I. Telomere protection is essential for genome stability.

The fact that the ends of linear chromosomes play a central part in preserving genome integrity has been highlighted in the late 30's, thanks to the work of Herman Muller and Barbara McClintock. Years before the Watson-Crick double helical structure of DNA was even described, the two scientists were investigating the behavior of broken chromosomes in the late 1930's. They both noticed, in drosophila for Muller and maize for McClintock, that the ends were protected against fusions and were therefore distinguishable from induced DNA breaks [START_REF] Muller | The remaking of chromosomes[END_REF][START_REF] Mcclintock | The stability of broken ends of chromosomes in Zea mays[END_REF].

Hermann J. Muller was the first to speak of telomeres and deduced that they were essential to protect chromosomes ends from fusing together or with DNA breaks.

When studies on DNA replication of the linear phage started 40 years ago, a fundamental problem was highlighted: the full duplication of the very ends of the DNA molecule is not possible and leads to loss of telomeric sequence after each round of division [START_REF] Watson | Origin of concatemeric T7 DNA[END_REF] [START_REF] Olovnikov | A theory of marginotomy[END_REF]. This is referred to as the "end-replication problem" and this is because DNA polymerases proceed to synthesis only in a 5' to 3' direction and requires an RNA primer with a free 3' end. The removal of the RNA primer after synthesis of the last Okazaki fragment will result in the formation of a 3' overhang because the polymerase cannot initiate de novo DNA synthesis. At the time, the endreplication problem was thought to arise from the degradation of this 3' overhang, leading to blunt-ended DNA molecules that would therefore be shorter than the previous cell-cycle. However, the discovery that telomeres naturally carry a 3' overhang led to a recent revision of this model [START_REF] Makarov | Long G tails at both ends of human chromosomes suggest a C strand degradation mechanism for telomere shortening[END_REF]: it is actually the degradation of the 5' end, to generate telomere 3' overhang, that leads to telomere shortening. Although the mechanism of telomere shortening was not exactly determined, Olovnikov pointed out that it could provide an explication to Hayflick's observation that populations of normal fetal cells in culture only divide 40-60 times before entering senescence [START_REF] Hayflick | The serial cultivation of human diploid cell strains[END_REF]. This is where the two key concepts of telomere length and senescence merged and led to the identification in 1989 of Telomerase, the reverse-transcriptase that adds telomeric repeat sequences at the end of chromosomes. This discovery, for which BlackBurn, Greider and Szotsak were awarded a joint Nobel Prize in 2009, firmly established the connection between cell senescence, aging and telomere length.

Since then, scientists interested in telomere biology have tried to decipher the precise molecular mechanisms by which telomeres protect the genome. Tremendous progress has been made and it is now possible to explain the original observations made a century ago by Hermann Muller and Barbara McClintock: telomeres are specialized structures, capped by a protein complex called shelterin, that prevent chromosome-ends recognition as double-strand breaks by actively inhibiting DNA damage response. In this section, I will provide the current state of the art regarding the interplay between telomeres and genome stability. First, I will give an overview of telomere structure and composition in mammalian cells. And develop the mechanism by which shelterin mediates telomere protection Second, I will discuss the interplay existing between mitosis and telomere dysfunction, with an emphasis on the consequences in regards with genomic instability. Lastly, I will present some of the known features of telomeres in mitosis.

A. Telomere structure and composition

Telomeric DNA

The first identification of telomeric DNA sequence was performed on the subchromosomal rDNA molecules of the ciliate Tetrahymena termophila. By applying newly developed DNA sequencing methods, Elizabeth Blackburn in Joseph Gall's laboratory determined that this organism possesses several 5'-T2G4-3' repeats at each chromosome end [START_REF] Blackburn | A tandemly repeated sequence at the termini of the extrachromosomal ribosomal RNA genes in Tetrahymena[END_REF] . Soon after, another study in a different group of ciliates showed that telomeres also consist of related sequences, 5'-T4G4-3' in 4 species. Furthermore, they also found that the G-rich strand was longer that the C-rich strand [START_REF] Klobutcher | All gene-sized DNA molecules in four species of hypotrichs have the same terminal sequence and an unusual 3' terminus[END_REF]. As the studies to identify telomeric sequences in multiple systems flourished, it became clear that they are highly conserved among organisms. In the vast majority of them, telomeric DNA consist of tandem repeats, with a G-rich strand and a C-rich strand. In human, telomeres consist of TTAGGG tandem repeats which length varies between 5 and 15kb [START_REF] Canela | High-Throughput Telomere Length Quantification by FISH and Its Application to Human Population Studies[END_REF]. This length varies depending on numerous factor such as the type of tissue, the age or the replicative history of the cell. Importantly, telomere length is also variable within a single-cell, even between homologous chromosomes [START_REF] Baird | Extensive allelic variation and ultrashort telomeres in senescent human cells[END_REF][START_REF] Londoño-Vallejo | Differences in Telomere Length between Homologous Chromosomes in Humans[END_REF].

The G-overhang and the telomeric-loop

The G-rich strand presents a single-stranded 3' overhang that is variable in size, but typically ranges between 50 and 150bp, up to 400nt [START_REF] Chai | Human telomeres have different overhang sizes at leading versus lagging strands[END_REF][START_REF] Cimino-Reale | The length of telomeric G-rich strand 3′overhang measured by oligonucleotide ligation assay[END_REF])(Figure 1). This overhang naturally occurs after replication of the lagging strand due to the removal of the last RNA primer, that has been demonstrated to be positioned at 70-100nt before the ends [START_REF] Chow | Early and Late Steps in Telomere Overhang Processing in Normal Human Cells: The Position of the Final RNA Primer Drives Telomere Shortening[END_REF] . Therefore, the initial size of the overhang on the lagging strand is already larger than the size of the last RNA primer. On the leading strand however, the complete replication generates a blunt end, that will require processing to generate the essential telomeric 3' overhang. The molecular mechanism of the 3' overhang formation involve a first step of 5' resection by the exonucleases Apollo, that can bind to TRF2 [START_REF] Lenain | The Apollo 5' exonuclease functions together with TRF2 to protect telomeres from DNA repair[END_REF]P. Wu et al. 2010;P. Wu, Takai, et de Lange 2012). The exonuclease Exo 1 has also been involved in further resection of the 5' end. (P. [START_REF] Wu | Telomeric 3' Overhangs Derive from Resection by Exo1 and Apollo and Fill-In by POT1b-Associated CST[END_REF][START_REF] Rai | The Replisome Mediates A-NHEJ Repair of Telomeres Lacking POT1-TPP1 Independently of MRN Function[END_REF]. Finally, this over-extended overhangs undergo a fill-in synthesis that requires recruitment of the CST complex and elongation by the Polymerase α [START_REF] Dai | Molecular steps of G-overhang generation at human telomeres and its function in chromosome end protection[END_REF][START_REF] Huang | Human Stn1 Protects Telomere Integrity by Promoting Efficient Lagging-Strand Synthesis at Telomeres and Mediating C-Strand Fill-In[END_REF]P. Wu et al. 2012).

The main described function of this G' overhang is to provide a substrate for the formation of the telomere-loop (t-loop) (Figure 1). T-loops have been first observed by electron microscopy, and can now be visualized by light microscopy thanks to the µM. From [START_REF] Van Ly | Telomere Loop Dynamics in Chromosome End Protection[END_REF]. (A-B) from (Palm et de Lange 2008) recent advances in the field [START_REF] Griffith | Mammalian telomeres end in a large duplex loop[END_REF][START_REF] Doksani | Super-resolution fluorescence imaging of telomeres reveals TRF2-dependent T-loop formation[END_REF][START_REF] Van Ly | Telomere Loop Dynamics in Chromosome End Protection[END_REF]). This t-loop is thought to arise from the invasion of the 3' ssDNA strand into the telomeric duplex dsDNA. T-loops are variable in size, an observation that argues in favor of a model where the position of invasion is not predetermined. Additionally, tloops can be visualized at all stages of the cell-cycle, suggesting that they are bona fide component of telomeres [START_REF] Timashev | Characterization of T-Loop Formation by TRF2[END_REF][START_REF] Zhang | 2D Gel Electrophoresis Reveals Dynamics of T-Loop Formation during the Cell Cycle and t-Loop in Maintenance Regulated by Heterochromatin State[END_REF] . Nonetheless, t-loop are not visualized at all telomeres in fixed cells. However, this observation likely results from technical limitation, as some t-loops might unfold during sample preparation. T-loop constitutes an important player in telomere maintenance, and its role in chromosome end protection is further discussed in part I.B.1.

Shelterin complex structure and binding

Telomeres in mammalian cells are capped by a highly specialized protein complex called shelterin (Figure 2). It is composed of six distinct subunits:

• Telomeric-Repeat binding Factor 1: TRF1

• Telomeric-Repeat binding Factor 2: TRF2

• TERF2-Interacting protein: Rap1

• TRF1-Interacting Nuclear Factor 2: TIN2

• adrenocortical dysplasia protein homolog: TPP1

• Protection Of Telomeres 1: POT1* *Rodents possess two Pot1 proteins, POT1a and POT1b, resulting from gene duplication [START_REF] Hockemeyer | Engineered Telomere Degradation Models Dyskeratosis Congenita[END_REF] The specificity of the shelterin complex for telomeric DNA is dictated by the two related homodimeric subunits TRF1 and TRF2 that bind double-stranded TTAGGG repeats via their Myb/SANT-Type DNA-binding domains [START_REF] Chong | A human telomeric protein[END_REF][START_REF] Bilaud | The telobox, a Myb-related telomeric DNA binding motif found in proteins from yeast, plants and human[END_REF][START_REF] Broccoli | Human telomeres contain two distinct Myb-related proteins, TRF1 and TRF2[END_REF]. This domain specifically recognizes 5'-YTAGGGTTR-3' sequences, with extremely low tolerance for single-base changes [START_REF] Bianchi | TRF1 binds a bipartite telomeric site with extreme spatial flexibility[END_REF].

Homodimerization of TRF1 and TRF2 via their respective TRF domain is necessary for their binding to telomeric repeats [START_REF] Bianchi | TRF1 is a dimer and bends telomeric DNA[END_REF]1999; Bas van Steensel et de Lange 1997). Additionally, POT1 also binds single-strand TTAGGG repeats with his two oligosaccharide/oligonucleotides (OB) folds domains. POT1 recruitment to telomeric repeats occurs through its interaction with TPP1 (S. h [START_REF] Kim | TIN2 Mediates Functions of TRF2 at Human Telomeres[END_REF][START_REF] Houghtaling | A dynamic molecular link between the telomere length regulator TRF1 and the chromosome end protector TRF2[END_REF]Ye et al. 2004). TPP1 also binds to TIN2, that in turn interacts with both TRF1 and TRF2 (S. [START_REF] Kim | TIN2, a new regulator of telomere length in human cells[END_REF]Ye et al. 2004;[START_REF] Kim | TIN2 Mediates Functions of TRF2 at Human Telomeres[END_REF].This complex is bridged by strong protein-proteins interactions and possess at least 5 DNA-binding domains (2 in TRF1, 2 in TRF2 and one in POT1). These features render the shelterin complex unique in its capability to distinguish telomeres from other chromosome ends (Figure 2). It is commonly admitted in the field that shelterin is expressed and localized to telomeres throughout the cell-cycle in mammalian cells.

To our knowledge, only a single study has addressed the question of the stoichiometry and abundance of the shelterin complex in vivo, which revealed several important aspects of the shelterin complex (K K [START_REF] Takai | In Vivo Stoichiometry of Shelterin Components[END_REF] . First, TRF1, TRF2 and TIN2 exist in a 1:1:1 stoichiometry. Also, TPP1 and POT1 seem to be much less abundant than TIN2 (and subsequently than TRF1 and TRF2), although the mechanism regulating their levels is unknown. Finally, the double-stranded binding factors TRF1 and TRF2 can be very abundant relative to the available TTAGGG binding sites. Cells with relatively short telomeres (<5kb) were shown to contain enough TRF1/TRF2 to entirely cover telomeric sequences. In contrast, HeLa 1.3 with long telomeres were found to only contains sufficient shelterin to cover 10-20% of the telomeres (K K [START_REF] Takai | In Vivo Stoichiometry of Shelterin Components[END_REF].

The functional significance of this reduced shelterin density at telomeres has not been explored to date.

Similarly, not much is known about the precise biomolecular mechanism that drives assembly and binding of the shelterin complex onto telomeric repeats. An elegant in vitro study performed by Erdel and colleagues using the advanced DNA curtains technique revealed that shelterin complex can recognize telomeric DNA via 3D search rather than through a 1D diffusion along DNA [START_REF] Erdel | Telomere Recognition and Assembly Mechanism of Mammalian Shelterin[END_REF]. Importantly, they also showed that the shelterin complex can exist in solution, suggesting that shelterin could recognize DNA as a pre-formed complex in cells.

TERRA

30 years ago, Pol-II transcribed genes have been shown to be silenced when inserted adjacent to telomeric repeats in the yeast S. cerevisiae [START_REF] Gottschling | Position effect at S. cerevisiae telomeres: reversible repression of Pol II transcription[END_REF]). This phenomenon, termed the "telomere position effect" remained controversial in human cells but nonetheless observed several years later [START_REF] Baur | Telomere position effect in human cells[END_REF]). This silencing effect was shown to be dependent on telomere length and histone acetylation. These results combined with the fact that telomeres are composed of highly repetitive sequences, similar to other known repressed regions such as satellite repeats, led to the common belief that telomeres were constituted of heterochromatin and therefore transcriptionally silent. This idea was further strengthen by studies demonstrating the presence of the H3K9me3 heterochromatin mark at mouse telomeres [START_REF] García-Cao | Epigenetic regulation of telomere length in mammalian cells by the Suv39h1 and Suv39h2 histone methyltransferases[END_REF][START_REF] Gonzalo | DNA methyltransferases control telomere length and telomere recombination in mammalian cells[END_REF]. This view started to be severely challenged when, unpredictably, mammalian telomeres were found to be transcribed into long noncoding RNAs [START_REF] Azzalin | Telomeric repeat containing RNA and RNA surveillance factors at mammalian chromosome ends[END_REF]). This lncRNA originates from the transcription of the C-rich telomere strand and therefore contains 5-UUAGGG-3' repeats. Transcription is mediated by the RNA polymerase II and is initiated at the subtelomeric regions (i.e. the region directly adjacent to telomeres) [START_REF] Azzalin | Telomeric repeat containing RNA and RNA surveillance factors at mammalian chromosome ends[END_REF][START_REF] Nergadze | CpG-Island Promoters Drive Transcription of Human Telomeres[END_REF]. TERRA molecules from various size can be detected by northern-blot analysis, ranging from 100 bp up to 9 kb in mammalian cells [START_REF] Azzalin | Telomeric repeat containing RNA and RNA surveillance factors at mammalian chromosome ends[END_REF][START_REF] Schoeftner | Developmentally regulated transcription of mammalian telomeres by DNA-dependent RNA polymerase II[END_REF].

TERRA transcription has been proposed to be involved in many aspects of telomere biology including, but not restricted to, telomere length regulation, telomere replication and regulation of telomeric chromatin [START_REF] Redon | The non-coding RNA TERRA is a natural ligand and direct inhibitor of human telomerase[END_REF][START_REF] Cusanelli | Telomeric Repeat-Containing RNA TERRA: A Noncoding RNA Connecting Telomere Biology to Genome Integrity[END_REF][START_REF] Bettin | The Emerging Roles of TERRA in Telomere Maintenance and Genome Stability[END_REF]. A wide range of potential mechanisms by which TERRA controls telomere homeostasis have been proposed and are still under investigation. For this reason, they will not be discussed in detail in this manuscript.

B. Molecular mechanisms of shelterin-mediated telomere protection

Mechanisms of double-strand break repair

Cells respond to various types of DNA Damage by initiating a robust DNA Damage Response, that detects, signals and promotes the repair DNA lesions. The DDR is mainly mediated by the action of proteins from the phosphatidylinositol 3-kinase-like protein kinase (PIKKs) family: ATM, ATR and DNA-PK. These proteins can initiate a complex, multi-layer cascade of events that regulates cell-cycle control, DNA replication, DNA repair and apoptosis in response to genotoxic stress. DNA double-strand breaks can arise from exogenous (e.g. ionizing radiation, exposure to UV light) or endogenous (e.g. ROS production or fork replication blockage) sources. Although relatively common, this type of damage is particularly detrimental and can cause important genome rearrangement. Double-Strand Breaks (DSBs) constitute a particularly deleterious form of DNA damage and are repaired by two main pathways: classical non-homologous end-joining (c-NHEJ) [START_REF] Lieber | The Mechanism of Human Nonhomologous DNA End Joining[END_REF] and Homologous Recombination (HR) [START_REF] Filippo | Mechanism of Eukaryotic Homologous Recombination[END_REF])(Figure 3). c-NHEJ is initiated by the binding of the Ku70/80 heterodimer to the broken ends of DNA molecule. This binding provides a docking site for additional binding of DNA-dependent protein kinase catalytic subunit (DNA-PKcs). Broken ends often necessitate processing prior to ligation, in order to remove modified nucleotides and/or make the ends complementary. This is achieved by the recruitment of processing factors such as the nucleases Artemis and aprataxin and PNPK-like factor (APFL). DNA polymerase λ and DNA polymerase μ are also recruited to add nucleotides and make ends ready for ligation. Broken ends are then sealed by the action of the DNA ligase 4-X-ray repair cross-complementing protein 4 (LIG4-XRCC4) complex.

NHEJ is considered mutagenic as processing of the ends prior to ligation often leads to loss or gain of a few nucleotides.

NHEJ is active throughout the cell-cycle, while HR-mediated repair is restricted to late S and G2 phases of the cell-cycle when sister chromatids are available to serve as repair template. Another major difference between NHEJ and HR is that HR relies on extensive 5' end resection of broken DNA. This is initiated by the binding of the MRE11-Rad50-NBS1 (MRN) complex that complete short-range resection. Efficient initiation of this resection requires interaction of Mre11 with CtBP-interaction protein (ctIP).

Exonuclease 1 and the heterodimeric DNA2/Bloom syndrome protein (DNA2/BLM) nuclease-helicase complex further extend this resection. The extensive 3'-ssDNA is coated by the heterotrimeric replication protein A (RPA). BRCA2 promotes RPA exchange with Rad51, and Rad51-ssDNA nucleoprotein filaments initiate homology search and invasion of homologous DNA sequence. This forms a displacement loop (D-loop), in which DNA synthesis in initiated to restore the sequence surrounding the break site.

TRF2 and the t-loop: Preventing ATM and c-NHEJ activation

The correct repair of DSBs is essential to preserve genome integrity. However, cells carrying linear chromosomes must face an important dilemma: how to distinguish DNA breaks from chromosome ends? This has been referred to as the "end-protection problem" and is solved by the presence of telomeres, capped by the shelterin complex.

Because shelterin-mediated telomere protection is tightly linked to the DNA damage response machinery, these two research fields progressed hand-in-hand over the past years to unravel the molecular mechanisms responsible for solving the end-protection problem. The first direct evidence for a role of the shelterin complex in muting the DNA Damage Response activation at telomeres came from the removal of TRF2 from telomeric tracks in human cells. The use of a dominant-negative allele of TRF2 lacking both the N-terminal basic domain and the DNA-binding Myb domain resulted in cellcycle arrest and chromosomal end-to-end fusions (B van [START_REF] Steensel | TRF2 protects human telomeres from end-to-end fusions[END_REF]. A year later, the expression of the same TRF2 mutant in mouse cells revealed that loss of TRF2 from telomeres induced apoptosis, as a result of p53 signaling. More importantly, this response was not observed in Ataxia-Telangiectasia patient cells carrying a mutation in the ATM gene, demonstrating that both ATM and p53 were necessary to induce apoptosis in absence of telomere-bound TRF2 (J [START_REF] Karlseder | p53-and ATMdependent apoptosis induced by telomeres lacking TRF2[END_REF]. Similar to the mechanisms governing internal DSB processing, ATM is recruited to telomeres by the MRN complex upon TRF2 loss, where it phosphorylates H2AX and triggers a NHEJmediated repair (Dimitrova et de Lange 2009;[START_REF] Deng | Multiple roles for MRE11 at uncapped telomeres[END_REF][START_REF] Smogorzewska | DNA ligase IV-dependent NHEJ of deprotected mammalian telomeres in G1 and G2[END_REF][START_REF] Zimmermann | 53BP1 regulates DSB repair using Rif1 to control 5' end resection[END_REF][START_REF] Dimitrova | MDC1 accelerates nonhomologous endjoining of dysfunctional telomeres[END_REF]. Such ATM activation is not observed in absence of TRF1, Rap1, POT1 or TPP1 [START_REF] Celli | DNA processing is not required for ATMmediated telomere damage response after TRF2 deletion[END_REF]Denchi et [START_REF] Denchi | Protection of telomeres through independent control of ATM and ATR by TRF2 and POT1[END_REF][START_REF] Sfeir | Loss of Rap1 induces telomere recombination in the absence of NHEJ or a DNA damage signal[END_REF]2009;H. Kim et al. 2017). TIN2 deletion however also leads to ATM kinase activation, likely due to its role in stabilizing TRF2 on telomere tracks [START_REF] Hu | Structural and Functional Analyses of the Mammalian TIN2-TPP1-TRF2 Telomeric Complex[END_REF][START_REF] Takai | Telomere protection by TPP1/POT1 requires tethering to TIN2[END_REF]. TRF2 therefore plays a central role in preventing illicit DNA repair at chromosome ends.

The precise mechanism by which TRF2 prevents ATM activation in a physiological context has not been fully elucidated to date. Several models have been proposed and studied over the past years, and one recently emerged as the most likely: the t-loop mediated telomere protection. On paper, the model is simple: the formation of t-loops, mediated by TRF2 as described previously, prevents the recognition of telomeres as DSBs. The first in vivo evidence supporting this model has arisen from super-resolution fluorescence imaging of mouse telomeres following shelterin components deletion [START_REF] Doksani | Super-resolution fluorescence imaging of telomeres reveals TRF2-dependent T-loop formation[END_REF]). This study demonstrated that deletion of TRF2, but not Rap1, TRF1 or POT1, decreased the frequency of t-loop formation. TRF2 is therefore the unique shelterin component that both suppress ATM signaling and promotes t-loop formation. What was just a correlation at that stage turned into a functional connection when Van Ly and colleagues performed similar super resolution experiments on cell with intermediate-state telomeres (i.e., cells that present activation of ATM signaling at telomeres but do not undergo telomere fusions). They could show in this study that ATM activation is concomitant with the loss of the t-loop structure [START_REF] Van Ly | Telomere Loop Dynamics in Chromosome End Protection[END_REF].

The frequency of t-loop was found reduced even in presence of an ATM inhibitor, suggesting that linearization of telomeres precedes ATM activation. Similarly, another study highlighted a functional link between TRF2-mediated telomeric DNA topology and ATM inhibition. For this, the authors expressed a TRF2 mutant deficient for DNA wrapping activity (called TRF2 Top-less) and found a reduction in t-loop formation correlated with a loss in ATM activation [START_REF] Benarroch-Popivker | TRF2-Mediated Control of Telomere DNA Topology as a Mechanism for Chromosome-End Protection[END_REF]). This t-loop model of ATM activation is in line with previous observations that correct telomere protection is dependent on telomere structure rather than telomere length [START_REF] Kaul | Five dysfunctional telomeres predict onset of senescence in human cells[END_REF]Jan Karlseder, Smogorzewska, et de Lange 2002). Recently, it has been shown that mouse ES cells possess looped telomeres that are not affected by TRF2 deletion [START_REF] Ruis | TRF2-Independent Chromosome End Protection during Pluripotency[END_REF][START_REF] Markiewicz-Potoczny | TRF2-Mediated Telomere Protection Is Dispensable in Pluripotent Stem Cells[END_REF]. Moreover, ES cells lacking TRF2 do not undergo telomere fusions and only mildly activate ATM signaling compared to TRF2-deficient somatic cells. This final piece of evidence demonstrates the importance of t-loops in mediating telomere protection. However, the mild activation of ATM in the TRF2-null ES cells argues against the idea the t-loop formation alone is sufficient to completely block ATM signaling at telomeres. Conversely, it has been shown that tloop unwinding can activate ATM even in the presence of TRF2 [START_REF] Sarek | CDK phosphorylation of TRF2 controls tloop dynamics during the cell cycle[END_REF]. TRF2 therefore likely contributes to ATM and NHEJ inhibition at telomeres both via its ability to promote t-loop formation, and through t-loop independent function. In agreement with this idea, TRF2 has been shown to repress NHEJ at telomeres even upon ATM kinase activation, through a small portion of its Hinge domain, named iDDR (inhibition of DNA Damage Response) domain [START_REF] Okamoto | A two-step mechanism for TRF2-mediated chromosome-end protection[END_REF]. Expression of the iDDR domain in the context of TRF1 is sufficient to prevent localization of 53BP1 at telomeres in the absence of TRF2, demonstrating that this domain is sufficient to minimize NHEJ cascade activation at linearized telomeres. A role for Rap1 has also been proposed to limit NHEJ. While deletion of Rap1 alone does not lead to telomere fusions in human or mouse cells, [START_REF] Kabir | TALEN Gene Knockouts Reveal No Requirement for the Conserved Human Shelterin Protein Rap1 in Telomere Protection and Length Regulation[END_REF][START_REF] Sfeir | Loss of Rap1 induces telomere recombination in the absence of NHEJ or a DNA damage signal[END_REF], reduced expression of Rap1 has been shown to increase telomere fusions upon Top-Less TRF2 expression. Therefore, Rap1 might be required to inhibit NHEJ in the context of linearized telomeres.

