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.

Therefore, we performed a screening using a large library of siRNA on cultures of irradiated human tumoral cells in order to identify molecules involved in its occurrence. Furthermore, while investigating the fate of tumoral cannibal cells, we observed that they tend to stop proliferating and take a senescent phenotype (Raza et al, in revision 2018). Taken together, our observations led us to investigate the implication of the p38 mitogen activated protein kinase pathway in the cannibalistic process. This thesis presents the in vitro results obtained to decipher the signaling pathways involved in cellular cannibalism elicited by ionizing radiation and demonstrates the implication of the p38
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INTRODUCTION

The human body undergoes permanently alterations of its DNA, as a consequence of environmental physicochemical stress exposure or due to reactive molecules formed endogenously by cellular metabolic processes. In physiological conditions, cells possess several highly accurate enzymatic DNA repair systems that enable them to detect and correct DNA aberrations [START_REF] Bauer | The current state of eukaryotic DNA base damage and repair[END_REF][START_REF] Klungland | Endogenous DNA Damage and Repair Enzymes[END_REF]. As a final recourse, a programmed cell death mechanism can be activated upon irreparable damages, to protect the integrity of the genome. Cancer is a disease that can be initiated by a single cell that undergoes uncontrolled (and often rapid) proliferation due to the loss of its cell death capacities, after several mutations [START_REF] Kelly | The Essential Role of Evasion from Cell Death in Cancer[END_REF]. Such cells are detrimental since they will fatally accumulate and spread mutations while dividing. Most often, these transformed cells are recognized and eliminated by either the innate or the adaptive immune systems. However, some of them are able to escape the immune surveillance thanks to their low immunogenicity. This process, known as immunoediting, results in cancer development and is also able to modulate its progression [START_REF] Kim | Cancer immunoediting from immune surveillance to immune escape[END_REF]. Cancer is a heterogeneous disease evolving differently namely upon the location and microenvironment, the cell type it develops from and the specific markers exhibited by the tumor. Accordingly, specific treatments or treatments'combinations are used to optimize the tumoral cell death, which often include the delivery of ionizing radiation to the tumor site. However, the biological processes involved in tumoral cell elimination remain partially understood [START_REF] Eriksson | Radiation-induced cell death mechanisms[END_REF]. The three main types of cell death apoptosis, autophagy and necrosis are triggered by anticancer treatments. However, several other atypical cell death mechanisms have also been described whose mechanisms need to be further investigated for potential modulation in the clinic.

In this thesis, I focus on unraveling the signaling pathways of one of these atypical cell death processes referred as cellular cannibalism. Observed in tumoral biopsies, this phenomenon (defined as the engulfment of one live cell by another) is all the more interesting since it is enhanced by radiotherapy.

I. CANCER AND RADIOTHERAPY 1. ORIGINS OF CANCER

Etymology

The word carcinoma was first used by to describe cancerous tumors.

From the ancient Greek καρκίνος (karkínos), it means crab as its later translation into Latin cancer, in all likelihood because of the analogy between the enlarged veins around breast tumors extending to the skin and the legs of a crab. Nevertheless, the oldest written medical description of cancer comes from Egypt. The Smith and Ebers papyri (supposed to be written, between 1500-1600 BC) relate the wounds and treatments used back to 2000-3000 BP whereunder those for tumors [START_REF] Faguet | A brief history of cancer: Age-old milestones underlying our current knowledge database[END_REF].

Paleopathology

Thank to paleopathobiology, we can assume that cancer has probably existed since the origin of Humanity. Although the disease was rare during Antiquity, traces of cancer have been found all around the globe in several early civilisations and in the animal kingdom [START_REF] Natarajan | Bone cancer rates in dinosaurs compared with modern vertebrates[END_REF].

Conservation issues make bones the most important source of information revealing osseous lesions secondary of benign neoplasms, primitive bone cancer or osteolytic metastasis. However, several soft tissue tumors were also discovered in well-preserved Egyptian and Peruvian mummies (Fornaciari & Giuffra, 2012). Paleogenetic may also confirm retrospective cancer diagnoses by the analysis of DNA contained in the mummified tissues.

RECENT EPIDEMIOLOGICAL DATA

Cancer is commonly referred as the evil or the plague of the modern age [START_REF] Pinell | Naissance d'un fléau[END_REF]. Indeed, despite its long existence, its incidence has dramatically increased, especially in developed countries in relation to aging and social behavior. In 2012, in Northern America, Australia and Western Europe; an average of more than 300 cases of age-standardised cancers (excluding nonmelanoma skin cancer) were reported per 100 000 inhabitants (Figure 1A). Worldwide, more than 14 million new cancer cases were reported in 2012 and this number is expected to reach 24 million in 2035 [START_REF] Stewart | Cancer prevention as part of precision medicine: 'plenty to be done[END_REF].

RISK FACTORS AND TRIGGERS

Human behavior and environment

Several behavioral and environmental risk factors have been described. However, when diagnosed, it is difficult to determine the cause of a cancer. Studies have shown a positive association between obesity, diets and certain types of cancer [START_REF] Kubo | Body Mass Index and Adenocarcinomas of the Esophagus or Gastric Cardia: A Systematic Review and Meta-analysis[END_REF][START_REF] Layton | Cancer risk of heterocyclic amines in cooked foods: an analysis and implications for research[END_REF]. Smoking and excessive alcohol consumption increase the risk of cancer, namely in organs directly in contact as the lungs or the bladder but it also correlates with higher incidence of contralateral breast cancer for example [START_REF] Knight | Alcohol consumption and cigarette smoking in combination: A predictor of contralateral breast cancer risk in the WECARE study[END_REF]. Although the human body possesses several mechanisms to repair DNA modifications caused by environmental stresses, frequent exposures favor the accumulation of mutations. For example, the natural, medical, professional exposures to low doses ionizing radiation increase the probability to develop a cancer.

The risk remains stochastic but it increases with the radiation dose [START_REF] Linet | Cancer risks associated with external radiation from diagnostic imaging procedures[END_REF]. Moreover, several infectious agents have also been involved in cancer etiology. They are responsible of about 2 million cancer cases each year [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF]. Many oncovirus have been identified e.g. Human Papillomavirus (HPV), Hepatitis B and C viruses, Epstein Barr virus, Human T-cell lymphotropic virus-1 and Kaposi's sarcoma herpes virus. They are respectively known as risk factors of cervical-, penile-, head and neck squamous cell carcinoma (HNSCC), hepatic, esophageal and hematological malignancies [START_REF] Mesri | Human Viral Oncogenesis: A Cancer Hallmarks Analysis[END_REF]. In addition, Helicobacter Pylori is also recognized as a carcinogen mainly involved in stomach cancer [START_REF] Conteduca | H. pylori infection and gastric cancer: State of the art[END_REF].

Genetic etiology

Inherited genetic predisposition

Some rare inherited genetic mutations lead to clinical syndromes with high risk of developing cancers as xeroderma pigmentosum, ataxia-telangiectasia (AT), Bloom syndrome, Fanconi anemia or Nijmegen breakage syndrome for example [START_REF] Nagy | Highly penetrant hereditary cancer syndromes[END_REF]. Besides, many studies have shown that a mutation in the so-called breast cancer genes 1 or 2 (Brca1 or Brca2) increases the probability to develop different types of cancer. In particular, women carrying a Brca1 mutation have a lifetime risk of developing breast and ovarian cancer up to 90% and 65% respectively [START_REF] Janavičius | Founder BRCA1/2 mutations in the Europe: implications for hereditary breast-ovarian cancer prevention and control[END_REF]. Together with ataxia-telangiectasia mutation (Atm), mutated Palb2 (Partner And Localizer of BRCA2), Brca1 and Brca2 genes are also associated with familial pancreatic cancer syndromes for example [START_REF] Solomon | Inherited Pancreatic Cancer Syndromes[END_REF].

Moreover, the germline inactivation of the von Hippel-Lindau (Vhl) tumor suppressor gene is associated with renal cell carcinoma [START_REF] Kim | Role of VHL Gene Mutation in Human Cancer[END_REF]. In parallel, several studies have reported that tumoral DNA often exhibits epigenetic modifications. Consequently, epigenetic alterations are also suggested to be potential cancer inducer or involved in cancer propagation. However, it is still difficult to determine the chronology and causality of epigenetic mutations in cancer [START_REF] Sharma | Epigenetics in cancer[END_REF][START_REF] You | Cancer Genetics and Epigenetics: Two Sides of the Same Coin?[END_REF].

Cell cycle alterations

In physiological conditions, cells of higher eukaryotes perform euploïd divisions in cycles of several steps allowing their survival and proliferation. Although the speed of execution of this cell cycle is species-, cell type-, cell's differentiation state-, and environment dependent; the process is evolutionary conserved. The cell cycle is composed of 4 main phases: the G1 or first growth phase (preparation to the replication of the cell's DNA content), the S or synthesis phase (doubling of DNA content), the G2 phase (mitosis preparation) and the M or mitosis phase (halving genome information followed by cell division). During each phase, specific cytoplasmic proteins called cyclins and cyclins dependent kinases (CDK), are transcripted to control and promote the passage of the cell to the next phase (Figure 2). More precisely, the G1 phase in subdivided into the early and the late G1 phases. During the early G1 phase, the presence of growth factors or mitogens is required for the progression in the cycle till a restriction point (R point). The passage of the R point is dependent on CDK4/6 binding to cyclin D and the phosphorylation of retinoblastoma tumor suppressor protein (RB). When phosphorylated, RB will be uncoupled from its E2F element, which will be free to drive genes transcription during S phase. In addition, when no mitogens are expressed during G1, cells can also temporary exit the cycle to enter a G0 phase. In G0, they are in a quiescent state and present a reduced metabolic activity. Cells fighting a pathogen for example are prone to leave the cycling state to enter this G0 phase. By contrast, primary peripheral blood T lymphocytes generally rest in G0 state. They only enter the G1 phase after activation by T-cell receptor and CD28 co-stimulation [START_REF] Lea | Commitment Point during G0->G1 That Controls Entry into the Cell Cycle[END_REF]. To enter the S phase, the cells need to pass a G1/S checkpoint to control the integrity of its DNA before replication. The progression into the S phase is promoted by cyclin A and CDK1 and 2, and it can be blocked by CDK inhibitors as tumor suppressor protein p53 and p21 for example. After the S phase, the cells proceed forward through the G2 phase under the influence of cyclin B and CDK1. Before the M phase, they undergo a second checkpoint regulated by p53. This G2/M checkpoint may pause the cell cycle to prepare mitosis or induce cell death by apoptosis. During mitosis, cell division takes place after the homogeneous repartition of chromosomes on the poles of the mitotic spindle.

A spindle assembly checkpoint is also present to ensure the chromosomes are well attached and distributed on the spindle and prevent aneuploidy. Mitosis is a well-described mechanism occurring in several steps i.e. the prophase, prometaphase, metaphase, anaphase, telophase and ending after cytokinesis [START_REF] Mitchison | Mitosis: a history of division[END_REF]. Finally, repeated divisions (about fifty for human fibroblasts cultured in vitro) lead to a permanent arrest of the cell cycle in G1 due to telomere shortening, a phenomenon known as replicative senescence (Hayflick and Moorhead, 1961).

Figure 2: The cell cycle and its implication in cancer genetics

The cell cycle is divided into 4 main phases: the G1, S, G2 and the M phases. The progression through the different phases is controlled by cyclins, cyclin dependent kinases (CDK) and CDKs inhibitors ensuring the integrity of the DNA replication. Cells also have to pass two checkpoints to proceed forward to the M phase where they will be divided into two daughter cells with identical genome [START_REF] Cuervo | Chaperone-mediated autophagy: roles in disease and aging[END_REF].

Cancerous cells generally present defects in the cell cycle surveillance. The onset of cancer can be due to mutations in tumor suppression genes or in oncogenes (Figure 2). Indeed, alterations of tumor suppressor proteins as p53, RB, p21 or Transforming Growth Factor beta (TGF-β) receptors may result in the incapacity to stop the cycle and to induce cell death for abnormal cells. On the other hand, a lack of inhibition or a gain of function of oncogenes such as cyclins, Cdks, E2f, Myc or Mdm2 is also deleterious since it gives rise to shorter cell cycles and provides abnormal cells an unlimited capacity to divide and spread their aberrations [START_REF] Manning | Whole chromosome instability resulting from the synergistic effects of pRB and p53 inactivation[END_REF]. For these reasons, defective cell cycle proteins can constitute both biomarkers for cancer and potential targets for anticancer treatments [START_REF] Singhal | Prognostic Implications of Cell Cycle, Apoptosis, and Angiogenesis Biomarkers in Non-Small Cell Lung Cancer: A Review[END_REF][START_REF] Hamilton | Targeting CDK4/6 in patients with cancer[END_REF].

TUMORAL DEVELOPMENT

According to the somatic mutation theory (SMT), non-inherited cancers start from a cell that underwent alterative transformations and lost its capacity to die [START_REF] Wunderlich | Early references to the mutational origin of cancer[END_REF]. For example, only three sequential mutations appear to be required to develop lung and colon adenocarcinomas (Tomasetti et al., 2015). Hence these cells proliferate facing clonal selection depending on their acquisition of several cancer hallmarks as the capacity to escape multiple physiological tumor suppressor mechanisms. Consequently, the excess of proliferation will create a cell mass or primary (solid) tumor that will become vascularized in order to get access to nutrients and oxygen and to get rid off metabolic waste and carbon dioxide. Then, the tumor cells may invade new sites through the blood or lymphatic circulation forming secondary tumors or metastases (Clark and Matic Vignjevic, 2015) (Figure 3). By contrast, in leukemias or lymphomas, the tumor cells, which are circulating respectively in the blood or lymph streams, do not form a solid mass in first instance but they may induce (solid) metastasis in the tissues they cross [START_REF] Javier | Cardiac Metastasis in Lymphoma and Leukemia[END_REF]. However, cumulative evidences also stress the implication of the tumor microenvironment in the development of cancer. Indeed, the stromal compartment was reported to be strongly involved and even occasionally to initiate cancer in accordance with the tissue organization field theory (TOFT) [START_REF] Raaijmakers | Myelodysplastic syndromes: revisiting the role of the bone marrow microenvironment in disease pathogenesis[END_REF][START_REF] Hanahan | Accessories to the Crime: Functions of Cells Recruited to the Tumor Microenvironment[END_REF]Schonnenschein et al., 2014).

Figure 3: Tumor mass development and formation of metastasis

The accumulation of transformed cells forms a tumour mass which drives angiogenesis to survive. Tumoral cells may then get detached and migrate by entering blood of lymphatic vessels (intravasion). After adhesion to the vessel wall, they can exit the circulation (extravasation) to invade adjacent tissues forming new colonies referred as metastases [START_REF] Wirtz | The physics of cancer: the role of physical interactions and mechanical forces in metastasis[END_REF].

Tumoral stages

The TNM classification of malignant tumors is one of the tools allowing staging or the description of the tumor's proliferation state. Initially invented by former Gustave Roussy surgeon Pierre Denoix in the 50's, the 8 th edition is currently in use [START_REF] Brierley | The principles of cancer staging[END_REF]. Briefly, the letter T refers to the extension of the primary tumor using the size of the tumor (from T1 to T4), the N is related to the invasion of regional lymph node (N0: none; N1: one node metastasis; N2: invasion of multiple nodes). Finally, the M defines the presence of metastasis (M0: absence; M1: one or multiple metastases). In situ tumors have the best prognosis and correspond to T1N0M0. The tumoral growth is also strongly dependent on the tumoral microenvironment [START_REF] Hanahan | Accessories to the Crime: Functions of Cells Recruited to the Tumor Microenvironment[END_REF]. Furthermore, it is demonstrated that most cancers exhibit some intratumor heterogeneity. Cancer cells are supposed to behave as communities. The cooperative behaviour of subclones, the superiority of a subclone on the others as well as their relation with normal cells may influence the evolution of the disease. These interactions, as well as the existence of cancer stem cells, bring an additional layer of complexity to therapeutic interventions [START_REF] Tabassum | Tumorigenesis: it takes a village[END_REF]Li et al., 2007;[START_REF] Brady | Combating subclonal evolution of resistant cancer phenotypes[END_REF].

Hallmarks of cancer

As aforementioned, tumor development occurs in several steps, which depend on the successive acquisition of specific capabilities to enable or maintain tumor growth. More precisely, eight hallmarks of cancer have been defined whereas genomic instability and inflammation have been identified as two key underlying processes contributing to their acquisition [START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF]. In addition, stromal cells of the tumoral microenvironment also greatly contribute to the gain or enhancement of these specific capabilities [START_REF] Hanahan | Accessories to the Crime: Functions of Cells Recruited to the Tumor Microenvironment[END_REF].

Sustained proliferative signaling

Normal tissues ensure homeostasis by a tight regulation of the production and release of growthpromoting signals and by controlling the cell cycle progression. Cancer cells are able to modify these signals using different strategies to master their fate. For instance, they can autonomously secrete molecules to stimulate their growth namely promoting angiogenesis and lymphangiogenesis [START_REF] Nishida | Angiogenesis in cancer[END_REF][START_REF] Salven | Vascular Endothelial Growth Factors VEGF-B and VEGF-C Are Expressed in Human Tumors[END_REF]. Besides, they can produce cognate receptors to directly use the growth factors they release in an autocrine fashion. In addition, cancer cells can also interact with stromal cells in the vicinity. They can stimulate normal cells to produce various growth factors, cytokines, chemokines and metabolites that also remodel the extracellular matrix (ECM) [START_REF] Cheng | Transforming Growth Factor-Signaling-Deficient Fibroblasts Enhance Hepatocyte Growth Factor Signaling in Mammary Carcinoma Cells to Promote Scattering and Invasion[END_REF][START_REF] Bhowmick | Stromal fibroblasts in cancer initiation and progression[END_REF][START_REF] Balkwill | The tumor microenvironment at a glance[END_REF]. Malignant cells namely recruit fibroblasts referred as cancer-associated fibroblasts (CAF) that are mainly activated to produce growth factors and CXCL2 chemokine, respectively playing mitogenic functions and promoting tumoral proliferation [START_REF] Spaeth | Mesenchymal Stem Cell Transition to Tumor-Associated Fibroblasts Contributes to Fibrovascular Network Expansion and Tumor Progression[END_REF][START_REF] Erez | Cancer-Associated Fibroblasts Are Activated in Incipient Neoplasia to Orchestrate Tumor-Promoting Inflammation in an NF-κB-Dependent Manner[END_REF][START_REF] Orimo | Stromal Fibroblasts Present in Invasive Human Breast Carcinomas Promote Tumor Growth and Angiogenesis through Elevated SDF-1/CXCL12 Secretion[END_REF]. Moreover, cancer cells can increase their expression of surface receptor proteins to amplify their response to the same amount of proliferative stimuli [START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF]. Furthermore, they can disrupt negative-feedback mechanisms that normally lower proliferation to maintain homeostasis, as an indirect process to sustain their proliferation [START_REF] Amit | A module of negative feedback regulators defines growth factor signaling[END_REF]. For example a loss of function mutation in PTEN expression allows a limitless amplification of PI3-K signaling and promote tumorigenesis [START_REF] Jiang | Chapter 2 PI3K/PTEN Signaling in Angiogenesis and Tumorigenesis[END_REF]. In addition, somatic mutations can activate downstream signaling pathway promoting proliferation. For instance, the majority of melanomas present somatic mutations such as activating mutation of B-Raf, which is reported to activate the Mitogen activated protein (MAP) kinase pathway [START_REF] Davies | Analysis of the genome to personalize therapy for melanoma[END_REF]. This phenomenon can also explain the frequent growth factors independence of tumor cells since downstream mutations can activate the desired targets bypassing upstream steps of growth factorsreceptors interactions to elicit the same function.

Insensitivity to growth suppressors

Serving the same objective, cancer cells have to escape from anti-growth signals to keep proliferating [START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF]. Cells also present a dozen a tumor suppressor's programs whereunder RB and p53 play a central role controlling the cellular integrity and proliferation [START_REF] Sherr | The RB and p53 pathways in cancer[END_REF]. Activation of these pathways can generally force cells into differentiation, senescence or apoptosis. However, their alteration or the overexpression of oncoproteins such as RAS, c-MYC or HPV-induced E7 for example can lead to persistent proliferation [START_REF] Collado | Senescence in tumours: evidence from mice and humans[END_REF]Vaqué et al., 2005). Indeed, in HPV16-induced cervical carcinoma for example, the RB protein is captured and degraded by E7 what favors proliferation [START_REF] Giarrè | Induction of pRb Degradation by the Human Papillomavirus Type 16 E7 Protein Is Essential To Efficiently Overcome p16INK4a-Imposed G1 Cell Cycle Arrest[END_REF]. Cancer cells can also corrupt and reprogram the TGF-ß pathway that normally presents antiproliferative effects to induce epithelial to mesenchymal transition (EMT) promoting both malignancy and invasion [START_REF] Massagué | TGFβ in Cancer[END_REF]. In addition, cell contact inhibition is also a growth suppressive mechanism that can be abolished by tumor cells.

Evading immune destruction

This feature of cancer arises from the observation that the immune system can counteract tumor development. Indeed, tumors are more easily grafted on immunodeficient than on immunocompetent mice suggesting that mice with impaired immune system present decreased immunosurveillance and tumorsuppression capabilities. This is confirmed in human by the three time higher excess risk of cancer after solid organ transplantation [START_REF] Vajdic | Cancer incidence and risk factors after solid organ transplantation[END_REF].

Besides, it illustrates the process of immunoediting where immunogenic tumors attract immune cells (due to their release of inflammatory cytokines or from the stromal cells they interact with in the TME) that will in turn eliminate most of them. In contrast, low immunogenic tumor clones survive. These resistant tumor cells variants will reach equilibrium with the immune cells and be further selected to proliferate in the so-called escape phase [START_REF] Dunn | The Three Es of Cancer Immunoediting[END_REF]. These variants generally present a downregulation or loss of expression of classical MHC class I which allow to abrogate T cell-mediated immune response [START_REF] Garrido | Generation of MHC class I diversity in primary tumors and selection of the malignant phenotype[END_REF] or an upregulation of non-classical MHC I preventing NK-mediated immune reaction [START_REF] Borrego | Recognition of Human Histocompatibility Leukocyte Antigen (HLA)-E Complexed with HLA Class I Signal Sequence-derived Peptides by CD94/NKG2 Confers Protection from Natural Killer Cell-mediated Lysis[END_REF].

The TME contains several subpopulations of immune cells namely lymphocytes. In particular, infiltrations of CD8 + T cells which are able to kill tumor cells, CD4 + T helper 1 (TH1) cells producing interleukin-2 (IL-2) and interferon γ (IFNγ), as well as of innate cytotoxic lymphocytes natural killer (NK) and T natural killer (NKT) predict a good prognosis owing to their tumor suppressor functions [START_REF] Fridman | The immune contexture in human tumours: impact on clinical outcome[END_REF][START_REF] Tachibana | Increased Intratumor V 24-Positive Natural Killer T Cells: A Prognostic Factor for Primary Colorectal Carcinomas[END_REF][START_REF] Balkwill | The tumor microenvironment at a glance[END_REF]. However, immunogenic tumors can also survive and proliferate by developing mechanism to evade immune destruction. They can directly evade these antitumoral immune cells by secreting immunosuppressive factors as TGF-ß or by recruiting cells that will release these factors for them such as CAF, regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) for example [START_REF] Erez | Cancer-Associated Fibroblasts Are Activated in Incipient Neoplasia to Orchestrate Tumor-Promoting Inflammation in an NF-κB-Dependent Manner[END_REF][START_REF] Balkwill | The tumor microenvironment at a glance[END_REF][START_REF] Youn | The biology of myeloid-derived suppressor cells: The blessing and the curse of morphological and functional heterogeneity[END_REF]. Indeed, the presence of T regulatory cells (Tregs) is mostly associated with bad prognosis since these cells can play immunosuppressive functions [START_REF] Bates | Quantification of Regulatory T Cells Enables the Identification of High-Risk Breast Cancer Patients and Those at Risk of Late Relapse[END_REF]. The functions of other T helper cells as TH2 or TH17 seem to be dependent of the cancer type [START_REF] Balkwill | The tumor microenvironment at a glance[END_REF]. Finally, the presence of B lymphocytes has been associated with both good and poor prognosis [START_REF] Tsou | The Emerging Role of B Cells in Tumor Immunity[END_REF]Zhang et al., 2017). About the myeloid cell lineages, they are mostly pro-tumoral. Studies have also shown that NK cells could be defective in the TME due the hypoxic and inflammatory microenvironment and the presence TGF-β [START_REF] Fridman | The immune contexture in human tumours: impact on clinical outcome[END_REF][START_REF] Balkwill | The tumor microenvironment at a glance[END_REF][START_REF] Gabrilovich | Coordinated regulation of myeloid cells by tumours[END_REF].

Macrophages can be both tumoricidal (releasing TNFα, nitric oxide and stimulating lymphocyte responsiveness) and protumoral secreting immunosuppressive IL-10 for example. However, the tumor-associated macrophages (TAMs), which are mostly found in hypoxic tumors or hypoxic areas of the TME, are pro-tumorigenic. They namely participate to tumor angiogenesis, malignant cells' migration and the formation of metastasis [START_REF] Lin | Macrophages Regulate the Angiogenic Switch in a Mouse Model of Breast Cancer[END_REF][START_REF] Condeelis | Macrophages: Obligate Partners for Tumor Cell Migration, Invasion, and Metastasis[END_REF][START_REF] Bingle | The role of tumour-associated macrophages in tumour progression: implications for new anticancer therapies[END_REF]. The role of tumor-associated neutrophils (TAN) is still controversial. They can either eliminate disseminated tumor cells [START_REF] Granot | Tumor Entrained Neutrophils Inhibit Seeding in the Premetastatic Lung[END_REF] or promote tumor growth inducing immunosuppression and enhancing tumoral angiogenesis [START_REF] Nozawa | Infiltrating neutrophils mediate the initial angiogenic switch in a mouse model of multistage carcinogenesis[END_REF]. Furthermore, MDSCs are pro-tumorigenic and can release IL-10, nitric oxide synthase 2 (NOS2) or arginase (ARG1) inhibiting immune cells. They can transformed into TAM or participate to Treg development for example [START_REF] Parker | Myeloid-Derived Suppressor Cells[END_REF][START_REF] Kumar | The Nature of Myeloid-Derived Suppressor Cells in the Tumor Microenvironment[END_REF].

Resisting cell death

High oncogene signaling and proliferation generally go in pair with increased DNA damage and induction of cell death namely by apoptosis. However, tumors cells often possess different strategies to resist cell death. Indeed, the high majority of tumor cells overexpress DNA repair proteins as RAD51 what increases their resistance to treatment [START_REF] Raderschall | Elevated levels of Rad51 recombination protein in tumor cells[END_REF]. In addition to the frequent inactivation mutation of p53, the overexpression of c-myc, the increased expression of survival signals as IGF1/2 and IL-3 and the downregulation and upregulation of respectively pro-apoptotic and antiapoptotic factors as BAX or BCL-2 can also prevent apoptosis (Evan and Littlehood, 1998;[START_REF] Gómez-Navarro | Gene therapy for carcinoma of the breast: Pro-apoptotic gene therapy[END_REF]. Tumor cells can also inhibit caspases and abrogate extrinsic apoptosis mechanism acting on FAS signaling for example [START_REF] Pitti | Genomic amplification of a decoy receptor for Fas ligand in lung and colon cancer[END_REF]. However, not all tumor cells are insensitive to death signals explaining why apoptosis inducers are used as anticancer treatment [START_REF] Koff | A Time to Kill: Targeting Apoptosis in Cancer[END_REF]. Besides, apoptosis among tumor cells can be beneficial to free niches for betterfit tumoral clones contributing to tumor growth [START_REF] Labi | How cell death shapes cancer[END_REF]. Autophagy is also upregulated in tumor cells as a protection mechanism against many stresses [START_REF] Galluzzi | Autophagy in malignant transformation and cancer progression[END_REF].

Replicative immortality

Unlike normals cells that undergo replicative exhaustion by telomere shortening after several division's cycles, cancer cells are able to delay senescence and cell death by p53 and RB inactivation. These transformations finally lead to high genomic instability and massive cell death.

However in the proportion of one in 10 7 cells, a variant may emerge with the capacity to everlastingly divide [START_REF] Shay | Quantitation of the frequency of immortalization of normal human diploid fibroblasts by SV40 large T-antigen[END_REF]. This acquired immortality property may result from the capacity to maintain the telomeres length by upregulation of telomerase adding hexanucleotides repeats or, as in sarcomas, using an alternative lengthening pathway involving recombination of DNA between telomeres [START_REF] Shay | Role of Telomeres and Telomerase in Aging and Cancer[END_REF][START_REF] Günes | The Role of Telomeres in Stem Cells and Cancer[END_REF][START_REF] Shay | Cancer and Telomeres -An ALTernative to Telomerase[END_REF]. This immortalized clone is then responsible for further development of the malignant state.

Vascularization induction

Tumors activate an angiogenic switch modifying the balance between angiogenic inducers and inhibitors in favor of angiogenesis in order to access to nutrients [START_REF] Bergers | Angiogenesis: Tumorigenesis and the angiogenic switch[END_REF].

Angiogenesis is the development of new blood vessels thanks to the proliferation of the endothelial cells of pre-existing vessels. Tumor cells can use different strategies to achieve angiogenesis such as increasing the expression of vascular endothelial growth factor (VEGF) and fibroblast growth factors (FGF) binding to endothelial cell receptors or downregulating endogenous inhibitors as thrombospondin-1 for example [START_REF] Carmeliet | VEGF as a Key Mediator of Angiogenesis in Cancer[END_REF][START_REF] Cao | R Regulation of tumor angiogenesis and metastasis by FGF and PDGF signaling pathways[END_REF][START_REF] Lawler | Thrombospondin-1 as an endogenous inhibitor of angiogenesis and tumor growth[END_REF].

Besides, they can also act on integrins signaling to regulate neoangiogenesis. Indeed, quiescent and new developing capillaries exhibit different types of integrin for example (Varner and Sheresh, 1996). Moreover, extracellular proteases from the ECM also participate to the process [START_REF] Stetler-Stevenson | Matrix metalloproteinases in angiogenesis: a moving target for therapeutic intervention[END_REF]. Furthermore, other complementary tumor specific vascularization modalities have been evidence such as vascular co-option, intussusception and vasculogenic mimicry.

Vascular co-option is a mechanism by which tumor cells take over existing vasculature for their needs. It improves the survival of the tumors and it also appears to be insensitive to anti-angiogenic therapy [START_REF] Frentzas | Vessel cooption mediates resistance to anti-angiogenic therapy in liver metastases[END_REF]. Intussusceptive microvascular growth is a process leading to the splitting of an existing blood vessel into two daughter ones [START_REF] Ribatti | Intussusceptive microvascular growth in tumors[END_REF]. Finally, vascular mimicry, which is often predictive of poor prognosis, is the capacity of the tumor cell to express stem cell-like phenotype and induce the formation of a new vascular network [START_REF] Yang | Tumor vasculogenic mimicry predicts poor prognosis in cancer patients: a meta-analysis[END_REF]. Finally, although so far there is no evidence showing a lymphangiogenesis switch, some lymphangiogenic factors/receptors produced by tumour cells and inflammatory cells have been identified and involved in lymphangiogenic metastases [START_REF] Skobe | Induction of tumor lymphangiogenesis by VEGF-C promotes breast cancer metastasis[END_REF].

Reprogrammation of energy metabolism

To keep proliferating, tumor cells develop specific nutrient uptake strategies and energy metabolism supposed to be both an adaptation to their specific microenvironment (which is nutrient-poor and hypoxic) and the consequence of oncogenic mutations [START_REF] Vander Heiden | Understanding the Warburg Effect: The Metabolic Requirements of Cell Proliferation[END_REF][START_REF] Pavlova | The Emerging Hallmarks of Cancer Metabolism[END_REF]. Indeed, although mammalian cell survival is strongly dependant on oxygen supply and homeostasis; fast growing tumor masses mostly evolve in low oxygen environment and survive while presenting severe hypoxic (and necrotic) cores. Hypoxia in tumors and their microenvironment is due to the imbalance between their fast proliferation and the time needed to create or extend their vasculature. On one hand hypoxia alters cell metabolism, but on the other hand, it is associated with their tumor aggressiveness being responsible for therapy resistance. For instance, moderated hypoxia can induce cell quiescence, radioresistance, angiogenesis and protective autophagy [START_REF] Muz | The role of hypoxia in cancer progression, angiogenesis, metastasis, and resistance to therapy[END_REF]Pagetti et al., 2014). The survival of tumor cells in hypoxic environment is mostly dependent on their activation of the heterodimeric hypoxia inducible transcription factor 1 (HIF-1). Depending on the duration and intensity of hypoxia, HIF-1 can namely drive their survival through the regulation of glucose uptake, one of their main nutrient [START_REF] Denko | Hypoxia, HIF1 and glucose metabolism in the solid tumour[END_REF]. Otto Warburg was the first to report an increased glucose uptake by tumors in comparison to normal cells [START_REF] Warburg | The metabolism of tumors in the body[END_REF]. Indeed, cancers cells mostly rely on aerobic glycolysis for their energy production in contrary to normal cells that mainly perform much more efficient mitochondrial oxidative phosphorylation. As a consequence of high rate of glucose uptake and glycolysis, the extracellular pH of tumoral cells is acidic, varying between 6,2 and 6,8 versus 7,2 and 7,4 for normal tissue. Indeed, while normal cells convert glucose to pyruvate and transport it to mitochondria (where it undergoes the cycle of Krebs and oxidative phosphorylation), tumor cells convert pyruvate into lactate. This process, even occurring in the presence of oxygen and functional mitochondria, is known as the Warburg effect [START_REF] Liberti | The Warburg Effect: How Does it Benefit Cancer Cells?[END_REF]. This tumoral mechanism brings few ATP explaining the increase of glycolysis to maintain the activity. To do so, cancer cells namely activate HIF-1α subunit to increase the activity of several proteins (as glucose transporters and enzymes) that differ from the ones activated by non-cancerous cells (Marín-Hernández et al., 2009). Glucose uptake is mainly driven by extracellular signals in normal cells but oncogenic alterations in cancer cells can activate signaling pathways such as the PI-3K/Akt, which triggers constitutive glucose uptake. For instance, PI3K/Akt signaling promotes both the expression of glucose transporter GLUT1 mRNA and the translocation of GLUT1 protein from the endomembranes to the cell surface [START_REF] Barthel | Regulation of GLUT1 Gene Transcription by the Serine/Threonine Kinase Akt1[END_REF][START_REF] Wieman | Cytokine Stimulation Promotes Glucose Uptake via Phosphatidylinositol-3 Kinase/Akt Regulation of Glut1 Activity and Trafficking[END_REF]. In addition, cancer cells also have a high demand in glutamine. This amino acid provides them the nitrogen necessary to synthesize nucleotides, glucosamine-6-phosphate and nonessential amino acids via glutamine-derived glutamate [START_REF] Pavlova | The Emerging Hallmarks of Cancer Metabolism[END_REF].

Glutamine synthetase has been reported to be overexpressed namely in liver cancers [START_REF] Osada | Prognostic significance of glutamine synthetase expression in unifocal advanced hepatocellular carcinoma[END_REF]. Oncogenic signaling is involved in nutrient regulation as myc and E2f oncogenes were found to regulate glutamine's uptake for example (Pavlova and Thomson, 2016). Glucose and glutamine undergo a controlled oxidation of their carbon chain and form NADH and FADH2, which are required to the electron transport chain to generate ATP. Furthermore, while oncogenes and the inactivation of tumor suppressors lead to the accumulation of HIF-1; pyruvate can also enhance the rate of glycolysis by inhibiting the degradation of HIF-1α [START_REF] Bárdos | Hypoxia-inducible factor-1 and oncogenic signaling[END_REF]Pavlova and Thomson, 2016). Despite its 18 fold lower efficiency in ATP production, glycolysis presents the advantage of creating various glycolytic intermediates involved in amino acids formation and facilitating the biosynthesis of macromolecules and organelles [START_REF] Vander Heiden | Understanding the Warburg Effect: The Metabolic Requirements of Cell Proliferation[END_REF]. Besides, opportunistic modes of nutrient acquisition have been reported through macropinocytosis, entosis or phagocytosis whose lysosomal degradation of respectively a protein, a living cell or an apoptotic body will release free amino acids. Lipids can also be engulfed by macropinosome formation to obtain monounsaturated lipid in oxygen deficient conditions. Therefore, the presence of adipocytes (namely in abdominal tumors) is associated with bad prognosis since it may be used to fuel cancer cells by releasing adipokines and being source of fatty acids [START_REF] O'keeffe | Investigation of Pericytes, Hypoxia, and Vascularity in Bladder Tumors: Association With Clinical Outcomes[END_REF][START_REF] Nieman | Adipocytes promote ovarian cancer metastasis and provide energy for rapid tumor growth[END_REF].

Figure 4: Emerging hallmarks of cancer cell metabolism

Genomic alterations driving tumorigenesis also modify the nutrient uptake modalities and intracellular metabolism of cancer cells, as well as their interactions with the microenvironment. Indeed, cancer cells present an increased uptake of glucose and amino acids and they can use opportunistic endocytic modes of nutrient acquisition as pinocytosis for example. They mainly perform glycolysis to obtain ATP and use nitrogen namely contained in glutamine to synthesize macromolecules. Besides, glycolysis produce metabolites as lactate that impacts the microenvironment [START_REF] Pavlova | The Emerging Hallmarks of Cancer Metabolism[END_REF].

Invasion and metastasis induction

Invasion followed by metastases' formation is responsible of bad prognosis causing about 90% of cancer deaths [START_REF] Chaffer | A Perspective on Cancer Cell Metastasis[END_REF]. Three main categories of invasive behaviors are distinguished upon the number of tumor cells: single cell, multicellular stream and collective invasion. For example, collective invasion is characterized by nodules of cancer cells penetrating into tissue collectively whereas in single cell invasion (mesenchymal (elongation) or amoeboid-like (round) invasions) every individual cell needs to take over existing niche in the ECM [START_REF] Friedl | Cancer Invasion and the Microenvironment: Plasticity and Reciprocity[END_REF].

As for the development of the primary tumor, the successful settlement in the metastatic site is dependent on the acquisition of the cancer hallmarks. Besides, the microenvironment also plays an important role in metastasis development [START_REF] Hanahan | Accessories to the Crime: Functions of Cells Recruited to the Tumor Microenvironment[END_REF]. Indeed, without an abetting environment the invasive tumor cells forming micrometastases will not develop into macroscopic metastatic tumors. A pro-inflammatory environment (generally fostered by macrophages or stromal mesenchymal stem cells) is prone to invasion by the release of matrixdegrading enzymes that detach cells from each other [START_REF] Friedl | Tube Travel: The Role of Proteases in Individual and Collective Cancer Cell Invasion[END_REF][START_REF] Qian | Macrophage Diversity Enhances Tumor Progression and Metastasis[END_REF]Joyce and Pollard, 2009). For this reason, mutational inactivation or transcriptional repression of E-cadherin or ß-catenin genes are also associated with invasive behavior (Christofori and Semb, 1999). Some organs as the liver possess highly permeable blood vessels facilitating the extravasation of tumor cells and the subsequent formation of metastasis. In other organs, both tumor cells and associated stromal cells as CAF, infiltrated immune cells, platelets and endothelial cells can release specific mediators namely VEGF to render the vasculature permeable by loosening tight junctions to allow extravasation [START_REF] Reymond | Crossing the endothelial barrier during metastasis[END_REF]. Hypoxia also contributes to EMT and metastatic dissemination by acting on the regulation of specific genes as HIF namely by endothelial cells [START_REF] Muz | The role of hypoxia in cancer progression, angiogenesis, metastasis, and resistance to therapy[END_REF]Takeda et al., 2010). Tumors can also secrete exosomes carrying TGFβ, caveolin-1, HIF1α, β-catenin and immunomodulatory signals which stimulate the invasive and migratory capabilities of neighbouring tumor cells, induce stromal remodeling to form premetastatic niche and allow to escape immunosurveillance [START_REF] Syn | Exosome-Mediated Metastasis: From Epithelial-Mesenchymal Transition to Escape from Immunosurveillance[END_REF].

Genomic instability and inflammation

Cells with DNA damages as alterations in genes controlling genomic integrity or DNA repair are particularly prone to propagate genomic instability. External pathways neutralize the majority of these cells, however the ones that are able to survive, namely escaping immune destruction, start tumorigenesis. Hence genomic instability is a trigger and a driving force of cancer [START_REF] Li | The cGAS-cGAMP-STING pathway connects DNA damage to inflammation, senescence, and cancer[END_REF]. Besides, DNA damages and genomic instability have been associated with inflammation since they lead to the release of various inflammatory cytokines as interferon type I (Rodier et al., 2009). This inflammation induction occurs via the cGAS-STING pathway sensing cytosolic DNA damages that namely activates the transcription factors NF-kb and IRF3 responsible of the proinflammatory cytokines production [START_REF] Li | The cGAS-cGAMP-STING pathway connects DNA damage to inflammation, senescence, and cancer[END_REF]). These cytokines can then activate antitumor immunity, lead to senescence or sustain tumorigenesis [START_REF] Li | The cGAS-cGAMP-STING pathway connects DNA damage to inflammation, senescence, and cancer[END_REF][START_REF] Yang | cGAS is essential for cellular senescence[END_REF].

RADIOTHERAPY

Despite the multitude of available anticancer therapeutic strategies, radiotherapy that is the oldest efficient treatment to cure advanced solid cancer is still currently used to treat more than half of the cancer patients (Thariat et al., 2013;Delauney et al., 2005).

Principle

Radiotherapy (RT) is the use of ionizing radiation to destroy biological tissue by causing irreparable damages to the cell, namely to its DNA. It is mainly used as anticancer therapy, but it can also be prophylactic [START_REF] Qiu | Prophylactic cranial irradiation in 399 patients with limited-stage small cell lung cancer[END_REF][START_REF] Yang | Prophylactic Cranial Irradiation in Small-Cell Lung Cancer[END_REF] and palliative [START_REF] De Felice | The role of radiation therapy in bone metastases management[END_REF].

The rationale of this anticancer treatment lays on the 5Rs 1 of radiobiology namely fact that irradiated non-transformed cells in the vicinity of tumours can repair easier the damages than the faster growing tumor cells with shorter cell cycle and repair time (Steel et al., 1989). Besides, research in radiotherapy continuously aims to improve the ballistic effect i.e the precision of the delivery of the radiation dose to the tumor, avoiding as much as possible organs at risk and normal cells to improve the therapeutic ratio and limit side effects. This is achieved by the implementation of differents delivery techniques, the use of different radiation sources and irradiation schedules i.e. the fractionation (number of sessions) and spreading (total duration) of the treatment. Indeed, the fractionation of the irradiation dose presents several interests as allowing the repopulation of healthy cells and reducing toxic effects while hyperfractionated schedules generally include an increased total dose to compensate the tumor's repopulation effect. In addition, after a first irradiation, the well-oxygenated tumor cells are eliminated improving the oxygenation of the remaining hypoxic tumor cells that will become in their turn more radiosensitive. Moreover, irradiation eliminates most of the cells in G2 and M phases, which are the most radiosensitive cell cycle phases. Therefore the next irradiation will be more effective since cells that were first in a radioresistant phase have more chance to have reached the G2 or mitosis phases. Finally, the last R of radiobiology takes into account the intrinsic radiosensitivity of different cell types.

External radiotherapy

External radiotherapy is the targeted delivery of ionizing radiation into the tumor by a device situated outside the body. Emil Grubbe applied it for the first time in 1896 to treat a recurrent breast carcinoma, less than a year after the discovery of X-rays by Wilhelm Conrad Röntgen [START_REF] Grubbe | Priority in the Therapeutic Use of X-rays[END_REF]. 1 Repair, Repopulation, Redistribution, Reoxygenation and Radiosensitivity After several attempts worldwide, the two first proven cures of a cancer patient by radiotherapy were reported in Sweden in 1899 (Thariat et al., 2013). External RT is usually performed locally on solid tumors. However, it can also be performed on large areas (e.g. half body irradiation) in case of disseminated cancer or on the whole body to destroy the bone marrow and the immune system, as for hematological cancers and before transplantation [START_REF] Quast | Whole body radiotherapy: A TBI-guideline[END_REF]. Patients are generally treated with linear accelerators. These devices increase the kinetic energy of charged particles by exposing them to oscillating electric potential along a linear beam line to make them deliver the adequate amount of energy (X-rays) to the tumor. They can be guided by integrated precision imaging devices as MRI or PET [START_REF] Lagendijk | MR guidance in radiotherapy[END_REF]. Intensity modulated RT combines several planar and coplanar linear beams of different fluences to maximize the adaptation to the shapes of tumors and the avoidance of organs at risk. At term, radio-oncologists aim to generalize biological adapted RT or irradiation « dose painting » of the tumors [START_REF] Supiot | Dose-painting » : mythe ou réalité ?[END_REF][START_REF] Thorwarth | Biologically adapted radiation therapy[END_REF]. In homogeneous medium, the energy deperdition of electrons and X-rays is linear (Figure 6). It allows the calculation of the energy that will be received by the tumor depending on its depth. The use of short travelling electrons is thus limited to treat skin or eyelid tumors for instance. Besides, cyclotrons and synchrotrons (circular accelerators) produce protons and other ions that can be used for radiotherapy. The energy deposition of these heavy charged particles is different, concentrated in a short path referred as the Bragg peak. This maximum of energy deposition can be calculated and modulated (namely spread using collimators) to coincide with the tumor's location what makes ions more efficient and safer tools than X-rays in the treatments of eye, cerebral and spinal cord malignancies for example.

Therapeutic effects

The biological damages induced by ionizing radiation namely depend on their initial energy, the variations of density and the depth before reaching the tumor, as well as the oxygen level in the TME and the intrinsic radiosensitivity of the tissues and the patient. The dose or energy absorbed by a tissue is expressed in Gray (Joule per kg). It differs from the initial emitted energy, since part of it can be deviated or continue its path to another depth, therefore the damages are randomly distributed. In addition, clinicians use the biological effective dose that is tissue dependent. Cells can be altered by the so-called "direct effects" i.e. the energy received directly from ionizing radiation, or by the reactive ions or radicals mainly created by water radiolysis in the tissues and referred as indirect effects (Desouky et al., 2015) (Figure 7). The human body contains about 70% water giving rise to a high level of indirect effects. The oxygen concentration is also an important parameter since cells are more sensitive to radiation in the presence of oxygen (oxygen enhancement ratio), especially for low LET radiation [START_REF] Wenzl | Theoretical analysis of the dose dependence of the oxygen enhancement ratio and its relevance for clinical applications[END_REF].

Figure 7: Direct and indirect damages caused by ionizing radiation

Ionizing radiation can excite and ionize molecules in their trajectory. When they directly hit DNA, this direct interaction could lead to single or double DNA strand breaks. However, the released energy can also hit water molecules in the vicinity generating molecular products as hydrogen peroxide, free radicals or ions that will in turn indirectly damage the DNA (Zeman, Schreiber and Tepper, 2015).

In addition, ionizing radiation may also impair mitochondria increasing its own ROS production and inducing delayed but persistent alterations in lipids, proteins and DNA [START_REF] Dayal | Hydrogen peroxide mediates the radiation-induced mutator phenotype in mammalian cells[END_REF][START_REF] Szumiel | Ionizing radiation-induced oxidative stress, epigenetic changes and genomic instability: The pivotal role of mitochondria[END_REF].

