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CELLULAR DECISION MAKING

From unicellular to pluricellular higher organisms, cells need to make important decisions during their lifetime regarding what to do, when and where. Cells divide, change fate, acquire new functional characteristics, move, and/or die. To achieve proper decision making, cells integrate a large number of environmental and genetic signals and subsequently adapt their behavior. Precisely understanding how cells process information and translate it to cellular decisions is the fundamental of biology.

Definition of stochastic and deterministic processes

How cells make decisions ? What is at the origin of cellular decisions ? These questions especially arise when there are two or more possibilities of outcomes following a biological process. Depending on the predictability of the outcome, the decision it is leading to is classified as stochastic or deterministic. For simplicity, we will consider the process of decisions at the scale of single cells.

A decision (or a process) is said to be stochastic when its outcome is not predictable on the basis of our knowledge about the state of the cell prior to the decision. One example of stochastic process is the definition of a set of chromosomes in a cell. The segregation process in the mother cell is assumed to be stochastic, predicting which daughter cell will end up with which chromosome is, to our knowledge, not possible.

An alternative to stochastic decisions is deterministic decisions, when the outcome of a process is predictable. For instance, if all the progenies of the same mother cell (ex. neuroblast) acquire the same fate (neurons) at a defined developmental stage, the origin of the fate decision, i.e the lineage of the cell can be qualified as deterministic as it enables the prediction of daughter cells fate. Inductive signals (ex. injection of glucose in the blood) can also provide another source of deterministic responses (ex. release of insulin by pancreatic cells).

A range of predictability

However, in most of biological systems, the predictability of an outcome is never 0% or 100%, but ranges between entirely unpredictable stochastic systems to highly predictable systems (Figure1). As for the glucose, the release of insulin depends on a threshold-based concentration of glucose sensed by pancreatic cells in the blood. A change in glucose concentration does not lead necessarily to the release of insulin [START_REF] Chen | Threshold for glucose-stimulated insulin secretion in pancreatic islets of genetically obese (ob/ob) mice is abnormally low[END_REF]. Thus, considering simply the level of plasma glucose concentration and the threshold of insulin secretion, the release/retention of insulin becomes a predictable binary decision. However, the threshold level is also determined by other factors such as diet, and is not easy to predict. As a consequence, the release/retention of insulin also becomes not 100% predictable.

Figure 1. The predictability of an outcome (P(X)) ranges from completely unpredictable

(random) to entirely predictable. From [START_REF] Zechner | Stochasticity and determinism in cell fate decisions[END_REF] Below are two examples of systems assumed to be stochastic for many years and which appeared to be more deterministic.

Example 1 : Lysis/Lysogeny decision upon lamda infection

The infection of the bacterium Escherichia coli by the virus bacteriophage lambda results either in the lysis of the host cell following the release of new phages, or the lysogeny of the host cell after the integration of the viral DNA into the genome. This lysis-lysogeny binary decision was initially attributed to biochemical stochasticity (Figure1A).

Figure2. Alternative models for cell fate decision (left) and overview of phage vote bias on lysis/lysogeny decision (right).

From St-Pierre andEndy, 2008 and[START_REF] Zeng | Decision Making at a Subcellular Level Determines the Outcome of Bacteriophage Infection[END_REF] It was assumed that lambda infection in identical cells created a spontaneous noise in the abundance of key molecules which propagated to the kinetics of biochemical reaction, leading to distinct cell fates [START_REF] Arkin | Stochastic kinetic analysis of developmental pathway bifurcation in phage lambda-infected Escherichia coli cells[END_REF]. However, this view was challenged by the discovery of a correlation between pre-existing cell-to-cell variability and cell fate, host cells larger before infection being more likely to lyse (St-Pierre and Endy, 2008) (Figure2B).

Later on, Zeng and colleagues showed that a first lysis/lysogeny decision was made at the level of each single phage of the infected host, depending on the viral concentration in the host cell (Figure2C). Then, the decision of all the single phages were integrated to choose the final fate of the host cell, such that only a unanimous lysogeny vote led to lysogeny [START_REF] Zeng | Decision Making at a Subcellular Level Determines the Outcome of Bacteriophage Infection[END_REF].

Example 2 : AC/VU decision in C. elegans

Another example of the balance between stochastic and deterministic factors in cellular decisions is the Anchor cell/Ventral uterine precursor cell (AC/VU) decision in the gonads of C. elegans, known to be a classic example of lateral inhibition mediated by lin-12/Notch. In this system, two neighbor cells, named Z1.ppp and Z4.aaa, have initially the equipotency to become the AC or VU. But only one cell becomes AC while the other one becomes VU. Upon interaction, a stochastic initial difference in the activity of lin-12 is amplified by a feedback mechanism, restricting the expression of LIN-12 in the presumptive VU and LAG-2 in the presumptive AC [START_REF] Riddle | The Anchor Cell, C. elegans II[END_REF][START_REF] Seydoux | Cell autonomy of lin-12 function in a cell fate decision in C. elegans[END_REF]. Several years later, a bias was found in the timing of birth of Z1.ppp and Z4.aaa such that first-born cell was more likely to undergo the VU fate (Karp and Greenwald, 2003). This bias in the relative birth was further traced back to three generation earlier and was shown to favorize the early onset of HLH-2 expression, upstream of Lin-12 activity (Attner et al., 2019) (Figure3).

Figure3. Stochastic and deterministic events in C. elegans AC/VU decision.

From Attner et al., 2019 In summary, the AC/VU decision relied on one stochastic event (the relative birth of ancestor cells), one partially stochastic event (the onset of HLH-2 expression in the mother cell that is favorized by early birth inherited from ancestors, but can be reversed if the relative births are close), and one deterministic mechanism (the promotion of lin-12 expression in the presumed VU by hlh-2).

Cell-to-cell variability

In the two examples given, the outcome could not be attributed to a single stochastic or deterministic process, but instead was revealed to be a combination of several ones. In fact, more deterministic processes initially "hidden" [START_REF] Zechner | Stochasticity and determinism in cell fate decisions[END_REF] were found later to also contribute to the outcome. Therefore, the possible existence of hidden variables, not measurable at the current resolution or simply unknown, should be kept in mind, as they can contribute to the variability of a process and make the cellular response appear random (Figure4).

Figure4. Illustration of hidden variables and the subsequent outcomes.

From [START_REF] Zechner | Stochasticity and determinism in cell fate decisions[END_REF] A detailed molecular, cellular and environmental knowledge of the process is often not available, but additionally, the relationship between them is not always demonstrated. For instance, the variability in protein activity in cells (observed) cannot simply be extrapolated from the noise in transcriptional activity of corresponding genes, as in between these two events, there are many more hidden steps from the synthesis of mRNAs, the translation into protein levels, their modifications and subcellular localization as well as the regulation of their activity.

Because of the reasons given above, the variability at the origin of cellular decisions observed between cells will be referred to as cell-to-cell variability or heterogeneity. Cell-to-cell variability can hold a stochastic origin or a mix of both stochastic and deterministic factors.

Cell fate biases

Among all the possible decisions a cell can encounter during its lifetime, one is fate decision.

The adoption of a fate by a cell is usually thought to be deterministic as cells mostly acquire their fate through their lineage (inheritance of fate determinants) or their position (relative to an inductive signal). We will refer to deterministic factors when they have been demonstrated to be sufficient and necessary to predict the fate. For the factors that favorize the trajectory of the cell towards one fate but not forcing it, we will refer to them as "bias".

Among the commonly known biases directing higher level of cellular activities are the activity of interest in cells expressing an upstream molecular maker, the phenotypic properties of cells (cell cycle state, size, growth speed), the cell population environment (local cell density, positioning in the colony, cell-cell contacts), the history of the cell and repeated stimulations (reviewed in Snijder and Pelkmans, 2011) (Figure5).

Figure5. Pre-deterministic factors in cell-to-cell variability. From Snijder and Pelkmans, 2011

CELL FATE PATTERNING

In nature, animals exhibit regular shapes and patterns at their body surface. The giraffe has spots, the peacock has plumage, the zebrafish has stripes, to only cite a few examples. More generally, tissues and organs are composed of several cell types that respect defined proportions and spatial distributions to function properly. How decisions of individual cells are read and coordinated in time and space at the level of the tissue to generate a wide array of patterns in a collective and reproducible manner is a key question in developmental biology. Here, general mechanisms involved in pattern formation will be presented, but examples will focus on the spontaneous patterned emergence of cell fate, rather than the ordered reorganization of cells posterior to their fate acquisition.

The formation of spatial patterns is a question of how groups of cells know where and when to adopt a particular characteristic, here fate, that is different from their neighbors. Two conceptual models currently dominate to better explain how symmetry breaking can occur from cells initially considered to be equivalent and lead to spatial formation of patterns.

Genetically encoded positional information

The first simplest answer is positional information encoded in the genes. The activity of specific gene regulatory elements is sufficient to direct a controlled spatial and temporal expression of the gene in specific cells. One example is the distribution of macrochaetes (big bristles) at the surface of Drosophila thorax. The number and the position of macrochaetes is highly stereotyped across individuals [START_REF] Hartenstein | Development of adult sensilla on the wing and notum of Drosophila melanogaster[END_REF][START_REF] Huang | The emergence of sense organs in the wing disc of Drosophila[END_REF]. Each position in the adult is pre-defined in the developmental wing imaginal disc by the expression of proneural genes achaete (ac) and scute (sc) (Figure6A-B), which is driven by the activity of an enhancer in the achaete-scute (AC-S) gene complex [START_REF] Cubas | Proneural clusters of achaete-scute expression and the generation of sensory organs in the Drosophila imaginal wing disc[END_REF]Skeath and Carroll, 1991) (Figure6C). A single enhancer is thus able to pre-pattern the future position of a macrochaete.

Figure6. Pre-patterning (color-coded) of proneural clusters in the developing wing disc and adult (top) by enhancers of AC-S locus (bottom). From Calleja et al., 2002 However, this is not sufficient to explain the formation of more complex and fine-tuned patterns such as dotty patterns, mazes, and stripes. Indeed, it is difficult to think that the position of each group of cells is encoded in the genome and it is not the case. A variant to this is the French Flag Problem proposed by Wolpert [START_REF] Wolpert | Chapter 6 Positional Information and Pattern Formation[END_REF](Wolpert, , 1969)), also based on positional information but with additional 'interpretation' step by the cells.

Wolpert's French Flag Problem

Wolpert wondered how pre-established heterogeneities across a tissue could lead to the formation of patterns downstream. He proposed that the spatial variation in the concentration of a diffusible factor could be used to generate distinct fates [START_REF] Wolpert | Chapter 6 Positional Information and Pattern Formation[END_REF](Wolpert, , 1969) ) and illustrate his idea using the French flag. In the French Flag Problem (Figure7), the release of a morphogen from a fixed source creates a spatial gradient in its concentration. Cells are sensitive to the concentration of the morphogen, such that under high concentration, cells adopt the fate "blue", at intermediate concentration, cells become "white" and at low concentration, cells become "red". The interpretation of the concentration is thought to rely on small networks of crossregulating genes, but what effectively predicts the outcomes is determination of the thresholds leading to the bifurcation of fates. The French Flag Problem provides a positional information, in the form of pattern of morphogens that does not directly match the downstream pattern of cells but requires an 'interpretation' step by them. The addition of this intermediate step is what allows the generation of arbitrary but multiple patterns, depending on the morphogen properties and the ability of cells to sense it.

Figure7. French flag model of pattern formation. From Vargesson, 2020 2

.1.2 Segmentation of early Drosophila embryo

The molecular segmentation in the early Drosophila embryo gives a very good example of gene regulation cascade that involves the interpretation of successive positional information [START_REF] Clyde | A selforganizing system of repressor gradients establishes segmental complexity in Drosophila[END_REF][START_REF] Driever | Determination of spatial domains of zygotic gene expression in the Drosophila embryo by the affinity of binding sites for the bicoid morphogen[END_REF][START_REF] Struhl | Control of Drosophila body pattern by the hunchback morphogen gradient[END_REF]. First, spatially localized maternal factors at the anterior and posterior poles of the embryo diffuse and create opposite gradients that direct the spatial transcription patterns of the gap genes. The interplay between maternal and gap genes then translates the broad domains into more discrete striped patterns of segment polarity genes (Figure8).

Figure8. Gene regulatory network controlling the formation of segments in the early Drosophila embryo. Adapted from Green and Sharpe, 2015

Self-organization based on cell-cell interactions

The second model is based on reaction-diffusion systems proposed by Turing in 1953 (Turing, 1953). It involves two diffusible factors, an activator that promotes its own production and an inhibitor whose production depends on the activator and that in return inhibits the production of the activator( Figure9, left). If the inhibitor diffuses faster than the activator, then stable patterns of stripes or dots can be produced from uniform backgrounds (Figure9, right).

Figure9. Principle (left) and outcomes (right) of Turing's reaction diffusion system. Adapted from Schweisguth andCorson, 2019 andkjpainter, 2015) Turing-like systems involve the auto-amplification of an initial bias through feedback mechanisms which cause symmetry breaking at the origin of fate decisions. Once the system has started, the process is able to self-organizes to generate reproducible outcomes. Therefore, turing-like systems can be extended for the patterning of multicellular assemblies (Murray, 2003) using combinations of diffusible factors (extracellular signals) and non-diffusive transcriptional regulator. This involves communication between cells, and has been proposed to account for the patterning of pigmentation stripes in fishes, digits in autopods, feathers in birds, hairs in mammals [START_REF] Kondo | Reaction-Diffusion Model as a Framework for Understanding Biological Pattern Formation[END_REF][START_REF] Schweisguth | Self-Organization in Pattern Formation[END_REF] and sensory organs in insects (Corson et al., 2017).

Patterning of sensory organs in the Drosophila notum

As an example of interplay between positional information and self-organization, the formation of sensory organs pattern in Drosophila is presented.

The body surface of Drosophila exhibits regularly spaced sensory organs (bristle) [START_REF] Hartenstein | Development of adult sensilla on the wing and notum of Drosophila melanogaster[END_REF] which development has been particularly well studied, notably in the dorsal thorax, i.e. notum, where they are organized in five rows of small bristles, or microchaetae, on either side of the dorsal midline (Corson et al., 2017). Sensory structures develop at metamorphosis within imaginal discs that are single-layered neuro-epithelia. In the absence of any significant cell migration and/or cell-cell rearrangement, the adult pattern of sensory organs stem from the distribution of the sensory organ precursor cells (SOPs) at the time of their emergence through a stereotyped lineage [START_REF] Clyde | A selforganizing system of repressor gradients establishes segmental complexity in Drosophila[END_REF]. Thus, the developmental patterning of sensory organs takes place when SOPs become determined.

In the developing notum, a prepattern of Delta (Dl), under the form of a bimodal gradient, provides the initial positional information (stripes 1 and 5) that activates Notch at its sides. Notch activity serves then as a negative template for the expression of proneural genes achaete and scute in the stripes 1, 3 and 5. As the selection of SOPs mediated by Notch lateral inhibition goes on in the centre of these stripes , the decrease of Notch activity between the stripes provides a new positional information for the expression of achaete and scute in the stripes 2 and 4.

Together, an initial prepattern of Delta and Notch-mediated cell-cell interactions, enabled the sequential emergence of proneural stripes (first 1, 3 and 5, then 2 and 4) that restricted to single rows of SOPs in a self-organized manner (Corson et al., 2017) (Figure10).

Figure10. Patterns of Notch activity (read by E(split)-m3 gene expression, target of Notch, green) serve as negative template for the expression of proneural factors (Ac, red) in stripes. Adapted from Corson et al., 2017 

Signaling range in patterning

Since patterning involves the detection of signaling molecules in space, one major parameter that can influence the outcome of patterning is the signaling range of molecules. Indeed, increased or decreased signaling range would generate bigger or smaller domains or distances respectively.

The simplest way to modulate signaling range is to control the concentration and diffusion properties of the morphogen from a fixed source. In the previous example of Drosophila embryo segmentation, the protein levels of hunchback (hb), one of the gap genes, was promoted anteriorly by bicoid (bcd) and inhibited posteriorly by nanos (nos), creating a gradient from anterior to posterior. This gradient dictated downstream the expression of other gap genes, Krüppel (kr) and giant (gt), in non-overlapping specific domains (Figure11, left). By mutating bicoid and varying the maternal copy number of hb gene, the gradient of hb could be manipulated (Figure11, right). Results showed that stronger the gradient of hb was, bigger the domain of downstream gene krupple in the anterior pole and smaller the domain of giant in the posterior pole were [START_REF] Struhl | Control of Drosophila body pattern by the hunchback morphogen gradient[END_REF].

Figure11. WT protein levels of Hb, Kr and Gt (left) and control of Kr and Gt expression patterns by hb gradient (right). Adapted from [START_REF] Struhl | Control of Drosophila body pattern by the hunchback morphogen gradient[END_REF] In many other contexts, the transportation of morphogens and non-diffusive molecules from signal-sending to signal-receiving cells is more complicated and requires different strategies such as the use of exosomes in filopodia [START_REF] Eom | Long-distance communication by specialized cellular projections during pigment pattern development and evolution[END_REF], transcytosis [START_REF] Matusek | The ESCRT machinery regulates the secretion and long-range activity of Hedgehog[END_REF], tissue architecture [START_REF] Durdu | Luminal signalling links cell communication to tissue architecture during organogenesis[END_REF] and cellular extensions called cytonemes (Huang and Kornberg, 2015;[START_REF] Kornberg | Cytonemes as specialized signaling filopodia[END_REF] or filopodia (Cohen et al., 2010;[START_REF] Eom | Long-distance communication by specialized cellular projections during pigment pattern development and evolution[END_REF]. Thus, on top of determining signaling range, it is also important to understand the mechanism underlying it and be able to control it.

THE MECHANISM OF NOTCH SIGNALING PATHWAY

One well conserved mechanism directing alternative fates between neighbor cells and coordinating the decisions at tissue scale to form spatial patterns of cell fates across species is Notch signaling pathway.

Notch signaling is present in most organisms. Its molecular mechanism consists of the activation of one receptor by one ligand which directly translates into the expression of downstream genes without any intermediates, therefore maintaining a stoichiometry along the pathway [START_REF] Narui | Membrane Tethered Delta Activates Notch and Reveals a Role for Spatio-Mechanical Regulation of the Signaling Pathway[END_REF].

The core of Notch signaling is as follows (Figure12). Following the binding of the Delta/Serrate/Lag-2 (DSL) family ligand with the receptor Notch at cell surface, a pulling force exerted on Notch by the endocytosis of the ligand triggers its conformational change. This leads to a series of proteolytic cleavages that releases the intracellular domain of Notch in the cytosol.

From there, it translocates into the nucleus of the cell where it acts as a transcription activator.

Figure12. Overview of the main steps leading to the activation of Notch signaling pathway.

Despite the simplicity in its mechanism, Notch pathway plays an important role in a wide array of developmental, physiological and pathological processes with sometimes opposite biological outcomes such as differentiation and self-renewal, proliferation and cell death (Bertet et al., 2014), tumor formation and suppression [START_REF] Radtke | The role of Notch in tumorigenesis: oncogene or tumour suppressor?[END_REF], suggesting that the regulatory environment of Notch is highly context specific. From [START_REF] Siebel | Notch Signaling in Development, Tissue Homeostasis, and Disease[END_REF] The ECD of Delta, like that of Serrate, is composed of a cysteine-rich N-terminal DSL domain followed by a characteristic various number of EGF-like repeats (2-16) (Fleming, 1998).

Serrate-related ligands also bear a cysteine-rich domain that does not exist in Delta-family ligands (Fleming, 1998;[START_REF] Henderson | lag-2 may encode a signaling ligand for the GLP-1 and LIN-12 receptors of C. elegans[END_REF]. The DSL domain is involved in the interaction with Notch and shows limited homology among DSL family members (Fleming, 1998) (Figure13).

Vertebrate and Drosophila Notch receptor homologues share a very well conserved structure (Fleming, 1998). In Drosophila melanogaster, there are one Notch receptor and two ligands, Delta (Dl) and Serrate (Ser), while Caenorhabditis elegans has two redundant Notch receptors (GLP-1 and LIN-12) and four ligands (APX-1, LAG-2, ARG-1, DSL-1). In mammals, there are four Notch paralogs (Notch1-4) and seven ligands : three Delta-like (DLL1-2, 4) and two Serrate homologous Jagged (JAG1-2) proteins (Kopan and Ilagan, 2009). The availability of genetic tools in D. melanogaster and C. elegans enabled a better understanding of Notch mechanisms and functions in higher eukaryotes.

Mechanism of Notch activation

Notch and its ligands are transmembrane proteins that are present at the cell surface. Thus, cellcell contact is necessary to trigger signaling events. The activation of Notch signaling is called "trans" activation because it involves the ligand of one cell and the receptor of a neighbor cell.

During maturation in the Golgi complex, Notch undergoes a first cleavage in its HD domain (S1 site) by a furin-dependant protease [START_REF] Logeat | The Notch1 receptor is cleaved constitutively by a furin-like convertase[END_REF], leading to the heterodimerization of the receptor at cell surface by non-convalent bounds. This cleavage appears to be essential in mammals [START_REF] Logeat | The Notch1 receptor is cleaved constitutively by a furin-like convertase[END_REF] but not in Drosophila [START_REF] Kidd | Furin cleavage is not a requirement for Drosophila Notch function[END_REF] for Notch activity.

At cell surface, ligand-receptor interaction occurs between Notch EGF repeats 11-12 (Rebay et al., 1991) and the DSL domain of the ligand [START_REF] Shimizu | Mouse jagged1 physically interacts with notch2 and other notch receptors. Assessment by quantitative methods[END_REF]. Upon interaction, Notch undergoes a conformational change that unmasks the extracellular metalloprotease site (S2 site) in the NRR domain that becomes the target of transmembrane A Disintegrin Metalloprotease (ADAM/TACE/Kuzbanian) family proteins [START_REF] Brou | A Novel Proteolytic Cleavage Involved in Notch Signaling: The Role of the Disintegrin-Metalloprotease TACE[END_REF][START_REF] Mumm | A ligand-induced extracellular cleavage regulates gamma-secretaselike proteolytic activation of Notch1[END_REF]. The cleavage of S2 site is a key step in Notch activation as it triggers two more cleavages at S3/S4 sites in the intramembrane domain of Notch by the γ-secretase protease complex containing a presenilin catalytic subunit [START_REF] De Strooper | A presenilin-1-dependent γ-secretase-like protease mediates release of Notch intracellular domain[END_REF]. Mutations in LNR domains leaded to activated Notch phenotypes in C. elegans [START_REF] Seydoux | Cell autonomy of lin-12 function in a cell fate decision in C. elegans[END_REF] and ligandinsensitive cleavage by metalloprotease (Sanchez-Irizarry et al., 2004), revealing the key role of NRR in preventing "leakiness" of Notch activity. This series of cleavage releases the intracellular domain of Notch (NICD) that translocates into the nucleus where it acts as a transcription factor.

One step of regulation during the activation of Notch receptor resides in exposing the S2 site upon ligand binding (Figure14). Indeed, the simple interaction between a soluble ligand and the receptor was not sufficient to activate the receptor [START_REF] Gordon | Mechanical Allostery: Evidence for a Force Requirement in the Proteolytic Activation of Notch[END_REF][START_REF] Sun | Secreted forms of DELTA and SERRATE define antagonists of Notch signaling in Drosophila[END_REF]. Instead, a pulling force exerted on Notch NNR enabled the exposition of S2 site to metalloproteases and led to the release of NICD, independently of the presence of the ligand ECD and Notch EGF repeats [START_REF] Gordon | Mechanical Allostery: Evidence for a Force Requirement in the Proteolytic Activation of Notch[END_REF]. The origin of this force was initially proposed to come from the endocytosis of the ligand because of the trans-endocytosis of NECD observed in ligand-expressing cells [START_REF] Parks | Ligand endocytosis drives receptor dissociation and activation in the Notch pathway[END_REF]. Using dual epitope-tagged forms of Notch, it was later shown that Notch proteolysis was essential to the trans-endocytosis of NECD (Nichols et al., 2007b). Additional studies demonstrated that the mechanical force required for Notch1 activation by different ligands ranged from 4 to 12 pN [START_REF] Chowdhury | Defining Single Molecular Forces Required for Notch Activation Using Nano Yoyo[END_REF][START_REF] Gordon | Mechanical Allostery: Evidence for a Force Requirement in the Proteolytic Activation of Notch[END_REF][START_REF] Luca | Notch-Jagged complex structure implicates a catch bond in tuning ligand sensitivity[END_REF] consistent with the force generated by the endocytosis of the ligand (2-10 pN) [START_REF] Langridge | Epsin-Dependent Ligand Endocytosis Activates Notch by Force[END_REF][START_REF] Meloty-Kapella | Notch Ligand Endocytosis Generates Mechanical Pulling Force Dependent on Dynamin, Epsins, and Actin[END_REF]. The distribution of ligands and receptors at cell surface not being well characterized, whether ligand-induced clustering of Notch modifies the activation force of the receptor remains to be investigated [START_REF] Bardot | The Notch amino terminus regulates protein levels and Delta-induced clustering of Drosophila Notch receptors[END_REF].

