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Abstract: Met is the receptor of dpatocyte growth faot (HGF) a cytoprotective
cytokine Disturbing the equilibrium between Mand its ligandmay leadto inappropriate
cell survival, accumulation of genetic abnormalities and eventually, malignabogrmal
activation of the HGMet axisis established isolid tumouws and inchronic haematological
malignancies, including myelomaacute myeloid leukaemiachronic myelogenous
leukaemia (CML), and myeloproliferative neoplasms (MPN&)e molecular mechanisms
potentially responsible for the abnormal activatminHGF/Met pathwaysare described
and discussedniportantly, NCML and inMPNSs, the production of HGF is independent of
Ber-Abl and JAK2V617F, the main molecular markers of these disedsegiro studies
showedthat blocking HGRet function with neutializing antibodes or Met inhibitors
significantly impairs thgrowth of JAK2/617Fmutated cellsWith personalied medicine
and curative treatmeimt view, blocking activation of HGMVlet could be a useful addition
in the treatment o€EML and MPNs for thog patents withhigh HGFMET expression not
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controlled bycurrenttreatments (BeAbl inhibitors in CML; phlebotomy, hydroxurea,
JAK inhibitorsin MPNS).

Keywords: MET; hepatocyte growth factor (HGF); myeloproliferative neoplds®N);
chronic myebgenoudeukaemia (CML); MET expressioiiGF blood levelspgependence
factor; personalised medicine; MET inhibitpkiF inhibitors

1. Introduction

The mountingevidence that alteratioof the same gene$DOH1/2, EZH2 TET2 MLL «) can be
found in solid tumous ard in haematological malignansidighlights the similarity of oncogenic
mechanisms in human malignancy, independently of the tmsgie of the cancer stem cell§ 5].
For certain genes however, the knowledge accumulated ith caticer studieranslaés poorly to
blood malignancieshe MET gene,which encodes the tyrosiskenase receptor for hepatocygeowth
factor (HGF) is oneexample MET mutation and amplificatioare well describad solid tumous, and
theMET product Met) is the target of numeus clirical trials aiming to personaéstreatment for
various types of cance[% A1]. In contrast, studiesf the MET gene inhaematologal malignancies
are relativelyfew. This is quite surprising because tblaod serum levels of HGF havweenrepored
to be abnormal imyeloma,acute myeloid leudemia (AML), chronic myelogenous leadmia (CML)
andnyeloproliferative neoplasm®PNs)[12 45]. Importantly malignant CML and MPN progenitors
produceHGF in an autocrine fashigrand HGF expression levelsere reported to have significant
prognosis impact in AML and in CM[1547].

Both theHGF and MET genes are located on chromosome thromosoméequentlyaltered in
haematological malignanciedGF is produceds a onehain inactive preprotein, latercleaved into a
two chain (D B biologically active form by enzymes such as HGF activator (HGFA). Other enzymes
such as thrombin, type Il transmembrane emzymatriptasehepsin and uPARIso cleave preHGF
into HGF[18]. Met is formed by a 5&Da Dsubunit linked by a disulphide bond to a 145 &[E
chain. Upon ligand binding and subsequent dimerizationEtiein carries the signal transduction via
autophosphorylation of its tyrosine kinase domavlet autophosphorylation at residué$234Y1235
in the activation loop of the kinase domain provide loop movement and full catalytic activity.
Phosphorylation sites in the carbetgrminal region (Y1249 and Y1256) are reqd for docking as
well as for biological activityPhosphorylatedVet recruits severasignalling molecules includinthe
growth factor receptebound protein 2 (Grb2), Shthe p85 subunit of phosphatidylinositdlKnase

3, . WKH SKRVSKROLSDVH & 3/& tivaltbKdd trerisdriptdio3 BV G X F

the Grb2associated bindingrotein 1 (Gabl)Figure 1)[1924]. Met activation providesignalling

for migration via Ras/Raf/MEK/Erk1/2; foretl proliferation and transformation via S&t for
angiogenesis, proliferation and survival via PI3K/Akt/IKKANS; and antiapoptotic effect and
protein synthesis via PI3K/Akt, GsE3 p53 andmTOR [2580]. After Met activation, the U3
ubiquitin ligase eCbl is recruited to Met, to ubiquitinilate the receptor in view of itgrddation by the
proteasomd31]. Under stress conditions, Met is cleaved by a caspasediated mechanism that
generates a 4RDa fragment responsible for tieduction of cell aposis[32]. Met also interack



Cancers?2014 6 1633

with integrins, CD44/heparin and class B plexins via Higpendent anthdependent mechanisif3].
Thus an additional potentialole for HGF/Met inhaematopoiesiss the mobilisation of progenitor
cells in synergy with G&CSF [34]. Like G-CSF,HGF induces matrix metalloproteinase 9 (MMR
which facilitates cell mobilization from the bongrrow to the peripheral blood.

Figure 1. Consequences of the disruptionhafpatocyte growth factdHGF)/Met function.
HGF (green circls) binding to Met induces receptdimerization the Met kinase is then
activated by autphosphorylation of tyrosine residues. Met activation induces the
recruitment of proteins acting as adaptors for other downstrgigmalling partners.
Amongst them areGrb2 WKH 3, . S V X E X Q3}, ahd Galsl Meb atdaton
generatessignalling pathways involved in proliferation, migration and invasion via
Ras/Raf/IMEK/Erk1/2; proliferdon and transformation via S8t angiogenesis,
proliferation and survivalvia PI3K/AkU/IKK/NF- NB; and proliferatiorantiapoptotic
effectprotein synthesis via PI3KRkt-Gsk3Ep53mTor. The U3 ubiquitin ligase-Cbl is

also recruited to Met after activation and is responsible for Met ubiquitinylation and
targeted degradation lblge proteasome.

Ras/PBK/Akt . PI3K/Akt/IKK/NF-xB

-3 Proliferation

Proliferation (Gsk3[3) 4 Survival
Anti- apoptOSIC (p53) Stat3 Ras/Raf/MEK/Erk1-2
Protein synthesis (mTor) l

Proliferation

Angiogenesis ) ) Migration
Proliferation .
Invasion
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The molecular mechanisms for increased HGF expressiamalignant myeloid cellsare not
known Thus abetter understanding of the role played by HGFumhAnhaematologicamalignancies
IS necessary, anamportant for several reasondGF is a multifunctioal, pleiotropi¢ pro-survival
cytoking which stimulates early myelopoiesis strongly antinflammatory,androducedby many
tumouralcells[16,17 35#3]. Consequently, ilerse new moleules aiming to block the HGMEt axis
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are nowbeingtestedin clinical trials[7 B]. These new therapeutic optioslsould beof interest in
myeloid malignancies, notablMPNs, a group of diseasesithchronic inflammationvherevery high
HGF levelsare frequent[44 £0]. The object of thisreview is to gther and summarspublished
studies of theMET gene in myeloid malignancies, ama grovide evidence thalrugscurrently used

in solid tumoursto block the HGH¥Met axis should also be considered for the therapy of chronic
myeloid malignancies.

2. Chronic Myeloproliferative Neoplasms

Chronic myeloproliferative neoplasnasea family of rare hematologic diseagbsat include CML,
MPNs chronic eosinophilic lewdemia, mastocytosis, and unclassifiable MPAS4$]. This review
focuses on CML and MPN<hronic myeloproliferative neoplasmare characterized by theonal
proliferation of one or severatyeloid lineagesassociated in some cases with bone mafioresis,
splenomegalandor hepatomegalyThe two majodiseases, CML and MPNare classified basesh
the presence or the absence of BERABL fusion gene tha the hallmark of CML52]. Regarding
MPNSs, three subtypes are recognized: polycythaemia vera (PV), essential thrombocythemia (ET) and
primary myelofibrosis (PMF)Three differenttypes of maecular markers are knowm MPNs
activating mutations irthe JAK2gene JAK2V/617F being the most frequent mutation, found in all
subtypes of MPNSs); activating mutations inML gene(MPLW515L/K mosty, detected only in ET
and PMF; and diverse alteratits of thegene encodingalreticulin CALR), also typical of ET and
PMF (Figure 2 Table 3 [5361]. A small percentage of MPN patients do not carry any of the above
mutationsMPL encodes the receptor for thrombopoigiipo), which is coupled tthe tyresine kinase
Jak2. Activation of the MplJak2 pair results in activation of the Jak2/Stat5 pathways, critical for
myelopoiesis. Although som€ALR mutants were also reported to lead to Stat5 activation, the
mechanisms of action @ALRmutants rema unclea.

