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Abstract
The chronic myeloproliferative diseases (CMDs) are a group of conditions characterized by
unregulated blood cell production, that due either to excessive numbers of erythrocytes, leukocytes
or platelets, or their defective function cause symptoms and signs of fatigue, headache, ruddy
cyanosis, hemorrhage, abdominal distension, and the complications of vascular thrombosis. In the
late 19th century Vaquez provided the first description of polycythemia vera (PV) and Hueck defined
idiopathic myelofibrosis (IMF). In 1920, di Guglielmo established criteria for patients with essential
thrombocythemia (ET). In 1951 Dameshek argued that these disorders, along with chronic
myelogenous leukemia (CML) display many similar clinical and laboratory features (1), and grouped
them. In 2002 the World Health Organization expanded the definition of CMDs to also include
chronic neutrophilic leukemia (CNL), chronic eosinophilic leukemia/hypereosinophilic syndrome
(CEL/HES) and systemic mast cell disorder (SMCD; 2). While the molecular pathogenesis of CML
is well known (3), and the causes of CEL/HES and SMCD have been identified in about half of all
cases (4,5), until very recently the etiologies of the three classically defined CMDs, PV, IMF and
ET, were poorly understood. Each of these disorders is characterized by excessive hematopoiesis, a
process usually dependent on one or more hematopoietic growth factors (HGFs). This review will
focus on how our knowledge of the molecular mechanisms by which HGFs are produced, bind cell
surface receptors and transduce survival and proliferative signals have provided the platform on
which the multiple origins of CMDs can be understood and novel therapeutic interventions designed.

The Regulation of Hematopoiesis
Each day a normal adult produces ∼2 × 1011 erythrocytes, ∼1 × 1011 leukocytes and ∼1 ×
1011 platelets, rates of production that can increase more than ten-fold under conditions of
increased need. Careful regulation of hematopoiesis is vital for normal health and well being.
All the formed elements of the blood are derived from the hematopoietic stem cell (HSC),
functionally defined as a cell that can repopulate all of hematopoiesis following transplantation
into a lethally irradiated recipient (6). Active marrow stem cells undergo a series of
developmental decisions, giving rise to cells that progressively lose multipotency while
undergoing a large number of cell divisions; the magnitude of the cell expansion that
characterizes basal hematopoiesis is best illustrated by considering that at any given time only
a few thousand human HSCs (7) give rise to the 4 × 1011 blood cells produced daily. Three
major mechanisms have been identified that influence both the developmental fate and level
of proliferation of HSCs and their progeny: the stochastic rise and fall of lineage specific
transcription factors (8), hematopoietic cell-marrow niche interactions (9,10), and carefully
orchestrated changes in the levels of HGFs (11).

The HGFs are a group of acidic glycoproteins that bind to specific cell surface receptors and
act in both endocrine and paracrine fashions to influence the growth and development of HSCs
and their progeny. They are, for the most part, regulated by a physiological need for the blood
cell type which they regulate. The HGFs bind to distinct members of the type I cytokine receptor
family with high picomolar affinity, an event which triggers receptor conformational changes
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that transmit biochemical signals for cell survival, proliferation, differentiation and/or
activation. A general model of the regulation of HGF production, their route of paracrine or
endocrine action, and their target cell effects are depicted in Figure 1. Erythropoietin (EPO),
granulocyte colony-stimulating factor (G-CSF), and thrombopoietin (TPO) are the primary
regulators of erythrocyte, neutrophil and platelet production, respectively, and their plasma
and marrow levels are inversely related to the total body mass of the respective mature blood
cell types (12-14). HGF production is regulated at several molecular and cellular levels,
including gene transcription, mRNA stability, protein translation and receptor mediated uptake
and destruction. Many of the myeloproliferative disorders of man can now be understood as
disorders of one of these steps in hematopoietic regulation.