Notch transcriptional switch

In absence of Notch activity, the DNA binding protein CSL (abbreviation for C-promoterbinding factor CBF-1 in mammals, also known as RBP-J/Suppressor of hairless, Su(H) in Drosophila /LAG-1 in C. elegans) recruits co-repressors (CtBP, Hairless (H) and Groucho in Drosophila), as well as histone deacetylase HDAC-1 and other chromatin silencing enzymes to the target site [START_REF] Horikawa | Noise-resistant and synchronized oscillation of the segmentation clock[END_REF]Kao et al., 1998) (Figure15).

Following its translocation in the nucleus from the plasma membrane, NICD forms a transcriptional activating complex with CSL and the coactivator Mastermind (MAM)/Lag-3 (Kitagawa et al., 2001) (Figure15). The formation of this ternary complex is necessary to release the repression and activate the transcription of target genes [START_REF] Horikawa | Noise-resistant and synchronized oscillation of the segmentation clock[END_REF]. Notch signaling target genes identified in various cellular and developmental contexts are hairy/enhancer of split complex (E(spl)-C, Hes in mammals) genes, [START_REF] Bailey | Suppressor of hairless directly activates transcription of enhancer of split complex genes in response to Notch receptor activity[END_REF][START_REF] Borggrefe | The Notch signaling pathway: Transcriptional regulation at Notch target genes[END_REF][START_REF] Lecourtois | The neurogenic suppressor of hairless DNA-binding protein mediates the transcriptional activation of the enhancer of split complex genes triggered by Notch signaling[END_REF] helix-loop-helix (HLH) transcription factors that function as transcriptional repressors of proneural genes.

Figure15. Overview of transcriptional protein complexes in absence or in presence of NICD

The switch of CSL between low and high NICD concentrations was explained by the displacement of co-repressors from CSL by NICD [START_REF] Bailey | Suppressor of hairless directly activates transcription of enhancer of split complex genes in response to Notch receptor activity[END_REF][START_REF] Kao | A histone deacetylase corepressor complex regulates the Notch signal transduction pathway[END_REF][START_REF] Lecourtois | The neurogenic suppressor of hairless DNA-binding protein mediates the transcriptional activation of the enhancer of split complex genes triggered by Notch signaling[END_REF]. But how this displacement is achieved is not clear.

Since NICD and co-repressors exhibit similar affinities for CSL, preformed co-repressor and co-activator complexes may compete for the same target DNA loci. Indeed, high NICD concentrations resulted in longer and denser binding of CSL on target loci (Bray, 2016;[START_REF] Bray | Notch after cleavage[END_REF][START_REF] Siebel | Notch Signaling in Development, Tissue Homeostasis, and Disease[END_REF].

Regulation of Notch activity

Ligand-receptor binding affinities and redundancy

Though they can overlap and be expressed in the same cells, the two family of ligands, Delta and Serrate exhibit distinct expression patterns [START_REF] Troost | A Re-examination of the Selection of the Sensory Organ Precursor of the Bristle Sensilla of Drosophila melanogaster[END_REF]. The structure of both ligands differs, Serrate family ligands having a cystein-rich domain that Delta family ligands do not (Fleming, 1998;[START_REF] Henderson | lag-2 may encode a signaling ligand for the GLP-1 and LIN-12 receptors of C. elegans[END_REF], on top of exhibiting different numbers of EGF repeats (Fleming, 1998). These differences raise the question of ligand-receptor binding affinity and whether they generate similar biological output downstream their interaction with Notch.

During macrochaetes development, mutation of Serrate induced no detectable effect on SOPs formation while mutation of Delta induced ectopic SOPs. Double mutation for Serrate and Delta induced a bigger number of ectopic clustered SOPs than Delta alone suggesting that Serrate had a function in SOP selection but minor compared to Delta (Pitsouli and Delidakis, 2005). While over-expression of Serrate or Delta rescued the double mutant phenotype suggesting that both ligands can act redundantly [START_REF] Daskalaki | Distinct intracellular motifs of Delta mediate its ubiquitylation and activation by Mindbomb1 and Neuralized[END_REF]Pitsouli and Delidakis, 2005), defective phenotypes in Delta mutant experiments indicated that endogenously, Serrate may not be so over-expressed or if so, could not fully replace Delta activity, probably due to qualitative differences in the signal produced (Pitsouli and Delidakis, 2005).

Similarly, the glycosylation of Notch EGF repeat 12 by Fringe, a glycosyltransferase, was sufficient to selectively enhance the binding affinity with Delta and reducing it with Serrate during dorso-ventral margin specification in the wing pouch (Celis de and Bray, 1997;Panin et al., 1997;[START_REF] Xu | In Vitro Reconstitution of the Modulation of Drosophila Notch-Ligand Binding by Fringe[END_REF].

The differential affinity for Notch also concerns ligands from the same family. In mouse, Dll1 and Dll4 share similar sequence and structure but their function is tissue specific. In retinal progenitors, both acted redundantly while in the presomitic mesoderm, only Dll1 was expressed and was not replaceable by Dll4 knocked into the locus of Dll1 [START_REF] Preuße | Context-Dependent Functional Divergence of the Notch Ligands DLL1 and DLL4 In Vivo[END_REF].

Post-translational modifications of Notch

The glycosylation of Notch ECD has an essential role in fine tuning the ligand-binding properties of Notch (Stanley, 2007) [START_REF] Harvey | Regulation of Notch Function by O-Glycosylation[END_REF][START_REF] Siebel | Notch Signaling in Development, Tissue Homeostasis, and Disease[END_REF]. Modifications mediated by different Fringe proteins are especially essential in the regulation of ligand-receptor affinity [START_REF] Kakuda | Deciphering the Fringe-Mediated Notch Code: Identification of Activating and Inhibiting Sites Allowing Discrimination between Ligands[END_REF].

Figure16. Post-translational modifications of Notch receptor. From (McIntyre et al., 2020) In parallel of modulating ligand affinity, glycosylation can also regulate Notch trafficking from ER to the plasma membrane [START_REF] Harvey | Regulation of Notch Function by O-Glycosylation[END_REF] and Ofut1 was also shown to serve as a chaperone facilitating the proper folding of Notch, independently of its fucosyltransferase activity [START_REF] Okajima | Chaperone Activity of Protein O-Fucosyltransferase 1 Promotes Notch Receptor Folding[END_REF]. Together, Notch enables a fine tuned regulation of ligand receptor interactions through an elaborated process of glycosylation.

DLS ligand endocytosis

The endocytosis of DSL ligands was shown to be essential to the activation of Notch receptor as it generated the pulling force necessary for the first cleavage of a series leading to the release of NICD in the cytosol (park 2000). This endocytosis is promoted by E3 ubiquitin ligases, a family of proteins that catalyzes the addition of a single molecule of ubiquitin to the ICD of the substrate protein, targeting it for endocytosis. There are two characterized E3 ubiquitin ligases mediating the endocytosis of DSL ligands : Neuralized (Neur) and Mindbomb (Mib) (Le Borgne et al., 2005, Wang and[START_REF] Wang | Distinct roles for Mind bomb, Neuralized and Epsin in mediating DSL endocytosis and signaling in Drosophila[END_REF]. The proper activation of the ligands upon ubiquitination additionally requires the contribution of epsin [START_REF] Wang | Distinct roles for Mind bomb, Neuralized and Epsin in mediating DSL endocytosis and signaling in Drosophila[END_REF], dynamin and clathrin-associated sorting proteins to trigger endocytosis [START_REF] Nichols | DSL ligand endocytosis physically dissociates Notch1 heterodimers before activating proteolysis can occur[END_REF]Stassen et al., 2020), as well as actin to generate the pulling force on NECD [START_REF] Meloty-Kapella | Notch Ligand Endocytosis Generates Mechanical Pulling Force Dependent on Dynamin, Epsins, and Actin[END_REF]Nichols et al., 2007b;[START_REF] Stassen | Notch in mechanotransduction -from molecular mechanosensitivity to tissue mechanostasis[END_REF]. More particularly, the endocytosis of ligands that occurs through other internalization pathways than epsin, do not seem to contribute to signaling [START_REF] Wang | Distinct roles for Mind bomb, Neuralized and Epsin in mediating DSL endocytosis and signaling in Drosophila[END_REF].

The cis inhibition of Notch

The trans-activation of Notch, more particularly the signal-sending (high ligands, low receptors) and signal-receiving (low ligands, high receptors) state of a cell is strongly dependent on the ratio between ligand and receptor levels because of a Notch inhibitory mechanism that occurs in cis. The cis-inhibition of Notch results from the interaction of a ligand and a receptor of the same cell. This involves the EGF repeats 24-29 of Notch and does not lead to the cleavage and the release of NICD (de Celis and Bray, 2000). More recent studies report the contribution of EGF repeats 11-12 in cis-interaction, proposing a competitive mechanism that would results in either trans-activation or cis-inhibition (Becam et al., 2010;Cordle et al., 2008;Fiuza et al., 2010).

The simplistic view of cis-inhibition in the regulation of Notch activity in cells is the following (Figure17). In cells locally expressing more receptors than ligands at cell surface, some receptors are cis-inhibited by the ligand but sufficient receptors remain available for receiving signal in trans. On the opposite, cells expressing more ligands than receptors are more susceptible to exhibit available ligands at the cell surface thus to send signals than receiving (Bray, 2016).

Figure17. The ratio between DSL ligand and Notch protein levels determines locally the signal sending/receiving state of the cell. Adapted from Bray, 2016 The inhibition of Notch by its ligands in cis was first demonstrated in the dorsal and ventral compartments of Drosophila imaginal wing disc where, in WT condition, cells expressed Delta, Serrate and Notch, but showed low Notch activity (Figure18). The overexpression of ligands in clones among these cells abolished the activity of Notch in the same cells but enabled high Notch activity in the surrounding WT cells (Celis de and Bray, 1997;[START_REF] Micchelli | The function and regulation of cut expression on the wing margin of Drosophila: Notch, Wingless and a dominant negative role for Delta and Serrate[END_REF]. However, as the overexpression of ligands largely overcame physiological conditions, it was not easy to conclude whether cis-inhibition plays a role in the regulation of Notch signaling. In the same system, cis-inhibitory mechanism was also demonstrated by a loss of ligands expression. The induction of ligands mutated clone resulted in Notch activation in cells that are in contact with WT cells at the inner boundary of the clone demonstrating that endogenous ligands may have an important role in the regulation of Notch signaling activity through their cis-inhibitory activity [START_REF] Micchelli | The function and regulation of cut expression on the wing margin of Drosophila: Notch, Wingless and a dominant negative role for Delta and Serrate[END_REF].

Figure18. Notch activity level relative to the distribution of Delta and Serrate protein levels.

From (Álamo et al., 2011) In other developmental contexts, more particularly during the specification of Sensory organ precursor cells (SOPs) and photoreceptor R8 cells that are Notch-mediated lateral inhibition dependent, Notch signaling appeared to be less sensitive to Delta over-expression as SOPs and R8 developed properly with little defects (Álamo et al., 2011).

In a very recent paper, the expression of murine Dll1 with transactivating properties but no cisinhibitory properties with Drosophila Notch, revealed the essential role of cis-inhibition in suppressing mib1 dependent Notch activity leading to the specification of SOPs [START_REF] Troost | Cis-inhibition suppresses basal Notch signalling during sensory organ precursor selection[END_REF].

Lateral inhibition

Lateral inhibition is without any doubt the best-known function of Notch. First characterized during neuroblasts selection in the embryonic neurectoderm of the Drosophila embryo (Cabrera, 1990), it consists of a process by which a cell adopt a particular fate and interact with neighbor cells to prevent them from adopting the same fate. Lateral inhibition is essentially used to assign alternative fates between equivalent cells and therefore enables cell fate patterning at tissue scale. A detailed description of lateral inhibition will be presented in the context of Sensory organs precursor cells (SOPs) selection.

Formation of proneural clusters

The selection of sensory organ precursor cells (SOPs) is classically viewed as a two-step process (Simpson, 1990). First, a group of cells acquire the competence to become neural through the expression of proneural genes, achaete (ac) and scute (sc) (Simpson, 1990) (Figure19, left panel). These genes belong to the Achaete-Scute (AC-S) gene complex that encodes transcription factors of the basic-helix-loop-helix (bHLH) family and acts as positive regulators of the neural fate, a function conserved from flies to humans.

Selection of SOP

In a second step, proneural factors promote the expression of Delta [START_REF] Kunisch | Lateral inhibition mediated by the Drosophila neurogenic gene delta is enhanced by proneural proteins[END_REF] and amplify stochastic differences in Delta levels between cells which triggers bi-directional Notch signaling. NICD activates the expression of E(spl)-C genes , a direct and early target of Notch [START_REF] Bailey | Suppressor of hairless directly activates transcription of enhancer of split complex genes in response to Notch receptor activity[END_REF][START_REF] Jennings | The Notch signalling pathway is required for Enhancer of split bHLH protein expression during neurogenesis in the Drosophila embryo[END_REF][START_REF] Lecourtois | The neurogenic suppressor of hairless DNA-binding protein mediates the transcriptional activation of the enhancer of split complex genes triggered by Notch signaling[END_REF], whose product transcriptionally repress the expression of AC-S complex genes [START_REF] Alifragis | A network of interacting transcriptional regulators involved in Drosophila neural fate specification revealed by the yeast two-hybrid system[END_REF][START_REF] Giagtzoglou | Role of the Sc C Terminus in Transcriptional Activation and E(spl) Repressor Recruitment*[END_REF][START_REF] Kiparaki | bHLH proteins involved in Drosophila neurogenesis are mutually regulated at the level of stability[END_REF]. At this stage, cells express both proneural genes (and Delta) together with their inhibitor E(spl) proteins (Campos-Ortega, 1994) and enter a bistable state, i.e they can adopt either SOP or epidermal fate (Figure19, central panel). As Notch signaling and negative feedback loop perdure, one cell of the cluster wins against its neighbors by expressing higher proneural/Delta levels and/or receiving less inhibitory signal from them (Heitzler and Simpson, 1991;Simpson, 1990). Once fate has been decided, SOP cell upregulate Delta levels and send permanent inhibitory signal to the neighbor cells that are forced to adopt epidermal fate. In the end, SOP exhibit high proneural, high Delta, low Notch activity levels, whereas epidermal cells exhibit low proneural, low Delta, high Notch activity levels (Figure19, right panel).

Figure19. Overview of Notch lateral inhibition mediated neuronal precursor selection. From Wolpert.

Lateral inhibition mediated pattern formation

Applied at tissue scale, lateral inhibition models have been used to describe the generation of checkerboard-like patterns [START_REF] Collier | Pattern Formation by Lateral Inhibition with Feedback: a Mathematical Model of Delta-Notch Intercellular Signalling[END_REF], in bristle patterning in Drosophila (Heitzler and Simpson, 1991) and hair cell patterning in the inner ear of chicken (Goodyear and Richardson, 1997), where high proneural/ligand cells are surrounded by low proneural/ligand neighbors. A simulation of the dynamics of ligand concentration in single cells during this process showed that cells expressed intermediate steady levels of DSL ligands before symmetry breaking occurs, upon which ligand levels increased (or decreased) rapidly in the presumed neural (or epidermal) cells (Sprinzak et al., 2011) (Figure20).

Figure20. Simulation of the dynamics of ligand concentration in single cells during standard lateral inhibition process, the dashed line represents the time at which the coefficient of variation increases above 50% of its final value. Adapted from Sprinzak et al., 2011 3.3.4 Cell apical area as a potential bias of lateral inhibition mediated cell fate decision In 2017, Shaya and colleagues (Shaya et al., 2017) proposed that in the context of cell fate patterning by Notch-mediated lateral inhibition, cell apical area could bias the decision of cells to adopt either high Notch or low Notch fate (Figure21). This model assumes that Notch activity in a cell depends on the number of ligand-receptor pairs formed, each one of them activating a repressor R that inhibits Delta production (inhibitory signaling), while Delta is distributed evenly on cell membrane boundaries. As a consequence, cells exhibiting smaller apical area receive less inhibitory signaling from neighbor cells and are more prone to adopt a low Notch activity fate. An analysis of apical cell size between high Notch and low Notch cells in the fixed inner ear of the chick revealed a difference. However, the experiment was done post fate acquisition (attested by the expression of specific fate determinant markers). Therefore, the question regarding the causal link between apical area size and fate still needs to be demonstrated in vivo.

Figure21. Cell-cell apical area biases cell fate in Notch mediated lateral inhibition patterning model. From Shaya et al., 2017 3.4 The paradigm of long-range mediated Notch signaling When proneural factors are expressed in large fields of cells, lateral inhibition results in the emergence of regularly spaced SOPs [START_REF] Kunisch | Lateral inhibition mediated by the Drosophila neurogenic gene delta is enhanced by proneural proteins[END_REF]. Patterning by lateral inhibition is a key and evolutionarily conserved function of Notch (Kopan and Ilagan, 2009).

Can Notch signal at long distances ?

One intriguing question that has been raised for many years regarding Notch mediated patterning is the signaling range of Notch. Delta-Notch interaction requires a direct physical contact between cells and a pulling force to activate Notch [START_REF] Nichols | DSL ligand endocytosis physically dissociates Notch1 heterodimers before activating proteolysis can occur[END_REF]. Besides, the main detection of the fluorescent proteins at apical cell-cell junctions, as well as their relocalisation there assume that signaling occurs apically (Benhra et al., 2010), pointing to the fact that Notch can only signal to its immediate neighbors, hence at relatively short range. However, in the notum prior to SOP specification along the midline of the proneural stripe, proneural domains exceeded several cell diameters in width from this midline (Corson et al., 2017). How then the most exterior cells of the proneural cluster are inhibited (Figurer22) ?

Figure22. Proneural stripes width (red, numbered 2 and 4) exceed one cell diameter from their midline where the presumed SOPs will emerge (immunostaining of proneural protein Achaete on fixed notum (left), simulations from modelling (right)). Adapted from Corson et al., 2017 and[START_REF] Couturier | Regulation of Notch output dynamics via specific E(spl)-HLH factors during bristle patterning in Drosophila[END_REF] One possibility is the gradual restriction of fate from the boundary to the centre of the proneural stripe (Figure23). Cells at the border are inhibited first, then cells more inside the stripe, until cells in the center are left for the last competition. This progressive exclusion of fate is consistent with the most recent model of lateral inhibition (Corson et al., 2017). However, it implies that cells at the border of the stripe are disadvantaged in the lateral inhibition competition compared to cells in the centre. In the notum, Delta protein gradient was shown to not be homogeneous within in the stripe and can provide a positional bias in the selection of SOP that explains the early exclusion of cells from the SOP fate at the border (Corson et al., 2017).

Figure23. Following cell state in time in simulations(A-B) and in vivo (C-D).

Adapted from Corson et al., 2017 To better understand the dynamics of SOPs pattern formation, a mathematical model was generated based on biological assumptions driving patterning. In this model, the dynamics of a cell state depended only on the level of inhibitory signal it receives. Upon low signal, the cell adopted the SOP fate while upon high signal it adopted the epidermal fate. At intermediate signal levels, the cell exhibited a bistable response. The inhibitory signal generated by a cell increased exponentially with its state towards SOP fate. One free parameter of the model corresponded to the range of Notch signaling. To reproduce the distribution of cells seen in developing flies, this parameter had to be set such that signaling extends beyond immediate neighbors (Corson et al., 2017) (Figure24).

Figure24. Inhibitory signaling range (green, representing Notch activity levels) emitted by a signal sending cell (pink), used in the model (l=1.75l with l= typical cell-cell distance). The inhibitory signaling is a continuous gradient but represented here in cell density (left). Simulations of rows 2, 3, 4 patterning using different ranges (top is l=1.75l and bottom is l=1.25l). A shorter range (l=1.25l) results in wider proneural stripes (t=2, orange) and extra rows and SOPs (t=5, pink). Adapted from Corson et al., 2017 Therefore, an alternative but not exclusive possibility to apical short range signaling is the contribution of long-range Notch signaling to patterning. But what is the range of Notch signaling in vivo, more particularly, does it extend beyond immediate neighbors, and how Notch signaling can extend beyond immediate neighbors is not clear.

Filopodia mediated long-range signaling

It has been proposed that long-range Notch signaling could be promoted by actin-based basolateral protrusions called filopodia. Filopodia were first observed in SOPs [START_REF] Renaud | Movement of bristle precursors contributes to the spacing pattern in Drosophila[END_REF]. To test their role in Notch signaling, the number of neighbor cells expressing e(spl)-m8 gene around the SOP were counted in wild-type, filopodia perturbation and Delta overexpression conditions. Results showed that dominant negative expression of Ezrin, a plasma membrane associated protein that regulate membrane-microfilament interactions decreased filopodia length and the number of neighbor cells positive for E(spl)m8, one of the main target of NICD, but also shown to be directly regulated by proneural proteins Ac and Sc [START_REF] Couturier | Regulation of Notch output dynamics via specific E(spl)-HLH factors during bristle patterning in Drosophila[END_REF]. On the opposite, overexpression of Delta increased filopodia length and the number of E(spl)m8 positive cells leading to the conclusion that Delta promoted signaling range through an increase in filopodia length (de Joussineau et al., 2003). However, another possible explanation of the increased number of E(spl)m8 cells could be the decrease in cis-inhibition triggered by increased ratio in Delta/Notch levels. Therefore, many questions regarding the ability of Delta to increase signaling range, via or not via filopodia remained to be answered (de Joussineau et al., 2003).

Then Cohen and colleagues (Cohen et al., 2010) proposed a mathematical model in which shortrange Notch signaling was not sufficient to generate the pattern of SOPs observed in vivo during lateral inhibition. Proper patterning required the contribution of long-range signaling and they proposed that filopodia could ensure this role. Following actin labelled SOPs over time, they showed that apically distant SOPs could transiently make contact basally through filopodia. They estimated the range of Notch signaling by counting the apical number of cells separating two SOPs and correlated it with filopodia perturbation experiments to demonstrate their role in signaling. Few years later, Corson et al showed that lateral inhibition mediated SOP patterning was already finished at the developmental stage of the analysis (Corson et al., 2017). Therefore, filopodia contributed to the refinement of bristles patterning but not to the patterning itself.

Besides, following SOP specification, cells of the epithelium underwent divisions, which probably biased the measurements of Notch signaling range during refinement.

The best evidence for filopodia induced Notch signaling was shown in cultured cells using the insertion MS2-MCP system in the E(spl)-C gene [START_REF] Boukhatmi | Notch Mediates Intertissue Communication to Promote Tumorigenesis[END_REF], in which MS2 loops in nascent transcripts are detected by the recruitment of the GFP-tagged MS2 binding protein MCP-GFP [START_REF] Garcia | Quantitative Imaging of Transcription in Living Drosophila Embryos Links Polymerase Activity to Patterning[END_REF]. Following filopodia mediated contact with Delta expressing cells, the transcriptional response was measured in single signal receiving cells within 10-15 minutes (Figure25).

