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Abstract

Chronic myeloproliferative neoplasms (MPNSs), cloiésorders of hematopoietic system resulting in
abnormal proliferation of one or more hematopoiatid! lineages, express different clinical, hemagid and
biological features. The majority of classical MPN&5% of polycythemia vera (PV) and half of essanti
thrombocythemia (ET) and myelofibrosis (MF) patgerdisplay alterations in the JAK2 gene. JAK2 wijge ET,
and MF patients lack features of PV. Driver mutagion pathogenesis of Philadelpiha-negative MPBI&sk2, MPL
and calreticulin (CALR)- all play pivotal roles ioytokine signaling in hematopoiesis. Negative raguk of
signaling pathways, LNK and CBL are infrequentlggited genes in MPNs. Mutated or deleted transongactors
such as IKZF1, EZH2, Tp53 and RUNX1, are preserst law proportion of patients with MPN. Some of she
factors, such as IKZF1 and Tp53, were associatéd trdansformation to acute myeloid leukemia (AMigt their
prognostic impact needs to be elucidatddtations of CHEK2, the tumor suppressor gene againcontrolled cell
growth, were associated with susceptibility to Elutations of NRAS gene, a member of MAPK signalpaghway
frequently mutated in MPNs, seem to affect expogssif JAK2 target genes and are primarily assediatith
transformation to AML. Mutations in epigenetic réagfors including TET2, DNMT3A, ASXL1, EZH2, and 102
were described in MPNs and other myeloid maligreseit variable frequencies. The somatic mutatioBR$F2,
one of the RNA splicing machinery genes, was assedi with worse survival and increased leukemic
transformation in PMF. Alterations in DNMT3A, ASX|.EZH2, and IDH1/2 are more frequent in PMF than PV
and ET. Recent studies suggest that for Ph-negaivéls, mutations affecting epigenetic regulatiorgimibe
prognostically more relevant than mutations affegtdAK-STAT signaling. Mutations in CALR were newly
discovered in a majority of JAK2V617F- and MPL-ngga ET and MF patients. In MPNs, genetic abnortiesi
affecting epigenetic regulation are often expresseqmhtients carrying JAK2, MPL, or CALRuwtations, indicating a
cooperation between these two classes of mutaitioM$N pathogenesis. This review summarizes pathesgjs and

molecular events of MPNSs.
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Introduction

Chronic myeloproliferative neoplasms (MPN) are augr of heterogeneous disorders characterized bgsexe
production of clonal myeloid cells and a frequemhdency to transform to acute myeloid leukemia (AML
Defective hematopoiesis is the main contributingida to the pathogenesis of MPN. Hematopoiesis dyraamic
and strictly controlled process in which cells doné to mature and proliferate. Acquired mutati¢p@int mutations
or chromosomal rearrangements) may disrupt thisge®resulting in defects affecting the myeloideserAlthough
most of the somatic mutations occuring during darisof the pluripotent hematopoietic stem cell (HSBave no
effect on phenotype, some mutations have been texpdo cause proliferation. The myeloproliferatigldne
gradually ensues as the mutated stem cell leadimgdliferation enters cell cycle more frequenilhe resulting
monoclonal hematopoiesis is a characteristic feadfirall myeloid malignancies. In humans, developingd MPN
is the most common phenotypic expression of cltveahatopoiesis. This review focuses on classic MRNch is
one of the 9 disorders included in the currentsifsition of MPN by World Health Organization (WHIO Classic
MPN comprises of polycythemigera (PV), essential thrombocythemia (ET) and nfjosis (MF). Dameshek W.
proposed two highly speculative possibilities as tause of trilinear PV of erythrocythemia, thromytbemia,
granulocythemia: excessive bone marrow stimulabipman unknown factor or the lack or decrease ahhibitory
factor. % In 2005, James C. et al, who demonstrated tlasdmatic JAK2V617F mutation was the driver cafse
trilinear MPNs including PV, ET and secondary MFonfirmed the hypothesis of PV as a trilinear
myeloproliferative disorder of megakaryocytic, eottytic and granulocytic myeloproliferation’ MF is
characterized by accumulation of excess fibrotisue in bone marrow induced by MPN of various mdhac
etiologies. In the last decades, genomic studiese @entified various genes relevant to the pathegis of MPN,
which imply that many different cellular pathwaysyrbe responsible for the clonal evolution of heypatetic stem
cells. MPN related somatic mutations were dividatb itwo main functional categories: mutations th#fect

cytokine receptor signalling and mutations relatedregulation of gene expression. This review dises the



molecular basis of classic MPN and developmentgarding the clonal evolution of disease as welltlaes

contribution of various lesions to disease progogsand their use as prognostic markers.

Mutationsasdriver causes of clonal myeloprolifer ative neoplasms

The World Health Organization clinical moleculadgrathological (WHO-CMP) criteria define three pbipes of
JAK2V617F-mutated MPNs -normocellular ET, hypengatl ET due to increased erythropoiesis (prodromgl P
ET with hypercellular megakaryocytic-granulocyticyetoproliferation (EMGM) or masked PV and classi€af
versus the JAK2 exon 12-mutated idiopathic eryhttoemia (IE) and PV. MPL515-mutated JAK2-wild tyg&
and MF are distinct thrombocythemias without feasurof PV in blood and bone marrow. The third
thrombocythemia entity -calreticulin-mutated JAKZM wild-type ET and MF- show characteristic featu
primary megakaryocytic and granulocytic myelopegiition in the bone marrow, findings not obseriredAK2
and MPL-mutated MPNs. The MPN disease burden abuamolecular etiologies is best reflected bydbgree of
anemia and splenomegaly rather than mutated afieiden, bone marrow cellularity, increase in réticwor
collagen fibrosis**®

The majority (95%) of PV patients harbor the JAKAVF mutation. The 5% JAK2V617F unmutated PV
patients are frequently heterozygous for JAK2 ef@nmutations® '° MPL, and CALR-mutated MPNs lack
features of PV and provide a genetic marker for riiggority of JAK2 wild-type MF and ET (91.9% and %5
respectively) ™ *? Several genes including regulators of DNA methgta{ TET2, DNMT3A, IDH1/2), chromatin
structure (EZH2, ASXL1), MAPK signaling pathway (MR), regulators of transcription factors (includibgZF1,

RUNX1, and Tp53) and negative regulators of sigmppathways (LNK, CBL), are also mutated in MPNg®

