes locally and possibly serve as 'unit of coregulation' in this context? Answering this question requires observing coexpression patterns of genes in single cells, at the single allele level.

Microscopy is inherently single-cell and thus ideal to study the relationships between genome organization and gene coexpression. However, this requires being able to observe RNAs and DNA regions simultaneously. To this end, we optimized protocols permitting 6-color singlemolecule RNA-DNA FISH (see chapter 3). Using this approach, I have imaged the coexpression patterns of 3 functionally related genes from a single allele in wild-type MCF7 cells and in cells with locally perturbed TAD organization, as to understand the principles of local gene coregulation in cis.

MCF7 CELLS AS A MODEL SYSTEM TO STUDY GENE COREGULATION IN CIS

In order to study transcriptional coregulation, we chose the well-studied estrogen receptor a (ERa)-mediated transcriptional response to estrogen hormones [START_REF] Cheung | Genomic Analyses of Hormone Signaling and Gene Regulation[END_REF] as our model system. We chose the human ER-positive breast cancer cell line MCF7, in which rapid and transient estrogen-mediated regulation of genes by enhancers has been well characterized [START_REF] Fullwood | An oestrogen-receptor-α-bound human chromatin interactome[END_REF][START_REF] Hah | A Rapid, Extensive, and Transient Transcriptional Response to Estrogen Signaling in Breast Cancer Cells[END_REF][START_REF] Zwart | Oestrogen receptor-co-factor-chromatin specificity in the transcriptional regulation of breast cancer[END_REF][START_REF] Hah | Enhancer transcripts mark active estrogen receptor binding sites[END_REF][START_REF] Dzida | Predicting stimulation-dependent enhancer-promoter interactions from ChIP-Seq time course data[END_REF]. This regulation happens through estrogen receptors (ERs) -the transcription factors activated by the binding of their natural ligand 17-b-estradiol (E2) which results in receptor dimerization and affects gene activity via chromatin binding (see Box 2, page 56). Two tissue-specific classes of ERs exist: ERa and ERb [START_REF] Couse | Estrogen receptor null mice: what have we learned and where will they lead us?[END_REF]. In breast cancer cells, the predominant class of ERs is ERa. More than ten thousands of ERa binding sites have been identified in the MCF7 genome, mainly associated with enhancers and much less with promoters [START_REF] Cheung | Genomic Analyses of Hormone Signaling and Gene Regulation[END_REF]. Thus, it was difficult to define the set of E2-regulated genes because of the indirect mode of their activation by the ERa-bound enhancers. Numbers of estrogen-regulated genes reported by microarrays varied between 100 and 1500 [START_REF] Cheung | Genomic Analyses of Hormone Signaling and Gene Regulation[END_REF].

The development of global run-on sequencing (GRO-Seq; see Box 4, page 63) has allowed investigating the immediate effects of estrogen signaling on transcriptional activity in the MCF7 cells. GRO-Seq provides a genome-wide map of position, amount and orientation of transcriptionally engaged RNA polymerases by mapping the RNA molecules associated with them [START_REF] Core | Transcription Regulation Through Promoter-Proximal Pausing of RNA Polymerase II[END_REF], thus providing a direct readout of nascent transcription. GRO-Seq data in MCF7 cells [START_REF] Hah | A Rapid, Extensive, and Transient Transcriptional Response to Estrogen Signaling in Breast Cancer Cells[END_REF] revealed that transcriptional regulation by estrogen happens extremely rapidly -already after 10 minutes after E2 addition 10% of the transcriptome was altered, suggesting that this was a direct effect of ERa. At 40 minutes of E2 treatment, the largest number of genes were affected, with similar numbers of up-and downregulated transcripts and, by 160 minutes, 75% of transcripts were downregulated, indicating the transient nature of response to estrogen.

The rapid nature of the transcriptional response of MCF7 cells to estrogen, as well as the fact that this response is largely mediated by ERa-bound enhancers make the MCF7 cells a good model system to study gene expression and regulation. In addition, MCF7 is a well characterized cell line with variety of data from multiple genomic assays available, providing a comprehensive view of estrogen-mediated gene regulation by enhancers.

CHOOSING A GENOMIC LOCUS FOR THE STUDY

The goal of this project is to understand gene coregulation by enhancers within TADs, which occurs specifically in cis -at the single allele level. To be able to measure these specific effects, we use an imaging-based approach of gene transcription and positions (RNA-DNA FISH), which allows the access to the single-allele information. In order to study this cis-coregulation, we need to have a genomic locus with estrogen-responsive genes that differ in their characteristics related to the 3D genome architecture -an idealized locus is shown in Figure 23. Within such locus, genes differ in their levels of contact insulation, which is related to the sets of enhancers these genes may share or not: two genes located in the same TAD (G2 and G3 in Figure 23) -thus regulated by the same set of enhancers (E2) -and one gene in an adjacent TAD (G1), regulated by different set of enhancers (E1). Therefore, a locus to study should consist of three genes.

With our FISH-based approach, we are studying transcriptional correlations between pairs of genes from each locus -3 pairs per locus. Therefore, RNA FISH signals of all three genes of the locus should be of good quality, in order for the locus to be selected for analysis. The analysis comprises mathematical separation from the imaging data the global and local effects of transcriptional correlations of genes, which yields the component of the correlation occurring specifically in cis. Having this cis-component as a readout of gene coregulation, we can then Genes within the ideal locus should differ in their contact insulation, therefore two genes should be located in the same TAD, and a third gene should be located in an adjacent TAD.

perturb different aspects of the locus, such as TAD boundaries or enhancers in order to dissect their contributions to the observed correlation.

Criteria

To choose a genomic locus for this study, with 3 genes as depicted in Figure 23, I used publicly available genomic datasets and performed preliminary imaging tests as follows. I have devised a set of criteria that candidate the genomic loci have to fulfill in order to be selected:

(i)
Estrogen responsiveness of three genes at the locus: As detailed further in sections 2.2.2 and 2.2.5, genes have to exhibit rapid and substantial transcriptional upregulation upon estrogen treatment (GRO-Seq; [START_REF] Hah | A Rapid, Extensive, and Transient Transcriptional Response to Estrogen Signaling in Breast Cancer Cells[END_REF].

(ii) Different levels of contact insulation and inter-genic distance between the three gene pairs: As detailed further in sections 2.2.4 and 2.2.5, I selected triplets of genes where the 3 possible pairs show different levels of contact insulation and genomic proximity (within 1Mb of distance), i.e. two genes weakly insulated vs two genes strongly insulated although close in genomic distance. Genomic locations of TAD boundaries were determined from the CTCF binding and interactions (CTCF ChIP-Seq and ChIA-PET, ENCODE) and insulation scores were calculated from Hi-C performed on MCF7 cells [START_REF] Rodriguez | Intrinsic Dynamics of a Human Gene Reveal the Basis of Expression Heterogeneity[END_REF].

(iii) Possibility to design good RNA FISH probes (which can be limited by gene length and GC content) and effective quality of RNA FISH fluorescence signal after testing the probes, as detailed further in section 2.2.6.

(iv) Presence of well-identifiable enhancers: As detailed further in section 2.2.7, based on binding of ERa and p300 in hormone-deprived and -induced conditions [START_REF] Zwart | Oestrogen receptor-co-factor-chromatin specificity in the transcriptional regulation of breast cancer[END_REF][START_REF] Liu | Enhancer Activation Requires trans-Recruitment of a Mega Transcription Factor Complex[END_REF], I identified, at the loci of interest, constitutive vs E2responsive enhancers. Among the latter, I also identified enhancers that are prebound by ERa in the absence of hormone since data suggests that they serve as necessary anchor points for populating other nearby enhancers by ERa upon hormone exposure [START_REF] Caizzi | Genome-wide activity of unliganded estrogen receptor-α in breast cancer cells[END_REF][START_REF] Bojcsuk | Inducible super-enhancers are organized based on canonical signalspecific transcription factor binding elements[END_REF][START_REF] Saravanan | Ligand dependent gene regulation by transient ERα clustered enhancers[END_REF].

Transcriptional response of MCF7 cells to estrogen

I investigated the transcriptional response to estrogen by analyzing publicly available dataset of the GRO-Seq experiments performed in MCF7 cells deprived of estrogen and subsequently treated with E2 for 0, 10, 40 and 160 min [START_REF] Hah | A Rapid, Extensive, and Transient Transcriptional Response to Estrogen Signaling in Breast Cancer Cells[END_REF].

An example of a transcriptional response to E2 of a gene, RET, is shown in Figure 24. RET is almost not transcribed when cells are deprived of estrogen and its transcription gradually increases at 10 min and 40 min of E2 treatment, when it reaches its maximum (fold change of expression 0min vs 40min ~17.5) and decreases afterwards at 160 min (Figure 24A,C).

Transcriptional response of RET and other genes can be summarized in a transcriptional time profile over the time course of E2 treatment (Figure 24). Although the time profile is specific to each gene, we can observe instances of genes showing a similar shape of time profiles (compare BATF and JDP2 in Figure 24C). I will define a more precise metric of similarity between time profiles in section 2.2.4. 

RET

To investigate the global effect of estrogen on MCF7 transcriptome, I analyzed the genes identified in the GRO-Seq dataset [START_REF] Hah | A Rapid, Extensive, and Transient Transcriptional Response to Estrogen Signaling in Breast Cancer Cells[END_REF] and focused specifically on the changes in nascent transcription between 0 and 40 minutes of E2 treatment (Figure 24B). I chose the 40 min timepoint since, after that period of time, a large group of E2-upregulated genes (1083 genes) reach their peak of nascent transcription [START_REF] Hah | A Rapid, Extensive, and Transient Transcriptional Response to Estrogen Signaling in Breast Cancer Cells[END_REF].

3D genomic contacts in MCF7 cells show very minor changes upon exposure to estrogen

We sought to determine whether 3D genome organization changes upon estrogen-mediated transcriptional activation in MCF7 cells. To investigate segregation of chromatin into A/B compartments and contact insulation at the scale of TADs, we analyzed the publicly available Hi-C datasets from estrogen-deprived and induced cells [START_REF] Rodriguez | Intrinsic Dynamics of a Human Gene Reveal the Basis of Expression Heterogeneity[END_REF]. A postdoc in the team, Vittore Scolari, re-generated Hi-C maps from this dataset, from which I performed the following analyses.

First, I estimated the A/B compartments (Figure 25A) using eigenvector analysis of the Hi-C contact maps at the resolution of 500kb in uninduced and induced conditions (0.5nM E2 for 3 days), thereafter denoted 'no E2' and 'saturating E2', respectively. The value of the first eigenvector (or first principal component; PC1) divides the genome into two compartments, with positive values corresponding to the active A compartment and negative values corresponding to inactive B compartment (see section 1.1.3.2). Intermediate values indicate regions that do not fully associate with one or the other compartment, which may reflect heterogeneity between cells within the population. In our analysis (Figure 25A-B.3), I did not observe major A to B or B to A switches between compartments, indicating that these structures remain stable upon exposure to hormone E2, which is nevertheless known to induce a strong transcriptional activation of many genes genome wide. However, a trend could be observed, where weak B compartments, defined by the negative eigenvector values close to zero, became even weaker after estrogen treatment, whereas strong B and A as well as weak A compartments did not change (Figure 25B.1). Comparison of two technical replicates showed that this difference was not due to the variability between samples (Figure 25B.2).

Next, we wondered whether induction of transcription by estrogen could affect insulation of 3D contacts at TAD boundaries (Figure 25C). To this end, I computed an insulation score using the sliding window approach [START_REF] Crane | Condensin-driven remodelling of X chromosome topology during dosage compensation[END_REF]. On 10kb-resolution contact maps, I calculated the insulation score, at each position along the chromosome, as the sum of Hi-C pair reads within a window corresponding to the contacts between the 140kb upstream and the 140kb downstream of the considered position. For genomic positions inside TADs, the insulation extent after 10 min of E2 treatment, then plateauing until 40 min, and finally going back to their respective pre-treatment level after 160 min. These genes may differ in their initial activity and in the amplitude of their response to E2, but the shape of their time profiles are the same, so that our metric will yield a value of 1. More generally, this metric capture how much the kinetic responses of two genes are similar, independently of basal activity and absolute levels.

According to our metrics two genes showing similar time profiles would yield a value close to 1, whereas two genes with dissimilar time profiles would be yield a lower value (Figure 26A).

When I plotted the values of pair-wise transcriptional correlations as a function of the intergenic distance -up to 1Mb of genomic separation between the two genes of a pair -I could observe an enrichment of strongly correlated genes (correlation ≥ 0.7) at short distances up to 200kb of genomic separation (Figure 26B). This coexpression of genes that are nearby in the genome suggest the existence of possible mechanisms of coregulation in cis.

Two genes that are close to each other in the linear genome are also likely to reside within the same TAD and therefore contact each other in 3D more frequently than two more distant genes.

Genes from the same TADs have indeed been shown to exhibit correlated transcriptional changes over long timescales, such as cell differentiation or development [START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF][START_REF] Ramírez | High-resolution TADs reveal DNA sequences underlying genome organization in flies[END_REF]. Therefore, I decided to investigate the contribution of TAD-mediated 3D contact insulation to the observed pairwise correlations. To this end, I incorporated the insulation score computed from the Hi-C experiment from MCF7 cells [START_REF] Rodriguez | Intrinsic Dynamics of a Human Gene Reveal the Basis of Expression Heterogeneity[END_REF]. To each gene pair, I assigned the lowest value of the insulation score encountered between the promoters of the two genes. Then, I plotted again the heatmap of transcriptional correlation vs intergenic distance, only for the gene pairs associated with the top 20% strongest insulation (Figure 26C). This analysis revealed that the enrichment of correlated gene pairs at short intergenic distances was largely lost (with the exception of the very top-left bin in the heatmap where 26 gene pairs have both promoters within 40kb and are strongly correlated). This indicates, that both the genomic distance between genes and their 3D contact insulation are key to predict transcriptional correlation during the time course of estrogen stimulation.

Interestingly, the coexpression patterns I outlined here are seen at the population ensemblelevel. Our study aims at investigating these patterns at the single-cell, single-allele level, where they may -or may not -match what is observed at the population level. As an illustration of how these patterns could differ, let us take a simple -and speculative -example: Let us imagine two genes controlled by a single estrogen-responsive enhancer. In population data, the enhancer will be activated by estrogen and will upregulate the activities of both genes, which will hence appear correlated. However, one can imagine mechanisms where, if observed at the singleallele level, both genes would show anti-correlated patterns of transcription -e.g. if enhancers are exclusive so that they can only activate one gene at a time in a given cell at a given locus.

Hence, differences or similarities between coexpression patterns at different scales are complementary to dissect the mechanisms of gene regulation.

Bioinformatic selection of candidate loci

Within the scatterplot comparing the transcription of all the genes measured by GRO-Seq [START_REF] Hah | A Rapid, Extensive, and Transient Transcriptional Response to Estrogen Signaling in Breast Cancer Cells[END_REF], I defined a window containing a subset of 1305 genes, which I called responsive genes (Figure 27A). The window was defined so that genes have a least a 2-fold induction between pre-treatment and 40 min of E2 treatment, and excluding highly expressed genes (pretreatment read counts > 150) and weakly expressed genes (post-treatment read counts < 50), which may not be well suited for RNA FISH. The best genes for our purpose being towards the center of this window rather than are its periphery, we devised a responsiveness score that quantifies the log2 distance to the nearest of our three threshold values delimiting the window of responsive genes 1 .

I then investigated the genomic distribution of responsive genes. For this, I paired the responsive genes with each other and observed their responsiveness score as a function of their genomic separation (Figure 27B). Interestingly, genes with high responsiveness score were frequently located close to each other in the linear genome, thus increasing the probability of finding gene pairs located in the same/adjacent TADs.

1 A score of 0 means that the gene is on the border of the window, while a score of x means that the gene is induced by a least a 2×2 x fold, pre-treatment level is less than 150/2 x and post-treatment levels are at least 50×2 x . Given that the average size of TADs in the human genome is 180kb according to highresolution Hi-C [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF], I selected gene pairs separated by a genomic distance of at most 200kb. This narrowed down the selection to 533 gene pairs and even less genomic loci, since many of these pairs had a gene in common. For each of the selected gene pairs, I searched for a third gene in the vicinity showing a high fold of induction upon estrogen treatment, so that among the three resulting genes, two belong to the same TAD and one to an adjacent TAD. I also refined the list of identified loci for a simple and predictable architecture of 3D genomic contacts: i.e. number and orientation of CTCF sites separating the genes within each locus. I rejected loci where the genes were separated by many CTCF sites and/or not in adjacent TADs.

Coordinates of the locus

These revisions narrowed my list to 6 loci (Figure 27C), each one consisting of three genestwo genes inside the same TAD and thus weakly insulated from each other and a third gene strongly insulated from the other two, belonging to an adjacent TAD. I then proceeded to design and test single-molecule RNA FISH probes for all 18 genes. the FISH probes against intronic sequences, when long enough to design at least 35 probes. For genes in which introns were too short, I targeted the probes against all the exons, resulting in a labeling that includes mature mRNAs. In cases where exonic regions were still too short to be covered by at least 35 probes, I targeted the probes against both introns and exons. To reduce potential variability in intensity of the target RNAs, I also maximized the probe density by targeting each probe set against the shortest possible sequence.

Design and test of single-molecule RNA FISH probe sets

To first test the single-molecule RNA FISH protocol, I used probes against a control gene, FXR1. I used two probe sets -one targeting the mRNA sequence of FXR1 and second one, targeting its fifteenth intron (Figure 28A). The hybridization of the mRNA probe set revealed multiple single mRNAs of FXR1, present both in the nuclei and the cytoplasm of cells (Figure bright transcription sites. Following this evaluation, I discarded three loci due to the RNAs of at least one gene of a locus being labeled inefficiently. This has left us with the final set of three loci (Figure 31): (1) FOS-JDP2-BATF on chromosome 14, (2) DPM2-FAM102A-SLC25A25

on chromosome 9 and (3) ONECUT2-FECH-ATP8B1 on chromosome 18.