POT1 and TPP1: Repression of ATR signaling

In addition to the repression of ATM, performed mainly by TRF2 and the t-loop configuration as exposed in the precedent section, telomeres and the shelterin complex also inhibit the ATR pathway through POT1. POT1 inhibition activates ATR in both mouse and human cells, but this does not lead to telomere fusion in presence of TRF2 [START_REF] Denchi | Protection of telomeres through independent control of ATM and ATR by TRF2 and POT1[END_REF]. In cells depleted for both TRF2 and ATM however, POT1 inhibition results in telomere fusion through ATR activation [START_REF] Denchi | Protection of telomeres through independent control of ATM and ATR by TRF2 and POT1[END_REF]. Consistent with TPP1 requirement for POT1 recruitment at telomeres, a similar phenotype can be observed upon TPP1 inhibition. ATM and ATR signaling are therefore controlled separately by TRF2 and POT1 respectively, demonstrating that telomeres can inhibit multiple DDR pathway for efficient protection. At internal DSBs, ATR signaling is mediated by RPA coating of the ssDNA generated by active resection(L. [START_REF] Zou | Sensing DNA damage through ATRIP recognition of RPA-ssDNA complexes[END_REF]. Telomeres however already possess a ssDNA overhang, and therefore resection is not necessary for RPA loading. Since POT1 is the shelterin component that binds this ssDNA strand, it has been proposed that POT1 repress ATR by competing with RPA loading on telomeric ssDNA. Consistent with this model, RPA can be detected at telomeres in cells lacking POT1 [START_REF] Gong | A Shld1-controlled POT1a provides support for repression of ATR signaling at telomeres through RPA exclusion[END_REF][START_REF] Denchi | Protection of telomeres through independent control of ATM and ATR by TRF2 and POT1[END_REF][START_REF] Churikov | Pot1 and Cell Cycle Progression Cooperate in Telomere Length Regulation[END_REF].

The challenge of telomere replication

Correct duplication of the genome is essential to cell proliferation. This task is undertaken by a complex machinery that is responsible for the initiation, elongation and termination processes of DNA replication (Reviewed in [START_REF] Masai | Eukaryotic Chromosome DNA Replication: Where, When, and How?[END_REF]). There are numerous obstacles which can slow or stall the replication process (Figure 4).

Telomeres are intrinsically difficult to replicate, due to (i) their G-rich repetitive sequences than can form G-quadruplexes (ii) the t-loop, that can constitute a physical barrier to replication fork progression (iii) the R-loops arising from TERRA expression and association with telomeric DNA and (iv) the presence of a tightly bound complex, the shelterin, that can block the progression of the replication fork. This section will mainly focus on the well-documented roles of TRF1 and the RECQL-like helicase family in facilitating telomere replication considering the relevance of TRF1 in this work.

However, there is numerous additional mechanisms by which the shelterin complex and its associated factors facilitate replication, which have been extensively reviewed. I would like to refer interested readers to the following : (Lazzerini-Denchi et Sfeir 2016; [START_REF] Higa | DNA Replication Origins and Fork Progression at Mammalian Telomeres[END_REF].

The central role of TRF1 in telomere replication of human and mouse cells has first been highlighted by the appreciable work of Agnel Sfeir and colleagues [START_REF] Sfeir | Mammalian telomeres resemble fragile sites and require TRF1 for efficient replication[END_REF]. When metaphase chromosomes are spread and stained with a telomeric FISH probe, telomeres can normally be observed as a single, bright foci at each chromatid end. Upon TRF1 deletion however, this study showed that multiple chromatids present what is referred to as a "telomere doublet", characterize by the presence of two or more distinct foci. They further demonstrated that this phenotype is accompanied by impaired replication progression at telomeres and replication fork stalling. Because these mis-replicated telomeres resemble common fragile sites that frequently undergo replication problems, they have been called fragile telomeres. Fragile telomere formation is now used as a read-out for replication problems. Although the mechanisms underlying the apparition of multi-telomeric signal remain to be determined, it is believed that they reflect aberrant, condensed structures resulting from replication defects. TRF1 role in promoting telomere replication is partly mediated by the recruitment of two RECQL-like helicases, Bloom syndrome protein (BLM) and the Werner syndrome helicase (WRN). BLM and WRN have both been implicated in the resolution of DNA secondary structures in vitro, including G4 DNA, D-loop and Holliday junctions [START_REF] Mohaghegh | The Bloom's and Werner's syndrome proteins are DNA structure-specific helicases[END_REF][START_REF] Machwe | TRF2 recruits the Werner syndrome (WRN) exonuclease for processing of telomeric DNA[END_REF]P. L. Opresko et al. 2005). Stabilization of G-Quadruplexes via the use of a G4 ligand leads to increased association of BLM and WRN to telomeres and impaired telomere replication [START_REF] Rizzo | Stabilization of quadruplex DNA perturbs telomere replication leading to the activation of an ATR-dependent ATM signaling pathway[END_REF]. Correspondingly, a TRF1-mutant than cannot bind the BLM helicase is no longer able to prevent the formation of fragile telomeres [START_REF] Zimmermann | TRF1 negotiates TTAGGG repeat-associated replication problems by recruiting the BLM helicase and the TPP1/POT1 repressor of ATR signaling[END_REF].

BLM and WRN have been shown to be required for efficient replication of the G-rich, leading strand, consistent with a role in unwinding G-quadruplexes [START_REF] Crabbe | Defective telomere lagging strand synthesis in cells lacking WRN helicase activity[END_REF][START_REF] Drosopoulos | BLM Helicase Facilitates Telomere Replication during Leading Strand Synthesis of Telomeres[END_REF][START_REF] Arnoult | Human POT1 is required for efficient telomere C-rich strand replication in the absence of WRN[END_REF].

A third helicase from the RECQL family, RTEL1, has been implicated in telomere and genome-wide replication through its binding to the replisome protein proliferating cell nuclear antigen (PCNA) [START_REF] Vannier | RTEL1 Is a Replisome-Associated Helicase That Promotes Telomere and Genome-Wide Replication[END_REF]. As for the BLM helicase, depletion of RTEL1 together with TRF1 deletion does not lead to additional fragile telomere formation, suggesting that TRF1 and RTEL1 facilitate telomere replication through the same pathway [START_REF] Sfeir | Mammalian telomeres resemble fragile sites and require TRF1 for efficient replication[END_REF]. Moreover, stabilization of G-quadruplexes has been shown to enhance telomere fragility in absence of RTEL1, showing its implication in removal of telomeric DNA structures [START_REF] Vannier | R℡1 dismantles T loops and counteracts telomeric G4-DNA to maintain telomere integrity[END_REF]. Besides its proposed function in unwinding G4-DNA structures at telomeres, RTEL1 is implicated in the disassembly of the t-loop in S-phase to protect telomeres from replication stress [START_REF] Sarek | TRF2 recruits R℡1 to telomeres in S phase to promote t-loop unwinding[END_REF]. This recruitment of RTEL1 to telomeres is controlled by CDK1-mediated TRF2 phosphorylation [START_REF] Sarek | CDK phosphorylation of TRF2 controls tloop dynamics during the cell cycle[END_REF].

II. Interplay between telomere dysfunction and mitosis

A. General overview of the mitotic process

During the cell division cycle, the genome is completely and faithfully replicated in interphase. In mitosis, each copy must be correctly segregated in the two resulting daughter cells. The faithful transmission of the genetic information requires chromosomes to undergo a complex choreography, that involves major structural and organizational remodeling. Mitosis has been historically divided into 5 distinct and successive phases: Prophase, Prometaphase, Metaphase, Anaphase and Telophase.

This classification is mainly based on the visible structure and condensation state of mitotic chromosomes (Figure 5). Chromosomes gradually undergo condensation from prophase to metaphase, leading to the formation of rod-shaped structures known as metaphase chromosomes. A high order multiprotein complex, the kinetochore, assembles at the centromeres and serves as a platform to mediate the attachment of chromosomes to the mitotic spindle in prometaphase. The prometaphase chromosomes then move to the equatorial plane of the spindle, forming the metaphase plate. Finally, the two chromatids of the metaphase chromosomes separate in anaphase when cohesion is removed, and a newly functional nucleus starts to reform (green, bottom panel). Adapted from [START_REF] Vandame | The spatio-temporal dynamics of PKA activity profile during mitosis and its correlation to chromosome segregation[END_REF]

) (B)

Morphological changes occurring at mitosis in vertebrate cells. Adapted from [START_REF] Pines | Re-staging mitosis: a contemporary view of mitotic progression[END_REF] in telophase. Although the mitotic process is here described succinctly, it is a remarkably complex sequence of events. Errors during this process can lead to genomic instability by causing aneuploidy and structural chromosome rearrangements. This is avoided notably by the action a specialized checkpoint, known as the Spindle Assembly Checkpoint. While the role of centromeres has been widely studied, the characterization of telomere in mitosis have been largely overlooked in the telomere field. This is probably a consequence of the fact that mitosis was long seen as unrelated to the rest of the cell-cycle, as a short phase with the sole role of ensuring correct chromosome segregation. There is now more and more evidence demonstrating that mitosis is tightly linked with DNA replication in S-phase as well as DNA damage response, which are in turn highly relevant to telomere maintenance.

B. Telomere crisis as a source of genomic instability

Telomere-induced senescence

The loss of telomeric DNA resulting from successive rounds of DNA replication, discussed in the first paragraph of the introduction, can be countered by the enzymatic activity of the telomerase. Telomerase is a ribonucleoprotein complex that comprises a reverse transcriptase catalytic subunit (hTERT) associated with an RNA template (hTR), that adds TTAGGG repeats to chromosome ends. However, most somatic cells do not exhibit telomerase activity, therefore leading to progressive telomere shortening as cells age, at a rate of 50-100bp per cell division (Blackburn 1994;[START_REF] Blackburn | Structure and function of telomeres[END_REF][START_REF] Harley | Telomeres shorten during ageing of human fibroblasts[END_REF]. When telomeres become too short, they lose telomere function due to insufficient shelterin protein loading, leading to the activation of a DNA damage response (Jan Karlseder, Smogorzewska, et de Lange 2002;[START_REF] Fagagna | A DNA damage checkpoint response in telomereinitiated senescence[END_REF]. This DNA damage response can be visualized as colocalization between telomeres and DDR markers yH2AX or 53BP1 in "Telomere-deprotection induced foci (TIFs)" (Figure 6A). Only a few dysfunctional telomeres are necessary to trigger activation of p53 and subsequent hypophosphorylation of the tumor suppressor Rb, activating cell-cycle checkpoint and cell-cycle arrest (Figure 6B)(Y. [START_REF] Zou | Does a sentinel or a subset of short telomeres determine replicative senescence?[END_REF][START_REF] Kaul | Five dysfunctional telomeres predict onset of senescence in human cells[END_REF]. These dysfunctional telomeres have been referred to as "intermediate-state telomeres" due to the fact that they are still resistant to chromosome end-to-end fusion despite DNA damage activation [START_REF] Cesare | Spontaneous occurrence of telomeric DNA damage response in the absence of chromosome fusions[END_REF]Cesare et Karlseder 2012).

In human cells, cethe inactivation of both Rb and p53 pathways are necessary to prevent senescence entry in response to dysfunctional telomeres [START_REF] Shay | A role for both RB and p53 in the regulation of human cellular senescence[END_REF][START_REF] Hara | Cooperative Effect of Antisense-Rb and Antisense-P53 Oligomers on the Extension of Life Span in Human Diploid Fibroblasts, TIG-1[END_REF][START_REF] Jacobs | Significant role for p16INK4a in p53-independent telomere-directed senescence[END_REF]2005). This mechanism supports the idea that telomeres can act as a tumor suppressor pathway, by limiting cell-proliferation when cells are threatened by genomic instability (Figure 6B). [START_REF] Kaul | Five dysfunctional telomeres predict onset of senescence in human cells[END_REF]. Absence of a functional p53/Rb pathway leads to continued cell-division until telomere are too short and become uncapped (red). This deprotection entails chromosome end-fusions, eventually leading to mitotic arrest and cell death.

Telomere-crisis and resulting genome instability

Transformed cells lacking functional p53 and RB tumor suppressor pathways do not activate the cell-cycle checkpoints through ATM and ATR signaling, and therefore continue dividing in the presence of dysfunctional telomeres. Telomere deprotection leads to a so called "Breakage-fusion-bridge" cycle, that is initiated by chromosome fusion resulting from telomere loss and activation of the DNA damage response pathway. This creates a dicentric chromosome that will eventually create a bridgeshaped structure in anaphase when the two centromeres will be pulled in opposite polar direction. As a result, the dicentric chromosome will break, leading to the formation of two separate chromosomes lacking telomeres that can initiate a new cycle. BFB cycle is a strong source of genomic instability and mitotic mis-segregation and therefore frequently leads to cell death during crisis.

Despite the existing barriers preventing cells to pursue division in such deleterious conditions, some cells exit telomere crisis by reactivation of telomerase, restoring telomere function and proliferative capacity. However, this escape is performed at the cost of genome stability and often give rise to a transformed cell carrying heavy and potentially tumorigenic genome rearrangements. Although many potential mechanism can drive this genome instability, telomere dysfunction during crisis can be link to an extensive list of cancer-relevant genome rearrangements, mainly resulting from the BFB cycle [START_REF] O'hagan | Telomere Dysfunction Provokes Regional Amplification and Deletion in Cancer Genomes[END_REF][START_REF] Maciejowski | Chromothripsis and Kataegis Induced by Telomere Crisis[END_REF][START_REF] Maciejowski | Telomeres in Cancer: Tumour Suppression and Genome Instability[END_REF].

Moreover, tumors with telomere dysfunction have been shown to possess higher levels of genomic instability compared to tumors arising with intact telomeres (O' Hagan et al. 2002). Telomere dysfunction in cells with impaired checkpoints therefore constitute an important threat to genome stability and chromosome segregation.

Death during telomere-driven crisis has been proposed to result from a telomeredependent mitotic arrest following telomere deprotection. This mitotic arrest has been shown to be dependent on activation of the spindle assembly checkpoint (SAC) and Aurora B, suggesting that it is resulting from abnormal kinetochore-microtubule attachment. During mitotic arrest, telomere deprotection is amplified by Aurora-B dependent loss of TRF2, eventually leading to cell death [START_REF] Hayashi | A telomere-dependent DNA damage checkpoint induced by prolonged mitotic arrest[END_REF]2015). This proposed model of crisis-mediated cell death, dependent on telomere dysfunction, constitute a second mechanism by which telomeres prevent cell division following senescence bypass. Considering the deleterious consequences resulting from cell division with dysfunctional telomeres, as exposed in the previous paragraph, further studying the interplay between telomeres and mitosis is particularly relevant.

Yet, little investigation has been made in this direction. While some studies provided clues for a potential role for telomeres in mitotic cell division, it is to date not sufficient to get a comprehensive view of how cells undertake the challenge of dividing the ends.

C. Replication defects and mitosis

Replication stress defines the events leading to perturbation of DNA replication and subsequent replication fork slow down or stalling. Replication stress activates a DDR response triggered by the formation of ssDNA stretches at damaged forks. This response is mainly dependent on ATR and Chk1 signaling and initiates a cell-cycle delay to allow the cell to properly repair the damage before mitotic entry [START_REF] Guo | Requirement for Atr in Phosphorylation of Chk1 and Cell Cycle Regulation in Response to DNA Replication Blocks and UV-Damaged DNA in Xenopus Egg Extracts[END_REF][START_REF] Zou | Sensing DNA damage through ATRIP recognition of RPA-ssDNA complexes[END_REF]. Despite the fact that cells are normally able to sense, manage, and repair fork impediments, it has been shown that low levels of replication stress can be tolerated by the cell, preventing the adequate activation of a checkpoint response [START_REF] Torres-Rosell | Anaphase Onset before Complete DNA Replication with Intact Checkpoint Responses[END_REF][START_REF] Koundrioukoff | Stepwise Activation of the ATR Signaling Pathway upon Increasing Replication Stress Impacts Fragile Site Integrity[END_REF]). In such case, cells can enter mitosis with under-replicated DNA or unresolved secondary DNA structures. This persistence of under-replicated regions in mitosis has been originally described for common fragile sites (CFs), specific loci characterized by their sensitivity to replication stress [START_REF] Sutherland | The Molecular Basis of Fragile Sites in Human Chromosomes[END_REF]. These CFs frequently give rise to ultra-fine anaphase bridges (UFBs). Additionally, CFs have been shown to undergo mitotic DNA synthesis in different cancer-derived cell lines, but also untransformed cells [START_REF] Minocherhomji | Replication Stress Activates DNA Repair Synthesis in Mitosis[END_REF]. These phenotypes originally described for CFs have now been shown to concern several difficult-to-replicate loci, including telomeric regions.

As discussed in part I.B.3, telomeres constitute regions of the genome that are notoriously hard to replicate and therefore prone to replication stress. This underscores the importance of understanding the mechanisms governing the processing of underreplicated telomeres in mitosis.

Formation of UFB following replication stress

One consequence of mitotic entry following unresolved replication intermediates is the formation of Ultra-Fine Bridges (UFBs). UFBs are thread-like structures of DNA found in anaphase, that cannot be stained by classical DNA dyes such as DAPI or Hoechst.

These structures are typically coated by the Plk1-interacting checkpoint helicase (PICH) and BLM. Interestingly, the DNA repair protein and telomere partner Rif1 has recently been shown to be recruited to UFBs and to be necessary for their resolution [START_REF] Hengeveld | Rif1 Is Required for Resolution of Ultrafine DNA Bridges in Anaphase to Ensure Genomic Stability[END_REF]. UFBs arising from telomere replication defects have been described to arise in cells deficient for WRN helicase and upon over-expression of TRF2 [START_REF] Barefield | The BLM helicase contributes to telomere maintenance through processing of late-replicating intermediate structures[END_REF][START_REF] Nera | Elevated levels of TRF2 induce telomeric ultrafine anaphase bridges and rapid telomere deletions[END_REF]. Moreover, Topoisomerase IIα depletion is linked to both telomere fragility and UFB formation (d' [START_REF] Alcontres | TopoIIα prevents telomere fragility and formation of ultra thin DNA bridges during mitosis through TRF1-dependent binding to telomeres[END_REF]. In addition to the response to mild and checkpoint-blind replication stress, telomeres have also been involved in signaling cell death in response to lethal doses of aphidicolin. This death was shown to occur specifically in mitosis and could be rescued by TRF2 overexpression, further demonstrating a functional link between telomere homeostasis and mitosis completion [START_REF] Masamsetti | Replication stress induces mitotic death through parallel pathways regulated by WAPL and telomere deprotection[END_REF]. This interplay between correct genome duplication and chromosome segregation could potentially contribute to the genome instability observed in several human syndromes defective for proteins involved in DNA replication, such as Bloom Syndrome (BS) or Fanconi anemia (FA) [START_REF] Taylor | Chromosome Instability Syndromes[END_REF]. Initiation of chromosome segregation in cells with under-replicated DNA leads to mitotic abberations, eventually leading to genomic instability (e.g micronuclei formation, aneuploidie, chromosome rearrangements) . Adapted from (Özer et Hickson 2018) 

MiDAS at telomeres

Mitotic DNA synthesis (MiDAS) can be seen as the last resort for cells to finalize DNA replication and avoid the deleterious transmission of broken DNA-structure to the G1 daughter cell (Figure 7). MiDAS occurs in early mitosis and can be visualized in cells released from a late G2 blockage in presence of the thymidine analogue 5-ethynyl-2'doexyuridine (EdU). However, it is not detectable in cells incubated with EdU following nocodazole arrest in prometaphase, suggesting that the time window in which MiDAS can occur is short and restrained to prophase [START_REF] Minocherhomji | Replication Stress Activates DNA Repair Synthesis in Mitosis[END_REF]. MiDAS have been observed at telomeres following replication stress in different cancer cell lines independently of their telomere-length maintenance mechanism (i.e. telomerase or ALT) (Özer et al. 2018). It has also been shown to occur in cells that undergo fork stalling due to the expression of a POT1 mutant [START_REF] Pinzaru | Replication stress conferred by POT1 dysfunction promotes telomere relocalization to the nuclear pore[END_REF]). However, it has been noted that MiDAS occurs more frequently at telomeres in ALT cells than telomerase positive cells [START_REF] Min | Alternative Lengthening of Telomeres Mediated by Mitotic DNA Synthesis Engages Break-Induced Replication Processes[END_REF]. The higher propensity of ALT cells to undergo replication stress could provide a rational to this observation (Z. [START_REF] Yang | Break-Induced Replication Promotes Fragile Telomere Formation[END_REF].

MiDAS has been shown to occur through a break-induced replication (BIR)-like pathway. BIR is a DNA replication preinitiation process that occurs after replication fork stalling or collapse and is dependent on DNA recombination. Very interestingly, the maintenance of telomeres in ALT cells also relies on a BIR-like pathway. Similar to MiDAS, BIR in ALT cells is dependent on the POLD3 subunit of Polymerase δ and the recombination protein Rad52, as opposed to canonical BIR that relies on Rad51 [START_REF] Minocherhomji | Replication Stress Activates DNA Repair Synthesis in Mitosis[END_REF][START_REF] Dilley | Break-Induced Telomere Synthesis Underlies Alternative Telomere Maintenance[END_REF]. However, the precise molecular mechanisms underlying BIR, whether in MiDAS or telomere maintenance are still poorly understood. Nonetheless, the discovery that mitotic DNA synthesis can occur following replication stress to safeguard genome integrity constitute another evidence supporting the strong interplay existing between replication and chromosome stability.

D. Tankyrase-mediated resolution of sister telomere cohesion

Cohesion at arms and centromeres

Cohesin is an evolutionary multi-subunit complex that holds sister chromatids together from their replication in S-phase until mitosis. Cohesin from vertebrates contains four core subunits: two proteins from the structural maintenance of chromosomes (SMC) family, SMC1 and SMC3; the kleisin family protein Rad21/SCC1, and one of the two accessory proteins SA1/STAG1 or SA2/STAG2. The cohesin complex associates with chromatin in telophase and this association requires the ssc2/ssc4 (also name NIPBL/Mau2) cohesin loading complex [START_REF] Seitan | Metazoan Scc4 Homologs Link Sister Chromatid Cohesion to Cell and Axon Migration Guidance[END_REF][START_REF] Watrin | Human Scc4 Is Required for Cohesin Binding to Chromatin, Sister-Chromatid Cohesion, and Mitotic Progression[END_REF][START_REF] Bermudez | In Vitro Loading of Human Cohesin on DNA by the Human Scc2-Scc4 Loader Complex[END_REF]. Cohesion is then established during S-phase and persists until the start of mitosis. In contrast to yeast cells where cohesin is maintained until the metaphase-to-anaphase transition, the vast majority of cohesin in mammalian cells is 

NLS: Nuclear Localization Signal

removed from DNA in prophase. This prophase cohesin removal leads to dissociation of cohesin from chromosome arms but not centromeres, and is dependent on the protein Wapl [START_REF] Gandhi | Human Wapl Is a Cohesin-Binding Protein That Promotes Sister-Chromatid Resolution in Mitotic Prophase[END_REF][START_REF] Kueng | Wapl Controls the Dynamic Association of Cohesin with Chromatin[END_REF]. This activation of Wapl is mediated by Sororonin and SA2 phosphorylation by the mitotic kinases Aurora B, PLK1 and CDK1 (Silke [START_REF] Hauf | Dissociation of Cohesin from Chromosome Arms and Loss of Arm Cohesion during Early Mitosis Depends on Phosphorylation of SA2[END_REF][START_REF] Sumara | The Dissociation of Cohesin from Chromosomes in Prophase Is Regulated by Polo-like Kinase[END_REF][START_REF] Nishiyama | Aurora B and Cdk1 Mediate Wapl Activation and Release of Acetylated Cohesin from Chromosomes by Phosphorylating Sororin[END_REF].

