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Chapter 1 Introduction

DNA damage and mutation in stem and progenitor cells in the context of aging and cancer

Stem cells and tissue dynamics

Many adult metazoan tissues maintain long-term function through the ongoing elimination of terminally differentiated cells and the replacement of these cells by the newly divided progeny of cycling cells. An understanding of this process began almost 70 years ago through early lineage tracing studies of Charles Philippe Leblond using tritiated-thymidine injection in mice to reveal the turnover rates of labeled cells [START_REF] Leblond | Renewal of Cell Populations[END_REF]. These seminal studies initiated the stem cell theory of renewal and laid the foundation for modern labeling studies of cell turnover that confirmed age mosaicism of adult tissues (Arrojo e Drigo et al. 2019; [START_REF] Spalding | High-Resolution Mapping of Spontaneous Mitotic Recombination Hotspots on the 1.1 Mb Arm of Yeast Chromosome IV[END_REF]). Importantly, this work raised important conceptual questions regarding how stem cells may endure the process of aging.

Aging is associated with an alteration in stem cell functionality and kinetics of tissue renewal in many tissues such as blood, skin, muscle, and the brain (Kuhn et al. 1996; [START_REF] Morrison | The aging of hematopoietic stem cells[END_REF][START_REF] Conboy | Notch-Mediated Restoration of Regenerative Potential to Aged Muscle[END_REF][START_REF] Niedernhofer | Mechanisms of hair graying: Incomplete melanocyte stem cell maintenance in the niche[END_REF]). An imbalance in tissue dynamics due to deregulated self-renewal or cell turnover rates can compromise tissue function. Understanding how tissue dynamics are altered during aging or in pathological contexts is an important, yet highly complex question.

At a molecular level, these changes may be induced by genetic, epigenetic or metabolic alteration. Potential causes may include changes in stem-cell-intrinsic factors, alteration of niche properties, or modification of systemic signals. Here, the focus will be on stem cell-intrinsic alteration through DNA damage and genetic mutation. For recent reviews on the impact of epigenetic and metabolic changes on aging stem cells, please see (Brunet and Rando 2017; Booth and Brunet 2016; [START_REF] Chandel | Metabolic regulation of stem cell function in tissue homeostasis and organismal ageing[END_REF].

DNA damage and how it leads to mutation

All cells, including stem cells, are faced with the challenges of protecting their DNA from erosion. DNA damage is a deviation from the normal DNA structure with the introduction of damaged sites in the base-pairing or backbone structure. Multiple exogenous agents such as UV light, ionizing radiation and chemical mutagens, such as hydrocarbons present in tobacco smoke, can damage DNA. In addition, endogenous factors such as reactive oxygen species, telomere erosion, and replication errors can also be a source of damage. DNA replication, for example, is an opportune time for error, as the replication fork can slow down, or collapse, due to topological challenges including limiting nucleotides, repetitive sequences, non-B-form DNA, and collisions with transcription machinery.

It has been estimated that tens of thousands of lesions are experienced by a mammalian cell per day, with single-strand lesions making up the majority of this number [START_REF] Lindahl | Rate of Depurination of Native Deoxyribonucleic Acid[END_REF][START_REF] Lindahl | An N-glycosidase from Escherichia coli that releases free uracil from DNA containing deaminated cytosine residues[END_REF][START_REF] Lindahl | Repair of Endogenous DNA Damage[END_REF].

Damage involving a single-strand can be accurately repaired using the other strand as a template. Small base lesions that do not significantly change the DNA helix structure are repaired by base-excision repair [START_REF] Lindahl | An N-glycosidase from Escherichia coli that releases free uracil from DNA containing deaminated cytosine residues[END_REF]). As for misincorporated bases, they are corrected by the mismatch repair pathway [START_REF] Lahue | Mismatch Correction in a Defined System[END_REF]). On the other hand, lesions involving bulky adducts, and dimers are repaired by nucleotide-excision repair [START_REF] Sancar | Photobiology school nucleotide excision[END_REF]) whereas interstrand crosslinks require the Fanconi anemia pathway [START_REF] Zhang | Mechanism and regulation of incisions during DNA interstrand cross-link repair[END_REF].

Additionally, DNA double-strand breaks also arise in the cell, often through replication fork collapse. This type of damage is more dangerous because more error-prone repair mechanisms are used that can lead to the loss of genetic information, contributing to genome instability. DNA double-strand break repair is primarily orchestrated by two pathways: if the cell has gone through S phase, duplicating its chromosomes, providing a template for the repair of the damaged chromosome, homologous recombination (HR) is usually used. HR is regarded as a mechanism of "high-fidelity" due to the presence of another template from either the sister or homologue within which the bases that have been broken are still intact, losing no genetic information (this mechanism will be covered more thoroughly in chapter 1.2).

If, on the other hand, the cell is in G1, the more erroneous non-homologous end joining (NHEJ) pathway is used, which is an efficient and quick repair mechanism that does not make use of an external homologous template. NHEJ instead involves the bridging of broken ends by a DNA dependent protein kinase consisting of a Ku heterodimer and a ligation step via DNA ligase IV, which comes with the introduction of small deletions as a result.

There is also an additional third pathway called alternative-end joining (alt-EJ), which is considered a "backup pathway". Alt-EJ was initially discovered through inactivating the NHEJ pathway in cells and it was found that these cells can undergo repair without the use of Ku or ligase IV [START_REF] Shima | Phenotype-based identification of mouse chromosome instability mutants[END_REF]. Alt-EJ relies on short homologies of 5-25 bp near the broken ends to align the broken strands before joining with a ligase. Alt-EJ is also sometimes referred to as microhomologymediated end joining (MMEJ) or theta-mediated end joining TMEJ, as it has been shown that DNA Polθ has important roles in stablising the end-joining intermediate [START_REF] Mcvey | MMEJ repair of double-strand breaks (director's cut): deleted sequences and alternative endings[END_REF].

Despite the existence of these strategies to safeguard the integrity of DNA, glitches in the system arise frequently leading to sequence variants, structural variants, or aneuploidy. Sequence variants include indels and point mutations, Most genes are haplosufficient [START_REF] Huang | Characterising and predicting haploinsufficiency in the human genome[END_REF] and therefore inactivation of one copy may not impair cell function. However, problems may arise when one allele in the genome is already inactive in the germline and the second allele is inactivated somatically, leading to loss of heterozygosity (LOH). LOH can be driven by the aforementioned mutagenetic processes as well as recombination with the homologous chromosome, also known as "mitotic recombination", which upon cell division, leads to segregation of two mutant alleles into one daughter cell. (LOH is discussed in more depth in Chapter 1.2.) Thus, DNA damage in stem or progenitor cells can alter the genome in numerous ways and potentially radically disrupt tissue function over the course of aging.

Some of the first evidence suggesting a potential causal link between cellular DNA damage and organismal aging came from the realization that inactivation of DNA repair genes such as in Fanconi anaemia and Werner syndrome in humans lead to early aging or "progeroid" syndromes [START_REF] Carrero | Hallmarks of progeroid syndromes: lessons from mice and reprogrammed cells[END_REF][START_REF] Moskalev | The role of DNA damage and repair in aging through the prism of Koch-like criteria[END_REF]). Due to reduced ability to repair DNA damage, DNA lesions persist, and somatic mutations accumulate. Patients with these syndromes exhibit accelerated aging and present symptoms of loss of proper tissue renewal such as skin atrophy, loss and graying of hair, and higher susceptibility to cancer development. While these studies suggest sufficiency of DNA damage to drive early aging phenotypes, they do not provide evidence that endogenous levels of DNA damage or mutation can impact aging. How DNA damage and genome mutation may impair stem cell function will be further discussed below. First the mechanisms that can mitigate the effects of DNA damage in stem cells will be examined.

Mechanisms protecting the stem cell and tissue from the effects of DNA damage

While coping with DNA damage is important for all cells, it is particularly vital for adult stem cells that renew tissues throughout adult life. What are the ways in which stem cells and tissues avoid the negative impact of DNA damage and mutation? Here, a number of important protection mechanisms acting at the stem cell and tissue level will be discussed.

Protecting the stem cell: DNA damage responses and repair

Evidence suggests that at least some stem cells employ distinct mechanisms from their downstream differentiated or more committed progenitor cells to prevent the accrual of genetic lesions, which can be detrimental to homeostasis of the tissue.

DNA damage is managed via the DNA damage response (DDR), which is an evolutionarily conserved signaling pathway where sensors, mediators and effectors Caught between balancing the need to maintain tissue function and the need to block the propagation of mutations, stem cells have evolved diverse modes to cope with DNA damage and repair, often sacrificing immediate survival of a given stem cell for the expense of long-term maintenance of genome-integrity in the tissue.

Further studies are important to better understand the sensitivity and resistance of adult stem cells to damage, the repair mechanisms employed, and age-related changes in this process.

Protecting the stem cell: A quiescent state

One way to limit DNA damage is simply to avoid undergoing cell division, which would restrict replicative and chromosome segregation errors (Figure (A) Repair: Depending on the cell cycle status of the cell, the cell undergoes repair by either non-homologous end-joining (NHEJ); (top panel) or homologous recombination (HR); (bottom panel). NHEJ is the quick and efficient mechanism employed by quiescent stem cells when they are faced with damage. It involves the ligation of the broken ends and often results in the introduction of small deletions, but can also lead to translocation and genome rearrangements. HR is employed if the cell is cycling and goes through S phase, duplicating its chromosomes, providing a template for the repair of the damaged chromosome. This is usually more accurate repair than NHEJ, though erroneous choice of the homologous chromosome, rather than the sister, can lead to LOH. (B) Elimination: by apoptosis. Some cells undergo apoptosis rather than repair. If this mechanism is preferentially employed in the stem cell, there is a higher chance of stem cell depletion. (C) Cell cycle exit: by differentiation (top panel) upon DNA damage, or remaining in a state of quiescence. signals. Alternatively, these studies raise the possibility that increased DNA damage or an increased mutational burden upon loss of quiescence may lead to stem cell functional decline during aging (Sharpless and DePinho 2007). Consistent with this notion, when mouse HSCs were forced repeatedly out of quiescence they acquired DNA damage and became depleted [START_REF] Walter | Exit from dormancy provokes DNA-damage-induced attrition in haematopoietic stem cells[END_REF]. Nevertheless, the extent to which stem cell exhaustion is related to increased DNA damage or acquisition of mutations is not entirely clear and may differ depending on stem cell type. Additional potential links between DNA damage and stem cell senescence will be discussed later in this chapter.

Protecting the tissue: Competition between cells and lineages

In addition to stem-cell intrinsic mechanisms of protection mentioned above, tissue-level protection also helps to ensure the survival of the fittest lineage. This may be especially important for stem cells such as the Crypt Basal (Lgr5+) intestinal stem cells (ISCs) and those of the skin epidermis, that actively divide. Aside from neutral competition, biased cell competition also occurs between cells. Initially described in Drosophila, biased cell competition is a phenomenon whereby differences in cellular fitness allow selection of "winner" cells, while weeding out less-fit "loser" cells (Figure 1.2A) [START_REF] Morata | Minutes: Mutants of Drosophila Autonomously Affecting Cell Division Rate[END_REF]. A large mechanism is preferentially employed in the stem cell, there is a higher chance of stem cell depletion.

(C) Cell cycle exit: by differentiation (top panel) upon DNA damage, or remaining in a state of quiescence. body of work in Drosophila has revealed that this process plays an important role in shaping adult tissues and has elucidated many molecular mechanisms underpinning this process. For a review of the topic see [START_REF] Levayer | Solid stress, competition for space and cancer: the opposing roles of mechanical cell competition in tumour initiation and growth[END_REF]. Competition between stem cells also occurs and can result in greater niche occupancy of a given genotype with selective advantage or greater production of progeny ( An important question, however, is what types of fitness differences are being sensed during cell competition? Could stem cells with DNA damage or with less fit mutant genomes be selected against? Interestingly, mouse HSCs that have been treated with low dose ionizing radiation (IR) are less competitive than non-irradiated HSCs in a manner that is dependent on Trp53 levels and last for weeks (Figure .   1.2B) [START_REF] Bondar | p53-mediated hematopoietic stem and progenitor cell competition[END_REF]. This implies that a memory of the irradiation stress was kept, which is proposed to be linked to a Trp53-dependent long-term mark acting as a cellular memory for DNA damage. A recent study of the mouse skin demonstrated that stem cell lineages compete based on levels of the hemidesmosome component, COL17A1 (Figure 1.2C) [START_REF] Liu | Stem cell competition orchestrates skin homeostasis and ageing[END_REF].

Interestingly, like HSCs, exposure of epidermal stem cells to IR triggers a longlasting memory of genomic stress, resulting in the proteolytic degradation of COL17A1. How this memory is achieved and whether it also relies on p53, unrepaired DNA damage, or could be linked to genomic mutations or epigenetic mechanisms, is not clear. Another recent study of the mouse skin epidermis showed, as previously demonstrated in Drosophila (de la Cova, 2004; Moreno and Basler 2004), that during epidermal stratification cell lineages with higher levels of (A) Differential Myc levels drive cell competition in both Drosophila (progenitors in the disc) and mammalian cells (mouse developing epidermal cells and adult epidermis). This figure illustrates that Myc mutants are "losers" and are outcompeted by adjacent WT cells. Extra levels of Myc also renders cells "winners" compared to wild-type cells (not shown). (B) DNA damage creates differences in fitness and this can drive cell competition. Irradiation of mouse hematopoietic stem and progenitor cells creates DNA damage which results in increased p53 levels. When these cells are transplanted into mice with non-irradiated cells (4 days after the irradiation), the irradiated cells are outcompeted by the non-irradiated cells that have lower p53 levels and a higher expression of more competitive signalling molecules. Thus, DNA damage via irradiation creates a long-lasting "loser" cell status by 

When protection mechanisms fail: acquisition of mutation

Despite the numerous mechanisms in place to protect stem cells from harmful effects of DNA damage, studies over the past 10 years revealed the extent to which genomic mutations arise in adult stem cells. Here we will present data demonstrating that genetic changes occurring in stem or progenitor cells contribute to tissue mosaicism. We will also highlight some of the recent literature from humans that has demonstrated that somatic genetic mosaicism is not a rare, pathological event, but a phenomenon present in many of our healthy adult tissues.

inducing p53-mediated apoptosis or cell cycle arrest. (C) Stem cell lineages with higher levels of COL17A1 and Mycn become "winners" in mouse skin epidermis. Genomic stress leads to the proteolytic degradation of COL17A1 and thus results in differential levels of COL17A1 expressed in the epidermis. Cells with higher levels of COL17A1 outcompete the cells expressing lower levels via symmetric cell division and the elimination of the losers. The higher expression of COL17A1 maintains a healthy skin phenotype, whereas COL17A1 deficiency causes skin atrophy, fragility, dyspigmentation and alopecia. Similarly, skin lineages with higher levels of Mycn outcompete the cells expressing lower levels of Mycn, but it remains unclear whether genomic stress is what drives differential Mycn expression.

Evidence of surprising diversity in somatic genomes

Finding and studying somatic mutations in subsets of cells within a tissue is extremely challenging. While recent advances in genomic sequencing are beginning to unveil the extent to which somatic variation arises, classic genetic studies using Thus, positive selection of mutant lineages is prevalent in human tissues. The implications on cancer initiation of somatic mutations in driving early lineage expansion and selection will be further discussed below.

DNA damage and somatic mutation in adult tissues: roles in cancer initiation and aging

What is the impact of these mutations on tissues? Clearly cancer initiation is one detrimental consequence, but not all mutations lead to cancer. Here the functional implications of somatic genetic mosaicism will be highlighted.

Somatic mutations and cancer initiation

For over a hundred years, it has been recognized that cancer cells are distinct from normal ones due to the presence of aberrant genomes [START_REF] Boveri | Henry Harris's new translation of Theodor Boveri's[END_REF].Therefore, recent revelations that normal tissues harbor extensive mutations, raise important questions about the relationship between apparently healthy tissue and cancer: do mutations that provide positive selection in a tissue actually promote the eventual acquisition of additional genetic mutations leading to cancer as described in a classical multistep carcinogenesis model? Alternatively, in some instances, might these be two distinct selection processes with cancer requiring a divergent path from one that optimizes growth within an otherwise healthy tissue?

As previously discussed, multiple modes of cell and lineage competition actively shape the nature of selection within a tissue and, in theory, could respond differently to expanding mutant lineages versus precancerous clones.

Evidence from clonal hematopoiesis supports a multistep process where a first mutation in healthy tissue precedes additional mutation (Figure Hypercompetitive lineages may render other lineages "losers", but deleterious mutations may also create "loser" lineages cell-autonomously through suboptimal growth, stem cell functional decline, or loss from the tissue of the stem cell or lineage. Is there evidence for this? Quantifying deleterious mutations is a difficult task as these mutations will be either lost or only be present in a few cells. As a work-around, techniques from evolutionary biology have been applied to look at negative selection of point mutations within somatic tissues. By considering the normalized ratio of non-synonymous to synonymous mutations, one can deduce the amount of detrimental mutations which had been lost. Strikingly, no evidence of negative selection was found in human tissues or in numerous types of cancer [START_REF] Martincorena | Universal Patterns of Selection in Cancer and Somatic Tissues[END_REF][START_REF] Franco | Somatic mutagenesis in satellite cells associates with human skeletal muscle aging[END_REF], arguing that the arising point mutations were not detrimental to the survival of the cell in which they arose. It is not yet clear how other types of mutational processes may create burdens on the cell or be selected against. For example, it is more likely that large-scale deletions or mitotic recombination-based LOH, both affecting hundreds to thousands of genes, would reduce cellular fitness. Similarly, de novo transposition events may also impair cellular function through transcriptional deregulation. The extent to which this occurs or might trigger cell death or cell selection mechanisms at the tissue level, is not yet known.

Contributions of persistent DNA damage to stem cell decline

A large body of literature using induced DNA damage has explored the effects of persistent DNA damage including on HSCs, NSCs, and muscle stem cells and has demonstrated the sufficiency of DNA damage to drive early aging phenotypes. For some excellent reviews of the subject ( Despite these findings suggesting that DNA damage may impair stem cell activity, the effects on adult stem cells of persistent DNA damage versus genome mutation or DNA damage signaling, must be further teased apart. In addition, determining how different types of endogenous DNA damage or mutagenic processes impact adult stem cells will be important. Finally, future studies are needed to define tissuespecific differences in endogenous DNA damage and their effects on stem cells and niche signals.

Towards an understanding of DNA damage and mutation in adult tissues

With the recent influx of DNA sequencing of healthy human tissues with age, our views regarding the genomes of somatic cells have been radically challenged.

While these studies provide a descriptive snapshot of evolving somatic genomes, the use of genetically amenable model systems will further improve our understanding of molecular causes and tissue-wide consequences of endogenous DNA damage and somatic mutations in adult stem cells.

Model systems to quantify and study spontaneous mutation in tissues

Early model system studies investigating spontaneous mutation accumulation with age in vivo did so exploiting a transgenic mouse and Drosophila lines with an integrated LacZ reporter gene allowing quantification of mutation at this locus [START_REF] Dolle | Distinct spectra of somatic mutations accumulated with age in mouse heart and small intestine[END_REF][START_REF] Garcia | Ageand temperature-dependent somatic mutation accumulation in Drosophila melanogaster[END_REF][START_REF] Busuttil | Intra-organ variation in age-related mutation accumulation in the mouse[END_REF][START_REF] Giese | Age-related mutation accumulation at a lacZ reporter locus in normal and tumor tissues of Trp53-deficient mice[END_REF][START_REF] Dolle | Mutational fingerprints of aging[END_REF]). An age-dependent increase in spontaneous mutation and an intriguing tissue bias of LacZ mutations was found: while mostly point mutations were found in the small intestine, large genome rearrangements were found in the heart (Figure 1.4A) [START_REF] Dolle | Distinct spectra of somatic mutations accumulated with age in mouse heart and small intestine[END_REF]. Though these studies only focus on a single, artificial transgene, they provided an important foundation to begin to study spontaneous mutation in vivo.

Other studies using in vivo lineage tracing of mutant stem cells in the mammalian intestine allowed for the better understanding of stem cell dynamics and the fixation of mutations with age. Kozar and colleagues used mice containing a dinucleotide repeat tract within a reporter gene to mark if strand slippage happens during DNA replication that consequently resulted in an in-frame reporter gene, marking the cell. Intestinal crypts that are wholly populated by these marked mutations increased with age (Figure 1.4B) [START_REF] Kozar | Continuous Clonal Labeling Reveals Small Numbers of Functional Stem Cells in Intestinal Crypts and Adenomas[END_REF]. Similarly, in the human colonic epithelium, mutant stem cell dynamics were revealed by marking known spontaneous mutations that continuously label the ISCs. Interestingly, the authors found much slower kinetics of crypt clonality likely due to slower stem cell turnover in humans compared to mouse [START_REF] Nicholson | Fixation and Spread of Somatic Mutations in Adult Human Colonic Epithelium[END_REF].

Our lab has recently developed a powerful model system to investigate spontaneously arising mutations in adult intestinal stem cells in Drosophila (Siudeja et al. 2015). A detailed description of the adult intestine and intestinal stem cells will be given below in Chapter 1.3. In our past studies, we observed that during aging, spontaneously arising intestinal neoplasia develop in around ~12% of adult males over a rapid period of 6 weeks of adult life. Through application of whole-genome sequencing, we could demonstrate that these arise largely due to structural variants deleting regions of the Notch gene. As Notch is X-linked and present in a single copy in males, loss of one copy is sufficient to fully inactivate Notch and block proper stem cell differentiation, thereby resulting in the accumulation of large clonal masses of stem cells (Figure 1.4C). In addition, we uncovered a second means of genome alteration through loss of heterozygosity (Siudeja and Bardin 2017a; Siudeja et al. Important advantages of this model include the rapid acquisition of mutations over 6 weeks of aging, the application of whole-genome sequencing, abundant genetic tools, and the ability to alter environmental conditions.

(A) A LacZ reporter to assay spontaneous mutations [START_REF] Dolle | Distinct spectra of somatic mutations accumulated with age in mouse heart and small intestine[END_REF]. In this assay, genomic DNA extracted from young/old hearts and small intestines of transgenic mice containing the LacZ reporter is assessed for spontaneous mutation. LacZ encoding plasmids are recovered in bacteria tested for intact LacZ activity. A significant age-related increase in point mutations was detected in small intestines, whereas a significant agerelated increase in genomic rearrangements was detected in hearts. (B) A transgenic nucleotide repeat reporter assay to mark spontaneous mutations in mouse intestinal crypts [START_REF] Kozar | Continuous Clonal Labeling Reveals Small Numbers of Functional Stem Cells in Intestinal Crypts and Adenomas[END_REF]). In this system, spontaneous slippage of the cassette 

What is LOH?

In strict molecular terms, "heterozygosity" refers to a state in which an allele has a different DNA sequence, however the "loss of heterozygosity" usually refers to the loss of the functional wild-type copy at a heterozygous locus. An individual can be heterozygous at any given locus due to a germline mutation, or a somatic event. LOH is thus especially problematic if the heterozygous locus is a tumour suppressor gene, as LOH leads to unmasking its deleterious effects.

Fifty years ago, Alfred Knudson's observations of paediatric retinoblastomas led him to note that inherited forms of retinoblastoma occurred more frequently in younger individuals compared to sporadic retinoblastoma. He thus reasoned that tumours result from two "hits" (two mutations), whereby some individuals can be born with a germline mutation in the Rb gene and acquire the second mutation of the wild-type allele (the second hit) somatically; explaining the early onset. In the nonhereditary cases, the tumour could be explained by two successive somatic mutations of the same cell, explaining the later onset [START_REF] Knudson | Mutation and cancer: A personal odyssey[END_REF]. This phenomenon was then established as "Knudson's two-hit hypothesis", providing an explanation that tumour development requires an additional step beyond inheritance of tumour susceptibility. It also provides another definition where "second hit" is synonymous with LOH. Since then, many studies have looked into the implications of LOH in cancer genomes.

