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                                                                                                                        Abstract

                                                            The myeloproliferative neoplasms are a heterogeneous group of clonal disorders characterized by the overproduction of mature cells in the peripheral blood, together with an increased risk of thrombosis and progression to acute myeloid leukemia. The majority of patients with Philadelphia-chromosome negative myeloproliferative neoplasms harbor somatic mutations in Janus kinase 2, leading to constitutive activation. Acquired mutations in calreticulin or myeloproliferative leukemia virus oncogene are found in a significant number of patients with essential thrombocythemia or myelofibrosis, and mutations in numerous epigenetic regulators and spliceosome components are also seen. Although the cellular and molecular consequences of many of these mutations remain unclear, it seems likely that they interact with germline and microenvironmental factors to influence disease pathogenesis. This review will focus on the determinants of specific myeloproliferative neoplasm phenotypes as well as on how an improved understanding of molecular mechanisms can inform our understanding of the disease entities themselves.
                                                            
                                                            Introduction
The classical Philadelphia-negative myeloproliferative neoplasms (MPNs) are characterized by clonal expansion at a hematopoietic progenitor level with the overproduction of mature myeloid and erythroid progeny. Clinically, they share the features of bone marrow hypercellularity, increased incidence of thrombosis or hemorrhage, and an increased rate of transformation to acute myeloid leukemia, which is usually fatal. Since these are chronic conditions that normally manifest well in advance of leukemic transformation, they offer an invaluable model for studying the earliest steps of leukemogenesis, including the ways in which somatic mutations perturb stem and progenitor cell function.
Current diagnostic criteria separate Philadelphia-negative MPNs into three distinct disease entities: polycythemia vera (PV) – primarily characterized by a raised red cell mass; essential thrombocytosis (ET) – characterized by an isolated increase in platelet numbers; and idiopathic/primary myelofibrosis (MF) – in which the hematopoietic compartment is gradually replaced with collagen fibers, leading to bone marrow failure and extramedullary hematopoiesis, and which is often associated with constitutional symptoms.
Mutations affecting cytokine receptor signaling pathways
Mutations in Janus Kinase 2 (JAK2)
In 1951 William Dameshek hypothesized that rather than these being “pure” proliferations, the myeloproliferative conditions PV, ET and MF may represent differing manifestations of a single underlying process.1 This hypothesis was borne out by the discovery of a valine to phenylalanine substitution at codon 617 (V617F, due to a G>T substitution), of the JAK2 gene in over 95% of patients with PV and 50–60% of those with ET or MF.52 JAK2 is a cytoplasmic tyrosine kinase, required for signal transduction from type I cytokine receptors which include those for thrombopoietin, erythropoietin and granulocyte colony stimulating factor (G-CSF), and therefore plays a vital role in myelopoiesis.
Molecular consequences of JAK2 mutations
The V617F mutation occurs in the JH2 (or “pseudokinase”) domain (see Figure 1A) and results in constitutive activation of the JH1 kinase domain. The mechanism by which this occurs is increasingly becoming clear.6 In short, there is evidence that the mutation may reduce the autoinhibitory function of the JH2 domain via changes in JH1–JH2 conformation7 and adenosine triphosphate (ATP) binding.8 The expression of JAK2V617F has been shown to allow for JAK2 signaling in the absence of cytokine receptor ligation,43 but the expression of type I cytokine receptors9 and a functional FERM domain (required for receptor binding)10 are still required for JAK2 signaling and cytokine-independent growth. Furthermore, the V617F mutation may allow for the escape from negative regulation by the suppressor of cytokine signaling 3 (SOCS3).11 The increased JAK2 signaling recapitulates that seen in the physiological response to cytokine binding, namely the increased activation of signal transducer and activator of transcription (STAT) 1, 3 and 5, mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) pathways.1253 STAT5 in particular is thought to have a critical role in the pathogenesis of PV.1413
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Figure 1:Panel A shows a schematic representation of the structure of the JAK2 gene, indicating the sites of common JAK2 mutations. Panel B shows a schematic representation of the structure of the CALR gene and the consequences of the common mutations seen in myeloproliferative neoplasms (MPNs). JH: janus homology; FERM; 4.1 protein, ezrin, radixin and moesin; bp: base pair; KDEL: lysine, aspartic acid, glutamic acid, leucine; SH2: Src homology 2.
Mutations in exon 12, located between F533 and F547, within the linker region between the SH2 and JH2 domains (Figure 1A), are found in 1–2% of patients with PV.1615 These mutations also induce constitutive activation, but to a greater degree than JAK2V617F, with greater JAK2 phosphorylation and MAPK pathway activation,15 and also result in cytokine-independent growth. The mechanism by which these mutations act is less well understood, but given their location, it is likely that they also disrupt JH1–JH2 domain interactions.
Moreover, a number of non-canonical roles have also been described for JAK2, which may be perturbed by pathogenic mutations. JAK2 has been found to localize to the nucleus, where it can phosphorylate tyrosine 41 on histone H3.17 This has been associated with the increased expression of LMO2, which has been implicated in leukemogenesis. JAK2V617F expression has also been associated, in vitro, with an increase in homologous recombination, the activation of DNA-repair mechanisms, aneu-ploidy and the acquisition of a mutator phenotype.18 Furthermore, there is evidence that JAK2V617F can increase the production of reactive oxygen species and reduce the apoptotic response to DNA damage by inhibiting the Bcl-xl deamidation pathway.1914
Cellular consequences of JAK2 mutations
Mutations in JAK2 have been shown to occur in cells near the top of the hematopoietic hierarchy and can be found in the hematopoietic stem cell (HSC) compartment.2120 These observations are consistent with the long-term persistence of JAK2-mutated MPNs, and the fact that the mutation can be found in cells of the lymphoid as well as myeloid lineages in some cases.22 Several lines of evidence indicate that JAK2V617F does not confer an advantage at the HSC level. Xenografts of JAK2-mutant patient cells into immunodeficient animals suggest that JAK2 mutations do not result in a strong self-renewal advantage;21 a finding that is recapitulated in several knock-in mouse models.2423 Instead, JAK2 mutant HSCs are skewed towards symmetrical differentiation with a subsequent expansion of the progenitor pool, rather than self-renewal, and do not demonstrate an advantage in competitive transplantation experiments.25 These observations have led to the suggestion that JAK2V617F alone is insufficient to initiate disease and that additional mutations are required. This is consistent with the detection of the JAK2V617F mutation on its own in patients without overt myeloid malignancy.2926 An alternative explanation for these findings is that the expansion of the progenitor (rather than the stem cell) pool is sufficient to mediate disease development, an idea that is reinforced by recent studies which demonstrate that a pool of long-term multi-potent progenitors are the main drivers of adult hematopoiesis.30
Finally, it is likely that there is functional heterogeneity within the JAK2-mutated HSC pool and across disease subtypes. For instance, there is evidence that the ability to self-renew, and therefore stably engraft, may decrease with increasing levels of JAK2 expression,31 similar to the differences in stem cell behavior seen at different expression levels of STAT532 and oncogenic NRAS.33
Mutations in MPL and CALR
A number of hotspot missense mutations in exon 10 of myeloproliferative leukemia (MPL), the human homologue of the murine myeloproliferative leukemia virus oncogene (v-MPL), the cell surface receptor for thrombopoietin, such as M515L and M515K (and less commonly S505N), have been reported in patients with ET and MF (Figure 2A). MPL mutations are associated with increased STAT3, STAT5, ERK and AKT signaling and cytokine autonomous growth.3534 More recently, the S204P and Y591N mutations were described in a cohort of patients with ET or MF, otherwise found to be lacking established phenotypic driver mutations. These mutations were found to have a weak gain-of-function effect, either with a degree of thrombopoietin-independent growth or signaling, or thrombopoietin hypersensitivity.3736
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Figure 2.Panel A shows the relative frequencies of the mutually exclusive phenotypic driver mutations in JAK2, CALR and MPL, together with the proportions of those without mutations in these genes (triple negative – TN).38,39,72 Panel B shows the prevalence of additional mutations and their relative proportions across ET, PV and MF.39,62,72 ET: essential thrombosis; PV: polycythemia vera; MF: myelofibrosis.
Mutations in calreticulin (CALR) are also found in approximately 25–35% of patients with ET and 35–40% of those with MF (Figure 2A). These are exclusively insertions/deletions (most commonly a 52 base pair deletion or 5 base pair insertion) in the final exon (Figure 1B), and in all cases these result in a 1 base pair shift in the reading frame.3938 This points strongly to a specific gain of function involving the C-terminus of the protein. The mutual exclusivity of JAK2, MPL and CALR mutations point to a similar mechanism of action, as do the similarities in clinical phenotype between CALR and MPL. Furthermore, there is evidence that CALR mutations are also associated with increased JAK-STAT signaling,4038 although some studies have suggested that other pathways may be of more importance.41
CALR is not known to have a direct role in cytokine signaling, hematopoiesis or cell fate decisions, and therefore the mechanism(s) by which CALR mutations result in megakaryocytic proliferation and an ET/MF phenotype were not initially apparent. CALR is known to be involved in the regulation of calcium uptake and release in the endoplasmic reticulum,42 and acts as a chaperone, together with calnexin and ERp57, to form part of the regulatory machinery involved in the folding and quality control of newly synthesized glycoproteins.43 Differences in cytosolic calcium mobilization have been reported with the 52 base pair deletion,44 suggesting that this may be one mechanism by which mutant CALR exerts its effect, and expression of the mutant protein does appear to be particularly restricted to megakaryocytes on immunohistochemical evaluation of bone marrow specimens.45 More recently, it has been shown that CALR mutations can impart TPO-independence in both cell lines4746 and retroviral mouse models,4948 in a MPL- and JAK2-dependent manner, mimicking the effect of activating MPL mutations. This has been shown to be mediated by direct binding of MPL by the N domain of CALR, a phenomenon that uniquely occurs in the presence of the mutated C-terminus,4948 leading to autocrine activation of MPL, JAK2 dimerization and downstream STAT5 and ERK phosphorylation.4946
It is therefore clear that the inappropriate activation of JAK2 signaling is common to the three main phenotypic driver mutations (i.e., those in CALR, MPL and JAK2 itself) and plays an important role in disease pathogenesis in each case, in keeping with the clinical efficacy of JAK2 inhibition irrespective of the presence of the mutations in JAK2.50
Other mutations in signaling pathways – LNK, CBL and RAS
Other than the aforementioned mutations in JAK2, MPL and CALR, a number of genes are also mutated in patients with MPNs (Figure 2B). As might be expected from the role of receptor signaling pathways in the pathogenesis of MPNs, loss-of-function mutations in negative regulators of receptor tyrosine kinases are seen, as well as mutations in members of downstream pathways.
LNK (lymphocyte specific adaptor protein, or SH2B3) binds both MPL and JAK2 to act as a negative regulator of JAK-STAT signaling. LNK deficient mice display an MPN-like phenotype with megakaryocytic hyperplasia, cytokine hypersensitivity and splenomegaly.51 LNK exon 2 mutations are found in a small number of MPN patients. They are more often seen in advanced phase disease, but can also be found in patients with an erythrocytosis lacking a JAK2 mutation, suggesting that these mutations may be sufficient to initiate disease.5452
Casitas B-lineage lymphoma proto-oncogene (CBL) is an E3 ubiquitin ligase, which is specifically involved in the ubiquitination (and resultant degradation) of a number of receptor tyrosine kinases, as well as having a role in intracellular signal transduction. Its targets include PDGFR, c-KIT, FLT3 and MPL.55 Mutations in the RING domain, responsible for CBL’s ligase activity, have been described in MPNs.5756 Mutations in SOCS proteins, another class of regulators of JAK2 signaling, however, are only reported in a handful of patients,58 but there is evidence that their expression may be suppressed in a subset of patients due to hypermethylation of SOCS promoter regions.59
