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Most cancer-related chromosomal translocations appear to be cell type-specific. For example, the MYC-IGH translocation

Synthèse en Français

De nombreux cancers sont liées à des translocations chromosomiques qui semblent être spécifiques à un type cellulaire. Par exemple, la translocation MYC-IGH a toujours été décrite dans des cellules de la lignée lymphoïde B. Cela pourrait être dû soit à une translocation spontanée spécifique d'un type cellulaire entre deux loci; soit à une sélection posttranslocation de cellules qui ont acquis un avantage de survie sélectif, tel qu'une croissance accrue ou une résistance à l'apoptose. Dans ce travail, nous avons étudié expérimentalement cette observation, par induction simultanée de plusieurs cassures double brin (CDB) sur des loci spécifiques pour générer des translocations chromosomiques spécifiques dans des cellules d'origines différentes : RPMI8866 (lymphoïde, cellule B), Jurkat (lymphoïde, cellule T), K562 (myéloïde), MRC5 (fibroblaste pulmonaire) et épithélial). À cet effet, un protocole d'électrotransfection a été optimisé pour transfecter les cellules, y compris les cellules difficiles à transfecter telles que les cellules B, avec des plasmides codant pour la nucléase Cas9 et des ARN guides (ARNg).

Quatre gènes ont été sélectionnés et des ARNg ont été conçus pour induire des CDB précis pour récapituler des translocations chromosomiques oncogènes du lymphome de Burkitt et de la leucémie aiguë myéloïde (LAM). Deux groupes 3-CDB ont ensuite été constitués, MYC-IGH-AML (MIA) et AML-ETO-IGH (AEI), pour comparer la fréquence des translocations chromosomiques résultantes après induction des CDB. Dans chaque type cellulaire, les deux groupes de 3-CDB ont été induits en utilisant le protocole d'électrotransfection optimisé. Les translocations générées ont ensuite été quantitativement détectées en qPCR à l'aide d'amorces PCR spécifiques à la translocation.

Notre modèle expérimental nous a permis de montrer dans différentes cellules que les translocations chromosomiques générées après induction de CDB ne sont pas toujours réciproques. Dès 48 heures après l'électrotransfection, les cellules montrent une préférence en faveur de la formation de chromosomes dérivés monocentriques plutôt que dicentriques ou acentriques. Cette étude a également confirmé que la voie alternative de la réparation non homologue de l'ADN (aNHEJ) était la voie préférentielle de formation des translocations chromosomiques après CDB induites. Pour comparer la fréquence des translocations formées entre les différents types cellulaires, nous avons choisi de ne considerer pour chaque type de translocations, que les chromososomes dérivés monocentriques avec la fréquence la plus élevée. Nos résultats retrouvent des fréquences de translocation différentes entre les types cellulaires. Dans le groupe MIA, la translocation oncogène MYC-IGH avait la fréquence la plus élevée après induction de CDB. Dans le groupe AEI, la translocation ETO-IGH, non connu pour être associée à un cancer était plus fréquente compare à la translocation oncogène AML-ETO décrite dans certains LAM. Nous avons en outre été montré dans notre modèle expérimental, que les translocations chromosomiques induites étaient générées indépendamment de la position radiale nucléaire, de l'activité de transcription et de l'accessibilité de la chromatine des loci des gènes. Seule la proximité spatiale entre les loci des gènes après l'induction de la CDB était en corrélation avec les fréquences de translocation observes. Cette correlation soutient le modèle de formation des translocations du «breakage first» dans notre modèle. De plus, la culture à long terme de cellules avec les translocations chromosomiques générées jusqu'à 60 jours a montré des résultats variables de persistance ou de survie en function du type cellulaire.

Ce qui suggère que l'acquisition d'un avantage de survie sélectif après la formation des translocations est spécifique du type cellulaire.

Les translocations chromosomiques faisant généralement suite à une atteinte de l'intégrité du génome de la cellule, le rôle de p53 dans la formation des chromosomes a été étudié. L'un ou l'autre des deux groupes de 3 CDB (MIA et AEI) ont été induit dans une lignée cellulaire après l'induction de CDB. Enfin, après la formation d'une translocation chromosomique, la persistence ou non de la cellule depend essentiellement du type cellulaire. Maligner Tumoren) where he postulated the existence of "growth stimulatory chromosomes" that would be responsible for the unlimited growth of tumor cells if permanently increased [START_REF] Balmain | Cancer genetics: From Boveri and Mendel to microarrays[END_REF][START_REF] Boveri | Concerning the Origin of Malignant Tumours by Theodor Boveri. Translated and annotated by Henry Harris[END_REF]). Boveri's series of works facilitated the development of the Chromosome Theory of Heredity, that states: "individual chromosomes possesses different information that can be passed on to the respective progenies," and provided the first mechanistic basis of the now widely accepted concepts of Mendelian genetics [START_REF] Balmain | Cancer genetics: From Boveri and Mendel to microarrays[END_REF].
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After Boveri's death in 1915, his wife named Marcella O'Grady Boveri who worked closely with him, continued working on his manuscript for it to be published in 1918, and she then translated the rest of his works in English in 1929 [START_REF] Satzinger | Theodor and Marcella Boveri: Chromosomes and cytoplasm in heredity and development[END_REF][START_REF] Satzinger | Brenner's Encyclopedia of Genetics: Second Edition[END_REF].

It took several decades after the death of Boveri to finally realize that the novel and abnormal chromosomes that were usually observed in malignant or tumor cells were products of chromosomal rearrangements. This was demonstrated by Janet Rowley, using Giemsa and quinacrine staining, that some chromosomes in human cancer cells can swap their parts to each other, a phenomenon that was designated as chromosomal translocation [START_REF] Druker | Janet Rowley (1925-2013[END_REF][START_REF] Rowley | Chromosome translocations: Dangerous liaisons revisited[END_REF]Rowley, , 2008a)). In 1973, Rowley released the first reports of human cancer-related chromosomal translocations involving chromosomes 8 and 21 in acute myeloid leukemia (AML) (Rowley, 1973b) and chromosomes 9 and 21 in chronic myeloid leukemia (CML) (Rowley, 1973a). In particular, Rowley noticed that the additional faint material on chromosome 9 is approximately equal to the amount missing on chromosome 22 in cells obtained from patients with chronic myeloid leukemia (Rowley, 1973a). This chromosome 22 with a missing part turned out to be actually the "minute chromosome" or the Philadelphia chromosome which was previously described in 1960 [START_REF] Nowell | Chromosome Studies on Normal and Leukemic Human Leukocytes[END_REF]. Three years after Rowley's report, the translocation between chromosomes 8 and 14 in Burkitt's lymphoma was then reported [START_REF] Zech | Characteristic chromosomal abnormalities in biopsies and lymphoid-cell lines from patients with burkitt and non-burkitt lymphomas[END_REF]. With the advancement of molecular cloning techniques, the specific genes involved in the translocations were then identified a few years after their first report. In CML, the ABL gene on chromosome 9 (A. De [START_REF] Klein | A cellular oncogene is translocated to the Philadelphia chromosome in chronic myelocytic leukaemia[END_REF] was identified to translocate to the breakpoint cluster region (BCR) on chromosome 22 [START_REF] Groffen | Philadelphia chromosomal breakpoints are clustered within a limited region, bcr, on chromosome 22[END_REF][START_REF] Heisterkamp | Localization of the c-abl oncogene adjacent to a translocation break point in chronic myelocytic leukaemia[END_REF], producing the BCR-ABL fusion gene product [START_REF] Shtivelman | Fused transcript of abl and bcr genes in chronic myelogenous leukaemia[END_REF]. In Burkitt's lymphoma, the MYC gene on chromosome 8 [START_REF] Dalla-Favera | Human c-myc onc gene is located on the region of chromosome 8 that is translocated in Burkitt lymphoma cells[END_REF] was found to juxtapose to the 5' end of the immunoglobulin heavy chain (IGH) locus (Taub et al., 1982), resulting in MYC overexpression [START_REF] Ar-Rushdi | Differential expression of the translocated and the untranslocated c-myc oncogene in Burkitt lymphoma[END_REF].

Currently, a large number of chromosomal rearrangements have been reported to be implicated in cancer (Figure 1). Indeed, chromosomal translocations are hallmarks of many types of cancer [START_REF] Wilch | Historical and Clinical Perspectives on Chromosomal Translocations[END_REF]. Among them, approximately 20% of soft tissue sarcomas, more than the majority of leukemias and almost all of lymphomas exhibit or are directly caused by chromosomal translocations [START_REF] Lobato | Modeling Chromosomal Translocations Using Conditional Alleles to Recapitulate Initiating Events in Human Leukemias[END_REF][START_REF] Nakano | Translocation-Related Sarcomas[END_REF][START_REF] Nambiar | How does DNA break during chromosomal translocations?[END_REF]. Carcinomas, which account for around 75% of all cancers [START_REF] Bray | Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries[END_REF][START_REF] Ferlay | Estimating the global cancer incidence and mortality in 2018: GLOBOCAN sources and methods[END_REF], do exhibit chromosomal abnormalities such as translocations, but they are often complex and inconsistent compared to the simple and reciprocal translocations found in lymphoma, leukemia and sarcoma cases [START_REF] Mertens | The emerging complexity of gene fusions in cancer[END_REF][START_REF] Mitelman | The impact of translocations and gene fusions on cancer causation[END_REF][START_REF] Mitelman | Mitelman Database of Chromosome Aberrations and Gene Fusions in Cancer[END_REF][START_REF] Nambiar | How does DNA break during chromosomal translocations?[END_REF]. Almost all lymphomas, more than the majority of leukemias and around 20% of soft-tissue sarcomas have or are directly caused by chromosomal translocations. Most of the carcinomas often have complex chromosomal aberrations that include other than just chromosomal translocations.

Types of chromosomal translocations

Several types of chromosomal translocations have been described [START_REF] Bohlander | Chromosome Rearrangements and Translocations[END_REF][START_REF] Morin | Translocations, inversions and other chromosome rearrangements[END_REF]. Generally, chromosomal translocations are considered reciprocal (Figure 2A) if the exchange between chromosomes is bidirectional. On the other hand, non-reciprocal chromosomal translocations occur if the exchange is unidirectional (Figure 2B). Chromosomal translocations can also be balanced or unbalanced, depending on whether there is no net gain or loss of genomic material following the exchange of chromosomal parts. In reciprocal translocations, one of the three sets of possible derivative chromosomes can be produced:

(1) the two chromosomes exchange their smaller broken parts producing derivative chromosomes with one centromere (monocentric) (Figure 2A).

(2) the bigger parts of the broken chromosomes join together, producing a derivative chromosome with two centromeres (dicentric), and the smaller parts from the broken chromosomes join together producing a derivative chromosome without a centromere (acentric) (Figure 2A).

(3) A variant of the second set where two acrocentric chromosomes are involved and fuse at the centromere (Figure 2C). This type of translocation is commonly referred to as a Robertsonian translocation first described in 1916 [START_REF] Robertson | Chromosome studies. I. Taxonomic relationships shown in the chromosomes of tettigidae and acrididae: V-shaped chromosomes and their significance in acrididae, locustidae, and gryllidae: Chromosomes and variation[END_REF]. The other remaining broken short p arms also fuse and become an acentric chromosome.

However dicentric and acentric chromosomes are generally mitotically lethal or unstable, and so they are often lost after repeated rounds of cell division [START_REF] Bohlander | Chromosome Rearrangements and Translocations[END_REF]. On the other hand, Robertsonian translocations can persists in meiosis and form trivalents, potentially developing nullisomic or disomic gametes, that during fertilization may produce either monosomic or trisomic zygotes [START_REF] Morin | Translocations, inversions and other chromosome rearrangements[END_REF]. 

Consequences of chromosomal translocations

Chromosomal translocation can bring about significant molecular and functional consequences to the cell that can cause its transformation and malignancy. Generally, chromosomal translocations can result in:

(1) The formation of a fusion protein that has an oncogenic activity (Figure 3A). In the case of CML, the BCR-ABL fusion protein has been found to cause its malignancy [START_REF] Daley | Induction of chronic myelogenous leukemia in mice by the P210 bcr/abl gene of the Philadelphia chromosome[END_REF][START_REF] Daley | Transformation of an interleukin 3-dependent hematopoietic cell line by the chronic myelogenous leukemia-specific P210(bcr/abl) protein[END_REF][START_REF] Gishizky | Efficient transplantation of BCR-ABLinduced chronic myelogenous leukemia-like syndrome in mice[END_REF];

(2) The aberrant expression of an otherwise normal gene (Figure 3B). Usually this aberrantly expressed gene used to be a proto-oncogene that has become under the regulatory control of a highly expressed gene promoter, as in the case of Burkitt's lymphoma which is caused by the abnormal overexpression of the MYC gene leading to its malignancy [START_REF] Adams | The c-myc oncogene driven by immunoglobulin enhancers induces lymphoid malignancy in transgenic mice[END_REF].

(3) The large-scale changes in cell's nuclear organization [START_REF] Allinne | Perinucleolar relocalization and nucleolin as crucial events in the transcriptional activation of key genes in mantle cell lymphoma[END_REF][START_REF] Bickmore | Genome Architecture: Domain Organization of Interphase Chromosomes[END_REF][START_REF] Bohlander | Chromosome Rearrangements and Translocations[END_REF][START_REF] Meaburn | Spatial Genome Organization and Its Emerging Role as a Potential Diagnosis Tool[END_REF][START_REF] Pannunzio | Concept of DNA Lesion Longevity and Chromosomal Translocations[END_REF][START_REF] Zheng | The role of 3D genome organization in development and cell differentiation[END_REF]. This was just recently uncovered, further showing the oncogenic potentials that chromosomal translocations can bring about. Chromosomal translocations can bring about the formation of fusion protein (A) or the aberrant expression of an otherwise normal gene (B). Either of the two can significantly affect the cell's normal functions that can lead to its transformation and malignancy.

Formation of chromosomal translocations

Chromosomal translocations are formed when non-homologous chromosomes exchange their parts with each other. This happens when DNA double strand breaks (DSBs) occur and are incorrectly repaired. Instead of the original parts getting back together, parts belonging to different non-homologous chromosomes are joined together producing chimeric or translocated chromosomes.

DSBs can be generated in the cell at any time. They can be one of the effects if the cell is exposed to environmental factors such as the ionizing radiation of X-rays and alpha particles [START_REF] Cannan | Mechanisms and Consequences of Double-Strand DNA Break Formation in Chromatin[END_REF][START_REF] Georgakilas | Processing of DNA damage clusters in human cells: Current status of knowledge[END_REF][START_REF] Sax | Chromosome Aberrations Induced by X-Rays[END_REF][START_REF] Shikazono | The Yield, Processing, and Biological Consequences of Clustered DNA Damage Induced by Ionizing Radiation[END_REF][START_REF] Sutherland | Clustered DNA Damages Induced by X Rays in Human Cells[END_REF][START_REF] Ward | DNA Damage Produced by Ionizing Radiation in Mammalian Cells: Identities, Mechanisms of Formation, and Reparability[END_REF]. Likewise, they can be intentionally formed as part of the cell's regular cellular like meiotic recombination, V(D)J recombination, somatic hypermutation (SHM) and class switch recombination (CSR) [START_REF] Chaudhuri | Evolution of the Immunoglobulin Heavy Chain Class Switch Recombination Mechanism[END_REF][START_REF] Cobb | Accessibility Control of V(D)J Recombination[END_REF][START_REF] Davis | T-cell antigen receptor genes and T-cell recognition[END_REF][START_REF] De Massy | Initiation of Meiotic Recombination: How and Where? Conservation and Specificities Among Eukaryotes[END_REF][START_REF] Di Noia | Molecular Mechanisms of Antibody Somatic Hypermutation[END_REF][START_REF] Krangel | Mechanics of T cell receptor gene rearrangement[END_REF][START_REF] Paigen | Mammalian recombination hot spots: Properties, control and evolution[END_REF]. However, they can be accidentally generated in cellular activities like gene transcription, DNA replication and oxidative metabolism [START_REF] Fraga | Oxidative damage to DNA during aging: 8-hydroxy-2'-deoxyguanosine in rat organ DNA and urine[END_REF][START_REF] Helmrich | Common fragile sites are conserved features of human and mouse chromosomes and relate to large active genes[END_REF][START_REF] Helmrich | Collisions between Replication and Transcription Complexes Cause Common Fragile Site Instability at the Longest Human Genes[END_REF][START_REF] Huertas | Cotranscriptionally Formed DNA:RNA Hybrids Mediate Transcription Elongation Impairment and Transcription-Associated Recombination[END_REF][START_REF] Iannelli | A damaged genome's transcriptional landscape through multilayered expression profiling around in situ -mapped DNA double-strand breaks[END_REF][START_REF] Tallec | Molecular profiling of common fragile sites in human fibroblasts[END_REF][START_REF] Lindahl | Rate of depurination of native deoxyribonucleic acid[END_REF][START_REF] Pfeiffer | Mechanisms of DNA double-strand break repair and their potential to induce chromosomal aberrations[END_REF][START_REF] Sutherland | Heritable fragile sites on human chromosomes II. Distribution, phenotypic effects, and cytogenetics[END_REF][START_REF] Syeda | Recombination and Replication[END_REF]. These DSBs, whether deliberately produced in the cell or not, can serve as the starting point for chromosomal translocation formation.