Mapping enhancers at our candidate loci: 3 classes of enhancers

Important information for the selection of our locus of interest is the location and nature of enhancers. As explained in section 1.2.3.1.1, enhancers are commonly mapped using different histone marks (including H3K4me1, H3K27ac) and the presence of certain cofactors (including p300/CBP). I downloaded and re-aligned publicly available ChIP-Seq datasets for these histone marks and cofactors, as well as for the TF ERa, performed in estrogen-deprived and -induced conditions. After comparing datasets, I chose to use p300 occupancy as the proxy for enhancer localization and activity since it was the data showing the clearest changes before and after estrogen induction and the most exhaustive number of sites. As a result, I used the ChIP-Seq data for ERa and p300 from [START_REF] Zwart | Oestrogen receptor-co-factor-chromatin specificity in the transcriptional regulation of breast cancer[END_REF][START_REF] Liu | Enhancer Activation Requires trans-Recruitment of a Mega Transcription Factor Complex[END_REF] (Figure 30A). These datasets were unfortunately not provided with spike-in controls for proper normalization. However, a scatter plot of p300 occupancy before vs after E2 treatment shows that the majority of sites respond to estrogen stimulation, which appears as an increase in occupancy, as expected, when I next interrogated the identified enhancers for the presence of ERa binding. ERa acts as a transcription factor upon estrogen treatment and binds to chromatin mostly at enhancers [START_REF] Cheung | Genomic Analyses of Hormone Signaling and Gene Regulation[END_REF]. Indeed, I observed that the majority of E2-responsive enhancers were bound also by ERa (Figure 30C). Interestingly, I observed responsive enhancers that exhibited the ERa binding even in the absence of estrogen (Figure 30A). Such pre-existing ERa binding sites are known in literature to be the necessary nucleation points for populating other ERa binding sites in their proximity [START_REF] Saravanan | Ligand dependent gene regulation by transient ERα clustered enhancers[END_REF] (see section 1.3.2.2).

Therefore, within the class of E2-responsive enhancers, I separated those pre-bound by ERa from those at which ERa was bound de novo upon estrogen treatment (Figure 30A). All three classes of enhancers were present at the three genomic loci we selected (Figure 31). Based on the binding of p300 and ERa I identified all three classes of enhancers (classification of enhancers described in section 2.2.7): responsive pre-bound by ERa before E2 stimulation, responsive created de novo following E2 stimulation and non-responsive enhancers (Figure 32C,D). Two of the pre-existing enhancers are located in the same TAD as FOS and one of them is part of the super-enhancer 20kb upstream of the FOS promoter (Figure 18 and Figure 32). Two other pre-existing enhancers are in proximity of BATF (Figure 32) -one upstream of the promoter and second one within the second intron of BATF. Our observation of minor changes in 3D contact insulation at the sub-megabase scale following E2 treatment (see section 2.2.3) prompted us to investigate whether such changes occur within the FJB locus. Visual examination of Hi-C maps before and after estrogen stimulation revealed an apparent weakening of the chromatin loop formed between CTCF sites upstream and downstream of FOS and an apparent strengthening of the loop between CTCF sites upstream of FOS and upstream of BATF (Figure 33A,B). Comparison of the insulation scores within the locus revealed decreased scores within the TAD encompassing JDP2 and BATF after E2 stimulation, which suggests strengthening of intra-TAD interactions and increase of contacts between JDP2 and BATF (Figure 33C).

Investigating the coregulation of three genes of the AP-1 family

All three genes at the FJB locus have been shown to be involved in cancer progression. FOS is a known protooncogene, frequently expressed in tumor cells and because of its rapid upregulation in response to variety of different stimuli, FOS is referred to as an immediate early gene [START_REF] Hu | Targeted disruption of the c-fos gene demonstrates c-fos-dependent andindependent pathways for gene expression stimulated by growth factors or oncogenes[END_REF][START_REF] Curran | Fos: an immediate-early transcription factor in neurons[END_REF][START_REF] Milde-Langosch | The Fos family of transcription factors and their role in tumourigenesis[END_REF]. JDP2 has a dual roles in cancer -its expression in the mouse liver promotes hepatocellular carcinoma [START_REF] Bitton-Worms | The AP-1 repressor protein, JDP2, potentiates hepatocellular carcinoma in mice[END_REF] but on the other hand, JDP2 can also acts as a tumor suppressor by decreasing expression of JUN [START_REF] Heinrich | The c-Jun dimerization protein 2 inhibits cell transformation and acts as a tumor suppressor gene[END_REF]. Similarly, BATF acts as an oncogene in non-small cell lung cancer [START_REF] Feng | Simultaneous Epigenetic Perturbation and Genome Imaging Reveal Distinct Roles of H3K9me3 in Chromatin Architecture and Transcription[END_REF], but overexpression of BATF prevents oncogenic transformation in mouse cells [START_REF] Echlin | B-ATF functions as a negative regulator of AP-1 mediated transcription and blocks cellular transformation by Ras and Fos[END_REF]. The FJB locus is often targeted by retroviral insertions associated with T cell lymphoma in mice [START_REF] Rasmussen | Tumor model-specific proviral insertional mutagenesis of the Fos/Jdp2/Batf locus[END_REF].

All three genes of the FJB locus are functionally related -they belong to distinct subfamilies of the AP-1 transcription factors. Their protein products have opposite functions within the AP-1 complex -FOS acts as an activating partner of JUN, whereas BATF and JDP2 have been shown to repress transcription, when forming heterodimers with JUN.

In mouse cells, the FOS/JUN heterodimer directly binds to the AP-1 binding site upstream of promoter of Fshb gene in response to gonadotropin release hormone (GNRH) and this binding results in induction Fshb transcription [START_REF] Coss | A novel AP-1 site is critical for maximal induction of the folliclestimulating hormone beta gene by gonadotropin-releasing hormone[END_REF]. In contrast, binding of JDP2/JUN heterodimer to the same AP-1 binding site upstream of Fshb results in repression of Fshb transcription [START_REF] Jonak | c-JUN Dimerization Protein 2 (JDP2) Is a Transcriptional Repressor of Follicle-stimulating Hormone β (FSHβ) and Is Required for Preventing Premature Reproductive Senescence in Female Mice[END_REF]. Moreover, induction with GNRH results in FOS displacing JDP2 in heterodimer with JUN, leading to transcriptional activation of Fshb, and overexpression of JDP2 leads to decreased Fshb induction, which suggests that FOS and JDP2 directly compete with each other for the binding to JUN [START_REF] Jonak | c-JUN Dimerization Protein 2 (JDP2) Is a Transcriptional Repressor of Follicle-stimulating Hormone β (FSHβ) and Is Required for Preventing Premature Reproductive Senescence in Female Mice[END_REF]. Similarly, in serum-starved NIH 3T3 cells the predominant complex is JDP2/JUN, while after serum induction the FOS/JUN dimer becomes more prevalent and in parallel, the protein levels of JDP2 associated with JUN decrease, also supporting the competition between JDP2 and FOS [START_REF] Aronheim | Isolation of an AP-1 repressor by a novel method for detecting protein-protein interactions[END_REF]. JDP2 repressive function may epigenetically involve histone deacetylation, as JDP2 has been shown to recruit HDAC3 to repress retinoic acid-mediated transcription of JUN [START_REF] Jin | JDP2, a repressor of AP-1, recruits a histone deacetylase 3 complex to inhibit the retinoic acid-induced differentiation of F9 cells[END_REF]. However, JDP2 has been also demonstrated to act as a coactivator by physically interacting with progesterone receptor [START_REF] Wardell | Jun dimerization protein 2 functions as a progesterone receptor Nterminal domain coactivator[END_REF].

However, it is not known whether this activating capacity of JDP2 depends on dimerization with members of AP-1 factors.

BATF was shown to physically interact with both JUN and FOS in vitro and BATF/JUN dimer but not BATF/FOS dimer can associate with AP-1 binding site in electrophoretic mobility shift assay [START_REF] Dorsey | B-ATF: a novel human bZIP protein that associates with members of the AP-1 transcription factor family[END_REF]. In mouse F9 cells, transient transfection of a construct expressing FOS increases transcription of luciferase reporter gene and cotransfection of two constructs expressing FOS and BATF reduces this activation in a dose-dependent manner [START_REF] Echlin | B-ATF functions as a negative regulator of AP-1 mediated transcription and blocks cellular transformation by Ras and Fos[END_REF]. Transfection of only BATF construct reduces even the basal activity of the reporter gene.

Moreover, overexpression of BATF inhibits FOS-induced oncogenic transformation of mouse C3H10T1/2 cells [START_REF] Echlin | B-ATF functions as a negative regulator of AP-1 mediated transcription and blocks cellular transformation by Ras and Fos[END_REF]. These data demonstrate that, similarly to JDP2, BATF also acts as a transcriptional repressor and competes with FOS for binding with JUN.

Interestingly, the functional relationship between the 3 genes of the FJB locus mirrors its 3D organization: FOS (activating partner of JUN) is separated from JDP2 and BATF (repressive partners of JUN) by a strong TAD border -the strongest insulation within 30Mb. This raises a central question: whether the 3D genome organization affects the coregulation of functionally related genes.

VISUALIZATION OF GENE ACTIVITIES AND POSITIONS USING SINGLE-MOLECULE RNA FISH COMBINED WITH IFISH/OLIGOPAINTS

To maximize the detection of single targeting the first and the second introns of respective genes. The reason behind is that the second introns of these genes are longer than the first introns, meaning it would take longer for them to be spliced and therefore more single RNAs could be detected. This test revealed that the highest number of single RNAs and TSs could be detected when using probes against intron 2 of BATF and a mix of two probesets against introns 1 and 2 of JDP2 (Figure 34).

I then performed combined RNA-DNA FISH experiments on MCF7 cells cultured in estrogendeprived and estrogen-induced conditions. For this, together with a postdoc in the team, Kyra Borgman, we optimized the FISH protocol to permit 6-color imaging, with single-RNA sensitivity, and detection of small DNA regions (down to 20kb) on the same sample. This optimization, the computational tools we have made for optimizing, and the resulting protocol are all described in chapter 3.6

Single-molecule sensitivity was achieved by targeting multiple probes to the RNAs of interest:

37 probes conjugated with CAL Fluor® Red 610 dye (CAL610) against FOS mRNA, 96 probes conjugated with Quasar®670 (Q670) against JDP2 introns 1 and 2 and 48 probes conjugated with Quasar®570 (Q570) against BATF intron 2 (Figure 34). In the same samples, we have also labeled the DNA of the FJB locus using a custom-designed iFISH/Oligopaints library. The detail of the library design is given in chapter 3.4 , in particular Figure 45. We designed this library as to enable, for future investigations, the labeling of many different regions and features at the locus (promoters, enhancers, the different TADs and subTADs, and their boundaries).

But for our purpose here, we will be labeling a region of ~1.17 Mb encompassing the FBJ locus with the whole library of 12 000 oligos (yielding a strong signal with virtually no false negative -see chapter 3), which is key to unambiguously identify the different loci and measure the activity of genes (Figure 35). In section 2.8 in addition to the whole locus, we will visualize a 20 kb region corresponding to the TAD boundary separating FOS and JDP2 or a control region of a similar size just downstream.

After performing the FISH protocol, I imaged the samples using our microscope setup built to perform 6-color imaging. I typically acquired 120 fields of view (FOVs) per condition, with each FOV being a stack of 25 z-planes spanning the full nuclear volume with steps of 0.3µm.

The analysis of the RNA-DNA FISH images consists of two main steps: (1) nuclear segmentation and (2) spot detection, including RNA and DNA spots. Nuclei are segmented based on DAPI staining using a custom-written script. Stringent criteria regarding size and shape ensure that only properly segmented nuclei of healthy cells are used for further analyses (automated selection, followed by visual inspection and manual curation).

Within each acquired FOV, our custom-written 'spot detection' script localizes fluorescent spots in 3D in multiple channels and measures their intensities (Figure 35B-D). This is used to detect and quantify:

• RNA FISH signals: nascent RNAs and (pre-)mRNAs released from the TSs

• DNA FISH signals: the whole FJB locus and the small regions described in section 2.8

Analysis of DNA FISH signal revealed that the number of copies of the locus is variable within the cell population and that the majority of cells have 5 copies of the FJB locus (Figure 35G).

This variability in copy number is incorporated in the statistical analysis (next section).

On the histogram of fluorescence intensities from RNA FISH channels, single RNAs appear as a distinct peak of monodispersed intensities. For each RNA channel, I used the intensity value at this peak to renormalize the fluorescence 'units' so that an intensity of 1 represents a single RNA. When plotting the distribution of 3D distance between the loci (identified in the 'whole locus' DNA FISH channel) and the RNAs in all three channels, I observed a clear enrichment of RNA spots within 1.3µm of the loci spots (Figure 35E), suggesting that these correspond to nascent RNAs at TSs. To confirm this, I compared the intensity distributions of RNA spots found within 1.3µm of DNA loci spots vs RNA spots found further away (Figure 35F). As expected, I observed that RNA spots that are substantially brighter than a single RNA (e.g. normalized intensity ≥ 2) are almost exclusively at DNA loci spots, while almost all the spots that are further away have the intensity of a single RNA. Therefore, I identified TSs in all RNA channels as the brightest spots with 1.3µm 3D distance to the DNA locus spots. 

FOS RNA spots

As a result, I can represent, for all three gene pairs of the FJB locus, the joint distributions of transcriptional activities and the corresponding joint probabilities of finding the two genes of each pair active or inactive in cis at the same locus (Figure 35H,I). To be conservative and avoid mistaking as an 'active gene' a single RNA that would happen to be near a DNA locus spot, I considered genes to be active if the intensity of their RNA signal is more than 2.5 time a single RNA (refer to Figure 35F for the intensity distribution of single RNAs). Calculating these joint probabilities of gene activity in cis are the first step to analyze their coregulation.

ANALYSIS APPROACH TO SEPARATE CIS AND

TRANS EFFECTS IN GENE COREGULATION

The coregulation of genes by mechanisms operating in cis can be investigated through correlations in their activities. For instance, two genes sharing a common (set of) enhancer(s)

are expected to show a different correlation patterns than two genes independently regulated by distinct enhancers. These patterns should also depend on how enhancers communicate with genes and a should hence be affected by the local patterns of genomic contacts (e.g. TADs, insulation) and the processes that forms them (e.g. loop extrusion).

However, for this to be possible, we need be able to analyze correlations between transcriptional outputs of pairs of genes occurring specifically in cis. Indeed, when calculating the correlation coefficient between the joint activities of two genes (as in the joint distributions on Figure 35H,I), any cell-to-cell variability affecting both genes (e.g. cell cycle or other global states of the cell) contributes to the measured correlation. To mathematically separate this so-called extrinsic noise [START_REF] Elowitz | Stochastic gene expression in a single cell[END_REF] from the correlation occurring specifically in cis, we devised an analysis approach that combines, within each nucleus, the statistics computed over the gene pairs at individual loci with the ones computed over all gene pairs in trans. Our approach yields the locus-intrinsic -or 'cis' -component of the Pearson's correlation coefficient, reflecting local aspects of gene coexpression at the single-locus level.

The approach to extract the cis-component of the Pearson's correlation consist in computing and comparing the covariances between observed and permuted joint distributions of gene activities (Figure 36). It relies on simple mathematical identities, which we derived and implemented with the help of members of my team, notably my supervisor -Antoine Coulon -and which I present here in simple terms. (A) Each FISH dataset after image analysis consists of a set of segmented nuclei and within each nucleus the transcription sites of pairs of genes (RNA FISH signal) are assigned to an allele of the FJB locus (identified from the iFISH/Oligopaints signal). The contingency table is first calculated from the observed data. Then, within each nucleus, the assignments of transcription sites to the alleles are permuted in all possible combination that exclude any cis pair. This breaks the relationships between alleles, but keeps the information about global transcriptional cell state. Second contingency table is calculated from the permuted data. From contingency tables, the covariances are calculated and the difference between them yields the covariance in cis, which we use to compute the cis-component of the Pearson's correlation coefficient. (B) Covariance of permuted data represents the extrinsic noise in gene coregulation and can differ, depending on the source of extrinsic noise. Inside nuclei, both intrinsic and extrinsic sources contribute to gene coregulation -this is mathematically called as mixture distribution.

The joint distribution of transcriptional activities of pairs of genes summarizes both the RNA FISH data about gene transcription and DNA FISH data about the number of copies of the FJB locus. Joint distribution can be summarized as a contingency table, which informs about the frequency of identified alleles of the FJB locus, where both of genes are active, only one gene of the pair is active, and where both of the genes are inactive. From each of these contingency tables, we calculate the associated covariance (Figure 36A). Next, we perform permutations by reassigning, within each cell, the observed gene activities to different alleles. We consider all the possible permutations that associate gene activities only in trans (i.e. we exclude the permutations where some genes originally from the same allele in cis are again together). These permutations break the relationships between gene activities within single alleles, but retain the cell-to-cell variability in the population -variable global transcriptional activity of cells, variable number of alleles per cell, etc. Permuted gene activities are then represented as a second contingency table and the associated value of covariance is also calculated. Of note, the permuted contingency table represents the extrinsic noise and joint probabilities of gene activities can change depending on how strong the extrinsic noise is. For example, if extrinsic factors are the only source of correlation between genes, then covariances of the observed and permuted contingency tables will be the same, while if there is no extrinsic noise, then the permuted covariance will be zero. In reality, many scenarios in between these two extreme examples are possible, i.e. contribution of both extrinsic and locus-intrinsic factors to the observed correlations between transcriptional activities of genes (Figure 36B). 3. Among the gene pairs we examined, genes that are more proximal and less insulated are more transcriptionally correlated in cis upon estrogen induction, even after removing the extrinsic coexpression we identified at the population level (Figure 26). 4. To a small extent, activities of genes can be correlated across a strong TAD boundary, indicating that contact insulation does not fully make genes operate in isolation.

