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Combined biological and modelling Approach of Hematopoiesis: From Native to stressed Erythropoiesis
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Etoposide, an anticancer drug involved in therapy-related secondary leukemia: Enzymes at play 213 patients the HSC and GMP compartments were increased 60 . Except that, the JAK2V617F expressed in myeloid and lymphoid mature lineages of PV and PMF patients showing that the progenitors with JAK2V617F can create physiological hematopoiesis [62][63][64] . But the JAK2V617F was much expressed in B/NK/myeloid progenitors of PMF compared with PV suggesting the HSC compartment allele burden differs in PV and PMF 62 . However, several studies illustrate that JAK2V617F does not provide a proliferative advantage to the HSC population [64][65][66][67] . BM cells from patients with JAK2 mutations have been Gene studies showed that the mutated NPM1, DNMT3A and FLT3 are expressed in de novo AML 164 but TET2, SRSF2, TP53 and IDH1/2 are common in post-MPN AML than in novo AML [164][165][166][167] . This suggests that the TP53 is one of the major genes which contribute post-MPN AML transformation. Rampal et al.

demonstrates that in JAK2V617F post-MPN AML, the most common co-occurring mutations were TP53 (44%), ASXL1 (44%), and IDH2 (44%).

However, there did not such TP53 mutation in JAK2-wild-type post-MPN AML.

The authors also generated a mouse model of loss of TP53 combination with JAK2V617F retroviral overexpression that eventually developed post-MPN AML.

This leukemia was transplantable and enriched with hematopoietic stem and 3.1 Part1. Dynamic regulation from Stem to Red Cells in unperturbed and stress hematopoiesis

Titre: Mécanismes de transformation, sélection clonale et sous-clonale dans les néoplasies myéoprolifératives (JAK2 V617F) après inactivation de TP53.

Résumé: Les néoplasies myéloprolifératives (NMP) forment un groupe hétérogène de pathologies caractérisées par la prolifération anormale de clones matures d'une ou plusieurs lignées myéloïdes.

Les NMPs sont des pathologies oligoclonales et acquises dans la cellule souche hématopoïétique (CSH). En effet, la présence de mutations somatiques sur un seul clone suffit à donner un avantage prolifératif et favorise une différenciation myéloïde aboutissant à un phénotype myéloprolifératif. Des anomalies dans certaines voies de signalisation intracellulaire jouent un rôle central dans la physiopathologie des NMPs. La mutation JAK2 V617F est la plus fréquement retrouvée dans ces pathologies.

TP53 est aujourd'hui considéré comme un gardien de l'intégrité du génome en maintenant sa stabilité dans les états de stress cellulaire et est impliqué dans de nombreux processus. Les mutations de TP53 sont fréquentes dans de nombreuses pathologies malignes au vu des nombreux rôles de la protéine. En effet, plus de 50% des cancers présentent des mutations de TP53. En outre, les modèles murins mutés ou KO pour TP53 sont sujets au développement de tumeurs et particulièrement des lymphomes. De plus, dans les leucémies aiguës myéloïdes (LAM) secondaires à un NMP, TP53 fait parti des gènes les souvent mutés et impliqué dans leur acutisation.

Par conséquent, nous avons cherché dans ce projet à combiner une approche de modélisation mathématique avec des expériences in vivo sur des modèles murins pour déterminer quand et avec quelle probabilité les mutations de TP53 survenaient dans les NMP. Dans un deuxième temps, nous avons essayé d'établir un modèle murin représentatif des mutations de TP53 retrouvées chez l'homme pour savoir si ces dernières étaient en cause dans les transformations en LAM chez les souris JAK2 V617F.

En utilisant des souris Wild Type (WT), nous avons provoqué un stress aigü par du PHZ, , et stimulé l'hématopoïèse in vivo en combinant cette approche avec un modèle mathématique. Cette modélisation peut être utilisée pour étudier l'hématopoïèse sous d'autre conditions de stress. Dans un deuxième temps, nous avons eu pour objectif de soumettre le même stress chez des souris JAK2 V617F pour établir la chronologie et la probabilité des mutations survenant dans les CSH. Cependant, les données in vivo ont montré que la réponse des souris JAK2 était différente des souris WT ce qui implique la création d'un nouveau modèle mathématique pour stimuler l'hématopoïèse efficacement. Dans les souris mutées pour JAK2 et TP53 nous avons trouvé que les mutations de TP53 ne favoriseraient pas la transformation des NMP en LAM. Toutefois, il semblerait que l'INF soit moins efficace sur les souris mutées JAK2 /TP53 que les souris JAK2 seules. Cette résistance pourrait expliquer la plus grande probabilité d'acutisation avec un délai retardé quand les sous-clones ont une faible charge allélique. Cela suggère que dans les MPN, comme dans les autres cancers, les mécanismes de régulation cellulaire sont importants et qu'il faut plus de deux gènes mutés pour induire un cancer. Abnormal cytokine signaling/signal transduction plays a key role in the pathogenesis of MPN. JAK2V617F is the most common driver mutation in MPN.TP53 is considered as the guardian of the genome, maintains genomic stability under cellular stress and is engaged in a variety of processeser. TP53 mutations are common in many malignancies due to the multiple activities of P53. In fact, more than 50% of cancers harbor P53 gene mutations. Therefore, P53 mutated or null mice are prone to the onset of tumor development, especially lymphomas. In the post-MPN AML TP53 is also one of the major genes which contribute transformation.

Therefore we aimed to combine mathematical modeling with in vivo experiments in a mouse model to determine when and with what probability mutant HSC occurs in the MPN. Secondly, we intended to create a mouse model that more closely resembles the human mutation level to determine if TP53 causes transform to AML in JAK2V617F mice.

We established acute stress by PHZ in normal mice and simulated in vivo hematopoiesis by in vivo mouse experiments combined with a mathematical model. This model can be used to verify the hematopoietic process under other stress conditions. Secondly, we intended to use the same approach to establish the same stress state in JAK2V617F mice to determine the timing and probability of mutant HSC. However, the in vivo data showed that the response of JAK2V617F to stress was different from that of WT mice, so we need to recreate a new mathematical model to simulate the hematopoietic process under the mutation in the following. In the established JAK2V617F/TP53 mice, we found that TP53 did not promote the transfer of MPN mice to AML. However, JAK2V617F/TP53 mice were not as effective as JAK2V617F mice in treating IFN. This resistance to therapy could be an explanation to the higher probability for leukemia emergence with large delay when TP53 subclones are small. This suggesting that in MPN, like in other cancers, the cellular defense mechanisms are important and that more than two gene alterations are necessary to induce cancer. I owe my profound gratitude to Dr. Bruno CASSIANT, he is very nice to show me lots of things from I started to apply this lab to prepared my thesis defence.
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La voie JAK2 joue un rôle majeur dans l'hématopoïèse. Différents modèles murins de NMP ont été largement utilisés dans diverses recherches au fil des ans. Les modèles de souris NMP ont également démontré que l'activation non régulée de la voie JAK2 est responsable du développement de la symptomatologie.

Chez la souris de type sauvage, les cellules souches hématopoïétiques à long terme (LT-HSC) sont quiescentes pour maintenir un état stable. Les MPP (progéniteurs primaires myéloïdes) et les ST-HSC (cellules souches hématopoïétiques à court terme) sont les principaux compartiments qui maintiennent l'hématopoïèse de la souris. Les études ont montré que chez une souris de type sauvage, une cellule LT-HSC entre en mitose tous les 100 jours.

Cela signifie qu'une LT-HSC ne peut faire des mitoses que 6 fois dans la durée de vie d'une souris (2 ans≈600 jours). Les LT-HSC mutées par JAK2 ont un avantage prolifératif par rapport aux cellules normales. Mais dans le modèle de souris MPN, les LT-HSC ont un léger avantage prolifératif par rapport aux cellules des souris normales.

Notre premier objectif est de combiner un modèle mathématique avec une étude in vivo pour déterminer à quel moment doit survenir la mutation JAK2V617F au cours de la vie pour qu'une pathologie puisse emerger. Nous esperons donc que la modélisation mathématique permettre de mieux comprendre les temps d'apparition de la premiere cellule souche pathologique. 

Background

Hematopoiesis is the production of all of the cellular components of blood. It occurs within the hematopoietic system, including organs and tissues such as the bone marrow, liver, and spleen. It begins early in the development of an embryo, well before birth, and continues all the life of an individual. During adult life, hematopoiesis occurs in the marrow of the long bones like femur and tibia, but mainly in the pelvis, cranium, vertebrae, and sternum 1 .

Hematopoiesis represents approximately 5% of total body mass in human healthy adult 2 , 3% of total body mass in rat 3 and 2% in dogs 4 . In pathological conditions, the lymph nodes, liver, and spleen may regain their hematopoietic function that is called extramedullary hematopoiesis (EMH). Pathological 

Myeloproliferative neoplasms

The myeloproliferative neoplasms (MPNs) are a heterogeneous group of disorders characterized not only by implication of one or more of the myeloid lineages and by a clonal proliferation of mature myeloid elements. These disorders are characterized the deregulation of signaling pathways (mostly tyrosine kinase) due to the acquisition of a molecular abnormality in a hematopoietic stem cell (HSC). Indeed, MPNs arise in the HSC compartment as a result of a single HSC acquiring somatic mutations that theoretically give the mutant HSC a selective advantage over normal HSC, thereby promoting myeloid cell differentiation and producing a myeloproliferative phenotype. This population of somatic mutant HSC, which initiate and maintain myeloproliferative phenotypes, is called MPN stem cells compartment.

Subtypes of MPN

There are three subtypes of MPN, polycythemia vera (PV), which mainly characterized by an elevated number of red blood cells; essential thrombocythemia (ET), which refers to an increased number of platelets; and primary myelofibrosis (PMF), which exhibits bone marrow fibrosis 5 .

Polycythemia Vera

Classical PV presentation comprised red blood cell mass increase, hematocrit (HCT) increase, and leukocyte count increase, frequently associated with splenomegaly and incidentally myelofibrosis, but may also manifest as isolated erythrocytosis, isolated thrombocytosis or isolated leukocytosis and/or splenomegaly, or any combination of these conditions. The HCT of peripheral blood is not always representative of the true volume of red cells in PV patients.

In fact, the plasma volume can also vary, and genuine erythrocytosis is indistinguishable from pseudo-erythrocytosis related to plasma volume contraction. Diagnosis is usually reached when there is splenomegaly, leukocytosis and thrombocytosis. But then, patient who expressed isolated thrombocytosis without increased HCT, can have an increased plasma volume and increased red cells mass.

The JAK2V617F mutation is present in at least 95 % of PV patients [6][7][8] . If PV is suspected but no JAK2V617F mutation is found, then mutations in the exon 12 of JAK2 should be searched for.

Clinically, PV is characterized by a high frequency of thrombotic events concomitant to MPN, usually happening at the early course of disease but also during evolution of the disorder. PV is an unstable disease and may evolve toward myelofibrosis or leukemia. Treatment consists in venesections, anti-proliferative therapy or JAK2-targeting drugs. However, cytoreductive treatments like pipobroman or hydroxyurea not only does not eradicate the disease but have also been suggested as able to increase the progression rate to AML 9 . Interferon alpha (IFN-α) seems to be the safest treatment available to control leukocytosis, thrombocytosis, and extramedullary hematopoiesis, as well as to control symptoms caused by inflammatory cytokines. It is also able to reduce the development of the clonal population 10 . At last, ruxolitinib, a JAK2 inhibitor, has been recognized as able to induce hematological responses but the reduction of the clonal development 11 due to this drug is not clearly established.

Then, the best treatment to induce hematological and molecular responses in PV is currently IFN-α, despite this drug cannot be given to all patients due to frequent secondary side effects.

Essential Thrombocythemia

ET is mostly identified in people older than 60 years. However, it can also be diagnosed in young people, especially among the female, around 20% of ET being younger than 40 years [12][13][14] . ET patients present with thrombocytosis, develop persistent and progressive thrombocytosis, and just like PV, arterial and/or venous thrombosis 15 . Splenomegaly are less frequently observed than in PV 16 . Bone marrow biopsy shows proliferative hematopoiesis mainly of the megakaryocyte lineage. In more than 75% of patients, acquired mutations targeting the JAK2 transduction pathway are associated ((JAK2V617F), calreticulin (CALR) or myeloproliferative leukemia virus (MPL)); all these mutations induce constitutive JAK2-dependant signaling. ET patients do not suffer from a significant reduction of overall survival (OS) 17 , when effective treatments and management of the complications are prescribed, then this pathology can lead to an OS of 20 years and above. However, in 10% of cases, ET patients will develop MF during evolution. Bone marrow proliferation, reticular fibers deposits, anemia and age are the risk factors for poorer ET evolution. In addition, AML transformation can also occur and outcome of these secondary AML is very poor.

According to Europe Leukemia Net (ELN) recommendations, the goal of treatment for patients with PV and ET is to prevent first/recurrent thrombosis and bleeding while effectively controlling and occurring (e.g., hematocrit, splenomegaly, histologic changes, etc.) to minimize the risk of developing MF or AML. Hydroxyurea treatment can decrease the rate of thrombosis from 24% to 3.6% in high-risk patients 18 . Anagrelide is as effective as hydroxyurea in controlling platelet counts, but hydroxyurea is superior to anagrelide in arterial thrombosis, hemorrhage, and progression to myelofibrosis. In contrast, anagrelide was superior to hydroxyurea in preventing venous thrombosis 19 .

Low doses of aspirin are effective in reducing microvascular symptoms in patients with ET, but high doses can cause complications such as severe headaches or lupus erythematosus. However, recent studies have reported that twice-daily low-dose aspirin can improve once-daily under dosing while also eliminating adverse complications. Significant effect on improving vascular outcomes in ET patients 20 .

Primary Myelofibrosis

Primary myelofibrosis (PMF) is characterized by erythro-megakaryocytic hyperplasia in the bone marrow, neo-angiogenesis, and osteosclerosis. The median age of PMF at diagnosis is over 60 years, 17% of patients only are younger than 50 and 5% younger than 40. There is a male bias just like in PV (and a female bias in ET) 21,22 . In PMF patients, common findings consist in anemia, fever, cachexia, bone pain, pruritus, splenomegaly, neutrophilia, and thrombocytosis, or in a minority of patients, thrombocytopenia and leukopenia.

Immature granulocytes, nucleated red cells, teardrop-shaped red cells in the blood are biological characteristics of this disorder. The bone marrow histology demonstrates magakaryocytosis with reticulin and/or collagen fibrosis grade 2 or 3 23 . After a variable delay, 20% of PMF transform to AML. Patients who didn't transform may also succumb from other complications, including cardiovascular disease and the effects of cytopenias such as bleeding or infection 24 .

PMF pathogenic mutations are in JAK2V617F 50-60% of patients, CALR in 20% and about 10% have MPLW515/L mutations 25 . PMF therapy aims to improve survival and treat symptoms by preventing bone marrow failure and transformation to AML, treating common systemic symptoms, and preventing thrombohemorrhagic complications 26 

Janus kinase 2 (JAK2)

Abnormal cytokine signaling/signal transduction plays a key role in the pathogenesis of MPN. In 1951, a study reported that MPN was caused by some unknown stimulus leading to excessive proliferation of BM cells 28 . Further studies revealed that hematopoietic progenitor cells from MPN patients exhibit hypersensitivity to cytokines such as erythropoietin(EPO), insulin-like growth factor-1 (IGF-1), IL-3 and granulocyte-macrophage colony-stimulating factor (GM-CSF), and were able to form erythroid and megakaryocyte colonies despite reduced or even absent cytokine levels 29 . In 2005, the role of highly active cytokine signaling in MPN pathology was further enhanced with the discovery of JAK2 kinase activating mutations in the majority of MPN patients [6][7][8]30 .

JAK2-STAT pathway is involved in cell division, cell death, tumor formation and immunity, and is a vital process to communicate chemical/cytokine signals from the outside of cells to nucleus 31,32 . Janus kinases (JAKs), signal transducer and activator of transcription proteins (STATs), and receptors are the key factors for these pathways. The STAT family in human are STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6 33 . The JAK family consist of JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2), which can selectively couple with downstream transcription factors STATs to transduce the signals from more than 60 cytokines and growth factors (Figure 1) 34,35 . JAK2 is the mediator of erythropoietin (EPO) and thrombopoietin (TPO) receptor signaling pathways (Figure 1 and Table 1) 36 . Cytokine receptor experience a conformational change upon ligand binding, resulting in the activation of receptor-associated JAK molecules and the phosphorylation of specific tyrosine residues within the intracellular domain of the cognate receptor. These phosphotyrosine residues on the intracellular domain of the receptor with a src homology-2 (SH2) or a phosphotyrosine binding domain can serve as docking sites for downstream signaling proteins. Once these messengers bind to the receptor, they are phosphorylated by JAK kinase leading to its activation. In this way, extracellular signals can be delivered to the activation of several downstream effector processes, including STAT transcription factors, the Ras/MAPK pathway, and the PI3K/AKT pathway (Figure 2) 36,37 .

Figure 2:

The activation pathway of JAK2 37 .

Table 1: Correlation of cytokines and growth factors with JAK-STAT signaling

In more than 90% of cases of MPN, the driving mutations for the development of a MPN are caused by somatic mutations targeting JAK2, CALR, or MPL and these mutations occur (mostly) in a mutually exclusive manner 38,39 . The frequencies of each type of mutation differ from one MPN phenotype to another, but the most frequent in the three MPN phenotypes is the JAK2V617F between driver mutations and the oncogenesis, which not only induces a growth advantage in the expansion of cancer cells, but also has an active selective role in the microenvironment of oncogenesis 57,58 . The expression of JAK2V617F in the retroviral transduction models, transgenic mice and knock in mice models induces myeloproliferative phenotype but these models harbor some differences. These differences probably correlated with the JAK2V617 expression level suggesting that expression level of the driver mutation is able to modify the phenotype. JAK2 mutation occurs in all hematopoietic stem cells, including not only the myeloid but also the lymphoid lineage 59 . In the PV patients JAK2V617F was identified in HSC 60 and LT-HSC 61 compartments. Except that, flow cytometric results showed an elevated percentage of progenitor compartments in the PV patients 60 xenografted into immunodeficient mice showing that the JAK2 mutated cells did not harbor a self-renewal advantage. Instead, JAK2V617F-positive cells do not have enhanced self-renewal, but rather expand the progenitor cell compartments. These results (and others) suggest that in humans, JAK2V617F mutation per se is not sufficient to initiate MPN disease without the involvement of other factors 68,69 .

In addition to driver mutations, de novo mutations in genes encoding variable regulators of gene expression like epigenetic regulators, mRNA splicing or transcription factors may also serve as disease modifiers of MPN 70 JAK2V617F mutations not only drive the pathogenesis of the three subtypes of MPN, but the expression level correlates with the phenotype of the disease. It has been shown that low expression levels of mutant JAK2 are mainly found in ET while high levels are frequent in PV 71 . This theory was also confirmed in a knock-in mouse model where the ratio of mutant to wild-type JAK2 correlated with the phenotype of MPN 68,72 . In addition, the order in which the mutations occur is critical. TET2 mutations altered the transcriptional program of JAK2V617F activation in a cell-intrinsic manner and are more frequently seen as first event in the ET phenotype. Patients who acquire JAK2V617F first are more likely to develop PV 73 .

In ET, PV and PMF, leukemic transformation may occurred in 1%, 4% and 20% of patients over 10 years, respectively 74 . Once leukemic transformation occurs in MPN patients, the outcome is dismal and the median survival is less than 6 months 75 . Advanced age (>60 y) and chemotherapy also increase the risk of leukemic transformation; however, the true mechanisms and pathways leading to the transformation of MPN to AML have not been well elucidated.

MPN MOUSE MODELS

Currently, JAK2 gene mutation testing becomes a key factor in the diagnostic criteria for MPN. Apart from the explorations in clinics on patient sample data and in vitro with cell lines that mimic the effects of known alterations on hematopoietic signaling pathways, a variety of experimental animal models have been established revealing the mechanisms and dynamics of JAK2V617F-induced MPN.

Retroviral Transduction Mouse Model

Several aberrant JAK2 signaling mouse models have been proposed to study MPN maintenance and progression including the retroviral transduction JAK2V617F mouse model, transgenic mice and knock-in mice carrying JAK2V617F 76 . Retroviral transduction mouse model in which plasmid constructs containing JAK2V617F cDNAs were transduced into mouse BM cells in vitro before transplantation into irradiated recipients, have been the first to be described.

In these models, retroviral expression of JAK2V617F in bone marrow cells induce a MPN-like phenotype in mice, demonstrating the oncogenic role of JAK2V617F. However, this approach has several limitations such as random insertion of constructs, which ultimately affects the expression level of the cDNA. The expression level of mutant proteins in this manner is usually much higher (~10-to 40-fold) than that of physiological wild-type proteins. Furthermore, mitotic progenitor cells are preferred targets, because LT-HSCs are normally mostly in a quiescent state and therefore less likely to be transduced, which may bias the results. Four studies have used this method to express JAK2V617F in mouse models and their results were similar [77][78][79][80] . The transduced JAK2V617F mice mostly exhibited PV-like disease with marked erythrocytosis, leukocytosis and splenomegaly. However, platelet counts were generally normal despite an increased megakaryocytosis.

Bone marrow analysis showed trilineage hyperplasia with increased cell proliferation in the bone marrow and more particularly an erythrocyte expansion. In the second stage of the disease (within 3 to 4 months after reconstitution), a worsening pancytopenia developed with expanded EMH, and progressive development of reticulofibrosis. Furthermore, the mutant cells transplanted into irradiated secondary recipients also recapitulated the PV phenotype, consistent with the cellular autonomy of the mutant clone. The phenotype of C57Bl/6 mice in response to transduced JAK2V617F differs from that of BALB/c in that C57Bl/6 mice exhibit only a slight leukocytosis without subsequent stages of disease progression 79 . This suggests that strain-specific genetic modifications have an effect on JAK2V617F effects/gene expression levels and thus on the disease phenotype. Mullally and colleagues also generated a heterozygous JAK2V617F conditional knock-in mice driven by E2A promoter. This mouse model demonstrated a PV-like phenotype with higher HCT, extramedullary erythropoiesis and splenomegaly. The erythroid cells numbers were also increased in the BM and spleens. The histopathological findings were similar to those of the previous knock-in mouse models with an abnormal spleen structure, significant erythrocytosis and mild megakaryocyte hyperplasia in the red pulp. The erythroid elements in BM were also increased, but megakaryopoiesis was less developed in BM (correlated with normal platelet level in these mice). These mice do not exhibit the Mac1 + Gr1 + increased previously noticed despite the WBC was increased. Meanwhile the fibrosis was also absent in both BM and spleen whatever the mice age. BM analysis exposed that the MEP population was markedly increased while the CMP and GMP populations were unchanged in JAK2V617F mice. This model showed no difference in the sensitivity to EPO of the erythroid progenitors or Stat5 over-activation, suggesting that the JAK2V617F promotes cell differentiation within the LSK compartment.

Moreover, competitive graft of JAK2V617F bone marrow and normal cells showed that the JAK2V617F cells do not have selective proliferative advantage.

Cell sorting and transplantation of the different stem cell populations to secondary graft, demonstrate that the long-term hematopoietic stem cells (LT-HSC) only were transplantable and able to regenerate MPN 67 weeks-old mice. Competitive graft in secondary recipients showed the JAK2V617F contribution to peripheral blood hematopoiesis gradually decreased with time, suggesting that JAK2V617F might impaired the number and/or function of HSC. They also identified that in this model the JAK2V617F did not increased LSK proliferative (cell cycle) but rather induced quiescence or senescence. This mouse model shared many features with human JAK2V617F ET, especially modest thrombocytosis and slightly elevated HCT at the early stage, with a disease progression in about 10% mice to PV-like phenotype. Homozygosity of JAK2V617F using this mouse model was generated. The homozygous mice developed a striking phenotypic switch from ET to PV. The EPO level significantly decreased in homozygous mice, indicating that the erythrocytosis is a cell-intrinsic event. The homozygous mice showed a more penetrant PV phenotype in transplanted mice and reduced survival. In addition to this, homozygous mice have reduced HSC frequency and impaired HSC function resulting in the inability to maintain the PV phenotype over time in transplanted mice 84 . During steady-state hematopoiesis, the majority of adult HSCs are quiescent and only rarely divide in order to maintain the appropriate amount of differentiated blood cells and renew the HSC pool (Figure 6). Under certain circumstances, some HSCs will undergo one of several fates: apoptosis, generation of more hematopoietic progenitor cells (HPCs), or migration. These fates are largely controlled by specific local microenvironments (ie, "niches"), in which HSCs and HPCs reside. Although the HSC niche was first conceptualized in the 1970s, the precise location and nature of the HSC niche has been regulation of HSC self-renewal and differentiation 86,[90][91][START_REF] Bolton | Formation and biological targets of quinones: cytotoXic versus cytoprotective effects[END_REF][START_REF] Lindsey | 1,4-Benzoquinone is a topoisomerase II poison[END_REF][START_REF] Philbrook | Benzoquinone toXicity is not prevented by sulforaphane in CD-1 mouse fetal liver cells[END_REF][START_REF] Badham | Benzene-initiated oXidative stress: effects on embryonic signaling pathways[END_REF][START_REF] Lu | Reactive oXygen species elicit apoptosis by concurrently disrupting topoisomerase II and DNA-dependent protein kinase[END_REF] . Human studies demonstrated that the JAK2V617F appeared not only in mature cells but also in stem cells and progenitor compartments 8,65,[START_REF] Meng | Salvicine, a novel topoisomerase II inhibitor, exerts its potent anticancer activity by ROS generation[END_REF][START_REF] Singh | The effects of 1,4-benzoquinone on c-Myb and topoisomerase II in K-562 cells[END_REF][START_REF] Wiemels | A lack of a functional NAD(P)H:quinone oXidoreductase allele is selectively associated with pediatric leukemias that have MLL fusions[END_REF][100] . But the JAK2V617F mutation effects on HSC is still a matter of debate. The conditional knock-in mouse models identified a JAK2V617F effect on HSC cells but this effect was lacking in either transgenic mouse or retroviral transduction mouse models. Studies in primary human jak2V617F cells in vitro showed also different results, JAK2V617F increased the HSC populations in some studies 83,[START_REF] Smith | Low NAD(P)H: quinone oXidoreductase activity is associated with increased risk of leukemia with MLL translocations in infants and children[END_REF] but others 67,84 did not found any expansion of HSC compartments in their studies. The xenograft study with transplantation of MPN patient's CD34 + cells into mouse did not demonstrate any advantage of JAK2V617F cells over normal cells 66,[START_REF] Li | Increased leukemia-associated gene expression in benzene-exposed workers[END_REF] .

