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Abstract

Classical myeloproliferative neoplasms (MPN) are clonal stem cell disorders characterized by driver mutations that affect 
the constitutive activation of JAK-signaling. Mutations additional to an MPN-driver occur in a large number of patients and 
have been shown be associated with disease presentation and progression. In this review, we outline the current hypoth-
eses regarding how clonal evolution in MPN is thought to occur and the functional mechanisms as to how concomitant 
somatic mutations (i.e., mutations in genes other than the ‘driver’ genes) contribute to disease progression. We discuss the 
definitions of high molecular risk MPN, provide an overview of how concomitant mutations influence the clinical manage-
ment of MPN and suggest how the rapidly developing genetic risk stratification can be utilized to improve clinical outcomes.

Introduction

The classical BCR::ABL-negative myeloproliferative neo-
plasms (MPN), polycythemia vera (PV), essential thrombo-
cythemia (ET) and myelofibrosis (MF), are characterized by 
driver mutations that affect the constitutive activation of 
JAK-signaling, such as mutations in Janus kinase 2 (JAK2), 
calreticulin (CALR) and the thrombopoietin receptor (MPL). 
While the MPN phenotype is often dominated by excessive 
production of mature myeloid cells, these driver mutations 
are initiated and maintained in hematopoietic stem cells 
(HSC); thus, MPN are considered clonal stem cell disorders. 
Most patients present in a chronic phase of the disease 
(i.e., PV, ET, pre-fibrotic MF), with elevated peripheral blood 
parameters and accompanying systemic inflammation. 
Relevant clinical challenges include: (i) symptom control, 
(ii) prevention of thromboembolic complications, and (iii) 
prevention of disease progression. Symptom control can be 
achieved by supportive measures, cytoreduction or symp-
tom-oriented therapy (e.g., JAK-inhibitors), and prevention 
of thromboembolic events can be achieved using acetylsal-
icylic acid or anticoagulants, and cytoreductive measures, 
such as phlebotomy or pharmacological agents (e.g., hy-
droxyurea, interferon or JAK-inhibitors). Patients can also 
present with more advanced phases of the disease resulting 

from excessive fibrotic deposition in the bone marrow (i.e., 
fibrotic phase of MF) and exhibit aggravated symptoms, 
splenomegaly and cytopenias that require pharmacological 
and supportive interventions. Up to 40% of MPN patients 
experience disease progression during their lifetime, ei-
ther from chronic phase to fibrotic MF, or chronic phase/
MF to an accelerated phase (10-20% blasts) or overt acute 
myeloid leukemia (AML) (≥20% blasts), also referred to as 
blast-phase MPN. Progression is frequently associated with 
clinical deterioration and shortened overall survival. Allo-
geneic hematopoietic stem cell transplantation (HSCT) is 
the only potentially curative therapy currently available for 
MPN; however, due to high morbidity and mortality rates, 
it is only indicated for younger/fitter patients at higher risk 
of disease progression.
Next-generation sequencing technology has facilitated in-
creased resolution of the mutational landscape that under-
pins the process of malignant transformation in humans. 
This is exemplified by AML, in which particular patterns of 
mutational co-occurrence define prognostically relevant 
subclasses.1 Somatic co-mutations of relevance in myeloid 
cancers, in addition to MPN-drivers, are present in approxi-
mately 50% of patients with chronic phase MPN.2-5 Of note, 
these studies highlight genetic subgroups associated with 
outcomes, independent of clinical phenotypes. The number 
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of mutations increases with disease progression and cor-
relates with progression to MF and accelerated/blast phase 
MPN.2,4 The concept and definition of high molecular risk 
(HMR) mutations have facilitated the use of these muta-
tions in addition to clinical disease parameters to predict 
patients’ outcomes and inform treatment decisions.
In this review, we outline the current hypotheses regarding 
how clonal evolution in MPN is thought to occur and the 
functional mechanisms as to how concomitant somatic 
mutations (i.e., mutations in genes other than the ‘driver’ 
genes, JAK2, CALR and MPL) contribute to disease progres-
sion. We discuss the definitions of HMR MPN and provide 
an overview as to how concomitant mutations influence 
the clinical management of MPN and suggest how this rap-
idly developing genetic risk stratification can be utilized to 
improve clinical outcomes.

Mechanisms of mutational 
acquisition
Chronic phase MPN is a neoplastic state consequent to a 
single oncogenic driver, such as JAK2 V617F, which is neces-
sary but insufficient for secondary transformation. However, 
the complexity and phenotypic diversity in the pathogenesis 
of MPN cannot always be explained by progressive conse-
quences of a single genetic driver event and thus may be 
related to the presence of concomitant somatic mutations. 
Clonal dynamics of MPN are further complicated by the 
understanding that the MPN-driver mutation is not always 
the initiating mutational event.6 Therefore, the acquisition 
of additional somatic mutations in MPN must be consid-
ered as a function of both an MPN-driver and pre-existing 
somatic mutations (e.g., as in clonal hematopoiesis).

Mediated by myeloproliferative neoplasm drivers
In HSC, the JAK2 V617F mutation accelerates cell division 
and is associated with increased DNA damage.7,8 Increased 
DNA damage can be considered a precursor to the genetic 
instability inherent to most cancer genomes and has been 
established as causal in malignant transformation. In chronic 
phase MPN, this state of DNA damage may provide a selec-
tive pressure for the loss of key regulators of DNA-damage 
checkpoints, such as p53. Alternatively, it could facilitate an 
increased rate of mutagenesis, leading to the emergence of 
mutations that confer a further selective advantage. Current 
evidence suggests that this is mediated in a cell-intrinsic 
manner through the ability of JAK2 activation to directly 
drive downstream PI3K-AKT signaling.7 However, Jak2-mutant 
cells may also generate an inflammatory microenvironment,9 
which enhances mutagenesis,10 and specifically provides a 
selective advantage for the loss of p53.11 
In contrast, longitudinal studies in serial human samples found 
a low mutation rate of one mutation per 66 patient-years,12 
arguing against a strong hypermutable state in MPN. Consis-

tently, individuals exclusively harboring JAK2 mutations may 
experience long-term stability of the mutated clone or even 
clonal regression. Lineage tracing approaches to assess the 
time course of clonal expansion provided the first evidence 
that driver mutations can be acquired decades before the 
clinical manifestations of MPN,13,14 as in some cases, JAK2 
mutations could already be detected in cord blood. However, 
data investigating the behavior of mutated cells from 385 
older individuals found growth trajectories of JAK2-mutated 
clones to be particularly erratic, with only 58% displaying 
stable growth.15 The reason for this behavior remains unclear.

Mediated by age-related clonal hematopoiesis
Somatic mutations acquired prior to the driver (e.g., a 
JAK2 mutation) may provide a ‘fertile ground’ for malignant 
transformation.8,12 Clonal hematopoiesis is the situation in 
which the maturing cell progeny derived from a single HSC 
ancestor, or “clone”, dominates the hematopoietic com-
partment of an individual. Clonal hematopoiesis occurs as 
a consequence of declining clonal diversity during aging and 
may not be associated with a neoplastic state, leading to 
the terminology of age-related clonal hematopoiesis (ARCH) 
or clonal hematopoiesis of indeterminate potential (CHIP). 
Mutations with relevance in myeloid malignancies include 
DNMT3A, TET2 and ASXL1 (the so-called DTA mutations), 
which account for over 90% of cases of ARCH. Due to its 
association with increased risk of future development of 
myeloid malignancies, including MPN, ARCH can thus rep-
resent a pre-neoplastic state.16 Consistently, DTA mutations 
are found in both MPN-driver-positive and -negative cells 
in post-MPN AML.3,4 Although they influence the balance 
towards self-renewal over lineage commitment, there is no 
definitive evidence that DTA mutations lead to enhanced 
mutational acquisition. Dnmt3a-null murine HSC show 
progressive loss in clonal diversity leading to increased vari-
ant allele frequency of existing somatic variants that have 
been maintained in expanded clones.17 DTA mutations may, 
therefore, rather facilitate continued clonal expansion in the 
presence of a mutagenic stimulus, such as inflammation.18 

Pathways of clonal evolution in 
myeloproliferative neoplasms
Although the chronic, accelerated and blast phases of MPN 
can be appreciated as a linear trajectory, this pathway of 
disease progression is not uniform. Patients can present 
with MF without a prior diagnosis of PV or ET, or accelerated/
blast phases without a prior diagnosis of MF. Furthermore, 
disease progression to MF or accelerated/blast phases is 
not an inevitable outcome in PV or ET, with chronic phases 
sometimes lasting for many decades. The linear direction-
ality to the evolution of MPN is further challenged and 
complicated by the fact that an MPN-driver mutation may 
not always represent the foundational event in MPN and 
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can be either present or absent in post-MPN AML blasts.3,4 
MPN may therefore emerge and progress along separable 
evolutionary paths dictated by the order of mutational 
events, being either linear, branching or parallel (Figure 1). 
The validity of these potential paths can be determined by 
the answers to two key questions.
The first question is: is it possible that an MPN driver muta-
tion is lost from a cell as it undergoes leukemic transforma-
tion? JAK2 V617F homozygosity can be detected in patients 
with MPN and gene dosage influences therapy response 
and the clinical phenotype. Homozygosity is presumed to 
occur as a consequence of mitotic recombination, which 
would result in the generation of both JAK2 homozygous 
mutant and wild-type progeny from a JAK2 V617F hetero-
zygous founder. However, single nucleotide polymorphisms 
within and telomeric to a mutant JAK2 locus can only be 
identified in JAK2 V617F homozygous clones, both support-
ing the occurrence of mitotic recombination and indicating 
that JAK2 wild-type loss of heterozygosity progeny do not 
expand appreciably in MPN patients.19 Furthermore, in JAK2 
wild-type post-MPN AML, loss of heterozygosity, determined 
by single nucleotide polymorphism genotyping, was not 
detected in leukemic blasts,19,20 providing evidence against 

