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                                                            Myelodysplastic syndromes (MDS) are heterogeneous hematopoietic stem cell diseases characterized by myeloid dysplasia and increased apoptosis. Pathways to death targeting mitochondria are activated downstream of death receptor, Fas and endoplasmic reticulum. Some molecular events, such as over-expression of oncogenes, ectopic expression of non-hematopoietic genes, and gene expression in conditions of haploinsufficiency, identified in these diseases have been used to generate mouse models, which recapitulate the features of MDS or MDS/acute myeloid leukemia (AML). These molecular defects altered protein-RNA transport, ribosome biogenesis, transcription and signaling, leading to a block of maturation, cellular stress and apoptosis. Mouse models are, therefore, useful for identifying mechanisms of cell death and testing new drugs.
Introduction
Apoptosis controls tissue homeostasis through mitochondria which are the central organelles targeted by all types of apoptotic stimuli. Excessive apoptosis and impaired differentiation are observed in the MDS, a heterogeneous group of clonal stem cell disorders. Chromosomal abnormalities including deletions, amplifications, and translocations have been identified in MDS cells. Mouse models of MDS, all characterized by hematopoietic cell dysplasia, apoptosis and long time to transformation have been generated. The molecular basis of apoptosis in these models does, however, remain unclear.
Apoptotic pathways to death
Physiological cell death usually occurs through apoptosis, involving the activation of cysteine proteases, known as caspases, or the activation of non-caspase molecules. The proteolytic events mediated by caspases lead to morphological and structural changes defining the apoptotic phenotype, such as cell shrinkage, blebbing of the plasma membrane, nuclear fragmentation, chromatin condensation and phosphatidylserine exposure which is an eat me signal for macrophages. The apoptotic pathways are controlled by the Bcl-2 family members both in mitochondria and in the endoplasmic reticulum (ER). Anti-apoptotic Bcl-2 and Bcl-xL serve as guardians of the mitochondrial outer membrane integrity by inhibiting the oligomerization of pro-apoptotic Bax/Bak anchored into this membrane. Inhibition of Bcl-2/Bcl-xL by pro-apoptotic BH3-only proteins (Bad, Bik, NOXA) or direct activation of Bax/Bak (tBid, Bim, PUMA) induces mitochondrial outer membrane permeabilization causing the release of the caspase-activating protein, cytochrome c, and other mediators of genome destruction, the apoptosis-inducing factor and endonuclease G. Inhibition of caspases blocks most of the phenotypic changes linked to apoptosis, but does not prevent cell death which can occur by autophagy or necrosis. Other mitochondrial functions are important for cell survival, such as the mitochondrial respiratory chain whose disruption generates reactive oxygen species causing lipid peroxidation, membrane damage, rupture of lysosomes and subsequent hydrolysis of proteins, nucleic acids and lipids. However, caspases may also contribute to the arrest of electron transport by inducing the cleavage of proteins of respiratory chain complexes including p75 NDUSF1. Thus, cell death might be determined by mitochondrial outer membrane permeabilization while not restricted to effector caspase activation.1
Bcl-2 family members control apoptosis even when caspases are neutralized, showing that Bcl-2 proteins control a cell death dependent checkpoint that is upstream of the caspases. At the level of the ER, Bcl-2 regulates the unfolded protein response which is an evolutionary conserved adaptative response to the accumulation of misfolded proteins. The unfolded protein response stimulates the induction of chaperones and transporters for retrograde transport of proteins into the cytosol, ubiquitination and proteasome-mediated destruction. These pathways protect cells from death. In conditions of prolonged stress, ER could transmit the apoptotic signals to the