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Preamble

Fanconi Anemia (FA) is a rare genetic disease associating bone marrow failure (BMF), skeletal abnormalities and increased predisposition to cancer. The canonical function of the pathway defined by the 23 proteins defective in FA is to maintain genetic stability, dealing with DNA damage and stalled replication forks. Despite the progress made in recent years, the exact mechanism by which the BMF arises is not completely understood. The objective of this project was to shed light on the cellular and molecular abnormalities characterizing the hematopoietic stem cells (HSCs) and their niche in FA. In a first part, I demonstrated that lymphoblasts from FA patients and HSCs from Fanca -/-mice present a constitutive overexpression of the Microphthalmia Transcription Factor (MiTF), which contribute to BMF (Oppezzo, JCI, 2020). HSCs reside in the hematopoietic niche, the environment in the Bone Marrow (BM) in which they are maintained and regulated by other cell types, including osteoclasts (OCs), giant bone-resorbing multinucleated cells of hematopoietic origin. Since MiTF participate in OCs differentiation, I hypothesized that, following its dysregulation, OCs and the BM niche may be dysfunctional in FA contributing to BMF. In this second part, I demonstrated that the process of ex vivo OCs differentiation is, indeed, impaired in Fanca -/-mice and it is associated with an alteration of p53 activity (Oppezzo, 2021, submitted). The identification of the origins and consequences on HSCs of niche anomalies may contribute to a better definition of the pathophysiology of FA and may open new therapeutic perspectives for FA patients.

Résumé de la thèse en Français

L'anémie de Fanconi (AF) est une maladie génétique rare associant aplasie médullaire (AM), anomalies du squelette et prédisposition aux leucémies. La fonction principale de la voie moléculaire FANC/BRCA constituée par les 23 protéines codées par les gènes mutés chez les patients est de maintenir la stabilité génomique en permettant la réparation de l'ADN endommagé et la sauvegarde des fourches de réplication bloquées. L'AF est aussi caractérisée par des altérations dans la production, la réponse et la sensibilité à plusieurs cytokines pro-inflammatoires et par une activation dérégulée de plusieurs voies de réponse aux stress, comme celles dépendantes de NF-kB, p38MAPK ou p53. Cependant, la façon dont ces aspects de la maladie contribuent à l'AM reste mal définie (Nalepa, 2018).

Une étude in vivo sur des modèles souris, a montré que la voie de réponse aux stress p38MAPK est nécessaire à l'activation des cellules souches hématopoïétiques (CSHs) quiescentes. La voie p38MAPK participe au « réveil » des CSHs et assure la réplication de leur ADN par l'induction du facteur de transcription Microphtalmia (MiTF). MiTF est nécessaire à l'expression de facteurs impliqués dans le métabolisme des purines (essentielles à la réplication de l'ADN), permettant la prolifération transitoire de CSH et leur auto-renouvellement (Karigane, 2016). Au-delà des CSHs, MiTF est un facteur clef dans la différenciation des mélanocytes et la prolifération des mélanomes mais aussi un régulateur transcriptionnel de différents gènes de l'AF, dont l'activité est déterminante pour soutenir la réplication et la résistance aux dommages de l'ADN des cellules hautement prolifératives du mélanome (Bourseguin, 2016).

Sur la base des observations précédentes, j'ai voulu déterminer dans un premier temps l'impact d'une altération des relations entre voie FANC/BRCA, voies de signalisation du stress et MiTF dans l'aplasie médullaire dans l'AF. J'ai démontré que la perte de fonction de FANCA (la protéine de la voie FANC/BRCA dont la mutation est responsable de 2/3 des cas d'AF) est associée à un niveau élevé d'expression de MiTF dans les cellules de patients. Ceci suggère l'existence d'une boucle de rétrocontrôle : MiTF induit les gènes de l'AF, en retour, les protéines FANC participent à éteindre l'expression de MiTF. L'expression altérée de MiTF s'est revelée être dépendante de facteurs sécrétés par les cellules, tels que le TNF-a et le TGF-b, et de la convergence de plusieurs voies de stress, dont la voie p38MAPK, hyperactivées dans les cellules d'AF. Par la suite, pour analyser l'impact de mes observations sur le devenir des CSHs, j'ai utilisé un modèle de souris inactivé pour Fanca (Fanca -/-). J'ai validé que, comme chez les humains, l'inactivation de Fanca conduit à une activation constitutive de p38MAPK et à la surexpression de MiTF dans les cellules murines et, en particulier, dans les CSHs. Plus important, l'expression non-contrôlé de MiTF participe au dérèglement du processus d'autorenouvèllement des CSHs et semble être directement responsable de leur épuisement prématuré dans le syndrome. Finalement, j'ai montré que l'inhibition pharmacologique de l'activité de p38MAPK ou la déplétion par shARN de MiTF améliorent significativement l'hématopoïèse dans les souris Fanca - /-, limitant aussi l'instabilité génomique (Oppezzo, 2020).

Dans un deuxième temps, j'ai commencé à explorer si l'homéostasie de la niche hématopoïétique, qui héberge et régule le devenir des CSH normales et leucémiques, était altérée dans l'AF à cause des anomalies d'expression/activité des voies de réponse aux stress et de MiTF. Cette approche est nouvelle pour élucider la pathogenèse de l'aplasie médullaire dans l'AF, qui est habituellement liée exclusivement à des anomalies touchant le devenir des CSHs et non pas à leur environnement.

La niche hématopoïétique représente un environnement dans lequel les CSHs peuvent être maintenues et régulées et comprend plusieurs types cellulaires, d'origine hématopoïétiques ou non (Morrison, 2014). Ces cellules comprennent les ostéoblastes (OBs) et les ostéoclastes (OCs). Les OBs sont des cellules mononuclées qui dérivent des cellules souches mésenchymateuses : ils produisent les molécules qui composent la matrice osseuse et ils sécrètent RANKL, la plus importante molécule de régulation de l'ostéoclastogénèse. Les OCs sont des cellules multinucléées qui dérivent de la fusion de précurseurs d'origine hématopoïétique suivant l'action coordonnée et séquentielle du M-CSF et RANKL. Ils résorbent l'os, assurant le développement et le remodelage de la niche hématopoïétique.

Une série d'observations m'a conduit à émettre l'hypothèse que la niche hématopoïétique et les ostéoclastes sont dysfonctionnels dans l'AF participant au développement de l'aplasie médullaire et à l'initiation et/ou la progression de la leucémie : les patients d'AF ont une incidence élevée de malformations du squelette et d'ostéoporose ; leurs cellules montrent une activation aberrante des voies de réponse aux stress p38MAPK, NF-kB et PI3K/AKT, qui sont activées dans le processus de différentiation des OCs ; MiTF est aussi important pour l'ostéoclastogénèse et des anomalies dans ce processus réduisent le nombre de CSHs in vivo (Lymperi, 2011). J'ai donc émis l'hypothèse que les protéines de l'AF pourraient influencer l'homéostasie de la niche hématopoïétique en agissant sur la différentiation des OCs et/ou des OBs, et ainsi contribuer aux anomalies squelettiques, à l'aplasie médullaire progressive et éventuellement à l'initiation/progression de la leucémie myéloïde aiguë. L'objectif ici a donc été de déterminer si l'absence d'une voie FANC fonctionnelle altère le processus de différentiation des OCs et donc de la niche.

J'ai ainsi démontré que la différenciation ex vivo des OCs issus de souris Fanca -/-est profondément altérée : réduction du nombre total d'OCs à partir d'un même nombre de précurseurs, réduction de leur taille et du nombre de leurs noyaux. Mes données montrent aussi des altérations moléculaires majeures dans la différenciation des OCs isolés de souris modèles d'AF, associé à une altération dans l'activité de p53 (Oppezzo, en préparation).

De plus, j'ai commencé à co-cultiver les deux types cellulaires issus de souris WT ou Fanca -/-, en « mélangeant » des OBs WT avec des OC WT ou Fanca -/-, ainsi que des OBs Fanca -/-avec des OCs WT ou Fanca -/-, pour caractériser leurs interactions en fonction de leur fond génétique et obtenir un modèle (minimaliste) de niche in vitro.

A un tel modèle de co-culture seront ajoutées des CSHs et des cellules préleucémiques ou leucémiques issues des souris Fanca -/-pour déterminer l'impact de l'environnement représenté par les OB/OC sur l'épuisement de CSHs et l'initiation et la progression de la leucémie.

Introduction 1) Hematopoiesis and Hematopoietic Stem Cells (HSCs)

1.1) The hematopoietic system Approximately 10 12 cells are emerging every day in the adult BM, making blood one of the most highly regenerative tissues. The hematopoietic system can be represented as a pyramid with multipotent HSCs at the apex and all the mature blood cells at the bottom, with hematopoiesis being the process by which HSCs give rise to all the terminally differentiated cells of the blood (Orkin and Zon, 2008;Doulatov, 2012).

1.1.1) Sites of hematopoiesis

In mammals, HSCs are derived from the ventral mesoderm and the initial wave of blood production, whose primary function is the generation of red blood cells, occurs in the yolk sac and it is termed "primitive". Other two sites that contribute to this "primitive" hematopoietic system are the aorta-gonad mesonephros region and the placenta. This system is then replaced by the "definitive" hematopoietic system in the adult, with the colonization by HSCs of the fetal liver, thymus, spleen, and finally the BM (Orkin and Zon, 2008;Fernandez and de Alarcon, 2013).

1.1.2) General features of HSCs

HSCs are defined by two features: self-renewal, the ability to give rise to new stem cells, and multi-potency, the capacity to generate a series of progenitor intermediates, which will differentiate into the different blood cells lineages (Fig. 1A).

A finely tuned regulation of the relative balance between self-renewal and differentiation is of vital importance for the maintenance of both the HSCs and the differentiated blood cells pool [START_REF] Morrison | Asymmetric and symmetric stem-cell divisions in development and cancer[END_REF]Seita and Weissman, 2010).

One strategy that HSCs use to keep this balance is the asymmetric cell division, whereby an HSC gives rise to a daughter cell with a stem-cell fate and to a daughter that will subsequently differentiate (Fig. 1B). However, if HSCs used only this strategy, they would be unable to increase in number, which is fundamental during development and regeneration after injury or transplant. A second strategy is symmetric cell division, in which two daughter cells with the same fate are generated.

When considered as a population, a pool of HSCs may depend completely on symmetric division, with a portion of HSCs giving rise only to other stem cells and another portion of HSCs giving rise only to differentiated cells (Fig. 1C), or they may depend on a combination of both symmetric and asymmetric divisions (Fig. 1D) [START_REF] Morrison | Asymmetric and symmetric stem-cell divisions in development and cancer[END_REF]. [START_REF] Morrison | Asymmetric and symmetric stem-cell divisions in development and cancer[END_REF].

The ability to remain out of cell cycling for long periods, i.e. dormancy (or quiescence), is another fundamental feature of HSCs. Dormant HSCs are characterized by a very low metabolic activity and by the downregulation of the entire replication machinery. In response to the need of the organism, however, HSCs can be induce to cycle and undergo massive proliferation expansion, producing all types of mature cells needed for blood regeneration [START_REF] Wilson | Balancing dormant and self-renewing hematopoietic stem cells[END_REF]. 1.1.3) The hematopoietic hierarchy HSCs are extremely heterogeneous with respect to their self-renewal potential. In the mouse hematopoietic system, which has been extensively studied and characterized, HSCs can be subdivided into three different populations: long-term self-renewing HSCs (LT-HSCs), which give rise to short-term self-renewing HSCs (ST-HSCs), which in turn give rise to multipotent progenitors (MPPs), that lack a detectable self-renewal potential [START_REF] Morrison | Identification of a lineage of multipotent hematopoietic progenitors[END_REF]Reya, 2001).

The multipotent progenitors will give rise to common lymphoid progenitors (CLPs), the precursors of all lymphoid cells, which include T, B and Natural Killer (NK) cells, and common myeloid progenitors (CMPs), the precursors of all myeloid cells, which include megakaryocytes and erythrocytes as well as granulocytes and macrophages (Fig. 2) (Reya, 2001;[START_REF] Blank | TGF-β signaling in the control of hematopoietic stem cells[END_REF]. Hematopoiesis has a hierarchical organization with LT-HSCs on top, giving rise to various type of progenitor cells that progressively lose their self-renewal potential as they differentiate. These progenitors proliferate extensively while they form more differentiated cells, until they finally generate the mature and functional blood cells at the bottom of the hierarchy (from [START_REF] Blank | TGF-β signaling in the control of hematopoietic stem cells[END_REF].

An important feature of HSCs is that, as they mature from the long-term self-renewing pool to multipotent progenitors, they progressively lose their potential to self-renew but increase their proliferation. Indeed, whereas LT-HSCs can sustain hematopoiesis for the lifetime of the organism, having an extensive self-renewal capacity, ST-HSCs and MPPs are restricted in self-renewal potential and can reconstitute lethally irradiated mice for less than eight weeks. Moreover, the CLPs and CMPs can differentiate in different types of specific blood cells, but lack self-renewal capacity (Reya, 2001;Seita and Weissman, 2010).

1.2) The bone marrow niche

The BM niche is the microenvironment in which HSCs are maintained and regulated postnatally, and comprises heterogeneous cell populations, including hematopoietic and non-hematopoietic cell types. The BM niche represents a complex interdependent system, in which a perturbation in one cell type may affect the behaviour of another cell type (Fig. 3) (Morrison and Scadden, 2014). Both intrinsic and extrinsic cues are involved in hematopoiesis, including cellular and humoral regulatory signals generated by the cells of the niche, and HSCs can be regulated by cell/cell direct interactions, the secretion of soluble factors and by component of the extracellular matrix. All these regulatory signals determine HSCs cell fate, such as selfrenewal, proliferation, differentiation, and apoptosis [START_REF] Ellis | The location and cellular composition of the hemopoietic stem cell niche[END_REF]Birbrair and Frenette, 2016).

The niche is critical for both the physiologic and the pathologic development of hematopoiesis, with increasing evidence suggesting a role of the BM microenvironment in initiating hematopoietic malignancies [START_REF] Williams | Leukaemia: niche retreats for stem cells[END_REF][START_REF] Méndez-Ferrer | Bone marrow niches in haematological malignancies[END_REF]. Morrison and Scadden, 2014).

1.2.1) The BM anatomy

The BM is a tissue contained within the bone cavities, in particular in the central cavities of long and axial bones. The long bones are composed of three parts: the diaphysis (the midsection), the epiphysis (the wider sections at each ends of the bone) and the metaphysis (the region where diaphysis and epiphysis meet each other). The diaphysis is composed of an outer dense cortex made of hard compact bone, containing a medullary cavity filled with yellow BM in adults. The red BM (containing HSCs) is located in the metaphysis and epiphysis portions: these are composed mainly of trabecular bone, a highly porous network of trabecular plates and rods scattered in the BM compartment and encircled by a relatively thin shell of cortical bone (Fig. 4A) [START_REF] Clarke | Normal bone anatomy and physiology[END_REF].

The preferred sites of HSCs homing appear to be the trabecular regions of the metaphysis and the epiphysis [START_REF] Ellis | The relationship between bone, hemopoietic stem cells, and vasculature[END_REF]. In particular, HSCs are frequently localized close to blood vessels, especially to sinusoids, thin-walled vessels that form a reticular network of venules allowing cells to pass in the circulation from the BM and vice-versa. This has led to the identification of the so-called "perivascular niche" [START_REF] Kiel | SLAM family receptors distinguish hematopoietic stem and progenitor cells and reveal endothelial niches for stem cells[END_REF].

Sinusoids are particularly abundants in the endosteum, the interface between bone and bone marrow, rich in bone-lining cells including osteoblasts and osteoclasts; therefore, HSCs tend to localize mainly in this region, leading to hypotesize the existence of the "endosteal niche" and suggesting that bone factors may directly or indirectly regulate them (Fig. 4B) [START_REF] Kiel | Lack of evidence that hematopoietic stem cells depend on N-cadherinmediated adhesion to osteoblasts for their maintenance[END_REF][START_REF] Nombela-Arrieta | Quantitative imaging of haematopoietic stem and progenitor cell localization and hypoxic status in the bone marrow microenvironment[END_REF]Morrison and Scadden, 2014;Birbrair and Frenette, 2016). Morrison and Scadden, 2014).

1.2.2) Heterogeneity of the niche: non-hematopoietic types

Osteoblasts Osteoblasts (OBs) are cells of mesenchymal origin which form an interface between the bone and the marrow cells by covering the endosteal bone surface, whose main roles are the formation of new bone and the regulation of osteoclastogenesis [START_REF] Rahman | TGF-β/BMP signaling and other molecular events: regulation of osteoblastogenesis and bone formation[END_REF].

During osteoblastogenesis, pluripotent mesenchymal stem cells (MSCs) undergo successive stages of differentiation giving rise to pre-OBs with decreasing proliferation potential that subsequently will differentiate into mature OBs, which are able to deposit all the components of the bone matrix. Eventually, the mature OBs will become entrapped in the newly secreted bone matrix and reach the terminally differentiated state of osteocytes (Fig. 5) (Zhang, 2012). activity and retain some potential to divide. As they become nonproliferating mature cuboidal osteoblast they increase their expression of alkaline phosphatase and noncollagen proteins, such as osteocalcin, osteopontin and bone sialoprotein. These proteins, along with Type I collagen, will constitute the newly laid bone matrix, which will be eventually mineralized by the incorporation of hydroxyapatite. When the mineralization of bone is complete, osteoblasts can undergo further differentiation, being entrapped in the bone matrix and finally becoming osteocytes (from [START_REF] Collins | The Potential of Probiotics as a Therapy for Osteoporosis[END_REF].

Cells of the osteoblastic lineage may act as modulators of HSCs in the BM [START_REF] Taichman | The role of osteoblasts in the hematopoietic microenvironment[END_REF][START_REF] Taichman | The Hematopoietic Microenvironment: Osteoblasts and The Hematopoietic Microenvironment[END_REF]: OBs are required for establishing HSCs niches by secreting growth factors and cytokines and providing signals to maintain the pool size of HSCs, regulating their quiescence and long-term maintenance, and by mediating HSCs migration in and out of the BM [START_REF] Arai | Maintenance of quiescent hematopoietic stem cells in the osteoblastic niche[END_REF][START_REF] Le | Osteogenic niche in the regulation of normal hematopoiesis and leukemogenesis[END_REF].

OBs ablation in the BM leads to loss of BM cellularity, decreased numbers of HSCs and progenitors in the BM, and increased extramedullary hematopoiesis (Visnjic, 2004), as well as reduced HSCs quiescence, long-term engraftment and self-renewal capacity (Bowers, 2015).

OBs seem to regulate HSCs function in vivo through Notch activation [START_REF] Calvi | Osteoblastic cells regulate the haematopoietic stem cell niche[END_REF] and were shown to support a higher frequency of HSCs in the trabecular bone area by expressing high levels of Jagged-1 [START_REF] Guezguez | Regional localization within the bone marrow influences the functional capacity of human HSCs[END_REF].

Although signals originating from OBs can clearly alter HSCs fate, their role as direct regulators of HSCs function during homeostatic hematopoiesis is still a matter of debate. For example, osteoblastic expansion and activation lead to an increase in bone mass without an increase in bone marrow HSCs, suggesting that increased osteoblastic cell number and activity is not sufficient per se to increase HSCs [START_REF] Calvi | Osteoblastic expansion induced by parathyroid hormone receptor signaling in murine osteocytes is not sufficient to increase hematopoietic stem cells[END_REF][START_REF] Frisch | The hematopoietic stem cell niche: What's so special about bone?[END_REF].

Perivascular Mesenchymal Stem Cells (MSCs)/Pericytes

MSCs are multipotent cells that reside in the BM associated with sinusoidal vascular structures initially described as CXCL12 abundant reticular (CAR) cells, which colocalize with hematopoietic progenitor cells in the BM. Moreover, the receptor for the chemokine CXCL12, CXCR4 is critical for the maintenance of a functional population of HSCs in the murine BM [START_REF] Sugiyama | Maintenance of the hematopoietic stem cell pool by CXCL12-CXCR4 chemokine signaling in bone marrow stromal cell niches[END_REF].

MSCs are not a homogeneous population of cells, but rather, that there are several cellular populations in the BM that perform the functions of MSCs, and that one of those functions is the support of HSCs. Of the various MSC populations identified, one of the first that was demonstrated as necessary for HSC support were perivascular cells called pericytes, contractile cells present at intervals along the walls of capillary, arterioles and venules (Attwell, 2016). In the BM pericytes are closely associated with HSCs and their in vivo ablation leads to a significant reduction of HSCs in the BM [START_REF] Méndez-Ferrer | Mesenchymal and haematopoietic stem cells form a unique bone marrow niche[END_REF]. Arteriolar pericytes promote HSCs dormancy and their depletion results in the migration of HSCs out of the BM (Kunisaki, 2013;Birbrair and Frenette, 2016).

Adipocytes

Adipocytes also derive from mesenchymal stem cells (MSCs) and primarily compose adipose tissue. They are dispersed in the BM and they are smaller than normal adipocytes that constitute white and brown fat of other tissues [START_REF] Gimble | The function of adipocytes in the bone marrow stroma[END_REF].

In general, adipocytes are considered negative regulators of the hematopoietic niche, since they inhibit HSC function as well as hematopoietic reconstitution [START_REF] Naveiras | Bone-marrow adipocytes as negative regulators of the haematopoietic microenvironment[END_REF][START_REF] Zhu | Hematopoietic recovery following chemotherapy is improved by BADGE-induced inhibition of adipogenesis[END_REF].

Endothelial cells

Endothelial cells are generated from MSCs and form the inner cellular lining of blood vessels [START_REF] Ribatti | Endothelial cell heterogeneity and organ specificity[END_REF].

In the perivascular niche, HSCs are found in close contact with the endothelium, suggesting the endothelial cells as important players in the maintenance of HSCs [START_REF] Kiel | SLAM family receptors distinguish hematopoietic stem and progenitor cells and reveal endothelial niches for stem cells[END_REF]. Indeed, endothelial cells are necessary for HSCs recovery and hematopoietic reconstitution following BM transplantation [START_REF] Hooper | Engraftment and reconstitution of hematopoiesis is dependent on VEGFR2-mediated regeneration of sinusoidal endothelial cells[END_REF] and they produce soluble factors that have the ability to promote HSC self-renewal in vivo [START_REF] Kobayashi | Angiocrine factors from Akt-activated endothelial cells balance self-renewal and differentiation of haematopoietic stem cells[END_REF]Li, 2010).

Schwann cells

Schwann cells derived from the neural crest cells and are the principal glial cells of the peripheral nervous system. There are two types of Schwann cells: myelinating or unmyelinating [START_REF] Bhatheja | Schwann cells: origins and role in axonal maintenance and regeneration[END_REF]. In the BM they are present in their unmyelinating form in association with sympathetic and sensory nerve fibres [START_REF] Calvo | Schwann cells of the bone marrow[END_REF]. Unmyelinated Schwann cells maintain HSCs hibernation in the BM niche through the secretion of Transforming Growth Factor Beta (TGF-b) [START_REF] Yamazaki | Nonmyelinating Schwann cells maintain hematopoietic stem cell hibernation in the bone marrow niche[END_REF].

Sympathetic nerves

Sympathetic nerves in the BM locally secretes neurotransmitters, such as catecholamines, that activate adrenergic receptors expressed on the niche cells and regulate the mobilization of HSCs. Adrenergic signalling reduces CXCL12 expression in the BM, thus inducing the exit of HSCs from the niche into the circulation [START_REF] Hanoun | Neural regulation of hematopoiesis, inflammation, and cancer[END_REF]. 1.2.3) Heterogeneity of the niche: hematopoietic types Osteoclasts Osteoclasts (OCs) are large multinucleated terminally differentiated cells that derive from the monocytic lineage and they are the only cells capable of bone resorption [START_REF] Boyle | Osteoclast differentiation and activation[END_REF] (Fig. 6).

HSCs reside at the interface between bone and BM, a region of active bone remodelling [START_REF] Kollet | The multiple roles of osteoclasts in host defense: bone remodeling and hematopoietic stem cell mobilization[END_REF], and they express calcium-sensing receptors involved in retaining them close to endosteal surfaces where calcium concentration is very high because of the activity of OBs and OCs [START_REF] Adams | Stem cell engraftment at the endosteal niche is specified by the calcium-sensing receptor[END_REF], suggesting that bone remodelling, which involves complex interactions between the bone-forming OBs and the bone-resorbing OCs, is likely to be involved in the modulation or the formation of the endosteal HSCs niche.

Accordingly, OCs have been implicated in HSCs mobilization in response to stress or pharmacological treatments such as Granulocyte-Colony Stimulating Factor (G-CSF) (Lévesque, 2010), and their activation has been shown to increase the stress-induced mobilization of HSCs by producing proteolytic enzymes that cleave endosteal components [START_REF] Kollet | Osteoclasts degrade endosteal components and promote mobilization of hematopoietic progenitor cells[END_REF][START_REF] Cho | Osteoclast activation by receptor activator of NF-kappaB ligand enhances the mobilization of hematopoietic progenitor cells from the bone marrow in acute injury[END_REF].

OCs inhibition also increases HSCs mobilization in response to G-CSF [START_REF] Takamatsu | Osteoclast-mediated bone resorption is stimulated during short-term administration of granulocyte colony-stimulating factor but is not responsible for hematopoietic progenitor cell mobilization[END_REF] and reduces the number of primitive HSCs in the BM (Lymperi, 2011). Therefore, the modulation of OCs activity appears to alter the response of the HSCs niche to mobilization agents once this niche is established. Mice lacking OCs activity develop severe osteopetrosis associated with extramedullary hematopoiesis, suggesting that OCs may also participate in the initial formation of the HSC niche [START_REF] Blin-Wakkach | Hematological defects in the oc/oc mouse, a model of infantile malignant osteopetrosis[END_REF]).

Finally, it seems that OCs promote the formation of the HSC niche by controlling the maturation of OBs that participate in this niche (Mansour, 2012). CSF and RANKL, which are secreted by osteoblasts, osteocytes, and mesenchymal cells. These cells, therefore, control the different steps of osteoclast differentiation, from osteoclast progenitor, to mononuclear preosteoclast, to multinuclear osteoclast and finally to activated mature osteoclast. Osteoprotegerin (OPG) is secreted by osteoblasts and mesenchymal cells and acts as a decoy receptor for RANKL, thereby inhibiting osteoclast differentiation (from [START_REF] Odkhuu | Vitamin Regulation of Osteoclast Differentiation[END_REF].

Macrophages

Macrophages exert the opposite action of sympathetic nerves, by stimulating via the secretion of oncostatin M the expression of CXCL12 by MSCs, thus promoting HSCs retention in the BM [START_REF] Chow | CD169⁺ macrophages provide a niche promoting erythropoiesis under homeostasis and stress[END_REF][START_REF] Albiero | Bone Marrow Macrophages Contribute to Diabetic Stem Cell Mobilopathy by Producing Oncostatin M[END_REF].

Megakaryocytes

Megakaryocytes regulate HSCs engraftment and proliferation mainly by the secretion of multiple cytokines: among these they produce high levels of TGFb, which helps maintain HSCs quiescence (Soderberg, 2009;[START_REF] Zhao | Megakaryocytes maintain homeostatic quiescence and promote post-injury regeneration of hematopoietic stem cells[END_REF].

They can also produce CXCL4, which negatively regulates HSCs proliferation, reduces HSCs numbers and decreases engraftment [START_REF] Bruns | Megakaryocytes regulate hematopoietic stem cell quiescence through CXCL4 secretion[END_REF].

Lymphocytes

Lymphocytes represent a major fraction of total mononuclear cells residing in the BM (Mercier, 2012) and they have been shown to exert a negative role in HSCs maintenance and differentiation [START_REF] Barlozzari | Inhibition of pluripotent hematopoietic stem cells of bone marrow by large granular lymphocytes[END_REF][START_REF] Degliantoni | Natural killer (NK) cellderived hematopoietic colony-inhibiting activity and NK cytotoxic factor. Relationship with tumor necrosis factor and synergism with immune interferon[END_REF]. Regulatory Tcells seem to provide protection to HSCs from immune attack in the BM [START_REF] Fujisaki | In vivo imaging of Treg cells providing immune privilege to the haematopoietic stem-cell niche[END_REF].

Neutrophils

Neutrophils are the most abundant leukocytes subpopulation and, when activated, are capable to secrete an abundant amount of serine proteases that may cleave cytokines and receptors essential for HSCs retention, thereby creating a proteolytic microenvironment that may contribute to HSCs release from the BM (Levesque, 2001;Valenzuela-Fernandes, 2002;Levesque, 2003).

The neutrophils expansion in the BM may lead to the apoptosis of MSCs and osteoblasts, thus reducing the expression of factors essential for HSCs retention in the BM [START_REF] Singh | Expansion of bone marrow neutrophils following G-CSF administration in mice results in osteolineage cell apoptosis and mobilization of hematopoietic stem and progenitor cells[END_REF].

1.3) The regulation of quiescence in HSCs

1.3.1) The cell cycle and HSCs quiescence

The cell cycle is a complex process controlled by numerous mechanisms whose final goal is to ensure correct cell division [START_REF] Schafer | The cell cycle: a review[END_REF][START_REF] Vermeulen | The cell cycle: a review of regulation, deregulation and therapeutic targets in cancer[END_REF].

The progression through the cell cycle by dividing cells is characterized by four phases: G1 (Gap 1 phase, in which the cells prepare for DNA synthesis), S (DNA synthesis phase) and G2 (Gap 2 phase, in which the cells prepare for mitosis), which together constitute the Interphase, and M (Mitosis phase) [START_REF] Nakamura-Ishizu | The analysis, roles and regulation of quiescence in hematopoietic stem cells[END_REF].

The restriction point is a point in G1 at which the cell becomes committed to proceed through the cell cycle, while if the cell does not pass the restriction point it remains undivided. Undivided cells can withdraw from the cell cycle and become quiescent (or dormant) by entering the G0 phase; such dormant state, however, is reversible and quiescent cells may re-enter the cell cycle and divide [START_REF] Cheung | Molecular regulation of stem cell quiescence[END_REF]. Their other possibility is to permanently withdraw from the cell cycle in response to diverse stress finally becoming senescent [START_REF] Campisi | Senescent cells, tumor suppression, and organismal aging: good citizens, bad neighbors[END_REF] (Fig. 7). Quiescence is an essential property of HSCs in the adult BM, which allows them to act as a dormant reserve that can replenish the hematopoietic system both during homeostasis and after stresses. Quiescence is fundamental to protect HSCs from exhaustion and insults, since proliferating cells are more susceptible to genetic mutations, thus ensuring the production of mature hematopoietic cells during the lifetime of the organism [START_REF] Orford | Deconstructing stem cell self-renewal: genetic insights into cell-cycle regulation[END_REF][START_REF] Li | Stem cell quiescence[END_REF].

HSCs can exit quiescence and re-enter the cell cycle, proliferate and differentiate following both cell intrinsic and cell extrinsic cues induced by various stresses, such as blood loss or inflammation (Suda, 1983a;[START_REF] Morrison | The long-term repopulating subset of hematopoietic stem cells is deterministic and isolatable by phenotype[END_REF].

1.3.2) Extrinsic regulators of HSCs quiescence

OBs and related signalling

The close interaction between OBs and HSCs is essential for HSCs to remain in a quiescent state, maintaining their function [START_REF] Kiel | Maintaining hematopoietic stem cells in the vascular niche[END_REF]. OBs secrete a series of factors, such as stem cell factor (SCF), thrombopoietin (TPO) and angiopoietin-1 (Ang-1), fundamentals for this interaction and the maintenance of HSCs dormancy; however, these factors may also be secreted by other cell types in the BM [START_REF] Li | Quiescence regulators for hematopoietic stem cell[END_REF].

Stem cell factor (SCF) and c-kit signalling

Stem cell factor (SCF or Kit ligand) is a growth factor that exists as two alternative splice forms, a membrane-bound isoform, and a soluble isoform. It is expressed by fibroblasts and endothelial cells, and it is involved in proliferation, migration, survival, and differentiation of hematopoietic progenitors, melanocytes, and germ cells. Its receptor c-Kit (also known as CD117) is a tyrosine kinase receptor, which homodimerize in response to SCF binding, thereby activating its intrinsic tyrosine kinase activity, which will lead to the activation of multiple signalling pathways, including RAS/ERK, JAK/STAT, SRC and PI3K (Fig. 8). The c-Kit receptor is expressed in HSCs as well as in progenitors of the myeloid lineage, but its expression decreases as these hematopoietic cells mature and become more differentiated [START_REF] Rönnstrand | Signal transduction via the stem cell factor receptor/c-Kit[END_REF]Lennartson and Rönnstrand, 2012). c-Kit signalling is essential to maintain HSCs dormancy and function [START_REF] Thoren | Kit regulates maintenance of quiescent hematopoietic stem cells[END_REF]: accordingly, mice with mutations in either SCF or c-Kit show fewer HSCs and exhibit less HSCs function [START_REF] Kiel | Maintaining hematopoietic stem cells in the vascular niche[END_REF][START_REF] Li | Quiescence regulators for hematopoietic stem cell[END_REF]. proliferation, differentiation and apoptosis;and Src signalling, associated with cell survival, proliferation, motility, migration, invasion and angiogenesis (from Liang, 2013).

Thrombopoietin (TPO) and MPL signalling

The main role of TPO is to regulate megakaryocytes production but increasing attention has turned to its role in maintaining HSCs (deGraaf and Metcalf, 2011).

The binding of TPO to its cognate receptor MPL, which is expressed predominantly on megakaryocytes, platelets, hemangioblasts and HSCs, causes the receptor dimerization [START_REF] Debili | The Mpl receptor is expressed in the megakaryocytic lineage from late progenitors to platelets[END_REF][START_REF] Forsberg | Differential expression of novel potential regulators in hematopoietic stem cells[END_REF]. This leads to the transphosphorylation of the associated Janus Kinase 2 (Jak2), leading to its activation [START_REF] Tortolani | Thrombopoietin induces tyrosine phosphorylation and activation of the Janus kinase, JAK2[END_REF]. Activated Jak2 can then phosphorylate the distal portion of MPL leading to the subsequent recruitment of signalling proteins to the receptor, such as the Stat (Signal Transducers and Activators of Transcription) family of transcription factors [START_REF] Murray | The JAK-STAT signaling pathway: input and output integration[END_REF].

In adult hematopoiesis TPO has been found to exert two opposite roles: (1) maintaining HSCs in a quiescent state through the upregulation of cell cycle inhibitors p57 Kip2 (Cdkn1c) and p19 Ink4d (Cdkn2d) [START_REF] Qian | Critical role of thrombopoietin in maintaining adult quiescent hematopoietic stem cells[END_REF][START_REF] Yoshihara | Thrombopoietin/MPL signaling regulates hematopoietic stem cell quiescence and interaction with the osteoblastic niche[END_REF] and ( 2) enabling expansion of HSCs in times of crisis, such as after transplantation [START_REF] Fox | Thrombopoietin expands hematopoietic stem cells after transplantation[END_REF]. The major producer of TPO is the liver (Qian, 1998); however, also kidney, spleen and stromal cells in the BM can secrete discrete levels of TPO (Sungaran, 2000).

Tie2 and Ang-1 signalling

Angiopoietins are proteins playing important roles in vascular development and angiogenesis; Ang-1 is secreted, among others, by OBs and binds to its tyrosine kinase receptor Tie2, which is expressed on HSCs. Tie2/Ang-1 signalling activates its key downstream targets, b1-integrin and N-cadherin, promoting HSCs interactions with both the extracellular matrix and the cells of the niche, sufficient to maintain HSCs in a state of dormancy (Arai, 2007).

Osteopontin (OPN)

OPN is a bone matrix protein produced by OBs, which participates in promoting HSCs quiescence by inhibiting HSCs proliferation both in vitro and in vivo: in the absence of OPN in the mouse, an increased proportion of HSCs are actively cycling [START_REF] Stier | Osteopontin is a hematopoietic stem cell niche component that negatively regulates stem cell pool size[END_REF][START_REF] Nilsson | Osteopontin, a key component of the hematopoietic stem cell niche and regulator of primitive hematopoietic progenitor cells[END_REF].

Transforming growth factor b (TGF-b) and the SMAD pathway

The TGF-b superfamily of ligands is one of the most important in the regulation of HSCs quiescence [START_REF] Vaidya | TGF-β signaling and its role in the regulation of hematopoietic stem cells[END_REF][START_REF] Hinge | Deconstructing the Complexity of TGFβ Signaling in Hematopoietic Stem Cells: Quiescence and Beyond[END_REF] and comprises many different secreted proteins, such as the TGF-b family, the activins and the bone morphogenetic proteins (BMPs) (Massague, 1998).

The SMAD proteins represent the crucial components downstream of the TGF-b superfamily of ligands: these transmit their signal through two types of serine/threonine kinase receptors. The type II receptors are activated by ligand binding and subsequently activate the type I receptors, which in turn activate by phosphorylation the SMAD proteins. These can be divided into three groups: the receptor-regulated SMADs or R-SMAD (SMAD1,2,3,5 and 8) which are directly phosphorylated by the type I receptors, the common SMAD, SMAD4, which can form an activated complex with each of the R-SMAD, and the inhibitory SMADs or I-SMAD (SMAD6 and 7) which function in a negative feedback loop to inhibit TGF-b signalling [START_REF] Blank | The role of Smad signaling in hematopoiesis and translational hematology[END_REF]. , which change their conformation and therefore become able to form a complex with the common-Smad, or co-Smad (Smad4). The R-Smad/Smad4 complex translocates to the nucleus, where together with other DNA-binding factors induces the transcription of target genes (from [START_REF] Blank | The role of Smad signaling in hematopoiesis and translational hematology[END_REF].

The TGF-b superfamily members are characterized by a high degree of pleiotropy (Fortunel, 2000), best exemplified by their effect on the hematopoietic system: they can exert positive or negative effects in terms of proliferation, differentiation and apoptosis depending on the context [START_REF] Ruscetti | Autocrine transforming growth factor-beta regulation of hematopoiesis: many outcomes that depend on the context[END_REF].

TGF-b has been historically considered one of the most potent inhibitors of HSCs growth in vitro [START_REF] Sitnicka | Transforming growth factor beta 1 directly and reversibly inhibits the initial cell divisions of long-term repopulating hematopoietic stem cells[END_REF][START_REF] Batard | TGF-(beta)1 maintains hematopoietic immaturity by a reversible negative control of cell cycle and induces CD34 antigen up-modulation[END_REF]. Different HSCs subtypes respond differently to TGF-b: at low concentration, it stimulates the proliferation of myeloidbiased HSCs, while growth inhibiting lymphoid-biased HSCs [START_REF] Challen | Distinct hematopoietic stem cell subtypes are differentially regulated by TGF-beta1[END_REF]. On the other hand, high doses of TGF-b inhibit proliferation, irrespective of HSCs subtype, inducing quiescence through the upregulation of p57 Kip2 , a member of the cyclindependent kinase inhibitor family (Scandura, 2004).

Concerning the sources of this growth factor, megakaryocytes secrete large amount of TGF-b [START_REF] Zhao | Megakaryocytes maintain homeostatic quiescence and promote post-injury regeneration of hematopoietic stem cells[END_REF], which is also extremely abundant in mineralized bone [START_REF] Wu | TGF-β and BMP signaling in osteoblast, skeletal development, and bone formation, homeostasis and disease[END_REF]. Scwhann cells also contribute to the maintenance of HSCs quiescence by regulating the activation of latent TGF-b through the expression of the integrin b8 (Itgb8) (Yamazaky, 2011). Finally, TGF-b can also exert its function in an autocrine way, since it can be secreted by HSCs themselves [START_REF] Ruscetti | Autocrine transforming growth factor-beta regulation of hematopoiesis: many outcomes that depend on the context[END_REF].

Interferons (IFNs)

IFNs are a group of cytokines currently divided in three classes (type I, II and III) with a shared ability to interfere with viral replication. Type I, which include IFN-a and IFNb, and type III IFNs, also known as IL-28/29, are expressed by both immune and tissue specific cells and play an important part in the host defence against viral infections as well as anti-tumour effects, including modulation of innate and adaptive immune responses. Type II interferon has only one representative, IFN-g, an immunomodulatory cytokine produced mainly by immune cells such as macrophages, natural killer cells and activated T cells [START_REF] Stanifer | Differential Regulation of Type I and Type III Interferon Signaling[END_REF] (Fig. 10). promoting the transcription of cytokine-sensitive genes (from [START_REF] Gonzales-Van Horn | Interferon at the crossroads of allergy and viral infections[END_REF].

Under certain conditions, such as inflammatory stress derived from infections, HSCs need to exit from dormancy and start to differentiate into progenitor cells and this transition can be regulated by type I and type II interferons. Accordingly, while on most target cells IFNs have an anti-proliferative effect, they have an opposite effect on stem cells [START_REF] Staal | Cell intrinsic regulation of external hematopoietic stem cell stress[END_REF]. In particular, high levels of IFN-α can induce HSCs to efficiently exit G0 and enter an active cell cycle. However, while acute IFN-a treatment promotes the proliferation of dormant HSCs in vivo, a chronic activation of the IFN-a pathway in HSCs impairs their function [START_REF] Essers | IFNalpha activates dormant haematopoietic stem cells in vivo[END_REF].

Moreover, mice lacking the interferon response factor 2 (IRF2), a negative regulator of type I interferon signalling, showed increased exit from quiescence in their HSCs pool and reduced number of LT-HSCs, indicating that IRF2 normally suppresses IFN signalling in HSCs, maintaining them in a dormant state (Sato, 2009).