The remaining cohesin at centromeres dissociates shortly before anaphase onset through separase-dependent cleavage of the kleisin subunit (S [START_REF] Hauf | Cohesin cleavage by separase required for anaphase and cytokinesis in human cells[END_REF][START_REF] Uhlmann | Sister-Chromatid Separation at Anaphase Onset Is Promoted by Cleavage of the Cohesin Subunit Scc1[END_REF].

Tankyrase is a TRF1 partner

Tankyrase 1 was first identified in a yest two-hybrid screen with human TRF1 as a bait [START_REF] Smith | Tankyrase, a poly(ADP-ribose) polymerase at human telomeres[END_REF]. Tankyrase 1 is an enzyme from the Poly-ADP-Ribose Polymerase (PARP) family. PARPs catalyze the addition of ADP-Ribose polymers to protein acceptor by using Nicotinamide Adenine Dinucleotide (NAD+) as a substrate (Figure 8A). Tankyrase 1 was shown to localize at telomeres on metaphase chromosomes and to Poly-ADP-Ribosylate (PARsylate) TRF1 in vitro [START_REF] Smith | Tankyrase, a poly(ADP-ribose) polymerase at human telomeres[END_REF].

In vivo, over-expression of Tankyrase 1 results in a reduction in TRF1 protein levels at telomeres (Smith et de Lange 2000). Long-term over-expression of Tankyrase 1 also leads to telomere elongation, consistent with the fact that TRF1 acts as a negative regulator of Telomerase recruitment (Bas [START_REF] Steensel | Control of telomere length by the human telomeric protein TRF1[END_REF]Smith et de Lange 2000). TIN2 depletion also lead to decrease TRF1 accumulation at telomeres, an effect that can be rescued by treatment with a PARP inhibitor or over-expression of a PARP-dead mutant of Tankyrase 1 (Ye et de Lange 2004). This suggest that TIN2 could act as a negative regulator of Tankyrase recruitment to TRF1. Finally, when cells over-expressing Tankyrase are treated with the proteasome inhibitor MG132, TRF1 is no longer released from telomeres. Therefore, Tankyrase over-expression alone is not sufficient to detach TRF1 and an extra step of proteasome degradation seems required.

Importantly, all the above-cited studies were performed in a context of Tankyrase overexpression and artificial addition of an NLS localization that Tankyrase 1 naturally do not possess. It remains to determine whether this observed role of Tankyrase in regulating TRF1 binding to telomeres occurs in a physiological context, and if yes to which extent.

Tankyrase is essential for resolution of telomere cohesion.

In contrast to the role of Tankyrase in regulating TRF1 levels, its involvement in the resolution of sister telomere cohesion was mainly revealed by loss-of-function experiments. In cells depleted for Tankyrase, telomeres, but not arms or centromeres, remains associated in prophase and undergo mitotic arrest [START_REF] Dynek | Resolution of sister telomere association is required for progression through mitosis[END_REF]. The mitotic arrest phenotype can be rescued by over-expression of WT Tankyrase but not a catalytically inactive Tankyrase mutant, highlighting that PARsylation by Tankyrase is necessary for correct mitotic completion. The fact that persistent cohesion could happen at telomeres only was suggesting the existence of an alternative pathway to maintain such cohesion. This is also in line with the observation that telomeres from cells entering senescence are more cohered, while arms and centromeres cohesion is unaffected by senescence entry [START_REF] Ofir | Replication and/or separation of some human telomeres is delayed beyond S-phase in pre-senescent cells[END_REF].

It was indeed found that telomere cohesion relies on the cohesin subunit SA1 that can directly bind to the shelterin protein TRF1 and TIN2. In contrast, cohesion at centromeres is more dependent on the SA2 subunit. In addition, the mechanism of action of SA1 was found to be fundamentally different from cohesion at arms and centromeres since depletion of the canonical ring cohesion only minimally affect telomeres. SA1 can bind DNA with its unique AT-Hook, a motif that is not found in SA2 subunit, which could provide a potential mechanism for this differential cohesion. Later, HP1 gamma was also found to be required for cohesion at telomeres via binding to both TIN2 and H3K9me3 present at telomeres. This binding has been proposed to induce bridges between telomere sister chromatid and help maintain cohesion (Canudas et al, 2011).

Consistent with a role of Tankyrase in resolving cohesion at telomeres, Tankyrase depletion leads to higher levels of SA1 at telomeres as detected by ChIP. Similarly, SA1 depletion rescues persistent telomere cohesion in Tankyrase-depleted cells. What would be the role of such cohesion mechanism happening specifically at telomeres? One hypothesis is that telomeres are G-rich and are therefore prone to replication defects and need special monitoring. Then, they might need a more intimate way of keeping the sister telomeres cohered, explaining the differential mechanism observed.

However, the correct and timely controlled resolution of this cohesion is essential for telomere protection as telomere with persistent cohesion have been shown to undergo sister chromatid fusions [START_REF] Hsiao | Sister telomeres rendered dysfunctional by persistent cohesion are fused by NHEJ[END_REF].

Other roles for Tankyrase in mitosis

Tankyrase has also been shown to localize at the spindle poles in mitosis, and Tankyrase 1 depleted-cells exhibit spindle assembly and orientation defects [START_REF] Smith | Cell cycle dependent localization of the telomeric PARP, tankyrase, to nuclear pore complexes and centrosomes[END_REF]P. Chang et al. 2005). This function of Tankyrase is mediated by its PARP activity, as this phenotype can be rescued by expression of WT Tankyrase but not catalytically inactive Tankyrase (P. [START_REF] Chang | Tankyrase-1 Polymerization of Poly(ADP-Ribose) Is Required for Spindle Structure and Function[END_REF]. The precise mechanism driving this function of Tankyrase is not fully elucidated to date, but evidence suggest that it could be mediated by its interaction with the nuclear mitotic apparatus (NuMA) protein. NuMA has a well described role in the organization of the spindle poles [START_REF] Gaglio | NuMA is required for the organization of microtubules into aster-like mitotic arrays[END_REF][START_REF] Merdes | A Complex of NuMA and Cytoplasmic Dynein Is Essential for Mitotic Spindle Assembly[END_REF][START_REF] Fant | Cell and Molecular Biology of Spindle Poles and NuMA[END_REF]). Interestingly, Tankyrase 1 colocalize with NuMA at the spindle poles in mitosis, from prophase to anaphase (W. Chang, Dynek, et Smith 2005). More importantly, NuMA is a target of Tankyrase 1 PARsylation in mitosis in vivo. Defect in NuMA PARsylation could therefore be the underlying cause of spindle defects observed in Tankyrase 1-depleted cells. Yet, NuMA's PARsylation by Tankyrase 1 is not necessary for NuMA's localization at the poles and does not impair NuMA's ability to focus microtubules, indicating that NuMA's function is not entirely regulated by Tankyrase 1.

Finally, Tankyrase has also been shown to play a role in centrosome function through its interaction with the centrosomal P4.1 associated protein (CPAP) (M. K. [START_REF] Kim | Tankyrase 1 regulates centrosome function by controlling CPAP stability[END_REF]. PARsylation of CPAP by Tankyrase 1 is necessary at the G1 phase of the cell-cycle to promote CPAP proteasomal degradation and hence prevent centriole duplication (M. K. [START_REF] Kim | Tankyrase 1 regulates centrosome function by controlling CPAP stability[END_REF]. Accordingly, Tankyrase 1 depletion generates multipolarity and over-elongation of centrioles. Tankyrase 1 is therefore a multi-faced protein that seem to exert different functions in mitosis. This should be taken in consideration when interpreting data arising from Tankyrase depletion experiments. Luckily, Tankyrase partners all share a known RXXPDG (or slightly degenerated) motif, rendering possible the targeted mutation of the Tankyrase-binding site in protein of interest. This approach offers the possibility to separate Tankyrase functions in mitosis.

E. Additional mitosis specific telomere features

A telomere-independent role for TRF1 in mitosis?

Several studies performed in mouse and human cells have implicated TRF1 in correct mitosis completion, but the underlying mechanisms remain largely obscure. TRF1 depletion has been shown to rescue the mitotic defects observed upon the mitotic kinase Aurora-A overexpression, including mitotic delay, cytokinetic failure, chromosome misalignment and multinucleation [START_REF] Ohishi | TRF1 mediates mitotic abnormalities induced by Aurora-A overexpression[END_REF]). The authors further showed that TRF1 is phosphorylated by Aurora-A and that this phosphorylation is necessary for TRF1 to mediate these mitotic defects. Similarly, another study by the same authors showed that TRF1, but not POT1, depletion induce defects in microtubule kinetochore attachments and chromosome alignments [START_REF] Ohishi | TRF1 ensures the centromeric function of Aurora-B and proper chromosome segregation[END_REF]. This effect was accompanied by a disruption of the Aurora-B and Sgo1 proteins centromeric localization, suggesting that TRF1 is important to mediate Aurora-B centromeric functions. The mitotic defects following TRF1 depletion could be rescued by the overexpression of a telomere-unbound TRF1 mutant, providing evidence that TRF1 can undertake this function outside of telomeres. In addition, over-expression of TRF1 in mice leads to aberrant mitotic spindles, a phenotype that was not observed upon TRF2 over-expression [START_REF] Muñoz | TRF1 controls telomere length and mitotic fidelity in epithelial homeostasis[END_REF]). TRF1 has also been shown to localize at the mitotic spindle [START_REF] Nakamura | A specific interaction between the telomeric protein Pin2/TRF1 and the mitotic spindle[END_REF][START_REF] Lan | The 68-kDa telomeric repeat binding factor 1 (TRF1)-associated protein (TAP68) interacts with and recruits TRF1 to the spindle pole during mitosis[END_REF]), although we personally never observed such localization. Finally, interactions between TRF1 and components of the mitotic spindle have been reported, including the mitotic kinase Nima and the spindle checkpoint proteins Mad1, Nek1, Mad2 and Bubr1 [START_REF] Prime | The telomere repeat binding protein Trf1 interacts with the spindle checkpoint protein Mad1 and Nek2 mitotic kinase[END_REF][START_REF] Muñoz | TRF1 controls telomere length and mitotic fidelity in epithelial homeostasis[END_REF]d'Alcontres et al. 2014). Despite these studies, evidence for a direct role for TRF1 in mitotic control is still lacking. The inability to uncouple TRF1's role in promoting telomere replication from its hypothetical role in mitosis constitute an important obstacle as replication defects can often give rise to mitotic defects, as discussed in part II.B.

Telomeres exhibit a specific localization at the end of mitosis

During the cell division cycle, the genome is completely and faithfully replicated in interphase. In mitosis, each copy must be correctly segregated in the two resulting daughter cells. The faithful transmission of the genetic information requires chromosomes to undergo a complex choreography, that involves major structural and organizational remodeling. During interphase, eukaryotic DNA is enclosed in a specialized structure, the nucleus. It is now widely accepted that chromosomes do not occupy nuclear space randomly but are rather positioned depending on their gene density, size and morphology [START_REF] Cremer | Chromosome territories, nuclear architecture and gene regulation in mammalian cells[END_REF][START_REF] Nora | Spatial Partitioning of the Regulatory Landscape of the X-Inactivation Centre[END_REF][START_REF] Bickmore | Genome architecture: domain organization of interphase chromosomes[END_REF]S. Wang et al. 2016). The development of chromosome conformation capture-based methods enable further understanding of threedimensional (3D) chromatin organization in the interphase nucleus [START_REF] Dekker | Capturing Chromosome Conformation[END_REF].

It revealed major features of genome organization including lamin-associated domains (LADs); A and B spatial compartments, composed by active and inactive chromatin respectively; and topologically associating domains, corresponding to chromosome domains with high interaction frequencies. [START_REF] Lieberman-Aiden | Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human Genome[END_REF][START_REF] Guelen | Domain organization of human chromosomes revealed by mapping of nuclear lamina interactions[END_REF][START_REF] Dixon | Topological Domains in Mammalian Genomes Identified by Analysis of Chromatin Interactions[END_REF][START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF][START_REF] Mifsud | Mapping Long-Range Promoter Contacts in Human Cells with High-Resolution Capture Hi-C[END_REF]. Importantly, 3D genome structures within a single cell have been found to be quite stable in interphase [START_REF] Kind | Genome-wide Maps of Nuclear Lamina Interactions in Single Human Cells[END_REF] [START_REF] Strickfaden | 4D Chromatin dynamics in cycling cells[END_REF]. Mitosis therefore constitutes an important window of opportunity to reshape genome organization for proper cell differentiation and development.

In human cells, telomeres have been shown to be transiently localized at the nuclear envelope at the time when it reassembles post-mitosis [START_REF] Crabbe | Human telomeres are tethered to the nuclear envelope during postmitotic nuclear assembly[END_REF]. The mechanism governing this association remains to be fully elucidated, but might rely on a direct interaction between the shelterin and the LINC (Linker of Inner Nuclear membrane and Cytoskeleton) complex [START_REF] Crabbe | Human telomeres are tethered to the nuclear envelope during postmitotic nuclear assembly[END_REF]). In addition, data obtained in the laboratory suggest that telomeres could act as nucleation point for nuclear envelope reformation (Keller et al, manuscript in preparation). We speculate that this transient interaction between telomere and nuclear envelope could play two major roles, that are not necessarily mutually exclusive. First, association with the nuclear envelope could be necessary for the maintenance of telomeric chromatin, for instance for the re-establishment of histone marks post-mitosis. Second, telomere could act as spatial cues for to drive the reformation of the nuclear envelope. This second hypothesis is based upon the idea that telomeres are unique genomic regions that (1) are constituted of invariable DNA sequences (i.e. TTAGGG) (2) are constitutively capped by a specific complex (3) have an established position along the chromosome: the end.

For these reasons, it is tempting to imagine that telomeres could represent a way for the cell to make sure the entire DNA content is wrapped in the reforming nucleus.

III. Thesis overview

The interplay existing between mitotic cell division, nuclear organization and genome stability has constituted an important line of research in the past decade.

However, the question remains how telomeres are processed during the mitotic stage of the cell-cycle. Considering the numerous mechanisms that cells have developed to protect their chromosome ends, it is tempting to speculate that such mechanism would also exist to ensure correct telomere division. Moreover, there is mounting evidence that telomeres could play an active role in mitotic division. This idea is attractive if we consider telomere as a part of the genome that display specific characteristics, similar to centromeric sequence, that could act in many ways to guide correct mitosis completion.

The primary goal of this project has been to better characterize the specificities of human telomeres in mitosis. For this, we employed a mass-spectrometry based approach to unravel the mitotic telomere interactome. In parallel, we aimed at gaining spatio-temporal insight into telomere dynamics during the cell cycle and in single cells, by employing advanced live-cell imaging procedure.

The results of this work will be reported in 3 separate chapters. The basis for this sub-division is hopefully to enhance the reader's comprehension of the rational and hypothesis that drove our experimental work. Nevertheless, they should not be considered as individual scientific reports in the way that they are not meant to be subjected to publication separately.

Chapter 2: Characterization of telomere proteome in mitosis. This chapter focuses on the results from the proteomic screen we developed and applied to identify the cell-cycle specific TRF1 interactome. We could show that the method was specific and suited for the study of telomere proteome. In addition, we could detect interaction that were modulated during the cell-cycle. Notably, we identified NuMA as a new regulator of TRF1 levels and investigated the mechanism underlying this functional interaction. Our results argue for a role of the Tankyrase in mediating NuMA's impact on TRF1.

Chapter 3: Regulation of TRF1 binding to telomeres in mitosis. Here, we present the live-cell imaging strategy we undertook to gain insight into the spatio-temporal dynamics of TRF1. Deep analysis of the microscopy data revealed that TRF1, and possibly other shelterin components, are partially released from telomere tracks upon mitotic entry. We confirmed this release by complementary approaches including biochemical fractionation and chromatin immunoprecipitation on synchronized cells.

We experimentally tested the involvement of NuMA/Tankyrase in this process and found evidence that these proteins are not involved in this process. We also present data raising the possibility that chromatin status could impact TRF1 binding to telomeres.

Chapter 4: Complementary results, Study of the impact of TRF1 phosphorylation status. This chapter presents the work that was recently initiated regarding the potential impact of TRF1 post-translational modifications on its binding to telomeres. We focused on 3 TRF1 residues previously described as key mitotic kinases target. As for now, we have no evidence that phosphorylation of TRF1 on these residues impact its binding to telomeres, in contrast to what has been suggested before. Further phenotypic characterization of these mutants is ongoing and should help shed light on the impact of TRF1 phosphorylation on its dynamic regulation on mitosis.

Chapter 2: Characterization of telomere proteome in mitosis

I. Introduction

The first discovery that the ends of human chromosomes are composed of TTAGGG repeats [START_REF] Moyzis | A Highly Conserved Repetitive DNA Sequence, (TTAGGG)n, Present at the Telomeres of Human Chromosomes[END_REF]) has been the starting point of a scientific hunt against telomere-binding proteins. While the first shelterin protein, Rap1, was identified in yeast in 1987 [START_REF] Shore | RAP1: a protean regulator in yeast[END_REF], it took almost another decade to identify the first human shelterin protein, TRF1 [START_REF] Chong | A human telomeric protein[END_REF]. Several years of two-hybrid screens, mass spectrometry approaches and exchange with the yeast community was necessary to finally identify the last piece of the puzzle, TPP1 (Houghtaling et al. 2004, 200). The entire shelterin complex, composed of TRF1, TRF2, TIN2, POT1, TPP1 and Rap1 has been shown to constitutively bind telomeric sequence (Reviewed in de Lange 2018).

However, a secondary network of telomere interactors that are necessary for proper telomere maintenance has been characterized. It is mainly composed of proteins involved in DNA Damage Response (DDR) such as MRN, Mre11 and Rad50 that inhibit 53BP1 binding to telomeres [START_REF] Okamoto | A two-step mechanism for TRF2-mediated chromosome-end protection[END_REF]. Some telomere accessory proteins have also been identified through the study of genetic instability disorders, for example WRN (Werner Syndrome ATP-dependent helicase) and BLM (Bloom syndrome protein) (P. [START_REF] Opresko | The Werner Syndrome Helicase and Exonuclease Cooperate to Resolve Telomeric D Loops in a Manner Regulated by TRF1 and TRF2[END_REF]).

The search for telomere interactors has then been further extended to identify proteins that are recruited depending on telomere length maintenance mechanism [START_REF] Garcia-Exposito | Proteomic Profiling Reveals a Specific Role for Translesion DNA Polymerase η in the Alternative Lengthening of Telomeres[END_REF] or telomere status [START_REF] Grolimund | A quantitative telomeric chromatin isolation protocol identifies different telomeric states[END_REF][START_REF] Bartocci | Isolation of chromatin from dysfunctional telomeres reveals an important role for Ring1b in NHEJmediated chromosome fusions[END_REF]) However, really few proteomic studies have been performed in order to identify cell-cycle dependent telomere partners in human cells and to our knowledge none of them was performed on mitotic cells. Yet, there is growing evidence that telomere maintenance is linked to mitotic progression. First, telomere dysfunction has been shown to induce mitotic bypass, leading to the initiation of a second S-phase and tetraploidy in mouse cells [START_REF] Davoli | Persistent telomere damage induces bypass of mitosis and tetraploidy[END_REF][START_REF] Davoli | Telomere-driven tetraploidization occurs in human cells undergoing crisis and promotes transformation of mouse cells[END_REF]. Similarly, human cells undergo mitotic arrest after telomere fusions in human cells [START_REF] Hayashi | A telomere-dependent DNA damage checkpoint induced by prolonged mitotic arrest[END_REF].

Both these phenotypes occur only in p53-deficient cells, arguing for the existence of p53-dependent checkpoint that prevents mitotic completion upon telomere dysfunction. Furthermore, telomeres possess a unique cohesion mechanism, dependent on TIN2 and the SA1 cohesin subunit (Bisht, Daniloski, et Smith 2013, 1) and persistent telomere cohesion lead to anaphase arrest [START_REF] Dynek | Resolution of sister telomere association is required for progression through mitosis[END_REF].

Finally, telomeres display a specific localization at the end of mitosis in human cells, suggesting they could play a role in post-mitotic nuclear reformation [START_REF] Crabbe | Human telomeres are tethered to the nuclear envelope during postmitotic nuclear assembly[END_REF]. Given this interplay between telomeres and mitosis, we developed and successfully applied a mass-spectrometry based approach to identify TRF1 interactants in synchronized cells.

II. Isolation and identification of cell-cycle dependent telomere proteome

To have a better understanding of the changes occurring at telomeres in mitosis, we developed an approach based on the immunoprecipitation of the shelterin component TRF1 by GFP-Trap. For this, we took advantage of a HeLa cell line established in the laboratory that stably over-express the fusion protein EGFP-TRF1. This cell line was sorted by FACS to obtain a population with homogenous expression and to discard high expressors that could display artificial accumulation of TRF1 outside telomeres. To control for non-specific interaction with the GFP-Tag in the cell nucleus, we also used cells stably expressing GFP fused to a Nuclear Localization Signal (NLS). Cell synchronization was performed by double-thymidine block. Addition of thymidine in culture media results in a reversible inhibition of DNA replication by perturbing the deoxynucleotide metabolism pathway. Removal of Thymidine from culture media allows cells to restart cell-cycle from G1/S block in a synchronized manner. Two rounds of thymidine addition separated by 7 hours release are necessary to obtain a homogenous population of cells stopped at the G1 to S phase transition. Synchronization of cells in mitosis was then achieved by removal of thymidine and culture of the cells for 9hours. Total protein extracts from about 20million cells were recovered prior to co-immunoprecipitation using anti-GFP microbeads. Eluates were then sent for Liquid Chromatography-mass spectrometry (LC/MS) identification of proteins to the proteomic facility (I2BC facility, Gif sur Yvette).

To validate the specificity of our approach, we first performed a test experiment using EGFP-TRF1 cells synchronized in mitosis or at the G1/S transition as well as asynchronous NLS-EGFP cells as a control. The specificity of the assay was confirmed by the identification of all the shelterin subunits in the EGFP-TRF1 pull-down while they were not identified in the negative control NLS-EGFP (Supplementary Figure 1A). We therefore performed the experiment in three independent biological triplicates, this time with synchronized NLS-EGFP cells. From this triplicate experiment, we recovered only 4 out of the 6 shelterin subunits. This is likely due to a slight decrease in IP efficiency or mass-spectrometry sensitivity as TRF1 peptide count was also lower.

However, the shelterin subunits were not identified in the negative control NLS-EGFP, confirming that the IP was specific (Figure 9A). We merged the listing of identified proteins in the NLS-EGFP and EGFP-TRF1 IPs at both time-point, resulting in a list of 830 proteins. We used the proteins identified in the NLS-EGFP IP to rule-out nonspecific associations (See materiel and methods for details about filtering). In total, GFP-Trap identified 117 proteins, among which 27 proteins were described to have a functional link with telomeres (Figure 9B). This includes for instance the DNA damage response factors Ku70, Ku80, The Poly-ADP-Ribose Polymerase PARP1 and DNA Ligase 3. We also recovered telomerase-associated factors such as NAT10 and several nuclear ribonucleoproteins. Of note, we identified 2 well described telomere interactors that had similar coverage in the NLS-EGFP samples and were therefore ruled out for further analysis: The telomerase associated factor Dyskerin (DKC1) and the NHEJ repair factor DNA-PKc. We however failed to recover members of the MRN complex MRE11, Rad50 and NBS1, that is known to associate to telomeres (X. [START_REF] Zhu | Cell-cycle-regulated association of RAD50/MRE11/NBS1 with TRF2 and human telomeres[END_REF]. This could be due either to low abundance of this proteins at telomeres or loss of the interaction during protein extraction.

Since we did not find an established functional connection with telomeres for the remaining 74 proteins, we asked if they have been identified in previous telomere proteome studies. For this, we compared this list of proteins to the ones obtained from three different telomere proteome studies: PICh (Proteomics of Isolated Chromatin Segments) [START_REF] Dejardin | Purification of Proteins Associated with Specific Genomic Loci[END_REF], QTIP (Quantitative Telomeric chromatin Isolation Protocol) [START_REF] Grolimund | A quantitative telomeric chromatin isolation protocol identifies different telomeric states[END_REF] and BioID (proximity-dependent Biotinylation IDentification). In addition to the 28 proteins with established telomere connection mentioned above, an additional set of 25 proteins was shared with at least one of these studies (See details in the complete list of proteins provided in Appendix).

