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The seminal discovery of the high prevalence of the JAK2-V617F mutation in
essential thrombocythemia, polycythemia vera and myelofibrosis has led to
a renewed interest in the science and therapy of Philadelphia chromosomenegative myeloproliferative neoplasms (MPNs). Within a short period of
discovery, close to ten JAK2 inhibitor small molecules with different JAK2
kinase specificity have entered clinical trials for patients with MPNs. In
myelofibrosis patients, these novel agents have been shown to decrease
pathologic splenomegaly and improve disease-associated symptoms, as
well as helping to improve cytopenias. Their ability to substantially impact
disease progression, bone marrow histologic features and JAK2 allele burden
remains to be shown. JAK2 inhibition in polycythemia vera and essential
thrombocythemia appears to be promising in reducing myeloproliferation,
constitutional symptoms and, possibly, thrombohemorrhagic events. Agents
targeting alternative mechanisms, either used alone or in combination with
JAK2 inhibitors, may further augment their clinical efficacy and broaden the
therapeutic spectrum for patients with MPNs.
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Classification & background of myeloproliferative neoplasms

According to the WHO 2008 criteria, the myeloid neoplasms are classified into
five major entities with a variety of different subtypes. These classifications are
summarized in Box 1. In this review we focus only on myeloproliferative neoplasms
(MPNs), a detailed description of the other entities is beyond the scope of this review.
Among the MPNs, the Philadelphia chromosome negative (Ph[-]) and positive
(Ph[+]) disease entities are distinguished. The Ph(+) entity is represented by chronic
myelogenous leukemia (CML), while Ph(-) MPNs encompass; primary myelofibrosis (PMF), chronic neutrophilic leukemia, chronic eosinophilic leukemia, not
otherwise classified, mastocytosis, MPN unclassifiable, essential thrombocythemia
(ET), polycythemia vera (PV) and myelofibrosis (MF) (Box 1) [1] . MF itself includes
either individuals with PMF or those in whom the disease has developed from an
antecedent MPN, especially from ET or PV, then classified as post-ET MF or postPV MF [2] . It was first assumed by Dameshek in 1951 that these myeloproliferative
illnesses show a similar clinical phenotype, and that their pathogenesis is based on
a generalized proliferation of bone marrow cells driven by unknown stimuli [3] .
It is now well accepted that underlying pathogenesis of these disease entities is a
clonal proliferation of multipotent haematopoietic progenitors cells, although ET is
clonal in a minority of patients [4] . The specific phenotypic appearance is driven by
distinct oncogenic events during pathogenesis of the various entities [5,6] .
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Box 1. 2008 revision of classifications of myeloid neoplasms by the
WHO.
■■ AML and related neoplasms
■■ MDS
■■ MPN
- CML, BCR-ABL1 positive
- PV
- ET
- PMF
- CNL
- CEL-NOS
- Mastocytosis
- MPN unclassifiable
■■ MDS/MPN
- CMML
- JMML
- Atypical CML, BCR-ABL1 negative
- MDS/MPN unclassifiable
- Refractory anemia with ring sideroblasts associated with marked
thrombocytosis (provisional entity)
■■ Myeloid and lymphoid neoplasms with eosinophilia and abnormalities
of PDGFRA, PDGFRB or FGFR1
- Myeloid and lymphoid neoplasms associated with PDGFRA
rearrangement
- Myeloid neoplasms with PDGFRB rearrangement, five major entities
- Myeloid and lymphoid neoplasms associated with FGFR1
abnormalities
AML: Acute myeloid leukaemia; CEL-NOS: Chronic eosinophilic leukemia, not otherwise
classified; CMML: Chronic myelomonocytic leukaemia; CML: Chronic myelogenous
leukaemia; CNL: Chronic neutrophilic leukaemia; ET: Essential thrombocythemia;
JMML: Juvenile myelomonocytic leukaemia; MDS: Myelodysplastic syndrome;
MPN: Myeloproliferative neoplasm; PMF: Primary myelofibrosis; PV: Polycythemia vera.
Data from [1].

From a clinical point of view, MPNs appear as belonging to two major groups: patients with ET or PV, who
in the earlier course of their disease are prone to develop
thrombosis and hemorrhage being in the first group.
Typically, after 10 years or more suffering from their illness, a subset of these patients convert to either post-ET,
post-PV MF or acute myeloid leukemia (AML) that has
evolved from a preceding MPN, often with a clinical picture resembling a leukemic blast phase [7] . The second
group of MPN patients, those with MF, have a life-threatening illness presenting with more severe symptoms and
more rapid progression. Patients with overt PMF or with
secondary post-ET/PV associated MF are often clinically
indistinguishable [8] . These individuals suffer, frequently
from the time of diagnosis, from significant disease-associated symptoms, such as fatigue, night sweats, bone pain,
fevers and chills. They also suffer from splenomegaly and
anemia of a multifactorial origin, and show progressive
MF with a predisposition to transform into AML [7] .
The therapeutic management of MPNs was until now
largely based on two different strategies:
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■■The first regimen is the control of thrombo-hemorrhagic events in patients with ET and PV by applying,
for example, low-dose aspirin [9] or phlebotomy [10] in
individuals with overt PV. These basic interventions
were supplemented in patients with the highest risk
for thrombotic events (age >60 years, prior thrombotic incidents, or other microvascular symptoms) [11]
by the selected use of myelosuppressive agents such as
hydroxyurea, anagrelide (in ET) or IFN-a [12] .
■■The second regime consisted of a palliative therapy
aimed at ameliorating symptom burden and morbidity associated with MF. Specifically, agents such as
thalidomide [13] , prednisone [14] and androgens [15]
that were known to improve anemia were administered. Other agents and interventions aimed to reduce
splenomegaly, such as hydroxyurea [16] , alkylator
therapy [17] , splenectomy [18] or even radiotherapy [19]
were used. Patients with a serious risk of mortality
from their illness and of suitable age, an acceptable
health status and who had a concordant donor, would
be considered for allogeneic stem cell transplantation
[20] . Current focus of transplant is on intermediate-2
and high-risk patients with MF having a consideration of allogeneic stem cell transplant complying
with the recommendations of the ‘International
Working Group for MF Research and Treatment’
(IWG-MRT) [20] . However, there is currently no
medication available that has been proven to halt the
natural progression of any of the MPNs.
In the present review we focus on some genetic
abnormalities that drive the proliferation of MPNs and
evolving current and future therapeutic aspects.
Pathogenesis of MPNs
■■ JAK2-V617F

