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Abstract

Over the past decade, there has been increasing biochemical evidence that the Janus kinase (JAK)-

signal transducer and activator of transcription (STAT) pathway is aberrantly activated in 

malignant cells from patients with a wide spectrum of cancers of the blood and immune systems. 

The emerging availability of small molecule inhibitors of JAK kinases and other signaling 

molecules in the JAK-STAT pathway has allowed preclinical studies validating an important role 

of this pathway in the pathogenesis of many hematologic malignancies, and provided motivation 

for new strategies for treatment of these diseases. Here, a roundtable panel of experts reviews the 

current preclinical and clinical landscape of the JAK-STAT pathway in acute lymphoid and 

myeloid leukemias, lymphomas and myeloma, and chronic myeloid neoplasms.
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Introduction

Though patients with hematological malignancies appear to have been well served by 

translational research since the early 1980s, it is has only been the past two decades when 

the unraveling of some of the principal molecular events paved the way to define rationale 

molecular targets for treatment [1]. For some rare malignancies, such as chronic myeloid 

leukemia (CML), the identification of a definitive initiating molecular event, the BCR-ABL1 

fusion gene, in 1985 led to efforts to develop a remarkably successful treatment with the 

ABL1 tyrosine kinase inhibitors (TKIs) [2]. Today, this is considered one of the most 

significant successes in cancer medicine. It is, however, of some interest, that despite this 

claim, there remains some debate as to whether the ‘initiating molecular event’ is indeed the 

first molecular event in all patients with CML or not [3].

Around the same time as the aberrant BCR-ABL1 fusion gene was discovered, another 

molecular pathway, the Janus kinase (JAK)-signal transducer and activator of transcription 

(STAT) pathway that regulate cell differentiation, proliferation and survival, was also 

described [4]. Further elucidation and insights into potential initiating events in candidate 

hematological and other cancers, however, occurred only in the past decade, following the 

seminal discovery of the JAK2V617F mutation in patients with myeloproliferative neoplasms 

(MPN) in 2005 [5-8]. The JAK2V617F mutation confers constitutive kinase activity resulting 

in cytokine hypersensitivity and abnormal hematopoiesis in such patients. These 

observations led to efforts in developing JAK inhibitors as targeted therapies for patients 

with MPN.

Much of what we have learned about the JAK-STAT pathway stems from the work 

conducted on the molecular basis of the effects of various cytokines. Preclinical research on 

cytokines, such as interferons (IFN), erythropoietins, and diverse growth factors (GFs) 

confirmed their importance for hematopoiesis, cell proliferation, survival, differentiation, 

and immune and inflammatory responses [9,10]. It is now well established that the JAK-

STAT pathway is pivotal to signaling by cytokine receptors and select GFs, and centrally 

implicated in diverse myeloid and lymphoid malignancies as well as several solid tumors 

(Figure 1) [11]. This understanding has now paved the way for new targeted treatments to be 

developed for diseases that appear dependent on the JAK-STAT signaling [12,13].

This review, based in part on a roundtable discussion amongst academic experts at the 54th 

American Society of Hematology Annual Meeting in Atlanta, Georgia, focuses on recent 

advances in the understanding of the biology of the JAK-STAT pathway in hematological 

malignancies, and discusses the potential therapeutic benefits of JAK inhibitors for such 

patients.
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Cytokines and the JAK-STAT Signaling Pathway

The JAK family is comprised of four cytoplasmic tyrosine kinases, JAK1, JAK2, JAK3 and 

tyrosine kinase 2 (TYK2), which exhibit considerable diversity in their functions: JAK1 and 

JAK2 having a broader role in hematopoiesis, neural development, host defense and now 

considered to have a causal role in a number of hematological malignancies; JAK3 and 

TYK2 are implicated principally in immune responses. The STAT family comprise of seven 

DNA-binding proteins, STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT 6. 

Of the STAT proteins, STAT3, STAT5a and STAT5b have a broad and critical transcription 

role in survival, proliferation and self-renewal; in contrast, STAT1, STAT2, STAT4 and 

STAT6 appear to have a more restricted role, primarily in immunoregulation [14,15].

Both JAKs and STATs mediate signaling by binding with the cytoplasmic domains of 

various cytokine and GF receptors. Recent efforts have confirmed the notion of the 

previously inactive JAKs, which are in close proximity to the cytokine/GF receptor’s 

cytoplasmic region, being activated upon binding with the cognate cytokine/GF and 

resulting in cross-phosphorylation and receptor tyrosine phosphorylation. This in turn 

creates selective binding sites for the STAT proteins. Upon binding, these proteins become 

tyrosine-phosphorylated, then dimerize and translocate to the nucleus, where they function 

as transcription factors by regulating gene expression and affect the molecularly distinct 

disease phenotypes [11,14]. In addition to STAT activation, JAK signaling also activates 

other molecular pathways, such as the mitogen-activated protein kinase (MAPK), AKT/

mammalian target of rapamycin (mTOR) and phosphatidylinositol-3′-kinase (P13K) 

cascades [16]. STAT proteins can also be activated by other kinases, in particular SRC 

family kinases [17].

