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The BMP pathway regulates the fate and proliferation of normal hematopoietic stem cells (HSC) as well as interactions with their niche. While BMP2 and BMP4 promote HSC differentiation, only BMP4 maintains HSC pool and favors interactions with their niche. In myeloid leukemia, we have identified intrinsic and extrinsic dysregulations of the BMP pathway in Chronic Myeloid Leukemia (CML) and Acute Myeloid leukemia (AML) responsible for leukemic stem cells (LSC) survival. In AML, BMP pathway alterations sustain and promote resistant immature-like leukemic cells by activating a new signaling cascade. Binding of BMP4 to BMPR1A leads to ΔNp73 expression, which in turn induces NANOG, altogether associated with a poor patient's prognosis. Despite efficient targeted therapies, like Tyrosine Kinase Inhibitors (TKI) in CML, many patients retain LSCs. Our laboratory demonstrated that the BMP pathway sustains a permanent pool of LSCs expressing high levels of BMPR1B receptor, that evolve upon treatment to progressively implement a BMP4 autocrine loop, leading to TKIresistant cells. Single cell RNA-Seq analysis of TKI-persisting LSCs showed a co-enrichment of BMP with Jak2-signaling, quiescence and stem cell (SC) signatures. Using a new model of persisting LSCs, we recently demonstrated that BMPR1B+ cells display co-activated Smad1/5/8 and Stat3 pathways and could be targeted by blocking BMPR1B/Jak2 signal.

Lastly, a specific BMPR1B inhibitor impaired BMP4-mediated LSC protection against TKIs.

Altogether, data based on various studies including ours, indicate that BMP targeting could eliminate leukemic cells within protective bone marrow microenvironment to efficiently impact residual resistant or persistent of LSCs in myeloid leukemia.

Cancer is a heterogeneous disease with co-existence of different populations of cancer cells within the same tumor. Some of them have properties that closely resemble normal stem cells (SC), which gave rise to the concept of cancer stem cells (CSCs) [START_REF] Bonnet | Human acute myeloid leukemia is organized as a hierarchy that originates from a primitive hematopoietic cell[END_REF]. Aside from the definition of the origin of the CSC population, the reciprocal influences of tumor cells and their environment appears to be a key element to understand their biology, in order to design more efficient treatments to avoid recurrence [START_REF] Besancon | Cancer stem cells: the emerging challenge of drug targeting[END_REF][START_REF] Maguer-Satta V | The stem cell niche: the black master of cancer[END_REF]. Targeting the dialogue between cancer cells and their niche, by taking advantage of differences in the biology of normal and CSCs, such as differences in surface phenotype, self-renewal/quiescence and stem cell-niche interactions, should allow successful CSC targeting and to improve patient outcome [START_REF] Maguer-Satta V | The stem cell niche: the black master of cancer[END_REF]. Many signaling pathways have consistently been explored, although no major breakthrough has been made.