Not all DSBs lead to chromosomal translocations as they are repaired by either one of the two major repair pathways: the template-dependent and faithful homologous recombination or homology directed repair (HR) or the template-independent and error-prone non-homologous end joining (NHEJ). The HR pathway is predominantly active during the replicative cell cycle stage (S stage) and uses the corresponding homologous template from the unbroken strand to faithfully repair the breakage [START_REF] Jasin | Repair of Strand Breaks by Homologous Recombination[END_REF][START_REF] Prakash | Homologous Recombination and Human Health: The Roles of BRCA1, BRCA2, and Associated Proteins[END_REF]. In contrast, the NHEJ pathway is active all throughout the cell cycle and does not use a homologous template and just ligates the broken ends together [START_REF] Boboila | Chapter One-Classical and Alternative End-Joining Pathways for Repair of Lymphocyte-Specific and General DNA Double-Strand Breaks[END_REF][START_REF] Lieber | The Mechanism of Double-Strand DNA Break Repair by the Nonhomologous DNA End-Joining Pathway[END_REF]. As such, chromosomal translocations are brought about by the NHEJ pathway [START_REF] Lieber | Nonhomologous DNA End Joining (NHEJ) and Chromosomal Translocations in Humans[END_REF][START_REF] Misteli | Higher-order Genome Organization in Human Disease[END_REF][START_REF] Pannunzio | Concept of DNA Lesion Longevity and Chromosomal Translocations[END_REF][START_REF] Roukos | The biogenesis of chromosome translocations[END_REF]. The NHEJ pathway is further divided into either classical or alternative pathway. The classical NHEJ (cNHEJ) pathway is initiated by the Ku complex while the alternative NHEJ (aNHEJ) pathway is by poly ADP-ribose polymerase 1 (PARP1) [START_REF] Matta | Insight into DNA substrate specificity of PARP1-catalysed DNA poly(ADP-ribosyl)ation[END_REF][START_REF] Mladenov | Induction and repair of DNA double strand breaks: The increasing spectrum of non-homologous end joining pathways[END_REF][START_REF] Sutcu | Role of PARP-catalyzed ADP-ribosylation in the Crosstalk Between DNA Strand Breaks and Epigenetic Regulation[END_REF][START_REF] Unoki | CDCA7 and HELLS mutations undermine nonhomologous end joining in centromeric instability syndrome[END_REF][START_REF] Unoki | CDCA7 and HELLS suppress DNA:RNA hybrid-associated DNA damage at pericentromeric repeats[END_REF][START_REF] Wray | PARP1 is required for chromosomal translocations[END_REF][START_REF] Zarkovic | Characterization of DNA ADP-ribosyltransferase activities of PARP2 and PARP3: New insights into DNA ADP-ribosylation[END_REF].

The formation of chromosomal translocation is not a simple process. There are numerous cellular factors that influence each other and affect multiple stages in the chromosomal translocation formation: from the native motion of chromatin to the potential sources of DSBs in the cell, both extrinsic and intrinsic, and up to their possible mis-repair. As part of this study, these cellular factors are reviewed in (Canoy et al., 2021-in preparation).

Models of chromosomal translocation formation

Two models were proposed to explain the formation of chromosomal translocations in cells (Figure 4) [START_REF] Mccord | 3D Genome Organization Influences the Chromosome Translocation Pattern[END_REF][START_REF] Meaburn | Spatial genome organization in the formation of chromosomal translocations[END_REF][START_REF] Misteli | The emerging role of nuclear architecture in DNA repair and genome maintenance[END_REF][START_REF] Roukos | The cellular etiology of chromosome translocations[END_REF]. The contact-first model posits that translocations are formed from gene loci that are already proximally close to each other before the occurrence of DSBs. On the other hand, the breakage-first model posits that DSBs move in the nuclear space and find their respective partners to form chromosomal translocations. In the first model, spatial proximity between the potential translocation partners before the breakage is essential to form the translocation; while in the second model, translocation can be formed between distal DSBs. Several pieces of evidence support either one of the two models and are summarized in the following subsections. The "contact-first" model (left) posits that translocations occur among those gene loci that are already spatially proximal to each other before the occurrence of DSB. The "breakage-first" model (right) posits that DSBs or chromosomal broken ends move and roam around the nuclear space to find their translocation partner. This figure is derived from [START_REF] Misteli | The emerging role of nuclear architecture in DNA repair and genome maintenance[END_REF].

Contact-first model

Cytogenetic studies have shown a strong correlation between proximallypositioned gene loci and translocation formation, thus providing support to the contact-first model [START_REF] Bickmore | Influences of chromosome size, gene density and nuclear position on the frequency of constitutional translocations in the human population[END_REF][START_REF] Branco | Intermingling of Chromosome Territories in Interphase Suggests Role in Translocations and Transcription-Dependent Associations[END_REF][START_REF] Meaburn | Spatial genome organization in the formation of chromosomal translocations[END_REF][START_REF] Nikiforova | Proximity of Chromosomal Loci That Participate in Radiation-Induced Rearrangements in Human Cells[END_REF][START_REF] Parada | Conservation of Relative Chromosome Positioning in Normal and Cancer Cells[END_REF][START_REF] Roix | Spatial proximity of translocation-prone gene loci in human lymphomas[END_REF].

Gene loci that usually translocate in cancer cells are proximally positioned in the nuclei of normal cell counterpart, as in the case of the following gene pairs:

MYC-IGH, BCR-ABL and PML-RARA that are located 1-2 µm from each other in the nuclear space [ [START_REF] Kozubek | The topological organization of chromosomes 9 and 22 in cell nuclei has a determinative role in the induction of t(9,22) translocations and in the pathogenesis of t(9,22) leukemias[END_REF][START_REF] Neves | The Nuclear Topography of ABL, BCR, PML, and RAR Genes: Evidence for Gene Proximity in Specific Phases of the Cell Cycle and Stages of Hematopoietic Differentiation[END_REF][START_REF] Roix | Spatial proximity of translocation-prone gene loci in human lymphomas[END_REF], reviewed in [START_REF] Osborne | Molecular pathways: Transcription factories and chromosomal translocations[END_REF]]. This was further demonstrated in a live-cell imaging and in a high-resolution Hi-C spatial organization map where most translocations were shown to form from loci who are initially proximal to each other before DSB induction or have high contact frequencies [START_REF] Roukos | Spatial Dynamics of Chromosome Translocations in Living Cells[END_REF][START_REF] Zhang | Spatial Organization of the Mouse Genome and Its Role in Recurrent Chromosomal Translocations[END_REF].

Breakage-first model

Support for the breakage-first model were manifested in mammalian cells by the ability of DSBs induced by α-particles to move over several micrometers and coalesce [START_REF] Aten | Dynamics of DNA Double-Strand Breaks Revealed by Clustering of Damaged Chromosome Domains[END_REF] and their increased mobility compared to intact loci after γ-irradiation [START_REF] Krawczyk | Chromatin mobility is increased at sites of DNA double-strand breaks[END_REF]. In addition, live cell imaging demonstrated that 5% of the translocations were generated from DSBs who could move for up to 5 µm [START_REF] Roukos | Spatial Dynamics of Chromosome Translocations in Living Cells[END_REF], providing evidence that chromosomal translocation can be generated from distal gene loci after DSB induction. In addition, mammalian DSBs were noted to exhibit a limited movement that is similar to that of an intact gene locus having a mean squared displacement of around 1 µm 2 /h [ [START_REF] Jakob | Live cell microscopy analysis of radiation-induced DNA double-strand break motion[END_REF][START_REF] Kruhlak | Changes in chromatin structure and mobility in living cells at sites of DNA double-strand breaks[END_REF][START_REF] Marshall | Interphase chromosomes undergo constrained diffusional motion in living cells[END_REF][START_REF] Nelms | In Situ Visualization of DNA Double-Strand Break Repair in Human Fibroblasts[END_REF][START_REF] Soutoglou | Positional stability of single double-strand breaks in mammalian cells[END_REF], reviewed in [START_REF] Iarovaia | Dynamics of double strand breaks and chromosomal translocations[END_REF][START_REF] Mccord | 3D Genome Organization Influences the Chromosome Translocation Pattern[END_REF][START_REF] Roukos | The cellular etiology of chromosome translocations[END_REF]]. On the other hand, yeast DSBs actually move and explore larger volumes to facilitate homology search, synapsis and repair [ [START_REF] Dion | Increased mobility of double-strand breaks requires Mec1, Rad9 and the homologous recombination machinery[END_REF][START_REF] Miné-Hattab | Increased chromosome mobility facilitates homology search during recombination[END_REF], reviewed in [START_REF] Gothe | Dynamics of Double-Strand Breaks: Implications for the Formation of Chromosome Translocations[END_REF]].

Detection of chromosomal translocations

Chromosomal abnormalities, which include translocations, have been linked to a number of human diseases such as cancer, infertility, miscarriage and mental retardation [START_REF] Wilch | Historical and Clinical Perspectives on Chromosomal Translocations[END_REF]. Their accurate and efficient detection is of clinical importance for the diagnosis, prognosis, treatment and monitoring of applicable diseases [START_REF] Au | Rapid detection of chromosomal translocation and precise breakpoint characterization in acute myeloid leukemia by nanopore long-read sequencing[END_REF][START_REF] Jabbour | Chronic myeloid leukemia: 2018 update on diagnosis, therapy and monitoring[END_REF][START_REF] Morin | Translocations, inversions and other chromosome rearrangements[END_REF]. Chromosomal translocation detection is also used in the Preimplantation Genetic Diagnosis (PGD) [START_REF] Simpson | Overview of Preimplantation Genetic Diagnosis (PGD): Historical Perspective and Future Direction[END_REF][START_REF] Zhang | The establishment and application of preimplantation genetic haplotyping in embryo diagnosis for reciprocal and Robertsonian translocation carriers[END_REF] to screen and test early human embryos for chromosomal irregularities and genetic disorders. In the recent years, several methods were improved and developed to detect, quantify and visualize chromosomal abnormalities, including translocations. These conventional and molecular cytogenetic techniques involve the characterization and analysis of chromosomes and gene loci in terms of their number, structure, and genetic composition and sequence. The following sections summarize these methods in relation to the detection of chromosomal abnormalities, with emphasis on chromosomal translocations.

Karyotyping

The confirmation of the normal human karyotype in 1956, to be composed of 46 chromosomes in somatic cells [START_REF] Tjio | The Chromosome Number of Man[END_REF], ushered in the field of human cytogenetics (T. S. K. [START_REF] Wan | Cancer Cytogenetics: An Introduction[END_REF], especially in elucidating the link between chromosomes and cancer. The discovery of the Philadelphia chromosome in acute myeloid leukemia [START_REF] Nowell | Chromosome Studies on Normal and Leukemic Human Leukocytes[END_REF] and the demonstration by Janet Rowley in 1973 that the novel chromosomes that were usually described to appear in cancer cells were actually translocated chromosomes (Rowley, 1973a(Rowley, , 1973b)), were all made possible by karyotyping.

Karyotype is simply an image or a photo of the cell's metaphase chromosomes (Figure 5) [START_REF] Morrissette | Techniques to Detect Defining Chromosomal Translocations/Abnormalities[END_REF]. In karyotyping, live cells are collected from patients and grown in a special medium. The cells are then arrested in mitosis by using a mitotic spindle inhibitor, such as Colcemid TM , that prevents them from entering anaphase and thus staying at their metaphase stage. The cells are then treated with a staining agent like Giemsa, wright, quinacrine, or any appropriate stain to visualize and characterize the individual chromosomes.

Owing to its relevance in the diagnosis and management of diseases, karyotyping is routinely used in all cases of leukemias and it is the gold standard for detecting balanced chromosomal arrangements (BCA) (T. S. K. [START_REF] Wan | Cancer Cytogenetics: An Introduction[END_REF].

However, karyotyping has several drawbacks [START_REF] Dong | A Robust Approach for Blind Detection of Balanced Chromosomal Rearrangements with Whole-Genome Low-Coverage Sequencing[END_REF][START_REF] Sandberg | Cytogenetics and genetics of human cancer: Methods and accomplishments[END_REF] Meloni-Ehrig, 2010; T. S. K. [START_REF] Wan | Cancer Cytogenetics: An Introduction[END_REF]. For one, the culture of cells has stringent The MYC-IGH translocation is highlighted in this karyotype. This figure is derived from [START_REF] Angi | The t(8;14)(q24.1;q32) and its variant translocations: A study of 34 cases[END_REF].

Fluorescence in situ hybridization (FISH)

The inherent limitations in karyotyping led to the development of other methods such as the Fluorescence in situ Hybridization (FISH) in the early 1980s.

In this method, cells are treated to allow the entry of fluorescent probes where they hybridize to the complementary DNA sequence that is specific to the genomic region of interest. The fluorescent probes are then detected using a fluorescence microscope. The distribution of and the spatial proximity between FISH probes, with respect to the normal cells, are then computed and analyzed.

The colocalization between two FISH probes that are otherwise separated in normal cells would signify the physical pairing of translocation partners [START_REF] Wolff | Guidance for Fluorescence in Situ Hybridization Testing in Hematologic Disorders[END_REF].

As opposed to karyotyping, FISH can detect, to a certain extent, cryptic or subtle chromosomal rearrangements (T. S. K. [START_REF] Wan | Cancer Cytogenetics: An Introduction[END_REF]. In addition, this method can utilize other types of samples such as non-dividing cells (interphase cells), fresh or formalin-fixed paraffin-embedded (FFPE) tissue sections, and other cytological preparations [START_REF] Sandberg | Cytogenetics and genetics of human cancer: Methods and accomplishments[END_REF]. FISH methods have been instrumental in the diagnosis, prognosis, management and treatment of hematological cancers and solid tumors [START_REF] Lim | Fluorescence In Situ Hybridization on Tissue Sections[END_REF][START_REF] Tansatit | Applications of Fluorescence In Situ Hybridization Technology in Malignancies[END_REF]. When karyotyping is difficult, especially in largely quiescent cells in chronic lymphoid disorders or in cells with low mitotic index, FISH has become indispensable (T.

S. K. [START_REF] Wan | Cancer Cytogenetics: An Introduction[END_REF]. Drawbacks of FISH-based methods include its complex methodology, and while it is more sensitive than karyotyping, FISH cannot distinguish different breakpoints which may have crucial clinical implications, as in the case of e1a2 (minor) and e13/14a2 (major) of BCR-ABL1 translocation [START_REF] Harada | Detection of Chromosomal Translocation in Hematologic Malignancies by a Novel DNA-Based Looped Ligation Assay (LOLA)[END_REF]. As FISH essentially entails visual inspection, it can then be subjective and thus there is a need establish an internal laboratory protocol to circumvent the user's personal bias [START_REF] Burman | Quantitative detection of rare interphase chromosome breaks and translocations by high-throughput imaging[END_REF].

Over the years, more methods based on the FISH technology were developed in response to the growing understanding of the human genome. These include the comparative genomic hybridization (CGH) [START_REF] Kallioniemi | Comparative genomic hybridization for molecular cytogenetic analysis of solid tumors[END_REF] and the array-CGH (aCGH) [START_REF] Pinkel | High resolution analysis of DNA copy number variation using comparative genomic hybridization to microarrays[END_REF]C. Zhang et al., 2017) that can detect genetic imbalances and can determine the regions of gains or losses of DNA sequences in a chromosomal map. In addition, the multicolor FISH (mFISH) [START_REF] Liehr | Multicolor Karyotyping and Fluorescence In Situ Hybridization-Banding (MCB/mBAND)[END_REF][START_REF] Speicher | Karyotyping human chromosomes by combinatorial multi-fluor FISH[END_REF] and spectral karyotyping (SKY) [START_REF] Guo | Spectral karyotyping: An unique technique for the detection of complex genomic rearrangements in leukemia[END_REF][START_REF] Imataka | Chromosome Analysis Using Spectral Karyotyping (SKY)[END_REF][START_REF] Schröck | Multicolor Spectral Karyotyping of Human Chromosomes[END_REF] can further detect cryptic chromosomal abnormalities, unidentified chromosomes and unbalanced chromosomal translocations. On the other hand, the multicolor banding (mBAND) can identify intrachromosomal arrangements such as inversions, deletions, duplications and insertions [START_REF] Chudoba | High resolution multicolor-banding: A new technique for refined FISH analysis of human chromosomes[END_REF][START_REF] Liehr | Multicolor Karyotyping and Fluorescence In Situ Hybridization-Banding (MCB/mBAND)[END_REF]; T.

S. [START_REF] Wan | Molecular cytogenetics: An indispensable tool for cancer diagnosis[END_REF]. A variation of the standard FISH, called 3D-FISH, which employs a confocal microscope, significantly improves the power of a 2D-FISH as it preserves the 3D structure of the nucleus, making it possible to determine the distribution of and measure the proximity between the FISH probes in the 3D nuclear space [START_REF] Kocanova | 3D FISH to analyse gene domain-specific chromatin re-modeling in human cancer cell lines[END_REF][START_REF] Szabo | Higher-Order Chromatin Organization Using 3D DNA Fluorescent In Situ Hybridization[END_REF].

The use of break-apart FISH probes increases the specificity and sensitivity of the standard FISH as the probes can be designed to cover large regions of up to 500 kbp [START_REF] De Melo | A simple FISH assay for the detection of 3q26 rearrangements in myeloid malignancy[END_REF][START_REF] Gozzetti | Fluorescence in situ hybridization: Uses and limitations[END_REF][START_REF] Kearney | Molecular cytogenetics[END_REF][START_REF] Wolff | Guidance for Fluorescence in Situ Hybridization Testing in Hematologic Disorders[END_REF]. In this method, two probes with different colors (green and red) are used to target the opposite sides of the gene's breakpoint region. In a normal and unbroken chromosome, the signal would appear yellow from the fusion of red and green signals (Figure 6). In case of translocation, a distinct red and yellow signal will be detected, representing the separation at the breakpoint region with each broken part being labeled by either one of the two probes used. So, in combination with a high-throughput imaging (HTI) system, the High-throughput Break-Apart FISH (HiBA-FISH) [START_REF] Burman | Quantitative detection of rare interphase chromosome breaks and translocations by high-throughput imaging[END_REF] was developed for the sensitive detection of rare chromosomal breaks and translocations in interphase cells to measure the spatial proximity between FISH probes flanking the target genomic regions of interest. This uses an automated 3D confocal high-throughput microscopy and so the problem for user's subjectivity and bias are addressed. Using this method, rare chromosomal breaks and translocations involving NPM1 and ALK genes in anaplastic large cell lymphoma were detected [START_REF] Burman | Quantitative detection of rare interphase chromosome breaks and translocations by high-throughput imaging[END_REF]. Alternatively, another highthroughput 3D image analysis tool called "Tools for Analysis of Nuclear Genome

Organization" (TANGO) [START_REF] Ollion | TANGO: A generic tool for high-throughput 3D image analysis for studying nuclear organization[END_REF][START_REF] Ollion | Analysis of Nuclear Organization with TANGO, Software for High-Throughput Quantitative Analysis of 3D Fluorescence Microscopy Images[END_REF] is freely available. This image analysis tool combines two environments: ImageJ and R for statistical processing of measurement results [START_REF] Ollion | TANGO: A generic tool for high-throughput 3D image analysis for studying nuclear organization[END_REF]. This tool has been successfully used on whole chromosome oligopaints to detect chromosomal translocations in Drosophila cells [START_REF] Rosin | Chromosome territory formation attenuates the translocation potential of cells[END_REF]. 

