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IMPAIRED EXPRESSION OF THE THROMBOPOIETIN RECEPTOR BY PLATELETS
FROM PATIENTS WITH POLYCYTHEMIA VERA
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ABSTRACT

Background The cause of polycythemia vera,
which originates from a multipotent hematopoietic
progenitor cell, is unknown. Thrombopoietin is a hem-
atopoietic growth factor that regulates the production
of multipotent hematopoietic progenitor cells and
platelets. To evaluate the possibility that an abnormal-
ity in thrombopoietin-mediated signal transduction
might be involved in the pathogenesis of polycy-
themia vera, we examined thrombopoietin-induced
tyrosine phosphorylation of proteins and the expres-
sion of the thrombopoietin receptor in platelets from
patients with the disease.

Methods Platelets were isolated from the blood of
patients with polycythemia vera or other chronic
myeloproliferative disorders and control subjects.
The platelets were exposed to either thrombopoietin
or thrombin and then lysed for analysis of tyrosine
phosphorylation of platelet proteins and the expres-
sion of the proteins by means of immunoblotting.
Expression of the thrombopoietin receptor (Mpl) by
platelets and megakaryocytes was also assessed.

Results Thrombopoietin-mediated tyrosine phos-
phorylation of proteins was impaired in platelets
from 20 patients with polycythemia vera and 3 with
idiopathic myelofibrosis, but not in 4 patients with
essential thrombocytosis, 3 with chronic myelogenous
leukemia, 6 with secondary erythrocytosis, 2 with
iron-deficiency anemia, 4 with hemochromatosis, or
5 normal subjects. Thrombin-mediated tyrosine phos-
phorylation of proteins was intact in platelets from
patients with polycythemia vera, and the tyrosine ki-
nases and substrates involved in the process were
present in normal amounts. However, expression of
the platelet thrombopoietin receptor Mpl was mark-
edly reduced or absent in 34 of 34 patients with poly-
cythemia vera and in 13 of 14 patients with idiopath-
ic myelofibrosis. Impaired thrombopoietin-induced
tyrosine phosphorylation of proteins in patients with
these two diseases was uniformly associated with
markedly reduced expression of Mpl or the lack of its
expression. In patients with polycythemia vera, re-
duced expression of Mpl by platelets was associated
with reduced expression of Mpl by megakaryocytes.

Conclusions Reduced expression of the throm-
bopoietin receptor Mpl is characteristic of polycythe-
mia vera and idiopathic myelofibrosis. The abnor-
mality appears to distinguish polycythemia vera from
other forms of erythrocytosis. (N Engl J Med 1998;
338:572-80.)
©1998, Massachusetts Medical Society.
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OLYCYTHEMIA VERA, idiopathic myelofi-

brosis, chronic myelogenous leukemia, and

essential thrombocythemia are classified as

chronic myeloproliferative disorders because
they arise through the clonal expansion of a multi-
potent hematopoietic progenitor cell, with subse-
quent overproduction of one or more of the formed
elements of the blood.I'* With the exception of
chronic myelogenous leukemia, these disorders lack
a clonal marker, their pathogenesis is unknown, and
the diagnosis depends on clinical criteria.

Polycythemia vera is characterized by increased
numbers of erythrocytes, granulocytes, and platelets.
Since erythrocytosis is the most prominent manifes-
tation and the defining clinical criterion of poly-
cythemia vera, most studies of the disease have fo-
cused on erythropoiesis. The erythroid progenitor
cells in patients with polycythemia vera proliferate
and differentiate in vitro in the absence of added
erythropoietin,>¢ and they are hypersensitive to oth-
er growth factors under certain conditions.” 10 How-
ever, although erythropoietin-independent forma-
tion of erythroid colonies in vitro is characteristic of
polycythemia vera, it is not specific for the disease?!!
and does not define the limits of the affected clone,
since not all erythroid progenitors in polycythemia
vera are independent of erythropoietin.