Among the main pathways that participate in the permanent and dynamic dialogue between the bone marrow microenvironment and resident stem cells, the Bone Morphogenetic Proteins (BMP) signaling constitutes a major bi-directional actor. Indeed, soluble BMP molecules, members of the TGFb superfamily, govern SC regulation during development or in adult tissues including hematopoietic (4), neural and epithelial systems [START_REF] Rendl | BMP signaling in dermal papilla cells is required for their hair follicle-inductive properties[END_REF] both directly and indirectly by affecting their niche [START_REF] Jeanpierre | BMP4 regulation of human megakaryocytic differentiation is involved in thrombopoietin signaling[END_REF][START_REF] Zhang | Identification of the haematopoietic stem cell niche and control of the niche size[END_REF][START_REF] Pickup | TGF-beta, Bone Morphogenetic Protein, and Activin Signaling and the Tumor Microenvironment[END_REF][START_REF] Katagiri | Bone Morphogenetic Proteins[END_REF][START_REF] Clement | Long-term exposure to bisphenol A or benzo(a)pyrene alters the fate of human mammary epithelial stem cells in response to BMP2 and BMP4, by pre-activating BMP signaling[END_REF][START_REF] Chapellier | Disequilibrium of BMP2 levels in the breast stem cell niche launches epithelial transformation by overamplifying BMPR1B cell response[END_REF]. Alterations of this pathway have been shown to play a role in cell transformation and progression, in some cases by promoting CSC properties in solid tumors [START_REF] Chapellier | Disequilibrium of BMP2 levels in the breast stem cell niche launches epithelial transformation by overamplifying BMPR1B cell response[END_REF][START_REF] Lee | Epigenetic-mediated dysfunction of the bone morphogenetic protein pathway inhibits differentiation of glioblastoma-initiating cells[END_REF][START_REF] Choi | Identifying an ovarian cancer cell hierarchy regulated by bone morphogenetic protein 2[END_REF] as well as in leukemia [START_REF] Zylbersztejn | The BMP pathway: A unique tool to decode the origin and progression of leukemia[END_REF]. However, most studies have mainly documented events related to advanced stages. BMP ligands control differentiation, angiogenesis, immune response and stromal cell regulation indicating that they could participate in tumor initiation and promote CSC expansion and survival [START_REF] Pickup | TGF-beta, Bone Morphogenetic Protein, and Activin Signaling and the Tumor Microenvironment[END_REF]. One of the main alterations identified affects BMP signaling type 1 serine-threonine receptors responsible for BMP signal transduction through a cascade of protein phosphorylation. Indeed, BMP2 and BMP4 have emerged as key regulators of normal SCs and CSCs, in particular in the hematopoietic system. The importance of the BMP signaling pathway at very early steps of transformation has been evaluated in representative models of CSC in the hematopoietic system including Chronic Myeloid Leukemia-CML (the reference model for SC transformation) and Acute Myeloid Leukemia-AML and breast cancer (representing a solid tumor model containing CSCs, but of debatable origin). In these systems, using primary cells and cellular models of CSCs mimicking early stages of transformation, we revealed major dysregulations of the BMP pathway in SCs and their niche at diagnosis, and showed their direct implication in the emergence and expansion of CSCs. To further test the importance of this pathway to target cancer (leukemic) stem cells (LSCs), the spatio-temporal setting of mechanisms underlying resistance remains to be defined and constitutes a major therapeutic challenge to achieve complete recovery through eradication of persistent LSCs. Here, this review highlights the dynamic alterations of the BMP signaling that occurs during disease progression and which currently remained the most investigated in CML model.

Initiation of BMP signaling alterations in stem cells and their niche

We have demonstrated in CML that transformation of normal hematopoietic SCs (HSCs) by the chromosomal translocation t [START_REF] Katagiri | Bone Morphogenetic Proteins[END_REF][START_REF] Voeltzel | A new signaling cascade linking BMP4, BMPR1A, DeltaNp73 and NANOG impacts on stem-like human cell properties and patient outcome[END_REF] leading to the expression of the fusion protein BCR-ABL, results in a profound alteration of BMP signaling. These alterations highlight a true dysregulation of this signaling pathway as illustrated by the higher expression of BMPRIB in almost all CML subpopulations at diagnosis at both transcriptional and protein levels. BMPRIB over-expression constitutes an early event in disease progression and is a direct consequence of the introduction of BCR-ABL in immature CD34+ cells (TF1 model) [START_REF] Laperrousaz | Primitive CML cell expansion relies on abnormal levels of BMPs provided by the niche and on BMPRIb overexpression[END_REF]. Alterations of the BMP pathway in CML CD34+ cells do not prevent leukemic cells from responding to extracellular stimulation by BMP2/4 but are correlated with the maintenance and amplification of LSCs in response to BMP4. Importantly, BMP4-expanded SCs were all genotypically identified as leukemic cells (Philadelphia Chromosome+, Ph+), suggesting that the biological response of CD34+ cells to BMP2/4 is specifically altered in CML. This contributes to an increased sensitivity of Ph+ cells to external BMP signals [START_REF] Laperrousaz | Primitive CML cell expansion relies on abnormal levels of BMPs provided by the niche and on BMPRIb overexpression[END_REF].

