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Résumé Cancer et sénescence : une approche éco-évolu ve mul -échelle

Selon les théories dominantes de l'oncogenèse, le cancer résulte d'un processus d'accumula on d'altéra ons (épi)géné ques transmises le long de lignages cellulaires soma ques. Si des observa ons moléculaires empiriques valident par ellement ces modèles mul stades, ceux-ci ne perme ent pas de prédire les patrons d'incidence du cancer i) aux grands âges et ii) entre les espèces (paradoxe de Peto). En effet, ces modèles prédisent que l'incidence du cancer devrait être une fonc on croissante de l'âge. Or, chez l'humain, le taux d'incidence du cancer décélère voire décroît aux grands âges. L'existence de ce patron dans d'autres espèces est à confirmer. Partant de ce e observa on, ce e thèse étudie la rela on évolu ve entre le cancer et la sénescence : nous supposons qu'il existe, à l'échelle de l'organisme, un compromis évolu f entre ces composantes de la mortalité. Ce compromis serait arbitré par l'accumula on de cellules sénescentes dans les ssus. En effet, la sénescence cellulaire est largement considérée, en biologie cellulaire, comme un mécanisme de défense contre la cancérogenèse. Mais, la sénescence n'est pas la seule op on pour une cellule mutée : l'apoptose, un programme de mort cellulaire, en est une autre. De plus, chaque des n cellulaire a un coût. L'accumula on de cellules sénescentes est liée aux maladies du vieillissement alors que l'apoptose induit une proliféra on compensatoire qui pourrait, sur le long terme, augmenter l'accumula on de muta ons dans les ssus. Ainsi, nous faisons l'hypothèse que le compromis évolu f à l'échelle de l'organisme serait le reflet d'un équilibre entre les coûts de ces mécanismes cellulaires.

Ce e thèse explore donc le rôle de la sénescence cellulaire dans la sénescence de l'organisme et la cancérogenèse :

1. À l'échelle de l'organisme, nous cherchons si une probabilité op male d'entrer en sénescence pour une cellule endommagée permet à l'individu de maximiser sa survie et sa reproduc on. Pour ce faire, nous u lisons un modèle théorique partant des dynamiques cellulaires pour ensuite se tourner vers leurs conséquences pour l'organisme : la sénescence de l'organisme et la mortalité par cancer. De plus, nous examinons l'influence de différents traits d'histoire de vie sur cet équilibre.

2. À l'échelle cellulaire, des modèles individus-centrés sont u lisés pour explorer différents aspects de l'accumula on de muta ons dans les ssus. Premièrement, les muta ons sont transmises d'une cellule mère à une cellule fille, posant ainsi la ques on du rôle de la structura on spa ale en lignages soma ques. Deuxièmement, l'apoptose entraîne une proliféra on compensatoire mais son coût est hypothé que. Nous testons donc si ce e proliféra on joue un rôle substan el dans l'accumula on de muta ons. Enfin, les cellules sénescentes sont caractérisées par un sécrétome (le SASP) dont les effets vii paracrines sont associés à la cancérogenèse et aux pathologies de la sénescence. Nous évaluons donc comment l'équilibre entre sénescence cellulaire et apoptose est modifié par le SASP.

3. À l'échelle des espèces, des données empiriques provenant d'espèces mammifères en cap vité sont u lisées pour répondre à deux ques ons. D'une part, tester si la décéléraon du taux d'incidence est observable dans d'autres espèces. D'autre part, en dis nguant la mortalité par cancer de la mortalité due à d'autres causes intrinsèques, nous comparons les patrons d'incidence empiriques aux a endus découlant de l'hypothèse du compromis évolu f. En conclusion, notre travail lie des connaissances en biologie cellulaire avec des concepts de la biologie évolu ve afin de mieux comprendre la rela on entre sénescence et cancérogenèse. Nous montrons que le cancer n'est peut-être pas qu'un processus sénescent et qu'il est important de considérer l'hypothèse que l'évolu on de la sénescence a été (au moins par ellement) façonnée par le cancer.

1. At the organism scale, we inves gate whether the probability for a damaged cell to enter senescence can reach an op mum allowing to maximize the life me reproduc ve success of an individual. We do this by modeling theore cal cellular dynamics and their consequences at the organism scale : cellular senescence is associated with organismal senescence and apoptosis with cancer mortality. Addi onally, we look at how different life-history traits influence this balance.

2. At the cellular scale, we inves gate different aspects of muta on accumula on within ssues using agent-based models. First, damaged cells transmit their muta onal burden to their daughters. Therefore, we first address whether spa al structuring in lineages influences damage accumula on. Second, apoptosis does lead to compensatory prolifera on but its cost is hypothe cal. Thus, we assess whether compensatory divisions can significantly increase damage accumula on. Third, senescent cells display a specific secretome (the SASP) that has auto-and paracrine effects thought to be associated with both ageing-related disorders and carcinogenesis. Hence, we determine how a mechanis c balance between cellular senescence and apoptosis is changed under the influence ix of the SASP.

3. At the species scale, we use empirical data from mammal species in cap vity to answer two ques ons. First, we assess whether other species display the same pa ern of late-life decelera on of cancer. Second, discrimina ng between cancer mortality and mortality from other intrinsic causes, we test whether empirical incidence pa erns are congruent with expecta ons derived from the hypothesis that senescence trades against cancer.

In conclusion, this PhD work bridges knowledge from cellular biology and evolu onary biology in order to be er understand the rela onship between senescence and carcinogenesis. It shows that cancer might not only be only a proximal senescent process, but that senescence evolu on might be (par ally) shaped by cancer mortality. Widely accepted theories of carcinogenesis state that cancer results from the accumula on of altera ons (muta ons and epimuta ons) along lineages of cells [START_REF] Doll | The age distribu on of cancer and a mul -stage theory of carcinogenesis[END_REF]Nordling 1953). Those models predict that the risk of cancer should be a monotonic func on of age with soma c muta on being the rate-limi ng steps. Fi ng power laws to cancer incidence data from pa ents whose ages ranged from 25 to 74 allowed Doll and Armitage to infer that, for a tumour to develop, 5 to 7 of these "hits" were required. Over the years, this model was further extended. For instance, to include the influence of the exposure to carcinogens (Cook et al. 1969) or to clarify that the number of cells suscep ble was also limi ng i.e than cancer incidence could not be indefinitely increasing (Moolgavkar 2004). Moreover, for some cancer types, the cancer risk func on described does not fit the epidemiological pa erns. For instance, in familial cancer such as re noblastoma, the muta ons responsible for the disease are inherited. In those cases, other variants of the Doll-Armitage models were derived (e.g. [START_REF] Knudson | Muta on and cancer: sta s cal study of re noblastoma[END_REF]). In those subsequent derived models, the basic principle remains the same: cancer risk increases with soma c muta on accumula on and, as muta ons accumulate with age, cancer risk increases with age.

The evolu onary mul stage models: muta ons in context

Perhaps one of the most significant deriva ves of the Doll-Armitage model is its evoluonary extension that adds the fundamental idea that, not only do cells accumulate damage, but those altera ons have different selec ve advantages. Some muta ons can trigger lineage clonal expansions with those variants therefore becoming more frequent (Nowell 1976). This extension is crucial for two reasons. On the one hand, it shi s the focus from the sole mutaons to consider popula ons of damaged cells, thus shi ing the understanding of age-specific cancer risk from a power law to popula on gene cs models [START_REF] Nunney | Lineage selection and the evolution of multistage carcinogenesis[END_REF]. On the other hand, clonal expansions lead to a larger number of cells suscep ble to acquiring the next muta on allowing them to progress towards carcinogenicity. The subsequent clonal diversity leads to intratumour heterogeneity that, in turn, was shown to explain why tumours can relapse and why those secondary tumours are o en resistant to treatments [START_REF] Greaves | Clonal evolu on in cancer[END_REF]Lambert 1 et al. 2011).

Empirical support of the mul stage model

The Doll-Armitage model found robust empirical support. On the one hand, studies showed that the life me risk to develop a tumour in a given ssue was highly correlated with the life me number of stem cells divisions in that ssue [START_REF] Tomase | Varia on in cancer risk among ssues can be explained by the number of stem cell divisions[END_REF] and that the pa ern holds in different human popula ons [START_REF] Tomase | Stem cell divisions, soma c muta ons, cancer e ology, and cancer preven on[END_REF]). On the other hand, studies showed that at least in certain cancers, a precise sequence of muta on is accumulated, each of them being associated with changes in the ssue phenotype (Vogelstein, Fearon, et al. 1988;Vogelstein, Papadopoulos, et al. 2013). The evolu onary model was further supported by studies showing that cancer genes were under posi ve selec on in 29 cancer types (Mar ncorena et al. 2017).

The Doll-Armitage is blind to the different processes that affect muta on rates but, in its evolu onary version, some further condi ons are needed for clonal expansion to occur. This opens the door to the possibility that, within ssues, defense mechanisms exist to control the cancer risk. Moreover, from an evolu onary point of view, cancer is a selec ve pressure as cancer morbidity and mortality will likely decrease an individual's fitness [START_REF] Degregori | Evolved tumor suppression: why are we so good at not ge ng cancer?[END_REF]. Because cancer shapes mortality pa erns, it also suggests that strategies for managing the risk of cancer will be species-dependent.

Mechanisms allowing to manage damaged cells and the risk of carcinogenesis 2.1 Immunity and autophagy

In this thesis, we do not study all the factors that could be an -cancer mechanisms as it is not the primary ques on we ask. Without going into too much detail, some of these mechanisms are exposed below.

Immunity

Immunity is likely to play a role in repressing clonal expansions of damaged cells. For instance, theore cal modelling predicted that the majority of muta ons pre-existed in ssues before carcinogenesis starts [START_REF] Tomase | Half or more of the soma c muta ons in cancers of self-renewing ssues originate prior to tumor ini a on[END_REF]. The latency between damage accumula on and cancer onset suggest the existence of age-specific mechanisms repressing clonal expansions in ssues in an age-specific manner (DeGregori 2013). Moreover, ssue immune surveillance seems to involve resident popula ons of immune cells with cytotoxicity ac vi es specifically tailored for cancer cells (Dadi et al. 2016). In fact, most cancers that have reached a detectable size are those which evolved to escape the immune system [START_REF] Khong | Natural selec on of tumor variants in the genera on of "tumor escape" phenotypes[END_REF].

Autophagy, cellular quiescence: other mechanisms that can play a role

Several mechanisms can be triggered in case of damaged cells. On the one hand, autophagy is a self-degrada on mechanism that allows cells to digest their components (proteins, organelles, etc.) in response to various stresses (Yun and Lee 2018). As a consequence, autophagy reduces the level of oxygen-reac ve species and abnormal autophagy has been shown to play a role in both ageing and cancer [START_REF] Finkel | The common biology of cancer and ageing[END_REF]). On the other hand, cell quiescence is a cell state of prolifera ve arrest: the cell exits the cell cycle but retains the ability to divide. Cell quiescence has been shown to play a role in senescence-related diseases as defects in quiescence can lead to stem cell deple on. Moreover, quiescence has also been shown to play a role in cancer as quiescent senescent cells are dormant subpopula ons that can trigger carcinogenesis relapses (Marescal and Cheeseman 2020). Box 2 in Schmi et al. 2022 provides a concise summary of these different cellular states.

Apoptosis is a cell death program 2.2.1 General mechanisms

In this thesis, we will focus on two cellular mechanisms that manage damage accumula on in ssues. The first one is apoptosis, a cell death program that is highly conserved in Metazoans [START_REF] Suraweera | Metazoans and Intrinsic Apoptosis: An Evolu onary Analysis of the Bcl-2 Family[END_REF]. Briefly, apoptosis can be achieved through two pathways: i) the extrinsic pathways that is triggered by extracellular signals and ii) the intrinsic pathway that is triggered by (intra)cellular stress or DNA damage and that is mediated by the mitochondria (Wanner et al. 2021). The intrinsic pathway ac va on relies on the protein p53, coined "guardian of the genome" as it plays a central role in regula ng cell division and response to damage (see e.g. Aubrey et al. 2018). As seen below, this is nontrivial as p53 is mutated in half of the human cancers.

In health and disease: apoptosis is involved in physiological and pathological processes

Beyond its role in limi ng damage accumula on, apoptosis has a wide array of physiological func ons to play at diverse points of an individual's lifespan. First, during development, apoptosis is responsible for removing subop mal cells from popula ons (Merino et al. 2016). This is physiologically important as it prevents hyperprolifera on events that would later impair crucial organismal func ons such as immunity or contribute to abnormal morphogenesis [START_REF] Elmore | Apoptosis: A Review of Programmed Cell Death[END_REF]Wanner et al. 2021). Addi onally, cell compe on has been shown to have opposite effects in carcinogenesis (Ballesteros-Arias et al. 2014). Other physiological roles of apoptosis include wound healing, apoptosis being responsible for removing inflammatory cells and, during the remodeling phase, for helping the evolu on of the wounded ssue [START_REF] Elmore | Apoptosis: A Review of Programmed Cell Death[END_REF]Wu and Chen 2014). It is interes ng here to note that apoptosis plays a role in physiological contexts where ssue expansion is involved as i) it is redundant -or complementary -of roles of cellular senescence (as explained below in subsec on 2.3) and ii) if apoptosis regulates ssue expansion, it is then an obstacle to pass for carcinogenesis to occur.

Being central to developmental processes and to the maintenance of ssue homeostasis, it is evident that apoptosis is also involved in a wide range of pathological processes that emerge from either too li le or too much apoptosis (reviewed extensively in Cavallucci and D'Amelio 2010). Cancer makes no excep on as apoptosis has been found to be altered in many different tumour types [START_REF] Favaloro | Role of Apoptosis in disease[END_REF]. As explained before, apoptosis events triggered by DAN damage are under the control of p53 so any altera on of this gene will lead to defect in apoptosis. Lastly, becoming resistant to apoptosis is one of the hallmarks of cancer [START_REF] Hanahan | Hallmarks of cancer: the next genera on[END_REF].

Consequences of apoptosis: compensatory divisions

In this thesis, at the cellular level, we are interested in physiological processes that occur before carcinogenesis and processes that lead to physiological damage accumula on. In that respect, we are interested in the fact that apopto c cells release mitogenic components in their surroundings. Those mitogens trigger apoptosis-induced prolifera on or, as we will call it in this thesis, compensatory prolifera on whereby neighbouring mito c cells divide to replace the lost ssues [START_REF] Fogarty | Killers crea ng new life: caspases drive apoptosis-induced prolifera on in ssue repair and disease[END_REF]. This compensatory prolifera on has beneficial effects regarding ssue regenera on (Pérez-Garijo 2018) but it was also shown in Drosophila that such compensatory prolifera on could promote tumour development [START_REF] Pérez | Tumor-promo ng func on of apopto c caspases by an amplifica on loop involving ROS, macrophages and JNK in Drosophila[END_REF].

In this thesis, we will focus on the cost of apoptosis in terms of compensatory prolifera on. We argue that the level of apoptosis should be shaped by evolu on so that its cost does not exceed its benefits.

Cellular senescence 2.3.1 Defini on and variability of inducers

Another mechanism is involved in limi ng damage accumula on. Cellular senescence is defined as a stable and irreversible arrest of the cell cycle [START_REF] López-O N | The Hallmarks of Aging[END_REF], senescent cells stop dividing and sit in the ssues un l immune clearance removes them [START_REF] Kale | Role of immune cells in the removal of deleterious senescent cells[END_REF]. A wide variety of signals can trigger cellular senescence (as reviewed by Bousset and Gil 2022) but in this thesis, we will focus on replica ve senescence and premature damage-induced senescence. On the one hand, replica ve senescence is triggered -in mito cally ac ve cells -by the a ri on of telomeres (strands of repe ve DNA that protect the ends of chromosomes during replica on) over divisions. This phenomenon was first evidenced by Hayflick and Moorhead who showed that a er a certain number of divisions, fibroblast in culture stopped dividing [START_REF] Hayflick | The limited in vitro life me of human diploid cell strains[END_REF][START_REF] Hayflick | The serial cul va on of human diploid cell strains[END_REF]. On the other hand, damage-induced is triggered when either a proto-oncogene or a tumor suppressor gene is mutated and when the cell is under stress [START_REF] Kuilman | The essence of senescence[END_REF]).

Diversity of senescent cells and subsequent associated challenges

Entry into cellular senescence is under the control of two (interac ng) cellular pathways: p53-p21 on the one hand and p16-pRb on the other (Campisi and Fagagna 2007). Those pathways are not equivalent as p53-p21 induces a transient arrest while p16-pRb is necessary to induce the chroma n modifica on leading to a stable arrest [START_REF] He | Senescence in Health and Disease[END_REF].

Cellular senescence is associated with stereotyped changes such as an increase in size, chroma n rearrangement and the secre on of a specific secretome, the senescence associated secretory phenotype (herea er coined as SASP, [START_REF] Rodier | Four faces of cellular senescence[END_REF]. Despite those stereotyped changes, senescent cells are phenotypically diverse: different inducers trigger different changes and different cell types will display different senescent phenotypes (Campisi and Fagagna 2007). Moreover, the me from ini a on to comple on (i.e. from transient to stable arrest) can take me and the phenotype will vary during this period (Wissler Gerdes et al. 2020). Therefore, the ming and context influence the senescent phenotype. As a consequence, quan fying cellular senescence in vivo is challenging and relies on a set of biomarkers [START_REF] González-Gualda | A guide to assessing cellular senescence in vitro and in vivo[END_REF][START_REF] Gorgoulis | Cellular Senescence: Defining a Path Forward[END_REF]. Such biomarkers include the β -galactosidase, the p21 or the p16 lnka4 markers but the accuracy of those markers depends on ssues and biological age (Biran et al. 2017;[START_REF] Idda | Survey of senescent cell markers with age in human ssues[END_REF]. Lastly, those methods o en lead to a loss of informa on about the ssue architecture and the way senescent cells are spa ally embedded in this architecture [START_REF] Deursen | Senoly c therapies for healthy longevity[END_REF]. again similarly to apoptosis, senescence plays a role in physiological ssue expansions during the maintenance phase (i.e. a er embryonic development). For instance in wound healing, cellular senescence prevents abnormal ssue growth (Muñoz-Espín and Serrano 2014).

Regarding pathological processes, cellular senescence is involved in many condi ons that we will not describe exhaus vely here but have been reviewed elsewhere [START_REF] He | Senescence in Health and Disease[END_REF]Muñoz-Espín and Serrano 2014). Rather we will solely focus on the role of cellular senescence in cancer and ageing. On the one hand, cellular senescence prevents damaged cells from further progressing towards carcinogenicity (Campisi 2013), a process that depends on cellintrinsic mechanisms [START_REF] Rodier | Four faces of cellular senescence[END_REF]. But it was shown that cell-extrinsic mechanisms could, on the contrary, promote tumour progression [START_REF] Rodier | Four faces of cellular senescence[END_REF]. Furthermore, senescent cells are resistant (to some extent, see Muñoz-Espín and Serrano 2014 for further details) to apoptosis. This trait was shown to be exploited in tumours where cancer cells can enter a quasi-senescent state, escape radiotherapy and exit senescence to subsequently grow a secondary tumour [START_REF] Goy | The out-of-field dose in radia on therapy induces delayed tumorigenesis by senescence evasion[END_REF].

Senescent cells accumulate with age, either because their produc on rate increases or because the clearance rate decreases [START_REF] He | Senescence in Health and Disease[END_REF]. This accumula on later leads to senescence-related disorders such as muscle fa gue and sarcopenia, osteoarthri s, etc (Muñoz-Espín and Serrano 2014). Experimental studies have shown that clearing senescent cells ar ficially alleviated ageing symptoms (Baker, Childs, et al. 2016;Baker, Wijshake, et al. 2011). This opened the door for the emergence of a new pharmacological field, senotherapeucs, that aims at designing drugs that could prolong the healthy lifespan (Deursen 2019).

Senescent cells are characterized by a specific secretome, the SASP

As said above, senescent cells are characterized by a specific secretome, the SASP. On the one hand, the SASP is associated with autocrine effects (cell-intrinsic pathways) that maintain the cell in its senescent state. On the other hand, the SASP is responsible for the paracrine effects (cell-extrinsic mechanisms) of cellular senescence that include inflamma on (due to cytokines), cellular growth, and matrix remodelling (Coppé et al. 2010). Because senescent cells are dynamic, the SASP also varies with me and context [START_REF] Schmi | Senescence and cancerrole and therapeu c opportuni es[END_REF]. In par cular, it was proposed that the SASP is responsible for the chronic inflamma on associated with chronic senescence. This hypothesis posits that above a certain threshold, the number of senescent cells secre ng SASP components lead to self-amplifica on that, in turns, impairs the immune clearance of cells (Wissler Gerdes et al. 2020). It was also proposed that the SASP, rather than the accumula on of senescent cells, is responsible for senescence-related disorders and that, therefore, senotherapeu cs should target its effect (Malaquin et al. 2016;[START_REF] Schmi | Senescence and cancerrole and therapeu c opportuni es[END_REF]. Overall, those paracrine effects reinforce the need to address the dynamics of cellular senescence in context, with spa al informa on (as suggested by modelling approaches, [START_REF] Gorshkov | La ce percola on approach to 3D modeling of ssue aging[END_REF][START_REF] Privman | La ce percola on approach to numerical modelling of ssue aging[END_REF].

In summary, cellular senescence is essen al in developmental processes and in its acute form during maintenance phase (e.g. wound healing), but is detrimental in its acute phase when senescent cells accumulate and are responsible for senescence-related disorders.

The choice between apoptosis and cellular senescence: a balance between costs?

As seen above, apoptosis and cellular senescence are involved in similar physiological and pathological processes. The choice between cellular senescence and apoptosis involves p53 and p21 as the crossroad and depends on the stress levels and the interac on of p53 with proteins present in the cell [START_REF] Erol | Deciphering the intricate regulatory mechanisms for the cellular choice between cell repair, apoptosis or senescence in response to damaging signals[END_REF]. In development, it was even suggested that apoptosis and cellular senescence could compensate one another (Muñoz-Espín and Serrano 2014). At first sight, they could even seem redundant and one might therefore ask why the need for two mechanisms (Childs et al. 2014). One reason could be that apoptosis and cellular senescence do not have the same importance regarding carcinogenesis: knocked-out mice for apoptosis genes do not develop more tumours (Aubrey et al. 2018) whereas preven ng entry in cellular senescence leads to an excess of tumours in mice [START_REF] Tyner | p53 mutant mice that display early ageing-associated phenotypes[END_REF].

One would also argue that this is explained by the differen al costs of those two mechanisms. In this thesis, we hypothesize that cellular senescence and apoptosis will be balanced so that the level of apoptosis does not lead to too much compensatory prolifera on and the level of cellular senescence does not lead to the accumula on of senescent cells too early in life.

3 Eco-evo: any defense mechanism will be balanced by tradeoffs with life-history traits

Heritable mechanisms associated with evolu on of large sizes or high longevity and implica ons for an -cancer defenses

The descrip on of the respec ve roles and costs of apoptosis and cellular senescence above is representa ve of what is known in humans or model organisms used for experimental studies. As implied above, the defenses against cancer are likely to differ between species, especially when large differences in size and lifespan are observed. Here, we describe a few of the mechanisms that were found in non-human animal species. The review is not exhaus ve but paints a broader picture of what is found in the tree of life when it comes to cancer risk management. First, it is essen al to emphasize that cancer is ubiquitous in mul cellular animals (Ak pis et al. 2015;[START_REF] Albuquerque | From humans to hydra: patterns of cancer across the tree of life[END_REF]Leroi et al. 2003). And as suggested above, cancer mortality is an evolu onary pressure, sugges ng all species -to some extent -evolved mechanisms to manage the cancer risk.

In humans, cellular senescence provides the benefit of tumour suppression at the cost of ageing-related diseases. One species that does not seem to follow the same pa ern is the longlived naked mole rats (Heterocephalus glaber): this mammal species evolved a high resistance to cancer due to an increase in contact inhibi on [START_REF] Seluanov | Hypersensi vity to contact inhibi on provides a clue to cancer resistance of naked mole-rat[END_REF]) and an increase of senescence [START_REF] Takasugi | Naked mole-rat very-high-molecular-mass hyaluronan exhibits superior cytoprotec ve proper es[END_REF]) but these senescent mechanisms do not come at the cost of faster senescence rates (Buffenstein 2008).

In African elephants (Loxodonta), two mechanisms allow to decrease the cancer risk. On the one hand, redundancy of p53 allows it to increase the response to DNA damage [START_REF] Abegglen | Potential mechanisms for cancer resistance in elephants and comparative cellular response to DNA damage in humans[END_REF][START_REF] Sulak | TP53 copy number expansion is associated with the evolu on of increased body size and an enhanced DNA damage response in elephants[END_REF]). It must be noted that recent evidence showed i) that some of the mul ple copies probably emerged before the evolu on of the large size and ii) that gene c sequence analysis does not fully support the hypothesis that those copies are evolu onary adapta ons against cancer risk (Nunney 2022). On the other hand, p53 upregulates a gene responsible for triggering apoptosis (Vazquez et al. 2018).

Cellular and molecular processes are not the only op ons to manage cancer risk. For instance, in capybara (Hydrochoerus hydrochaeris), the evolu on of a large size selected for upregulated immune mechanisms [START_REF] Herrera-Álvarez | How to make a rodent giant: genomic basis and tradeoffs of gigantism in the capybara, the world's largest rodent[END_REF]. Another example comes from Cetaceans where duplica ons of tumour suppressor genes are found (as in elephants) along selec on in genes involved in other processes such as metabolism [START_REF] Tejada-Mar Nez | Posive selec on and gene duplica ons in tumour suppressor genes reveal clues about how cetaceans resist cancer[END_REF].

Compara ve studies also highlight pa erns in an -cancer defense mechanisms. Cross species comparison of telomere length evidenced that large species tend to have shorter telomeres than smaller-bodied ones [START_REF] Risques | All's well that ends well: why large species have short telomeres[END_REF] and that this feature directly correlated with the species' cancer risk [START_REF] Tian | Evolu on of telomere maintenance and tumour suppressor mechanisms across mammals[END_REF]).

Known trade-offs between life-history traits and their associa on with cancer risk and organismal senescence

The examples above show that an -cancer defenses -at least par ally -depend on a species' life-history traits. In this part, we briefly describe some of the life-history traits and associated trade-offs that will play a role in shaping a species' risk to develop cancer and in shaping the age-specific risk of cancer within a species.

Metabolism, size and lifespan

The examples above par cularly highlight the role of size but lifespan is likely to be a life history trait of importance as it correlates strongly with a species size. For instance, muta on rates across species were shown to correlate with lifespan (Cagan et al. 2022). Again, this highlights the importance of the pace of living when comparing species' cancer risks. Size and muta on rates also correlate with metabolism [START_REF] Dang | A metabolic perspec ve of Peto's paradox and cancer[END_REF][START_REF] Magalhães | An analysis of the rela onship between metabolism, developmental schedules, and longevity using phyloge-Pérez-Garijo, Ainhoa[END_REF], it is therefore likely that cancer risk can also vary depending on the metabolism. Moreover, at least in humans, the basal metabolic rate changes with chronological age, sugges ng that another complexity layer is to take into account [START_REF] Pontzer | Daily energy expenditure through the human life course[END_REF]. Lastly, growth strategies under cancer risk were predicted to be different between large and small-bodied species, with strategies in large species predicted to be more robust [START_REF] Erten | From zygote to a mul cellular soma: Body size affects op mal growth strategies under cancer risk[END_REF].

Reproduc on

Evolving a large size is also hypothesized to influence reproduc ve traits in the conceptual framework of the slow-fast con nuum : larger size should correlate with delayed reproduc ve periods so evolu on should shape the cancer risk accordingly. Modelling approaches showed that a set of life-history traits were necessary to accurately predict a species cancer risk as the evolu onary value of cancer suppression changes through life in rela onship with change in reproduc ve parameters (Brown et al. 2015).

Influence of phylogeny

Phylogene c rela onship between species is obviously not a trade-off but it is interesting to ask to which extent one might expect phylogeny to correlate with defense strategies. Indeed, the existence of the slow-fast con nuum would predict that species with similar posi ons should exhibit similar levels of carcinogenesis and close phylogene c posi ons would predict similar strategies to mi gate the cancer risk. This is interes ng for two reasons. On the one hand, as seen in subsec on 3.1, phylogene c outliers will evolve unique strategies (e.g. the capybara). On the other hand, posi ons on the slow-fast con nuum could hide life-history traits that profoundly affect the evolu on of lifespan and longevity (e.g. bats are flying mammals).

Tradeoffs between mortality causes?

Cancer suppression will differ depending on the pace and shape of death rates (Brown, 2015), sugges ng that compe ng mortality risk will affect the cancer suppression strategy. In that regard, it is likely that extrinsic mortality will play a role as levels of extrinsic mortality are hypothesized to inversely correlate with size.

In humans, studies inves ga ng the existence of trade-offs between cancer and other diseases mortality yielded mixed results as sex, age and study popula on were shown to also influence the results [START_REF] Ukraintseva | Trade-Offs[END_REF]. Nonetheless, it is important to consider the sets of compe ng risks and their variance across species in order to be er understand how the cancer risk shapes trade-offs and organismal senescence.

Unexpected epidemiological pa erns

The previous eco-evolu onary considera ons show that there is more to the carcinogenesis picture than "just" muta on accumula on: different mechanisms are at play at different evolu onary scales (from cells to organisms). Being blind to this fact and going back to the mul stage model, we can derive expecta ons on epidemiological pa erns both between and within species.

Peto's paradox: large sizes and extended lifespans do not correlate with a species cancer risk

The first expecta on derived from the mul stage model is that a species cancer risk should depend on its size and its lifespan: longer-lived large species should develop more cancer. This is not the case [START_REF] Nunney | Lineage selection and the evolution of multistage carcinogenesis[END_REF][START_REF] Peto | Cancer and ageing in mice and men[END_REF]. Two recent publica ons showed that cancer risk is not shaped by lifespan or size, rather by phylogeny and diet [START_REF] Boddy | Comparative Oncology: New Insights into an Ancient Disease[END_REF]Vincze et al. 2022, sec on 16). Peto's paradox is not the focus of this thesis so will not be further discussed but it is interes ng to note that this apparent contradic on spurred the interest of a large part of the eco-evolu onary fields and that Peto's paradox can be conceptualized as a "null model" [START_REF] Ducasse | Can Peto's paradox be used as the null hypothesis to iden fy the role of evolu on in natural resistance to cancer? A cri cal review[END_REF].

The paradox of the late-life decelera on of cancer risk

The second derived expecta on from the mul stage model is that, within a species, the age-specific cancer incidence should be a monotonic increasing func on of age. This is not the case: in humans, the cancer mortality rate decelerates and can even decrease in the oldest olds [START_REF] Smith | Cancer mortality at very old ages[END_REF]. Moreover, the pa ern holds when all neoplas c deaths are aggregated and when cancer types are separated, furthermore suppor ng the pa ern. Smith 1996 also showed that the percentage of deaths a ributable to cancer decreases with increasing age, making cancer one of the least prevalent causes of death in centenarians. Poten al causes for this decelera on and decline have been reviewed by Ukraintseva and Yashin 2003 but, as the pa ern holds when correc ng for age-, period-and cohort effects [START_REF] Hanson | AN AGE-PERIOD-COHORT ANALYSIS OF CANCER INCIDENCE AMONG THE OLDEST OLD[END_REF], all the explana ons implying that the decelera on is an ar fact can be ruled out. Pavard and Metcalf 2019 reviewed the different counter-arguments for further poten al explana ons.

