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Abstract The discovery of activating mutations in JAK2

and MPL in a majority of patients with myeloproliferative

neoplasms (MPN) has led to the rapid clinical development

of several JAK kinase inhibitors. Of these, the JAK1/2

inhibitor, ruxolitinib (INCB018424, Incyte Corporation)

was recently approved for the treatment of patients with

myelofibrosis (MF). JAK inhibitors have effectively

reduced splenomegaly and high cytokine levels in patients

leading to improvements in quality of life. However, they

have not been successful in eliminating the mutant clone in

a majority of patients. In vitro studies using saturation

mutagenesis screens have revealed several mutations in

JAK2 that confer resistance to JAK inhibitors. Nevertheless,

these mutations have not been identified so far in JAK

inhibitor-treated patients. A recent study from our labora-

tory demonstrated that chronic JAK kinase inhibition leads

to JAK inhibitor persistence via transphosphorylation of

JAK2 through other JAK kinase family members. This

phenomenon is seen in cell lines, mouse models and patient

samples. The JAK inhibitor persistent cells, however, still

remain JAK2 dependent and therefore combination thera-

pies that target JAK2 and other components of the JAK–

STAT pathway along with JAK inhibitors may provide

additional benefits and improve clinical outcomes in these

patients.
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The spectrum of myeloproliferative neoplasms

The World Health Organization (WHO) classifies patients

with myeloproliferative neoplasms (MPN) into two cate-

gories, those that are Philadelphia (Ph?) chromosome

positive with classical chronic myeloid leukemia (CML),

and those patients that are Philadelphia chromosome neg-

ative (Ph-). This review will focus on the non-CML

classical MPN that includes the clinically distinct diseases

polycythemia vera, essential thrombocytosis (ET) and

primary myelofibrosis (PMF). It was the foresight of the

American hematologist, William Dameshek, who, in 1951

[1], suggested that these diseases were closely interrelated

manifestations of abnormal bone marrow proliferation.

In patients, PV manifests itself with an excessive pro-

liferation of three cell lineages: erythroid, myeloid and

megakaryocytic cells. Patients typically present with

increased numbers of erythrocytes accompanied by

increase in hematocrit and hemoglobin levels, with vari-

able leukocytosis and thrombocytosis. They often have

splenomegaly and their bone marrows may have increased

reticulin fibers indicative of progressive fibrosis. Secondary

myelofibrosis can occur in roughly 6 % of PV patients with

an increased risk of progression over time [2]. ET patients

have an extremely high platelet count with a normal red

blood cell count, and as in PV and at risk for thrombotic
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and hemorrhagic events. Post-ET myelofibrosis is less

common than post-PV myelofibrosis, but does occur in a

subset of ET patients. PMF patients, on the other hand,

present with extensive bone marrow fibrosis, anemia,

extramedullary hematopoiesis, organomegaly and an

altered cytokine expression profile.

Mutations in the JAK–STAT pathway

It took more than 50 years after Dameshek’s seminal

observations for investigators to uncover the first molecular

culprit for these disorders. In 2005, several groups reported

the discovery of a somatic activating mutation in JAK2 in a

majority of MPN patients, thereby vindicating Dameshek’s

observations [3–6]. JAK2 is a member of the Janus family

of non-receptor tyrosine kinases that mediate downstream

JAK–STAT signaling upon activation by a cognate cyto-

kine. The JAK2V617F mutation occurs in 90–99 % of PV

patients, 41–72 % of ET patients and 39–57 % of PMF

patients, making it the most frequently found mutation thus

far in MPN patients. The majority of the small subset of PV

patients who did not harbor JAK2V617F were found to

bear mutations in another region of JAK2, specifically in

the SH2 domain inside exon 12 [7]. Further research led to

the identification of MPLW515L/K mutations in a small

percentage of ET and PMF patients (8 %), although the

mutation frequency of MPL is less well characterized as for

JAK2V617F [8]. However, regardless of the type of

mutation, the hallmark of MPN pathogenesis is aberrant

JAK–STAT signaling. Of note, mutations in several epi-

genetic regulators have been observed recently in MPN

patients (mostly at a frequency \ 10 %) including CBL,

IDH1, IDH2, TET2, EZH2, DNMT3A, ASXL1, SF3B1,

IKZF1 and others [9]; however, the role of these mutant

disease alleles in MPN pathogenesis is beyond the scope of

this review.