5. The cis components of the Pearson correlation coefficients are small in all cases (≤ 6%), indicating that the stochastic activity of genes is in large part gene-autonomous.

The difference in transcriptional correlations between gene pairs may have different origins, which we now investigate using two perturbation strategies: (i) using an approach based on dCas9-KRAB to selectively silence different enhancers at the locus (section 2.7 and (ii) using cell lines with the TAD boundary deleted (section 2.8

STRATEGY TO SELECTIVELY PERTURB GENE COREGULATION BY ENHANCERS

Among the few experimental techniques to functionally probe enhancer-gene interactions, approaches based on a catalytically-inactive Cas9 fused to a repressive KRAB domain (dCas9-KRAB) are used to selectively inactivate enhancers within a small region of a few hundred bp by introducing silent histone mark H3K9me3 and assess the outcome on gene expression [START_REF] Thakore | Highly specific epigenome editing by CRISPR-Cas9 repressors for silencing of distal regulatory elements[END_REF][START_REF] Fulco | Systematic mapping of functional enhancer-promoter connections with CRISPR interference[END_REF].

To dissect how different enhancers coregulate the expression of FOS, JDP2 and BATF, I have designed guide RNAs (gRNAs) to target with dCas9-KRAB 31 enhancers present at the FJB locus, as well as the TSSs of the three genes, which will serve as controls of silencing efficiency.

To deliver the dCas9-KRAB and gRNAs into MCF7 cells, together with an engineer in the team -Chloé Jaubert -I have designed and constructed using Gibson's assembly two plasmid vectors to be used in cotransfection experiments: one vector containing dCas9-KRAB fusion and a second vector for cloning the gRNAs of interest. The dCas9-KRAB plasmid also harbors a GFP reporter to directly visualize transfected cells under the microscope. Selecting transfected cells in an RNA FISH experiment based on the expression of a GFP allows (i) choosing homogenous expression levels, (ii) identifying non-transfected cells to treat them as an internal negative control, and (iii) avoids relying on FACS or drug selection [START_REF] Coulon | Kinetic competition during the transcription cycle results in stochastic RNA processing[END_REF].

Among 31 enhancers present at the FJB locus, I have selected 11 to target together with the 3 gene TSSs, and I have cloned gRNAs against them into our gRNA plasmid. In particular, these targets include all four pre-existing enhancers (Figure 38) that are bound by ERa even in the absence of estrogen (see section 1.3.2.2 and Figure 32). Such sites have been suggested to serve as anchors for other E2-responsive enhancers to respond upon hormone induction [START_REF] Saravanan | Ligand dependent gene regulation by transient ERα clustered enhancers[END_REF] and will be the first ones to perturb. For each of these four targets, we will assess gene coregulation in cis using our RNA-DNA FISH-based assay. This perturbation strategy is currently a work in progress -I have not yet obtained data using the gRNA I have cloned.

In order to understand how the different enhancers at the locus are affected by repression mediated by dCas9-KRAB, we also aim to quantify histone marks and TF binding through CUT&RUN followed by qPCR. CUT&RUN is a method of chromatin profiling, which relies on attaching micrococcal nuclease to the antibody targeted at a protein/histone modification of interest, subsequent cleavage of proximal DNA and release of specific protein-DNA complexes into the supernatant for DNA sequencing [START_REF] Orsi | High-resolution mapping defines the cooperative architecture of Polycomb response elements[END_REF][START_REF] Skene | An efficient targeted nuclease strategy for high-resolution mapping of DNA binding sites[END_REF]. To validate correct recruitment of dCas9-KRAB to target enhancers, we will use CUT&RUN to assess at each of them the levels of H3K9me3 -a histone mark of repressive chromatin introduced by KRAB domain [START_REF] Thakore | Highly specific epigenome editing by CRISPR-Cas9 repressors for silencing of distal regulatory elements[END_REF] -and the changes in enhancer activity will be assessed by investigating levels of p300 and ERa binding. As a positive control we are using a genomic site that is known to be bound by H3K27me3 histone mark and IgG as a negative control. So far, I have successfully imported the CUT&RUN-qPCR technique in our lab, thanks to the help of Guillermo Orsi (ENS-Lyon, IAB Grenoble) and I was able to show an enrichment of H3K27me3 binding at a genomic site where it is expected to be present.

Both dCas9-KRAB and CUT&RUN require further optimization before we can use these techniques to perturb enhancers and assess gene coregulation following the perturbations. The initial attempts to perform cotransfection experiments of dCas9-KRAB and gRNA plasmids gave unsatisfactory results, mostly due to the low transfection efficiency and cellular toxicity of transfection reagents we used. Several aspects of CUT&RUN need to be optimized as well, notably chromatin yields and antibody selection.

TARGETED PERTURBATIONS OF TAD BOUNDARY TO REVEAL THE REGULATORY LOGIC OF DOMAIN-WIDE REGULATION

Having the Pearson's correlation coefficient as a readout of coregulation, we used CRISPR-Cas9 genome editing approach to perturb the TAD boundary at the FOS-JDP2-BATF locus, with the aim to dissect the relative contribution of genomic distance versus contact insulation to gene coregulation.

'Loop engineering' is the predictable perturbation of TADs and loops by mutations/deletions/inversions of specific CTCF binding sites [START_REF] Sanborn | Chromatin extrusion explains key features of loop and domain formation in wild-type and engineered genomes[END_REF]Figure 10).

In particular, the deletion of a TAD boundary known to lead to developmental defects was shown to provoke ectopic enhancer-gene interactions due to the fusion of the adjacent TADs, resulting in abnormal gene expression [START_REF] Lupiáñez | Disruptions of Topological Chromatin Domains Cause Pathogenic Rewiring of Gene-Enhancer Interactions[END_REF]. At the FJB locus, I have designed two genomic deletions (Figure 39) -one disrupting the TAD boundary, which separates FOS from JDP2, and second, control deletion located downstream.

The boundary deletion region spans 20,762 bp and encompasses 4 strongly occupied CTCF sites downstream of the FOS promoter -two sites in the forward orientation and two in reverse orientation. The control deletion region is located 3,842 bp downstream of the boundary deletion region and spans 20,286 bp. When choosing the region for the control deletion, I specifically avoided including any enhancers bound by ERa and/or p300 as well as CTCF sites.

An engineer in our unit, Aude Battistella, then performed the genome editing by using two gRNAs designed to flank both sides of the boundary or control regions. The CRISPR editing generated two types of cell lines -one harboring the TAD boundary deletion and one carrying the control deletion. The cell lines were verified using PCR with a mix of three primers -two primers flanking the deletion region and one primer within the deletion region. The PCR products were analyzed using gel electrophoresis and the bands corresponding to the deletions were confirmed with Sanger sequencing. In all cases the obtained cell populations were heterozygous, meaning that at least one allele carries the desired deletion. We employed two strategies to use the deletion cell lines: (i) we used polyclonal cell populations directly after FACS selection of cells transfected with CRISPR and (ii) we also grew single-cell-derived clonal populations.

We have then proceeded to perform the RNA-DNA FISH experiments on the deletion cell lines.

Our iFISH/Oligopaints library was designed as to allow the visualization of the deletion regions -the oligos in the library that cover the 'TAD boundary' or 'control' regions targeted for deletion have specific flanking readout sequences allowing us to visualize them specifically by hybridizing a secondary fluorescent oligonucleotide (see chapter 3.4 and Figure 45 therein).

With this approach, we can label in a different color these specific regions ('TAD boundary' or 'control' regions) and identify the loci within each cell where the targeted region was deleted or not. As shown in Figure 40A, in WT cells all labeled loci have colocalizing signal of the TAD boundary region, whereas in cells harboring the deletion, the TAD-boundary region is missing at a fraction of loci, as expected. This allows the assessment of gene coregulation specifically at the alleles with TAD-boundary or control deletions. Moreover, the alleles which do not harbor the deletion serve as internal controls. Therefore, we can compare gene coregulation at deleted and undeleted loci in the same samples. high intensities. This shape of the distribution of deletion signals indicates that a fraction of deletion signals was missing in cell lines harboring the deletions, showing that the region was successfully deleted at a fraction of alleles. I quantified these two populations of alleles using our tool described in section 3.3 For the example shown on Figure 40C, this reveals that the deletion was successful at 55% of the alleles, and that using a fluorescence cutoff of 6•10 3 to select such alleles implies a false negative rate of 12.5% (Figure 41). See section 3.3 for more details. The percentage of successful deletions at alleles varied between different cell lines we obtained -from 12.7% to 69.2%. I then examined the effects of TAD boundary and control deletions on transcriptional coregulation of the three genes of the FJB locus in E2-induced conditions (Figure 40D). These preliminary data revealed that in both the cells with control deletion and at non-deleted alleles within cells with boundary deletion, the patterns of coregulation in cis were the same as in WT cells, with higher correlation between JDP2 and BATF than for FOS-JDP2 and FOS-BATF. In contrast, the correlation pattern seen at deleted alleles of cells with TAD boundary deletion was different -the FOS-BATF and FOS-JDP2 correlations became higher, than in cells with control deletion (p-value 0.039 for FOS-BATF deleted vs non-deleted alleles in the '∆TAD boundary' cell lines). These results are very preliminary, yet they suggest that perturbing TAD boundary can result in changes in cis coregulation of the genes from adjacent TADs.

Chapter 3

Methods and tools for quantitative RNA-DNA FISH Simultaneously imaging RNA and DNA by FISH in the same cells is often seen as challenging.

Indeed, the denaturation, hybridization and wash conditions classically used for RNA FISH and DNA FISH protocols are rather different. However, they are not incompatible. Together with a postdoc in the team, Kyra Borgman, we modified existing protocols to make them compatible and optimized the different steps in order to reach single-molecule sensitivity for RNA FISH and small-region sensitivity (down to 20kb) for DNA FISH, while performing both in the same cells. For this, we have relied on iFISH/Oligopaints-based strategies for DNA FISH and we would like to thank Magda Bienko for very valuable inputs on the use of this technique.

Of note, we have also developed a technique, not described here, that relies on sequential labeling of RNA and DNA with the use of fosmid-based probes. This technique was developed with the contribution from members of the team: Julia Roensch, Ilham Ladid and Chloé Jaubert.

In the process of optimizing the combined RNA-DNA FISH approach, we have also developed a computational tool to quantify the quality of signal-to-background separation in a FISH experiment, which we used to guide the optimization at many steps of the protocol. I present here this computational tool, the optimization procedure of the protocol and the resulting protocol for simultaneous RNA-DNA FISH in MCF7 cells. Being able to co-image both RNAs and DNAs at the resolution we have reached opens many exciting avenues for the wider scientific community interested in studying the relationships between genome organization and gene regulation.

SIGNAL-TO-NOISE RATIO IN MICROSCOPY

In fluorescence microscopy, the signal emerges as a result of absorption and subsequent emission of photons at specific wavelengths by fluorescent molecules, called fluorophores. The ability of microscopes to detect only the emitted light allows for the identification of objects labeled with fluorophores in biological specimens. The intensity of a signal depends on the number of emission photons collected from the intended object. In addition, photons that are not coming from the object of interest, commonly termed background, are also present in the image and can obscure the observed object and make its identification difficult [START_REF] Roy | Effects of image processing on the noise properties of confocal images[END_REF].

In particular, (i) the signal may show variations in intensity between different instances of the object, hence making some of them harder to detect, and

(ii) inhomogeneities in the background fluorescence can have an amplitude comparable to that of the signal, making it difficult to distinguish them from real objects.

These two types of noise can come from different sources, such as inefficient labeling for the former, sample autofluorescence and non-specific probe binding for the latter, or imaging noise for both, due to the discrete nature of photons and to noise in the camera sensors.

The problem of separating signal from background becomes important when imaging objects labeled with low number of fluorophores -such as short DNA sequences within the nucleus.

Indeed, for such weak signals, too high backgrounds can obscure low-intensity objects and lead to false negative conclusions, i.e. the non-detection of an existing object, or to false positive conclusions, i.e. the incorrect selection as an object of a background inhomogeneity. Therefore, increasing the ratio between signal intensity (fluorescence of the object above background) and the cumulated sources of noise is crucial for successful detection of such dim objects. This ratio is called a signal-to-noise ratio (SNR) and classically serves as a measurement of the quality of microscopy data [START_REF] Sheppard | Signal-to-Noise Ratio in Confocal Microscopes[END_REF].

Where does the noise come from?

Imaging noise -In fluorescence microscopy, when the signal intensity is low, a substantial part of the noise stems from the statistical variation in the number of photons emitted by fluorophores labeling a biological specimen, collected at the camera detector and converted into a digital signal [START_REF] Sheppard | Signal-to-Noise Ratio in Confocal Microscopes[END_REF]. Part of this noise happens because fluorophores can only emit a finite number of photons before they photobleach and an even smaller number of photons are collected and available for detection. This is called the photon budget and directly depends on the choice of the fluorophore. Because of the quantum nature of light, this number of collected photons per fluorophore is not only finite but also inherently stochastic. This type of noise is called photon shot noise. It depends on the signal following Poisson statistics (i.e.

the noise is proportional to the square root of the signal). It is independent between the different pixels of an image, because of separate photon detection in each pixel. Upon arrival at the detector, photons are converted into electrons by the photodiodes of the camera, then amplified and converted to voltage signal to be quantified by an analog-to-digital converter. Different noise components are associated with amplification and digital-to-analog conversion. Some of them have Poisson statistics like photon noise, while others, called read noise, are independent of the signal and uniformly added to every pixel of an image. Read noise is in particular larger for detectors with high amplification speed, which permit a high frame rate. Finally, a type of noise called the dark current noise is due to spurious electrons randomly captured by the detector, even in the absence of incident photons. This noise is proportional to exposure time and can be reduced by decreasing the temperature of the camera detector. These three different sources of noise depend on the choices of fluorophore (photostability), of the equipment used (in particular the camera detector and the collection angle of the objective), and of the parameter settings using for the acquisition (illumination powers, exposure time, camera gain).

Sample autofluorescence -In addition to the noise of the microscope setup, a significant amount of noise comes from the background fluorescence of the biological specimen itself and the way it is treated during the labeling procedure. Cellular autofluorescence is generally stronger towards short (blue-green) wavelengths and may have many causes. For instance, some molecules naturally present inside cells, such as NAD(P)H, exhibit natural emission of light and contribute to the background fluorescence [START_REF] Georgakoudi | NAD(P)H and collagen as in vivo quantitative fluorescent biomarkers of epithelial precancerous changes[END_REF]. Furthermore, the autofluorescence strongly depends on the ways the sample is treated prior to imaging.

Mounting reagent, residual cell culture media, some drugs or inducing agents or fixation method can all increase the autofluorescence [START_REF] Monici | Cell and tissue autofluorescence research and diagnostic applications[END_REF]. Hence, minimizing noise due to autofluorescence can be achieved via sample preparation and by an appropriate choice of wavelengths channels to be used.

Labeling specificity and efficiency -Background can also result from non-specific binding (off-target binding) of fluorescent probes to some undesired cellular structures or probes that are not efficiently washed away during sample preparation. This directly depend on the stringency of the conditions of the hybridization and washes. It should hence be put in direct balance with labeling efficiency (on-target binding), which is the fraction of the targets that are labeled by probes. Indeed, certain adjustments in sample preparation may reduce non-specific binding, but also at the expense of labeling efficiency. While others may increase labeling efficiency, but yield strong non-specific binding. Finding the optimal conditions that maximize labeling efficiency and minimize non-specific binding is one of the central challenges with FISH and will be discussed further in sections 3.1.3 and 3.1.4.

Therefore, the possibility to distinguish an object -which depends on the intensity of the signal and the variability of the signal and the background-will be affected by all of these sources of noise.

Signal-to-background vs signal-to-noise

For a given signal to be detectable, it needs to be substantially stronger that fluctuations in the background. Signal-to-background ratio (SBR, the ratio between the signal intensity and background intensity: 𝑆𝐵𝑅 = 𝜇 ()* /𝜇 ,* ) is often intuitively considered as a measure of image quality. Even though certain sources of background noise scale with background levels, SBR is generally not an adequate measure. Indeed, if the background intensity is low but highly variable, it can obscure the true signal. On the other hand, if background intensity is high but very homogenous, a weak signal will be well discernable despite a small SBR.

Signal-to-noise ratio (SNR) is a more appropriate metric to estimate image quality, since it directly quantifies the statistical separation between the signal and all the sources of noise. In order to correctly detect the object of interest, its SNR must be high, meaning that the signal fluorescently labeled probes to the complementary RNA or genomic DNA regions of interest.

The signal is then detected using fluorescence microscopy. Current methods are sensitive enough to allow for the detection of single RNA molecules, which proves useful when studying for instance weakly expressed genes, and small DNA regions, giving access to measurement of genome conformation the scale of a few kbs.

Having enough fluorescence signal from the target to be able to distinguish it from the background is key in reaching the single-molecule/small-region sensitivity in FISH. This can be achieved by binding of multiple fluorescent probes complementary to the various regions of the target RNA or DNA [START_REF] Femino | Visualization of single RNA transcripts in situ[END_REF][START_REF] Raj | Imaging individual mRNA molecules using multiple singly labeled probes[END_REF][START_REF] Beliveau | Versatile design and synthesis platform for visualizing genomes with Oligopaint FISH probes[END_REF][START_REF] Gelali | iFISH is a publically available resource enabling versatile DNA FISH to study genome architecture[END_REF]. The binding of multiple probes to a single RNA or DNA target localizes enough fluorophores to make them visible as a fluorescent spots that can be detected by microscopy. genomic region might also contribute to this effect, as regions of highly condensed heterochromatin may be more difficult to denature.

Ways to modulate the signal-to-noise

Many ways exist to improve the SNR -it can be done by: (a) increasing the signal, (b) decreasing signal variability, and/or (c) decreasing background variability.