The notion of an aberrant activation of the JAK-STAT pathway being associated with 

malignancy was suggested by the landmark observations of constitutive JAK-STAT 

activation in human T-lymphotropic virus (HTLV-1) infected T-cells and Epstein-Barr virus 

(EBV)-associated lymphoma cell lines in 1995 [18,19]. This initial evidence was confirmed 

more recently by the recognition of recurrent genetic alterations in JAKs and STATs in 

patients with diverse malignancies [20]. It is now well established that JAK2 mutations are 

frequently associated with BCR-ABL1-negative MPN, which include polycythemia vera 

(PV), essential thrombocythemia (ET), and primary myelofibrosis (PMF). The remarkable 

presence of the JAK2V617F mutation in the majority of patients with MPN paved the way 

towards the development of the first ATP-competitive inhibitor of JAK1 and JAK2, 

ruxolitinib, which was licensed in for patients with intermediate- or high–risk myelofibrosis 

(MF) in USA in late 2011 and Europe in early 2013[21,22]. It is of interest that JAK-STAT 

pathway deregulation has been noted in almost all MPN patients, independently of the 

presence or absence of JAK2V617F mutation. The observation that this drug was able to 

accord substantial symptomatic relief and a reduction of splenomegaly in most patients with 

advanced MF, but without a major alteration of the candidate molecular correlates, such as a 

reduction in the JAK2 mutant allele burden, suggested that its principal action was on the 

dysregulated JAK-STAT pathway. Dysregulation of the JAK-STAT pathway has now been 

described in lymphoid and myeloid malignancies [23].
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In addition to direct activation of JAK/STAT signaling and the resulting transcriptional 

responses in malignant cells, several “non-canonical” roles for JAKs and STATs in the 

pathogenesis of hematological neoplasms have been described. JAK2 plays a novel role in 

the nucleus, mediating phosphorylation of histone H3 and altering epigenetic regulation of 

MYC [24]. Serine phosphorylation at positions S725 and S779 is required for hematologic 

transformation by a constitutively active STAT5 mutant [25], while other studies have 

identified a role for mitochondrial STAT3 in RAS-mediated transformation [26].

Lymphoid neoplasms

Considerable progress has been made in unraveling the molecular pathogenesis related to 

the constitutively activated JAK/STAT pathway in lymphoid neoplasms of both B-cell and 

T-cell lineages [27,28]. The JAK/STAT pathway and various cytokines which bind to the 

receptors IL-2, IL-4, IL-7, IL-9, L-15 and IL-21, all of which harbor the common γ chain, 

play a principal role in the regulation of B, T and NK cells.

The importance of a dysregulated JAK/STAT signaling was recognized initially in primary 

mediastinal B-cell lymphoma (PMBL) and classical Hodgkin lymphoma (cHL), two 

subtypes of lymphomas that are histologically distinct but share a common genetic basis 

[29,30]. The molecular signatures of these lymphomas is driven by the recurrent amplicon 

involving JAK2 on chromosome 9 and also the JMJD2C gene, which is involved in 

lymphomagenesis. JMJD2C appears to cooperate with JAK2 in activating genes, possibly 

including RANBP6, epigenetically (Figure 2). Furthermore, cell line models of PMBL and 

cHL are inhibited by JAK inhibitors, lending support for the candidacy of these agents in the 

clinical treatment of these lymphomas [31].

The underlying genetics of these lymphomas, and indeed of several other subtypes, where 

the importance of JAK/STAT signaling is recognized, remains rather poorly understood. 

Recently, further progress have been made with the description of loss-of-function 

mutations in the suppressor of cytokine signaling-1 (SOCS1) and deletions in the tumor 

suppressor PTPN2, resulting in activation of JAK/STAT signaling in PMBL and cHL 

[32,33]. Other functionally important candidate JAK2 fusion proteins include SEC31A-

JAK2, associated with t(4;9)(q21;p24), recognized in cHL and activated B-cell-like (ABC) 

molecular subtype of diffuse large B-cell lymphoma (DLBCL) [34,35]. This mutant fusion 

protein acts a constitutively activated tyrosine kinase and is inhibited by JAK inhibitors. The 

molecular signature characterized by constitutive activation of the NF-κB pathway in the 

ABC-DLBCL, a high level of expression of STAT3, IL-6 and IL-10 promoting cell 

proliferation and survival, has been validated by several investigators (Figure 3) [36-38]. 

