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The ATP-binding pocket of the kinase domain of JAK2 is the major target of the present treatment of myeloproliferative
neoplasms. Several inhibitors of JAK2 that are ATP competitive have been developed, but they do not discriminate
between wild-type and mutant JAK2. These inhibitors have been used in myelofibrosis and, for the first time, treatment
induced a reduction in spleen size and in constitutional symptoms. However, no dramatic effects on BM fibrosis, allele
burden, or peripheral blast numbers were observed. These data indicate that other avenues should be explored that
would either target mutant molecules (JAKs or receptors) more specifically and spare wild-type JAK2 or that would
address other pathways that contribute to the malignant proliferation. Future success in treating myeloproliferative
neoplasms will depend on advances of the understanding of JAK-STAT signaling and also on a better understanding of
the disease pathogenesis, especially the role that mutants in spliceosome factors and epigenetic regulators play in the
phenotype of the disease and the precise mechanism of fibrosis development.

Introduction
It is well established that the majority of human myeloproliferative
neoplasms (MPNs) are driven by a constitutive or enhanced
activation of the JAK-STAT pathway, especially JAK2, the throm-
bopoietin receptor (TpoR/MPL), and immediate downstream media-
tors such as STAT5, STAT3, MAPK, and PI3K.1 Many laboratories
are attempting inhibition of these signaling proteins and possibly of
adaptors that couple them in different cell types (Figure 1).
Investigators have made the most progress in developing ATP-
competitive JAK inhibitors. Two phase 3 placebo-controlled clini-
cal trials with one such inhibitor, ruxolitinib,2,3 have led to US Food
and Drug Administration (FDA) approval of this molecule for the
treatment of myelofibrosis. In addition, data are being evaluated
from these trials and previous phase 1/2 trials4 and compared with
historical controls to determine whether an effect of JAK2 inhibi-
tion could be detected on survival or leukemic transformation,
although early scrutiny did not seem to indicate major effects.5

Conversely, a statistically significant advantage in high-risk myelo-
fibrosis patients compared with matched historical controls was
reported recently.6 Prospective data suggested a possible survival
advantage in the COMFORT-I trial for myelofibrosis patients
treated with ruxolitinib, but the post hoc analysis and the low
number of patients limit this conclusion.3 JAK2 inhibitors do not
appear to be truly “disease modifying” in primary myelofibrosis
(PMF), at least up to now, because of the low doses used to avoid
toxicity of inhibiting wild-type JAK2, because drivers other than
JAK2 are essential for PMF, or because secondary myelofibrosis
might respond differently to JAK2 inhibitors than PMF and not
enough data are available at the moment to make this distinction.
Therefore, novel molecular targets are being sought for myelofibro-
sis and MPNs in general.

Possible new avenues could also include novel ways of targeting
JAK2 V617F or exon12 mutants, either other regions of the kinase

domain of JAK2 that might be allosterically regulated or the
pseudokinase domain for JAK2 V617F (Figure 2), with the goal of
developing mutant specific inhibitors. For example, favoring the
degradation of activated JAKs would automatically achieve the
goal of specific targeting JAK2-mutated cells. In addition,
targeting cytokine receptors such as thrombopoietin receptor
(TpoR/MPL), especially the mutant MPLW515L/K/A and its
signaling via cytosolic tyrosine 626 (Figure 3), could be useful in
myelofibrosis. It is possible that targeting other cytokine recep-
tors or preventing their association with JAKs by disrupting the
interactions between the NH2 terminus of JAKs and the jux-
tamembrane domain of receptors would achieve sufficient inhibi-
tion. Other avenues may be the inhibition of downstream
pathways emanating from receptors in synergy with JAK2
inhibition, as well as inhibition of gene induction by constitu-
tively active STATs (Figure 1) because of the hypothesis that
MPN cells are addicted to some specific pathways or molecules.
Finally, hypersensitivity of MPN progenitors to growth factors
using tyrosine kinase receptors remains an unexplored avenue.
The effectiveness of type I IFN in reducing the JAK2 V617F
allele burden is provocative, and elucidation of the mechanisms
of action of type I IFN in MPNs will generate novel useful
targets. Another approach combined with signaling inhibition
may concern the fibrosis itself and molecules such as TGF-� and
their activation.