How is the second wild-type allele somatically inactivated?

The "second hit" or LOH of the wild-type can arise by a number of means: 

Cancer initiation and mitotic recombination-driven LOH

In the particular case of adenomatous polyposis coli (APC) mutation carriers, patients develop "familial adenomatous polyposis" as the germline mutation in APC usually manifests in the appearance of polyps, which are small abnormal tissue growths on the surface of the colon. APC regulates β-catenin, a multifunctional protein that plays a vital role in cell-cell communication, growth and signaling.

Although these polyps are benign, it is the second hit LOH of the remaining APC copy that facilitates the generation of polyps and initiates the cascade of events attributed to the multistep carcinogenesis of the colon, where the oncogene KRAS Through studies in yeast, we know that LOH by MR comes in three flavours:

1. Gene conversion via synthesis dependent strand annealing (SDSA): which results in short tracks of LOH.

2. Break-induced replication (BIR) involving the recruitment of replication machinery to copy the homologous chromosome.

3. A cross-over (CO) event mediated by the formation of a double-holliday junction allowing for the exchange of arms between homologous chromosomes. The latter two modes, BIR and CO both result in long track LOH.

I will go into the three modes of MR in more detail below.

Molecular insights into the repair mechanisms of MR

A double strand break is when both strands of duplex DNA are severed. Here homology until it finds its homologous match and initiates strand invasion to mediate the exchange of base-pairs. The strand invasion establishes the formation of a displacement loop, also known as a "D-loop" (Figure 1.5A). At this point, the choice is then made between the aforementioned three modes (SDSA/ BIR/ CO).

SDSA (see Figure 1.5B):

The strand invasion leads to the copying of the template, but the new strand is displaced from the donor and captured by the second end of the DSB. Thus, through this pathway, a small patch of newly synthesised DNA is created to directly repair the DSB. This small patch of DNA is also called a patch of "gene conversion". Gene conversion is defined as "the non-reciprocal transfer of genetic information between homologous sequences" [START_REF] Haber | Genome Dynamics and Stability[END_REF]). LOH will only be detected in this case if the wildtype allele encompasses the region of the small patch of synthesis that corresponds to gene conversion. With this knowledge about MR mechanisms in yeast, an important question that ensues is: to what extent are these processes conserved in higher eukaryotes?

BIR (see

It is known that there is high conservation in the proteins required for DNA repair from yeast to humans [START_REF] Cromie | Recombination at doublestrand breaks and DNA ends: Conserved mechanisms from phage to humans[END_REF]), as the importance of DNA repair throughout evolution is clear, but which MR mechanism is more predominant in driving LOH by MR in humans for example? Attaining knowledge of this can have implications on targeting these mechanisms for potential therapies.

Another cause of LOH: Aneuploidy

Another somatic multi-locus event leading to LOH can arise from somatic aneuploidy. Aneuploidy is a state in which cells have an abnormality in ploidy, meaning that they have an unbalanced number of chromosomes. In the case of Depending on the DNA strand, the resulting repaired chromosome can either contain one long LOH tract, or intervening regions of gene conversion nearby the initial breakpoint.

chromosome loss, the "second hit"/LOH is driven by the loss of the wild-type copy of a heterozygous allele along with the whole chromosome loss (monosomy), alternatively, aneuploidy can also result in chromosome gain, where the notion of "zygosity" no longer applies with the increase in ploidy.

Whole chromosome loss is frequent in cancer genomes (Bignell et 

Aneuploidy can occur via various means

Aneuploidy can arise from defects in the mitotic checkpoint. The mitotic checkpoint employs surveillance pathways to ensure that one copy of each chromosome is distributed into each daughter nucleus. At this checkpoint, if a replicated sister is not correctly attached to the spindle microtubule by the kinetochore, the irreversible transition into anaphase is delayed. If this checkpoint is "weakened" the cell fails to notice that a chromosome pair is not lined with the spindle apparatus properly and this could lead to an aberrant set of genetic material.

In addition, "merotelic attachments" can arise when a single kinetochore is attached to microtubules emanating from both spindle poles do not trigger checkpoint activation and are a major cause of lagging anaphase chromosomes [START_REF] Cimini | Merotelic kinetochore orientation occurs frequently during early mitosis in mammalian tissue cells and error correction is achieved by two different mechanisms[END_REF]. Similarly, a hyperstablised kinetochore-microtubule interaction can keep chromosomes attached, resulting in a lag in segregation in anaphase, which if not corrected upon checkpoint activation, causes chromosome missegregation.

In addition to a lack of checkpoint activation, there is mounting evidence

showing that mitosis can go wrong due to the deterioration of sister chromatid cohesion. Within each pair of chromosomes, the sister chromatids are held together by the cohesion complex at their centromeres and along the chromosome arms. A failure to maintain cohesion, can lead to attachment of both sister chromosomes to the same centrosome, resulting in missegregation. A final mechanism leading to aneuploidy, is centrosome amplification. The aberrant production of additional centrosomes, that capture chromosomes and cluster into the same cell, can cause defective chromosome segregation and aneuploidy.

All of the above are potential causes of abnormal numbers of chromosomes in the cell. The wrong chromosome complement can shift the dosage of genes in the cell and consequently impact the proteome. Although it has been shown that aneuploidy causes proteotoxic stress and reduces cellular fitness, cancer cells clearly tolerate aneuploidies, this is known as the "aneuploidy paradox", reviewed in (Sheltzer and Amon 2011). Thus, while arising from defective cell divisions, aneuploidy can also lead to loss of heterozygosity and affect large regions of the genome, with additional consequences on the proteome.

Concluding remarks

In section 1.2 of my thesis, I introduced how LOH driven by MR can have a substantial impact on adult tissues. While there have been efforts to understand how MR arises in somatic tissues, MR for the most part has been observed using lowresolution techniques. Finer mapping provides an understanding of features in the genome that could drive spontaneous MR and its mechanistic signatures. Although yeast has illuminated sequence features and different mechanisms driving MR, the question remains of whether they are conserved and operate in adult stem cells that fuel tissue homeostasis (as discussed in 1.1). In addition to that, questions related to how factors in the environment can contribute to MR-driven LOH will be a valuable insight to the field. Thus, there is a need to fill the gaps in knowledge linking the findings from unicellular yeast and higher eukaryotes to understand pathways that promote and prevent MR in a complex tissue in vivo. An in vivo system in which we can test hypotheses and see the impact of changing variables will be important to elucidate MR from genomic initiation to tissue drivers.

Additionally, I introduced how LOH can be driven by aneuploidy and highlighted that whilst aneuploidy should, in theory, debilitate cellular proliferation, it paradoxically promotes tumour progression. This raises questions regarding compensatory mechanisms that may come into place amending the imbalance in genetic material and restoring proteomic homeostasis. Thus, a system is needed to test spontaneous aneuploidies and potential buffering mechanisms that could equip the cell with tolerance for an abnormal cell complement. Here, I will briefly discuss the structure of the adult Drosophila intestine, its cell types, the cell-cell communication that specifies its cell lineage. I will then go on to describe some changes that are accompanied with aging and the extrinsic factors that can impact it such as the external environment. I will finally end this section highlighting the advantages of using this model system by briefly describing the genetic tools available making this system a powerful genetic model to address the questions in 1.1 and 1.2.

A dynamic tissue in a powerful in vivo model

Nutrient absorption and digestion are key components for growth and maintenance in all Animalia ranging from flatworms to humans (Hartenstein and Martinez 2019). The intestine is the portal for nutrient entry and is thus constantly exposed to food and in contact with pathogens, which can contribute to its wear and tear with time. Consequently, ensuring homeostasis is important to maintain its integrity for long-term function. The tissue needs to be tightly regulated to compensate for the cells lost due to wear and tear and aging to satisfy the tissue's needs. The intestine is in fact the most highly regenerative organ in the mammalian body, renewing its epithelium every 3-4 days (Karin and Clevers 2016). Similar to the mammalian intestine, the Drosophila intestine also shares many common aspects of intestinal physiology and homeostasis and renews once every 1-2 weeks 

Cells of the Drosophila midgut

The midgut is mostly made up of large absorptive polyploid cells called enterocytes (ECs), akin to their counterparts in the mammalian intestine, which are one of the two terminally differentiated cells in the tissue (Figure 1.6C) and absorb nutrients.

The apical luminal surface of ECs is covered by microvilli that are rich in F-actin, αspectrin, βH-spectrin, myosin-II [START_REF] Baumann | Posterior midgut epithelial cells differ in their organization of the membrane skeleton from other Drosophila epithelia[END_REF]). However, since ECs are the only polyploid cells in the tissue, their large nucleus distinguishes them from the other smaller diploid cells which are lodged in between. The midgut is maintained by intestinal stem cells (ISCs) that fuel the tissue homeostasis throughout the life of the fly. For some time, there was some uncertainty about the presence of ISCs as early reports created debate over whether there are somatic cell divisions occurring in the adult midgut [START_REF] Bozcuk | DNA synthesis in the absence of somatic cell division associated with ageing in Drosophila subobscura[END_REF].

Bozcuk and colleagues showed that H-thymidine incorporation experiments revealed DNA synthesis in the Drosophila midgut but did not reveal mitotic figures with aging, suggesting that endoreplication and not DNA synthesis is taking place and that the midgut is composed of fixed, post-mitotic cells [START_REF] Bozcuk | DNA synthesis in the absence of somatic cell division associated with ageing in Drosophila subobscura[END_REF]). This contrasted with other studies showing that many insects, morphologically similar to Drosophila, have midguts that comprise regenerative cells to maintain epithelial integrity through homeostasis [START_REF] Snodgrass | Principles of Insect Morphology[END_REF][START_REF] Baldwin | Growth and differentiation of the larval midgut epithelium during molting in the moth, Manduca sexta[END_REF]. Later, another study in Drosophila stated a distinct smaller cell type interspersed in the intestinal epithelium that showed different subcellular characteristics and staining that is a progenitor; either an enteroblast (EB) or an eneteroendocrine precursor (EEP) cell that will further divide into two eneteroendocrine cells (EEs). The EB differentiates into an enterocyte (EC), which constitutes most of the intestine. (D) The cells of the Drosophila midgut form a monolayer that is mostly made of large secretory polyploid ECs. The smaller diploid cells lodged in between are the secretory EEs, progenitors and ISCs. (E) The R3 region of the Drosophila intestine is called the copper cell region (CCR).

It is distinct from the rest of the region because of its higher acidity and it plays a major role in the distribution of resident bacteria.

than enterocytes. These cells were described as "regenerative cells" in analogy to other insects, though lacking functional data that they performed regenerative functions [START_REF] Baumann | Posterior midgut epithelial cells differ in their organization of the membrane skeleton from other Drosophila epithelia[END_REF]). The uncertainty was resolved however when two 

Age-related changes in the Drosophila midgut

A number of studies have examined how aging impacts the Drosophila midgut. As mentioned in 1.1, the depletion of stem cell reserves and/or diminished stem cell function seems to contribute to aging in some tissues. In addition, I described how DNA damage may be linked to the process of stem cell decline. Here I will primarily focus on alterations that impact stem cell properties which may contribute to their genomic damage.

Changes in ISC proliferation during aging

Impaired ISC activity can be observed at the tissue level (Figure 1 

Changes in the gut epithelial integrity during aging

In addition to alteration of stem cell properties and tissues dynamics, various changes at the physiological level have been reported in the aging midgut too. Flies experience age-related increase in gut permeability due to gut barrier dysfunction.

This has been shown using the "smurf" assay which puts the gut barrier integrity to test by feeding flies a non-absorbable blue dye. If the gut barrier is intact, the dye is retained within the gut. On the other hand, should there be a loss in barrier integrity, the blue dye is spread throughout the haemolymph, generating blue "smurf" flies (see Figure 1.8D) [START_REF] Rera | Modulation of longevity and tissue homeostasis by the drosophila PGC-1 homolog[END_REF](Rera et al. , 2012)). This smurf phenotype is detected more frequently in aged flies and is an indication of impending death as loss of gut integrity is tightly coupled with age-related mortality [START_REF] Bitner | Predicting death by the loss of intestinal function[END_REF]. factor such as the microbiota can contribute to an age-related functional decline is an interesting phenomenon, as it has the potential to be targeted and regulated, which in turn, has implications in extending lifespan for instance. Thus, it is paramount to gain a deeper insight into this tightly linked interaction between the intestinal epithelium and the microbiota to better understand stress and innate immune signaling in epithelial cells that can be used to develop therapies and preventative strategies for age-related diseases. In humans, it has been documented that patients with inflammatory bowel disease (IBD), have an increased risk of developing colorectal cancer [START_REF] Freeman | Colorectal cancer risk in Crohn's disease[END_REF]. This is likely due to the inflammation causing dysplasia. Indeed, there has been a rise in studies regarding microbiome-host interactions investigating the extent to which this can play a role in aggravating/relieving inflammation ( Despite the physiological divergence between Drosophila and vertebrates, the modelling of human intestinal diseases is possible because of the high degree of conservation in signaling pathways. 
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Mitotic Recombination as a Mechanism

Results

Spontaneous loss of heterozygosity increases with age

In order to systematically study mechanisms and frequencies of the loss of the gut, which have undergone S phase and have a 4n chromosome ploidy, can undergo a reductive cell division under extreme stress conditions, leading to segregation of 2 chromosomes originating from the same parent, into a daughter cell (Lucchetta and Ohlstein 2018). Similarly, our previous study could not distinguish MR from chromosome loss (aneuploidy). Finally, whether MR might occur via cross-over -the exchange of material from homologous chromosomescould not be distinguished from break-induced replication (BIR), where error-prone polymerases copy genetic material from the homologous chromosomes. Therefore, in order to differentiate between these mechanisms, we sought to carry out whole genome sequencing (WGS) of spontaneous Su(H) mutant clones in Su(H) 47 /+ flies to determine the molecular nature of inactivation events. In order to determine somatic mutation events, we adapted methodology previously developed in the lab (Siudeja et al. 2015) to compare genomic DNA from neoplastic gut tissue to genomic DNA from the head of the same individual using whole genome sequencing (Figure

2.2A-D).

To facilitate neoplasia detection and to obtain large enough quantities of genomic DNA from somatic mutation events, we aged flies and dissected at 5-6 weeks since by this time, neoplasia grew large enough to be isolated for sequencing. In order to identify the neoplastic LOH clones, we used a GFP reporter of EE cells, which aberrantly accumulate in the neoplasia (Su(H) 47 /+; Pros V1Gal4 / UAS-nlsGFP genetic background; were identified and the region containing the mutant cells was manually micro-dissected together with the head of the same fly that serves as the normal tissue control allowing for discerning somatic from germline events (Figure 2.2C). We refer to the mutant clone and its corresponding head as "tumour" and "normal" samples.

Genomic DNA was then isolated from the "tumour" mutant clone and "normal" head and Illumina paired-end (125nt) sequencing was performed at a depth of ~50X on 16 female clones and 6 male clones with the Su(H) 47 /+; ProsV1Gal4/ UAS-nlsGFP genetic background. 2 of these female samples were excluded from further analysis due to low sequencing coverage (shown in Table S1). Importantly, the parental genotypes carried a large number of single nucleotide polymorphisms (SNPs), that we took advantage of in our bioinformatic analysis detailed below.

In order to distinguish between different mechanisms of LOH, we analysed the whole-genome sequencing (WGS) data of tumour/normal pairs for distinct features that could lead to inactivation of the wild-type copy of Su(H), including copy number changes, structural variants, point mutations and changes to the zygosity of parental SNPs, i.e. those normally heterozygous could become homozygous resulting in a shift in zygosity indicative of a recombination process. We explored the following 5 possibilities (Figure 2.2D): (1) If LOH was due to a point mutation, there would be no change in zygosity or copy number between head and tumour.

(2) If the Su(H) inactivation event was due to a deletion, there will be a copy number variant (CNV) removing Su(H) genomic sequence as well as a loss of the parental SNPs on that chromosome region. 

LOH arises through mitotic recombination in both males and females.

With these 5 possible mechanisms in mind, we then analysed our sequencing datasets for the 13 female and 6 male neoplasia samples ("tumours"), compared to their respective head ("normal") tissue. A combination of in-house bioinformatic pipelines [(Riddiford 2020) and https://github.com/bardin-lab)] and available published pipelines that utilise split-read and mate pair-based evidence along with changes in genomic coverage, were used to assess altered copy number and structural variants along with point mutations and changes in SNP zygosity (see Methods).

In the 13 female samples, no structural variants were detected on deemed "too low" a tumour purity for the analysis. Since most of the adult intestine is composed of polyploid ECs (80%), it is likely that the detected contaminating reads in the tumour will be coming from ECs (non-tumour cell) (Figure 2.S3B, B').

Therefore, we examined WGS generated from whole gut samples, comprised of a majority of EC cells. This sequencing, therefore, mostly reflects the polyploid genomes of ECs as they constitute most of the sequencing reads. Comparing whole guts with their respective heads revealed distinct genomic regions in the gut that are under-replicated (Figure 2.S3C, C'). These under-replicated genomic regions have a reduced copy number relative to the overall ploidy of the cell and are reflected as a loss of coverage in those regions and a drop in copy number (Figures

2.S3B-C').

This signature is characteristic of polyploid cells undergoing endoreplication as has been previously described (Yarosh and Spradling 2014; Spradling 2017), which we consequently named "EC signature". One particularly obvious under-replicated region is the first 3Mb on chromosome 3R. We thus used this to assign a value for EC contamination in all the samples, (Figures 2.S3B-D' and Table 2.S1).

These data provide evidence, for the first time, that spontaneous mitotic recombination occurs in ISCs. Importantly, our data exclude other mechanisms of LOH including (1) point mutations, (2) deletions, (3) aneuploidy, and (4) amitosis, at least for the 12 female and 1 male samples that we analysed. Furthermore, the long track LOH extending to the telomere rules out repair mechanisms that result short track LOH that do not lead to crossover, including gap repair and single-strand annealing.
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LOH through mitotic recombination also happens on other chromosome arms

We also carried out similar analysis using two other Notch pathway components to determine whether MR also affected other chromosome arms. We tested chromosome 2R using heterozygous flies for a null allele of the Notch pathway component O-fut1. Chromosome 3R was assessed using an inactivating allele of Notch ligand, Dl -Dl Gal4 . We sequenced 3 neoplasia from O-fut1 4R6 /+, and 4 neoplasia from Dl GAL4 /+, from which 2 O-fut1 and 3 Dl passed our EC signature quality control. We detected evidence of LOH due to mitotic recombination based on the VAF frequency (Figure 2.4A, B) in 1 O-fut1 4R6 /+ sample and 1 Dl GAL4 /+ sample, consistent with our above analysis of the Su(H) 47 /+ on the 2 nd chromosome. Therefore, we conclude that spontaneous MR leads to LOH that can inactivate heterozygous genes and affect large chromosomal regions.

Interestingly, 3 additional samples pointed to novel mechanisms of LOH. One

Dl sample, showed a structural variant at the Dl locus (data not shown), which likely led to inactivation of the wild-type allele. Two additional samples showed a loss of the entire second X chromosome (aneuploidy). One of these samples also had clear evidence of a somatic structural variant in Notch, whereas the other was too low of coverage to assess this (data not shown-see thesis section 2.2). We hypothesize that somatic loss of X co-occurred with somatic inactivation of Notch, in these samples, therefore leading to biallelic inactivation of Notch. Although this is not LOH of the wild-type alleles we were assaying, it nevertheless provides sequencingbased evidence for aneuploidy driven LOH which is another very important cancer initiating process. I will further discuss aneuploidy in section 2.2 below.

Rad51 promotes loss of heterozygosity

We next wanted to investigate further the dependency on distinct sub-types of MR and to delineate genetic requirements for LOH leading to neoplasia formation.

For MR to occur in a cell, there needs to be an interaction between the broken DNA and the homologous donor DNA, which typically relies on the Rad51 protein (Figure suggesting that Pif1 does not play an integral role in the repair giving rise to the LOH events we see, hinting towards a non-BIR mechanism.

The resolution of double-Holliday DNA structures relies on nucleases/resolvases. We therefore tested a function of mus81, using stem cellspecific knockdown as previously described. While mus81 knockdown in ISCs led to a significant decrease of LOH events compared to controls in one experiment, a second repeat experiment failed to show differences between knockdown and control contexts (Figure 2.S4). Further testing additional RNAi lines targeting mus81 as well as for the Yen1/Gen1 resolvase, gen, will clarify whether resolvase activity is important for the LOH that we detect.

Whole-genome sequencing data supports cross over via a double-Holliday structure

In addition to distinct genetic dependencies, DSBR using BIR differs from double-Holliday junction resolution with respect to mutational signatures occurring in proximity to the initial region where LOH arises. We therefore returned to our whole-genome sequencing data to identify potential genomic signatures that may discriminate between these mechanisms. We first had to determine more precisely the regions where LOH was initiated.

For each of the Su(H) neoplastic LOH samples (12 females and 1 male), we used LOHcator (https://github.com/nriddiford/LOHcator) as well as IGV to inspect the regions harbouring the shift in zygosity from het->homo SNPs in the LOH samples, but not in the respective head controls, where the parental chromosomes have distinct, heterozygous SNPs (Figure 2.5F, Figure S5 and methods; recombination sites in samples F8 and F10 due to EC contamination, see Table S1). LOHcator assessed the shift in zygosity revealed through assaying informative SNPs along the chromosome arm and determined the centromeric-most informative SNP that is homozygous in the neoplastic sample. We then examined the identified recombination site for mutational features.

We reasoned that a BIR-based mechanism of LOH would result in de novo mutational hotspots near the LOH initiation regions (Figure 2.5B'). This is well established from previous studies in yeast that have shown that BIR gives rise to mutation hotspots, up to 36kb away from the DSB initiating the recombination sites with mutations increasing up to 2,800-fold compared to spontaneous events [START_REF] Sakofsky | Break-induced replication is a source of mutation clusters underlying kataegis[END_REF]. This is due to the error-prone copying by DNA polymerase delta coupled with inefficient proofreading activity, as well as accumulation of singlestranded DNA behind the replication bubble that is sensitive to nucleases (Sakofsky The Histone Locus Cluster is an array of 100 copies in tandem each containing 5

Histone genes (H2A, H2B, H3, H4 and H1) (Figure 2

.6C). The Histone Locus

Cluster has features that could contribute to replication problems. First, it has tandem repeats which may cause problems for the replication-fork. Secondly, the Histone Locus Cluster is also exclusively transcribed in S phase when Histones are incorporating into newly synthesized DNA, which could We then searched for additional sequence features adjacent to our mapped regions of recombination that could potentially lead to DNA damage. We specifically looked for sequences that could form non-B-form DNA such as G-quadruplexes, short inverted repeats (SIRs), cruciform DNA and R-loops. While we did not find significant overlap with non-B-form DNA such as G-quadruplexes, cruciform DNA (data not shown), we observed that 6/11 samples had recombination sites that were overlapping regions shown to form R-loops (Figure 2.6D,E). R-loops are RNA:DNA hybrids that usually form from transcripts of DNA that remain stably base-paired to the template from which they are derived resulting in a three-stranded structure (Figure 2.6F). R-loops consequently cause severe blocks for replication fork progression and have been shown to pose challenges to genome stability, potentially causing a DSB leading to MR as a repair mechanism. We performed (C) Schematic of Histone locus cluster-array of 100 copes of 5 Histone genes. (D) 6 samples showed recombination region overlapping an R-loop (2 samples have the same region, the 2 samples overlapping the histone locus body. (E) Example of R-loop and recombination region overlap. This region is in a gene that is moderately expressed in the stem cell with a rpkm value of 3.719 (http://flygutseq.buchonlab.com). Annotated symbol is CG42389. (F) Structure of R-loops. (G) Permutation test carried out using RegioneR. Test association between mapped region of recombination and mapped Rloop genomic feat. Shuffles: 10000 constricted on 2L. Breakpoint regions >10kb excluded (so the 2 histone locus breakpoints are excluded).