mitochondria, through caspase-dependent cleavage of ER-resident proteins and Ca release. For instance, the ER-resident Bcl-2 associated protein, BAP31 is cleaved in a caspase-dependent manner and the proteolytic fragment generated after cleavage can induce the release of Ca and trigger mitochondrial cell death.2 Bcl-2 or Bcl-xL prevents ER stress mediated by increased Ca stores. Bcl-2 or Bcl-xL induces a continuous depletion of ER Ca stores through direct interaction with inositol trisphosphate receptors, which protect cells from death.3 Conversely, Ca leakage increases in double knockdown Bax/Bak cells, which may contribute to cell death.4 Evidence for a physical connection between ER and mitochondria has been provided and Ca efflux from the ER regulates mitochondrial swelling and fission. Furthermore, ER stress induced the translocation of the BH3-only protein, Bim, to the ER and subsequent activation of caspase-12 (a paralog of human caspase-4) in mice leading to apoptosis independently of mitochondrial damage.5
The so-called intrinsic pathway of apoptosis is connected to the death domain receptors of the tumor necrosis factor-α family. Upon stimulation, these receptors recruit the adapter protein Fas-associated death domain (FADD) that, in turn, recruits and activates the initiator caspase-8 in the death-inducing signaling complex (DISC). Depending on the cell type, caspase-8 activated at the DISC level either directly activates effector caspases and/or cleaves the BH3-only protein that connects the extrinsic to the intrinsic, mitochondrial-dependent pathway. Caspase-8 also turns off the nuclear factor-kappa B (NF-κB) survival signal by cleavage of RIP. Recently, a caspase-8L has been shown to cleave BAP31 downstream of Fas activation indicating that the ER could participate as an intermediate organelle in death receptor-induced mitochondrial apoptosis in some types of cells.6 In the context of prolonged ER stress, both ER-resident caspase-dependent and independent cell death programs are initiated (Figure 1).
Deregulation of apoptotic pathways to death in myelodysplastic syndromes
Normal hematopoiesis, or at least erythropoiesis, is regulated in the bone marrow by death receptor Fas-mediated apoptosis through interaction with the Fas ligand.7, 8 Furthermore, the non-lethal functions of caspases are required for normal erythroid, megakaryocytic and monocytic cell differentiation without features of apoptosis in cytokine-dependent conditions.9, 10, 11 For instance, caspase-3-like activity is necessary for the maturation of basophilic erythroblasts into polychromatophilic erythroblasts9 and for the maturation of megakaryocytes into platelets.10
MDS are characterized by ineffective hematopoiesis resulting in peripheral blood cytopenias despite the hypercellular dysplasia of bone marrow. The ineffective hematopoiesis is partly due to increased apoptosis of the bone marrow myeloid precursors, as demonstrated in the 1990s.12 These data were confirmed later by evidence of increased apoptosis in erythroid cells derived from liquid culture of MDS CD34 progenitors.13, 14 These cells activate the extrinsic pathway to death, starting at the level of the death receptors, Fas and FasL, both overexpressed at the surface of mature erythroid precursors. An excess of soluble Fas or the ectopic expression of a dominant negative mutant of FADD prevents caspase activation and apoptosis. Furthermore, expression of mutant Bcl-2 targeted to the ER inhibits mitochondrial outer membrane permeabilization and apoptosis through inhibition of Fas-dependent cleavage of BAP31, confirming a Fas-ER-mitochondrial pathway to death in MDS erythroid cells.15
