Editorials & Perspectives

Gain of function, loss of control — A molecular
basis for chronic myeloproliferative disorders

The concept of myeloproliferative disorders was intro-
duced in 1951 by Dameshek’ to describe a group of clin-
ical entities that included chronic myeloid leukemia,
polycythemia vera, essential thrombocythemia and idio-
pathic myelofibrosis. The molecular basis of chronic
myeloid leukemia was defined in the 1980s, while that of
more rare myeloproliferative disorders such as the hyper-
eosinophilic syndrome? has been elucidated more recent-
ly. This issue of Haematologica/The Hematology Journal
reports a comprehensive review article on mutated pro-
tein tyrosine kinases in hematologic malignancies,
including chronic myeloproliferative disorders.’

After years of lack of knowledge concerning the patho-
genesis of these conditions, four articles*” have been pub-
lished in a period of six weeks (March 19-April 28, 2005)
describing a unique gain-of-function mutation of the
Janus kinase 2 (JAK2) gene in patients with polycythemia
vera, essential thrombocythemia and idiopathic myelofi-
brosis. Three additional articles on the same topic have
appeared online recently.*"

What was known about the pathogenesis of chronic
myeloproliferative disorders before the JAK2 V617F

mutation was found

Adamson and co-workers" provided the first evidence
for the stem-cell nature of polycythemia vera and the
clonal origin of this disease, and subsequent studies con-
firmed that chronic myeloproliferative disorders repre-
sent clonal proliferations of hematopoietic stem cells."
The clonal nature is found in nearly all patients with
polycythemia vera and idiopathic myelofibrosis, while a
variable proportion of female patients with essential
thrombocythemia show polyclonal patterns of X chro-
mosome inactivation.” It remains to be determined
whether these latter patients with an apparently poly-
clonal hematopoiesis do indeed have a myeloproliferative
disorder or whether they should be considered to have a
different disease.

Another key observation was that when marrow cells
from patients with polycythemia vera are cultured in
semi-solid medium, a number of erythroid colonies form
in the absence of exogenous erythropoietin.'
Spontaneous growth of erythroid progenitor cells from
peripheral blood mononuclear cells soon became a hall-
mark of polycythemia vera,”" and comparative studies
showed that this was the most reliable auxiliary test for
diagnosis of this condition.” Spontaneous growth of ery-
throid progenitor cells was also found in a proportion of
patients with essential thrombocythemia and idiopathic
myelofibrosis, suggesting that this biological abnormality
was a more general characteristic of chronic myeloprolif-
erative disorders.

Several observations, particularly in polycythemia vera,
suggested that these conditions might be caused by a
gain-of-function mutation. When ferrokinetics was used
to investigate erythropoiesis in the early 1970s, the typi-
cal ferrokinetic pattern in polycythemia vera was a small
increase in total erythroid activity and a decrease in inef-

fective erythropoiesis: the slightly expanded, more effi-
cient erythropoiesis fully explained the increases in
hemoglobin and hematocrit values. The expansion of red
cell mass in polycythemia vera is typically associated
with low levels of endogenous erythropoietin,”®”' indicat-
ing that red cell production is increased despite lower
amounts of erythropoietin in the erythroid marrow.
Finally, the increased sensitivity of hematopoietic pro-
genitors from patients with polycythemia vera is not
restricted to erythropoietin, but is also observed with
other growth factors,”” pointing to an abnormality in a
common signal transduction pathway.

We previously characterized mutations that cause dis-
ease through increased efficiency of mRNA translation,
and described translational pathophysiology as a novel
mechanism of human disease.”® Hereditary hyperfer-
ritinemia/cataract syndrome arises from various point
mutations or deletions within a protein-binding sequence
in the 5'-UTR of the L-ferritin mRNA.” These molecular
lesions reduce the affinity of the protein-binding
sequence for the iron regulatory proteins that normally
inhibit ferritin mRNA translation, thereby causing
increased production of L-ferritin. Hereditary thrombo-
cythemia can be caused by mutations in upstream AUG
codons in the 5'-UTR of the thrombopoietin (THPO)
gene which normally function as translational repres-
sors:”® their inactivation leads to excessive production of
thrombopoietin and elevated platelet counts.