Since the discovery of mutations in JAK2 in 2005 by
several groups, signaling through the JAK-STAT pathway has been recognized as a hallmark of Ph(-) MPNs
[21–25] . JAK2 is a cytoplasmic tyrosine kinase involved
in a plethora of cellular responses (Figure 1) . It plays
a pivotal role in the signaling of the cytokine receptor superfamily by binding a variety of proteinaceous
ligands implicated in proliferation and differentiation
of hematopoetic progenitor cells to mature leukocytes,
erythrocytes, thrombocytes and monocytes [26,27] .
Initial evidence suggests that these signaling pathways
are involved in PV, ET and PMF, as has been demonstrated in ex vivo cultures of primary samples from
patients with MPNs. Cells from these patients showed
both a hypersensitivity to hematopoetic cytokine
stimulation as well as hematopoetic growth factor and
cytokine-independent growth [28–30] . In JAK2 V617F
mutant mouse models, a MPN phenotype resembling
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Figure 1. Signaling of the cytokine receptor superfamily, binding of proteinaceous ligands, activation and inactivation by
JAK2 kinase. (A) When receptor monomeres are without ligand binding they associate with JAK2 monomeres. The kinase activity of
the JH1 domain of JAK2 is inhibited by the JH2 domain of JAK2. JAK2 and the receptor are in the resting inactive state. (B) Ligandbinding results in homodimerization of the receptor and autophosporylation of JAK2 at its JH1 domain, thereby activating JAK2.
Activated JAK2 phosporylates (dotted arrow) tyrosine residues in the cytoplasmic tail of the receptor. Autophosporylation of the
JH1 domain is inhibited by the JH2 domain of JAK2 restoring JAK2 and the receptor to the inactive state. The phosphotyrosines in
the receptor tail constitute docking sites recruiting cytoplasmic STAT5 and induce phosphorylation of STAT5. This is followed by
STAT5 homodimerization and translocation into the nucleus facilitated by NPI-1 to activate gene transcription. Similarly, thyrosine
phosphorylation activates other downstream signaling pathways including the MAPK and PI3K-Akt pathways. (C) JAK2 V617F and a
JAK2 exon 12 mutation results in constitutive activation of the JAK2 kinase in the absence of ligand binding, as mutated JH2 domain is
unable to inhibit autophosphorylation of JH1 domain. (D) MPLW515L/K mutant thrombopoietin receptor constitutively activates the
wild-type JAK2 in the absence of ligand resulting in activation of signaling pathways downstream of JAK2. A negative feedback loop
of JAK2 signaling is generated by SOCS1/3. The mutated JAK2 receptor escapes the negative inhibitory signal generated by SOCS1/3.
Adapted with permission from [6].
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the clinical picture is faithfully recapitulated, providing strong evidence that JAK2 mutations are indeed
pathogenetic [31] .
Further evidence came from the findings that the
incidence of JAK2 V617F mutations is close to 100%
(>95–97%) in PV, approximately 50–60% in ET and
50–60% in PMF [21–25] . In contrast, the frequency in
other MPNs and hematopoetic malignancies is lower,
with approximately 3–13% in chronic myelomonocytic leukemia, 3–5% in MDS (refractory anemia
with ringed sideroblasts and thombocytosis) and <5%
in AML (most of those arising out of MPNs) [32–34] .
Interestingly, cells with JAK2 V617F mutations can
become undetectable upon transformation to acute
leukemic phase, suggesting an expansion of pre-existing non-JAK2 V617F mutated clones or acquisition
of additional, yet unidentified, molecular aberrations
contributing to leukemic transformation [35] .
The percentage of homozygosity for JAK2V167F
varies considerably, amounting to 21–52% in PV [36] ,
54% in MF and 2–4% in ET [37,38] ; although it is now
thought that most PV patients harbor homozygous
clones [39] . There is insufficient knowledge regarding how a single gene mutation (JAK2) is responsible
for the variety of phenotypic presentation of distinct
MPN disease entities. Larsen et al. provided evidence
that increasing JAK2 V617F allele burden from ET,
PV to PMF is a principal determinant of an increasingly myeloproliferative phenotype with splenomegaly
and associated clinical symptoms [40] . However, there
are suggestions that additional genetic and epigenetic
mechanisms, as well as tissue environmental factors,
play pivotal roles [41] .
Despite JAK2 mutation being a well-accepted diagnostic criterion for MPNs, its prognostic relevance for
survival of patients is not fully established. However,
the presence or absence of heterozygous or homozygous
JAK2 V617F mutation influences clinical symptoms of
MPN. For example, the presence of JAK2 V617F in ET
and a high allele burden in both ET [42] and PV [38,43] are
associated with an increased risk of thrombosis [42,44,45] .
In a recent investigation, Trelinski et al. linked a higher
risk of thrombosis in ET and PV patients to enhanced
angiogenesis and other known thrombotic risk factors
[27] . However, the levels of coagulation activation markers themselves were not affected by the JAK2 V617F
mutational status. A general tendency for higher hemoglobin concentration and leukocyte counts was found
in JAK2 V617F-positive ET, PV and MF, whereas lower
platelet counts were reported for ET and PV patients,
but in general not in patients with MF. Pruritus is often
associated with JAK2 V617F positivity in ET and PV,
and some studies found a positive association with
leukemic transformation in MF patients [2,46,47] .
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In ET and PV JAK2 V617F, allele burden was associated with the progression and duration of disease, as
well as with the severity of disease manifestation, such
as higher hemoglobin levels, leukocyte counts, pruritis,
splenomegaly and higher rates of fibrotic complications
or transformation to leukemic phase or secondary MF
[48–52] . Similarly, MF patients with higher allele burden were reported to suffer from more advanced disease
stages with higher leukocyte counts, hemoglobin levels,
splenomegaly and transformation to leukemia [47,49] .
The findings are somewhat conflicting with respect to
survival and JAK2 V617F mutational status, especially
allele burden. Although in the general population JAK2
V617F mutation is a rare event with a prevalence of only
0.2%, it is associated with an increased risk of cancer
(including hematologic and myeloproliferative cancer),
and early death in a fraction of patients [53] . Some studies
confirmed these epidemiologic observations and noted
an inferior overall survival in mutated versus wild-type
idiopathic MF or ET patients [54] , however, others did
not. Guglielmelli et al. [49] and Antonioli et al. [55] found
that MF patients had a significantly shorter overall survival the lower their JAK2 V617F mutant allele burden
was, especially in the lowest quartile. The authors offered
two explanations: in these patients a myelodepletion
rather than a myeloproliferation occurred and this was
associated with a low allele burden and survival [49] , or an
overriding V617F-negative clone causing a more aggressive MF phenotype [55] . Despite the significant contribution to the development and maintenance of JAK2positive MPNs, whether or not JAK2 V617F is indeed
the underlying transforming event is still somewhat
controversial [31] .
Discovery of additional mutations in MPNs

Mutations can occur in receptors (JAK2 exon 12, MPL),
adaptor proteins (LNK), genes and proteins downregulating activated protein-tyrosine kinases (C-CBL), genes
and proteins involved in epigenetic control of transcription (TET2, ASXL1/2 and IDH1/2) and transcription
factors (IKZF1). The impact of these genetic events
for the manifestation of the various MPNs and their
individual prognostic relevance is less well established
as it is for JAK2 V617F. If sufficiently understood,
their relationship to survival will briefly be mentioned
within each section. Herein, only MPL, JAK2 exon 12
and LNK mutations will be discussed as these may be
targetable by JAK2 inhibitors.
■■ Additional genetic events altering JAK2

A majority of JAK2 V617F-negative PV patients
(~50–80%) carry mutations in exon 12 of JAK2 [46,47] .
Thus, almost all PV patients harbor some form of JAK2
mutational event. Several different exon 12 mutations
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have been described, such as point mutations (i.e.,
K539L), double mutation (H538QK539L), deletion
of two amino acids (N542-E543del,) and deletion of
two amino acids replaced by corresponding insertions
(F537-K539delinsL) [42,45] . In general, these mutations
result in ligand-independent constitutive activation of
JAK2 kinase (Figure 1) with a myeloproliferative picture, favoring a phenotype of erythrocytosis in the often
younger patients [42,45,47] . This observation was supported by a JAK2 exon 12 murine model in which an
erythroid-myeloproliferative phenotype developed with
hyperplasia of erythroid and granulocytic lineages over
lymphocytic or megakaryocytic lineages [45] .
An important observation was the identification of a
common JAK2 SNP 46/1 haplotype, that predisposes
individuals to acquiring JAK2 V617F mutations [56,57]
at an odds ratio of ~3.7 [56,57] .
Finally, JAK2 is involved in several fusion products
and translocations in myeloid and lymphoid malignancies [58] , underscoring the importance of JAK2 signaling
in hematological malignancies, however, these will not
be discussed in detail here.
Mutations in the MPL gene (thrombopoetin receptor) are detected in ~1% of ET and up to 5–10% in PMF
patients [59,60] . MPLW515L is the most frequent point
mutation [60] . However, several other point mutations
have been described, such as MPLW515K, MPLW515S
and MPLS505N [5] . MPL mutations are usually found
in JAK2 V617F-negative MPNs, although they can
occur together with JAK2 V617F mutations [61,62] .
MPL receptor mutations constitutively activate wildtype JAK2-STAT signaling in the absence of a ligand
[60] . MPL mutations in ET often occur in older patients,
confer increased platelet counts and lower hemoglobin
concentrations, and patients frequently suffer from
microvascular symptoms. Compared with MPL and
JAK2 wild-type MPNs, a higher risk of arterial thrombosis has been reported in patients with MPL mutations [63] . So far, MPL mutations have had no significant
impact on venous thrombotic or hemorrhagic events,
transformation to MF or on survival. In PMF, MPL
mutations are associated with a more severe phenotype,
female gender, older age, lower hemoglobin levels and
greater likelihood of requiring red cell transfusions [62] .
LNK (SH2B3) is an adaptor protein negatively
regulating receptor kinases engaged in the JAK-STAT
signaling pathway (Figure 1) [64,65] . In LNK-deficient
mice LNK was shown to play an important role in the
development of erythroid, megakaryocyte and myeloid
lineages [65] . LNK mutations disrupt its negative control function on the JAK-STAT signaling pathway,
thereby promoting myeloproliferation in MPNs [65,66] .
Mutations are found in blast-phase MPN and chronic
phase MPNs and the discovery of these mutations has
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furthered our understanding of additional mechanisms
leading to JAK-STAT pathway deregulation [64] .
JAK2 inhibitors for advanced MPNs