Comparative genomic hybridization (CGH)

One FISH-based method routinely used in clinical cytogenetics is the comparative genomic hybridization (CGH). This method is used to detect genetic imbalances and determine the regions of gains or losses of DNA sequences in a chromosomal map, which is based on the quantitative two color FISH [START_REF] Kallioniemi | Comparative genomic hybridization for molecular cytogenetic analysis of solid tumors[END_REF]. In this method, tumor DNA (green) and normal reference DNA (red) are hybridized together to a normal human metaphase spread (T. S. [START_REF] Wan | Molecular cytogenetics: An indispensable tool for cancer diagnosis[END_REF]. The ratio between the red and green As there is no net gain or loss of DNA in balanced chromosomal translocations, CGH in general cannot detect these kinds of chromosomal abnormalities.

However, translocation CGH (tCGH) was developed to try address this gap [START_REF] Greisman | Rapid High-Resolution Mapping of Balanced Chromosomal Rearrangements on Tiling CGH Arrays[END_REF]. tCGH is a variation of aCGH which is coupled with linear DNA amplification followed by hybridization to a microarray containing specific probes to detect translocation breakpoints [START_REF] Shaffer | The use of new technologies in the detection of balanced translocations in hematologic disorders[END_REF]. In this method, multiplex of primers are designed near the translocation breakpoint. For example in the presence of a translocation like t (8;14), primers on the chromosome 8 would extend the amplification across the breakpoint and in to the translocated part of chromosome 14, and vice versa, producing an excess of chromosomes 14 and 8 sequences, respectively. The amplification products are then labeled and are co-hybridized together with the control on the microarray slide. The produced excess amount of sequences would then reflect as triangular-shaped peaks on the array plot. With tCGH, translocation detection can reach to around 100 bp resolution with sensitivity similar to that of the standard CGH [START_REF] Greisman | Rapid High-Resolution Mapping of Balanced Chromosomal Rearrangements on Tiling CGH Arrays[END_REF]. Although tCGH had interesting potentials, it has only been demonstrated in detecting the t(9;22) [START_REF] Shaffer | The use of new technologies in the detection of balanced translocations in hematologic disorders[END_REF].

In CGH and its variations, the testing material can be just the tumor DNA which can be extracted from freshly-biopsied samples or FFPE sections (T. S. K. [START_REF] Wan | Cancer Cytogenetics: An Introduction[END_REF]. This is a significant alternative to the traditional FISH. In addition, this method can be applicable in cancer research for cells with low mitotic index and poor chromosome morphology and resolution (T. S. [START_REF] Wan | Molecular cytogenetics: An indispensable tool for cancer diagnosis[END_REF]. However as a FISH-based method, CGH is still labor intensive that requires expertise for its complex methodology, and although it has a greater resolution compared to the standard FISH methods, it still cannot achieve a single-base pair resolution [START_REF] Dong | A Robust Approach for Blind Detection of Balanced Chromosomal Rearrangements with Whole-Genome Low-Coverage Sequencing[END_REF]. 

Polymerase chain reaction (PCR)

The invention of the polymerase chain reaction (PCR) by Kary Mullis in the 1980s advanced the field of molecular biology [START_REF] Mullis | Specific Enzymatic Amplification of DNA In Vitro: The Polymerase Chain Reaction[END_REF][START_REF] Zhu | PCR past, present and future[END_REF].

The use of a pair of primers or oligonucleotides to flank a desired region of DNA sequence and use a DNA polymerase to amplify the flanked region was revolutionary and that it paved the development of many PCR-based methods.

PCR-based assays, in conjunction with conventional cytogenetic methods, are routinely used to detect the translocation in mantle cell lymphoma [START_REF] Harada | Detection of Chromosomal Translocation in Hematologic Malignancies by a Novel DNA-Based Looped Ligation Assay (LOLA)[END_REF] or the fusion genes in chronic myeloid leukemia and in several types of sarcoma [START_REF] Burman | Quantitative detection of rare interphase chromosome breaks and translocations by high-throughput imaging[END_REF][START_REF] Ponce-Castañeda | Detection of Common Chromosomal Translocations in Small Round Blue Cell Pediatric Tumors[END_REF]. Using PCR, chromosomal translocations can be detected at the single base pair resolution.

Like CGH, PCR also uses DNA or RNA as its test material. But unlike CGH, PCRbased methods are relatively simpler and have less-complicated methodologies.

In addition, PCR-based assays offer more sensitivity than FISH-based methods as it can theoretically detect a single molecule [START_REF] Bustin | Parameters for Successful PCR Primer Design[END_REF][START_REF] Khan | Setup of a PCR Laboratory[END_REF][START_REF] Raso | A Quarter Century of PCR-Applied Techniques and Their Still-Increasing Fields of Use[END_REF]. In particular, PCR has a sensitivity of more than 0.1% and quantitative PCR (qPCR), which uses fluorescent dyes to measure the PCR product in real time, can typically detect 1 malignant cell from 10 4 to 10 6 normal cells [START_REF] Morrissette | Techniques to Detect Defining Chromosomal Translocations/Abnormalities[END_REF]. However, the significant downside of PCR is that it can be used only on well-defined breakpoints and fusion genes. Moreover, the quantitative reverse transcription PCR (qRT-PCR) method which detects chimeric mRNAs, can only be used on translocations that produce fusion genes.

As such, a priori knowledge is required to design the primers to target known breakpoints and fusion genes and transcripts (Figure 8). Moreover, the coverage of a standard PCR or qRT-PCR is limited to hundreds to a few thousands of base pairs. The limited coverage of PCR can be addressed by multiplexing or by long-range PCR which can produce PCR amplicons of up to several thousands of base pairs. A recently developed technique called Looped Ligation Assay (LOLA) [START_REF] Harada | Detection of Chromosomal Translocation in Hematologic Malignancies by a Novel DNA-Based Looped Ligation Assay (LOLA)[END_REF] was used to perform long-range haplotype mapping. This method combines ligation and PCR and spans over 250 kbp in range which is way beyond the coverage of long-range PCR. This new technique was shown to be sensitive to detect as low as 1% mutated DNA and to successfully detect the translocations IGH-BCL2 in follicular lymphoma, MYC-IGH in Burkitt's lymphoma and BCR-ABL1 in chronic myeloid leukemia whose breakpoints are known to span from 30-300 kbp [START_REF] Busch | Identification of two distinct MYC breakpoint clusters and their association with various IGH breakpoint regions in the t(8;14) translocations in sporadic Burkitt-lymphoma[END_REF][START_REF] Harada | Detection of Chromosomal Translocation in Hematologic Malignancies by a Novel DNA-Based Looped Ligation Assay (LOLA)[END_REF][START_REF] Joos | Variable breakpoints in Burkitt lymphoma cells with chromosomal t(8; 14) translocation separate c-myc and the IgH locus up to several hundred kb[END_REF][START_REF] Van Dongen | Design and standardization of PCR primers and protocols for detection of clonal immunoglobulin and T-cell receptor gene recombinations in suspect lymphoproliferations: Report of the BIOMED-2 Concerted Action BMH4-CT98-3936[END_REF]. 

DNA sequencing

The advent of next-generation DNA sequencing has indeed made significant breakthroughs in molecular biology. While Sanger sequencing can be done on PCR amplicons generated from PCR-based methods to confirm the identity of and to characterize the breakpoint junctions and fusion genes, the coverage still does not change as the sequenced PCR products are targeted in the first place.

The so-called next-generation sequencing (NGS) technology practically solves this limitation as it does massively parallel sequencing to sequence the entire genome or transcriptome. In this regard, whole genome sequencing (WGS) can determine structural variations (SV) with better efficiency and more prevision [START_REF] Suzuki | Precise detection of chromosomal translocation or inversion breakpoints by whole-genome sequencing[END_REF].

In this line, translocation capture sequencing was developed from NGS methods for high throughput mapping of chromosomal rearrangements (Figure 9) [START_REF] Chiarle | Genome-wide Translocation Sequencing Reveals Mechanisms of Chromosome Breaks and Rearrangements in B Cells[END_REF][START_REF] Klein | Translocation-Capture Sequencing Reveals the Extent and Nature of Chromosomal Rearrangements in B Lymphocytes[END_REF][START_REF] Oliveira | Translocation capture sequencing: A method for high throughput mapping of chromosomal rearrangements[END_REF]. Recently, innucleus Hi-C [START_REF] Nagano | Comparison of Hi-C results using in-solution versus in-nucleus ligation[END_REF] was developed to detect known and novel, balanced and unbalanced chromosomal rearrangements [START_REF] Harewood | Hi-C as a tool for precise detection and characterisation of chromosomal rearrangements and copy number variation in human tumours[END_REF]. This method is a derivative of the chromosome conformation capture (3C) [START_REF] Dekker | Capturing Chromosome Conformation[END_REF] that utilizes high-throughput sequencing and quantifies the number of interactions between gene loci in the 3D nuclear space.

It has been previously shown to detect and confirm chromosome rearrangements in cell lines [START_REF] Burton | Chromosome-scale scaffolding of de novo genome assemblies based on 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] Rickman | Oncogene-mediated alterations in chromatin conformation[END_REF] and has recently been demonstrated to detect the copy number information in human primary tumors [START_REF] Harewood | Hi-C as a tool for precise detection and characterisation of chromosomal rearrangements and copy number variation in human tumours[END_REF].

Like in CGH-and PCR-based materials, the sample testing material can only be either DNA or RNA. And like in PCR methods, performing whole genome sequencing (WGS) by NGS involves a simple and straightforward protocol as almost the entire workflow can be automated. As such, the approach to detect chromosomal rearrangements using NGS becomes unbiased. Initially, the use of these NGS-based methods were mainly confined within the research setting because of its high cost [START_REF] Abel | Chapter 10-Translocation Detection Using Next-Generation Sequencing[END_REF]. However the NGS technology was further improved and developed that recently it has being adopted in the clinical oncology to advance the personalized treatment of cancer (Sabour et al., 2017, p. 2;[START_REF] Shen | Clinical applications of next generation sequencing in cancer: From panels, to exomes, to genomes[END_REF]. In particular, the emergence of the third-generation NGS technologies that can perform real-time base calling and long read sequencing, has lower costs that it is now being used to detect chromosomal abnormalities and structural variations (SV) in human genetic disorders and in leukemiaassociated gene fusions [START_REF] Cretu Stancu | Mapping and phasing of structural variation in patient genomes using nanopore sequencing[END_REF][START_REF] Jeck | A Nanopore Sequencing-Based Assay for Rapid Detection of Gene Fusions[END_REF]. Its clinical application has been reported recently and was shown to rapidly detect and precisely characterize the translocation breakpoints in AML [START_REF] Au | Rapid detection of chromosomal translocation and precise breakpoint characterization in acute myeloid leukemia by nanopore long-read sequencing[END_REF], demonstrating a simple and low-cost workflow for the detection of chromosomal translocation. was used to identify paired reads in which one end of the paired-end read mapped to the targeted area (ABL1) and the other end did not (green/purple and green/red reads). The green-brown reads represent false positive translocation calls due to sequence repeats. This figure is derived from [START_REF] Abel | Chapter 10-Translocation Detection Using Next-Generation Sequencing[END_REF].

TP53 and chromosomal translocations

The role of p53 as the genome guardian has long been established [START_REF] Feroz | Exploring the multiple roles of guardian of the genome: P53[END_REF][START_REF] Liu | p53 modifications: Exquisite decorations of the powerful guardian[END_REF][START_REF] Toufektchan | The Guardian of the Genome Revisited: P53 Downregulates Genes Required for Telomere Maintenance, DNA Repair, and Centromere Structure[END_REF]. This gene plays key roles in the stable genome maintenance by promoting cell-cycle checkpoints, DNA repair and apoptosis [START_REF] Hanel | Links between mutant p53 and genomic instability[END_REF][START_REF] Mello | Deciphering p53 signaling in tumor suppression[END_REF]. That is why the loss or inactivation of TP53 has been considered either to indirectly promote cancer by increasing the number of surviving daughter cells with mutations or to directly promote oncogenesis by allowing the unabated proliferation of oncogene-expressing cells [START_REF] Kastenhuber | Putting p53 in Context[END_REF]. However, TP53 mutations have been observed to appear only in the late stages of cancer [START_REF] Baker | P53 Gene Mutations Occur in Combination with 17p Allelic Deletions as Late Events in Colorectal Tumorigenesis[END_REF][START_REF] Hruban | Progression Model for Pancreatic Cancer[END_REF][START_REF] Olivier | The clinical value of somatic TP53 gene mutations in 1,794 patients with breast cancer[END_REF], suggesting that genomic instability does not necessarily lead to tumor initiation but can nonetheless enable the acquisition of additional driver mutations or events that can contribute to oncogenesis including transformation, metastasis and drug resistance [START_REF] Lowe | Abrogation of oncogeneassociated apoptosis allows transformation of p53-deficient cells[END_REF][START_REF] Mcgranahan | Clonal Heterogeneity and Tumor Evolution: Past, Present, and the Future[END_REF][START_REF] Serrano | Oncogenic ras Provokes Premature Cell Senescence Associated with Accumulation of p53 and p16INK4a[END_REF].

In this line, loss or inactivation of TP53 may promote the acquisition of diverse mutations in primary tumor cells and their probable survival and proliferation [START_REF] Hanel | Links between mutant p53 and genomic instability[END_REF][START_REF] Kastenhuber | Putting p53 in Context[END_REF].

Cancer cells with TP53 mutations are usually aneuploid, especially in solid tumors [START_REF] Ciriello | Emerging landscape of oncogenic signatures across human cancers[END_REF][START_REF] Williams | Aneuploidy Affects Proliferation and Spontaneous Immortalization in Mammalian Cells[END_REF], owing to the loss of the mitotic spindle assembly checkpoint (SAC) in M-phase and the tetraploidy G1/S checkpoint [START_REF] Hanel | Links between mutant p53 and genomic instability[END_REF]. For chromosomal translocation-implicated cancers, TP53 mutations have also been found in chronic myeloid leukemia (CML), chronic lymphoid leukemia (CLL) and Burkitt's lymphoma [START_REF] Farrell | P53 is frequently mutated in Burkitt's lymphoma cell lines[END_REF][START_REF] Guinn | P53 mutations indicate a changing clonal evolution in a portion of chronic myelocytic leukemia patients [letter; comment[END_REF][START_REF] Zenz | Monoallelic TP53 inactivation is associated with poor prognosis in chronic lymphocytic leukemia: Results from a detailed genetic characterization with long-term follow-up[END_REF]. In soft tissues sarcomas, highly complex and unbalanced karyotypes correlated with the mutant TP53 status, as those with simpler karyotypes had the wild-type p53 [START_REF] Borden | Soft Tissue Sarcomas of Adults: State of the Translational Science[END_REF]. The same was observed in osteosarcomas with mutated TP53 that exhibited a significant increase in genomic complexity as opposed to osteosarcomas with intact TP53 [START_REF] Overholtzer | The presence of p53 mutations in human osteosarcomas correlates with high levels of genomic instability[END_REF]. Karyotype complexity, which include numerous chromatid breaks, fusions and non-reciprocal translocations, was also observed in mouse pancreas after endogenous expression of Kras G12D and of Trp53 R172H , which is an ortholog of one of the most common TP53 mutations in humans with ductal adenocarcima of the pancreas (PDA) [START_REF] Hingorani | Trp53R172H and KrasG12D cooperate to promote chromosomal instability and widely metastatic pancreatic ductal adenocarcinoma in mice[END_REF]. Quite interestingly, more translocations were detected in mouse tumor thymocytes with mutated TP53 than those in p53-null thymocytes [START_REF] Song | P53 gain-of-function cancer mutants induce genetic instability by inactivating ATM[END_REF], indicating the mutant p53 can promote in vivo the formation of chromosomal translocations.

The interaction of the mutant p53 with the key components of the DNA damage repair pathways was linked to the structural chromosomal changes in cancer cells, which include chromosomal translocations. In particular, the mutant p53 has been proposed

to bind and sequester the Mre11 (a DNA binding protein that is essential in both HR and NHEJ pathways [START_REF] Zha | Mre11: Roles in DNA repair beyond homologous recombination[END_REF] away from the DSB site [START_REF] Hanel | Links between mutant p53 and genomic instability[END_REF].