While intrinsic genetic alterations are clearly very important, data obtained over the past 15 years argue in favor of a complementary and synergistic role for extrinsic signals that actively participate in the transformation process as well as to promote cancer progression and treatment escape mechanisms [START_REF] Maguer-Satta V | The stem cell niche: the black master of cancer[END_REF][START_REF] Zylbersztejn | The BMP pathway: A unique tool to decode the origin and progression of leukemia[END_REF][START_REF] Gooding | Transcriptomic profiling of the myeloma bone-lining niche reveals BMP signalling inhibition to improve bone disease[END_REF]. Remarkably, the donor-induced leukemia constitutes an ultimate proof of that concept. Indeed, in some cases, the allogenic donor remains healthy while the leukemic patient transplanted with cells from this donor develop a new leukemia that results from transformation of these donor-engrafted cells. Moreover, this de-novo leukemia can be similar or different from the initial one that constituted the clinical indication for donor cell transplantation [START_REF] Flynn | Donor cell leukemia: insight into cancer stem cells and the stem cell niche[END_REF]. Therefore, as all hematopoietic cells have been eradicated by radiation during patient conditioning prior to the graft, the only remaining altered signal is likely to come from the patient bone marrow microenvironment itself. More recently, single cell transcriptomic data revealed that BCR-ABL -negative HSC in CML patients are transcriptionally altered when compared to normal donor HSC at the single cell level [START_REF] Giustacchini | Single-cell transcriptomics uncovers distinct molecular signatures of stem cells in chronic myeloid leukemia[END_REF]. This strengthen how the BM niche changes which occur in leukaemia can influence normal stem cell behavior.

The dynamic and reciprocal dialogue between SCs and their niche is thus of utmost importance for their maintenance and regulation.

In this context, a strong increase in soluble BMP2 and BMP4 levels was measured in the tumoral niche of CML patients [START_REF] Laperrousaz | Primitive CML cell expansion relies on abnormal levels of BMPs provided by the niche and on BMPRIb overexpression[END_REF] and was shown to be produced by the SC niche, often dysregulated without being transformed per se [START_REF] Maguer-Satta V | The stem cell niche: the black master of cancer[END_REF]. Indeed, the expression of BMP ligand by leukemic cells was lower [START_REF] Laperrousaz | Primitive CML cell expansion relies on abnormal levels of BMPs provided by the niche and on BMPRIb overexpression[END_REF], and, BMP2 for example has been identified as the most repressed gene at the transcriptional level in CML LSCs [START_REF] Gerber | Genome-wide comparison of the transcriptomes of highly enriched normal and chronic myeloid leukemia stem and progenitor cell populations[END_REF]. Surprisingly, similar downregulation of BMP2 has been reported at diagnosis in luminal breast cancer [START_REF] Chapellier | Disequilibrium of BMP2 levels in the breast stem cell niche launches epithelial transformation by overamplifying BMPR1B cell response[END_REF], suggesting a common event related to early steps of cell transformation.

At the functional level, these intrinsic and extrinsic alterations of the BMP pathway constitute major events in transformation of immature cells that contribute to sustaining a permanent pool of LSCs and progenitors expressing high levels of the BMPR1B receptor in CML [START_REF] Toofan | Role of the bone morphogenic protein pathway in developmental haemopoiesis and leukaemogenesis[END_REF][START_REF] Laperrousaz | Primitive CML cell expansion relies on abnormal levels of BMPs provided by the niche and on BMPRIb overexpression[END_REF][START_REF] Toofan | The role of the bone morphogenetic proteins in leukaemic stem cell persistence[END_REF].

Consistently, a prolonged expression of BCR-ABL in SCs (CML model from TF1 cells) leads to profound changes in DNA replication by changing replication fork features during tumor progression [START_REF] Wu | Developmental and cancer-associated plasticity of DNA replication preferentially targets GC-poor, lowly expressed and late-replicating regions[END_REF]. These sets of data arising from different studies indicate that, in chronic phase CML, LSCs display a hyper-sensitivity of CD34+ CML cells to soluble BMP ligands abnormally abundant in the bone marrow niche leading to the over amplification of the myeloid compartment, a hallmark of this disease.