As described before, the JAK2V617F KI mouse under the control of Vav promoter restricts the mutation expression in hematopoietic and endothelial cells and showed PV phenotype with secondary myelofibrosis. In these mice, LSK population was increased 6-fold compared to normal mice in BM and 9-fold increase in spleen. Competitive graft using 30% JAK2V617F mixed with 70% WT found the JAK2V617F increased to more than 80% in 17 weeks and 100% in 35 weeks, demonstrating here a huge JAK2V617F-induced advantage in the HSC compartment [START_REF] Smith | Low NAD(P)H: quinone oXidoreductase activity is associated with increased risk of leukemia with MLL translocations in infants and children[END_REF] . Similar results were also observed in the Salma's study. Using Vav-Cre inducible knock-in system (the mouse model we use in our experiments). These mice showed PV-like phenotype while the number of Lin -, LSK and SLAM in the BM and spleen increased progressively with age suggesting a JAK2V617F-modest proliferative advantage in the HSC compartment. In addition, these authors also used the 30% JAK2V617F and 70% WT for competitive transplantation and showed that Lin -, LSK and SLAM in the BM and spleen cells of the mice increased to about 100%. However, some results were different from the previous studies in these competitive transplantation since JAK2V617F KI mice developed a MPN similar to human PV with a short disease latency and lower survival. In contrast to the above studies, these investigators found that CMP and GMP compartments were unchanged in JAK2V617F mice when LSK and MEP compartments slightly increased. In With time, the number of stem cell and progenitor populations (except MEP and CMP) decreased and the competitive graft showed a decreased chimerism of JAK2V617F cells. This study suggested that JAK2V617F reduces the function and number of HSC and simultaneously induce their subsequent more mature populations toward differentiation and proliferation. This leads to the hypothesis that additional genetic lesions are required to truly increase the clonal expansion.

Overall, the function of JAK2V617F in MPN development and progression is still a matter of debate. Animal models demonstrating different results.

Stress Erythropoiesis

Infection and inflammation due to tissue damage are common, but the decreased ability to produce erythrocytes from steady-state is compensated for in healthy individuals, so that potentially fatal anemia is not observed. One study showed increased erythropoiesis in the spleen of mice in a mouse model of infection and aseptic inflammation [START_REF] Bollati | Changes in DNA methylation patterns in subjects exposed to low-dose benzene[END_REF][START_REF] Chamani | Spectroscopic detection of etoposide binding to chromatin components: the role of histone proteins[END_REF][START_REF] Yu | Benzene metabolite 1,2,4-benzenetriol changes DNA methylation and histone acetylationof erythroid-specific genes in K562 cells[END_REF][START_REF] Zhang | Human CREBBP acetyltransferaseis impaired by etoposide quinone, an oXidative and leukemogenic metabolite of the anticancer drug etoposide through modification of redoX-sensitive zinc-fingercysteine residues, Free Radic[END_REF] . Once the mice infected with Salmonella they develop anemia, but the anemia can be compensated with spleen erythropoiesis which increased EPO production by the liver and kidney also [START_REF] Sun | The role of histone acetyltransferases in normal and malignant hematopoiesis[END_REF][START_REF] Rebel | Distinct roles for CREB-binding protein and p300 in hematopoietic stem cell self-renewal[END_REF][START_REF] Zimmer | Crebbp haploinsufficiency in mice alters the bone marrow microenvironment, leading to loss of stem cells and excessive myelopoiesis[END_REF] . The same as the infection models, sterile inflammation also increased splenic erythropoiesis. The mice injected with Brucella abortus develop anemia in 2-week period which was associated with the bone marrow erythropoiesis decreased. But at day 7 the mice spleen erythropoiesis increased and the mice recover by 4 weeks [START_REF] Chamani | Spectroscopic detection of etoposide binding to chromatin components: the role of histone proteins[END_REF][START_REF] Yu | Benzene metabolite 1,2,4-benzenetriol changes DNA methylation and histone acetylationof erythroid-specific genes in K562 cells[END_REF][START_REF] Qian | Whole-transcriptome sequencing identifies a distinct subtype of acute lymphoblastic leukemia with predominant genomic abnormalities of EP300 andCREBBP[END_REF] . All of these conditions are harmful for the steady state erythropoiesis but stress erythropoiesis can compensate for the infected and inflammation to maintain homeostasis.

Erythropoiesis is classically driven by EPO, which binds to EPOR to trigger the binding of phosphorylated JAK2 to STAT5, then the JAK2-STAT5 complex translocates into the nucleus and induces target gene expression [START_REF] Dorritie | STAT transcription factors in hematopoiesis and leukemogenesis: opportunities for therapeutic intervention[END_REF] Erythropoiesis is a multilevel process that begins with the differentiation of self-renewing bone marrow stem cells into multipotent progenitors [START_REF] Pike | TC-PTP and PTP1B: regulating JAK-STAT signaling, controlling lymphoid malignancies[END_REF] , followed by the differentiation of myeloid progenitors into MEPs and then into a series of early and late erythroid cells that eventually become mature erythroid cells (In Figure 7). In the steady state, erythropoiesis occurs at a constant rate, with senescent cells being replaced by newly generated erythrocytes. Normally, the red bone marrow is the major source of erythropoiesis, but under conditions of acute blood loss or demands for increased oxygenation (like infections, inflammatory reactions), the existing cellular hypoxia controls EPO expression through hypoxia inducible factor alpha 2 (HIF2α). Upregulated EPO expression elicits an increased erythropoietic response, referred to as stress erythropoiesis 113

. It is faster than the steady-state erythropoiesis and aims to ensure a homeostatic state in the body until the steady-state erythrocytes are normalized [START_REF] Kleppe | Mutation analysis of the tyrosine phosphatase PTPN2 in Hodgkin's lymphoma and T-cell non-Hodgkin's lymphoma[END_REF][START_REF] Kleppe | Deletion of the protein tyrosine phosphatase gene PTPN2 in T-cell acute lymphoblastic leukemia[END_REF][START_REF] Nian | T-cell protein tyrosine phosphatase is irreversibly inhibited by etoposide-quinone, a reactive metabolite of the chemotherapy drug etoposide[END_REF][START_REF] Duval | Benzoquinone, a leukemogenic metabolite of benzene, catalytically inhibits the protein tyrosine phosphatase PTPN2 and alters STAT1 signaling[END_REF] .

Figure 7: Normal blood cell production schema and red blood cell development pathway [START_REF] Pike | TC-PTP and PTP1B: regulating JAK-STAT signaling, controlling lymphoid malignancies[END_REF] The presence of signals and progenitor cells that would not be present in steady-state erythropoiesis in the bone marrow is characteristic of stress erythropoiesis. Some of these signals are not associated with erythropoiesis but are more common in stem cell-mediated tissues (like the bone marrow and fetal liver) [START_REF] Mchale | Changes in theperipheral blood transcriptome associated with occupational benzene exposure identified by cross-comparison on two microarray platforms[END_REF] , and these include mainly bone morphogenetic protein 4 (BMP4), growth/differentiation factor 15 (GDF15), and hedgehog (HH) whose functions are associated with SCF and EPO [START_REF] Nian | T-cell protein tyrosine phosphatase is irreversibly inhibited by etoposide-quinone, a reactive metabolite of the chemotherapy drug etoposide[END_REF][START_REF] Duval | Benzoquinone, a leukemogenic metabolite of benzene, catalytically inhibits the protein tyrosine phosphatase PTPN2 and alters STAT1 signaling[END_REF][START_REF] Mchale | Global gene expression profiling of a population exposed to a rangeof benzene levels[END_REF][START_REF] Moran | Induction of apoptosis by benzene metabolites in HL60 and CD34 human bone marrow progenitor cells[END_REF] . These signals along with SCF rapidly promote massive proliferation of early stress erythroid progenitors, but the signals also require elevated serum EPO levels to stimulate the production of stress BFU-E and thus differentiation [START_REF] Kleppe | Deletion of the protein tyrosine phosphatase gene PTPN2 in T-cell acute lymphoblastic leukemia[END_REF][START_REF] Mchale | Global gene expression profiling of a population exposed to a rangeof benzene levels[END_REF][START_REF] Moran | Induction of apoptosis by benzene metabolites in HL60 and CD34 human bone marrow progenitor cells[END_REF] Steady-state erythroid progenitors developed from a defined hierarchy of myeloid differentiation which results in the development of MEP [START_REF] Ruiz-Ramos | Benzoquinone activates the ERK/MAPK signaling pathway via ROS production in HL-60 cells[END_REF][START_REF] Smith | The mechanism of benzene-induced leukemia: a hypothesis and speculations on the causes of leukemia[END_REF] . Spleen is also an important organ in mice for erythropoiesis especially under the stress condition [START_REF] Ramsay | Targeting c-Myb expression in human disease[END_REF] . Stress erythroid progenitors in the spleen are derive from ST-HSC, which migrate to spleen. Once in the spleen these cells become committed to the stress erythroid fate and undergo an initial expansion stage where cells maintain their stem cell characteristics but are unable to differentiate [START_REF] Wan | The role of c-MYB in benzene-initiated toXicity[END_REF] .

Erythrocyte stress is divided into the four main stages (Figure 8) [START_REF] Yasuda | Novel function of HATs and HDACs in homologous recombination through acetylation of human RAD52 at double-strand break sites[END_REF] : the first stage is the specification of the fate of stress erythrocytes [START_REF] Kleppe | Deletion of the protein tyrosine phosphatase gene PTPN2 in T-cell acute lymphoblastic leukemia[END_REF][START_REF] Moran | Induction of apoptosis by benzene metabolites in HL60 and CD34 human bone marrow progenitor cells[END_REF] . ST-HSC in BM migrate to spleen where the HH ligands act with BMP4 to specify the stress erythroid fate. The next stage is the expansion of a transient amplifying population of immature stress progenitors. In this period the stress erythroid progenitors (SEP) amplification with a fast rate [START_REF] Yasuda | Novel function of HATs and HDACs in homologous recombination through acetylation of human RAD52 at double-strand break sites[END_REF] . Some signals promote the amplification of SEP, like GDF15 which is one of the TGFβ family members, potentiates the hypoxia response by repressing the E3 ubiquitin ligase VHL, which promotes the degradation of the hypoxia inducible transcription factor Hif1α [START_REF] Li | Acetylation and deacetylation of DNA repair proteins in cancers[END_REF] . The overall process of terminal differentiation of SEP is similar to that of the steady state, but with certain differences. During the differentiation stage of steady-state progenitors, Kit expression is downregulated and CD71 and Ter119 expression is increased, whereas SEP maintain Kit expression even at late stages of differentiation [START_REF] Ikura | Involvement of the TIP60 histone acetylase complex in DNA repair and apoptosis[END_REF] . Periods of infection and inflammation often cause a stress-induced hematopoietic response marked by an increase in myeloid lineage of bone marrow HSC and HSPC and mobilization of bone marrow neutrophils and HSPC to peripheral tissues. In the same way, hematopoiesis switches to erythropoiesis in stressful conditions such as anemia and hemorrhage. The hematopoietic system is able to cope with a variety of stressful situations and its remarkable adaptability is essential for survival. Myeloid cells are mostly acquired and need to be generated from bone marrow HSPC when they are depleted during the fight against infection. In response to infection, committed bone marrow progenitor cells are induced to proliferate and mature as a rapid and immediate response [START_REF] Lee | TIP60 acetylates H2AZ and regulates doXorubicininduced DNA damage sensitivity through RAD51 transcription[END_REF] .

Hematopoietic stem cells/progenitors respond for the stress.

Immune cells are the first one to respond for the bacterial infection; but in the same time HSPC also respond.

Unlike steady-state erythroid progenitors, stress erythroid progenitors are predominantly converted from ST-HSC, whereas hematopoietic stem cells become erythroid-like after restricted migration to the spleen [START_REF] Kleppe | Deletion of the protein tyrosine phosphatase gene PTPN2 in T-cell acute lymphoblastic leukemia[END_REF] .

In recent years studies have found that uncommitted HSPCs are also actively involved in stress-induced hematopoiesis. HSPC may contribute to the reaction to infection through several mechanisms: (1) Responding to inflammatory factors produced during infection. There is evidence that HPSC and even LT-HSC can respond directly to inflammatory factors, including TPO, SCF, Flt3 ligand, interferons, IL-3, IL-6, TNFα, TGFβ, G-CSF and M-CSF (2). Although it is not clear how HPSC senses changes in peripheral neutrophils, a "neutrostat" system has been found to sense changes in neutrophils during infection, which triggers differentiation of HPSC in the bone marrow to compensate for the loss of cells; Early studies have found that acute anemia leads to tissue hypoxia, which leads to the induction of EPO expression. Increased levels of EPO in serum mobilize cells in the bone marrow, which migrate to the spleen, where expansion and differentiation occur [START_REF] Andersen | Structural and evolutionary relationships among protein tyrosine phosphatase domains[END_REF][START_REF] Sommer | Deficiency in protein tyrosine phosphatase PTP1B shortens lifespan and leads to development of acute leukemia[END_REF] . This is also a good explanation for EMH. Stress erythropoiesis takes place mainly during the development in fetal liver and in the adult liver and spleen [START_REF] Pandey | Role of SHP2 in hematopoiesis and leukemogenesis[END_REF]131 . The unique microenvironment of the spleen supports an extensive erythropoiesis 132 . Steady-state erythroid progenitors develop from a defined hierarchy of myeloid differentiation which leads to the development of erythroid-committed progenitors. But the progenitors of stress erythropoiesis differ from the steady-state progenitors [START_REF] Ruiz-Ramos | Benzoquinone activates the ERK/MAPK signaling pathway via ROS production in HL-60 cells[END_REF][START_REF] Smith | The mechanism of benzene-induced leukemia: a hypothesis and speculations on the causes of leukemia[END_REF] . There is an important distinction between the steady-state erythropoiesis and stress erythropoiesis since BFU-E respond to BMP4 in the stress erythropoiesis but does not express BMP4 receptor in the steady-state hematopoiesis. And the stress erythropoiesis is not continuous like steady-state erythropoiesis. It appears in expanded, transitional and differentiated coupled waves [START_REF] Kleppe | Deletion of the protein tyrosine phosphatase gene PTPN2 in T-cell acute lymphoblastic leukemia[END_REF][START_REF] Moran | Induction of apoptosis by benzene metabolites in HL60 and CD34 human bone marrow progenitor cells[END_REF] . After this, these new cells are required to transfer to the spleen and restart the cycle.

Such properties characterize a stress response pathway in which stress elicits a short-term biochemical or cellular response designed to mitigate that stress until homeostatic mechanisms are able to restore and maintain homeostasis.

Phenylhydrazine and stress

Phenylhydrazine structure and function

Phenylhydrazine is a chemical compound and first reported by Hermann Emil

Fischer in 1875. The chemical structure of PHZ is C6H8N2 and molecular weight is 108 (In Figure 9). PHZ was initially used to treat fever, but was discontinued because of its toxicity to red blood cells until 1933 when Falconer reported that PHZ could be used to treat patients with PV. PHZ was used orally for the treatment of various blood disorders at the beginning of the last century, and the therapeutic effect was evident in some patients 133,134 . 

.2.2 Toxicity of Phenylhydrazine

The lethal dose (LD50) of PHZ is 80-188 mg/kg body weight, aspiration and skin contact are the main routes of infection 135 . PHZ can cause red cells rupture induce acute anemia and consequently effect to other organs like spleen and liver 136,137 . Exposed to PHZ in vitro can cause gene mutation and also has the genotoxic in vivo. There is a study showed that the PHZ was carcinogenic and induce cancer in hematopoietic system in the mice 138,139 .

Phenylhydrazine for the stress Erythropoiesis

Anemic stress in mice compensated for low bone marrow erythroid output by increasing splenic erythropoiesis [START_REF] Nian | T-cell protein tyrosine phosphatase is irreversibly inhibited by etoposide-quinone, a reactive metabolite of the chemotherapy drug etoposide[END_REF][START_REF] Andersen | Structural and evolutionary relationships among protein tyrosine phosphatase domains[END_REF][140][141][142] . Splenomegaly, elevated hemoglobin concentration, and increased erythroblasts frequency in the bone marrow are characteristic of anemia mice. The early study on the reflection of anemia was that PHZ injection caused hemolytic anemia. PHZ was first tested on rats with the dose 20 mg/kg body weight at 1942, inducing the blood cells lowered to 50% than normal and hemoglobin was also decreased around 60% in day 4. This study also showed that the PHZ led to BFU-E and multilineage CFU-mix decreased in the bone marrow while the BFU-E, CFU-E and CFU-mix increased in the spleen [START_REF] Andersen | Structural and evolutionary relationships among protein tyrosine phosphatase domains[END_REF]140,143,144 .The progenitors were also tested in the peripheral blood. This suggesting that the erythropoietic stimulation post hemolytic anemia mobilized progenitors to migrate from bone marrow to spleen.

A mouse model in which flexed-tail (f) mutant showed endogenous splenic stress erythroid progenitors was also used to study stress erythropoiesis [START_REF] Kleppe | Mutation analysis of the tyrosine phosphatase PTPN2 in Hodgkin's lymphoma and T-cell non-Hodgkin's lymphoma[END_REF] . The f/f mice developed fetal neonatal anemia that disappeared within about 2 weeks after birth. Afterwards, the mice had stable erythropoiesis and normal amount of BFU-E and CFU-E in the bone marrow [145][146][147][148] .The f/f mice showed a delayed response with more pronounced anemia treated with PHZ 149,150 . This suggests that the f locus modulates the erythrocyte response to anemia, but do not modulates the homestatic erythropoiesis. The phenotype of f/f mice revealed defective expansion of endogenous erythroid progenitor cells in the spleen as a cause of the inability to respond to anemic stress 147 . These data suggest that stress erythropoiesis generates endogenous splenic stress erythroid progenitors that differ from steady-state erythroid progenitors [START_REF] Kleppe | Mutation analysis of the tyrosine phosphatase PTPN2 in Hodgkin's lymphoma and T-cell non-Hodgkin's lymphoma[END_REF] .

With the development of biotechnology more and more other species were used to test the PHZ function for the hematopoietic system. Recently, the dose of 90 mg/kg was widely used for the in vivo test. It showed that the 90 mg/kg PHZ induced normal erythrocyte and packed cell volume were decreased 45-53% while hemoglobin increased 60% on day 3; reticulosis was declined 75% and erythrocytes with Howell-Jolly bodies exhibited on day 7 151 .

Hemolytic anemia is caused by the ingestion of erythrocytes by macrophages in the spleen, and the translocation of phosphatidylserine from the inner to the outer plasma membrane is a signal of macrophage phagocytosis. Reactive oxygen species (ROS) was identified but surprisingly, lipid peroxidation or phosphatidylserine externalization were not found in the humans and rats red cells exposed to PHZ. ROS was produced by oxidative and denatured hemoglobin and cytoskeleton membrane. Thus, the hemolytic damage induced by PHZ is more a consequence of oxidative changes of erythrocytes than changes in the membrane lipids content.

PHZ induced hemolytic anemia (by the oxidative stress on erythrocytes) but also other effects on other cell lineages that have never fully studied.

Tumor Protein p53

The P53 protein encoded by TP53, was first identified as an oncogene in 1979, but was recognized as a tumor suppressor gene in 1989 152 . The tumor suppressor P53 protein, considered as the "guardian of the genome", maintains genomic stability under cellular stress and is engaged in a variety of processes in development, differentiation, aging and disease 153 .

TP53 gene structure

The human TP53 gene is localized to 17p13 while the murine Tp53 is localized to chromosome 11. A non-functional pseudogene was also found on transcription, not only the balance of the two promoters is required, but also the intron of the TP53 gene plays a role, such as positive regulation in the intron, and its regulation is tissue-specific 154 .

The functions of TP53

The functions of TP53 are mainly related to cell cycle arrest, apoptosis, DNA repair, senescence and, autophagy. (Figure 10). TP53 mutations are relatively common in many malignancies due to the multiple activities of P53. In fact, more than 50% of all malignancies harbor mutations in the P53 gene, and other tumors without mutations also express diminished P53 activity 155,156 . Therefore, P53 mutated or null mice are prone to the onset of tumor development [157][158][159][160] , especially lymphomas 157-160 .

TP53 and MDM2

The level of P53 expression needs to be tightly regulated. High level of P53 leads cells to enter senescence and rapidly activates the apoptosis pathway.

Murine double minute 2 homolog (MDM2) is the primary negative regulator of P53 expression, as it can induce the P53 degradation by ubiquitin system.

The expression of MDM2 is activated by P53, and P53 degradation is also triggered by the MDM2. However, once P53 is phosphorylated at Ser15, Ser20

or Thr18 the MDM2/TP53 complex may be disrupted eventually leading to elevated P53 level (Figure 11). The inhibitor of MDM2/P53 interaction, nutlin-3a, inhibits cytokine-independent growth of JAK2V617F-mediated cell lines suggesting an important role of the MDM2/P53 axis in JAK2V617F-mediated proliferation.

TP53 in MPN

The treatment of MPN patients has improved considerably with the continuous advances in medical biological research, but a proportion of MPN patients still transform into secondary AML. The conversion rate of secondary leukemia in patients with ET, PV, and PMF is 1%, 4%, and 20%, respectively 74 . Post-MPN patients always have a dismal outcomes with a less 6 months median survival 75 .

INTRODUCTION 59 progenitor cell compartments, particularly MEPs 168 . Another study reported homozygous mutation of TP53 in HEL and SET-2 cells that harbor JAK2V617F mutation, but R248W (which is the common mutation of p53) was found in SET-2 cells only. Moreover, the high level of p53 protein was also identified in both cells 169 This suggests that the JAK2V617F and TP53 mutations coexist in leukemia cells, and JAK2V617F could be the driver gene for the post-MPN AML when the TP53 mutated. with the first so that the blood drop was within an acute angle between the two slides. Work as fast as possible with a single, steady motion to spread the blood across the slide and air dried the smear. For the BM smears, a small portion of bone marrow was extracted with a needle, gently prepped by touch on a slide, then the sample was gently compressed with a second slide on top (no additional pressure) and the slide was carefully pulled straight out in the opposite direction. Slides were stained within Wright-Giemsa under 48 hours.

Treatment and analysis of mice

Both femurs and tibias were collected after the mouse were sacrificed with cervical dislocation. Removal of muscle and residual tissue around the femur and tibia and then cut the bone ends, 23-gauge needle and 1 ml syringe filled Lin -Sca -c-kit + . We select the stem cells populations form LSK compartment which include ST-HSC (Lin -sca + c-kit + CD150 + CD48 -), LT-HSC (Lin -sca + c-kit + CD150 -CD48 -), and MPP (Lin -sca + c-kit + CD150 -CD48 + ) with BV711 anti-mouse CD48, HM48-1; PE/Cy7 anti-mouse CD150 (SLAM), TC15-12F12.2 (Biolegend). Progenitor populations were select from LK (Lin + sca + c-kit + ) which contain CMP (Lin -sca + c-kit + CD34 + CD16/32 -), GMP (Lin -sca + c-kit + CD34 + CD16/32 + ), MEP (Lin -sca + c-kit + CD34 -CD16/32 To assess cell viability, surface labelled cells were resuspended in Annexin V binding buffer, and Annexin V (FITC) was added 15 min before analysis (FITC-conjugated Annexin V labeling detection kit, BD Biosciences).

Competitive Bone Marrow Transplantation

Recipient mice (CD45.1+45.2) were irradiated (9Gy) before 24 hours of bone marrow transplantation (BMT). The donor cells from the unisolated bone marrow of JAK2V617F/Vav-Cre and /or JAK2VF/Vav-Cre/p53 -/-mice were mixed with the bone marrow cells from WT mice (CD45.1) to do the BMT by retro-orbital injection. There were three group of recipients mice which were engrafted with 5×10 6 WT cells (50%) plus with 5×10 6 JAK2V617F /Vav-Cre cells(50%) in each mouse as the first group; 5×10 6 WT cells (50%) plus with 5×10 6 JAK2V617F/Vav-Cre/p53 -/-cells (50%) as the second group; 5×10 6 WT cells (50%) plus with 2,5×10 6 JAK2V617F/Vav-Cre cells(25%) and plus 2,5×10 6 JAK2V617F/Vav-Cre/p53 -/-cells (25%) as the third group. Each group also has two mice which were uninjected as the negative control. WBC, RBC, hemoglobin, HCT, and PLT counts were tested from first month of graft. chimerism was also performed each time of blood collection. And begin to treat the mice with a pegylated form of murine IFN-α (peg-IFN-α) (600ng) by IP one time a week until 2 months. Following the mice to get the survival plot.

Meanwhile the same number of mice as the uninjected mice in each group During the statistical analysis, we filter out annotations where there are less than 3 samples with normalized counts greater than or equal to 10.

RNA Sequencing Sample Preparation

Analyzes were pursued with Database for Annotation, Visualization and Integrated Discovery (DAVID) and Gene Set Enrichment Analysis (GSEA) using the following parameters for signification: p<0.05 for DAVID, a False discovery rate (FDR) <0.25 and a Normalized Enrichment Score (NES) >1.

Method to identify enriched pathways

For each experimental comparison, differentially expressed genes with adjusted p values≤ 0.05, from DESeq2 algorithm, were selected. Log fold change values were used to pre-rank differentially expressed genes. Fast Gene Set Enrichment Analysis (FGSEA)25 implemented in the R Bioconductor package was applied to the ranked gene lists. Enriched pathways identified by FGSEA with significant adjusted p values were considered.