5 Ques ons and objec ves of the thesis 5.1 Three hypotheses can be made about the link between senescence and carcinogenesis Overall, the paradox of the late-life decelera on of cancer incidence calls for a refinement of our understanding of the age-specific cancer risk in a species. Three hypotheses can be made to explain the rela onship between organismal senescence and carcinogenesis:

1. Cancer is a senescent process. This hypothesis is congruent with the Doll-Armitage model as it posits that tumours emerge from accumulated damage, and carcinogenesis therefore shares a proximal cause with senescence (López-O n et al. 2013).

2. Cancer is the byproduct of the senescence of other physiological func ons. This hypothesis stems from the fact that most gene c altera ons occur early in life and that, for cancer to emerge, age-specific changes are required (DeGregori 2013).

3. Cancer trades against senescence. This hypothesis stems from the fact that cellular senescence is pleiotropic with benefits early in life in terms of cancer suppression and disadvantages later in life in terms of senescence-related mortality. We therefore hypothesize that there is a tradeoff between mortality components: senescence represses cancer throughout an organism's lifespan, but at the cost of ageing-related diseases at older ages due to the accumula on of senescent cells.

In this la er framework, the tradeoff that exists at the cellular scale is also mirrored at the organism and popula on levels. It allows (i) to understand the func onal rela onship between senescence and cancer by integra ng the concept that barriers against cancer were selected, and (ii) to reconcile what is observed at different scales, from the individual cells to the organism popula ons. At the cellular scale, this framework states that cells accumulate damage over divisions. Then damaged cells can either be suppressed by apoptosis or neutralized by senescence, yet both fates have different consequences. Thus, on the one hand, apoptosis should ul mately lead to more damage accumula on as neighbouring cells divide, whereas senescent cells that carry their cellular func ons do not divide further. On the other hand, if senescence limits damage accumula on, it should also lead, through the accumula on of senescent cells, to an accelerated ageing. This thesis aims i) at inves ga ng the third hypothesis with different approaches of theore cal modelling and ii) to contrast the three hypotheses using empirical survival analyses of mammals in cap vity.

First chapter: theore cal modeling of cellular dynamics, resul ng mortality and Life me Reproduc ve Success

In the first chapter, we use a theore cal model that integrates cellular dynamics into mortality components. Those mortality components, along with life-history traits, are then combined in a fitness measure, the Life me Reproduc ve Success (LRS). This model allows us to answer whether a probability to enter cellular senescence can maximize the LRS. In this chapter, we ask four ques ons:

1. If an op mal probability to enter in cellular senescence is found, what are the drivers of the gain in LRS?

2. If an op mal probability to enter cellular senescence is found, does the model resume the late-life decelera on and decline of cancer incidence?

3. Can we predict the effect of a species size on the life me prevalence?

4. Does the model predict the same beneficial effect of senolysis on cancer mortality?

Second chapter: theore cal modelling of cellular dynamics and resulting damage accumula on

In the second chapter, we turn to cellular dynamics. Indeed, as explained in the introducon, the spa al component of the cellular dynamics is crucial: paracrine effects of the senescence will affect the neighbouring cells. We build la ce agent-based models to inves gate damage accumula on when various cellular mechanisms are taken into account (apoptosis and cellular senescence) and when spa al structuring into lineages is taken into account.

We aim at valida ng several assump ons of our hypothe cal framework: i) does apoptosis come at a cost because of compensatory prolifera on?, ii) does cellular senescent limit damage accumula on in ssues and within lineages? and iii) what is the effect of the SASP on damage accumula on?

Third chapter: contrast the three hypotheses in a compe ve risk framework

In the third chapter, we contrast our three hypotheses using data -curated by the NGO Species360 -from 16 mammal species in cap vity to validate either one of these hypothe-ses. Because those individuals are in cap vity, we expect decelera on of cancer incidenceif it exists -to be detectable in the data. Moreover, we can discriminate between mortality components to compute age-and causes-specific mortality hazard as well as absolute and rela ve aging rate -within a compe ve risk framework allowing us to control for compe ve mortality causes.

Part II : Modeling of senescent cell dynamics predicts a late-life decrease of cancer incidence

As explained in the general introduc on, this PhD work aims to inves gate that senescence trades against cancer and that this trade-off is mediated, at the ssue scale, by cellular dynamics. More precisely, we hypothesize that two cellular mechanisms can be triggered when a cell either has accumulated too much damage or has divided too many mes : cellular senescence and apoptosis. We also hypothesize that each mechanism has a cost: i) senescent cells accumulate in ssues while apoptosis is thought to lead to compensatory divisions, later responsible for an excess of damage. Furthermore, in our hypothe cal framework, we associate each cellular cost with a mortality component: i) cellular senescence with ageing-related causes and ii) apoptosis with cancer due to compensatory divisions. Finally, this hypothe cal framework also posits that, if such an evolu onary trade-off exists, it must have evolved under the constraints of other life-history traits (including the evolu on of large sizes).

In this first chapter, we build a theore cal model that first describes cellular dynamics, then integrates the mortality components associated with each dynamics and life-history traits into a compound metric for survival and reproduc on, the Life me Reproduc ve Success. This model allows us to test our en re hypothe cal framework, from cells to eco-evolu onary components. Indeed, we test whether cellular senescence can be an adapta on to the threat of carcinogenesis, i.e. it can op mize the organism's LRS, and how different life-history traits will influence the balance. Moreover, we assess whether our framework allows us to observe a late-life decelera on and decline of cancer incidence, and thus to reproduce epidemiological pa erns observed in the human species. Furthermore, we examine the effect of increasing body size, in regard to Peto's paradox. Lastly, we simulate senolysis to answer how the results from our model reflect in vivo results. This first chapter presents the exact text of a paper accepted for publica on pending minor revisions in Evolu onary Applica ons.

Abstract :

Current oncogenic theories state that tumors arise from cell lineages that sequentially accumulate (epi)mutations, progressively turning healthy cells into carcinogenic ones. While those models found some empirical support, they are little predictive of intra-species age-specific cancer incidence and of inter-species cancer prevalence. Notably, in Humans and lab rodents, a deceleration (and sometimes decline) of cancer incidence rate has been found at old ages. Additionally, dominant theoretical models of oncogenesis predict that cancer risk should increase in large and/or long-lived species, which is not supported by empirical data.

Here, we explore the hypothesis that cellular senescence could explain those incongruent empirical patterns. More precisely, we hypothesize that there is a trade-off between dying of cancer and of (other) ageing-related causes. This trade-off between organismal mortality components would be mediated, at the cellular scale, by the accumulation of senescent cells.

In this framework, damaged cells can either undergo apoptosis or enter senescence.

Apoptotic cells lead to compensatory proliferation, associated with an excess risk of cancer whereas senescent cells accumulation leads to ageing-related mortality. To test our framework, we build a deterministic model that first describes how cells get damaged, undergo apoptosis or enter senescence. We then translate those cellular dynamics into a compound organismal survival metric also integrating life-history traits. We address four different questions linked to our framework : can cellular senescence be adaptive, do the predictions of our model reflect epidemiological patterns observed among mammal species, what is the effect of species sizes on those answers, and what happens when senescent cells are removed? Importantly, we find that cellular senescence can optimize lifetime reproductive success. Moreover, we find that life-history traits play an important role in shaping the cellular trade-offs. Overall, we demonstrate that integrating cellular biology knowledge with eco-evolutionary principles is crucial to solve parts of the cancer puzzle.

Introduction

Cancer is currently the second leading cause of death in humans, and one of the major causes of disability worldwide ((Sung et al., 2021);(Bray et al., 2021)). Massive investments in molecular and cellular research on the drivers of cancer initiation and progression have allowed to reduce the mortality of cancer patients over the years. Yet, the epidemiology of cancer and the factors underlying cancer prevalence, between species, and within and between populations of the same species, are still poorly understood. Dominant theories of oncogenesis state that cancer is a multistage process, fueled by the accumulation of genetic and epigenetic alterations (also known as the Doll-Armitage model of carcinogenesis, [START_REF] Doll | The age distribu on of cancer and a mul -stage theory of carcinogenesis[END_REF]; (Tomasetti and Vogelstein, 2015)) that, in turn, confer pathological features to cancer cells [START_REF] Hanahan | Hallmarks of cancer: the next genera on[END_REF]. These alterations are accumulated randomly and sequentially by a somatic lineage of mitotically active cells over the course of divisions. Malignancy should only appear once the sequence of alterations is complete. This molecular model has been empirically verified many times and describes well how healthy cells turn into cancer cells after having accumulated about 4-10 mutations under positive selection (Martincorena et al., 2017). It is however little predictive of patterns of cancer prevalence and age-specific incidence at the population/species level.

Indeed, this multistage carcinogenesis model leads to several predictions about such patterns. (i) Long-lived animal species should have a higher cancer risk than short-lived ones, as their cell lineages divide more times over their lives. (ii) Large animal species should have more cancers, as more cell lineages can independently undergo alterations. (iii) In any population, cancer incidence should increase steadily with age (but see different interpretations between Moolgavkar (2004) andRitter et al. (2003)), as cell lineages may only accumulate more mutations. Though plausible under the multistage carcinogenesis model, these expectations are actually little supported by empirical data.

On the one hand, no positive statistical link has yet been found among mammals between a species' cancer risk and either its body size or its lifespan (Vincze et al., 2022), a phenomenon known as Peto's paradox [START_REF] Nunney | Lineage selection and the evolution of multistage carcinogenesis[END_REF]. Rather, cancer risk seems to be shaped by phylogeny and ecology ((Vincze et al., 2022); (Madsen et al., 2017)).

On the other hand, for most cancers in humans (but also rats, see Anisimov et al. (2004), reviewed by Anisimov et al. (2005) and domestic dogs (Dobson et al., 2002)), incidence does increase with age; but only until a point where incidence increase decelerates and incidence may even decline at old ages. For instance, in humans, cancer incidence tends to decrease past ages 75-90 years (Nolen et al., 2017), making cancer one of the least prevalent causes of death in centenarians (Pavlidis et al., 2012). Such deceleration/decline late in adult life has been known for the last 50 years (Cook et al., 1969), and several hypotheses have been proposed to explain this pattern as a population bias in incidence calculation (reviewed in Anisimov et al. (2005). However, all these hypotheses are so far insufficient to explain this epidemiological paradox. (i) A detection bias assumes that the oldest patients are the most difficult to screen for tumors with invasive procedures. But this bias should have reduced with improvements in less invasive imaging technology. (ii) A cohort-period bias assumes that the oldest patients do have less cancers because they lived in less carcinogenic environments. Yet the pattern still holds when controlling for cohort and period effects [START_REF] Hanson | AN AGE-PERIOD-COHORT ANALYSIS OF CANCER INCIDENCE AMONG THE OLDEST OLD[END_REF]. (iii) A survival bias assumes that due to environmental and genetic heterogeneity within a population, people have unequal chances to develop cancer (due to genetic susceptibility, environment or behaviors) so that the selective disappearance of the most cancer-prone individuals only leaves alive the least cancer-prone individuals at the oldest ages (Vaupel & Yashin, 1986). However, so far, there has been little empirical data in humans in support (or in contradiction) of this assumption (discussed in Pavard & Metcalf (2019)). Furthermore, in rodents, a late-life decrease of cancer incidence could still be observed even when removing most of the environmental factors (by using controlled environments) and genetic heterogeneity (by using isogenic lineages) (Anisimov et al., 2005).

An increasing body of research therefore deems this pattern, not only as a population bias in incidence calculation, but also as a physiological mechanism in which somatic ageing may reduce the incidence of cancer with age ( (Ukraintseva & Yashin, 2003) ; [START_REF] Ukraintseva | How individual age-associated changes may influence human morbidity and mortality pa erns[END_REF]), e.g. through the decrease of cell divisions with age (Tomasetti et al., 2019) or cellular replicative senescence (Anisimov et al., 2005).

The aim of this study is to explore whether cellular senescence (henceforth, CS) could explain this population and species pattern of cancer prevalence and incidence decrease with age.

Indeed, if carcinogenesis confers to cell lineages the ability to perform mitosis indefinitely and uncontrollably, cellular senescence is contrariwise defined by a stable arrest of the cell cycle (Campisi & d'Adda di Fagagna, 2007). These two pathways seem to be antagonistic in their effects, but also in their causes. On the one hand, the entry into CS is generally triggered by either telomere attrition over mitotic divisions, or the p53 and p16-pRB pathways in case of non-telomeric DNA damage (Ibid). On the other hand, most cancers cannot thrive without fighting telomere attrition by the overexpression of telomerase (Blasco, 2005), and loss-of-function mutations in the genes p53, p16 and pRb desensitize cancer cells to apoptosis and senescence (Sherr & McCormick, 2002). An organism favoring entrance of damaged cells into senescence should therefore suffer from reduced levels of carcinogenesis. Thus, many authors have suggested that CS could be an adaptation against cancer ((Campisi & d'Adda di Fagagna, 2007); [START_REF] Finkel | The common biology of cancer and ageing[END_REF](Campisi, 2005); (Campisi, 2001); [START_REF] He | Senescence in Health and Disease[END_REF](van Deursen, 2014)).

Whether CS can be adaptive is however so far unknown. Besides, increasing evidence also shows that the accumulation of senescent cells in tissues is one of the causes of actuarial ageing and ultimately of body impairment, at least at old ages ((Baker et al., 2011); [START_REF] He | Senescence in Health and Disease[END_REF]; [START_REF] López-Otín | The Hallmarks of Aging[END_REF]; (Van Deursen, 2014)). Therefore, a new field of pharmacology is currently investigating whether chemical components triggering apoptosis in (otherwise apoptosis-resistant) senescent cells (i.e., senolysis) could, at least, alleviate ageing symptoms if not rejuvenate tissues. In progeroid mice, (Baker et al., 2011) showed that clearance of senescent cells delayed the onset of ageing-related disorders. Later, in normally-aging mice, the same group of researchers showed that senolysis also delayed tumorigenesis and extended the median lifespan of the animals (Baker et al., 2016).

From these two effects should therefore emerge a trade-off between mortality components where organisms would trade one cause of death (cancer) against another ones (ageing-related) (Pavard & Metcalf, 2019). Such trade-off, mediated by the accumulation of senescent cells in tissues with age, could theoretically be adaptive under a basic set of assumptions, and could lead to a late-life decrease of cancer incidence (Pavard & Metcalf, 2019).

But CS is not the only cell-autonomous pathway that can prevent carcinogenesis: apoptosis (programmed cell death) could eliminate damaged cells from the tissues indefinitely, if there were no physiological cost to doing so. However, apoptosis also leads to the replacement of damaged cells through mitosis of remaining cells. These latter compensatory divisions (Pérez-Garijo, 2018) do not lead to tissue ageing, but could theoretically lead to i) additional mutations and therefore to higher levels of damage accumulation and ii) to a faster stem cell exhaustion. Thus, apoptosis would maintain short-term organism integrity, but potentially at the cost of a delayed higher cancer risk. Both apoptosis and CS are therefore expected to delay the mortality of organisms and increase their life expectancy. However, they favor the onset of different mortality components differently: apoptosis should increase cancer risk, and CS should favor ageing-related causes of death.

In this study we build a toy model to explore the effect of such a trade-off. More precisely, we model the dynamics of damaged and senescent cells with age in tissues, where damaged cells can undergo apoptosis (and lead to compensatory divisions) or enter into senescence.

Trade-off occurs at the organism level because the proportion of damaged cells increases the risk of death by cancer while that of senescent cells increases the risk of other ageing-related death. The model makes explicit the longevity of cell lines. It models at the tissue level the costs i) of the accumulation of senescent cells in terms of additional damage probability due to tissue deterioration and ii) of apoptosis in terms of damage emergence due to compensatory divisions. It then models, at the organism level, the resilience of the organism to senescent and damaged cells accumulation in terms of organism survival. At the organism level, it also makes explicit life-history traits as extrinsic mortality and senescence of reproduction.

With this model in hand we address several questions: 1) Can we find parameter combinations where accumulation of senescent cells increases the organism Lifetime Reproductive Success (hereafter, "LRS")? If so, what are the drivers of such an increase and their influence on the lifetime cancer prevalence? 2) Do these parameter combinations lead to the deceleration and decline of cancer incidence with age? 3) Can we predict the effect that increasing body size should have on the lifetime cancer prevalence? 4) In case of a senolytic experiment (killing senescent cells at a given age), can we predict its effect on the lifetime cancer prevalence and organism longevity? Are those results congruent with the in vivo models?

Methods

This model is a generalization of the one published by Pavard & Metcalf (2019) that modeled senescent and damaged cells dynamics and their consequent effects on organism morbidity.

Our model now includes apoptosis as an alternative mechanism preventing damage accumulation in cell lineages, as well as life-history parameters.

Description of the model

We first modeled dynamics of cells into the organism. We considered an organism formed of a single tissue, in which three types of cells can coexist: healthy cells, damaged cells, and senescent cells. Let us denote S t and D t respectively the proportions of senescent and damaged cells and 1-S t -D t the proportion of undamaged mitotic cells. During the time-step t, a proportion α t of normal cells turns into damaged cells. Parameter α t accounts for the age-specific rate at which healthy cells get damaged by unit of time and therefore aggregates the rate at which healthy cells divide, get damaged and stay unrepaired (see Table 1). Here we modeled an increasing genetic instability with age by considering a linear increase of this rate such that α t =αt setting α t =1 for t>1/α. To account for potential costs of CS in terms of damage accumulation due to impaired tissues functioning (e.g., arising from inflammation phenotype or loss in tissue connectivity), an additional proportion of damaged cells α t S t rDamageToCS was generated at each time step as a function of the proportion of senescent cells, where parameter rDamageToCS is the tissue resilience to loss of tissue function resulting from the accumulation of senescent cells. At a timestep t, the proportion δ t of healthy cells getting damaged could therefore be written as:

δ 𝑡 = 1 -𝑆 𝑡 -𝐷 𝑡 ( ) α 𝑡 1 + 𝑆 𝑡 𝑟𝐷𝑎𝑚𝑎𝑔𝑒𝑇𝑜𝐶𝑆 ( ) 1 
( )

Damaged cells could still potentially divide but increasing levels of damage (i.e. the accumulation of mutations along a cell lineage) were not considered here. We further considered that, over a time step, all damaged cells in the tissue (thus the previously damaged cells plus the newly damaged cells D t + δ t ) could undergo apoptosis with a probability γ and enter senescence with a probability σ. Cells are first checked for apoptosis and then for entry into senescence. Thus, the proportion of damaged cells undergoing apoptosis is γ, those entering senescence is (1-γ)σ, and those that will remain damaged is

(1-γ)(1-σ).
However, to maintain homeostasis, we hypothesize that cells undergoing apoptosis have to be replaced through compensatory divisions (see support for this hypothesis in, e.g. [START_REF] He | Senescence in Health and Disease[END_REF]). They can be replaced by the division of healthy cells or already damaged cells. Because our model is not spatially structured, the distribution of damage across the organism was assumed random. Then, the probability that a cell undergoing apoptosis was replaced by an already damaged cell depended on the proportion of damaged cells D t over the proportion of potentially dividing cells (1-S t ). For simplicity, we did not consider new damage occurring during compensatory divisions because this rate is of an order of (α t ) 2 and is therefore negligible with respect to α t .

Therefore, the proportion of damaged cells D t+1 was the number of already and newly damaged cells, minus those entering into apoptosis, minus those entering into senescence, plus, among those entering into apoptosis, those that were replaced by division of damaged cells:

𝐷 𝑡+1 = 𝐷 𝑡 + δ 𝑡 -𝐷 𝑡 + δ 𝑡 ( ) γ -𝐷 𝑡 + δ 𝑡 ( ) 1 -γ ( )σ + 𝐷 𝑡 + δ 𝑡 ( ) γ 𝐷 𝑡 1-𝑆 𝑡 ,
which can be simplified by:

𝐷 𝑡+1 = 𝐷 𝑡 + δ 𝑡 ( ) 1 -γ ( ) 1 -σ ( ) + γ 𝐷 𝑡 1-𝑆 𝑡 ( ) 2 
( )

The proportion of senescent cells S t+1 is:

𝑆 𝑡+1 = 𝑆 𝑡 + 𝐷 𝑡 + δ 𝑡 ( ) 1 -γ ( )σ 3 ( )
In the following, we are interested in modeling damage accumulation within tissues in fixed-size, reproducing organisms, that is only during adult life. We therefore considered that age 1 is that of growth cessation and first reproduction (so that we model determinate growth species only). We further considered that organisms have no senescent or damaged cells at this age (i.e. S 0 = D 0 = 0), which we know is largely false since most damages occur during ontogenesis (DeGregori, 2013). These are however reasonable assumptions in (and only in) a Doll-Armitage framework where increased incidence of cancer with adult life depends on additional accumulated damage since maturity.

Once the dynamics of cells was modeled, we turned to their effects at the organism level.

Organisms could die from cancer or other ageing-related-causes of death or from extrinsic mortality. We assumed that a high proportion of damaged cells was associated with a likely onset of cancer, so that the probability that an organism survives cancer at age t (denoted p C t ) was negatively correlated with the proportion of damaged cells:

𝑝 𝑡 𝑐 = 1 -𝐷 𝑡 ( ) 𝑟𝐶𝑎𝑛𝑐𝑒𝑟𝑇𝑜𝐷𝐶 4 ( )
where rCancerToDC is the organism's resilience to cancer due to the accumulation of damaged cells (see Tab. 1). Given a similar proportion, larger organisms are expected to exhibit a larger number of damaged cell lines. Therefore, parameter rCancerToDC also models the extent to which body size can impact cancer incidence (in absence of alternative mechanisms also affecting this relationship, such as the efficiency of the immune system to predate damaged cells turning into cancer).

Similarly, we assumed that a high proportion of senescent cells was associated with impaired tissue function leading to (other than cancer) ageing-associated morbidity, so that the probability that an organism survives ageing at age t (denoted p S t ) was negatively correlated with the proportion of senescent cells:

𝑝 𝑡 𝑠 = 1 -𝑡 ( ) 𝑟𝑆𝑒𝑛𝑒𝑠𝑐𝑇𝑜𝐶𝑆 5 ( )
where rSenescToCS is the organism's resilience to ageing-related causes of death due to the accumulation of senescent cells (see Tab. Provided that the CS probability σ is genetically encoded, we looked for the value σ* which maximizes the organism LRS that we considered as an 'optimal' value. We could therefore use this model to investigate whether CS may be naturally selected for.

For any set of parameters age-specific, cancer incidence (taken here as equivalent to cancer mortality) 1-p x C can be calculated and the lifetime prevalence of cancer is: Mean number of timesteps that an organism will survive to cancer in absence of accumulation of senescent cells and extrinsic mortality.

𝑝𝑟𝑒𝑣 𝐶 = 𝑥=0 ∞ ∑ 𝑡=0 𝑡=𝑥-1 ∏ 𝑝 𝑡 𝑠 𝑝 𝑡 𝑐 𝑝 𝑡 𝑒 1 -𝑝 𝑥 𝑐 ( ) ( ) ⎡ ⎢ ⎢ ⎣ ⎤ ⎥ ⎥ ⎦ 7 ( )
This metric accounts for potential interaction between α, γ and rCancerToDC.

Delta of resilience Δr

Equals

rSenescToCS-rCancerToDC

Describes the sign and magnitude of the difference in survival costs resulting respectively from the accumulation of senescent cells and damaged cells.

Extrinsic-mortality -only life expectancy

e 0 E Equals 1/extM Describe the life expectancy in the case where all deaths arise from extrinsic causes.

Parameterization

To parametrize the model along a meaningful continuum of molecular, cellular and organism parameters (α, γ, rCancerToDC, rSenescToCS, rDamageToCS) and life-history strategies (extM and SenescRepro), we first sampled molecular, cellular and resilience parameters in ranges corresponding to meaningful derived metrics (Tab. 1) in absence of extrinsic mortality and reproductive senescence. More precisely, we generated 5,000 5-uplets of input parameters (α, γ, rCancerToDC, rSenescToCS, rDamageToCS) using a Latin hypercube sampling method.

All parameter values were drawn from uniform distributions whose ranges are reported in Tab. 2 and explained below.

a α and γ

In our model, the time is unitless and can be biologically interpreted as inversely proportional to the rate of damage accumulation in tissues (short times when rapid accumulation). This rate firstly depends on parameters α and γ. We therefore defined the time a cell line remains in an undamaged state in the absence of accumulation of senescent cells (σ=0) and organism death. This time -hereafter called the cells lines undamaged-life-expectancy -can be calculated as . We set the ranges

𝑒 0 𝑐𝑙 α 𝑡 , γ ( ) = 𝑡 ∞ ∑ 1 -𝐷 𝑡 ( )
of parameters α and γ such that and (see Table 2).

𝑚𝑖𝑛 𝑒 0 𝑐𝑙 ( ) = 100 𝑚𝑎𝑥 𝑒 0 𝑐𝑙 ( ) = 2000 b rCancerToDC
We then calculate the cancer-only life expectancy , that is the 𝑒 0 𝐶 α, γ, 𝑟𝐶𝑎𝑛𝑐𝑒𝑟𝑇𝑜𝐷𝐶 ( ) organism's life expectancy when cancer is the only mortality cause. We set the range of 𝑒 0 𝑐𝑙 between 2000 and 27 (the maximum value and a quarter of the minimum value of ). 𝑒 0

𝑐𝑙

Having a minimum value not too small allows us to explore cases where life-expectancy is decreased even more by extrinsic mortality (see below).

c rSenescToCS

We then defined the differential in survival costs of accumulating damaged and senescent cells as Δr = rSenescToCS -rCancerToDC and set its range as [-1,4]. We could therefore sample values for rSenescToCS accordingly.

d rDamageToCS

Finally, we randomly sampled values for rDamageToCS between 1 and 10.

Once this was done, we sampled values for extM such that extrinsic-mortality-only life expectancy (Tab. 1) falls between e 0 E =0.5 e 0 C and e 0 E =2.5 e 0 C (with e 0 E =1/extM). Indeed, it made no sense to explore the parameter space where e 0 E is so low that the organism is only surviving a few steps or, by contrast, where extrinsic mortality is close to zero.

Finally, we sampled the rate of reproductive senescence SenescRepro such that fertility decreased by 0 to 50% by the age of e 0 C .

The latin hypercube was created with the 'randomLHS' function of package 'lhs' (Carnell, 2022) in R 4.2.0 (R Core [START_REF] Core | R: A language and environment for statistical computing[END_REF] to sample parameters within these ranges. For each of the 5,000 γ,rCancerToDC,rSenescToCS,rDamageToCS,extM,SenescRepro), the LRS is calculated for 1,000 values of σ ranging from 0 to 1. To answer this, we first analyzed the probability to find a σ*>0 across the explored parameter space. More precisely, we regressed the Boolean variable [σ*=0, σ*>0] on input parameters, their potential quadratic and cubic effects, the derived metrics (Table 2), and all two-terms interactions between derived metrics (except e 0 E that is taken into account with extM), resilience parameters (rDamageToCS and rCancerToDC but not rSenescToCS as Δr already accounts for it) and life-history traits (extM and SenescR). This blind approach allowed us to test for non-linear effects and interactions between explanatory variables without having to make any biological assumptions on such effects. Analyzes were performed in R using the glm() function with the argument "family" set to "binomial(link="logit")". We defined the percentage gain of LRS as the difference between the maximum LRS with CS and the maximum LRS in the absence of CS normalized by the maximum LRS in the absence of CS. After selecting parameter combinations leading to a gain in LRS larger than 1%, we used linear regression to identify the parameters influencing the magnitude of this gain, as well as the resulting lifetime prevalence of cancer. Because of the large number of parameter combinations explored and their uniform dispersion across the parameter space, it was expected that most input parameters would significantly affect the outcomes. To assess the role played by parameters we therefore focused on the variance of the response variable explained by explanatory variables and their interactions by the mean of type I 'sequential' anova.

➢ Do these parameter combinations lead to the deceleration and decline of cancer incidence increase with age?

To analyze this, we calculated -for each parameter combinations leading to an enhanced gain in LRS larger than 1% -the step-by-step slope in cancer incidence and categorized this slope as accelerating or constant when ℎ' 𝑡 = 1 -𝑝 𝑡+1 𝐶 (

) - (Lemaître et al., 2020), so should therefore increase the ratio SenescRepro/e 0 C . We thus regressed the lifetime prevalence of cancer on these variables only (so blind to anything else) in the case of parameter combinations where an optimal accumulation of senescent cells is found and drew expectations on whether or not lifetime cancer prevalence is expected to increase with increasing size. Furthermore, while potential accumulation of senescent cells has evolved in natura, most tests of Peto's paradox used captive data where a large part of extrinsic mortality has been removed (Vincze et al., 2022). To test the detectability of Peto's paradox in captive vs wild populations, we therefore repeated the analysis in the case of peak survival probability i.e. when extrinsic mortality (that have been incorporated to calculate σ* as in a wild population) has been removed in the calculation of lifetime cancer prevalence (so in eq. 7, as in a "captive" population).

➢ In case of senolytic experiments killing senescent cells at a given age, can we predict the effect on lifetime cancer prevalence and organism longevity?

To investigate this: i) for each of the parameter combinations, we randomly sampled an age between 1 and the captive life expectancy, ii) at this age, decreased the proportion of senescent cells by 50%, iii) recalculated the following trajectories of senescent cells and damaged cells in the tissue, and iv) analyzed the resulting cumulative incidence of cancer and ageing-related causes (defined as the cumulative probability to die from, respectively, cancer or (other than cancer) ageing-related causes, in populations where, respectively, cancer/ageing-related causes are the only causes of mortality). Note that those calculations are done without the contribution of extrinsic mortality as senolytic experiments are carried out in controlled environments where most of the extrinsic mortality has been removed (as in captivity).

Results

Sensitivity of σ* and gain in LRS to entry parameters

An optimal σ*>0 -so cases where accumulation of senescent cells increased LRS -was found in 89% of the explored parameter space and, in 53% of all cases, LRS was increased by more than 1% (see Fig. 

Deceleration and decline in cancer incidence

Figure 1 shows the phases of acceleration, deceleration and decline in cancer incidence for parameter combinations leading to an increase in LRS of more than 1%. A deceleration is found in 33% of cases and a decline in 15% of cases. By contrast, in the simulations with a gain of LRS < 1%, a deceleration is found in 10% of the cases and a decline in 1% (Fig. Supp. 2 in Appendix 1 shows the acceleration/deceleration/decline phases in those simulations). Going back only to the simulations yielding a gain in LRS > 1%, we encoded whether a deceleration or a decline in cancer incidence was observed as a boolean variable. Table Sup 2 gives the results of the logistic regression of that boolean variable on the parameters and derived metrics.

A typical pattern of deceleration and decline is depicted in Fig. 2, allowing to understand the mechanism behind this deceleration and decline (note that this case was chosen because incidence of cancer and ageing-related scaled over the same scale but this was not always the case).

Figure 2: a) dynamics of accumulation of damaged (in red) and senescent (in green) cells. Shows the strategy of diverting a proportion of cells towards senescence up to a certain point (dashed red line). b) cellular dynamics translate into mortality components : cancer (in red) and ageing-related (green). Organismal incidence curves mirror cellular accumulation curves.

Blue line depicts survival and shows that, when the decline of cancer incidence starts, survival is less than 10%.