Chronic Myeloproliferative Disorders due to Abnormal Regulation of
Hematopoietic Cytokine Expression
Chuvash Polycythemia

Erythropoietin is produced primarily in the kidney in response to poor tissue oxygenation. The
primary regulator of EPO transcription is hypoxia inducible factor 1 (HIF1; 15), a
heterodimeric transcription factor composed of α and β subunits. Only HIF-1α is responsive
to hypoxia, controlled by the level of its ubiquination and proteasomal degradation (16).
HIF-1α is susceptible to ubiquination only when combined with the von Hippel Lindau (VHL)
protein, which occurs only when the transcription factor is proline hydroxylated by an oxygen-
sensitive, iron and reactive oxygen species-dependent prolyl hydroxylase (PHD; Figure 1).
Thus, under normoxic conditions, HIF-1α is highly unstable due to chronic hydroxylation,
VHL binding, ubiquination and destruction. In contrast, when the juxtamedullary renal tubular
cells are hypoxic, the HIF-1α hydroxylase is inactive; VHL fails to target the transcription
factor for degradation and HIF-1α levels rise, leading to transcription, translation and secretion
of EPO. Thus, disorders of HIF-1α regulation would be expected to alter EPO production and
erythropoiesis.

In the early 1970s a large number of patients with polycythemia were described in an isolated
Chuvash population of Asian immigrants in the mid Volga region of Russia (17). Molecular
studies revealed that virtually all affected individuals were homozygous for an Arg200Trp
mutation in the VHL gene (18). The mutation was subsequently found to reduce VHL
interaction with hydroxylated HIF-1α, resulting in increased stability of the transcription factor,
increased EPO production and enhanced erythropoiesis. Since its discovery, additional
pedigrees outside this ethnic group have been identified, although a founder effect has been
established.

Familial Thrombocytosis
A second process altered in some patients with CMDs is the rate that HGF mRNA is translated
into protein. The efficiency with which protein translation initiates is governed by the context
in which the start (AUG) codon resides. In ∼90% of mRNA species the initiation codon is the
first AUG present in the transcript, so that protein translation is efficiently initiated. However,
if the initiation codon is not the first AUG within the mRNA, and resides within another, out
of frame translational open reading frame (ORF),translation of the protein is very inefficient,
as post-termination ribosomes cannot scan backwards to initiate at AUG codons positioned
upstream of a stop codon (19). The gene for TPO encodes such a transcript; the mature protein
is encoded by the 8th AUG present in the mRNA, which lies within the short, out of frame
7th ORF in the transcript. Thus, TPO protein production is inefficient and quite low under
normal conditions.
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Several patients with an autosomal dominant form of familial thrombocytosis have now been
described who bear mutations in the TPO gene. In all such cases the mutation leads to altered
translation efficiency of a constant amount of TPO mRNA. In two families, single nucleotide
mutations result in abnormal splicing of the primary TPO transcript, resulting in mRNA devoid
of the usual TPO initiation codon, but containing a highly efficient, upstream translation
initiation codon now in frame with the TPO ORF (20,21). The result of the altered splicing is
greatly enhanced TPO protein production. In another pedigree (22), a single nucleotide deletion
between the 7th and 8th AUG codons shifts the reading frame of TPO to that of the 7th initiation
codon in the mRNA, a highly efficient translation start site, resulting in overproduction of the
protein. A third mechanism resulting in this same pathophysiology has been identified (23); a
single nucleotide mutation of the 7th ORF creates a stop codon upstream of the 8th (TPO) ORF,
allowing ribosomes that complete translation of the now shortened 7th ORF to re-initiate
translation downstream, at the 8th AUG, greatly increasing the translation efficiency of the
hormone. Overall, the abnormal regulation of TPO in some patients with Familial
Thrombocytosis illustrates a second mechanism by which HGF production is increased, altered
translational efficiency. Of interest, unlike patients with PV and ET, who for the most part
display clonal hematopoiesis, hematopoiesis in individuals with Chuvash Polycythemia (J.
Prchal, personal communication, April 2005) and Familial Thrombocytosis (21) is polyclonal,
a finding that is expected given the cell extrinsic nature of these disorders.

Myeloproliferative Disorders due to Constitutive Hematopoietic Cytokine
Receptor Activation
Familial Thrombocytosis

Hematopoietic growth factors act by binding to specific members of a highly related family of
single pass transmembrane proteins. With the cloning of the EPO receptor (24), and numerous
interleukin receptors shortly thereafter, the family of type I hematopoietic cytokine receptors
was defined (25). These molecules are characterized by one or two 200 amino acid extracellular
domains containing four conserved cysteine residues, 14 beta sheets and a five amino acid
juxtamembrane domain, Trp-Ser-Xaa-Trp-Ser. These receptors also contain a single 20-25
amino acid transmembrane domain and an intracytoplasmic domain of 70 to over 500 residues.
At present, at least 25 hematopoietic cytokines, including EPO, TPO and G-CSF, employ one
or more members of this family of proteins to transduce signals for cell survival, proliferation,
differentiation or activation.