HSCs are also stimulated to exit their quiescent state during infection via an IFN-gdependent mechanism [START_REF] Baldridge | Quiescent haematopoietic stem cells are activated by IFN-γ in response to chronic infection[END_REF]. Short-term IFN-g signalling promotes HSCs proliferation, whereas long-term stimulation promotes HSCs differentiation and impaired self-renewal. Moreover, the bias towards terminal differentiation leads to HSCs loss during chronic IFN-g stimulation (Morales-Mantilla and [START_REF] Morales-Mantilla | The Role of Interferon-Gamma in Hematopoietic Stem Cell Development, Homeostasis, and Disease[END_REF].

Tumour necrosis factor a (TNF-a) TNF-a is a member of the TNF superfamily and a pro-inflammatory cytokine that plays important roles in cell survival, proliferation, differentiation, and apoptosis. It is secreted by inflammatory cells, mainly by macrophages, and it can activate distinct signalling pathways: the most important are nuclear factor κB (NF-κB), an antiapoptotic signal, and c-Jun N-terminal kinase (JNK), whose sustained activation contributes to cell death. The crosstalk between these two signalling pathways determines the cellular outcomes in response to TNF-a [START_REF] Wang | Tumor necrosis factor and cancer, buddies or foes?[END_REF][START_REF] Wu | TNF-alpha/NF-kappaB/Snail pathway in cancer cell migration and invasion[END_REF] (Fig. 11).

Conflicting results were obtained when assessing the effects of TNF-α ex vivo treatment on murine and human hematopoietic progenitors: in certain cases, TNF-α inhibited their proliferation [START_REF] Dybedal | Tumor necrosis factor (TNF)-mediated activation of the p55 TNF receptor negatively regulates maintenance of cycling reconstituting human hematopoietic stem cells[END_REF][START_REF] Pronk | Tumor necrosis factor restricts hematopoietic stem cell activity in mice: involvement of two distinct receptors[END_REF], in others, it acted as a stimulator [START_REF] Caux | Tumor necrosis factor-alpha strongly potentiates interleukin-3 and granulocyte-macrophage colony-stimulating factor-induced proliferation of human CD34+ hematopoietic progenitor cells[END_REF]. Moreover, HSCs response to TNF-a signalling seems to be dependent on the dose and duration of TNF-α exposure and the local environment in which the HSCs reside [START_REF] Schuettpelz | Regulation of hematopoietic stem cell activity by inflammation[END_REF].

Recently, a new TNF-α-mediated pro-survival mechanism unique to HSCs has been proposed: TNF-α was found to promote HSCs survival by activating a specific gene program that prevent necroptosis and poises HSCs for myeloid differentiation while inducing myeloid progenitor apoptosis [START_REF] Yamashita | TNF-α Coordinates Hematopoietic Stem Cell Survival and Myeloid Regeneration[END_REF]. This work established TNF-a as a major pro-survival and pro-regeneration factor for HSCs. [START_REF] Wu | TNF-alpha/NF-kappaB/Snail pathway in cancer cell migration and invasion[END_REF].

Hypoxic environment

The majority of slow-cycling hematopoietic cells reside in a hypoxic environment close to the bone surface and distant from capillaries, suggesting that these hypoxic niches are important for the maintenance of their quiescence [START_REF] Kubota | Bone marrow long label-retaining cells reside in the sinusoidal hypoxic niche[END_REF]. The hypoxic condition is responsible for the increase of both the protein level and the DNA-binding activity of Hypoxia-inducible factor 1-alpha (HIF-1α), one of the two subunits of HIF-1, a master regulator of cellular metabolism [START_REF] Jiang | Hypoxia-inducible factor 1 levels vary exponentially over a physiologically relevant range of O2 tension[END_REF][START_REF] Zhang | Hypoxia and metabolic properties of hematopoietic stem cells[END_REF]. HIF-1α regulates the expression of several downstream genes, which play important roles in HSCs function and metabolism; these include critical regulators of HSCs quiescence, such as CXCL12, SCF, Angptl, p21, FOXOs, and Cripto [START_REF] Zhang | Hypoxia and metabolic properties of hematopoietic stem cells[END_REF].

Wnt signalling pathway

Wnt ligands are a family of secreted glycoproteins that can activate multiple signalling pathways by binding to a member of the Frizzled family of receptors.

The canonical Wnt pathway, uses β-catenin as the critical signal transducer: Wnt binding to its receptor leads to b-catenin stabilization, which can therefore translocate to the nucleus where it interacts with members of the T-cell factor (TCF)/lymphoid enhancer factor (LEF) family of transcription factors to induce target gene expression.

The non-canonical pathway, on the other hand, does not involve β-catenin (Nemeth and Bodine, 2007) (Fig. 12).

Wnt acts on HSCs through both paracrine and autocrine mechanisms, and both canonical and non-canonical Wnt pathway seems to be involved in the regulation of HSCs quiescence [START_REF] Li | Quiescence regulators for hematopoietic stem cell[END_REF]. The noncanonical Wnt5a has been shown to maintain HSCs in a quiescent state and to support HSCs repopulation by inhibiting Wnt3a-mediated HSCs differentiation (Nemeth, 2007).

On the other hand, a microenvironment with canonical Wnt signalling is also essential for maintenance of HSCs in a quiescent state: Dkk1 transgenic mice, characterized by the osteoblast-specific overexpression of Dickkopf, an antagonist of Wnt/b-catenin signalling, show increased HSCs proliferation and loss of reconstituting ability after BM transplantation [START_REF] Fleming | Wnt signaling in the niche enforces hematopoietic stem cell quiescence and is necessary to preserve self-renewal in vivo[END_REF]. Similar results were obtained in a b-catenin conditional deficient mouse model, implicating that b-catenin is required in the microenvironment for long-term maintenance of hematopoietic progenitors [START_REF] Nemeth | b-catenin expression in the bone marrowmicroenvironment is required for long-term maintenance of primitive hematopoietic cells[END_REF]. 

Hedgehog signalling pathway

Hedgehog (Hh) is a ligand that binds to the Patched receptor, which, in the absence of its ligand, inhibits Smoothened (SMO), a downstream protein in the pathway. Upon Hh binding, SMO becomes active and can therefore activate the GLI transcription factors, which accumulate in the nucleus and activate the transcription of Hh target genes [START_REF] Ding | Antagonism between Hedgehog and Wnt signaling pathways regulates tumorigenicity[END_REF][START_REF] Carballo | A highlight on Sonic hedgehog pathway[END_REF] (Fig. 13).

The Hh signalling pathway plays a fundamental role during vertebrate embryonic development, and it has been shown to promote the proliferation of adult stem cells from various tissues, including primitive human hematopoietic cells [START_REF] Bhardwaj | Sonic hedgehog induces the proliferation of primitive human hematopoietic cells via BMP regulation[END_REF].

Hh signalling has been established as a negative regulator of HSCs quiescence: transgenic mice with a constitutive activation of the Hh signalling showed an increased proportion of cycling cells within the HSCs compartment and decreased repopulating ability following transplantation, indicative of a functional exhaustion of the HSCs pool [START_REF] Trowbridge | Hedgehog modulates cell cycle regulators in stem cells to control hematopoietic regeneration[END_REF]. 

1.3.3) Intrinsic regulators of HSCs quiescence

Positive regulators of HSCs quiescence

There are multiple independent pathways in HSCs whose goal is to maintain the cells in a quiescent state and the loss of anyone of them may have an impact on the balance between quiescence and proliferation with detrimental effect on HSC function [START_REF] Li | Quiescence regulators for hematopoietic stem cell[END_REF].

Among the transcription factor which maintain HSCs in quiescence are: GFI1 (growth factor independence 1), a zinc finger transcriptional repressor [START_REF] Hock | Gfi-1 restricts proliferation and preserves functional integrity of haematopoietic stem cells[END_REF][START_REF] Zeng | Transcription factor Gfi1 regulates self-renewal and engraftment of hematopoietic stem cells[END_REF]; PBX1 (pre-B-cell leukemia transcription factor 1), a TALE class homeodomain transcription factor [START_REF] Ficara | Pbx1 regulates selfrenewal of long-term hematopoietic stem cells by maintaining their quiescence[END_REF]; the tumour suppressor protein p53 (Liu, 2009); SCL/TAL1 (Stem cell leukemia/T-cell acute lymphoblastic leukemia 1), which impedes G0-G1 transition in HSCs [START_REF] Lacombe | Scl regulates the quiescence and the long-term competence of hematopoietic stem cells[END_REF]; IRF2, a transcriptional suppressor of interferon signalling (Sato, 2009); NURR1 (Nuclear receptor related 1), a nuclear receptor transcription factor [START_REF] Sirin | The orphan nuclear receptor Nurr1 restricts the proliferation of haematopoietic stem cells[END_REF]; TXNIP (thioredoxin-interacting protein), a transcriptional repressor [START_REF] Shao | TXNIP regulates germinal center generation by suppressing BCL-6 expression[END_REF]; and GATA-2 (GATA-binding factor 2) [START_REF] Tipping | High GATA-2 expression inhibits human hematopoietic stem and progenitor cell function by effects on cell cycle[END_REF].

Another group of proteins that act as positive regulators of HSCs quiescence comprises the cyclin-dependent kinase inhibitors (CKIs), proteins that constrain the activities of cyclin-dependent kinase (CDKs). CKIs inhibit cell-cycle progression and exhibit a variety of other biological activities, such as the induction of cell death (Day and Grant, 2003). Examples include p21, a G1 checkpoint regulator, whose deficiency in mice resulted in HSCs proliferation under homeostatic conditions and hematopoietic failure following transplantation (Cheng, 2000) and p57, the only CKIs induced by TGF-b (Scandura, 2004;[START_REF] Umemoto | p57Kip2 is expressed in quiescent mouse bone marrow side population cells[END_REF].

Other regulators that help maintain HSCs quiescence are represented by negative regulators of mTORC-1 (mammalian target of rapamycin complex-1), such as FBW7 (F-box and WD repeat domain containing 7), PTEN (phosphatase and tensin homolog), PML (promyelocytic leukaemia protein) and TSC1 (tuberous sclerosis 1), whose deletion leads to HSCs hyperproliferation and subsequent exhaustion, and defective repopulating potential [START_REF] Thompson | Control of hematopoietic stem cell quiescence by the E3 ubiquitin ligase Fbw7[END_REF][START_REF] Zhang | PTEN maintains haematopoietic stem cells and acts in lineage choice and leukaemia prevention[END_REF][START_REF] Ito | PML targeting eradicates quiescent leukaemia-initiating cells[END_REF][START_REF] Chen | TSC-mTORmaintains quiescence and function of hematopoietic stemcells by repressing mitochondrial biogenesis and reactive oxygen species[END_REF]; Cdc42 (cell division cycle 42), a Rho family GTPase (Yang, 2007); STAT5 (Signal transducer and activator of transcription 5), which maintains HSCs quiescence during steady-state hematopoiesis downstream of MPL [START_REF] Wang | Conditional deletion of STAT5 in adult mouse hematopoietic stem cells causes loss of quiescence and permits efficient nonablative stem cell replacement[END_REF]; Retinoblastoma (Rb) tumour suppressor gene family members [START_REF] Viatour | Hematopoietic stem cell quiescence is maintained by compound contributions of the retinoblastoma gene family[END_REF]; Mi-2b, a chromatin remodelling protein [START_REF] Yoshida | The role of the chromatin remodeler Mi-2beta in hematopoietic stem cell self-renewal and multilineage differentiation[END_REF]; and Lkb1 (Liver kinase B1), a regulator of cellular energy metabolism [START_REF] Gan | Lkb1 regulates quiescence and metabolic homeostasis of haematopoietic stem cells[END_REF].

Finally, oxidative stress also plays a role in the maintenance of HSCs quiescence. The protein kinase Ataxia-Telangiectasia Mutated (ATM) is a cell-cycle checkpoint regulator activated after DNA damage, in particular Double Strand Breaks (DSBs), that can also regulate oxidant levels in HSCs [START_REF] Ito | Reactive oxygen species act through p38 MAPK to limit the lifespan of hematopoietic stem cells[END_REF]. Its deficiency induces reactive oxygen species (ROS) increase in HSCs and specifically activates the p38 mitogenactivated protein kinase (MAPK) pathway, leading to a loss of HSCs quiescence and progressive hematopoietic failure due to a defect in HSC function in mice (Ito, 2004).

Members of the FOXO subfamily of forkhead transcription factors have also been

shown to protect HSCs from oxidative stress by upregulating genes involved in their detoxification and their deficiency in mouse models leads to increased levels of ROS in HSCs, increased HSCs cycling and apoptosis and defective HSCs long-term repopulating activity (Tothova, 2007;Miyamoto, 2007).

Negative regulators of HSCs quiescence

Among the proteins which function to induce or facilitate the entry of quiescent HSCs into the cell cycle are: MEF (Myeloid Elf-1-like factor), also known as ELF4, an ETS (Erythroblast Transformation Specific) transcription factor, whose deficiency in mice causes decreased HSCs proliferation in response to cytokine stimulation and leads to an accumulation of mitotically quiescent HSCs in vivo [START_REF] Lacorazza | The ETS protein MEF plays a critical role in perforin gene expression and the development of natural killer and NK-T cells[END_REF]; SH2B adapter protein 3 (SH2B3), also known as lymphocyte adapter protein (LNK), which controls HSC quiescence and self-renewal, predominantly through the negative regulation of MPL signalling [START_REF] Bersenev | Lnk controls mouse hematopoietic stem cell self-renewal and quiescence through direct interactions with JAK2[END_REF]; and c-MYC, whose conditional inactivation induces excessive expression of integrins and N-cadherin in HSCs, thereby enhancing HSCs interaction with the niche, enabling MYC-deficient HSCs to remain quiescent, while the enforced c-MYC expression in HSCs downregulates N-cadherin and integrins, leading to a loss of HSCs function [START_REF] Wilson | c-Myc controls the balance between hematopoietic stem cell self-renewal and differentiation[END_REF].

1.4) DNA damage and its consequences on HSCs

HSCs genomic integrity is crucial to ensure normal blood production and prevent malignant transformation and must be preserved throughout life; replication errors, endogenous metabolic by-products such as reactive oxygen species (ROS), or exposure to environmental mutagens pose a threat to HSCs genomic integrity and the accumulation of DNA damage has been proposed to underlie the ageing of cells and tissue [START_REF] Rando | Stem cells, ageing and the quest for immortality[END_REF][START_REF] Bakker | Resilient and resourceful: genome maintenance strategies in hematopoietic stem cells[END_REF].

1.4.1) Preservation of genomic integrity in HSCs

Quiescent HSCs have adopted specific mechanisms different from their proliferating progeny to deal with environmental stresses and DNA damage and, thus, to maintain cellular integrity and assure long-term survival [START_REF] Cheung | Molecular regulation of stem cell quiescence[END_REF]. Indeed, HSCs exhibit many properties that suggest they have an enhanced capability to protect their genomes.

First, the fact that adult HSCs are mostly kept in a quiescent state contribute to their overall maintenance and to the protection of their genomic integrity by minimizing replication-based errors [START_REF] Blanpain | DNA-damage response in tissue-specific and cancer stem cells[END_REF].

The reduced cycling and the expression of telomerase minimizes telomeres shortening protecting telomeres in stem cells [START_REF] Beerman | Accumulation of DNA damage in the aged hematopoietic stem cell compartment[END_REF].

HSCs also show high expression levels of ABC transporters, membrane molecules which pump exogenous toxic molecules across the cell membrane [START_REF] Tang | Hematopoietic stem cells exhibit a specific ABC transporter gene expression profile clearly distinct from other stem cells[END_REF].

Finally, HSCs maintain low levels of reactive oxygen species (ROS) due to the combined effects of their low metabolic activity, their reliance on glycolytic metabolism, and their inherent hypoxic nature while within their specialized niche [START_REF] Suda | Metabolic regulation of hematopoietic stem cells in the hypoxic niche[END_REF][START_REF] Beerman | Accumulation of DNA damage in the aged hematopoietic stem cell compartment[END_REF]. However, even though HSCs have many protective features to minimize accumulation of DNA damage, there are substantial evidence pointing towards an accumulation of damage during human ageing (Rube, 2011;[START_REF] Beerman | Quiescent hematopoietic stem cells accumulate DNA damage during aging that is repaired upon entry into cell cycle[END_REF][START_REF] Beerman | Accumulation of DNA damage in the aged hematopoietic stem cell compartment[END_REF].

1.4.2) DNA damage response pathways in HSCs

DNA damage is an important source of genomic instability (an increased propensity to alterations in the genome during the cell life cycle) and if left unrepaired or not properly repaired, it can lead to mutations, that can result in exacerbated cell death or oncogenic transformation (Hanahan and Weinberg, 2011). To prevent this scenario, cells can sense DNA damage and activate a series of cellular mechanisms collectively referred to as the DNA damage response (DDR). DDR can either promote cell survival through cell cycle arrest and DNA repair or eliminate damaged cells through senescence or apoptosis [START_REF] Zhou | The DNA damage response: putting checkpoints in perspective[END_REF].

DNA damage can lead to different but equally critical outcomes when it occurs in stem cells: it can either result in apoptosis causing stem cell attrition and eventually tissue failure, or, if not properly repaired, in accumulation of mutations eventually contributing to transformation and cancer development. Therefore, the response of stem cells to DNA damage must be finely balanced not only to maintain tissue homeostasis but also to prevent these deleterious outcomes [START_REF] Lombard | DNA repair, genome stability, and aging[END_REF]Hanahan and Weinberg, 2011;[START_REF] Bakker | Resilient and resourceful: genome maintenance strategies in hematopoietic stem cells[END_REF].

The most frequent type of DNA damage is represented by DNA single-strand breaks (SSBs) lesions, while the most detrimental is represented by double strand breaks (DSBs), which can be induced by replication problems but occur less frequently; however, DSBs can lead to chromosomal rearrangements, amplifications, deletions, and overall genomic instability and cancer (Delia and Mizutani, 2017). Other frequent types of DNA damage are represented by base damage, such as oxidative damages, depurinations and depyrimidinations, and DNA Interstrand Crosslinks (ICLs), which will be discussed later.

Mammalian cells have two major mechanisms to repair DSBs, which arise under physiological conditions predominantly from oxidative damage or are caused by genotoxic insults such as ionizing radiation: homologous recombination (HR) and non-homologous end-joining (NHEJ) [START_REF] Sancar | Molecular mechanisms of mammalian DNA repair and the DNA damage checkpoints[END_REF] (Fig. 14). HR is a high-fidelity DSB repair mechanism which uses a long homologous sequence from sister chromatid as a template to guide repair; accordingly, HR can be used in the S phase and G2 phase of the cell cycle and occur more predominantly in proliferating progenitor cells. However, DSBs can also arise by replication fork collapse or by erosion of uncapped telomeres that have only one free end. In this case they are repaired by strand invasion into a homologous duplex DNA followed by replication to the chromosome end, the so-called mechanism of break-induced replication (BIR) [START_REF] Llorente | Break-induced replication: what is it and what is it for?[END_REF].

By contrast, NHEJ is an error-prone repair mechanism, which does not require a template and it is predominantly used in the G1 phase of the cell cycle [START_REF] Shrivastav | Regulation of DNA double-strand break repair pathway choice[END_REF]. Quiescent HSCs preferentially use NHEJ to repair DSBs, suggesting that, although they can repair their DSBs, they may accumulate mutations consequently [START_REF] Mohrin | Hematopoietic stem cell quiescence promotes error-prone DNA repair and mutagenesis[END_REF]. Therefore, HSCs quiescence and reliance on NHEJ may be an important mechanism contributing to mutagenesis at the stem cell level that may serve as the origin of certain hematopoietic cancers (Seita, 2010).

1.4.3) Apoptosis as a response to irreparable DNA damage

The p53 tumour suppressor protein plays a fundamental role in the activation of apoptosis, as well as the progression through the cell cycle and the regulation of genomic stability: in particular, following DNA damage, p53 can both activate DNA repair proteins and arrest growth by holding the cell cycle at the G1/S regulation point, giving the DNA repair proteins time to fix the damage. If the DNA damage is irreparable, p53 can initiate apoptosis [START_REF] Vousden | p53 in health and disease[END_REF].

More in detail, unstressed cells contain almost undetectable levels of p53 protein, due to its targeting for proteasomal degradation by the E3 ligase, MDM2 (Mouse double minute 2 homolog). However, in response to diverse stress stimuli, such as DNA damage, p53 protein levels substantially increase because the signalling pathways activated in response to such stressors not only converge upon the inhibition of MDM2 but may also lead to modifications of the p53 protein itself, including acetylation and phosphorylation. Upon activation, p53 binds as a homotetramer to specific sequences in the regulatory regions of its target genes thereby activating a plethora of cellular processes, such as cell cycle arrest, cellular senescence, coordination of various DNA damage repair pathways, metabolic adaptation, and apoptosis [START_REF] Vousden | p53 in health and disease[END_REF][START_REF] Aubrey | How does p53 induce apoptosis and how does this relate to p53-mediated tumour suppression?[END_REF] (Fig. 15).

If the DNA damage is irreparable, cells activate a p53-dependent apoptotic process to avoid the propagation of genomically compromised cells. After DNA damage, ATM phosphorylates p53, thereby allowing its stabilization and the transactivation of p53 target genes [START_REF] Cheng | Mechanism of p53 stabilization by ATM after DNA damage[END_REF]. Among these are the so-called pro-apoptotic BH3-only members of the BCL-2 protein family, which include among others BIM, PUMA and NOXA. These BH3-only proteins bind and inhibit the pro-survival BCL-2 proteins, including BCL-2, BCL-XL and MCL-1, thereby unleashing the cell death effectors BAX and BAK (the pro-apoptotic multi-BH domain members of the BCL-2 family).

Activation of BAX/BAK causes mitochondrial outer membrane permeabilization, leading to the activation of the caspases cascade that dismantle the cell [START_REF] Green | Apoptotic pathways: ten minutes to dead[END_REF][START_REF] Aubrey | How does p53 induce apoptosis and how does this relate to p53-mediated tumour suppression?[END_REF].

The kinase HIPK2 (Homeodomain-Interacting Protein Kinase-2) is also phosphorylated by ATM in response to lethal levels of DNA damage, leading to its accumulation and providing an additional layer of regulation of the activity of p53: HIPKS can phosphorylate p53 at Ser46, leading to the induction of pro-apoptotic target genes, such as PUMA, BAX, NOXA, and BID. HIPK2 acts as a sensor of the severity of DNA damage, therefore determining the fate of the cells depending on the amount of DNA damage; in fact, when DNA damage is less severe, HIPK2 does not affect phosphorylation of p53 at Ser46 [START_REF] Kuwano | Homeodomain-interacting protein kinase-2: a critical regulator of the DNA damage response and the epigenome[END_REF]. for proteasomal degradation. Following DNA damage, MDM2 is inhibited by several signalling pathways, which also leads to modifications of p53 and, therefore, its activation. p53 stimulates then the transcription of its target genes thereby activating a series of cellular processes. Downstream transcriptional targets include p21, involved in cell cycle arrest, and Puma and Noxa, which control apoptosis (from Pitolli, 2019).

2) Fanconi Anemia

Fanconi Anemia (FA) is the most frequent inherited bone marrow failure syndrome (IBMFS), a rare monogenic disease which has become a very well-appreciated model system to study biological processes such as DNA repair and cancer progression (Bogliolo and Surrales, 2015).

It is caused by the mutation in one of the 23 gene products (Fig. 16) which function together in the so-called FANC/BRCA pathway, a complex network specialized for DNA Interstrand Crosslinks (ICLs) repair, and it is characterized by a mainly autosomal recessive transmission, except for FANCB (X-linked) [START_REF] Meetei | X-linked inheritance of Fanconi anemia complementation group B[END_REF] and FANCR/Rad51 (dominant) [START_REF] Wang | A Dominant Mutation in Human RAD51 Reveals Its Function in DNA Interstrand Crosslink Repair Independent of Homologous Recombination[END_REF].

Carrier frequency was 1:181 in North Americans and 1:93 in Israel, while in certain populations, such as Ashkenazi Jews and the Afrikaans-speaking population of South Africa, the carrier frequency is much higher (<1:100), due to founder mutations [START_REF] Mathew | Fanconi anaemia genes and susceptibility to cancer[END_REF][START_REF] Rosenberg | How high are carrier frequencies of rare recessive syndromes? Contemporary estimates for Fanconi Anemia in the United States and Israel[END_REF]. The incidence rate of FA is estimated to be about 1 in 136,000 births and the ratio of males to females is 1.2:1 [START_REF] Rosenberg | How high are carrier frequencies of rare recessive syndromes? Contemporary estimates for Fanconi Anemia in the United States and Israel[END_REF].

2.1) Clinical features of FA

FA is a very heterogeneous condition, characterized by three main features: developmental abnormalities, hematological abnormalities and an increased predisposition to develop certain types of cancer, especially acute myeloid leukemia (AML). The wide range of clinical features can be explained by the fact that FA is a chromosomal instability disorder, and cells from FA patients accumulate DNA damage at an increased rate. If this DNA damage is not properly repaired, it can lead to the activation of pro-apoptotic pathways, leading to the depletion, for example, of the hematopoietic stem cells, causing pancytopenia. Alternatively, the defective DNA repair in FA cells can lead to mutations that result in cancer, such as AML. This leads to a paradoxical situation, in which the same populations of cells can be either depleted (in anemia) or hyper-represented (in cancer) [START_REF] Moldovan | How the fanconi anemia pathway guards the genome[END_REF].

2.1.1) Developmental abnormalities

About 75% of FA patients display a wide variety of congenital abnormalities, which involve the skeletal system (thumbs and radial hypoplasia, hip dislocation, scoliosis and vertebral anomalies), the skin (hyperpigmentation, café au lait spots and areas of hypopigmentation), the nervous and sensory systems (microcephaly, developmental delay, microphthalmia and conductive deafness), the reproductive system (infertility, underdeveloped genitalia and uterine anomalies) and the gastrointestinal, urinary and cardiac systems (less common). FA is also associated with altered growth both in utero and postnatally. Congenital abnormalities may present themselves with a large degree of variability, also within families with the same mutation, and up to one third of FA patients do not have any obvious congenital abnormalities [START_REF] Tischkowitz | Fanconi Anemia[END_REF][START_REF] Auerbach | Fanconi anemia and its diagnosis[END_REF].

2.1.2) Hematological abnormalities

The main clinical feature of FA is the progressive pancytopenia, which impact all blood lineages and will lead eventually to BMF. Usually, FA patients have a normal blood count at birth, with macrocytosis being often the first detected abnormality, followed by thrombocytopenia and neutropenia, with pancytopenia typically arising around the age of 7 (Kutler, 2003;[START_REF] Soulier | Fanconi anemia[END_REF]. Clinically, the affected FA patient may present with bleeding, pallor, and/or recurring infections and the major cause of death for FA patients is the bone marrow failure, with a cumulative incidence of 90% by the age of 40 years. In contrast, for those patients that received bone marrow transplant to treat the pancytopenia, cancer represents the major complication (Butturini, 1994;[START_REF] Auerbach | Fanconi anemia and its diagnosis[END_REF].

2.1.3) Cancer predisposition

FA patients show an extraordinarily high frequency of myelodysplastic syndrome (MDS) or acute myeloid leukemia (AML). The cumulative incidence of MDS or AML by age 40 years is 33% and the median age of onset of leukaemia is 11.3 years (Kutler, 2003;[START_REF] Rosenberg | Cancer incidence in persons with Fanconi anemia[END_REF]. In addition to the high frequency of hematological malignancies, FA patients also show a high incidence of non-hematologic malignancies [START_REF] Auerbach | Fanconi anemia and its diagnosis[END_REF]. The most frequent solid tumours in FA patients are squamous cell carcinomas (SCC) especially of the head and neck (HNSCC) and anogenital regions, with a 500-to 700-fold higher incidence of HNSCC than the general population and a 14% cumulative incidence of HNSCC by the age of 40 years [START_REF] Rosenberg | Cancer incidence in persons with Fanconi anemia[END_REF]Kutler, 2003b).

As hematopoietic transplant becomes available for more patients and new protocols result in improved survival, solid tumours will likely become the predominant clinical problem of FA patients [START_REF] Auerbach | Fanconi anemia and its diagnosis[END_REF].

2.1.4) Prognosis and treatment

The median estimated survival was 23 years in 2003 (Kutler, 2003), while by 2010 the median estimated survival has increased to 33 years, due not only to better diagnosis of less severe cases but also to improved treatments and therapy [START_REF] Alter | Malignancies and survival patterns in the National Cancer Institute inherited bone marrow failure syndromes cohort study[END_REF].

However, the actuarial risk of death from hematologic causes is 81% by 40 years of age [START_REF] Auerbach | Fanconi anemia and its diagnosis[END_REF].

To date, the only curative treatment available is represented by HSC Transplant (HSCT), in particular allogeneic HSCT (alloHSCT), whose protocols have improved dramatically over the past 40 years. However, alloHSCT is complicated by the intrinsic DNA repair defect in FA patients because it relies on alkylating agents and radiation in pre-transplant conditioning; moreover, FA patients are more sensitive to graft-versushost disease (GVHD) tissue damage [START_REF] Ebens | Hematopoietic cell transplantation in Fanconi anemia: current evidence, challenges and recommendations[END_REF].

Following years of research to understand the molecular pathology of the disease and modifications in conditioning regimens and donor cell manipulation for alloHSCT, FA patients today show a better overall survival: in particular, decreased doses of cyclophosphamide and irradiation in pre-condition regimen have reduced transplant related mortality, while the administration of specific donor T cell dose and the use of fludarabine, serotherapy and/or low dose irradiation for recipient lymphodepletion have not only reduced graft rejection and GVHD, but also improved immune reconstitution [START_REF] Ebens | Hematopoietic cell transplantation in Fanconi anemia: current evidence, challenges and recommendations[END_REF][START_REF] Minguillón | Therapeutic research in the crystal chromosome disease Fanconi anemia[END_REF].

Alternatives to alloHSCT are currently being investigated and include gene therapy, with trials currently ongoing to investigate the progressive restoration of hematopoiesis in patients with FA by gene-corrected autologous HSCs (Rio, 2018), androgen therapy to promote hematopoiesis [START_REF] Paustian | Androgen therapy in Fanconi anemia: A retrospective analysis of 30 years in Germany[END_REF] and new therapeutic interventions with antioxidants or anti-inflammatory agents to delay or halt FAassociated BMF [START_REF] Ebens | Hematopoietic cell transplantation in Fanconi anemia: current evidence, challenges and recommendations[END_REF].

Today solid tumours represent the major burden for FA patients, and they are usually accompanied by a poor prognosis, as tumour resection is the only therapeutic option given that patients do not tolerate chemotherapy or radiation [START_REF] Minguillón | Therapeutic research in the crystal chromosome disease Fanconi anemia[END_REF][START_REF] Savage | Myelodysplastic Syndrome, Acute Myeloid Leukemia, and Cancer Surveillance in Fanconi Anemia[END_REF].

2.2) Genetics of FA and the FANC/BRCA pathway

2.2.1) FA genes

A high degree of genetic heterogeneity exists in Fanconi Anemia: 23 FANC genes have been identified until today as being involved in the etiology of FA [START_REF] Dong | Update of the human and mouse Fanconi anemia genes[END_REF]Gueiderikh, 2017). Genetic studies have revealed that mutations in FANCA, FANCC and FANCG genes are the most common and account for ~85% of FA cases, with FANCA alone accounting for nearly 70% of cases. Mutations in FANCD1 (BRCA2), FANCJ (BRIP1), FANCB, FANCD2, FANCE, FANCF and FANCI genes, combined, account for ~16% of reported FA cases. Mutations in the remaining FA genes, FANCQ (ERCC4), FANCL, FANCM, FANCV (MAD2L2), FANCN (PALB2), FANCR (RAD51), FANCO (RAD51C), FANCP (SLX4), FANCT (UBE2T) FANCU (XRCC2), FANCW (RFWD3) and FANCQ (ERCC4, XPF) contribute to <5% of FA cases, combined (Niraj, 2019) (Fig. 16).

Of the genes mutated in FA patients only 15 (FANCA,FANCB,FANCC,FANCD1,FANCD2,FANCE,FANCF,FANCG,FANCI,FANCJ,FANCL,FANCN,FANCP,FANCQ and FANCT) are considered bona fide FA genes, since their mutation causes the classical FA phenotype (chromosome instability and BMF). The other genes are identified as FANC-like genes, since their mutation causes chromosome instability with congenital abnormalities, but no BMF [START_REF] Ceccaldi | The Fanconi anaemia pathway: new players and new functions[END_REF]. FANCM is also an atypical FA gene, because only one FA patient with BMF with biallelic mutations has been reported so far, and it was subsequently found that this individual also carried biallelic FANCA mutations and that expression of FANCM failed to complement the genetic defect of this patient, which indicates that FANCM might not be a bona fide FA gene after all [START_REF] Singh | Impaired FANCD2 monoubiquitination and hypersensitivity to camptothecin uniquely characterize Fanconi anemia complementation group M[END_REF][START_REF] Ceccaldi | The Fanconi anaemia pathway: new players and new functions[END_REF]. Moreover, lymphoblasts from two patients with a homozygous mutation in FANCM, leading to a truncated protein, showed a hypersensitivity to Mitomycin C (MMC), a cellular hallmark of FA, and altered FANCD2 monoubiquitination in response to DNA ICLs, but no BMF (Fouquet, 2017).

Finally, the so-called FA-associated genes include components of the FA core complex MHF2/FAAP10, MHF1/FAAP16, FAAP20, FAAP24 and FAAP100, the deubiquitylating enzyme ubiquitin carboxyl-terminal hydrolase 1 (USP1) and USP1-associated factor 1 (UAF1), and the Fanconi-associated nuclease 1 (FAN1).

Although their inactivation phenocopies FA, biallelic mutations of these genes have not been identified so far in patients (Kim, 2009;Park, 2013).

2.2.2) Group I: the FA core complex

The functions of the FA proteins can be classified into several separate groups based on their role in the canonical pathway of ICLs recognition and repair (Fig. 17).

The first group consists of FANCA, FANCB, FANCC, FANCE, FANCF, FANCG/XRCC9, FANCL, FANCM and FANCT/UBE2T. In unstressed conditions, three subcomplexes are present: FANCA/FANCG/FAAP20, FANCC/FANCE/FANCF and FANCB/FANCL/FAAP100 [START_REF] Medhurst | Evidence for subcomplexes in the Fanconi anemia pathway[END_REF]. Many of these proteins are characterized by repetitive domains (called FANC or tetratricopeptide repeats) that might mediate protein-protein interaction also outside of the FA pathway [START_REF] Alpi | Monoubiquitylation in the Fanconi anemia DNA damage response pathway[END_REF][START_REF] Walden | The Fanconi anemia DNA repair pathway: structural and functional insights into a complex disorder[END_REF].

In the presence of an ICLs, these subcomplexes shuttle to the nucleus where they are recruited to the lesion by FANCM, which is associated with FAAP24 and MHF1/2, and they assemble in the FA core complex [START_REF] Ciccia | Identification of FAAP24, a Fanconi anemia core complex protein that interacts with FANCM[END_REF]Singh, 2010;[START_REF] Yan | A histone-fold complex and FANCM form a conserved DNA-remodeling complex to maintain genome stability[END_REF]. Following the interaction with FANCT/UBE2T, an E2 ubiquitin-conjugating enzyme, the FA core complex exhibits the E3 ubiquitin ligase activity responsible for the monoubiquitylation of two downstream FA proteins, FANCD2 and FANCI, which constitute group II [START_REF] Meetei | A novel ubiquitin ligase is deficient in Fanconi anemia[END_REF][START_REF] Rickman | Deficiency of UBE2T, the E2 Ubiquitin Ligase Necessary for FANCD2 and FANCI Ubiquitination, Causes FA-T Subtype of Fanconi Anemia[END_REF].

Cells depleted for FANCM, FAAP24 or MHF1 show a residual ID2 monoubiquitylation activity, suggesting the existence of alternative mechanisms by which the FA core complex is recruited to DNA damage sites [START_REF] Yan | A histone-fold complex and FANCM form a conserved DNA-remodeling complex to maintain genome stability[END_REF]Wang, 2013). For example, UHRF1 (Ubiquitin Like With PHD And Ring Finger Domains 1) seems to be involved in ICL sensing and required for the recruitment of FANCD2 to ICLs [START_REF] Liang | UHRF1 is a sensor for DNA interstrand crosslinks and recruits FANCD2 to initiate the Fanconi anemia pathway[END_REF]. 

2.2.3) Group II: the ID2 complex

The second group consists of FANCD2 and FANCI (known as the ID2 complex), the substrates for ubiquitylation: multimerization of the core complex is necessary for the monoubiquitylation of FANCD2 and FANCI on lysine 561 and 523, respectively, upon recognition of cross-linked DNA in the presence of the ubiquitin conjugating enzyme UBE2T/FANCT (Fig. 17) (Gueiderikh, 2017).

FANCI is also recognized as a factor involved in the recruitment of the FA core complex to the site of DNA damage, suggesting possible roles upstream of the core complex [START_REF] Castella | FANCI Regulates Recruitment of the FA Core Complex at Sites of DNA Damage Independently of FANCD2[END_REF].

For optimal ID2 monoubiquitylation to occur, ATM-and/or ATR-and CHK1-mediated phosphorylation events are required on both the FA core complex protein and FANCD2 and FANCI. Long stretches of single strand DNA (ssDNA) are generated at ICLs and are rapidly coated and stabilized by RPA (Replication Protein A), activating the ATR/CHK1 pathway [START_REF] Zou | Sensing DNA damage through ATRIP recognition of RPA-ssDNA complexes[END_REF]. The direct FANCI phosphorylation by ATR kinase and its dephosphorylation are an essential step in promoting ID2 monoubiquitylation (Ishiai, 2008). Once monoubiquitylated, the ID2 complex accumulates at ICLs in chromatin-associated foci and represents the link between the upstream FA proteins constituting the FA core complex, lacking a direct DNA repair function, and the downstream FA/HR proteins of group III, involved in DNA metabolism [START_REF] Moldovan | How the fanconi anemia pathway guards the genome[END_REF]Gueiderikh, 2017).

2.2.4) Group III: DNA repair factors

The third group of FA proteins consists of DNA repair factors, critical for resolving ICLs. These proteins include downstream repair factors involved in HR, such as FANCD1/BRCA2, FANCJ/BRIP1, FANCN/PALB2, FANCO/RAD51C, FANCR/RAD51, FANCS/BRCA1, FANCU/XRCC2, the DNA endonuclease FANCQ/XPF/ERCC4, the nuclease scaffolding protein FANCP/SLX4, the translesion synthesis factor FANCV/REV7/MAD2L2 and the E3 ubiquitin ligase FANCW/RFWD3 (Fig. 17) [START_REF] Moldovan | How the fanconi anemia pathway guards the genome[END_REF][START_REF] Palovcak | Maintenance of genome stability by Fanconi anemia proteins[END_REF]Niraj, 2019).

2.2.5) Canonical role of the FA pathway: repairing ICLs

The products of the FA genes cooperate in a common DNA repair pathway (the FA/BRCA pathway) to resolve ICLs, covalent links between the two strands of DNA (Fig. 18), that represent very toxic lesions which prevent DNA unwinding and must be repaired to allow proper DNA replication and transcription. The FA/BRCA pathway mainly operates during the S phase of the cell cycle, when the DNA replication forks stall at the ICLs, while in nondividing cells, ICLs are repaired at actively transcribed regions by components of transcription-coupled NER [START_REF] Hlavin | Cross-link structure affects replicationindependent DNA interstrand cross-link repair in mammalian cells[END_REF][START_REF] Enoiu | Repair of cisplatin-induced DNA interstrand crosslinks by a replicationindependent pathway involving transcription-coupled repair and translesion synthesis[END_REF]. FA pathway-mediated ICL repair requires converging replication forks and comprises four major steps: lesion recognition, DNA incision, lesion bypass and lesion repair (Fig. 19) [START_REF] Walden | The Fanconi anemia DNA repair pathway: structural and functional insights into a complex disorder[END_REF]Niraj, 2019).

Lesion recognition

ICLs cause the stalling of replication forks, due to the inability to separate covalently cross-linked DNA strands, which are the DNA intermediate structure recognized and stabilized by the FA pathway. The stalling of replication forks induces lesion recognition by FANCM, a DNA-binding protein with helicase motifs, together with FAAP24, histone fold-containing proteins MHF1 (FAAP16/CENP-S) and MHF2

(FAAP10/CENP-X) [START_REF] Huang | The FANCM/FAAP24 complex is required for the DNA interstrand crosslink-induced checkpoint response[END_REF]Singh, 2010).

Once bound to chromatin, this complex functions as a landing platform for the FA core complex and functions as a large E3 ubiquitin ligase for FANCD2 and FANCI. The monoubiquitylation of the ID2 heterodimer is promoted by the ubiquitin ligase FANCL and its partner ubiquitin-conjugating enzyme E2 T (FANCT/UBE2T) [START_REF] Alpi | Monoubiquitylation in the Fanconi anemia DNA damage response pathway[END_REF] and represents a reversible action: the ubiquitin carboxy-terminal hydrolase 1 (USP1) with USP1-associated factor (UAF1) are crucial for the deubiquitylation of ID2 and therefore the completion of FA pathway [START_REF] Cohn | A UAF1-containing multisubunit protein complex regulates the Fanconi anemia pathway[END_REF].