loss of JAK2 V617F during blast transformation.   
The second question is: can AML evolve in the context of 
MPN from an independent clonal precursor? Combined 
analysis of JAK2 V617F granulocytes and JAK2 wild-type 
leukemic blasts from the same patient has demonstrated 
inactivation of the same parental X-chromosome.20 Also, 
shared somatic mutations in JAK2 V617F cells and JAK2 
wild-type leukemic blasts (like those with DTA mutations), 
support the hypothesis that MPN and post-MPN AML share 
a common clonal ancestor (Figure 1, branching evolution). 
However, the possibility that MPN and AML may arise in the 
same individual independently (Figure 1, parallel evolution) 
cannot be excluded, especially considering the inflammatory 
microenvironment that occurs in MPN. 
Together, these findings suggest that transformation to 
MPN-driver-expressing AML is most likely a consequence of 
linear evolution whereas MPN-driver-negative AML is rather 
a consequence of branching or parallel evolution (Figure 1). 
Pathways of branching and parallel evolution in MPN do, 
however, appear to be less efficient, given that retrospective 
analysis across multiple independent cohorts of post-MPN 
AML suggest that MPN-driver-positive leukemia accounts 
for approximately 80% of this disease subset.4,5,21

Figure 1. Potential paths of clonal evolution in myeloproliferative neoplasms. The combinations of mutations that occur in chron-
ic phase myeloproliferative neoplasms (MPN) and disease progression to accelerated or blast-phase MPN (acute myeloid leukemia, 
AML) can be explained by the theories of linear, branching and parallel evolution. Linear evolution pertains to the sequential ac-
quisition of multiple mutations within the same clone. In this scenario, the founder mutation may represent the MPN-driver or a 
somatic mutation known to drive clonal hematopoiesis. Branching evolution pertains to the emergence of MPN and AML in sep-
arate clones with a common clonal ancestor harboring a driver of clonal hematopoiesis. Parallel evolution pertains to the emer-
gence of MPN and AML in separate clones with no common ancestor. The acquisition of an MPN or AML driver may be preceded 
by a driver of clonal hematopoiesis. It is noted that prior presentation of polycythemia vera or essential thrombocythemia is not 
required for the emergence of myelofibrosis, and prior presentation of myelofibrosis is not required for the emergence of AML. 
PV: polycythemia vera; ET: essential thrombocythemia; MF: myelofibrosis.
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Functional consequences of 
mutational heterogeneity
Somatic mutations that occur in MPN include epigenetic 
regulators, splicing factors and regulators of transcription.2 
The majority of functional studies on concomitant mutations 
in MPN have employed genetically modified mouse models, 
with engineered alleles either constitutively expressed or 
conditionally activated and restricted to the hematopoietic 
system either through tissue-specific Cre-recombinases or 
generation of bone marrow chimeras.

Epigenetic regulators
Epigenetic regulators, including DTA, are frequently mutat-
ed in MPN.2-5,21 As in ARCH, DTA mutations are implicated 
in self-renewal of MPN HSC,22-25 counteracting the reduced 
HSC quiescence26 and limited long-term replicative potential 
mediated by Jak2 V617F expression. Accordingly, both Tet2 
and Dnmt3a-loss are associated with increased expression 
of stemness-related genes.22,23 However, additional DTA mu-
tations occur more frequently in patients diagnosed with 
MF, than in those with PV or ET,2 suggesting co-existing DTA 
mutations also modify the MPN phenotype, rather than just 
maintain it. These observations can be reconciled by con-
sidering MF as a function of time, which can be accelerated 
by co-occurring DTA mutations. Consistent with this, MF is 
diagnosed at a higher mean age than ET and PV, and trans-
genic expression of JAK2 V617F is sufficient to drive MF in 
mice, albeit with incomplete penetrance, in aged cohorts.27,28 
However, the acceleration of MF onset with Dnmt3a-loss 
in combination with a conditional Jak2 V617F allele is also 
associated with increased expression of genes involved in 
tumor necrosis factor-a signaling,22 suggesting Dnmt3a-loss 
may directly promote fibrosis. These transcriptional changes 
with Dnmt3a-loss are not as apparent in vitro,22 suggesting 
an important interplay with the bone marrow microenvi-
ronment. Similarly, heterozygous Asxl1-loss accelerates MF 
latency in the context of a JAK2 V617F transgenic allele.25,28 

Notably, Tet2-loss does not drive MF in mice. It is unclear 
whether this reflects discrete functional consequences 
of the individual DTA mutations, or rather nuances in the 
respective experimental models of MPN.
Mutations in other epigenetic regulator genes are also rel-
evant in MPN. Ezh2-loss and expression of gain-of-func-
tion mutations in IDH1 and Idh2 increase the repopulation 
potential of Jak2 V617F HSC. Ezh2-loss exacerbates the 
fully penetrant MF phenotype in both JAK2 V617F trans-
genic and knock-in strains. This is associated with a bias 
towards megakaryocyte differentiation at the expense of 
erythropoiesis.29,30 The increased fibrosis is recapitulated 
with megakaryocyte-restricted loss of Ezh2 using Pf4-Cre.29 
The terminal disease phenotype in both IDH1 and Idh2 
co-mutated strains, however, appears to be comparable 
to that of Jak2 V617F alone.31 Interestingly, co-existing IDH 
mutations also reduced erythroid bias without a compen-

satory increase in megakaryocytes. In contrast, Asxl1-loss 
in combination with Jak2 V617F promotes megakaryocyte 
differentiation but not at the expense of erythropoiesis,25 
whereas Tet2-loss does not alter lineage commitment.23 
Together, these findings suggest that MF may be driven by 
dysregulation of epigenetic modifiers, with lineage-specific 
consequences, primarily within the megakaryocyte lineage. 
The order of mutation acquisition is also important in MPN 
pathogenesis. To date, this has not been tested in mice 
directly. Using primary patients’ samples in colony assays, 
studies have demonstrated that TET2 mutations acquired 
prior to an MPN-driver reduce mature cell expansion, as-
sociated with a less severe disease presentation. This is 
consistent with TET2 mutations shifting the balance towards 
self-renewal over differentiation. When TET2 mutations are 
acquired subsequent to an MPN-driver, however, they facil-
itate HSC expansion while mature cell expansion is largely 
mediated by the MPN-driver-only clone.6 This contrasts with 
functional studies in mice demonstrating exacerbation of 
the disease phenotype with co-existing Tet2-loss compared 
to Jak2 V167F alone.23 The order of DNMT3A mutational 
acquisition in relation to an MPN-driver is also associated 
with distinct cellular and clinical phenotypes.32

Splicing factors
Mutations in genes encoding components of the spliceo-
some have been identified in MPN, notably in SRSF2, U2AF1, 
SF3B1 and ZRSR2, some of which confer inferior clinical 
prognosis. Surprisingly, co-expression of Srsf2 P95H reduces 
MPN severity in Jak2 V617F knock-in mice, as evidenced by 
reduced splenomegaly and blood cell counts.33 Furthermore, 
Srsf2 P95H co-expression can attenuate MF and reduce the 
expansion and repopulation capacity of HSC.33 However, 
serial transplantation studies demonstrated the capacity of 
Srsf2 P95H co-expression to prevent Jak2 V617F stem cell 
exhaustion by extending the long-term replicative capacity 
of the stem cells.34 These functional studies may suggest 
additional cooperating factors are necessary for spliceosome 
mutations to alter MPN disease pathology. 
Recently, global analysis of the Jak2 V617F-mediated 
phosphoproteomic landscape has identified molecules 
related to mRNA splicing and processing as relevant targets 
of Jak2-dependent post-translational modification. Inac-
tivation of non-mutated splicing factors sensitized Jak-in-
hibitor persistent cells to apoptosis and resulted in RNA 
mis-splicing, intron retention and eventually disruption of 
relevant oncogenic signaling pathways. Genetic and phar-
macological inactivation of these molecules and pathways 
induced regression of the malignant clone and molecular 
remission.35 Therefore, post-translational modification of 
(unmutated) splicing factors may contribute to clonal per-
sistence and progression of MPN.

Transcriptional regulators
Mutations in the transcription factors RUNX1 and TP53 
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have been associated with post-MPN AML.3,4,36 Strikingly, 
none of the individual aforementioned concomitant mu-
tations investigated in murine functional studies appears 
sufficient in combination with Jak2 mutations for leuke-
mic transformation, with the exception of Trp53. Loss of 
Trp53 function in combination with a JAK2-driver mutation 
drives a fully penetrant AML3,37,38 following a preceding MPN 
disease phase.37 Here, megakaryocytic-erythroid progen-
itors are the leukemia-initiating cell population able to 
generate AML directly in secondary recipients. In contrast, 
transplantation of more primitive LSK (lineage-negative, 
Sca1+, kit+) cells only generates leukemia after a phase of 
MPN disease.37 This finding suggests that Trp53 loss alone 
may not be sufficient to drive leukemia on a JAK2-mu-
tated background. Consistent with this, p53 inhibition in 
chronic phase JAK2-mutated MPN increases DNA damage 
in erythroblasts without affecting these cells’ survival or 
proliferation.7 It has also been shown that bone marrow 
from Jak2 V617F/Trp53-null leukemic mice harbors recurrent 
chromosomal copy number variations, which are absent in 
the MPN phase.37 Furthermore, megakaryocytic-erythroid 
progenitors isolated from Jak2 V617F/Trp53-null leukemic 
mice are transcriptionally distinct from those isolated from 
chronic phase Jak2 V617F/Trp53-null MPN mice, suggesting 
that the altered expression of genes contained in these 
regions of recurrent chromosomal losses and/or gains may 
be responsible for leukemic transformation.
Further functional studies of two-way genetic interactions 
will continue to delineate the nature of cooperation between 
MPN driver and concomitant mutation(s) that determine 
progression to myelofibrosis and AML in JAK2, CALR and 
MPL-mutated contexts. Beyond TP53, mutational burden 
represents the best genetic predictor of inferior outcomes 
in chronic phase, accelerated phase and blast phase MPN. 
Therefore, the functional consequences of three- and four-
way genetic interactions with all MPN drivers on MPN disease 
progression will be valuable to expand the understanding 
of the pathogenesis of HMR MPN.