Colony-forming unit (CFU) assays

To set up the CFU assay, the MethoCult™ medium was dispensed 3 mL per tube for 1.1 mL duplicate cultures. 5 ×10 6 BM cells were diluted with IMDM + 2% FBS (0.3 mL) and added to a pre-aliquoted 3 mL MethoCult™ tube and vortexed the tube to mix the contents thoroughly. Fill the Petri dish (35×10 mm) with the mixture and incubate at 37°C under 5% CO2 in the incubator (NAPCO, Series 5400) for 7 days. After that colonies were picked to perform the PCR to test the ratio of p53 -/-and JAK2V617F/Vav-Cre.

Statistic Analysis

All of the data were presented as mean ± standard deviation (SD) and analyzes by one-way analysis of variance (ANVOVA) using Graph Pad 8.0 software. In all figures *p<0.05, **p<0.01,***p<0.001.
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RESULTS

Results will be presented as papers that are currently under revision for Part1, Here we want to recapitulate in a single mathematical model stress and steady-state hematopoiesis, based on in vivo experiments. We focused our attention on erythroid response since erythroid cells represent ~95% of blood cells. We chose a "peripheral stress" through hemolytic anemia

RESULTS

(phenylhydrazine administration known to destroy mature red blood cells, RBC)

to avoid direct alterations of the stem cell compartments (Hara and Ogawa, 1976; Klinken et al., 1987). So far, most of studies focused their attention on committed progenitors, the effects on more immature compartments being poorly addressed.

Here, we demonstrate that stress and unperturbed hematopoiesis can be combined in a single system based on a 6-compartment modeling. We 

RESULTS

We first developed a mathematical model able to recapitulate steady-state hematopoiesis from quiescent LT-HSC to RBC. Modelling quiescence/kinetics of proliferation/differentiation processes requires a theoretical number of compartments between LT-HSC and RBC. However, deciphering an exact compartment number remains elusive since nature and number of compartments are not standardized from one study to another. Using a mathematical modelling, we deduced that the theoretical number of compartments should rely upon at least 3 criteria for each compartment: 1size, 2-duration of proliferative steps and 3-self-renewal versus differentiation capacities.

We assumed that an accurate model should integrate stochasticity and amplification in each compartment as well as plasticity in the number of intermediate compartments. Then, a stochastic multi-type branching process was designed to recapitulate native (unperturbed) hematopoiesis, leading to derivation of a macroscopic deterministic system. In vivo steady-state parameters applied to this model helped us to determine the minimal number of amplification motors (k cell compartments) necessary to obtain a lifelong stable RBC production.

Modelling of unperturbed early erythropoiesis

Our model describes a hierarchy of k cell compartments evolving over time.

Each cell of a given compartment divides with a constant rate independently RESULTS from the others and is characterized by its division rate, its self-renewal and differentiation capacity, and for the last compartment (corresponding to RBC), its death rate. The entire dynamics of hematopoiesis presented in Figure 1A and 1B is summarized as follows:

1-For any i=1 , k-2, a cell belonging to the i compartment divides at rate τi>0 in two cells of the same compartment with a probability 0<pir<1 (self-renewal) or in two cells of compartment i+1 with a probability µi pid (=µi (1-pir)) (erythroid differentiation). The pid probability corresponds to differentiation, and µi to commitment towards erythroid rather than non-erythroid lineages. The i=1 compartment corresponds to LT-HSC and i=k to mature RBC.

2-A (k-1)-type cell "divides" at rate τ k -1 >0. Upon division, the cell renews with probability 0<prk-1<1, and gives rise to 2n k-type cells with probability pdk-1=1-prk-1. This dynamic summarizes the n mitosis with negligible self-renewal observed at the end of erythroid differentiation. This amplification was simplified as 2n RBC issued from 1 cell of the previous compartment since terminal erythroid differentiation has been largely modeled before and is not our main concern.

3 -A k-type cell corresponding to mature RBC dies at rate τk >0. The estimation HSPC death rate is estimated to 2-4% per day and then was neglected in our modeling (Domen et al., 2000).

We were aware that stem cell division could be asymmetric (a cell of type i giving birth to two daughter cells, one of type i and the other of type i+1).

RESULTS

However, from our data, it was not possible to distinguish symmetrical from asymmetrical divisions. We therefore neglected the latter for parameter identifiability purpose.

Furthermore, presuming that LT-HSC compartment is at equilibrium, the number of self-renewing LT-HSC is equal to the number of differentiating LT-HSC, i.e p1d=p1r. Moreover, for any i ∈ {2, k-1}, pid-pir >0 to ensure the stability of the system. For any type i=2, k-1, the i-compartment differentiation factor is defined as Di=pid-pir. Since pid+pir =1, Di =1-2 pir =2 pid -1.

According to the literature (Ethier and Kurtz, 1986), LT-HSC number was large enough to approximate the stochastic model by a differential equation system (Figure 1C); therefore compartment sizes at equilibrium can be expressed (Figure 1D). In particular, the i compartment size relies upon the one of compartment i-1 multiplied by 1/Di, meaning that the smaller the Di, the bigger the i compartment size.

As a first step, we assumed that the Di are equal to a positive D value and the µi probabilities equal to 1. Then a direct relationship can be computed between the LT-HSC number, their division rate, the D parameter, the n number of final mitoses, the RBC number, and their death rate (Figure 1E). The minimal number of amplification motors / compartments was computed based on this formula. Such method was drafted in Dingly et al. 2007 (Dingli et al., 2007) with a simple model which does not include temporal dynamics.

RESULTS

Determination of the minimal compartment number

The determination of the theoretical minimum number of compartments was based on Figure 1E. The RBC number and their death rate are known (ie≈10 10 cells/mouse, and 40-day life expectancy). LT-HSC number was evaluated from the proportion of LT-HSC (Lin -Sca-1 + c-kit + , LSK CD150 + CD48 -) estimated as described in Figure S1. Knowing that a C57Bl6 mouse displays ≈250x10 6 ) was computed (Figure 1D) with bounds for division rate (Figure 1F and Table 1).

The n number of mitosis between the two last compartments was assessed as follows: we assume that the k-1 compartment is upstream of BFU-E (Burst-Forming-Unit Erythroid)-enriched cells known to perform 11 cell divisions to in vitro generate mature RBC (Li et al., 2019). Therefore "n" should be over 12.

Taking into consideration all these parameters (Figure 1E), we computed that if RESULTS k=5, then D=0.12; if k=6, then D=0.23; if k=7, then D=0.35. Therefore, the minimum compartment number to obtain D ∈ [0.16; 1] was 6. As previously assessed, the last steps (MEP to RBC) was simplified as 2n RBC from 1 MEP. We focused our attention on HSPC compartments and roughly summarized behavior of committed erythroid progenitors. To match these 6 compartments to cytometric analysis of hematopoiesis, we then in vivo evaluated the cell number and division rates of LT-HSC, ST-HSC, MPP, CMP, MEP, and MEP to RBC compartments (Table 2).

Parameter calibration of the mathematical model for steady-state erythropoiesis.

We first gave bounds to the division rate per day. By considering variations due to BrdU experimental procedure, we used bounds rather than median values to delineate division rates (Figure 1F). Bounds offered the opportunity to include standard deviation from one experiment to another and variability of the time interval between BrdU injection and analysis (20h ± 4h).

We then computed appropriate values of all parameters (Table 2). We took into consideration 1-population size (Table 1), 2-μi probabilities of differentiation were computed allowing calibration of the model (Figure 1D). Our results (Table 2) showed that this steady state erythropoiesis model was able to reproduce unperturbed native hematopoiesis for at least two years, the normal mouse lifetime.

Steady-state model applied to acute erythroid stress.

In order to validate the 6-amplification compartment model in stress hematopoiesis, we induce an acute hemolytic anemia using phenylhydrazine (PHZ) administration (Figure S2A). After a 40%-hemolysis stress observed at day 3, a rapid recovery of RBC was evidenced after 10-16 days (Figure 2A). Our 6-step model was applied to recapitulate RBC recovery but the recovery time exceeded one month, in total discrepancy with observed biological data (Figure 2A). This indicated that, although able to fulfill steady state hematopoiesis, this model was unable to recapitulate the hematopoietic stress response just like previously observed by Busch et al. using their own model (Busch et al., 2015).

We then considered that our model requires additional regulations during stress hematopoiesis.

Analysis of compartment kinetics during acute hematopoietic stress.

In order to decrypt biological mechanisms responsible for this fast RBC recovery, we analyzed all compartment modifications after PHZ injection in blood, BM, and spleen. Briefly, during the first 3 days after injection, we observed a drastic exclude any excess of cell death in the BM progenitor compartments (Figure S3B). Blood cell analysis performed at day 1 and 3 after PHZ injection showed a 15-fold increase in the number of mononuclear cells (Figure 2B) yet with a RESULTS negligible proportion of Lin-cells, precluding an egress of LSK from BM to blood (Figure S3A). In spleen, a stress erythropoietic organ in mouse, the number of mature cells increased (3-fold) (Figure 2E) whereas LSK and CMP compartments displayed no significant variations in cell number, ruling out any role of splenic immature progenitors at day 3 (Figure 2G). Lastly, to confirm stemness properties of LT-HSC assessed by cytometry, competitive BM transplantation with 50% of CD45.1 BM cells from untreated animals and 50% of total BM cells from day 3-PHZ-treated mice were performed in CD45.2 9.5 Gy-irradiated recipients. Blood chimerism analysis 3 months post-transplantation showed a decreased proportion, confirming the decrease number of LT-HSC in BM of day3-PHZ-treated mice (Figure S3C).

The decrease of BM progenitor compartment sizes, without increased proliferation or apoptosis or egress to the spleen or the blood, together with a stable number of MEP displaying a two-fold increased proliferation in BM and spleen, was the result of a rapid differentiation process, like a flush, to quickly compensate loss of RBC through a versatile mechanism.

Recovery of progenitor compartment after PHZ stress.

To assess dynamics of progenitor compartments during recovery after PHZ treatment, we analyzed at days 3, 5, 7, 10, 16 and 28 the different compartment sizes and proliferation rates. Recovery was almost effective in all compartments at day 7-10 (Figure 4A). Surprisingly, at day 10, all compartments displayed a 2-3-fold increased cell numbers before returning to RESULTS normal values at day 28. In parallel, BrdU analysis showed that all BM compartments exhibited a drastic increased cell proliferation at day-10 (the time point of the hematocrit normalization). Thereafter, BrdU incorporation returned to normal values at days 16 and 28 (Figure S2C-G).

Modelling steady-state and stress hematopoiesis by adding compartment regulations

The steady state model previously introduced could not recapitulate the fast return of RBC to equilibrium. Therefore, to model all at once unperturbed and stress hematopoiesis, we introduced regulations by assuming that previously defined parameters depend indirectly upon compartment size through dynamics of two regulators (ur and ud) modulating self-renewal and differentiation, bringing positive and negative effects on compartment sizes, respectively (Figure 3A).

Dynamics of the two regulators followed a double system of production and clearance. The production is given by Michaelis-Menten type functions depending on BM cell numbers. The clearance of the regulator after its production is given by a linear degradation term (Figure 3B). This modelling induced a delay between dynamics of the regulators and changes in compartment sizes, explaining the huge oscillations in cell numbers after PHZ injection.

Assuming that the proliferation rate during late erythropoiesis is regulated in a specific manner (Erythropoietin, Stem Cell Factor, etc…), RBC production RESULTS dynamics from MEP is controlled with a third type of regulation. MEP differentiation gives birth to 2n (t) RBC summarizing the n(t) last mitosis with a Hill function (Michaelis-Menten's type) of the RBC number (Figure 3C). In addition, we hypothesized that differentiation towards a non-erythroid lineage was not affected by all these regulators. Parameters of the regulated-model were calibrated using a stochastic optimization algorithm based on a CMA-ES method (Covariance Matrix Adaptation in Evolution Strategy), which minimizes discrepancy between in silico simulated and experimental data (see Suppl.

data). Optimal parameters obtained by this method are presented in Table 3 and the corresponding cell dynamics in Figure 4B. The later matched with the experimental data in all compartments in stress condition (the oscillation effect) as well as in steady state (second part of the trajectory). Moreover, division rate values were deduced as function of time for each cell type (Table 4).

DISCUSSION

Our In contrast, our present 6-compartment model was designed to reproduce the in vivo dynamics observed throughout unperturbed and stress erythropoiesis, using 8 differential equations, including two for regulator dynamics and naturally created a delay in the oscillation phenomenon due to the duration needed for regulator production and clearance and then better match with RESULTS hematopoiesis process.

Little is known regarding in vivo consequences of a "peripheral" stress on upstream progenitor compartments such as LT-, ST-HSC, MPP, CMP, and MEP.

Our experiments demonstrated that after an acute stress destroying RBC, the first compensatory mechanism entails all compartments, from LT-HSC to CMP, and surprisingly, induces as a first step, differentiation without proliferation just like a flush. Thereafter, all depleted compartments enter into proliferation during a recovery phase, the division rate of each progenitor compartment reaching its maximum value around day 11 but still remain lower than 3 divisions per day (in accordance with biological data) (Table 4). This recovery phase not only replenishes the different "flushed" compartments but exceeds steady-state values. Normalization of all compartment sizes occurs in a third phase just like spring oscillation around the standard values.

These oscillations in cell number from each compartment are in accordance with in vivo data previously reported in post-chemotherapy stressed hematopoiesis (Busch et al., 2015). In contrast, the MEP compartment was not subjected to such a high regulation process in the bone marrow probably because of the well-known spleen stress erythropoiesis process that follows a different kind of regulation as reported here and in previous reports (Perry et al., 2009).

In conclusion, we modeled the plasticity of hematopoiesis recapitulating steady-state as well as stress hematopoiesis, no compartment being RESULTS "protected" from stress consequences. Our mathematical model suggests that regulators of hematopoiesis are dispensable during steady-state hematopoiesis.

Thus, our model opens the way to better understand malignant clonal development and invasion: Stem cell disorders just like leukemias and more generally cancers could arise from successive stress if pathological clonal cells react differently from normal cells in response to aggression.

RESULTS

MATERIALS AND METHODS

Animals

We used adult 6-12 weeks old C57BL/6 Ly5.2 and Ly5.1 mice obtained from Janvier (Le Genest, France). Mice were bred and maintained in pathogen-free conditions in our Institute Animal facilities Unit for Laboratory Animal Medicine at the Université de Paris. All procedures performed were approved by local Committee on the Use and Care of Animals and by the Institutional Animal Care and Use Committee.

Hematologic evaluations

Orbital plexus blood was collected in EDTA tubes from anesthetized mice.

Blood cell counts were determined using automated blood coulter (MS9, Schloessing Melet, Cergy-Pontoise, France). Blood samples were used for cytometry analysis. Serum were collected, stored at -20°C before assessing cytokine levels. BM and spleen Analysis

Mice were killed by cervical dislocation. Bones (femurs, tibias, pelvis and humerus) and spleen were harvested, muscle and tendon tissue were removed using a scalpel and kimwipes. BM and spleens were used for cell count, and cytometry.

BM fraction was flushed out using a syringe containing 1xPBS complemented with 2% Fetal Bovine Serum (FBS). The resulting cell suspension were filtered through a 40µM cell strainer (Corning, NY, USA) and pelleted by centrifugation.

For mechanical grinding, spleens were smashed and ground between rough RESULTS sides of frosted glass slides, and cells were collected in DMEM containing 2% FBS. After incubation in a 24-well plate for 30min at 37°C in a humidified incubator, cell suspensions were passed through a 40µm cell strainer, and cells were re-suspended in DMEM containing 10%FBS. Suspensions were subjected to cytometry analysis after RBC lysis.

Cytometry analysis

Erythrocytes were lysed using ACK Lysing Buffer (Lonza, Basel, Switzerland) before flow cytometry stainings. Total BM and spleen cells were stained with Zombie Viability kit for 15min at room temperature, and thereafter stained with biotinylated anti-mouse Lineage Cocktail antibodies for 30 min (Biolegend).

After washing, cells were stained for 30 min using the following monoclonal antibodies in the BD Horizon Brilliant staining buffer: anti-CD117/c-Kit (2B8)-BB700 and anti-CD34 (RAM34)-AF647 (BD Pharmingen); anti-Ly6a/Sca-1 (D7)-BV510; anti-CD150 (TC15-12F12.2)-PE-Cy7; anti-CD48 (HM48-1)-BV711 ;

Streptavidin APC-Cy7 (Biolegend).

For proliferation analysis, surface stainings were performed as described above, and cells were proceeded for cell proliferation according to manufacturer's recommendations (BD Pharmingen BrdU Flow kits) with BrdU-AF488 (BD Biosciences, Franklin Lakes, NJ, USA). Data acquisition and/or data analysis were performed on the Cochin Cytometry and Immunobiology Facility Cytometry analyses on a Fortessa cytometer (Becton Dickinson), and analyses were done on Kaluza software.

RESULTS

To assess cell viability, surface labelled cells were resuspended in AnnexinV binding buffer, and AnnexinV (FITC) was added 15min before analysis (FITC-conjugated AnnexinV labeling detection kit, BD Pharmingen).

Reconstitution assays

Donor cells were isolated from 6-12-week-old B6.SJL-PtprcaPepcb/BoyCrl Congenic mice (Ly5.1) and Ly5.2 mice after Phenylhydrazine (PHZ) (60 mg/Kg, IP) injection or not. From these mice, hind limbs were extracted and cleaned.

Total BM were flushed, then passed through a 70µM cell strainer to obtain a single cell suspension. A mix of cells from PHZ-treated mouse and untreated mouse was prepared in a 1:1 ratio. A mix of 5x106 cells were resuspended in a total volume of 0.2 mL and transplanted into 5 irradiated (9Gy) CD45.1 C57/BL6 recipient mice. Chimerism analysis was performed three months post-reconstitution using cytometry.

Statistical analysis

Results are presented as mean ± SD. 

TABLES

Table 1: Determination of the cell number of each compartment per mouse and the % of BrdU positive cells in steady state hematopoiesis.Each value is the mean of at least 6 mice.

Table 2: Determination of the division rate/day, the size, and the differentiation factor for each compartment at steady state. Table 1 presents the % of BrdU + cells of each compartment at the steady state, which corresponds to the proportion of cells having performed at least one division during 20 hours. Here, we will relate these informations to the steady-state division rates of each cell type: τ i * . Before BrdU injection, the system is at equilibrium and all cells are unlabeled by BrdU. The numbers of BrdU + and unlabeled i-type cells at time t of the experiment are denoted by N i m (t) and N i (t). Then N i m (0)=0 and N i (0)=x i * .

During the experiment, when an unlabeled cell of i type divides, it becomes BrdU + . Thus the dynamics of unlabeled i-type cell number is expressed as an exponential decrease at τi* rate. Throughout the experiment, the system is considered to be at steady state. Therefore, for any i = 1,...,k-1, and for any t ∈ [0,24h], N i m (t) + N i (t) = x i * . The formula in Figure 1F is then deduced

2-Calibration of the regulated-erythropoiesis model

Parameters of the regulated model were calibrated from data of the 6 population sizes dynamics after PHZ induced hemolysis. In order to model the return to the equilibrium (given in Figure 4B), we considered day 3 as the initial time. Hence initial conditions of the model are given by : x 1 (day 3) = 0.006 . 3. In such algorithms, identifiability is numerically accepted when identical results for a large number of independent runs are obtained.

RESULTS

INTRODUCTION

Classical myeloproliferative neoplasms (MPNs) are hematopoietic disorders characterized by clonal proliferation of mature myeloid elements which manifests clinically as an excess of red blood cells, platelets and / or white blood cells 1 . Mutations in kinases such as JAK2 have been identified in the majority of patients with PV, ET, and PMF, underscoring the importance of activated transduction signaling in the pathogenesis of these disorders [2][3][4][5][6] .

Despite the use of empiric and targeted therapies, a subset of MPN patients transforms to secondary acute myeloid leukemia (AML). The outcome of such transformation remains desperately poor with a median survival of less than 6 months 7 . Advanced age (>60 y), exposure to chemotherapy and mutations of genes involved in splice remodeling, structure of DNA or cell cycle (just like TP53) increase the risk of leukemic transformation [7][8][9] TP53 mutations have been described as associated to post-MPN AML transformation in 25-50% of cases 10,11 suggesting that inactivation of P53 anti-oncogene could be a cooperating event in transformation in combination with over-signaling due to JAK2 gain of function mutation.

Preclinical data implicating mouse models with JAK2V617F retrovirally overexpressed in inactivated TP53 cells suggest that the combination of this sole abnormality in a JAK2V617F overexpressing cell could be sufficient to cause acute transformation 12 . However, clinical data tempered these results since AML is unusual (∼5% of associated malignancies) among Li-Fraumeni RESULTS
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syndrome associated with germline TP53 mutations 13,14 and also because long survival patients with chronic phase MPN and harboring TP53 mutations have been described [15][16][17] .

Recent study suggests that more than the existence of TP53 mutation, the quantity of TP53 mutated cells could be responsible for the transformation, then, "small TP53 mutated clones" could have a neutral impact when larger clones could be detrimental 16,18,19 . In order to better define the impact of TP53 mutations in MPN evolution, we studied mice combining TP53 inactivation and JAK2V617F mutation expressed at a "normal" level and not overexpressed via a viral ectopic overexpression. Altogether our data suggest that TP53 inactivation and JAK2 mutation expressed at a "physiological" level may facilitate clonal progression and resistance to therapies but are not sufficient to induce transformation of chronic phase MPN suggesting that acute transformation of such pathologies may require more than two hits.

RESULTS

Constitutive expression of JAK2V617F/Vav-Cre in TP53 inactivated cells results in MPN-like phenotype

We get the JAK2V617F conditional allele mice from Dr. Villeval (Figure 14). We crossed the JAK2V617F conditional allele mice with Vav-Cre TG mice to generate the JAK2V617F/Vav-Cre mice. In order to know the function of TP53 JAK2V617F/Vav-Cre/TP53 -/-mice having the same trend of increase from one month-old to three months-old animals (Figure 17A, 17B, 17C). Blood smears analysis was not able to detect blast cells at one or three months of age both in JAK2V617F/Vav-cre mice and JAK2V617F/Vav-cre/TP53 -/-mice.

Spleen weights were enlarged in the same order of magnitude (5-fold at three months) in both JAK2V617F/Vav-cre and JAK2V617F/Vav-cre/TP53 -/-mice and increased gradually during time in both backgrounds. (Figure 17E).

Bone marrow histological analysis were performed at one and three months.

As previously reported, the megakaryocytic density of JAK2VF/Vav-Cre mice was higher than observed in normal mice, just as observed in myeloproliferative neoplasms in humans. No difference was observed in RESULTS
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JAK2V617F/Vav-Cre/TP53 -/-mice compared to JAK2V617F/Vav-cre mice.

Older-age mice do not reveal differences between these two backgrounds.

Because mice were relatively young, reticulin fiber deposits were not prominent in JAK2V617F/Vav-Cre at one or three months but neither in JAK2V617F/Vav-Cre/TP53 -/-mice(Figure 17D).

Lastly, survival analysis showed that the JAK2V617F/Vav-Cre mice median survival was around two months when no treatment (or venesections) were performed but TP53 inactivation did not shortened JAK2V617F/Vav-Cre mice lifespan (Figure 17F).

Collectively, these data show that heterozygous endogenous JAK2V617F expression in hematopoietic cells leads to hyperplasia of mature and maturing erythroid, granulocytic, and megakaryocytic cells in blood and hematopoietic tissues whatever the p53 status, suggesting that the JAK2V617F induced phenotype is TP53 independent.

RESULTS capacities in vivo. We firstly analyzed by flow cytometry LT-HSC, ST-HSC, MPP, CMP, MEP and GMP cells at 2 to 3 months of age. At these ages, bone marrow cellularity was not affected by either molecular change. Mice demonstrated in marrow no change in the numbers of Lin -cells, GMP or MEP but an increase in most immature LSK, LT-HSC, and MPP cells when compare to normal mice (Figure 18D). These increases in cell numbers were noticed in JAK2V617F/Vav-cre mice as well as in JAK2V617F/Vav-cre/TP53 -/-mice and were in the same order of magnitude. (Figure 18D). In the spleen, the percentages of LK, LSK, CMP, GMP and MEP and the more immature LT-HSC and ST-HSC and MPP were drastically increased as previously observed, but these features were also found in JAK2V617F/Vav-cre/TP53 -/-mouse spleens (Figure 18E). These results show that endogenous JAK2V617F amplifies all stages of differentiation but TP53 inactivation do not increase these frequencies suggesting that JAK2V617F immature cells proliferation is TP53 independent.

In order to confirm the lack of proliferative advantage compared to JAK2V617F/Vav-cre cells in the most immature compartments induced by TP53 inactivation, BrdU analysis was conducted.

BrdU positive S-phase fraction of DNA-synthesizing cells was statistically increased in BM LT-HSC from JAK2V617F/Vav-cre mice whatever the TP53 status and not different in the two backgrounds of mice and this finding was limited to LT-HSC immature compartments in BM (Figure 18F).

RESULTS

specific genes vary from 6.65% (GMP compartment) to 22.2% (MPP compartment) with a median of 11.1% of deregulated genes (Figure 22A).

Analyzing these JAK2V617F deregulated genes in the JAK2V617F/Vav-cre and in JAK2V617F/TP53 -/-cell compartments, we found that approximatively 61% (37% to 77%) of these deregulations were TP53 dependent, confirming previous studies about the main role of TP53 in JAK2 signaling.

Because the phenotype (MPN) was strikingly equivalent during the first three months of life in the JAK2V617F/Vav-Cre and the JAK2V617F/Vav-Cre/TP53 -/- mice, we hypothesized that the MPN-phenotype per se was TP53 independent and focus our analysis on these genes deregulated in the same way in JAK2V617F/Vav-Cre and JAK2V617F/Vav-Cre/TP53 -/-mice.

We also analyzed JAK2V617F deregulated pathways that are TP53 independent (ie deregulated genes in the JAK2V617F cell compartments and not in the JAK2V617F/Vav-Cre/TP5 -/-cell compartments). We particularly focus on IFN These hematological and chimerism findings were confirmed by the survival analysis with a significant increase of survival for JAK2V617F/Vav-Cre IFNα treated mice (Figure 23H) and not for the JAK2V617F/Vav-Cre/TP53 -/-recipient treated mice (Figure 24G).