BMP signaling is a key pathway to reprogram myeloid leukemic cells in stem-like cells

AML is the first model in which the existence of LSCs was established, leading to the identification of CSCs in numerous hematological malignancies and solid tumors (1). AML is a very complex pathology that displays a large number of distinct genetic alterations linked to the development of this disease, arising in some cases from CML progression. Similarly to what we observed in CML, we have revealed functional alterations of the BMP pathway in AML at diagnosis [START_REF] Voeltzel | A new signaling cascade linking BMP4, BMPR1A, DeltaNp73 and NANOG impacts on stem-like human cell properties and patient outcome[END_REF]. Conversely to CML for which BMPR1B (Alk6) was identified as the most altered receptor, BMPR1A (Alk3) appears to be the main dysregulated receptor in bone marrow or peripheral blood blast cells isolated from adult AML [START_REF] Voeltzel | A new signaling cascade linking BMP4, BMPR1A, DeltaNp73 and NANOG impacts on stem-like human cell properties and patient outcome[END_REF]. Furthermore, similarly to CML and breast cancer, higher levels of soluble BMP ligands were also detected, mainly BMP4 for AML [START_REF] Voeltzel | A new signaling cascade linking BMP4, BMPR1A, DeltaNp73 and NANOG impacts on stem-like human cell properties and patient outcome[END_REF]. Despite the fact that various AML hematopoietic cell lines have been reported to produce BMP4 and BMP2 transcripts [START_REF] Battula | AML-induced osteogenic differentiation in mesenchymal stromal cells supports leukemia growth[END_REF], primary AML mononuclear cells showed a decrease in BMP2 and BMP4 transcript [START_REF] Voeltzel | A new signaling cascade linking BMP4, BMPR1A, DeltaNp73 and NANOG impacts on stem-like human cell properties and patient outcome[END_REF]. However, further investigations are required to determine the origin of high levels of soluble BMP4 protein measured in the bone marrow leukemic niche [START_REF] Voeltzel | A new signaling cascade linking BMP4, BMPR1A, DeltaNp73 and NANOG impacts on stem-like human cell properties and patient outcome[END_REF]. However, in AMKL, an aggressive form of pediatric AML, appearance of a specific fusion protein CBFA2T3-GLIS2 leads to a drastic overexpression of BMP2 and BMP4, by leukemic cells associated with colony formation capacities, the self-renewal and functional capacities of LSCs [START_REF] Gruber | An Inv(16)(p13.3q24.3)-encoded CBFA2T3-GLIS2 fusion protein defines an aggressive subtype of pediatric acute megakaryoblastic leukemia[END_REF]. This confirms that alterations of the BMP signaling is recurrent in early steps of cancer and also indicates that some specificity related to developmental stage can occur. Further investigations will be required to decipher functional implications of these specificities between adult and pediatric leukemia.

At the functional level, a new signaling cascade linking BMP4 binding to BMPR1A was revealed to imprint immature-like properties to AML blasts through ΔNp73 and NANOG regulation [START_REF] Voeltzel | A new signaling cascade linking BMP4, BMPR1A, DeltaNp73 and NANOG impacts on stem-like human cell properties and patient outcome[END_REF]. Very interestingly, it was previously reported that murine fibroblasts could be efficiently reprogrammed into myeloid and lymphoid cells through extracellular BMP signaling involving BMP4 [START_REF] Cheng | Reprogramming mouse fibroblasts into engraftable myeloerythroid and lymphoid progenitors[END_REF]. Therefore, such imbalance in BMP4 level may lead to favor an immaturelike phenotype of more mature AML transformed cells [START_REF] Voeltzel | A new signaling cascade linking BMP4, BMPR1A, DeltaNp73 and NANOG impacts on stem-like human cell properties and patient outcome[END_REF]. These findings imply that alteration of BMP signaling can occur not only in the immature cell compartment but also in more differentiated myeloid cells, enhancing stem-cell features of leukemic cells.