Influence of mutational 
heterogeneity on current clinical 
management of myeloproliferative 
neoplasms

We now discuss how molecular risk is defined clinically 
and how it influences the clinical management of MPN. 
Current clinical guidelines and consensus documents39-41 
provide algorithms for the management of patients with 
MPN, separated into the clinical phenotypes of PV, ET and 
MF. The canonical driver mutations (JAK2, MPL and CALR) 
occur as a sole genetic abnormality in 45% of MPN, but 
more frequently co-occur with concomitant (passenger) 
mutations, especially in MF.2 Approximately 5-10% of pa-

tients with ET or MF lack a canonical driver and are termed 
‘triple-negative’.2,42 Patients with triple-negative MF may 
harbor non-driver mutations, especially within spliceosome 
and chromatin-modifying genes and have inferior survival 
compared to MF patients with a canonical driver.42,43 These 
‘additional’ mutations (regardless of driver status) have prog-
nostic influence and implications for response to therapy 
and survival. The clinical definition of HRM differs for PV, 
ET and MF. It derives from NGS-profiling studies of cohorts 
of patients, which have identified genetic mutations asso-
ciated with inferior overall survival, leukemia-free survival 
and (for PV and ET) MF-free survival. A large study incorpo-
rating 2,035 patients (including 1,321 with ET, 356 with PV, 
309 with MF and 49 with other MPN) demonstrated that 
mutations in chromatin-modifier genes (e.g., ASXL1, EZH2) 
and spliceosome genes (e.g., ZRSR2, SRSF2), defined a ge-
nomic subgroup with inferior prognosis.2 In this cohort, 63 
clinical and genomic variables were identified as significant 
for prognosis and integrated to design a prognostic model. 
This model is directly accessible via an online calculator 
(https://cancer.sanger.ac.uk/mpn-multistage/), facilitating 
‘personalized’ predictions of prognosis for individuals and 
has been approved as a medical device within the United 
Kingdom (https://blood.predict.nhs.uk/). Studies such as 
this highlight the heterogeneous landscape of concomitant 
mutations as well as the complexity of integration into 
prognostication and selection of therapeutic approaches 
in clinical practice. 

Polcythemia vera

Box 1. Management of polycythemia vera in a snapshot. 
In PV, hyperproliferation of erythropoiesis is predominant, 
resulting in high hematocrit levels, and the therapeutic 
focus is on reducing the risk of venous and arterial throm-
boembolic complications and mitigating symptoms. This is 
achieved by anti-platelet therapy (100 mg of aspirin daily) 
in all PV patients44 and cytoreduction using venesection 
and/or cytoreductive therapies targeting a hematocrit of 
<0.45.45 The indication for medical cytoreductive therapies 
is predominantly based on stratification of thrombosis 
risk, integrating risk factors such as age ≥60 years, prior 
thromboembolic event, cardiovascular risk factors and leu-
kocytosis,41 although other factors including platelet counts 
>1,000x109/L, symptomatic splenomegaly, microcirculatory 
disturbances and persistently high frequency of phlebotomy 
(>6 times/year) also represent indications. Hydroxyurea re-
mains the most frequently used drug worldwide for primary 
PV therapy. Limitations, including skin and mucosal toxicity, 
poor symptom control, and potential leukemogenic risk, 
have prompted investigation of other therapies.

Continued on following page
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Ropeginterferon a2b has shown superiority in clinical 
trials46 and was recently approved for PV treatment in 
several countries. For second-line treatment after hydroxy-
urea refractoriness or intolerance, ruxolitinib is effective 
for cytoreduction and symptom control compared with 
best available therapies.47,48 Progression to secondary MF 
occurs in 10-15% of cases and to secondary leukemia in 
up to 15% of patients with PV and 25% of those with post 
PV-MF43 thus representing significant causes of morbidity 
and mortality in PV.

Influence of high molecular risk on prognostication in 
polycythemia vera
Concomitant mutations in PV can predict a higher risk of 
reduced survival and disease progression, as well as throm-
bosis. Mutations in ASXL1, SRSF2 and IDH2 were associated 
with reduced overall survival and leukemia-free survival,49 
with SRSF2 integrated into the weighted prognostic score, 
Mutation-Enhanced International Prognostic Scoring Sys-
tem for PV (MIPSS-PV), which stratifies patients into low, 
intermediate and high risk for survival.50 The Multiple Fac-
tor-Based Prognostic Score (MFPS) is an assessment tool 
used to predict the risk of thrombosis in PV patients. This 
scoring system includes factors such as age (≥60 years), car-
diovascular risk factors, history of thrombosis and presence 
of specific high-risk mutations (e.g., DNMT3A, ASXL1, BCOR, 
BCORL1), assigned a weighted score. Patients are classified 
into low-risk (0-1 points), intermediate-risk (2-3 points), and 
high-risk (≥4 points) groups. This system has shown better 
predictive power compared to previous models.51

Influence of high molecular risk on response to therapy
Further groups investigated the impact of concomitant 
mutations and clonal evolution on responses to specific 
therapies in PV and/or other MPN types. The effect of 
frequent concomitant mutations (TET2, ASXL1, DNMT3A, 
EZH2, IDH1 and IDH2, sequenced by Sanger sequencing) on 
response to interferon in PV and ET was investigated.52 In 
this study, 17% of patients achieved a complete molecular 
response (defined as undetectable JAK2 V617F based on an 
assay with a sensitivity of 5%) over a median follow-up of 
42 months. In those failing to achieve complete molecular 
response, there was a trend towards higher frequency of 
concomitant mutations at baseline and more frequent 
acquisition of new mutations (64% vs. 0% in those who 
achieved complete molecular response). In patients with 
complete molecular response, concomitant mutations 
were also cleared. Genomic predictors of response were 
investigated in the DALIAH trial (low-dose interferon-a 
vs. hydroxyurea) including 202 patients with PV, ET and 
MF.53 Patients had routine re-sequencing at 24 months 
(N=135). Treatment-emergent mutations were detected 
in 32 patients (24%) at 24 months. In interferon-a-treat-

ed patients, these were most commonly DTA mutations. 
Interestingly, TP53 and PPM1D were commonly acquired 
mutations in hydroxyurea-treated patients, paralleling 
findings of TP53 and PPM1D clonal hematopoiesis emerging 
after cytotoxic therapy in patients with solid cancers.54,55 
The emergence of DNMT3A mutations was the only factor 
described in the study to be associated with failure to 
achieve complete hematologic response to interferon-a. 
The authors speculated that DNMT3A-mutated clones were 
likely pre-existing at baseline and were selected for by the 
interferon-a therapy, perhaps due to aberrant self-renewal 
described as a consequence of cooperation between JAK2 
V617F and DNMT3A mutations.22 Recent preclinical studies 
in JAK2 V617F and Dnmt3a-mutant murine hematopoiesis 
provided the first evidence that combined treatment with 
interferon-a and hypomethylating agents (5-azacitidine) 
enhances clonal regression, overcoming the adverse ef-
fect of the Dnmt3a co-mutation.56 In a randomized phase 
III study comparing the effects of ropeg-interferon a2b 
against best available therapy, PV patients harboring ASXL1 
mutations showed relevant responses when treated with 
interferon-a.57 In the MAJIC-PV study, ruxolitinib produced 
a higher rate of molecular response (defined as a 50% 
reduction in JAK2 V617F allele frequency), which was as-
sociated with improved progression-free survival, event-
free survival, and overall survival. Here, the presence of 
ASXL1 mutations was associated with worse event-free 
survival (adjusted hazard ratio = 3.02 compared to those 
without these mutations).48 An additional study support-
ed the negative impact of additional baseline mutations 
on progression-free survival event rate during ruxolitinib 
treatment, and further highlighted the association be-
tween acquisition of new variants, especially in ASXL1, 
during treatment and reduced molecular responses and 
increased progression to MF.58

Implications of high molecular risk on management of 
polycythemia vera
Currently, the presence of HMR mutations does not alter 
management recommendations or target thresholds for 
cytoreductive therapies. While there is increasing infor-
mation about predictors of response to therapies such 
as interferon, there is no clear recommendation to select 
therapies based on concomitant mutational profile. Given 
that concomitant mutations can be cleared with the driver 
mutation in some cases, it could be speculated that se-
lection of therapies that have increased chance of induc-
ing molecular remissions might be preferable. Allogeneic 
HSCT is currently not recommended for the treatment of 
PV that has not clinically progressed to secondary MF or 
AML, even in the presence of HMR mutations. Nevertheless, 
genomic features are highly predictive of progression from 
chronic phase to the accelerated phase or blast phase2 

and MIPSS-PV high-risk patients have a predicted median 
overall survival of 4.6 years.59 Thus, close monitoring for 



Haematologica | 110 April 2025
869

REVIEW SERIES - High molecular risk MPN  V.Y. Ling et al.

clinical symptoms and signs of clonal progression, espe-
cially in the setting of HMR is warranted to facilitate early 
referral of eligible patients for allogeneic HSCT. 