Observed value is 7 because 3 mapped breakpoint regions had more than one mapped Rloop. P-value: 0.034. (H) Frequency of LOH events upon RNaseH1 overexpression in the ISC compared to control with no Dl(ts) driver. Flies were shifted to 29°C after eclosion and dissected after 3 weeks. p-value= 0.018. Fisher's exact test.

permutation tests on the overlap between R-loops and our mapped regions of recombination and excluded the less resolved recombination regions that were >10kb. Although we did find significant enrichment of R-loops in our recombination sites (p=0.03; Figure 2.6G), the number of mapped breakpoint regions is quite low.

However, we believe that the association could be of interest as 3/5 of mapped Rloops in our breakpoint regions are in genes shown to be expressed in ISCs http://flygutseq.buchonlab.com. An expanded dataset will be required to determine the potential significance of this association.

There has been increasing interest in R-loops recently as it is becoming clear that they play an important role in genome instability during replication. Despite the cell having ways in getting rid of these R-loops, R-loops often persist and have been shown to be significant sources of damage. 

Infection with the pathogenic enteric bacteria Ecc15 increases loss of heterozygosity

The gut is an organ that responds rapidly to changes in the environment, allowing rapid stem cell proliferation in response to epithelial cell death (Gervais and Bardin 2017). We suspected that changes in the environmental and proliferative status could affect neoplasia formation due to the fact that we find more guts containing 2 or more LOH events than would be predicted. At 6 weeks of age, 33.7% of guts had 1 LOH event (Figure 2.1E). Based on this frequency, the chances of having 2 events, if they were to occur randomly would be 0.33X.033=0.1 (10%).

Instead, we found that 26.5% had 2 events (Figure 2 Importantly, these data illustrate that environmental changes to ISCs during adult life can increase the LOH frequency in the midgut.

We then assessed whether feeding with the pathogenic bacterial strain We found that Ecc15 treatment gave rise to significantly more LOH events at 5 weeks than controls, going from 29.9% of guts with at least one LOH event in controls to 42.3% upon Ecc15 treatment (Figure 2.7F). In addition, an increase in the number of guts with more than 1 event was also found (Figure 2.7F).

We suspected that the effect of Ecc15 might be due to the increased number of cell divisions due to stimulation of stem cell proliferation, thereby increasing the likelihood of replicative DNA damage. In order to alter cell division rates, we used combined overexpression of Cyclin E and string, previously shown to increase ISC proliferation [START_REF] Kohlmaier | Src kinase function controls progenitor cell pools during regeneration and tumor onset in the Drosophila intestine[END_REF] and the overexpression of the cyclin-dependent kinase inhibitor, Dacapo (Dap), known to slow cell division [START_REF] Lane | Dacapo, a cyclin-dependent kinase inhibitor, stops cell proliferation during Drosophila development[END_REF]. Cell cycle genes were specifically expressed in the ISC using Dl GAL4 combined with tub-GAL80 ts (see Methods). Consistent with enhanced stem cell proliferation promoting LOH, we found that LOH events significantly increased from 12.3% (n=138) in controls, to 33.3% (n=123) in UAS-CycE, Stg conditions (Figure 2.7G, H). Dap expression did not significantly impact LOH frequency. Thus, enhanced proliferation, can increase LOH frequencies. This suggests that Ecc15 treatment could impact LOH due to its stem cell proliferative effect. In addition, however, we found that Ecc15 treatment significantly increased marks of DNA damage in the ISC detected through a stronger staining of H2Av (fly H2Ax) in the ISCs compared to the untreated controls (Figure 2.7I, J). Whether the impact of Ecc15 on DNA damage is linked to increased stem cell proliferation, or whether this bacteria can damage DNA through an additional mechanism such as ROS production, is unclear.

We conclude that Ecc15 infection can induce stem cell DNA damage, drive ISC proliferation and promote LOH.

Interestingly, we found that another pathogenic bacteria, Pseudomonas Our study, for the first time, demonstrates that spontaneous LOH occurs in adult intestinal stem cells through MR and provides high resolution SNP-based mapping of recombination regions. We showed evidence of LOH via MR occurring in 13 (12 females, 1 male) samples on chromosome 2L, 1 on chromosome 2R and 1 on chromosome 3R. Furthermore, we found no evidence supporting a BIR mechanism for the 17 samples that we assessed. Expansion of our dataset will allow us to determine whether BIR may be used in some instances and to what extent other types of mutation may promote LOH in this model. Our recent studies illustrated that, in addition to genome alteration by recombination, point mutations, deletions, complex structural variants, and transposable element mobility all alter the somatic genome of ISCs and could therefore contribute to LOH (Riddiford 2020;

Siudeja and van den Beek 2020). However, given that 11/12 LOH samples were associated with cross-over and 4 showed clear evidence of being created through the resolution of double-Holliday junction intermediate, our data strong support MR being the primary mechanism by which LOH is generated in ISCs.

Our analysis of LOH in response to spontaneous DNA DSB-induced damage, relied on genome-wide approaches to map recombination sites occurring between homologous chromosome arms that led to cross-over events and phenotypic changes in the gut. It is possible that a much higher number of DSB are produced but repaired of the sister chromosome, as this is thought to be the predominant mechanism of DSBR repair. Events where repair occurs off of the sister chromosome would not result in LOH or give rise to phenotypic consequences and would, therefore, be undetectable in our assay.

Our study underscores the notion that adult organs are genetic patchworks, where somatic mutations drive divergent genomes within a common tissue. This is consistent with recent findings in human tissues where it is has been demonstrated that mutations arise and provide selective growth advantages of mutant lineages within normal or premalignant tissues, reviewed in (Al zouabi and Bardin 2020). For Strikingly, clonal blood mutations have been found in 50% of individuals over 85 years of age (Zink et al. 2017a). Similarly, the mutations found in aged human skin and esophagus are prevalent in all individuals and affect large fractions of the tissue, for example with 18-32% of skin in adult individuals being mutant for cancer driver genes (Martincorena et al. 2015). Here, we found that LOH of the Su(H) locus, 7.5MB from the centromere chromosome 2L, occurred in 73% of aged individuals.

In addition, LOH of the Notch, 20MB from the centromere of the X chromosome, was found even more frequently with ~80% of flies with at least one LOH event and a majority of guts with multiple independent LOH events, for an average of ~8 LOH clones per gut (Siudeja et al. 2015). Thus, if we apply this number and consider all 5 major chromosome arms in Drosophila, it is likely that 40 LOH occur per gut for distal genes near the telomeres. As there are ~1000 ISCs per midgut, we can estimate that 1 in 25 ISCs has an LOH event for at least part of one chromosome arm, raising the likelihood that this mechanism of somatic genetic diversity could alter tissue dynamics during the ageing process.

What are the underlying causes of such a high level of genome mutations?

Our sequencing data point towards DNA features that might be prone to damage including the Histone Locus Cluster and regions that incur R-loops. A larger sequencing data set of spontaneous LOH events will be needed to lend support to this hypothesis. The overexpression of RNaseH1, shown in S2 cells to reduce Rloop formation, showed reduced LOH frequency further suggesting that R-loops may be implicated in DNA damage in ISCs, though it remains to be verified that this treatment can reduce R-loop formation in ISCs. Nevertheless, our novel SNP mapping strategy of somatic LOH clones in the gut will be a powerful tool towards further investigating potential sequence features causing damage that is repaired through MR.

Interestingly, we could also show that DNA damage is induced through noncell autonomous interaction with environmental factors, such as the pathogenic bacteria Ecc15. It is not clear whether the effect of Ecc15 on DNA damage is linked to the increased amount of cell division occurring in response to treatment or whether it is independent of cell proliferation. Manipulating cell proliferation through overexpression of CycE and String to promote cell division, was sufficient to dramatically increase LOH events, suggesting that the number of replicative divisions a stem cell undergoes is an important variable, consistent with the proposal put forward by Tomasetti and Vogelstein (Tomasetti and Vogelstein 2015).

Counterintuitively, however, treatment with the Pe bacteria, which could also promote cell proliferation and increase stem cell DNA damage, did not lead to increase LOH events. This could be due to the lower amount of DNA damage that Pe induces. Alternatively, Pe has been shown to block translation, which might, in turn, reduce the responsiveness of the cell to DNA damaging and impinge on DNA repair. Determining how additional pathogenic bacteria and other changes to environmental conditions may affect LOH events will be an important future goal.

Figure 2.S2: Variant allele frequency plots of all male samples

Plots of all male samples, showing all chromosomes. Only sample M1 (A) shows that chromosome 2L has undergone an LOH event, with SNPs becoming homozygous (VAF ~1). The remaining samples (B-F) show no LOH on chromosome 2L (left panels) but rather show a structural variant (SV) panning the Notch locus on the X chromosome (right panels). (E)Image of dissected gut neoplasia. If surrounding area outlined in RED is included in the dissection, an EC signature can result due to contaminating DNA of ECs that do not fully endoreplicate all of their genome. We used this signature to determine which samples are not pure enough for analysis.

Two replicate experiments showed different results, with the first one had a significant decrease upon RNAi expression compared to the control and the second replicate had no significant difference between the two experiments. The reason for the variability is unclear. In experiments in Figures 5,6, and 7 the genetic background Su(H) 47 / UAS-GFP; Dl Gal4 / + was used to drive stem cell specific expression in the ISC, due to the Dl Gal4 driver. However, as Dl Gal4 is a loss of function allele of Dl, also a Notch signaling component, two types of neoplastic LOH clone could arise: those where Su(H) is inactivated (A-A") and those where Dl undergoes LOH. We distinguished between these two possibilities by taking advantage of a UAS-GFP transgene located on Ch2L more distal on the chromosome arm to Su(H). Therefore, LOH through recombination of Su(H) results in neoplastic clones that are GFP negative (A-A"). These events were scored in Figures 2.5-7. In contrast, LOH resulting from other events including mitotic recombination of 3R leading to Dl LOH, are GFP+ (B-B"). These events were scored, but not counted in the analysis of Figures 2.5 

Context

In section 2.1, we showed through whole genome sequencing that MR was a major mechanism driving the loss of heterozygosity in the fly intestine. MR accounted for LOH of heterozygous mutants for the Notch pathway component Su(H), on chromosome 2L. In addition, upon sequencing flies heterozygous for O-fut1 4R6 , a null allele of a Notch pathway component on chromosome 2R, and Dl Gal4 , a null allele of the Notch ligand on 3R, we found evidence that MR can also take place on these chromosome arms. In addition, we found evidence for another LOH mechanism, aneuploidy, explained below.

Results

Sequencing evidence for aneuploidy-driven LOH

One out of the four Dl Gal4 samples sequenced showed no change at the Dl locus but, unexpectedly, showed clear LOH on the X chromosome instead, seen as a shift in the VAF plots indicating that parental SNPs of one genotype now become predominant (Figure 2.8A). In contrast to the VAF plots shown in Figure 2.

above

where there was no change in chromosome copy number; however, here we found a copy number loss across the entire X chromosome suggesting the loss of X chromosome (Figure 2.8B). This is known as "monosomy of the X" and is a form of aneuploidy. We reasoned that, for Notch inactivation to occur in females flies with 2 copies of Notch, perhaps the loss of the X chromosome was accompanied by the mutation of the remaining Notch gene present on the remaining X chromosome.

Aneuploidy as a mechanism driving spontaneous loss of heterozygosity in Drosophila intestinal stem cells

Monosomy of the X was also detected in an O-fut1 4R6 sample (Figure 2.8C).

Again, we suspected that biallelic inactivation of Notch on the X also took place, though we could not definitely determine the other putative Notch-inactivating event, likely due to low sequencing coverage. While it was surprising that in this instance, the neoplasia did not arise from LOH of the heterozygous mutant alleles that we were initially assaying (Dl and O-fut1), it nevertheless provided sequencing-based evidence for aneuploidy-driven LOH, a new mechanism of LOH in ISCs.

It seemed quite striking that a two-step process of biallelic inactivation was detected. Previously, no neoplasia were detected in wild-type females ( ). This sequencing evidence shows the complete loss of the X chromosome. A schematic showing the two putative Notch inactivating events is shown. (C) The complete loss of the X chromosome was also detected in an O-fut1 sample. A schematic showing the two putative Notch inactivating events is shown.

wanted to further clarify the frequency with which aneuploidy and chromosome loss occurred.

The H4K16ac histone mark is a good readout for activation of dosage compensation in the Drosophila intestine Thus far, our sequencing data only provided evidence for aneuploidy of the X chromosome. We reasoned that aneuploidy of the X chromosome might be tolerated because the gene dosage imbalance could be buffered by the "dosage compensation" pathway. In Drosophila, the dosage compensation pathway acts in males that have a solitary copy of the X. In order to ensure that males with only one X have equal gene products as females with two Xs, the transcription of genes on the single male X is increased, and ultimately the differences in the doses of Xlinked genes between males and females are compensated, reviewed in (Lucchesi and Kuroda 2015).

In our previous study, Notch heterozygous mutant flies had numerous LOH events -(81% at 5 weeks of age, most of which were multiple events) (Siudeja et al.

2015

). Since we detected loss of the X chromosome by sequencing, we postulated that a fraction of the LOH tumours arising in Notch heterozygous N 55E11 /+ female flies might actually be attributed to loss of the wild-type X chromosome. Therefore, we next wanted to take advantage of activation of the dosage compensation pathway as a read-out to measure the frequency of aneuploidy events. The dosage compensation pathway was previously shown to be induced in genetic conditions that drive aneuploidy (Clemente-Ruiz et al. 2016), suggesting that de novo activation of the dosage compensation would occur in the context of X chromosome loss.

Loss of X (aneuploidy) is detected in aging N 55E11 /+ females

In order to determine whether LOH arose due to loss of an X chromosome, we dissected N 55E11 /+ females at 3 weeks and staining for Pros, Dl and H4K16ac.

Our data revealed LOH neoplasia positive for the H4K16ac mark with variable sizes and signal distribution (Figure 2.10A-D'''). We also detected some LOH neoplasia with the histone mark present in a portion of the neoplastic cells (Figure 2.10D-D''').

This could be attributed to either a subclonal aneuploid event that arose following a first LOH event that triggered neoplasia formation, or it could be attributed to clone fusion. The majority of LOH neoplasia, however, were negative for H4K16ac. (D) This LOH neoplasia does not have the H4K16ac present in all the neoplastic cells. This could be due to the aneuploidy being a subclonal event, or it could be a result of clone fusion between a non-aneuploid event and an aneuploid event.

(E) Quantification of the proportion of aneuploid LOH neoplasia detected among the nonaneuploid LOH neoplasia detected.

(F and G) The likely mechanisms of LOH represented by the chromosomes.

Discussion

We have established a system to better understand spontaneous aneuploidies giving rise to LOH in ISCs. This will allow us to assess the potential buffering mechanisms that could equip the cell with tolerance for an abnormal cell complement. A question that remains however is regarding how much of the X is required to be lost for the H4K16ac mark to be deposited. Will the mark be deposited in cases of segmental aneuploidies whereby parts of the X are lost as opposed to the whole chromosome?

Moreover, while we only have evidence for aneuploidy of the X, we do not have any evidence for aneuploidy on autosomes, thus, I will discuss some future avenues to embark on in order to better understand both sex chromosome and autosomal aneuploidies.
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Buffering mechanisms of sex chromosome aneuploidies

Abnormalities of sex chromosomes are not unusual, for example Klinefelter's Syndrome is a common disorder of sex chromosome aneuploidy in humans and is amongst other sex chromosomal aneuploidies, reviewed in (Visootsak and Graham 2006). This is because it can be tolerated as a consequence of "dosage compensation" coming into play (Raznahan et al. 2018). The necessity of dosage compensation buffering somatic aneuploidy happening in the stem cell in our system is not clear, and questions are yet to be resolved such as: is it possible for aneuploid cells to survive without the upregulation of the X? This can be tested by knocking down components of the dosage compensation pathway in cells losing an X chromosome. Annabelle Suisse, a postdoc in the lab will be addressing this.

Buffering mechanisms of autosomal aneuploidies

In contrast to sex chromosome aneuploidies, aneuploidies on autosomes on are more elusive with regards to buffering mechanisms. In Drosophila, there is evidence for a buffering mechanism on the fourth chromosome that is mediated by the Painting of fourth gene which increases transcription of the fourth chromosome upon the loss of one copy (Stenberg et al. 2009). Thus, it is possible that ISCs in the gut have a buffering system that allows them to maintain their fitness upon loss of an autosome. This will be a future direction in the lab to be tested through inducing loss of an autosome in heterozygous mutants of Notch pathway components on chromosomes 2 or 3.

Fitness of aneuploid cells

When do the spontaneous aneuploidies arise and do they have fitness defects? This can be further addressed through the quantification of the size LOH clones positive and negative for the H4K16ac mark in a time-course experiment for N 55E11 /+ females. Comparing aneuploid-LOH clone size with non-aneuoploid LOH clone size, (presumably LOH driven by MR), will reveal if there are any differences in ISC division kinetics driven by both mechanisms.

Mechanisms of aneuploidy in aging ISCs

Finally, since we detected an increase of aneuploidy-driven LOH clones with age, we whether aberrant mitoses are more frequent in aged individuals. Staining for α-tubulin and other cell markers, we can identify cells in anaphase, and detect mis-segregated and lagging chromosomes in ISCs at different ages to see which mitotic defects (described in 1.2) become more apparent with age.

Overall, I have contributed towards establishing this new project in the lab that will be further explored by Annabelle Suisse.

Chapter 3 Discussion

Chapter 3: Discussion

Discussion Overview

In this chapter, I will begin with a critique of my experiments, highlighting some of the technical and experimental caveats whilst offering suggestions for improvement.

I believe it is important to have these caveats in mind first in order to assess the results.

I will then discuss my results in light of previous findings to place them in context of

what is known. I will finally end on providing some perspectives of where further research on LOH in stem cells could lead to and the implications it could have in the clinic.

Technical evaluation of the work and experimental caveats

Sample size of sequenced tumours

The sequencing of tumours detected in the Drosophila intestine established a novel SNP mapping strategy to interrogate underlying mechanisms of somatic LOH. From the 16 females and 6 males sequenced, we were able to gain information about how much coverage and tumour purity is required to confidently map recombination regions leading to LOH. We have mapped 11 recombination regions, which has provided further insight into whether the MR occurred via BIR or CO. The 11 recombination regions also pointed towards putative genomic features that could drive MR. Indeed, increasing the sample size from 11 breakpoint regions to 30 would make our analysis of underlying genome features more robust and overcome issues related to low statistical power and inflated false discovery rate.

By increasing our sample size, we will be able to see if our findings about the histone locus cluster and R-loops hold up, and it will also allow for the discovery of new genomic features. It is important to recognise, however, that this work has laid significant groundwork for future sequencing to uncover genomic features underlying CO sites.

Tumour purity

The sequencing also allowed us to inquire how much read depth and tumour purity is needed for the mapping analysis. We realised through the course of mapping the breakpoint regions that contaminating ECs can impact the analysis.

We thus deduced that tumour purity was a more important factor than read depth as contaminating non-tumour SNPs can significantly compromise the confidence in mapping regions. We thus calculated EC contamination (see methods) and determined a threshold of an EC contamination value of 0.75 (see supplementary Table 1). Any value below 0.75 was very difficult to map using IGV as we were not able to confidently say if SNPs were heterozygous or homozygous in the tumour.

For instance, in a contaminated sample, where LOH is expected, it is heterozygous instead as the contamination (likely from ECs) contributes to the reads. We will use these calculations and thresholds in future sequencing.

Controversy surrounding R-loops

The association of R-loops with the mapped recombination regions has been a point of controversial discussion over the past few years. In addition to the fact that our small sample size stops us from making strong suggestions of an association, consensual mechanistic and molecular uncertainties persist in the Rloop field. I will first provide some background on R-loops then state some of the issues concerning them.

R-loops form when the nascent complementary RNA binds to the template DNA strand, forming a DNA:RNA hybrid, leaving the template strand singlestranded. This forms a 3-stranded nucleic acid structure and usually forms during transcription [START_REF] Thomas | Hybridization of RNA to double stranded DNA: Formation of R loops[END_REF]). An R-loop is different from a regular transcription For our analysis, we used the dataset that applied more stringent controls but would like to highlight that the apparent lack of reproducibility between studies mapping R-loops is present. It is unclear why differences in the datasets exist and we cannot rule out that an R-loop mapped in one study and not in the other is false-positive in one study, or a false-negative in the other study. This suggests that further investigation could be fruitful.

The possibility of tissue-specific differences giving rise to different R-loops

There are no Drosophila gut-specific or ISC-specific data of mapped R-loops.

Accordingly, we had to keep in mind that tissue-specific differences may exist between S2 cells and ISCs. To account for this, we assessed if the R-loops overlapping our recombination regions were in genes expressed in the ISC. 3 out 5 of the R-loops were in genes moderately/highly expressed in the ISC (http://flygutseq.buchonlab.com), 1 was in a gene that was lowly expressed and 1 was intergenic. Despite the fact that most R-loops form over gene-bodies, there have been accounts mapping intergenic R-loops [START_REF] Toriumi | R-loop formation in trans at an AGGAG repeat[END_REF]; Al-Hadid and Yang 2016). Still, we cannot be certain that tissue differences do not exist, especially because the transcriptome differs between S2 cells and ISCs. Altogether, when expanding the dataset, we should keep the possibility of tissue-specific differences giving rise to different R-loops in mind. A dataset mapping R-loops in the ISCs would be extremely helpful.

Difficulty modulating R-loops in vivo

Detecting an association between our mapped recombination regions and Rloops prompted us to want to increase/ decrease R-loops in vivo to see the impact of that on our LOH readout. Thus, we initially planned on taking a chemical route using drugs as well as a genetic route. Since there is an association with R-loops forming in regions of negatively supercoiled DNA, we wanted to use drugs that will increase the negative supercoiling and hence increase R-loops. Topoisomerase (Top1) is an enzyme that comes into play to relieve supercoiling and torsion. Using a Top1 inhibitor, such as camptothecin (CPT), would thus leave more supercoiled DNA and increase R-loops [START_REF] Pommier | Topoisomerase I inhibitors : camptothecins and beyond[END_REF]). This has been a way to increase Rloops in the literature [START_REF] Chappidi | Fork Cleavage-Religation Cycle and Active Transcription Mediate Replication Restart after Fork Stalling at Co-transcriptional R-Loops[END_REF]). However, camptothecin also inhibits Topo1 activity that is unrelated to R-loops leading to DSBs that are R-loop independent. Thus, using camptothecin, on one hand, would increase R-loops but on the other hand, could be causing additional DSBs in the genome driving LOH.

There would be difficulty in teasing apart the impact of increasing R-loops from the secondary impact of camptothecin.

RNAi for these genes or use genetic null contexts in addition to other candidate DNA repair genes in the near future prior to publication of my PhD work. There are less cell divisions in the male germline compared to that of the gut [START_REF] Boyle | Decline in Self-Renewal Factors Contributes to Aging of the Stem Cell Niche in the Drosophila Testis[END_REF]). The male germline is maintained by 6-9 germline stem cells (GSCs) per testis [START_REF] Matunis | Recent advances in Drosophila male germline stem cell biology[END_REF]). In contrast, the Drosophila intestine is populated by around 1000 stem cells, that regenerate the gut every 1-2 weeks. Just based on these numbers, it seems likely that MR will be much more frequent per gut than per testes, making the gut an easier model in which to assess spontaneous MR. Consistent with this notion, in wild-type backgrounds, the rate of spontaneous LOH in the male germline was found to be extremely low though slightly increased in blm mutant flies to 2% for markers on opposite chromosome arms (LaFave et al.
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). In contrast, we found that MR in the intestine occurs frequently, with more than 1 per gut for markers near the telomere. This high rate is due to the number of stem cells in the tissue, their proliferation rate, and the long aging time-span during which our assay was performed. With this, a number of insightful findings came about from our study regarding both mechanism and putative intrinsic genomic drivers of MR as well as environmental extrinsic drivers.

