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Janus kinase 2 (JAK2) is a cytoplasmic protein-tyrosine kinase
that catalyzes the transfer of the γγγγγ-phosphate group of adenosine
triphosphate to the hydroxyl groups of specific tyrosine residues in
signal transduction molecules. JAK2 mediates signaling down-
stream of cytokine receptors after ligand-induced autophos-
phorylation of both receptor and enzyme. The main downstream
effectors of JAK2 are a family of transcription factors known as
signal transducers and activators of transcription (STAT) proteins.
The myeloproliferative disorders (MPD), a subgroup of myeloid
malignancies, are clonal stem cell diseases characterized by an
expansion of morphologically mature granulocyte, erythroid,
megakaryocyte, or monocyte lineage cells. Among the tradition-
ally classified MPD, the disease-causing mutation has been delin-
eated, thus far, for only chronic myeloid leukemia (ie, bcr/abl). In
the past 3 months, 7 different studies have independently de-
scribed a close association between an activating JAK2 mutation
(JAK2V617F) and the classic bcr/abl-negative MPD (ie, polycythemia
vera, essential thrombocythemia, myelofibrosis with myeloid meta-
plasia) as well as the less frequent occurrence of the same muta-
tion in both atypical MPD and the myelodysplastic syndrome. The
particular finding is consistent with previous observations that
have implicated the JAK/STAT signal transduction pathway in the
pathogenesis of bcr/abl-negative MPD, including the phenotype of
growth factor independence and/or hypersensitivity. The current
article summarizes this new information and discusses its implica-
tions for both classification and diagnosis of MPD.
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AML = acute myeloid leukemia; ATP = adenosine triphosphate; CMD =
chronic myeloid disorders; CML = chronic myeloid leukemia; CMML =
chronic myelomonocytic leukemia; CNL = chronic neutrophilic leuke-
mia; CPTK = cytoplasmic PTK; EEC = endogenous erythroid colony;
Epo = erythropoietin; EpoR = Epo receptor; ET = essential thrombo-
cythemia; FISH = fluorescent in situ hybridization; HES = hypereosino-
philic syndrome; IL = interleukin; JAK = Janus kinase; JH = JAK homol-
ogy; LOH = loss of heterozygosity; MDS = myelodysplastic syndromes;
MMM = myelofibrosis with myeloid metaplasia; MPD = myeloprolifera-
tive disorders; PCR = polymerase chain reaction; PDGFR = platelet-
derived growth factor receptor; PK = protein kinases; PP = protein
phosphatases; PTK = protein-tyrosine kinases; PTP = protein-tyrosine
phosphatase; PV = polycythemia vera; RCM = red cell mass; RPTK =
receptor PTK; SM = systemic mastocytosis; STAT = signal transducers
and activators of transcription; UMPD = unclassified MPD; WHO =
World Health Organization

Myeloproliferative disorders (MPD) are characterized
by neoplastic expansion of relatively mature granu-

locyte, erythroid, megakaryocyte, or monocyte lineage
cells. The MPD are traditionally classified into “classic”
and “atypical” subcategories.1,2 The former includes chronic
myeloid leukemia (CML), polycythemia vera (PV), essential
thrombocythemia (ET), and myelofibrosis with myeloid
metaplasia (MMM). Examples of atypical MPD include

chronic myelomonocytic leukemia (CMML), juvenile
myelomonocytic leukemia, chronic neutrophilic leukemia
(CNL), chronic basophilic leukemia, chronic eosinophilic
leukemia, hypereosinophilic syndrome (HES), systemic
mastocytosis (SM), and unclassified MPD (UMPD).3-5

Analysis of X chromosome inactivation patterns in infor-
mative female cases as well as other cytogenetic and/or
molecular studies has long established both classic and
atypical MPD as clonal stem cell disorders.6-15 However,
the disease-causing mutation in most cases has remained
elusive.16

In 1960, Nowell and Hungerford17 described the first
disease-specific cytogenetic marker in MPD, the Philadel-
phia chromosome in CML. In the 1980s, molecular ge-
netic techniques became available and revealed a specific
oncogenic mutation (ie, bcr/abl) harbored by the Phila-
delphia chromosome.18-27 Since then, additional MPD-
specific mutant molecules have been identified, and ex-
amples of specific phenotype-genotype pairs in bcr/abl-
negative MPD include SM and either FIP1L1-PDGFRA
or c-kitD816V mutation,28-34 chronic eosinophilic leukemia
and rearrangements of PDGFRB,35-47 stem cell leukemia/
lymphoma syndrome and rearrangements of FGFR1,48-66

and juvenile myelomonocytic leukemia and mutations af-
fecting the RAS signaling pathway (eg, PTPN11, NF1).67-71