These results confirm that IFNα hampers JAK2V617F cell proliferation with normalization of most blood hematological values and reduction of the proliferative advantage of JAK2V617F/Vav-Cre over WT cells but is not as efficient in JAK2V617F/Vav-Cre/TP53 -/-mouse cells.

RESULTS

DISCUSSION

TP53 mutations are the most frequent molecular abnormalities detected in cancer and focus on this molecule and its role on cancer development have been studied for a long time. Because p53 play a main role in cell cycle arrest and apoptosis induction, its inactivation can be directly linked to cancer.

However, it does not directly induce transformation of the cell and external damaging stresses are needed when p53 is loss to stabilize proliferative cells acquiring DNA defects. P53 exerts also a peculiar function on the hematopoietic stem cells, regulating the quiescence of the cells. P53 loss induces proliferation of HSC pool in mice [26][27][28][29][30] that engraft more efficiently than normal cells [27][28][29][30] .

TP53 mutations are relatively rare events in chronic phase MPN 18 but are more frequently detected during evolution and particularly during leukemic transformation 31 . This leads to the hypothesis of a link between P53 inactivation and transformation of signal transduction activation pathologies.

This hypothesis has been reinforced by the demonstration that viral-induced overexpression of JAK2V617F in a P53 inactivated context induce leukemias in mice.

However, recent data on p53 mutations in MPN demonstrated that P53 mutations per se are not associated to higher risk of transformation (at least when the P53 mutation VAF is low) and can exist for extended period of time.

Moreover, the acquisition of TP53 mutations seems to be late events during RESULTS the course of the disease questioning the causality of such mutation in the transformation of MPN.

At the biochemical level, cross-talks between JAK2V617F mutation and P53

have been largely described. JAK2V617F (and other MPN-associated mutations able to activate the JAK/STAT pathway) activates STAT3 and STAT5 that are able to inhibit p53 effects via a MDM2 activation (STAT5) or via a nucleophosmin 1 (NPM1) down-expression regulation (NPM1 reduces p53 level) or directly binding the p53 promoter, inhibiting its expression (STAT3) 32,33 . Direct interactions (and inhibition) of STAT5 proteins by p53 have also been described 34 . JAK2V617F has also been shown to induce La accumulation, a protein that can interact and stabilize MDM2 mRNA, increasing its translation and then inhibiting p53 35 . This JAK2/MDM2 pathway has been clinically reinforced since MDM2 inhibitor (Nutlin-3) significantly reduces MPN-CD34 + cell proliferation when associated to IFN 36 . Lastly, other JAK2-dependant transduction pathways just like RAS/MAPK or AKT/mTOR also regulates p53 functions since ERK phosphorylation upregulate MDM2 expression 37 . Taken together, these results suggest that JAK2V617F mutation and inactivation of p53 could be redundant events in MPN suggesting that p53 inactivation do not induce large modifications in chronic MPN phenotypes.

The contradictory data on JAK2V617F and p53 mutations prompt us to develop a more physiological model of JAK2V617F expression in a context of p53 inactivation in the BM immature cells. Our results demonstrate that p53 RESULTS inactivation do not modify the MPN phenotype at least during the first months, and then is not able to directly induce transformation of MPN. Surprisingly, modifications in the phenotype between WT and p53 inactivated mice in a JAK2V617F context were very mild, reinforcing the hypothesis of a redundancy between JAK2V617F activation and the p53 inactivation.

However, some genetic and phenotypic traits seem to remain p53 dependent in a JAK2V617F context. Firstly, bone marrow competition between JAK2V617F/TP53WT and JAK2V617F/TP53 -/-BM cells demonstrate a huge advantage to p53 inactivated cells. It has been suggested previously that 30

LT-HSC are warranted to develop in 100% of mice a JAK2V617F-induced MPN phenotype. Here, we tested this hypothesis. In our hands, WT mice harbored 11027±742 LT-HSC while JAK2V617F or JAK2V617F/TP53 -/-mice harbored 33250±25000 LT-HSC, meaning that JAK2V617F mice have a 3-fold increase in LT-HSC number. Triple competitive BM transplantations with different ratio of WT, JAK2V617F and JAK2V617F/TP53 -/-cells, led us to inject 262, 157, 52 or 10 JAK2V617F/TP53 -/-cells in recipients. In all cases but when mice received only 10 LT-HSC, cells are sufficient to generate MPN with complete penetrance (and p53 inactivation in more than 90% of the colonies) confirming previous data on the necessity to transplant at least 30 LT-HSC to fully develop a MPN in mouse.

Moreover, these triple competitive BM transplantations demonstrate in vivo that 52 JAK2V617F/TP53 -/-cells can overgrowth 472 JAK2V617F LT-HSC suggesting an over 9-fold capacity to invade the hematopoietic system over RESULTS
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JAK2V617F only cells when JAK2V617F LT-HSC have approximatively the same advantage over normal cells as reported previously 38 . Thus, JAK2V617F/TP53 -/- cells could have a 20-fold proliferative advantage over WT cells during stress hematopoiesis. Second, molecular analysis performed during steady-state tends to demonstrate that a large set of JAK2V617F-induced deregulated genes are p53 dependent since immature populations of JAK2V617F/TP53 -/-cells are closer to normal than JAK2V617F/TP53 WT cells. Such set of genes include the IFN pathway associated genes that are clearly upregulated in the JAK2V617F context (probably explaining the high sensitivity of these cells to IFN therapy) and comparatively downregulated when p53 is inactivated, suggesting a lower sensitivity of these cells to IFN therapy. We confirmed this differential sensitivity to IFNα therapy in JAK2V617F cells compared to WT or JAK2V617F/p53KO cells in vivo. This suggests that patients harboring p53 mutations in chronic MPN could be less sensitive to IFN-based regimen; This need to be confirmed in IFNα treated patients in order to decipher whether screening on p53 mutations need to be performed before IFNα therapy in humans, just like hypothesized by our group for the use of MDM2 modulators 39 .

IFNα has been previously suggested as able to induce p53 dependent apoptosis via Fas 40,41 , a death receptor expressed on cycling HSC 42 . Thus, modulating Fas expression could be a way to prevent IFN resistance for these patients.

In conclusion, our results show that endogenous P53 inactivation in a JAK2V617F context is not sufficient to directly induce transformation of MPN Because this pathway plays a major role on myeloid (but also lymphoid) physiology, mouse models were decisive to demonstrate that unregulated activation of this pathway is causal in MPN development.

However, the mild proliferative advantage due to the mutations opens new questions about the emergence of these diseases. If the mutation is causal and acquired in a stem cell, then, the development of the disease needs this quiescent (by definition) stem cell to proliferate.

In mouse (and it can be hypothesized that it is the same in human) the more immature stem cells are quiescent for very long term and in fact are dispensable in "steady state", ST-HSC and MPP being able to assure the long-term repopulation of mice. This illustrates the quiescence process characterizing the LT-HSC. In mouse, it is now clearly demonstrated that these cells enter in mitosis one time every 100 days approximatively 209 . This means that a LT-HSC, during the life a mouse (2 years) makes 6 mitoses only. It has been demonstrated that JAK2V617F-mutated LT-HSC are able to enter cell cycle more efficiently than normal stem cells 59 . However, in CML as well as in JAK2V617F models, the proliferative advantage of mutant HSCs is not so clear.

In our study, in steady state, 1% of normal LT-HSC enter cell cycle each day compared to 2% for JAK2V617-mutated LT-HSCs. We then could hypothesize that the cycling capacity of JAK2V617F-mutated LT-HSC is doubled when compared to normal cells, leading to 12 mitoses only during the life of the mouse. Then, from one LT-HSC acquiring a JAK2V617F mutation, the probability to develop a MPN disease after 1 year should be very low. The second point to take into consideration is the mutation acquisition time. MPN are considered as acquired pathologies and then it is currently admitted that the first mutated stem cell should emerge during the adulthood. Furthermore, it is hard to understand how a quiescent stem cell could acquire a mutation. For almost a hundred years, geneticists have believed that the more a cell divides the more mutations it acquires, rendering the LT-HSC "resistant" to mutation acquisition.

However, it has been shown that quiescent cells, which do not divide, also acquire particular type of mutation such as deletions. However, the acquisition of JAK2V617F mutation does not correspond to this type of mutation (but it could be the case for CALR mutations).

Then, if we postulate that the JAK2 mutation is acquired during the adulthood in a single cycling stem cell, then the probability of developing MPN disorders appears very low, or impossible. Another alternative could be the emergence of JAK2 mutations during the fetal life, when stem cells proliferate quickly to create the stem cell pool, in the fetal liver.

Our initial aim was to demonstrate using mathematical approach the impossibility (or extremely low probability) to develop a JAK2V617F disorder if the mutation emerged in a single LT-HSC during the adulthood and to back-track mathematically the time of emergence during fetal period.

To this end, we first needed to analyze the normal behavior of stem cells in mice. Few mathematical models focused on the immature compartment behaviors. Moreover, the main mathematical models focused on the equilibrium (steady-state) hematopoiesis whereas we hypothesized that stress represents an important factor explaining the capacity of JAK2V617F-mutated cells to expand and compete wild-type cells. Thus, we first decided to model normal immature hematopoiesis combining steady-state and stress hematopoiesis. To this end, modeling need to precisely define a minimum number of immature compartments, a number of cells by compartments, the state of the cells in each compartment (cycling or not) to precisely define the new model. Because regulations concerning the immature compartments (cytokines, chemokines, stress-sensors, neuronal interactions, cell-cell interactions, localization in the niche, etc…) are not well known, we decided to resume these regulators using two equations only, the first one as a positive

regulator and the second one as a negative regulator. These regulators were calibrated using the results obtained in vivo after stress.

Our model presents limitations since we resume all hematopoiesis production to red cells production. We made this hypothesis because red cells represent more than 90% of circulating cells in the blood and hematopoietic tissues. Thus, our model cannot precisely describe what happens in "non-erythroid" differentiation processes.

Despite this limitation, it was possible to validate the model using different "in silico" stresses just like 5-FU treatment, phlebotomy, or LT-HSC suppression.

After these extreme stresses, the model demonstrates regulations and return to normal hematopoietic values according to biological data obtained from the literature. Thus, the model being validated, our aim is now to determine the outcome of a mutant LT-HSC (and its own proliferative properties) to determine when and with which probability a MPN phenotype could develop after a single mutant LT-HSC will appears. To this end, we reproduced in JAK2V617F transgenic mice the stress previously analyzed in normal mice. Applying the data from mutant mice to the mathematical model, we hope it will be possible to determine 1-which factors have to be modified in the model, illustrating mathematically the consequences of JAK2V617F mutation on hematopoiesis. 2-Using the mutant mice parameters, we will be able to determine the minimal number of mutant LT-HSC that will be allowed to induce a MPN phenotype with a probability equal to the one of MPN emergence in the general population. This LT-HSC number will correspond to the date of emergence of the first mutant LT-HSC that will be necessary to induce a MPN. We hope to have the ability to clearly demonstrate that MPN are in fact pathologies emerging during the fetal life. 3-we would like to also demonstrate that stresses are mandatory to induce the emergence of MPN phenotype using comparisons between stress and steady state normal and pathological hematopoiesis. The in vivo data have been collected and the mathematical modeling will be developed during the next few years.

After this first part trying to better understand how and when MPN emerge, the second part of our work concerned the MPN evolution.

During the last decade, it became more and more clear that additional mutations were present in a subset of patients in association to the "driver" mutations such as JAK2V617F. These mutations target several genes involved in various pathways such as epigenetics, mRNA splicing, intracellular signaling or gene expression. These events are acquired in a subset of cells leading to sub-clonal evolution. The development of NGS analysis and more recently the use of single cell sequencing, led to the demonstration that a large subset of patients present driver mutations associated to sub-clonal mutations 210 .

Clinical studies demonstrated that some of these additional mutations are associated to poor prognosis in MPN patients. One of the most interesting gene involved in the transformation of MPN is TP53 39,170 . Indeed, the p53 protein encoded by TP53 gene is usually defined as the guardian of the genome. It is mutated in the vast majority of cancers. Surprisingly TP53 is rarely mutated in spontaneous acute leukemia but more frequently in secondary acquired leukemias 211 . It has been suggested that TP53 loss of function mutations could be responsible of acute leukemic transformation in combination with MPN driver mutation 178 . Reinforcing this hypothesis, overexpression of JAK2V617F in TP53 inactivated cells using retroviral expression induces leukemias in mice.

However, other data are confusing: It has been clearly demonstrated that some MPN patients harboring TP53 mutations do not develop leukemias for long times, particularly when the TP53 mutation allele burden is low 178 . This suggests that the clonal advantage of the TP53 mutated cells in a JAK2V617F context is not so high. Moreover, mouse models developed previously used overexpression of JAK2V617F at very high levels that are not compatible with what is observed in humans (despite some patients present more than 2 copies of JAK2 mutated gene).

We then developed a triple transgenic model using the JAK2V617F model of mouse previously developed by Villeval et al. In the novel model we created JAK2V617F was expressed at a physiological level using a vav-cre recombination in a TP53 knock-out syngeneic mouse strain. Using these mice, we demonstrated that at steady-state, when hematopoiesis is not stressed, the mice present the same MPN characteristic than JAK2V617F only mice. We analyzed blood parameters, histology of bone marrow and spleen, survival, cell cycle of all immature populations and failed to find any difference between the two strains suggesting that TP53 is not a key player in the MPN phenotype. We also compared the RNA-Seq from JAK2V617F and JAK2V617F/TP53 -/-mice in all immature compartments. Using this approach, we were capable to define which gene expressions (modified by JAK2V617F) were TP53 dependent or independent. The TP53-independent genes are involved in the MPN phenotype since the phenotype was observed in triple transgenic mice. Using pathway analysis comparison, we found that one main differentially regulated pathway was the IFN-α signaling pathway. Indeed, the JAK2V617F strain have a significant overexpression of genes involved in IFN pathway whereas this pathway was down modulated in JAK2V617F/TP53 -/-strains, whatever the compartment (LT-HSC to MEP). This suggests that JAK2V617F cells could be hypersensitive to IFN (this correlates with clinical results where a clear decrease in the JAK2V617F clonal size is observed in MPN patients treated for a long time with IFN-α) while JAK2V617F cells harboring an inactivation of TP53 could be less sensitive to this treatment. To demonstrate this, we used competitive repopulation of irradiated mice and treated these mice with IFN-α.

Using this approach, we clearly observed that JAK2V617F/TP53 mutated cells have a lower sensitivity to IFN-α. This resistance to therapy could be an explanation to the higher probability for leukemia emergence with large delay when TP53 subclones are small. In accordance with this hypothesis, it has been recently reported that TP53-mutated clones may emerge in MPN patients receiving MDM2 inhibitor therapy. Interestingly, such TP53 subclones may decline after the therapy is stopped, suggesting that these clones have a low potential to outcompete the JAK2V617F / TP53 wild type ones.

In conclusion, our work focused on MPN emergence and transformation. We currently do not apply our modeling to MPN, and then this part of the work has to be continued. The second part of our work demonstrates that TP53 inactivation in combination to JAK2V617F is not sufficient to induce transformation of MPN, suggesting that in MPN, like in other cancers, the cellular defense mechanisms are important and then that more than two gene alterations are necessary to induce cancer. scanning). Post treatment RAS/Bcl-2 co-localization studies showed a mitochondrial localization in the transplanted AML as expected of drug sensitivity, a reduction in activated RASGTP and increase in apoptosis. Thus, p53 deficiency contributes to MDS/AML progression.

Introduction

Myelodysplastic syndromes (MDS) represent a preleukemia state of ineffective hematopoiesis hallmarked by bone marrow dysplasia with peripheral blood cytopenias, which is associated with increased apoptosis 1,2 . Acute myeloid leukemia (AML) results from the accumulation of mutations that deregulate self-renewal, proliferation, and differentiation in hematopoietic stem and progenitor cells (HSPCs) [3][4][5] . One third of MDS patients progress to AML, but most of the patients do not survive the cytopenia of MDS 6,7 .

The NRAS gene is a member of the RAS family, which play important roles in cell division, cell differentiation, and the self-destruction of cells 8,9 . The NRAS gene is frequently mutated in cancer leading to a constitutively activated MAPK pathway, which is important for oncogenesis, tumor proliferation and survival 8,10,11 . NRAS and other RAS genes are often mutated in chronic myelomonocytic leukemia (CMML) [12][13][14] and jeuvenile mylelomonocytic leukemia (JMML) 15,16 . The tumor suppressor protein 53 (TP53) is a transcription factor, mediating a variety of biological processes like DNA repair, metabolism, apoptosis, cell cycle progression and cell differentiation [17][18][19] . Loss of function of TP53 can be obtained through p53 mutation or loss of one or both alleles causing abnormal cancer cell development, survival and uncontrolled proliferation 20 . P53 mutations have been identified in several solid tumors 21,22 and also prevalent in AML or post-MDS/MPN patients who have complex karyotypes 14,22 . Furthermore, the p53 mutation is an important negative predictor of survival and relapse after allogeneic transplant in MDS patients 14 .

The function of p53 loss in leukemia progression has been elucidated in MDS murine models 23 . In MDS mice, p53 loss has a positive role in restoring the hematopoietic stem/progenitor cell defect. Previous studies showed that NRAS and p53 mutations are concurrent in MDS patients 14 . A study identified 8 of 1238 of myeloid neoplasms patients expressing both p53 and RAS pathway gene mutations; most of them were secondary AML with a dismal prognosis 15 .

To better understand if the NRAS mutation and p53 loss to causes progression from MDS transformation into AML, we crossed an NRASD12 transgenic mice 24 with a p53 deficient mouse 25

Materials and methods

Mice

All mouse lines were maintained in the friend leukemia virus B (FVB/N) strain from the National Institutes of Health in the barrier facilities of the Institut de la Recherche Saint-Louis, Paris, Hospital Saint-Louis, under the appropriate animal project licenses. All procedures complied with national regulations on the use of animals for experimentation. Mice were sacrificed based on veterinary advice or when they were moribund. Mice were classified according to the Bethesda method 26 .

Mice bearing a constitutive hemizygous MRP8NRASD12 previously shown to develop MDS 15,24 , were crossed to p53 deficient mice (FVB. 129S2 (B6)-Trp53tm1Tyj) 25 to generate the MRP8NRASD12/p53 +/-mice.

MRP8NRASD12/p53+/-mice were crossed to p53 +/-or p53 -/-mice to generate MRP8NRASD12/p53 -/-mice. The genotyping of MRP8NRASD12 and p53 -/-were tested by polymerase chain reaction (PCR) as previously described 15 .

The primers of NRASD12 and p53 25 are: p53 WT forward primer-5'AGG CTT AGA GGT CGCA AGC TG 3'; p53 deleted forward primer-5'CAG CCT CTG TTC CAC ATA CAC T 3'; p53 reverse primer-5' TGG ATG GTG GTA TAC TCA GAG C 3'; NRASD12 forward primer-5'GCTGTCTTTCAGAAGACCTG 3'; NRASD12 reverse primer-5'ACTGGTGGTGGTTGGAGCAG 3'.

Treatment and analysis of mice

For bone marrow transplantation (BMT), BM was isolated from both tibias and femurs were harvested from 6-to 10-week-old MRP8NRASD12/p53 -/-mice as described above, pooled and divided (10 7 nucleated cell aliquots per recipient)

for intravenous (iv) injections into recipient FVB/N mice, which were treated with busulfan (120-150 microlitres of a 6mg/ml solution) 24 hours before transplantation. A mouse was left uninjected as a control for the busulfan conditioning. Successful transfers of the transgene-positive mice were confirmed by PCR 3 weeks after transplant. Mice were followed for survival. A cohort of primary transplanted mice were treated with ABT-199 (Venetoclax, aBCL -2 inhibitor) (75mg/kg every other day 15 times for 33 days) and transferred into secondary or tertiary recipients. Disease was confirmed by peripheral blood (PB) counts and blast cell counts. White blood cell (WBC), red blood cell (RBC), hemoglobin, hematocrit (HCT), and platelet counts (PLT) were measured with an automated counter (MS9; Schloessing Melet, France) on PB collected from the retro-orbital plexus in EDTA tubes (BD Bioscience, Le Pont de Claix Cedex). Spleens were weighed and single cell suspensions were prepared with PBS. PB and BM smears were prepared according to standard hematologic techniques. Blood and BM smears were stained with Wright Giemsa. Smears were examined by cytologists from the Hospital Saint-Louis and Hospital Lariboisière.

Immunophenotyping by flow cytometry

Mice were anesthetized with isoflurane and PB samples were obtained by orbital bleeds using EDTA as anticoagulant. PB cells were immunophenotyped with antibodies conjugated with either phycoerythrin (PE) or fluorescein isothiocyanate (FITC) to test the Mac-1 hi /Gr-1 lo (immature myeloid cells) as previously described 15 .

Hematopoietic stem cells (HSC) and progenitor population in BM and spleen cells were analyzed using the lineage negative panel (Lin -), Ly-6A (Sca-1), CD48, CD135, CD150 (Biolegend, Le Pont de Claix Cedex), c-Kit, CD34, and CD16/32 (BD Bioscience) antibodies (Figure S1). 3×10 7 BM and 1×10 8 spleen suspension cells were incubated with surface antibodies to measure the LSK cells (Lin -Sca + c-Kit + ) and its subpopulations include short-term-HSCs (ST-HSC) (Lin -Sca + c-Kit + CD150 -CD48 -), long-term-HSCs (LT-HSC) (Lin -Sca + c-Kit + CD150 + CD48 -), multipotent myeloid progenitors (MPPs) (Lin -Sca + c-Kit + CD150 -CD48 + ), and LSK cells (Lin -Sca + c-Kit + ) and its subpopulations like common myeloid progenitors (CMPs) (Lin -Sca + c-Kit + CD34 + CD16/32 -), granulocyte monocyte/macrophage progenitors (GMPs) (Lin + Sca + c-Kit + CD34 + CD16/32 + ) and megakaryocyte erythroid progenitors (MEPs) (Lin + Sca + c-Kit + CD34 -CD16/32 -). To identify the actively cycling cell population a antibody. Cells were analyzed on an LSRII (BD Biosciences) cytometer and analysis was undertaken using the Kaluza Analysis Software.

Immunofluorescence microscopy

Immunofluorescence was performed as described previously 15 . Briefly, BM slides from transplanted NRASD12/p53 +/-and NRASD12/p53 -/-mice which were treated with ABT-199 and placebo were prepared by cytospin and stored in -20°C. Fluorochrome-conjugated NRAS, BCL2 and TOM20 antibodies were incubated overnight at 4°C. The following day cells were washed with PBS, secondary antibodies and WGA-AF488 were incubated for an hour and then washed with PBS. A drop of DAPI was added on each slides and covered with a coverslip. Slides were kept in -20°C until analyzed under a confocal microscope (LSM800, Zeiss) under a X63 objective oil immersion.

Apoptosis assays

The Annexin V-FITC assay Kit (Biolegend, Le Pont de Claix Cedex) was used to test the different groups of mice. BM cells were incubated with Annexin V and propidium iodide (PI) according to the manufacturer's instructions and acquisitions were made with a BD flow cytometer.

BM cells were collected to detect apoptosis using the IncuCyte® Annexin V Red Reagent (Essen Bioscience, UK) for apoptosis. 10,000 BM suspension cells were diluted with PBS and were cultured in triplicate either untreated, or treated with ABT-199 (1 M), or GDC-0975 (1 M), or with ABT-199 and GDC-0975 (1 M of each); 1 l of Annexin V was added to each. The cells were gently vortexed and incubated in the IncuCyte® S3 System for 24 h while taking images every hour. The results were analyzed with the Incucyte software.

Caspase 3/7 Glo assay was employed for apoptosis assessment as described in the manufacturer's instructions (Promega). Briefly, BM hematopoietic cells were incubated overnight in the presence of WEHI-conditioned/serum-rich medium, harvested, and 100μl of cells containing 10,000 cells were seeded in a 96 well plate with 100μl Caspase Glo reagent before luminescence was recorded.

Progenitor Assays

A total of 5x10 4 BM cells in 1.5 ml media were added to 1.5 mL methylcellulose "MethoCult™ GF M3434" (StemCell Technologies) and plated in three 35 mm plates. BM cells were separated into four groups including untreated, GDC-0975 (1 M MEK inhibitor), ABT-199 (1 M BCL2 inhibitor) and GDC-0975 plus ABT-199 (1 M of each). Cultures in duplicate or quadruplicate were scored after 2 weeks for colony forming colony forming unit granulocyte-macrophage (CFU-GM) assays. The total progenitor cell number was calculated assuming that one femur represents 6% of the total marrow.

[18F]-Fluoro-Thymidine Positron Emission Tomography (PET) scanning

A PET device dedicated to mice (Inveon Siemens Medical Systems) was used to measure blast proliferation in bone marrow after IV injection of

[ 18 F]-Fluoro-Thymidine ([ 18 F]-FLT) in NRASD12/p53 +/-or NRASD12/p53 -/-
transplanted mice before and/or after ABT-199 treatment, as compared to wild type FBVN mice or diseased mice treated with vehicle. [ 18 F]-FLT is a thymidine analog whose uptake is increased in proliferative cells, as thymidine.

After [ 18 F]-FLT injection in the tail vein of the mice, PET images were performed 1.5 hours later, visually analyzed for the presence or absence of abnormal signal in the BM, then quantified using the percentage of FLT injected dose per gram of femoral bone marrow in femoral diaphysis and of blood in cardiac cavities (Inveon Siemens processing software). The contrast of bone marrow signal was quantified using %ID/g in bone marrow/%ID/g in the blood ratio, called FBR (Femur-to-Blood activity Ratio).

RAS activation

Activation sensitive RAS-pulldown assays were carried out using purified protein from prokaryotic cells expressing pGEX-2T-RAF1-RAS Binding Domain as previously described 15 .

Statistical analysis

Statistical analysis was performed using Graphpad version 5.0 software.

