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Abstract

:

Simple Summary


Myeloproliferative neoplasms (MPNs) represent a group of blood cancers characterized by the excessive production of blood cells in the bone marrow, including Polycythemia Vera (PV), Essential Thrombocythemia (ET), and Primary Myelofibrosis (PMF). Recent advancements in the field of molecular biology have significantly enhanced our understanding of the genetic underpinnings of these conditions. The identification of specific genetic mutations has refined the accuracy of diagnoses and paved the way for personalized therapeutic approaches. By tailoring treatment strategies to the individual genetic profile of a patient’s disease, clinicians can optimize clinical outcomes and improve the quality of life for those affected. This summary aims to elucidate the recent molecular discoveries in PV, ET, and PMF, highlighting their pivotal role in the evolution of patient management strategies.




Abstract


Myeloproliferative neoplasms (MPNs), including Polycythemia Vera (PV), Essential Thrombocythemia (ET), and Primary Myelofibrosis (PMF), are characterized by the clonal proliferation of hematopoietic stem cells leading to an overproduction of hematopoietic cells. The last two decades have seen significant advances in our understanding of the molecular pathogenesis of these diseases, with the discovery of key mutations in the JAK2, CALR, and MPL genes being pivotal. This review provides a comprehensive update on the molecular landscape of PV, ET, and PMF, highlighting the diagnostic, prognostic, and therapeutic implications of these genetic findings. We delve into the challenges of diagnosing and treating patients with prognostic mutations, clonal evolution, and the impact of emerging technologies like next-generation sequencing and single-cell genomics on the field. The future of MPN management lies in leveraging these molecular insights to develop personalized treatment strategies, aiming for precision medicine that optimizes outcomes for patients. This article synthesizes current knowledge on molecular diagnostics in MPNs, underscoring the critical role of genetic profiling in enhancing patient care and pointing towards future research directions that promise to further refine our approach to these complex disorders.
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1. Introduction


Myeloproliferative neoplasms (MPNs), including polycythemia vera (PV), essential thrombocythemia (ET), and primary myelofibrosis (PMF), constitute a group of hematologic malignancies characterized by clonal expansion of one or more myeloid lineages, which results in excessive production of hematopoietic cells. Traditionally, the diagnostic framework for these conditions has predominantly relied on morphological and clinical parameters. Nevertheless, the past two decades have witnessed a significant shift in our comprehension of the genetic underpinnings of these disorders, prompted by the discovery of the JAK2 V617F mutation and subsequent identification of mutations in CALR and MPL. These findings have fundamentally altered the diagnostic and treatment paradigms for PV, ET, and PMF [1,2].



The fifth edition of the World Health Organization (WHO) Classification of Hematolymphoid Tumors and the International Consensus Classification (ICC) have reaffirmed the central role of molecular diagnostics in the classification and management of MPNs [3,4]. While the diagnostic criteria for PV, ET, and PMF have seen no significant changes in the light of these updates, the advancements in our understanding of their molecular pathology have been profound. The recognition of additional somatic mutations beyond the driver mutations in JAK2, CALR, and MPL has deepened our insight into the disease biology, offering new avenues for targeted therapies and prognostic assessments [5,6].



The aim of this review is not to provide a comprehensive examination of each entity within the spectrum of MPNs, where there exists a lack of complete concordance between the WHO and the ICC; rather, it is to underscore the critical importance of molecular diagnostics in the clinical management of PV, ET, and PMF, against the backdrop of the broader spectrum of MPNs. It offers a concise exploration of key molecular markers and elucidates their influence on diagnosis, prognosis, and therapeutic approaches. Furthermore, this review includes a forward-looking discussion on future directions, aiming to provide insights into potential advancements and the evolving intersection of genetic research with clinical practice in the MPN domain.




2. Diagnostic Criteria for PV, ET, PMF, and MPN-NOS


In alignment with the fourth edition of the WHO [7], the recent updates to the WHO and ICC 2022 diagnostic criteria continue to incorporate both molecular and clinical features, reaffirming their crucial role in the management and therapeutic strategies for MPNs. Although these modifications are minimal, they emphasize the pivotal role of molecular diagnostics in contemporary hematological practice. Table 1 outlines the diagnostic criteria for PV, ET, PMF, and Myeloproliferative Neoplasm, Not Otherwise Specified (MPN-NOS), also known as Myeloproliferative Neoplasm, Unclassifiable (MPN-U) in ICC criteria [3,4].



MPN-NOS/MPN-U is particularly pertinent for patients in the preliminary phases of the disease, where diagnostic characteristics are not fully manifest, and requisite thresholds for a definitive diagnosis are not achieved. These cases require ongoing monitoring to ascertain the emergence of a specific MPN subtype as the disease progresses. This classification is also applicable to individuals presenting with splanchnic or portal vein thrombosis who do not satisfy the diagnostic criteria for a particular MPN subtype [4]. Notably, MPN-NOS/MPN-U may include instances where molecular indications of myeloproliferation are present, yet concurrent neoplastic or inflammatory conditions obscure the typical morphological diagnostic indicators.



For cases displaying significant morphologic dysplasia or absolute monocytosis at diagnosis, the integration of molecular data with comprehensive bone marrow evaluations is crucial. These assessments help to differentiate such cases from Myelodysplastic Syndromes (MDS) or MDS/MPN overlap syndromes, and from the advanced stages of MPN during disease progression.




3. Advances in Molecular Understanding of MPNs: Impacts on Diagnosis, Prognosis, and Treatment


The integration of next-generation sequencing (NGS) into the diagnostic regimen for MPNs has uncovered a complex landscape of genetic mutations, necessitating an advanced framework for interpretation that categorizes these mutations into diagnostic, prognostic, and therapeutic groups. Such classification is vital for patient-specific management but is challenged by overlapping genetic markers across MPN subtypes and the advent of novel mutations. The identification of key driver mutations in genes like JAK2, CALR, and MPL is crucial for the diagnosis of PV, ET, and PMF and forms the basis of disease classification according to WHO and ICC guidelines [3,4]. Furthermore, the detection of secondary mutations contributes to our understanding of disease progression and variability in outcomes, highlighting the role of comprehensive genetic profiling in refining risk assessment and guiding treatment decisions [8,9,10]. On the therapeutic front, the identification of actionable mutations has led to the development of tailored treatment approaches, exemplified by the transformative impact of JAK inhibitors on MPN management. This correlation between genetic insights and therapeutic efficacy accentuates the need for ongoing molecular monitoring to enhance treatment responses and address the development of drug resistance [11]. This review also integrates the nomenclature proposed by Luque Paz et al., distinguishing between clonal and disease drivers in MPNs, enriching the discourse on the genetic underpinnings of these diseases [12]. Table 2 provides a summary of the genetic mutations present in MPNs.



3.1. Disease Drivers


The discovery of the JAK2 V617F mutation in a significant majority of MPN patients marked a seminal moment, providing a molecular hallmark for PV, ET, and PMF [25,26]. This mutation results in constitutive activation of the JAK-STAT signaling pathway, driving the uncontrolled proliferation characteristic of MPNs. Following this discovery, mutations in CALR and MPL were identified [14,27,28,29], adding layers to the molecular diagnostic landscape. CALR mutations are found predominantly in ET and PMF patients lacking the JAK2 mutation, while MPL mutations occur less frequently in MPNs. The detection of these mutations influences disease mechanisms and phenotypes, offering a basis for confirming MPN diagnoses, classifying patients into specific prognostic categories, and informing targeted treatment strategies.



3.1.1. Implications of JAK2 Mutations in MPNs


The JAK2 V617F mutation in exon 14, present in approximately 96% of PV cases, 55% of ET cases, and 65% of PMF cases [2], is associated with abnormal hematopoiesis and enhanced sensitivity of hematopoietic stem and progenitor cells to growth factors [30]. Conversely, mutations in JAK2 exon 12, mainly associated with PV, result in increased erythroid cell production [31,32]. Additionally, less common insertions and deletions within exon 12 of JAK2, occurring in 2% to 3% of PV patients, lead to increased erythroid proliferation [33,34]. These mutations are essential for diagnosing MPNs, influencing both prognosis and the selection of therapeutic strategies. The disruption of the JAK-STAT signaling pathway by the JAK2 V617F mutation highlights the utility of JAK2 inhibitors like fedratinib or ruxolitinib in treating symptomatic or advanced stages of MPNs [6]. The role of variant allele frequency (VAF) in this context will be discussed elsewhere in this review.




3.1.2. Implications of CALR Mutations in MPNs


Calreticulin (CALR) mutations, central to the pathology of MPNs, notably influence ET and PMF. These mutations, primarily categorized into Type 1, featuring a 52 bp deletion disrupting calcium binding and activating the IRE1α/XBP1 unfolded protein response pathway [35], and Type 2, a 5 bp insertion causing frameshift and novel protein C-termini, account for 20–30% of ET and 25–35% of PMF cases, respectively. Overall, they represent 60–80% of patients with JAK2/MPL-negative ET and PMF [14,27]. Additionally, Type 1-like and Type 2-like mutations extend the CALR mutation spectrum, sharing structural similarities that lead to analogous frameshifts and novel C-terminal peptides. CALR mutations are linked to better overall survival than JAK2 V617F or MPL W515 mutations, with this advantage more pronounced in those with Type 1/Type 1-like mutations [13,17,36]. In PMF, CALR mutations exhibit prognostic superiority for better overall survival in comparison to JAK2 V617F mutations or triple-negative status [13], even when adjusting for age in multivariate analyses. The cumulative incidence of leukemic transformation is lower in CALR-mutated patients than in those with JAK2 or MPL mutations or triple-negative disease. The prognosis varies between the two CALR mutation types; patients with Type 1/Type 1-like mutations have significantly longer survival than those with Type 2/Type 2-like mutations or JAK2 V617F mutations, and a lower rate of leukemic transformation compared to Type 2/Type 2-like mutations [17].




3.1.3. Implications of MPL Mutations in MPNs


Activating mutations in the thrombopoietin receptor gene (MPL W515L/K) occur in about 5% to 8% of PMF patients and 1% to 4% of ET patients [28,29,37]. These MPL mutations mark a distinct pathogenetic group within MPNs, significantly affecting the disease progression of ET and PMF. These mutations, while less common than those in JAK2 and CALR, are driving myeloproliferation in the absence of the latter mutations, significantly influencing the progression of ET and PMF. In PMF patients, MPL mutations correlate with lower hemoglobin levels at diagnosis and a higher need for transfusion, underscoring their impact on disease severity [38].