Optimization of different steps of the staining protocol can result in improvements in any of the above-mentioned aspects (a-c) by finding an optimal compromise between labeling efficiency and non-specific binding of probes. A key parameter influencing signal intensity is the concentrations of the labeling dye. However, a range of concentrations should be tested, because too high concentration may result in saturation of the signal and simultaneous increase in background intensity. Therefore, the desired concentration of dye should provide a good balance between high signal intensity and low background. Many protocols for fixed-cell sample preparation involve washes in stringent conditions (high salt concentration, temperature etc.) to decrease background and non-specific dye binding. Similar results can be obtained using commercially available signal enhancers, which are chemicals that reduction when applied to the sample.

A number of steps can additionally be taken during and after the image acquisition to minimize imaging noise. Increasing the excitation intensity or exposure time during acquisition results in more collected photons from the intended object and thus higher signal intensity. However, these measures can also lead to photobleaching of the signal, i.e. permanent alteration of a fluorophore in a way that it becomes unable to fluoresce, which ultimately compromises the quality of the signal and the whole experiment. Bleaching can be minimized by careful selection of the fluorophore, because some can bleach upon absorption of just few photons, while others can undergo many absorption-emission cycles. When increasing exposure time and excitation power, one should take care to avoid saturation of the signal, which result in a non-linear relationship between the number of incident photons on the detector and the signal reported by the camera. In this case, noise can also be equivalently reduced using image averaging, i.e.

multiple acquisitions of the same field of view using the same camera settings and subsequent averaging of the images. This is possible because noise occurs independently between images, hence the variability is reduced during averaging, while the mean signal is preserved.

EVALUATING FISH DATASETS BY

QUANTIFYING SEPARATION BETWEEN SIGNAL AND BACKGROUND

In a FISH dataset, one often wants to detect discrete objects (RNAs, genomic loci) and discriminate them from background inhomogeneities. For this, the common approach is to use a software for detecting spots (Figure 43A). Following a classical approach [START_REF] Raj | Imaging individual mRNA molecules using multiple singly labeled probes[END_REF][START_REF] Zenklusen | Single-RNA counting reveals alternative modes of gene expression in yeast[END_REF][START_REF] Coulon | Kinetic competition during the transcription cycle results in stochastic RNA processing[END_REF][START_REF] Lenstra | Single-Molecule Imaging Reveals a Switch between Spurious and Functional ncRNA Transcription[END_REF], with our custom-written scripts, we detect spots in three steps:

1. First, the images are band-pass filtered (using a difference-of-Gaussians kernel) as to enhance features in a chosen size range (e.g. diffraction-limited or larger) and objects are detected using a fluorescence threshold, called spot-detection threshold. This first selection not being very precise, the spot-detection threshold is chosen as to purposefully include many background spots.

2. Then, an iterative Gaussian mask fit [START_REF] Thompson | Precise nanometer localization analysis for individual fluorescent probes[END_REF] is performed on all the detected spots, yielding a precise measurement of the fluorescence intensities of the spots, as well their localization in 3D space.

3. Finally, based on this precise measurement of spot intensity, we only keep the spots that are above a user-defined threshold, called spot-rejection threshold. The FDR and FNR do not rely on the background intensity of an image (the true negative), therefore they represent good metrics to assess the quality of a FISH dataset. However, FDR and FNR depend on a threshold used to distinguish signal from background and an optimal tradeoff between the two needs to be kept. On the distribution of signal intensities before applying the spot-rejection threshold, when objects are well discernable from the background, they appear as a separate mode in the distribution (labeled "signal" in the schematic on Figure 43B). The background spots that were detected at the first step will also appear as a separate mode, at lower intensity values (labeled "background" in Figure 43). However, it is important to note here that the location and width of this mode (i.e. mean 𝜇 ,* and standard deviation 𝜎 ,* ) are arbitrary: they depend on the userdefined value used for the spot-detection threshold at step 1 above. Only the tail of this mode that extends towards the higher intensities is independent of this user-defined arbitrary value.

As a result, the SNR, although commonly used to quantify the quality of an image, is not appropriate here since it depends on 𝜇 ,* and 𝜎 ,* .

Two alternative metrics -the false discovery rate and the false negative rate -do not depend on the amount of background spots, thus reflecting image quality more adequately than SNR in our situation (Figure 43B). In addition, they are particularly interesting since they directly quantify the occurrence of two types of incorrect classifications:

-The false discovery rate (FDR) is the probability that a spot that was selected is not a real object but simply a bright background spot.

-The false negative rate (FNR) is the probability of missing an actual object of interest by wrongly classifying it as background.

These are directly equivalent to two other metrics: Precision = 1 -FDR and Recall = 1 -FNR.

Both FDR and FNR do not rely on the full background distribution, but only its tail towards higher values.

The values of FDR and FNR depend on the spot-rejection threshold: shifting this threshold towards the higher values results in decreased FDR, but increased FNR, and vice versa (Figure 43B). Therefore, the choice of the threshold is necessarily a tradeoff between the two and this choice may differ depending on the purpose of the analysis. Indeed, there might be instances where losing the true signal is not acceptable, for example when identifying small genomic deletions as in section 2.8

In order to quantify the absolute separation of the signal from the background (i.e.

independently of any user-defined thresholds), two metrics can be used: (1) the value of FDR and FNR where both are equal and (2) the area under the FDR-vs-FNR curve (Figure 44). For both, the better the separation, the lower the values (i.e. indicating that FDR reaches low values before FNR increases). As an example, in FISH experiments, the target genomic region or transcript of interest can be sometimes very short and their physical length will limit the number of fluorescent probes that can be hybridized, resulting in a low number of fluorophores decorating each target. This significantly reduces the target signal intensity and shifts the intensity distribution of the signal towards the background distribution, so that the two may substantially overlap. When this happens, many true signal instances will be indistinguishable from the background, i.e. the FNR is already high at rejection threshold values where FDR is still high. In such cases, the threshold-independent metrics (1) and (2) above will be high, indicating that the separation is poor. 

QUANTIFICATION OF FDR AND FNR FROM IMAGES

To optimize the combined single-molecule RNA FISH and iFISH/Oligopaints labeling strategy, we devised a tool to assess the quality of the FISH signal. It estimates the signal and background components in an experimental spot intensity distribution, even when both substantially overlap and then calculates and outputs the FNR and FDR curves (as a function of the spot-rejection threshold), the FNR-vs-FDR curve and the two threshold-independent metrics described in the previous section: the value where FDR equals FNR and the area under the FDR-vs-FNR curve. The tool is versatile and can quantify the signal from any type of FISH experiment -DNA and RNA.

To use this tool, I first perform spot detection on selected channels of the images to analyze (i.e. steps 1 and 2 in section 3.2 , I exclude spots that do not fall within the nuclear masks calculated from the DAPI channel, and I then use this data as an input for our tool. The histogram of spot intensities is fitted with two components: one for the true signal (i.e. a continuous version of a Poisson distribution) and one for the background (i.e. only the right tail is fitted to a power law, as to be independent of how much background is selected during spot detection). The fits of these two components is sufficient to estimate the FNR and FDR curves and the two threshold-independent metrics (Figure 44).

As used in section 2.8 and Figure 40B,C this tool can also take as an input two distributions that are considered as the ground truths for the signal and the background. In this case, the tool outputs the same metrics independently of any fit. In section 2.8 the ground truth distribution of the signal spots is obtained by measuring, in WT cells and in a channel corresponding to a small 20kb region labeled by DNA FISH, the spot intensities measured specifically at loci that were previously identified by the unambiguous DNA FISH signal, in a different channel, of the whole iFISH/Oligopaints library (covering ~1.17Mb around the locus). The ground truth for the background is obtained from the spots that are far from these loci.

FISH LIBRARY DESIGN AND CHOICE OF FLUOROPHORES

To design a library for DNA labeling of the FOS-JDP2-BATF (FJB) locus on chromosome 14, we chose to use iFISH (http://ifish4u.org; [START_REF] Gelali | iFISH is a publically available resource enabling versatile DNA FISH to study genome architecture[END_REF] -a publicly available genomewide database of oligonucleotides optimized for DNA FISH experiments. We used the database of 'Full 40mers', containing 40bp-long oligonucleotides complementary to chromosome 14.

From the database, we selected 12,005 oligonucleotides homogenously covering a genomic region of 1,170,784 base pairs (chr14:75,302,947-76,473,730; average probe density -10.25 per kb), which includes the FJB locus as well as adjacent upstream and downstream regions.

To be able to label and visualize multiple subregions within our locus of interest, we decided to combine the iFISH library with Oligopaints technology [START_REF] Beliveau | Versatile design and synthesis platform for visualizing genomes with Oligopaint FISH probes[END_REF]. As depicted in Figure 45B, these subregions of interest include:

-5 different TADs and subTADs, -5 TAD boundaries, -the 2 regions that we target for deletion in section 2.8 -14 enhancer regions, and -the 3 promoter regions of FOS, JDP2 and BATF.

For that purpose, each 40mer in our library is flanked with two additional 20bp sequences, called readout sequences, which serve as targets to hybridize fluorescently-labelled secondary oligos (as described in [START_REF] Bintu | Super-resolution chromatin tracing reveals domains and cooperative interactions in single cells[END_REF]. We designed, a 'TAD/boundary-specific' readout sequence at the 5' end an 'Enhancer/promoter-specific' readout sequence at the 3' end (Figure 45A). The readout sequences are identical differ for all the 40mers targeting a give subregion of interest, but differ subregions, hence allow the cost-efficient labeling of any region of interest using a single fluorescent secondary oligo. In addition to the readout sequences, each oligo contains additional priming sequences -two priming sequences (forward and reverse) used for amplification of the library and one priming sequence for the reverse transcription reaction in the sequence of steps to synthetize single-stranded primary oligos from the library (Figure 45A). As a result, each oligo within the library is 140bp-long. reaction we use a primer which is conjugated with a fluorophore, resulting in the entire library of primary probes being directly fluorescent (Figure 45A). The primary probes contain the readout sequences, which can be bound by fluorescently labeled secondary readout probes during FISH procedure. This allows for visualization of subregions of interest together with the whole locus.

The standard RNA-DNA FISH experiment includes labeling of transcripts of FOS, JDP2 and BATF in 3 different colors and simultaneous labeling of DNA of the FJB locus with primary iFISH probes, labeling of one of the deletion regions with secondary readout probes and staining of the nuclear DNA with DAPI. Therefore, each sample needs to be imaged with 6 different filters using our custom-built widefield microscope. When building our microscope setup, we selected a combination of filters that minimize the bleedthrough between channels for the specific fluorophore we are using. The transcripts are labeled with fluorophores Quasar®570, CAL Fluor® Red 610 and Quasar®670, and excited using a SpectraX (Lumencor) light source with 636/8nm, 589/15nm and 543/22nm excitation filters. DAPI is excited with a 390/22nm excitation filter. Our microscope setup allows for imaging of two additional fluorophores with emission wavelengths in the green and near-infrared ranges.

To choose between fluorophores to use for labeling of the FJB locus and deletion regions, we used our signal quantification tool to assess the separation of signal from background of two primary libraries labeled with two different fluorophores. To this end, we generated two versions of the iFISH library -one labeled with 6-FAM (495nm) and second one labeled with Alexa Fluor® 750 (AF750, 750nm) -and we tested both of them side by side. The library labeled with AF750 gave better separation of the signal from the background (Figure 46A), than library labeled with FAM (Figure 46B). However, given that FAM still gave satisfactory signal separation, that the full locus region is almost 1.2Mb in size, thus easy to detect, and that the deletion regions are ~20kb of size each and difficult to detect, we decided to keep the AF750 fluorophore for the secondary readout probe labeling the deletion region to maximize its detection rate. Therefore, we chose the FAM fluorophore for labeling of the whole FJB locus.

OPTIMIZING A FISH PROTOCOL

We first collected existing protocols:

-for single-molecule RNA FISH: the standard protocol from the vendor Stellaris and the protocol by the Larson lab (NIH, USA) as used in [START_REF] Coulon | Kinetic competition during the transcription cycle results in stochastic RNA processing[END_REF] -for DNA FISH: the Oligopaints protocols from [START_REF] Beliveau | Versatile design and synthesis platform for visualizing genomes with Oligopaint FISH probes[END_REF][START_REF] Wang | Spatial organization of chromatin domains and compartments in single chromosomes[END_REF][START_REF] Bintu | Super-resolution chromatin tracing reveals domains and cooperative interactions in single cells[END_REF][START_REF] Luppino | Cohesin promotes stochastic domain intermingling to ensure proper regulation of boundary-proximal genes[END_REF][START_REF] Szabo | Regulation of single-cell genome organization into TADs and chromatin nanodomains[END_REF] and the iFISH protocol from [START_REF] Gelali | iFISH is a publically available resource enabling versatile DNA FISH to study genome architecture[END_REF].

We listed the difference between these DNA FISH protocols and noted what would be needed to make them compatible with the single-molecule RNA FISH protocols. When optimizing combined RNA-DNA FISH, we considered three criteria: Other aspects we explored -although less systematically -and appeared important, include the temperatures during denaturation and secondary hybridization, the choice of mounting reagent, the usage of a signal enhancer reagent, and conditions of sealing and storage. I do not detail these optimizations here, but the resulting protocol, including these aspects can be found in the annex 5.1.3.

At the beginning of the procedure, during a step called prehybridization, cells are incubated in a buffer containing 50% formamide, which is thought to help opening up structures in DNA and chromatin, and to make the target sequences more accessible for oligonucleotides hybridization. Using our quantification tool on images from samples prehybridized for 1 to 6 days (Figure 47C), we found that short prehybridization times can result in weak separation of the signal from the background (Figure 47A) and increasing the prehybridization time gives better separation (Figure 47B). However, prolonged exposure of cells to formamide (4 days and more) causes visible changes in nuclear morphology, notably leakage of the nuclear content into the cytoplasm, which can be appreciated as the presence of DAPI-stained material outside of nuclei. Therefore, a balance needs to be maintained between sufficient labeling and preservation of the nuclear morphology. As a result of this optimization, I decided to use 2 days of prehybridization in our protocol. 

C

For the oligos from our iFISH library to bind to their target DNA sequences, the sample needs to undergo denaturation at 80°C which opens up the DNA helix. In order to find the optimal length of denaturation, at which the separation of the signal from the background would be maximal, we tested three different timings of denaturation -2 min, 3 min and 5 min (Figure 48). We then acquired images from each of these experiments and analyzed them using our quantification tool. The analysis revealed that increasing the denaturation time from 2 to 3 minutes significantly increases the separation of the full locus signal from the background (Figure 48A,B) and that further increasing denaturation time to 5 min does not result in further increase of the separation (Figure 48C). We therefore decided to use 3 min of DNA denaturation in our protocol.

The TAD boundary region (see in chapter 2.8 is ~20kb in length and is covered by 200 oligonucleotides from our iFISH library. Considering that not all of the primary oligos bind efficiently and that visualization of the boundary region requires hybridization with secondary oligos -which is also not fully efficient -the signal quality is decreased and often the true signal of the boundary region is obscured by the background noise. Using our tool, we found that increasing the concentration of the primary oligos results in increased signal intensity of the boundary deletion, while keeping background noise the same (data not shown). We found large cell-to-cell variability between clones in terms of the signal quality when analyzing several single-cell-derived MCF7 clones. Moreover, the intensity of the primary labeling of the whole locus seems to be predictive of the signal quality of secondary labeling of the deletion region. Indeed, the clones with poor primary labeling signal tend to have also weak separation between the background and the secondary labeling signal. When optimizing different steps of the FISH protocol, including the ones mentioned above, we have each time included staining of the transcripts of FOS, which served as a quality control of RNA. On the histogram of intensities FOS mRNAs appear as a distinct peak, clearly distinguishable from the background intensity. Therefore, using our signal quantification tool, we could control whether changing different parameters, such as prehybridization times, denaturation times etc., negatively influenced the RNA quality. This helped us to ensure, that having optimal conditions for DNA labeling does not result in RNA degradation. The multiplex RNA and DNA labeling begins with designing the smRNA FISH probes and iFISH/Oligopaints library (described in chapters 2.2.6 and 3.4 respectively). The detailed protocol can be found in the annex 5.1.3. Briefly, the MCF7 cells are grown on fibronectincoated coverslips for at least 1 day before fixation. Following that period, cells are crosslinked using paraformaldehyde solution, then permeabilized for 20 min and treated with HCl for 5 min. Then, the coverslips are prehybridized for 2 days in a buffer containing 50% formamide.

OPTIMIZED RNA-DNA FISH PROTOCOL FOR MCF7 CELLS

After prehybridization and a brief wash in 2XSSC, a hybridization buffer containing amplified primary iFISH/Oligopaints probes is applied to the coverslip. The coverslip is subsequently placed on a microscope slide and sealed with fixogum. After fixogum becomes solidified, the slide is placed on a heating block at 80°C for 3 minutes to denature DNA. Afterwards, the slide is placed in a humid chamber and incubated overnight at 37°C. After hybridization of the primary probes, the coverslips are washed 3 times in 2XSSCT at 37°C, then twice in 0.2XSSCT at 65°C and finally briefly rinsed with 4XSSCT. The hybridization buffer containing secondary readout probes and smRNA FISH probes is subsequently applied to the coverslips. The coverslips are then again sealed with fixogum on a microscope slide, placed in a humid chamber and incubated overnight at 30°C. After secondary hybridization, the coverslips are washed 3 times in 2XSSC/30%formamide, stained with DAPI and mounted on a microscope slide. After preparation, the slides are stored in the dark at -20°C.

Concomitant to their discovery in contact maps from population-averaged chromosome conformation capture techniques, TADs have been suggested to coordinate gene expression during mouse cell differentiation [START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF]. This transcriptional coregulation within domains of enriched genomic contacts has been also shown to occur in Drosophila [START_REF] Ramírez | High-resolution TADs reveal DNA sequences underlying genome organization in flies[END_REF].

During my PhD project, I aimed to add another level of understanding to these observations by investigating how gene expression is coregulated in cis -at the single allele level -and how genome organization into TADs and genomic distance contribute to this coregulation. To this end, I used combined RNA-DNA FISH technique, that I developed together with members of my team, to study transcription and spatial positions of three functionally related genes of the AP-1 family of transcription factors. Using this technique, followed by 6-color imaging and image analysis approach to mathematically separate cis and trans sources of gene coregulation, I have demonstrated, that within single alleles of MCF7 cells stimulated with estrogen, genes from the same TAD are more transcriptionally correlated than genes from adjacent TADs.