There is increasing evidence that JAK/STAT signaling plays a
central role of the pathogenesis, but does not represent the entire
pathogenesis, of MPNs. This has been underscored by the identifica-
tion of mutations in other pathways such as epigenetic regulators or
the splicing machinery. Furthermore, the constitutive activation of
signaling pathways leads to chromatin effects and genomic instabil-
ity, which themselves could be targeted eventually.
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Targeting JAKs

Targeting JAK2-interacting proteins that regulate its
stability
JAK2 V617F was recently found to be a preferred client of HSP90
and a therapeutic target in MPNs.7 HSP90 inhibition is effective in
inhibiting JAK2 V617F and mutants of JAK2 that are resistant to
ATP-competitive inhibitors.8 HDAC6 inhibitors are predicted to
reduce the chaperone function of HSP90 in stabilizing client JAK2
V617F, because acetylated HSP90 cannot interact and protect client
proteins against degradation.9

Starting from the AG490 tyrphostin JAK2 inhibitor, related structures
were screened for JAK2 inhibition and a novel molecule was obtained
that potently blocks downstream JAK2 signaling, but is not a kinase
domain inhibitor.10 The new molecule, WP1130, induces a block in
JAK2 deubiquitination, being a special type of K63 deubiquitination
inhibitor; the ubiquitinated JAK2 then trafficks to a detergent-insoluble
compartment represented by perinuclear aggresomes, where JAK2 is
not degraded but is inactive for signaling.10 Interestingly, aggresomes
were reported to contain histone deacetylase 6 (HDAC6), 20S protea-
some, and heat-shock protein (HSP) 90.11

Figure 1. Targets of intervention by putative small-molecule inhibitors around the cytokine receptor, JAK-STAT, MAPK, and PI3K-mTOR
pathways. Such targets include the interaction between JAK2 V617F and cytokine receptors, the pseudokinase domains of JAK2 V617F, and direct
inhibition of STATs and the MAPK and PI3K pathways downstream of either cytokine receptors or tyrosine kinase receptors such as the IGF1 receptor,
which could itself be targeted.

Figure 2. Searching for “mutant”-specific JAK2 inhibitors by targeting a predicted mechanism of activation of JAK2 kinase domain (JH1) by
the V617F pseudokinase (JH2) mutation. A small molecule must interrupt the predicted F617-F595 interaction based on the demonstration that
F595 (or an aromatic residue) is required for activation by the V617F mutation.
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Targeting the pseudokinase domain (JH2)
The initial model of JAK function posited that the JH2 domain
prevents activation of the JH1 domain.12,13 However, the JH2
domain is also required for physiologic cytokine-dependent JAK
activation.14 Biochemical and mutagenesis experiments suggest that
the pseudokinase domain binds ATP and might be a dual specific
kinase that is capable of autophosphorylation at both S523 and
Y570.15 In theory, small molecules that would stabilize an
inhibitory state of JH2 on JH1 could prevent activation by
V617F, but there is also the risk that affecting ATP binding or
conformation of JH2 might in itself activate JH1.15