Drosophila genomes are at least twice as polymorphic than human genomes [START_REF] Langley | Genomic variation in natural populations of Drosophila melanogaster[END_REF][START_REF] Wang | FlyVar: A database for genetic variation in Drosophila melanogaster[END_REF]. We were thus able to take advantage of the higher density of SNPs in Drosophila to map breakpoint regions down to a resolution of 47bp in one sample, overcoming some of the technical limits from human data.

Of note, the 3 samples that had lowly resolved breakpoint regions 18kb-29kb, still had a better resolution that what could be achieved in human cells. To my knowledge, the most resolved region of recombination mapped was 2Mb from (Howarth et al. 2009). The reason why we had a sample with a region of recombination resolution of 29kb is because the recombination happened within a long stretch of non-informative SNPs composed of a region of homozygosity.

Regions of homozygosity are present in all organisms, representing an ancestral haplotype inherited from both parents. By choosing parental genotypes with increased sequence divergence, we could get better resolution in these regions.

Thus, we established a groundwork for future datasets that will provide more insight into other genomic features.

Mechanisms of LOH

Evidence for LOH driven by MR and aneuploidy

Our sequencing provided evidence that LOH predominantly occurs via MR on chromosome 2L. 12/13 Su(H) 47 /+ female samples showed clear MR (and one sample was inconclusive due to EC contamination). The sequencing also supported that MR takes place on chromosomes 2R and 3R. Therefore, the major mechanism driving LOH in our system is MR. We also unexpectedly detected LOH via aneuploidy in 2 samples likely via an initial somatic SV in Notch and a second 

No evidence for LOH driven by SNVs or amitosis

Our data argues against frequent LOH through point mutation or amitosis.

This suggests that an inactivation point mutation is far less common than a recombination event. We also did not detect any evidence for amitosis under our conditions. Amitosis is a mechanism reported by Luchetta and colleagues, whereby a cell that has started to differentiated and is 4n, would undergo a process that would lead to two parental chromosomes randomly segregating into the same cell, leading to LOH. This is a spindle-independent reduction of ploidy in cells that the authors claim happens in response to ISC dysfunction during periods of proliferative but not all will result in LOH. For instance, repair via SDSA and repair via dHJ that result in non-crossovers (NCO), in addition to DNA repair events where repair occurs off of the sister. These would not be detected in our assay as they do not result in large enough changes in the DNA. In the case of repairing off the sister, there will be no change at all to the repaired cell the invading strand is identical to the donor strand. Questions relating to the choice of homologous chromosome instead of the sister remain unresolved, though some insight has been provided by Lee et al. Through microarray analysis of sectored colonies in yeast, Lee et al observed that sometimes two sister chromatids were broken at the same position.

One explanation for this is timing of the DSB. They proposed that to explain the coincident breaks on the sisters, the DSB happens in G1. This way, when the broken chromosome is copied during S phase, it results in two sisters with DSBs.

Consequently, in such a scenario, the intact homologous chromosome is the better choice for repair, as both sisters need to be repaired independently (Lee and Petes 2010). To what extent this holds up in Drosophila is uncertain and difficult to test.

An idea of the timing of DNA damage may be illuminated through the use of a Next, I will discuss the putative genomic drivers we have detected, that may have caused the DSB driving the repair mechanisms discussed above.

Genomic Drivers of MR

The Histone Locus Cluster and R-loops were two putative genomic features in this study that could be driving MR. Both encompass genomic aspects that make them prone to DNA damage. We found a significant decrease in LOH from 2 experiments when overexpressing RNAseH1, hinting towards a role for R-loop driving MR in our system. Current efforts in the R-loop field will overcome the caveats mentioned in 3.1 and I am hopeful that in the future we will be able to probe into their possible contribution to LOH in our system.

Impact of the stem cell niche and environment on LOH

Each individual fly gut may be impacted by numerous sources of individual variability. We thus propose that the proliferative status of each gut is a possible explanation for the presence of multiple events in some guts, more than that would be predicted by chance. One way in which this can occur is via the cell-autonomous increase in proliferation driven by a tumour in the tissue. The tumour produces mitogenic signals in the niche, stimulating further events (Patel et al. 2015). A second way in which an increase in proliferation can arise in the gut is from pathogenic bacteria, which also causes an increase in mitogenic signals. We show an increase in LOH after weekly treatments with Ecc15, demonstrating an example of how an environmental factor can drive LOH. This resembles the impact of an E.coli strain, NC101, which induces cancer initiation in humans (see intro 1.3).

Ecc15 illicits an immune response in host gut cells, particularly ECs, by ROS production and compensatory proliferation. We show both a proliferative response and an increase in DNA damage marks in ISCs, marked by γ-H2Av, but it is difficult to untangle whether the increase in DNA damage marks detected is due to ROS or proliferation or both. Ecc15 showed more DNA damage than Pe, which might explain the increase in LOH upon Ecc15 but not Pe treatment, leading to more LOH.

What remains unresolved is the contribution of bacteria to non-replication (S-phase) dependent DSBs. Since ROS damages proteins, lipids and nucleic acids of a cell, could that contribute towards more LOH per mitoses? It would be insightful to see the impact of more environmental damaging agents, such as an additional bacteria that may illicit a different immune response, or paraquat that is known to increase oxidative damage through ROS. Separating downstream effects of these environmental factors could be a future endeavor.

A very interesting avenue of research that future studies in the lab could address, is the impact of non-autonomous tissue on the progression of LOH clonal expansion. Cancer research has classically focused on identifying tumourautonomous processes and previous studies in the fly intestine have shown that tumour-induced cell competition in the tissue promote neoplastic transformation [START_REF] Suijkerbuijk | Cell competition drives the growth of intestinal adenomas in Drosophila[END_REF]). Seeking experimental evidence for the other direction where normal tissue-induced cell competition can affect neoplastic growth will be of interest. We hypothesise that the homeostatic properties such as proliferation status and cell turnover can impact the expression of clonal expansion. This can be tested using precise genetic tools to manipulate tissue properties in a non-autonomous manner, which is very difficult to do in a mammalian model.

LOH with age

In our study, we show that aged heterozygous mutant flies acquire patches of somatically arising mutant clones. 

Implications of the research and conclusions

Implications of the research and perspectives

The scientifically exploitable results that have arisen from my PhD project are that we have developed the very first system for systematically studying LOH using a high-resolution technique in a living animal that leads to neoplastic growth. Our in vivo stem cell model system of the Drosophila intestine will provide an important link in the evolutionary conservation of MR mechanisms between unicellular yeast and complex tissue of higher eukaryotes (in which studying the molecular mechanisms of LOH has proven to be technically difficult). We also identified both cell-intrinsic and extrinsic factors that can drive LOH and thus provide important insight into cancer initiation that can be further explored for therapy. ). If natural gene therapy is achievable, targeting the HR pathway using drugs may also be achievable to correct the functionality of the mutated copy through recombining the mutant copy out. This would be done in a tissue where the corrected cell can clonally expand and populate most of the tissue, and would be particularly useful in clonal tissues such as the blood. One could further imagine that cell competition strategies involving non-autonomous tissue (mentioned in 3.2) could be put into place in order to provoke the clonal expansion of the corrected cell.

A potential tissue where this could be achieved is the skin.

Our research also sheds light into the relationship between pathogenic bacteria and LOH. Bacteria that make up the microbiota can also be important initiators of many cancers and are poorly understood. With advances in microbiome therapies (MBT) that are currently under development, patients at risk can benefit from counteracting and correcting the negative effects of dysbiosis (Wong 2019).

Conclusions

The main objectives of my thesis were: I.

To gain an understanding of the molecular mechanism of LOH in a complex tissue of a higher eukaryote using an in vivo stem cell model system in Drosophila.

II.

To identify environmental factors that can increase LOH events in stem cells, such as the microbiota.

The main results demonstrated that:

1. Though whole-genome sequencing of LOH tumours caused by somatic LOH events and profiling copy number changes and changes in heterozygosity of single-nucleotide polymorphisms, we established that LOH arises through mitotic recombination.

2. We found Rad51 to be implicated in mitotic recombination-driven LOH.

3. Fine mapping of recombination sites did not reveal mutational pile-ups that commonly arise with a break-induced replication mechanism and instead

showed clear examples of chromosomes resulting from cross-over resulting from double-Holliday junction-based repair.

4. The mapped recombination regions also provided insight into potential genomic sequence features that may promote mitotic recombination,

Materials and Methods

Drosophila stocks and aging

The following fly stocks and alleles were used in this study: From the Bloomington Edgar).

For standard aging of experiments in Figure 1 flies were maintained at 25° on a standard medium composition. For aging experiments, flies were crossed in standard vials (10-15 females per vial) and newly eclosed progeny were collected over 3-4 days. Females are aged with males in the same cage (plastic cages 1°cm diameter, 942 ml). 400-600 flies/cage. Freshly yeasted food was provided in petri dishes ever 1-2 days. Every 7 days flies were transferred without CO2 anaesthesia to clean cages. Dead flies were scored upon each food change to assess survival rates. Age of flies at dissection: 6 weeks.

ISC-specific expression of Gal4 whose activity is controlled by the temperature sensitive, ubiquitously expressed GAL80

In experiments in Figures 2.5 

Bacteria Treatments

Adult Su(H) 47 /+ flies were treated for 24 hours on filter paper soaked with Ecc15 / Pe or control solution (see below) covering sugar agar (1.5%) plates.

Ecc15/ Pe treatment: a 1:1 mix of OD200 Ecc15 culture and 5% sucrose.

Control: a 1:1 mix of LB and 5% sucrose.

Treatment was repeated once per week for 3 weeks, followed by a 1-week-recovery before dissection at 5 weeks.

Proliferation response and was assayed by phospho-histone 3 staining 25 hours after treatment in young 3-5 day-old flies.

X-ray induction

1 week old flies were placed in the X-ray generator CIXD and exposed to 40 gray at the RadeXp facility at Institut Curie.

Immunofluorescence

Midgut fixation and immunofluorescence staining were performed as described previously described in [START_REF] Bardin | Transcriptional control of stem cell maintenance in the Drosophila intestine[END_REF]). Adult female midguts were dissected in PBS and then fixed at room temperature (RT) for 2 hours in 4% paraformaldehyde.

Guts were trimmed and incubated in PBS 50% glycerol for 30 minutes before equilibration in PBS 0.1% Triton X-100 (PBT) to clean the lumen. Fixed and cleaned guts were then washed in PBT for at least 30 min before addition of primary antibodies (overnight at 4°C or 3-5 hours at RT). After at least 30 min wash, secondary antibodies were incubated 3-5 hours before DAPI staining (1mg/ml) and mounted in 4% N-propyl-galate, 80% glycerol.

The following antibodies were used: mouse anti-Delta extra-cellular domain Imaging was performed using Zeiss LSM900 and LSM780 confocal microscopes and epifluorescence widefield microscope at the Curie Institute imaging facility with serial optical sections taken at 1 to 1.5-mm intervals (512X512 or 1024X1024) using 20X or 40X oil objectives through the whole-mounted posterior midguts.

Representative images are shown in all panels) see above), we were able to determine where the first homozygous SNP (from the centromere) is located, we then manually located the first heterozygous SNP relative to that for 11 out of the 13 MR events. It is important to note that both coverage and tumour purity play an important role in confidently mapping these regions, with more emphasis placed on purity. We thus assigned a value for each mapped region considering both coverage and purity (see supplementary Table 1). We were unable to map the region of recombination for 2 samples because of EC contamination. These samples however allowed us to benchmark what is deemed "too impure" for the mapping of regions of recombination. We assigned a purity value (determined by EC contamination) of 0.75 to be our cutoff, anything below that is too contaminated to map region of recombination.
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Chapter 1 :

 1 Introduction Prelude There are three major themes I wanted to cover in my introduction. 1. The importance of better understanding the altered genomes of stem cells. 2. The gaps in our knowledge regarding important mechanisms driving genome alterations. 3. The use of the Drosophila intestine as a model to address questions regarding mechanisms of genome alteration in stem cells. Therefore, in chapter 1.1, I will begin with a general overview of DNA damage in stem cells and how it could lead to genome alteration, potentially driving aging phenotypes and cancer. In chapter 1.2, I will focus more on a common cause of genome alteration: loss of heterozygosity, highlighting its contribution to disease and particularly cancer initiation. Finally, in chapter 1.3, I will introduce the Drosophila model system that I use, to answer important questions about loss of heterozygosity in stem cells. Chapter 1.1 is largely based on a review that I wrote in my third year (Al zouabi and Bardin 2020) with the goal in mind of using it for my thesis introduction: Al zouabi L and Bardin AJ (2020 Jan 13) Stem Cell DNA Damage and Genome Mutation the Context of Ageing and Cancer Initiation -Cold Spring Harbor Perspectives in Biology.

  arising, for example, through deamination of 5-methylcytosine in CpG nucleotides in vertebrates, resulting in a C->T substitution (Razin and Riggs 1980). Structural variants involve more large-scale changes to the DNA sequence and therefore are more likely to alter gene function. These include amplifications, deletions, and translocations, which can be caused by recombination and replication-based mechanisms, erroneous DNA double-stand break repair, or be a result of transposable element mobility (Carvalho and Lupski 2016; Bourque et al. 2018).

  orchestrate DNA repair or by the elimination of the damaged cell by apoptosis or by exiting the cell cycle. Interestingly, adult mouse hematopoietic stem cells (HSCs) and hair follicle stem cells (HFSCs) of the bulge were found to have increased radioresistance with minimal apoptotic response and accelerated DNA repair compared to their more differentiated progeny (Mohrin et al. 2011; Sotiropoulou et al. 2010; Beerman et al. 2014). Aged HSCs are even more resistant than young HSCs to DNA-damage induced apoptosis (Gutierrez-martinez et al. 2018). This likely helps prevent depletion of the stem cell pool but could be at the cost of accumulating mutations. Stem cells also differ in a tissue-dependent manner in terms of strategies used that help limit passing mutations to progeny, with some favoring robust repair (Figure 1.1A), others apoptosis (Figure. 1.1B), or terminal differentiation (Figure 1.1C). The small intestine for instance is sensitive to apoptosis driven by DNA damage, whilst stem cells of the colon are resistant to apoptosis (Potten and Grant 1998; Merritt et al. 1995). Intrinsic differences in cell cycle properties could explain why stem cells differ widely in their DNA repair mechanisms between tissues. As shown in the hematopoietic system, when a DSB arises in a quiescent cell, DNA repair is mediated by the efficient NHEJ mechanism, which acts quickly and does not need the presence of a homologue for repair, but is error-prone (Mohrin et al. 2011). Proliferating HSCs on the other hand use high-fidelity HR to repair DSBs but have an increased likelihood of accumulating damage during S-G2/M (Mohrin et al. 2011). Alternatively, another strategy of protecting the tissue from propagating a mutation is employed by melanocyte stem cells that differentiate upon DNA damage (Nishimura et al. 2005; Inomata et al., 2009). Similarly, during the aging process, it is thought that the HFSC are gradually lost due to differentiation upon repeated DNA damage acquisition during hair follicle cycles (Figure 1.1C) (Matsumura et al. 2016).

(

  A) Repair: Depending on the cell cycle status of the cell, the cell undergoes repair by either non-homologous end-joining (NHEJ); (top panel) or homologous recombination (HR); (bottom panel). NHEJ is the quick and efficient mechanism employed by quiescent stem cells when they are faced with damage. It involves the ligation of the broken ends and often results in the introduction of small deletions, but can also lead to translocation and genome rearrangements. HR is employed if the cell is cycling and goes through S phase, duplicating its chromosomes, providing a template for the repair of the damaged chromosome. This is usually more accurate repair than NHEJ, though erroneous choice of the homologous chromosome, rather than the sister, can lead to LOH. (B) Elimination: by apoptosis. Some cells undergo apoptosis rather than repair. If this

Figure 1 . 1 :

 11 Figure 1.1: Mechanisms of stem cell protection from DNA damage by repair, elimination or cell cycle exit.

  One such mechanism is neutral competition in which ISCs undergo dynamic stem cell replacement shown, both in the mouse (Lopez-Garcia et al. 2010; Snippert et al. 2010) and the Drosophila intestine (De Navascués et al. 2012), which likely helps to prevent their loss.

  Nystul and Spradling 2007; Jin et al. 2008; Issigonis et al. 2009; Kolahgar et al. 2015; Zhang and Kalderon 2001; Amoyel and Bach 2014).
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 12 Figure 1.2: Cell competition selects for "winner" cells and weeds out less-fit "loser" cells.

( A )

 A Mutations arise in stem cells of young tissues. (B) Age-dependent clonal expansion of mutant stem cells via positive selection or neutral drift give rise to mosaic patches. These may have a premalignant capacity and their persistence can lead to cancer initiation. (C) Clonal expansion can lead to the age-related collapse in clonal diversity with very few stem cells contributing to the aging tissue. The functional impact of collapse of clonal diversity is still not fully understood but it can impact age-associated lineage skewing, in some cases. (D) Clonal expansion of cancer driver genes can lead to cancer initiation.
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 13 Figure 1.3: Somatic mosaicism with age

  was shown to underlie muscle stem cell senescence (Sousa-Victor et al. 2014). Ongoing DNA damage may also result from alteration in replication kinetics. Interestingly, in mouse adult HSCs, diminished expression of MCM4 and MCM6 during aging resulted in delayed replication kinetics in aged HSCs causing replication stress. Induced replication stress in HSCs resulted in preferential killing of old HSCs, therefore providing a mechanism for functional decline of cycling HSCs during aging (Flach et al. 2014) and a likely explanation for previous observations in human and mouse HSCs, of increased marks of DNA damage during aging (Rossi et al. 2007; Rübe et al. 2011).

  Understanding the mechanisms regulating loss of heterozygosity will be the main subject of my results 2.1 below. These data suggest that spontaneous mutation occurs frequently in Drosophila adult intestinal stem cells, making them a useful model to decipher underlying causes and consequences of stem cell somatic mutation on adult tissues.
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 14 Figure 1.4: The use of model systems to assay spontaneous mutations in adult tissues.
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 11 It can be inactivated via point mutation, (2) a deletion, (3) it can be lost through aneuploidy and (4) mitotic recombination (MR) resulting in the co-segregation of two mutant alleles into a daughter cell. While LOH via the direct inactivation of the wildtype allele via a point mutation or small deletions has been documented in various cancers, the mechanisms which give rise to these single locus events usually lead Chapter to fewer genetic changes in the context of LOH than that of multi-locus chromosomal events such as large deletions, aneuploidy and MR.It has been shown, that MR, plays a substantial role in both sporadic and familial cancers as well as other pathologies, thus I will begin by detailing what is already known about MR-driven LOH. Towards the end of this section, I will also touch on another multi-locus event LOH mechanism: aneuploidy.Mitotic recombination-driven LOHMitotic recombination (MR), is homologous recombination (HR) that takes place during interphase of the mitotic cell cycle and not during mitosis, as the name suggests. It is defined as the homology-directed DNA exchange between sister or homologous chromosomes and comes into play to repair DNA double strand breaks (DSBs) using the intact chromosome as a template. The use of a template makes MR a high-fidelity DNA repair mechanism compared with alternative pathways of DSB repair such as NHEJ and alt-EJ, which introduce deletions along with the repair (explained in chapter 1.1). MR however, in spite of the more accurate repair, is clearly a double-edged sword. In cells heterozygous for a tumour suppressor gene (as mentioned above), MR corrects the DSB, but at the cost of recombining out the functional wild-type, thus leading to tumour suppressor gene inactivation establishing the very first steps of cancer.

  gets activated leading to further subsequent inactivations of other tumour suppressor genes such as P53. Studies from human cell lines derived from familial polyposis patient tumours identified that the LOH of APC occurs via MR(Cottrell et al. 1992; Haigis et al. 2002; Thiagalingam et al. 2001; Howarth et al. 2009). Mouse models been developed modeling intestinal cancers using (Apc Min /+) mice also show MR as a mechanism driving APC LOH(Haigis et al. 2002). Additional studies on human cell lines have also provided evidence of MR-driven LOH of other tumour suppressor genes such as retinoblastoma (Rb)(Cavenee et al. 1983), and neurofibromatosis NF1 (Serra et al. 2001), also reviewed in (Tuna et al. 2009; Lapunzina and Monk 2011; Siudeja and Bardin 2017). MR is therefore a frequent means of tumour suppressor gene inactivation, particularly in familial cancers where a germline mutation is pre-existing.Restoration of the wild-type genotype through MR-driven LOHInterestingly, in the same way that MR can lead to the loss of the wild-type allele, it can also have a beneficial role in cases where a dominant mutant allele is lost instead, rescuing mutant phenotypes in heterozygotes. This phenomenon has been observed in Icthyosis(Choate et al. 2010), an autosomal dominant disease causing dry and scaly skin patches where the KRT10 dominant mutation is spontaneously inactivated via MR and the wild-type is restored. The MR-driven spontaneous elimination of the mutant KRT10, and the restoration of wild-type, gives rise to "revertant patches" leading to a natural form gene therapy. This phenomenon has been observed in other skin diseases too[START_REF] Kiritsi | Revertant mosaicism in a human skin fragility disorder results from slipped mispairing and mitotic recombination[END_REF][START_REF] Jonkman | Revertant mosaicism in epidermolysis bullosa caused by mitotic gene conversion[END_REF]). MR-mediated somatic reversion has also been well described in a metabolic disorder causing immunodeficiency[START_REF] Hirschhorn | Spontaneous in vivo reversion to normal of an inherited mutation in a patient with adenoside deaminase deficiency[END_REF] as well as blood disorders (Revy et al. 2019; Jongmans et al. 2012) including Diamond Blackfan Anemia (DBA) where case studies reveal disappearing features of anemia in patients as a result of MR-based somatic reversion to wild-type phenotypes (Jongmans et al. 2018; Venugopal et al. 2017) and a subsequent clonal expansion of the revertant cell, which lost its dominant mutation through MR. Thus, a thorough understanding of the molecular mechanisms giving rise to MR and what drives it, particularly in cell types that can clonally expand such as stem cells, will provide important insight into cancer initiation for potential prevention strategies and also insight into somatic reversion strategies, rescuing pathogenic phenotypes. Presumably, MR is being driven by repair of a DSB. Important questions remain to be addressed: What leads to the DSB? Do DSBs happen in particular regions in the genome such as fragile sites? Are there environmental factors that increase the chance of DSB occurrence? DSBs: Drivers of MR While it is known that meiotic recombination is driven by programmed DSBs initiated by the topoisomerase-related Spo11 protein (de Massy et al. 1995; Keeney and Kleckner 1995; Liu et al. 1995; Bergerat et al. 1997; Keeney et al. 1997), the drivers of mitotic recombination are less known. Spontaneous cellular events leading to DNA damage are likely to be drivers, however whether these events leading to DNA damage are random or non-random is unclear. What is clear, however, is that resultant spontaneous DSBs in mitosis are pathological, rather than physiological as in the case of programmed DSBs in meiosis. There have been numerous efforts to understand how MR arises in somatic tissues, but, MR for the most part has been observed using low-resolution techniques such as restriction fragment length polymorphism (RFLP) markers or microsatellite loci along the chromosome arm and assayed using PCR-based methods or targeted sequencing. These markers have a significant distance between them and do not meet the required resolution to gain mechanistic insight from mapping recombination sites and learn more about where the DSB arose and the cause of repair. In one study by Howarth et al, that used SNP microarray to profile the SNPs in order to map sites of MR in human tumours caused from the LOH of APC, sites of MR were resolved to around 4.5 Mb. The authors claim that the sites were non-random and possibly associated with low copy repeats (LCRs), however the poor coverage of polymorphic markers did not allow finer-scale mapping (Howarth et al. 2009). Finer mapping involves 1. a high density of polymorphic markers along the chromosome and 2. a good technique to detect the all the polymorphic markers possible along the chromosome. This can be achieved by 1. using organisms that have parental genotypes with a sufficient sequence divergence such as high informative SNP density and 2. assaying the informative SNPs using highthroughput sequencing. An increasing number of studies have consequently been produced in yeast producing fine maps of spontaneous MR due to the feasibility of achieving the aforementioned two points (St. Charles and Petes 2013; Lee et al. 2009; Sweetser et al. 1994; Yin et al. 2017). It was shown that in yeast, spontaneous MR sites were non-random, occurring near inverted repeats of Ty transposable elements (St. Charles and Petes 2013; Sweetser et al. 1994). Whether these sequence features drive MR in somatic cells of higher eukaryotes remains elusive however. Though there is a common thread of "repetitive DNA elements" between the association found with LCRs in humans, and the association found with Ty inverted repeats in yeast. Repetitive DNA is capable of forming secondary structures, such as hairpin or cruciform non B-form DNA structures that can be an obstacle for a replication fork, causing it to stall or collapse, leading to a DSB. Other cis-acting elements such as highly transcribed DNA sequences can also present obstacles for the replication fork, reviewed in (Aguilera and Gómez-González 2008). Despite these studies, further insight is needed to define how underlying genomic sequences can impact DNA DSB and sites of MR. Yeast: a paradigm for studying mechanisms of MR In addition to the high-resolution mapping and potential insights into causes of DSBs, most of what we know about the succeeding steps after the broken strands comes from budding yeast Saccharomyces cerevisiae. By studying what happens after spontaneous as well as the synchronous induction of DSBs by site-specific endonucleases. Using a combination of genetic, molecular and cytological approaches, yeast has provided substantial insights into the different mechanisms of MR (Dé et al. 1999; Hicks et al. 2011; Baumgartner et al. 2018b). The possibility to recover products for a reciprocal crossover though clone sectoring events, analogous to meiotic tetrad analysis (Barbera & Petes 2006), has also led to yeast becoming such a powerful model system to understand MR.

