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Introduction
Mature blood cells are short-lived and must be constantly replaced.
A small number of multipotent hematopoietic stem cells (HSC) are the
source of this regenerative process. Hematopoiesis is the best studied
stem cell system and constitutes a model for other organs. HSC can
either remain multipotent or differentiate into mature cells with very
diverse functions and morphologies, as exemplified by lymphocytes,
granulocytes, erythrocytes or megakaryocytes. Extracellular signals,
such as cytokines and growth factors and their cell surface receptors,
act in concert with cell intrinsic factors, e.g. components of the signal
transduction machinery and transcription factors, to maintain a balance
between production and destruction of blood cells. Given the complexity of the known regulatory pathways and the needs for adaptation to
changing environmental factors, we should consider it surprising that
blood cell disorders are not more common. Here I review the physiological role of a humoral factor called thrombopoietin and its receptor in
the formation of megakaryocytes and platelets and I summarize our
current understanding of disorders associated with an overproduction
of platelets.

Thrombopoietin and its receptor, c-Mpl are the primary regulators of
platelet production
Thrombopoietin (TPO) was first described as an biological activity in
serum that stimulated the production of platelets in vivo (Kelemen et
al., 1958). For more than 30 years this activity eluded all attempts of
biochemical purification. TPO cDNA was finally cloned in 1994 by
virtue of its high affinity receptor, which served as a bait for immuno40

affinity purification and expression cloning (Bartley et al., 1994; de
Sauvage et al., 1994; Kaushansky et al., 1994). The TPO receptor was
discovered as the cellular homologue of a retroviral oncogene.
Experiments with Friend murine leukemia virus led to the isolation of
a mutant virus called myeloproliferative leukemia virus (MPLV)
(Wendling et al., 1986). MPLV caused a broad spectrum of myeloid
malignancies in mice including erythroid, granulocytic, monocytic,
megakaryocytic and mast cell leukemias (Wendling et al., 1989). This
recombinant retrovirus carried a novel oncogene, v-mpl, that displayed
sequence homology to members of the cytokine receptor superfamily.
A rearrangement led to a fusion between sequences coding for the
extracellular domain of the retroviral envelope protein and a truncated
cytokine receptor, consisting of 40 amino acids of the extracellular
domain, the transmembrane domain, and the entire cytoplasmic domain
(Souyri et al., 1990). This suggested that signaling through the cytoplasmic domain of v-mpl was responsible for the proliferation and
transformation of hematopoietic progenitors. Since I was interested in
megakaryocyte formation and transformation, I began to study the properties of c-mpl, the cellular homologue of v-mpl, which at this time
was an orphan receptor molecule. To demonstrate that c-mpl was capable of signaling for proliferation, I generated a chimeric receptor consisting of the extracellular domain of the interleukin-4 (IL-4) receptor
and the transmembrane and cytoplasmic domain of c-mpl. When
stimulated by IL-4, the cytoplasmic domain of the c-mpl protein was
capable of providing a proliferative signal in factor-dependent cell lines
(Skoda et al., 1993). The full-length c-mpl protein and a soluble extracellular domain was used by several laboratories to clone the mplligand, which turned out to be the long sought for TPO (Bartley et al.,
1994; de Sauvage et al., 1994; Kaushansky et al., 1994). TPO causes
thrombocytosis in vivo (Kaushansky et al., 1994) and promotes proliferation and maturation of megakaryocyte precursors in vitro (Debili et
al., 1995; Kaushansky et al., 1995). TPO is mainly synthesized in the
liver and the control of TPO production provides an interesting paradigm for autoregulation (Kuter and Rosenberg, 1995). In support of this
model (Figure 1), we found that TPO mRNA was not regulated during
thrombocytopenia. Furthermore, isolated mouse platelets absorbed
high amounts of bioactive TPO out of TPO-conditioned medium in a
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dose-dependent fashion (Stoffel et al., 1996). Thus, serum TPO protein
is being regulated directly through adsorption by platelets (Figure 1).
Consistent with this model, platelets deficient for c-mpl were unable to
bind and absorb TPO (de Sauvage et al., 1996; Gurney et al., 1994).