Essential thrombocythemia

Box 2. Management of essential thrombocythemia in a 
snapshot. ET phenotypically affects the megakaryocytic 
cell line and is characterized by peripheral thrombocytosis 
and hyperproliferation of large, hyperlobulated megakaryo-
cytes in the bone marrow. ET should be distinguished from 
pre-fibrotic MF or PV. Reactive thrombocytosis represents 
a further differential diagnosis and should be strongly con-
sidered in ‘triple-negative ET’. The primary therapeutic goal 
in the treatment of ET is to prevent thromboembolism and 
bleeding events (due to extreme thrombocytosis-related 
secondary von Willebrand syndrome), as well as to reduce 
disease-associated symptoms.39 The indication for treatment 
is based on the thrombosis risk profile guided by established 
and guideline-anchored risk stratification systems, dividing 
patients into low, intermediate and high risk for thrombosis.41 
Numerous studies have shown that the presence of a JAK2 
mutation is associated with a significantly higher risk of 
thrombosis compared to the presence of CALR mutations. 
JAK2 mutation is incorporated as a risk factor into scores 
such as the International Prognostic Score of thrombosis 
in Essential Thrombocythemia (IPSET-thrombosis) score.60 
Treatment strategies include low-dose aspirin for interme-
diate- and high-risk patients with microcirculatory distur-
bances, in those without contraindications due to bleeding 
risk, although prospective studies for this recommendation 
are lacking. Data suggest that low-risk patients with a CALR 
mutation do not benefit from antiplatelet therapy.61 Cytore-
ductive medication is specifically indicated for high-risk 
patients and options include hydroxyurea, anagrelide and 
peg-interferon (where approved).62 Ropeg-interferon is being 
evaluated in an international multicenter trial of patients 
with ET.63 Data on ruxolitinib from two studies in relatively 
small patient populations with hydroxyurea-refractory or 
-intolerant ET showed a reduction in platelets and leuko-
cytes and an improvement in ET-associated symptoms, but 
no significant improvement in the hematologic complete 
remission rate or the rate of thrombosis, hemorrhages, or 
leukemic transformation.64,65

Influence of high molecular risk on prognostication in 
essential thrombocythemia
In ET, mutations in SH2B3, SF3B1, U2AF1, TP53, IDH2, and 
EZH2 were associated with inferior overall survival.49 In 
a further analysis, SF3B1 and SRSF2 predicted reduced 
overall survival, while mutations in SF3B1 and U2AF1 pre-
dicted reduced MF-free survival and those in TP53 pre-
dicted inferior leukemia-free survival. These genes have 

been integrated into the MIPSS-ET score that significantly 
stratifies patients into low, intermediate and high risk for 
survival.50

Implications of high molecular risk on management of 
essential thrombocythemia
Overall, the risk of progression in ET is considerably low. 
Most data on risk factors were obtained from patients 
diagnosed before the World Health Organization (WHO) 
2016 classification of MPN separated ET from the pre-fi-
brotic phase of MF. For ET, prevention of thromboembolic 
complications is therefore the major clinical challenge. 
Monitoring of molecular risk mutations may be indicated.

Myelofibrosis

Box 3. Management of primary myelofibrosis in a snap-
shot. The early phase of primary MF is associated with an 
increase in megakaryocytic and granulocytic proliferation. 
Later, bone marrow fibrosis accompanied by progressive 
splenomegaly and pancytopenia may be the predominant 
phenotype. According to the current WHO 2022 classification, 
the pre-fibrotic phase is distinguished from overt (fibrotic) 
MF. Therapeutic strategies are based on risk of progression 
and symptom burden. In addition to dynamic risk scores with 
emphasis on clinical and hematologic parameters, molecular 
and cytogenetically driven predictors are currently gaining 
relevance to allow reliable risk stratification especially for 
younger patients (Table 1). The curative option of allogeneic 
HSCT is recommended for intermediate-2- or high-risk pa-
tients, especially for younger patients with primary MF and 
those without relevant comorbidities. Here, pretreatment 
with JAK-inhibitors is beneficial, especially for patients with 
splenomegaly and symptom burden. Symptom-oriented 
treatment with JAK-inhibitors or experimental therapies in 
clinical trials are available, if allogeneic HSCT is not indi-
cated or possible.

Influence of high molecular risk on prognostication in 
primary myelofibrosis
Risk stratification tools for MF (Table 1) predict overall sur-
vival and leukemia-free survival and are used to determine 
treatment approaches for patients. Newer risk classifica-
tions such as the Mutation-enhanced International Prog-
nostic Scoring System-70 (MIPSS70)66 and its iterations67 
and the Genetically inspired International Prognostic Scoring 
System (GIPSS) incorporate molecular and other genetic 
data into risk stratification scores that help to identify 
patients at high risk of disease progression who were pre-
viously not identified by clinical markers. These represent 
evolutions from more traditional prognostic scores which 
solely assess clinical and hematologic factors, such as 
the International Prognostic Scoring System (IPSS)68 and 
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Dynamic IPSS (DIPSS)69 and with the additional prognostic 
influence of karyotype, DIPSS-plus.70 
In early studies, the prognostic influence of molecular mu-
tations in MF using Sanger sequencing analysis of a limited 
panel of genes including EZH2, TET2, DNMT3A, CBL, ASXL1, 
IDH1/2, SRSF2 and MPL was highlighted.71 ASXL1, EZH2, SRSF2, 
IDH1 and IDH2 were associated with a high risk of death or 
leukemic transformation. The number of mutations was also 
predictive, with two or more being associated with inferior 
leukemia-free survival.72 The mutation status of these five 
genes (coined HMR mutations) as well as absence of CALR 
type 1/-like mutations, were then combined with clinical 
variables in the MIPSS70 model, stratifying patients into 
low, intermediate and high-risk patients. Further iterations 
incorporated karyotypic information (MIPSS70-plus)66 and 
added the U2AF1  Q157 hotspot variant as an additional HMR 
variant (MIPSS70-plus version 2.0),73 which is now widely 
used aided by an online calculator (http://www.mipss70s-
core.it/). GIPSS is solely based on genetic mutations and 

karyotype abnormalities, without the inclusion of clinical 
variables such as symptoms, blood counts, or the degree 
of fibrosis.74

Additional high-risk mutations have been identified with ex-
panded molecular characterization. A study using a 77-gene 
NGS panel to molecularly profile patients with MF (N=479, 
of whom 305 with primary MF and 174 with secondary MF 
[70 post-PV and 104 post-ET]) was performed by the French 
Intergroup of Myeloproliferative Neoplasms (FIM).75 Within 
this cohort, four prognostic groups with significantly dif-
ferent overall and leukemia-free survival rates were iden-
tified including: (i) TP53-mutated (median overall survival, 
20 months), (ii) presence of ≥1 high-risk mutation (EZH2, 
CBL, U2AF1, SRSF2, IDH1, IDH2, NRAS or KRAS) (median 
overall survival, 49 months), (iii) ASXL1 without TP53 or 
other high-risk mutation as listed above (ASXL1mut-only) 
(median overall survival, 90 months) and (iv) other muta-
tional profiles (median overall survival, 116 months). When 
assessed in multivariate analyses with clinical and hema-

Prognostic 
score

For use Patient 
characteristics

PB/BM parametersa Karyotype
Molecular
featuresAt Dx After Dx SMF

IPSS Yes - -
Age >65 years
Constitutional 

symptoms

Hb <10
WBC >25

Circulating blasts ≥1%
- -

DIPSS - Yes - As for IPSS As for IPSS (weighting 
on Hb <10) - -

DIPSS-Plus - Yes - As for IPSS
As for DIPSS.

Plus, need for RBC 
transfusion

Platelets <100
Yesb -

MIPSS70 Yes - -
(validated in age ≤70 

years)
Constitutional 

symptoms

Hb <10
WBC >25

Platelets <100
Circulating blasts ≥2%

BM fibrosis ≥MF-2

No
Absence of CALR type 

1/-like mutation
Presence of ≥2 HMR 

mutationsc

MIPSS70-
Plus Yes - -

(validated in age ≤70 
years)

Constitutional 
symptoms

Hb <10
Circulating blasts ≥2% Yes - high risk

Absence of CALR type 
1 mutation

Presence of ≥2 HMR 
mutationsc

MIPSS70-
Plus v2.0 Yes - - -

As for MIPSS70-Plus 
with adjusted Hb 

thresholds
Yes - high and 
very high risk

As for MIPSS70-Plus
U2AF1 Q157 included 
as an HMR mutation

GIPSS Yes - - - -
Yes – very high 

risk and 
unfavorable 
karyotype

Absence of CALR type 
1/-like mutation

Presence of HMR 
mutationsd

MYSEC-PM - - Yes
Age

Constitutional 
symptoms

Hb <11
Circulating blasts ≥3%

Platelets <150
- CALR-unmutated

aHemoglobin concentration, g/dL; white blood cell and platelet counts, x109/L. bComplex karyotype or one or two abnormalities that include 
+8, −7/7q-, i(17q), −5/5q-, 12p-, inv(3), or 11q23 rearrangement. cASXL1, EZH2, SRSF2, and IDH1/2. dASXL1, SRSF2, or U2AF1 Q157. Dx: diagnosis; 
SMF: secondary myelofibrosis; PB: peripheral blood; BM: bone marrow; IPSS: International Prognostic Scoring System; Hb: hemoglobin; WBC: 
white blood cells; DIPSS: Dynamic International Prognostic Scoring System; DIPSS-Plus: DIPSS incorporating additional risk factors; RBC: red 
blood cell; MIPSS70: Mutation-enhanced International Prognostic Scoring System for transplantation-age patients with primary myelofibrosis; 
MF-2: fibrotic stage of myelofibrosis; HMR: high molecular risk; MIPSS70-Plus: MIPSS70 incorporating cytogenetic data; MIPSS70-Plus v2.0: 
Mutation and karyotype-enhanced International Prognostic Scoring System for primary myelofibrosis in adults 70 and younger; GIPSS: Genet-
ically inspired International Prognostic Scoring System; MYSEC-PM: Myelofibrosis Secondary-Prognostic Model.