Patients lacking all three primary driver mutations—JAK2, CALR, or MPL, known as having a triple-negative mutation status—comprise about 10% of the MPNs and are associated with a poorer prognosis [15,39].





3.2. Clonal Drivers


Clonal driver mutations, in isolation, do not induce the MPN phenotype within murine models [12]. However, when these mutations coexist alongside a “disease driver” mutation, they exhibit the capacity to alter the phenotypic manifestation of the disease and clinical outcome.



3.2.1. Understanding Clonal Evolution and the Role of Additional Mutations in MPNs


A study examining 22 MPN patients with the JAK2 V617F mutation and additional somatic mutations underscored the prognostic value of clonal architecture, identifying four distinct clusters, with one linked to decreased survival across MPN subtypes [40]. This highlights the role of clonal evolution, driven by initial mutations in JAK2, CALR, or MPL and further complicated by mutations affecting epigenetic regulation (e.g., ASXL1, TET2), RNA splicing (e.g., SRSF2, U2AF1), and signaling pathways, in disease progression, treatment resistance, and the development of clonal heterogeneity. This heterogeneity, revealed through advancements in single-cell genomics, shows multiple subclones within a single patient, impacting disease behavior and treatment outcomes.



The discovery of additional mutations beyond JAK2, CALR, and MPL elucidates the complexity of MPNs, contributing to clinical heterogeneity and diverse therapeutic responses. High-molecular-risk (HMR) mutations, such as ASXL1, indicate a more severe disease course [6], while the sequential acquisition of JAK2 and TET2 mutations influences the clinical phenotype [41]. Advanced sequencing technologies facilitate the detection of subclonal mutations, enabling refined patient stratification into risk categories and the formulation of personalized treatment strategies based on the genetic profile of the disease. This comprehensive approach underscores the necessity for personalized medicine in MPNs, addressing the full spectrum of genetic diversity to overcome treatment resistance and improve patient management.




3.2.2. Mutation Profiles as Prognostic Markers


The mutation spectrum in MPNs serves as a critical determinant of disease heterogeneity, influencing disease progression and treatment efficacy. Incorporating comprehensive mutation profiles into prognostic models like the Myelofibrosis Prognostic Scoring System (MIPSS) and the Genetically Inspired Prognostic Scoring System (GIPSS) enhances risk stratification precision. The MIPSS integrates genetic and clinical factors to predict survival in PMF [42,43], including key mutations and clinical parameters. The GIPSS, focusing solely on genetic aberrations, stratifies risk in myelofibrosis patients based on the presence of specific genetic markers [44,45].




Myelofibrosis Prognostic Scoring System (MIPSS)


The MIPSS is a comprehensive scoring system that integrates both genetic and clinical factors to predict survival outcomes in patients with PMF. It was developed in response to the limitations of traditional scoring systems (IPSS) that relied primarily on clinical features. MIPSS includes mutations in key genes known to influence disease progression, such as JAK2, CALR, and MPL, along with additional mutations in genes like ASXL1, EZH2, SRSF2, and IDH1/2, which have been identified as high-molecular-risk (HMR) mutations due to their association with adverse outcomes. Clinical factors such as age, hemoglobin level, white blood cell count, and the presence of constitutional symptoms are also considered in the scoring [1,20,42].



Subsequent research on PV involving 336 patients identified specific risk factors, including the SRSF2 mutation, age over 67, elevated leukocyte counts, and thrombosis history, leading to the creation of the MIPSS-PV [1]. This variant stratifies PV patients into three risk categories—low, intermediate, and high—with median overall survival (OS) rates differing significantly across groups. Similarly, an analysis of 451 ET patients highlighted the influence of specific mutations (SF3B1, SRSF2, TP53, U2AF1), age above 60, male gender, and high leukocyte counts on survival, culminating in the development of the MIPSS-ET [1]. This model also segments ET patients into three risk levels, each with distinct median OS projections. These findings underscore the necessity for further validation to solidify these prognostic tools’ roles in clinical practice.




Genetically Inspired Prognostic Scoring System (GIPSS)


The GIPSS focuses exclusively on genetic aberrations to stratify risk in patients with myelofibrosis. This approach is based on the premise that genetic mutations are strong independent predictors of survival and leukemic transformation in myelofibrosis. The GIPSS categorizes patients into risk groups (low, intermediate, and high) based solely on the presence or absence of specific genetic markers, including driver mutations (JAK2, CALR, MPL) and the aforementioned HMR mutations. The advantage of the GIPSS lies in its simplicity and the direct implication of genetic abnormalities in determining prognosis, offering a clear framework for risk stratification that can be particularly useful in guiding therapeutic decisions and managing patient expectations [44,45].



As research in the field progresses and new genetic markers are identified, it is expected that these prognostic models will continue to evolve, further enhancing their utility in clinical practice.





3.3. Molecular Profile and Prognostic Implications in Blast Phase MPNs


The molecular profile of the blast phase in MPNs (MPN-BP) plays a crucial role in determining patient outcomes, highlighting the intricate genetic alterations that drive leukemic progression and resistance to therapy. Research involving 248 patients who developed MPN-BP that used targeted next-generation sequencing (NGS) revealed a complex mutational spectrum. The prevalence of primary driver mutations was found to be JAK2 (57%), CALR (20%), and MPL (9%), with 13% being triple-negative, and 85% of cases exhibited additional mutations. Among these, mutations in ASXL1 (47%), TET2 (19%), RUNX1 (17%), TP53 (16%), EZH2 (15%), and SRSF2 (13%) were significant, suggesting their contributory role in MPN-BP pathogenesis. RUNX1 mutations, in particular, emerged as independent indicators of poorer survival, highlighting their critical prognostic value irrespective of the therapeutic strategy. This study identifies mutations such as RUNX1, TP53, EZH2, and PTPN11 as potentially central to the leukemic transformation in MPN, with RUNX1 mutations notably impacting survival adversely [23]. Supplementing these findings, a more recent study differentiates MPN-accelerated phase (AP)/BP from de novo AML by a higher prevalence of TP53 and IDH1/2 mutations and fewer FLT3 and DNMT3A mutations. Moreover, it underscores the association between leukemic transition and several risk factors, including age, anemia, and specific genetic markers [46].




3.4. Understanding Triple-Negative MPNs: Diagnostic and Molecular Challenges


MPNs without JAK2, CALR, and MPL mutations, known as triple-negative MPNs (TN-MPNs), account for about 9–15% of all MPN cases and pose significant diagnostic and therapeutic challenges due to the absence of conventional molecular markers [15,47]. The diagnostic ambiguity surrounding TN-MPNs underscores the importance of extensive molecular profiling, with next-generation sequencing (NGS) panels crucial for identifying a broader array of genetic alterations that could assist in patient management. Research into the genetic underpinnings of TN-MPNs has identified a range of noncanonical gene mutations involved in epigenetic regulation, RNA splicing, and signaling pathways, which are instrumental in understanding the disease’s pathogenesis and prognostication [48].



TN primary myelofibrosis (TN-PMF) demonstrates unique clinicopathologic and molecular characteristics, often presenting with thrombocytopenia, absence of organomegaly, specific bone marrow features like diminished granulocytic elements and dyserythropoiesis, cytogenetic anomalies such as trisomy 8, and a higher frequency of ASXL1/SRSF2 co-mutations. Such distinctive features necessitate tailored diagnostic and therapeutic approaches for TN-PMF patients [49].



Prognostically, TN-MPN patients face poorer outcomes, with studies indicating a median overall survival (OS) of only 3 years for triple-negative PMF, compared to 18 years for those with CALR mutations and 9 years for those with JAK2 V617F mutation or MPL mutation [13]. This stark contrast in survival rates, coupled with a higher incidence of leukemic transformation in triple-negative cases [13,16], emphasizes the critical need for improved management strategies for this subgroup.




3.5. Challenges Introduced by Clonal Hematopoiesis of Indeterminate Potential


Clonal Hematopoiesis of Indeterminate Potential (CHIP) is recognized for its role in the intersection of aging, myelodysplastic neoplasms (MDS), MPNs, and cardiovascular diseases [50,51,52]. The JAK2 V617F mutation, a primary driver in MPN pathogenesis, is notably linked to CHIP [53], highlighting the intricate relationship between these conditions. In CHIP instances, the JAK2 V617F mutation may emerge as the sole genetic alteration [50], underlining its potential as an early initiator of MPNs and its association with increased risks of coronary heart disease [51] and venous thrombosis [54]. The distinction between early-stage MPNs and CHIP presents a clinical challenge, especially given the capacity of JAK2, CALR, or MPL mutations to produce MPN-like phenotypes in animal studies [55]. This underscores the need for strategies to evaluate the progression likelihood of CHIP to MPNs, enhancing patient management through potentially more intensive monitoring for those at higher risk [56].



Furthermore, the JAK2 V617F mutation activates kinase and abnormal signaling pathways, with CHIP-associated mutations like DNMT3A and TET2 fostering a subclinical inflammatory state that could pave the way for pathological developments, including infections. This situation highlights the pro-inflammatory role of CHIP-related mutations in aging and their contribution to inflammation, coagulation, thrombosis, and eventual progression to overt hematologic malignancies [57].



CHIP’s presence, especially with MPN-associated mutations, can precede and potentially trigger chromosomal abnormalities, increasing lymphoid and myeloid malignancies’ risk. The co-occurrence of CHIP mutations with chromosomal aberrations indicates that CHIP often heralds the arrival of chromosomal anomalies, signifying a crucial phase in MPN development [58].



Highly sensitive polymerase chain reaction (PCR) techniques have identified JAK2 V617F VAFs as low as 0.01%, indicating a notable prevalence of JAK2 V617F and CALR mutations within a large cohort, despite most cases not meeting MPN diagnostic criteria [59]. The progression from JAK2 V617F CHIP to MPN, particularly when VAF exceeds 2% or shows an increase in subsequent evaluations, indicates a significant potential for developing MPN. Longitudinal studies suggest that the transition from CHIP to MPN can span 5 to 15 years [60], with the mutation event predating the MPN diagnosis by decades, emphasizing the latent clinical emergence of the mutation. The higher occurrence rate of JAK2 V617F CHIP compared to CALR mutations may reflect different clonal expansion dynamics or immune evasion mechanisms [12,61].