Therefore, out of the 117 proteins identified by GFP-Trap, 52 shared an established or potential connection with telomeres, demonstrating that this technique is efficient for the capture of telomere proteome. Once the specificity of the GFP-Trap validated, we took a semi-quantitative approach to highlight the proteomic differences occurring at telomeres between the G1/S transition and mitosis. For the 117 proteins identified, we computed the ratio of peptide count between Mitosis and G1/S, and ratio of 2 was set as a threshold to define cell-cycle enrichment. First, we retrieved similar amount of shelterin components in G1/S and mitosis and the number of peptides relative to the bait TRF1 also remained unchanged, suggesting that the stoichiometry of the complex is maintained between the two cell-cycle stages (Figure 10A). Similarly, the majority of proteins [START_REF] Kim | Persistent Telomere Cohesion Triggers a Prolonged Anaphase[END_REF] were found to display no cell-cycle specificity suggesting that telomeres do not undergo extensive proteomic change during cell-cycle, as previously observed with a proteome study performed in G1, G2 and S phase cells [START_REF] Aeby | Peroxiredoxin 1 Protects Telomeres from Oxidative Damage and Preserves Telomeric DNA for Extension by Telomerase[END_REF]. From the 31 proteins that displayed cell-cycle changes, 20 were enriched in G1/S and 11 in mitosis (Figure 10B).

To have a more functional insight into these sets of proteins, we subjected the two lists to protein network and GO term analysis. For this, we used the STRING online tool that allows clustering of proteins, through known or predicted functional association. The 86 proteins that did not display cell-cycle specificity in G1/S or Mitosis were found to form a highly organized network, in which only few candidates did not fit (Supplementary Figure 1B). This demonstrate that GFP-Trap allows the identification of functionally relevant interaction rather than random proteins. In contrast, the 21 proteins found enriched at the G1/S block formed 3 distinct nods of related proteins, with 8 proteins functionally unrelated (Figure 10C). It is important to keep in mind that the enrichment of proteins in one cell-cycle stage could be the result of a decreased association in the other phase (e.g an absence of interaction between a candidate and telomeres in mitosis would lead to the identification of this candidate as enriched in G1/S). It is therefore expected that all identified proteins do not share a strong functional connection. Still, we found a LIG3-RFC1-UBP10 cluster, proteins that are known to associate with telomeres and have previously been involved in telomere DNA replication in the yeast Saccharomyces cerevisae (Z. [START_REF] Wu | Rad6-Bre1-mediated H2B ubiquitination regulates telomere replication by promoting telomere-end resection[END_REF], consistent with a G1/S cell-cycle arrest. The GO terms associated with this set of proteins was also partially related to replication, with enrichment of proteins related to nucleotideexcision repair and translesion synthesis (Figure 10F). Recently, replication stress at telomeres resulting from POT1 mutation has been shown to lead to telomere repositioning at the nuclear pores. Interestingly, we also identified the nuclear pore protein NUP98 as a G1/S telomere partner.

Strikingly, none of the 10 proteins we identified as enriched at telomere in mitosis were previously described as telomere partners. When uploaded into STRING, we Interestingly, previous studies have suggested that TRF1 could play a role at the spindle pole in mitosis independently of telomeres [START_REF] Nakamura | A specific interaction between the telomeric protein Pin2/TRF1 and the mitotic spindle[END_REF][START_REF] Lan | The 68-kDa telomeric repeat binding factor 1 (TRF1)-associated protein (TAP68) interacts with and recruits TRF1 to the spindle pole during mitosis[END_REF]).

Because we immunoprecipitated TRF1 specifically, we cannot rule out the possibility that these candidates bind to TRF1 outside of telomeric tracks. This possibility is even more likely considering the results that will be presented in chapter 2, showing that TRF1 partially dissociates from telomeres in mitosis In conclusion, we present here the results of the first proteomic screen aiming at identifying telomere proteome, specifically in mitosis. Despite the relatively low number of candidates identified, they mainly show a functional connection related to mitotic cell division and chromosome segregation suggesting that they could play a role in the separation of sister telomere in mitosis. Among the 12 proteins found enriched in mitosis, we mainly focused on the protein NuMA (Nuclear Mitotic Apparatus protein 1) because of its previously described interaction with the telomere accessory protein Tankyrase. Tankyrase is a Poly-ADP Ribose Polymerase (PARP) involved in the regulation of TRF1 levels (Smith et al, Science 1998;Smith & De Lange, Curr Biol, 2000). Poly-ADP Ribosylation of TRF1 by Tankyrase is necessary for the resolution of sister telomere cohesion and correct mitotic progression [START_REF] Dynek | Resolution of sister telomere association is required for progression through mitosis[END_REF]M. K. Kim et Smith 2014). Interestingly, NuMA has been described as a target of Tankyrase in mitosis (W. Chang, Dynek, et Smith 2005). It has also been identified in a Fluorescent-complementation based screen as TRF1 interactant [START_REF] Lee | Genome-Wide YFP Fluorescence Complementation Screen Identifies New Regulators for Telomere Signaling in Human Cells[END_REF]. NuMA is therefore an interesting candidate to link telomere maintenance and mitotic cell division. The link between NuMA and the well-described TRF1 partner Tankyrase prompted us to further characterize NuMA's potential role at telomeres. Co-immunoprecipitation of flag-NuMA in EGFP-TRF1 IP sample, but not NLS-EGFP TRF1 confirmed the specificity of the interaction as observed from the mass spectrometry screen (Figure 11A). We also performed Proximity Ligation Assay to detect spatial proximity between NuMA and TRF1 using antibodies directed against the endogenous proteins. As a positive control for PLA signal, we used antibodies directed against LMNA and Nucleoporins, two proteins present at the nuclear rim. PLA signal in this condition was indeed detected mainly at the periphery of the nucleus (Figure 11B-C). While NuMA/TRF1 did not resulted in a significant number of PLA foci, the proximity between NuMA and the shelterin complex was confirmed using NuMA and RAP1 antibodies. To assess whether NuMA is recruited to telomeric repeats, we performed Chromatin Immunoprecipitation (ChIP) experiments using a specific NuMA antibody, or TRF1 as a positive control, followed by telomere amplification by qPCR (Figure 11D). In the two independent experiments we performed, telomeric repeats were not enriched following NuMA IP. This can be explained by the fact that NuMA has been shown to widely interact with chromatin in interphase [START_REF] Rajeevan | NuMA Interaction with Chromatin Is Vital for Proper Chromosome Decondensation at the Mitotic Exit[END_REF]). Thus, it is likely that if telomeric repeats only represent a fraction of NuMA-bound chromatin they will not be found enriched after ChIP. The second possibility is that NuMA interacts with a soluble fraction of TRF1 that is not bound to telomeres.

The fact that Tankyrase plays a role in the regulation of TRF1 levels and shares a functional connection with NuMA prompted us to investigate the potential impact of NuMA on TRF1 stability. To do so, we depleted cells for NuMA using siRNA and quantified the levels of TRF1 via western-blot analysis of total protein extracts. We found that depletion of NuMA led to a decrease in about 30% in total TRF1 levels, demonstrating that NuMA is involved in positively regulating TRF1 protein levels (Figure 11E-F). This was however not accompanied by an increase in the presence of DNA Damage response markers 53BP1 and yH2AX, arguing against a role for NuMA in global genome stability (Supplementary Figure 2). Because TRF1 is implicated in telomere replication, we also assessed whether NuMA depletion was inducing replication defects at telomeres. For this, we scored the occurrence of the "telomere fragile" phenotype, that can be observed by the presence of a dual telomere FISH signal at a chromatid end. We found that NuMA depletion did not induce an increase in telomere fragility compared to cells depleted with the control siRNA.

To know whether the levels of TRF1 present at telomeres was affected by NuMA depletion, we performed fractionation experiments followed by western-blot analysis of TRF1 levels. This showed that only the chromatin-bound fraction of TRF1 decreased after NuMA depletion, while the levels of TRF1 retrieved in the nuclear soluble fraction remained unchanged (Figure 11G). This implies that NuMA positively regulates TRF1 levels bound to telomeres. However, this effect can be seen on total protein extracts as demonstrated above, suggesting that the fraction of TRF1 that is lost from telomere upon NuMA depletion is subjected to protein degradation. Interestingly, TRF1 is also lost from telomeres and further degraded upon Tankyrase overexpression (W. [START_REF] Chang | TRF1 is degraded by ubiquitin-mediated proteolysis after release from telomeres[END_REF]. It is thus possible that NuMA and Tankyrase have an antagonistic effect on TRF1 regulation.

IV. Tankyrase mediates NuMA's impact on TRF1 levels.

To further investigate the potential interplay existing between TRF1, NuMA and Tankyrase, we performed double siRNA-mediated depletion to assess the impact on TRF1 regulation (Figure 12A-B). We used the depletion of TIN2 as a positive control as it has been reported to decrease TRF1 levels through a TNKS-dependent mechanism.

In concordance with this report, TIN2 depletion led to a loss of about 40% of TRF1 protein and this was rescued by additional TNKS depletion. As observed previously, depletion of NuMA led to a mild but significant decrease in TRF1 levels. Importantly, this loss was rescued by additional TNKS depletion, suggesting that the two proteins regulate TRF1 levels through a unique mechanism. Moreover, the simultaneous depletion of TIN2 and NuMA did not lead to a stronger decrease of TRF1 than observed in the siTIN2 alone, further arguing for a common mechanism of regulation.

Because TRF1 PARsylation by Tankyrase has been shown to lead to its proteasomal degradation, we analyzed Tankyrase recruitment to telomeres upon NuMA depletion using immunofluorescence. Tankyrase presence at telomeres in interphase cells has been shown to be detectable only upon TRF1 over-expression and depends on a direct interaction between Tankyrase and TRF1 [START_REF] Hsiao | Tankyrase Function at Telomeres, Spindle Poles, and Beyond[END_REF]. This interaction is mediated by a Tankyrase-binding RXXPDG motif present in TRF1 as well as multiple Tankyrase partners (J. Sbodio et al. 2002;J. I. Sbodio et Chi 2002). We therefore constructed a TRF1 mutant carrying two point-mutations in this motif, changing it to AXXPDA that we called TBM (Tankyrase Binding Mutant). We then performed immunofluorescence to detect the endogenous Tankyrase in cells expressing EGFP-TRF1 WT or TBM. As expected, over-expression of WT TRF1 resulted in Tankyrase recruitment to telomeric foci, and this was abolished in cells expressing the TBM mutant (Figure 12C). To know if NuMA depletion could impact this recruitment, we performed a quantitative analysis of Tankyrase levels in cells transfected with NuMA siRNA or a control scrambled siRNA. The analysis was performed by telomere segmentation followed by measurement of both EGFP and Tankyrase intensities at telomeric foci. Interestingly, we found Tankyrase intensity at telomeres to be positively correlated to the intensity of TRF1, meaning that the extent of Tankyrase recruitment to telomeres is driven by the levels of TRF1 (Figure 12D). This could constitute a potential bias, first because we showed previously that NuMA depletion impacts TRF1 levels, and second because of potential heterogeneity in the expression of TRF1 constructs. To overcome this, we calculated the levels of Tankyrase recruitment by dividing Tankyrase intensity at a telomeric foci by TRF1 intensity at the same foci. This analysis revealed that NuMA depletion results in higher relative Tankyrase levels at telomeres in cells expressing WT TRF1, but not in cells expressing the TBM mutant (Figure 12E-F). NuMA depletion therefore leads in reduced Tankyrase recruitment at telomere in cells over-expressing EGFP-TRF1. This result suggest that NuMA could positively regulates TRF1 levels by inhibiting Tankyrase recruitment at telomeres.

Chapter 3: Regulation of TRF1 binding to telomeres in mitosis

The equal and faithful transmission of chromatin among the two daughter cells during mitotic cell division is tightly controlled to avoid segregation errors that would eventually lead to deleterious outcomes. While the role of centromeres in regulating mitotic cell-division has been extensively studied, the mitosis-specific dynamics and structure of telomeres have not been much explored in higher eukaryotes. However, as highlighted previously, growing evidence points towards a functional role for chromosome ends in this process.

In addition to their role in sister chromatid separation, the shelterin complex is the target of several modifications in mitosis. TRF1 residues S296, T371 and S435 are targeted by the key mitotic kinases Cyclin-Dependent Kinase 1 (CDK1), Polo-like Kinase 1 (Plk1) and Aurora Kinase A (AURKA), respectively [START_REF] Ohishi | TRF1 mediates mitotic abnormalities induced by Aurora-A overexpression[END_REF][START_REF] Mckerlie | Cyclin B-dependent kinase 1 regulates human TRF1 to modulate the resolution of sister telomeres[END_REF]; Z.-Q. [START_REF] Wu | Plk1 phosphorylation of TRF1 is essential for its binding to telomeres[END_REF]. Release of TRF2 from telomeric tracks has also been reported during prolonged mitotic arrest [START_REF] Hayashi | A telomere-dependent DNA damage checkpoint induced by prolonged mitotic arrest[END_REF], although the mechanism of this TRF2 loss remains elusive. In addition, the shelterin component TIN2 is also subjected to phosphorylation in mitosis, but the functional implications of this modification remain unexplored (S. [START_REF] Yang | Cell Cycle Regulated Phosphorylation of the Telomere-Associated Protein TIN2[END_REF].

Here, we employed a combination of live-cell imaging and biochemical approaches to characterize TRF1 dynamics in mitosis and discovered that it is released from chromatin upon mitotic entry.

II. Live-cell imaging reveals the dynamics of TRF1 binding to telomeres in mitosis

To study the cell-cycle dynamics of the endogenous TRF1, we used CRISPR/Cas9 engineering to insert the sequence coding for the fluorescent protein EGFP in front of For live-cell imaging, we employed confocal laser-scanning microscopy using the Airyscan technology. Airyscan detection system allows fast and sensitive acquisition of confocal images, making it well suited for live imaging applications. The microscope is equipped with a heating-chamber that was set at 37°C and a CO2 incubation system set à 5%. Cells were imaged for approximately 20 hours, corresponding to the average time of HeLa cells entire cell-cycle. Upon mitotic entry, HeLa cells round up and are found higher than interphase cells relative to the culture surface. We therefore acquired Z-stacks ranging from the bottom of an interphase cell to the top of a mitotic cell (≈21uM). Frames were acquired every 6minutes, which we found was a good comprise between temporal resolution and laser toxicity. After Maximum Intensity Projection of the movies, image analysis was performed using NucleoTeloTrack, a specific tool that combines CellProfiler image analysis with high-throughput data treatment using Anaconda (Supplementary Figure 3A). First, nuclei are segmented thanks to the H2B-mCherry signal, and individual nuclei can be followed throughout the movie by applying an object tracking method. Furthermore, using machine-learning based strategy, we can classify the nuclei depending on the mitotic stage (Supplementary Figure 3B). Telomeres are also segmented based on the GFP signal and their intensity is measured. To be able to pull the data arising from different cells, all the individual tracks were aligned to a time 0 corresponding to the last metaphase frame (Supplementary figure 3A, Figure 12B). This analysis revealed a drastic, fast and robust drop of TRF1 foci intensity concomitant with mitosis entry (Figure 13C, Left). This sudden decrease happened in less than one hour, going from about 0,6AU to less than 0,1AU. When looking at telomere intensity depending on the mitotic stage of the cell, we saw that this drop is already visible in prophase and reaches its minimum in metaphase (Figure 13C, right). The low number of foci analyzed in mitosis is a consequence of the fact that most foci display an intensity that is too low to enable their detection by our pipeline. Lowering the threshold to detect them was not possible as it resulted in the identification of background foci that were not telomeres. Even though most TRF1 foci were not detectable in mitosis, contrast enhancement of the pictures shows that TRF1 foci were still present at that stage, demonstrating that telomeres are not TRF1-free (Supplementary figure 4). These results suggest that TRF1 detaches from chromatin upon mitotic entry, more specifically in prophase.

To confirm that TRF1 detaches from chromatin at that stage, we isolated the chromatin fraction of HeLa LT synchronized in G1/S by double-thymidine block or mitosis, as described before. To avoid artificial removal of chromatin-bound proteins from mitotic cells, we performed formaldehyde fixation and used two different protocols that differ in their buffer composition and stringency (see material and methods). We found that only half of TRF1 levels were recovered in the chromatin fraction in nocodazole arrested cells as compared to G1/S blocked cells (Fig 13D ).

Importantly, analysis of TRF1 levels from whole cell extracts after release from double thymidine block showed that global TRF1 levels are stable across the cell-cycle therefore arguing against protein degradation at this stage (Figure 13E). To further assess the levels of TRF1 directly bound to telomere tracks, ChIP-qPCR experiments were performed on synchronized cells. We performed chromatin immunoprecipitation using a specific TRF1 antibody as well as two other shelterin components Rap1 and TRF2. To control for potential differences in IP efficiency between G1/S and Mitosis, we also used an antibody directed against the core histone H3. qPCR was performed using a pair of primer amplifying telomeric repeats specifically [START_REF] Cawthon | Telomere measurement by quantitative PCR[END_REF]. We once again observed an important and significant decrease of TRF1 at telomeres, as well as TRF2 and Rap1, in mitosis (Figure 12F). This result tends to suggest that not only TRF1, but the entire shelterin complex is partially released from telomeres when cells enter mitosis. Despite this, we still retrieved similar amounts of shelterin proteins in the mass spectrometry screen, and with similar proportion as mentioned before (see Chapter 2).

This argues in favor of a mechanism by which shelterin components binding to telomeres is regulated at that stage, but not their global amount within the cell.

However, the mechanisms underlying this process remains entirely to uncover.

III. The NuMA/Tankyrase pathway is not responsible for TRF1 detachment in mitosis

We first hypothesized that Tankyrase could be involved in the release of TRF1 from telomeres in mitosis. Indeed, Tankyrase is a well-described partner of TRF1 that has been proposed to be necessary for separation of sister telomere in mitosis. Its recruitment to telomeres and subsequent PARsylation of TRF1 has been shown to induce its release from telomeric chromatin. Furthermore, we showed in Chapter 2, Part III that NuMA was also involved in regulating TRF1 levels bound to telomeres, and that it occurs through the action of Tankyrase. We started by investigating the involvement of NuMA by performing live-cell imaging of NuMA depleted cells in the HeLa cell line expressing the endogenous TRF1 fused to EGFP (Figure 14A). The live-cell imaging conditions were set as described before, with similar analysis. First, TRF1 intensity at telomeres was globally reduced in NuMA-depleted cells, confirming that NuMA regulates TRF1 levels present at telomeres (Figure 14B-C). This reduction in TRF1 levels However, we could still observe the strong TRF1 drop at the time of mitotic entry in NuMA-depleted cells. This release of TRF1 occurred at the same time (one hour prior to metaphase) than in control cells and with the same intensity. In addition, the levels of TRF1 also started to increase again at the same time. This result suggest that NuMA is not involved in TRF1 release from chromatin in mitosis. As demonstrated before, NuMA positively regulates TRF1 binding to telomeres. Consequently, in case the mechanism of TRF1 release in mitosis relies on NuMA, its depletion would lead to a stronger decrease than in control cells. However, the measured intensity of telomeric foci around metaphase is close to the minimum measurable intensity already in control cells and it is likely that we would not be able to detect a further decrease in TRF1 levels. Therefore, we cannot completely exclude that TRF1 release could be enhanced by NuMA depletion. Because Tankyrase as an opposite effect on the regulation of TRF1 levels compared to NuMA, we would expect a rescue of TRF1 levels to telomeres in mitosis in Tankyrase depleted cells that would be technically easier to detect.

To test this, we performed another set of live-cell imaging experiment on Tankyrase depleted cells (Figure 15A-B). However, we observed increased mitotic cell death in these cells, which is likely to be a consequence of the cell-cycle arrest described upon Tankyrase depletion (Figure 15C) [START_REF] Dynek | Resolution of sister telomere association is required for progression through mitosis[END_REF]; M. K. [START_REF] Kim | Persistent Telomere Cohesion Triggers a Prolonged Anaphase[END_REF]. The fact that we did not observe an effect of Tankyrase siRNA on TRF1 mitotic drop could therefore be due to the fact that cells undergoing normal mitotic division have less efficient depletion (or not depletion at all). In our experimental setting, the cell-to-cell variation in siRNA efficiency cannot be assessed, which is why we decided to take another approach to assess the role of Tankyrase in this process. To overcome the mitotic death phenotype observed in cell depleted for Tankyrase and to be able to specifically assess Tankyrase role in TRF1 release, we performed additional live-cell imaging experiments on cells stably expressing either EGFP-TRF1 WT or the tankyrasebinding dead EGFP-TRF1 TBM (Figure 16). As described in Chapter 2 (Figure 12C), the expression of EGFP-TRF1 TBM abolishes the recruitment of Tankyrase 1 to telomeres.

Imaging was performed as previously described but the analysis was adapted because these cells do not carry a H2B-mCherry construct, preventing the analysis to be done using the NucleoTeloTrack tool. Instead, snapshots of individual cells were taken at different time points around metaphase and aligned manually. Telomere foci were (corresponding to the last metaphase frame) were similar in the both WT and TBM, with an average of 43% in the WT and 50% in the TBM, compared to the -120min time point (Figure 16B). However, the relative TRF1 levels at telomeres in the TBM mutant seemed to increase more rapidly after metaphase, reaching 60% after 48min against only 41% for the WT. Importantly, we did not observe mitotic arrest or mitotic cell death in cells expressing the TBM mutant, suggesting that the phenotype observed previously in Tankyrase-depleted cells was not due to the lack of Tankyrase recruitment to telomeres, but rather to the general role of Tankyrase in mitotic progression. In conclusion, it seems that the impairment of Tankyrase recruitment to telomeres slightly diminishes the expand of TRF1 release from telomere in mitosis, or at least accelerate the recruitment of TRF1 back to telomeres. To have a more precise spatial resolution, it would be necessary to express the H2B-mCherry construct in these cells, to enable more advanced image analysis using NucleoTeloTrack. Yet, we can show here that the loss of TRF1 was still observed in the TBM mutant, demonstrating that the recruitment of Tankyrase to telomeres is not required for TRF1 detachment.

IV. Impact of chromatin condensation on TRF1 binding to telomeres

The fact that TRF1 is released from telomeric chromatin rapidly in prophase led us to investigate the potential implication of chromatin condensation in this detachment.

We first analyzed the timing of TRF1 intensity drop with regards to H2B intensity from the live-cell imaging experiments presented in Chapter 2 We used H2B-mCherry intensity as a read-out for chromosome condensation and found that TRF1 foci reached their minimum intensity at the precise time where the maximum H2B intensity was measured (Figure 17A). To determine if condensation could be the trigger of TRF1 release, we performed drug treatment of the cells using Calyculin A. Calyculin A is an inhibitor of phosphatase 1 (PP1) and protein phosphatase 2A (PP2A-C) and induces premature chromosome condensation outside of mitosis (E. Goth et al, Biomedical research, 1995). To ensure that the observed condensation was a result of drug treatment and not mitosis entry, cells were treated with the CDK1 inhibitor RO3306 for 24hours prior to Calyculin treatment to arrest cells in G2 (Figure 16B). We then performed immunofluorescence to quantify TRF1 levels at telomeres and used an antibody against H3 phospho Ser10 to validate chromatin condensation status (Figure 17C). Upon Calyculin treatment, we observed a loss of TRF1 at telomeres of about 30% compared to untreated cells (Figure 17D). This experiment therefore establishes a functional link between chromatin condensation status and TRF1 levels at telomeres. One possible explanation is that TRF1 release is a consequence of a loss of chromatin region of open chromatin [START_REF] Aughey | CATaDa Reveals Global Remodelling of Chromatin Accessibility during Stem Cell Differentiation in Vivo[END_REF][START_REF] Ameele | TaDa! Analysing Cell Type-Specific Chromatin in Vivo with Targeted DamID[END_REF]). We rationalized that if chromatin was somehow rendered inaccessible for shelterin components to bind, it would also impact the ability of M. EcoGII to methylate telomeric chromatin. To test this hypothesis, we used a clonal population of HeLa cells expressing M. EcoGII carrying a Destabilization Domain (DD)-tag. The protein is therefore degraded in the absence of a specific ligand, Shield1. Upon Shield1 addition, the DD-tagged M. EcoGII is stabilized and accumulates inside the cell, allowing for a timely control of expression. We synchronized the cells either in G1/S or in mitosis by nocodazole shake-off, following a 15h incubation with Shield1 (Figure 18A). For mitosis, cells were pre-synchronized by single-thymidine block before nocodazole treatment to ensure that a great majority of the cells would already be in mitosis at the time of shield induction. After isolation of genomic DNA, we performed TeloCapture to isolate telomeric DNA [START_REF] Parikh | Telomeres are partly shielded from ultraviolet-induced damage and proficient for nucleotide excision repair of photoproducts[END_REF]. Efficiency of TeloCapture was measured by qPCR using oligos specific to telomeric repeats (Supplementary figure 5A). Additionally, the same qPCR was also performed with known and increasing amount of 800bp telomeric template, allowing for quantification of telomeric DNA retrieved after TeloCapture (Supplementary Figure 5B). TeloCapture samples together with Input samples were loaded on a dot-blot and adenine methylation was revealed by probing the blot with a specific M6A antibody (Figure 18B). For quantification, the M6A signal was further corrected for difference in TeloCapture efficiency thanks to the telomere amounts measured by qPCR (Figure 18C). To our surprise, global DNA methylation status did not vary between G1/S and mitosis as we would have expected. This suggest that M.