The Janus family of kinases is involved in the trans-

duction of cytokine-mediated signals in a number of cell

types and regulates cytokine-dependent gene expression, in

part by activating the signal transducers and activators of

transcription signaling effectors (STATs). Four mamma-

lian JAKs have been identified, namely JAK1, JAK2,

JAK3, and TYK2 [10–13]. These proteins are characterized

by the presence of the kinase domain (JH1) along with a

non-catalytic pseudokinase domain (JH2), which is postu-

lated to serve as a negative regulator of JAK kinase activity

[14]. Interestingly, the JAK2V617F mutation is located in

the pseudokinase domain of JAK2 and recent studies have

demonstrated that the pseudokinase domain has dual-

specificity kinase activity, with the ability to phosphorylate

two negative regulatory sites in JAK2: Ser523 and Tyr570

[15]. MPN patients that are JAK2V617F positive have

reduced phosphorylation of JAK2 at Tyr570, suggesting

that loss of JH2 activity contributes to the pathogenesis of

MPN.

JAK1, JAK2 and TYK2 are ubiquitously expressed as

compared to JAK3, which is primarily expressed in

hematopoietic cells [16]. Upon ligand binding, cytokine

receptor subunits associate, thereby resulting in homotypic

or heterotypic dimerization of the JAK molecules that are

associated with them. This results in transphosphorylation

and initiation of signaling via recruitment and phosphory-

lation of the STAT family of transcription factors [13].

Upon getting activated by JAK kinases, the STATs can

dimerize via their SH2 domains, which leads to nuclear

translocation, binding to specific DNA sequences and

transcriptional activation/repression of target genes [17].

Of note, the JAK–STAT pathway can interact with the

receptor tyrosine kinase/Ras/MAPK pathway and also

result in activation of the PI3K signaling pathway leading

to complex biological consequences.

Recent data, however, has also shown that JAK2 can

directly enter the nucleus and phosphorylate histone H3 at

Tyr41 residue [18]. Resultant activation of H3 prevents its

binding with HP1a, which in turn, causes repression of

heterochromatin genes. Understanding this non-canonical

activation of JAK2 will be important in delineating the

emerging role of JAK2 in epigenetic regulation in MPN

pathogenesis and other contexts.

Clinical experience with JAK inhibitors

Following the discovery of JAK mutations in a majority of

MPN patients, JAK inhibitors entered clinical trials fairly

rapidly. There are several JAK inhibitors in various stages

of clinical development including, but not limited to

INCB018424, SAR302503, CYT387, SB1518, CEP701,

LY2784544, NS018, AZD1480, and BMS911543

(Table 1). The initial goal was to obtain rapid clinical and

molecular responses, as have been observed using imatinib

and other Abl kinase inhibitors for Ph? CML patients.

These JAK inhibitors differ in their structure and their

specificity to JAK2 kinase. The most advanced amongst

these inhibitors is the FDA approved agent ruxolitinib, also

known as INCB018424.

Ruxolitinib

Ruxolitinib is an orally bioavailable, JAK1/2 kinase

inhibitor that has been approved for treating high-risk PMF

patients. It inhibits JAK1 and JAK2 at IC50 values of 3.3

and 2.8 nM, respectively, and has much lower affinity for

TYK2 and JAK3 in cell-free assay systems [19]. Ruxolit-

inib potently inhibits JAK–STAT signaling in Ba/F3 cells
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engineered to express JAK2V617F, induces apoptosis in

these cells and reduces erythroid colony formation in

ex vivo-treated PV samples. Preclinical studies using rux-

olitinib were highly encouraging with reduction in spleen

size and normalization of cytokine profiles in treated mice

[20].

Several excellent reviews have covered the clinical

efficacy of ruxolitinib [20, 21]. Briefly, the Phase II/III

COMFORT (COntrolled MyeloFibrosis study with ORal

JAK inhibiTor) trials, in which patients were given rux-

olitionib compared to placebo (COMFORT-I) or best

available care (COMFORT-II) led to the FDA approval of

ruxolitinib. These studies showed that ruxolitinib resulted

in remarkable improvement in constitutional symptoms of

patients, reduction in spleen sizes and abatement of the

‘‘cytokine storm’’ seen in these patients [22–26]. Ruxolit-

inib overall, seems to be well tolerated in patients with very

few grade 3–4 side effects [24]. MF patients taking ruxo-

litinib had modest, albeit significant improvements in

overall survival, possibly by improving cachexia, and some

reversal in bone marrow fibrosis [25]. Further, preliminary

data from a Phase II study of ruxolitinib in PV patients also

suggests significant reductions in white blood counts,

improvement in constitutional symptoms and modest

reduction in allele burden [27].