Figure 1:
Autoregulation of TPO serum levels. The liver produces constant amounts of TPO, which
is transported to the bone marrow through the blood vessels. TPO leads to an increase of
platelet production and results in a higher platelet count. Platelets express the TPOreceptor. They are able to bind and degrade circulating TPO protein and thereby exert a
negative feedback.

One very interesting question is how specificity of the in vivo effects of
TPO, i.e. the selective increase of platelets in the peripheral blood, can
be explained. Since c-mpl is expressed on early hematopoietic progenitors and stem cells, one possibility is that signals generated by TPO and
its receptor act by instructing the progenitors to commit to a specific
hematopoietic lineage (instructive model). Alternatively, lineage specificity could be also achieved by restricting the expression of the receptor to cells of the appropriate lineage. According to this theory, the
signals generated by the ligand-receptor interaction primarily permit
the survival and proliferation of pre-determined progenitors through a
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non-specific proliferative signal (permissive model). To address this
question in vivo, we used homologous recombination to replace the c-mpl
gene with a chimeric construct encoding the extracellular domain of
mpl and the cytoplasmic domain of the granulocyte colony-stimulating
factor receptor (G-CSFR) (Figure 2). This chimeric receptor binds
TPO, but signals through the G-CSFR intracellular domain (Stoffel et
al., 1999). We found that, despite the absence of a functional mpl signaling domain, homozygous knock-in mice had a normal platelet count,
indicating that in vivo the cytoplasmic domain of G-CSFR can functionally replace mpl signaling to support normal megakaryopoiesis and
platelet formation (Figure 2). This finding favors the permissive model,
according to which cytokine receptors provide a non-specific survival
or proliferation signal and argues against an instructive role of c-mpl or
G-CSFR in hematopoietic cell fate decisions. Similar conclusions were
reached in a knock-in model with a G-CSFR/EPOR chimera (Semerad
et al., 1999).

Figure 2:
Summary of the conclusions reached from the analysis of homozygous mpl/G-CSFR
knock-in mice. The chimeric mpl/G-CSFR binds TPO but signals through the G-CSFR
cytoplasmic domain. The resulting signal does not re-program the progenitor cells to
become granulocytes, instead this signal is capable of promoting megakaryopoiesis and
platelet production in vivo.
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Since mice deficient for mpl are viable, they can be used as a genetic
background to introduce mutant receptors and assess their capability to
complement the platelet deficiency in vivo. We have introduced transgenes encoding c-mpl mutants into c-mpl-deficient mice and found that
these mutants change platelet levels, but not platelet function or the
balance between cells of different hematopoietic lineages (Coers et al.,
in preparation). These results are again consistent with the predictions
of the permissive model.
Recently, we have studied the function of a truncated mpl receptor isoform (mpl-tr), which results from alternative splicing (Skoda et al.,
1993). The mpl-tr variant is the only alternate mpl isoform conserved
between mouse and humans, suggesting a relevant function in regulating mpl signaling. Despite the presence of a signal peptide and the lack
of a transmembrane domain, mpl-tr is retained intracellularly. Our
results provide evidence that mpl-tr exerts a dominant-negative effect
on thrombopoietin-dependent cell proliferation and survival (Coers et
al., 2004). We demonstrated that this inhibitory effect is due to downregulation of the full-length mpl protein. The C terminus of mpl-tr,
consisting of 30 amino acids of unique sequence, is essential for the
suppression of TPO-dependent proliferation and mpl protein downregulation. Cathepsin inhibitor-1 (CATI-1), an inhibitor of cathepsinlike cysteine proteases, counteracts the effect of mpl-tr on mpl protein
expression, suggesting that mpl-tr targets mpl for lysosomal degradation. Together, these data suggest a new paradigm for the regulation of
cytokine receptor expression and function through a proteolytic process
directed by a truncated isoform of the same receptor. This example
highlights the many levels of fine-tuning nature invented to obtain a
robust regulatory system for maintaining stable numbers of circulating
blood cells.