JAK2V617F mutation

Over two decades, researchers have investigagedritierlying genetic disturbances in PV. Defectthin

signalling pathways of the erythropoietin recep(B&PO-R) was proposed as the underlying patholodesé



pathways include transcription activators such w®sine kinase JAK2, transcriptional signal trarcsts,
transcription 3 signal mediator and activator moleqSTAT3) and transcription 5 signal mediator autivator
molecule (STAT5). JAK2V617F mutation was descritied2005 by Vainchenker et al. in France. It was
demonstrated that in PV, inhibition of JAK2 by aahmolecule (AG490) or siRNA led to a decreaseEirO
independent colony production by bone marrow moolaar cells. This observation led the researchedirectly
sequence JAK2 in hematopoietic cells of PV patiemd to the eventual discovery of repetitive peimitations.
Guanine-to-thymine mutation in JAK2 resulted in &itition of valine to phenylalanine codon 617 witlthe
pseudokinase domain. These findings were rapidhficned by other groups. In another study includiny
patients, researchers identified loss of heterogipg@LOH) on chromosome 9p and a commonly shar@dMvbp
region.?’ This specifically identified region was shown tarbor the JAK2V617F mutation. DNA content analysis
demonstrated that JAK2V617F mutation was only prese hematopoietic cells and that in all PV patsen
erythroid precursor cells were homozygous for theation. Based on the quantification of the allbieden of
JAK2V617F mutation in granulocytes by polymerasaigheaction (PCR), patients were stratified im0 groups:
those with low allele burden of JAK2V617F mutatiofib0%) and those with high allele burden (>50%heT
mitotic recombination and duplication of the mutatfiele were shown to account for the homozygofitythe
JAK2V617F mutation. Also, it has been demonstratext the heterozygote mutation transforms to homgoag
state as a result of mitotic recombination during tlisease course. Median disease duration faemeativith high
allele burden and low allele burden was 48 montits 28 months, respectively. These findings supgh@tnotion
that low allele burden disease transforms to hidlkelea burden disease during follow up. Furtherohe t
aferomentioned results suggest that pathogene§l¥ é a multi-step process. In the first run, dleguired mutation
in the JAK2V617F gene results in low allele burdeater on, homologous recombination leads to thpeapmnce of
precursor cells and granulocytes showing homozygési JAK2V617F in the presence of a high alleleden. The
JAK2V617F mutation was reported to be present inenioan 95% of the patients with PA7.

40-60% of ET patients carry the JAK2V617F mutatfSrJAK2 plays an important role in the intracellular
signaling pathway of a group of growth factors sasHL-3, EPO, G-CSF and thrombopoietin (TPO). JXB27F
allele burden was found higher in ET patients sihgwilonal hematopoiesis compared to those showahcional
hematopoiesis (26% and 16%, respectively). It pored that the heterozygous JAK2V617F clone inr&fains

stable in the presence of both clonal and polyditweanatopoiesis. 70% of PV patients harbor the dmymgote



JAK2V617F mutation with high allele burden (>50%heave as it is less common in ET patients. JAK2V617F
mutation is homozygous in all PV patients, inclydimose with low allele burden. On the contraryK2X617F
homozygosity is rarely expressed in the hematojpoéeionies of ET patients. It was reported in Eftignts that a
higher JAK2V617F allele burden existed in thromiiesycompared to granulocytes while the allele bhurdas
higher in the granulocytes of PV and PMF patieftgrthermore, JAK2V617F mutations were demostrated i
erythroblasts of ET patients. In one study whidlizetd mutant single nucleotide polymorphism (SNf@potyping

for mutant alleles of JAK2V617F, the presence tdridependent multiple abnormal clones was demdasitia ET.

% |n the same study, the real prevalance of biall%iK2 mutations in ET was reported as 5-10%.

Approximately 50% of MF patients carry the JAK2V&L mutation and nearly 13% carry it in the
homozygous staté’ It is believed that the homozygosity of this migatin MF is associated with the presence of
cytogenetic abnormalities with poor prognosis.

One of the questions to be adressed regardingpithiegy of the JAK2V617F in MPNs is how different
phenotypes are constituted in the presence of cthismon mutation. In PV, the amount of phosphoegdabTAT3
and STATS5 increase in bone marrow cells. ET patishiow an increase in the amount of phosphoryl&iediT3
but a decrease in the amount of phosphorylated STATMF patients, both the expression of STAT3 &TAT5
decrease. These observations imply that alternativeadditional molecular events may play a role the
pathogenesis of PV, ET and MF. Moreover, it is kndhat clonal hematopoiesis exists in a major priomo of ET
and PMF patients not harboring the JAK2V617F natatConsequently, it may be considered that JAGKERF

mutation emerges as a result of different genegnts.

JAK 2 exon 12 mutations

JAK2 mutations other than JAK/617F (eg, JAK2 exon 12 mutations) are related righeocytosis and
misdirect the autoinhibitor domain activating JAKidase activity. A few functional mutations targetithe JAK2
exon 12 lie in the vicinity of JAK2V617F mutatiodAK2 exon 12 mutations are present in 2.5-3.4%lloP¥
patients and in 30% of JAK2V617F-negative PV pasiefl **Up to date, 17 different mutations of the JAK2 exo
12 have been reported.2/3 of the patients harboring the JAK2 exon 12atiahs have isolated erythrocytosis, a

distinguishing bone marrow morphology and decreasdm EPO levels. In the remaining cases, leukstyt



and/or thrombocytosis accompany erythrocytosis.sThn, JAK2 exon 12 mutations have not been repairt ET
or MF while were rarely demonstrated in patientshwiefractory anemia and refractory anemia withgrin
sideroblasts (RARS-T). It is proposed that JAK2red@ mutations result from long duration activatmmnJAK?2
related intracellular signalling pathway. Microgakar transient ischemic and major thrombotic eveate
frequently encountered in patients with JAK2 ex@miutations. Transformation to MF and acute leukemay be
encountered in PV?® BaF3 cells that express the mice EPOR and the J&th 12 mutation may proliferate
without the aid of IL-3 added to the medium. Thisitation also increases the phosphorylation of JAdt2l
extracellular signal-regulated kinase (ERK). Asesuft, myeloproliferative disease phenotype charamd by
erythrocytosis is constituted. In some series, @xprately 2.7% of patients with a clinical syndroménmicking PV
do not carry JAK2 mutations. Although only a mingrbdf sporadic PV patients do not carry the JAK2YB1
mutation, the proportion of familial cases of JAKBRM F-negative PV patients is definitely high¥r® JAK2 exon

12 mutations seem to account for the majority ofations in PV patients negative for JAK2V617F.