Dynamics of BMP signaling alterations under the pressure of treatment

Numerous studies have focused on the identification of intrinsic hematopoietic cell resistance (or persistence) mechanisms to explain rare primary resistance, though relapse occurs more frequently after an initial hematologic, cytogenetic and even molecular response. In 30-40% of cases, no obvious resistance mechanism to TKI could be identified in CML, including pharmacological ones. During the last decade, consistent demonstrations revealed the critical role of the HSC niche in the development of hematopoietic tumors and their maintenance throughout time [START_REF] Laperrousaz | Primitive CML cell expansion relies on abnormal levels of BMPs provided by the niche and on BMPRIb overexpression[END_REF][START_REF] Walkley | A microenvironment-induced myeloproliferative syndrome caused by retinoic acid receptor gamma deficiency[END_REF][START_REF] Raaijmakers | Bone progenitor dysfunction induces myelodysplasia and secondary leukaemia[END_REF][START_REF] Dong | Leukaemogenic effects of Ptpn11 activating mutations in the stem cell microenvironment[END_REF][START_REF] Schepers | Activated Gs signaling in osteoblastic cells alters the hematopoietic stem cell niche in mice[END_REF][START_REF] Krause | Requirement for CD44 in homing and engraftment of BCR-ABL-expressing leukemic stem cells[END_REF][START_REF] Zhang | Altered microenvironmental regulation of leukemic and normal stem cells in chronic myelogenous leukemia[END_REF][START_REF] Lopez | Mesenchymal stromal cells derived from the bone marrow of acute lymphoblastic leukemia patients show altered BMP4 production: correlations with the course of disease[END_REF]. Although the microenvironment is dissimilar in different tumors, involving multiple cell types and proteins, it may exert and pervert tumor cells and favor their resistance to treatments. This phenomenon is emerging as a new paradigm to explain resistance of solid tumors [START_REF] Krause | A hostel for the hostile: the bone marrow niche in hematologic neoplasms[END_REF].

A growing body of evidence suggests that molecular and functional alterations evolve upon treatment. Based on recent technological breakthroughs, several SCs subpopulations have been identified in CML, with distinct and dynamic proportions at diagnosis and following TKI treatment [START_REF] Giustacchini | Single-cell transcriptomics uncovers distinct molecular signatures of stem cells in chronic myeloid leukemia[END_REF][START_REF] Warfvinge | Single-cell molecular analysis defines therapy response and immunophenotype of stem cell subpopulations in CML[END_REF]. This raised the hypothesis that resistance could emerge from the heterogeneity of LSC subpopulations depending on the cues delivered by their microenvironment. As several studies have demonstrated that BMP pathway alterations play a fundamental and recurrent role in early stages of SC transformation [START_REF] Toofan | Role of the bone morphogenic protein pathway in developmental haemopoiesis and leukaemogenesis[END_REF][START_REF] Zylbersztejn | The BMP pathway: A unique tool to decode the origin and progression of leukemia[END_REF][START_REF] Laperrousaz | Primitive CML cell expansion relies on abnormal levels of BMPs provided by the niche and on BMPRIb overexpression[END_REF][START_REF] Toofan | The role of the bone morphogenetic proteins in leukaemic stem cell persistence[END_REF][START_REF] Voeltzel | A new signaling cascade linking BMP4, BMPR1A, DeltaNp73 and NANOG impacts on stem-like human cell properties and patient outcome[END_REF][START_REF] Gruber | An Inv(16)(p13.3q24.3)-encoded CBFA2T3-GLIS2 fusion protein defines an aggressive subtype of pediatric acute megakaryoblastic leukemia[END_REF], this suggests that this signaling is most likely to be involved in resistance of leukemic cells and especially of LSCs. This concept was formally established by analyzing bone marrow samples of LSCs and progenitors isolated from patients either sensitive or resistant to TKI, which showed that several elements of the BMP and TGF signaling pathways remained highly modified or evolved upon treatment and were correlated with LSC survival [START_REF] Naka | TGF-beta-FOXO signalling maintains leukaemia-initiating cells in chronic myeloid leukaemia[END_REF][START_REF] Toofan | Chronic myeloid leukaemia cells require the bone morphogenic protein pathway for cell cycle progression and self-renewal[END_REF][START_REF] Grockowiak | Immature CML cells implement a BMP autocrine loop to escape TKI treatment[END_REF]. In CML resistant cells, a specific molecular signature based on dysregulated genes from the TGF and BMP signaling in mature and immature cells was correlated with a poor response to TKI treatment [START_REF] Toofan | Chronic myeloid leukaemia cells require the bone morphogenic protein pathway for cell cycle progression and self-renewal[END_REF]. Earlier studies have identified in both primary cells and CML cell lines the abnormal expression of the embryonic transcription factor Twist-1 as an actor of CML TKIresistance, especially in LSCs [START_REF] Cosset | Deregulation of TWIST-1 in the CD34+ compartment represents a novel prognostic factor in chronic myeloid leukemia[END_REF][START_REF] Tipping | Comparative gene expression profile of chronic myeloid leukemia cells innately resistant to imatinib mesylate[END_REF]. It is now established that LSCs adapt to targeted therapy by implementing a BMP4 autocrine loop simultaneously to a sustained and increased dysregulation of the LSC niche upon long-term treatment [START_REF] Grockowiak | Immature CML cells implement a BMP autocrine loop to escape TKI treatment[END_REF]. This leads to a further increase in BMPR1B expression that upon BMP4 signal induces the upregulation of Twist-1 expression, altogether protecting LSCs from TKI-driven cell death [START_REF] Grockowiak | Immature CML cells implement a BMP autocrine loop to escape TKI treatment[END_REF].