No high-resolution crystal structure exists for a full-length JAK or
for a receptor-JAK complex. Based on the X-ray crystal structures
of several kinases, such as Csk, c-Abl, c-Kit, or Flt3, we noted that
the closest located residue to the homolog of F617 in those kinases
would be a phenylalanine (F595) located in the middle of the helix C
of JH216 (Figure 2). We showed that this residue F595 is indis-
pensable for the constitutive activity of JAK2 V617F. Mutation of
F595 to Ala, Lys, Val, or Ile significantly decreases the constitu-
tive activity of JAK2 V617F, but F595W and F595Y were able to
restore it, implying an aromaticity requirement at position 595.16 In
contrast, F595 JAK2 mutants are activated by erythropoietin
(Epo)-bound EpoR.16 To our surprise, substitution of F595 to Ala
was also able not only to prevent JAK2 V617F constitutive acti-
vation, but also to decrease the constitutive activity of 2 other
JAK2 mutants, T875N and R683G, as well as JAK2 K539L, albeit
to a lower extent. Our data indicated that F595 is a functional
hot spot by which conformational information is transmitted from
the JH2 to JH1, leading to JH1 activation.16 Independent computa-
tional approaches and studies of other receptor systems also
predicted or concluded an important role for F595 in JAK2 mutant
activation.17,18 A small molecule able to disrupt the predicted �-�
interaction between F617 and F595 might be useful as a specific
JAK2 V617F inhibitor (Figure 2). A very recent X-ray crystal
structure study of the wild-type and V617F mutated pseudokinase
domain of JAK2 indeed showed that aromatic stacking interactions
occur around V617F involving F595 and F594, leading to a more
rigid conformation and longer helical structure for helix C of JH2 in
the V617F mutant, which is predicted to trigger activation of JH1.19

Targeting other JAKs and the cytokine storm
It is well known that a cytokine storm occurs in MPNs, with several
cytokines being produced, which amplifies cytokine production and
might contribute to constitutional symptoms, cachexia, and progres-
sion to myelofibrosis. Many of these inflammatory cytokines act
via other JAKs, such as JAK1. Conversely, several JAK2 inhibitors
used in myelofibrosis treatment are actually also JAK1 inhibitors
and they exert benefic effects on constitutional symptoms and
spleen size. Because the inhibition of JAK2 leads to anemia and
thrombocytopenia and because high levels of JAK2 inhibition are
required to effectively block downstream pathways, the efficacy is
often counteracted by side effects that lead to treatment interruption.
A highly specific JAK1 inhibitor might be a useful agent that can be
administered during times when JAK2 inhibitors are stopped, which
will allow the continuation of beneficial effects on the constitutional
symptoms and possibly on the spleen. Conversely, recent studies
with JAK2 V617F cell lines maintained in the presence of JAK2
inhibitors indicated that resistance involving epigenetic up-
regulation of JAK2 V617F is acquired, eventually allowing persis-
tence of MPN cells despite JAK2 inhibitors.20 In such cells,
heterodimerization occurs between JAK2 V617F and JAK1 or
TYK2, which leads to activation of JAK2 V617F in trans by these
JAKs in the presence of effective inhibitory concentrations of JAK2
inhibitors20

Targeting cytokine receptors
Cytokine receptors play a central role in the pathogenesis of MPNs
because they can be either mutated, leading to a constitutive
activation, or nonmutated but behave as a scaffold molecules for
mutated JAK2, allowing its dimerization and constitutive signaling

Active TpoR mutants
Five to 10% of essential thrombocythemia (ET) and PMF patients
who do not harbor JAK2 V617F carry activating mutations in TpoR
at the cytosolic juxtamembrane position W515, such as W515L/K/
A/R.21-25 These mutations are activating because W515 is the key
residue of an amphipathic juxtamembrane motif (Figure 3) that is
required to prevent TpoR self-activation.26 The in vivo phenotype
induced by TpoR W515 mutants is much more severe than that of
JAK2 V617F when using a retroviral strategy21,25 and rapidly leads