ABC-DLBCL cell lines exhibiting high levels of STAT3 were also found to be inhibited by 

a JAK inhibitor and there was synergy when used concomitantly with a NF-κB inhibitor, 

suggesting the potential to target these unique molecular abnormalities therapeutically 

(Figure 4) [36]. Furthermore, a phase I study of an oral JAK2/FLT3 inhibitor, pacritinib 

(SB1518), in patients with chronic lymphoid neoplasms, including relapsed/refractory cHL, 

follicular lymphoma and DLBL, has suggested some clinical benefits [39,40]}.
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An autocrine cytokine signaling loop initiated by a mutation (L256P) in MYD88, an adaptor 

protein in toll-like receptor (TLR) and interleukin-1 receptor signaling, which results in 

constitutive activation of JAKs and NF-κB has been demonstrated in patients with various 

subtypes of lymphomas [41]. The principal cytokines involved in this loop appear to be 

IL-6, IL-10 and IL-13. The MYD88 L265P mutation has been found in patients with ABC-

DLBL, primary central nervous system lymphoma, primary cutaneous lymphoma, marginal 

zone B-cell lymphomas (MZBL) and Waldenström’s macroglobulinemia (WM) with 

increasing frequency [42-44]. Treon and colleagues have noted that MYD88 L256P induces 

phosphorylation of Bruton’s tyrosine kinase (BTK), while the inhibition of BTK or IRAK-1 

and -4 kinase activity induces apoptosis of WM cells [45]. An on-going multicenter trial of 

ibrutinib, an irreversible small molecule inhibitor of BTK, has demonstrated significant 

response rates in patients with relapsed/refractory ABC-DLBCL, but interesting, no activity 

of note in patients with germinal-center B-cell-like (GCB) subtype of DLBCL [46]. Another 

area of interest and unmet clinical need is peripheral T-cell lymphoma. In cutaneous T-cell 

lymphoma, constitutive activation of STAT3 and STAT5 in the malignant cells has been 

demonstrated [47]. In anaplastic large cell lymphoma, activation of STAT3 by the NPM1-

ALK fusion tyrosine kinase is essential for lymphomagenesis [48], whereas the role of 

STAT5 activation is less clear, as NPM1-ALK and STAT5A reciprocally repress one 

another, implying a tumor suppressor role for STAT5A [49].

The JAK-STAT pathway has also been implicated in precursor lymphoid (lymphoblastic) 

leukemias. T-cell acute lymphoblastic leukemia (T-ALL) was the first human malignancy to 

be associated with an aberration in a JAK gene with the discovery of the TEL-JAK2 fusion 

protein [50]. The TEL-JAK2 fusion protein constitutively activates STAT1, STAT5, PI3K, 

RAS/ERK, p38, and NF-κB signaling pathways. Several similar fusion proteins, including 

the pericentriolar material (PCM1)-JAK2 fusion protein, sometimes associated with a t(8;9) 

translocation, PAX5-JAK2, and RPN1-JAK2 have been described in ALL [51-53]. A 

common theme of the fusion partners of JAK2 is a domain that mediates self-association or 

oligomerization, leading to constitutive activation of the kinase.

In addition to JAK2 fusions, point mutations in JAK family genes have been described in 

the lymphoblastic leukemias. Mutations in JAK1 and JAK3 have been reported in about 

18% of T-ALLs and 3% of B-ALL [54-56]. These mutations frequently occur within the 

JAK pseudokinase domain, in some cases at the residue homologous to V617 in JAK2 (e.g., 

JAK1V658F), causing constitutive activation and making them candidates for JAK inhibitor 

therapy [57]. Somatically acquired mutations at the JAK2R683 position have been described 

in childhood Down’s syndrome (DS)-associated B-cell ALL, and mutations in JAK1 in 

patients with ABC-DLBL, T-ALL, adult T-cell leukemia/lymphoma, (ATLL) and NK-cell 

lymphoma [58]. A unique mutation in the JAK2 gene in a DS patient with precursor B-cell 

ALL, known as ΔIREED mutation, which involves the deletion of five amino-acid residues 

from position 682 to 686 in the pseudokinase domain of JAK2, has also been described [59]. 

Mutations involving SSBP2 in t(5;9) and others involving the catalytic tyrosine kinase 

domain of JAK2 have been identified in B-lineage ALL in patients with or without DS 

[60,61]. Finally, RNAi screening of T-ALL cell lines recently revealed a dependence on 

TYK2 and downstream pSTAT1-mediated BCL2 expression for proliferation and survival 
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of T-ALL patient samples, either via novel activating mutations in TYK2 (~25%) or through 

IL-10 signaling [62]. While these results validate TYK2 as a novel target for therapy in T-

ALL, further studies of larger patient cohorts and the development of specific TYK2 

inhibitors will be necessary to move this into the clinic.

Additional support for the role of JAK/STAT in B-lymphoid leukemogenesis comes from 

the identification of two cytokine receptors, the cytokine receptor-like factor-2 (CRLF2), 

formerly known as thymic stromal lymphopoietin receptor (TSLPR) and IL7RA, which 

binds JAK2 in lymphoid cells [63-68]. Expression of CRLF2 has been found in 

approximately one third of all children with DS who develop B-ALL, and in some cases, T-

ALL. Many of these patients also harbor JAK2 mutations, leading to the hypothesis that the 

CRLF2 receptor functions as a scaffold for constitutive signaling by the mutant JAK2 [69]. 