Given these attributes of erythroid progenitor
cells in polycythemia vera, there has been substantial
interest in the function of growth factor receptors in
this disease. However, the expression of the erythro-
poietin receptor and its ability to bind to erythropoi-
etin are normal in polycythemia vera,'? and abnor-
malities of the erythropoietin receptor gene have not
been identified.111314 Mutations of this gene have
been found in families with inherited erythrocyto-
sis,1516 but affected family members do not have dis-
orders of thrombopoiesis and granulopoiesis.

In contrast to these studies of the erythropoietin
receptor, recent studies suggest that an alteration of
thrombopoietin-mediated signal transduction might
be implicated in polycythemia vera. The best-charac-
terized effect of thrombopoietin appears to be on the
proliferation and differentiation of megakaryocyte
precursors,!” but thrombopoietin also acts directly on
primitive hematopoietic stem cells in vitro,!$ and mice
with a deficiency of thrombopoietin or its receptor
(designated Mpl) have reduced numbers of both mul-
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TABLE 1. CLINICAL AND LABORATORY CHARACTERISTICS OF THE STUDY SUBJECTS.*

Mean AGe FEMALE  MEeaN HEMOGLOBIN
DISEASE (RANGE) SEX (RANGE)
yr % g/dl
Polycythemia vera (n=34) 64 56 13.8
(33-806) (8.2-16.9)
Idiopathic myelofibrosis 64 29 9.9
(n=14) (47-83) (7.2-12.7)
Chronic myelogenous leuke- 59 86 13.0
mia (n=7) (36-84) (11.3-14.6)
Essential thrombocytosis 50 56 135
(n=9) (33-72) (11.2-16.1)
Erythrocytosis (n=14) 55 21 16.3
(25-81) (13.0-20.0)
Hemochromatosis (n=8) 53 13 142
(26-70) (13.0-15.8)
Iron deficiency (n=2) 36 100 8.4
(31-41) (6.8-10.0)

Mean MCV MeAN WHITE-CELL ~ MEAN PLATELET
(RANGE) COUNT (RANGE) CounT (RANGE)  CURRENT THERAPY
fl cells/mm?3 %X10-3/mm3
78.6 28,234 717 Phlebotomy in 34;
(59.8-106.8) (6600-145,437) (108-2082) hydroxyurea in 4
90.3 19,562 633 None in 9;
(77.8-115.0)  (2800-96,600) (106-2005) hydroxyurea in 2;
erythropoietin in 1;
prednisone in 1;
anagrelide in 1
93.3 19,200 785 None in 4;
(86.9-101.9)  (6000-54,900) (303-1551) interferon alfa in 2;
hydroxyurea in 1
95.7 7,200 927 None in 5;
(77.4-118.0) (2400-9100) (592-1739) hydroxyurea in 4
80.8 7,000 193 Phlebotomy in 9;
(76.0-95.7) (3300-10,800) (61-335) none in 5
94.6 7,100 234 Phlebotomy in 8
(84.5-100.9)  (4500-9700) (132-338)

674 8,400 420
(57-778)  (5600-11,200)  (278-562)

None

.omplcte 00d counts were unavai abl¢ 1or onc pa icn wi Ccr Trocy OSiS and onc with cmochromat OSiS. v €¢Nnotes mean corpuscular volume.
*Complete blood t lable fi patient with erythrocyt d th h h t MCV denot p 1 )\

tilineage and committed hematopoietic progenitor
cells)® Overexpression of thrombopoietin in mice
leads to extramedullary hematopoiesis and myelofi-
brosis,20 whereas ectopic expression of Mpl produces
a fatal erythroblastosis.2! Moreover, the retrovirus
MPLV, which carries a truncated Mpl gene, induces
erythrocytosis, thrombocytosis, granulocytosis, and
splenomegaly in mice,?2 and hematopoietic progeni-
tor cells infected with MPLV in vitro are not depend-
ent on growth factors.23