Figure 3. Targeting for inhibition the TpoR in MPNs. Sites of inhibition for TpoR could be the extracellular juxtamembrane region, the cytosolic
juxtamembrane domain containing the W515 residue, and the cytosolic phosphorylated Y626, which is absolutely required for in vivo pathogenic effects
of TpoR W515 mutants.
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to myelofibrosis and spleen fibrosis. No X-ray crystal structure
exists for the transmembrane and cytosolic domain of TpoR (or of
any cytokine receptor), so it is not clear whether it would be possible
to specifically target a mutant receptor and spare the wild-type
TpoR. The in vivo phenotype induced by TpoR W515 mutants
appears to depend on phosphorylation of one cytosolic tyrosine
residue of TpoR, namely Y626 (Figure 3), which normally links the
receptor to STATs, especially STAT3 and STAT5, shc, and MAPK
ERK1/2.25 A double W515A Y626F mutant was not pathogenic in
adoptive BM transfer experiments in mice, and the single W515A
mutant induced fatal MPN and fibrosis within 45-50 days. A small
molecule or peptide that would prevent signaling by TpoR Y626
will likely be of great benefit. Signaling by this Y626 does not
appear to be absolutely essential for the wild-type TpoR, because
delta60 knock-in mice, in which this residue is deleted, have normal
steady-state platelet numbers.27

Targeting the wild-type TpoR/MPL
High levels of Tpo induce myelofibrosis in mice,28 and Tpo or Tpo
mimetic treatment in humans also can induce a reversible myelofi-
brosis.29 The mechanisms by which Tpo induce myelofibrosis
remain unclear. Two main hypotheses can be invoked: (1) a large
number of megakaryocytes would always lead to myelofibrosis
development because one possible function of megakaryocytes in
the BM is the regulation of the microenvironment through secretion
of cytokines such as PDGF or TGF-�, and (2) increased signaling
induces either a true dysmegakaryopoiesis, as observed in PMF, or
an increased secretion of fibrotic cytokines by the megakaryocytes.
Therefore, one possibility would be to inhibit TpoR signaling in
MPNs (Figure 3). Preliminary experiments in our laboratory
indicate that coexpression of wild-type TpoR and JAK2 V617F in
BM transplantation experiments leads to a more severe phenotype
than JAK2 V617F alone and that, again, this phenotype depends on
Y626 of TpoR (Pecquet et al, unpublished observations). Therefore,
inhibition of TpoR, possibly by an anti-TpoR mAb that blocks
signaling and triggers internalization and degradation, could be
envisaged to retard progression of polycythemia vera (PV) or ET to
myelofibrosis or to reduce fibrosis in PMF. However Tpo does not
only act on MK differentiation, but also on hematopoietic stem cells
(HSCs) in the mouse, where it is major factor in regulating HSC
quiescence.30-32 It is unknown whether Tpo plays the same role in
human HSC homeostasis, but the fact that constitutional loss-of-
function mutations of MPL (congenital amegakaryocytic thrombo-
cytopenia) leads to aplastic anemia strongly suggest that Tpo is also
a key determinant of human HSC function. Therefore, targeting
physiologic TPO/TPOR signaling may be deleterious.

Another possibility will be to target profibrotic cytokines such as
TGF-� or its activation. Presently, the mechanisms of TGF-�
activation in the BM in PMF are unknown. TGF-� itself could be
targeted by neutralizing Abs and this approach has been efficient in
cardiac fibrosis. However, there will be a need for long-term
administration of a humanized anti–TGF-� Ab, which makes this
strategy difficult. A more appealing approach would be to target the
TGF-� receptors by small molecules.

Recently different molecules, such as FT011, have been developed
to inhibit TGF-� and have been tested in other fibrosis diseases with
some success.33

TpoR down-modulation in MPNs
The mechanisms by which one acquired somatic JAK2 V617F
mutation induces 3 diseases, ET, PV, and PMF, remain unclear. The

most discussed hypothesis is that the level of JAK2 V617F activity
is correlated with the phenotype, with low levels inducing ET,
medium levels inducing PV, and very high levels inducing PMF.34