The loss of Mre11 function results in the bypassing of the G2/M DNA damage checkpoint due to the limited phosphorylation and activation of the DSB-sensor ATM, which significantly affects the efficiency of the HR pathway [START_REF] Song | P53 gain-of-function cancer mutants induce genetic instability by inactivating ATM[END_REF]. In addition, the activity of topoisomerase I, which relieves the torsional strain in DNA brought about during replication, transcription and DNA repair; seemed to be unaffected by TP53 mutations [START_REF] Gobert | The interaction between p53 and DNA topoisomerase I is regulated differently in cells with wild-type and mutant p53[END_REF]. This was demonstrated by MCF-7 cells which have wild-type p53 and HT-29 cells with mutant p53. However, the association of the topoisomerase I with the wild-type p53 is regulated in a spatial and temporal manner, whereas it is constitutively associated with the mutant p53 [START_REF] Gobert | The interaction between p53 and DNA topoisomerase I is regulated differently in cells with wild-type and mutant p53[END_REF]. Topoisomerase I has a potent recombinase activities and so its activation could bring about increased genetic instability [START_REF] Cheng | Conservation of Structure and Mechanism between Eukaryotic Topoisomerase I and Site-Specific Recombinases[END_REF][START_REF] Zhu | Topoisomerase I involvement in illegitimate recombination in Saccharomyces cerevisiae[END_REF]. Furthermore, it was observed in the mouse pancreas cells expressing mutated human p53 that the resulting translocation breakpoints had significant stretches of telomeric sequences while the telomeres at the chromatid ends seemed to be maintained [START_REF] Hingorani | Trp53R172H and KrasG12D cooperate to promote chromosomal instability and widely metastatic pancreatic ductal adenocarcinoma in mice[END_REF], suggesting the function of the telomere capping proteins were lost [START_REF] De Lange | Protection of mammalian telomeres[END_REF][START_REF] Smogorzewska | DNA Ligase IV-Dependent NHEJ of Deprotected Mammalian Telomeres in G1 and G2[END_REF]. [START_REF] Hanel | Links between mutant p53 and genomic instability[END_REF] summarized the association of the mutant p53 with these molecules in relation to its possible influence in the formation of chromosomal translocations (Figure 10).

Figure 10. How the mutant p53 promotes tumor growth and metastasis.

The mutant p53 promotes aneuploidy, translocations and amplifications that can cause genomic instability and then lead to tumor growth and metastasis. This figure is derived from [START_REF] Hanel | Links between mutant p53 and genomic instability[END_REF].

Rationale and Objectives of the Study

Rationale

Chromosomal translocations are the genetic hallmarks of many human diseases, particularly in cancer [START_REF] Wilch | Historical and Clinical Perspectives on Chromosomal Translocations[END_REF]. Many of the reported and described chromosomal translocations appear to be cell type-specific [START_REF] Mitelman | Mitelman Database of Chromosome Aberrations and Gene Fusions in Cancer[END_REF].

For example, the MYC-IGH translocation has always been reported to appear in Bcells and not in any other type of cells. Thus the main objective of this study is to investigate why different translocations occur in different cells.

The utilization of spontaneously-induced DSBs and/or naturally-occurring chromosomal translocations poses significant challenges and serious limitations. To fulfill the main objective of this study, simultaneous DSBs must be induced within several specific loci and stimulate the formation of chromosomal translocation between them. With the advancement of a number of genome editing tools such as the CRISPR/Cas system [START_REF] Jinek | A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity[END_REF] that can easily and precisely induce DSBs at precise genomic locations, the generation of cell lines with specific chromosomal translocations have become possible [START_REF] Brunet | Chromosomal translocations induced at specified loci in human stem cells[END_REF]Germini, Saada, et al., 2017;[START_REF] Piganeau | Cancer translocations in human cells induced by zinc finger and TALE nucleases[END_REF][START_REF] Torres | Engineering human tumour-associated chromosomal translocations with the RNA-guided CRISPR-Cas9 system[END_REF]Vanoli et al., 2017;Vanoli & Jasin, 2017). As such, several gRNAs targeting several precise gene loci can be transfected with Cas9 into different cells and compare the resulting stimulated specific chromosomal translocations.

In this study, four gene loci were selected for DSB induction: RUNX1T1 (formerly known as ETO) gene on chromosome 8q21; the upstream region of the MYC gene on chromosome 8q24; the Immunoglobulin heavy chain (IGH) gene locus on chromosome 14q32 and the RUNX1 (formerly known as AML) gene on chromosome 21q22. The previous names of RUNX1 and RUNX1T1 will be used in this study for their unambiguous reference. These four gene loci are involved in real-life translocations: the t(8;21) between AML and ETO in acute myeloid leukemia and the t (8;14) between MYC and IGH in Burkitt's lymphoma. Considering that only one DSB will be induced in one chromosome, we came up with two combinations of gRNAs targeting either MYC-IGH-AML (MIA) or AML-ETO-IGH (AEI) as both MYC and ETO are located on chromosome 8. The method to detect the resulting stimulated chromosomal translocations from the precise inductions of DSBs must be highly specific and sensitive as the generation of chromosomal translocations is essentially a rare event as this relies, among others, on the failure of the cell's repair machinery to correctly repair DSBs.

As this study would like to investigate the occurrence of different chromosomal translocations in different cells, therefore it is essential to include cells with different developmental origins. As such, the following cells were chosen to be utilized in this study: RPMI8866 (lymphoid, B-cell), Jurkat (lymphoid, T-cell), K562 (myeloid), MRC5

(lung fibroblast) and Hek-293 (embryonic kidney, epithelial). While the design of gRNAs and cloning them into plasmids can be relatively simple and straightforward, the transfection of these plasmids into these cells can be challenging because B-cells, in particular, are known as one of the difficult-to-transfect cells. Therefore, an effective and efficient transfection protocol is needed to address this difficulty.

In addition, p53 is known to have significant roles in the genome stability maintenance. In this context, the effect of its knockout will be interesting on the generated specific chromosomal translocations after induction of precise DSBs.

Specific Objectives

Optimization of electrotransfection protocol

This study aims to optimize an electroporation protocol to effectively and efficiently transfect RPMI8866, Jurkat, K562, MRC5 and Hek-293 with plasmids encoding for Cas9 and gRNAs.

Induction of several precise DSBs and detection of generated specific chromosomal translocations

This study aims to simultaneously induce three precise DSBs (MIA or AEI) in different cells and quantitively detect the generated specific chromosomal translocations using qPCR.
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Correlation of translocation frequency with cellular factors known to influence formation of chromosomal translocation

This study aims to correlate the resulting translocation frequencies of the generated specific chromosomal translocations in different cells with the nuclear radial position, spatial proximity, transcription activity and chromatin accessibility of the MYC, IGH, AML and ETO gene loci, before and after induction of precise DSBs (MIA or AEI).

Mechanism of chromosomal translocation formation after induction of specific DSBs

This study aims to determine which of the NHEJ repair pathway is most likely responsible for the formation of chromosomal translocation after induction of precise DSBs.

Long term culture of cells with generated specific chromosomal translocation

This study aims to determine the effect of long term culture of cells with generated specific chromosomal translocations after induction of precise DSBs (MIA or AEI).

Effect of TP53 knockout on cells with generated specific chromosomal translocations

This study aims to determine the effect of the TP53 knockout on RPMI8866 cells with generated specific chromosomal translocations after induction of precise DSBs (MIA or AEI).

Materials and Methods

Cell culture and maintenance

Cells were always handled in aseptic conditions. They were maintained in an incubator set at 37°C with 5% CO 2 in their respective cell culture medium (refer to the Annex 1:

Cell Culture Media Recipe). They were kept in a tissue culture flask with vented cap that was either 25 cm 2 (Falcon, 353108), 75 cm 2 (Falcon, 353136) or 175 cm 2 (Thermo Scientific, 1788833) and were passed at least once a week. In the case of adherent cells, 0.05% Trypsin-EDTA 1X (Gibco, 25300-054) was used to detach the cells form the tissue culture flask.

If cells were needed to be frozen for long term storage, cells at the log phase of their growth were collected and resuspended in a mixture composed of 90% Fetal bovine serum FBS (Gibco, 10270-106) and 10% Dimethyl Sulfoxide (Sigma, D2650-100ML).

The resuspended cells were aliquoted in 1 mL into separate cryogenic tubes (Thermo Scientific, 368632). The cryogenic tubes were initially put in a Mr. Frosty TM Freezer Container (Thermo Scientific, 5100-0001) and stored in -80°C freezer for at least 24 hours. After that, the cryogenic tubes with frozen cells were transferred to the liquid nitrogen storage tank for long term storage.

If cells were needed to be revived from long term storage, the cryogenic tubes containing the frozen cells were incubated in room temperature inside the biosafety cabinet for around 10 minutes or until they were completely thawed. The thawed cells were resuspended in at least 5 mL of cell culture medium and were then centrifuged to collect the surviving cells. The collected cells were then resuspended in 5 mL of fresh culture medium in a 25 cm 2 tissue culture flask with vented cap (Falcon, 353108).

After two or three days, if the cells were in good condition and were actively dividing, they were then transferred into a bigger tissue culture flask with vented cap. The cells were considered ready for any subsequent experiments only after at least two passages from thawing.

gRNA design, cloning and testing

gRNA design

Several gRNAs were designed to target specific regions in AML, ETO, MYC, IGH, and TP53 gene using the online gRNA design tool (http://crispor.tefor.net/) [START_REF] Concordet | CRISPOR: Intuitive guide selection for CRISPR/Cas9 genome editing experiments and screens[END_REF][START_REF] Haeussler | Evaluation of off-target and on-target scoring algorithms and integration into the guide RNA selection tool CRISPOR[END_REF]. In the selection tool, the hg38 build of the human genome was used to identify potential gRNA binding sites with NGG as the Protospacer Adjacent Motif (PAM). As a result, the following gRNA sequences were generated from the online gRNA design tool (5' to 3'). 

gRNA cloning

The designed gRNAs were all cloned into the phU6-gRNA plasmid backbone (Addgene plasmid #53188) [START_REF] Kabadi | Multiplex CRISPR/Cas9based genome engineering from a single lentiviral vector[END_REF] by restriction digest and ligation at the BbSI restriction site. The digestion produces an overhang at the restriction site and so CACC and AAAC nucleotides had to be added to the gRNA sequence and to its reverse complement, respectively, before the oligos were synthesized.

The synthesized oligos and their reverse complement counterpart were annealed and then phosphorylated and ligated into a dephosphorylated and BbSI-digested phU6 plasmid. The resulting plasmids were transformed into DH5α cells for clonal expansion.

The detailed protocol is provided in the Annex 1: Cloning Protocol for gRNAs.

For long term storage of transformed cells with plasmids, the protocol is provided in Annex 1: Creating Bacterial Glycerol Stocks Protocol.

Plasmid extraction

The transformed DH5α cells with one of the designed gRNAs cloned into phU6-gRNA plasmid (Addgene plasmid #53188) [START_REF] Kabadi | Multiplex CRISPR/Cas9based genome engineering from a single lentiviral vector[END_REF] or with the 13.5

kbp plasmid encoding for SpCas9 (Addgene plasmid #57818) [START_REF] Heckl | Generation of mouse models of myeloid malignancy with combinatorial genetic lesions using CRISPR-Cas9 genome editing[END_REF] were enriched in culture as provided in the Annex 1: Plasmid Culture Enrichment Protocol and were then subsequently extracted of plasmid DNA using either NucleoSpin Plasmid Mini Kit (Machery-Nagel, 740588.250),

NucleoBond Xtra Midi kit (Machery-Nagel, 740410.50) or NucleoBond Xtra Maxi kit (Machery-Nagel, 740414.10) following manufacturer's instructions

gRNA testing

The gRNA plasmids were tested if they could generate chromosomal translocation using the ENIT protocol (Germini, Saada, et al., 2017). Briefly, each gRNA was paired with a TALEN endonuclease (targeting either MYC on chromosome 8 or IGH on chromosome 14). The gRNA, Cas9 and TALEN plasmids were then transfected on HeLa cells using Viafect TM Transfection Reagent (Promega, E4982) and the transfected cells were collected after two days for DNA extraction. An endpoint PCR was performed on the extracted DNA using translocation specific primers (Table 2), testing all possible translocations.

A positive PCR amplicon with the expected size on the agarose gel would signify that the gRNA was effective in inducing DSBs.

In addition, the gRNA plasmids were also tested for their efficiency using the TIDE protocol [START_REF] Brinkman | Easy quantitative assessment of genome editing by sequence trace decomposition[END_REF]. Briefly, the 300-700 bp region surrounding the gRNA binding site was amplified using an end-point PCR. After PCR product purification, the purified products were sent for Sanger sequencing at Eurofins Genomics in Cologne, Germany. The obtained ab1 files from the sequencing results were analyzed against an non-transfected control using the TIDE online analysis platform (http://shinyapps.datacurators.nl/tide/) [START_REF] Brinkman | Easy quantitative assessment of genome editing by sequence trace decomposition[END_REF].

The analysis estimates the spectrum and frequency of small indels generated by CRISPR/Cas9 where an overall efficiency is calculated to estimate the efficiency of the gRNA in inducing DSBs.

Electrotransfection

Cells were transfected with plasmids encoding for the gRNAs and Cas9 (Addgene plasmid #57818) using the Cliniporator TM (Igea) following the electrotransfection protocol in (Canoy et al., 2020). Briefly, 4-8 x 10 6 cells were electrotransfected with 50 µg total plasmid, 60% of which is Cas9 and the remaining 40% are gRNA plasmids. Of the total volume of electrotransfection mixture, 10% or 50% were composed of the Spinners Modification of Minimum Essential Medium Eagle (Sigma, M8167-500ML) and the rest were the plasmids dissolved in nuclease-free water. Either 1 mm or 4 mm electroporation cuvettes (Cell Projects, EP201 and EP202) were used. Two days after, the electrotransfection efficiency was checked using the Accuri TM C6 Flow Cytometer (BD Biosciences). Depending on the intended number of electrotransfected cells, the electrotransfection reactions were scaled-up by increasing the number of electroporation reactions.

The detailed protocol is provided in the Annex 1: Electrotransfection Protocol.

Knockout of TP53 gene in RPMI8866

RPMI8866 cells (8 x 10 6 cells) were electrotransfected with Cas9 and gRNA-encoding plasmids targeting the exons 2 and 11 of the TP53 gene (Table 1) following the conditions in the previous section (Electrotransfection) and the detailed protocol provided in the Annex 1: Electrotransfection Protocol.

Two days after electrotransfection, cells were sorted into single cells in 96-well plates with 200 µL cell culture medium using the FACSAria TM Fusion Flow Cytometer (BD Biosciences). The plates were then placed in an incubator set at 37°C with 5% CO 2 for four weeks. As soon as the culture medium turned yellow, all of its contents were transferred to 24-well plate containing 2 mL cell culture medium and were then incubated for another three days.

As soon as there were enough number of cells, half of the cells were harvested and extracted of DNA to screen for the TP53 gene deletion using the PCR primers in Table 1. All cells with TP53 gene deletion as were then checked for the p53 and p21 mRNA transcripts using the PCR primers in Table 1. After that, the TP53 deletion was verified using Western blot following the protocol described in the succeeding section on The extracted DNA and RNA samples were stored in at least -20°C and -80°C freezers, respectively, until use.

Protein

PCR, qPCR and cDNA synthesis reactions

PCR, qPCR and cDNA synthesis preparations

All PCR and qPCR reactions were prepared using PowerUp™ SYBR™ Green

Master Mix (Applied Biosystems, A25778) with a composition for a 1x reaction (12.5 µL) of: 6.25 µL of PCR mastermix, 0.5 µL of 10 µM forward primer, 0.5 µL of 10 µM reverse primer and 5.25 µL DNA/cDNA in nuclease-free water. For RNA samples, the extracted RNA were converted to complementary DNA (cDNA) using the Maxima H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, K1651) following manufacturer's instructions.

Regular PCR reactions were performed using the GeneAmp PCR System 9700 (Applied Biosystems). Meanwhile, qPCR reactions were performed using the

StepOnePlus Real-Time PCR System (Applied Biosystems).

PCR and qPCR conditions

PCR and qPCR conditions were set with initial activation at 50°C for 2 minutes and at 95°C for two minutes; followed by 40 cycles of denaturation at 95°C for 15 seconds, annealing at 60°C for 60 seconds and extension at 72°C for 60-90 seconds; then with final extension at 72°C for 10 minutes; and were then kept at 4°C until needed for downstream procedures. For qPCR reactions, measurements were taken during the extension phase. If needed, melt-curve analysis was performed after the final extension following the settings available in the qPCR machine.

PCR and qPCR primers

The following PCR primers were designed to detect the generated translocations using PCR or qPCR, to confirm the TP53 gene deletion using PCR and quantify the mRNA transcripts for gene expression analysis using qPCR . 

AML-R1 GAACGGCTGTTCCTTACTGC ETO-F1 CTTGGGTGGAAGCTGGTAAA ETO-R1 AGCCCATTAATGCTATCAGACC MYC-n-F1 CCAAACTGGTTGGAGACGAC MYC-n-R1 GACTTGGGGACAGCCATTTA IGH-out-F3 GCTGCTGCATTTGCTTCTCT IGH-out-R3 TTGCTCTAGAAGTGGCAGCA GAPDH-DNA-F GCTGGCACCACTACTTCAGAG GAPDH-DNA-R GCCAACAGCAGATAGCCTAGG p53-ex11-F AAGCGAGACCCAGTCTCAAA Detect deletion of TP53 (produces ~400 bp amplicon) p53-ex2-R CAGCCATTCTTTTCCTGCTC AML-gex-F1 CTGCTCCGTGCTGCCTAC Detect mRNA transcripts (gene transcription activity) AML-gex-R1 AGCCATCACAGTGACCAGAGT ETO-gex-F1 ACGAACAGCTGCTTCTGGAT ETO-gex-R1 TGCTTGGATGTTCTGAGTGC MYC-gex-F1 AAACACAAACTTGAACAGCTAC MYC-gex-R1 ATTTGAGGCAGTTTACATTATGG IGH-gex-F1 CTGGCTGGGATTCGTGTAGT IGH-gex-F2 TGTGTTTCCGGATTTTGTGA P53-gex-F1 CTGAGTCAGGCCCTTCTGTCTT P53-gex-R2 GAGCTGAATGAGGCCTTGGA P21-F CTGCCGAAGTCAGTTCCTTGT P21-R CATGGGTTCTGACGGACATC GAPDH-cDNA-F CTGCACCACCAACTGCTTAG GAPDH-cDNA-R AGGTCCACCACTGACACGTT

Western blot

The denatured protein samples were run on 4-12% Bis-Tris gel (Thermo Fisher Scientific, NP0323) in MOPS-SDS buffer (Thermo Fisher Scientific, NP0001)at 80

V for 30 minutes and at 120 V for 60 minutes. The separated proteins were then transferred into a PVDF membrane (Millipore, IPVH00010) at 90 V in 4°C for 2 hours. The membrane with the transferred proteins was then blocked with 5% milk in room temperature for one hour. Depending on the size of the target protein, the blocked membrane was cut and was incubated with the respective primary antibody (resuspended in 5% BSA) in 4°C for overnight. After overnight incubation, the membranes were then rinsed with the wash buffer (0.05 M Tris, 0.15 M NaCl, pH 7.6) containing 0.1% Tween 20. The washed membranes were then incubated in the corresponding secondary antibody which was either antimouse or anti-rabbit secondary peroxidase-conjugated antibodies in room temperature for two hours. After incubation, the membranes were rinsed three times with the wash buffer and then target proteins were revealed using the SuperSignal West Pico chemiluminescent substrate( Thermo Fisher Scientific.