For these reasons, we hypothesized that an abnor-
mality of the thrombopoietin—Mpl signal-transduc-
tion pathway might be present in patients with poly-
cythemia vera. To evaluate this possibility, we
investigated thrombopoietin-induced signal trans-
duction and the thrombopoietin receptor in patients
with polycythemia vera. Since platelets express Mpl2+
and because the blood cells in polycythemia vera are
derived from an abnormal clone,! we studied throm-
bopoietin-induced signal transduction in platelets.
We observed that thrombopoietin-induced tyrosine
phosphorylation of proteins in vitro was impaired in
platelets from patients with polycythemia vera, as
compared with normal platelets, and that this signal-
ing defect was associated with diminished expression
of the thrombopoietin receptor in platelets and
megakaryocytes. In contrast to previously described
abnormalities of platelets in patients with poly-
cythemia vera, which can vary from patient to pa-
tient,2>27 Mpl deficiency was observed in the plate-
lets from all 34 patients with polycythemia vera
whom we studied. Furthermore, this abnormality
distinguished platelets from patients with polycy-

themia vera from those from patients with benign
(secondary) erythrocytosis.

METHODS
Subjects

We studied 64 patients with chronic myeloproliferative disorders:
34 with polycythemia vera, 14 with idiopathic myelofibrosis, 9 with
essential thrombocytosis, and 7 with chronic myelogenous leuke-
mia. The study protocol was approved by our joint committee on
clinical investigation, and informed consent was obtained from
cach patient. The diagnosis of polycythemia vera was based on the
criteria of the Polycythemia Vera Study Group?2® and included an
clevated red-cell mass. The diagnosis of the other chronic myelo-
proliferative disorders was based on standard clinical criteria.??
Control subjects included 14 patients with erythrocytosis (due in
2 patients to renal transplantation, to congenital heart disease in
1 patient, to a hemoglobin variant in 1 patient, and to unknown
causes in 10 patients), 8 patients with hemochromatosis who were
undergoing periodic therapeutic phlebotomy, 2 patients with un-
complicated iron deficiency, and 10 normal subjects (Table 1).

Tyrosine Phosphorylation of Platelet Proteins

Venous blood collected in 3.8 percent sodium citrate was cen-
trifuged at 160X g for 10 minutes to obtain platelet-rich plasma.
The platelet-rich plasma was spun at 750X g for 12 minutes, and
the platelet pellet was washed three times with phosphate-buft-
ered saline containing 0.5 percent bovine serum albumin and 0.6
percent sodium citrate (wash buffer). The platelets were resus-
pended in the wash buffer and enumerated in an electronic par-
ticle counter, and the volume of buffer was adjusted to yield a
platelet concentration of 109 cells per milliliter. Platelets were ex-
posed to thrombin or thrombopoictin at selected concentrations
for the indicated times at room temperature and then lysed in
20 mM TRIS buffer (pH 7.5) containing 1 percent Nonidet
P 40, 137 mM sodium chloride, 10 percent glycerol, 1 mM
EDTA, 50 mM sodium fluoride, 5 mM magnesium chloride,
2 mM sodium vanadate, 1 mM phenylmethylsulfonyl fluoride,
2 ug of aprotinin per milliliter, 2 ug of leupeptin per milliliter,
and 1 ug of pepstatin per milliliter (lysis buffer). The protein
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concentration of the platelet lysates was quantitated by the bi-
cinchoninic acid technique.3?