Mutations increasing RAS pathway signaling are also observed in a small number of patients, but, as with CBL and LNK mutations, tend to be seen more in myelofibrosis, advanced phase/transformed disease or myeloproliferative neoplasm/myelodysplastic syndrome (MPN/MDS) overlap conditions.60 NRAS mutations tend to occur in a hotspot location at codon 12. These mutations appear to result in a gain-of-function, resulting in myeloid differentiation and increased HSC self-renewal, and can induce a chronic myelomonocytic leukemia (CMML)-like disease in a mouse model.61 Similarly, negative regulators of RAS, such as NF162 and PTPN11,63 have also been found to be mutated in some MPN or MPN/MDS-overlap cases.
Mutations affecting other cellular processes
Mutations in epigenetic regulators
Other genes commonly mutated in MPNs are not specific to these conditions and are mutated across myeloid malignancies in general, including acute myeloid leukemia (AML) and MDS, as well as in some elderly patients without an overt myeloid malignancy.2926 These include genes involved in epigenetic regulation and messenger RNA (mRNA) splicing (summarized in Figure 2B and Figure 3), but their role in the pathogenesis of MPNs is less well understood. The most commonly mutated of these is a member of the TET family, ten–eleven translocation 2 (TET2); loss-of-function mutations which are found in approximately 10% of MPNs.6564 TET2 converts 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5-hmC), a process which is thought to be particularly important for gene regulation in stem cells and embryonic development. A reduction in 5-hmc is observed in TET2 mutated patients, and is associated with increased self-renewal capacity and myeloid bias.6766 The HOXA cluster, which is implicated in lineage commitment, is known to be regulated by TET2, suggesting one possible mechanism by which TET2 mutations may result in a differentiation block.68
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Figure 3.Summary of epigenetic regulatory pathways affected by known mutations. In addition to the “phenotypic driver” mutations in JAK2, CALR and MPL, a number of other mutations are described, affecting epigenetic regulation and the spliceosome. These pathways are interlinked in a number of ways, and in common, appear to lead to the dysregulation in genes involved in stem cell fate decision choices. These in turn may be associated with expansion of the hematopoietic stem cell (HSC) compartment with differentiation block, dysplasia and accelerated disease. CpG: cytosine-phosphate-guanine dinucleotide.
Hotspot mutations in isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) are described in <5% of cases.6962 These enzymes catalyze the conversion of isocitrate to α-ketoglutarate, but these mutations result in the production of 2-hydroxyglutarate, which inhibits Jumonji-C domain histone demethylases. This leads to histone hypermethylation and also inhibits TET2 activity, which in turn results in a differentiation block.7170 TET2 mutations do not appear to be associated with particular MPN subtypes, but have been found, in one study, to correlate with poorer overall survival and increased progression to AML,72 while IDH mutations are more commonly found in MF or transformed disease.69
Loss-of-function mutations (including dominant negative missense mutations at codon 882) in DNA methyl-transferase 3A (DNMT3A), a protein responsible for de novo methylation of CpG dinucleotides, are found across MPN subtypes.73 As with TET2 mutations, their exact role in MPN pathogenesis is not yet fully understood, but it is thought that the resultant epigenetic deregulation results in the upregulation of “HSC fingerprint” genes such as GATA3 and RUNX1 and the downregulation of differentiation factors such as Ikaros, together resulting in a differentiation block and HSC expansion.74
Mutations of genes involved in histone methylation are overrepresented in myelofibrosis/transformed disease. EZH2 (PcG Enhancer of Zeste Homolog 2) is the catalytic component of the polycomb repressive complex 2 (PRC2) and, together with EED and SUZ12 acts to trimethylate histone H3 lysine 27 causing transcriptional repression. In contrast to EZH2 mutations seen in lymphoma, those in MPNs tend to be loss-of-function mutations75 that result in the derepression of a set of genes that includes a number of putative oncogenes (e.g., LMO1 and HOXA9), and are associated with increased HSC self-renewal.7776
Mutations of additional sex combs like 1 (ASXL1) are also relatively common in MF.78 ASXL1, a component of PRC1, is also known to regulate PRC2 and to have a role in the regulation of HOX genes. Accordingly, ASXL1 mutations are associated with HOXA upregulation and the reduction in H3K27 methylation, both of which have been linked to impaired recruitment of EZH2.79
In summary therefore, a number of the mutations found in MPNs affect the regulation of DNA/histone methylation in the HSC compartment and are linked to increased self-renewal and a block in differentiation; features that play a role in disease progression.
Mutations in mRNA processing machinery
Mutations in components of the spliceosome, including splicing factor 3B subunit 1 (SF3B1), serine/arginine-rich splicing factor 2 (SRSF2), U2 small nuclear RNA auxiliary factor 1 (U2AF1) and zinc finger RNA binding motif and serine/arginine rich 2 (ZRSR2), are well described in MDS and also seen in MPNs,80 particularly in MF or MPN/MDS overlap syndromes. The role of these mutations in disease pathogenesis is still not fully understood, but the effects of hotspot mutations of codon 95 of SRSF2, and codon 34 of U2AF1 are perhaps the best explored, as knock-in mouse models have been made for each. SRSF2 mutations appear to result specifically in skewed mRNA motif recognition (rather than loss of function), which is associated with alterations in exon usage in a number of genes. These include EZH2 (leading to reduced expression), and bcl-6 corepressor (BCOR),81 which is also known to be mutated in myeloid malignancies. U2AF1 mutations alter its 3′ splice acceptor preferences leading to mis-splicing of a set of genes that includes BCOR and SRSF2.82 EZH2 expression was found to be reduced in 63% of U2AF1- or SRSF2-mutated patient specimens, and this was associated with decreased H3K27 trimethylation.77 Thus, while mutations in spliceosome components result in mis-splicing of multiple genes, there is evidence that they may also act via the dysregulation of PRC2 function.
Other determinants of MPN pathogenesis and phenotype
Germline variation
There are several reports of familial clustering of MPNs (where two or more family members are affected by MPNs), and there is a tendency for family members to present with the same MPN phenotypes. In fact, the relative risk of acquiring ET has been estimated to be approximately 12 times higher in first-degree relatives of MPN patients.83 This strongly points to the existence of germline susceptibility factors.
Causes of familial MPNs include germline mutations of RBBP6,84 and a high penetrance duplication of 14q32.2, which has been associated with overexpression of ATG2B, a mediator of autophagy, and GSKIP, a regulator of the WNT/β-catenin pathway.85 It appears that these changes operate via independent pathways: RBBP6 mutations affect the p53 pathway and thereby influence the response to apoptotic stimuli and the risk of developing further mutations, while ATG2B and GSKIP overexpression promote megakaryopoiesis via increased thrombopoietin sensitivity.
A number of more common, but lower penetrance germline variants have been associated with MPN development, including single nucleotide polymorphisms (SNPs) present in, or close to, telomerase reverse transcriptase (TERT)86 and “MDS1 and EVI1 complex locus” (MECOM).87
Two JAK2 haplotypes (46 and 1) are found to be in linkage disequilibrium (with the exception of one SNP). Whilst the combined haplotype (termed 46/1, or GGCC in reference to the defining alleles) is found in 24% of the population, it is found in up to 56% of patients with MPNs, with an odds ratio of 3 to 4.8988 Together with TERT and MECOM-associated SNPs, the 46/1 haplotype is estimated to account for 55% of the population attributable risk of developing an MPN.87
Furthermore, the JAK2V617F mutation preferentially occurs on the 46/1 allele. One possibility for this association is that the 46/1 haplotype is more prone to mutation and therefore more likely to give rise to JAK2V617F and exon 12 mutations. However, perhaps a more likely possibility is that the occurrence of mutant JAK2 in the context of the JAK2 46/1 haplotype confers an additional clonal or phenotypic advantage – the ‘fertile ground’ hypothesis. Further support for a clonal advantage for JAK2 46/1 is the fact that it is also seen more frequently in patients with MPL mutations.90
One final SNP, in the intergenic region between HBS1L and MYB (rs9376092) has been found to be enriched in MPL- and CALR-mutated MPNs, and more frequently in JAK2-mutated ET patients.87 With the exception of the 14q32.2 duplication mentioned above, which was found to be predominantly associated with an ET phenotype, the HBS1L-MYB SNP appears to one of the few germline variants that is associated with a particular MPN phenotype.
Role of the microenvironment in MPN pathogenesis and the development of fibrosis
The importance of cell extrinsic factors, and in particular the bone marrow microenvironment, in the pathogenesis of MPNs is exemplified by the fact that the deletion of Mib1 (causing dysregulated Notch signaling)91 or of retinoic acid receptor γ,92 in non-hematopoietic cells alone was sufficient to induce a myeloproliferative phenotype in mouse models. One possible mechanism by which the microenvironment could support the development of MPNs may be through the secretion of soluble factors, such as tumor necrosis factor α (TNFα), interleukin-6 (IL-6), fibroblast growth factor (FGF) or interferon-γ-inducible protein 10 (IP-10). Such cytokines are produced by the bone marrow stroma and have been shown to promote the growth of MPN clones, while, in some cases inhibiting the growth of wild-type clones.9493 Overexpression of NF-I, which has been described in patients with uniparental disomy (UPD) of chromosome 9, has also been suggested to result in resistance to transforming growth factor-β (TGF-β), which has been demonstrated to have inhibitory effects on the hematopoiesis and on myeloid cell lines.9695 The secretion of proteases which disrupt the stromal cell derived factor-1/chemokine receptor 4 (CXCR4) axis, as well as the downregulation of CXCR4 itself by tumor cells, have both been associated with greater mobilization of HSCs, and these mechanisms may contribute to extramedullary hematopoiesis and potentially mediate the loss of HSC quiescence.97
Whilst there are numerous mechanisms by which the microenvironment can affect MPN clones, neoplastic cells can also subvert their niche. Clonal megakaryocytes and monocytes themselves secrete a number of cytokines, which include FGF, interleukin-8, TGF-β and vascular endothelial growth factor, that stimulate angiogenesis and drive fibroblast differentiation and recruitment, leading to bone marrow fibrosis.9998 The secretion of other cytokines by the clone, such as TNFα, may create an autocrine/paracrine loop, promoting the growth of the tumor clone while inhibiting normal hematopoiesis. The overexpression of these pro-inflammatory cytokines is particularly well described in MF; however, there is a considerable overlap between the cytokine profile seen in MF and those seen in PV and ET, suggesting the possibility of a biological spectrum.101100 In mouse models, JAK2-mutated clones have also been found to secrete lipocalin-2, which has been shown to suppress normal hematopoiesis via paracrine oxidative DNA damage, and may also drive the development of additional mutations in the tumor clone.102 In addition, there is also evidence that, through direct cell-cell interactions and the secretion of soluble mediators, such as TPO, CC chemokine ligand 3 (CCL3) and interleukin-1β, the mutant clone can remodel the bone marrow niche to create an environment more permissive for its expansion, via the depletion of sympathetic nerve fibers and nestin-positive mesenchymal cells103 and the expansion of osteoblast lineage cells.104
Determinants of MPN phenotype – towards an integrated model?
The MPNs represent a heterogeneous group of diseases with phenotypes that include isolated thrombocytosis, the expansion of all three myeloid lineages, and pancytopenia. In the majority of cases, abnormalities in cytokine signaling pathways are a common factor, and most commonly lead to increased JAK-STAT signaling. It is increasingly clear that the traditional division into three MPN subtypes does not necessarily reflect the underlying biological complexity of these conditions, and that the resultant clinical phenotype is a function of genetic factors intrinsic to the neoplastic clone, the overall clonal architecture, host factors (including genetic background), and factors relating to crosstalk between the neoplastic clone and its microenvironment.
Cell intrinsic factors – somatic mutations, transcription profiles and gene dosage
At the cell intrinsic level, mutations in phenotypic driver mutations (JAK2, CALR and MPL) subvert physiological EpoR and TpoR signaling, leading to erythrocytosis and megakaryopoiesis, respectively. It is clear that this is a major factor in determining phenotype. Most strikingly, mutations in MPL are never found in cases with PV (Figure 2A), and this is also the case for CALR mutations, which, as discussed above, are likely to act via interaction with MPL.