CML is an excessive, chronic proliferation of clonal granulocytic progenitors, associated with
extramedullary haematopoiesis, and splenome@@y6. The BCRABLfusion gene results from the
t(9;22) (g34;911) translocation, the salled Philadelphia romosome[52]. TheBCR/ABL fusion
gene produces p210 Babl, a constitutively active kinase; CML patients may present/Adgr
transcript variants. CML abnormal production of granulocytes is due to thAlBdusion proteins,
which inducecytokinendepeneént cell proliferation via the stimulation of signalling pathways crucial
for myeloid cellsurvival and proliferation, including Ras/Raf/MEK/Erk1/2, PI3K/Akt, Stat5xBahd
NF- NB [6368]. Acquisition of secondary genetic defects over time leads to @iggagression from
chronic phase to accelerated phase and blast crisis, with increased risk of death for pateerys.
years agpthe median survival for CML patients was less than six years but thanks to tidIBcr
inhibitor imatinib (Gleeve®), the pognosis of CML has changeddically[69]. Imatinib was the first
drug to offer the possibility to achieve molecular remission in CML. Unfortunately, imatinib does not
cure CML, and resistance is not rare.
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Figure 2. Chronic myeloproliferative neoplasm&d main biological markerdNormal
haematopoiesis takes place in the bone marrow where a haematopoietic stem cell, under
cytokine stimulation in combination with c&léll contacts progresses to multipotent stem cell
state and then to ColofsormingUnit of GranulocyteErythrocyteMegakaryocyteMonocyte
(CFU-GEMM) progenitor. This CFLUGEMM progenitor is capable of producing cells of

all myeloid lineages following an array of differentiation processes which rely on cytokine
stimulation: Erythropoietin (Epo) for erythropoiesis; Tpo for megakaryocytopoiesis;
granulocytecolony stimulating factor (& SF) for the production neutrophils; and GD%F

for the production of granulocytes, monocytes and macrophages. In CMIt(9tB2)
(934;g11) translocation results fhe BcrAbl fusion protein responsible of the abnormal
proliferation of the granulocytic lineage. MPNs are characterised by mutations in the
JAK2 MPL or CALRgenes in a multipotent stem cell or GBEMM. Mutations in the

JAK2 gene are implicated in theahsduction of Epo, Tpo and-GSF, whereas mutations

in the MPL gene affect mostly the transduction of Tpo. These mutations result in abnormal
erythropoiesis or megakaryocytopoiesis, often associated with elevated granulocyte counts.
Regarding CALR mutatians, their impact on the quantity and function si§nalling
molecules in myeloid cells still needs to be elucidated.
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Table 1.Main characteristics of chronic myeloproliferative neoplasms.

MPNs
CML ET PV PMF

Abnormal

- locviosi _ _ .
ranuiocytosis Thrombocytosis Polycythaemia megakaryocytopoiesis

Main phenotype

Basophilia ;
P Variable blood counts
JAK2V617F JAK2V617F
. . het het
Main genetic Ber-Abl (heterozygous) JAKA/617F (heterozygous or
alteration(s) rearrangement CALRmutants (homozygous) homozygous)
g MPLW515L/K vd CALRmutants
mutants MPLW515L/K mutants
k2
: . Jakz/Stats Jak2/Stat5
Main activated Jak2/Statl . e
Abl . " Jak2/Stat5 Protein trafficking
pathway Protein trafficking (CALRmutants)
(CALRmutants)
Inflammation Mild Variable Severe
Myelofibrosis Variable Limited Variable Severe
Hepato-splenomegaly Variable /Severe Rare Variable Severe
, Moderately , .
HGF level High High High
GF levels 9 elevated 9 9
Absent in chroni _
Met levels sentin ¢ ron|.c . High in .
phase; present ir Not studied Not studied
erythroblasts
acute phase
Ber-Abl . : Phlebotom Hydroxyurea
, C Salicylic acid y ydroxyu
Main treatment inhibitors Hvdroxvurea Hydroxyurea Interferorr D
LPDWLQ| YUY Interferon D Jak inhibitors
Clinical and molecular .
Only with
response* Yes No No
o Interferon Ra
(main disease marker)
Cure* No No No No

* With current treatments

MPNs are a heterogeneous group composettrmafe distinct diseases, ET, Rvid PMF(Table 1)
ET is characterized by meggryocytic hyperplasia anplateletcounts aboveé50.10/L; patients may
present with kevated granulocyte countand splenomegalyPV is a clonal expansion of erythroid
progenitors often associated with leukytosis and throocytosis[51,7074]. ET and PV are
relatively indolent,whereaPMF is an aggressive diseasharacterisd by high proliferation of
myeloid cdls, abnormalmegakaryopoiesjdibroblast proliferation and reticulin dncollagen release
leading to bone marroviibrosis, extramedullarjnaematopoiesisand splenomegalyMutations have
been detectemh MPNsin three genes]AK2, MPL, andCALR. TheactivatingJAK2/617F mutations
the most frequentt is present in 95% of PV, 70% of ET, aB8% of PMF [53,54,60. JAK2/617F
leads to increasedttivity ofthe Jak2Stat5 pathwayghetyrosine knase whichsignals downstrearof
the receptors forEpo, Tpoand GCSEF critical cytokinesor myelopoiesis MPLW513 /K are also
activating mutatios; like JAK2/617F, they result inthe activation of the Jak2/Stat5 pathways,
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whereamutantforms of calreticulin, a protein chaperormaay alter protein traffickinglt is not fully
understood why the sand&K2, MPL or CALRmutationsare found in very different MPN sujgtes.

Regarding therapyPV patients ardreated withphlebotomy and hydroxyurea (HUET patients
receive salicylic acid or HUandPMF patients are treated wiktlJ, interferon D(IFN- D or dlogenic
bone marrow graftFollowing the discovery othe JAK2V617F mutation severalJAK inhibitors
including ruxolitinib, were developedPMF patients were the first MPN patients to test ruxolitinib:
despite significant regression of sadary symptoms of PMF disease linked to inflammation such as
splenomegaly, fever, night sweats or weight loss, ruxolitinib had little or no impact dAKIZZ617F
clone[75,74. Ruxolitinib has also been tested in a murine model of PV and in patientadvahced
PV, again with reduction of secondary symptoms qiil§,79. Currently no drug exist that target
Mpl or calreticulin mutants. Logicallsince Jakl transmits tisggnallingof several major inflammatory
cytokines, the Jak inhibitors that provewst efficient on spleen size and other inflammatioked
symptoms in MPNs are those which inhibit Jakl in addition to Jak2. This suggests that targeting
inflammation as well as the Jak2, calreticulin or Mpl mutants is imptarahe treatment of MPNs

In contrast the use ofratinib mesylate (Gleev&for the treatment of CMis the biggest success
in the development of specific tyrosine kinase inhilsi{d@iKls). Perhaps one reason is that in addition
to Bcr-Abl, imatinib targets the ATP binding sitof other tyrosine kinasesmportant for
myeloproliferation and for fibrosjsnotably eKit, the receptor for stem cell factor (SCRERd the
receptor forplateletderived growth factor(PDGH. SCF and PDGF are important factors for the
survival and growt of myeloid cells and fibroblasts, respectively. With imatinib treatmeote rthan
80% of CML patents achievpartial or completemolecular responseresulting in remission or
extenakd survival inchronic phasef CML. RecentlyMahonet al. reported thatong term arrest of
treatment wapossible without relapde9]. However CML patientsisk toxicity and drugresistance,
and despitsecond (Dasatinib, Nilotinib) and third (Ponating®nerabn TKIs, resistanceloes occur
due tomutations or amplificatin of the BCRABL fusion geneor to variousBcr/Abl-independent
resistance mechanispmichasmutations in genes encoding other tyrosine kinaSeskjnaserelated
LYN KIT, MET) or deegulation of the expressioaf drug influx protein Octl [62,8084]. Thus,
curing CML with TKIs alonas unlikely, and various combination treatments are being tegheathget al.
develogda strakgy based omatinib and pathistone deacetylase (HDAC) inhibitorshich induced
a significant reduction of gjescent CML sm cells but unfortunately had high toxicity on normal
hematopoieticstem cells[85]. Recentstudies demonstratethe relative efficacyon CML cells of
imatinib in combination with Jak2 inhibitor TG101348ytostatic effect)the CXCR4 antagonist
BKT140, or the proteasome inhibitor carfilzomib (cytotoxaffect but50% of cell deatlonly) [86 88].
Previously aombination ofimatinib with pegylated IFN2b had $iown a high rate ofmolecular
response in low or interrd@&te chronic phase CM|39].