I

  describe how the severed/broken strands find a template and undergo repair via homologous recombination (HR). Though I would like to point out that HR is one of 3 pathways that can solve a DSB problem. Please see chapter 1.1 under "DNA damage and how it leads to mutation", for a further description of the three pathways of DSB repair-HR, NHEJ and alt-EJ, whose utilisation depend largely on the timing of the DSB relative to the cell cycle stage. Recombination mechanisms proceed as follows (see Figure 1.5): after DNA strands are broken, the resection of the broken ends by an endonuclease occurs in a 5'-3' direction, resulting in 3' overhangs (Figure 1.5A). These overhangs have a 3'-OH group exposed to prime DNA synthesis using a homologous region as a template. The subsequent search for homology relies on a recombinase protein called Rad51 that assembles on the overhangs and forms a nucleoprotein filament. The nucleoprotein filament facilitates Rad51 to search the entire genome for Chapter 1 50

Figure 1 .

 1 5C): BIR takes place when only one end of the DSB shares enough homology with donor region. DNA polymerase delta drives replication with Pif1 helicase unwinding the DNA and proceeds by a migrating D-loop in a long-leading strand intermediate, that is then completed by lagging strand synthesis[START_REF] Saini | Migrating bubble during break-induced replication drives conservative DNA synthesis[END_REF]). This has been shown to be a highly mutagenic process as the accumulation of ssDNA before the completion with lagging strand synthesis is sensitive to nucleases, resulting in mutation hotspots by the breakpoints. One study showed a median density of 1 mutation per 6.3kb, which is 900 times higher than the density of scattered mutations across the genome[START_REF] Sakofsky | Break-induced replication is a source of mutation clusters underlying kataegis[END_REF]) and another study reported mutations increasing up to 2,800 fold compared to spontaneous events(Deem et al. 2011). Additionally, a higher rate of mutagenesis also extends far from the breakpoints, this is because dNTPs are elevated during BIR, which contributes to lower fidelity of the DNA polymerase(Deem et al. 2011).3. CO (seeFigure 1.5D): If the second strand of the DSB is captured, a structure called a double Holliday junction is formed. Small patches of DNA synthesis take place to fill in the gaps and the double-Holliday-junction moves via branch migration, which can then be dissolved forming non-crossover products and an outcome similar to that of SDSA, or the double-Hollidayjunction can be cleaved by nucleases called resolvases in an orientation mediating crossover products. Intervening regions of conversion tracts near by the initiation breakpoint correspond to the small patches of DNA synthesis. The distance of these conversion tracts/ patches of non-reciprocal synthesis from site of recombination corresponds to how much branch migration took place as well as whether mis-match repair corrected heteroduplex sequences. Depending on the DNA strand, the resulting repaired chromosome can either contain one long LOH tract, or a long LOH tract with intervening regions of gene conversion nearby the initial breakpoint.
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 15 Figure 1.5: Double strand break repair pathways via HR (A) The double strand break repair (DSBR) models all begin with the same substrate: 3' overhangs of ssDNA resulting from a DSB. Rad51 forms the nucleoprotein filament that initiates the search for DNA homology and strand invasion. A displacement loop (D-loop) is formed between the 3' overhang and the homologous chromosome strand (donor). These steps with shown here are common steps between all the DSBR models. The models then deviate after this point. (B) In the SDSA pathway, the invading strand copies a short part of the donor through producing a patch of DNA synthesis (denoted by the dark grey dotted arrow). The most important step that distinguishes it from the other pathways is the fact that the new strand is displaced from the donor and is captured by the second end of the DSB (the 5' end). This leads to non-crossover products NCO, but a short patch of non-reciprocal DNA exchange within the region of synthesis. (C) Break-induced replication (BIR) repairs the DSB by copying the donor chromosome. It relies on unwinding of the donor DNA by the Pif1 helicase. Leading strand synthesis copies the template followed by lagging strand synthesis off of the leading strand to produce a new end of the chromosome from where the DSB occurred. It is an error-prone process resulting in local de novo mutations (red stars) near the DSB origin. (D) A CO mechanism is mediated by a double-Holliday junction and relies on resolvases.Cleavage at sites 1 and 2 result in CO occurring between homologous chromosomes.

  al. 2010; Lin et al. 2003; Duijf et al. 2013). Consistent with the potential of aneuploidy to drive cancer formation, mutations in mitotic checkpoint genes have been shown to give rise to spontaneous tumours through LOH driven by chromosome loss (Baker et al. 2009; Baker and Van Deursen 2010; Tighe et al. 2001). Aneuploidy is the result of faulty mitosis, leading to improper segregation of whole chromosomes, and therefore arises in a very different manner than MR discussed above. While MR relies on the relationship between DSB and homologous template in S phase, aneuploidy on the other hand relies on the relationship between chromosome and spindle during mitosis. Here, I provide a quick overview of how aneuploidy arises, reviewed in (Chunduri and Storchová 2019; Funk et al. 2016).

(

  Jiang and Edgar 2011). Studies with this model have made seminal contributions in the fields of stem cell biology, tissue homeostasis, organ physiology, and aging(Gervais and Bardin 2017). The lab has been using Drosophila, with its powerful genetic tools to address questions about stem cell regulation and deregulation during aging (Figure1.6A).Structure of the Drosophila intestineThe adult Drosophila intestine is a tube lined by an epithelial monolayer making up the foregut, midgut and hindgut (Figure1.6B) comprised of different cell types (Figure1.6C, D). The posterior midgut and hindgut are proposed to be homologous to the vertebrate small intestine and large intestine respectively[START_REF] Miller | The Biology of Drosophila[END_REF][START_REF] Miller | The internal anatomy and histology of the imago of Drosophila melanogaster[END_REF]; Lehane and Billingsley 1996) reviewed in (Lemaitre and Miguel-Aliaga 2013; Miguel-Aliaga et al. 2018). The midgut is the most studied intestinal region of the adult fly. It has three areas that are morphologically distinct: the anterior, middle and posterior midgut (Li et al. 2013). In addition to that, further compartmentalisation was evidenced in 2013 in a study that showed 6 regions (R0-R5, see Figure 1.6B) with distinct genetic properties, morphology and histology (Marianes and Spradling 2013; Buchon et al. 2013; O'Brien 2013). R3 for instance is known as the "copper cell region" (CCR) that has a higher acidity compared to the rest of the midgut (Figure 1.6B) and also has different cell types (Figure 1.6E). The CCR controls the distribution and composition of the resident bacteria/ microbiota of the gut (Li et al. 2016).

  (A) The Drosophila intestine is a regenerative tissue with distinct regions shown in (B). (B) The Drosophila intestine is composed of a foregut, a midgut and hindgut and is subdivided into regions R0-R5. (C) The intestinal stem cell (ISC) lineage. ISCs fuel tissue homeostasis of the midgut by dividing asymmetrically, self-renewing and giving rise to another cell
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 16 Figure 1.6: Structure and cells of the Drosophila midgut

  seminal papers were published in 2006 characterising the self-renewal properties governed by adult stem cells(Micchelli and Perrimon 2006b; Ohlstein and Spradling 2006a). These studies showed, for the first time, the characterisation of Drosophila midgut intestinal stem cells (ISCs) using lineage tracing techniques that showed mature cells were being lost and replaced by ISCs. This consequently opened up opportunities to utilise the Drosophila intestine as a model for homeostatic tissue in vivo with similarities to human/mammalian intestine thus establishing a new model system to study adult stem cells in the fly gut.The ISC is the primary dividing cell type that, upon division, produces two cells, one that that self-renews and another cell that is a progenitor. In homeostatic conditions, the EB differentiates into an EC (80%) of the time and in 20% of the time, an ISC differentiates into an EE (Perdigoto et al. 2011; Ohlstein and Spradling 2007). More recent work showed that EE cells are produced by precursor cells called eneteroendocrine precursors (EEPs); Chen and colleagues show evidence through lineage analysis of a population of cells that undergo a second mitosis of the stem cell daughter that then go on to differentiate into EEs (Chen et al. 2018; He et al. 2018). Thus, the ISC lineage can be presented as follows (Figure 1.6C). But what determines this specificity? How is cell fate determined in homeostatic conditions? It all depends on the precise regulation of stem cell daughter fates which depends on cell-cell communication and Notch signaling. I will thus move on to describe how Notch signalling regulates cell fate. The role of Notch in regulating cell fate Notch signaling is a highly conserved paracrine cell-cell signaling pathway regulating a variety of cell fate decisions including mammalian and Drosophila ISCs. It has been shown that Notch is essential for the specification of the ISC lineage by examining loss of Notch activity in mosaic clones -i.e. induced mutant stem cells that generate clonal lineages -which led to an accumulation of diploid ISC and EE cells, showing clusters devoid of ECs (Ohlstein and Spradling 2006a; Micchelli and Perrimon 2006a).This is suggestive that Notch is required for ISC balance and differentation into ECs. Following this, other studies showed that the ligand for Notch, Delta (Dl), is endocytosed in the ISC, making it the "signal sending cell" activating the Notch receptor in the EB. It is the strength of this signal that determines the lineage choice of EC versus EE, with high Notch specifying EC fate and low Notch specifying EE fate (Figure 1.7) (Ohlstein and Spradling 2007).
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 17 Figure 1.7: Role of the Notch pathway in specifying ISC lineage (A) Low Notch signalling is required for EE cell fate acquisition whereas high Notch signalling specifies EC cell fate signalling. (B) The Notch ligand Delta (RED) in ISC activates the Notch receptor (PURPLE) present in the EB (PINK) facilitating cleavage of the intracellular domain of Notch (N icd -PURPLE) promoting transcription of downstream Notch target genes turning off stem cell self-renewal and activating an EC differentiation program. (C) A loss of Notch signalling in stem cells will drive stem cell self-renewal and result in aberrant accumulation of EE cells and a loss of EC cells.
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 18 Figure 1.8: The aging Drosophila gut-changes at the stem cell level, tissue level and physiological level.

(

  A) Increase foci of marks of DNA damage, H2Ax, are detected in ISCs upon aging. (B) Increased ISC proliferation occurs with age, leading to changes in tissue structure with more newly formed progenitor cells in the tissue. (C) Stem cell mutations occur during aging, with an inactivation of Notch causing a neoplastic phenotype. (D) Physiological changes arise in adult life, with aged flies having permeable leaky guts and and changes in the CCR acidifying region.

  Infection-induced damage by bacteria causes the midgut to illicit an innate immune response via antimicrobial peptides (AMPs) as well as reactive oxygen species (ROS) production in order to attack the bacteria. ROS do not specifically target microbial structures, but rather damage proteins, lipids and nucleic acids through promoting oxidative degradation of the lipids in cell membranes. For this reason, anti-oxidant systems are mobilised in the gut in order to prevent damage on the host cell, namely the secretion of an extracellular immune related catalase (IRC), which neutralises ROS[START_REF] Ha | An antioxidant system required for host protection against gut infection in Drosophila[END_REF]. With age however, it has been shown that the constant stimulation of immune resistant intestinal microbes results in excessive ROS accumulation, a likely contributing factor to the age-relates loss of tissue homeostasis(Buchon et al. 2009b). ROS production during aging could also conceivably impact DNA damage levels.Drosophila midgut response to Ecc15 and Pe infectionErwina caratovara (Ecc15) is a gram-negative bacteria, non-lethal pathogen that causes the host cell to produce ROS.Buchon and colleagues showed a ROS burst peaks 1 hour after infection with Ecc15 (Buchon et al. 2009b). It has been suggested that this causes collateral effects causing stress in the host ECs, leading them to delaminate from the epithelium. Despite the tight regulation to prevent damage to host gut cells (Ha et al. 2005), ECs are damaged and lost. The loss of cells in the epithelium instigates a proliferative response of the ISCs to compensate. A 10-fold increase of dividing cells has been shown in the guts of Ecc15 challenged flies compared to unchallenged flies, after 16 hours of infection (Buchon et al. 2009b). This response is initiated by the release of the Upd3 cytokine from ECs which triggers JAK-STAT and the epidermal growth factor Keren. Induction of the JAK-STAT pathway in ISCs and EBs consequently promotes synthesis of Upd3 and another epidermal growth factor Spitz. Along with the epidermal growth factor ligand Vein, activated in the surrounding visceral muscle, these factors induce the EGFR pathway in ISCs to increase their rate of proliferation (Buchon et al. 2009b; Jiang et al. 2009a).Pseudomonas entomophila (Pe), is another gram-negative bacterium that induces higher epithelial stress than Ecc15. Transcriptomic analysis found that more anti-microbial peptides are expressed after Pe infection compared to Ecc15 infection[START_REF] Chakrabarti | Infection-induced host translational blockage inhibits immune responses and epithelial renewal in the Drosophila gut[END_REF]. Pe infection also kills ECs[START_REF] Vodovar | Drosophila host defense after oral infection by an entomopathogenic Pseudomonas species[END_REF]) and induces a strong mitotic response in the midgut through JAK/STAT signalling that is required for ISC activation(Jiang et al. 2009a). Infection of a high dose of Pe induces an overwhelming stress response through high levels of ROS as well as the formation of a bacterial toxin called Monalysin[START_REF] Chakrabarti | Infection-induced host translational blockage inhibits immune responses and epithelial renewal in the Drosophila gut[END_REF]). This, in turn, decreases global translation in ECs by inducing the kinase Gcn2 and decreasing Tor signalling. This consequently leads to the lack of tissue repair and death of the fly. Thus, the ingestion of diverse bacterial species can lead to dynamic stem cell responses, though differ in degrees and final outcomes of changes in tissue homeostasis.Advantages of using the Drosophila midgut as a model system to study genome instability in adult stem cellsI will finally end chapter 1.3 highlighting the advantages of using the Drosophila gut as model system to study the impact of genome instability in adult stem cells discussed in chapter 1.1. Given the emerging evidence showing the increase in clonal expansions in mutant stem cell populations in aging tissues, highlighted in chapter 1.1, it has also been shown that the environment can affect the kinetics at which mutant lineages expand[START_REF] Zhang | Hedgehog acts as a somatic stem cell factor in the Drosophila ovary[END_REF]. As described in 1.1 above, clonal expansions can alter the homeostasis of the tissue and compromise its function, leading to aging phenotypes and cancer. A better understanding of the mechanisms underlying the acquisition of mutations, and factors that impact the initiation and expansion of mutant lineages is needed.The Drosophila intestine is a well-suited model to better understand the molecular processes underlying somatic adult stem cell mutations and the factors that can impact their progression. Indeed, the Drosophila intestine is a regenerative tissue maintained by approximately 1000 multipotent intestinal stem cells that have been shown to undergo frequent spontaneous mutation. The readout of spontaneous mutations are the phenotypically visible neoplasias that are detected in aged flies. The lab showed that these are spontaneously arising mutant clones that arose from a mutant stem cell and that this system recapitulates clonal expansions of human tissues(Siudeja et al. 2015). The lab demonstrated through whole-genome next-generation sequencing that these neoplasias arise because of an inactivating deletion of the wild-type copy of the tumour suppressor gene Notch, which is on the X chromosome. Since males have a single copy of Notch, inactivation of one copy is sufficient for the gut to acquire a Notch loss of function phenotype resulting in the neoplasia. In addition, this work demonstrated that heterozygous components of the Notch pathway undergo LOH and also lead to neoplasia(Siudeja et al. 2015). A mechanistic dissection of this process will be described below in my results 2.1. Overall, the Drosophila intestine can be used to determine how somatic mutations arise in adult stem cells.Another advantage of this Drosophila model system is its small genome size.The Drosophila genome is ~175Mb compared with the 2.6Gb genome size of Mus musculus. This allows for more cost-effective sequencing. It also has a significantly shorter lifespan of 6 weeks, making aging experiments in flies faster than mouse aging experiments, which would take 3 years to acquire geriatric mice. I have highlighted that much is known about the intestinal stem cell lineage, how it is specified and signal pathways altering stem cell dynamics. Most importantly, what makes Drosophila a powerful model in general, is its genetic amenability with tools available for manipulation in vivo and the ability to alter environmental conditions.

  Driving Spontaneous Loss of Heterozygosity in Drosophila Intestinal Stem Cells (article in preparation). Lara Al zouabi, Nick Riddiford, Marine Stefanutti, Mirka Uhlirova and Allison Bardin In preparation Abstract Somatic cells can undergo a genome alteration leading to loss of heterozygosity (LOH). This phenomenon occurs in normal human tissues, pathological disorders, and cancers. Although previous studies in yeast have provided substantial insight into different mechanisms of LOH, mechanistic details are lacking in multicellular organisms with complex tissues. Here we investigate the mechanisms giving rise to LOH, bridging the gap between unicellular yeast and higher eukaryotes using an in vivo stem cell model system in Drosophila. Through whole-genome sequencing of somatic LOH events, profiling copy number changes and changes in heterozygosity of single-nucleotide polymorphisms, we demonstrated that LOH arises via mitotic recombination. Consistent with this, we found involvement of the DNA repair enzyme Rad51 in LOH. Fine mapping of recombination sites did not reveal mutational pile-ups that commonly arise with a break-induced replication mechanism and instead showed clear examples of chromosomes arising from cross-over events generated by double-Holliday junction-based repair. The mapped recombination regions also provided insight into potential genomic sequence features that may promote mitotic recombination, including an association with the repeated region of the Histone Locus Cluster and regions previously mapped to form R loops. We further explored how environmental factors can influence this process and demonstrate that infection with the enteric pathogenic bacteria, Ecc15, increased LOH frequency. This study provides a better mechanistic understanding of how mitotic recombination arises in stem cells in vivo, and identifies intrinsic and extrinsic factors that can drive LOH, thus providing important insight into cancer initiation and potential preventative and therapeutic strategies. Introduction Diploid organisms, with two copies of each gene, have an evolutionary advantage providing protection if a mutation arises in one copy, as the second wildtype allele maintains function. Thus diploidy provides redundancy, masking deleterious recessive mutations (Crow and Kimura 1965; Perrot et al. 1991; Otto and Goldstein 1992; Mable and Otto 2001). Despite this protective system, the genomes of somatic cells are under constant threat of DNA damage from both endogenous and external insults, thus the wild-type "backup" copy can be somatically inactivated through a process called loss of heterozygosity (LOH). LOH is one of the most common means of inactivation of tumour suppressor genes (Crabtree et al. 2003; Saeki et al. 2011; Knudson 1971; Xu et al. 1992; Shetzer et al. 2014) and reviewed in (Couto 2011; Wang 2018; Ryland et al. 2015). LOH can arise through different genetic mechanisms including point mutations, deletions, chromosome loss, and mitotic homologous recombination (MR)-based mechanisms resulting in co-segregation of two mutant alleles into a daughter cell. It has been shown that MR plays a substantial role in both sporadic cancers and familial cancers and is particularly problematic for individuals who have germline mutations in adenomatous polyposis coli (APC) (Cottrell et al. 1992; Haigis et al. 2002; Thiagalingam et al. 2001), retinoblastoma (Rb) (Cavenee et al. 1983) and neurofibromatosis 1 (NF1) (Serra et al. 2001) as the subsequent somatic inactivation of the wild-type allele happens via MR, also reviewed in (Tuna et al. 2009; Lapunzina and Monk 2011; Siudeja and Bardin 2017).MR, is a DNA double-strand break repair (DSBR) mechanism employed in mitotically dividing diploid cells to correct a DNA double strand break (DSB) using the intact homologue as a template and was first described by Stern in classic Drosophila experiments(Stern 1936a). MR is a double-edged sword however: in cells heterozygous for a tumour suppressor gene (such APC, Rb, NF1 mentioned above), MR corrects a DNA lesion, but at the cost of recombining away the wildtype backup copy, thereby leading to cancer initiation. Thus, a thorough understanding of the molecular mechanisms giving rise to MR as well as cellintrinsic and -extrinsic factors that can promote MR, will provide insight into cancer initiation and potential prevention strategies. Of particular importance is understanding these processes in adult stem cells, that maintain cell division capacity and plasticity in adult tissues. Indeed, adult stem cells are capable of producing large numbers of differentiated cells and therefore the transmission of mutant genomes can initiate tumour formation or profoundly affect tissue function.While there have been numerous efforts to understand how MR arises in somatic tissues, MR for the most part has been observed using low-resolution techniques such as PCR-based methods, targeted sequencing and following markers with a significant distance between them using SNP and microsatellite arrays. In a study mapping sites of MR in human tumours caused from the LOH of APC, sites of MR were resolved to around 4.5 Mb. The authors claim that the sites were non-random and possibly associated with low copy repeats (LCRs), however the poor coverage of polymorphic markers did not allow finer-scale mapping(Howarth et al. 2009).Precise mapping provides an understanding of mechanistic signatures as well as features that could drive MR and has been achieved in yeast(Yin et al. 2017; St. Charles and Petes 2013). In addition to the polymorphic markers present in yeast, it is possible to recover all MR products through analysis of clone sectors (Barbera and Petes 2006). For this reason, yeast has provided substantial insights into mechanisms of MR, which can arise by break-induced replication (BIR) and DNA DSBR leading to cross-over (CO) via double-Holliday junction resolution. Additionally, it has been shown that spontaneous MR sites are enriched near sites of inverted repeats of Ty transposable elements (St. Charles and Petes 2013). Whether these sequence features driving MR are conserved and operate in adult stem cells as well as which mode of MR, (BIR or CO) takes place, remain elusive. Thus, there is a need to bridge the gap between unicellular yeast and higher eukaryotes to understand pathways that promote and prevent MR in a complex tissue in vivo. Drosophila is a well-established model that has made important contributions to our understanding of the dynamics of somatic tissues. The use of precise genetic tools has facilitated cancer modelling in Drosophila (Villegas 2019). In particular, studies using the adult Drosophila intestine (midgut) have defined cell signalling within tumour niches, and provided insight into cancer cachexia (Saavedra and Perrimon 2019, Gerlach and Herranz 2020, Patel et al. 2015). Additional studies have revealed environmental factors including a role for the microbiome in the progression of induced tumours in the midgut (Zhou and Boutros 2020; Ferguson et al. 2020). Whether the microbiome or other environmental factors play a role in initiating these tumours, is not clear. The Drosophila adult midgut is a regenerative tissue composed of approximately 10,000 cells renewed weekly by around 1000 multipotent intestinal stem cells (ISCs). ISCs are the primary dividing cell type in the tissue, and undergo asymmetric cell divisions to self-renew and give rise to an enteroblast (EB) and less frequently, an enteroendocrine precursor (EEP). These progenitor cells give rise to the differentiated cell types the enterocytes (ECs) and enteroendocrine cells (EEs). Previously, we had observed that tumour-like clusters of cells composed of ISCs and EEs appear spontaneously and frequently in the adult fly intestine (Siudeja et al. 2015). We demonstrated that the neoplastic clusters of cells are clonal and derive from spontaneous mutation of the Notch gene occurring in ISCs. The cell signalling receptor and transcription factor, Notch, acts as a tumour-suppressor gene in this system, crucial for limiting ISC and EE cell proliferation through controlling daughter cell fate decisions (Micchelli and Perrimon 2006a; Ohlstein and Spradling 2006b). Notch, is X-linked and therefore hemizygous in male flies, where it becomes spontaneously inactivated in some ISCs in ~10% of 6-week-old aged wild-type flies through deletion, structural rearrangement, and transposon insertion (Siudeja, 2015; Riddiford, 2020; Siudeja, 2020). Aged female flies, heterozygous for a mutant allele of Notch, were shown to develop spontaneous neoplasia in ~80% of animals. Collectively, these studies established an in vivo model system to investigate spontaneously arising gene inactivation events in adult stem cells with a simple phenotypic readout of neoplastic clones of ISC and EE cells. Here we use the fly intestine as an in vivo model system to study spontaneously arising LOH in adult stem cells in a complex eukaryotic tissue. By exploiting the higher density of polymorphisms in Drosophila, twice as polymorphic than humans (Wang et al. 2015; Langley et al. 2012), combined with high coverage whole-genome sequencing (~50X), we could map MR events arising spontaneously in adult ISCs. Our data suggest that a majority of LOH events are driven by MR and not inactivation through point mutation, deletion or chromosome loss. Our findings further support CO as a primary mechanism model of MR, and argue against BIR as a prevalent mode of MR. Cell-intrinsic DNA sequence features such as the repeated locus of the Histone Cluster and regions shown to map to R loops are associated with sites of recombination. Furthermore, cell-extrinsic interactions with the pathogenic bacteria Ecc15, known to promote rapid proliferation of ISCs, was found to increase DNA damage of ISCs and increase LOH frequency. We thus present a better mechanistic understanding of MR arising in stem cells in vivo and delineate underlying cell-intrinsic and extrinsic environmental features promoting LOH, providing important insight into cancer initiation, potential preventative, and therapeutic measures.
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  EE cells) (Figure 2.1A-B'). Upon aging, patches of tissue with a Su(H) loss-offunction phenotype arose, comprised of an accumulation of Delta (Dl) positive ISCs and Prospero+ (Pros+) EEs (Figure 2.1C, C'). These data strongly suggest that, as we previously showed for other Notch pathway components, the spontaneous inactivation of the wild-type allele of Su(H) occurs during aging (Figure 2.1C'). Since the primary dividing cell-type in the adult midgut is the ISC and inactivation of Notch pathway in ISCs is sufficient to generate neoplastic clones (Siudeja et al. 2015), the inactivation event (Figure 2.1C') likely occurred in ISCs. Interestingly, we found that the frequency of detected spontaneously arising mutant LOH clones increased with age. In young 1-week old Su(H) 47 /+ flies, only 0.9% guts had mutant clones (n=108) (A) A wild-type aged gut at 6 weeks. Polyploid enterocytes (ECs), identified by the large nuclear size (DAPI, in BLUE), are the primary cell type in the gut and are interspersed with diploid enteroendocrine cells (EEs, marked by Pros, nuclear RED), and ISCs (marked by vesicular Delta [Dl] staining RED). (A') ISC lineage: ISCs divide to self-renew and produce EB progenitors that directly differentiate into ECs. Less frequently, ISCs divide to self-renew and produce EE progenitors, which divide once to make 2 EE cells.