34580) for 1-5 minutes. Then the proteins on the membrane were visualized using the ImageQuant LAS 4000 Mini system (GE Healthcare).

The following are the antibodies that were used: Cas9 Antibody (7A9-3A3) (Santa Cruz Biotechnology, sc-517386), GAPDH (Cell Signaling Technology, 2118), anti-mouse peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch, 315035003) and anti-rabbit peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch, 111035144).

The detailed protocol is provided in the Annex 1: Western Blot Protocol.

3D-FISH

The cells (1-2 x 10 5 ) were collected and resuspended in 50 µL RPMI Medium 1640 (Gibco, 21875-034) on a coverslip with poly-lysine and incubated in 37°C for 15-30 minutes. After incubation, the slips were washed with 1x PBS and then fixed with 4% PFA (Electron Microscopy Sciences, 15710) at room temperature for 10 minutes. Then the slips were washed with 1X PBS three times. After washing, the slips were treated with 2% Triton X-100 (Sigma, T8532-500mL) in 1x PBS for 10 minutes. After that the slips were soaked in 20% glycerol (Euromedex, EU35500 in 1X PBS at room temperature for one hour or in 4°C for overnight.

After soaking in glycerol, the slips were flash frozen in liquid nitrogen for 3-5 seconds for three times. For each time, the slips were soaked in 20% glycerol before flash freezing. After this, the slips were washed in 1X PBS three times and soaked in 0.1 M HCl (Sigma-Aldrich, 30721-2.5L-GL) at room temperature for one hour. Then the slips were washed in 2x SSC (Euromedex, EU0300-C) two times and then treated with 200 µg/mL RNase (Thermo Scientific, EN0531)) in 2x SSC and incubated in a humidified chamber at 37°C for one hour. After this, the slips were washed with 2X SSC three times. Then the slips were soaked in 50% formamide (Sigma, F9037-500mL) in 2X SSC at room temperature for at least two hours or in 4°C overnight.

After soaking in formamide, 50 µL 70% formamide was added to each slide while preparing the hybridization mix. Then two slides were put together to form a "sandwich" with the hybridization mix as its "filling". The sandwich slides were then incubated in a humidified chamber at 37°C for 48-72 hours.

After hybridization, the slips were washed with 2X SSC twice and then with 1X PBS three times. Then the slips were mounted on a microscope slide with a mounting medium containing To-pro (Life Technologies, T3605). The slides were viewed using the Microscope Multiphoton SP8 Confocal (Leica). The images were then analyzed using the Bitplane Imaris Software v7 (Oxford Instruments).

The following are the probes that were used: AML (Empire Genomics, RPCI-11 1056016 blue), ETO (Empire Genomics, RPCI-11 63011 orange), MYC (Empire Genomics, RP11-346I20 red), and IGH (Empire Genomics, RP11-440N18 green).

The detailed protocol is provided in the Annex 1: 3D-FISH Protocol.

Image acquisition and analysis

The Multiphoton SP8 confocal microscope (Leica Microsystems, Berlin, Germany) with a 63X oil immersion objective was used for image acquisition. Z-stacks were acquired using a frame size of 1024 × 1024, and 0.5 µm z-steps, with sequential multitrack scanning using the 405, 488, 543, 633 nm laser wavelengths. The image analysis (nuclear radial position and colocalization) was done following the protocol in (Germini, Tsfasman, et al., 2017). Briefly, the colocalization rate corresponded to the percentage of cells where at least the center of one locus was located 1 𝜇𝜇m or less from the center of another locus. On the other hand, the radial position was determined as a percent distribution of the loci position in any of the 10 concentric nuclear equal volumes, from the periphery to the center.

Statistical analyses

All experiments were performed with at least two biological replicates and at least two technical replicates. All analyses were done in GraphPad Prism (version 9.0.2) and R studio. The average means were shown with error bars expressed as Standard Error of the Mean (SEM). For comparisons between two groups, unpaired t-test was done. In this study, an electrotransfection protocol was optimized to efficiently and effectively transfect cells with small or large plasmids (3.5-13 kbp). As a proof of concept, the difficult-to-transfect RPMI8866 cells (lymphoid, B-cell) and other B-cell lines (Priess, BL2, Remb1 and RS4;11) were utilized and obtained transfection and viability rates of up to 79% and 58%, respectively. To further demonstrate the efficiency and viability of the optimized electrotransfection protocol, the 7.5 kbp region of the TP53 gene was deleted using the CRISPR/Cas9 system in RPMI8866 cells. Knockout of the TP53 gene was confirmed in the DNA, RNA and protein levels. Furthermore, the TP53 knockout was validated with the observed downregulation of its downstream target p21.

Results

Cell Transfection

From these results, the RPMI8866 cell line with TP53 knockout was established.

The optimized electrotransfection protocol and all of its accompanying results, including the TP53 knockout, are published in (Canoy et al., 2020).

Formation of specific chromosomal translocation 4.2.1. Induction of several precise DSBs and detection of stimulated specific chromosomal translocations

Many of the reported and described chromosomal translocations appear to be cell type-specific [START_REF] Mitelman | The impact of translocations and gene fusions on cancer causation[END_REF][START_REF] Mitelman | Mitelman Database of Chromosome Aberrations and Gene Fusions in Cancer[END_REF]. Why do different chromosomal translocations occur in different cells is the main objective of this study. To experimentally investigate this, simultaneous DSBs must be induced within several specific loci and stimulate the formation of chromosomal translocations among them. The availability of the CRISPR/Cas system [START_REF] Jinek | A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity[END_REF] has made simple and straightforward the induction of precise DSBs in cells. In this study, gRNAs were designed to target four genes namely, MYC, IGH, AML and ETO, that are known to form the oncogenic translocations in Burkitt's lymphoma and acute myeloid leukemia. From these four gRNAs, two 3-DSB combinations were constituted namely MIA (MYC-IGH-AML) and AEI (AML-ETO-IGH) as both MYC and ETO cannot be broken simultaneously because they are on chromosome 8.

With three induced DSBs in the cell, there can be three possible chromosomal translocations that can potentially be generated. Within each possible chromosomal translocation as illustrated in Figure 2, the resulting translocations can either be the two monocentric derivative chromosomes or the one dicentric and one acentric derivative chromosomes. Considering this possibility, there can be 12 potential types of chromosomal translocations from three induced DSBs. As dicentric and acentric derivatives are generally mitotically lethal or unstable and are often lost after repeated rounds of cell division [START_REF] Bohlander | Chromosome Rearrangements and Translocations[END_REF], these two types of translocation were excluded from the analysis. Between the two potential monocentric derivative chromosomes, the one with the highest frequency was used in the subsequent analyses.

Using the optimized electrotransfection protocol in (Canoy et al., 2020), different cells (RPMI8866, Jurkat, K562, MRC5 and Hek-293) were electrotransfected with plasmids encoding for Cas9 and gRNAs to induce precise DSBs in MIA or AEI.

Two days after electrotransfection, the cells were collected for DNA extraction and the generated chromosomal translocations were quantitively detected using qPCR. In all cell types, the MYC-IGH translocation had the highest frequency after MIA DSB induction (2-5 x 10 -3 translocations/cell) compared to the MYC-AML and AML-IGH translocations (1-2 x 10 -3 and 0.01-0.2 x 10 -3 translocations/cell, respectively). After AEI DSB induction, the ETO-IGH translocation had the highest frequency (0.4-1x10 -3 translocations/cell) compared to the AML-IGH and AML-ETO (0.01-0.2x10 -3 and 0.008-0.1x10 -3 translocations/cell, respectively). Of the five cell types, Jurkat exhibited the highest translocation frequencies after induction of either MIA or AEI DSBs.

While the oncogenic MYC-IGH had the highest translocation frequency after MIA DSB induction, the oncogenic AML-ETO translocation had the lowest frequency after AEI DSB induction, although it was relatively high in the myeloid K562 and epithelial Hek-293 cells (0.01 x 10 -3 and 0.1 x 10 -3 , respectively).

Interestingly, the translocation frequencies involving the MYC locus were 2-4 times higher than the other translocations in all cell types. This part of the results is provided in (Canoy et al., 2021-submitted to PNAS).

Correlation of translocation frequency with cellular factors known to influence formation of chromosomal translocation

As reviewed in (Canoy et al., 2021-in preparation), there are several cellular factors that can affect the formation of chromosomal translocations. These include spatial proximity, transcription activity and chromatin state. In this line, the nuclear radial position, spatial proximity, transcription activity, and chromatin accessibility of the gene loci before and after DSB induction were checked if they can account for the resulting translocation frequencies after induction of specific DSBs (MIA or AEI).

With respect to the nuclear radial position of gene loci, it can likely affect translocation formation as the gene loci that are located near the nuclear center are spatially closer to each other compared to those located in the periphery and thus may readily translocate if DSBs occur among them [START_REF] Meaburn | Spatial genome organization in the formation of chromosomal translocations[END_REF]. As observed in this study, the MYC, IGH, AML and ETO gene loci were positioned near the center of the nucleus and had a roughly similar radial distribution before and after DSB induction. Thus, the nuclear radial position could not have accounted for the observed variability of translocation frequencies between the different gene loci across the studied cell lines.

With respect to the transcription activity of gene loci, it can likely affect translocation formation as actively transcribed genes are shuttled to and from common translocation factories [START_REF] Osborne | Molecular pathways: Transcription factories and chromosomal translocations[END_REF][START_REF] Osborne | Active genes dynamically colocalize to shared sites of ongoing transcription[END_REF]. If DSBs occur among actively transcribing genes inside a common transcription factory, then they are already spatially closer to each other and thus may also readily translocate [START_REF] Fritz | Chromosome territories and the global regulation of the genome[END_REF][START_REF] Osborne | Molecular pathways: Transcription factories and chromosomal translocations[END_REF]. Although DSBs can also be produced unintentionally during active gene transcription [START_REF] Helmrich | Common fragile sites are conserved features of human and mouse chromosomes and relate to large active genes[END_REF][START_REF] Helmrich | Collisions between Replication and Transcription Complexes Cause Common Fragile Site Instability at the Longest Human Genes[END_REF][START_REF] Iannelli | A damaged genome's transcriptional landscape through multilayered expression profiling around in situ -mapped DNA double-strand breaks[END_REF][START_REF] Ju | A Topoisomerase IIß-Mediated dsDNA Break Required for Regulated Transcription[END_REF], this study may not be able to detect the resulting translocations from accidental DSBs as the qPCR primers used in this study to detect translocations are only specific to the particular DSBs that were precisely induced. As observed in this study, higher transcription activity did not always result to higher translocation rate. No correlation was observed between the translocation frequency and transcription activity (Rs=0.24). As observed in this study, both MYC and IGH were actively transcribed in the RPMI8866 cells, while IGH was only minimally or not transcribed at all in the other cell types; but this did not affect the frequency of the MYC-IGH translocation that remained at high levels. On the contrary, the AML-ETO translocation was generated at a very low frequency in K562 cells even though both the AML and ETO genes were actively transcribed in this cell line.

Furthermore, the ETO-IGH translocation in Jurkat and K562 cells was still generated even though neither ETO nor IGH were actively transcribed in these cells. Thus, the transcription activity could not have accounted for the observed With respect to the spatial proximity between gene loci, the DSBs may or may not move following DSB induction [START_REF] Mccord | 3D Genome Organization Influences the Chromosome Translocation Pattern[END_REF][START_REF] Meaburn | Spatial genome organization in the formation of chromosomal translocations[END_REF][START_REF] Misteli | The emerging role of nuclear architecture in DNA repair and genome maintenance[END_REF][START_REF] Roukos | The cellular etiology of chromosome translocations[END_REF]. So the spatial proximity between gene loci were determined before and after DSB induction and it turned out that spatial proximity between gene loci before DSB induction did not exhibit a positive correlation with translocation frequency (Rs=0.32; p=0.0331). Interestingly after DSB induction, a significant increase of spatial proximity was observed between the MYC-IGH and ETO-IGH loci pairs and the generated translocations between these loci pairs had the highest frequency.

This was then supported by a positive correlation that was found between the spatial proximity between gene loci after DSB induction and translocation frequency (Rs=0.55; p=0.0001), indicating that translocation formation was likely affected by the spatial proximity between gene loci after DSB induction.

As such, the results showed that chromosomal translocations were generated 

Mechanism of chromosomal translocation formation after induction of specific DSBs

Three different DNA damage response and repair (DDR) pathways are responsible for translocation formation in higher eukaryotes. These are the DNA-PKcs, Lig4-dependent classical NHEJ (cNHEJ); the CtIP, Parp1 and Lig1/Lig3-mediated alternative NHEJ (aNHEJ); and the Rad52-mediated single strand annealing (SSA) [START_REF] Matta | Insight into DNA substrate specificity of PARP1-catalysed DNA poly(ADP-ribosyl)ation[END_REF][START_REF] Sutcu | Role of PARP-catalyzed ADP-ribosylation in the Crosstalk Between DNA Strand Breaks and Epigenetic Regulation[END_REF][START_REF] Unoki | CDCA7 and HELLS mutations undermine nonhomologous end joining in centromeric instability syndrome[END_REF][START_REF] Unoki | CDCA7 and HELLS suppress DNA:RNA hybrid-associated DNA damage at pericentromeric repeats[END_REF][START_REF] Wray | PARP1 is required for chromosomal translocations[END_REF]. In rodent and human cells, chromosomal translocations are mainly formed by the aNHEJ pathway [START_REF] Boboila | Alternative endjoining catalyzes robust IgH locus deletions and translocations in the combined absence of ligase 4 and Ku70[END_REF][START_REF] Brunet | Induction of Chromosomal Translocations with CRISPR-Cas9 and Other Nucleases: Understanding the Repair Mechanisms That Give Rise to Translocations[END_REF][START_REF] Simsek | Alternative end-joining is suppressed by the canonical NHEJ component Xrcc4-ligase IV during chromosomal translocation formation[END_REF][START_REF] Soni | Marked contribution of alternative end-joining to chromosome-translocation-formation by stochastically induced DNA double-strand-breaks in G2-phase human cells[END_REF]Y. Zhang & Jasin, 2011). The SSAmediated translocations are mainly found within repetitive DNA elements [START_REF] Elliott | Chromosomal Translocation Mechanisms at Intronic Alu Elements in Mammalian Cells[END_REF]. The results show that the translocation formation after induced DSBs is mainly driven by the aNHEJ pathway as a confirmation of previous studies [START_REF] Brunet | Induction of Chromosomal Translocations with CRISPR-Cas9 and Other Nucleases: Understanding the Repair Mechanisms That Give Rise to Translocations[END_REF]. This part of the results is provided in (Canoy et al., 2021-submitted to PNAS).

Inhibitors

Long term culture of cells with stimulated specific chromosomal translocation

The results of this study show that translocation can potentially arise in all cell types, albeit most of the cancer-related or oncogenic chromosomal translocations are cell type-specific [START_REF] Mitelman | The impact of translocations and gene fusions on cancer causation[END_REF][START_REF] Mitelman | Mitelman Database of Chromosome Aberrations and Gene Fusions in Cancer[END_REF]. No matter how much a particular chromosomal translocation is generated, what will really matter in the end for it to persist is the survival advantage it confers to the cell that will allow its proliferation in the long term.

In this study, the cells with generated chromosomal translocations after induction of specific DSBs were cultured, with weekly passage, for 60 days. The MYC-IGH translocation was observed to be a subject of a possible positive selection in RPMI8866 cells as the proportion of cells bearing the MYC-IGH translocation increased more than 50 times in Day 60 and attained over 10% of the total cell population as compared to Day 2. In other cell lines, MYC-IGH translocation either did not increase significantly, or eventually decreased by Day 60. On the other hand, the AML-ETO translocation was found to persist after a long-term culture in MRC5 cells only although still at a low frequency.

These results point out that the generated chromosomal translocations confer cell type-dependent survival advantages. This part of the results is provided in (Canoy et al., 2021submitted to PNAS).

Knockout of TP53 leads to a decreased frequency of chromosomal translocations

Mutations in the TP53 gene have been found in cancers that are caused by chromosomal translocations such as chronic myeloid leukemia (CML), chronic lymphoid leukemia (CLL) and Burkitt's lymphoma (BL) [START_REF] Farrell | P53 is frequently mutated in Burkitt's lymphoma cell lines[END_REF][START_REF] Guinn | P53 mutations indicate a changing clonal evolution in a portion of chronic myelocytic leukemia patients [letter; comment[END_REF][START_REF] Zenz | Monoallelic TP53 inactivation is associated with poor prognosis in chronic lymphocytic leukemia: Results from a detailed genetic characterization with long-term follow-up[END_REF]. Likewise, TP53 mutations have been correlated

with or at least linked to increased karyotype complexity in soft tissue sarcomas and osteosarcoma [START_REF] Borden | Soft Tissue Sarcomas of Adults: State of the Translational Science[END_REF][START_REF] Overholtzer | The presence of p53 mutations in human osteosarcomas correlates with high levels of genomic instability[END_REF]. Hence, p53

plays an important role in the stable genome maintenance and its mutation can lead to chromosomal rearrangements such as complex karyotypes and chromosomal translocations. In this line, this study investigated the effect of TP53 knockout on the formation of chromosomal translocations after induced DSBs.