Immunoblotting and Immunoprecipitation
of Platelet Lysates

Equal aliquots of platelet lysate protein were subjected to sodi-
um dodecylsulfate—7.5 percent polyacrylamide-gel electrophoresis
(SDS-PAGE) and then transferred to a nitrocellulose membrane
at 20 V for 16 hours. The membrane was blocked with a solution
of 10 mmol of TRIS per liter, 150 mmol of sodium chloride per
liter (pH 7.6), and 1 percent Tween 20 (TBST) and 5 percent bo-
vine serum albumin at room temperature for one hour, washed
three times with TBST, and then incubated in TBST with 1 ug
of primary antibody per milliliter for one hour. The membrane
was washed three times, incubated for one hour with the appro-
priate horseradish peroxidase—linked secondary antibody diluted
1:10,000 in TBST, and then washed three times. Detection by en-
hanced chemiluminescence was performed according to the man-
ufacturer’s specifications (Amersham, Arlington Heights, IIL.).
Membranes were reprobed with different antibodies after strip-
ping in 62.5 mmol of TRIS per liter (pH 6.7) with 2 percent SDS
and 100 mmol of mercaptoethanol per liter at 70°C for 30 min-
utes. For immunoprecipitation, antibody was added to the plate-
let lysate (200 ug of lysate diluted to 1 ug per microliter in lysis
buffer) at a concentration of 1 ug per 0.1 ml and incubated at
4°C for two hours. Protein A Sepharose (Pharmacia Biotech,
Uppsala, Sweden), 0.1 ml of a 50 percent slurry in lysis buffer,
was added to the lysate and incubated for an additional hour at
4°C with rocking. The sample was then washed four times with
10 mM TRIS buffer (pH 7.4) containing 1 percent Triton X-100,
150 mM sodium chloride, 1 mM ethyleneglycol-bis-(8-amino-
cthylether)- N,N,N',N'-tetraacetic acid, 2 mM sodium vanadate,
and 1 mM phenylmethylsulfonyl fluoride; resuspended in SDS-
PAGE sample buffer; boiled for five minutes; subjected to SDS-
PAGE; and transferred to a nitrocellulose membrane for immu-
noblotting as described above.

Densitometric Analysis

Autoradiographs of immunoblots were scanned with a Hew-
lett—Packard ScanJet IIc (Hewlett—Packard, Palo Alto, Calif.) and
densitometry was performed with NIH Image software (version
2.3). Absorbance of the 85-kd band (Mpl) was quantified as the
arca under the peak for the band and expressed in arbitrary ab-
sorbance units. Pilot experiments identified the amount of plate-
let lysate protein (35 ug) that produced a linear response. Protein
loading was controlled by reprobing the membrane with glyco-
protein IIla antiserum to confirm that similar amounts of platelet
lysate were present in each sample. The expression of Mpl was de-
termined by dividing the values for the patients by the average
values for the control subjects on the same immunoblot. The
variation in responses among the control subjects on a given im-
munoblot never exceeded 15 percent.

Immunohistochemical Analysis of Bone Marrow Biopsies

Sequential bone marrow-biopsy sections from patients with
polycythemia vera or control subjects were either exposed to the
affinity-purified rabbit Mpl antiserum at a dilution of 1:300 or in-
cubated first with protease XXVII (Sigma) for 20 minutes and then
with goat antihuman von Willebrand antiserum (Dako, Carpin-
teria, Calif’) at a dilution of 1:100, followed by exposure to the ap-
propriate peroxidase-labeled secondary antibody and substrate.

Plasma Thrombopoietin Assay

Thrombopoietin was measured in EDTA-treated plasma sam-
ples from patients and controls with an enzyme-linked immuno-
assay (Amgen, Thousand Oaks, Calif.).3! The mean value in nor-
mal subjects was 133 pg per milliliter (range, 55 to 377). The
interassay variation was 15 percent, and the intraassay variation
was 10 percent.

574 - February 26, 1998

Platelet Flow Cytometry

Platelet-rich plasma prepared as described above was incubated
with nonspecific rabbit IgG or Mpl antiserum for 30 minutes at
4°C, washed once, exposed to a goat antirabbit fluorescein con-
jugate F(ab'), fragment (Boehringer Mannheim, Indianapolis)
for 30 minutes at 4°C, and washed again with wash buffer. Then
10,000 labeled platelets were analyzed with a FACScan flow cy-
tometer (Becton Dickinson, San Jose, Calif.) according to the
manufacturer’s specifications.

Reagents and Antibodies

The antiphosphotyrosine antibody PY20 and STAT5 antiserum
were purchased from Santa Cruz Biotechnology (Santa Cruz,
Calif.). The JAK2 antiserum was purchased from Upstate Bio-
technology (Lake Placid, N.Y.). Affinity-purified, polyclonal rab-
bit IgG antibodies to the soluble extracellular domain of human
Mpl was a gift from Kirin Brewery (Maebashi, Gunma, Japan).
Platelet glycoprotein IIIa antiserum was kindly supplied by Dr.
Paul Bray (Hematology Division, Johns Hopkins University
School of Medicine, Baltimore). Full-length thrombopoietin was
purchased from R & D Systems (Minneapolis). Bovine thrombin
was purchased from Armour Pharmaceutical Company (College-
ville, Pa.).