Preliminary results from cell lines with CRISPR-deleted TAD boundary suggest an increase in cis-correlation between genes from adjacent TADs. During the course of my project we have also developed within the team an image analysis tool based on quantification of FDR and FNR, which can be used by imaging community to assess the quality of FISH signal.

THE 3D GENOME OF MCF7 CELLS UPON TRANSCRIPTIONAL ACTIVATION BY ESTROGEN

While searching for a locus to study in my project, a significant part of the work focused on the 3D genome organization of MCF7 cells. Analysis of publicly available Hi-C dataset from MCF7 before and after estrogen stimulation [START_REF] Rodriguez | Intrinsic Dynamics of a Human Gene Reveal the Basis of Expression Heterogeneity[END_REF] revealed that both at the level of A/B compartments and TADs minor changes could be observed, at least within chromosomes 2 and 14 that we analyzed (Figure 25).

Interestingly from our analysis of MCF7 data, it seems that only weak B compartments were affected by estrogen stimulation (Figure 25B) -they became even weaker, as measured by their eigenvector values in E2 saturating conditions. At the same time, both strong A and B, and also [START_REF] Ray | Chromatin conformation remains stable upon extensive transcriptional changes driven by heat shock[END_REF], but in rice, 36 hours of heat shock results in compartment switching [START_REF] Liang | Reorganization of the 3D chromatin architecture of rice genomes during heat stress[END_REF].

At the level of TADs, we also observed a change in contact patterns at the FJB locus following estrogen stimulation. In saturating E2 condition, there seems to be a strengthening of a chromatin loop formed between CTCF sites upstream of FOS and upstream of BATF concomitant with weakening of the loop formed between boundaries of TAD encompassing FOS (Figure 33). Importantly, Rodriguez and colleagues have also reported similar loop strengthening following their analysis [START_REF] Rodriguez | Intrinsic Dynamics of a Human Gene Reveal the Basis of Expression Heterogeneity[END_REF]. It would be interesting to compare how these changes in TAD organization at the FJB locus relate to transcription of the three genes and their coregulation in cis. One thing to keep in mind is, again, the timescale of estrogen treatment -these changes in TADs are visible after 3 days of treatment, while transcription has already reached the steady state. It might be that these changes in TAD structure would not be visible after 40 minutes of E2 treatment, when the genes of the FJB locus exhibit maximal transcription and at which we assess gene coregulation. We can answer this question by looking at the 3D distances between TAD boundaries involved in these looping interactions upon 40 minutes of estrogen stimulation, since with our iFISH/Oligopaints library, we can specifically visualize regions encompassing these specific CTCF sites (Figure 45B).

TRANSCRIPTIONAL COREGULATION WITHIN FJB LOCUS

Our data demonstrates that within the FJB locus JDP2 and BATF are more transcriptionally correlated than FOS-JDP2 and FOS-BATF. Interestingly, this pattern is only observed in estrogen-stimulated cells -in the absence of estrogen all the cis-correlations are not significantly different from zero, despite all three genes being expressed. This suggests that estrogen activates a mechanism present in cis at each of the alleles of the locus. Natural candidates to be involved in this mechanism are ERa-bound enhancers, as estrogen activates gene expression through binding of ERa primarily to enhancers [START_REF] Cheung | Genomic Analyses of Hormone Signaling and Gene Regulation[END_REF].

Indeed, our analysis of public data has shown that the majority of enhancers defined by p300 are also bound by ERa (Figure 30C). The genes of the FJB locus differ both in their contact frequency -FOS is strongly insulated from both JDP2 and BATF -and genomic distances -JDP2 and BATF are the closest, while FOS and BATF the furthest. Thus, both the contact insulation and genomic distance may determine the sets of enhancers, that regulate these genes.

Our observations are consistent with results obtained from population-averaged genomic experiments [START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF][START_REF] Ramírez | High-resolution TADs reveal DNA sequences underlying genome organization in flies[END_REF], which suggests, that transcriptional coregulation can occur also in single cells and can be investigated by imaging-based approaches.

Genes of the FJB locus are functionally related, and these relationships seem to be mirrored in the 3D organization of the locus. FOS, which acts as an activating dimerization partner of JUN Deleting the TAD boundary changes both the genomic distance by decreasing it by ~20kb and also decreases the contact insulation between FOS and two other genes. This perturbation seems to result in increased correlation in cis of the FOS-JDP2 and FOS-BATF pairs. This would suggest, that contact insulation contributes to gene coregulation. Current data suggest that TAD boundaries prevent ectopic enhancer-gene communication and deletion of the boundaries can result in gene misregulation [START_REF] Lupiáñez | Disruptions of Topological Chromatin Domains Cause Pathogenic Rewiring of Gene-Enhancer Interactions[END_REF]. Observed increase in FOS-JDP2 and FOS-BATF correlations could result from the enhancers within the FJB locus being able to communicate with all three genes following the boundary deletion, which would result in increased coregulation in cis of the pairs that are normally separated by the strong boundary in WT cells. This would need to be confirmed with targeted perturbation of enhancers using dCas9-KRAB.

The iFISH/Oligopaints library we are using allows us to visualize specific subregions within the FJB locus, notably the genomic regions corresponding to TADs encompassing FOS, JDP2

and BATF (Figure 45B). We will take advantage of this flexibility to investigate the intermingling of TADs in WT cells and at the alleles with deleted boundary region in deletion cell lines. Regions corresponding to population-defined TADs have been shown by FISH to intermingle extensively, even in wild-type cells, and depletion of CTCF seems to increase the intermingling frequency [START_REF] Luppino | Cohesin promotes stochastic domain intermingling to ensure proper regulation of boundary-proximal genes[END_REF][START_REF] Szabo | Regulation of single-cell genome organization into TADs and chromatin nanodomains[END_REF]. This would be consistent with predictions of the loop extrusion mechanism, that upon the loss of CTCF extrusion can still happen, but is not restricted by the boundaries, which results in increased inter-TAD contacts observed in Hi-C [START_REF] Nora | Targeted Degradation of CTCF Decouples Local Insulation of Chromosome Domains from Genomic Compartmentalization[END_REF]. In line with these data, we expect to see an increased intermingling frequency between TAD regions following the deletion of the TAD boundary.

Combination of iFISH/Oligopaints with RNA FISH allows studying the relationships between genome organization and gene expression. We will use our protocol to study in both WT and deletion cell lines, how the conformation of the FJB locus (i.e. TAD intermingling and volume)

relates to coexpression of genes on a locus-to-locus basis. This will shed light on how heterogeneity of genome structure is related to stochasticity in gene expression (see section 1.2.5).

TRANSCRIPTIONAL COREGULATION WITHIN TADS

Although we did not assess coregulation between genes at other loci we selected for analysis using our combined RNA-DNA FISH approach, we examined the similarities in their transcriptional time profiles in response to estrogen stimulation. At 5 out of the 6 loci that we initially selected (Figure 27C), we could consistently observe similar shapes of temporal profiles between two genes belonging to the same TAD, and different profile of the third gene, belonging to an adjacent TAD. Although this is a list with a limited number of examples, it suggests that coregulation of genes within TADs might be a phenomenon present at numerous loci, not just at FOS-JDP2-BATF.

Coordinated response of genes from the same TAD has been shown to occur in response to stimulation of breast cancer cells with another steroid hormone -progesterone (Le [START_REF] Dily | Distinct structural transitions of chromatin topological domains correlate with coordinated hormone-induced gene regulation[END_REF]. This raises a possibility, that coregulation in cis between those genes could be also observed in that case. This also suggests, that coregulation is observed within TADs only during dynamic processes, such as development or cell differentiation [START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF][START_REF] Ramírez | High-resolution TADs reveal DNA sequences underlying genome organization in flies[END_REF] or hormone stimulation. Possibly any external signal that makes many genes coexpressed could increase the coregulation in cis, whenever two genes responding to the same signal are located within the same TAD.

ASSESSING THE QUALITY OF THE FISH EXPERIMENTS

During the course of my PhD, we have also developed in our team a tool to assess the quality of FISH data, which helped to design and improve the protocol for combined single-molecule RNA FISH and iFISH/Oligopaints labeling.

With increasing interest in imaging approaches to study genome organization and transcription, it is crucial to ensure the high quality of such data. In my project, I was visualizing the TAD boundary deletion region and control deletion region, both of which are only ~20kb in size.

Since the accurate assessment of gene coregulation in cis strongly depends on the proper detection of deleted and non-deleted alleles, the difference between the signal and the background must be maximized. Current ways to estimate the signal quality of FISH data, such as signal-to-noise ratio, appeared inappropriate, because they do not estimate the background properly. The tool we have developed overcomes this issue by using two other metrics for quality assessment: FDR and FNR.

We used this tool to optimize the combined RNA FISH and iFISH/Oligopaints protocol for labeling both single RNAs and DNA within the same cell in parallel. Visualization of both DNA and RNA has been notoriously difficult because of the fragility of RNA signals. However, successful examples exist of co-imaging of heterogeneity of genome structures and gene transcription in single cells [START_REF] Cardozo Gizzi | Microscopy-Based Chromosome Conformation Capture Enables Simultaneous Visualization of Genome Organization and Transcription in Intact Organisms[END_REF][START_REF] Mateo | Visualizing DNA folding and RNA in embryos at single-cell resolution[END_REF]. From our experience, it seems that the combined RNA-DNA FISH protocol should to be optimized for use in different cell types and an important consideration to make during optimization is to preserve the quality of the RNA signal.

As a result, we now have (i) an optimized protocol for combined single-molecule RNA FISH and iFISH/Oligopaints DNA FISH, (ii) a tool to precisely and quantitatively assess image quality and even small improvements to the protocol, and (iii) a guideline for future experimentalists who wish to implement combined RNA/DNA FISH on a different sample.

PERSPECTIVES

Preliminary results obtained from cells with deleted TAD boundary suggest that gene coregulation in cis depends on the contact insulation mediated by TADs. The ongoing work focuses on investigating the coregulation in more replicates of cell lines with TAD boundary and control deletion to dissect the contribution of contact insulation and genomic distance to observed coregulation.

I have also implemented a strategy to perturb pre-existing ERa enhancers using dCas9-KRAB approach. Each of the four pre-existing enhancers at the FJB locus will be perturbed individually and in combination with other enhancers. Following perturbations, their effects on absolute transcription levels of the three genes and their coregulation in cis will be assessed using our RNA-DNA FISH-based assay. This will help to dissect which enhancers regulate which genes at the locus and how perturbations of individual and groups of enhancers affects coregulation in cis between the genes. Different outcomes are expected depending on whether genes compete for enhancers and whether (groups of) enhancers act in an independent/additive manner or cooperate.

To gain additional information, I have also successfully implemented CUT&RUN [START_REF] Orsi | High-resolution mapping defines the cooperative architecture of Polycomb response elements[END_REF][START_REF] Skene | An efficient targeted nuclease strategy for high-resolution mapping of DNA binding sites[END_REF]. This approach will help to assess how selective perturbation of one enhancer with dCas9-KRAB affects the epigenomic landscape of surrounding enhancers, as suggested by current data [START_REF] Caizzi | Genome-wide activity of unliganded estrogen receptor-α in breast cancer cells[END_REF][START_REF] Bojcsuk | Inducible super-enhancers are organized based on canonical signalspecific transcription factor binding elements[END_REF][START_REF] Saravanan | Ligand dependent gene regulation by transient ERα clustered enhancers[END_REF],

and to what extent this range of action/mutual influence between enhancers relates to TAD structures and contact insulation vs genomic distance.

Ideally, I would also perform the dCas9-KRAB perturbation experiments on the cells with TAD boundary deletion. This would reveal whether TADs functionally influence gene by providing a spatial constraint for enhancer-gene communication.

As a long-term perspective, the coregulation of FOS, JDP2 and BATF will be also studied by imaging of transcription in living cells. To this end, we will use the MS2 and PP7 RNA-labeling techniques to follow in live cells the activity and positions of pairs of genes from the locus upon estrogen stimulation. The resulting spatiotemporal datasets will be then analyzed using computational tools developed in the team, such as fluctuation analysis [START_REF] Coulon | Fluctuation Analysis: Dissecting Transcriptional Kinetics with Signal Theory[END_REF]. This analysis consists in computing functions representing how much the activities of the two labeled genes are correlated, as a function of temporal and spatial separation. These correlation patterns are viewed as a signature of the underlying molecular mechanisms coregulating the two genes of interest. This approach will allow understanding the dynamics and coregulation of genes in space and time, giving a truly 4D view of transcriptional regulation of genes in cis.

CONCLUSION

Taken together, the results obtained during my PhD demonstrate, that transcriptional coregulation of genes from the same TAD, observed initially in population-averaged studies of genome organization, can also occur in single cells and even in cis at the level of single alleles.

SETTING UP THE EXPERIMENTAL SYSTEM

Overcoming the variability in starvation and induction

When setting up the protocol for culture of MCF7 cells, it was extremely important to minimize any exposure of the cells to estrogen. Standard culture media contain phenol red, which is used ubiquitously as a pH indicator. However, phenol red has structural resemblance to certain estrogens and thus stimulates estrogenic activity in MCF7 cells [START_REF] Berthois | Phenol red in tissue culture media is a weak estrogen: implications concerning the study of estrogen-responsive cells in culture[END_REF][START_REF] Rajendran | Estrogenic effect of phenol red in MCF-7 cells is achieved through activation of estrogen receptor by interacting with a site distinct from the steroid binding site[END_REF]. Therefore, a phenol red-free media together with charcoal-stripped FBS are commonly used in culture of MCF7 cells in order to minimize this basal estrogen activity.

Even when using phenol red-free media and charcoal-stripped FBS in our experiments, we could initially observe variability in both starvation and induction levels of genes of the FJB locus, as measured by the probability of genes of being in the transcriptionally active 'ON' state (data not shown). This prompted us to develop an optimized protocol, that would give us consistently low levels of gene transcription measured by smRNA FISH in cells grown in media without estrogen (starvation media) and consistently high levels of transcription after estrogen stimulation. As controls genes, we used: (i) RET as a positive control, since it exhibits high nascent transcription after 40min of E2 treatment according to GRO-Seq [START_REF] Hah | A Rapid, Extensive, and Transient Transcriptional Response to Estrogen Signaling in Breast Cancer Cells[END_REF] and

(ii) FXR1 as a negative control, because it does not exhibit changes upon estrogen stimulation. First, we tested three different batches of the charcoal-stripped FBS, coming from three different suppliers, and we selected one that was consistently giving the low levels of expression of RET in starvation media (PanBiotech, ref. P30-2300). Then, we optimized the number and duration of washes which happen before transferring the cells to the starvation media in order to ensure the efficient washoff of any residual phenol red from the cells. These optimizations resulted in a reliable protocol that we now commonly use to assess coregulation between genes (Figure 49).

Arresting the cells in G1/S transition

Cell cycle progression can result in gene coregulation at the level of single cells [START_REF] Cho | A genome-wide transcriptional analysis of the mitotic cell cycle[END_REF]. In order to minimize the confounding effect of cell cycle on coregulation of genes of the FJB locus, we sought to block our MCF7 cell line at the transition between G1 and S phases. To achieve the full cell cycle arrest, we used palbociclib -a drug used in patients with ERapositive breast cancer, which acts as inhibitor of the cyclin-dependent kinases 4 and 6 (CDK4/6), which coordinate the G1-S transition. Consistently with previous reports [START_REF] Lypova | Targeting Palbociclib-Resistant Estrogen Receptor-Positive Breast Cancer Cells via Oncolytic Virotherapy[END_REF] culturing cells in starvation media containing palbociclib resulted in a complete arrest of cell cycle, with 100% of cells not showing any sign of EdU incorporation after 8 hours of staining (Figure 50B). Even when cells were cultured in media containing both E2 and palbociclib, the complete cell cycle arrest was still observed with no detected cells in S phase (Figure 50B).

We then aimed to determine whether palbociclib affects the E2-induced gene expression. To this end, we performed smRNA FISH experiments in the presence or absence of palbociclib to detect transcripts of the control genes: E2-responsive RET and non-responsive FXR1. Both in media with and without palbociclib, we could observe strong induction of transcription of RET with no concomitant changes in transcription of FXR1 (Figure 50C,D).

These results demonstrate, that palbociclib efficiently blocks the cell cycle progression of MCF7 cells at the G1/S transition and at the same time it does not affect the estrogen-dependent transcription. 
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 1 Figure 1. Emil Heitz's depiction of heterochromatin and euchromatin within chromosomes of moss. Heterochromatin is stained in dark, while euchromatin is stained lightly. In multiple observations always the same regions of chromosomes are heterochromatinized or euchromatinized Adapted from Passarge, 1979.

Figure 2 .

 2 Figure 2. Overview of the core steps of Hi-C.Chromatin is first crosslinked, which results in preservation of the 3D contacts between spatially proximal DNA fragments. Then, chromatin is digested with a restriction enzyme, and the resulting sticky ends are filled with biotinylated nucleotides. The resulting product is then ligated and DNA purified and sheared. Biotinylated fragments are then isolated with streptavidin beads and sequenced using paired-ends. From[START_REF] Lieberman-Aiden | Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human Genome[END_REF] 

Figure 3 .

 3 Figure 3. Examples of frequency contact maps obtained from Hi-C at different genomic scales.A salient feature of Hi-C maps is their diagonal, which is strongly pronounced, because the contact frequencies are the highest within small genomic distances. As these distances increase, i.e. as one moves away from the diagonal, a gradual decay of contact frequencies can be observed. The diagonal thus represents genomic contacts in cis, while the regions away from the diagonal represent contacts in trans. Different features representing multiple layers of the 3D genome organization can be appreciated in Hi-C contact maps, depending on the genomic scale.

Figure 4 .