The RPMI8866 cell line with TP53 knockout established in (Canoy et al., 2020) was electrotransfected with plasmids encoding for Cas9 and gRNAs to induce precise DSBs in MIA or AEI. Two days after, the electrotransfected cells were collected for DNA extraction and the generated chromosomal translocations were quantitively detected using qPCR. Interestingly, the resulting translocation frequencies (Figures 11 and12) were lower compared to that of wild-type RPMI8866 cells, although the overall trend was still maintained. This observation was reminiscent in mouse wherein more translocations were detected in p53 mutant cells compared to p53-null cells [START_REF] Song | P53 gain-of-function cancer mutants induce genetic instability by inactivating ATM[END_REF]. In the same p53mutant mouse cells, the G2-M DNA damage checkpoint was observed to be damaged, compared to the functional G2-M DNA damage checkpoint in p53null mouse cells. Moreover, they observed that the mutant p53 interacts with Mre11 and suppresses the binding of the Mre11-Rad50-NBS1 (MRN) complex to DSBs that can critically affect the possible HR pathway, which can thus lead to translocation formation [START_REF] Hanel | Links between mutant p53 and genomic instability[END_REF][START_REF] Zha | Mre11: Roles in DNA repair beyond homologous recombination[END_REF]. As this checkpoint is still intact in p53-null mouse cells, translocation formation could have been limited, that may account for the decreased translocation frequencies after induced DSBs in RPMI8866 cells with TP53 knockout.

According to this study, the generated chromosomal translocations confer celltype dependent survival advantages (Canoy et al., 2021-submitted to PNAS). In particular, the MYC-IGH translocation was observed to confer positive survival advantage specifically to RPMI8866 cells. As such, RPMI8866 cells with TP53

knockout were cultured for up to 60 days, with regular weekly passage, after DSB induction in either MIA or AEI. Comparing to the wild-type RPMI8866 cells, the obtained translocation frequencies were also decreased (Figures 13,14, and 15), although the overall trend was still maintained or not affected during the 60 days. The decreased translocation frequencies could perhaps be related to the intact G2/M DNA damage checkpoint in p53-null cells. Moreover, wildtype or mutant p53 can activate DNA topoisomerase I, which relieves the torsional strain in DNA brought about during replication, transcription and DNA repair [START_REF] Gobert | The interaction between p53 and DNA topoisomerase I is regulated differently in cells with wild-type and mutant p53[END_REF]. The absence or downregulation of topoisomerase I and the activity of normal and functional G2/M DNA damage checkpoint may then negatively affect the survival advantage that a particular chromosomal translocation confers, if there is any, on p53-null cells, such as the RPIMI8866 cells with TP53 knockout.

With respect to TP53, its knockout in RPMI66 cells negatively affected the translocation frequency after induction of specific DSBs, in both short and long terms. However, the overall trend or translocation profile was maintained or not affected. 
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Discussion

Optimization of electrotransfection protocol to transfect different cells with plasmids

Primary cells and cell lines derived from lymphocytes, lymphoma and leukemia cells share a similar characteristic being difficult to transfect, thus earning them the name difficult-to-transfect cells [START_REF] Meacham | Physical Methods for Intracellular Delivery: Practical Aspects from Laboratory Use to Industrial-Scale Processing[END_REF][START_REF] Zhao | Transfecting the hard-to-transfect lymphoma/leukemia cells using a simple cationic polymer nanocomplex[END_REF]. In this regard, for a simple ectopic gene expression on these difficult-to-transfect cells would entail a challenging and laborious workflow (Canoy et al., 2020).

Electrotransfection is a technique whereby cells are exposed to an electric field which changes the permeability of their membrane allowing the entry of any molecule, e.g., drugs, chemicals, or nucleic acids [START_REF] Rols | Electropermeabilization, a physical method for the delivery of therapeutic molecules into cells[END_REF]. This technique was successfully used in different difficult-to-transfect cells [START_REF] Jordan | Optimizing Electroporation Conditions in Primary and Other Difficult-to-Transfect Cells[END_REF].

Many electrotransfection protocols were described for EBV-transformed lymphoblastoid cell lines (LCLs) and EBV-negative leukemia and lymphoma cell lines. Most successful protocols involve the use of the Nucleofector II® device (Lonza). However using this machine does not allow users to control or modify the parameters of electroporation, resulting to highly variable transfection efficiencies (10-50%) among different studies [START_REF] Chicaybam | An Efficient Electroporation Protocol for the Genetic Modification of Mammalian Cells[END_REF][START_REF] Gahn | Marked, transient inhibition of expression of the Epstein-Barr virus latent membrane protein gene in Burkitt's lymphoma cell lines by electroporation[END_REF][START_REF] Machy | Gene transfer from targeted liposomes to specific lymphoid cells by electroporation[END_REF][START_REF] Maurisse | Comparative transfection of DNA into primary and transformed mammalian cells from different lineages[END_REF]. Moreover, these rates were attained using small plasmids and the transfection efficiency was significantly lower when using larger plasmids such as those encoding for the Cas9 protein.

The advantage of the optimized electrotransfection protocol, as provided by this study in (Canoy et al., 2020), is that the user can modify the electroporation parameters and as well as the electroporation mixture composition that contains the cells and plasmids. In comparison to the virus-mediated transfection which has been shown to produce high transfection rate and sustainable gene expression but can have immunogenic and cytotoxic response by causing inflammatory reaction and insertional mutagenesis [START_REF] Fakhiri | Novel Chimeric Gene Therapy Vectors Based on Adeno-Associated Virus and Four Different Mammalian Bocaviruses[END_REF][START_REF] Kim | Mammalian cell transfection: The present and the future[END_REF][START_REF] Pfeifer | Gene Therapy: Promises and Problems[END_REF][START_REF] Woods | Lentiviral vector transduction of NOD/SCID repopulating cells results in multiple vector integrations per transduced cell: Risk of insertional mutagenesis[END_REF], the optimized electrotransfection protocol is easy to use and does not require a vector, and thus does not have the major drawbacks inherent in viral-mediated methods.

Although the chemical transfection methods, such as the use of cationic lipids and cationic amino acids, also does not have the major drawbacks of viralmediated methods, their transfection efficiency can be variable as it is mainly dependent on factors such as the nucleic acid/chemical ratio, pH and cell membrane conditions [START_REF] Holmen | Efficient lipid-mediated transfection of DNA into primary rat hepatocytes[END_REF][START_REF] Kim | Mammalian cell transfection: The present and the future[END_REF][START_REF] Washbourne | Techniques for gene transfer into neurons[END_REF]. As such, the use of chemical transfection methods is only effective on certain types of cell. In particular, they are not effective on primary and stem cells. [START_REF] Chong | Transfection types, methods and strategies: A technical review[END_REF] recently reviewed the different transfection methods, that encompassed viral, physical/mechanical and chemical transfection methods. In this technical review, the strength and limitations of these methods were discussed, including the types of transfected nucleic acids, transfection controls and assessment of transfection efficiency.

As demonstrated in (Canoy et al., 2020), the optimized electroporation protocol is efficient and effective on difficult-to-transfect cells. This has enabled the transfection of Cas9-and gRNA-encoding plasmids into different cell types to experimentally induce specific DSBs and stimulate the formation of chromosomal translocations. As such, this can also be applicable in other difficult-to-transfect cells like primary and stem cells. Moreover, the materials needed in this protocol are significantly cheaper which makes this protocol ideal for numerous or large-scale transfection workflow.

Formation of specific chromosomal translocations in different cells

In this study (Canoy et al., 2021submitted to PNAS), we experimentally addressed the question why certain chromosomal translocations only appear in specific cell types. In fact, this has been the subject of many investigations, largely because of its preventive and therapeutic potentials [START_REF] Rowley | Chromosomal translocations: Revisited yet again[END_REF].

Two models of translocation formation, namely contact-first and breakage-first, have been proposed whose fundamental difference lies on DSB mobility [START_REF] Mccord | 3D Genome Organization Influences the Chromosome Translocation Pattern[END_REF][START_REF] Meaburn | Spatial genome organization in the formation of chromosomal translocations[END_REF][START_REF] Misteli | The emerging role of nuclear architecture in DNA repair and genome maintenance[END_REF][START_REF] Roukos | The cellular etiology of chromosome translocations[END_REF]. In (Canoy et al., 2021- Primarily, the nuclear spatial positions of gene loci are not random and are correlated with their transcription activity [ [START_REF] Clowney | Nuclear Aggregation of Olfactory Receptor Genes Governs Their Monogenic Expression[END_REF][START_REF] Eskiw | Transcription Factories and Nuclear Organization of the Genome[END_REF][START_REF] Volpi | Largescale chromatin organization of the major histocompatibility complex and other regions of human chromosome 6 and its response to interferon in interphase nuclei[END_REF]; R. R. E. [START_REF] Williams | Subchromosomal Positioning of the Epidermal Differentiation Complex (EDC) in Keratinocyte and Lymphoblast Interphase Nuclei[END_REF], reviewed in [START_REF] Shachar | Causes and consequences of nuclear gene positioning[END_REF]]. Transcriptionally active genes are usually found in the interior nuclear space while the inactive genes are preferentially associated with either the nuclear lamina (near the nuclear periphery) or the nucleolus (near the nuclear center) [ [START_REF] Bickmore | Genome Architecture: Domain Organization of Interphase Chromosomes[END_REF][START_REF] Chen | Mapping 3D genome organization relative to nuclear compartments using TSA-Seq as a cytological ruler[END_REF][START_REF] Steensel | Lamina-Associated Domains: Links with Chromosome Architecture, Heterochromatin, and Gene Repression[END_REF], reviewed in [START_REF] Zheng | The role of 3D genome organization in development and cell differentiation[END_REF]]. Likewise, active genes are shuttled to and from transcription factories where they can co-associate with other active genes from the same or different chromosome [ [START_REF] Osborne | Active genes dynamically colocalize to shared sites of ongoing transcription[END_REF][START_REF] Osborne | Myc Dynamically and Preferentially Relocates to a Transcription Factory Occupied by Igh[END_REF][START_REF] Ragoczy | The locus control region is required for association of the murine β-globin locus with engaged transcription factories during erythroid maturation[END_REF][START_REF] Schoenfelder | Preferential associations between co-regulated genes reveal a transcriptional interactome in erythroid cells[END_REF], reviewed in [START_REF] Fritz | Chromosome territories and the global regulation of the genome[END_REF][START_REF] Osborne | Molecular pathways: Transcription factories and chromosomal translocations[END_REF]]. Aside from being closer to each other while inside a transcription factory, transcribing genes become more susceptible to translocation formation as DSBs are transiently-induced during gene transcription [START_REF] Helmrich | Common fragile sites are conserved features of human and mouse chromosomes and relate to large active genes[END_REF][START_REF] Helmrich | Collisions between Replication and Transcription Complexes Cause Common Fragile Site Instability at the Longest Human Genes[END_REF][START_REF] Iannelli | A damaged genome's transcriptional landscape through multilayered expression profiling around in situ -mapped DNA double-strand breaks[END_REF][START_REF] Ju | A Topoisomerase IIß-Mediated dsDNA Break Required for Regulated Transcription[END_REF]. This was shown in genome-wide studies mapping translocation breakpoints near transcription start sites [START_REF] Chiarle | Genome-wide Translocation Sequencing Reveals Mechanisms of Chromosome Breaks and Rearrangements in B Cells[END_REF][START_REF] Klein | Translocation-Capture Sequencing Reveals the Extent and Nature of Chromosomal Rearrangements in B Lymphocytes[END_REF]. Aside from this, access of DNA repair factors to the DSB site is essential as chromosomal translocation is a product of DNA damage repair. Inaccessible chromatin impedes DSB repair as the DNA repair processes were observed to be less efficient in densely-packed heterochromatin, supporting the model of delayed access of DNA damage repair [ [START_REF] Ayoub | HP1-β mobilization promotes chromatin changes that initiate the DNA damage response[END_REF][START_REF] Baldeyron | HP1α recruitment to DNA damage by p150CAF-1 promotes homologous recombination repair[END_REF][START_REF] Chiolo | Double-Strand Breaks in Heterochromatin Move Outside of a Dynamic HP1a Domain to Complete Recombinational Repair[END_REF][START_REF] Cowell | ΓH2AX Foci Form Preferentially in Euchromatin after Ionising-Radiation[END_REF][START_REF] Goodarzi | ATM Signaling Facilitates Repair of DNA Double-Strand Breaks Associated with Heterochromatin[END_REF][START_REF] Kim | Heterochromatin is refractory to γ-H2AX modification in yeast and mammals[END_REF]), reviewed in (Miné-Hattab & Darzacq, 2020;[START_REF] Shi | Chromatin dynamics in DNA double-strand break repair[END_REF]]. In line with this, active gene transcription requires a relatively accessible or open chromatin configuration to allow the action of transcription and DNA repair machineries [ [START_REF] Aymard | Transcriptionally active chromatin recruits homologous recombination at DNA double-strand breaks[END_REF][START_REF] Aymard | Genome-wide mapping of long-range contacts unveils clustering of DNA double-strand breaks at damaged active genes[END_REF], reviewed in [START_REF] Miné-Hattab | Chromatin Dynamics upon DNA Damage[END_REF]]. Previous studies have shown that after breakage, broken chromosomes tend to remain aligned and tethered to their original counterparts until they are ligated [ [START_REF] Kato | Nonimmunoglobulin target loci of activationinduced cytidine deaminase (AID) share unique features with immunoglobulin genes[END_REF][START_REF] Lobachev | Chromosome Fragmentation after Induction of a Double-Strand Break Is an Active Process Prevented by the RMX Repair Complex[END_REF][START_REF] Roukos | Spatial Dynamics of Chromosome Translocations in Living Cells[END_REF][START_REF] Soutoglou | Positional stability of single double-strand breaks in mammalian cells[END_REF], reviewed in [START_REF] Ghosh | The Role for the DSB Response Pathway in Regulating Chromosome Translocations[END_REF]] which may explain the occurrence of many reciprocal translocations [START_REF] Gothe | Dynamics of Double-Strand Breaks: Implications for the Formation of Chromosome Translocations[END_REF]. In addition, it was previously shown that after induction of a specific damage in normal B-cells, the MYC locus moved from the periphery to the nuclear center to colocalize and share the same transcription factory with the IGH locus (Germini, Tsfasman, et al., 2017). As clearly shown, these factors are not mutually exclusive from each other and they actually affect each other. But as this study has demonstrated, translocations were generated from genes that were radially scattered around the nuclear center, were not actively transcribed or had inaccessible chromatin configuration, regardless of cell type. Hence there could be other factors that could account for translocation formation.

Spatial proximity between gene loci or DSBs is essential in translocation formation as shown by the tendency of the gene pairs BCR-ABL and MYC-IGH to translocate because they are positioned within 1 to 2 µm from each other in normal cells and had high Hi-C contact frequency in normal lymphocytes

[ [START_REF] Engreitz | Three-Dimensional Genome Architecture Influences Partner Selection for Chromosomal Translocations in Human Disease[END_REF][START_REF] Kozubek | Distribution of ABL and BCR Genes in Cell Nuclei of Normal and Irradiated Lymphocytes[END_REF][START_REF] Neves | The Nuclear Topography of ABL, BCR, PML, and RAR Genes: Evidence for Gene Proximity in Specific Phases of the Cell Cycle and Stages of Hematopoietic Differentiation[END_REF][START_REF] Roix | Spatial proximity of translocation-prone gene loci in human lymphomas[END_REF], reviewed in [START_REF] Osborne | Molecular pathways: Transcription factories and chromosomal translocations[END_REF]]. Both intact and broken gene loci have been shown

to move over several micrometers [START_REF] Aten | Dynamics of DNA Double-Strand Breaks Revealed by Clustering of Damaged Chromosome Domains[END_REF][START_REF] Chuang | Long-Range Directional Movement of an Interphase Chromosome Site[END_REF], reviewed in [START_REF] Roukos | The cellular etiology of chromosome translocations[END_REF]], where around 5% of translocations were observed to have formed from DSBs who could move for up to 5 µm [ [START_REF] Roukos | Spatial Dynamics of Chromosome Translocations in Living Cells[END_REF], reviewed in [START_REF] Gothe | Dynamics of Double-Strand Breaks: Implications for the Formation of Chromosome Translocations[END_REF]]. In yeasts, it was recently shown that the trans repair of DSBs is independent of the reported predamage spatial proximity between DSB loci, indicating that translocation formation in yeasts is not correlated by the spatial proximity between gene loci before the break [START_REF] Sunder | Frequency of DNA end joining in trans is not determined by the predamage spatial proximity of double-strand breaks in yeast[END_REF]. So we measured the proximity between potential translocation partners before and after DSB induction and we observed that the spatial proximity between gene loci after DSB induction to be significantly correlated with the translocation formation, regardless of the cell type. Our findings show that it is the spatial proximity between gene loci after DSB induction that is likely to affect translocation formation, effectively providing support to the breakage-first model of translocation formation.

About the mechanism of translocation formation, it was first recognized that most of the translocation breakpoint junctions obtained from clinical samples do not possess significant lengths of homologies, suggesting that translocation formation is brought about by the NHEJ repair pathway [START_REF] Mani | Triggers for genomic rearrangements: Insights into genomic, cellular and environmental influences[END_REF]. Subsequent mouse experiments revealed that the major mechanism of translocation formation is the alternative NHEJ (aNHEJ) repair pathway, where the cNHEJ repair pathway components, such as ligase IV and Ku7, suppressed translocation formation [START_REF] Mateos-Gomez | Mammalian polymerase θ promotes alternative NHEJ and suppresses recombination[END_REF][START_REF] Simsek | DNA ligase III promotes alternative nonhomologous end-joining during chromosomal translocation formation[END_REF][START_REF] Simsek | Alternative end-joining is suppressed by the canonical NHEJ component Xrcc4-ligase IV during chromosomal translocation formation[END_REF][START_REF] Weinstock | Formation of NHEJ-derived reciprocal chromosomal translocations does not require Ku70[END_REF]Y. Zhang & Jasin, 2011), reviewed in [START_REF] Brunet | Induction of Chromosomal Translocations with CRISPR-Cas9 and Other Nucleases: Understanding the Repair Mechanisms That Give Rise to Translocations[END_REF]]. This was likewise confirmed in this study by the inhibition of DNA-Pk, an important component of the canonical NHEJ (cNHEJ) repair pathway, and resulted in a significant increase of translocation frequency.