Figure25. Notch transcriptional response (read by E(spl)-mb HLH transcription) following filopodial contacts with Delta expressing cells. Adapted from [START_REF] Boukhatmi | Notch Mediates Intertissue Communication to Promote Tumorigenesis[END_REF] In vivo, Delta was shown in four different contexts to locate in filopodia : in the SOPs giving rise to macrochaetes [START_REF] Renaud | Movement of bristle precursors contributes to the spacing pattern in Drosophila[END_REF], during embryonic spinal neuron differentiation (Hadjivasiliou et al., 2016), pigment patterning of zebrafish [START_REF] Eom | Long-distance communication by specialized cellular projections during pigment pattern development and evolution[END_REF], and epithelial-mesenchymal inter-tissue communication in Drosophila [START_REF] Boukhatmi | Notch Mediates Intertissue Communication to Promote Tumorigenesis[END_REF].

Altogether, these data provide strong evidence that filopodia are a good candidate in promoting long-range Notch signaling. Several studies indeed demonstrated the ability of filopodia to mediate signaling in other developmental contexts in Drosophila (Decapentaplegic in the air sac primordium (Roy et al., 2014), Hedgehog in the wing disc (Bischoff et al., 2013), Wingless in myoblasts (Huang and Kornberg, 2015). All of them used correlative experiments between actin regulator based filopodia perturbations (shortening the length, decreasing the number and/or limiting their dynamics) and measure of signaling range to demonstrate the role of filopodia. However one major limitation of these perturbations is that they target actin components to perturb filopodia while actin filaments are also involved in other cellular processes such as vesicles trafficking (Yamamoto et al., 2018). As the trafficking dynamics of signaling molecules is directly related to their activity, it is not clear whether the inhibition of actin components act on modifying signaling range through the perturbation of basal protrusions and/or molecule trafficking in parallel.

Lastly, despite the number of evidences demonstrating the role of filopodia in signaling, little is known about the molecular mechanisms controlling signal transduction. Their length, number and/or dynamics have been reported to be essential for signaling (Bischoff et al., 2013;Huang and Kornberg, 2015;[START_REF] Hunter | A role for actomyosin contractility in Notch signaling[END_REF]Roy et al., 2014). More particularly, in the context of Notch signaling, filopodial retraction has been proposed to be the pulling force at the origin of Notch activation [START_REF] Hunter | A role for actomyosin contractility in Notch signaling[END_REF], but the contribution of each properties of filopodia (length/number/dynamics) has not been established. Lastly, all cells that exhibit filopodia do not transduce signaling (González-Méndez et al., 2019). How is this signaling property is specifically controlled is not known, and still need to be answered to better understand the role of filopodia in signaling.

STRUCTURE AND FUNCTION OF PRONEURAL GENES

The ability of Notch to promote alternative (neural and epidermal) fates is achieve together with the activity of proneural proteins that is necessary and sufficient to drive neural fate to ectodermal cells. This chapter gives a brief introduction on the role and the regulatory mechanisms of proneural factors.

Diversity of bHLH neural genes

Proneural genes were first identified in the 1980s in mutant flies that lacked external sensory organs [START_REF] Ghysen | From DNA to form: the achaete-scute complex[END_REF]. The study of their protein structure led to the discovery of a shared structural motif that is the basic Helix-Loop-Helix (bHLH) domain, characterized by a conserved two alpha-helices connected by a loop that mediate the dimerization of the protein and a basic domain that allows the binding to specific DNA sequences (Murre et al., 1989a, 1989b) (Figure26). Over 400 bHLH proteins were identified since then in a wide array of organisms from S. cerevisiae to human, encoded among others by 39 different bHLH genes in C. elegans, 58 in D. melanogaster and 125 in humans (Ledent et al., 2002). bHLH genes are classified in two types based on their expression pattern : ubiquitous (type I) or tissue-specific (type II). Proneural genes encode type II bHLH factors, involved in several developmental processes such as hematopoiesis [START_REF] Curtis | Concise review: Blood relatives: formation and regulation of hematopoietic stem cells by the basic helix-loop-helix transcription factors stem cell leukemia and lymphoblastic leukemia-derived sequence 1[END_REF], sex determination [START_REF] Parkhurst | Sex determination and dosage compensation: lessons from flies and worms[END_REF], myogenesis [START_REF] Berkes | MyoD and the transcriptional control of myogenesis[END_REF] and neurogenesis [START_REF] Dennis | bHLH transcription factors in neural development, disease, and reprogramming. Brain Research, Emerging roles of transcription factors in the brain: from developmental programming to neuronal reprogramming[END_REF].

Figure26. Schematic structure of bHLH domain bound to DNA.

From [START_REF] Bertrand | Proneural genes and the specification of neural cell types[END_REF] 

Drosophila proneural genes

In the fly, proneural genes are subdivided into two main families directing distinct neural fates : achaete-scute gene complex (Ac-S) (composed of four genes achaete (ac), scute (sc), asense (ase) and lethal of scute (lsc)) [START_REF] Ghysen | From DNA to form: the achaete-scute complex[END_REF] and atonal (ato)related genes (ato [START_REF] Jarman | atonal is a proneural gene that directs chordotonal organ formation in the Drosophila peripheral nervous system[END_REF], amos (S. E. Goulding et al., 2000;[START_REF] Huang | The proneural gene amos promotes multiple dendritic neuron formation in the Drosophila peripheral nervous system[END_REF], cato (Sarah E Goulding et al., 2000)) that were found later. Most of the proteins of both families share similar 'proneural' functions : they are expressed in groups of uncommitted ectodermal cells (called 'proneural clusters') [START_REF] Campuzano | Patterning of the Drosophila nervous system: the achaetescute gene complex[END_REF] and they are necessary and sufficient to confer them the neural identity and initiate neural lineages in the ectoderm [START_REF] Jiménez | Defective neuroblast commitment in mutants of the achaete-scute complex and adjacent genes of D. melanogaster[END_REF]. They are able to integrate positional information, such that the pattern of proneural genes expression gives a foreshadow of the pattern of neural progenitors but this activity involves lateral inhibition by Notch signaling pathway [START_REF] Artavanis-Tsakonas | Notch signaling: cell fate control and signal integration in development[END_REF].

One of them, asense, diverge in its function. It possesses the proneural potential as its ectopical expression leads to the development of ectopic sensory organs [START_REF] Domínguez | asense, a member of the Drosophila achaete-scute complex, is a proneural and neural differentiation gene[END_REF], but is termed neural precursor gene instead of proneural gene because it is not required for the selection but for the proper differentiation of neural progenitors and thus is not considered as a true proneural gene [START_REF] Domínguez | asense, a member of the Drosophila achaete-scute complex, is a proneural and neural differentiation gene[END_REF][START_REF] Jarman | atonal is a proneural gene that directs chordotonal organ formation in the Drosophila peripheral nervous system[END_REF].

Besides, the four Ac-S genes neither appear to be expressed altogether in all the proneural clusters [START_REF] Skeath | Gene regulation in two dimensions: the proneural achaete and scute genes are controlled by combinations of axis-patterning genes through a common intergenic control region[END_REF] nor with similar patterns (Corson et al., 2017). Despite some divergent functions, Ac-S genes show that they have the same intrinsic activity. Their gain of function experiments induce supernumerary neural cells [START_REF] Domínguez | asense, a member of the Drosophila achaete-scute complex, is a proneural and neural differentiation gene[END_REF][START_REF] Rodríguez | Competence to develop sensory organs is temporally and spatially regulated in Drosophila epidermal primordia[END_REF] while their loss of function results in fewer number of neural cells [START_REF] Ghysen | From DNA to form: the achaete-scute complex[END_REF]. These opposite phenotypes characterize these genes as key genes for neural development.

Vertebrate homologs

In vertebrates, proneural genes are also subdivided following their sequence homology to Drosophila genes [START_REF] Bertrand | Proneural genes and the specification of neural cell types[END_REF][START_REF] Dennis | bHLH transcription factors in neural development, disease, and reprogramming. Brain Research, Emerging roles of transcription factors in the brain: from developmental programming to neuronal reprogramming[END_REF]. AC-S genes family includes a single Achaete-Scute like 1 (Ascl1) present in all species (mouse Mash1, zebrafish Zash1, Chick Cash1, Xenopus Xash1) and three species specific genes (Mammalian Mash2, Xenopus Xash3 and Chick Cash4), as well as more distantly related Nscl (also known as Nhlh) genes [START_REF] Lipkowitz | A comparative structural characterization of the human NSCL-1 and NSCL-2 genes. Two basic helix-loop-helix genes expressed in the developing nervous system[END_REF]. Ato-related genes are more numerous and grouped in distinct families (Neurogenin, NeuroD, Atonal and Olig) characterized by specific amino acid residues in the bHLH domains [START_REF] Hassan | Doing the MATH: is the mouse a good model for fly development?[END_REF]Lee, 1997).

Although vertebrate and invertebrate proneural genes share several properties, genetic studies revealed that proneural function in vertebrates differed from Drosophila one as they were expressed after cells have acquired a neural identity [START_REF] Bertrand | Proneural genes and the specification of neural cell types[END_REF]. Having this in mind, a gene can be defined as proneural in vertebrates if they are expressed in neuroblast precursor cells, they are necessary and sufficient to induce their neuronal differentiation and to specify neuronal subtype identities. Other genes function at later stages in the neural lineage and are termed neuronal differentiation genes.

Figure27. Dendrogram of the bHLH domain of invertebrate (blue) and vertebrate (red)

neural bHLH proteins, grouped by homology in bHLH sequence. From [START_REF] Bertrand | Proneural genes and the specification of neural cell types[END_REF] 4.2 Regulation of proneural activity

Transcriptional regulation

Proneural proteins are transcription factors that function as activators of transcription. Their transcriptional activity requires their dimerization with type I bHLH factors also known as E proteins (Murre et al., 1989a(Murre et al., , 1989b)), encoded by daughterless (da) in Drosophila [START_REF] Cabrera | Transcriptional activation by heterodimers of the achaetescute and daughterless gene products of Drosophila[END_REF] or one of the three genes in mammalians : Tcf3 (also known as E2A), Tcf12 (HEB) and Tcf4 (E2-2) [START_REF] Massari | Helix-loop-helix proteins: regulators of transcription in eucaryotic organisms[END_REF]. Da is reported to be ubiquitously expressed, and also show uniform protein levels in all the epidermal cells of the wing margin during SOP development (Vaessin et al., 1994).

The regulation of proneural activity depends on the nature of the dimer formed (Figure28), as proteins unable to dimerize did not bind DNA [START_REF] Cabrera | Transcriptional activation by heterodimers of the achaetescute and daughterless gene products of Drosophila[END_REF]Murre et al., 1989b). With few exceptions, homodimers of proneural factors and Da, as well as proneural factors heterodimers impair DNA binding. Proneural factors preferentially heterodimerize with Da [START_REF] Cabrera | Transcriptional activation by heterodimers of the achaetescute and daughterless gene products of Drosophila[END_REF]Murre et al., 1989b), upon which the complex binds specific DNA sequences that contain an hexanucleotide motif CANNTG called E-box (Murre et al., 1989b).

Promoter of proneural genes contain E boxes [START_REF] Cabrera | Transcriptional activation by heterodimers of the achaetescute and daughterless gene products of Drosophila[END_REF].

Figure28. Dimerization of proneural factors modulates their DNA E-box binding activity. Adapted from Oproescu et al., 2021

Proneural protein can also interact with HLH proteins, such as Extramacrochaetae (Emc) in Drosophila or Id (Inhibitor of differentiation) in vertebrates. These proteins have high affinity for proneural factors, but they lack the basic loop domain for DNA binding [START_REF] Ellis | extramacrochaetae, a negative regulator of sensory organ development in Drosophila, defines a new class of helix-loop-helix proteins[END_REF][START_REF] Garrell | The Drosophila extramacrochaetae locus, an antagonist of proneural genes that, like these genes, encodes a helix-loop-helix protein[END_REF], preventing the complex from binding DNA. Therefore, Emc acts as an inhibitor of proneural transcriptional activity by titrating them [START_REF] Cabrera | Regulation of scute function by extramacrochaete in vitro and in vivo[END_REF][START_REF] Van Doren | The Drosophila extramacrochaetae protein antagonizes sequence-specific DNA binding by daughterless/achaete-scute protein complexes[END_REF]. During macrochaetes formation, Ac/Sc expression and activity which provide information for the position of future SOPs [START_REF] Skeath | RESULTS. Annexe 2 : What is the range of Notch signaling in vivo during sensory organ cells patterning and the mechanisms underlying it ? 119 995[END_REF] were proposed to be negatively regulated by the expression of Emc, as SOPs seemed to arise among proneural cells where Emc expression was the lowest (Cubas and Modolell, 1992;[START_REF] Troost | A Re-examination of the Selection of the Sensory Organ Precursor of the Bristle Sensilla of Drosophila melanogaster[END_REF] and proneural activity was upregulated in Emc mutant wing imaginal discs clones [START_REF] Troost | A Re-examination of the Selection of the Sensory Organ Precursor of the Bristle Sensilla of Drosophila melanogaster[END_REF].

Lastly, there are transcriptional repressors that directly inhibit proneural genes expression such as Enhancer of split E(spl) and Hairy (H) proteins (Hes/Her/Esr in vertebrates) [START_REF] Davis | Vertebrate hairy and Enhancer of split related proteins: transcriptional repressors regulating cellular differentiation and embryonic patterning[END_REF][START_REF] Doren | Negative regulation of proneural gene activity: hairy is a direct transcriptional repressor of achaete[END_REF][START_REF] Ohsako | Hairy function as a DNAbinding helix-loop-helix repressor of Drosophila sensory organ formation[END_REF]. These proteins were also shown to sequestrate E proteins by interacting with them [START_REF] Alifragis | A network of interacting transcriptional regulators involved in Drosophila neural fate specification revealed by the yeast two-hybrid system[END_REF].

Post transcriptional regulation

The activity of proneural factors is also regulated by post-translational modifications, especially phosphorylations.

The first evidence was shown during the specification of a polarized neuron phenotype by Neurogenin2 (Ngn2) in 2005 [START_REF] Hand | Phosphorylation of Neurogenin2 specifies the migration properties and the dendritic morphology of pyramidal neurons in the neocortex[END_REF]. The phosphorylation of a tyrosine residue in the C-terminal domain of Ngn2 was required for its function in neuronal migration but was uncoupled with its proneural functions. Since then, most of the major proneural proteins have been shown to undergo a complex series of phosphorylations on multiple serine/threonine/tyrosine residues. More particularly, the gradual phosphorylation of serines or threonines residues of Nrgn1 and Ascl1 by proline directed serine-threonine kinases (i.e Cdk, Erk, and Gsk3) revealed an additive negative effect on DNA binding properties of the proneural factors and therefore on their activity which decreased gradually, following a rheostat-like model of regulation [START_REF] Ali | Cell cycle-regulated multi-site phosphorylation of Neurogenin 2 coordinates cell cycling with differentiation during neurogenesis[END_REF][START_REF] Ali | The phosphorylation status of Ascl1 is a key determinant of neuronal differentiation and maturation in vivo and in vitro[END_REF]. Further studies also showed that promoters of different target genes were differentially sensitive to the phosphorylation status of proneural factors, as phosphorylated proteins would prefer open chromatin like Notch and Delta-like1 and unphosphorylated proteins would target less accessible chromatin [START_REF] Guillemot | Beyond proneural: emerging functions and regulations of proneural proteins[END_REF][START_REF] Hindley | Post-translational modification of Ngn2 differentially affects transcription of distinct targets to regulate the balance between progenitor maintenance and differentiation[END_REF].

More recently, a single residue located at the same position in the loop/helix-2 junction of all Drosophila and vertebrate proneural proteins was shown to drive a binary 'off' swich for proneural activity upon phosphorylation. 3D models revealed that the residue was facing the phosphate groups of the DNA backbone very closely, and that additional phosphorylation would create repulsive electrostatic forces destabilizing the binding properties of the complex to DNA, though without affecting heterodimerization [START_REF] Quan | Post-translational Control of the Temporal Dynamics of Transcription Factor Activity Regulates Neurogenesis[END_REF]. While this unique site of phosphorylation was proposed to control the activity of all proneural genes the similar way, several non-conserved phosphorylation sites described to locate outside bHLH domains may further fine-tune the regulatory activity of proneural genes in more specific contexts.

Canonical Wnt (Wingless(Wg) in Drosophila) signaling has also been proposed to regulate proneural activity by regulating kinases activity. During mammalian neocortical neurogenesis, the downregulation of Nrgn2 activity correlated with increased phosphorylation levels by GSK3 kinase. At the same time, wnt signaling decreased, as it was negatively regulating GSK3 activity [START_REF] Li | GSK3 Temporally Regulates Neurogenin 2 Proneural Activity in the Neocortex[END_REF]. In the context of sensory organ development in Drosophila, a mutation in the target site of Shaggy (GS3K) in Scute protein resulted in an increased proneural activity that rescued the loss of bristle in wingless (wnt) mutants (Yang et al., 2012), suggesting that wnt could contribute to regulate the activity of proneural genes by modulating the activity of kinases.

Senseless feedback loop

The restriction of proneural activity from a group of ectodermal cells to single neural progenitor cells is achieved through the interplay between the regulation of proneural activity and the lateral inhibition process mediated by Notch signaling (Figure29). Notch signaling contributes to upregulate initially low levels of proneural factors and to promote the differential levels between cells in the proneural clusters, but other factors have been described to feedback on proneural genes expression.

Figure29. In cells with high proneural activity (pink), proneural factors (Ac/Sc) synergize with Sens to inhibit proneural activity in neighboring cells (green).

Adapted from Corson et al., 2017 Among them, Drosophila Senseless (Sens) is a Zinc finger transcription factor required for the development of most cell types in the Drosophila peripheral nervous system (PNS), as in sens mutant fly embryos and clones in the adult, the loss of Sens induces a loss of PNS cells [START_REF] Nolo | Senseless, a Zn finger transcription factor, is necessary and sufficient for sensory organ development in Drosophila[END_REF]. Indeed, in the embryo, single SOPs are able to emerge and divide once [START_REF] Salzberg | Mutations affecting the pattern of the PNS in drosophila reveal novel aspects of neuronal development[END_REF] but fail to further differentiate properly and undergo apoptosis [START_REF] Nolo | Senseless, a Zn finger transcription factor, is necessary and sufficient for sensory organ development in Drosophila[END_REF].

During adult PNS development in the wing discs, proneural factors are expressed but not maintained in sens mutant clones, which impairs the development of SOPs [START_REF] Nolo | Senseless, a Zn finger transcription factor, is necessary and sufficient for sensory organ development in Drosophila[END_REF].

Besides, when ectopically expressed in ectodermal cells, Sens can recreate proneural clusters and direct neural fate to all cells of the cluster (Jafar-Nejad et al., 2003a;[START_REF] Nolo | Senseless, a Zn finger transcription factor, is necessary and sufficient for sensory organ development in Drosophila[END_REF] suggesting that it is necessary and sufficient in the process of SOP development. However, while Sens mutant clones in young wing discs express Scute in proneural clusters [START_REF] Nolo | Senseless, a Zn finger transcription factor, is necessary and sufficient for sensory organ development in Drosophila[END_REF], proneural proteins seem to be the primary transcriptional activators of Sens in the pupal notum and in the eye discs (Jafar-Nejad et al., 2003), and Sens mutant clones in mature wing discs are devoided of Scute expression [START_REF] Nolo | Senseless, a Zn finger transcription factor, is necessary and sufficient for sensory organ development in Drosophila[END_REF], indicating that proneural factors drive Sens expression which proneural-like function in turn contributes to further promote and maintain higher Scute levels necessary to escape the repressive effect of E(spl) proteins following Notch signaling (Figure29).

Interestingly, it has been proposed that Sens has a dual activator and repressor role depending on its level relative to proneural factors [START_REF] Acar | Senseless physically interacts with proneural proteins and functions as a transcriptional co-activator[END_REF]Jafar-Nejad et al., 2003). Indeed, Sens was shown to both bind DNA at Sens-binding site (S-site) and physically interact with all proneural proteins through its core zinc fingers. More particularly, Sens was shown to synergize with Achaete/Daughterless complex to promote the expression of achaete gene and this synergy was consistently increased when S-site was mutated (Jafar-Nejad et al., 2003) suggesting that when bound to DNA, Sens has a repressive function. The repressive function of Sens may also involve the contribution of E(spl) proteins as co-immunoprecipitation assays showed that Sens could interact with E(spl)m7 and m8 proteins (Jafar-Nejad et al., 2003) and following the repression E(spl)m8 gene as well as other repressors of sens, Su(H) promoted SOP fate [START_REF] Koelzer | A Notch-independent function of Suppressor of Hairless during the development of the bristle sensory organ precursor cell ofDrosophila[END_REF].

Since Sens has higher affinity for DNA, at low levels, Sens would preferentially bind S-site on enhancer of proneural target genes to act as a repressor, while at higher levels, S-sites being saturated, free Sens would interact with proneural proteins and bind E-boxes to function as a coactivator of proneural genes [START_REF] Acar | Senseless physically interacts with proneural proteins and functions as a transcriptional co-activator[END_REF]. The explanation for this switch has been proposed to depend on the conformational state of the Zinc fingers [START_REF] Acar | Senseless physically interacts with proneural proteins and functions as a transcriptional co-activator[END_REF].

This dual role of Sens enables the creation of two feedback loops, one negatively regulating proneural levels at low Sens levels and one positively regulating it at high Sens levels. At intermediate Sens levels, Sens confers a bistability to the cell that can adopt either high/low proneural state.

Cell cycle regulation

Fate differentiation is often closely preceded or accompanied by a period of cell proliferation.

The coordination of the two processes and the potential influence of cell cycle on fate was proposed to be mediated by proneural factors as they appeared to control cell division arrest. In the Drosophila developing wing, the selection of neural precursor cells is spatially and temporally coupled with a cell cycle arrest in G2 phase (Usui and Kimura, n.d.). This arrest was shown to be mediated by wg which induced the expression of achaete and scute in anterior dorso-ventral cells. The expression of proneural factors downregulated the expression of the phosphatase String (Stg, also known as Cdc25), leading to an arrest in G2 phase. The promoter of Stg was reported to contain E boxes indicating that the regulation of stg by ac and sc may involve a direct transcriptional repression [START_REF] Johnston | Wingless and Notch regulate cell-cycle arrest in the developing Drosophila wing[END_REF]. Besides, forcing G2 cells of the wing disc to enter mitosis by overexpressing stg resulted in a loss of neural precursor cells. Stg transcriptionally downregulated the expression of ac and sc and activated the expression of E(spl)-C genes independently of Ac/Sc activity [START_REF] Nègre | Mitotic G2-arrest is required for neural cell fate determination in Drosophila[END_REF]. The importance of G2 arrest was also reported in the developing eye, where cell cycle phase appeared to influence specific cell fate as precursor cells of interommatidial bristles were selected among G2 arrested cells but the molecular mechanism underlying the selection were not investigated [START_REF] Meserve | A population of G2-arrested cells are selected as sensory organ precursors for the interommatidial bristles of the Drosophila eye[END_REF].

DEVELOPMENT OF THE DROSOPHILA ABDOMEN

Sensory organs in the thorax of the Drosophila have been extensively studied as model systems to understand Notch signaling mechanisms, lateral inhibition and patterning. But other body parts of Drosophila body are also used to study Notch mediated fate dynamics and patterning. One of them is the abdomen, where sensory organs present different pattern than in the notum. This chapter is a brief introduction to the development of the abdomen.

Development of the abdomen

The adult fly abdomen is composed of several segments, each of them developing from pairs of four groups (nests) of progenitors cells called histoblasts, specified during embryonic stages [START_REF] Guerra | The development of the imaginal abdomen of Drosophila melanogaster[END_REF]. In each hemi-segment, the anterior and posterior dorsal histoblasts nests (ADHN and PDHN) give rise to the tergites (green) and intersegmental membranes (red) respectively, the ventral nest to the pleurites and sternites (blue) and spiracular nest to the spiracle (yellow) [START_REF] Ninov | Extrinsic and intrinsic mechanisms directing epithelial cell sheet replacement during Drosophila metamorphosis[END_REF][START_REF] Roseland | Regulation and metamorphosis of the abdominal histoblasts ofDrosophila melanogaster[END_REF]) (Figure30).