The replication forks initially pause 20 to 40 bases away on either side of the ICL, probably owing to the steric hindrance imposed by the CMG (CDC45/RecJ, MCM, GINS) complex, a replicative helicase. Indeed, the eviction of the CMG complex through the action of breast cancer type 1 susceptibility protein (FANCS/BRCA1) allows the approach of one replication fork within one nucleotide of the ICL (Long,

2014).

The concurrent activation of a checkpoint response is equally important for the eradication of ICLs: the activation of the ATR/CHK1 pathway results in phosphorylation of chromatin-bound factors that promote fork stability, maintain the intra-S-phase checkpoint, and promote repair [START_REF] Zou | Sensing DNA damage through ATRIP recognition of RPA-ssDNA complexes[END_REF]Niraj, 2019).

DNA incision

The next step is the loading of ID2-Ub on to chromatin, where it functions as a molecular scaffold to which several other DNA repair proteins, including structurespecific nucleases (SSEs) and translesion synthesis (TLS) polymerases, are recruited and anchored, to perform the so-called process of "unhooking" , the nucleolytic incision of the ICL from one of the parental strands (Knipscheer, 2009).

The "unhooking" step is coordinated by several factors recruited by FANCD2, such as FANCP/SLX4 and Fanconi-associated nuclease 1 (FAN1) [START_REF] Smogorzewska | A genetic screen identifies FAN1, a Fanconi anemiaassociated nuclease necessary for DNA interstrand crosslink repair[END_REF][START_REF] Stoepker | SLX4, a coordinator of structure-specific endonucleases, is mutated in a new Fanconi anemia subtype[END_REF]. FANCP/SLX4 interacts and activates several SSEs, such as the FANCQ/ERCC4/XPF-ERCC1 heterodimer, MUS81-EME1, and SLX1 [START_REF] Fekairi | Human SLX4 is a Holliday junction resolvase subunit that binds multiple DNA repair/recombination endonucleases[END_REF].

FANCP/SLX4 and FANCQ/ERCC4/XPF form a complex in which the endonuclease FANCQ/ERCC4/XPF makes an incision to unhook the ICL [START_REF] Bogliolo | Mutations in ERCC4, encoding the DNA-repair endonuclease XPF, cause Fanconi anemia[END_REF].

Lesion bypass

The crosslinked nucleotide is left tethered to the complementary strand and needs to be bypassed to allow for DNA replication to resume (Raschle, 2008). The bypass step is executed by low-fidelity translesion synthesis polymerases, such as REV1 and DNA polymerase ζ (REV3-FANCV/REV7/MAD2L2), which carry out lesion bypass by incorporating nucleotides opposite the ICL (insertion) and extending the nascent strand (extension), at the cost of potentially introducing mutations in the genome (Roy and Scharer, 2016). The damage bypass by REV1 requires its interaction with FAAP20 and an intact FA core complex, but not with FANCD2-Ub (Kim, 2012).

Lesion repair

The unhooking step generates DSBs that are preferably repaired by HR and the downstream FA proteins. Briefly, the DSB is further processed by nucleases such as CtBP-interacting protein (CtIP), MRN (MRE11-RAD50-NBS1) complex, exonuclease 1 (EXO1) and the helicase-nuclease complex BLM-DNA2 (Bloom syndrome protein-DNA replication ATP-dependent helicase/nuclease 2) that create a single-stranded DNA (ssDNA) overhang required for single-strand annealing (SSA) or HR [START_REF] Nimonkar | BLM-DNA2-RPA-MRN and EXO1-BLM-RPA-MRN constitute two DNA end resection machineries for human DNA break repair[END_REF][START_REF] Daley | Enhancement of BLM-DNA2-Mediated Long-Range DNA End Resection by CtIP[END_REF]. DSB resection and formation of 3′ ssDNA prompts the accumulation of RPA and RPA-coated ssDNA is a substrate for RAD51-mediated strand invasion promoted by the FANCD1/BRCA2-FANCN/PALB2 complex, a step required for HR [START_REF] Buisson | Cooperation of breast cancer proteins PALB2 and piccolo BRCA2 in stimulating homologous recombination[END_REF]. Following the steps of strand invasion and repair synthesis, resolution and ligation generate an intact double-stranded DNA duplex [START_REF] Ceccaldi | The Fanconi anaemia pathway: new players and new functions[END_REF]Niraj, 2019). 

2.2.6) Non-canonical role of the FA pathway

Besides its role in repairing ICL lesions, the FA pathway has crucial functions in replication through the promotion of replication fork stability, the control of chromosome segregation during mitosis (cytokinesis) and the resolution of DNA-RNA hybrids arising from impaired transcription or from replication-transcription collisions [START_REF] Ceccaldi | The Fanconi anaemia pathway: new players and new functions[END_REF].

The FA pathway suppresses genomic instability upon replication fork stalling: it is activated in response to hydroxyurea (HU), which does not generate ICLs but causes replication stress by depleting the deoxyribonucleotide pool [START_REF] Howlett | The Fanconi anemia pathway is required for the DNA replication stress response and for the regulation of common fragile site stability[END_REF]. However, the amount of replication stress has quite a different impact on the functions of FA proteins. In presence of low levels of replication stress, the BLM helicase complex is recruited by the non-ubiquitylated FANCD2, independent of FANCI, to restart stalled replication forks and suppress the firing of new and dormant origins [START_REF] Chaudhury | FANCD2 regulates BLM complex functions independently of FANCI to promote replication fork recovery[END_REF]. At high levels of replication stress, FANCD2, FANCI, and the FA core complex proteins function together to confer fork stability and promote replication restart [START_REF] Michl | Interplay between Fanconi anemia and homologous recombination pathways in genome integrity[END_REF].

Moreover, monoubiquitylated FANCD2 and FANCI are involved in the maintenance of the genetically unstable common fragile sites (CFSs) FRA3B and FRA16D, latereplicating hotspots for chromosomal translocations and sister chromatid exchange [START_REF] Howlett | The Fanconi anemia pathway is required for the DNA replication stress response and for the regulation of common fragile site stability[END_REF].

In mitosis, under-replicated CFSs on different chromatids are linked by ultrafine bridges (UFBs) and the failure to appropriately resolve UFBs leads to chromosomal breakage and micronuclei formation, resulting in chromosomal instability. FANCI and FANCD2 colocalize at UFBs and are indispensable for targeting the BLM complex to allow their processing and thus to avert micronucleation (Naim and Rosselli, 2009).

Finally, RNA-DNA hybrids (R-loops)-mediated replication stress can also activate the FA pathway (Garcia-Rubio, 2015;[START_REF] Schwab | The Fanconi Anemia Pathway Maintains Genome Stability by Coordinating Replication and Transcription[END_REF].

Collectively, FA proteins perform a leading role in alleviating replication stress by suppressing dormant origin firing, promoting replication fork stability, and stabilizing

CFSs (Niraj, 2019).

2.3) Cellular features and BMF in FA

2.3.1) Chromosome fragility and hypersensitivity to DNA damaging agents

Despite the great variety of clinical features, cells from FA patients display the same cellular features. FA cells show a spontaneous elevated frequency of chromosomal aberrations, including chromosomal breakage (chromatid gaps and breaks), triradial and quadriradial chromosomes, which increase in frequency if the cells are exposed to DNA damaging agents that create DNA ICLs (Fig. 20) [START_REF] Hays | A molecular, genetic, and diagnostic spotlight on fanconi anemia[END_REF].

Accordingly, the main cellular hallmark of FA cells is a marked hypersensitivity to DNA crosslinking agents, including MMC, diepoxybutane (DEB), psoralens or nitrogen mustards. These ICL-inducing agents are indeed so toxic to dividing cells that they are successfully used as chemotherapeutic agents in highly proliferating tumours [START_REF] Sasaki | Is Fanconi's anaemia defective in a process essential to the repair of DNA cross links?[END_REF][START_REF] Deans | DNA interstrand crosslink repair and cancer[END_REF].

FA cells also show an increased sensitivity, although to a lesser extent, to ionizing radiation (IR), UV, or replicative stress-inducing drugs [START_REF] Pichierri | Fanconi anemia proteins and the s phase checkpoint[END_REF]Rosselli, 2004, Renaud and[START_REF] Renaud | FANC pathway promotes UV-induced stalled replication forks recovery by acting both upstream and downstream Polη and Rev1[END_REF]. 

2.3.2) Cell cycle progression alteration

FA cells are characterized by alterations in the cell cycle progression: in culture they show a slowing of the cell cycle if compared to their healthy counterparts, mostly due to a very long G2 phase, which correlates with the accumulation of chromosomal abnormalities [START_REF] Dutrillaux | The cell cycle of lymphocytes in Fanconi anemia[END_REF].

On exposure to ICL agents, FA cells undergo a proliferation arrest and delay in the late S or G2 phase of the cell cycle, a normal checkpoint response to unresolved DNA damage during S phase. The G2/M checkpoint is associated with surveillance of the genome and repair of damage before progression to mitosis: FA cells fail to repair DNA damage efficiently and therefore arrest in G2 (Heinrich M.C et al., 1998;[START_REF] Pichierri | Fanconi anemia proteins and the s phase checkpoint[END_REF].

2.3.3) HSCs attrition and p53/p21 signalling

The fact that all blood lineages eventually become deficient in FA patients developing BMF points toward a dysfunction of the HSCs [START_REF] Garaycoechea | Why does the bone marrow fail in Fanconi anemia?[END_REF]. A prenatal origin of an HSCs defect has been demonstrated: FA patients have significant depletion of their BM CD34 + cell compartment (a bone marrow fraction enriched for HSCs and capable of producing all blood components upon transplantation), even before severe pancytopenia is present. This defect begins in utero, worsens during childhood and results in the attrition of HSC followed by spontaneous BMF early in life [START_REF] Kelly | Stem cell collection and gene transfer in Fanconi anemia[END_REF][START_REF] Domenech | Studies in an Early Development Window Unveils a Severe HSC Defect in both Murine and Human Fanconi Anemia[END_REF].

Several hypotheses have been made on why the bone marrow fails in FA. A model proposes that the main driver of BMF in FA is DNA damage to the HSC pool: this damage is likely to be caused by several reactive molecules capable of attacking DNA, such as ROS or aldehydes, that can be generated by normal metabolism [START_REF] Sakai | Importance of finding the bona fide target of the Fanconi anemia pathway[END_REF]. These molecules can cause ICLs in quiescent HSCs and when the HSCs start to cycle these lesions must be repaired, for the cell to accurately complete replication.

Moreover, it was demonstrated in mice that DNA damage is a direct consequence of inducing HSCs to exit their homeostatic quiescent state in response to conditions that model physiological stress, such as infection or chronic blood loss. Repeated activation of HSCs out of their dormant state provokes the attrition of normal HSCs and, in the case of mice with a deficient FA DNA repair pathway, leads to a complete collapse of the hematopoietic system (Walter, 2015).

HSCs quiescence restricts the acquisition of DNA damage during aging and preserves the functional integrity of the stem cell pool and the FA pathway is required for efficient repair of stress-induced DNA damage in HSCs (Kaschutnig, 2015). Enforced exit from dormancy in vivo leads to de novo DNA damage in HSCs, which is repaired by activation of a FA-dependent DNA damage response (Walter, 2015).

In response to the accumulation of DNA damage and cellular stress in the FA HSCs pool, p53 is hyperactivated and triggers a late p21(Cdkn1a)-dependent G0/G1 cellcycle arrest and the knockdown of p53 rescued the HSPC defects observed in several in vitro and in vivo models, including human FA or FA-like cells, indicating that this exacerbated p53/p21 "physiological" response to cellular stress and DNA damage plays a central role in the progressive HSCs elimination in FA patients (Fig. 21) (Ceccaldi, 2012). It was suggested that overactive p53 may play a compensatory role in preventing murine FA HSCs from replicative exhaustion: the loss of p53 in Fanca -/-mice leads to

HSCs proliferative exhaustion and to the progressive decline of HSCs reservoir. Using

Fanca -/-HSCs expressing the separation-of-function mutant p53 515C transgene, which selectively impairs the p53 function in apoptosis but keeps its cell-cycle checkpoint activities intact, it was shown that it is the p53 cell-cycle function to be specifically required for the regulation of Fanca -/-HSCs proliferation (Li, 2018).

Finally, defective DNA repair is known to activate p53, but it was also shown that, conversely, an increased p53 activity may attenuate the FA DNA repair pathway, defining a positive regulatory feedback loop [START_REF] Jaber | p53 downregulates the Fanconi anaemia DNA repair pathway[END_REF].

2.3.4) HR/NHEJ balance and TGF-b signalling

The FA pathway has been associated with suppression of the error-prone DNA repair mechanism NHEJ: in fact, NHEJ factors are inappropriately recruited to sites of replication stress in the absence of FANCD2 [START_REF] Adamo | Preventing nonhomologous end joining suppresses DNA repair defects of Fanconi anemia[END_REF][START_REF] Pace | Ku70 corrupts DNA repair in the absence of the Fanconi anemia pathway[END_REF]. Importantly, NHEJ inhibition in FA-deficient cells results in rescue of survival after ICLs [START_REF] Adamo | Preventing nonhomologous end joining suppresses DNA repair defects of Fanconi anemia[END_REF]Eccles, 2018).

The TGF-β pathway was identified as the responsible for this switch toward NHEJ at the expense of HR in FA HSCs: in particular, TGF-β-mediated growth suppression seems to participate to BMF in FA. Blocking the TGF-β pathway not only improves the survival of FA cells, rescuing the proliferative and functional defects of HSCs derived from FA mice and patients, but also results in increased HR repair with a concomitant decrease in NHEJ, accounting for the improvement in cellular growth (Fig. 22) (Zhang, 2016). Blocking TGF-β also rescued defects seen in FA cells upon inflammatory stress and aldehyde mediated DNA damage, suggesting that the TGF-β pathway is a shared mediator leading to stem cell depletion and it may be a potential therapeutic target for the treatment of FA [START_REF] Tummala | TGF-β Pathway Inhibition Signals New Hope for Fanconi Anemia[END_REF]Rio and Bueren, 2016;Rodríguez, 2021). 

2.3.5) Abnormal inflammatory signalling and pro-oxidant phenotype

FA is associated with altered expression and/or responses to growth factors and proinflammatory cytokines as well as the aberrant expression/activity of several stress signalling pathways, which together contribute to the constant pro-inflammatory state characterizing this disease.

Both lymphoblasts, fibroblasts and mononuclear cells (MNCs) derived from FA patients as well as BM aspirates, show a reduction in IL-6 production, which is implicated in B and T cell differentiation, HSCs proliferation and megakaryocytes maturation [START_REF] Rosselli | Abnormal lymphokine production: a novel feature of the genetic disease Fanconi anemia. I. Involvement of interleukin-6[END_REF][START_REF] Bagnara | Production of interleukin 6, leukemia inhibitory factor and granulocyte-macrophage colony stimulating factor by peripheral blood mononuclear cells in Fanconi's anemia[END_REF][START_REF] Stark | The expression of cytokine and cytokine receptor genes in long-term bone marrow culture in congenital and acquired bone marrow hypoplasias[END_REF][START_REF] Wunder | Anomalous plasma concentrations and impaired secretion of growth factors in Fanconi's anemia[END_REF]. Moreover, the addition of IL-6 to the culture medium increased the resistance of FA cells to MMC cytotoxicity [START_REF] Rosselli | Abnormal lymphokine production: a novel feature of the genetic disease Fanconi anemia. I. Involvement of interleukin-6[END_REF].

An overproduction of TNF-a has also been reported in the serum, as well as in the culture medium of lymphoblasts and MNCs from FA patients [START_REF] Schultz | Tumor necrosis factor-alpha overproduction in Fanconi's anemia[END_REF]Rosselli, 1994;[START_REF] Dufour | TNF-alpha and IFN-gamma are overexpressed in the bone marrow of Fanconi anemia patients and TNF-alpha suppresses erythropoiesis in vitro[END_REF].

FANC mutations were demonstrated to activate the MAPK stress signalling pathway, which induces metalloproteinase-7 (MMP-7) overexpression leading to TNF-α oversecretion. TNF-α, in turn, can sustain or amplify not only MAPKs but also NF-κB activation, accounting for another hallmark of FA cells, i.e. the aberrant activation of stress signalling pathways (Briot, 2008). The TNF-α overproduction may impair HSCs survival, homing and proliferation, or indirectly change the bone marrow microenvironment critical for HSCs homeostasis and function, therefore contributing to disease progression in FA [START_REF] Du | TNF-α signaling in Fanconi anemia[END_REF].

Progressive BMF in FA patients seems to be the result of excessive apoptosis in the HSCs compartment: studies using Fanca -/-, Fancc -/-and Fancg -/-mouse models indicate that FA cells exhibit a hypersensitivity to TNF-α, which leads to apoptosis, contributing to pathogenesis of BMF in FA [START_REF] Bijangi-Vishehsaraei | Enhanced TNF-alpha-induced apoptosis in Fanconi anemia type C-deficient cells is dependent on apoptosis signal-regulating kinase 1[END_REF][START_REF] Du | TNF-α signaling in Fanconi anemia[END_REF].

Moreover, TNF-α overproduction results in bone marrow hypoplasia and long-term exposure of Fancc -/-murine hematopoietic stem and progenitor cells to TNF-α induces clonal evolution that leads to myelogenous leukemia (Li, 2007).

FA cells exhibit increased oxygen sensitivity and chromosome breakage is reduced in presence of low ambient oxygen concentration [START_REF] Saito | Hypersensitivity to oxygen is a uniform and secondary defect in Fanconi anemia cells[END_REF][START_REF] Clarke | The sensitivity of Fanconi anaemia group C cells to apoptosis induced by mitomycin C is due to oxygen radical generation, not DNA crosslinking[END_REF]. Many DNA crosslinking agents induce production of reactive oxygen species (ROS), and it is possible that the sensitivity of FA cells to crosslinking agents is due to an impaired ability to counteract ROS [START_REF] Kumari | Evidence of mitochondrial dysfunction and impaired ROS detoxifying machinery in Fanconi anemia cells[END_REF].

TNF-α-induced ROS is another pathological factor playing a pivotal role in the disease progression. FA patients are deficient in detoxifying superoxide anions (O2 -) released by TNF-α or IFN-g-activated phagocytes [START_REF] Pagano | Oxidative stress in Fanconi anaemia: from cells and molecules towards prospects in clinical management[END_REF]. FA proteins may disrupt downstream ROS signalling by protecting chromosomal DNA from ROS attack or facilitating the repair of oxidative DNA damage. The persistent high levels of oxidative DNA damage observed in HSPCs from TNF-α-injected Fancc -/-mice suggest that loss of FA protein renders chromosomal DNA susceptible to ROS attack (Zang, 2007;[START_REF] Pagano | Oxidative stress in Fanconi anaemia: from cells and molecules towards prospects in clinical management[END_REF].

IFN-g is another myelosuppressive cytokine found significantly overexpressed in in vitro stimulated marrow MNCs of FA patients [START_REF] Dufour | TNF-alpha and IFN-gamma are overexpressed in the bone marrow of Fanconi anemia patients and TNF-alpha suppresses erythropoiesis in vitro[END_REF], but not in FA patients' serum [START_REF] Schultz | Tumor necrosis factor-alpha overproduction in Fanconi's anemia[END_REF]. The normal FANCC protein serves, in part, to modulate IFN-g signals: HSCs bearing inactivating mutations of Fancc fail to normally modulate IFN-g signals and, as a result, undergo apoptosis executed through the Fas pathway [START_REF] Rathbun | Inactivation of the Fanconi anemia group C gene augments interferon-gamma-induced apoptotic responses in hematopoietic cells[END_REF].

Moreover, the FANCC protein was found to regulate the expression of genes involved in differentiation and inflammation, independently of DNA repair (Zanier, 2004).

Toll-like receptor (TLR) activation of FANCA-and FANCC-deficient macrophages induced overproduction not only of TNF-a, but also of IL-1b, another proinflammatory cytokine which is known to promote tumour progression and metastasis;

the exposure of Fancc -/-BM progenitors to IL-1b suppressed the expansion of multipotent progenitor cells in vitro [START_REF] Garbati | FANCA and FANCC modulate TLR and p38 MAPK-dependent expression of IL-1β in macrophages[END_REF]. Moreover, both the TNF-α and IL-1b overproduction depend on p38MAPK signalling and, accordingly, its inhibition suppresses the TLR-hypersensitive phenotype in FANCC-And FANCA-deficient MNCs [START_REF] Anur | p38 MAPK inhibition suppresses the TLR-hypersensitive phenotype in FANCC-and FANCA-deficient mononuclear phagocytes[END_REF][START_REF] Garbati | FANCA and FANCC modulate TLR and p38 MAPK-dependent expression of IL-1β in macrophages[END_REF].

An anomalous high level of IL-1b was also detected in the serum of FA patients and found related to a constitutively activated PI3K/AKT pathway in these cells (Ibáñez, 2009).

In conclusion, the increased levels of proinflammatory cytokines may trigger a series of stress signalling pathways (p38MAPK, PI3K/AKT and NF-kB), which in absence of a proficient FA pathway become aberrant and lead to HSCs depletion and BMF [START_REF] Bagby | Recent advances in understanding hematopoiesis in Fanconi Anemia[END_REF].

2.3.6) Role of the BM niche in BMF

Besides the hematopoietic defects, FA patients have a high incidence of mesenchymal tissue-derived congenital malformations and osteoporosis, suggesting a role of FA proteins in osteogenesis and bone maintenance. Despite these clinical observations suggesting multiple mesenchymal defects, relatively little attention has been directed

to the association between the abnormal HSCs functions and the BM microenvironment in FA (Zhou, 2017).

Murine-derived Fancg -/-Mesenchymal Stem and Progenitor Cells (MSPCs) show decreased clonogenic growth and proliferating capability, increased apoptosis, and senescence, as well as an impaired function in supporting the proliferation, recruitment, adhesion and homing of HSCs in vitro and in vivo (Li, 2009). The supportive function of the BM microenvironment was compromised also in Fancd2 -/- mice: MSPCs derived from the bone marrow of Fancd2 -/-mice also show less support for HSPCs growth than that from WT mice (Zhang, 2010).

MSPCs derived from patients with FANCA mutation were also analysed: FA MSCs had normal immunophenotype, support long-term culture of hematopoietic stem cells (HSCs), display normal differentiation capacities and they show a similar telomere loss during cell aging to that of healthy MSCs. However, FA MSCs showed reduced longterm proliferation ability, higher SCF and IL-6 levels, and increased senescence compared to normal MSCs, suggesting a potential role of the BM microenvironment in long-term BMF [START_REF] Lecourt | Bone marrow microenvironment in fanconi anemia: a prospective functional study in a cohort of fanconi anemia patients[END_REF].

In a double KO Fancc/g -/-murine model it was demonstrated that MSPCs within the niche cooperate to engender dysfunctional hematopoiesis: in particular, Fancc/g -/-

MSPC lead to impaired osteoblast differentiation with concomitant lineage skewing toward adipocyte commitment and correlate with an altered production of IL-6 and TNF-α. MSPC from DKO mice and FA patients show in addition a defective hematopoietic supportive activity, revealing an intimate relationship between FA HSCs and the BM niche in the pathogenesis of hematopoietic dysfunction (Zhou, 2017).

Fancc/g deficiency in mice results also in multiple skeletal pathologies, including reduced body size and low bone mass phenotypes, which recapitulate the clinical features of short stature and osteoporosis common in FA patients and can be attributed to the reduced osteoblast numbers and impaired bone remodelling in vivo (Zhou, 2017). An abnormal skeletal development, characterized by skeletal malformations, growth delay, and reduced bone mineralization was also observed in both Fanca -/-and Fancc -/-embryos. In addition, Fanca -/-and Fancc -/-BM MSCs showed an impaired differentiation capability in ex vivo cultures together with an altered expression profile of genes involved in bone metabolism (Mazon, 2018).

2.3.7) Murine models of FA

To study FA pathogenesis and develop potential treatments for FA-associated symptoms, mouse models are frequently used, and the targeted disruption of FA genes has been used to create several FA murine models. All of them show impaired fertility, with their cells being sensitive to ICL-inducing agents. However, FA phenotypes at the organism level (developmental abnormalities, BMF and/or tumour development) are only observed in some models and they may vary from one genetic background to another. For example, BMF can be induce by treating FA mice with stressors, such as MMC (Carreau, 1998). It is proposed that, due to environmental and genetic differences between humans and mice, humans depend on an effective FA pathway to ensure normal development and tumour suppression, whereas mice are less dependent on it (Bakker, 2013).

Several Fanca -/-murine models have been created: one of them was created by deletion of Fanca exons 4-7 (Cheng, 2000), and developed only a thrombocytopenia, without other severe hematological abnormalities, with megakaryocyte progenitors showing an impaired proliferation in vitro [START_REF] Río | In vitro phenotypic correction of hematopoietic progenitors from Fanconi anemia group A knockout mice[END_REF]Pawlikowska, 2014). In addition, Fanca -/-embryonic fibroblasts (MEFs) are hypersensitive to MMC and both male and female mice showed reduced fertility due to hypogonadism; however, they do not spontaneously develop congenital anomalies (Cheng, 2000;[START_REF] Río | In vitro phenotypic correction of hematopoietic progenitors from Fanconi anemia group A knockout mice[END_REF].

Another Fanca -/-murine model has been obtained by deletion of exons 1-6 of Fanca in a different genetic strain, leading to multiple developmental deficits, including growth retardation, microphthalmia, craniofacial malformations and hypogonadism, resembling those observed in FA patients [START_REF] Wong | Targeted disruption of exons 1 to 6 of the Fanconi Anemia group A gene leads to growth retardation, strain-specific microphthalmia, meiotic defects and primordial germ cell hypoplasia[END_REF].

Two different Fancc -/-murine models were generated by deletion of Fancc exon 9 or exon 8; they do not spontaneously develop hematological abnormalities, but their

HSPCs display an abnormal colony forming capacity and a hypersensitivity to IFN-g in vitro. They also have impaired fertility and increased incidence of a congenital microphthalmia [START_REF] Chen | Inactivation of Fac in mice produces inducible chromosomal instability and reduced fertility reminiscent of Fanconi anaemia[END_REF][START_REF] Whitney | Germ cell defects and hematopoietic hypersensitivity to gammainterferon in mice with a targeted disruption of the Fanconi anemia C gene[END_REF].

Fancg -/-mice were generated by deletion of Fancg exons 1-4 or exons 2-9. In both cases, they do not spontaneously develop hematological and congenital abnormalities, similar to Fanca -/-and Fancc -/-mice [START_REF] Yang | Targeted disruption of the murine Fanconi anemia gene, Fancg/Xrcc9[END_REF][START_REF] Koomen | Reduced fertility and hypersensitivity to mitomycin C characterize Fancg/Xrcc9 null mice[END_REF].

A Fancc -/-/Fancg -/-(DKO) mouse model has also been created; the combined inactivation of the two FA genes resulted in a more aggressive hematopoietic phenotype, with a defective hematopoietic stem cell function, best recapitulating the spontaneous clinical hematopoietic phenotypes of human FA, including hematopoietic malignancies and bone marrow aplasia (Pulliam-Leath, 2010).

Fancd2 -/-mice have also been generated by targeted deletion of Fancd2 exons 26 and 27 and display cellular sensitivity to DNA ICLs and germ cell loss, as well as phenotypes including microphthalmia, perinatal lethality, and epithelial cancers. They are also characterized by a statistically significant increase in the incidence of both adenomas and carcinomas of epithelial origin [START_REF] Houghtaling | Epithelial cancer in Fanconi anemia complementation group D2 (Fancd2) knockout mice[END_REF].

HSPCs from Fancc -/-, Fancg -/-, and Fancd2 -/-mice have defective engraftment and reconstitution of the short-and long-term hematopoiesis after transplantation [START_REF] Haneline | Loss of FancC function results in decreased hematopoietic stem cell repopulating ability[END_REF][START_REF] Parmar | Hematopoietic stem cell defects in mice with deficiency of Fancd2 or Usp1[END_REF][START_REF] Barroca | Impaired functionality and homing of Fancg-deficient hematopoietic stem cells[END_REF].

The genetic deletion of Fancd1/Brca2 in mice results in embryonic lethality [START_REF] Sharan | Embryonic lethality and radiation hypersensitivity mediated by Rad51 in mice lacking Brca2[END_REF], while BM cells of mice with an hypomorphic mutations (Brca2 Δ27/Δ27 ), display spontaneous chromosomal aberrations and are more hypersensitive to MMC.

Fancd1 -/-mice are also hypersensitive to ionizing radiation and do not have defect in fertility [START_REF] Navarro | Hematopoietic dysfunction in a mouse model for Fanconi anemia group D1[END_REF].

Fancl -/-mice were generated by deletion of Fancl exons 4-14 and show defects in fertility, growth retardation, without any obvious hematological abnormalities [START_REF] Agoulnik | A novel gene, Pog, is necessary for primordial germ cell proliferation in the mouse and underlies the germ cell deficient mutation, gcd[END_REF].

Fancm -/-mice were generated by deletion of Fancm exon 2; they do not spontaneously develop hematological abnormalities and congenital anomalies but show a reduced lifespan and increased cancer incidence (Bakker, 2009).

Finally, the homozygous deletion of Fancn/Palb2 and Fanco/Rad51c leads to embryonic lethality (Bakker, 2013).

3) THE MICROPHTALMIA-ASSOCIATED TRANSCRIPTION FACTOR (MiTF)

The Microphtalmia-associated transcription factor (MiTF) is a highly pleiotropic transcription factor (TF), meaning it can influence two or more apparently unrelated phenotypic traits. Accordingly, MiTF mutated mice show a series of phenotypes, such as microphthalmia, deafness, abnormal pigmentation, retinal degeneration, reduced mast cell numbers and osteopetrosis. MiTF has been extensively studied in the context of melanocyte differentiation and melanoma, in which it acts as an oncogene.

However, a growing number of evidence delineates key roles for MiTF in 

3.1) MiTF structure, isoforms and regulation

MiTF encode a member of the basic-helix-loop-helix-leucine zipper (bHLH-ZIP) protein family of TFs and is characterized by three regions: a basic domain necessary for DNA recognition and binding, an HLH and a ZIP motif both involved in protein dimerization, which is required for DNA binding ( (Hodgkinson, 1993;[START_REF] Moore | Insight into the microphthalmia gene[END_REF].

Accordingly, MiTF forms homodimers or, eventually, heterodimers interacting with three others bHLH-ZIP TFs (TFEB, TFEC and TFE3), with whom it constitutes the MiT family (Hemesath, 1994). TFEB and TFE3 show a ubiquitous expression, while TFEC and MiTF are expressed in a cell-restricted manner [START_REF] Nabar | The Transcription Factor EB Links Cellular Stress to the Immune Response[END_REF].

More than 10 different MiTF isoforms with different tissue specificity have been identified as a consequence of both alternative transcription starting sites usage and alternative splicing of the full-length RNA (Levy, 2006). The existence of multiple MiTF isoforms, characterized by complex patterns of tissue-specific expression and different transcriptional activities, as well as its ability to stimulate transcription of target genes upon dimerization with other protein partners, may help to explain the pleiotropic action of this TF and its different biologic effects on various cell types.

The regulatory mechanisms underlying MiTF expression have been extensively studied in melanocytes and melanoma: in particular, the regulation of MiTF expression is modulated by upstream activators and suppressors operating on transcriptional, posttranscriptional and post-translational levels.

At the transcriptional level, a variety of transcription factors activated by diverse signalling pathways can either promote or inhibit MiTF transcription. MiTF level and/or activity can be regulated by post-translational modifications, particularly phosphorylation and SUMOylation (Hartman and Czyz, 2015).

3.2) MiTF in hematopoiesis and HSCs

The transient expression of MiTF plays a fundamental role during the awakening of quiescent HSCs in response to stresses such as blood loss or BM transplant.

Following hematological stress, the p38MAPK pathway is activated and p38α

promotes cell cycle progression by stimulating purine metabolism (Karigane, 2016).

Briefly, the p38MAPK pathway is an important signal transduction pathway strongly activated by stress, which plays important roles in the immune response as well as in the regulation of cell survival and differentiation. There are four p38MAPK family members, which are encoded by different genes and are approximately 60% identical in their aminoacidic sequence, but have different tissue expression patterns: p38α, ubiquitously expressed at significant levels in most cell type, p38β, expressed mainly in the brain, p38γ in the skeletal muscle and p38δ in endocrine glands. These different p38 family members are characterized by functional redundancy, with overlapping substrate specificities [START_REF] Cuadrado | Mechanisms and functions of p38 MAPK signalling[END_REF].

The activation of the p38MAPK pathway depends on different types of stimuli such as growth factors, inflammatory cytokines, or environmental stresses, which activates a phosphorylation cascade. Based on their functions, p38α substrates comprise protein kinases implicated in different processes, nuclear proteins, including TFs and regulators of chromatin remodelling, and a heterogeneous collection of cytosolic proteins that regulate different processes such as protein degradation and localization, mRNA stability, endocytosis, apoptosis, cytoskeleton dynamics or cell migration [START_REF] Risco | New Insights into the p38γ and p38δ MAPK Pathways[END_REF].

In the attempt to identify p38 downstream effectors responsible for the proliferative activity of the awakened HSCs, MiTF was found among the TFs expressed in HSCs and capable of binding to promoter regions of genes involved in purine metabolisms (Lachmann, 2010;Seita, 2012). MiTF is therefore induced by p38 and in turn binds to the promoter of the Inosine Monophosphate Dehydrogenase 2 (IMPDH2) gene, which code for a key rate-limiting enzyme of purine metabolism, fundamental for maintaining HSCs proliferation and finally BM repopulation (Fig. 23) (Karigane, 2016).

Figure 23. Role of MiTF following hematological stress in HSCs. Following stress inputs, p38α induces

MiTF, which in turn activates purine metabolism to initiate HSCs cycling and BM repopulation (Karigane., 2016).

3.3) MiTF in osteoclasts

Osteoclasts are giant, multinucleated, terminally differentiated cells that participate in bone homeostasis through their unique ability for bone resorption. They differentiate from the monocyte/macrophage lineage through two steps: they first proliferate in response to macrophage colony-stimulating factor (M-CSF) and therefore differentiate when the Receptor and Activator of Nuclear Factor kB (RANK) on their surface is activated by its ligand RANKL, secreted by bone marrow stromal cells and osteoblasts. RANKL/RANK signalling commits the precursor cells to differentiate into osteoclasts by activating the nuclear factor of activated T cells (NFATc1), a master regulator of osteoclastogenesis, to induce osteoclastogenic gene expression (Fig. 24) (Drissi and Sanjay, 2016;Ono and Nakashima, 2018).

Through multiple protein-protein interactions with other TFs or protein involved in transcription regulation, such as NFATc1 and PU.1, MiTF participates to the regulation of expression of most of the genes encoding key proteins involved in osteoclast differentiation (OSCAR, RANK), fusion (V-ATPase d2, DC-STAMP) as well as in the activity of mature osteoclasts, such as bone resorption (TRAP and Cathepsin K) (Fig. 24) (Motyckova, 2001;Mansky, 2002;So, 2003;Feng, 2009;Courtial, 2012). 

3.4) MiTF and FA

MiTF is known to directly regulate a set of genes involved in DNA replication and genomic stability in melanoma (Strub, 2011).

MiTF is a critical regulator of the FANC pathway, which plays a key role in proliferation and survival of melanoma, maintaining the high proliferative potential of melanoma cells as well as their high resistance to therapeutics (Bourseguin, 2016).

The FANC pathway contributes to the DNA damage response downstream of MiTF, avoiding the DNA damage-dependent senescence programme to take place, whereas MITF controls both ROS levels as well as the DNA damage response, in a FANC pathway-independent and -dependent manner, respectively (Fig. 24). Therefore, the FANC proteins have a central role in melanoma development, favouring growth, motility, invasiveness, and DNA damage resistance of melanoma cells (Bourseguin, 2016). resistance to DNA damage of melanoma cells, allowing for tumour progression to take place. In addition, the activation of the FANC pathway allows melanoma cells to avoid the DNA damage-dependent senescence programme to take place. Finally, MITF controls both ROS levels as well as the DNA damage response, in a FANC pathway-independent and -dependent manner, respectively (from Bourseguin, 2016).

Aim of the work

Hematopoiesis is a well-regulated process by which all the blood cells are generated from a rare population of specialized cells, the HSCs, which in adults reside mainly in the BM. In the BM niche HSCs can either persist in a quiescent state or be induced to proliferate and differentiate throughout the lifetime of the organism under homeostatic conditions, as well as in response to health-threatening stress, by both cell-autonomous (cell-intrinsic transcriptional programs) and cell non-autonomous cues (signals from other cells residing in the BM niche). Among the extracellular signals which are known to regulate the quiescence of HSCs, are the interferons (IFN), the stem cell factor (SCF), the thrombopoietin (TPO), the transforming growth factor (TGF) family members, the tumour necrosis factor (TNF-a) and several interleukins, while the major intrinsic pathways that determine BM homeostasis are the SMAD, the p38MAPK and the NF-kB signalling cascades. However, to be beneficial, these pathways must be finely and transiently regulated in time and intensity; in fact, their unrestrained activation has been associated with reduced HSCs quiescence, bone marrow failure (BMF) and leukemia.

The fact that all blood lineages eventually become deficient in FA strongly implies a dysfunction of the HSCs compartment, but recent evidences also point towards an involvment of components of the BM niche in the pathogenesis of this disease.

However, the precise mechanism by which the progressive BMF arises is not well understood.

In the first part of my PhD project I focused on the abnormalities characterizing lymphoblasts from FA patients and HSCs from Fanca -/-mice. FA presents alterations in In this paper we demonstrated that the FANCA or FANCC loss of function is associated with an elevated expression of MiTF at both the RNA and protein levels, in human and murine cells. MiTF overexpression is associated with the aberrant, constitutive activation of several intrinsic cellular pathways, including the p38MAPK, SMAD, NF-kB and AKT cascades, and with the excessive secretion of some cytokines and growth factors, including TGF-b, Activin A and/or TNF-a. Although exogenous exposure these cytokines was unable to induce MiTF in FA cells, the pharmacological inhibition of p38, SMAD2/3, NF-kB and/or AKT appeared sufficient for its downregulation in vitro, linking MiTF overexpression in FA to the unscheduled activation of these stress pathways.

For the in vivo part, we validated that FANC pathway loss-of-function leads to p38MAPK activation in HSCs from Fanca -/-mice. Indeed, unstressed Fanca -/-mice display several hallmarks of hematopoietic stress: compared to those from their WT counterparts, Fanca -/-LSK cells (Lin-, Sca+, c-Kit+; the BM fraction mostly enriched with HSCs) demonstrated reduced engraftment ability in a competitive transplantation assay, a decreased colony formation proficiency and an increased level of spontaneous DNA damage. Moreover, the frequency of cycling long-term HSCs (LT-HSC), which in physiological conditions exists mostly in a quiescent state, was significantly higher in Fanca -/-mice than in their WT counterparts.

Importantly, the pharmacological inhibition of p38MAPK, both in vitro and in vivo, was able to rescue all these alterations, indicating that the chronical activation of p38 caused by FANC pathway deficiency is responsible for these hallmarks of hematopoietic stress. Moreover, Fanca -/-HSCs are characterized by a stable, unrestrained expression of MiTF in a p38MAPK-dependent manner. High MiTF expression deregulates HSC self-renewal and appears to be directly responsible for their premature exhaustion, since shRNA-mediated depletion of MiTF has the same effects as p38MAPK inhibition, significantly ameliorating FA hematopoiesis and efficiently preventing genomic instability.

Finally, to shed light on the mechanisms by which MiTF contributes to the BMF, we analyzed some downstream endpoints. Both MiTF downregulation and p38MAPK inhibition significantly reduced the expression of the two p53 target genes Puma and Noxa, involving MiTF in the proapoptotic phenotype that characterizes FA cells (Ceccaldi et al., 2012). MiTF downregulation or p38MAPK inhibition also reduced the expression of Impdh2, which is involved in purine metabolism, while the level of Fancc mRNA in Fanca -/-cells is higher than in WT cells and again this change is normalized by MiTF downregulation or p38 inhibition.

Thus, MiTF appear to be overexpressed by Fanconi cells to overcome its replication problems caused by their inability to cope with replication stress, being responsible for the induction of Impdh2 (fundamental for the synthesis of DNA), and the FANC protein themselves (important for replication safeguard).

We speculate that BM homeostasis in FA patients and mice is corrupted by chronic hematopoietic stress conditions, such as exposure to growth factors and/or proinflammatory cytokines, which switch and maintain «on» intracellular signaling pathways otherwise transiently and tightly regulated, which inevitably stimulates in a chronic manner HSCs to exit from dormancy. In FA cells, this leads to accumulation of unrepaired DNA damage, which impedes dormancy re-establishment leading to a progressive HSPC attrition, and eventually AML, because of increased genetic instability in cyclic HSCs. Notably, pharmacological, or genetic inhibition of growth and pro-inflammatory signals as well as that of intracellular signaling pathways ameliorate DNA damage by limiting the proliferative potential of HSCs in FA.

In conclusion, we demonstrated that p38MAPK inhibition increased the overall fitness and function of FA HSPCs and enhanced their quiescence, providing key implications for the care of FA patients. Given the high-risk complications associated with BM transplant, targeting p38MAPK to selectively reverse BMF has not only a significant advantage over using pro-inflammatory cytokine inhibitors by themselves but has already been validated in different clinical trials for the treatment of rheumatoid arthritis and advanced cancers.