Figure 2 . 1 :

 21 Figure 2.1: Aging ISCs acquire frequent spontaneous LOH events

Figure 2 .

 2 2B, C). In this context, Gal4 expression is driven by the pros promoter leading to induction of UAS-GFP, allowing the characteristic accumulation of Pros+ EEs of the mutant clones to be identified as GFP+ clusters (Figure2.2A, B). Midguts containing a large enough GFP+ cluster
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  A) ISC lineage: ISCs divide to self-renew and produce EB progenitors that directly differentiate into ECs. Less frequently, ISCs divide to self-renew and produce EE progenitors, which divide once to make 2 EE cells. ProsGal4 UAS-GFP transgenes in the genetic background drive GFP specifically in EEs allowing for isolation of large green LOH clones composed of ~1000-5000 cells. (B) Schematic of a Su(H) LOH clone recognised by the accumulation (marked by an arrow) of GFP+ EEs. (C) The GFP+ LOH clones were microdissected with the head of the same fly for Illumina paired-end sequencing allowed for SNP (germline parental differences), SNV (somatic point mutations), and copy number profiling.

Figure 2 . 2 :( 3 )

 223 Figure 2.2: Sequencing setup and analysis predictions

chromosome 2

 2 Figure S1, sample F10 is at 0.75 and 0.25).

Figure 2 . 3 :

 23 Figure 2.3: Figure 2.1 Sequencing Su(H) LOH clones reveals loss of heterozygosity through mitotic recombination in both males and females
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  A) Schematic of chromosome 2, showing LOH of chromosome 2R. VAF plots of an LOH sample from the O-fut1 4R6 /+ genotype. (B) Schematic of chromosome 3, showing LOH of chromosome 3R. VAF plots of an LOH sample from the Dl GAL4 /+ genotype.

Figure 2 . 4 :

 24 Figure 2.4: Loss of heterozygosity via mitotic recombination is also detected on other chromosome arms/ chromosomes

  Su(H) 47 /+ flies. The percentage of guts with LOH showed no difference between Pif1 knockdown (22.8%, n=281) and the control (23.6%, n=106) (Figure2.5E),

  et al. 2014; Deem et al. 2011). We thus carried out de novo single-nucleotide variant (SNV) calling to assess mutations throughout the genome. None of our samples had evidence for mutation hotspots near the recombination sites (Figure 2.5G). Indeed, SNV densities did not significantly change throughout the entire chromosome arms (representative sample in Figure 2.5G, see Figure 2.S6 for all samples). Therefore, these data argue against BIR as driving LOH in ISCs, at least in the 11 samples analysed. Strikingly, a more in-depth analysis of the sequencing lent further support for the notion that mutant chromosomes were produced by a classic DSBR model via double-Holliday junction intermediates. Resolution of double-Holliday junction double-Holliday junction resolution, and not BIR, leads to LOH. While this mechanism allows repair of double-strand breaks in stem cells, it leads to LOH of the tumour suppressor Su(H) and drives neoplasia initiation. Mapping of LOH initiation regions provides insight into potential sequence drivers of MR We next wanted to understand whether DNA sequence features may have contributed to the DNA damaging event driving MR. Interestingly, 2/11 samples had recombination sites that arose within the Histone Locus Cluster (Figure 2.6A, B).

Figure 2 . 6 :

 26 Figure 2.6: Mapping of breakpoint regions revealed potential genomic features that could drive MR (A) 2 samples had recombination sites that occurred within the Histone Locus Cluster. Due to the repeat nature, the exact positions could not be mapped within this ~100kb region. (B) IGV view with mapped recombination region of samples F7 and F11 shown in ORANGE.

  .1E, Figure2.7A). The fact that the chances of having two LOH events is higher than expected, could be explained by environmental factors driving a higher proliferative gut status that would therefore result in an increased probability of DNA damage in multiple ISCs in those guts. We therefore wanted to explore potential environmental factors that might promote MR and LOH. It is known that X-ray irradiation causes chromosomal breaks that induce MR and can lead to LOH of the wild-type allele(Stern 1936a;[START_REF] Griffin | Genetic odyssey to generate marked clones in Drosophila mosaics[END_REF]. Therefore, as a positive control, we irradiated young 1-week old Su(H) 47 /+ flies with 40 Gray ionising radiation (IR) and compared them unirradiated flies at 3 and 6 weeks post-IR (Figure 2.7B). While non-IR treated flies contained 10.8% spontaneously arising LOH events at 3 weeks, IR treated flies had a significant increase in LOH events, with 78.4% of midguts containing mutant clones at 3 weeks (n=97; Figure 2.7B). In addition to that, most IR-treated midguts had multiple events (61.9%) and 9.3% midguts had more than 5. At 6 weeks, almost 100% of IR-treated (A) Example of 2 LOH events in aged Su(H) 47 /+ gut. Dl (ISCs, cytoplasmic RED), Pros (EEs, nuclear RED), DAPI (BLUE). (B) Irradiated 1-week old Su(H) 47 /+ flies with 40 Gray (IR) compared to unirradiated flies at 3 and 6 weeks post-IR, showed significant increase in LOH frequency. (C) Example of large LOH in IR treated aged Su(H) 47 /+ gut. . Dl (ISCs, cytoplasmic RED), Pros (EEs, nuclear RED), DAPI (BLUE).

Figure 2 . 7 :

 27 Figure 2.7: Environmental factors increasing loss of heterozygosity

Erwinia carotovora carotovora 15 (

 15 Ecc15), known to kill gut EC cells and promote ISC proliferation for (Jiang et al. 2009c) (Figure 2.7D), could alter the frequency of LOH. We treated Su(H) 47 /+ flies with punctual exposures to Ecc15 during 24 hours, once per week in weeks 1, 2 and 3, providing time for recovery to minimise overall toxicity and avoid lifespan reduction. As previously reported, Ecc15 treatment led to an increase in phospho-Histone 3+ cells after 24 hours of treatment (Figure 2.7E).

  entomophila (Pe), behaved differently. Treatment with Pe increased ISC proliferation as previously reported (Figure2.7K,(Jiang et al. 2009c), increased DNA damage marks (Figure2.7L), though to a lesser extent than Ecc15, but did not cause an increase in LOH frequency (Figure2.7M). Our data thus show that environmental changes, such as that of the gut microbiota, can influence the frequency of LOH events but that different bacteria can lead to different effects.DiscussionUsing whole-genome sequencing approaches, we demonstrated that a major contributor to genome alteration in Drosophila ISCs is through MR-driven LOH. Our data suggest that MR depends, at least in part, on Rad51 though is Pif1 independent, suggesting a DSBR model whereby double-Holliday junction resolution leads to cross-over thereby promoting LOH. Our further analysis of genome sequencing using parental SNP information and de novo SNV profiling supports this notion: we failed to detect mutational pile-ups that commonly arise with BIR and, instead, found clear examples of chromosomes resulting from double-Holliday junction-based repair. Our sequencing data also point towards DNA features that might be prone to damage including the Histone Locus Cluster and regions that incur R-loops. Finally, we show that environmental factors, such as the pathogenetic bacteria, Ecc15 promoted an increase in the frequency of LOH. Our findings reveal essential intrinsic and extrinsic factors acting on DNA damage and repair in adult stem cells to influence LOH, an important mechanism of tumoursuppressor inactivation.

  example, clonal hematopoiesis of the blood is driven by de novo mutations of the epigenetic regulators TET2, DNMT3A, ASXL (Busque et al. 2012; Genovese et al. 2014; Jaiswal et al. 2014; McKerrell et al. 2015; Coombs et al. 2017). It has also been recently shown using targeted sequencing that somatic inactivation of NOTCH1, NOTCH2, NOTCH3 as well as p53 occurs frequently in aged human skin as well as esophagus (Martincorena et al. 2015, 2018b; Yokoyama et al. 2019).
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 2325 Figure 2.S 3: Enterocyte signature as a proxy for contamination
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  A) Sample F6 had no detectable LOH based on VAF plots. (B) Coverage plot of head (YELLOW) and neoplasia DNA (GREEN) showed evidence of genomic regions in the neoplastic sample that had low coverage (see YELLOW but no GREEN). (B') Copy number plot of (B), where a large drop in coverage of the centromere-proximal part of chromosome 3R (Ch3R) is detected. This is suggestive of contaminating EC cells in the dissection as these polyploid cells do not fully replicate this part of the genome (see C) (C) Coverage plot of sequencing data from a whole gut and head. Whole guts are primarily composed of EC cells, therefore, the under-replicated regions of EC cells are apparent (see YELLOW-head-but no GREEN-gut). (C') Copy number plots of C, showing under-replicated region on Ch3R, "EC signature". (D-D') Example of sample F4 showing no EC contamination.
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 24 Figure 2.S 4: Variability of mus81 RNAi knockdown experiment.
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 25 Figure 2.S 5: Mapping of recombination sites in LOH samples compared to headsFigure 2.S 4: Variability of mus81 RNAi knockdown experiment.
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 25 Figure 2.S 5: Mapping of recombination sites in LOH samples compared to heads
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 26 Figure 2.S 6: Rainfall plots of point mutations of all samples.
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 27 Figure 2.S 7: Schematic of sequencing data showing DNA tracts likely generated from resolution of double-Holliday junction structures
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Figure 2 .S 8 :

 28 Figure 2.S 8: Quantification of LOH of Ch2L and 3R in the same flies
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  Siudeja et al. 2015) and (n=178) (Al zouabi et al. in preparation), which would argue against biallelic inactivation of Notch component. However this did not rule rare occurrences of biallelic inactivation. Indeed, we have recently reported the likely biallelic inactivation of a Notch pathway component kuzbanian (Riddiford 2020), suggesting that these events are possible, albeit rare. It could be, by chance, that we were able to detect a biallelic inactivation in the wild-type females and the other samples of Dl and O-fut1 heterozygous flies. It is also possible that MR-driven LOH is selected against in the Dl Gal4 /+ and O-fut1 4R6 /+ mutant backgrounds because it confers a reduced fitness, perhaps due to recessive cell lethal mutations on the chromosome arms that would lead to cell death upon MR. Further sequencing of this genetic background and further examination of wild-type female flies would allow us to address this. Nevertheless, the sequencing data indicated that aneuploidy could arise in the form of loss of the X chromosome. Therefore, we attributed to EC contamination (explained in Chapter 2.1 figure 2.S3

At 3 weeks(Figure 2 .Figure 2 . 1 ).

 3221 , out of 205 LOH neoplasia observed, 28 were positive for H4K16ac (13.7%) 10E), strongly suggesting that these are LOH neoplasia that arose by aneuploidy (Figure 2.10G). The remaining LOH neoplasia likely arose by MR, the mechanism covered in chapter 2.1 (Figure 2.10F). An increase in LOH neoplasia occurred with age, consistent with our previous findings (Siudeja et al. 2015) and (The proportion of neoplasia positive for the histone mark significantly increased between 3 and 4 weeks, but plateaued at around 25% (data not shown).Thus, our results show another novel mechanism for LOH: spontaneous aneuploidy. This represents another significant process leading to cancer initiation.(B'-B'') Nuclei of females with 2 Xs showed no subnuclear signal for the H4K16ac mark. Zoom of outlined region shown in B". (C) Loss of an X in a female (aneuploidy) would lead to the production of Sxl-M, activating the dosage compensation pathway via Msl2 covering the remaining X chromosome with H4K16ac. (C'') We will use this assay to detect aneuploidies in female midguts.

Figure 2 . 10 :

 210 Figure 2.10: Aneuploidy is detected in aging N 55e11 /+ females

  bubble in that it is longer (has longer regions of DNA:RNA hybridisation than what is formed during transcription) and is more stable as a structure. What facilitates the stability and length of the hybridisation are a number of different factors. Firstly, Crich DNA templates binding to the nascent RNA that is G-rich, leads to thermodynamically stable bonds that can be further stabilised by the stretch of C-rich sequence[START_REF] Roy | G Clustering Is Important for the Initiation of Transcription-Induced R-Loops In Vitro, whereas High G Density without Clustering Is Sufficient Thereafter[END_REF][START_REF] Roy | Competition between the RNA Transcript and the Nontemplate DNA Strand during R-Loop Formation In Vitro: a Nick Can Serve as a Strong R-Loop Initiation Site[END_REF]. Another way in which stability can be established is by negative supercoiling generated behind the transcription bubble, reviewed in[START_REF] Chedin | Emerging roles for R-loop structures in the management of topological stress[END_REF][START_REF] Kuzminov | When DNA topology turns deadly[END_REF]. This is thought to promote R-loop formation by making this part of the DNA more underwound and thus more favourable to the stable annealing of the nascent transcript. It has been shown that high levels of transcription can lead to this negative underwound state known as "negative supercoiling". The 3-stranded stable nature of R-loops make them a secondary structure in the DNA and there is growing evidence that these R-loops can cause topological stress for the incoming replication fork, nicely reviewed in (Rondón and Aguilera 2019). Thus, R-loops have attracted increasing interest recently as potent sources of DSBs, and so mapping and quantification methods of R-loops have been on the rise.There are different ways to map and quantify R-loops, the most common way relies on the use of the S9.6 monoclonal antibody. This antibody however has been shown to also have an affinity to bind to dsRNA in addition to DNA:RNA hybrids[START_REF] Hartono | The Affinity of the S9.6 Antibody for Double-Stranded RNAs Impacts the Accurate Mapping of R-Loops in Fission Yeast[END_REF]). Thus, important controls are required when studying R loops. Such controls involve using endoribonucleases (such as RNaseIII), to specifically cleave and remove dsRNA and are important for the acquisition of DNA:RNA specific signals. Additional controls include verifying the sensitivity of samples to the endoribonuclease that specifically hydrolises the phosphodiester bonds of RNA bound to DNA, called RNaseH1[START_REF] Smolka | Recognition of cellular RNAs by the S9.6 antibody creates pervasive artefacts when imaging RNA:DNA hybrids[END_REF]). Furthermore, another important aspect of R-loops is that they are dynamic in nature, mostly forming during replication, meaning that their detection is cell-cycle dependent[START_REF] Hamperl | Transcription-Replication Conflict Orientation Modulates R-Loop Levels and Activates Distinct DNA Damage Responses[END_REF]). Thus, the specificity of the antibody combined with the dynamic nature of Rloops adds difficulty in the field to probe into their formation, presence and impact on the genome. For a nice review on difficulties mapping R-loops, see[START_REF] Vanoosthuyse | Strengths and weaknesses of the current strategies to map and characterize R-loops[END_REF]. Here, I highlight some of the things I have faced during my PhD regarding studying R-loops:1.Discordant datasets of mapped R-loops in DrosophilaIn Drosophila, there are only two available datasets of R-loops that have been mapped, both from S2 cell lines using a ChIP-seq method[START_REF] Alecki | RNA-DNA strand exchange by the Drosophila Polycomb complex PRC2[END_REF] Bayona-Feliu et al. 2017). This ChIP-seq method relies on the S9.6 antibody that recognises DNA:RNA hybrid, and is known as DNA:RNA immunoprecipitation (DRIP-seq). We acquired DRIP-seq peaks from both datasets and found a discordance between the peaks. Further examination into this discordance revealed that one study carried out important controls after sonication, degrading dsRNA and checking for RNAseH1 sensitivity (Alecki et al. 2020), while the other did not (Bayona-Feliu et al. 2017).
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 3 the clonal nature of LOH neoplasia in the Drosophila intestine: the novelty My PhD took advantage of the LOH occurring in stem cells that have clonally expanded. This clonal nature of ISC-derived LOH is reminiscent of spontaneous tumours that arise as a result of LOH of tumour suppressor genes in humans. I interrogated the underlying mechanisms of these clones and how certain genetic and environmental factors can modulate their frequency. Using whole-genome sequencing approaches, I was able to find evidence for LOH driven by MR, and more indirectly, evidence for aneuploidy-driven LOH, whereby the loss of the entire X chromosome was detected. Thus my PhD, for the first time, established a novel system to study LOH in an in vivo stem cell model that gives rise to spontaneous tumours.Indeed, the novelty does not lie within using Drosophila to gain insight into MR, as MR was first discovered in Drosophila. Classic studies from Curt Stern observed adjacent clones with bristles that were mutant for a marker (either y or singed (sn)). He reasoned that the two adjacent clones resulted from "somatic crossover and segregation", populating two "twin-spots", that originate from the same mitotic recombination event(Stern 1936a). Taking advantage of Stern's findings, the development of powerful tools to perform routine genetic mosaic analysis was established, using induced mosaic techniques such as FLP/FRT and Chapter Brand and Perrimon 1993;[START_REF] Lee | Mosaic analysis with a repressible cell marker (MARCM) for Drosophila neural development (Trend in Neurosciences (May 2001))[END_REF]. Therefore, the novelty of our system however, lies in our ability to apply modern genomics to understanding spontaneous MR events. Indeed, many questions remain unresolved regarding what causes uninduced spontaneous LOH that drives mosaicism in human tissues alluded to in 1.1. Of note, there have been studies mapping spontaneous MR sites in the male germline in Drosophila: Since meiotic recombination does not happen in male flies, the authors attributed any arising recombination in offspring to mitotic processes. In one study, the authors increased the rate of MR by using flies mutated for the blm helicase, whose mutation leads to elevated levels of HR. Our study is unique in the sense that it is examining MR in adult stem cells in a wild-type animals background with endogenous levels of DNA repair, which more suitably resembles tissue mosaicism and clonal expansions in human contexts.

Fluorescent

  Ubiquitination-based Cell Cycle Indicator (FUCCI) tool (Zielke et al. 2014), but not the choice between sister and homologue for the repair. Though it may not be uncommon for repair to happen off the homologue in Drosophila as chromosomes are paired during the cell cycle, which may facilitate the use of the homologue during DNA repair (Stack and Brown 1969).