Hence, the cell's capability to fully shift to the aNHEJ repair pathway to repair DNA damages has improved its translocation formation efficiency.

As demonstrated in this study, translocations can be generated in almost any cell type, albeit with different frequencies. However not all of the generated translocations can persist. Oncogenic translocations arise from rare translocation events that have just been positively selected because of the growth advantage conferred to the cell (Y. [START_REF] Zhang | Chapter 4-The Role of Mechanistic Factors in Promoting Chromosomal Translocations Found in Lymphoid and Other Cancers[END_REF]. Hence, chromosomal translocations may confer different selective adaptive advantages that are dependent on the cell type. Perhaps the reason why certain chromosomal translocations are only reported in specific cell types is because these cells were able to survive to the detectable levels while harboring the translocation. Moreover, their survival and persistence may be related to their capacity to attain balanced reciprocal translocations, as exhibited by RPMI8866, because the genes from either chromosome are not lost and are somehow maintained in the resulting derivative chromosomes. It would then be interesting to further investigate the factors that affect the conferment of selective adaptive advantages to the cell.

Role of p53 in the generation of chromosomal translocations

The p53 protein has six major domains [START_REF] Joerger | Structural Biology of the Tumor Suppressor p53[END_REF][START_REF] Meaburn | Spatial Genome Organization and Its Emerging Role as a Potential Diagnosis Tool[END_REF] and multiple genes are activated by the binding of p53 to any of their responsive elements at their respective promoters or enhancers [START_REF] Liu | p53 modifications: Exquisite decorations of the powerful guardian[END_REF]. Beyond the DNA damage response, p53 has been found to be responsible in dealing with a wide range of endogenous and exogenous cellular stress [START_REF] Comel | The cytoplasmic side of p53's oncosuppressive activities[END_REF][START_REF] Horn | Coping with stress: Multiple ways to activate p53[END_REF][START_REF] Kastenhuber | Putting p53 in Context[END_REF][START_REF] Liu | p53 modifications: Exquisite decorations of the powerful guardian[END_REF][START_REF] Speidel | Transcription-independent p53 apoptosis: An alternative route to death[END_REF]. In addition, the functional regulation of p53 encompasses the DNA, RNA and protein level whose mechanisms involve multiple sites and functions, are reversible and can participate in widespread crosstalk [START_REF] Liu | p53 modifications: Exquisite decorations of the powerful guardian[END_REF].

The finding in this study that the loss or knockout of the TP53 gene decreased the translocation frequency in RPMI886 cells seems to be counter-intuitive to the widely accepted notion that p53 is the most important tumor suppressor for its role in promoting cell-cycle checkpoints, DNA repair and apoptosis [START_REF] Hanel | Links between mutant p53 and genomic instability[END_REF][START_REF] Liu | p53 modifications: Exquisite decorations of the powerful guardian[END_REF][START_REF] Mello | Deciphering p53 signaling in tumor suppression[END_REF]. As chromosomal translocations are consequences of erroneous DNA repair, it is quite expected that the loss of p53 will likely promote its formation. But according to this study, the reverse was observed. Perhaps this observation can be explained by the actual deletion of the TP53 gene that resulted to the absence of the p53 protein in RPMI886 when the DSBs were simultaneously induced. The mutation in the TP53 gene that produces mutated p53 is actually the one being link to oncogenesis, where mutant p53 are found in around 50% of cancer [START_REF] Bykov | Targeting mutant p53 for efficient cancer therapy[END_REF][START_REF] Ciriello | Emerging landscape of oncogenic signatures across human cancers[END_REF][START_REF] Muller | P53 mutations in cancer[END_REF][START_REF] Williams | Aneuploidy Affects Proliferation and Spontaneous Immortalization in Mammalian Cells[END_REF].

As reviewed by [START_REF] Hanel | Links between mutant p53 and genomic instability[END_REF], mutant p53 promotes aneuploidy, translocations and amplifications as a result of illegitimate recombination, breakage fusion bridge cycles and loss of centromere maintenance, and G2/M checkpoint. These so-called gain-of-function mechanisms can then enable the tumor growth and metastasis.

The actual absence of the p53 appears to have different effect on the cell. This was earlier observed in Tp53-deficient bone marrow cells in mice which were more resistant to γ radiation compared to the cells with wild-type p53 [START_REF] Westphal | Loss of atm Radiosensitizes Multiple p53 Null Tissues[END_REF]. In addition, p53-null colorectal cancer cell lines were also found to be more resistant to anticancer drugs 5-flurouracil and oxaliplatin [START_REF] Boyer | Characterization of p53 Wild-Type and Null Isogenic Colorectal Cancer Cell Lines Resistant to 5-Fluorouracil, Oxaliplatin, and Irinotecan[END_REF]. In these p53-null tumors, whether the entire p53 protein is completely absent or truncated parts were somehow transcribed and translated, needs to be to verified. This is because these truncated parts, if ever present, may activate certain downstream pathways that can promote oncogenesis, the same way as the mutated p53 does.

In mice, more translocations were detected in p53 mutant cells than in p53-null cells [START_REF] Song | P53 gain-of-function cancer mutants induce genetic instability by inactivating ATM[END_REF]. The G2-M DNA damage checkpoint was observed to be damaged in p53 mutant mouse cells while it is normal and functional in p53null mouse cells. The mutant p53 was also observed to interact with Mre11 and then suppress the binding of the Mre11-Rad50-NBS1 (MRN) complex to DSBs, critically affecting the possible HR pathway and thus can lead to translocation formation [START_REF] Hanel | Links between mutant p53 and genomic instability[END_REF][START_REF] Zha | Mre11: Roles in DNA repair beyond homologous recombination[END_REF]. Aside from this, wild-type or mutant p53 can activate DNA topoisomerase I, which relieves the torsional strain in DNA brought about during replication, transcription and DNA repair [START_REF] Gobert | The interaction between p53 and DNA topoisomerase I is regulated differently in cells with wild-type and mutant p53[END_REF]. From these studies, it can then be inferred that there is a big difference between the absence of p53 and the presence of p53, whether in wild-type or mutated form. Therefore, the total absence of p53 in the cell can negatively affect the frequency of translocations and their long term survival.

Conclusions

This study was able to demonstrate that the precise induction of specific DSBs can This study was also able to show that the knockout of the TP53 gene, responsible for the maintenance of a stable genome, negatively affects the frequency and long term survival of chromosomal translocations after induced DSBs in RPMI8866 cells. But nonetheless, the overall trend or translocation profile was maintained or not affected even after the loss of the TP53 gene.

Finally, this study was able to provide an easy and robust electrotransfection protocol for the efficient ectopic gene expression or gene editing in cells, including difficultto-transfect cells. Aside from this, this study established a RPMI8866 cell line with a TP53 knockout, which can be very valuable for subsequent studies that deal with the effect and consequences of the TP53 gene loss.

Perspectives

Moving 6. After electroporation, incubate cells for around 10 minutes on benchtop at room temperature. 7. Transfer electroporated cells into 2 mL fresh medium at room temperature. 8. Measure electrotransfection efficiency using a flow cytometer after 24-48 hours.

has always been reported and described in B-cells, and not in other type of cell. This may be due either to the cell type-specific spontaneous translocations between different loci or to the post-translocation selection of cells that have acquired selective survival advantages, such as enhanced growth and resistance to apoptosis. This observation was experimentally investigated by simultaneous induction of several double strand breaks (DSBs) at specific loci to generate specific chromosomal translocations in cells of different developmental origins: RPMI8866 (lymphoid, B-cell), Jurkat (lymphoid, T-cell), K562 (myeloid), MRC5 (lung fibroblast) and Hek-293 (embryonic kidney, epithelial). To this aim, an electrotransfection protocol was optimized to transfect cells, including hard-to-transfect cells such as B-cells, with Cas9-and gRNA-encoding plasmids. Four genes were targeted to comprise two 3-DSB sets: MYC-IGH-AML (MIA) and AML-ETO-IGH (AEI). Each cell type was induced of either one of the two 3-DSB sets utilizing the optimized electrotransfection protocol. The generated translocations were then measured using translocation-specific PCR primers in qPCR. The results showed the cell type-specific translocation frequencies after simultaneous induction of DSBs. The oncogenic MYC-IGH translocation had the highest frequency after DSB induction in MIA; while the previously unreported ETO-IGH translocation, not the oncogenic AML-ETO translocation, had the highest frequency after DSB induction in AEI. It was further shown that chromosomal translocations were generated regardless of the nuclear radial position, transcription activity and chromatin accessibility of the gene loci. Only the spatial proximity between the gene loci after DSB induction correlated with the resulting translocation frequency, supporting the "breakage-first" model of translocation formation. Furthermore, long term culture of cells with the generated chromosomal translocations for up to 60 days displayed varying survival outcomes in different cells. This indicated that cells acquire cell type-specific selective survival advantage from chromosomal translocations. Overall, the results demonstrate that chromosomal translocation can be generated after experimental DSB induction in almost any type of cell, but as to whether the cell with the translocation would persist depends on the cell type-specific selective survival advantage that the chromosomal translocation confers to the cell.
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Figure 1 .

 1 Figure 1. Chromosomal translocation in different types of cancer.Almost all lymphomas, more than the majority of leukemias and around 20% of soft-tissue sarcomas have or are directly caused by chromosomal translocations. Most of the carcinomas often have complex chromosomal aberrations that include other than just chromosomal translocations.

Figure 2 .

 2 Figure 2. Types of chromosomal translocations. The illegitimate repair of two DSBs on two non-homologous chromosomes can produce (A) reciprocal translocations if the exchange between two translocating chromosomes is bidirectional or (B) non-reciprocal translocations if the exchange is unidirectional. (C) Robertsonian translocations occur between two acrocentric chromosomes that are fused at the centromere.

Figure 3 .

 3 Figure 3. Molecular and functional consequences of chromosomal translocations. Chromosomal translocations can bring about the formation of fusion protein (A) or the aberrant expression of an otherwise normal gene (B). Either of the two can significantly affect the cell's normal functions that can lead to its transformation and malignancy.

Figure 4 .

 4 Figure 4. Models of chromosomal translocation formation.The "contact-first" model (left) posits that translocations occur among those gene loci that are already spatially proximal to each other before the occurrence of DSB. The "breakage-first" model (right) posits that DSBs or chromosomal broken ends move and roam around the nuclear space to find their translocation partner. This figure is derived from[START_REF] Misteli | The emerging role of nuclear architecture in DNA repair and genome maintenance[END_REF].

  requirements and only the samples containing actively dividing live cells can be analyzed. Second, it has an insufficient resolution (3-10 Mbp) to unambiguously identify disrupted genes. As such, there are possible chromosomal rearrangements, especially specific translocations, that cannot be distinguished by just karyotyping.

Figure 5 .

 5 Figure 5. G-banded karyotype of a male patient with Burkitt's lymphoma.

Figure 6 .

 6 Figure 6. Karyotype and FISH image of an infant with pre B-ALL. (A) Karyotype of an infant depicting the t(11;19) translocation. (B) FISH images using the break-apart MLL probe identified a split signal. Probes are on the 5' and 3' end of the MLL gene on 11q23. A normal signal pattern is two adjacent signals appearing redgreen or yellow. In this case, one pair of probes is split apart signifying a rearrangement involving the MLL locus. This figure is derived from (Morrissette et al., 2010).

  fluorescence along the chromosome spread is analyzed digitally. If chromosomes are lost or chromosomal sub-regions are deleted in the tumor genome, then the resulting observed fluorescence in the digital image analysis would result to a more red fluorescence in the map. On the other hand, the gain of certain chromosomal sub-regions in the tumor would then result to a more green fluorescence in the map. Array-CGH (aCGH), is variation of the standard CGH which uses an array of either bacterial artificial clones (BAC) or oligonucleotides (oligo) fixed on a slide instead of the normal metaphase spread (Figure7). This variation greatly increases the resolution from 2-4 Mbp in standard CGH to 100 Kbp to 1 Mbp in aCGH[START_REF] Pinkel | High resolution analysis of DNA copy number variation using comparative genomic hybridization to microarrays[END_REF][START_REF] Wan | Molecular cytogenetics: An indispensable tool for cancer diagnosis[END_REF]. The BAC-based aCGH is mainly used in clinical cytogenetics, however recently, the oligo-based aCGH has been shown to have relatively higher resolution and coverage than can reach the subtelomeric regions[START_REF] Zhou | Clinical application of oligo array-CGH for detecting balanced translocations in preimplantation genetic diagnosis[END_REF]. This was demonstrated in PGD which involves the detection of reciprocal and Robertsoninan chromosomal translocations in conjunction with comprehensive aneuploidy screening.

Figure 7 .

 7 Figure 7. Array-CGH analysis of a patient with pre B-ALL.DNA was extracted from the residual bone marrow and run on the Blue Gnome CytoChip using CGH. The ratio of patient DNA to reference DNA is plotted using dyeswap methodology, seen by mirror images in the plot. CGH analysis confirmed this patient was a high-hyperdiploid with trisomy for chromosomes4, 6, 8, 14,[START_REF]Store the petri dish containing LB agar with antibiotic in 4°C. Orient the petri dishes where the solidified LB agar is on top[END_REF] 18, 21, and X, with no other deletions or duplications. This figure is derived from[START_REF] Morrissette | Techniques to Detect Defining Chromosomal Translocations/Abnormalities[END_REF].

Figure 8 .

 8 Figure 8. RT-PCR amplification across large translocation breakpoint regions.The top panel is a schematic of the genomic DNA structure of two genes involved in translocation. Variant translocation breakpoints within large intronic regions of DNA can result in various gene fusion products (middle panel). RNA transcription and splicing results in a fusion coding mRNA with introns removed (bottom panel). This allows for PCR amplification using a single set of primers (block arrows) to detect all the variant fusion genes, which encode similar RNA. Coding exons are represented by boxes and noncoding introns by connecting lines. This figure is derived from[START_REF] Morrissette | Techniques to Detect Defining Chromosomal Translocations/Abnormalities[END_REF].

Figure 9 .

 9 Figure 9. Overview of translocation identification by NGS. (A) Translocations occurring at the DNA level were identified by designing capture probes that 23 tiled across the both exons (dark green) and introns (light green) of gene partners commonly involved in translocations. In this figure,ABL1 is captured, but its partner BCR is not. (B) Genomic DNA was then fragmented into ~300 bp pieces, library prepped, and captured. Genomic DNA containing sequences complementary to the ABL1 (green)-specific biotinlabeled capture probes (blue), in this figure, was enriched. While most of the captured DNA represented contiguous areas of ABL1, regions with partial homology representing the actual DNA breakpoint (red and green) were also captured. (C) After aligning the sequence data, A software called "Breakdancer" was used to identify paired reads in which one end of the paired-end read mapped to the targeted area (ABL1) and the other end did not (green/purple and green/red reads). The green-brown reads represent false positive translocation calls due to sequence repeats. This figure is derived from[START_REF] Abel | Chapter 10-Translocation Detection Using Next-Generation Sequencing[END_REF].

3 . 5 .

 35 Extraction and Western Blot. The extraction of nucleic acids are described in the section on DNA and RNA extraction. The PCR and qPCR compositions and conditions are described in the section on PCR, qPCR and cDNA synthesis reactions. DNA and RNA extraction DNA and RNA were extracted from cells using NucleoSpin Tissue Mini Kit for DNA from cells and tissues (Machery-Nagel, 740952.250) and NucleoSpin RNA Mini Kit for RNA Purification (Machery-Nagel, 740955.50), respectively, following manufacturer's instructions. The extracted DNA and RNA were quantified using the NanoDrop TM 2000c (Thermo Fisher Scientific) spectrophotometer.

  Protein was extracted from cells washed with 1x PBS. The washed cells were resuspended in NETN buffer (150 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl, pH 7.5 and 0.5% Nonidet P-40) with protease inhibitors (Roche, 04693159001) and phosphatase inhibitors (Roche, 04906837001) for 30 minutes on ice. The cell lysates were then sonicated at 30% amplitude for 15 seconds. The sonicated cell lysates were then centrifuge at 13,000 rpm in 4°C for 30 minutes. After centrifugation, the supernatant was decanted as the protein sample. The extracted proteins were then quantified using the BCA Protein Assay Kit (Thermo Fisher Scientific, 23227) according to the manufacturer's protocol. After quantification, the protein samples were denatured and normalized to 50 µg per 20 µL total volume (1 µL DTT, 5 µL LDS and 14 µL protein sample in NETN buffer) at 90°C for 10 minutes. The detailed protocol is provided in the Annex 1: Protein Extraction Protocol.