Introduction

Hematopoiesis is a ine-tuned process in which a small pool of specialized cells, hematopoietic stem cells HSCs , provide the BM and the bloodstream with undifferentiated and differentiated cells throughout a lifetime, both during homeostasis and under health-threatening stress conditions, which include DNA damage, bleeding, infection, and BM transplantation; this latter process is also de ined as stress hematopoiesis . Indeed, HSCs sustain hematopoiesis by ensuring both the generation of more differentiated cells and the maintenance of their stemness via the reacquisition of dormancy self-renewal , . Signals transmitted by several factors, including IFNs, stem cell factor SCF , thrombopoietin TPO , TGF family members, TNF-α, and several ILs, transiently upregulate the activity of various intrinsic pathways to control the quiescence-awakening cycle of HSCs. The SMAD , p MAPK , and NF-κB signaling cascades are among the major intrinsic pathways that govern several common and alternative downstream effectors and determine BM behavior during both homeostatic and stress hematopoiesis. However, to be bene icial, the action of such pathways must be inely tuned in time and intensity; otherwise, it can constitute a major threat to cell and BM homeostasis , . Indeed, unrestrained activation of the SMAD , , p , , or NF-κB , cascade has been associated with reduced HSC quiescence, BM failure BMF , and/or leukemia.

Known for its involvement in melanocyte, melanoma, mast cell, and osteoclast biology, and targeted by the SMAD, p MAPK, and NF-κB pathways , the transcription factor microphthalmia MiTF has recently been recognized as a key factor in sustaining DNA replication downstream of p signaling in awakened HSCs

. MiTF is also a direct transcriptional regulator of several FANC genes , whose inactivation leads to Fanconi anemia FA , an inherited BMF disease that presents predisposition to acute myeloid leukemia AML and chromosome fragility , . The FANC genes encode proteins that have been functionally and biochemically subdivided into major groups: the FANC core complex, the ID complex FANCD and FANCI , and a third group that includes factors involved in homologous recombination HR . Stalled replication forks trigger FANC core complex-mediated monoubiquitination of FANCD and FANCI and their recruitment to subnuclear foci, allowing the ID heterodimer to coordinate DNA repair and replication restart via HR and protecting cells against replication-associated genetic instability . Consequently, FANC pathway inactivation leads to cellular and chromosomal hypersensitivity to DNA lesions and stresses that impinge on replication fork progression , . Moreover, FA is also associated with altered expression and/or responses to growth factors and cytokines as well as the aberrant expression/ activity of several signaling pathways, including the SMAD, p MAPK, and NF-κB cascades . However, the impact of the overactivation of such signaling pathways in FA cells as well as in BMF remains poorly understood.

The p and SMAD signaling pathways a are chronically active in FA , , , b cooperate in some settings , , and c are involved in the expression and activity of MiTF , , which is able to transcriptionally induce several FANC genes , . In addition, consistent with these reports, d the inhibition of these pathways rescued some FA-associated hematopoietic abnormalities , ,

. Thus, we were motivated to add insight Hematopoietic stem cell (HSC) attrition is considered the key event underlying progressive BM failure (BMF) in Fanconi anemia (FA), the most frequent inherited BMF disorder in humans. However, despite major advances, how the cellular, biochemical, and molecular alterations reported in FA lead to HSC exhaustion remains poorly understood. Here, we demonstrated in human and mouse cells that loss-of-function of FANCA or FANCC, products of 2 genes affecting more than 80% of FA patients worldwide, is associated with constitutive expression of the transcription factor microphthalmia (MiTF) through the cooperative, unscheduled activation of several stress-signaling pathways, including the SMAD2/3, p38 MAPK, NF-κB, and AKT cascades. We validated the unrestrained Mitf expression downstream of p38 in Fanca -/-mice, which display hallmarks of hematopoietic stress, including loss of HSC quiescence, DNA damage accumulation in HSCs, and reduced HSC repopulation capacity. Importantly, we demonstrated that shRNA-mediated downregulation of Mitf expression or inhibition of p38 signaling rescued HSC quiescence and prevented DNA damage accumulation. Our data support the hypothesis that HSC attrition in FA is the consequence of defects in the DNA-damage response combined with chronic activation of otherwise transiently activated signaling pathways, which jointly prevent the recovery of HSC quiescence.

Microphthalmia transcription factor expression contributes to bone marrow failure in Fanconi anemia Alessia Oppezzo, 1,2,3 Julie Bourseguin, 1,2,3 Emilie Renaud, 1,2 Patrycja Pawlikowska, 1,2,3 and Filippo Rosselli Fancd -/-and WT MEFs, but clearly lower in these cells than in Fanca -/-or Fancc -/-MEFs Figure F and data not shown . Together, our previous data robustly demonstrate that loss of function of key components of the FANC core complex is associated with high expression of MiTF at both the RNA and protein levels.

SMAD and p signaling pathways are necessary but not suf icient to activate MiTF expression in FA MEFs. The increase in Mitf expression in FANC pathway-de icient MEFs with increasing time in the same culture medium Figure , D and E could be induced by cellto-cell contacts or in an autocrine manner by cell-secreted factor or factors. Consistent with the latter hypothesis, we observed that Mitf expression is robustly induced at both the protein and RNA levels by hours after replating FANC pathway-de icient MEFs in a "conditioned" medium in which the same cells previously grew for hours Figure , A and B, and data not shown . Notably, WT-derived -hour-old conditioned medium was unable to signi icantly induce Mitf in Fanca -/-or Fancc -/-MEFs. Similarly, Fanca -/--or Fancc -/--derived conditioned medium was unable to induce Mitf in WT MEFs Figure , A andB, and data not shown .

Thus, it is conceivable that Mitf is induced in response to the accumulation in the culture medium of factor or factors secreted by the Fanc-de icient cells themselves. FA cells appear able to secrete and respond to such factor s , whereas WT cells are poor secretors and nonresponders.

Next, we performed ELISA to determine the presence, if any, of known extracellular factors in the culture medium of MEFs. To better perform our analysis, days after dilution, the complete culture medium was washed out, and the cells were fed more days with medium without serum a longer incubation affects cell morphology, indicating the presence of stress and survival . The serumfree medium was collected and iltered to eliminate detached cells and cellular debris to perform ELISA. We failed to detect TNF-α or IL β in FA-derived conditioned medium, but revealed to times higher concentrations of TGF family members , , TGF-β and activin A Figure , C and D . Finally, the conditioned medium was analyzed by mass spectrometry. Again, we identi ied high levels of both TGF-β and activin A in the culture medium isolated from FANC pathway-de icient MEFs, but did not distinguish other growth factors differentially expressed between WT and FA MEFs data not shown . Thus, alternative approaches validated that cultured FANC pathway-de icient MEFs secrete TGF-β and activin A.

TGF-β and activin A determine cell fate and hematopoiesis by signaling mainly through the Smad and p pathways , -, which were previously described as chronically activated in FA cells , . In Fanca -/-or Fancc -/-MEFs maintained for hours in -hour-old conditioned medium, we observed a modest but reproducible increase in Smad / phosphorylation and extremely strong phosphorylation of p Figure E . The culture of WT MEFs in conditioned medium both from FANC pathwaypro icient or FANC pathway-de icient cells induced p but not Smad / phosphorylation Figure E . Given our observations, we decided to treat MEFs with increasing doses of TGF-β or activin A and determine Mitf expression as well as p and Smad / phosphorylation hours later. Since ELISA estimated the concentration of TGF-β and activin A in the -hour-old medium at approximately ng/mL, we tested doses ranging from pg/mL to ng/ mL for each growth factor Figure F . Phosphorylation of p was into the relationship between stress signaling pathways and MiTF in FA to identify new events that, along with defects in DNA repair and genetic stability maintenance, contribute to BMF in this disease. Since approximately of FA patients harbor FANCA biallelic mutations, supporting the importance of the encoded protein in the BM, and approximately of FA patients have inactivating mutations in components of FANC core complex physiology , , we mainly focused on the loss of function of FANCA and FANCC other components of the FANC core complex to connect alterations in the p /MiTF axis to the FA phenotype.

Results

FANC core complex loss of function leads to MiTF overexpression in human and mouse cells. To determine whether MiTF expression is altered downstream of FANC pathway loss of function, we irst analyzed exponentially growing EBV-immortalized lymphoblasts derived from FA patients and healthy donors. Immunoblot analysis of extracts from FANCA -/-HSC and HSC or FANCC -/- HSC cells revealed strong expression of MiTF, which was almost undetectable in FANC pathway-pro icient cells HSC , SNW , and GM Figure A . Moreover, the ectopic expression of the corresponding WT FANC gene in HSC or HSC cells normalized MiTF expression, establishing a robust link between the loss-of-function of FANCA or FANCC and the overexpression of MiTF Figure A . Subsequently, we performed qRT-PCR analysis on RNA isolated from FANC pathway-de icient or FANC pathway-pro icient cells and established that high expression of MiTF in FA is associated with an increased level of MiTF RNA Figure B . To extend our observations beyond the FANC core complex, to which FANCA and FANCC belong, we analyzed FA cell lines bearing mutations in FANCM FANCM -/-or FANCD GM , which are FANC core complex upstream and downstream proteins, respectively. In both cases, MiTF expression was similar to that observed in FANC pathway-pro icient cells, suggesting that its overexpression is mainly associated with FANC core complex abnormalities Figure , A andB .

The MiTF locus can generate several isoforms that share exons to , which are all targeted by the previously used antibodies and primers. By reverse transcriptase PCR RT PCR analysis, we demonstrated that, among the principal MiTF isoforms, MiTF A is the only one that is robustly expressed in FAde icient lymphoblasts Thus, it seems that several intrinsic pathways converge and collaborate to allow the unrestrained maintenance of MiTF expression Figure J , which, in light of its involvement in melanocytes, mast cells, osteoclasts, and HSC physiology, could markedly contribute to the FA phenotype.

p Is constitutively activated in HSCs from Fanca -/-mice. Human immortalized lymphoblasts and the previously used MEFs represent useful experimental models, but they remain a surrogate for real life. Therefore, to extend our observations to in vivo settings and to identify their pathological consequences, we chose to monitor Mitf expression in BM-derived cells from Fanca -/-mice and its eventual dependency on p signaling. It is generally accepted that FANC pathway-de icient mice present mild hematopoietic phenotypes . The Fanca -/-model we used is known to present reduced platelet counts, which mimics patient thrombocytopenia, and altered immunoglobulin formation in association with alterations in the DNA damage response and B cell differentiation -, abnormalities already reported in FA patients . Nevertheless, Fanca -/-and WT mice, independently of their ages months old, i.e., young, or more than year old, i.e., old present similar levels of Lin -Sca Kit LSK cells and their subpopulations, longterm HSCs LT HSCs, Flt -CD -, short-term HSCs ST HSCs, Flt -CD , and multipotent progenitors MPPs, Flt CD , on which the maintenance of hematopoiesis depends Figure ,A C . Nevertheless, compared with their WT counterparts, LSK cells from Fanca -/-mice presented a decreased ability to form colony-forming unit-granulocyte, erythroid, macrophage, megakaryocyte CFU-GEMM , and burst-forming unit-erythroid BFU E colonies Figure D . We subsequently performed a competitive transplantation assay using GFP transgenic Fanca -/-and Fanca / mice as donors and non-GFP mice on the same genetic background as recipients. Four weeks later, the presence of GFP-positive cells in the BM was visualized by IHC staining, and the frequency of circulating GFP-positive cells was determined by FACS analysis, demonstrating that, compared with WT cells, Fanca -/-hematopoietic stem and progenitor cell HSPCs have a signi icantly reduced ability to reconstitute the peripheral blood Figure E .

Given our previously published data and observations from other FA mouse models , , it appears that Fanca de iciency restrains the clonal growth of the branch that leads from long-term HSCs LT HSCs to BFU E and CFU-megakaryocyte CFU Mk colonies via CFU GEMM formation Figure A , even if the observed abnormalities have no major consequences on BM homeostasis during the mouse lifetime.

Next, we evaluated p-p levels in BM and LSK cells from WT and Fanca -/-mice. IHC analysis of BM sections demonstrated a stronger p-p signal in Fanca -/-mice than in their WT counterparts, and this signal decreased following SB treatment of animals Figure A . FACS analysis of the Lin --enriched population detected a p-p signal in Fanca -/-LSK cells, whose intensity was intermediate between that observed in WT LSK cells before and after exposure to poly I:C pI:pC , a widely used inducer of hematopoietic stress that awakens and mobilizes LT HSCs Figure B and ref. . Compared with those from their WT counterparts, Fanca -/-LSK cells isolated similarly observed in response to TGF-or activin A in both WT and Fanca -/-MEFs. Following TGF-β exposure, Smad / phosphorylation was induced by pg/mL in Fanca -/-MEFs and by ng/mL in WT MEFs, whereas in response to activin A, it was observed only in Fanca -/-MEFs. Finally, whereas in TGF-β or activin A-treated WT cells, Mitf slightly increased, we did not observe induction of Mitf, but rather its downregulation in Fanca -/-MEFs exposed to TGF-β or activin A Figure Finally, we performed IHC analysis on BM sections from Fanca -/-and WT mice, looking at the presence of TNF-α, TGF-β, and/or IL β as possible inducers of p , and we failed to observe differences between the genotypes data not shown . However, in vitro-cultured LSKs from Fanca -/-mice demonstrated higher sensitivity to chronic exposure to TNF-α than their WT counterparts, mimicking human patients and demonstrating that the cells are sensitive to this cytokine Figure E .

In search for a signal or an event responsible for the observed constitutive p activation in FA, we reasoned that it could be a "pathological" response to an otherwise physiological input. Resident BM LT HSCs exist mostly in a quiescent state that they leave to maintain both steady-state and stress-induced hematopoiesis, ensuring BM and/or bloodstream cell replenishment. Although dispensable for steady-state hematopoiesis, p activation appears necessary for stress hematopoiesis and exhibits a transient increase in cycling LT HSCs . In accordance with the idea that FANC pathway loss of function leads to a "hematopoietic stress situation," and as previously observed by others , , the frequency of cycling LT HSCs was signi icantly higher in Fanca -/- mice than in their WT counterparts Thus, we validated that the p signaling pathway is chronically activated downstream of FANC pathway de iciency and is associated with alterations in colony-forming capability, quiescence, and proliferation as well as with the accumulation of DNA damage, all of which are rescued by p inhibition.

p Dependent Mitf overexpression participates in BMF in Fanca -/- mice. Therefore, we established that p inhibition normalizes HSC proliferation and colony-forming capability and limits DNA damage accumulation. Knowing that Mitf transient activation is necessary for HSC proliferation during stress hematopoiesis and having identi ied it as a downstream target of p in FA cells, we investigated its upregulation in Fanca -/-BM cells and its potential involvement in the hematopoietic impairment of Fanca -/-mice.

First, by qRT PCR analysis, we demonstrated slightly increased expression of Mitf RNA in BM cells from Fanca -/-mice compared with BM cells from their WT counterparts Thus, Mitf overexpression may appear as a strategy for the FANC-de icient cell to override its own replication problems, sustaining the production of proteins involved in synthesizing DNA Impdh and safeguarding replication the FANC proteins, obviously futilely , which exacerbates, in a pernicious cycle, the replication stress of the cells. Indeed, as described following Smad / inhibition , p inhibition and/or Mitf downregulation reduce this pernicious cycle and, consequently, the level of DNA damage 

Discussion

In the present work, we investigated the impact of the constitutive activation of stress signaling pathways on HSC maintenance and function in FA by mainly focusing on p and one of its known targets, MiTF. Our observations indicate that unrestrained expression . Here, we demonstrated that p inhibition increased the overall itness and function of FA HSCs and enhanced their quiescence. The bene icial action of SB appears to be speci ic to mutant FA cells exhibiting high levels of MiTF, indicating that MiTF is a sensitive biomarker for predicting the amelioration of hematopoiesis by p inhibitors in FA. Clearly, further studies are required to demonstrate whether targeting stress signaling pathways or MiTF activity truly represents a new approach to treat some clinical features of FA patients. Previous works suggested that BMF in FA is dependent upon the attrition of the HSC pool due to excessive accumulation of unrepaired DNA damage in association with slight but robust activation of the growth-inhibitory p -to-p axis and increased cell death , . Notably, shRNA-mediated downregulation of the TGF-β pathway , p inhibition, or MiTF silencing reduced p activity/activation. This supports otherwise compelling data suggesting that pathways that exert both positive and negative effects on HSC homeostasis, including TGF-β-and TNF-α-associated signaling pathways, have important consequences on FA, not only on BM physiology, but also on the chromosomal fragility of the cells. Indeed, TGF-β or TNF-α signaling inhibition reverses BMF in Fancd -/-mice, rescues erythroid failure in cultured BM from FA patients, and reduces DNA damage accumulation and chromosomal fragility in FANC pathway-de icient cells , , . Thus, several events cooperate to create chronic hematopoietic stress conditions that corrupt BM homeostasis in FA by switching on and maintaining constitutive activation of intracellular signaling pathways that are otherwise transiently activated and tightly regulated. Moreover, in FA patients, natural infections or bleeding lead to proinflammatory and cytostatic/cytotoxic signals, from which mouse models largely escape, and these signals could accelerate/exacerbate BM decline, fostering stress hematopoiesis. Notably, the FA mouse model or cells treated with PS or TNF-α, reproducing "natural" human situations, rapidly develop BMF and eventually preleukemia , . When dormant HSCs are mobilized, p and other signaling pathways are transiently activated to support proliferation and MiTF expression, which sustains purine metabolism , to fuel DNA synthesis and induces FANC gene expression , to help replication and cell division, preventing genetic instability, senescence, and cell death , , . The activated FANC pathway, which participates in the DNA damage response and in genetic stability maintenance, allows the awakened HSCs to undergo asymmetric division, generating a daughter cell that progresses to hematopoietic differentiation, whereas a sister cell would reacquire dormancy. This self-renewal process allows maintenance of the stem cell reservoir Figure C . Even in healthy individuals, when the level of DNA damage surpasses a determined threshold, both sister cells eventually differentiate or succumb , limiting self-renewal. Thus, we speculated that the DNA damage spontaneously generated during the physiological process of DNA replication that accompanies the mobilization of HSCs cannot be correctly repaired as a consequence of FANC pathway loss of function, leading to an activated DNA damage response; i.e., the observed activation of the ATM/ATR-p -p cascade and the accumula- siRNA transfection. MEFs at confluence were transfected using INTERFERin Polyplus according to the manufacturer's instructions. MiTF siRNA was purchased from Invitrogen: ′-GGU-GAAUCGGAUCAUCAAG ′.

Methods

RT PCR and qRT PCR analysis. Total RNA was isolated using the Maxwell RSC simplyRNA Cell Kit Promega, AS and reverse-transcribed using the RevertAid First Strand cDNA Synthesis Kit Thermo Scienti ic, K

. qRT PCR was performed using Maxima SYBR Green/ ROX qRT PCR Master Mix Thermo Scienti ic, K and a CFX Touch Real-Time PCR Detection System Bio-Rad . PCR was performed on cDNA using DreamTaq Green Mice and genotyping. Fanca -/-mice on an FVB background were described previously , . The mice were a gift of F. Arwert Free University Medical Center, Amsterdam, Netherlands and have been routinely maintained in our laboratory for more than years. Fanca /- mice were backcrossed with WT FVB/N mice generations . As

Fanca -/-mice show severely reduced fertility, the WT and Fanca -/-mice used for analysis correspond to siblings derived from crossbreeding of heterozygous mice. Mouse genotyping was performed using Dream-Taq Green DNA Polymerase Thermo Fisher Scienti ic . The following primers Eurogentec were used: FANCA forward, ′-GGATCAGG-CCTCGAGGCTGG ′, reverse, ′-TGCAGTAGCTCCTGTAGGCT ′ and NEO forward, ′-GACTGGGCACAACAGACAATCGGCT ′, reverse, ′-TGATATTCGGCAAGCAGGCATCGCC ′ .

Flow cytometry and HSPC culture. BM was harvested from mice by flushing tibias and femurs. Immunofluorescence. Immunofluorescence was performed using cytospun cells on poly--lysine-coated slides. The antibodies used were mouse anti-γH AX Abcam, ab . Incubations with donkey anti-mouse Alexa Fluor secondary antibodies Thermo Fisher Scienti ic, R were performed at room temperature for hour in the dark. Slides were air dried, mounted in Vectashield Vector Laboratories with DAPI to stain nuclei, and visualized using an Axio Observer Z Carl Zeiss microscope equipped with a oil-immersion objective and a charge-coupled device camera, AxioCam MRm Carl Zeiss . Pictures were analyzed using ImageJ software NIH .

CFU assay. LSK cells ×

or BMCs × isolated from WT or Fanca -/-mice were cultured in methylcellulose-based medium Stem Cell Technologies, MethoCult M and scored for CFUs after days. For replating, all colonies were mixed, the cells were counted, and cells were cultured as described previously on mm dishes.

Mitf expression inhibition by shRNA. The different shMitf purchased from Origene TG

A/GI : ATGCTAGAATACAGTCAC-TACCAGGTGCA and TG C/GI : CCAACTTGGAAGA-CATCCTGATGGACGAT were mixed equally to prepare retroviral particles. The production and titration of retroviral particles were performed as described . The infection of isolated LSK cells was performed on retronectin-coated plates TaKaRa Bio . Forty-eight hours later, GFP LSK cells per point were sorted, plated on MethoCult Stem Cell Technologies, MethoCult M , and scored for CFUs after days.

In vivo p MAPK inhibition. One day following i.p. injection of a single dose of pI:pC mg/kg , WT and Fanca -/- 

2) Impaired osteoclastogenesis in a Fanca -/-mouse model

To date, all the efforts made to elucidate the pathogenesis of FA have been focusing

on the study of the hematopoietic system at the HSCs level, with relatively few works focusing on the role of other cell types. For the second part of the project, I wanted to determine the involvement of BM niche cells, in particular OCs, in the BMF characterizing the disease.

BM-derived cells from Fanca -/-mice and their WT littermates were harvested and induced to differentiate into OCs by treating them with M-CSF to induce precursors proliferation and RANKL to induce differentiation, a multi-step process that requires OCs progenitor fusion to give rise to the giant multinucleated OCs.

Fanca -/-OCs showed an impaired differentiation at both the morphological and the molecular level. At the morphological level, they were less numerous, smaller and with fewer nuclei compared to their WT counterpart. At the molecular level, they are characterized by a reduced expression of NFATc1, the master regulator of osteoclastogenesis, and its downstream targets DC-STAMP and ATP6v0d2, involved in OCs precursors fusion, and Cathepsin K and TRAP, involved in bone-resorption.

Following TNFa treatment Fanca -/-OCs can fully differentiate to the level of their WT counterpart, indicating that their defect can be rescued. FA is characterized by an exacerbated p53/p21 response to stress. FA OCs treatment with the p53 inhibitor Pifithrin-a restores their differentiation capacity; moreover, WT OCs treated with the p53 activator Nutlin-3 show a diminished osteoclastogenesis ability, pointing toward an involvement of the p53 signaling in the impaired osteoclastogenesis in FA cells.

Moreover, Fanca -/-OCs can also be rescued at the molecular level when they are cocultured with the pre-osteoblastic cell line MC3T3, which represents a more "physiologic" condition, similar to that of the BM niche.

Since OCs promote the formation of the HSCs niche, their modulation may help increase the niche hematopoietic supportive activity, opening new therapeutic options for FA patients undergoing BM transplant.

INTRODUCTION

Bone marrow failure (BMF), myelodysplasia (MDS) and acute myeloid leukemia (AML) represent three pathological conditions underlying alterations in hematopoietic stem and progenitor cells (HSPCs) due to the cytotoxic consequences of exogenous stress (DNA damage) as well as to acquired or inherited mutations in genes encoding proteins involved in several classes of biological functions, including epigenetics (1,2), RNA transcription and/or splicing (3,4,5), metabolism (6,7), signaling (8,9), DNA repair (10,11,12), ribosome biogenesis (13,14) and/or telomere maintenance (15,16). Although BMF, MDS and AML have long been considered as driven by cell-intrinsic event, several observations definitively support a key role of the HSPCs microenvironment in the initiation, selection, and progression of the three conditions (17,18,19).

After birth, HSPCs are housed in a specific local microenvironment in the BM, the hematopoietic niche. The niche homeostasis is determined by a complicated and tightly regulated crosstalk between the HSPCs and the niche components that regulates the quiescence, proliferation, and differentiation of the former and influences the dynamics of the latter (20,21). Bone-forming osteoblasts (OBs) originating from mesenchymal stem cells (MSCs) and bone-resorbing OCs originating from HSCs are key components of the niche, known for having a great influence on both healthy and pathological HSPCs behavior (22,23,24,25). Supporting the importance of the niche in hematological pathologies, it has been demonstrated in experimental mouse models or in human pathologies that genetic (26,27), as well as functional (28,29,30) deficiencies in OBs and/or OCs are, per se, sufficient to generate BMF, MDS and AML. Moreover, bone cells have a role in retaining and mobilizing

HSCs and can therefore be considered important actors in transplants (31).

Fanconi anemia (FA) is a DNA repair deficiency syndrome associated with BMF and cancer predisposition (especially MDS and AML) (32). To date, more than 20 genes are known to be mutated in FA, with FANCA accounting for more than 60% of all FA cases (33). The canonical role of the FA proteins is to participate in a pathway for DNA interstrand crosslink (ICLs) repair and deal with replication fork stalling, therefore ensuring the maintenance of genetic and chromosomal integrity (34). However, it has becoming more and more clear that, beyond the key role in DNA repair and replication rescue, at least some of the FA genes have additional functions whose alteration have major consequences on the stigmas of the syndrome. BMF, MDS and AML in FA pathway deficient cells associate not only with DNA damage accumulation and genetic instability, but also with alterations in nucleolar homeostasis and ribosome biogenesis (35), hyperactivation of several stress signaling 4 pathways such as p38MAPK, PI3K/AKT and NF-kB (36,37,38), increased expression/sensitivity to several proinflammatory cytokines such as TNF and TGF (37,39,40) and with an unrestrained expression of c-Myc (41) and MiTF (Microphtalmiaassociated transcription factor) (42).

Interestingly, both MiTF ( 44) and c-Myc (45) are involved in osteoclastogenesis, as well as the stress signaling pathways before mentioned (46,47). Besides the hematopoietic defects, FA patients have a high incidence of mesenchymal tissue-derived congenital malformations and osteoporosis, suggesting a role of FA proteins in osteogenesis and bone maintenance. Despite these clinical observations suggesting multiple mesenchymal defects, relatively little attention has been directed to the association between the abnormal HSCs functions and the BM microenvironment in FA (43). Therefore, we wanted to determine whether osteoclastogenesis was altered in FA and the impact of its potential alterations on the BMF and AML predisposition associated to the FANCA loss-of-function.
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RESULTS

Fanca-deficiency associates with altered osteoclastogenesis.

BM cells were isolated from 3-4 months-old WT and Fanca -/-mice, treated with M-CSF (25ng/ml) for 48h to induce OC precursors proliferation; the resulting cells in suspension were then induced to terminally differentiate into OCs with both M-CSF (50ng/ml) and RANKL (50ng/ml) (Fig. 1A). OCs formation was monitored during 5 supplementary days by Tartrate-Resistant Acid Phosphatase (TRAP) staining (Fig. 1B) or by immunofluorescence (IF) targeting the actin-F cytoskeleton (Fig. 1C). By seeding a same initial number of precursors (75,000 cells/cm 2 ), multinucleated OCs (i.e. cells containing at least 3 nuclei) appeared by 3 days and Fanca -/-cells generate fewer syncytia, which contain less nuclei and occupy a smaller area than their WT counterpart (Figure 1D, from left to right). In searching for the origin of the observed defect in osteoclastogenesis in Fanca -/-cells, we first analyzed the behavior of OC precursors treated 4 days with different doses of RANKL (25,50 or 100 ng/ml). Although increasing doses of RANKL were able to enhance osteoclastogenesis by mainly increasing the number of cells that merge in a syncytium and their surface in both WT and Fanca -/- precursors, WT cells showed in all cases a better response (Fig. 1E). Moreover, even at the higher tested dose of the cytokine (100ng/ml), ostoclastogensis in Fanca -/-precursors was reduced compared to that observed in WT cells at 50ng/ml (Fig. 1F).

Finally, we monitored Fanca expression in WT precursors and OCs at day 4 and 5 postexposure to RANKL, demonstrating that it is maintained without major changes at both mRNA and protein level (Fig. 2A and2B). In KO mice, Fanca mRNA was quite undetectable, and no protein was observed by Western blot, confirming the gene invalidation (Fig. 2A and2B). In accord with the key function of the FANC pathway in DNA repair and replication rescue, the frequency of Fanca -/-OCs presenting a high level of 53BP1 foci, readout of the presence of DNA double strand breaks, is increased compared to that observed to their WT counterpart (Fig. 2C andD).

Since the properties of bone and bone-associated cells are strongly influenced by the sex and the age, we re-considered obtained data separating male and female mice and performed new experiments in cells isolated from 1 years-old WT and Fanca -/-mice.

Alterations in the process of OCs differentiations appeared as sex (not shown) and age independent (Supplementary Fig1A).

The previous data were obtained by analyzing cells isolated from 8 or more mice born from several independent couple of heterozygous parents. Our observations demonstrated that Fanca deficiency affects, at least in vitro and in absence of any other cell types normally present in the endosteum, OCs differentiation, impacting on their fusion and maturation process.

Transcriptomic analysis link Fanca -/-associated altered osteoclastogenesis with Nfact1 downregulation.

Successively, we wondered if the observed cellular alterations in OCs differentiation in

Fanca -/-cells were associated to an altered expression of M-Csfr (also known as c-fms) and/or Rank, receptors for M-CSF and RANKL, respectively. The expression of both mRNA and protein for M-CSFR and RANK in progenitors as well as in mature OCs was similar in WT and Fanca -/-cells (Fig. 3A). Thus, altered osteoclastogenesis in Fanca -/-cells must depend on a defect downstream of the receptor-ligand interaction.

To shed light on the hub(s) involved in the observed abnormalities, we determined both the expression of key mRNA and proteins known to be involved in osteoclastogenesis as well as the global transcriptomic profile in WT and Fanca -/-precursors and OCs at day 4 post RANKL exposure.

Rank activation in precursors is followed by the induction of Nfatc1, the key driver of OCs differentiation. Nfatc1 expression at both mRNA and protein level is significantly lower in Fanca -/-OCs (Fig. 3B). Accordingly, the mRNA expression of its downstream targets, including

Oscar (a marker of OCs differentiation), Dc-Stamp and Atp6v0d2 (membrane proteins involved in OCs precursors fusion) and Cathepsin K and Trap (involved in bone resorption) are significantly decreased in Fanca -/-OCs (Fig. 3C). Cathepsin K decrease was also validated at protein level (Fig. 3D).

As for the cellular characteristics, the expression of the key osteoclastogenesis effectors is downregulated in 1-year old Fanca -/-mice, at a similar extent as observed in younger animals (Supplementary Fig. 1B and1C).

Finally, we performed a global transcriptomic analysis showing a significative enrichment in WT OCs of signaling pathways involved in osteoclast differentiation, validating our previous results obtained by qRT-PCR (Fig. 4). Thus, gene expression analysis supports the observed defect in osteoclastogenesis in absence of Fanca. Moreover, our observations indicate a defect in an early event of osteoclastogenesis: Nfatc1 regulation.

TNF treatment rescues osteoclastogenesis in Fanca -/-cells.

Among the extracellular signals that positively regulate osteoclastogenesis and beyond its general pro-inflammatory and cytotoxic consequences, the TNF , secreted by the cells present in the endosteum as monocytes/macrophages and osteoblasts, is known to positely influence OCs differentiation (48). It should be noted that dysregulated TNF production (39) and cellular responses (37) constitute a major hallmark of FA patients (39). Notably, although its origin and significance in patients remain poorly defined, TNF overproduction was not reported in unstressed FA mice, which present genetic instability and DNA damage hypersensitivity but poorly reproduce BMF, the key clinical hallmark of the patients. However, FA mice and cells are particularly sensitive to treatment with TNF or LPS (a canonical TNF inducer) which results in BMF in vivo and, in vitro, a (pre)-leukemic development (51). In our in vitro conditions, we did not detect the presence of the cytokine in the medium isolated from the cultures of both WT and Fanca -/-cells (ELISA analysis, data not shown). Therefore, we reasoned that, beyond its undesirable consequences on FANC-deficient BM cells, TNF could positively support osteoclastogenesis and thus furnish an explanation to why it is overexpressed in patients: it might represent a sort of adaptative response that allows for an optimal OCs differentiation despite collateral negative consequences on other cell lineages.

Consequently, we added TNF simultaneously with RANKL on the OC precursors, fully rescuing osteoclastogenesis in Fanca -/-cells (Fig. 5A). Indeed, Fanca -/-OCs differentiation in the presence of TNF appears indistinguishable from that observed in their WT counterpart for number of OCs per field, number of nuclei for OCs and area of each syncytium (Fig. 5A).

Accordingly, the expression of OCs differentiation-associated mRNAs Nfact1, Dc-Stamp and Cathepsin K were normalized in Fanca -/-OCs upon TNF treatment (Fig. 5B). Normalization was also validated at protein level for Nfatc1 and Cathepsin K (Fig. 5C).

Finally, we analyzed the level of 53BP1 foci in OCs treated with TNF showing that it remains unchanged, and it is eventually increased (Fig. 5D), while differentiation is rescued (Fig. 5A). Thus, DNA damage and/or genetic instability per se are not involved or sufficient for the observed deficit in osteoclastogenesis in Fanca -/-cells, which can be rescued despite the presence of DNA damage.

Based on the previous data, it seems that the osteoclastogenesis defect in Fanca -/-cell associates to a specific alteration in a major node of the molecular pathway that preside OCs differentiation localized in between Rank/RANKL interaction and the induction of Nfatc1. We hypothesize that TNF exposure evokes intracellular signaling pathway(s) that either reinforce(s) specifically the optimal expression and activity of Nfatc1 or support(s) the expression of the multiple actors involved in OCs differentiation downstream Nfatc1.

p53 participates to the Fanca -/-impaired osteoclastogenesis.

An increased expression and/or activity of p53 is another widely accepted hallmark observed in cells from FA patients and mice (49). Notably, our global transcriptomic analysis showed a significant enrichment in Fanca -/-OCs of the p53 signaling pathway, confirming its dysregulation also in this setting (Fig. 4). A timely and fine-tuned regulation of p53 is mandatory for optimal OCs differentiation. Notably, while p53 deficiency did not directly affects OCs differentiation in vitro, its "constitutive" activation mediated by exposure to the well-known p53 8

activator Nutlin-3 inhibit their differentiation (50). Guided by the previous published observations, we decided to monitor WT and Fanca -/-progenitors differentiation in OCs in the presence of either the p53-activator Nutlin-3 or the p53-inhibitor Pifithrin-, which inhibits p53dependent transactivation of p53-responsive genes. Nutlin-3 treatment, mimicking a constitutive p53 activation, clearly affects OCs differentiation in WT cells, restraining the number of cells that merge (fuse) in a syncytium and consequently, the surface of OCs (Fig. 6A). In parallel, Nutlin-3 did not modify the consequences of Fanca loss-of-function on the process of osteoclastogenesis (Fig. 6A). On the contrary, Pifithrin--mediated inhibition of p53, which slight, if any, affects WT OCs differentiation as previously observed on OCs issued from Trp53 -/-mice, clearly improved OCs differentiation in Fanca -/-cells, increasing the number of nuclei per cell, the surface, and the number of the OCs (Fig. 6A). It is important to notice that Nutlin-3 or Pifithrin-exposure blurs the differences between the number of OCs per field, the number of nuclei for OCs and their surface observed in standard culture conditions between WT and Fanca -/-cells. The previous data clearly supports a key role for p53 signaling in the altered osteoclastogenesis observed in Fanca -/-mice.

Compared to their WT counterpart, the mRNA encoding p21, the master p53 target, is increased in Fanca -/-progenitors as well as OCs at day 4 and 5 of differentiation (Fig. 6B). After 4 days of differentiation in presence of Nutlin-3, WT OCs present a significant increase in p21 expression that 24h later diminishes at the same level observed in Fanca -/-cells. In Fanca -/- OCs, Pifithrin--mediated p21 downregulation is particularly evident at 5 days postdifferentiation (Fig. 6B). Notably, considering p21 expression at 5 days post-RANKL exposure, Pifithrin--treated Fanca -/-cells resemble WT OCs, whereas Nutlin-3 treated WT OCs behave as Fanca -/-cells. A similar behavior was also observed, at day 4 of differentiation, for Nfatc1 expression: the difference between WT and Fanca -/-cells is lost when Nutlin-3 treated WT cells are compared to Pifithrin--treated Fanca -/-cells (Fig. 6B). The analysis of Nfatc1 at the protein level validate the last posit: p53 expression is largely involved in the aberrant OCs differentiation and Nfatc1 expression in Fanca -/-cells (Fig. 6C).

On the contrary, the expression of Dc-Stamp and Cathepsin K is unchanged in response to Nutlin-3 or Pifithrin-exposure (Fig. 6B and6C). The molecular data are consistent with the partial rescue of the OCs defect in Fanca -/-cells by Pifithrin-treatment. Indeed, in Fanca -/- cells the number of nuclei in polynucleated OCs increases significantly compared to the untreated Fanca -/-cells without reaching the levels observed in the untreated WT counterpart (Fig. 6A).

Moreover, p21 expression is significantly downregulated in Fanca -/-cells differentiated in the presence of TNF (Fig. 6D). This is unexpected, since, historically, TNF is thought to induce p53 expression/activity. The observation that two independent approaches, as here
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the exposure to TNF vs the Pifithrin-treatment, have a common outcome, namely p21 expression downregulation, suggests that the uncontrolled expression of p21 could negatively influence the differentiation of Fanca -/-OCs. Thus, to determine, the contribution of p21 in the osteoclastogenesis of Fanca -/-cells, we analyzed OCs differentiation in both WT and Fanca -/- cells in which either p21 expression was silenced by the antisense approach (52) or inhibited by treating cells with the p21 inhibitor Butyrolactone I. Surprisingly, p21 direct silencing and/or inhibition had not a positive impact on both WT and Fanca -/-osteoclastogenesis (Fig. 6E), suggesting that its decrease observed following TNF or Pfithrin-treatment may just be secondary to p53 inhibition and p21 does not directly participate in the impaired osteoclastogenesis in Fanca -/-OCs or that a complete abrogation of p21 activity from the beginning of OCs differentiation has a negative impact on osteoclastogenesis. This is consistent with previous findings from Okahashi and colleagues (52).

Altogether, the previous observations indicate that p53 mis-regulation in FANC pathwaydeficient cells participates to the altered differentiation profile of the OCs somehow impacting Nfatc1 expression. However, since p53 inhibition does not rescue the expression of key osteoclastogenesis genes, supporting our previous posit suggesting a broad action of TNF on the expression of the proteins involved in OCs differentiation.

NF-kB does not participates to the Fanca -/-impaired osteoclastogenesis

NF-kB is another key pleiotropic transcription factor involved in osteoclastogenesis (47) and known to be dysregulated in FA (36). Since NF-kB activity is a target of TNF and RANKL signaling pathways in both a parallel and convergent manner, we wondered whether TNF exposure recovers osteoclastogenesis in Fanca -/-cells also by modifying NF-kB expression and/or activation in comparison to cells treated with RANKL alone. Thus, we monitored by WB, the expression level of Nf-kB phosphorylation, indicative of its activation at 6h, 24h and 4 days of differentiation after TNF treatment. TNF treatment clearly induces NF-kB phosphorylation after only 6h of differentiation, but significative difference was found between WT and Fanca -/-OCs in terms of its relative protein expression (Fig7A). The same results were also observed at 24h (Fig. 7B) and day 4 (Fig. 7C) of differentiation, in which pNF-kB is strongly induced by TNF treatment at a similar level in both WT and Fanca -/-OCs, suggesting that it does not directly participate in Fanca -/-osteoclastogenesis.

In conclusion, our observations point to the fact that in vitro osteoclastogenesis is impaired in Fanca -/-cells as a consequence of the addition of several abnormalities associated to both Fanca loss-of-function, including p53-p21 axis unscheduled activation as well as a lack of TNF signaling.
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Co-culture of Fanca -/-OCs with a pre-osteoblastic cell line restores their osteoclastogenesis ability

In light of our observation that TNF exposure largely rescued both cellular and molecular osteoclastogenesis in vitro cultured Fanca -/-cells and considering that OCs differentiation takes place on the bone endosteal surface under OBs control, we decided to mimic the physiological setting in vitro to analyze OCs behavior. We layered WT or Fanca -/- OCs precursors on MCT-3T3 murine cells, a widely accepted in vitro model of OBs, and added RANKL. Associated with a normalized expression of both Nfatc1 and Cathepsin K, the number of induced, TRAP-positive OCs was similar independently on their genotype (Fig. 8A and8B).

Moreover, the results were the same when our WT or Fanca -/-OCs precursors were induced to differentiate on MC3T3 in which the Fanca gene was silenced by siRNA (Fig. 8C and8D).

Thus, it seems that in vitro analysis revealed a cryptic defect in OCs differentiation in Fanca -/-cells, that is overcome in vivo in both genotype with the help of the niche cells.

Fanca-deficiency and bone hystology.