Several JAK2 inhibitors are in clinical trials (Table 1)
[67] . Most of the JAK2 inhibitors are not specific for
the mutant JAK2 V617F and inhibit wild-type JAK2
tyrosine kinase [68] , with the first mutant selective
JAK2 inhibitors (i.e., LY2784544) now having entered
trials [69] . The agents currently available inhibit additional kinases to varying degrees, possibly explaining
the slightly varying responses as well as the different
side-effects that were observed clinically.
INCB018424 (a JAK1/2 inhibitor) is the most
advanced agent in clinical development. In the first,
rather large, Phase I/II trial of 153 patients diagnosed
with PMF and post-PV/ET MF, the recommended dose
was 15 and 25 mg orally, twice daily [70] . Significant
clinical benefit and symptomatic improvements were
observed with a decrease in pruritus, weight gain and
improvement in exercise capacity, measured by walking
distance. Reduction in splenomegaly (>50% decrease in
size according to IWG-MRT criteria) was seen for 44%
of patients treated at all dose levels and 52% at the 15 mg
twice daily dose schedule. The observed responses were
long-lasting, often for more than 12 months in a number
of patients, and the overall response rates ranged from
71 to 78%, depending on dose and schedule. Many of
the responses were ongoing at publication, lasting for
more than 2 years [70] . Improvement in leukocytosis
was observed with a mean WBC count reduced from
29.8 × 109 to 16 × 109/l. Thrombocytosis decreased in 16
out of 17 patients, and 14% of patients that were transfusion-dependent became transfusion-independent. The
median duration on therapy for all patients was greater
than 14.7 months. Potential rebound hyperproliferation after discontinuing INCB018424 was seen. The
dose-limiting toxicity and most common side-effect was
thrombocytopenia followed by anemia, diarrhea and
fatigue/asthenia. Responses were similar regardless of the
JAK2 V617F mutation or underlying disease (PMF, postPV or ET MF). The response and reduction in splenomegaly was objectively verified in 23 patients that underwent MRI evaluation: 52% achieved reduction in spleen
length and 33% in spleen volume. Pharmacodynamic
inhibition of the JAK-STAT pathway was demonstrated
by a reduction in p-STAT3 levels after 28 days of treatment with INCB018424 to levels comparable to that of
normal controls [70] . Inflammatory cytokine biomarkers
decreased for the most part. However, there were only
modest decreases in JAK2 allele burden, mostly less
than 1 log.
TG101348 is a selective JAK2 inhibitor that also
exhibits activity against other kinases, including FLT3
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Table 1. Current status of clinical trial testing of JAK2 inhibitors for myeloproliferative neoplasms.
Drug and kinase target

Disease
entity

Predominant efficacy

Main side-effects

Phase of clinical
development

Ref.

INCB18424: JAK2, JAK1

MF, PV/ET

Splenomegaly symptoms

Anemia and
thrombocytopenia

III

TG101348 (SAR302503):
JAK2, FLT3, RET

MF

Splenomegaly symptoms

Anemia,
thrombocytopenia and
gastrointestinal

II

[71]

SB1518: JAK2, FLT3

MF

Splenomegaly symptoms

Gastrointestinal

II

[72]

CEP701: JAK2, FLT3,
VEGFR, TRKA

MF, PV/ET

Splenomegaly symptoms

Gastrointestinal, anemia
and thrombocytopenia

II

[83]

CYT-387: JAK1, JAK2,
TYK2, (JNK, CDK2)

MF

Splenomegaly symptoms and
anemia

First dose effect and
cytopenias

I

[74]

LY2784544: JAK2

MF, ET/PV

NR

NR

I

[69]

AZD1480: JAK2, JAK3
(possibly JAK1), (TRKA,
AURKA, RET, FGFR4, AX1,
ALK4)

MF

NR

NR

I/II

[96]

BMS911543

MF

NR

NR

I

[79]

NS-018 JAK2

MF

NR

NR

I

[80,97]

PU-H71HSP90

Preclinical

[70,82]

[81]

ET: Essential thrombocythemia; MF: Myelofibrosis ; NR: No results in public domain on these ongoing trials; PV: Polycythemia vera.

and RET [68] . In 59 high- or intermediate-risk primary or post-PV/ET MF and PMF patients treated
on a Phase I study, 47% achieved a spleen response by
IWG-MRT after 12 months. Mean response duration
was 315 days [71] . Leukocytosis and thrombocytosis normalized in 57 and 90% of patients. Early satiety, night
sweats, cough, pruritus and fatigue resolved in 56, 89,
67, 50 and 63% of patients, respectively. JAK2 V617F
allele burden was reduced [71] .
SB1518 is a selective JAK2 inhibitor with low nanomolar activity against both wild-type and JAK2 V671F
mutant JAK2 kinase as well as FLT3 [72] . Thirty-three
PMF patients with splenomegaly that had received prior
therapy were treated on a Phase I/II study, and 17 out of
30 patients (57%) demonstrated a 25% or greater reduction in spleen volume by MRI. Side-effects consisted of
gastrointestinal symptoms, including diarrhea, nausea,
vomiting, abdominal pain and fatigue, with only slight
myelosuppression [72] .
CYT387 inhibits JAK1/2, TYK2 and several other
kinases (CDK2/cyclin A, MAPK8, PRKCN, PRKD1,
ROCK2 and TBK1) [73] . By IWG-MRT criteria, 62%
of patients responded in the initial Phase I/II study.
Overall anemia response was 50%, with 57 and
69% of patients becoming transfusion-independent
with increasing dosages at 150 and 300 mg, respectively. Importantly, responses were seen in five out
of nine patients and five out of 12 patients that had
received prior therapy with other JAK2 inhibitors and
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pomalidomide, respectively, indicating potential activity in pretreated patients. Splenomegaly was reduced
in 47% and constitutional disease symptoms were controlled in the majority (>80%) of patients. For 88% of
patients night sweats decreased, 80% had reduction in
bone pain, 92% had reduction in pruritus and 100%
had fevers resolved. Side-effects and DLTs observed
were hyperlipasemia, transaminitis and headaches. A
first-dose effect phenomenon was observed consisting of lightheadedness and hypotension. More severe
thrombocytopenia, anemia and neutropenia (Grade 3
or 4) were seen in 27, 7 and 5% of patients, respectively. Results have been presented in abstract form and
publication with the final data and clinical benefit of
CYT387 is pending a full publication in manuscript
form [74] .
CEP701 is a JAK2 and FLT3 inhibitor that has been
investigated in PMF and post-PV/ET MF patients and
so far has shown only modest activity, with a rate of
27% clinical improvement. Side-effects of a gastrointestinal nature were frequent, as well as myelosupression. Pharmacodynamic activity was demonstrated by
a reduction in phosphorylated STAT3 levels in responding patients, however, allele burden was unaffected [75] .
The role of this agent needs to be compared and judged
with other JAK2 inhibitors in development. CEP701 is
also being investigated in AML [76] .
Several other JAK2 inhibitors are in clinical development. Preclinical data for LY2784544 are available
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and a clinical trial is open to accrual for patients [101] .
LY2784544 is more selective for mutant JAK2 V617F
with a 41-fold selectivity of mutant over wild-type JAK2
[69] . AZD-1480 is a targeted JAK2/3 inhibitor in early
clinical study in patients with MF [101] . R723 targets
JAK2 and JAK3 (IC50 = 2 and 24 nM, respectively)
and inhibits cytokine-dependent and independent
colony formation (CFU-E), as well as STAT5 activation in both JAK2 V617F mutant and wild-type
background [77] . In vivo leukocyte, platelet and spleen
responses were observed in mice, whereas anemia was
unaffected in the mouse models [78] . BMS-911543 is a
reversible JAK2 inhibitor with potent selectivity towards
JAK2 (IC50 = 1 nM) versus JAK1 and 3, respectively
[79] . This compound is active in vitro and in vivo and,
due to its selectivity for JAK2 gene expression, analysis
identified genes significantly inhibited after treatment
with this JAK2 inhibitor, suggesting a possible specific
JAK2 inhibitory transcriptional signature that may shed
light on JAK2 inhibitory events in MPNs [79] . NS-018 is
another novel potent JAK2 inhibitor with a 30–50-fold
selectivity for JAK2 over other JAK-family kinases, such
as JAK1, JAK3 and TYK2, and is active in in vitro and
in vivo models [80] . The development of XL019 has been
halted to our best knowledge.
Another target pursued is inhibition of HSP90 with
PU-H71. This agent was active in mouse models, JAK2
allele burden was reduced in vivo and a modulation of
the STAT5A transcriptional program by PU-H71 was
observed [81] .
JAK2 selective inhibitors for earlier MPNs