Most AML patients achieve complete remission after intensive induction chemotherapy, but the majority of them relapse within several years. Recurrence may reflect the survival of resistant immature-like LSCs after chemotherapy [START_REF] Shlush | Tracing the origins of relapse in acute myeloid leukaemia to stem cells[END_REF]. In AML leukemic cells, a signaling cascade involving BMP4 binding to BMPR1A drive ΔNp73 and NANOG expression to sustained an immature-like phenotype. It also identified potential markers to predict relapse of AML patients at diagnosis and explained survival and features of immature bone marrow AML cells [START_REF] Voeltzel | A new signaling cascade linking BMP4, BMPR1A, DeltaNp73 and NANOG impacts on stem-like human cell properties and patient outcome[END_REF]. A previous study highlighted the importance of the BMP pathway in adult AML, using various cell lines [START_REF] Raymond | A role for BMP-induced homeobox gene MIXL1 in acute myelogenous leukemia and identification of type I BMP receptor as a potential target for therapy[END_REF]. Interestingly, BMP4 controls the expression of the MIXL1 gene, aberrantly expressed in AML and involved in early steps of leukemogenesis in a mouse model [START_REF] Glaser | Enforced expression of the homeobox gene Mixl1 impairs hematopoietic differentiation and results in acute myeloid leukemia[END_REF]. The predictive value of BMPR1 and downstream targets suggests that targeting the BMP pathway could be of interest in adult AML. Indeed, BMP type-1 receptors inhibition has been shown to efficiently impact MIXL1-expressing AML cells [START_REF] Raymond | A role for BMP-induced homeobox gene MIXL1 in acute myelogenous leukemia and identification of type I BMP receptor as a potential target for therapy[END_REF]. Collectively, these data support that targeting the BMP pathway could constitute a new therapeutic tool to decrease the progenitor capacity of LSCs [START_REF] Gruber | An Inv(16)(p13.3q24.3)-encoded CBFA2T3-GLIS2 fusion protein defines an aggressive subtype of pediatric acute megakaryoblastic leukemia[END_REF][START_REF] Busch | Bone marrow niche crosses paths with BMPs: a road to protection and persistence in CML[END_REF].

Multi-targeting of BMP signaling impairs persistent LSC survival in their leukemic ecosystem