Finally, depending on the intensity of the damages cells may die from, apoptosis, autophagic cell death, necrosis or mitotic catastrophe (cf.II. 1 and II.2.1). They can also die by immunogenic cell which is a particular form of apoptosis where the cells emit signals to attract and activate immune cell clearance as the exposure of the endoplasmic reticulum chaperone calreticulin on their plasma membrane and the release of ATP and non-histone chromatin-binding protein high mobility group box 1 (HMGB1) (Galluzi, Kepp and Kroemer, 2013).

Based on the observation of the tumoral volume regression after irradiation, a cellular survival model has been established to predict the in vitro radiosensitivity of healthy and tumour cells in clonogenic culture. The mathematical model which correlates best with the experimental curves for mammalian cells is the so called linear quadratic (LQ) model: S= e (-αD -βD2) where S is the survival at the dose D and α and β are two coefficients representing respectively the irreparable and reparable damages to the cell and the α/ß ratio is a measure of the radiosensitivity.

In semilogarithmic coordinates, the curve is biphasic with an initial linear portion, a shoulder and then a distal linear portion. Despites few limitations, the model is also valid in vivo and allows the calculation of the biologic effective dose and of the equivalent dose which are important clinical tools to compare fractionation regimens, predict tumor control and acute and late effects [START_REF] Voyant | Biological effects and equivalent doses in radiotherapy: A software solution[END_REF].

Besides, the cellular survival is also mediated by interactions with the microenvironment [START_REF] Voyant | Biological effects and equivalent doses in radiotherapy: A software solution[END_REF]. Indeed, although RT is a local treatment acting directly on the tumor site, it also modifies the TME and induces bystander effects. The ionizing radiation-induced bystander effects are defined as the response of distant non-irradiated cells to irradiation including DNA damages, micronuclei formation, chromosomal instability or cell death for example [START_REF] Hei | Mechanism of radiation-induced bystander effects: a unifying model[END_REF]. RT can also alter the immunosupressive barriers established by the tumor microenvironment, namely by the release of immunogene danger signals [START_REF] Kaur | Radiation-induced effects and the immune system in cancer[END_REF][START_REF] Krysko | Many faces of DAMPs in cancer therapy[END_REF]. The local elicited immune response can also be spread outside the irradiation field, referred as abscopal effect (out of the irradiation scope), thereby eliminating metastasis and preventing regrowth acting as vaccination [START_REF] Formenti | Systemic effects of local radiotherapy[END_REF]2012). Studies have shown that RT induces T cell priming what increases the capacity of cross priming by intratumoral dendritic cells whereas in case of immunodeficiencies, the effect of RT is abrogated [START_REF] Teitz-Tennenbaum | Mechanisms Involved in Radiation Enhancement of Intratumoral Dendritic Cell Therapy[END_REF]. Besides, RT also increases the release of chemokines, interferon and the local activation of complement. For instance, C3a and C5a accumulate in the tumor and stimulate tumor specific immunity [START_REF] Surace | Complement Is a Central Mediator of Radiotherapy-Induced Tumor-Specific Immunity and Clinical Response[END_REF].

Hence, it has been hypothetized that RT could turn the tumor into an immunogenic hub or in situ vaccine and present promising effects even in metastatic states [START_REF] Formenti | Radiation Therapy to Convert the Tumor Into an In Situ Vaccine[END_REF]. In case of anarchic and hypoxic tumor vasculature, low doses of ionizing radiation promote tumor growth and metastasis by enhancing angiogenesis [START_REF] Vala | Low Doses of Ionizing Radiation Promote Tumor Growth and Metastasis by Enhancing Angiogenesis[END_REF]. However, radiotherapy generally contributes to vascular normalization although it may also trigger vascularization modifications (angiogenic switch from sprouting to intussusception) to survive [START_REF] Hlushchuk | Tumor Recovery by Angiogenic Switch from Sprouting to Intussusceptive Angiogenesis after Treatment with PTK787/ZK222584 or Ionizing Radiation[END_REF]. In addition, it is important to note that RT may also induces tumor dormancy based on the observation of radiation-induced tumor equilibrium with ki67 and tunnel positive cells [START_REF] Liang | Radiation-induced tumor dormancy reflects an equilibrium between the proliferation and T lymphocyte-mediated death of malignant cells[END_REF]. Finally, depending on the dose and the patient's sensitivity, RT can trigger acute and late side effects.

Combinations of radiotherapy with other treatments

Association with surgery

When possible, surgery is performed to remove the tumor mass. A safety marge around the tumor is taken to prevent the regrowth of isolated or detached tumor cells. Some prior radiotherapy can induce tumor shrinkage reducing the margin of the surgery to be done while complementary RT could be done after surgery to ensure the elimination of all the cancer cells. Moreover, in some cases stem cell transplants are performed in association with RT. Indeed, stem cells transplantation aims to stimulate the repopulation of normal cells after RT thereby recovering cellular functions that could be irreversibly lost in case of stem cells niche destruction [START_REF] Coppes | Stem cells and the repair of radiation-induced salivary gland damage[END_REF].

In addition, in some types of leukemia, the stem cell transplant may directly work against cancer due to the graft-versus-tumor effects. In this case, white blood cells from the donor attack any cancer cells that remain after total body irradiation.

Association with chemotherapy

Chemotherapy is the treatment of choice for circulating tumor cells as in leukemia or in case of metastasis. It can also be used as neoadjuvant, prior to surgery or radiotherapy. Until the end of the 1980's, chemotherapy and radiotherapy were used independently. Progressively, both treatments have been associated, first on a sequential-(chemotherapy first and then radiotherapy) mode and then concomitantly. Dillman and coworkers have showed that 2 cycles of cisplatin-vinblastin administered before thoracic irradiation improved significantly the median survival and also the long-term survival at 2 and 5 years (Dillman and al, 1990).

In the last case, starting with chemotherapy would improve the effect of radiotherapy by improving the oxygenation and inducing a reduction of the tumoral volume and of the radio-induced fibrosis.

The better mastering of the side effects since the 90's has broadened the use of cytotoxic agents concomitantly with radiotherapy providing a better spatial and temporal cooperation. In some cases, first unresectable tumors have become operable after chemo-radiotherapy treatment [START_REF] Li | A Review of Neoadjuvant Chemoradiotherapy for Locally Advanced Rectal Cancer[END_REF].

Association with immunotherapy

Immunotherapy is an anticancer therapeutic approach in great development since the last two decades. It aims to attract the immune system effector cells to fight against cancer cells. This can be achieved by the injection of weakened tuberculosis bacteria in bladder tumor for instance or boosting the T cells expansion and/or activation to fight cancer by adoptive T cell transfer (Pérez-Jacoiste [START_REF] Asín | Bacillus Calmette-Guérin (BCG) Infection Following Intravesical BCG Administration as Adjunctive Therapy For Bladder Cancer[END_REF][START_REF] Perica | Adoptive T Cell Immunotherapy For Cancer[END_REF]. Currently, anti-cytotoxic T-lymphocyte associated antigen 4 (CTLA-4), anti-programmed death 1 and anti programmed death 1 ligand (PD1, PDL-1) are two main immunotherapies. Since CTLA-4 and PD-1 are negative regulators of the T immune function, these inhibitors induce an increased activation of the immune system [START_REF] Buchbinder | CTLA-4 and PD-1 Pathways[END_REF]. Pre-clinical studies demonstrate a synergy between CTLA-4 or PD-1/PDL-1 blockade and radiotherapy as well as abscopal effects [START_REF] Dewan | Fractionated but not single-dose radiotherapy induces an immune-mediated abscopal effect when combined with anti-CTLA-4 antibody[END_REF][START_REF] Dovedi | Acquired Resistance to Fractionated Radiotherapy Can Be Overcome by Concurrent PD-L1 Blockade[END_REF][START_REF] Park | PD-1 Restrains Radiotherapy-Induced Abscopal Effect[END_REF]. In some cases, immunotherapy alone is not sufficient to trigger an effective antitumor immune response. Associated with RT, some tumours refractory to immunotherapy were rendered sensitive to immunotherapy [START_REF] Whiteside | Emerging Opportunities and Challenges in Cancer Immunotherapy[END_REF]. Many clinical trials are in progress to investigate the efficacy of the association of RT and immunotherapy (Vachelli et al., 2016).

Moreover, pretreatment with monoclonal antibodies and complement can increase the radiosensitivity of tumor cells [START_REF] Surace | Complement Is a Central Mediator of Radiotherapy-Induced Tumor-Specific Immunity and Clinical Response[END_REF]. Besides, radiotherapy has been reported to (re)program macrophages into type 1 tumor suppressor macrophages via NOX2-dependent ATM activation (Wu et al., 2017). In addition, acting on the immune system can also reduce the unwanted toxicities induced by RT. For instance, TGFβ and CTGF inhibition attenuates the radio-induced lungs fibrosis namely by reversing proinflammatory signaling [START_REF] Dadrich | Combined inhibition of TGFβ and PDGF signaling attenuates radiation-induced pulmonary fibrosis[END_REF][START_REF] Bickelhaupt | Effects of CTGF Blockade on Attenuation and Reversal of Radiation-Induced Pulmonary Fibrosis[END_REF].

To conclude, it is important to mention that surgery, chemotherapy and immunotherapy are three major types of treatment associated with radiotherapy but there are many more as hormonal treatment or anti-angiogenic drugs for example. Besides, the better understanding of the hallmarks of cancer cells combined with the knowledge of radiobiology tend to make radiation oncologists integrate both and associate pharmacological inhibitors against these hallmarks to further radiosensitize tumor cells [START_REF] Good | The Hallmarks of Cancer and the Radiation Oncologist: Updating the 5Rs of Radiobiology[END_REF].

After treatment

More and more cancer patients can be cured and individuals who survived to their primary cancer can now hope for a cancer-free life. However, they still need to be regularly checked for recidive, the development of a secondary cancer induced by the treatment or the development of comorbidities resulting from the side effects of the treatment.

In the case of RT treatment, relapse can be a consequence of not enough precision or power of the previous treatment resulting in the escape of tumor cells. In addition, RT is known to induce tumor dormancy responsible for later re-emergence [START_REF] Wang | Tumor dormancy: potential therapeutic target in tumor recurrence and metastasis prevention[END_REF]. Moreover, cancer stem cells are particularly radioresistant and can be responsible for local or distant relapse. It is rare, but secondary cancers may result from prior RT treatments. Children treated with photon therapy are particularly prone to develop a second cancer since the risk is life-long and cumulative but it also depends from the dose received, the volume of irradiated healthy tissue and the genetic predispositions as hereditary cancer syndromes [START_REF] Meadows | Second Neoplasms in Survivors of Childhood Cancer: Findings From the Childhood Cancer Survivor Study Cohort[END_REF]. Although proton therapy allows minimizing the irradiation volume, the concomitant release of neutrons, which are strongly reactive side products emitted during the treatment, can contribute to the development of a secondary cancer [START_REF] Eaton | Secondary Malignancy Risk Following Proton Radiation Therapy[END_REF].

RT generally induces side effects affecting the quality of life of the patients. Ageusia and xerostomia, lung fibrosis and hypertension as well as incontinence and infertility are some examples of possible permanent side effects occurring respectively after ENT, thoracic and abdominal irradiation [START_REF] Pinna | Xerostomia induced by radiotherapy: an overview of the physiopathology, clinical evidence, and management of the oral damage[END_REF][START_REF] Ghobadi | Physiological Interaction of Heart and Lung in Thoracic Irradiation[END_REF][START_REF] Schover | Sexual dysfunction and infertility as late effects of cancer treatment[END_REF].

Apoptosis

Apoptosis is a genetically controlled cell death program mainly involved in homeostasis in multicellular organisms. It can be triggered in response to various exogenous, endogenous and programmed stimuli. It is also referred as « cell suicide » or « programmed cell death ».

Karl Vogt has defined the principle of apoptosis in 1842 and the morphological changes occurring during the apoptotic process have been detailed in 1885 by Walther Flemming [START_REF] Clarke | Nineteenth century research on naturally occurring cell death and related phenomena[END_REF]. However, it is only in 1965 that the topic rose attention again thanks to the observation of John Kerr of the so called « apoptotic cells » in tissue, using electron microscopy. He was able to distinguish apoptosis from traumatic cell death and further defined the phenomenon [START_REF] Kerr | Apoptosis: A Basic Biological Phenomenon with Wideranging Implications in Tissue Kinetics[END_REF]. Together with James Cormack, they decided to call this cell death modality « apoptosis » from the Greek ἀπόπτωσις meaning « falling off » as the natural programmed process of leaves falling off of trees. This semantic choice has been made taking into consideration its earlier utilization in medicine attributed to Hippocrates, to depict the « falling off of the bones » (Kyprianou, 2012).

Morphological and biochemical properties

Several biochemical events lead to the specific morphology of apoptotic cells. Apoptotic cells are detached from the surrounding tissue. They are characterized by cell shrinkage due to the condensation of their cytoplasm and organelles, mainly the nucleus [START_REF] Häcker | The morphology of apoptosis[END_REF]. More precisely, the nucleus undergoes karyopyknosis i.e. the irreversible condensation and retraction of the chromatin followed by karyorrhexis or nuclear fragmentation led by DNAse which forms internucleosomal fragments of about 180 bases pairs [START_REF] Toné | Three distinct stages of apoptotic nuclear condensation revealed by time-lapse imaging, biochemical and electron microscopy analysis of cell-free apoptosis[END_REF]. Besides, apoptotic cells also present extensive membrane blebbing i.e. invaginations of the plasma membrane enclosing cell content. When the blebs get detached from the membrane, they form apoptotic bodies that are rapidly phagocyted by immune cells (Figure 9). Therefore apoptosis is not considered to be an inflammatory process since the released cell content is packed and the attracted phagocytes do not produce anti-inflammatory cytokines [START_REF] Savill | Corpse clearance defines the meaning of cell death[END_REF][START_REF] Kurosaka | Silent Cleanup of Very Early Apoptotic Cells by Macrophages[END_REF]. Two protein families are known to be the key mediators of apoptosis: the cysteinyl-aspartate specific proteases « caspases » and the Bcl-2 family. Caspase proteolysis is mainly responsible of the morphological changes observed during apoptosis [START_REF] Saraste | Morphologic and biochemical hallmarks of apoptosis[END_REF].

Figure 10: Loss of the asymmetry of the plasma membrane during apoptosis

Under normal conditions, the plasma membrane is composed of an asymmetric phospholipid bilayer. It contains namely phosphatidylcholine (PC), sphingomyelin (SM), phosphatidylethanolamine (PE) and phosphatidylserine (PS). This asymmetry between the inner and outer leaflets of the membrane is maintained by the activity of dedicated bi-directional lipid transport enzymes. In basal state, PS is only expressed in the inner leaflet of the membrane. When apoptosis is activated, a transmembrane complex called XRP8 is cleaved and activated by caspases 3 and 7 to act as a lipid scramblase what leads to the externalization of PS [START_REF] Mariño | Mechanisms of apoptotic phosphatidylserine exposure[END_REF].

Molecular actors and regulators

Caspases

They are present under the form of latent zymogens in healthy cells. Most caspases are ubiquitously expressed and composed of three parts: an N-terminal pro-domain which can be a caspase recruitment domain (CARD) or a death effector domain (DED), followed by a large and a small subunit (Li and Yuan, 2008). To date 18 types of mammalian caspases have been identified whereunder 13 in human [START_REF] Eckhart | Identification of Novel Mammalian Caspases Reveals an Important Role of Gene Loss in Shaping the Human Caspase Repertoire[END_REF]. These proteases are well evolutionary conserved and have been described in many other species as in fish, worm, and drosophila for example (Sakamaki et al., 2007;[START_REF] Lamkanfi | Alice in caspase land. A phylogenetic analysis of caspases from worm to man[END_REF][START_REF] Craig | A Drosophila p38 orthologue is required for environmental stress responses[END_REF]. They are localized in the cytosol, mitochondria, Golgi apparatus, rough endoplasmic reticulum (RER) and in the cell membrane.

Alterations of mitochondria lead to the release of hydrolases that activate caspases, but other signals are also able to activate these family members (Shalini et al., 2015). They are mainly involved in cell death and inflammation but they can also present survival and tumor promotion functions [START_REF] Dabrowska | Apoptotic Caspases in Promoting Cancer: Implications from Their Roles in Development and Tissue Homeostasis[END_REF]. For instance, tumours with elevated caspase-3 are more resistant to radiotherapy due to their activation of survival pathways [START_REF] Huang | Caspase 3-mediated stimulation of tumor cell repopulation during cancer radiotherapy[END_REF]. Furthermore, caspases are also involved in other cell death processes as autophagy (caspase 8), pyroptosis (caspase 1) and necroptosis (caspase 8) [START_REF] Wu | Caspases: A Molecular Switch Node in the Crosstalk between Autophagy and Apoptosis[END_REF][START_REF] Miao | Salmonella and Caspase-1: A complex Interplay of Detection and Evasion[END_REF][START_REF] Yuan | Roles of Caspases in Necrotic Cell Death[END_REF]. Once activated, these enzymes are very selective proteases cleaving their substrate after specific tetrapeptide motives containing an aspartate residue in position 1. To date, hundreds of apoptosis-associated caspases' substrates have been discovered [START_REF] Lüthi | The CASBAH: a searchable database of caspase substrates[END_REF]. In apoptotis, they target among other cytoskeleton proteins as Plectin and Vimentin and induce DNA fragmentation [START_REF] Stegh | Identification of the Cytolinker Plectin as a Major Early In Vivo Substrate for Caspase 8 during CD95-and Tumor Necrosis Factor Receptor-Mediated Apoptosis[END_REF][START_REF] Byun | Caspase cleavage of vimentin disrupts intermediate filaments and promotes apoptosis[END_REF]. They are involved in both the initiation and the execution of apoptosis. Caspases 2, 8, 9 and 10 are initiators of the caspases' cascade leading to apoptosis. They have long pro-domains that are known to present similarities with those of other pro-apoptotic molecules and to facilitate their dimerization or recruitment into complexes for subsequent activation (Kumar, 2007). Of note, caspase-9 is one of the most representative initiators of mitochondrial apoptosis [START_REF] Li | Caspase-9: structure, mechanisms and clinical application[END_REF]. Caspases 3, 6 and 7 have a short or absent pro-domain and they are effectors of apoptosis, organizing the dismantling of the cell. Caspase-3 is the most important of the executioner caspases and can be activated by any of the initiator caspases. Caspases 1,4,5 11,and 12 are mainly involved in inflammatory response [START_REF] Creagh | Caspase-activation pathways in apoptosis and immunity[END_REF] and caspase 12 is activated in endoplasmic reticulum (ER) stress mediated apoptosis [START_REF] Szegezdi | Caspase-12 and ER-Stress-Mediated Apoptosis[END_REF]. Finally, so far, caspase 14 has only been localized in cornifying epithelia and hair follicle of terrestrial mammals where it is involved in skin homeostasis and epidermal differentiation [START_REF] Denecker | Caspase-14 protects against epidermal UVB photodamage and water loss[END_REF] (Figure 11).

Figure 11: The structure and functions of caspases

There are 13 types of human caspases. Caspases 2, 9, 8 and 10 possess a pro-domain and they are known to be initiator of apoptosis. Caspases 3, 6, and 7 are effectors of apoptosis and do not present pro-domains.

Caspases 1, 4, 5 and 12 (which has both a long and a short isoform in human) are mainly involved in inflammation whereas caspase 14 participates to keratinocyte differentiation. The expression of caspase 16 has been recently observed in placental mammals whereas caspases 15, 17 and 18 are present in other species (Shalini et al, 2015).

The Bcl-2 proteins' family

The founder of the family is the B-cell lymphoma-2 (Bcl-2) proto-oncogene. The family members mainly reside in the mitochondria where they participe to its normal metabolism [START_REF] Giménez-Cassina | Regulation of mitochondrial nutrient and energy metabolism by BCL-2 family proteins[END_REF]. They all share some degree of sequence homology with Bcl-2, which contains four (BH) regions. The Bcl-2 family is composed of at least 20 members that can contain up to four conserved Bcl-2 α-helical segments (BH1, BH2, BH3 and BH4). The BH1 and BH2 domains are required for dimerization with pro-apoptotic proteins. All family members contain the BH3 domain that allows the interaction between pro-apoptotic and anti-apoptotic proteins. The amino-terminal BH4 domain is mainly found in the bcl-2 family members with death-repressing activity. The different Bcl-2 family members can favor or repress genes regulating apoptosis. It is the concentration and the affinities between Bcl-2 members that determine the execution of apoptosis [START_REF] Kale | BCL-2 family proteins: changing partners in the dance towards death[END_REF]. All the Bcl-2 proteins can be divided into three subfamilies according to their structure and functions.

The anti-apoptotic members as Bcl-2 itself all possess multiple BH domains whereas pro-apoptotic members can exhibit one (BH3) or several BH domains (Figure 12).

Figure 12: The Bcl-2 proteins' family

The Bcl-2 family is composed of proteins that can either inhibit or promote apoptosis. The pro-apoptotic proteins are further structurally subdivided into those carrying only one (BH3) or several BH domains.

Besides, many members contain a transmembrane domain (TM) on their carboxyl-end that facilitates their binding to the outer membrane of the mitochondria or to the endoplasmic reticulum membrane [START_REF] Giménez-Cassina | Regulation of mitochondrial nutrient and energy metabolism by BCL-2 family proteins[END_REF].

On one hand, proapoptotic members can trigger apoptosis by direct (multiregion) or indirect (BH3 only) induction of mitochondrial outer membrane permeabilization resulting in the release of cytochrome c and apoptosis inducing factor (AIF) that will activate effector caspases [START_REF] Shamas-Din | Mechanisms of Action of Bcl-2 Family Proteins[END_REF]. On the other hand, anti-apoptotic members prevent apoptosis by blocking proapoptotic proteins. Therefore experimental therapies targeting Bcl-2-family mRNAs or proteins are in development for anticancer purpose [START_REF] Yip | Bcl-2 family proteins and cancer[END_REF].

Activation pathways

Different signals can initiate apoptosis that can be executed through different pathways (Figure 13).

The intrinsic pathway

The intrinsic apoptotic (mitochondria-dependent) pathway is the most frequently activated in vertebrate cell death. It can be triggered by DNA damage, irradiation, cytosolic Ca 2+ overload, toxins, hypoxia, oxidative stress, a decrease in growth factors or the accumulation of unfolded proteins in the ER for example [START_REF] Green | The Pathophysiology of Mitochondrial Cell Death[END_REF]. It starts directly within the cell, at the mitochondrial membrane [START_REF] Kroemer | Mitochondrial Membrane Permeabilization in Cell Death[END_REF]. When pro-apoptotic signals predominate on anti-apoptotic signals on the mitochondrial membrane, it leads to a loss of the mitochondrial membrane potential through the opening of a large unspecific channel referred as the permeabilization transition pore [START_REF] Brenner | The permeability transition pore complex in cancer cell death[END_REF]. The subsequent release of proapoptotic factors e.g. cytochrome c, AIF and endonuclease G into the cytosol constitutes a point of no return for the induction of apoptosis. Cytochrome c is involved in the formation of an apoptosome (an activation complex of effector caspases), through binding with APAF-1 (apoptotic peptidase activating factor-1). Then APAF-1 recruits initiator pro-caspase-9 to its caspase recruitment domain (CARD) allowing its auto-activation and proteolysis. This process in turn activates downstream executor caspases 3, 6 and 7 for cleavage of cellular substrates and the execution of apoptosis (Figure 13).

The extrinsic pathway

The extrinsic pathway is activated by two extracellular ligands: First apoptosis signal ligand (FasL) and Tumor necrosis factor alpha (TNFα). TNFα (which is mainly produced by activated macrophages) is the major extrinsic mediator of apoptosis but they both allow the transmission and integration of extracellular apoptotic signals to the cytoplasm when binding to death transmembrane receptors. All death receptors belongs to the TNFα superfamily and share the property to have a cysteine rich extracellular domain and an intracytoplasmic domain called the death domain in relation to its key role in the transmission of the death signal. CD95 on lymphocytes, TNF receptor 1 (TNFR1), TNF-related apoptosis inducing ligand receptor 1 (TRAIL-R1) are some of the bestdescribed death receptors. The binding of TNFα to TNFR1 leads to caspase 8 activation via the intermediate membrane proteins TNF receptor-associated death domain (TRADD) and via Fasassociated death domain protein (FADD) for Fas ligand, thereby triggering a downstream cascade of effector caspases resulting in apoptosis [START_REF] Schütze | Regulation of TNFR1 and CD95 signalling by receptor compartmentalization[END_REF] (Figure 13).

FAS activation can be solely extrinsic or mediated by the intrinsic pathway. Therefore two types of FAS-expressing cells are distinguished based on their capacity to involve the mitochondrial pathway. In type I cells (e.g. lymphocytes), upon Fas stimulation, Fas-associated death domain (FADD) protein is recruited to the receptor (also known as APO-1 or CD95) what activates the formation of a death-inducing signaling complex (DISC) which activates caspase 8 and 10. In their turn, caspases 8/10 directly activate effector caspases 3, 6 and 7. In type II cells (e.g. hepatocytes), the activation of caspases 8/10 activates the pro-apoptotic BH3-interacting domain death agonist (BID) protein that triggers BAX/BAK activation and subsequent release of cytochrome c and of second mitochondria-derived activator of caspase (SMAC) which blocks X-linked inhibitor of apoptosis (XIAP) [START_REF] Hao | Type I and Type II pathways of Fas-mediated Apoptosis are differentially controlled by XIA[END_REF].

The granzyme pathway

This pathway is used by innate and adaptive immune cells. Natural killer cells (NK) and cytotoxic lymphocytes (CTL) both contain cytotoxic granules composed of serine proteases called granzymes and a monomeric cytolytic protein called perforin. To neutralize virus-infected cells, NK and CTL release their granules by exocytose or interact with death receptors (extrinsic pathway) to kill them [START_REF] Trapani | Functional significance of the perforin/granzyme cell death pathway[END_REF]. Once secreted, perforin will be activated by the higher extracellular Ca 2+ concentration forming pores on the plasma membrane of the target cell [START_REF] Voskoboinik | Perforin-mediated target-cell death and immune homeostasis[END_REF]. These pores facilitate the entry of granzymes although they are also able to penetrate the cell by endocytosis. In human, the granules contain 5 types of granzymes (A, B, H, K and M) but granzyme A (GzmA) and granzyme B (GzmB) are the most abundant [START_REF] Pardo | Apoptotic pathways are selectively activated by granzyme A and/or granzyme B in CTL-mediated target cell lysis[END_REF][START_REF] Chowdhury | Death by a Thousand Cuts: Granzyme Pathways of Programmed Cell Death[END_REF][START_REF] Bovenschen | Orphan granzymes find a home[END_REF]. The former is known to induce a caspase-independent cell death pathway. It induces the loss of the mitochondrial inner membrane potential and the release of ROS leading to single strand DNA damage [START_REF] Martinvalet | Granzyme A Cleaves a Mitochondrial Complex I Protein to Initiate Caspase-Independent Cell Death[END_REF][START_REF] Lieberman | Granzyme A activates another way to die[END_REF]. By contrast, GzmB can lead to both caspase dependent and independent cell death (Figure 14). On one hand, GzmB can induce caspase independent cell death through ROS production, the loss of the mitochondrial potential, followed by chromatin condensation and nuclear fragmentation without the permeabilization of the mitochondrial membrane nor the release of cytochrome c [START_REF] Macdonald | Mitochondria-dependent andindependent Regulation of Granzyme B-induced Apoptosis[END_REF]. On the other hand, GzmB can activate the caspase pathway both directly by cleaving caspases (3, 6, 7, 8 and 10) and indirectly by cleaving key caspase substrates [START_REF] Chowdhury | Death by a Thousand Cuts: Granzyme Pathways of Programmed Cell Death[END_REF]. Besides, human granzyme B-induced apoptosis is in part mediated by the mitochondria leading to the formation of the apoptosome. Of note, GzmB is also able to induce membrane blebbing by direct cleavage of ROCK2 what can be useful in case of caspase deficiency (Sebagh et al., 2005).

Figure 14: Schematic representation of the granzyme B pathway in apoptosis

The granzyme pathway is an apoptosis inducing modality specific of immune cells such as cytotoxic T lymphocytes. These cells contain cytotoxic granules whereunder cytolytic perforin and granzyme B (GzmB).

GzmB is able to cleave different substrates and initiate apoptosis through both caspase-dependent and caspase-independent pathways [START_REF] Hiebert | Granzyme B in injury, inflammation and repair[END_REF].

In conclusion, we notice the presence of a converging point between the three pathways inducing apoptosis involving the activation of executioner caspases. It emphasizes their importance although we note the presence of a failsafe mechanism with granzyme B.

Radiation-induced apoptosis

Ionizing radiation lead to apoptosis within a few hours after irradiation mainly through the posttranslational increase and activation of tumor suppressor p53, as a result of DNA damages. p53 (often referred as the guardian of the genome) is a transcription factor which can be activated by upstream kinases recognizing DNA damages as ATM, ATR or DNA dependent protein kinase (DNA-PK) or by p38 mitogen activated protein kinase (MAPK) for example [START_REF] Lane | p53, guardian of the genome[END_REF][START_REF] Watters | Molecular mechanisms of ionizing radiation-induced apoptosis[END_REF][START_REF] Zarubin | Activation and signaling of the p38 MAP kinase pathway[END_REF]. Then, depending on the extent of damaged DNA and the cell type, p53 can exert different functions such as DNA repair, cell cycle arrest or apoptosis.

It triggers apoptosis by activating the transcription of pro-apoptotic genes (e.g. Bax, Puma, Noxa, Fas and Apaf1) and the caspases' cascade via the intrinsic or extrinsic pathways ultimately leading to effector caspase-3, caspase-6, and caspase-7 activation [START_REF] Eriksson | Radiation-induced cell death mechanisms[END_REF][START_REF] Fischer | Census and evaluation of p53 target genes[END_REF]. When p53 is deficient, accumulating evidences suggest that p73 (a close family member of p53) takes over its functions and induces apoptosis (Wakatskuki et al., 2008). p38 MAPK activation can take place both upstream and downstream caspases. Indeed, on one hand, it can be activated by FAS ligation and blocked by caspase inhibitors inducing Fas crosslinking, what suggests that p38 functions downstream of caspase activation. However, on the other hand, its overexpression can also induce caspase activity and cell death [START_REF] Zarubin | Activation and signaling of the p38 MAP kinase pathway[END_REF].

Besides, ionizing radiation can also initiate an apoptotic signaling at the plasma membrane level through the generation of ceramides for example [START_REF] Watters | Molecular mechanisms of ionizing radiation-induced apoptosis[END_REF]. Indeed, ionizing radiation can activate sphingomyelinase which hydrolyses sphingomyelin of the membrane to form ceramides acting as second messenger in the mitochondria and leading to apoptosis. In addition, radiationinduced DNA damages can also directly activate mitochondrial ceramide synthase to induce de novo synthesis of ceramide [START_REF] Kolesnick | Radiation and ceramide-induced apoptosis[END_REF].

Physiopathological occurrence in human

Apoptosis concerns between 50 and 70 billion cells a day in adults [START_REF] Reed | Mechanisms of apoptosis avoidance in cancer[END_REF]. It is mainly counterbalanced by the mitosis rate to maintain homeostasis. It is a crucial process in physiological conditions since it allows the elimination of superfluous, aging, damaged or infected cells [START_REF] Jacobson | Programmed Cell Death in Animal Development[END_REF].

Studies of apoptosis in various species show that its molecular machinery is evolutionarily conserved and intrinsic to all metazoan cells. The type I cell death plays versatile roles. It is essential during embryogenesis to fashion the body, allowing the removal of interdigital webs or designing the brains [START_REF] Penaloza | Cell death in development: shaping the embryo[END_REF]. Besides its role in homeostasis, it also plays a protective role against autoreactive T lymphocytes [START_REF] Pender | Activation-induced apoptosis of autoreactive and alloreactive T lymphocytes in the target organ as a major mechanism of tolerance[END_REF], microbial- [START_REF] Gao | The modulation of host cell apoptosis by intracellular bacterial pathogens[END_REF]Aliprantis et al., 1999), viral-(Hay and[START_REF] Hay | A time to kill: viral manipulation of the cell death program[END_REF] and parasitic infections [START_REF] James | Manipulation of apoptosis in the host-parasite interaction[END_REF]. Dysregulation of apoptosis, its excessive or lack of activation, can lead to the development of numerous pathologies [START_REF] Favaloro | Role of Apoptosis in disease[END_REF]. For example, increased apoptosis is characteristic of neurodegenerative diseases such as Alzheimer's and Parkinson's diseases, ischaemic injury after myocardial infarct, stroke, the acquired immunodeficiency syndrome (AIDS) and autoimmune diseases inducing the excessive destruction of own cells as in hepatitis or diabetes I.

In parallel, decreased and inhibited apoptosis are features of other autoimmune diseases (lacking the elimination of autoreactive T-cells such as in many connectivitis), some viral infections and numerous malignancies [START_REF] Cao | Apoptosis and Cancer: Force Awakens, Phantom Menace, or Both?[END_REF]. For instance, impaired granzyme cytotoxicity or delivery has been demonstrated to impinge infectious pathogens clearance and mice lacking components of the granule-induced death mechanism were also found to be more prone to tumours [START_REF] Voskoboinik | Perforin and granzymes: function, dysfunction and human pathology[END_REF]. Besides, cells with impaired p53 lose their capacity to die and become highly protumorigenic. Indeed, p53 deficiencies are found in more than half of all human malignancies. For these reasons, numerous existing anticancer treatments aim to restore or induce apoptosis by drugs targeting p53, BCL-2 family, caspases or apoptosis inhibitors for example.

Radiotherapy aims to induce the apoptosis of tumor cells but it also triggers mitotic catastrophe (cf. part II.2.1) and senescence (cf. part III.) compensating for apoptosis resistant cells [START_REF] Wong | Apoptosis in cancer: from pathogenesis to treatment[END_REF]. Indeed, most tumors lose their pro-apoptotic mechanisms during progression due to p53 mutation or the loss of Apaf-1 blocking the formation of the apoptosome for example and tumors that kept a functional p53 pathway still frequently acquire resistance to apoptosis. This can be a consequence of enhanced expression of anti-apoptotic proteins like BCL-2 and survivin or due to the inactivation of pro-apoptotic genes. Hence, apoptosis plays a key role in tumor suppression, namely through p53. In addition, apoptosis inhibition can also constitute a tumoral defense mechanism to escape the immune system surveillance. Indeed, tumors as well as viruses can express serine protease inhibitor SERPIN to block caspases and granzyme B to prevent their apoptosis [START_REF] Bots | Serpins prevent granzymeinduced death in a species-specific manner[END_REF][START_REF] Valiente | Serpins Promote Cancer Cell Survival and Vascular Co-Option in Brain Metastasis[END_REF]. By contrast, apoptosis can also promote tumorigenesis by activating mitotic signals what is called « apoptotic induced proliferation » [START_REF] Dabrowska | Apoptotic Caspases in Promoting Cancer: Implications from Their Roles in Development and Tissue Homeostasis[END_REF].

Autophagic cell death

Originating from the ancient Greek terms αυτο and φαγειν meaning eating itself, autophagy provides energy to the cell by recycling organelles and can be a survival mechanism in case of mechanic or metabolic stress or lack of nutrients [START_REF] King | Mechanical stress meets autophagy: potential implications for physiology and pathology[END_REF]. It can also participate to pathogen removal or cellular remodelling [START_REF] Kroemer | Lysosomes and autophagy in cell death control[END_REF][START_REF] Kaur | Autophagy at the crossroads of catabolism and anabolism[END_REF] (Figure 15). Autophagic cell death (ACD) or cell death type II is defined as a cell death manifesting largescale autophagy shortly before or during the dying process [START_REF] Kroemer | Autophagic cell death : the story of a misnomer[END_REF]. It is cell a death modality associated with autophagy and rarely induced by autophagy (Kroemer et al., 2009).

Chaperone-mediated autophagy (CMA) refers to the chaperone-dependent selection and delivery of soluble cytosolic proteins to lysosomes. This type of autophagy is highly selective. The presence of specific motif on the substrates allows cytosolic chaperones as heat shock cognate 70 (Hsc-70), cochaperones, and the lysosomal-associated membrane protein type 2A, to recognize target proteins and provide them a direct shuttling across the lysosomal membrane. Once in the lysosome, the target proteins will be unfolded and degraded [START_REF] Bejarano | Chaperone-Mediated Autophagy[END_REF][START_REF] Kaushik | Chaperone-mediated autophagy: a unique way to enter the lysosome world[END_REF]Cuervo and Wong, 2014). Finally, macroautophagy occurs through sequestration of soluble proteins, organelles, and protein aggregates in autophagic vacuoles called autophagosomes.

Autophagosomes are composed by a phospholipid bilayer and their biogenesis, growth and maturation involve a dozen of autophagy related proteins recruited in the cytoplasm that transitory form complexes with each other. Then, each autophagosome will fuse with a lysosome in a microtubule dependent process, to be degraded by lysosomal enzymes [START_REF] Feng | The machinery of macroautophagy[END_REF].

Figure 16: Different types of autophagy

Macroautophagy requires the formation of a bilayer membrane to enclose the material to be degraded. Once closed, the autophagic vacuole will fuse with the lysosomal membrane to be degraded by lysosomal enzymes (A). In microautophagy, the direct invagination of the lysosomal membrane allows the engulfment of the cytoplasmic cargo (B). In chaperone-mediated autophagy (CMA), chaperones selectively bind soluble proteins and transport them without formation of additional vesicle inside the lysosomal compartment (C) [START_REF] Bejarano | Chaperone-Mediated Autophagy[END_REF]. 1.2.3 The autophagic mechanism and its effectors Several stimuli, specific autophagy related genes (atg), proteins and kinases mediate autophagy that occurs by the initiation and elongation of an isolation membrane, its closure (autophagosome formation) and maturation followed by its fusion with lysosome and the degradation of its content.

Triggers of autophagy

Autophagy can be triggered by stresses such as glucose deprivation, a decrease in growth factors, hypoxia, endoplasmic reticulum stress or oncogenic stimuli for example (Figure 17). mTOR (mammalian target of rapamycin), which is a serine /threonin kinase, integrates these signals and plays a key role in autophagy induction [START_REF] Yu | Termination of autophagy and reformation of lysosomes regulated by mTOR[END_REF][START_REF] Jung | mTOR regulation of autophagy[END_REF].

The class I PI3K/Akt signaling pathway that can be activated by insulin-like growth factors is one of the upstream activators of mTOR. Besides, starvation which leads to adenosine monophosphatedependent protein kinase (AMPK) activation can directly or indirectly inhibit TOR (target of rapamycin) via Tuberous Sclerosis Complex (TSC) activation, thereby promoting autophagy (Meijer and Codognon, 2007;[START_REF] Meley | AMP-activated Protein Kinase and the Regulation of Autophagic Proteolysis[END_REF]. Starvation is also known to trigger autophagy by acting on mitogen activated protein (MAP) kinases such as JNK and p38 [START_REF] Wei | JNK1-Mediated Phosphorylation of Bcl-2 Regulates Starvation-Induced Autophagy[END_REF][START_REF] Sui | p38 and JNK MAPK pathways control the balance of apoptosis and autophagy in response to chemotherapeutic agents[END_REF]. Besides, endoplasmic reticulum stress is also able to induce autophagy through eukaryotic initiation factor-2α (eIF2α) phosphorylation and Atg12 activation [START_REF] Kouroku | ER stress (PERK/eIF2alpha phosphorylation) mediates the polyglutamine-induced LC3 conversion, an essential step for autophagy formation[END_REF]. Furthermore, being the major end products of autophagy, amino acids regulate a feedback mechanism tuning the level of autophagy to maintain cellular homeostasis [START_REF] Mortimore | Induction of autophagy by amino-acid deprivation in perfused rat liver[END_REF][START_REF] Chen | The general amino acid control pathway regulates mTOR and autophagy during serum/glutamine starvation[END_REF]. Alanine, leucine and glutamine seem particularly important in the regulation process [START_REF] Poso | Requirement for alanine in the amino acid control of deprivation-induced protein degradation in liver[END_REF][START_REF] Tan | Glutamine metabolism regulates autophagy-dependent mTORC1 reactivation during amino acid starvation[END_REF].

In hypoxic conditions, HIF-1 can induce autophagic cell death by activation of its pro-apoptotic target gene Bcl-2/E1B-nineteen kilodalton interacting protein 3 (BNIP3) for example [START_REF] Azad | Role of BNIP3 in proliferation and hypoxia-induced autophagy: implications for personalized cancer therapies[END_REF]. Finally, the oncogene RAS can also trigger autophagy. This plasma membrane anchored protein can regulate autophagy through different pathways such as the Raf1/ERK and the PI3 kinase/Akt/mTOR pathway for example [START_REF] Schmukler | Ras and autophagy in cancer development and therapy[END_REF].

The autophagosome will then fuse with a lysosome becoming an autolysosome. This process is namely dependent of RAB7 which drives the trafficking of autophagosomes along microtubules and participates in the fusion step with lysosomes [START_REF] Hyttinen | Maturation of autophagosomes and endosomes : a key role for Rab7[END_REF].

Crosstalk with apoptosis

Several actors are common in both the apoptotic and the autophagic pathways. They mediate different effects depending on the context (Figure 19). 

Protein Function

Figure 19: Proteins with dual roles in autophagy and apoptosis

Several actors are common in both the apoptotic and the autophagic pathways. They can mediate different effects upon the context such as p53, opposite effects such as NF-κb or positively regulate both cellular processes such as JNK and ATG5 (Gump and Thorburn, 2013) The regulations toward apoptosis or autophagy are not fully understood yet. For instance, caspases and Bcl-2 protein members appear to be involved in the regulation of autophagic cell death [START_REF] Ojha | Caspase-mediated crosstalk between autophagy and apoptosis: Mutual adjustment or matter of dominance[END_REF][START_REF] Høyer-Hansen | Control of Macroautophagy by Calcium, Calmodulin-Dependent Kinase Kinase-β, and Bcl-2[END_REF]. Indeed, activated caspases can both degrade autophagy proteins as BCLN1 and/or convert pro-autophagic proteins into pro-apoptotic proteins to mediate apoptosis [START_REF] Wu | Caspases: A Molecular Switch Node in the Crosstalk between Autophagy and Apoptosis[END_REF]. Besides, BCLN1 is involved in autophagy but it possesses a BH3 domain making possible interactions with anti-apoptotic protein of the BCL-2 family [START_REF] Funderburk | The Beclin 1-VPS34 complex -at the crossroads of autophagy and beyond[END_REF]Kang et al., 2011). p53 also appears to trigger autophagy in stress conditions. Indeed, transient activation of p53 by cellular stress was reported to attenuate mTOR signaling, leading to autophagy [START_REF] Feng | The coordiante regulation of the p53 and mTor pathways in cells[END_REF].

In cancer cells mutated for p53, autophagy is often observed as a survival mechanism.

Accumulating evidences suggest that it is cytosolic p53 that regulates autophagy (Tadesmir et al., 2008).

Physiopathological occurrence in human

Autophagy is both a survival mechanism and associated to cell death (Wu et al., 2008). It is also both a programmed and a dynamic catabolic process. For example, autophagy is involved in the pre-implantation development, in cellular differentiation as in adipogenesis and in the elimination of autoreactive T cells [START_REF] Tsukamoto | Autophagy Is Essential for Preimplantation Development of Mouse Embryos[END_REF][START_REF] Baerga | Targeted deletion of autophagy-related 5(atg5) impairs adipogenesis in a cellular model and in mice[END_REF][START_REF] Nedjic | Autophagy in thymic epithelium shapes the T-cell repertoire and is essential for tolerance[END_REF][START_REF] Mizushima | Autophagy in mammalian development and differentiation[END_REF]. It also has a major recycling function of aged or damaged organelles, misfolded and aggregated proteins. In addition, it plays a crucial role in the housekeeping of terminally differentiated cells such as neurons or senescent cells and generally contributes to homeostasis [START_REF] Hara | Suppression of basal autophagy in neural cells causes neurodegenerative disease in mice[END_REF][START_REF] Komatsu | Loss of autophagy in the central nervous system causes neurodegeneration in mice[END_REF]. Furthermore, it allows the elimination of intracellular pathogens and prevents genome instability [START_REF] Liang | Induction of autophagy and inhibition of tumorigenesis by beclin 1[END_REF]. Hence, it constitutes a barrier against many diseases as neurodegenerative disorders, autoimmune diseases, infections and cancer [START_REF] Glick | Autophagy: cellular and molecular mechanisms[END_REF]. As a consequence, autophagy deregulations are linked to several pathologies such as Alzheimer's and Parkinson's diseases [START_REF] Nixon | Extensive Involvement of Autophagy in Alzheimer Disease: An Immuno-Electron Microscopy Study[END_REF][START_REF] Levine | Autophagy in the Pathogenesis of Disease[END_REF]Rubinsztein, 2006;[START_REF] Jiang | Autophagy and human diseases[END_REF].

Autophagy cell death can also contribute to the spreading of viral infections due to the lyse of infected cells and favor the establishment of Toxoplasma gondii or Mycobacterium tuberculosis for instance (Martins et al., 2017;[START_REF] Wang | Hepatitis C virus and autophagy[END_REF]Deretic et al., 2009). Moreover, autophagy deficiencies are involved in several malignancies [START_REF] Gozuacik | Autophagy as a cell death and tumor suppressor mechanism[END_REF]. Indeed, studies have shown that some oncogenes (e.g. Akt, Ras and Myc) and alterations of tumor suppressor genes as PTEN or autophagy related gene as Atg5 inhibit autophagy and promote tumorigenesis [START_REF] Iqbal | Genomic analyses reveal global functional alterations that promote tumor growth and novel tumor suppressor genes in natural killer-cell malignancies[END_REF][START_REF] Rosenfeldt | The role of autophagy in tumour development and cancer therapy[END_REF]. For example, beclin-1 has been reported to be monoallellically deleted in 40-75% of sporadic human breast, ovarian and prostate cancers [START_REF] Qu | Promotion of tumorigenesis by heterozygous disruption of the beclin 1 autophagy gene[END_REF]. Hence, the function of autophagy in oncogenesis and anticancer therapy seem contradictory [START_REF] Fouad | Revisiting the hallmarks of cancer[END_REF] On one hand, autophagy seems to be a tumor suppressor mechanism reducing the risk of cancer development namely by eliminating damaged organelles as mitochondria thereby reducing ROS and by playing a protection role against potentiallycarcinogenic microbes.

On the other hand, it also contributes to tumor adaptation and survival in harsh conditions (e.g. anticancer treatments and hypoxia), prevents immune destruction, allows the acquisition of invasive and metastatic features and participates to TME remodelling by the secretion of specific proteins [START_REF] Keulers | Autophagy-Dependent Secretion: Contribution to Tumor Progression[END_REF][START_REF] Galluzzi | Autophagy in malignant transformation and cancer progression[END_REF]Mowers et al., 2017). Besides, stressed cancer cells have been reported to enter a dormancy state via autophagy [START_REF] White | The Double-Edged Sword of Autophagy Modulation in Cancer[END_REF]. Therefore, autophagy inhibition may be a therapeutic strategy to increase the effects of anticancer treatments as radiotherapy but its chronic suppression may also promote oncogenesis [START_REF] Chaurasia | Radiation-induced autophagy: mechanisms and consequences[END_REF].