4. Germline Variants in MPN Pathogenesis


Research has uncovered the critical role of certain germline single-nucleotide polymorphisms (SNPs) and haplotypes in predisposing individuals to MPNs. Notably, the JAK2 46/1 or GGCC haplotype significantly increases MPN risk by two to six times [62,63,64]. This haplotype, along with SNPs in genes like TERT, MECOM, and CHEK2 [65], though to a lesser extent, elevates MPN susceptibility through interactions with somatic mutations, promoting the expansion of the mutant hematopoietic stem cell (HSC) population. The presence of these germline variations primarily predisposes individuals to the JAK2 V617F mutation, a common driver in MPN pathogenesis, albeit CALR or MPL mutations are also observed [66].




5. Variant Allele Frequencies in MPNs


In the realm of MPNs, VAFs have emerged as a crucial tool for delving into molecular intricacies and guiding clinical decisions. VAFs quantify the proportion of cells harboring specific mutations, such as JAK2, CALR, and MPL, relative to the total cell population, shedding light on clonal evolution, prognostic categorization, and therapeutic strategies in MPNs. Elevated VAFs, particularly for JAK2 V617F, are linked to increased hematologic abnormalities and thrombotic risk in PV and ET patients, whereas CALR mutations correlate with distinct disease manifestations and outcomes. A higher VAF signifies more aggressive disease characteristics and poorer prognoses, especially with CALR mutations, emphasizing the prognostic value of VAFs in MPNs [67,68].



The role of VAFs extends beyond diagnostic implications to include prognostication and therapeutic monitoring. Higher JAK2 V617F VAFs predict increased thrombotic risk in PV and worse survival in PMF, while CALR mutations generally denote a better prognosis [68]. Furthermore, mutations like ASXL1 and TET2 with high VAFs indicate advanced disease and increased leukemic transformation risk [69]. The dynamic nature of VAFs also aids in assessing treatment efficacy, with therapies like pegylated interferons showing potential to reduce VAFs and achieve molecular responses, a benchmark not readily achieved with other treatments [67,68,70,71].



The elucidation of VAFs within the context of MPNs epitomizes a critical advancement in our pathophysiological comprehension, heralding a new era of molecular hematopathology.



Long-term treatment with JAK2 inhibitors such as fedratinib or ruxolitinib has been observed to lower JAK2 V617F VAFs in myelofibrosis (MF) patients, correlating with clinical improvements like reduced spleen size and decreased recurrence post-transplant [72,73]. However, the prognostic significance of reducing JAK2 V617F VAFs remains uncertain, with current guidelines not mandating VAF assessment for therapeutic decision-making [74]. Similarly, CALR mutations, particularly Type 1/Type 1-like, are associated with favorable outcomes and a lower incidence of leukemic transformation, contrasting with the poorer survival linked to Type 2/Type 2-like mutations or JAK2 V617F mutations [68].




6. Genetic Variant Classifications in MPNs


In the domain of MPNs, unraveling the complexities of genetic variants poses a considerable challenge, further compounded by the need to assimilate ongoing clinical and functional research findings. Distinguishing pathogenic mutations that drive MPN pathogenesis from those associated with CHIP, which share genetic similarities but differ markedly in clinical outcomes, is particularly daunting. The identification of novel missense variants and the differentiation between somatic mutations and germline variants add layers of complexity to variant interpretation. An integrated methodology, incorporating functional studies and a comprehensive understanding of gene function and disease mechanisms, is essential for the accurate classification of variants and the prevention of misclassifying benign variants as pathogenic. The presence of VAFs around 50% might suggest a germline origin [75,76,77], yet this indicator is not always definitive, emphasizing the nuanced interpretation required.



To navigate the intricacies of somatic variant classification in malignancies, a tier-based framework has been devised by the Association for Molecular Pathology (AMP), the American Society of Clinical Oncology (ASCO), and the College of American Pathologists (CAP) [78]. This framework categorizes genetic variants into four tiers based on clinical relevance, from variants of strong clinical significance (Tier I) to benign or likely benign variants (Tier IV). This system aids in the consistent interpretation of variants, facilitating clear communication among healthcare professionals. However, interpreting Tier III variants, particularly those potentially of germline origin, remains challenging, highlighting the necessity for continuous research to refine genetic variant classification.



Recent validations attest to the efficacy of the AMP/ASCO/CAP guidelines in identifying clinically significant variants, underscoring their utility in clinical decision-making. Yet, the categorization of variants of uncertain significance calls for more defined criteria and broader databases for accurate interpretation [10]. The Clinical Genome Resource (ClinGen) Somatic Cancer Clinical Domain Working Group, the Cancer Genomics Consortium (CGC), and the Variant Interpretation for Cancer Consortium (VICC) have contributed to this by developing a Standard Operating Procedure (SOP) for classifying the oncogenicity of somatic variants. Validated against 94 somatic variants across 10 common cancer-related genes, this SOP aims to standardize somatic variant classification, categorizing evidence of oncogenicity into five categories—Oncogenic, Likely Oncogenic, Variant of Uncertain Significance (VUS), Likely Benign, and Benign—thus improving the clarity and consistency of somatic variant reporting in clinical settings [79]. This ongoing evolution in variant classification aims to refine diagnostic accuracy and foster personalized treatment strategies, with the recognition that the impact of specific mutations can vary significantly in terms of gene function and clinical outcomes, as illustrated by research on TP53 mutations, suggesting potential complexities across different variants in the same genes [80,81]. Table 2 outlines the oncogenic/likely oncogenic variants reported in hematologic malignancies.




7. Chromosomal Aberrations in MPNs


The pathogenesis of MPNs, including PV, ET, and PMF, is closely linked to genetic and chromosomal aberrations, which significantly impact clinical outcomes and the disease’s evolution [43]. Studies, including one involving 649 patients with PMF, post-PV MF, or post-ET MF, have identified high-risk karyotypes as critical independent prognostic factors for the transformation to acute myeloid leukemia (AML) [82]. A retrospective analysis of cytogenetic data from 376 patients further established a strong association between abnormal karyotypes and heightened risk as defined by the MYSEC-PM model, especially for those with monosomal karyotypes, regardless of MYSEC-PM classification [83].



Karyotype classifications delineate an “unfavorable karyotype” as any abnormal karyotype excluding normal, sole anomalies of 20q-, 13q-, +9, chromosome 1 translocation/duplication, or -Y, and other sex chromosome abnormalities except -Y. In contrast, a “very high-risk (VHR) karyotype” encompasses single or multiple abnormalities of −7, i(17q), inv(3)/3q21, 12p−/12p11.2, 11q−/11q23, or other autosomal trisomies not including +8/+9, such as +21 or +19, highlighting the intricate relationship between chromosomal abnormalities and the prognosis of MPNs [6,84].



The traditional method of karyotyping, while foundational in detecting significant chromosomal alterations, faces limitations in resolution, prompting the need for more advanced techniques for a thorough analysis. The integration of NGS technologies has significantly enhanced the ability to detect chromosomal abnormalities and rearrangements, depending on the assay’s design [85]. Additionally, the use of single-nucleotide polymorphism (SNP) array methodologies and Optical Genome Mapping (OGM) has expanded the scope of diagnostic tools, allowing for the identification of structural variations and providing a more comprehensive understanding of the genetic complexities underlying MPNs [86,87,88].




8. Implications for Treatment: A Genetic Perspective


The treatment approach for MPNs, encompassing PV, ET, and PMF, has significantly evolved due to a deeper understanding of their genetic foundations. Discoveries of mutations in the JAK2, CALR, and MPL genes have refined diagnostic precision and facilitated the advent of targeted therapies.



The identification of the JAK2 V617F mutation across MPN subtypes catalyzed a paradigm shift towards the use of JAK2 inhibitors like ruxolitinib and fedratinib, especially in managing PV and PMF. These treatments have proven effective in alleviating symptoms, diminishing spleen size, and improving the survival rates of patients harboring JAK2 mutations. Despite their efficacy, the variability in patient responses and the emergence of resistance highlight the necessity for personalized treatment plans and the exploration of combination therapies to ensure optimal results. The ability of cells to continue proliferating despite the blockage of JAK2 signaling by inhibitors points to a complex adaptive mechanism. Although mutations such as Y931C, G993A, L884P, G935R, R938L, E864K, I960V, and E985K in the JAK2 gene are theoretically linked to resistance [89,90,91], their near absence in clinical settings [92] indicates they are not a typical cause for resistance to JAK2 inhibitors.



CALR mutations, predominantly found in ET and PMF patients lacking JAK2 mutations, have opened new therapeutic avenues beyond JAK inhibition [11]. While direct CALR-targeted treatments are in development, the existence of CALR mutations already informs therapeutic choices, suggesting a potentially lower thrombotic risk and influencing the selection of supportive care measures [6].



Though MPL mutations are less common, they are implicated in ET and PMF pathogenesis through their role in thrombopoietin signaling. The exploration of targeted treatments for MPL mutations, including thrombopoietin receptor agonists, underscores the ongoing expansion of therapeutic options guided by molecular diagnostics [93,94].



The integration of comprehensive genetic profiling into treatment decisions marks a significant advance in MPN management. This strategy allows for the identification of primary driver mutations and secondary genetic alterations, influencing disease progression, prognosis, and treatment efficacy. For example, the detection of HMR mutations may prompt consideration of more aggressive treatments, including stem cell transplantation for PMF patients [6]. Furthermore, understanding the sequential occurrence of mutations offers insights into disease dynamics and potential therapeutic interventions [41].



The management of MPN-NOS/MPN-U presents significant challenges due to the heterogeneity of its genetic and clinical presentations. Unlike other well-defined MPNs, MPN-NOS lacks standardized treatment guidelines and the utility of mutational and cytogenetic analysis as a prognostic tool in MPN-NOS/MPN-U is not well established. This limitation is due to the small number of studies, which requires further validation [95]. Treatment strategies, typically adapted from other myeloproliferative disorders, focus on symptom management and disease monitoring, often involving hydroxyurea for cytoreduction and low-dose aspirin for thromboprophylaxis based on individual risk. The potential evolution into more aggressive states requires close monitoring and, for certain eligible patients, may require consideration of allogeneic hematopoietic stem cell transplantation, although the supporting data are limited due to the rarity of this condition [95]. A comprehensive exploration of therapeutic options, however, is beyond the scope of this review.