In accord with the previous posit, ∆Ct analysis (preliminary data, not shown) demonstrate that our Fanca -/-mouse model does not present major problem in bone formation.

This agrees with the rescuing of the in vitro osteoclastogenesis by TNF exposure and OBs co-culture. Their presence (or that of other still unknown niche factors with similar cellular and molecular effect) compensate the impact of p53-p21 unscheduled activity in Fanca -/-cells.
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DISCUSSION

In this study, we demonstrated that the absence of Fanca -/-leads to a defect in the ex vivo but not in vivo differentiation of a specific hematopoietic lineage, the osteoclast. This impaired osteoclastogenesis appears dependent on the dysregulation of the p53 signaling pathway, known to be overactive in FA, and can be rescued by inhibiting p53 or by inducing OCs to differentiate in the presence of TNF or a pre-osteoblastic cell line, this last condition approaching the in vivo situation of the niche.

Historically, all the efforts made to elucidate the pathogenesis of FA have been focusing

on the study of the hematopoietic system at the HSCs level, with relatively few works focusing on the role of other cell types. Indeed, it has been widely demonstrated that HSCs attrition underlies the pathogenesis of the disease, with the main driver of BMF consisting of a combination of increased proliferation, recently attributed to MiTF ( 42) and c-MYC overexpression (41) and DNA damage, which arises because of forced HSCs exit from quiescence (53). As a response to this DNA damage, FA HSCs show a hyperactive p53 pathway (49), as well as an altered expression, response, and/or sensitivity to several proinflammatory cytokines, including TGF (40) and TNF (39), which further contribute to BMF.

Despite the hematopoietic defects, evidence suggests that FA also affects the skeletal system: FA patients may display a wide range of congenital abnormalities, especially mesenchymal tissue-derived malformation, and osteoporosis, suggesting that, at least some FA proteins and/or mutations, may have a role in bone homeostasis and maintenance (43).

To study FA pathogenesis, the targeted disruption of FA genes has been used to create several FA murine models. All of them show impaired fertility, with their cells being sensitive to ICL-inducing agents. However, FA phenotypes at the organism level (developmental abnormalities, BMF and/or tumour development) are only observed in some models and they may vary from one genetic background to another.

Accordingly, Fanca -/-and Fancc -/-embryos showed an abnormal skeletal development and impaired bone mineralization, indicative of defective bone physiology in utero (54).

Moreover, Fanca -/-and Fancc -/-embryos bone marrow-derived mesenchymal stem cells (BMMSC) showed an altered osteogenic differentiation potential (54), which is consistent with the results obtained by another group on a DKO mouse model (Fancc -/-;Fancg -/-) ( 43).

Mesenchymal stem/progenitor cell fate is altered in DKO mice, favoring adipogenic versus osteoblastic differentiation. More broadly, the author showed that DKO mice are also characterized by a dysfunctional bone marrow microenvironment, since in transplant experiments DKO recipient mice transplanted with WT BM cells exhibited impaired survival (43).
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Moreover, additional analysis performed on Fancg -/-mice ( 55) and on Fancd2 -/-mice ( 56) highlighted a decreased ability of murine FA MSPCs in homing HSCs when compared to WT mice.

In none of these works, however, a defect in osteoclastogenesis has been demonstrated: no difference in OCs number was observed in Fancc -/-mice when compared with their WT littermates in vivo (54), while DKO mice showed even an increased number of OCs in comparison to their WT counterparts both in vivo and ex vivo (43). This discrepancy with our results may be because the DKO model closely mimic hematopoietic disorders observed in FA patients with hematologic abnormalities, such as BMF, acute myeloid leukemia, and myelodysplastic syndrome, as opposed to our Fanca -/-model, with a milder phenotype.

Our ex vivo studies indicate that the lack of Fanca -/-is associated with an altered in vitro osteoclastogenesis, at both the cellular and the molecular level. When compared to their WT counterpart, less Fanca -/-OCs are formed, with less nuclei and with a smaller surface.

Moreover, they are characterized by a reduced expression of Nfatc1, the master regulator of OCs differentiation, and its downstream targets involved in OCs precursors fusion, Dc-Stamp and Atp6v0d2, and bone-resorption, Cathepsin K and Trap. The lack of these two enzymes also suggests that the Fanca -/-OCs that form are not completely functional and capable of their task of bone-resorption.

Notably, only few other publications have shown that the absence of a Fanc gene leads to a defect in the differentiation of a specific hematopoietic lineage: we showed that Fanca -/- mice are characterized by a defective endomitosis associated with chromosomal instability which leads to a defect in the process of megakaryopoiesis (57), while another group recently showed that human FANCA-deficient cells experience an accelerated erythroid differentiation caused by the activation of the p53-p21 axis (58).

The overactive p53-p21 axis appears not only to participate to HSCs dysfunction (49).

We demonstrate here that it participates also to the impaired osteoclastogensis of Fanca -/- cells, since Fanca -/-OCs treatment with the p53 inhibitor Pifithrin-restores their differentiation capacity, while, in parallel, the constitutive p53 activation in WT cells, affects OCs differentiation in a negative manner. Moreover, another way to rescue Fanca -/-impaired osteoclastogenesis is to induce them to differentiate in the presence of TNF-, which is normally secreted by the cells present in the endosteum and known to have a positive effect on OCs differentiation (48). Interestingly, even if it seems that p21 actively participates the Fanca -/-impaired osteoclastogenesis, since it is downregulated following both the treatment with Pifithrin-and TNF-, which have the common outcome of improving Fanca -/-OCs differentiation, its direct inhibition by oligo antisense or by drug treatment does not improve 13 osteoclastogenesis, indicating that its complete downregulation may be detrimental in the first steps of OCs differentiation.

An interesting point is that the defective megakaryocyte maturation observed in our Fanca -/-mice is associated with an increased genomic instability and a diminished differentiation potential, suggesting that accumulation of DNA damage affects megakarypoiesis (57). In the case of OCs, however, it seems that DNA damage and genetic instability, although clearly increased in Fanca -/-cells when compared to the WT, are not involved in the defective osteoclastogenesis, since the TNF-treatment rescue OCs differentiation without diminishing the DNA damage.

Finally, the ability of the pre-osteoblastic cell line MC3T3 to rescue the osteoclastogenesis ability of Fanca -/-cells could be caused by cell-to-cell contact or to a form of paracrine signaling by means of cytokines released in the cell medium. This result is also consistent with our in vivo findings: bone histology analysis showed that our Fanca -/-mouse model does not present major alterations in bone formation. This could be since the intrinsic differentiation problem of Fanca -/-OCs is rescued in vivo by a series of factors that are either overactive in the Fanca -/-animal (TNF-or another cytokine with similar effect) or simply because in vivo OCs live in strict contact with osteoblasts, whose presence cannot be compensated in the ex vivo situation (except in the co-culture condition, which represents a more physiological situation).

Since OCs promote the formation of the HSCs niche, a better understanding of their physiopathology in FA and their modulation may help increase the niche hematopoietic supportive activity, opening new therapeutic options for FA patients.
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METHODS

Cell lines, culture conditions and siRNA transfection. The murine pre-osteoblastic cell line MC3T3-E1 Subclone 4 was purchased from ATCC (CRL-2593) and was routinely maintained in MEM supplemented with 10% FBS, 100 U/mL penicillin/50 μg/mL streptomycin, 2mM L-glutamine and 1mM sodium pyruvate at 37°C in a humidified atmosphere containing 5% CO2. To induce osteoblast differentiation for the co-culture conditions, the cell line was maintained in the same medium supplemented with 50 ug/ml of L-ascorbic acid (Sigma #92902) and 4 mM -Glycerophosphate (Merck #G9422).

siRNA directed against Fanca was purchased from Dharmacon (#L-058407-01-0005) and cells were transfected using the Lipofectamine TM RNAiMAX transfection reagent (Thermofisher Scientific, #13779100) following manufacturer instruction.

Mice and genotyping. Fanca -/-mice on an FVB background were described previously (42). The mice were a gift of F. Arwert (Free University Medical Center, Amsterdam, Netherlands) and have been routinely maintained in our laboratory for more than 10 years.

Fanca +/-mice were backcrossed with WT FVB/N mice (>10 generations). As Fanca -/-mice show severely reduced fertility, the WT and Fanca -/-mice used for analysis correspond to siblings derived from crossbreeding of heterozygous mice. Mouse genotyping was performed using Dream-Taq Green DNA Polymerase (Thermo Fisher Scientific, #EP0711 #315-11). The first OCs started to appear at day 3 and the medium was changed at day 4.

Chemicals, peptides, recombinant proteins and antisense oligonucleotides. We used at the indicated concentrations recombinant murine TNF (Peprotech, #315-01A),

Nutlin-3 (Sigma, #6287), Pifithtrin-(Sigma, #P4359) and Butyrolactone I (Sigma, #203988).

Antisense oligonucleotides directed against p21 were purchased from Eurogentec (5'-ACA-TCA-CCA-GGA-TTG-GAC-ATG-GGG-GGG-GGG-3').

TRAP Staining: Mature osteclast cultures were fixed and stained for tartrate resistant acid phosphatase (TRAP) using a commercial kit (Acid Phosphatase, Leukocyte (TRAP) Kit, Sigma, #387A). Briefly, cells were fix using a fixative solution composed of 2,5 ml citrate solution, 6,5 ml acetone and 0,8% formaldheyde 37% for 30seconds at room temperature. 50 ul of Fast Garnet GBC Base Solution and 50 ul of sodium nitrite were mixed for 30seconds, left to stand at RT for 2min and added to 4,5 ml of prewarmed deionized water (37°C). Then, 50 ul of napthol AS-BI phosphate solution, 200 ul of acetate solution and 200 ul of tartrate solution were added. the samples were incubated with the complete solution for 20minutes at 37°C. Osteoclasts were identified as TRAP positive cells with 3 or more nuclei and a defined membrane.

Immunofluorescence. Mature osteoclasts were fixed in 4% formaldehyde for 15min at RT and permeabilized in 0,1% Triton X-100 for 5' at RT. Then, cells were incubated with 1X phalloidin-iFluor 488 reagent (1:1000) (Abcam, #ab176753) for 90min at 37°C in dark. For the 53BP1 analysis the cells were fixed and permeabilized as previously mentioned, and then incubated with a primary antibody anti-53BP1 (abcam, #ab21083) at the same time as the phalloidin. After 3x PBS washes cells were incubated with an Alexa Fluor®594 donkey antirabbit secondary antibody for 30min at 37°C in dark. Finally, cells were incubated with a DAPI solution (1:500) for 3min at RT and observed under a fluorescence microscope.

Western Blot. The collected cells were disrupted in lysis buffer (50 mM Tris-HCl pH 7.9, 40 mM NaCl, 1 mM MgCl2, 0.1% SDS, and 1% Benzonase [Merck, supplemented with protease and phosphatase inhibitors [Roche, 05892791001 and 04906837001]). After incubation for 15 minutes at room temperature, protein concentrations were determined using the Bradford assay (BioRad, 500-0006), and the samples were combined with 4× Laemmli buffer containing β-mercaptoethanol and denatured via boiling at 98°C. The proteins (5 μg)

were separated using SDS-PAGE, transferred onto a nitrocellulose membrane (GE Healthcare Life Sciences, Amersham Protran 0.2 μM NC, 10600001), and then exposed to the appropriate antibodies. The proteins were visualized using an enhanced chemiluminescence system (WesternBright ECL by Advansta, K-12045-050) and an ImageQuant LAS 164000 system (GE Healthcare Life Sciences). The following antibodies were used for the Western Blot analysis: rabbit anti-M-CSFR (Cell Signaling, #3152), mouse anti-RANK (Santa Cruz, #sc-374360), mouse anti-NFATc1 (BioLegend, #649607), mouse anti-cathepsin k (Santa Cruz, #sc-48353), goat anti-p53 (R&D, #AF1355), rabbit anti-phospho-NF-kB p65 (Ser536) (Cell Signaling, #3033) and goat anti--Actin (abcam, #ab8227). Red Ponceau staining was used as loading control.

qRT-PCR. Total RNA was isolated using the Maxwell® RSC simplyRNA Cells Kit (Promega, #AS1390) and reverse-transcribed using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, #K1621). qPCR was performed using iTaq TM Universal SYBR® Green Supermix (BioRad, #1725120) and a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). The following primers (Eurogentec) were used: Rank (Forward 5'- Statistical Analysis. Results are expressed as mean values ± SEM. Data were analyzed using Prism (GraphPad software, version 9). ANOVA Bonferroni's correction for multiple comparisons was used to examine differences between more than 2 groups. A P value of less than 0.05 was considered statistically significant. A P value greater than 0.05 was considered not significant; however, P values between 0.05 and 0.1 are indicated.

GGACAACGGAATCAGATGTGGTC-3', Reverse 5'-CCACAGAGATGAAGAGGAGCAG-3'), M-Csfr (Forward 5'-TGGATGCCTGTGAATGGCTCTG-3', Reverse 5'- GTGGGTGTCATTCCAAACCTGC-3'), Nfatc1 (Forward 5'- GGTGCCTTTTGCGAGCAGTATC-3', Reverse 5'-CGTATGGACCAGAATGTGACGG-3'), Oscar (Forward 5'- CGTGCTGACTTCACACCAACAG-3', Reverse 5'- AGTGCAAACCGCCAGGCAGATT-3'), Dc-Stamp (Forward 5'- TTTGCCGCTGTGGACTATCTGC-3', Reverse 5'-GCAGAATCATGGACGACTCCTTG-3'), Atp6v0d2 (Forward 5' 

Study approval. This project was officially approved by the Animal Experimentation

Ethics Committee (no. 26) of Gustave Roussy and conducted in accordance with French laws and regulations.

LIMITATIONS OF THE STUDY

Due to the Covid19 pandemic and the shutdown of the animal facility in our Institute it was difficult to perform some experiment in a satisfactory way. Therefore, some results are still ongoing, and some questions needs to be answered. First, the involvement of p21 needs to be carefully assessed since it is obviously decreased after TNF-and Pifithrin-treatment, while its direct inhibition seems to have almost a negative effect on the OCs differentiation.

Second, using an NF-kB inhibitor in the presence or not of TNF-will help elucidate in more details the role of this factor in Fanca -/-osteoclastogenesis. Finally, the eventual presence of TNF-in the culture medium of the MC3T3-OCs co-cultures could potentially explain the rescue of Fanca -/-OCs differentiation in these conditions. All these points are currently under investigation. The major clinical hallmark of FA is a progressive pancytopenia, associated to BMF.

Since all blood lineages eventually become impaired, a dysfunction of the HSC compartment was, since the discover of FA, the logical hypothesis.

Several works have demonstrated that, indeed, HSCs attrition underlies the pathogenesis of the disease: murine FA HSCs show an exhaustion of their proliferative and self-renewal capacities after in vivo transplantation, with a loss of hematopoietic lineage potential [START_REF] Haneline | Loss of FancC function results in decreased hematopoietic stem cell repopulating ability[END_REF][START_REF] Parmar | Hematopoietic stem cell defects in mice with deficiency of Fancd2 or Usp1[END_REF][START_REF] Barroca | Impaired functionality and homing of Fancg-deficient hematopoietic stem cells[END_REF][START_REF] Domenech | Studies in an Early Development Window Unveils a Severe HSC Defect in both Murine and Human Fanconi Anemia[END_REF] and a severe HSCs defect has been also observed during human FA development (Ceccaldi, 2012;[START_REF] Domenech | Studies in an Early Development Window Unveils a Severe HSC Defect in both Murine and Human Fanconi Anemia[END_REF].

The main driver of HSCs attrition seems to be a combination of increased proliferation, recently attributed to MYC overexpression (Rodriguez, 2021) and DNA damage, which arises because of HSCs exit from quiescence (Walter, 2015). In response to DNA damage, FA HSCs show a hyperactive p53 pathway (Ceccaldi, 2012), as well as an overexpression of the TGF-b pathway genes (Zhang, 2016), which are growth suppressive signaling, further contributing to BMF.

It is important to add to this scenario also the proinflammatory cytokines, such as TNFa or IFN-g, whose altered expression and response characterizes FA; in particular, their increased levels trigger the stress signaling pathways (p38MAPK, PI3K/AKT and NF-kB) which become aberrant contributing to BMF (Rosselli, 1994;[START_REF] Dufour | TNF-alpha and IFN-gamma are overexpressed in the bone marrow of Fanconi anemia patients and TNF-alpha suppresses erythropoiesis in vitro[END_REF]Zanier, 2004;Briot, 2008;Ibanez, 2009).

Despite the hematopoietic defects, it is evident that FA also affects the skeletal system:

FA patients may display a wide range of congenital abnormalities, especially mesenchymal tissue-derived malformation, and osteoporosis, suggesting that, at least some FA proteins, may have a role in bone homeostasis and maintenance [START_REF] Auerbach | Fanconi anemia and its diagnosis[END_REF]Zhou, 2017).

Accordingly, FA embryos showed an abnormal skeletal development and impaired bone mineralization, indicative of defective bone physiology in utero (Mazon, 2018), together with impaired differentiation capability of their BM MSCs toward the osteoblastic lineage (Zhou, 2017;Mazon, 2018).

Bone homeostasis is essential for the proper function of the hematopoietic niche, the environment in which HSCs are maintained and regulated and recent evidence suggests that this environment may be impaired in FA (Zhou, 2017).

Indeed, murine FA MSPCs show a decreased ability in homing HSCs if compared to WT mice (Li, 2009;Zhang, 2010). Transplant experiments have also demonstrated that the BM microenvironment of FA mice showed less supportive activity and FA recipient mice transplanted with WT BM cells exhibited impaired survival, pointing toward an impaired bone marrow microenvironment (Zhou, 2017).

It is evident, therefore, that FA cannot be considered a disease affecting merely the HSCs compartment, but it is also the environment which regulates and allows HSCs to optimally perform their function that must be carefully considered to understand the molecular mechanism responsible for the BMF in FA, which is still poorly understood.

For these reasons, it is of vital importance to improve our understanding on the signaling pathways governing both the HSCs and the niche cells compartment function that may be involved in the pathogenesis of FA to possibly find a therapeutic solution for this manifestation of the disease.

1.2) MiTF in FA: a new contributor to HSCs attrition in FA

The first protein which caught our attention for its involvement in both HSCs and the niche biology was the Microphthalmia Transcription Factor (MiTF).

Published data from the lab supported the existence of a relationship between MiTF and the FANC pathway: MiTF positively regulates the FANC pathway expression that, in turn, inhibits MiTF expression, as a part of a recovery process from stress (Bourseguin, 2016).

Most importantly, MiTF has been characterized as a regulatory factor involved in HSCs stress responses: during this response p38α activates purine metabolism through the upregulation of MiTF to initiate HSCs cycling in response to stress (Karigane, 2016).

Therefore, our primary interest was to assess if MiTF expression was affected by FANC protein deficiency, and, if so, which pathway was responsible for this alteration. The next step was the study of the possible consequences of a pharmacological modification of the expression of MiTF in FA cells, and finally the analysis of Mitf in Fanca -/-mouse models, to determine if the altered hematopoiesis in these mice could be correlated to an altered expression of this transcription factor.

Our results showed that MiTF is upregulated in absence of a functional FANC core complex: in particular, MiTF is highly overexpressed in the FANCA and FANCC mutated immortalized lymphoblasts, but not in the FANCD2 mutated. The MiTF overexpression was found not only in human lymphoblasts, but also in immortalized murine embryo fibroblasts (MEFs) from Fanca -/-or Fancc -/-mice, but not in MEFs from Fancd2-/-mice, as well as in primary HSCs from Fanca -/-mice, pointing to a possible involvement of the FANCA protein (and possibly of the FANC core complex, to which FANCC belong) in the modulation of MiTF expression, and in particular in its inhibition (though directly or indirectly is not known).

Moreover, the increased expression of Mitf in the HSCs from Fanca -/-mice correlates with an increased cycling of the LT-HSCs fraction, which in the WT is characterized by a quiescent state. This is consistent with the results of Karigane and colleagues, that showed the involvement of MiTF in the stimulation of the purine metabolism to exit from quiescence and start proliferation in HSCs (Karigane, 2016). It was also reported that inducing HSCs to exit their dormant state in response to stress conditions has, as a direct consequence, an accumulation of DNA damage (Walter, 2015). The repeated activation of HSCs in Fanca -/-mice out of their dormant state may provoke the attrition of normal HSCs, leading to a complete collapse of the hematopoietic system. Thus, we hypothesize that MiTF, as a member of the signaling cascade responsible for the exit from dormancy of HSCs in the presence of stress, may be one of the key actors directly involved in HSCs attrition.

After assessing that MiTF is indeed upregulated in FA cells, we investigated the pathway that could be involved in this upregulation, focusing mainly on the stress signaling pathways (PI3K/AKT, p38MAPK, NF-kB, SMAD2/3), which were already known to be aberrantly activated in FA (Briot, 2008) and to regulate MiTF activity in other settings [START_REF] Ma | Validation of downregulated microRNAs during osteoclast formation and osteoporosis progression[END_REF]Karigane, 2016).

We found that PI3K, p38MAPK, NF-kB and AKT cascades inhibition was able to efficiently decrease the levels of MiTF protein in both FANCA mutated lymphoblasts and MEFs, indicating that all these signaling pathways must be involved in its overexpression.

Interestingly, MiTF overexpression is also dependent on cell secreted factors: its expression increases over time in the same culture medium. Accordingly, we found that MiTF overexpression was associated with an excessive secretion of some cytokines and growth factors, including TGF-b and Activin A in Fanca -/-and Fancc -/-MEF, and TNF-a in FANCA and FANCC lymphoblasts, all known activators of the stress signaling pathways before-mentioned.

Although the pharmacological inhibition of all the stress signaling pathway appears sufficient for MiTF downregulation in vitro, the exposure to TGF-b, Activin A or TNF-a in FA cells is not sufficient for MiTF induction, suggesting that other unknown factors secreted by the FANC-deficient cells in the culture medium are necessary for MiTF expression.

The inhibition of p38MAPK has been reported in literature to have a positive role on hematopoiesis [START_REF] Navas | Inhibition of overactivated p38 MAPK can restore hematopoiesis in myelodysplastic syndrome progenitors[END_REF]. Moreover, it was reported that p38 inhibition can enhances in vitro erythropoiesis of bone marrow cells from FA patients [START_REF] Svahn | p38 Mitogen-activated protein kinase inhibition enhances in vitro erythropoiesis of Fanconi anemia, complementation group A-deficient bone marrow cells[END_REF].

For these reasons we decided to focus on the p38 inhibitor for the in vivo experiments.

First, we confirmed a decrease of MiTF expression after treatment with p38 inhibitor also in Fanca -/-mice cells. Second, this treatment was able to rescue the defective hematopoiesis that characterize Fanca -/-mice. It is known that HSCs from several different mouse mutants (Fancc, Fancd2 and Fancg) have a reduced repopulating ability compared with wild-type HSCs (Bakker., 2013). This was also confirmed by our CFU Assay, which showed a decreased ability of Fanca -/-HSCs to proliferate/differentiate in comparison to WT HSCs, which is indicative of defective hematopoiesis. The treatment with the p38 inhibitor was able, however, not only to improve this defective hematopoiesis in Fanca -/-mice cells, which showed a significant higher number of colonies than the untreated cells, but also to diminish the percentage of gH2AX positive cells and the same results were obtained by directly silencing Mitf.

In conclusion, these results indicate that Mitf is an important contributor to BMF in FA and blocking Mitf expression via p38MAPK inhibition enhances normal hematopoiesis in Fanca -/-mice.

To conclude, we hypothesized the model which is depicted in Fig. 26.

In normal hematopoiesis, HSCs are mainly quiescent, but they can exit from dormancy following awakening signals which activates the stress signaling pathways, including the p38MAPK. This pathway physiologically transiently stimulates MiTF expression, which in turns allows purine metabolism to take place, therefore inducing HSCs to enter active cycling. Cycling HSCs need to cope with replication stress and DNA damage, which is granted by an efficient FANC pathway, which also maintain their genetic stability, and thus perfectly keeping their balance between self-renewal and differentiation.

On the other hand, in FA hematopoiesis, a series of awakening "inflammatory" signals, 1.

3) The OCs in FA: a new actor in FA physiopatology?

MiTF is also involved in the niche biology, and in OCs differentiation. Having established that MiTF expression was dysregulated in FA contributing to BMF and recent evidence pointed towards an abnormal bone marrow microenvironment in FA mice (Zhou, 2017), we decided to analyze the in vitro osteoclastogenesis ability of cells obtained from Fanca -/-mice.

Surprisingly, in Fanca -/-OCs we didn't detect any MiTF overexpression if compared to their WT counterpart, at both the mRNA (Fig. 27A) and the protein level (Fig. 27B),

indicating that MiTF dysregulation in FA is cell-type specific. However, we found that Fanca-deficiency is associated with an altered in vitro osteoclastogenesis. In fact, as expected, the ex-vivo differentiation of Fanca -/-mouse-derived OCs is deeply altered: at the cellular level, fewer Fanca -/-OCs are formed, which contain also less nuclei and are smaller than their WT counterpart, while at the molecular level Fanca -/-OCs show reduced level of OCs differentiation markers, including Nfatc1, the master regulator of osteoclastogenesis, and Cathepsin K, one of the key enzymes involved in bone resorption, indicating that Fanca -/-OCs also probably do not optimally perform their task of bone remodelling.

Interestingly, only few other works have shown that the absence of a Fanc gene leads to a defect in the differentiation of a specific hematopoietic lineage: our lab showed that Fanca -/-mice are characterized by a defective endomitosis associated with chromosomal instability which leads to a defect in the process of megakaryopoiesis (megakaryocyte maturation) (Pawlikowska, 2014), while another group recently showed that human FANCA-deficient cells experience an accelerated erythroid differentiation caused by the activation of the p53-p21 axis (Marion, 2020).

The p53-p21 axis, known for being overactive in FA, is also involved in the impaired OCs differentiation in our Fanca -/-mice: in fact, the inhibition of p53 improve the osteoclastogenesis ability of Fanca -/-cells, while, in parallel, the constitutive p53 activation in WT cells, affects OCs differentiation in a negative manner. It seems that p21 actively participates the Fanca -/-impaired osteoclastogenesis, since it is downregulated following the treatment with Pifithrin-a and TNF-a, which have the common outcome of improving Fanca -/-osteoclastogenesis.

Notably, another way to rescue Fanca -/-impaired osteoclastogenesis is to induce them to differentiate in the presence of TNF-a, which is normally secreted by the cells present in the endosteum and known to have a positive effect on OCs differentiation (Azuma, 2000). Interestingly, the TNF-a treatment also downregulated the expression of p21 in Fanca -/-cells, suggesting that the unrestrained expression of p21 that characterizes FA could be one of the main actors having a negative impact on OCs differentiation in FA. However, p21 direct inhibition did not have a positive effect in terms of osteoclastogenesis on either WT or Fanca -/-OCs, which is consistent with previous findings (Okahashi, 2001) indicating that its complete inhibition at the beginning of osteoclastogenesis is detrimental.

As previously mentioned, the defective megakaryocyte maturation observed in our Fanca -/-mice is associated with an increased genomic instability and a diminished differentiation potential, suggesting that accumulation of DNA damage affects megakaryocyte maturation (Pawlikowska, 2014). In the case of OCs, however, it seems that DNA damage and genetic instability, although clearly increased in Fanca -/-cells when compared to the WT, are not involved in the defective osteoclastogenesis, since the TNF-a treatment rescue OCs differentiation without diminishing the DNA damage.

Another interesting point is the ability of the osteoblastic cell line MC3T3 to rescue the osteoclastogenesis ability of Fanca -/-cells: this could be caused by cell-to-cell contact or to a form of paracrine signaling by means of cytokines released in the cell medium.

This result is also consistent with our in vivo findings: bone histology analysis showed that our Fanca -/-mouse model does not present major alterations in bone formation.

This could be since the intrinsic differentiation problem of Fanca -/-OCs is rescued in vivo by a series of factor that are either overactive in the Fanca -/-animal (TNF-a or another cytokine with similar effect) or simply because in vivo OCs live in strict contact with osteoblasts, whose presence cannot be compensated in the in vitro situation (except in the co-culture condition).

For this part, we propose the model depicted in Fig. 28.

In vivo, the WT and Fanca -/-animals are virtually indistinguishable, with no major osteoclastogenesis defect, probably due to the presence of cytokines and growth factors, such as TNF-a, TGF-b and RANKL, secreted by the other cells presents in the BM niche. In a Petri dish, on the other hand, all these factors are absent and, while WT cells display a normal osteoclastogenesis, Fanca -/-cells fail to do so, unless they are properly stimulated. In conclusion, with our study, we add new insights to the BM niche biology in FA, whose importance in the pathology is still underestimated.

Conclusions and Perspectives

To conclude, I have demonstrated in this project that when considering the pathogenesis of FA, not only the HSCs, but also the cells of the bone marrow niche need to be taken into account.

In the first part of the project, I showed that following the dysregulation of some extracellular signals, such as growth factors or cytokines, the stress signaling pathways p38MAPK, SMAD2/3, NF-kB and AKT are overactive, leading to MiTF overexpression in lymphoblasts from FA patients and in MEF from FA mice.

In freshly isolated HSCs from Fanca -/-mice, in addition, the chronic hematopoietic stress conditions lead to the persistent activation of the p38MAPK/Mitf axis, which leads to HSCs exit from dormancy. This, in turn, promote the accumulation of DNA damage, a failure in re-establishing HSCs dormancy, the progressive HSCs attrition and finally and increased genomic instability.

The inhibition of p38MAPK increases the overall fitness and function of FA HSCs and enhances their quiescence in our murine model. Since p38MAPK inhibitors have already been validate in different clinical trials for the treatment of pathologies, such as rheumatoid arthritis and advanced cancer, their safety and efficacy are well known.

p38MAPK can therefore be considered as a potential target to ameliorate hematopoiesis, with possible implications for the care of FA patients.

In the second part of the project, I demonstrated that Fanca -/-mice show an impaired ex vivo osteoclastogenesis. This defect, however, can be fully rescued by differentiating Fanca -/-OCs in the presence of TNF-a or it can be ameliorated by inhibiting the p53 signaling, which is dysregulated in FA. In addition, when Fanca -/-OCs are grown in coculture with a preosteoblastic cell line their differentiation defect is also rescued.

Finally, no defect was observed in the living animal indicating that the differentiation problem is compensated for in the in vivo situation.

In the future, it will be important to establish what are exactly the factors responsible for the compensation of the defect in vivo.

Moreover, since the functions of OCs and OBs are deeply interconnected and influence each other activity, it will be of paramount importance to study the crosstalk between the two cell types by the means of more refined co-culture experiments in vitro: WT-OBs can be cultured with either WT-OCs or FA-OCs and, conversely, FA-OBs can be cultured with either WT-OCs or FA-OCs, and the two cell types can be monitored in the different culture combinations to assess their ability to differentiate.

Finally, freshly isolated HSCs and pre-leukemic and leukemic mouse cell lines can be co-cultured with different combinations of OBs/OCs (WT/FA) and their behavior can be analyzed, to determine the impact of the OBs/OCs environment not only on HSCs attrition but also on the initiation and/or progression of leukemia.

In conclusion, this project has provided new clues to understand the physiopathology of the disease at a level touching the three clinical features of the syndrome: not only the BMF, but also the skeletal development and predisposition to cancer.

REVIEW

The underestimated role of the microphthalmia-associated transcription factor (MiTF) in normal and pathological haematopoiesis Alessia Oppezzo 1,2,3* and Filippo Rosselli 1,2,3*

Abstract

Haematopoiesis, the process by which a restrained population of stem cells terminally differentiates into specific types of blood cells, depends on the tightly regulated temporospatial activity of several transcription factors (TFs).

The deregulation of their activity or expression is a main cause of pathological haematopoiesis, leading to bone marrow failure (BMF), anaemia and leukaemia. TFs can be induced and/or activated by different stimuli, to which they respond by regulating the expression of genes and gene networks. Most TFs are highly pleiotropic; i.e., they are capable of influencing two or more apparently unrelated phenotypic traits, and the action of a single TF in a specific setting often depends on its interaction with other TFs and signalling pathway components. The microphthalmiaassociated TF (MiTF) is a prototype TF in multiple situations. MiTF has been described extensively as a key regulator of melanocyte and melanoma development because it acts mainly as an oncogene. Mitf-mutated mice show a plethora of pleiotropic phenotypes, such as microphthalmia, deafness, abnormal pigmentation, retinal degeneration, reduced mast cell numbers and osteopetrosis, revealing a greater requirement for MiTF activity in cells and tissue. A growing amount of evidence has led to the delineation of key roles for MiTF in haematopoiesis and/or in cells of haematopoietic origin, including haematopoietic stem cells, mast cells, NK cells, basophiles, B cells and osteoclasts. This review summarizes several roles of MiTF in cells of the haematopoietic system and how MiTFs can impact BM development. 

MiTF expression and activity

In 1942, Paula Hertwig, considering the progeny of irradiated mice, described animals that shared several pathological defects, including pigmentation loss, microphthalmia, deafness, osteopetrosis and a reduced number of mast cells (MCs) [45] and called them mi/ mi (for microphthalmia) mice. e gene encoding the protein whose loss-of-function is critical for the mi/mi phenotype was cloned in 1993 and found to encode a transcription factor (TF) that was called MiTF for Microphthalmia Transcription Factor. MiTF is a member of the basic-helix-loop-helix-leucine zipper (bHLH-ZIP) family [48] characterized by three regions: an HLH and a ZIP motif, which are both involved in protein dimerization and required for the DNA binding mediated by a basic domain, which constitutes the third region [100] (Fig. 1).

MiTF forms both homodimers and heterodimers with three other bHLH-ZIP TFs (TFEB, TFEC and TFE3), all members of the MiT family (Fig. 1a), that regulate gene expression by binding to E-box motifs characterized by the core hexanucleotide sequence CA[C/T]GTG [42] or by establishing bridges with and modulating the activity of other TFs. MiTF and TFEC are expressed in
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As consequence of different transcription starting sites or alternative splicing of its full-length RNA, MiTF is produced in several isoforms (Fig. 1b). Two isoforms based on alternative promoter usage, the melanocytespecific (MiTF-M) and heart-specific (MiTF-H) transcripts, were identified in 1994 (Steingrimsson et al. [161]). Other isoforms have been successively identified in different tissues and settings: MiTF-A [6,185], MiTF-C [31]; MiTF-B [174], MiTF-E [117], , ; MiTF-J [44], and MITF-CM [154]. Finally, MiTF-CX was found to be highly expressed in the cervix during pregnancy [START_REF] Li | A novel isoform of microphthalmia-associated transcription factor inhibits IL-8 gene expression in human cervical stromal cells[END_REF] and MITF-Mdel, a splice variant of MITF-M, was identified in melanocytes and melanoma cell lines [179].

e existence of multiple isoforms of MiTF, characterized by complex patterns of tissue-specific expression and the propensity to dimerize with other partners, may help explain its pleiotropy and its different biological effects on various cell types.

MiTF expression and/or activity are regulated at both mRNA and protein levels. e major positive regulators of MiTF transcription comprise the SWI/SNF chromatin remodelling complex [175], the WNT/β-catenin pathway (Bellei et al. [10]), SOX10 (sex-determining region Y-box10) [52], and CREB (cAMP response elementbinding protein) [143], which can be activated by different signalling pathways. Moreover, MiTF fosters the expression of its own gene by recruiting LEF-1/β-catenin to its promoter [144]. GLI2 (glioma-associated oncogene family member 2), a TF activated by TGFβ [129], DEC1 (differentially expressed in chondrocytes protein 1, which is recruited to the MiTF promoter by HIF1α (hypoxiainducible factor 1α) [28], and c-MYC [132] are considered negative regulators of MiTF expression. Activated in response to TNF-α exposure, NF-kB can both induce and repress MiTF [START_REF] Kawakami | The master role of microphthalmia-associated transcription factor in melanocyte and melanoma biology[END_REF][START_REF] Konieczkowski | A melanoma cell state distinction influences sensitivity to MAPK pathway inhibitors[END_REF]. Finally, MiTF transcripts can be either stabilized by their association with CRD-BP (coding region determinant-binding protein) (Craig and Spiegelman [21]) or degraded by their interaction with several miRNAs [9]. e transcriptional activity of MiTF is largely regulated post-translationally. Notably, MiTF is phosphorylated by ERK1/2 at Ser73, by p90 ribosomal S6 kinase (p90RSK) at Ser409, by glycogen synthase kinase-3β (GSK3β) at Ser298 and by p38 MAPK at Ser307 [40,[START_REF] Levy | MITF: master regulator of melanocyte development and melanoma oncogene[END_REF]182]. MiTF phosphorylation generally enhances its activity, even though double phosphorylation at Ser73 and Ser409 promotes its proteasome-dependent degradation [182]. SAEI/SAEII-and UBC9-mediated SUMOylation at Lys182 and Lys316 inhibit MiTF [110], which can also lead to its degradation by the proteasome following UBC9-mediated ubiquitylation of Lys201 [183] or cleaved by caspase-3 during the apoptotic process [START_REF] Larribere | The cleavage of microphthalmia-associated transcription factor, MITF, by caspases plays an essential role in melanocyte and melanoma cell apoptosis[END_REF].

MITF activity also depends on the availability of cooperating partners that can serve as activators, such as p300/CBP [182], or repressors, such as the member of the histidine triad (HIT) protein family HINT1 (histidine triad nucleotide-binding protein 1) [33].

Diseases associated with MiTF

MiTF is a recognized key TF in melanocyte biology and plays a fundamental role in melanoma, acting essentially as an oncogene. Indeed, in melanoma MiTF is generally overexpressed, with gene amplification observed in approximately 30% of the samples, or overactivated by phosphorylation in a B-RAF V600E /ERK-dependent manner [22,[START_REF] Kawakami | The master role of microphthalmia-associated transcription factor in melanocyte and melanoma biology[END_REF][START_REF] King | Microphthalmia transcription factor expression in cutaneous benign, malignant melanocytic, and nonmelanocytic tumors[END_REF].

In humans, germinal MiTF mutations have been mainly identified in the heterozygous state [137], and they are most frequently loss-of-function mutations that result in haploinsufficiency leading to pathologies associated with pigment abnormalities and congenital hearing loss, including Waardenburg syndrome type II (WS2) and Tietz albinism-deafness syndrome (TADS) [170,177]. MiTF mutations cause type 2A WS2 (WS2A), accounting for 20% of all WS2 cases [137,130]. Most identified mutations alter exons 7 and 8, encoding the b-HLH-Zip motifs involved in protein dimerization [130]. It has been suggested that MiTF mutations resulting in a truncated protein or in a protein unable to dimerize lead to WS2 through haploinsufficiency, whereas mutations exerting a dominant negative effect result in TADS, mostly characterized by non-truncating mutations in the basic domain [59,156].

Supporting the possibility that, in contrast to mice, the activity of MiTF is required for normal human development, individuals bearing two inactivated alleles have rarely been identified. A homozygous intronic mutation of the 5′ splice site sequence affecting only the lineagespecific MiTF-M isoform has been associated with a Fig. 1 a Structure of the four MiT family members. AD, acidic domain; bHLH, basic helix-loop-helix; LZ, leucine zipper; Ser, serine-rich region; Gln, glutamine-rich region; Pro, proline-rich segment; Pro + Arg, proline-and arginine-rich region (adapted from [1112,186]. b Different MiTF isoforms. Each isoform is driven by its own promoter and has a partially unique exon, while exons from 2 through 9 are common in all isoforms. c MITF mutations found in melanoma (blue, on top) and in pigment deficiency syndromes (WS2A and TS patients, red, bottom) (adapted from [37] (See figure on next page.) Page 3 of 15 Oppezzo and Rosselli Cell Biosci (2021) [123,124]. Finally, compound-heterozygous MiTF mutations have been identified in the severe multisystemic disorder termed COMMAD (coloboma, osteopetrosis, microphthalmia, macrocephaly, albinism, and deafness). ese mutations are located in common exons (exons 2-9) and alter all MiTF isoforms, explaining the failure of multiple organ systems, and act in a dominant-negative manner, modifying nuclear localization and DNA-binding proficiency of MiTF homo-and heterodimers [34].

Interestingly, MiTF mutations associated with pigment deficiency syndromes and melanoma have different effects on protein function: mutations associated with WS2A and TADS are located in the bHLH-ZIP domains and prevent MiTF from binding DNA, while mutations found in melanoma cases are mostly located at the amino-or carboxy-termini affecting the transactivation potential of MiTF (Fig. 1c) [37].

MiTF mouse models

Two KO mouse models have been specifically used to study MiTF biology.

e first is the mi/mi model (see above). e mi mutant allele (mi-Mitf) encodes a protein that has lost 1 of 4 consecutive arginine residues in the basic domain, which makes mi-Mitf defective in both DNA binding and nuclear localization (Steingrimsson et al. [161]; Morii et al. [101]. e other is the tg/tg mouse model, which does not express any Mitf isoform due to an insertional mutation that destroys the promoter region of Mitf [166]. Notably, the phenotypic abnormalities of the tg/tg mice are relatively mild compared to those observed in the mi/mi mice. Indeed, the transcription of several genes is more profoundly affected in mi/mi than it is in tg/tg cells, indicating that, in addition to the loss of its transactivation ability, mi-Mitf exerts transcription dominant-negative effects sequestering partners outside the nucleus [54,[START_REF] Kataoka | Strain-dependent inhibitory effect of mutant mi-MITF on cytotoxic activities of cultured mast cells and natural killer cells of mice[END_REF].