3. HGF and Metexpressionin CML and in MPNs

HGF is originally produced as an inactive form, -ptGF, which is stored in the matrix and later
cleaved into active HGF. The stromal matrix also acts as a reservoir fordd@FRo itshigh affinity
for heparinsulphateproteoglycans and to a lesser extentthtmmbospondifl, fibronectin, laminin,
collagen typel, and basement membranddet, the receptor tyrosine kinase specific to HG@-
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expressed dyone marrow fibroblastand CD34+ hematopoietic progenitorsicluding BFU-E and
CFU-GM.

3.1.Paracrine andAutocrineHGF Productionand AutocrineHGF/Met Loop

Normal haematopoietic progenitors produce little ortGF, whereas bone marrow stromal cells
(BMSCs) are a physiological source of H@Hhus in physiological condions the actionof HGF on
haematopoietic progenitors is mogtigracring(Figure 3\) [90,9]. Neutralising antHGF antibodies
block the ability o BMSCsto promote colony formation byonmal CD34+ progenitors, ardkcrease
BMSC proliferation and adhesnoto fibronectin and typk/ collagen[18,90,9].

Figure 3. Paracrine and autocrine HGproduction and autocrine HQ@#ét loop in
myeloproliferative neoplasmgMPN) and chronic myelogenous leukaemiéCML)
progenitors.(A) In physiological conditions, CD34taematopoietic progenitors secrete
little or no HGFandbone marrow stromal cellBMSCg are the main source of HGF.
HGF stimulation and activation oMet in myeloid progenitors is therefore mostly
paracrine (B) In MPNs, both nommutated BMSG and clonal JAK2V617Fmutated
progenitors produce H& Thus activation of the HGRVIet axis in MPN progenitor cells is
autocrine and paracrine. lpolycythaemia vera(PV) erythroid progenitors, HGF
production is independent frodAK2V617F (C) Similarly, in CML both nhonmutated
BMSCs and BcrAbl-rearranged basophils produc&H, and activation of the HGHEt
axis is autocrine and paracrine. HGF production is independent frosBcr

The ceregulation of HGF production in myeloid malignancies is not a recent ohiearMa 1996,
Hino et al. found increased levels of HGF in the bone marrow plasma of AML and CML patients
compared to normal controls apdtientswith acue lymphoidleukaemia(ALL) [92]. These findings
have beemronfirmed by several groupand extend#to several othdraematological malignancids.
particular,CD34+ progenitors frompatients withAML , myelodysplatic syndromeMDS) and CML
were shown texpressMet at their surface amal produceHGF, thus indicahg an autocrine loop of
activation ofthe HGFMet pathway[18,92,93. Similarly, HGFlevels were alsoeported to be high in
myeloma, both in the blood of patients and in supernatiiote malignant plasma cellf94].
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Moreover, pasma cells expressed HGF ahtkt, confirming an autocrine HGMt loop also in
myeloma.HGF was shown tg@romote colony formation andigration of AML and MDS progenitor
cellsin vitro in a dose dependent manner.

In the following years,several groups confirmethe imporance of the deregulation of HGF
inmyeloid maligrancies[95#01]. Verstovseket al. reportedincreased levels of HGF in newly
diaghosed AML and MDS patientss. healthy controlsand correlated HGFevels wih white blood
cell counts[96]. Myeloblasts expanded fro@D34+ bone marrow progenitors GML patientswere
shown tosecretéen times moreHGF, VEGF, FGF2 and IL-8 compared to healthgonors[97].
Mahadevaret al. published a case of mixed MDS/MHPBter transformed into AML type M2; the
patient had elevated HGF in serum botrmal karyotype throughu the course of her diseaf28].
Our group found HGFoverexpressed in the sen, bone marrow plasmand BMSCsupernatarst
from PV patents compared teecondary erythrocytosis (SEgntrols we determined that BMSCs and
clonal erythroblasts werg¢he mapr source of HGF in PV(Figure 3B [15]. Using ati-HGF and
ant-Met neutralising antibodieis vitro, we were able to inhibihe growth ofJAK2V617Fmutated
PV erythroblasts smilar inhibition was also observed in theJAK2V617F"™ HEL cell line.
Furtrermore, serum levels of HGF froRV patientswithout JAK2 mutation wereas high as thosef
JAK2V/617Fpostive patients We also demonstrated that inductioncell linesof JAK2/617F, or its
knockingdown, did not affect HGF productipwhich indicatedthat the production of HGF bypV
progenitors wa notJAK2/617Fdependenfl5]. Subsequent studies analygedevels of 30 cytokines
in the plasma oPV and PMFpatients: HGF was increasedboth PV and®MF, compared to healthy
donors, and HGF wasorrelated with leukocyte countsin PV and PMF, and also with splenomegaly in
PMF[99,10Q. Recently, HGF levels were also fourtdite elevated in ET patiertk01].

In CML a high production of HGF wdsund associated with increaskedsophilia, a key featarof
the acceleration phase CML, and thusHGF level was consideredhaghly significant prognostic
factor[16]. For CML patients with HGF in serum and bone marrow, the level of HGF was correlated
with the microvessel densitin the bone marrowThe proportionof CML primary cells &pressing
HGF at the mRNA and protein levels was greater in patients in accelematgzired to patients in
chronic phaseBasophils were identified as the main cellular source of HB&ure 3C)[16]. In
addition,HGF production wasonfirmedin the basophitommitted cell line KU812yhich also expresses
Met. This highlighted a so far unknown active role for basophils in CML disease acceleration.
Importantly, HGF expression levels were not affected by-Audr inhibitor imatinib, herbey
establishinghatin CML, HGF production is essentially independent fiBar-Abl [16].

Thus, inflammationlinked HGHs overexpresseidd MPNs and in CML. by BMSCs and by the
malignantmyeloid cells themselvesandHGF promotes colony formation and migrain of AML and
MDS progenitor cellsin vitro in a dosedependent mannein malignant myeloid cels, HGF
production was demonstrated tonstly or totallyindependent fronthe two major biomarkers of
these diseases, Ba&bl and JAK2/617F, respectively.Hence, HGF and its receptdviet could
represent promising new targets to add to the current treatments for CML and MPNSs.
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3.2.Met asa Pro-SurvivalReceptor

So F D O GepeBdérse receptormduce a specific death signal when unbound by their ligand. As a
result, the survival of the cell becomes dependent on the presence of the ligand in the cellular
environment. In physiological conditions, a controlled production of ligand will maintain the balance
between survival and apoptosis and regulate cell numibpeasmalignant niche, overexpression of the
ligand or chronic activation of the receptor widlad to increased cell survivadq. As described
above, there is ample evidence that malignant cells rely on the HGF/Met axis for survival, and that
activation of the HGF/Met axis attenuates activated stress pathways andhas strong cytoprotective
effects. YetMET deletion or inhibition by neutralizing ariGF or antiMet antibodies does not
systematically lead to cell deathus Met is best considered as a {marvival receptor rather than as a
bona fidedependence factor. Here we give an overview of the mechanisms of activation and signalling
related to Mefunction as cytoprotective, pigurvival factor.

Disruptionby overexpression of ligand orincrease@cepor expression or function (mimicking
ligand induced activation) leads to inappropriate survival and proliferation, thus favouring
accumulation of genetic abnormalities and cell transformation. Activation of the HGF/Met axis also
promotes cell invasinesspetastases, angiogenesis, and the productiomflainmatory cytokines
(Figure 3. In addition, HGF produced by BMSCs was recently shown to induce the expansion of
CD14i CD11b+ CD33+ myeloidierived suppressor cells (MDSJ4)02Z. MDSCs are involved in
immune tolerance, as they concomitantly inhibit the proliferation of CD4+ and CD8+ T cells and
increase the production of regulatory T cells. By decreasing the immune response, MDSCs prevent
malignant cells from being detected and destroyed. ,TH@&F secretd by AML blasts, CML
basophils and MPN progenitors, could lead to the expansion of immunosuppressive MDSCs. Similar
effects of HGF on MDSCs may be at workgatients with advanced stage sdiiginour carcers. h
such patients, plasma HGF levels are fretjyesignificantly higher than normal,elsause many
sources of diseassssociated stress induce HGF production by the host.

Activation of the HGF/Met axis viMET mutation is frequent in canceMET mutations are
detected in solid tumours such as heredijaypillary type | renal cell carcinoma, hepatocellular
carcinoma, head and neck carcinoma, breast, gastric and ovarian cancers,-am@lhagll lung
cancerf103. In CML and in MPNs, NET expression varies and MET mutation has been reported,
but HGF & very frequently overexpressed. In solid tumourk;,TNs overexpressed via transcriptional
regulation through HIA D and deregulation of other transcription factors {BPSpl, Ets) or
downregulation of micr&NAs (miR-1, miR-34, miR449a) [L04409. In vitro overexpression of
wild type MET in primary human osteoblasts was sufficient to induce malignant transformation if a
certain threshold expression was readidd). In CLL, BMSCs produce HGF that promotes CLL cell
survival via the activation of thilet/Stat3 pathways; this effect could be blocked with the SU11274
MET inhibitor [11]]. Logically, knockout of MET sensitizes cells to cytokimmediated cell death,
whereas HGF protects cells from cell death, via inactivation efBIFL12.