Mullighan and colleagues also observed that rearrangement of CRLF2 can be associated 

with alterations of IKZF1 and is more common in children of Hispanic ethnicity [70]. 

Genomic analysis of high-risk childhood B-ALL with IKZF1 mutations has defined a “Ph-

like” gene expression profile similar to BCR-ABL1-expressing B-ALL. While about half of 

these cases harbor JAK2 mutations and CRLF2 overexpression, others have rearrangements 

involving multiple TK genes, including ABL1, JAK2, PDGFRB, and EPOR [71], with 

evidence of dysregulated TK signaling including STAT5 activation.

Here, it should be noted that there are significant differences in the signaling abnormalities 

induced by fusion proteins involving JAK2 and other TKs, which are generally strongly 

activated kinases inducing high levels of cytosolic tyrosyl phosphorylation, and signaling by 

JAK point mutants, which may require scaffolding receptors and generally induce low levels 

of phosphorylation that can be further augmented by cytokines binding to these receptors 

[11].

Progress has also been made in characterizing the molecular underpinnings, in particular 

JAK3 mutations and the relationship to the JAK/STAT pathway, in the rare childhood early 

T-cell precursor (ETP)-ALL and natural killer/T-cell lymphoma (NKTCL), both of which 

carry a grave prognosis. A high frequency of activating mutations in genes regulating 

cytokine receptor and RAS signaling, similar to those seen in myeloid malignancies, have 

been observed in patients with ETP-ALL [72]. In patients with NKTCL, somatic activating 

mutations in JAK3 (A572V and A573V) have been reported [73,74]. These JAK3 mutations 

were noted to be involved in cytokine-independent JAK/STAT constitutive activation 

leading to increased cell growth, and cell lines exposed to a novel pan-JAK inhibitor, 

CP-690550, showed a dose-dependent reduction of phosphorylated STAT5, reduced cell 

viability, and increased apoptosis. It would therefore be reasonable to consider JAK 

inhibitors to inhibit cytokine receptor and JAK signaling in these candidate disorders with an 

unmet need.

Plasma cell neoplasms

Multiple myeloma (MM) relies heavily on its microenvironment for survival and the 

interaction between MM cells and bone marrow stromal cells (BMSC) is critical to the 

tumor growth as well as survival. This interaction with the tumor microenvironment results 
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in increased bone resorption, suppression of bone formation, and increased angiogenesis, all 

leading to enhanced tumor growth and drug resistance. MM clonal cells and BMSC interact 

by both direct cell-cell contact and paracrine signaling using cytokines, leading to increased 

cytokine secretion both by the MM cells BMSC, in particular VEGF, IL6 and IGF (Figure 

5). The increased cytokine levels lead to an up-regulation of signaling pathways within 

myeloma cells that ultimately results in increased transcription of proliferation related genes. 

Relevant cytokine-induced signaling pathways include NF-κB, JAK/STAT3, PI3K/AKT, 

and RAS/MEK/MAPK pathway. The JAK/STAT pathway is stimulated by cytokines, 

especially IL-6. High levels of constitutively active STAT3 have been reported in plasma 

cells and BMSCs from MM patients, causing induction of anti-apoptotic proteins MCL-1 

and BCL-XL [75].

IL-6, secreted primarily by BMSC, is the primary cytokine necessary for maturation of 

plasma cells. Even in the absence of activated T-cells, IL-6 is able to stimulate 

immunoglobulin G (IgG) secretion in non-dividing B cells, suggesting IL-6 is sufficient for 

terminal maturation of plasma cells [76]. Oversecretion of IL-6 in transgenic mice causes 

polyclonal plasmacytosis, resulting in a 120- to 400-fold increase in IgG1 and plasma cell 

infiltration of the reticuloendothelial system, lungs, and kidneys [77]. As in animal models, 

IL-6 plays a role in plasma cell dyscrasias in humans. Patients with higher International 

Staging System (ISS) or with plasma cell leukemia have higher IL-6 levels that correlate 

with shorter survival [78]. Thirty-five percent and 100% of patients with MM and plasma 

cell leukemia, respectively, have elevated levels of IL-6 [79].

IL-6 activation of STAT3 via JAK was first demonstrated with in vitro studies on U266 cell 

lines, a human autocrine IL-6 dependent MM cell line. This cell line has constitutive STAT3 

activation and overexpression of BCL-XL, an anti-apoptotic protein. Treatment with an IL-6 

superantagonist reduces STAT3 dimerization, downstream signaling, and cell survival [80]. 

Similar finding were observed in clinical samples of patients with MM, in which inhibition 

of constitutively activated STAT3 reduced cell viability [81]. This data suggest that JAK is 

an important mediator for STAT3 activation and IL-6 dependent cell survival in plasma cell 

neoplasms.

