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The term myeloproliferative disorders was introduced by William
Dameshek1 in 1951 to describe four different diseases with a
related pathogenesis: polycythaemia vera (PV), essential thrombo-
cythaemia (ET), primary myelofibrosis (PMF) and chronic myeloid
leukaemia. The discovery of the Philadelphia chromosome and the
fusion gene BCR-ABL has permitted the definition of chronic
myeloid leukaemia as a specific entity. The pathogenesis of the
other non-BCR-ABL myeloproliferative disorders, now called
myeloproliferative neoplasms (MPNs),2 remained elusive until
2005. At that time, these disorders were considered orphan
disorders and were not the subject of intensive clinical interest.
Nevertheless, it was clear that PV, ET and PMF had closely related
pathogeneses, with some clinical, histological and biological
features in common. This was underscored by the progression
of some ETs to PVs, and some ETs or PVs to myelofibrosis,
respectively called post-ET or post-PV myelofibrosis.

The discovery of the JAK2V617F mutation with a high incidence
in these three disorders has been a breakthrough in the
knowledge of MPN pathogenesis, leading to the demonstration
that the three diseases were clonal signalling disorders of
the cytokine receptor/JAK2 pathway, and closely related at the
molecular level.3–6 The JAK2V617F discovery also shed light on
disorders that had remained disregarded for a long period.
Subsequently, other mutations targeting signalling molecules of
the same pathway, such as JAK2 (JAK2 exon 12), the
thrombopoietin receptor (MPL) with substitutions at amino acid
515 (W515), LNK and Cbl, were identified, further supporting the
hypothesis that MPNs were signalling disorders.7–9 In line with
chronic myeloid leukaemia, in which the BCR-ABL fusion protein
may explain the entire disease (from initiation to clinical disease
and finally progression towards acute leukaemia), it was tempting
to suggest that JAK2V617F was having a similar role in MPN.
However, in contrast to BCR-ABL, JAK2V617F is associated with
three different disorders that may be explained by the oncogenic
properties of JAK2V617F.

Unlike BCR-ABL or other fusion proteins implicating JAK2, such
as TEL-JAK2 or PCM1-JAK2, JAK2V617F is unlikely to induce
pathogenic signalling alone, but requires cytokine receptors as a
scaffold, which further increases the diversity in the effects of the
mutation. Homodimeric type I cytokine receptors, such as EPOR,
MPL and G-CSFR, have a central role in the development of
myeloproliferative disorders. However, the other cognate cytokine
receptors of JAK2V617F, such as the type I (the beta chain of
interleukin (IL) 3, granulocyte-macrophage colony-stimulating
factor and IL5 receptors, and gp130) and heterodimeric type II
receptors (the interferon-g receptor), are also likely to have a
role.10 This could explain how a single mutation can induce
different disorders. Furthermore, in line with murine models, the
presence of 9pLOH in PV leading to a second JAK2V617F copy and
clinical features have suggested that JAK2V617F disorders are
related to the intensity of signalling, with ET arising from a
mutation on one allele and PV from a mutation on two alleles.11–14

In line with this assumption, the development of myelofibrosis
may correspond to an acceleration of the disease with either an
important increase in the JAK2V617F clone and/or the acquisition
of new mutations, including mutations in signalling molecules,

which will alter differentiation in the megakaryocyte and other
lineages.

However, troublesome evidence has suggested that JAK2V617F
alone could not be the sole molecular pathogenesis of BCR-ABL-
negative MPNs. Notably, a significant fraction of acute leukaemia
developing from JAK2V617F MPNs was shown to be JAK2WT, and
a low burden of JAK2V617F was found in some clonal MPNs,
demonstrating that all cells do not bear the mutation.15,16 These
observations led to the hypothesis of a pre-JAK2 event.