3.3. CrossTalk betweerthe HGF/Met Axisand Cytokines Linkedb Inflammation

HGF induceghe production by BMSCsf interleukin (IL)-11, IL-10, IL-6, IL-8, stromal celderived
factor 1D(SDF1 D, vascular endothelial growth factovEEGF) andto a lesser extent SCk a dose
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dependent mannemwhereas forced production of HGEduce expression of IFNJ TGF E and

TNF- D(Table 2)[113114. Inversely, antHGF antibodies lead to decrease®NA levels of IL-11,

SDF1 Dand SCFInterestingly, IL-11 and IL-:6 promote myelopoiesis, especially the production of
red blood cells (IE11) and platelets (H6 and 1L-11), andHGF and SCF act in synergy to promote the
formation of BFUE. SDF1 Dplays an essential role in homing, repopulation and maintenaince
stem cells and in synergy with SCégntributesto the maintenance of myétbprogenitors.Thus
signallingtriggered downstream of HGF/Met modulates the production of cytokines known to regulate
multiple cellular processes: angiogenesis, proliferatimigration and survival. This highlights the
paramount role of HGF/Met regulation in maintaining a normal haematopoietic niche, and the extent
of the damage potentially caused by deregulation of the HGF/Met axis, notably in promoting and
maintaining maligancy.

Table 2.Regulation oHGF/Met expressionand cytokines regulated by HGF/Met.

Regulators of HGF and Met expression
HGF Met
b-FGF, IL-3, OSM SCF
IFN- J(only weakly) IL-3
HIF-1D IL-11
NF- NB
Inhibitors TGKE ?
Cytokines regulated by activation of the HGF/Met axis
IL-11, IL-6, IL-8
VEGF, SCF, SDA. D
IFN-J
TNF-D TGF E
Abbreviations: BFGF2 basic fibroblast growth factor; Q&2 oncostatin M; HIF1 D? Hypoxia
inducible factor 1D NF- MNB 2 nuclear factor kappa B TGF E tumour growth factor E
TNF- D2 tumour necrosis factobD

Stimulants

Stimulated

Inhibited

In CML, IL-3 was shown to promote the production of HGF at the mRNA and protein |&é&gls
However, CD34+/CB8i stem cells and CD34+/CD38+ progenitor cells as well as chronic phase
CML basophils expressed Met at low levels, aneBlstimulationdid not induce Met expression on
the surface of CD34+/CD38tem cells or CML basophils.

Regarding MPNs, wr group shoved thatlevels ofHGF, IL-11 andtissue inhibitor of metalloprotease 1
(TIMP-1) werehigh in the serum and bone marrodagma of PVpatients, and that HGF and-I1
regulatedHDFK RWKHUYV SURGXFWLRQ X V-ba@kllo§i indkibdBNMSCs2@G D X'
glycophorin A+ GPAH) erythroblastgFigure 3B)[15]. An HGFMet/IL-11/IL-6/gp130/STATXascade
was found to be activated in P8fonal erythoblasts(Figure B); activation of a similar autocrine
HGF/IL-11/IL-6 cascade has been described in mleitmyeloma and in solid tumouj84,115417.
Consistent with HGF and HL1 autocrine production in PV erythroblasts being independent from
JAK2V617F, no correlation was found betwekkK2/617Fmutated allele burden (FAK2/617F) and
HGF or IL-11 mRNA leves. Hoermanret al.recently reported thatAK2v617F inducedDSM expression
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in malignanterythroid and megakaryocytic cells in a STAERnd Pl3kdependent manngil§. In
turn, increased OSM expression indud¢¢@F, VEGF and SDH in bone marrow fibroblasts

Additionally, Met expression is induced by-ll1, SCF or 13 on subsets of CD34+ hematopoietic
progenitors (CD34+/CD3Band CD34+/CD38 cells) (Table 2)[91]. While the effect of IE11 on
Metis marginal, SCF clearly induces Met expression on earlyrergitbrogenitors (BFLE); SCF and
HGF acted in synergy ta@mote the formation of BFE.

4. Activation of the HGF/Met Axis as anEarly Event in MPNs

Growth factors are major regulators ldematopoiesiand contribute tdvaematopoetistem cell
(HSC) rengval, proliferation and differentiation, thus unbalanced cytokine expression could result in
an abnormalhaematopoiesisThe Bcr-Abl- and JAK2V617Findependent wpegulation of HGF
producton observed in malignant progenitors is expected to actihiatelGFMet pathways, in turn
increasing the rate of progenitor proliferation and subsequently, the risk of somatiommuotatirrence
in genes critical for myefmwiesis. 8ch genes woultbgically include genes encoding for myptoetic
cytokines, their recepts and othersignallingmoleailes. These are precisely the kingj@fies found
mutated in CML and MPNs: Bekbl; Mpl, receptor for Tpp Jak2, mainsignalling molecule for
myelopoetic cytokines; the role of aaticulin nutants remaint be clarified.

Moreover, several groups demonstrated thBAK2V617F is not the initialevent in subset
of MPN patients: the JAK2/617F mutation can be preceded by othautaions or gene
re-arranggments[54,61,119423. In addition JAK2 mutationor rearrangemenwas showrto occur
several timesn certainpatients which hintsat strong pressure on Jak2 exgmmies and functiorin
MPNs Thus a model including anndependent, possiblgarly deregulation of the HGWEt axis
would be consistent with the notion tI&K2/617Fis not always the firgvent in MPNSs.

5. Molecular Mechanismsof Activation of the HGF/Met Axis

There is venyittle informationin theliterature as to how the HGWEt axis becomes actted in
haematological maligancies asides from evidence of overprection of HGF[127,92#401,124].
Thus this section summarizebe few studies that have attemptexexplain the potential mechanisms
of this deregulation.

5.1. Genetidlterationof the HGFand METGenes

Only one recent study identified a case of teatigation of HGF expression by fusion genes in
AML patients with complex karyotypef®5]. Consequently, at this point there is no evidence of
chranosomal alterations or mutatighat may explain the widespread ovexpression of HGF in
myeloid malignancie Several groups have searched for evidenc®IBT mutation, amplification or
overexpression in myeloid malignanciés.1994, Jickeret al.investigated METmMRNA expression in
myeloid cell lines(HL60, K562, U937) andlid not detect any; in primary celteey detected MET
mRNA foronly 6/73(8%) SDWLHQWYV ZLWK KDHPDWRORJLFDO PDOLJQDQ
1 BurkLWW TV & @& hoRePof 7 CML testeff}25. The paucity of MET mRNA expression in
myeloid malignancies may be explained in part by filequency of partial or complete deletion of
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chromosomé&’, where theVIET andHGF genes are locateth UKE-1, a human cell line homozygous
for the JAK2V617F mutation that lacks one chromosome 7, we found low levels of HGF mRNA and
MET mRNA was not deteeble In contrast the human erythroleukaemic cell line HEL, also
homozygous for th8AK2V617F mutation, showedery highHGF mRNA expressigrand moderately
high MET mRNA levels[15]. These observations are further evidence thatl&ki€2V617F status
cannotexplain overproduction of HGF idAK2v617Fmutated MPNsOf note, we sequenced the
MET genes in the HEL and UKE cell lines and found no mutation.

Recent stugs of MPN genetics did not provide evidence MIET mutation in PV, ET or
PMF [6,58,59126. Other studiedooked at twoMET variants R970C andlr992I (also eferred to as
R988C and T1010Inewly identified in solid tumoursand haematological malignancies: AML,
chronic myelomonocytideukaemia (CMML), and chronidymphocyticleukaemia(CLL). Both MET
variants wee present, jointly in most cases, the cohorts tested (96 solidmours 191 AML, 96
CLL, 32 CMML; no CML and noMPN) but at very dw frequencies<2%) similar to those observed
in healthy donorg127]. For six of the above patienthe MET variants were present in germline
DNA. However, although these mutants are associated with hereditpijanyatype | renal
carcinomano transforméive capacitycould befoundin vitro for the METR970C and T992Variants
In the present higthroughputsequencing erahis emphasises the neéal distinguish betweetruly
oncogenic variants and rasagle nucleotide polymorphisms (SNR&)h no functional consequence

In summary, activating mutations of théMET gene are very rare in myeloid malignancies
Moreover,as long asapacity to cause disease onset or progression is not psoraapf the MET
mutants discovered in patiemtgy simply bevariants[127]. Hence it is unlikely that thevery frequent
activation of the HGFMet axis observed in myeloi malignanciesresuls from MET mutation.
However micro-re-arrangements of chromosomevolving theMET gene annot be formally excluded.