STAT3 has four major targets relevant to MM: MCL-1 (myeloid cell leukemia-1), VEGF, 

BCL-3, and microRNA-21 (miR-21). MCL-1 belongs to the BCL-2 family and prevents 

oligomerization of BAK or BAX and subsequent cytochrome C release and apoptosis. In 

several MM cell lines as well as patient cells, knockdown of MCL-1 results in increased 

apoptosis [82]. Reduction of MCL-1 levels with the tyrphostin JAK2 inhibitor AG490 also 

reduced survival [83], although it should be noted that this inhibitor is relatively non-

specific. VEGF secretion by MM cells lead to increased IL-6 production by the BMSC and 

activates a positive paracrine feedback loop between MM and BMSC cells, resulting in 

upregulation of the MCL-1 and reduction of apoptosis [84]. VEGF also promotes 

angiogenesis, which is a risk factor for progression from monoclonal gammopathy of 

unknown significance (MGUS) to MM and a prognostic marker in MM [85]. STAT3 also 

targets BCL-3, an IκB family protein, which is particularly interesting since this intersects 

the NF-κB pathway. Gene expression profiles of newly diagnosed MM patients show that 

higher levels of BCL-3 correlate with shorter progression free and overall survival [86]. 
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Overexpression of BCL-3 increases apoptosis, but its underexpression does not affect 

viability [87]. The last major target is miR-21, an oncogenic miRNA that is upregulated in 

many malignancies [88]. The binding site of STAT3 on miR-21 is conserved across 

vertebrates, suggesting a critical role for STAT3 [89]. Knock down of STAT3 results in 

decreased levels of miR-21 and cell viability. Thus, JAK/STAT3 and its downstream targets 

play a central role mediating IL-6 dependent myeloma cell survival, and inhibition of this 

pathway could be a rational therapeutic strategy in select patients with MM.

Multiple points of this pathway have been targeted in pre-clinical data, including JAK 

kinases and STAT3 inhibition. INCB000020 is a pan-JAK inhibitor that decreases cell 

viability via dose-dependent inhibition of STAT3 phosphorylation in both the IL-6-

dependent MM cell line INA-6 and in primary myeloma cells [90]. Increasing 

concentrations of INCB20 resulted in decreased STAT3 phosphorylation and reduction of 

mean tumor volume in a xenograft tumor model, confirming successful inhibition of JAK 

and consequent tumor suppression. INCB16562, a JAK1/2 inhibitor, can inhibit a dose-

dependent phosphorylation of STAT3 and cell growth in INA-6 and in primary myeloma 

cells [91]. While it has only a modest effect on cell growth as a single agent, INCB16562 

works synergistically with bortezomib and melphalan in cell culture and in a xenograft 

model. Ruxolitinib, a JAK inhibitor, can inhibit myeloma growth in IL-6 dependent cell 

lines, but did not affect BMSC or IL-6 production [92]. These findings were confirmed on a 

myeloma cell isolated from IL-6-dependent plasma cell leukemia. Other JAK2 inhibitors 

such as TG101209 induce dose and time dependent inhibition of cell cycle progression and 

induction of apoptosis in a variety of MM cell lines [93]. Evaluation of TG101209 against 

U266 cell line and primary patient cells, which have a mix of CD45 positive and negative 

cells, demonstrated more profound cytotoxicity on the CD45+ population relative to the 

CD45- cells. In the preclinical studies, significant synergy was observed when the JAK2 

inhibitor was combined with bortezomib. Thus, inhibition of JAK kinases may have a future 

role, but would likely be limited to IL-6 dependent myeloma, and then only in combination 

with other chemotherapies.

STAT3, a second potential target in multiple myeloma, is particularly intriguing since 

STAT3 is not required for normal cells survival [94]. Nifuroxazide, an oral nitrofuran 

antibiotic, was identified as an inhibitor STAT3, JAk2, and TYK2 in a library of 

compounds. In IL-6-dependent cell lines overexpressing of phosphorylated STAT3, it 

decreased MCL-1 expression and myeloma cell viability, even in the presence of BMSC. 

Like JAK inhibitors, combination with other agents improved its cytotoxicity. A second 

agent, FLLL32, derived from a natural compound curcumin, has improved bioavailability 

and it may have therapeutic potential [95]. In IL-6-dependent cell lines, FLLL32 

downregulated phosphorylation of STAT3, its downstream targets including Bcl-2, and 

induced apoptosis. Nifuroxazide and FLLL32 provide proof of concept of STAT3 inhibition 

as a therapeutic target in myeloma.