Furthermore, a new mutation affecting the Janus tyrosine
kinase 2 (JAK2V617F) has just been described in a large
proportion of patients with PV, MMM, or ET72-76 and in a
smaller proportion with other myeloid disorders.77,78 Such
advances in the molecular pathogenesis of MPD provide
the basis for the new molecular-based disease classifica-
tion and diagnostic systems as well as identify mutant
molecules that might serve as therapeutic targets for ratio-
nal therapy, including the use of small molecule kinase
inhibitors.79
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BACKGROUND ON PROTEIN KINASES AND JAK2

Protein kinases (PK) are enzymes that catalyze protein
phosphorylation, whereas protein phosphatases (PP) do the
opposite: regulate PK activity through protein dephosphor-
ylation.80 Such phosphotransfer and hydrolysis reactions
are key to cellular signal transduction.80 In the human ge-
nome, there are more than 520 PK and 130 PP, and both are
broadly classified into either tyrosine-specific or serine/
threonine-specific categories based on the target protein
residues that are either phosphorylated or dephosphory-
lated.81 Accordingly, protein-tyrosine kinases (PTK) are
PK that catalyze the transfer of the γ-phosphate group of
adenosine triphosphate (ATP) to the hydroxyl groups of
specific tyrosine residues in signal transduction molecules.

In general, there are 2 categories of PTK: receptor PTK
(RPTK) and cytoplasmic PTK (CPTK).81,82 In humans,
there are approximately 90 known PTK genes; 58 encode
for RPTK and 32 for CPTK.83 Examples of MPD-pertinent
RPTK include platelet-derived growth factor receptor
(PDGFR), stem cell factor receptor (Kit), fibroblast growth
factor receptor, vascular endothelial growth factor recep-
tor, and fms-related tyrosine kinase 3 (Flt3).81,82 Examples
of CPTK include the Janus family of kinases (JAK1, JAK2,
JAK3, tyrosine kinase 2 [TYK2]),84,85 the Src family of
kinases (homologues of the Rous sarcoma virus oncopro-
tein),86 and Abl kinase (homologue of the Abelson murine
leukemia virus oncoprotein).87-89

Janus kinase 2 (JAK2) is a cytoplasmic (ie, nonreceptor)
PTK, and its structure is uniquely characterized by the
presence of 2 homologous kinase domains: JAK homology
(JH) 1, which is functional, and JH2, which lacks kinase
activity (ie, pseudokinase).84,88,90 The Janus CPTK (eg,
JAK2) mediate signaling downstream of cytokine recep-
tors, via distinct type I and II cytokine receptors, as well as
RPTK.91 Engagement of a cytokine receptor with ligand
(eg, interferons, interleukins [ILs], growth factors) results
in receptor dimerization as well as both autophosphoryla-
tion and transphosphorylation of both the receptor and the
receptor-associated JAK.92,93 The activated JAK-cytokine
receptor complex leads to recruitment and phosphorylation
of substrate molecules including signal transducers and
activators of transcription (STAT) proteins (STAT1,
STAT2, STAT3, STAT4, STAT5a, STAT5b, STAT6).94,95

This results in activation/dimerization of STAT proteins
with subsequent translocation into the nucleus and interac-
tion with specific regulatory elements to induce target gene
transcription.94,95 JAK/STAT signaling is regulated at mul-
tiple levels by distinct mechanisms including, for example,
direct dephosphorylation of JAK2 by specific protein-ty-
rosine phosphatase (PTP) (eg, SHP-1), proteolytic degra-
dation of JAK2 through binding with a family of suppres-

sors of cytokine signaling (eg, SOCS-1), and inhibition of
DNA binding of STAT by protein inhibitors of activated
STAT.96-99

The JAK/STAT signal transduction pathway plays a
major role in both cellular proliferation and cell sur-
vival.94,95,100 In hematopoiesis, for example, definitive
erythropoiesis and cytokine response by myeloid progeni-
tors have been shown to be absent in JAK2 knockout
mice.101,102 The kinase domain of JAK2 mediates anti-
apoptotic signals in hematopoietic cells by inducing bcl-2
production.103 Abnormalities affecting either members of
the JAK/STAT signaling pathway or its regulatory ele-
ments have been associated with various tumor phenotypes
including hematologic malignancies. For example, germ-
line JAK3 mutations have been associated with certain
forms of autosomal recessive severe combined immunode-
ficiency syndrome.85,104 Within the purview of somatic mu-
tations, JAK2 has been identified as a fusion partner of
ETV6/TEL in t(9;12)(p24;p13) that is associated with both
T-cell and pre–B-cell type acute lymphoid leukemia and
atypical CML in transformation.105,106 Such fusion results in
constitutive activation of JAK2, PI3 kinase, ERK, SAPK/
JNK, and P38 signaling pathways and/or promotes cyto-
kine-independent proliferation of IL-3–dependent Ba/F3
cell lines.106-108 Furthermore, in knockout mouse model ex-
periments, STAT5 was found to be essential for TEL/
JAK2-induced myeloproliferative disease.109 JAK2 was
also the fusion partner in PCM1-JAK2–associated acute or
chronic myeloid disorders (CMDs) associated with eosino-
philia.110 The leukemogenic potential of mutant JAK has
also been demonstrated in Drosophila.111