Increased caspase activation could be related to impaired differentiation. This was suggested, for instance, by a reported case of familial mild thrombocytopenia due to a point mutation of the gene encoding cytochrome c. In this case, localized cytochrome c release led to altered megakaryocytic differentiation and premature platelet formation.16 The dysplastic and apoptotic phenotype of MDS could not be explained by a unique chromosomal abnormality. Several mutations (RAS, AML1, FLT3-ITD, NPM1), overexpression of oncogenes (EVI-1) or balanced translocations (e.g. NUP98-HOXD13) have been reported in MDS or MDS/AML. However, the link between these molecular defects and the phenotype is unclear in most cases. Interestingly, a recent publication demonstrated a genotype to phenotype relationship in the 5q- syndrome. T. Golub’s group showed that, in conditions of haploin-sufficiency, the expression of RPS14, a gene of the 5q common deleted region, inhibits erythroid cell growth, induces apoptosis and erythroid cell dysplasia and promotes megakaryocytic cell growth.17 Studies of animal models expressing molecular abnormalities identified in MDS patients should help to understand the contribution to phenotype.
Animal models
Apoptosis is a major criterion to validate MDS animal models, together with dysplasia and long time to transformation. Among the published mouse models, three different mechanisms of oncogenesis have been identified: (i) overexpression of oncogenes (MDS1/EVI-1, AML1, RAS*), (ii) gene expression in conditions of haploinsufficiency (NPM1) and (iii) ectopic expression of a gene normally absent or expressed at a low level in hematopoietic tissues (HOXD13, MLF1).
MDS1-EVI-1, AML1 and AML1-MDS1-EVI1 oncogenes
The MDS1-EVI1 gene located on 3q26 encodes a transcription repressor and generates two protein iso-forms, MDS1-EVI-1 and EVI1. Overexpression of EVI-1 has transforming activity, while the MDS1-EVI1 protein does not have such activity. Buonamici et al. used a retrovirus to overexpress EVI-1 in murine hematopoietic stem cells and transplant these cells into irradiated recipients.18 Ten months after transplantion, mice died from pancytopenia and their bone marrow showed erythroid and megakaryocytic hyperplasia and dyserythropoiesis. Bone marrow cells showed an impaired response to erythropoietin which could reflect inhibition of erythroid differentiation by EVI-1. Furthermore, caspase-3 activity was enhanced, suggesting that apoptosis was increased. However, the time to disease development was long and retroviral insertional activation of genes may have co-operated with EVI-1 to cause the MDS.
Molecular defects of the AML1/RUNX1 fusion gene are detected in more than 20% of MDS, and are mostly mutations of one copy. However, AML1 mice develop a myeloproliferative disorder rather than a MDS. In contrast, mice receiving a bone marrow transplant using cells infected with retrovirus vectors harboring AML1/RUNX1 mutations die of MDS-refractory anemia with excess blasts (RAEB) or MDS-AML. All mice had multilineage dysplasia. AML1 mutations of the C-terminal domain led to leukocytopenia and erythroid dysplasia (MDS-RAEB phenotype), while AML1 mutations of the N-terminal Runt binding domain induced an acute disease with leukocytosis and severe hepatosplenomegaly (MDS-AML phenotype).19 The AML1-MDS1-EVI1 fusion protein also has a transforming activity. However, both mutated AML1 and AML1-MDS1-EVI1 protect cells from death rather than induce apoptosis, possibly by activation of the Ras-mitogen-activating protein kinase pathway downstream of AML1 mutations. Thus, while EVI1 mice models have a MDS phenotype, AML1 mice models do not fit the definition of MDS, because they lack the apoptotic phenotype and their disease rapidly transforms into AML.
N-RAS*/BCL-2
N-, K- or H-ras activating mutations are identified in 10% of MDS/AML. Irradiated mice transplanted with bone marrow cells retrovirally expressing an active mutant of N-RAS develop a myeloproliferative disease in 60% cases and a MDS in 30%. Omidvar et al. showed that mice transgenic for N-RASD12 developed a disease similar to MDS with myeloid dysplasia and apoptosis, while the co-expression of N-RasD12 with Bcl-2 induced AML.20 This model demonstrated considerable genetic instability with an increased frequency of double-stranded DNA breaks and an increased error-prone repair of DNA by non-homologous end-joining that may predispose to myelodysplasia.21 This model is, therefore, suitable for studying the effects of new drugs.
[image: ]