Looking forward, the future of MPN treatment lies in precision medicine, with ongoing research into mutation-specific disease phenotypes and resistance mechanisms paving the way for next-generation therapies and combination treatments [11,96]. The implementation of real-time molecular monitoring will facilitate dynamic treatment adjustments, aligning therapeutic strategies with each patient’s evolving genetic landscape. This approach aims to not only enhance survival and quality of life for MPN patients but also set the stage for curative strategies in the future.




9. Emerging Technologies and Approaches


The integration of advanced genomic technologies, including whole-genome, whole-exome, and targeted sequencing, as well as single-cell genomics and comprehensive genomic profiling, has revolutionized the diagnosis and treatment of MPNs. These methodologies have enabled a detailed exploration of the genetic and epigenetic nuances of MPNs, uncovering novel mutations and fostering the development of personalized therapeutic strategies by elucidating the genetic intricacies that underpin disease heterogeneity, prognosis, and therapeutic response. Particularly, NGS and single-cell sequencing (SCS) technologies have been pivotal in revealing cellular heterogeneity, clonal architecture, and mutation acquisition order, thereby offering fresh insights into disease pathogenesis and identifying new targets for therapeutic intervention.



Integrative genomic profiling, which combines genomic, epigenomic, and transcriptomic data, provides a comprehensive view of MPN biology, revealing the functional implications of mutations and identifying biomarkers critical for monitoring disease progression and predicting therapy responsiveness. This comprehensive analysis supports the development of more effective, tailored treatments. Additionally, functional analyses of novel mutations, facilitated by CRISPR-Cas9 gene editing and single-cell functional assays, are instrumental in delineating the roles of these mutations in disease mechanisms and highlighting opportunities for targeted therapy.



The endeavor to personalize treatment strategies in MPNs involves adapting therapies to the distinct genetic and molecular landscapes of patients’ conditions (Table 3). This requires a broader molecular comprehension of MPNs, the identification of predictive biomarkers, and the structuring of clinical trials to test targeted treatments in genetically defined patient groups. The exploration of novel pharmacological interventions, gene editing techniques, RNA-based therapies, and immunotherapies is expected to significantly propel forward the care and management of MPN patients [97,98,99,100].



Furthermore, the shift toward comprehensive molecular classifications of MPNs represents a departure from traditional diagnostic criteria towards a framework informed by a deep understanding of genetic and epigenetic modifications. This transition aims to enhance diagnostic accuracy, enable personalized clinical approaches, and improve patient outcomes through the development of subtype-specific therapies [11,96]. Realizing this vision necessitates reducing the costs and expanding the accessibility of genomic analyses, supported by advancements in bioinformatics, data standardization, and the formulation of new clinical guidelines emphasizing molecular diagnostics. This shift heralds a new era of precision medicine for patients with MPNs, marked by a concerted effort to tailor healthcare strategies to the unique molecular signatures of individual diseases.




10. Discussion


The revision of diagnostic criteria for MPNs as per the latest updates from the WHO and the ICC has not seen substantial changes [3,4]. However, there has been a considerable enhancement in the molecular understanding of these diseases. The classification of MPN-NOS/MPN-U continues to present challenges, reflecting the complexities involved in diagnosing atypical cases of MPNs and underlining the necessity for further research.



The significance of mutations in JAK2, CALR, and MPL, along with clonal driver mutations, is pivotal in elucidating the dynamic clonal evolution observed within MPNs. This evolution contributes to disease progression, treatment resistance, and variability in prognosis. Such genetic diversity demands the development of personalized therapeutic strategies, which have been facilitated by advancements in genomic technologies, including NGS.



Prognostic models, such as the MIPSS and the GIPSS [42,43,44,45], play a crucial role in refining risk assessment and guiding treatment decisions. These models amalgamate genetic data with clinical parameters to enhance the accuracy of predicting disease outcomes, thereby improving patient management strategies. Despite their proven efficacy, the application of these models in cases of MPN-NOS/MPN-U remains to be fully validated, necessitating additional research to establish their utility in these atypical presentations [95].



Nevertheless, the interpretation of genetic variants, particularly those of uncertain significance, remains a considerable challenge. This issue underscores the need for standardized, comprehensive criteria and databases to enhance diagnostic precision and therapeutic efficacy. Efforts by entities like the ClinGen Somatic Cancer Clinical Domain Working Group and similar consortia have been instrumental in developing guidelines to tackle these challenges [79]. The establishment of consensus databases for the interpretation of these variants in hematologic malignancies, analogous to ClinVar, would benefit from the peer review process to validate the accuracy of interpretations submitted. Such collaborative efforts are essential for advancing the reliability and application of genetic data in clinical settings.



Looking to the future, MPN treatment and research are increasingly focused on gaining a deeper understanding of clonal architecture and its clinical implications. The adoption of precision medicine approaches, propelled by rapid advancements in technologies such as single-cell genomics—which, although not yet clinically utilized—promises to revolutionize personalized management. This approach is poised to enable the formulation of treatment protocols that are tailored not only to the initial presentation of the disease but also to its genetic alterations over time.




11. Conclusions


Recent advancements in molecular insights into MPNs signify the dawn of a new epoch in precision medicine for hematologic malignancies. The identification of mutations in JAK2, CALR, and MPL genes, augmented by developments in NGS, single-cell genomics, and comprehensive genomic profiling, has heralded a transformative shift in the diagnostic, prognostic, and therapeutic landscape of MPNs. The intricate genetic and epigenetic architecture of MPNs necessitates a refined, personalized approach to patient care, underscoring the critical role of precision medicine. The ongoing incorporation of advanced genomic technologies into routine clinical workflows promises to deepen our understanding of MPN pathogenesis, pave the way for novel therapeutic avenues, and enhance patient outcomes. This narrative reflects the current trajectory of MPN research and projects future efforts focused on harnessing molecular diagnostics and targeted treatment modalities to revolutionize patient management in this complex disease spectrum.







Author Contributions


Conceptualization, H.T. and I.E.Y.; visualization, H.T.; writing—original draft preparation, H.T.; writing—review and editing, H.T. and I.E.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The graphic abstract was adapted from ‘Sequencing Technique GeoMx™ Spatial Analysis of RNA in FFPE Tissue Samples’, by BioRender.com (2024). Retrieved from https://app.biorender.com/biorender-templates.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Tefferi, A.; Guglielmelli, P.; Lasho, T.L.; Coltro, G.; Finke, C.M.; Loscocco, G.G.; Sordi, B.; Szuber, N.; Rotunno, G.; Pacilli, A.; et al. Mutation-enhanced international prognostic systems for essential thrombocythaemia and polycythaemia vera. Br. J. Haematol. 2020, 189, 291–302. [Google Scholar] [CrossRef]

	



Tefferi, A. Primary myelofibrosis: 2021 update on diagnosis, risk-stratification and management. Am. J. Hematol. 2021, 96, 145–162. [Google Scholar] [CrossRef]

	



Khoury, J.D.; Solary, E.; Abla, O.; Akkari, Y.; Alaggio, R.; Apperley, J.F.; Bejar, R.; Berti, E.; Busque, L.; Chan, J.K.C.; et al. The 5th edition of the World Health Organization Classification of Haematolymphoid Tumours: Myeloid and Histiocytic/Dendritic Neoplasms. Leukemia 2022, 36, 1703–1719. [Google Scholar] [CrossRef]

	



Arber, D.A.; Orazi, A.; Hasserjian, R.P.; Borowitz, M.J.; Calvo, K.R.; Kvasnicka, H.M.; Wang, S.A.; Bagg, A.; Barbui, T.; Branford, S.; et al. International Consensus Classification of Myeloid Neoplasms and Acute Leukemias: Integrating morphologic, clinical, and genomic data. Blood 2022, 140, 1200–1228. [Google Scholar] [CrossRef]

	



Abdel-Wahab, O.; Manshouri, T.; Patel, J.; Harris, K.; Yao, J.; Hedvat, C.; Heguy, A.; Bueso-Ramos, C.; Kantarjian, H.; Levine, R.L.; et al. Genetic analysis of transforming events that convert chronic myeloproliferative neoplasms to leukemias. Cancer Res. 2010, 70, 447–452. [Google Scholar] [CrossRef]

	



Network, N.C.C. Myeloproliferative Neoplasms (Version 1.2024). Available online: https://www.nccn.org/professionals/physician_gls/pdf/mpn.pdf (accessed on 29 March 2024).

	



Swerdlow, S.; Campo, E.; Harris, N.L.; Jaffe, E.; Pileri, S.; Stein, H.; Thiele, J.; Arber, D.; Hasserjian, R.; Le Beau, M. WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues, 4th ed.; International Agency for Research on Cancer: Lyon, France, 2017; p. 421. [Google Scholar]

	



Vannucchi, A.M.; Lasho, T.L.; Guglielmelli, P.; Biamonte, F.; Pardanani, A.; Pereira, A.; Finke, C.; Score, J.; Gangat, N.; Mannarelli, C.; et al. Mutations and prognosis in primary myelofibrosis. Leukemia 2013, 27, 1861–1869. [Google Scholar] [CrossRef]

	



Guglielmelli, P.; Lasho, T.L.; Rotunno, G.; Score, J.; Mannarelli, C.; Pancrazzi, A.; Biamonte, F.; Pardanani, A.; Zoi, K.; Reiter, A.; et al. The number of prognostically detrimental mutations and prognosis in primary myelofibrosis: An international study of 797 patients. Leukemia 2014, 28, 1804–1810. [Google Scholar] [CrossRef]

	



Li, M.M.; Cottrell, C.E.; Pullambhatla, M.; Roy, S.; Temple-Smolkin, R.L.; Turner, S.A.; Wang, K.; Zhou, Y.; Vnencak-Jones, C.L. Assessments of Somatic Variant Classification Using the Association for Molecular Pathology/American Society of Clinical Oncology/College of American Pathologists Guidelines: A Report from the Association for Molecular Pathology. J. Mol. Diagn. 2023, 25, 69–86. [Google Scholar] [CrossRef] [PubMed]

	



How, J.; Garcia, J.S.; Mullally, A. Biology and therapeutic targeting of molecular mechanisms in MPNs. Blood 2023, 141, 1922–1933. [Google Scholar] [CrossRef] [PubMed]

	



Luque Paz, D.; Kralovics, R.; Skoda, R.C. Genetic basis and molecular profiling in myeloproliferative neoplasms. Blood 2023, 141, 1909–1921. [Google Scholar] [CrossRef] [PubMed]

	