Figure30. Four nests of abdominal embryonic histoblasts (left) give rise to the four structures composing the adult epidermis in each hemisegment (right, color-coded, see text for more details). From [START_REF] Ninov | Extrinsic and intrinsic mechanisms directing epithelial cell sheet replacement during Drosophila metamorphosis[END_REF] The ADHN is initially composed of approximatively 16 cells and the PDHN of 5 cells [START_REF] Guerra | The development of the imaginal abdomen of Drosophila melanogaster[END_REF][START_REF] Ninov | Extrinsic and intrinsic mechanisms directing epithelial cell sheet replacement during Drosophila metamorphosis[END_REF][START_REF] Roseland | Regulation and metamorphosis of the abdominal histoblasts ofDrosophila melanogaster[END_REF] arrested in G2 phase during larval stages [START_REF] Garcia-Bellido | Clonal parameters of tergite development in Drosophila[END_REF][START_REF] Mandaravally Madhavan | Histological analysis of the dynamics of growth of imaginal discs and histoblast nests during the larval development ofDrosophila melanogaster[END_REF][START_REF] Roseland | Regulation and metamorphosis of the abdominal histoblasts ofDrosophila melanogaster[END_REF]. At the onset of metamorphosis, a pulse of steroid hormone Ecdysone triggers the larval to pupal transition (referred to as 0 hour after puparian formation (apf)) and the entry in cell cycle of formerly quiescent histoblasts [START_REF] Ninov | Dynamic Control of Cell Cycle and Growth Coupling by Ecdysone, EGFR, and PI3K Signaling in Drosophila Histoblasts[END_REF][START_REF] Ninov | Extrinsic and intrinsic mechanisms directing epithelial cell sheet replacement during Drosophila metamorphosis[END_REF]. The growth of histoblasts nest is described to occur in two phases, a cleavage phase followed by an expansion phase (Figure31).

During the cleavage phase, from 0h to 10-12h apf, histoblasts undergo around 3 cycles of rapid and synchronous divisions with a cell doubling time of approximatively 2-3h [START_REF] Davis | ECM degradation in the Drosophila abdominal epidermis initiates tissue growth that ceases with rapid cell-cycle exit[END_REF][START_REF] Ninov | Extrinsic and intrinsic mechanisms directing epithelial cell sheet replacement during Drosophila metamorphosis[END_REF]. The volume of the tissue remains constant, as a decrease of 68% in cells size is reported in the first three divisions [START_REF] Madhavan | Morphogenesis of the epidermis of adult abdomen of Drosophila[END_REF][START_REF] Ninov | Extrinsic and intrinsic mechanisms directing epithelial cell sheet replacement during Drosophila metamorphosis[END_REF].

FACS analysis indicated that the lack of growth between divisions and short doubling time were coupled with a very reduced G1 phase [START_REF] Ninov | Extrinsic and intrinsic mechanisms directing epithelial cell sheet replacement during Drosophila metamorphosis[END_REF]. Following the proliferation phase, cell numbers plateau from 10h to 14h apf and tend to accumulate in G2 phase before undergoing the second phase of expansion from 14h-15h apf until 33-36h apf [START_REF] Davis | ECM degradation in the Drosophila abdominal epidermis initiates tissue growth that ceases with rapid cell-cycle exit[END_REF]. During this phase, nests enlarge and displace adjacent large polyploid cells (LECs) that formed the larval epidermis. As a consequence, LECs apically constrict, extrude, die and are removed by circulating macrophages. Histoblasts cell divisions become asynchronous, and randomly oriented. Cell doubling time progressively increases up to 9h. Histoblasts size is maintained between cycles and is associated with a lengthening of 70% in the G1 phase [START_REF] Ninov | Extrinsic and intrinsic mechanisms directing epithelial cell sheet replacement during Drosophila metamorphosis[END_REF]. Cell area and cell extrusion minorly contribute to tissue expansion [START_REF] Davis | ECM degradation in the Drosophila abdominal epidermis initiates tissue growth that ceases with rapid cell-cycle exit[END_REF]) (Figure32).

Figure31. Overview on timing of tissue growth during wing (notum is part of the wing imaginal disc) and abdominal development in Drosophila. From [START_REF] Davis | ECM degradation in the Drosophila abdominal epidermis initiates tissue growth that ceases with rapid cell-cycle exit[END_REF] Figure32. Quantification of histoblasts number in the ADHN and PDHN from fixed images over time (left) 

and decomposition of the cumulative area expansion rate of the tissue into contributions from cell division, cell area change, and cell extrusion (right).

From [START_REF] Davis | ECM degradation in the Drosophila abdominal epidermis initiates tissue growth that ceases with rapid cell-cycle exit[END_REF] The proliferation in the expansion phase is accompanied by cell migration towards the dorsal midline for the future fusion with the second hemi nest [START_REF] Ninov | Extrinsic and intrinsic mechanisms directing epithelial cell sheet replacement during Drosophila metamorphosis[END_REF]. Detailed cellular movements and rearrangements were studied by Bischoff and colleagues [START_REF] Bischoff | Cell rearrangements, cell divisions and cell death in a migrating epithelial sheet in the abdomen of Drosophila[END_REF]. They reported that from 20h apf, cells moved dorsally following a more or less straight line, with a gradient of velocity from anterior to posterior. During this migration, most of the cells kept their neighbors, as the six closest neighbors of a cell a 30h apf, remained in average constant 10h later and only 7% of sister cells lost contact with each other. In the centre of the nests where cells were more columnar and densely packed, change in neighbors was the highest but cells were separated by no more than one cell diameter.

Wingless Signaling pathway in the posterior region of the ADHN

In the abdomen of Drosophila, the development of sensory organs occurs at the same time as the proliferation and migration of the histoblasts, as well as the specification of the four structures, especially tergites, composing abdominal segments. The expression of Wg in the posterior region of the ADHN (Figure33) has been proposed to specify tergites differentiation, as well as initiating the expression of proneural genes in the ADHN as its ectopic expression resulted in ectopic expression of sensory organs (Shirras and Couso, 1996). While this could be achieved by the ability of Wg to regulate proneural activity through the control of their phosphorylation state, the detailed molecular mechanisms underlying this potential activation is not known.

Figure33. Wingless (green) is expressed in posterior cells of the ADHN and LECs between ADHN and PDHN. Adapted from Couturier, unpublished

The abdomen as a model to study cell fate dynamics

Proneural factor Scute dynamics was previously monitored and analyzed in few cells in the notum during proneural stripes and SOPs emergence. To study the dynamics of fate decision, the abdomen presents a better model for two main reasons. First, at the time of SOP emergence and patterning, the epidermis is attached to the pupal case and does not allow high resolution live-imaging as it has to be done through the pupal case. In the abdomen, the selection of SOPs occur after epidermis has detached from the pupal case, therefore, it is possible to directly image the epidermis by making a small window in the pupal case. Second, patterning in the notum involves positional information that bias fate decisions while in the abdomen, sensory organs appear to be disorganized although regularly spaced and thus their selection are little submitted to positional biases.

AIMS OF THE THESIS

My thesis aims at answering two main questions :

i) Despite many studies at molecular and functional levels of Notch and lateral inhibition in attributing alternative fates and patterning, little is known regarding the dynamics of fate decisions in vivo.

How in vivo, cells dynamically choose their fate in coordination with their neighbors and how spatial and temporal variations in molecular activities underlie symmetry breaking during lateral inhibition in Drosophila ?

This question will be addressed in Paper 1 and Annexe 1

ii) Modeling and in vivo observations of SOPs patterning in the notum of Drosophila suggest that Notch signaling range can extend beyond immediate neighbors during lateral inhibition. However, this range has not been measured in vivo, besides, Notch and its ligands are known to require direct cell-cell contact to direct Notch activation.

What is the signaling range of Notch in vivo and what are the mechanisms underlying it ?

This question will be addressed in Annexe 2 cell that was born first (Attner et al., 2019). In spherical mouse gut organoids, cell-to-cell variability in Yap1 activity was also shown to drive symmetry-breaking in genetically identical cells via Delta-Notch signaling [START_REF] Serra | Self-organization and symmetry breaking in intestinal organoid development[END_REF] but the mechanism at the origin of the variability, probably mechanical cues, remained unclear . Last, modeling suggested that the size of apical cell-cell contacts could provide a bias in fate decision as smaller cells would tend to receive less inhibitory signal from adjacent cells and this would favorise their selection as neural precursor cells (Shaya et al., 2017), but this hypothesis was not tested experimentally.

PART II. RESULTS

In sum, the roles of mechanics, geometry, history and noise in fate asymmetry by Notch remain to be studied in developing epithelia.

Here, we used the Drosophila abdomen as a model to study the dynamics of sensory organ precursor (SOP) cell fate decisions during lateral inhibition. In the abdomen, about 40 SOPs that express high levels of Scute are selected from a field of epithelial histoblasts cells that initially express low and more homogeneous levels of Scute. Using a quantitative live imaging approach to monitor the accumulation of Scute in the presumed SOPs and their adjacent nonselected epidermal neighbors, we found that symmetry breaking could be detected early, at low and heterogeneous levels of Scute. Interestingly, we did not observe a rapid decrease in Scute levels in non-selected cells right after symmetry breaking, instead, the difference in proneural levels between the two types of cells was generated by a sudden rapid accumulation of Scute in SOPs. We also verified whether fate decision could be biased by birth order or apical cell size and found that neither appeared to significantly influence Notchmediated binary fate decisions. In conclusion, our live imaging data provide a detailed analysis of proneural dynamics during lateral inhibition in Drosophila.
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RESULTS

SOP patterns in the pupal abdomen

The sensory bristles located at the surface of the dorsal abdomen of adult flies appear to be SOPs emerge next to produce an apparent disordered array of smaller sensory bristles (see also (Shirras and Couso, 1996)).

Since the determination of abdominal SOPs depends on the activities of the proneural genes achaete (ac) and scute (sc), we next looked at the expression pattern of these factors. To do so, we used a GFP-tagged version of Sc and a RFP-Ac BAC transgene (Corson et al., 2017). Sc that Ac may be activated later than Sc and in fewer proneural cluster cells. Both Sc and Ac showed an early pattern of accumulation in the posterior region of the ADHN, as well as higher levels in presumptive SOPs. While the early pattern of Ac and Sc in the ADHN may be under the control of Wingless (Wg) (Shirras and Couso, 1996) and Hedgehog (Hh) [START_REF] Kopp | Wingless, decapentaplegic and EGF receptor signaling pathways interact to specify dorso-ventral pattern in the adult abdomen of Drosophila[END_REF], the exact mechanisms whereby positional information regulates proneural gene expression in the abdomen remain unknown (but see (Yang et al., 2012)). To compare the dynamics of all the clusters, we used the SBP as a reference time point to realign all tracks (n=125). Interestingly, we observed that GFP-Sc levels were low at SBP, RESULTS. Paper1 : Quantitative live imaging analysis of proneural factor dynamics during lateral inhibition in Drosophila 57 revealing that binary fate decision takes place at low GFP-Sc levels when we consider the max and min GFP-Sc levels to be in SOPs and non-selected epidermal cells respectively at the end of the process of specification (Fig 3I). Moreover, we found that both presumptive SOPs and presumptive epidermal cells exhibited increasing levels of GFP-Sc at SBP. In other words, we did not observe a phase of relatively low and constant level of Sc prior to fate selection.

Additionally, following the SBP, while SOPs sharply increased GFP-Sc levels, GFP-Sc levels did not decrease immediately in non-selected cells, but rather remained relatively constant for ~2h before decreasing. Finally, this cell fate decision appeared to be relatively rapid as the SBP was observed ~2h after the onset of GFP-Sc expression. Expectedly, the FDI increased sharply from the SBP as the difference in GFP-Sc levels was enhanced by SOPs (Fig 3J). Together, these data show fate symmetry breaking takes place early at low Sc levels in the Drosophila abdomen.

We next examined the cell-to-cell heterogeneity in GFP-Sc levels. Indeed, a homogeneous steady state of GFP-Sc expression not being observed, we wondered how heterogeneous cells would be during the increase of GFFP-Sc levels. For each cluster of cells considered as neighbors of a given SOP, we measured over time the variations over the mean of absolute GFP-Sc intensity. These data showed that cell-to-cell heterogeneity increased ~1h before SBP and remained relatively high for ~2h before decreasing down to initial levels (Fig . Following these two cells after the time of analysis showed that they got separated later.

Birth order and apical area as potential cell fate biases

The view that lateral inhibition by Notch directs stochastic fate decisions has recently been challenged. First, in the C. elegans vulva, birth order was shown to strongly bias a cell fate decision of two equipotential cells by LIN-12, a Notch homolog. Specifically, the onset of the bHLH factor regulating this decision correlates with the birth time of the parents of the two cells undergoing a binary fate choice (Attner et al., 2019). Second, a modeling study proposed that cells with increased apical area are more likely to receive inhibitory signals during lateral inhibition, such that neural cells would be selected amongst cells with small apical area. This bias was proposed to operate in the developing chick inner ear (Shaya et al., 2017). These findings raised the possibility that birth order and apical cell shape pre-determine SOP fate choice in the abdomen, with older cells being more likely to accumulate higher Sc levels and with smaller cells being less likely to be inhibited by Notch, respectively. To address these possibilities, we used live imaging to monitor cell divisions and measure apical cell area over time using a GFP-tagged version of E-Cadherin, CadGFP. Cell fate choices were followed using time. Our analysis revealed that the difference in apical area between presumed SOPs and their presumed epidermal neighbors around the time of SBP occurrence was statistically not significative. We used the number of shared junctions at each time point to count the number of neighbor cells for each SOP over time and aligned the values using SOP division time as a reference to see if this number varied over time. We observed that SOPs had a constant number of neighbors, between 5 and 6 over time with a mean at 5.8 (SuppFig 1A). This data was used to define the number of neighbors in GFP-Sc dynamics and birth delay analysis to six.

To investigate whether birth order could bias cell fate, we followed the same SOPs and neighbors in time to report their time of birth (n=22clusters, 3 movies). Sometimes, the birth of a neighbor cell was not available. In this case, we estimated the birth time by subtracting the mean duration of cell cycle measured in other neighbor cells from birth to division (the second, equivalent to PIIa/b for SOPs), to the second division time. Then we calculated the difference of birth time between neighbors and SOP for each cluster and found that neighbor cells were born 37+/-77 minutes later than SOPs (Fig 5D). To know if this delay in birth was sttatisticcally significant, we generated a control population of 100 random clusters composed of one birth time of reference ("SOP") and six birth times ("neighbor cells") among all the birth times reported and calculated the difference (Fig 5E). In the control population, neighbor cells were born 0.5+/-90,8min later than SOPs. The probability in the control population to have a delay birth of at least 35 minutes was of ~35%. We therefore concluded that birth time had no significant influence on fate. All together, we conclude that birth order and apical area do not appear to bias cell fate decisions during lateral inhibition in the Drosophila abdomen. So far, the potential source of heterogeneity remains in stochastic fluctuations in proneural gene expression.

SOP selection at low Notch activity

The dynamic pattern of proneural activity, studied here using GFP-Sc, is known to be causally This analysis showed that the deGFP levels were low at SBP, indicating that fate specification took place early at low Notch activity levels (Fig 6D -E). Our data further indicated that presumptive SOPs did not experience significant Notch signaling during lateral inhibition.
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DISCUSSION

Here, we confirmed that the two types of bristles described in the adult emerged from two differential pattern of proneural factor Scute expression and SOPs selection. In the central region, we showed that the symmetry breaking at the origin of SOP or epidermal fate was detected early, at low levels of proneural factor Scute. Symmetry breaking also occurred when in cell-to-cell variability in Sc levels was high. Whether this variability is causally linked to fate remains to be determined. Following symmetry breaking, we did not observe a rapid decrease in Scute levels in non-selected cells, while it quickly increased in the SOPs. These results are consistent with the bistability model in which cells progressively lose their proneural expression. When symmetry breaking occurs, Sc levels in the SOP is higher than the mean level in all the neighbors, but is not the highest in the cluster. Since heterrogeity is also high, this could explain why the loss of proneural levels is not immediate in the neighbor cells following fate decision. Besides, we observed few cases of SOPs emerging adjacent to each other. Why in some cases one neighbor cell is not efficiently inhibited, whether there are other factors biasing fate, or the existence of a threshold of proneural levels from which neural fate cannot be inhibited remains unclear. We also verified whether fate decision could be biased by birth order or apical cell size and found that neither appeared to significantly influence Notch-mediated binary fate decisions.

Taken together, our findings provide a detailed analysis of proneural and Notch dynamics during lateral inhibition in Drosophila and are consistent so far with the view that stochastic fluctuations in proneural activity, maybe downstream of Notch, underlie fate decisions.
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MATERIALS AND EXPERIMENTAL METHODS

Flies

The dynamics of Scute expression levels was monitored using KI GFP-Sc line (Corson et al., 2017). The activity of Notch was monitored using the NRE-deGFP line (He et al., 2019).

Different mRFPnls transgenes were used to mark nuclei (BL-31416, BL-34500 and BL-30555).

Apical junctions were tracked using using a knock-in GFP-tagged version of DE-Cad (intracellular GFP) [START_REF] Huang | Directed, efficient, and versatile modifications of the Drosophila genome by genomic engineering[END_REF]. SOPs were identified using a neur-nlsGFP transgene (Aerts et al., 2010).

Imaging

Pupae were staged at 0h APF and mounted for imaging around 13h APF. At this stage, it is possible to easily remove the pupal case using fine forceps. Additionally, abdominal muscles are histolysed around 12-13h APF (Aerts et al., 2010), which prevented body movements and allowed for stable imaging. Live imaging was performed using a Leica DMRXA microscope equipped with a 40x (PL APO, N.A. 1.32 DIC M27) objective, a Yokogawa CSU-X1 spinning disk, a sCMOS Photometrics PRIM95B camera, 491/561/642 lasers and the Metamorph software.

For GFP-Sc movies, we imaged the GFP every 5 mins with 20% laser power for 300ms and RFP 2.5 mins with 9% laser power for 200ms. A z-stack of of 32 mm was imaged with dz=1.33mm.

Reproducible dynamics of Sc was obtained over 12-13 hours of imaging. Image acquisition was done at room temperature (20°C).

For GFP::Cad neur-nlsGFP movies, GFP was imaged every 5 min with 20% laser power for 400ms. A z-stack of of 32 mm was imaged with dz=1.33mm (x45 or 51). Reproducible dynamics of Sc was obtained over 12-13 hours of imaging. Image acquisition was done at room temperature (20°C).

Image analysis

The movies (only for nlsRFP-the nuclear marker) were preprocessed to correct the contrast and denoised using Noise2Void 

Apical area

Images were processed using max z-intensity projection for the most apical 3-4 z stacks to limit the projection to Cadherin signal. Probability map of cells was generated using TrainableWeka, segmented automatically and manually corrected on Tissue Analyzer. SOPs were semi-automatically tracked on Tissue Analyzer. Data on apical area and cell-cell junctions were collected. Neighbor cells of tracked SOPs were identified using shared cell-cell junction ID at each time. Apical area of tracked SOPs was compared to the mean of apical area of neighbor cells. Cells with apical areas greater than 400 microns were excluded (to avoid bias from cell divisions). Alignment was done using SOP PIIa/b division as a reference.

Birth order

The division of cells (apical rounding of mother cell and emergence of two cells) was followed on MAX projected Ecad::GFP movies. Time of progenitor cell division and time of PIIa/b or equivalent division were reported manually using the time of fully formed apical membrane between the 2 daughter cells. Between two division times reported, the first one was used as RESULTS. Paper1 : Quantitative live imaging analysis of proneural factor dynamics during lateral inhibition in Drosophila
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"birth" time reference. When birth time was not available, it was estimated by substracting the mean duration of cell cycle (estimated between two divisions in other neighbor cells) to the second division time. Cell divisions, which characterization (1stt or 2nd division) were confusing, (because its location in the middle of the movie (instead of one in the beginning, one at the end)) were removed from the analysis. The control dataset was created by generating 100 random clusters on R, composed of one birth time of reference ("SOP") and 6

birth time ("neighbor cells") from a dataset composed of all the birth times reported.

Immunostainings

The abdomen of staged pupae were dissected in PBS 1x, fixed in paraformaldehyde 4% in PBS 1× and incubated in PBS 1× with 0.1% Triton X-100 and primary antibodies for 1h at room temperature (or over-night at 4°C). The following antibodies were used : goat anti-GFP (Abcam, 1:500), rabbit anti-DsRed (Clonetech, 1:500), guinea pig anti-Senseless (Gift from Hugo Bellen, 1:3000), rat anti-DCAD2 (DSHB, 1:200). Following washes in PBS-Triton, nota were incubated 1h at room temperature (or over-night at 4°C) with secondary antibodies from Jackson's laboratories. Following washes in PBS-Triton, nota were mounted in 4% N-propyl-galate, 80% glycerol. or not resolved by the end of the tracks, when SOP divides (6%, n=1/16). SOPs are in blue, neighbor cells are in pink.

FIGURES

Annexe 1 :

Is fate decision robust to perturbations in Notch signaling pathway ?

INTRODUCTION

The dynamic pattern of proneural activity is known to be causally and negatively linked with the pattern of Notch signaling, i.e. proneural activity is high in cells with low Notch activity and low Notch signaling causes high proneural gene expression. Besides, Notch signaling is required for the restriction of proneural activity to single cells. To better understand the regulatory mechanisms between the two dynamics and the effect on cell fate decisions, we performed RNAi pertubations experiments targeting one of Notch signaling pathway and regulatory components : the receptor, the ligands and some of the key regulatory factors.

Three of them have been further analysed to follow Scute dynamics and are presented in this annexe.

RESULTS

Dynamics of fate decision in perturbation conditions

In order to better understand how Notch signaling activity impacts on proneural activity dynamics, symmetry breaking and/or fate acquisition, we induced downregulations of individual Notch signaling components in histoblasts using Escargot-Gal4(Gal80ts) induced

RNAi. Dynamics of proneural activity was monitored using GFP-Sc. The intensity of the nuclear GFP signal was measured over time in (x,y,z,t,c) movies using a nuclear RFP marker to segment nuclei. Image processing was performed as described previously for the WT control (GFP-Sc nlsRFP). SOPs were identified as cells having high GFP-Sc intensity at late stages. The six closest neighbors were detected automatically but not corrected manually. Indeed, the comparison of GFP-Sc intensity levels between SOPs and Epi over time before and after manual correction did not show any significant differences prior and around the time of SBP (Supp.Fig1A-C). Main differences aroused from 2h after SBP, when high GFP-Sc SOPs were included by error among the low GFP-Sc closest neighbors. GFP-Sc in RNAi condition was compared to GFP-Sc in the WT GFP-Sc nlsRFP control shown in the main text (n=125 clusters, 3 movies).

Fate decision is little sensitive to Notch activity

First, we hypothesized that starting with less Notch would lead to a lower basal level of E(spl)-C genes, and this would favorize the expression and accumulation of GFP-Sc levels, as E(spl)-C genes transcriptionally repress proneural genes expression. To downregulated the levels of Notch receptor, we used NotchRNAi experiments. We expected an increase in SOPs density as a consequence of neurogenic phenotype but we did not observed any obvious difference with control (Fig1A", to compare with Fig2A"' of the main text, SuppData Fig1F), suggesting that NotchRNAi might not downregulate Notch activity enough to induce a detectable phenotype. However, analysis of GFP-Sc intensities over time showed that in NotchRNAi (NRNAi, n=85 clusters, 2 movies), GFP-Sc level in cells was higher than in control, consistent with a reduction of Notch activity and a disinhibition of proneural expression by E(spl)-C genes (Fig1B). GFP-Sc expression increased in all cells, SBP occurred early at low GFP-Sc levels, and epidermal cells maintained GFP-Sc levels for ~1h30 before decreasing it. NRNAi FDI increased faster than control (Fig1C), reflecting the faster accumulation of GFP-Sc in SOPs. As in control, cell-to-cell heterogeneity in GFP-Sc levels also increased prior to SBP which occurred when heterogeneity was high (Fig1D). Globally, the dynamics of GFP-Sc in NRNAi remained very similar to the control. The speed of GFP-Sc accumulation being positively correlated with heterogeneity in the control, we found as expected a positive correlation between FDI ROC and heterogeneity in NRNAi (Fig1E). This correlation was stronger, consistent with sharper FDI and higher heterogeneity measured in NRNAi cells. Consistent with the idea that heterogeneity could be the best predictor of fate decisions, we also wondered whether late SOPs would emerge even faster compared to late SOPs in control, as heterogeneity remained stronger up to 2h after SBP in NRNAi and this difference went increasing. Stronger positive correlation between FDI ROC or heterogeneity and SBP confirmed that late SOPs did emerge faster and that this could depend on heterogeneity (Fig1F,G). Together, our data confirm that Notch activity negatively regulates GFP-Sc expression levels but fate decision appears robust to change in Notch activity.