Figure 1.Apoptotic pathways to death in MDS erythroid cells. Downstream of Fas activation, the endoplasmic reticulum (ER)-resident protein BAP31 is cleaved in a caspase-8-dependent manner. Ectopic expression of an ER-targeted mutant of Bcl-2 inhibits BAP31 cleavage, mitochondrial membrane permeabilization and apoptosis
Nucleophosmin 1 (NPM1)
NPM1 is a highly conserved phosphoprotein that shuttles rapidly between the nucleus and cytoplasm, regulating the transport of pre-ribosomal particles. NPM1 is implicated in ribosome biogenesis, response to stress stimuli and maintenance of genome stability by inhibition of p53 and the DNA fragmentation activity of caspase-activated DNase (CAD/DFF40). A mutated form of NPM1, which is aberrantly localized in the cytoplasm, has been identified in de novo AML with a normal karyotype. This mutant may have a dominant negative effect on the remaining wild-type protein and promotes cell survival. Grisendi et al. reported that NMP1+/− mice have erythroid cell dysplasia without anemia, megakaryocyte dysplasia with elevated platelet counts and increased apoptosis.22 NPM1 is also implicated in a translocation t(3;5) (q25.1;q34) with MLF1. The NPM1-MLF1 fusion gene induces cell apoptosis when ectopically expressed in the K562 cell line. Both the N-terminal domain of MLF1 and the nuclear localization sequence of NPM1 are required for apoptosis induction. Finally, these two latter models suggest that the reduction of NPM1 gene dosage to heterozygosity predisposes to cell death and that NPM1 is required to prevent apoptosis in myeloid cells.
NUP98-HOXD13
The nucleoporin NUP98 gene on chromosome 11p15 is implicated in several balanced translocations in MDS-AML diseases, involving fusion partners that belong to the clustered homeobox gene family (HOXA11, HOXA13, HOXC11, HOXD11 and HOXD13). In contrast to the members of the HOXA cluster genes, whose overexpression leads to cell transformation, the HOXD cluster of genes are not normally expressed in hematopoietic cells. NUP98-HOXD13 translocation results in aberrant expression of HOXD13 in hematopoietic cells, which is thought to deregulate the unidirectional and bidirectional transport of proteins and RNA-protein between the cytoplasm and the nucleus. The NUP98-HOXD13 fusion gene is generated by t(2;11)(q31;p15), a translocation that has been described in MDS and AML patients. After 4 to 7 months, mice developed a typical MDS with peripheral cytopenias, bone marrow dysplasia and apoptosis. After 10 months, some of them developed AML or died of severe anemia and leukopenia. Bone marrows were hypercellular with impaired megakaryocytic differentiation.23 In the present issue of Haematologica, Aplan’s group reports an in vitro analysis of undifferentiated lineage-negative hematopoietic progenitors from mice expressing the NUP98-HOXD13 fusion gene.24 The progenitors had decreased expansion capacities and impaired differentiation and the more mature precursors were apoptotic. The same group also reported this year that half of the NUP98-HOXD13 mice with MDS develop AML with a latency that suggests a secondary event. N-RAS and K-RAS mutations, but not FLT-3, TP53, AML1, or NPM1 mutations, have been demonstrated to complement the fusion gene with regards to inhibition of apoptosis and induction of proliferation, both favoring leukemic transformation.25
Conclusion
Mouse models of MDS characterized by both dysplasia and apoptosis are based on alterations of genes involved in ribosome biogenesis, protein and RNA-protein transport, transcription, and signaling. These genes control cellular responses to stress stimuli, genomic stability and differentiation. The molecular basis of apoptosis is largely unknown, but may involve ER or mitochondrial dysfunction either by enhancement of pro-apoptotic signals (disturbances of Ca homeostasis, production of reactive oxygen species, mitochondrial outer membrane permeabilization) or default of anti-apoptotic or survival signals (adaptative responses, cytokine signaling, DNA repair). These animal models are useful for understanding the mechanisms leading to the priming of apoptosis and for the identification of targets for therapeutic strategies.
Footnotes
	