MPL mutation

JAK2V617F mutation is expressed in only approxinya®% of ET and MF patients. In one study, it was
reported that JAK-STAT pathway may be activatedthg stimulation of the hematopoietic specific cybak
receptors including EPOR or myeloproliferative lenka virus (MPL).®” Sequencing of the MPL gene, which
encodes the TPO receptor resulted in the discovEry new molecular abnormality in  JAK2 mutatiorgative
MPN. MPL mutations are localized in the juxtamenmaraegion of the receptor. 60% of MPL mutations\&t&15L
and the remaining 40% are W515K mutations, whigltén the substitution of tryptophan with leucized lysine,
respectively3”>°In different series, the frequency of MPL mutatieas reported to be between 0-10% in MF and O-
6% in ET.** In 50% of patients with W515K mutation and in 1%%those with W515L mutation, the allele
burden is more than 50%. MPL mutations resultyitokine independent proliferation in cell lines aindrease
susceptibility to TPOAs a result, JAK-STAT signal pathway is activatétdwas demostrated that MPL W515L
mutation induces myeloproliferation characterizgdsplenomegaly, leukocytosis, marked thrombocytegthout

PV features, and extramedullary hematopoiesis énsgileen and myelofibrosisloreover, it was shown that JAK



kinase inhibition halts the proliferation of MPL Wh5L-transformed cells. Consequently, it can be deduthat
inhibition of the JAK-STAT signal may be effectivi treatment of a JAK2V617F and MPL W515L mutation-
positive MPN.®” MPL mutation is present in granulocytes and it hasbeen detected in non-hematopoietic DNA.
These findings indicate that MPL W515L mutatioraisomatic mutation of clonal hematopoietic celltsai the
absence of MPL W515L allele in normal individuglgints out that it is not a common nucleotide palyphism.
These data support the notion that MPL W515L isath@genic mutation for JAK2V617F-negative MPN with
features of PV at diagnosis and follow-Upln a series of 994 ET patients by Vannucchi etMPLW515L/K
mutation was demonstrated in 30 patients, 18 ainwii60%) expressed the W515L and 12 (40%) expretheed
W515K allele.* In the aforementioned study, 8 of 30 MPL-mutaté fatients co-expressed the JAK2V617F
mutation** In ET, a correlation between W515L and low haembigi (Hgb) levels and between W515K alleles and
high platelet counts were reportetf. Also, bone marrow examination in W515L/K mutatipositive patients
showed reduced total and erythroid bone marrow uleeity, whereas the number of megakaryocytes,
megakaryocytic clusters, and small-sized megakatgscwere all significantly increasetf. These data show that
MPLW515L/K mutations do not define a distinct phpe in ET.

30% of MF patients positive for the MPL mutant Elalso carry the JAK2V617F mutatiof®. The
mutational load of MPL W515L, MPL W515K and JAK2VHL remain stable during the clinical course of MF
patients.In a mouse model, it was demonstrated that MPL W5t6&tation induced a lethal and rapidly progressive
form of MPN characterized by severe thrombocytdsiskocytosis, splenomegaly, hepatomegaly, megakatic
hyperplasia and fibrosis in the bone marrow. Ethtosis was not observed in the presence of MP15U
supporting that MPL mutation causes thrombocytegidle JAK2V617F mutation induces erythrocytosis. IMP
W515L/K mutation-positive MF patients are older ipats with severe anemia and require more frequent

transfusions®’

Somatic CALR mutations

Calreticulin (CALR) is a multifunctional proteirebt known for its role as a Ca21 binding chapeinribe

endoplasmic reticulum (ER) lumeff® The CALR-1 gene is located on human chromosomeani® mouse

chromosome 8, and contains nine exons which af@yhgjmilar between human and mouse at a sequeves. |



Mature CALR is a 46-kDa protein composed of thrieecsurally and functionally distinct domains. Toebular N-
terminal domain is lectin binding and consists sfgnal sequence targetted to the ER. The middikngrrich or P-
domain contains high affinity, low capacity, bindi sites for Ca21, and the highly acidic C-termidalmain
contains a number of high capacity, low-affinityAlabinding sites. The acidic C-terminal domainrigalved in
cellular calcium homeostasis—cells that are defiicie CALR have diminished calcium storage capauitthe ER
and overexpression of CALR augments ER calciumkgptdhe C-domain terminates in a KDEL sequence; KDE
receptors function in the retrieval of KDEL-contaig proteins from the cis-Golgi back to the ER?’

The mutations in the gene CALR was first discoddng Nangalial.et al and subsequently confirmed by
Klampfl T et.al.*®* *” CALR mutations are all located in exon 9. The twost prevalent mutations accounting for
about 80% of cases are del52 (CALRdel52/Type 12210143del; L367fs*46) and ins5 (CALRIins5/Type
I1;c.1154_1155insTTGTC; K385fs*47% CALR mutations were reported to be present in ai6e25% of patients
with ET, MF and post-ET myelofibrosis, who are ragafor the JAK2V617F and MPL exon 10 mutatioffs?’ In
a recent study, the frequency of CALR mutations Wa§% in ET and 14.8% in PMF. CALR mutations weo
detected in PV°Thus, CALR mutations represent an exclusion cotenf PV, that is JAK2 mutated by definition.
Mutations in CALR were identified in 8% of patiemgth MDS. CALR mutations have not been identified
healthy controls, AML, CML, lymphoproliferative disders and a variety of solid tumof$.%’

Recent studies revealed that CALR-mutated ET soa@ated with a higher platelet count, lower Hgll an
show no features of PV at time of diagnosis andnduiollow-up. CALR-mutated ET patients are chaegsized by
lower leukocyte count compared to those carryirg JAK2 mutation*® *° Although CALR-mutated ET patients
have a reduced incidence of thrombosis, no difieerin survival have been thus far been demondtfatedifferent
mutation subgroups in ET® *° Presence of CALR-mutation in MF patients showddwvarable impact on survival
independent of both DIPSS-plus risk and ASXL1 niatastatus®?’ >

In summary, CALR mutations occur in the majoritfy JAK2V617F- and MPL-negative ET and PMF
patients. Finally, 2014 WHO Clinical Molecular aRdthological (WHO-CMP) Diagnostic criteria suggestALR
mutations as a novel major criteria for ET and MFApproximately 85% of MF patients exhibit clonal
hematopoiesis yet do not harbor JAK2, MPL or CALRtations. It is not possible to explain the pathugs of
MF solely by the presence of these driver mutatmmsutant allele load. The genetic basis of Mkellf stems from

the combination of several genetic and epigendtenpmena.