SAR302503

SAR302503 from Sanofi (formerly from TargeGen,

TG101348) is another JAK2 inhibitor that has shown

promise in clinical trials. TG101348 inhibits JAK2 at an

IC50 of 3 nM and JAK1 at 105 nM, suggesting it is more

JAK2 specific than ruxolitinib [28]. Further, the compound

inhibited ex vivo hematopoietic colony growth in MPN

patients [28] and was efficacious in a mouse bone marrow

transplant driven by JAK2V617F [29]. The clinical expe-

rience with SAR302503 in a Phase II study showed

improvements in splenomegaly and constitutional symp-

toms, and durable, albeit modest, reduction in mutant allele

burdens in a subset patients with intermediate or high-risk

myelofibrosis, PV, or ET, and in patients with ruxolitinib-

resistant or intolerant myelofibrosis [30]. SAR302503 is

also being investigated in a Phase III trial in patients with

intermediate-2 or high-risk myelofibrosis, and the results

from that clinical trial should be available soon.

CYT387

A recent report at the American Society of Hematology

annual meeting presented data on an extended Phase II trial

of CYT387 (from Gilead Sciences, formerly called Cyt-

opia) [31]. CYT387 is a Type I JAK1/2 inhibitor with IC50

values of 11 and 18 nM, respectively, for JAK1 and JAK2

[32]. Along with improvements in patient constitutional

symptoms and reduction in splenomegaly, about 70 % of

the patients enrolled in this trial became transfusion inde-

pendent for prolonged periods suggesting this agent may

have different effects on erythroid response compared to

other agents in this class.

Lestaurtinib

Lestaurtinib or CEP701 (Cephalon) has been used in

clinical trials for AML patients based on its anti-Flt3

activity [33]. The compound also inhibits JAK2 at an IC50

concentration of 0.9 nM [34]. Lestaurtinib could also

inhibit JAK–STAT signaling in erythroid precursor cells

from MPN patients. A Phase II clinical study of CEP701 in

JAK2V617F-positive PMF or post-PV/ET myelofibrosis

patients showed modest efficacy with no improvement in

bone marrow fibrosis or mutant allele burden [35].

Pacritinib

Pacritinib or SB1518 (SBio) is a pyrimidine-based JAK

inhibitor that has much higher efficacy against JAK2

(IC50 = 19–23 nM) compared to other JAK kinases [36].

The compound also shows significant Flt3 activity

Table 1 JAK Inhibitors in clinical development

Agent Company Activity Status Ref.

Ruxolitinib (INCB018424) Novartis/Incyte JAK1/JAK2 FDA approved for MF, Phase II clinical trials for PV [23–27]

TG101348/SAR302503 Sanofi Aventis JAK2, Flt3 Phase III for MF [28–30]

CYT387 Cytopia JAK1/JAK2/TYK2 Phase II for MF [31, 32]

Pacritinib (SB1518) Sbio JAK2, Flt3 Phase III for MF [36, 37]

AZD1480 Astra Zeneca JAK1/JAK2 Phase I for MF [40]

LY2784544 Eli Lily JAK2 V617F Phase I for MF [38]

Lestaurtinib (CEP701) Cephalon JAK2, Flt3 Phase I for MF [33–35]

BMS-911453 Bristol-Myers Squibb JAK2 Phase I for MF [41]

NS-018 Nippon-Shinyaku JAK2, Src Phase I for MF [39]

PV polycythemia vera, MF myelofibrosis
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(IC50 = 22 nM) and has been well tolerated in a Phase II

study for MF patients [37].

Several other JAK inhibitors including LY2784544 [38],

NS018 [39], AZD1480 [40], and BMS911543 [41] have

been evaluated in Phase I/II clinical trials but there is little

data available regarding the efficacy of these inhibitors thus

far (Table 1).

How effective are JAK inhibitors as monotherapeutic

agents?

All the JAK inhibitors tested thus far in clinical trials have

been ATP mimetic Type I JAK inhibitors, which are

defined by their ability to bind JAK2 in and around the

region occupied by the adenine ring of ATP and do not

require the DFG motif in the activation loop to adopt a

‘DFG-out’ conformation for binding. Treatment with Type

I JAK inhibitors leads to paradoxical phosphorylation of

JAK2, possibly a result of stabilization of activated JAK2

[42]. Further, compared to the dramatic effects of imatinib

in CML, histopathologic and molecular responses in terms

of allele burden reduction have been modest with JAK

inhibitors. Also, unlike imatinib, where a maximum toler-

ated dose (MTD) was not attained for CML, treating MPN

patients with JAK inhibitors leads to considerable side

effects including anemia and thrombocytopenia, possibly

due to the indispensable role of JAK2 in erythropoiesis

[43].