Table 1. Prognostic stratification scores in myelofibrosis. 
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tologic factors, the TP53-mutated and high-risk mutation 
group independently maintained higher risks of death and 
progression to leukemia. The study thus provided evidence 
of additional mutations that could be considered ‘HMR’, 
including TP53, CBL, NRAS, KRAS and all U2AF1 variants and 
highlighted a context-specific qualifier for ASXL1 mutations, 
which were not independently adversely prognostic when 
occurring without high-risk mutations. Notably, RAS-path-
way mutations have been independently associated with 
inferior overall survival in multiple independent cohorts of 
MF patients.76,77

Influence of high molecular risk on response to therapy
Various groups have examined molecular predictors of 
response to ruxolitinib. Predictive factors differ among 
groups but overall suggest that high-risk mutations do 
not preclude responses to ruxolitinib, but may shorten 
the durability of response. The efficacy of ruxolitinib com-
pared to best available therapy in IPSS intermediate-2 or 
high-risk MF was established in the phase III COMFORT-I 
and II trials.78,79 Molecular profiling of 14 myeloid genes was 
performed and analyzed in a representative subset of the 
COMFORT-II patients to determine molecular predictors of 
response.80 High-risk mutations in this study (ASXL1, EZH2, 
SRSF2 and IDH1/2) conferred inferior survival compared to 
that of patients without these mutations within the best 
available therapy arm. Among the patients treated with 
ruxolitinib, those with high-risk mutations still demon-
strated equivalent benefits of ruxolitinib with no statistical 
differences between spleen response, constitutional symp-
toms or survival. In contrast, recent studies on 95 ruxoli-
tinib-treated patients using a 28-gene NGS panel (notably 
not including SRSF2),81 revealed that mutations in ASXL1, 
EZH2 or IDH1/2, as well as the presence of ≥3 mutations 
were associated with lower rates of spleen response, time 
to treatment discontinuation and shorter overall survival 
(in contrast to the COMFORT-II analyses80). ASXL1 or EZH2 
mutations along with other clinical factors of transfusion 
dependence prior to JAK-inhibitors and high DIPSS score 
were also identified as predictive factors for failure of 
treatment with JAK-inhibitors,  ruxolitinib or momelotinib.82 
Lower frequency mutations, including those in NRAS, KRAS 
and CBL were shown to associate with reduced symptom 
and spleen response to ruxolitinib.76

Clonal evolution during therapy has also been associated 
with poor responses to ruxolitinib treatment. In 46 rux-
olitinib- and 25 hydroxyurea-treated patients with MF, 
sequential samples demonstrated acquisition of new mu-
tations in eight of the ruxolitinib-treated patients (17.4%) 
compared to six of the hydroxyurea-treated patients (24%).83 
The presence of HMR mutations (ASXL1, EZH2, SRSF2, IDH1, 
IDH2) at baseline did not alter spleen and symptomatic 
responses; however HMR, as well as acquisition of new 
clones, was associated with loss of spleen responses at 3 
years. Notably, similar patterns and rates of clonal evolu-

tion were seen in both ruxolitinib and hydroxyurea-treated 
patients, suggesting that clonal evolution was associated 
with disease rather than treatment received. Outcomes 
of 107 patients with MF who discontinued ruxolitinib were 
also reported.84 At the time of discontinuation, 14 (33%) 
patients had acquired at least one additional mutation 
during treatment, with the majority (64%) being variants in 
ASXL1, which was associated with shorter overall survival 
after ruxolitinib discontinuation.
The benefit of interferon-a in MF can be pronounced in 
early and pre-fibrotic phases.42,85 However, recent reports 
indicate an adverse prognostic influence of specific con-
comitant mutations in patients treated with interferon-a.86,87 
Further analyses should continue to identify the impact of 
the clonal landscape on interferon-a response to improve 
the selection of patients for this therapy.
Several studies have identified molecular associations with 
inferior outcome of allogeneic HSCT. Number of mutations 
(≥3 additional to driver mutations)88 as well as specific 
mutations in ASXL1, CBL, DNMT3A, IDH2 and U2AF189-92 
have been associated with inferior overall survival follow-
ing transplant, although the prognostic influence of the 
individual genes has not been supported in all studies. The 
Myelofibrosis Transplant Scoring System (MTSS) aimed to 
determine prognosis (from relapse and non-relapse-re-
lated mortality) after transplantation in both primary and 
secondary MF.90 Here, molecular features of ASXL1 muta-
tion and non-CALR/MPL driver mutation genotype were 
independent predictors of outcome. Other genetic factors 
considered, but not found to be significant in multivariate 
analyses, included mutations in U2AF1, DNMT3A and TP53, 
>3 concomitant mutations and cytogenetic risk category, 
suggesting that these did not continue to portend adverse 
survival in MF patients who undergo allogeneic HSCT. 

Implications of high molecular risk on the management 
of primary myelofibrosis
Taken together, the clinical and molecular heterogeneity 
of MPN support a molecularly-informed risk stratification 
system, but should be ideally matched with risk-stratified 
management approaches. Prior to the ruxolitinib era, pa-
tients with intermediate-2 or high-risk DIPSS scores were 
shown to have improved survival after transplantation, 
whereas for those with intermediate-1-risk, there was no 
difference between a transplant and non-transplant ap-
proach and those with low-risk disease benefited from a 
non-transplant approach,93 forming the basis of transplant 
referral guidelines for MF.94 The addition of molecular data 
refines risk stratification; however the principles based 
on the DIPSS still hold and remain valid in the ruxolitinib 
era. In clinical practice, along with the molecular insights 
described above, clinical predictors remain relevant in pre-
dicting long-term response to ruxolitinib. The ‘Response 
to Ruxolitinib after 6 months’ (RR6) score is a prognostic 
model incorporating ruxolitinib dose, spleen response and 
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red blood cell transfusions and is used to predict survival in 
patients with MF treated with ruxolitinib. This model helps 
to identify patients who may need a shift to second-line 
treatments or allogeneic HSCT.95 Other high-risk molecular 
features not captured in standard prognostic scores include 
mutations in TP53, CBL, NRAS, KRAS and all U2AF1 muta-
tions.79 Clonal evolution, especially within a TP53-mutated 
context, also predicts poor response to medical therapies 
and is associated with leukemic transformation.11

Future considerations

While significant advances have been made in the under-
standing of HMR MPN and its clinical relevance, several 
questions remain regarding the clinical management of 
these patients. Should patients be monitored for devel-
opment or clonal evolution of HMR lesions prior to clinical 
progression? Should patients with HMR MPN be treated 
differently from those without high-risk aberrations in 
chronic phase? What are relevant endpoints for clinical tri-
als? Hematologic responses? Improvement of cytopenias? 
Progression-free, event-free and overall survival? Which 
therapies are considered disease-modifying?
Molecular profiling is not performed routinely in clinical 
practice.96 Recently, NGS is becoming more widely available, 
and several studies have shown largely concordant results 
between NGS testing for mutations in peripheral blood 
compared to bone marrow.97,98 Extracting clinical utility from 
this knowledge requires sufficient evidence that changes in 
genetic profiles constitute actionable information. Studies of 
serial sampling demonstrate that additional mutations will 
not be detected over time in the majority of patients.53,12 An 
exception may be in the context of TP53 mutations, which 
are an important driver of leukemia transformation.5 Like-
wise, clonal diversification and evolution with loss of the 
respective driver mutations may indicate acceleration and 
progression to blastic phase MPN. Specific work delineating 
clonal evolution of TP53 mutations has demonstrated that 
some low variant allele frequency mutations can remain 
stable for long periods of time prior to expansion, causing 
late AML transformation5,12 following loss of the remaining 
wild-type allele.37,12,99 The optimal role of serial monitor-
ing for TP53 variant allele frequency and acquisition of 
new genetic lesions, including structural variants or copy 
number variations is unknown. Methods to stratify a serial 
monitoring approach in MPN is required in order to define 
and detect high-risk clonal evolution. In high-risk patients, 
prospective evaluation during cytoreductive therapies (e.g.,  
clonal evolution) or failure to achieve molecular responses 
could help to identify patients who require escalation of 
treatment or evaluation for allogeneic HSCT.
The design of clinical trials can potentially assist in explor-
ing knowledge gaps. In 2015, the European LeukemiaNET 
(ELN) and International Working Group-MPN Research and 