Statistical Analysis

Plasma thrombopoietin levels are not normally distributed.
Therefore, the significance of the differences between group means
of the thrombopoietin assay was assessed by the Kruskal-Wallis
analysis of variance in ranks and Dunn’s method for pairwise mul-
tiple comparisons.

RESULTS
Tyrosine Phosphorylation of Platelet Proteins

Incubation of normal platelets with thrombopoi-
etin or thrombin induced tyrosine phosphorylation of
numerous proteins in a dose-dependent and time-
dependent manner. After the exposure of platelets
from five normal subjects to a saturating concentra-
tion of thrombopoietin (100 ng per milliliter), pro-
teins with apparent molecular masses of 125, 95, and
85 kd underwent tyrosine phosphorylation (Fig. 1).
By contrast, incubation of platelets from patients with
polycythemia vera in a similar concentration of throm-
bopoietin failed to induce significant tyrosine phos-
phorylation of these proteins. This phenomenon,
which was found in 20 of 20 patients with poly-
cythemia vera, and in 3 of 3 patients with idiopathic
myelofibrosis, was not caused by a global impairment
of tyrosine phosphorylation, since thrombin induced
similar patterns of tyrosine phosphorylation in plate-
lets from both normal subjects and patients with
polycythemia vera. Neither increasing the concentra-
tion of thrombopoietin (up to 1000 ng per milliliter)
nor increasing the duration of exposure to throm-
bopoictin (up to 30 minutes) induced substantial ty-
rosine phosphorylation in platelets from patients with
polycythemia vera (data not shown).

The thrombopoietin receptor Mpl lacks a kinase
domain.3? Instead, thrombopoietin-induced signal
transduction by Mpl involves activation of JAK2 and
TYK2, which are members of the Janus family of ty-
rosine kinases.3337 We examined tyrosine phospho-
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Figure 1. Tyrosine Phosphorylation of Proteins in Platelet Ly-
sates from Normal Subjects and Patients with Polycythemia
Vera (PV).

Platelets were either unstimulated or stimulated with 100 ng of
thrombopoietin (TPO) per milliliter for 10 minutes at room tem-
perature or 2 U of thrombin per milliliter for 2 minutes at room
temperature.

rylation of JAK2 after exposure of platelets from nor-
mal subjects and patients with polycythemia vera to
thrombopoietin. As shown in Figure 2A, throm-
bopoietin-induced tyrosine phosphorylation of JAK2
was impaired in platelets from patients with poly-
cythemia vera, even though immunoblotting showed
that the amount of JAK2 protein present in these
platelets was similar to that in the normal platelets.
Tyrosine phosphorylation of TYK2 was also impaired
in platelets from patients with polycythemia vera af-
ter exposure to thrombopoietin despite the presence
of equivalent quantities of TYK2 protein in the two
types of platelets (data not shown).

To determine whether impaired tyrosine phos-
phorylation of JAK2 also impaired phosphorylation
of its substrate proteins,? we examined the electro-
phoretic mobility of one of these substrates, STATS,
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Figure 2. Tyrosine Phosphorylation of JAK2 (Panel A) and lIts
Substrate STAT5 (Panel B) in Platelet Lysates from Normal Sub-
jects and Patients with Polycythemia Vera (PV).

In Panel A, platelets were either unstimulated or stimulated with
thrombopoietin (TPO) (upper blot). The membrane was then
stripped and reprobed with JAK2 antiserum to show that protein
loading was similar in the samples (lower blot). Panel B shows
anti-STAT5 immunoblotting of lysates of platelets that were either
unstimulated or stimulated with thrombopoietin or thrombin.

in platelets from normal subjects and patients with
polycythemia vera after exposure to thrombopoietin.
As shown in Figure 2B, the addition of thrombopoi-
etin to normal platelets significantly reduced the elec-
trophoretic mobility of STATS5, an effect that corre-
lated with an increase in its tyrosine phosphorylation
(data not shown). In platelets from patients with
polycythemia vera, however, the mobility of STAT5
was unchanged after incubation with thrombopoi-
etin, and it did not undergo tyrosine phosphoryla-
tion. The absence of a mobility shift is further evi-
dence of impaired thrombopoietin-mediated signal
transduction in patients with polycythemia vera.
These data indicate that the diminished tyrosine
phosphorylation of STAT5 was due to an upstream
defect in JAK2, Mpl, or other components of the
thrombopoietin signaling pathway.