EcoGII is not sensitive to the changes occurring at chromatin in mitosis and can methylate the same amount of DNA. However, telomeric methylation was found increased, in mitosis as opposed to G1/S, which was also surprising to us. Although differences were not found to be significant after statistical testing, methylation at telomeres was increased in 3 out of the 4 biological replicates performed, strongly suggesting that telomeric chromatin is more likely to get methylated by M. EcoGII in mitosis. It is possible that the release of shelterin components from telomeres at that stage could explain this increase in methylation, even though we do not have evidence supporting this idea. 

I. Introduction

We showed previously that TRF1 is partially released from telomeres upon mitotic entry, but the cause and the consequences remain to be determined. We established that NuMA depletion had no impact on TRF1 detachment at that stage, suggesting that it is not involved in this mechanism. Similarly, the use of a TRF1 mutant that is not able to bind Tankyrase led us to conclude that Tankyrase is not an actor of this process either. We also explored in the precedent chapter the potential impact of mitotic chromosome condensation, providing a first hint on the mechanisms that could be at play. In this chapter, I will provide the results of preliminary studies we initiated in order to investigate the potential involvement of TRF1 post-translational modifications on its binding to telomeric repeats. Specifically, we generated TRF1 phospho-mimetics and phospho-dead mutants for 2 different residues that have been described to modulate TRF1 levels at telomeres: S435 and T371. Serine 435 of TRF1 has been shown to be phosphorylated by Plk1 (Polo-like kinase 1), a mitotic kinase with key roles in mitotic progression. Using phospho-mutants forms of TRF1 for this residue, the authors showed that S435 phosphorylation by Plk1 stimulates TRF1 binding to telomeres, especially in mitosis (Z.-Q. [START_REF] Wu | Plk1 phosphorylation of TRF1 is essential for its binding to telomeres[END_REF]. In contrast, phosphorylation of TRF1 on T371 is performed by Cdk1 in early mitosis and prevents TRF1 from binding to telomeres. This phosphorylation is particularly relevant because it has been shown to occur on TRF1 that is detached from chromatin in mitosis, in order to prevent TRF1 from degradation. Additionally, we also focused on a third phosphorylation site, S296.

TRF1 S296 is targeted by the mitotic kinase Aurora A. Interestingly, this phosphorylation of TRF1 has been linked to mitotic defects resulting from Aurora A over-expression in HeLa cells [START_REF] Ohishi | TRF1 mediates mitotic abnormalities induced by Aurora-A overexpression[END_REF], and therefore constitutes an interesting candidate to study TRF1 dynamics in mitosis. 

II. Establishment of a TRF1 KO cell line

Because TRF1 can homodimerize through its TRFH domain, we rationalized that the presence of the endogenous TRF1 could mask the phenotype of the phosphomutants we would express. For that reason, we employed CRISPR/Cas9 technology to generate a HEK293T clonal cell line with abolished TRF1 expression. We chose to use HEK cells because they easily transfect, increasing our odds to rapidly obtain valid clones. We therefore designed a gRNA targeting the first exon of TRF1 in order to introduce a break in TRF1 coding sequence, that would impair correct gene expression. This gRNA was cloned into a Cas9-2A-GFP construct [START_REF] Ran | Genome engineering using the CRISPR-Cas9 system[END_REF]. This vector allows the simultaneous expression of the Cas9 nuclease together with the fluorescent protein GFP. The two coding sequences are under the control of the same promoter but spaced with a 2A sequence that induce a ribosome skipping during the protein translation, resulting in the production of two proteins from a single mRNA. We transiently introduced this vector in HEK cells. The next day, cells positive for EGFP expression were sorted by FACS, constituting a population of cells that had received the Cas9 and gRNA complex. The population was further subcloned by serial dilution in 96wp. We chose randomly several clones and first verified TRF1 levels by western-Blotting using a specific TRF1 antibody (Figure 19A). Out of the several clones tested, the 13 had no detectable signal for TRF1. We further validated this result using immunofluorescence, and once again, we could not detect TRF1 foci in the Clone 13 (Figure 19B). We also quantified the levels of TRF1 mRNA by RT-qPCR and found a 5-fold decrease as compared to the WT. Finally, the genomic DNA around the target locus was amplified and sequenced. We confirmed that Clone 13 carries a 33-base pair deletion at the place of Cas9 cutting (Supplementary Figure 6). This deletion is in TRF1 Exon 1 and introduces a frameshift and subsequently a premature stop codon after TRF1 V103. The TRF1 specific antibody we used in this study targets TRF1 acidic domain, located in the very N-terminal region of TRF1 (aa 2 to 71) and would therefore detect this truncated protein. Considering that we still detect low amount of TRF1 mRNA in the cells, but no protein, it is likely that this TRF1 form is unstable and rapidly degraded upon translation. Even if this truncated TRF1 would be present, it would lack the homodimerization domain and would not be able to dimerize with the mutants, which was our original aim. We chose to carry on with this clone. Out of simplicity, I will refer to this clonal cell line lacking TRF1 correct expression as "HEK KO" as opposed to the HEK WT.

III. Localization of TRF1 phosphomutants

To assess the impact of TRF1 phosphorylation on its binding to telomeres, we constructed TRF1 mutants fused to the EGFP fluorescent protein for the 3 residues mentioned in the introduction: S296, S435 and T371 (Figure 20A). To prevent their phosphorylation, they were changed to alanine to generate a phospho-dead mutant, that will later be referred to as "Triple A". By opposition, we constructed a "Triple D" S296D/S435E/T371D mutant that mimics phosphorylation on these 3 residues. We then 

IV. Phosphorylation of TRF1 does not impact its interaction with NuMA or Tankyrase 1

We next wondered if phosphorylation of TRF1 on S296, S435 and T371 would have an impact on its interaction with Tankyrase or NuMA. We transiently co-transfected the HEK KO cells with GFP-TRF1 WT or phosphomutants together with a construct encoding a tagged version of NuMA protein (Flag-NuMA) followed by a GFP-Immunoprecipitation to detect interactions with TRF1. The specificity of the IP was assessed by expression and precipitation of NLS-EGFP. We also assessed whether interaction with Tankyrase was necessary for TRF1 to interact with NuMA by expressing the Tankyrase-binding dead mutant of TRF1. Additionally, we checked if TRF1 localization at telomeres was required by expressing the R425V mutant.

First, we could detect an interaction between TRF1 and NuMA as well as TRF1 and

Tankyrase in cells expressing the WT TRF1, as observed previously observed in HeLa cells (Figure 21). The interaction between TRF1 and Tankyrase was found to be specific as Tankyrase was not detected in the NLS-EGFP IP. In contrast, we detected some Flag-NuMA in the NLS-EGFP IP, which we did not observe previously in HeLa cells. This is likely due to the differences in transfection efficiency and the particularly large amounts of proteins produced by HEK cells upon transfection. However, we could still retrieve NuMA in the IP sample, suggesting that association between TRF1 and Tankyrase is not required for TRF1 interaction with NuMA. Interestingly, both NuMA and Tankyrase were detected in the R425V IP, demonstrating than TRF1 can interact with NuMA and Tankyrase when it is not bound to telomeres. Finally, we were able to precipitate both NuMA and Tankyrase with the Triple A and Triple D TRF1 mutants, suggesting that TRF1 phosphorylation status on S296, S435 and T371 does not abolish this interaction.

As large differences in the expression of the mutants, notably between the WT and the two phosphomutants, were observed, we did not perform quantification of this western blot. It is therefore not excluded that the phosphorylation status of TRF1 could modulate its interaction with NuMA or Tankyrase. To test this, the experiment would need to be repeated and comparable levels of expression need to be achieved. 

I. Discussion

A. Probing mitotic telomere interactome by GFP-Trap

In the first results part, we present the result of a proteomic screen that we successfully employed to unravel the cell-cycle specific telomere interactome, by the mean of TRF1 immunoprecipitation. This method was found to be specific to telomeres as it resulted in the identification of known telomere interactants such as the shelterin complex, the Ku70/80 heterodimer, PARP1 and the telomerase accessory factor NAT10.

In addition, we found satisfactory overlap between our screen and PiCH, QTIP and BioID methods. There are however some differences in the protein identified, for example we did not retrieve the MRN complex, which can be attributed to different factors:

-Our screen was performed in either G1/S arrested cells or Mitosis. To our knowledge, proteome studies at telomeres have not been performed in either one or the other of these specific two cell-cycle stages, and this can contribute to the differences observed.

-We performed the GFP immunoprecipitation step in absence of cross-link, in contrast with PiCH and QTIP. Therefore, it is likely that we would not detect weak and/or transient interaction. Of note, a test experiment involving a formaldehyde cross-linking step was performed but we found the IP efficiency to be greatly reduced and decided not to perform extensive analysis of this experiment.

-Importantly, we took an approach that relies on the precipitation of the shelterin component TRF1. The GFP-TRF1 construct was over-expressed in our setting. Although the cells were sorted using FACS technology to discard over-expressors, and the localization of TRF1 verified, it still might modify the amount and relative ratio of proteins recruited at telomeres. Therefore, it might explain some differences we observed with the QTIP method, that relies on the immunoprecipitation of endogenous

TRF1 and TRF2 proteins

We show in the 3rd Chapter of this manuscript that TRF1 levels at telomeres are importantly reduced in mitosis, but that TRF1 global levels are not changed at this time.

It is therefore likely that unbound-TRF1 is soluble in mitosis and could therefore be involved in protein-protein interactions outside of telomeres. To completely discard such interactions and make sure that only interaction taking place at telomeres are identified, a method similar to PiCH that relies on the precipitation of telomeric chromatin directly, should be employed in mitotic cells. Alternatively, the CasID method, that relies on the targeting of the BioID biotin ligase to chromatin thanks to a dead-Cas9, could be performed.

As a result of this screen, we identified 12 proteins in TRF1 IP that were enriched in mitosis compared to the G1/S transition. 5 of these proteins were found to share a functional connection with regards to spindle assembly and cytokinesis: Kinesin-like protein KIF20B, Kinesin-like protein 6 (KIF2C), Serine/Threonine-protein phosphatase 2A 65kD regulatory subunit A (PPP2R1A), NuMA and Rac GTPase-activating protein 1 (RACGAP1). These 5 proteins all possess microtubule binding activity. Interestingly, an isoform of TRF1, called Pin2, has been shown to interact with the microtubule binding protein EB2 and to localize at the spindle poles in mitosis (M [START_REF] Nakamura | A specific interaction between the telomeric protein Pin2/TRF1 and the mitotic spindle[END_REF][START_REF] Nakamura | Involvement of the telomeric protein Pin2/TRF1 in the regulation of the mitotic spindle[END_REF]. This isoform is identical to the most study TRF1 transcript, except for an internal 20 amino acids deletion [START_REF] Shen | Characterization and cell cycle regulation of the related human telomeric proteins Pin2 and TRF1 suggest a role in mitosis[END_REF]). To our knowledge, this localization of TRF1/Pin2 to the spindle poles in mitosis has not been reported elsewhere. Also, it could not be observed in chicken DT40 cells [START_REF] Cooley | Trf1 Is Not Required for Proliferation or Functional Telomere Maintenance in Chicken DT40 Cells[END_REF]). However, very few studies to date have focused on the potentially differential roles of TRF1 transcript variants. Considering that other studies have suggested a role for TRF1 in mitotic progression, and that we retrieved candidates related to spindle pole organization, it would be interesting to further investigate the potential role of this variant in spindle organization in order to verify, or not, previously made observations. This could be achieved first by verifying the interaction between the 5 microtubule-binding protein and TRF1 or the variant Pin2 by co-immunoprecipitation of over-expressed construct. It is however likely that the study of the endogenous from proteasomal degradation at the time where it partially detaches from chromatin in mitosis (Figure 21). The absence of NuMA would therefore lead to reduction in the total levels of TRF1, as we observe. Degradation of telomere-unbound TRF1 is also expected to impair its recruitment back onto telomeres, potentially explaining the reduction in TRF1 levels at chromatin in NuMA-depleted cells. In this scenario, treatment of NuMA-depleted cells with proteasome inhibitors should rescue the TRF1 loss. This experiment has been initiated but it showed low reproducibility, preventing us to draw reliable conclusions. In addition, NuMA's reassociation with chromatin in late mitosis could promote TRF1 reassociation at telomeres. Better understanding of the mechanisms driving TRF1 detachment, stabilization and re-association with telomeres in mitosis are necessary to undertake a more targeted approach.

C. Interplay between NuMA and Tankyrase in TRF1 regulation

The interplay between NuMA and Tankyrase is as interesting as it is highly complex.

NuMA and Tankyrase are both present at the spindle poles in mitosis [START_REF] Fant | Cell and Molecular Biology of Spindle Poles and NuMA[END_REF]W. Chang, Dynek, et Smith 2005;P. Chang, Coughlin, et Mitchison 2005). [START_REF] Yang | The nuclear-mitotic apparatus protein is important in the establishment and maintenance of the bipolar mitotic spindle apparatus[END_REF][START_REF] Merdes | A Complex of NuMA and Cytoplasmic Dynein Is Essential for Mitotic Spindle Assembly[END_REF]W. Chang et al. 2005). In this study, we highlighted another layer of functional interaction between these two proteins as we show that they both impact TRF1 levels, most likely through the same pathway. Finally, Tankyrase recruitment to telomeres was found to be enhanced in NuMA-depleted cells in cells over-expressing TRF1. We used cells over-expressing TRF1 because in hour hands, TNKS recruitment to telomeres in cells with endogenous levels of TRF1 was too weak to be detected using immunofluorescence techniques. Recruitment of endogenous Tankyrase to telomeres have been observed previously without TRF1 overexpression by immunofluorescence as well as ChIP experiments, showing that Tankyrase localization at telomeres is not an artefact due to over-expression of TRF1 [START_REF] Smith | Cell cycle dependent localization of the telomeric PARP, tankyrase, to nuclear pore complexes and centrosomes[END_REF][START_REF] Bisht | GDP-mannose-4,6-dehydratase is a cytosolic partner of tankyrase 1 that inhibits its poly(ADP-ribose) polymerase activity[END_REF]). Together, these results strongly suggest that NuMA protects TRF1 from being targeted by Tankyrase Poly-ADP-Ribosylation.

Importantly
Because NuMA is necessary for Tankyrase 1 localization to the spindle poles in mitosis, it is possible that the pool of Tankyrase 1 normally targeted there is instead recruited to telomeres in absence of NuMA. Another possible mechanism is that NuMA competes with TRF1 for Tankyrase PARsylation. In this study, we analyzed the recruitment of Tankyrase as well as the interaction between TRF1 and Tankyrase but did not directly assess TRF1 PARsylation status. To that aim, we are currently performing TRF1 immunoprecipitation experiments followed by PAR-chains detection to assess the levels of TRF1 PARsylation following NuMA depletion. Also, it would be interesting to test whether over-expression of NuMA could rescue TRF1 degradation, and subsequent increase in telomere length, observed upon long-term Tankyrase overexpression.

Another Poly (ADP-Ribose) polymerase, PARP3, has been shown to stimulate NuMA PARsylation by Tankyrase 1. Similarly to Tankyrase 1, PARP3 depletion induce mitotic spindle defects and mitotic arrest [START_REF] Boehler | Poly(ADP-ribose) polymerase 3 (PARP3), a newcomer in cellular response to DNA damage and mitotic progression[END_REF]). In addition, PARP3 activity is stimulated by DSB in vitro and has been involved in promoting DNA repair by nonhomologous end-joining in vivo [START_REF] Rulten | PARP-3 and APLF Function Together to Accelerate Nonhomologous End-Joining[END_REF][START_REF] Day | PARP3 is a promoter of chromosomal rearrangements and limits G4 DNA[END_REF]. Strikingly, PARP3 is also involved in telomere stability as cells depleted for PARP3 display telomere fusions between sister chromatids and spontaneous telomere loss, a phenotype observed in Tankyrase-depleted cells [START_REF] Boehler | Poly(ADP-ribose) polymerase 3 (PARP3), a newcomer in cellular response to DNA damage and mitotic progression[END_REF][START_REF] Hsiao | Sister telomeres rendered dysfunctional by persistent cohesion are fused by NHEJ[END_REF]. A critical question is raised by these observations: Are the functions of Tankyrase, NuMA and PARP3 in telomere stability uncoupled from their role in spindle function and mitotic progression? Recent work has highlighted an important crosstalk between the DNA damage response and mitotic progression. For instance, the NHEJ repair factor 53BP1 has been shown to localize at kinetochores in mitosis through an Aurora-B dependent phosphorylation (H. [START_REF] Wang | Aurora Kinase B Dependent Phosphorylation of 53BP1 Is Required for Resolving Merotelic Kinetochore-Microtubule Attachment Errors during Mitosis[END_REF]. This localization of 53BP1 is important for resolving merotelic attachment, a default in kinetochore-microtubule connection (H. [START_REF] Wang | Aurora Kinase B Dependent Phosphorylation of 53BP1 Is Required for Resolving Merotelic Kinetochore-Microtubule Attachment Errors during Mitosis[END_REF]). Similarly, the MRN complex has been involved in controlling Ran-dependent mitotic spindle assembly via the stabilization of RCC1 on chromatin [START_REF] Rozier | The MRN-CtIP Pathway Is Required for Metaphase Chromosome Alignment[END_REF]. This interplay between DNA damage response and mitotic progression is still poorly understood, but its further investigation will likely provide important clues regarding the interplay between telomere stability and mitosis.

The fact that NuMA can be retrieved in co-immunoprecipitation samples from the Tankyrase-binding-dead TRF1 mutant argues against the possibility that NuMA interacts indirectly with TRF1 through its binding to Tankyrase. This result could be further confirmed by analyzing TRF1/NuMA interaction using a TBM mutant of NuMA that is impaired for its binding to Tankyrase (via the mutation of the canonical RXXPDG motif).

D. Mechanisms that could drive TRF1 release from chromatin in mitosis

This work has demonstrated that TRF1 is partially released from telomeric tracks upon mitotic entry. We showed that this decrease is not resulting from a technical bias as it can be observed by ChIP and western-blot experiments to similar extend. Several studies have analyzed the dynamics of TRF1 binding to telomeres but led to contradictory observations. Zhao-Qiu Wu and colleagues observed an increased in TRF1 binding to telomeres in nocodazole arrested cells (Z.-Q. [START_REF] Wu | Plk1 phosphorylation of TRF1 is essential for its binding to telomeres[END_REF]). Another study found no difference in TRF1 association between asynchronous or nocodazole arrested cells, but did observe an decrease between 8h and 9h post-release from double thymidine block [START_REF] Yonekawa | PinX1 localizes to telomeres and stabilizes TRF1 at mitosis[END_REF]. A decrease in TRF1 binding to telomeres similar to what we observe have been reported for cells over-expressing TRF1 as well as after detection of endogenous TRF1 by immunofluorescence (Q. [START_REF] Zhu | GNL3L stabilizes the TRF1 complex and promotes mitotic transition[END_REF]). However, none of these studies addressed the spatio-temporal property of this dynamic. Here, we show that TRF1 is release in prophase, and reach minimum levels at telomeres in metaphase. Moreover, the use of live-cell imaging allowed us to demonstrate that this release happens in every single cell observed, and with the same timing, suggesting that it has strong functional implication.

Tankyrase was our usual suspect to explain this release of TRF1 in prophase because over-expression of Tankyrase induce a release of TRF1 from telomeres. Therefore, we hypothesized that TRF1 release could be the result of Tankyrase PARsylation in order to resolve sister telomere cohesion. However, our current data argue against a role for Tankyrase in TRF1 detachment from telomeres in mitosis as we still observe a release of the Tankyrase-Binding dead mutant (TBM). Even though further investigation is required to completely discard this hypothesis, the absence of requirement for Tankyrase in TRF1 release is coherent with several observations: ( 1 Live-cell imaging revealed that TRF1 release from chromatin is concomitant with the onset of chromosome condensation. We found that induction of premature chromosome condensation by treatment with the phosphatase inhibitor Calyculin A also led to a decrease in TRF1 levels at telomeres. While this suggest that a functional link could exist between chromatin condensation status and TRF1 levels at telomeres, a direct link is technically challenging to assess. In vitro, TRF1 has been shown to modulate nucleosome positioning and to compact telomeric chromatin [START_REF] Galati | The Human Telomeric Protein TRF1 Specifically Recognizes Nucleosomal Binding Sites and Alters Nucleosome Structure[END_REF][START_REF] Pisano | The human telomeric protein hTRF1 induces telomere-specific nucleosome mobility[END_REF]. Similarly, a recent study using advanced single-molecule techniques demonstrated that TRF1 can bind and loop two telomeric sites located >2kb apart. [START_REF] Li | Dynamics of TRF1 organizing a single human telomere[END_REF]. Consistent with this, we found that telomeric regions are more accessible to methylation by the M. EcoGII methylase in mitotic cells when TRF1 is partially released from chromatin, whereas global methylation of the genome is not affected. Interestingly, telomeres have been shown to be highly enriched in Condensin I subunits in mitotic chicken cells (J. H. [START_REF] Kim | Condensin I Associates with Structural and Gene Regulatory Regions in Vertebrate Chromosomes[END_REF]. One interesting hypothesis would be that the partial release of TRF1 from telomeric tracks would induce a transient change in telomeric chromatin conformation that would favor condensing binding. In fission yeast meiosis, deletion of the telomere component Ccq1 promotes the loading of condensin in the Absence of Aurora B [START_REF] Reyes | Aurora B prevents chromosome arm separation defects by promoting telomere dispersion and disjunction[END_REF]. In order to test this, we will perform ChIP experiments of condensin subunits in mitotic cells with endogenous TRF1 expression or TRF1 over-expression. According to the stated model, TRF1 overexpression would lead to decrease association of condensin subunits at telomeric tracks in mitosis.

Loss of TRF2 (and to a lesser extent, TRF1) has been reported following prolonged mitotic arrest induced by 30 hours of colcemid treatment in IMR90 cells [START_REF] Hayashi | A telomere-dependent DNA damage checkpoint induced by prolonged mitotic arrest[END_REF]2015). This mitotic telomere deprotection was found to be dependent on Aurora B activity and accompanied by activation of DDR at telomeres visualized by the formation of yH2AX foci [START_REF] Hayashi | Cell death during crisis is mediated by mitotic telomere deprotection[END_REF][START_REF] Masamsetti | Replication stress induces mitotic death through parallel pathways regulated by WAPL and telomere deprotection[END_REF]. Interestingly, the NHEJ repair factors 53BP1 and RNF8 recruitment to chromatin have been shown to be negatively regulated during mitosis, therefore preventing DSB repair downstream of H2AX phosphorylation [START_REF] Orthwein | Mitosis inhibits DNA double-strand break repair to guard against telomere fusions[END_REF]). More importantly, ectopic reactivation of DSB repair in mitosis leads to sister telomere fusions, indicating that telomeres are susceptible to DNA damage activation in mitosis. This was also dependent on Aurora B as treatment with the Aurora B inhibitor Hesperadin greatly reduced the occurrence of fusions [START_REF] Orthwein | Mitosis inhibits DNA double-strand break repair to guard against telomere fusions[END_REF]. Considering our results, we propose that partial telomere deprotection occurs in normal mitosis and could further be exacerbated by a prolonged mitotic arrest. Because mitosis is largely regulated by phosphorylation events, identification of phosphorylated residues in TRF1 and TRF2 specifically in mitosis should be a priority in future work.