A large body of evidence indicates that cytokines transduce growth and differentiation signals
primarily by phosphorylating, and thereby activating intracellular second messenger proteins.
The cytoplasmic domains of the cytokine receptor family contain binding motifs for
cytoplasmic protein tyrosine kinases of the Janus (JAK) family, and for both positively- and
negatively-acting secondary signaling molecules bearing src homology (SH)2 or
phosphotyrosine binding (PTB) domains (26). Much is known of the molecular changes that
ensue upon HGF binding to their cognate receptors, based in large measure on studies of EPO
and the EPO receptor. X-ray crystallography studies have established that the EPO receptor is
a homodimer, and upon ligand binding undergoes a major conformational shift such that the
cytoplasmic domains of the receptors shift from 73 Å to 39 Å apart (27), bringing the tethered
JAK kinases into closer juxtaposition and allowing their mutual cross-phosphorylation and
activation. Once active, JAK phosphorylates one or more Tyr residues within the cytoplasmic
domain of the receptor, creating docking sites for both positive and negatively acting secondary
signaling molecules that are responsible for the cellular effects of cytokine binding. The
conformational change that ensues upon ligand binding to receptor could theoretically be
mimicked by alterations in the receptors themselves. In fact, at least in some families, inherited
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excessive myeloproliferation is due to genetic changes in a hematopoietic cytokine receptor,
in either the extracellular or transmembrane domains.

The helical packing that affects the conformation of transmembrane domains of several
proteins that transmit signals from outside to inside cells has been extensively studied. Based
on these studies the positions in the transmembrane helixes that can lead to either gain- or loss-
of-function have been mapped (28,29). In a recent study, 8 members of a family with
thrombocytosis were described in which the transmembrane domain of the TPO receptor
carried a Ser505Asn mutation (30). Our modeling of the wild-type and mutant transmembrane
domains of the receptor predicts that the amino acid change stabilizes the close juxtaposition
of the mutant form of the homodimeric receptor, which should enhance its signaling. Other
mutations of the TPO receptor closely adjacent to the transmembrane domain are also
associated with its constitutive activation, including acquired mutations of W515 that are cause
chronic activation of the JAK/STAT signaling pathway and are found in 5-10% of patients
with idiopathic myelofibrosis, a chronic myeloproliferative disease (31,32).

The TPO receptor contains two cytokine receptor motifs in its extracellular domain. Structure-
function studies have shown that the membrane distal motif is necessary for binding of TPO,
and that its elimination leads to constitutive activation of the receptor (33). Based on these
findings the membrane distal motif appears to constrain the receptor in a non-signaling
conformation; binding of TPO is thought to relieve this conformational constraint. Recently,
a single nucleotide polymorphism has been described in Americans of African descent with
thrombocytosis; the mutation causes a Lys39Asn mutation in the membrane distal motif of the
extracellular domain of the TPO receptor (34). Population studies indicate that the
heterozygous state for the Lys39Asn allele is found in 7% of American Blacks, and that its
presence is associated with a statistically significantly higher platelet count (mean 424 × 109/
L) than individuals lacking the allele (mean 242 × 109/L). It is very tempting to speculate that
this mutation inactivates the conformational constraint levied by the membrane distal cytokine
receptor motif of the TPO receptor, a hypothesis that requires experimental verification.
Although not accounting for a substantial number of patients with thrombocytosis, these
examples of mutational receptor activation illustrate how genetic changes can activate a
receptor based on mimicry of a ligand-induced conformational change.