Several lines of evidence have previously implicated the
JAK/STAT pathway in the pathogenesis and the phenotype
of erythropoietin (Epo) independence and/or hypersensi-
tivity in MPD.112-114 In the latter regard, a recent study
identified the PI3 kinase, JAK2/STAT5, and Src kinase
signaling pathways as being essential for both Epo-depen-
dent and Epo-independent erythroid differentiation.115

Similarly, activating mutations of Epo receptor (EpoR)
have been associated with constitutive phosphorylation of
JAK2 and STAT5.116 Furthermore, the failure to negatively
regulate JAK2, in moth-eaten mice lacking SHP-1 expres-
sion, produced myeloid cell Epo hypersensitivity, whereas
intact enzyme activity had been shown to down-regulate
Epo-induced proliferative signals.117,118 These observations
have broader implications because the phenomenon of ab-
normal growth factor response is not specific to PV, and it
can also be seen in other MPD and involve other growth
factors (insulin-like growth factor 1, IL-3, granulocyte-
macrophage colony-stimulating factor, stem cell fac-
tor, thrombopoietin).119-131 Other JAK/STAT-implicating
observations in MPD include constitutive activation of
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TABLE 1. Summary of Published Literature on JAK2V617F Mutational Frequencies
in Myeloproliferative Disorders*

Overall (homozygous) JAK2V617F mutational frequencies in myeloproliferative disorders

Polycythemia Essential Myelofibrosis with
Reference vera thrombocythemia myeloid metaplasia Other myeloid disorders

Baxter et al72 97% (26%) 57% (0%) 50% (19%) NA
N=73 N=51 N=16

James et al73 89% (30%) 43% (NA) 43% (NA) NA
N=45 N=21 N=7

Kralovics et al74 65% (27%) 23% (3%) 57% (22%) CML 0% (n=9)
N=128 N= 93 N=23

Levine et al75 74% (25%) 32% (3%) 35% (9%) NA
N=164 N=115 N=46

Zhao et al76 83% (NA) NA NA NA
N=24 NA NA

Steensma et al77 NA NA NA MDS 5% (n=101)
CMML 3% (n=119)
HES 0% (n=11)
SM 25% (n=8)
CNL 17% (n=6)

Jones et al78 81% (33%) 41% (7%) 43% (29%) CML 0% (n=18)
N=72 N=59 N=35 CMML/UMPD 20% (n=152)

HES/CEL 2% (n=134)
SM 0% (n=28)
CNL 33% (n=6)
AML 0% (n=17)

*Mutational frequencies in different studies are not comparable because of the use of assays with variable sensitivity.
AML = acute myeloid leukemia; CEL = chronic eosinophilic leukemia; CML = chronic myeloid leukemia; CMML =
chronic myelomonocytic leukemia; CNL = chronic neutrophilic leukemia; HES = hypereosinophilic syndrome;
MDS = myelodysplastic syndrome; NA = not applicable; SM = systemic mastocytosis; UMPD = unclassified MPD.

Reproduced with permission from Tefferi A, Gilliland DG. JAK2 in myeloproliferative disorders is not just another
kinase. Cell Cycle. August 2005;4(8). Copyright 2000-2005. Landes Bioscience. All rights reserved.