In this example, the optimal strategy consisted in diverting (1-γ)σ*=1% of damaged cells per time step towards senescence. This optimal strategy allowed the accumulation of damaged cells early in life, leading to an early and rapid increase in cancer incidence (red line). In parallel, senescent cells accumulated at a slower pace (black line, left panel), such that mortality by other causes rises more slowly than cancers (black line, right panel). Eventually, however, when ~35% of mitotically active cells entered senescence, cell proliferation became sufficiently reduced to considerably decrease the number of new damaged cells per timestep; leading to a decline in cancer incidence. Beyond this point in time, the increase of new senescent cells accumulation per timestep obviously also slowed down. And yet, as the addition of even a small proportion of senescent cells considerably compromises tissue functioning, and mortality by ageing-related causes of death continued to rise (black line, right panel). Therefore, the optimal σ* stems from a balance between mortality due to cancer early in life and mortality by other ageing-related causes later in life, deceleration and decline in cancer incidence being mostly a byproduct.

As seen in Fig. 3, the effect of deceleration and decline of cancer incidence on lifetime cancer prevalence is largely influenced by the level of extrinsic mortality: when extrinsic mortality is large, nearly no difference is observed between cases with and without deceleration/decline.

Together, extrinsic mortality and the deceleration/decline explained 70% of the variance in cancer incidence.

Figure 3: Lifetime prevalence cancer is affected by life-history-traits (here, extrinsic mortality) and by the existence of a deceleration/decline of incidence at late ages. It shows the importance of life-history traits when addressing whether cellular senescence evolved as an adaptation against cancer and that deceleration and decline are drivers of cancer prevalence.

Effect of increasing size on lifetime prevalence of cancer

Table 3 shows the regression of the magnitude of σ* and of the lifetime prevalence of cancer in the cases of organisms "in natura" and in captivity on metrics linked to size. As discussed before, the main parameter influencing the magnitude of σ* was the deviation of e 0 C with respect to e 0 cl , (e 0 cl -e 0 C )/e 0 cl . In absence of alternative cancer suppression mechanisms linked to size, an increase in size is expected to be linked to a decrease in cancer resilience which in turn leads to selection for larger accumulation of senescent cells translating into a negligible effect of increasing size on lifetime cancer prevalence in natura (Tab. 3). Again, lifetime cancer prevalence is mainly driven by extrinsic mortality. If our model proves true, we therefore expect large organisms to accumulate faster senescent cells (again, in the absence of or along other cancer resistance mechanisms).

In captive populations however, (e 0 cl -e 0 C )/e 0 cl became the main factor explaining lifetime cancer prevalence but with a negative sign: a decrease in organism resilience to cancer with size paradoxically decreased lifetime cancer prevalence. This is because, (e 0 cl -e 0 C )/e 0 cl was correlated to σ* (48%, p<2.2e-16) leading to a larger accumulation of senescent cells and to a larger probability to observe a deceleration and decline of cancer incidence with age (Supp.

Table. 2 in Appendix 1

). Yet, in captivity, extrinsic mortality is removed which allows more individuals to survive up to later ages where cancer incidence decelerates and declines to the favor of other senescent-related causes of death; decreasing the overall lifetime prevalence of cancer for large organisms. We therefore predict that, if the model is true, increased size should be linked to increased accumulation of senescent cells with age associated with a decreasing lifetime cancer prevalence with increasing size in captivity. 

Effect of senolytic experiment of cancer risk and longevity

Results of 'in silico' senolytic experiments shows that killing senescent cells at any age increased the risk of cancer (in 94% of case with a mean percentage increase of 3.9%, SD=7.2%) and decreased the risk of other senescent-related causes (in 97% of cases with a mean percentage decrease of 19%, SD=25%, see Fig. 4 for an example of how mortality curves for both causes are shifted after senolysis).

Figure 4: Trajectories of a) incidence of cancer and b) incidence of ageing-related causes of mortality before senolysis (dashed lines) and after senolysis (solid lines). It shows that senolysis leads to an increase in cancer incidence (red) and a decrease in ageing-related causes (green).

Overall, the increase in cancer mortality was more moderate with only 12% of simulations with more than 10% increase as opposed to (other) ageing-related causes where 43% of cases exhibited a decrease superior to 10%. Both variables were not significantly correlated (ρ=0.098, p>0.05), suggesting that different parameters and model properties may have influenced changes in cumulative incidence of both causes. Indeed, linear regressions of both variables on all the parameters show that many terms are significantly associated (Supplementary Table 3) but the exhaustive analysis of those models is out of the scope of this paper.

As a preliminary analysis, though, we tested the correlations between both changes in cumulative incidences and i) the age at senolysis and ii) the optimal σ*. Regarding age at senolysis, only the percentage change in cumulative incidence of (other) senescent-related causes was significantly negatively correlated with age at senolysis (ρ=-0.63, p<0.05) whereas the percentage change in cumulative incidence of cancer is non significantly correlated (p>0.05). As seen on Fig. 5 (panels A and B), the later the age at senolysis, the more accentuated the differences in cumulative incidence of both causes were. The reason is the following. It is the entrance into senescence that prevents cancer. However, in our model, killing senescent cells induces compensatory proliferation after senolysis which, in turn, briskly accelerates damage accumulation and increases cancer risk (see Fig. 5). The later the senolysis, the larger the proportion of senolysed-senescent cells replaced by damaged cells, and the larger this effect. 

Discussion

In this study, we explored the hypothesis that cellular senescence can be an adaptive strategy by balancing two intrinsic mortality components, that is cancer and other ageing-related causes of death. We do this using a theoretical model that first describes the dynamics of senescent and damaged cells accumulation with age. Cells are described by three key features: a probability to get damaged and, once damaged, a probability to die from apoptosis and a probability to enter senescence. Accumulation of damaged cells leads to an increased risk of developing cancer whereas the accumulation of senescent cells increases the risk of developing (other than cancer) ageing-related diseases. Both risk increases are modulated by parameters setting the organism's resilience to, respectively, ageing-related causes and cancer. Lastly, we use the "Lifetime Reproductive Success" (LRS), also incorporating extrinsic mortality and reproductive senescence, as a metric to test our hypothesis and explore different questions.

First, we assess whether an optimal probability (in the sense that it optimizes LRS) for a damaged cell to enter senescence can be found. We find that such probability (denoted σ*)

exists in a large majority of our explored parameter space, with half of this space allowing for a gain in LRS larger than 1%. We found that the likelihood to find σ* yielding a gain of LRS larger than 1% is first influenced by the parameters modulating the dynamics of damage within tissues and the organism's resilience to both intrinsic causes of mortality. A key perspective for empirical studies investigating our hypothesis is therefore to better investigate these dynamics with age and how they translate into specific mortality components. Beyond cellular parameters, we find that life-history parameters, here extrinsic mortality and reproductive senescence, also play a major role: alongside cellular parameters, they have a key influence on the extent of the LRS gain (Supp. Tab. 1 in Appendix 1). It makes sense from an evolutionary point of view as a strategy balancing the accumulation of senescent cells should have jointly evolved with life-history features such as size and position along the slow-fast continuum (Cayuela et al., 2020). Similarly, we find that the lifetime cancer prevalence is mainly influenced by life-history traits such that this metric is a poor indicator of the underlying molecular and cellular processes. For studying ageing, one should therefore go beyond prevalence and focus on age-specific cancer incidence (see also Ritter et al. (2003) on the comparative use of mortality and incidence in the Doll-Armitage model).

After finding that some σ* values can maximize an organism's LRS, we tried to see if such strategy could explain a deceleration and/or decline of the individuals' cancer risk with age as an alternative to population effects due to heterogeneity in cancer risks (Anisimov et al., 2005). The answer is yes: a substantial proportion of the parameter space allows for some deceleration and decline. Mechanistically, this is due to a reduced pool of mitotically active cells leading to a slowdown of damaged cell accumulation. Moreover, when examining those combinations, the probability to observe a deceleration/decline is a function of molecular, cellular and resilience parameters including σ* (Fig. 1 and Supp. Tab. 2 in Appendix 1). We further show that deceleration/decline of cancer incidence interacts with extrinsic mortality in shaping lifetime cancer prevalence. As a result, a large part of the variance of the lifetime prevalence of cancer is driven by the existence of a deceleration or decline, which is driven by σ*, that is itself driven by the extent of extrinsic mortality. This emphasizes the fact that, again, trade-offs between mortality components have jointly evolved under complex age-specific evolutionary pressures across different levels of interaction from cells to the environment. Lastly, it is important to keep in mind that the late-life deceleration/decline is explained -in our model -as a byproduct of two functions (cancer and ageing-related cause incidences) that increase early in life. Therefore, although deceleration and decline are important drivers of lifetime cancer prevalence, they are nevertheless the byproduct of the optimization, earlier in life, of the two increasing functions.

The role of extrinsic mortality in the previous results is not trivial as the role of life-history traits is central to the third question we ask : to what extent size influences the resulting lifetime cancer prevalence? Results first provide a prediction : large organisms should accumulate more senescent cells and, in captivity, exhibit a reduced lifetime prevalence of cancer (due to a late deceleration/decline). It is important to bear in mind that this prediction holds when there are no additional cancer resistance mechanisms that evolved concomitantly with larger sizes/longer lifespans, though a recent study suggested that long-lived mammals indeed evolved higher CS rates than shorter-lived ones (Attaallah et al., 2020). We also find that the effect of size would be different in wild and in captive populations. Indeed, captive populations do not suffer from extrinsic mortality (or, at least, extremely reduced levels) and individuals can therefore leave long enough i) to get cancer and ii) so that a deceleration and decline is observable. Those results suggest that Peto's paradox might not be readily observable in wild populations and illustrate that the lifetime prevalence of cancer is not a trivial metric, rather a combination of different aspects (size, captive vs. wild, life-history traits…). Overall, those results call for a large survey on the pattern of cancer incidence with age in captive animals populations to check whether cancer incidence deceleration is observed.

Finally, we sought to assess whether our model recapitulates results found in senolytic experiments. Results are contrasted. On the one hand, similarly to senolytic experiments ((Baker et al., 2011);(Baker et al., 2016)), we find that killing senescent cells quasi-systematically decreases the cumulative incidence of senescent-related mortality. This effect is modulated by age at senolysis : the later the age at senolysis, the larger the decrease in cumulative incidence. It would be interesting to reiterate senolytic experiments with the same modified mice model as previously described (Baker et al., 2016) to assess whether this is the same in vivo. On the other hand, we find -even if more moderate and not systematican increase in cancer cumulative incidence whereas, in murine models, senolysis delayed tumorigenesis and incidence is unchanged ((Baker et al., 2011);(Baker et al., 2016)). The reason for this can be three-fold: i) in our model, senolysis is followed by compensatory proliferation. A proxy for the onset of senescence can be weight loss (Richardson et al., 2014) as loss can reflect the moment where homeostatic proliferation does not compensate for cellular-senescence-induced loss of tissue function. In mice models, the animal weights are not reported and weight changes paint different pictures in different organs (see Supplementary Material in Baker et al. ( 2016)) so we do not know whether such proliferation is also observed, ii) mice are not a relevant model to assess whether senolysis indeed increases cancer incidence because, even with a delayed ageing, their lifespan is limited. If doable, repeating senolytic experiments on more long-lived mammals would bring useful insights on the effect of senolysis on the risk of developing cancer later on. Finally, iii) the additional proportion of damaged cells due to CS is insufficient to depict the actual loss of tissue connectivity and inflammatory influence of the SASP (the senescent secretome) (see e.g. (Coppé et al., 2010) or (Campisi & Robert, 2014)). Yet, it is possible that the empirical benefit of senolysis on cancer incidence is only related to the suppression of the SASP. In order to test this hypothesis, senolytic experiments could be performed with and without pharmacological control of the SASP (Malaquin et al., 2016).

Overall, our model builds on knowledge from cellular experimental observations and allows us to draw predictions under our hypothesis. It also shows that the deceleration and decline of cancer incidence could be the results of mitotically active cell exhaustion, as suggested from other works (Tomasetti et al. (2019), considering stem cells). Although simple, this model also allows us to bridge cellular dynamics and their organismal consequences. With that in hand, we show the importance of life-history traits in shaping the evolution of a species-specific risk of cancer.

Despite being adapted to address our questions, our model remains simple. First, we model the damage level within a tissue and single cells cannot accumulate damage. But we know this is largely not true : cells inherit their mutation burden from their mother. Hence, the sequence of mutations required to turn a cell into a carcinogenic one can only be acquired along a lineage. A perspective of this work would therefore be the exploration of the same cellular dynamics in a tissue structured into lineages. Moreover, one of the current limitations of in vivo approaches is that they lose the architecture of the tissue ( [START_REF] Deursen | Senoly c therapies for healthy longevity[END_REF], rendering impossible the investigation on potential clusters of senescent cells (see [START_REF] Privman | La ce percola on approach to numerical modelling of ssue aging[END_REF] and [START_REF] Gorshkov | La ce percola on approach to 3D modeling of ssue aging[END_REF]) and the cellular communication that takes place within such clusters through the SASP (senescent secretome). This is one more Besides these limitations that pertain to the model type we use, we show that under a simple set of equations, the hypothesis that cellular senescence is adaptive could be validated and that predictions for further empirical studies can be drawn. This work is therefore important in the context of cellular biology where this hypothesis has been around

for some time without (to our knowledge) having been tested formally. Furthermore, our framework shows the vital importance of integrating knowledge from cells to organisms (ecology and evolution) to complete the cancer puzzle.
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Part III : Dynamics of damage accumula on in (spa ally structured) ssues undergoing apoptosis and cellular senescence

In Part II, we showed that a proof-of-concept model integra ng the effect that cellular dynamics have on the organism's survival could i) find combina ons of cellular parameters and life-history traits where the probability for a cell to enter cellular senescence can op mize the organism LRS, ii) recapitulate, in some cases, the late-life incidence decrease of cancer mortality, and iii) provide predic ons regarding the effect of increasing size and senoly c experiments on the life me prevalence of cancer.

In the discussion of this previous chapter we nonetheless underlined that the model considers the risk of cancer to be a func on of the global damage within ssues. This assump on is congruent with the Life me Stem Cell Divisions theory [START_REF] Tomase | Stem cell divisions, soma c muta ons, cancer e ology, and cancer preven on[END_REF][START_REF] Tomase | Varia on in cancer risk among ssues can be explained by the number of stem cell divisions[END_REF] that posits that the risk of cancer is a func on of the life me total number of divisions that stem cells undergo, regardless of lineages. As a consequence, the model in Part II considers that cells cannot accumulate damage. Yet, the Doll-Armitage model specifies that the risk of cancer is a func on of the damage level within lineages: daughter cells inherit proto-oncogenic lesions from their mothers [START_REF] Doll | The age distribu on of cancer and a mul -stage theory of carcinogenesis[END_REF]. Its evolu onary extension furthermore posits that each of these lesions allow clonal expansions that, in turn, increase the probability that at least one of the clones acquires the next lesion allowing the lineage progress towards tumorigenicity (Nunney and Thai 2020). In this ensemble of models, structuring into lineages is crucial although rarely modelled and even less spa ally structured.

Therefore, in this chapter, we will inves gate damage accumula on within ssues and within lineages in spa ally-structured agent-based models. This chapter will also test our hypothe cal framework at the cellular scale. This framework hypothesizes that both cellular senescence and apoptosis come at different costs., respec vely senescent accumula on and compensatory prolifera on. Thus, in sec on A, we will specifically inves gate the cost of apoptosis in terms of compensatory divisions and then, in sec on B, we will inves gate the influence of cellular senescence on damage accumula on, with and without the effects of their specific secretome, the SASP. This second chapter presents the material for one or two papers that will be submi ed for publica ons a er the manuscript of Part II 1 . The first part will be about the cost of apoptosis (sec on A) and the second part about the role of cellular senescence in damage accumula on (sec on B). We also need to warn the reader that the second sec on mostly shows preliminary results and ongoing analyses.

I. Introduction

Carcinogenesis results from heritable alterations in the genes or gene regulatory networks of somatic cells (hereafter respectively coined as mutations and epimutations). Open questions remain: e.g. whether several lesions accumulate along lineages as posited by the Doll-Armitage model [START_REF] Doll | The age distribu on of cancer and a mul -stage theory of carcinogenesis[END_REF] and its evolutionary derivative [START_REF] Greaves | Clonal evolu on in cancer[END_REF] or a single mutation acts as driver as posited by the two-hits model ((Moolgavkar and Venzon, 1979); (Moolgavkar and Knudson, 1981)); or whether the determinants of cancer risk are, in majority, intrinsic (Tomasetti and Vogelstein, 2015) or, in majority, extrinsic ((Wu et al., 2016); (Goldstein and Patel, 2019)). But it is now widely accepted that cancer is a multistage genetic disease of the soma (Weiss, 2004) Consequently, cancer has been considered a senescent problem for two reasons: i) mutations accumulate with age (Podolskiy et al., 2016) and underpin age-related changes ((Szilard, 1959); (Kennedy, Loeb and Herr, 2012); (Vijg and Dong, 2020)), and ii) the majority of cancers are found in post-reproductive individuals. In that regard and despite the popularity of the multistage model, how cancer age-specific cancer incidence is shaped within and between species remains yet an unsolved question. On the one hand, the multistage model is challenged by the fact that the majority of mutation accumulation occurs before post-reproductive ages (DeGregori, 2017). This suggests that the age-specific cancer risk in an individual results not only from mutation accumulation, but also from alternative cellular and tissular processes.

Among other mechanisms, and alternatively to apoptosis, cellular senescence has indeed been proposed as a major mechanism preventing damaged cells from turning carcinogenic.

Because their accumulation (and their elimination) in tissues compromises (improves) survival, it has been claimed that cellular senescence prevent cancer at the cost of other senescence-related deleterious conditions ((Campisi, 2005) More precisely, our hypothetical framework has two tenants. On the one hand, apoptotic cells release mitogenic chemicals that induce compensatory proliferation ((Martín, Peréz-Garijo and Morata, 2009); (Pérez-Garijo, 2018)). In our framework, we suppose that, because these chemicals diffuse in the neighbourhood of the apoptotic site, cells that divide are more likely to belong to the same lineage as the apoptotic cell. Because mutations are transmitted along lineages from mother to daughter cells, we also assume that compensatory proliferation could lead to an excess of damage. Here, it is crucial to note that we do not imply that apoptosis triggers carcinogenesis, rather that the level of apoptosis in an organism has probably evolved so that the cost of compensatory proliferation does not surpass the benefit of damage elimination. Here, we therefore aim at testing i) whether compensatory proliferation can lead to an excess of damage, ii) whether this excess is further aggravated when tissues are spatially structured because of lineages On the other hand, we hypothesize that cellular senescence trades with apoptosis to prevent proliferative compensation from being too costly. Cellular senescence is indeed defined as a stable and permanent arrest of the cell cycle [START_REF] López-Otín | The Hallmarks of Aging[END_REF]i.e. damaged cells do not die but are prevented from dividing any further. Here, we focus on two types of cellular senescence: i) replicative senescence that has been historically described as the number of times cultured fibroblasts can divide before stopping [START_REF] Hayflick | The serial cul va on of human diploid cell strains[END_REF] and ii) oncogene-induced cellular senescence that is triggered by irreparable damage in the genome (Serrano and Blasco, 2001). Cellular senescence itself comes at a cost: with age, senescent cells accumulate and their accumulation is responsible for ageing-related diseases [START_REF] He | Senescence in Health and Disease[END_REF]. This antagonistic pleiotropy effect of cellular senescence has been demonstrated by experimental studies showing that preventing cellular senescence leads to an increase in cancer prevalence ( [START_REF] Tyner | p53 mutant mice that display early ageing-associated phenotypes[END_REF]; [START_REF] Tyner | p53 mutant mice that display early ageing-associated phenotypes[END_REF]; (García-Cao et al., 2002)) but removing senescent cells from tissues alleviates ageing symptoms ((Baker et al., 2011); (Baker et al., 2016)). Lastly, senescent cells are characterized by a specific secretome, the senescence-associated secretory phenotype (hereafter, SASP), that was also shown to have detrimental effects in cancer (Coppé et al., 2010) and when cellular senescence becomes chronic at old ages ( van Deursen, 2014). In physiological contexts (i.e. acute senescence), this secretome has paracrine anti-proliferative effects (Kumari and Jat, 2021) and triggers an immune response to remove senescent cells from tissues. Therefore, we additionally aim at testing whether i) cellular senescence decreases damage accumulation and iv) the SASP further modulates the balance between cellular senescence and apoptosis as it influences the probability that cells divide.

To test all these aspects, we build agent-based models to simulate theoretical populations of cells. Those cells can divide, accumulate damage, enter cellular senescence or undergo apoptosis. Different scenarios allow us to test each of the tenants listed above. We first compare scenarios with or without compensatory proliferation, and with and without spatial structuring into lineages in tissues where apoptosis is the sole mechanism taken into account. Second, we compare those same scenarios adding cellular senescence to investigate whether the cost of compensatory divisions is maintained when another mechanism exists and to further characterize to which extent cellular senescence can limit damage accumulation. We finally add the SASP to our model to characterize its role depending on the level of cellular senescence in tissues.

We use linear regressions on different metrics of interest to control for the influence of the model parameter (e.g. the tissue proliferative activity, how mutation-prone cells are, etc.).

Those different metrics allow to investigate damage accumulation in tissues (global level) and within lineages.

We find that compensatory proliferation, in some parts of our parameter space, does lead to an excess of damage and that this excess is greater when neighbouring cells divide. On the other hand, we do not find that cellular senescence decreases damage accumulation. This result is discussed in relation to results from chapter 1.

II. Material and methods

A. Algorithm when apoptosis is the only modeled mechanism 1. The tissue

To assess the effect of compensatory divisions and the effect of spatial structure in lineages, we simulate populations of cells using a 3D lattice agent based-models. All simulations are implemented using R language (R Core [START_REF] Core | R: A language and environment for statistical computing[END_REF]. Tissues are size 10⁵ (100*100*10 cells) and each site is defined by its three Cartesian coordinates. Sites can be vacant or occupied by living cells. When alive, cells are also described by their number of past divisions and the quantity of accumulated damage. Upon division, daughter cells inherit their mother's past number of division (denoted N division ) plus one (in the intent to track telomere attrition over divisions along cell lineages), as well as their mother number of accumulated damage (denoted N damage ) plus possibly new ones (reflective of the accumulation of DNA mutations along cell lineages).

To avoid border biases, we implement boundary conditions. Along each axis, the faces of the tissue fall back on each other. We further consider that each cell has a lattice coordination number of 6 (2 neighbors along each axis). 1). Here, the output is the mean damage in the tissue (see below), the three panels represent the dynamics in each scenario, narrow lines represent all the replicates and the broad lines represent the mean value over replicates. We can see that all replicates exhibit very similar dynamics and, c) the three curves for the mean over all replicates are plotted all together, the shaded areas show the overlap of standard deviations over all replicates in the three scenarios.

The algorithm

Each iteration of the algorithm is composed of three instructions (Fig. 1.A).

First, a round of N divisions to mimic the homeostatic activity of the tissue (hereafter called 'physiological divisions', see Table 1). During this step, the total number of cells in the tissue does not increase: among the living cells, N sites are randomly sampled and their number of past divisions N division is incremented by 1. Upon division, cells can also accumulate further damage (N damage is then incremented) according to a Poisson law of parameter λ (Table 1).

Second, it is decided whether the newly-divided cells enter apoptosis or not. They automatically enter apoptosis if their division number reaches a threshold T (Table 1) that simulates the Hayflick limit [START_REF] Hayflick | The serial cul va on of human diploid cell strains[END_REF]. Otherwise, it is evaluated if cells are deemed too damaged to divide further by comparing the probability to enter apoptosis as a function of N damage , P apo (N damage ) = 1-exp(-a*N damage ) (1) to a random number drawn from a uniform distribution between 0 and 1. If P apo (N damage ) is greater than the random value, the cell enters apoptosis. The parameter a allows to modulate how likely a cell having accumulated a given amount of damage is to enter apoptosis. Moreover, the more accumulated damage there is, the more likely P apo (N damage ) will be greater than the random number. Whether they enter apoptosis because of telomere attrition or damage accumulation, cells that have undergone apoptosis are removed from the tissue, leaving a vacant site.

Once this is achieved, the third step represents the compensatory divisions and how each vacant site following apoptosis is filled. Here, we contrast three scenarios: 1) "Null scenario": a living cell whose number of divisions is less than T is randomly sampled and duplicated to fill a vacant site. As such, a cell far away from the vacant site can still fill it: there is no spatial structure in the tissue. Both the daughter and the mother cell number of divisions is incremented but the daughter cell does not accumulate more damage. Hence, compensatory divisions do not participate in damage accumulation.

2) "Role of compensatory divisions": The dividing cell is sampled as in the "Null Senario". This time however, the daughter cell can accumulate further damage following a Poisson law of parameter λ. Hence, compensatory divisions participate in damage accumulation but the tissue is still not spatially structured.

3) "Role of spatial structuring": This time, the vacant site is filled by one of the neighboring cells randomly drawn from those that are both alive and with a number of past divisions inferior to T. The N division values of both the daughter and mother cells are incremented. The daughter cell can accumulate further damage following a Poisson law of parameter λ. Because neighboring cells are more likely to belong to the same lineage, they are also more likely to share a common history of damage accumulation and therefore a similar inherited mutation burden. Hence, spatial structure should participate even further in damage accumulation.

It is worth noting that, for simplicity, divisions are asymmetrical: both the mother and daughter cells have their N division incremented but only the daughter cell can accumulate further damage. On the one hand, this underestimates the effect of compensatory divisions.

On the other hand, as seen below, it highlights the role of spatial structuring of cells into lineages as new damage will occur only at the vacant site.

Comparing scenarios 1 and 2 allows to estimate the excess of mutations due to compensatory divisions without spatial structure. Comparing 2 and 3 allows to evaluate the role of spatial structure in that excess. Moreover, our model includes stochasticity because of random sampling and the apoptosis function. To control for that source of variance, each combination is run 50 times. For a given combination, all the replicates are run for the same number of timesteps.

Inputs and simulations

Parameter

It is then crucial to determine a meaningful time (i.e., a given number of timestep) at which the accumulation of damage between the different runs can be compared. We choose that number tmax so that, if the same cells are repeatedly drawn for the physiological divisions, half of 10⁵ cells of the tissue would reach T. It is computed as follows:

. This 𝑡 𝑚𝑎𝑥 = arbitrary run length allows us to stop the simulation at a time that represents the same replicative "half-life" of the tissue for all parameter combinations : on average, at t max , cells divided times. It must also be stressed that, , at t max , because only a small proportion of 𝑇 2

cells have reached T, most apoptotic events are triggered by accumulated damage rather than past divisions.

To check damage dynamics convergence for a given set of parameters and scenarios, we first plotted the outputs (see below) of each replicate over time to check whether, for a given combination, curves display similar dynamics. As it was the case (i.e., fluctuation within runs is negligible compared to variance between runs and scenarios such that all replicated curves are, in average over several time steps, continuously increasing), we concluded that the variance between replicates due to stochasticity does not prevent us to compare runs differing in parameters and implemented scenarios (Fig. 1b).

Outputs and analysis

At t max , we output several metrics from the tissue. First, we extract the mean (first moment)

and variance (second moment) of the damage distribution among cells. Those measures allow us to quantify the global distribution of damage within the tissue. Second, we aim at contrasting this global distribution at the tissue scale to the probability that some lineages turn carcinogenic because they have accumulated too much damage. To do this, we look at two additional measures: the maximum damage a cell has accumulated and the number of cells that have accumulated 6 or more damages. This latter arbitrary threshold is chosen according to the current theory stating that a lineage needs to sequentially acquire 6-7 mutations before turning carcinogenic [START_REF] Doll | The age distribu on of cancer and a mul -stage theory of carcinogenesis[END_REF]. By contrasting those two measures, we can assess whether one lineage has accumulated enough damage to turn carcinogenic and the amount of lineages potentially at high probability to become carcinogenic.

We then use two sets of multiple linear regressions to isolate the effects of scenarios on each of these output variables (Table 1). To do this, we encode a dummy variable in each set: i)

Scenar1-2 to contrast results obtained in scenarios 1 and 2 and ii) Scenar2-3 to contrast results from scenarios 2 and 3. We then investigate the effects of variables Scenar1-2 and Scenar2-3 on the output variables adjusted for the different parameters of the model (N, T, λ and a).

To do this, we use the function dredge from the R package MuMIn (Bartoń, 2020) to assay models with every combination of fixed effects as well as all two-terms interactions. Models are ranked by increasing AIC criterion and we first analyzed the subset of models with ΔAIC < 2. When several equivalent models differed by interaction terms with regression coefficients of relatively small magnitude compared to regression coefficients found in all models, we only present the results yielded by the most parsimonious model i.e. with the least degrees of freedom (Tables 3 and4).

Lastly, on those most parsimonious models, we assess the percentage of variance explained by each of the regression terms using type-I ANOVAs (function anova in R base, Appendix 2, Supp. Tab. 1 & Supp. Tab.2).

B. Algorithm when senescence and apoptosis are modeled 1. The tissue

To address the effect of the balance between cellular senescence and apoptosis on damage accumulation and the influence of the senescent cells SASP on that balance, we simulate populations of cells using a 3D lattice agent based-model. All simulations are implemented using R language (R Core [START_REF] Core | R: A language and environment for statistical computing[END_REF]. Tissues are size 125.10³ (50*50*50 cells) and each site is defined by its three Cartesian coordinates. Sites can be occupied by mitotically active cells, senescent cells or be vacant. When mitotically active or senescent, cells are also described by their number of past divisions and the quantity of accumulated damage. Upon division, a daughter cell inherits its mother's past number of division (denoted N division ) plus one (in the intent to track telomere attrition over divisions along cell lineages), as well as its mother's number of accumulated damage (denoted N damage ) plus possibly new ones (reflective of the accumulation of DNA mutations along cell lineages).

To avoid border biases, we implement boundary conditions. Along each axis, the faces of the tissue loop back on each other. We further consider that each cell has a lattice coordination number of 6 (2 neighbors along each axis).

The algorithm

Here, we address how the balance between cellular senescence and apoptosis modulates damage accumulation within tissues. This question is threefold: i) Does spatial structuring into lineages play the same role as the one observed when apoptosis is the only mechanism to remove damaged cells?, ii) Does cellular senescence indeed decrease damage accumulation? iii) What is the influence of the senescent cells SASP? a) Role of spatial structuring and senescence

As previously explained, when investigating the sole role of apoptosis (section A of the Methods), the algorithm is composed of three repeated steps. Without the effect of the SASP, the first step is identical to what is described above: a round of divisions to mimic the physiological activity of the tissue. The second step is different (Figure 2): previously, it was decided whether those newly divided cells would enter apoptosis. Here, a choice is first made between apoptosis and cellular senescence and then, whether the cell eventually undergoes the chosen fate. Cells enter cellular senescence rather than apoptosis with a probability σ (Table 2). Hence, the larger σ is, the more likely a damaged cell will choose senescence rather than apoptosis. Then, the decision to undergo or not the chosen fate is taken as previously. The cell automatically enters either cellular senescence or apoptosis if its division number reaches a threshold T (Table 2) that simulates the Hayflick limit [START_REF] Hayflick | The serial cul va on of human diploid cell strains[END_REF]. Otherwise, it is evaluated if the cell is too damaged to divide further by calculating the probability to achieve its fate (i.e. either cellular senescence or apoptosis) as a function of N damage :

P fate (N damage ) = 1-exp(-a•N damage ) (2)
where the parameter a is the sensitivity of cells to damage accumulation. Thus, P fate (N damage )

increases with N damage . Cells that have undergone apoptosis are removed from the tissue, leaving a vacant site, whereas cells entering senescence remain in the tissue. Senescent cells keep their numbers of past divisions and quantities of accumulated damage, but they are unable to further divide, i.e. they cannot be sampled for physiological or compensatory divisions. It is likely that senescent cells may also impair tissue functioning locally, for instance in deteriorating tissue connectivity or forming clusters of senescent cells with reduced efficiency in carrying out their physiological functions ( [START_REF] Gorshkov | La ce percola on approach to 3D modeling of ssue aging[END_REF]; (Seluanov et al., 2004)). This is however not taken into account here as the senescent cells, in our model, do not participate in the carcinogenesis risk.