Kruskal Wallis and Wilcoxon signed-rank test was used to compare PB cell counts and Mac-1 hi /Gr-1 lo expressions in blood, % of BM blasts, TBR in the femurs between groups of mice. A significance value of p<0.05 was considered as significant.

Results

Loss of p53 induces MDS to AML progression

To investigate the effect of p53 deficiency in the NRASD12 mice in leukemia, we generated the NRASD12/p53 +/+ , p53 -/-, NRASD12/p53 +/-and NRASD12/p53 -/- mice as described in the material and methods. The PB of each mouse was counted (Figure 1); results showed that the number of WBC showed no significant differences in the different groups of mice (Figure 1a), whereas the number of platelets (Figure 1b) in p53 +/-(mean=1022 x 10 3 /µl)) and p53 -/- (mean=1089 x 10 3 /µl) mice were not significantly different from the normal FVB/N control mice (mean=1237 x 10 3 /µl)), but the NRASD12/p53 +/+ mice (mean=788 x 10 3 / µl) had a lower platelet count than the controls (mean=1237 x 10 3 / µl) ; the NRASD12/p53 +/-mice also had reduced platelets (mean=708 x 10 3 / µl) than controls; the p53 -/-platelet count (mean=1089 x 10 3 / µl) was significant decreased compared to controls and the platelet count of the NRASD12/p53 -/-(mean=574 x 10 3 / µl) had the significantly lowest among all of these mouse groups (Figure 1b); NRASD12 decreased the number of RBC when compared with controls, but in NRASD12/p53 +/-and NRASD12/p53 -/- mice the RBC were not significantly different from each other, similar to NRASD12/p53 +/+ mice (Figure 1c). Percentage of HCT in NRASD12 mice was lower than controls and NRASD12/p53 +/-mice had decreased HCT compared with p53 +/-(Figure 1d). Splenomegaly was obtained in all of the NRASD12 groups (Figure 1e) The BM smears results showed that in the NRASD12/p53 -/- mice the blast cells number (mean=37.5% SD=12.54) was higher than NRASD12/p53 +/-(mean=24.8% SD=5.63) and NRASD12/p53 +/+ (mean=9% SD=2.64) mice (Figure 1g).

Hematoxylin and eosin staining of the spleen clearly showed a marked enlargement of the red pulp, with more infiltration of myeloid cells and dysplastic megakaryocytes, characterized by low density in NRASD12/p53 +/-and NRASD12/p53 -/-mice. The FVBN, p53 -/-and NRASD12/p53 +/+ showed no evidence of infiltration in the liver; there was increase infiltration of myeloid cells in NRASD12/p53 -/-mice compared with NRASD12/p53 +/-(Figure 1h).

Loss of p53 decreased the BM apoptosis of MDS mice

In order to determine the disease stage in NRASD12/p53 +/-mice, levels of apoptosis in mouse BM cells were measured. Etoposide was used to induce cell death in different BM cells and apoptosis was measured with Annexin V. The data showed that the percentage of apoptosis in FVB/N was 13.43 % ± 4.776 but with the NRASD12/p53 +/-mice most of the mice had increased apoptosis (mean= 34.84 % SD=5.643) relative to normal FVB/N cells (Figure 1h). The apoptosis percentage (mean=21.91 % SD=7.889) was decreased in NRASD12/p53 -/-mice compared to the NRASD12/p53 +/-, which was consistent with AML features (Figure 1h).

Loss of p53 cooperate with NRASD12 modifies the HSCs and progenitors

The number of HSCs and progenitors were examined upon disease progression.

The percentage of LSK compartments in NRASD12/p53 +/+ mice were moderately but not significantly expanded (Figure 2a) whereas significantly decreased in NRASD12/p53 -/-mice compared with in NRASD12/p53 +/-.

Interestingly the LT-and ST-HSC almost disappeared in NRASD12/p53 +/+ and NRASD12/p53 +/-mice except the ST-HSC in NRASD12/p53 -/-was higher than NRASD12/p53 +/-(Figure 2a). For the progenitor populations in the BM, we found that the MPPs were increased, but CMPs and MEPs were lower in NRASD12/p53 +/+ , NRASD12/p53 +/-and NRASD12/p53 -/-compared with controls.

The percentage of GMPs in NRASD12p53 +/+ , NRASD12/p53 +/-and NRASD12/p53 -/-mice was expanded but NRASD12/p53 -/-was lower than NRASD12/p53 +/-(Figure 2b). In spleen cells, results showed that the percentage of Lin -cells was expanded in NRASD12/p53 +/+ mice compared with controls but significantly decreased in NRASD12/p53 +/-and NRASD12/p53 -/-mice. There were no LSK cells in the spleen of WT mice but increased in NRASD12/p53 +/- mice. The LSK percentage in spleen cells of NRASD12/p53 -/-was lower than NRASD12/p53 +/-(Figure 2c). The MPPs in spleen cells of NRASD12/p53 +/- expanded but decreased in NRASD12/p53 -/-when compared with the control mice. The NRASD12/p53 +/+ gene increased the percentage of CMPs in spleen cells; the percentage of GMPs in NRASD12/p53 +/+ mouse spleen was significantly increased compared with control mice but the p53 -/-in the NRASD12 background had a decreased GMPs population. The MEP population in each group of mouse spleens showed no difference (Figure 2d). To measure the actively cycling cells BrdU was used in each population. The results showed the percentage of BrdU positive in NRASD12/p53 -/-GMPs population was less than NRASD12/P53 +/-. In the other groups almost no differences either in BM or spleen cells in BrdU positive cells was observed (Figure S2).

In order to determine if p53 deficiency can reduce the lifespan of NRASD12 mice, 2x10 6 BM cells were isolated from each of NRASD12/p53 +/+ , NRASD12/p53 +/-and NRASD12/p53 -/-mice and transplanted into individual recipient mice. The recipient mice transplanted with NRASD12/p53 +/+ cells engrafted with a median survival of more than 200 days, whereas the recipients with NRASD12/p53 +/-cells developed MDS with a median survival of 200 days (Figure 3a). In contrast, the recipients that received NRASD12/p53 -/- cells with a median survival of 60 days, was significantly shorter than the other groups (Figure 3a).

Acceleration of disease upon serial transplantation

To determine the effect of serial transplantation in second and tertiary recipients, BM from primary recipients of NRASD12/p53 +/+ , NRASD12/p53 +/-or NRASD12/p53 -/-were transplanted into busulfan conditioned second and tertiary recipients. The median survival in all of the mice were significantly shorter than the preceding transplants (Figures 3b-d). The AML disease of the NRASD12/p53 -/-mice transplanted to secondary recipients accelerated rapidly with 90% of the recipients developing a lethal AML-like disease within 40 days (Figure 3d).

Altogether these results showed that the p53 -/-co-operates with NRASD12 to promote transformation from MDS into AML. The NRASD12/p53 +/-mice seemed to develop either HR-MDS (24.8% BM blasts) or AML post-MDS (37.5% BM blasts).

Inhibition of MEK and BCL-2 increased the apoptosis of NRASD12/p53-deficient mice bone marrow cells ex vivo

The NRAS/BCL2 complex was previously reported in the MDS patients some of which had NRAS mutations. We have also shown that NRASD12 can recruit endogenous Bcl-2 to remain active 15 . To confirm the NRAS/Bcl-2 complex in the NRASD12/p53-deficient mouse models, we used the BCL2 inhibitor ABT-199 and MEK1 inhibitor GDC-0975 on BM cells from normal FVB/N, p53 -/-, NRASD12/p53 +/+ , NRASD12/p53 +/-, NRASD12/p53 -/-ex vivo. Firstly we used the Incucyte Annexin V assay to measure the real time apoptosis under different treatments. The results showed that ABT-199 was ineffective but GDC-0975 increased the apoptosis in each of the different BM cells (Figure 4a-f). The different BM cells were treated with both inhibitors and each inhibitor respectively to check the CFU progenitor numbers showed concordance with the Incucyte; the MEK inhibitor GDC-0975 had reduced number of colonies compared with ABT-199 (Figure 4g).

Effect of BCL2 inhibitor (ABT-199) in vivo

The effect of ABT-199 was also determined in vivo. NRASD12/p53 +/-and NRASD12/p53 -/-transplanted mice were treated with ABT-199 and PB counts were measured and the number of immature PB myeloid cells (Mac1 hi+ Grl lo ) of each mouse before and after treatment was measured by flow cytometry. The platelet numbers increased from 429 x 10 3 /µl to 10 3 1 x 10 3 /µl after ABT-199 treatment in NRASD12/p53 +/-recipients, while the placebo treatment mice platelet number increased from 609 x 10 3 /µl to 1025 x 10 3 /µl (Figure 5a); the percentage of immature myeloid cells also decreased from 47% to 34% in the ABT-199 treated NRASD12/p53 +/-recipients (Figure 5b) whereas the untreated NRASD12/p53 +/-recipients retained higher numbers of immature myeloid cells (from 62% to 54%). In the NRASD12/p53 +/-recipients there was no significant difference in survival between the ABT-199 or placebo treated mice (Figure 5c).

For the NRASD12/p53 -/-recipients, the ABT-199 treatment increased the number of platelets (from 465 x 10 3 /µl to 744 x 10 3 /µl), the number of immature myeloid cells was unchanged, but survival of the ABT-199 treated mice had prolonged survival compared to placebo (Figure 5d-f).

[18F]FLT-PET scanning was used to monitor the response to treatment in these mice.

Representative PET scans are shown (Figure 5g); the abnormal increased radiotracer uptakes expected in the BM, mostly seen in the femurs, were quantitated. For the treated NRASD12/p53 +/-mice the PET scans showed no responders (Figure S4). In some NRASD12/p53 -/-mice presumed to be responders a decrease in the extent and intensity of PET abnormalities after ABT-199 was (Figure 5g) and in mice presumed to be non-responders an increase in the number and intensity of PET abnormalities was observed (Figure 5 h).

RAS/BCL-2 co-localization and RAS-GTP activation in the NRASD12/p53 -/-mice treated with BCL2 inhibitor

We have previously shown that the NRAS/BCL2 complex co-localized at the plasma membrane correlated with MDS disease while its presence at mitochondria correlated with AML post-MDS in mice 15 and in patients 27 . In order to determine if ABT-199 was efficacious in the NRASD12/p53-deficient mice, we determined the localization of NRAS and Bcl-2 in the BM cells of NRASD12/p53 +/-, NRASD12/p53 -/-and control mice. The results showed that in the NRASD12/p53 -/-mice the NRAS/Bcl-2 complex localized in the mitochondria and not plasma membrane similar to that observed with the AML mouse model of RAS/BCL-2 28 in placebo and ABT-199 treated mice (Figure 6). BM cells of the NRASD12/p53 +/-mice showed localization of the complex in the plasma membrane (Figure S3).

Having previously demonstrated the substantial activation of RAS-GTP in our RAS/BCL-2 models of AML and MDS, using the RAS-GTP assay, we next interrogated RAS activity in the NRASD12/p53 -/-model and asked whether it is sustained in the ABT-199 treated animals. RAS-GTP:Bcl-2 complex is significantly upregulated as compared to control in the NRASD12/p53 -/-model.

Also, although basal levels of RAS-GTP found in wild-type animals is not reached, there is a marked and significant reduction in RAS-GTP:Bcl-2 levels in the ABT-199 treated animals as compared to placebo controls (Fig. 6b; p<0.01). 

Discussion

In this study we confirmed that the transgenic mice NRASD12 and their recipients cause MDS 15 , and together with p53 -/-co-operate to accelerate disease from MDS to AML. This is consistent with a previous report showing that NRASD12/p53 -/-cells rapidly develop a highly penetrant AML subtype erythroleukemia. However, in this current report, the mice develop a myeloid disease. The main difference between the previous report of erythroleukemia and this current study is the promoter usage. The conditional p53 deficient mice used in the previous study were driven by the Mxi-Cre, which targets a more primitive progenitor than MRP8, the promoter driving the NRASD12 mice 29 . Introducing a retrovirus with mutant NRAS in primary CD34 + cord blood human cells gave rise to erythroid abnormalities 30 .

The data shows that the percentage of LSK in BM of NRASD12 mice is higher than that of controls, but in NRASD12/p53 +/-mice, due to the difference in MDS progression, there is a diversity in LSK levels. The NRASD12 inhibited the ST/LT-HSC whatever the p53 status. This is consistent with the notion that NRASD12 is the driver for the MDS disease. Although CMPs and MEPs were not found to be expanded in the NRASD12/p53 -/-mice, the MPPs and GMPs were increased. In these murine models the mutated NRAS gene is driven by the MRP8 promoter, which would be expressed in myeloid progenitors, GMPs rather than the MEPs, and may explain why MEPs were not expanded in these mice. CMPs were also decreased in the NRASD12/p53 +/+ and NRASD12/P53 -/- mice compared to MEPs. However, we found that NRASD12 promotes the number of cycling cells in GMPs, p53 -/-seems to have no effect on GMP function. This result is consistent with the high frequency of NRAS mutation and rare p53 mutations in MDS patients 31 . As the disease is transplantable this underlines the self-renewal capacity of the leukemia initiating cells (LICs), which accelerates upon serial transplantations. Spleen cells from the NRASD12/p53 -/-mice did not transplant the disease, suggesting that these cells were not invaded with myeloblast, however, the histology shows invasion of myelobalsts. This correlated with the reduced percentage of LT/ST-HSCs in spleen cells of NRASD12 and NRAS/p53 -/-mice.

As we know that p53 mutation may be secondary events for the most of cancer progression 32 , in our mouse AML model we believe the NRASD12 is the initiation event and p53 deficiency leads to progression to AML. However, p53 deletion has so far not been reported to be associated with disease progression in MDS patients, but, p53 mutations leading to TP53 functional deficiency is associated with progressive disease in MDS and AML. Here, we noticed that some of the NRASD12/p53 +/-had either HR-MDS or AML post-MDS features with the proportion of apoptotic BM cells lower and percentage BM blast cells higher compared with NRASD12/p53 +/+ low-risk MDS mice. Our previous study showed that the mutated NRAS gene decreased cell proliferation and differentiation and increased apoptosis, which is consistent with MDS 15,27,28 .

When p53 +/-co-operates with NRASD12, some of the MDS mice progressed to AML. As p53 deficiency controls apoptosis and the consequent stage of disease and the observation that some NRASD12/p53 +/-mice tended to be more apoptotic with early HR-MDS than the other mice with AML-like disease, other events may be occurring to result in disease acceleration.

In some MDS patients the NRAS/BCL2 complex is expressed but currently no therapies are approved that directly target mutant NRAS; however, MEK inhibitors have been shown to have some effect in mutant NRAS 33,34 . The BCL-2 inhibitor, Venetoclax (ABT-199) is currently being used to treat AML patients. 35,36 The NRASD12/p53-deficient mouse models we developed were treated with BCL2 and MEK1 inhibitors alone and together. The BCL2 inhibitor caused increased apoptosis of BM cells from the MDS and AML mouse cells, but not as much as the MEK1 inhibitor. As mutant NRAS is one of the genes in the diseased mice, this is to be expected as MEK is downstream of RAS. The BCL-2 inhibitor in vivo increased the survival of transplanted AML mice and the number of platelets increased, thereby rescuing the platelet abnormality. In NRASD12/p53 +/-recipients the platelets were increased but some mice did not respond to the inhibitor. In the RAS/BCL-2 models published previously 15 the NRAS/BCL-2 complex is localized to the plasma membrane in the HR-MDS mice;

in the AML post-MDS model, the complex is localized in the mitochondria 28 .

The NRAS/Bcl-2 complex co-localized in the mitochondria in NRASD12/p53 -/- mice after ABT-199 or placebo treatment. The ABT-199 prolonged the life of the AML-like mice with a reduction of active RAS-GTP and increased apoptosis.

Taken together with the confocal data, these data confirm our previous findings of the localization of the RAS-GTP:Bcl-2 complex correlating with apoptotic activity and demonstrate the potency and efficacy of ABT-199 in improving overall survival.

In conclusion, p53 deficiency accelerates NRASD12 from MDS to AML. Loss of one allele (p53 +/-) accelerates disease progression from early MDS, characteristic of mutant NRAS alone, to HR-MDS and given time to AML.

NRASD12 with the MRP8 promoter co-operates with p53 deficiency with increased GMPs with transplantable disease. The ABT-199 (Venetoclax) therapy for the NRAS/Bcl-2 complex alleviates disease symptoms but does not necessarily eradicate the disease as a monotherapy and in combination with other targeted reagents such as a MEK inhibitor may overcome resistance. 

Introduction

Myelodysplastic syndromes (MDS) is an orphan disease of myeloid stem cells. It is characterized by ineffective hematopoiesis leading to life threatening blood cytopenias, and a variable risk of progression toacute myeloid leukemia (AML) [1]. In high risk (HR) MDS (defined by an international score, IPSS), the poor median overall survival is only 15 months, except in the small proportion of cases (15%) who benefit from allogeneic stem cell transplantation. A large phase III clinical trial showed that azacitidine (AZA), a hypomethylating agent, significantly increased median survival of HR-MDS to about 24 months. However, 50% of the patients do not respond to AZA, and no drug has demonstrated clear efficacy afterAZAfailure [2,3]. HR-MDS thus remains an unmet medical need of the elderly. Allogeneic stem-cell transplantation remains, with few exceptions, the only curative treatment of higher-risk myelodysplastic syndromes, with prolonged disease-free survival of 35-50%. However, only about 15% of HR-MDS patients may receive allogeneic SCT, due to the median age of the population (about 70 years) and the absence of an HLA matched donor, justifying the development of other therapeutic approaches.

In MDS, ineffective haemopoiesis results from the increased susceptibility of clonal myeloid progenitors to apoptosis, which leads to cytopenias despite a generally hypercellular marrow. Progression to AML is thought to result from a subsequent shift from apoptosis to proliferation of these clonal progenitors. Expansion of minor subclones can also contribute to transformation to AML.

Positron Emission Tomography (PET/CT) imaging using [ 18 F]fluorodesoxyglucose (FDG) has proven to be highly efficient for early assessment of therapeutic response in glucose-avid malignant diseases, especially in lymphomas. FDG-PET/CT seems useful for the detection and therapeutic follow-up of extra-medullary lesions in AML. But FDG uptake in bone marrow (BM) is weak [4]. Conversely, few but promising data have been reported on the use of PET/CT imaging with [ 18 F]Fluoro-thymidine (FLT), for the detection and therapeutic monitoring of BM disease in patients with MDS or AML [5-7]. FLT uptake in tissues is correlated with exogenous thymidine uptake and incorporation in DNA during the S mitotic phase [8]. FLT-PET/CT imaging has been used for therapeutic evaluations in several malignant diseases. It demonstrated good correlation with proliferative indexes on histology, and to thymidine kinase 1 (TK1) expression in cells [8].

An animal model of HR-MDS and AML progression was created in Inserm Unit 1131, using mutant NRAS and overexpression of BCL-2 [9], known to be poor prognostic indicators of the human diseases [10]. This model was used to test anti-BCl2 agents ABT737 and ABT199, as well as anti-MEK and anti-p53 agents. However such evaluations are hampered by the absence of accurate in vivo biomarkers to follow the therapeutic effects of the treatments. BM biopsy, although feasible, is not easy in mice. Currently, the only valuable end-point in these studies is survival duration.

In this study, our aim was to evaluate the ability of FDG-and FLT-PET/CT to monitor BM involvement in our triple transgenic MMTVtTA/TetoBCL-2/ CT MRP8NRASD12 mouse model of HR-MDS.

Results

We investigated 2 groups of mice (FVB/N strain): normal FVB/N mice (G1, n=9), and triple transgenic mice (G2, HR-MDS, n=12). Mice of G1 aged 2-3 months underwent FDG-and FLT-PET/CT once. HR-MDS mice of G2 underwent FDG-and FLT-PET/CT twice: at the age of 2 months, then 1 month later at 3 months of age. For each imaging set, FDG-PET/CT was performed 48h before or after FLT-PET/CT. For all mice, just before FLT-PET/CT imaging, peripheral blood samples were taken for peripheral blood (PB) cell counts, and for BCL-2 and Mac-1hi/Gr-1lo (blast cells) expression measurements by flow cytometry as described previously [9]. After the last imaging procedure, all mice were sacrificed for BM cytological analysis.

Biological Data

The results of PB parameters in G1 and G2 are reported in Table 1. As expected, BCL-2 and Mac-1hi/Gr-1lo expressions were increased in G2 vs G1. White Blood cells (WBC) counts were higher in G2 than in G1 mice, and higher in 3-months-old G2 mice than in 2-months-old G2 mice. Platelet and Hb counts were lower in G2 than in G1 mice, and decreased between2 months and 3 months in G2 mice. These latter data are consistent with disease progression.

Cytological Data

No blast was observed in PB of all mice. In femoral BM, the percentageof blasts was 4.2±2.2% in FVB/N G1 mice, and 16.3±9.3 in 3-months-old HR-MDS G2 mice (p<0.04 vs G1). Dystrophic megakaryocytes were seen in the BM of G2 mice, confirming the diagnosis of MDS. Cell counts in 3-months-old G2 mice were evocative of infection (numerous immature granulocytes and only few erythroblasts).

PET/CT Data FLT radiosynthesis was achieved in 48 min with a non-corrected yield of 11.5-20.7%. Radiochemical purity was > 99%. Specific activity was 267-1567 GBq/µmol and volumic activity was 1-1.5 GBq/mL. The elution time of FLT was 8.8 min.

Visual analysis of FDG-PET/CT images demonstrated homogeneous FDG uptake in the whole skeleton in all G1 and G2 mice (Figure 1A). Conversely, as compared to FLT-PET/CT images obtained in normal control G1 mice, FLT-PET/CT images of all G2 mice revealed abnormal unilateral or bilateral asymmetric hot spots in femoral diaphysis, in spine and/or in humeral bones (Figure 1B). The abnormalities observed in HR-MDS G2 mice became more intense and/or extensive at the age of 3 months than at the age of 2 months.

The results of FLT-and FDG-PET/CT quantifications obtained in the two groups of mice are reported in Table 1 and Figure 2. On FLT-PET/CT, the femoral BM-to-background bloodpool activity ratio (TBR) was higher in G2 than in G1 mice, and higher in 3-months-old G2 mice than in 2-months-old G2 mice. FDG max %ID/g in femoral bone marrow was higher in G2 than in G1 mice, but decreased between the age of 2 and 3 months in G2 mice. Enliven Archive | www.enlivenarchive.org 
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Discussion

In our triple transgenic model of HR-MDS, both FDG-PET/CT and FLT-PET/CT were performed and compared to normal control group of mice. FDG-PET/CT and FLT-PET/CT scans demonstrated different features. FDG-PET/CT showed homogeneous increased FDG uptake in the whole skeleton BM in HR-MDS mice as compared to controls and decreased with age. FLT-PET/CT showed focal abnormalities in one or several bones of HR-MDS mice, the intensity of which increased with age, together with BCL-2 and Mac-1hi/Gr-1lo peripheral blood expression as well as with PB WBC counts and decreased blood platelet counts consistent with disease progression between 2 and 3 months.

To our knowledge, this is the first study reporting a direct comparison between FDG and FLT-PET/CT in HR-MDS disease. FDG and FLT-PET/CT were previously compared in a tumor-bearing mouse model of human chronic myeloid leukemia (K562 cell line [11]). The authors reported increased FLT uptake in the tumors, with a bone marrow-to-background activity ratio of 5.39±0.42 at 30min post-IV, 4.88±0.43 at 1h and 3.81±0.38 at 2h post-IV, whereas FDG-PET/CT scans were negative. Our results show completely different patterns of BM uptake between FLT and FDG in HR-MDS mice.

FDG uptake in BM of our HR-MDS mice was always homogeneous. FDG uptake in MDS was previously described in few clinical case reports: focal abnormalities [12,13] or diffuse increased FDG uptake in the whole skeleton [14] were retrieved. The most important series using FDG-PET/ CT in leukemic diseases is that of Li H. et al. in 35 patients suspected of acute leukemia relapse [15]. In this study, only 3 of 16 patients showed focal BM FDG abnormalities, all with positive BM biopsy; 24 showed diffuse increased FDG uptake in BM, among which 14 had positive BM biopsy and 10 negative BM biopsy. Overall, visual analysis achieved a successful diagnosis only in 68.6% (24/35) of patients. In our mice, FDG uptake in BM decreased between the age of 2 and 3 months, whereas all peripheral blood parameters demonstrated more severe disease at 3 months than at 2 months: WBC (including blasts) counts, expression of BCL-2 and of Mac-1hi/Gr-1lo increased, whereas platelet counts decreased. This suggests that FDG uptake in bone marrow may not be an accurate marker of HR-MDS.

FLT-PET/CT allows in vivo quantification of cell proliferation and has been suggested for the diagnosis and follow-up of patients with myelodysplastic disorders [5,6]. Conversely, FLT abnormalities in HR-MDS mice were always focal, and increased in intensity with age. This suggests that: firstly, FLT-PET/CT scans are easier to interpret (normal or abnormal) than FDG-PET/CT scans; secondly, FLT is a valuable quantitative marker of HR-MDS disease. Concordantly to our data in mice, Agool et al reported increased FLT uptake in epiphyses and expansion in diaphysis of peripheral bones in patients with MDS [5,6].

The question of whether blast or normal hematopoietic cells accumulate FLT is still unclear. Authors agree that both types of cells can proliferate in MDS and acute leukemia. Moreover, it seems that not all the blasts proliferate at the same time [16].

Our data suggest that FLT-PET/CT is a better marker of HR-MDS disease than FDG-PET/CT in our mouse model of HR-MDS. If this proves tobe the same in HR-MDS patients, it may allow to avoid or to guide BM biopsy in some cases and to monitor response to therapy. To this regard, Vanderhoeka et al. suggested the potential value of FLT-PET/CT for in vivo chemotherapeutic monitoring in AML patients [7]. FLT uptake in BM was absent in patients with complete remission, whereas significant uptake was still observed in patients with resistant disease, including one with aplastic BM (complete remission) on post-therapy BM biopsy. Enliven Archive | www.enlivenarchive.org
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Materials and Methods

Animal Models

All mice lines were maintained in Friend leukemia Virus B (FVB/N) strain from the National Institutes of Health.