Emmanuel Gyan was a recipient of a fellowship from Inserm and his work was supported by the Direction Regionale de la Recherche Clinique, AP-HP, France.

References
	Ferri KF, Kroemer G. Organelle-specific initiation of cell death pathways. Nat Cell Biol. 2001;E255-63. Google Scholar

	Breckenridge DG, Stojanovic M, Marcellus RC, Shore GC. Caspase cleavage product of BAP31 induces mitochondrial fission through endoplasmic reticulum calcium signals, enhancing cytochrome c release to the cytosol. J Cell Biol. 2003; 160:1115-27. PubMedhttps://doi.org/10.1083/jcb.200212059Google Scholar

	White C, Li C, Yang J, Petrenko NB, Madesh M, Thompson CB. The endoplasmic reticulum gateway to apoptosis by Bcl-X(L) modulation of the InsP3R. Nat Cell Biol. 2005; 7:1021-8. PubMedhttps://doi.org/10.1038/ncb1302Google Scholar

	Scorrano L, Oakes SA, Opferman JT, Cheng EH, Sorcinelli MD, Pozzan T. BAX and BAK regulation of endoplasmic reticulum Ca2+: a control point for apoptosis. Science. 2003; 300:135-9. PubMedhttps://doi.org/10.1126/science.1081208Google Scholar

	Morishima N, Najanishi K, Tsuchiya K, Shibata T, Seiwa E. Translocation of Bim to the endoplasmic reticulum (ER) mediates ER stress signaling for activation of caspase-12 during ER stress-induced apoptosis. J Biol Chem. 2004; 279:50375-81. PubMedhttps://doi.org/10.1074/jbc.M408493200Google Scholar

	Nguyen M, Breckenridge DG, Ducret A, Shore GC. Caspase-resistant BAP31 inhibits fas-mediated apoptotic membrane fragmentation and release of cytochrome c from mitochondria. Mol Cell Biol. 2000; 20:6731-40. PubMedhttps://doi.org/10.1128/MCB.20.18.6731-6740.2000Google Scholar

	De Maria R, Testa U, Luchetti L, Zeuner A, Stassi G, Pelosi E. Apoptotic role of Fas/Fas ligand system in the regulation of erythropoiesis. Blood. 1999; 93:796-803. Google Scholar

	Socolovsky M, Murrell M, Liu Y, Pop R, Porpiglia E, Levchenko A. Negative autoregulation by FAS mediates robust fetal erythropoiesis. PLoS Biol. 2007; 5:e252. PubMedhttps://doi.org/10.1371/journal.pbio.0050252Google Scholar

	Zermati Y, Garrido C, Amsellem S, Fishelson S, Bouscary D, Valensi F. Caspase activation is required for terminal erythroid differentiation. J Exp Med. 2001; 193:247-54. PubMedhttps://doi.org/10.1084/jem.193.2.247Google Scholar

	De Botton S, Sabri S, Daugas E, Zermati Y, Guidotti JE, Hermine O. Platelet formation is the consequence of caspase activation within megakaryocytes. Blood. 2002; 100:1310-7. PubMedhttps://doi.org/10.1182/blood-2002-03-0686Google Scholar

	Sordet O, Rébé C, Plenchette S, Zermati Y, Hermine O, Vainchenker W. Specific involvement of caspases in the differentiation of monocytes into macrophages. Blood. 2002; 100:4446-53. PubMedhttps://doi.org/10.1182/blood-2002-06-1778Google Scholar

	Raza A, Gezer S, Mundle S, Gao XZ, Alvi S, Borok R. Apoptosis in bone marrow biopsy samples involving stromal and hematopoietic cells in 50 patients with myelodysplastic syndromes. Blood. 1995; 86:268-76. PubMedGoogle Scholar

	Claessens YE, Bouscary D, Dupont JM, Picard F, Melle J, Gisselbrecht S. In vitro proliferation and differentiation of erythroid progenitors from patients with myelodysplastic syndromes: evidence for Fas-dependent apoptosis. Blood. 200; 99:1594-601. https://doi.org/10.1182/blood.V99.5.1594Google Scholar

	Tehranchi R, Invernizzi R, Grandien A, Zhivotovsky B, Fadeel B, Forsblom AM. Aberrant mitochondrial iron distribution and maturation arrest characterize early erythroid precursors in low-risk myelodysplastic syndromes. Blood. 2005; 106:247-53. PubMedhttps://doi.org/10.1182/blood-2004-12-4649Google Scholar

	Gyan E, Frisan E, Beyne-Rauzy O, Deschemin JC, Pierre-Eugene C, Randriamampita C. Spontaneous and Fas-induced apoptosis of low grade MDS erythroid precursors involves the endoplasmic reticulum. Leukemia. 2008. Google Scholar