Rumi, E.; Pietra, D.; Pascutto, C.; Guglielmelli, P.; Martinez-Trillos, A.; Casetti, I.; Colomer, D.; Pieri, L.; Pratcorona, M.; Rotunno, G.; et al. Clinical effect of driver mutations of JAK2, CALR, or MPL in primary myelofibrosis. Blood 2014, 124, 1062–1069. [Google Scholar] [CrossRef] [PubMed]

	



Klampfl, T.; Gisslinger, H.; Harutyunyan, A.S.; Nivarthi, H.; Rumi, E.; Milosevic, J.D.; Them, N.C.; Berg, T.; Gisslinger, B.; Pietra, D.; et al. Somatic mutations of calreticulin in myeloproliferative neoplasms. N. Engl. J. Med. 2013, 369, 2379–2390. [Google Scholar] [CrossRef] [PubMed]

	



Tefferi, A.; Lasho, T.L.; Finke, C.M.; Knudson, R.A.; Ketterling, R.; Hanson, C.H.; Maffioli, M.; Caramazza, D.; Passamonti, F.; Pardanani, A. CALR vs JAK2 vs MPL-mutated or triple-negative myelofibrosis: Clinical, cytogenetic and molecular comparisons. Leukemia 2014, 28, 1472–1477. [Google Scholar] [CrossRef] [PubMed]

	



Tefferi, A.; Guglielmelli, P.; Larson, D.R.; Finke, C.; Wassie, E.A.; Pieri, L.; Gangat, N.; Fjerza, R.; Belachew, A.A.; Lasho, T.L.; et al. Long-term survival and blast transformation in molecularly annotated essential thrombocythemia, polycythemia vera, and myelofibrosis. Blood 2014, 124, 2507–2513. [Google Scholar] [CrossRef]

	



Guglielmelli, P.; Rotunno, G.; Fanelli, T.; Pacilli, A.; Brogi, G.; Calabresi, L.; Pancrazzi, A.; Vannucchi, A.M. Validation of the differential prognostic impact of type 1/type 1-like versus type 2/type 2-like CALR mutations in myelofibrosis. Blood Cancer J. 2015, 5, e360. [Google Scholar] [CrossRef] [PubMed]

	



Tamari, R.; Rapaport, F.; Zhang, N.; McNamara, C.; Kuykendall, A.; Sallman, D.A.; Komrokji, R.; Arruda, A.; Najfeld, V.; Sandy, L.; et al. Impact of High-Molecular-Risk Mutations on Transplantation Outcomes in Patients with Myelofibrosis. Biol. Blood Marrow Transpl. 2019, 25, 1142–1151. [Google Scholar] [CrossRef] [PubMed]

	



Tenedini, E.; Bernardis, I.; Artusi, V.; Artuso, L.; Roncaglia, E.; Guglielmelli, P.; Pieri, L.; Bogani, C.; Biamonte, F.; Rotunno, G.; et al. Targeted cancer exome sequencing reveals recurrent mutations in myeloproliferative neoplasms. Leukemia 2014, 28, 1052–1059. [Google Scholar] [CrossRef] [PubMed]

	



Ali, H.; Aldoss, I.; Yang, D.; Mokhtari, S.; Khaled, S.; Aribi, A.; Afkhami, M.; Al Malki, M.M.; Cao, T.; Mei, M.; et al. MIPSS70+ v2.0 predicts long-term survival in myelofibrosis after allogeneic HCT with the Flu/Mel conditioning regimen. Blood Adv. 2019, 3, 83–95. [Google Scholar] [CrossRef] [PubMed]

	



Maslah, N.; Cassinat, B.; Verger, E.; Kiladjian, J.J.; Velazquez, L. The role of LNK/SH2B3 genetic alterations in myeloproliferative neoplasms and other hematological disorders. Leukemia 2017, 31, 1661–1670. [Google Scholar] [CrossRef]

	



Oh, S.T.; Simonds, E.F.; Jones, C.; Hale, M.B.; Goltsev, Y.; Gibbs, K.D., Jr.; Merker, J.D.; Zehnder, J.L.; Nolan, G.P.; Gotlib, J. Novel mutations in the inhibitory adaptor protein LNK drive JAK-STAT signaling in patients with myeloproliferative neoplasms. Blood 2010, 116, 988–992. [Google Scholar] [CrossRef]

	



Lasho, T.L.; Mudireddy, M.; Finke, C.M.; Hanson, C.A.; Ketterling, R.P.; Szuber, N.; Begna, K.H.; Patnaik, M.M.; Gangat, N.; Pardanani, A.; et al. Targeted next-generation sequencing in blast phase myeloproliferative neoplasms. Blood Adv. 2018, 2, 370–380. [Google Scholar] [CrossRef]

	



Dunbar, A.J.; Rampal, R.K.; Levine, R. Leukemia secondary to myeloproliferative neoplasms. Blood 2020, 136, 61–70. [Google Scholar] [CrossRef]

	



Baxter, E.J.; Scott, L.M.; Campbell, P.J.; East, C.; Fourouclas, N.; Swanton, S.; Vassiliou, G.S.; Bench, A.J.; Boyd, E.M.; Curtin, N.; et al. Acquired mutation of the tyrosine kinase JAK2 in human myeloproliferative disorders. Lancet 2005, 365, 1054–1061. [Google Scholar] [CrossRef]

	



Kralovics, R.; Passamonti, F.; Buser, A.S.; Teo, S.S.; Tiedt, R.; Passweg, J.R.; Tichelli, A.; Cazzola, M.; Skoda, R.C. A gain-of-function mutation of JAK2 in myeloproliferative disorders. N. Engl. J. Med. 2005, 352, 1779–1790. [Google Scholar] [CrossRef]

	



Nangalia, J.; Massie, C.E.; Baxter, E.J.; Nice, F.L.; Gundem, G.; Wedge, D.C.; Avezov, E.; Li, J.; Kollmann, K.; Kent, D.G.; et al. Somatic CALR mutations in myeloproliferative neoplasms with nonmutated JAK2. N. Engl. J. Med. 2013, 369, 2391–2405. [Google Scholar] [CrossRef]

	



Pardanani, A.D.; Levine, R.L.; Lasho, T.; Pikman, Y.; Mesa, R.A.; Wadleigh, M.; Steensma, D.P.; Elliott, M.A.; Wolanskyj, A.P.; Hogan, W.J.; et al. MPL515 mutations in myeloproliferative and other myeloid disorders: A study of 1182 patients. Blood 2006, 108, 3472–3476. [Google Scholar] [CrossRef]

	



Pikman, Y.; Lee, B.H.; Mercher, T.; McDowell, E.; Ebert, B.L.; Gozo, M.; Cuker, A.; Wernig, G.; Moore, S.; Galinsky, I.; et al. MPLW515L is a novel somatic activating mutation in myelofibrosis with myeloid metaplasia. PLoS Med. 2006, 3, e270. [Google Scholar] [CrossRef]

	



Jamieson, C.H.; Gotlib, J.; Durocher, J.A.; Chao, M.P.; Mariappan, M.R.; Lay, M.; Jones, C.; Zehnder, J.L.; Lilleberg, S.L.; Weissman, I.L. The JAK2 V617F mutation occurs in hematopoietic stem cells in polycythemia vera and predisposes toward erythroid differentiation. Proc. Natl. Acad. Sci. USA 2006, 103, 6224–6229. [Google Scholar] [CrossRef]

	



Maddali, M.; Kulkarni, U.P.; Ravindra, N.; Jajodia, E.; Arunachalam, A.K.; Suresh, H.; Venkatraman, A.; George, B.; Mathews, V.; Balasubramanian, P. JAK2 exon 12 mutations in cases with JAK2V617F-negative polycythemia vera and primary myelofibrosis. Ann. Hematol. 2020, 99, 983–989. [Google Scholar] [CrossRef] [PubMed]

	



Nilsri, N.; Jangprasert, P.; Pawinwongchai, J.; Israsena, N.; Rojnuckarin, P. Distinct effects of V617F and exon12-mutated JAK2 expressions on erythropoiesis in a human induced pluripotent stem cell (iPSC)-based model. Sci. Rep. 2021, 11, 5255. [Google Scholar] [CrossRef] [PubMed]

	



Scott, L.M.; Tong, W.; Levine, R.L.; Scott, M.A.; Beer, P.A.; Stratton, M.R.; Futreal, P.A.; Erber, W.N.; McMullin, M.F.; Harrison, C.N.; et al. JAK2 exon 12 mutations in polycythemia vera and idiopathic erythrocytosis. N. Engl. J. Med. 2007, 356, 459–468. [Google Scholar] [CrossRef] [PubMed]

	



Pietra, D.; Li, S.; Brisci, A.; Passamonti, F.; Rumi, E.; Theocharides, A.; Ferrari, M.; Gisslinger, H.; Kralovics, R.; Cremonesi, L.; et al. Somatic mutations of JAK2 exon 12 in patients with JAK2 (V617F)-negative myeloproliferative disorders. Blood 2008, 111, 1686–1689. [Google Scholar] [CrossRef] [PubMed]

	



Ibarra, J.; Elbanna, Y.A.; Kurylowicz, K.; Ciboddo, M.; Greenbaum, H.S.; Arellano, N.S.; Rodriguez, D.; Evers, M.; Bock-Hughes, A.; Liu, C.; et al. Type I but Not Type II Calreticulin Mutations Activate the IRE1alpha/XBP1 Pathway of the Unfolded Protein Response to Drive Myeloproliferative Neoplasms. Blood Cancer Discov. 2022, 3, 298–315. [Google Scholar] [CrossRef] [PubMed]

	



Tefferi, A.; Lasho, T.L.; Tischer, A.; Wassie, E.A.; Finke, C.M.; Belachew, A.A.; Ketterling, R.P.; Hanson, C.A.; Pardanani, A.D. The prognostic advantage of calreticulin mutations in myelofibrosis might be confined to type 1 or type 1-like CALR variants. Blood 2014, 124, 2465–2466. [Google Scholar] [CrossRef] [PubMed]

	



Beer, P.A.; Campbell, P.J.; Scott, L.M.; Bench, A.J.; Erber, W.N.; Bareford, D.; Wilkins, B.S.; Reilly, J.T.; Hasselbalch, H.C.; Bowman, R.; et al. MPL mutations in myeloproliferative disorders: Analysis of the PT-1 cohort. Blood 2008, 112, 141–149. [Google Scholar] [CrossRef] [PubMed]

	