Although autophagy inhibitors play a radiosensitization role in vitro, they decrease the radioresponse in vivo due to the inhibition of the immunogenic signaling led by autophagydependent ATP release (Ko et al., 2014).

Necrosis

Morphological and biochemical properties

From the ancient greek νέκρωσις meaning state of death; necrosis or type III cell death has been first described as a non-programmed, irreversible, accidental and localized death mechanism lacking the typical features of apoptosis and autophagy [START_REF] Kerr | Apoptosis: A Basic Biological Phenomenon with Wideranging Implications in Tissue Kinetics[END_REF]. Necrosis is mainly characterized by a loss of ions homeostasis inducing extensive swelling of the cell and its organelles (namely mitochondria and RER) leading to the rupture of their membranes (Goldstein and Kroemer, 2007) (Figure 20). In addition, other typical features of necrosis are the formation of cytoplasmic blebs, the presence of amorphous material, debris and aggregates as whorled phospholipid precipitates called « myelin figures » in the cytoplasm and ATP release. Necrotic cells also present unspecific nuclear changes due to the breakdown of DNA and chromatin. Furthermore, they generally present a glassy homogeneous aspect due to the loss of glycogen particles. Finally, the exposure of the intracellular content, namely the release of Damage-Associated Molecular Patterns (DAMPS) such as HMGB1, elicits an inflammatory response. The cell and its fragments are then cleared by macrophages, a process known as macropinocytosis [START_REF] Krysko | Macrophages use different internalization mechanisms to clear apoptotic and necrotic cells[END_REF].

By contrast, necroptosis is frequently initiated by the binding of TNFα ligand to TNF receptor-1 (TNFR1), in a caspase independent way and executed through a microfilament-like complex called complex IIb or necrosome (vanden Bergue et al., 2014;[START_REF] Vandenabeele | Molecular mechanisms of necroptosis: an ordered cellular explosion[END_REF] (Figure 21).

Figure 21: Necrosome, the main pathway of regulated necrosis or necroptosis

The binding of TNFα to TNFR1 leads to the formation of the so-called « complex I » consisting of TRADD, TRAF2, RIP1 and cIAP1 at the cytoplasmic membrane. K63-linked polyubiquitination of RIP1 by cIAP1, leads to the recruitment of IKK complex and TAK1, activating the NF-κB and MAPK survival pathways. In the absence of cIAP1; RIP1, FADD and caspase-8 form the cytosolic complex IIa which activates a caspase cascade and induces apoptosis. In case of caspase-8 inhibition (e.g. by pancaspase inhibitor zVAD), RIP1 interacts with RIP3 and MLKL to form a necrosome or complex IIb which mediates necroptosis. The formation of this complex can also be inhibited by necrostatin-1 (Nec-1). In complex IIb, RIP3 and MLKL are phosphorylated and translocate to the plasma membrane, where the complex induces membrane permeabilization and cell death (Zhou and Yuan, 2014).

TNFR1 mediated both cell survival and cell death pathways (apoptosis and necroptosis). When

TNFα binds to the TNF receptor, it will activate the recruitment of TNF receptor associated death domain (TRADD) which in turn will recruit receptor interacting protein 1 (RIP1), TNF receptorassociated factor 2 (TRAF2), cellular inhibitor of apoptosis protein 1 and 2 (cIAP1 and cIAP2) and the deubiquitinase cylindromatosis (CYLD) forming a large structure termed complex I [START_REF] O'donnell | Caspase 8 inhibits programmed necrosis by processing CYLD[END_REF].

The ubiquitination of the different components of this complex allows the regulation of its functions that could either be cytoprotective of cytotoxic [START_REF] Vandenabeele | Molecular mechanisms of necroptosis: an ordered cellular explosion[END_REF]. Indeed, K63-linked polyubiquitination of RIP1 by cIAP1 can lead to the recruitment of I-kappa B kinase complex (IKK) or TAK1 complex, activating respectively the NF-κB or mitogen activated protein kinases survival pathways [START_REF] Vandenabeele | Molecular mechanisms of necroptosis: an ordered cellular explosion[END_REF]. However, prolonged TNFα binding leads to the deubiquitination of the complex and the recruitment of FADD that initiates apoptosis through caspase 8 phosphorylation. Activated caspase 8 forms a complex with RIP1 and FADD referred as complex IIa which in turn activates effector caspases 3 and 7 or directly bind to BCL-2 proapoptotic proteins and induces apoptosis.

In case of caspase 8 inhibition (due to chemical caspase inhibitor ZVAD or virally encoded proteins for example), RIP1 and RIP3 are able to autophosphorylate and transphosphorylate each other and form complexes called necrosomes (complex IIb). Then, each necrosome phosphorylates mixed lineage kinase domain-like (MLKL) proteins that will be anchored on the lipid double membrane of organelles and on the plasma membrane to provoke their rupture (Linkermann andGreen, 2014, Wang et al., 2014;[START_REF] Su | A Plug Release Mechanism for Membrane Permeation by MLKL[END_REF].

Besides, necroptosis can also be triggered by death receptors as FAS, TNFR2, tumor-necrosisfactor related apoptosis inducing ligand receptors 1 and 2 (TRAILR1 and TRAILR2), Toll like receptors [START_REF] Kaiser | Toll-like Receptor 3mediated Necrosis via TRIF, RIP3, and MLKL[END_REF] and executed by another complex called the ripoptosome after genotoxic stress exposure [START_REF] Tenev | The Ripoptosome, a Signaling Platform that Assembles in Response to Genotoxic Stress and Loss of IAPs[END_REF]. DNA damages from ionizing radiation, especially when combined with hyperthermia, have been reported to stimulate necroptosis [START_REF] Mantel | Combination of Ionising Irradiation and Hyperthermia Activates Programmed Apoptotic and Necrotic Cell Death Pathways in Human Colorectal Carcinoma Cells[END_REF]. Staurosporine, already known as an intrinsic apoptosis inducer, has also been reported to induce necroptosis [START_REF] Dunai | Staurosporine Induces Necroptotic Cell Death under Caspase-Compromised Conditions in U937 Cells[END_REF]. In addition, necroptosis can be stimulated by chemotherapy and Type I and Type II interferons promoting the elimination of virally infected cell [START_REF] Vanlangenakker | Molecular Mechanisms and Pathophysiology of Necrotic Cell Death[END_REF][START_REF] Thapa | Interferon-induced RIP1/RIP3-mediated necrosis requires PKR and is licensed by FADD and caspases[END_REF]. Conversely, the regulated necroptotic pathway can be disrupted at several levels, by TNF inhibitors, necrostatin-1 which inhibits RIP1 or necrosulfonamide which is a MLKL inhibitor blocking the activity of the necrosome [START_REF] Cho | Perspectives on the therapeutic modulation of an alternative cell death, programmed necrosis (Review)[END_REF].

Viral inhibitors of necroptosis have also been discovered. For example, Herpes simplex virus 1 and 2 are able to inhibit necroptosis in human by blocking the interaction between RIP1 and RIP3 [START_REF] Guo | Herpes Simplex Virus Suppresses Necroptosis in Human Cells[END_REF]. Of note, we can also mention the poly(ADP-ribose) polymerase (PARP) mediated necrosis as another example of regulated necrotic cell death (Sosna et al. 2014).

Physiopathological occurrence in human

Necrosis can occur spontaneously after unexpected severe stresses, as ischaemic injury namely in case of myocardial infarct, or radio-induced DNA damages (Goldstein and Kroemer, 2007).

Secondary necrosis occurs as a physiological mechanism to complete inefficient apoptosis. Defects in this mechanism as deficient DNase I or C1q complement lead to the pathological accumulation of secondary necrotic cell fragments which are frequently associated with systemic lupus erythematosus (Napirei et al., 2000;[START_REF] Orbai | Anti-C1q antibodies in systemic lupus erythematosus[END_REF]. Finally, necroptosis is implicated in several physiopathological processes [START_REF] Zhao | Role of necroptosis in the pathogenesis of solid organ injury[END_REF]. It contributes to ovulation, to the death of chondrocytes associated with bone's growth and to the turnover on the small and large intestines for example [START_REF] Festjens | Necrosis, a well-orchestrated form of cell demise: Signalling cascades, important mediators and concomitant immune response[END_REF]. Besides, innate and adaptive immune cells can also activate the necroptotic signaling pathway [START_REF] Lu | Necroptotic signaling in adaptive and innate immunity[END_REF]. It is a particularly interesting antimicrobial defense system since several viruses and bacteria are able to inhibit caspases and prevent the elimination of the infected cells by apoptosis. It has been observed among other in HIV-1, Shigella and West Nile virus infected cells [START_REF] Lu | Necroptotic signaling in adaptive and innate immunity[END_REF][START_REF] Vanlangenakker | Molecular Mechanisms and Pathophysiology of Necrotic Cell Death[END_REF]. Necroptosis can also substitute for apoptosis since the use apoptosis inhibitors led to necrosis during embryonic development to remove the interdigital webs (Chautan et al., 1999). This interplay between the apoptotic and the necroptotic pathways is very important namely to regulate the immune tolerance. This crosstalk regulated by caspase 8 allows the elimination of autoreactive T cells by necroptosis. Finally, necroptosis is involved in inflammation and appears to have both tumour suppressor and tumor promoting functions. Indeed, on one side, it appears to be a supplementary barrier against tumour cells resistant to caspase-dependent apoptosis [START_REF] Pasparakis | Necroptosis and its role in inflammation[END_REF][START_REF] Meng | Necroptosis in tumorigenesis, activation of anti-tumor immunity, and cancer therapy[END_REF] and it promotes anti-tumor immunity. Hence, its dysregulation may lead to the development of malignancies. Indeed, studies have shown that necroptosis is defective in many cancers, frequently due to a mutation or loss of RIP3 [START_REF] Moriwaki | Differential roles of RIPK1 and RIPK3 in TNF-induced necroptosis and chemotherapeutic agent-induced cell death[END_REF][START_REF] Su | Cancer therapy in the necroptosis era[END_REF][START_REF] Najafov | Necroptosis and Cancer[END_REF]. On the other side, extended necrosis and necroptosis, as triggered by radiotherapy, release a high amount of pro-inflammatory molecules having a high tumor promoting potential by activating immune cells that may be protumorigenic.

For instance these necrotic cells can facilitate angiogenesis or proliferation with the release of specific signals such as IL-1α [START_REF] Grivennikov | Immunity, Inflammation, and Cancer[END_REF].

In conclusion, necroptosis can be regulated by genetic, epigenetic, pharmacological and environmental factors and it represents a therapeutic strategy in oncology aiming to counteract the escape from programmed cell death [START_REF] Golstein | Cell death by necrosis: towards a molecular definition[END_REF].

ATYPICAL CELL DEATH MODALITIES

The group of atypical cell deaths encompasses all other types of cell death modalities. Some of them were discovered lately and their mechanisms presenting different or mixed patterns from the three main cell death modalities presented previously are not fully elucidated yet (Figure 8).

It includes mitotic catastrophe [START_REF] Castedo | Cell death by mitotic catastrophe: a molecular definition[END_REF], emperipolesis [START_REF] Rastogi | Emperipolesis -A Review[END_REF], emperitosis (Wang et al., 2013), cellular cannibalism [START_REF] Lozupone | Cancer Cell Cannibalism: A Primeval Option to Survive[END_REF]; entosis (Overholtzer et al., 2007), anoïkis [START_REF] Gilmore | Anoikis[END_REF], excitotoxicity (Orrenius et al., 2003), pyroptosis [START_REF] Bergsbaken | Pyroptosis: host cell death and inflammation[END_REF][START_REF] Man | Molecular mechanisms and functions of pyroptosis, inflammatory caspases and inflammasomes in infectious diseases[END_REF], ferroptosis [START_REF] Dixon | Ferroptosis: An Iron-Dependent Form of Nonapoptotic Cell Death[END_REF][START_REF] Xie | Ferroptosis: process and function[END_REF], keratinization or cornification (Candi et al., 2005), netosis [START_REF] Mesa | NETosis[END_REF], paraptosis [START_REF] Sperandio | Paraptosis: mediation by MAP kinases and inhibition by AIP-1/Alix[END_REF], oxytosis [START_REF] Tan | Oxytosis: A Novel Form of Programmed Cell Death[END_REF], parthanatosis (David et al., 2009), pyronecrosis (Willingham et al., 2007) and wallerian degeneration [START_REF] Coleman | Wallerian Degeneration, WldS, and Nmnat[END_REF].

Mitotic catastrophe

The term mitosis has been coined by Walther Flemming in 1880. From the ancient Greek µίτος « mítos » meaning threads and the suffix, -σις from ωσις « -ôsis » meaning state of, it depicts the particular threads-like shape of the mitotic chromosomes. The first observation of mitotic catastrophe was made by Glücksmann and Spear, who exposed cells in exponential growth phase to γ radiation [START_REF] Glücksmann | The Effect of Gamma Radiation on Cellsin VivoPart II[END_REF]. However, the expression mitotic catastrophe (MC) was only introduced in 1986 in reference to the already known microtubule catastrophe process (Russel and Nurse, 1986;Mc Intosh, 1984).

Morphological and biochemical properties

MC results of abnormal mitosis. More precisely, aberrancies in the chromosome distribution during metaphase lead to asymmetric or impaired cytokinesis and the formation of micro-or multi nucleation with an increased cell volume (Figure 8).

As a consequence, cells undergo a caspase-dependent or caspase-independent cell death. MC presents analogies with apoptosis involving the activation of caspases (namely caspase 2 and 3), a loss of the mitochondrial potential and the release of cytochrome c and AIF. Therefore, MC is also suggested to be dying process rather than a cell death mechanism on its own [START_REF] Vakifahmetoglu | Death through a tragedy: mitotic catastrophe[END_REF].

Molecular actors and regulators

Mitotic catastrophe is controlled by numerous molecular players such as cell-cycle checkpoint proteins, cell-cycle-specific kinases (such as the cyclin B1-dependent kinase Cdk1), caspases, Bcl-2 family members, p53 or survivin which is an inhibitor of apoptosis [START_REF] Castedo | Cell death by mitotic catastrophe: a molecular definition[END_REF].

If cell cycle checkpoints defects allow a cell with aberrant DNA content to get to the M phase, a functional spindle checkpoint will stop mitosis at the metaphase-anaphase transition step and induce MC. In case of defects in the mitotic spindle checkpoint, mitosis will not be stopped (slippage) and cells may die by delayed p53-dependent apoptosis in G1 of the next cycle, enter S-phase and die through necrosis or take a senescence phenotype [START_REF] Vakifahmetoglu | Death through a tragedy: mitotic catastrophe[END_REF][START_REF] Mc Gee | Targeting the Mitotic Catastrophe Signaling Pathway in Cancer[END_REF]. The inhibition of caspases has been reported to delay the MC process whereas the inhibition of the permeabilization of the mitochondrial membrane and subsequent release of the apoptotic signals is able to prevent its occurrence. The BCL-2 protein family plays an important role influencing the fate of cells following mitotic catastrophe, namely through cdk1 phosphorylation (Terrano et al., 2010). p53 mutation can contribute to MC but the process can also be p53 independent relying on the activation of caspase 2, which will induce the loss of the mitochondrial membrane potential and the activation of caspase 3 [START_REF] Ianzini | Lack of p53 function promotes radiation-induced mitotic catastrophe in mouse embryonic fibroblast cells[END_REF]. In intestinal epithelium for example, survivin-deficient cells present cell-cycle defects, abnormal cell division and an increase cell death through mitotic catastrophe (Martini et al., 2016).

Physiopathological occurrence in human

Mitotic catastrophe does not occur in physiological conditions. It can be caused among other by an incomplete DNA synthesis, premature chromosome condensation, defective cell cycle checkpoints, chromosome cohesion defects, abnormal amplification of centrosomes or functional defects in the mitotic actors as mitotic enzymes, motor proteins or microtubules. In addition, it can result of genotoxic stress exposure as ionizing radiation, DNA intercalants or mitotic spindle poisons as taxanes [START_REF] Morse | Docetaxel induces cell death through mitotic catastrophe in human breast cancer cells[END_REF].

However, it can be considered a suppression mechanism of mitosis-incompetent cells and of genomic instability [START_REF] Vitale | Mitotic catastrophe: a mechanism for avoiding genomic instability[END_REF]. Since tumor cells have an increased mitotic index, mitotic catastrophe is be targeted in oncology to destroy tumoral cells [START_REF] Dominguez-Brauer | Targeting Mitosis in Cancer: Emerging Strategies[END_REF].

Non-cell-autonomous death

Several cell death processes are not autonomous and occur after cell interiorization in another cell.

Theses cell death mechanisms differ upon the choice of the internalized cells, as well as on the engulfment and degradation's modalities. It is difficult to distinguish these death modalities on the basis of their momentaneous morphological aspects since they all present « cell-in-cell » structures.

However, their identification can be made based on the cell types involved, relying on videomicroscopy records to determine their behaviors and by the analysis of their biochemical properties.

Cellular cannibalism

In zoology, cannibalism is defined by the consumption of members of its own kind. It is not a rare phenomenon in the animal kingdom and it has also been observed in microorganisms such as in sporulating bacteria Bacillus subtilis or in soil-living amoeba Dictyostelium discoideum (Gonzalez-Pastor et al., 2003;[START_REF] Chi | Selective Phagocytosis of Nucleated Erythrocytes by Cytotoxic Amebae in Cell Culture[END_REF]. From this definition, cellular cannibalism implies the digestion of one cell by another cell. By definition, « cannibalism » precisely refers to the engulfment and degradation of a live or dead cell by another. It can be either a homotypic or heterotypic process whereas emperipolesis strictly refers to the engulfment of live heterotypic cells. By contrast, entosis is the homotypic invasion of one cell into another living cell. In the three cases, the two cells are commonly referred as the cannibal (or host cell) and the target cell. Once internalized, the target cell has three possible fates: It can sometimes divide inside the host cell or be released and most frequently, it dies. In addition, when a cell contains more than one cell, or one cell already containing one or more cells in its cytoplasm, this phenomenon is called complex cannibalism [START_REF] Sarode | Complex cannibalism: An unusual finding in oral squamous cell carcinoma[END_REF].

Morphological and biochemical properties

Cellular cannibalism, in its large definition, has been first observed in the 19 th century on histological biopsies.

In cannibalism, the vacuole around the target cell fuses with its lysosomes to form caveosomes. In theses structures, a continuous ATPase mediated acidification keeps cathepsin-B in active state to perform the degradation. Studies have shown that lysosomal structures are sparsely present in cannibalistic cells compared to the interiorized cell suggesting the target cell death would result from autophagy induced by nutrient deprivation rather than by cannibal cell mediated lysosomal degradation [START_REF] Lugini | Potent Phagocytic Activity Discriminates Metastatic and Primary Human Malignant Melanomas: A Key Role of Ezrin[END_REF]Lugini et al., 2006).

Cannibalism differs from phagocytosis that only digests cells debris or fragments. Indeed, it occurs in acidic pH what is not the case for phagocytosis and it involves different enzymes. Furthermore, the process requires less energy compared to phagocytosis that needs to form pseudopods for the engulfment [START_REF] Jain | An overview on "cellular cannibalism" with special reference to oral squamous cell carcinoma[END_REF].

In addition, several studies shed light on CC mediators acting through different pathway revealing the existence of multiple mechanisms. For instance, a different mechanism has been observed in homotypic cell-in-cell structures between PANC-1 pancreatic adenocarcinoma cells (Cano et al., 2012). This unique type of « homotypic cellular cannibalism » is called HoCC, and it is regulated by nuclear protein 1 (Nupr1). Nupr1, also known as p8 or candidate of metastasis-1 (Com-1) is a small multifunctional protein acting as transcription co-factor. It is structurally related to the highmobility group of transcriptional regulators and it can be induced by several stresses and TGFß [START_REF] Cano | Nupr1: The Swiss-knife of cancer[END_REF]. It is namely involved in stress response, DNA repair, autophagy and cancer where it is often overexpressed. Among other functions, it also transcriptionally regulates p21 [START_REF] Gironella | p8/nupr1 regulates DNA-repair activity after double-strand gamma irradiation-induced DNA damage[END_REF][START_REF] Cano | Nupr1: The Swiss-knife of cancer[END_REF]Clark et al., 2007). HoCC is not triggered by nutrient deprivation conditions nor affected by the knock down of the Cdh1 gene encoding E-cadherin.

Instead, HoCC is promoted by Nupr1 inactivation and TGFß treatment. In addition, the inactivation of ROCK1 enhances its occurrence. Moreover, it does not require ATG5 as in entosis and autophagy and ATG5 depletion rather seems to increase its occurrence. In fact, Cano et al have demonstrated that the depletion of Nupr1 genetically programs these cells to cannibalize their siblings. Acting at the chromatin level, it induces an upregulation of phagocytosis-related genes and a deregulation of the expression of EMT genes (Cano et al., 2012). The TGFß-induced HoCC is p38 dependent since the use of p38 inhibitor SB203580 reduces its occurrence to basal levels. In conclusion, in vitro and in vivo, the absence of Nupr1 provides phagocytic-like properties to pancreatic epithelial tumor cells leading to HoCC, a strictly homotypic mechanism whose molecular mechanism and functions differ from cellular cannibalism, autophagy and entosis.

Besides, another study has demonstrated that the expression of a specific transcription factor can induce cell engulfment [START_REF] Abreu | Cells Expressing the C/EBPbeta Isoform, LIP, Engulf Their Neighbors[END_REF]. Indeed, it was shown that the exogenous expression of liver inhibitory protein LIP, an isoform of the C/EBPß transcription factor mediates homotypic cellular cannibalism in MDA-MB-468 breast cancer cells. In these experiments using matrix-attached cells, LIP expressing cells clearly engulfed their sibling in a Rho-ROCK1 dependent pathway.

Physiopathological occurrence in human

Cannibalism has been observed in epithelial cells, in urine of patients with renal glomerular disease [START_REF] Ohsaki | Cannibalism' (cell phagocytosis) does not differentiate reactive renal tubular cells from urothelial carcinoma cells[END_REF] and mostly in tumor cells in which it is suggested to be a survival mechanism.

It occurs in both tumoral and metastatic cells where it is also supposed to be a biomarker of poor prognosis (Sharma and Dey, 2011;[START_REF] Kala | Cellular cannibalism: A promising feature to determine cancer prognosis[END_REF]. For instance, in urinary bladder cancer, cannibalism was reported to correlate with the grade and invasiveness of cancer (Kojima et al., 1998). Indeed, eating weaker sibling would allow survival and the proliferation of stronger malignant clones in unfavorable conditions (Fais, 2007;[START_REF] Kala | Cellular cannibalism: A promising feature to determine cancer prognosis[END_REF]. Several studies support the hypothesis of a prognostic role of the cannibalistic activity e.g. in melanoma, oral squamous cell carcinoma, malignant effusion samples, central and peripheral giant cell granuloma (Gupta and Dey, 2003;Lugini et al., 2006;[START_REF] Jose | Evaluation of cannibalistic cells: a novel entity in prediction of aggressive nature of oral squamous cell carcinoma[END_REF][START_REF] Bansal | Cell Cannibalism: A cytological study in effusion samples[END_REF][START_REF] Hattori | Cell Cannibalism and Nucleus-Fragmented Cells in Voided Urine[END_REF][START_REF] Sarode | Neutrophil-tumor cell cannibalism in oral squamous cell carcinoma[END_REF][START_REF] Sarode | Cellular cannibalism in giant cells of central giant cell granuloma of jaw bones and giant cell tumors of long bones[END_REF]. Therefore, the molecular actors or factors involved in tumor cannibalism may represent new possible targets in future antitumor therapies (Kale et al., 2015).

However, in pancreatic adenocarcinoma patients' biopsies, the HoCC phenomenon presented an inverse correlation with the occurrence of metastasis (Cano et al., 2012). Furthermore, studies in oral squamous cell carcinoma suggested that CD68 and lysozyme could be markers of the cannibalistic potential of tumors [START_REF] Gawande | Early Detection of Potential Cannibalistic Cells Before Any Morphological Evidence of Cannibalism Using CD68 and Lysozyme in Oral Squamous Cell Carcinoma[END_REF].

Emperipolesis

Morphological and biochemical properties

Emperipolesis was first described as, « the active penetration of one cell by another which remains intact » (Humble et al., 1956). The term was coined from the Greek affixes, « Em, peri, polein » and meaning « inside round about wandering ». Emperipolesis involves the engulfment of living immune, hematopoietic or stromal cells (most often neutrophils, lymphocytes, plasma cells) by host cells without any damage.

Emperipolesis has been observed in several physiopathological situations. Its incidence is very low but seems to increase with age and neoplastic lesions [START_REF] Sable | Megakaryocytic emperipolesis: A histological finding in myelodysplastic syndrome[END_REF]. For example, emperitosis appears to be involved in immune tolerance by the observation of the so-called « suicidal emperipolesis » of self reactive CD8 T cells in hepatocytes [START_REF] Benseler | Hepatocyte entry leads to degradation of autoreactive CD8 T cells[END_REF]Sierro et al., 2015). Besides, it can be involved in infections transmission. For instance, EBV-infected cells have been reported to infect lymphocytes as well as non-susceptible epithelial cells through an « in-cell infection » mechanism [START_REF] Ni | In-cell infection: a novel pathway for Epstein-Barr virus infection mediated by cell-in-cell structures[END_REF]. Moreover, emperipolesis is observed in several pathological conditions, mainly malignancies. It is the hallmark of the Rosai-Dorfman disease and it is reported in coeliac diseases and several cancer types as neuroblastoma, rhabdomyosarcoma, leukaemias, myeloproliferative disorders, Hodgkin's disease and non-Hodgkin's lymphoma for example [START_REF] Lee | Emperipolesis of Hematopoietic Cells within Megakaryocytes in Bone Marrow of the Rat[END_REF]Janssen et al., 2011;[START_REF] Sable | Megakaryocytic emperipolesis: A histological finding in myelodysplastic syndrome[END_REF][START_REF] Rastogi | Emperipolesis -A Review[END_REF]. Emperipolesis resembles a tumor suppressor mechanism mediating tumor cell death by natural killer cells but its role in cancer is controversial. Indeed, after engulfment of mesenchymal stem/stromal cells, cannibal breast cancer cells have been shown to present a decreased tumor growth in vivo and enter a dormancy phase (Bartosh et al., 2016). However, in some cases, these cannibal cells also started to undergo modifications bearing stem cell markers and developing a specific secretory phenotype that could make them at term more resistant to hostile conditions as anticancer treatment (Bartosh et al., 2016).

Phagoptosis

Morphological and biochemical properties

Phagocytosis is a cell death process that can be performed by several cell types. Among them, professional phagocytes such as neutrophils, monocytes, macrophages, dendritic cells, osteoclasts and eosinophils present much higher rates of phagocytosis than epithelial or endothelial cells which can also perform phagocytic activities [START_REF] Rabinovitch | Professional and non-professional phagocytes: an introduction[END_REF][START_REF] Gordon | Phagocytosis: An Immunobiologic Process[END_REF]. Phagocytes develop pseudopods to enclose and eliminate cell debris (from more than 0,5 µm). By contrast, phagoptosis, also called primary phagocytosis, is a recently recognised form of cell death caused by phagocytosis of viable cells (Brown and Neher, 2012).

Molecular actors and regulators

The phagocytic capacity is acquired during phagocyte differentiation.

It can be modulated by cytokines e.g. IL-4, IL-17 (Varin et al., 2010), hormones e.g. glucocorticoids [START_REF] Zizzo | IL-17 Stimulates Differentiation of Human Anti-Inflammatory Macrophages and Phagocytosis of Apoptotic Neutrophils in Response to IL-10 and Glucocorticoids[END_REF] or microbial stimuli for example [START_REF] Nagl | Phagocytosis and Killing of Bacteria by Professional Phagocytes and Dendritic Cells[END_REF]. As for phagocytosis, the phagoptosis' effector cells first need to recognise the target cell, to engulf and digested it. Stressed, damaged, or senescent cells generally expose specific signals on their membrane that are recognized by phagocytes (Figure 25). Indeed, phagocytes can bind cells that expose 'eat-me' signals, have lost their 'don't-eat-me' signals, and/or are being opsonised i.e. bind soluble proteins that tag the cell for phagocytosis as the lactadherin Milk fat globule EGF 8 protein referred as MFG-E8 [START_REF] Fricker | MFG-E8 Mediates Primary Phagocytosis of Viable Neurons during Neuroinflammation[END_REF].

For example, when exposed on the surface of a cell, phosphatidylserine and calreticulin are an "eatme" signal that can either bind to phagocytes specific receptors that recognise them directly or to opsonins binded to these molecules [START_REF] Gardai | Cell-Surface Calreticulin Initiates Clearance of Viable or Apoptotic Cells through trans-Activation of LRP on the Phagocyte[END_REF][START_REF] Martins | Surfaceexposed calreticulin in the interaction between dying cells and phagocytes[END_REF]. Generally pathogenic cells such as bacteria are opsonized by antibodies or complement factors, enabling their phagoptosis by macrophages and neutrophils. However, "don't-eat-me" signals inhibit phagocytosis when expressed on the cell surface, as CD47 by activating signal regulating protein alpha (SIRPα) receptors on the phagocyte. Most human cancers overexpress CD47 and even if the mechanism remains not fully understood; antibodies for CD47 have shown to increase the clearance of tumor cells in animal models [START_REF] Métayer | Anti-CD47 antibodies induce phagocytosis of live, malignant B cells by macrophages via the Fc domain, resulting in cell death by phagoptosis[END_REF]. After recognition, the phagocyte forms pseudopods (a deformation of the plasma membrane involving microtubules and other cytoskeleton proteins) to totally enclose the target cell in an intracellular phagosome. Then, lysosomes will fuse with the membrane of the phagosome forming a phagolysosomal compartment. The subsequent release of their content including lytic enzymes and antimicrobial peptides triggers the death of the target cell [START_REF] Simons | Measurement of Phagocytosis and of the Phagosomal Environment in Polymorphonuclear Phagocytes by Flow Cytometry[END_REF].

On the other hand, its downregulation could favor cancer and autoimmune diseases where cells could escape from phagoptosis by expressing 'don't-eat-me' signals as CD47 (Brown and Neher, 2012;Brown, Vitala and Fricker, 2015).

Entosis

Morphological and biochemical properties

By contrast, entosis from the Greek ἐντός, « entós » meaning inside, is not the engulfment but the invasion of a live cell into another of the same type. It is characterized by a cell-in-cell structure with an entotic vacuole surrounding the target cell and a crescent shaped host nucleus. However, after invasion, the inner cells can be released or divide inside the host cell but they generally undergo cell death. Recently, five morphological stages of entosis have been described in skin and mammary epithelial tumor cells (Garanina et al., 2017) (Figure 26). At the first stage, the invasion just took place and the internalized cell presents a rounded shape from the same size as in suspension culture. Its plasma membrane lays close to the entotic vacuole membrane and its nucleus remains round with a majority of diffuse chromatin and several nucleoli. During the second stage, the internalized cell shrinks and short protrusions extending from the cell body towards the entotic vacuole membrane are visible. The third stage is characterized by a decrease in the inner cell size, an irregular shape of both cell and nucleus, as well as the accumulation of cytoplasmic vacuoles, chromatin condensation and less visible nucleoli. Then, at the fourth stage, a deformation of both the nucleus and the cell's shapes is noticeable, together with the continuous accumulation of cytoplasmic vacuoles and the disappearance of the nucleoli. Finally, from the final fifth stage, the entotic cell only contained the remains of the inner cell such as condensed nuclear chromatin and vacuolizations of cytoplasm. The process is caspase independent and the surexpression of Bcl2 had no influence on its occurrence (Overholtzer et al., 2007).

Several other proteins participating to the cytoskeleton remodelling were also found to contribute to cellular invasion as PAR3 and LGL, which antagonistically modulate the Rho-ROCK pathway [START_REF] Wan | Regulation of myosin activation during cell-cell contact formation by Par3-Lgl antagonism: entosis without matrix detachment[END_REF]. Aurora A phosphorylation also mediates the interaction between the microtubule plus-end-tracking protein TP50 with mitotic centromere-associated kinesin MCAK ensuring the microtubule stabilization and the regulation of the membrane rigidity necessary to perform entosis [START_REF] Xia | Aurora A orchestrates entosis by regulating a dynamic MCAK-TIP150 interaction[END_REF]. Indeed, the invasive behavior of cells seems to be dependent of their stiffness.

High mechanical tensions resulting in low deformability capacities would lead cells to invasion and subsequent cell death. Therefore, these cells are referred as « loser » cells. Conversely, winner cells presenting a greater deformability would be the host cells and remain alive. This model is namely confirmed by studies of the competition between different cell types showing that the cells with the lower MLC2 activation were the winner cells (Sun et al., 2014). For instance, cells with mutated oncogene KRASV12 involved in RhoA dependent actomyosin contraction were prone to be winners in presence of their stiffer wild type counterparts.

Moreover, the invasion process is caspase independent and the death of the internalized cell is mainly mediated by the autophagic machinery (Florey et al., 2011). Nevertheless, this autophagic process is not canonical since VPS34, ATG5 and ATG7 allows the recruitment of LC3 directly onto the membrane of the entotic vacuole which will in turn recruit lysosomes necessary to the elimination of the target cell [START_REF] Yuan | Alternative cell death mechanisms in development and beyond[END_REF]Florey et al., 2011;[START_REF] Florey | Autophagy proteins in macroendocytic engulfment[END_REF]) (Figure 27). There is no formation of autophagosome whereas the presence of the lysosomes around the target cell can be detected by lysosome associated membrane protein 1 (LAMP 1) on immunofluorescence staining. The degradation of the target cell is conducted by lysosomal enzymes as cathepsin B (Florey et al, 2011;Overholtzer et al, 2007). Interestingly, the concomitant inhibition of apoptosis and autophagy leads to an increase of target cells relapse while cathepsin B inhibition prevents the target cell degradation (Overholtzer et al, 2007).

In addition, during cell division, a group of proteins including RhoA and myosin also contribute to render cells rounder and stiffer what favors the occurrence of entosis.

Mitotic entosis occurs constitutively in some human cancer cell lines and their mitotic index was found to correlate with cell cannibalism in primary human breast tumours. Interestingly, anticancer treatments as Paclitaxel have been shown to promote mitotic rounding and subsequent entosis, revealing a new effect of this drug that is relevant in clinic.

Figure 28: A new entotic mechanism originating from aberrant mitosis

Next to cells detached from the matrix that perform entosis after the formation of adherens junctions as well as RhoA and actin activation in the invader cell; entosis can also be performed by aberrant mitotic cells which invade adherent neighbour cells. The invading dividing cell presents a round morphology due to Cdc42 and Rap 1 repression, which also enhance mitotic deadhesion. In addition, drugs as chemotherapy Paclitaxel and other antimitotic agents as nocodazole and S-trityl-L cysteine (STLC) also promotes mitotic rounding and subsequent entosis (Durgan et al., 2017).

In addition, Hamann et al., 2017 have demonstrated that glucose starvation is able to trigger entosis in adherent MCF-10A mammary epithelial cells and in MCF7 breast cancer cells' cultures. Glucose withdrawal leads to a bimodal distribution of cells based on their deformability. Losers i.e. stiffer cells present high levels of energy sensing AMP-activated protein kinase (AMPK) which induces autophagy in response to starvation [START_REF] Yuan | Nutrient Sensing, Metabolism, and Cell Growth Control[END_REF]. Loser cells are eliminated by winners through entosis, which is enhanced in glucose starvation condition. Of note, the entotic cell degradation occurs faster than in nutrient-rich conditions.

Besides, AMPK inhibitory treatments prevented entosis induction in the absence of glucose and conversely, AMPK activators were able to induce entosis in nutrient-rich media. Furthermore, androgen was reported to be a mediator of entosis, enhancing its occurrence in several prostate cancer cells lines through the Rho/ROCK pathway [START_REF] Wen | Androgen receptor enhances entosis, a nonapoptotic cell death, through modulation of Rho/ROCK pathway in prostate cancer cells[END_REF].

Physiopathological occurrence in human

Entosis is involved in physiological functions. It has namely been observed during foetal development (Li, Sun and Dey, 2015). Indeed, uterine epithelial cells can be detected inside embryonic trophectoderm cells. This process allows trophoblast cells to reach the underlying stroma to achieve successful implantation Entosis is also supposed to be an oncosuppressor mechanism, protecting against the cell detachment and subsequent proliferation of aberrant cells. It has been observed in a wide range of human tumor cell lines where it exhibits opposite roles (Overholtzer et al., 2007;Overholtzer and Brugge, 2008). For instance, the entotic response to protumoral silencing of MT2A may act for this function since the downregulation of this metal binding protein inhibit apoptosis and stimulate tumoral proliferation in breast cancer [START_REF] Cherian | Metallothioneins in human tumors and potential roles in carcinogenesis[END_REF][START_REF] Lai | Silencing the Metallothionein-2A Gene Induces Entosis in Adherent MCF-7 Breast Cancer Cells[END_REF].

Furthermore, the fact that normal adherent epithelial cells can become entotic hosts killing aberrantly dividing neighbours further emphasizing the hypothesis of a tumor suppressor role (Durgan et al., 2017). However, as cellular cannibalism, entosis can also be considered a tumor survival mechanism. Indeed this cell death process provides energy to the host cell and allows eliminating competitors in the vicinity in order to survive in nutrient deprived conditions (Lugini et al., 2006;[START_REF] Lozupone | Cancer Cell Cannibalism: A Primeval Option to Survive[END_REF]. Thereby, it is likely that this mechanism promotes and influences the evolution of tumors. Indeed, it selects a type of tumor cells that will survive and it increases the risk of spreading aneuploidy and genetic instability as the host cell's division can be impaired by the internalized cell (Krajcovic, 2011;[START_REF] Wan | Regulation of myosin activation during cell-cell contact formation by Par3-Lgl antagonism: entosis without matrix detachment[END_REF]. Defective cytokinesis of the cannibal cells has been observed on videomicroscopy and confirmed by the presence of multinucleated cannibal cells. Tumoral aneuploidy is known to impinge the prognosis of cancer patients and entosis could induce the formation of such cells (Durgan et al., 2017).

In conclusion, entosis mediates both protumoral and tumor suppressive functions and it is considered a potent prognostic biomarker of patient outcome in oncology [START_REF] Schenker | Cell-in-cell structures are more potent predictors of outcome than senescence or apoptosis in head and neck squamous cell carcinomas[END_REF].

III. SENESCENCE 1. MORPHOLOGICAL AND BIOCHEMICAL PROPERTIES

Cellular senescence (CS) has been defined in 1965 by Hayflick and Moorhead as a process by which biologically active cells lose their capacity to divide after several divisions, experiencing a cell cycle arrest. CS plays essential roles in both vegetal and animal biology and its Latin etymology « senex » meaning the old man reveals that the senescence process has been associated from the begining with aging. Senescent cells can present different phenotypes [START_REF] Rodier | Four faces of cellular senescence[END_REF] but in general, they become larger with an increased nuclear size and lysosomal mass, flat vacuolized and occasionally multinucleated [START_REF] Hayflick | The Limited in Vitro Lifetime of Human Diploid Cell Strains[END_REF][START_REF] Muñoz-Espín | Cellular senescence: from physiology to pathology[END_REF]. Other morphological features are the presence of DNA damages characterized by γH2AX or 53BP1 foci stainings and chromatin remodelling characterized by the presence of senescence-associated heterochromatin foci (SAHF) [START_REF] Narita | Cellular senescence and chromatin organisation[END_REF][START_REF] Di Micco | Interplay between oncogene-induced DNA damage response and heterochromatin in senescence and cancer[END_REF]. Interestingly, a publication has reported that chromatin fragments can be released from the nuclei of senescent cells and are subsequently degraded through an autophagy/lysosomal pathway contributing to the stability of senescence [START_REF] Ivanov | Lysosomemediated processing of chromatin in senescence[END_REF]. In addition, senescent cells become resistant to apoptosis (Ovadya and Krizhanovsky, 2017), present metabolic alterations and a senescenceassociated secretory phenotype (SASP) [START_REF] Coppé | The Senescence-Associated Secretory Phenotype: The Dark Side of Tumor Suppression[END_REF][START_REF] Kuilman | Oncogene-Induced Senescence Relayed by an Interleukin-Dependent Inflammatory Network[END_REF][START_REF] Özcan | Unbiased analysis of senescence associated secretory phenotype (SASP) to identify common components following different genotoxic stresses[END_REF] (Figure 29). The SASP is composed of a broad variety and combination of cytokines and chemokines. Senescence is considered an irreversible state. Contrary to quiescent cells, senescent cells are insensitive to mitogens stimuli and do not express proliferation genes. However, some cell cycle genes as p16 INK4a and p21 Waf1/Cip1/Sid1 can be upregulated [START_REF] Alcorta | Involvement of the cyclindependent kinase inhibitor p16 (INK4a) in replicative senescence of normal human fibroblasts[END_REF]. Owing to mitochondrial, endoplasmic reticulum and lysosomal alterations, the lysosomal and proteasomal pathways are often inhibited (Rayess, 2012). There are several detection methods based on these morphological, functional and secretion features of senescence. The most commun is the histochemical detection using ß-galactosidase at pH 6 that reflects the increased lysosomal content [START_REF] Lee | Senescence-associated βgalactosidase is lysosomal β-galactosidase[END_REF]. Co-stainings of SA-ßgal and specific cell markers can be performed to evaluate senescence in a particular tissue. Besides, the absence of proliferative stainings such as Ki67 protein or BrdU incorporation can also confirm a cell cycle arrest.

For example, intestinal epithelium cells which are constantly exposed to stress frequently senesce after persistent DNA damage signaling pathway activation (Wang et al., 2009). As previously seen, ionizing radiation induces oxidative stress and DNA damages which can also trigger senescence by activation of stress kinases (e.g. p38MAPK) and/or the DNA damage response pathway (DDR).

Besides, damages induced by the exposition to toxic molecules as chemotherapies can also induce senescence through DDR activation [START_REF] Muñoz-Espín | Cellular senescence: from physiology to pathology[END_REF]. In addition, the stressors can be endogenous as the oxidative stress originating from the respiratory chain in the plasma membrane, the peroxisome or from mitochondrial dysfunction. Tumoral cells in particular generally produce a high concentration of ROS as a byproduct due to their increased metabolism [START_REF] Liou | Reactive oxygen species in cancer[END_REF][START_REF] Prasad | Reactive oxygen species (ROS) and cancer: Role of antioxidative nutraceuticals[END_REF].

Oncogenes and inactivation of tumor suppressor genes

Although oncogenes activation or inactivation of tumor suppressors (upstream of oncogenes) are often associated with an increase of cellular proliferation and tumorigenesis; they can also activate senescence [START_REF] Gorgoulis | Oncogene-induced senescence: the bright and dark side of the response[END_REF]. Indeed, several studies have reported that many premalignant tumours cells are senescent explaining their slow growth [START_REF] Collado | Tumour biology: Senescence in premalignant tumours[END_REF][START_REF] Collado | Senescence in tumours: evidence from mice and humans[END_REF][START_REF] Chen | Crucial role of p53dependent cellular senescence in suppression of Pten-deficient tumorigenesis[END_REF]. For example, senescence is a very frequent outcome of oncogenic activation of RAS (Rat sarcoma) or its effectors, in many cell types and tissues, in vitro and in vivo (Courtois-Cox et al, 2009). Senescence is also often associated with oncogenic BRAF (murine sarcoma oncogene homologue B) or triggered by the mutation of tumour suppressor genes as phosphatase and tensin homologue (PTEN), von Hippel-Lindau (VHL) and Neurofibromatosis I (NF-1) leading to their inactivation [START_REF] Collado | Senescence in tumours: evidence from mice and humans[END_REF]. Besides, an excess of cellular proliferation can also induce apoptosis or senescence as an intrinsic defense mechanism [START_REF] Collado | Senescence in tumours: evidence from mice and humans[END_REF]. Indeed tumor suppressors also exist downstream of oncogenes e.g. p53, INK4

or ARF which drive these responses [START_REF] Chen | Crucial role of p53dependent cellular senescence in suppression of Pten-deficient tumorigenesis[END_REF].

SASP

Numerous cell types are able to senesce and secrete SASP. However, SASP can also trigger and enhance the occurrence of senescence in a paracrine or autocrine fashion as done by IL-6 [START_REF] Acosta | A complex secretory program orchestrated by the inflammasome controls paracrine senescence[END_REF][START_REF] Hoare | Transmitting senescence to the cell neighbourhood[END_REF]Di Mitri and Alimonti, 2016). The SASP can be composed of soluble factors, secreted proteases and secreted insoluble proteins but the soluble factors including interleukins, chemokines and growth factors represent the major components.

The composition of the SASP differs according to the cell type and the nature of the triggers [START_REF] Özcan | Unbiased analysis of senescence associated secretory phenotype (SASP) to identify common components following different genotoxic stresses[END_REF][START_REF] Kuilman | Oncogene-Induced Senescence Relayed by an Interleukin-Dependent Inflammatory Network[END_REF]. However, growth-regulated oncogenes as GROα, interleukins (e.g. IL-6, IL-8, IL1-α, IL1-ß), monocyte chemoattractant proteins as MCP2, matrix metalloproteinases as MMP1, 3, 10 and 12, granulocyte macrophage colony stimulating factor (GM-CSF), plasminogen activator inhibitor 1 (PAI-1) and epidermal and vascular endothelial growth factors (EGF and VEGF) are frequently expressed (Freund et al., 2011;[START_REF] Rodier | Four faces of cellular senescence[END_REF].

Main regulators of senescence

Inhibitors of Cdk cyclins

The family of CDK inhibitors or CDKi, previously seen in Figure 2, is divided into the INK4 and the CIP/KIP groups encoded by the same locus CDKN2A. Epigenetic factors are able to activate senescence acting on this locus [START_REF] Alderton | Playing games with epigenetics[END_REF]. Somatic mutations of CDKN2A are frequent and CDKN2A is the second most commonly inactivated gene in cancer after p53 [START_REF] Liggett | Role of the p16 tumor suppressor gene in cancer[END_REF]. On one hand, the INK4 group encompasses the p15, p16, p18 and p19 proteins [START_REF] Roussel | The INK4 family of cell cycle inhibitors in cancer[END_REF]. On the other hand, p21, p27 and p57 belong to the CIP/KIP group [START_REF] Denicourt | Cip/Kip proteins: more than just CDKs inhibitors[END_REF]. CDK inhibitors interact with the cdk/cyclin complexes to block their function thereby preventing RB phosphorylation and further progression in the cell cycle. Extensive work on mammalian fibroblasts has identified p21 and p16 as the key actors of the senescence programme [START_REF] Muñoz-Espín | Cellular senescence: from physiology to pathology[END_REF]. p21 is a potent inhibitor of all CDK although it is frequently associated to CDK2 inhibition. p21 plays a key role in DNA damages and aging and contributes to the choice toward senescence or apoptosis. In the case of low-level DNA damage, the expression of p21 is increased preventing apoptosis but inducing cell cycle arrest. After extended DNA damage the expression of p21 is decreased and the cell undergoes apoptosis. In aging, p21 progressively accumulates inhibiting cyclin E-Cdk2 complexes and it is also a major target of p53. However, it can also be activated independently of p53 as by ATM and p73 to drive senescence in p53 deficient cells [START_REF] Aliouat-Denis | p53-Independent Regulation of p21Waf1/Cip1 Expression and Senescence by Chk2[END_REF][START_REF] Melino | p73, the "Assistant" Guardian of the Genome?[END_REF] (Figure 31). It also contributes to maintain the viability of the senescent cells, even under persistent stress [START_REF] Yosef | p21 maintains senescent cell viability under persistent DNA damage response by restraining JNK and caspase signaling[END_REF]. By contrast, p16 mediates senescence through the retinoblastoma pathway. It binds to CDK4/6 thereby inhibiting its interaction with cyclin D and blocking the progression from G1 phase to S phase. The regulation of p16 expression involves epigenetic control and several transcription factors (Rayess, Wand and Srivatan, 2011). For instance, Pombe repressor complexes 1 and 2 (PRC1 and PRC2) suppress p16 expression while transcription factors from the Ets family activate p16 transcription.