LNK mutation

Lymphocyte specific adaptor protein (LNK) is a JAR-AT inhibitor adaptor protein. It is considereatth
LNK plays a role in the pathogenesis of myelopeshtive diseases. It consists of three regionsudtiey proline
rich amino region, PH domain required for insertioto the cell membrane and the SH2 domain whictdbito
MPL-JAK2. LNK is a negative regulator of TPO and Mmediated JAK2 activatiorr” In LNK knock out mice
models, increase in megakaryocytes and erythrogtyssor cells as well as enhanced hematopoietin skl
regeneration were documentéd.Some studies demostrated that LNK in vitro sumedhke signals generated by
MPL W515L and JAK2V617F.** 3 In a mouse model, LNK deficiency facilitated thevdlopment of
myeloproliferative disease induced by TEL-JAK2 ahdK2V617F. These findings showed that an interactio
between JAK2V617F and LNK is required to suppre¥$MF expression and that the SH2 domain of LNK is
needed to suppress the myeloid expansion induce@iBiyJAK2. In chronic phase MPN, the presence ofKLN
mutation was reported as a rare finding.Yet, a higher frequency (9.8%) was reported forNViRith blastic
transformation® LNK binds to the phosphorylated tyrosine kinases hibits the major cytokine receptor signal
that comprises c-KIT, JAK2 and MPL-JAKZ In conclusion, LNK as a negative regulator of &ye signalling

plays an important role in hematopoiesis.

Casitas B-cell Lymphoma mutation

Casitas B-cell lymphoma (CBL) is a gene locatedchromosome 11g23.3 and contains three related but
distinct mammalian protooncogenes: c-CBL, CBL-b @BL-c.* * It is thought to play a role in the maintenance
of hematopoietic stem cell homeostasis. CBL fumdias an adaptor protein and also increases théig8itin-
protein ligase activity hence regulating tyrosiriealse activity. The greatest frequency of mutatim$ound in
chronic myelomonocytic leukemia (CMML) and juveniteyelomonocytic leukemia® *° In AML, transforming
activity of c-CBL may be related to augmented FLdignaling.®® In MPNs, CBL mutations were first studied

during screening for acquired 11g mutation. MostL.QButations were localized in the RING region cagsa



disruption in ligase activity. To date, 27 CBL \amis associated with MPNs have been identifigth a cohort of
patients diagnosed with chronic phase MPN, CBL tmta were reported at a frequency of 6% among PMF

patients whereas CBL mutations were not detectedsimall series of PV and ET patierifs.

CHEK 2 gene mutation

CHEK?2 is a tumor suppressor gene that regulatésiisggion and hence protects cells against uncdiett
and rapid division®® CHEK2 is a key mediator of cellular response toiows types of DNA damage. CHEK2
encodes the kinase at the G2 checkpoint contrthéncell cycle. CHEK2 kinase is activated on ATMpdedent
pathways. In addition to DNA repair, it phosphotgk substrates including p53, BRCA1, CDC25A and ¢bC
which are involved in cell cycle checkpoint conttiofough coordination of DNA repair, cell cycle gression and
apoptosis.® It is reported that germline CHEK2 mutations (i@QdelC, 1157T) were detected in Li-Fraumeni
syndrome, some lymphoid malignancies and in myaieédignancies such as myelodysplastic syndr@vieS) and
AML. % In one recent study, the frequency of CHEK2 matatiin ET was reported as 15.1%Thus, authors
proposed that CHEK2 gene mutations contribute ¢ostiisceptibility to ET. The same study also poirgdetthat
germline inactivation of CHEK2 has no direct inflwe on development of ET, yet it may result in wajition of cell

cycle checkpoints and trigger the cancerogenicgg®i ET at an earlier age.

IKZF Deletion mutation

Ikaros Family Zinc Finger Protein (IKZF1) gene lbped on 7p.12 encodes the Ikaros transcriptiotofac
which is of functional significance in normal hemmadiesis. In mouse models, it was demostrated RidA
mediated IKZF1 deficiency led to an increase inokiite sensitivity and expression of p-STAT5. In astady,
IKZF1 deletions were detected in 6 out of 29 (2186%t-MPN leukemia patients, yet IKZF1 deletions eveot
detected in 526 MPN patients with no leukemic tfamsation.® In conclusion, a significant relationship was

found between IKZF1 deletions and post-MPN leukenZF1 deficient patients showed complex karyotypad



del 7p was reported as a late event in the geeaetitution of the MPN clone. As a result, it maydszluced that loss

of IKZF1 may play an important role in leukemicrtsfiormation in some MPN patients.

EZH2 mutation

In the developmenbf multicellular organismspolycomb-group (Pc-G) genes encode proteins tlyatiaee
gene expression patterff. PcG proteins function via three key multiproteiomplexes: Polycomb Repressive
complex 1 (PRC1), Polycomb Repressive complex 20BRand PhoRC. Enhancer of Zeste Homolog 2 (EZH2)
proteins are one of the four components of PRC2HEZX the multiprotein enzyme complex responsitde f
trimethylation of lysine 27 on histone H3 (EZH2, &12, EED ve YYI). Also, PRC2 makes chromatine more
compact by attracting other polycomb complexe$ieogene regiort/ EZH2 shows oncogenic activitits increased
expression prevents differentiation in epitheliahbrs.®” In MPNs, EZH2 gene expression is up-regulated. EZH
mutations are most commonly reported in PMF. It nbaysuggested that EZH2 acts as a tumor suppré@ssor
myeloid malignancies. In one study including 614gs with myeloid malignancies, a total of 49 EZkiutations
was detected in 42 patientd.Of the 30 MF patients included in this cohort stuti§% carried the EZH2 mutation.
EZH2 mutations were absent in ET and reported ratia of 3% in PV} This study could nadetermine the real
prognostic significance of the EZH2 mutation dudhe limited number of MF patients and short follaw period.
Another study including 370 MF patients revealedumed leukemia-free survival (LFS) and overall swah(OS)
after a median follow-up of 39 months in the preseaf EZH2 mutations® In that study, researchers concluded

that EZH2 mutations are independently associatéfl stiorter survival in MF patient®

RAS mutations

Ras proteins are members of the small guanosipbosphatase (GTPase) super-family. In all human

cancers, RAS mutations that abnormally activate BAF/MEK/ERK, PI3K/AKT and other pathways are

commonly encountered” " Three oncogenic mutations attributed to the RASegere HRAS, NRAS and KRAS



mutations. Although KRAS and NRAS mutations are omm in myeloid diseases, HRAS mutation is rat&RAS
mutations are usually single amino acid substihigisuch as G12V and G13R that decreases the siysifiRAS

for GTPase-activating protein thus enabling highSRBTP levels® > NRAS activating mutations of the RAS
family are present in approximately 30% of hematefic malignancies including AML, MDS and MPRE: *°
NRAS mutations are found in 7-13% of post-MPN AMENRAS/KRAS mutations are rare in PV, yet they have