Without influence of the SASP, the third step (i.e. compensatory divisions) is identical: three scenarios are contrasted to assess the excess of damage due to i) compensatory divisions without spatial structure and ii) compensatory divisions with spatial structuring in lineages (see above). It must be stressed here that all vacant sites are taken into consideration for compensatory divisions. Therefore, if theoretically a site can stay vacant for several timesteps before compensatory division to occur, it will, ultimately, be filled. 

b) Influence of the SASP

We investigate the influence of the senescent cells SASP on the balance between apoptosis and cellular senescence, as well as its consequences on damage accumulation. The SASP concentration in the surrounding extracellular matrix (ECM) of each mitotically active cell modulates the cell's probability to be sampled for physiological divisions and probability to enter cellular senescence. We consider anti-proliferative pro-senescent SASP effects only (as we model what happens before tumorigenesis). In more details, each cell is characterized, besides its numbers of damage and past divisions, by the concentration in SASP molecules in its surrounding ECM, C cell . So that this concentration can be further used to modulate event probabilities, we scale its value so that C cell =1 makes a cell unable to physiologically divide and enter senescence immediately.

Algorithmic steps are now:

i) A round of physiological divisions with N cells sampled among the (non senescent)

mitotically active cells with a number of past divisions inferior to T. However, the probability to be sampled is now modulated by the concentration of SASP in the cell such as P cell = 1-C cell .

Hence, the more concentrated the SASP molecules, the less likely a cell will be picked for physiological divisions. As described previously, the total number of cells in the tissue remains the same.

ii) It is decided whether those newly divided cells will enter cellular senescence, undergo apoptosis or remain in the pool of mitotically active cells. As previously, this is done in two steps. First, whether the cell moves towards cellular senescence or apoptosis. Here, P senesc = σ + (1-σ)*C cell so that, if C cell equals 1, the cell automatically moves towards senescence; and if C cell =0, the choice is made according to σ, as described above. Whether the cell actually undergoes the chosen fate is decided as above, according to P fate (N damage ). Vacant sites and senescent cells retain their SASP concentrations.

iii) Cells undergoing apoptosis leave a vacant site. Because the SASP is thought to have paracrine effects, we test only one scenario: the cell that divides to fill in a vacant site is chosen among the (non senescent) mitotically active neighbours with a number of past divisions inferior to the threshold (Scenario 3 described above). The probability to fill in a vacancy is not modulated by the concentration as we assume that the pro-mitogenic molecules released by apoptotic cells overpower the anti-proliferation effect of the SASP. At that point, the concentration of SASP molecules is updated as described below.

Diffusion of the SASP molecules

To model the diffusion of the SASP molecules, we use a classical approximation of Fick's law in discrete time (see e.g. Marin-Riera et al., 2016, especially section 1.4.6 of the Supplementary Material). We consider that SASP molecules diffuse in the extracellular matrix (Castillo Ferrer, Berthenet and Ichim, 2021). Hence, two cells separated by one vacant site can have paracrine effects on one another. Moreover, we consider the maximum diffusion radius over one diffusion update to be 1 i.e. there is immediate diffusion to the six neighbours and we assume the distance between neighbours to equal one. Therefore, we model a discrete gradient.

To summarize here, the concentration in a cell after diffusion depends on the concentration before diffusion, whether this cell secretes SASP molecules, the concentration in the six neighboring sites and how fast SASP molecules are degraded in the extracellular matrix. Over time, the concentration of SASP molecules in a cell thus becomes:

(3)

𝐶 𝑡+1 𝑐𝑒𝑙𝑙 = 𝐶 𝑡 𝑐𝑒𝑙𝑙 + 𝑟 𝑐𝑒𝑙𝑙 + 𝐷⋅ 𝑗=1 6 ∑ 𝐶 𝑡 𝑗 -𝐶 𝑡 𝑐𝑒𝑙𝑙 ( ) + δ⋅𝐶 𝑡 𝑐𝑒𝑙𝑙
with r cell being the secretion coefficient so that r cell = r (Table 2) when the cell is senescent and 0 else, D the diffusivity coefficient between two neighboring cells, and δ the degradation coefficient. For the sake of simplicity, we consider that C cell can have a maximum value of 1.

Inputs and simulations

So that the results with both cellular senescence and apoptosis taken into account can be comparable to results with only apoptosis, simulations were run for the same number of timestep t max . As seen above, it is taken as the time for half the tissue cells to reach T if the same cells are repeatedly sampled for physiological divisions ( ). 𝑡 𝑚𝑎𝑥 = 125.10 2, without the influence of the SASP, the model takes five parameters as inputs. We generated 8,000 5-uplets (N, λ, T, a, σ) using a Latin hypercube sampling scheme.

Parameter values were drawn from uniform distributions whose ranges are reported in Table2. The latin hypercube was created with the 'randomLHS' function of package 'lhs' (Carnell, 2022) in R 3.6.0 (R [START_REF] Core | R: A language and environment for statistical computing[END_REF].

For the analysis, we restrict the study sample to simulations that have less than 50% of senescent cells at t max (~33% of all simulations, N=2665). Indeed, it makes no sense to carry out analysis on a tissue with too many senescent cells as it has been shown empirically that they are not numerous within tissues (Biran et al., 2017) and that such tissue would likely lead to the organismal's death. increase the number of senescent cells (significantly or not). Therefore, we use the parameter combinations that yielded tissues with less than 50% senescent cells at t max . We randomly pair those combinations with one of the 27 diffusion parameter triplets to create 8,000 8-uplets (N, λ, T, a, σ,r, D, δ), and we restrict our analysis to simulations with less than 50% senescent cells at t max (~90%, N=7268).

Scenario

As we do not aim to finely analyze the SASP, the subsequent analysis is blind to its parameters. If the same 5-uplet (N, λ, T, a, σ) has been paired several times with different triplets (r, D, δ), simulations can be considered replicates. It must therefore be stressed that, in this model, residual variance does not only come from stochasticity but also from processes that are not analyzed.

Outputs and analysis

At the end of each simulation, we output the same metrics as in part A: mean, variance and skewness of the damage distribution, the maximum damage a cell has accumulated and the number of cells with at least 6 damage. We add another metric, the number of senescent cells with at least 6 damage. As explained above, those metrics allow us to quantify the damage distribution within the tissue.

The analysis is then performed as described in section A.4, using three sets of multiple linear regressions on each of these output variables (Table 2), to compare respectively Scenarios 1 to 2 (effect of compensatory divisions), 2 to 3 (effect of spatial structure), and 3 to 4 (with and without the SASP). In each of those sets, we assess to which extent σ magnitude influences damage accumulation, i.e., to what extent favoring entrance in cellular senescence prevents damage accumulation. The models are also selected as described above, and we calculate the percentage of variance explained by each of the regression terms using type-I ANOVAs (Appendix 2, Supp. Tab. 3, Supp. Tab. 4 and Supp. Tab. 5).

III. Results

A. Apoptosis: influence of compensatory division and spatial structuring 1. Scenario 1 versus Scenario 2: effect of compensatory divisions

We first analyzed the models with simulated data yielded by scenarios 1 and 2 to assess the effect of compensatory divisions alone. a) Influence of scenario 2 compared to scenario 1 on response variable.

Table 3 shows the effect that scenario 1-2 and parameters have on response variables in the case of the most parsimonious model (lower number of covariates) amongst the best ranking models (ΔAIC<2). The mean and variance of the damage distribution, as well as the maximum damage a cell has accumulated, tell the same story. First, Scenario 2 alone does not yield significant differences (p>0.05) compared to Scenario 1. Only the interaction between a and Scenario 2 is significantly associated with the outputs. To understand the values (and signs) of the regression coefficients, we plot the interactions between a and the dummy variable Scenario.

Table 3: Regression coefficients and significance of p-value for each parameter of the linear regression on variables of interest, including the dummy

As seen on Fig. 3, below a certain level of apoptosis, curves are overlapping. The more apoptosis there is (increasing values of a), the more difference there is in each of the output variables with Scenario 2 being associated with an increased mean, an increased variance and an increased maximum damage a cell has accumulated. Consequently, and as it could have been expected, compensatory divisions lead to an excess of damage accumulation within the tissue when apoptosis is large enough.

Figure 3: Prediction plots for the values of A) the mean and B) the variance of the damage distribution and C) the maximum damage a cell has accumulated when the significant interaction between a and Scenario1-2 is taken into account.

Although no significant effect has been found in Scenario 2 on the number of lineages with at least 6 damage, the maximum damage a cell has accumulated is significantly higher in Scenario 2, showing that compensatory divisions lead to an increased probability that at least one lineage potentially becomes carcinogenic.

b) Sensitivity analysis

ANOVAs show that variance in the outputs is mainly explained by a, λ and their interaction a:λ (Appendix 1, Supp. Tab. 1). Together, those three parameters explain the variance of 88.97% of the mean, 88.48% of the variance, 89% of the maximum damage in a single cell and 54.55% of the number of cells with more than 6 damages. This is structural of the model: damage accumulates faster when the mutation rate is high and when cells tolerate a high number of accumulated mutations. On the other hand, Scenario 2 and its interaction with a explain less than 1% of the variance in the mean, variance and maximum damage . It shows that, even significant, the role played by compensatory divisions is minuscule in regard to other physiological processes. It is however, again, largely structural of the choice of the explored parameter space. Having explored combinations differing in several orders of magnitudes in their parameters values obviously accentuate tremendously the variance in response variables with respect to the variance of the parameters.

Scenario 2 versus Scenario 3: effect of spatial structure

Second, we analyzed the models with simulated data yielded by scenarios 2 and 3 to assess the added effect of spatial structuration into lineages on damage accumulation.

a) Mean, variance and maximum damage

In the case where there is a spatial structure of the lineages, the mean damage, the distribution variance and the maximum damage in a single cell tell a similar story (Table 4).

First, the dummy variable Scenario does not significantly influence the different variables on its own (p>0.05) but has a significant effect when interacting with confounding variables.

Similarly to the comparison between scenarios 1 and 2, we find a significant effect of the interaction between Scenario and a. In this case however, an interaction between Scenario and λ is also found. predicted values under Scenario 3 are greater (Fig. 3 d,e,f). Overall, it is therefore clear that, if a neighbouring cell divides rather than a random cell in the tissue, the excess of damage is even more pronounced at the tissue scale, showing that spatial structure of lineages are of importance regarding mutation accumulation. As for the risk of lineages becoming carcinogenic, the maximum observed damage is increased in interaction with parameter a and λ. This time, the interaction Scenario:λ is significantly associated with the number of lineages that acquire at least 6 damage (Figure 5).

Table 4: Regression coefficients and significance of p-value for each parameter of the linear regression on variables of interest, including the dummy

It is interesting because it shows that, while compensatory divisions only increase damage accumulation at the tissue level and the probability to have at least one lineage with a carcinogenic potential (as shown by the maximum damage in a cell), the spatial structure increases the number of lineages at higher risk of carcinogenesis. In other words, we show here that the association of compensatory divisions with the fact that tissues are damaged cells in the tissue. In other words, those comparisons address the question whether the cost of apoptosis changes with senescence.

Comparison between Scenarios 1 and 2

As displayed in Table 5, the variable Scenario alone is not significantly associated with either of the outputs. On the other hand, its interaction with the Poisson parameter λ is. Interaction plots are similar to Section 1: the higher λ is, the higher all the dependent variables are (plots not shown). Moreover, for small values of λ, graphs do not show a difference between Scenario 1 and 2 but, as λ increases, lines uncouple. It shows that in tissues where cells are mutation-prone, compensatory divisions lead to an excess of damage, as in Section A. terms a, λ and a:λ explain the huge majority of the variance in the mean and variance of the damage distribution and the maximum damage (between 78 and 85%) and a substantial part of the variance of the number of mitotically active cells having at least 6 damage and number of senescent having at least 6 damage (between 39 and 45%). On the other hand, the percentage of variance explained by the variable Scenario and its interaction with λ is less than 1%.

Comparison between Scenario 2 and 3

Table 6 shows that in the case of spatial structuring, the main effect from Scenario is significantly associated with the mean and variance of the damage distribution and the maximum damage a cell has accumulated.

Table 6: Regression coefficients and significance of the p-values for each of the explanatory variables included in the most parsimonious models explaining our responses variables in the sets of models comparing Scenario 2 and Scenario 3. Levels of significance are as follows:

"***" p-value<0.001, "**" p-value<0.01, "*" p-value<0.5.

Those three dependent variables are systematically higher when there is spatial structuring compared to compensatory divisions of random cells. Moreover, the interaction plots of Scenario and λ tell the same story as the comparison between Scenario 1 and Scenario 2 above: the more error-prone cells are, the more spatial structuring leads to damage accumulation. Finally, the interaction plot between Scenario and a with the maximum damage as dependent variable shows that, when there is spatial structuring, cells do accumulate more damage.

ANOVAs show very similar results to the comparison Scenario1-2 (Appendix 1, Supp. Tab. 3), with the variable Scenario and its interaction with λ and T accounting for less than 1% of the explained variance (Appendix 1, Supp. Tab. 4). In conclusion, incorporating cellular senescence does not change the potential cost of apoptosis due to compensatory divisions.

Senescence and apoptosis: influence of σ

We now turn to the effect of sigma on damage accumulation as it is the central question of this section: does cellular senescence, as hypothesized, decrease damage accumulation?

The first thing to note is that the interaction σ:Scenario is never included in the terms of the regression models (except marginally when comparing Scenario 1 and Scenario 2, in the model for the maximum damage). Moreover, regression coefficients are similar, if not identical, between the comparison 1-2 (table 5) and the comparison 2-3 (table 6). This suggests that the effect that σ has on damage accumulation is blind to the scenarios.

Our first results were unexpected. Mean and variance of the distribution, the maximum number of damage a cell has accumulated, the number of mitotically active cells with at least 6 damage and the number of senescent cells with at least 6 damages are all significantly positively influenced by σ.

Prediction plots for the main effect of σ for both the regression sets Scenario1-2 and Scenario2-3 show that all the response variables take higher values when σ increases.

Similarly, in both comparisons 1-2 and 2-3, interactions plots of σ with either T, λ and a show that dependent variables take higher values when σ increases (figure 6 shows results obtained in the comparison 2-3 but trends are exactly the same in the comparison 1-2).

Figure 6: interaction plot with the predicted values for the damage distribution mean when the interaction with a, λ and T. The relationship between σ and each variable is the same for all dependent variables in the two sets of models (comparison 1-2 and 2-3). When σ and T or σ and λ increase, the mean damage increases. On the contrary, if a increases, the mean decreases, showing that a and σ influence the output in opposite ways.

If cellular senescence prevented damage accumulation as hypothesized, we would have expected the rest of the dependent variables to decrease with increasing values of σ. The fact that it is not the case suggests that, in our model, cellular senescence paradoxically does not prevent but rather increases in a large extent damage accumulation at the tissue scale and the number of lineages at risk of carcinogenesis. This effect is furthermore independent of spatial structuring.

ANOVAs (Appendix 1, Supp. Tab. 3 and Supp. Tab. 4) show that σ values explain similar percentages of variance for each dependent variable in Scenario1-2 and Scenario 2-3.

Indeed, σ and its interactions explain between 2.6 and 3.5% of the variance in mean, 3.25 and 4.24% of the variance in the variance of damages, 2.11 and 3.04% of the variance in maximum damage, 5.57 and 5.41% of the variance in skewness. They explain a smaller percentage of the variance in the number of mitotically active cells with more than 6 damage (between 2.03 and 1.14%) but a much larger percentage of the variance in number of senescent cells with more than 6 damage (between 14.66 and 17.23%). This reinforces the idea that the effect of σ is blind to the influence from the scenarios.

Influence of the SASP a) Influence of the scenario

We now compare metrics between the scenario 3 (spatially-structured) without SASP and the same scenario when SASP is incorporated (Scenario 4). Table 7 shows the most parsimonious models for each variable of interest.

Table 7: Regression coefficients and significance of the associated p-values for each of the explanatory variables included in the most parsimonious models explaining our responses variables in the sets of models comparing the scenarios with and without the SASP influence. Levels of significance are as follows: "***" p-value<0.001, "**" p-value<0.01, "*" p-value<0. 5Results indicate that the main effect of the dummy variable Scenario3-4 significantly influences the mean and variance of the damage distribution, the number of mitotically active cells with at least 6 damage and the number of senescent active cells with at least 6 damage.

Prediction plots for these main effects (figure 7) indicate that the effect of the SASP, on average, increases the mean damage of 2.7%, the number of active cells with at least 6 damage of 6% and the number of senescent cells with at least 6 damage of 5.4%. It suggests therefore that the accumulation of senescent cells with SASP significantly increases damage accumulation, as hypothesized. On the other hand, this time, the effect of the SASP decreases on average the variance of the damage distribution by 1.19%. This is surprising as it suggests that the SASP also has an homogenizing effect on the damage distribution.

Figure 7: Predictive plots of the average main effects of the dummy variable Scenario on four out the five variables of interest.

This homogenizing effect is further suggested by the two significant interactions between λ and Scenar on the values of the variance and the maximum damage in a single cell: the predicted lines for Scenarios 3 and 4 overlap when λ increases.

The variable Scenario influences the maximum number of damage in a cell through its interactions with N, T and a. Interaction plots (not shown) all illustrate that the SASP tends to decrease the maximum number of damage. This contrasts with the fact that the SASP also increases the number of cells with at least 6 damage: its effect on damage accumulation within lineages seems to be nuanced.

ANOVAs (Appendix 1, Supp. Tab. 5) highlight that, as previously, the variable Scenario explains less than 1% of the response variables. The likely reason behind this is the same as above: the difference of damage accumulation imputable to the different Scenario is small compared to the difference imputable to model parameters.

b) influence of σ and of its interaction with the variable Scenar

We now turn to the significant main effects of σ on the response variables: prediction plots (not shown) display the same trend as before: as σ increases, the predicted values of the mean and variance of damage distribution, the maximum damage and the number of senescent cells with at least 6 damage increase.

Second, we look at interaction plots between σ and a, N, λ and T. All plots show that one given interaction influences different response variables similarly. Respectively, when a increases, predicted values decrease. When N, λ or T increase, predicted values also increase. Those patterns are expected as they are structural of the model. Lastly, we focus on the interaction between σ and the variable Scenario. This interaction was never significant in scenarios without the effect of the SASP. Prediction plots are shown in Figure 8. All plots (except for the maximum damage, as explained above) show that the magnitude of the SASP effect relative to scenarios without SASP are modulated by the magnitude of σ. Further characterization will be needed. ANOVAs (Appendix 1, Supp. Tab. 5) highlight that σ and its interactions explain between 1 and 2% of the variance of the mean and variance of the damage distribution, the maximum damage and the number of mitotically active cells with at least 6 damage. On the other hand, it explains 8.2% of the variance in the number of senescent cells with at least 6 damage. This reduction in overall explained variance compared to comparison between scenarios 1-2 and 2-3 (Appendix 1, Supp. Tab. 3 and Supp. Tab. 4) also calls for a further characterization of the SASP effects.

IV. Discussion

Main findings

In this chapter, we investigated the cellular dynamics posited by the hypothesis that senescence trades against cancer. We first addressed the question of the apoptosis cost in regards to compensatory proliferation and spatial structuring into lineages. We find that, in general, compensatory proliferation without spatial-structuration increases the mean and variance of the damage distribution in the tissue as well as the number of cells at risk of carcinogenesis in the tissue. These effects are even more pronounced when spatial structuration of lineages is incorporated (i.e., neighbours divide to fill vacant sites rather than random cells). This validates the fact that apoptosis is costly due to compensatory proliferation. It must be noted, however, that, although spatial structure and compensatory divisions decrease the efficiency of apoptosis as a cancer defense mechanism, damage accumulation is nonetheless higher in a tissue in the absence of defense mechanisms (results not shown). Although the overall magnitude of these effects is small in the case of many settings and still need careful contemplation, it can reach rather large values for some parameter combinations. For instance, in the case presented in Figure 1c, non-spatially structured compensatory division increased the mean number of cellular damage at t max by 12% and by 25% when spatial structure is taken into account.

Similar results regarding the cost of compensatory divisions between scenarios are found when cellular senescence is incorporated: this cost is maintained, at least qualitatively, between the different tested scenarios.

We then addressed the question whether or not cellular senescence limits damage accumulation. To do this, we analyzed whether an increased probability for damaged cells to enter cellular senescence σ decreases damage accumulation into the tissue and its lineages.

The results show that it is not the case with σ main effect being significantly associated with higher means and variances of the damage distribution, higher maximum numbers of damage and higher number of cells having accumulated more than 6 damage. This is the opposite of what was expected. We however think that this contradiction points out a likely fundamental mechanism in the way accumulation of senescent cells may affect tissue damage accumulation. We indeed think that it is due to an important assumption of the model. We considered the number of physiological divisions to be constant over time rather than depending on the number of mitotically active cells in the tissue (which contrasts with the model from Chapter 1). Therefore, in our model, as senescent cells accumulate, the pool of mitotically active cells decreases. As a consequence, the same cells are repeatedly sampled for physiological divisions. In turn, this further accelerates damage accumulation.

Therefore, cellular senescence is very unlikely to protect tissues from damage accumulation if mitotically active cells keep renewing at the same rates. If this mechanistic explanation is true, it might mean that the counterintuitive effect of cellular senescence observed in this study is a byproduct of our assumption. In that case, further refinement of our assumptions is required. Moreover, in tissues, senescent cells -via their SASP -trigger an immune response leading to their clearance (Prata et al., 2018). It is therefore also possible that, as our model does not include such a mechanism, the accumulation of senescent cells is too fast to reflect physiological conditions. In future simulations, we will test whether, when the number of physiological divisions is proportional to the proportion of mitotically active cells, cellular senescence does limit damage accumulation.

Second, we studied the effect of the SASP on damage accumulation. We show that the SASP alone increases the global level of damage in the tissue but has a less-clear effect on the damage accumulation within lineages. Moreover, we show that the SASP influence depends on the magnitude of σ. Additional analysis is required to finely understand those results and to also account for the variance from the diffusion parameter that has been overlooked here.

Study limitations

The material presented here is still preliminary and suffers from some limitations. Note that subsequent publications will address most of those.

First, Sections A and B are parameterized using different sampling schemes and therefore, output values cannot be compared using linear regressions between Scenario 3 in A and Scenario 3 in B. This prevents us from unequivocally testing the difference in damage accumulation. Here, in Section B, the validation of the apoptosis cost comes from the significant association of dependent variables with the variable Scenario and/or its interactions with other confounding variables. It already shows us that the model behaves qualitatively in a similar way regarding the effect of compensatory divisions and spatial structure. The fact that the interaction term Scenario:σ does not explain any percentage of the variance (except for a very small part of the maximum damage variance when comparing 1 and 2) confirms that the cost of apoptosis seems qualitatively indifferent to cellular senescence. Again, this would need to be quantitatively assessed by comparing the predicted values from sections A and B (i.e. with and without cellular senescence).

Second, agent-based models are interesting because they provide multi-dimensional information, at several spatial and temporal scales. Here, we only take advantage of metrics calculated over the end-product of a simulation, therefore missing the dynamic and spatial dimensions of our data. Dynamics would probably be informative about the influence of accumulated senescent cells as they keep track of the proportion over time. Additionally, a measure of damage clustering within tissues might confirm even further i) that clusters of damaged cells exist when compensatory proliferation occurs in the neighbourhood of the apoptotic site and ii) that clusters of senescent cells can form in the tissue ( [START_REF] Gorshkov | La ce percola on approach to 3D modeling of ssue aging[END_REF]; [START_REF] Privman | La ce percola on approach to numerical modelling of ssue aging[END_REF]).

Perspectives

In the future, the priority will be to run the model with a number of physiological divisions that will depend on the proportion of the remaining mitotically active cells. This will test our mechanistic explanation of the reason why cellular senescence seems to increase damage accumulation. Moreover, here, we only analyzed simulations with less than 50% of senescent cells at t max but we do not know how the results would be affected if we changed that threshold. Plus, empirical evidence show that the proportion of senescent cells is variable between tissues (Biran et al., 2017).

Lastly, we will test more thoroughly whether damaged cells cluster when we take lineages into account and whether senescent cells cluster, as previously suggested by previous agent-based models (Gorshkov x2).

Significance

Overall, those results are novel in the sense that individual-based models are frequently used to model somatic evolution once tumorigenesis has started (REFS) but our models show that the physiological processes occurring before tumorigenesis are important as they modulate the accumulation of damage in the tissue and across lineages. We show that apoptosis comes at a double cost. First, compensatory proliferation does increase damage accumulation at the tissue scale. Second, especially into a spatially structured tissue, apoptosis increases the probability that some lineages display an excess of damage making them at higher probability to turn carcinogenic. Finally, we show that entrance in cellular senescence, alone, is not enough to prevent accumulation of damage into tissues and furthermore aggravates such accumulation. We hypothesize that the true factor by which accumulation of senescent cells into tissues can slow the pace at which damage accumulate is by slowing down the tissular turn-over. Part II of this manuscript showed that, under a set of simple assump ons, the hypothesis that senescence trades against cancer is verified. Moreover, Part II predicted that, in cap vity, the decelera on of cancer incidence with age should be more readily observable than in the wild as extrinsic mortality is removed. Lastly, the results showed that the life me prevalence of cancer was a poor metric to inves gate our hypothesis as the observed mortality from cancer results from a compe ve balance between mortality components, each taking a mortality share.

Addi onally, as explained in the introduc on of the manuscript, different hypotheses can be made about the link between cancer and senescence mortality. From these hypotheses can be drawn some expecta ons of the age-dependent incidence of both causes:

1. If cancer is a senescent process then incidence rates should be synchronized.

2. If cancer is a byproduct of the senescence of other physiological func ons then the mortality rate associated with those func ons should increase earlier in life compared to cancer mortality rates.

3. If cancer trades against senescence, we expect cancer mortality to increase faster early in life to then decelerate so that mortality incidence from other causes is greater.

In this chapter, we use empirical data from 4,398 individuals belonging to 16 mammal species curated by the NGO Species360 to validate either one of these hypotheses. Because those individuals are in cap vity, we expect decelera on of cancer incidence -if it exists -to be detectable in the data. Moreover, we can discriminate between mortality components to compute age-and causes-specific mortality hazard as well as absolute and rela ve aging rate -within a compe ve risk framework allowing us to control for compe ve mortality causes.

This chapter presents the first part of the envisioned analyses. Once finalized, this material will be included in a paper and co-authored by the consor um behind Vincze et al. 2022.

I. Introduction

The paradox of cancer incidence deceleration and decline at old ages in Humans questions whether the mortality pattern is unique to this species or, on the contrary, is observed in other animals. More largely, the uncoupling between cancer mortality and mortality from other causes adds the question of what shapes age-specific mortality between species [START_REF] Nussey | Cancer Immunosurveillance by Tissue-Resident Innate Lymphoid Cells and Innate-like T Cells[END_REF], between sex (see e.g. (Lemaître, Ronget, et al., 2020)) and even between traits ( [START_REF] Hayward | Asynchrony of senescence among phenotypic traits in a wild mammal population[END_REF]; [START_REF] Moorad | Natural Selection and the Evolution of Asynchronous Aging[END_REF]). Regarding senescence, this interest stems from empirical and theoretical evidence that, contrary to one of Williams' predictions (Williams, 1957), different traits (and body organs) might senesce at different rates ((Richardson, Allan and Le, 2014); [START_REF] Hayward | Asynchrony of senescence among phenotypic traits in a wild mammal population[END_REF]). This suggests that competitive components of mortality might trade against one another (see, e;g. [START_REF] Ukraintseva | Trade-Offs[END_REF]).

In this respect, comparative epidemiology is key to understanding how mortality components interact and the constraints of life-history traits on their trade-offs [START_REF] Cohen | Are trade-offs really the key drivers of ageing and life span?[END_REF]. Regarding cancer, Peto's paradox highlighted the need for comparative oncology [START_REF] Nunney | s paradox and the promise of comparative oncology[END_REF] and, as research ensued, several mechanisms have been discovered and explain species-specific cancer incidence (Tollis, Boddy and Maley, 2017).

Comparative epidemiology, as promising as it may be, comes with challenges. Few information across species exist on cause-and age-specific mortality and how they compare.

Information exists for domestic species such as dogs [START_REF] Creevy | An open science study of ageing in companion dogs[END_REF] or wild populations that have been closely monitored thanks to specific environmental conditions [START_REF] Hayward | Asynchrony of senescence among phenotypic traits in a wild mammal population[END_REF]. Monitoring wild populations, as described elsewhere (Vincze et al., 2022), is also challenging: the probability to retrieve corpses is small, mortality causes in the wild are numerous and one apparent cause (e.g. predation) can hide another (Kokko and Hochberg, 2015) and it is difficult to assign a precise age once an individual is found.

For all these reasons, data from captivity as useful as i) probability to retrieve corpses is high, ii) age is, in principle, known, iii) zoos are controlled environments where components of mortality -such as predation -are removed and iv) extent necropsies are routinely carried to assess the cause of death.

In this Chapter, we focus on the link between cancer mortality and other causes of mortality (see Methods for an exhaustive list) to assess whether i) the epidemiological patterns observed in Humans can be found elsewhere and ii) whether theoretical predictions of the first chapter can be empirically validated. As explained in the introduction, three (not mutually exclusive -see Discussion) hypotheses can be made about the relationship linking senescence and cancer. From these hypotheses can be derived expectations about the mortality hazard patterns of cancer and (other) ageing-related causes of mortality. 1) Cancer is a proximal senescent process as tumours emerge from damage that accumulated with age. Then, we would expect the mortality hazard from both causes to go hand in hand. Ageing rates are expected to be similar at all ages: synchronous mortality hazards.

2) Cancer emerges because of the senescence of other physiological functions such as immunity, as discussed by [START_REF] Lemaître | Eco-evolutionary perspectives of the dynamic relationships linking senescence and cancer[END_REF]. In that case, we would expect the mortality hazards from senescence-related causes to increase earlier/faster than mortality rates from cancer and then to keep these faster pace at all ages.

3) Cancer trades against senescence. In that case, we expect cancer mortality to rise earlier/faster than other causes of death (as in hypothesis 2) but to decelerate at old ages relative to other causes.

In this Chapter, we take advantage of data from the Zoological Information Management System (ZIMS) to investigate whether a deceleration in cancer mortality hazard can be detected and whether the observed patterns allow to validate one of our three hypotheses.

In order to do that, we build a sample of 13 mammals species (Table 1) with enough individuals to calculate cumulative mortality hazards and ageing rates.

II. Material and methods

A. Data and selection of cases

We used the Zoological Information Management System (ZIMS), managed by Species360 (a non-profit organisation custodian of zoo and aquarium data, see (Conde et al., 2019)). The initial dataset comprised 260,104 individuals of known sex, dead between years 2010 and 2022 or alive at the 17/02/2022, of 366 species for which at least one death by neoplasia has been observed. Indeed, cancer is registered in this database only for deceased animals and only if the inspecting veterinary pathologist considered it to be a factor that contributed to the individual's death. Age at sexual maturity for males and females for each species wasassociated from various sources (Supplementary data from Vincze et al., 2022) for access to a detailed list of the sources).