The triple transgenic MMTVtTA/TetoBCL-2/MRP8NRASD12 murine model of HR-MDS was previously validated in the lab [9,16,17]. MMTVtTA/ TetoBCL-2/MRP8NRASD12 were obtained by crossing MMTVtTA/TBCL-2 mice with mice harboring mutant NRASD12 gene under the regulation of the myeloid promoter MRP8. The mice were genotyped as previously described [9]. The mice develop an MDS-like disease with around 15% BM blasts with a dysplasia, some liver invasion and a relatively indolent disease with a long latency period before they die. Normal FVB/N mice have 0 to 4% of blasts in BM [9,17,18]. F]FLT was confirmed by co-injection with a non-radioactive standard of FLT. The FLT concentration in the radioactive sample was obtained using the UV-peak area ratio between the radioactive product and the standard solution.

PET/CT acquisitions PET/CT imaging was performed as previously described [19] using Inveon PET/CT scanner (Siemens Medical Solutions) designed for small laboratory animals.

Mice were anesthetized (isoflurane/oxygen, 2.5% for induction at 0.8-1.5 L/ min and 1.5% at 0.4-0.8 L/min thereafter) during injection of FLT or FDG (7-10 MBq) in a volume of 0.15 mL via the tail vein, and during PET/CT acquisitions. For FLT-PET/CT, mice were kept on standby for 1h after FLT injection, then were re-anesthetized and placed in the PET camera in prone position under isoflurane anesthesia and respiratory monitoring for a 15 minduration static PET acquisition followed by a 10 min-duration CT acquisition for attenuation correction of PET images and anatomic localization of PET signals. For FDG-PET/CT, mice were kept anesthetized during 60 min after radiotracer injection (to avoid muscular uptake) under a heat lamp to avoid FDG uptake in brown fat tissues, then placed in the PET camera fora static acquisition of 10 min-duration then a CT acquisition of 10 minduration. The spatial resolution of Inveon PET device was 1.4 mm full-width at half-maximum (FWHM) at the centre of the field of view. Images were reconstructed using a 2-D ordered subset expectation maximization (Fourier rebinning/2-D OSEM) method including corrections for scanner dead time, scatter radiations and randoms.

PET-CT analysis

Qualitative visual analysis of whole-body FLT and FDG uptakes in axial and peripheral skeleton, liver and spleen were performed. Then FLT or FDG uptake was quantified in volumes of interest manually drawn on PET/CT images (IRW 4,2 software, Siemens). The software calculates the percentage of injected dose (Bq) per gram of tissue (%ID/g) in each voxel of the volumes of interest drawn on the images. The max %ID/g values obtained in the volumes of interest were considered for quantitative analysis. For FLT-PET/ CT images, max %ID/g obtained in femoral BM was divided by max %ID/ ml obtained in the blood (volume of interest drawn on the cardiac area),in order to calculate a bone marrow-to-background (bloodpool) activity ratio.

For FDG-PET/CT images, only the max %ID/g obtained in femoral BM was considered. Indeed the bone marrow-to-background (bloodpool) activity ratio could not be calculated on FDG-PET/CT images because of high normal FDG uptake in the myocardium impairing the drawing of blood volumes of interest.

Ex-Vivo Analyses

On the day of FLT-PET/CT imaging, PB samples were taken for red blood cell, leukocyte, and platelet counting, hemoglobin (Hb) dosage and for BCL-2 and Mac-1hi/Gr-1lo (as a marker of primitive cells) expression measurements. After the last set of PET/CT imaging the mice were sacrificed, femoral BM was flushed, and PB and femoral BM were smeared on slides for cytological analysis.

May Grunwald Giemsa stainings were performed on PB and femoral BM smears and examined by a cytologist of Lariboisière Hospital with an Olympus Bx41 microscope. The cell morphology was studied at magnification 100X, 500X and 1000X, according to the WHO 2016 criteria. The percentage of blasts was determined on the BM smears by counting 200 cells at magnification 1000X.

Statistical Analysis

Statistical analysis was performed using Graphpad prism 5 version 5.0 software. Kruskal Wallis and Wilcoxon signed-rank test was used to compare PB cell counts, BCL2 and Mac-1hi/Gr-1lo expressions in blood, % of blasts on BM smears, FDG-max %ID/g and FLT-bone marrow-to-background activity ratios between groups of mice. A significance value of p<0.05 was used. Enliven Archive | www.enlivenarchive.org

SUPPLEMENTARY

Submit your manuscript at http://enlivenarchive.org/submit-manuscript.php

New initiative of Enliven Archive

Apart from providing HTML, PDF versions; we also provide video version and deposit the videos in about 15 freely accessible social network sites that promote videos which in turn will aid in rapid circulation of articles published with us.

Conclusion

In our triple transgenic HR-MDS mouse model, FLT-PET/CT imaging demonstrated focal BM abnormalities, with intensity increasing with age concordantly with PB parameters that evidenced more severe disease at the age of 3 months than at the age of 2 months. Whereas FDG-PET/CT imaging demonstrated homogeneous increased FDG uptake in the whole skeleton's BM decreasing with age, thus not correlating with PB parameters. These results suggest that FLT-PET/CT imaging is a more valuable surrogate noninvasive quantitative marker of HR-MDS BM involvement than FDG-PET/ CT in our mouse model. It remains to be determined whether this finding may be the same in HR-MDS patients.

has been focused on the potential risk of therapy-related secondary leukemia [15-17] and the FDA (U.S. Food and Drug Administration) and EMA (European Medicines Agency) recommend different doses and treatment periods for different cancers as well [18,19].

Metabolism of etoposide in human body

In cells, the oXidation of etoposide mainly involves cytochrome P450

during mitosis because of a missing spindle [29]. As a result, cell division is arrested in mitosis with an increased cell number in metaphase. Nevertheless, cells exposed to etoposide show a decreased cell number in metaphase rather than an increase [30]. Simultaneously, studies reported that a low concentration of etoposide blocks the cell cycle in the late S or early G2 phase [31,32]. These are significant indications that etoposide has a different mechanism compared to podophyllotoXin. Currently, it is well known that etoposide is a TOP2 inhibitor, this 3A family enzymes and/or peroXidases, such as myeloperoXidase inhibition being considered as a major anti-cancer mechanism of eto-(MPO). CYP3A4 and CYP3A5 are members of the cytochrome P450 superfamily of enzymes (encoded by the CYP3A4 and CYP3A5 genes). CYP3A4 and CYP3A5 metabolize etoposide to etoposide catechol, which is readily oXidized to etoposide quinone by cellular peroXidases [20].The induction of CYP3A4 and CYP3A5 can enhance the clearance rate of etoposide [21,22]. Etoposide catechol is oXidized by MPO in liver or bone marrow lysosomes [23,24]. Etoposide can be directly metabolized to etoposide quinone with the assistance of prostaglandin-endoperoXidases 1/2 (PGTS1/2) or by other peroXidases (such as MPO) [25]. OXidative metabolites of etoposide have a more potent inhibitory activity on DNA TOP2 cleavage near the MLL translocation breakpoint and more remarkable oXidizing ability than etoposide [26]. Etoposide can be cleared by UGT1A1 (UDP-glucuronosyltransferase family 1 member A1) etoposide glucuronides. In addition, etoposide quinone may be transferred to glutathione via GSTT1/GSTP1 (glutathione S-transferase). These two conjugated metabolites seem to inactivate the biological properties of etoposide [27,28]. (Fig. 1)

Mechanism of action of etoposide

Early in the development of etoposide, its mechanism of action was considered similar to its parent compound, podophyllotoXin. These compounds inhibit microtubule assembly by preventing tubulin polymerization and then destroying spindle fibers. When the cells are exposed to podophyllotoXin, sister chromatids cannot be separated poside. TOP2 (alpha and beta isoforms) are ubiquitous enzymes that plays a vital role in many basic DNA processes and regulates the underand over-winding of DNA during DNA replication. TOP2 inhibitors play an integral role in cancer treatment due to the collapse/collision of the resultant bifurcation and unsolved DSB, leading to cancer cell apoptosis. Generally, TOP2 enzymes create a transient TOP2-DNA cleavage complex (TOP2cc) and reseals TOP2cc rapidly. Once the inhibitor interacts with TOP2, the TOP2cc is trapped, leading to an accumulation of DSB. If the DSB cannot be repaired timely, the cell will initiate apoptosis and eventually die [33,34]. In contrast, if the DSB cell survives, it gives riseto the prospect of faulty DNA repair events, and the gene translocation could occur in the MLL gene, which is known for leukemogenesis. Chromosomal translocation causes abnormal growth and leads to the development of malignant tumors and neoplasms. More than 10,000 gene fusions have been identified in cancer [35,36]. Etoposide and other chemotherapeutic do not directly cause translocation. However, the DSB caused by these molecules must be repaired, and it is the aberrant repair that can result in a translocation. (Fig. 2) TOP2B, which is located on chromosome 13 [37-39]. TOP2α is highly expressed in proliferating cells and can be used as a biomarker of cell proliferation. While, TOP2α is poorly expressed in quiescent and differentiated cell populations [37]. In contrast, TOP2β expression was uniformly distributed in all cells [37,40]. Therefore, TOP2α is considered to be an effective target of TOP2 inhibitors, its impairment being considered as a contributor to the anticancer effects of etoposide.

Topoisomerase II and topoisomerase II poisons

TOP2 enzymes cleave DNA double-strands, which may cause DNA double-strand breaks [41,42]. Chemicals that inhibits TOP2 activity and decreases the levels of TOP2cc are termed TOP2 catalytic inhibitors. Chemicals that increase the levels of TOP2cc can convert the enzymeinto a potential "toXin" that further produces DNA double-strand breaks are called TOP2 poisons [43].

TOP2 poisons can be grouped into two classes based on their mechanism of action. Interfacial poisons, such as etoposide, doXorubicin, or mitoXantrone bind non-covalently to the TOP2cc at the interface of protein-DNA complex and prevent TOP2 from rejoining the DNA ends [44,45]. Covalent poisons such as certain quinones (BQ or etoposide quinone) react with TOP2 at cysteine residues (albeit reaction with other amino acids cannot be ruled out) . Covalent poisons produce irreversible TOP2cc and increase the levels of DSB by altering the conformation of TOP2 [46].

All clinically used TOP2 targeted anticancer drugs impair activities of both TOP2α and TOP2β [37]. However, the extent to which any TOP2 poison targets TOP2α and TOP2β and the relative contribution of either isoform to the drug's therapeutic effect is not well understood [46,47]. It is worth noting that cellular and in vivo studies indicate that TOP2β is the primary enzyme responsible for gene breaks in MLL (see below).

Etoposide induced therapy-related leukemia

Leukemia is a carcinoma of the human hematopoietic system, comprising the bone marrow and lymphatic system. The precise causes of leukemia are not understood; cellular disorders and environmental factors are certainly involved [48]. Therapy-related leukemia has been under investigation for decades and is known to be induced by radiation and/or chemotherapy [49]. Drugs that induce secondary leukemia include alkylating agents, TOP2 poisons (for instance, etoposide and teniposide), cyclophosphamide, anthracyclines, and doXorubicin [15]. Etoposide is a well-known TOP2 poison and a commonly used anticancer drug. It is also recognized that etoposide can be leukemogenic, notably through MLL gene translocation [26,50].

Etoposide was approved for clinical use by the FDA in 1983, and a first report published in 1987 showed that etoposide treatment has a risk of induction of secondary leukemia in 1987 [51]. Subsequently, studies were published on etoposide and secondary leukemia, particularly acute myeloid leukemia (AML). Le Deley's study showed that a high concentration and continuous etoposide treatment of solid tumors give a higher risk of treatment-related acute myeloid leukemia (t-AML) [52]. The study performed by N. J. Winnick et al. revealed that within 23 to 68 months after etoposide treatment, 10 out of 205 children developed secondary AML, and there was a 5.9%

3.2% risk of developing leukemia in the next four years [53]. Sugita et al. reported a high incidence of etoposide-associated secondary leukemia in children with non--Hodgkin's lymphoma treated by etoposide. In order to reduce the associated secondary AML, the authors recommend giving etoposide treatment twice a week [54]. Kollmannsberger et al. demonstrated that patients receiving etoposide doses in excess of 2 g/m 2 had a 1.3% likelihood of developing s-AML [55]. Meanwhile, Ratain et al. proposed that high-dose etoposide is leukemogenesis in non-small cell lung cancer treatment, and the median dose of etoposide is 6795 mg/m 2 [51]. A study by M.A. Smith et al. found that the cumulative risk of secondary leukemia in siX years was observed 3.3% in the low etoposide group, 0.7% in the medium etoposide group, and 2.2% in the high etoposide group, respectively (low: < 1.5 g/m 2 ; Medium: 1.5 to 2.99 g/m 2 ; high 3.0 g/m 2 ), indicating that factors other than cumulative dose seem to be the main determinants of secondary leukemia risk [56]. Interestingly, it was revealed that receiving etoposide at doses greater than 4000 mg/m 2 tended to increase secondary acute non-lymphoblastic leukemia (s-ANLL). Meanwhile, all leukemias described in the Italian Langerhans cell histiocytosis (LCH) group are acute promyelocytic leukemia, which are not identified in Austria, Germany, Netherlands, and Switzerland (AGDS) groups [57]. It is reported that secondary leukemia does occur after conventional doses of etoposide treatment, but the low incidence does not change the risk-benefit ratio of etoposide-based chemotherapy in germ cell carcinoma [58]. Based on these researches, there is evidence that high-dose and long-term doses are critical factors in secondary leukemia caused by etoposide treatment, while other factors cannot be ruled out.

Topoisomerase II-associated DNA double-strand breakage and repair mechanisms

A critical intermediate in topoisomerase activity is the cleavage complex. Once topoisomerases have cleaved the DNA, each subunit ofthe TOP2 becomes covalently attached to the broken end of the 5 ′ -phosphate group [40]. The cleavage complex is usually transient and naturally results from circumstances that are not clear or induced by the presence of drugs that act as antitumor agents. Topoisomerase inhibitors poison the cleavage intermediates and lead to the formation of an aborted or irreversible TOP2cc [39,47].

In order to repair the TOP2cc captured by the TOP2 poisons, the nonhomologous end joining (NHEJ) or homologous recombination (HR) repair pathway is activated. To proceed with NHEJ repair, the trapped TOP2cc is first degraded by the proteasome, and then the remaining tyrosine-linked end can be released by tyrosyl-DNA phosphodiesterase 2 (TDP2) [59,60]. Once the TOP2cc(which is trapped by etoposide), is captured by TDP2, the latter hydrolyzes the phosphodiester bond between TOP2 and DNA through proteasome degradation [61]. The collaboration between TDP2 and proteasome is not well understood. The study by Schellenberg et al. provided some novel findings [62]. First, zinc finger protein 451 (ZNF451) binds and reshapes TOP2cc, thereby opening the complex and allowing TDP2 to access and interact with the cleavage complex. Second, ZNF451 assists small ubiquitin like modifier 2 (SUMO2) protein in SUMOylation of trapped TOP2cc. The interaction of TDP2 with SUMO2 bound to TOP2cc further facilitates the interaction of TDP2 with the cleavage complex. This activity is instru-mental in preventing the formation of the cell-deadly DSB that is typical of TOP2 poisons. To proceed with HR repair, the MRE11-RAD50-NBS1 (MRN) complex cooperates with other repair proteins (e.g., BRCA1 and CtIP) and can directly sever a small segment of DNA ends containing covalently bound TOP2. In case of DNA damage is recognized, the MRN complex recruits and activates ataxia-telangiectasia mutant kinase (ATM) dimers [63]. The activated ATM dimer interacts with the checkpoint kinase, causing the cell cycle to stop at G2/M [64]. Subsequently, the nuclease activity of the MRN complex cleaves the DNA ends, prompting HR repair. Meanwhile, it was demonstrated that MRN, CtIP, and BRCA1 are required to remove TOP2-DNA adducts induced by etoposide treatment, and subsequent excision of TOP2-induced DSB ends. It is revealed that the interaction between CtIP and BRCA1 is necessary for the resistance of cells to etoposide during genomic DNA replication [65]. In addition, the MRN complex is also involved in the repair of NHEJ, and is species-specific in the repair of the hairpin structure, but the exact mechanism is still unclear [66]. The degradation of TOP2 through these two processes will leave free DNA ends, which undergo continuous excision and final repair [67,68].

Once TOP2 is released from the DNA-TOP2 cross-linking adduct, NHEJ or HR repair is initiated. NHEJ repairs DSB directly rejoining DNA terminals, which may produce a perfect repair. If the sequence around the lesion is missing or presenting with other DSB, deletion or translocation may occur [69]. Compared to NHEJ, HR is a more precise mechanism where a homologous sequence is used as a template to guide the repair process. The DSB can be repaired by several homologous mediated pathways, including double-strand break repair (DSBR) and synthesis-dependent strand annealing (SDSA), both of the pathways are initiated by 3 ′ single-strand DNA [70]. The DSBR pathway produces a crossover or non-crossover product, while the SDSA pathway produces a non-crossover product. Crossover is essential for proper chromosome segregation during meiosis and interprets genetic variation. In fact, it does not rule out that a perfect repair can be produced if the template sequence is the same as the sequence with the break sequence. Rarely, if the template is a non-homologous sequence, it may produce a translocation as well [71]. NHEJ is usually involved in the development of lymphocytes, while HR is thought to be more involved in the catalytic recombination of meiosis [71,72], which suggests that the NHEJ pathway is mainly involved in DSB repair induced by TOP2 poisons. In this regard, several studies have emphasized that NHEJ pathway plays a vital role in the TOP2 poison induced DSB (etoposide was specifically listed) [73,74] (Fig. 3).

Etoposide and chromosomal translocations

A distinct subset of t-AML is associated closely with TOP2 poisons. t-AML shows unique cytogenetic changes, the most common of which is the destruction of the MLL gene on chromosome 11q23 in the 8.3 kb breakpoint cluster region (BCR). The 7 to 13 exon of the MLL gene are located in the BCR, where most of the chromosomal translocation breakpoints are located [15,75]. Several lines of evidence suggested that etoposide caused TOP2cc cleavage activities induced site-specific DNA cleavage in the MLL BRC [76-78]. Likewise, Martin et al. reported that DNA cleavage within the MLL BCR is a specific event in the initial phase of apoptosis that is part of higher-order chromatin fragmentation leading to chromosomal translocations in the MLL and AML1 genes. In addition, in vitro incubation of etoposide with TOP2 enhanced the DNA-TOP2 cleavage complex near the translocation site within the DNA sequence containing MLL and partner genes identified in susceptible leukemia [77,79,80]. The partner genes found in MLL-related translocations include AF9, AF4, ENL, AF10, AF6, AF17, EPS15, GAS7, LOC100128568, CREBBP, and PTD [81].

Etoposide metabolites contribute to therapy-related leukemia: TOP2 poison

As described above, etoposide metabolites display activity against TOP2 enzymes, which is similar or greater than etoposide [82-85]. However, studies have shown that etoposide quinone or etoposide catechol has a similar inhibitory activity towards TOP2, when per-formed with a buffer containing a large amount of reducing agents [26, 86,87]. Studies with minimal reducing agents levels have shown that etoposide quinone is several times more effective than the parent com-pound in inducing TOP2-mediated DSB [83,84]. It was simultaneously demonstrated that the inhibition of TOP2 by etoposide quinone is not limited in the same manner as etoposide by blocking ligation as an interfacial poison [37,82-84]. Numerous studies imply that etoposide quinone is a redoX-sensitive compound [84,88-90]. More significantly, etoposide quinone was reported to act as a covalent poison, a mecha-nism involving covalent adduction , which may lead to multiple effects: inactivation of the enzyme may occur due to blocking of DNA before binding to the enzyme or stabilizing N-terminal clap after DNA binding to the enzyme [82]. In addition, etoposide quinone is a covalent poison of TOP2α and TOP2β, and its reactivity to TOP2β is reported to be slightly higher than that of TOP2α [85]. Meanwhile, studies have shown that etoposide catechol is 2-3 folds more potent than etoposide and can induce high levels of double-stranded DNA cleavage under oXidative conditions [83]. Compared with etoposide, its metabolites are several times more potent on TOP2, and they induce higher levels of DSB under oXidative reaction conditions.

Benzene is a carcinogen that can induce AML in humans and various tumors in animals. According to several reports, benzene metabolites, including benzoquinone (BQ), are responsible for the genotoXic and leukemogenic effects of benzene . In particular, benzoquinone can directly modify DNA, causing genotoXicity and mutagenesis [91,92]. BQ is a TOP2 poison as well, similar to etoposide quinone, which blocks DNA linkage and produces TOP2-DNA adducts [47,93]. In addition, exposure to benzene metabolites in mouse fetal liver is known to in-crease reactive oXygen species (ROS) [94,95]. ROS has been shown to contribute to the modification of topoisomerases [96,97]. The c-Myb transcription factor has also been shown to be abnormally activated in hematopoietic cells exposed to BQ [98]. In addition, NAD (P)H quinone dehydrogenase 1 (NQO1) is an enzyme that metabolizes BQ into hy-droquinone, which is a less reactive compound. C609T mutation encoding an inactive form of NQO1 has been suggested to increase the Fig. 3. TOP2 poison induces translocation mediated by the DSB repair pathway. TOP2 poison-mediated DSB is likely to be repaired by two pathways, NHEJ or HR repair. NHEJ can repair precisely when the DSB at a low concentration level. If DSB accumulates to a high concentration level, it may cause sequence deletion and translocation. NHEJ mainly contains three types of repair products, faithful repair, sequence loss, and translocation. HR is mediated by a homologous sequence. According to the model sequence, it may produce a different product. In most cases, HR repair uses homologous sequences as templates. This situation generates mainly a crossover or a non-crossover product through two pathways, including SDSA and DSBR, which play an instrumental role in meiosis. In a few cases, precision repair occurs when HR repair uses the same sequence as a template, and translocations may happen when HR uses a non-homologous sequence as a template. The blue and the red chromosomes are homologous, while the orange indicates a non-homologous chromosome. The blue arrowheads are located at one of the Holliday junctions (HJ), and the red arrowheads are located at the other junctions. risk of leukemia with chromosome 11q23 translocations [99,100] (particularly prominent in acute non-lymphoblastic leukemia, where the MLL gene is fused to the AF-4 gene on chromosome 4) [101] Etoposide metabolites contribute to therapy-related leukemia: non-TOP2 factors EXposure to benzene is correlated with the deregulation of the expression of specific genes associated with leukemia and DNA methylation changes [102,103]. Chromatin components, in particular histones may also react with etoposide (or its metabolite) as shown for histone H1 [104]. The benzene metabolite 1,2,4-benzenetriol can influence DNA methylation and histone acetylation in K562 cells [105]. Recently, etoposide quinone has been shown to inhibit certain enzymes, such as the histone acetyltransferase CREBBPwhich is known to be involved in the leukemogenesis [106]. CREBBP(also known as CBP or KAT6A) regulates both normal and malignant hematopoiesis [107], and the majority of Crebbp +/-or Crebbp -/-mice develop malignant hematopoietic pathologies indicating that CREBBP acts as a tumor suppressor and plays a crucial role in hematopoiesis [108-110]. Werecently showed that etoposide quinone can inhibit CREBBP acetyl-transferase activity by reacting with cysteine within zinc fingers do-mains that are key for CREBBP activity [106].

TCPTP (also known as PTPN2) is a member of the protein tyrosine phosphatase (PTP) family, which negatively regulates JAK/STAT (Janus kinase/signaling transducer and activator of transcription) signaling, through dephosphorylation of different tyrosine phosphorylated JAK/ STAT proteins, for instance, STAT1 or JAK1. TCPTP plays an essential role in normal and malignant hematopoiesis by regulating the JAK/ STAT pathway [111,112]. Deletions or inactivating mutations of TCPTP were identified in non-Hodgkin's lymphoma and T-cell leukemia and associated with elevated STAT signaling and changes in gene expression [112-114]. The loss of TCPTP phosphatase activity may lead to excessive activation of the JAK/STAT pathway, which further changes the development of HSC. Etoposide and benzene metabolites, including etoposide quinone and benzoquinone, can irreversibly inhibit TCPTP activity, suggesting another new mechanisms for etoposide and benzene to induction of leukemia [115,116]. (Fig. 4)

Conclusion and further challenge

In summary, etoposide and its metabolite etoposide quinone can inhibit TOP2 enzymes, and the accumulation of DSB is the main cause of secondary leukemia. There is still a need to obtain more precise evidence to prove that CREBBP and TCPTP are involved treatment-related leukemia. However, it has been established that etoposide quinone could contribute more importantly to the development of leukemia than etoposide through TOP2 inhibition. It is likely that other mechanisms such as CREBBP and TCPTP inhibition, may also contribute to etoposide treatment-related leukemia.

Similarly, a large amount of evidence has been established that metabolites of benzene are involved in leukemogenesis through other mechanisms than TOP2 inhibition. For instance, chronic occupational exposure to benzene leads to an increase in the expression of genes involved in apoptosis in blood cells [117,118]. Benzene metabolite triggers apoptosis of hematopoietic progenitor cells in a dose-dependent manner in bone marrow [119]. Meanwhile, benzene affects cell apoptosis by inhibiting caspase-3 [120,121], which may promote the survival of cancer cells. It is also well known that inappropriate activation or expression of c-Myb is involved in the process of leukemia. The c-Myb transcription factor has also been shown to be abnormally activated in K562 and mouse models of hematopoietic cells exposed to 1, 4-benzoquinone [122,123]. Moreover, the duration of exposure to benzene is associated with the dysregulation of specific gene expression associated with leukemia and changes in DNA methylation [102,103].

Based on the existence of homologous histone acetyltransferases or protein tyrosine phosphatases , it is likely that etoposide quinone may affect homologs of CREBBP and TCPTP. For example, p300, the homolog of CREBBP, is structurally and functionally similar to CREBBP, notably, on the acetyltransferase catalytic core , including RING andPHD domains. Etoposide quinone covalently binds to CREBBP in the RING and PHD domains [106]. Indeed, p300 has similar RING and PHD domains , It is thus likely that etoposide quinone may also inhibit the acetyltransferase activity of p300. Other histone acetyltransferases , such as TIP60, MOZ, and MOF, contain structural zinc fingers and may also be targets of etoposide quinone.