Fate decision is little sensitive to Serrate levels

Then, we tested the downregulation of one of the Notch ligands, Serrate. An immunostaining of SerGFP at 16h apf with induction of SerRNAi in histoblasts showed weaker SerGFP staining compared to the control without induction of SerRNAi (Fig2B,C). In SerRNai, Sens expression also seemed to be increased (Fig2B',C'), consistent with a decreased Notch activity phenotype.

In parallel, live-imaging of SerrateRNAi (SerRNAi) did not show obvious differences in SOPs density (Fig2A", to compare with Fig2A"' of the main text, SuppData Fig1F) and in GFP-Sc levels compared to the control (Fig2A-A"', 2D), suggesting that Serrate downregulation by RNAi may may have limited efficiency,

In the notum, Serrate was proposed to have limited role in the specification of SOPs (Pitsouli and Delidakis, 2005). In the abdomen, the contribution of Serrate in either cis-inhibition or trans-activation is little known. Analysis of GFP-Sc intensities over time in SerRNAi pupae (n=95clusters, 2 movies) revealed that the dynamics of GFP-Sc was very similar to the control (Fig2D). Global level of GFP-Sc intensity in SerRNAi remained also at the range of the control, at the exception of SOPs after SBP where GFP-Sc seemed to accumulate faster. This tendency was reflected in the ROC of FDI which increased faster than control (Fig2E), similarly to NRNAi.

Cell-to-cell heterogeneity in SerRNAi was higher than control, when SBP occurred (Fig2F).

Expectedly, correlations between heterogeneity and FDI ROC (Fig2G), FDI ROC and SBP (Fig2H), heterogeneity and SBP (Fig2I) were all positive and stronger than control. Together, we conclude that Serrate contribution to the lateral inhibition process is limited as while its inhibition reminds reduced Notch activity phenotype, SOPs density is not changed. Whether the limitation comes from a weak effect of the RNAi or a strong redundancy between Delta and Serrate ligands remains to be determined.

Proneural dynamics of fate acquisition is robust to Hairless perturbations

Lastly, we looked for RNAi candidates among Notch signaling pathway components with an effect on fate decision, i.e a change in bristles density in the adult or SOPs density in the developing pupae. We found one condition in which bristles density was decreased :

HairlessRNAi (HRNAi). Hairless is a repressor of Notch target genes and acts as Notch Intracellular Domain (NICD) antagonist. Its inhibition in the ADHN led to decreased SOPs number (Fig3C"' to compare with Fig2A"' of the main text, SuppData Fig1F). We counted a mean of 28,5+/-2.5 SOPs (n=2 movies) per ADHN in HRNAi versus a mean of 41,7+/-0,5 SOPs in control (n=3 movies) showing a loss of 1/3 of SOPs in HRNAi (SuppData Fig1F).

However, despite the phenotype observed, the analysis of GFP-Sc intensities over time in HRNAi (n=57 clusters, 2 movies) did not show any difference compared to the control (Fig3D).

FDI (Fig3E) and cell-to-cell heterogeneity (Fig3F) remained close to control levels. FDI ROC showed a positive correlation with heterogeneity but not different than control (Fig3G).

Interestingly, heterogeneity showed no correlation with SBP (Fig3I), suggesting that early SOPs have little influence on late SOPs.

We also did not observe any irregularity in patterning, i.e the emergence of SOPs next to each other, suggesting that decreased SOPs number may have increased spacing between SOPs and enabled the emergence of isolated SOPs limiting their influence on each other. Although heterogeneity did not correlated with SBP, late SOPs still specified a little faster than early SOPs (Fig3H), raising the possibility of another mechanism that can influence the speed of fate acquision.

While tracking SOPs in HRNAi, we found four cases of isolated cells expressing high GFP-Sc levels surrounded by low GFP-Sc neighbors, reminding the dynamics of GFP-Sc in SOPs.

However, these four cells later lost their GFP-Sc expression with no apparent inhibitory reasons ('reverted SOPs', n=4, 2 movies). Because these four cells are part of the 1/3 of SOPs the most affected by Hairless inhibition, we wondered what the dynamics of GFP-Sc and fate decision in these cells would be. As a control, we selected 20 clusters in WT condition with SOPs emerging in an isolated local environment as do the 'reverted SOPs' (n=3 movies).

The dynamics of GFP-Sc was again very similar to the control (Fig3J). SBP occurred at low GFP-Sc levels (Fig3J) and FDI was unaffected up to 2h after SBP (Fig3K). Then 'SOPs' started to lose their GFP-Sc expression. We conclude that fate decision reflected by SBP is a very robust process.
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DISCUSSION

Altogether, our data showed that despite some differences in scute levels, our RNAi experiments did not globally affected fate decisions, as symmetry breaking still occurred early, at low and heterogeneous levels of Scute, indicating that fate decision is a very robust process.

Cell-to-cell variability increased in the RNAi experiments, correlating with a faster accumulation of Scute in the SOPs. Our data data are consistent with the idea that SOP fate acquisition relies on a stochastic process. Whether cell-to-cell heterogeneity in proneural activity best predict fate decision remains to be tested.

MATERIALS AND EXPERIMENTAL METHODS

(Also refer to MM of the main paper)

Fly RNAi

NotchRNAi (uas-Notch-hsp2, Gift from N. Perrimon), DeltaRNAi (uas-dsRNADelta VDRC 27187)

and HairlessRNAi (uas-Hairless-tripRNAi BL34703) were induced using Esgcargot-Gal4 tub-Gal80[ts] (Gift from A. Bardin) at 25C from egg laying. SerrateRNAi was induced using Esgcargot-Gal4 (Gift from R. Levayer) at 25C from egg laying. One conserved mechanism that organizes cells in space is Notch-mediated lateral inhibition.

FIGURES

In many developing and adult tissues at homeostasis, Notch is essential to establish and/or maintain a proper distribution of cell fates (Kopan and Ilagan, 2009).

Lateral inhibition

The lateral inhibition process has been particularly well studied in flies (Simpson, 1990b) . In the context of the specification of Sensory organs (SOPs) in Drosophila epidermis, lateral inhibition consists first in the expression of proneural genes Achaete (Ac) and Scute (Sc) in a group of cells that acquire the competence of adopting a SOP fate. Then, cell-cell interactions mediated by Notch restrict this competence to single cells while neighbor cells are forced to adopt the alternative epidermal fate.

Pattern formation

Drosophila thorax is covered by sensory organs (or bristles). During development, while macrochaetes (big bristles) emerge in a stereotyped number and position across individuals, each position being dictated by an enhancer of the achaete-scute gene complex, microchaetes (small bristles) emerge with different densities and positions, despite that they are aligned in five rows on either side of the dorsal midline and regularly spaced. Recently, a combination of initial positional information and Notch mediated cell-cell interactions was shown to selforganize to generate the rows of microchaetes. An abstract mathematical model, with a single variable for the cell signal receiving/sending state and based on a Turing-like system, was proposed to describe this patterning dynamics (Corson et al., 2017). In this model, one free parameter corresponded to the range of inhibitory signaling. To reproduce the distribution of cells seen in vivo, this parameter had to be set such that inhibitory signaling extended beyond immediate neighbors.
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Notch activation mechanism

Notch and its ligand Delta (Dl) are trans-membrane proteins, and their interaction requires direct cell-cell contact. Additionally, Notch is a mechano-responsive receptor which activation necessitate a pulling force to expose a cleavage site to proteases and a release of the intracellular domain (NICD) in the cytosol (Kopan and Ilagan, 2009). From there, NICD transcriptionally activates the expression of its target genes, including E(spl)-C genes. The mechanical force required to activate Notch is provided by the endocytosis of Delta which, in Drosophila, depends on the activity of two E3 ubiquitin ligases, Mindbomb1 (Mib1) and Neuralized (Neur) [START_REF] Borgne | Two Distinct E3 Ubiquitin Ligases Have Complementary Functions in the Regulation of Delta and Serrate Signaling in Drosophila[END_REF][START_REF] Wang | Distinct roles for Mind bomb, Neuralized and Epsin in mediating DSL endocytosis and signaling in Drosophila[END_REF].

Notch signaling range

Delta and Notch are assumed to interact at the level of apical cell-cell junctions, as they are mainly detected there (Benhra et al., 2010). At the same time, during PIIa/b assymetric division of SOPs, it was shown that apical pools of Notch, although strongly detected, were contributing very little to signaling compared to lateral pools of Notch, such that localization was not reflective of activity [START_REF] Trylinski | Intra-lineage Fate Decisions Involve Activation of Notch Receptors Basal to the Midbody in Drosophila Sensory Organ Precursor Cells[END_REF]. So, if Delta and Notch interact at the level of apical cell-cell junctions, it is not clear whether in vivo, signaling range extends beyond In the notum, it has been proposed that filopodia promote long range Notch signaling to refine the pattern of SOPs post specification, i.e once lateral inhibition mediated patterning is done,

In this context, the contribution of cell divisions was not assessed in defining the signaling range (Cohen et al., 2010). Therefore, we aimed at measuring the signaling range of Notch in vivo, during lateral-inhibition mediated SOP patterning, and re-investigate the role of filopodia underlying potential long-range signaling.

Here, we measured the signaling range of Notch using two different methods and observed that in vivo, Notch was activated beyond its immediate neighbors. The signaling range of Notch varied from prior to during the process of specification. We showed that epithelial cells, RESULTS. Annexe 2 : What is the range of Notch signaling in vivo during sensory organ cells patterning and the mechanisms underlying it ?
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SOPs but also epidermal cells both exhibit filopodia and Delta could be detected basally. To specifically target the manipulation of filopodia and test their role in signaling, we adapted a new tool developed in cultured cells based on the properties of multi-headed myosin motors to transport selective cargoes, but the tool was not able to perturb filopodia.

RESULTS

Measuring the range of the inhibitory signaling

Adult flies exhibit sensory organs (or bristles) that are regularly spaced at the body surface. In the notum, they are more particularly arranged in five rows on either side of the dorsal midline (Fig1A). Each sensory organ emerge from neural sensory organ precursor cells (SOPs) [START_REF] Boukhatmi | Notch Mediates Intertissue Communication to Promote Tumorigenesis[END_REF]Cohen et al., 2010;[START_REF] Eom | Long-distance communication by specialized cellular projections during pigment pattern development and evolution[END_REF]Hadjivasiliou et al., 2016)) during development between 9h and 12h apf (Corson et al., 2017). At 12h apf, SOPs are singled out and detected on fixed notum using Senseless (Sens). They are organized in rows and regularly spaced (Fig1B). The patterning of SOP fate decision in rows and within rows relies on Notchmediated lateral inhibition. To estimate the range of the Notch signaling responsible for the proper spacing of these neural cells within rows, we first ran a simulation of the published model (Corson et al., 2017) and applied a standard vertex model to define edges representing apical cell-cell interactions (Fig1C). We next expressed the signaling range used in the model, i.e. the length scale parameter used to define s, as the distance in the number of consecutive edges defined by the vertex model following simulation of the model. We found that SOPs were separated by 3,2±1,32 cells (n=10). We measured the same distance on fixed tissues at the time of SOPs emergence, i.e between 9 and 12h (Corson et al., 2017). Cells of the epithelium do not divide during this period of time (Corson et al., 2017), therefore the distance separating SOPs directly represents the range of Notch signaling. Sens was used as an early neural marker together with E-Cadherin::GFP (Ecad::GFP) to outline the apical cortex of all epithelial cells. Then the number of non-neural cells separating neural precursors was counted on fixed tissues. We measured that SOPs were separated by 2,94±1,00 cells apically (n=178 distances, 12nota). This distance was time (9h apf vs 12h apf, Supp. consistent with previously reported signaling distances in the notum at around 12h apf, before the division of epithelial cells (Cohen et al., 2010).

We next measured the effective signaling range of Notch by measuring how far Delta can signal (Fig1F-H). To do so, we generated mosaic clones of Delta mutant cells (negatively marked by nuclear RFP) that can only receive the inhibitory signal from surrounding wild-type Delta-producing, signal-sending cells. Activity of Notch in the cells was quantified through the expression of the GFP tagged E(spl)m3-HLH gene (GFPm3), a direct and early Notch target (Corson et al., 2017).

We first did the quantification in the notum of the wing imaginal discs, at 2.5h apf, before the emergence of SOPs. At this stage, high Delta levels are detected at the position of stripes 1 and 5. Notch signaling is active in the cells with intermediate levels of Delta which flank these two stripes due to cis-inhibition in the centre of the stripe (Corson et al., 2017). To only analyze the clones located within WT Delta positive regions, we identified the position of the stripes 1 and 5 using Delta (n=3 clones, 3 nota) or Stripe (n= clones, nota) antibodies, which expression pattern is complementary with Delta pattern (Supp.Fig1D-D'') and does not depend on Notch activity (Supp.Fig1E-E''). In these clones, GFPm3 was detected in cells along the boundary in direct contact with signal-sending cells (Fig1F-F').

We repeated these experiments at 10h apf, during SOPs specification. At 10h apf, in clones located between future rows 1 and 5, cells at the border of the clone expressed GFPm3, but surprisingly, some n+2 cells in indirect contact with signal-sending cells also expressed weaker GFPm3 (Fig1G-G'). We quantified GFPm3 intensity levels as a function of the distance to the clone border, normalized by the mean cell diameter (Fig1H) measured from the density in the clones. Our data showed that GFP signal decreased exponentially from the border of the clone, but confirmed that at 10h apf, Notch signaling range did exceed one cell diameter (Fig1H). As Notch and Delta require physical cell-cell contact to produce active signal, it is not clear how and where at the subcellular level this long-range signaling can be achieved. The increase of signaling range between 2.5h apf and 10h apf was not expected as modelling used a constant value for signaling range. Therefore, whether this increase is biologically significant for the selforganization process will require further studies. Together, our data showed that the effective 

Structure of epithelial cells and measuring filopodia length

It has been previously proposed that basal filopodia in SOPs may support long-range Notch signaling in the notum (De Joussineau et al., 2003;Cohen et al., 2010) and play a role in pattern refinement after the initial determination of SOPs (Cohen et al., 2010). Filopodia are best studied by labeling a single (or a few cells) with a membrane and/or actin marker. However, the lack of tools to target a small group of unspecified cells (i.e prior the acquisition of fate specific markers) and epidermal cells (majority of epithelial cells) limited the analysis of filopodia in individual SOPs. To overcome this limit and look at cell shape in any cell at any time, we constructed a transgene directing the expression of a GFP-tagged actin-binding protein, LifeactGFP, upon flippase-mediated recombination (Fig2A).

To see clones between 0 and 12h apf, recombinations in the transgene had to occur during larval stages, when cells are still dividing. Considering the time necessary to express LifeactGFP at a detectable level, we could generate at the best two-cells LifeactGFP clones. This was sufficient to observe that both SOPs (labelled by nuclear Sens) and epidermal cells had lateral and basal filopodia they could make contact through (Fig2B-B'''). We also looked prior to SOPs selection when the range was shorter. Cells of the epithelium already produced long and thin basal filopodia at 2.5h apf (Fig2C-C''').

Next, we quantified filopodia length to compare with signaling range and have an first evidence of their support in signaling. We generated either mitotic (10h apf) or expression induced (2.5h apf) bigger clones and observed a dense basal network. We quantified GFP signal intensity in latero-basal filopodia as a function of the distance from the basal cytoplasm, (Fig2D-F) using the same quantification method developed for nuclear GFP quantification from clone border. We normalized the distance by the mean cell diameter measured in Figure 1. Data showed that filopodia barely reached two cells distance from the boundary both at 2.5h and 10h apf (Fig2F). Whether this is sufficient to enable the activation of Notch in farther cells remains to be tested. This result also suggests that the shorter signaling range observed at 2.5h apf is not limited by filopodia length.
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Strengh of inhibitory signal

Adults flies carrying three and four copies of Delta gene exhibited a decreased density of bristles compared to the wild-type flies that carried two copies (Fig3A-C), suggesting that the strength of the signal could regulate the spacing between SOPs. To test whether this regulation could be achieved through an increase of signaling range, we quantified the signaling range of Notch in overexpressed Delta conditions. We generated again mosaic clones of Delta mutant cells, surrounded by Delta-producing signal-sending cells, carrying 1-2 copies of Delta gene (Fig3D, Fig3F, same as Fig1F,G) or 2-4 copies of Delta gene (Fig3E, Fig3G), at 10h apf and 2.5h apf respectively. Then we measured GFPm3 signal intensities as a function of distance in cell diameter (Fig3H). GFP intensity decreased exponentially in both WT and Delta overexpressing conditions. The overexpression of Delta did not impact on signaling range which extended to a single cell distance at 2.5h apf and two cells distance at 10h apf.

Localization of Delta Notch molecules

Next, we looked at the localization of Notch and Delta molecules at cell surface. The use of Notch and Delta antibodies could not detect properly the proteins at latero-basal membranes.

Besides, NECD being endocytosed with Delta in signal sending cells, the detection of Notch was not indicative of its provenance. Therefore, we combine the use of GFP-tagged endogenous Notch and Delta proteins with strong actin marker in clones. To do so, we developed a Cherry-tagged version of the previously presented LifeactGFP stop transgene. We generated NotchGFP LifeactCherry mitotic clones to look at NotchGFP and cell structure, especially filopodia (Fig4A-D). At 10h apf, NotchGFP appeared to be ubiquitously expressed in the notum (Fig4A). In epithelial cells, NotchGFP was mostly accumulating apically (Fig4B-B') but could also be detected weakly in lateral filopodia (Fig4C-C') and at very basal network (Fig4D-D'). At 2.5 apf, NotchGFP was the strongest apically and laterally (Supp.Fig4B-C) but could also be well detected basally (Supp.Fig4D-D').

To look at Delta localization, we used GFP-tagged Delta and LifeactCherry clones (Fig4E-G). At 10h apf, Delta is more strongly expressed in SOPs compared to non-SOPs. Thus, we first looked at DeltaGFP in SOPs, labelled by Sens (Supp.Fig4E-G). In SOPs, Delta was detected in vesicles in the cytoplasm of the cells, consistent with Delta endocytic property associated with its high activity in SOPs. Although more expressed, the endocytosis of Delta in SOPs did not allow us RESULTS. Annexe 2 : What is the range of Notch signaling in vivo during sensory organ cells patterning and the mechanisms underlying it ? 105 to look precisely where Delta localize at cell surface. Then we looked in non-SOPs cells (Sens negative) that have weaker Delta activity as they are taking epidermal fate. In non-SOPs cells (Fig4E-G), Delta mostly located apico-basally at the membrane and could be well detected in the basal filopodia. At 2.5h apf, DeltaGFP was detected at the apical membrane and in vesicles (Supp.Fig4H-J), consistent with strong Delta activity reported at this stage of development, but this limited the detection of Delta at cell membrane.

Together, our data show that Delta and Notch can be found at the latero-basal membrane at 10h apf, potentially enabling signaling at the basal network.

Testing the function of filopodia

The particular function of filopodia has been tested in many developmental contexts using perturbations experiments targeting actin regulators. In these experiments, defects in filopodia correlated with a decrease in signaling range (Bischoff et al., 2013;Cohen et al., 2010;[START_REF] González-Méndez | Cytoneme-mediated cellcell contacts for Hedgehog reception[END_REF]Hadjivasiliou et al., 2016;Huang and Kornberg, 2015;de Joussineau et al., 2003;Roy et al., 2014).

In the notum, the role of basal protrusions in Notch signaling has been studied but the developmental stage of the study was posterior to patterning and SOPs selection. Besides, cell divisions had restarted and their contribution in biasing the measurements of the range of signaling was not addressed (Cohen et al., 2010). Therefore, we aimed at re-addressing the role of filopodia in the context of SOPs specification and fate patterning. More particularly, we hypothesized that cells with more and/or longer filopodia signal at a longer range.

To test this hypothesis, RNAi perturbations targeting various actin components were induced in the notum from larval stages and we looked for a strong, visually recognizable phenotype in which the density of SOPs marked by Sanpodo-GFP would be increased or decreased by 50% (Supp.Fig5A-D). Among all the RNAi tested, reported to affect filopodia length, dynamics and/or density in different systems (Bischoff et al., 2013;Cohen et al., 2010;[START_REF] González-Méndez | Cytoneme-mediated cellcell contacts for Hedgehog reception[END_REF]Hadjivasiliou et al., 2016;Huang and Kornberg, 2015;de Joussineau et al., 2003;Roy et al., 2014), none of them appeared to show the expected phenotype compared to the control that induced the expression of uas-LifeactRuby.

Whether this can be explained by the redundancy of actin regulators in the driving filopodia formation is not clear [START_REF] Dobramysl | Stochastic combinations of actin regulatory proteins are sufficient to drive filopodia formation[END_REF]. Another major limitation of targeting actin RESULTS. Annexe 2 : What is the range of Notch signaling in vivo during sensory organ cells patterning and the mechanisms underlying it ? 106 components to perturb filopodia is that actin filaments are also involved in other cellular processes such as vesicles trafficking (Yamamoto et al., 2018) and during cytokinesis, generating forces required for Notch activation [START_REF] Trylinski | Activation of Arp2/3 by WASp Is Essential for the Endocytosis of Delta Only during Cytokinesis in Drosophila[END_REF]. As the trafficking dynamics of Notch and Delta molecules (but also any other signaling molecules) is directly related to their activity, it is not clear whether the inhibition of actin components acts on modifying signaling range through the perturbation of basal protrusions and/or Delta Notch trafficking in parallel.

More recently, it has been reported that manipulating artificial multi-headed myosin motors and the anterograde transport of GFP-selective cargoes within filopodial projection created and extended filopodia in cultured cells (Zhang et al., 2021). As this approach enabled the selective manipulation of filopodia, we adapted the published artificial transport vehicles (ATVs) transgene to the fly system and generated transgenic fly lines expressing uas-mKateATV+ (ATV+) and uas-mScarletATV-(ATV-) for anterograde and retrograde transport respectively.

The choice of cargo was based on homologs of MyosinX, an unconventional member of MyTH4-FERM family of myosins shown to localize to the tips of filopodia and regulate their formation [START_REF] Berg | Myosin-X is an unconventional myosin that undergoes intrafilopodial motility[END_REF][START_REF] Kerber | A novel form of motility in filopodia revealed by imaging myosin-X at the single-molecule level[END_REF][START_REF] Watanabe | Myosin-X Induces Filopodia by Multiple Elongation Mechanism *[END_REF]. In Drosophila, among three candidates Myo28B (MyoVIIB), Sisyphus Myo10A (MyoXV) and Crinkled (MyoVIIA), Sisyphus and Crinkled were chosen for the existing litterature and available constructions. We particularly looked for GFP-tagged myosins avoided of their motor head (MyoTailGFPs) for their smooth transportation by ATVs. We found uas-CrinkledTailGFP (CkTGFP) flies [START_REF] Todi | Myosin VIIA Defects, which Underlie the Usher 1B Syndrome in Humans, Lead to Deafness in Drosophila[END_REF] and generated uas-SisyphysTailGFP (SisTGFP) flies based on published SisyphusGFP flies (Liu et al., 2007).

We first tested whether the ATVs and MyoTailGFPs were correctly expressed in cells, using a SOPs specific driver and LifeactRuby marker (Fig5A) to outline cell shape and filopodia in particular. Both ATVs were expressed with Ruby fluorescent protein with similar emission spectrum and were not easy to see. However, we observed that ATV-created clusters at the body of the filopodia (Fig5B-B") while ATV+ accumulated at their tips (Fig5C-C"). Both SisTGFP RESULTS. Annexe 2 : What is the range of Notch signaling in vivo during sensory organ cells patterning and the mechanisms underlying it ? 107 (Fig5D-D") and CkTGFP (Fig5E-E") were expressed in the cytoplasm of the cells and at very weak level in the filopodia.