STAT3,132 up-regulation of negative control elements of
the cell cycle (p16/p14),133,134 and abundance, in erythroid
precursors, of antiapoptotic proteins (eg, Bcl-x

L
).135,136 The

latter molecule is down-regulated by AG490-induced inhi-
bition of JAK2.137 Most recently, Lnk, an adaptor protein,
was identified as a modulator of signaling involving Epo-
EpoR and JAK2.138

SUMMARY OF PUBLISHED STUDIES OF
JAK2V617F MUTATION AND MPD

Polycythemia vera and other classic bcr/abl-negative MPD
(ET and MMM) are true clonal stem cell diseases with
myeloid and lymphoid lineage involvement.9,12,14,15,139-144

However, the primary oncogenic event had remained elu-
sive. Nonspecific cytogenetic abnormalities are found at
diagnosis in approximately 50% of patients with MMM,
10% to 20% with PV, and less than 5% with ET.145-147

The most frequent karyotypic lesions include del(13q),
del(20q), trisomies 8 and 9, and abnormalities of chromo-
some 1.145,146,148-150 In addition, both fluorescent in situ hy-
bridization (FISH) and comparative genomic hybridization
studies have suggested frequent abnormalities of chromo-

some 9p in both chromosomal gains146,151,152 and loss of
heterozygosity (LOH).141,153 Because chromosome 9p24
houses the JAK2 gene and because of the previously dis-
cussed collection of evidence that implicates the JAK/
STAT pathway in the pathogenesis of bcr/abl-negative
MPD, it was reasonable to pursue JAK2 mutation studies in
PV, ET, and MMM. To date, 5 separate studies on the
association of JAK2V617F and bcr/abl-negative MPD have
either been published or are in press (Table 1).72-76 Further-
more, 2 additional studies have demonstrated the less fre-
quent occurrence of JAK2V617F in both atypical MPD and
myelodysplastic syndromes (MDS) (Table 1).77,78 The
newly identified somatic point mutation is a G-C to T-A
transversion resulting in the substitution of valine by phe-
nylalanine at codon 617 (JAK2V617F). The JAK2V617F occurs
within the autoinhibitory JH2 domain (pseudokinase do-
main; exon 12 of the JAK2 gene), and therefore the onco-
genic mechanism probably involves enhanced kinase activ-
ity that resides in the JH1 domain.154-157

In one report from the United States, high-throughput
sequencing of granulocyte DNA of both activation loop and
autoinhibitory domains of 85 PTK in 93 patients with PV
identified a recurrent JAK2 point mutation (JAK2V617F).75

For personal use. Mass reproduce only with permission from Mayo Clinic Proceedings.For personal use. Mass reproduce only with permission from Mayo Clinic Proceedings.



Mayo Clin Proc.     •     July 2005;80(7):947-958     •     www.mayoclinicproceedings.com950

JAK2V617F TYROSINE KINASE MUTATION IN MPD

Subsequently, focused mutation screening detected the
specific abnormality in 121 (74%) of 164 patients with PV
(homozygous in 25%), 37 (32%) of 115 patients with ET
(homozygous in 3%), and 16 (35%) of 46 patients with
MMM (homozygous in 9%).75 The somatic nature of the
mutation was confirmed by buccal smear analysis that
displayed wild-type allele in 301 (96%) of 313 patients.
The mutation was not detected in 270 control subjects,
confirming that the allele is not a common polymorphism
in the general population. FISH and quantitative genomic
polymerase chain reaction (PCR) analyses indicated that
homozygosity for the mutant allele was a result of mitotic
recombination rather than LOH. Clinical correlative stud-
ies disclosed significant associations between the presence
of a mutant allele and female sex in PV (83% vs 64%) and
longer duration of disease in homozygous JAK2V617F pa-
tients with either PV or ET. Functional assays revealed
constitutive phosphorylation of JAK2V617F when expressed
in 293 T cells and induction of Epo hypersensitivity in Ba/
F3-EpoR cells by JAK2V617F. The study also showed that
HEL erythroleukemia cell lines expressed homozygous
JAK2V617F that is constitutively phosphorylated, as were its
downstream effectors STAT5 and ERK. Both cell growth
and proliferation signals were inhibited by small molecule
inhibitor of JAK2.

A report from investigators at Cambridge University in
the United Kingdom screened for JAK2V617F in granulo-
cytes, T cells, and bone marrow hematopoietic colonies.72

Mutation screening by sequence analysis revealed the pres-
ence of the mutant allele in granulocytes from 53 (73%) of
73 patients with PV (homozygous in 26%), 6 (12%) of 51
with ET (homozygous in 0%), and 7 (44%) of 16 with
MMM (homozygous in 19%). The authors did not find the
particular mutation in T cells from 30 patients who had the
mutant allele in their granulocytes. Similarly, JAK2V617F

was not detected in 90 control samples. Because of issues
of mixed clonality, the authors used a more sensitive allele-
specific PCR that can detect a heterozygous mutation in
3% of a test sample and were able to demonstrate the
presence of JAK2V617F in 71 (77%) of 73 patients with PV,
29 (57%) of 51 with ET, and 8 (50%) of 16 with MMM but
not in the control samples. In PV, the incidence of a ho-
mozygous defect was not influenced by the time of diagno-
sis. Metaphase FISH and microsatellite PCR studies
showed mitotic recombination rather than LOH in patients
with homozygous defects. Hematopoietic colony studies
revealed the presence of JAK2V617F in both erythroid and
granulocyte-macrophage progenitor cells. There was also a
concordance of heterozygosity between granulocytes and
individual colonies as well as the uniform presence of the
mutant allele in all Epo-independent colonies. Although
restricted by small sample size, the presence of the mutant

allele in patients with either ET or MMM did not confer a
different clinical course.