Acetyltransferases, particularly CREBBP/p300, are involved in HR repair by acetylating Recombinant DNA repair protein 52 (RAD52) [124,125]. TIP60 plays a direct role in Fig. 4. The underlying mechanism of etoposide induced therapy-related leukemia. TOP2 is an essential as well as a genotoXic enzyme. Typically, the TOP2, DNA, and TOP2-DNA complex are maintained precisely to perform the relevant cellular functions. If the TOP2 enzyme activity is insufficient, the TOP2-DNA complex is lacking, resulting in the inability to release the torsional stress, leading to cell division failure and eventual death due to the failure to unwind the daughter chromosomes. In contrast, TOP2 poisons inactivate the enzymes via interfacial or covalent interaction, resulting in irreversible damage to the TOP2-DNA complex and ultimately creating DSB. Accumulation of DSB inhibits fundamental DNA processes and initiates recombination/repair pathways that produce chromosomal translocations and mutations. If the DSB overwhelms the cells, they will trigger apoptosis, which is the primary anticancer mechanism of etoposide. If the concentration of TOP2 mediated DSB is limited to induce apoptosis, mutations or chromosomal aberrations could occur, and it is possible to develop cancers. Etoposide caused therapy-related leukemia is a chromosomal rearrangement involving the MLL gene on chromosome 11q23. Meantime, etoposide quinone inhibits CREBBP or TCPTP, which has been reported to be associated with leukemogenesis.

+

activating ATM (an essential DSB repair protein kinase) by acetylating it in response to DNA damage [126,127]. Therefore, the loss of acetyltransferase activity may directly affect DSB repair.

The catalytic cysteine 216 is an essential residue of TCPTP and participates to the enzymatic reaction.Cysteine 216 is a evolutionary conserved residue in the PTP family [128]. Therefore, etoposide quinone may inhibit other PTP family members, possibly leading to a broad loss of PTP activity in cells. This may affect JAK/STAT signal transductionwhich plays a key role inHSC differentiation and proliferation. In parallel, a study reported that deficiency in protein-tyrosine phosphatase 1B (PTP1B) is involved in the development of acute leukemia [129]. In addition, SHP2 (Src homology region 2 domain containing phosphatase 2, also known as PTPN11) is related to hematopoiesis and leukemia [130].

As suggested for benzene-induced leukemia, etoposide-induced secondary leukemia are likely to rely on different mechanisms of actions affecting several and distinct biological processes. More studies are needed to understand the pathogenesis of etoposide therapy-related leukemia. This mayfacilitates the determination of the optimal therapeutic administration methods, including the timing and dosage and thereby advances the prevention and treatment of etoposide therapyrelated leukemia.
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  Nous avons donc tout d'abord, étudié le comportement normal des cellules souches chez la souris. Il existe peu de modèles mathématiques axés sur les compartiments immatures, et la plupart des modèles mathématiques sont axés sur l'hématopoïèse à l'état stable. De plus, nous avons émis l'hypothèse que le stress est la principale raison pour laquelle les cellules mutées par JAK2V617F se développent et concurrencent les cellules de type sauvage puisque en état stationnaire, l'avantage prolifératif des cellules souches JAK2V617F n'est que d'un facteur 2 par rapport aux cellules normales. Nous avons donc modélisé l'hématopoïèse immature normale en combinant hématopoïèse à l'état d'équilibre et l'hématopoïèse de stress. La phenylhydrazine (PHZ) a été utilisé comme stress capable d'induire une hémolyse importante et dose dépendante des globules rouges. Nous montrons que ceci s'accompagne d'un processus inflammatoire important. En combinant les données quantitatives et d'entrée en cycle des cellules des différents compartiments de cellules souches et de progéniteurs avec, nous avons modélisé la réponse des cellules matures au stress. En outre, notre modèle a été validé en utilisant différents stress "in silico" comme le traitement au 5-FU, la phlébotomie ou la suppression des LT-HSC. Après ces stress extrêmes, le modèle régulé récapitule ce qui se passe in-vivo et un retour à des valeurs hématopoïétiques normales selon les données biologiques obtenues dans la littérature. Ce modèle étant validé, notre objectif est maintenant de déterminer l'issue d'une LT-HSC mutante (et ses propres propriétés prolifératives) afin de déterminer quand et avec quelle probabilité un phénotype NMP pourrait se développer après l'apparition d'une seule cellule souche mutante. À cette fin, nous avons reproduit chez des souris transgéniques JAK2V617F le stress précédemment analysé chez des souris normales. En appliquant les données des souris mutantes au modèle mathématique, nous espérons qu'il sera possible de déterminer 1-quels facteurs doivent être modifiés dans le modèle, illustrant mathématiquement les conséquences de la mutation de JAK2V617F sur l'hématopoïèse. 2-En utilisant les paramètres des souris mutantes, nous pourrons déterminer le nombre minimal de LT-HSC mutantes qui permettra d'induire un phénotype MPN avec une probabilité égale à celle de l'émergence du MPN dans la population générale. Ce nombre de LT-HSC correspondra à la date d'émergence de la première LT-HSC mutante qui sera nécessaire pour induire un NMP. Nous espérons pouvoir démontrer clairement que le NMP est en fait une pathologie qui émerge pendant la vie foetale. 3-Nous aimerions également démontrer que le stress est obligatoire pour induire l'émergence du phénotype NMP en utilisant des comparaisons entre les stress et l'état stable de l'hématopoïèse normale et pathologique. Les données in vivo ont été recueillies et la modélisation mathématique sera développée au cours des prochaines années. Outre le temps d'émergence du NMP, nous avons étudié l'évolution des NMP. Depuis des décennies, de plus en plus de mutations additionnelles ont été retrouvées chez un sous-ensemble de patients, en association avec les mutations initiatrices telles que JAK2V617F. Ces mutations supplémentaires interviennent dans diverses voies telles que l'épigénétique, l'épissage de l'ARNm, la signalisation intracellulaire et l'expression génétique. Des études cliniques ont montré que les mutations supplémentaires contribuent au mauvais pronostic des patients atteints de NMP. TP53 est l'un des gènes touché par des mutations supplémentaires dans la transformation du NMP. TP53 joue un rôle clé comme gardien du génome, et dans la majorité des cancers ont été identifiées des mutations de TP53. Cependant, dans les leucémies aiguës spontanées, la mutation TP53 a rarement été identifiée, elle est cependant plus fréquente dans les leucémies acquises. Certaines études ont suggéré que la mutation TP53 était responsable de la transformation en leucémie aiguë des NMP. Certains modèles de souris confirment cette hypothèse. Cependant, une étude clinique a montré que certains patients atteints de NMP et porteurs de mutations TP53 ne développent pas de leucémie pendant une longue période, en particulier lorsque la charge allélique de la mutation TP53 est faible. Cela suggère que l'avantage de la mutation TP53 n'est pas plus élevé que celui de la mutation JAK2V617F chez les patients NMP. Nous avons donc développé un modèle de souris triple transgénique pour identifier la fonction de la perte de fonction de TP53 dans le contexte de JAK2V617F. Dans notre modèle de souris, l'expression de JAK2V617F est assurée à un niveau physiologique avec la recombinaison vav-cre, (contrairement aux modèles précédants utilisant une surexpression importante de l'oncogène JAK2V617F induit par un promoteur viral) et TP53 est inactivé (knock-out). Avec ce modèle de souris, nous avons constaté que les souris JAK2V617F/TP53-/-ont les mêmes caractéristiques de NMP que les souris JAK2V617F. Nous avons analysé le nombre de cellules sanguines, les poids de la rate, l'histologie de la moelle osseuse et de la rate, le cycle cellulaire de toutes les populations de progéniteurs et la survie, mais aucune différence significative n'a pu être identyifiée. Cela suggère que le TP53 ne joue pas un rôle clé dans le développement du phénotype NMP. Par contre, les expressions géniques analysés par RNA-Seq dans les différentes populations de cellules souches et de progéniteurs nous a permis de mettre en évidence ce qui dans les modifications génnétiques induites par JAK2V617F était p53 dépendant ou non. Les gènes régulés de façon indépendante de TP53 sont impliqués dans le phénotype NMP puisque le phénotype a été observé chez les souris transgéniques triples. De plus, l'analyse comparative des voies a montré qu'une des principales voies régulées est la voie de signalisation de l'IFN-α. En effet, la souche JAK2V617F présente une surexpression significative des gènes impliqués dans la voie IFN alors que cette voie est quasi-normale dans les souches JAK2V617F/TP53-/-. Ceci suggère que les cellules JAK2V617F pourraient être hypersensibles à l'IFN alors que les souches JAK2V617F/TP53-/-seraient moins sensibles à l'IFN-α. Pour vérifier cette hypothèse, nous avons utilisé des greffes compétitives et traité les souris avec de l'IFN-α. De cette manière, nous avons constaté que les cellules mutées JAK2V617F/TP53-/-ont une sensibilité plus faible à l'IFN-α que les cellules JAK2V617F seules. Cette résistance au traitement pourrait être la raison de la probabilité plus élevée d'émergence de transformation leucémique même si l'inhbition de p53 n'est pas « en soi » un évènement oncologique. En conclusion, nous avons combiné des données biologiques avec une approche mathématique pour modéliser l'hématopoïèse normale et sous stress et, comparé cete modélisation avec les résultats obtenus chez les souris présentant un NMP. De plus, nous avons également montré que chez la souris et dans notre modèle transgénique, TP53 n'est pas un gène critique de la transformation des NMP en LAM, mais qu'il est responsable de la résistance à la thérapie IFN dans le contexte de JAK2V617F.

  hematopoiesis may show alterations in the numbers and morphology of different cell lineages in peripheral blood and mono-or multilineage cell changes in the bone marrow. Both normal and pathological hematopoiesis can be divided into two different systems, myeloid and lymphoid, according to the different lineages. Myeloid neoplasms include acute myeloid leukemia (AML) and related aggressive myeloid neoplasms, myeloproliferative neoplasms (MPN), mastocytosis, myelodysplastic syndromes (MDS), and MDS/MPN syndromes. JAK2V617F is one of the most common mutations expressed in myeloid neoplasms and more particularly in MPN where this mutation has been demonstrated as causative of the disorders. However, other genes can be abnormal in myeloid neoplasms. TP53 which encodes the tumor suppressor P53 is the most frequently mutated gene in cancers. Surprisingly, it is not one of the most mutated genes in myeloid neoplasms, however it has been suggested that TP53 could be associated to the evolution of MPN and MDS to acute leukemias. The aim of this work was first to better understand the clonal advantage of JAK2V617F mutated cells based on the hypothesis that instead of steady state JAK2V617F hematopoiesis the clonal advantage may be due to stressed JAK2V617F stem cells, and second to better delineate what is TP53 dependent or independent in MPN and verify if the TP53 inactivation can transform the MPN into AML.

  . PMF treatment is given differently according to the risk classifications. Patients at low or intermediate risk but asymptomatic are generally given observation, but interferon, hydroxyurea or anagrelide are usually given in the presence of thrombocytosis; patients at intermediate or high risk have a significantly reduced survival time with varying symptoms, and allogeneic bone marrow transplantation is usually considered for patients under 65 years of age. Patients who are unable to undergo allogeneic bone marrow transplantation are generally treated symptomatically 27 .

Figure 1 :

 1 Figure 1: JAK-STAT signaling pathway and cytokines 34 .

  . The most frequently mutated genes associated to the driver mutations are the epigenetic regulators TET methylcytosine dioxygenase 2 (TET2) and DNA (cytosine-5)-methyltransferase 3A (DNMT3A). Mutations in enhancer of zeste homolog 2 (EZH2), additional sex combs (ASXL1) and the splicing factor arginine/serine enriched 2 (SRSF2) are also associated with poorer prognosis and risk of AML transformation 71 .

1. 4 . 2

 42 Transgenic mice model The transgenic models were developed by injecting bacterial artificial chromosome (BAC) containing different JAK2V617F cDNA from different origins into the murine oocytes during embryogenesis. The models exhibited stable and genetically JAK2V617F expression with the different promoter control. In 2008, three different transgenic JAK2V617F mouse model were described with three different phenotypes of MPN. Shide et al. created two lines of mice with different expression levels of JAK2V617F under the control of H-2Kb promoter 81 . One mouse line with JAK2V617F mutation integrated on chromosome 18q showed mild polycythemia at 3 months-old in 19% mouse, thrombocytosis expressed in 34% mouse without splenomegaly at 3 months-old. The second mouse line which mutation integrated on chromosome 7q D1 showed severe leukocytosis at one month-old increasing with time and reaching peak at 5 months 81 . Thrombocytosis and anemia were also identified in the mouse line at one month. Phenotypes of these two strains seem to correlate with JAK2V617F expression since JAK2V617F mRNA was lower in line one than line two (line 1 and 2 is 1.45-and 2.35-fold respectively compared with wild-type). Other mouse-lines were described by Xing et al. The authors used human JAK2V617F cDNA under the control of Vav promoter in C57Bl/6XDBA/2 mice 82 . They identified mild PV-like or high PV-like phenotype in different mouse lines. A third work was performed using again the human JAK2V617F cDNA construct containing an inactive reverse orientation JAK2V617F kinase, which was flanked by lox sites at both sides, JAK2V617F being expressed by Cre recombination under the control of Vav and Mx promoters. Vav promoter can promote Cre expression in all of the hematopoietic cells during the lifespan. The mice expressing JAK2V617F under Vav promoter displayed ET-like phenotype with normal hemoglobin, mildly increased neutrophils and severe thrombocytosis at 10 weeks. At 5 months the mice still showed ET phenotype with significantly increased platelet counts and mild decrease in hemoglobin consistent with the presence of myelofibrosis. The mice expressing JAK2V617F under Mx1-Cre promoter, which can be activated with interferon alpha, interferon beta or synthetic double-stranded RNA like the polyinosinic-polycytidine (pIpC) developed. 10 weeks after pIpC injection, a PV-like phenotype with increased thrombocytosis, hemoglobin, and neutrophilia. At 5month these mice displayed high hemoglobin and pronounced neutrophilia in 75% mice 72 . Altogether, these studies illustrated that the JAK2V617F expression level correlated with the MPN phenotype. Moreover, despite transgenic mouse models provide a more stable state of JAK2V617F expression in hematopoietic compartments than retroviral transduction model, the insertion of transgene products is still random and could influence the JAK2V617F expression. 1.4.3 Knock-in Mouse Model With the continuous advancement of biotechnology, the conditional knock-in mouse model has become available. JAK2V617F knock-in mouse under the management of the native promoter most faithfully recapitulates the expression of JAK2V617F in endogenous environment. JAK2V617F, in turn, is specifically induced in the BM compartment using Cre-mediated recombination under the control of the specific promoter. In 2010, different knock-in JAK2V617F mouse models have been described. One study showed that the knock-in mice under the control of Mx-Cre promoter displayed penetrant, severe PV-like phenotype with increased HCT, RBC, WBC and platelet, a huge splenomegaly and EMH. The disease was transplantable. The authors identified that EPO level was reduced as observed in PV patients. Total BM cells numbers were lowered in these mice maybe due to the fibrosis development. The histopathology of bone marrow showed hypercellularity with trilineage hyperplasia and mild fibrosis. The spleen histology demonstrated a disappeared of the normal spleen architecture with attenuated white pulp and expanded red pulp, increased megakaryocytes numbers and clusters of immature erythroid precursors and fibrosis. The erythroid cells (CD71 + /Ter-119 + ) and myeloid cells were also markedly increased in the spleen. These data suggest that the knock-in mouse generated a phenotype very similar to high-risk PV patients. The authors also analyzed the stem cell compartments in these knock-in mice. The LSK (Lin -Sca1 + c-kit + ) population and myeloid progenitor populations (MPP) were increased in both BM and spleen, further MEP was also greatly elevated meanwhile CMP and GMP were increased at a lower extent in the BM and spleens. Myeloid colony numbers from BM and spleens were also increased when compared to the control mice. Homozygous JAK2V617F mice were also analyzed. The homozygous mice have more severe symptom (higher RBC, WBC, HCT, PLT, spleen size and fibrosis) than heterozygous mice. Confirming in a unique mouse strand that JAK2V617F allele burden influence the phenotype of MPN 83 .
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 8 Figure 8: Schematic diagram of stress erythropoiesis 124
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 3 Responding to exogenous signals in the stem cell niche. Stem cell niche cells such as osteoblasts, mesenchymal stem cells, perivascular stromal cells and endothelial cells are affected in many ways during the infection process, thus affecting the proliferation and differentiation of HPSC; (4) Responding to pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs) via to Toll-like receptors (TLRs); (5) In theory, HSPC can be affected by pathogens and thus influence of their activity. But until now there is no study support this hypothetical.
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 9 Figure 9: Chemical structure of PHZ

  chromosome 14 in mice. TP53 has an unusually similar gene structure, about 20 Kb long, both consisting of 11 exons and 10 introns, the first exon is non-coding and exons 2, 4, 5, 7, 8, respectively, encode five evolutionarily highly conserved structural domains, the five highly conserved regions of the TP53 gene, namely the 13th-19th, 117-142, 171-19 2, 236-258, 270-286 coding regions. The TP53 gene is transcribed into a 2.5 Kb mRNA encoding a 393 amino acid protein with a molecular weight of 43.7 KD. The P53 transcription factor is composed of four structural domains: transactivation domain, DNA binding domain, tetramerization domain and regulatory domain. The majority of TP53 mutations identified localize to the DNA binding domain covering exons 5-8. The expression of the P53 is controlled at least at both transcriptional and post-transcriptional levels. In continuously growing cells, mRNA levels did not change significantly with the cell cycle, but decreased after induction of differentiation, partly due to post-transcriptional regulation. The transcription of TP53 gene is controlled by two promoters, P1 and P2. The P1 is located upstream of the first exon and P2 is located in the first intron, which contains an NF1 protein binding site and a transcription factor AP1-related protein binding site. For normal TP53 gene INTRODUCTION 55
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 10 Figure 10: The function of TP53 154
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 3 kinase (PI3K)/AKT/mTOR pathway-dependent increase in MDM2 translation(PMID: 21785463).
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 12 Figure 12: Suggested role of TP53 deficiency in MPN evolution 170 .

Figure 13 :

 13 Figure 13: The gene structure of TP53 mutation mice. Above is the targeting construct disrupting TP53. Crossed the endogenous TP53 with targeting construct to induce the homologous recombination TP53 mouse 158 .

  Peripheral blood of each mouse was collected by facial vein with 20 -gauge needle and EDTA tube (BD Bioscience) after one-month. The complete blood count were analyzed using automated counter (MS9; Schloessing Melet, France). Intraperitoneal injection and retro-orbital injection were performed for the needed treatment. Spleen and BM were fixed according to standard hematologic techniques. For the blood smear, placed a drop of blood on the surface of the first slide near the end then the second labeled slide in contact JAK2 conditional allele Forward 5'-3': GTC-TGT-CCA-AAG-AGT-CTG-TAA-GTA-C JAK2 conditional allele Reverse 5'-3': GCT-CCA-GGG-TTA-CAC-GAG-TC Vav-Cre Forward 5'-3': GGT-GTT-GTA-GTT-GTC-CCC-ACT Vav-Cre Reverse 5'-3': CAG-GTT-TTG-GTG-CAC-AGT-CA Vav-Cre Internal Positive Control Forward 5'-3': CTA-GGC-CAC-AGA-ATT-GAA-AGA-TCT Vav-Cre Internal Positive Control Reverse 5'-3': GTA-GGT-GGA-AAT-TCT-AGC-ATC-ATC-C P53_KS 5'-3': GCC-TTC-TAT-CGC-CTT-CTT-GAC-GAG-T P53_WA 5'-3': AGA-CGC-ACA-AAC-CAA-AAC-AAA-ATT-ACA P53_WS 5'-3': CGA-CCT-CCG-TTC-TCT-CTC-CTC-TCT-T

  with ice-cold DMEM to rinse the bone marrow into a 70 µm cell filter placed in a 50 ml tube(Falcon). Centrifuge cells at 1,200 rpm for 10 min at 4 degree and discard the supernatant. The BM cells were resuspended into PBS again and count to do the other experiments. The spleen was weighted and split into pieces to prepare for histology and others. For the spleen cells suspension, remove the plunger of sterile 5 ml syringe. The flat end of the plunger was used to crush the spleen with a gentle circular motion to release the splenocytes.The suspension was filtered through a 70 µm cell strainer into a sterile 50 ml tube. Centrifuge the suspension with 1,200 rpm for 10 mins at 4 °C. The cells were Resuspended into PBS for the other assays which need splenocytes. To test response to stress, we induced chemical hemolytic anemia using phenyhydrazine PHZ (Sigma-aldrich). We calculate the concentration of PHZ competitive graft, we do the CFU with the bone marrow cells from the triple competitive graft mouse. After 10 days of incubation picked out at least 50 colonies from the CFU plate and then genotype the p53 -/-in these 50 colonies.To identify the number of stem and progenitor populations and the actively cycling cell populations in each of these compartments, IP injection of BrdU-containing solution (1mg/mouse, BD Pharmingen, USA) into mice 12-15 hours ago of test. The stem cells and progenitors population were labeled with different fluorescent antibodies. We first selected the Lin -cells population with Biotin anti-mouse Lineage Panel (145-2C11;RB6-8C5;RA3-6B2;Ter-119;M1/70; Biolegend), in Lin -population we then select the LSK population with Lin -Sca + c-kit + (BV 510™ anti-mouse Ly-6A/E (Sca-1), D7, Biolegend; BB700 Rat Anti-Mouse CD117 (PerCP), 2B8, BD Biosciences), and LK population with

  BM cells of C57, JAK2V617F/Vav-Cre and JAK2V617F/Vav-Cre /p53 -/-were suspended with PBS and incubated the Lin -panel antibodies (Ter-119 20µL/10 8 cells, B220 20 µL/10 8 cells, GR1 20µL/10 8 cells, CD3ε 5µL/10 8 cells, CD116 10µL/10 8 cells) in rotation for 20 min at clod room. Then washed the cells with PBS and centrifuged 10 min at 1,200 rpm. Resuspend the cells into Mouse Depletion Dynabeads TM For untouched kits (Invitrogen, Thermo Fisher Scientific) and rotated 15 min at room temperature. After that the tubes were put into magnetic field 2-3 min, and recovered the Lin -cells in supernatant. Incubated the surface antibodies for Lin -cells suspension. The volume of each surface antibody as following: Sca-1 1µL/10 7 cells, c-kit, CD150, CD48, CD16/32 and CD34 2µL/10 7 cells. 30 min incubation at room temperature and then washed the cells into 4 mL PBS. Resuspend the cells in MEMα medium at 10% FCS at a rate of 0.5 ml for 1.5 ×10 7 cells. BD FACSAria TM III cell sorter (BD Bioscience) was used to sort the LT-HSC, ST-HSC, MPP, CMP, GMP and MEP populations of each mice. Each population of cells was collected into 100 µL of buffer RL from the single cell RNA purification kit (Norgen Biotek Corp). RNAs were quantified using Nanodrop (100 ng/uL) and qualified in a Bioanalyzer (Agilent). The RNA-Seq analysis was performed at the Cochin Institute genomic platform (Paris). After the paired end (2 ×75 bp) sequencing, a primary analysis based on AOZAN software (ENS, Paris) was applied to demultiplex and control the quality of the raw data (based of FastQC modules / version 0.11.5). Obtained fastq files were then aligned using STAR algorithm (version 2.7.1a) on the GRCm38 reference from Ensembl, release 101, and quality control of the alignment realized with Picard tools (version 2.8.1). STAR parameters were the following: --sjdbOverhang 74 --twopassMode Basic -outFilterType BySJout --quantMode TranscriptomeSAM. Reads were then count using RSEM (v1.3.1) with the Aligned to Transcriptome bam files and the statistical analyses on the read counts were performed with theDESeq2 package version 1.24.0 to determine the proportion of differentially expressed genes between two conditions.

(

  Dynamic regulation from Stem to Red Cells in unperturbed and stress hematopoiesis) and still under writing Part 2 (Part2: Mechanisms of Clonal selection in myeloproliferative neoplasms (JAK2V617F) Subclonal selection and transformation after TP53 inactivation).Hematopoiesis provides lifelong supply of mature blood cells derived from bone marrow stem cells characterized by self-renewal and differentiation.Emerging data having highlighted fundamental differences between stress and unperturbed hematopoiesis, mathematical modelling integrating both behaviors should be a powerful approach to address key questions in hematopoiesis. Here, we developed a 6-cell amplification compartment model focused on early steps of erythropoiesis, able to accurately reproduce unperturbed erythropoiesis. Such model was then applied to stress hematopoiesis such as red blood cell destruction after phenylhydrazine treatment. Based on our biological data, we modeled plasticity of erythropoiesis recapitulating steady-state and stress behavior, by introducing time-dependent regulations, depending indirectly on compartment sizes through the dynamics of two regulators (ur and ud) modulating self-renewal and differentiation.JAK2V617F is a common mutation in MPN phenotype, and TP53 mutations are important secondary events in MPN progression. In a previously described mouse model it has been demonstrated that JAK2V617F overexpression in a RESULTS TP53 inactivated context can lead to erythleukemia in mice when JAK2V617F alone did not. Patient studies also showed the TP53 is one of the major mutated genes in post-MPN leukemias. Here we used Vav-Cre expression to get the JAK2V617F/Vav-Cre conditional knock in mice in hemtopoietic cells and TP53 knock out mice to get the JAK2V617F/Vav-Cre/TP53 mouse model and check the consequences of inactivation of TP53 for the MPN progression. We did not find that inactivation of TP53 modify the phenotype of MPN or induce MPN transformation. However, in a competitive graft with JAK2V617F cells, we found that the JAK2V617F/Vav-Cre/TP53 cells have a proliferative advantage over JAK2V617F/Vav-Cre cells after stress (reconstitution after Bone marrow transplantation). Furthermore, we also found that the JAK2V617F/Vav-Cre transplanted mice have a different response to the treatment with IFN-α when compared with JAK2V617F/Vav-Cre/TP53 mice. This relatively lower sensitivity could explain the higher risk of acute transformation in the long term.RESULTSINTRODUCTIONHematopoiesis provides the lifelong supply of mature blood cells derived from a rare population of bone marrow (BM) multipotent hematopoietic stem cells (HSCs)(Orkin and Zon, 2008; Till and McCulloch, 2012). The lineage relationship between HSCs and mature cells was first proposed as a multistep RESULTS process in which generations of diverse blood cells are coupled with movement through consecutive Hematopoietic Stem and Progenitor Cell (HSPC) amplification motors, from HSC to mature blood cells. HSPC division and differentiation are controlled by extracellular signals, and by intracellular networks. In the classical model, successive HSPC compartments, Long-Term HSC (LT-HSC), Short-Term HSC (ST-HSC), MultiPotent Progenitor (MPP), etc. along hematopoietic differentiation process are defined on their immunophenotypic level, typically by the expression of cell surface marker combinations (Eich et al., 2019; Notta et al., 2016). In this context, since the 1960s, HSCs are typically functionally defined by their ability to sustain multi-lineage engraftment for an extended period of time upon serial transplantation into irradiated recipient mice (Till and McCulloch, 2012).

  conducted in silico modelling and in vivo experiments to integrate homeostasis and stress hematopoiesis. We observed that transient hematopoietic stress impacts all primitive HSPC compartments, with a large rebound effect inducing a delay in the hematopoietic system. A steady state model (i.e. with constant parameter values) cannot explain the fast return of RBC to equilibrium and a model whose regulation depends directly on the different compartment sizes cannot explain the observed rebound effect. Then, these effects were taken into account in our in silico model: We integrated time-dependent regulations depending indirectly on compartment sizes. Self-renewal and differentiation dynamics were modulated through the dynamics of two regulators (ur and ud).The model was finely calibrated using a novel stochastic optimization algorithm (CMA-ES)(Hansen and Ostermeier, 2001) based on the experimental observations .