How the same mutation in JAK2 can occur in three different MPN phenotypes is a central question within the MPN field. One possible mechanism may relate to the level of gene ‘dosage’, as several lines of evidence suggest that increased JAK2 signaling leads to more of a polycythemic phenotype. Firstly, JAK2 exon 12 mutations are found exclusively in PV, and have been shown to result in greater STAT5 phosphorylation than V617F mutations.15 Secondly, UPD of chromosome 9, leading to JAK2V617F homozygosity, has been associated with greater erythropoietin independence in hematopoietic progenitors106105 and is found in approximately one-third of patients with PV, but was not initially reported in ET.96 The hypothesis that increasing JAK2V617F dosage may skew towards erythrocytosis is supported by the correlation between the size of homozygous clones and hemoglobin concentrations in patients,107 as well as by knock-in mouse models, where the ratio of mutant to wild-type JAK2 correlates with the degree of erythrocytosis,10824 and by an induced pluripotent stem cell model.109 Furthermore, even within the context of ET, greater JAK2V617F allele burdens are associated with a higher degree of erythrocytosis and leukocytosis.110
However, some PV patients do not carry a homozygous JAK2V617F subclone,111 and JAK2V617F-homozygous subclones have been detected in patients with ET112110107 (although these were generally small (<10%), in contrast to those in PV where they tended to represent the dominant MPN clone). Together, these findings demonstrate that JAK2V617F homozygosity is neither necessary nor sufficient for PV. It is possible that mutations in other, as yet unidentified, genes may play a similar role to homozygosity in these JAK2V617F-heterozygous PV patients.
There is also reason to believe that UPD of 9p may have effects beyond inducing loss of heterozygosity of JAK2V617F, as evidenced in patients where it occurs prior to the acquisition of a JAK2 mutation.113 This suggests that 9p UPD itself may independently carry a competitive advantage (whether due to selection of a particular JAK2 haplotype or alterations in other genes on 9p, such as NFIB97) that is unrelated to JAK2V617F dosage. Finally, JAK2V617F-heterozygous cells from patients with ET are characterized by greater STAT3114 and STAT112 phosphorylation as well as upregulation of interferon-γ regulated genes, when compared to those from patients with PV. This again demonstrates that mechanisms beyond JAK2V61F dosage alone contribute to the determination of the PV or ET phenotype.
Differences in phenotypic driver mutations may additionally account for some of the clinical heterogeneity seen within the individual MPN subtypes. As mentioned above, the presence of JAK2 homozygosity is associated with higher hemoglobin levels in JAK2-mutated ET and PV as well as with a greater incidence of aquagenic pruritus and splenomegaly.110107 JAK2 homozygosity was also associated with a greater risk of progression to MF and of thrombosis in patients with ET.110 CALR-mutated patients with ET tend to have higher platelet counts, but lower leukocyte counts and hemoglobin levels and lower rates of thrombosis than those with JAK2 mutations.1161153938 CALR mutations are also associated with higher platelet and lower leukocyte counts, and are independent predictors for improved overall survival in patients with MF.118117 There is some evidence that the type of CALR mutation itself may also result in differential phenotypes.11944
TET2 and DNMT3A mutations are commonly seen across all three MPN phenotypes and are not specifically associated with MF or MDS/MPN overlap syndromes, in contrast to mutations in other epigenetic regulators. Their role in disease biology and phenotype is therefore not entirely clear. Recent evidence suggests that the context in which these mutations are acquired can influence the proliferative potential of a given clone in a cell-intrinsic manner.120 Namely, the acquisition of a JAK2 mutation on a wild-type background resulted in a proliferative advantage, but this was not the case on the background of an earlier TET2 mutation. Furthermore, TET2 and JAK2-mutated (double mutant) HSCs/progenitors from JAK2-first patients were able to generate more progenitors than those from TET2-first patients.
Some additional mutations seen in MPNs, however, do appear to be enriched in certain subtypes, as indicated in Figure 2B, and may additionally have an impact on the survival or risk of leukemic transformation. Mutations in components of the spliceosome (including SRSF2, U2AF1 and SF3B1) are strongly correlated with an MF (or MPN/MDS overlap) phenotype, as are mutations in ASXL1 and EZH2, which are prevalent in MDS and de novo AML and associated with leukemic transformation and a worse overall survival in MPNs.121756239 This may be related to the deregulation of PRC2 and derepression of stem cell signature genes, causing increased stem cell self renewal, as discussed above817977 (Figure 3). Finally, mutations in NRAS and CBL are also more frequently seen in patients with MF, atypical chronic myeloid leukemia and chronic myelomonocytic leukemia, and are associated with poorer overall survival.57
Heterogeneity in clonal architecture and the significance of order of mutation acquisition
Another important source of phenotypic diversity across MPNs, even amongst those that share phenotypic driver mutations, is heterogeneity in clonal architecture.122 Given that JAK2 mutations themselves may not promote a clonal advantage, and may even result in an impairment of HSC self-renewal, as discussed previously, there may be selective pressure on the JAK2 clone leading to the selection of particular subclones (e.g., those carrying concurrent mutations in epigenetic modifier genes). This may be further enhanced by differential sensitivities to, and production of, secreted soluble mediators, such as TNFα and TGFβ. The overall disease phenotype is likely to be a function of the relative proportions of all the subclones, as they will differ in terms of their functional properties, for example in terms of differentiation or self-renewal potential and soluble mediator secretion profiles. Furthermore, subclones may be present which, while not directly contributing to the disease phenotype, exert an effect via constraints on the growth of other clones.
One factor that may play a role in determining clonal architecture is the order in which somatic mutations are acquired. The importance of the order of mutation acquisition has been demonstrated in JAK2-mutated MPNs harboring concurrent TET2 or DNMT3A mutations, where mutation order has been shown to have an impact on disease phenotype,123120 thrombotic risk, age at presentation and response to treatment.120 Patients in whom the JAK2 mutation occurred first have larger “double mutant” subclones (harboring both JAK2 and either TET2 or DNMT3A mutations) as well as larger JAK2-mutated homozygous clones. In the case of TET2 mutations, these patients show expansion of erythroid progenitors, present at a younger age, and are at a greater risk of thrombosis.120 In contrast, TET2-first or DNMT3A-first patients are characterized by a dominant “single mutant” subclone (i.e., harboring the TET2/DNMT3A mutation only), in keeping with the greater self-renewal capacity seen with TET2/DNMT3A mutations compared to those in JAK2. These patients were more likely to have ET, which may in part be related to constraints on the expansion of the JAK2-mutated clone and on the development of homozygosity. Therefore, as well as the cell-intrinsic effect of mutation order on clonogenic potential discussed in the previous section, it is likely that the order in which mutations occur will influence the composition of the stem cell niche in which later subclones will arise and reside, potentially introducing constraints on their potential to expand.
As well as competition between clones causing constraints on relative clone sizes, it is also feasible that separate clones may act cooperatively. This has been shown in solid tumors such as glioblastoma, where cytokine secretion by a relatively minor subclone can drive the expansion of a more dominant tumor clone.124
Role of non-tumor factors
Germline variants have also been shown to influence MPN phenotype. One example previously discussed is that of rs9376092, an intronic SNP which affects the expression of MYB, and is found more frequently in JAK2-mutated ET than PV patients. This is in keeping with a knockdown mouse model where low MYB levels were sufficient to induce an ET-like phenotype.125 In addition, germline copy number variations on chromosome 14, which are associated predominantly with an ET phenotype, appear to result in increased sensitivity to TPO and cytokine-independent growth, even in the absence of a phenotypic driver mutation.85
Other non-genetic host factors may also influence MPN phenotype. For example, iron deficiency may constrain erythropoiesis and promote thrombocytosis, skewing towards an ET phenotype. The greater incidence of ET in pre-menopausal women is consistent with such an effect, and may also suggest an additional role for estrogens in skewing towards megakaryopoiesis rather than erythropoiesis. Finally, given the role of pro-inflammatory cytokines, and other microenvironmental changes, in promoting the growth of MPN clones and the fibrotic process as discussed previously, it is conceivable that concurrent inflammatory conditions, age or sex-related changes in the bone marrow microenvironment, or even the host’s microbiome may influence the resultant MPN phenotype.126
Overall, it is clear that the evolution of a MPN is a dynamic process involving complex interactions between subclones and the bone marrow microenvironment, which in turn drive changes in the tumor itself (such as the acquisition of new mutations, genetic copy number or epigenetic changes, or mobilization of cells into a separate niche) as well as changes in the bone marrow environment (such as sympathetic neuropathy, osteoclast expansion, fibroblast recruitment/differentiation and differential soluble mediator secretion).
Final remarks and questions
A number of common threads run through this discussion of MPN pathogenesis. First, it is clear that MPNs are diseases of cytokine signaling pathways. This is evident from the prevalence of mutations in cytokine signaling pathways, not only in JAK2 and MPL, but also in loss-of-function mutations of negative regulators of JAK-STAT signaling. There is increasing evidence that CALR mutations also act on these pathways. Furthermore, cytokine secretion by the bone marrow stroma and by the tumor clone itself appears to play a role in disease persistence and progression.
Secondly, additional mutations, such as those in epigenetic modifiers (specifically ASXL1 and EZH2) and spliceosomal components, are likely to modulate the disease phenotype via the derepression of genes regulating stem cell quiescence and self-renewal. This in turn may contribute to the development of accelerated phase disease, bone marrow fibrosis and leukemic transformation, and be associated with worse overall survival.
Thirdly, it is clear that not only is the presence of somatic mutations important in disease pathogenesis, but also that the genetic background upon which they occur has functional and clinical relevance. This applies to both the germline background (for example, the HBS1L-MYB SNP and 46/1 haplotype) and to that of other somatically acquired mutations, such as those affecting TET2 and DNMT3A.
Finally, the fact that changes in clonal architecture, mutation profile and microenvironment can occur in a given patient over time with a resultant change in clinical phenotype (e.g., transformation of ET to PV, or chronic phase disease to accelerated phase or acute leukemia), further supports the idea that ET, PV and MF are not distinct biological entities but rather sit in a biological continuum where clinical phenotype is determined by three main factors: (1) the relative degrees of erythropoiesis compared to megakaryopoiesis, (2) the degree of differentiation versus stem cell/progenitor expansion, and (3) the degree of fibrosis.
A simplified representation of this is shown in Figure 4. Under this schema, for example, JAK2-mutated ET may be an intermediate on the spectrum between CALR/MPL-mutated ET and JAK2-mutated PV, as is reflected in clinical parameters such as hemoglobin concentration, platelet counts and the risk of venous thrombosis.128127116115 This model is also consistent with the concept that “primary” MF reflects progression from a preceding (but previously undiagnosed) MPN. Similarly, it has been suggested that prefibrotic MF may represent a transitional point between ET and MF.129
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Figure 4.An integrated model of determinants of MPN phenotype. Different germline, acquired or microenvironmental factors (vectors represented in 4C) can influence differentiation/self-renewal fate choices, polarization of differentiation towards erythropoiesis or megakaryopoiesis or stimulate fibrosis (the main processes determining MPN phenotype, represented in 4A). Some may operate on more than one process, for example ASXL1 mutations may promote both self-renewal and fibrosis. These then result in a continuum of different phenotypes and account for the heterogeneity seen within the MPNs, despite the small number of phenotypic driver mutations. A representation of where different myeloid disorders sit within this framework is provided in Figure 4B. MF: myelofibrosis; PV: polycythemia vera; ET: essential thrombocytosis; MPN: myeloproliferative neoplasms; MDS: myelodysplastic syndrome; AML: acute myeloid leukemia; PRC2: polycomb repressive complex 2; SNPs: single nucleotide polymorphisms; lL-8: interleukin-8; TGF-β: transforming growth factor-β.
Our understanding of the biological complexity underpinning MPNs and how this relates to clinical parameters and outcomes continues to improve. The ongoing challenge will be to integrate our understanding of these molecular processes into everyday clinical practice in order to allow for better refinement of our diagnostic classifications as well as improved prognostication and therapeutics.
Acknowledgements
The authors would like to thank Carlos Gonzalez Arias, David Kent, Thorsten Klampfl, Kristina Kirschner and Francesca Nice for their comments on earlier drafts of this manuscript.
Footnotes
	Check the online version for the most updated information on this article, online supplements, and information on authorship & disclosures: www.haematologica.org/content/102/1/7