Senescence occurs with the inactivation of suppressor elements leading to the enhanced expression of p16 (Figure 33).

RB

The first identified tumor suppressor, rb or susceptibility gene of human retinoblastoma, controls the cell cycle via its interaction with the E2F protein. [START_REF] Lee | Human retinoblastoma susceptibility gene: cloning, identification, and sequence[END_REF][START_REF] Chellappan | The E2F transcription factor is a cellular target for the RB protein[END_REF].

During the G1 phase, in response to mitogens signals, the CDK4/6/cyclinD complex phosphorylates RB that will detach from E2F allowing the latter to lead the transcription of its targets genes mainly involved in cell proliferation (Figure 2). In contrast, CDK inhibitors prevent the activity of CDK/Cyclin complex what keeps RB in hypophosphorylated form and associated to E2F blocking its transcriptional activity and repressing S-phase gene expression [START_REF] Weintraub | Retinoblastoma protein switches the E2F site from positive to negative element[END_REF]. RB can be activated by both p53 and p16 from the INK4a group of proteins (Campisi and di Fagagna, 2007) (Figure 30).

p53

In unstressed cells, p53 expression is low thanks to its binding with inhibitor MDM2 (mouse double minute 2) or HDM2 in human. p53 is increased upon DNA damage to maintain genomic integrity.

It namely induces senescence through its target gene CDKN1a encoding p21. p53 is also known to act on miRNA to induce proliferation arrest. For example, miR-192 and 215 have been reported to induce cellular senescence [START_REF] Georges | Coordinated Regulation of Cell Cycle Transcripts by p53-Inducible microRNAs, miR-192 and miR-215[END_REF]). Telomere dysfunction for example leads to senescence through both p53 and p16 activations but the role of p53 is preponderant since senescence can be reversed upon p53 inactivation in case of low p16 co-activation [START_REF] Beausejour | Reversal of human cellular senescence: roles of the p53 and p16 pathways[END_REF]. Although the half of the cancer patients present p53 mutations or functionnal inactivation, their treatments induce apoptosis and senescence which are known to be p53 dependent pathways. Accumulating evidences suggest the p73, a close family member of p53, takes over its functions when p53 is deficient (Wakatskuki et al., 2008;[START_REF] Qian | Senescence regulation by the p53 family[END_REF]. Owing to this failsafe mechanism which appears to be parallel to the p53 pathway, p73 is suggested to be « the assistant guardian of the genome » [START_REF] Melino | p73, the "Assistant" Guardian of the Genome?[END_REF] (Figure 31). The dominant negative inactivation of both pRB and p53 abolish senescence in human and mice (Campisi et al., 2007).

The MAPK subfamilies are composed of different members or isoforms but their kinases are mainly activated by the dual phosphorylation of threonine and tyrosine residues in a 'TXY' activation motif, where X is respectively glutamic acid, proline and glycine in ERKs, JNKs and p38 MAPKs. In general, the ERKs are triggered by mitogenic and proliferative stimuli as growth factors. ERK5 can be activated by various stimuli including oxidative stress and growth factors whereas the JNKs and p38 MAPKs are mainly activated in response to stresses as ultraviolet light, heat, osmotic shock and inflammation (Cuadrado and Nebrada, 2010). Then, the activation of MAPK by MAPKK is family specific: ERK5 is activated by MAP/ERK kinase 5 (MEK5), p38 MAP kinases are activated by MKK3 and MKK6, JNKs are activated by MKK7 and MKK4 and ERK1/2 are being phosphorylated by MEK1 and 2 (Figure 32).

Figure 32: The four groups of MAPK

Stress and mitogen stimuli at the plasma membrane will trigger different MAPK cascades in the cytoplasm resulting in ERK5, p38, JNK or ERK1/2/Ic MAPK activation. They will in turn activate cytoplasmic targets and nuclear transcription factors to react accordingly [START_REF] Plotnikov | The MAPK cascades: Signaling components, nuclear roles and mechanisms of nuclear translocation[END_REF].

Components of the p38 MAPK family

The MAPK pathways are highly evolutionarily conserved and homologues of the 38-kDa protein have been identified in various organisms as yeasts, drosophila and frog for example [START_REF] Brewster | An osmosensing signal transduction pathway in yeast[END_REF][START_REF] Han | A Conserved p38 Mitogen-Activated Protein Kinase Pathway Regulates Drosophila Immunity Gene Expression[END_REF][START_REF] Stathopoulou | Extracellular pH changes activate the p38-MAPK signalling pathway in the amphibian heart[END_REF].

In mammals, four isoforms of p38 have been identified: p38α, p38β, p38γ and p38δ. The p38 isoforms share about 60% identity within the p38 group and present some functional redundancy but their expression and substrate selectivity is often context and tissue specific (Cuadrado and Nebrada., 2010;[START_REF] Kuma | Identification of glycogen synthase as a new substrate for stress-activated protein kinase 2b/p38beta[END_REF]. Their subcellular localization is most frequently the nucleus although cytoplasmic forms have been described suggesting transit [START_REF] Zarubin | Activation and signaling of the p38 MAP kinase pathway[END_REF].

Owing to their structural and functional differences, the p38 isoforms can be further divided into two subgroups, the p38α and β group and the p38γ and δ group. p38α or MAPK14 is ubiquitously expressed in most cell types [START_REF] Han | A MAP kinase targeted by endotoxin and hyperosmolarity in mammalian cells[END_REF]. This isoform has no nuclear localization signal and can be detected both in the nucleus and cytoplasm of nonstimulated cells. It is considered the most essential p38 isoform since its genetic ablation on mice results in embryonic lethality [START_REF] Adams | Essential Role of p38α MAP Kinase in Placental but Not Embryonic Cardiovascular Development[END_REF]. Crystallography analyses have revealed its structural typology composed of two distincts lobes separated by a catalytic groove [START_REF] Wilson | Crystal Structure of p38 Mitogen-activated Protein Kinase[END_REF]. p38β is also termed MAPK 11. Sharing about 75% sequence identity, the structure of p38β is almost similar to that of p38α, except a reduced size of the ATP binding pocket [START_REF] Patel | The threedimensional structure of MAP kinase p38β: different features of the ATP-binding site in p38β compared with p38α[END_REF]. It is also known to be ubiquitous but mainly expressed in brain and lungs [START_REF] Jiang | Characterization of the Structure and Function of a New Mitogen-activated Protein Kinase (p38β)[END_REF]. p38γ, also referred as MAPK 12, is the predominant isoform in skeletal muscles and it is also found in the nervous system, heart, lung, thymus and testis tissues [START_REF] Mertens | SAP kinase-3, a new member of the family of mammalian stress-activated protein kinases[END_REF]. The structure of phosphorylated p38γ lacks a dimer interface. Instead, it possesses a specific amino-acid sequence to bind PDZ domain proteins in its C-terminal region [START_REF] Hasegawa | Stress-activated Protein Kinase-3 Interacts with the PDZ Domain of α1-Syntrophin[END_REF]. p38δ or MAPK 13, is mainly expressed in endocrine glands as pancreas and testis but also in uterus, small intestine, lung, kidney and epidermis [START_REF] O'callaghan | p38δMAPK: Emerging Roles of a Neglected Isoform[END_REF]. p38γ and p38δ share about 70% amino-acid sequences and differ only from respectively 38% and 39% of p38α but they seem to play less important roles than their counterparts since their double knockouts give rise to viable fertile mice with no phenotypic differences [START_REF] Sabio | p38γ regulates the localisation of SAP97 in the cytoskeleton by modulating its interaction with GKAP[END_REF].

Main activation pathways in senescence

The DNA Damage Response pathways

In case of telomere shortening or stresses inducing DNA damages as double strand breaks or replication errors, the DNA damage response (DDR) pathway can be activated (Figure 33). If the cell fails to correct the damages, it may trigger apoptosis or senescence to maintain the genomic stability. The DDR pathway mainly activate two damage-sensing proteins kinases ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR) that can associate respectively with checkpoint kinases CHK2 and CHK1 proteins [START_REF] Yan | Functional interplay between ATM/ATR-mediated DNA damage response and DNA repair pathways in oxidative stress[END_REF].

Besides, recently a new DNA damages pathway connecting autoinflammatory diseases, senescence and cancer has been evidenced [START_REF] Li | The cGAS-cGAMP-STING pathway connects DNA damage to inflammation, senescence, and cancer[END_REF]. It is triggered by cytosolic DNA sensor enzyme cGAS (Cyclic guanosine monophosphate-adenosine monophosphate synthase), which recognizes and binds to cytosolic DNA such as micronuclei resulting from previous nuclear DNA damages [START_REF] Cai | The cGAS-cGAMPS-STING pathway of cytosolic DNA sensing and signaling[END_REF]. This association leads to a conformational change in its catalytic center to produce cyclic GAMP (Guanosine monophosphate-adenosine monophosphate) or cGAMP. This cGAMP molecule will then bind to an adaptor protein stimulator of interferon gene (STING) inducing the translocation of STING from the endoplasmic reticulum to the Golgi apparatus and liberating its carboxyl end to perform several functions as NF-kB activation or initiate the transcription of diverse cytokines [START_REF] Sun | Cyclic CMP-AMP synthase is a cytosolic DNA sensor that activates the type I interferon pathway[END_REF]. Experiments on cGAS depleted cells treated by etoposide or irradiation demonstrated their incapacity to take a senescent phenotype and to release SASP. It stresses the important role of cGAS in senescence induction and in sustaining cellular senescence through the paracrine production of SASP such as IL-6, IL-8 and interferon [START_REF] Dou | Cytoplasmic chromatin triggers inflammation in senescence and cancer[END_REF][START_REF] Yang | cGAS is essential for cellular senescence[END_REF][START_REF] Glück | Innate immune sensing of cytosolic chromatin fragments through cGAS promotes senescence[END_REF].

The p38 MAPK pathway

Upon DNA damages, p38 is activated and translocates into the nucleus [START_REF] Wood | Nuclear Localization of p38 MAPK in Response to DNA Damage[END_REF]. p38 can be activated after phosphorylation from single or combinations of upstream activators, what produces various effects owing to differences in kinetics and level of activation. Several of its nuclear and cytoplasmic targets are involved in senescence and SASP production.

Upstream activators

Several stimuli can initiate the p38MAPK cascade such as stresses, growth factors or cytokines (Ono & Han, 2000;[START_REF] Zarubin | Activation and signaling of the p38 MAP kinase pathway[END_REF]. Depending on the nature of the extracellular stimuli, different receptors will be required to transduce the signal leading to p38 activation (Figure 34).

Growth factors bind to tyrosine kinase receptors and act via RAS, while cytokines as interleukins, TNF and TGFß bind to specific receptors. The tumor necrosis factor receptor (TNFR)-associated factor (TRAF) family is a group of intracellular adaptors proteins binding receptors of the TNFR superfamily whose several members activate the p38 MAPK pathway [START_REF] Xie | TRAF molecules in cell signaling and in human diseases[END_REF]. GTP-binding proteins as RAC and CDC42 from the RHO family also largely contribute to activate the MAPK pathway processing extracellular stimuli (Figure 34).

CDC42 and RAC can be directly activated by the extracellular stimuli or by G protein RAS and will in turn activate effector MAPKK kinases [START_REF] Zhang | Rho Family GTPases Regulate p38 Mitogen-activated Protein Kinase through the Downstream Mediator Pak1[END_REF].

MKK3 and MKK6 are able to perform their dual phosphorylation within a few minutes after receiving a trigger stimulus. They present redundant roles since the knock out of one of them still results in viable mice [START_REF] Tanaka | Differential involvement of p38 mitogen-activated protein kinase kinases MKK3 and MKK6 in T-cell apoptosis[END_REF]. However, the double knock out of MKK3 and MKK6 is not viable and mice died at embryonic stage due to placental and vascular defects [START_REF] Brancho | Mechanism of p38 MAP kinase activation in vivo[END_REF]. The activation of the distinct p38MAPK isoforms by cellular stress is regulated by the specific or simultaneous activation of MKK3 and MKK6 [START_REF] Remy | Differential activation of p38MAPK isoforms by MKK6 and MKK3[END_REF]. Indeed, despites 80% homology between these two MKK, MKK6 can phosphorylate the four p38 isoforms but MKK3 can only phosphorylate p38α, γ and δ [START_REF] Han | A Conserved p38 Mitogen-Activated Protein Kinase Pathway Regulates Drosophila Immunity Gene Expression[END_REF][START_REF] Remy | Differential activation of p38MAPK isoforms by MKK6 and MKK3[END_REF]. Besides, the ratio of both MKK also varies upon the cell type. MKK3 is the predominant activator of p38 in renal mesangial cells while MKK6 is the major activator of p38 in thymocytes for example (Wang et al., 2002;[START_REF] Tanaka | Differential involvement of p38 mitogen-activated protein kinase kinases MKK3 and MKK6 in T-cell apoptosis[END_REF].

In addition, alternative pathways have been discovered. MKK4 and MKK7, which normally activated by the JNK pathway, can also trigger p38 (Wang et al., 2012). MKK-independent activations of p38 have also been reported. Indeed, several studies demonstrate the capacity of p38 to autophosphorylate namely in case of infection [START_REF] Kim | p38 MAPK Autophosphorylation Drives Macrophage IL-12 Production during Intracellular Infection[END_REF][START_REF] Beenstock | The p38β Mitogen-activated Protein Kinase Possesses an Intrinsic Autophosphorylation Activity, Generated by a Short Region Composed of the α-G Helix and MAPK Insert[END_REF] or to be phosphorylated after binding to adaptor proteins such as TAB1 [START_REF] Tanno | Diverse Mechanisms of Myocardial p38 Mitogen-Activated Protein Kinase Activation: Evidence for MKK-Independent Activation by a TAB1-Associated Mechanism Contributing to Injury During Myocardial Ischemia[END_REF], OSM [START_REF] Uhlik | Rac-MEKK3-MKK3 scaffolding for p38 MAPK activation during hyperosmotic shock[END_REF] and JIP4 scaffold proteins [START_REF] Pinder | JIP4 is a PLK1 binding protein that regulates p38MAPK activity in G2 phase[END_REF].

Main targets of p38 MAPK

p38 has a great number of substrates which may differ upon the p38 isoform (Figure 34). They include protein kinases, nuclear transcription factors and cytoplasmic proteins presenting versatile functions [START_REF] Zarubin | Activation and signaling of the p38 MAP kinase pathway[END_REF]. p38 can either positively or negatively regulate the activity of its substrates and their associated downstream signaling. It may also eventually regulate the entire signaling pathway [START_REF] Koul | Role of p38 MAP Kinase Signal Transduction in Solid Tumors[END_REF]. Among the protein kinases involved in senescence, we can mention the cytoplasmic MAPK-activating protein (MAPKAP) kinase 2 (MK2), the cytoplasmic MAP kinase interacting serine/threonine kinase 1 (MNK1) and the p38-regulated/activated protein kinase (PRAK). MK2 namely contributes to the regulation of the cell cycle upon irradiation [START_REF] Manke | MAPKAP Kinase-2 Is a Cell Cycle Checkpoint Kinase that Regulates the G2/M Transition and S Phase Progression in Response to UV Irradiation[END_REF] and it is involved in the production of SASP (Alimbetov et al., 2016).

MNK1 also plays a role in senescence induction through the phosphorylation and the subcellular distribution of heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) [START_REF] Ziaei | MNK1 expression increases during cellular senescence and modulates the subcellular localization of hnRNP A1[END_REF].

Moreover, PRAK leads to p53-dependent senescence by phosphorylation and activation of p53 [START_REF] Sun | PRAK is essential for ras-induced senescence and tumor suppression[END_REF]. Among the transcription factors activated by p38, we can mention p53 and p73 (Cuadrado and Nebrada, 2010;[START_REF] Sanchez-Prieto | Regulation of p73 by c-ABl through the p38 MAP kinase pathway[END_REF]. In addition, p38 has various cytoplasmic targets such as HSP27 that regulates senescence through the modulation of p53 (O' Callaghan-Sunol et al., 2007). p38 also acts on apoptosis targeting BAX for example. It is always associated with a decrease in the anti-apoptotic potential of the BCL-2 protein [START_REF] De Chiara | Bcl-2 Phosphorylation by p38MAPK : identification of target sites and biological consequences[END_REF].

Downregulation and inhibition of p38 MAPK

Some physiological inhibition pathways exist allowing the downregulation of the p38 MAPK activity, depending on the cellular context. The MAP kinase activation is often transient in physiological conditions [START_REF] Zarubin | Activation and signaling of the p38 MAP kinase pathway[END_REF]. The p38 activity can be decreased or stopped by single or dual MAPK phosphatases (MKP) [START_REF] Keyse | Protein phosphatases and the regulation of mitogen-activated protein kinase signalling[END_REF][START_REF] Kondoh | Regulation of MAP kinases by MAP kinase phosphatases[END_REF]. For instance, MAPK phosphatase PP2C (serine/threonine) and PTP (tyrosine) are single phosphatases (Cuenda and Rousseau, 2007). In addition, there are 9 dual phosphatases in human [START_REF] Keyse | Protein phosphatases and the regulation of mitogen-activated protein kinase signalling[END_REF]. MKP members can efficiently dephosphorylate p38α and p38β. In contrast, p38γ and p38δ are resistant to all known MKP family members [START_REF] Zarubin | Activation and signaling of the p38 MAP kinase pathway[END_REF]. Phosphatases can regulate p38 and its downstream signaling functions as interleukin secretion [START_REF] Dauletbaev | Downregulation of Cytokine-induced Interleukin-8 Requires Inhibition of p38 Mitogen-activated Protein Kinase (MAPK) via MAPK Phosphatase 1-dependent and -independent Mechanisms[END_REF].

Besides, for experimental purposes, silencing of p38 or of specific p38 isoforms using pharmacological inhibitors or small interfering DNA can be useful to determine their functions. p38α and p38β are sensitive to a large class of pyridinyl imidazole inhibitors as SB203580. These inhibitors are ATP mimicking inhibitors preventing ATP binding by occupying the space preferentially. The differences between these inhibitors lie in their bioavailability and pharmacokinetic properties [START_REF] Kumar | Pyridinylimidazole compound SB 203580 inhibits the activity but not the activation of p38 mitogen-activated protein kinase[END_REF][START_REF] Wrobleski | Structural Comparison of p38 Inhibitor-Protein Complexes: A Review of Recent p38 Inhibitors Having Unique Binding Interactions[END_REF]. Theses inhibitors interact with methionine 109 but p38γ and δ lack this methionine and are thus insensitive to this group of inhibitors. By contrast, the diaryl urea compound BIRB0796 is an allosteric inhibitor of p38. It induces a conformational change in the ATP binding site preventing all p38 isoforms from biding ATP [START_REF] Pargellis | Inhibition of p38 MAP kinase by utilizing a novel allosteric binding site[END_REF]. Some p38 inhibitors are used in clinic as the pyrazolopyridine UR 13756 and pyrazolyl ketone RO3201195 to fight accelerated aging in Werner syndrome [START_REF] Bagley | Use of p38 MAPK Inhibitors for the Treatment of Werner Syndrome[END_REF].

Physiopathological roles of p38 MAPK

p38 is involved in various physiopathological processes. It can play different functions depending on the trigger, the cell type involved, the intensity and duration of activation. Among the physiological processes, p38 participates in development, cell differentiation, adaptation to stress, inflammation, cell proliferation, senescence, cell death and tumor suppression.

Besides, p38 MAPK is also involved in several pathologies, namely in inflammatory and neurodegenerative diseases, as well as in cancer.

In development, cell differentiation and adaptation to stress

Several studies have confirmed the role of p38 in development showing that p38α knockout mice are not viable and that p38α is involved in placental angiogenesis, preimplantation and embryo development [START_REF] Mudgett | Essential role for p38alpha mitogen-activated protein kinase in placental angiogenesis[END_REF][START_REF] Natale | p38 MAPK signaling during murine preimplantation development[END_REF][START_REF] Aouadi | p38 Mitogen-Activated Protein Kinase Activity Commits Embryonic Stem Cells to Either Neurogenesis or Cardiomyogenesis[END_REF]. Moreover, p38α and p38β have been implicated in the cell differentiation of several cell types [START_REF] Wu | p38 Mitogen-Activated Protein Kinase Controls a Switch Between Cardiomyocyte and Neuronal Commitment of Murine Embryonic Stem Cells by Activating Myocyte Enhancer Factor 2C-Dependent Bone Morphogenetic Protein 2 Transcription[END_REF][START_REF] Rodríguez-Carballo | p38 MAPK Signaling in Osteoblast Differentiation[END_REF]. Cell differentiation can also play a tumor suppressor role mitigating the aggressivity of cancer cells. For instance, in rhabdomyosarcoma or renal carcinoma and colon cancer cell lines, the activation of p38α gives rise to more differentiated and less aggressive tumors [START_REF] Puri | Induction of terminal differentiation by constitutive activation of p38 MAP kinase in human rhabdomyosarcoma cells[END_REF][START_REF] Finn | Daphnetin induced differentiation of human renal carcinoma cells and its mediation by p38 mitogen-activated protein kinase[END_REF]. In addition, transient p38 activation by stresses can trigger survival responses. For instance, under moderate oxidative stress, p38 can increase the cellular superoxyde dismutase and catalase levels, thereby reducing the accumulation of ROS [START_REF] Gutiérrez-Uzquiza | p38α Mediates Cell Survival in Response to Oxidative Stress via Induction of Antioxidant Genes[END_REF]. Besides, p38α is able to mediate survival by stimulating autophagy (Comes et al., 2007). p38 MAPK can also prevent cell death by the induction of antiapoptotic inflammatory molecules as IL-6. Moreover, the p38 MAPK-induced HSP27 overexpression in cancer is often associated with resistance to several anticancer drugs and radiotherapy [START_REF] Garrido | Heat Shock Proteins 27 and 70: Anti-Apoptotic Proteins with Tumorigenic Properties[END_REF]. It had been established that p38α is activated by many stresses and that cellular resistance to these stresses can be increased through cytoskeleton reorganization via the p38-MAKP2-HSP27 pathway [START_REF] Guay | Regulation of actin filament dynamics by p38 map kinase-mediated phosphorylation of heat shock protein 27[END_REF].

In inflammation, cell proliferation, senescence and cell death

Besides, the TNFα-p38MAPK pathway mediates inflammation at different levels.

p38 is involved in the production of inflammatory mediators, including TNFα, IL-1ß and cyclooxygenase-2 (COX-2) [START_REF] Schieven | The Biology of p38 Kinase : A central role in inflammation[END_REF]. It is also involved in the recruitment of leukocytes and the activation of immune cells to the inflammation site. p38 also mediates the TNFα-induced upregulation of E-selectins on endothelial cells facilitating the rolling of leukocytes along the vessel wall [START_REF] Read | Tumor necrosis factor alpha-induced E-selectin expression is activated by the nuclear factor-kappaB and c-JUN N-terminal kinase/p38 mitogen-activated protein kinase pathways[END_REF]. It also induces the expression of vascular cell adhesion molecules that are necessary to initiate the diapedesis of leukocytes through the endothelium to reach the site of interest (Proost et al., 1996). p38 is also involved in the release of IL-8 by leukocytes, of IL-1ß and TNFα by macrophages and it participates the TGF-1ß-mediated neutrophils chemotaxis for example [START_REF] Hannigan | The role of p38 MAPK in TGF-beta-1-induced signal transduction in human neutrophils[END_REF] p38 can also modulate the cellular proliferation, induce senescence and cell death. p38α has been implicated in the regulation of the G1 and G2/M phases of the cell cycle in several studies, mainly with antiproliferative functions through p53. The modulation of p38 substrates HBP1 and p21 determines the cell cycle progression [START_REF] Xiu | The Transcriptional Repressor HBP1 Is a Target of the p38 Mitogen-Activated Protein Kinase Pathway in Cell Cycle Regulation[END_REF]. HBP1 is thought to be a repressor of cell cycle regulatory genes, similar in function to retinoblastoma protein (RB) while p21 is known to stop G1 progression through blockage of CDK activity. Besides, p38α and β are responsible for UV induced G2 cell cycle arrest and p38γ has been shown to mediate G2 arrest after γ radiation exposure (Wang et al., 2000). These breaks in the cell cycle may allow DNA repair, antagonizing anticancer treatments or permanent growth arrest or lead to cell death.

Stresses can lead p38α to induce senescence through the upregulation of p16 and the phosphorylation of p53, which then activates p21 [START_REF] Sun | PRAK is essential for ras-induced senescence and tumor suppression[END_REF]. Sustained p38 activation is often associated with apoptosis induction. Interaction of p38 with the JNK pathway has been shown to control the balance of apoptosis and autophagy in response to chemotherapeutic agents [START_REF] Sui | p38 and JNK MAPK pathways control the balance of apoptosis and autophagy in response to chemotherapeutic agents[END_REF]. p38 and apoptosis can both be triggered by common stimuli as Fas ligation. Conversely, caspase inhibitors, which are used to prevent apoptosis, block p38 activation through Fas crosslinking, suggesting that p38 functions downstream of caspase activation. However, overexpression of dominant active MKK6 can also induce caspase activity and cell death suggesting that p38 may function both upstream and downstream of caspases in apoptosis [START_REF] Zarubin | Activation and signaling of the p38 MAP kinase pathway[END_REF]. In some cases, the induction of senescence or cell death represent a tumor suppressor mechanism eliminating transformed cells or potentially deleterious aberrant cells. The p38 MAPK pathway is reported to play a tumor suppression role regulating Ras-dependent and independent proliferation, transformation, invasion and cell death [START_REF] Loesch | The p38 MAPK stress pathway as a tumor suppressor or more?[END_REF]. p38α namely plays a tumor suppression role against ROS-producing oncogenes [START_REF] Dolado | p38α MAP Kinase as a Sensor of Reactive Oxygen Species in Tumorigenesis[END_REF]. In addition, p38 upstream kinases MKK4 and MKK6 have been reported to play a tumor suppressor role in human ovarian carcinoma [START_REF] Hickson | The p38 Kinases MKK4 and MKK6 Suppress Metastatic Colonization in Human Ovarian Carcinoma[END_REF].

In inflammatory diseases, neurodegenerative pathologies and cancer

The activation of p38 MAPK is implicated in many pathological conditions. For instance, it plays a role in cardiac hypertrophy, diabetes, neuropathic pain and progeroid syndromes leading to high replicative stress and premature cellular senescence and accelerated aging (Martindale et al., 2005;Wang et al., 2016;Ji andSuter, 2007, Tivey et al., 2005). However, p38 is particularly known for its roles in inflammatory and neurodegenerative diseases as well as in cancer.

Indeed, a strong link has been established between the p38 pathway and inflammation through inflammatory cytokines and inflammation related molecules, which can both activate the MAPK pathway and be activated by the MAPK pathway [START_REF] Platanias | The p38 mitogen-activated protein kinase pathway and its role in interferon signaling[END_REF]. Rheumatoid arthritis, psoriasis and asthma are three examples of inflammatory diseases characterized by an increased p38 activation [START_REF] Clark | The p38 MAPK Pathway in Rheumatoid Arthritis: A Sideways Look[END_REF][START_REF] Coulthard | p38MAPK: stress responses from molecular mechanisms to therapeutics[END_REF][START_REF] Chung | p38 Mitogen-Activated Protein Kinase Pathways in Asthma and COPD[END_REF].

In addition, aberrant expression of p38α, p38β and p38γ and their substrates (e.g. MAPK2, or the tau protein) in the brain or the nervous system are implicated in the development of neurodegenerative pathologies [START_REF] Thomas | MAPKAP kinase 2-deficiency prevents neurons from cell death by reducing neuroinflammation -relevance in a mouse model of Parkinson's disease[END_REF][START_REF] Hanger | Tau phosphorylation: the therapeutic challenge for neurodegenerative disease[END_REF]. The MAPK-dependent hyperphosphorylation of τ is responsible of several neurological disorders referred as tauopathies.

Alzheimer's and Parkinson's diseases are among the most important ones [START_REF] Feijoo | Evidence that phosphorylation of the microtubule-associated protein Tau by SAPK4/p38 at Thr50 promotes microtubule assembly[END_REF][START_REF] Klegeris | α-Synuclein activates stress signaling protein kinases in THP-1 cells and microglia[END_REF][START_REF] Kim | Pathological roles of MAPK signaling pathways in human diseases[END_REF]. Moreover, all p38 isoforms have been linked to tumorigenesis in certain cells. On one hand, p38 activation may be reduced in tumors due to the loss of some components of the p38 pathway such as MKK3 and MKK6 resulting in increased proliferation and risk of tumorigenesis [START_REF] Zarubin | Activation and signaling of the p38 MAP kinase pathway[END_REF]. On the other hand, p38 expression can be increased and also favoring tumorigenesis or tumoral progression. For instance, p38α is involved in anticancer treatment resistance through its mediation of survival signals. Besides, since it plays a role in hematopoiesis; aberrant p38α activation can lead to various myeloid malignancies [START_REF] Geest | MAPK signaling pathways in the regulation of hematopoiesis[END_REF]. p38ß can be expressed by breast tumor cells where it is associated to bone lesions due to its role in osteoclasts differentiation [START_REF] He | MAPK11 in breast cancer cells enhances osteoclastogenesis and bone resorption[END_REF]. p38γ and p38δ have been involved in colitis-associated colon cancer for example (del reino et al., 2014). p38δ MAPK was also reported to promote breast cancer progression and lung metastasis by enhancing cell proliferation and cell detachment [START_REF] Wada | P38 delta MAPK promotes breast cancer progression and lung metastasis by enhancing cell proliferation and cell detachment[END_REF]. Besides, although anticancer treatments as radiotherapy partially eliminate tumor cells by enhancing p38MAPK-mediated cell death; radiotherapy produces ROS and triggers TNFα which also activates p38MAPK rather inducing inflammation than cell death in thoracic cancers [START_REF] Krishnamurthy | Involvement of p38-ßTrCP-Tristetraprolin-TNFα axis in radiation pneumonitis[END_REF]. In addition, despites p38α generally prevents malignant transformation induced by ROS-producing oncogenes; some tumorigenic cancer cell lines have developed a mechanism to uncouple p38α activation from ROS production [START_REF] Dolado | p38α MAP Kinase as a Sensor of Reactive Oxygen Species in Tumorigenesis[END_REF]. In conclusion, we observe a dual role of p38 in tumorigenesis. Indeed, p38α, which normally plays an important tumor-suppressor role, based on its regulation of tissue homeostasis, cell proliferation, differentiation and induction of apoptosis; can also contribute to the survival and proliferation of tumor cells.

The SASP pathway

Cells that senesce by ectopic overexpression of p21 or p16 INK4a do not secrete SASP [START_REF] Coppé | Tumor Suppressor and Aging Biomarker p16INK4a Induces Cellular Senescence without the Associated Inflammatory Secretory Phenotype[END_REF]. SASP are released by senescent cells that underwent particular stimuli as DNA damage, telomere attrition, mitogenic signals or oxidative stress for example.

SASP activators

SASP are a common feature in senescence but their release and regulation differ upon the type of senescence. Indeed, in oncogene-induced senescence, SASP are released in case of persistent DDR activation driven by IL-1α [START_REF] Orjalo | Cell surface-bound IL-1 is an upstream regulator of the senescence-associated IL-6/IL-8 cytokine network[END_REF]. In case of radiation-induced senescence for example, the secretion of SASP can be activated by the DDR and through p38. Although persistent DDR activation is necessary for the release of SASP, the depletion of DDR proteins such as ATM, NSB1 or CHK2 does not completely suppress the secretion (Rodier et al., 2009). Moreover, the activation of the DDR and ATM occurs within hours after DNA damages while the secretion of SASP can take days. Furthermore, when mature SASP are produced, the activation of ATM has often already returned to its basal level confirming the role of DDR as initiator but suggesting the activation of another activator, p38.

Indeed, p38MAPK activation was demonstrated to be sufficient to induce SASP, also independently of DDR. Besides, p38MAPK inhibitors decrease the secretion of most SASP (Freund et al., 2011).

Direct phosphorylation of p38 or its indirect activation via p53 repression induces SASP secretion through NF-κB activation [START_REF] Coppé | Senescence-associated secretory phenotypes reveal cell-nonautonomous functions of oncogenic RAS and the p53 tumor suppressor[END_REF][START_REF] Salminen | Emerging role of NF-κB signaling in the induction of senescence-associated secretory phenotype (SASP)[END_REF]) (Figure 36).

SASP regulators

Early cytokines and feedback loop

In parallel, SASP can regulate senescence in a paracrine fashion. SASP secretion seems to occur in two phases given rise to a dual secretome. In the early phase, cell surface-bound IL-1α appears in some senescence models as an early SASP that can act in an autocrine fashion through IL-1 receptor or trigger NF-κB and C/EBPß to produce other SASP as IL-6 and IL-8 during the second phase [START_REF] Orjalo | Cell surface-bound IL-1 is an upstream regulator of the senescence-associated IL-6/IL-8 cytokine network[END_REF]) (Figures 37 and38). In the later phase, IL-1 receptor signaling is also reported to control a negative feedback on IL-6 through the regulation of miR-146a and miR-146b [START_REF] Bhaumik | MicroRNAs miR-146a/b negatively modulate the senescence-associated inflammatory mediators IL-6 and IL-8[END_REF]. In addition, IL-1ß is also early secreted and considered a precursor of other SASP. However, unlike IL-1α, it first needs to undergo proteolysis in the inflammasome to be activated [START_REF] Acosta | A complex secretory program orchestrated by the inflammasome controls paracrine senescence[END_REF]. Moreover, SASP can reinforce senescence in the second phase e.g. IL-6 expression can directly affect neighboring cells that express the IL-6R (gp80) and gp130 signaling complex at their surface, such as epithelial and endothelial [START_REF] Coppé | The Senescence-Associated Secretory Phenotype: The Dark Side of Tumor Suppression[END_REF]. In oncogene-induced senescence, the paracrine induction of senescence is mediated by both the inflammasome and IL-1 [START_REF] Acosta | A complex secretory program orchestrated by the inflammasome controls paracrine senescence[END_REF]. Then, IL-6, IL-8, and IGFBP7 (insulin-like growth factor-binding protein 7) are able to reinforce the senescence associated proliferation arrest induced by RAS and BRAF oncogenes [START_REF] Acosta | Chemokine Signaling via the CXCR2 Receptor Reinforces Senescence[END_REF][START_REF] Kuilman | Oncogene-Induced Senescence Relayed by an Interleukin-Dependent Inflammatory Network[END_REF][START_REF] Wajapeyee | Role for IGFBP7 in Senescence Induction by BRAF[END_REF].

NOTCH1 also appears to regulate SASP in two phases [START_REF] Hoare | NOTCH1 mediates a switch between two distinct secretomes during senescence[END_REF]. Indeed, activation of NOTCH1 first drives TGF-ß and other SASP production while repressing C/EBPß and preventing the activation of the canonical pro-inflammatory SASP. Then, at « full senescence », the NOTCH1 activity is downregulated and C/EBPß is de-repressed allowing the production of the canonical proinflammatory SASP (Hoare and Narita, 2016) 

Epigenetic modifications

Epigenetic modifications can also influence the expression of SASP genes (Figure 37). The chromatin condensation level influences gene expression. Regions enriched in methylated histones are associated with gene repression for example while acetylation of the chromatin promotes the expression of its associated genes. The high-mobility group protein B2 (HMGB2) has been observed localized in the loci of SASP genes thereby allowing their expression by preventing their inclusion in SAFH formation [START_REF] Aird | HMGB2 orchestrates the chromatin landscape of senescence-associated secretory phenotype gene loci[END_REF]. Another example of epigenetic modification influencing SASP is the histone deacetylase (HDAC) sirtuin1 (SIRT1) that deacetylates transcription factors p53 and NF-κB.

PHYSIOPATHOLOGICAL OCCURRENCE IN HUMAN

Cellular senescence presents physiological functions. For example, as apoptosis, CS plays an essential role in embryo development. During normal embryonic development, cellular senescence contributes to morphogenesis by the elimination of transient structures and by regulating the abundance of different cell populations. Cdkn1a senescence for instance, is responsible of the regression of Wolffian duct in female [START_REF] Muñoz-Espín | Programmed Cell Senescence during Mammalian Embryonic Development[END_REF]. CS also contributes to normal development and homeostasis in adulthood. CS allows eliminating unwanted cells and it participates to tissue regeneration after injury. In general, cellular senescence promotes tissue remodelling in three steps: first a proliferative arrest takes place; then SASP will recruit immune cells to remove the unwanted cells and influence the extracellular matrix preventing fibrosis for example; and finally progenitors in the vicinity will repopulate the tissue. This sequence of events is referred as the senescence-clearance-regeneration model [START_REF] Muñoz-Espín | Cellular senescence: from physiology to pathology[END_REF].

CS is also associated to (healthy) aging. Telomere shortening is both a physiologic proaging process and a tumor suppressor mechanism. It is a protection mechanism blocking the division capabilities of cells that are likely to have accumulated mutations. In the case of oncogenic transformation, senescence limits tumour progression [START_REF] Collado | Cellular Senescence in Cancer and Aging[END_REF]. Furthermore, the induction of senescence impairs the replication of viruses what helps to control infection in vivo.

The fact that studies have reported that some viruses have developed mechanisms to overcome senescence ant that senescence can be induced by prolonged ß-interferon support this antiviral function [START_REF] Baz-Martínez | Cell senescence is an antiviral defense mechanism[END_REF]. However, CS is frequently associated with detrimental effects due to its implication in multiple pathologies, mainly with age-related diseases. Indeed, CS is namely involved in e.g. vascular disorders, type 2 diabetes, cancer, degenerative-, inflammatoryand fibrotic diseases [START_REF] Muñoz-Espín | Cellular senescence: from physiology to pathology[END_REF]. Senescent cells present a decreased metabolic activity. For instance, they perform less mitophagy thereby increasing the risk of alteration of the mitochondrial network and subsequent metabolic dysfunction [START_REF] Sun | The Mitochondrial Basis of Aging[END_REF].

Immunosenescence also reduces the amount and efficacy of immune cells what makes the immune system less effective against infection [START_REF] Mocchegiani | NK and NKT cell functions in immunosenescence[END_REF]. Moreover, the cellular senescence of stem and progenitor cells can compromise the maintenance of several functions as tissue repair [START_REF] Drummond-Barbosa | Stem Cells, Their Niches and the Systemic Environment: An Aging Network[END_REF]. In addition, the excessive release of SASP can alter the function of the normal cells in the vicinity. Besides, stromal senescence for example has been reported to establish an immunosuppressive microenvironment favoring tumorigenesis [START_REF] Ruhland | Stromal senescence establishes an immunosuppressive microenvironment that drives tumorigenesis[END_REF].

Furthermore SASP may contain potent inflammatory cytokines (Freund et al., 2010). Low-level, chronic and "sterile" inflammation is a typical feature of aging which initiates the majority of the age-related diseases [START_REF] Franceschi | Inflammaging and anti-inflammaging: a systemic perspective on aging and longevity emerged from studies in humans[END_REF]. Chronic inflammation is deleterious since it recruits immune cells, which produce ROS or secrete factors that further harm the local tissue and stem niches.

Inflammatory oxidative stress can initiate carcinogenesis and promote cancer by suppressing immune surveillance and/or stimulating malignant phenotypes [START_REF] Allavena | The inflammatory micro-environment in tumor progression: the role of tumor-associated macrophages[END_REF][START_REF] Grivennikov | Immunity, Inflammation, and Cancer[END_REF][START_REF] Taddei | Senescent stroma promotes prostate cancer progression: the role of miR-210[END_REF]. Thus, senescent cells might play an immunosuppressive fonction or fuel cancer and other age-related pathologies by the same mechanism.

In conclusion, cellular senescence can be both beneficial and deleterious. The impact of senescence often goes in pair with the role of the secreted SASP (Figure 40). The beneficial roles of senescence mostly result from acute senescence characterized by a defined senescence trigger, temporary senescent-cell signaling functions and senescent-cell clearance.

In contrast, the deleterious effects of senescence mainly arise from the accumulation of chronic senescent cells due to aging, continuous stress exposure, the release of inflammatory SASP and inefficient clearance what generates a pro-tumorigenic microenvironment (Baker et al., 2011). Therefore, clinical applications can be envisionned from senescence and SASP modulation (Tckonia et al., 2013).

For instance, it could be suitable to locally stimulate senescence for a greater tumor suppression role, enhancing the elimination of risk cells or to decrease age-related disease susceptibility and fatigue for example by improving the clearance of senescent cells using senolytic treatments [START_REF] He | Senescence in Health and Disease[END_REF]. Likewise, downregulating the process to slow down aging and age-related and inflammatory diseases could be another therapeutical approach.

Figure 40: The beneficial and detrimental roles of cellular senescence and SASP

Cellular senescence (in blue) and the SASP (in red) can have both beneficial (left side) and deleterious (right side) roles, depending on the biological context. Among the benefits, beside its role in normal development whose mechanism is not fully identified yet, senescence growth arrest namely prevents tumorigenesis while SASP can reinforce this function and counteract tumor proliferation by the attracting immune cells to the tumor site. Senescence also limits fibrosis by preventing proliferation of cells that secrete ECM and some SASP as matrix metalloproteinases are able to digest fibrotic lesions. In addition, some components of the SASP accelerate wound closure. Among the deleterious effects, the loss of proliferative potential that accompanies senescence impairs tissue regeneration. Moreover, many SASP factors are pro-inflammatory. Thus, senescent cells, which increase with age in vivo may contribute to the low-level chronic inflammation by an increased SASP secretion leading to age-related pathologies or favoring tumorigenesis. Furthermore, SASP also contain factors that promote angiogenesis, cell proliferation, and cellular invasiveness. In addition, immune cells attracted by the SASP can also disrupt the local microenvironment and promote cell invasion. These latter effects may favor malignant phenotype and cancer progression [START_REF] Lecot | Context-dependent effects of cellular senescence in cancer development[END_REF].

OBJECTIVES

Cancer is a heterogeneous disease with a high level of mortality worldwide. Many types of anticancer therapies are available to kill tumor cells. They mainly induce apoptosis, autophagic cell death, necrosis, necroptosis and mitotic catastrophe. However, these cell death mechanisms do not allow to fully explain the variations in treatment response and clinical outcome in patients.

Therefore a growing interest has emerged in tumoral crosstalk with the microenvironment and in lower frequency cellular events that could have been underestimated hitherto. In this context, our laboratory namely investigates the molecular mechanism beyond cellular cannibalism, a non-cellautonomous cell death modality mainly reported in tumor cells. We recently observed that among different stimuli, ionizing radiation could enhance the phenomenon and that irradiated tumor cells were prone to engulf live wild type counterparts in vitro (Martins).

The objective of this thesis is to further characterize the signaling pathway involved in the cellular cannibalism elicited by ionizing radiation. To do so, we aim to 1. Identify the molecular and cellular actors leading to cellular cannibalism after ionizing radiation. # These authors contributed equally to this work.

Introduction

From the initial discovery of programmed cell death during animal development 1 to the recent identification of entotic death during embryo implantation 2 , a cornucopia of cell death modalities has been identified and shown to play a role in numerous physiological or pathological situations 3, 4 . Mainly studied as clonal cellular responses to lethal stress, cell death processes have been defined on the basis of their specific morphological features (e.g. apoptotic, autophagic or necrotic), their metabolic and biochemical characteristics (e.g. the loss of mitochondrial transmembrane potential, the exposure of phosphatidylserines (PS) on the outer leaflet side or the rupture of plasma membrane integrity), their enzymatic and catabolic activities (involving (or not) caspases, receptor-interacting protein (RIP) kinases, mixed lineage kinase domain-like (MLKL) proteins or cathepsins) and in relation to their abilities to elicit an inflammatory reaction or to stimulate an immune response. A classification of cell death modalities built on these criteria has been proposed 5 and led to the ordering of lethal processes in three distinct types: the type I cell death (or apoptosis), the type II cell death (or autophagy), and the type III cell death (or necrosis). All these processes, which are executed in a cell-autonomous manner, can be induced in the targeted stressed cells or at a distance, in the neighboring cells (through bystander-effects). Despite the major progresses in the field that have allowed the characterization of various cell death modalities and their impact on the treatment of specific human diseases, the relative contribution of both direct and bystander-signal mediated killing triggered by typical cell-autonomous deaths remains poorly explored.

Cell death subroutines (such as mitotic death and cornification), which do not or partially exhibit the typical morphological and biochemical hallmarks of cell death, have been less studied and listed in a poorly defined subgroup of cell death modalities known as atypical cell death 5 . In recent years, additional cell death mechanisms (such as entosis or emperitosis)

have been described and associated with this neglected subgroup of cell death modalities 6, 7 .

Their examination revealed the existence of cell death processes that are elicited after the engulfment of live cells by neighboring live cells. These lethal processes are also known as non-cell autonomous deaths (NCADs). The first step of non-cell autonomous death programs, which start with the interaction of two cellular partners through membrane adhesion receptors (such as E-or P-cadherins) or stress receptors (such as lipoprotein receptor-related protein), requires the formation of adherent junctions between interacting cells and the activation of signaling pathways, which may involve small GTPases (such as Rho 8 and cell division cycle 42 (CDC42) 9 ) and ROCK kinases 6 , on both interacting cells. The modulation of actomyosin contractility and the reorganization of the actin cytoskeleton in "target" cells also favor their invasion into host cells 8, 10 . This process is distinct from cellular cannibalism, which can also trigger NCADs through the activation of specific signaling pathways (such as phagocytosisrelated signaling pathways that involve CDC42, chemokine (C-X-C motif) ligand 1 (CXCL1)

or chemokine (C-X-C motif) ligand 6 (CXCL6)) on host cells and leads to an active engulfment of target cells 9 . Independently of the cell engulfment process implemented, engulfed cells are targeted by "host" lysosomal enzymes (such as cathepsins and granzymes)

and eliminated through distinct lethal mechanisms that may involve major modulators of typical cell death (such as cytochrome c, caspases, or autophagy-related (ATG) proteins).

When NCADs leads to the apoptotic demise of engulfed cells, the process is identified as phagoptosis 11, 12, 13 or emperipolesis 14 , and has been proposed as a major physiological form of cell death in the body 11 that controls erythrocyte, neutrophil, platelet or T cell homeostasis 11,15,16 . The engulfment of natural killer (NK) cells by tumor cells was also shown to induce emperitosis, which is a programmed cell-in-cell death process that requires caspase-3 activation and DNA fragmentation 7 . Inversely, entosis, a non-cell autonomous death, initially described after homotypic interactions between breast cancer cells, is a cell-in-cell invasion mechanism that does not require the activation of caspases to eliminate engulfed cells 6 , thus revealing that engulfed cells can be eliminated through caspase-dependent or caspaseindependent processes.