Using whole-genome approaches, a large number of mutations
in genes involved in two main pathways were subsequently
identified in MPNs. The first pathway concerns epigenetics, either
DNA methylation (TET2, DNMT3A and IDH1/2) or the PRC2
complex (EZH2 and ASXL1). The second pathway involves
splicing factors (SRSF2, SF3B1 and U2AF35). However, none of
these mutations are restricted to MPNs because they are present
in a large spectrum of haematological malignancies, particularly in
MDS, chronic myelomonocytic leukaemia and mastocytosis,
but also in some T cell lymphomas, particularly in angio-
immunoblastic T cell lymphoma.7–9

This identified a new key question. What is the need for these
different mutations? First, there is strong evidence that mutations
in JAK2 and MPL are sufficient to induce myeloproliferation, as
demonstrated through analyses of different mouse models17 and
some inherited human disorders. An increasing number of
mutations in JAK2, such as JAK2V617I, where a valine at codon
617 is substituted to an isoleucine (JAK2V617I),18 or in MPL, such as
MPLW515R, is observed in inherited thrombocytosis, further
demonstrating that the signalling defect is the driving event in
these disorders. However, both murine models and inherited
human diseases are polyclonal, raising the following question: can
a clonal disorder arise from JAK2V617F alone? If it is the case, it is
expected that JAK2V617F will give a proliferative advantage to
haematopoietic stem cells. However, depending on the mouse
model, JAK2V617F provides only a small competitive advantage to
haematopoietic stem cells, and sometimes a disadvantage owing
to the excessive production of reactive oxygen species.19–21

In PV, the majority of haematopoietic stem cells and progenitors
remain JAK2WT for a long period, and unexpectedly for a stem cell
disorder, the clonal dominance is acquired during late differentia-
tion by a competitive advantage mediated through the cytokine
response.12,22 However, early in the disease development, the
mutant JAK2V617F haematopoietic stem cell has to outcompete
B1� 106 haematopoietic stem cells before the emergence of
clinical disease. Mutations occurring in TET2 and DNMT3A,23–25 and
most likely in other genes yet to be identified, may facilitate this
clonal dominance by modifying the biology of haematopoietic
stem cells. It remains possible, however, that JAK2V617F provides
an advantage to haematopoietic stem cells in pathological
conditions such as inflammation or during aging.26 Whether
other genetic events are absolutely required to induce the clonal
dominance of the JAK2V617F clone remain unclear. The team of
T Green27 has recently suggested that the differences between PV
and ET are related to the occurrence of a genetic event that
promotes the expansion of the homozygous JAK2V617F
subclone.27 This possible requirement of another genetic event
and the order of mutation acquisition might have a major impact
on the development of targeted therapies in the future. Second,
PMF is certainly a different disorder than PV and ET, because it
requires both clonal dominance and differentiation defects,
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particularly in the megakaryocyte and granulo–monocytic
lineages. Recent genomic studies in PMF have reinforced this
hypothesis by showing the presence of multiple mutations in the
same patient.7,9 In some cases, three types of mutations might be
simultaneously present, one on signalling molecules, one or two
on epigenetic regulators and one on splicing molecules. Thus,
PMF is an extremely heterogeneous disorder and might be closely
related to other myeloproliferative/myelodysplastic disorders,
such as chronic myelomonocytic leukaemia. It is still unknown if
post-PV or post-ET myelofibrosis is identical to PMF, although it is
expected that mutations in signalling molecules might be more
important in the pathogenesis of these types of myelofibrosis.
Overall, the situation in humans might be different from mouse
models, in which strong signalling through MPL is sufficient to
induce a disorder mimicking PMF.28 Third, other mutations, such
as in RUNX1 and P53, are associated with progression to acute
leukaemia.