MiTF and haematopoiesis

e haematopoietic system is a pyramidal organization with multipotent haematopoietic stem cells (HSCs) at the apex and mature blood cells at the bottom, with haematopoiesis being the process by which the naive population of HSCs are terminally differentiated into various blood cells. HSCs are defined by dormancy, the ability to remain out of the cell cycle for long periods (up to years), selfrenewal, the ability to form stem cells, and multipotency, the ability to generate progenitor intermediates, which in turn will differentiate into several blood cell lineages [24,122]. HSCs develop into multipotent progenitors (MPPs) that differentiate into common lymphoid progenitors (CLPs), precursors of all lymphoid cells, or common myeloid progenitors (CMPs), precursors of all myeloid cells [24,138] (Fig. 2).

Normal haematopoiesis depends on the tightly regulated temporospatial activity of several TFs. e deregulation of their activity or expression is a main cause of pathological haematopoiesis, leading to bone marrow failure (BMF), anaemia and leukaemia. Although the role of MiTF in haematopoiesis is still unclear in humans, the analysis of the mi/mi and tg/tg mice enabled us to highlight MiTF importance in the haematopoietic context, mainly in the differentiation of some haematopoietic cell lineages: B lymphocytes, natural killer (NK) cells, mast cells (MCs), and osteoclasts (OCs).

B and NK cells develop from CLPs. B lymphocytes constitute a major component of humoral immunity. As pre-B cells, they differentiate in the BM, where they undergo the process of V(D)J recombination that leads to their immunoglobulin heavy and light chain formation, which is the basis of the B cell receptor (BCR). ese immature B cells mainly migrate into the spleen, where they become activated B cells when their BCR binds its cognate antigen. Activated B cells undergo somatic hypermutation (SHM) and class switch recombination (CSR) process, which increases the affinity of the antibodies for their antigens and determines the class of specific class of B cells, respectively. Finally, the B cells become either antibody-secreting plasma cells or memory B cells for persistent protection [START_REF] Melchers | Checkpoints that control B cell development[END_REF]128].

NK cells are the predominant cytotoxic T lymphocytes involved in innate immunity and mediate antitumour and antiviral responses.

ey display cytolytic activity that can be initiated through a variety of processes, including degranulation and death receptor ligation, and they produce several inflammatory cytokines, including TNF-α and IFN-γ [1,[START_REF] Leong | Transcriptional and post-transcriptional regulation of NK cell development and function[END_REF].

MCs and OCs are derived from CMPs. MCs mainly localize in the connective tissue, originate from granulocyte-macrophage progenitors (GMPs) and contribute to allergic responses and host protection against parasitic infection [7,145].

eir cytoplasm contains large basophilic granules storing mediators of inflammation, such as histamine, heparin and serine proteases, and on their surface they express high-affinity immunoglobulin E (IgE) receptors (FCεRI), whose cross-linking by IgE causes their activation and the subsequent exocytosis of their granule content (degranulation) [START_REF] Kitamura | Development of mast cells[END_REF][START_REF] Krystel-Whittemore | Mast cell: a multi-functional master cell[END_REF].

OCs are giant, multinucleated, terminally differentiated cells that participate in bone homeostasis through their unique ability for bone resorption. ey differentiate from the monocyte/macrophage lineage through two Page 5 of 15 Oppezzo and Rosselli Cell Biosci (2021) 11:18 steps: they first proliferate in response to macrophage colony-stimulating factor (M-CSF) and therefore differentiate when the receptor activator of nuclear factor kappa-Β (RANK) on their surface is activated by its ligand RANKL, which is secreted by BM stromal cells and osteoblasts. RANKL/RANK signalling commits the precursors to differentiate into osteoclasts by activating the nuclear factor of activated T cells (NFATc1) to induce osteoclastogenic gene expression [25,120].

MiTF and HSCs homeostasis

At the top of the haematopoietic process, HSCs play a critical role in maintaining the appropriate number of terminally differentiated and fully functional blood cells during the entire lifespan of the organism. HSC attrition leads to BMF and anaemia and represents a driving force for MDS and leukaemia.

No specific alteration has been described in the HSC compartment in the mi/mi and tg/tg mice. However, a transient induction of MiTF has been recently identified during the awakening of quiescent HSCs in response to haematological stresses, such as blood loss or BM transplant. Following a stress that causes a need for new cells to replenish BM and/or circulating blood, the p38 MAPK pathway is activated in HSCs, with p38α promoting cell cycle entry and progression by stimulating purine metabolism [START_REF] Karigane | p38α activates purine metabolism to initiate hematopoietic stem/progenitor cell cycling in response to stress[END_REF]. MiTF was identified among several p38α targets and linked to the increased purine metabolism necessary to support the proliferative activity of awakened HSCs [START_REF] Karigane | p38α activates purine metabolism to initiate hematopoietic stem/progenitor cell cycling in response to stress[END_REF][START_REF] Khurana | A novel role of BMP4 in adult hematopoietic stem and progenitor cell homing via Smad independent regulation of integrin-α4 expression[END_REF][START_REF] Lachmann | ChEA: transcription factor regulation inferred from integrating genome-wide ChIP-X experiments[END_REF]149]. Indeed, p38-activated MiTF binds to the promoter of the inosine monophosphate dehydrogenase 2 (IMPDH2) gene, which encodes a key rate-limiting enzyme of purine metabolism [START_REF] Karigane | p38α activates purine metabolism to initiate hematopoietic stem/progenitor cell cycling in response to stress[END_REF].

Moreover, MiTF enhances HSC homing and long-term engraftment downstream of a signalling cascade initiated by bone morphogenetic protein 4 (BMP4) in R-SMADdependent and -independent manner [23,[START_REF] Khurana | A novel role of BMP4 in adult hematopoietic stem and progenitor cell homing via Smad independent regulation of integrin-α4 expression[END_REF]. BMP4 signalling leads to MiTF nuclear translocation, where it upregulates Integrin-α4 (ITGA4) expression, a transmembrane protein critical for HSC homing and retention in the BM [START_REF] Khurana | A novel role of BMP4 in adult hematopoietic stem and progenitor cell homing via Smad independent regulation of integrin-α4 expression[END_REF]125].

Another example of how MiTF deregulation can impact BM homeostasis was reported in a recent study we published on Fanconi anaemia (FA) [121]. FA, a rare genetic syndrome presenting developmental abnormalities of the skeleton, BM failure, leukaemia predisposition and genetic instability, is due to the loss-of-function of at least one of more than 22 genes that encode proteins constituting a major nuclear pathway involved in DNA repair and replication safeguards and rescue [11,39,115]. Interestingly, genome-wide and targeted analyses have shown that MiTF controls the expression of a set of genes involved in DNA replication and genomic stability in melanoma [165] and, in particular, acts as a Fig. 2 Simplified representation of the haematopoietic hierarchy. Haematopoiesis has a hierarchical organization with HSCs on top and mature blood cells at the bottom. HSCs are the sources of various types of progenitor cells that proliferate extensively, forming more differentiated cells at the expense of their self-renewal capacity Page 6 of 15 Oppezzo and Rosselli Cell Biosci (2021) 11:18 critical regulator of the FANC pathway, which plays a key role in the proliferation and survival of melanoma, maintaining the high proliferative potential of melanoma cells and contributing to their high resistance to therapeutics [12]. Accordingly, in melanoma cells that constitutionally overexpress MiTF, its siRNA-mediated depletion leads to FANC protein downregulation and the entry of melanoma cells into senescence, at which point they accumulate chromosomal damage and mitotic abnormalities. In this context, MiTF-mediated FANC protein expression appears to be a requirement to cope with the high replication activity of tumour cells. Accordingly, the siRNA-mediated silencing of a FANC protein (FANCA or FANCD2) was sufficient to slow tumour growth, even when MiTF overexpression was maintained [12].

We recently extended the FA-MiTF connection demonstrating that MITF is overexpressed in cells from FA patients, suggesting a regulatory loop in which MiTF induces the FANC proteins that, in turn, downregulate MiTF expression/activity. More importantly, in contrast with the transient p38/MiTF activation observed during stress-induced haematopoiesis, we demonstrated that the p38/MITF axis is constitutionally active and associated with BMF in Fanca -/-mice. Supporting the notion that the unscheduled and constitutional activation of the p38/ MiTF axis has pathological consequences, p38 inhibition or siRNA-mediated depletion of MiTF was sufficient to rescue HSCs defects in the Fanca -/-mice [121]. e previous observations shed light on two important physiologic aspects of the biology of both MiTF and FA. ey show the key role of MiTF as a biological rheostat, which turns on and off drivers for optimal cell differentiation and functionality, and indicate that the deregulation of its "normal" activity/activation, more than its loss-of-function, leads to pathology. Timely regulated and transient expression of MiTF is important to replenish peripheral blood and BM, whereas its constitutive expression influences BM physiology, affecting HSCs self-renewal and quiescence.

erefore, the attrition of the HSCs pool observed in FA, which has been associated with the inability of cells to recover from DNA damage and p53/p21 axis overactivation, are clearly reinforced by the concomitant loss of the MiTF off switch.

MiTF and lymphoid cells

Lacking B cell precursors within the BM, mi/mi mice rely upon other lymphatic sites, such as the spleen, for B cell development and maturation.

is phenotype was initially attributed to the osteopetrotic environment of the BM [140] and the presence of extracellular molecules, including RANKL, stromal-derived factor (SDF-1), B-cell lymphotactin chemokine (BLC) and interferon-β (IFN-β), which affect B cell behaviour [141] and [142]). However, in support of its direct involvement in B cell differentiation, MiTF is highly expressed in naive B cells to repress interferon regulatory factor 4 (IRF-4), a key factor for B cell activation and terminal differentiation in antibodysecreting plasma cells [START_REF] Lin | Active inhibition of plasma cell development in resting B cells by microphthalmia-associated transcription factor[END_REF]155]. Accordingly, defective MiTF activity results in spontaneous B cell activation and antibody and autoantibody secretion, while enforced MiTF expression suppresses the expression of IRF-4 and antibody secretion [START_REF] Lin | Active inhibition of plasma cell development in resting B cells by microphthalmia-associated transcription factor[END_REF]. E2A [41] and Bcl6 [5], which maintain high levels of MiTF in naive B cells, are silenced downstream the antigen-mediated BCR activation through Ca 2+ signalling-mediated calmodulin inhibition of E2A [41] and through the upregulation of miR-148a, which targets Bcl6 expression [131], leading MiTF downregulation and B cell terminal differentiation (Fig. 3).

Although NK cells differentiate normally in mi/mi mice, mi-Mitf impairs their cytotoxicity, sequestering key TFs or transcription regulators in the cytoplasm [46]. us, the expression of perforin, IL-12Rβ2, IL-18Rα, and the receptors for the proinflammatory cytokines IL-12 and IL-18, which mediate IFN-γ expression, is severely impaired in mi/mi NK cells [55,[START_REF] Kataoka | Reduced expression of IL-12 receptor beta2 and IL-18 receptor alpha genes in natural killer cells and macrophages derived from B6-mi/mi mice[END_REF]. e relatively mild phenotype observed indicates that MiTF has a redundant function in NK cell physiology than can be performed by other proteins in its absence.

Consequently, MiTF is involved in the immune responses of organisms, acting as an important rheostat regulating immature B cell activation and terminal differentiation, as well as promoting in the optimal cytotoxicity of NK cells.

MiTF and mast cells

Qi and collaborators identified the "pre-basophile and MC progenitors" (pre-BMPs), a subpopulation of the GMPs able to differentiate into basophiles or MCs [134]. A pre-BMP becomes a basophile when MiTF expression is silenced, while it will become an MC when MiTF expression is induced and maintained [145].

MiTF-A, MiTF-E, and MiTF-MC are the major isoforms expressed in MCs [150], which can also express MiTF-H and MiTF-M depending on physiological stimuli that modify both the promoter engagement and splicing [171]. MC proliferation is sustained by MiTF, which is induced by the stem cell factor (SCF)/c-kit signalling pathway, through the downregulation of miR-539 and miR-381 [START_REF] Lee | KIT signaling regulates MITF expression through miRNAs in normal and malignant mast cell proliferation[END_REF]. In turn, induced MiTF fosters c-kit expression. Accordingly, Mitf-mutated MCs respond poorly to SCF [26,27,172]. Other external stimuli such as IL-3, IL-4 and aggregated FCεRI proteins as well as activated PI3K pathway, p38α signalling and cytoplasmic adaptor protein SH3-binding protein 2 (3BP2) stabilize/increase MiTF protein synthesis or stability supporting MC differentiation [4,50,[START_REF] Ma | The PI3K pathway drives the maturation of mast cells via microphthalmia transcription factor[END_REF]114].

Page 7 of 15 Oppezzo and Rosselli Cell Biosci (2021) 11:18 In MCs, MiTF is negatively regulated by its interaction with HINT [START_REF] Lee | The function of lysyl-tRNA synthetase and Ap4A as signaling regulators of MITF activity in FcepsilonRI-activated mast cells[END_REF] or PIAS3 [START_REF] Levy | A new role for the STAT3 inhibitor, PIAS3: a repressor of microphthalmia transcription factor[END_REF]. Downstream IgE/ FcεRI signalling activation, lysyl-tRNA synthetase (LysRS) is phosphorylated in a MAPK-dependent manner and translocated into the nucleus, where it produces the diadenosine oligophosphate Ap4A, which binds to HINT, liberating MiTF [START_REF] Lee | The function of lysyl-tRNA synthetase and Ap4A as signaling regulators of MITF activity in FcepsilonRI-activated mast cells[END_REF]136,184,16]. e Mitf-PIAS3 interaction is lost as a consequence of MiTF phosphorylation in response to IL-6/IL-6R, SCF/ Kit or IgE/FcεRI signalling activation [START_REF] Levy | Role played by microphthalmia transcription factor phosphorylation and its Zip domain in its transcriptional inhibition by PIAS3[END_REF]158,159].

Separated from its interactors, MITF is free to regulate several genes encoding key proteins involved in MC differentiation and activity, including (a) the granzyme B (GrB), which mediates the cytotoxic activity of MCs [53]; (b) the tryptophan hydroxylase (TPH), the rate-limiting enzyme for serotonin synthesis (Ito et al. [53]); (c) the histidine decarboxylase (Hdc), which regulates histamine synthesis [START_REF] Li | The transcription factors GATA2 and microphthalmia-associated transcription factor regulate Hdc gene expression in mast cells and are required for IgE/mast cell-mediated anaphylaxis[END_REF], (d) the alpha-melanocyte-stimulating hormone (α-MSH) receptor (MC1R), which controls histamine release [2] and [3], and (e) the haematopoietic PGD2 synthase, which activates the cyclooxygenase pathway [106].

MiTF is also involved in the expression of several proteases stored in the secretory granules, including the endopeptidases [START_REF] Jippo | Deficient transcription of mouse mast cell protease 4 gene in mutant mice of mi/mi genotype[END_REF][101][102][103]105,109,118,119], the cathepsin G [START_REF] Jippo | Deficient transcription of mouse mast cell protease 4 gene in mutant mice of mi/mi genotype[END_REF], and the transmembrane tryptase (TMT) [104]. MiTF regulates the expression of several adhesion molecules, including the integrin α4 subunit [START_REF] Kim | Impaired expression of integrin alpha-4 subunit in cultured mast cells derived from mutant mice of mi/ mi genotype[END_REF], which anchors the MCs to the extracellular matrix in BM and peripheral tissues [38], the plasminogen activator inhibitor-1 (PAI-1), involved in the regulation of extracellular matrix turnover through the inhibition of fibrinolysis [111], and the spermatogenic immunoglobulin superfamily adhesion molecule (SgIGSF) [56], which plays a role in MC migration [57,107] and degranulation [58].

In quiescent MCs, MiTF interacts in the mitochondria with phosphorylated pyruvate dehydrogenase (PDH), a major regulator of the Krebs cycle that is essential for MC degranulation. In activated MCs, PDH is dephosphorylated and detached from MiTF to participate in degranulation.

us, MiTF appears to be a negative regulator of PDH activity [151].

MiTF is also involved in the termination of MCmediated responses. When the stimulus involved in the Fig. 3 MiTF in B cells. In the normal bone marrow microenvironment, MiTF is highly expressed in naive B cells, where it acts as a repressor of IRF4. After B cell activation, MiTF is downregulated following the inhibition of the E2A factor and the upregulation of miR-148, leading to an increase in IRF4, which is essential for B cell terminal differentiation in antibody-secreting plasma cells. The decreased number of B cells and B cell precursors observed in mi/mi mice can be attributed to both direct and indirect effects of MiTF deficiency in these cells. The lack of MiTF in immature B cells causes an increase in IRF4 expression, leading to diminished proliferative capacity and spontaneous plasma cell differentiation in the absence of external stimuli. Moreover, mi/mi mice are characterized by an osteopetrotic microenvironment, which indirectly leads to the depletion of B cell precursors. In particular, osteoblasts and stromal cells secrete abnormal levels of RANKL to counteract osteoclast dysfunction, thereby activating RANK-expressing cells, which in turn secrete higher levels of IFN-β, which is known to induce cytotoxicity in B cell precursors Page 8 of 15 Oppezzo and Rosselli Cell Biosci (2021) 11:18 activation of MCs is resolved, the downregulation of MiTF contributes to the progression of apoptosis and the elimination of exhausted MCs [START_REF] Martelli | Thrombopoietin inhibits murine mast cell differentiation[END_REF]173]. In summary, MiTF is a key hub in MC physiology during their differentiation and activation, channelling several extracellular signals to target genes. Accordingly, MCs from Mitf-mutant mice appear immature, failing to express genes critical for MC functions [START_REF] Kitamura | Effect of MITF on mast cell differentiation[END_REF]160,164], (Fig. 4).

MiTF and osteoclasts

MiTF is a major determinant of the behaviour of osteoclasts and it is involved in bone remodelling and BM functionality.

e MiTF-A isoform is steadily present in both progenitors and terminally differentiated OCs, whereas MiTF-E, undetectable in the progenitors, is strongly upregulated during osteoclastogenesis [START_REF] Lu | Mitf induction by RANKL is critical for osteoclastogenesis[END_REF].

Osteopetrosis, a condition in which the bone hardens, becoming denser, indicating diminished or deficient osteoclast activity, is a major phenotypic characteristic of mi/mi mice [45]. Supporting the key role of MiTFs in the terminal differentiation of OCs, the number of their mononuclear precursors is normal in mi/mi mice [49,[START_REF] Marks Sc | The hematogenous origin of osteoclasts: experimental evidence from osteopetrotic (microphthalmic) mice Page 13 of 15 Oppezzo and Rosselli Cell Biosci (2021) 11:18 treated with spleen cells from beige mouse donors[END_REF]160,169]. BM cell transplantation from normal donors rescues the osteopetrotic condition of the mi/mi mutant mice, demonstrating the haematopoietic origin of the OCs [178].

Interestingly, only the mi/mi mutation causes osteopetrosis; the tg/tg mice presented only minimal abnormalities during osteoclastogenesis (Steingrimsson et al. [161]). e previous difference in the osteopetrotic phenotype of the mi/mi and the tg/tg mice is due to two reasons: mi-Mitf sequesters partners involved in nuclear gene expression in the cytoplasm, and TFE3, expressed in the OCs, may serve as a backup for MiTF [30,[START_REF] Mansky | Microphthalmia transcription factor is a target of the p38 MAPK pathway in response to receptor activator of NF-kappa B ligand signaling[END_REF][START_REF] Mansky | The microphthalmia transcription factor and the related helix-loop-helix zipper factors TFE-3 and TFE-C collaborate to activate the tartrate-resistant acid phosphatase promoter[END_REF][START_REF] Martina | Novel roles for the MiTF/TFE family of transcription factors in organelle biogenesis, nutrient sensing, and energy homeostasis[END_REF]180]. Accordingly, whereas osteoclasts appear normal in tg/tg and TFE3-null mice, the combined loss of the two genes leads to severe osteopetrosis (Hershey and Fisher 43;Steingrimsson et al. [162]).

e MiTF/TFE3 redundancy establishes a critical role for the MiT family in osteoclastogenesis and provides an interpretation of why osteopetrosis in humans has not been related to MiTF genetic alterations.

Osteoclastogenesis depends on M-CSF and RANKL signalling. M-CSF promotes MiTF assembly with TFE3 in a MAPK/ERK signalling-dependent manner [181] or with PU.1 in an NADPH oxidase 2 (Nox2) and ERK signalling-dependent manner [113].

us, M-CSF promotes MiTF activity without increasing its protein level. In contrast, the combination of M-CSF and RANKL also increases the intracellular level of MiTF, mainly via the induction of the MiTF-E isoform. Indeed, RANKL induces the expression of the master osteoclast TF NFATc1, which supports MiTF-E expression [152] and Fig. 4 MiTF in mast cells. MiTF in mast cells is controlled by both positive and negative regulators: positive regulators can act either at the transcriptional level by increasing MiTF expression and at the post-transcriptional level by modulating MiTF activity and interactions with repressors, while negative regulators preferentially act at the protein level by binding to and inhibiting MiTF activity. Concerning its targets, MiTF controls the expression of proteins that are fundamental for both proliferation (i.e., growth factor receptors) and differentiation of mast cells. The latter include proteins stored in secretory granules, such as proteases, adhesion molecules and metabolic enzymes Page 9 of 15 Oppezzo and Rosselli Cell Biosci (2021) 11:18 in turn amplifies NFATc1-dependent gene transcription [START_REF] Lu | Mitf regulates osteoclastogenesis by modulating NFATc1 activity[END_REF]. e interaction of RANKL, IL-1, TGFβ and BMPs with their receptors also induces MiTF by activating transforming growth factor β (TGFβ)-activated kinase 1 (TAK1) [START_REF] Lamothe | TAK1 is essential for osteoclast differentiation and is an important modulator of cell death by apoptosis and necroptosis[END_REF], which regulates the activity and/or expression of p38 MAPK, Smad1/5/8, NF-κB, MiTF, PU. 1,and NFATc1 [92,[START_REF] Mansky | The microphthalmia transcription factor and the related helix-loop-helix zipper factors TFE-3 and TFE-C collaborate to activate the tartrate-resistant acid phosphatase promoter[END_REF]133]. e intracellular level of MiTF can be elevated by heat shock factor 1 (HSF1), a transcriptional regulator of heat shock and cell stress responses, which enhances osteoclast differentiation [18,19,176] or by POH1 (pad one homologue), a deubiquitinating enzyme and component of the 26S proteasome that limits MiTF proteasomal degradation, increasing de facto its level [147,148].

e transcriptional activity of MiTF is also fostered by p38 MAPK-dependent phosphorylation at its Ser-307, which allows the aggregation of a trimeric complex with the proto-oncogene FUS and the chromatin remodelling ATPase BRG1 [14].

Several factors inhibit MiTF activity in OCs. e Ikaros family protein Eos interacts with both MiTF and PU.1 to repress transcription at specific promoters through the recruitment of the corepressors Sin3A and CtBP [51]. In monocytic precursors, MiTF is excluded from the nucleus by its interaction with the chaperone-like adaptor 14-3-3 proteins and a Ser173 phosphorylated form of Cdc25C-associated kinase 1 (C-TAK) [13]. By inducing protein phosphatase 2A expression, RANK/RANKL signalling promotes pSer173 dephosphorylation, destroying the MiTF/C-TAK/14-3-3 complex and allowing MiTF nuclear translocation [148]. Several other factors bind and inhibit MiTF activity, including the MafB transcription factor [START_REF] Kim | MafB negatively regulates RANKL-mediated osteoclast differentiation[END_REF], PIAS3 [47], the histone deacetylase 7 [127, 163], and inhibitors of differentiation/DNA binding (Ids) and helix-loop-helix (HLH) transcription factors [START_REF] Lee | Id helix-loop-helix proteins negatively regulate TRANCE-mediated osteoclast differentiation[END_REF]. Finally, at least two miRNAs inhibit MiTF expression in OCs: miR-155, which is induced by the TGFβ1/ Smad4 pathway [189] or by interferon-β [187], and miR-340 [START_REF] Ma | Validation of downregulated microRNAs during osteoclast formation and osteoporosis progression[END_REF], which interacts with the two binding sites on the 3′ untranslated region (UTR) of the MiTF mRNA, leading to its degradation (Goswami et al. [36]; Zhao et al. [190]).

MiTF regulates OC differentiation, fusion and activity via its interactions with several other TFs, including AP-1, PU.1, eomesodermin (EOMES or Tbr2) [15,[START_REF] Luchin | Genetic and physical interactions between Microphthalmia transcription factor and PU.1 are necessary for osteoclast gene expression and differentiation[END_REF]116,146], TFE3, TFEC, NFATc1, MEF2 or proteins involved in transcriptional regulation as the coactivator P300/CBP [181].

Fig. 5 MiTF in osteoclast differentiation. MiTF is induced during osteoclastogenesis by both M-CSF, the cytokine responsible for the proliferation of osteoclast progenitors and their commitment towards an osteoclast fate, and RANKL, which induces the differentiation of osteoclasts through RANK signalling. M-CSF induces MiTF through the MAPK/ERK pathway, while RANKL signalling acts through the TAK1/p38 MAPK pathway. In parallel, RANKL also induces the expression of NFATc1, the other transcription factor essential for osteoclast differentiation. The MITF-PU.1 complex interacts with NFATc1 at osteoclast target gene promoters to initiate and maintain the expression of target genes. These genes encode markers of osteoclast differentiation, transmembrane proteins involved in the fusion of osteoclast precursors and enzymes involved in bone resorption Page 10 of 15 Oppezzo and Rosselli Cell Biosci (2021) 11:18 rough previous multiple interactions, MiTF regulates the expression of receptors and membrane-associated proteins involved in osteoclast fusion, such as the OC-associated receptor OSCAR (So et al. [157]); the subunit of the V-ATPase proton pump, V-ATPase d2 [29], the transmembrane 7 superfamily member 4 protein encoded by DC-STAMP [20], or the osteoactivin (OA) encoded by the GPNMB gene [139,153]. Finally, MiTF participates in the expression of genes encoding proteins involved in the bone resorption activity of mature, terminally differentiated osteoclasts, such as the osteoclast metalloprotein tartrate-resistant acid phosphatase TRAP [START_REF] Luchin | The microphthalmia transcription factor regulates expression of the tartrate-resistant acid phosphatase gene during terminal differentiation of osteoclasts[END_REF][START_REF] Mansky | The microphthalmia transcription factor and the related helix-loop-helix zipper factors TFE-3 and TFE-C collaborate to activate the tartrate-resistant acid phosphatase promoter[END_REF], Partington et al. [126]); the cysteine protease Cathepsin K (CTSK), which plays an essential role in the degradation of protein components of bone matrix [START_REF] Matsumoto | Essential role of p38 mitogen-activated protein kinase in cathepsin K gene expression during osteoclastogenesis through association of NFATc1 and PU.1[END_REF]108,124],and chloride channel 7 (Clcn7) and osteopetrosis-associated transmembrane 1 (Ostm1) proteins, which mutually localize at the membrane to regulate the acidity of the OC extracellular environment [START_REF] Meadows | The expression of Clcn7 and Ostm1 in osteoclasts is coregulated by microphthalmia transcription factor[END_REF].

us, in OCs, MiTF represents the converging point for the activity of multiple signal pathways, which independently regulate each other or, in cooperative manner, regulate the MiTF expression level and/or activity, highlighting its major role in OC biology (Fig. 5).

Conclusions

Since its discovery, MiTF has been shown to be a prominent key regulator of many aspects of melanocyte and melanoma biology. In this context, MiTF is unique among TFs for its ability to control a wide range of biological processes, such as cell proliferation, survival, differentiation, metabolism, invasion, senescence and DNA damage responses [35,[START_REF] Kawakami | The master role of microphthalmia-associated transcription factor in melanocyte and melanoma biology[END_REF]. Although still unclear, a master role for MiTF in some haematopoietic lineages cannot be ignored, notably in MCs and OCs, and for the homeostasis of the HSCs. On the previous basis, the expression of MiTF should be evaluated in other pathological situations in which BM fails, as well as in leukaemia, where its overexpression or loss-of-function may represent a driving force that allows the selection of clones bearing oncogenic mutations. For instance, subtle alterations in MiTF expression could participate in the emergence of leukemic clones in individuals with clonal haematopoiesis.

e pharmacological modulation of the MiTF expression could be useful for care in several pathological setting, as bone marrow failure and bone abnormalities.
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INTRODUCTION

Genetic instability, beyond being considered a key cancer hallmark 1 , is a major cell autonomous force in both cancer initiation and progression. Its role as a driving force of oncogenesis is supported by three main observations: a) the majority of solid tumors and leukemia consistently exhibit genetic instability, as revealed by both cytogenetic and sequencing data analyses 2 ; b) the high risk of cancer incurred by patients suffering from rare pathologies associated with mono-or biallelic inactivating germline mutations in genes encoding DNA damage response (DDR) proteins, which maintain genome stability 3 ; and c) inactivating mutations in DDR protein-encoding genes are frequently described in sporadic tumors 4 , suggesting that their inactivation facilitates cancer progression by increasing the mutational landscape.

Nevertheless, genetic instability is not sufficient for oncogenesis, and how it induces tumor progression is still unknown 5, 6 . Indeed, its contribution seems to be dependent on the type of tumor and is comparatively scarce in leukemia 2 . Moreover, recent published studies revealed the presence of somatic mutations in cancer-associated driver genes in healthy tissues and hematopoietic cells 7, 8 , raising questions about the cellular and microenvironmental context required to ensure cancer progression beyond the genetic instability and about the identity of additional associated determining factors.

Fanconi anemia (FA) is a human syndrome associated with DDR failure and the resulting genetic instability, leading to cancer predisposition 9 . FA is associated with developmental (skeletal) and reproductive abnormalities with bone marrow failure (BMF) and a high risk for developing myelodysplastic syndrome and acute myeloid leukemia (AML) 9 . FA is due to inactivating mono-or biallelic mutations in over 20 FANC genes, some of which have also been involved in other cancer predisposition syndromes 10, 11 . The FANC proteins constitute a pathway embedded in the DDR network and involved in DNA repair and replication rescue, ensuring the maintenance of genetic and chromosomal integrity 12 . Surprisingly, patients with mutations in the different genes that affect the functionality of the FANC pathway do not have the same spectrum of cancers 10, 13, 14 . In the absence of exogenous stress, most FANC-knockout (KO) mouse models fail to spontaneously develop leukemia, presenting with minor BMF defects, sterility and DNA damage hypersensitivity, attesting to the presence of major alterations in the DDR 15-18 .

Thus, even if myelodysplasia or AML in FA patients appears to be associated with some specific genomic abnormalities 19 , genetic instability per se seems to be insufficient for overt leukemic development in FA.

The transcription factor SPI1/PU.1, a master regulator in normal and stressed 4 hematopoiesis, behaves either as a tumor suppressor 20, 21 or an oncogene 22-24 . Its unrestrained expression in mice causes a hematological neoplasia precursor state characterized by anemia due to the blockage of erythroid differentiation of blasts whose expansion is still controlled by growth factors 25 a n d t h u s r e p r e s e n t s a n i n t e r m e d i a t e s t a t e t o w a r d s t h e d e v e l o p m e n t o f leukemia. Preleukemic erythroblastic cells expressing high levels of SPI1 display replicative stress 26, 27 , which might be cope by a proficient FANC pathway, limiting the genetic instability and tumorigenicity of SPI1-overexpressing preleukemic blasts.

To better understand the events underlying leukemic progression, we generated a mouse model of combined Fanca d e l e t i o n a n d S P I 1 o v e r e x p r e s s i o n t h a t p r e s e n t e d w i t h g e n e t i c instability and altered hematopoietic differentiation, respectively. In the present study, we show that FANCA loss-of-function and abnormally high SPI1 expression synergize during leukemogenesis. The depletion of FANCA leads to the progression to overt leukemia in Spi1/PU.1 transgenic mice by transcriptional reprogramming favoring the selection of mutated oncogenic cells without increasing the mutational load.
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METHODS

Mice and cell culture

Fanca +/-a n d TgSpi1 mice derived from the FVB/N and the DBA2/J background, respectively 16, 25 . Mice deficient in the Fanca gene and expressing TgSpi1 were generated by mating Fanca +/-mice with homozygous TgSpi1 mice to obtain double-heterozygous mice (F1) (Figure 1A). These F1 mice were then mated with Fanca +/-mice to generate mice harboring homozygous mutations of Fanca and heterozygous TgSpi1. The project was officially approved by the Animal Experimentation Ethics Committee (registered by the French Department of Research) and conducted in accordance with French laws and regulations. The resulting mice of the indicated genotypes were monitored for survival. When required, moribund mice were sacrificed for analysis of different biological parameters.

Cells from enlarged spleens of mice were cultured as described previously 25 . For γ secretase inhibition, cells were treated for 3 days with LY411575 (Sigma-Aldrich). Number of viable cells was determined with DAPI labeling (0.5µM) in 96-well plates by BD High Throughput Sampler (HTS) option from the cytoflex flow cytometer (Beckman Coulter). FACS data were analyzed using FlowJo v10.6.2 software (Tree Star).

TgSpi1 cells producing doxycycline-inducible shRNA against Spi1 (ShSpi1-A2C) have been described previously 28 . Spi1 s h R N A w a s i n d u c e d i n t h e p r e s e n c e o f 1 0 0 ng/mL doxycycline.

Real-time quantitative PCR (RT-qPCR)

Total RNA was isolated from cells using the RNeasy Plus Mini Kit or Maxwell RSC simplyRNA Cell Kit (Promega) and RT-qPCR was performed using TaqMan or SYBR Green technology as described in details in Supplementary data.

Bone marrow and spleen immunophenotyping by flow cytometry

Single-cell suspensions of freshly collected bone marrow cells were immunostained with APC-eFluor(R)780-conjugated rat anti-KIT (clone ACK2, eBioscience), FITC-conjugated rat anti-CD71, APC-conjugated rat anti-Ter119 and PE-conjugated streptavidin/biotin-conjugated rat anti-CD123 antibodies for the detection of erythroid progenitor (CFU-E) cells, as previously To add insight into the process of leukemic initiation and progression, we crossed Fanca +/- (FA +/-) mice 16 with transgenic mice constitutively expressing a Spi1 transgene (TgSpi1) 25 and backcrossed the first generation (F1) of TgSpi1FA +/-mice with Fanca +/-mice to obtain TgSpi1FA - /-mice (Figure 1A). The lack of Fanca e x p r e s s i o n w a s v e r i f i e d b y R T -q P C R , a n d t h e overexpression of SPI1 was confirmed by immunohistochemistry (Supplementary Figure S1A and B).

All mice appeared healthy at birth without congenital malformations or growth retardation.

At later ages, TgSpi1FA +/+ , TgSpi1FA +/-a n d TgSpi1FA -/-m i c e d e v e l o p e d a n e m i a a n d splenomegaly, leading to their death. However, although 67% of the TgSpi1FA +/+ mice died within 10 months from birth (median survival of 115 days), all of the TgSpi1FA -/-mice died within this time frame (median survival of 67 days) (Figure 1B; Supplementary Figure S1C).

TgSpi1FA +/-mice present with intermediary behavior, with a median survival of 105 days, and 20% of the animals were still alive at 10 months of age. None of the wild-type Fanca +/+ (WT, FA +/+ ) and Fanca -/-(FA -/-) mice developed a disease, clearly demonstrating that the pathology requires the unrestrained expression of SPI1. At death, TgSpi1FA +/+ and TgSpi1FA -/-mice showed a similar severity of anemia with a reduction in both the hemoglobin and hematocrit levels (Figure 1C andD). TgSpi1FA +/+ and TgSpi1FA -/-mice displayed a high number of total blood cells (>100 x10 3 /μL) (Figure 1E) and comparable splenomegaly (Figure 1F and G) with disrupted splenic architecture (Figure 1H). All these parameters indicate that their death occurs at a similar level of disease progression.

Taken together, our data demonstrate that FANCA loss-of-function accelerates the progression of the hemopathy associated with the unrestrained expression of SPI1 and allows for full disease penetrance.

Lack of FANCA does not modify the lineage specificity of leukemic cells associated with SPI1 overexpression.

To shed light on how loss of FANCA function leads to the observed acceleration and full penetrance of SPI1-associated disease, we characterized the nature of hematopoietic populations contributing to the disease. At death, the proportion of CD4 + CD8 -and CD4 -CD8 + T cells in the bone marrow (BM) was similar in all genotypes, while myeloid, CD11b + Gr1 + , and B lymphoid, CD19 + B220 + , cells were equally reduced in TgSpi1FA +/+ and TgSpi1FA -/-mice as in non-TgSpi1, FA +/+ and FA -/-mice (Supplementary Figure S2). surface markers and to the forward scatter (FSC) parameter 30, 31 . FACS analysis identified the following six cellular subpopulations: CD71 -Ter119 -(I); CD71 + Ter119 -(II, colony-forming unit erythroid, CFU-E); CD71 + Ter119 Med ( I I I , p r o -e r y t h r o b l a s t s , P r o -E ) ; a n d t h e t h r e e T e r 1 1 9 High subpopulations (IV) CD71 + FSC High or basophilic, CD71 + FSC Low or polychromatic, and CD71 - FSC Low or orthochromatic cells (Figure 2A and B). Compared to FA +/+ and FA -/-mice, which show similar profiles, TgSpi1FA +/+ and TgSpi1FA -/-mice displayed an increased proportion of CFU-E progenitors in their BM, to more than 50% of the total cell count. This is at the expense of basophilic, polychromatic and orthochromatic erythroblasts, indicating erythroid differentiation blockage consistent with the observed anemia (Figure 2B andC). Altered erythroid differentiation was also evident in the spleen, with a clear accumulation of CFU-E progenitors in TgSpi1 mice (Figure 2C). Similar populations were found between TgSpi1FA +/+ and TgSpi1FA -/- mice.

In conclusion, the proliferating blasts had an erythroid lineage origin in both TgSpi1FA +/+ and TgSpi1FA -/-mice. Thus, accelerated death and full penetrance of the TgSpi1-associated disease were not due to additional or alternative consequences on myeloid, B or T lymphoid cells due to FANCA loss of function.

Fanca deficiency promotes tumorigenicity associated with EPO independency.

Blasts isolated from the spleens of most sick TgSpi1 mice need erythroid growth factor erythropoietin (EPO) to be maintained in culture over a long period of time 25 . Accordingly, EPO starvation induced growth arrest and death of blasts issued from 80% of TgSpi1FA +/+ mice (Figure 3A, left panel, and B). In contrast, the proliferation of blasts issued from 82% of TgSpi1FA -/-mice was EPO independent (Figure 3A, right panel, and B). In addition, EPOindependent cells developed in situ tumors within three weeks from their subcutaneous injection into immunodeficient mice, while none of the EPO-dependent cell lines gave rise to tumors (Figure 3B).

T o s u s t a i n b l a s t p r o l i f e r a t i o n , E P O i n i t i a t e s s e v e r a l s i g n a l i n g p a t h w a y s v i a t h e a c t i v a t i o n of diverse effectors, including STAT5, AKT1 and ERK1/2. Accordingly, TgSpi1FA +/+ c e l l s cultured in the presence of EPO presented with STAT5, AKT1 and ERK1/2 phosphorylation, an indicator of their activation, which systematically decreased following EPO starvation (Figure 3C). In contrast, in TgSpi1FA -/-blasts, the activation of those signaling pathways was mainly independent of the presence of EPO. Interestingly, distinct signaling effectors were constitutively activated in cells derived from TgSpi1FA -/-mice; for instance, STAT5, AKT1 and ERK1/2 were 9 constitutively phosphorylated in #26 cells, whereas only AKT1 and ERK1/2 were phosphorylated in an EPO-independent manner in #28 cells (Figure 3C), suggesting different origins for their activation.

In different settings, it was previously shown that the absence of a FANC protein is associated with the activation of several signaling pathways, including the PI3K-AKT 32, 33 , ERK1/2 34 a n d S T A T 5 35 To add insight into the causes of EPO independence and tumorigenicity associated with loss of FANCA function, we performed whole-exome sequencing (WES) analysis of blasts isolated from the spleen of 5 TgSpi1FA +/+ and 9 TgSpi1FA -/-mice presenting with anemia and splenomegaly.

WES analysis demonstrated that the number of small mutations (<200 bp) with a variant allele frequency (VAF) above 15% (Supplementary Table S1) and of copy number variation (CNV) (>200 bp) (Supplementary Table S2 and Table S3) per spleen was comparable between TgSpi1FA +/+ and TgSpi1FA -/-mice (Figure 4A andB). We identified a mean of 11.8 nonsilent mutations (range 8-20) for TgSpi1FA +/+ and 11.2 (range 7-17) for TgSpi1FA -/-. Qualitatively, the type (transversion vs transition) as well as the single nucleotide variant (SNV) and indels resulting in protein variations (missense, nonsynonymous, splice site, stop-gain, frameshift and nonframeshift indels) were similar between TgSpi1FA +/+ and TgSpi1FA -/-cells (Figure 4C, D and E). Hence, even though TgSpi1FA -/-leukemic cells displayed higher levels of 53BP1 foci, DNA damage accumulation, chromosome breakage and intracellular radical oxygen species (ROS)
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Although we cannot exclude a non-cell autonomous effect, we provide experimental evidence that FANCA deficiency exerts a direct biological effect on leukemic cells that is not a consequence but a cause of the leukemic state. Comparing two models of leukemic progression carrying the same oncogenic mutations, one in the presence and one in the absence of FANCA, RNA-seq analysis revealed that the transcriptomic landscape of TgSpi1FA -/-leukemic cells was extremely divergent, not only from that of preleukemic TgSpi1FA +/+ cells but also from that of TgSpi1FA +/+ leukemic cells. Transcriptome analysis of TgSpi1FA -/-leukemic cells revealed a specific upregulation of complex gene networks known for their strong association with leukemia development. In particular, several membrane receptors/ligands or downstream signaling pathways, including WNT/β-catenin, NOTCH and RTK signaling, were transcriptionally up-or downregulated in Fanca-deleted leukemic cells. These targets were not differentially expressed between preleukemic and leukemic cells that expressed WT FANCA, indicating that transcriptomic deregulation is not a consequence of transformation but a direct consequence of FANCA loss of function.