	Received July 4, 2016.
	Accepted September 27, 2016.

References
	Dameshek W. Editorial: Some speculations on the myeloproliferative syndromes. Blood. 1951; 6(4):372-375. PubMedGoogle Scholar

	Baxter EJ, Scott LM, Campbell PJ. Acquired mutation of the tyrosine kinase JAK2 in human myeloproliferative disorders. Lancet. 2005; 365(9464):1054-1061. PubMedhttps://doi.org/10.1016/S0140-6736(05)71142-9Google Scholar

	James C, Ugo V, Le Couédic J-P. A unique clonal JAK2 mutation leading to constitutive signaling causes polycythaemia vera. Nature. 2005; 434(7039):1144-1148. PubMedhttps://doi.org/10.1038/nature03546Google Scholar

	Kralovics R, Passamonti F, Buser AS. A gain-of-function mutation of JAK2 in myeloproliferative disorders. N Engl J Med. 2005; 352(17):1779-1790. PubMedhttps://doi.org/10.1056/NEJMoa051113Google Scholar

	Levine RL, Wadleigh M, Cools J. Activating mutation in the tyrosine kinase JAK2 in polycythemia vera, essential thrombocythemia, and myeloid metaplasia with myelofibrosis. Cancer Cell. 2005; 7(4):387-397. PubMedhttps://doi.org/10.1016/j.ccr.2005.03.023Google Scholar

	Silvennoinen O, Hubbard SR. Molecular insights into regulation of JAK2 in myeloproliferative neoplasms. Blood. 2015; 125(22):3388-3392. PubMedhttps://doi.org/10.1182/blood-2015-01-621110Google Scholar

	Dusa A, Mouton C, Pecquet C, Herman M, Constantinescu SN. JAK2 V617F constitutive activation requires JH2 residue F595: a pseudokinase domain target for specific inhibitors. PLoS ONE. 2010; 5(6):e11157. PubMedhttps://doi.org/10.1371/journal.pone.0011157Google Scholar