Because paediatric cancers are medically distinct and because we are interested in how cancer risk shaped mortality patterns at reproductive ages, we excluded all individuals dying before sex-specific age at maturity. Moreover, because we are interested in age-specific cancer mortality, we only kept individuals from species for which at least 20 adult deaths by neoplasia had been recorded. After this selection, the sample comprised 38,933 individuals from 16 species. Among those, 18,526 individuals are right censored, 95% of them being alive at the date of the last observation. Data file contains then 20,407 recorded deaths.

However, among those, only 4,398 have recorded Relevant Death Information (RDI). Because we do not know the expected repartition of those without RDI within the RDI categories, the 16,009 individuals without RDI are removed from the analysis. As a consequence, the magnitude of death risk estimates will likely be largely underestimated. However, we are interested here by the age-specific patterns of these risks, which, assuming that missing information is not structured by age (and we have no reason to believe that it is), should not be impacted by this omission. Furthermore, deaths (n=351) from the following RDI are hereafter considered as right censored at age of death: transfer complications, restraint complications, stranded, death from injury inflicted by a human or a predator, accidents, death by poisoning or resulting from congenital malformation. We also considered all deaths coming from adverse environmental conditions (n=114, e.g. husbandry failure or natural event) and those from trauma resulting from behaviour (n= 887, e.g., competition for mate, injury self-or sire-inflicted or resulting from breeding trauma) as right censored at age at death.

For some individuals with neoplasia, neoplasia also falls into the category "infections" (n=21) or geriatric disease (all the 675 neoplasia cases fall into that category). When this is the case, those individuals are considered as having died from neoplasia and are therefore removed from the other categories. In the end, all non neoplastic adult deaths fall into two categories: non infectious (as Degenerative, Geriatric, Metabolic or Nutritional problems) or infectious (encompassing bacterial, viral, fungal, due to a Metazoan or a Protozoan parasite). Table 1 shows the effectives per species for each category.

the age at last informed death, this means that death events occurring at these ages are probably not recorded. As a consequence, estimates of mortality hazards at old ages will be biased. By doing so (and accounting for the fact that some extremely old survivors are likely errors in the database), one species appears problematic: Mustella putorius for which 29 survivors over 293 are older than 8.5 years old, which is the latest age at recorded death from neoplasia or non neoplastic deaths.

We therefore constitute two datasets. The whole dataset incorporates all the 16 species. The restricted dataset incorporates only the species for which inspection of data quality did not reveal problems: Atelerix albiventris, Canis lupus, Capra hircus, Hydrochoerus hydrochaeris, Oryctolagus cuniculus, Panthera leo, Panthera tigris, Rattus norvegicus, Suricata suricatta.

C. Age-and cause-specific mortality hazards

For descriptive purposes, we first extract species cause-specific cumulative hazard with age using the 'survfit' function of the 'Survival' R package [START_REF] Therneau | _A Package for Survival Analysis in R_. R package version 3[END_REF]. We can discriminate between causes by considering death by neoplasia as right-censored when computing cumulative hazards from infectious and non-infectious causes and those same causes as right-censored when computing hazards from neoplasia. Those cumulative hazards can be pictured as the ones that would be observed in theoretical populations where individuals would die from only one cause (neoplasia or infectious and non-infectious causes).

To be able to calculate age-specific hazards, for each species, we consider the timespan between age at sexual maturity and age at which 99% of the sample has died (from either cause) and then divide this timespan into four segments. We then use piecewise hazard calculations to estimate the constant causes-specific mortality hazard over each of these periods (using the 'pchreg' function of the 'pch' library [START_REF] Frumento | pch: Piecewise Constant Hazard Models for Censored and Truncated Data[END_REF] in R (R [START_REF] Core | R: A language and environment for statistical computing[END_REF]. Figure 1 shows the results. This also has the advantage of scaling the "lifespan" of each species, allowing us an easier cross-species comparison. From these mortality hazard estimated over four segments of life, we then calculate three values corresponding to absolute rate of ageing , with , across ℎ' 𝑡 = ℎ 𝑡+1 -ℎ 𝑡 𝑡 ∈ 1, 3 [ ] three periods of life. These values correspond to the slope in absolute hazard increase from the first to the second segment of life, from the second to the third, and from the third to the fourth. We finally calculate three values corresponding to relative rates of ageing . Relative rates of ageing will allow us to compare change in mortality hazard

ℎ' 𝑡 ℎ 𝑡 = ℎ 𝑡+1 -ℎ 𝑡 ℎ 𝑡
across periods of life scaled by the magnitude of each cause-specific mortality. This is important because we expect mortality by neoplasia to reach a lower level than mortality by other causes, but potentially rising at a faster pace in the beginning of life (as per Hypothesis

3). To assess the robustness of the results obtained with this approach, we repeated the analyses using 5 and 6 life segments. When a species lifetime is divided into 5 segments, results are similar. On the other hand, when taking 6 life segments into account, the number of individuals at old ages is too reduced and results are therefore not robust.

D. Research questions

With these estimates in hand, we address three questions:

1) How does cancer-specific mortality hazards compare to other-cause-specific mortality hazards?

We aim to check whether the uncoupling between cancer incidence and incidence of other mortality causes in Humans at old ages is also observed in other mammal species. Moreover, we aim to test whether, for a given life segment, mortality patterns from either cancer or infectious and non-infectious causes are correlated.

We do predict that they are. It is indeed unlikely that molecular and cellular processes shaping the variance in senescence patterns between species differ from those shaping patterns of cancer mortality (even if this is in different ways). This has however and to the best of our knowledge, never been formally done. Two hypotheses can be made if the prediction is not met: i) our data is too biased or too scarce to properly estimate age-specific cumulative hazards or ii) cancer is not a senescent process.

2) Can we detect a deceleration, or a relative deceleration of causes-specific mortality hazards?

To do this we will first compare the absolute rate of ageing calculated for the second period of life (i.e., ) to the one calculated for the third period of life (i.e., ℎ' 2 = ℎ 3 -ℎ 2) for each of the causes (neoplasia and infectious or non-infectious). Then we ℎ' 3 = ℎ 4 -ℎ 3 will compare the relative rate of ageing between these two periods, i.e., and

ℎ' 2 ℎ 2 = ℎ 3 -ℎ 2 ℎ 2 . ℎ' 3 ℎ 3 = ℎ 4 -ℎ 3 ℎ 3
It must be stressed that this method will only allow us to detect deceleration starting from the third segment of life (so at the species mid-life). We are thus fully aware that this method will not allow us to detect deceleration happening at the very old ages: any deceleration occurring only in the fourth quartile of life will not be detected.

3) Does cancer mortality increase faster than infectious and non-infectious causes of mortality early in life to then increase at a slower pace late in life?

According to our third hypothesis on the evolutionary link between cancer and senescence, senescence trades against cancer. If it is the case, we expect cancer mortality to rise faster early in life and mortality from (other) senescence-related causes to surpass cancer mortality later in life (as theoretically evidenced in chapter 1). In order to test this, we will compare the three relative ageing rates for both causes.

III. Results

A. Comparison between (chronological and relative) age-and causes-specific mortality hazards

We first use results from parametric analyses to compare causes-specific mortality hazards across species. Figure 2 depicts the mortality hazards by chronological and relative ages across species. First, the general picture is quite similar between estimates for mortality hazard from infectious and non-infectious causes (in blue on the left panel in Fig. 2) and mortality hazards from neoplasia (in red on the right panel in Fig. 2). This is further tested by looking at the correlation existing between hazards estimated for each life segment between the two categories of causes of death (e.g., the blue circles with the red circles). Correlation For a given segment of life (for instance the second one, depicted by triangles on Fig. 2) mortality hazard decreases with chronological age. This can be tested by fitting log-linear predictions of hazard with chronological age for each segment of life (for instance line passing through the blue triangles on Fig. 2). All regressions are significant with R 2 always above 70% and p-values lower than 0.001. This is of course expected for non-neoplastic causes of death as longer-lived species do live longer (partly) because of lower mortality hazards. However, this is also the case for cancer. This is interesting as it adds to the body of literature showing that cancer risk is not an increasing function of the species size and longevity (see e.g. (Vincze et al., 2022); [START_REF] Boddy | Comparative Oncology: New Insights into an Ancient Disease[END_REF]). Our results show that the longer-lived a species is, the lower its age-specific cancer mortality will be. Finally, regression line slopes for each life segment decrease with age. For instance, for the first segment, the slopes are -0.0017 for infectious or non-infectious causes and -0.0027 for neoplasia while they are -3.667. 10 -4 and -4.194.10 -4 for the fourth segment of life. It means that mortality pattern differences between short-and long-lived species are much more accentuated at young ages than old ages. In other words, when relative age is considered, species start their life at very different mortality levels but end it within a much shorter range of values.

B. Can we detect a deceleration, or a relative deceleration of causes-specific mortality hazard?

Fig. 3 shows the absolute and relative rate of ageing estimated in middle life and in late life from piecewise non-parametric analyses.

Absolute rate of ageing in middle life is lower than that in late life in only 3 species for infectious and non-infectious causes (Atelerix albiventris, Capra hircus and Hydrochoerus hydrochaeris) and in 4 species for neoplasia (Capra hircus, Mustela putorius, Oryctolagus cuniculus and Panthera leo).

However, deceleration in relative mortality is much more largely detected. A number of 10 species out of 16 show a deceleration of relative mortality hazard between the middle and late life for infectious and non-infectious causes (7 over 9 in the case of the restricted sample). As for neoplasia, 15 species out of 16 show a deceleration of relative mortality with age (all the 9 species of the restricted dataset).

Figure 3: Absolute (left panel) and relative (right panel) rates of ageing calculated in middle life (X-Axis) and in late life (Y-axis) for infectious and non-infectious causes in blue and for neoplasia in red.

To refine this comparison, a Wilcoxon test aiming at investigating whether the decrease in relative ageing rates is lower for neoplasia than for non-neoplastic mortality is not significant (p wilcoxon =0.12). A McNemar's Chi-squared test investigating whether the proportion of observed decelerating mortality hazard across species is larger for neoplasia than for infectious and non-infectious conditions and diseases is also non-significant (p McNemar =0.13).

In other words, non-parametric analyses show that deceleration in relative rates of ageing between middle and late life is detected for both neoplasia and non-neoplasia causes of death, but fail to demonstrate that mortality hazard for neoplasia is more likely to decelerate or decelerate more than other senescent-related causes of death. These results are furthermore not structured by the species' longevity (i.e., linear regressions analysing whether these differences in relative rates of ageing between late and middle life a function of the species longevity indicates that this is not the case: deceleration is not more likely to be observed in long-lived species. Results are not shown here). This contrasts with empirical observations and predictions from chapter one as i) both causes show deceleration and ii) cancer incidence does not decelerate more than non-cancer incidence.

C. Comparison of the relative rates of ageing between neoplasia and infection and non-infectious diseases or conditions across life.

Finally, we investigate the relationship between relative ageing rates for neoplasia and for infectious and non-infectious causes across the three periods of species life (see Fig. 4).

Relative ageing rates for neoplasia are significantly larger than those for non-neoplasia during the first period of life (p Wilcoxon = 7.629.10 -5 ) and just above the 5% threshold in the second period of life (p Wilcoxon =0.052). During the third period however, no significant difference is observed (p wilcoxon = 0.248). Compared to the level of mortality from non-neoplastic causes, cancer mortality increases faster in the first period of adult life, and decelerates down to being identical to non-neoplastic causes at the last period of life. 

IV. Discussion

Main findings

Although preliminary, this chapter provides us with promising first results. First, we find a correlation between relative age-specific mortality by cancer and by other causes of death across species in different segments of life. We must stress here that the correlation is between species (not between ages): longer-lived species display lower relative age-specific cumulative hazards in each segment than shorter-lived ones. Overall, this is interesting because it shows that the variance in mortality from cancer and other causes is likely shaped by similar processes (e.g., molecular, cellular, metabolic, etc.) across mammals in captivity.

We empirically show for the first time that, when relative age is considered, mortality by cancer is a declining function of the species longevity. To our knowledge, this is the first time.

Second, we find a decline in relative mortality from cancer which aligns with theoretical results from Chapter 1. However, we also find a decline in relative mortality from other causes which is not only incongruent with results from the first Chapter but also from empirical observations in Humans [START_REF] Jaul | Age-Related Diseases and Clinical and Public Health Implications for the 85 Years Old and Over Population[END_REF].

Lastly, we evidence that cancer mortality rises significantly faster in the first period of life and reaches a similar level of relative ageing rates later in life. Although we did not demonstrate that mortality by cancer decelerates more (or is more likely to decelerate) than mortality by other causes, these results are nevertheless leaving the door open for trade-offs between cancer and other senescent-related deaths to occur.

Study limitations

Our three hypotheses oppose mortality from cancer to mortality from "(other) senescence-related causes". Here, our category of "other" causes includes infections. This is not necessarily false but assumes that senescence of immunity will shape mortality in a similar way as other processes might shape mortality from non-infectious causes. This might be true for metabolic causes as metabolism has been shown to decrease with age in mammals ( [START_REF] Pontzer | Daily energy expenditure through the human life course[END_REF](Rimbach et al., 2021)) but seems more complex to assume for e.g. nutritional problems.

Moreover, the database only contains mortality causes which forces us to analyse mortality incidence. But, if senescence trades against cancer, the tradeoff probably also evolved to balance the cost of tumours that do not readily kill the individuals but impairs its function over a long period of time. In other words, accessing morbidity in order to be able to compute the incidence of cancer would probably complete the picture.

Additionally, the species included in our analysis contain domesticated species, whereas these species were excluded in other similar studies (Vincze et al., 2022). Indeed, domestication is shown to distort traits related to cancer. But as reviewed by Thomas et al.

(2020), distortion of traits related to cancer can go either way. As a result, it is complex to assess if including those species in our analysis biased the results and, if yes, how.

Finally, the present study uses only non-parametric methods to calculate the cumulative hazards and ageing rates. As acknowledged above, this prevents us from detecting clearly what happens at very old ages. Further parametric models could be used to better capture changes in mortality rates at old ages. Additionally, we did not incorporate frailty components into the analysis. This is for mainly two reasons. First, sample size is -in most cases -too low for incorporating hidden heterogeneity into non-parametric analyses, for instance by incorporating a mixed effect at the individual level. This could be better implemented with parametric modelling (see below). Second, because obvious variables that could generate heterogeneity between individuals are absent from our dataset (as for instance the zoo identifier, the number of individuals kept together, indicator of inbreeding levels, or variables linked to animal well-being).

Lastly, we did not account for phylogeny in the test whereas it has been shown to influence cancer mortality ((Vincze et al., 2022); [START_REF] Boddy | Comparative Oncology: New Insights into an Ancient Disease[END_REF]). But with 16

species and the use of non-parametric tests, it is unlikely that estimating phylogenetic components would be feasible.

Perspectives

Different future directions for this work are envisioned. First, repeat the analyses of the data discriminating between infectious and non-infectious causes. This will also allow us to see if there is a deceleration of infectious cause mortality. If this is the case, the role of immune senescence in shaping mortality at old ages is to be reconsidered. Furthermore, Species360

has access to veterinarian reports that could help refine the categories of mortality causes.

Second, discriminating between domesticated and wild species to assess whether, in our sample, domesticated species display significantly different patterns of cancer mortality.

Third, one interesting direction would be to discriminate between sexes as mortality patterns can differ between males and females (Lemaître, Ronget, et al., 2020).

Lastly, parametric analyses could solve the detection problem at old ages. Indeed, specific probability law can help fit models to old age mortality as they allow to test hypotheses For instance, the Gompertz function has been widely used to model exponential mortality increase [START_REF] Gompertz | On the Nature of the Function Expressive of the Law of Human Mortality, and on a New Mode of Determining the Value of Life Contingencies[END_REF]. Another option would be to use a log quadratic function as it allows one parameter that can fit an inflexion on hazard curves (and has proved the function of choice to detect mortality deceleration at old age (Yashin et al., 2012). Those two functions would therefore allow us to test, respectively, for a deceleration and a decline in mortality incidence from both causes.

Significance

Overall, our results invalidate the first hypothesis that cancer and other-mortality causes senesce at the same pace across ages. Rather they clearly demonstrate that, at young adult ages, cancer mortality rises much faster than other causes of death. They however did not allow us to clearly discriminate between the second and third hypothesis: if cancer mortality does not keep increasing faster than other causes at old ages (invalidating the second hypothesis), a clear deceleration of cancer-only mortality at old age (validating unambiguously the third hypothesis) has not been found either. Nonetheless, it opens interesting questions about the processes that shape mortality between species and between causes.

Part V : Discussion 6 The complex rela onship between cancer and senescence

In this thesis, we explored the hypothesis that organismal senescence trades against cancer. Our hypothe cal framework includes a mechanis c cellular explana on: two mechanisms are responsible for managing damage accumula on in ssues and within lineages, apoptosis and cellular senescence. In this framework, both cellular fates come at a cost: apoptosis induces compensatory prolifera on that can further promote damage accumula on, while chronic cellular senescence leads to senescence-related diseases ( Van Deursen 2014). In order to test our hypothesis, we test its predic on at different evolu onary levels: ssues, organisms, and between species using different theore cal and empirical approaches.

Adap ve cellular senescence predicts pa erns of cancer incidence across species

In Part II (Bieuville et al. in press), we built a theore cal model that links cellular dynamics with mortality components. Those mortality components are then integrated in a metric measuring the fitness of the organism, taking into account two life-history traits that have been shown -to some extent -to influence the shape and pace of senescence: reproduc ve senescence [START_REF] Lemaître | Early-late life trade-offs and the evolu on of ageing in the wild[END_REF]Lemaître, Ronget, et al. 2020) and extrinsic mortality [START_REF] Johnson | Revamping the evolu onary theories of aging[END_REF]Kokko and Hochberg 2015;Moorad et al. 2019). This model first allowed us to answer i) whether a probability for a damaged cell to enter cellular senescence could opmize our fitness measure and ii) whether the mortality pa ern derived from this probability could resume the epidemiological pa erns of cancer incidence found in Humans. Addi onally, we used this model to test predic on on the influence of the size of a species on the previous answers and to test whether our model would display the same beneficial effect of senolysis treatment (Baker, Childs, et al. 2016;Baker, Wijshake, et al. 2011;[START_REF] Schmi | Senescence and cancerrole and therapeu c opportuni es[END_REF]. Results seem to validate our hypothesis: an op mal senescence probability can be found and, in many cases, mortality decelera on with age is observed. Importantly, even if a decelera on is detected, the level of extrinsic mortality dictates its effect on the life me prevalence of cancer mortality: in organisms with large levels, the prevalence is not affected by the existence of a decelera on. This is congruent with works showing that cancer mortality is a larger evolu onary pressure for long-lived and large species that are subject to less extrinsic mortality compared to smaller organisms where preda on will surpass other mortality causes. This is further supported by our results regarding the evolu on of size: we predict that larger animals should divert more damaged cells towards cellular senescence to "push" the cancer risk later in life. This is par ally evidenced in mammals where large species do not express telomerase at adult ages, leading to more replica ve senescence (Risques and Promislow 2018).

Apoptosis is an imperfect defense mechanism against cancer

In Part III, we tested our theore cal cellular framework. The ques on was twofold: i) does compensatory division lead to a significant excess of damage accumula on and does this excess is further accentuated in a spa ally structured ssue? ii) Is the probability to enter senescence indeed associated with a reduced level of accumulated damage as predicted in Part II? Moreover, Part II focused only on damage accumula on in a ssue -overlooking that damage accumulate along lineages -and did not model the paracrine effects of both apoptosis and cellular senescence (Cas llo Ferrer et al. 2021;Coppé et al. 2010) -overlooking that an organism is cons tuted of spa ally structured ssues. To answer these ques ons and refine our understanding of the cellular mechanisms at play, we built a theore cal agent-based model. In the first sec on of Part III, cellular senescence was not included and we explored the cost of compensatory prolifera on. In this sec on we validated the first assump on of our framework: compensatory divisions, in some cases, indeed lead to a significant excess of damage, both in ssues and within lineages. This excess is further aggravated in a spa ally-structured ssue where a neighbouring cell divides to replace a cell having undergone apoptosis. Indeed, those neighbours are likely to belong to the same lineages and therefore to share the same muta on burden as the apopto c cell.

In the second sec on of Part III, cellular senescence is incorporated and the influence of the senescent cells secretome (SASP) is explored. In this sec on, we did not validate the second assump on of our framework: cellular senescence was paradoxically associated with an increase in damage accumula on, both in the ssues and within lineages. Mechanis c reasons pertaining to the model assump ons have been discussed in the chapter and point us out towards a new direc on: the reduc ve effect of cellular senescence on damage accumula on would be observable only in ssues where accumula on of senescent cells occurs along with a decrease in the cell division rate. This poten ally highlights that senescent cells could have two func ons: preven ng already damaged lineages to progress any further but also decreasing cell turnover. This can be rela vely easily implemented and tested into the model that I have developed and I plan on tes ng this soon.

Cancer is not a senescent process

In Part IV, we use empirical data from animals in cap vity to test whether the empirical patterns found in humans (and recapitulated by the model presented in Part II) are observable in other mammal species. We also aimed at discrimina ng between three hypotheses: i) cancer is a senescent process, ii) cancer requires the senescence of physiological func ons to emerge and iii) cancer trades against senescence. From those hypotheses, we derived expecta ons about age-specific mortality hazards and confronted these expecta ons with empirical data from animals in cap vity. Because ageing rates were found to be different between cancer on the one hand and infec ous and non-infec ous deaths on the other hand, we unequivocally ruled out the first hypothesis. Because mortality by cancer rises earlier and faster than infecous and non-infec ous mortality, we think that we can also rule out the second hypothesis that cancer results from the senescence in other physiological func ons. Yet, one ought to be cau ous here because the supposed temporal gap between cancers and other causes of mortality if cancer results from senescence of other physiological func ons is only an hypothesis and is not empirically supported. Finally, we did not find compelling evidence for the validity of the third hypothesis. Yet, the fact that the rates of rela ve ageing from cancer return to the same levels as those from other causes of death in the last third of life (a er being significantly higher before) s ll leaves the door open for further explora on of trade-offs between cancers and other causes of death; especially when we consider that these results were obtained with o en fragmented data on only 16 species.

Synthesis and significance

This thesis contributes to the growing body of research on cancer evolu on as it is, to our knowledge, the first me that the hypothesis that cellular senescence evolved as an an -cancer mechanism is tested. It is important to note that proximal consequences of senescence have been tested experimentally and show that a defect of cellular senescence leads to carcinogenesis. What has not been tested is the idea that cellular senescence evolved as a an -cancer mechanism and that the deleterious effects result from antagonis c pleiotropy later in life. Indeed, a massive corpus of literature (see e.g. Campisi 2001;Campisi 2013;Campisi and Fagagna 2007;[START_REF] Sager | Senescence as a mode of tumor suppression[END_REF]) considered it to be true but no formal tests, again to our knowledge, have been made. We predict when and how cellular senescence might increase fitness and show that, under those condi ons, the paradox of cancer incidence late-life decrease is deciphered. Importantly, as suggested elsewhere (Rozhok and DeGregori 2020), we show the crucial importance of integra ng evolu onary scales in order to understand the joint evolu on of organismal senescence and carcinogenesis.

In par cular, the use of agent-based models is mely for two reasons: i) they are the ideal models to bridge knowledge from widely different fields [START_REF] Reilly | Agent-Based Models as an Integra ng Boundary Object for Interdisciplinary Research[END_REF]) and ii) they are ideal to link low-level mechanisms to higher-level phenomena, thus they are useful tools in the search for a unified framework of organismal senescence and carcinogenesis.

Such a unified framework will need knowledge from gene cs, cell biology, evolu onary demography and ecology as, as explained below, a trade-off between cancer and organismal senescence is unlikely to be unidimensional.

Cancer and organismal senescence at the crossroad of phenotypic traits

Limita ons of each approach and poten al solu ons are detailed in each chapter. Rather than a redundant discussion, this sec on addresses some of the reviews that have been made on this work, either by scien fic publica on reviewers or collaborators. Indeed, models are tailored to answer specific ques ons and therefore have blind spots. Moreover, although they already allow us to answer some of the ques ons inves gated in this thesis, data are what they are and prevent us from inves ga ng everything we would like to test. Yet, when looking at the evolu on of organismal senescence under the pressure of cancer mortality, several other aspects are crucial to keep in mind. Interes ngly, those aspects -similarly to cellular senescence and apoptosis -are transversal to the different scales we explored in this thesis (from cells to organisms), providing both proximal mechanisms and distal explana ons for the shape and pace of organismal senescence and the influence of cancer risk. Also, readers should note that this list is far from exhaus ve: it could include e.g. the influence of microbiome, predaon by pathogens, etc. Take this list as it is: a subset of the collec on of other crucial factors influencing organismal senescence and cancer.

Senescence, cancer and epigene cs

Carcinogenesis is driven by both muta ons and epimuta ons (e.g. Yang et al. 2022). In our different approaches, we consider both under the term "damage". It is a broad assumpon: epimuta ons are reversible and it is therefore possible that their transmission along cell lineages is different compared to muta ons. Moreover, the consequence of epimuta on accumula on might be different for a cell. In this work, we argue that differen a ng both types of lesions would not change much our results: damage are not explicit (in the sense that they do not change the behaviour of the cell, only its probability to enter cellular senescence and apoptosis) and are not associated with any selec ve (dis)advantage. With ques ons about epimuta ons also come ques ons about differen a on. Indeed, transdifferen a on and dedifferen a on are now acknowledged to be hallmarks of cancer cells [START_REF] Hanahan | Hallmarks of Cancer: New Dimensions[END_REF] and ageing is some mes considered as a "dysdifferen a on" problem as gene expression change with age (Pal and Tyler 2016). In our models, the no on of differen a on would be tricky to implement. First, we only consider one cell type: "mito cally ac ve" cells, terminally differen ated. Implemen ng differen a on would mean modelling stem cells. This would be congruent if our work was framed under the Life me Stem Cell Division theory that only considers accu-mula on in the total popula on of stem cells (Nunney and Thai 2020). But it is less relevant in our case as we start from the Doll-Armitage model where accumula on of damage occurs along soma c lineages. Nonetheless, epigene cs might be relevant for our work ques on for two reasons. On the one hand, the accumula on of epigene c altera ons predicts a species lifespan (Mayne et al. 2019) and, in some instances, have been shown to explain life-history traits related to longevity (Wilkinson et al. 2021). On the other hand, asking the ques on of (de)differen a on also asks the ques on of development. Without going into too much detail, this ques on is interes ng as both cellular senescence and apoptosis are also cell behaviours involved in morphogenesis. And cancer has been shown to exploit developmental programs such as the epithelial mesenchymal transi on [START_REF] Hanahan | Hallmarks of cancer: the next genera on[END_REF]. Moreover, it has been suggested that the pace and shape of development might set the pace and shape of organismal senescence (Magalhães 2022).

Senescence, cancer and metabolism

More important than epimuta ons is the role of metabolism. First, metabolic pathways are mechanis cally involved in tumour development [START_REF] Rossi | PHGDH heterogeneity poten ates cancer cell dissemina on and metastasis[END_REF]. Addi onally, a cellular mechanism that is not taken into account in this work exists at the crossroads between senescence, cancer and metabolism: autophagy [START_REF] Finkel | The common biology of cancer and ageing[END_REF]). Thus, from a mechanis c point of view, it seems obvious that metabolism shapes the risk of cancer (Aman et al. 2021). Regarding the role of the metabolism in the evolu on of ageing, it has been shown that muta ons allowing to extend lifespan are muta ons in genes responsible for metabolic stress tolerance [START_REF] Finkel | The common biology of cancer and ageing[END_REF]). On the other hand, some studies explain the late-life decelera on of cancer incidence by the late-life decrease in basal metabolic rate [START_REF] Ukraintseva | How individual age-associated changes may influence human morbidity and mortality pa erns[END_REF]Ukraintseva and Yashin 2003). It is likely that age-related changes in the metabolic rate [START_REF] Pontzer | Daily energy expenditure through the human life course[END_REF], because they influence division rates, shape -at least par ally -agespecific mortality pa erns. This is even truer if a consequence of cellular senescence is also to decrease cell turnover compared to apoptosis. In this case, exploring this facet of cellular senescence could build an interes ng (and maybe missing) bridge between ssue dynamics and organism metabolism. Lastly, metabolism is important to consider in cross-species comparison of actuarial senescence and mortality risks. Indeed, metabolism was shown to scale with size (Klieber's law) so it is likely that any trade-off between size and cancer risk will be shaped -to some extent -by a third dimension that is metabolism. The role of metabolism was even proposed as a solu on to the apparent Peto's paradox [START_REF] Dang | A metabolic perspec ve of Peto's paradox and cancer[END_REF].

Senescence, cancer and immunity

Lastly, we overlooked the role of immunity. The reason why immunity could be important is twofold. First, molecules triggering inflamma on are secreted in the SASP and allow to recruit immune cells that, in turn, clear senescent cells from ssues, preven ng too much accumula on. It is unknown if chronic senescent cell accumula on with age is due to an increase in the number of cells that become senescent or due to immune senescence. Second, most muta ons accumulate during ontogeny (DeGregori 2013; Rozhok and DeGregori 2016) and pre-malignant nodules have been shown to pre-exist long before cancer onset [START_REF] Tomase | Half or more of the soma c muta ons in cancers of self-renewing ssues originate prior to tumor ini a on[END_REF]. This suggests that, to some extent, immunity also has a role to play in our hypothesis that cancer trades against actuarial senescence, at least to prevent cancer from occurring during the growth phase of life and "pushing" cancer incidence during maintenance phase. Lastly, in some species, an -cancer defences rely on immune processes [START_REF] Herrera-Álvarez | How to Make a Rodent Giant: Genomic Basis and Tradeoffs of Gigan sm in the Capybara, the World's Largest Rodent[END_REF], showing that the evolu on of protec on against cancer goes beyond cellular processes.

Cancer and senescence: a mul dimensional ques on

Overall, those blind spots all point out to one conclusion: any tradeoff between senescence and cancer will be shaped by all other trade-offs between life-history traits (growth, reproducon, lifespan, metabolism, etc.) and by ecology. For instance, in birds, the evolu on of lifespan is influenced by ecology and life-history traits [START_REF] Healy | Ecology and mode-of-life explain lifespan varia on in birds and mammals[END_REF]. Moreover, empirical studies that focused on species whose life-history traits are unexpected or phylogene c excep ons in their taxa (naked-mole rats are unusually long-lived, capybaras are the largest of rodents, bats are the only mammals that evolved flight and do not only live longer that their terrestrial counterparts, they are also characterised by a longer healthy lifespan, etc.) do not find consistent overlaps between traits or genes responsible for outlier life-history traits. This suggests that species with expected pace and shape of ageing would also be of interest to build a unified framework of cancer and senescence as the slow-fast con nuum already draws predic ons on what tradeoffs are broadly expected in those cases (see, e.g., Cayuela et al. 2020; Magalhães 2022).

Perspec ves

As developed in each chapter, each axis of this work opens the door to perspec ves.