In summary, IL-6 can stimulate proliferation and survival of MM cells via the JAK/STAT 

pathway. Inhibition of JAK and STAT3 has shown promise in pre-clinical studies, 

especially when used concurrently with other active agents. While clinical investigation is 

warranted, the initial cohort should be comprised of IL-6-dependent myeloma.
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Myeloid neoplasms

Though mutations of the JAK family members in patients with MPN has been known since 

2005, the initial interest in the JAK/STAT pathway in myeloid neoplasms stemmed 

following the seminal identification of the TEL-JAK2 fusion protein in T-ALL in 1997 and 

the recognition of the role of STAT5 in maintaining myeloid stem cells [50,96-98]. Many 

efforts have since established the importance of a deregulated JAK/STAT pathway, found in 

~20-50% of patients with acute myeloid leukemias (AML) [99,100]. Most of these efforts 

were driven by array-based technologies and candidate gene sequencing, which are now 

been supported with exome and whole-genome sequencing. Numerous mutations have now 

been described in modifiers of the JAK-STAT pathway including mutations in MPL, CBL, 

LNK, and have been reviewed elsewhere [101-105]. Several fusion proteins, such as BCR-

JAK2, RPN1-JAK2, PCM1-JAK2 have now been described in patients with AML. Multiple 

JAK2 point mutations, in particular JAK2V617F but also others such as JAK2T875N, have 

been noted in about 5% of de novo AML and secondary AML arising from a prior MPN 

[106-108]. It is of interest that JAK mutations may influence prognosis in AML, in 

particular CBF-AML [109].

Somatic mutations in JAK1 gene involving the pseudokinase domain have also been 

described in about 2% of AML cases, and might well be important in leukemogenesis [110]. 

Mutations involving JAK3 appear to be rare in AML, with the exception of acute 

megakaryoblastic leukemia (AMKL; AML-M7). Walters and colleagues have identified 

several nonrecurrent JAK3 mutations, in particular JAK3A572V and JAK3V722I, both of which 

constitutively activate the JAK3 protein [111]. Several other JAK3 mutations, such as 

JAK3P132T, have also been described, but their significance is not known [59,112]. An 

interstitial deletion within chromosome 17 resulting in a STAT5b-RARα fusion protein has 

also been described in a patient with acute promyelocytic leukemia (APL) [113].

AMLs without mutations in JAKs or STATs may nonetheless be dependent on JAK/STAT 

signaling. About a third of AMLs are characterized by mutations in the receptor TK FLT3, 

through internal tandem duplications or kinase domain point mutations [114]. Dysregulated 

FLT3 signaling activates STAT5 in the leukemic cells [115], although there are conflicting 

data whether FLT3 mutations are acquired early or later in the genesis of AML [116]. Other 

efforts have demonstrated the dependence of AMLs associated with transcription factor 

fusion proteins, including MOZ-TIF2 [97] and AML1-ETO [117-119], on JAK-STAT 

signaling. These observations further support the role of an enhanced JAK/STAT signaling 

in de novo AML and the candidacy of JAK inhibitors as potential treatment. A related study 

of combined array and promoter occupancy (ChIP-chip) analyses demonstrated that the 

t(8;21) fusion protein AML1-ETO and its alternatively spliced variant AML1-ETO9a 

(AE9a) enhance JAK/STAT pathway signaling via downregulation of CD45 [120]. These 

investigators have now published a report confirming the successful inhibition of t(8;21) 

AML cell lines by ruxolitinib and SAR302503 (TG101209) [121].

A recent phase 2 study of ruxolitinib in relapsed/refractory AML, including post-MPN 

AML, showed a modest activity as a monotherapy [122]. Ruxolitinib, like other JAK 

inhibitors in current clinical trials, is not selective for cells with mutated JAK2. It also now 
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established that there is no correlation between the presence of the JAK2V617F mutation and 

clinical response to JAK inhibition [21,22]. At the same time, in the largest clinical trial to 

date of ruxolitinib in refractory non-MPN leukemias, all patients who experienced 

significant responses to ruxolitinib had AML antecedent from a preceding MPN [122]. 

These data are suggestive of a potential utility of JAK inhibitors in AML transformed from 

MPNs. The lack of more significant efficacy of ruxolitinib monotherapy in acute leukemia 

patients is suggestive of a lack of absolute dependence on JAK1/2 signaling in these 

patients, a lack of sufficient pathway inhibition, and/or the activation of parallel mitogenic 

pathways despite effective JAK inhibition. Hence, future efforts should assess the notion of 

targeting JAK/STAT signaling in combination with other candidate drugs, such as dasatinib, 

hypomethylating agents and others [123].