  Individuals who are particularly vulnerable to LOH-driven cancers, such as those who are born with a germline mutation in a tumour suppressor gene, can potentially benefit from therapy promoting an alternative DSBR pathway. Development of a strategy where the choice of repair is skewed towards NHEJ and alt-EJ will reduce the chance of detrimental LOH. Many therapies are being developed targeting DNA repair pathways using specific DNA repair pathway inhibitors (Kelley et al. 2014; Gavande et al. 2016; Lange et al. 2011; Chernikova et al. 2012). Although unanticipated issues may arise when directly inhibiting pathways, a better understanding of the genetic interaction between pathways (NHEJ, alt-EJ and HR) and their proteins can lead to alternative routes of inhibition. Modulating protein function of certain HR proteins by binding to regions outside of the catalytic site could be a potential way to suppress detrimental HR. A future goal would also be to decrease the likelihood of repairing off of the homologue and promote repair off the sister. On the other hand, individuals who have an autosomal dominant disease caused by autosomal dominant haploinsufficient genetic variants can potentially benefit from MR-driven LOH through restoration of the wild-type. Somatic genetic rescue by MR has been observed in diseases such as Icthyosis and Blackfan anemia (Jongmans et al. 2018; Venugopal and et al 2017; Choate et al. 2010; Pan et al. 2020
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 26 and 2.7 the genetic background Su(H) ∆ 47 / UAS-GFP; Dl Gal4 / + was used to drive stem cell specific expression in the ISC, due to the Dl Gal4 driver. Crosses were maintained at 18°C on standard medium, flies were also maintained at 18°C during development and metamorphosis. Newly eclosed flies were collected over 5-7 days. Flies were maintained at 29° thereafter. The shift to 29°C induced ISC specific expression of Rad51RNAi, Mus81 RNAi, Pif1 RNAi (Figures 2.5 and S4). Flies were dissected after 2 weeks at 29°C. The shift to 29°C induced ISC specific expression of UAS-RNaseH1 GFP (Figures 2.6). Flies were dissected after 3 week at 29°C. The shift to 29°C induced ISC specific expression of UAS-DAP, UAS-CycE (Figures 2.7). Flies were dissected after 1 week at 29°C.
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 1 1000; DSHB), Mouse anti-Pros MR1A-c (1/1000; DSHB); chicken anti-GFP (1/2000, Abcam), anti-PH3 rabbit, (1:1000; Millipore), anti-γH2Av (1:1000; Millipore), anti-H4K16Ac (Rabbit, 1:500; MERCK Millipore).
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 12053 3. L'intestin de la Drosophile utilisé comme modèle pour aborder les questions concernant les mécanismes d'altération du génome dans les cellules souches.Le chapitre 1.1 commence par un aperçu général des lésions de l'ADN dans les cellules souches et de la façon dont elles peuvent provoquer une altération du génome perturbant donc leur auto-renouvellement et leur capacité à se différencier. Cela entraîne des changements dans le statu quo des différents tissus, avec pour conséquence un impact sur le vieillissement et l'initiation de cancer. Il existe des mécanismes spécifiques aux cellules et tissus par lesquels les cellules souches se protègent des dommages et des mutations. Malgré ces mécanismes de protection, les dommages et l'acquisition de mutations se produisent toujours. Des questions fondamentales demeurent quant à la façon dont les dommages à l'ADN et les mutations somatiques des cellules souches peuvent être manipulés pour ralentir le vieillissement et retarder ou même éviter l'apparition de cancer.Comment empêcher l'accumulation dans les cellules souches de dommages génomiques ? Peut-on exploiter les mécanismes de compétition cellulaire pour remplacer des cellules mutantes potentiellement dangereuses par des cellules thérapeutiques ? Les facteurs extrinsèques aux tissus, tels que les changements environnementaux, peuvent-ils être manipulés pour contrôler les expansions clonales ? Ces questions, soulevées dans ce chapitre, restent ouvertes aujourd'hui et seront des domaines de recherche manifestes bénéficiant d'études sur divers systèmes de modèles génétiques.Dans le chapitre 1.2, il est plutôt question d'une cause courante d'altération du génome : la perte d'hétérozygotie (LOH), sa responsabilité face à la maladie et notamment au déclenchement de cancer. En général, au niveau de l'organisme, un certain degré de 202 protection est assuré par la "diploïdie", qui permet de disposer de deux copies de chaque gène pour se protéger des effets d'une mutation somatique. Si une mutation se produit dans une des deux copie, la deuxième copie " Wild-Type " fournit une sauvegarde et maintient la fonction. Ainsi, l'état hétérozygote masque les effets des mutations délétères récessives. J'explique ici la perte de l'état hétérozygote protecteur, pouvant conduire à des cancers ou troubles pathologiques et qui se produit également dans les tissus humains normaux. En particulier, je détaille ce que l'on sait des mécanismes pouvant conduire à la perte d'hétérozygotie (LOH) en me concentrant principalement sur la "recombinaison mitotique"/ "mitotic recombination" (MR en anglais) comme mécanisme et en mentionnant également l'aneuploïdie comme autre mécanisme. La Recombinaison Mitotique (MR) est un mécanisme de réparation de l'ADN, également connu sous le nom de recombinaison homologue, il permet l'utilisation d'un chromosome homologue comme matrice dans le but de réparer une cassure double brin sur un chromosome. Bien que l'étude de la levure ait mis en lumière les caractéristiques des séquences et les différents mécanismes qui régissent la recombinaison mitotique, la question demeure de savoir s'ils sont conservés et fonctionnent dans les cellules souches adultes qui entretiennent l'homéostasie des tissus chez les eucaryotes supérieurs. En outre, bien que des efforts aient été déployés pour comprendre comment la MR apparaît dans les tissus somatiques, elle n'a été observé, pour la plupart, qu'à l'aide de techniques à faible résolution chez les eucaryotes supérieurs. De plus, les questions liées à la façon dont les facteurs environnementaux pourraient contribuer à la LOH induite par la MR serait une perspective précieuse dans le domaine. Il est donc nécessaire de combler les lacunes de ces connaissances en conjuguant les résultats obtenus chez la levure unicellulaire et ceux obtenus chez les eucaryotes supérieurs afin de comprendre les voies qui favorisent et empêchent la MR dans un tissu complexe in vivo. L'utilisation d'un système in vivo dans lequel nous pouvons tester des hypothèses et voir l'impact des variables changeantes sera important pour élucider la MR depuis l'initiation génomique jusqu'aux moteurs tissulaires. En outre, j'ai présenté comment la LOH peut être induite par un autre mécanisme appelé "aneuploïdie" étant la perte d'un chromosome entier. J'ai souligné que si l'aneuploïdie devrait, en théorie, entraver la prolifération cellulaire, elle favorise paradoxalement la progression des tumeurs. Cela soulève des questions concernant les mécanismes compensatoires qui peuvent se mettre en place pour modifier le déséquilibre du matériel génétique et rétablir l'homéostasie protéomique. Ainsi, un système est nécessaire pour tester les aneuploïdies spontanées et les potentiels mécanismes tampons qui pourraient doter la cellule d'une tolérance face à un complément cellulaire anormal. 203 Enfin, au chapitre 1.3, je présente le système modèle de la Drosophile que j'emploie pour répondre à d'importantes questions portant sur la perte d'hétérozygotie dans les cellules souches. J'aborde brièvement la structure de l'intestin de la Drosophile adulte, ses types de cellules, la communication entre celles-ci qui spécifie son lignage cellulaire. Je décris ensuite certains changements comme le vieillissement ainsi que facteurs extrinsèques qui pouvant l'influencer, comme l'environnement extérieur. Enfin, je termine cette section en soulignant les avantages de l'utilisation de ce système modèle en décrivant brièvement les outils génétiques disponibles qui font de ce dernier un modèle génétique puissant pour répondre aux questions des points 1.1 et 1.2. De façon succincte, concernant ce modèle nous pourrions résumer ceci : l'intestin de la Drosophile est un tissu régénératif maintenu par environ 1000 cellules souches intestinales multipotentes étant sujettes à de fréquentes mutations spontanées. Les mutations spontanées se traduisent par des néoplasies phénotypiquement visibles qui sont détectées chez les mouches âgées. Le laboratoire a montré qu'il s'agit de clones mutants apparaissant spontanément à partir d'une cellule souche mutante et que ce système récapitule les expansions clonales des tissus humains (Siudeja et al. 2015). Globalement, l'intestin de la Drosophile peut être utilisé pour déterminer comment les mutations somatiques surviennent dans les cellules souches adultes. La petite taille du génome de la Drosophile se trouve être un autre avantage, permettant un séquençage plus rentable, une durée de vie significativement courte de 6 semaines, rendant les expériences de vieillissement chez les mouches plus rapides que les expériences de vieillissement chez la souris. Plus important encore, ce qui fait de la Drosophile un modèle puissant en général, est son adaptabilité génétique à des outils disponibles pour la manipulation in vivo et la possibilité de modifier les conditions environnementales. Malgré la divergence physiologique entre la Drosophile et les vertébrés, la modélisation des maladies intestinales humaines est possible en raison du haut degré de conservation des voies de signalisation entre ces deux modèles. _Le chapitre 2 est le chapitre couvrant mes résultats en deux sections. La première section (chapitre 2.1) est mon article en préparation, dont je suis la première autrice, traitant de la recombinaison mitotique en tant que mécanisme à même de conduire la LOH spontanée dans les cellules souches intestinales de la Drosophile. La deuxième section (chapitre 2.2) présente le deuxième mécanisme, l'aneuploïdie, par lequel la LOH peut se produire. Résumé de l'article : Les cellules somatiques peuvent subir une altération du génome entraînant une perte d'hétérozygotie (LOH). Ce phénomène se produit dans les tissus humains normaux, 204 les troubles pathologiques ainsi que les cancers. Bien que de précédentes études sur la levure aient permis de mieux comprendre les différents mécanismes de la perte d'hétérozygotie, les détails mécanistiques eux font défauts concernant les organismes multicellulaires aux tissus complexes. A l'aide du modèle vivant de la Drosophile et plus précisément des cellules souches in vivo, nous étudions ici les mécanismes qui initient la perte d'hétérozygotie, comblant par la même occasion le fossé existant entre la levure unicellulaire et les eucaryotes supérieurs. Grâce à des données de séquençage génomique des événements somatiques de la LOH, du profilage des modifications du nombre de copies et des modifications de l'hétérozygotie des polymorphismes d'un seul nucléotide, nous avons démontré que la LOH se produit principalement par recombinaison mitotique et bien plus rarement par aneuploïdie. En conséquence, nous avons trouvé une implication de la protéine de réparation de l'ADN, Rad51, dans la recombinaison mitotique de la LOH. La cartographie fine des sites de recombinaison n'a pas révélé les accumulations de mutations qui surviennent couramment avec un mécanisme de réplication induit par une rupture, mais a plutôt montré des exemples clairs d'enjambements de chromosomes issus d'événements croisés générés par une réparation basée sur une double jonction de Holliday. Les régions de recombinaison cartographiées ont également permis de mieux comprendre les caractéristiques potentielles des séquences génomiques susceptibles de favoriser la recombinaison mitotique, notamment une association avec la région répétée Histone Locus Cluster et les régions précédemment cartographiées pour former des « R-loops ». Nous avons également étudié comment les facteurs environnementaux peuvent influencer ce processus et démontré que l'infection par la bactérie entéropathogène Ecc15 augmentait la fréquence de perte d'hétérozygotie. Cette étude permet de mieux comprendre mécaniquement comment la recombinaison mitotique se produit dans les cellules souches in vivo, elle identifie des facteurs intrinsèques et extrinsèques qui peuvent entraîner la LOH, tout ceci fournissant un support important d'informations quant à l'initiation du cancer et des potentielles stratégies préventives et thérapeutiques. Le chapitre 2.2 souligne qu'en plus de la recombinaison mitotique, nous avons trouvé des preuves d'un autre mécanisme de LOH, l'aneuploïdie. Nous avons établi un système pour mieux comprendre les aneuploïdies spontanées donnant lieu à une LOH dans les cellules souches intestinales. Cela nous permettra d'évaluer les mécanismes tampons potentiels qui pourraient doter la cellule d'une tolérance à un complément cellulaire anormal. est un chapitre de discussion qui commence par une critique de mes expériences, soulignant certaines des réserves techniques et expérimentales tout en proposant des suggestions d'amélioration. Le chapitre se poursuit par une discussion de mes résultats à la lumière des résultats précédents afin de les placer dans le contexte de ce qui est connu. Enfin, je termine en donnant quelques perspectives sur l'orientation que pourraient prendre les recherches futures sur la LOH dans les cellules souches et sur les implications qu'elles pourraient avoir en clinique. Les résultats scientifiquement exploitables issus de mon projet de doctorat se résument en la mise au point du tout premier système permettant d'étudier systématiquement la LOH à l'aide d'une technique à haute résolution chez un animal vivant entraînant une croissance néoplasique. Notre système modèle de cellules souches in vivo de l'intestin de la Drosophile fourni un lien important dans la conservation évolutive des mécanismes de MR entre la levure unicellulaire et les tissus complexes des eucaryotes supérieurs (dans lesquels l'étude des mécanismes moléculaires de la LOH s'est avérée techniquement difficile). Nous avons également identifié des facteurs intrinsèques et extrinsèques à la cellule susceptibles d'entraîner la LOH et apporter ainsi d'importantes informations quant à l'initiation du cancer, informations qui pourraient avoir une implication d'un point de vue thérapeutique dans des études encore plus approfondies. Les personnes particulièrement vulnérables aux cancers induits par la LOH, comme celles qui sont nées avec une mutation germinale dans un gène suppresseur de tumeur, peuvent hypothétiquement bénéficier d'un traitement favorisant une voie alternative de réparation des cassures double brin. Nos recherches apportent également une plus grande compréhension de la relation entre les bactéries pathogènes et le LOH. Les bactéries qui composent le microbiote ont la capacité d'être des initiateurs importants à de nombreux cancers et sont mal comprises. Grâce aux progrès des thérapies du microbiome actuellement en cours de développement, les patients à risque peuvent bénéficier de la neutralisation et de la correction des effets négatifs de la dysbiose. La thèse se clôture sur une section traitant l'ensemble des matériels et méthodes utilisés dans l'étude, mettant en évidence les stocks de Drosophiles utilisés, les techniques de vieillissement des expériences, les explications des expériences génétiques, les traitements bactériens et autres, l'immunofluorescence, la quantification des expériences, la méthode de séquençage et l'analyse bio-informatique. Enfin, la bibliographie figure à la fin de la thèse et est divisée en références pour les chapitres 1, 2 et 3 séparément.
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	fitness of certain mutations exist in "normal" tissue versus cancer, complicating the et al. 2017). While unlikely to explain all of the myeloid bias of HSCs that occurs
	notion of a linear multistep mutation accumulation process. Future studies will be during aging, TET2 deletion is sufficient in mouse to lead to a myeloid disorder (Li
	necessary to understand these fitness differences and potentially capitalize on them et al. 2011) and is strongly associated with myeloid dysplasia in humans (Buscarlet
	Genovese et al. 2014; Jaiswal et al. 2014; McKerrell et al. 2015; Coombs et al. for clinical benefit. et al. 2018). Thus, a failure to maintain the repertoire of differentiated cell types
	2017). Thus, the acquisition of these mutations in healthy blood is thought to present in youth can arise from a loss of clonal diversity. Interestingly, a reduction
	represent the earlier phase in the development of leukemogenesis and suggests a An impact of mutations and DNA damage on aging? in the clonality of mouse muscle stem cells upon repeated injury was found (Tierney
	period of latency that precedes it. Therefore, an understanding of how processes Aside from initiating and driving cancer evolution, what impact do somatic et al. 2018). While the role of mutation or DNA damage was not evoked in this study,
	such as stem cell competition for niche occupancy may influence the switch from a mutations have on aging? Here some of the potential detrimental consequences of it is feasible that increased replication stress might indeed drive some stem cell
	mutation on tissues will be discussed. lineages to contribute less to the tissue, possibly explaining the observed collapse premalignant state to a malignant one is important (Figure 1Recent studies in the skin and esophagus support the idea of healthy tissue Studies from clonal hematopoiesis have demonstrated a collapse of clonal in clonality in the muscle.
	acquiring premalignant drivers, but also suggest the intriguing possibility that healthy diversity with very few stem cells contributing to the aging blood (Figure 1.3C). This
	tissues may have distinct selective pressures than those in cancer. Targeted deep results from "winner" HSC clones expanding and, in an apparent zero-sum game,
	sequencing of normal oesophageal epithelium from young and old donors revealed "loser" HSCs failing to contribute to blood. This was strikingly demonstrated from
	that the number of detectable mutations and the sizes of mutant clones increased sequencing the blood of a hematologically asymptomatic supercentenarian (aged
	with donor age (Martincorena, et al., 2018). NOTCH1 and TP53, canonical drivers 115 years old) revealing that approximately 65% of her healthy blood compartment
	of Esophageal squamous cell carcinoma (ESCC), were found to be under selection was dominated by the progeny of two hematopoietic stem cell (HSC) clones
	in normal tissue (Martincorena et al., 2018b; Yokoyama et al., 2019). Thus, the (Holstege et al. 2014). Extending on earlier work discussed above (Busque et al.
	presence of clonal expansions in the normal epithelium suggests that these clones 2012; Jacobs et al. 2012; Laurie et al. 2012; Welch et al. 2012), a study using whole-
	have a premalignant capacity and their persistence can lead to cancer initiation genome sequencing from the peripheral blood of ~11,000 Icelanders of different
	(Figure 1.3B,D). These data strongly support the concept of "field cancerization" ages found that a striking 50% of patients older than 85 had clonal hematopoiesis
	(Slaughter and Southwick 1953), previously proposed to predispose the esophagus (Zink et al. 2017a). Thus, abundant evidence indicates that mutations arise in HSCs
	to development of subsequent multiple tumors via initial precancerous drivers such (or in very upstream precursor cells) during aging and lead to selection of mutant
	as p53 (Tian et al. 1998). Nevertheless, an intriguing finding is that mutations in lineages, however, the functional impact of collapse of clonal diversity is still not fully
	NOTCH1 and PPM1D are much more prevalent in normal skin than in cancer understood. One feature of the aging hematopoietic system in humans and mouse
	(Martincorena et al., 2018b; Yokoyama et al., 2019). This suggests that different is a bias towards myeloid lineages (Sudo et al. 2000; Ganuza et al. 2019; Yamamoto

1.3A-D), increasing cancer risk. Indeed, longitudinal studies of patients with clonal hematopoiesis detected by SNP arrays support a strong increased risk of developing not only hematological cancer (Laurie et al. 2012; Jacobs et al. 2012; Welch et al. 2012; Genovese et al. 2014; Jaiswal et al. 2014; Coombs et al. 2017), but also lung and kidney cancers (Jacobs et al. 2012). Exome sequencing revealed that known tumor suppressor genes of myeloid cancers such as TET2, DNMT3A

and ASXL1, were mutated in apparently healthy blood

(Busque et al. 2012; 

  1.3 The Drosophila intestine: A model to study genome alterations such as LOH in stem cells

	In 1.1, I told you about the importance of studying genome alteration in stem
	cells fueling tissue homeostasis, establishing tissue mosaicism that may contribute
	to aging phenotypes, premalignancy or malignancy. In 1.2, I covered a common way
	in which genome alteration can arise: LOH via mitotic recombination (or aneuploidy)
	and emphasised the questions that remain elusive in higher eukaryotes regarding
	genomic initiation of LOH, its mechanisms and what drives it in complex tissues. In

this section, I move onto the model system we use in the lab, the Drosophila intestine, to address some of the questions regarding LOH in an in vivo stem cell model.

  Our lab found that old intestines had higher incidence of spontaneous arising mutant intestinal neoplasia, suggesting that either DNA damage is repaired less efficiently with age or the intestine is exposed to more DNA damage with age. The mutant neoplasia likely cause a decline in tissue function by promoting lineage skewing and accumulation of EE and ISC cells at the expense of ECs.

	Evidence for increased DNA damage in ISCs during aging
	In the aging Drosophila midgut, at the stem cell level, Park and colleagues
	have shown age-related accumulation of DNA damage marks with age (Park et al.
	2012), a potential cause for perturbing important signaling. This was demonstrated
	with γH2Av, analogous to mammalian γH2Ax, which is a histone mark that forms
	Age-related increase in spontaneous mutation-induced neoplasia
	Another important observation of age-related ISC functional decline at the
	tissue level, is the observation from our lab demonstrating spontaneously arising
	intestinal neoplasia in aged guts (mentioned in 1.1 above). These are caused by
	mutations in Notch pathway components blocking proper stem cell differentiation
	resulting in tumors characterised by the accumulation of diploid ISCs and EEs

.8B). It has been shown by Biteau and colleagues that old guts show an accumulation of progenitor cells and have an increase in ISC division with age. The authors show that this is caused by a disruption in JNK signaling with age that drives the proliferation of ISCs and leads to the alteration of tissue homeostasis in old guts through the accumulation of ISC daughter cells

[START_REF] Biteau | JNK Activity in Somatic Stem Cells Causes Loss of Tissue Homeostasis in the Aging Drosophila Gut[END_REF]

. More recently, it was demonstrated that JNK interacts with a protein, Wdr62, at the spindle to promote planar spindle orientation by transcriptionally repressing Kif1, a kinesin. This in turn, was suggested to impact stem cell fate symmetry. In the aging fly, there was an overabundance of symmetric fates caused by the perturbations of the JNK/Wdr62/Kif1a axis (Hu and Jasper 2019). The observation of progenitor cells accumulating in old guts is consistent with a previous finding from Choi and colleagues where they also find an increase in proliferation in aged guts resulting in increased progenitor and stem cells with age. In addition to JNK signaling mentioned above, Choi et al show an increase in stress-responsive PVR signaling that is partially responsible for these aging phenotypes

[START_REF] Choi | Age-related changes in Drosophila midgut are associated with PVF2, a PDGF/VEGF-like growth factor[END_REF]

). Thus, aging is associated with increased stress signaling that can promote enhanced ISC proliferation.

when DNA double strand breaks (DSBs) appear (Figure

1

.8A). DSBs instigate the DNA damage response (DDR) which recruits Ataxia Telangiectasia mutates (ATM) protein kinase leading to the phosphorylation of serine-139 of histone H2AX, turning it into γH2Ax, which can be visualized by immunofluorescence as foci adjacent to the DSB sites (Rogakou et al. 1998). In their study, Park and colleagues show that in young 10-day old flies, γH2Av is present in 10% of ISCs. With aging, this number increases to 41% of ISCs in 20-day old flies and 59% of ISCs in 45-day old flies (Park et al. 2012). Therefore another association with aging increased stem cell DNA damage. (Siudeja et al. 2015). While the aforementioned study by Parks et al showed an increase in DNA damage marks γH2Av with age, the question of whether the increase in DNA damage translates into an increase in mutation was not known.

  [START_REF] Saus | Microbiome and colorectal cancer: Roles in carcinogenesis and clinical potential[END_REF]). Additionally, evidence that pathogenic bacteria have the ability to induce cancer initiation and progression was shown with an E.coli strain, NC101, which harbors a DNA-damaging toxin known as colibactin[START_REF] Arthur | Intestinal Inflammation Targets Cancer-Inducing Activity of the Microbiota[END_REF]). It was found that this strain was detected in 40% of IBD patients and in 70%of colorectal cancer Chemical damage for instance, can be caused by the anticancer drug DNA damaging agent, bleomycin. Bleomycin induces DNA damage specifically in the ECs but not in ISCs or EBs that are more basally located (Amcheslavsky et al. 2009). The bleomycin-induced damage in turn kills the ECs which consequently induces an increase in ISC proliferation through the insulin receptor (InR) signalling pathway and facilitates EBs to differentiate into new ECs to compensate for the loss (Amcheslavsky et al. 2009). Bacterial damage on the other hand, can be caused by pathogenic infectious bacteria that are not indigenous to the normal gut microbiota (Lemaitre and Hoffmann 2007). Pathogenic bacteria of the fly intestine include the gram-negative Erwina carotovara subsp. Carotovara 15 (Ecc15) and Pseudomonas entomophila (Buchon et al. 2009b; Jiang et al. 2009a; Vodovar et al. 2005; Zhu et al. 2019; Chakrabarti et al. 2012). Similar to bleomycin, these bacteria kill the ECs and, in turn, promote ISC proliferation (Jiang et al. 2009b; Buchon et al. 2009a, 2010).

patients. Thus, better knowledge of how bacteria can cause intestinal damage through inflammation, its genotoxicity, and other factors such as ROS production will be important for reducing CRC risk in patients with IBD for example. In my thesis, I aimed to address this point using the Drosophila model. The Drosophila midgut is a particularly good model for addressing hostenvironment questions. Upon exposure to stress from the external environment the gut responds rapidly to accommodate the changes by inducing ISC proliferation to replenish the damaged gut cells and re-stablish tissue homeostasis (Amcheslavsky et al. 2009; Biteau et al. 2008; Buchon et al. 2009b, 2010; Jiang et al. 2009a; Cronin et al. 2014).

  B) A majority of tissue in the intestines of Su(H) 47 /+ flies was like that of wild-type flies (A' and (B') giving rise to large polyploid enterocytes (ECs) with interspersed Pros+ EEs at homeostatic proportions. (C) Example of neoplastic Su(H) loss of function (LOF) clone (outlined in yellow), composed of an excess of Dl+ ISCs and EE cells (Pros+, nuclear RED).

	(D) Frequency of LOH clones in Su(H) 47 /+ midguts at 1, 3 and 6 weeks of ages. The 1 week
	time point was used to calculate statistical significance.
	(E) No midgut showed an LOH clone in wild-type intestines.
	(F) Distribution of number of LOH clones per gut from Su(H) 47 /+ flies at 6 weeks.
	***p < 0.001; ****p < 0.0001; n.s., not significant (Fisher's exact test, two-tailed).
	). At 3 weeks of age, the percentage of midguts with detected
	spontaneous clones increased to 10.8% (n=74), and further increased to 73% at 6
	weeks of age (n=98). No mutant clones were observed in 6-week wild-type w 1118
	Whole genome sequencing to determine the mechanism of LOH
	While our previous study hinted towards mitotic homologous recombination
	(MR) as a mechanism of LOH (Siudeja et al. 2015), as the frequency of LOH was
	diminished by balancer chromosomes known to suppress recombination, however,
	we could not rule out other mechanisms. In particular, a recent study suggested that

females (+/+) (n=178; Figure

2

.1E). Importantly, a majority of 6-week-old guts had 1 neoplastic growth (33.7%), whereas 26.5% had 2 neoplasia (Figure

2

.1F). We previously demonstrated that the Notch-/+ background had a majority of guts which contained more than 1 event, with clone fusion events therefore being highly likely.