• Further empirical analysis will be done on mammal data. As explained in Part IV, a first interest is to use parametric methods to refine our understanding of age-specific variaons of ageing rates. A second objec ve of those analyses is to assess to which extent 104 sta s cal laws that are used to model human mortality at old ages can be relevant for other mammal species in cap vity. This is important because those laws assume a certain shape of ageing at old ages. It will be interessant to see whether all species meet the same assump on

• The agent-based models developed in Part III will be refined to explore a new hypothesis sugges ng that the protec ve effect of cellular senescence comes from the turnover in cell division rate that it induces. But it is not the only direc on possible: those models could be extended to include more physiological eco-evolu onary scenarios such as more extensive cell-cell signalling or cell compe on, especially in the case of growing ssues (e.g. wound healing, which is known to show some similarity with tumors, MacCarthy-Morrogh and Mar n 2020). Such models would bridge what we modelled in physiological contexts with what is extensively studied in oncology modelling (see e.g. Coggan and Page 2022).

• Part II provides theore cal predic ons of the difference between cancer prevalence in wild popula ons and in cap vity. It also predicts that an increase will amplify this difference. One perspec ve of this work, that comes with all the challenges described in the introduc on, would be to compare mortality rates in the wild and in cap vity.

Part VI : References • Supp. Fig. 1: Histogram and density lines of the propor on of adult deaths due to infec ous diseases or non-infec ous causes (except for neoplasia) by age (in years) since maturity.

• Supp. Fig. 2: Histogram and density lines of the propor on of adult deaths due to neoplasia by age (in years) since maturity.

Cancer risk across mammals

Orsolya Cancer is a ubiquitous disease of metazoans, predicted to disproportionately affect larger, long-lived organisms owing to their greater number of cell divisions, and thus increased probability of somatic mutations 1,2 . While elevated cancer risk with larger body size and/or longevity has been documented within species 3-5 , Peto's paradox indicates the apparent lack of such an association among taxa 6 . Yet, unequivocal empirical evidence for Peto's paradox is lacking, stemming from the difficulty of estimating cancer risk in non-model species. Here we build and analyse a database on cancer-related mortality using data on adult zoo mammals (110,148 individuals, 191 species) and map age-controlled cancer mortality to the mammalian tree of life. We demonstrate the universality and high frequency of oncogenic phenomena in mammals and reveal substantial differences in cancer mortality across major mammalian orders. We show that the phylogenetic distribution of cancer mortality is associated with diet, with carnivorous mammals (especially mammal-consuming ones) facing the highest cancer-related mortality. Moreover, we provide unequivocal evidence for the body size and longevity components of Peto's paradox by showing that cancer mortality risk is largely independent of both body mass and adult life expectancy across species. These results highlight the key role of life-history evolution in shaping cancer resistance and provide major advancements in the quest for natural anticancer defences.

Complex multicellular organisms are built of millions to quadrillions of cells, ultimately all being derived from a single cell, the zygote.

During the course of the organisms' lifetime and owing to various mutational processes, cell lineages tend to accumulate mutations 7,8 . While the majority of mutations are harmless, some enable cells to escape cell cycle control, to grow and proliferate uncontrollably, resulting in cancer 9,10 . Cancer is a multistage process, where a set of mutations is required for both initiation and malignant progression. Given that every cell division carries a risk of generating mutations, organisms with large bodies (composed of more cells) and extended longevities (with a longer time to accumulate mutations) should be more likely to develop cancer 1,6,11,12 . Indeed, within humans 3,11 and dogs 4 , larger individuals are more likely to develop cancer than smaller ones. Similarly, increasing age is one of the most potent carcinogenic factors in species in which cancer aetiology is well studied. Yet, while current evidence suggests that large body size and extended longevity result in increased cancer risk within species, this relationship may not hold across taxa 13 . Limited data available so far indicate that vertebrates do not face clear size-dependent cancer risks despite their size and longevity varying by orders of magnitude. This poses a logical challenge, first formulated by Sir Richard Peto 6,14 . He noted that although mice have approximately 1,000 times fewer cells and >30 times shorter lifespans than humans, their risk of carcinogenesis is not markedly different (coined as Peto's paradox) 5 . Peto's paradox is an evolutionary conundrum that has puzzled the scientific community and has led to lively debate regarding the evolution of anticancer mechanisms. It is often postulated that natural selection on large size or extended longevity is inherently inseparable from the evolution of anticancer defences. Knowledge gained from investigating Peto's paradox might thus largely contribute to our knowledge on natural anticancer mechanisms that could potentially be harnessed for medical use. Further, understanding cross-species variation of cancer vulnerability is an important next step in animal health and welfare. While a few studies aimed to establish cross-species variation in cancer risk 15,16 , most estimates and analyses have considerable limitations. These include small cross-or within-species sample sizes 1,6,17 , lacking information on the age distribution of cancer 15-17 , data heterogeneity (for example, biases due to domestication 17 or combining data from multiple taxa 17,18 ) or lack of control for phylogenetic relatedness among species 17 . Moreover, the effect of longevity was generally tested using the much-debated metric of maximum reported lifespan 15-17 . Nonetheless, cancer prevalence (the parameter exclusively considered by earlier studies 15-17 ) is expected to correlate with life expectancy (the average time lived by individuals in the population of interest), not maximum lifespan potential (that very few individuals achieve), making these analyses inherently flawed.

To characterize cancer incidence in a homogeneous sample and across a wide taxonomic range, here we used the Zoological Information Management System (ZIMS), managed by Species360 (a non-profit organization custodian of zoo and aquarium data) 19 . We assembled information on 110,148 adult non-domesticated mammals distributed over 191 species, including data on their age, sex, dead/alive status and postmortem pathological records for 11,840 individuals. Cancer is registered in this database only for deceased animals and only if the inspecting veterinary pathologist considered it to be a factor that contributed to the individual's death. First, to characterize species longevities, we used survival modelling (n = 110,148) and calculated species-specific adult life expectancies, representing average adult longevity in our sample 20,21 . Second, to estimate cancer mortality risk, we used two metrics, both estimating the proportion of individuals dying of cancer. We first calculated a simple measure of cancer mortality risk (hereafter CMR; that is, the ratio between the number of cancer-related deaths and the total number of individuals whose postmortem pathological records were entered in the database, n = 11,840), a measure adopted by earlier comparative studies 15,17 . This measure relies solely on dead individuals, ignoring the incomplete records of live animals, potentially introducing bias in cancer mortality estimates. Therefore, we also calculated the cumulative incidence of cancer mortality (hereafter ICM), a metric of cancer mortality risk eliminating potential biases due to disregarding left-truncation (that is, cancer before individuals enter the study) and right-censoring (individuals alive, thus with unknown fate at data extraction). Using these two metrics, we explored the phylogenetic distribution of cancer-related mortality across mammals. We then investigated Peto's paradox and tested whether cancer mortality risk is associated with body size or the mean number of years lived by adults in the explored populations (that is, adult life expectancy).

Cancer across the mammalian phylogeny

CMR was highly variable among species, ranging from 0% (in 47 species out of 191) to 57.14% in the kowari (Dasyuroides byrnei). CMR exceeded 10% in 41 species (21.5% of all species inspected), indicating that the oncogenic process is a prevailing source of mortality of many mammalian species distributed along the phylogeny, at least in managed populations (Fig. 1). ICM showed strong consistency with CMR (Pearson correlation test, r = 0.89, t = 25.14, df = 170, P < 0.0001). Nonetheless, all models were performed using both metrics to test for consistency in the results.

Cross-species variation in cancer risk showed strong phylogenetic signal 22 (CMR: n = 191, λ = 0.87, P < 0.0001; ICM: n = 172, λ = 0.69, P < 0.0001). To explore this, we compared cancer risk among mammalian orders represented by at least two species using linear regressions. Results indicated that the phylogenetic signal was mostly driven by cancer mortality risk in Carnivora, which was significantly higher than in Primates or in Artiodactyla (Extended Data Table 1, Fig. 1 and Extended Data Fig. 1). Both cancer mortality risk metrics indicated that Artiodactyla is the least cancer-prone mammalian order, despite the frequency of large-bodied species in this group (Extended Data Table 1).

High cancer risk in managed populations of Carnivora has previously been reported 23,24 . Possible explanations include the use of hormonal contraception (for example, progestins) and pregnancy postponement in zoo carnivores, both being significant risk factors for certain cancers in humans as well as non-domestic felids 24-26 . Nonetheless, if contraception was the key factor driving elevated cancer risk in Carnivora, a significant sex bias in cancer risk would be expected in this group, because hormonal contraception is usually administered to females. To test for sex bias in cancer risk across Carnivora, we estimated sex-specific CMR and ICM (only species with a minimum of ten males and ten females with available postmortem pathological records: n = 36 and n = 30 species, respectively). Pairwise comparison between sexes revealed no sex bias in either measure of cancer mortality risk (phylogenetic paired t-tests, CMR: t = 0.52, df = 33, P = 0.6061; ICM: t = -0.6815, df = 27, P = 0.5014) (ref. 23 ). Therefore, the generally high cancer risk in Carnivora is unlikely to be driven solely by the carcinogenic effects of reproductive management in zoo populations.

A high-fat, low-fibre diet, a known risk factor for carcinogenesis, has also been suggested to explain the elevated cancer risk in Carnivora 26,27 . Moreover, carnivores are on the top of the food chain, exposing them to bio-magnified effects of carcinogenic compounds 28 , such as pollutants 26 . Importantly, the consumption of raw meat can also expose carnivores to pathogens that can drive oncogenic transformation 29 . For instance, in humans it was estimated that 10-20% of all cancers are of viral origin 30 . While this figure is unknown in any other animal species 29 , it is arguable that raw meat consumption might exacerbate the spread of carcinogenic pathogens 31 . Exploring the association between diet and cancer risk could help to disentangle the influences of these risk factors.

To explore the link between carnivorous diet and cancer risk, we collected data on the species' natural diet (that is, consumption of animals, including invertebrates or vertebrates, and specifically of fish, reptiles, birds and mammals) from the literature 32 . Phylogenetic generalized least-squares (PGLS) regressions controlling for differences in longevity and body mass run separately for each diet item (Fig. 2, Extended Data Figs. 2 and3 and Extended Data Table 2) indicated that species with animal-based diets have comparable cancer mortality risks (both CMR and ICM) to species that rarely or never consume animals. Nonetheless, consumption of vertebrate but not invertebrate prey was associated with increased cancer mortality risk. Specifically, mammals frequently consuming mammalian prey had significantly higher cancer mortality risk compared to mammals that rarely or never consume other mammals. Similar differences could not be detected in the case of fish, reptile or bird prey frequencies. These results indicate that a carnivorous diet has significant costs in terms of heightened oncogenic predisposition across mammals, particularly for diets high in mammalian prey. The nonsignificant association between cancer mortality risk and diet content of invertebrate, fish, reptile or bird indicates bio-magnification as a less likely source of elevated cancer risk among Carnivora. Nonetheless, the limited number of species primarily consuming these preys in our sample does not allow for definitive conclusions regarding this hypothesis. By contrast, the result that mammals consuming other mammals appear to have the highest cancer risk of all diet categories is consistent with a pathogenic origin of elevated cancer mortality risk among Carnivora. Host jumping of pathogens is most likely to occur in the case of phylogenetic proximity between the reservoir prey and the predator species 33 , making a mammal-to-mammal transmission the most likely host jump scenario. These results suggest that pathogen-driven oncogenesis might have a considerable role in shaping cancer mortality risk in mammals and urges the search for pathogens in various cancer types, while considering the notorious difficulty of proving oncogenic properties of pathogens 30 . Alternatively, high cancer risk in carnivorous animals might be related to their low microbiome diversity 34 , limited physical exercise under human care or other aspects of their physiology. Nonetheless, a lack of bias in these results, caused by potential alterations in the diet of housed carnivores, should be confirmed by studying natural populations. Importantly, these results probably reflect a complex, maybe indirect evolutionary link between diet and cancer vulnerability; therefore, the effect of meat consumption on cancer risk should be interpreted with caution.

Test of Peto's paradox

Owing to the large number of zero cancer mortality risk estimates and thus non-Gaussian distributions, cancer risks were analysed using zero-inflated phylogenetic models (Methods), as a function of sample size, body mass and life expectancy. The probability of detecting at least one individual with cancer in a species increased steeply with increasing number of individuals with available postmortem pathological records (Extended Data Table 3). In fact, cancer was detected in at least one individual in almost all species with more than 82 individual pathological records available (Extended Data Figs. 4 and5). Exceptions were the blackbuck (Antilope cervicapra) and the Patagonian mara (Dolichotis patagonum), where no cancer was detected despite postmortem pathological records being available for 196 and 213 individuals, respectively. 2 that also control for body mass, life expectancy and phylogeny.
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This highlights the quasi-universality of oncogenic phenomena across mammals, illustrating that with adequate sampling, cancer is likely to be detected in all mammals. Our results further emphasize the fact that some members of the order Artiodactyla, besides rodents, are particularly cancer-resistant. Rodents have long been subject to scrutiny in the search for natural cancer resistance mechanisms 35 , owing to notoriously low cancer incidence in some species 36 . Nonetheless, cancer mortality risk in our dataset was lowest among ruminants, complying with rare cancer case reporting in this taxonomic group 15,37 . This indicates that other mammalian groups, especially Artiodactyla, might serve as informative model organisms in cancer research.

The probability of detecting cancer (CMR: n = 188; ICM: n = 141) (Extended Data Table 3 and Extended Data Figs. 4 and 5), as well as non-zero cancer mortality risk (CMR: n = 141; ICM: n = 128) (Extended Data Table 3 and Fig. 3), tended to decrease with larger body masses and to increase with longer life expectancies. These effects were not significant, and were consistent between the two cancer mortality metrics. These associations were also largely independent of each other, and were similar in single-predictor models (Supplementary Table 3). The effect of body mass on cancer risk was even slightly negative, but the models indicated only a 2.8-2.9% decrease in cancer risk for a doubling of the body weight (for example, CMR changes from 3.82% (1 kg) to 3.71% (2 kg), or from 2.86% (1,024 kg) to 2.78% (2,048 kg), respectively, predictions obtained from the model presented in Extended Data Table 3, with an arbitrary life expectancy of 27 years, Extended Data Fig. 6). Additionally, body mass accounted for only 0.78% of the cross-species variance in CMR (that is, partial coefficient of determination). Similarly, cancer mortality risk only minimally and nonsignificantly increased with higher life expectancy, indicating a 24.7-25.2% increase in cancer risk for a doubling of the adult life expectancy (for example, CMR changes from 0.89% (1 year) to 1.18% (2 years), or from 2.80% (16 years) to 3.72% (32 years), respectively, predictions obtained from the model presented in Extended Data Table 3 with an arbitrary body mass of 10 kg, Extended Data Fig. 6). Adult life expectancy accounted for only 2.94% of the variance observed in CMR (that is, partial coefficient of determination). Overall, these results provide the largest-scale and most robust support to the body size and life expectancy components of Peto's paradox in mammals. They suggest that lifespan extension and larger body size jointly evolved with better anticancer mechanisms across mammals.

Since the first indication of species differences in cancer predisposition, an intense search has been conducted to identify mechanisms explaining cancer resistance in certain species, mostly rodents 35 , and very large animals 17 . Although these studies demonstrated key species-specific anticancer mechanisms 17,28,35 , a considerable gap remains in our knowledge on the taxonomic and phylogenetic diversity and distribution of tumour-suppressing mechanisms. Our results provide a solid foundation for future studies scrutinizing these questions, by providing information on the generality and frequency of oncogenic phenomena across the mammalian phylogeny. We also highlight the exceptional resources provided by zoos for studies of cancer in wildlife 35,36 .

Our study indicates that death due to oncogenic phenomena is frequent and taxonomically widespread in mammals. In some species more than 20-40% of the managed adult population die of cancer-related pathologies. This estimate is staggering, especially knowing that cancer incidences estimated here are conservative (Methods). This observation urges the extensive exploration of cancer in wildlife, especially in the context of recent environmental perturbations 38 , as serious threats to animal welfare 29 .
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Methods

Documenting cancer in wild animals is extremely challenging in most cases owing to the lack of information on the age of individuals, the difficulty retrieving the bodies for necropsy and the likelihood of cancer negatively influencing survival before cancer itself could be detected.

Although data on cancer incidence from wild populations would be indispensable to describe natural incidences of malignancies, such data, especially with corresponding ages and demographic histories, are unfortunately still far from our reach. Therefore, to estimate cancer mortality risk, we used data provided by Species360 and the Zoological Information Management System (ZIMS, Data Use Approval Number 73836), an international non-profit organization that maintains a real-time and centralized database of animals under human care (regrouping information from over 1,200 zoos worldwide). Although we recognize that the interpretation of data gathered on zoo animals requires caution, owing to strong human control on the diet, health, mortality factors, environment or standard biological functions of the animals, zoos provide exceptionally high data resolution on the demography and cause of death for a wide range of species. Here we rely on the high probability of body retrieval of deceased zoo animals and the necropsy routinely performed on most of them (unless found in an advanced stage of decomposition), aiming to identify the most likely pathology causing the death of the animal. These examinations are likely to reveal most solid tumours, but (although possible) benign tumours, liquid tumours (for example, leukaemia) or early-stage cancers are unlikely to be recorded here, either owing to their diagnostic difficulty or their perceived limited role in contributing to the death of the animal. Specifically, here we use the husbandry module of ZIMS, providing information on birth, death, sex and pre-defined categories of pathological findings, including neoplasia (by definition tumours that contributed to the death, albeit with no option to specify the cancer type or other details). No statistical methods were used to predetermine sample size, but to minimize bias caused by potential temporal heterogeneity in data management practices and necropsy record-keeping 15 , here we focused on individuals alive or born after 1 January 2010 (data extraction: 30 May 2020). This sample was then used to characterize species-specific life expectancies and cancer incidence, but only after the exclusion of data that did not fulfil a series of criteria, to ensure the highest and most homogeneous data quality possible. First, cancer is an age-related disease that rarely occurs in juveniles, and pediatric cancers are usually medically distinct from adults' cancers. As such, infant mortality differences observed across species can significantly confound cancer incidence estimates. Therefore, we gathered sex-specific or species-specific (wherever the former was not available) ages at sexual maturity and we considered individuals for analyses only if they reached maturity before or during our sampling period. For individuals of unknown sex (about 12% of all individuals in the raw data extract), the maximum of ages at sexual maturity of males and females was used as an inclusion age threshold. Sex-specific age at sexual maturity for each species was obtained from Conde et al. 19 or from published literature resources (see data sources in https://github.com/OrsolyaVincze/ VinczeEtal2021Nature/blob/main/SupplementaryData.xls). Second, given that age is a key predictor of cancer emergence, we considered only individuals for which date of birth was recorded precisely or within a narrow (maximum 30 days) time interval. Third, we considered only species in which postmortem pathological records were available for at least 20 adult individuals, irrespective of the cause of death (for example, infection, accident, geriatric disease and so on). Nonetheless, models presented were performed with increased thresholds of 40, 60, 80 and 100 individuals to check for consistency in the results (Supplementary Table 2). Fourth, given that the process of domestication is widely regarded as a major contributing factor to inbreeding depression and higher incidence of cancer 39 , we excluded all species that were subject to domestication as well as their wild ancestors (taxa excluded owing to being subject to domestication are listed in Supplementary Table 1). Following these restrictions, data extraction on age and cause of death resulted in information for 110,148 (62,556 live and 47,592 dead) individuals (n = 191 species). For calculation of ICM, we included only species in which survival is correctly estimated until old ages (that is, data allowing the estimation of age-specific survival until the age at which only 10% of individuals are surviving, n = 172 species). While these restrictions removed multiple sources of bias in our cancer mortality risk estimates, we cannot exclude the possibility that some species (for example, more charismatic ones) are subject to more frequent or more detailed necropsies. Nonetheless, our statistical approach, especially the complete case analysis, is largely insensitive to such biases, as individuals not having available postmortem diagnostic records are considered censored (see below). Also, while the depth of necropsy might vary slightly among species, neoplasia that had a significant contribution to the death of the animals (the focus of our study) are generally detected even at gross necropsies. Additionally, large species are considered of key importance for zoos, also reflected by the fact that the proportion of dead individuals with postmortem pathological records is larger in larger species (Pearson's correlation: r = 0.24, t = 3.35, df = 189, P = 0.001). Accordingly, if charisma had a role in cancer detection, we would expect a larger cancer risk in large mammals, opposite to the (nonsignificant) negative body mass effect in our models. Consequently, we believe that charisma is unlikely to represent a major source of bias in our analysis.

Estimation of adult life expectancy

As we have no reason to believe that censored individuals would not have the same prospect of survival as those who continue to be followed, we estimate adult life expectancy from age-specific survival estimated using the Kaplan-Meier procedure (using the survfit function in the R package survival 40 ). Individuals older than their age at sexual maturity on 1 January 2010 were left-truncated at their age at this date; individuals reaching sexual maturity after this date were left-truncated at their age at sexual maturity. Individuals still alive at the time of data extraction were considered right-censored (samples per species varied from 42 to 5,816 individuals), while known fate individuals were assigned as dead (n = 47,592), irrespective of whether their cause of death was specified or not.

Estimation of ICM

ICM was calculated using a competing risk approach, based on the cumulative hazard of cancer-related deaths and survival probability of the species under human care. First, age-specific survival S x , at age x, was estimated from KM analysis as above. However, here we performed a complete-case analysis, using only 11,840 individuals for which the cause of death was specified together with right-censored survivors. Complete-case analysis assumes that missingness in the cause of failure is random, but we had no reason to believe that this was not the case in our dataset. Postmortem examinations are routinely carried out on most recovered bodies in zoos, and once examinations are performed the results are equally likely to be entered in the database irrespective of the pathologies identified. ICM estimates were thus based on n = 74,396 individuals, n = 179 species. Second, the cancer mortality hazard h c x was estimated using a KMx1 analysis where only deaths by cancer were incorporated as a death event. ICM is then such that

∑ Sh ICM= xα xx = ∞ c
where α is the age at sexual maturity. The only difference with classic estimation is that we extracted h c x (and S x ) for each time unit with discrete jumps (and falls) at event times at age t and with h c t≤x<t+1 = 0 (S x constant) between these events; instead of estimating discrete hazard h dn =/ tt t cc on these time intervals (where d c t is the number of deaths by cancer within the interval and n t is the number of survivors at the beginning of the interval). We chose this method to reflect true variation in the data for the interspecific comparison where species differ greatly in the number of events and time interval between these (sometimes a third of the organism's adult lifespan), a situation rarely met when comparing human groups.

Covariates and statistical analyses

For each species, we obtained sex-specific adult body mass data from Species360's ZIMS (see https://github.com/OrsolyaVincze/VinczeEtal 2021Nature/blob/main/SupplementaryData.xls). Species-specific body mass was calculated as the average of all body mass measurements recorded in the ZIMS database in adults, while species-specific values were obtained by averaging the body masses of males and females. These were calculated only in species for which there were at least 100 adult body mass records; otherwise, body mass was taken from the literature and database review by Conde et al. 19 . We verified that there was a one-to-one correspondence in the body mass information for species with records in both datasets.

Diet information was obtained from a global diet dataset for terrestrial mammals 32 , providing information on diet composition at four hierarchical levels of food items (never consumed, occasionally consumed, secondary food item, primary food item). We collected information on animal content in diet, as well as subcategories of this diet class, namely invertebrate or vertebrate consumption, as well as specifically fish, reptile, bird and mammal consumption. Given that most food items had few species in the intermediate levels (occasional consumption and secondary food item), we re-categorized the diet variables at two levels: never/rarely consumed or representing the primary/secondary food item of the species. The effect of diet was tested in PGLS regressions using only species with non-zero cancer mortality risks. Models were run separately for each food item that were entered to a base model including body mass and adult life expectancy as covariates. Results are shown in Extended Data Table 2.

To account for statistical non-independence due to phylogenetic relationships, we obtained a sample of 1,000, equally plausible phylogenetic trees, from the posterior distribution published by Upham et al. 41 , covering 5,911 species. We then obtained a rooted consensus tree using the sumtrees Python library 42 . Two species recently raised to species level were manually added to the tree as sister taxa of the species it was recently separated from (that is, Cervus canadensis to Cervus elaphus and Gazella marica to Gazella subgutturosa). Phylogenetic signal of cancer risk was assessed using the function phylosig from the R package phytools 22 . Partial coefficients of determinations were calculated using the function R2.pred from the R package rr2 (ref. 43 ), based on models presented in Extended Data Table 3.

Models of cancer risk testing Peto's paradox were performed using zero-inflated logistic models, which allow us to make inferences on the probability of detecting at least one cancer case in the species and, given that cancer was detected, inferences on the CMR or ICM. Therefore, the first part of this consisted of a phylogenetic binomial regression (using the function binaryPGLMM, in the R package ape 44 ), where the dependent variable explained the presence of zeros and non-zeros in CMR or ICM. This model contained the log number of deceased individuals with available postmortem pathological records as an explanatory variable, due to the higher probability of detecting cancer with a higher number of dead individuals inspected. Additionally, the model contained body mass and adult life expectancy as covariates. The second part of the model consisted of a PGLS regression that investigated variance only in non-zero cancer risks. ICM and CMR were logit-transformed in all PGLS models as recommended when analysing proportions 45 . These models were weighted by log number of deceased individuals with available postmortem pathological records, as the precision of cancer mortality risk estimates is expected to increase with the number of dead individuals subject to postmortem examination, but it is not expected to explain bias in the estimation of the dependent variable in any particular direction (as in the case of the binomial models). These models also contained body mass and adult life expectancy as explanatory variables. Given the expected additive effect of body mass and longevity, the interaction between body mass and longevity metrics was also tested in all four models (binomial and logistic regressions for CMR and ICM), but these interactions did not increase model fit in any case and are therefore not presented. Both models were controlled for phylogenetic relatedness among species, where the scaling parameter of phylogenetic dependence (that is, s2/Pagel's λ in PGLMMs and PGLSs respectively) was set to the most appropriate values assessed by likelihood ratio statics in each model separately. PGLS models in which Pagel's λ converged to negative values were refitted with Pagel's λ fixed at 0. Three species (Lagurus lagurus, Cricetus cricetus and Dasyuroides byrnei) had been removed from the latter models, due to their high leverage caused by their very low adult life expectancy compared to the rest of the species and therefore concerns of strong influence of these points over model fit. Nonetheless, all models were performed using the entire dataset, and the results were highly consistent with and without the exclusions (Supplementary Table 4 and Extended Data Fig. 7).

Order differences in cancer incidence were tested using standard linear regressions, built using only taxonomic orders in which at least two species had their cancer incidence estimated. The model contained CMR or ICM (non-transformed) as dependent variables and order as the sole explanatory factor. Pairwise order differences were assessed using the R package emmeans 46 . All analysis were performed in the R Statistical and Programming Environment, version 4.0.4 (ref. 47 ). Cancer mortality risks were transformed to percentages in figures and in the analysis performed on order differences (Extended Data Table 1), for easier interpretation. Models presented in Extended Data Tables 2 and3 andSupplementary Tables 2-4 2. Diet is characterized by variables on three taxonomic levels: I. animal content (including any vertebrate or invertebrate prey); II. invertebrate or vertebrate prey; and III. within vertebrates fish, reptile, bird and mammal preys. Each variable is coded as a two-level factor: rarely/never occurring in diet and representing the primary/secondary food item of the species. P-values shown were obtained from models presented in Extended Data Table 2. 
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Number of life me menses increases breast cancer occurrence in postmenopausal women at high familial risk

This fi h appendix presents a research ar cle from one of my Master's projects about the risk of breast cancer in postmenopausal women at high familial risk. This project stems from an original idea of Frédéric Thomas and Benjamin Roche. Their idea comes from eco-evolu onary studies showing that part of our suscep bility to cancer is due to recent changes in the environment. In this project, we inves gated the hypothesis of an evolu onary mismatch: women experiencing more menses episodes should be more at risk of developing breast cancer. This is not a novel idea: several studies validated this hypothesis in cohorts from the general popula on. What is novel in this ar cle is the sample: our sample is cons tuted of women recruited because they are at high familial risk. We ask the ques on of how the evolu onary mismatch is influenced by familial risk.

As sec on 16 presented one important aspect of scien fic research (collabora on), this appendix presents another of those important aspects: carrying (yet) unpublished papers with you, for years.

That being said, the thesis is about the link between senescence and carcinogenesis and this paper is about breast cancer in post-reproduc ve lifespan. So, overall, there is a pa ern. This paper is considered for publica on in a special issue of Fron ers in Ecology and Evoluon edited by Jean-François Lemaître.

INTRODUCTION

Because natural selection usually takes time to shape fitness-related traits in organisms, individuals living in rapidly changing environments may display, at least temporarily, maladapted features. In humans, such evolutionary mismatches are now known to cause several "modern" diseases [1] such as obesity or allergies. In addition, most of the major environmental changes are recent in the history of humankind. For instance, investigations on Non Communicable Diseases (NCDs, as opposed to infectious diseases [2]) pointed out the role of sedentary lifestyle due to urbanization. In return, sedentarity is known to be a risk factor for obesity [3]. Those evolutionary considerations are important: understanding our vulnerability to NCDs helps to shape public health policies [4].

Although cancer is an old disease that has presumably affected humans for a long time [5], it is increasingly assumed that part of our susceptibility to it results from evolutionary mismatches between the environment that our cancer suppression systems evolved for and our modern world [6]. For instance, regular red meat consumption has been associated with an increased risk of developing prostate cancer [7].

In that context, increased breast cancer incidence in controlled-fertility populations could be the result of such evolutionary mismatch. Indeed, additionally to inheritable oncogenic mutations [8], a compelling range of reproductive features have been associated with breast cancer (hereafter BC) risk. For instance, having few offspring and having them late in life is associated with an increased hormone-dependent BC risk [9]. You and colleagues (2018) showed that birth rate variation explains BC incidence variations between countries. In this study, epidemiological indicators such as gross domestic product (GDP), urbanization or overweight, were no longer significantly associated with BC risk once incidence was normalized on birth rate [10].

A lower parity actually results in very high exposure to reproductive hormones: Eaton and colleagues (1994) computed that modern American women are, on average, experiencing 450 menstrual cycles in their lifetime [11] whereas Strassman (1997) showed that Malian Dogon women only experience about 100 menses due to their "natural fertility" (i.e no contraceptive) [12]. Concomitantly, modern American women are ten times more at risk to develop BC. As reviewed by [START_REF] Persson | Estrogens in the causation of breast, endometrial and ovarian cancers -Evidence and hypotheses from epidemiological findings[END_REF], other traits of the modern reproductive pattern have been associated with BC risk such as ages at menarche and menopause, breastfeeding and exogenous estrogen such as oral contraceptive (hereafter, "OC") and postmenopausal hormone replacement therapy ("HRT") [13]. Molecular mechanisms partly explain why reproductive traits are tied to BC risk. For instance, the Collaborative Group on Hormonal Factors in Breast Cancer (2012) found that women with mutated estrogen-receptors were more likely to develop tumors during menopause [14]. Additionally, it has been shown that estrogens have a proliferative effect and trigger mammary cell differentiations [15].

In that same study, Coe and Steadman described the ancestral reproductive pattern as a continuing series of pregnancies and lactation with ancestral women spending most of their lifetime in amenorrhea (implying the absence of ovulation). They hypothesized that departure from this ancestral pattern increased BC risk [15]. Building on observations on the natural fertility population of Dogons in Mali, Strassman (1999) came to the same conclusion and suggested that allocating more energy to sustain more ovulations could in return decrease the investment in maintenance and protection against proliferative problems [16]. In other words, part of our susceptibility to hormone positive BC might result from an evolutionary mismatch: our exposure to cycling hormones may be higher than our cancer suppression systems have evolved to handle. Indeed, a second fundamental aspect differs between the ancestral and modern reproductive patterns: exposure to exogenous estrogen and progestin, OC and HRT. The influence of those exogenous hormones on BC risk is not straightforward. For instance, OCs are supposed to mimic pregnancy and, therefore, could lower the BC risk [17]. Conversely, OCs have been associated with an increased risk of developing BC in different studies (see references in [17]). Lastly, levels of exposure must also be compared to those experienced in natural cycles [18], hence differences between progestins must be asserted.