The initial development of JAK2 inhibitors centered
around more advanced stages of MPNs and on PMF.
In a second wave, increasing clinical data are assembled
supporting substantial activity of JAK2 inhibitors in
early-stage PV and ET patients. The agent that is farthest in development in clinical studies is INCB018424.
In HU refractory or intolerant PV and ET patients,
82 and 72% of patients remain on study at a median
follow-up of 21 months, indicating lasting responses
[82] . Significant clinical activity was seen in PV, and 97
and 73% of patients normalized their hematocrit and
white cell count, respectively. Approximately 80% of
all patients had a spleen response and 56% showed a
complete hematologic response. Similarly, patients with
an ET of 79% achieved a substantial reduction in platelets and 49% a normalization of platelets. Symptoms
improved for the majority of patients. JAK2 mutant
allele burden was reduced but did not correlate with
clinical responses. Side-effects were mild overall and
mostly consisted of grade 1/2 myelosupression; anemia
occurred in approximately 74% of PV and ET patients.
Thrombocytopenia was somewhat less common and

future science group

Review: Clinical Trial Outcomes

occurred in 29% of PV patients and leukopenia in
15 and 5% of PV and ET patients respectively [82] .
Other agents, such as CEP701, have also shown spleen
responses in PV patients and the same compounds that
are under study for advanced MPNs are being investigated in chronic phase PV and ET patients [83] . Lastly,
the EGF-receptor inhibitor erlotinib, as well as the
BCR-ABL and Src inhibitor dasatinib, are being studied in patients with PV and the trial with dasatinib has
completed accrual [101] .
In summary, an emerging body of clinical data published in abstract and full manuscript form support the
activity of JAK2 inhibitors in advanced as well as increasingly early-stage MPNs. Patients experience improvement in constitutional disease-associate symptoms in
70 to >90% of cases, and pruritus improves or resolves
in approximately 50–90% of patients; further responses
are long lasting, often 1 year or longer and approaching
over 2 years in some studies. Spleen responses are seen
in around 50–60% of patients, leukocytosis is reduced
or normalized in approximately 50–60% and thrombocytosis improves in up to >90% of cases in early-stage
MPNs. Improvement in cytopenias, especially anemia,
was seen for some agents (i.e., CYT387), which may
be a distinguishing factor amongst the various agents.
However, these observations need further confirmation in larger clinical trials. For most JAK2 inhibitors,
allele burden was only mildly to moderately decreased,
although some (i.e., TG101348) demonstrated a greater
reduction. However, the significance of this finding for
long-term disease control is not currently clear. Sideeffect profiles of the different JAK2 inhibitors vary, possibly due to their varying inhibitory potency on other
kinases. For example, some agents show more gastrointestinal toxicities (i.e., CEP701, SB1518) various others
have myelosupression and thrombocytopenia as their
main side-effects. These differences may influence the
therapeutic index and the overall clinical utility of a
particular JAK2 inhibitor.
Non-JAK2 targeting agents in MPNs

To fully assess the clinical activity and importance
of JAK2 inhibitors in MPNs, they need to be compared with agents that have shown activity but do not
target JAK2. For example, PEGylated IFNa-2a has
shown a remarkable 95% complete response rate in
40 PV patients, complete molecular responses were
seen that lasted after discontinuation of therapy [10] .
Another study demonstrated high complete hematological remissions in 70 and 76% of patients with
advanced PV and ET, respectively. The molecular
response rates were quite encouraging: 38 and 54% of
ET and PV patients achieved any molecular response
and 6 and 14% of ET and PV patients achieved a
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complete molecular response. Constitutional symptoms resolved in 57%, hemoglobin and white cell
count normalized in 47 and 59% of patients, and a
number of patients became transfusion-independent
[84] . Complete responses with platelet normalization
were achieved in 52% [85] and for both patient groups
therapy was tolerated very well.
Agents that have been successfully used in other hematological malignancies, such as mTor inhibitors, have
also been assessed in MPNs. RAD001 demonstrated
clinical activity in PMF and post-PV/ET MF patients.
Partial and complete responses for spleen size reduction
were reported to be 46 and 8%. Approximately half of
the patients (52%) experienced complete resolution of
systemic constitutional symptoms and in 74% pruritus resolved [86] . Improvements in anemia and platelet
complete remission were demonstrated and side-effect
profile was low [86] .
HDAC inhibitors have been studied in small clinical
trials. In a 12-patient study with LBH589, two patients,
one JAK2 V617F-positive and one negative, experienced
clinical improvement, and four patients had stable disease as their best response [87] . Another HDAC inhibitor, ITF2357, induced complete and partial responses
in ET and PV and major responses in PMF patients.
Spleen size reduced in six out of eight patients with splenomegaly and pruritus being relieved in most patients
with overall good tolerance of ITF2357 [88] .
Immunomodulatory agents such as thalidomide,
lenalidomide and the clinically tested agent pomalidomide improve symptoms in patients with MPNs, and
their activity is greatest in lower risk patients and those
with anemia and thrombocytopenia [14,89] .
Experimental therapies & bone marrow
transplantation

For patients progressing to aggressive stages of MPNs,
including MPN in blastic phase (MPN-BP), a present
ation resembling that of acute leukemias, aggressive
treatments such as leukemia-type induction chemotherapy or even allogeneic hematopoietic stem-cell
transplantation (allo-HSCT) are options. However,
these need to be carefully judged against the patients
overall health and possibly tolerance of an allo-HSCT
versus other targeted therapies [90] . For MPN-BP, several papers report rather good outcome with reduced
intensity conditioning regimens and allo-HSCT is one
option at disease transformation [90] .
There seems to be a strong component of epigenetic
regulation in MPNs and, in a recent study, 54 MPN
patients who had progressed to AML or MDS were
treated with 5-azacitidine with an overall response
rate of 52% (24% complete response rate) [91] . Median
duration of response was 9 months. Responses may
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be lower in chronic phase MPNs [92] . These clinical observations may indicate a different disease and
target biology in chronic versus leukemic phase of
MPNs. To improve on the efficacy of 5-azacytidine,
our laboratory has identified that combining 5-azacytidine with BCL-XL inhibitors (BH3 mimetics) has
a strong preclinical rationale and we generated data in
primary MPN patient samples showing potent activity of 5-azacytidine with ABT-737 [93,94] . ABT-263 is
the clinically developed form of ABT-737 and we have
proposed a clinical trial in combination with 5-azacytidine or IFNa-2a. Other novel agents targeting putative disease biology are smoothened inhibitors, which
inhibit activation through the hedgehog pathway. IPI926, a smoothened inhibitor, will enter clinical trials
soon [Mesa R, Pers. Comm.] . Agents under development
for MPNs are GSK3b and TGFb inhibitors. Survivin
inhibitors have been tested in hematological malignancies with clinical activity in lymphomas as well as in
a patient with CML and AML in a Phase I trial performed by our group [95] . Survivin may also represent
a novel target in MPNs.
Strategies of integrating JAK2 inhibitors into
therapies for patients with MPNs