	Sanz Sanz A, Niranjan Y, Hammarén H. The JH2 domain and SH2-JH2 linker regulate JAK2 activity: A detailed kinetic analysis of wild type and V617F mutant kinase domains. Biochim Biophys Acta. 2014; 1844(10):1835-1841. PubMedhttps://doi.org/10.1016/j.bbapap.2014.07.003Google Scholar

	Lu X, Levine R, Tong W. Expression of a homodimeric type I cytokine receptor is required for JAK2V617F-mediated transformation. Proc Natl Acad Sci USA. 2005; 102(52):18962-18967. PubMedhttps://doi.org/10.1073/pnas.0509714102Google Scholar

	Wernig G, Gonneville JR, Crowley BJ. The Jak2V617F oncogene associated with myeloproliferative diseases requires a functional FERM domain for transformation and for expression of the Myc and Pim protooncogenes. Blood. 2008; 111(7):3751-3759. PubMedhttps://doi.org/10.1182/blood-2007-07-102186Google Scholar

	Hookham MB, Elliott J, Suessmuth Y. The myeloproliferative disorder–associated JAK2 V617F mutant escapes negative regulation by suppressor of cytokine signaling 3. Blood. 2007; 109(11):4924-4929. PubMedhttps://doi.org/10.1182/blood-2006-08-039735Google Scholar

	Chen E, Beer PA, Godfrey AL. Distinct Clinical Phenotypes Associated with JAK2V617F Reflect Differential STAT1 Signaling. Cancer Cell. 2010; 18(5):524-35. PubMedhttps://doi.org/10.1016/j.ccr.2010.10.013Google Scholar

	Yan D, Hutchison RE, Mohi G. Critical requirement for Stat5 in a mouse model of polycythemia vera. Blood. 2012; 119(15):3539-3549. PubMedhttps://doi.org/10.1182/blood-2011-03-345215Google Scholar

	Walz C, Crowley BJ, Hudon HE. Activated Jak2 with the V617F point mutation promotes G1/S phase transition. J Biol Chem. 2006; 281(26):18177-18183. PubMedhttps://doi.org/10.1074/jbc.M600064200Google Scholar

	Scott LM, Tong W, Levine RL. JAK2 exon 12 mutations in polycythemia vera and idiopathic erythrocytosis. N Engl J Med. 2007; 356(5):459-468. PubMedhttps://doi.org/10.1056/NEJMoa065202Google Scholar

	Passamonti F, Elena C, Schnittger S. Molecular and clinical features of the myeloproliferative neoplasm associated with JAK2 exon 12 mutations. Blood. 2011; 117(10):2813-2816. PubMedhttps://doi.org/10.1182/blood-2010-11-316810Google Scholar

	Dawson MA, Bannister AJ, Göttgens B. JAK2 phosphorylates histone H3Y41 and excludes HP1α from chromatin. Nature. 2009; 461(7265):819-822. PubMedhttps://doi.org/10.1038/nature08448Google Scholar

	Plo I, Nakatake M, Malivert L. JAK2 stimulates homologous recombination and genetic instability: potential implication in the heterogeneity of myeloproliferative disorders. Blood. 2008; 112(4):1402-1412. PubMedhttps://doi.org/10.1182/blood-2008-01-134114Google Scholar

	Ahn JS, Li J, Chen E, Kent DG, Park HJ, Green AR. JAK2V617F mediates resistance to DNA damage-induced apoptosis by modulating FOXO3A localization and Bcl-xL deamidation. Oncogene. 2015; 35(17):2235-2246. Google Scholar

	Anand S, Stedham F, Beer P. Effects of the JAK2 mutation on the hematopoietic stem and progenitor compartment in human myeloproliferative neoplasms. Blood. 2011; 118(1):177-181. PubMedhttps://doi.org/10.1182/blood-2010-12-327593Google Scholar

	James C, Mazurier F, Dupont S. The hematopoietic stem cell compartment of JAK2V617F-positive myeloproliferative disorders is a reflection of disease heterogeneity. Blood. 2008; 112(6):2429-2438. PubMedhttps://doi.org/10.1182/blood-2008-02-137877Google Scholar

	Larsen TS, Christensen JH, Hasselbalch HC, Pallisgaard N. The JAK2 V617F mutation involves B- and T-lymphocyte lineages in a subgroup of patients with Philadelphia-chromosome negative chronic myeloproliferative disorders. Br J Haematol. 2007; 136(5):745-751. PubMedhttps://doi.org/10.1111/j.1365-2141.2007.06497.xGoogle Scholar

	Mullally A, Lane SW, Ball B. Physiological Jak2V617F expression causes a lethal myeloproliferative neoplasm with differential effects on hematopoietic stem and progenitor cells. Cancer Cell. 2010; 17(6):584-596. PubMedhttps://doi.org/10.1016/j.ccr.2010.05.015Google Scholar

	Li J, Kent DG, Godfrey AL. JAK2V617F homozygosity drives a phenotypic switch in myeloproliferative neoplasms, but is insufficient to sustain disease. Blood. 2014; 123(20):3139-3151. PubMedhttps://doi.org/10.1182/blood-2013-06-510222Google Scholar

	Kent DG, Li J, Tanna H. Self-renewal of single mouse hematopoietic stem cells is reduced by JAK2V617F without compro mising progenitor cell expansion. PLoS Biol. 2013; 11(6):e1001576. PubMedhttps://doi.org/10.1371/journal.pbio.1001576Google Scholar

	Genovese G, Kähler AK, Handsaker RE. Clonal hematopoiesis and blood-cancer risk inferred from blood DNA sequence. N Engl J Med. 2014; 371(26):2477-2487. PubMedhttps://doi.org/10.1056/NEJMoa1409405Google Scholar

	Jaiswal S, Fontanillas P, Flannick J. Age-related clonal hematopoiesis associated with adverse outcomes. N Engl J Med. 2014; 371(26):2488-2498. PubMedhttps://doi.org/10.1056/NEJMoa1408617Google Scholar

	McKerrell T, Park N, Moreno T. Leukemia-associated somatic mutations drive distinct patterns of age-related clonal hemopoiesis. Cell Rep. 2015; 10(8):1239-1245. PubMedhttps://doi.org/10.1016/j.celrep.2015.02.005Google Scholar

	Xie M, Lu C, Wang J. Age-related mutations associated with clonal hematopoietic expansion and malignancies. Nat Med. 2014; 20(12):1472-1478. PubMedhttps://doi.org/10.1038/nm.3733Google Scholar

	Sun J, Ramos A, Chapman B. Clonal dynamics of native haematopoiesis. Nature. 2014; 514(7522):322-327. PubMedhttps://doi.org/10.1038/nature13824Google Scholar

	Lundberg P, Takizawa H, Kubovcakova L. Myeloproliferative neoplasms can be initiated from a single hematopoietic stem cell expressing JAK2-V617F. J Exp Med. 2014; 211(11):2213-2230. PubMedhttps://doi.org/10.1084/jem.20131371Google Scholar

	Wierenga ATJ, Schepers H, Moore MAS, Vellenga E, Schuringa JJ. STAT5-induced self-renewal and impaired myelopoiesis of human hematopoietic stem/progenitor cells involves down-modulation of C/EBPα. Blood. 2006; 107(11):4326-4333. PubMedhttps://doi.org/10.1182/blood-2005-11-4608Google Scholar

	Li Q, Bohin N, Wen T. Oncogenic Nras has bimodal effects on stem cells that sustainably increase competitiveness. Nature. 2013; 504(7478):143-147. PubMedhttps://doi.org/10.1038/nature12830Google Scholar

	Pikman Y, Lee BH, Mercher T. MPLW515L is a novel somatic activating mutation in myelofibrosis with myeloid metaplasia. PLoS Med. 2006; 3(7):e270. PubMedhttps://doi.org/10.1371/journal.pmed.0030270Google Scholar

	Pardanani AD, Levine RL, Lasho T. MPL515 mutations in myeloproliferative and other myeloid disorders: a study of 1182 patients. Blood. 2006; 108(10):3472-3476. PubMedhttps://doi.org/10.1182/blood-2006-04-018879Google Scholar

	Cabagnols X, Favale F, Pasquier F. Presence of atypical thrombopoietin receptor (MPL) mutations in triple-negative essential thrombocythemia patients. Blood. 2016; 127(3):333-342. PubMedhttps://doi.org/10.1182/blood-2015-07-661983Google Scholar

	Milosevic Feenstra JD, Nivarthi H, Gisslinger H, Leroy E, Rumi E, Chachoua I. Whole-exome sequencing identifies novel MPL and JAK2 mutations in triple-negative myeloproliferative neoplasms. Blood. 2016; 127(3):325-332. PubMedhttps://doi.org/10.1182/blood-2015-07-661835Google Scholar

	Klampfl T, Gisslinger H, Harutyunyan AS. Somatic mutations of calreticulin in myeloproliferative neoplasms. N Engl J Med. 2013; 369(25):2379-2390. PubMedhttps://doi.org/10.1056/NEJMoa1311347Google Scholar

	Nangalia J, Massie CE, Baxter EJ. Somatic CALR mutations in myeloproliferative neoplasms with nonmutated JAK2. N Engl J Med. 2013; 369(25):2391-2405. PubMedhttps://doi.org/10.1056/NEJMoa1312542Google Scholar

	Rampal R, Al-Shahrour F, Abdel-Wahab O. Integrated genomic analysis illustrates the central role of JAK-STAT pathway activation in myeloproliferative neoplasm pathogenesis. Blood. 2014; 123(22):e123-133. PubMedhttps://doi.org/10.1182/blood-2014-02-554634Google Scholar