5.2. MET OverExpression

In cancer HGF is produced by malignant cells and by surroundirabfdsts, and thus HG&eEts on
Met in an autocrine and paracrine manner. In daldours the most frequent scenario responsible for
the activatiorof the HGFMet axis is overexpression of tivet receptor in absence of mutatid 28,129.
One hypothesis is thanhcreasing exmssion of Met facilitates oligomerisation and subsequent
activation in a ligandndependent fashion. In CML, hypomethylation of the LINE(L1)
retrotransposon promoter was reported to be more frequent in blast crisis, compared to chronic phase
and patiets with hypomethylated L1 showed activation of MET transcriptiegure 4\) [129. MET
overexpression was found in 61% of CML with L1 hypomethylation, while MET mRNA was not
expressed at all in CML with methylated LQonsistentlyMet was expressed atetlsurface of CD34+
progenitors and granulocytes of L1 hypomethylated CML patients. Differendelinexpression
were not due ttMET endogenous promoter, which was found unmethylated both in CML patients and
in healthy individuals. Of note, L1 hypomethytat (Met expression) was associated with poorer
cytogenetic response of CML patients to interferon or imatinib, and poorer progrEesion
survival[129. Regarding MPNs, our group found that MET mRNA levels were significantly higher in
PV erythroblastgmedian: 234 MET mRNAcopies/1000 RPLPO mRNA copies) than in controls with
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secondary erythrocytosis (median: 77 MET mRNAcopies/1000 RPLPO mRNA c¢p&s)ro our
knowledge, MET expression has not been studied in ET and PMF.

Figure 4. Molecular mechaniss of activation of the HGMet axis.(A) Mechanisms of

MET overexpression: Hypomethylation of the LINE(L1) retrotransposon promoter was
reported during CML blast crisis; patients with hypomethylated L1 showed activation of
MET transcription (B) In chroric myeloproliferative diseases, cells accumulate in the
bone marrow, which can result in local hypoxia and subsequerggugation of HGF. In
mammals, air oxygen tension, around 21% when inspired, drops to around 6% in venous
blood vessels and in the ssuidal cavity of the bone marrow. In deep gnusoidal
regions, oxygen tension may be as low as 1%, indicating severe hypoxia in certain regions
of the bone marromC) HGF andMet expression can be induced by-N#B and HIF1 D

in a regulating loop, wherNF NB promotes HIFL D HGF and Met expression, and HGF
may in turn regulate NfB negatively. The HGF activator (HGFA), a serine protease that
cleaves preHGF into active HGF, is also regulated by hypoxia.



Cancers2014 6 1645

5.3. HGF Over-Expression
5.3.1. Role ofBcr-Abl and thelJak2v617F, Mplw515or CalR Mutants

Various e&entshappeningluring disease progression maguk in activation of the HGMet axis
In murine FL5.12 cellsretroviral transformation by Békbl induced VEGF,FGFR2, HGF, IL-8,
MMP2 and MMP9 butHGF production was BeAbl-independenin CML, as it could not be blocked
by imatinib[16,97]. Interestingly, BcrAbl-positive CD34+ cells from CML patients show significant
reduction in telomere length, which was correlated with diseasegssign[130,131]. Such cells
SUHVHQW D SDUWMRILD WW 8 OR-PHHphiidfiié Rhidt\ in8lkdelsQt& dukidadiand
other moleculgthat potentially drive progression to accelerated phaserexpression oMet and
pro-MMP9 is part of this profild1327. Altogetherit appeas that expression levels of botHGF and
Met do not drectly depend orBcr-Abl in CML.

Regarding MPNsit is established thdt.-6 andOSM can be induced by thtAK2V617F mutation
in a STAT5 and PI3K dependent mani&b,118. In turn OSM induces the expression ¢tiGF,
VEGF and SDFL, notably by bone marrow fibroblastfable 2) Logically, the production of OSM
induced byJAK2/617F, and subseque@SM-induced HGF increase, wereabrogated in a dose
dependent marm by Jak inhibitors. Irthis context, activation of HGF production svan indirect
consequence of the mgulation ofanother cybkine by JAK2V617F. However we did not observe
any significant increase of OSM levels in Ratients and we showed that PV erythroblasts produce
HGF and IL-11in excess anthdependerty from the JAK2V617F mutation[15]. This of course does
not exclude some degree of involvement of OSM in the increased levels of H&Bsats oPV
patients,or in other MPNs.Overexpressiorof HGF in PV clonal cellswas also observed by
Berkofsky-Fessleret al, who used Affymetrix array$o study geneexpressionin PV and normal
CD34+ progenitor§133.

The recent report that myeloid progenitors transformed with the-pratogene SKI (Aski or avian
sarcoma viral ocogene homologlater becoe patially dependent oiHGF signalling,alsosuggests
the possibleoccurrence of independent (passenger) events caogangxpression of HGFsecondary
to transformation but not directly dependent from the main oncogenic M@t Altogether the
literatureand our own studiesupport anindirect stinulation of the HGHYlet axisin chronicmyeloid
malignanciesby other cytokinesdny additional oncogenic eventecurreeitherin the early stages of
transformation dandduringdiseasgrogression.

5.3.2. Role ofHypoxia

One of the hallmark®f chronic myeloproliferative diseasesid AMLs is ahypercellular bone
marrow, whichcreates a hypoxic environmeMery recently, Spenceet al. measured the absolute
oxygen tension in the dme marrow of live mice using twghoton phosphorescence lifetime
microscopy. Despite a high vascular density, they found low oxygen concentration with a lowest
oxygen concentration (arounda) in perisinusoidal regiongFigure 8) [135. In their 2006 review,
Boccaccioet al. describé in detail the involvement ofthe hypoxiaresponsive pathways in the
promotion of stem cell growth and in the wégfion of Met expressiorf128. Met is up-regulated by
HIF-1, the oxygen sensand theMET promoter cotainsseveral putativéypoxiaresponse lements
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(HREs). Two of the HREs wee found to be functionally activeand they arelocated after the
transcription start sitaelongside an AR siteknow to beinvolved inMET transciption in response to
hypoxia (Figure 4C). Previowsly, Tacchiniet al. had shown, in the hepatocyte cell line HepG2that
HGF increasedhe expression othe D subunit of HIF1 (HIF-1D via the PI3K pathway thus
augmentingHIF-1 DDNA binding activity (and in turn, MET expressiorfll36]. In addiion, HGF
treatment increaskethe expession of HIF1 Dtarget genes, hemexygenaseurokinase plasminogen
activator PA) and uPAreceptor (UPR), a receptor also used by TIME a negative regulator of
HGF signalling The HGF activator (HGFA) a serine potease that cleaves pHGF into active HGF
is also regulated by hypoxidheg promoter of HGFA contains two putative HRES7]. In pancreat
cancer cells hypoxia increasd¢dde expression of HGFA mRNA and proteiand this effect was
inhibited by a siRM targetingHIF-1 D This hypoxiamediated regulation of HGFA also occurs in
haematopoieticells notably the monocytic and-Bmphoid lineages

Thus the hypoxic environment generated by bone marrow hypercellyteatyotes the pregulation
of HGFA, HGFandMet expression.n turn, activation of the HGWNlet axisstimulates the expression
of HIF-1Dn a positive feedback loop thahaintairs HGFMet activation. Interestingly, CML
progenibrs seem to be more dependent onflliBignallingthan normal progenits for their survival
When HIF1D 'CML cdls wereintroduced in recipient micegpopulation byHIF-1 0 'cells was
dramatically redued compared to wiltype, HIR1 D™ CML cells[13].