 4 Figure 4. Strategies for DNA labeling with BAC probes and Oligopaints. (A) Bacteria containing BACs with sequences complementary to the desired genomic regions are first grown to ensure large amounts of BACs. BACs are then isolated and fragmented with combination of restriction enzymes, which generates probes of a size of ~200bp. The fragmented probes are then labeled using fluorescent dyes and hybridized to the target genomic regions. Adapted from McCoy et al., 2019. (B) In Oligopaints, a library of ssDNA is PCR-amplified and fluorescently labeled during reverse transcription reaction, which results in fluorescent primary oligos, which are hybridized to the target DNA. Primary probes contain flanking sequences, that allow binding of secondary fluorescent oligos. Adapted from Beliveau et al., 2015.

  -M[START_REF] Cardozo Gizzi | Microscopy-Based Chromosome Conformation Capture Enables Simultaneous Visualization of Genome Organization and Transcription in Intact Organisms[END_REF] e. up to 5~6 targets if optimized)
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 5 Figure 5. Chromosome territories. (A) An RGB image of 24 labeled chromosomes, produced by superposition of 7 color channels. (B) Chromosomes from (A) can be identified using a combination labeling scheme, where each chromosome is labeled with distinct set of fluorochromes, which allows their classification and identification by an automated software. (C) CTs of human chromosomes 18 (green) and 19 (red) in interphase. Images adapted from Speicher & Carter, 2005 and Bickmore and van Steensel, 2013
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 6 Figure 6. mESC labeled by FISH for chromosome 2. The nucleus was labeled by FISH probes against mouse chromosome 2 (green) and only the exome of chromosome 2 (red).

  The genomic compartments have distinct patterns of epigenetic modifications and correlate with gene density and transcriptional activity (Figure7C;[START_REF] Lieberman-Aiden | Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human Genome[END_REF]. Loci found within the A compartments correlate with open, DNase I hypersensitive chromatin, have high gene density and transcriptional activity, and are enriched in active histone marks, such as H3K36me3, H3K4me1/me3 or H3K27ac. On the other hand, B compartments are associated with closed chromatin, lower gene density and transcriptional activity, and are enriched in repressive histone marks like H3K9me3 (Lieberman-Aiden

  Figure 7. Characteristics of genomic compartments. (A) Electron micrograph of a rat glial cell nucleus. The dark, electron-dense regions correspond to heterochromatin and electron-poor regions correspond to euchromatin. Scale bar 1µm. Adapted from Pueschel et al., 2016. (B) Hi-C contact map of a region on human chromosome 2. Chromatin compartments appear as a characteristic 'checkerboard pattern of alternating regions of increased and decreased contact frequency. The Hi-C contact maps retrieved and visualized using the HiGlass software (higlass.io). (C) Chromatin compartments correlate well with active and inactive epigenetic marks. The A compartments (defined as a positive value of first eigenvector, PC1) are enriched in RNAs, active histone marks and has high gene density, while B compartments are gene-poor and enriched in repressive histone marks. Adapted from Nothjunge et al., 2017.
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 8 Figure 8. Topologically associating domains in Hi-C maps. A region of human chromosome 2 is shown, where TADs appear as squares along the diagonal of the Hi-C contact map.

Figure 9 .

 9 Figure 9. TAD boundaries are enriched in binding of CTCF and associated with cohesin. Hi-C contact map from the GM12878 human lymphoblastoid cell line shown with ChIP-Seq tracks of CTCF and cohesin subunit Rad21 at the same locus from the same cell line. Orientation of CTCF binding sites also shown. The CTCF and cohesin peaks colocalize at the boundaries of TADs (genomic sites involved in looping). Figure adapted from Merkenschlager & Nora, 2016.
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 10 Figure 10. Perturbations of CTCF binding sites result in local chromatin misfolding. (A) Deletions of two divergent CTCF sites demarcating the boundary between two adjacent contact domains result in fusion of the domains into one in Hi-C experiment in human HAP1 cells. (B) Inversion of a CTCF site (inverted site marked as a red arrow) results in loss of a corner peak in the Hi-C map of a contact domain located downstream of the inverted motif, indicating the loss of the chromatin loop. Adapted from Sanborn et al., 2015

Figure 11 .

 11 Figure 11. Perturbations of the key players of loop extrusion and their effects on genome organization. (A) Hi-C contact maps showing a region of chromosome 8 in wild-type mouse embryonic stem cells (top panel) and in cells with degraded CTCF (bottom panel). The loss of insulation at TAD boundaries in DCTCF can be appreciated as the squares along the diagonal becoming blurred. (B) Hi-C contact maps showing a region of chromosome 12 in wild-type human HCT116 cells (top panel) and in cells with degraded cohesin subunit RAD21 (bottom panel). Complete loss of TADs can be observed in the DRAD21 cells, as the lack of squares along the diagonal. (C) Hi-C contact maps showing a region of chromosome 11 in wild-type human HAP1 cells (top panel)and in cells with degraded WAPL (bottom panel). Increase in the number of chromatin loops can be appreciated from an appearance of many corner peaks on the Hi-C map. Hi-C contact matrices from[START_REF] Nora | Targeted Degradation of CTCF Decouples Local Insulation of Chromosome Domains from Genomic Compartmentalization[END_REF][START_REF] Rao | Cohesin Loss Eliminates All Loop Domains[END_REF][START_REF] Haarhuis | The Cohesin Release Factor WAPL Restricts Chromatin Loop Extension[END_REF] were retrieved and visualized using the HiGlass software (higlass.io); Each pair of contact maps from WT and perturbation experiment is shown using the same color scale of contact frequency.
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 12 Figure 12. 1D vs 3D aspects of genomic communication.Insulation is easy to imagine, when chromatin is drawn as a straight line with the insulating element (red) between two genomic regions (green and blue). However, in 3D the situation is more complicated -the insulating element of small size is able to dictate contacts between genomic regions that are far apart in 3D. Figure adapted from[START_REF] Fudenberg | Formation of Chromosomal Domains by Loop Extrusion[END_REF] 

  Figure 12. 1D vs 3D aspects of genomic communication.Insulation is easy to imagine, when chromatin is drawn as a straight line with the insulating element (red) between two genomic regions (green and blue). However, in 3D the situation is more complicated -the insulating element of small size is able to dictate contacts between genomic regions that are far apart in 3D. Figure adapted from[START_REF] Fudenberg | Formation of Chromosomal Domains by Loop Extrusion[END_REF] 

Figure 13 .

 13 Figure 13. Loop extrusion by cohesin. (A) According to the loop extrusion model of TAD formation, cohesin ring is loaded onto a chromatin fiber and progressively moves along the fiber extruding a loop at the same time. (B) Loop extrusion proceeds until cohesin reaches convergently oriented CTCF sites occupied by CTCF. Figure adapted from Sanborn et al., 2015.

Figure 14 .

 14 Figure 14. Loop extrusion by condensin. (A) The l-DNA molecule is double-tethered to a surface and stained with SxO. When a flow is applied of a buffer containing condensin, DNA becomes first compacted and then a loop is progressively extruded. Schematic diagrams shown below. (B) Splitting of DNA strands indicates that the elongated structure is a loop. (C) Staining of the l-DNA and condensin confirms that the loop is extruded by condensin. Adapted from Ganji et al., 2018.

  . The DNA helix is melted, which results in formation of an open PIC, allowing in turn Pol II to initiate the transcription of the first nucleotides of the gene. Next, TFIIH-mediated phosphorylation of Ser5 in the C-terminal domain (CTD) repeat of Pol II allow the dissociation of Pol II from the GTFs (promoter escape). This process can be facilitated by enhancers, which recruit Mediator complex and other cofactors. Once cleared from TSS, Pol II transcribes only the first ~50bp and then undergoes promoter-proximal

Figure 15 .

 15 Figure 15. Canonical sequences of PolII core promoters. Eukaryotic core promoters are composed of canonical elements surrounding the transcription start site and may include combinations of the following sequences: BRE motifs, TATA box, the initiator (Inr), MTE motif and DPE motif. For each of the canonical elements the following features are shown: the relative positions (in base pairs) to the transcription start site (+1), the binding general transcription factors and their subunits, and human consensus sequences. Degenerate nucleotides represented using their IUPAC codes: N=T/A, R=G/A, S=G/C, W=A/T, Y=T/C, V=G/A/C. Figure adapted from Maston et al., 2006
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 16 Figure 16. Phylogenic tree of the superfamily of nuclear receptors (adapted from Olivares et al., 2015)

  machinery involved in transcription, replication and repair. These alterations can happen through different mechanisms. First, post-translational modifications of core histone tails, such as acetylation, methylation or phosphorylation, among others, can alter the affinities between histones and result in an open and transcription-permissive, or closed chromatin structures.Second, by evicting or altering the position and dynamics of nucleosomes, the ATP-consuming chromatin remodeling enzymes can selectively activate or deactivate gene expression. Indeed, several chromatin remodeling enzymes use the energy from ATP hydrolysis to catalyze deposition or removal of histone variants, thus regulating their distribution in the genome. There are four families of chromatin remodelers: SWI/SNF, INO80, ISWI, and CHD[START_REF] Swygert | Chromatin dynamics: Interplay between remodeling enzymes and histone modifications[END_REF] and a common feature of all of them is the presence of a catalytical ATPase domain, which is required for remodeling and serves as a molecular motor to translocate along DNA and breaks histone-DNA contacts. The feature that distinguishes these families is the presence of additional, family-specific domains, their relative positions to the ATPase domain and the subunits that are recruited. Therefore, chromatin remodelers have functions related to several biological processes.The functional importance of chromatin remodelers can be considered in three aspects (reviewed in[START_REF] Clapier | The Biology of Chromatin Remodeling Complexes[END_REF]: (i) chromatin organization by ensuring consistent spacing of nucleosomes, (ii) chromatin access by moving or evicting nucleosomes to provide access to DNA, and (iii) chromatin restructuring by locally incorporating specialized histone variants. CHD1 (CHD family) and ACF (ISWI family) both catalyze the assembly of chromatin, but result in different nucleosome spacing -∼162 bp for CHD1 and ∼175 bp for ACF; only ACF can assemble the histone H1-containing chromatin, suggesting that CHD1 is involved in the assembly of transcriptionally active chromatin, whereas ACF establishes inactive chromatin[START_REF] Lusser | Distinct activities of CHD1 and ACF in ATP-dependent chromatin assembly[END_REF]. In yeast, the INO80 and SWR1 remodelers (both belonging to the INO80 family) are recruited to double-strand breaks (DSBs), but have distinct roles -only INO80, but not SWR1 catalyzes the removal of γH2AX and histone H3 at DSBs, and SWR1 specifically facilitates error-free DNA repair at those sites(van Attikum et al., 

  : (i) enhancer sequences are depleted of nucleosomes, as seen by their hypersensitivity to DNase I treatment and (ii) are flanked by nucleosomes enriched in specific histone modifications. (iii) Enhancers contain binding motifs for TFs and (iv) TF binding is required for their activation. (v) Enhancers themselves also undergo active transcription and produce 'enhancer RNAs' (eRNAs) and (vi) likely loop in 3D

  (DNase I hypersensitive site sequencing; Boyle et al., 2008) uses the ability of the DNase I enzyme to cleave accessible DNA to identify and sequence open chromatin.

  Run-On sequencing;[START_REF] Core | Transcription Regulation Through Promoter-Proximal Pausing of RNA Polymerase II[END_REF] maps the binding sites of transcriptionally active Pol II. It involves the labeling of newly synthesized transcripts with bromouridine. The labeled transcripts are captured with anti-bromouridine antibody labeled beads, converted to cDNAs and then sequenced.
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 17 Figure 17. Biochemical features of active enhancers. Active enhancers are associated with binding of transcription factors and coregulators, such as p300/CBP as well as Mediator complex. Enhancers exhibit open chromatin structure, assessed by DNase I hypersensitivity; other chromatin marks often found at enhancers include: H3K27ac (also present at promoters) and H3K4me1, as well as core histone variants H3.3 and H2A.Z. Enhancers undergo active transcription and are thus associated with the presence of Pol II and production of enhancer RNAs (eRNAs). Adapted from Calo and Wysocka, 2013

  programs(The ENCODE Project Consortium et al., 2020). Well-established enhancers bear biochemical features that are now routinely used to identify and annotate other sequences as enhancers. These include DNA sequence features, such as TF binding motifs and sequence conservation; open chromatin, histone modifications; binding of TFs and secondary coregulators; transcriptional activity and features of the 3D genome organization in some cases.

  1.2.3.4 Enhancers in physiology and disease Enhancers control the spatio-temporal patterns of gene expression, which is necessary for successful development, homeostasis and cellular integrity. This control happens through binding of enhancers by cell-lineage-specific TFs and/or TFs regulated at specific time points of cell differentiation or proliferation by external signals, such as hormones. As a result, only a fraction of the whole regulatory genome is active in any given cell type at any given time.Changes in enhancer sequences can affect binding of transcription factors, which in turn can have dramatic consequences for tissue-specific gene expression, cause phenotypic variation, evolutionary adaptation and disease. Many disease-related genetic variants indeed reside within non-coding regions of the genome and they are strongly enriched in enhancers[START_REF] Ernst | Mapping and analysis of chromatin state dynamics in nine human cell types[END_REF].

Figure

  Figure 18. Super-enhancer of the FOS oncogene in MCF7 cells. Genomic region located approximately 20kb upstream of the promoter of the FOS oncogene exhibits classical features of a super-enhancer in MCF7 cells: bidirectional production of eRNAs (GRO-Seq; Hah et al., 2011) and transcription by Pol II (ChIP-Seq; Welboren et al., 2009), DNaseI hypersensitivity (DNase-Seq; ENCODE), enrichment in active histone modification H3K27ac (ChIP-Seq; Rhie et al., 2015), binding of transcription factors ERa(ChIP-Seq; Fournier et al., 2016) and FOXA1 (ChIP-Seq; Franco et al., 2015), binding of coregulators p300 and CBP (ChIP-Seq;Zwart et al., 2011) and enrichment in Mediator complex (MED1 ChIP-Seq; Fournier et al., 2016). All Genome Browser tracks show data from cells treated with estrogen.

  Many external factors influence gene expression through various signaling pathways, among which hormone signaling represents a significant group. The end results of such signaling is binding of the nuclear receptors to multiple enhancers within the genome to mediate gene regulation (see Box 2, page 56). Binding of NRs is combinatorial at different enhancers, which ensures initiation of signal-specific transcriptional responses. By responding to different factors, enhancers integrate different signaling pathways and thus execute proper transcriptional programs.

Figure 19 .

 19 Figure 19. Rapid binding of ERa to chromatin upon estrogen stimulation. Figure shows nascent transcription of FOS, assessed by GRO-Seq (right) and ERa binding at superenhancer located 20kb upstream of the FOS promoter, assessed by ChiP-Seq (left) at different timepoints of estrogen stimulation.

  their transcription can happen independently from each other, at different times from one cell to another. This includes the event of binding/unbinding of a TF, recruitment of cofactors, initiation of transcription, etc. The stochastic nature of such molecular events occurring in cis hence constitutes intrinsic sources of transcription stochasticity. On the other hand, regulatory molecules such as TFs are products of genes themselves and also undergo fluctuations in their cellular levels over time and from cell to cell. This variability in trans-regulating factors affect target genes the same way and hence constitute an extrinsic source of stochasticity in gene transcription. Other examples of such variables include cell cycle stage or cellular environment.

Figure 20 .

 20 Figure 20. Three models of enhancer-gene communication. (A)The looping model involves physical proximity or contacts between enhancer and its target gene, as exemplified by the globin locus. When globin genes (b, Ag or Gg) and the holocomplex (HC) consisting of 5 enhancers associated with DNaseI hypersensitive sites (HS1-5) are in contact, the genes are in an active state. (B) According to the oozing/linking model, transcription factors and coregulators bind first to the HC, and then spread linearly along the chromatin fiber until they reach globin genes, which become activated. (C) In the tracking/scanning model, TFs and coregulators bind first to the enhancer (i) and then, a loop is formed, when TFs and coregulators begin tracking along the chromatin fiber (ii) until enhancer-promoter connection is established (iii). Figures adapted fromBulger &[START_REF] Bulger | Looping versus linking: toward a model for long-distance gene activation[END_REF][START_REF] Blackwood | Going the distance: a current view of enhancer action[END_REF][START_REF] Blackwood | Going the distance: a current view of enhancer action[END_REF] 

  Pre-existing ERa sites have been shown to mark future enhancers, as they serve as seeding points, around which multiple other sites become populated with ERa upon estrogen exposure, resulting in genomic clusters of enhancers, additionally enriched in Mediator complex, p300, BRD4 and active, acetylated chromatin[START_REF] Bojcsuk | Inducible super-enhancers are organized based on canonical signalspecific transcription factor binding elements[END_REF]. Genes proximal to the clusters containing pre-existing enhancers exhibit stronger upregulation following E2 stimulation than genes in proximity to the clusters without a pre-existing enhancer[START_REF] Saravanan | Ligand dependent gene regulation by transient ERα clustered enhancers[END_REF].Pre-existing enhancers seem to be required for estrogen-induced binding of ERa to neighboring sites. Indeed, a CRISPR deletion of a pre-existing enhancer of TFF1 results in a drastic reduction of ERa binding at the neighboring sites in estrogen-induced conditions (Figure21;[START_REF] Saravanan | Ligand dependent gene regulation by transient ERα clustered enhancers[END_REF], supporting the essential role of pre-existing enhancers in recruiting ERa to their proximity. In line with the notion of one enhancer within a cluster having a dominant role in driving estrogen-induced gene expression, combinatorial inhibition of one or pairs of enhancers of MMP17, CISH and FHL2 genes using

Figure 21 .