Despite intensive biological and pharmaceutical research programs that have helped to better characterize cellular and biochemical processes associated with anticancer treatment, the ability of anticancer agents to simultaneously induce non-cell autonomous and cell autonomous death has never been investigated. Here, using an innovative multispectral imaging flow-cytometry-based methodology, we show that cancer cells respond to the treatment with various anticancer agents by going through distinct death modalities that can be either cell-autonomous or cell non-autonomous, revealing an unsuspected heterogeneity of cell death responses to anticancer treatments.

Results

Ionizing radiation induces cell death in both irradiated and non-irradiated neighboring cancer cells

Even though radiotherapy is one of the most frequent anticancer treatments used in the clinic, the lethal mechanisms responsible for the therapeutic effects of radiotherapy are still largely unknown. Lethal processes (such as apoptosis and mitotic catastrophe) that have been detected in response to ionizing radiation were never directly implicated in treatment efficiency 17 , suggesting that additional cell death modalities that are still unknown may contribute to the therapeutic effects of radiotherapy. To determine whether cancer cells may simultaneously undergo direct or/and bystander-cell killing in response to ionizing radiation that may be executed in a cell-autonomous or non-cell autonomous manner, we designed a cell death profiling assay based on co-culture between untreated HCT116 cells that have been (Supplementary Table 1). The biological effects of selected pharmacological inhibitors of cell death were then analyzed. The simultaneous detection of PS exposure, loss of plasma membrane integrity and DNA content of cellular partners allowed us to detect, through the use of multispectral imaging flow-cytometry, the execution of at least 9 types of cell death (including apoptosis, mitotic death, pyroptosis, autophagic cell death, necrosis, necroptosis, entosis, emperitosis and cellular cannibalism) on target cells and on neighboring cells (Supplementary Figures 1a and1b), thus discriminating non cell-autonomous death from cell autonomous death and direct cell killing from bystander lethal effects.

Accordingly, CMFDA-labeled cells were irradiated or not with 4 Grays, mixed after 24 hours together at a 1:1 ratio with CMTMR-labeled cells, and cultured for 24 hours in the presence of each indicated inhibitor (Supplementary Figures 2a-2e). Then, PS exposure, the membrane integrity and DNA content of each cellular partner were respectively determined using

AnnexinV-BV786, DRAQ7 and Hoechst 33342 staining. Despite the fact that no significant increase of apoptotic and necrotic cell death (as revealed by the analysis of AnnexinV + DRAQ7 -and DRAQ7 + cells) was observed on the untreated control cell population (Figures 1a,1c, 1d and 1e), a significant increase of both types of cell death in the total cell population (as revealed by CMFDA + and CMTMR + cells) (Figures 1a-1c), in neighboring cells (CMTMR + cells) (Figures 1a, 1b and 1d) and in irradiated cells (CMFDA + cells) (Figures 1b and1e) was detected after 24-hours of co-culture, demonstrating that our methodology allows us to score the death of both non-irradiated and irradiated cells. We also observed that the pan-caspase inhibitor Z-VAD-fmk inhibited the exposure of PS on the outer plasma membrane of non-irradiated CMTMR + cells (Figure 1d) and of irradiated CMFDA + cells (Figure 1e). These results confirmed, as previously published 18 , that irradiated CMFDA + cells require caspase activation to die, but also revealed that non-irradiated neighboring cells may die through a caspase-dependent process. In addition, the impairment of autophagic flux with bafilomycin A1 (BafA1) increased the frequency of dying cells (AnnexinV + DRAQ7 -and DRAQ7 + cells) in the total cell population (CMFDA + and CMTMR + cells) (Figure 1c), in non-irradiated CMTMR + cells (Figure 1d) and in irradiated CMFDA + cells (Figure 1e), thus revealing that autophagy is a cell survival mechanism that contributes to rescue both non-irradiated and irradiated cells from death. In addition, the simultaneous analysis of the progression of treated and untreated cells through their cell cycles showed that cell death induction was associated with escape of irradiated CMFDA + cells from G1 arrest and led to their accumulation in S and G2/M phase (Figures 1f,1g and 1j). No alteration of the cell cycle was detected in total or CMTMR + cell populations, implying that the cell cycle alterations were only detected in irradiated cells (Figures 1f-1j). These results were also confirmed by classical flow-cytometry analysis (Supplementary Figures 3a and3b).

Altogether, these results demonstrate that ionizing radiation can simultaneously eliminate cancer cells through direct cell killing and bystander effects.

Ionizing radiation also induces non-cell-autonomous death

In parallel, we determined in the same co-culture the ability of irradiated CMFDA + cells to engulf or invade neighboring cells, two cellular processes required for the induction cellular cannibalism-associated cell death (such as cellular cannibalism or phagoptosis) or cell-in-cell invasion-elicited cell death (such as entosis or emperitosis). Multispectral imaging flowcytometry analysis revealed that gamma-irradiated CMFDA + cells triggered the engulfment of neighboring cells (as revealed by the internalization of "target" CMTMR + (red) cells by gamma-irradiated CMFDA + (green) cells (Figures 2a and2b)). This process, which was not affected by the pan-caspase inhibitor Z-VAD-fmk, was repressed by the inhibitor of ROCK1 (Y27632) (Figure 2b), thus revealing that the detected cell-in-cell internalization is distinct from the phagocytic uptake of apoptotic cells and requires ROCK1 activity. The cannibalism of gamma-irradiated cells was also confirmed, by confocal microscopy (Figures 2d-2f) and also by multispectral imaging flow-cytometry after co-culture of irradiated CMFDA + MCF7 cells with non-irradiated CMTMR + MCF7 cells (Supplementary Figures 3c and3d).

Interestingly, cell death profiling analysis also allowed us to distinguish between live cell engulfment and phagocytosis of apoptotic CMFDA + cells by live CMTMR + cells that follows apoptosis induced by treatment with bafilomycin A1 (Figure 2b). Then, we evaluated the cell fates of engulfed CMTMR + cells and irradiated engulfing CMFDA + cells. We observed that almost all engulfed CMTMR + cells exhibited signs of cellular degradation (as revealed by the DNA content loss of internalized cells detected with multispectral imaging flow-cytometry (Figures 2a and2c) and confocal microscopy (Figures 2d, 2e and 2g)). This process was significantly reduced in presence of the pan-caspase inhibitor Z-VAD-fmk and the caspase-1

inhibitor YVAD-cmk, demonstrating that IR-mediated death of engulfed cells requires caspases to occur and could be executed through caspase-1 dependent death, that is also known as pyroptosis. In addition, we also revealed that the vast majority of cannibal cells did not expose PS or exhibit loss of the integrity of their plasma membrane (Supplementary Figure 3e) underlining that after IR-mediated cell engulfment, the internalized cells are precipitated to death without modulating the viability of cannibal cells. Altogether, these results demonstrate that ionizing radiation simultaneously eliminates cancer cells through combined effects of direct cell killing, bystander lethal effect and cellular cannibalismassociated cell death. These results highlight the urgent need to simultaneously evaluate the induction of non-cell autonomous and cell autonomous deaths after other anticancer treatments.

Paclitaxel induces cell-autonomous deaths of both treated and neighboring cells

To further determine whether chemotherapeutic agents may also trigger the destruction of cancer cells by eliciting distinct cell death modalities, we determined the cell death profiling elicited by the paclitaxel (a taxane currently used in breast cancer treatment) and by oxaliplatin and cisplatin, two platinum salts that are frequently used to threat colorectal cancers. Accordingly, CMFDA-labeled cells were treated with indicated concentrations of paclitaxel (PCT), oxaliplatin (OXA) and cisplatin (CDDP) during 24 hours, then mixed at a 1:1 ratio with CMTMR-labeled cells, and cultured for 24 hours in presence of cell death inhibitors. Phosphatidylserine (PS) exposure, the membrane integrity and DNA content of each cellular partner were analyzed after AnnexinV-BV786, DRAQ7 and Hoechst 33342 stainings using multispectral imaging flow-cytometry. We observed that after the treatment with PCT, both untreated CMTMR + cells (Figure 3b) and PCT-treated CMFDA + cells (Figure 3c) significantly increased the translocation of their PS from inner plasma membrane to outer plasma membrane and the permeability of their plasma membrane to DRAQ7 (as compared to control cells (Figures 3a-3c)), indicating that PCT directly induced apoptosis of treated cells, but also triggered the apoptotic demise of untreated neighboring cells. Accordingly, the pan-caspase inhibitor Z-VAD-fmk inhibited the exposure of PS on the outer plasma membrane of both untreated CMTMR + cells (Figure 3b) and PCT-treated CMFDA + cells (Figure 3c). The absence of effects of other cell death modulators underlined that pyroptotic, necroptotic, autophagic and mitotic signaling pathways do not contribute to cell deaths detected after PCT treatment. We also revealed that after treatment with PCT, treated cells and neighboring cells accumulated in G2/M phase of their cell cycle (Figures 3d-3f). In addition, the pharmacological inhibitions of caspases (with Z-VAD-fmk) and of Cdk1 (with roscovitine) were not able to repress these accumulations in G2/M phase (Figures 3d-3f),

indicating that this progression through cell cycle occurs before induction of death of both treated and neighboring cells and did not require progression into mitosis. Using the same methodology, we also evaluated the ability of OXA and CDDP to trigger cell autonomous deaths on both treated and untreated cancer cells. Thus, CMFDA-labeled cells were treated with different concentrations of OXA or CDDP during 24 hours, then mixed at a 1:1 ratio with CMTMR-labeled cells, and cultured for 24 hours in presence of indicated cell death inhibitors (Figures 3g-3i). By analyzing AnnexinV-BV786, DRAQ7 and Hoechst 33342 stainings with multispectral imaging flow-cytometry, we observed that treated fraction of CMFDA + cells (Figure 3i) exhibited signs of type I and type II cell deaths, as compared to untreated CMTMR + cells (Figure 3h). The detection of these processes that are mainly impaired by pan-caspase inhibitor Z-VAD-fmk, indicates that a fraction of single HCT116 cells undergo apoptosis after treatment with OXA or CDDP. We also noted that caspase-1 inhibitor YVAD-cmk significantly reduced the translocation of PS on the plasma membrane of HCT116 cells that have been treated with 100 µM of OXA, revealing that a pyroptotic death could be triggered by OXA. These results demonstrate that chemotherapeutic agents (such as paclitaxel) can exert their cytotoxic effects on cancer cells through direct and indirect cell-autonomous lethal subroutines.

Paclitaxel, oxaliplatin and cisplatin trigger non-cell autonomous death

In parallel to the detection of cell-autonomous lethal processes, we analyzed the induction of non-cell autonomous death modalities after PCT, OXA or CDDP treatment. We observed that after the treatment with PCT, both untreated CMTMR + cells and PCT-treated CMFDA + cells exhibited cell-in-cell figures (Figure 4a) as revealed by the detection of PCT-treated CMFDA + cells that internalized untreated CMTMR + cells (indicated as G(R)) and of PCTtreated CMFDA + cells that are engulfed by untreated CMTMR + cells ((indicated as R(G)),

indicating that both cell invasion and cellular cannibalism are elicited by PCT treatment.

Majority of these cell-in-cell figures is reduced when ROCK1 biological activity is impaired (with Y27632) (Figure 4a), demonstrating that PCT-induced cell-in-cell figures require ROCK1 activation to occur. In addition, we also observed that PCT-elicited target cell degradation was partially impaired by the pan-caspase inhibitor Z-VAD-fmk and by caspase-1 inhibitor YVAD-cmk (Figure 4b), indicating that internalized cells are eliminated through caspase-dependent death. In contrast to ionizing radiation, we detected that engulfing cells succumbs to apoptotic demise (Figure 4c). The absence of biological effect of pharmacological inhibitors on the engulfing cell fates suggests that death of cannibal cells may be triggered before cell engulfment, unrevealing the ability of dying cells to also engulf neighboring cells (Figure 4d).

We also revealed that a significant fraction of CMFDA + HCT116 cells that have been treated

with OXA or CDDP (Figure 4e) engulfed neighboring CMTMR + HCT116 cells, indicating that simultaneously to apoptosis induction, these chemotherapeutic agents also favor cellular cannibalism. These processes was repressed by ROCK1 inhibitor (Y27632) and led to the degradation of engulfed cells through a caspase-dependent mechanism (as revealed by the inhibitory effects of Z-VAD-fmk and YVAD-cmk on the degradation of HCT116 cells that have been treated with OXA or CDDP (Figures 4e and4f)). Despite these processes are respectively associated with G1 and G2/M arrest of treated CMFDA + cells (Supplementary Figures S4a-S4c), the inhibition of cell cycle progression with roscovitine did not impact the induction of cellular cannibalism (as revealed by the absence of biological effects of roscovitine on the frequencies of cannibal cells detected after OXA or CDDP (Figure 4e)). In addition, cell death profiling of HCT116 cells that have been treated with OXA or CDDP allowed us to analyze the fate of cannibal cells and revealed that the vast majority of these cells remains viable after cell engulfment, but also underlined the ability of treated CMFDA + HCT116 cells to be internalized by CMTMR + HCT116 cells (indicated as R(G) (Figures 4e and4g)). Considering that the pan-caspase inhibitor Z-VAD-fmk reduced cell engulfment of these cells, we proposed that the internalization of treated CMFDA + HCT116 cells by CMTMR + HCT116 cells corresponds to the phagocytic uptake of apoptotic CMFDA + HCT116 cells detected after OXA or CDDP treatment (Figure 3i). Thus, cell death profiling showed that like irradiated or PCT treated cells, OXA and CDDP-treated cancer cells also undergo NCADs. Altogether, these results show that major chemotherapeutic agents (such as paclitaxel, oxaliplatin and cisplatin) can simultaneously induce cell-autonomous lethal processes and non-cell autonomous death modalities on both treated and untreated cells. Interestingly, paclitaxel-elicited cell death profiling also revealed that paclitaxel simultaneously induces non-cell autonomous and cell autonomous deaths on distinct fractions of treated cell population, but also causes at distance, the apoptosis of untreated cells.

Discussion

According to previously published works 17, 21 , these results underline the individual variability of cell response to death-inducing stimuli and reveal the coexistence of many types of cell death subroutines in the same cellular population. Thus, the global effect of cell death inducers seems to be more related to the sum of biological consequences of each distinct lethal process than to the execution of a single cell death modality. These processes can occur through cell autonomous or non-cell autonomous mechanisms and act directly on treated cells, but also through bystander-effect on untreated neighboring cells. Altogether, these results demonstrate for the first time, the existence of the heterogeneity of cell death responses to anticancer treatments and may thus help to explain the apparent no link between the induction of CADs (such as apoptosis) and the clonogenic survival of cancer cells observed after ionizing radiation 17 . Considering that ionizing radiation, paclitaxel and oxaliplatin are wellknown immunogenic cell death (ICD) inducers 22 , the relative contribution of each CADs and NCADs to emit DAMPS or other immunostimulatory factors and to favor the development of tumor-specific immune responses remains to be determined.

These results also revealed the need for the systematical evaluation of the prevalence of CADs and NCADs during lethal processes that have been associated with physiological or pathological situations. In addition to cellular homeostasis in mammals 11 , phagoptosis has also been detected during the development of the nematode Caenorhabditis elegans 23, 24 . In mammals, phagoptosis has been involved in cellular and tissular homeostasis (eg. during brain development), but also during the inflammation and neurodegeneration 12 . Recently, the gene Ced-10 was shown to contribute to the killing of primordial germ cells by controlling the cannibalistic activity of endodermal cells 25 . Considering the normal embryonic development and near-normal survival of mice lacking apoptotic pathway components (such as Apaf -/-, Bax -/-, Bak -/-or double knockout mice) 26, 27 , the relative contribution of NCADs to embryonic development, cellular homeostasis and cell loss remains to be explored. In addition, cell death profiling analysis should also help for the characterization of alternative cell death mechanisms (such as keratinocyte death by cornification 28 or entosis 6 ). More important, the mechanistic elucidation of NCADs should help to revisit several concepts and signaling models that have been proposed to explain cell death processes. A particular attention will be paid to partial biological effects or shift from one cell death modality to another cell death that have been detected when cell death effectors (such as capsases) are inhibited 29, 30, 31, 32 The 405 nm, 488 nm, and 561 nm lasers were used for excitation. Brightfield, Annexin V-BV786, DRAQ7, CMFDA, CMTMR and Hoechst 33345 stainings were detected using respectively channels for 420-480 nm, 745-800 nm, 642-745 nm, 480-560 nm, 595-642 nm and 430-505 nm. At least 1000 events of cells per sample were analyzed. Additional singlelabeled controls were prepared to normalize fluorescent signal across different channels.

Material and Methods

Chemicals

Acquired data were analyzed using the IDEAS analysis software (v6.1; Merck-Millipore).

Gating strategy was the following. Cells were gated for focused cells using the Gradient RMS feature. Cells were gated for single cells using the aspect ratio and area features. For the cannibalism detection, cells were gated in the double positive CMFDA + and CMTMR + staining. Cell death profiling after co-culture of irradiated CMFDA + MCF7 cells with nonirradiated CMTMR + MCF7 cells using multispectral imaging flow-cytometry was perfomed using the same methodology.

Flow cytometry and confocal fluorescent microscopy

To detect PS exposure, plasma membrane permeability and cell cycle progression, cells were 
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Significance

Understanding the molecular mechanisms through which tumor growth can be altered is fundamental. Here, we identify entescence as a new program of cellular senescence, which is initiated with the engulfment and the elimination of live cells by cannibal cells, and ends after the death of engulfed cells with the induction of a p21-dependent senescence of cannibal cells.

Our study demonstrates that entescence is a non-cell-autonomous oncosuppressive mechanism that compromises tumor growth and is associated with breast cancer patient's response to neoadjuvant chemotherapy. Moreover, our data demonstrate that entescence is initiated by autophagy, thus revealing an unsuspected link between autophagy, non-cellautonomous death (cellular cannibalism) and senescence (entescence) processes. This link might be targeted for therapeutic intervention.

Introduction

Cannibalism, i.e. the engulfment of live individuals from the same species, represents a strategy employed by microbes and higher organisms to adapt to environmental stress (Gonzalez-Pastor et al., 2003;[START_REF] Guiral | Competence-programmed predation of noncompetent cells in the human pathogen Streptococcus pneumoniae: genetic requirements[END_REF][START_REF] Li | Engulfment is required for cell competition[END_REF][START_REF] Waddell | Breakdown of self/nonself recognition in cannibalistic strains of the predatory slime mold, Dictyostelium caveatum[END_REF]. Although cellular cannibalism has been rarely studied in physiological situations (Li et al., 2015), cannibal cells have been observed as "cell-in-cell structures" in various human tumor types, including breast carcinoma (Cano et al., 2012;Overholtzer and Brugge, 2008). Initially described as a tumor evasion strategy used by cancer cells for the elimination of immune cells, cellular cannibalism has been suggested to reflect cellular competition within malignant lesions (Kroemer and Perfettini, 2014;Overholtzer and Brugge, 2008;Sun et al., 2014). Entosis (from the Greek word entos, which means within) is a cell death mechanism that results from the internalization of live "target" cells by live "cannibal" cells (Overholtzer et al., 2007). The interaction between cancer cells initiates the formation of adherent junctions containing E-cadherins and facilitates cellular invasion through a Rho-dependent signaling pathway. Once internalized, cells are eliminated by a nonapoptotic process, which requires an autophagy-protein-dependent fusion of lysosomes with vacuolar membranes (Durgan et al., 2017;Florey et al., 2011;Hamann et al., 2017;Overholtzer et al., 2007). An inverse correlation between entosis induction and metastasis has been reported for human pancreatic adenocarcinoma, suggesting that this process may represent an intrinsic tumor suppression mechanism (Cano et al., 2012). Cellular cannibalism may also promote oncogenesis indirectly by favoring cancer dormancy (Bartosh et al., 2016) or by inducing the polyploidization of the engulfing cell, thus giving rise to aneuploid daughter cells (Krajcovic et al., 2011). As a consequence of homotypic interactions between cancer cells or heterotypic interactions between cancer cells and other (stromal or immune) cells, cannibalism could have opposite effects on tumor growth and disease outcome, depending on the genetic status of target and/or cannibal cancer cells. Although cytological evidence of "cell-in-cell" structures has been widely reported in human tumors (Overholtzer and Brugge, 2008), the molecular and cellular bases of cellular cannibalism remain largely enigmatic.

Initially defined as a stress-induced irreversible form of cell-cycle arrest that is responsible for cell-autonomous tumor suppression (Campisi and d'Adda di Fagagna, 2007;[START_REF] Hayflick | The Limited in Vitro Lifetime of Human Diploid Cell Strains[END_REF]Hayflick and Moorhead, 1961), cellular senescence has been recently associated with the elimination of unwanted or damaged cells during physiological processes such as embryonic development [START_REF] Storer | Senescence is a developmental mechanism that contributes to embryonic growth and patterning[END_REF] and in non-tumorigenic pathologies such as liver fibrosis and wound healing (Baker et al., 2011;[START_REF] Jun | The matricellular protein CCN1 induces fibroblast senescence and restricts fibrosis in cutaneous wound healing[END_REF][START_REF] Krizhanovsky | Senescence of activated stellate cells limits liver fibrosis[END_REF]. Inversely, the accumulation of senescent cells has been detected in normal aging and in several age-related diseases (such as atherosclerosis and type-2 diabetes) [START_REF] Childs | Cellular senescence in aging and age-related disease: from mechanisms to therapy[END_REF], indicating that the accumulation of senescent cells is a tightly controlled homeostatic process that, once dysregulated may participate to disease development. Despite the fact that the clearance of senescent cells by immune cells (also known as immunosurveillance of senescent cells) [START_REF] Hoenicke | Immune surveillance of senescent cells--biological significance in cancer-and non-cancer pathologies[END_REF]Kang et al., 2011) or after senolytic treatments [START_REF] Chang | Clearance of senescent cells by ABT263 rejuvenates aged hematopoietic stem cells in mice[END_REF] has been shown to limit the development of cancer and non-cancer pathologies, the molecular mechanisms involved in the removal of senescent cells are poorly characterized. The tumor suppressor gene p53 plays a major role in the induction of cellular senescence [START_REF] Kortlever | Plasminogen activator inhibitor-1 is a critical downstream target of p53 in the induction of replicative senescence[END_REF], yet also participates to other regulatory functions that are required to halt tumor cell progression, migration and invasion [START_REF] Gadea | Loss of p53 promotes RhoA-ROCK-dependent cell migration and invasion in 3D matrices[END_REF]. The tumor suppressor activities of p53 can be linked to various cell death programs [START_REF] Yonish-Rouach | Wild-type p53 induces apoptosis of myeloid leukaemic cells that is inhibited by interleukin-6[END_REF], protection against DNA damage [START_REF] Brady | Distinct p53 transcriptional programs dictate acute DNA-damage responses and tumor suppression[END_REF], modulation of cellular metabolism [START_REF] Gottlieb | p53 regulation of metabolic pathways[END_REF][START_REF] Tolstonog | Metabolic sensing by p53: keeping the balance between life and death[END_REF], activation of anti-angiogenic pathways [START_REF] Teodoro | Inhibition of tumor angiogenesis by p53: a new role for the guardian of the genome[END_REF] and stimulation of anticancer immune responses [START_REF] Lujambio | Non-cell-autonomous tumor suppression by p53[END_REF][START_REF] Yoon | Control of signaling-mediated clearance of apoptotic cells by the tumor suppressor p53[END_REF].

Considering the functional pleiotropy of p53, we investigated the role of p53 during cellular cannibalism. Here, we reveal that p53 and its isoform Δ133p53 repress cellular cannibalism as well as a new type of senescence induction that occurs after engulfment of neighboring cell.

Paraphrasing the term that describes entosis as a death mechanism affecting internalized cells, we coined the word "entescence" to describe the senescence of engulfing cells. In this report, we describe the molecular regulation of entescence and define its contribution to tumor suppression in the context of cancer treatment.

Results

The CMTMR probes (Figures 1D and1F). These conditions also activated the ROCK-dependent signaling pathway in HCT116 cells (Figure S1E) and in human primary fibroblasts (Figure S1F). Regardless of the method of p53 inactivation, inhibition of the serine threonine kinase ROCK by Y27632 (Overholtzer et al., 2007) 

Chemotherapy and radiotherapy induce cellular cannibalism through the modulation of ROCK1-dependent E-cadherin surface exposure

We then assessed the possibility that anticancer treatments including chemotherapy and radiotherapy may trigger cellular cannibalism. We observed that the homotypic co-cultures of HCT116 cells that were treated with cisplatin (CDDP), ionizing radiation (IR) or mitoxantrone (MTX) increased the frequency of cannibalistic events that required ROCK but not caspase activation (Figures 2A andS2A), thus revealing that anticancer treatments also trigger cellular cannibalism. To further decipher the molecular mechanisms involved in the cellular cannibalism, we screened a siRNA library targeting 711 human protein kinases for IR-elicited cell internalization. Among cancer cell lines that we previously analyzed for spontaneous cellular internalization (Figures S1A andS1B), we found that the breast carcinoma MCF7 cell line, which spontaneously invades neighboring cells and undergoes entosis (Overholtzer et al., 2007), acquires cannibalistic activity under conditions of ionizing radiation (Figure S2B). Thus, 48-hours post-transfection of distinct siRNAs, MCF7 cells were irradiated with 8 Gy and labeled with (green) CMFDA. Cells were then mixed with (red) CMTMR-labeled MCF7 cells, at a 1:1 ratio, and cultured for 8 hours. Multispectral imaging flow-cytometry analysis of (green) CMFDA + MCF7 cells that engulfed (red) CMTMR + MCF7 cells (noted as G(R)) (Figure 2B) indicated that the depletion of cyclin-dependent kinases (such as CDK18, CDK20 or CDK1) or cyclin-dependent kinase inhibitors (such as p19, p21 or p27) significantly modulated the frequency of cannibal cells detected after IR (Figures 2C and2D). Using String-network analysis, we identified a functional interactome between these cell cycle regulators (Figure S2E). Classical fluorescence microscopy confirmed that the depletion of p19, p21 or p27 in irradiated cells inhibited the cellular IR or MTX treatment (Figure 2P). This accumulation depends on ROCK1 activity as revealed by the inhibition of the ROCK-1-mediated phosphorylation on serine 19 of Myosin Light Chain 2 (MLC2S19*) in p21-depleted HCT116 cells that had been treated with CDDP or IR (Figure 2Q), as well as by the impairment of E-cadherin surface expression on HCT116 cells subsequent to ROCK1 depletion (Figure S2D) and exposure to CDDP, IR or MTX (Figure 2R)). Altogether, these results indicate that chemotherapy and radiotherapy may control cellular cannibalism through the modulation of the ROCK1-dependent E-cadherin surface exposure.

Autophagy-dependent ATP release and autocrine P2Y2 purinergic signaling pathway activation are key steps for the induction of cellular cannibalism

Stressed and dying cells can expose 'eat-me' signals or lose 'don't-eat-me' signals, resulting in their engulfment by neighboring cells [START_REF] Poon | Apoptotic cell clearance: basic biology and therapeutic potential[END_REF]. To explore such signals in early phases of cellular cannibalism, we measured extracellular ATP, which has been previously associated with cell-cell interactions (Seror et al., 2011). Cells rapidly released ATP upon treatment with CDDP or IR (Figure 3A), as well as after Δ133p53 or p53 depletion (Figure 3B). Consistent with the role of autophagy in the release of ATP from stressed cells [START_REF] Michaud | Autophagy-dependent anticancer immune responses induced by chemotherapeutic agents in mice[END_REF] and the ability of cell cycle regulators that we previously identified (Figure 2) to regulate autophagy [START_REF] Capparelli | CDK inhibitors (p16/p19/p21) induce senescence and autophagy in cancer-associated fibroblasts, "fueling" tumor growth via paracrine interactions, without an increase in neo-angiogenesis[END_REF][START_REF] Furuya | Negative regulation of Vps34 by Cdk mediated phosphorylation[END_REF][START_REF] Wong | Cdk5-mediated phosphorylation of endophilin B1 is required for induced autophagy in models of Parkinson's disease[END_REF], we observed the autophagy-associated conversion of LC3-I into LC3-II after treatment with CDDP, IR or MTX (Figure 3C), Δ133p53 depletion (Figure 3D), p53 deletion (Figure S3A) and p21 overexpression (Figure S3B), thus revealing that all inducers of cellular cannibalism also trigger autophagy. In addition, we found that the overexpression of p21 (Figure S3C) significantly increased the frequency of U2OS cells with GFP-LC3 + puncta (Figures 3E and3F) and the number of GFP-LC3 + puncta per cell (Figure S3D), thus confirming that the sustained expression of p21 triggers autophagy of host cells. To examine the contribution of autophagy to cellular cannibalism, we then depleted essential autophagy-relevant gene products such as ATG5 and Beclin 1 (BCLN1 S3J). Interestingly, the knockout of the p21 gene impaired the ATP release detectable after treatment with CDDP, IR or MTX (Figure S3K), indicating that the p21-dependent autophagy of host cells modulates ATP release. Addition of recombinant apyrase, which hydrolyzes extracellular ATP, reduced the cellular internalization triggered by p53 or Δ133p53 depletion in HCT116 and PANC 8.13 cells (Figures 3I andS3L). Conversely, supplementation with ATP or UTP strongly enhanced ROCK-dependent cell engulfment (Figure 3J), confirming that these nucleotides can stimulate cellular cannibalism. Considering that extracellular ATP and UTP can exert their functions through the activation of membrane bound P2Y2 purinergic receptors [START_REF] Soltoff | Activation of P2Y2 receptors by UTP and ATP stimulates mitogen-activated kinase activity through a pathway that involves related adhesion focal tyrosine kinase and protein kinase C[END_REF], we evaluated the contribution of these receptors to cellular cannibalism and observed that kaempferol, an inhibitor of P2Y2 purinergic receptors (P2Y2i), suppressed the ATP-and UTP-induced cellular cannibalism (Figure 3J). Immunoblot analyses revealed that P2Y2 protein was upregulated in irradiated cells (Figures 3K), in CDDP or MTX-treated cells (Figures 3K and3L), in Δ133p53 depleted cells (Figure 3M) and in p53 deleted cells (Figure 3N). P2Y2 knockdown reduced cellular cannibalism resulting from p53 or Δ133p53 depletion in HCT116 cells (Figures 3O andS3M). In addition to ATG5 or BCLN1 silencing, which impairs ATP release from cannibal cells, depletion of P2Y2 or ROCK1 from cannibal cells or from target cells, respectively, was sufficient to reduce cellular cannibalism after p53 deletion (Figures 3P andS3N) or ionizing radiation (Figures 3Q andS3O), implying that extracellular ATP stimulated P2Y2 receptors in cannibal cells in an autocrine fashion.

Accordingly, E-cadherin surface expression was reduced after inhibition of autophagy or P2Y2 (Figures 3R-3T). Taken together, these results suggest that the autophagy of host cells initiates cellular cannibalism by increasing E-cadherin surface expression as a consequence of the activation of an autocrine P2Y2-dependent purinergic signaling pathway.

Cellular cannibalism leads to entescence

In agreement with previous reports describing the fate of engulfed cells during entosis (Florey et al., 2011;Overholtzer et al., 2007), we observed through time lapse imaging of cannibal HCT116 cells obtained after Δ133p53 depletion that after engulfment CMFDA + target cells were degraded. In addition, we found that CMTMR + cannibal cells remained viable and subsequently increased their cell size and nuclear diameter as they adopted a senescent morphology (Figures S4A-S4D). To investigate the long-term fate of cannibal cells, we generated HCT116 cells that stably expressed green or red fluorescent proteins in their nuclei (as GFP-histone H2B or RFP-histone H2B fusion proteins). Mixtures of such cells were cocultured for several days, with or without previous deletion of p53 (Figures 4A and 4B) or depletion of Δ133p53 (Figures 4C and4D) to induce cellular cannibalism. Cell-in-cell structures were isolated by FACS and sorted individually into microtiter plates (with one single structure per well). Fluorescent microscopy analysis (Figures 4A and4C) confirmed that after the degradation of engulfed cells, cannibal cells exhibited a senescent morphology.

These processes were associated with the inhibition of cell proliferation (Figures 4B and4D S4N) and an increased incorporation of EdU (Figures S4L andS4O) after the depletion of the Δ133p53 isoform. These results demonstrated that cannibal cells undergo a ROS/p21-dependent senescence process that requires p53 family members. Taken together, these results suggest that before the induction of cell-autonomous senescence, a senescence program can occur in host cannibal cells, as a correlate of the engulfment process. We termed this new mode of senescence "entescence".

Entescence impairs cannibal cells' proliferation and tumor growth

Despite cellular engulfment may promote aneuploidy of engulfing cells (Krajcovic et al., 2011;Krajcovic and Overholtzer, 2012), the molecular mechanisms preventing this process were never investigated. Our results led us to postulate that entescence may constitute an oncosuppressive mechanism that impairs the proliferation of aneuploid cannibal cells. 5E). To dissect the contribution of cellular cannibalism to genomic instability and aneuploidy, we evaluated the effects of apyrase, P2Y2i, Y27632, NAC and MnTBAP on the total copy number of chromosomes 8

(Figure 5F) and 12 (Figure S5C) in homotypic cultures of control and p53 -/-HCT116 cells (Figures 5F andS5C). Inhibitors of cell engulfment (such as apyrase, P2Y2i and Y26732) restored normal copy numbers for chromosomes 8 and 12, while inhibitors of entescence that do not interfere with engulfment (NAC and MnTBAP) had no effect. These results indicate that aneuploidy of cannibal cells occurs after cellular engulfment. To examine specifically the relationship between aneuploidy and entescence, we next determined whether cancer cells harboring transcriptionally inactive mutants of p53 (such p53 R273H or p53 R248W ) -which are known to inhibit cell-autonomous senescence and to abolish the tumor suppression activities of p53 [START_REF] Schmitt | A senescence program controlled by p53 and p16INK4a contributes to the outcome of cancer therapy[END_REF][START_REF] Sigal | Oncogenic mutations of the p53 tumor suppressor: the demons of the guardian of the genome[END_REF] -might also fail to induce entescence and favor the proliferation of aneuploid cannibal cells. In human colon cancer HT29 cells, which are p53 mutated (p53 R273H/R273H ), the depletion of the Δ133p53 isoform triggered the cellular cannibalism (Figures 5G,5H and S5D). This process that could also be detected after CDDP, MTX or IR treatment (Figure S5E) occured in a caspase-independent and ROCK-dependent fashion (Figure 5H). Copy numbers of chromosomes 8 and 12 were significantly increased in 5O) and entescence-defective cannibal cells (Figure 5O). We confirmed these results after sorting single or cannibal p53 -/-HCT116 cells (Figure 5P) and using another cellular model that is well characterized for its propensity to undergo entosis after cellular invasion, namely MCF7 breast cancer cells (Overholtzer et al., 2007;Sun et al., 2014) (Figure 5Q), knowing that these cells indeed spontaneously undergo massive P2Y2/ROCK/ROS-dependent entescence (Figures S5J-S5M). Altogether, these results demonstrate that entescence is a novel non-cell-autonomous oncosuppressive mechanism.

Bypassing entescence promotes specific cancer-associated genetic alterations and confers survival advantages to cancer cells

We next determined whether the escape from entescence may affect the genomic instability and the behavior of cancer cells. In this context, SV40 large T antigenimmortalized human (HThy-ori 3.1) thyrocytes were irradiated with various doses, labeled with CMTMR cell tracker, and co-cultured for 24 hours with CMFDA-labeled HThy-ori 3.1 cells as described above. Fluorescence microscopy analysis revealed that irradiated HThy-ori 3.1 cells exhibited cannibalistic activity (Figures 6A andS6A). In their vast majority, irradiated cannibal HThy-ori 3.1 cells 'escaped' entescence (as revealed by low p21 and high Ki-67 expression (Figures 6B, S6B and S6C)). Moreover, the induction of cellular cannibalism positively correlated with the appearance of micronuclei in irradiated cells (Figures 6C andS6D), confirming that cellular cannibalism and genomic instability are two interlinked processes. To specify the relationship between genomic instability and escape to entescence, we determined the impact of cellular cannibalism on the occurrence of the transforming RET/PTC1 chromosomal rearrangement that is triggered by the irradiation of thyrocytes (Ameziane- [START_REF] Ameziane-El-Hassani | Role of H2O2 in RET/PTC1 chromosomal rearrangement produced by ionizing radiation in human thyroid cells[END_REF]. Remarkably, the frequency of RET/PTC1 chromosomal rearrangements increased significantly when HThy-ori 3.1 cells were irradiated when the cellular density was increased to stimulate cell engulfment (Figure 6D), suggesting that the escape of irradiated HThy-ori 3.1 cells from entescence may favor the transformation of human thyrocytes. To gain a genome-wide view of the biological consequences of the evasion from entescence, we performed a comparative genomic hybridization (CGH) analysis, comparing 'escaped' and control single cells. Thus, p53 R248W/-HCT116 cells were irradiated with 8 Gy. After 24 hours, single and cannibal cells were purified, and 3 control clones, 5 irradiated clones, 16 clones that 'escaped' from spontaneous entescence and 16 clones that 'escaped' from IR-mediated entescence were generated and characterized. Even though all clones obtained were near diploid (excepted two tetraploid clones that spontaneously escaped from entescence, Figure 6E) and revealed the same proliferative potential (Figure 6F), approximately 85% of clones obtained from sorted spontaneous cannibal cells and from cannibal cells obtained after irradiation showed an increased frequency of micronuclei (Figure 6G), indicating that cells escaping from entescence exhibit genomic instability. CGH analysis confirmed these observations, revealing that 65% of 'escaped' clones displayed specific genomic alterations with amplification in the genomic regions 3p26, 6q21, 7q33, 13q21 and 22q11, and deletions in 4p15, 6p22, 10q24-10q25, 15q11, 15q22, 16q24 and 17q21 as compared to single control (Figure 6H). Interestingly, clones escaping from entescence were more resistant to serum starvation than control clones (Figure 6I), indicating that the 'escaped' cells possess survival advantages when deprived from essential factors. Collectively, these results indicate that cancer cells that override the entescence program demonstrate genomic instability and enhanced capabilities to sustain proliferation and survive in a stressful microenvironment.

Cellular cannibalism, entescence and entescence bypass are detected in human biopsies

Next, we measured the frequency of cell-in-cell structures before and after neoadjuvant chemotherapy of locally advanced human breast adenocarcinoma. All diagnostic biopsies revealed features of cellular cannibalism (Figures 7AI, 7AII, S7AI and S7AII). The frequency of cell engulfment, which was approximately 10-fold higher in primary breast carcinomas than in normal tissues (Figure 7B and Table S1), increased with histological tumor grade (Figure S7B), suggesting that cellular cannibalism may be associated with disease aggressiveness. Next, we examined the presence of the senescence marker p21 in β-catenin-stained cell-in-cell structures in tumor biopsies from patients who received six cycles of neoadjuvant chemotherapy with mitoxantrone or a neoadjuvant anti-estrogen treatment. In approximately half of the neoadjuvant treated tumors, single and cannibal cells stained positively for p21 (Figures 7C, 7D and Table S2). Hence, neoadjuvant anticancer treatment (such as chemo-and hormone-based therapies) can induce entescence.

We then determined the impact of cellular cannibalism and entescence on tumor and disease progression in breast cancer patients that were subjected to neoadjuvant chemotherapy with six cycles of anthracycline-based treatments, while distinguishing nonresponders and responders (the latter manifesting a pathological complete response (pCR) as determined by histopathological examination of the surgical specimen (Table S3)). The frequency of cell-in-cell structures increased in responders but not in non-responders (Figure 7E). Moreover, the post-chemotherapy surgical specimens revealed that engulfing cells from responders displayed more prominent signs of entescence (such as increase of cellular and nuclear size, expression of p21, as well as decrease of Δ133p53 mRNA expression) (Figures 7F, 7G and S7CI-S7CIII) than host cells from non-responders. In this cohort of patients, a high frequency of cellular cannibalism after treatment was associated with an improved disease-free status and overall survival (Figures S7D andS7E).

Altogether, these results indicate that cellular cannibalism and entescence have a favorable prognostic impact.

Considering that 60 to 90% of triple negative breast cancer (TNBC) cells are mutated for p53 [START_REF] Shah | The clonal and mutational evolution spectrum of primary triplenegative breast cancers[END_REF][START_REF] Sorlie | Gene expression patterns of breast carcinomas distinguish tumor subclasses with clinical implications[END_REF], we determined whether the detection of cellular cannibalism without induction of entescence in TNBC tumors was associated with the lack of efficiency of neoadjuvant treatment. In TNBC, cell-in-cell structures stained negatively for p21, suggesting entescence failure (Figures 7HI and7HII). We evaluated the frequency of cannibal cells on 59 TNBC biopsies (obtained after neo-adjuvant treatment) and observed that the accumulation of cellular cannibalism was associated with a higher risk of relapse (Figure 7I and Table S4), as well as a strong reduction of disease-free and overall survival (Figures 7J and7K). Moreover, cannibal cells stained positively for the proliferation marker Ki-67 (Figures 7LI,7LII,7M and S7F), supporting the interpretation that cannibalism fails to trigger entescence in TNBC. Overall, these data are compatible with the hypothesis that entescence is an oncosuppressive mechanism.

Discussion

Although the vast majority of cell death types occur in a cell-autonomous manner, entosis is a lethal process that is initiated by the invasion of one live cell by another live cell and leads to the degradation of the internalized "target" cells by "host" cell lysosomes, demonstrating the existence of a non-cell-autonomous death mechanism (Cano et al., 2012;Martins et al., 2017;Overholtzer et al., 2007). This atypical cell-in-cell death is induced by E-cadherins and regulated by autophagy-related (ATG) proteins (such as ATG5) and cathepsins from "host" cells, but does not require caspase activation in target cells (Florey et al., 2011;Overholtzer et al., 2007). Recently, other hitherto poorly characterized cell-in-cell death modes (such as emperitosis) have been identified (Wang et al., 2013).

Most studies of cell-in-cell structures have focused on the lethal fate of the engulfed cells, while few studies have addressed the behavior of host cells, apart from one, showing that the engulfing cells may endure cytokinesis failure, which favors asymmetric cell divisions, ultimately resulting in aneuploidy (Krajcovic et al., 2011). Here, we report that cellular cannibalism may initiate entescence, a new type of cellular senescence. The entescent state is defined by an irreversible growth arrest affecting cannibal cells, associated with an increase of nuclear and cellular size, polyploidization and genomic instability, expression of the cytoplasmic senescence-associated β-galactosidase and persistent expression of cyclindependent kinase inhibitor p21. Of note, p21 plays a central and dual role during entescence.

First, we observed that, like all modulators of cellular cannibalism that we identified (such as the transcription factor p53, its isoform Δ133p53 and sub-lethal doses of anticancer agents such as CDDP, MTX or IR), the increased expression of p21 induced signs of autophagy. We also found that the autophagy-related proteins ATG5 and BCLN1 expressed by host cells control the accumulation of E-cadherin at the membrane of host cells (through the modulation of ATP release, the autocrine stimulation of the P2Y2 purinergic receptor and the activation of ROCK1) and promote cellular cannibalism. Since the purinergic P2Y2 receptor contributes to actin cytoskeleton rearrangements by activating proline-rich kinase-2 (PYK2) (Seror et al., 2011) and through the Rho-dependent formation of stress fibers [START_REF] Chen | ATP release guides neutrophil chemotaxis via P2Y2 and A3 receptors[END_REF][START_REF] Liao | The P2Y2 nucleotide receptor requires interaction with alpha v integrins to access and activate G12[END_REF], it is conceivable that P2Y2 ligation may also trigger the reorganization of the actin cytoskeleton through ROCK1-dependent mechanisms, which ultimately facilitates the engulfment of neighboring cells. Finally, we observed that cannibal cells acquired the entescent state through a p21-dependent pathway that was regulated by p53 family members including p53 itself and p73. Entescence suppresses the proliferation of aneuploid cannibal cells, hence avoiding the proliferation of genomically unstable cells. Our results unravel unsuspected molecular and cellular links between autophagy, cellular cannibalism, and the induction of entescence. Interestingly, we observed that the inhibition of cellular cannibalism (and the subsequent entescence) reduced the number of cellular events showing biochemical hallmarks of senescence, thus revealing that the cellular senescence corresponds to the sum of cell-autonomous and non-cell-autonomous senescence programs. These results highlight the heterogeneity of cellular responses to senescence inducers and the existence of a hitherto poorly explored crosstalk between cell cycle regulators (such as cyclin-dependent kinase inhibitors), autophagy, cell death and senescence.

The data presented here also show that the presence of dominant-negative mutations of p53 favors cell engulfment but reduces entescence, thus confirming that cellular cannibalism occurs before the senescence of cannibal cells and when cell-autonomous senescence programs are impaired. This situation would be reminiscent of the role of p21 in senescence, which can affect the senescence regulatory network at distinct levels via p53-dependent and p53-independent pathways [START_REF] Beausejour | Reversal of human cellular senescence: roles of the p53 and p16 pathways[END_REF][START_REF] Cipriano | TGF-beta signaling engages an ATM-CHK2-p53-independent RAS-induced senescence and prevents malignant transformation in human mammary epithelial cells[END_REF][START_REF] Coppe | Tumor suppressor and aging biomarker p16(INK4a) induces cellular senescence without the associated inflammatory secretory phenotype[END_REF]Kang et al., 2015;[START_REF] Prieur | p53 and p16(INK4A) independent induction of senescence by chromatin-dependent alteration of S-phase progression[END_REF]Rodier et al., 2009). This reflects the fact that p21, which is one of the principal effectors of entescence, can be activated by p53-dependent and p53-independent pathways [START_REF] Abbas | p21 in cancer: intricate networks and multiple activities[END_REF][START_REF] Davies | p53-independent epigenetic repression of the p21(WAF1) gene in Tcell acute lymphoblastic leukemia[END_REF]Macleod et al., 1995;[START_REF] Moiseeva | Retinoblastoma-independent regulation of cell proliferation and senescence by the p53-p21 axis in lamin A /C-depleted cells[END_REF][START_REF] Prieur | p53 and p16(INK4A) independent induction of senescence by chromatin-dependent alteration of S-phase progression[END_REF][START_REF] Sankala | Involvement of sphingosine kinase 2 in p53-independent induction of p21 by the chemotherapeutic drug doxorubicin[END_REF] as well by other members of the p53 family including p73 when p53 is lost [START_REF] Kaghad | Monoallelically expressed gene related to p53 at 1p36, a region frequently deleted in neuroblastoma and other human cancers[END_REF].

As mentioned above, the presence of cell-in-cell structures in human cancers may have a positive or a negative prognostic impact, depending on the particular type of malignancy.

Accordingly, it is tempting to speculate that the capacity of cannibal cells to enter senescence determines the biological significance of cell-in-cell structures in the context of cancer. We believe that the main biological consequence of cell-in-cell structure formation is oncosuppression. Thus, engulfed cells succumb to the combined action of pro-autophagic and pro-apoptotic signals (not shown), while cannibal cells activate the entescent program.