	Kollmann K, Nangalia J, Warsch W. MARIMO cells harbor a CALR mutation but are not dependent on JAK2/STAT5 signaling. Leukemia. 2015; 29(2):494-497. PubMedhttps://doi.org/10.1038/leu.2014.285Google Scholar

	Arnaudeau S, Frieden M, Nakamura K, Castelbou C, Michalak M, Demaurex N. Calreticulin differentially modulates calcium uptake and release in the endoplasmic reticulum and mitochondria. J Biol Chem. 2002; 277(48):46696-46705. PubMedhttps://doi.org/10.1074/jbc.M202395200Google Scholar

	Ellgaard L, Frickel E-M. Calnexin, calreticulin, and ERp57. Cell Biochem Biophys. 2003; 39(3):223-247. PubMedhttps://doi.org/10.1385/CBB:39:3:223Google Scholar

	Pietra D, Rumi E, Ferretti VV. Differential clinical effects of different mutation subtypes in CALR-mutant myeloproliferative neoplasms. Leukemia. 2016; 30(2):431-438. PubMedhttps://doi.org/10.1038/leu.2015.277Google Scholar

	Vannucchi AM, Rotunno G, Bartalucci N. Calreticulin mutation-specific immunostaining in myeloproliferative neoplasms: pathogenetic insight and diagnostic value. Leukemia. 2014; 28(9):1811-1818. PubMedhttps://doi.org/10.1038/leu.2014.100Google Scholar

	Araki M, Yang Y, Masubuchi N. Activation of the thrombopoietin receptor by mutant calreticulin in CALR-mutant myeloproliferative neoplasms. Blood. 2016; 127(10):1307-1316. PubMedhttps://doi.org/10.1182/blood-2015-09-671172Google Scholar

	Chachoua I, Pecquet C, El-Khoury M. Thrombopoietin receptor activation by myeloproliferative neoplasm associated calreticulin mutants. Blood. 2016; 127(10):1325-1335. PubMedhttps://doi.org/10.1182/blood-2015-11-681932Google Scholar

	Marty C, Pecquet C, Nivarthi H. Calreticulin mutants in mice induce an MPL-dependent thrombocytosis with frequent progression to myelofibrosis. Blood. 2016; 127(10):1317-1324. PubMedhttps://doi.org/10.1182/blood-2015-11-679571Google Scholar

	Elf S, Abdelfattah NS, Chen E. Mutant calreticulin requires both its mutant c-terminus and the thrombopoietin receptor for oncogenic transformation. Cancer Discov. 2016; 6(4):368-381. PubMedhttps://doi.org/10.1158/2159-8290.CD-15-1434Google Scholar

	Verstovsek S, Mesa RA, Gotlib J. The clinical benefit of ruxolitinib across patient subgroups: analysis of a placebo-controlled, Phase III study in patients with myelofibrosis. Br J Haematol. 2013; 161(4):508-516. PubMedhttps://doi.org/10.1111/bjh.12274Google Scholar

	Velazquez L, Cheng AM, Fleming HE. Cytokine signaling and hematopoietic homeostasis are disrupted in Lnk-deficient Mice. J Exp Med. 2002; 195(12):1599-1611. PubMedhttps://doi.org/10.1084/jem.20011883Google Scholar

	Lasho TL, Pardanani A, Tefferi A. LNK mutations in JAK2 mutation–negative erythrocytosis. N Engl J Med. 2010; 363(12):1189-1190. PubMedhttps://doi.org/10.1056/NEJMc1006966Google Scholar

	Oh ST, Simonds EF, Jones C. Novel mutations in the inhibitory adaptor protein LNK drive JAK-STAT signaling in patients with myeloproliferative neoplasms. Blood. 2010; 116(6):988-992. PubMedhttps://doi.org/10.1182/blood-2010-02-270108Google Scholar

	Pardanani A, Lasho T, Finke C, Oh ST, Gotlib J, Tefferi A. LNK mutation studies in blast-phase myeloproliferative neoplasms, and in chronic-phase disease with TET2, IDH, JAK2 or MPL mutations. Leukemia. 2010; 24(10):1713-1718. PubMedhttps://doi.org/10.1038/leu.2010.163Google Scholar

	Toffalini F, Demoulin J-B. New insights into the mechanisms of hematopoietic cell transformation by activated receptor tyrosine kinases. Blood. 2010; 116(14):2429-2437. PubMedhttps://doi.org/10.1182/blood-2010-04-279752Google Scholar

	Grand FH, Hidalgo-Curtis CE, Ernst T. Frequent CBL mutations associated with 11q acquired uniparental disomy in myeloproliferative neoplasms. Blood. 2009; 113(24):6182-6192. PubMedhttps://doi.org/10.1182/blood-2008-12-194548Google Scholar

	Schwaab J, Ernst T, Erben P. Activating CBL mutations are associated with a distinct MDS/MPN phenotype. Ann Hematol. 2012; 91(11):1713-1720. PubMedhttps://doi.org/10.1007/s00277-012-1521-3Google Scholar

	Suessmuth Y, Elliott J, Percy MJ. A new polycythaemia vera-associated SOCS3 SH2 mutant (SOCS3F136L) cannot regulate erythropoietin responses. Br J Haematol. 2009; 147(4):450-458. PubMedhttps://doi.org/10.1111/j.1365-2141.2009.07860.xGoogle Scholar

	Jost E, do Ó N, Dahl E. Epigenetic alterations complement mutation of JAK2 tyrosine kinase in patients with BCR/ABL-negative myeloproliferative disorders. Leukemia. 2007; 21(3):505-510. PubMedhttps://doi.org/10.1038/sj.leu.2404513Google Scholar

	Janssen JW, Steenvoorden AC, Lyons J. RAS gene mutations in acute and chronic myelocytic leukemias, chronic myeloproliferative disorders, and myelodysplastic syndromes. Proc Natl Acad Sci USA. 1987; 84(24):9228-9232. PubMedhttps://doi.org/10.1073/pnas.84.24.9228Google Scholar

	Wang J, Kong G, Liu Y. NrasG12D/+ promotes leukemogenesis by aberrantly regulating hematopoietic stem cell functions. Blood. 2013; 121(26):5203-5207. PubMedhttps://doi.org/10.1182/blood-2012-12-475863Google Scholar

	Brecqueville M, Rey J, Bertucci F. Mutation analysis of ASXL1, CBL, DNMT3A, IDH1, IDH2, JAK2, MPL, NF1, SF3B1, SUZ12, and TET2 in myeloproliferative neoplasms. Genes Chromosomes Cancer. 2012; 51(8):743-755. PubMedhttps://doi.org/10.1002/gcc.21960Google Scholar

	Kratz CP. The mutational spectrum of PTPN11 in juvenile myelomonocytic leukemia and Noonan syndrome/myeloproliferative disease. Blood. 2005; 106(6):2183-2185. PubMedhttps://doi.org/10.1182/blood-2005-02-0531Google Scholar

	Delhommeau F, Dupont S, Valle VD. Mutation in TET2 in myeloid cancers. N Engl J Med. 2009; 360(22):2289-2301. PubMedhttps://doi.org/10.1056/NEJMoa0810069Google Scholar

	Tefferi A, Pardanani A, Lim K-H. TET2 mutations and their clinical correlates in polycythemia vera, essential thrombocythemia and myelofibrosis. Leukemia. 2009; 23(5):905-911. PubMedhttps://doi.org/10.1038/leu.2009.47Google Scholar

	Ko M, Huang Y, Jankowska AM. Impaired hydroxylation of 5-methylcytosine in myeloid cancers with mutant TET2. Nature. 2010; 468(7325):839-843. PubMedhttps://doi.org/10.1038/nature09586Google Scholar

	Moran-Crusio K, Reavie L, Shih A. Tet2 loss leads to increased hematopoietic stem cell self-renewal and myeloid transformation. Cancer Cell. 2011; 20(1):11-24. PubMedhttps://doi.org/10.1016/j.ccr.2011.06.001Google Scholar

	Bocker MT, Tuorto F, Raddatz G. Hydroxylation of 5-methylcytosine by TET2 maintains the active state of the mammalian HOXA cluster. Nat Commun. 2012; 3:818. PubMedhttps://doi.org/10.1038/ncomms1826Google Scholar

	Green A, Beer P. Somatic Mutations of IDH1 and IDH2 in the leukemic transformation of myeloproliferative neoplasms. N Engl J Med. 2010; 362(4):369-370. PubMedhttps://doi.org/10.1056/NEJMc0910063Google Scholar

	Lu C, Ward PS, Kapoor GS. IDH mutation impairs histone demethylation and results in a block to cell differentiation. Nature. 2012; 483(7390):474-478. PubMedhttps://doi.org/10.1038/nature10860Google Scholar

	Figueroa ME, Abdel-Wahab O, Lu C. Leukemic IDH1 and IDH2 mutations result in a hypermethylation phenotype, disrupt TET2 function, and impair hematopoietic differentiation. Cancer Cell. 2010; 18(6):553-567. PubMedhttps://doi.org/10.1016/j.ccr.2010.11.015Google Scholar

	Lundberg P, Karow A, Nienhold R. Clonal evolution and clinical correlates of somatic mutations in myeloproliferative neoplasms. Blood. 2014; 123(14):2220-2228. PubMedhttps://doi.org/10.1182/blood-2013-11-537167Google Scholar

	Stegelmann F, Bullinger L, Schlenk RF. DNMT3A mutations in myeloproliferative neoplasms. Leukemia. 2011; 25(7):1217-1219. PubMedhttps://doi.org/10.1038/leu.2011.77Google Scholar