been associated with transformation from PV toetetikemia®

Tp53 mutation

p53 mutations are the most commonly observed gea#érations in human cancers including lymphomas
and leukemias?® p53 transduced mouse hematopoietic stem cells eshdmcreased in vitro proliferative and
differentiation capacity. Also, increased expressid the mutant p53 triggered in vivo transformatf immature
mice hematopoietic cells. As a result, two typeshefatopoietic diseases, MPN and MDS, were indutkd.
Although there is a genetic tendency for leukemamsformation in MPNs, the underlying mechanisnaslileg to
this transformation are still unclear. Of a tothP@ patients who transformed to AML from MPN, &ipats (27.3%)
were found to carry somatic mutations in Tp53 géh&hus, it is considered that Tp53 plays an impartafe in
leukemic transformation. Tp53 mutations althougte ia PV have been associated with transformatiomfPV to

acute leukemid?*

RUNX1 mutation

Runt transcription factor 1 (RUNX1) point mutatioims MDS and AML were first identified in 1999°
Some mutants of RUNX1 exhibit a negative effectt@msactivation activity. These mutations both ealass of
function and also carry some oncogenic potentialsvall. Some MPN patients develop leukemic trameédion
shortly after a few years of initial diagnosis. Theaderlying molecular pathogenesis resulting inkésmnic
transformation has not been elucidated. In oneystiet frequency of RUNX1 mutation was reportedricrease
during leukemic transformation from MPN, but RUNXiutation was reported not to be present in chrphiase
MPN. % In the aferomentioned study, 5 out of 18 pati¢B%&7%) who transformed to acute leukemia were show

to carry RUNX1 mutation.



TET2 mutation

Ten-Eleven Translocation (TET) gene family is mageof TET oncogene family member 1 (TET1), TET
oncogene family member 2 (TET2) and TET oncogemeiljamember 3 (TET3)’°"® TET2 gene localized on
chromosome 4¢24 encodes the hydroxylase enzymeetiadiles the hydroxylation of 5'-methylcytosine (o®
TET2 mutations are loss-of-function mutations, wahimcrease DNA methylation and result in decreaée o
hydroxymethyl cytosine levels. TET2 mutations maycuwr before or after acquisition of JAK2V617F or MP
mutations and are encountered in approximately I8%nyeloid malignancies?® "*® IDH mutations exert
functionally similar effects on DNA methylation a&T2 mutations. Acquired somatic mutations in tH€lr'2 gene
suppress the catalytic activity of theketoglutarate dependent enzyme responsible forottidation of 5-
methylcytosine (5mC) to 5-hydroxylmethylcytosinddC) in DNA. Low 5hmC levels lead to hypermethydatiof
CpG islands in various DNA promoter regions. TETRMA is highly expressed in the LjnSca-1 and c-Kit"
multipotent progenitor cells isolated from the bonarrow and thymus of C57BL/6 mice. This patterexpression
is maintained in myeloid precursor cells, yet i& lim mature granulocytes. Furtheron in one stuadyngarison of
patient samples with a control group showed that BhmC levels resulted in significant decrease iINAD
hypermethylation. Currently, it is assumed that 2Efutations lead to loss-of-function in TET2. Asesgult, these
mutations cause accumulation of 5hmC in DNA anduéed increase in DNA hypermethylatio> DNA
hypermethylation inhibits cell differentiation. Nitro studies demostrated that TET2 deficiency pr¢s normal
differentiation process of hematopoietic cells.tlansgenic animal models using conditional knock-®ystems,
increase in monocytic cell line and a disease ptypeomimicking CMML were demonstrated. TET2 mutaso
include frameshift mutations due to insertions etetions, splice-site mutations and base subgiitati These
mutations occur more frequently at advanced agéarhilial MPNs, TET2 mutations are almost alwaysjuired.
The incidence of TET2 mutations in familial MPN® aimilar to the incidence in sporadic MF. In clbanalysis
studies held in patients with MPNs, no certain ocbtogical line of events were observed between iattqpn of
TET2 and JAK2 mutationd*  TET2 mutations in MPNs may manifest later at adeahdisease stagéhese two
genetic events, TET2 and JAK2V617F mutations in pHfients, seem to be independent of each other2TET
mutations have not been demonstrated to influemedréquency of thrombosis, leukemic transformato®s. It is

considered that TET2 mutation status is not a negrmstic marker in MF patients. In multivariableadyses in MF



patients, there was no correlation between theepresof TET2 mutation and anemia (Hgbh<10 g/dl). ffguency

of TET2 mutation was reported as 26.3% in post-M®L, 17% in MF, 11% in ET and 7-16% in P¥.: &

DNM T3a mutation

DNA methyl transferase (DNMT) family consists og8nes: DNMT1, DNMT3A and DNMT3B. DNMT
gene family encodes the DNA methyl transferaseettieyme that catalyzes the addition of a methyl grmuthe
cytosine remnants of CpG dinucleotid®The frequency of DNMT3A mutations in AML was repedtas nearly
20%. 8% DNMT3A mutations are believed to be loss-of-fuantimutations. DNMT3A mutations are usually
heterozygous and are predominantly located in tle¢hyh transferase domain. They often present astitee
mutations of the R882 codon. DNMT3A mutations wesported to portend poor prognosis in AML patiefitdn
one study, DNMT3A mutations were detected in 3 »f(#.8%) patients with refractory anemia with exxcbkasts
(RAEB) while in another study, the frequency ofsenutations was 8% in MD%: ® DNMT3a mutations are very
rare in MPN. In a study population of 135 MPN patie only 2 (1.5%) were found to carry DNMT3A mitas. *
Studies involving a larger patient population aeeded to better assess the clinical and prognsigfitificance of

these mutations in MPN&

ASXL1 mutation

Additional Sex Combs-Like 1 (ASXL1) gene, the hunfomologue of ‘Drosophila Additional sex combs’
(Asx), is located on chromosome 20q11.1. Asx dmletesults in dysregulation of the genes encothegPc-G and
Trithorax group (Tx-G) proteins? It is hypothesized that Asx influences the supegsand activation of homeotic
gene expression. Moreover, functional studies insbphila demostrated that Asx encodes chromatateelprotein
with high similarity to Pc-G proteins® It is not clearly known how ASXL1 mutations promoteyeloid
transformation. In vitro studies held on non-hematetic cells demonstrated the physical interactémPASXL1
with heterochromatin protein la (HP1la) and lysipeesfic demethylase 1 (LSD1) for supressing retinacid

receptor activity and with peroxysome proliferaastivated receptor gamma for supressing lipogen&sié



The three members of the human ASXL gene familyR5 ASXL2 and ASXL3) consist of an amino-
terminal homologous domain (ASXH) and a C-termipkint homeodomain (PHDY® % Studies regarding the
conserved domains of mammalian ASXL proteins shotted N-terminal region (10-100 aminoacid) of ASXL1
may contain a specific DNA binding site, namely HARTH domain (HB1, ASXL1, restriction endonuclease
helix-turn helix domain)® The results of the aferomentioned study indicates the PHD domain is spesific for
ASXL family. It is proposed that PHD domain recamgs the methylated lysine on the tail of the histbi3 over the
lysine on the N-terminal tail of histone H3. Additial functional studies are required to understimdeffects of
ASXL1 domains. ASXL1 mutations are frameshift migtas on exon 12 that lead to formation of truncatemsteins.