However, when entescence fails to occur, cell-in-cell structures could represent an oncologic Trojan Horse (Figure 7N), since the engulfing cell become aneuploid and generate offspring that is even more malignant and participates in tumor progression. Hence, like canonical senescence affecting single cells [START_REF] Kuilman | The essence of senescence[END_REF], entescence may represent a barrier against tumor progression in vivo. Our work is in accordance with a recent publication revealing that cannibal cells can secrete senescence-associated secretory phenotype proteins (Bartosh et al., 2016).

Considering that cellular senescence might determine the long-term survival of patients after chemotherapy [START_REF] Schmitt | Senescence, apoptosis and therapy--cutting the lifelines of cancer[END_REF], we analyzed biopsies obtained from a cohort of breast adenocarcima patients (which included all breast cancer subtypes) treated with one round of See also Figure S1. P values were calculated by means of t-test (J) and one-way ANOVA test (K and N).

See also Figure S2. P values were calculated by means of one-way ANOVA test (A, B, H, P and Q) and t-test (F).

See also Figure S3. See also Figure S5. See also Figure S6. 

Contact for Reagent and Resource Sharing

Further information and requests for material should be directed to the Lead Contact: Jean-Luc Perfettini (perfettini@orange.fr).

Experimental Procedures

Pharmacological inhibitions and senescence induction.

Primary human fibroblasts (WI38), primary human keratinocytes (HEKn), human colorectal were detected using flow quantitative imaging and IR-mediated cellular cannibalism was analyzed using Amnis IDEAS V6.2 image analysis software.

RNA interference and plasmid transfections.

Small interfering RNAs (siRNAs) specific for p53, p73, Δ133p53, ATG5, BCLN1, p21, p27, p19, P2Y2, ROCK1 and control siRNA were transfected 48 hours before co-culture using Oligofectamine (Invitrogen). Cells were also transiently transfected with empty vector alone, or together with plasmids encoding GFP in presence or in absence of p53 WT , p53 NES-, p53 NLS-, p53 R175H , p53 R273H (Tasdemir et al., 2008) or Δ133p53 [START_REF] Fujita | p53 isoforms Delta133p53 and p53beta are endogenous regulators of replicative cellular senescence[END_REF] using Lipofectamine 2000 (Invitrogen). Human p21 gene was subcloned in the pAS1B plasmid vector. Transfection with pAS1B control vector or expressing human p21 gene was perfomed with Fugene® transfection reagent (Promega) 24 hours before fluorescent microscopy or immunoblot analysis.
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See Table S5 for sequences of siRNAs.

Immunoblots and immunofluorescence.

Total cellular proteins were extracted in 250 mM NaCl-containing lysis buffer (250 mM NaCl, 0.1% NP40, 5 mM EDTA 10 mM Na 3 VO 4 , 10 mM NaF, 5mM DTT, 3 mM Na 4 P 2 O 7 ) and the protease inhibitor cocktail (EDTA-free protease inhibitor tablets, Roche). Protein extracts ( 50µg) were run on 4-12% SDS-PAGE and transferred at 4°C onto a nitrocellulose membrane.

After blocking, membranes were incubated with primary antibody at 4°C overnight.

Horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit (Southern Biotechnology)

antibodies were then incubated during 1 h and revealed with the enhanced ECL detection system. After 48 hours of transfection with specific indicated siRNA, cells were stained with Detection of senescence associated β galactosidase.

After co-culturing of 48h, cells were fixed and stained using the senescence β-galactosidase staining kit (Cell signaling technologies) to detect senescence associated β galactosidase (SA-βGal) activity as previously described [START_REF] Matsuura | Senescent phenotypes of skin fibroblasts from patients with Tangier disease[END_REF].

In vivo tumor cell competition assay.

To evaluate impact of entescence in vivo, we developed purification strategies to obtain entescence-enriched fractions and single cell fractions using two cellular models, namely, homotypic cultures of p53 +/+ HCT116 or p53 R248W/-HCT116 cells that have been irradiated (or not with 4 Gy), p53 -/-HCT116 or MCF7 cells. Thus, 2.8 10 8 cell-tracker stained 4Gyirradiated p53 +/+ , p53 R248W/-, p53 -/-HCT116 cells and were cultured for 48 hours and purified using counterflow centrifugal elutriation to separate single cells from cannibal cells based on their sizes, shapes and densities. Briefly, after a homotypic culture, cells were collected and suspended in 50 ml of cold (4°C) PBS buffer and placed on ice before elutriation. Sequential elutriations were performed by means of a Beckman elutriation system (Avanti J-26 XP centrifuge combined with a JE-5.0 elutriator). Cells were loaded into a precooled (4 °C) 5-ml chamber that rotated at 2250 rpms with a flow rate of 10 ml/min. Then 3 fractions were collected by centrifugation. Fraction 1 contained highly purified single cell population.

Fraction 2 contained a mixed population of single cells and cannibal cells. Fraction 3 was enriched in entescent cells. The chamber rotation speed was maintained at 2250 rpms for each fraction. The media flow rate was maintained at 48 ml/min for fraction 1 and at 62 ml/min for fraction 2. Cells that remained in the chamber when the rotor was turned off correspond to fraction 3. We repeated this process seven times and separately pooled fractions 1 and 3.

Fraction 2 was discarded. To enhance the efficiency of enrichment, we elutriated the pooled fractions three times again and finally collected the fractions for injections into mice. Then we analyzed the quality of cell purification using fluorescent microscopy. We obtained highly purified fractions of single cells (control p53 +/+ HCT116 cells: 99.8 ± 0.1%; 4 Gy-irradiated p53 +/+ HCT116 cells: 98.9 ± 0.2%; control p53 R248W/-HCT116 cells: 99.9 ± 0.05%; 4 Gyirradiated p53 R248W/-HCT116 cells: 99.06 ± 0.3% and p53 -/-HCT116 cells: 99 ± 0.006%) and fractions enriched in cannibal cells (with respectively 20.02 ± 1.8%, 19.6 ± 0.6% and 24.85 ± 3.95%) of cannibal cells obtained from homotypic cultures of 4 Gy-irradiated p53 +/+ HCT116 cells, 4 Gy-irradiated p53 R248W/-HCT116 cells and p53 -/-HCT116 cells). Among these cannibal cells, 81.8 ± 3.2% (p53 +/+ cells), 7 ± 0.2% (p53 R248W/-cells) and 68,6 ± 1.2% (p53 -/- cells) were p21 + . In addition, we performed homotypic cultures of 2 10 8 cell-tracker stained MCF7 cells during 48 hours and purified cellular fractions using the BD Influx™cell sorter.

We obtained single cell and cannibal cell fractions (with 92 ± 5.63% of single cells and 71.6 ± 2.3% of cannibal cells, respectively). Among these purified cannibal cells 45.6 ± 1.2% were p21 + at the time of injection into mice. 5 10 5 cells were resuspended in medium containing a matrigel basement membrane Matrix (BD Biosciences). Then, cells were injected subcutaneously into mouse.

Detection of RET/PTC1 rearrangement.

HThy-ori 3.1 cells were irradiated at 5 Gy and were grown in normal (at a density of 2.2 10 4 cells per well in 6-well plates) or co-culture (at a density of 2.2 10 4 cells per well in 48-well plates) conditions during 2 days. Then, cells were harvested and grown in 6-well plates. After 13 days, RNA were isolated using NucleoSpin RNA II kit (Macherey Nagel) following the manufacturer's instructions and the RET/PTC1 rearrangements were detected using selected primers for RET (RT-RET-994), for the human external RET/PTC1 (positive sens: PTC1 exon 2 and negative sens: RET exon 12) and for human internal RET/PTC1 (positive sens: PTC1 exon 2 and negative sens: RET exon 2) according to previously published work (Ameziane- [START_REF] Ameziane-El-Hassani | Role of H2O2 in RET/PTC1 chromosomal rearrangement produced by ionizing radiation in human thyroid cells[END_REF].
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See Table S6 for sequences of primers Isolation, purification and functional characterization of control or irradiated escaped HCT116 p53 R248W/-cells.

To isolate and purify cellular clones obtained from cannibal cells that escaped entescence, homotypic cultures of HCT116 p53 R248W/-cells that have been half labeled with 5chloromethylfluorescein diacetate (CMFDA) and half labeled with5-(and-6)-(((4chloromethyl)benzoyl)amino) tetramethylrhodamine (CMTMR) were irradiated (or not) with 4 Gy, cultured for 24 hours and purified using the BD Influx™cell sorter (Becton Dickinson)

As described above, single cells and cell-in-cell structures were seeded in microtiter 96-well plates (with one single structure per well). Sorted populations (single cell and cannibal cell)

were then validated by fluorescence microscopy. Thus, 3 control clones, 5 irradiated clones, 16 clones that 'escaped' to spontaneous entescence and 16 clones that 'escaped' to IRmediated entescence were generated and analyzed for cell cycle, proliferation, statistical environment in v3.4 (http://cran.r-project.org). Acquired raw intensities were normalized by subtracting the respective labeling dye differences, and pre-computed local GC% content through a lowess regression. Test and reference intensities were then combined as log2(test/ref) and segmented using the CBS algorithm implementation [START_REF] Olshen | Circular binary segmentation for the analysis of array-based DNA copy number data[END_REF] from the 'DNAcopy' package (v.1.50.1) with default parameters. Centering of profiles was performed using a in-house method selecting the most-centered mode in the distribution density of probes' log2(ratio) values. Aberration status calling was automatically performed for each profile according to its internal noise (absolute variation of log2(ratio) values across consecutive probes on the genome). Processing of profiles comparing a test sample versus another one was performed the same way as test versus reference, albeit reference intensity were replaced by sample 2 intensity, resulting in a direct differential profile. All genomic coordinates were established on the UCSC human genome build hg19 [START_REF] Karolchik | The UCSC Genome Browser Database[END_REF]. Genomic instability measurement was performed using two approaches. First, as the number of genomic segment for each profile. Second, as the fraction of the total genomic content identified as aberrant. Differential analyses were performed using non-parametric statistical tests (Wilcoxon for 2-classes and Kruskal-Wallis for N-classes) and all p-values were FDR-adjusted using the Benjamini-Hochberg method.

Tumor growth in immunodeficient mice.

Purified single cell fractions and entescent-enriched cannibal cells fractions obtained from homotypic cultures of 4Gy irradiated wild-type (p53 +/+ ) or p53 mutated (p53 R248W/-) HCT116 cells, p53-deleted (p53 -/-) HCT116 cells and of MCF7 cells were implanted in 6 week-old Swiss nude mice (Charles River Laboratories) and tumor growths were monitored in a timedependent manner. The experiments were not randomized, performed in compliance with the included initial denaturation at 95 °C for 10 minutes, followed by 40 cycles at 95 °C for 30 seconds, 55 °C for 1 minute, and 72 °C for 1 minute and one cycle at 95 °C for 1 minute, 55 °C for 30 seconds, and 95 °C for 30 seconds. The CT values were normalized to the housekeeping gene GAPDH. Relative Δ133p53 mRNA expression was also determined according to previously published work [START_REF] Khoury | Detecting and quantifying p53 isoforms at mRNA level in cell lines and tissues[END_REF].

Statistics and reproducibility.

No statistical methods or criteria were used to estimate sample size or to include/exclude samples. The investigators were not blinded to group allocation during experiments and outcome assessment. All experiments were performed three or more times independently under similar conditions. Results are expressed as mean value ± SEM. To determine statistical significance, Two-way ANOVA test was used for calculation of P values, if not otherwise specified. Prism 5 Software was used for the generation of survival graphs and statistical significance. Statistical significance was given as **** p value < 0.0001, *** p value < 0.001, ** p value < 0.01, * p value < 0.05 (for significant increase) or as δ δ δ p value < 0.001, δδ p value < 0.01, δ p value < 0.05 (for significant decrease). Co.: ATG5: BCLN1: P2Y2: ROCK1: (I) Percentages of target cell degradation in control, 4Gy-irradiated p53 +/+ or and p53 R248W/- HCT116 cannibal cells were determined after 24-hour homotypic cultures (p53 +/+ + p53 +/+ and p53 R248W/-+ p53 R248W/-)(n=3).
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(J, K) Representative fluorescent micrographs of p21 expression (J) and SA-β-Gal staining (K) in single cells or cell-in-cell structures obtained after 8 hours of co-culture of MCF7 cells (MCF7+MCF7)(n=3).

(D, E) Kaplan-Meier curves illustrating disease-free (D) and overall (E) survival of neoadjuvant treated patients (n=26).

(F) Percentages of Ki-67 + single cells detected on biopsies obtained from neoadjuvant-treated TNBC patients were determined using β-catenin, Ki-67 and nuclei stainings. T stages are indicated (n=34). P values were calculated by means of Log-rank (Mantel-Cox) Table S2. Characteristics of patients receiving neoadjuvant anti-estrogen treatment and their controls. All patients (n=24) were diagnosed with ductal breast adenocarcinoma and characterized for hormone receptor (HR) expression, the Scarf-Bloom-Richardson (SBR) grade and the Tumor Node Metastasis (TNM) classification. The Mann-Whitney test (1) and the Fisher's Exact test (2) were used for the calculation of P values. 
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All siRNAs were from Sigma. 
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Introduction

Entosis 1 , emperipolesis 2, 3, 4 , emperitosis 5, 6 , phagoptosis 7, 8, 9 and cellular cannibalism 10, 11, 12, 13, 14 are cell death processes that start with the engulfment of live cells from neighboring live cells. Once internalized, the target cells are eliminated by the host cells through distinct mechanisms that may involve lysosomal enzymes of the host cells (such as cathepsins 1 or granzymes 6 ) and activate death signaling pathways on target cells (e.g the apoptogenic cytochrome c release from host mitochondria 11 and the activating proteolytic cleavage of host caspase 3 11, 15 ). Distinct from apoptosis (type I), autophagic cell death (type II) and necrotic cell death (type III) modalities that are cell-autonomous death (CAD), these lethal processes are also known as cell-in-cell death or non-cellautonomous death (NCAD) programs. We recently defined NCAD as type IV cell death 16 .

Frequently observed as "cell-in-cell structures" during the physiological situations (such as the homeostatic control of erythrocytes, neutrophils, platelets and T cells 7, 17, 18 or during embryonic implantation 19 ), cannibal cells are also detected in various human malignancies (including breast carcinoma and melanoma) 20 . Cellular cannibalism has recently been proposed to contribute to cellular competition within tumors 20, 21, 22 .

Moreover, the detection of cannibal cells on biopsies obtained from patients with pancreatic adenocarcinoma correlates negatively with metastatic dissemination, indicating that this process may represent an intrinsic tumor suppression mechanism 23 . In this context, we recently determined the ability of anticancer treatments (such as chemotherapies and radiotherapy) to induce NCAD. By means of multispectral imaging flow cytometry, we revealed that chemotherapies (such as cisplatin, oxaliplatin or paclitaxel) and ionizing radiation eliminate cancer cells through CAD and NCAD modalities 11 , suggesting that NCAD could also contribute to the biological responses to anticancer treatments.

To further characterize the molecular mechanisms involved in the induction of NCAD by anticancer treatments, we previously screened a siRNA library targeting human protein kinases for ionizing radiation (IR)-elicited cellular engulfment, which is the first step of NCAD. We demonstrated that the cyclin-dependent kinase inhibitor p21 WAF1/CIP1 (p21) triggers the autophagy of engulfing (cannibal) cells and favors the accumulation of Ecadherins on their surface, thereby increasing their capacity to engulf live neighboring cells. Once internalized, target cells are eliminated through an autophagy related protein 5 (ATG5) and caspase-dependent lysosomal cell death 10 . Interestingly, we also observed that the host cannibal cells underwent a program of cellular senescence after cell engulfment. We termed this non-cell-autonomous senescence program, "entescence" and demonstrated that this novel senescence program requires the production of radical oxygen species (ROS) and the expression of p21 by host cells. Finally, we demonstrated that entescence impaired the tumor growth progression in vivo and thus represents a noncell-autonomous tumor suppressive mechanism that can be induced by anticancer treatments 10 . Accordingly, we demonstrated that the detection of entescence in breast cancer tissues following the initiation of neoadjuvant chemotherapy predicts a positive outcome with regard to treatment-induced tumor involution and patient survival.

Altogether, our results demonstrated that entescence is a new barrier against cancer development that can be induced by anticancer treatments in response to the induction of NCAD. In this context, we further investigated the molecular mechanisms involved in the induction of NCAD (such as cellular cannibalism) and entescence upon anticancer treatments.

Results

The mitogen-activated protein kinase family regulates the cellular cannibalism elicited by ionizing radiation

In parallel to the screening of siRNA library targeting human protein kinases that we performed to identify modulators for IR-elicited cell internalization 10 , we screened a siRNA library targeting 711 human protein kinases. As previously published 10 , MCF7 cells were transfected during 24 hours with specific siRNA and irradiated with 8 Gy. After 24 hours of culture, irradiated transfected MCF7 cells were labeled with (green) CMFDA and cultured for 24 hours with (red) CMTMR-labeled MCF7 cells (at a 1:1 ratio). The detection of (green) CMFDA + MCF7 cells that engulfed (red) CMTMR + MCF7 cells (noted as G(R)) (Figures 1a-1f) using multispectral imaging flow-cytometry indicated that the depletion of the mitogen-activated protein kinase 8 (MAPK8), the mitogen-activated protein kinase kinase kinases 2 and 8 (MAP3K2 and MAP3K8) or the mitogen-activated protein kinase 3 (MAPK3)) significantly increased the frequency of cannibal cells detected after IR (Figures 1b-1d and1g).

Inversely, the depletion of the mitogen-activated protein kinase 14 (MAPK14, also known as the p38 mitogen-activated protein kinase (MAPK) alpha (p38α)), the mitogen-activated protein kinase kinase kinase 4 (MAP3K4), the mitogen-activated protein kinase 6 (MAPK6), the mitogen-activated protein kinase kinase 6 (MAP2K6), the mitogen-activated protein kinase-activated protein kinase 2 (MAPKAPK2), the mitogen-activated protein kinase kinase kinase 10 (MAP3K10) or the mitogenactivated protein kinase kinase 4 (MAP2K4) significantly reduced the frequency of IR-elicited cannibal cells (Figures 1b and1e-1g). Using String-network analysis, we identified a functional interactome between the kinases of the mitogen-activated protein kinase (MAPK) family (Figure 1h), thus indicating the MAPK family is essential for the regulation of IR-mediated cellular cannibalism.

Ionizing radiation elicited cannibal cells exhibit the activating phosphorylations on threonine 180 and tyrosine 182 of p38MAPK

Considering the central position of the p38MAPK in the functional interactome composed by MAPK family kinases, we studied the contribution of the p38MAPK to the cellular cannibalism and the entescent process triggered by IR. We first determined whether the p38MAPK is activated during homotypic co-cultures of 4Gyirradiated HCT116. Using an antibody that recognizes the activating phosphorylated form on threonine 180 and on tyrosine 182 of the p38MAPK (p38T180*Y182*), we detected that the p38MAPK is phosphorylated and activated in both single cells and cannibal cells after 24 hours of co-cultures of control HCT116 cells or 4Gy irradiated HCT116 cells (Figures 2a-2d). Despite the fact that p38T180*Y182* are weakly detected in single cells, we observed that the vast majority of cannibal cells observed in control or 4Gy irradiated co-cultures exhibited p38T180*/Y182* (Figures 2a-2d).

Considering that upon irradiation, MCF7 cells also trigger cellular cannibalism and entescence 24 , we detected p38T180*Y182* during homotypic co-cultures of 8Gyirradiated MCF7 cells and revealed that more than 60% of cannibal cells showed p38T180*Y182* (Figures 2e-2g), suggesting that p38T180*Y182* may participate to IR-mediated cellular cannibalism and entescence.

The p38MAPK is essential for entescence elicited by anticancer treatments

To precisely decipher the mechanism(s) by which the p38MAPK regulates the cellular cannibalism and entescence, we first determined the impact of p38MAPK inactivation on cellular cannibalism elicited by IR and revealed that the pharmacological inhibition with 10 µM of SB203580 (Figures 3a and3b) and the depletion of p38MAPK using small RNAi interference (Figures 3c-3e) repressed the cellular cannibalism detected under basal conditions (Figures 3b and3e) or in response to IR (Figures 3a-3e). Pharmacological inhibition of p38MAPK with 10 µM of SB203580 also impaired cellular cannibalism elicited by cisplatin (CDDP) or mitoxantrone (MTX) treatment (Figure 3f). These results underline the contribution of the p38MAP kinase to the engulfment of living target cells by irradiated-or treatedhost cells. To further characterize this process, we analyzed the impact of p38MAPK inactivation on the expression of p21 and on the surface exposure of E-cadherin, two cellular processes essential for anticancer treatment mediated-cellular cannibalism 10 .

We first observed that after p38MAPK depletion, the basal level of p21 is reduced, thus indicating that the p38MAPK expression regulates p21 expression (Figure 4a). Accordingly, we then revealed that the pharmacological inhibition of the p38MAPK with 10 µM of SB203580 reduced the expression of p21 (Figure 4b) and impaired the E-cadherin expression on the surface of HCT116 cells that have been exposed during 24 hours to 10µM of CDDP, 4Gy γ-irradiation (IR) or 10µM of MTX (Figures 4b and4c). These results demonstrate that p38MAPK regulates the engulfment of living neighboring cells elicited by anticancer treatment by modulating the surface expression of E-cadherin on irradiated or treated cells. Moreover, we analyzed the impact of p38MAPK inactivation on the execution of entescence and revealed that the inactivation of p38MAPK with 10 µM of SB20350 (Figure 4d) or with the depletion of p38MAPK (Figure 4e) reduced the SA-β-Gal activity of cannibal cells (Figures 4d and4e), thus indicating that the p38MAPK also contributes to the establishment of the senescent phenotype of cannibal cells. Altogether, these results revealed that the p38MAPK plays a central and dual role during the induction of entescence by anticancer treatments.

The p38-dependent autocrine secretion of IL-6 and IL-8 regulates the cellular engulfment during entescence induction by anticancer treatments

Considering that the p38MAPK is an essential regulator of senescence associated secreted phenotype (SASP) 25 , we evaluated whether soluble factor(s) secreted by, or released from, irradiated or treated cells would contribute to neighboring cell engulfment. To test this hypothesis, we first analyzed the secretion of SASP (such as interleukin 6 (IL-6), interleukin (IL-8) and (growth regulated oncogene (GROα)) during entescence induction. We observed that HCT116 cells that have been treated with 10 µM of CDDP (Figures 5a and5b), 10 µM of MTX (Figures 5e and5f) or irradiated with 4 grays (IR) (Figures 5c, 5d and 5g) released elevated amounts of IL-6 (Figures 5a and5c), 5d,5e and 5g) and GROα (Figure 5f) into supernatants. Interestingly, we revealed that the pharmacological inhibition of the p38MAPK with 10 µM of SB203580 reduced both the secretion of IL-6 (data not shown) and IL-8 (Figure 5g) by HCTT116 cells in response to IR. These results confirm as previously published that upon anticancer treatments, the p38MAPK regulates IL-1 and IL-8 cytokine release 25 . In this context, we postulated that in response to anticancer treatments, IL-6 and IL-8 may act in an autocrine manner to induce neighboring cell engulfment. HCT116 cells were transfected during 24 hours with specific siRNA for IL-6 (Figure 6a) or IL-8 (Figure 6b) and treated with 10 µM of CDDP, 4Gy γ-irradiation (IR) or 10 µM of MTX (Figures 5c-5e) during 24 hours.

As previously described, half of the cells were labeled with (green) CMFDA and the other half with (red) CMTMR, and homotypic cultures were incubated for 24 hours. 5d). These observations positively correlate with the inhibition of p21 expression in HCT116 cells that have been depleted for IL-6 or IL-8 and irradiated with 4Gy (Figure 6f), thus suggesting that IL-6 and IL-8 secretion that we detected after CDDP, IR or MTX treatment controls the increased expression of p21 that is required for live cell engulfment during entescence induction. Taken together, these results demonstrate that through the regulation of IL-6 and IL-8 secretion, the p38MAPK dictates the cellular cannibalism and the entescence elicited by CDDP, IR or MTX treatments.

Discussion

Understanding the mechanisms by which cancer cells may be eliminated is central for the development of novel anticancer treatment. By developing in-house a novel quantitative multispectral imaging flow cytometry based methodology, we demonstrated that radiotherapy and chemotherapies (such as CDDP or MTX treatment) can eliminate cancer cells through the simultaneous induction of CAD and NCAD modalities in treated or irradiated cancer cells, but also through bystander effect in untreated neighboring cancer cells. These results reveal the coexistence of CAD with NCAD modalities in response to anticancer treatments 11 . Despite the cornucopia of publications studying cellular mechanisms that may be elicited to eliminate cancer cells, the contribution of NCAD to anticancer treatments is under investigated and need further characterization. Recently, we demonstrated that in parallel to the NCAD of target cells, host cells cease to proliferate and undergo a senescence program. We termed this novel senescence program that occurs after cellular engulfment, entescence. This non-cell autonomous senescence modality is a tumor suppressive mechanism that depends on dual biological activity of the cyclindependent kinase inhibitor p21 during both the cellular engulfment and the execution of entescence 10 .

Here, we report through the screening of a siRNA library targeting 711 human protein kinases that the MAPK family (and more precisely the p38MAPK) regulates the cellular engulfment that is detected during the first step of IR-mediated entescence.

We reveal that the p38MAPK controls the increased expression of p21 upon CDDP, IR or MTX treatment. Considering that several mechanisms including DNA damage response, p53-dependent or p53-independent transcriptional regulation 26 , the subcellular localization of p21 27 , the stabilization of p21 mRNA 28 or the degradation of p21 29 protein may contribute to the increased expression of p21 consequently to p38MAPK activation, in-depth characterization of the molecular mechanisms involved in the regulation of p21 is needed to better understand the biological processes that participate to the induction of cellular cannibalism in response to anticancer treatments. Accordingly to our previous report demonstrating the contribution of p21 to the surface expression of E-cadherin and cellular cannibalism 10 , we showed that the p38MAPK regulates the surface expression of E-cadherin and the induction of cellular cannibalism upon CDDP, MTX or IR treatment, thus revealing that the p38MAPK is involved in the cellular engulfment that leads to entescence. In addition, we demonstrated that the p38MAPK also controls the induction of SA-βGal activity in host cells and favors of entescence. Altogether, our results demonstrate that like p21, the p38MAPK exerts a dual role during anticancer-elicited entescence.

Considering that the p38MAPK plays an essential role in regulating many cellular functions including the regulation of inflammatory cytokines secretion and the senescence-associated secretory phenotype (SASP) 25, 30 , we evaluated the ability of p38MAPK to regulate SASP during entescence and demonstrated that the p38MAPK regulated the secretion of IL-6 and IL-8, two major SASP factors released in response to IR 25 . Surprisingly, we observed that these SASP factors regulated the expression of p21 and the cellular cannibalism elicited by IR, CDDP or MTX treatment, thus revealing that upon anticancer treatments, the p38MAPK is activated in treated or irradiated cancer cells and favors the release of SASP factors (such as .

Once released, these cytokines may act in an autocrine manner on host cells and favor through the modulation of p21 expression, the engulfment of neighboring cancer cells and the induction of entescence (Figure 6). Through the discovery of novel biological activities of SASP, these results highlight the complex interplay between treated or irradiated cancer cells and their microenvironment that dictates the ability of cancer cells to be eliminated or not through cell-autonomous or non-cell-autonomous death (CAD or NCAD) in response to the induction of cell-autonomous or non-cell autonomous senescence (single cell senescence or entescence).

In addition, it has been recently shown that the transcription factor p53, which is mutated or deleted in half of human cancers, restrains the SASP through the inhibition of p38MAPK activation 25 . Interestingly, we recently revealed that upon anticancer treatments, p53 mutated cannibal cells failed to undergo entescence and favored the proliferation of genetically unstable cannibal cells and the tumor progression 10 .

Altogether, these results underline the need to further investigate the role of SASP factors during cellular cannibalism and entescence and to better define the contribution of the inflammation-associated anticancer treatments to oncogenesis and reccurence after anticancer treatment through the generation of non-cell autonomous genomic instability .

Materials and methods

Cells, antibodies and reagents.

Colorectal carcinoma HCT116 cells and breast adenocarcinoma MCF7 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FCS, 2mM L-glutamine and 100 UI/ml penicillin/streptomycin (Invitrogen). The following cell lines were provided: HCT116 and MCF7 cell lines were provided respectively by JC Bourdon (University of Dundee) and Michael Overholtzer (Memorial Sloan-Kettering Cancer Center). All cell lines used were mycoplasma-free.

Antibodies for detection of p38T180*Y182* (#9211), p38MAPK (#9212), β-catenin (#2677) and p21 (#2947) were obtained from Cell Signaling Technology and for IL-6 (#9324) and IL-8 (#106350) were obtained from Abcam. Antibody against GAPDH (#MAB374) was purchased from Millipore. The antibody against β-actin conjugated to horseradish peroxidase (HRP) was from Abcam (#Ab49900). Cisplatin (CDDP), mitoxantrone (MTX) and SB203580 were obtained from Sigma-Aldrich.

siRNA library screen and detection of NCAD by quantitative Flow Imaging

As previously described 10 , CMFDA-labeled MCF7 cells that have been transfected during 48 hours with Dharmacon siGENOME® SMART pool® siRNA library (containing 2844 siRNAs) and irradiated (or not) with 8 Gy of γ-ionizing radiation were mixed with untreated (red) CMTMR-labeled MCF7 (at a 1:1 ratio) and seeded in 96-well plates. After 8-hour co-culture, (green) CMFDA-labeled MCF7 cells internalizing (red) CMTMR-labeled MCF7 cells (noted G(R)) were analyzed using flow quantitative imaging. Briefly, both detached and adherent cells were collected and stained with Hoechst 33342 (10 µg/mL) during 1 hour at 37°C in warmed complete medium. For the cannibalism detection, cells were gated in the double positive CMFDA + and CMTMR + staining. The imaging flow cytometer FlowSight® provides the images of each events and thus allows to remove from the analysis, the artefacts (such as cellular fragments or debris). We determined the sample size required for analyzing the main types of cell death elicited by anticancer treatments (such as apoptosis, necrosis and cellular cannibal) by calculating the statistical power of our method (statistical power = 0,8; alpha =0,05; sampling ratio=1). We found that the number of cellular events that we need to acquire for obtaining statistically significant results is ranging between 300 and 900 cellular events. Accordingly, 10 000 cellular events per condition were analyzed using Amnis IDEAS V6.2 image analysis software.

RNA interference and sequences

Small interfering RNAs (siRNAs) specific for p38MAPK, IL-6, IL-8 and control siRNA were transfected 48 hours before co-culture using Oligofectamine (Invitrogen).

Dharmacon siGENOME® SMART pool® siRNA library was transfected 48 hours before co-culture using Lipofactamine RNAiMAX (Invitrogen). On-target plus human small interfering RNA (siRNA)-SMART pool specific for p38MPAK (siRNA- 

Quantitative RT-PCR

Total RNA of HCT116 cells that have been depleted or not for IL-6 or IL-8 were purified using RNeasy kit (Qiagen) after 48 hours of transfection according to the manufacture's instructions. For the detection of cytokine mRNA, the synthesis of cDNA and the quantitative PCR procedure using Syber Green were performed as previously described 31 Detection of senescence associated β galactosidase.

As previously described 10 , cells were fixed after 48 hours of co-culture and stained using the senescence β-galactosidase staining kit (Cell signaling technologies) to detect senescence associated β-galactosidase (SA-β-Gal).

Flow cytometric detection of E-Cadherin surface expression.

After indicated treatments and transfection, cells were harvested with Accutase (Millipore #SCR-005), washed twice with PBS and saturated with FBS for 30 minutes.

After washing twice with cold PBS, cells were incubated for 1 hour with Alexa 488coupled Ecadherin antibody (Biolegend #324110) diluted at 1/100 in cold blocking buffer (3% FBS in PBS), followed by washing twice in cold blocking buffer and incubated with 1 µg/ml propidium iodide (PI) (Sigma Aldrich #P4864). Isotype matched Alexa 488 IgG1 antibody (Biolegend #400129) was used as a control, and the fluorescence intensity of stained cells was gated on PI-negative cells. Each sample was analyzed by Guava®easyCyte flow cytometer (Millipore) with Guava Incyte V2.7 software to detect E-Cadherin surface expression.

Statistics and reproducibility.

No statistical methods or criteria were used to estimate sample size or to include/exclude samples. The investigators were not blinded to group allocation during experiments and outcome assessment. All experiments were performed three or more times independently under similar conditions. Results are expressed as mean value ± SEM. To determine statistical significance, Two-way ANOVA test was used for calculation of P values, if not otherwise specified. Prism 5 Software was used for the generation of survival graphs and statistical significance. Statistical significance was given as **** p value < 0.0001, *** p value < 0.001, ** p value < 0.01, * p value < 0.05 (for significant increase) or as δ δ δ p value < 0.001, δδ p value < 0.01, δ p value < 0.05 (for significant decrease). Over past decades, there have been continuing researches focusing on the appraisal of cell death under physiological and pathological conditions and the underlying molecular pathways. This scientific interest is justified by the emerging therapeutic potential of cell death modulation. In particular, the elucidation of how tumor cells escape from cell death and how cell death processes can be immunogenic or not have become the major challenges in oncology and underscore the requirement to better understand molecular mechanisms and cell biology involved in these lethal processes.

Legends to Figures

The knowledge of cell death mechanisms has evolved over the past decade and distinct cell death mechanisms have been described. Classically, cell death in mammalian cells was classified into three types of cell death: Apoptosis (Type I cell death), Autophagy-associated cell death (Type II cell death) and Necrosis (Type III cell death) [Fig. 1] [1]. However, this morphological-based classification of cell death is often questioned by the scientific community. It is now obvious that there are sophisticated interconnections and overlaps between different types of cell death [2e5]. The respective prevalence of each death mechanism may depend on various factors, such as cell-dependent characteristics (including cell cycle progression and cell type), specificity and intensity of the death signals, and also micro-environmental conditions.

Apoptosis is a genetically controlled lethal process that contributes to the elimination of undesired (infected, damaged or mutated) cells from multicellular organisms [6,7]. Historically defined as the first programmed cell death, this cell-autonomous process requires catabolic activities of several enzymes (including caspases and nucleases) and is characterized by specific morphological and biochemical features (such as membrane blebbing, cell shrinkage, nuclear dismantling, chromatin condensation (also known as pyknosis), DNA fragmentation, phosphatidylserine exposure on the outer leaflet of the plasma membrane and changes in mitochondrial membrane permeability). Although the complete landscape of the underlying mechanisms has not been fully understood, the execution of this type of cell death is largely modulated by the members of BCL-2 protein family including pro-apoptotic members (e.g. PUMA, BAX, BAK) and anti-apoptotic members (e.g. BCL-2 and BCL-XL) [8e13].

Apoptosis is generally considered as a major process that contributes to tissue and cellular homeostasis. Therefore, its deregulation is also associated with numerous human diseases (such as AIDS, neurodegenerative disorders and cancer) [6,7,14].

Autophagy-associated cell death (ACD) is another form of programmed cell death process that is triggered by selfdigestion of cellular contents through autophagy. Autophagy was initially described as a homeostatic strategy to remove protein aggregates and dysfunctional organelles (such as mitochondria or endoplasmic reticulum) and, thus, to provide an alternative source of energy when nutrients are scarce. Autophagic processes are involved in a wide range of normal physiological situations (such as mammalian development, metabolism, immunity and aging) [15], but can also be stimulated in response to cellular stresses (such as starvation), enhanced or impaired to favor the establishment of infectious diseases caused by Mycobacterium tuberculosis [16], Toxoplasma gondii [17], Listeria monocytogenes [18] or Brucella abortus [19]. Autophagy can be elicited through distinct subtypes such as macroautophagy, chaperone-mediated autophagy and microautophagy [20]. Among these processes, the macroautophagy, which is believed to be more important, is initiated by the formation of autophagosome, a double-membrane vesicle containing cytoplasmic materials. The outer membrane of the autophagosome subsequently fuses with the membrane of lysosomes to form the acid single membrane enclosed vacuoles, termed "autolysosomes" (also called autophagolysosomes). The sequestered material is then hydrolyzed by the lysosomal enzymes (in particular by hydrolases), and released in the cytoplasm following degradation of the autolysosome membrane [21]. Autophagy activity is mainly controlled by the phosphatidylinositol 3-kinase (PI3K)/AKT/ mammalian target of rapamycin (mTOR) signaling pathway, which regulates cell growth and protein synthesis in response to nutrient and growth factor availability [22]. Autophagy is strongly regulated by a family of "autophagy-related" proteins (also named ATG proteins) [23] and relies on a complex machinery which includes the ULK1eATG13eFIP200eATG101 protein kinase complex, the class III PI3K complex (containing the core proteins VPS34, VPS15 and BECLIN-1), the PI3P-binding WIPI/ATG18eATG2 complex, the trans-membrane protein ATG9A and two ubiquitin-like (UBL) protein conjugation systems (the ubiquitin-like ATG5/ATG12 system and the ubiquitin-like ATG8/LC3 conjugation system) [23]. Macroautophagy-associated proteins are also involved in autophagy-associated cell death (ACD) [24]. Overactivated autophagic flux may promote ACD, which is morphologically defined by the appearance of autophagosomes in the cytoplasm without chromatin condensation [24]. The term ACD described exclusively the cell death, induced by autophagy, which is completely suppressed by inhibition of the autophagy pathway. ACD has been described in mammalian cells treated with chemotherapeutic agents or other toxic molecules [24].In physiological conditions, this process is involved in animal metamorphosis and development (which requires massive cell elimination) and in homeostatic processes during adulthood [25]. Recently, autosis, a new form of non-apoptotic cell death, was defined as a Na þ ,K þ -ATPase-regulated form of cell death triggered by autophagy-inducing peptides, starvation, and hypoxiaeischemia [25,26]. Autotic death is characterized by focal plasma membrane rupture, nuclear membrane convolution and shrinkage, focal swelling of the perinuclear space and the disappearance of endoplasmic reticulum [25,26].

Necrosis (Type III cell death) has been characterized as accidental, uncontrolled, passive and energy-independent cell death. This necrotic process has long been described as a consequence of extreme physicochemical stress (like osmotic shock, heat and high concentration of hydrogen peroxide). The observed morphological changes comprise rapid cytoplasmic swelling with the organelle breakdown and the rupture of the plasma membrane releasing damageassociated molecular pattern molecules (DAMPs) that alert the innate immune system within the stroma [27]. This process can also be observed at late stages of autophagic or apoptotic cell death, termed secondary necrosis, when dead cells fail to be cleared by the immune system. Necrosis has been commonly viewed as an unregulated event. However, this is now challenged by a recently discovered programmed necrosis, which occurs under caspase deficient conditions. This programmed necrosis was called necroptosis [28]. The necroptotic process involves activation of the multiprotein complex necrosome, comprising the receptor-interacting protein (RIP)1 and RIP3, and mixed-lineage kinase domainlike protein (MLKL), and it can be specifically inhibited by RIP1 inhibitor necrostatin-1 [28]. Necroptosis involves the loss of membrane integrity and the release of DAMPs, and is therefore associated with the development of inflammatory or anticancer immune responses [29e32].

Lethal mechanisms that do not or partially reveal morphological/biochemical characteristics of apoptosis, autophagy or necrosis, define a growing subgroup of atypical cell death forms [33], such as anoikis [START_REF] Reginato | Integrins and EGFR coordinately regulate the pro-apoptotic protein Bim to prevent anoikis[END_REF], cornification [START_REF] Candi | The cornified envelope: a model of cell death in the skin[END_REF], entosis [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF], excitotoxicity [START_REF] Orrenius | Regulation of cell death: the calcium-apoptosis link[END_REF], mitotic catastrophe [START_REF] Vakifahmetoglu | Death through a tragedy: mitotic catastrophe[END_REF], netosis [START_REF] Steinberg | Unconventional roles of the NADPH oxidase: signaling, ion homeostasis, and cell death[END_REF], paraptosis [START_REF] Sperandio | An alternative, nonapoptotic form of programmed cell death[END_REF], parthanatos [START_REF] David | Parthanatos, a messenger of death[END_REF], pyronecrosis [42], pyroptosis [START_REF] Brennan | Salmonella induces macrophage death by caspase-1-dependent necrosis[END_REF] and wallerian degeneration [START_REF] Raff | Axonal self-destruction and neurodegeneration[END_REF]. Further morphological, molecular and functional characterizations of these processes are required to identify precisely specific signaling pathways and define their physiological and pathological functions. Several atypical cell death processes are initiated by the engulfment of live cells by neighboring live cells, underling the existence of non-cell-autonomous deaths (such as emperipolesis, cannibalism, emperitosis, phagoptosis and entosis) among these processes [Table 1]. These processes that can occur after the interaction between epithelial cells or between epithelial cells and immune cells may be triggered by cellular invasion or cannibalistic activities [START_REF] Overholtzer | The cell biology of cell-in-cell structures[END_REF]. Here we review major highlights on entosis, which can be described as a nonautonomous cell death elicited by cellular invasion.

Morphological and biochemical features of entosis

It is well known that apoptotic cells are commonly engulfed by professional phagocytes (such as macrophages) or by non- professional neighboring cells. However, living cells may be also engulfed by other cells, which induce an atypical cell death process [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF][START_REF] Janssen | Fas determines differential fates of resident and recruited macrophages during resolution of acute lung injury[END_REF]. This lethal mechanism is termed entosis (from the Greek word entos, which means inside, into, or within). Entosis provides an interesting case of xenophagy (intracellular destruction of foreign organisms) in cell biology and was first discovered in human tumors [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF]. Interactions between cancer cells initiate the formation of adherent junctions containing E-cadherins and b-catenins allowing a cellular invasion which is characterized by "cell-in-cell" cytological features. There are growing preclinical evidences that adherent junctions play a fundamental role in the formation of these cell-in-cell cytostructures [47]. The main morphological change that defines entosis is the cell-in-cell structure in which viable cells invaded other cells. These structures have been also described as "bird's eye cells" or signet ring cells. Once internalized, engulfed cells are eliminated through lysosomal degradation by host cells. Sometimes, after escaping from death or dividing inside "host" cells, target cells can be released and restart to proliferate [START_REF] Krishna | Mechanisms and consequences of entosis[END_REF]. However, most frequently, entotic tumor cells are destroyed, which suggests a tumor suppressive role for entosis [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF].

The characterization of entotic death is still in its infancy. It was shown from data obtained in MCF10A cancer cells that homotypic invasion of a cell within another cell was not dependent on apoptotic pathway. Indeed, unlike the phagocytic ingestion of apoptotic cells, the death of target cells is not inhibited by the anti-apoptotic protein BCL-2 or by the pancaspase inhibitor zVAD-fmk [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF]. After loss of attachment to the extracellular matrix, tumor cells that invaded neighboring cells are completely internalized into the phagosome, whose membrane is generated from invagination of the engulfing cell plasma membrane. Then, the fusion of lysosomes to vacuolar membranes depending on autophagy-related proteins contributes to the death of internalized cells. Engulfed cells are eliminated through lysosomal enzymes mediated degradation, such as cathepsins [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF]. However, the contribution of apoptotic pathway is not exclusive, and its role has not been definitively resolved. Recent researches have shown that apoptosis might be also involved in the destruction of internalized cells under certain conditions, such as heterotypic cell-in-cell invasion. Engulfed cells could inversely induce host cell death. Natural killer (NK) cells could be internalized within tumor cells, leading to either tumor cell death or selfdestruction within target cells. In this case, apoptotic pathway might be involved in the cell death mechanisms since NK cell death after internalization could be partially attenuated by caspase inhibition [START_REF] Wang | Internalization of NK cells into tumor cells requires ezrin and leads to programmed cell-in-cell death[END_REF].

Although no specific biochemical markers for entosis have yet been described, this process is a genetically controlled form of cell death because it is repressed by the chromatin factor Nuclear Protein 1 (NUPR1) [50]. In addition, the induction of entosis is also controlled by multiple signaling proteins including actin/myosin, cadherins and ezrin [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF]. Actin polymerization and myosin II play critical roles during cell engulfment. Ezrin, which is an actin binding protein of the ezrin-radixin-moesin (ERM) family that can positively regulate the Rho signaling pathways, is also required for the internalization of NK cells into tumors [START_REF] Wang | Internalization of NK cells into tumor cells requires ezrin and leads to programmed cell-in-cell death[END_REF]. In addition, the cell permeable inhibitor Tat-C3 that is known to repress the adhesion and the phagocytosis of zymosan particles, and the binding of complement to macrophages reduces cell-in-cell internalization, thus demonstrating that Rho GTPases favor entosis [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF]. In addition, ROCK1 and ROCK2 that are the downstream effectors of Rho GTPase signaling pathways, also contribute to entosis as revealed by inhibitory effects of pharmacological inhibitors (Y27632 and H-1152) or the knockdown of ROCK1 and ROCK2 expressions [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF]. Adherent junctions containing E-cadherin and b-catenin that are formed between epithelial cells have been also involved in the induction of cell invasion because blocking antibodies against cadherins reduced cell-in-cell internalization [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF]. Apart from above mentioned mechanisms, entosis also shares some features with classical phagocytosis including phagocytic related genes such as CDC42, CXCL1 and CXCL6 were also found upregulated during entosis of pancreatic adenocarcinoma. In contrast to phagocytosis, target cell death is not primodial. Indeed, Overholtzer and colleagues did not detect signs of cell death during interactions between cells (as revealed by the absence of the detection of caspase-3 (CASP3) cleavage, nuclear condensation and fragmentation on interacting cells) [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF]. Moreover, internalized cells maintained their mitochondrial membrane potential during 6 h after engulfment, suggesting that engulfed cells are not dying when they are internalized. Overexpression of anti-apoptotic BCL-2 factor, pan-caspase inhibitor (zVAD-fmk) and recombinant Annexin-V did not reduce target cell internalization and entosis, demonstrating that cell engulfment is independent of phagocytic uptake of apoptotic bodies. In the case of breast cancer cell entosis, cell death of internalized cells did not required apoptotic signaling pathways. Majority (85%) of target cells displayed nuclear disintegration without DNA fragmentation and the activating cleavage of CASP3, the downstream effector of apoptosis [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF]. However, Wang et al. demonstrated that most of the NK cells that are internalized into tumor cells died through programmed cell death that required CASP3. These studies suggest that the internalization steps are independent of the death of target cells and the cell death mechanism is context-dependent, saying once internalized, different cell death modalities could be engaged [START_REF] Wang | Internalization of NK cells into tumor cells requires ezrin and leads to programmed cell-in-cell death[END_REF].