JAK2 inhibitors have been clearly shown to control
counts and reduce spelnomegaly in PV, ET and PMF
patients, and some agents can reduce allele burden.
However, eradication and complete remission of the
disease as seen with BCR-ABL-specific inhibitors in
CML is not encountered. The reasons for this are still
unknown and the field of targeting JAK2 is still at an
early stage. The currently available JAK2 inhibitors
target JAK2 to varying degrees. Most of the agents in
development inhibit the wild-type JAK2 kinase and
the first JAK2 mutant specific inhibitors are being
tested clinically. It will be interesting to await data on
whether these agents may eradicate mutant clones more
completely. Furthermore, most agents also inhibit other
receptor and nonreceptor kinases, which may compromise on dose and thus limit their activity by the sideeffect profile (Table 1) . Hence, more selective, mutantspecific inhibitors may show greater activity. Clearly,
JAK2 inhibitors have not been the breakthrough as
hoped from CML observations, and CML may be a
more ‘monogenetic’ disease with MPNs beng activated
through a host of cytokines and other factors [31] .
Clinically, JAK2 inhibitors bring benefits to patients
and a common theme are improvements in splenomegaly and constitutional symptoms. Perhaps the greatest
feature of how the current JAK2 inhibitors differentiate themselves is in their ability to affect cytopenias. It
is important to note that, so far, no significant proof
has been delivered that these inhibitors lead to either
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molecular remissions or improvement of marrow histologic features. Whether JAK2 inhibition might alter the
natural history of these disorders will be demonstrated
over time and needs to be put into the context of benefit
with other treatment approaches and historical controls.
In addition, JAK2 inhibiton needs to be compared with
some of the non-JAK2 targeting agents that have shown
activity in MPNs.
Given these remaining uncertainties, what could the
role be for JAK2 inhibitors? To answer that question we
need to consider the two main groups of MPN patients
that present with distinct clinical phenotypes separately.
First, with the more mature data for advanced and
MPNs in MF, it seems evident that JAK2 inhibitors
will be a reasonable therapeutic choice and an important
component in the overall treatment strategy of palliating the disease, such as reducing suffering from splenomegaly and constitutional symptoms. Most patients
with advanced myelofibrotic-stage MPNs clearly experience clinical benefit with JAK2 inhibitors. For patients
with an early-stage of the disease, and with minimal
symptoms, they may not need or experience the same
degree of benefit, and careful use of these agents needs
to be exercised. For individuals whose severity of illness
mandates more aggressive therapy approaches immediately with stem cell transplantation (intermediate
2 or high-risk disease and an appropriate transplant
candidate), these patients should proceed to transplant. For patients with early/chronic-phase PV and
ET, the role of JAK2 inhibition is currently too early
for us to judge. JAK2 inhibitors need to be carefully
judged against, and demonstrate therapeutic equivalency with, hydroxyurea and other agents currently in
use; they must also adequately prevent vascular events
and help to control patients’ blood counts. The benefit
beyond hydroxyurea at which adopting JAK2 inhibitors
as front-line therapy for PV/ET would be considered is
if they reliably improve disease-associated symptoms
and if they improve splenomegaly, which is likely to be
a clinically relevant issue in only a minority of patients.
One of the most important long-term considerations for
JAK2 inhibitor therapy in early PV and ET as front-line
therapy is whether these agents alter the natural history
of the diseases. If this would indeed be the case then
this would indicate a major benefit over the currently
used approaches, which mainly consist of myelosuppressive agents. Utilization of JAK2 inhibitors as secondline treatments for patients resistant or refractory to
hydroxyurea or other myelosuppressive therapy would
initiate a more straightforward developmental path for
JAK2 inhibitors. For first-line treatment, randomized
studies comparing JAK2 inhibitors to standard of care
agents, such as hydroxyurea, would need to be considered prior to implementing JAK2 inhibitors in front-line
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therapy. Competing in this mix for the same group of
patients is PEGylated-IFN-a-2a, which can also help to
control the risk of thrombosis and thrombocytosis and
erythrocytosis in patients with PV.
Future perspective

The discovery of the JAK2 V617F mutation, now more
than 5 years ago, and the subsequent discoveries and
our increased understanding of pathogenetic mechanisms of MPNs, together with the availability of a
series of targeted agents, have already greatly affected
and benefited individuals with MPNs. At this juncture, we envision two main potential avenues of further
development of the therapeutic armamentarium. In the
first scenario, according to the current understanding
that the JAK2 mutation itself may not be the initiating step in the pathogenesis of MPNs, but rather an
intermediate step in the progression, it is natural to
continue to seek alternative targets that may be superior
to those of JAK2. We envision that alternative pathways, mechanisms and targets will be identified that
are able to either selectively, or more effectively, inhibit
the underlying proliferative and transforming processes
in MPNs. The second line of development would be
combination strategies with agents currently in development, such as the addition of agents that have demonstrated improvements in anemia such as pomalidomide, lenalidomide, erythropoietin and androgens, to
JAK2 inhibitors. Further sequencing of active agents
and therapeutic strategies, such as the use of a JAK2
inhibitor to improve performance status and splenomegaly with a subsequent stem cell transplantation.
Or sequencing of agents with alternative mechanisms
that are active by themselves, and using these in combination or sequence, such as the use of IFNa, which
works at a stem cell level, followed, or concurrently
with, JAK2 inhibitors.
We are hopeful that over the coming years there will
be substantial progress into the treatment and management of individuals with MPNs. Careful assessment
as to the overall impact of JAK2 inhibitors and other
novel agents on patients with MPNs, assessment of the
clinical net benefit, exploration of combination strategies as well as novel targets in MPNs give promise for
more and more treatment options in the near future for
patients afflicted with these diseases.
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Executive summary
■■ In 2011 no medication has been proven to halt the natural progression of myeloproliferative neoplasms (MPNs).
■■ The JAK2 V617F mutation is an almost obligatory genetic abnormality in polycythemia vera (PV) and frequent (~40–60%) in
essential thrombocythemia and primary myelofibrosis, however, it may not be the initial underlying driving genetic event.
■■ The exact role of JAK2 V617F mutation and allele burden for disease presentation and manifestation are still being defined.
■■ In JAK2 V617F-negative PV patients, exon 12 mutations are frequently found.
■■ Several additional mutations, in varying frequency, in genes such as MPL, LNK, TET2, IDH 1/2, C-CBL, ASXL1 and IKZF1 have been
described in PV, essential thrombocythemia and primary myelofibrosis.
■■ These mutational events are contributing to disease pathogenesis and may represent additional targets in MPNs.
■■ Early clinical data support the activity of experimental JAK2 inhibitors in advanced, as well as increasingly early-stage MPNs.
■■ Experimental JAK2 inhibitors show differences in their response and side-effect profile that may influence their therapeutic
activity and index.
■■ Significant clinical activity of JAK2 inhibitors with improvement of constitutional symptoms has been seen in up to 70 to >90% of
patients, pruritus in 50–90%, splenomegaly in ~50–60%, leukocytosis in ~50–60% and thrombocytosis in up to 90% of patients.
■■ Improvement of constitutional symptoms in patients with advanced MPNs is one clinical avenue of development for JAK2
inhibitors.
■■ For early-stage MPNs, the hurdle is higher and these agents would need to add significant benefit over current therapies and
upfront randomized trials would likely be required.
■■ Alteration of the natural history of the disease would be a major determinant of the utility of JAK2 inhibitors.