Drosophila Asx forms a complex with the ‘chromatiaubiquitinase Kalipso’ that forms the Polycomb-
repressor deubiquitinase complex (PR-DUB). PR-DuBnglex monoubiquitinates nucleosomal histone H2A at
lysine 119. The mammalian homologue of Kalipso, BAIRteracts directly with ASXL1. Also, it was dengirated
that the mammalian BAP-1 - ASXL1 complex shows iimovdebuiquitinase activity: The exact role of ASXL1
function in hematopoiesis has not been clearlyighied. In a mouse model, ASXL1 was shown to big@ifcant
cause of perinatal mortality. A small number of vieing mice were analyzed for an overt, short-laien
hematopoietic phenotype. In this model by Fishealea PGK promoter-drive neomycin expression déesseas
placed into exon 5 of ASXL1 to interrupt the reagframe of ASXL1 (this allele is referred to as A3m1BC) and
hence enabling truncation of nuclear interactingndims as well as the PHD domaifiThis enabled the expression
of proteins without nuclear contact sites in tignity of the PHD domain. AsxI1tm1BC/tm1BC homonig mice
had incompletely penetrant perinatal lethality. Yibey neither developed overt hematologic maliggamo was
there a decrease in number or function of multipoterogenitors. In the aferomentioned study, horgosy
AsxI1tm1BC/tm1BC allele was the cause of perindhth in 75% of cases. Moreover, embryonic lethalias
observed in C57BL/6J hybrid mice. In conclusiore tmpact of ASXL1 on hematopoiesis needs to besasse
using knockout models specific to postnatal anddtepoietic deletion.

Mutations in the epigenetic regulator region ASXkére identified shortly following the identificatioof
TET2 mutations in myeloid cancers. Mutations in ASXwere determined by comparative genomic hybriibzra
(aCGH) performed on MDS patient§* ASXL1 mutation was first described in MDS by Gebsiyer V.et al, who
noted deletions on chromosome 20qf1ASXL1 mutations were detected in 4 of 35 (11%) MRS8ients. Further

sequence analysis of ASXL1 enabled the identificatif the frequency of ASXL1 mutations in MPN antthey



myeloid diseasesASXL1 mutations were reported at a frequency of 10%% and 49% for MPN, AML and
CMML, respectively?* 101103

A number of studies have assessed the impact ofLASKutations in MPNs?* **1%Although ASXL1
mutationsin MPNs are encountered in advanced agds, relatively more prevalent in MF and post-PV/E
myelofibrosis compared to PV or E¥. 8" 1ASXL1 mutation was reported at a frequency of 2i6%V, 5-10% in
ET, 13-26% in MF and 22-38.5% in post-PV/ET mydiofisis. A recent study reported a significantlyrioOS
for ASXL1-mutated MF patients compared to thoséhaut the mutation. However, this study had a lichimber
of subjects including only 9 ASXL1 mutation-poséiyatients and 35 ASXL1-negative patierits.The study by
Vannucchi AM.et al assessed the impact of ASXLIations in PMF in a relatively large study popuati*®® Of
the 279 MF patients from the Mayo Clinic enrolled this study, ASXL1 mutation was detected in 85%31
patients. Vannucchi AM.et al. reported that ASXLuitations did not predict LFS, but correlated witloger OS.
In the European cohort of the same study includi8g MF patients, ASXL1 mutation frequency was répobras
21.7%. In the European cohort, the presence of AlSKlutation in MF showed correlation with shorter &3l
leukemic transformatiort® A recent study by Tefferi A. et al. reported th&8X1 mutation showed a significant
association with shortened survival in a total @0 3F patients (277 patients from Mayo Clinic ara8Zrom the
University of Florence)'”” In another study, it was reported that ASXL1 rtiotss were neither more frequent in
blastic phase MPN nor did this mutation resultrniracrease in the risk of leukemic transformatiorchronic phase

MPN. & Thus, it may be hypothesized that ASXL1 mutatiorym#ay a critical role in the early phase of MPN

development and clonal evolution of MPNSs.

IDH1/IDH2 mutations

Isocitrate dehydrogenase 1 (IDH1) and isocitrateydeogenase 2 (IDH2) are the two mutated oncogenes
commonly associated with gliomas and secondarylgigtomas'® No IDH1 and IDH2 mutations were detected in
assessment of samples from approximately 500 notmatenervous system solid tumor tissue specimemictw
support the notion that these oncogenes are tisgeeific. Therefore, detection of repetitive IDHutations in

whole exome sequencing analysis of 16 of 188 AMligmés was an unexpected finding® IDH1 and IDH2

mutations have been identified in AML, rarley in I8@nd MPNs with leukemic transformatici; 114



In mammalian cells, three classes of IDH isoenzyare present: IDH1, IDH2 and IDH3? IDH1 and
IDH2 are nicotinamide adenine dinucleotide phosph®&ADP+) dependent homodimeric enzymes that canver
isocitrate tou-ketoglutarate -KG). IDH1 is found in cytoplasm and peroxisomesl #RH2 in mitochondria. The
gene encoding IDH3 is yet to be discovered andi#ta regarding IDH3 mutations are inadequate. ifilethiDH1
and IDH2 mutations are specific missense mutatimwelving conserved codons. Frameshift and nonsense
mutations have not been identified and all mutatiare heterozygote for the wild-type allele. Ipisposed that the
mutant protein inhibits the wild-type enzyme andttiDH mutations causedminant negative phenotypélso, it
is considered that the mutant protein acts difféyefrom the wild type and cause a gain of functidhwas
demostrated that cells expressing the mutant IDétitain high levels of 2-hydroxyglutarate (2-HGY 2-HG is
also present in primary leukemia cells that caByi1 or IDH2 mutations™’ Mutant IDH enzymes alter substrate
specificity. Mutant IDH catalyzes the conversion wKG to 2-HG and depletes NADPH instead of producing
NADPH molecule by conversion of isocitrate deKG. It is not yet known whether 2-HG has a direatogenic
effect or decrease in NADPH aneKG correlates with leukemogenesi¥