Entosis involves the invasion of a living cell into another living cell. After cell-in-cell internalization, lysosomal cell death of internalized cells was studied. The recruitment of lysosomes to internalized cells was evaluated by using antibodies against the lysosomal-associated membrane protein 1 (LAMP1) in fixed cells and a red-fluorescent LysoTracker dye for labeling and tracking acidic organelles in live entotic cells, demonstrating that internalized cell shows a clear circled staining of lysosome markers inside the host cells. These results were further confirmed by electronic microscopy analysis. In addition, the activation of the lysosomal enzyme cathepsin B was also detected on entotic cells and the depletion of cathepsin B activity by pharmacological inhibition reduced internalized cell degradation, indicating that cathepsin B contributes to target cell degradation after entosis [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF]. Overholtzer et al. have identified the lipid kinase PIKfyve as a critical regulator of vacuole maturation and nutrient recovery during engulfment in macropinocytosis, entosis, and phagocytosis processes [START_REF] Krishna | PIKfyve regulates vacuole maturation and nutrient recovery following engulfment[END_REF]. Recently, experimental evidences have shown that autophagy machinery also contributes to the cell death of internalized cells. Entotic vacuole membranes surrounding internalized cells recruit LC3 through a mechanism that depends on the autophagy machinery involving ATG5, ATG7 and VPS34. LC3-targeted entotic vacuoles thus recruit lysosomes and lead to the degradation of internalized cells. Internalized cells require macroautophagy to survive within entotic vacuoles. Indeed, internalized cells do exhibit some features of autophagic cell death, as an accumulation of autophagosomes and a high rate of autophagy flux. Destruction of internalized cells by macroautophagy is observed during starvation. The inhibition of autophagy machinery in internalized cells leads to the death of target cells by apoptosis. The combined inhibition of apoptosis and autophagy machinery of internalized cells significantly increased the percentage of internalized cells that are released from their host cells [START_REF] Florey | Autophagy machinery mediates macroendocytic processing and entotic cell death by targeting single membranes[END_REF]. It has been also suggested that LC3 proteins are recruited to ingested apoptotic bodies or single-membrane vacuoles containing apoptotic cells to facilitate corpse degradation [START_REF] Florey | Autophagy machinery mediates macroendocytic processing and entotic cell death by targeting single membranes[END_REF]. Autophagy protein inhibitors significantly increase the growth of transformed cells undergoing high rates of entosis, suggesting that entosis suppresses transformed uncontrollable growth by inducing cell death that takes advantage of the machinery of the autophagy pathway. Under some circumstances, some internalized cells divide and are further released from the host cells. Related signaling pathways involved in this escaping process remain elusive [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF].

Physiological and pathological relevances of entosis

Cell-in-cell structures have been reported in human malignancies for many years (see Ref. [START_REF] Overholtzer | The cell biology of cell-in-cell structures[END_REF] for review). Different processes have been reported to give rise to cell-in-cells, including emperipolesis [53e55], heterotypic cell cannibalism [START_REF] Wang | Internalization of NK cells into tumor cells requires ezrin and leads to programmed cell-in-cell death[END_REF][START_REF] Lozupone | The human homologue of Dictyostelium discoideum phg1A is expressed by human metastatic melanoma cells[END_REF][START_REF] Lugini | Cannibalism of live lymphocytes by human metastatic but not primary melanoma cells[END_REF], homotypic cell-in-cells and/or entosis [36,45,50,58e61] [Table 1]. Depending on the type of internalized cells, entosis could be involved in both tumor suppressive and pro-tumorigenesis mechanisms [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF]50,[START_REF] Krajcovic | A non-genetic route to aneuploidy in human cancers[END_REF][START_REF] Krajcovic | Mechanisms of ploidy increase in human cancers: a new role for cell cannibalism[END_REF].

Physiological role of entosis during embryo implantation

During implantation of the mouse embryo, uterine luminal epithelial cells that are in direct contact with the blastocyst undergo entosis into trophoblast cells. This non-apoptotic process occurs without CASP3 activation. The disappearance of these cells allows trophoblast cells to contact the underneath stroma for successful implantation [64]. Li et al. showed that implantation does not take place in mice where ROCK activity is inhibited. Entosis was thus identified as an essential mechanism for embryo implantation, conferring for the first time an important physiological role to entosis [64].

Entosis triggers the killing of target cells

Cell-in-cell structures were observed in different types of cancers. Recently, it has reported that this phenotype arised from breast cancer cells that invade each other in vitro leading to entotic cell death [START_REF] Overholtzer | A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion[END_REF]. Despite the fact that pathologists have observed cases of pancreatic adenocarcinoma cells with atypical morphology characterized by enlarged size that contained other cells in the past decades [START_REF] Silverman | Fine-needle aspiration biopsy of pleomorphic (giant cell) carcinoma of the pancreas. Cytologic, immunocytochemical, and ultrastructural findings[END_REF], cell-in-cell structures do not only arise from the invasion of one cell by another cell. Interestingly, Cano et al. detected cell-in-cell forms after homotypic cell cannibalism. In addition, pancreatic adenocarcinoma patients whose tumor displays cell-incell features develop less metastasis than those without the similar phenotype, suggesting a protective role for non-cellautonomous death in pancreatic adenocarcinoma [50]. In vitro, homotypic cell cannibalism was promoted by the genetic inactivation of the NUPR1, leading to the death of pancreatic adenocarcinoma. Additionally, Sun et al. recently showed that the tumor suppressor epithelial cadherin (Ecadherin) could increase entosis [47]. The role of entosis in human cancers is highly context-dependent. Several studies have suggested a tumor-promoting role for non-cellautonomous death (such as entosis). Among them, it was convincingly reported that melanoma cells are able to cannibalize immune cells and to feed on themselves, thereby ensuring their survival upon starvation [START_REF] Lugini | Cannibalism of live lymphocytes by human metastatic but not primary melanoma cells[END_REF]. Similarly, it was shown that the activated form of the Kras oncogene can induce entosis [47] in a consequence to increase the mechanic deformability of the cell. Tanjoni et al. have used a syngenic mouse model system and reported that FAK inhibition could inhibit spontaneous breast to lung metastasis. Of interest, they found that loss of integrin activation associated with FAK-p130Cas-Rap1 inhibition triggered entosis within spheroids. As spheroids are usually associated with relative chemoresistance, this highlights potential therapeutic perspectives that FAK signaling could be involved in modulation of the non-canonical survival pathway [START_REF] Tanjoni | PND-1186 FAK inhibitor selectively promotes tumor cell apoptosis in three-dimensional environments[END_REF].

Entosis may contribute to the aneuploidy of host cell

Recently, Krajcovic et al. demonstrated that cell-in-cell internalization induces genomic instability of host cells through the alteration of cytokinesis of the host cell and could therefore contribute to the formation of aneuploid cells. It has been reported that an increase in the number of centrosomes causes multipolar divisions and generates aneuploid cells, which are characterized by an abnormal chromosome numbers. In addition, cytokinesis failure, chromosome missegregation and rearrangements also contribute to genomic instability. During in vitro assays of breast cancer cell fate, detected entotic cells are frequently multi-nucleated [START_REF] Krajcovic | A non-genetic route to aneuploidy in human cancers[END_REF]. Time-lapse microscopy analysis of the entotic host cells revealed that host cells frequently failed to undergo cell division through incomplete formation of the contractile ring [START_REF] Krajcovic | A non-genetic route to aneuploidy in human cancers[END_REF][START_REF] Krajcovic | Mechanisms of ploidy increase in human cancers: a new role for cell cannibalism[END_REF]. Thus, internalized cells induce the disruption of furrow formation. This concept has been further enforced by the existence of strong correlation between the multinucleation of host cell by target cell stress (in vitro) and the existence of multinucleated host cells in different human tumors suggested that non-cell-autonomous death (such as entosis) might be also induced in numerous human tumors [START_REF] Krajcovic | A non-genetic route to aneuploidy in human cancers[END_REF]. Wang et al. have demonstrated that NK cells are internalized into the tumor cells without alterations of host entotic cells but it may lead to host cell aneuploidy [START_REF] Wang | Internalization of NK cells into tumor cells requires ezrin and leads to programmed cell-in-cell death[END_REF]. In conclusion, entosis is one example of non-cell-autonomous mechanisms that could contribute to generation of aneuploid cells, which is frequently considered as a driver of human oncogenesis through the promotion of tumor progression [START_REF] Krajcovic | Mechanisms of ploidy increase in human cancers: a new role for cell cannibalism[END_REF]. Gene dysregulation, endoreplication and cell fusion were previously involved in cytokinesis failure. The contribution of these biological processes to non-cell-autonomous genomic instability remains to be determined. To date, there are very scare data regarding the role of non-cell-autonomous death and entosis in pathology or in cancer treatment.

The entotic process contributes to cancer cell competition

Human carcinomas showed a strong heterogeneity in both morphological and physiological features. Therefore, heterogeneous cells could compete with each other during the tumor evolution [START_REF] Sun | Cell-in-cell structures are involved in the competition between cells in human tumors[END_REF]. Sun et al. showed that several culture cell lines compete by entosis. They showed that mechanical deformability controlled by RhoA and actomyosin dictate the identity of engulfing ("winner") and engulfed ("loser") cells. Thus, tumor cells with high deformability preferentially engulf neighboring cells with low deformability in heterogeneous populations. The consequence of this competition is that entosis leads to the cell death of the "loser" cells and therefore its elimination. Interestingly, it was observed that malignant cells engulf systematically the non-transformed associated cells, suggesting an association between oncogenic transformation and the "winner" identity [START_REF] Sun | Cell-in-cell structures are involved in the competition between cells in human tumors[END_REF].

Conclusion

The Nomenclature Committee on Cell Death proposed a set of recommendations for the definition of distinct cell death morphologies without taking into account the non-autonomous cell death. Regarding the seminal works on entosis, we encourage researchers working on cell death mechanisms to consider the complexity of cell death modalities by analyzing simultaneously the cell-autonomous death subroutines and non-cell-autonomous deaths (NCADs). This anti-dogmatic strategy will with no doubt help to better decipher the molecular basis and the biological consequences of NCADs in numerous physiological and physiopathological situations and ultimately lead to define NCADs as new type IV cell death [Fig. 1]. The study of cell death processes should take into account all processes both autonomous and non-autonomous cell death. Unfortunately, the current methods used do not permit to analyze all these processes simultaneously and entosis is not systematically studied. Although the cell-in-cell structures resulting from entosis are frequently observed in human cancers, their function and clinical relevance remain largely unknown [START_REF] Florey | Autophagy machinery mediates macroendocytic processing and entotic cell death by targeting single membranes[END_REF]. To date, no pharmacological agent has been shown to induce entosis and it is still uncertain whether this phenomenon could be used for therapeutics applications. However, a better understanding of underlying molecular mechanisms will bring novel perspectives for researchers, leading ultimately benefit for clinical therapeutics.
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DISCUSSION

At the start of the 20th century, radiotherapy was the first therapeutic strategy to fight cancer with significant improvement in the disease control [START_REF] Grubbe | Priority in the Therapeutic Use of X-rays[END_REF]. Since then, although new promising approaches have emerged, ionizing radiation treatments have constantly been optimised and are still frequently used alone or in combination with other treatments. Radiotherapy mainly eliminates tumor cells by induction of apoptosis, autophagy, necrosis, necroptosis and mitotic catastrophe cell death mechanisms. Studying cellular cannibalism, a low frequency occurring event among tumor cells, we showed that it is followed by the senescence of the cannibal cell and that the engulfment could be enhanced by ionizing radiation in vitro and in patients' tumor biopsies. Hence, we aimed to decipher the signaling pathway involved in cellular cannibalism elicited by ionizing radiation and discovered the key roles of p38MAPK and p21. Besides, our results support existing literature suggesting that cellular cannibalism is clinically relevant in oncology. However, although several studies propose to use cellular cannibalism as a neoplastic grade biomarker (Gupta and Dey, 2003;[START_REF] Kala | Cellular cannibalism: A promising feature to determine cancer prognosis[END_REF] or prognostic biomarker [START_REF] Schenker | Cell-in-cell structures are more potent predictors of outcome than senescence or apoptosis in head and neck squamous cell carcinomas[END_REF] we propose to consider entescence rather than cellular cannibalism as a prognostic biomarker of clinical outcome. Indeed confrontations of our results on entescence in vitro and in cohorts of breast cancer patients seem concordant with interindividual response to treatment, thereby suggesting new trails for therapeutic interventions.

Cellular cannibalism can be triggered by various stimuli

To observe cellular cannibalism, we used fluorescent microscopy, videomicroscopy and developed a technological method using a flowsight imager to detect simultaneously several types of cell death in vitro (Article 1, Figure #S1). We tested various stimuli and quantified CC occurrence to determine its modulators and the implicated signaling pathways. We showed that several frequent features of cancer cells were prone to cellular cannibalism (CC). In addition, we demonstrated that cellular stresses induced by anticancer treatments as ionizing radiation (X-rays) (Article 1, Figures # 2a, b, d, f and#S3c, d) and chemotherapies (such as paclitaxel, oxaliplatin and cisplatin) increase the occurrence of tumoral cellular cannibalism compared to their non-treated counterparts (Article 1, Figures #4a, 4e). Since CC was demonstrated to be a possible side effect of anticancer treatments, it becomes crucial to determine its role and mechanism.

The degradation of the internalized cells is mediated by apoptotic and autophagic proteins

We observed that the target cells underwent cell death (Article 2, Figures #4A-D). We defined that these deaths were dependent of both autophagic (ATG5) and pro-apoptotic factors (BAX and BAK) (Data not shown). In HCT116, the internalized cell died exhibiting apoptotic features as caspase 3 cleavage and cytochrome c release but in MCF7 which are deficient for caspase 3, the engulfed cells are found in LAMP2+ lysosomal compartment and are degraded by enzymatic digestion.

However, the creation of a MCF7 cell line sufficient for caspase 3 has revealed their choice toward apoptotic cell death for the internalized cell (Wang et al., 2016).

The engulfment mechanism elicited by ionizing radiation

A siRNA screening against the human kinome (711 kinases) was performed to determine the kinases that could be involved in the formation of cell-in-cell structures after irradiation. The results first showed us the involvement of several kinases regulating the cell cycle such as cyclin dependent kinases inhibitors p19, p21, p27 and cyclin dependent kinases as CDK6 or CDK12 In parallel to the siRNA screening that clearly demonstrated the key role of the p38MAPK family; several elements seemed compatible with the involvement of the p38MAPK pathway in cellular cannibalism. Indeed, p38 was already involved in another type of cellular cannibalism: the atypical HoCC in pancreatic adenocarcinoma cells (Cano et al., 2012). In addition, cooperation between p38 and ROCK is already established (Kamaraju and Roberts, 2005). The role of p38 in cytoskeleton remodelling and cell migration could be compatible with the ROCK activation in engulfment. For example, Pichon et al., 2004 reported that actin dynamic was regulated by the distribution of p38 and its substrate HSP27 that were found at the invasive edge of the lamellipodia in smooth muscle cells.

Ionizing radiation-elicited cannibal cells exhibit activating phosphorylations on T180 and Y182 of p38α

The observation of the p38 status on cannibal cells revealed that p38 is phosphorylated on T180 and Y182 in HCT116 and MCF7 cells. The percentage of phosphorylation (about 70%) is significantly increased in irradiated cannibal cells compared to their single counterparts. However, non-irradiated cannibal cells also exhibit phosphorylation of p38, underscoring the contribution of p38 in cellular cannibalism in both irradiated and non-irradiated conditions (Article 3, Figures #2c,d,g). Besides, this phosphorylation occured prior to the degradation of the target cell.

p38α promotes cellular cannibalism elicited by ionizing radiation through the modulation of p21

Aiming to establish the role of p38 and to determine its interactions with the previously identified trigger p21, we performed experiments inhibiting p38 by pharmacological inhibitors and siRNA.

We confirmed that p38 inhibition decreases E-cadherin expression (Article 3, 

Cellular cannibalism is followed by the entescence of the cannibal cell

After the formation of the cell-in-cell structure, the fate of the cannibal cell has been observed by videomicroscopy and biochemically analyzed. 4R,S) and we termed this p21-dependent senescence of the cannibal cells « entescence ».

Figures #

Entescence depends of the p53 family status

Moreover, entescence appears to be dependent of the p53 family status of the host cell since p21 is a target of the p53 family. Indeed, in human colon cancer HT29 cells presenting dominant negative mutant of p53 on both alleles (p53 R273H/R273H , p53 R248W/R248W ) do not undergo entescence after cellular cannibalism (Article 2, Figures # S4L,M,N,O). Nevertheless, in case of p53 deficiency, we demonstrated that its family member p73 is able to take over its function activating p21 and dictating the induction of entescence (Article 2, Figures #S4I, K).

Entescence depends of ROS production

The death of the internalized cell occurs prior to entescence suggests that the adoption of the entescence phenotype of the cannibal cell could be dependent on the production of ROS released from the target cell during its degradation. Indeed, the use of ROS scavengers N-acetyl-cysteine and MnTBAP in cultures decreases the adoption of the entescent phenotype characterized by p21 staining positivity and SA-ßgalactosidase activity (Article 2, Figures # S4N,O,P,Q).

p38 regulates the acquisition of the entescent phenotype

Moreover, the p38 MAPK pathway is known to induce senescence and the release of SASP after irradiation [START_REF] Coppé | Senescence-associated secretory phenotypes reveal cell-nonautonomous functions of oncogenic RAS and the p53 tumor suppressor[END_REF]. The activation of p38 occurs before the observation of the entescent phenotype by the cannibal cell suggests its role in entescence induction by acting on p21 and regulating SASP release. Experiments inhibiting p38 using SB203580 and p38α siRNA -F) suggesting that cellular cannibalism and genomic instability are two interlinked processes. The pro-inflammatory cytokines released by the tumoral cannibal are also likely to contribute to the process, promoting engulfment. In addition, the presence of target cell is likely to impair the cannibal cells' division leading to the misrepartition of chromosomes or cytokinesis failure resulting in aneuploidy (Krajcovic et al., 2011).

Using inhibitors of engulfment was able to restore the normal copy numbers for chromosomes 8 and 12 (Article 2, Figures #5F, S5C) whereas entescence inhibitors (ROS scavengers) did not, suggesting that aneuploidy of the cannibals cells occurs after cellular engulfment. Hence, CC be could involved in both the pathogenesis of cancer (due to its increase of genetic instability) as well as in its progression promoting the survival of specific clone. However, entescence could counteract this propagation of genomic instability generated by the cannibal cell.

Entescence decreases the proliferation of cannibal cells

We demonstrated that entescence impairs cannibal cells' proliferation in vitro (Article 2, Figures #5J, K) and that tumor growth was delayed after injection of entescent rich tumor cells in immunodeficient mice (Article 2, Figures #5M-O, 5Q) suggesting that cellular entescence is an oncosuppressor mechanism to impair the proliferation of aneuploid cannibal cell.

However, this senescent state (dormancy) could also be responsible of later relapse (Bartosh et al., 2016). Hence, impaired entescence could be deleterious increasing the generation of aneuploid daughter cells from polyploids cannibal cells and increasing genomic instability In comparison, the study of triple negative breast cancer biopsies, which are highly mutated for p53, showed that these cells are likely to be deficient for entescence (Article 2, Figure #7H). In this cohort, CC was associated with an increased risk of cancer relapse despite neoadjuvant treatment (Article 2, Figure #7I). These results on patients are in line with our in vitro results and suggest that overcoming entescence could be considered as a predictive biomarker of aggressivity and treatment response.

Time dependency of the phenomenon and interest in clinic

It is likely that the occurrence of cell-in-cell structures depends on the stage of tumor progression.

At the beginning of oncogenesis, more cell-in-cell structures may be observed slowly giving rise to clonal selection while the tumor is growing. When strong clones have been selected, the tumor growth is fast and less cell-in-cell structures may be observed because there is less need for this type of feeding since their metabolism is more resistant. Besides, as for senescence, the cytokines released may be beneficial in short-term release but deleterious in case of prolonged secretion.

To summarize, supported by accumulating studies, CC appears to be a reliable indicator for anaplastic grade and a predictive biomarker of cancer aggressivity and clinical outcome. Indeed, it appears to be an even more potent predictive biomarker of cancer aggressivity and individual response than apoptosis [START_REF] Alok | Cell cannibalism as an indicator of anaplasia and tumor aggressiveness in carcinoma breast[END_REF][START_REF] Bansal | Cell Cannibalism: A cytological study in effusion samples[END_REF][START_REF] Schenker | Cell-in-cell structures are more potent predictors of outcome than senescence or apoptosis in head and neck squamous cell carcinomas[END_REF].

In the same line as immunotherapy for example, the current therapeutical paradigm seems less focussed on the direct killing of the tumour cells but in the induction or restoration of the body's own defense mechanisms against tumoral cell. Hence, we can envision that once these mechanisms will be fully investigated, they could be modulated in the clinic to adapt treatments, in particular if they are found to induce immunogenic cell death.

Finally, cellular cannibalism could also be involved in other pathologies as auto-inflammatory diseases by the release of pro-inflammatory SASP. For example, cell-in-cell has also been observed in urine of patients with glomerular diseases [START_REF] Ohsaki | Cannibalism' (cell phagocytosis) does not differentiate reactive renal tubular cells from urothelial carcinoma cells[END_REF].

Cellular cannibalism and entosis as type IV cell death

We proposed a modification of the cell death mechanisms' classification with the addition of a type IV non-cell-autonomous cell death group including cellular cannibalism and entosis, distinct from the atypical cell death's group (Martins et al., 2017). In 2015 and 2018, the NCCD recommended a different classification of the cell death modalities into only two main categories due to their frequent overlap of different extend in the morphological and biochemical features or in the activation pathways (Galluzi et al., 2015). Indeed, this NCCD classification distinguishes the 'accidental' (ACD) from the 'regulated' (RCD) and the programmed (PCD) cell deaths. The ACD is spontaneous and insensitive to pharmacologic or genetic interventions while the RCD involves genetically encoded molecular machinery triggered upon environmental stress. The PCD, inside the RCD, differentiates cell deaths programmed for a developmental process or to maintain to homeostasis. From this point of view, apoptosis, autophagy cell death, necroptosis, cellular cannibalism and entosis belong to the large RCD group while mitotic catastrophe and necrosis resulting from spontaneous and irreversible loss of function and integrity are characteristic of the ACD. Besides, for its physiological role in nidation for example (Li et al., 2015) entosis similarly to apoptosis could belong to both the PCD and RCD groups. Nevertheless, despites interconnections between the cell death modalities, we recommend to take into account the mechanistic particularity of the non-cell-autonomous cell death group and the creation of a distinct category.

Addition of cellular cannibalism in the main ionizing radiation-induced cell death modalities

Since it was only recently discovered that ionizing radiation can trigger cellular cannibalism, it is not yet included among the group of cell death modalities triggered by ionizing radiation and DNA damages [START_REF] Lauber | Dying cell clearance and its impact on the outcome of tumor radiotherapy[END_REF]. Therefore, we propose to complete the scheme of Lauber and coworkers taking into account the autophagic and senescence stimuli that are able to modulate its occurrence (Figure 42).

CONCLUSION & PERSPECTIVES

In opposition to entosis where a live cell invades another live cell, in this project we demonstrated that irradiated tumors cells were able to engulf live cells and presented a different molecular signature than their non-irradiated siblings. We also clearly showed the implication of the p38α MAPK in cellular cannibalism elicited by ionizing radiation by its induction of p21 and pro inflammatory cytokines IL-6 and IL-8.

However, several questions remain to be elucidated to precise this mechanism such as how p38 is activated in first instance. Although we can hypothesize the contribution of ROS produced by ionizing radiations to activate p38; oncogenes, dysfunctional mitochondria from senescent cells and NADPH oxidases are also sources of ROS and therefore their origin and contribution should be analyzed. Besides, ATP or the JNK pathway can also activate p38 for example (Katz et al., 2006).

We also need to investigate how p38 is acting on p21. Therefore RTqPCR would allow determining whether there is transcriptionnal or traductionnal p21 activation. We also aim to investigate the mechanism beyond p21-mediated induction of autophagy and the contribution of SASP in the generation of genomic instability. In addition, to complete these results we plan to add experiments depleting IL-6 and IL-8 receptors on MCF7 cells to observe whether cellular cannibalism is decreased.

In this research we focused on p38α, which is known as the major p38 isoform, and we used a pharmacological inhibitor for both p38α and p38ß (SB203580) but p38 possesses four isoforms and recently p38δ for instance has been discovered to play a role in breast cancer [START_REF] Wada | P38 delta MAPK promotes breast cancer progression and lung metastasis by enhancing cell proliferation and cell detachment[END_REF].

For this reason, our experiments should be extended to the other isoforms. Moreover, p38MAPK is not an isolated cascade. It has versatile roles and many cross talks pathways that may influence the presented mechanism (Cuadrado and Nebrada, 2010). Hence, it would be very interesting to investigate the implication of this mechanism in different contexts e.g. in inflammatory diseases as suggested by the observation of CC in urine of patients with glomerular disease [START_REF] Ohsaki | Cannibalism' (cell phagocytosis) does not differentiate reactive renal tubular cells from urothelial carcinoma cells[END_REF]. Furthermore, we demonstrated that CC induces genomic instability in cancer cells showing gain of genetic material and the formation of micronuclei. However, analyzing the effects of cellular cannibalism on normal fibroblasts and observing their transformation would be the final proof of concept of CC being a source of genomic instability.

Furthermore, multiple studies have shown recently that the cGAS-STING pathway mediates the release of cytokines after DNA damages and that cGAS promotes cellular senescence [START_REF] Li | The cGAS-cGAMP-STING pathway connects DNA damage to inflammation, senescence, and cancer[END_REF][START_REF] Yang | cGAS is essential for cellular senescence[END_REF]. Hence, the cGAS-STING pathway should be investigated to determine whether cGAS activation takes place in cellular cannibalism and entescence elicited by ionizing radiation. Indeed, c-GAS binds to cytosolic DNA and it may associate to a chromosome left behind after hindered cannibal cell cytokinesis (due to the presence of the target cell) for example.

Finally, this research shows that cells may present similar predation interactions as other organisms in a given habitat (Nawaz and Yuan, 2016). It stresses the necessity to study the role of tumor microenvironment as hypoxia and the effects of stromal cells for example. To better mimic the tumoral microenvironment, 3D cell culture of tumor cells should be established. Cocultures in transwell plates or microfluidic chips could also be implemented making stromal cells cohabit and interact with tumoral cells. It would be interesting to investigate the influence of cannibal cells on the microenvironment and the immunological response to anticancer treatment.

To better evaluate the impact of radiotherapy on cellular cannibalism, the effects of different radiation sources and doses could be investigated since they may activate different MAPK. In addition, a multiple irradiation schedule could be setup to imitate fractionation.

To conclude, after having been only considered a biological curiosity for more than a century, cellular cannibalism starts to reveal its significance. Although several studies propose to use cellular cannibalism as a neoplastic grade biomarker (Gupta and Dey, 2003;[START_REF] Kala | Cellular cannibalism: A promising feature to determine cancer prognosis[END_REF] or prognostic biomarker [START_REF] Schenker | Cell-in-cell structures are more potent predictors of outcome than senescence or apoptosis in head and neck squamous cell carcinomas[END_REF], we propose to consider entescence rather than cellular cannibalism as a prognostic biomarker of clinical outcome. Indeed, confrontations of our results on entescence in vitro and in cohorts of breast cancer patients seem concordant with interindividual response to treatment, thereby opening a therapeutical avenue for its modulation. However, there is not enough research yet to conclude that stimuling entescence would be a safe and beneficial clinical strategy since it could also lead to tumor dormancy.

FRENCH SUMMARY

Les voies de signalisation impliquées dans le cannibalisme cellulaire induit par les radiations ionisantes

I. INTRODUCTION 1. Cancer, aspects historiques et épidémiologiques

Le cancer est une pathologie hétérogène qui semble exister depuis l'origine de l'humanité.

En effet, bien que la maladie était certainement beaucoup plus rare durant l'antiquité, des traces de cancer ont été retrouvées dans de nombreuses civilisations anciennes [START_REF] Natarajan | Bone cancer rates in dinosaurs compared with modern vertebrates[END_REF]Fornaciari & Giuffra, 2012).

Au cours du siècle dernier, l'incidence du cancer a connu une forte augmentation, notamment dans les pays développés, en relation avec le vieillissement de la population et l'évolution des modes de vie. Malgré les progrès de la recherche médicale et l'apparition de nouveaux traitements; en 2012, plus de 14 millions de nouveaux cas de cancer et plus de 8 millions de décès liés au cancer ont été recensés dans le monde [START_REF] Stewart | Cancer prevention as part of precision medicine: 'plenty to be done[END_REF]. Selon les projections de l'agence internationale pour la recherche sur le cancer IARC, ces chiffres devraient respectivement atteindre 24 et 14 millions en 2035, soulignant la nécessité de continuer à déchiffrer les mécanismes favorisant le développement tumoral afin d'optimiser l'efficacité des traitements actuels et poursuivre la recherche de stratégies thérapeutiques plus efficaces.

La radiothérapie

Après la chirurgie, la radiothérapie a été le premier traitement permettant une amélioration significative du contrôle tumoral [START_REF] Grubbe | Priority in the Therapeutic Use of X-rays[END_REF].

Depuis, la radiothérapie qui consiste en l'utilisation ciblée de radiations ionisantes à des fins thérapeutiques, n'a cessé d'être optimisée [START_REF] Lagendijk | MR guidance in radiotherapy[END_REF][START_REF] Supiot | Dose-painting » : mythe ou réalité ?[END_REF][START_REF] Thorwarth | Biologically adapted radiation therapy[END_REF]. Elle est actuellement utilisée dans près de la moitié des traitements anticancéreux, seule ou associée à des traitements par chirurgie, chimiothérapie ou immunothérapie par exemple (Delauney et al.,2005;Thariat et al., 2013).

Les radiations ionisantes sont capables de libérer assez d'énergie pour détacher un ou plusieurs électrons de leur orbite atomique et ainsi former des ions. Elles sont utilisées en oncologie pour altérer le fonctionnement des cellules malignes et les détruire.

Plusieurs types de radiations ionisantes peuvent être utilisés en fonction de leur capacité à pénétrer dans les tissus et de la localisation de la tumeur [START_REF] Amaldi | Acceleratori per la salute. Asimmetrie[END_REF].

Il est toutefois difficile d'éviter l'irradiation de tissu sain à proximité de la tumeur, mais la logique de ce traitement repose sur le fait que les cellules cancéreuses, de par leur prolifération plus rapide, possèdent moins de temps pour réparer les dommages que les cellules normales (Steel et al., 1989) and Tepper, 2015).

Localement, les rayons ionisants peuvent déclencher des processus de réparation de l'ADN, induire un arrêt irréversible du cycle cellulaire (qualifié d'état de sénescence) ou engendrer la mort de la cellule selon différentes modalités telles que l'apoptose, la nécrose ou la catastrophe mitotique par exemple (Laubert et al., 2012).

La radiothérapie a également des effets à distance [START_REF] Hei | Mechanism of radiation-induced bystander effects: a unifying model[END_REF]. Elle peut déclencher une réponse immunitaire antitumorale en stimulant le recrutement et l'activation de cellules T et induire une mort immunogène [START_REF] Teitz-Tennenbaum | Mechanisms Involved in Radiation Enhancement of Intratumoral Dendritic Cell Therapy[END_REF][START_REF] Surace | Complement Is a Central Mediator of Radiotherapy-Induced Tumor-Specific Immunity and Clinical Response[END_REF].

Les types de morts cellulaires non autonomes

Il existe plus d'une quinzaine de types de mort cellulaire [START_REF] Galluzzi | Molecular definitions of cell death subroutines: recommendations of the Nomenclature Committee on Cell Death 2012[END_REF].

Le comité international de nomenclature des morts cellulaires distingue l'apoptose, la mort associée à l'autophagie et la nécrose comme les trois principales modalités de morts cellulaires, aussi qualifiées respectivement de mort de type I, mort de type II et mort de type III [START_REF] Schweichel | The morphology of various types of cell death in prenatal tissues[END_REF]Kroemer et al., 2005). Les autres formes de mort cellulaire, qui diffèrent de par leurs propriétés morphologiques et biochimiques, font partie des modalités de morts atypiques.

Au sein de notre laboratoire, nous avons remarqué que parmi ces formes atypiques, plusieurs types de mort cellulaire tels que le cannibalisme cellulaire et l'entose présentent la caractéristique commune d'être non autonome; et nous avons proposé de les regrouper en formant le type de mort IV (Martins et al., 2017). Ces types de mort sont précédés de la formation de structures dites de « cellules dans une cellule » (cell in cell en anglais), déjà mises en évidence il y a plus d'un siècle [START_REF] Steinhaus | Ueber Carcinom-Einschlüsse[END_REF]. On distingue les différents processus de mort non autonome selon le type de cellules et leur implication dans le mécanisme. L'observation momentanée de ces structures ne permet pas de distinguer morphologiquement du cannibalisme cellulaire (où une cellule mange une autre cellule); de l'invasion cellulaire ou entose, où une cellule pénètre dans une autre cellule vivante.

L'internalisation est toujours homotypique dans le cas de l'entose mais elle peut être également hétérotypique pour le cannibalisme cellulaire. Bien que l'on retrouve des morts cellulaires non autonomes dans des conditions physiologiques (Li et al., 2015), ce type de mort est majoritairement décrit au sein de cellules tumorales et métastatiques (Sun et al., 2014).

L'entose est le processus de mort non autonome le mieux caractérisé (Overholtzer et al., 2007). Après la création d'une jonction intercellulaire impliquant notamment les molécules d'adhésion E-cadhérines, une cellule envahit une cellule hôte vivante dans un processus dépendant des protéines de motilité du cytosquelette RHO et ROCK. Une fois internalisée, la cellule a plusieurs destins possibles, mourir par apoptose, se diviser ou dans certains cas, elle peut ressortir de la cellule hôte. Elle peut également subir une mort dite entotique en étant dégradée par les enzymes lysosomales de la cellule hôte. La réduction de la capacité de déformation d'une cellule (induite par un oncogène ou une carence en nutriment la rendant la plus rigide que les cellules voisines) a été identifiée comme l'élément déclencheur du processus entotique (Sun et al., 2014;Hamann et al., 2017).

Le mécanisme moléculaire à l'origine du cannibalisme cellulaire est moins bien caractérisé. Il est généralement supposé qu'il serait déclenché par des conditions défavorables telles qu'une carence en nutriment ou un environnement acide qui induirait l'activation d'enzymes lytiques telles que la cathepsine B (Fais, 2007;[START_REF] Jain | An overview on "cellular cannibalism" with special reference to oral squamous cell carcinoma[END_REF]. Ces enzymes, qui fragilisent les jonctions intercellulaires, favoriseraient le détachement des cellules et leurs interactions médiées par des molécules d'adhésion telles que les E-cadhérines. De plus, il a été démontré que l'internalisation par la cellule hôte de la cellule cible est également un processus dépendant de l'activation de protéines de son cytosquelette telles que RHO et ROCK (Sun et al, 2014b).

La mort de la cellule internalisée résulte d'une dégradation lysosomale. Plusieurs études ont montré que les lysosomes étaient peu nombreux et disséminés dans les cellules cannibales et suggèrent que la mort de la cellule internalisée serait associée à l'autophagie et liée à une carence en nutriments de la cellule [START_REF] Lugini | Potent Phagocytic Activity Discriminates Metastatic and Primary Human Malignant Melanomas: A Key Role of Ezrin[END_REF]Lugini et al., 2006).

Toutefois, un second mécanisme de cannibalisme cellulaire a été identifié au sein de cellules d'adénocarcinome du pancréas (Cano et al., 2012).

Il s'agit d'une forme de cannibalisme homotypique, indépendant d'une carence en nutriment ou d'un milieu acide, des E-cadhérines, de ROCK, et différent de l'entose car il n'implique pas ATG5. En revanche, il est dépendant de l'inactivation de la protéine nucléaire nupr1, favorisé par l'activation de TGFß et dépendant de p38.

De plus, ces deux mécanismes différents induisent des effets opposés. Le premier qui semble être un mécanisme de survie dans des conditions métaboliques défavorables est considéré comme un biomarqueur d'agressivité tumorale. Aussi, plusieurs études proposent l'utilisation du cannibalisme cellulaire comme biomarqueur de lésions de haut grade [START_REF] Kala | Cellular cannibalism: A promising feature to determine cancer prognosis[END_REF] ou biomarqueur pronostique en oncologie [START_REF] Schenker | Cell-in-cell structures are more potent predictors of outcome than senescence or apoptosis in head and neck squamous cell carcinomas[END_REF]; alors que le deuxième mécanisme est associé à une réduction de nombre de métastases (Cano et al., 2012). Pour une meilleure prise en charge clinique des patients atteints de cancer, il apparaît donc essentiel de déterminer les mécanismes et rôles potentiels du cannibalisme cellulaire. S3c-d).

II. L'OBJECTIF DE LA THÈSE

Le mécanisme d'internalisation induit par les radiations ionisantes.

Dans le but d'approfondir la caractérisation de ce mécanisme de cannibalisme cellulaire induit par les radiations ionisantes; nous avons réalisé un criblage de plus de 700 kinases humaines, sur des cocultures de cellules MCF7 irradiées afin d'identifier les acteurs impliqués dans ce processus. 

Le rôle de la protéine kinase p38

Le criblage a également révélé que des protéines kinases participent à la régulation de ce mécanisme; notamment la protéine p38alpha également nommée MAPK14 (Article 3,

Figures #1g, h).

L'étude du statut de p38 a mis en évidence que la kinase est majoritairement phosphorylée sur 

L'interaction entre p38 et p21

Pour faire le lien entre ces deux acteurs clés identifiés par le criblage, nous avons étudié l'effet de l'inhibition de p38 sur p21 et observé que l'expression de p21 est contrôlée par p38 (Article 3, Figures # 4a,b). Nous avons ainsi pu placer p38 en amont de la voie de signalisation activée lors du cannibalisme cellulaire induit par les radiations ionisantes.

Le sort de la cellule cannibale

Nous avons observé lors de précédents travaux que les cellules cannibales adoptent généralement un phénotype sénescent dépendant de p21, que nous avons nommé entescence.

Ces cellules présentent une augmentation de leur volume cellulaire (Article 2, Figures #4A, Il apparaît également indispensable de rechercher l'implication des autres isoformes de p38 tel que p38delta, récemment impliqué dans le cancer du sein [START_REF] Wada | P38 delta MAPK promotes breast cancer progression and lung metastasis by enhancing cell proliferation and cell detachment[END_REF].

Par ailleurs, plusieurs éléments nous laissent suspecter le rôle de cGAS, un détecteur d'ADN cytosolique dans l'initiation de l'entescence. Il pourrait en effet être activé par la présence de micronoyaux et de chromosomes oubliés après une cytokinèse gênée par la présence d'une cellule internalisée et déclencher l'activation de la voie de signalisation cGAS-STING [START_REF] Li | The cGAS-cGAMP-STING pathway connects DNA damage to inflammation, senescence, and cancer[END_REF][START_REF] Yang | cGAS is essential for cellular senescence[END_REF].

Enfin, si les cellules cannibales produisent des cytokines pro-inflammatoires, il serait intéressant de rechercher si le cannibalisme cellulaire est impliqué dans des pathologies inflammatoires. A ce sujet, la présence de cellules cannibales a déjà été rapportée dans l'urine de malades atteints de maladies glomérulaires inflammatoires [START_REF] Ohsaki | Cannibalism' (cell phagocytosis) does not differentiate reactive renal tubular cells from urothelial carcinoma cells[END_REF].

126 Titre: Abstract: Many types of anticancer therapies are available to kill tumor cells.

The tumoral cell death modalities may be different upon the treatment, the cell type and inter-individual sensitivity. Beside the typical cell death processes apoptosis and necrosis, cellular cannibalism has also been reported in patients tumoral biopsies. This cellular process is defined as the engulfment of one live cell by another live cell followed by the degradation of the inner cell.

The mechanisms beyond cellular cannibalism are still partially understoof but it appears to be of clinical relevance. Indeed, we have shown that these events could be modulated by anticancer treatments and there are evidences of their utility as a potent prognostic biomarker in some cancers.

This thesis presents the in vitro experiments which led to the identification of the signaling pathways involved in cellular cannibalism induced by ionizing radiation.

Frais de reprographie pris en charge par la taxe d'apprentissage collectée par Gustave Roussy

Figure 1 :

 1 Figure 1: The incidence and mortality of cancer worldwide in 2012 ..............................................................

Figure 2 :

 2 Figure 2: The cell cycle and its implication in cancer genetics ........................................................................

Figure 3 :

 3 Figure 3: Tumor mass development and formation of metastasis ....................................................................

Figure 4 :

 4 Figure 4: Emerging hallmarks of cancer cell metabolism ................................................................................

Figure 5 :

 5 Figure 5: Examples of anticancer clinical strategies ........................................................................................

Figure 6 :

 6 Figure 6: Penetration curves of different kind of ionizing radiation into the human body ..............................

Figure 7 :

 7 Figure 7: Direct and indirect damages caused by ionizing radiation ...............................................................

Figure 8 :

 8 Figure 8: Typical and atypical cell death's modalities .....................................................................................

Figure 9 :

 9 Figure 9: Morphological changes in apoptotic cells ........................................................................................

Figure 10 :

 10 Figure 10: Loss of the asymmetry of the plasma membrane during apoptosis ................................................

Figure 11 :

 11 Figure 11: The structure and functions of caspases .........................................................................................

Figure 12 :

 12 Figure 12: The Bcl-2 proteins' family ..............................................................................................................

Figure 13 :

 13 Figure 13: Schematic representation of the intrinsic and extrinsic pathways of apoptosis ..............................

Figure 14 :

 14 Figure 14: Schematic representation of the granzyme B pathway in apoptosis ...............................................

Figure 15 :

 15 Figure 15: Triggers and functions of autophagy ..............................................................................................

Figure 16 :

 16 Figure 16: Different types of autophagy ..........................................................................................................

Figure 17 :

 17 Figure 17: Main regulatory mechanisms of autophagy ....................................................................................

Figure 18 :

 18 Figure 18: The induction of autophagy ............................................................................................................

Figure 19 :

 19 Figure 19: Proteins with dual roles in autophagy and apoptosis ......................................................................

Figure 20 :

 20 Figure 20: Morphological changes in necrotic cells ........................................................................................

Figure 21 :

 21 Figure 21: Necrosome, the main pathway of regulated necrosis or necroptosis ..............................................

Figure 22 :

 22 Figure 22: Illustration of cell-in-cell structures on fluorescent microscopy ....................................................

Figure 23 :

 23 Figure 23: The Rho-ROCK pathway participates to the regulation of the cytoskeleton activity ....................

Figure 24 :

 24 Figure 24: Schematic representations of emperipolesis ...................................................................................

Figure 25 :

 25 Figure 25: Primary and secondary phagocytosis ..............................................................................................

Figure 26 :

 26 Figure 26: The morphological stages of entosis ...............................................................................................

Figure 27 :

 27 Figure 27: Schematic representation of the entotic mechanism .......................................................................

Figure 28 :

 28 Figure 28: A new entotic mechanism originating from aberrant mitosis .........................................................

Figure 29 :

 29 Figure 29: Hallmarks of the senescent cells .....................................................................................................

Figure 30 :

 30 Figure 30: Age dependent factors inducing senescence ...................................................................................

Figure 31 :

 31 Figure 31: p73 or the p53 failsafe mechanism for p21-induced senescence ...................................................

Figure 32 :

 32 Figure 32: The four groups of MAPK ..............................................................................................................

Figure 33 :

 33 Figure 33: The DNA damage response leads to senescence through different pathways ................................

Figure 34 :

 34 Figure 34: Mechanism of p38 MAPK activation .............................................................................................

Figure 35 :

 35 Figure 35: Examples of oncogene-and tumor-suppressor loss-induced senescence pathways ......................

Figure 36 :

 36 Figure 36: p53 represses p38 MAPK and the expression of SASP .................................................................

Figure 37 :

 37 Figure 37: Main signaling pathways regulating SASP secretion .....................................................................

Figure 38 :

 38 Figure 38: Temporal expression of SASP, the senescence phenotype and functional consequences ..............

Figure 39 :

 39 Figure 39: The autocrine and paracrine effects of SASP ...............................................................................

Figure 40 :

 40 Figure 40: The beneficial and detrimental roles of cellular senescence and SASP .......................................

Figure 41 :

 41 Figure 41: Scheme of the activation pathway of ionizing radiation elicited cellular cannibalism ................

Figure 42 :

 42 Figure 42: Main types of cell death induced by ionizing radiation ................................................................

2 . 1 : 2 : 3 :

 2123 Define the elimination mechanism underwent by the target cell 3. Study the fate of the remaining cannibal cells 4. Determine its physiopathological consequences RESULTS Article Anticancer chemotherapy and radiotherapy trigger both non-cell-autonomous and cellautonomous deaths Isabelle Martins # , Syed Qasim Raza # , Laurent Voisin, Haithem Dakhli, Awatef Allouch, Frederic Law, Dorine de Jong, Maxime Thoreau, Elodie Mintet, Delphine Dugué, Mauro Piacentini, Marie-Lise Gougeon, Pascale Bertrand, Catherine Brenner, David M. Ojcius, Nazanine Modjtahedi, Eric Deutsch and Jean-Luc Perfettini; Cell Death and Disease, June 2018. Article Entescence is a novel senescence program initiated by cellular cannibalism that prevents genomic instability and tumor progression Raza SQ # , Voisin L # , Dakhli H # , Martins I # , Paoletti A, Law F, Wu Q, Allouch A, De Jong D, Rivera S, Mondini M, Mintet E, Dugué D, Caillet M, Subra F, Charpy C, Boidot R, Bourdon JC, Ladoire S, Vielh P, Zhu Y, Nardacci R, Del Nonno F, Séror C, Enot D, Aoufouchi S, Overholtzer M, Medema JP, Colak S, Piacentini M, Gougeon ML, Delaloge S, André F, Dejean A, Ghiringhelli F, Bertrand P, Brenner C, David M. Ojcius, Modjtahedi N, Bischof O, Deutsch E, Kroemer G and Perfettini JL. In revision, Nature comm., in 2018. Article The p38MAP kinase plays a central and dual role during the induction of entescence by anticancer therapies Laurent Voisin # , Haithem Dakhli # , Dorine de Jong # , Maxime Thoreau, Awatef Allouch, Zeinaf Muradova, Syed Qasim Raza, Nazanine Modjtahedi and Jean-Luc Perfettini. To be submitted, 2018 Article 4 : Entosis : The emerging face of non-cell -autonomous cell death type IV Martins I, Raza SQ, Voisin L, Dakhli H, Law F, De Jong D, Allouch A, Thoreau M, Brenner C, Deutsch E, Perfettini JL.; Biomed J. 2017 Jun;40(3):133-140.

labeled with 5 -

 5 (and-6)-(((4-chloromethyl)benzoyl)amino) tetramethylrhodamine (CMTMR, red) fluorescent vital probe, and irradiated isogenic HCT116 cells that have been labeled with 5-chloromethylfluorescein diacetate (CMFDA, green) fluorescent vital probe. After 24 hours of co-culture, irradiated CMFDA + cells, non-irradiated CMTMR + cells and the total cell population (CMFDA + and CMTMR + ) were analyzed for PS exposure, loss of plasma membrane integrity and DNA content. To characterize molecular mechanisms involved in the execution of cell death, co-cultures were performed in the presence of cell death modulators

  During decades, the main goal of medical research in oncology was to reduce tumor growth and metastasis dissemination by inducing the direct killing of cancer cells. Recently, the ability of type I and type III cell death modalities to emit various danger-associated molecular pattern (DAMPS) (such as ATP and HMGB1) and to elicit antitumor immune response revealed that cell death mechanisms may also modulate tumor growth by modifying tumor microenvironment19, 20 . Although the characterization of cell death modalities and related signaling pathways elicited by anti-cancer treatments is central for the development of novel therapeutic strategies, the capacity of anticancer agents to trigger NCADs was never investigated.By means of a novel multispectral imaging flow-cytometry-based platform and co-culture experiments, we revealed that ionizing radiation and chemotherapeutic agents (such as paclitaxel, oxaliplatin and cisplatin) can simultaneously trigger CADs and NCADs in both treated and untreated cancer cell populations. We observed that after ionizing radiation, fractions of irradiated and non-irradiated cancer cell population are eliminated through caspase-dependent cell death, while another fraction of the irradiated cancer cell population engulfed and killed neighboring cells via a caspase-1-dependent mechanism. Similarly, we detected that oxaliplatin and cisplatin also trigger the killing of fractions of treated cancer cell population through apoptosis and/or pyroptosis, and by eliciting cellular cannibalism.