Financial & competing interests
disclosure
The authors have no relevant affiliations or financial
involvement with any organization or entity with a
financial interest in or financial conflict with the
subject matter or materials discussed in the manuscript. This includes employment, consultancies,
honoraria, stock ownership or options, expert
testimony, grants or patents received or pending, or
royalties.
No writing assistance was utilized in the
production of this manuscript.

References
1

2

Vardiman JW, Thiele J, Arber DA et al. The
2008 revision of the World Health
Organization (WHO) classification of
myeloid neoplasms and acute leukemia:
rationale and important changes. Blood
114(5), 937–951 (2009).
Barosi G, Mesa RA, Thiele J et al. Proposed
criteria for the diagnosis of post-polycythemia
vera and post-essential thrombocythemia
myelofibrosis: a consensus statement from the
International Working Group for
Myelofibrosis Research and Treatment.
Leukemia 22(2), 437–438 (2008).

3

Dameshek W. Some speculations on the
myeloproliferative syndromes. Blood 6(4),
372–375 (1951).

4

Beer PA, Ortmann CA, Campbell PJ, Green
AR. Independently acquired biallelic JAK2
mutations are present in a minority of patients
with essential thrombocythemia. Blood
116(6), 1013–1014 (2010).

1690

5

Tefferi A. Novel mutations and their
functional and clinical relevance in
myeloproliferative neoplasms: JAK2, MPL,
TET2, ASXL1, CBL, IDH and IKZF1.
Leukemia 24(6), 1128–1138 (2010).

13

Barosi G, Elliott M, Canepa L et al.
Thalidomide in myelofibrosis with myeloid
metaplasia: a pooled-analysis of individual
patient data from five studies. Leuk.
Lymphoma 43(12), 2301–2307 (2002).

6

Vannucchi AM, Guglielmelli P, Tefferi A.
Advances in understanding and management
of myeloproliferative neoplasms. CA Cancer
J. Clin. 59(3), 171–191 (2009).

14

7

Passamonti F, Rumi E, Arcaini L et al.
Prognostic factors for thrombosis,
myelofibrosis and leukemia in essential
thrombocythemia: a study of 605 patients.
Haematologica 93(11), 1645–1651 (2008).

Mesa R A, Steensma DP, Pardanani A et al.
A Phase II trial of combination low-dose
thalidomide and prednisone for the
treatment of myelofibrosis with myeloid
metaplasia. Blood 101(7), 2534–2541
(2003).

15

Cervantes F, Alvarez-Larran A, Domingo A,
Arellano-Rodrigo E, Montserrat E. Efficacy
and tolerability of danazol as a treatment for
the anaemia of myelofibrosis with myeloid
metaplasia: long-term results in 30 patients.
Br. J. Haematol. 129(6), 771–775
(2005).

16

Lofvenberg E, Wahlin A, Roos G, Ost A.
Reversal of myelofibrosis by hydroxyurea.
Eur. J. Haematol. 44(1), 33–38 (1990).

17

Petti MC, Latagliata R, Spadea T et al.
Melphalan treatment in patients with
myelofibrosis with myeloid metaplasia.
Br. J. Haematol. 116(3), 576–581 (2002).

18

Mesa R A, Nagorney DS, Schwager S,
Allred J, Tefferi A. Palliative goals, patient
selection and perioperative platelet
management: outcomes and lessons from
3 decades of splenectomy for myelofibrosis
with myeloid metaplasia at the Mayo Clinic.
Cancer 107(2), 361–370 (2006).

19

Elliott MA, Chen MG, Silverstein MN,
Tefferi A. Splenic irradiation for
symptomatic splenomegaly associated with
myelofibrosis with myeloid metaplasia.
Br. J. Haematol. 103(2), 505–511 (1998).

8

9

10

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 113(13),
2895–2901 (2009).
Landolfi R, Marchioli R, Kutti J et al.
Efficacy and safety of low-dose aspirin in
polycythemia vera. N. Engl. J. Med. 350(2),
114–124 (2004).
Di Nisio M, Barbui T, Di Gennaro L et al.
The haematocrit and platelet target in
polycythemia vera. Br. J. Haematol. 136(2),
249–259 (2007).

11

Harrison CN, Campbell PJ, Buck G et al.
Hydroxyurea compared with anagrelide in
high-risk essential thrombocythemia. N. Engl.
J. Med. 353(1), 33–45 (2005).

12

Kiladjian JJ, Cassinat B, Chevret S et al.
PEGylated interferon-a-2a induces complete
hematologic and molecular responses with
low toxicity in polycythemia vera. Blood
112(8), 3065–3072 (2008).

www.future-science.com

future science group

JAK2 inhibitors in the treatment of myeloproliferative neoplasms

20

Ballen KK, Shrestha S, Sobocinski KA et al.
Outcome of transplantation for myelofibrosis.
Biol. Blood Marrow Transplant. 16(3),
358–367 (2010).

21

Baxter EJ, Scott LM, Campbell PJ et al.
Acquired mutation of the tyrosine kinase
JAK2 in human myeloproliferative disorders.
Lancet 365(9464), 1054–1061 (2005).

22

James C, Ugo V, Le Couedic JP et al. A
unique clonal JAK2 mutation leading to
constitutive signalling causes polycythaemia
vera. Nature 434(7037), 1144–1148
(2005).

23

Levine RL, Wadleigh M, Cools J et al.
Activating mutation in the tyrosine kinase
JAK2 in polycythemia vera, essential
thrombocythemia and myeloid metaplasia
with myelofibrosis. Cancer Cell 7(4), 387–397
(2005).

24

Zhao R, Xing S, Li Z et al. Identification of
an acquired JAK2 mutation in polycythemia
vera. J. Biol. Chem. 280(24), 22788–22792
(2005).

25

Kralovics R, Passamonti F, Buser As et al.
A gain-of-function mutation of JAK2 in
myeloproliferative disorders. N. Engl. J. Med.
352(17), 1779–1790 (2005).

26

27

Wolanskyj AP, Lasho TL, Schwager SM et al.
JAK2 mutation in essential thrombo
cythaemia: clinical associations and long-term
prognostic relevance. Br. J. Haematol. 131(2),
208–213 (2005).
Trelinski J, Wierzbowska A, Krawczynska A
et al. Circulating endothelial cells in essential
thrombocythemia and polycythemia vera:
correlation with JAK2-V617F mutational
status, angiogenic factors and coagulation
activation markers. Int. J. Hematol. 91(5),
792–798 (2010).

28

Ash RC, Detrick RA, Zanjani ED. In vitro
studies of human pluripotential hematopoietic
progenitors in polycythemia vera. Direct
evidence of stem cell involvement. J. Clin.
Invest. 69(5), 1112–1118 (1982).

29

Dai CH, Krantz SB, Means RT, Horn ST,
Gilbert HS. Polycythemia vera blood
burst-forming units-erythroid are
hypersensitive to interleukin-3. J. Clin. Invest.
87(2), 391–396 (1991).

30

Axelrad AA, Eskinazi D, Correa PN, Amato
D. Hypersensitivity of circulating progenitor
cells to megakaryocyte growth and
development factor (PEG-rHu MGDF) in
essential thrombocythemia. Blood 96(10),
3310–3321 (2000).

31

Van Etten RA, Koschmieder S, Delhommeau
F et al. The Ph-positive and Ph-negative
myeloproliferative neoplasms: some topical

future science group

preclinical and clinical issues. Haematologica
96(4), 590–601 (2011).
32

Jelinek J, Oki Y, Gharibyan V et al. JAK2
mutation 1849G>T is rare in acute
leukemias but can be found in CMML,
Philadelphia chromosome-negative CML
and megakaryocytic leukemia. Blood
106(10), 3370–3373 (2005).