II. Conclusion

In the first part of these results (Chapter 2), we successfully applied a massspectrometry based screen in order to unravel cell-cycle changes in telomere interactome and gain insight into the dynamics of telomere in mitosis. This method was found to be specific to telomeres, as it allowed the identification of know telomerebinding proteins, for instance members of the shelterin complex, the Ku70/80 heterodimer, PARP1 and Tankyrase 1. We identified 117 proteins, among which 12 proteins were found enriched in mitosis and 20 at the G1/S transition. We focused our work on one of them, the protein NuMA, because it has been previously described as a Tankyrase 1 target. Co-immunoprecipitation experiments and PLA were carried out in order to successfully validate NuMA as a new telomere partner. More importantly, we found that depletion of NuMA by siRNA induced a decrease of about 40% in TRF1 total protein levels. Separation of chromatin and soluble nuclear fraction following NuMA depletion revealed that this decrease can be observed at chromatin, suggesting that NuMA depletion impacts TRF1 levels bound to telomeres. Together, these data support a role for NuMA in positively regulating TRF1 levels.

We next investigated the potential implication of the TRF1 interacting protein Tankyrase 1 in this NuMA-dependent regulation of TRF1. Tankyrase 1 has been involved in the negative regulation of TRF1 protein levels via its Poly (ADP-ribose) polymerase activity. First, Tankyrase depletion partially rescued the decrease in TRF1

protein levels in the siNuMA, suggesting that Tankyrase acts downstream of NuMA.

Similarly, TIN2 and NuMA depletion were found to have no additive effect on TRF1 levels. Since it has been shown that TIN2 inhibits Tankyrase recruitment to telomeres (Ye et de Lange 2004, 2), this result strongly suggest that Tankyrase and NuMA act antagonistically in the same pathway to regulate TRF1 protein levels. To check whether NuMA could negatively impact Tankyrase recruitment to telomere, as does TIN2, we analyzed the recruitment of Tankyrase in NuMA-depleted cells. For this, we overexpressed either a WT TRF1 construct or a TRF1 mutant that is impaired for its binding to Tankyrase 1 (TBM Mutant). We found that in cells expressing TRF1 WT, but not TRF1 TBM, Tankyrase recruitment was enhanced in NuMA depleted-cells as compared to control cells. NuMA is therefore able to inhibit the recruitment of Tankyrase at telomeres harboring high levels of TRF1. Taken together, this data supports the idea that Tankyrase mediates the function of NuMA in regulating TRF1 protein levels.

In the next chapter, we investigated the cell-cycle dynamics of endogenous TRF1

using Airyscan live-cell microscopy combined with advanced image analysis. The monitoring of TRF1 levels at telomers in single cells allowed us to demonstrate that TRF1 is partially released from mitotic chromatin in prophase and is recruited back to telomeres only in the next interphase. This result was further validates using biochemical approaches and chromatin immunoprecipitation, and both methods showed a 2-fold decrease in telomere-bound TRF1 in mitosis. Live-cell imaging of NuMA and Tankyrase-depleted cells revealed that they do not seem to play a role in TRF1 detachment per se. Similarly, the Tankyrase-binding dead mutant of TRF1 was also found to detach from mitotic chromatin, further arguing against a role for Tankyrase 1 in this process.

We also found a temporal correlation between TRF1 intensities at telomeres and H2B-mCherry intensity in mitosis. This prompted us to analysis the potential involvement of chromatin condensation status on TRF1 binding to telomeres. Induction of premature chromosome condensation at the G2 phase of the cell-cycle led to a decrease in TRF1 levels at telomeres as measured by microscopy. By employing the recently developed methylation-based MadID technique, we probed telomeric chromatin accessibility in mitosis. Surprisingly, we found that telomeric chromatin was more susceptible to methylation in mitosis as opposed to G1/S, suggesting that telomeric regions are more accessible in mitosis. This effect was not observed genomewide, suggesting that telomeric chromatin undergoes specific changes in mitosis.

Whether this could be a cause or a consequence of TRF1 release from telomeric chromatin remains to be determined.

Finally, in the last chapter, we present the preliminary results of the work we have initiated regarding the impact of TRF1 phosphorylation status on telomere binding. For this, we constructed a HEK293T cell type with abolished TRF1 expression. We then transfected this cell line with two different TRF1 phosphomutants: A phosphodead mutant with abolished phosphorylation on S296, S435 and T371 and a phosphomimic mutant, that phenocopies phosphorylation on these same residues. Analysis of the localization of these mutants revealed that they both are able to localize at telomeres.

Therefore, the phosphorylation status of TRF1 on S296, S435 and T371 is not major determinant of TRF1 binding to telomeres. Finally, we analyzed the impact of this mutations on the interaction between TRF1 and both NuMA and Tankyrase by coimmunoprecipitation. We could retrieve NuMA and Tankyrase after immunoprecipitation of both the phosphodead and the phosphomimic mutant, suggesting that phosphorylation of TRF1 on S296, S435 and T371 does not modulate its interaction with NuMA or Tankyrase.

In conclusion, this thesis work described NuMA as a new component involved in Tankyrase-mediated regulation of TRF1 protein levels. Furthermore, we demonstrate that TRF1 binding to telomeres is dynamic, and is strongly diminished in mitosis. The existence of such regulation mechanism likely has functional implications that remains to be determined. .EcoGII [START_REF] Sobecki | MadID, a Versatile Approach to Map Protein-DNA Interactions, Highlights Telomere-Nuclear Envelope Contact Sites in Human Cells[END_REF]) plasmids was performed according to a previously published protocol [START_REF] Crabbe | Defective telomere lagging strand synthesis in cells lacking WRN helicase activity[END_REF]).

Key Resources

For the induction of premature condensation, Calyculin A was added to the culture media for 30min at a final concentration of 100nM.

For the induction of the M. EcoGII construct, Shield1 was added at 1uM for 15hours.

Cloning

PsPCas9(BB)-2A-GFP-TRF1gRNA: A pair of annealed oligos containing TRF1 gRNA were annealed and inserted into PsPCas9(BB)-2A-GFP construct (gift from Feng Zhang, Addgene #48138) after digestion of the vector by BbsI enzyme.

For all TRF1 mutant constructs, site-directed mutagenesis was performed on the pLPC-EGFP-TRF1 plasmid [START_REF] Crabbe | Human telomeres are tethered to the nuclear envelope during postmitotic nuclear assembly[END_REF].

Generation of HEK 293T CRISPR KO cell line

Cells were transfected with 20ug of the PsPCas9(BB)-2A-GFP-TRF1sgRNA using CaCl2 transfection (see below) and a population of cells positive for GFP expression was sorted the next day by FACS using a BD FACS Melody CellSorter (BD Biosciences) at the CRCT sorting facility. Cells were then subcloned in 96well plates by serial dilution.

Protein extracts were collected and subjected to western-blot analysis. RT-qPCR was also performed to validate TRF1 KO. A single clone was then sequenced and used for further experiments.

Transient transfection of HEK293T cells

Cells were grown at 70% confluency in 10cm dishes and transfected with 20ug of DNA diluted in 25mM Calcium chloride. Calcium chloride/DNA mixture was added drop by drop in 2X HBS Buffer (recipe) while agitating. HBS:DNA mix was added drop by drop in culture media containing chloroquine. Chloroquine was remove from cell media 4-6hours post-transfection and cells were analyzed 24h later.

Isolation of telomere proteome by GFP-Trap

HeLa LT cells stably expressing EGFP-TRF1 or NLS-EGFP were plated in 15cm plates with 2.106cells per plate. 24 hours later, thymidine was added to the medium at a final concentration of 2mM. After 14hours of incubation, cells were either collected for the G1/S samples or fresh medium without thymidine was adder for another 9h hours to collect cells at the time mitosis. 8 million cells were collected and washed with PBS prior to lysis in lysis buffer (150mM NaCl, 1% Triton X-100, 50mM Tris-HCl pH8,0). Proteins were then isolated using the μMACS Epitope Tag protein Isolation Kit (Miltenyi Biotech)

following the manufacturer's instructions. Briefly, samples were incubated with 50μL

GFP magnetic beads for 2hours at 4°C. Beads were then washed and elution was performed in (50mM Tris-HCl pH 6,8, 50mM DTT, 1% SDS, 1mM EDTA, 0,005% bromophenol blue, 10% Glycerol)

Mass-spectrometry identification

Mass spectrometry Eluates from immunoprecipitation were loaded on a 4-12% Bis-Tris Novex mini-gel (Life Technologies) in MES Buffer for a few minutes to allow protein to enter thegel. Gel was stained with coomassie blue and sent to the mass spectrometry facility on campus.Samples submitted to in-gel trypsin digestion as described previously. Peptides were identified on a Triple-TOF 4600 (AB Sciex) coupled to a liquid chromatography system (Thermo Scientific). Protein identification was performed usingMascot software (Matrixscience) against the Uniprot Human database. Mascot files were then loaded into Scaffold software (version 4.7.5) for a first filtering with the following parameters: 1% False Discovery Rate at the protein and peptide level and atleast two peptides per protein were required for identification. The total list of identified proteins was further processed to discard non-specific hits. For that, proteins were required to have a number of unique spectral count at least 3 times higher in the specific IP versus the control IP, in at least two out of the three replicates. Each time point was processed separately (G1/S and mitosis) and the two list of proteins above the threshold were merged. Ribosomal proteins were further discarded. For the identification of differential TRF1 interactors, the threshold was set at 1,5-fold change in at least two out of the three replicates.

Cell Synchronization

Synchronization in G1/S was achieved with 2mM Thymidine for 14hours, washed twice with PBS and release for 7hours before a second incubation of 14hours in 2mM thymidine.

Unless stated otherwise, for mitosis cells were pre-synchronized at the G1/S transition by a 14hour incubation in 2mM Thymidine followed by a 7hours release. Nocodazole was then added to a final concentration of 100ng/mL and cells were collected 15hours later by mitotic shake-off.

siRNA transfection

The SMARTpool: ON-TARGETplus siRNAs were purchased from GE Dharmacon (Lafayette, CO, USA). HeLa LT cells were grown at 40% confluency and transfected with 50nM of the indicated siRNAs using Dharmafect transfection reagent (Dharmacon)

according to the manufacturer's instruction. For western-blot analysis and indirectimmunofluorescence, cells were collected/fixed 72hours post-transfection. For live-cell imaging, movies were started 48hours after transfection until 72hours posttransfection.

Live-Cell imaging

For live-cell imaging, 5-10.10^4 cells were plated in 4-well chambered slides (Ibidi) one day prior to imaging. Before imaging, cell culture media was replaced with DMEM Fluorobrite (Life Technologies) supplemented with 10% Fetal Bovine Serum and 1% essential amino acid (Life Technologies). Images were acquired with a Zeiss LSM880 AxioObserver fluorescent confocal microscope with an Airyscan detector and a Plan-Apochromat 63X 1.4NA oil objective. Imaging chamber was incubated at 37°C with 5% CO2. Images were acquired using the FastAiryscan mode, with a 1,4X zoom every 6minutes. 488 laser power was set at 2% and 561 at 1%. A total of 28 stacks of 0,75uM were taken by time point. Movies were processed in ZenBlue software using the "AiryScan Processing module" strength set to Auto (6).

Chromatin Immunoprecipitation (ChIP)

For chromatin immunoprecipitation, 20 million cells were collected and fixed with 1%

Formaldehyde for 10minutes at room temperature. Reaction was quenched by addition of 0,125M Glycine and pellets were washed three time with cold PBS. Cell pellets were lysed with lysis buffer (1% SDS; 10mM EDTA pH 8; 50mM Tris-HcL pH 8) supplemented with protease inhibitors (Roche) at a concentration of 20.10 6 cells/mL. Chromatin was sonicated for 30 cycles (30sec ON/ 30sec OFF) on high power using a Bioruptor 

Genomic DNA and telomere purification

Genomic DNA was isolated using the QIAGEN Blood & Cell Culture DNA Midi Kit (Genomic-tip 100/G) according to the manufacturer's recommendations together with

RNase treatment (200 μg/ml of RNaseA (Sigma) and RNase Cocktail Enzyme Mix (Ambion) (2.5U/ml RnaseA ; 100U/ml RnaseT1) at 37°C for 1 hour). Telomere isolation was based on a published method with some modification [START_REF] Parikh | Telomeres are partly shielded from ultraviolet-induced damage and proficient for nucleotide excision repair of photoproducts[END_REF]. Double stranded genomic DNA (50 μg) was digested overnight with AluI, HinfI, HphI and MnlI (0.5Umg -1 ) restriction enzymes in 300 mL reaction volume to release intact telomeric fragments. Reactions were adjusted to 1x SCC and 0.1% Triton X-100, and the digested DNA was then annealed with a biotinylated oligonucleotide (Bio-5′-ACTCC(CCCTAA)3-3′) (3.5 pmol) by controlled stepwise cooling from 80°C to 25°C (1°Cmin -1 ) using a thermocycler. Then 3 to 10% of samples were collected as an input and streptavidincoated magnetic beads (18 μl, Invitrogen, M-280) prewashed with 1X PBST and blocked for 1 hour with 5X Denhardt solution (0.1% Ficoll (type 400), 0.1% polyvinylpyrrolidone, and 0.1% bovine serum albumin), were incubated with the annealed samples overnight in a rotator end-over-end at 6 rpm and 4°C. Beads were collected against the side of the tubes by applying a magnet (Invitrogen), and the unbound fraction was collected.

The beads were washed four times with 1X sodium chloride-sodium citrate (SSC), 0.1% Triton X-100, and once with 0.2X SSC. Beads were resuspended in 50 μl elution buffer and telomeres were slowly eluted by heating the tubes at 50°C for 20 min. The elution was repeated with 50 μl of elution buffer. Captured efficiency was measured by performing qPCR with primers amplifying telomeric DNA for input and TeloCapture samples.

Immunodot blot detection of m6A

Immunodot blots of purified genomic, telomeric and plasmid DNA were performed using the BioRad 96-well Bio-Dot® apparatus. Positively charged Amersham Hybond-N+ membranes (GE Healthcare) and Whatman filter papers (GE Healthcare) preincubated with 2 × SSC buffer were assembled onto the apparatus. Heat-denatured (98 °C, 10 min; on ice, 5min) DNA samples were loaded on the membrane via vacuum blotting, then the wells were washed with 2xSSC. The membrane was denaturated and neutralized sequentially by placing it on top of a Whatmann filter paper (DNA face up) saturated with denaturing solution (1.5M NaCl, 0.5M NaOH) for 10 min at RT and neutralization solution (0.5M Tris-HCl, pH 7.0, 3M NaCl) for 10 min at RT. The membrane was crosslinked with UV at 70000 μJ/cm 2 and blocked for 1hr in 5% nonfat dry milk and 0.1% TBST (0.1% Tween-20 in 1xTBS, pH7.4). Subsequently, m6A antibody (Synaptic Systems) was diluted to 1:1000 in 5% nonfat dry milk and 0.1% TBST, and incubated overnight at 4°C. Following 3 washes with 0.1% TBST, a HRP-conjugated secondary antibody was applied for 45min at room temperature. After further 3 washes with 0.1% TBST, the chemiluminescence signal was visualized using ChemiDoc Imaging System (BioRad) and quantified using ImageJ software.

Chromatin Isolation (Figure 12D)

Collection of the cells and cross-link was performed the same way as for Chromatin Immunoprecipitation (See below). 2 different protocols were performed to extract the chromatin-bound protein fractions. The second protocol is hypothetically more stringent due to the presence of salts (i.e NaCl) in the different lysis buffer. After both protocols, cross-link reversal was performed over-night at 65°C with 0,2M NaCl. DNA was sheared in a waterbath sonicator (Bioruptor, Diagenode) for 5minutes, 30sec ON/30 sec OFF before proceeding with western-blotting.

Protocol 1 (From [START_REF] Wysocka | Loss of HCF-1-Chromatin Association Precedes Temperature-Induced Growth Arrest of TsBN67 Cells[END_REF]: Cell pellets were resuspended in Buffer A (10mM HEPES, 10mM KCl, 1,5mM MgCl2, 0,34mM sucrose, 10% Glycerol, 1mM DTT, 0,1% Triton X-100) supplemented with protease inhibitors (Roche). Cells were incubated on ice for 30minutes. Nuclei were collected by centrifugation at 1300g, 5minutes at 4°C. Nuclei were washed in Buffer A and lysed in Buffer B (3mM EDTA, 0,2mM EGTA, 1mM DTT) supplemented with protease inhibitors (Roche) for 30minutes. Chromatin fraction was collected after centrifugation at 1700g for 5minutes at 4°C.

Protocol 2: Cell pellets were lysed in 5 volumes of buffer 1 (50mM Hepes, 140mM NaCl; 1mM EDTA; 10% Glycerol; 0,5% NP-40; 0,25% Triton X-100; 1mM DTT) supplemented with protease inhibitor cocktail (Roche). Pellets were washed twice in Buffer 1 and resuspended in two volumes of Buffer 2 (10mM Tris-HCl, 200mM NaCl, 1mM EDTA, 0,5M EGTA) supplemented with Protease inhibitor cocktail (Roche). Chromatin fraction was collected after 2 rounds of centrifugation at 1100 x g at 4°C for 2min.

Indirect immunofluorescence staining and Proximity ligation Assay

HeLa cells were grown on glass coverslips (1.5). For HEK293T cells, coverslips were coated with 0,1% Poly-L-Lysine (Sigma) for 10minutes at room temperature and washed 3 times in H20. Coverlsips were dried for 30minutes before plating the cells. Cells were fixed with 4% paraformaldehyde for 10 min at RT followed by permeabilization with 0.5% Triton X-100 in PBS. Blocking of aspecific sites was perform in PBG blocking solution (0.2% (w/v) cold water fish gelatin, 0.5% (w/v) Bovine Serum Albumin (BSA) in PBS 1X) for 30 min at RT. Next, cells were incubated with primary antibodies diluted in blocking solution for 2 hours at RT or overnight at 4ºC. For IF, Incubation with secondary antibodies was performed for 45 min at RT with Alexa488/546/647-conjugated secondary antibody (Invitrogen) diluted in 1:1000. were mounted with Mowiol homemade mounting medium (24% w/v Glycerol, 9.6% w/v Mowiol 4-88, 0.1 M Tris-HCl pH 8.5, 2.5% w/v Dabco). Cells were imaged with a LEICA DM6000 (for widefield) or Zeiss LSM880 AxioObserver (for confocal imaging) and processed in ImageJ software.

Proximity ligation assay was done with the Duoling® In Situ Red Starter Kit Mouse/Rabbit (Sigma-Aldrich) according to the manufacturer's instruction, except for an additional fixation step that was perform after rolling-circle amplification, in 4% PFA 10min at room temperature.

Immunoblotting

Frozen pellets (harvested by trypsinization, washed with cold PBS) were lysed in Laemmli sample buffer (1% SDS, 10% Glycerol, 50mM Tris-Hcl pH 6.8) without bromophenol blue and protein concentrations were determined by QuBIT (ThermoFisher). Equivalently loaded proteins (30-40 ug) were separated by SDSpolyacrylamide gel electrophoresis (SDS-PAGE) on pre-cast 4-12% Bis-Tris NuPage gels (Invitrogen). To probe for NuMA protein, proteins were resolved on 3-8% Tris-Acetate gels instead. The proteins were then transferred to nitrocellulose membranes by wet transfer 1h at 100V in Transfer Buffer containing 20% Methanol. Alternatively, dry transfer was performed using iBlot2 apparatus (Life Technologies). Membranes were blocked in TBS-T (20 mM Tris, 140 mM NaCl, 0.1% Tween-20) containing non-fat dry milk (5%), incubated with antibody overnight at 4°C or 2 hours at RT diluted in TBST containing non-fat dry milk (5%), washed several times with TBST for a total of 45 min, incubated with secondary antibody at 1/10000 dilution in TBST containing non-fat dry milk (5%) for 45min at RT with agitation and washed several times for 1 hr in TBST.
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Abstract :

The equal and faithful transmission of chromatin among the two daughter cells during mitotic cell division is tightly controlled to avoid segregation errors that would eventually lead to deleterious outcomes. While the role of centromeres in regulating mitotic cell division has been extensively studied, the mitosis-specific dynamics and structure of telomeres have not been much explored in higher eukaryotes. Human telomeres, the natural ends of linear chromosomes, consist of long arrays of TTAGGG repeats covered by a specific protein complex called shelterin that controls telomere length and telomere integrity. Telomere primary function is to delineate chromosome ends, to avoid illicit DNA repair that would result in chromosome fusions and subsequent genomic instability and aneuploidy. Growing evidence points towards a functional role for chromosome ends in mitosis. Notably, resolution of sister telomeres occurs through a unique mechanism, distinct from arms and centromeres, that relies on the Poly-ADP-Ribosylation of the telomere protein TRF1 by Tankyrase. Persistent telomere cohesion following Tankyrase depletion prevents cells from completing mitosis, indicating that telomeres play a crucial role in sister chromatid separation. The goal of this project has been to investigate the mitosis-specific features of human telomeres, thus opening the way to the study of the potential mechanisms by which they could contribute to cellular division. To that aim, we successfully developed a specific proteomic screen that enabled the identification of mitosis-specific telomere interactome. We uncovered 8 potential mitotic TRF1 interactors and most of them had a described function related to mitotic spindle regulation. Importantly, we confirmed that one of them, the protein NuMA, is a TRF1 partner that positively regulates its levels at telomeres, and this effect can be observed throughout the cell-cycle. Interestingly, this impact of NuMA on TRF1 levels was found to be dependent on Tankyrase 1. We further analyzed the spatio-temporal dynamics of telomeres in single cells using advanced time-lapse microscopy combined with CRISPR/Cas9 engineering. Analysis of endogenous TRF1 levels over time revealed a striking and drastic decrease of TRF1 levels at telomeres upon mitotic entry, which constitutes a previously undescribed feature of mitotic telomeres. We aimed at identifying the mechanisms underlying the process and our current results argue against a role for Tankyrase in the mitotic release of TRF1. Instead, we uncovered a functional correlation between chromatin condensation and TRF1 binding to telomeres, suggesting that change in chromatin condensation status could be the trigger of TRF1 detachment upon mitotic entry.

Figure 1 .

 1 Figure 1. Structure of human telomeric DNA. (A) Chromosome ends are composed of TTAGGG repeats. Telomeres are preceded by a segment of degenerated repeats and subtelomeric repetitive sequences. A 3' overhang defines telomere termini. (B) Schematic representation of the t-loop structure formed by invasion of the 3' overhang into the proximal double-stranded telomeric DNA. (C) T-loops from HeLa LT cells visualized by Airyscan microscopy. Scale bar 1

Figure 2 .

 2 Figure 2. Composition and binding activity of the shelterin complex (A) Schematic representation of the 6 shelterin subunits DNA binding domains and protein interaction domains. (B) Association of the shelterin complex with telomeric DNA. Figure adapted from (de Lange 2005)

Figure 3 .

 3 Figure 3. The two main DSB repair pathways. NHEJ is initiated by the binding of the Ku70/80 heterodimer, which initiates the recruitment of DNA-PKcs and processing enzymes. After endprocessing, DNA ends are ligated via the CRCC4/Ligase4 complex. Homologous recombination relies on 3' end-resection by the MRN/CtIP complex. ssDNA is first coated by the RPA protein. BRCA2 then mediates the exchange of RPA with the Rad51 protein. Rad51 nucleoprotein filament mediate strand invasion into complementary double-stranded duplex DNA.

Figure 4 .

 4 Figure 4. Scheme depicting the different replication obstacles present at telomeric tracks. The red line represents the G-rich strand and the green line the C-rich strand. From left to right: Progression of the replication machinery frees the parental G-rich strand, favoring the formation of G-quadruplexes. TERRA hybridization (black dotted line) with the C-rich strand leads to the formation of R-loops. Progression of the replication fork towards chromosome ends creates physical torsions of the double-stranded DNA. The terminal t-loop and the resulting d-loop structures stabilized by the shelterin complex.

Figure 5 .

 5 Figure 5. Mitotic stages in vertebrate cells (A) HeLa cells at different stages of mitosis from prophase to cytokinesis. DNA was stained with DAPI (top panel, blue) and spindle can be visualized by tubulin staining (green, bottom panel). Adapted from (Vandame et al. 2014) (B)

Figure 6 .

 6 Figure 6. (A) Visualization of telomere-deprotection induced foci (TIFs) by colocalization of the DDR markers yH2AX and 53BP1. (B) Due to the end-replication problem, telomeres progressively shorten during cell division. Telomere from somatic cells therefore go from fully protected (blue) to intermediate state (orange). Intermediate state telomeres are characterized by the presence of TIFs without induction of telomere fusions. Activation of the DDR at 5 intermediate state telomeres has been proposed to constitute the threshold for the activation of p53 and senescence entry[START_REF] Kaul | Five dysfunctional telomeres predict onset of senescence in human cells[END_REF]. Absence of a functional p53/Rb pathway leads to

Figure 7 .