  . The relative contribution of CADs and NCADs to the shift from apoptosis to necroptosis described when Fas-overexpressing L929 fibrosarcoma cells were stimulated by agonistic anti-Fas antibody in presence of the pan-caspase inhibitor Z-VAD-fmk should be analyzed through the determination of the cell death profiling using quantitative multispectral imaging flow-cytometry. Our results also suggest that the quantitative and qualitative variations of cell profiling elicited by anticancer treatments should differentially impact biological and immunological tumor responses to anticancer treatments. Further molecular characterization defining the impact of each cell death modality on the cancer cell fate in vitro and on the tumor growth in vivo should help to precise roles of CADs and NCADs during anticancer treatments. Similarly, further studies aiming at the pharmacological or genetic manipulation of several cell death effectors (such as proapoptotic BCL-2 family members, BAX and BAK) should also determine whether the notion of "the point of no return" which as been proposed as a central cellular event for cell fate decision when considering lethal signaling pathways as a linear cascade of cellular events 5 is still pertinent when considering the heterogeneity of cell death responses to cancer treatment. Taken together, our results highlight the coexistence of cell autonomous types of cell death (such as type I, II and III) with non-cell autonomous type of cell death that has been poorly characterized and underestimated during years. This last type of death should definitively be identified as type IV cell death modality.

  , cell lines and culture conditionsUnless otherwise indicated, chemicals and Acetyl-Tyr-Val-Ala-Asp-chloromethylketone (Ac-YVAD-cmk) were purchased from Sigma-Aldrich. Antibiotics, media, supplements for cell culture were obtained from Life Technologies. Benzyloxycarbonyl-Val-Ala-Asp(OMe)fluoromethylketone (Z-VAD-fmk) was from Bachem and recombinant mouse TNF-alpha from R&D systems. Human colon carcinoma HCT116 cells were cultured in McCoy's 5A medium. Human MCF7 breast cancer cells and murine fibrosarcoma cell line L929 were in Dulbecco's modified Eagle's medium. All the media were supplemented with 10% heatinactivated fetal bovine serum (FBS), 10 mM HEPES buffers, 2 mM L-glutamine, 10 U/mL penicillin sodium and 10 µg/mL streptomycin sulfate.IrradiationCells were seeded in 6-well plates, 12-well plates or 25 cm 2 flasks and irradiated at indicated dose with gamma-ray irradiator IBL-637 (Cs 137 , 1 Gy/min, gamma CIS-BioInternational, IBA, Saclay, France).CellTracker™ Fluorescent Probes labelingUpon the removal of the culture medium, HCT116 cells were incubated with pre-warmed medium containing 10 µM of 5-chloromethylfluorescein diacetate (CMFDA, green fluorescence) or 5-(and-6)-(((4-Chloromethyl)Benzoyl)Amino)Tetramethylrhodamine (CMTMR, red fluorescence) (Molecular Probes-Life Technologie) for 45 min at 37°C. Thereafter, HCT116 cells were rinsed twice with pre-warmed medium, and incubated for 1 hour at 37°C. Stained cells were treated as indicated and cultured for cell death profiling analysis. Cell Death Profiling by quantitative Flow Imaging Untreated HCT116 cells were labeled with CMFDA (green fluorescence, CMFDA + ) or CMTMR (red fluorescence, CMTMR + ) and treated HCT116 cells with CMFDA (green fluorescence, CMFDA + ). The following cell mixtures were performed: untreated CMTMR + HCT116 cells were mixed with untreated CMFDA + HCT116 cells, or untreated CMTMR + HCT116 cells were mixed with treated CMFDA + HCT116 cells. Then, cells were co-cultured during 24 hours in the presence or absence of the pharmacological inhibitor of ROCK, Y27632 (30 µM), the pan-caspase inhibitor, Z-VAD-fmk (ZVAD, 100 µM), the inhibitor of caspase-1, Ac-YVAD-cmk (YVAD, 100 µM), the necroptosis inhibitor, Necrostatin-1 (NEC1, 30 µM), the inhibitor of the vacuolar type H(+)-ATPase (V-ATPase) inhibiting autophagy, Bafilomycin A1 (BafA1, 50nM), the inhibitor of Cdks with an anti-mitotic activity, Roscovitine (Rosco, 10 µM). After 24 hours of co-culture, both detached and adherent cells were collected and stained with Hoechst 33345 (10 µg/mL) during 1 hour at 37°C in warmed complete medium. To detect phosphatidylserine (PS) exposure and plasma membrane permeability, labeled HCT116 cells were successively incubated with Biotin-AnnexinV (BD Pharmingen) as recommended by manufacturer, 0.5µg BV786-Streptavidin (BD Biosciences) and 3µM DRAQ7 (BioStatus) during 15 minutes at 25°C. After washing with PBS solution, samples were immediately analyzed using an imaging flow cytometer FlowSight® (Amnis®, part of EMD Millipore). Data were acquired at a 20× magnification, using INSPIRE software.

  after co-culture sequentially labeled with specific fluorescent probes (such as FITCconjugated AnnexinV, propidium iodide, and Hoechst 33342) and analyzed by flow cytometry. Both detached and adherent cells were collected and stained with Hoechst 33345 (10ug/ml) during 1 hour at 37°C in warmed complete medium. After washing with PBS, HCT116 cells were suspended in 1X binding buffer supplemented with fluorescein isothiocyanate (FITC)-conjugated Annexin V (BD Biosciences) and propidium iodide (PI, 1µg/mL) (Sigma), as per manufacturer's instructions. Samples were then analyzed using LSRII flow cytometer (Becton Dickinson) and the FlowJo software v10. For confocal fluorescence microscopy, HCT116 cells were fixed after co-culture in 3,7% paraformaldehyde-PBS for 15 minutes and counterstained with 1 µg/mL Hoechst 33342 (Life technologie) for 15 minutes. Then, cells were analyzed by confocal SPE microscope equipped with Apochromat 63× 1.3 NA and 63× 1.15 NA oil immersion objectives. The Leica Aplication Suite (LAS) software was used (Leica Microsystems).Western blotsTotal cellular proteins were extracted in lysis buffer (containing 1% NP40, 20 mmol/L HEPES, 10 mmol/L KCl, 1 mmol/L EDTA, 10% glycerol, protease and phosphatase inhibitor tablets). Protein extracts (30 µg) were run on 4-12% NuPAGE® Novex® Bis-Tris gels (Life Technologies) and transferred at 4°C onto Immobilon polyvinyldifluoride (PVDF) membranes (Thermo Scientific). After blocking, membranes were incubated at 4 °C overnight with primary antibodies specific for: caspase-3 (#9662), cleaved caspase-3 (Asp175) (#9661), Myosin Light Chain 2 (MLC2) (#3672), phospho-MLC2 (Ser19) (#3675), LC3 A/B (#4108), p-(S)-CDKs Substrate (#9477) were obtained from Cell Signaling Technology. Antibodies against GAPDH (#MAB374) were purchased from Millipore. Horseradish peroxidaseconjugated goat anti-mouse or anti-rabbit (Southern Biotechnology) antibodies were then incubated during 1 h and revealed with the SuperSignal West Pico® reagent (Thermo Fisher Scientific) or the ECL TM Prime Western Blotting Detection System (GE Healthcare) using an ImageQuant LAS 4000 software-assisted imager (GE Healthcare).Statistical analysesEach experiment has been repeated at least three times, yielding comparable results. Unless otherwise indicated, figures illustrate quantitative data from one representative experiment (means ± SEM, n = 3). Data were analyzed by means of Prism v. 5.03 (GraphPad Software, La Jolla, CA, USA). Statistical significance was assessed by one-way ANOVA tests. In all experiments, p values < 0.05 were considered as statistically significant.
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 1 Figure 1 Detection of γ-irradiation-elicited cell autonomous death modalities by quantitative
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 2 Figure 2 Detection of γ-irradiation-elicited non-cell autonomous death modalities by
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 3 Figure 3 Quantitative flow-cytometric detection of cell-autonomous death modalities in cell
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 4 Figure 4 Quantitative flow cytometric detection of non-cell-autonomous death modalities in

  tumor suppressor protein p53 and its isoform Δ133p53 suppress cellular cannibalismTo study the molecular basis of cancer-related cellular cannibalism, we examined the impact of the tumor suppressor protein p53 on cell internalization, the first step of cellular cannibalism. Among several cancer cell lines that spontaneously exhibit cellular cannibalism (FiguresS1A and S1B), we chose the colon carcinoma HCT116 cell line for the quantification of cell engulfment under conditions of p53 inactivation. After p53 depletion, half of the cells were labeled with 5-chloromethylfluorescein diacetate (CMFDA, green fluorescence) and the other half with 5-(and-6)-(((4-chloromethyl)benzoyl)amino) tetramethylrhodamine (CMTMR, red fluorescence), mixed together at a 1:1 ratio, and cultured for 24 hours (Figures1A and S1C). Confocal microscopy then revealed that depletion of p53 significantly enhanced the frequency of cell-in-cell structures (Figures1B and 1C). Inactivation of p53 with cyclic pifithrin-α (Figures1D and 1E), knockdown of p53, or knockout of the p53 gene by homologous recombination (Figures1D and 1E) induced formation of cell-in-cell structures after 24-hour homotypic cocultures of HCT116 cells (Figures1D and 1E) or heterotypic co-cultures of p53-depleted human primary WI38 fibroblasts with HCT116 cells (Figure1Fand S1D), as revealed by fluorescence staining of membrane-bound β-catenin, cytosolic (green) CMFDA and (red)

  prevented the production of cell-in-cell structures(Figures 1E and S1D), which however was not affected by the pan-caspase inhibitor Z-VAD-fmk(Figures 1E and S1D), thus revealing that p53 inactivation allows the engulfment of live cells by other live cells through cellular mechanisms that require ROCKdependent actin cytoskeleton reorganization. To further characterize the role of p53 in the regulation of cell engulfment, we examined the impact of its depletion either in target (engulfed) or host (cannibal) cells. p53-deleted or -depleted HCT116 cells were labeled with (red) CMTMR, mixed with untransfected (green) CMFDA-labeled HCT116 cells, and cultured for 24 hours. Confocal analysis revealed that p53 inactivation in host, but not in target, cells triggered cell engulfment (Figure1G). Simultaneous inactivation of p53 and ROCK1 in host cells impaired the generation of cell-in-cell structures (FiguresS1G and S1H), indicating that p53-repressed ROCK1 activation triggers cellular cannibalism. To further explore the mechanisms that govern the p53-mediated regulation of cellular cannibalism, we evaluated the effects of p53 mutants and isoforms. Wild type, full-length p53 as well as a nuclear p53 mutant (which lacks the nuclear export sequence, NES) that was co-transfected with green fluorescent protein (GFP + ) into p53 -/-HCT116 cells could suppress the formation of cell-in-cell structures detected after 24-hour heterotypic co-culture with target HCT116 cells. Conversely, a cytoplasmic p53 mutant (which lacks the nuclear localization sequence, NLS) or two mutants that lack the transactivation activity of p53 (due to the frequent cancerassociated mutations: R175H or R273H) failed to suppress cannibalism(Figures 1H, 1I and S1I). We also observed that the overexpression of a splice variant of p53, Δ133p53, which lacks the amino-terminal transactivation and proline-rich domains, could inhibit cannibalism when full-length p53 isoform is absent (Figures1H and 1I). We then characterized the role of Δ133p53 in the regulation of cell engulfment and observed that Δ133p53 depletion could induce ROCK-dependent and caspase-independent cannibalism in human cancer cells(HCT116 and PANC 8.13) (Figures 1J, 1K, S1J, S1L and S1M). We also examined the impact of Δ133p53 depletion on host (cannibal) cells. Δ133p53-depleted WI38 cells were labeled with CMTMR, mixed with untransfected CMFDA-labeled HCT116 cells, and cultured for 24 hours. Confocal analysis indicated that Δ133p53 inactivation in host cells triggered cell engulfment (FiguresS1N and S1K). Altogether, these results indicate that the tumor suppressor protein p53 and its isoform Δ133p53 repress cellular cannibalism.

  cannibalism detected after IR. These results indicate that cell cycle regulators such as cyclin-dependent kinase inhibitor p21 modulate IR-mediated cellular cannibalism. We then further characterized the mechanism(s) by which p21 controls the induction of cellular cannibalism. Overexpression of p21 (Figures2I and 2K) spontaneously triggered cellular cannibalism, and conversely, the knockdown (Figures2J and 2L) or knockout of the p21 gene (by homologous recombination, Figure2M) repressed the cellular cannibalism elicited by CDDP (Figure2M), IR (Figures2L and 2M) or mitoxantrone (MTX) (Figure2M) treatment. Considering that blocking antibodies against E-cadherin suppressed cellular cannibalism elicited by treatment with CDDP, IR or MTX treatment (Figure2N), we determined the influence of p21 on the surface exposure of E-cadherin and revealed that the knockdown (Figure2O) or knockout of p21 (Figure2P) reduced the membrane accumulation of E-cadherin detected under basal conditions(Figures 2O and 2P) or in response to CDDP,

  ), reflected by the reduced incorporation of EdU (Figures4E-4H), the induction of the cyclindependent kinase inhibitor p21 expression(Figures 4E, 4F, 4I and 4J), and finally the activation of 4F, 4K and 4L). Consistently, cannibal cells purified after 24 hours co-cultures of CDDP, MTX or IR treated CMTMR + HCT116 cells with CMFDA + HCT116 cells were unable to proliferate (FigureS4E). Interestingly, the induction of this non-cell-autonomous senescence program occured before the biochemical hallmarks of senescence in single cells became detectable(Figures 4B,. Given that cellular engulfment may be associated with the production of reactive oxygen species (ROS) by host cells(Wang et al., 2013), we examined the ROS production by detecting the oxidation of the ROS-sensitive fluorochrome 2,7-dichlorohydro fluorescein diacetate (H 2 DCFDA) into fluorescent 2,7-dichlorohydro fluorescein (DCF). We found that ROS are produced in cannibal cells (Figure4M). Addition of ROS scavengers such as N-acetylcysteine (NAC) or manganese (III)-tetrakis(4-benzoic acid) porphyrin (MnTBAP) also reduced the frequency of p21 + (Figures4N and 4O) and SA-βGal + (Figures4P and 4Q) cannibal cells detected after 48 hours of homotypic cultures of irradiated, p53-deleted or Δ133p53-depleted cells (Figures4N-4Q), implying that ROS production contributes to entescence. Consistently, the depletion of p21 reduced SA-β-Gal activity of cannibal cells observed after IR (FigureS4F) or when p53 or Δ133p53 is inactivated (Figure4R, 4S, S4G and S4H), thus revealing that the cyclin-dependent kinase inhibitor p21 is also a central effector for the senescence of cannibal cells. To further characterize the molecular mechanisms involved in the induction of p21 in cannibal cell, we first analyzed the role of p73, which is another p53 family member[START_REF] Kaghad | Monoallelically expressed gene related to p53 at 1p36, a region frequently deleted in neuroblastoma and other human cancers[END_REF], on the senescence of cannibal cells detected after p53 deletion. The depletion of p73 reduced the expression of p21 expression and SA-Gal activity of cannibal cells (FiguresS4I-S4K), thus indicating that p73 facilitates the induction of entescence when p53 is lost. Interestingly, cannibal cells harboring dominant negative mutant R273H of p53 on both alleles (p53 R273H/R273H ) such as human colon cancer HT29 cells exhibited a reduced expression of p21(Figures S4L and S4M), the absence of SA-β-Gal activity(Figures S4L and 

  cannibal cells(Figures S5F and S5G). Conversely, HT29 cannibal cells scarcely exhibited entescence markers such as p21 expression(Figures S4L and S4M) and SA-β-Gal activity(Figure S4L and S4N). Moreover, nuclei from cannibal HT29 cells incorporated EdU (FigureS4Land S5O) and stained for Ki-67 (Figure5I), indicating that these cells resumed the division cycle and hence were refractory to the induction of entescence. These results were confirmed by a comparative assessment of proliferative capacities of single cells and cannibal cells purified after 48-hour homotypic cultures of control or Δ133p53-depleted HT29 (p53 R273H/R273H ) cells (FigureS5H) or heterotypic cultures of wild-type (p53 +/+ ) HCT116 cells with Δ133p53-depleted unmutated or mutated (p53 R248W/+ or p53 R248W/-) HCT116 cells (Figures5J-5L), indicating that p53-dependent entescence impaired the proliferation of aneuploid cannibal cells. To evaluate the impact of entescence on tumor growth, we used tumor cell competition assays in mice(Sun et al., 2014). After purification by means of centrifugal elutriation, single cell fractions, and fractions of entescence-enriched (p53 +/+ ) and non-entescence-enriched (p53 R248W/-) cannibal cells obtained after homotypic cultures of irradiated cells were analyzed for target cell degradation (FigureS5I), showing similar levels of death of internalized cells. Fractions were then implanted into immunodeficient mice and tumor growth was monitored. Tumors obtained from entescence-enriched fractions grew more slowly than those obtained after implantation of a majority of single cells (Figures 5M-

  chemotherapy and observed that the presence of entescent cells within the tumor was favorably predictive of both the pathological and the clinical outcome observed after six cycles of chemotherapy. In stark contrast, triple-negative breast cancer (TNBC), which is intrinsically affected by poor prognosis, was characterized by chemotherapy-induced cell-incell structures that failed to exhibit signs of entescence and stained positively for the proliferation marker Ki-67. In patients with TNBC, the presence of cell-in-cell structures correlated with a poor chemotherapeutic response and dismal prognosis for disease-free and overall survival. The identification of novel therapeutic strategies aiming at the specifically elimination of cancer cells overriding entescence should help for the treatment of TNBC patients that poorly respond to conventional anticancer treatments. These results reinforce the relevance of the Trojan Horse model and allow us to propose that entescence may constitute a novel biomarker related to the efficacy of antineoplastic treatments in human cancer.
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 1 Figure 1. Identification of p53 and Δ133p53 isoform as suppressors of cellular cannibalism
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 2 Figure 2. Cell cycle regulators dictate IR-elicited cellular cannibalism
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 3 Figure 3. Autophagy-mediated extracellular ATP release and purinergic receptor P2Y2
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 4 Figure 4. Cellular cannibalism leads to entescence (A) Representative micrographs of sorted p53-deleted cannibal (H2B-GFP + /H2B-RFP + ) cells
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 5 Figure 5. Entescence is a non-cell-autonomous oncosuppressive mechanism
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 6 Figure 6. Defective entescence favors genomic instability and survival advantages to cancer
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 7 Figure 7. Detection of cellular cannibalism, entescence and entescence bypass in human

  carcinoma wild-type (WT) HCT116 cells, human pancreatic PANC 8.13 cells, human colon HT29 cells or human breast adenocarcinoma MCF7 cells that have been transduced for RasV12 , treated with cisplatin (CDDP), mitoxantrone (MTX), irradiated with 4 Gy or 8 Gy (IR) or depleted for Δ133p53 were incubated for 24 hours in the presence or absence of the indicated concentrations of the pharmacological inhibitor of purinergic P2Y2 receptor, Kaempferol (Sigma), the inhibitor of ROCK1, Y27632 (Sigma), or the pan-caspase inhibitor, Z-VAD-fmk (Bachem). Adenosine triphosphate (ATP), CDDP, MTX, N-acetyl-cysteine (NAC), uridine triphosphate (UTP) and soluble apyrase used in indicated experiments were obtained from Sigma. Manganese (III)-tetrakis(4-benzoic acid) porphyrin (MnTBAP) was from Merck chemicals. Oncogene-induced senescence (OIS) was performed by retroviralmediated infection of primary human diploid fibroblasts strain WI38 (population doubling 13) using pBABE-Ras V12 and Phoenix packaging cells. Twenty-four hours post-infection, cells were pharmacologically selected with 4 µg/ml puromycin (pBABE) for 2 days. Day 0 was considered as the time point at which all non-infected cells were dead after pharmacological selection. Replicatively senescent cells were produced by serial passaging of WI38 cells at an oxygen concentration of 3% until replicative exhaustion. Cell populations were considered senescent when less than one population-doubling was completed per two weeks, EdU positivity was less than 1% and SA-β Gal positivity was greater than 70-80%. siRNA library screen.CMFDA-labeled MCF7 cells that have been transfected during 48 hours with Dharmacon siGENOME® SMART pool® siRNA library (containing 2844 siRNAs) and irradiated (or not) with 8 grays of γ-ionizing radiation were mixed at a 1:1 ratio with untreated (red) CMTMR-labeled MCF7 and seeded in 96-well plates. After 8-hour co-culture, (green) CMFDA-labeled MCF7 cells internalizing (red) CMTMR-labeled MCF7 cells (noted G(R))

10 µM of 5 -

 5 chloromethylfluorescein diacetate (Cell Tracker Green CMFDA, Invitrogen), with 10 µM of5-(and-6)-(((4-Chloromethyl)Benzoyl)Amino)Tetramethylrhodamine (CMTMR, Invitrogen) or with Lysotracker Red (Invitrogen) and co-cultured for the indicated time. Time-lapse microscopy was performed on 35 mm cover glass bottom dishes coated with poly-hema. Fluorescence and differential interference contrast (DIC) or phase contrast images were obtained every 5 minutes. For specific subcellular staining of cannibal cells, cells were fixed in 4% paraformaldehyde/ phosphate-buffered saline (PBS) for 30 minutes, permeabilized in 0.1% SDS in PBS and incubated with fetal bovine serum (FBS) for 20 minutes, as previously described(Seror et al., 2011). Antisera were used for immunodetection in PBS containing 1 mg/ml BSA and revealed with goat anti-rabbit IgG conjugated to Alexa 546 fluorochromes and with rabbit anti-mouse IgG conjugated to Alexa 647 fluorochromes from Invitrogen. The intracellular ROS levels were evaluated using the fluorescent probe 2,7dichlorohydro fluorescein diacetate (H 2 DCFDA) according to the manufacturer's instructions (Invitrogen). Cells were counterstained with Hoechst 33342 (Invitrogen) and analyzed by cell structures were seeded in microtiter plates (with one single structure per well) by cell sorting using BD Influx TM cell sorter (Becton Dickinson). Sorted populations (single cell and cannibal cell) were validated by fluorescence microscopy. Then single cells and cannibal cells were cultured for six days during which the number of structure (single cell or cannibal cell) was quantified daily. In addition, we analyzed cannibal cell proliferation using a fluorescent microscopy based approach. Cells were co-cultured for 24 hours and then incubated with 10 µM 5-ethynyl-2´-deoxyuridine (EdU) for 1 hour and stained using the Click-iT TM Edu Imaging Kit from Invitrogen. Cells were counterstained with an antibody against β catenin and with Hoechst 33342 (Invitrogen).

  WT siRNA Co. + WT p53 -/-siRNA Co. + WT p53 -/-siRNA-1 ATG5 + WT p53 -/-siRNA-2 ATG5 + WT p53 -/-siRNA-1 BCLN1 + WT p53 -/-siRNA-2 BCLN1 + WT

  Representative micrographs of 24-hour heterotypic cultures of unlabeled wild type (WT) HCT116 cells with p53 -/-HCT116 cells that have been co-transfected with GFP-expressing plasmid and plasmids expressing p53 NES-or p53 NLS-(p53 -/-tHCT116+HCT116) (n=3). (J, K) Immunoblots of MLC2 or MLC2S19* after Δ133p53 depletion in HCT116 (J) and in WI38 (K) cells. GAPDH, loading control (n=3). (L, M) Representative confocal micrographs and percentages of cannibal cells obtained after 24-hour homotypic cultures of Δ133p53-depleted PANC 8.13 cells in absence or presence of 30 µM of Y27632 or 100 µM of Z-VAD-fmk (tPANC8.13+tPANC8.13)(n=3). (N) Percentages of cannibal WI38 cells detected after 24-hour heterotypic culture of Δ133p53-depleted WI38 cells with HCT116 cells in absence or presence of 30 µM of Y27632 or 100 µM of Z-VAD-fmk (tWI38+HCT116)(n=3).

P

  values were calculated by means of one-way ANOVA test in (H).
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 S2 Figure S2. Cell cycle modulators regulate cellular cannibalism

Figure S4 .

 S4 Figure S4. Cellular cannibalism induces entescence

Figure S5 .

 S5 Figure S5. Proliferation of aneuploidy cannibal cells is repressed by entescence

Fluorescence

  microscopy analysis of cannibal cells revealed the depletion of IL-6 and IL-8 reduced the percentage of cannibal cells detected after 24-hour homotypic cocultures of HCT116 cells that have been treated with CDDP, IR or MTX (Figures 5c-

8 (

 8 . The used probes of IL-6 (Hs00174131 m1), IL-Hs00174383 m1) and GAPDH (Hs02758991 g1) were included in the premade TaqMan Gene expression mixes obtained from Applied Biosystems. Results were analysed with the cycle threshold methods (C T ) and each sample was normalized to the quantity of endogenous GAPDH mRNA.Immunoblots and immunofluorescence.Total cellular proteins were extracted in 250 mM NaCl-containing lysis buffer (250 mM NaCl, 0.1% NP40, 5 mM EDTA 10 mM Na 3 VO 4 , 10 mM NaF, 5mM DTT, 3 mM Na 4 P 2 O 7 ) and the protease inhibitor cocktail (EDTA-free protease inhibitor tablets, Roche). Protein extracts (50 µg) were run on 4-12% SDS-PAGE and transferred at 4°C onto a nitrocellulose membrane. After blocking, membranes were incubated with primary antibody at 4°C overnight. Horseradish peroxidaseconjugated goat anti-mouse or anti-rabbit (Southern Biotechnology) antibodies were then incubated during 1 h and revealed with the enhanced ECL detection system.After 48 hours of transfection with specific indicated siRNA, cells were stained with 10 µM of 5-chloromethylfluorescein diacetate (Cell Tracker Green CMFDA, )Amino)Tetramethylrhodamine (CMTMR, Invitrogen) or with Lysotracker Red (Invitrogen) and co-cultured for the indicated time. Time-lapse microscopy was performed on 35 mm cover glass bottom dishes coated with polyhema. Fluorescence and differential interference contrast (DIC) or phase contrast images were obtained every 5 minutes. For specific subcellular staining of cannibal cells, cells were fixed in 4% paraformaldehyde/ phosphate-buffered saline (PBS) for 30 minutes, permeabilized in 0.1% SDS in PBS and incubated with fetal bovine serum (FBS) for 20 minutes, as previously described32 . Antisera were used for immunodetection in PBS containing 1 mg/ml BSA and revealed with goat anti-rabbit IgG conjugated to Alexa 546 fluorochromes and with rabbit anti-mouse IgG conjugated to Alexa 647 fluorochromes from Invitrogen. Cells were counterstained with Hoechst 33342 (Invitrogen) and analyzed by fluorescent confocal microscopy on a Zeiss LSM510 using a 63× objective (with LEICA Application Suite version 2.6 software).

Figure 1 .

 1 Figure 1. Mitogen activated protein kinase family dictates IR-mediated cellular

Figure 2 .
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 1 Fig.1New classification proposed for cell death modalities.

  For instance, inactivation of p53 by siRNA of 2 isoforms and pifithrine α (Article 2, Figures #1B-K) and oncogenic mutation as RAS activation (data not shown) were conditions promoting the engulfment of neighbouring cells. Using ROCK inhibitor Y276328 and pancaspase inhibitor ZVAD on HCT116 and MCF7 cells, we showed that the engulfment depends on the motility protein ROCK1 and that the target cells are not apoptotic when they are engulfed (Article 2, Figures #1E, #2A; Article 1, Figure #S3d).

(Article 2 ,

 2 Figure #2N). Indeed, except for triple negative breast cancer cells which are not E-cadherin dependent, the introduction of N or E-cadherin in a cell line which does not express it is generally sufficient to induce cellular cannibalism.

  Figure #4c) and cellular cannibalism (Article 3, Figure #3). Moreover, we found that p38 drives cellular cannibalism being an upstream regulator of p21 expression since the use of both p38 pharmacological inhibitor SB203580 and of p38 siRNA strongly decrease p21 expression (Article 3, Figures #4a, b).

  reduced the SA-ßgalactosidase activity of cannibal cells (Article 3, Figures #S4d, e) and p21 expression (Article 3, Figures #S4a, b) showing the implication of the p38-p21 pathway for the adoption of the senescent phenotype of the cannibal cell, but what is the role of SASP? Moreover, we observed that a large part of the cannibal cells' population appeared to be multinucleated (Article 2, Figure #6C) and aneuploid (Article 2, Figures #5A

  Entescence deficiency appears to be a biomarker of tumoral aggressivityUsing a model of entescence deficient cells Hthy-ori 3.1, we observed an increase in RET/PTC1 chromosomal rearrangements (Article 2, Figure #6D) and an increased number of micronuclei dependent on the radiation dose (Article 2, Figure #6C) showing their higher propensity to undergo transformation. After selection of entescence deficient clone, we observe that 65% of them had gained genetic material thereby increasing the risk of genetic instability propagation. Furthermore, these cells presented a better resistance to metabolic stress (nutrient deprivation) what can induce a more aggressive phenotype (Article 2, Figure #6I). In a patient cohort of breast adenocarcinoma, neoadjuvant anticancer treatment was found to increase the rate of cellular cannibalism in biopsies (Article 2, Figure #7D) underscoring its biological relevance and encouraging the generalization of its observation in clinic. Besides, the highest rates of cell-in-cell correlated with the best responder to treatment (Article 2, Figure #7E) and the cannibal cells of responders exhibited higher rate of entescence as characterized morphologically and by p21 staining (Article 2, Figure #7F). In conclusion, these results suggest that CC and entescence could be favorable prognostic biomarkers of treatment response and clinical outcome (Article 2, Figures #S7D, E).

  Figures #4a, 4e) et les rayons ionisants (Article 1, Figures #2a, b, d, f and #S3c, d) induisent le cannibalisme cellulaire. En réalisant des cocultures avec des marqueurs cellulaires fluorescents et en utilisant un cytomètre imageur en flux, nous avons démontré que des cellules tumorales mammaires MCF7 (qui normalement font de l'entose) étaient capables de devenir cannibales après avoir été irradiées. De plus, nous avons démontré que ce phénomène est dépendant de la dose d'irradiation. En effet, il y a une augmentation du taux de « cell in cell » à 4Gy et à 8Gy, par rapport aux cellules non irradiées, toujours de façon dépendante de l'activation de ROCK et indépendante des caspases (Article 1, Figures #S3c-d).

Figures

  Figures #2N, O, L, P, Q). D'autre part, l'étude de l'exposition des E-cadhérines a révélé qu'elle est médiée par l'activité de ROCK1 (Article 2, Figure #2R) et initiée par un processus autophagique conduisant à la libération d'ATP par la cellule. En effet, en recherchant la présence de signaux favorisant l'internalisation, nous avons observé que les cellules cannibales libèrent davantage d'ATP que les cellules non cannibales (Article 2, Figures #3A, B) et que cet ATP se fixait sur les récepteurs purinergiques P2Y2 de la cellule (Article 2, Figures #3P, J, Q). Plusieurs expériences ont montré que l'ajout de nucléotides extracellulaires (Article 2, Figure #3J) favorise le cannibalisme cellulaire alors que l'utilisation d'un cataboliseur d'ATP extracellulaire (apyrase) (Article 2, Figure #3I) ou d'un inhibiteur des récepteurs purinergiques P2Y2 (Article 2, Figures #3P, J, Q) diminue fortement l'expression d'E-cadhérines (Article 2, Figure #3T) et par conséquent, la fréquence du cannibalisme cellulaire. Nous avons également observé d'une part une augmentation de la lipidation du marqueur de l'autophagie LC3 dans les conditions favorisant le cannibalisme cellulaire et d'autre part, une réduction de la libération d'ATP en cas d'inhibition d'ATG5 et BECLINE 1, confirmant le rôle de l'autophagie dans le mécanisme (Article 2, Figures #3C-D). Enfin, nous avons montré que ce processus autophagique est contrôlé par p21, car en utilisant un modèle de cellules déficientes pour p21, il n'y a pas de libération d'ATP (Article 2, Figure #S3K), ni de lipidation de LC3 (Article 2, Figure #3F).

Figure

  Figure #3).

C) ,

 , Figures #5a-f) et démontré l'implication de p38 dans ce processus (Article 3, Figure #S5g).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table S1 .

 S1 test in (D, E) and using Kruskal Wallis test in (B, F). Characteristics of untreated patients. All patients (n=30) were diagnosed with ductal breast adenocarcinoma, hormone receptor (HR) expression, Scarf-Bloom-Richardson (SBR) grade and Tumor Node Metastasis (TNM) classification. Kruskal Wallis (1) and Fisher's Exact (2) tests were used for statistic significances.

	Supplemental Tables				
			Scarf-Bloom-Richardson (SBR) grades
	Grade 1 (n=10)	Grade 2 (n=10)	Grade 3 (n=10)	P values
	Patient's age (years)				
	Mean	59.3	59.2		62.4	0.907 (1)
	SD	17.7	17.1		20.8
	TNM stage				
	T1	80%	80%		20%	0.096 (2)
	T2	20%	10%		70%
	T3	0%	0%		10%
	T4	0%	10%		0%
	N0	100%	60%		60%	0.136 (2)
	N1	0%	30%		30%
	N2	0%	10%		10%
	N3	0%	0%		0%
	HR				
	Negative	0%	10%		50%	0.027 (2)
	Postive	100%	90%		50%
		Untreated (n=12)	Treated (n=12)	P values
	Patient's age (years)				
	Mean	67.8			73	0.525 (1)
	SD	17.8			7.7
	TNM stage				
	T1	33.3%			8.3%	0.452 (2)
	T2	50%			50%
	T3	8.3%			25%
	T4	8.3%			16.7%
	N0	50%			33.3%	0.630 (2)
	N1	33.3%			25%
	N2	16.7%			25%
	N3	0%			16.7%
	SBR grade				
	1	8.3%			8.3%	0.276 (2)
	2	41.7%			75%
	3	50%			16,7%
	HR				
	Negative	33.3%			0%	0.093 (2)
	Positive	66.7 %			100%

Table S3 .

 S3 Characteristics of responders and non-responders among patients treated with mitoxantrone-based neoadjuvant chemotherapy. All patients (n=26) were diagnosed with ductal breast adenocarcinoma and characterized for the Scarf-Bloom-Richardson (SBR) grade and the Tumor Node Metastasis (TNM) classification. The Mann Whitney test (1) and Fisher's Exact test(2) were used for the calculation of P values.

		Responders (n=12)	Non-responders	P values
			(n=14)	
	Patient's age (years)			
	Mean	47.9	49.5	0.64 (1)
	SD	9.1	11.9	
	TNM stage			
	T1	8.3%	0%	0.64 (2)
	T2	50%	35.7%	
	T3	16.7%	35.7%	
	T4	25%	28.6%	
	N0	0%	14.3%	0.60 (2)
	N1	83.3%	78.6%	
	N2	16.7%	7.1%	
	N3	0%	0%	
	SBR grade			
	1	8.3%	7.2%	1 (2)
	2	41.7%	35.6%	
	3	50%	57.2%	
		Responders (n=29)	Non-responders	P values
			(n=30)	
	Patient's age (years)			
	Mean	47.4	49.5	0.131 (1)
	SD	8.4	11.9	
	TNM stage			
	T1	72.5%	36.7%	0.032 (2)
	T2	17.2%	40%	
	T3	10.3%	20%	
	T4	0%	3.3%	
	N0	79.4%	40%	0.009 (2)
	N1	6.9%	23.3%	
	N2	6.9%	13.3%	
	N3	3.4%	23.3%	
	Nx	3.4%	0%	
	SBR grade			
	1	0%	0%	1 (2)
	2	24.1%	23.3%	
	3	75.9%	76.7%	

Table S4 .

 S4 Characteristics of responders and non-responders among triple negative breast cancer patients treated with taxane-based neoadjuvant chemotherapy. All patients (n=59) were characterized for the Scarf-Bloom-Richardson (SBR) grade and the Tumor Node Metastasis (TNM) classification. The Mann Whitney test (1) and Fisher's Exact test(2) were used for the calculation of P values.

Table S5 .

 S5 Sequences of small interfering RNAs

	siRNA	sequence
	siRNA Control	

Table S6 .

 S6 Sequences of primers

	primers	sequence
	Ret-994 for reverse transcription	CACTTTGCGTGGTGTAGATATG
	external CCDC6 (PTC1) exon 2	CAAGAGAACAAGGTGCTGAAG
	external RET exon 12	GCAGGTCTCGAAGCTCACTC
	internal CCDC6 (PTC1) exon 2	GGTGCTGAAGATAGAGCTGGA
	internal RET exon 2	TGTACCCTCCTCTGCCTTTC
	Δ133p53 forward	TGGGTTGCAGGAGGTGCTTAC
	Δ133p53 reverse	CCACTCGGATAAGATGCTGAGG
	All primers were from Sigma.	

Table 1

 1 Characteristics of non-cell-autonomous deaths.

	Name	Cell types	Death effectors of target cell	Molecules participating in the	References
				process	
	Emperipolesis	Live T cell	Lysosome-mediated Bim independent	Rho-ROCK independent, Caveolin-1	[53e55,68]
			cell death	independent	
	Entosis	Live cells	Lysosome-mediated caspase-3	LC3, Atg5, Atg7, Rho, ROCK, Vps34,	[36,47,52,62]
			independent cell death	Cadherin, MCAK, TIP150, Aurora-A	
	Cannibalism	Dead or live cells	Lytic enzymes mediated degradation	Caveolin-1, Actin, Ezrin, Cathepsin B,	[56,57,69,70]
				TM9SF4, Vimentin	
	Emperitosis	Live cytotoxic	Granzyme-B induces apoptosis	LFA-1, ICAM-1, CD62, ICAM-2,E-cadherin,	[49,71,72]
		cells (NK or T)		Rho, ROCK, Actin, Myosin, Ezrin,	
				Granzyme-B	
	Phagoptosis	Live cells	Lysosome-mediated degradation	Phosphatidylserine, CD14, CD68,	[73e75]
				Vitronectin receptor (VNR)	

  . Pour cette raison, un index thérapeutique est défini visant à maximiser la dose distribuée à la tumeur et limiter la toxicité induite sur les tissus sains. Les radiations ionisantes présentent des effets directs et indirects (Desouky et al., 2015). Parmi les effets dits directs, l'énergie libérée va directement endommager les structures cellulaires telles que l'ADN en créant notamment des cassures simples ou doubles brins. En revanche, dans les effets indirects, l'énergie libérée va d'abord entraîner la formation d'ions, de radicaux et d'espèces réactives de l'oxygène (reactive oxygen species en anglais ou ROS), qui vont ensuite endommager les structures cellulaires (Zeman, Schreiber

  Caractérisation des voies de signalisation impliquées dans le cannibalisme cellulaire induit par les radiations ionisantes Mots clés: Cancer, Cannibalisme cellulaire, Radiothérapie Résumé: Les stratégies thérapeutiques anticancer sont nombreuses et variées. Elles visent à déclencher la mort des cellules tumorales mais les processus de mort cellulaire diffèrent en fonction du traitement, du type de cellule ciblé et des caractéristiques du patient. A côté des mécanismes classiques tels que l'apoptose et la nécrose, on retrouve également du cannibalisme cellulaire dans les biopsies de tumeurs des patients. Ce phénomène dont les mécanismes sont encore peu caractérisés, correspond à l'internalisation d'une cellule vivante par une cellule vivante. Il est fréquemment suivi par la dégradation de la cellule internalisée. Cette modalité de mort atypique est intéressante car nous avons montré qu'elle pouvait être modulée par des traitements anticancéreux et des études ont également démontré qu'elle pouvait servir de biomarqueur pronostique dans certains types de cancer. Ces travaux de thèse ont permis d'identifier des voies de signalisation cellulaire activées lors du déclenchement du cannibalisme cellulaire par les radiations ionisantes.

Title: Characterization of the signaling pathways involved in cellular cannibalism elicited by ionizing radiation Keywords: Cancer, Cellular cannibalism, Radiotherapy
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Highlights

• Cellular cannibalism leads to the death of internalized cells

• Engulfing cells can undergo senescence that we named "entescence"

• Entescence is an oncosuppressive mechanism that impairs the proliferation of aneuploid cannibal cells and tumor growth

• Inhibition of entescence increases genomic instability and favors tumor progression

Abstract

Even though cell death modalities elicited by anticancer chemotherapy and radiotherapy have been extensively studied, the ability of anticancer treatments to induce non-cell-autonomous cell death has never been investigated. By means of multispectral imaging flow-cytometrybased technology, we analyzed the lethal fates of cancer cells that were treated with conventional anticancer agents and co-cultured with untreated cells, and revealed that anticancer agents triggered cell-autonomous and non-cell-autonomous cell death simultaneously in treated and untreated cells. Thus, we observed that after ionizing radiation, or oxaliplatin or cisplatin treatment, fractions of treated and untreated neighboring cancer cell populations were eliminated through caspase-dependent death, while other fractions of the treated cancer cells engulfed and killed neighboring cells through cellular cannibalism. In conditions of treatment with paclitaxel, non-cell autonomous and cell autonomous deaths were both detected in the treated cell population, while untreated neighboring cells exhibited features of apoptotic demise. Altogether, these results reveal that chemotherapy and radiotherapy can induce both non-cell-autonomous and cell-autonomous death of cancer cells, highlighting the heterogeneity of cell death response to anticancer treatments and the unsuspected potential contribution of non-cell autonomous death to the global effects of anticancer treatment. Supplementary information is available at Cell Death and Differentiation's website.
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Summary

The engulfment of live cells by other live cells, also known as cannibalism, can result in the death of engulfed cells. Here, we show that autophagy induced by chemotherapy, radiotherapy, or by depleting p53 or its isoform Δ133p53 favors the accumulation of Ecadherins on the surface of cannibal cells, thereby enhancing their capacity to engulf and eliminate live cells. Importantly, cannibal cells exhibited genomic instability and activated a senescence program that we termed "entescence". In breast cancer patients, neoadjuvant chemotherapy response was associated with the induction of entescence. Conversely, the suppression of entescence favored the proliferation of aneuploid cannibal cells and predicts cancer progression. Our data indicate that entescence is a non-cell-autonomous program of senescence that compromises cancer development.
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(J, K) Kaplan-Meier curves illustrating disease-free (J) and overall (K) survival of neoadjuvant treated TNBC patients (n=59).

(L, M) Representative confocal micrographs (LI) and the percentages of Ki-67 + cannibal cells detected on biopsies obtained from neo-adjuvant-treated TNBC patients as determined by immunofluorescence detection of β-catenin, Ki-67 and chromatin (M). Magnification (LII).

Patients' T stages are indicated (n=34).

(N) The oncologic Trojan Horse model. P values were calculated by means of the Mann Whitney test in (B, D-G), Log rank (Mantel Cox) test in (J, K) and using the Kruskal Wallis test in (M).

See also Figure S7. Flow cytometric detection of E-Cadherin surface expression.

STAR★Methods Key Resources

After indicated treatments and transfection, cells were harvested with Accutase (Millipore #SCR-005), washed twice with PBS and saturated with FBS for 30 minutes. After washing twice with cold PBS, cells were incubated for 1 hour with Alexa 488-coupled Ecadherin antibody (Biolegend #324110) diluted at 1/100 in cold blocking buffer (3% FBS in PBS), followed by washing twice in cold blocking buffer and incubated with 1 µg/ml propidium iodide (PI) (Sigma Aldrich #P4864). Isotype matched Alexa 488 IgG1 antibody (Biolegend #400129) was used as a control, and the fluorescence intensity of stained cells was gated on PI-negative cells. Each sample was analyzed by Guava®easyCyte flow cytometer (Millipore)

with Guava Incyte V2.7 software to detect E-Cadherin surface expression.

Measurement of extracellular ATP.

ATP release was determined using the Enliten ATP assay system (Promega) as described by the manufacturer. The luminescence was measured by integration over a 3-s time interval using the luminometer Fluostar OPTIMA (BMG Labtech).

Cell proliferation assay.

Cancer cell lines (HCT116 p53 +/+ , HCT116 p53 -/-, HCT116 p53 R248/+ , HCT116 p53 R248W/-or HT29 p53 R273H/R273H ) that stably expressed green or red fluorescent proteins in their nuclei Higher magnification of two representative images (CII, CIII) (n=3).

Graphical abstract

The p38MAPK-dependent IL-6 and IL-8 secretion regulates cellular cannibalism and entescence elicited by anticancer therapies 5 ,5 ,5 , ATG5, autophagy related protein 5; CAD, cell-autonomous-death; CDDP, Cisplatin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GRO, growth-regulated oncogene; Gy, gray; PI, propidium iodide; IR, ionizing radiation; IL, Interleukine; MAPK, mitogen-activated protein kinase; MAPKAPK2, mitogen-activated protein kinase-activated protein kinase 2; MAP2K, mitogen-activated protein kinase kinase; MAP3K, mitogen-activated protein kinase kinase kinase; MTX, mitoxantrone; NCAD, non-cell-autonomous death; p38T180*Y182*, phosphorylated form on threonine 180 and on tyrosine 182 of the p38MAPK; ROCK1, rho-associated protein kinase 1; ROS, radical oxygen species; SA-β-Gal, senescence-associated β-galactosidase; siRNA, small interfering RNA; SASP, senescence-associated secretory phenotypes; SOD, superoxide dismutase.

Abstract

Entescence is a novel non-cell-autonomous modality of cellular senescence that occurs after cellular cannibalism and participates to tumor suppression. Here, we show that the p38 mitogen-activated protein kinase (MAPK) is activated and phosphorylated on threonine 180 and tyrosine 182 (p38MAPKT180/Y182*) during the induction of entescence. This activating phosphorylation is detected on cannibal cells before the degradation of internalized cells, the expression of cyclin-dependent kinase inhibitor p21 and the induction of senescence-associated β-Galactosidase activity elicited by radiotherapy and chemotherapies. Inhibition of p38MAK by the pharmacological inhibitor SB203580 or small interfering RNA suppressed both the cellular cannibalism and the entescence, thus revealing the dual activity of the p38MAPK during entescence. Accordingly, we demonstrated that the p38MAPK activation controlled the engulfment of neighboring cells through the secretion of proinflammatory cytokines (such as interleukins 6 and 8) that modulates the E-cadherin surface expression and the engulfment of neighboring cells. After cellular engulfment, the p38MAPK also regulated the senescence of cannibal cells. Altogether, these findings indicate that the p38MAPK plays a critical dual role during the induction and the execution of entescence.
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Entosis: The emerging face of non-cellautonomous type IV programmed death
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We showed that the initiating E-cadherin exposure requires ROCK1 activity ( Article -f). This senescence features appeared to be p21-dependent (Article 3,