From identification of a chromosomal aberration to

detection of the JAK2 V617F mutation

Three different approaches led to the discovery of the
JAK2 mutation, including analysis of in vitro growth of
erythroid colonies and their responsiveness to tyrosine
kinase inhibitors,* high throughput sequencing of kinases
in patients with myeloproliferative disorders,® and map-
ping of a recurrent chromosomal alteration on the short
arm of chromosome 9.7 Since the last strategy also pro-
vided the basis for understanding why some patients are
homozygous for JAK2 V617F, we briefly summarize the
key results. In 2002, Kralovics and co-workers character-
ized a region on chromosome 9p frequently involved in
loss of heterozygosity (LOH) in polycythemia vera.”
9pLOH was subsequently found in about one third of
patients with polycythemia vera and a few patients with
essential thrombocythemia.” In a collaborative study
involving Basel and Pavia, candidate genes of a large
number of patients with myeloproliferative disorders
were mapped using microsatellites to define a minimal
genomic region shared by all patients with 9pLOH. The
identified region of 6.2-Mbp contained the JAK2 gene,’
which is essential for signaling through a variety of
cytokine receptors.” Sequencing of the coding region of
JAK2 in patients with 9pLOH revealed a G to T transver-
sion that changed a valine to a phenylalanine at position
617 (V617F). Interestingly, the patients with 9pLOH
were homozygous for the JAK2 V617F mutation, where-
as patients without 9pLOH were either heterozygous for
V617F, or did not have the mutation. The most likely
mechanism causing 9pLOH was identified as mitotic
recombination, since two copies of the JAK2 gene locus
were found in granulocytes from all patients with
9pLOH.” Thus, mitotic recombination in a cell that car-
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Figure 1. Models of the potential pathogenetic role of the
Jak2 V617F mutation in myeloproliferative disorders. Two
models (A and B), differing for the time at which the disease
phenotype appears, are shown. In model A, a point mutation
in a hematopoietic progenitor or stem cell (red arrow)
changes a valine in position 617 of JAK2 to a phenylalanine
(V617F). The JAK2 V617F mutation alone causes the onset
of the myeloproliferative phenotype in about 50% of the
patients (red arrow). In model B, the JAK2 V617F mutation
occurs after the onset of the myeloproliferative phenotype,
which is caused by mutation(s) in as yet unknown gene(s)
(gray arrow). Chromosomes carrying the JAK2 V617F allele
are drawn in red; chromosomes with the wild type JAK2
allele are white. Cells that are heterozygous for the V617F
mutation have a proliferative advantage over cells homozy-
gous for the wild type allele. Mitotic recombination between
homologous chromosomes 9 in a cell heterozygous for
V617F results in loss of heterozygosity (9pLOH). One of the
daughter cells is homozygous for V617F and gains addition-
al proliferative advantage. This cell establishes a subclone

that outcompetes cells heterozygous for V617F and cells
homozygous for wild type JAK2.
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ries JAK2 V617F on one of the two chromosomes 9p will
result in uniparental disomy and transition from JAK2
V617F heterozygosity to homozygosity (Figure 1).
Homologous mitotic recombination is vital in the repair
of damage that occurs during DNA replication® but is
also a frequent genetic mechanism in the inactivation of
tumor-suppressor genes in solid tumors. Recently, partial
uniparental disomy due to somatic recombination has
been described in acute myeloid leukemia.” Additional
studies showed that JAK2 V617F was a somatic mutation
present in myeloid hematopoietic cells but not in T lym-
phocytes or hair-follicle cells.

Functional consequences of the JAK2 mutation

on cell growth and survival

JAK2 plays an essential role in hematopoiesis by medi-
ating signals from several hematopoietic cytokines,
including erythropoietin, thrombopoietin and granulo-
cyte colony-stimulating factor.®* The effects of the JAK2
V617F mutation appear to depend on the cellular con-
text. In non-hematopoietic 293T cells the JAK2 V617F
protein is strongly phosphorylated in the absence of
exogenous stimuli. In hematopoietic cell lines, such as
BaF3 or UT7 cells, the effect of the mutation is more sub-
tle and involves a reduced propensity to apoptosis and a
modest proliferative advantage.” The mutant JAK2 V617F
protein was only slightly more efficient than the wild-
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type one, and its activity was clearly less dramatic than
that of the TEL-JAK2 fusion protein, which results from
the t(9;12)(p24;p13) chromosomal translocation in T-cell
childhood acute lymphoblastic leukemia.*® The TEL-JAK2
fusion protein causes constitutive activation of its tyro-
sine kinase activity and confers cytokine-independent
proliferation to the interleukin-3-dependent BaF3 cell
line. The mutant JAK2 V617F protein primarily resulted
in a better transduction of the signals induced by growth
factors at low concentrations. Interestingly, mice trans-
planted with bone marrow cells that were transduced by
retrovirus expressing the JAK2 V617F mutant developed
erythrocytosis.* No information on other lineages is avail-
able. Further studies will be required to understand the
precise mechanism by which the mutation contributes to
myeloproliferation. In any case, gain of function involves
loss of control and overproduction of mature cells.