IDH1 is located on chromosome 2g33.3 and IDH2 iclmmosome 15g26.1. IDH mutations are located
on exon 4 and involve a change of a single amidbacithe arginine residue. These mutations affespé&cific
arginine residues: R132 (IDH1), R172 (IDH2) and ®RI#DH2). ™ It is known that mutant IDH decreases the
affinity for isocitrate and possesses catalytidvitgtto converta-KG to 2-HG.'" 9'?'The oncogenic features of
mutant IDH are attributed to the decreasaiKG or to the accumulation of 2-HG!® '??IDH mutations were
identified at a frequency of 70% in low grade glesrand secondary glioblastomas, 10-20% in AML, 3#%DS,
1-4% in MPN, 9% in MDS/MPN including CMML, 15% in ML transformed from MDS, 22% in AML
transformed from MPN, 10% in AML transformed fronPM/MDS, 22% in high risk MDS or AML associated with
del(5q) and 4% in blastic phase chronic myeloickégmia (CML). 1?0 11 113, 114, 123-12R o5t studies about the
phenotypic and prognostic implications of IDH1 al@H2 mutations in AML reported a consistent relagbip
between NPM1 mutations and normal or intermediate karyotype ** 2°1**Boissel N.et al. reported that mutant
IDH2 was a poor prognostic factor in normal karpetyAML. ** In another study, the prognosis in patients
harboring mutant R140 (IDH2) was found to be maagofable than those carrying mutant R172 (IDH3.
Compared to AML, data on prognostic importancel@fl Imutations in chronic myeloid neoplasias invotyiDS

and MPN, are limited*> *In one study examining the frequency of IDH1 ab#i2 mutations in a population of



1473 Ph-negative MPN patients, the frequency of iDttations were reported as 0.8% for ET, 1.9% oy £1%
for MF, 1% for post-ET/PV miyelofibrosis, 25% folalstic phase PV, 25% for blastic phase MF and rionblastic
phase ET! Since this study included only 111 chronic phade patients with complete available clinical data,
detailed prognostic analysis could not be performiadanother study examining the impact of IDHdBH2
mutations onphenotypic features and prognosis in 301 chrohasp MF patients, IDH mutation was detected in 12
patients (4%). 7 patients carried IDH2 mutatio®sR@40Q, 1 R140W and 1 R172G) and 5 carried IDHlations

(3 R132S and 2 R132C). 6 of 12 patients (50%) pesfor IDH mutation harbored JAK2V617F mutatios, well.
These findings indicate that IDH mutations are petalent risk factors for leukemic transformatioMi and that
they increase the leukemogenic risk in the copreserf JAK2V617F mutation'* The last comprehensivetudy
which focused on the correlation of IDH mutationshvprognosis in PMF was by Vannucchi AM.et &F In this
study which enrolled 374 MF patients from the Ma&jinics, IDH1 mutations were identified in 10 (3%atients
and IDH2 mutations in 7 (2%). IDH mutations shovesdrelation with OS and leukemic transformatidfi. In the
European Cohort of the same study, which includ&gl MIF patients, IDH1/IDH2 mutation was reported2a6%.
Moreover, this study reported that IDH1/IDH2 mutas had no impact on OS but increased the riskewfdmic
transformation® It is known that IDH mutations may be accomparigd AK2V617F, TET2 and MPL mutations.
However, whether or not different IDH mutationakiaats portend different biological and prognodgatures in

MF is not yet clear.

SRSF2 gene mutations

Serine/arginine-rich splicing factor 2 (SRSF2)oisated on chromosome 17¢25.1. It plays an importda
in splice-site selection, spliceosome assembly lzotti constitutive and alternative splicing’ In that study, the
frequency of SRSF2 mutation in MDS patients wa®repl as 14.6% (34 in 233). SRSH#itation was found to be
associated with older age and male gender. Alshdrsame study, SRSF2-mutated MDS patients shaviedor
survival. *® Mutations affecting mRNA splicing (SF3B1, U2AFIRSF2) are frequent in MDS (45-85%). SF3B1
mutations are highly recurrent in RARS and SRSF2atiuns show high frequency in CMME*® Lasho TL. et al.

investigated the prevalence and prognostic sigafie of SRSF2 mutations in PMF. In that study pitevelance of



SRSF2 mutations was 17% in MF and they were adsakiaith reduced OS and LFE? In patients with AML
transformed from MPNs, the frequency of SRSF2 nmutatwas reported as 18.9%. This finding indicatest
SRSF2 mutations contribute to pathogenesis of lmitkkransformation and may guide novel therapeaigroaches
for MPN patients undergoing leukemic transformagidft* In the study by Vannucchi AM. et al., the frequerd
SRSF2 mutations was reported as 8.5% in PMF. Tiualyssuggests that in PMF, the presence of muttion

SRSF?2 is associated with worse survival and ine@ésukemic transformatiot’®

Conclusion

JAK2, MPL and CALR are the driver mutations in fpagenesis of MPNs' 2008 European Clinical,
Molecular and Pathological (ECMP) criteria and 20A#HO-CMP Diagnostic criteria distinguished five titist
clonal MPNs: JAK2V617F mutated-ET and PV; JAK2 extth PV and the JAK2 wild-type ET and MF mutated
with MPL or CALR, thus leaving a small group ofpié negative group of MPN (Figure )% The diagnostic
differentiation of JAK2, MPL and CALR-mutated MPINtould be made according to bone marrow morphology
mainly based upon megakaryocyte morpholdgyBone marrow histological features of JAK2V617F-atatl ET
and PV include medium sized to large (pleomorphiegakaryocytes with only a few giant forms and éased
cellularity (60%-90%) mainly due to increased erggioiesis (Figure 2). Bone marrow histology in MRI515L/K-
positive ET and PMF is characterized by clusteeedd, giant large and giant megakaryocytes witheHgpulated
stag-horn like nuclei in a normocellular bone merrevith no accompanying features of PV or primary
megakaryocytic, granulocytic myeloproliferation (BM!) (Figure 3). Bone marrow histology in CALR-mugdtET
and MF is featured by dense clusters of large dyshio immature megakaryoctes and bulky (cloude}like
hyperchromatic nuclei, findings not demonstratedAKK2V617F, JAK2 exon 12 and MPL-mutated MPN (Figdr,

5).

In MPNs, somatic lesions have an impact on a watesty of cellular functions, from cytokine sigimag to
histone moadificationsJAK2 and MPL mutations are now regarded as highBcsic gene mutations for MPN and
were demostrated to develop myeloproliferative plygre in animals. Most other MPN-related geneseapressed

in other myeloid malignancies suggesting that thgeees are not specific to MPNrurther studies with mouse



models expressing single or combinations of mutatiwill reveal how these mutations target hemattpostem
cells and their effect on MPN development. Scregion CALR mutations is now also part of the diagiowork-
up of suspected JAK2 wild-type ET or MF. Takingoistccount the clonal evolution of the diseases évident that
MPN has a very complex genotypical and phenotyp&alicture. Individualized diagnostic and therapeti
approaches are warranted to successfully treattimiplex disease.