 21 Figure 21. Pre-existing enhancers are required for ERa binding in their proximity. The figure represents ChIP-Seq tracks of ERa binding in MCF7 cells before estrogen induction (top panel) after estrogen induction (middle panel) and after estrogen induction in cells with deletion of a pre-existing enhancer (PS; position of the preexisting enhancer indicated by arrow). Figure adapted from Saravanan et al., 2020
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 22 Figure 22. Examples of gene coexpression within TADs in mESCs and Drosophila. (A) During mESC differentiation into neural precursor cells, groups of genes belonging to the same TADs show positive transcriptional correlation. (B) At 14 different stages of Drosophila development, genomic bins from the same TAD show correlated transcriptional activity.

Figure 23 .

 23 Figure 23. Ideal locus to study gene coregulation.Genes within the ideal locus should differ in their contact insulation, therefore two genes should be located in the same TAD, and a third gene should be located in an adjacent TAD.

Figure 24

 24 Figure 24. Transcriptional response of MCF7 cells to estrogen. (A) Genome Browser tracks showing the GRO-Seq peaks at the locus of a well-responsive gene RET. (B) Scatterplot representing the transcriptional activities of genes from Hah et al., 2011 in the abscnce of estrogen and after 40 minutes of estrogen stimulation; RET marked in red; black diagonal lines represent the 1x, 2x and 3x fold change of transcription between no E2 and 40 min E2. (C) Examples of transcriptional time profiles of RET and other selected genes during the timecourse of E2 stimulation.

Figure 25 .

 25 Figure 25. Estrogen stimulation results in minor changes in 3D genome organization of MCF7 cells. Hi-C maps showing contact patterns at the scale of (A) several megabases and (C) sub-megabase scale in MCF7 cells. Characteristic 'checkerboard' pattern, indicative of A/B compartments can be observed in (A). (B.1) Comparisons of eigenvector values before and after estrogen stimulation reveal mild changes in the strength of weak B compartments. (B.2) Comparison of eigenvector values of individual replicates within uninduced and induced) conditions. (B.3) Values of the first eigenvector for chromosome 2 before (blue) and after estrogen stimulation (orange). (D.1) Scatterplot of insulation score values before and after estrogen stimulation for the whole chromosome 14. (D.2) Comparison of insulation score values of individual replicates within uninduced and induced conditions. (D.3) Plot of insulation scores before (blue) and after estrogen stimulation (orange) at a region on chromosome 14. (D.4) Comparison of individual replicates of insulation scores at the same region as in D.3. 'no E2' corresponds to cells that were not induced with estrogen (grown for 4 days in E2-depleted media) and 'saturating E2' corresponds to cells treated with 0.5nM estrogen for 3 days.

Figure 26 .

 26 Figure 26. Genome-wide analysis of pair-wise transcriptional correlation between genes. (A) Schematic representing the rationale behind the metrics of transcriptional correlation. Two genes from Hah et al., 2011 would be strongly correlated if their temporal profiles of expression have similar shapes over the timecourse of estrogen treatment (top panel) and uncorrelated or anticorrelated if their temporal profiles have different shapes (bottom panel). (B) Heatmap of transcriptional correlations of gene pairs as a function of the intergenic distance between promoters of the two genes of a pair. (C) Same heatmap as in (B), but only considering the top 20% of gene pairs associated with strong insulation between the promoters of a gene pair.

Figure 27 .

 27 Figure 27. Responsive genes are highly upregulated upon estrogen treatment. (A) Scatterplot representing the transcriptional activity of genes in the absence of E2 and after 40 minutes of E2 stimulation. The subset of genes in blue represents responsive genes (weakly transcribed when no E2 and highly transcribed following 40 min of E2 treatment); RET shown in red; black diagonal lines represent the 1x, 2x and 3x fold change of transcription between no E2 and 40 min E2. (B) Scatterplot showing the promoter-promoter distance of pairs of genes and responsiveness score of the least responsive gene within a pair. Pairs of genes belonging to the six loci testes by RNA FISH shown in red. (C) Details of the six loci tested by RNA FISH.

  probe sets consisting a minimum of 35 and a maximum of 48 20-nucleotide-long probes, conjugated with Quasar®570, CAL Fluor® Red 610 or Quasar®670 fluorescent dyes, depending on the gene. We decided to include at least 35 probes per probe set in order to be able to visualize single RNA molecules as distinct diffraction-limited fluorescent spots. To facilitate detection of ongoing or recent transcription onsets at the moment of cell fixation, I targeted

Figure 28 .

 28 Figure 28. Two-color labeling of transcripts of the control gene FXR1. (A) Schematic of the control gene FXR1 with the positions of RNA FISH probes targeting mRNA marked in red and positions of the probe set targeting the intron 15 marked in green. (B) Representative image of multiplexed labeling of the FXR1 transcripts in MCF7 cells. Red signals correspond to single FXR1 mRNAs and co-localizing green-red spots represent active transcription sites of FXR1 (indicated by arrows). Nuclei stained with DAPI shown in blue.

Figure 29 .

 29 Figure 29. Test of single-molecule RNA FISH probes at pairs of genes from 6 selected loci.18 single-molecule RNA FISH probesets targeting transcripts of genes from six loci selected in section 2.2.5 were tested and the presence of the target signal was evaluated. Loci with all three transcripts labeled efficiently were retained (top panel) and loci, where at least one transcript was not labeled properly, were rejected (bottom panel). Images show examples of RNA FISH experiments on pairs of genes from each locus showing either two clearly distinguishable signals (top) or missing signals (bottom). The contrast of each image was reduced. Nuclei stained with DAPI are shown in blue.
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 30 Figure 30. Identification of three classes of enhancers in MCF7 cells. (A) The ChIP-Seq tracks showing ERa and p300 binding within a genomic region of MCF7 cells before and after the E2 stimulation (data from Zwart et al., 2011 and Liu et al., 2014). (B) Scatterplot of p300 occupancy showing the genome-wide activity of p300-marked enhancers before and after the E2 stimulation. The window encompasses the class of E2-responsive enhancers (identified by increased p300 occupancy following the E2 treatment. (C) Same scatterplot as in (B) but overlaid with the fraction of enhancers bound by ERa upon E2 treatment (ERa-bound enhancers are marked in red).

  reads per million) normalization (Figure30A,B). Based this scatter plot, I classified enhancers into two groups: E2-responsive or non-responsive/weak enhancers (Figure30B, black line).

  Figure 31. Three classes of enhancers are present within genomic loci of interest.

Figure 33 .

 33 Figure 33. The TAD encompassing JDP2 and BATF undergoes changes in contact insulation following E2 stimulation. Insulation scores and Hi-C maps of the FJB locus from MCF7 cells (A) before and (B) after estrogen treatment. The loop encompassing FOS, which appears to become weaker after E2 treatment is indicated with black arrow. The loop which appears to become stronger after E2 treatment is indicated with blue arrow. (C) Comparison of insulation scores before and after E2 treatment. The TAD, in which JDP2 and BATF are located becomes stronger after E2 treatment, as indicated by decreased insulation score. The original data are from Rodriguez et al., 2019.

  RNAs and transcription sites of BATF and JDP2, which are weakly expressed in MCF7 cells, I tested two different probesets per gene -

Figure 34 .

 34 Figure 34. Localizations of single-molecule RNA FISH probes targeting transcripts of FOS, JDP2 and BATF.

Figure 35 .

 35 Figure 35. Imaging and analysis of combined single-molecule RNA FISH and iFISH/Oligopaints. (A) Individual nucleus showing the DNA of the FOS-JDP2-BATF locus labeled using iFISH/Oligopaints and RNAs of three genes of the locus. (B) The nucleus from (A) showing RNA FISH experiment using probes against FOS mRNA. Spots of different intensity can be distinguished. (C) Detected spots are marked with blue boxes (D) Three channels are shown (yellow: FOS, red: JDP2, green: BATF) and contrast is reduced; Loci determined by the DNA FISH channel are indicated by arrows; DAPI is shown in gray. All images in (A-E) are band-passed filtered. (E) Distributions of 3D distances of the RNAs spots of FOS, JDP2 and BATF from the FJB locus. Two modes can be observed within the distribution -the peak at short distances corresponds to TSs of the genes associated with the loci and the peak at larger distances corresponds to all other RNA spots in the nucleus. The threshold value of 1.3µm used to pair the TSs in cis is shown as a vertical dashed line. (F) Histogram of intensities of RNA spots of FOS located within (orange) and outside (grey) the radius of 1.3µm. Intensities are normalized, so that single RNA intensity value equals 1. (G) Quantification of the number of the locus spots per cell -majority of cells exhibit 5 copies of the FJB locus. (H and I) Scatterplots of joint distributions of intensities for genes paired in cis and corresponding contingency tables of joint probabilities for the genes being transcriptionally active/inactive in the absence of estrogen (H) and after estrogen stimulation for 40 minutes (I).

Figure 36 .

 36 Figure 36. Analysis approach to extract the cis-component of Pearson's correlation coefficient. (A)Each FISH dataset after image analysis consists of a set of segmented nuclei and within each nucleus the transcription sites of pairs of genes (RNA FISH signal) are assigned to an allele of the FJB locus (identified from the iFISH/Oligopaints signal). The contingency table is first calculated from the observed data. Then, within each nucleus, the assignments of transcription sites to the alleles are permuted in all possible combination that exclude any cis pair. This breaks the relationships between alleles, but keeps the information about global transcriptional cell state. Second contingency table is calculated from the permuted data. From contingency tables, the covariances are calculated and the difference between them yields the covariance in cis, which we use to compute the cis-component of the Pearson's correlation coefficient. (B) Covariance of permuted data represents the extrinsic noise in gene coregulation and can differ, depending on the source of extrinsic noise. Inside nuclei, both intrinsic and extrinsic sources contribute to gene coregulation -this is mathematically called as mixture distribution.

Figure 37 .

 37 Figure 37. Correlation analysis of the FOS-JDP2-BATF locus. The 'cis' component of the Pearson's correlation is lower between the genes separated by stronger contact insulation and a larger genomic distance. Error bars are standard error on the measurement (SEM) obtained from 5 biological replicates.

Figure 38 .

 38 Figure 38. Selective perturbation of pre-existing ERa enhancers by dCas9-KRAB approach.

  Figure 39. Genomic deletions of TAD boundary and control regions within the FJB locus. Both deletions are ~20kb in size -boundary deletion encompasses a cluster of four CTCF sites downstream of FOS and control deletion is localized further downstream and does not affect the boundary or important enhancers.

Figure 40 .

 40 Figure 40. Analysis of coregulation at alleles of the FJB locus with TAD boundary and control deletions. (A) Double DNA labeling of the whole FOS-JDP2-BATF locus together with the region covering the TAD boundary in nuclei of wild-type MCF7 cells (top) and single-clone-derived cell line harboring heterozygous deletion of the TAD boundary region (bottom). In wild-type cells, complete colocalization of the locus signal with TAD boundary signal can be observed, while in cells with boundary deletion some loci lack the corresponding boundary labeling, indicating successful deletion. Bandpass-filtered images shown. (B and C) Intensity distributions of deletion spots not colocalizing with the FJB locus (blue histogram) and deletion spots colocalizing with the FJB locus (orange histogram) for WT cells (B) and cells with control deletion (C). Bimodal distribution of colocalizing spots in cells with deletion indicates a fraction of alleles that harbor the successful deletion. (D) Patterns of coregulation in cis at the FJB locus at alleles with (non-)deleted boundary or control regions. Deletion of the TAD boundary results in increase of correlations in cis between genes that are insulated by the boundary in WT cells.

  a tool we developed in order to assess, in FISH data, the separation between fluorescent spots and image background (see section 3.3 I used this tool here to investigate within WT cells and 'TAD boundary' or 'control' deletion cell lines, the fraction of alleles with the expected deletions, as well as the confidence with which each allele can be classified as harboring or not the deletion. Following the same procedure as in section 2.4 to pair RNA signals in cis, I first detected spot in the 'whole locus' channel (thereafter referred to as 'loci' spots) and in the 'deletion region' channel (thereafter referred to as 'deletion' spots). Then, I associated to each locus spot the brightest deletion spot found within a radius of 1.3µm 3D distance.When detecting deletion spots, I purposefully chose a low spot-detection threshold as to include many background spots (more details in section 3.2 in order (i) to avoid missing weak spots and (ii) to use the deletion spots detected more than 1.3µm away from loci spots as a negative control. For this to be a faithful negative control, we first performed a randomized permutation by reassigning the intensities of all the deletion spots (preserving their positions) with intensities drawn at random among the deletion spots found more than 1.3µm away from loci spots. Then, we applied the same procedure by choosing the brightest deletion spots within 1.3µm of the loci spots, yielding the negative control distribution of spot intensities.When plotting the intensity distributions of deletion spots and random background control for WT cells (Figure40B), I could observe two unimodal distributions -one of low intensities for the random control and one of high intensities for the deletion spots colocalizing with the loci spots. When plotting these distributions for the cell lines with boundary or control deletions (Figure 40C), the random control distribution was unimodal, similarly to WT cells. However, the intensity distribution of deletion spot colocalizing with the loci was bimodal, with one mode overlapping with the random control distribution and a second mode of

Figure 41 .

 41 Figure 41. Quantification of heterozygous deletions by FISH. From a fit of the two-population distribution shown in Figure 40C, with our tool described in chapter 3.3 we compute the relative probabilities of selecting loci with or without a successful deletion (respectively gray and blue areas) as a function of the fluorescence intensity cutoff used (x axis).

The

  background in FISH experiments comes mostly from cellular autofluorescence and fluorescent probes that did not bind to the intended RNA or DNA target. The FISH protocols routinely include a step, in which the excess of unbound probes is washed away, which in principle should leave only the probes that are specifically bound to the target nucleic acid.The noise in FISH experiments can be defined as fluctuations in signal and background intensities. In an ideal case, each target RNA or DNA molecule is fully decorated by the available fluorescent probes, resulting in a uniform signal intensity across different measurements. In reality, however, this is not the case and both signal and background intensities are variable within the sample and follow their own distributions. This is because of the labeling not being fully efficient, i.e. each target RNA or DNA bound by less probes, than it is possible based on the experimental design. Inefficient binding might stem from unoptimized steps in the labeling protocol. For example, to label a genomic region of interest, the DNA double helix must be in an open configuration. This is achieved by denaturation performed at high temperatures, which precedes the hybridization of fluorescent probes to the target DNA. A non-optimal denaturation temperature or timing might result in the DNA helix not being fully open, thus preventing the efficient binding of probes. The biology of a given

Figure

  Figure 43. False discovery rate and false negative rate as measurements of the quality of FISH signal.The FDR and FNR do not rely on the background intensity of an image (the true negative), therefore they represent good metrics to assess the quality of a FISH dataset. However, FDR and FNR depend on a threshold used to distinguish signal from background and an optimal tradeoff between the two needs to be kept.

  Fluorescence intensity (log of a.u) Fluorescence intensity (log of a.u)

Figure 44 .

 44 Figure 44. Estimation of FDR and FNR from a FISH dataset. Quantification of FDR and FNR from a sample with the FJB locus labeled with FAM. The top-left graph represents the distribution of intensities of detected spots (blue curve) and the fit of the signal and the right tail of the background. The bottom-left graph is aligned with the top-left one and represents how FDR and FNR change between the signal and the background. The top-right graphs shows the FDR-vs-FNR curve, from which the area under the curve is extracted as a metric that does not depend on the spot-rejection threshold. The second spotrejection threshold-independent metric is the value of FDR and FNR, where both are equal.

  (a) ability to reliably detect DNA loci, including a small locus of 20kb, (b) RNA FISH signal permitting single-molecule detection, (c) nuclear morphology and distortion, and mainly three key parameters of the protocol to explore: (i) prehybridization time, (ii) DNA denaturation time, and (iii) concentration of the iFISH library.

Figure 46 .

 46 Figure 46. Choice of fluorophore for labeling of the FOS-JDP2-BATF locus. Quantification of signal quality from two samples -(A) one, where the FJB locus was labeled with the FAM fluorophore, and (B) second, where the locus was labeled with AF750. The samples labeled with AF750 has better signal quality, as the log10 value of the area under the FDR-vs-FNR is lower than in sample labeled with FAM. The orange line represents the gaussian fits of signal and background.

Figure 47 .

 47 Figure 47. Optimization of the prehybridization time. Quantification of signal quality from MCF7 cells with the FJB locus labeled with FAM and samples prehybridized for: (A) 2 days and (B) 5 days. Visually, the separation of signal from background is better at 5 days of prehybridization, and this is also reflected in log10 value of the area under the FDR-vs-FNR curve being lower than for sample prehybridized for 2 days. The orange line represents the gaussian fits of signal and background. (C) The curve representing the overlap between background and signal of the FJB-FAM spots at different prehybridization times. Long prehybridization times give better separation of signal from background. Data obtained by Kyra Borgman in the Coulon Lab.

Figure 48 .

 48 Figure 48. Optimization of the denaturation time. Quantification of signal quality from MCF7 cells with the FJB locus labeled with FAM and samples denatured for: (A) 2 minutes, (B) 3 minutes and (C) 5 minutes. The best separation of signal from background and the lowest log10 value of the are under the FDR-vs-FNR curve occur within sample denatured for 3 minutes. The orange line represents the gaussian fits of signal and background.

  Genome organization is linked to gene expression at the level of transcription and transcriptional regulation. Development of fluorescence in situ hybridization (FISH) techniques has enabled investigation of genome structure (DNA FISH) and gene transcription (RNA FISH) in single cells. Despite technological improvements that allowed visualizing genomic regions of few kilobases in size (Oligopaints) and single RNA molecules (smRNA FISH) at high resolution, assessing both the 3D genome structure and gene transcription inside the same cells has been notoriously difficult. Simple combination of RNA and DNA FISH often gives disappointing results, because of the fragility of RNA signals, which undergo extensive damage during harsh conditions necessary to denature DNA. Here, I describe our optimized RNA-DNA FISH protocol for multiplexed labeling of RNA and DNA based on single-molecule RNA FISH combined with iFISH/Oligopaints technology. The protocol is optimized to use in breast cancer cell line MCF7.

  weak A compartments seemed not to change. I will further analyze the eigenvector values genome-wide to see if the pattern observed for chromosome 2 is universal for all of the chromosomes. These minor changes in weak B compartments suggest that transcriptional activity could possibly render some regions associated with repressive chromatin more accessible. This would need to be confirmed by additional monitoring of biochemical features, such as histone modifications specifically within compartments that change. It would be also interesting to investigate, whether those changing compartments are associated with higher number of estrogen-responsive genes, than compartments that do not exhibit changes. The timescale of estrogen stimulation might contribute to the observed changes -the induction period in[START_REF] Rodriguez | Intrinsic Dynamics of a Human Gene Reveal the Basis of Expression Heterogeneity[END_REF] was 3 days, which could probably provide enough time for changes to happen at the compartment level. Indeed, changes in A/B compartmentalization might be related to the timescale of treatment with different external signals. In Drosophila cells, heat shock of 30 minutes does not change the A/B compartments

Figure 49 .