Review: Clinical Trial Outcomes
43

Pietra D, Li S, Brisci A et al. Somatic
mutations of JAK2 exon 12 in patients with
JAK2 (V617F)-negative myeloproliferative
disorders. Blood 111(3), 1686–1689 (2008).

44

Kosmider O, Gelsi-Boyer V, Cheok M et al.
TET2 mutation is an independent favorable
prognostic factor in myelodysplastic syndromes
(MDSs). Blood 114(15), 3285–3291 (2009).

33

Steensma DP, Dewald GW, Lasho TL et al.
The JAK2 V617F activating tyrosine kinase
mutation is an infrequent event in both
‘atypical’ myeloproliferative disorders and
myelodysplastic syndromes. Blood 106(4),
1207–1209 (2005).

45

Figueroa ME, Abdel-Wahab O, Lu C et al.
Leukemic IDH1 and IDH2 mutations result
in a hypermethylation phenotype, disrupt
TET2 function and impair hematopoietic
differentiation. Cancer Cell 18(6), 553–567
(2010).

34

Scott LM, Campbell PJ, Baxter EJ et al. The
V617F JAK2 mutation is uncommon in
cancers and in myeloid malignancies other
than the classic myeloproliferative disorders.
Blood 106(8), 2920–2921 (2005).

46

Scott LM, Tong W, Levine RL et al. JAK2
exon 12 mutations in polycythemia vera and
idiopathic erythrocytosis. N. Engl. J. Med.
356(5), 459–468 (2007).

47

35

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

Pardanani A, Lasho TL, Finke C, Hanson CA,
Tefferi A. Prevalence and clinicopathologic
correlates of JAK2 exon 12 mutations in JAK2
V617F-negative polycythemia vera. Leukemia
21(9), 1960–1963 (2007).

48

36

Tefferi A, Lasho TL, Schwager SM et al.
The clinical phenotype of wild-type,
heterozygous, and homozygous JAK2 V617F
in polycythemia vera. Cancer 106(3),
631–635 (2006).

Campbell PJ, Griesshammer M, Dohner K
et al. V617F mutation in JAK2 is associated
with poorer survival in idiopathic
myelofibrosis. Blood 107(5), 2098–2100
(2006).

49

37

Tefferi A, Vardiman JW. Myelodysplastic
syndromes. N. Engl. J. Med. 361(19),
1872–1885 (2009).

38

Mesa R A, Tefferi A. Emerging drugs for the
therapy of primary and post essential
thrombocythemia, post polycythemia vera
myelofibrosis. Expert Opin Emerg. Drugs
14(3), 471–479 (2009).

Guglielmelli P, Barosi G, Specchia G et al.
Identification of patients with poorer survival
in primary myelofibrosis based on the burden
of JAK2 V617F mutated allele. Blood 114(8),
1477–1483 (2009).

50

Kittur J, Knudson RA, Lasho TL et al.
Clinical correlates of JAK2 V617F allele
burden in essential thrombocythemia. Cancer
109(11), 2279–2284 (2007).

39

Scott LM, Scott MA, Campbell PJ,
Green AR. Progenitors homozygous for the
V617F mutation occur in most patients with
polycythemia vera, but not essential
thrombocythemia. Blood 108(7),
2435–2437 (2006).

51

Palandri F, Ottaviani E, Salmi F et al. JAK2
V617F mutation in essential thrombo
cythemia: correlation with clinical
characteristics, response to therapy and
long-term outcome in a cohort of 275 patients.
Leuk. Lymphoma 50(2), 247–253 (2009).

40

Larsen TS, Pallisgaard N, Moller MB,
Hasselbalch HC. The JAK2 V617F allele
burden in essential thrombocythemia,
polycythemia vera and primary
myelofibrosis impact on disease phenotype.
Eur. J. Haematol. 79(6), 508–515 (2007).

52

Passamonti F, Cervantes F, Vannucchi AM
et al. A dynamic prognostic model to predict
survival in primary myelofibrosis: a study by
the IWG-MRT. Blood 115(9), 1703–1708
(2010).

53

41

Ko M, Huang Y, Jankowska AM et al.
Impaired hydroxylation of 5-methylcytosine
in myeloid cancers with mutant TET2.
Nature 468(7325), 839–843 (2010).

Nielsen C, Birgens HS, Nordestgaard BG,
Kjaer L, Bojesen SE. The JAK2 V617F somatic
mutation, mortality and cancer risk in the
general population. Haematologica 96(3),
450–453 (2011).

42

Vannucchi AM, Antonioli E, Guglielmelli P
et al. Prospective identification of high-risk
polycythemia vera patients based on
JAK2(V617F) allele burden. Leukemia
21(9), 1952–1959 (2007).

54

Campbell PJ, Scott LM, Baxter EJ, Bench AJ,
Green AR, Erber WN. Methods for the
detection of the JAK2 V617F mutation in
human myeloproliferative disorders. Methods
Mol. Med. 125, 253–264 (2006).

Clin. Invest. (2011) 1(12)

1691

Review: Clinical Trial Outcomes
55

56

Antonioli E, Guglielmelli P, Poli G et al.
Influence of JAK2 V617F allele burden on
phenotype in essential thrombocythemia.
Haematologica 93(1), 41–48 (2008).
Jones AV, Chase A, Silver RT et al. JAK2
haplotype is a major risk factor for the
development of myeloproliferative neoplasms.
Nat. Genet. 41(4), 446–449 (2009).

57

Olcaydu D, Harutyunyan A, Jager R et al.
A common JAK2 haplotype confers
susceptibility to myeloproliferative neoplasms.
Nat. Genet. 41(4), 450–454 (2009).

58

Ho K, Valdez F, Garcia R, Tirado CA. JAK2
translocations in hematological malignancies:
review of the literature. J. Assoc. Genet.
Technol. 36(3), 107–109 (2010).

59

60

61

62

63

64

65

66

Pardanani AD, Levine RL, Lasho T et al.
MPL515 mutations in myeloproliferative and
other myeloid disorders: a study of
1182 patients. Blood 108(10), 3472–3476
(2006).
Pikman Y, Lee BH, Mercher T et al.
MPLW515L is a novel somatic activating
mutation in myelofibrosis with myeloid
metaplasia. PLoS Med. 3(7), e270 (2006).
Lasho TL, Pardanani A, Mcclure RF et al.
Concurrent MPL515 and JAK2 V617F
mutations in myelofibrosis: chronology of
clonal emergence and changes in mutant
allele burden over time. Br. J. Haematol.
135(5), 683–687 (2006).
Vannucchi AM, Pieri L, Bogani C et al.
Constitutively activated and hypersensitive
basophils in patients with polycythemia vera.
Role of JAK2 V617F mutation and correlation
with pruritus. Presented at: The 50th ASH
Annual Meeting and Exposition. Orange
County Convention Center, FL, USA,
8 December 2010.
Vannucchi AM, Antonioli E, Guglielmelli P
et al. Characteristics and clinical correlates of
MPL 515W>L/K mutation in essential
thrombocythemia. Blood 112(3), 844–847
(2008).

Tibes & Mesa
myeloproliferative neoplasms. Blood 116(26),
5961–5971 (2010).
67

68

69

Baran-Marszak F, Magdoud H, Desterke C
et al. Expression level and differential
JAK2-V617F-binding of the adaptor protein
Lnk regulates JAK2-mediated signals in

1692

Wernig G, Kharas MG, Okabe R et al.
Efficacy of TG101348, a selective JAK2
inhibitor, in treatment of a murine model of
JAK2 V617F-induced polycythemia vera.
Cancer Cell 13(4), 311–320 (2008).
Ma L, Zhao B, Walgren R et al. Efficacy of
LY2784544, a small molecule inhibitor
selective for mutant JAK2 kinase, in JAK2
V617F-induced hematologic malignancy
models. Presented at: The 53rd ASH Annual
Meeting and Exposition. Orange County
Convention Center, FL, USA, 6 December
2010.