Genetic engineering in mice elegantly showed that the ratio between
JAK2 V617F and wild-type JAK2 is crucial for the MPN pheno-
type,35 but it is not clear whether in humans, in which the entire
disease stems from one HSC (unlike in mice, in which all cells carry
one allele mutated in knock-in or transgenic contexts), this is the
only factor driving phenotype. Interestingly, this hypothesis posits
that the highest sensitivity to JAK2 V617F (or for its effects) is
exhibited by megakaryocytes because they respond first. The
prediction also would be that all PV patients should have ET.
However, the duplication of JAK2 V617F may arise during the
latent phase of the disease, thus explaining why PV does not derive
from ET. However, many but not all PV patients have thrombocyto-
sis. Part of the answer is that many PV and PMF patients actually
exhibit marked down-modulation of TpoR levels in megakaryocytes
and platelets,36 which is not limited to JAK2 V617F patients, but
with a reciprocal correlation between JAK2 V617F allele burden
and TpoR expression levels.37 TpoR down-modulation is mediated
by constitutive ubiquitination and proteasome degradation of TpoR,
along with inhibition of its recycling.38 Unexpectedly, TpoR can
also transduce negative signals39 that arrest proliferation and induce
senescence of megakaryocytes at advanced stages of differentia-
tion.39 Receptor down-modulation prevents such negative effects,
and allows eventually late megakaryocytes to proliferate. Overall,
an increasing body of evidence suggests that TpoR pathologic
signaling is the key to MPN progression. Inhibition of JAK2 in vivo
in patients with myelofibrosis and in JAK2 V617F knock-in mice
leads to a restoration of platelet TpoR levels.38 The same can be
obtained in JAK2 V617F knock-in mice by inhibiting proteasomes
with bortezomib (trade name Velcade).38

Because distinct dimeric orientations of TpoR were found to induce
physiologic platelet formation, myeloproliferation, and myelodys-
plastic phenotypes in vivo in BM adoptive transfer experiments,40 it
is possible that pathologic signaling via TpoR might have more
implications than previously thought.

Targeting other cytokine receptor complexes
In theory, inhibition of EpoR should decrease hematocrit in PV
patients, but this will also rapidly lead to anemia. Whether the
interaction between EpoR and JAK2 V617F could be disrupted
more easily than that between EpoR and JAK2 is unknown.
Furthermore, G-CSFR is using JAK2 for signaling in HSCs and
granulocyte progenitors.41 However, G-CSFR can also bind and
activate JAK1.42 The prediction is that JAK2 V617F activates
signaling by G-CSFR late in the disease. Because G-CSFR activa-
tion leads to release of HSCs and CD34� cells from the BM to the
periphery, it is tempting to speculate that constitutive G-CSFR
activation might contribute to extramedullary hematopoiesis, so a
strategy disrupting JAK2 V617F from G-CSFR might be useful.

JAK2 is also essential for signaling by other type I and type II
receptors, such as IL3, and IFN-�, respectively43 and it was shown
to be active in complexes with diverse receptors, such as IL27R,44 or
gp130 (our unpublished results). It remains to be established
whether such JAK2 V617F-receptor complexes are pathogenic in
MPNs and can be also targets for inhibition.

Myeloid hematopoiesis is also regulated by cytokines or growth
factors that bind and activate tyrosine kinase receptors. Erythroid
colonies from PV patients are hypersensitive to insulin-like growth
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factor 1 (IGF1), and increased tyrosine phosphorylation of the IGF1
receptor beta subunit is detected in mononuclear cells from PV
patients.45 In Ba/F3 cells transformed to autonomous growth by
JAK2 V617F, IGF1 induces further tyrosine phosphorylation of
JAK2 and STAT5, whereas in JAK2 V617F–expressing cells
before selection for autonomous growth, IGF1 induces cell prolifera-
tion, which is not the case for parental Ba/F3 cells.46 This cross-talk
between cytokine receptor-JAK and receptor tyrosine kinase path-
ways might be relevant for the early stages of MPN, when the clonal
dominance occurs, selecting out mutated clones for proliferation.
Interestingly, synergy between Epo and serum growth factors
become essential when the distal part of EpoR is deleted. These
truncated EpoR proteins are hypersensitive to Epo when cells are
grown in serum, but are less responsive to Epo than wild-type
EpoRs when cells are grown in defined medium without IGF1.47