 49 Figure 49. Optimized protocol for serum starvation and estrogen induction of MCF7 cells.Two days before serum starvation, the cells are plated on fibronectin-coated coverslips and allowed to attach. After two days, cells are washed two times in PBS and once in phenol red-free DMEM. After the washes, cells are cultured in starvation media (DMEM with 10% charcoal-stripped FBS) for two hours, with replacement of the media in the meantime. Afterwards, cells are placed in starvation media containing palbociclib and cultured for 2 days. Forty minutes before fixation, DMSO or E2 are added.

  As a measure of cell cycle progression/arrest, we used staining of replicating DNA with EdU -a thymidine analog, which is incorporated in vivo into newly replicated DNA during S phase of cell cycle[START_REF] Salic | A chemical method for fast and sensitive detection of DNA synthesis in vivo[END_REF]. Culturing cells in starvation media itself is known to arrests the majority of cells at G1/S transition. Indeed, quantification of EdU incorporation into DNA over a 8-hour period following growth for 2 days in starvation media resulted in 88% of cells without EdU signal (Figure50A).Culturing cells for 2 days in media containing E2 reduces this percentage to 33% with a marked increase in fraction of cells that went through the S phase during the 8-hour window of staining (Figure50A).

Figure 50 .

 50 Figure 50. Palbociclib arrests cell cycle progression of MCF7 cells, but does not affect estrogen-inducible transcription. (A) Quantification of EdU incorporation in MCF7 cells grown in estrogen-depleted or induced conditions for 2 days in the absence or presence of palbociclib. EdU was added to the culture media 8 hours before cell fixation. Data obtained together with Kyra Borgman from the Coulon Lab. (B) Probability of the 'ON' state for estrogenresponsive gene RET and non-responsive gene FXR1 from cells grown for 2 days in starvation media without or with palbociclib and subsequently treated for 40 minutes with DMSO or E2.

  cells in 12-well plate on 18mm coverslips coated with 20 µg of human fibronectin (Merck, ref. FC010) in a volume of 1mL (unless otherwise stated).

2.

  Grow cells up to 70% confluency.

Fix cells 3 .

 3 Fix cells in 1mL Fixation Solution (4% paraformaldehyde/1X PBS) at RT for 10' on orbital shaker. 4. Wash 2x for 10min with 1xPBS. 5. Permeabilize cells with Permeabilization Buffer (0.5% Triton X-100/1X PBS) at RT for 20min on orbital shaker.

  

Table 1 . Comparison of the chromosome conformation capture techniques.

 1 

From Lieberman-Aiden et al., 2009

18. Super-enhancer of the FOS oncogene in MCF7 cells.

  

	Genomic region located approximately
	20kb upstream of the promoter of the FOS
	oncogene exhibits classical features of a
	super-enhancer in MCF7 cells: bi-
	directional production of eRNAs (GRO-
	Seq; Hah et al., 2011) and transcription by
	Pol II (ChIP-Seq; Welboren et al., 2009),
	DNaseI hypersensitivity (DNase-Seq;
	ENCODE), enrichment in active histone
	modification H3K27ac (ChIP-Seq; Rhie et
	al., 2015), binding of transcription factors
	ERa (ChIP-Seq; Fournier et al., 2016) and FOXA1 (ChIP-Seq; Franco et al., 2015),
	binding of coregulators p300 and CBP

(ChIP-Seq;[START_REF] Zwart | Oestrogen receptor-co-factor-chromatin specificity in the transcriptional regulation of breast cancer[END_REF] 

and enrichment in Mediator complex (MED1 ChIP-Seq;

Fournier et al., 2016)

. All Genome Browser tracks show data from cells treated with estrogen.
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The original looping model assumed that enhancers and genes can move freely in 3D and their communication would rely on random collisions [START_REF] Bulger | Looping versus linking: toward a model for long-distance gene activation[END_REF]. The protein composition of complexes bound to enhancer and promoter and their affinity would then stabilize the loop. As discussed in chapter 1. 1.4.4, random encounters between genomic elements located far away from each other in the linear genome are unlike to happen within one cell cycle due to the polymer nature of chromatin. Moreover, given that the number of enhancers largely exceeds the number of genes present in the genome, such random collisions would likely result in many instances of abnormal gene activation, which could have deleterious consequences for cellular identity and development (examples of ectopic gene activation by enhancers and its consequences reviewed section 1.3.3). Finally, similarly as discussed for TAD formation (section 1.1.4.4), whether an enhancer and a gene communicate in known to depend on the intervening DNA sequence -e.g. the presence of a small insulator sequence can completely abrogate this communication [START_REF] Gaszner | Insulators: exploiting transcriptional and epigenetic mechanisms[END_REF]. How would two elements colliding in 3D interact or not depending on a small sequence located far in 3D space? Therefore, to avoid dependency on random phenomena, some kind of an active search mechanism in 1D needs to be involved to ensure robustness to enhancer-gene contacts.

The tracking model is attractive in this respect, because it provides the 1D mechanism, where enhancer-bound proteins scan the chromatin fiber in search for the target promoter. Moreover, it also accounts for insulators, which can physically block enhancer-promoter communication when placed in between. These are also the features of the loop extrusion mechanism of TAD formation. Indeed, parallels can be drawn between tracking mechanism and loop extrusion.

According to both of them, the result will be progressive formation of a chromatin loop -in the case of tracking the loop would be stabilized by proteins bound to enhancer and promoter, while in loop extrusion the stabilization would happen through the interaction between cohesin complex and CTCF. A difference would be in the duration of the enhancer-promoter contact:

In loop extrusion, the interactions would be only transient, as cohesin does not stop neither at enhancers, nor at promoters (unless they are bound by CTCF), while in the tracking mechanism the interactions could last longer, because of stable interactions between enhancer-and promoter-bound protein complexes.

Consistently with loop extrusion, specific enhancer-promoter interactions are rarely observed in Hi-C maps, as interaction frequency between them is often not higher than between other In eukaryotic organisms, each ribosome requires the coordinated production of four highly modified and folded rRNAs, approximately 80 ribosomal proteins, and more than 200 rRNA and ribosomal biogenesis and assembly factors [START_REF] Fromont-Racine | Ribosome assembly in eukaryotes[END_REF]. Interestingly, ribosomal protein and biogenesis genes show non-random distribution throughout the yeast genome -they are often found as functional clusters. These clusters allow for coregulation of adjacent genes, whereby the clustered genes are coregulated by a shared distal regulatory elements [START_REF] Arnone | Adjacent gene pairing plays a role in the coordinated expression of ribosome biogenesis genes MPP10 and YJR003C in Saccharomyces cerevisiae[END_REF][START_REF] Arnone | Dissecting the cis and trans elements that regulate adjacent-gene coregulation in Saccharomyces cerevisiae[END_REF]. Functionally related genes cluster in genomic regions, that are permissive to regulation at a distance and chromatin remodeling is necessary for coregulation of adjacent genes [START_REF] Cera | Functionally Related Genes Cluster into Genomic Regions That Coordinate Transcription at a Distance in Saccharomyces cerevisiae[END_REF].

These data demonstrate that functionally related genes coding for physically interacting proteins from the same complexes, such as ribosomes, tend to cluster in eukaryotic genomes.

This clustering seems to facilitate the coregulation of these genes by distal regulatory elements. This suggests, that coregulation of functionally related genes might have been evolutionarily favored and one would expect to find more examples of such gene arrangements, for example for complexes other than ribosomes -TFs. Finding functionally related genes in proximity in the genome and often in the same TAD is consistent with coregulation observed within TADs (see section 1.4.4) and brings to light the idea that coregulation within TAD may also manifest as evolutionary signatures.

Coevolution as a way to understand coregulation by TADs

Gene coregulation can be viewed as a result of an evolutionary pressure to keep certain groups of genes together and/or evolving in a coordinated manner. Examples of such coevolution include coincidence of enhancer clusters with TAD boundaries and relative positions between enhancers and their target genes across different species.

The relative positions of evolutionary conserved enhancers and their target genes are preserved between human and zebrafish -91% of enhancers in both species are on the same side (3' or 5') of their target gene TSS [START_REF] Clément | Enhancer-gene maps in the human and zebrafish genomes using evolutionary linkage conservation[END_REF]. Moreover, associations between conserved enhancers and genes predicted in silico occur inside the same TAD more often, than by random chance, and the stronger the evolutionary conservation is, the more likely it is that a given enhancer-gene pair will be located within the same TAD. Interestingly, the relative distance Chapter 2

Understanding the local principles of gene coregulation boundaries, the insulation score is low and the strength of the insulation is given by how low this value is. Analysis of the insulation scores from MCF7 cells before and after estrogen induction did not reveal major changes in local patterns of contact insulation., as shown here throughout an entire chromosome 14 (Figure 25D.1 and D.2). However, minor changes in contact insulation could occasionally be observed at the sub-megabase scale (Figure 25D.3) and these differences were also present in technical replicates (Figure 25D.4).

Taken together, our analysis of public Hi-C data indicates that the 3D genome of MCF7 cells at the scale of A/B compartments and TADs does not undergo extensive changes despite the massive transcriptional upregulation mediated by estrogen.

Genomic distance and contact insulation predict the pairwise transcriptional correlations between estrogen-responsive genes

My project aims at understanding the local coregulation of genes by measuring their coexpression patterns at the single-cell, single-allele level using imaging. In the process of choosing a genomic locus for my study, I re-analyzed existing population-level transcriptomics data (GRO-Seq; section 2.2.2) and 3D contact data (Hi-C; section 2.2.3). As outlined in section 1.4.2, coexpression can be measured at many levels and may highlight deferent aspects of coregulation. Hence, I took advantage of the data I re-analyzed to first investigate local patterns of estrogen-mediated coexpression between genes at the population-ensemble level.

To quantify estrogen-mediated coexpression between genes, we devised a metrics of transcriptional correlation based on similarities in the shapes of transcriptional time profiles of pairs of genes differentially expressed in MCF7 cells upon estrogen treatment. Our metric is simply the Pearson correlation coefficient between pairs of 4-timepoint time traces. Put differently, we first standardize the time traces corresponding to each gene (i.e. from the 4 values of the GRO-seq signal measured on each gene, we subtract their mean and normalize resulting values by their standard deviation), then, we quantify how the resulting standardized time traces covary. For a simple illustration, consider for instance the activity of two genes starting with different levels of basal transcription before E2 treatment, increasing to a different

THE FOS-JDP2-BATF LOCUS

Architecture of the locus

Among the three selected final loci (Figure 31), within only one of them all the genes were clearly located in two adjacent TADs. In the locus on chromosome 9, the gene DPM2 does not belong to an adjacent TAD, but is rather located in an inter-TAD region. In the locus on chromosome 18, the gene FECH is overlapping a TAD boundary, so that the promoter and part of the gene body are located in adjacent TADs. Therefore, we decided to focus on the FOS-JDP2-BATF locus on chromosome 14 (hereinafter referred to as FJB locus; Figure 32). The FJB locus consists of three genes: the protooncogene FOS, separated by a TAD boundary from two other genes -JDP2 and BATF, both localized in smaller substructures, which can be viewed as sub-TADs, according to the CTCF ChIA-PET dataset, which we have used as a proxy for TAD positions within the locus (Figure 32A,B). Two technical points are important to mention before proceeding to the results:

(1) An unanticipated difficulty was that MCF7 cells are difficult to starve and induce with E2 in a consistent and reproducible manner. This is particularly visible and problematic when performing quantitative imaging of transcription with single-molecule sensitivity.

After many tests and optimizations, we converged to a procedure for starvation/induction that gives reliable and reproducible results (see annex 5.1.1).

(2) MCF7 cells are known to arrest their cell cycle in G1 upon estrogen starvation and to enter S phase when induced [START_REF] Castoria | Non-transcriptional action of oestradiol and progestin triggers DNA synthesis[END_REF][START_REF] Hamelers | 17beta-Estradiol responsiveness of MCF-7 laboratory strains is dependent on an autocrine signal activating the IGF type I receptor[END_REF]. This can pose problems for our quantifications: the statistics of gene activities may be incorrect if some alleles have been replicated (and hence have two copies of the genes) while other have not. In addition, heterogeneity in cell cycle stage is known to be an important extrinsic factor in single-cell level coexpression analysis [START_REF] Tarbier | Nuclear gene proximity and protein interactions shape transcript covariations in mammalian single cells[END_REF]. To circumvent this issue, we treated cell with Palbociclib, a CDK4/6 inhibitor, commonly used to treat certain breast cancers [START_REF] Rocca | Palbociclib (PD 0332991): targeting the cell cycle machinery in breast cancer[END_REF], which arrests the cells in G1.

We ensured that this drug (i) arrests the cell cycle of MCF7 cells and (ii) does not prevent efficient starvation and induction of estrogen responsive genes (see annex

5.1.2).

Since the analysis is done pairwise, the three analyzed gene pairs were: JDP2-BATF, FOS-BATF and FOS-JDP2 (Figure 35G,H). After separating the trans component of the Pearson's coming from the target object must be significantly larger than fluctuations of the background intensity. In fact, the signal itself can also show variable intensity, which could be the result of inefficient labeling of the target object (Figure 42A). Therefore, to achieve high SNR, the mean signal of the target object must be high and the sum of the fluctuations of both the background and the signal intensities must be low. Therefore, the SNR can be defined as in Figure 42B, where 𝜇 ()* is the mean signal intensity, 𝜇 ,* the mean background intensity, 𝜎 ,* . the variability of the background and 𝜎 ()* . the variability of the signal. In order to be able to faithfully estimate the quality of an imaging dataset, it is important to consider both the mean intensity values of both the signal and background, but also the variability in their intensities.

SNR is a general metric of image quality. However, as we will see in section 3.2 , when detecting objects, as in many FISH applications, and separating signal and background detections, other metrics exist to more directly reflect the rate on errors made detecting objects.

Signal, background and noise in FISH data

Multiplexed single-molecule FISH experiments allow for visualization of gene expression and positions within the nuclear space. However, cellular autofluorescence, off-target binding of probes and partial labeling of targets can significantly affect image quality and impair signal detection. The signal in RNA and DNA FISH experiments emerges as a result of binding of The library is first amplified by PCR with primers complementary to the forward and reverse priming sequences of the oligos. The reverse primer contains an additional sequence of the T7 promoter, so that the PCR product can be next used for in vitro transcription. From the RNA product of in vitro transcription, a single-stranded DNA is then produced by reverse transcription (RT) and the RNA is degraded. The final product has a length of 120bp and is used as primary probes to label the locus in the DNA FISH procedure. Importantly, for the RT Discussion and perspectives [START_REF] Coss | A novel AP-1 site is critical for maximal induction of the folliclestimulating hormone beta gene by gonadotropin-releasing hormone[END_REF] is separated by a strong TAD boundary from JDP2 and BATF -the repressive dimerization partners of JUN, which directly compete with FOS [START_REF] Echlin | B-ATF functions as a negative regulator of AP-1 mediated transcription and blocks cellular transformation by Ras and Fos[END_REF][START_REF] Jonak | c-JUN Dimerization Protein 2 (JDP2) Is a Transcriptional Repressor of Follicle-stimulating Hormone β (FSHβ) and Is Required for Preventing Premature Reproductive Senescence in Female Mice[END_REF]. Our results add another layer to this picture by demonstrating that JDP2

and BATF are coregulated in cis. This preferential coregulation could be functionally relevant for maintaining proper nuclear levels of FOS, JDP2 and BATF proteins, possibly in order to favor certain stoichiometries of AP-1 complexes.

Unlike FOS, expression of which can be stimulated by external factors [START_REF] Senecal | Transcription Factors Modulate c-Fos Transcriptional Bursts[END_REF],

JDP2 expression seems to be constitutive and not change upon stimulation [START_REF] Aronheim | Isolation of an AP-1 repressor by a novel method for detecting protein-protein interactions[END_REF][START_REF] Jonak | c-JUN Dimerization Protein 2 (JDP2) Is a Transcriptional Repressor of Follicle-stimulating Hormone β (FSHβ) and Is Required for Preventing Premature Reproductive Senescence in Female Mice[END_REF]. In our context of induction by estrogen, JDP2 is also the gene that shows the weakest difference of transcriptional activity before and after E2 stimulation, while FOS is easily inducible. These differences in expression might also be related to regulation of protein levels within cells. In serum-starved cells the JDP2/JUN constitutes the majority of the complexes, while after serum induction the FOS/JUN dimer becomes the most abundant complex and this is concomitant to decrease in the protein levels of JDP2 [START_REF] Aronheim | Isolation of an AP-1 repressor by a novel method for detecting protein-protein interactions[END_REF]. Moreover, expression of FOS is autoregulated by a negative feedback mechanism mediated by the FOS protein itself [START_REF] Sassone-Corsi | Transcriptional autoregulation of the proto-oncogene fos[END_REF], which adds another layer of regulation in trans on top of enhancer-mediated coregulation within TADs in cis.

COREGULATION UPON TAD BOUNDARY DELETION

We assessed gene coregulation in cis at the FJB locus in the cells harboring the TAD boundary deletion or the control deletion in order to dissect the contribution of contact insulation and genomic distance to the observed correlations. The preliminary results suggest that when the control region is deleted, the correlation patterns between genes are the same as in WT cells, Annexes