Regarding HRT, the increase in BC risk depends on whether estrogens are administered alone or combined with a progestin and influence marginally decreases after the treatment is stopped [19].

To explore the influence of all those reproductive traits, the total number of menses women experience in their lifetime has been used as a metric. Two studies investigated the postmenopausal BC risk associated with the cumulative number of menses and the number of menses before First Full-Term Pregnancy (hereafter "FFTP") in cohorts from the general population [20,21]. These two studies, albeit very similar, slightly differed in their results: Clavel-Chapelon (2002) found a linear risk increase [21] whereas [START_REF] Chavez-Macgregor | Postmenopausal breast cancer risk and cumulative number of menstrual cycles[END_REF] suggested that the risk was increasing after a threshold [20]. Both studies focused on cycle regularity as a risk factor and assumed that irregularity leads to longer cycles. This assumption in both studies is interesting because it implies that the authors considered amenorrhea to be a proxy for the "true" number of ovulatory cycles (shorter cycles cannot be ovulatory) but is contradictory since they did not include OC in amenorrhea (OC are supposed to block ovulation).Although paving the way, those two studies did not address the question of how the reproductive pattern influences the risk in women at high risk due to familial history. For instance, BRCA mutation carriers exhibit differential BC risk according to not only their parity but also the timing of the different pregnancies [22].

Here we investigate whether the cumulative lifetime number of menses and the number of menses before FFTP modulates the postmenopausal risk of BC in women at high familial risk. We consider OC periods in amenorrhea and, most importantly, we consider the timespan between menopause and either diagnosis or age at recruitment (2017) to address whether experiencing more menses accelerates the BC onset. We find that the cumulative number of menses is significantly associated with a shorter timespan between menopause and cancer diagnosis whereas the association with FFTP is not significant.

MATERIAL AND METHODS

1) Cohort: recruitment, data collection and ethics

Our sample is a cohort of 522 women recruited at the Centre Hospitalier Université de Montpellier, France in 2017. The inclusion criteria was family medical history: women were recruited because one of their first-degree relatives (n=431), in majority mothers and sisters (n=392) or higher-degree relatives (n=93) developed BC (216 mothers and 186 sisters) or other reproductive tumors (e.g. ovaries : 55 mothers, 31 sisters). Median age at inclusion was 54. Out of the 522 women, 356 of them had developed BC (n=355 confirmed with medical record), median age at first BC diagnosis was 40 yo (n=337). Patients lacking age at diagnosis (n=20) were subsequently removed from analysis.

Among those 522 patients, 144 carry the BRCA1 pathogenic variant and 84 the BRCA2 pathogenic variant (44% of our cohort in total).

Patients were asked to answer a survey by phone. Briefly, this survey was made to allow the calculation of the number of menses for each patient so information on the reproductive pattern was collected. Because BC risk may also include a genetic component, patients were asked about their BRCA1 and BRCA2 mutational status, if known. Lastly, family cancer records were assembled according to the relatedness degree and the tumor type. Patients not reporting ages at menarche and menopause (n=7) or lacking information on their menopausal status (n=8) were removed from the analysis. Eight additional patients were removed when their cancer status (Yes/No) was missing or uncertain.

Here, we focus on postmenopausal BC risk. Therefore, analyses were done on postmenopausal women who declared their menopause as "natural" (as hysterectomy without oophorectomy can mimic menopause without blocking the ovarian function and treatments required further When a timespan was missing, a range of plausible values was defined, assuming the distributions were normal. This allowed to (i) limit result distortion [26] and (ii) to avoid making further biological assumptions. For example, breastfeeding stops ovarian function conditional on the frequency and exclusivity of breastfeeding [27]. As we did not have such information, the "true" length of lactational amenorrhea could not be computed. Instead, a plausible range was computed and analyses were performed on the midpoint value and the range limits. For the number of menses before FFTP, the reproductive span is the length between menarche and FFTP and amenorrhea can only be due to OC. For the cumulative number of menses, the reproductive span is the time between menopause and menarche and amenorrhea can be due to pregnancy, breastfeeding or OC.

5) Statistical analyses

Because it cannot be assumed that controls will not ever develop BC, survival analyses were conducted to allow for right-censoring. Here we focus on the influence of the cumulative number of menses on the occurrence of postmenopausal BC. Therefore we use the timespan between menopause and either age at diagnostic (cases) or age at the time of the study (controls) as a time scale to test for the influence of the lifetime number of menses and the number before FFTP.

Continuous variables have been discretized before being tested in the models : as prescribed by Clark and colleagues (2003) [28], cutoffs were non informative (use of quantiles) and more than two categories were created. Several quantiles were assayed and comparative results gave a first insight on the robustness of the results. All analyses were done in R [29] with the package Survival [30].

161 RESULTS Median age at first birth 24 24

1) Description of sample

2) Lifetime menses and menses before FFTP : distribution comparison (midpoint of plausible ranges)

Out of the 90 women in the sample, 5 patients were nulliparous and 1 patient had missing FFTP data.

Therefore, they were not included in that analysis. Considering OC use periods as part of time spent in amenorrhea, midpoint means (and standard deviations) for the number of cycles before FFTP were 16.68 (±6.92), 15.59 (±5.32) and 17.94 (±8.29) for pooled distribution, distributions in women with and without cancer, respectively. As seen on figure 1, the distributions of the number of menses before FFTP are similar between patients with cancer and controls. The Kolmogorov-Smirnov test similar to both [START_REF] Clavel-Chapelon | Cumulative number of menstrual cycles and breast cancer risk: Results from the E3n cohort study of French women[END_REF] and Chavez-McGregor (2005): a positive trend exists but is not significant.

DISCUSSION

The work presented here investigated the existence of a reproductive mismatch: in postmenopausal women, the risk of BC is increased by greater past exposure to cyclic hormones. We investigated this question using data from a cohort of 90 women drawn from an at-risk population with heavy cancer family history. For each subject, a range of plausible values for the number of menses was computed by considering information on menstrual and reproductive histories.

It has been hypothesized that before the first full-term pregnancy (FFTP), breast cells are highly susceptible to proliferative hormones. Since the question of whether more numerous menses before FFTP is associated with an increase in BC risk is still debated (compare, e.g., [START_REF] Eaton | Women's reproductive cancer in evolutionary context[END_REF] approach with results reviewed by Persson, 2000 [13]), we also investigated how significantly those menses were associated with cancer risk in our cohort. All subjects lived in the area around Montpellier, France, were recruited in the same hospital, surveyed by the same person and had family history of cancer. Therefore, only reproductive confounders have been used in the survival models presented here.

Overall, all the models testing the cumulative number of menses pointed towards the same results:

only the lifetime number of menses was positively and significantly associated with a shorter timespan between menopause and cancer diagnosis. This suggests that a greater lifetime exposure to cyclic hormones reduces the latency of BC onset after menopause. On the other hand, the models testing the number of menses before the FFTP yielded a positive but non-significant trend.

distant past events [33]. The Collaborative Group on Hormonal Factors in Breast Cancer (2012) found evidence that women's answers tend to regress to the mean with further time from the event [14].

Hence, we cannot ensure the absence of recall errors either.

Ultimately, our analysis considered all molecular subtypes of cancer whereas reproductive and menstrual traits have been shown to be positively and significantly associated with BC risk for specific molecular subtypes [34].

This work suggests that the lifetime number of menses is associated with an increased risk of developing BC more quickly after menopause in women at high familial risk. Therefore, high familial risk could be modulated by the reproductive history and the interplay between genetic and reproductive factors should be further studied.

18 Résumé substan el en français Depuis le 19ème siècle et les théories de Virchow, il est établi que le cancer est une maladie des cellules soma ques de l'organisme. Depuis, les théories dominantes de l'oncogenèse considèrent que la transforma on d'une cellule saine en cellule cancéreuse résulte d'un processus d'accumula on d'altéra ons (épi)géné ques transmises le long de son lignage. A l'origine de ces théories, le modèle de Doll-Armitage, publié en 1954, a démontré que la rela on entre l'âge d'un individu et la probabilité qu'il développe un cancer suivait une loi de puissance. La paramétrisa on de ce modèle a ainsi permis de déterminer que le nombre minimum d'altéra ons nécessaires pour qu'une cellule devient cancéreuse se situe entre 5 et 7. Depuis, ce modèle a été éprouvé et complété dans de nombreux cancers, et les altéra ons géné ques précises ont pu être iden fiées. Par exemple, le modèle mul stade de Bert Vogelstein postule que le cancer colorectal résulte de la perte de fonc on séquen elle des gènes FAP, K-Ras, et p53, parmi d'autres.

Face à la perturba on des fonc ons physiologiques causées par le cancer, il existe plusieurs mécanismes cellulaires suscep bles de prévenir l'entrée d'une lignée cellulaire en carcinogenèse. Le premier d'entre eux est l'apoptose, un programme de mort cellulaire déclenché en réponse à une variété de s muli (intrinsèques ou extrinsèques). Ce mécanisme joue un grand nombre de rôles essen els au cours de la vie d'un organisme : tant dans le cadre de la morphogenèse, que face à une infec on virale. Mais en par culier, une cellule peut entrer en apoptose lorsque son matériel géné que est endommagé. De ce fait, ce mécanisme élague les lignées cellulaires suscep bles de devenir cancéreuses. Un autre mécanisme étudié dans le cadre de ce e thèse est la sénescence cellulaire, définie comme un arrêt permanent du cycle cellulaire. Une cellule peut entrer en sénescence pour plusieurs raisons : soit lorsque sa lignée a a eint un nombre cri que de divisions (limite de Hayflick), soit prématurément lorsque des oncogènes ont été ac vés par des altéra ons du matériel géné que. Dans ce dernier cas, les lignées suscep bles de devenir cancéreuses ne sont pas éliminées, mais sont rendues incapables de proliférer ou d'accumuler de nouvelles altéra ons. Il existe d'autres mécanismes de défense contre le cancer, mais ce e thèse ne se concentre que sur l'apoptose et la sénescence cellulaire.

Plusieurs mécanismes moléculaires ont été iden fiés pour expliquer le des n d'une cellule dont le matériel géné que a été altéré : par exemple, les voies p53-p21 et p16-pRB peuvent déclencher leur entrée en apoptose ou en sénescence, et la désac va on de ces voies favorise l'appari on de cellules cancéreuses. Cependant, la raison de l'existence de la sénescence cellulaire, comme voie concurrente à l'apoptose pour assurer la même fonc on de défense contre le cancer, n'a pas encore été iden fiée avec cer tude. En effet, les cellules sénescentes tendent à s'accumuler avec l'âge, et leur accumula on dans les ssus est associée à une augmenta on du risque de défaillance de l'organe : c'est-à-dire au vieillissement de l'organisme dans son ensemble.

Pour répondre à ce e ques on, il peut être u le de s'intéresser aux rapports entre cancer et vieillissement. En effet, les modèles mul stades de la carcinogenèse ont tous pour point commun de prédire une augmenta on du risque de cancer au cours du temps ainsi qu'une augmenta on du risque de cancer lorsque le nombre de lignées cellulaires augmente. Par conséquent, parmi différentes espèces, celles qui ont la plus grande longévité ou celles qui ont la plus grande taille devraient être celles avec la prévalence de cancer la plus élevée. De plus, au sein d'une espèce, la prévalence des cancers devrait augmenter de manière con nue avec l'âge. Toutefois, il existe des points de désaccord entre ces prédic ons et les données empiriques. D'une part, la prévalence des cancers semble ne pas dépendre ni de la longévité d'une espèce, ni de sa taille (ce qu'on nomme communément le "paradoxe de Peto"). D'autre part, chez l'humain, l'augmenta on de l'incidence des cancers tend à décélérer aux grands âges… voire l'incidence diminue aux plus grands âges.

Ce e dernière observa on pourrait en fait être expliquée par un compromis physiologique et évolu f entre carcinogenèse, sénescence cellulaire, et apoptose. En effet, l'existence de ce compromis reposerait sur un des aspects de l'apoptose : les divisions compensatoires. La mort programmée d'une cellule est accompagnée par la sécré on de signaux mitogènes favorisant la division des cellules avoisinantes. En augmentant le nombre de divisions de l'organisme, ce mécanisme pourrait accroître le risque que de nouvelles altéra ons, potenellement oncogéniques, apparaissent et s'accumulent. Ce e thèse vise donc à tester les hypothèses suivantes :

1. la préven on op male de l'accumula on d'altéra ons dans les lignées cellulaires peut être a einte par la combinaison de l'apoptose et de la sénescence cellulaire ;

2. une réponse adapta ve à l'existence du cancer peut être un compromis entre différentes sources de mortalité ;

3. l'existence d'un niveau adapta f de sénescence cellulaire explique la décéléra on de la croissance (ou la décroissance) de la prévalence du cancer aux grands âges chez l'humain.

Le premier chapitre de ce e thèse vise donc à intégrer toutes ces composantes dans un modèle théorique simple de la vie d'un organisme. Ce modèle part des dynamiques cellulaires. A chaque pas de temps, il est considéré la probabilité qu'une cellule subisse des dommages (épi)géné ques, comme une fonc on de :

• la propor on de cellules mito ques ac ves ;

• la propor on de cellules sénescentes ;

• la dégrada on avec l'âge des fonc ons de répara on de l'ADN.

Il est supposé qu'une cellule peut être endommagée en un seul pas de temps. Dès lors, elle peut : soit persister, soit entrer en sénescence, soit entrer en apoptose. Lorsque des cellules entrent en apoptose, on considère que des divisions supplémentaires (divisions compensatoires) sont appliquées aux cellules mito ques ac ves. Parmi les nouvelles cellules, une propor on d'entre elles s'ajoutent aux cellules endommagées. Ce modèle permet donc de suivre la dynamique d'accumula on des cellules endommagées et des cellules sénescentes au cours du temps. Par ailleurs, ce modèle considère la mortalité par cancer comme une fonc on croissante de la propor on de cellules endommagées, et la mortalité par vieillissement comme une fonc on de la propor on de cellules sénescentes. Il considère également un facteur de mortalité extrinsèque, ce qui permet de calculer la probabilité de survie d'un individu à chaque pas de temps. En intégrant une composante de reproduc on (qui elle aussi diminue avec l'âge, en raison d'une sénescence reproduc ve), il est possible de calculer une mesure de la valeur sélec ve de chaque individu.

L'analyse de ce modèle démontre qu'il peut exister un taux de sénescence cellulaire non nul op mal (c'est-à-dire qui maximise la valeur sélec ve). Ce taux op mal varie en fonc on des paramètres de dynamique cellulaire, mais également des paramètres d'histoire de vie (mortalité extrinsèque, sénescence reproduc ve, etc.) : il est donc possible que l'existence de la sénescence cellulaire soit une adapta on face au cancer. Par ailleurs, un taux op mal de sénescence peut, pour certaines valeurs de paramètres, être associé à une décéléra on de l'augmenta on de la mortalité par cancer avec l'âge, voire à une réduc on de la prévalence mortalité par cancer au cours de la vie. Ces cas de décéléra on et déclin sont notamment observés lorsque la mortalité extrinsèque est par culièrement faible, ce qui peut être le cas pour les espèces de grande taille ou pour les individus élevés en cap vité. Finalement, nous u lisons ce modèle pour tenter de reproduire in silico les résultats d'expérience de sénolyse. Dans notre modèle comme dans les résultats d'expériences, l'élimina on sélec ve des cellules sénescentes est associée à une diminu on de l'incidence des maladies liées au vieillissement. Cependant, contrairement aux expériences, elle est associée dans notre modèle à une augmenta on directe de l'incidence du cancer, ce qui peut s'expliquer par la proliféra on compensatoire qui n'a pas nécessairement lieu in vivo.

Dans l'ensemble, le premier chapitre de ce e thèse apporte une preuve de concept que les hypothèses étudiées sont plausibles. Cependant, le modèle qui y est développé considère une approche par culièrement simpliste des dynamiques cellulaires qui donnent lieu à la carcinogenèse.

C'est pourquoi le deuxième chapitre de ce e thèse s'a elle à étudier la dynamique d'accumula on des altéra ons dans les lignées cellulaires, sous l'effet de l'apoptose et de la sénescence cellulaire. Pour ce faire, un modèle individu-centré avec une structure spa ale ex-ment être compensé par la coexistence d'un autre mécanisme de défense, qui ne serait pas pro-mito que. Cependant, ce chapitre montre également que la sénescence cellulaire ne peut pas être ce mécanisme lorsqu'elle n'est pas accompagnée d'une diminu on globale du taux de division dans le ssu.

Finalement, dans un troisième chapitre, ce e thèse s'intéresse à iden fier empiriquement la rela on épidémiologique entre sénescence et cancer au travers de plusieurs espèces. Pour ce faire, les données vétérinaires de parcs zoologiques ont été récupérées auprès du ZIMS (Zoological informa on management system) via l'organisa on Species360. Ce jeu de données contenait ini alement les informa ons de plus de 260000 individus morts entre 2010 et 2022 (ou vivant en 2022), appartenant à 366 espèces dans lesquelles au moins un individu est mort d'un cancer. Cependant, les relevés RDI (relevant death informa on) n'étaient disponibles que pour 4398 individus, appartenant à 16 espèces de mammifères. Seuls ces individus ont donc été incorporés à l'analyse. Pour ces individus, les causes de mortalité ont été divisées en deux catégories : la mortalité par cancer d'une part, et la mortalité par vieillissement ou infec on d'autre part. Ensuite, la durée de vie de chaque espèce a été divisée en quatre quar les. Pour chaque espèce, un taux de mortalité spécifique à chaque cause a été es mé pour chacun des quar les. Enfin, le taux de varia on du taux de mortalité a été calculé entre les paires de quarles successifs, afin d'évaluer lorsque la mortalité augmente, stagne, ou diminue. Ces es ma ons ont été u lisées afin de tester si la décéléra on de la prévalence du cancer observée chez l'humain pouvait être observée dans d'autres espèces, et d'évaluer le lien entre cancer et sénescence. En effet, si le cancer est une maladie du vieillissement, alors on peut s'a endre à ce que les prévalences de cancer et d'autres causes de mortalité progressent au même rythme. En revanche, si le cancer est la conséquence de la sénescence d'autres foncons physiologiques, alors on devrait s'a endre à ce que la prévalence de cancer commence à accélérer après celle d'autres causes de mortalité. Enfin, s'il existe un compromis entre le cancer et les autres causes de mortalité, alors on peut prédire que la mortalité par cancer ne soit dépassée par les autres causes de mortalité qu'aux grands âges. Dans les faits, l'analyse des données récupérées auprès du ZIMS montre que la mortalité par cancer augmente effec vement plus vite que la mortalité par autres causes lors du premier quar le. Cela tend à exclure les deux premières hypothèses : le cancer ne peut pas être ni une maladie du vieillissement, ni une conséquence de la sénescence d'autres fonc ons. Toutefois, si une décéléra on de la mortalité par cancer apparaît bien dans le quatrième quar le, la même tendance peut être observée pour les autres causes. Par conséquent, la troisième hypothèse ne peut pas être validée dans l'état.

Dans l'ensemble, ce e thèse n'a pas pu aborder un certain nombre de facteurs suscepbles de moduler la rela on entre cancer et sénescence : notamment, l'épigéné que, le métabolisme, ou encore l'immunité. Cependant, elle est la première à tester formellement l'hypothèse selon laquelle il existe un compromis adapta f entre carcinogenèse et sénescence cellulaire. Dans ce contexte, ce e thèse démontre par une analyse théorique et empirique que le cancer n'est pas un processus causé par le vieillissement. Au contraire, vieillissement et cancer sont deux processus antagonistes, et l'iden fica on de ce e rela on permet de mieux comprendre les patrons épidémiologiques du cancer.

  Supp. 1 in Appendix 1 for the complete distributions). In these cases, the mean increase in LRS (σ* compared to σ=0) was about 3.3% (SD=2%) and the gain in LRS was largely correlated to the magnitude of σ* (Pearson correlation coefficient, ⍴=0.[START_REF] Paradis | Analyses of Phylogenetics and Evolution in R language[END_REF] Fig. Supp. 1 in Appendix 1 for the complete distributions).

Figure 1 :

 1 Figure 1 : Phases of acceleration, deceleration and decline as a function of age in simulations yielding a gain in LRS > 1%. Figure shows that, for those simulations, deceleration and decline exist in a substantial part of the parameter space. To be contrasted with Fig. Supp. 2 in Appendix 1 showing that, when CS does not allow for a gain in LRS, deceleration and decline are more rarely observed.

Figure 5 :

 5 Figure 5: Percentage change in the cumulative incidence of a) cancer and b) ageing-related causes after senolysis.

  argument advocating for a more refined model taking into account the way dynamics are intertwined with tissue spatialisation, anatomy/histology and paracrine effects of senescent cells. Furthermore, such a model would allows us to differentiate between replicative senescence (induced by telomere attrition) and stress-induced senescence (induced by DNA damage) as both have been shown to lead to different secretory phenotypes(Wissler Gerdes et al., 2020) potentially influencing cancer risk differently. One last simplified aspect of the model is how we considered life-history trait relationship with age: we considered reproductive senescence but not as a function of cellular senescence. Yet, part of the age-dependent decline in fertility could be linked to CS through the exhaustion of cell progenitors. It would therefore be interesting to re-calculate the LRS in a scenario where CS scales the reproductive senescence. All the above limitations lead to downscaling perspectives i.e refining our approach of cellular processes. One last perspective is actually to upscale the model: here, we modeled deterministic phenomenons but, by introducing stochasticity in the model, it could be used to generate populations of heterogeneous individuals (regarding competing mortality risks). Such a model would allow us to test the hypothesis of selective disappearance (see Introduction) and would be of interest for the epidemiological field.

  . https://doi.org/10.1007/s11357-019-00066-2 • Baker, D. J., Childs, B. G., Durik, M., Wijers, M. E., Sieben, C. J., Zhong, J., A. Saltness, R., Jeganathan, K. B., Verzosa, G. C., Pezeshki, A., Khazaie, K., Miller, J. D., & van Deursen, J. M. (2016). Naturally occurring p16Ink4a-positive cells shorten healthy lifespan. Nature, 530(7589), 184-189. https://doi.org/10.1038/nature16932 • Baker, D. J., Wijshake, T., Tchkonia, T., LeBrasseur, N. K., Childs, B. G., van de Sluis, B., Kirkland, J. L., & van Deursen, J. M. (2011). Clearance of p16Ink4a-positive senescent cells delays ageing-associated disorders. Nature, 479(7372), 232-236. https://doi.org/10.1038/nature10600 • Blasco, M. A. (2005). Telomeres and human disease: Ageing, cancer and beyond. Nat. Rev.

  ;(Baker et al., 2011);(Baker et al., 2016);[START_REF] He | Senescence in Health and Disease[END_REF];[START_REF] López-Otín | The Hallmarks of Aging[END_REF] (van Deursen, 2014)). Whether this balance between apoptosis and cellular senescence and their respective costs can be theoretically translated into an evolutionary trade-off has been explored inBieuville et al. (in press). However, this later model tremendously simplifies the reality by sweeping under the carpet two important facts: i) accumulation of mutation occurs along lineages of cells and ii) an organism is constituted of spatially-structured tissues.

Figure 1 :

 1 Figure 1 : a) algorithm flowchart at the cell level. Only the third step ("compensatory divisions") differ between scenarios (see below), b) an example of dynamics over time (N=1000, λ=0.1, a=0.1, T=75, see Table1). Here, the output is the mean damage in the tissue (see below), the three panels represent the dynamics in each scenario, narrow lines represent all the replicates and the broad lines represent the mean value over replicates. We can see that all replicates exhibit very similar dynamics and, c) the three curves for the mean over all replicates are plotted all together, the shaded areas show the overlap of standard deviations over all replicates in the three scenarios.

FIGURE 2 :

 2 FIGURE 2: Flowchart of the algorithm when both senescence and apoptosis are considered regarding damage accumulation. Here, the influence of the SASP is not included. The third step 'Compensatory division' is different between 3 scenarios.

Table 2 :

 2 Parameters of the model b) With the SASP As written in Table 2, with the influence of the SASP, the model takes an extra triplet (r, D, δ)as input. As it is not the scope of the paper to finely analyze the effects of diffusion on the damage accumulation, we choose three values for each parameter and create every possible combination (N=27). Values for r and δ are chosen so that they span a large range. Regarding D, we consider that cells cannot diffuse more than their C cell so the maximum value D can take is ⅙. We choose the other values as and . In our model, the SASP can only

  Scenario1-2. "***" p-value<0.001, "**" p-value<0.01, "*" p-value<0.5.

  Scenario1-2. Levels of significance are as follows:"***" p-value<0.001, "**" p-value<0.01, "*" p-value<0.5.The two different interactions are explored in Figure4. The picture for the interaction a:Scenario is more straightforward than when comparing Scenarios 1 and 2: no matter the level of apoptosis (modulated by a), the mean, variance and maximum damage in a cell are always higher (Fig.4 a,b,c) when lineages are spatially structured. The interaction Scenario:λ is less clear-cut: for small values of λ (i.e. few damage accumulating over divisions), Scenario 2 and 3 yield similar results. The larger the λ, the more distinguishable the two curves are:

Figure 4 :

 4 Figure 4: Prediction plots for the values of the mean and the variance of the damage distribution and the maximum damage a cell has accumulated when the significant interactions between a and Scenario1-2 (upper panel) and between λ and Scenario1-2 are taken into account.

Table 5 :

 5 Regression coefficients and significance of the p-values for each of the explanatory variables included in the most parsimonious models explaining our responses variables in the sets of models comparing Scenario 1 and Scenario 2. Levels of significance are as follows:"***" p-value<0.001, "**" p-value<0.01, "*" p-value<0.5.

Figure 8 :

 8 Figure 8: Predictive plots of the response variable values when interaction between σ and the variable Scenario are taken into account.

Figure 1 :

 1 Figure 1: Cumulative hazard as a function of adult age (i.e., from the species age at sexual maturity onwards) in days.

  coefficients are between 70 to 90% with p-values always lower than 0.001. Although observations are independent at an individual level (i.e., each individual dies from one cause or the other), patterns of cancer mortality with relative age strongly correlates with patterns of non-neoplastic causes of death. Implications of those results are twofold. First, processes shaping mortality from both causes seem correctly captured by the data. Second, it strongly suggests (as suggested elsewhere, see e.g.[START_REF] López-Otín | The Hallmarks of Aging[END_REF]) that similar factors shape cancer and non-cancer mortality across species.

Figure 2 :

 2 Figure 2: Mortality hazard per chronological and relative age since sexual maturity across ℎ 𝑥 species. X-axis is the mid-age of the considered segments of life. Circles, triangles, crosses and diamonds are respectively calculated for the first, second, third and fourth segments of life. Each point represents a species, size of the points are proportional to the number of observed deaths in a given species during a given life segment.

Figure 4 :

 4 Figure 4: Relative ageing rates for infectious and non-infectious causes (X-axis) and for neoplasia (Y-axis) during the first, second and third part of life.

  the supplementary material for Part IV.

Fig. 1 |

 1 Fig. 1 | Distribution of cancer mortality risk across the mammalian phylogeny. a, CMR in various mammals (scale to bar plots is provided on the left of the graph). b, Violin plots indicating order differences in CMR in orders

Fig. 2 |

 2 Fig. 2 | Cancer mortality risk in mammals as a function of animal content in diet. Violin plots show CMR as a function of seven diet items, each coded as rarely/never occurring in the diet or representing the primary/secondary food item of the species. Medians are marked with solid black lines. P values indicate pairwise differences as indicated by models presented in Extended Data Table2that also control for body mass, life expectancy and phylogeny.

Fig. 3 |

 3 Fig. 3 | Association between cancer mortality risk and body mass or adult life expectancy across mammals. a, b, Non-zero CMR plotted against body mass (a) or adult life expectancies (b). Slopes were obtained from the PGLS model presented in Extended Data Table 3a. Points are proportional to the log number of individuals with available postmortem pathological records.

  are based on probabilities. Extended Data Fig. 3 | Predicted cancer mortality risk in function of animal content in diet. Values represent estimated marginal means of a, CMR or b, ICM in function of diet animal content, based on models presented in Extended Data Table

Extended Data Fig. 4 |

 4 Association between occurrence of non-zero CMR and a, body mass or b, adult life expectancy across species. Occurrence of cancer in each species is plotted in function of the number of deceased individuals for which cause of death was known. Predictions were obtained for two scenarios, one for low and one for high a, body masses and b, adult life expectancies respectively. Random noise was added to cancer occurrence to facilitate the visualization of overlapping points. Predictions and associated 95% confidence intervals were obtained from a binomial GLM without phylogenetic control.Extended Data Fig.5| Association between ICM and a,c, body mass or b,d, adult life expectancy. Occurrence of cancer is plotted in function of the number of deceased individuals for which cause of death was known and predictions were obtained for two scenarios, one for low and high a, body masses and b, adult life expectancies respectively. Random noise was added to cancer occurrence to facilitate the visualization of overlapping points.Predictions and associated 95% confidence intervals were obtained from a binomial GLM without phylogenetic control. Non-zero cancer mortality risks were plotted against c, body mass or d, adult life expectancies. Slopes were obtained from the PGLS model presented in Extended Data Table3b. Points are proportional to the log number of individuals with known cause of death.Extended Data Fig.7| Association between cancer mortality risk and body mass as well as adult life expectancy across 191 mammal species. These analysis include the three species excluded in some models due to their high leverages. Plots show a-d, CMR or e-h, ICM. Occurrence of cancer in each species is plotted in function of the number of individuals with post-mortem pathological records. Predictions were obtained for two scenarios: for small or large a,e, body masses and low or high b,f, adult life expectancies respectively.Random noise was added to cancer occurrence to facilitate the visualization of overlapping points. Predictions and associated 95% confidence intervals were obtained from a binomial GLM without phylogenetic control. Non-zero cancer mortality risks were plotted against c,g, body mass or d,h, adult life expectancies. Slopes were obtained from the PGLS model presented in Supplementary Table
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  . Points are proportional to the log number of individuals with known cause of death.
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 4 General formula for the number of menses Number of menstrual episodes were computed as follows:𝑁 𝑚𝑒𝑛𝑠𝑒𝑠 = 𝑟𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝑠𝑝𝑎𝑛-𝑡𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑖𝑛 𝑎𝑚𝑒𝑛𝑜𝑟𝑟ℎ𝑒𝑎 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑦𝑐𝑙𝑒 𝑙𝑒𝑛𝑔𝑡ℎ

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 : Parameters and derived metrics of the model Input parameters Mechanism Notation Description Biological meaning Transition from healthy to damaged cell α

 1 

			Sets the probability α t =α.t that healthy cells turn damaged at time t.	Aggregates rate of cell division per time step, mutation rate and repair efficiency. Therefore, for a given rate of ce division per time step, it accounts for increasing genomi instability with age
			Sets a power function between the	Describes the extent to which senescent cells may
		rDamageToCS	proportion of senescent cells that have accumulated in tissue and the	compromise tissue function through loss of tissues' connectivity or increased inflammation, which may in turn
			probability that cells get damaged.	increase the damage rates of dividing cells.
	Fate of a damaged cell	σ γ	Probability that a damaged cell enters into senescence Probability that a damaged cell undergoes apoptosis	Sets CS efficiency to prevent damaged cells to turn into cancer but at the cost of senescent cells accumulation during the organism life. Sets apoptosis efficiency to prevent damaged cells to turn into cancer but at the cost of compensatory proliferation.
	Mortality by	rCancerToDC	Sets a power function between the proportion of damaged cells and cancer survival.	Describes the resilience to cancer of an organism that accumulated a given proportion of damaged cells.
	cancer and senescence	rSenescToCS	Sets a power function between the proportion of senescent cells and survival to (other than cancer) ageing-related causes of death.	Describes the resilience to (other than cancer) senescent-related disorders of an organism that accumulated a given proportion of senescent cells.
	Life-history	extM	Sets the level of mortality per timestep independently of age	Models the level of irreducible in natura environmental deaths (e.g., coming from predation, infection or accidents)
		SenescRepro	Sets the rate at which reproduction efficiency declines with age	Models a potential senescence of reproduction with age

Derived metrics Properties Notation Description Biological meaning Cell lines undamaged-life-e xpectancy

  

			Mean number of timesteps that a	Describes the potential longevity of cell lines with
			cell line will stay undamaged in	increased genomic instability with age α t , when only
		e 0 cl (α,γ)	absence of accumulation of	apoptosis removes damaged cells with a probability γ.
			senescent cells and organism	This metric accounts for potential interaction between α
			death.	and γ.
	Cancer-only life expectancy	e 0 C (α,γ, rCancerToDC)	

Table 2 -Range of input parameters defining longevity metrics in absence of accumulation of senescent cells Parameters/Derived metrics Maximum longevity case Minimum longevity case

 2 

	α	0.000497	0.006
	γ	0.99	0.765
	→ e 0 cl (α, γ)	2000	100
	rCancerToDC	4	1
	→ e 0 C (α, γ, rCancerToDC)	2000	27
	extM	0.000286	0.037
	→ e 0 E (extM)	3500	13.5
	3. Statistical analyses		
	➢ Can we find parameter combinations where accumulation of senescence cells
	increases the organism LRS? What are the drivers of such an increase and their
	influence on lifetime cancer prevalence?	