It is intriguing that the identical amino acid exchange
occurred in all patients examined to date and no other
JAK2 alleles have been found. In contrast, translational
pathophysiology arises from various point mutations or
deletions.” Another open question is how the JAK2
V617F mutation is connected to the responsiveness of
some patients with polycythemia vera to imatinib mesy-
late. In fact, a constitutively active JAK2 can cooperate
with either c-kit or flt-3 in signaling to induce self-renew-
al of multipotent hematopoietic cells.*®



Table 1. Frequency of the JAK2 V617F mutation in patients with
chronic myeloproliferative disorders.

Authors Polycythemia Essential Idiopathic
vera thrombocythemia  myelofibrosis
DNA sequencing
James et al.! 40/45 (89%) 9/21 (43%) 3/7 (43%)
Levine et al.® 121/164 (74%)  37/115(32%)  16/46 (35%)
Kralovics et al.”  83/128 (65%) 21/93 (23%)  13/23 (57%)
Baxter et al.® *53/73 (73%) 6/51 (12%) 7/16 (44%)
Zhao et al.’ 20/24 (83%) n.d. n.d.
Jones et al. 58/81 (81%) 24/59 (41%)  15/35 (43%)
Total 375/506 (74%)  97/339 (29%) 55/127 (43%)
Allele-specific PCR
Baxter et al.® 71/73 (97%) 29/51 (57%)  8/16 (50%)

Clinical consequences of the JAK2 V617F mutation

By pooling all currently published data that were gen-
erated by DNA sequencing, the frequency of JAK2 V617F
is 74% (375/506) in polycythemia vera , 29 % (97/339) in
essential thrombocythemia and 43% (55/127) in idio-
pathic myelofibrosis (Table 1). Occasionally, the muta-
tion has been found in cases of atypical chronic myeloid
leukemia, myelodysplastic syndrome, hypereosinophilic
syndrome and systemic mastocytosis.* The mutation
was absent in 617 healthy individuals,” in patients with
chronic myeloid leukemia and in patients with secondary
erythrocytosis.

A much higher frequency of JAK2 V617F in myelopro-
liferative disorders was described in one study that used
allele-specific polymerase chain reaction (PCR) analysis
in addition to sequencing (Table 1). Sequencing is less
sensitive (at least 25% of cells must carry the mutation to
be detected) than allele-specific PCR (already 2% of cells
with the mutation can be detected). However, we should
be cautious of considering patients who carry the JAK2
mutation in a very small proportion of their granulocytes
(e.g., 2-3%) as being JAK2 V617F-positive. It is unlikely
that the JAK2 mutation present in such a small percent-
age of cells can be the cause of myeloproliferative disease
in these patients, and it is conceivable that it is a second-
ary event present only in a subclone of cells. In the
future, in addition to scoring the presence or absence of
JAK2 V617F, we will need quantitative data for each
patient in order to provide information about what per-
centage of chromosomes in a given cell population (e.g.,
granulocytes) carries the JAK2 mutation.

Patients with myeloproliferative disorders who carried
JAK2 V617F had a longer median disease duration and
were more likely to develop complications such as sec-
ondary myelofibrosis, bleeding or thrombosis than were
patients without the mutation.” A trend to more leukemic
transformation was noted but was not statistically signif-
icant. Furthermore, the presence of the JAK2 V617F
mutation correlated with the presence of endogenous
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erythroid colonies.” More extensive studies will be need-
ed to examine these correlations further. For these stud-
ies, we will need to take into account the variable per-
centage of cells positive for JAK2 V617F in patients with
myeloproliferative disorders. Correlations can only be
expected if the JAK2 mutation is present in a relevant
fraction of the patient’s cells and this threshold will need
to be defined.