Guglielmelli, P.; Pancrazzi, A.; Bergamaschi, G.; Rosti, V.; Villani, L.; Antonioli, E.; Bosi, A.; Barosi, G.; Vannucchi, A.M.; GIMEMA—Italian Registry of Myelofibrosis; et al. Anaemia characterises patients with myelofibrosis harbouring Mpl mutation. Br. J. Haematol. 2007, 137, 244–247. [Google Scholar] [CrossRef] [PubMed]

	



Milosevic Feenstra, J.D.; Nivarthi, H.; Gisslinger, H.; Leroy, E.; Rumi, E.; Chachoua, I.; Bagienski, K.; Kubesova, B.; Pietra, D.; Gisslinger, B.; et al. Whole-exome sequencing identifies novel MPL and JAK2 mutations in triple-negative myeloproliferative neoplasms. Blood 2016, 127, 325–332. [Google Scholar] [CrossRef] [PubMed]

	



Luque Paz, D.; Bader, M.S.; Nienhold, R.; Rai, S.; Almeida Fonseca, T.; Stetka, J.; Hao-Shen, H.; Mild-Schneider, G.; Passweg, J.R.; Skoda, R.C. Impact of Clonal Architecture on Clinical Course and Prognosis in Patients With Myeloproliferative Neoplasms. Hemasphere 2023, 7, e885. [Google Scholar] [CrossRef]

	



Ortmann, C.A.; Kent, D.G.; Nangalia, J.; Silber, Y.; Wedge, D.C.; Grinfeld, J.; Baxter, E.J.; Massie, C.E.; Papaemmanuil, E.; Menon, S.; et al. Effect of mutation order on myeloproliferative neoplasms. N. Engl. J. Med. 2015, 372, 601–612. [Google Scholar] [CrossRef]

	



Guglielmelli, P.; Lasho, T.L.; Rotunno, G.; Mudireddy, M.; Mannarelli, C.; Nicolosi, M.; Pacilli, A.; Pardanani, A.; Rumi, E.; Rosti, V.; et al. MIPSS70: Mutation-Enhanced International Prognostic Score System for Transplantation-Age Patients with Primary Myelofibrosis. J. Clin. Oncol. 2018, 36, 310–318. [Google Scholar] [CrossRef]

	



Tefferi, A.; Guglielmelli, P.; Lasho, T.L.; Gangat, N.; Ketterling, R.P.; Pardanani, A.; Vannucchi, A.M. MIPSS70+ Version 2.0: Mutation and Karyotype-Enhanced International Prognostic Scoring System for Primary Myelofibrosis. J. Clin. Oncol. 2018, 36, 1769–1770. [Google Scholar] [CrossRef] [PubMed]

	



Tefferi, A.; Guglielmelli, P.; Nicolosi, M.; Mannelli, F.; Mudireddy, M.; Bartalucci, N.; Finke, C.M.; Lasho, T.L.; Hanson, C.A.; Ketterling, R.P.; et al. GIPSS: Genetically inspired prognostic scoring system for primary myelofibrosis. Leukemia 2018, 32, 1631–1642. [Google Scholar] [CrossRef] [PubMed]

	



Kuykendall, A.T.; Talati, C.; Padron, E.; Sweet, K.; Sallman, D.; List, A.F.; Lancet, J.E.; Komrokji, R.S. Genetically inspired prognostic scoring system (GIPSS) outperforms dynamic international prognostic scoring system (DIPSS) in myelofibrosis patients. Am. J. Hematol. 2019, 94, 87–92. [Google Scholar] [CrossRef] [PubMed]

	



Shahin, O.A.; Chifotides, H.T.; Bose, P.; Masarova, L.; Verstovsek, S. Accelerated Phase of Myeloproliferative Neoplasms. Acta Haematol. 2021, 144, 484–499. [Google Scholar] [CrossRef] [PubMed]

	



Michail, O.; McCallion, P.; McGimpsey, J.; Hindley, A.; Greenfield, G.; McAllister, R.; Feerick, J.; Arnold, C.; Cross, N.; Cuthbert, R.; et al. Mutational profiling in suspected triple-negative essential thrombocythaemia using targeted next-generation sequencing in a real-world cohort. J. Clin. Pathol. 2021, 74, 808–811. [Google Scholar] [CrossRef] [PubMed]

	



Maddali, M.; Venkatraman, A.; Kulkarni, U.P.; Mani, S.; Raj, S.; Sigamani, E.; Korula, A.; Fouzia, N.A.; Lionel, S.A.; Selvarajan, S.; et al. Molecular characterization of triple-negative myeloproliferative neoplasms by next-generation sequencing. Ann. Hematol. 2022, 101, 1987–2000. [Google Scholar] [CrossRef] [PubMed]

	



Al-Ghamdi, Y.A.; Lake, J.; Bagg, A.; Thakral, B.; Wang, S.A.; Bueso-Ramos, C.; Masarova, L.; Verstovsek, S.; Rogers, H.J.; Hsi, E.D.; et al. Triple-Negative Primary Myelofibrosis: A Bone Marrow Pathology Group Study. Mod. Pathol. 2023, 36, 100016. [Google Scholar] [CrossRef]

	



Jaiswal, S.; Fontanillas, P.; Flannick, J.; Manning, A.; Grauman, P.V.; Mar, B.G.; Lindsley, R.C.; Mermel, C.H.; Burtt, N.; Chavez, A.; et al. Age-related clonal hematopoiesis associated with adverse outcomes. N. Engl. J. Med. 2014, 371, 2488–2498. [Google Scholar] [CrossRef] [PubMed]

	



Jaiswal, S.; Natarajan, P.; Silver, A.J.; Gibson, C.J.; Bick, A.G.; Shvartz, E.; McConkey, M.; Gupta, N.; Gabriel, S.; Ardissino, D.; et al. Clonal Hematopoiesis and Risk of Atherosclerotic Cardiovascular Disease. N. Engl. J. Med. 2017, 377, 111–121. [Google Scholar] [CrossRef]

	



Weeks, L.D.; Niroula, A.; Neuberg, D.; Wong, W.; Lindsley, R.C.; Luskin, M.; Berliner, N.; Stone, R.M.; DeAngelo, D.J.; Soiffer, R.; et al. Prediction of risk for myeloid malignancy in clonal hematopoiesis. NEJM Evid. 2023, 2, EVIDoa2200310. [Google Scholar] [CrossRef]

	



Steensma, D.P.; Bejar, R.; Jaiswal, S.; Lindsley, R.C.; Sekeres, M.A.; Hasserjian, R.P.; Ebert, B.L. Clonal hematopoiesis of indeterminate potential and its distinction from myelodysplastic syndromes. Blood 2015, 126, 9–16. [Google Scholar] [CrossRef] [PubMed]

	



Wolach, O.; Sellar, R.S.; Martinod, K.; Cherpokova, D.; McConkey, M.; Chappell, R.J.; Silver, A.J.; Adams, D.; Castellano, C.A.; Schneider, R.K.; et al. Increased neutrophil extracellular trap formation promotes thrombosis in myeloproliferative neoplasms. Sci. Transl. Med. 2018, 10, eaan8292. [Google Scholar] [CrossRef] [PubMed]

	



Jacquelin, S.; Kramer, F.; Mullally, A.; Lane, S.W. Murine Models of Myelofibrosis. Cancers 2020, 12, 2381. [Google Scholar] [CrossRef] [PubMed]

	



Maslah, N.; Benajiba, L.; Giraudier, S.; Kiladjian, J.J.; Cassinat, B. Clonal architecture evolution in Myeloproliferative Neoplasms: From a driver mutation to a complex heterogeneous mutational and phenotypic landscape. Leukemia 2023, 37, 957–963. [Google Scholar] [CrossRef] [PubMed]

	



Perner, F.; Perner, C.; Ernst, T.; Heidel, F.H. Roles of JAK2 in Aging, Inflammation, Hematopoiesis and Malignant Transformation. Cells 2019, 8, 854. [Google Scholar] [CrossRef]

	



Brown, D.W.; Cato, L.D.; Zhao, Y.; Nandakumar, S.K.; Bao, E.L.; Gardner, E.J.; Hubbard, A.K.; DePaulis, A.; Rehling, T.; Song, L.; et al. Shared and distinct genetic etiologies for different types of clonal hematopoiesis. Nat. Commun. 2023, 14, 5536. [Google Scholar] [CrossRef] [PubMed]

	



Cordua, S.; Kjaer, L.; Skov, V.; Pallisgaard, N.; Hasselbalch, H.C.; Ellervik, C. Prevalence and phenotypes of JAK2 V617F and calreticulin mutations in a Danish general population. Blood 2019, 134, 469–479, Erratum in Blood 2019, 134, 1195. [Google Scholar] [CrossRef] [PubMed]

	



McKerrell, T.; Park, N.; Chi, J.; Collord, G.; Moreno, T.; Ponstingl, H.; Dias, J.; Gerasimou, P.; Melanthiou, K.; Prokopiou, C.; et al. JAK2 V617F hematopoietic clones are present several years prior to MPN diagnosis and follow different expansion kinetics. Blood Adv. 2017, 1, 968–971. [Google Scholar] [CrossRef]

	



Prestipino, A.; Emhardt, A.J.; Aumann, K.; O’Sullivan, D.; Gorantla, S.P.; Duquesne, S.; Melchinger, W.; Braun, L.; Vuckovic, S.; Boerries, M.; et al. Oncogenic JAK2(V617F) causes PD-L1 expression, mediating immune escape in myeloproliferative neoplasms. Sci. Transl. Med. 2018, 10, eaam7729. [Google Scholar] [CrossRef]

	



Olcaydu, D.; Harutyunyan, A.; Jager, R.; Berg, T.; Gisslinger, B.; Pabinger, I.; Gisslinger, H.; Kralovics, R. A common JAK2 haplotype confers susceptibility to myeloproliferative neoplasms. Nat. Genet. 2009, 41, 450–454. [Google Scholar] [CrossRef]

	



Jones, A.V.; Chase, A.; Silver, R.T.; Oscier, D.; Zoi, K.; Wang, Y.L.; Cario, H.; Pahl, H.L.; Collins, A.; Reiter, A.; et al. JAK2 haplotype is a major risk factor for the development of myeloproliferative neoplasms. Nat. Genet. 2009, 41, 446–449. [Google Scholar] [CrossRef] [PubMed]

	