Therefore, activation of MAPK and PI3K is obligatory for erythroid
cell proliferation and differentiation and can occur either from the
distal end of the EpoR or via the parallel pathway of IGF1R
signaling in normal conditions. In the case of PV progenitors, IGF1
hypersensitivity can be the result of the cross-talk between the
JAK-STAT and IGF1R pathways. It is possible that JAK2 V617F,
which is a weak kinase, only phosphorylates the proximal receptor
tyrosines that are involved in STAT5 activation. This would not
diminish the constitutive signal as long the MAPK and PI3K
pathways are activated by IGF1, and progenitors will be hypersensi-
tive because STAT5 is already activated. Targeting of IGF1 and its
receptor, and possibly other tyrosine kinase receptors relevant for
myeloid cell proliferation, could be one avenue for future attempts
to induce a disadvantage for the mutated clone.

Targeting downstream molecules

Targeting serine/threonine kinase cascades emanating
from the cytokine receptor-JAK complexes
Upon JAK activation, cytokine receptors become tyrosine phosphor-
ylated and attract adaptors that link receptors to the 2 main serine
threonine cascades, the MAPK ERK1/2 and PI3K-AKT-mTOR
pathways.1 Proliferation, survival, and differentiation of the 3 myeloid
lineages require these pathways in different proportions and at
different stages of differentiation. The PI3K pathway was suggested
to contribute to the Epo independence of erythroid progenitors in
PV.48 The MAPK-ERK pathway was suggested to induce mega-
karyocyte senescence at high Tpo signaling levels39 and to be
involved in the myelofibrosis induced by TpoR W515 mutants.25

The p38 MAPK pathway activated by FLT3 was shown to
contribute to megakaryocyte abnormal proliferation and differentia-
tion in myelofibrosis.49 These pathways are known in the case of
EGFR to be difficult to inhibit by inhibitors of the upstream tyrosine
kinase (ie, EGFR kinase inhibitors), because a � 90% EGFR
inhibition can allow almost intact MAPK ERK1/2 activation50 given
the incredible efficiency and amplification virtues of these cascades.
Therefore, a better approach would be to test combinations of JAK2
inhibitors and serine threonine kinase inhibitors in MPN progenitors
such as AKT inhibitors. This might allow the discovery of pathways
to which such progenitors could be addicted. The dose of JAK2
inhibitor used would therefore be lower, thus avoiding the side
effects of anemia and thrombocytopenia.

Two examples of pathways linked to the PI3K have been suggested
to play an important role in MPNs. The first is represented by
mTOR. A phase 1/2 study with everolimus, an mTOR inhibitor, in
39 high- or intermediate-risk primary or post-PV/post-ET myelofi-
brosis subjects reported benefic effects in myelofibrosis, with

reductions in spleen size but without a decrease in JAK2 V617F
allele burden.51 The response rate was between 23% and 60%
depending on the criteria used. It will be interesting to determine
whether such mTOR inhibitors exert synergic effects with JAK2
inhibitors.

Downstream of AKT is inhibition of the Forkhead Box O3 (FoxO3)
transcription factor by phosphorylation and sequestration in the
cytosol. FoxO3 is crucial for the maintenance of HSCs, and possibly
for cancer/leukemia stem cells, and the absence of FoxO3 leads to
high levels of reactive oxygen species (ROS) in progenitors and
amplification of the AKT/mTOR pathway, leading to some my-
eloproliferation.52 It would be desirable to eliminate FoxO3 from
cancer cell stem cells and restore it to MPN progenitors, so agents
that prevent or eliminate ROS would be predicted to be useful in the
treatment of MPNs.