Polycythemia vera, essential thrombocythemia and idio-
pathic myelofibrosis have different hematologic and clini-
cal phenotypes, but the JAK2 mutation is not restricted to
a single clinical entity. The majority of patients with poly-
cythemia vera are positive for the JAK2 V617F mutation,
but there are patients in whom the mutation is definitely
absent or present in only a small fraction of the cells. This
raises questions about the pathogenetic role of the muta-
tion. Nevertheless, the presence of the JAK2 V617F muta-
tion will be a key diagnostic features of polycythemia vera
in the future. The role of the JAK2 V617F mutation in
essential thrombocythemia is less clear. Only a minority of
patients with this disease have a mutation in JAK2 and very
few progress to 9pLOH and homozygosity. Similarly, about
half of the patients with idiopathic myelofibrosis do not
have a JAK2 mutation. Thus, there must be other molecu-
lar lesions responsible for myeloproliferation in these
patients. One could argue that patients with essential
thrombocytosis or idiopathic myelofibrosis who are posi-
tive for the JAK2 V617F mutation might be misdiagnosed
cases of thrombocythemia that will later evolve into poly-
cythemia vera or of myelofibrosis that developed from a
clinically unapparent polycythemia, respectively. Since
there are currently no data to verify these hypotheses, dis-
cussions about the correct diagnosis at times take a religious
character. Clearly, none of the molecular or biological
assays described to date have respected the boundaries of
the clinically defined entities. Identifying the additional
molecular lesion(s) responsible for disease initiation and
progression will be of fundamental importance and will
eventually make the debates about the right diagnostic
approach obsolete.

Possible pathogenetic roles of the JAK2 V617F

mutation in myeloproliferative disorders

Although the currently available data clearly demon-
strate that JAK2 V617F participates in the pathogenesis of
myeloproliferative disorders, the mutation’s precise place
in the hierarchical order of events remains to be estab-
lished. In the simplest model, JAK2 V617F is the primary
cause of myeloproliferative disorders in about 50% of the
patients (Figure 1A). According to this model, the JAK2
mutation is responsible for the onset of clinical disease as a
single step event. Gain of function and loss of control
would be the essential features of myeloproliferation
caused by JAK2 V617F. In the other half of the patients, the
myeloproliferative disease is caused by a mutation in an as
yet unknown gene. This model is supported by the fact
that irradiated mice transplanted with retrovirally trans-
duced bone marrow cells expressing JAK2 V617F devel-
oped erythrocytosis.* However, retroviral transduction can
result in high levels of expression, which may cause pheno-
types that are not seen when the protein is expressed at
more physiological levels. Furthermore, this model hardly
explains why clinically different diseases should arise from
the same mutation. An alternative model proposes that
JAK2 V617F is not the primary cause, but rather a second-
ary event associated with disease progression (Figure 1B).
According to this model, a somatic mutation in an as yet
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unknown gene or genes causes the onset of the disease.
Different mutations and/or genes could be involved in ini-
tiating the different clinical entities of myeloproliferative
disorders. Acquisition of JAK2 V617F would make the dis-
ease more aggressive, which could explain the reported
higher frequency of complications in this group. This
model is also compatible with the observed shorter medi-
an disease duration in patients without JAK2 V617F and
with the frequent presence of small numbers of cells with
the JAK2 mutation that are detectable only with allele-spe-
cific PCR. The prediction of the first model is that drugs
specifically targeting the mutant JAK2 protein might cure
the disease, whereas if the second model were correct,
such a therapy would merely reset the disease to an earlier
stage. These and other open questions will be exciting to
address and for the first time we have the tools to do this.

Mario Cazzola, M.D.

Division of Hematology

University of Pavia Medical School
IRCCS Policlinico San Matteo
27100 Pavia, Italy

E-mail: mario.cazzola@unipv.it

Radek Skoda, Ph.D.
Experimental Hematology
Department of Research
University Hospital Basel
CH-4031 Basel, Switzerland
E-mail: radek.skoda@unibas.ch

Dr. Cazzola’s studies on myeloproliferative disorders are supported by

rants from AIRC, Milan, and IRCCS Policlinico S. Matteo, Pavia,
?taly. Dr. Skoda’s investigations are supported by grants from the Swiss
National Science Foundation, the Swiss Cancer League, and the
Stiftung fiir Himatologische Forschung, Switzetland. Both authors
repotted no potential conflicts of interest.