Myeloproliferative Disorders of Hematopoietic Cytokine Receptor Down-
modulation
Familial Erythrocytosis

Once growth factor receptors have been activated, an efficient mechanism must be in place to
limit cell signaling, lest growth control be lost. At least three mechanisms have been identified
that blunt or eliminate signaling from HGF receptors minutes to hours following ligand binding
(Figure 2): 1) receptor down-modulation (35), 2) activation of protein tyrosine phosphatases
(36,37) that remove the activating phosphorylation of receptor and secondary signaling
mediators, and 3) induction of suppressors of cytokine signaling (SOCS) molecules (38) that
directly inhibit JAK kinase activity or the binding of SH2-containing signaling molecules to
phosphotyrosine containing receptor motifs, and that lead to destruction of the signaling
complex. Several patients with CMDs have now been described in which these down-
modulatory influences on cytokine signaling are lost.

“Erythropoietin receptor mutations and Olympic glory” read the title of an editorial (39)
commenting upon identification of the cause of erythrocytosis in a large kindred of ruddy Finns
(40). Eero Mäntyranta won gold medals in the 1960 Squaw Valley and 1964 Innsbruck
Olympics in cross country skiing, and is a member of a >200 person pedigree characterized
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by autosomal dominant erythrocytosis. Sequencing of the EPO receptor in affected individuals
in the family revealed a non-sense codon, prematurely terminating the cytoplasmic domain of
the receptor. Several additional individuals or families with polycythemia have been described
with frameshift mutations in the same region of the receptor (41-43). Structure-function studies
of artificially truncated EPO receptors revealed that the distal 40-70 amino acids of the receptor
bind one or more negatively regulating signaling molecules; while the nature of the negative
regulator of signaling responsible for these causes of familial erythrocytosis have not yet been
definitely established, experiments in mice have shown that genetic elimination of two signal
terminating phosphatases, SHP1 (44) and SHIP1 (45), which bind to this region of EPO
receptor, also lead to chronic myeloproliferation.

Severe Congenital Neutropenia associated Acute Myelogenous Leukemia
A second example of pathological myeloproliferation accompanying the loss of the negative
regulatory domain of a cytokine receptor is found in patients with Severe Congenital
Neutropenia (SCN), or Kostmann syndrome. Now known to be caused by missense mutations
of the neutrophil elastase gene (ELA2; 46), Kostmann described neutropenia in several families
in Northwestern Sweden. Since the initial description of the disorder, SCN has been described
in numerous populations, and while considered a rate disorder, nearly 1000 patients have been
followed in a single registry (47). SCN is genetically heterogeneous (48), with most cases
arising sporadically, consistent with its transmission as an often lethal, autosomal dominant
disorder. While previously fatal during childhood or early adolescence due to the development
of antibiotic resistant bacterial infections, patients with SCN treated with G-CSF do remarkably
well, living many decades, if not a completely normal life. While no abnormalities are seen in
germ line DNA other than in the elastase gene, as a consequence of the increased longevity
afforded by treatment with the cytokine, or because of cytokine induced selection, ∼20% of
patients with SCN are found to harbor a variety of non-sense mutations resulting in a
prematurely truncated G-CSF receptor (49). Of considerable interest, most of these patients
develop myelodysplastic syndromes (MDS) or acute myelogenous leukemia (AML; 50), and
when this occurs, virtually all the leukemic cells display the truncated receptor. Like that for
EPO receptor, the G-CSF receptor encodes a carboxyl-terminal negative regulatory domain,
lost in the MDS/AML associated receptor truncations, and shown in vitro to mediate G-CSF
down modulation by binding both the signal terminating phosphatase SHIP1 and CIS, a SOCS
protein (51). However, the G-CSF receptor truncation is not sufficient for the development of
MDS/AML, as mice engineered to express the mutant allele remain free of disease (52). It has
been postulated that rather than being leukemogenic alone, the altered receptor cooperates with
additional transforming events during the development of MDS or AML (53). Additional work
is required to more fully understand the precise mechanisms of leukemogenesis in the presence
of a truncated G-CSF receptor, but it is clear that the MDS and AML that occurs in ∼20% of
patients with SCN is very likely related, at least in part, to the truncated cytokine receptor.