Aberrant megakaryopoiesis in hereditary forms of myeloproliferative
disorders.
Myeloproliferative disorders (MPD) are a heterogeneous group of
diseases characterized by increased hematopoiesis leading to elevated
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numbers of non-lymphoid cells and/or platelets in the peripheral blood.
In addition to thrombotic and hemorrhagic complications, leukemic
transformation can occur. The classical definition of MPD included
four disease entities, which were thought to be related (Damashek,
1951): chronic myelogenous leukemia (CML), polycythemia vera
(PV), essential thrombocythemia (ET) and primary myelofibrosis
(IMF). The Philadelphia chromosome and the bcr/abl fusion transcripts
established CML as a separate entity, allowed developing diagnostic
PCR tests and made it possible to derive a specific tyrosine kinase inhibitor (Imatinib/ Glivec), which is used successfully in the treatment of
CML patients. The cause of the three remaining forms of MPD remains
unknown, but progress has been made in defining the functional and
molecular characteristics of MPD. The investigation of inherited disorders resembling MPD complements these studies and provides
important clues to the hierarchy of events in the pathogenesis of MPD.
The finding that TPO and its receptor exert strong lineage selective
effects on platelet production suggested that mutations in TPO or c-mpl
could play a role in disorders with increased or decreased megakaryopoiesis. Inherited disorders are particularly suited to test such a hypothesis, because the involvement of a candidate gene locus can be
confirmed or excluded by genetic linkage analysis. In a family with
autosomal dominant thrombocytosis resembling ET, we were able to
locate the disease-causing gene to the TPO locus on chromosome 3q
and to find a mutation in the TPO gene (Wiestner et al., 1998). The
mechanism of how this mutation causes elevated TPO serum levels was
at first quite difficult to understand. Affected family members carry a
point mutation in the +1 position of the splice donor of intron 3. This
mutation causes exon-skipping and results in loss of exon 3, including
the nucleotides encoding the first 4 amino acids of the TPO protein.
This mutation appeared to cause a loss of function of the TPO allele,
thus, the opposite of what we had expected. However, more detailed
analysis revealed that a novel N-terminus is created by fusion with an
upstream open reading frame and we could show that the extended
N-terminus behaves as a functional signal peptide. Importantly, the
mutation results in TPO overproduction due to removal of sequences
contained within exon 3 that normally inhibit the translation of TPO
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mRNA into protein. A simplified description of the mechanism, which
leads to TPO overproduction in family members that carry the mutation
is shown in Figure 3.

Figure 3:
Mechanism of increased TPO protein production in family members carrying a TPO
mutation. Physiologically, the translation of TPO mRNA is strongly inhibited by the
presence of an upstream translational start codon (uAUG) located in the 5’-untranslated
region (5’-UTR) of the TPO mRNA (Ghilardi et al., 1998). The ribosome (40S and 60S
subunits) initiates synthesis of a short peptide and dissociated from the mRNA after
encountering a stop codon. Therefore, under normal circumstances, production of TPO
protein is very inefficient. In affected family members, exon-skipping removes the uAUG
and allows efficient translation (Wiestner et al., 1998). Thus, more TPO protein is synthesized from the same amount of mRNA, leading to increase TPO serum levels. Directed
mutagenesis of the uAUG in the TPO mRNA restored full translational efficiency,
demonstrating that translational inhibition of TPO biosynthesis is entirely mediated by
uORF (Ghilardi et al., 1998).