5.3.3. Role of NFkB

The transcription factoNF- NB controk the epression of many inflammatory cytoking$39.
Under hypoxic conditions, N is induced via HIFL Dindependent mechanisr(iSigure 4°) [140.
NF- N modulats the basal expression of HIEFDMRNA andits normoxic protein leve]141]. Met
expression carbe induced by N~ NB and ¢/EBR via TNF Dstimulation[142]. Inversey, in case of
HGF stimulationNF- NB inactivationwas shown to depend partially on GSE@hosphorylatiorj143.
These observations suggesattta regulating loop exst wher®&lF- NB promotes HF-1 0D HGF and
Met expressionand HGFmay in turnregulateNF- NB negatively(Table 2)

6. HGF Overproduction asPrognosis Marker of Disease Severity

The role played byHGF in themaintenance oftem cellsandin the survival proliferation and
migration mtential of malignant cellssuggestd that HGF expression levels could have independent
prognostic valuen myeloid malignanciesThus it was not surprising to find accumulating evidence
linking HGF levels tdbiological parameters suchakite blood cdlcouns and microvessel densitf
the bone marrowAn eaty study by Hinoet al. showed reducedHGF leveis the bone marrow
plasma of AML patients in complete remissi@R) [92]. Hjorth-Hanseret al. found that HGF levels
measured in serum fro®0 AML patients athe time of diagnosisvere correlated with peripheral
blood blastcounts disseminated intravascular coagulation, and lysozyrme#iecting monocytic
differentiation and tumour burdgfl24]. In agreement with Hinet al, AML patients inCR al® had
undetectable HGFLater Verstovseket al. found thelevel of HGF in AML and MDS patients
correlated with white blood cell and monocyte couhtgh levels of HGF weralso associated with
shorter swrival in AML, but not in MDS[96]. In a multivaria¢ analysis, HGF was found to be a
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significant, independent prognostic factor in AMh. 2005,Kim et al. investigated the association
between HGF levels in AML and CML and clinical paramefé@. Serum levels of HGF were also
significantly increased in ML and correlated wh white blood cell courstand serum levels tdctate
dehydrogenasd.DH). In univariate analysj+HHGF and age were significant predictors of achievement
of CR in AML but in multivariate regression analysis, HGF was the significan predictor of CR.
Again, theleukaemiafree survival rate of patients with low HGF levels was better than that of AML
patients with high HGF levels.

In CML, several studies found that serum levels of VEGF and HGF were significantly increased
and correlaté with white blood cell counts and serum LDH levels; one group concludedhitiat
blood levelsof HGF correlated withpoorprognosis and survivgl6,17.

Similarly, high HGF levels in serum were also associated with poor prognosis in myeloma: serum
HGF levels decreased when the treatment proved effective, and increased again towardk/8lapse
In the late 90s the Nordic Myeloma Study group concluded that high serum HGF levels could be used
to identify patients with a poor response to treatment, suggestat the HGF level reflects tumour
burden and could be a marker of disease acfji%ifyl44,145].

Hence theserum HGF levelhas been proposes a independenprognostic marker imyeloma,in
AML, andin CML but in MPNs, suclstudies haveot yetbeenperformed in lage cohorts opatients
We found thathe JAK2V/617F mutatiorwas neitherequred nor sufficient to inducelGF production
but PV patientspresenting at the time of diagnosigh a highJAK2v617F allelic burden alsdad
high HGF levels[15]. HGF levelswere correlated with blood neutrophil couyrasfinding consistent
with HGF level being the reflection of tumour burdé&sfferi et al.later analysed cohort ofl27 patients
with PMF and againthe level of HGFwas found to be cori&ed with marked splenomegaly and
leukocytosig99]. Another study from the same group confirmed thatevel of HGFwascorrelatel
with leucocytosisn PV; however, multivariate and univariate analysis failed to showorréation
betweerHGF level and prognosis PV [100.

Altogether, in AML and possibly in CMLthe level of HGF in serunstrongly correlats with
biological parametersonsidered to refleedumouralburden especially leukocyte countsplenomegaly
and vascular syndromeélowever,the value of HGFRas prognostic marker of disease progression or
patient survivalis not established in MPNs and remains uncertain in CMie Titerature shows
conflicting results, possibly due to differencesstady daign (e.g., sourceof HGFserumvs plasma,
blood vs bone marrowanalysis at the time of diagnosis or during treatment; small size of the patient
cohorts in some studiesic). Thus the analysis of large cohorts gfatients is necessary to conclude
decisively on the predictive value of HG&vels in CML and in MPNs

7. The HGF/Met Axis asa New Targetin the Treatment of CML and MPNs

SinceHGF levelsreflect tumour burden arattivation of theHGFMet signallingpathwaysplays a
key role in carcinogenesj it was logical that the pharmaceutical industryeleped therapeutic
strategies iming at inhibiting the HGF/Met axis. Such therapeutic approaches encompass direct
inhibition of HGF, orblocking its binding tdMet, or neutralising antibodies targetift§sF orMet, and
small molecule inhibitorsusedas sngle agent®r in combination with other drugs specificaiérgeting
the main biologicaimarker(s)of the malignancy of intere§h CML: Ber-Abl; in MPNs: JAK2V617F)
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A growing body of evidnce demonstrates the efficacly HGF and Met inhibitors, aloneor in
combination therapy, isolid tumoursof various typesand n myeloma. In contrasthere are no
published studies of prdinical or clinical use of HGF or Btinhibitorsin CML or MPNs Onelikely
rea®n ighat CML and MPNs are considered to ke consequete of a single genetic marker;
consguently the druggsested inthese diseasgsrimarily target Bcrabl (CML) and Jak2 (MPNSs).
However,CML patients develop resistance to Bl inhibitors, Jak inhibitors have tie or no effect
on theJAK2v617F burden, ando fa no CML or MPN patient hakeen curedGiven the experience
and success of combination thpies in solid tumoursndsimilar chronic inflammation in cancend
in MPNs one carsafelypostulate tat the combination therapies used ihdstumours will in timebe
adapted tdVIPNs. Meanwhile combination treatmenturrentlytested in patients witkolid tumours
or myelomashoulestablishwhether blockinghe activation of théilGFMet pathwayss truly useful

A plethora of Met inhibitors have been developed; our aim in this review is not to provide an
exhaustive list, nor the detailed mechanism of action of each molecule, available for instance on the
links [146,147]for the ongoing clinial trials, and in review§l148,149. Rather we will present the
main categories of molecsleapable of blocking the HAWét axis, acording to their mode of action.

7.1. Abl-Bcr Inhibitors

In vitro imatinib enhancedHGFMet-inducedmotility response othyroid cancer cellswhereas
c-Abl was shownto be required forMet-dependent oncogemnitransformationin the GTL-16 and
HepG2 cell lineg150]. Imatinib andnilotinib treatment resulted ireducel proliferation ad survival
of the two cell lines, via thg@38 MAPK/p53 pathwayq4151]. In practice at Food and Drug
Administration FDA)-approved dosegnatinib does not inhibit Met kinase activity.

7.2. Neutralisng Antibodies

HGF andMet neutralisingantibodiesare best suited to diseases that depenplaoacrinedutocrine
HGF, the most frequent meahiam d activation of the HGMlet axis in MPNs. In vitro Met
neutralising antibodiesvere found to block efficiently the growth AAK2/617Fmutated cells
including PV erythroblasts and the HEL cell line, which expresses HGF at very high [[€5ls
Burgesset al. reported a panel of five aAtdGF antibodies able to inhibit tumogrowth in an
autocrine HGF/METdriven xenograft model of glioblastomd52]. These antibodies acted by
preventing the binding of HGF tMet, thus impairing the activation of downstreasignalling.
AMG102 (rilotumumab), a fully humanised antHGF antibodyand one of the most advanced
antibody in clinical development, has beenpimase II trial since 2012L2G7, another aiHGF
anibody successfully inhib&d tumouss of the central nefous syste in an intracranial xenograft
model. AntitMet antibodies directed againgite extracellular domain of the receptoave been
developed as monovalent antibodies after it was observedittzdent antibodies couldenerate an
agonist effect Onearmed variarg of the Met antibody 5D5, CE355621 and DMBO showed
promising activityin various solid tumour$20]. DN-30 was shown to inhibit gastric cancer in a
xenograft model by stimulatinylet shedding[153]. The LMH-87 antibody was shown to inhibit
tumour growth of U87 glioblastoma cells in a xenograft m¢dig8]. A bivalent antagonist antibody
called 11E1 has also been described but its mechanism of &ttt unclear. Currently everal
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anibodies targetingVet are available for use in humairs the context ofclinical trials MetMab
(onartuzumab), a monovalent antibody thampetes for the binding of HGIS one of thenj2(].

Recently, the novel concept of nanobodiegas introducedfor therapeutic use in HGHet
therapy[154]. Nanobodies arsmall (~15kDa) therapeutic proteinghey arethe smallest functional
fragment of heawghain antibodiesand are naturally occurring in Camekdarhey retain the full
antigenbinding capacity of the original antibody and can be associated with othebaties,
molecules, protein domas or drugs. The anllet nanobodywas tested in am vitro myeloma model,
where it showed high specifigitand efficiently blocked HGMet signalling resultirg in decreased
cell proliferation[154].