The clinical experience with JAK inhibitors is similar to

what has been observed in mouse preclinical models.

Mullally et al. [44] generated a JAK2V617F knock-in

mouse that had disease features of human PV. Treatment of

the primary JAK2V617F knock-in mice with TG101348

for 6 weeks reduced spleen weights and improved histo-

pathology in inhibitor-treated mice compared to vehicle-

treated mice. The authors then purified LSKs from the

vehicle-treated and JAK inhibitor-treated primary mice and

transplanted equal number of cells into lethally irradiated

secondary recipients. All the secondary recipients, how-

ever, showed complete hematological reconstitution along

with increased hematocrits, suggesting that inhibitor

treatment was not effective in eradicating or even reducing

the number of MPN-initiating cells. Further, longer treat-

ment duration of 10 weeks was also not enough to elimi-

nate the disease initiating cells as seen by increased

hematocrits in tertiary recipients 3 weeks after transplan-

tation suggesting that JAK inhibitor therapy was not

curative in this model. We have seen similar results in our

MPLW515L GFP-driven mouse bone marrow transplant

models that mimic many features of human ET/PMF [45].

We saw that while 4 weeks of treatment with

INCB016562, another JAK2 inhibitor, reduced blood

counts, improved survival and histopathology of treated

mice, it did not reduce GFP percentage (a measure of the

mutant allele burden) in peripheral blood or the proportion

of GFP-positive HSC-enriched Lin-c-kit?sca-1? (LSK)

cells in treated mice.

Mechanisms of resistance to JAK2 inhibitors

Since JAK2 inhibitors have shown limited efficacy in

reducing allele burden and fibrosis in MPN, several groups

conducted in vitro studies to identify possible genetic

mechanisms underlying this phenomenon. A saturation

mutagenesis screen performed in JAK2V617 mutant cells

identified five non-synonymous mutations in the JAK2

kinase domain that conferred resistance to ruxolitinib [46].

Further, these mutations displayed cross-resistance to other

JAK2 kinase inhibitors such as CYT387, TG101348,

CEP701 and AZD1480. To date these mutations have not

been observed in the clinical setting.

Another group isolated several other mutations in TEL-

JAK2 mutant cells, in which JAK2 is constitutively acti-

vated via the fusion of its pseudokinase and kinase domain

to the PNT oligomerization domain of TEL [47]. These

alterations primarily conferred resistance to JAK Inhibitor

I, a commercially available pan-JAK inhibitor but did not

affect response to other clinical inhibitors indicating that

these might be compound specific mutations. Neither group

isolated the putative gatekeeper mutations at position

M929, which is predicted to confer resistance to ATP-

competitive inhibitors, suggesting that these screens did not

achieve complete saturation. Upon testing the gatekeeper

mutation, they found it conferred modest resistance to

ruxolitinib and JAK Inhibitor I.

Since JAK2 is mutated in other hematological malig-

nancies including B-ALL, Weigert et al. [48] utilized a

similar approach in JAK2R683G mutant cell lines using a

novel JAK2 inhibitor, NVP-BVB808 and identified the

same alleles as in previous studies. They also demonstrated

that these alterations conferred varying degrees of resis-

tance to other clinically relevant JAK inhibitors in

JAK2V617F mutant cells. Table 2 summarizes all the

mutations identified in various screens that have been

carried out using JAK inhibitors in MPN.

All the mutations identified so far are located in the

kinase domain of JAK2. A number of the mutations occur

at residues located in the ATP binding pocket of JAK2 that

have been shown to interact with JAK Inhibitor I based on

the crystallographic analyses [49] and presumably would

interact with other Type I JAK inhibitors (Fig. 1). They are

also relatively few in number compared to those identified

in BCR-ABL mutant cells in response to imatinib treatment

[50] suggesting that a few critical residues are probably

involved in mediating resistance in the future. However, as
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discussed above, to date second-side mutations in JAK2

have not been identified in MPN patients treated with

JAK2 inhibitors. This might be due to dose-limiting tox-

icities associated with JAK2 inhibitors due to its critical

role in normal hematopoiesis that do not allow achieve-

ment of high enough doses to induce genetic resistance.