Our data validate and extend several disconnected observations suggesting unscheduled activation of the WNT/β-catenin pathway in Fancc -/-mice 50 or the overexpression of Jagged1 (a Notch ligand) in FANCA -/-o r FANCC -/-c e l l s 51 . Unscheduled WNT/β-catenin and NOTCH activation has been described as synergistically involved in AML progression 52 . Here, in phosphorylation that fosters tumor growth and progression. Finally, the expression of Axl, Mertk and Tyro3 was reported cooperatively increased in human AML 57 as observed in the TgSpi1FA - /-leukemic cells. Collectively, our study reveals the coordinated overexpression of several genes encoding proteins whose convergent activity is a widely accepted driving force of cancer and leukemia initiation, progression and maintenance by fostering cell survival and proliferation.

Interestingly, an increase in the proliferation signal was also recently reported in FANCA- comparisons were performed: FA -/-to TgSpi1FA -/-; FA +/+ to TgSpi1FA +/+ and TgSpi1FA -/-to TgSpi1FA +/+ . For better visualization, only one * was written for all P values (P < 0.05), even if more highly significant. This combination of events underlies a rapid leukemic progression (bottom). Abstract: Fanconi anemia is a DNA repair deficiency syndrome associating developmental anomalies, bone marrow failure and leukemia predisposition. The principal function of the FANC/BRCA pathway is to maintain genomic stability dealing with DNA interstrand crosslinks repair and stalled replication forks. Despite the progress made in recent years, the exact mechanism by which the bone marrow failure arises is not completely understood. The objective of this project was to shed light on the cellular and molecular abnormalities characterizing the hematopoietic stem cells and their niche in Fanconi anemia. First, I demonstrated that Fanconi anemia cells are characterized by the constitutive expression of the Microphthalmia transcription factor (MiTF), which regulates hematopoietic stem cells quiescence. MiTF overexpression impacts hematopoietic stem cells self-renewal ability participating to their attrition.

deficient
Hematopoietic stem cells reside in the hematopoietic niche, which comprises many different cell types contributing to their homeostasis. Among these are the osteoclasts, giant multinucleated cells of hematopoietic origin capable of bone-resorption. Since MiTF participate also to osteoclasts differentiation, we hypothesize that, following its dysregulation, osteoclasts and therefore the niche may be dysfunctional and have an impact on the bone marrow failure and the development of cancer. My data shows that indeed there are major cellular and molecular alterations in the differentiation of osteoclasts isolated from Fanca-/-mice, associated with an alteration with p53 activity. The identification of the origins and consequences on the hematopoietic stem cells of such anomalies may contribute to a better definition of the pathophysiology of Fanconi anemia and may open new therapeutic perspectives for the patients.

Figure 1 .

 1 Figure 1. HSCs strategies. A. HSCs (orange) are characterized by the ability of self-renewal (generation of daughter stem cells) and differentiation in more mature cells (green). B. Model of asymmetric cell division: each stem cell gives rise to a stem cell and to a differentiated cell. C. Symmetric cell division: each stem cell give rise to either two stem cells or to two differentiated cells. D. Combination of asymmetric and symmetric cell divisions: in a stem-cell population each stem cell can divide either symmetrically or asymmetrically (from[START_REF] Morrison | Asymmetric and symmetric stem-cell divisions in development and cancer[END_REF].

Figure 2 .

 2 Figure 2. The hematopoietic hierarchy. Hematopoiesis has a hierarchical organization with LT-HSCs on top, giving rise to various type of progenitor cells that progressively lose their self-renewal potential as

Figure 3 .

 3 Figure 3. The BM niche. Simplified representation of the BM niche, with its various cell types, either of hematopoietic or non-hematopoietic origin (from Morrison and Scadden, 2014).

Figure 4 .

 4 Figure 4. The BM anatomy. A. Anatomy of long bones. B. The endosteum (from Morrison and Scadden, 2014).

Figure 5 .

 5 Figure 5. Osteoblast differentiation. The MSCs are directed toward the OBs lineage by means of the signaling by members of the canonical Wnt/ β-catenin pathway. To do so the osteogenic transcription factors Runx2 and osterix must be induced. Immature OBs express low levels of alkaline phosphatase

Figure 6 .

 6 Figure 6. Osteoclast differentiation. The two cytokines that induce osteoclasts differentiation are M-

Figure 7 .

 7 Figure 7. Regulation of the cell cycle of HSCs. HSCs progress through the four phases of the cell cycle (G1, S, G2 and M phase) like all somatic cells. Cells that pass the restriction point in the G1 phase are allowed to progress through the cell cycle and divide, while non-dividing cells can enter the G0 phase and can reversibly re-enter the cell cycle or become quiescent under the influence of either intrinsic and extrinsic factors, losing the ability to cycle and sometimes becoming senescent (from Nakamura-Ishizu, 2014).

Figure 8 .

 8 Figure 8. SCF/c-kit signalling. SCF binding to its receptor c-kit causes the latter to homodimerize and activates its intrinsic tyrosine kinase activity, which will lead to the activation of multiple signalling pathways: the RAS-RAF-MEK-ERK pathway, involved in motility, migration and invasion, as well as in angiogenesis and proliferation; the PI3K/AKT signalling, associated with angiogenesis and cell survival; PLC-γ signalling, which regulates cell proliferation and survival; JAK/STAT signalling, involved in cell

  Each ligand generally signals through a specific combination of receptors, with TGF-band Activin specifically activating R-SMAD2 and 3, and Bone Morphogenetic Proteins (BMPs) specifically activating R-SMAD1, 5 and 8 (Heldin, 1997) (Fig.9).

Figure 9 .

 9 Figure 9. TGF-b signalling. The TGF-b superfamily of ligands comprises the TGF-b family, the activins and the bone morphogenetic proteins; each of these subfamilies binds to a specific set of type I and type II receptors. Upon ligand binding, type I receptors become activated and phosphorylate receptor-activated Smads, or R-Smads, which change their conformation and therefore become able

Figure 10 .

 10 Figure 10. Interferons signalling. The IFN-a/b and IFN-g, also known as "antiviral interferons", activate upon binding their respective receptors, which in turn phosphorylate STAT2, leading to the formation of the interferon stimulated gene factor 3 (ISGF3-3), which consists of STAT2, STAT1, and IRF9. This complex binds to interferon-sensitive genes promoters containing interferon-stimulated response element (ISRE) DNA motif. IFN-g (also known as antibacterial interferon) as well as IFN-a/b signalling can also induce STAT1 homodimers formation, which can bind the canonical g-interferon activation sites (GAS) elements,

Figure 11 .

 11 Figure 11. TNF-a signalling. TNF-α can bind to two different receptors: TNF-a receptor 1 (TNFR 1) and TNF-a receptor 2 (TNFR 2). Upon ligand binding, TNFR 1 recruit the adaptor protein TNFR1 associated death domain protein (TRADD), which, through the Fas-associated death domain (FADD)/caspase signalling induces apoptosis. Alternatively, TNF-a can also mediate inflammation and survival through the activation of TNF receptor-associated factor 2 (TRAF2), which activate the JNK, MAPK and NF-kB signalling (from[START_REF] Wu | TNF-alpha/NF-kappaB/Snail pathway in cancer cell migration and invasion[END_REF].

Figure 12 .

 12 Figure 12. Canonical and non-canonical Wnt pathway. In the canonical pathway, Wnt binding to the Frizzled receptor and LRP co-receptor leads to the sequestration of the β-catenin destruction complex (composed of axin, APC, CK1 and GSK3β) leading to an accumulation of β-catenin in the cytoplasm and its translocation to the nucleus where it can start the transcription of its target genes. In the non-canonical pathway, Wnt binding to the Frizzled receptor and ROR2 co-receptor leads to the activation of Dishevelled (Dvl), which can activate different effectors and transcriptional programs (from Patel, 2019).

Figure 13 .

 13 Figure 13. Hedgehog signalling pathway. Upon Hh ligand binding SMO is activated and activates the glioma-associated oncogene (GLI) transcription factors, which migrate into the nucleus and activate its target genes (from Ding and Wang, 2017).

Figure 14 .

 14 Figure 14. DSBs repair pathways choices. A. HR repair: the MRE11-RAD50-NBS1 (MRN) complex recognizes DSBs and activates ATM kinase, which initiates the DDR. End resection from 5' to 3' is mediated by CtIP nuclease activity and leads to the formation of single-strand DNA (ssDNA), which is coated with DNA replication protein A (RPA) and activates the Ataxia Telangiectasia and Rad3-related protein (ATR) response to facilitate HR repair. RPA is then replaced by RAD51 nucleoprotein on ssDNA, which performs homology sequence searching and mediates strand invasion. Finally, DSBs are restored by branch migration of the joint DNA molecule, DNA synthesis and ligation. B. NHEJ repair: the end-binding KU70/80 complex and DNA-PKcs process the two broken ends and XRCC4-ligase IV perform the final ligation (from Peng and Lin, 2011).

Figure 15 .

 15 Figure 15. p53-mediated DNA damage response. In unstressed cells the E3 ligase MDM2 target p53

Figure 16 .

 16 Figure 16. Genes mutated in FA patients and FA-associated genes (from Niraj, 2019).

Figure 17 .

 17 Figure 17. Schematic representation of the FA protein groups.In the presence of an ICL that leads to stalled replication forks, all the group I FA proteins shuttle into the nucleus to form the FA core complex to monoubiquitinate FANCD2 and FANCI (group II), which assemble to subnuclear foci where they colocalize with several other proteins involved in homologous recombination, including other FANC and FANC-like representatives. The USP1:UAF1 dimer deubiquitinates both FANCD2 and FANCI (fromGueiderikh, 2017).

Figure 18 .

 18 Figure 18. Example of ICL induced by cisplatin (from[START_REF] Deans | DNA interstrand crosslink repair and cancer[END_REF].

Figure 19 .

 19 Figure 19. Coordination of multiple DNA repair pathways in a common DNA ICL repair pathway. a,b. FANCM-FAAP24-MHF1-MFH2 or UHRF1 recognize stalled replication forks at ICLs and the eviction

Figure 20 .

 20 Figure 20. Typical chromosomal aberrations induced by MMC in FA. (a) Chromatid gap; (b) chromatid break; (c) triradial; (d) quadriradial; (e) chromatid interchange figures (from Oostra, 2012).

Figure 21 .

 21 Figure 21. A dysregulated p53/p21 DNA damage response contributes to the impairment of the HSCs pool participating to the bone marrow failure in FA (from Ceccaldi, 2012).

Figure 22 .

 22 Figure 22. Contribution of the TGF-b signaling pathway to the pathogenesis of FA. Increased TGFb signalling in FA pathway-deficient HSPCs results in an increased NHEJ repair with a concomitant decrease in HR and contributes to HSCs loss and BMF. TGF-b inhibition, on the other hand, leads to an increase in HR and a decrease in NHEJ, improving HSCs survival (from Zhang, 2016).

  hematopoiesis and/or in cells of hematopoietic origin, including hematopoietic stem cells, mast cells, NK cells, basophiles, B cells and osteoclasts. This role for MiTF in the context of hematopoiesis is discussed in more detail in the Annex I, containing my review « Oppezzo A, Rosselli F. The underestimated role of the microphthalmia-associated transcription factor (MiTF) in normal and pathological hematopoiesis. Cell Biosci. 2021 Jan 13;11(1):18 ».

Figure 24 .

 24 Figure 24. MiTF in the regulation of osteoclasts differentiation (fromOppezzo and Rosselli, 2021).

Figure 25 .

 25 Figure 25. Relationship between MiTF and the FA pathway in melanoma. MiTF controls the expression of FANC genes/proteins, which are responsible for DNA repair, replication safeguard and

  production, response and sensitivity to growth factors and pro-inflammatory cytokines as well as an unscheduled activation of several stress signalling pathways, such as p38MAPK, PI3K/AKT, NF-kB and p53, suggesting an involvement of the FANC proteins in activities other than DNA repair. The p38MAPK pathway is an important signal transduction pathway strongly activated by stress and a key factor involved in awakening quiescent hematopoietic stem cells (HSCs) in WT mice following stress inputs. In such stress settings, the action of the p38MAPK signalling pathway on HSCs homeostasis goes through the activation of MiTF in order to stimulate purine metabolism, HSCs proliferation and finally BM repopulation. MiTF positively regulates FANC pathway expression in order to allow optimal DNA repair, replication safeguard and resistance to DNA damage in highly proliferative melanoma cells. The aim of the first part of my thesis was therefore to study the interplay between the FANC pathway, the stress signalling pathways and MiTF in the development of BMF and the cancer initiation and progression in the context of FA.In the second part of my project, I investigated the role of the BM niche in the development of BMF, a new approach to elucidate the pathogenesis of this disease, historically focused on the anomalies concerning the HSCs and not their environment.A series of observation led us to hypotesize that the hematopoietic niche and, in particular, OCs may be dysfunctional in FA, participating to development of BMF: FA patients show an elevated incidence of skeletal abnormalities and osteoporosis; their cells show an aberrant activation of the stress signalling pathways (p38MAPK, PI3K/AKT and NF-kB) which are activated in the OCs differentiation process; MiTF is an essential factor in osteoclastogenesis; finally, a reduced number of OCs correlate with a reduced number of HSCs in vivo. Therefore, I hypotesize that FA proteins may influence BM niche homeostasis by acting on OCs differentiation and eventually contributing to the skeletal anomalies, as well as to the BMF. Results 1) Role of MiTF in the BMF in FA The results of the first part of my project have been published in The Journal of Clinical Investigation (Oppezzo A, Bourseguin J, Renaud E, Pawlikowska P, Rosselli F. Microphthalmia transcription factor expression contributes to bone marrow failure in Fanconi anemia. J Clin Invest. 2020 Mar 2;130(3):1377-1391).

Figure 1 .Figure 2 .

 12 Figure 1. FANC core complex loss of function is associated with MiTF overexpression. (A) Representative Western blots illustrating MiTF expression in lymphoblasts from WT healthy (HSC93, SNW646, GM0131) or FA donors HSC99 (FANCA -/-, FA-A), HSC536 (FANCC -/-, FA-C), HSC72 (FANCA -/-, FA-A), GM16756 (FANCD2 -/-, FA-D2), or FA cells complemented with the corresponding WT FANC gene (HSC536CORR and HSC72CORR). We performed at least 5 individual experiments for each cell line, with similar results. (B) qRT-PCR of MiTF mRNA expression in the indicated cell lines. In each experiment, MiTF expression was first normalized to that of Actin (internal control) and then normalized to the MiTF/Actin ratio in control HSC93 cells, which was set as 1 in each experiment. Data are shown as mean ± SEM of n = 3 (FANCM -/-, GM16756), n = 6 (HSC72, HSC72CORR, HSC536, HSC536CORR), and n = 18 (HSC93, HSC99) experiments. (C) RT-PCR analysis of MiTF-A, MiTF-C, MiTF-E, and MiTF-M isoforms in cells from WT (HSC93, SNW646) or FA (HSC72, HSC99, HSC536) donors. (D) Representative Western blots (n = 3) showing Mitf expression in WT, Fanca -/-, or Fancc -/-MEFs collected at the indicated time points after seeding. (E) qRT-PCR of Mitf expression in the same cells and conditions described in D. qRT-PCR data were normalized against Oaz1 RNA and normalized to the Mitf/Oaz1 ratio in WT cells at 24 hours, which was set as 1. Data are shown as mean ± SEM of n = 5 experiments. (F) Representative Western blot (n = 2, left) and qRT-PCR data (right) showing Mitf expression in WT, Fanca -/-, or Fancd2 -/-MEFs 72 hours after seeding. RNA samples were analyzed as described in E. Data are shown as mean ± SEM of n = 3 experiments. β-Actin was used as a loading control for A, D, and F. Statistical significance was assessed using an unpaired 2-tailed t test with Welch's correction (B and F) or 1-way ANOVA with Bonferroni's correction (E). *P < 0.05; **P < 0.01; ***P < 0.001.

  F . Therefore, exposure to TGF-β, activin A, or both data not shown in FA cells is not suf icient for Mitf induction, despite the induction of pSmad / and phosphorylated p p-p , suggesting that Mitf expression in FA MEFs requires the presence of still undetermined factors secreted into the culture medium by FANC pathway-de icient cells or that exposure to TGF-β and/or activin A also induces Mitf inhibitor s . However, to more directly ascertain the involvement of pSmad / and/or p-p in MiTF expression in FA, we evaluated the expression of the transcription factor by quantitative RT PCR qRT PCR in MEFs exposed to either p MAPK inhibitors SB and BIRB or pSmad / inhibitors SIS and SD . All inhibitors reduced Mitf expression Figure G , supporting the involvement of both signaling pathways in Mitf expression downstream of FANC pathway loss of function. Since the observed strong p and Smad / activation induced by exogenous exposure to TGF-β or activin A failed to induce Mitf Figure F , whereas the inhibition of their activity signi icantly reduced Mitf expression Figure G , it appears that p and Smad / signaling are necessary but not suf icient to induce Mitf expression. Alternatively, exposure to exogenous TGF-β or activin A could also activate repressor s of Mitf expression. Multiple routes lead to MiTF induction in FA cells. As in MEFs, high MiTF expression in human FA lymphoblasts Figure , A and B, and Figure A is also associated with increased phosphorylation of SMAD / and p Figure , B D , and MiTF is downregulated by their inhibition Figure , E and H, and data not shown . Subsequently, we examined the presence of TNF-α, TGF-β, and/ or activin A in the culture medium of human lymphoblasts. As expected , , we identi ied increased levels of TNF-α in FA-derived conditioned medium, but we did not detect differences in either TGF-β or activin A levels in the culture medium from FANC pathway-pro icient or FANC pathway-de icient cells Figure F and data not shown . Moreover, exposure to TGF-β, activin A, or TNF-α was unable to induce or modify MiTF expression in WT, FANCA -/-, or FANCC -/-cells Figure , C, D, and G, and data not shown . Thus, as previously observed in MEFs, other stillundetermined factors contribute together with TGF-β, activin A, or TNF-α to MiTF expression, or the exogeneous treatments also induce unidenti ied MiTF inhibitor s . TNF-α oversecretion in FA was associated with activation of NF-κB , , which is known to target the MiTF gene downstream of TNF-α . Thus, we examined MiTF expression by qRT PCR in cells treated not only with p and/or pSMAD / inhibitors, but also with curcumin or NEMO-binding domain binding peptide NBD , NF-κB inhibitors. In response to p inhibition by SB or SMAD / inhibition by SIS , NF-κB inhibition by curcumin or NBD decreased MiTF expression Figure H . Notably, the combined inhibition of SMAD, p , and/or NF-κB signaling had minimal additional effects Figure H and data not shown . Final-pC-treated mice demonstrated reduced colony formation pro iciency, a defect that was rescued by in vitro culture in the presence of the p inhibitor SB Figure C . Subsequently, we administered the p inhibitor to pI:pC-treated mice for days before isolating BM cells to monitor their capacity to form CFUs in vitro, which appeared to be largely rescued Figure D .

  Figure F . LSKs from Fanca -/- mice also presented an increased level of spontaneous DNA damage Figure G , which was recognized as a key factor underlying defects in regaining quiescence , , . Similar to observations in Fancd -de icient mice in response to Smad signaling inhibition , p inhibition rescued both dormancy and DNA damage in Fanca -/-mice Figure , F and G .

  Figure A . Moreover, Mitf overexpression was also observed at both the protein and RNA levels in Fanca -/-LSK cells, and it was normalized by in vivo exposure to SB Figure B . Finally, in accordance with previously published data and in association with p-p induction Figure B , pI:pC treatment also increased Mitf expression in LSK cells isolated from WT mice to a level similar to that observed in Fanca -/-cells Figure C . Next, we isolated LSK cells from Fanca -/-mice, infected them with a retroviral construct bearing a shRNA sequence targeting Mitf, and analyzed the effect of Mitf downregulation Figure D on colony formation by a replica plating approach Figure D and on DNA damage by examining the presence and level of γ-H ax foci Figure E . As previously observed following p Figure G or Smad signaling inhibition, shRNA-infected, Mitf-downregulated Fanca -/-LSK cells exhibited recovered colony-formation capabilities Figure D and rescued DNA damage Figure E . To add insight into the role of Mitf in FA, we looked at several downstream end points. The siRNA-mediated downregulation of Mitf or the inhibition of p signaling signi icantly reduced the expression of both Noxa and Puma Figure A , p targets potentially involved in the proapoptotic phenotype that characterizes FA cells in vitro , and in vivo , , . Mitf downregulation or the inhibition of p signaling also reduced the expression of Impdh , which is involved in purine metabolism , reported as de icient in FA and possibly associated with the replication abnormalities of the FANC pathway-de icient cells. Notably, in accordance with the direct involvement of Mitf in Fanc gene expression , , the level of Fancc mRNA in Fanca -/-cells Figure B or of Fanca mRNA in Fancc -/-cells data not shown was higher than in WT cells; again, this change is normalized by Mitf downregulation or p inhibition.

Figure 3 .

 3 Figure 3. Multiple routes lead to MiTF expression. (A and B) Relative MiTF (A) or pSMAD2/3 (B) levels evaluated by FACS in indicated cell lines. Data are shown as mean ± SEM. (A) n = 14 (HSC93, HSC99), n = 4 (HSC72, HSC536). (B) n = 6 (HSC93, HSC99), n = 4 (HSC72), and n = 3 (HSC536). (C and D) Western blots illustrating MiTF, pSMAD2/3, and p-p38 expression in extracts from WT, FANCA -/-, or FANCC -/-cells, treated (6 hours) or not treated with 10 ng/mL of TGF-β, activin A, or TNF-α. Vertical lines (C) separate noncontiguous samples migrated on the same gel. Vertical lines in D were added to improve readability. (E) Western blots showing MiTF and p-p38 expression in FANCA -/-or FANCC -/-cells treated with the p-p38 inhibitor SB203580. β-Actin was used as a loading control. (F) TNF-α concentration (pg/mL) measured by ELISA in supernatants from indicated WT or FANC pathway-deficient cells 48 hours after seeding. Data are shown as mean ± SEM (n = 5). (G) Relative MiTF expression evaluated by qRT-PCR in FANCA -/-cells (HSC99) 6 hours following exposure to 10 ng/ mL TGF-β, activin A, or TNF-α. Data are shown as mean ± SEM (n = 3). (H) Relative MiTF expression evaluated by qRT-PCR in FANCA -/-lymphoblasts treated for 2 hours with DMSO, SB203580 (10 μM), BIRB-796 (10 μM), SIS3 (2.5 μM), SD208 (10 μM), curcumin (50 μM), LY294002 (10 μM), and NBD (1 μM). The results were normalized against Actin expression and calculated relative to untreated cells (n = 5 [NT, DMSO, SB203580, BIRB-796, SIS3, SD208, SB203580 + SIS3], n = 4 [curcumin], and n = 3 [LY294002 and NBD]). (I) Western blots showing MiTF and pAKT expression in WT and FANC pathway-deficient cells. β-Actin was used as a loading control. (J) Summary of our previous observations combined with data from the literature. Statistical significance was assessed using an unpaired 2-tailed t test with Welch's correction (F) or 1-way ANOVA with Dunnett's correction (A, B, G, and H). *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 4 .

 4 Figure 4. Fanca -/-mice display altered BM homeostasis. (A) Schematic representation of the HSC hierarchy and colony stages. (B) Gating strategy for the analysis of the LSK fraction and its 3 subpopulations, long-term HSCs (LT-HSCs, Flt3 -CD34 -), short-term HSCs (ST-HSCs, Flt3 -CD34 + ), and multipotent progenitors (MPPs, Flt3 + CD34 + ). (C) Percentages of LSK cells, LT-HSCs, ST-HSCs, and MPPs calculated among the total numbers of Lin -cells in young (3 to 6 months old) and old (more than 1 year old) WT and Fanca -/-mice. Each point represents a single mouse. (D) WT and Fanca -/-CFUs of different colony types after LSK plating and 7 days of culture (n = 3). (E) Bottom left: representative images after immunohistochemical staining of GFP-positive cells in the BM sections of recipients. Bottom right: graph of donor chimerism in the circulating blood 4 weeks after LSK + competitor transplants (n = 3). Scale bars: 50 μm. Statistical significance was assessed using an unpaired 2-tailed t test with Welch's correction (C, D, and E). *P < 0.05; **P < 0.01.

  DNA Polymerase Thermo Scientific, EPO . The following primers Eurogentec were used for qRT-PCR: Pan-MiTF forward, ′-CGAGCTCATGGACTTTCCCTTA ′ and reverse, ′-CTTGATGATCCGATTCACCAAA ′ , actin forward, ′-GACGGCCAGGTCATCACTATTG ′ and reverse, ′-AGGAAG-GCTGGAAAAGAGCC ′ , Oaz forward, ′-TTTCAGCTAGCATCCT-GTACTCC ′ and reverse, ′-GACCCTGGTCTTGTCGTTAGA ′ , IMPDH forward, ′-CTTGCTGGTGTGGATGTAGTGG ′ and reverse, ′-GCCTCCAATGACCTGTAGACTG ′ , PUMA forward, ′-GCGGCGGAGACAAGAAGA ′ and reverse, ′-AGTCCCATGAA-GAGATTGTACATGAC ′ , NOXA forward, ′-TCGCAAAAGAG-CAGGATGAG ′ and reverse, ′-CACTTTGTCTCCAATCCTCCG ′ , FANCA forward, ′-CCCTGACTTCTTAAACAGCCTC ′ and reverse, ′-CTGGAATGTGAAACACGTACCT ′ , and FANCC forward, ′-TGCCTGAGAAGGATGGAGTGCT ′ and reverse, ′-CCGT-CAGTTTCCAGCAGCACAA ′ . The following primers Euro gentec were used for PCR: GAPDH forward, ′-GAAGGTGAAGGTCG-GAGT ′ and reverse, ′-GAAGATGGTGATGGGATTTC ′ , MiTF A forward, ′-TGAAGAGCCCAAAACCTATTACGA ′ , MiTF C forward, ′-CTTCAGTGGTTTTCCCACGAGCT ′ , MiTF E forward, ′-AGTAGCAGGGGTTAGTAGGTGGAT ′ , and MiTF M forward, ′-CCTTCTCTTTGCCAGTCCATCTTC ′ . A common MiTF reverse primer ′-GATCAATCAAGTTTCCCGAGACAG ′ was used for all MiTF isoforms. ELISA. TGF-β MB B and DB B , activin A DAC B , TNF-α MTA B and DTA D , and IL β MLBOOC and DLB were measured by sandwich ELISA according to the manufacturer's instructions R&D Systems , and the analyses were performed using a VICTOR Multilabel Plate Reader PerkinElmer .

Figure 5 .

 5 Figure5. p38 Abnormalities in HSCs from Fanca -/-mice. (A) Immunohistochemical staining of p-p38 in BM sections of WT and Fanca -/-mice treated or not with 50 mg/kg SB203580 i.p. daily for 12 days. Scale bars: 100 μm. (B) p-p38 Protein expression level measured by FACS (right) in LSK cells from untreated WT and Fanca -/-mice or from WT mice treated i.p. with pI:pC (5 mg/kg) 24 hours before. Each point represents a single mouse. (C) Colony-forming hematopoietic progenitor frequency counted 7 days after plating of LSK cells from WT and Fanca -/-mice (n = 3) treated 24 hours before with pI:pC (5 mg/kg). LSK cells were cultured with or without SB203580 (20 μM). (D) WT and Fanca -/-colony-forming hematopoietic progenitor frequency after a dose of pI:pC and in vivo treatment with SB203580 (50 mg/kg). Each point represents a single mouse. (E) Successive seeding of WT and Fanca -/-progenitors with or without TNF-α in MethoCult 3434 medium after replating at 3 × 10 3 cells per dish in triplicate. Each point represents the mean value of 3 independent experiments started with 3 different mice. (F) Middle: Gating strategy to assess the percentage of cycling cells through the use of the Ki67 + intracellular marker. Bottom: percentages of cycling LT-HSCs from WT and Fanca -/- mice treated or not with a dose of SB203580 (50 mg/kg) for 24 hours. Each point represents a single mouse. (G) Bottom: Quantification of γ-H2ax foci per cell (left) or γ-H2ax-positive LSK cells (right) sorted from mice treated with a dose of pI:pC (5 mg/kg), followed or not by successive treatment with SB203580. Middle: representative image of Fanca -/-or Fanca -/-LSK cells treated with SB203580. Scale bars: 10 μm. Each point represents a single mouse. Statistical significance was assessed using an unpaired 2-tailed t test with Welch's correction (C, D, F, and G) or 1-way ANOVA with Dunnett's correction (B). *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 6 .

 6 Figure 6. Mitf overexpression participates in altered BM homeostasis in Fanca -/-mice. (A) qRT-PCR analysis of Mitf expression in BM from WT and Fanca -/-mice. The results were calculated relative to WT BM and normalized against Oaz1. Each point represents a single mouse. (B) Left: Mitf protein expression measured by FACS in LSK cells from mice treated with a single dose of pI:pC (5 mg/kg) followed or not by SB203580 (50 mg/kg) injections once a day for 12 days. Right: qRT-PCR analysis of Mitf gene expression in sorted LSK cells from mice treated with a single dose of pI:pC (5 mg/kg) followed or not by SB203580 (50 mg/kg) injections once a day for 12 days. The results were calculated relative to WT LSK cells and normalized against Oaz1. Each point represents a single mouse. (C) Mitf expression in WT, WT pI:pC-treated, and Fanca -/-mice. (D) Left: validation of Mitf silencing after retroviral infection with a GFP-tagged shMitf-containing vector and GFP-positive LSK cells sorted 48 hours after infection. Right: colony-forming hematopoietic progenitor frequency from LSK cells isolated from WT and Fanca -/-animals infected with retroviruses expressing shScramble-GFP or shMitf-GFP (n = 6). (E) Quantification of γ-H2AX-positive LSK cells isolated from WT and Fanca -/-animals infected with retroviruses expressing shMitf-GFP (n = 6). Statistical significance was assessed using an unpaired 2-tailed t test with Welch's correction (A, B, D, and E) or 1-way ANOVA with Dunnett's correction (C). *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 7 .

 7 Figure 7. Mitf downregulation or p38 inhibition normalizes gene expression in Fanca -/-or Fancc -/-cells. (A) qRT-PCR analysis of Mitf, Puma, Noxa, and Impdh2 expression in WT, Fanca -/-, or Fancc -/-MEFs under basal conditions after siRNA-mediated MiTF downregulation or a 2-hour treatment with the p38 inhibitor SB203580. In each individual experiment, Mitf, Puma, Noxa, and Impdh2 expression were first normalized to that of Oaz1 (internal control) and then normalized to the Mitf, Puma, Noxa, or Impdh2/Oaz1 ratio of the WT MEFs, which was set as 1 in each experiment. Data are shown as mean ± SEM of n = 5 experiments. (B) qRT-PCR analysis of Fancc expression in WT or in Fanca -/-MEFs under basal conditions after siRNA-mediated Mitf downregulation or a 2-hour treatment with the p38 inhibitor SB203580. (C) Schematic model combining our observations with state-of-the-art knowledge concerning the effects of FANC pathway inactivation on BM homeostasis. Statistical significance was assessed using 1-way ANOVA with Dunnett's (A) or Bonferroni's (B) correction. *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 1 .

 1 Figure 1. Fanca-deficiency associates with an altered osteoclastogenesis. A. Schematic representation of the strategy used to differentiate OCs ex vivo from the BM of WT and Fanca - /-mice. B. Representative images of TRAP staining of OCs from WT and Fanca -/-mice at day 5 of differentiation. 10x scale bar: 100 um. C. Representative images of F-Actin Immunofluorescence of OCs from WT and Fanca -/-mice at day 5 of differentiation. Scale bar: 100 um. D. Number of OCs for field (left), number of nuclei for OC (middle) and surface for OC (right) at day 3, 4 and 5 of differentiation. E. Representative images after TRAP staining of OCs from WT and Fanca -/-mice at day 4 of differentiation after treatment at the indicated doses of RANKL. Scale bar: 100 um. F. Number of OCs for field (left), number of nuclei for OC (middle) and surface for OC (right) at day 4 of differentiation after treatment at the indicated doses of RANKL.

Figure 2 .

 2 Figure 2. The absence of Fanca associates with an increased genomic instability. A. Relative Fanca expression evaluated by qRT-PCR in progenitors and OCs at day 4 of differentiation from WT and Fanca -/-mice. Data are shown as mean ± SEM. B. Western blot showing Fanca in OCs from WT and Fanca -/-mice at day 4 and 5 of differentiation. -Actin was used as loading control. C. Representative images of 53BP1 and F-Actin Immunofluorescence of Fanca -/-mice at day 5 of differentiation. Scale bar: 100 um. D. % of 53BP1 positive cells calculated in mononucleated cells and OCs from WT and Fanca -/-mice at day 3 and 4 of differentiation.

Figure 3 .

 3 Figure 3. Fanca-deficiency leads to an impaired osteoclastogenesis at the molecular level. A. Top: Relative Rank and M-Csfr expression evaluated by qRT-PCR in progenitors and OCs at day 4 of differentiation from WT and Fanca -/-mice. Data are shown as mean ± SEM. Bottom: Western blot showing M-Csfr and Rank in OCs from WT and Fanca -/-mice at day 4 and 5 of differentiation. -Actin was used as loading control. B. Top left: Relative Nfatc1 expression evaluated by qRT-PCR in progenitors and OCs at day 4 of differentiation from WT and Fanca -/-mice. Data are shown as mean ± SEM. Top right: Relative protein expression of Nfatc1 from WT and Fanca -/-mice at day 4 and 5 of differentiation. Bottom: Western blot showing Nfatc1 in OCs from WT and Fanca -/-mice at day 4 and 5 of differentiation. -Actin was used as loading control. C. Relative Oscar, Dc-Stamp, Atp6v0d2, Cathepsin K and Trap expression evaluated by qRT-PCR in progenitors and OCs at day 4 of differentiation from WT and Fanca -/-mice. Data are shown as mean ± SEM. D. Left: Western blot showing Cathepsin K in OCs from WT and Fanca -/-mice at day 4 and 5 of differentiation. -Actin was used as loading control. Right: Relative protein expression of Cathepsin K from WT and Fanca -/-mice at day 4 and 5 of differentiation.

Figure 4 .

 4 Figure 4. KEGG Pathway enrichment analysis. The significant pathway for differentially expressed genes in WT and Fanca -/-OCs at Day 4 of differentiation.

Figure 5 .

 5 Figure 5. TNFa treatment rescues Fanca -/-impaired osteoclastogenesis. A. Number of OCs for field (left), number of nuclei for OC (middle) and surface for OC (right) at day 4 of differentiation after TNF treatment (10 ng/ml). B. Relative Nfatc1, Dc-Stamp and Cathepsin K expression evaluated by qRT-PCR in progenitors, OCs and OCs treated with TNF at day 4 of differentiation from WT and Fanca -/-mice. Data are shown as mean ± SEM. C. Top: Western blot showing Nfatc1 and Cathepsin K in OCs from WT and Fanca -/-mice at day 4 of differentiation treated or not with TNF . -Actin was used as loading control. Bottom: Relative protein expression of Nfatc1 and Cathepsin K in OCs from WT and Fanca -/-mice at day 4 of differentiation treated or not with TNF . D. % of 53BP1 positive cells in Fanca -/- mononucleated cells or OCs at day 4 of differentiation, treated or not with TNF .

Figure 6 .

 6 Figure 6. The p53-p21 participates to Fanca -/-impaired osteoclastogenesis. A. Number of OCs for field (left), number of nuclei for OC (middle) and surface for OC (right) at day 5 of differentiation after Nutlin-3 or Pifithrin-treatment (1 uM each). B. Relative p21, Nfatc1, Dc-Stamp and Cathepsin K expression evaluated by qRT-PCR in progenitors, OCs and OCs treated with Nutlin-3 or Pifithrin-(1 uM each) at day 4 and 5 of differentiation from WT and Fanca -/-mice. Data are shown as mean ± SEM. C. Top: Western blot showing Nfatc1, p53 and Cathepsin K in OCs from WT and Fanca -/-mice at day 4 of differentiation treated or not with Nutlin-3 or Pifithrin-. -Actin was used as loading control. Bottom: Relative protein expression of Nfatc1 and Cathepsin K in OCs from WT and Fanca -/-mice at day 4 of differentiation treated or not with Nutlin-3 or Pifithrin-. D. Relative p21 expression evaluated by qRT-PCR in progenitors, OCs and OCs treated with TNF at day 4 of differentiation from WT and Fanca -/-mice. Data are shown as mean ± SEM. E. Number of OCs for field from WT and Fanca -/-mice at day 4 of differentiation treated or not with Butyrolactone I (1 uM) or p21 antisense oligonucleotides (2 uM).

Figure 7 .

 7 Figure 7. pNF-kB does not participate to Fanca -/-impaired OCs differentiation. A. Left: Western blot showing Fanca and pNF-kB in OCs from WT and Fanca -/-mice at 6h of differentiation treated or not with TNF . -Actin was used as loading control. Right: Relative protein expression of pNF-kB in OCs from WT and Fanca -/-mice at 6h of differentiation treated or not with TNF . B. Left: Western blot showing Fanca and pNF-kB in OCs from WT and Fanca -/-mice at 24h of differentiation treated or not with TNF . -Actin was used as loading control. Right: Relative protein expression of pNF-kB in OCs from WT and Fanca -/-mice at 24h of differentiation treated or not with TNF . C. Left: Western blot showing Fanca and pNF-kB in OCs from WT and Fanca -/-mice at day 4 of differentiation treated or not with TNF . -Actin was used as loading control. Right: Relative protein expression of pNF-kB in OCs from WT and Fanca -/-mice at day 4 of differentiation treated or not with TNF .

Figure 8 .Supplementary Figure 1 .

 81 Figure 8. Co-culture with the pre-osteoblastic cell line MC3T3 rescues Fanca -/-impaired osteoclastogenesis. A. Number of OCs for field from WT and Fanca -/-mice plated on MC3T3 cells at day 4 of differentiation. B. Left: Western blot showing Nfatc1 and Cathepsin K in OCs from WT and Fanca -/-mice at day 4 of differentiation plated on MC3T3 cells. -Actin was used as loading control. Right: Relative protein expression of Nfatc1 and Cathepsin K in OCs from WT and Fanca -/-mice at day 4 of differentiation plated on MC3T3 cells. C. Number of OCs for field at day 4 of differentiation from WT and Fanca -/-mice plated on MC3T3 cells in which Fanca was silenced or not by siRNA 24h prior to OCs precursors plating. D. Top: Western blot showing Fanca, Nfatc1, Cathepsin K and pNF-kB in OCs from WT and Fanca -/-mice at day 4 of differentiation plated on MC3T3 cells in which Fanca was silenced or not by siRNA 24h prior to OCs precursors plating. -Actin was used as loading control. Bottom: Relative protein expression of Nfatc1 and Cathepsin K in OCs from WT and Fanca -/-mice at day 4 of differentiation plated on MC3T3 cells in which Fanca was silenced or not by siRNA 24h prior to OCs precursors plating.
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 1 FA is not just a matter of HSCs

  which can be represented by the cytokines and growth factors before mentioned, are constitutively deregulated, therefore leading to an unrestrained activation of the stress signaling pathways, leading to MiTF overexpression. This leads to an increased HSCs cycling, which in absence of a proficient FA pathways generate replication stress and DNA damage, causing genomic instability and disrupting the balance between selfrenewal and differentiation, leading to HSCs attrition and finally BMF.

Figure 26 .

 26 Figure 26. MiTF expression contributes to BMF in FA(from Oppezzo, 2021).

Figure 27 .

 27 Figure 27. MiTF expression in OCs from WT and Fanca -/-mice. A. qRT-PCR of progenitors and OCs at Day 4 of differentiation from WT and Fanca -/-mice. Mitf expression was normalized to that of Gapdh (internal control) and then normalized to the Mitf/Gapdh ratio in WT progenitors' cells (control), which was set as 1 in each experiment. Data are shown as mean ± SEM of n = 17 mice (WT Progenitors), n = 18 mice (Fanca -/-Progenitors), n = 10 mice (WT OCs) and n = 11 mice (Fanca -/-OCs). B. Representative Western Blot (n=3) showing Mitf expression in WT and Fanca -/-OCs at day 4 of differentiation.

Figure 28 .