Myeloproliferative Disorders of the Cytokine Signal Transduction Apparatus
Acquired Polycythemia Vera, Idiopathic Myelofibrosis and Essential Thrombocythemia

As noted earlier, hematopoietic cytokine receptor signal transduction is initiated by the
juxtaposition and cross activation of JAK kinases. While four members of this family of kinases
have been described, JAK2 is particularly important for myeloproliferation, as the EPO, TPO,
G-CSF, stem cell factor, interleukin (IL)-3, and IL-5 receptors all employ this kinase for signal
transduction (26). In addition to our understanding of the mechanism of JAK activation
provided by the crystallographic studies of the EPO receptor (27), additional insights into the
molecular basis of kinase activation have come from studies in which truncated forms of JAK2
were characterized, and from molecular modeling studies of the protein. Three major structural
domains have been identified in all members of the JAK kinase family, 1) the JH1 or kinase
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domain, 2) the JH2 or pseudokinase domain, and 3) the FERM (Four-point-one, Ezrin, Radixin,
Moesin) or receptor binding domain (54). While the function of JH1 and FERM are well known,
the function of the pseudokinase domain, so named because of its imperfect homology to
protein tyrosine kinases, is devoid of kinase activity due to alteration of critical active site
residues. Recent studies have shown that while expression of JH1 alone leads to substantial
kinase activity, when coupled to JH2 the kinase domain activity is substantially blunted,
implying that JH2 represents a physiologically relevant regulatory domain (55). Molecular
modeling studies have provided additional insights into the natural mechanism of JAK kinase
activation; a model of JH1-JH2 based on the x-ray crystallography based tertiary structure of
the fibroblast growth factor receptor kinase dimer suggests that JH2 stabilizes the kinase
activation loop of JH1 in the inactive conformation (56).

The three classic chronic myeloproliferative disorders, PV, IMF and ET share many common
clinical features, first recognized over 50 years ago by Dameshek (1). More recently, this
concept has been strengthened by the observation that all three disorders represent clonal
myeloproliferation of an HSC (57-59), marrow and blood-derived hematopoietic progenitor
cells display enhanced sensitivity to multiple hematopoietic cytokines (EPO, TPO, IL-3;
60-62), the three disorders can transform into acute myelogenous leukemia or to an end-stage
fibrotic marrow, albeit with different frequencies, and the three are clinically characterized by
a hypercoagulable state (63). Even more recently, multiple lines of investigation have indicated
that the chronic myeloproliferative diseases represent disorders of the hematopoietic cytokine
signaling apparatus. For example, numerous animal models of chronic myeloproliferation can
be developed by altered expression of hematopoietic cytokine signaling elements, including
transgenic expression of murine TPO, that results in thrombocytosis or aggressive
myelofibrosis, depending on the site of expression (64,65). Mutation of either the EPO or TPO
receptors results in autonomous cell growth in cytokine dependent murine cell lines and their
transformation to leukemia when transplanted into mice (66,67). Loss of a Ras regulatory
protein, RasGAP, or overexpression of an activated form of Ras, a key component of
hematopoietic cytokine signaling, results in a murine myeloproliferative syndrome (68,69).
And loss of regulatory hematopoietic phosphatases results in murine models of chronic
myeloproliferative syndromes (44,45). Consistent with these animal studies, several secondary
hematopoietic cytokine signaling molecules are constitutively active in marrow cells derived
from patients with chronic myeloproliferative syndromes, including STAT3, BclXL and Akt
(70-72).