Interest in the JAK/STAT pathway in patients with chronic myeloid neoplasms, in particular 

the MPNs, came into prominence following the seminal discovery of the JAK2V617F 

mutation in 2005 [5-8]. This mutation was noted in the great majority of patients with PV 

and ~50% of patients with ET or PMF. The JAK2V617F mutation is also found at a much 

lower frequency in other chronic myeloid malignancies. In “non-classical” MPN, such as 

systemic mastocytosis, it is detectable in about 6% of patients. In patients with 

myelodysplastic/myeloproliferative overlap syndromes, it affects about 60% of those with 

refractory anemia with ringed sideroblasts associated with thrombocytosis (RARS-T) (60%), 

20% with atypical CML and 6% with chronic myelomonocytic leukemia [124-127]. A 

related mutation in exon 12 of JAK2 or MPL is often found in patients with MPN who do 

not harbor the JAK2V617F mutation. Recent studies have confirmed the enormous 

complexity of the molecular biology of MPN and related disorders and the precise 

relationship between the JAK mutations, the JAK/STAT, the disease phenotype and the 

prognosis [128]. Additionally it is of interest that, irrespective of the JAK2V617F status, 

patients with PV tend to have high phospho-STAT3 and phospho-STAT5 expression, 

patients with ET exhibit high phospho-STAT 3 only, whereas patients with PMF have low 

expression of both activated STATs [129]. Another study of JAK2V617F heterozygous 

hematopoietic colonies from MPN patients found that differential interferon signaling 

coupled to STAT1 activation was characteristic of an ET-like phenotype, while down-

regulation of pSTAT1 correlated with PV-like disease, suggesting the balance between 

STAT5 and STAT1 activation was critical [130]. The clinical impact of such observations 

on disease phenotype and indeed on treatment is unclear at present. Regardless, there is 

considerable interest in developing JAK inhibitors for the treatment of these disorders. 

Indeed the first in class drug, ruxolitinib, was licensed in 2011 for patients with 

myelofibrosis, which comprises of PMF as well as post-PV and post-ET MF [21,22]. The 

drug was found to be effective, irrespective of the presence or absence of the JAK2V617F 

mutation, in ameliorating symptoms, reducing splenomegaly and according a survival 

benefit [131].

Interest in the JAK/STAT pathway in patients with CML began in 1996 following the 

observation that BCR-ABL1 expression in CML cell lines results in the activation of JAK2 

[132,133]. More recently, the relationship between these two genes has attracted additional 

attention as a potential mechanism to overcome clinical resistance to the tyrosine kinase 
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inhibitors (TKIs), such as imatinib mesylate, in patients with CML [134]. JAK2 appears to 

be activated by BCR-ABL1 in a kinase-independent fashion, leading support to the notion of 

combining JAK inhibitors with BCR-ABL1 TKIs. Furthermore, a role between the serine/

threonine phosphatase (PP2A) pathway for CML to transform into blast phase, and JAK2 

was suggested in 2005, and in vitro studies suggest that inhibition of JAK2 in BCR-ABL1 

positive cells might overcome imatinib-induced resistance [135,136]. More recent work 

confirms the potential usefulness of targeting BCR-ABL-1 and JAK2 simultaneously 

through inhibition of an AHI-1-BCR-ABL1-JAK2 complex and thereby overcoming 

imatinib resistance [137].

In contrast, Hantschel and colleagues have shown in murine models that JAK2 is not 

required for induction of CML-like MPN by BCR-ABL1 [138], but did not specifically 

assess a role for JAK2 in CML stem cells. Of interest, these investigators did confirm 

previous observations from Sherr and co-workers of a role for JAK2 in lymphoid 

transformation and leukemogenesis by BCR-ABL1 [139]. Hantschel et al. further observed 

that BCR-ABL1-induced JAK2 activation is not required for STAT5 phosphorylation and 

activation in leukemic cells, and that BCR-ABL1 directly phosphorylates STAT5 on Tyr694 

[138]. In BCR-ABL1-transformed cells, STAT5 overexpression decreases the sensitivity to 

TKIs, whereas CML patients who progress on imatinib show increased STAT5 expression 

[140]. These observations suggest that targeting STAT5 with agents such as pimozide, a 

neuroleptic drug, might be a strategy to overcome TKI resistance [141,142]. Clearly, further 

studies are required to elucidate the precise role of the JAK/STAT/BCR-ABL1 axis in CML. 

In the interim, clinical trials assessing the potential benefits of JAK inhibitors in patients 

with CML responding suboptimally to TKIs are already in progress [143]. In the MPN 

subtype of chronic neutrophilic leukemia/atypical CML, a BCR-ABL1-negative neoplasm, 

activating mutations in CSF3R (G-CSF receptor) gene are found in >50% of patients, 

involving distinct truncation and membrane-proximal mutations [127]. The latter mutation 

class is associated with JAK2 activation, and a patient with such a CSF3R mutation 

responded clinically to ruxolitinib therapy [127].