Targeting the PI3K/AKT/mTOR pathway might be effective for at
least 2 main reasons. The genetic instability induced by a kinase
such as JAK2 V617F or activated JAK2 is dependent on ROS
accumulation related to degradation and production. ROS degrada-
tion is regulated by enzymes such as catalase or superoxide
dismutase, direct targets of FoxO3, which is inhibited by phosphor-
ylation by AKT, and the production might be dependent on NADPH
oxidase and the Rac pathway. This last pathway seems to depend on
STAT and PI3K activation. ROS accumulation leads to oxidative
DNA damage, as known for 8-oxoguanine, which induces DNA
double-strand breaks and subsequently mutations. The PI3K path-
way may contribute significantly to the acquisition of new muta-
tions and disease progression. Therefore, inhibition of this pathway
might be important to decrease evolution of the disease toward
myelofibrosis and leukemia. In addition, there is some evidence that
JAK2 V617F inhibits p53 stabilization and activation53 through an
increase level of mdm2, the ubiquitin ligase that degrades p53. This
increase in mdm2 is mediated by an increased translation induced
by the mTOR pathway.53 This functional inhibition of p53 plays an
important role in genetic instability, and p53 seems to be central in
leukemic development because, in contrast to sporadic acute
myeloid leukemia (AML), mutations of p53 are frequent in
post-MPN AML. Inhibition of the PI3K pathway, including mTOR,
is predicted to restore normal p53 function in the chronic phase of
MPNs. In addition, treatments targeting the interaction of p53 with
mdm2, such as Nutlin-3, might also be an approach to restore p53
function and to have an effect not only on genetic instability, but
also on myeloproliferation. This type of drug is presently in
development.

Targeting STATs
It has been suggested that PV is mainly associated with increased
STAT5 and STAT3 activation, whereas ET involves mainly STAT3
activation, with PMF being associated with lower levels of STAT5
and STAT3 activation.54 More recently, STAT1 activation was
reported in ET.55 STAT5A/B double-knockout mice are resistant to
the JAK2 V617F–induced MPN,56,57 thus confirming that STAT5 is
essential for MPNs.

Inhibitors of STAT5, such as pimozide,58 and inhibitors of STAT3
and STAT1 could be useful alone or in association with JAK
inhibitors or inhibitors of MAPK and PI3K. Conversely, all of these
STAT proteins play major roles in the immune response and
epithelial regeneration, so side effects are to be expected.
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Targeting of some STAT5 targets could also be useful. It has been
shown that spontaneous erythroid colony formation can be obtained
by overexpressing BCL-XL, which is a direct target of STAT5. It
has been shown that a BH3-mimetic, ABT-737, can induce apopto-
sis of JAK2 V617F cells alone or in association with IFN-�.59 This
therapy might be associated with JAK2 inhibitors, but carries the
risk of markedly inducing thrombocytopenia. Another downstream
molecule of STAT activation could be the PIM kinases.

When STATs are constitutively activated, they are persistently
present in the nucleus and have an increased chance to bind to
low-affinity sites or to recruit adaptors not normally recruited by
transiently activated STATs. Constitutively activated STAT mol-
ecules could regulate genes not normally targeted by cytokine-
activated STATs. These genes (eg, the LIM-domain lipoma pre-
ferred partner [LPP], which hosts miR-28, a negative regulator of
TpoR mRNA translation and of megakaryocyte differentiation) can
be markers of disease or could be involved in driving disease.60

Genomics studies may unravel such novel targets that might be
involved in further genetic instability or progression and could
become novel targets in MPNs.

Avenues for targeting epigenetic regulators in MPNs
The constitutive nature of JAK2 V617F activation is predicted to
amplify previously unrecognized roles for JAK2, which in the
context of cytokine signaling are transient or not detectable by
current assays. JAK2 was shown to phosphorylate Y41 of histone
3 and to exclude heterochromatin protein 1a alpha from chromatin,
leading to gene induction, such as induction of Lmo2.61 Such
nuclear JAK2 signaling is predicted to be important for the
persistently activated JAK2 V617F. Furthermore, mouse embryonic
stem (ES) cells carrying JAK2 V617F exhibited increased levels of
H3Y41 phosphorylation and could replace leukemia inhibitory
factor for ES cell renewal, which was inhibited by JAK2 inhibi-
tors.62 Therefore, chromatin signaling by JAK2 can play a role in
ES cell renewal.