References

1. Dameshek W. Some speculations on the myeloproliferative syn-
dromes. Blood 1951;6:372-5.

2. Cools ], DeAngelo DJ, Gotlib J, Stover EH, Legare RD, Cortes J,
et al. A tyrosine kinase created by fusion of the PDGFRA and
FIP1L1 genes as a therapeutic target of imatinib in idiopathic
hypereosinophilic syndrome. N Engl ] Med 2003;348:1201-14.

3. Chalandon YSchwaller J. Targeting mutated tyrosine kinases
and their signalling pathways in haematological malignancies.
Haematologica 2005;90:XXX.

4. James C, Ugo V, Le Couedic JP, Staerk J, Delhommeau F, Lacout
C, et al. A unique clonal JAK2 mutation leading to constitutive
signalling causes I{)/;)chythaemia vera. Nature 2005; 434:1144-8.

5. Baxter EJ, Scott LM, Campbell PJ, East C, Fourouclas N, Swanton
S, et al. Acquired mutation of the tyrosine kinase JAK2 in human
myeloproliferative disorders. Lancet 2005; 365:1054-61.

6. Levine RL, Wadleigh M, Cools J, Ebert BL, Wernig G, Huntly BJ,

et al. Activating mutation in the tyrosine kinase JAK2 in poly-

cythemia vera, essential thrombocythemia, and myeloid meta-
lasia with myelofibrosis. Cancer Cell 2005;7:387-97.

Eralovics R, Passamonti F, Buser AS, Teo SS, Tiedt R, Passweg JR,

et al. A gain-of-function mutation of JAK2 in myeloproliferative

disorders. N Engl ] Med 2005;352:1779-90.

8. Steensma DP, Dewald GW, Lasho TL, Powell HL, McClure RE
Levine RL, et al. The JAK2 V617F activating tyrosine kinase
mutation is an infrequent event in both "atypical" myeloprolifer-
ative disorders and the myelodysplastic syndrome. Blood
2005:Apr 28; [Epub ahead of print].

9. Zhao R, Xing S, Li Z, Fu X, Li Q, Krantz SB, et al. Identification
of an acquired JAK2 mutation in Polycythemia vera. ] Biol Chem
2005:Apr 29;[Epub ahead of print].

10. Jones AV, KreinS, Zoi K, Waghorn K, Curtis C, Zhang L, et al.
Widespread occurrence of the JAK2 V617F mutation in chronic
myeloproliferative disorders. Blood 2005:May 26; [Epub ahead
of print].

11. Adzmson JW, Fialkow PJ, Murphy S, Prchal JFSteinmann L.
Polycythemia vera: stem-cell and probable clonal origin of the

| 874 | haematologica/the hematology journal | 2005; 90(7)

12. Liu E, Jeline

13.

14.

15.

16.
17.

18.

19.

20.
21.

23.

24.

25.

26.
27.

28.

29.

30.

31.
32.

33.
34.

35.

36.

disease. N Engl ] Med 1976;295:913-6.
J, Pastore YD, Guan Y, Prchal JFPrchal JT.
Discrimination of polycythemias and thrombocytoses by novel,
simple, accurate clonality assays and comparison with PRV-1
expression and BFU-E response to erythropoietin. Blood
2003;101:3294-301.
el-Kassar N, Hetet G, Briere JGrandchamp B. Clonality analysis
of hematopoiesis in essential thrombocythemia: advantages of
studying T lymphocytes and platelets. Blood 1997; 89:128-34.
Harrison CN, Gale RE, Machin SJLinch DC. A large proportion
of patients with a diagnosis of essential thrombocythemia do not
have a clonal disorder and may be at lower risk of thrombotic
complications. Blood 1999;93:417-24.
Shih LY, Lin TL, Lai CL, Dunn B, Wu JH, Wang PN, et al.
Predictive values of X-chromosome inactivation patterns and
clinicohematologic parameters for vascular complications in
female patients with essential thrombocythemia. Blood
2002;100:1596-601.
Prchal JFAxelrad AA. Letter: Bone-marrow responses in poly-
cythemia vera. N Engl ] Med 1974;290:1382.
Lacombe C, Casadevall NVaret B. Polycythaemia vera: in vitro
studies of circulating erythroid progenitors. Br ] Haematol
1980;44:189-99.
Zwicky C, Theiler L, Zbaren K, Ischi ETobler A. The predictive
value of clonogenic stem cell assays for the diagnosis of poly-
cythaemia vera. Br ] Haematol 2002;117:598-604.
Kralovics R, Buser AS, Teo SS, Coers J, Tichelli A, van der Maas
AP, et al. Comparison of molecular markers in a cohort of
patients with chronic myeloproliferative disorders. Blood
2003;102:1869-71.
Cazzola M. Serum erythropoietin concentration as a diagnostic
tool for polycythemia vera. Haematologica 2004;89:1159-60.
Mossuz P, Girodon F, Donnard M, Latger-Cannard V, Dobo I,
Boiret N, et al. Diagnostic value of serum erythropoietin level in
ga;iengts with absolute erythrocytosis. Haematologica 2004; 89:
194-8.