Conclusions and some thoughts for the future

The past two decades have clearly witnessed significant advances in our understanding of 

the JAK/STAT pathways but many challenges remain in assessing the clinical impact and 

treatment [144,145]. Arguably, the pivotal therapeutic efforts so far have been the 

introduction of JAK inhibitors for the treatment of a subset of patient with MPN. It is now 

clear that these agents have shown durable clinical efficacy, safety and potential survival 

benefits. It is presently not clear if ruxolitinib or the multiple selective JAK2 inhibitors in 

clinical trials will alter the natural historyof MF [21], nor is their precise effect on the JAK/

STAT pathway understood. Ruxolitinib has a profound inhibitory action on a variety of 

cytokines, which might impact the deregulated JAK/STAT pathway. It is of interest that the 

efficacy of these drugs in MF does not depend on the presence or absence of the JAK2V617F 

mutation. Therefore, it appears reasonable to explore JAK inhibitors in all hematological 

neoplasms for which there is evidence of a deregulated JAK/STAT pathway.
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What can we expect from these efforts? It is apparent that the extraordinary response of 

CML to TKI monotherapy is likely to be the exception rather than the rule, and we can 

anticipate that any clinical responses to inhibition of the JAK/STAT pathway in other 

hematologic malignancies will be less robust, even when these malignant cells exhibit 

activated JAK/STAT signaling. Indeed, this has already been observed in MF, where the 

effects of JAK2 inhibition on cytopenia, marrow fibrosis, and JAK2V617F allele burden have 

been modest [146]. It will be important to arrive at a molecular understanding of the limited 

effect of JAK inhibition on the malignant clone in MPN, and to determine if this can be 

overcome by novel classes of TKIs [147]. For lymphoma, myeloma, and acute leukemia, it 

is clear that the future of JAK/STAT targeted therapy is in combination with other regimens, 

including cytotoxic agents. Again, there is precedent for this from Ph+ B-ALL, where ABL1 

TKIs have been successfully incorporated into combination chemotherapy regimens, with 

potential benefit in terms of rates of remission and overall survival [148]. Melding JAK 

inhibitors with cytotoxic agents may be complicated by the tendency of the former drugs to 

cause thrombocytopenia, which may necessitate changes in dosage schedule or support with 

thrombopoietic agents. As we unravel the underlying molecular complexities of this 

pathway further, we can anticipate identification of new therapeutic targets, which could 

lead to the use of future candidate targeted therapies in sequence or in combination with the 

current JAK inhibitors.
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Figure 1. 
Pathologic activation of autocrine JAK signaling pathways in hematologic malignancies. 

Schematic depiction of the multiple autocrine signaling loops identified in B-lymphoma 

cells: enhanced interleukin-13 (IL-13) signaling via amplified JAK2 with downstream 

activation of STAT6, MYD88 mutations activating JAK-STAT3 signaling through IL-6 

secretion, and activation of IL-6 and IL-10 secretion and activation of JAK-STAT1 

signaling by type I interferons (IFN). Abbreviations: IFNAR, interferon alpha receptor; 

MAP, mitogen-activated protein; NF-κB, nuclear factor κB; RTK, receptor tyrosine kinase; 

TYK2, tyrosine kinase 2. Adapted with permission from [28].
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Figure 2. 
JAK2 and JMJDC2 cooperate in the epigenetic deregulation of oncogenes. Amplification of 

9p24 increases the copy number of both JAK2 and JMJD2C, both of which modify histone 

H3 tails and impede the recruitment of the heterochromatin protein HP1a. The resulting 

active chromatin structure facilitates the expression of MYC, and perhaps JAK2, JMJD2C, 

and IL4R. Adapted with permission from [31].
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Figure 3. 
A subset of ABC-DLBCL shows activation of STAT3 and IL-6 and IL-10 expression. A. 

Expression of STAT3 target genes and ABC DLBCL signature genes in STAT3-high ABC 

DLBCL, STAT3-low ABC DLBCL, and GCB DLBCL. B. STAT3 mRNA, IL-6 mRNA, 

and IL-10 mRNA levels (mean ± SD) among STAT3-high ABC DLBCL, STAT3-low ABC 

DLBCL, and GCB DLBCL. C. Immunostaining with a p-STAT3 (Tyr705)-specific antibody 

showing positive staining in ABC DLBCL (left panel). Adapted with permission from [36].
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Figure 4. 
Molecular cross-talk of NF-κB and JAK/STAT pathways in ABC-DLBCL. Adapted with 

permission from [36].
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Figure 5. 
JAK/STAT pathways in multiple myeloma. Binding of MM cells to bone marrow stroma 

cells (BMSC) activated MM cell proliferation, survival, drug resistance, and migration via 

adhesion- and cytokine-mediated pathways. Binding of MM cells to BMSCs increases 

secretion of multiple cytokines (IL-6, IGF-1, VEGF, SDF-1) from BMSCs and MM cells, 

with subsequent activation of several signaling pathways, including ERK, JAK/STAT3, and 

PI3K/AKT, and their downstream targets including cytokines (IL-6, IGF-1, VEGF) and anti-

apoptotic proteins (Bcl-xL, IAPs, MCL-1). Adhesion-mediated activation of NF-B up-

regulates several; adhesion molecules (ICAM-1, VCAM-1) on both MM cells and BMSCs, 

further enhancing adhesion of MM cells to BMSCs. Adapted with permission from 

Hideshima et al., Blood 2004;104:607-618.
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