Treatment (IWG-MRT) groups provided guidelines regarding 
acceptable clinical endpoints for drug treatment trials in 
BCR::ABL-negative MPN.100 The group distinguished clinically 
relevant time-to-event endpoints (e.g., overall survival and 
progression-free survival) and surrogate endpoints. While 
time-to-event endpoints, such as overall and leukemia-free 
survival, are arguably gold standards in phase III clinical 
trials, they require large sample sizes and long-term fol-
low-up, which may be unachievable in PV or ET where 
events accrue slowly over decades. Surrogate endpoints, 
such as molecular response, overall response and reduc-
tions in spleen size occur earlier, are only appropriate as 
surrogates for overall and leukemia-free survival if they 
reliably predict these endpoints. Regarding molecular re-
sponses, the Working Group concluded that there were 
insufficient data to validate these as reliable surrogates 
for survival endpoints. Other endpoints of clinical signif-
icance are those that indicate ‘disease modification’ and 
are being increasingly incorporated into trials of newer 
agents (especially trials investigating non-JAK-inhibitors).101  
In MF, in which clinical trial endpoints historically focused 
on symptom and spleen responses, driven by the striking 
improvements seen with JAK-inhibitors, progression-free 
survival, overall survival and improvement of cytopenias 
represent relevant readouts for future trials.101-103

Finally, focus on the very high molecular risk groups should 
be prioritized for research. The molecular heterogeneity of 
MPN creates multiple subgroups with differential respons-
es to therapy, leaving increasingly smaller subgroups of 
patients for study when focusing on a single mutation or 
combination of mutations and masking treatment trends 
within these subgroups. In a disease type in which the 
majority of patients will have good clinical outcomes with 
the standard of care, clinical trials dedicated to high-risk 
groups, such as those with HMR MPN, should be under-
taken, enriching for events and increasing the likelihood 
of a statistically significant outcomes and thus ability to 
progress treatments from trials to routine clinical practice. 
No relevant prognostic differences were seen between the 
clinical phenotype of ET versus PV in equivalent molecular 
subtypes,2 which suggests a molecular classification in 
chronic phase MPN could be applicable, rather than tra-
ditional morphological and clinical diagnostic criteria for 
inclusion in clinical trials. The challenge of better treatments 
for HMR MPN needs to be overcome through international 
efforts to catalogue patients’ genetics and treatment out-
comes to facilitate large-scale meta-analyses assisted by 
artificial intelligence/machine-learning approaches104 and 
supported by evidence from robust preclinical models. 

Disclosures
MJB has received reagents for research use from Pharma-
Essentia and AstraZeneca, reagents and research funding 
from Bristol Myers Squibb and Cylene Pharmaceuticals and 
holds a patent on the use of MYC in regenerative therapy 



Haematologica | 110 April 2025
873

REVIEW SERIES - High molecular risk MPN  V.Y. Ling et al.

(PCT/GB2020/050350). FHH has served as an advisor for 
Novartis, CTI, Celgene/BMS, Janssen, AbbVie, GSK, Merck 
and AOP and has received research funding from Novartis, 
Celgene/BMS and CTI. VYL has no conflicts of interest to 
disclose.

Contributions
VYL, FHH and MJB wrote and edited the manuscript.
 

Funding
VYL is supported by a Pathology Queensland Research Com-
mittee Clinician-Researcher Fellowship. MJB is supported by 
the Herron Family Trust and the Australian National Health 
and Medical Research Council (2003575). FHH was sup-
ported by grants from the German Research Council (DFG): 
HE6233/15-1, project number 517204983 and HE6233/4-2, 
project number 320028127.

References

	 1.	Papaemmanuil E, Gerstung M, Bullinger L, et al. Genomic 
classification and prognosis in acute myeloid leukemia. N Engl J 
Med. 2016;374(23):2209-2221. 

	 2.	Grinfeld J, Nangalia J, Baxter EJ, et al. Classification and 
personalized prognosis in myeloproliferative neoplasms. N Engl 
J Med. 2018;379(15):1416-1430. 

	 3.	Rampal R, Ahn J, Abdel-Wahaba O, et al. Genomic and 
functional analysis of leukemic transformation of 
myeloproliferative neoplasms. Proc Natl Acad Sci U S A. 
2014;111(50):E5401-E5410. 

	 4.	McNamara CJ, Panzarella T, Kennedy JA, et al. The mutational 
landscape of accelerated- and blast-phase myeloproliferative 
neoplasms impacts patient outcomes. Blood Adv. 
2018;2(20):2658-2671. 

	 5.	Paz DL, Jouanneau-Courville R, Riou J, et al. Leukemic 
evolution of polycythemia vera and essential thrombocythemia: 
genomic profiles predict time to transformation. Blood Adv. 
2020;4(19):4887-4897. 

	 6.	Ortmann CA, Kent DG, Nangalia J, et al. Effect of mutation 
order on myeloproliferative neoplasms. N Engl J Med. 
2015;372(7):601-612. 

	 7.	Chen E, Sook Ahn J, Massie CE, et al. JAK2V617F promotes 
replication fork stalling with disease-restricted impairment of 
the intra-S checkpoint response. Proc Natl Acad Sci U S A. 
2014;111(42):15190-15195. 

	 8.	Lundberg P, Takizawa H, Kubovcakova L, et al. Myeloproliferative 
neoplasms can be initiated from a single hematopoietic stem 
cell expressing JAK2 -V617F. J Exp Med. 2014;211(11):2213-2230. 

	 9.	Kleppe M, Kwak M, Koppikar P, et al. JAK-STAT pathway 
activation in malignant and nonmalignant cells contributes to 
MPN pathogenesis and therapeutic response. Cancer Discov. 
2015;5(3):316-331. 

	 10.	Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related 
inflammation. Nature. 2008;454(7203):436-444.

	 11.	Rodriguez-Meira A, Norfo R, Wen S, et al. Single-cell multi-
omics identifies chronic inflammation as a driver of TP53-
mutant leukemic evolution. Nat Genet. 2023;55(9):1531-1541. 

	 12.	Lundberg P, Karow A, Nienhold R, et al. Clonal evolution and 
clinical correlates of somatic mutations in myeloproliferative 
neoplasms. Blood. 2014;123(14):2220-2228. 

	 13.	Williams N, Lee J, Mitchell E, et al. Life histories of 
myeloproliferative neoplasms inferred from phylogenies. 
Nature. 2022;602(7895):162-168. 

	 14.	Van Egeren D, Escabi J, Nguyen M, et al. Reconstructing the 
lineage histories and differentiation trajectories of individual 
cancer cells in myeloproliferative neoplasms. Cell Stem Cell. 
2021;28(3):514-523.e9. 

	 15.	Fabre MA, de Almeida JG, Fiorillo E, et al. The longitudinal 
dynamics and natural history of clonal haematopoiesis. Nature. 

2022;606(7913):335-342. 
	 16.	Shlush LI. Age-related clonal hematopoiesis. Blood. 

2018;131(5):496-504. 
	 17.	Jeong M, Park HJ, Celik H, et al. Loss of Dnmt3a immortalizes 

hematopoietic stem cells in vivo. Cell Rep. 2018;23(1):1-10. 
	 18.	Colom Díaz PA, Mistry JJ, Trowbridge JJ. Hematopoietic stem 

cell aging and leukemia transformation. Blood.  
2023;142(6):533-542.

	 19.	Beer PA, Delhommeau F, LeCouédic JP, et al. Two routes to 
leukemic transformation after a JAK2 mutation-positive 
myeloproliferative neoplasm. Blood. 2010;115(14):2891-2900. 

	 20.	Theocharides A, Boissinot M, Girodon F, et al. Leukemic blasts 
in transformed JAK2-V617F–positive myeloproliferative 
disorders are frequently negative for the JAK2-V617F mutation. 
Blood. 2007;110(1):375-379. 

	 21.	Venton G, Courtier F, Charbonnier A, et al. Impact of gene 
mutations on treatment response and prognosis of acute 
myeloid leukemia secondary to myeloproliferative neoplasms. 
Am J Hematol. 2018;93(3):330-338. 

	 22.	Jacquelin S, Straube J, Cooper L, et al. Jak2V617F and Dnmt3a 
loss cooperate to induce myelofibrosis through activated 
enhancer-driven inflammation. Blood. 2018;132(26):2707-2721. 

	 23.	Chen E, Schneider RK, Breyfogle LJ, et al. Distinct effects of 
concomitant Jak2V617F expression and Tet2 loss in mice 
promote disease progression in myeloproliferative neoplasms. 
Blood. 2015;125(2):327-335. 

	 24.	Kameda T, Shide K, Yamaji T, et al. Loss of TET2 has dual roles 
in murine myeloproliferative neoplasms: disease sustainer and 
disease accelerator. Blood. 2015;125(2):304-315. 

	 25.	Guo Y, Zhou Y, Yamatomo S, et al. ASXL1 alteration cooperates 
with JAK2V617F to accelerate myelofibrosis. Leukemia. 
2019;33(5):1287-1291. 

	 26.	Mullally A, Bruedigam C, Poveromo L, et al. Depletion of 
Jak2V617F myeloproliferative neoplasm-propagating stem cells 
by interferon-α in a murine model of polycythemia vera. Blood. 
2013;121(18):3692-3702. 

	 27.	Tiedt R, Hao-Shen H, Sobas MA, et al. Ratio of mutant JAK2-
V617F to wild-type Jak2 determines the MPD phenotypes in 
transgenic mice. Blood. 2008;111(8):3931-3940. 

	 28.	Xing S, Ho WT, Zhao W, et al. Transgenic expression of 
JAK2V617F causes myeloproliferative disorders in mice. Blood. 
2008;111(10):5109-5117. 

	 29.	Shimizu T, Kubovcakova L, Nienhold R, et al. Loss of Ezh2 
synergizes with JAK2-V617F in initiating myeloproliferative 
neoplasms and promoting myelofibrosis. J Exp Med. 
2016;213(8):1479-1496. 