JAK2 V617F and the exon 12 K539L mutant were also reported to
induce enhanced binding to and pathological phosphorylation of
protein arginine methyltransferase 5 (PRMT5), inhibiting its argi-
nine methyltransferase activity and favoring myeloproliferation.63

Given these results, 2 prediction can be made: (1) several novel
preferred substrates might be identified for mutated JAK2 proteins
that could be important as targets in MPN treatment, and
(2) downstream signaling partners of those preferred interacting
partners might also play a major role in MPN and could be targets
for inhibition.

One of the reasons of the egress of CD34� cells from the BM in
PMF might be that the CXCR4 chemokine receptor for SDF1 is not
expressed on PMF CD34� cells.64 This was shown to be related to
promoter methylation. Treatment with 5-azacytidine or sequential
treatment with 5-azacytidine and trichostatin A led to an increase of
membrane expression of CXCR4.65 Whether inhibitors of JAK2
reduce spleen size due to an effect on chemokine secretion or
chemokine receptor function is not clear, but elucidation of the
molecular targets of these effects would greatly improve searches
for other molecules that would have similar effects without inducing
the anemia and thrombocytopenia that are side effects of JAK2
inhibitors.

A synthetic class I histone deacetylase inhibitor, ITF2357, was
surprisingly shown to target cells carrying the JAK2 V617F

mutation, as well as the HEL cell line, which only expresses
JAK2 V617F ITF2357-induced JAK2 V617F degradation without
changing mRNA levels for JAK2 V617F.66 These effects might
be due to inhibition of deacetylation inhibition linked to prevent-
ing HSP90 interactions. This compound exerts proapoptotic effects
in AML and multiple myeloma cells, and was shown to down-
modulate secretion of several cytokines, IL6, IFN-�, and VEGF, at
doses similar to those inducing the proapoptotic effects.67 A phase
2A study explored the effects of a HDAC inhibitor, givinostat, with
a median duration of 20 weeks. The effects were 1 complete
remission, 6 partial remissions, 4 nonresponses, and 2 trial withdraw-
als of 13 ET/PV patients.68

MPNs share with myelodysplastic syndrome and AML several
genetic lesions, such as biallelic inactivation or mutations in TET2,
ASXL1, DNMT3A, and EZH2, and more recently in genes of the
spliceosome such as SRSF2 or SF3B1.69,70 These mutations can
occur before or after acquisition of JAK2 V617F. Mutations in
epigenetic regulators appear to induce enhanced renewal to HSCs
and/or extent proliferation of progenitors and defects in maturation,
whereas mutations in SF3B1 may induce defects in maturation such
as sideroblasts. However, mutations of these genes alone do not
induce a malignant hematological disease, but participate in the
development of the clonal dominance. The type of hematological
disease will depend on associated oncogenic mutations such as
JAK2 V617F for MPNs, whereas acquisition of both transcription
factor/differentiation and proliferative mutations will lead to AML.

Mutations in components of the PRC2 complex appear to be very
important and frequently associated with leukemic transformation
of chronic myeloid disorders. The JARID2 member of the PRC2 is a
gene frequently deleted in AML after MPN or myelodysplastic
syndrome.71 Another member of the PRC2, EZH2 is also mutated in
MPNs and AML and, interestingly, EZH2 mutations seem to be
mutually exclusive with TpoR W515 mutations.69 Future directions
would be to define ways to monitor function of PRC2 and to identify
the signals and the basis of the genetic instability that leads to
JARID2 deletions and dysfunction of PRC2. One difficulty in this
approach is related to the fact that most mutations are loss-of-
function mutations and are therefore more difficult to target.
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