Based on the central role of JAK2 in disease development,
targeting the kinase domain of JAK2 is the current approach in the
development of new therapies for MPNs. Several small molecules
targeting its ATP-binding pocket in its active conformation have
been developed and used in clinical trials.29,30 One of them
(ruxolitinib) has been approved by health authorities for its clinical
use.31,32 However, none of these molecules, except perhaps
LY2784544, have specificity for JAK2V617F. As JAK2 is an
indispensable kinase for EPO and TPO signalling, it is expected
that efficient JAK2 inhibition will induce anaemia and
thrombocytopenia, which, in a clinical setting, is a ‘toxic’ effect
of the molecule. With such an approach, it would be impossible to
induce the complete JAK2 inhibition necessary if the goal is to
cure the disease. Furthermore, as the present inhibitors stabilize
the molecule in an active conformation, JAK2 may heterodimerize
with other JAK molecules, such as JAK1 and TYK2, and lead to
persistent signalling, which may explain why these molecules are
surprisingly well-tolerated.33 Although all these JAK2 inhibitors
exert some level of specificity towards JAK2, they may affect other
kinases. For example, ruxolitinib and CYT387 are JAK2 and 1
inhibitors, respectively, whereas SAR 302503 (TG101348) is more
specific for JAK2.34 Nevertheless, they may inhibit the kinase
activity of other targets, including TYK2 or Aurora, FLT3 and RET,
and eventually have off-target effects on non-kinase molecules,
which will depend on the drug.34

At present and regardless of the JAK2 inhibitors used, very
similar clinical responses are observed in myelofibrosis. They
rapidly decrease the spleen size by 430% in a majority of patients
and constitutional symptoms such as fatigue, fever, night sweats,
pruritus and weight loss.30 In contrast, none have a clear effect on
the clonal disorder, although some decrease in the JAK2V617F
burden and the intensity of the fibrosis has been described in a
few patients. Thus, the most evident benefit is a rapid
improvement in myelofibrosis-associated symptoms, which may
lead to an increase in overall survival.31,35 This benefit is related to
an anti-inflammatory effect of the JAK2 inhibitors, as evidenced by
the decrease in the plasma level of several inflammatory
cytokines. It was suggested that the effects on splenomegaly
were also mediated through the inhibition of cytokine production
and action.36 However, some more subtle differences are
observed depending on the inhibitors used. For example, it has
been suggested that the effects of SAR 302503 on the spleen
volume and constitutional symptoms could be in part cytokine-
independent.37

Overall, it is assumed that JAK2 inhibitors may block the
signalling of inflammatory cytokines, such as the IL6 family, or the
interferon g response, but how they inhibit the synthesis and
release of inflammatory cytokines remains unknown. The target
cells (monocytes, a subset of lymphocytes, dendritic cells,
megakaryocytes) for such inhibitory effects are also unknown. As
these effects on inflammation might be predominant with JAK2/

JAK1 inhibitors, some companies are developing pure JAK1
inhibitors to have a more specific effect on inflammation without
the ‘toxic’ effects on erythropoiesis and megakaryopoiesis
mediated by JAK2 inhibition. Overall, the present approach is
not to attempt to cure the disease, but mainly to decrease the
symptoms of the disease, improve quality of life, extend the
chronicity of the disorder and perhaps prevent some acute
transformation. Other totally unexpected differences have also
been observed among the inhibitors in clinical trials, particularly
effects on haematological parameters, such as anaemia and
thrombocytopenia.

In this issue, Pardanani et al.38 report the effect of a new JAK1
and JAK2 inhibitor, CYT387, in patients with high or intermediate-
risk primary and secondary myelofibrosis. The authors found that
the inhibitor had the same effects as other inhibitors on the
constitutional symptoms and spleen volume; unexpectedly, a
marked improvement in red cells was observed in 70% of
transfusion-dependent patients that became transfusion-
independent for more than 12 months. To demonstrate that the
patients were truly transfusion-dependent, the authors used very
stringent criteria, as the consensus definition of red blood cell
transfusion dependency recently changed.39 The data clearly
show that the treatment greatly improved the anaemia.