Investigators in France used a biological approach to the
problem in which they tested for inhibition of endogenous
erythroid colony (EEC) growth using short interfering
RNA for various candidate genes including JAK2.73 They
demonstrated interference with EEC with JAK2-directed
short interfering RNA. In subsequent DNA sequence
analysis of granulocytes from patients with PV, the authors
then sequenced all coding exons and intron-exon junctions
of JAK2 and identified the JAK2V617F mutation. Subse-
quently, exon 12, which houses JAK2V617F, was sequenced
in 45 patients with PV, 21 with ET, 7 with MMM, 35 with
secondary erythrocytosis, and 15 controls. The respective
mutation detection rates were 89%, 43%, 43%, 0%, and
0%, respectively. Furthermore, the mutation was not de-
tected in their granulocytes in T cells from 3 patients who
displayed the mutant allele as well as CD34-derived eryth-
roblasts and platelets. Similar to the observation from the 2
aforementioned studies, homozygosity was shown to be
secondary to duplication of the mutant allele rather than
LOH. Additional functional studies showed Epo-indepen-
dent constitutive STAT activity in JAK2- and STAT5-defi-
cient γ-2A cells conferred by transfections with JAK2V617F.
Cotransfection studies with both mutant and wild-type al-
lele suggested that the latter might function as a negative
dominant allele. Similarly, transduction with the wild-type
allele neutralized JAK2V617F-mediated growth factor inde-
pendence by murine Ba/F3 cell lines. Incidentally, the lat-
ter and other cell lines attained Epo-hypersensitivity when
transfected by JAK2V617F. Finally, the authors were able to
induce in vivo erythrocytosis in mice after transplanting
them with murine bone marrow transduced with a retro-
virus containing JAK2V617F.

Investigators from Switzerland and Italy collaborated to
analyze patients using a genetic approach that involved 244
patients with MPD, including 128 with PV, 93 with ET,
and 23 with MMM.74 This group had observed 9pLOH in
MPD patients using genome-wide screening for LOH;
9pLOH was observed in 34% of patients with PV, 22%
with MMM, and 3% with ET. The LOH region in all
instances included the JAK2V617F locus. DNA sequence
analysis subsequently demonstrated that 51 patients with
LOH carried the mutant allele in their granulocytes; 8 were
heterozygous. Furthermore, all patients with 9pLOH were
shown to have 2 copies of 9p, and both maternal and
paternal chromosomes were affected equally. On the other
hand, granulocyte mutation screening studies in all study
patients, regardless of the presence or absence of 9pLOH,
disclosed the presence of JAK2V617F in 83 (65%) of 128
patients with PV (homozygous in 27%), 21 (23%) of 93
with ET (homozygous in 3%), 13 (57%) of 23 with MMM
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(homozygous in 22%), 0 of 11 with secondary erythrocyto-
sis, 0 of 9 with CML, and 0 of 71 healthy controls. Ho-
mozygous abnormality was not seen in patients without
9pLOH. Concomitantly tested “normal” tissue from 89
MPD patients was negative for the specific mutation. Inter-
estingly, hair follicle cells from 2 patients with a heterozy-
gous mutation pattern in their buccal mucosa cells were
negative for the mutation, suggesting contamination with
blood in the latter instance. In general, the incidence of
EEC growth was significantly higher in patients with the
JAK2V617F mutation. The authors were also able to demon-
strate JAK2V617F-mediated growth factor hypersensitivity
and enhanced STAT5 phosphorylation in Ba/F3 cell lines.
Clinically, disease duration was the shortest in MPD pa-
tients with wild-type allele and longest in those with ho-
mozygous mutations. In addition, that particular study sug-
gested a higher incidence of myelofibrosis, hemorrhage,
and thrombosis in patients with the mutations vs those
without.