We recently demonstrated that chronic exposure of

MPN cells to ruxolitinib leads to the development of per-

sistent cells in which JAK2 is activated via the formation of

heterodimers with other JAK kinases including JAK1 and

TYK2 [51]. These cells are cross-resistant to other JAK

inhibitors including JAK Inhibitor I and TG101348. This

phenotype was neither due to the outgrowth of a pre-

existing persistent subpopulation nor due to acquisition of

secondary mutations. We saw this phenomenon in cell

lines, murine models, as well as in primary samples from

patients treated with ruxolitinib. The underlying mecha-

nism is based on the stabilization of activated JAK2 by the

binding of Type I inhibitors, which facilitates the recruit-

ment of other JAK kinases, which can then transactivate

Table 2 Summary of JAK2 mutations identified in in vitro screens

Mutation Location and putative function Inhibitor/s it confers resistance to Reference

Y931C Located in ATP binding pocket in hinge region,

shown to interact with JAK Inhibitor I

Ruxolitinib, AZD1480, TG101348, Lestaurtinib, CYT387,

Tofacitinib, JAK Inhibitor I, BVB808, BSK805

[46, 48]

G935R Located in C-terminal lobe, shown to interact with

JAK Inhibitor I

Ruxolitinib, AZD1480, TG101348, Lestaurtinib, CYT387, JAK

Inhibitor I, BVB808, BSK805

[46–48]

R938L Located near ATP binding pocket at end of hinge

region

Ruxolitinib, AZD1480, TG101348, Lestaurtinib, CYT387 [46]

I960 V Located in close proximity of ATP binding pocket Ruxolitinib, AZD1480, TG101348, Lestaurtinib, CYT387 [46]

E985K Located in C-terminal lobe Ruxolitinib, AZD1480, TG101348, Lestaurtinib, CYT387 [46]

M929I Gatekeeper residue located in hinge region, shown to

interact with JAK Inhibitor I

Ruxolitinib, JAK Inhibitor I [46, 47]

E864K Located near P-loop in N-terminal lobe JAK Inhibitor I, BVB808, BSK805 [47, 48]

V881A Located in hydrophobic core in N-terminal lobe JAK Inhibitor I [47]

N909K Located near B4 sheet in N-terminal lobe JAK Inhibitor I [47]

Y918H Located near B4 sheet in N-terminal lobe JAK Inhibitor I [47]

R975G Involved in stabilization of JAK2 activation loop JAK Inhibitor I [47]

P1057S Located in JAK2 kinase insertion loop JAK Inhibitor I [47]

R1127K Located in C-terminal lobe JAK Inhibitor I [47]

   P P P P P PJAK2 JAK2 JAK2 JAK2

P P P P P PSTAT STAT STAT STAT STAT STAT

JAK2JAK1/
TYK2

Nucleus Nucleus Nucleus

a b c

Fig. 1 Mechanisms of resistance to JAK2 inhibitors: a in naı̈ve cells,

JAK2 inhibitors are able to bind JAK2 and inhibit downstream STAT

signaling. b Secondary mutations in JAK2 prevent the binding of

inhibitors to the ATP binding pocket resulting in activation of STATs

and expression of genes involved in proliferation and survival.

c Prolonged exposure to JAK inhibitors can stabilize activated JAK2

and facilitate recruitment of other JAK kinases, which can transphos-

phorylate JAK2, thereby restoring downstream signaling pathways

Sensitivity and resistance of JAK2 inhibitors 699
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JAK2 and reactivate downstream signaling. Persistence is

reversible and cells rapidly become resensitized following

withdrawal of drug. This suggests that MPN patients might

benefit from taking a drug holiday before being retreated

with the same or different JAK2 inhibitor.

The JAK inhibitor persistent cells, however, remain

dependent on JAK2, as knockdown by short hairpins tar-

geting JAK2 inhibits their growth and inhibits downstream

signaling. They also remain sensitive to Hsp90 inhibitors

such as the novel purine-based PU-H71 that result in

degradation of total JAK2. These data indicate that JAK2 is

required, presumably as a signaling scaffold, even when its

kinase activity is inhibited, and that degradation of the

JAK2 kinase rather than inhibition of its kinase activity

may have improved efficacy in MPN patients. Of note, PU-

H71 causes lineage-specific reduction in myeloprolifera-

tion and is selectively retained in mutant cells, where it is

able to degrade JAK2 in a tumor-selective manner [52].