To verify that ATVs do transport MyotailGFPs to the correct location either in the cytoplasm (ATV-) or at the tips of the filopodia (ATV+), we expressed together an ATV (ATV+ or ATV-) and a MyoTailGFP (SisTGFP or CkTGFP) along with LifeactRuby to label cell shape and filopodia.

The expression of ATV-with MyoTailGFP located MyoTailGFP in the cytoplasm of the cells and created clusters of GFP and RFP (expected to be ATV-) at the body of the filopodia. On the opposite, the expression of ATV+ with MyotailGFP enriched MyotailGFP along the filopodia and more particularly at their tips, indicating that the transportation of GFP cargoes by ATVs was efficient.

Then, in order to verify if manipulating the anterograde (or retrograde) transport of MyoTailGFP increased (or reduced) filopodia length and number, we measured filopodia length and counted their number in cells expressing ATVs and MyoTailGFPs. Because we needed to quantify filopodia length in single cells, we did not use the previous method presented (Fig2D-F). Instead, we used the 3D Visualization-Assisted Analysis (Vaa3d) software to semi-automatically draw filopodia in 2D and detect them in 3D [START_REF] Peng | V3D enables real-time 3D visualization and quantitative analysis of large-scale biological image data sets[END_REF]. Then we used a customized pipeline to extract their properties (length, coordinates of the body, number per cell).

We compared filopodia properties per cell and based on their localization, apical (top 50% of filopodia based on the z value of the body) or basal (bottom 50% of filopodia based on the z value of the body). The summed length of all filopodia per cell did not show significant differences for apical filopodia (Fig5J). For basal filopodia, we only observed a possible increase of total filopodia length for ATV+ CkTGFP condition.

Because this tool has been reported to create de novo filopodia in cultured cells producing no filopodia in control condition, we also compared the number of apical and basal filopodia per cell in the different conditions (Fig5K). However, we did not observe significant differences in the apical and basal number of filopodia between conditions.

As ATV+ CkTGFP condition seemed to show an effect on basal filopodia, we restricted more the quantifications to the most basal 25% and 50% filopodia based on the z value of their body and increased sample size. But we did not observe any significant difference, neither on RESULTS. Annexe 2 : What is the range of Notch signaling in vivo during sensory organ cells patterning and the mechanisms underlying it ? 108 filopodia total length (Supp.Fig5E), nor on their number (Supp.Fig5F) suggesting that manipulating artificial multi-headed myosin motors and the transport of GFP-selective myosins within filopodial projection did not affect filopodia.

At the same time, we combined ATV+ and CkTGFP to investigate the potential effect on signaling range. We drove their expression in the developing notum using Equator-Gal4 and looked for a phenotype in bristle density.

Expression of CkTGFP alone (Fig5M) showed an effect on cell fate as SOPs developed to empty sockets instead of a bristle, but not on spacing and density, suggesting that this phenotype of CkTGFP may be Notch signaling unrelated.

In the mutant ATV+ CkTGFP condition (Fig5N), bristles exhibited a decreased density and an irregular spacing, as well as a loss of bristles in the most anterior region of the notum, suggesting that there might be an effect on Notch signaling range. Additionally, these defects on bristles density were combined with defects in bristle shape as they were thicker and shorter, reminding a planar polarity defect. To verify that the defect in bristles density is related to defect in SOPs spacing, we immunostained nota at 16h apf with Sens to label SOPs.

In CkTGFP condition (Fig5O-O"), SOPs were regularly spaced and organized in rows, confirming that the bristle density defect observed in the adult is not related to Notch signaling range during SOPs specification. Expressing CkTGFP together with ATV+ (Fig5P-P") generated a lack of SOPs emergence in the most anterior and central region of the notum, consistent with the observations in the adult. This suggest that the combination of ATV+ and CkTGFP can somehow impact on Notch signaling, independently of filopodia, maybe through the trafficking dynamics of Notch and Delta.

Together, our tools failed to manipulate selectively filopodia length and number in the notum at the time of SOPs selection.
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DISCUSSION

Here, we measured the signaling range of Notch using two different methods and showed for the first time that in vivo, Notch was activated beyond its immediate neighbors. Epithelial cells, both SOPs and epidermal cells exhibited filopodia and Delta could be detected basally in filopodia. To specifically target the manipulation of filopodia and test their role in signaling, we adapted a new tool developed in cultured cells based on the properties of multi-headed myosin motors to transport selective cargoes. The myosin motors appeared to well localize the cargoes at the location of interest, either in the cytoplasm or at the tips of filopodia, but this did not affect neither the length nor the number of filopodia. The reason why the tool did not work, whether the choice of cargo proteins was incorrect or myosin motors inhibited the dynamic properties of filopodia while this was essential to signaling, remains unclear. Indeed, signaling appeared to be shorter at earlier stages when cells did exhibit numerous filopodia.

Besides, we observed that the signaling range of Notch increased from prior to during the process of specification. Since the model did not predict any change in signaling range, to what extent this increase is significant and contributes to the biological process of self-organization will need further investigations. Together, our data revealed the ability of Notch to signal in distant cells, although the mechanisms underlying this process still remains to be demonstrated.

MATERIALS AND METHODS

Flies

Quantification of apical cell-cell distance was done using Ecad::GFP flies [START_REF] Huang | Directed, efficient, and versatile modifications of the Drosophila genome by genomic engineering[END_REF].

Two cell clones were generated using hs-flpD5 (BL-55814) and Lifeact-GFP stop flies.

Mitotic clones were generated using the following (recombinant) stocks : FRT82B (BL-2050), FRT82B Dl revF10 GFPm3 (Corson et al., 2017), FRT82B nlsRFP (BL-30555), FRT82B Lifeact-GFP stop , FRT82B Delta-Cherry, FRT82B DeltaGFP (KI, Corson et al., 2017) Lifeact-Cherry stop with an Ubx-flp (BL-42720) and FRT19A NotchGFP [START_REF] Trylinski | Intra-lineage Fate Decisions Involve Activation of Notch Receptors Basal to the Midbody in Drosophila Sensory Organ Precursor Cells[END_REF] Lifeact-Cherry stop , FRT19A with an hs-flpD5 (BL-55814). RNAi lines tested under Apterous-Gal4Gal80ts Sanpodo-GFP (Couturier et al., 2013) Plasmids of uas-mKate2ATV+ (ATV+) and uas-mScarletATV-(ATV-) were provided by Z. Zhang (Zhang et al., 2021). They were integrated at the PBac{y[+]-attP-9A}VK00028 (92F) landing site.

Plasmid of uas-SysiphusTailGFP (SisTGFP) was provided by S. Parkhust (Liu et al., 2007) and was integrated at the PBac{y[+]-attP-9A}VK00020 (99F) landing site.
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Immunostainings

Pupae were collected at 0h apf and staged to 2.5h, 9h, 10h, 12h, 16h apf. Nota were dissected in PBS 1x, fixed in paraformaldehyde 4% in PBS 1× and incubated in PBS 1× with 0.1% Triton X-100 and primary antibodies for 1h at room temperature (or over-night at 4°C). The following antibodies were used : goat anti-GFP (Abcam, 1:500), rabbit anti-DsRed (Clonetech, 1:500), Guinea Pig anti-Senseless (Gift from Hugo Bellen, 1:3000), Guinea Pig anti-Stripe-B (Gift from Talila Volk, 1:1000), rat anti-DeltaICD (Gift from Mark Rand, 1:500). Following washes in PBS-Triton, nota were incubated 1h at room temperature (or over-night at 4°C) with secondary antibodies from Jackson's laboratories. Following washes in PBS-Triton, nota were mounted in 4% N-propyl-galate, 80% glycerol.

Microscopy and image analysis.

Images were acquired using a confocal Zeiss LSM780 microscope with ×40 (PL APO, N. A. 1.32 DIC M27) and ×63(PL APO, N.A. 1.4 DIC M27) objectives. Adult flies were imaged using a Zeiss Discovery V20 stereo-macroscope using a ×1.0 (PlanApo S FWD 60 mm) objective.

Quantification of nuclear and filopodial GFP intensities was performed as follows. Images were projected using MAX intensity and blurred. Clones border was manually delimited using RFP signal and a distance map was generated. GFP intensities in the clones were extracted with the distance. Data were normalized by the maximum intensity value.

Filopodia length

Filopodia length and number in individual SOPs were measured as follows. Sharpened and smoothed (Gaussian with sigma= 2.0 microns) 3D images of individual cells were opened in Vaa3d. Filopodia traces were drawn semi-automatically in 3D. Detected filopodia traces were smoothened (Gaussian with sigma= 2.0, 2.0, 8.0 microns in x, y, z respectively) and their individual length were calculated in GeNePy3D. The z value of the body was used to localize the filopodia on the apical-basal axis. For comparison between different conditions, we summed the length of all the apical or basal filopodia, and counted their number, per cell.

Mathematical model.
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The simulation shown in Fig. 1 uses the model described in ref (Corson et al., 2017) and applying a vertex model for epithelial tissue dynamics. DISCUSSION AND PERSPECTIVES

The dynamics of proneural factors during lateral inhibition

We found that cell fate decision took place when cell-to-cell heterogeneity in Scute level was high. Heterogeneity positively correlated with the speed of SOP emergence, and the degree of correlation was higher in RNAi experiments, more particularly NotchRNAi and SerRNAi experiments, where the heterogeneity measured was higher compared to the control. These observations raise two questions: what could be the origin of the observed cell-to-cell variability in Scute levels, and how could cell-to-cell variability in Scute levels favor symmetry breaking?

Origin of cell-to-cell variability in Scute levels

First, one potential source of cell-to-cell variability in protein concentration is cell intrinsic and results from the stochastic synthesis, translation and degradation of mRNAs and proteins. As a single copy of mRNA is translated into several copies of proteins, a small variation in gene expression and mRNA copy number can translate into bigger variations in protein levels [START_REF] Ozbudak | Regulation of noise in the expression of a single gene[END_REF][START_REF] Thattai | Intrinsic noise in gene regulatory networks[END_REF]. It remains to be studied whether Scute also has episodic transcription that generates bursts of newly synthesized mRNA and whether such bursts may produce cell-to-cell variability in protein and activity levels. Another cell-intrinsic mechanism of variability may involve cross-regulation with Senseless.

Sens is detected at the wing margin in proneural cells before the full resolution of SOPs [START_REF] Giri | Ordered patterning of the sensory system is susceptible to stochastic features of gene expression[END_REF][START_REF] Nolo | Senseless, a Zn finger transcription factor, is necessary and sufficient for sensory organ development in Drosophila[END_REF], suggesting that cells expressing higher levels of Sens may also exhibit higher levels of Scute. In a recent study, selection of SOP was shown to be highly sensitive to Sens gene expression noise at the wing margin [START_REF] Giri | Ordered patterning of the sensory system is susceptible to stochastic features of gene expression[END_REF]. More particularly, noise was proposed to affect bristle frequency and spacing when it is enhanced in cells having low levels of Sens proteins (300-800 Sens molecules while more mature SOPs have 8,000-10,000 Sens), consistent with the possibility that Sens could contribute to create Scute level heterogeneity in proneural clusters. While in the notum during microchaetes patterning, Senseless expression is resolved in single cells in row 1-3-5 around 2h after the onset of Ac/Sc expression, levels of Ac and Sc appears to be still elevated at the time of Sens resolution and there is no indication that symmetry breaking has already occurred (Corson et al., 2017). Since the level of Scute was not measured in parallel of Sens levels [START_REF] Giri | Ordered patterning of the sensory system is susceptible to stochastic features of gene expression[END_REF], it is not known whether Sens and Scute have similar expression dynamics and reach the plateau at similar times in SOPs. Second, beyond scute gene expression noise, other potential sources of cell-to-cell variability in Scute levels are based on extrinsic regulation. In this context, it is thought that the restriction of proneural activity into single SOPs requires an intercellular transcriptional feedback loop involving the regulation of Delta activity by proneural factors [START_REF] Hinz | The basic-helix-loop-helix domain of Drosophila lethal of scute protein is sufficient for proneural function and activates neurogenic genes[END_REF][START_REF] Nolo | Drosophila Lyra Mutations Are Gain-of-Function Mutations of senseless[END_REF] and the down-regulation of proneural activity by Notch. According to our observations, fate decision occurs at so low levels of Scute that small differences in any proteins involved in the feedback loop but particularly Delta, visually undetectable (by staining or by live-imaging), may still account for a bias in decision. Whether cell-to-cell heterogeneity in Scute levels requires Delta and Notch proteins and whether it is the activity or the level of Delta that is regulated remain to be determined. A Scute regulator that might influence the variability in Scute level is Extramacrochaete (Emc). Indeed, Emc can interact with Scute and inhibit the transcriptional activity of Scute proteins, hence their protein levels [START_REF] Cabrera | Regulation of scute function by extramacrochaete in vitro and in vivo[END_REF][START_REF] Van Doren | The Drosophila extramacrochaetae protein antagonizes sequence-specific DNA binding by daughterless/achaete-scute protein complexes[END_REF]. Therefore, cell-to-cell variability in Emc protein levels may cause a variability in Scute protein levels. In the abdomen, expression of Emc-GFP has been only observed at late pupal stages (from 36h apf) in the most posterior A6 and A7 segments [START_REF] Troost | A Re-examination of the Selection of the Sensory Organ Precursor of the Bristle Sensilla of Drosophila melanogaster[END_REF]. Whether Emc is expressed in more anterior A2-A3 segments, prior and during SOP emergence (i.e 13h-24h apf) and more particularly, whether a variability in its level is observed, remains to be tested. In the notum, it was proposed that variability in Emc levels was responsible of the emergence of a Neur equivalence group but not of the SOP selection within the group [START_REF] Troost | A Re-examination of the Selection of the Sensory Organ Precursor of the Bristle Sensilla of Drosophila melanogaster[END_REF].

Another direct interactor of Scute is Daughterless (Da), a bHLH factor that heterodimerize with proneural factors to activate transcription of target genes including Scute [START_REF] Cabrera | Transcriptional activation by heterodimers of the achaetescute and daughterless gene products of Drosophila[END_REF]. While Da is reported to be ubiquitously expressed, and also show uniform levels in all the epidermal cells of the wing margin during SOP development (Vaessin et al., 1994), whether Da expression is uniform in the histoblasts and what is the contribution of the differential level in generating variability in Scute levels remain to be tested.

One last potential contributor of heterogeneity in Scute levels is positional information.

Positional information has been reported to bias Scute expression dynamics and cell fate within proneural clusters during microchaete patterning in the notum (Corson2017).

Although there is no prepattern or wave of proneural activity described in the segment indicative of sequential expression of Scute in the central region, most posterior cells of the central region still have the possibility to be locally influenced by the single-row of formerly formed posterior SOPs. Also, other signaling pathway (wingless for instance in the most posterior region) may influence proneural activity although the direct implication has to be demonstrated (Shirras and Couso, 1996).

To conclude, we followed Scute expression levels, but as Scute expression depends also on Scute activity, any regulator of Scute transcription or activity may be at the origin of Scute heterogeneity observed. What are the contributions of the different sources, whether there is a single source or several sources cooperating to create variability that leads to symmetry breaking, and whether this source can be a better i.e earlier predictor of fate than Scute, will require future investigations.

Heterogeneity in RNAi expression

We found an increase in Scute heterogeneity between control and RNAi experiments, especially NotchRNAi and SerrateRNAi. However the origin of this increase is not clear : it could be due to signaling defects in lateral inhibition caused by the inhibition of Notch and Serrate or it could be technically induced by the non-uniform expression of RNAi in cells using Escargot promoter.

Assuming that the fluctuations in RNAi expression create heterogeneity in GFP-Scute levels, it may be surprising to observe that heterogeneity in Scute levels was not impacted upon RNAi againt the hairless gene. One possible interpretation would be that Notch and Serrate proteins have a faster turn over than Hairless and would therefore be more sensitive to RNAi-induced changes in gene expression. Nevertheless, these observations link heterogeneity to cell fate and support the idea that SOP fate acquisition relies on a stochastic process driven by random fluctuations in proneural level expression.

Local influences may favorize the accumulation of Scute in SOPs

The progressive emergence of SOPs showed that late emerging SOPs accumulated Scute faster than early emerging SOPs, and that late SOPs also emerged in an environment that exhibited higher cell-to-cell heterogeneity in Scute levels than early SOPs. Therefore, we wondered what could enable the faster accumulation of Scute in late emerging cells, whether this support could be given in the form of differential Scute levels in cells, and be provided by early SOPs. Our data tend to suggest that the mean heterogeneity is maintained post symmetry breaking probably by the loss of Scute in the presumed epidermal cells at different speed, and that late SOPs emerge in this environment created by early SOPs. We also speculate that late SOPs are also more likely surrounded by cells already engaged to epidermal fate which send less inhibitory signal to the presumed late SOP and facilitate their Scute accumulation. But if late SOPs are influenced by early SOPs, could more posterior SOPs of the central region be influence by posterior SOPs (i.e future single-row of macrochaetes) which express Scute earlier ? The mapping of symmetry breaking points on heat map of GFP-Sc intensities over time and anteroposterior (AP) axis (data not shown) did not reveal any bias suggesting that posterior SOPs did influence the position or timing of central SOPs symmetry breaking, but further correlating the ROC of FDI with position along AP axis could provide an additional support to this hypothesis.

Heterogeneity and cell fate

While our data are suggestive, whether heterogeneity is causally linked to cell fate determination remains to be more directly tested. One approach to further investigate the role of cell-to-cell heterogeneity in cell fate determination, we will generate several 1-4 cell clones expressing a GFP targeted RNAi in the histoblast cells. To quantify the level of heterogeneity induced, we will express together an IFP nuclear marker which expression level should proportionally correlate with the level of RNAi expressed. Also, if heterogeneity is causally linked to cell fate determination, SOPs surrounded by neighbors cells with higher heterogeneity in cell-to-cell IFP levels might specify faster and earlier than cells with lower heterogeneity in IFP levels. As we are already having difficulties to reliably analyze low GFP-Sc levels, it may be even harder if we use GFPRNAi to decrease GFP-Sc levels. In this case, we will use the overexpression of Sc rather than the RNAi to increase heterogeneity. Finally, it is not clear how could cell-to-cell variability in Scute levels may favor symmetry breaking. One possibility is that heterogeneity creates a stochastic variation in cell state that can be further amplified by feed-back loop, as proposed earlier [START_REF] Giri | Ordered patterning of the sensory system is susceptible to stochastic features of gene expression[END_REF]. In sum, the study of heterogeneity and the mechanisms at its origin is of general interest. The methods and the tool we will develop to study this aspect will be further applicable in other contexts.

Intrinsic bistability

Traditional views on lateral inhibition usually suggest that proneural factors are expressed at intermediary levels in all cells of the pronerual cluster prior to symmetry breaking. Molecularly, E(spl) proteins are repressed by Su(H) in absence of Notch activity [START_REF] Bailey | Suppressor of hairless directly activates transcription of enhancer of split complex genes in response to Notch receptor activity[END_REF][START_REF] Lecourtois | The neurogenic suppressor of hairless DNA-binding protein mediates the transcriptional activation of the enhancer of split complex genes triggered by Notch signaling[END_REF] therefore enabling a steady intermediate expression of proneural factors. However, so far, analysis of proneural expression in proneural clusters was mainly based on stainings on fixed tissues that neither showed dynamics of their expression, nor the relative levels of expression during the process of selection (low/intermediate/high).

Besides, simulations from mathematical models lacked in vivo experiments [START_REF] Sprinzak | Mutual inactivation of Notch receptors and ligands facilitates developmental patterning[END_REF]. By quantifying Scute levels followed in vivo at single cell level, we found that Sc level was low when symmetry breaking occurred. Besides, symmetry breaking took place when cells were increasing Sc levels, and from symmetry breaking, Sc remained constant for 2h in the neighbor cells while in SOPs, it accumulated rapidly. The dynamics of Sc in the histoblasts resembles the one described in the notum as in both, all cells increase Scute levels instead of starting from uniform intermediate levels. In the notum, cells of proneural clusters all engaged toward SOP fate by increasing Sc levels before losing this competence one by one, based on their position within the stripe of proneural cluster (Corson et al., 2017). The increase and progressive loss of Sc suggest that these cells possess intrinsic bistable properties to adopt either SOP or epidermal fate at intermediate Sc levels (Corson et al., 2017). Because we did not track the neighbor cells at single cell level, we did not see their fate trajectory, but comparing the trajectory of SOP and neighbors of the same cluster may provide more details on the bistable properties of the cells.

Level of Scute at symmetry breaking

Our analysis of heterogeneity in Scute levels indicate that at symmetry breaking point, the level of Scute in SOP is not the highest among the seven cells of the cluster. Besides, in 25% of cases, SOPs arose by pairs before being separated, suggesting that the presence of a high Scute expressing cell in the neighbors may not contribute much to downregulate Scute past a certain threshold. Therefore, one question that arise is what contributes more to signaling and fate decision between the max level of Sc in few neighbors and the mean level of Scute in all the neighbors. Quantification and ranking of GFP-Sc intensities in all the cells of the cluster around the time of symmetry breaking point should provide better insights to this question.

Relative birth order bias

Histoblasts of the segments have a regulated proliferation. Following a phase of cleaved divisions, they undergo a break from 10h to 14h apf during which 50% of histoblasts have been reported to be in G2 phase (Davis). When the second phase of proliferation starts, cells undergo massive divisions from 14h to 16h apf [START_REF] Davis | ECM degradation in the Drosophila abdominal epidermis initiates tissue growth that ceases with rapid cell-cycle exit[END_REF]. Since our movie start from 13h apf, the division of the mother cells that give birth to the SOPs we track and follow probably corresponds to the first division after the break. As 50% of cells wait in G2 phase during the break and divisions restart suddenly, we could expect that the division of the mother cells would restart in a coordinated manner, creating little birth order difference between cells. In C. elegans, it is not only the relative birth order but the advantage of early born cells to initiate the expression of HLH-2 first and accumulate it at a higher level that is deterministic of VU fate in the daughter cells. In our analysis, neighbor cells showed a delay of ~37 min in birth relative to the corresponding SOP, but, this value did not appear to be statistically significative. One explanation could be that this difference in time is not sufficient to create a strong bias in GFP-Sc levels and cell fate. In line with this idea, the timing of GFP-Sc onset may be a better predictor of fate.

A better predictor of fate could be the onset of GFP-Sc. However, because we deal with low signal levels that fluctuate and are highly sensitive to background noise, defining reliably the onset of GFP-Sc based on GFP intensity levels is not an easy task. As an alternative, the entry in G2 phase could better highlight any bias on birth as GFP-Sc starts to be expressed in G2 phase. Using FUCCI system, we will first verify whether the duration of G1 phase is variable between cells. If so, we will then correlate the entry in G2 phase with fate.

Robustness to uniform change in Notch signaling levels

Scute dynamics show that, in all the three RNAi conditions, symmetry breaking occurred early, at low and heterogeneous levels of Scute, in cells increasing Scute levels. One possible interpretation is that Notch mediated lateral inhibition and fate decision may be robust to uniform change in Notch, Serrate and Hairless levels. To confirm this hypothesis, the change in protein levels, in a uniform manner, should be further confirmed. Another possible interpretation is to question the efficacy of the RNAi. Indeed, despite some global variations observed in Scute levels, Notch and Serrate RNAi experiments did not show any change in SOP numbers, implying that RNAi induced Notch and Serrate inhibition did not impair cell fate decisions. Conversely, Hairless RNAi did show a decrease of 1/3 of SOPs but without any variation in global Scute levels. These results suggest that the downregulation may not be sufficient to alter fate decision. However, we pushed the expression of RNAi to the limits in our experimental conditions. For NotchRNAi, already 40-50% of the pupae with the correct genotype died as a consequence of mild RNAi induction (at 25C instead of 29C), probably from the downregulation of Notch elsewhere than the abdomen as the absence of bristles is not lethal. However, because of the lethality, it was difficult to push further the RNAi conditions. For SerRNAi, we expressed it continuously in histoblast cells from the second larval instar. In both cases, the expression of RNAi was steadily induced. For Notch, because we did not quantify the degree of inhibition induced by the RNAi, it is possible that the inhibition was weak and therefore the dynamics of fate acquisition appeared robust. For Serrate, RNAi could be inefficient, or, as the role of Serrate in the abdomen is not known, it may either not have any function while expressed, or the redundancy with Delta could be too important to see a strong mutant phenotype, and therefore, conclude to a robustness in fate decision. To better assess the efficacy of RNAi, we will compare the endogenous expression of NotchGFP and DlGFP with and without RNAi and to test the redundancy of Delta and Serrate, we will induce both RNAi and look at the bristle phenotype.