We conclude that the Su(H) 47 /+ background is a useful genetic background in which to further elucidate mechanisms of spontaneous LOH as it acquires mutant clones at intermediate frequencies, allowing modifications in frequency to be easily detected, and in which clone fusion is unlikely.

an unusual chromosome segregation mechanism, amitosis, can lead to LOH

(Lucchetta and Ohlstein 2018)

. In this mechanism, enteroblast progenitor cells of (

  (D) Infection with pathogenic bacteria kills EC cells and stimulates ISC proliferation. (E) 3-5 day old flies dissected immediately after Ecc15 treatment to check for a proliferative response. Stat test: t-test with Welch's correction. (F) Frequency of LOH clones in Ecc15 treated flies compared with control (Fisher's exact test, two-tailed). (G) PH3 quantification of guts with UAS-DAP and UAS-CycE, Stg expressed in stem cells compared with control. Flies were shifted to 29°C immediately after eclosion and dissected after 1 week. T-test with Welch's correction. (H) Frequency of LOH midguts overexpressing cell cycle genes compared with control (Fisher's exact test, two-tailed). (I) Comparison of YH2Av mean intensity in ISC in Ecc15 treated and control flies. Treatment= 24 hours. Age of flies: 3-5 days old. T-test with Welch's correction. (J) Representative images of YH2av in ISCs. Control, top panel. Ecc15 teated, bottom panel. (K) 3-5 day old flies dissected immediately after Pe treatment to check for a proliferative response. Stat test: t-test with Welch's correction. (L) Comparison of YH2Av mean intensity in ISC in Pe treated and control flies. Treatment= 24 hours. Age of flies: 3-5 days old. T-test with Welch's correction. (M) Frequency of LOH clones in Pe treated flies compared with control (Fisher's exact test, twotailed).

***p < 0.001; ****p < 0.0001; n.s., not significant (Fisher's exact test, two-tailed).

  inactivation via aneuploidy-(monosomy) of the X. Our finding thus provided an additional mechanism of LOH in ISCs in which we can test. Since my PhD work mostly focused on MR, I was able to examine more closely the mechanisms in MR.

	Mechanisms of aneuploidy are being further studied by Annabelle Suisse, a postdoc
	in the lab, with whom I collaborated. A small discussion on aneuploidy is in chapter
	2.2.

  In males, we showed that MR takes place in 1 out of 6 samples. The detection of LOH events in males is confounded by SV inactivation of Notch using our Notch, located on the X and therefore hemizygous in males.The fact that we see one male showing MR is of interest. In Drosophila, males and females have highly sexually dimorphic intestines, with the female intestine being larger and more proliferative[START_REF] Reiff | Endocrine remodelling of the adult intestine sustains reproduction in Drosophila[END_REF][START_REF] Hudry | The sexual identity of adult intestinal stem cells controls organ size and plasticity[END_REF]). This Rad51 initiates the invasion into the homologous chromosome or the sister for the exchange of DNA material. The 10% guts detected with at least 1 LOH clone after Rad51 knockdown, could attributed to residual Rad51 activity from the RNAi. Further testing by using a Rad51 antibody to check for any residual protein in addition to seeing the impact of using a Rad51 null mutant in heterozygous and homozygous contexts is a possible follow-up. The prediction is that the homozygous mutant will bring LOH events to zero.Whether the reduction of LOH uponRad51 knockdown is due to cell death because of failed DNA repair, or another DSBR pathway coming into effect, is of great significance. Previous work has demonstrated that different repair mechanisms compete for the same DSB substrates, where competition and choice of DSBR pathway mostly relies on cell cycle, availability of homologous repair templates, protein availability at the DSB site, phosphorylation of repair proteins and chromatin modulation of repair factor accessibility (Shrivastav et al. 2008).Many possible DSBR pathways will give rise to MR-mediated repair of DSBs,

	Chapter 3 Chapter 3
	Detection of MR in males provides an opportunity compare the impact of sexual DSBR pathways that do not result in LOH provide promising alternative strategies
	dimorphism on LOH for repair
	Su(H)/+;ProsV1Gal4; UAS-nlsGFP assay to visually identify midguts containing
	neoplasias. For this reason, the remaining 5 samples sequenced showed SVs in
	By using the method described in Figure S8, describing the GFP negative clones
	corresponding to LOH on the second chromosome specifically, we can compare
	demand. In their study, the authors deplete ISCs following starvation and observe MR-driven LOH frequency between males and females, which we expect might
	amitosis giving rise to new functional yet potentially problematic ISCs upon differ in frequency.
	refeeding, since these ISCs can undergo LOH (Lucchetta and Ohlstein 2018). It might be of interest replicating the starvation conditions of the authors' experiments to see if LOH driven by amitosis would be detected by sequencing, or whether chromosome loss could explain their findings. DSBR pathways that result in LOH As for delineating the underlying mechanisms of MR in our system, we show that the stem-cell specific knockdown of the HR protein Rad51 significantly reduced LOH events. Such a shift led to an increase in LOH with age, underscoring the importance of DSBR pathway choice and a potential link with aging.
	155 157

proliferative nature of female intestines makes females undergo age-related hyperplasia, a decrease in intestinal barrier function and an increase in immune activation

(Rera et al. 2012;[START_REF] Regan | Sex difference in pathology of the ageing gut mediates the greater response of female lifespan to dietary restriction[END_REF]

). Thus, males and females age differently. Knowing that MR also happens in males provides us with an opportunity to compare the same LOH events in sexually dimorphic organs that age differently.

Essentially, when the choice is made, the other DSBR pathways are repressed (Mateos-Gomez et al. 2015). Could a suppression in HR activity lead to an increase of the other DSBR pathways such as NHEJ or alt-EJ that will not give rise to detrimental LOH? I discuss the implications of HR suppression in potential drug targeting in 3.4. Intriguingly, studies in male Drosophila germ cells have shown an age-dependent shift in DSBR pathway. Preston et al have shown that with age, there is a switch from NHEJ to HR when a DSB was induced

[START_REF] Preston | Report Age-Dependent Usage of Double-Strand-Break Repair Pathways[END_REF]

).

  2 recombination regions coincided within the same 20kb within the Histone Locus Cluster while recombination can occur anywhere between the centromere and Su(H) over a distance of 7.5Mb. The Histone Locus Cluster is an array of 5 histone genes repeated 100 times in Drosophila. The tandem repeat nature of the Histone Locus Cluster is reminiscent of the tandem repeat nature of low copy repeats identified in mapping MR sites in human cell lines and Ty retrotransposons in yeast (Howarth et al. 2009; St. Charles and Petes 2013).

	Our finding that recombination regions are enriched for R-loops provides
	insight into another obstacle resulting from transcription. I have highlighted some
	important features of R-loops in 3.1. Importantly, R-loops are also secondary
	structures that pose a threat to the incoming replication fork. Irrespective of our
	sequencing association, R-loops remain a notorious source of DSB formation and
	have been shown to induce DNA damage and drive LOH as well as whole
	chromosome losses in yeast (Amon et al. 2016; Wahba et al. 2016; O'connell et al.
	2015). We thus attempted to decrease R-loops in vivo in our system, by
	overexpressing RNaseH1, which is an enzyme specific for RNA:DNA hybrid
	dissolution (Stein and Hausen 1969; Amon et al. 2016; Cerritelli and Crouch 2009).
	Repetitive DNA has been shown to be able to form secondary structures causing
	an impediment to the incoming replication fork during S-phase, reviewed in (Polleys
	et al. 2017). Moreover, the histone genes in the Histone Locus Cluster are
	expressed exclusively during S phase in order to incorporate histones to the newly
	synthesised DNA during replication, needed for the packaging. S-phase dependent
	transcription has the potential to cause transcription-replication conflicts potentially
	leading to replication fork collapse. In humans, the clustering of the arrays is
	conserved with evidence of the HIST1H cluster in human B-cells acquiring marks of
	H2AX (Boulianne et al. 2017). Further investigation of the Histone Locus Cluster
	could provide important insight into understanding whether S-phase dependent
	transcription of genes increases LOH.

  These clones are a consequence of stem cells acquiring spontaneous LOH driving positive selection due to increased fitness. With time, clones expand, leading to genetically mosaic tissue and contributing more LOH to the tissue, potentially impacting homeostasis and functional integrity. We show that by aging Su(H) /+ flies and dissecting at 1, 3 and 6 weeks, the number of detected spontaneous clones increases dramatically between 3 weeks and 6 weeks of age with an approximate 62% increase in guts harbouring at least 1 LOH clone. Drosophila that aging male flies show a switch in DSBR pathway from NHEJ to HR and an increase of detected LOH, at least in the germline (Preston et al. 2006). It is possible, therefore, that the choice of repair mechanism employed by the cell has a larger impact on LOH than the amount of DNA damage. Since the different DSBR pathways NHEJ, HR and alt-EJ all compete for the same DSB substrate, the age-associated oxidation impacting a DNA repair component, could alter the choice of pathway employed (Stadtman 1992) reviewed in (White and Vijg 2016; Reeg and Grune 2015).

	This is reminiscent of data in humans showing mutant clonal expansions increasing
	with age. Clonal hematopoiesis for instance exponentially increases in aged
	individuals (Zink et al. 2017b). Additionally, the trend of a dramatic increase in clonal
	events matches the sudden increase in cancer risk during the second half of human
	life (Depinho 2000; Cancer Registration Statistics, England 2019). What is
	contributing to this age-related increase?
	In chapter 1.3 (introduction) I discussed the age-related changes that occur
	in the Drosophila gut. These include the accumulation of DNA damage, the increase
	in proliferation, the accumulation of ROS through gut dysbiosis and the gradual
	decline in gut barrier permeability, all factors that could drive DSBs. However, I
	would like to emphasise here a point not been previously considered: In addition to

driving DSBs could the aforementioned age-related factors also influence the choice of repair? I mentioned earlier that there is evidence in

  stock center:;;P{UAS-GFP.nls}; (BL 4776). From the Vienna Drosophila Resource Centre (VDRC): Rad51(spnA) RNAi;;; (VDRC 13362), ;;Mus81 RNAi; (VDRC 33688), ;;Pif1 RNAi; (VDRC 34533). The following stocks were generous gifts: W 1118 (M. McVey), UAS-RNAseH1GFP (M. Uhlirova), ProsV1Gal4 (J. de Navascués), Su(H)∆ 47 ; (F. Schweizguth), O-fut1 4R6 (K. Irvine), Dl Gal4 (S. Hou), N 55e11 (Couturier et al., 2012) (F. Schweisguth), UAS-DAP, UAS-CycE,Stg, tubGAL80ts ; Dl-GAL4 (B.
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Chapter 2 : Results

Results Overview

In this chapter I will present the results in two sections. The first section (chapter 2.1) is the paper focusing on mitotic recombination as a mechanism driving spontaneous LOH in Drosophila intestinal stem cells.

The second section (chapter 2.2) presents another mechanism, aneuploidy, by which LOH can occur.

2.5A).

We therefore wanted to know whether knocking down Rad51 (spnA) activity would decrease LOH frequency and neoplasia formation, suggesting that Rad51 is required for LOH formation, likely because damaged stem cells would be unable to repair and consequently die. To address this question, we expressed RNAi targeting Rad51 in a stem cell-specific manner in Su(H) 47 /+ heterozygous mutants and compared this with Su(H) 47 /+ flies lacking RNAi expression. Rad51 RNAi was expressed using Dl GAL4 combined with tub-GAL80 ts in which ISCs express Gal4 whose activity is controlled by the temperature sensitive, ubiquitously expressed GAL80 (see Figure S2.8 and methods). We found that LOH frequency decreased from 23% (n=113) in controls to 11.5% (n=312) upon expression of an RNAi targeting Rad51 (Figure 2.5D), suggesting that the MR in our system is, at least in part, dependent on Rad51. The remaining LOH detected upon Rad51 knockdown may be explained by residual Rad51 activity. In addition, we cannot exclude an alternative, yet interesting, hypothesis that upon Rad51 knockdown, other repair mechanisms substitute that would not generate LOH. Further studies will determine whether stem cells die or undergo different repair in absence of Rad51 activity.

Two distinct mechanisms of MR could explain LOH in intestinal stem cells, resulting in the very long regions of chromosomes that were detected [START_REF] Haber | DNA Repair: The Search for Homology[END_REF]):

(1) Break-induced replication (BIR), in which an error-prone polymerase would copy material directly from the homologous chromosome (Figure 2 Those where a crossover occurs directly, swapping homologous chromosome arms, therefore leading to a shift from from het->homo SNPs. These types of events would also be seen in a BIR model. (2) A second class of crossover product (see SNPs would alternate from het->homo and then homo->het again, followed by het->homo and crossover. These are due to strand invasion and the synthesis process as well as corrections by mismatch repair machinery. Importantly, these particular products should be specific to resolution of double-Holliday junctions. 4/11 samples had evidence for these types of DNA products, where short tracts of heterozygous SNPs were found in regions of LOH nearby the region of recombination (Figure

2.5H, Figure 2.S7).

The samples showed good tumour purity based on our EC contamination calculation (Table 2.S1), excluding contaminating wild-type cells as a possible reason for this. For example, sample F1 had a shift from het->homo SNP at position Chr 2L: 20701878-20702379 on the genome. 1.5kb more distally, a region of heterozgosity was again detected, clearly supported by 2 informative SNPs, followed by again a shift from het->homo throughout the chromosome arm (Figure 2.5H). Similar shifts from het-> homo and homo->het could be detected on 3 other samples (Figure 2.S7 and data not shown for sample F13). Importantly, these types of tracts correspond to the predicted outcomes of upon resolution of double-Holliday structures and are detected in mitosis in yeast (Lee and Petes 2010). In addition, the remaining 7/11 samples showed a simple shift from het-> homo, and appear remaining homozygous throughout the chromosome arm, which are also predicted outcomes of Holliday junction resolution (Figure 2.5 C-C', upper panel). Thus, altogether, our data strongly suggest that cross-over arises upon Supplementary Table 1 Supplementary Table 2 Author Contributions L.A and A.J.B. designed the study. N.R developed the R scripts for bioinformatic analysis. These include scripts for generating coverage plots, copy number plots, rainfall plots, Variant allele Frequency plots and the permutation test for the genomic features enrichment analysis. L.A ran the scripts and generated the plots for the figures. L.A performed the analysis and performed the majority of the experiments. M.S. acquired images for the analysis of figures 2.7 I and L. M.S also helped in fly selections, dissections, staining and mounting of flies from figures 2.5 D and E, 2.6 H, 2.7 G, H, I, J and 2.S4. L.A and A.J.B wrote the manuscript.

Supplementary Figures

Consistent with this, additional evidence supporting inactivation of Notch due to a deletion was found (data not shown).

(A) VAF plot showing no LOH on chr3R where Dl is located, but rather LOH on the X, with SNPs becoming homozygous. A potential explanation for the neoplastic phenotype was the biallelic inactivation of Notch. (B) A copy number plot revealed the complete loss of copy number throughout the X chromosome (last panel). Chromosomes 2L, 2R and 3L and 3R are also shown with no whole-chromosomal change in copy number. Of note, the drop in copy number near the centromeres of chromosomes 2 and 3 are that modifies the chromatin structure to promote gene transcription (Gelbart et al.

2009

). Thus, we hypothesized that the dosage compensation pathway is activated following loss of an X, which could be assessed by looking at Msl2 expression or H4K16ac deposition.

We aged N 55E11 /+ females and dissected them at different ages (3-6 weeks of age). Initially, we wanted to look for LOH neoplasia that may be positive for Msl2.

In wing imaginal discs from male larvae, anti-Msl2 antibody shows uniform specific positive subnuclear staining while it shows no signal in female wing discs (data not shown). However, in the gut, although we detected Msl2 staining in males, the staining seemed regional and not present in all the cells. It appeared to us that the Msl2 antibody was binding nonspecifically to the muscle layer in the gut, thus compromising our readout as we could be missing Msl2 signal in many cells (data not shown). We thus concluded that the Msl2 antibody works well in discs but is not suitable in the gut. Instead, we used antibody staining recognizing the H4K16ac, which gave a good signal in the gut (Figure 2.9A-A", 2.10.A-A"').
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In males, a subnuclear region coated by H4K16ac, presumably corresponding to the X chromosome, was detected in all the cells. As expected, female cells were largely devoid of this subnuclear signal (Figure 2.9B, B"), owing to the fact that Msl2 is not present in these cells to deposit H4K16ac. If a nucleus positive for H4K16ac is detected in a female, it likely corresponds to activation of dosage compensation due to the spontaneous loss of the X, thus providing a good readout for LOH via monosomy of the X.
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(A) The presence of one X chromosome in males leads to the production of Sex Lethal-Male (Sxl-M), that is unable to repress Msl2, which subsequently deposits H4K16ac along the X chromosome which promotes upregulated transcription of X-linked genes in males. (A'-A") Staining for H4K16ac reveals a distinct subnuclear region the nuclei of males, corresponding to the X chromosome that is covered by the histone mark. Zoom of outlined region in (A") (B) The presence of two chromosomes in females leads to the production of SexLethal-Female (SxlF), that represses Msl2. Since Msl2 is repressed, there is no deposition of H4K16ac in females. 

Visualising R-loops using immunofluorescence: a missing control for validating R-loop decrease

Overexpressing RNaseH1 decreases R-loops in vitro. Upon using a UAS-RNaseH1 combined with the Su(H) 47 /+ genetic background, the UAS-RNaseH1

was expressed using the temperature sensitive driver of ISCs Dl TS . To validate whether the RNaseH1 overexpression in ISCs indeed reduced R-loops, we would have to rely on the use of the S9.6 antibody to detect R-loops using immunofluorescence. In one experiment where I used the S9.6 antibody, a lot of signal was detected inside and outside the nucleus. Increasing accounts in the literature have been reporting that the nuclear signal is also not specific (see above).

Thus, more than one control is needed to confirm levels of R-loops by It is promising that our understanding of R-loops will improve in the coming years with these refined methods.

Additional biological repeats and RNAi lines

Due to the global health crisis that COVID19 has put us in, there was a delay Cluster and regions previously mapped to form R loops.

5. Infection with the enteric pathogenic bacteria, Ecc15, increased LOH frequency.

6. We also found evidence for aneuploidy-driven LOH, where loss of the X chromosome in females gives rise to LOH tumours. This led us to develop a way to visualise loss of X events through immunofluorescence and differentiate them from mitotic-recombination-driven events. 

Ph3 quantification

Ph3 positive cells in the midgut were counted using the epifluorescence microscope.

YH2Av quantificationimage J Images were acquired on the LSM900 confocal microscope. A maximum Zprojection was generated for all images on Image J. Only nuclear YH2Av intensity in the ISCs was measured. microdissected. An estimate of 50-80% purity of the LOH neoplasia can be achieved. These neoplastic LOH tumors were dissected together with the fly head.

Su(H)

Genomic DNA was isolated using QIAamp DNA MicroKit (Qiagen) according to the manufacturer's instructions.

Library preparation: Library preparation was performed with the Nextera XT kit by the NGS facility of the Institut Curie. Samples were sequenced on one full flow cell (1600M clusters) on the NovaSeq in a paired-end 150 bp mode.

Bioinformatics

Reads were aligned to the Drosophila genome release 6.12 using bwa mem v0.7.15. For SNV analysis generated for rainfall plots in figures 2. 5 We also confirmed that at this region, all the informative SNPs in the head are heterozygous and have gone homozygous in the tumour. Using a tool we have developed to identify regions of LOH in matched tumour normal pairs (LOHcator,

ABSTRACT

Somatic cells can undergo a genome alteration leading to loss of heterozygosity (LOH). This phenomenon occurs in normal human tissues, pathological disorders, and cancers. Although previous studies in yeast have provided a substantial insight into different mechanisms of LOH, mechanistic details are lacking in multicellular organisms with complex tissues. Here we investigate the mechanisms giving rise to LOH, bridging the gap between unicellular yeast and higher eukaryotes using an in vivo stem cell model system in Drosophila. Through whole-genome sequencing of somatic LOH events, profiling copy number changes and changes in heterozygosity of single-nucleotide polymorphisms, we demonstrated that LOH arises primarily via mitotic recombination and more rarely through aneuploidy.

Consistent with this, we found involvement of the DNA repair enzyme Rad51 in mitotic recombination-driven LOH. Fine mapping of recombination sites did not reveal mutational pile-ups that commonly arise with a break-induced replication mechanism and instead showed clear examples of chromosomes arising from cross-over events generated by double-Holliday junction-based repair. The mapped recombination regions also provided insight into potential genomic sequence features that may promote mitotic recombination, including an association with the repeated region of the Histone Locus Cluster and regions previously mapped to form R loops. We further explored how environmental factors can influence this process and demonstrate that infection with the enteric pathogenic bacteria, Ecc15, increased LOH frequency. This study provides a better mechanistic understanding of how mitotic recombination arises in stem cells in vivo, and identifies intrinsic and extrinsic factors that can drive LOH, thus providing important insight into cancer initiation and potential preventative and therapeutic strategies.
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Perte d'hétérozygotie, recombinaison mitotique, aneuploïdie, cellules souches intestinales, homéostasie tissulaire, vieillissement, cancer, séquençage, Drosophile, in vivo, réparation de l'ADN.

RÉSUMÉ

Les cellules somatiques peuvent subir une altération du génome entraînant une perte d'hétérozygotie (LOH). Ce phénomène se produit dans les tissus humains normaux, les troubles pathologiques et les cancers. Bien que de précédentes études sur la levure aient permis de mieux comprendre les différents mécanismes de la perte d'hétérozygotie, les détails mécanistiques eux font défaut concernant les organismes multicellulaires aux tissus complexes. A l'aide du modèle vivant de la Drosophile et plus précisément des cellules souches in vivo, nous étudions ici les mécanismes qui initient la perte d'hétérozygotie, comblant par la même occasion le fossé existant entre la levure unicellulaire et les eucaryotes supérieurs. Grâce à des données de séquençage génomique des événements somatiques de la LOH, du profilage des modifications du nombre de copies et des modifications de l'hétérozygotie des polymorphismes d'un seul nucléotide, nous avons démontré que la LOH se produit principalement par recombinaison mitotique et bien plus rarement par aneuploïdie.

En conséquence, nous avons trouvé une implication de l'enzyme de réparation de l'ADN, Rad51, dans la recombinaison mitotique de la LOH. La cartographie fine des sites de recombinaison n'a pas révélé les accumulations de mutations qui surviennent couramment avec un mécanisme de réplication induit par une rupture, mais a plutôt montré des exemples clairs d'enjambements de chromosomes issus d'événements croisés générés par une réparation basée sur une double jonction de Holliday. Les régions de recombinaison cartographiées ont également permis de mieux comprendre les caractéristiques potentielles des séquences génomiques susceptibles de favoriser la recombinaison mitotique, notamment une association avec la région répétée Histone Locus Cluster et les régions précédemment cartographiées pour former des « R-loops ». Nous avons également étudié comment les facteurs environnementaux peuvent influencer ce processus et démontré que l'infection par la bactérie entéropathogène Ecc15 augmentait la fréquence de perte d'hétérozygotie. Cette étude permet de mieux comprendre mécaniquement comment la recombinaison mitotique se produit dans les cellules souches in vivo, elle identifie des facteurs intrinsèques et extrinsèques qui peuvent entraîner la LOH, tout ceci fournissant un support important d'informations quant à l'initiation du cancer et des stratégies préventives et thérapeutiques potentielles.
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