Based on these findings, on finding loss of heterozygosity on the short arm of chromosome 9
in some patients with CMDs, the effects of JAK kinase inhibitors on hematopoietic growth in
PV, and a mutational survey of multiple kinases in patients with myeloproliferative disorders,
several groups began to explore whether JAK2 might be responsible for the chronic
myeloproliferative disorders. Recently, multiple groups reported that from 65 to 97% of
patients with PV, from 35 to 57% of patients with IMF, and from 23 to 57% of patients with
ET express the same, acquired, mutant form of JAK2 in hematopoietic, but not non-
hematopoietic cells (73-78). Additional studies have established that the altered kinase, bearing
a Val617Phe missense mutation in the JH2, pseudokinase domain, is constitutively active
(74-76), leads to chronic activation of multiple secondary mediators of hematopoietic cytokine
receptor signaling (75,76), mutant kinase is found in all growth factor hypersensitive marrow
cells derived from patients with these disorders (73), and when expressed in murine marrow
cells, the mutant kinase but not a wild type control JAK2 leads to polycythemia (75). Of clinical
interest, in one of the clinical studies patients that carry the mutant JAK2 gene have a more
aggressive disease than those patients devoid of the abnormal gene product (76), as measured
by a near doubling of the rates for developing myelofibrosis, hemorrhage and/or thrombosis.
While these remarkable studies establish that most patients with chronic myeloproliferative
disorders carry a mutation in the primary signal transducing kinase of hematopoiesis, and
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provide an unparalleled opportunity to develop enhanced diagnostic tools and prognostication
for patients with CMDs, they raise additional questions. For example, how can one genetic
lesion lead to three rather distinct clinical entities? Do the ∼35% of patients with two
Val617Phe alleles (due to mitotic recombination) do more poorly than those with a single mutant
gene? Can a specific therapy designed to inhibit the constitutively active mutant of JAK2 be
designed, one that avoids inhibiting the wild type kinase? Is the constitutive activation of JAK2
responsible for the hypercoagulable state that characterizes CMDs, and is it due to activation
of platelets, neutrophils or endothelial cells? With all remarkable discoveries come great
opportunities to further our understanding of human physiology and pathology.

Knowledge of how cytokines lead to hematopoietic cell survival and proliferation has lead to
multiple examples of therapeutic intervention in disorders of blood cell production; the use of
EPO, G-CSF and pending use of TPO mimetics to bolster erythrocyte, neutrophil and platelet
production serve as landmarks of pharmacology. By applying our understanding of the
molecular basis for hematopoiesis, from cytokine production, to receptor binding and
activation, and through intracellular signaling provides an outstanding platform to understand
chronic disorders of overproduction of one or more hematopoietic cell lineages. Moreover,
these pathophysiological insights are almost certain to lead to additional rationally designed
therapeutic opportunities, such as the generation of a Val617Phe JAK2 kinase inhibitor for the
CMDs associated with the mutant kinase, inhibitors of EPO or its production for the
erythrocytosis seen in Chuvash-type polycythemia, or strategies to enhance the negative
regulators of hematopoietic cytokine signaling seen in children with SCN and secondary MDS/
AML, or for the ruddy Finns.
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Figure 1.
A general scheme of hematopoietic growth factor physiology. A number of modes of
cytokine regulation have been identified, and include oxygen tension (acting via hypoxia
inducible factor [HIF1; A] on EPO production), inflammatory mediators (acting on G-CSF
and TPO production [B]) and blood cell constituents (enhancing TPO production [C]). Once
these mediators bind to their corresponding cell surface receptors, or affect intracellular
signaling (such as a prolyl hydroxylase [D]), signal transduction mechanisms ultimately result
in enhanced growth factor gene transcription (D,E,F), mRNA translation (G,H) and protein
secretion (I). Growth factors then act locally (TPO, G-CSF) or at a distance (EPO, G-CSF,
TPO) by binding to their receptors on hematopoietic stem and progenitor cells (J), transducing
signals that require immediate activation of a receptor-tethered kinase (K) and downstream
mediators (L) including phosphoinositol-3-kianse (PI3K) and mitogen activated protein kinase
(MAPK), which then alter transcription factors that affect cell survival, proliferation,
differentiation or activation (M).
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Figure 2.
Mechanisms of hematopoietic cytokine signaling and down-modulation.The three
predominant mechanisms that down modulate hematopoietic growth factor (HGF) signaling
are illustrated. A. Upon ligand binding the ligand-receptor complex undergoes endocytosis in
a clathrin mediated process leading to receptor down-modulation from the cell surface; ligand
is ultimately destroyed and the receptors recycled to the cell surface. B. Once the cytoplasmic
domain of the HGF receptor is phosphorylated it serves as a docking site for both positive and
negatively acting signaling molecules. Amongst the latter are phosphatases, including SHP1
and SHIP1, which remove the activating phosphate groups on JAK2, several signaling
intermediates and the receptor itself. C. One of the pro-survival and proliferation mediators,
signal transducers and activators of transcription (STAT), also leads to the expression of one
or more members of the suppressors of cytokine signaling (SOCS) family. Once transcribed
and translated, SOCS proteins inhibit further signaling either by blockade of JAK kinase action
or by interfering with the interaction of signaling molecules and phosphorylated docking sites.
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