7.3. MET Small Molecile Inhibitors

Small tyrosine kinase inhibitors are now approved therapies by E#e (fmatinib, erlotinib,
lapatinib, sunitinib, sorafenib)Small molecule inhibitors can be efficient in the context of
ligand-dependent or liganthdependent activation.hEre are two major types of small moleciMet
inhibitors. The ATP dependent inhibitors are based on the structtine &TP binding pocket of the
receptor tyrosineikase (RTK). As this is a well conserved structure amongst RTKSs, they tend to have
overlgping activities and also inhibibther RTKs but with different affinities. The nonrATP
dependent inhibitors rely dass conservetfansactivation or dimerization sitg455].

The MET-related RON receptor is a frequent secondaarget of Met inhibitors [156]. Ron is
expressed ingrmal CD34+ haematopoietic celimd its tyrosine kinase domain sbs 80% identity
with that of Met, making RON a likely target for inhibition by molecules directed against this common
region Like HGF, RONregulates cell proiferation, migration and survival. The short form of RON
(sfRON), which lacks the extracellular domais not found on normal CI34+ cells buis present on
the surface of ML CD34+ cells Small moleculeMet inhibitors SU11274 andPHA-665752
decreased thgurvival of SfFRONexpressing AML cefl in a dose dependent nmer Hence, it is worth
keeping in mind that sSfRON might show simildmwnstream biological effect adet; that they are
both deregulated in AML and can beageted efficiently by the samimhibitors targeting shared
regions of their kinase domain.

Other small moleculénhibitors have been developed. NK4 is an internal fragment of HGF that is
composed of the NH&rminal domain ad 4kringle domains. lbinds to Met without triggering its
activaion, thus preventing downstream signalling. NK4 also inhibits angiogenesis induced by VEGF
and BFGF. NK4 has been shown to efficiently inhibit angiogenesis, tumour growth and tumour
metastases in colorectal and pancreatic carnnevs/o. Met inhibitors SU11274 andPHA-665752
which canblockthe response to HGF in a myeloma modehve been studieih preclinical
models[157]. One concer is that MET mutated variarst could show an altered sensitivity to the
inhibitors; the possibility of MET variants leling to resistance to 8 inhibitors was also raiseth
solid tumaurs and iINnCML [79]. Depending on where the inhibitor binds the receptor, the variants
present in that region of the receptor might impair the affinity of the inhibitor and then its #bility
efficiently block MET activation.

Inhibitors of HGF activatorHGFA), notably ati-HGFA antibodies aiming at preventing HGFA
to cleave preHGF into its actie form are also being develop2Q].
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Met inhibitorsPF02341066(crizotinib) and SU11274 bothsuppresshe growth of basophilineage
committed KU812 and uncommitted K562 cell lines in a dose dependent m@hagralsanhibit the
proliferation of CML bone marrow and peripheral blood mononuclear ddl}. Recent studies
demonstrated thatoacomtant inhibition of FGFR1 and MET (cratinib) blocked theactivation of
HGF and resukd in sustained cell killing bothn vitro and in vivo in a xenograft modebf
FOP2FGFR1 aggressive myelapiferative syndromééukaemia [95]. SU11274 inhibits colony
formation and reduces viability in A9M, U937 and Q&ML cells. In U937 and OCGAML cells
treated with SU11274, differentiation effect was also observed with treated cells appearing less
blastlike and more differentiatgd5§].

MP470 (amuvatinib), a aitipotent kinase inhibitor, was shown to have inhibitory effects on the
HGF/MET signalling pathways in ann vitro model of myelomd159]. Anotherstudy on myeloma
cell lines showed that targetinglet with SU11214 is relevant for the treatment of reststalls
characterized by increasédet signalling activity[160]. In the cytokineindependent Ba/F¥prMet
model, SU11214 induced G1 cell cycle arrest and apoptosis via the activation of caspase 3. Interestingly
SU11214 also blocked the Ras, PI3K/Akt, G8pathways[160]. Recently, Tiedtet al. conduct a
study to predict resistance toeMinhibitors using the murine Ba/H@et expres®n cell line [79].
Exposure to NVEBVU972 or AMG458 inducegboint mutations in thélet transgene, preferentially
in position F1200. They characterized several of the mutants and showed théB\W¥372 had no
impact on the phosphorylation afutantMet compared to wild typéMet, and that AMG458 had
impact only on some of the mutaf#g)]. Also, IL-6-induced HGF transcription drproduction, which
in turn stimulates IE10, an antinflammatory cytokine, was revers@lith the use of the SU11274
Metinhibitor [113.

7.4.Interferon (IFN} D

Several groups have shown that IHDRa is efficient in the treatment of MPNs; in fact, IHBRa
remains the only molecule capable of inducing complete clinical, biological JAK®V617F
molecular remission in PY161,162]. In this regard, it is interesting to note that {HDtlecreases the
production of many inflammatory cytokines and inhibitssappresses the expression of HGF and
Met (Table 2)163]. For instanceCML patients treated with IFNDwere reported to present less HGF
than those treated with HU or untreated CML pati¢béel]. The remarkable efficacy of IFND2a in
myeloproliferatve diseases is likely due to the inhibition of a broad range of cytokines and
receptors implicated imyelopoiesisand inflammation (Figure 5). However, IFRhas side effects
that lead certain patients to discontinue treatment. Using DiNcombinationwith other molecules
would allow to reducing IFNDdoses and side effects, while potentially increasing the chance of
curative treatment.
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Figure 5. The HGFMet axis as anew target in the treatment of MPN#) The current
pathogenic model for MPNs statehat that disease is initiated by one the three main
markers: theJAK2V617F mutationCALR or MPLW515L/K mutants. The mutants result

in constitutive activation of the Jak2/Stat5 pathways, and the increased production of
inflammation cytokines typicallyound in MPNs is considered to be a consequence of the
JAK2 CALRor MPL mutants. Additional, passenger genetic events, such as mutation in
the EZH2 ID1/2, TET2 or ASXL1genes, may occur and contribute to a more severe
disease evolutign(B) The new modetakes into account thdAK2/617Findependent
contribution of HGH\et to the pathogenesis of MPNs. This model is consistent with the
demonstration by several groups tdAK2V617F is not sufficient to sustain MPN disease,
and thatJAK2/617F is not the firstevent in subsets of patients. In the newdel,
activation of the HGMet axis due to bone marrow hypoxia (Fikediated activation)
or/and exposure to inflammation cytokines (NlB-mediated activation), lead to enhanced
survival and proliferation of mutated myeloid progenitors and increased production of
various cytokines responsible for inflammation, {@agiogenesis, and fibrosis. Therefore,
efficient therapy for MPNs should aita block simultaneously the cascaderdfammation
cytokines, theiisignallingand the main disease markdAK2 MPL or CALR. This may

be achieved by combining JAK1/2 inhibitors and molecules efficient at blocking
NF-kB- and HIFmediated activation che HGFMet pathways.
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7.5. OtherMolecules

As described above, HGF and Met expression depend efBNEhd HIF1 D and HGF production
can be induced by H3 and OSM, thus indirectly by the activation of Jakl/Jak2 (mostly Jakl)
signalling This suggests that inhibitors of N, HIF-1 Dand of course JAK1/Zould be useful by
reducing inflammation symptosrand the survival of clonal cells, independently from the presence of
the JAK2vV617Fmutation(s)Figure 5. FortunatelynumeroudHiF-1 or N~ MB inhibitors already exist
and several are being tested in clinical tr[dB85A74]. JAK1/2 inhibitors will not ke discussed here
since they are already used in the treatment of PMF and severe forms oftiRaW iwith the aimto
block JAK2V617F, therto reducesevereinflammatiorlinked symptomsMoreover,JAK1/2 inhibitors
used as single agerdse not capable oéducing the size of thtAK2mutated clone in MPIdatiens.

In solid tumous, increasedtumoural HIF-1 D expression has beecorrelated with increased
aggressive disease and poor patient prognosis. Consequently & become an interesting new
target in cancer treatment. Numerous smallecule HIF1 inhibitors havbeen identified, and a few
are in clincal trials.The different types of HIA inhibitors, their mode of action and their efficacy in
clinical trials mostly in the context of solid tumours and myelohaae recently been reviewglb5,166)].