Kilpivaara, O.; Mukherjee, S.; Schram, A.M.; Wadleigh, M.; Mullally, A.; Ebert, B.L.; Bass, A.; Marubayashi, S.; Heguy, A.; Garcia-Manero, G.; et al. A germline JAK2 SNP is associated with predisposition to the development of JAK2(V617F)-positive myeloproliferative neoplasms. Nat. Genet. 2009, 41, 455–459. [Google Scholar] [CrossRef] [PubMed]

	



Tapper, W.; Jones, A.V.; Kralovics, R.; Harutyunyan, A.S.; Zoi, K.; Leung, W.; Godfrey, A.L.; Guglielmelli, P.; Callaway, A.; Ward, D.; et al. Genetic variation at MECOM, TERT, JAK2 and HBS1L-MYB predisposes to myeloproliferative neoplasms. Nat. Commun. 2015, 6, 6691. [Google Scholar] [CrossRef] [PubMed]

	



Lundberg, P.; Nienhold, R.; Ambrosetti, A.; Cervantes, F.; Perez-Encinas, M.M.; Skoda, R.C. Somatic mutations in calreticulin can be found in pedigrees with familial predisposition to myeloproliferative neoplasms. Blood 2014, 123, 2744–2745. [Google Scholar] [CrossRef] [PubMed]

	



Barosi, G.; Campanelli, R.; Catarsi, P.; Abba, C.; Carolei, A.; Massa, M.; Gale, R.P.; Rosti, V. Type 1 CALR mutation allele frequency correlates with CD34/CXCR4 expression in myelofibrosis-type megakaryocyte dysplasia: A mechanism of disease progression? Blood Cancer J. 2024, 14, 18. [Google Scholar] [CrossRef]

	



Guglielmelli, P.; Maccari, C.; Sordi, B.; Balliu, M.; Atanasio, A.; Mannarelli, C.; Capecchi, G.; Sestini, I.; Coltro, G.; Loscocco, G.G.; et al. Phenotypic correlations of CALR mutation variant allele frequency in patients with myelofibrosis. Blood Cancer J. 2023, 13, 21. [Google Scholar] [CrossRef] [PubMed]

	



Grabek, J.; Straube, J.; Bywater, M.; Lane, S.W. MPN: The Molecular Drivers of Disease Initiation, Progression and Transformation and their Effect on Treatment. Cells 2020, 9, 1901. [Google Scholar] [CrossRef]

	



Kiladjian, J.J.; Cassinat, B.; Turlure, P.; Cambier, N.; Roussel, M.; Bellucci, S.; Menot, M.L.; Massonnet, G.; Dutel, J.L.; Ghomari, K.; et al. High molecular response rate of polycythemia vera patients treated with pegylated interferon alpha-2a. Blood 2006, 108, 2037–2040. [Google Scholar] [CrossRef] [PubMed]

	



Verger, E.; Cassinat, B.; Chauveau, A.; Dosquet, C.; Giraudier, S.; Schlageter, M.H.; Ianotto, J.C.; Yassin, M.A.; Al-Dewik, N.; Carillo, S.; et al. Clinical and molecular response to interferon-alpha therapy in essential thrombocythemia patients with CALR mutations. Blood 2015, 126, 2585–2591. [Google Scholar] [CrossRef]

	



Pardanani, A.; Gotlib, J.R.; Jamieson, C.; Cortes, J.E.; Talpaz, M.; Stone, R.M.; Silverman, M.H.; Gilliland, D.G.; Shorr, J.; Tefferi, A. Safety and efficacy of TG101348, a selective JAK2 inhibitor, in myelofibrosis. J. Clin. Oncol. 2011, 29, 789–796. [Google Scholar] [CrossRef]

	



Deininger, M.; Radich, J.; Burn, T.C.; Huber, R.; Paranagama, D.; Verstovsek, S. The effect of long-term ruxolitinib treatment on JAK2p.V617F allele burden in patients with myelofibrosis. Blood 2015, 126, 1551–1554. [Google Scholar] [CrossRef]

	



Tefferi, A.; Cervantes, F.; Mesa, R.; Passamonti, F.; Verstovsek, S.; Vannucchi, A.M.; Gotlib, J.; Dupriez, B.; Pardanani, A.; Harrison, C.; et al. Revised response criteria for myelofibrosis: International Working Group-Myeloproliferative Neoplasms Research and Treatment (IWG-MRT) and European LeukemiaNet (ELN) consensus report. Blood 2013, 122, 1395–1398. [Google Scholar] [CrossRef] [PubMed]

	



Terraf, P.; Pareja, F.; Brown, D.N.; Ceyhan-Birsoy, O.; Misyura, M.; Rana, S.; O’Reilly, E.; Carlo, M.I.; Aghajanian, C.; Liu, Y.; et al. Comprehensive assessment of germline pathogenic variant detection in tumor-only sequencing. Ann. Oncol. 2022, 33, 426–433. [Google Scholar] [CrossRef] [PubMed]

	



Kuzbari, Z.; Bandlamudi, C.; Loveday, C.; Garrett, A.; Mehine, M.; George, A.; Hanson, H.; Snape, K.; Kulkarni, A.; Allen, S.; et al. Germline-focused analysis of tumour-detected variants in 49,264 cancer patients: ESMO Precision Medicine Working Group recommendations. Ann. Oncol. 2023, 34, 215–227. [Google Scholar] [CrossRef] [PubMed]

	



Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405–424. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.M.; Datto, M.; Duncavage, E.J.; Kulkarni, S.; Lindeman, N.I.; Roy, S.; Tsimberidou, A.M.; Vnencak-Jones, C.L.; Wolff, D.J.; Younes, A.; et al. Standards and Guidelines for the Interpretation and Reporting of Sequence Variants in Cancer: A Joint Consensus Recommendation of the Association for Molecular Pathology, American Society of Clinical Oncology, and College of American Pathologists. J. Mol. Diagn. 2017, 19, 4–23. [Google Scholar] [CrossRef]

	



Horak, P.; Griffith, M.; Danos, A.M.; Pitel, B.A.; Madhavan, S.; Liu, X.; Chow, C.; Williams, H.; Carmody, L.; Barrow-Laing, L.; et al. Standards for the classification of pathogenicity of somatic variants in cancer (oncogenicity): Joint recommendations of Clinical Genome Resource (ClinGen), Cancer Genomics Consortium (CGC), and Variant Interpretation for Cancer Consortium (VICC). Genet. Med. 2022, 24, 986–998. [Google Scholar] [CrossRef]

	



Schaafsma, E.; Takacs, E.M.; Kaur, S.; Cheng, C.; Kurokawa, M. Predicting clinical outcomes of cancer patients with a p53 deficiency gene signature. Sci. Rep. 2022, 12, 1317. [Google Scholar] [CrossRef] [PubMed]

	



Hassin, O.; Nataraj, N.B.; Shreberk-Shaked, M.; Aylon, Y.; Yaeger, R.; Fontemaggi, G.; Mukherjee, S.; Maddalena, M.; Avioz, A.; Iancu, O.; et al. Different hotspot p53 mutants exert distinct phenotypes and predict outcome of colorectal cancer patients. Nat. Commun. 2022, 13, 2800. [Google Scholar] [CrossRef]

	



Quintas-Cardama, A.; Kantarjian, H.; Pierce, S.; Cortes, J.; Verstovsek, S. Prognostic model to identify patients with myelofibrosis at the highest risk of transformation to acute myeloid leukemia. Clin. Lymphoma Myeloma Leuk. 2013, 13, 315–318.e312. [Google Scholar] [CrossRef]

	



Mora, B.; Giorgino, T.; Guglielmelli, P.; Rumi, E.; Maffioli, M.; Rambaldi, A.; Caramella, M.; Komrokji, R.; Gotlib, J.; Kiladjian, J.J.; et al. Value of cytogenetic abnormalities in post-polycythemia vera and post-essential thrombocythemia myelofibrosis: A study of the MYSEC project. Haematologica 2018, 103, e392–e394. [Google Scholar] [CrossRef] [PubMed]

	



Gangat, N.; Caramazza, D.; Vaidya, R.; George, G.; Begna, K.; Schwager, S.; Van Dyke, D.; Hanson, C.; Wu, W.; Pardanani, A.; et al. DIPSS plus: A refined Dynamic International Prognostic Scoring System for primary myelofibrosis that incorporates prognostic information from karyotype, platelet count, and transfusion status. J. Clin. Oncol. 2011, 29, 392–397. [Google Scholar] [CrossRef] [PubMed]

	



Neveling, K.; Mantere, T.; Vermeulen, S.; Oorsprong, M.; van Beek, R.; Kater-Baats, E.; Pauper, M.; van der Zande, G.; Smeets, D.; Weghuis, D.O.; et al. Next-generation cytogenetics: Comprehensive assessment of 52 hematological malignancy genomes by optical genome mapping. Am. J. Hum. Genet. 2021, 108, 1423–1435. [Google Scholar] [CrossRef] [PubMed]

	



Smith, A.C.; Neveling, K.; Kanagal-Shamanna, R. Optical genome mapping for structural variation analysis in hematologic malignancies. Am. J. Hematol. 2022, 97, 975–982. [Google Scholar] [CrossRef] [PubMed]

	



Sahajpal, N.S.; Mondal, A.K.; Tvrdik, T.; Hauenstein, J.; Shi, H.; Deeb, K.K.; Saxe, D.; Hastie, A.R.; Chaubey, A.; Savage, N.M.; et al. Clinical Validation and Diagnostic Utility of Optical Genome Mapping for Enhanced Cytogenomic Analysis of Hematological Neoplasms. J. Mol. Diagn. 2022, 24, 1279–1291. [Google Scholar] [CrossRef] [PubMed]

	



Sahajpal, N.S.; Mondal, A.K.; Singh, H.; Vashisht, A.; Ananth, S.; Saul, D.; Hastie, A.R.; Hilton, B.; DuPont, B.R.; Savage, N.M.; et al. Clinical Utility of Optical Genome Mapping and 523-Gene Next Generation Sequencing Panel for Comprehensive Evaluation of Myeloid Cancers. Cancers 2023, 15, 3214. [Google Scholar] [CrossRef] [PubMed]

	



Downes, C.E.J.; McClure, B.J.; Bruning, J.B.; Page, E.; Breen, J.; Rehn, J.; Yeung, D.T.; White, D.L. Acquired JAK2 mutations confer resistance to JAK inhibitors in cell models of acute lymphoblastic leukemia. NPJ Precis. Oncol. 2021, 5, 75. [Google Scholar] [CrossRef] [PubMed]