In JAK2, MPL and CALR-mutated MF patients, addis@mutations in genes such as ASXL1, EZH2,
IDH1/2 and SRSF2 were associated with a pooreralrand increased leukemic transformatioh’%® 3¢ 143n a
study including 254 patients from the Mayo Clintople-negative MF (JAK2, MPL and CALR-negative) sva
associated with inferior OS and LF$® The aferomentioned study also showed the proigadigtdetrimental effect
of CALRASXL1* mutation status:** The prognostic advantage of CALR mutation, esplgdia the absence of a
concomitant ASXL1 mutation was demonstrated in la@otarge cohort of PMF patients (277 from Mayan(liand
293 from the University of Florence}** In that study, multivariable analysis showed CAABXL1* mutational
status as the most significant risk factor for staand was DIPSS-plus independelif. COMFORT-II study
revealed that ruxolitinib (JAK1/JAK2 inhibitor) impved survival in MF patients harboring high-molkectrisk
(ASXL1, EZH2, IDH1/2 and SRSF2)*° The high-molecular-risk mutations may guide noveerapeutic
approaches for MF patients. Given the relativetyaof epigenetic mutations in PV and ET patienegér
sequencing studies with comprehensive mutationtl dee greatly needed. CALR mutations are assaciatth
reduced thrombosis in E® *° This finding remains to be validated in future sective clinical trialsThe current
era ofepigenetiaesearch is givingse to the testing of many novel agents as pattioical trials. CALR mutations
in ET and MF result in a novel protein C terminusicth holds the potential to be a target for develept of tumor-
spesific therapy. Although certain mutations previgrognostic information in MF patients, severatesolved

guestions regarding the importance of these aitermbs therapeutic targets still exist.

Table 1. Mutationsinvolved in the pathogenesis of Ph-negative M PN



Gene Localization Disease (frequency) Prognostic significance References
PV (>95%), ET (40%-60%)
JAK2V617F 9p24 MF (50%) 28, 30
PV (2.5-3.4%),
JAKZ exon 9p24 JAK2V617F-negative PV 31, 32
(30%)
MPL 1p34 ET (0-6%), MF (0-10%) 40-43
Mutations in CALR are
0 o associated with improved | 47, 48, 49,
CALR 19p132 ET (17.7%), MF (14.8%) survival in MF and a reduced 50, 51
incidence of thrombosis in ET
0 )
CBL 119233 PMF (6%), blastic phase 14, 15
MPN
CHEK?2 22q12.1 ET (15.1%) 60
IKZF1 7pl2 post-MPN AML (21%) 16
EZH2 mutations predict
0, 0,
EZH2 7935 PV (3%), MF (13%) shorter LES and OS in ME 17, 68
RAS NRAS1p13.2 | post-MPN AML (7-13%) 73
Mutation in TP53 correlate
Tp53 17p13.1 post-MPN AML (27.3%) with poorer outcome in post- 74
MPN AML
RUNX1 21g22.3 post-MPN AML (27.7%) 21
PV (15%), ET (4%-11%),
TET2 4024 MF (19%), post-MPN 86, 87
AML (26.3%)
DNMT3a 2p23 PV (3%), PMF (4%) 93
PV (2-5%), ET (5-10%), MF . .
ASXL1 20q11.21 (13-26%), post-PVIET | SUEINS \;\:tﬁiﬁcl;r:t g]so;vnd e 67 LU
A myelofibrosis (22-38.5%), leukemic transformation £
post-MPN AML (19.3%)
Mutations in IDH1 correlate
0, -
IDH1 2033.3 MF (3%), ?;;t)MPN AML with worse outcome in MF in 10?'3?1’
0 terms of LFS and OS
MF (2%), post-MPN AML Mutations in IDH2 correlate 106, 111,
IDH2 15926.1 (18%) with poorer LFS and OS 136
Mutations in SRSF2 correlate
MF (8.5%-17%), post-MPN| with shorter LFS and OS and 106, 140,
SRSF2 17925.1 AML (18.9%) poorer outcome in MF and 141
shorter OS in post-MPN AML|
ET (5%), MF (5%), JAK2
mutation-negative
LNK 12q24 55

erythrocytosis (25%), post-

MPN AML (9.8%)




Prefibrotic
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JAK2V61TF++

Normocellular ET Prodromal PV

JAK2ZVa17F+ JAK2V617F+

Figure 1. WHO-CMP classification of five distinct clonal mygroliferative Neoplasms (MPNSs)
and transitional states of JAK2V617F-mutated ETgdpomal PV, classical PV, post-ET and
post-PV miyelofibrosis and MPL and CALR-mutated &Td MF and triple negative MPN.



Figure 2. Bone marrow findings of JAK2V617F heterozygous-pesiET for (left) and acute-
onset JAK2V617F homozygous PV (right). Courtesypod Michiels and De Raeve, University

Hospital Antwerp, Belgium.

Left. Appearance of normal platelets in a peripheral dl@) and normal megakaryocytes in bone
marrow (middle left). Presence of large plateletsl ncreased number of platelet aggregates

peripheral blood (b) and large megakaryocytes wigherlobulated nuclei in bone marrow of an ET
patient (middle right). Bone marrow histology shogiincreased cellularity (c left), due to increased
erythropoiesis and pronounced increase of largenpbdephic megakaryocytes with hyperlobulated nuclei

without increase of bone marrow reticulin fibro@sright), diagnostic fodAK2V617F heterozygous-

positiveET.

Right. Hypercellular bone marrow due to increased megakemgsis, erythropoiesis and
granulopoiesis in JAK2V617F homozygous PV.



| wm h, "'W-*'

t“&""‘

Figure 3. Bone marrow histologin "True" ET consistent with WHO normocellular ETrrging
MPLW515L mutation showing giant megakaryocytes witlperlobulated stag-horn like nuclei
characteristic for MPL W515L/K-positive ET. Couryesf Dr Schwarz, University Hospital
Prague, Czech Republic.



Figure 4. Bone marrow histology in CALR-mutated ET showingplscellular bone marrow
with relative decrease of erythropoiesis, densestetu of immature megakaryoctes with
hypolobulated nuclei without increase of reticufibrosis, consistent with typical PMGM.
Courtesy of Drs Valster and Schelfout, Lievensiidogpital Bergen op Zoom, The Netherlands.



Figure 5. Bone marrow findings of CALR-mutated MF. Hyperc&iubone marrow with relative
decrease of erythropoiesis, dense cluster of immategakaryoctes with hypolobulated nuclei,
and grade 2 reticulin fibrosis, consistent with ®onmarrow histological features similar to WHO-
defined primary myelofibrosis (PMF), distinct fralPAK2V617F-mutated ET and PV, and MPL-
mutated ET. Courtesy of Drs Forstier and De Raewe/ersity Hospital, Brussels, Belgium.
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