	 30.	Yang Y, Akada H, Nath D, Hutchison RE, Mohi G. Loss of Ezh2 
cooperates with Jak2V617F in the development of myelofibrosis 
in a mouse model of myeloproliferative neoplasm. Blood. 



Haematologica | 110 April 2025
874

REVIEW SERIES - High molecular risk MPN  V.Y. Ling et al.

2016;127(26):3410-3423. 
	 31.	McKenney AS, Lau AN, Hanasoge Somasundara AV, et al. JAK2/

IDH-mutant–driven myeloproliferative neoplasm is sensitive to 
combined targeted inhibition. J Clin Invest. 2018;128(2):789-804. 

	 32.	Nangalia J, Nice FL, Wedge DC, et al. DNMT3A mutations occur 
early or late in patients with myeloproliferative neoplasms and 
mutation order influences phenotype. Haematologica. 
2015;100(11):e438-e442. 

	 33.	Yang Y, Abbas S, Sayem MA, Dutta A, Mohi G. SRSF2 mutation 
reduces polycythemia and impairs hematopoietic progenitor 
functions in JAK2V617F-driven myeloproliferative neoplasm. 
Blood Cancer J. 2023;13(1):171. 

	 34.	Willekens C, Laplane L, Dagher T, et al. SRSF2-P95H decreases 
JAK/STAT signaling in hematopoietic cells and delays 
myelofibrosis development in mice. Leukemia.  
2023;37(6):1287-1297. 

	 35.	Jayavelu AK, Schnöder TM, Perner F, et al. Splicing factor YBX1 
mediates persistence of JAK2-mutated neoplasms. Nature. 
2020;588(7836):157-163. 

	 36.	Loscocco GG, Rotunno G, Mannelli F, et al. The prognostic 
contribution of CBL, NRAS, KRAS, RUNX1, and TP53 mutations to 
Mutation-enhanced International Prognostic Score Systems 
(MIPSS70/plus/plus v2.0) for primary myelofibrosis. Am J 
Hematol. 2024;99(1):68-78. 

	 37.	Li B, An W, Wang H, et al. BMP2/SMAD pathway activation in 
JAK2/p53-mutant megakaryocyte/erythroid progenitors 
promotes leukemic transformation. Blood.  
2022;139(25):3630-3646. 

	 38.	Tsuruta-Kishino T, Koya J, Kataoka K, et al. Loss of p53 induces 
leukemic transformation in a murine model of Jak2 V617F-
driven polycythemia vera. Oncogene. 2017;36(23):3300-3311. 

	 39.	Gerds AT, Gotlib J, Ali H, et al. Myeloproliferative neoplasms, 
Version 3.2022, NCCN Clinical Practice Guidelines in Oncology. J 
Natl Compr Canc Netw. 2022;20(9):1033-1062. 

	 40.	Vannucchi AM, Barbui T, Cervantes F, et al. Philadelphia 
chromosome-negative chronic myeloproliferative neoplasms: 
ESMO Clinical Practice Guidelines for diagnosis, treatment and 
follow-up. Ann Oncol. 2015;26 Suppl 5:v85-99. 

	 41.	Barbui T, Tefferi A, Vannucchi AM, et al. Philadelphia 
chromosome-negative classical myeloproliferative neoplasms: 
revised management recommendations from European 
LeukemiaNet. Leukemia. 2018;32(5):1057-1069. 

	 42.	Aguirre LE, Jain A, Ball S, et al. Triple-negative myelofibrosis: 
disease features, response to treatment and outcomes. Clin 
Lymphoma Myeloma Leuk. 2024;24(7):459-467.

	 43.	Tefferi A, Lasho TL, Finke CM, et al. CALR vs JAK2 vs MPL-
mutated or triple-negative myelofibrosis: clinical, cytogenetic 
and molecular comparisons. Leukemia. 2014;28(7):1472-1477. 

	 44.	Landolfi R, Marchioli R, Kutti J, et al. Efficacy and safety of 
low-dose aspirin in polycythemia vera. N Engl J Med. 
2004;350(2):114-124. 

	 45.	Marchioli R, Finazzi G, Specchia G, et al. Cardiovascular events 
and intensity of treatment in polycythemia vera. N Engl J Med. 
2013;368(1):22-33. 

	 46.	Gisslinger H, Klade C, Georgiev P, et al. Ropeginterferon alfa-2b 
versus standard therapy for polycythaemia vera (PROUD-PV and 
CONTINUATION-PV): a randomised, non-inferiority, phase 3 trial 
and its extension study. Lancet Haematol. 2020;7(3):e196-e208. 

	 47.	Vannucchi AM, Kiladjian JJ, Griesshammer M, et al. Ruxolitinib 
versus standard therapy for the treatment of polycythemia vera. 
N Engl J Med. 2015;372(5):426-435. 

	 48.	Harrison CN, Nangalia J, Boucher R, et al. Ruxolitinib versus 

best available therapy for polycythemia vera intolerant or 
resistant to hydroxycarbamide in a randomized trial. J Clin 
Oncol. 2023;41(19):3534-3544. 

	 49.	Tefferi A, Lasho TL, Guglielmelli P, et al. Targeted deep 
sequencing in polycythemia vera and essential 
thrombocythemia. Blood Adv. 2016;1(1):21-30. 

	 50.	Tefferi A, Guglielmelli P, Lasho TL, et al. Mutation-Enhanced 
International Prognostic Systems for Essential 
Thrombocythemia (MIPSS-ET) and Polycythemia Vera (MIPSS-
PV). Blood. 2018;132(Supplement 1):578. 

	 51.	Gu W, Zhang Y, Sun T, et al. Prediction of thrombosis in 
polycythemia vera: development and validation of a multiple 
factor-based prognostic score system. Res Pract Thromb 
Haemost. 2023;7(3):100132. 

	 52.	Quintás-Cardama A, Abdel-Wahab O, Manshouri T, et al. 
Molecular analysis of patients with polycythemia vera or 
essential thrombocythemia receiving pegylated interferon a-2a. 
Blood. 2013;122(6):893-901. 

	 53.	Knudsen TA, Skov V, Stevenson K, et al. Genomic profiling of a 
randomized trial of interferon-α vs hydroxyurea in MPN reveals 
mutation-specific responses. Blood Adv. 2022;6(7):2107-2119. 

	 54.	Coombs CC, Zehir A, Devlin SM, et al. Therapy-related clonal 
hematopoiesis in patients with non-hematologic cancers is 
common and associated with adverse clinical outcomes. Cell 
Stem Cell. 2017;21(3):374-382.e4. 

	 55.	Bolton KL, Ptashkin RN, Gao T, et al. Cancer therapy shapes the 
fitness landscape of clonal hematopoiesis. Nat Genet. 
2020;52(11):1219-1226. 

	 56.	Usart M, Hansen N, Stetka J, et al. The glutaminase inhibitor 
CB-839 targets metabolic dependencies of JAK2-mutant 
hematopoiesis in MPN. Blood Adv. 2024;8(9):2312-2325. 

	 57.	Gisslinger H, Klade C, Georgiev P, et al. Evidence for superior 
efficacy and disease modification after three years of 
prospective randomized controlled treatment of polycythemia 
vera patients with ropeginterferon alfa-2b vs. HU/BAT. Blood. 
2018;132(Supplement 1):579. 

	 58.	Guglielmelli P, Mora B, Gesullo F, et al. Clinical impact of 
mutated JAK2 allele burden reduction in polycythemia vera and 
essential thrombocythemia. Am J Hematol.  
2024;99(8):1550-1559. 

	 59.	Tefferi A, Guglielmelli P, Lasho TL, et al. Mutation‐enhanced 
international prognostic systems for essential 
thrombocythaemia and polycythaemia vera. Br J Haematol. 
2020;189(2):291-302. 

	 60.	Barbui T, Finazzi G, Carobbio A, et al. Development and 
validation of an International Prognostic Score of thrombosis in 
World Health Organization-Essential Thrombocythemia (IPSET-
thrombosis). Blood. 2012;120(26):5128-5133. 

	 61.	Alvarez-Larran A, Pereira A, Guglielmelli P, et al. Antiplatelet 
therapy versus observation in low-risk essential 
thrombocythemia with a CALR mutation. Haematologica. 
2016;101(8):926-931.

	 62.	Petrides PE, Baerlocher GM, Döhner K, et al. Essenzielle 
Thrombozythaemie. Onkopedia - Guidelines of the DGHO. 
Springer; 2023.

	 63.	Kiladjian JJ, Marin FF, Al-Ali HK, et al. ROP-ET: a prospective 
phase III trial investigating the efficacy and safety of 
ropeginterferon alfa-2b in essential thrombocythemia patients 
with limited treatment options. Ann Hematol.  
2024;103(7):2299-2310. 

	 64.	Verstovsek S, Passamonti F, Rambaldi A, et al. Ruxolitinib for 
essential thrombocythemia refractory to or intolerant of 



Haematologica | 110 April 2025
875

REVIEW SERIES - High molecular risk MPN  V.Y. Ling et al.

hydroxyurea: long-term phase 2 study results. Blood. 
2017;130(15):1768-1771. 

	 65.	Harrison CN, Mead AJ, Panchal A, et al. Ruxolitinib vs best 
available therapy for ET intolerant or resistant to 
hydroxycarbamide. Blood. 2017;130(17):1889-1897. 

	 66.	Guglielmelli P, Lasho TL, Rotunno G, et al. MIPSS70: Mutation-
enhanced International Prognostic Score System for 
transplantation-age patients with primary myelofibrosis. J Clin 
Oncol. 2018;36(4):310-318. 