 7 Figure 7. Replication stress jeopardize successful chromosome segregation and promotes genomic instability. Difficult to replicate loci such as telomeres or common fragile sites (represented by pink and orange stars, respectively) are prone to replication stress arising from endogenous or exogenous sources. In case of progression in mitosis as a consequence of unefficient checkpoint activation or failure to repair the damage in interphase, under-replicated loci can undergo Mitotic DNA synthesis to complete replication before the end of mitosis.

Figure 8 .

 8 Figure 8. Schematic representation of Tankyrase 1 and its binding partners TRF1 and NuMA. (A) Tankyrase 1 domains. HPS: Homopolymeric tracts of histinde, proline and serine repeats; SAM: Sterile Alpha Motif; PARP: poly(ADP-ribose) polymerase. (B) NuMA and TRF1 domains. RXXADG and RXXPDG represent the Tankyrase-interacting motifs.
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 9 Figure 9. GFP-Trap is suitable for the study of telomere proteome (A) Peptide count of the shelterin subunits in the different samples among the three replicates. (B) List of known telomere interactants retrieved by GFP-Trap. Bold entries correspond to shelterin components.

Figure 10 .

 10 Figure 10. Functional analysis of cell-cycle dependent telomere proteome (A) Ratio of shelterin subunits peptide counts to TRF1 peptide count in the different IPs. Each biological replicate is represented with a different color. Bars represent mean +/-SD. (B) Simplified workflow for the characterization of candidate proteins (C) Functional network analysis of

Figure 11 .

 11 Figure 11. NuMA depletion impacts TRF1 levels (A) Western-Blot following Coimmunoprecipitation from HeLa cells stably expressing EGFP-TRF1 or NLS-EGFP as a control, transfected with a Flag-NuMA construct. IP was performed using anti-GFP beads. *: aspecific band (B) Representative images (Z-stack projection) from PLA performed with the indicated antibodies (C) Quantification of (B). N=3 independent experiments. Error bars represent Mean +/-SD. Ordinary One-way ANOVA with Turkey correction for multiple comparaisons. ****:pvalue<0,0001. (D) ChIP on HeLa cells using the indicated antibodies followed by qPCR amplification of telomeric DNA. n=2 independent experiments. Bars represent mean +/-SEM. 2-way ANOVA with Sidak correction for multiple comparaisons **pvalue<0,01 *pvalue<0,05 (E) (E) Western-Blot of total protein extracts from Ctrl or NuMA-depleted cells (F) Quantification of (E). Bars represent Mean +/-SD of three independent experiments. Paired t-test *:p value<0,5 (G) Western-Blot analysis of fractionation experiment of Ctrl or NuMA depleted cells.

Figure 12 .

 12 Figure 12. NuMA depletion enhance TNKS recruitment to telomeres. (A) Western-blot of total protein extracts from cells transfected with the indicated siRNA (B) Quantification of TRF1 levels relative to GAPDH from two independent experiments. (C) Representative confocal images (max intensity projections) of HeLa cells stably expressing the indicated TRF1 mutants after immunofluorescence with anti-TNKS and anti-RAP1 antibodies. Scale bar represents 10uM. (D) Correlation between Tankyrase intensity measured at a single telomeric foci and GFP(TRF1) intensity measured at the same foci. (E) Quantification of TNKS intensity at telomeric foci relative to the intensity of GFP at telomeric foci in cells expressing WT EGFP-TRF1 (E) Quantification of TNKS intensity at telomeric foci relative to the intensity of GFP at telomeric foci in cells expressing EGFP-TRF1 TBM mutant. (B,D,E) Bars represent mean +/-SD. Two-tailed student t-test **** p<0,0001. Results are from two independent experiments, except for (E) that has been performed once.

Figure 13 .

 13 Figure 13. The shelterin complex is released from telomeres upon mitotic entry. (A) Scheme of the strategy employed to obtain endogenously tagged TRF1. (B) Representative images (z-projection) from live cell microscopy of HeLa EGFP-TRF1 endo cells expressing H2B-mCherry, at the indicated times relative to metapahse. Timing of metaphase was determined by the last frame displaying chromosome alignement to the metaphase plate. (C) Measurements from live cell imaging data. Left graph shows TRF1 foci intensity align by the time relative to metaphase. Right graph shows the TRF1 foci intensity depending on the mitotic stage. Plotted is the average of the mean intensity per cell. Area around the curve represents the 95% CI (D) Western-Blot of chromatin-bound fraction. HeLa cells were synchronized in either G1/S or Mitosis and chromatin fraction was isolated by biochemical fractionation using two different protocols (1,2). TRF1 measured signal relative to H3 is displayed on the right. (E) Western-Blot of total protein extracts. Cells were synchronized by double-thymidine block and released for the indicated time. (F) ChIP-qPCR of synchronized HeLa cells using primers amplifying telomeric DNA. n=3 independent experiments. Bars represent mean +/-SEM. 2way ANOVA with Sidak correction for multiple comparaisons **pvalue<0,01 *pvalue<0,05

Figure 14 .

 14 Figure 14. NuMA depletion does not impact TRF1 release in mitosis (A) Representative images (z-projection) from live cell microscopy of HeLa EGFP-TRF1 endo cells expressing H2B-mCherry, transfected with a scramble siRNA or siRNA directed against NuMA, at the indicated times relative to metapahse. Timing of metaphase was determined by the last frame displaying chromosome alignement to the metaphase plate. (B) Measurements from live cell imaging data. The graph shows number of detected TRF1 foci measurements aligned by the time relative to metaphase. Plotted is the average of the mean intensity per cell. Area around the curve represents the 95% CI. N=3 independent experiments (C) Quantification of TRF1 foci intensity depending on nuclei classification. N=3 independent experiments.

Figure 15 .

 15 Figure 15. Tankyrase depletion does not rescue TRF1 drop in mitosis (A) Representative images (z-projection) from live cell microscopy of HeLa EGFP-TRF1 endo cells expressing H2B-mCherry, transfected with a scramble siRNA or siRNA directed against Tankyrase, at the indicated times relative to metaphase. Timing of metaphase was determined by the last frame displaying chromosome alignement to the metaphase plate. (B) Measurements from live cell imaging data. Number of detected TRF1 foci measurements aligned by the time relative to metaphase. Plotted is the average of the mean intensity per cell. Area around the curve represents the 95% CI. A single experiment was perfomed due to the mitotic cell death phenotype observed in these cells (C) Quantification of mitotic death events in cells transfected with the indicated siRNA. Number of mitotic cells analyzed is indicated below the graph

Figure 16 .

 16 Figure 16. Tankyrase-binding dead TRF1 mutant is released from chromatin upon

  accessibility resulting from condensation. To address this question, we took advantage of the MadID technique that have been developed in the laboratory. MadID is based on the expression of a bacterial Methyl-Transferase M.EcoGII (Sobecki et al. 2018; Umlauf, Sobecki, et Crabbe 2020). M.EcoGII can methylate adenines regardless of the sequence context, as opposed to Dam that only methylates Adenine in GATC motif. Recently, MadID, as well as DamID, were originally developed for the study of protein-DNA interaction. However, DamID has been successfully used to map regions of open chromatin, via the expression of an untethered Dam that preferentially methylates

Figure 17 .

 17 Figure 17. Quantification of H2B-mCherry intensity (top) and GFP intensity at telomeres (bottom) at time relative to metaphase from movies performed on cells expression the endogenous TRF1 fused to EGFP. Orange dotted line is drawn at the minimum observed GFP intensity. (B) Experimental design for the induction of premature chromsome condensation (C) Representative widefield images of HeLa cells treated with the CDK1 inhibitor RO3306 only or with 100nM Calyculin for 30 minutes and stained with anti-H3PhosphoSer10 and anti-TRF1. (D) Quantification of GFP intensity at telomeric foci from (C). Data from two independent experiments. Bars represent mean +/-SD. ***pvalue<0,001, two-tailed student t-test.

Figure 18 .

 18 Figure 18. Assessment of telomeric chromatin accessibility to M.EcoGII methylase (A) Experimental design for cell synchronization. Cells were first enriched at the G1/S transition by thymidine block. For mitosis, cells were incubated for 15h with Nocodazole at 100ng/mL. For G1/S cells, a second round of thymidine incubation was performed for 15hours. During the 15hours, M. EcoGII expression was induced by incubation with 1uM Shield1. Mitotic cells were collected by mitotic shake-off while interphase cells were collected by classical trypsine method (B) Dot-blot of genomic DNA (INPUT) or telomeric repeats (TeloC) of cells expressing M.EcoGII and synchronized by double-thymidine block for G1/S or nocodazole for mitosis after 15h incubation of Shield 1. Blot was probed with an anti N6-Methyl-Adenine (M6A) antibody. (C) Quantification of M6A signal in mitosis relative to G1/S, corrected by the amount of telomeric repeats retrieved from qPCR

Figure 19 .

 19 Figure 19. Validation of TRF1 loss of expression in the HEK293T selected clone (A) Western-Blot of total protein extracts from HEK293T cells WT or clonal population of cells transfected with a Cas9 construct and a gRNA targeting TRF1 exon. Clone 13 (purple arrow) was selected for further analysis. (B) Representative confocal images (max projections) of HEK KO Clone 13 cells after immunofluorescence with an anti-TRF1 antibody and an anti-LMNA to visualize nuclei. (C) RT-qPCR mRNA levels of TRF1 relative to Actin in HEK KO Clone 13 and normalized to the WT. N=2 independent experiments, visualized by the two different colors (orange and purple). Bars represent mean +/-SD.

  transiently transfected EGFP-TRF1 WT or carrying the mutations in the HEK KO cell line to visualize TRF1 localization by microscopy. To assess the localization pattern of TRF1 when it is not localized at telomeres, we also transfected a TRF1 form carrying a mutation in the MYB DNA-Binding domain (R425V). As expected, WT TRF1 could be visualized as discrete foci in the nucleus, indicative of a telomeric localization, while the R425V mutant displayed a nucleoplasmic localization (Figure19B). Unfortunately, HEK cells often express massive amounts of TRF1 and display high cell-to-cell variability in the level of expression, rendering image analysis problematic and tedious. Although we did not observe major changes in TRF1 localization, we cannot draw conclusions in absence of image quantification. However, we could still visualize the Triple A and Triple D at telomeres, with no visible increase in nucleoplasmic localization. As for now, we can still conclude that phosphorylation of TRF1 by Plk1, CDK1 and Aurora A on S296, S435 and T371 respectively are dispensable for TRF1 localization to telomeres in asynchronous cells. Conversely, the simultaneous phosphorylation of this residues does not trigger TRF1 detachment from telomeres.

Figure 20 .

 20 Figure 20. Localization of TRF1 phosphomutants. (A) Schematic representation of the human TRF1 protein and localization of the 3 residues mutated in this study (B) Representative confocal images (max projections) of HEK KO cells expressing the indicated TRF1 mutants.

Figure 21 .

 21 Figure 21. Western-blow following immunoprecipitation of the indicated constructs using GFP magnetic beads. Cells were also transfected with a Flag-NuMA construct. Membrane was incubated separately with Flag, endogenous Tankyrase and GFP antibodies. A higher exposure of GFP membrane is shown to visualize the presence of the Triple D mutant in the input fraction * aspecific band.

  , NuMA is a target of Poly-ADP-Ribosylation by Tankyrase in vivo in mitosis (W. Chang, Dynek, et Smith 2005; J. I. Sbodio et Chi 2002; P. Chang, Coughlin, et Mitchison 2005). Tankyrase and NuMA functions are both important for spindle structure and function, and NuMA depletion abolish Tankyrase localization to the poles (C. H.

  ) Tankyrase have been shown to associate to telomeres throughout the cell-cycle, and not specifically in mitosis (2) Similarly, there is no current evidence that TRF1 is subjected to PARsylation at a specific time of the cell-cycle (3) To our knowledge, the impact of Tankyrase on TRF1 have only been assessed upon Tankyrase over-expression. It is therefore a possibility that PARsylation of TRF1 in a physiological context leads to a different outcome. To address these questions, TRF1 PARsylation status in absence of Tankyrase over-expression need to be assessed in vivo and in synchronized cells.

  Retroviral transduction of HeLa LT cells with pLPC-EGFP-TRF1 (Crabbe et al. 2012), pLPC-EGFP-TRF1-TBM, pLPC-EGFP-TRF1-R425V (This study) or pRetroXpTuner-V5-M.

(

  Diagenode). Protein concentration was measured using Qubit (ThermoFisher scientific) and 500µg of lysate was used per immunoprecipitation. Lysate was diluted 1:10 in IP Dilution Buffer (0.01% SDS; 1.1% Triton X-100; 1.2mM EDTA; 16.7 mM Tris-HCl pH 8; 150mM NaCl) and a fraction (1%) was saved as input. Samples were incubated overnight at 4°C with the following antibodies: rabbit anti-TRF1 (homemade), rabbit anti-TRF2 (ref), rabbit anti-Rap1 (Bethyl ref), goat anti-Rabbit IgG (ref), rabbit anti-NuMA (Santa Cruz ref). Protein-antibody complexes were then further incubated 3 hours at 4°C with Dynabeads Protein A (Invitrogen). Beads were washed twice in low-salt buffer (0.1% SDS; 1% Triton X-100; 2mM EDTA pH 8; 20mM Tris-HCl pH 8; 150mM NaCl), twice in high-salt wash buffer (0.1% SDS; 1% Triton X-100; 2mM EDTA pH 8.0; 20mM Tris-HCl pH 8; 500mM NaCl), once with TE (10mM Tris-HCl; 1mM EDTA pH 8.0) and samples were eluted in 500uL elution buffer (50mM Tris-Hcl pH8; 10mM EDTA pH8; 1% SDS) and incubated 20min at 65°C. Eluates were collected and cross-link was reversed over-night with 0,2M NaCl and 200ug/mL RNAse A. Samples were incubated with 40ug Proteinase K for 2hours at 50°C, DNA was extracted using phenol-chloroform-isoamylalcohol and precipitated with 2 volumes of Ethanol and 0,3M Sodium Acetate. DNA pellets were then washed with 70% Ethanol and resuspend in 20uL of 10mM Tris-HCl pH 7.5. 3uL of IP and Input samples were taken for qPCR amplification of Telomeric DNA.

  permettant d'isoler la sous-unité du complexe shelterin TRF1 et d'analyser ses interactions protéiques par spectrométrie de masse, spécifiquement en mitose. Nous avons pu montrer grâce à cette méthode que bien que la majorité des protéines identifiées en mitose sont également présente en G1/S, un certain nombre d'interactions sont régulés dans le cycle. Notamment, nous avons identifié 12 protéines comme étant de potentiels partenaires de TRF1 en mitose spécifiquement. Parmi eux, nous nous sommes particulièrement intéressés à la protéine NuMA. NuMA est une protéine qui possède une fonction bien documentée dans la stabilité et l'orientation du fuseau mitotique. De manière intéressante, NuMA a également été décrite comme interagissant avec la Tankyrase. De plus, NuMA est également Poly-ADP-Ribosylé par TRF1, une caractéristique partagée avec TRF1. Grâce à des expériences de coimmunoprécipitation et de PLA (Proximity Ligation Assay), nous avons pu montrer que NuMA et TRF1 interagissent, validant ainsi les résultats du crible de spectrométrie de masse. Etant donné que la Tankyrase régulé négativement les niveaux de TRF1, et que cette dernière interagit avec NuMA comme indiqué précédemment, nous nous sommes demandé si NuMA pouvait aussi impacter les niveaux de TRF1. Pour cela, nous avons déplété NuMA dans des cellules HeLa à l'aide de siRNA et analysé les niveaux protéiques de TRF1 par Western-Blot. Cette expérience a révélé que la déplétion de NuMA résultait en une diminution des niveaux protéiques de TRF1 dans la cellule. De plus, cette diminution des niveaux de TRF1 concerne la fraction de TRF1 présent à la chromatine, suggérant fortement que NuMA régule positivement les niveaux de TRF1 liés aux télomères. Enfin, en considérant l'interaction entre NuMA et la Tankyrase, nous avons voulu savoir si l'impact de NuMA sur les niveaux protéiques de TRF1 pourrait être médié par la Tankyrase. Premièrement, nous avons réalisé des expériences de double déplétion par siRNA afin d'évaluer l'implication relative de NuMA et de la Tankyrase sur la stabilité de TRF1. La déplétion de la Tankyrase a conduit en une récupération partielle des niveaux de TRF1 dans les cellules également déplétée pour NuMA, supportant l'idée que NuMA et la Tankyrase agisse au sein d'une même voie. De plus, nous avons également utilisé un siRNA dirigé contre la protéine du shelterin TIN2. Il a été précédemment montré que TIN2 permettait d'inhiber l'action de la Tankyrase sur TRF1 et donc que la déplétion de TIN2 induisait une perte de TRF1 via la Tankyrase. Nous avons pu vérifier ce résultat dans nos cellules. De manière importante, nous avons pu montrer que la déplétion simultanée de TIN2 et de NuMA n'entraîne pas une baisse des niveaux protéiques de TRF1 plus important que dans les cellules déplétées pour TIN2 ou NuMA individuellement. Ainsi, ces résultats suggèrent que NuMA et la Tankyrase impactent la régulation de TRF1 par un mécanisme commun. Pour vérifier cette hypothèse, nous avons analysé le recrutement de la Tankyrase aux télomères par microscopie dans les cellules déplétées pour NuMA. Nous avons observé une augmentation du recrutement de la Tankyrase aux télomères en l'absence de NuMA, ce qui pourrait expliquer la baisse des niveaux protéiques de TRF1 dans ces cellules. Afin de mieux caractériser la dynamique de TRF1 au cours du cycle cellulaire, nous avons en parallèle appliquer une approche d'imagerie en temps réel couplé à la technologie CRISPR/Cas9. Plus précisément, nous avons construit une lignée cellulaire dans laquelle la protéine fluorescente EGFP a été insérée en amont du codon d'initiation de TRF1, résultant en l'expression d'une protéine de fusion EGFP-TRF1 sous contrôle du promoteur de TRF1 endogène. Cela nous a donc permis de suivre les niveaux endogènes de TRF1 par microscopie. Ces cellules ont été imagées à l'aide d'un microscope confocal à fluorescence toutes les 6 minutes pendant 24h. Les images ont ensuite été analysées à l'aide d'un outil spécifique développé au sein du laboratoire, NucleoTeloTrack, permettant l'analyse de l'intensité de fluorescence des foci de TRF1 (correspondant aux télomères) au cours du temps. Ces cellules expriment également la protéine de fusion H2B-mCherry, qui permet de visualiser la chromatine et donc de déterminer les différentes phases de la mitose. Cette analyse a révélé que les niveaux de TRF1 présents aux télomères diminuent intensément lors de l'entrée en mitose, avant de progressivement regagner leur niveau pré-mitose environ 4h après la métaphase. Afin de s'assurer que cette observation ne résultait pas d'un biais relatif à la microscopie, nous avons validé cette observation par des expériences de fractionnement cellulaire sur cellules synchronisés et confirmé que les niveaux de TRF1 à la chromatine était réduit de moitié dans les cellules arrété en mitose, comparé aux cellules en interphase. De même, nous avons réalisé des expériences de ChIP (Chromatin ImmunoPrecipitation) à l'aide d'anticorps spécifiques de TRF1 et des protéines du complexe shelterin TRF2 et Rap1 suivi d'une amplification des régions télomériques par qPCR (quantitative Polymerase Chain Reaction). A nouveau, nous avons observés une diminution des niveaux de TRF1 aux télomères en mitose, mais également des protéines TRF2 et Rap1, soulevant ainsi la possibilité que le complexe shelterin entier se détache des télomères lorsque les cellules entrent en mitose. Etant donné que nous avons montré précédemment que NuMA influait sur les niveaux de TRF1 aux télomères, via la Tankyrase, nous avons émis l'hypothèse que ces protéines pourraient être impliquées dans le détachement de TRF1 en mitose. Pour vérifier cette hypothèse, nous avons suivi les niveaux de TRF1 par microscopie en temps réel dans des cellules déplétées pour NuMA. Premièrement, nous avons observé une baisse globale des niveaux de TRF1 aux télomères en l'absence de NuMA, confirmant les résultats obtenus précédemment par western-blot. Cette baisse est observable tout le long du cycle cellulaire. En revanche, la diminution drastique de l'intensité de TRF1 aux télomères au moment de l'entrée en mitose est restée inchangée entre les cellules siCtrl et siNuMA, suggérant que NuMA n'est pas impliqué dans le détachement de TRF1 en mitose spécifiquement. Etant donné que nous avons précédemment montré que l'absence de NuMA pouvait induire une augmentation du recrutement de la Tankyrase aux télomères, nous avons répété les expériences d'imagerie sur cellules déplétées pour la Tankyrase. Malheureusement, l'absence de la Tankyrase induit un phénotype d'arrêt mitotique suivi d'une mort cellulaire, rendant ainsi les résultats de cette expérience difficile à interpréter. Pour pallier ce problème et pour analyser l'impact de la liaison TRF1/Tankyrase sur la dynamique de TRF1 en mitose, nous avons suivi TRF1 dans des cellules surexprimant la protéine de fusion EGFP-TR1 WT ou portant une mutation dans le site de liaison à la Tankyrase (mutant TBM). Ces cellules n'exprimant pas la construction H2B-mCherry, il n'était pas possible d'analyser ces images à l'aide de l'outil NucleoTeloTrack. En revanche, nous avons pu mesurer l'intensité des foci TRF1 à différents temps manuellement. L'intensité de TRF1 mesurée a été normalisée par rapport à l'intensité observée 120min avant la métaphase. Cette expérience nous a permis de montrer que les niveaux de TRF1 diminuaient également dans les cellules exprimant le mutant TBM, ce qui suggère que la liaison de TRF1 avec la Tankyrase n'est pas nécessaire pour le détachement de TRF1 en mitose. Le fait que le détachement de TRF1 en mitose soit initié en prophase nous a conduit à examiner la possible implication de la condensation de la chromatine sur ce détachement. Tout d'abord, nous avons comparé la dynamique temporelle du changement d'intensité de TRF1 aux télomères en mitose par rapport à la dynamique d'intensité de l'histone H2B-mCherry, qui nous sert à estimer le niveau de condensation de la chromatine. Nous avons observé que le moment du cycle où le niveau minimum de TRF1 aux télomères est observé coïncide avec le moment où l'intensité d'H2B-mCherry mesurée est maximum. Il y a donc une corrélation temporelle entre le détachement de TRF1 et la condensation de la chromatine en mitose. Pour vérifier si la condensation de la chromatine pouvait être l'élément déclencheur du détachement de TRF1, nous avons induit une condensation de la chromatine prématurée en G2 en traitant les cellules avec un inhibiteur de phosphatase, la Calyculin A. L'analyse des niveaux de TRF1 aux télomères par immunofluorescence a permis de montrer que le traitement à la Calyculin A induisait une diminution des niveaux de TRF1 d'environ 30%. Il existe donc un lien fonctionnel entre le statut de condensation de la chromatine et la liaison de TRF1 aux télomères. Afin de vérifier l'accessibilité de la chromatine aux télomères en mitose, nous avons tiré avantage de la technique MadID développée au sein du laboratoire. Le MadID est basé sur l'expression d'une méthyltransférase bactérienne, M. EcoGII. M. EcoGII peut méthyler les adénines indépendamment de la séquence d'ADN. Nous avons émis l'hypothèse que si la chromatine était moins accessible pour TRF1 en mitose, elle serait alors également moins accessible à la méthylation par M. EcoGII. Nous avons donc utilisé une population clonale de cellules exprimant la méthyltransférase M. EcoGII fusionnée à un domaine de dégradation (DD). Ce domaine DD induit la dégradation de la protéine M. EcoGII en l'absence du ligand Shield1. L'addition dans le milieu de culture du ligand Shield1 induit ainsi la stabilisation de M. EcoGII et permet de contrôler temporellement la méthylation dans la cellule. Nous avons synchronisé les cellules soit à la transition G1/S ou bien en mitose, après une incubation de 15h avec le Shield1. L'ADN télomérique a ensuite été purifié et les niveaux de méthylation ont été analysés par Dot-Blot à l'aide d'un anticorps spécifique dirigé contre les adénines méthylés. Cette expérience a permis de montré que la méthylation globale de l'ADN était inchangé entre les cellules en G1/S et les cellules en mitose, démontrant que la chromatine possède la même sensibilité à la méthylation par M.EcoGII entre les deux phases du cycle, G1/S et mitose. En revanche, nous avons observé une augmentation de la méthylation aux télomères en mitose, ce qui suggère que l'ADN télomérique a plus de chance d'être méthylé en mitose par rapport à la phase G1/S. Il est possible que le détachement de TRF1, et potentiellement des autres membres du complexe shelterin, puisse expliquer cette augmentation de la méthylation. Un autre mécanisme qui pourrait être impliqué dans le détachement de TRF1 en mitose serait la modification post-traductionnelle de cette protéine. Afin de vérifier cette hypothèse, nous avons initié des expériences basées sur l'identification préalable dans la littérature de résidus de TRF1 qui sont la cible de phosphorylation par des kinases mitotiques. Nous nous sommes concentrés sur trois d'entre eux : La sérine 435, phosphorylée par la kinase mitotique Plk1. Cette phosphorylation a été montré comme régulant positivement la liaison de TRF1 aux télomères. La thréonine 371 est quant à elle ciblée par la kinase CDK1, et cette phosphorylation diminue les niveaux de TRF1 aux télomères. Enfin, nous avons également analysé les conséquences de la phosphorylation de TRF1 sur la sérine 296, médiée par la kinase Aurora A. Cette phosphorylation induit des défauts mitotiques après surexpression d'Aurora A. Nous avons donc construit un mutant phosphomimétique pour ces résidues en les changeant en Alanine (Mutant Triple A). A l'inverse, nous avons également construit un mutant S296D/S435E/T371D empêchant la phosphorylation de ces trois résidus (mutant Triple D). Puisque TRF1 est capable de s'homodimériser via son domaine TRFH, l'expression de ces mutants dans des cellules exprimant TRF1 WT de manière endogène pourrait masquer le phénotype résultant de leur expression. Pour cette raison, nous avons établi une lignée de cellules humaines HEK293T déficientes pour l'expression de TRF1 (HEK KO) en employant la technologie CRISPR/Cas9. Nous avons ensuite analysé la localisation des phosphomutants par microscopie dans ces cellules HEK KO. Tout comme le TRF1 WT, les deux phosphomutants (Triple A et Triple D) se sont avéré être localisés aux télomères. Ainsi, la phosphorylation de TRF1 sur les résidus S296, S435 et T371 n'empêche pas sa liaison aux télomères. Nous nous sommes ensuite demandé si la phosphorylation de ces résidus pouvait avoir un impact sur la liaison de TRF1 à la Tankyrase ou à NuMA. Pour répondre à cette question, nous avons transfecté les cellules avec les différents mutants et nous avons réalisé une expérience de co-immunoprécipitation. Nous avons pu détecter la présence de NuMA et de la Tankyrase après immunoprécipitation de TRF1 WT, TRF1 triple A et TRF1 triple D, suggérant que la phosphorylation de TRF1 aux résidus S296, S435 et T371 n'impact pas sa liaison avec ces deux protéines. Nous avons également pu détecter la présence de NuMA après immunoprécipitation du mutant TRF1 TBM, suggérant que la liaison de TRF1 avec la Tankyrase n'est pas requise pour son interaction avec NuMA. En conclusion, lors de cette thèse nous avons pu mettre en évidence les changements protéomiques survenant aux télomères en mitose. Notamment, nous avons identifié un nouveau partenaire de TRF1, la protéine NuMA. Nous avons montré que NuMA régulé positivement les niveaux de TRF1 aux télomères. De plus, plusieurs de nos résultats suggèrent que cette régulation s'effectue via la Tankyrase 1. Le crible par spectrométrie de masse a également conduit à l'identification de plusieurs protéines possédant un rôle dans la cytokinèse et dans la formation du fuseau mitotique. La validation et l'analyse de ces candidats constitue donc un enjeu important dans la compréhension des mécanismes régulant la ségrégation des télomères et leur implication dans le bon déroulé de la mitose. L'analyse de la dynamique des niveaux de TRF1 aux télomères au cours du cycle nous a permis de révéler que TRF1 se détache de la chromatine pendant la mitose, plus précisément en prophase. L'utilisation d'imagerie sur cellule vivante a démontré que ce détachement est observable dans toutes les cellules, suggérant une importante implication fonctionnelle. Des expériences ont été initiées afin de mieux comprendre les mécanismes qui régulent ce détachement, qui pour l'heure reste inconnus. Dans la littérature, un détachement de la protéine du shelterin TRF2 a été montré à la suite d'un arrêt prolongé en mitose. Ce processus est dépendant de la kinase mitotique Aurora B. De ce fait, il serait intéressant de déterminer l'éventuel rôle d'Aurora B dans le détachement de TRF1 dans un contexte de mitose normale. Completing this PhD work means a lot to me, personally and scientifically. It has been both an amazing and exhausting journey, and I am deeply grateful to all the person that supported me through it and helped me improve myself. Laure, I could never thank you enough for this opportunity. Meeting you was for sure one of the best things that ever happened to me. If it would not have been for you, I probably would not be writing this acknowledgement right now because I would not have done a PhD. And what a shame this would have been. You believed in me from the start, supported me all the way, as a scientist and as a person. You are always ready to listen, share your knowledge and help. Most of all, you care. You care about people learning the right way and growing scientifically. You also care about our wellbeing and making our work life both productive and smooth. On a more personal note, I believe we are much alike, and I always felt close to you. This helped me a lot during the happy and the rough times, because I always could identify to you. I hope your path will be paved with success and happiness. I had the chance to work with great people during these 4 years. Back in the I2BC first, where I was still a baby scientist and greatly benefited from the kindness and knowledge of my colleagues. Moving to Toulouse was scary but this feeling fainted away quickly as amazing people joined the team. I would like to thank you Debora, for all the work you did on the microscopy side of this project. You have been far away, but I guarantee you have always been a big part of this team and this work would not have been possible without you. "Coucou Edith coucou"! I am sorry I made you go