	Morison IM, Cramer Bordé EM, Cheesman EJ, Cheong PL, Holyoake AJ, Fichelson S. A mutation of human cytochrome c enhances the intrinsic apoptotic pathway but causes only thrombocytopenia. Nat Genet. 2008; 40:387-9. PubMedhttps://doi.org/10.1038/ng.103Google Scholar

	Ebert BL, Pretz J, Bosco J, Chang CY, Tamayo P, Galili N. Identification of RPS14 as a 5q- syndrome gene by RNA interference screen. Nature. 2008; 451:335-9. PubMedhttps://doi.org/10.1038/nature06494Google Scholar

	Buonamici S, Li D, Chi Y, Zhao R, Wang X, Brace L. EVI1 induces myelodysplastic syndrome in mice. J Clin Invest. 2004; 114:713-9. PubMedhttps://doi.org/10.1172/JCI200421716Google Scholar

	Watanabe-Okochi N, Kitaura J, Ono R, Harada H, Harada Y, Komeno Y. AML1 mutations induced MDS and MDS/AML in a mouse BMT model. Blood. 2008; 111:4297-308. PubMedhttps://doi.org/10.1182/blood-2007-01-068346Google Scholar

	Omidvar N, Kogan S, Beurlet S, le Pogam C, Janin A, West R. BCL-2 and mutant NRAS interact physically and functionally in a mouse model of progressive myelodysplasia. Cancer Res. 2007; 67:11657-67. PubMedhttps://doi.org/10.1158/0008-5472.CAN-07-0196Google Scholar

	Rassool FV, Gaymes TJ, Omidvar N, Brady N, Beurlet S, Pla M. Reactive oxygen species, DNA damage, and error-prone repair: a model for genomic instability with progression in myeloid leukaemia. Cancer Res. 2007; 67:8762-71. PubMedhttps://doi.org/10.1158/0008-5472.CAN-06-4807Google Scholar

	Grisendi S, Bernardi R, Rossi M, Cheng K, Khandler L, Manova K. Role of nucleophosmin in embryonic development and tumorigenesis. Nature. 2005; 437:147-53. PubMedhttps://doi.org/10.1038/nature03915Google Scholar

	Lin YW, Slape C, Zhang Z, Aplan PD. NUP98-HOXD13 transgenic mice develop a highly penetrant, severe myelodysplastic syndrome that progresses to acute leukemia. Blood. 2005; 106:287-95. PubMedhttps://doi.org/10.1182/blood-2004-12-4794Google Scholar

	Choi CW, Chung YJ, Slape C, Aplan PD. Impaired differentiation and apoptosis of hematopoietic precursors in a mouse model of myelodysplastic syndrome. Haemato-logica. 2008; 93:1394-97. PubMedhttps://doi.org/10.3324/haematol.13042Google Scholar

	Slape C, Liu LY, Beachy S, Aplan PD. Leukemic transformation in mice expressing a NUP98-HOXD13 transgene is accompanied by spontaneous mutations in Nras, Kras, and Cbl. Blood. 2008. Google Scholar




                                                        

                                                    

                                                    
                                                        


                                                                                                                                                                        


                                                                                                                                                                                    
                                                                Data Supplements
                                                                    


                                                            

                                                                                                                    

                                                                                                                
                                                            Figures & Tables
                                                        



                                                    

                                                    
                                                        
                                                            Article Information

                                                              



                                                                                                                        
                                                                
                                                                                                                                        
                                                                                                                                                    Vol. 93 No. 9 (2008): September, 2008 : Editorials
                                                                                                                                                

                                                                





                                                                
                                                                
                                                                    
                                                                         
                                                                    

                                                                

                                                                                                                                                                                                
                                                                                                                                         
                                                                        DOI
                                                                    

                                                                    
                                                                    
                                                                        
                                                                                                                                                                                                                                    https://doi.org/10.3324/haematol.13563
                                                                        


                                                                                                                                            

                                                                                                                                    

                                                            

                                                            
                                                                                                                        
                                                            

                                                                                                                        
                                                                
                                                                    Pubmed
                                                                

                                                                
                                                                    
                                                                        18757848
                                                                    
                                                                