Anaemia is a frequent symptom in myelofibrosis and is
observed in B35% of patients. It is considered as a major adverse
prognostic factor. The precise mechanism of this anaemia is
poorly understood, except at the end of the disease when
associated with profound cytopaenia, and it appears multifactorial.
The low haematocrit can partially be related to haemodilution due
to the increased spleen volume along with other metabolism
alterations. Presently, this parameter is difficult to investigate, as
the measurement of red cell mass and plasma volume is not easily
and routinely available. However, the major mechanism is related
to a defect in erythropoiesis, and several intermingled mechan-
isms may combine to induce anaemia, which are as follows: (1) In
humans, it has been suggested that spleen erythropoiesis is in
large part ineffective, possibly due to the specific spleen
microenvironment. In addition, transforming growth factor-b1
has a central role in myelofibrosis development, and is present in
an active form in the marrow and spleen environment.
Transforming growth factor-b1 may decrease the production of
red blood cells by accelerating differentiation and inhibiting
proliferation.40 Other molecules of the transforming growth factor
beta family, such as activin A, and GDF members, such as GDF11,
may also inhibit erythropoiesis. Targeting these molecules might
be an interesting strategy to correct the anaemia.41 (2) In PMF, the
presence of several mutations in epigenetic regulators and
splicing molecules, which can affect erythropoiesis, has been
shown. The best example is mutations affecting SF3B1, which lead
to ring sideroblasts in MDS and myelofibrosis.42,43 However, other
more frequent mutations such as TET2 may also induce ineffective
erythropoiesis because TET2-knocked out mice display an excess
of immature erythroblasts, with a decrease in haematocrit.24 These
mutations in epigenetic regulators or splicing molecules may also
affect the synthesis of molecules involved in the erythrocyte
structure, explaining the frequent presence of haemolysis. Overall,
ineffective erythropoiesis, as in b-thalassaemia, for example, may
profoundly modify iron metabolism and increase the iron
absorption through the low level of hepcidin. It has been shown
that erythrocytes from b-thalassaemia patients release a high level
of GDF15, which inhibits hepcidin synthesis.44 Recently, a similar
defect has been shown in patients with SF3B1 mutations in
MDS.45 However, it is not yet known if such a mechanism is also
operating in anaemic patients with myelofibrosis. (3) The systemic
inflammation present in myelofibrosis is considered one of the
major mechanisms of the associated chronic anaemia. The
mechanism of inflammatory anaemia is primarily related to a
sequestration of iron in macrophages through increased levels of
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hepcidin, inhibiting iron export and subsequent erythrocyte iron
uptake by ferroportin degradation.46 The increased hepcidin levels
are related to inflammatory cytokines through IL1, IL6 or IL22.
Furthermore, other inflammatory cytokines, such as TNF alpha
and interferon-g, in addition to increased apoptosis of erythroid
progenitors and precursors, may increase iron uptake by
macrophages.46 This mechanism appears in contrast to the
previous one. However, the mechanisms can be complementary
if GDF15 inhibits the synthesis of hepcidin in hepatocytes, but not
in macrophages, allowing excess iron absorption and a decrease
in iron availability for erythropoiesis, which results in a functional
iron deficiency. (4) Finally, the anaemia can be worsened by blood
loss related to thrombocytopenia or other mechanisms.

By acting at different levels, JAK2 inhibitors may have both
detrimental and favourable effects on erythropoiesis. The most
evident effect is that they strongly inhibit erythroid differentiation
by acting on survival and proliferation, because JAK2 activity is
indispensable for EPO signalling. The induction of anaemia is a
common feature of JAK2 inhibition and the consequence of
efficient JAK2 inhibition. However, in a b-thalassaemia mouse
model, it has been shown that JAK2 inhibitors can decrease
ineffective erythropoiesis by inducing apoptosis of the more
pathological erythroid precursors, diminishing the splenomegaly,
and thus inducing a more efficient erythropoiesis.47,48 It is possible
that such a mechanism may partially explain the decrease in
spleen volume and some improvement of erythropoiesis
after JAK2 inhibition in myelofibrosis. Nevertheless, the anti-
inflammatory effects of JAK2 inhibitors may be the most likely
mechanisms for explaining the anaemia response. It has also been
suggested that immunomodulatory drugs, such as lenalidomide
and pomalidomide, may correct the anaemia in myelofibrosis
through an anti-inflammatory mechanism.49 Here, in line with this
hypothesis, the investigators found a decrease in circulating IL-1b
and IL-1RA levels that correlate with red blood cell transfusion
independence.38 In addition, JAK2 inhibition may have other
targets, such as some G-protein-coupled receptors (GPCRs).
Angiotensin II, an important mediator of blood pressure and
volume, may also regulate erythropoiesis in EPO-dependent and -
independent manners.50,51 The main receptor of angiotensin II,
AT1 (a GPCR), can also activate JAK2, but the precise role of JAK2
in its signalling remains unknown.52