  expertise and for agreeing to participate in this jury: Dr. Joachim Lingner, Dr Marie-Josèphe Giraud-Panis, Dr. Stéphane Marcand, Dr. Anne Royou and Dr. Sébastien Bloyer. My gratitude also goes to Dr. Anabelle Decottignies, Dr. Benoit Moindrot, Dr. Virginie Faure and Dr. Sophie Netter, for their precious advice and their contribution in the development of my project as part of my thesis committee. A special thank you to my dear friend Marianne, who has been an amazing friend, climbing partner and fellow scientist. You have supported me in so many ways since I moved to Toulouse, I could never thank you enough. Do not change the way you are, you're amazing, generous, hard-working and special. This PhD would not have been the same without you, and CoVID times would have been so much harder than they already are. Enfin, je remercie très chaleureusement les membres de ma famille, qui m'ont apporté amour et soutien tout au long de ces 4 ans et bien plus, qui font de moi ce que je suis aujourd'hui. Merci maman, pour ton amour inconditionnel et la force que tu m'as transmise depuis toute petite. Gwendoline, tu es et sera toujours un exemple de persévérance et de réussite. Merci à mon frère Alex, mon beau-frère F-X, mon neveu et ma nièce Nathan et Maïlys, rien de tout cela ne serait possible sans vous. Merci à mes amis Maëva et Tifenn, vous êtes les meilleurs et vous m'avez accompagné chaque minute de ce beau voyage. Merci à toi Fred, pour tout. Pour ton soutien et ton amour, pour m'avoir transmis ta passion de l'escalade, et pour toujours être là même quand tu ne l'es pas. La fin de cette aventure c'est le début d'une nouvelle avec toi, tu sais à quel point j'ai hâte qu'elle commence. 1 Titre : Caractérisation de la structure et de la dynamique des télomères au cours de la mitose des cellules humaines Mots clés : Télomères, Mitose, TRF1, Shelterin, Organisation de la chromatine Résumé : La transmission fidèle et de manière équitable de la chromatine entre les deux cellules filles au cours de la division cellulaire mitotique est étroitement contrôlée pour prévenir les erreurs de ségrégation qui pourraient conduire à des événements délétères. Alors que le rôle des centromères dans la régulation de la division cellulaire mitotique a été largement étudié, la dynamique et la structure des télomères en mitose reste largement méconnue chez les eucaryotes supérieurs. Les télomères humains, extrémités naturelles des chromosomes linéaires, consistent en de longues répétitions TTAGGG couverts par un complexe protéique spécifique appelé shelterin qui contrôle la longueur et l'intégrité des télomères.La fonction première des télomères est de délimiter les extrémités des chromosomes, afin d'éviter les réparations illicites de l'ADN qui entraîneraient des fusions de chromosomes, puis une instabilité génomique et une aneuploïdie. De plus en plus de données indiquent que les extrémités des chromosomes jouent un rôle fonctionnel dans la mitose. Notamment, la résolution des télomères des chromatides soeurs se produit via un mécanisme unique, distinct de celui des bras et des centromères, qui repose sur la poly-ADP-Ribosylation de la protéine de télomère TRF1 par la Tankyrase. La cohésion persistante des télomères après déplétion de la Tankyrase empêche les cellules de compléter la mitose, indiquant que les télomères jouent un rôle crucial dans la séparation des chromatides soeurs. L'objectif de ce projet a consisté à étudier les caractéristiques des télomères humains spécifiques de la mitose, afin d'ouvrir la voie à l'étude des mécanismes potentielspar lesquels ils pourraient contribuer à la division cellulaire. Dans ce but, nous avons développé avec succès un crible protéomique spécifique qui a permis d'identifier l'interactome des télomères en mitose. Nous avons identifié 8 interactants potentiels de TRF1 en mitose et la majorité d'entre eux ont une fonction associée à la régulation du fuseau mitotique. De manière importante, nous avons confirmé que l'un d'entre eux, la protéine NuMA, est un partenaire de TRF1 qui régule positivement ses niveaux aux télomères, et cet effet peut être observé tout au long du cycle cellulaire. De manière intéressante, cet impact de NuMA sur les niveaux de TRF1 s'est révélé dépendant de Tankyrase. Nous avons ensuite analysé la dynamique spatio-temporelle des télomères dans des cellules uniques en utilisant une technique de microscopie en temps réel combinée à l'ingénierie CRISPR/Cas9. L'analyse des niveaux de TRF1 endogène au fil du temps a révélé une diminution frappante et drastique des niveaux de TRF1 aux télomères lors de l'entrée en mitose, ce qui constitue une caractéristique des télomères mitotiques non décrite auparavant. Nous avons cherché à identifier les mécanismes qui sous-tendent ce processus et nos résultats plaident contre un rôle de la Tankyrase. Par contre, une corrélation fonctionnelle entre la condensation de la chromatine et la liaison de TRF1 aux télomères est mise en évidence, suggérant que le changement de statut de condensation de la chromatine pourrait être le déclencheur du détachement de TRF1 lors de l'entrée mitotique. Title : Characterization of the structure and organization of human telomeres during mitosis Keywords : Telomere, Mitosis, TRF1, Shelterin, Chromatin organization
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	Cell culture		
	HeLa LT are a subclone of HeLa.1.2.11 (ATCC) and are a gift from Jan Karlseder (The
	Salk Institute). HEK 293T were purchased from Takarabio (Cat. #632180). All cells were
	Source grown in DMEM-Glutamax (Life Technologies) supplemented 10% (v/v) fetal bovine Cat # OLIGONUCLEOTIDES
	TRF1 sgRNA serum (Life Technologies), 1% non-essential amino-acids (Life Technologies) and
	FW CACCGTCCTGCGGAAGTCCTCGGAG RV AAACCTCCGAGGACTTCCGCAGGAC 1%Sodium Pyruvate (Life Technologies), at 7,5% CO2 and 5% O2.
	Site directed-mutagenesis S435A		
	FW CTAAAACTGATTTCCGCAGACAGCGAAGACTGAGAATTCTGC		
	REV GCAGAATTCTCAGTCTTCGCTGTCTGCGGAAATCAGTTTTAG		
	Site directed-mutagenesis S435E		
	FW CTAAAACTGATTTCCGAAGACAGCGAAGACTGAGAATTCTGC		
	REV GCAGAATTCTCAGTCTTCGCTGTCTTCGGAAATCAGTTTTAG		
	Site directed mutagenesis S296A		
	FW GCTAATTTGGATACAAGAAAAGCTGTTAGTGACAAACAGTCTGCGG		
	REV CCGCAGACTGTTTGTCACTAACAGCTTTTCTTGTATCCAAATTAGC		
	Site directed mutagenesis S296D FW GCTAATTTGGATACAAGAAAAGATGTTAGTGACAAACAGTCTGCGG	This study	
	REV CCGCAGACTGTTTGTCACTAACATCTTTTCTTGTATCCAAATTAGC		N/A
	Site directed mutagenesis T371A		
	FW		
	REV		
	Site-directed mutagenesis T371D		
	FW		
	REV		
	Site-directed mutagenesis R425V		
	FW CCGGACAAGTGTCATGTTAAAAGACAGATGGGTGACCATGAAG		
	REV CTTCATGGTCACCCATCTGTCTTTTAACATGACACTTGTCCGG		
	Site-directed mutagenesis R13AG18A		
	FW CCCGAGCCCGGCGGGCTGTGCGGATGCTAGGGATGCCG		
	REV CGGCATCCCTAGCATCCGCACAGCCCGCCGGGCTCGGG		
	qPCR amplification of telomeric DNA		
	FW ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT	Cawthon et al, 2002	
	REV TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA		
	ANTIBODIES		
	Rabbit anti-hstone H3	Abcam	ab1791
	Mouse anti-GAPDH	ProteinTech	60004-1
	Mouse anti-Flag M2	Sigma	F3165
	GFP-HRP conjugated	Miltenyi Biotech	130-091-833
	Rabbit anti-M6adenine	SYSY	202003
	Rabbit anti-Rap1	Bethyl	A300-306
	Rabbit anti-TRF1	Homemade	N/A
	Rabbit anti-TRF2	Novus	NB110-57130
	Mouse anti-Lamin A/C	Santa Cruz	sc-7292
	Mouse anti-NPC complex proteins	Sigma	N8786
	Rabbit anti-Lamin A/C	Sigma	L1293
	Rabbit anti-NuMA	Bethyl	A301-510
	CHEMICALS		
	SiR-DNA probe	Spirochrome	SC007
	Shield1	Abious	AOB1848
	Thymidine	Sigma	T1895
	Nocodazole	Sigma	M1404
	Calyculin A	Sigma	208851

Table 1 :

 1 List of proteins identified by GFP-Trap after filtering (see material and methods).Les télomères représentent les extrémités naturelles de chromosomes linéaires. Les télomères sont des régions du génome connues pour être difficiles à répliquer, de par leur nature répétitive et les structures secondaires qui s'y forment et peuvent empêcher le passage correct de la fourche de réplication. Pour faciliter cette réplication et ainsi prévenir de dommages irréversibles au cours de la réplication, TRF1 coopère avec plusieurs protéines, dont les hélicases WRN et RTEL1, afin de promouvoir le désassemblage des structures secondaires au télomères.A chaque cycle cellulaire, les télomères des cellules somatiques raccourcissent. Lorsqu'ils atteignent une longueur dite « critique », les sous-unités du complexe shelterin ne permettent plus une inhibition suffisante des voies de signalisations des dommages à l'ADN. Ceci va engendrer l'activation de points de contrôle du cycle cellulaire, principalement via les gènes suppresseurs de tumeur p53 et Rb, et l'arrêt de la division. Ce phénomène est appelé senescence replicative et participe activement au Or les télomères, comme indiqué précédemment, sont des régions difficiles à répliquer et donc une source importante de stress replicatif au sein de la cellule. L'entrée en mitose d'une cellule qui possède des régions dont la réplication est incomplète engendre la formation de pont chromatiniens en anaphase, qui vont également impacter la ségrégation correcte des chromosomes en mitose. De manière similaire à la formation de chromosomes dicentriques, ces ponts sont une source d'instabilité génomique importante et peuvent engendrer la formation de réarrangements et de micro-noyau, sources d'aneuploïdie.Malgré la forte interaction fonctionnelle entre la stabilité des télomères et la division mitotique, peu d'études à ce jour se sont intéressées à l'étude des télomères en mitose.Il existe cependant des éléments qui permettent de soulever l'hypothèse que des mécanismes particuliers existent pour assurer la division correcte de ces séquences. Par exemple, les télomères possèdent un mécanisme de cohésion des chromatides soeurs qui diffère de celui employé aux centromères ou au niveau des bras chromosomiques.

				Presence
			Established	in
		Accession	connexion to	PICh/BioID
	Protein name	Number	telomeres (Ref)	/QTIP
	Serine/threonine-protein		YES (Shen ZJ,	
	phosphatase 2A regulatory subunit A		Nat Comm	
	alpha	2AAA_HUMAN	2015)	None
	ATP-binding cassette sub-family F			
	member 1	ABCF1_HUMAN	NO	None
	Adrenocortical dysplasia protein			QTIP, PICh,
	homolog	ACD_HUMAN	YES	BioID
	Alpha-adducin OS=Homo sapiens	ADDA_HUMAN	NO	QTIP
	Gamma-adducin OS=Homo sapiens	ADDG_HUMAN	NO	None
	Fructose-bisphosphate aldolase A	ALDOA_HUMAN NO	None
	AP-2 complex subunit mu	AP2M1_HUMAN NO	None
	Barrier-to-autointegration factor	BAF_HUMAN	YES (Dechat)	None
	Platelet glycoprotein 4	CD36_HUMAN	NO	None
	Uncharacterized protein C7orf50	CG050_HUMAN	NO	None
	Cytoskeleton-associated protein 4			
	OS=Homo sapiens	CKAP4_HUMAN	NO	None
	Condensin complex subunit 1			
	OS=Homo sapiens	CND1_HUMAN	NO	BioID, QTIP
	Condensin complex subunit 2	CND2_HUMAN	NO	BioID
	Condensin complex subunit 3	CND3_HUMAN	NO	BioID, PICh
			YES (s. pombe)	
			H. Inoue et al,	
	Casein kinase II subunit alpha'	CSK22_HUMAN	NAR, 2019	None
	Cullin-1	CUL1_HUMAN	NO	None
	Cytospin-B	CYTSB_HUMAN	NO	None
			I.L de Silanes et	
			al, Nat Comm	
			2010; S.	
			Lachapelle et al,	
			J. proteome Res.	
	Cluster of Nucleolar RNA helicase 2	DDX21_HUMAN	2011)	None
	Probable ATP-dependent RNA helicase			
	DDX6	DDX6_HUMAN	NO	None
	Probable ATP-dependent RNA helicase			
	DDX60	DDX60_HUMAN	NO	None
			YES (p LI et al,	
			Int J Biol Sci,	
	Desmoplakin OS=Homo sapiens	DESP_HUMAN	2019)	None

vieillissement de l'organisme. Toutefois, certaines cellules dites transformées sont déficientes pour l'activation de ces points de contrôle, et ceci va aboutir à la formation de fusions entre télomères. Ces fusions constituent une menace importante pour la stabilité du génome en créant des chromosomes dit dicentriques (i.e. possédant deux centromères) qui vont initier un cycle de fusion-pont-cassure. Ces chromosomes dicentriques vont en effet former un pont pendant la mitose, en anaphase, et vont ensuite casser en étant attirés à des pôles opposés du fuseau mitotiques. La réparation de cette nouvelle cassure engendre alors le début d'un nouveau cycle via la formation d'un nouveau chromosome dicentrique. Au-delà de ce cycle, la formation de plus en plus d'études tendent à montrer qu'en cas de stress réplicatif, la réplication peut s'étendre au-delà de la phase S, jusqu'en mitose.

La cohésion des chromatides soeurs est maintenue depuis leur réplication en phase S jusqu'en prophase. Une des sous-unités du complexe cohésine, SA2, est responsable d'assurer la cohésion aux centromères et aux bras chromosomiques tandis que la cohésion des centromères est assurée par la sous-unité SA1, qui peut se lier à la sousunité du complexe shelterin TRF1. En outre, la séparation des télomères en mitose dépend de l'action de la protéine Tankyrase, via la Poly-ADP-Ribosylation de TRF1. En cas d'inhibition de la Tankyrase, la cohésion aux télomères persiste et induit un délai mitotique.

des mécanismes potentiels par lesquels ils pourraient contribuer au bond éroulé de la mitose. Dans ce but, nous avons développé une approche protéomique nous
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The 5 other proteins found enriched in mitosis have various functions and to our knowledge have not be linked to mitotic progression. Only one of these candidates could be indirectly linked to telomere maintenance based on the literature: The Major-Vault protein (MVP) is a component of the so-called Vaults particles, large ribonucleoprotein complexes found in the cytoplasm and nucleus of eukaryotic cells.

Within this complex, MVP interacts with the telomerase-associated protein 1 (TEP1), a protein that interacts with telomerase RNA [START_REF] Harrington | A Mammalian Telomerase-Associated Protein[END_REF]). However, the role of TEP1 in telomere maintenance or telomerase activity has not been elucidated and TEP1 depletion in mouse did not result in change in telomere length or telomerase activity [START_REF] Liu | Telomerase-associated protein TEP1 is not essential for telomerase activity or telomere length maintenance in vivo[END_REF]. It is therefore delicate to draw hypothesis on the reason why this protein would be enriched in TRF1 IP in mitosis. As with any mass-spectrometry based screen, it is likely that some of the retrieved hits are false-positive and further characterization of these candidates should be carried out in future experiments.

B. NuMA's function in regulating TRF1 levels.

We mainly focused on the candidate NuMA in this study, because of its described interaction with the TRF1-partner Tankyrase. We showed that depletion on NuMA leads to a reduction in TRF1 levels. Chromatin isolation of NuMA depleted-cells revealed that this is visible on the chromatin-bound fraction but not the nuclear soluble fraction, suggesting that NuMA positively regulates the levels of TRF1 bound to telomeres. As mentioned in the previous paragraph, an important question remains unanswered: Is NuMA a TRF1 interactant, a telomere interactant, or both? Telomeric repeats were not found enriched in ChIP samples from NuMA IP. Moreover, NuMA is released from chromatin upon mitotic entry via CDK1-mediated phosphorylation, which drives its localization at the spindle poles [START_REF] Rajeevan | NuMA Interaction with Chromatin Is Vital for Proper Chromosome Decondensation at the Mitotic Exit[END_REF]. This raise the hypothesis that NuMA is not present at telomeres but rather interact with telomere-unbound TRF1. By interacting with telomere-unbound TRF1, NuMA could be involved in protecting TRF1

For this reason, we initiated experiments aiming at understanding the impact of TRF1 phosphorylation on its dynamics in mitosis. Although results are preliminary, we could show that that simultaneous phosphorylation of S296, S435 and T371 of TRF1 was not sufficient to completely impede TRF1 binding to telomeres. Future experiments will involve a deeper phenotypic characterization of these phosphomimetic and phosphodead mutants, to assess their involvement in the regulation of TRF1. First, the impact of individual as well as triple mutations on TRF1 binding in mitosis need to be assessed by live-cell microscopy followed by image quantification. Additionally, the effect of TRF1 phosphorylation status on telomere stability also need to be tested, for instance by monitoring the presence of TIFs. Finally, a mass spectrometry approach could be undertaken to identify additional TRF1 phosphorylated residues in mitosis specifically. 
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Supplementary Material and methods

Quantification of yH2AX and 53BP1 foci

Immunofluorescence staining using anti-TRF1 (homemade) and either mouse anti-yH2AX (Biolegend, #B158027) or rabbit anti-52BP1 (Santa Cruz #sc-22760) antibodies was performed on HeLa LT cells transfected with either siCtrl or siNuMA for 72hours. The number of foci per cell was 129uantified using the CellProfiler software.

Telomere FISH on metaphase spreds

HeLa LT cells were grown to ~ 40% confluence and incubated with 0.1 µg/ml colcemide for 2 hours. Cells were harvested by trypsinization, swollen in 0.075M KCl for 7 min at 37 °C, and fixed in methanol/acetic acid (3:1). Fixed cells were spread on water-wetted microscope glass slides, washed with fresh fixative, and dried on a humidified 80 °C heat block. After aging overnight, slides were washed in 1X PBS for 5 min followed by consecutive incubation with 75%, 95% and 100% ethanol. Slides were allowed to air dry for 30 min before applying hybridizing solution (70% formamide, 1 mg/ml blocking reagent (Roche), 10 mM Tris-HCl pH 7.2) containing diluted 1:250 FITC-OO-(CCCTAA)3 PNA probe (Panagene Cat. No. F1009). Spreads were denatured for 3 min at 80 ºC on a heat block and hybridized at RT for 2 hours. Slides were washed twice with 70% formamide, 10 mM Tris-HCl (15 min each wash), followed by three washes in 0.1 M Tris-HCl, pH 7.0, 0.15 M NaCl, 0.08% Tween-20 (5 min each). Chromosomal DNA was counterstained with DAPI added to the second wash. Slides were mounted with Mowiol homemade mounting medium and metaphase chromosomes were imaged using a LEICA DM6000 microscope. Images were processed using ImageJ software.
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