                                                            

                                                                                                                                                                                    
                                                                
                                                                     
                                                                

                                                            

                                                                                                                        
                                                                
                                                                    Published
                                                                

                                                                
                                                                    2008-09-01
                                                                

                                                            

                                                                                                                        
                                                            
                                                                
                                                                    
                                                                        Published By
                                                                    


                                                                    
                                                                        Ferrata Storti Foundation, Pavia, Italy
                                                                    

                                                                


                                                                
                                                                    
                                                                        Print ISSN
                                                                    

                                                                    
                                                                        0390-6078
                                                                    

                                                                

                                                                
                                                                    
                                                                        Online ISSN
                                                                    

                                                                    
                                                                        1592-8721
                                                                    

                                                                

                                                                
                                                                    
                                                                         
                                                                    

                                                                

                                                            

                                                        




                                                                                                                
                                                                                                                                                                                    



                                                                                                                        
                                                                Article Usage

                                                            

                                                            


    
        Online Views

        884

    

    
        PDF Downloads

        107

    





    
    



            

        Statistics from Altmetric.com



        
            
                No Data
            

        





    

    





                                                            

                                                        

                                                    


                                                

                                                                                                
                                                    
                                                        
    	
            
                
            
        
	
                            
    

        



            
    
    
    
    
                        
	
            
                
            
        
	

            
                
            
        
	
        
        
    


                    



                                                    

                                                

                                            

                                        

                                                                                



                                            
                                                
                                                                                    
                    
                    
                        
                    

                
                                                


                                                
                                                                                    
                    
                        
                        
                            
                        

                    

                
                                                


                                                
                                                    
                                                                                                            
                                                
                                                
                                                                                                        
                                                




                                            


                                        

                                                                        

                            

                            
    
        
            
                How to Cite

                
                    ×
                
            

            
    
        
                        
            
                
                    
  1. 
Michaela Fontenay, Emmanuel Gyan. Apoptotic pathways to death in myelodysplastic syndromes. Haematologica 2008;93(9):1288-1292; https://doi.org/10.3324/haematol.13563.





                

                

                
                
  Copy Citation
  
  

                
                

                
                Choose Citation Format
                


                                        
                        	
                                
                                    Chicago
                                
                            
	
                                
                                    Harvard
                                
                            
	
                                
                                    Vancouver
                                
                            
	
                                
                                    Haematologica
                                
                            


                                                
                            Download Citation

                        

                        	
                                
                                    
                                    Endnote/Zotero/Mendeley (RIS)
                                
                            
	
                                
                                    
                                    BibTeX
                                
                            


                                            

                

            

        

    

    
            

        

    


                            
    
        
            
                Share Article

                
                    ×
                
            

            
                
                

                    
                        
                        
                            
                                Copy URL
                            
                        
                    

                

                
                
         

           
                

            

        

    



                                                                    
    
        
            
                Request Permissions

                
                    ×
                
            

            
                
                
                    To create an adaptation, translation, or derivative of the
                        original work, for commercial e-prints and printed articles further permission is
                        required.
 For
                        information contact: marketing@haematologica.org


                                        
                    Other types of copyright management, can be agreed with the Editorial office.



                

            

        

    


            
                        
    


 







  










    
        
            

            				
                                                                    
                                
					
Navigate

	Home
	Current issue
	Early view
	Archive
	About Haematologica
	Editorial Team
	Our policies





For Authors

	Author Guidelines
	Submit Manuscript
	Track Manuscript


For Reviewers

	Reviewer Guidelines
	Access Your Profile
	Access Your Tasks





For Advertisers

	Informations For Advertising


Education

	Review Articles
	Guidelines Articles


Privacy

	Cookie Policy
	Newsletter Privacy Policy
	Privacy Policy





More

	Rights & Permissions


	Web design
	Development



                                
                                    
                                
                                
                                
                                
                                
                                    
                                
                                


Copyright © 2023 by the Ferrata Storti Foundation | Web design ￫ | Development ￫


ISSN 0390-6078 print | ISSN 1592-8721 online
 





				

			                        

        

    

   
















 