70

Verstovsek S, Kantarjian H, Mesa RA et al.
Safety and efficacy of INCB018424, a JAK1
and JAK2 inhibitor, in myelofibrosis. N. Engl.
J. Med. 363(12), 1117–1127 (2010).

71

Pardanani A, Gotlib Jr, Jamieson C et al.
Safety and efficacy of TG101348, a selective
JAK2 inhibitor, in myelofibrosis. J. Clin.
Oncol. 29(7), 789–796 (2011).

72

Verstovsek S, Deeg Hj, Odenike O et al.
Phase I/II study of SB1518, a novel JAK2/
FLT3 inhibitor, in the treatment of primary
myelofibrosis. ASH 116(21), 3082 (2010).

73

Tyner JW, Bumm TG, Deininger J et al.
CYT387, a novel JAK2 inhibitor, induces
hematologic responses and normalizes
inflammatory cytokines in murine
myeloproliferative neoplasms. Blood 115(25),
5232–5240 (2010).

74

Pardanani A, George G, Lasho T et al. A
Phase I/II study of CYT387, an oral JAK-1/2
inhibitor, in myelofibrosis: significant
response rates in anemia, splenomegaly and
constitutional symptoms. ASH 116(21), 460
(2010).

75

Santos FP, Kantarjian HM, Jain N et al.
Phase II study of CEP-701, an orally available
JAK2 inhibitor, in patients with primary or
post-polycythemia vera/essential
thrombocythemia myelofibrosis. Blood
115(6), 1131–1136 (2010).

Oh ST, Simonds EF, Jones C et al. Novel
mutations in the inhibitory adaptor protein
LNK drive JAK-STAT signaling in patients
with myeloproliferative neoplasms. Blood
116(6), 988–992 (2010).
Velazquez L, Cheng AM, Fleming HE et al.
Cytokine signaling and hematopoietic
homeostasis are disrupted in LNK-deficient
mice. J. Exp. Med. 195(12), 1599–1611
(2002).

Mesa RA. Assessing new therapies and their
overall impact in myelofibrosis. Hematology
Am. Soc. Hematol. Educ. Program 2010,
115–121 (2010).

76

Fathi AT, Levis M. Lestaurtinib: a multitargeted FLT3 inhibitor. Expert Rev. Hematol.
2(1), 17–26 (2009).

77

Shide K, Kameda T, Markovtsov V et al.
Efficacy of R723, a potent and selective JAK2
inhibitor, in JAK2 V617F-induced murine
MPD model. ASH 114(22), 3897 (2009).

78

Shide K, Kameda T, Markovtsov V et al.
R723, a selective JAK2 inhibitor, effectively

www.future-science.com

treats JAK2 V617F-induced murine
myeloproliferative neoplasm. Blood 117(25),
6866–6875 (2011).
79

Purandare AV, Pardanani A, Mcdevitt T
et al. Characterization of BMS-911543, a
functionally selective small molecule
inhibitor of JAK2. ASH 116(21), 4112
(2010).

80

Shide K, Nakaya Y, Kameda T et al. NS-018,
a potent novel JAK2 inhibitor, effectively
treats murine MPN induced by the janus
kinase 2 (JAK2) V617F mutant. ASH
116(21), 4106 (2010).

81

Marubayashi S, Koppikar P, Taldone T et al.
HSP90 is a therapeutic target in JAK2dependent myeloproliferative neoplasms in
mice and humans. J. Clin. Invest. 120(10),
3578–3593 (2010).

82

Verstovsek S, Passamonti F, Rambaldi A
et al. Durable responses with the JAK1/JAK2
inhibitor, INCB018424, in patients with
polycythemia vera and essential
thrombocythemia refractory or intolerant to
hydroxyurea. ASH 116(21), 313 (2010).

83

Moliterno AR, Roboz GJ, Carroll M, Luger
S, Hexner E, Bensen-Kennedy DM. An
open-label study of CEP-701 in patients with
JAK2 V617F-positive polycythemia vera and
essential thrombocytosis. ASH 112(11), 99
(2008).

84

Quintas-Cardama A, Kantarjian H,
Manshouri T et al. PEGylated interferon
a-2a yields high rates of hematologic and
molecular response in patients with advanced
essential thrombocythemia and polycythemia
vera. J. Clin. Oncol. 27(32), 5418–5424
(2009).

85

Ianotto J-C, Boyer-Perrard F, Demory J-L
et al. Efficacy and safety of PEG-interferona-2a in myelofibrosis: a study of the FIM and
GEM French cooperative groups. ASH
116(21), 4103 (2010).

86

Vannucchi AM, Guglielmelli P, Lupo L et al.
A Phase I/II study of RAD001, a mTOR
inhibitor, in patients with myelofibrosis: final
results. ASH 116(21), 314 (2010).

87

Mascarenhas J, Wang X, Rodriguez A et al.
A Phase I study of LBH589, a novel histone
deacetylase inhibitor in patients with primary
myelofibrosis and post-polycythemia/
essential thrombocythemia myelofibrosis.
ASH 114(22), 308 (2009).

88

Rambaldi A, Dellacasa CM, Salmoiraghi S
et al. A Phase IIA study of the histonedeacetylase inhibitor ITF2357 in patients
with JAK2 V617F positive chronic
myeloproliferative neoplasms. ASH 112(11),
100 (2008).

future science group

JAK2 inhibitors in the treatment of myeloproliferative neoplasms

89

Mesa RA, Pardanani AD, Hussein K et al.
Phase I/II study of pomalidomide in
myelofibrosis. Am. J. Hematol. 85(2),
129–130 (2010).

90

Kroger N, Mesa RA. Choosing between stem
cell therapy and drugs in myelofibrosis.
Leukemia 22(3), 474–486 (2008).

91

Thepot S, Itzykson R, Seegers V et al.
Treatment of progression of Philadelphianegative myeloproliferative neoplasms to
myelodysplastic syndrome or acute myeloid
leukemia by azacitidine: a report on 54 cases
on the behalf of the Groupe Francophone des
Myelodysplasies. Blood 116(19), 3735–3742
(2010).

92

Mesa RA, Verstovsek S, Rivera C et al.
5-azacitidine has limited therapeutic activity
in myelofibrosis. Leukemia 23(1), 180–182
(2009).

future science group

93

94

95

Bogenberger JM, Hagelstrom RT, Gonzales I
et al. Synthetic lethal RNAi screening
identifies inhibition of Bcl-2 family members
as sensitizers to 5-azacytidine in myeloid cells.
Presented at: The AACR Annual Meeting April
2010. Washington, DC, USA, 17–21 April
2010.
Tibes R, Choudhary A et al. RNAi-based
identification of novel sensitizers to
5-azacytidine in myeloid leukemias.
Haematologica 94(Suppl. 2), 219, Abstr. 0536
(2009).
Tibes R, Lekakis L, Frazer N et al. Phase I
study of the novel surivin and cdc2/CDK1
inhibitor terameprocol in patients with
advanced leukemias. Presented at: The 51st
ASH Annual Meeting and Exposition. LA,
USA, 5–8 December 2009.

Clin. Invest. (2011) 1(12)

Review: Clinical Trial Outcomes
96

Hedvat M, Huszar D, Herrmann A et al. The
JAK2 inhibitor AZD1480 potently blocks
STAT3 signaling and oncogenesis in solid
tumors. Cancer Cell 16(6), 487–497 (2009).

97

Nakaya Y, Naito H, Homan J et al.
Preferential inhibition of an activated form of
janus kinase 2 (JAK2) by a novel JAK2
inhibitor, NS-018. ASH 116(21), 4107 (2010).

■■ Website
101 Clinical trials: found 44 studies with search

of: JAK2.
www.clinicaltrials.gov/ct2/results?term=jak2

1693