	Challen GA, Sun D, Jeong M. Dnmt3a is essential for hematopoietic stem cell dif ferentiation. Nat Genet. 2011; 44(1):23-31. PubMedhttps://doi.org/10.1038/ng.1009Google Scholar

	Guglielmelli P, Biamonte F, Score J. EZH2 mutational status predicts poor survival in myelofibrosis. Blood. 2011; 118(19):5227-5234. PubMedhttps://doi.org/10.1182/blood-2011-06-363424Google Scholar

	Muto T, Sashida G, Oshima M. Concurrent loss of Ezh2 and Tet2 cooperates in the pathogenesis of myelodysplastic disorders. J Exp Med. 2013; 210(12):2627-2639. PubMedhttps://doi.org/10.1084/jem.20131144Google Scholar

	Khan SN, Jankowska AM, Mahfouz R. Multiple mechanisms deregulate EZH2 and histone H3 lysine 27 epigenetic changes in myeloid malignancies. Leukemia. 2013; 27(6):1301-1309. PubMedhttps://doi.org/10.1038/leu.2013.80Google Scholar

	Carbuccia N, Murati A, Trouplin V. Mutations of ASXL1 gene in myeloproliferative neoplasms. Leukemia. 2009; 23(11):2183-2186. PubMedhttps://doi.org/10.1038/leu.2009.141Google Scholar

	Abdel-Wahab O, Adli M, LaFave LM. ASXL1 mutations promote myeloid transformation through loss of PRC2-mediated gene repression. Cancer Cell. 2012; 22(2):180-193. PubMedhttps://doi.org/10.1016/j.ccr.2012.06.032Google Scholar

	Visconte V, Rogers HJ, Bodo J. Spliceosome gene mutations are frequently found in JAK2 negative myelofibrosis and associated with worse clinical outcomes. Blood. 2013; 122(21):4063. Google Scholar

	Kim E, Ilagan JO, Liang Y. SRSF2 mutations contribute to myelodysplasia by mutant-specific effects on exon recognition. Cancer Cell. 2015; 27(5):617-630. PubMedhttps://doi.org/10.1016/j.ccell.2015.04.006Google Scholar

	Shirai CL, Ley JN, White BS. Mutant U2AF1 expression alters hematopoiesis and pre-mRNA splicing in vivo. Cancer Cell. 2015; 27(5):631-643. PubMedhttps://doi.org/10.1016/j.ccell.2015.04.008Google Scholar

	Jones AV, Cross NCP. Inherited predisposition to myeloproliferative neoplasms. Ther Adv Hematol. 2013; 4(4):237-253. PubMedhttps://doi.org/10.1177/2040620713489144Google Scholar

	Giambruno R, Krendl C, Stukalov A. Germline RBBP6 mutations in myeloproliferative neoplasms. Blood. 2013; 122(21):267. Google Scholar

	Saliba J, Saint-Martin C, Di Stefano A. Germline duplication of ATG2B and GSKIP predisposes to familial myeloid malignancies. Nat Genet. 2015; 47(10):1131-1140. PubMedhttps://doi.org/10.1038/ng.3380Google Scholar

	Oddsson A, Kristinsson SY, Helgason H. The germline sequence variant rs2736100_C in TERT associates with myeloproliferative neoplasms. Leukemia. 2014; 28(6):1371-1374. PubMedhttps://doi.org/10.1038/leu.2014.48Google Scholar

	Tapper W, Jones AV, Kralovics R. Genetic variation at MECOM, TERT, JAK2 and HBS1L-MYB predisposes to myeloproliferative neoplasms. Nat Commun. 2015; 6:6691. PubMedhttps://doi.org/10.1038/ncomms7691Google Scholar

	Jones AV, Chase A, Silver RT. JAK2 haplotype is a major risk factor for the development of myeloproliferative neoplasms. Nat Genet. 2009; 41(4):446-449. PubMedhttps://doi.org/10.1038/ng.334Google Scholar

	Olcaydu D, Harutyunyan A, Jäger R. A common JAK2 haplotype confers susceptibility to myeloproliferative neoplasms. Nat Genet. 2009; 41(4):450-454. PubMedhttps://doi.org/10.1038/ng.341Google Scholar

	Jones AV, Campbell PJ, Beer PA. The JAK2 46/1 haplotype predisposes to MPL-mutated myeloproliferative neoplasms. Blood. 2010; 115(22):4517-4523. PubMedhttps://doi.org/10.1182/blood-2009-08-236448Google Scholar

	Kim Y-W, Koo B-K, Jeong H-W. Defective Notch activation in microenvironment leads to myeloproliferative disease. Blood. 2008; 112(12):4628-4638. PubMedhttps://doi.org/10.1182/blood-2008-03-148999Google Scholar

	Walkley CR, Olsen GH, Dworkin S. A microenvironment-induced myeloproliferative syndrome caused by retinoic acid receptor γ deficiency. Cell. 2007; 129(6):1097-1110. PubMedhttps://doi.org/10.1016/j.cell.2007.05.014Google Scholar

	Manshouri T, Estrov Z, Quintas-Cardama A. Bone marrow stroma-secreted cytokines protect JAK2V617F-mutated cells from the effects of a JAK2 inhibitor. Cancer Res. 2011; 71(11):3831-3840. PubMedhttps://doi.org/10.1158/0008-5472.CAN-10-4002Google Scholar

	Fleischman AG, Aichberger KJ, Luty SB. TNF facilitates clonal expansion of JAK2V617F positive cells in myeloproliferative neoplasms. Blood. 2011; 118(24):6392-6398. PubMedhttps://doi.org/10.1182/blood-2011-04-348144Google Scholar

	Drexler HG, Meyer C, Zaborski M, Uphoff CC, Quentmeier H. Growth-inhibitory effects of transforming growth factor-β1 on myeloid leukemia cell lines. Leuk Res. 1998; 22(10):927-938. PubMedhttps://doi.org/10.1016/S0145-2126(98)00088-5Google Scholar

	Kralovics R, Guan Y, Prchal JT. Acquired uniparental disomy of chromosome 9p is a frequent stem cell defect in polycythemia vera. Exp Hematol. 2002; 30(3):229-236. PubMedhttps://doi.org/10.1016/S0301-472X(01)00789-5Google Scholar

	Bogani C, Ponziani V, Guglielmelli P. Hypermethylation of CXCR4 promoter in CD34+ cells from patients with primary myelofibrosis. Stem Cells. 2008; 26(8):1920-1930. PubMedhttps://doi.org/10.1634/stemcells.2008-0377Google Scholar

	Hasselbalch HC. The role of cytokines in the initiation and progression of myelofibrosis. Cytokine Growth Factor Rev. 2013; 24(2):133-145. PubMedhttps://doi.org/10.1016/j.cytogfr.2013.01.004Google Scholar

	Kleppe M, Kwak M, Koppikar P. JAK-STAT pathway activation in malignant and nonmalignant cells contributes to MPN pathogenesis and therapeutic response. Cancer Discov. 2015; 5(3):316-331. PubMedhttps://doi.org/10.1158/2159-8290.CD-14-0736Google Scholar

	Skov V, Thomassen M, Riley CH. Gene expression profiling with principal component analysis depicts the biological continuum from essential thrombocythemia over polycythemia vera to myelofibrosis. Exp Hematol. 2012; 40(9):771-80.e19. PubMedhttps://doi.org/10.1016/j.exphem.2012.05.011Google Scholar

	Vaidya R, Gangat N, Jimma T. Plasma cytokines in polycythemia vera: Phenotypic correlates, prognostic relevance, and comparison with myelofibrosis. Am J Hematol. 2012; 87(11):1003-1005. PubMedhttps://doi.org/10.1002/ajh.23295Google Scholar

	Kagoya Y, Yoshimi A, Tsuruta-Kishino T. JAK2V617F+ myeloproliferative neoplasm clones evoke paracrine DNA damage to adjacent normal cells through secretion of lipocalin-2. Blood. 2014; 124(19):2996-3006. PubMedhttps://doi.org/10.1182/blood-2014-04-570572Google Scholar

	Arranz L, Sánchez-Aguilera A, Martín-Pérez D. Neuropathy of haematopoietic stem cell niche is essential for myeloproliferative neoplasms. Nature. 2014; 512(7512):78-81. PubMedhttps://doi.org/10.1038/nature13383Google Scholar

	Schepers K, Pietras EM, Reynaud D. Myeloproliferative neoplasia remodels the endosteal bone marrow niche into a self-reinforcing leukemic niche. Cell Stem Cell. 2013; 13(3):285-299. PubMedhttps://doi.org/10.1016/j.stem.2013.06.009Google Scholar

	Dupont S, Masse A, James C. The JAK2 617V&gt;F mutation triggers erythropoietin hypersensitivity and terminal erythroid amplification in primary cells from patients with polycythemia vera. Blood. 2007; 110(3):1013-1021. PubMedhttps://doi.org/10.1182/blood-2006-10-054940Google Scholar

	Scott LM. Progenitors homozygous for the V617F mutation occur in most patients with polycythemia vera, but not essential thrombocythemia. Blood. 2006; 108(7):2435-2437. PubMedhttps://doi.org/10.1182/blood-2006-04-018259Google Scholar

	Godfrey AL, Chen E, Pagano F, Silber Y, Campbell PJ, Green AR. Clonal analyses reveal associations of JAK2V617F homozygosity with hematologic features, age and gender in polycythemia vera and essential thrombocythemia. Haematologica. 2013; 98(5):718-721. PubMedhttps://doi.org/10.3324/haematol.2012.079129Google Scholar