Eradication of LSCs then raises many hopes in the treatment of cancer but remains a challenge justifying the importance for better understanding the mechanisms underlying LSC persistence and survival under treatment. Recent CML single-cell level analysis revealed the selective persistence of a distinct and highly quiescent CML LSC subset already present at diagnosis [START_REF] Giustacchini | Single-cell transcriptomics uncovers distinct molecular signatures of stem cells in chronic myeloid leukemia[END_REF]. Indeed, in chronic phase, regardless of patient response to TKI, a fraction of CML LSCs survive, sustained by interactions with their niche responsible for disease persistence and relapse following treatment cessation due to the implementation of resistance mechanisms [START_REF] Bhardwaj | Sonic hedgehog induces the proliferation of primitive human hematopoietic cells via BMP regulation[END_REF][START_REF] Fuchs | Inhibition of Smad5 in human hematopoietic progenitors blocks erythroid differentiation induced by BMP4[END_REF]. We have recently investigated downstream signaling involved in LSC persistence in patients under TKI treatment and identified a sub-fraction of LSCs that specifically co-activate the BMP/BMPR1B and Jak2/Stat3 signaling in bone marrow of CML patients in remission following treatment. Using a model of persisting LSCs, the importance of the BMP signaling in SC dormancy driven by its tumor microenvironment was identified as responsible for disease persistence in response as an adaptation to treatment [START_REF] Jeanpierre | The quiescent fraction of chronic myeloid leukemic stem cells depends on BMPR1B, Stat3 and BMP4-niche signals to persist in patients in remission[END_REF]. When CML CD34 + -cells persist under continuous TKI-treatment, all BMPR1B+ cells co-activate Smad1/5/8 and Stat3 pathways. These cells could then be efficiently targeted by blocking BMPR1B/Jak2 signaling using the BMPR-1B inhibitor (E6201) that triggers LSC death, and/or the JAK2/STAT3 inhibitor (AG490) [START_REF] Jeanpierre | The quiescent fraction of chronic myeloid leukemic stem cells depends on BMPR1B, Stat3 and BMP4-niche signals to persist in patients in remission[END_REF]. The importance of the JAK2 and Stat3 signaling in CML LSC persistence was previously reported by several groups [START_REF] Chakraborty | Combination of JAK2 and HSP90 inhibitors: an effective therapeutic option in drug-resistant chronic myelogenous leukemia[END_REF][START_REF] Eiring | STAT3 as a mediator of BCR-ABL1-independent resistance in chronic myeloid leukemia[END_REF][START_REF] Eiring | Combined STAT3 and BCR-ABL1 inhibition induces synthetic lethality in therapy-resistant chronic myeloid leukemia[END_REF][START_REF] Kuepper | Stem cell persistence in CML is mediated by extrinsically activated JAK1-STAT3 signaling[END_REF]. This underlines the importance of synergistic effects between BMP and Jak2 targeting in order to eradicate LSCs that persist in the tumor microenvironment, even in patients with apparent good treatment response [START_REF] Jeanpierre | The quiescent fraction of chronic myeloid leukemic stem cells depends on BMPR1B, Stat3 and BMP4-niche signals to persist in patients in remission[END_REF]. In the context of resistant CML cells, dual targeting using TKI and BMP inhibition efficiently reduce the number of LSCs and derived progenitors [START_REF] Toofan | Chronic myeloid leukaemia cells require the bone morphogenic protein pathway for cell cycle progression and self-renewal[END_REF]. This indicates that BMP-specific inhibitors could be efficient at different stages of disease progression including advanced CML that could transform into AML as previously discussed [START_REF] Raymond | A role for BMP-induced homeobox gene MIXL1 in acute myelogenous leukemia and identification of type I BMP receptor as a potential target for therapy[END_REF]. However, we have unveiled that only BMPR1B-expressing cells that closely interact with stromal cells of the leukemic niche enter quiescence in the presence of TKI treatment.

Impairing the BMP4 survival signal provided by this niche releases LSCs from quiescence and allows them to enter differentiation. Importantly, the BMPR inhibitor alone is capable of simultaneously blocking BMP production by stromal cells surrounding LSCs while other current treatments by themselves are inefficient in doing so. In addition, in AML, soluble BMPs induce Smad1/5 signaling in the bone marrow stromal cells to control their osteogenic differentiation suggesting that targeting of the BMP signaling could not only target leukemic cells [START_REF] Raymond | A role for BMP-induced homeobox gene MIXL1 in acute myelogenous leukemia and identification of type I BMP receptor as a potential target for therapy[END_REF] but also could contribute to restore normal MSC differentiation [START_REF] Battula | AML-induced osteogenic differentiation in mesenchymal stromal cells supports leukemia growth[END_REF]. Indeed, the monitoring of patients under TKI treatment for almost a decade has clearly highlighted that alteration of the leukemic niche in CML is not corrected by current treatments in either resistant [START_REF] Grockowiak | Immature CML cells implement a BMP autocrine loop to escape TKI treatment[END_REF] or sensitive CML patients [START_REF] Jeanpierre | The quiescent fraction of chronic myeloid leukemic stem cells depends on BMPR1B, Stat3 and BMP4-niche signals to persist in patients in remission[END_REF].