Investigators from Vanderbilt University used a candi-
date gene approach to screen for mutations in PV patients.76

Genes encoding a number of PKs and PPs, including JAK,
Abl, Src, PDGFR, SHP-1, SHP-2, PTP-MEG-1, and PTP-
MEG-2, were sequenced and ultimately resulted in identifi-
cation of the JAK2V617F mutation. The investigators de-
tected the mutation in complementary DNA prepared from
RNA extracted from either peripheral blood mononuclear
cells or purified erythroid colony-forming cells from 20
(83%) of 24 patients with PV but in none of 12 controls.
The authors also found that complementary DNA as op-
posed to genomic DNA mutation analysis was more sensi-
tive in detecting the mutant allele, a phenomenon attributed
to a growth advantage by cells carrying the mutant allele.
Using HeLa cell lines, the study demonstrated a higher
degree of substrate phosphorylation and JAK2 autophos-
phorylation associated with JAK2V617F compared to the
wild-type enzyme.

Two additional studies have analyzed the occurrence of
JAK2V617F in both atypical MPD and MDS.77,78 In one of
these studies,77 mutation screening for JAK2V617F was per-
formed in 245 patients with either atypical MPD or MDS.
The study revealed the occurrence of the specific mutation
in 3 (3%) of 119 patients with CMML, 5 (5%) of 101 with
MDS, 2 (25%) of 8 with SM, 1 (17%) of 6 with CNL, and 0
of 11 patients with HES. Among the positive cases, 1
patient with MDS and 1 with CNL were homozygous for
JAK2V617F. In the second study involving a total of 679
subjects,78 JAK2V617F was detected in 13 (25%) of 53 pa-
tients with UMPD, 17 (17%) of 99 with either CMML or
CML-like UMPD (2 of 6 patients with CNL expressed the
mutation), 2 (2%) of 127 with HES, 0 of 7 with FIP1L1-
PDGFRA+ eosinophilic/mast cell disorder, 0 of 28 with

SM, 0 of 17 with acute myeloid leukemia (AML), 0 of 18
with CML, 0 of 4 with secondary erythrocytosis, and 0 of
160 healthy controls. The latter study also included 72
patients with PV, 59 with ET, and 35 with MMM with the
JAK2V617F mutational frequencies of 81%, 41%, and 43%,
respectively.78 In both studies, the JAK2 mutation did not
occur in otherwise molecularly defined cases, including c-
kit D816V-associated SM and MPD associated with ty-
rosine kinase fusions.77,78

DISCUSSION AND CLINICAL IMPLICATIONS

The data from the aforementioned 7 studies clearly estab-
lish a close link between JAK2V617F and classic bcr/abl-
negative MPD. However, the association has been neither
invariable (the mutation is reported to be absent in 3%-35%
of patients with PV and in approximately 50% of those
with either ET or MMM)72-76 nor specific (JAK2V617F also
occurs in a spectrum of atypical MPD and MDS).77,78 Fur-
thermore, the absence of the mutant allele in T cells72,73

suggests that JAK2V617F might be a myeloid lineage-spe-
cific event that contrasts with the perception that MPD are
clonal stem cell diseases with myeloid and lymphoid lin-
eage involvement.15 Such issues present a pathogenetically
challenging scenario that is further compounded by the
possibility that wild-type JAK2 might73 or might not75 func-
tion as a negative dominant allele. Nevertheless, there is
clear evidence that JAK2V617F results in constitutive JAK2
activity and enhanced JAK2-STAT signaling.73-76 Further-
more, some of the aforementioned studies have demon-
strated JAK2V617F-induced cytokine hypersensitivity in cell
lines as well as erythrocytosis in mice, both of which are
reminiscent of the PV phenotype in humans.73-75 Therefore,
it is plausible that JAK2V617F has definite biological rel-
evance regardless of whether or not it represents a disease-
causing mutation, and its potential as a therapeutic target is
suggested by the in vitro demonstration of inhibition of
JAK2V617F-induced cell growth and proliferation by small
molecule JAK2 inhibitors.75

JAK2 contains JH1 through JH7 domains. The JAK2V617F

occurs within the ATP-binding region of the autoinhibitory
JH2 domain (pseudokinase domain), and it is believed to
produce conformational changes that interfere with the
normal regulatory interaction of the JH2 domain with the
functionally active JH1 domain.76,154-157 On the other hand,
construction of a JAK2 JH2 homology domain suggested
mutation topology that is solvent exposed, and the corre-
sponding amino acid substitution might not affect the fold
of the domain.75 Regardless, more work is needed to eluci-
date the mechanism of JAK2V617F-induced cellular transfor-
mation in MPD. Similarly, additional laboratory and clini-
cal investigations are needed to explain the imperfect
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JAK2V617F genotype-phenotype association: the mutant al-
lele has been detected in diverse clinicopathologic entities,
but not every patient with PV carries the mutation. It is
possible that JAK2V617F is responsible for some portions of
but not the complete phenotype in MPD, and in this capac-
ity, it is not clear at the present time if JAK2V617F represents
a subclone or is part of the disease-initiating event. It
is expected that future studies of the pathogenesis in
JAK2V617F-negative MPD will focus on possible abnormali-
ties of other JAK/STAT pathway molecules or their regula-
tory elements. From a therapeutic standpoint, one can envi-
sion targeting JAK2 directly or its downstream effectors. In
this regard, several lead compounds, such as AG-490, have
already been identified, and it is only a matter of time
before clinical trials involving small molecule JAK2 in-
hibitors are developed.158-160