Expression vs activity of proneural factors

Our findings on symmetry breaking are based on the monitoring of Scute protein levels in single cells. As protein levels do not necessarily reflect their activity, further investigations may imply the monitoring of proneural activity to support our observations on symmetry breaking.

Properly monitoring the activity of proneural genes in live needs the use of a direct target gene of proneural proteins, encoding a fast and strong maturation fluorescence and short life time protein. Among the direct targets of Ac and Sc are Bearded (Brd), E(spl)m7 and m8, and Scabrous genes (Singson1994). We have tested the expression of endogenously GFP tagged E(spl)m8 in live, but the signal was too weak to be analyzed (data not shown). Other reporters using Uas/Gal4 system such as Scabrous-Gal4 may have a stronger expression but they need a longer expression time and the stability of Gal4 protein will not reflect the real dynamics of proneural activity. To follow proneural activity, a new reporter with known proneural target gene promoter (Ac for instance) and encoding a nuclear fluorescent protein will be needed.

Definition of neighbors

The number of neighbors was fixed to six based on apical area analysis. Indeed, we observed a mean of 6 neighbors sharing an apical junction with a SOP. Although the identity of the neighbors could occasionally change, the number of neighbors remained relatively constant in the time for all the SOPs, before and after symmetry breaking. Two major questions still remain : does the number of apical neighbors reflect the real number of neighbors as it could also depend on the shape of the cells, and to what extent the six closest nuclei detected in 3D based on physical distance correspond to the apical neighbors. Histoblasts appear to be sufficiently separated from each other to be able to track most of the nuclei in a projected 2D movie. However, to better investigate the shape of histoblast cells, we will generate single/few cell clones by inducing Lifeact-GFP expression upon flippase mediated recombination.

Normalization of GFP-Sc intensities

The analysis of RNAi perturbation experiments revealed that the variability in absolute GFP-Sc levels was high between experimental conditions (Supp.Fig1D-E). Indeed, the maximum GFP-Sc level (measured in SOPs at late stages) in one condition (SerRNAi) corresponded to the minimum level (measured in the neighbors at late stages) of another condition (control). This variability was especially emphasized by the fact that the process of fate decisions occurred at low levels of GFP-Sc and our whole analysis prior and around SBP became very sensitive to background noise. Besides, in the beginning of the movies when GFP-Sc is not yet expressed, the tissue exhibited high and sometimes irregularly distributed autofluorescence from surrounding peripodial nuclei, macrophages and apoptotic corpses. Taking all these elements into account, we normalized the absolute GFP-Sc levels by dividing by the mean of the noise we estimated in the 50% lowest GFP-Sc expressing epidermal cell nuclei at each time point.

2 Notch mediated long-range signaling

Long-range signaling

By immunostaining GFP-E(spl)m3 in Delta mutant clones at 10h apf, we detected GFP-E(spl)m3 signal in nuclei that located along the border of the clones, in direct contact with signal sending Delta positive cells, but also in nuclei that were not adjacent to the border of the clone. Quantifying the intensity as a function of distance showed an exponential decrease of GFP signal and that, although weak, GFP signal reached a distance that exceeded one nucleus from the clone border. One interpretation for this observation is that Notch signaling range exceeds one cell diameter. This idea is not intuitive as Notch and Delta are transmembrane proteins that require physical contact to drive Notch activation (reviewed in (Kopan and Ilagan, 2009)) and it is widely assumed that signaling occurs at apical junctions where Notch and Delta accumulate (Benhra et al., 2010). Different methods were used to quantify Notch signaling range whether counting the number of neighbors expressing Notch activity reporter upon SOP specification (de Joussineau et al., 2003;[START_REF] Renaud | scabrous Modifies Epithelial Cell Adhesion and Extends the Range of Lateral Signalling during Development of the Spaced Bristle Pattern in Drosophila[END_REF][START_REF] Troost | A Re-examination of the Selection of the Sensory Organ Precursor of the Bristle Sensilla of Drosophila melanogaster[END_REF] or the number of apical cells separating two consecutive SOPs (Cohen et al., 2010), but one limitation of these measures is that they were done post SOP specification. Another possible interpretation is the involvement of cell division and perdurance of GFP signal in daughter cells that are not anymore in contact with signal sending cells and would be GFP positive while not receiving any inhibitory signal. In the notum, patterning of microchaetes occurs in a field of non-dividing cells from 6 to 12h apf (Corson et al., 2017) and division restarts after the emergence of SOPs (Gho et al., 1999).

Cell movements may also contribute to displace GFP positive cells initially at the border of the clone to more inside the clone, but live-imaging performed on this tissue suggested that cell movement was minimal during the whole process of SOP specification from 6h to 12h apf (Corson et al., 2017). Together, our data suggest that signal sending cells are able to activate Notch and transduce the expression of E(spl)m3 in distant cells. Nevertheless, the idea of long range signaling does not exclude the possibility of short range signaling through apical cell-cell contacts. Indeed, cells at the border of the clone express stronger GFP-E(spl)m3 signal compared to distant cells, indicating that they may receive both apical and basal/long-range signaling while distant cells are only subject to long-range signaling. Although the strength and the contribution of apical (short) vs basal (long) range signaling were not determined, cells at the border of the clone still have more possibilities to receive signal.

Relevance of long-range signaling

A double staining for Sens and GFP-E(spl)m3 showed that Sens was expressed by cells at the center of the clone that had low and/or undetectable GFP-E(spl)m3 signal (data not shown) but not by cells at the border. Some of the cells located at 2 cell diameters from the clone border and expressing weak GFP also did not express Sens, suggesting that long-range signaling contribute to the selection of SOPs. At the stage of the analysis, Sens should be restricted in the presumed SOPs, therefore, all the cells at the center of the clone can be considered to have adopted SOP fate. Our result is consistent with tufted bristles found at the center of Delta mutant clones in the adult notum (Heitzler and Simpson 1991). Similar experiment using Delta Serrate double mutant clones and Hindsight as SOP marker was previously performed to look at the range of Notch signal, in which a single SOP in signal sending cells was not able to inhibit another SOP to form at 2 cell diameters from it within the mutant clone, suggesting that signaling range from the SOP was restricted to its immediate neighbors [START_REF] Troost | A Re-examination of the Selection of the Sensory Organ Precursor of the Bristle Sensilla of Drosophila melanogaster[END_REF]. In both studies, signal is nuclear, therefore raising the question of to what extent neighbors estimated at nuclear level correspond to apical neighbors. The quantification we made of GFP signal should average this possibility.

Role of Serrate in signaling range

Some irregularities at the border of the clones can be observed, as in some regions, signal extended to two or more cells while in some other regions, signal was restricted to one to two cells.

Our results on signaling range are based on Delta mutant clones but Serrate is still endogenously expressed. As both ligands have been reported to act redundantly (Pitsouli and Delidakis, 2005), one possible explanation for these irregularities could be the cis-inhibitory role of Serrate. In regions where Serrate is expressed and cis-inhibit Notch, less receptors are available for signaling compared to regions where Serrate is absent. Looking at the pattern of Serrate expression together with differential level of GFP-E(spl)m3 in position dependent clones should provide additional support to this idea. However, another explanation for these observations is that, regardless of Serrate expression, Delta mutant cells are not equal in receiving the inhibitory signal depending on the shape of the clone border (linear or waved), the number of Delta gene copy in the closest signal sending cells and/or the presence of SOPs nearby. Since we did not categorize the clones depending on these criteria for the purpose of simplicity and generalization, the quantified signaling range represents an average range extending one cell diameter, and maximum signaling range is certainly underestimated.

To conclude, our data suggest that signaling range extend one cell diameter and is likely underestimated due to the potential cis-inhibitory role of Serrate and the signaling properties of the Delta mutant clones.

Increase in signaling range

We observed a difference in the exponential decrease of Notch signaling range between 2.5h and 10h apf. Indeed, the decrease was faster at 2.5h apf, and suggests that the range may be shorter at this stage of development. Since mathematical modeling uses a constant range all along the self-organization process of SOPs patterning and does not predict any change in signaling range, whether the difference we observe between 2.5h and 10h apf is real, statistically and biologically significant, needs to be confirmed. Nevertheless, one possibility that could explain the eventual increase between 2.5h and 10h apf, is a change in the regulation of Delta activity. In the early notum, the endocytosis of Delta depends on the activity of Mindbomb1, which is required for the patterning of proneural stripes [START_REF] Couturier | Regulation of Notch output dynamics via specific E(spl)-HLH factors during bristle patterning in Drosophila[END_REF]. At this stage, Neuralized (Neur), the second E3 ubiquitin ligase is not yet expressed and not required for stripe patterning (Corson et al., 2017;[START_REF] Le Borgne | Two Distinct E3 Ubiquitin Ligases Have Complementary Functions in the Regulation of Delta and Serrate Signaling in Drosophila[END_REF].

In the late notum where SOPs are getting specified, Neur also contributes to promote Delta activity in SOPs [START_REF] Chanet | Genome Engineering-Based Analysis of Bearded Family Genes Reveals Both Functional Redundancy and a Nonessential Function in Lateral Inhibition in Drosophila[END_REF]. Whether this can enhance the activity of Notch and relate to a change in signaling range remains to be determined. Another explanation resides in filopodia. While cells produce filopodia from early to late notum, neither their ability to induce Notch activity nor the mechanisms underlying this property are known. A study suggested that the ability of filopodia to retract was at the origin of the pulling force exerted on Notch to unfold its S2 cleavage site [START_REF] Hunter | A role for actomyosin contractility in Notch signaling[END_REF], however, this study used actin inhibitors to perturb filopodia, while actins are also involved in molecule trafficking. Therefore, it is not clear whether signaling is perturbed because of defective filopodia and/or defective molecule trafficking, and whether the ability of filopodia to retract is at the origin of defects in filopodia mediated long-range signaling.

Dynamics of filopodia

Our experiments showed that ATV-and ATV+ alone localized either in the cytoplasm or at filopodia tips respectively, revealing their ability to locate in targeted subcellular regions. When co-expressed with GFP-tagged myosins that showed diffuse cytoplasmic localization without ATVs, both ATVs and GFP co-localized in the cytoplasm or at filopodia tips, indicating that ATVs transported correctly the myosins to the targeted localizations. However, following quantifications, we did not observe any significant differences between control and perturbation conditions in filopodia length and density. Trying to understand why co-expreessing ATVs and myosins did not affect filopodia properties, we wondered first whether this could be a matter of choice of myosin. In mammalian cells, the non-conventional MyTH-FERM myosin-X protein has been proposed to have a structural function in promoting actin polymerization at the tips of filopodia and stimulate their formation. However, in Drosophila, the function of MyTH-FERM myosin homologs is not well characterized. One paper describes functional data for Crinkled (MyoVIIa) which adult mutant escapers exhibit defects in actin rich structures [START_REF] Kiehart | Drosophila crinkled, mutations of which disrupt morphogenesis and cause lethality, encodes fly myosin VIIA[END_REF], and one describes the role of Sisyphus (MyoXV) in the transportation of sensory and adhesion cargos (DE-Cadherin and microtubule-linked proteins) within filopodia during dorsal closure in Drosophila (Liu et al., 2007). Although both myosins seem to have a function in manipulating actin and filopodia, the detailed mechanism underlying it would further help choosing the best cargo protein for ATV transportation and filopodia perturbations. While looking at the number and the density of filopodia, we did not look at their dynamics. Indeed, retractability of filopodia have been proposed to be required for Notch activation (Hunter2019), and the downregulation of Sysiphus by RNAi disrupted filopodia formation, but also blocked its adhesive and dynamical properties (Liu et al., 2007). The effect of ATVs on the dynamics of filopodia has not been reported by the authors of the tool (Zhang et al., 2021). Further looking at these properties separately may better explain how filopodia control signaling range.

Increase in Delta copy number

In order to test the contribution of Delta levels in signaling range, we looked at the density of bristles in flies carrying different copy numbers of Delta gene and found a statistical difference. However, when we measured the range in clones, we failed to observe any increase in range as expected. While in the adult flies, all cells carried extra copies of Delta gene, in the clonal analysis, signal sending cells carried a mix of two or four copies of Delta. Indeed, clones were generated at embryonic stage using FRT based recombination between two alleles, one carrying a mutation in the endogenous Delta gene (so 'zero' copy of Delta gene) and the second carrying the endogenous copy of Delta gene and a m-Cherry tagged Delta BAC transgene (so 'two' copies of Delta gene). Therefore, at pupariation, epithelial cells were composed of three groups of cells : 1) that have not recombined and therefore carry one copy of Delta-mCherry and one copy of endogenous Delta ('two' copies), 2) that have recombined and carry two Delta mutant alleles ('zero' copy) 3) that have recombined and carry Delta-mCherry gene twice on top of the endogenous Delta genes ('four' copies).

Because of the properties of the clones in signaling, we did not categorize the Delta mutant clones between those surrounded by cells with 'two' or 'four' copies of Delta or 'both'. Also, we did not assess the viability of cells carrying 4 copies of Delta as they could have troubles in survival and division compared to neighbor cells having 2 copies. This averaging probably underestimated the signaling range, as 'two' copies is close to the control experiments where clones were surrounded by cells having 'one' or 'two' copies of Delta.

Our quantifications also deal with low levels of GFP intensities especially for signal exceeding one cell diameter. To enable comparisons between clones, nota and experiments, intensities have been normalized by their maximum intensity value, set as 1. In all the clones, max intensity value was at similar distances from the border of the clone. But then, the decrease was highly variable. The normalization method could be reviewed to enhance variability in low signal levels and enable better comparison of low intensity levels.

Together, the contribution of Delta in signaling range should be tested in a more sensitive manner to better detect eventual changes in signaling range.

ABSTRACT IN ENGLISH

Quantitative live imaging analysis of proneural factor dynamics during lateral inhibition in Drosophila

Lateral inhibition by Notch is a conserved mechanism that regulates the formation of regular patterns of cell fate 1 . In many tissues, intercellular Delta-Notch signaling coordinates in time and space binary fate decisions thought to be stochastic. In the context of sensory organ development in Drosophila, it has been proposed that fate symmetry breaking between equipotent cells relies on random fluctuations in the level of Delta/Notch 2 (or one of their upstream regulators, e.g. YAP1 in the mouse gut 3 ), with small differences being amplified and stabilized to generate distinct fates. Notch-mediated stochastic fate choices may also be biased by intrinsic, i.e. cell history 4 , or extrinsic factors. Although lateral inhibition has been extensively studied in many developmental contexts, a detailed in vivo analysis of fate and signaling dynamics is still lacking.

Here, we used a quantitative live imaging approach to study the dynamics of sensory organ fate specification in the Drosophila abdomen. The accumulation of the transcription factor Scute (Sc), a key regulator of sensory organ formation in the abdomen, was used as a proxy to monitor proneural competence and SOP fate acquisition in developing pupae expressing GFP-tagged Sc. We generated high spatial and temporal resolution movies and segmented/tracked all nuclei using a custom-made pipeline. This allowed us to quantitatively study Sc dynamics in all cells. Having defined a fate difference index (FDI), we found that symmetry breaking can be detected early, when cells expressed very low and heterogeneous levels of Sc. We also observed rare cases of late fate resolution, e.g. when two cells close to each other accumulate high levels of GFP-Scute before being pulled away from each other. Interestingly, we did not observe a rapid decrease in GFP-Sc levels in non-selected cells right after symmetry breaking. Also, the rate of change of FDI values after symmetry breaking appeared to positively correlate with cell-to-cell heterogeneity in Sc levels. Whether increased heterogeneity is causally linked to symmetry breaking remains to be tested. We next addressed if this stochastic fate decision is biased by birth order (as proposed in the context of the AC/VU decision in worms 4 ) or by the size and geometry of cell-cell contacts (as modeling suggested 5 ). We found that neither appeared to significantly influence Notch-mediated binary fate decisions in the Drosophila abdomen. In conclusion, our live imaging data provide a detailed analysis of proneural dynamics during lateral inhibition in Drosophila.
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 31 The trans-activation of Notch3.1.1 The structure of Notch and its ligandsBoth Notch receptor and its DSL family ligands are type I transmembrane proteins. The extracellular domain (ECD) of Notch (NECD) receptor consists of 29-36 tandem epidermal growth factor (EGF)-like repeats involved in the interaction with the ligand[START_REF] Rebay | Specific EGF repeats of Notch mediate interactions with Delta and serrate: Implications for notch as a multifunctional receptor[END_REF], followed by a negative regulatory region (NRR) composed of three Lin12-Notch repeats (LNR) and a heterodimerization domain (HD). The S2 cleavage site protrudes from HD domain and is masked by LNR repeats in an autoinhibited conformation in surface Notch receptors[START_REF] Gordon | Structure of the Notch1-negative regulatory region: implications for normal activation and pathogenic signaling in T-ALL[END_REF][START_REF] Gordon | Structural basis for autoinhibition of Notch[END_REF], preventing the cleavage in the absence of ligand. The intracellular domain of Notch (NICD) consists of a RBPjk Associate Molecule (RAM) domain, followed by seven ankyrin (ANK) repeats flanked by two nuclear localization signals (NLS), a transactivation domain (TAD) and a C-terminal proline, glutamine, serine, threonine-rich (PEST) domain. While the RAM and ANK domains mediate interactions with CSL, the PEST domain regulates the degradation of Notch(Fleming, 1998) (Figure13).

Figure13.

  Figure13. Structure of Notch receptor and its ligands Delta and Serrate.From[START_REF] Siebel | Notch Signaling in Development, Tissue Homeostasis, and Disease[END_REF] 

Figure 14 .

 14 Figure 14. Illustration of the conformational change of Notch NRR domain exposing the S2 cleavage site to ADAM protease. Adapted from Bray 2016

  (Figure16). Notch EGF repeats are submitted to O-glycan modifications : O-fucosylation by OFUT1 (POFUT1 in mammal), O-glucosylation by Rumi (POGLUT1), and O-GlcNAc addition by EOGT/EOGT1. O-fucosylated and O-glucosylated sites can be further elongated by additions of GlcNac by Fringe (Fringe family) and of Oxylose by Shams (GXYLT1-2) respectively
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  How in vivo, cells dynamically choose their fate in coordination with their neighbors ? How spatial and temporal variations in molecular activities underlie symmetry breaking during lateral inhibition in Drosophila ? These questions will be addressed in Paper 1 and Annexe 1.INTRODUCTIONTissues and organs are composed of several cell types which proportion and spatial distribution are important for their proper development, maintenance and function. One conserved mechanism that enables alternative fate decisions at single cell level and coordinates patterns of cell fates at tissue scale is Notch and its lateral inhibition process(Kopan and Ilagan, 2009).Well studied in the context of sensory organ development in Drosophila, lateral inhibition is commonly viewed as a two step-process in which, cells of the neuroepithelium first acquire the competence to adopt a neural fate through the expression of the proneural factors Achaete (Ac) and Scute (Sc). Then, cell-cell interactions mediated by Notch restrict this competence to single cells. This view assumes that stochastic variations in proneural gene expression or Delta/Notch protein levels, underlie symmetry breaking within a field of (quasi-)equipotent cells(Heitzler and Simpson, 1991). Simulations of ligand concentrations in single cells during lateral inhibition offered a dynamical view of the classic lateral inhibition model, in which 1) a homogeneous and intermediate level of ligands/proneural factors was required prior symmetry breaking and 2) symmetry breaking led to a sharp modification in these levels. Additionally, a mutual inactivation (i.e signal receiving and sending) state of the proneural cells was proposed to fasten the process of fate decision. While this view of lateral inhibition is well accepted, how in vivo, cells dynamically choose their fate in coordination with their neighbors and how spatial-temporal variations in molecular activities underlie symmetry breaking are not known.More recently, an alternative bistability model for fate acquisition was proposed. In the simulations, cells of the proneural clusters all expressed increasing levels of proneural factors and were progressively excluded from the neural fate. Tracking of very few cells in vivo during the specification of sensory organ precursor cells in the notum of Drosophila confirmed the simulated dynamics of cell fate acquisition but was biased by positional cues(Corson et al., 2017). RESULTS. Paper1 : Quantitative live imaging analysis of proneural factor dynamics during lateral inhibition in Drosophila 53 On top of stochastic origins of fate decisions, several cellular extrinsic and intrinsic properties have been shown and proposed to bias Notch mediated fate decisions. During AC/VU decision in the C. elegans, cell birth order (history) could stochastically bias the fate towards VU fate, by favorizing the earlier onset of bHLH protein expression upstream of Notch signaling in the

  distributed in two distinct patterns(Fig 1A). First, large sensory bristles are found at regular interval along the compartment boundary and form a posterior row. Second, smaller sensory bristles cover part of the anterior epidermis and are distributed in an apparently disordered array. These two patterns can already be seen in developing pupae at the time of SOP emergence. Using Senseless (Sens) as an early SOP marker, SOPs were first detected along the posterior edge of the Anterior Dorsal Histoblast Nest (ADHN) from 16h after puparium formation (APF) (Fig 1B-B'). These posterior SOPs produce the large sensory bristles of the posterior row. SOPs in the central region of the ADHN were detected later, from around 18h APF (Fig1B"). These central SOPs produce the smaller bristles that are distributed in a saltand-pepper pattern. Together, our data confirm that SOPs emerge in two steps in the dorsal abdomen, with posterior SOPs appearing first to produce one row of large bristles and central

  was first detected in a broad stripe of cells located along the posterior margin of the ADHN at 16h APF (Fig 1C-C'), then across the central region of the ADHN from 18h apf (Fig 1C"). In contrast, at 18h apf, Ac had a more restricted pattern of accumulation (Fig 1H-H"), suggesting

  RESULTS. Paper1 : Quantitative live imaging analysis of proneural factor dynamics during lateral inhibition in Drosophila 55Quantitative live imaging of ScuteTo examine the role of local cell-cell interactions in fate dynamics, we decided to study the emergence of SOPs in the central region of the ADHN where SOPs form a salt-and-pepper pattern and where external positional cues do not appear to direct SOP patterning. To quantitatively study the dynamics of fate decision at high spatial and temporal resolution, we monitored the accumulation dynamics of the protein Sc at the single cell level. To do so, we did live-imaging of GFP-Sc male pupae from ~13h APF, prior to the onset of GFP-Sc, to ~22-24h APF, after all SOPs have been specified (Fig2A-A""). In these movies, SOPs were identified as isolated, regularly spaced cells with high GFP-Sc intensity at late stages(Fig 2C). Expectedly, live imaging confirmed that GFP-Sc was expressed first in cells located along the posterior margin and that posterior SOPs were singled-out first (Fig 2A'-A"). The intensity of the nuclear GFP-Sc signal was measured over time in (x,y,z,t,c) movies (n=3). A nuclear RFP was used to segment and track nuclei (Fig 2B-B""). Image processing involved denoising and 3D segmentation of nuclei followed by 3D object filtering to eliminate bright dots corresponding to fragmented apoptotic nuclei as well as large fluorescent structures. To study fate dynamics in the central region of the ADHN, SOPs were tracked in 3D using Mastodon, both forward (until they divide asymmetrically to produce a pIIa-pIIb cell pair) and backward (up to the time of their birth from a dividing histoblast progenitor cell). A total number of 125 SOPs were tracked. Following manual correction of all SOP tracks, normalized GFP-Sc levels were measured in tracked SOPs. The temporal expression profile of GFP-Sc in SOPs relative to other cells indicated that SOPs emerge within a ~3h time window in the central region of the ADHN (Fig 2D). Within this central region, posterior SOPs tend to emerge first, which may suggest a temporal progression from posterior (P) to anterior (A). To examine the dynamics of Sc expression along the A-P axis, GFP-Sc intensity values from all cells were projected along the A-P axis to produce kymographs. The results of this analysis, shown as a heatmap (Fig 2E), indicated that posterior-most cells of the central ADHN expressed GFP-Sc slightly earlier. This indicated that patterning cues may influence proneural gene expression beyond the posterior row. Conversely, our analysis showed that SOPs emerge in a quasi-synchronous manner within the rest of the ADHN field of cells to produce a salt-and-pepper pattern. RESULTS. Paper1 : Quantitative live imaging analysis of proneural factor dynamics during lateral inhibition in Drosophila 56Early fate symmetry breaking at heterogenous and low Scute levelsWe next studied the dynamics of cell fate acquisition by comparing the dynamics of Scute accumulation in each presumptive SOP relative to its immediate neighbors, defined here as the six closest nuclei following manual correction of segmentation errors. Of note, this set of six closest nuclei may comprise different nuclei over time since the nuclei of presumptive epidermal cells were not tracked. A representative example of the temporal profiles of GFP-Sc levels in SOP and in its epidermal neighbors (Epi) is shown (Fig3A-A"" and Fig 3B). In this example, the presumptive SOP did not appear to express GFP-Sc at birth. Likewise, GFP-Sc was not clearly detected in the histoblasts surrounding the presumptive SOP at this time point. We also observed GFP-Sc levels slowly increased in both types of cells over the next 3h until the presumptive SOP showed a clear and rapid increase in GFP-Sc accumulation. As GFP-Sc levels increased sharply in the SOP, GFP-Sc levels remained relatively constant in non-selected histoblasts for ~2h before decreasing. This temporal profile suggested that cells underwent binary fate decisions around the time when GFP-Sc started to increase in the presumptive SOP. To go beyond this example and evaluate more systematically cell fate dynamics, we introduced a fate difference index (FDI) to compare cell state in presumptive SOPs with their immediate neighbors. The FDI was defined as a ratio of the difference over the sum of GFP-Sc intensity measured in the SOP and the mean GFP-Sc intensity measured in its six closest neighbors. Thus, the FDI allowed us to quantitatively monitor the singling-out of the SOP from a small group of cells. Values above 0 means that GFP-Sc levels is higher in SOP compared to the mean in the neighbors(Fig 3C). We further defined the fate symmetry-breaking point (SBP) as the time point when the FDI value reached a given threshold value and was consistently above it after the SBP for almost all tracks. This threshold value was set at 0.005. The SBP was used to define when fate decision was taking place(Fig 3C). Mapping SBP relative to progenitor and SOP divisions showed a sharper distribution of SBPs when aligned by SOP divisions(Fig 3D). SOPs entered in mitosis around 4.5h following SBP.