	Tiedt R, Hao-Shen H, Sobas MA. Ratio of mutant JAK2-V617F to wild-type Jak2 determines the MPD phenotypes in transgenic mice. Blood. 2008; 111(8):3931-3940. PubMedhttps://doi.org/10.1182/blood-2007-08-107748Google Scholar

	Saliba J, Hamidi S, Lenglet G. Heterozygous and homozygous JAK2V617F states modeled by induced pluripotent stem cells from myeloproliferative neoplasm patients. PLoS ONE. 2013; 8(9):e74257. Google Scholar

	Vannucchi AM, Antonioli E, Guglielmelli P. Clinical profile of homozygous JAK2 617V&gt;F mutation in patients with polycythemia vera or essential thrombocythemia. Blood. 2007; 110(3):840-846. PubMedhttps://doi.org/10.1182/blood-2006-12-064287Google Scholar

	Godfrey AL, Chen E, Pagano F. JAK2V617F homozygosity arises commonly and recurrently in PV and ET, but PV is characterized by expansion of a dominant homozygous subclone. Blood. 2012; 120(13):2704-2707. PubMedhttps://doi.org/10.1182/blood-2012-05-431791Google Scholar

	Beer PA, Ortmann CA, Campbell PJ, Green AR. Independently acquired biallelic JAK2 mutations are present in a minority of patients with essential thrombocythemia. Blood. 2010; 116(6):1013-1014. PubMedhttps://doi.org/10.1182/blood-2010-05-284356Google Scholar

	Vilaine M, Olcaydu D, Harutyunyan A. Homologous recombination of wild-type JAK2, a novel early step in the development of myeloproliferative neoplasm. Blood. 2011; 118(24):6468-6470. PubMedhttps://doi.org/10.1182/blood-2011-08-372813Google Scholar

	Teofili L, Martini M, Cenci T. Different STAT-3 and STAT-5 phosphorylation discriminates among Ph-negative chronic myeloproliferative diseases and is independent of the V617F JAK-2 mutation. Blood. 2007; 110(1):354-359. PubMedhttps://doi.org/10.1182/blood-2007-01-069237Google Scholar

	Rotunno G, Mannarelli C, Guglielmelli P. Impact of calreticulin mutations on clinical and hematological phenotype and outcome in essential thrombocythemia. Blood. 2014; 123(10):1552-1555. PubMedhttps://doi.org/10.1182/blood-2013-11-538983Google Scholar

	Rumi E, Pietra D, Ferretti V. JAK2 or CALR mutation status defines subtypes of essential thrombocythemia with substantially different clinical course and outcomes. Blood. 2014; 123(10):1544-1551. PubMedhttps://doi.org/10.1182/blood-2013-11-539098Google Scholar

	Rumi E, Pietra D, Pascutto C. Clinical effect of driver mutations of JAK2, CALR, or MPL in primary myelofibrosis. Blood. 2014; 124(7):1062-1069. PubMedhttps://doi.org/10.1182/blood-2014-05-578435Google Scholar

	Tefferi A, Lasho TL, Finke CM. CALR vs JAK2 vs MPL-mutated or triple-negative myelofibrosis: clinical, cytogenetic and molecular comparisons. Leukemia. 2014; 28(7):1472-1477. PubMedhttps://doi.org/10.1038/leu.2014.3Google Scholar

	Tefferi A, Lasho TL, Tischer A. The prognostic advantage of calreticulin mutations in myelofibrosis might be confined to type 1 or type 1-like CALR variants. Blood. 2014; 124(15):2465-2466. PubMedhttps://doi.org/10.1182/blood-2014-07-588426Google Scholar

	Ortmann CA, Kent DG, Nangalia J. Effect of mutation order on myeloproliferative neoplasms. N Engl J Med. 2015; 372(7):601-612. PubMedhttps://doi.org/10.1056/NEJMoa1412098Google Scholar

	Vannucchi AM, Lasho TL, Guglielmelli P. Mutations and prognosis in primary myelofibrosis. Leukemia. 2013; 27(9):1861-1869. PubMedhttps://doi.org/10.1038/leu.2013.119Google Scholar

	Prick J, de Haan G, Green AR, Kent DG. Clonal heterogeneity as a driver of disease variability in the evolution of myeloproliferative neoplasms. Exp Hematol. 2014; 42(10):841-851. Google Scholar

	Nangalia J, Nice FL, Wedge DC. DNMT3A mutations occur early or late in patients with myeloproliferative neoplasms and mutation order influences phenotype. Haematologica. 2015; 100(11):e438-442. PubMedhttps://doi.org/10.3324/haematol.2015.129510Google Scholar

	Inda M-M, Bonavia R, Mukasa A. Tumor heterogeneity is an active process maintained by a mutant EGFR-induced cytokine circuit in glioblastoma. Genes Dev. 2010; 24(16):1731-1745. PubMedhttps://doi.org/10.1101/gad.1890510Google Scholar

	García P, Clarke M, Vegiopoulos A. Reduced c-Myb activity compromises HSCs and leads to a myeloproliferation with a novel stem cell basis. EMBO J. 2009; 28(10):1492-1504. PubMedhttps://doi.org/10.1038/emboj.2009.97Google Scholar

	Manzo VE, Bhatt AS. The human microbiome in hematopoiesis and hematologic disorders. Blood. 2015; 126(3):311-318. PubMedhttps://doi.org/10.1182/blood-2015-04-574392Google Scholar

	Campbell PJ, Scott LM, Buck G, Wheatley K, East CL, Marsden JT. Definition of subtypes of essential thrombocythaemia and relation to polycythaemia vera based on JAK2 V617F mutation status: a prospective study. Lancet. 2005; 366(9501):1945-1953. PubMedhttps://doi.org/10.1016/S0140-6736(05)67785-9Google Scholar

	Beer PA, Erber WN, Campbell PJ, Green AR. How I treat essential thrombocythemia. Blood. 2010; 117(5):1472-1482. PubMedGoogle Scholar

	Barosi G, Rosti V, Bonetti E. Evidence that prefibrotic myelofibrosis is aligned along a clinical and biological continuum featuring primary myelofibrosis. PLoS ONE. 2012; 7(4):e35631. PubMedhttps://doi.org/10.1371/journal.pone.0035631Google Scholar




                                                        

                                                    

                                                    
                                                        


                                                                                                                                                                        


                                                                                                                                                                                    
                                                                Data Supplements
                                                                    
	    


            

    
        2014_113845-Disclosures_and_Contributions.pdf




                                                            

                                                                                                                    

                                                                                                                
                                                            Figures & Tables
                                                        



                                                    

                                                    
                                                        
                                                            Article Information

                                                              



                                                                                                                        
                                                                
                                                                                                                                        
                                                                                                                                                    Vol. 102 No. 1 (2017): January, 2017 : Review Articles
                                                                                                                                                

                                                                





                                                                
                                                                
                                                                    
                                                                         
                                                                    

                                                                

                                                                                                                                                                                                
                                                                                                                                         
                                                                        DOI
                                                                    

                                                                    
                                                                    
                                                                        
                                                                                                                                                                                                                                    https://doi.org/10.3324/haematol.2014.113845
                                                                        


                                                                                                                                            

                                                                                                                                    

                                                            

                                                            
                                                                                                                        
                                                            

                                                                                                                        
                                                                
                                                                    Pubmed
                                                                

                                                                
                                                                    
                                                                        27909216
                                                                    
                                                                

                                                            

                                                                                                                                                                                    
                                                                
                                                                    Pubmed Central
                                                                

                                                                
                                                                    
                                                                        PMC5210228
                                                                    
                                                                

                                                            

                                                                                                                        
                                                                
                                                                     
                                                                

                                                            

                                                                                                                        
                                                                
                                                                    Published
                                                                

                                                                
                                                                    2017-01-01
                                                                

                                                            

                                                                                                                        
                                                            
                                                                
                                                                    
                                                                        Published By
                                                                    


                                                                    
                                                                        Ferrata Storti Foundation, Pavia, Italy
                                                                    

                                                                


                                                                
                                                                    
                                                                        Print ISSN
                                                                    

                                                                    
                                                                        0390-6078
                                                                    

                                                                

                                                                
                                                                    
                                                                        Online ISSN
                                                                    

                                                                    
                                                                        1592-8721
                                                                    

                                                                

                                                                
                                                                    
                                                                         
                                                                    

                                                                

                                                            

                                                        




                                                                                                                
                                                                                                                                                                                    



                                                                                                                        
                                                                Article Usage

                                                            

                                                            


    
        Online Views

        2221

    

    
        PDF Downloads

        556

    





    
    



            

        Statistics from Altmetric.com



        
            
                No Data
            

        





    

    





                                                            

                                                        

                                                    


                                                

                                                                                                
                                                    
                                                        
    	
            
                
            
        
	
                            
    

        



            
    
    
    
    
                        
	
            
                
            
        
	

            
                
            
        
	
        
        
    


                    



                                                    

                                                

                                            

                                        

                                                                                



                                            
                                                
                                                                                    
                    
                    
                        
                    

                
                                                


                                                
                                                                                    
                    
                        
                        
                            
                        

                    

                
                                                


                                                
                                                    
                                                                                                            
                                                
                                                
                                                                                                        
                                                




                                            


                                        

                                                                        

                            

                            
    
        
            
                How to Cite

                
                    ×
                
            

            
    
        
                        
            
                
                    
  1. 
Jacob Grinfeld, Jyoti Nangalia, Anthony R. Green. Molecular determinants of pathogenesis and clinical phenotype in myeloproliferative neoplasms. Haematologica 2016;102(1):7-17; https://doi.org/10.3324/haematol.2014.113845.





                

                

                
                
  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
 





				

			                        

        

    

   
















 