Conclusion

The current paradigm of leukemogenesis implies a multistep process that involves different types of genetic alterations with no obvious hierarchy and understanding of the sequential clonal selection [START_REF] Hirsch | Genetic hierarchy and temporal variegation in the clonal history of acute myeloid leukaemia[END_REF]. In this context, crosstalk between LSCs and the associated bone marrow stroma appears as an essential relationship for leukemic progression, and response to therapy [START_REF] Zhou | Bone marrow niche-mediated survival of leukemia stem cells in acute myeloid leukemia: Yin and Yang[END_REF][START_REF] Shafat | Leukemic blasts program bone marrow adipocytes to generate a protumoral microenvironment[END_REF]. Moreover, crosstalk between BMP signaling (either canonical/Smad dependent or non-canonical/Smad independent) with other pathways emerge as an important parameter to decipher how BMP-signaling constitute a complex and dynamic molecular platform at the interplay between hematopoietic cells and their surrounding microenvironment during leukemia progression [START_REF] Sharma | Ally to adversary: mesenchymal stem cells and their transformation in leukaemia[END_REF]. Following long-term continuous targeted therapy, LSCs adapt and escape through diverse mechanisms. BMP signaling is then likely to constitute a recurrent way for LSCs to persist and escape drug pressure while allowing them to foster slow disease progression. Both the progressive implementation of an intrinsic BMP autocrine loop and the permanent exogenous and continuous increase in dysregulations of BMP ligand production by the LSC microenvironment thus favor the continuous evolution and progress of CML into an accelerated phase in some cases leading to AML transformation. Therefore, despite relative efficient therapies, many patients suffering from myeloid leukemia retain persistent LSCs and would then benefit from their eradication within the remission period achieved by current therapies. To that aim, the BMP pathway appears to be an emerging important target constituting a regulator to sustain a permanent pool of LSCs expressing high levels of the type 1 BMP receptor, that evolve upon treatment to further dysregulate resistant cells. Therefore, targeting both BMPR1 and the protective bone marrow microenvironment that provides BMP ligands could efficiently impact residual resistant or persistent LSCs at different stages of myeloid progression (Figure 1).

Altogether, several studies have demonstrated in various cancers that CSCs display a hypersensitivity to BMP signals that contribute to setting the tumor ecosystem and promoting dynamic remodeling. This pathway represents a very early and efficient target for the development of new therapeutic strategies. Importantly, in both myeloid leukemia [START_REF] Laperrousaz | Primitive CML cell expansion relies on abnormal levels of BMPs provided by the niche and on BMPRIb overexpression[END_REF][START_REF] Voeltzel | A new signaling cascade linking BMP4, BMPR1A, DeltaNp73 and NANOG impacts on stem-like human cell properties and patient outcome[END_REF] and breast cancers [START_REF] Chapellier | Disequilibrium of BMP2 levels in the breast stem cell niche launches epithelial transformation by overamplifying BMPR1B cell response[END_REF], we highlighted the important functions of the BMP receptor type 1, since its activation results in the amplification of a normal response to BMP in SCs and contributes to the survival of CSCs independently of the initial transforming event. Due to the broad involvement of BMP signaling in cancer, identification of recurrent alterations of this pathway is becoming an important common feature in different cancers. Indeed, it is increasingly evident that, in addition to their known role at late stages of the disease, BMP pathway alterations play a fundamental and recurrent role at early stages of SC, in their expansion and maintenance, treatment escape and tumor progression. Thus increasing evidence identifies this signaling pathway as a robust target to either eradicate LSCs early on or prevent their further progression.

Perspectives

(i) The adult bone marrow provides essential niches for hematopoietic stem cell (HSC) maintenance and differentiation to meet the demand of blood and immune cell production during homeostasis and stress.

(ii) The BMP pathway regulates the fate and proliferation of normal stromal and HSC and modulates their permanent dialogue. It is also an essential actor of leukemic stem cells (LSC) persistence and niche remodeling in Chronic Myeloid Leukemia (CML) and Acute Myeloid leukemia (AML).

(iii) As the BMP pathway is involved in regulating LSC and their niche from early stages of the disease to tumor escape and resistance to treatments, patients would benefit from specific targeting of the BMP signaling to achieve persistent LSC eradication and restore a normal bone marrow microenvironment. 

Figure 1 :

 1 Figure 1: Evolution of BMP signaling alterations in the tumor ecosystem of CML, from
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