	



Deshpande, A.; Reddy, M.M.; Schade, G.O.; Ray, A.; Chowdary, T.K.; Griffin, J.D.; Sattler, M. Kinase domain mutations confer resistance to novel inhibitors targeting JAK2V617F in myeloproliferative neoplasms. Leukemia 2012, 26, 708–715. [Google Scholar] [CrossRef] [PubMed]

	



Marit, M.R.; Chohan, M.; Matthew, N.; Huang, K.; Kuntz, D.A.; Rose, D.R.; Barber, D.L. Random mutagenesis reveals residues of JAK2 critical in evading inhibition by a tyrosine kinase inhibitor. PLoS ONE 2012, 7, e43437. [Google Scholar] [CrossRef]

	



Pandey, G.; Kuykendall, A.T.; Reuther, G.W. JAK2 inhibitor persistence in MPN: Uncovering a central role of ERK activation. Blood Cancer J. 2022, 12, 13. [Google Scholar] [CrossRef]

	



Spivak, J.L.; Moliterno, A.R. The Thrombopoietin Receptor, MPL, Is a Therapeutic Target of Opportunity in the MPN. Front. Oncol. 2021, 11, 641613. [Google Scholar] [CrossRef]

	



Vainchenker, W.; Plo, I.; Marty, C.; Varghese, L.N.; Constantinescu, S.N. The role of the thrombopoietin receptor MPL in myeloproliferative neoplasms: Recent findings and potential therapeutic applications. Expert. Rev. Hematol. 2019, 12, 437–448. [Google Scholar] [CrossRef] [PubMed]

	



McLornan, D.P.; Hargreaves, R.; Hernandez-Boluda, J.C.; Harrison, C.N. How I manage myeloproliferative neoplasm-unclassifiable: Practical approaches for 2022 and beyond. Br. J. Haematol. 2022, 197, 407–416. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.S.; Verstovsek, S.; Pemmaraju, N. Novel Therapies in Myeloproliferative Neoplasms: Beyond JAK Inhibitor Monotherapy. J. Immunother. Precis. Oncol. 2021, 4, 117–128. [Google Scholar] [CrossRef] [PubMed]

	



Robinson, T.M.; Bowman, R.L.; Persaud, S.; Liu, Y.; Neigenfind, R.; Gao, Q.; Zhang, J.; Sun, X.; Miles, L.A.; Cai, S.F.; et al. Single-cell genotypic and phenotypic analysis of measurable residual disease in acute myeloid leukemia. Sci. Adv. 2023, 9, eadg0488. [Google Scholar] [CrossRef]

	



O’Sullivan, J.M.; Mead, A.J.; Psaila, B. Single-cell methods in myeloproliferative neoplasms: Old questions, new technologies. Blood 2023, 141, 380–390. [Google Scholar] [CrossRef]

	



Royston, D.; Mead, A.J.; Psaila, B. Application of Single-Cell Approaches to Study Myeloproliferative Neoplasm Biology. Hematol. Oncol. Clin. N. Am. 2021, 35, 279–293. [Google Scholar] [CrossRef] [PubMed]

	



Mylonas, E.; Yoshida, K.; Frick, M.; Hoyer, K.; Christen, F.; Kaeda, J.; Obenaus, M.; Noerenberg, D.; Hennch, C.; Chan, W.; et al. Single-cell analysis based dissection of clonality in myelofibrosis. Nat. Commun. 2020, 11, 73. [Google Scholar] [CrossRef]

	



Mascarenhas, J.; Kosiorek, H.E.; Prchal, J.T.; Rambaldi, A.; Berenzon, D.; Yacoub, A.; Harrison, C.N.; McMullin, M.F.; Vannucchi, A.M.; Ewing, J.; et al. A randomized phase 3 trial of interferon-alpha vs hydroxyurea in polycythemia vera and essential thrombocythemia. Blood 2022, 139, 2931–2941. [Google Scholar] [CrossRef]








 





Table 1. WHO 2022 and ICC diagnostic criteria for MPN [3,4].
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	Disease
	WHO Criteria
	Diagnosis Requirements: WHO
	ICC 2022 Classification





	PV *
	Major:

1. Elevated hemoglobin (>16.5 g/dL in men, >16.0 g/dL in women) or hematocrit (>49% in men, >48% in women).

2. Bone marrow biopsy showing trilineage proliferation (panmyelosis) with pleomorphic, mature megakaryocytes.

3. Presence of JAK2 V617F or exon 12 mutation.

Minor:

Subnormal serum erythropoietin level.
	Option 1: All three criteria must be met.

Option 2: The first two major criteria, plus the minor criterion.
	Diagnostic Criteria:

Option 1: All three criteria must be met.

Option 2: First and third major criteria, plus the minor criterion.

Note: Increased red blood cell mass is included in the diagnostic criteria.



	Post-PV myelofibrosis
	Major Criteria:

1. Established diagnosis of PV.

2. Bone marrow fibrosis (Grade 2 or 3).

Additional Criteria:

1. Anemia (below reference range considering age, sex, altitude, or sustained loss of phlebotomy or cytoreductive treatment requirement).

2. Leukoerythroblastosis.

3. Increasing splenomegaly (increase in palpable splenomegaly >50 mm from baseline or development of newly palpable splenomegaly).

4. Development of at least two of the following symptoms: weight loss (>10% in 6 months), night sweats, unexplained fever (>37.5 °C).
	Major criteria plus two additional criteria.
	No significant differences noted



	ET
	Major Criteria:

1. Platelet count ≥ 450 × 109/L.

2. Bone marrow biopsy showing:

	
Proliferation mainly of the megakaryocytic lineage.



	
Increased numbers of enlarged, mature megakaryocytes with hyperlobulated nuclei.



	
No significant increase or left shift in neutrophil granulopoiesis or erythropoiesis.



	
Very rarely, a minor (grade 1) increase in reticulin fibers.





3. Absence of WHO criteria for:

	
BCR::ABL1-positive CML.



	
PV.



	
PMF.



	
Other myeloid neoplasms.





4. Mutation in JAK2, CALR, or MPL genes.

Minor Criteria:

1. Presence of a clonal marker.

2. Exclusion of reactive thrombocytosis.
	Option 1: All major criteria must be met.

Option 2: First three major criteria plus one minor criterion.
	No significant differences noted



	Post-ET myelofibrosis
	Required Criteria:

1. Previous diagnosis of WHO-defined ET.

2. Bone marrow fibrosis grade 2–3 (on a scale of 0–3).

Additional Criteria:

1. Anemia (below reference range for age, sex, and altitude) with >2 g/dL decrease from baseline hemoglobin.

2. Leukoerythroblastosis.

3. Increasing splenomegaly, defined as:

	
Increase in palpable splenomegaly >50 mm from baseline.



	
Development of newly palpable splenomegaly.





4. Elevated LDH level (above reference range).

5. Development of any two (or all three) of the following symptoms:

	
10% weight loss in 6 months.



	
Night sweats.



	
Unexplained fever (>37.5 °C).





	Option 1: All required criteria must be met.

Option 2: At least two additional criteria.
	No significant differences noted



	PMF, Prefibrotic Stage
	Major Criteria:

1. Megakaryocytic proliferation and atypia (without reticulin fibrosis grade > 1), accompanied by:

	
Increased age-adjusted bone marrow cellularity.



	
Granulocytic proliferation.



	
Often decreased erythropoiesis.





2. Absence of diagnostic criteria for:

	
CML.



	
PV.



	
ET.



	
MDS.



	
Other defined myeloid neoplasms.





3. Presence of JAK2, CALR, or MPL mutation, another clonal marker, or absence of reactive bone marrow fibrosis.

Minor Criteria:

1. Anemia not attributed to a comorbid condition.

2. Leukocytosis ≥ 11 × 109/L.

3. Clinically and/or imaging-detected splenomegaly.

4. LDH level above the upper limit of the institutional reference range.
	Required: All three major criteria.

Additional: At least one minor criterion.

Confirmation: Minor criteria must be confirmed in two consecutive determinations.
	No significant differences noted



	PMF, Fibrotic Stage
	Major Criteria:

1. Megakaryocytic proliferation and atypia, with reticulin and/or collagen fibrosis grade 2 or 3.

2. Does not meet diagnostic criteria for:

	
CML.



	
PV.



	
ET.



	
MDS.



	
Other defined myeloid neoplasms.





Presence of JAK2, CALR, or MPL mutation, another clonal marker, or absence of reactive bone marrow fibrosis.

Minor Criteria:

1. Anemia not attributed to a comorbid condition.

2. Leukocytosis ≥ 11 × 109/L.

3. Clinically and/or imaging-detected splenomegaly.

4. LDH level above the upper limit of the institutional reference range.

5. Leukoerythroblastosis.
	Required: All three major criteria.

Additional: At least one minor criterion.

Confirmation: Minor criteria must be confirmed in two consecutive determinations.
	No significant differences noted



	MPN-NOS/MPN-U
	Required Criteria:

1. Presence of any one of the following features:

	
Clinical and hematological features of an MPN (e.g., splenomegaly, leukocytosis, thrombocytosis) without significant monocytosis and eosinophilia.



	
Bone marrow hypercellularity with megakaryocytic hyperplasia and varying degrees of granulocytic and erythroid hyperplasia, without dysplastic features.



	
Clinical and morphological features may be discrepant.





2. Does not meet criteria for:

	
Other MPNs.



	
MDS.



	
MDS/MPN overlap syndromes.



	
Myeloid/lymphoid neoplasms with eosinophilia and tyrosine kinase gene fusions.





3. Presence of driver mutations such as JAK2, CALR, or MPL mutations, or another clonal marker.

Exclusion Criteria:

1. Insufficient clinical data or inadequate bone marrow specimen for accurate evaluation and classification.

2. Recent history of cytotoxic or growth factor therapy, especially when dysplastic features are present.
	Required: Presence of all required criteria and absence of all exclusion criteria
	Similar diagnostic criteria







* Abbreviations: PV: Polycythemia Vera; ET: Essential Thrombocythemia; CML: Chronic Myeloid Leukemia; PMF: Primary Myelofibrosis; MDS: Myelodysplastic Neoplasm; MPN-NOS: Myeloproliferative Neoplasm, Not Otherwise Specified; MPN-U: Myeloproliferative Neoplasm, Unclassifiable; WHO: World Health Organization; ICC: International Consensus Classification.













 





Table 2. Mutations in MPNs and their clinical implications.
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