Another strategy to target these persistent cells was the use

of Type II inhibitors such as BBT-594, which bind JAK2 in

a conformation-independent manner and do not contribute

to stabilization of activated JAK2 [42].

Kalota et al. [53] reported that granulocytes from mye-

lofibrosis patients are relatively insensitive to ex vivo

JAK2 inhibition in terms of reduction in levels of phos-

phorylated STAT3 and STAT5 as compared to patients

with PV and ET as well as normal controls. This was a cell-

intrinsic phenomenon and was observed in JAK2 inhibitor-

naı̈ve patients suggesting that certain subgroups of patients

might have de novo mechanisms of resistance/persistence

to JAK inhibitors, which should be further investigated.

Alternative approaches using combinatorial therapy

Preclinical and clinical studies conducted to date indicate

that JAK2 enzymatic inhibitors will likely not be curative

as monotherapy in MPN. Therefore, a number of groups

are investigating the potential of targeting alternative

pathways in combination with JAK–STAT in disease

models. JAK2 is a client protein of the Hsp90 chaperone

complex and is rapidly degraded upon inhibition of Hsp90

by small molecules such as PU-H71 and AUY922 [48, 52].

Combining these inhibitors with JAK2 inhibitors was

highly effective in inhibiting growth and survival in MPN

cell lines, murine models and primary cells [48, 52, 54].

Hsp90 inhibition was also able to overcome persistence as

well as genetic resistance to JAK2 inhibitors in cell lines

and xenograft models [48, 51, 54]. These studies provide a

compelling rationale for pursuing this avenue of combi-

nation therapies in the clinic.

HDAC inhibitors like panobinostat and givinostat also

result in degradation of JAK2 and inhibition of growth and

downstream signaling, possibly by disrupting the binding

of JAK2 and HSP90 and through additional mechanisms

relating to the pleiotropic role of HDAC proteins in MPN

cells. In separate Phase I/II trials with panobinostat or

givinostat, MF patients experienced improvement in sys-

tematic symptoms and reduction in splenomegaly [55–57].

Cotreatment of MPN cells with the JAK2 inhibitor

TG101209 and panobinostat led to synergistic induction of

apoptosis in MPN cells [58]. Similarly, combination of

panobinostat with ruxolitinib showed greater activity than

either agent alone in a JAK2V617 murine model [59].

There is an ongoing Phase I trial assessing the efficacy of

combined ruxolitinib and panobinostat treatment.

In addition to enhanced JAK–STAT signaling, MPN

cells display activation of other oncogenic pathways

including MAPK and mTOR/PI3K signaling. In a Phase

I/II trial evaluating the efficacy of the mTOR inhibitor,

everolimus, 60 % of MF patients had improvement in

constitutional symptoms and decrease in spleen enlarge-

ment albeit to a lesser degree than observed with JAK

inhibitors. However, it did not lead to a decrease in mutant

allele burden or significant changes in the cytokine profile

of these patients [60]. Treatment of cultured as well as

primary MPN cells with the dual PI3K/mTOR inhibitor

BEZ235 combined with the JAK inhibitor SAR302503 had

synergistic effects on induction of apoptosis and inhibition

of colony growth in cultured and primary MPN cells as

compared to normal CD34? cells [61]. BEZ235 was also

effective against a cell line that had been made resistant to

TG101209 [61]. Similar results were also reported with the

combination of JAK2 inhibitors with a MEK inhibitor,

AZD6244 [62, 63].

Recently, developmental pathways such as Hedgehog,

Wnt and Notch have been shown to play a role in devel-

opment of myeloid malignancies and remain an active area

of research as possible therapeutic targets [64–67]. In

Phase I trials of the Hh inhibitor PF-04449913 in hema-

tological malignancies including MPN, 4/5 MF patients

attained stable disease while 1 experienced a clinical

response including a reduction in spleen size [68]. Further

studies are warranted to evaluate the efficacy of combining

these agents with JAK kinase inhibitors.

In conclusion, JAK inhibitors improve constitutional

symptoms and cachexia seen in MF patients. However,

they are unable to render cytogenetic or molecular remis-

sion. Using allosteric JAK inhibitors or combination with

other classes of inhibitors including HDAC and/or Hsp90

inhibitors or with inhibitors that target thePI3K/Akt/MEK

pathways may provide further benefit without additional

toxicities and help improve outcomes in these patients.

Although JAK inhibitors represent a major milestone in

improving outcomes for MPN patients, we believe that

combination studies and informed development of second-
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generation JAK targeting therapies have the potential to

more substantively improve outcomes for MPN patients.
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