The current classification of myeloid disorders is based
on a constellation of clinical, bone marrow histological,
cytochemical, chromosomal, and immunophenotypic fea-
tures.161 The World Health Organization (WHO) system for
classification of myeloid neoplasms separates AML from
CMD on the basis of the presence or absence, respectively,
of AML-defining morphologic or cytogenetic features.3

According to WHO, the CMD are further classified into 3
broad categories—MDS, MPD, and MDS/MPD—as well
as SM.3 Again, distinction among these disorders is based
primarily on bone marrow histological parameters. With
the recent discovery of the association between JAK2V617F

and bcr/abl-negative MPD as well as between a subset of
eosinophilic disorders and rearrangement PDGFRA,28 it is
time to start the process of a transition from a largely patho-
logic classification of CMD into a semimolecular system
that recognizes molecularly defined categories (Table 2).5

From a clinical diagnostics point of view, the demon-
strated absence of JAK2V617F in either normal controls or
patients with secondary erythrocytosis73,74,78 offers an op-
portunity to incorporate mutation screening for JAK2V617F

into current diagnostic algorithms for both PV and ET
(Figures 1 and 2).162,163 In routine clinical practice, the
diagnosis of PV is suspected in the presence of either an
“increased” venous hematocrit or a characteristic clinical
feature of PV (eg, a thrombotic event, aquagenic pruritus,
splenomegaly, erythromelalgia or other symptoms of acral
ischemia, leukocytosis, thrombocytosis, or microcytosis).
The diagnosis of ET is entertained after ruling out the
possibility of reactive thrombocytosis.

When PV is clinically suspected, the first-line set of
tests should include serum Epo level and leukocyte alkaline
phosphatase score and not red cell mass (RCM) measure-
ment (Figure 1). This is because RCM measurement does
not distinguish between PV and secondary polycythemia,
whereas relative polycythemia is readily appreciated from
patient history and review of previous laboratory records.
The suboptimal value of RCM measurement for the diag-
nosis of PV was recently demonstrated in a systematic
study,164 and the test has fallen out of favor in many coun-
tries including Sweden where more than 80% of hematolo-
gists seldom or never use RCM measurement for the diag-
nosis of PV.165

Once the results of the serum Epo level are available,
further evaluation for PV is warranted only if the serum
Epo level is low or normal because the specific diagnosis is
highly unlikely in the presence of an increased serum Epo
level (Figure 1).166,167 In the presence of a low serum Epo
level, we recommend proceeding directly to bone marrow
examination because of the high likelihood of the diagnosis
(of note, however, there are rare cases of congenital poly-
cythemia that are associated with a low serum Epo level).168

In contrast, in the presence of a normal serum Epo level,
bone marrow examination is recommended only if either
the leukocyte alkaline phosphatase score is elevated or the
patient manifests one of the aforementioned characteristic
features of PV. Similarly, in evaluating thrombocythemia
that is not believed to be reactive, we recommend bone
marrow examination not only to confirm the diagnosis

TABLE 2. Semimolecular Classification
of Chronic Myeloid Disorders*

1. Myelodysplastic syndrome
2. Myeloproliferative disorders

Classic
I. Molecularly defined

1. Chronic myeloid leukemia (bcr/abl+)
II. Clinicopathologically assigned (bcr/abl– and

frequently associated with JAK2V617F mutation)
1. Essential thrombocythemia
2. Polycythemia vera
3. Myelofibrosis with myeloid metaplasia

Atypical
I. Molecularly defined

1. PDGFRA-rearranged eosinophilic/mast cell disorders
(eg, FIP1L1-PDGFRA)

2. PDGFRB-rearranged eosinophilic disorders
(eg, TEL/ETV6-PDGFRB)

3. Systemic mastocytosis associated with c-kit mutation
(eg, c-kitD816V )

4. 8p11 myeloproliferative syndrome
(eg, ZNF198/FIM/RAMP-FGFR1)