  Cells of different developmental origins were utilized in this study to investigate the occurrence of different chromosomal translocations in different cells. These included RPMI8866 (lymphoid, B-cell), Jurkat (lymphoid, T-cell), K562 (myeloid), MRC5 (lung fibroblast) and Hek-293 (embryonic kidney, epithelial) cells. Not all of these cells can be easily transfected with plasmids, especially B-cells which are known as one of the difficult-to-transfect cells.

  variability of translocation frequencies between different gene loci across the studied cell lines. With respect to the chromatin accessibility of gene loci, the DNA repair machinery of the cell can readily access the site of the DSB if the chromatin is more open or accessible and the prompt action of the DNA repair machinery may generate translocation better (Miné-Hattab & Darzacq, 2020; Shi & Oberdoerffer, 2012). Checking the epigenetic marks within the 50 kbp region of the gRNA binding sites to indicate the chromatin accessibility or inaccessibility (data not shown), the respective chromatin accessibility or inaccessibility of the gene loci were similar to that of the gene transcription activity in relation to chromosomal translocation formation. Thus, the chromatin accessibility could not have accounted for the observed variability of translocation frequencies between different gene loci across the studied cell lines.

  regardless of the nuclear radial position, transcription activity and chromatin accessibility of the gene loci. Only the spatial proximity between gene loci after DSB induction showed a positive correlation with the translocation frequency, effectively supporting the breakage-first model of translocation formation. This part of the results is provided in (Canoy et al., 2021-submitted to PNAS).

  of the NHEJ repair pathway were used to determine which of the NHEJ repair pathway is most likely responsible for the formation of chromosomal translocation after induction of precise DSBs. Inhibition of MRE11, involved in both cNHEJ and aNHEJ pathways, by mirin resulted to the decrease (0.4 fold) of MYC-IGH translocation frequency. On the other hand, DNA-Pk inhibition, involved in the cNHEJ pathway, by NU7026 increased the MYC-IGH translocation frequency by more than twice (2.4 fold). The use of either of the two inhibitors did not significantly affect the spatial proximity between MYC and IGH loci after DSB induction.

Figure 11 .✱Figure 12

 1112 Figure 11. Stimulated specific chromosomal translocations after MIA DSB induction in wild-type and p53KO RPMI8866 cells.Cells (16 x 10 6 ) were electrotransfected with gRNA, targeting MYC, IGH and AML, and Cas9 plasmids. Two days later, cells were collected for DNA extraction and translocations were detected using qPCR. Average means ± standard error of the mean (SEM) are shown representing the results of at least two biological and two technical replicates. One-way analysis of variance (ANOVA) was performed to compare the translocations frequencies of wild-type and p53-KO cells in each specific chromosomal translocation. The statistical significance is shown: P ≤ 0.05 (*), P ≤ 0.01 (**), and P ≤ 0.001 (***).

Figure 13 .

 13 Figure 13. MYC-IGH translocation frequency after long term culture of wild-type and p53KO RPMI8866 cells. Cells (32 x 10 6 ) were electrotransfected with gRNA, targeting MYC, IGH and AML, and Cas9 plasmids. Two days later, the electrotransfected cells were split into two parts. The first part was collected to determine the MYC-IGH translocation frequency. The second part was sorted and then cultured for 60 days with regular weekly passage. Cells were collected 30 and 60 days after electrotransfection to determine the MYC-IGH translocation frequency. Both of the reciprocal (der8 and der14) MYC-IGH translocations are shown.

Figure 14 .

 14 Figure 14. ETO-IGH translocation frequency after long term culture of wild-type and p53KO RPMI8866 cells. Cells (32 x 10 6 ) were electrotransfected with gRNA, targeting AML, ETO and IGH, and Cas9 plasmids. Two days later, the electrotransfected cells were split into two parts. The first part was collected to determine the ETO-IGH translocation frequency. The second part was sorted and then cultured for 60 days with regular weekly passage. Cells were collected 30 and 60 days after electrotransfection to determine the ETO-IGH translocation frequency. Both of the reciprocal (der8 and der14) ETO-IGH translocations are shown.

Figure 15 .

 15 Figure 15. AML-ETO translocation frequency after long term culture of wild-type and p53KO RPMI8866 cells Cells (32 x 10 6 ) were electrotransfected with gRNA, targeting AML, ETO and IGH, and Cas9 plasmids. Two days later, the electrotransfected cells were split into two parts. The first part was collected to determine the AML-ETO translocation frequency. The second part was sorted and then cultured for 60 days with regular weekly passage. Cells were collected 30 and 60 days after electrotransfection to determine the AML-ETO translocation frequency. Both of the reciprocal (der8 and der21) AML-ETO translocations are shown.

  submitted to PNAS), an experimental strategy involving the simultaneous induction of several specific DSBs was used to compare the frequency of generated chromosomal translocations in different cells. It turned out that chromosomal translocation formation is not affected by the nuclear radial position, transcription activity or chromatin accessibility of the participating gene loci, but rather by their spatial proximity after the break.

  stimulate the formation of chromosomal translocations in almost any cell type, albeit with different frequency. Moreover, translocation formation after induced DSBs is likely brought about by the aNHEJ repair pathway, confirming the results of previous studies. Furthermore, chromosomal translocations can be generated regardless of the nuclear radial position, transcription activity and chromatin accessibility of the gene loci. Rather, chromosomal translocation formation is influenced by the spatial proximity between the participating gene loci after the induction of specific DSBs, effectively supporting the breakage-first model of translocation formation. In addition, this study has revealed that some of the generated chromosomal translocations confer cell type-dependent survival advantages to the cell, which may partially explain why specific chromosomal translocations are only detected in certain types of cell.

3 .

 3 forward, this study has several exciting perspectives. With the availability of the optimized electrotransfection protocol and the experimental strategy devised in this study, the generation of specific chromosomal translocations is now possible in almost any cell type. This will then allow the unravelling of other patterns in the formation of chromosomal translocations. The following are the points which are worthy to be pursued on: 1. DSB location a. Within the same gene, induce DSBs at different locations at separate instances and observe its effect on the resulting chromosomal translocation frequencies b. Culture the cells for a longer period, at least six months, and observe if there will be any difference in terms survival 2. Chromatin accessibility a. Experimentally change the chromatin accessibility and observe its effect on chromosomal translocation formation. Deletion versus mutation of TP53 gene a. Compare the effects, if there are any, between the deletion and the mutation of TP53 gene on chromosomal translocation formation b. Characterize the DNA damage response and repair of the cell following deletion or mutation of TP53 gene c. Use other cell types and check if there are cell type-specific effects or consequences
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Table 1 .

 1 gRNAs used to induce specific double strand breaks (DSBs) in this study.

	Target Gene	gRNA Sequence (5' to 3')
	AML	GACTCCCCCATGTACCCCTA
	ETO	GATGTAAGAGGAAGCAGCTT
	MYC	TATCCCTTAAAGCGCTGACG
	IGH	GAGAACATACCAAGCCCCAC
	p53-ex11	TCCCTCTCCCTGTTGGTCGG
	p53-ex2	CTCAGAGGGGGCTCGACGCT

Table 2 .

 2 PCR primers designed and used in this study.

	Target	Sequence (5' to 3')	Function
	AML-F1	CTTCCTGGTGACGGTTGTTT	
			Detect translocation

Ligation of the dephosphorylated digested plasmid backbone and the phosphorylated annealed oligos

  Phosphorylation of Oligos -5' phosphorylation of DNA/RNA for subsequent ligation 1. After annealing of oligos, prepare the following in a 0.2 mL tube. Incubate tubes in 37°C for 30 mins. 3. After incubation, keep them on benchtop at room temperature or store in the freezer. A. After purification of the de-phosphorylated digested plasmid backbone, prepare the following in a 0.2 mL tube. Incubate in PCR thermal cycler at 22°C for 20 min. 2. Deactivate the enzyme in 65°C for 10 mins 3. Cool on ice. 4. Proceed to Transformation of competent cells with plasmid.

	Water	14 uL	
	Annealed oligos	1 uL (3 pmol)	
	Buffer A, 10X	2 uL	
	ATP, 10 mM	2 uL	
	T4 Polynucleotide	1 uL	
	Kinase (T4 PNK)		
	TOTAL	20 uL (0.15 pmol/uL)	
	2. 1:3 to 1:10	Negative control
		(plasmid:gRNA),	
		recommended is 1:7	
	Phosphorylated	(0.28 pmol for 1:7 ratio or	0
	annealed oligos	1.86 uL)	
	(0.15 pmol/uL)	2 uL	
	Dephosphorylated	(100 ng or 0.04 pmol)	(100 ng or 0.04
	digested plasmid		pmol)
	backbone		
	T4 DNA ligase	1 uL	1 uL
	Ligase buffer	2 uL	2 uL
	Water	Water to 20 uL	Water to 20 uL
	TOTAL	20 uL	20 uL
	1.		

B.

III.

8.

9. Electrotransfection Protocol 1

  . Cells should be passed two days prior to electrotransfection. Ideally, cells should be actively dividing (log phase) to increase transfection rate. 2. All mediums, solutions and mixtures should be at room temperature. 3. Cells should be washed first with fresh culture medium before doing the cell counting. Resuspend cells in appropriate electroporation medium (SMEM or SHM). 4. Prepare the electroporation mixture as follows

	No. of cells per	4 to 8 million cells
	electroporation cuvette	
	Electroporation medium	10% to 50%
	(SMEM or SHM) content	
	Water content (including	10% to 50%
	plasmid)	
	Total plasmid content	Up to 50 µg
	Total volume	100 µL (1 mm cuvette),
		400 µL (4 mm cuvette)
	5. Electroporate each cuvette according to the following parameters
	Voltage	1300 V/cm
	Duration	100 µs
	Frequency	1 Hz
	No. of pulses	8-12 pulses

RPMI8866 avec knock-out du gene TP53. Les résultats ont montré que la fréquence des différentes translocations était diminuée par rapport aux cellules de type sauvage, bien que la tendance globale soit toujours maintenue. La culture à long terme de cellules jusqu'à 60 jours a également montré une diminution des fréquences de translocation, avec toujours un maintien de la tendance globale. Ainsi la persistance respective des translocations chromosomiques générées, s'il y en avait, n'était pas affectée par le knock-out du gene TP53.En résumé, nos résultats démontrent que selon notre modèle expérimental, les translocations chromosomiques peuvent être générées dans presque n'importe quel type de cellule, mais avec des fréquences différentes. De plus, la formation d'une translocation chromosomique après induction de CDB n'est affectée ni par la position radiale nucléaire, ni par l'activité de transcription et ni par l'accessibilité de la chromatine des loci des gènes. La fréquence des translocations est surtout affectée dans noggtre modèle par la proximité des loci de gènes
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Annex 1: Detailed Protocols

Cell Culture Media Recipe

RPMI-8866 (LCL)

• 500 mL RPMI Medium 1640 1X (Gibco, 21875-034)

• 50 mL Fetal bovine serum FBS (Gibco, 10270-106)

• 33 mL D-glucose (30%)

• 5 mL L-glutamine 200 mM 10X (Gibco, 25030-024)

• 5 mL sodium pyruvate 100 mM 100X (Gibco, 11360-039)

• 5 mL Pen Strep: 10,000 units/mL Penicillin and 10,000 µg/mL Steptomycin (Gibco, 15140-122) • 50-100 µL Plasmocin™ Treatment 25 mg/mL (InvoGen, ant-mpt)

Jurkat

• 500 mL RPMI Medium 1640 1X (Gibco, 21875-034)

• 55 mL Fetal bovine serum FBS (Gibco, 10270-106) • 5.5 mL HEPES Buffer Solution 1M (Gibco, 15630-056)

• 5 mL sodium pyruvate 100 mM 100X (Gibco, 11360-039) • 4.6 mL D-glucose (30%)

• 5.5 mL Pen Strep: 10,000 units/mL Penicillin and 10,000 µg/mL Steptomycin (Gibco, 15140-122) • 50-100 µL Plasmocin™ Treatment 25 mg/ml (InvoGen, ant-mpt)

K562

• 500 mL RPMI Medium 1640 1X (Gibco, 21875-034)

• 55 mL Fetal bovine serum FBS (Gibco, 10270-106)

• 55 mL sodium pyruvate 100 mM 100X (Gibco, 11360-039) • 5.5 mL L-glutamine 200 mM 10X (Gibco, 25030-024) • 5.5 mL Pen Strep: 10,000 units/mL Penicillin and 10,000 µg/mL Steptomycin (Gibco, 15140-122) • 50-100 µL Plasmocin™ Treatment 25 mg/ml (InvoGen, ant-mpt)

MRC5-SV40

• 500 mL RPMI Medium 1640 1X (Gibco, 21875-034)

• 55 mL Fetal bovine serum FBS (Gibco, 10270-106) • 5.5 mL Pen Strep: 10,000 units/mL Penicillin and 10,000 µg/mL Steptomycin (Gibco, 15140-122) • 50-100 µL Plasmocin™ Treatment 25 mg/ml (InvoGen, ant-mpt)

HeLa and HEK-293

• 500 mL Dulbecco's Modified Eagle Medium DMEM (Gibco, 41966-029)

• 55 mL Fetal bovine serum FBS (Gibco, 10270-106) • 5.5 mL Pen Strep: 10,000 units/mL Penicillin and 10,000 µg/mL Steptomycin (Gibco, 15140-122)

• 50-100 µL Plasmocin™ Treatment 25 mg/ml (InvoGen, ant-mpt) Set-up the transfer chamber with the transfer sandwich and cold transfer buffer. Place a magnetic stirrer rod at the bottom of the chamber. 10. Run the transfer at 90 V for 2 hours inside the cold room over a magnetic stirrer. During the transfer, turn on the magnetic stirrer to regulate the temperature of the transfer buffer. 11. After the transfer, remove the PVDF membrane with the transferred protein from the sandwich. 12. Check the presence of the proteins by incubating the membrane in amido black or porcine for 1 minute. Place the membrane in a transparent film to be photocopied or to be taken a picture of. Then wash the membrane with water several times until the water becomes clear. 13. Block the membrane by incubating it in a freshly prepared 5% milk in 1x

TBST for 1 hour at room temperature. Use ~10 mL for each membrane. Put it on a rocker for the entire duration. 14. After blocking, rise the membrane with 1x TBST. Put it on a rocker during washing. Cut the membrane if needed according to the size of the target protein. 15. After rinsing and then cutting, incubate the membrane with the desired primary antibody in 5% BSA in 1x TBST overnight inside the cold room. Put it on a rocker for the entire duration.

Day 2

1. After overnight incubation, recover back the primary antibody solution and store it inside the freezer. 2. Wash the membrane thrice with 1x TBSTS for 5 minutes. Put it on a rocker during washing. 3. After washing, incubate membrane with the corresponding secondary antibody (depending on the primary antibody used) in a freshly prepared 5% milk in 1x TBST for 1-2 hours in room temperature. Put it on a rocker for the entire duration. 4. After secondary antibody incubation, Wash the membrane thrice with 1x TBSTS for 5 minutes. Put it on a rocker during washing. 5. After washing, reveal protein. Using HRP, mix equal amounts of the 2 reagents and equilibrate it in room temperature for 10 minutes. 6. Dispense the HRP mixture on top of the membrane and incubate for around 5 minutes. 7. After incubation, put the membrane and take a picture in a chemiluminescent imager. Take images at increment intervals of 10-15 seconds for 15-20 times. Allow it to dry 1.4. Rinse the slips with 70% ethanol (be careful not to remove the glue!) 1.5. Put every slip into a well 1.6. Put 20 µL of poly-lysine on the unmarked surface of the slip (glue down, pencil mark on the right) 1.7. Make a sandwich with another slip 1.8. 15-20 min, RT 1.9. Add 1 ml of water to separate the slides 1.10. Dry overnight in 37°C incubator When aspirate liquid from the well with vacuum or with a cone do it quickly but carefully in order not to overdry the cells and not to detach them. For one well of a 12-well plaque 1-1.5 ml is OK. (better) at +4°C. Cells may be stored like this up to 6 months. 4.12. Notes: 4.12.1. In the initial protocol concentration of triton can change dependently on the cell type 4.12.2. Remove RNA that could also hybridize with the probe via RNase 4.12.3. Put drops of the desired solution on Parafilm (50 microliter of your solution) 4.12.4. Put parafilm into a box with a wet paper in it 4.12.5. Put the box in a thermostat

Hybridization

5.1. Wash 2 slides with 70 % ethanol and mark them 5.2. Put 50 µl of 70% formamide (in 2X SSC) in the middle of the slide and put the slide with the coverslip with the cells on it (cell in contact with the formamide and glue up) 5.3. Switch on the warming plates for probes and for slides (75-80°). 5.4. Prepare the hybridization mix (in the dark):

5.4.1.

Centrifuge the probes and add in an eppendorf 0.5-1 microliter of each probe to the hybridization buffer (usually sold together with the probes). 5.4.2.

Put the probes and the slide on the warming plates 5 min. 5.4.3.

Put the eppendorf in ice, turn one of the 2 coversplis with cell up on another slide, add 10 microliter of hybridization mix, turn on it the other coverslip with cell down (prepare the sandwich). Close it with glue and put it in a humid chamber in the dark at 37° for 48-72 hours. 5.5. Notes: 5.5.1. Avoid excess light when working with a fluorescent probe! Otherwise there is a phenomenon of photobleaching.

Wash and mounting

6.1. Remove the glue and put each slide in a well in formamide 50% at 37° for 5 minutes 6.2. Wash 2 times in SSC 2X RT for 5 minutes 6.3. Wash 3 times in PBS 1X 5 minutes RT 6.4. Wash the slide with ethanol 70% 6.5. Mount putting a drop of Vectashield (or other mounting medium) containing DAPI on the slide and put the coverslip on it with cells down 6.6. Close with polish nail (that avoid air to enter) 6.7. Go to the microscope or store in the fridge in the dark. 6. translocations chromosomiques étaient générées indépendamment de la position radiale nucléaire, de l'activité de transcription et de l'accessibilité de la chromatine des loci. Seule la proximité spatiale entre les loci après l'induction de la CDB était corrélée à la fréquence observée des translocations, soutenant le modèle du «breakage first» dans les mécanismes de formation des translocations. De plus, la culture à long terme jusqu'à 60 jours des cellules avec les translocations chromosomiques générées a montré une survie variable des différents types cellulaires. Ce qui suppose que l'avantage sélectif de survie acquis après la translocation est spécifique du type cellulaire. Dans l'ensemble, les résultats démontrent que les translocations chromosomiques peuvent être générées après induction expérimentale de CDB dans n'importe quel type de cellule, mais la persistance des cellule avec translocation dépend de l'avantage de survie sélectif que la translocation chromosomique confère à la cellule et qui est spécifique d'un type cellulaire.