 28 Figure 28. Model of ex vivo impaired osteoclastogenesis in a Fanca -/-mouse model.
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 297 FITC-conjugated rat anti-CD11b (clone M1/70), APC-Cy TM 7-conjugated rat anti-Gr1 (Ly-6C and Ly-6G, clone RB6-8C5), PerCP-Cy TM 5.5-conjugated rat anti-mouse CD19 (clone1D3) and PE-Cy TM 7-APC-Cy TM 7-conjugated rat anti-mouse CD45R (clone RA3-6B2), PEconjugated rat anti-mouse CD4 (clone RM4-5), and PE-Cy TM 7-conjugated rat anti-myeloid CD8 deficiency exacerbates TgSpi1-associated hematologic disorder.
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 8 u b s e q u e n t l y , w e p r o f i l e d e r y t h r o i d s u b p o p u l a t i o n s a c c o r d i n g t o C D 7 1 a n d T e r 1 1 9 c e l l -

  p a t h w a y s , i n v o l v e d i n E P O i n d e p e n d e n c e36 . Consequently, the observed EPO independence could be due to the constitutive activation of the same pathways turned on by a growth factor. However, as evidence against this hypothesis, 20% of TgSpi1FA -/- cells remained EPO-dependent despite their high levels of AKT1 and STAT5 phosphorylation (Supplementary FigureS3A); further, the shRNA-mediated Fanca d o w n r e g u l a t i o n i n E P Odependent TgSpi1FA +/+ cell lines (#138, #445, #479) was unable to confer EPO independence in vitro (Supplementary FigureS3B and C), suggesting that cells able to grow independently from EPO are selected in the bone marrow of the TgSpi1FA -/-mice and are associated with additional events in mice devoid of FANCA.Our results suggest that loss of function of FANCA in TgSpi1 m i c e a c c e l e r a t e s development and increases penetrance of SPI1-dependent anemia and splenomegaly by favoring the expansion of blasts with growth factor autonomy leading to tumorigenicity.FANCA loss of function favors the emergence of leukemic TgSpi1 clones with oncogenic mutations.

  TgSpi1FA -/-c e l l s , w e i d e n t i f i e d o v e r e x p r e s s i o n o f R N A s e n c o d i n g s e v e r a l r e c e p t o r s t h a t transduce canonical and noncanonical WNT/β-catenin (Frizzled/Lpr5, Vangl2, Celsr2, Ptk7) or NOTCH (Notch1) signaling as well as overexpression of RNAs of several of their key effectors, targets, ligands or partners, including Src, Fyn, Yap1, Jag1 and 2, Aph1a and b (components of the γ-secretase), Hes7 a n d Hey2. NOTCH signaling, which activation is attested by the upregulation of its targets Hey2 a n d Hey7, depends on the γ-secretase activity 44 t h a t i s positively regulated by the APH1 proteins (APH1a and b) whose RNAs are also upregulated in TgSpi1FA -/-leukemic cells.γ-secretase activity is not only responsible for the activation of NOTCH signaling but also targets several RTKs45 , including the Eph-ephrin signaling pathway effectors EPHB2, EPHB4 and EFNB1, as well as the three receptors of the RTK subfamily TAM, AXL, MERTK and TYRO3, whose RNAs are all overexpressed in TgSpi1FA -/-c e l l s . O u r d a t a r e v e a l t h a t tumorigenic TgSpi1FA -/-cells displayed both Ephb1 downregulation and Ephb4 upregulation, two situations previously associated with poor survival of patients with AML53, 54 . High EPHB4 expression alone can lead to ligand-independent activation of downstream signaling55 . It is considered an alternative candidate EPO receptor 56 l e a d i n g t o S R C -m e d i a t e d S T A T 3 16

  hematopoietic stem and progenitor cells by upregulation of the MYC gene due to increased inflammation58 . Despite common enrichment of genes activated by TNFα a n d TGFβ (data not shown), MYC-induced gene sets were not activated in the TgSpi1FA -/- erythroleukemic cells. Nevertheless, our work together with Rodriguez's study58 shows that transcriptional deregulation is one of the mechanisms by which the absence of Fanconi proteins may contribute to abnormal hematopoietic cell function. Even though it remains to be determined how these functions ultimately exert a positive effect on the emergence of cells carrying oncogenic mutations, they represent targets that may be disrupted to subvert leukemic progression.Since overactivated NF-κB, WNT/β-catenin and NOTCH pathways are recognized drivers of the BM niche contribution to hematopoietic clonal disorders59 , it will be interesting to investigate the involvement of the FA-associated BM microenvironment in the leukemogenesis due to FANC pathway loss of function. O u r o b s e r v a t i o n s l e a d t o t h e c o n c l u s i o n t h a t l e u k e m i c c e l l s c a r r y i n g o n c o g e n i c m u t a t i o n s require a favorable intracellular environment to allow the emergence of these leukemic clones. The loss of FANCA is able to provide this mandatory cellular setup by triggering the simultaneous activation of additional signaling pathways, including those dependent on WNT, NOTCH, EPH-ephrin and TAM receptor tyrosine kinases. Future studies are required to characterize the mechanisms responsible for the overactivation of genes controlling proliferation pathways and their roles in the expansion of cells with oncogenic driver mutations. mice. Histograms indicate the mean±SEM from 6 to 13 individual mice according to the groups. Statistical analysis was carried out using the Mann-Whitney test. (F) Histograms indicate the mean±SEM of spleen weight of moribund TgSpi1FA -/-and TgSpi1FA +/+ mice and from 3-to 4month-old FA +/+ and FA -/-mice from 4 to 15 individual mice according to the groups. ( G ) Representative images of the spleens of the mice with the 4 genotypes. Scale bar, 1 cm. (H)Hematoxylin and eosin-stained splenic sections of moribund TgSpi1FA -/-and TgSpi1FA +/+ mice and from 3-to 4-month-old FA +/+ and FA -/-mice. Magnification, 200X.

Figure 2 :

 2 Figure 2: Characterization of leukemic cells. (A) Schematic diagram representing erythroid differentiation with specific phenotypical markers used to characterize nonerythroid (I) and erythroid progenitors from less mature to more engaged erythroid cells (II, III, IV). Ter119 high cells (IV) were analyzed according to CD71 and FSC to distinguish erythroid more engaged cells, i.e., basophilic (baso), polychromatic (poly) and orthochromatic (ortho) cells. (B) Representative profiles of cells incubated with antibodies against Ter119 and CD71 and analyzed by flow cytometry. (C) Histograms represent the means of each population for mice analyzed (from 4 to 8 mice) according to Ter119 and CD71 markers and basophilic, polychromatic and acidophilic cells to 100% of bone marrow or spleen cells as described in A and B. Statistical analysis was carried out using the Mann-Whitney test. Three types of

Figure 3 :

 3 Figure 3: Fanca deletion confers EPO independence and tumorigenicity. (A) Primary cells isolated from the spleens of sick TgSpi1FA +/+ and TgSpi1FA -/-mice with splenomegaly were seeded at 5x10 4 cells/mL in liquid medium with (+EPO, full line) or without EPO (-EPO, dashed line). Living cells were counted on the indicated days using the trypan blue exclusion test. Data are mean±SEM of 3 independent experiments. (B) EPO requirement and engraftment ability in nude mice of TgSpi1FA +/+ and TgSpi1FA -/-cells obtained from the spleens of sick mice. D: EPO dependent; I: Epo independent; ND: no data. Black boxes indicate that primary transforming cells formed secondary tumors in nude mice. (C) Representative immunoblots of whole-cell extracts of TgSpi1FA +/+ and TgSpi1FA -/-cells coupled with anti-pSTAT5, total STAT5, pAKT, total AKT, pERK1/2 and total ERK1/2 antibodies. Cells were cultured in the presence (+) or in the absence (-) of EPO for 4 hours.

Figure 4 :

 4 Figure 4: Structural genomic variations in preleukemic and leukemic cells. (A) Somatic mutation rates per animal (dot) and means are shown; ns = nonsignificant Mann-Whitney test. (B) Bar charts with error bars overlaid with dot plots showing the mean±SEM of the number of CNV segments. Copy number gains and losses (>200 bp) were defined compared to normal samples in TgSpi1FA +/+ preleukemic and TgSpi1FA -/-leukemic cells using the Control-FREEC tool. Each dot represents cells from one sick mouse. Histograms indicate the mean±SEM; ns = nonsignificant Mann-Whitney test. (C) Pie charts showing the distribution of the type of mutations in TgSpi1FA +/+ (n=5) or TgSpi1FA -/-(n=10) cells derived from sick mice. (D) Relative proportion of single nucleotide variations, transitions and transversions, and indels identified in TgSpi1FA +/+ (n=5, outer circle) or TgSpi1FA -/-(n=10, inner circle) cells derived from sick mice. (E) Types of transitions and transversions in TgSpi1FA +/+ (n=5) or TgSpi1FA -/-(n=10) cells derived from sick mice.

Figure 5 :

 5 Figure 5: Genetic mutations identified by WES in blasts of TgSpi1FA +/+ and TgSpi1FA -/- mice. The names of genes with mutations with functional consequences are shown. D: EPOdependent clones; I: EPO-independent clones; nd: no data. Ability of cells to engraft is indicated.

Figure 6 :

 6 Figure 6: Loss of FANCA strongly impacts the transcriptome of leukemic cells. (A) Volcano plots of differentially expressed genes (DEGs) between the preleukemic TgSpi1FA +/+ versus leukemic T g S p i 1 F A -/-c e l l s ( t o p ) a n d b e t w e e n t h e p r e l e u k e m i c TgSpi1FA +/+ v e r s u s leukemic TgSpi1FA +/+ cells (bottom). Upregulated genes in the TgSpi1FA -/-(FC<0.66, P≤0.05) are indicated in red; downregulated genes (FC>1.5, P≤0.05) are indicated in green. NoResp corresponds to unregulated genes. Venn diagram depicting the overlap of DEGs retrieved from the two leukemic models. Common upregulated and downregulated genes are indicated. (B) Gene set enrichment analysis (GSEA) was used to determine whether gene expression signatures associated with erythroid differentiation, such as heme metabolism and GATA1 targets, were associated with preleukemic TgSpi1FA +/+ o r l e u k e m i c T g S p i 1 F A -/-c e l l s . Normalized enriched score (NES) and P value are indicated. (C) GSEA of leukemic TgSpi1FA -/- versus preleukemic TgSpi1FA +/+ cells using MEP versus CFU-E gene sets. (D) TgSpi1FA +/+ shSpi1-A2C erythroblasts transduced or not with shRNA against Fanca (shFA) were treated or not with dox for 6 days and analyzed for CD71 and size (FSC-A) by FACS. Mean±SEM of the proportion of different erythroid cells as defined in the Figure are shown. Statistical analysis was carried out using multiple Student's t-tests. Three independent experiments were performed. (E) Schematic representation of the consequences of FANCA-loss-of-function in leukemic progression of the TgSpi1 erythroproliferative syndrome. WT and Fanca deficient mice exhibit

  Figure 1

  

  

  

  

  

  

  

  1,2,3 1 CNRS UMR8200 Equipe Labellisée "La Ligue Contre le Cancer, " 2 Gustave Roussy, Villejuif, France.3 Université Paris-Saclay, Orsay, France.

	RESEARCH ARTICLE			The Journal of Clinical Investigation
	1378	jci.org	Volume 130	Number 3	March 2020

  kinase that is overactivated in FA Figure I and ref. . AKT inhibition also downregulated MiTF expression Figure H .
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	ly, we also treated FA cells with LY	, which is an inhibitor of
	AKT, a				
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  TGF-β, activin A, or TNF-α was unable to induce MiTF in FA cells the pharmacological inhibition of p , SMAD / , NF-κB, and/or AKT appeared suf icient for its downregulation in vitro, linking MiTF overexpression in FA to the unscheduled activation of stress pathways. We demonstrated that p inhibition or Mitf downregulation rescues the dormancy and repopulation capacities of HSCs and reduces DNA damage accumulation. Having demonstrated that SMAD / or p inhibition restrains Mitf expression in vitro, it is likely that the recovery of HSC homeostasis in FA mice treat-

	ed with SMAD	or p	this work inhibitors can be ascribed	
	to Mitf downregulation.		
			Cell lines and culture conditions. Human lymphoblasts from healthy
			donors HSC	RRID:CVCL_G	, SNW	gift of V.A. Bohr,
			NIH, Baltimore, Maryland, USA , and GM	Coriell GM	,
			RRID:CVCL_	and FA patients HSC	RRID:CVCL_AK	and
			HSC	RRID:CVCL_G	, both the cells lines bearing inactivating
			mutations in FANCA HSC	RRID:CVCL_G	FANCC mutat-
			ed , GM	FANCD mutated, RRID:CVCL_G	, and FANCM -/-;
			ref.	and the corrected cell lines HSC CORR and HSC	CORR ,
			were routinely maintained in RPMI	/GlutaMAX Gibco; Life Tech-
			nologies supplemented with	FCS and	U/mL penicillin/
			μg/mL streptomycin at °C in a humidi ied atmosphere containing
			CO . All HSC cell lines, a gift from M. Buchwald Hospital for Sick
			Children, Toronto, Ontario, Canada	, have been routinely used in
			our laboratory for at least	years. The FANCM -/-cell line was derived
			in our laboratory	. MEFs from WT, Fanca -/-, Fancc -/-, and Fancd -/-
			mice gift from the Fanconi Anemia Research Fund FARF , Eugene,
			Oregon, USA were grown in DMEM Gibco; Life Technologies sup-
			plemented with	FCS,	units/mL penicillin, and	μg/mL
			streptomycin at °C in a humidi ied atmosphere containing	CO .
			Cultures were routinely tested for mycoplasma contamination.
			Chemicals, peptides, and recombinant proteins. We used SB	,
			a p MAPK inhibitor Calbiochem,	; Doramapimod BIRB-

  ANOVA with Dunnett's or Bonferroni's correction for multiple comparisons was used to examine differences between more than groups. A P value of less than . was considered statistically signi icant. A P value greater than . was considered not signi icant; however, P values between . and . are indicated.
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	with FACSDiva BD Biosciences or FlowJo TreeStar Inc software. Cells were sorted using an ARIA cell sorter BD Biosciences . LSK cells were grown in StemSpan SFEM Medium Stem Cell Technolo-gies, supplemented with IL ng/mL , IL ng/mL , SCF ng/mL , and Flt L ng/mL , with or without the p inhib-itor SB μM . qRT PCR was performed on mouse cells as	signi icance between groups. Study approval. This project was of icially approved by the Animal
	previously described in RT PCR and qRT PCR analysis.		Experimentation Ethics Committee no.	of Gustave Roussy and
						conducted in accordance with French laws and regulations.
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Alessia Oppezzo 1,2,3 , Lovely Monney 1,2,3 , Filippo Rosselli FA patients also show a high incidence of skeletal abnormalities and osteoporosis, suggesting a role of FA proteins in bone homeostasis. Despite evidence suggesting mesenchymal defects, little attention has been directed to the BM microenvironment in FA. We have previously shown that an unscheduled constitutive expression of the Microphthalmiaassociated transcription factor (MiTF) contributes to BM failure in FA. Since MiTF is a master regulator of OCs differentiation, we wondered if osteoclastogenesis is altered in FA by using a Fanca -/-mouse model. Fanca -/-OCs show an ex vivo impaired differentiation at the cellular and the molecular level. Osteoclastogenesis in Fanca -/--derived OCs can however be rescued by treatment with TNF-or the p53 inhibitor Pifithrin-, or if they are induced to differentiate in the presence of a pre-osteoblastic cell line. Osteoclastogenesis rescue in the presence of OBs supports the observation that our Fanca -/-model do not present problems in bone formation. Collectively, our findings highlight a previously unappreciated role of Fanca in OCs differentiation.
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FANCA deficiency promotes leukemic progression by allowing the emergence of cells carrying oncogenic driver mutations

Patrycja Pawlikowska 1,3,5, *, Laure Delestré 2,3, *, Sebastian Gregoricchio 2,3 , Alessia Oppezzo 
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ABSTRACT

Leukemia is believed to be caused by the clonal evolution of a cell that gradually accumulates mutations/genomic rearrangements, allowing unrestrained cell growth. However, recent identification of potential leukemic mutations in healthy human hematopoietic clones revealed that additional events are required to expand the mutated clones for overt leukemia progression.

Here, we assessed the functional consequences of deleting the Fanconi anemia A (Fanca) gene, which encodes a key DNA damage response protein, in Spi1/Pu.1 transgenic mice that develop preleukemic erythroproliferative syndrome. We revealed that loss of FANCA function increases SPI1-associated disease penetrance and favors leukemic progression without increasing the mutational load of leukemic clones. FANCA deficiency favors the emergence of leukemic clones with mutations in known oncogenes, such as Kit or NRas. Moreover, loss-offunction of FANCA promotes transcription of genes encoding proteins involved in receptor/ligand signaling pathways, including NOTCH WNT, that improve proliferative capacity. We brought evidence that the altered transcriptional landscape due to FANCA depletion is not a consequence of leukemic transformation or oncogenic mutations but rather fuels the leukemic process. Collectively, our data provide evidence that the expansion of cells carrying oncogenic mutations is fostered by a favorable intracellular environment that represents a targetable vulnerability of leukemia.

10

than TgSpi1FA +/+ preleukemic cells (Supplementary Figure S4), expected features of the lack of a functional FANCA protein, they did not show a clearly increased level of genetic instability.

W e c o m p a r e d t h e l i s t o f t h e 1 2 8 i d e n t i f i e d v a r i a n t s ( S u p p l e m e n t a r y T a b l e S 1 ) t o a comprehensive list of 1081 "cancer genes" obtained combining the Catalog of Validated Oncogenic Mutations of the Cancer Genome Interpreter (CGI) database and the Cancer Gene Census (CGC) of the COSMIC database. Twenty-three genes with pathogenic variants were identified as "cancer genes" (Figure 5 and Supplementary Figure S5). The Figure 5 also includes a variant of Fgd2, which is not considered to be a cancer gene in the CGI and CGC databases but has been repeatedly found mutated (at least 5 times) in the cancer samples recorded in the COSMIC database. Fifteen genes out of the 23 were also reported in human erythroleukemia 37, 38 .

Mutations in the Fgfr3, Ptpn11, Smad4 and Trp53 genes were identified in both genotypes, excluding that observed variants were directly responsible for the EPO independency and tumorigenicity of the TgSpi1FA -/-blasts.

The JAK2 V617F mutation, which has been associated with myeloproliferative disorders and EPO hypersensitivity 39 , was identified exclusively in blasts of TgSpi1FA +/+ mice, including #445 and #451, with VAF values of 28% and 18%, respectively. JAK2 Y931C is another mutation conferring gain of function 40 and was found in #474 mice. However, none of the JAK2 mutations conferred per se a proliferative advantage allowing their in vivo clonal selection.

Interestingly, mutations in Flt3, Fgd2, Nras and Kit were identified exclusively in TgSpi1FA - /-cells. All of these genes are key oncogenes in leukemia. The KIT D818Y (#26, #57, #92 and #223) and NRAS Q61H (#28) mutations have been shown to confer growth factor independency and tumorigenicity 41, 42 .

O u r r e s u l t s s h o w t h a t t h e s o m a t i c m u t a t i o n r a t e i s s i m i l a r b e t w e e n TgSpi1FA +/+ and TgSpi1FA -/-mice, but specific mutations in known oncogenic targets were identified when cells lacked FANCA. Considering the stochasticity of the mutational process, these data suggest that FANCA deficiency favors the selection of oncogenic mutations known to favor cell overgrowth.

This hypothesis predicts that the oncogenic mutations identified in TgSpi1FA -/-leukemic cells, i.e., in the Kit or Nras genes, are present in the cell population issued from the spleen of the TgSpi1FA +/+ mice in low-prevalence subclones. Searching for variants with low VAF in the preleukemic splenic cells from TgSpi1FA +/+ mice, we indeed found KIT D818Y (mice #445 VAF 1.9%) and NRAS Q61H or G60V mutations (mice #479, VAF 2.1% and mice #138 VAF 1.6%, respectively). However, EPO-independent or tumorigenic cells were never isolated from the 11 spleen cell populations issued from the mice displaying active FANCA, even when maintained in culture for several months.

Altogether, our results indicate that loss of FANCA function establishes a favorable cellular environment for the selection of genes with oncogenic or loss of function mutations.

FANCA deficiency modifies the transcriptomic profile of TgSpi1 cells.

We analyzed whether FANCA loss of function may contribute to the selection of leukemic clones by modifying transcriptomic profiles. To exclude interference due to EPO signaling, we performed RNA-seq on TgSpi1FA +/+ preleukemic and TgSpi1FA -/-leukemic blasts cultured in the presence of EPO. To distinguish the consequences of leukemogenesis from those directly due to FANCA depletion, we compared the differentially expressed genes (DEGs) to those identified between preleukemic and leukemic TgSpi1 blasts that express WT Fanca 25 . In this model, serial blood transfusions in TgSpi1 mice lowered circulating EPO levels in anemic mice, establishing selective pressure allowing in vivo expansion of rare cells with KIT D818Y or D814Y gain-offunction mutations 25, 41 .

We identified 1395 DEGs between TgSpi1FA -/-and TgSpi1FA +/+ cells, with 1044 genes transcriptionally upregulated and 351 downregulated in leukemic TgSpi1FA -/-cells (Figure 6A, upper volcano plot and Supplementary Table S4). Between the leukemic and preleukemic

TgSpi1 blasts expressing FANCA, only 320 were differentially expressed, with 94 genes being upregulated and 216 genes being repressed in leukemic cells (Figure 6A, lower volcano plot and Supplementary Table S5). These data show that leukemogenicity due to the lack of FANCA was associated with a large modification of the transcriptomic landscape, mostly with increased gene expression. Comparison of the DEGs identified between the preleukemic TgSpi1FA +/+ versus leukemic T g S p i 1 F A -/-cells t o those retrieved in the preleukemic vs leukemic TgSpi1 cel l s revealed only 14 common genes (Figure 6A), including 11 downregulated (left Venn diagram) and 3 upregulated (right Venn diagram) in the leukemic cells. These data suggest that the altered transcriptomic landscape observed in FANCA deficient leukemia cells is not a consequence of leukemic transformation but that it rather fuels the leukemic process.

We next sought to identify enriched pathways in leukemic cells using functional enrichment analysis and protein association network recovery. KEGG and Reactome pathway analyses using STRING and Gene Ontology enrichment analyses with DAVID uncovered transcriptional misregulation in "cancer", "Ephrin" and several tyrosine kinase signaling pathways as the most significantly enriched pathways in the TgSpi1FA -/-leukemic cells (Supplementary Tables S6 andS7). We then used the Markov clustering (MCL) algorithm of STRING to visualize the functional 12 interactions between the 1128 DEG-encoding proteins identified in the TgSpi1FA -/-leukemic cells compared to their Fanca +/+ nonleukemic counterparts. The STRING tool constructs a global protein network, including direct (physical) as well as indirect (functional) interactions of proteins 43 , and recognizes several clusters embedded in a relatively large network. Notably, we found membrane-associated receptors/ligands, including the WNT/FZD, NOTCH, EPHRIN, and TAM signaling pathways (Supplementary Figure S6A). A large number of genes encoding proteins from the Rho GTPase family were also deregulated. We validated the differential expression of 8

genes by performing RT-qPCR in TgSpi1FA +/+ preleukemic and TgSpi1FA -/-leukemic cells (Supplementary Figure S7).

To examine whether Notch, Ephrin signaling pathway and/or receptors of the RTK subfamily TAM, AXL, MERTK were indeed required for proliferation of TgSpi1FA -/-leukemic cells, we inhibited the γ-secretase activity that is required for efficient activity of these pathways 44, 45 , using the inhibitor LY411575 (Supplementary Figure S7B). Cell proliferation was indeed diminished in a dose dependent-manner.

In conclusion, we show that FANCA depletion in TgSpi1 mice triggers the global activation of genes encoding proteins involved in receptor/ligand signaling pathways, sus taining cellular proliferation.

Using GSEA, we observed that compared with TgSpi1FA +/+ preleukemic cells, TgSpi1FA -/- leukemic cells were significantly depleted for functional annotations related to erythroid differentiation, including GATA1 target genes and heme synthesis-related genes (Figure 6B).

We used a gene set of highly expressed genes in megakaryocyte-erythroid progenitors (MEPs) compared to CFU-E progenitors described in Haemopedia 46 . MEPs are predominantly erythroid progenitors that give rise to CFU-E 47 . Interestingly, we found that MEP-highly expressed genes relative to the CFU-E signature in TgSpi1FA -/-leukemic cells were upregulated compared to those in TgSpi1FA +/+ preleukemic cells (Figure 6C). Notably, none of the previous pathways enriched in the KEGG, Reactome, Gene Ontology or GSEA databases were enriched in DEGs identified between leukemic and preleukemic TgSpi1 cells that expressed WT FANCA.

Together, these results show that the absence of FANCA increases genes that are expressed in more immature cells than in WT cells, generating contradictory/conflicting signals in cells that are hierarchical and precisely defined during different time points of differentiation.

They suggest that the lack of FANCA generates a transcriptomic profile that may interfere with the terminal erythroid differentiation ability.

To test this hypothesis, we analyzed the consequences of FANCA knockdown on erythroid differentiation recovery induced by Spi1 downregulation. We transduced TgSpi1-shSpi1-A2B

13 preleukemic cells derived from TgSpi1FA +/+ mice, which express a doxycycline (dox)-inducible shRNA against Spi1 28 , with an shRNA targeting Fanca (Supplementary Figure S8A andB).

Erythroid differentiation was examined according to CD71 and FSC using flow cytometry (Supplementary Figure S8C). As expected, decreased SPI1 expression in TgSpi1-shSpi1-A2B cells triggered their re-entry into the erythroid terminal differentiation program, as deduced from the reduction in the CD71 marker, in the forward scatter (FSC) (Figure 6D and Supplementary Figure S8C) and in hemoglobin synthesis 28 . Compared to CTRL shRNA in the presence of dox, knockdown of FANCA reduced the progression towards erythroid differentiation, as shown by the decreased proportion of polychromatic and orthochromatic erythroblasts (Figure 6D and Supplementary Figure S8C). These data demonstrate that depletion of FANCA impairs the optimal and efficient achievement of terminal erythroid differentiation.

Collectively, these results indicate that the loss-of-function of FANCA promotes transcription towards basal improvement of proliferative capacity and immature features of cells, and this is associated with selection of cells that are dependent on KIT and RAS signaling to survive.
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DISCUSSION

It is now clear that leukemia arises from progressive accumulation of mutations resulting in the presence of multiple competing clones harboring different mutations. However, a high number of oncogenic mutations can also be found in the genomes of healthy cells 7 and few of them will contribute to leukemia, suggesting the crucial role of still poorly defined mechanisms of clonal selection that increase the fitness of a preleukemic clone to progress towards overt leukemia.

Herein, we provide unexpected evidence that deficiency in the DDR protein FANCA fosters leukemic progression without increasing the rate of mutations but by selecting cells with oncogenic variants. Our data suggest that transcriptional control of nonmutated genes encoding proteins of multiple signaling pathways may favor the propensity of a clone carrying oncogenic driver(s) to expand and thus, to support leukemogenesis (Figure6E).

Comparing the behavior of the TgSpi1FA +/+ mice to that of the TgSpi1FA -/-mice, we demonstrated that FANCA loss of function accelerates anemia, splenomegaly and death associated with the unscheduled expression of SPI1 and allows for full disease penetrance.

Although FANCA is required for hematopoietic stem cell (HSC) maintenance and for the optimal differentiation of at least some hematopoietic lineages 16, 34, 48, 49 , its absence did not aggravate either the differentiation block or the BM abnormalities associated with SPI1 overexpression.

Clones that emerged in the absence of FANCA are hyperproliferating progenitors able to grow in the absence of cytokines, such as stem cell factor (SCF) or EPO, and to give rise to tumors in recipient mice; these events were observed in less than 20% of the cells derived from TgSpi1 mice expressing WT Fanca.

WES analysis validated that EPO independence and/or tumorigenicity in TgSpi1FA -/- blasts was associated with activating or loss-of-function mutations in the usual suspected genes, including Kit, Nras or Trp53. Considering the similar mutational load observed in the TgSpi1FA -/- and TgSpi1FA +/+ cells and the stochasticity of the mutational events, it seems difficult to hypothesize that the absence of FANCA preferentially induces mutations in particular oncogenes or tumor suppressors. The results suggest that the absence of FANCA must be associated with changes in the intracellular or extracellular environment, which favors the expansion and selection of cells with oncogenic mutations. In agreement with this hypothesis, we identified oncogenic mutations with extremely low VAFs of the Kit or Nras genes in the preleukemic blasts from TgSpi1FA +/+ mice. These mutated cells were not selected in the presence of FANCA and did not expand when engrafted in mice.
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Real-time quantitative PCR (RT-qPCR)

For RT-qPCR using TaqMan, 150 ng of RNA was used to prepare cDNA using Superscript IV Reverse Transcriptase (Life Technologies). qPCR was performed on 5 ng of cDNA in duplicate on the 7500 RT-PCR System (Applied Biosystems) using TaqMan Gene Expression Assays (Applied Biosystems) (Spi1, Mm00488142_m1; Polr2α, Mm00839493_m1; Gapdh, Mm99999915_g1; FancA, Mm01243365_m1).

For RT-qPCR using SYBR Green, 500 ng of RNA was reverse-transcribed using a

RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific), and qPCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad) on 6.25 ng of cDNA.

For the two methods, the mRNA levels were normalized to the Polr2α and/or Gapdh mRNA levels (2 -∆Ct ; ∆Ct =CtGene-CtPolr2a or CtGapdh), and the fold change (FC) was calculated relative to the indicated control by the comparative Ct method using the formula 2 -∆∆Ct .

Western blotting

Analysis of cell extracts by Western blotting was performed as described previously 1 .

Primary antibodies against phospho-pAKT (Cell Signaling, 4060), AKT (Cell Signaling, 4685), phospho-STAT5 (Cell Signaling, 9351), STAT5 (Santa Cruz, SC835), phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (E10) (Cell Signaling, 9106), p44/42 MAPK (Erk1/2) (Cell Signaling, 9102), SPI1 (Santa Cruz, sc-352), and HSC70 (Santa Cruz, SC1059) were used for immunostaining. Specific peroxidase-conjugated secondary antibodies (Jackson Laboratory) were used to detect protein expression by an LAS-4000 imager (GE Healthcare) using an enhanced chemiluminescence kit (Pierce). Images were cropped using Photoshop software (Adobe Systems France).

Blood sample analysis

Peripheral blood was collected from mice via their submandibular vein into EDTAcoated tubes, and cells were counted on an MS9-5 hematology counter (Melet Schloesing Laboratory).

Immunohistochemistry

Following fixation of the mouse femurs or spleens in 4% paraformaldehyde, paraffin sections (4 μm thick) were treated with xylene and then rehydrated. Heat-induced epitope retrieval was achieved with pH 6 citrate buffer at 98°C for 30 min. Endogenous peroxidase activity was quenched by 3% H 2 O 2 for 10 min. The sections were placed on coverslips
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(Shandon) and incubated with blocking serum then with a rabbit anti-SPI1 antibody (Cell Signaling, clone 9G7, dilution 1/75) in blocking serum (1/10) for 1 hr. Detection was performed using the Rabbit PowerVision kit (ImmunoVision Technologies), and the signal was revealed with DAB peroxidase substrate solution. Cell nuclei were counterstained with Mayer's hematoxylin solution, and finally, the sections were dehydrated and mounted (Diamount). Bone marrow or spleen sections from each animal were scanned using a virtual slide system (VS120, Olympus) with a 20X objective lens.

Immunofluorescence

Cells were cytospinned on poly-L-lysine-coated slides or on glass Laboratory-Tek slides (Thermo Scientific) coated with SuperFibronectin (Sigma-Aldrich) and fixed with 4% paraformaldehyde in PBS for 15 min at room temperature, permeabilized in 0.5% Triton X-100 in PBS for 10 min and blocked with 3% BSA in PBS containing 0.05% Tween-20 for 20 min. For indirect immunofluorescence experiments, incubations with the primary antibody rabbit anti-53BP1 (Abcam) were performed overnight at 4 °C, followed by incubations for 1 h with Alexa 592-conjugated secondary antibodies (Molecular Probes, Invitrogen) at room temperature and in the dark. Slides were ai r-dried and mounted using Fluoromount G (Southern Biotech) with DAPI. Images were captured using an Axiocam Mrm camera (Carl Zeiss) connected to an Axio observer Z1 microscope (Carl Zeiss) with a 63x/1 oil immersion objective. Acquisitions were made using Axiovision software (Carl Zeiss). The images were then imported in ImageJ, pseudocolored and merged using the same software.

Metaphase chromosome staining

Erythroid blast cells were incubated with colcemid (0.1 μg ml-1) for 3 hours at 37°C, and metaphase spreads were obtained using standard procedures as previously described 2 .

Briefly, cells were incubated in hypotonic solution (0.075 M KCl) for 15 min at 37 °C, and the reaction was stopped by adding freshly prepared fixative solution (3:1 methanol/glacial acetic acid), followed by spreading on SuperFrost Plus slides (Thermo Scientific). Fluorescence in situ hybridization (FISH) analysis was performed according to the manufacturer's protocol (Telomere PNA FISH Kit/Cy3, Dako). Metaphases from each sample were blindly scored for chromosome deletions, gaps, fragments and fusions.

Cell transplantation into immunodeficient recipient mice

Transplantation was performed with 4

Virus production

For lentiviral production, HEK293T cells (Thermo Scientific) were plated in 100-mm poly-L-lysine-coated plates (BD Biosciences) with DMEM complete media (containing 10% FBS, 1% L-glutamine and penicillin-streptomycin) (Life Technologies). The plasmid mixture was prepared for cotransfection following the manufacturer's protocol for the Lipofectamine 2000 transfection reagent (Life Technologies). The cotransfection mixture consisted of a plasmid containing shRNA Fanca (pGIPZ lentiviral shRNA Fanca, Thermo Fisher Scientific, V3LMM_438296, AACACAACGAACTGAAACT) with packaging helper virus plasmids. One day after transfection, the medium was changed to fresh DMEM complete medium for virus production. Forty-eight hours posttransfection, l e n t i v i r u s -c o n t a i n i n g s u p e r n a t a n t s w e r e retrieved by filtering through 0.45 μm cellulose acetate filters and concentrated using ultracentrifugation.

Lentiviral Transduction

TgSpi1FA +/+ erythroblasts were plated at a concentration of 10 6 cells/mL in complete media supplemented with EPO (1 U/mL) and transduced with viral particles. Eight hours later, the cells were diluted to a concentration of 10 5 cells/mL. Forty-eight hours postinfection, GFP-positive cells were sorted using a FACSAria instrument (BD Biosciences) and expanded in complete media supplemented with EPO (1 U/mL) for future experiments.

Primers for RT-qPCR

The following primers (Eurogentec) were used for qPCR using SYBR green: GAPDH 

RNA-seq
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RNA-seq libraries were generated from 300 ng of total RNA with the Illumina® TruSeq® RNA Sample Preparation Kit v2 (Part Number RS-122-2001). One hundred base-pair pairedstranded reads were sequenced on an Illumina HiSeq 4000 system with multiplex sequencing. Sequencing was performed to obtain at least 2x50x10 6 reads for each sample.

Sequence reads were mapped onto the mm10/GRCm38 assembly of the mouse genome using STAR v2.5.3a 4 . Gene expression was quantified using htseq-count v0.6.1p1 5 with gene annotations from Ensembl release 98. Statistical analysis was performed using R (3.3.2). Read counts were normalized across samples with the median-of-ratios method proposed by Anders and Huber 6 to make these counts comparable between samples.

Differential gene expression analysis was performed using the method proposed by Love et al. 7 and implemented with the Bioconductor package DESeq2 version 1.16.1. P-values were adjusted for multiple testing using the Benjamini and Hochberg method.

Pathway analyses were performed using DAVID 8 and STRING v11 with the highest confidence interaction score (0.9) . Biological processes (BP) pathways are shown from analyses using DAVID and KEGG and Reactome pathways from analyses using STRING.

E n r i c h m e n t a n a l y s e s w e r e p e r f o r m e d u s i n g g e n e s e t e n r i c h m e n t a n a l y s i s ( G S E A ) v4.1 9 . All gene sets in MSigdb v7 have been investigated from RNA-seq data comparing

TgSpi1FA +/+ a n d TgSpi1FA -/-s a m p l e s 10 . The MEP gene signature was generated by selecting the top 200 upregulated genes in MEPs (FC>2; P<0.05) compared to CFU-E progenitors using the Haemosphere atlas of gene expression 11 .

Whole-exome sequencing

Genomic DNA was isolated from cells using the QiAamp DNA Micro Kit (Qiagen). Two hundred nanograms of genomic DNA was sheared with the Covaris E220 system (LGC Genomics/Kbioscience). DNA fragments were end-repaired, extended with an 'A' base on the 3' end, ligated with paired-end adaptors with the Bravo Platform (Agilent) and amplified (ten cycles). Exome-containing adaptor-ligated libraries were hybridized for 40 h with biotinylated oligo RNA baits using SureSelect Mouse All Exon (Agilent) and enriched with streptavidin-conjugated magnetic beads. The final libraries were indexed, pooled and sequenced using the onboard cluster method as paired-end sequencing (2x100 bp reads) on an Illumina HiSeq 2000 sequencer on the Gustave Roussy genomic platform.

Bioinformatics analysis of Whole-Exome Sequencing

Whole-exome sequence reads were mapped to the mouse genome build mm9 by using the Burrows-Wheeler Aligner MEM algorithm (BWA version 0.7.10) 12 w i t h t h e f o l l o w i n g parameter: -A 2. For compatibility with the Genome Analysis Toolkit (GATK), the read group ID was attached to every read in the resulting alignment file (bam file) with the -R parameter,
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and shorter split hits were marked as secondary with -M. The duplicate reads were removed by Picard MarkDuplicates (version 1.119 -"Picard Toolkit" 2019, Broad Institute, GitHub

Repository. http://broadinstitute.github.io/picard/) using a position sorted bam file.

Alignments around indels have been corrected using GATK 3.2 RealignerTargetCreator followed by GATK IndelRealigner. Base quality score recalibration (BQSR) was performed with GATK BaseRecalibrator followed by GATK PrintReads. In the first pass of the BQSR method, the parameter -knownSites was used to specify one database of known polymorphic sites: dbSNP128. Samtools version 0.1.18 13 was used to generate mpileup files from bam files obtained in previous steps using the following parameters: -A -B -q 20.

Detection of Single Nucleotide Variant

Somatic short variant (SNV and indel) calling was performed using Varscan somatic version 2.3.7 14 in tumor samples with DNA from the mouse tail as a reference sample with the following parameter: -min-var-freq 0.1. Only variants with a P value <0.0001 were kept.

ANNOVAR program version 141112 was used to annotate variants 15 . In this tool, the relevant transcripts are reported based on the refGene database 16 . The presence of the variant in dbSNP128 and/or in FVBNJ and DBA2J strains from Mouse Genome Project

Release 1211 was added to the annotations 17 . We excluded synonymous SNVs, polymorphisms (SNPs) as defined in dbSNP 128, variants located in intergenic, intronic, untranslated regions and noncoding RNA regions.

Selection of Single Nucleotide Variant

The selection of functional variants reported in Figure 5 was performed by searching the mutated candidates among the comprehensive list of "cancer genes", including the Catalog of Validated Oncogenic Mutations of the Cancer Genome Interpreter (CGI) database 18 and the Cancer Gene Census of the COSMIC (v92) database 19 . If mutated genes were not found in these two categories, we selected the genes if the mutations were observed at least 5 times among the curated database of somatic mutations of COSMIC 20 . All variants were confirmed through visualization with IGV (2.3.88).

Detection of Copy Number variation (CNV)

CNV was identified with Control-FREEC version 9.1 (from pileup files generated using samtools v0. 1.18) with the following parameters: breakPointThreshold = 0.8, breakPointType=2, degree = 1, minCNAlength = 1, noisyData = TRUE, ploidy = 2, readCountThreshold = 50. 21 .

CNV details for each sample are described in Supplementary Table S3.
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Supplementary Table S2 presents the gain and loss of genomic DNA in each gene. When both were found in the same gene, they are indicated as gain+loss.

Supplementary Tables

Supplementary Table S1. Single nucleotide variants (<200 bp) were called as described in the methods for preleukemic (TgSpi1FA +/+ ) and leukemic (TgSpi1FA -/-) primary cells derived from the spleens of sick mice identified by exome sequencing. Identification number of mice is indicated. The official name corresponds to the accession name of RNA corresponding to the genes (NCBI). Variant allele frequencies (VAFs) are indicated. S2. Copy number variation (>200 bp) called using Control-FREEC in preleukemic (TgSpi1FA +/+ ) and leukemic (TgSpi1FA -/-) primary cells derived from the spleens of sick mice identified by exome sequencing. Identification numbers of mice are indicated for each mouse analyzed. Genes located in X and Y chromosome were excluded. For each gene, gain or loss or gain/loss or NA (no gain or loss) status are indicated.

Supplementary Table

Supplementary Table S3. Copy number variation (>200 bp) called using Control-FREEC in preleukemic (TgSpi1FA +/+ ) and leukemic primary cells derived from the spleens of sick (TgSpi1FA S7. Comparison of the expression of genes encoding receptor tyrosine kinase (RTK), NOTCH and WNT families between TgSpi1FA -/-l e u k e m i c ( 3 independent mice, #26, #28, #39) and TgSpi1FA +/+ preleukemic (4 independent mice, #138, #445, #451, #479) cells cultured in the presence of EPO. Differential expression of genes is indicated in blue for equally expressed genes, pink for upregulated genes and green for downregulated genes in TgSpi1FA -/-leukemic cells. 

Supplementary Table