II. Clinicopathologically assigned (infrequently associated
with JAK2V617F mutation)
1. Chronic neutrophilic leukemia
2. Chronic eosinophilic leukemia, molecularly not defined
3. Hypereosinophilic syndrome
4. Chronic basophilic leukemia
5. Chronic myelomonocytic leukemia
6. Juvenile myelomonocytic leukemia (associated with

recurrent mutations of RAS signaling pathway
molecules including PTPN11 and NF1)

7. Systemic mastocytosis, molecularly not defined
8. Unclassified myeloproliferative disorder

*JAK2 = Janus kinase 2; PDGFR = platelet-derived growth factor receptor.
Reprinted with permission from Tefferi and Gilliland.5
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(clonal as opposed to reactive thrombocythemia is associ-
ated with abnormal megakaryocyte morphology and clus-
tering) but also to differentiate ET from other causes of
clonal thrombocythemia.

In the hands of an experienced clinical hematopathol-
ogist, the histological changes in the bone marrow should
help confirm the diagnosis of an MPD, that includes both
PV and ET, as opposed to reactive myeloproliferation that
includes secondary polycythemia.169 Characteristic bone
marrow histological features of MPD include both numeri-
cal and morphologic abnormalities of megakaryocytes in-
cluding cluster formation, increased reticulin fibrosis, and
bone marrow hypercellularity.170 However, the utility of
bone marrow histology in the diagnosis of PV is not univer-
sally appreciated; thus, we believe that the concomitant
information from JAK2 mutation screening is complemen-

tary in that regard (Figures 1 and 2). On the other hand,
peripheral blood mutation screening cannot currently sub-
stitute for bone marrow histology because JAK2V617F is not
always detected in patients with PV and is absent in al-
most half of patients with ET.74,75,78 However, in the asymp-
tomatic patient with a normal serum Epo level who dis-
plays no evidence of a characteristic feature of PV, one can
consider using the information from peripheral blood
JAK2V617F screening in deciding whether to pursue bone
marrow biopsy.

One can argue about the possibility of bypassing bone
marrow examination if the peripheral blood mutation
screening reveals the presence of JAK2V617F. However,
such an action is currently considered premature and re-
stricts one from obtaining useful baseline information from
bone marrow histology and cytogenetic analysis. First, the

FIGURE 1. Diagnostic algorithm for polycythemia vera (PV).
*Clinical clues for PV include splenomegaly, thrombosis, aquagenic pruritus, and erythromelalgia. Laboratory clues for PV include

thrombocytosis, leukocytosis, and increased leukocyte alkaline phosphatase score. Janus kinase 2 (JAK2) screening is to detect the
V617F mutation that occurs in most patients with PV. BM = bone marrow; CBC = complete blood cell count; MPD = myeloproliferative
disorders.

†Alternatively, one can consider mutation screening for JAK2V617F to help decide necessity of BM examination.
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currently presumed 100% specificity of JAK2V617F for
clonal myeloid disorders vs a reactive process should be
validated in a larger group of patients with either second-
ary polycythemia or reactive thrombocytosis. Second,
bone marrow histological examination and cytogenetic
analysis at diagnosis are performed not only to confirm
the presence of a clonal disorder but also to provide base-
line information that is used during assessment of clonal
evolution at a future date.171 Furthermore, cytogenetic
analysis might identify molecularly relevant markers that
could provide additional pathogenetic insight and facili-
tate the differential diagnosis among the subcategories of
CMD.

Finally, the remarkably close association between PV
and JAK2V617F has further undermined the already limited
value of RCM measurement164 and specialized biological
assays for the diagnosis of PV.162 The latter include EEC
formation,172 megakaryocyte thrombopoietin receptor
(Mpl) expression,173,174 neutrophil PRV-1 transcription,175

and platelet-rich plasma serotonin level.176 This is welcome
news because each of these assays entails a certain level of

FIGURE 2. Diagnostic algorithm for essential thrombocythemia (ET) that incorporates JAK2V617F mutation screening.
*In addition to clinical history, laboratory tests that are helpful in distinguishing reactive thrombocytosis from ET include serum ferritin,

peripheral blood smear, and C-reactive protein. BM = bone marrow; CML = chronic myeloid leukemia; FISH = fluorescent in situ hybridization;
JAK2 = Janus kinase 2; MDS = myelodysplastic syndrome; MMM = myelofibrosis with myeloid metaplasia; MPD = myeloproliferative disorder;
PV = polycythemia vera.

expertise that is not widely available for routine clinical
use. Obviously, for routine clinical practice, feasibility of
such a process requires availability of laboratory screening
tests for JAK2V617F. At present, both our institutions offer
the particular test on a research basis.
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