	 67.	Guerra M, Pasquer H, Daltro de Oliveira R, et al. Comparative 
clinical and molecular landscape of primary and secondary 
myelofibrosis: superior performance of MIPSS70+ v2.0 over 
MYSEC‐PM. Am J Hematol. 2024;99(4):741-744. 

	 68.	Cervantes F, Dupriez B, Pereira A, et al. New prognostic scoring 
system for primary myelofibrosis based on a study of the 
International Working Group for Myelofibrosis Research and 
Treatment. Blood. 2009;113(13):2895-2901. 

	 69.	Passamonti F, Cervantes F, Vannucchi AM, et al. A dynamic 
prognostic model to predict survival in primary myelofibrosis: a 
study by the IWG-MRT (International Working Group for 
Myeloproliferative Neoplasms Research and Treatment). Blood. 
2010;115(9):1703-1708. 

	 70.	Gangat N, Caramazza D, Vaidya R, 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(4):392-397. 

	 71.	Vannucchi AM, Lasho TL, Guglielmelli P, et al. Mutations and 
prognosis in primary myelofibrosis. Leukemia.  
2013;27(9):1861-1869. 

	 72.	Guglielmelli P, Lasho TL, Rotunno G, et al. The number of 
prognostically detrimental mutations and prognosis in primary 
myelofibrosis: an international study of 797 patients. Leukemia. 
2014;28(9):1804-1810. 

	 73.	Tefferi A, Guglielmelli P, Lasho TL, et al. MIPSS70+ version 2.0: 
Mutation and karyotype-enhanced International Prognostic 
Scoring System for primary myelofibrosis. J Clin Oncol. 
2018;36(17):1769-1770. 

	 74.	Tefferi A, Guglielmelli P, Nicolosi M, et al. GIPSS: genetically 
inspired prognostic scoring system for primary myelofibrosis. 
Leukemia. 2018;32(7):1631-1642. 

	 75.	Luque Paz D, Riou J, Verger E, et al. Genomic analysis of primary 
and secondary myelofibrosis redefines the prognostic impact of 
ASXL1 mutations: a FIM study. Blood Adv. 2021;5(5):1442-1451. 

	 76.	Coltro G, Rotunno G, Mannelli L, et al. RAS/CBL mutations 
predict resistance to JAK inhibitors in myelofibrosis and are 
associated with poor prognostic features. Blood Adv. 
2020;4(15):3677-3687. 

	 77.	Santos FPS, Getta B, Masarova L, et al. Prognostic impact of 
RAS-pathway mutations in patients with myelofibrosis. 
Leukemia. 2020;34(3):799-810. 

	 78.	Verstovsek S, Mesa RA, Gotlib J, et al. A double-blind, placebo-
controlled trial of ruxolitinib for myelofibrosis. N Engl J Med. 
2012;366(9):799-807. 

	 79.	Harrison C, Kiladjian JJ, Al-Ali HK, et al. JAK Inhibition with 
ruxolitinib versus best available therapy for myelofibrosis. N 
Engl J Med. 2012;366(9):787-798. 

	 80.	Guglielmelli P, Biamonte F, Rotunno G, et al. Impact of 
mutational status on outcomes in myelofibrosis patients 
treated with ruxolitinib in the COMFORT-II study. Blood. 
2014;123(14):2157-2160. 

	 81.	Patel KP, Newberry KJ, Luthra R, et al. Correlation of mutation 

profile and response in patients with myelofibrosis treated with 
ruxolitinib. Blood. 2015;126(6):790-797. 

	 82.	Spiegel JY, McNamara C, Kennedy JA, et al. Impact of genomic 
alterations on outcomes in myelofibrosis patients undergoing 
JAK1/2 inhibitor therapy. Blood Adv. 2017;1(20):1729-1738. 

	 83.	Pacilli A, Rotunno G, Mannarelli C, et al. Mutation landscape in 
patients with myelofibrosis receiving ruxolitinib or hydroxyurea. 
Blood Cancer J. 2018;8(12):122. 

	 84.	Newberry KJ, Patel K, Masarova L, et al. Clonal evolution and 
outcomes in myelofibrosis after ruxolitinib discontinuation. 
Blood. 2017;130(9):1125-1131. 

	 85.	Palandri F, Breccia M, Tiribelli M, et al. Risk factors for 
progression to blast phase and outcome in 589 patients with 
myelofibrosis treated with ruxolitinib: real-world data. Hematol 
Oncol. 2020;38(3):372-380. 

	 86.	Silver RT, Barel AC, Lascu E, et al. The effect of initial molecular 
profile on response to recombinant interferon‐α (rIFNα) 
treatment in early myelofibrosis. Cancer. 2017;123(14):2680-2687. 

	 87.	Ianotto JC, Chauveau A, Boyer-Perrard F, et al. Benefits and 
pitfalls of pegylated interferon-α2a therapy in patients with 
myeloproliferative neoplasm-associated myelofibrosis: a French 
Intergroup of Myeloproliferative neoplasms (FIM) study. 
Haematologica. 2018;103(3):438-446. 

	88.	Stevens EA, Jenkins IC, Beppu LW, et al. Targeted sequencing 
improves DIPSS-Plus prognostic scoring in myelofibrosis 
patients undergoing allogeneic transplantation. Biol Blood 
Marrow Transplant. 2020;26(7):1371-1374. 

	 89.	Tamari R, Rapaport F, Zhang N, et al. Impact of high-molecular-
risk mutations on transplantation outcomes in patients with 
myelofibrosis. Biol Blood Marrow Transplant.  
2019;25(6):1142-1151. 

	 90.	Gagelmann N, Ditschkowski M, Bogdanov R, et al. 
Comprehensive clinical-molecular transplant scoring system for 
myelofibrosis undergoing stem cell transplantation. Blood. 
2019;133(20):2233-2242. 

	 91.	Ali H, Aldoss I, Yang D, et al. MIPSS70+ v2.0 predicts long-term 
survival in myelofibrosis after allogeneic HCT with the Flu/Mel 
conditioning regimen. Blood Adv. 2019;3(1):83-95. 

	 92.	Kröger N, Panagiota V, Badbaran A, et al. Impact of molecular 
genetics on outcome in myelofibrosis patients after allogeneic 
stem cell transplantation. Biol Blood Marrow Transplant. 
2017;23(7):1095-1101. 

	 93.	Kröger N, Giorgino T, Scott BL, et al. Impact of allogeneic stem 
cell transplantation on survival of patients less than 65 years of 
age with primary myelofibrosis. Blood. 2015;125(21):3347-3350. 

	 94.	Kröger NM, Deeg JH, Olavarria E, et al. Indication and 
management of allogeneic stem cell transplantation in primary 
myelofibrosis: a consensus process by an EBMT/ELN 
International Working Group. Leukemia. 2015;29(11):2126-2133. 

	 95.	Maffioli M, Mora B, Ball S, et al. A prognostic model to predict 
survival after 6 months of ruxolitinib in patients with 
myelofibrosis. Blood Adv. 2022;6(6):1855-1864. 

	 96.	Schmidt A, Bernhardt C, Bürkle D, et al. Diagnosis and 
treatment of MPN in real life: exploratory and retrospective 
chart review including 960 MPN patients diagnosed with ET or 
MF in Germany. J Cancer Res Clin Oncol.  
2023;149(10):7197-7206. 

	 97.	Jansko-Gadermeir B, Leisch M, Gassner FJ, et al. Myeloid NGS 
analyses of paired samples from bone marrow and peripheral 
blood yield concordant results: a prospective cohort analysis of 
the AGMT study group. Cancers (Basel). 2023;15(8):2305. 

	98.	Jumniensuk C, Nobori A, Lee T, Senaratne TN, Rao D, Pullarkat 



Haematologica | 110 April 2025
876

REVIEW SERIES - High molecular risk MPN  V.Y. Ling et al.

S. Concordance of peripheral blood and bone marrow next-
generation sequencing in hematologic neoplasms. Adv Hematol. 
2022;2022:8091746. 

	 99.	Kubesova B, Pavlova S, Malcikova J, et al. Low-burden TP53 
mutations in chronic phase of myeloproliferative neoplasms: 
association with age, hydroxyurea administration, disease type 
and JAK2 mutational status. Leukemia. 2018;32(2):450-461. 

	100.	Barosi G, Tefferi A, Besses C, et al. Clinical end points for drug 
treatment trials in BCR-ABL1-negative classic myeloproliferative 
neoplasms: consensus statements from European LeukemiaNET 
(ELN) and International Working Group-Myeloproliferative 
Neoplasms Research and Treatment (IWG-MRT). Leukemia. 
2015;29(1):20-26. 

	101.	Pemmaraju N, Verstovsek S, Mesa R, et al. Defining disease 
modification in myelofibrosis in the era of targeted therapy. 
Cancer. 2022;128(13):2420-2432. 

	102.	Barosi G, Tefferi A, Gangat N, et al. Methodological challenges in 
the development of endpoints for myelofibrosis clinical trials. 
Lancet Haematol. 2024;11(5):e383-e389. 

	103.	Ross DM, Lane SW, Harrison CN. Identifying disease-modifying 
potential in myelofibrosis clinical trials. Blood. 
2024;144(16):1679-1688. 

	104.	Verstovsek S, Krečak I, Heidel FH, et al. Identifying patients with 
polycythemia vera at risk of thrombosis after hydroxyurea 
initiation: the Polycythemia Vera-Advanced Integrated Models 
(PV-AIM) project. Biomedicines. 2023;11(7):1925. 