  3K, 'Epi').Adding presumptive SOPs to these cell clusters decreased the cell-to-cell heterogeneity observed prior to SBP, until ~20min after SBP(Fig 3K, 'SOP+Epi'), suggesting that GFP-Sc level in the presumptive SOPs is among the lowest prior to SBP and among the highest at SBP, though without being the highest. We conclude that cell fate decision correlates with high heterogeneity in Sc level. To further see if heterogeneity in GFP-Sc levels could be predictive of cell fate, we correlated the FDI rate of change (ROC), read out of the speed of fate decision. with cell-to-cell heterogeneity. The speed of SOP emergence positively correlated with cellto-cell heterogeneity (Fig 3H) linking cell-to-cell heterogeneity with cell fate decision. Together, our live imaging data showed that fate symmetry breaking takes place at low heterogeneous Sc levels in the Drosophila abdomen. Our data are therefore consistent with the view that SOP RESULTS. Paper1 : Quantitative live imaging analysis of proneural factor dynamics during lateral inhibition in Drosophila 58 fate acquisition relies on a stochastic process and that random fluctuations in proneural gene expression, possibly downstream of Notch signals, underlie stochasticity. Local influences in fate acquisition and patterning This view predicts that GFP-Sc dynamics in presumptive SOPs should be locally influenced by Sc dynamics in neighboring cells. Knowing that SOPs emerge at different time within a ~3h time window in the central region of the ADHN (Fig 2D), late-emerging SOPs are more likely to be surrounded by cells already engaged in an epidermal fate trajectory upon inhibitory signaling from early-emerging SOPs. This indirect influence of early SOP on late SOPs can be monitored as we see the loss of GFP-Sc in neighbors of early-SOP concomitantly with the increase of GFP-Sc in farther cell (Fig 4A-A""). Differential cell state of neighbor cells may contribute to increase heterogeneity in GFP-Sc levels, suggesting that late-emerging SOPs should progress more rapidly towards a SOP fate. We found that the Rate of Change (ROC) of the FDI positively correlates with the time of SBP, showing that late-emerging SOPs progress faster towards the SOP fate (Fig 4B). Cell-to-cell heterogeneity in GFP-Sc levels also positively correlated with SBP (Fig 4C), suggesting that faster specification of late SOPs may be related to higher heterogeneity environment created by early SOPs.While following the dynamics of GFP-Sc in the movies, we noticed some patterning irregularities i.e one cell considered as an immediate neighbor of the tracked SOP showed an elevated level of GFP-Sc, similar to those observed in the tracked SOP (n=31/125 SOPs (24%), 16 cases) (Fig 4D'D"", 4E). Analysis of these clusters showed that these irregularities were mostly corrected by two possible mechanisms. In most of cases (n=13/16 (81%)), the physical distance between these two nuclei increased as the high GFP-Sc cell was not detected among the closest neighbors of the SOP anymore, and both cell maintained high GFP-Sc levels (Fig4F). We think this change in relative position is associated with the division of a neighboring cell which creates small local movement between cells. More rarely (n=2/16 (12%)), we observed a decrease in GFP-Sc levels of the neighbor cell which remained close to the SOP (Fig4F). Finally, we found one case (n=1/16, (6%)) for which this irregularity was not resolved over RESULTS. Paper1 : Quantitative live imaging analysis of proneural factor dynamics during lateral inhibition in Drosophila 59 the time course of the tracking, i.e until both SOPs divided (Fig 4F)

  a nuclear GFP expressed under the control of the SOP-specific enhancer of neuralized(neur) gene (Fig 5A-E'). To avoid additional signaling influences coming from posterior SOPs and early emerging SOPs, the selection of SOPs to analyze was restricted to the first ~11 emerging SOPs in central ADHN. Image processing involved a MAX intensity projection of apical z stacks, 2D segmentation and tracking of all apical junctions on Tissue Analyzer. Identified SOPs were tracked (n=31, 3 movies) and neighbor cells of each SOP were identified based on shared junctions at each time point. Then, for the analysis of apical area, two elements were required : the interval of time relevant for the analysis of apical area (prior to SBP as we hypothesized that apical size would predict fate) and a time reference to align properly all the clusters. Since we had no information on SBPs, we aligned all the clusters using the SOP division time as a reference, as we previously showed that SBPs were more sharply distributed when aligned by SOP division time(Fig 3D). Besides, as SBPs peaked ~4.5h prior to SOP divisions, we estimated the relevant time interval for apical area analysis (i.e around SBP) to prior and around this RESULTS. Paper1 : Quantitative live imaging analysis of proneural factor dynamics during lateral inhibition in Drosophila 60

  and negatively linked with the pattern of Notch signaling, i.e. proneural activity is high in cells with low Notch activity and low Notch signaling causes high proneural gene expression. To examine the dynamics of Notch signaling activity during lateral inhibition in the abdomen, we RESULTS. Paper1 : Quantitative live imaging analysis of proneural factor dynamics during lateral inhibition in Drosophila 61 used a generic transcriptional reporter directing the expression of a destabilized GFP, NRE-deGFP (He et al., 2019). The intensity of the nuclear deGFP signal was measured over time in (x,y,z,t,c) movies (n=2) using a nuclear RFP marker to segment nuclei. Image processing was performed as described above. Live imaging (Fig 6A-A"') revealed that the NRE-deGFP signal was already strong at ~16h APF in cells located along the posterior margin of the ADHN, as well as in a few larval epidermal and in the Posterior Dorsal Histoblast Nest (PDHN) (Fig 6A), implying that Notch signaling was active in these cells prior to imaging. The intensity of this deGFP signal, however, decreased within 300 minutes over time, consistent with the relatively short half-life of deGFP (2.6h measured ex vivo) (He et al., 2019) (Fig 6B). It is therefore possible that Notch is no longer activated at 16h APF in the central ADHN, prior to SOPemergence. Nevertheless, since this anterior activity of Notch complicated the quantitative analysis of Notch signaling dynamics, we restricted our analysis to SOPs located in the anterior region of the ADHN (n=21). Using the same approach as for GFP-Sc, we calculated a FDI (threshold = 0.025) and determined a SBP for each cluster associated with an emerging SOP.In these movies, SOPs were identified as cells with persistent low NRE-deGFP levels (Fig 6C.

  . The 3D segmentation of nuclear boundary was performed based on difference of Gaussian and intensity thresholding. Undesired structures (dead RESULTS. Paper1 : Quantitative live imaging analysis of proneural factor dynamics during lateral inhibition in Drosophila 64 corpses, non-epithelial cells) among the segmented objects were filtered by different criteria (object volume, object intensity, object solidity). After that, the data was fed to Mastodon for semi-automatic tracking of SOPs from their birth to their division (when available). The presumptive SOPs were identified as high GFP-Sc or low GFP-Sc cells on max z-intensity projection of GFP-Sc or NRE-deGFP movies respectively at late stages. The 6 closest neighbors of SOPs were automatically detected in 3D based on their physical distances to SOPs and errors were manually corrected (dead corpses, over-segmentations, non-epithelial cells, neighboring SOPs) using a customized web application. The GFP-Sc of cells was normalized by dividing to the background GFP-Sc. The background signal was estimated by selecting the nuclei within the nest of the Abdomen, excluding segmented objects lying close to the apical and basal sides (almost the fragments of non-nuclei objects), excluding tracked SOPs and their 6 nearest neighbors, taking only 50% of nuclei with lower GFP-Sc to avoid high GFP-Sc of the dead corpses and untracking SOPs, dividing the GFP-Sc of each nucleus by the mean GFP-Sc of the filtered nuclei.

Figure 1 .

 1 Figure 1. SOPs patterns merge in two steps in the pupal abdomen (A) A lateral view of an adult fruit fly showing the stereotyped distribution of sensory bristles in each abdominal segment with a row of large bristles at the posterior (light blue) and a disordered array of smaller bristles at the center (yellow).(B-B'') Time-course of SOP emergence in the abdominal epidermis of staged pupae using Senseless (Sens, magenta) and E-Cad (yellow). The Anterior Dorsal Histoblast Nest (ADNH) is

Figure 2 .

 2 Figure 2. Quantitative live-imaging of Scute (A-A'''') Time-course of GFP-Sc expression in the abdomen of staged pupae from (A) prior the onset to (E) the specification of all the SOPs (high GFP-Sc cells). Central (yellow) and posterior (green) regions of ADHN are annotated.

Figure 3 .

 3 Figure 3. Fate symmetry breaking occurs early, at low and heterogeneous Scute levels (A-A'''') Time-course example of GFP-Sc expression in a cluster composed of a tracked SOP (blue) with its six closest neighbors (pink, not necessarily the same over time) and other objects (white, distant nuclei, apoptotic corpses, over-segmented objects). This is a 2D projected view of 3D segmentation. (B) GFP-Sc intensities over time (in hours) measured in the cluster shown in A-A'''' (single SOP in blue, mean+/-std for the neighbors in pink) and normalized by background noise (see MM for more details) in GFP-Sc nlsRFP flies. Dashed lines correspond to the time of the snapshots shown in A-A''''.

Figure 4 .

 4 Figure 4. Local interactions influence fate acquisition and general patterning (A-A'''') Time course view of GFP-Sc expression showing an early (blue dot) and a late (green dot) emerging SOPs. Both share the same neighbor (pink). (B) Correlation of FDI Rate of Change (ROC) with SBP. (C) Correlation of cell-to-cell heterogeneity in GFP-Sc levels with SBP.

Figure 5 .

 5 Figure 5. Cell apical area and birth order do not bias cell fate decisions (A-A'''') Time course view of E-cad::GFP (A-A'''') in apical z-projections and Neur-nlsGFP (B-B'''') in nuclear z-projections in the fly abdomen. nlsGFP expression is stronger than E-Ecad:GFP and leaks in the apical projections (A''-A''''). (C) Quantification of SOPs and Epidermal neighbor cells apical area aligned by SOP division (m+/-std, n=31clusters, 3 movies). The timing of symmetry breaking is estimated to ~4.5h before division (SBP, green line). (D) Distribution of neighbor cells birth delay compared to the corresponding SOP birth time (n=22 clusters, 3 movies). Sister cells of SOPs were removed from the analysis (Delay=0min).Neighbor cells show a birth delay of ~37minutes compared to SOPs.

Figure 6 .

 6 Figure 6. SOP selection at low Notch activity (A-A''') Time course view of NRE-deGFP expression in living fly abdomen. (B) NRE-deGFP expression profile from the area labelled in blue dashed line in figure 6A, over time (m+/-std). (C) Immunostaining of Sens (Sens, red) and and NRE-deGFP (green) shows their complementary expression pattern. Cells positive for Sens are low in NRE-deGFP levels.
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 188290392 Figure 1. Proneural dynamics are sensitive to Notch activity (A-A''') Time-course of GFP-Sc expression in living esg(ts)>NRNAi (NotchRNAi) pupae. Central (orange) and posterior (green) domains of the ADHN are annotated with colored bars. (B) Normalized GFP-Sc intensities over time for clusters aligned in time by SBP in esg(ts)>NRNAi pupae (blue) and control pupae (black; same data as those shown in Figure 3E of the main text). The mean and sdt of GFP-Sc intensity values are plotted (SOPs, solid line; Epi, dashed line). n=85 esg(ts)>NRNAi clusters (2 movies).

  immediate neighbors and if it does, what are the mechanisms underlying it. Considering the possibility for Notch signaling to occur elsewhere in the subcellular localization, actin based basal protrusions also called filopodia were shown to promote long-range signaling in many contexts(González-Méndez et al., 2019).

  Fig1A) and row (3 vs 5 at 9h apf and 1, 3, 4, 5 at 12h apf, Supp.Fig1B-C) independent. Together, our measurements are RESULTS. Annexe 2 : What is the range of Notch signaling in vivo during sensory organ cells patterning and the mechanisms underlying it ? 102

RESULTS. Annexe 2 :

 2 What is the range of Notch signaling in vivo during sensory organ cells patterning and the mechanisms underlying it ? 103 signaling range of Notch could extend beyond immediate neighbors in the notum during SOPs specification.

RESULTS. Annexe 2 :

 2 What is the range of Notch signaling in vivo during sensory organ cells patterning and the mechanisms underlying it ? 110 Quantification of bristle density in adult flies was done using Dl revF10, w1118, DeltaGFP (BAC), Delta-Cherry. Expression of uas-Lifeact-Ruby (BL-35545), uas-CrinkledTailGFP (Gift from D.Eberl), uas-SysiphysTailGFP, uas-mKAte2ATV+, uas-mScarletATV-was induced using Neuralized-Gal4 (Aerts et al., 2010) and Equator-Gal4 (BL-43659) drivers.

  driver are : uas-dia RNAi (BL-80437), uas-cpa RNAi (BL-41685), uas-cpb RNAi (BL-50954), uas-nrg RNAi (BL-37496), uas-flo2 RNAi (BL40833), uas-flo2-RFP (Gift from I. Guerrero), uas-shi RNAi (BL-36921), uaswasp RNAi (BL-51802), uas-sca RNAi (BL-), uas-scar RNAi (BL-51803), uas-Rac1 RNAi (BL-34910).Transgenic fly linessqh-stop-Lifeact-Cherrystop (Lifeact-Cherry stop ) transgenic line was generated the following way. In the pTIGER (Targeted Integration Germline Expression UAS Regulated) plasmid constructed by Scott B. Ferguson (Princeton University, 2008) and derived from pUASP with enhancements that confer compatibility with ФC31 integration, Adam Martin cloned the 2950bp sqh/gap43-mCherry fragment to obtain the pTiger/sqh/gap43-mCherry transgene, allowing the expression of gap43-mCherry protein from sqh promoter, 5'UTR and 3'UTR of sqh being present in this fragment. Our group used this construction to create the pTiger/FRTstopK7/DlV5tag plasmid (unpublished), and from it pTiger/FRTstopK7/LifeAct-mCherry was constructed by one-step recombineering with lifeACTmcherryK7 created by overlapping PCR of the three PCR products 1 (lifeACTUPregion-F+lifeACTUPregion-R) 2 (mcherryORF-F+mcherryORF-R) and 3 (lifeACTDWNregion-F+lifeACTDWNregion-R). The plasmid was integrated at the PBac{y[+]-attP-9A}VK00027 (89E) and P{CaryIP}su(Hw)attP8 (8E) landing sites. sqh-stop-Lifeact-GFPstop (Lifeact-GFP stop ) was generated from pTiger/FRTstopK7/lifeACT-/sfGFP constructed by one-step recombineering on pTiger/FRTstopK7/LifeAct-mCherry and integrated at the PBac{y[+]-attP-9A}VK00020 (99F) landing site.
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Figure 2 .

 2 Figure 2. Structure of epithelial cells and measuring filopodia length

Figure 3 .

 3 Figure 3. Strengh of signal (A-B) Dorsal thorax of adult fly with (A) a single copy of Delta gene or (B) four copies of Delta gene (two endogenous, DeltaGFP (BAC), DeltaCherry(BAC)). Rows of SOPs are conserved but density is decreased with the number of copies of Delta gene. Bristles in rows 1-5 are colorcoded. (C) Bristle density values calculated as the ratio between the total number of row 1-5 bristles over the size of the dorsal-central region, measured as the distance between the left and right dorsal-central bristles. Sample size (gender unbiased) : 1xDl, n=3 flies ; 2xDl, n=13 ; 3xDl, n=18 ; 4xDl, n=6. Statistics (two-tailed Student's t-test): 1xDl,Control p=0.09 ; 3xDl,Control p=1.81e-6 ; 4xDl, 3xDl,4xDl, p=0.95. 
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 413251345 Figure 4. Localization of Delta Notch molecules (A) NotchGFP is ubiquitously expressed in the notum, except in clones. SOPs are labelled by Sens (white). Rows 1 and 5 are annotated. (B-D') high magnification view of the boxed area showing (B'-B') apical, (C-C') lateral, (D-D') basal projection of NotchGFP and LifeactCherry. Notch accumulate most apically but is also weakly present in some lateral filopodia (C', arrow) and basally (D').
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Abstract

Lateral inhibition by Notch is a conserved mechanism that regulates the formation of regular patterns of cell fates 1 . In many tissues, intercellular Delta-Notch signaling coordinates in time and space binary fate decisions thought to be stochastic. In the context of sensory organ development in Drosophila, it has been proposed that fate symmetry breaking between equipotent cells relies on random fluctuations in the level of Delta/Notch 2 (or one of their upstream regulators, e.g. YAP1 in the mouse gut 3 ), with small differences being amplified and stabilized to generate distinct fates. Notch-mediated stochastic fate choices may also be biased by intrinsic, i.e. cell history 4 , or extrinsic factors. Although lateral inhibition has been extensively studied in many developmental contexts, a detailed in vivo analysis of fate and signaling dynamics is still lacking.

Here, we used a quantitative live imaging approach to study the dynamics of sensory organ fate specification in the Drosophila abdomen. The accumulation of the transcription factor Scute (Sc), a key regulator of sensory organ formation in the abdomen, was used as a proxy to monitor proneural competence and SOP fate acquisition in developing pupae expressing GFPtagged Sc. We generated high spatial and temporal resolution movies and segmented/tracked all nuclei using a custom-made pipeline. This allowed us to quantitatively study Sc dynamics in all cells. Having defined a fate difference index (FDI), we found that symmetry breaking can be detected early, when cells expressed very low and heterogeneous levels of Sc. Interestingly, we did not observe a rapid decrease in GFP-Sc levels in non-selected cells right after symmetry breaking. Also, the rate of change of FDI values after symmetry breaking appeared to positively correlate with cell-to-cell heterogeneity in Sc levels. Whether increased heterogeneity is causally linked to symmetry breaking remains to be tested. We next addressed if this stochastic fate decision is biased by birth order (as proposed in the context of the AC/VU decision in worms 4 ) or by the size and geometry of cell-cell contacts (as modeling suggested 5 ). We found that neither appeared to influence fate decisions in the Drosophila abdomen. In conclusion, our live imaging data provide a detailed analysis of proneural dynamics during lateral inhibition in Drosophila. 

RESUME EN FRANCAIS

Analyse quantitative en temps réel de la dynamique des facteurs proneuraux lors de l'inhibition latérale chez la Drosophile L'inhibition latérale par Notch est un mécanisme bien conservé au sein des espèces qui permet la formation de pattern de destins cellulaires 1 . Dans de nombreux tissus, la signalisation intercellulaire entre Delta et Notch coordonne dans le temps et l'espace des décisions de destin cellulaire binaires dont l'origine est proposée stochastique. Dans le contexte du développement des organes sensoriels chez la Drosophile, il a été proposé que la rupture de symétrie entre cellules équipotentes dépendait de fluctuations aléatoires dans le niveau d'expression de Delta/Notch 2 (ou d'un de ses régulateurs en amont, par exemple YAP1 dans l'intestin de la souris 3 ), avec des petites différences qui sont amplifiées et stabilisées pour générer des destins distincts. La décision cellulaire stochastique médiée par Notch peut aussi être biaisée par des facteurs intrinsèques (par exemple, l'histoire de la cellule 4 ) ou des facteurs extrinsèques. Bien que l'inhibition latérale ait été largement étudiée dans de nombreux contextes développementaux, il manque toujours une analyse détaillée in vivo de la dynamique de l'acquisition du destin cellulaire et des signaux régulant cette décision. Ici, nous avons utilisé une approche quantitative d'imagerie en temps réel pour étudier la dynamique de spécification des organes sensoriels dans l'abdomen de la drosophile. Pour suivre la compétence des cellules à s'engager dans le destin neural et devenir une cellule précurseur des organes sensoriels (SOP), nous avons utilisé l'accumulation du facteur de transcription Scute, un régulateur majeur de la formation des organes sensoriels dans l'abdomen. Pour visionner Scute directement dans les pupes en développement, nous avons utilisé des pupes exprimant la protéine Scute taguée par une GFP. Nous avons généré des films haute résolution dans le temps et l'espace puis nous avons segmenté et traqué tous les noyaux grâce un pipeline personnalisé. Nous avons ainsi pu étudier quantitativement la dynamique de l'expression de Scute dans toutes les cellules. Après avoir défini un index de différence de destin cellulaire (FDI), nous avons trouvé que la rupture de symétrie était détectée tôt, quand les cellules exprimaient encore un niveau faible et hétérogène de Scute. Quelques rares cas de résolution tardive ont été observés c'est-à-dire quand deux cellules voisines accumulent toutes les deux un fort niveau de Scute avant d'être séparées. Il est aussi intéressant de noter que le niveau de Scute n'a pas rapidement diminué dans les cellules non sélectionnées, immédiatement après la rupture de symétrie. D'autre part, nous avons trouvé une corrélation positive entre la pente du FDI après la rupture de symétrie et l'hétérogénéité intercellulaire mesurée dans le niveau de Scute mais il reste à démontrer si l'augmentation de l'hétérogénéité est causalement liée à la rupture de symétrie. Nous avons ensuite voulu savoir si cette décision cellulaire stochastique était biaisée par l'ordre de naissance (comme proposé dans le contexte de décision AC/VU chez le C. elegans 4 ) ou par la taille et la géométrie des contacts cellulaires (comme suggéré par une modélisation 5 ). Nous avons trouvé qu'aucun des deux biais ne semblait influencer la décision cellulaire binaire médiée par Notch dans l'abdomen de la Drosophile. En conclusion, nos données d'imagerie fournissent une analyse quantitative détaillée de la dynamique des proneuraux pendant l'inhibition latérale chez la Drosophile.