  BM cells(Boggs, 1984; Chervenick et al., 1968; Mahajan et al., 2015), the LT-HSC number was around 15248 ± 2200/mouse. The LT-HSC division rate was computed from the proportion of LT-HSC retaining their phenotype after 20 hours of BrdU incorporation at steady state (1.82 in [0-4.7] % of cycling LT-HSC) (Figure1Fand FigureS1). Hence LT-HSC division rate was approximated by 1/100 per day. Assuming that Di must increase as a function of i and since Dk=1 (no self-renewal), Di belongs to [D2;1]. As in Busch's report(Busch et al., 2015), the second compartment corresponds to the ST-HSC compartment. Then minimal value for D2 (D2≥0.16

  toward the erythroid lineage (based on Busch's data), 3-decreased probability of self-renewal along the differentiation process, and 4-bounds of the division rate of each cell type. The μi erythro-myeloid commitment probabilities were obtained considering Busch et al. data (Busch et al., 2015) and dividing the differentiation rate toward erythro-myeloid lineages by the sum of RESULTS differentiation rates toward all lineages. Based on decreasing probability of self-renewal in the different compartments along the differentiation process, Di

RESULTS

  RBC fall, and an increase in platelets and leukocytes counts (Figure2A-C). While total number of BM cells was slightly reduced at day 3 (-25%) and enhanced at day 10 (+33%) (Figure2G), spleen weight strongly increased 24h after PHZ injection (Figure2D-F), becoming 3 times larger than normal at day 3, as previously observed after erythroid(Hara and Ogawa, 1976; Sanchez et al., 2006) and social stress in mice(McKim et al., 2018). The three hematopoietic tissues were analyzed to assess proportion and absolute cell numbers in the different compartments (LT-HSC, ST-HSC, MPP, CMP, and MEP) as well as their percentages into cell cycle (BrdU incorporation), and apoptosis (AnnexinV labelling) during the hemolytic phase. In BM, a decrease in the size of all compartments (from LT-HSC to CMP) was evidenced. BM MEP population remained relatively stable during this phase, while a huge increase in the number of splenic MEP was observed 3 and 5 days after PHZ injection (Figure2G). No difference in BrdU incorporation was noticed at day 3 in the different BM compartments except for MEP, which displayed a 2-fold increased cell proliferation, as compared to D0 (FigureS2F). To further get insight into mechanisms involved in the drastic decrease of compartment size, we analyzed apoptosis. No increase in the proportion of AnnexinV-labelled cells was observed whatever the progenitor compartment examined, allowing us to

Figure S2 :

 S2 Figure S2: Analysis of BrdU incorporation in HSPCs at different time points after PHZ administration. (A) Summary scheme of PHZ treatment. (B-F) Percentage of BrdU + cells 16h after intraperitoneal BrdU injection. (B) BM LT-HSC, (C) BM ST-HSC, (D) BM MPP, (E) MEP from BM (green) and spleen (black), (F) BM CMP. ** p<0.01 (n=5).

10 6 cells

 6 /mouse, x 2 (day 3) = 0.0152 . 10 6 cells/mouse, RESULTS x 3 (day 3) = 0.02 . 10 6 cells/mouse, x 4 (day 3) = 0.093 . 10 6 cells/mouse, x 5 (day 3) = 0.395 . 10 6 cells/mouse, x 6 (day 3) = 0.94 . 10 10 cells/mouse. Using a stochastic optimization algorithm based on a CMA-ES method (Covariance Matrix Adaptation Matrix in Evolution Strategy), developed on Python by the INRIA team RandOpt (Hansen and Ostermeier, 2001) and least-squares cost function, we minimized the discrepancy between in silico simulated and experimental data. Results were summarized in Table

  pathway since IFNα has been clinically demonstrated as a drug able to preferentially target JAK2V617F cells and because it has been demonstrated that the IFN signaling was uniquely enriched in HSCs from individual diagnosed with ET. We confirmed this enrichment in all JAK2V617F/Vav-Cre immature compartments in mouse but this was not the case in the JAK2V617F/Vav-Cre/TP53 -/-cell compartments (Figure 22B-D), suggesting a potential difference in the response to IFN-based therapies. RESULTS mice, IFNα treatment induced a suppression of leukocytosis, normalization of platelet count and hematocrit after 4 to 8 weeks (despite relapse after -Cre/TP53 -/-transplanted mice do not induce hematological response (Figure 24A-C). Chimerism analysis confirmed a drastic reduction in the JAK2V617F/Vav-Cre proportion of myeloid cells in the blood of the JAK2V617F/Vav-Cre recipients, persisting one month post IFN withdrawal (Figure 23D-G) while no change in chimerism analysis was noticed despite IFN-therapy in the JAK2V617F/Vav-Cre/TP53 -/-recipient mice (Figure 24D-F).

RESULTS but induce a

  proliferative advantage over p53 WT cells. Our data also suggest that p53 inactivation could induce a resistance to IFN therapy. This finding needing to be confirmed with clinical studies. Until 2005, MPN were considered as clonal disorders based on X chromosome inactivation studies, rare karyotype abnormalities and by analogy to Chronic Myeloid Leukemia and its characteristic clonal BCR-ABL translocation. The discovery of the JAK2V617F mutation in 2005 confirmed the clonal nature of MPN and gave clues for the understanding of disease development. In the following decade, other molecular abnormalities have been found in MPN such as JAK2 exon 12 mutations, CALR mutations or MPL mutations. All these abnormalities retain a unique characteristic: Activation of the JAK2 transduction pathway.

  BrdU-containing solution (1mg/mouse, Biolegend, Le Pont de Claix Cedex) was injected intraperitoneally (IP) into mice 12-15 hours before harvesting cells for assay. DNA synthesis in each population was assessed by measuring the incorporation of BrdU. Cells were permeabilized with BD Cytofix/Cytoperm™ buffer and BD Cytoperm™ Permeabilization buffer Plus and labeled with fluorochrome-conjugated anti-BrdU (Biolegend, Le Pont de Claix Cedex)

Furthermore, ex vivo

  analysis shows ABT-199 treated animal cells demonstrated a relative induction of high levels of apoptosis as measured by the cleaved Caspase 3/7 (Fig 6c; p<0.01), confirming its potency as an inhibitor of the BCL-2 family.

Figure 1 .

 1 Figure 1. P53 loss and NRASD12 induce mouse models of HR-MDS and AML. Peripheral blood cell counts and spleen from normal control FVB/N, p53 +/-, p53 -/-, NRASD12, NRASD12/p53 +/-and NRASD12/p53 -/-mice. (a) white blood cells; (b) Platelet (PLT); (c) red blood cells (RBC) (d) haematocrit (HCT); (e) spleen; (f) bone marrow (BM) and hematoxylin and eosin (H&E) sections of liver and spleen; (g) percentage of BM blasts; (h) percentage BM apoptosis after treatment with etoposide.

Figure 2 .Figure 3 .

 23 Figure 2. P53 loss co-operate with NRASD12 to decrease in stem cells and progenitors. (a) Percentage of BM stem cell populations; (b) percentage of BM progenitor populations; (c) percentage of spleen stem cell populations; (d) percentage of spleen progenitor populations Figure 3. The serial transplant of second and tertiary recipients of MDS and AML mice developed severe disease (a) Kaplan-Meier comparative survival curves were plotted after transplantation of different mouse models; (b) Kaplan-Meier comparative survival curves after transplantation of NRASD12 first to third recipients; (c) Kaplan-Meier comparative survival curves after transplantation of NRASD12/p53 +/-first to third recipients; (d) Kaplan-Meier comparative survival curves after transplantation of NRASD12/p53 -/-first to fourth recipients.

Figure 4 .

 4 Figure 4. The effect of MEK and BCL2 inhibitors in vitro showing increased apoptosis and reduction of progenitors (a-f) Inhibitors on the BM cells of (a)

Fig. 1 .Fig. 2 .

 12 Fig. 1. The main metabolic pathway of etoposide in vivo.
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  . Anand S. et al. demonstrated that patients harboring JAK2V617F do not have increased the HSC compartment size (in PV and ET) but in PMF
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	histological analysis were normal no matter the age of the mice. Twenty-six
	weeks after induction, 10% of mice progressed to PV (erythroid and
	megakaryocytic hyperplasia increased in BM and spleen) with splenomegaly
	and platelet decrease. However, in this model reticular fibrosis was lacking in
	the BM and spleen of PV-like mice except one mouse, which developed fibrosis,
	splenomegaly and anemia. The sizes of LSK compartments, and myeloid
	progenitors (GMP and MEP) were decreased at 26 weeks compared with 6
	Li et al. generated a model in 2010 as well, this model characterized by a
	human JAK2V617F cDNA construct under the regulation of Mx-mediated
	recombination in the C57Bl/6 background. With the injection of pIpC, this
	model developed ET phenotype with mild increased of RBC, HCT and PLT, no
	elevated WBC or splenomegaly at 6 weeks. Plasma EPO level and spleen

Table 2 :

 2 Mutant JAK2V617F MPN models76 

	Author	Mouse V617F species	JAK2 promoter	Cre-pro moter	phenotype	LSK Frequency
	Transgenic models						
	Shide.et al(2008)	C57Bl/6/	Mouse	H-2Kb-	n/a	Low exp:ET(to PV)	n/a
		DBA/2				High exp: PV(to MF)	
	Xing et al.(2008)	C57Bl/6/	Human	Vav-	n/a	Low exp: mild PV-like	n/a
		DBA/2				High exp: PV-like (to	
						MF)	
	Tiedt et al.(2008)	C57Bl/6 Human	Minimal	Mx-and	Vav-: ET-like (to MF)	n/a
				human	Vav-	Mx-: PV-like (toMF)	
				Jak2-			
	Retroviral						
	transduction models						
	Wernig et al. (2006)	BALB/c	Mouse	n/a	n/a	PV-like (to MF)	n/a
		and					
		C57Bl/6					
	Lacout et al. (2006)	C57Bl/6	Mouse	n/a	n/a	PV-like (to MF)	n/a
	Zaleskas et al. (2006)	BALB/c	Mouse	n/a	n/a	PV-like (to MF)	n/a
		and					
		C57Bl/6					
	Bumm et al. (2006)	BALB/c	Mouse	n/a	n/a	PV-like (to MF)	n/a
	Knock-in models						
	Akada et al. (2010)	129Sv/C	Mouse	Jak2-	Mx-	PV-like (to MF)	Increased
		57Bl/6					
	Marty et al. (2010)	129Sv/C	Mouse	Jak2-	n/a	PV-like (to MF)	Increased
		57Bl/6					
	Mullally et al. (2010)	129Sv/C	Mouse	Jak2-	E2a-	PV-like	Unchanged
		57Bl/6					
	Li et al. (2010)	129Sv/C	Human	Jak2-	Mx-	PV-like	Decreased
		57Bl/6					

.4.4 Hematopoietic Stem Cell Compartment in JAK2V617F mice models.

  

	The hematopoietic compartment contains a hierarchy of cell types responsible
	for the function and maintenance of the BM and blood system. All peripheral
	blood cells differentiate from a common pool of hematopoietic stem cells and
	progenitor cells (HSPC) located within the BM(PMID: 21982230). The HSPC can
	be divided into three subpopulations: long-term hematopoietic stem cells
	(LT-HSC), short-term hematopoietic stem cells (ST-HSC), and multipotent
	progenitor cells (MPP). Common myeloid progenitor cells (CMP) and common
	lymphoid progenitor cells (CLP) populations are present in the MPP. These
	progenitor cell populations differentiate into peripheral cell populations within
	each lineage, such as erythrocytes, platelets and neutrophils within the
	myeloid lineage, B and T cells within the lymphoid lineage(PMID:
	16550195,PMID: 15979407).

Table 3 :

 3 primers for the genotype of mice

  BrdU flow kits instruction manual protocol. 3×10 7 BM cells and 2×10 7 spleen cells of each mouse were prepared for the incubation of antibodies. Zombie (Zombie UV™ Fixable Viability Kit, Biolegend) was diluted with PBS to one time and incubated 100 µL of zombie 20 min at room temperature in dark. Then Lin

	Cytometry analyses on a Fortessa cytometer LSRII (BD Biosciences) (Becton
	Dickinson), and analyses were done on Kaluza software.
	Panel antibodies (Ter-119, M1/70, RB6-8C5, 145-2C11, RA3-6B2) 10 µL/10 7
	cells were incubated 20 min at ice, wash the cells with PBS+FBS solution (20%
	FBS) and centrifuge 1,200 rpm 10 min. After that surface antibodies Sca-1, c-kit,
	CD16/32 (3 µL/10 7 cells), CD150 (5 µL/10 7 cells), CD48, CD34 and CD135
	(5µL/10 Washed the cells and suspended the cells into 1 mL Perm/Wash buffer to go to -) with Alexa Fluor® 647 Rat anti-Mouse CD34, test the samples with flow cytometer. Data acquisition and/or data analysis RAM34 (RUO) and BV786 Rat Anti-Mouse CD16/CD32, 2.4G2(RUO) (BD were performed on the Cochin Cytometry and Immunobiology Facility

Biosciences).The BrdU positive cells were tested with Alexa Fluor 488 anti-BrdU Antibody, 3D4 (Biolegend) according to the BD Pharmingen™ 7 cells) and 1× Streptavidin APC-Cy7 (Biolegend) were incubated with the cells 20 min at ice. Washed the cells with PBS and centrifuged 10 min. After that fix and permeabilize the cells with Cytofix/ Cytoperm buffer 200 µL/tube for 20 min at cold, washed with Perm/Wash buffer (1×) and centrifuged 10 min.

Then resuspend the cells in 100 µL of Cytoperm Permeabilization buffer Plus/tube and incubated 10 min at cold. Washed the cells and then refixed cells with 100 µL of Cytofix/Cytoperm buffer for 5 min. After washing incubate the cells with 100 µL of diluted DNase (diluted to 300 µg/mL in DPBS)/tube for 1 hour at 37°C. One hour later washed the cells with Perm/Wash buffer and then incubated the BrdU antibody (10 µL/tube) for 30 min at room temperature.

  fulfill stable erythropoiesis was relied upon the number of LT-HSC and mature RBC. Our modelling proposes that 6-amplification compartments are sufficient to ensure steady state erythropoiesis. We hypothesized that the last compartment was resumed from MEP to RBC as a simple amplification factor according to the n number of mitosis required from 1 MEP to RBC. Based on the division number between BFU-E and erythrocytes, this n number could vary from 11 to 14(Li et al., 2019). We neglected megakaryocytic differentiation that theoretically only corresponds to 20% of the MEP Previous mathematical models based on in vivo experiments mostly described hematopoiesis dynamics at steady state. These studies rely upon parameters such as cell division rates or probabilities of self-renewing(Abkowitz et al., 2000; Busch et al., 2015; Foudi et al., 2009; Klose et al., 2019; MacKey, 2001; Manesso et al., 2013; Sawai et al., 2016). Models integrating steady state as well as in vivo stress hematopoiesis rarely reproduce oscillations observed in the size of the progenitor compartments apart from the modelling (Angulo et

	These reports modelized the regulation dynamics by a differential equation
	with a delay, enabling to predict the oscillating behavior of progenitor
	compartments characterized by a regulated self-renewal. However they
	integrated	only	a	theoretical	3-compartment	model	(stem
	cells/progenitors/mature erythrocytes) based on RBC recovery data after stress.
	relied on regulatory mechanisms different from those of unperturbed
	hematopoiesis, as previously illustrated by the megakaryocytic and the
	granulocytic differentiation processes (Haas et al., 2015; Kang et al., 2020).
	Based on our data and modelling, we demonstrate here that (ur and ud)

present work provides a mathematical model able to reconcile steady state and stress hematopoiesis. Furthermore, it highlights a mechanism by which transient stress exposure leads to a protracted influence on all progenitor compartments including LT-HSC, leading to a fast repopulation of mature compartment. To decipher mechanisms involved in the normalization of RBC number at steady state and after an acute stress, we first developed a compartmental model of hematopoiesis. The theoretical number of compartments sufficient to RESULTS differentiation (Mori et al., 2015) and other myelo-lymphoid cells representing quantitative minorities. Then, this 6-compartment model parallels the generally assessed compartment hierarchy with LT-HSC, ST-HSC, MPP, CMP, MEP and RBC.

Our "stress model" was initially the destruction of RBCs by chemical hemolysis.

Nevertheless, this process also induced a huge inflammatory response leading to changes in all blood cell types and a huge cytokine storm in the next few days after hemolysis (data not shown), confirming that stress hematopoiesis regulations of compartment proliferation and differentiation are required to reproduce stress response while dispensable for steady-state erythropoiesis, RESULTS these regulators remaining constant in the latter. al., 2018; Crauste et al., 2008, 2010; Klose et al., 2019; Loeffler et al., 1989; Manesso et al., 2013; Marciniak-Czochra et al., 2009; Roeder et al., 2005). Other regulation-based models have been developed but did not integrated in vivo data (Kirouac et al., 2010; Mahadik et al., 2019).

Table 3 :

 3 Constants of proliferation and erythroid differentiation rate of compartments; regulator parameter values and mitosis number from MEP to mature RBC after stress.

Table 4 :

 4 Division rates at different time points in the different compartments after PHZ administration.

	Figure 4: Evolution of experimental and model parameters after PHZ-mediated
	chemical hemolysis.		
	Blood Red Cell and bone marrow cell numbers per mouse (x10 6 /mouse) assessed from experiments (red points:
	Red Blood cells, blue points: Total BM cells, green points: BM MEP, grey points: BM CMP, orange points: BM
	MPP, dark blue points: BM ST-HSC, brown points: BM LT-HSC). * p<0.05, ** p<0.01. (B). Experimental data
	generate values and standard errors from each time points. Evolution curves are deduced from the modeling
	and represent the number of cells corresponding to the xi * given in Table 2 (See supplemental information).
	STAR METHODS		
	Reagent or Resource	Source	Identifier
	Antibodies		
	Biotin anti-mouse Lin Panel	Biolegend	133307
	Ter-119, M1/70, RB6-8C5, 145-2C11, RA3-6B2,		
	A PC/Cy7 Streptavidin	Biolegend	405208
	BV 510™ anti-mouse Ly-6A/E (Sca-1-) D7	Biolegend	108129
	BV421 anti-mouse CD135 A2F10	Biolegend	135315
	BV711 anti-mouse CD48 HM48-1	Biolegend	103439
	PE/Cy7 anti-mouse CD150 TC15-12F12.2	Biolegend	115914
	BB700 Anti-Mouse CD117 (PerCP) 2B8	BD Pharmingen	566414
	BV786 Anti-Mouse CD16/CD32 2.4G2	BD Pharmingen	740851
	Alexa Fluor® 647 anti-Mouse CD34 Ram34	BD Pharmingen	560230
	Alexa Fluor 488 anti-BrdU Antibody	Biolegend	364105
	FITC anti-mouse CD45.1 A20	Biolegend	110705
	PE anti mouse CD45.2 104	Biolegend	109808
	Chemicals, Peptides, and Recombinant Proteins		
	PHZ (Phenylhydrazine)	Sigma-Aldrich	P26252
	Critical Commercial Assays		
	Zombie UV fixable viability kit	Ozyme	BLE423107
	BD Horizon Brilliant staining buffer	BD Pharmingen	563794
	Ultracomp ebeads	Life Technologies	01-2222-42

  locally throughout adult life with minimal contribution from circulating monocytes. Corresponding author: Rose Ann Padua, Inserm UMR-S1131, Université de Paris, IRSL, Hôpital Saint-Louis, Paris, France,rose-ann.padua@inserm.fr Running title: NRASD12 and p53 deficiency in MDS/AML progression
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*

Table 1 :

 1 Peripheral Blood parameters, FLT and FDG quantification on PET/CT images, in normal FVB/N mice (G1) and in 2 months-old then 3 months-old triple transgenic HR-MDS mice (G2).Peripheral Blood parameters: Number of WBC, Red Blood Cells, and platelets per ml, hemoglobin (Hb) level, percentage of cells expressing BCL-2, percentage of cells expressing Mac-1hi/Gr-1lo in PB. FLT and FDG quantification on PET/CT images: TBR = the intensity of abnormal hot spots in femoral bone marrow determined on FLT-PET/ CT images; max %ID/g in femoral bone marrow = maximal percentage of FDG injected dose per gram in femoral bone marrow on FDG-PET/ CT images.

		G1 normal	G2 2mo HR-MDS	G2 3mo HR-MDS	G2 2mo versus	G2 3mo versus	G2 3mo versus
		N=9	N=12	N=12	G1 (p)	G1 (p)	G2 2mo (p)
	WBC x 10 3 /μl	5.13±1.18	10.39±3.08	16.67±8.56	<0.03	<0.03	<0.02
	RBC x 10 3 /μl	9.49±0.18	8.65±0.41	7.88±2.58	<0.02	NS	NS
	Platelets x 10 3 /μl	1055±221	917±198	681±199	NS	<0.04	<0.007
	Hb (g/dL)	16.40±0.14	15.27±0.81	13.17±4.48	NS	NS	NS
	BCL-2 %	1.8±1.2	20.5±4.9	25.9±12.0	<0.0002	<0.006	NS
	Mac-1hi/Gr-1lo %	4.3±2.4	28.9±14.5	30.1±13.62	NS	<0.03	NS
	FLT-PET/CT	1.06±0.16	2.02±0.94	3.13±2.32	<0.002	<0.0003	= 0.05
	TBR in femoral BM						
	FDG-PET/CT	3.98±1.11	16.50±3.68	12.27±3.58	<0.007	<0.02	<0.05
	max %ID/g in femoral BM						

  18 

Enliven Archive | www.enlivenarchive.org

ACKNOWLEDGMENTS

The authors are grateful to C. Chomienne for helpful discussions and improving the English manuscript. The authors greatly acknowledge the Cochin Cytometry and Immunobiology Facility and the IRSL Animal Facility, Université de Paris.

Acknowledgement

We thank Scott Kogan (UCSF) for the NRASD12 mice and Tyler Jacks (MIT) for the p53 deficient mice, Veronique Parietti and the animal facility and the Imagerie Department. We thank Abbvie and Genentech for providing the BCL-2 and MEK inhibitors. The authors thank the Cytometry and Immunobiology facility of Institut Cochin/ INSERM U1016. This work was supported by the Groupe Francophone Myelodysplasie, PH is supported by the Chinese Scholarship Council (CSC N°201706180057).

Acknowledgements

We thank Scott Kogan (UCSF) for the NRASD12 mice, Lothar Hennighausen (NIH) for the MMTVLTRtTA mice and Veronique Parietti and the animal facility.

Acknowledgments

This work was supported by running grants from Université de Paris, CNRS, ANSES (Agence Nationale de Sécurité Sanitaire de l'Alimenta-tion, de l'Environnement et du Travail) and ITMO Cancer (plan Cancer-Environnement). WZ and PG were supported by the China Scholarship Council PhD fellowships. We thank Dr. Rose Ann Padua for English language manuscript reading and comments.

Supported by grants from the INSERM and INCa 2018 and fellowships from The Research ministry of China.

Funding

This study was funded by the Saint-Louis Research Institute and Jean Bernard Association. PH is supported by the Chinese Scholarship Council.

LIST OF ABBREVIATION EMH: extramedullary hematopoiesis

Abstract

We developed here a new mathematical modelling approach which reconciliates native and stress hematopoiesis, focused on hematopoietic stem and progenitor compartments. We first proposed an erythropoiesis model leaning on a minimum of 6 cell-amplification compartments, able to reproduce native erythropoiesis. A phenylhydrazine-induced hemolytic stress was next applied, and in vivo data were used to estimate model parameters through an optimized algorithm and integrated regulatory processes. A reduction of all stem cell compartments was observed, due to a drastic differentiation without proliferation during 7 days, followed by a huge proliferation in all compartments including long-term hematopoietic stem cells, before returning to normal values. The 6-compartment model applied to stress erythropoiesis was complexified by integrating regulatory processes. Thus, regulation of hematopoiesis appears dispensable during native hematopoiesis but mandatory for stress hematopoiesis. In conclusion this multi-step and time-dependent model of immature hematopoiesis opens new opportunities to understand development of normal or pathological hematopoiesis.
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