To date, 3 additional mutations in the TPO gene have been described
(Ghilardi et al., 1999; Jorgensen et al., 1998; Kondo et al., 1998). In all
cases reported, the inheritance is autosomal dominant and the phenotype is already manifest in childhood or at birth. The clinical findings
in these families consist of a high platelet count, markedly elevated
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serum TPO levels, but normal red blood cell and normal leukocyte
counts. The penetrance is usually 100%, the clinical course is mild with
occasional thrombotic or bleeding complications, but without leukemic
transformation. In all cases studied, overproduction of TPO is caused
by a mechanism of increased translational efficiency for the mutant
TPO mRNA (Ghilardi and Skoda, 1999; Ghilardi et al., 1999; Wiestner
et al., 1998). These mutations constitute paradigms of translational
pathophysiology and are examples of a novel molecular mechanism of
human diseseas (Cazzola and Skoda, 2000). Mutations in TPO have not
been found in patients with sporadic MPD (Harrison et al., 1998;
Taksin et al., 1999). Therefore, thrombocythemia due to gain of function mutations in the TPO gene constitutes a phenocopy of sporadic ET.
Whereas mutations in TPO account for only approx. 20% of familial
thrombocytosis (Kunishima et al., 1998; Wiestner et al., 2000), the
disease-causing gene still remains unknown in all other cases. Thus,
mutations in one or several additional genetic loci can also cause
thrombocytosis. Genetic analysis in these families will allow us to
identify new components that regulate megakaryopoiesis. The phenotype in some of the families resembles sporadic forms of MPD. We
found clonal hematopoiesis in the affected individuals, indicating that a
somatic mutation acts in synergy with a predisposition inherited
through the germline. The search for the mutated gene in families,
which display a phenotype very closely resembling sporadic MPD,
appears particularly worthwhile and we expect that the mutated gene
will also be of relevance for patients with sporadic MPD. In one large
pedigree with MPD-like phenotype, we have located the gene to chromosome 9q and are now searching for the mutation in genes that lie
within the co-segregating interval (Kralovics et al, in preparation). Our
studies suggest that at least two hits are necessary for phenotypic manifestation of MPD: a pre-disposing mutation in a gene on chromosome
9q and a somatic mutation in a second locus (Figure 4).
Studies on sporadic MPD revealed a number of new molecular markers,
such as decreased expression of c-MPL protein in platelets (Moliterno
et al., 1998) and PRV-1 mRNA in granulocytes (Temerinac et al.,
2000). These alterations in the expression pattern could be valuable as
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diagnostic tools or might hold keys to the understanding of the pathogenesis. We compared several of these markers simultaneously in a
cohort of patients with MPD and found that the correlation between the
markers is lower than reported (Kralovics et al., 2003). In particular, the
decreased expression of c-MPL protein was present in less than half of
patients with PV or ET and was also found in members of a family
with a mutation in the TPO gene. This indicates that decreased c-MPL
protein is not involved in the pathogenesis, but rather represents a
consequence of high platelet count. Comparing patients with sporadic
MPD with family members carrying a known molecular alteration
proves to be very helpful for distinguishing primary alterations from
secondary events.

Future directions
Genome wide expression studies comparing mature blood cells or progenitors from patients with MPD and healthy controls will undoubtedly
improve our picture of the changes that occur during the evolution of
MPD. We have performed a high-density microarray expression analysis
on RNA from MPD patients, healthy controls and familial MPD-like
syndromes and are currently analyzing the data. Methods for screening
for subtle chromosomal alterations, such as genome wide microsatellite analysis and chip based comparative genomic hybridization, will
complement these studies. One result on which we are following up is
the finding of loss of heterozygosity on chromosome 9p (9pLOH),
which occurs in 30% of patients with PV and constitutes the most
frequent chromosomal aberration in MPD (Kralovics et al., 2003;
Kralovics et al., 2002). This somatic mutation could act synergistically
with a putative mutation of a gene in chr. 9q. Finally, an interesting
aspect of MPD is the suppression by the MPD clone of normal hematopoiesis from stem cells not carrying the MPD mutations. We hypothesize that inhibitory signals, such as the transforming growth factor
beta (TGF) family of signaling molecules, could be mediating this
effect (Figure 4). We will test this hypothesis by inactivating the TGF
receptors on hematopoietic cells using mouse knockout models or by
applying siRNA in human hematopoietic progenitors (Schomber et al.,
48

2004). By the same approach we will assess the functional consequences
of inactivating candidate genes identified in our studies of 9pLOH and
familial form of MPD-like disorders. The ultimate goal is to identify the
primary molecular defect(s) in MPD and secondary mutations that are
associated with disease progression. This information will be used to
improve clinical management of disease in these patients and will open
possibilities for finding new effective treatments.

Figure 4:
Hypothetical model for the pathogenesis of myeloproliferative disorders. At least two
mutations are needed for phenotypic manifestation of MPD. These mutations convey to
cells of the MPD clone hypersensitivity to incoming stimulatory signals and resistance to
inhibitory signals. The latter may explain why only blood cells descending from the MPD
clone are found in peripheral blood (clonal dominance).
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