Having observed the contrasting effects of JAK2 on pathological
erythropoiesis, we can speculate that the effects of JAK2 inhibition

can be quite different depending on the level and kinetics of JAK2
inhibition and its effects on JAK1 (Figure 1). For example, a
powerful JAK2 inhibitor will induce anaemia. In this situation, the
inhibition of erythropoiesis would be predominant. In contrast, a
weak JAK2 inhibitor may correct anaemia in myelofibrosis if,
in addition, it has a powerful inhibitory effect on JAK1. In this
situation, its predominant effects will be an improvement of
ineffective erythropoiesis and a relief of inflammation-altered
erythropoiesis. Furthermore, it remains possible that the efficacy
of JAK2 inhibitors might be dependent on the type of JAK2/
cytokine receptor complex. A molecule might have low inhibitory
activity on a JAK2/cytokine receptor complex, and in contrast, a
high activity on a GPCR/JAK2 complex. These hypotheses may
explain the differences observed in haematological parameters
between the different JAK inhibitors presently used in clinical
trials. They suggest that CYT387 only partially inhibits the JAK2
activity mediated through EPOR due to its intrinsic activity or
pharmacokinetics, whereas it may have a strong inhibitory effect
on JAK1. The CYT387-specific side effects on blood pressure
(hypotension and hypertension) might be related to an efficient
inhibitory activity of a JAK2/GPCR complex. However, we cannot
exclude the contributions of off-target effects to these differences.

As the JAK2 inhibitors are presently used primarily to improve
myelofibrosis-associated symptoms, different types of inhibitors
can have a role in treatment. CYT387 might be used in patients
with anaemia. A similar concept can be extended to thrombocy-
topenia. JAK2 has a central role in MPL signalling, but TYK2 in the
presence of JAK2 (heterodimers?) can also induce signalling.33,53

Thus, it is possible that a JAK2 inhibitor without significant activity
on TYK2, such as SAR 302503, may induce moderate
thrombocytopaenia. An important point is that depending on
the type of inhibition achieved by a JAK2 inhibitor, combination
treatments may or may not be indicated. For example, if CYT387
mainly acts as an anti-inflammatory agent and an inhibitor of
GPCR/JAK2 complexes, and less as a cytokine receptor/JAK2
inhibitor, then its association with immunomodulatory molecules
might not lead to synergic results.

Can we go further with JAK2 inhibition than treating the
associated symptoms, providing great benefits for patients?
Achievement of this will require the development of more specific
inhibitors for JAK2V617F or the association of JAK2 inhibitors with
different signalling inhibitors that specifically inhibit JAK2
constitutive activation, such as HSP90 or PI3 kinase inhibitors.54,55

Figure 1. Model of the mechanisms explaining the different effects of JAK2 inhibitors on red cell production in myelofibrosis.
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Such approaches might be more efficient in PV or ET, which are
essentially dependent on constitutive JAK2 inhibition, than in
PMF, where several pathways are simultaneously affected in the
majority of cases.

The emergence of kinase inhibitors has shed light on the
pathogenesis of MPN, but much remains to be discovered to
improve the outcome and quality of life of patients affected by
MPN, and also for our understanding of the molecular and cellular
mechanisms involved in MPN. Close collaboration between
clinicians and basic scientists will certainly allow us to reach
these goals.
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