Table Sup1

 Sup1 

	shows results of the regressions and type-I anovas exploring the probability of
	finding a σ* yielding a gain in LRS larger than 1%, and for those last cases, the corresponding
	gain in LRS and the lifetime cancer prevalence. The main factors explaining the probability of
	finding a σ* and the resulting gain in LRS were the magnitudes of rCancertoDC, Δr and
	rDamageToCS, which together set the differential in survival costs of accumulating damaged
	and senescent cells. Hence, this result is not surprising as it is structural of the model. They
	together explained about 40% of the variance in the gain in LRS. They however explained
	only 22% of the resulting lifetime cancer prevalence. Comparatively, cellular parameters α

and γ explained much less: about 4% of the variance in both the gain in LRS and the lifetime prevalence of cancer. The respective roles played by life-history parameters were more contrasted. Both extrinsic mortality and senescence of reproduction played a non-negligible role in the variance in the LRS gain (i.e., respectively 19% and 25%), while extrinsic mortality was the key parameter explaining variance in lifetime cancer prevalence (about 63%).

Table 3 -Regression of the magnitude of σ* and of the lifetime prevalence of cancer on metrics supposedly linked to size

 3 

						'In Natura' (R2=81 %)	'Captive' (R2=40%)
	Response		σ*			Prev.C			PrevC
	variable							
	Type of regression		LM			LM			LM
		Sample	Only cases where gain in LRS>1 % Only cases where gain in LRS>1 % Only cases where gain in LRS>1 %
		n		n=2656			n=2656			n=2656
			Coef.	Pr(>|z	Sum square,	Coef.	Pr(>|z	Sum square,	Coef.	Pr(>|t	Sum square,
				|)	type I anova		|)	type I anova		|)	type I anova
	Intercept	8.090e-02 ***		-6.225e-02 ***		6.290e-01 ***
		e 0 cl	-1.330e-04 ***	0.846	3.115e-05 ***	0.890	2.173e-04 ***	3.74
	(e 0	cl -e 0 C )/e 0 cl	2.389e-01 ***	13.789	9.899e-02 ***	0.178	-2.005e-01 ***	14.96
	e 0 E /e 0 C †	-2.325e-02 ***	0.394	1.684e-01 ***	21.421	6.371e-02 ***	3.01
	SenescRepro/e 0 C	5.513e+02 ***	2.943	-2.770e+02 ***	0.742	-8.579e+02 ***	7.12
	Residuals			26.679			5.413		41.90
		† For « captive » without extrinsic mortality, e 0			

E is that prior to captive condition -*** for p-values < 0.001
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Table 1 :

 1 Parameters

				Values taken in
		Algorithm function	Biological interpretation	parameter
				combinations
	N	1st step : 'physiological' divisions	Homeostatic proliferative activity of the tissue	[10³ ; 5.10³ ; 10⁴]
	λ	1st and 3rd steps : 'physiological' and compensatory divisions	Poisson divisions reflecting error-prone cells are upon parameter how	[0.001 ; 0.01 ; 0.1]
	T	2nd step : apoptosis	Mimics the Hayflick limit	[50 ; 75 ; 100]
			Modulates how sensitive	
	a	2nd step : apoptosis	to accumulated damage	[0.001 ; 0.01 ; 0.1]
			cells are	

of the model

To assess how the model behaves with different initial conditions, we arbitrarily choose 3 discrete values that each parameter can take (Table

1

) and then build a set of all the possible value combinations (81 in total). Even if arbitrary, those values are of different magnitude orders so that we can analyze the model behavior in a broad parameter landscape.

•
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	• Wu, S. et al. (2016) 'Substantial contribution of extrinsic risk factors to cancer
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Part IV :

Non-parametric survival analysis of mammals in cap vity shows that, compared to mortality from infec ous and non-infec ous causes, cancer mortality increases faster early in adult life but not later

  

  These 4 hazards can then be expressed as a function of relative age, with

				ℎ 𝑡	𝑡 ∈ 1, 4 [ ]	(i.e.,
	from the first to the fourth segments of adult life) or as a function of chronological age , ℎ 𝑥
	with x taken as the mid-age of the period t,	𝑥 = 𝑥 𝑡 +	𝑥 𝑡+1 -𝑥 𝑡 2	.

  Abegglen, Lisa M. et al. (Nov. 2015). "Poten al Mechanisms for Cancer Resistance in Elephants and Compara ve Cellular Response to DNA Damage in Humans". eng. JAMA 314.17, pp. 1850-1860. Ak pis, C. Athena, Amy M. Boddy, Gunther Jansen, Urszula Hibner, Michael E. Hochberg, Carlo C. Maley, and Gerald S. Wilkinson (July 2015). "Cancer across the tree of life: coopera on and chea ng in mul cellularity". Philosophical Transac ons of the Royal Society B: Biologi-Can we find scenarios where accumulation of senescent cells leads to deceleration and decline in cancer incidence at old ages ?

		Can we find scenarios where the	What are the drivers of the gain in	What are the drivers on the
		accumulation of senescent cells is	fitness of these scenarios ?	prevalence of cancer of such
	Response variable	an optimal stragegy ? Boolean (0/1) if a deceleration or a decline is observed	scenarios ?
	Response variable Type of regression Boolean (1/0). σ* leads to a gain in	log(Gain in fitness) GLM -Binomial (logit)	Prevalence of cancer
	Sample			LRS> 1 %	Only scenarios where gain in LRS>1 %
	Type of regression n		GLM -Binomial (logit)	LM n=2656	LM
	Sample		All scenarios Coef.	Pr(>|z|)	Only scenarios where gain in LRS>1 % Sum square, type I anova Only scenarios where gain in LRS>1 %
	n			n=5000			n=2656	n=2656
		Coef.	Pr(>|z|) Sum square, type I anova	Coeff.	Pr(>|t|) Sum square, type I anova	Coef.	Pr(>|t|) Sum square, type I anova
	α	-2.963e+03 .		9.3	3.770e+02 ***	14.30	1.232e+01	1.009
	α 2	8.248e+05 *		0.4	-5.160e+04 *	0.51	-2.829e+03	0.017
	α 3	-6.964e+07 *		0.2	3.651e+06 .		1.10	2.027e+05	0.005
	γ	-2.293e+02		48.4	-1.427e+01		22.08	-1.652e+01 *	0.258
	γ 2	3.509e+02		3.0	2.573e+01		3.80	1.947e+01 *	0.001
	γ 3	-1.782e+02		0.5	-1.537e+01		0.03	-7.602e+00 *	0.002
	e0 cl	-9.734e-03		0.2	-9.663e-04 *	0.21	1.388e-04 *	0.020
	rCancerToDC	-1.147e+01 ***	0.3	-4.129e+00 ***	20.25	3.018e-01 ***	0.284
	r.CancerToDC 2	5.874e+00 ***	4.1	1.631e+00 ***	63.69	-1.492e-01 ***	0.298
	r.CancerToDC 3	-6.875e-01 ***	0.4	-1.838e-01 ***	16.48	1.911e-02 ***	0.201
	e0 C	6.213e-03		0.0	1.398e-03 **	0.16	-2.661e-04 ***	0.024
	Δrr	1.175e+01 ***	448.4	1.302e+00 ***	193.29	-7.935e-02 ***	3.308
	Δrr 2	-1.292e+00 ***	18.3	-1.269e-01 ***	0.24	4.919e-03 *	0.037
	Δrr 3	1.010e-01 **	7.5	5.034e-03 *	0.10	1.376e-04	0.054
	rDamageToCS	7.817e+00 ***	27.2	6.186e-01 ***	20.65	-4.495e-02 ***	0.855
	rDamageToSC 2	-1.255e+00 ***	17.4	-8.890e-02 ***	10.44	5.924e-03 ***	0.448
	rDamageToSC 3	6.413e-02 ***	7.4	4.234e-03 ***	5.12	-2.585e-04 ***	0.002
	extM	-8.435e+01		39.9	-7.496e+01 ***	104.45	-2.407e+01 ***	9.845
	extM 2	3.413e+03		17.3	2.688e+03 ***	45.88	7.393e+02 ***	4.567
	extM 3	-5.702e+03		3.7	-2.669e+04 ***	7.31	-7.876e+03 ***	1.849
	SenescRepro	2.285e+03 ***	34.5	1.177e+02 ***	143.98	2.526e+01 ***	0.306
	SenescRepro 2	-2.353e+05 ***	11.2	-1.145e+04 ***	39.89	-1.547e+03 ***	0.005
	SenescRepro 3	8.502e+06 ***	2.9	4.297e+05 ***	5.05	3.443e+04 ***	0.002
	Δrr*e0 cl	7.431e-03 **	0.1	3.451e-04 **	0.08	-6.154e-05 ***	0.003
	Δrr*e0 C	-6.841e-03 **	17.4	-3.011e-04 *	28.08	8.707e-05 ***	0.354
	Δrr*r.CancerToDC	-2.332e+00 ***	19.9	-1.973e-01 ***	28.83	1.358e-02 ***	0.217
	Δrr*rDamageToCS	1.730e-01 ***	5.5	9.593e-03 ***	0.72	-1.151e-03 ***	0.014
	rDamageToCS*e0 cl	-2.730e-03 ***	0.1	-2.515e-04 ***	0.00	3.625e-05 ***	0.014
	rDamageToCS*e0 C	2.399e-03 ***	3.5	2.149e-04 ***	3.66	-4.134e-05 ***	0.059
	extM*e0 cl	-6.627e-01 .		0.0	5.455e-02 **	0.84	1.026e-02 ***	0.021
	extM*e0 C	-5.826e+00 ***	9.5	-7.325e-01 ***	29.46	-2.256e-01 ***	1.223
	extM*Δrr	1.272e+01		0.2	-9.559e-01		0.00	1.237e+00 ***	0.064
	extM*rDamageToCS	-5.306e+00		0.5	-1.465e+00 ***	1.81	2.870e-01 ***	0.044
	SenescRepro*e0 cl	3.997e+00 ***	0.5	6.292e-01 ***	0.19	-3.654e-02 ***	0.111
	SenescRepro*e0 C	-3.061e+01 ***	27.2	-3.634e+00 ***	56.19	-9.066e-02 ***	0.043
	SenescRepro*Δrr	-7.754e+00		0.3	-2.157e+00		0.04	-3.717e+00 ***	0.147
	SenescRepro*rDamageToCS -6.198e+01 ***	1.5	-4.471e+00 ***	1.47	-4.295e-01 ***	0.014
	Residuals				456.4			116.36	2.921
	R 2		79 % (MacFadden R 2 )		88%	90%
	* McFadden R2						

  In case of senolytic experiments killing senescent cells at a given age, can we predict the effect on lifetime cancer prevalence and organism longevity?

		Response variable	Percentage change in Cumulative Incidence of cancer after senolysis	Percentage change in Cumulative Incidence of ageing-related causes after senolysis
		Type of regression		LM
		Sample			Only scenarios where gain in LRS > 1%
		n			n=2651	n=2656
					Coef.	Pr(>|z|)	Coef.	Pr(>|z|)
		Intercept			1.02E+01	***	4.19E+00
		σ			4.06E-01	.	-1.84E+00	***
		Age.senolyse			6.22E-04	***	-4.68E-04
		Alpha			9.73E+01	***	9.61E+01	**
		Alpha²			7.88E+02		1.31E+04	*
		Alpha³			-1.44E+05		-1.07E+06	*
		Gamma			-3.73E+01	***	-1.95E+01
		Gamma²			4.37E+01	***	2.53E+01
		Gamma³			-1.64E+01	***	-1.01E+01
		rCancerToDC			1.24E-01	*	2.17E-01	.
		rCancerToDC²			-7.80E-02	***	-1.04E-01	**
		rCancerToDC³ rSenescToCS rSenescToCS²	Mean damage	1.02E-02 1.57E-01 7.81E-03 Variance	*** *** Max damage 1.54E-02 3.68E-01 -1.80E-03 with >= 6 damages *** *** Number of cells
		rSenescToCS³ I		8.421 ***	5.58E-05		5.79E-04
		rDamageToCS			2.17E-02	**	3.03E-02	.
		rDamageToCS² N	0.00171 n.s	-1.87E-03	.	-5.15E-03	*
		rDamageToCS³ SenescRepro λ	68.85 ***	1.01E-04 8.81E+00		2.44E-04 1.90E+01	.
		SenescRepro² SenescRepro³ Scenar		0.01038 ***	1.20E+03 -2.90E+04	*** **	5.97E+02 -1.96E+04
		extM			-1.23E+01	**	-2.03E-01
		extM²			2.26E+02	***	9.08E+01
		extM³			-2.37E+03	***	-1.00E+03
		Alpha*Gamma			-1.33E+02	***	-1.19E+02	***
		Alpha*rCancerToDC	1.32E+00		-1.53E+01	***
		Alpha*rSenescToCS	5.31E+00	***	6.41E+00	***
		Alpha*rDamageToCS	2.47E-01		-3.25E-01
		Alpha*SenescRepro	2.06E+02		-9.87E+02
		Alpha*extM			-2.77E+02		-5.05E+02
		Gamma*rCancerToDC	1.45E-01	***	8.98E-02
		Gamma*rSenescToCS	-2.74E-01	***	-4.11E-01	***
		Gamma*rDamageToCS	-1.39E-02	*	6.73E-03
		Gamma*SenescRepro	-3.00E+01	**	-2.47E+01
		Gamma*extM			9.20E+00	*	-2.69E+00
		rCancerToDC*rSenescToCS	-9.32E-03	***	-1.42E-02	***
		rCancerToDC*rDamageToCS	-1.20E-03	*	-3.38E-04
		rCancerToDC*SenescRepro	-7.02E+00	***	-1.65E+00
		rCancerToDC*extM	-8.33E-01	*	1.22E+00
		rSenescToCS*rDamageToCS	7.97E-04	*	2.98E-04
		rSenescToCS*SenescRepro	4.06E+00	***	-1.04E+00
		rSenescToCS*extM	1.73E-01		-1.04E+00	**
		rDamageToCS*SenescRepro	1.85E-01		-2.47E-01
		rDamageToCS*extM	-8.37E-02		-2.92E-02
		SenescRepro*extM	3.84E+01		9.67E+01
		σ*Age.senolyse			2.17E-03	***	3.44E-03	***
		σ*Alpha			3.95E+01	***	5.67E+01	**
		σ*Gamma			-2.04E-01		1.24E+00	**
		σ*rCancerToDC		1.24E-03		5.04E-01	***
		σ*rSenescToCS σ*rDamageToCS	***	-2.38E-02 -4.57E-03		-2.80E-02 1.6 -2.38E-03
	SenescRepro*Δr*er σ*SenescRepro 1.853e+01	-1.81E+01	***	0.1 -4.15E+00
	SenescRepro*rDamageToCS -5.382e-01 σ*extM Age.senolyse*Alpha Residuals Age.senolyse*Gamma	-3.14E+00 -1.43E-01 -1.00E-03	* *** ***	3.75E+00 0.1 -1.27E+00 317.2 8.10E-04	*** *
	R 2	Age.senolyse*rCancerToDC	-3.23E-05	64 % (MacFadden R 2 ) * -1.49E-04	***
		Age.senolyse*rSenescToCS	6.02E-05	***	-1.04E-05
		Age.senolyse*rDamageToCS	1.86E-06		1.10E-06
		Age.senolyse*SenescRepro	1.80E-01	***	2.31E-01	***
		Age.senolyse*extM	6.28E-02	***	7.67E-02	***
		Adj. R2			0.7004		0.8958
					123

Table 1 :

 1 Sample characteristics

		Cases (n=49)	Controls (n=41)
	Median age at recruitment	71	64
	Median age at menarche	13	13
	Median age at menopause	50	50
	BRCA pathogenic variant	BRCA1 n=9	BRCA1 n=8
		BRCA2 n=7	BRCA2 n=6
	No mutation or variant of	n=33	n=21
	unknown significance		
	Unknown mutation status	n=0	n=6

2.3.3 In health and disease: cellular senescence is involved in physiological and pathological processesSimilarly to apoptosis, cellular senescence is involved in a broad range of both physiological and pathological processes (Muñoz-Espín and Serrano 2014). First, cellular senescence surprisingly plays a role in development: impaired cellular senescence through altera on of p53, p21 or pRb leads to developmental defects in various structures(Wanner et al. 2021). Second,

Please note that in the material presented here, ssues are of different sizes and parameteriza on schemes are different between sec ons A and B. While this does not seem to significantly affect the results, this will be homogenized in the publica ons.
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lineage-structured can lead to a higher carcinogenic risk under certain physiological conditions. 

b) Sensitivity analysis

Similarly to the comparison Scenario1-2, ANOVAs show that variance in the outputs is mainly explained by a, λ and their interaction a:λ (Appendix 1, Supp. Tab. 2). Together, they explain the variance of 89.3% of the mean, 88.9% of the variance, 89.3% of the maximum damage in a single cell and 54.57% of the number of cells with at least 6 damages. Again, Scenario 3 and its interaction with a and λ explain less than 1% of the variance in the mean, variance and maximum damage.

B. Senescence, apoptosis and SASP

Senescence and apoptosis: influence of the structure

The comparisons between outputs from Scenario 1 and 2 and from scenario 2 and 3 allow us to analyze whether, respectively, compensatory divisions and spatial structuring come at a different cost when apoptosis is not the only cellular mechanism responsible for neutralizing 

B. Inspection of data quality

A first way to assess data quality is to visually inspect the distribution of age at death (i.e., the proportion of individuals dying at each age). For any not strictly decreasing mortality hazard with age, such distribution should be bell-shaped. Proportion of deaths increases at younger ages because increasing mortality means more individuals are dying. Proportion of deaths should then decrease at older ages because survivors (the statistical population at risk of dying) are less and less numerous.

If such a decline in proportion of deaths is not observed at old ages, it likely means that we do not have enough survivors at these ages to correctly estimate mortality hazards.

Distributions of death by age are shown for infectious and non-infectious causes in the Appendix 3, supplementary figure 1 and for neoplasia in Appendix 3, supplementary figure 2.

Supplementary figure 1 shows that decrease at old ages is observed for all species but is not satisfactorily declining to very low values at old ages for Lycaon pictus and Macopus rufus.

For neoplasia as well, Supplementary figure 2 shows that decrease at old ages is not satisfactorily declining for at least 6 species: Cavia porcellus, Lemur catta, Macropus rufus, Mustela putorius, Procyon lotor, Saguinus oedipus.

A second way to assess data quality is to compare the maximum age at recorded death from the causes of interest to the age reached by survivors. If we have many survivors older than evidence and its implications for bio-gerontology ', Ageing Research Reviews, 12(1), pp. 214-225. https://doi.org/10.1016/j.arr.2012.07.004. • Pontzer, H. et al. (2021) 'Daily energy expenditure through the human life course', Science, 373(6556), pp. 808-812. https://doi.org/10.1126/science.abe5017.
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Extended Data

Article

Extended Data Fig. 6 | Predicted CMR at various hypothetical life expectancies for small, medium, and large-bodies species. CMR was predicted based on the logistic model presented in Extended Data Table 3a for a series of hypothetical adult life expectancies, ranging from one to 70 years (x-axis). Predictions were obtained for three body masses, corresponding to a small, medium and a large bodied mammal in our dataset. True life expectancies of the three species are marked with red stars. Distribution of life expectancies across the species set of the model is shown by a histogram. Vertical dashed line marks maximum life-expectancy in our dataset. Jaculus jaculus silhouette by Maija Karala. The other animal silhouettes used to visually represent mammalian orders were downloaded from PhyloPic (http://www. phylopic.org).

Article Extended Data Table 1 | Order differences in cancer mortality risk

measured as a, CMR or b, ICM. Only orders represented by a minimum of two species were included in these analyses. Models were constructed using R function "lm" using cancer mortality risks as a dependent variables and order as a sole predictor. Values presented are estimated marginal means and their associated 95% confidence intervals. The number of species for which data was available in each order is also shown. Post-hoc test of order differences in c, CMR or d, ICM across mammalian orders are shown.

Extended Data Table 2 | Association between cancer risk and diet animal content

Models explain variance in a, CMR or b, ICM in function of body mass, life expectancy and diet animal content. Diet animal content is characterized by variables on three taxonomic level: 1. animal content (including any vertebrate or invertebrate prey); 2. invertebrate or vertebrate prey; and 3. within vertebrates fish, reptiles, birds and mammals. Each diet item is coded as a two-level factor: rarely/never occurring in diet and representing the primary/secondary food item of the species. Each diet variable is added one by one to a base model containing the two significant predictors of cancer risk: body mass and life expectancy. Akaike's Information Criteria (AIC) are directly comparable among models with the same independent variable. All models are PGLS regressions.

Article Extended Data Table 3 | Results of phylogenetic models exploring variation in of cancer mortality risk

Results are presented for both a, CMR (%) and b, ICM (%). Binomial phylogenetic GLMMs are presented first and phylogenetic GLSs exploring variation in non-zero cancer mortality risks are presented second. For each model sample size (n) and phylogenetic inertia (s2/λ) are presented at the bottom of the results.

ABSTRACT

Background and objectives: It is increasingly thought that part of human susceptibility to cancer is the result of evolutionary mismatches: our ancestors evolved cancer suppression mechanisms in a world largely different from our modern environments. In that context, it has been shown in cohorts from general Western populations that reproductive traits modulate breast cancer risk. Overall, the more menses women experience, the more at risk they are to develop postmenopausal breast cancer. This points towards an evolutionary mismatch but brings the question whether the reproductive pattern also modulates the breast cancer risk in menopausal women at high familial risk. We thus studied the influence of menses on breast cancer risk in patients at high familial risk, including BRCA1/2 and non BRCA1/2 postmenopausal women.

Methodology:

We studied the association of the lifetime number of menses and the number of menses before first full-term pregnancy with breast cancer risk using Cox survival models.

Results:

We showed that the total lifetime number of menses was significantly associated with postmenopausal breast cancer risk and associated with a quicker onset of breast cancer.

Conclusion:

Results suggest that the reproductive pattern modulates the familial risk of developing breast cancer after menopause. This impacts how we envision breast cancer prevention.

LAY SUMMARY

Because of higher exposure to proliferative estrogens, having more menstrual cycles has been associated with a higher breast cancer risk. Such risk has not been assessed for women at high familial risk. Here, we show that more menses are associated with a quicker menopausal breast cancer onset in those patients. assumptions). The final sample size is n=90 patients with 49 postmenopausal BC cases and 41 postmenopausal cancer-free controls.

2) Reproductive and menstrual variables, mutational status

As explained below, computing the number of menses each patient experienced required to compute the total length they spent in amenorrhea. Each patient's reproductive history was divided into several "blocks" before reviewing the literature on whether those variables are associated with amenorrhea : (i) "pregnancy" (including pregnancy, puerperium, miscarriage, abortions and breastfeeding history), (ii) "contraception" (both hormonal and non-hormonal means of contraception) and (iii) "cycle" (including age at menarche, overall regularity and average length of the cycle). Genetic factors increasing BC risk, such as BRCA pathogenic variants, were considered through a variable "mutational status" (Y/N). As shown by You and colleagues (2018) [10], association of non-reproductive confounders with BC incidence is no longer significant after normalizing by the birth rate. Consequently, we chose to only conduct analyses taking into account the reproductive traits.

3) Handling missing answers

When either the age of menarche or the age of menopause was missing, sample mean values were used as a replacement (respectively 12.8 and 45.8yo). Using central measures to replace missing values of a variable relies on two assumptions: the variable sample distribution is symmetric and missing values are randomly scattered in the cohort. To test the first assumption, probability density functions were visually examined before replacement. Additionally, mean values were compared to values in the literature. On the one hand, mean age at menarche (12.8 vs. 12.6) was consistent with literature [23]. On the other hand, mean age at menopause was lower than estimates found in the literature [24,25].

was not significant (p-value=0.27). Regarding the lifetime number of menses, looking at the distribution of the midpoint values, means were 389.56 (±113.34), 419.94 (±108.12), 353.25 (±109.87) in the pooled sample, in cancer cases and in controls. The Kolmogorov-Smirnov test was significant (p-value<0.05).

Figure 1 : "Distributions of the number of menses before FFTP and the lifetime number of menses" The distribution of menses before FFTP is similar between cases and controls but distribution of lifetime number of menses is not 3) Latency in onset of postmenopausal BC : Cox models (median and limit values in ranges)

To test whether more lifetime menses and more menses before FFTP are associated with an early onset of cancer after menopause compared to controls, we first compared the lifetime number of menses between patients with cancer and controls. As seen on figure 2, the Kaplan-Meyer curves are different with cancer patients experiencing more menses. Then, we performed Cox model analyses with the timespan between menopause and either age at diagnosis or age at recruitment (right-censoring) as the timescale. To account for uncertainties in the number of menses, we assayed the models with different values (lower and upper limits of plausible range and midpoint values).

BC risk according to three levels of the lifetime number of menses ("low" [104;381[, "middle" [381;475[ and "high" [475;674[, computed as the three thirds of the midpoint number distribution in cases) was first tested. Having experienced more menses is positively associated with risk of postmenopausal BC (HR = 1.66 CI95%[0.83;3.33] and HR = 2.24 CI95% [1.13;4.45] for "middle" and "high" levels respectively) but only the association with the higher category was significant (p<0.05).

Additionally, mutational status was assayed as confounder and did not yield different results (see Supplementary 1). When adjusted for OC (Y/N), parity (Y/N), breastfeeding (Y/N) and cycle regularity (Y/N), the model yielded the same results (see Supplementary 2a).

When the plausible range limit values are assayed, results are less straightforward. The upper limit values yield that only the "middle" category of lifetime number of menses (Supplementary 2b) is significantly associated and the lower limit values do not significantly associate any confounders with the latency between menopause and BC diagnosis (Supplementary 2c). In the same manner, models using the pooled distribution of the number of menses yielded contrasted results (Supplementary 4) depending on whether the midpoint or the range limit values were assayed. This shows that our results are i) sensitive to the cutoffs and ii) sensitive to the hypotheses made to compute the ranges. Lastly, the influence of the number of menses before FFTP on BC risk was tested. The model was adjusted for mutational status and two models were assayed: with and without the contribution of the lifetime number of menses. Both yielded the same trend: although the category "high" was positively associated, the p-value was not significant. Testing on the proportionality assumption using the cox.zph() function showed no violation of the assumption in either model. Those results are This work builds up on the work conducted on large prospective cohorts by [START_REF] Clavel-Chapelon | Cumulative number of menstrual cycles and breast cancer risk: Results from the E3n cohort study of French women[END_REF] and Chavez-McGregor (2005). It has the novelty of investigating how the risk pattern linked to menstrual and reproductive histories will be affected in the context of a population selected based on heavy familial history. It also answers another question: do women who experienced more menses also get BC more quickly after menopause?

Regarding the total number of menses, again, we obtained comparable results to both studies. We found that only the highest range of menses had a significant association. This supports the hypothesis of Chavez-McGregor (2005) that the risk is likely shaped as a threshold function rather than linear. The similarity in risk pattern we found suggests that a high family history burden is not the major risk factor, at least not compared to menstrual and reproductive histories. This is supported by the non-significant positive association of BRCA pathogenic variant with BC risk.

Additionally, the number of menses before FFTP is not significantly associated with the risk despite a positive trend: this advocates even more in favor of this idea that elements of menstrual and reproductive histories influence BC risk in synergy.

Interestingly, the risk pattern was similar in our work compared to the literature despite some differing assumptions. In previous work, whether researchers were counting ovulatory or anovulatory was uncertain. For instance, counting menses during OC treatment suggests a focus on all exposures (not only exposure due to complete ovulatory cycles) but considering puerperium in amenorrhea is considering the cessation of ovarian function. Additionally, it is unclear whether reproductive life history traits that appear protective appear so only because they stop ovarian function or because other protective mechanisms are triggered.

Here, we tried to consider only ovulatory cycles. Because the "true" number of ovulatory cycles was not accessible, we computed a range. It has the advantage of avoiding the need for some biological assumptions, for instance the fraction of ovulatory cycles in the few years before menopause. On the other hand, it also shifted the focus towards endogenous hormones and did not allow us to answer whether the pill is protective (and whether, as suggested by Brit and Short (2012), it should be given to nuns as a preventive treatment [31]).

First of all, the data required missing value replacement due to the low sample size not allowing for removal. Two strategies have been adopted: mean and interval substitutions. Both strategies assume the same thing: data are missing at random. As explained by [START_REF] Acock | Working with missing values[END_REF] [32], missing data arising from individuals refusing or failing to complete surveys is not entirely random. In our dataset, some of the surveys have been completed by family members of the sampled women. Therefore, we cannot ensure that all missing data are at random. Mean replacement is the simplest way of dealing with missing data but assumes a symmetrical distribution. Additionally, it adds information by increasing the sample size and distorts the distribution by reducing the variance. Assumptions were met for the age at menarche. Regarding age at menopause, it was less straightforward. Interval replacement assumes that data are normally distributed. Once again, this would need to be more thoroughly assessed.

Second, this work presented results obtained on a relatively small sample size. Because consistency of Cox models requires at least 10 cases per group, this limited the number of covariates that could be adjusted for in the same model. Lastly, the different models were not as robust as the ones found in literature: p-values were sensitive to covariate discretization.

Third, the work presented here is an application of a prospective model to retrospective data. We computed the number of menses the same way as others did but all subjects who had cancer had it beforehand. Consequently, we cannot ensure the absence of recall bias: medical history has been shown to influence the way individuals remember events. Additionally, women answered about
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