In addition, existing anticancerdrugs althoughnat targeted at HIFR, are krown to act in part by
inhibiting HIF-1 activity: these drugs include PI3K/Akt/mTOR inhibitors, Hsp90 inhibitors, histone
deacetylase (HDAC) inhibitorproteasome inhibitors (bortezomilals well as several natu@mpounds
suchas berberine, an alkaloid used in tradiib Chinese &rbal medicine, or curcumifil67 A71].
HDAC inhibitors orbortezomil PI3K/Akt/mTOR inhibitors, and Hsp90 inhibitorlsave beeror are
being testedin CML and MPN paents[169#72]. However, so farhese drugs have mostheen
tested as single agenttombination treatments would be more likely to be succe$368,169].
Moreover, in MPNs HIF1 may not be the best Hifarget, ablIF-3 mRNA was found expressed at
higher levels thaHIF-1 in PMF. h cortrast to HF-1, HIF3 does not induce Epo, an interesting
characteristic since low Epo is a hallmark of MHW8&2]. Thudor the treatment of MPNst may be
best to seledtIF inhibitorson their capacity to inhibitthe activity &flF-3, notHIF-1.

The ant-apoptotic cytoprotective effect ofF- % LPSOLHG Wi&eDugéful ivergfeiOt@rget
for the treatment of hematologic malignancies. Ingdessderal drugswith proven efficacy forthe
treatment of myelomasuch agroteasomenhibitors, thalidomide, lenalidomide and arsenic trioxide,
block NF- % D F W LMiptodeR(terpenoid triepoxyde), a purified component of a traditional
Chinese medicineinhibits the expression oNF- %and variousNF- %regulated genedNF- %
activaton can be alsd. Q KL E L W H Geléctiveinhibitors [173]. In CML cell lines and primary
CML cells from patiats, pristimerinnducel apoptoss in imatinibresistancellsharbouringthe T315I
mutation by blockingNF-kappaB signalling as well asthe expression oNF-kappaBregulated
geneq174. Hence, pstimerin could baisefulin CML to overcome imatinib resistancehe proteasome
inhibitor bortezomibwas tested in anurine model of myelofibrosisnduced by thrombopoietin
(THPO) overexpressionBortezomib was able tmhibit Tpo-inducedNF- B activationin vitro in
murine megakaryocytesndin vivoin THPO(high) mice anddramatically improved HPO (high)
mouse survival (89%s 8% at week 52)175]. Consequently, bortezomib was tesssda single agent
in patients with advanced stage PMfpostPV/postET myelofibrosis neither remission nor clinical
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improvement was recorded in 16 patiefl§1l]. Again, single agent therapy is unlikely be
successful in MPNs, especially for patientatvanced stages.

More recently, the combination ofuiolitinib (RUX), a Jak12 inhibitor, and Panobinostat (PAN),
a pandeacetylase inhibitor (paDACi), has been tested in a ddssding phase 1B study in patients
with PMF or with myelofibrosis secondary to PV or EII76]. The combination of RUX and PAN
demonstrated a tolerable safety profile with encouraging efficacy as demonstrated by spleen response:
in patients with intermediat@nd highrisk myelofibrosis.

8. Combination of Inhibitors of the HGF/Met Axis and Drugs Commonly Usedin the Treatment
of MPNs or CML

Human nalignancies are very rarelgiriven by a single mutargnd as a resylinhibiting a single
target is urikely to be sufficientif one has curative treatment in viesombination therapies are much
more likely to be effectiveln solid tumous and in myelomayletinhibitors havealreadybeen tested
in combinationwith other signal transduction inhibitorand some combinations have proven to have
synergistic actiorj21,177,178]. For instancehte EGFR inhibitor gefitinib hadeen tested jointlwith
the HGF inhibitor NK4 in a preclinical model of gastric caneerd tlis combinatiorhasproved more
efficient than either agent on itsoti79]. Metinhibitors havealso been combinedith chemotherapy
in models ofsolid tumours. The antiGF antilndy AMG102 has been used with temozolomide or
docetaxeln vitro andin vivo in glioblastoma mode]sanda synergistic effect on tumour growtrasv
observed.Similarly, SU11274was able toeverse the resistance to cisplatm vitro in U87H
glioblastoma cd$, andNK4 showedn vivo antrtumour activity when associated with either cisplatin
or gemtacibin in gastric and pancreatic models.

The combination of imatinib and &dinhibitors has been tested. In imatitreatedtumours, levels
of Met and phosphtet were increased. Combination of PF2341066 and imatinib redde¢ and
phospheMet levels and suppressed metastgs#d]. In CML, imatinib and nilotinib were shown to
induce the secretion of GI@SF, a cytokine that mediates cell resistance via activaifothe
Jak2/Stat5 pathway[181]. Interestingly, GMCSF is ovetexpressed in imatinibesistant CML
patients, compared to imatingensitive CML patients in chronitpse182]. Disruption of Jak2/Stat5
activity with AG490, a Jak2 inhibitor, suppressed B®I-CSFmediated resistance, which suggests
that JAK inhibitors could help eradicate imatidy nilotinib- resistant cells in CML.

Téreault et al. analysed the effects of HGF amhgdroxyurea iU) in human gastric epigiial
(HGE) cell lineg[183]. HU inhibits DNA replicationand is frequently used in the treatment of MPNs
In the presencef 20 mM HU, they demonstrated cytokimedependent cell proliferation. Wheé#GF
(320 ng/mL) was addedHU still inhibited cell proliferatioralthough nasignificant nhibition of the
HGFMet pathwaysould be detected hese results suggesiatcombining HU with Met inhibitords
possible, andould be a gogasynergisticcombination forthetreatmendf MPNs

Our group tested the efficacy of combining MET and JAK iitbib on the proliferation of the
JAK2/167F homozygous HEland UKE1 cell lines. In both cell lines, only a weak inhibition was
observed when molecules were tested separatelgn at high doses. In corgtamore than50%
growth inhibition was obtained IMJKE-1 cells treated simultaneously witteduced doses of
PF2341066 and INCB018424 (Figure).6However, the same combination had no significant
inhibiting effect in the HEL cell line, which prades HGF at very high levels.
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Figure 6. Synergy of MET andAK inhibitors in JAK2V617Fmutated cellsMET/ALK
inhibitor PF2341066 was tested alone and associated with-JAKL/2 inhibitor
INCB018424 on thd AK2V617F " UKE-1 cell line. Only a weak inhibition was observed
(at >1 AM) when molecules were tested separately. When {Ké&ells were treated
simultaneously with INCB018424 (200 nM) and -PB41066 (increasing doses),
synergistic growth inhibition (>50%) was obtained with 5 nMZ331066.

Hence, it isfeasible to designherapeutic protocols combining drugs that target cytokines at
different levelsj.e., production (NF NB inhibitors, HIF inhibitors, IFN O HDAC inhibitorg, receptors
(Met inhibitors) orsignallingpathways (JAK inhibitors, BeAbl inhibitors), should aller to eradicate
MPN clonal cells. Since each patient potentially differs in term of H@Fuction inflammation
cytokines,Met and Jak1/2 expression, as welldawing or/and passenger mutations potentially able
to alter response to cytokines or/and timent, efficientand eventually, curativeombination therapies
in MPNs will have to be personaldG DGDSWHG WR WK ghd Siuiationd Qrofilg.v  F\\
Fortunagly, the technology (cytokine profiling, negeneration sequencing) and many of the dargs
already available.

9. Conclusiors

As in other malignancies, the HGORét axis is activated in CMand in MPN progenitorgjue to
the overproduction of HGF in the presence of normal or increagaessiorof Met. The cells that
produce HGF inclde strand cells and malignant cells: basophils in CML, clonal myeloid progenitors
in MPNs, JAK2V/617Fmutated or notStudies in larger cohorts dfIPN patients are needeib
validate that the HGF level in serum reflects the tunfmrden, and thusould beused a a prognostic
marker. The mechanisms responsible for the overexpression of HGF are not fully understood but they
appear to involve NH¥B, cytokine stimulation, and hypoxi@IF-1 or/and HIF3). In contrast to
certain inflammation cytokines (16, TNF D, which depend on BeAbl or JAK2/617F (Figure 3),
the autocrine production of HGF is independent from-Bor in CML, and independent from
JAK2/617F in MPNs. Knce, deregulation of the HGRét axis could be either an early or a
passenger event in MPNSs, whisignificantly changes the th@genic model of MPNs (FigureB.
The new MPN model including the dependence factor HGF, which promotes cell survival and



Cancers2014 6 1655

proliferation, is consistent withthe recent evidencethat the JAK2V617F mutation, even in the
homozygous state, is not sufficient to sustain MPN disdd84,185]. This opens numerous new
opportunities oftreatment, since blocking HG@®ét function can be achieved with various types of
inhibitors acting at different levels: gene exgsion, cytokine proation, signalling (Figure ). New
therapeutic protocols based on teepected synergistic action ofolecules capable of blocking
activationthe HGFMet axis, used in combination wiler-Abl inhibitors (CML) or JAK inhibitors
(MPNs), can now be envisionedmportantly, hese new therapeutic approaches may alibes
preventing acquisition of drugesistance, anigadto curing subsets of MPN patients.
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