. Dai CH, Krantz SB, Means RT, Jr., Horn ST, Gilbert HS. Poly-

cythemia vera blood burst-forming units-erythroid are hypersen-
sitive to interleukin-3. J Clin Invest 1991;87:391-6.
Dai CH, Krantz SB, Dessypris EN, Means RT, Jr, Horn ST,
Gilbert HS. Polycythemia vera. II. Hypersensitivity of bone mar-
row erythroid, granulocyte-macrophage, and megakaryocyte
progenitor cells to interleukin-3 and granulocyte-macrophage
colony-stimulating factor. Blood 1992;80:891-9.
Correa PN, Eskinazi DAxelrad AA. Circulating erythroid progen-
itors in polycythemia vera are hypersensitive to insulin-like
growth factor-1 in vitro: studies in an improved serum-free
medium. Blood 1994;83:99-112.
Axelrad AA, Eskinazi D, Correa PNAmato D. Hypersensitivity
of circulating progenitor cells to megakaryocyte growth and
development factor (PEG-rHu MGDI% in essential thrombo-
cythemia. Blood 2000;96:3310-21.

azzola MSkoda RC. Translational pathophysiology: a novel
molecular mechanism of human disease. Blood 2000;95:3280-8.
Cazzola M, Bergamaschi G, Tonon L, Arbustini E, Grasso M,
Vercesi E, et al. Hereditary hyperferritinemia-cataract syndrome:
relationship between phenotypes and specific mutations in the
iron-responsive element of ferritin light-chain mRNA. Blood
1997;90:814-21.
Wiestner A, Schlemper R], van der Maas APSkoda RC. An acti-
vating splice donor mutation in the thrombopoietin gene causes
hereditary thrombocythaemia. Nat Genet 1998;18:49-52.
Kralovics R, Guan YPrchal JT. Acquired uniparental disomy of
chromosome 9p is a frequent stem cell defect in polycythemia
vera. Exp Hematol 2002;%0:229—36.
Parganas E, Wang D, Stravopodis D, Topham DJ, Marine JC,
Teglund S, et al. Jak2 is essential for signaling through a variety
of cytokine receptors. Cell 1998;93:385-95.
Helleday T. Pathways for mitotic homologous recombination in
mammalian cells. Mutat Res 2003;532:103-15.
Raghavan M, Lillington DM, Skoulakis S, Debernardi S, Chaplin
T, Eoot NJ, et al. Genome-wide single nucleotide polymorphism
analysis reveals frequent partial uniparental disomy due to
somatic recombination in acute myeloid leukemias. Cancer Res
2005;65:375-8.
Shannon KVan Etten RA. JAKing up hematopoietic proliferation.
Cancer Cell 2005;7:291-3.
Kaushansky K. On the molecular origins of the chronic myelo-
proliferative disorders: it all makes sense. Blood 2005; 105:4187-
90.

Lacronique V, Boureux A, Valle VD, Poirel H, Quang CT,
Mauchauffe M, et al. A TEL-JAK2 fusion protein with constitu-
tige kinase activity in human leukemia. Science 1997;278:1309-
12.

Zhao S, Zoller K, Masuko M, Rojnuckarin P, Yang XO, Parganas
E, et al. JAK2, complemented by a second signal from c-kit or flt-
3, triggers extensive self-renewal of primary multipotential
hemopoietic cells. Embo ] 2002;21:2159-67.