Expression of Mpl by Platelets

The abnormalities that we found in tyrosine phos-
phorylation of platelet proteins in patients with
polycythemia vera could reflect an abnormality in
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103
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the Janus kinases or Mpl. Since the amount and
electrophoretic mobility of JAK2 (and TYK2) ap-
peared to be normal in these platelets, we examined
the expression of platelet Mpl using immunoblot-
ting. As shown in Figure 3A and Table 2, for equal
quantities of platelet lysate protein, expression of the
thrombopoietin receptor was markedly reduced in
platelets from patients with polycythemia vera as
compared with platelets from normal subjects. Flow-
cytometric analysis of fresh, unfixed platelets yielded
a concordant finding, indicating that the result with
immunoblotting was not due to manipulation of the
platelets (Fig. 3B). To ensure that the impaired ex-
pression of Mpl by platelets from patients with poly-
cythemia vera was not a consequence of proteolysis
during the isolation of platelets or of down-regula-
tion by thrombopoietin or by as yet undefined agents
in the plasma of the patients, we examined the expres-
sion of Mpl in lysates prepared from a mixture of
equal quantities of platelets from normal subjects
and patients with polycythemia vera, after incuba-
tion of normal platelets in plasma from patients with
polycythemia vera, or after prolonged exposure of
normal platelets to a saturating concentration of
thrombopoietin. In no instance was the expression
of Mpl impaired in the normal platelets (data not
shown).

Reduced Expression of Platelet Mpl as a Marker for
Polycythemia Vera and Idiopathic Myelofibrosis

To assess the specificity of these observations, we
examined the expression of Mpl by platelets from 34
patients with polycythemia vera, 14 patients with
idiopathic myelofibrosis, 9 patients with essential
thrombocytosis, 7 patients with chronic myelog-
enous leukemia, 14 patients with secondary or un-
defined erythrocytosis, 8 patients with hemochro-
matosis who were undergoing periodic therapeutic
phlebotomy, 2 patients with uncomplicated iron de-
ficiency, and 10 normal subjects. The expression of
Mpl was decreased in platelets from all 34 patients
with polycythemia vera, whereas the expression of

Figure 3. Loss of the Thrombopoietin Receptor in Platelets from
Patients with Polycythemia Vera (PV).

Panel A shows immunoblotting of lysates of platelets from nor-
mal subjects and patients with polycythemia vera, idiopathic my-
elofibrosis (IM), and essential thrombocytosis (ET) with an anti-
serum against Mpl (upper blot). The membrane was stripped
and reprobed with antiserum against glycoprotein Illa (GPllla) to
show that protein loading was similar in the samples (lower
blot). Panel B shows the results of flow-cytometric analysis of the
expression of Mpl by platelets from normal subjects and patients
with polycythemia vera. The solid curve represents fluorescence
due to binding of a nonspecific rabbit IgG; the open curve repre-
sents fluorescence due to the binding of the Mpl antiserum. Val-
ues are log-transformed.
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TABLE 2. DENSITOMETRIC ANALYSIS
OF THE EXPRESSION OF Mpl BY PLATELETS
FROM 10 PATIENTS WITH POLYCYTHEMIA VERA
AND 2 PATIENTS WITH IDIOPATHIC

MYELOFIBROSIS.
EXPRESSION
PATIENT ofF Mpl (% oF

No. DiaGnNosis ConTROL VALUE)

1 Polycythemia vera 0

2 Polycythemia vera 0

3 Polycythemia vera 23

4 Polycythemia vera 9

5 Polycythemia vera 14

6 Polycythemia vera 9

7 Polycythemia vera 16

8 Polycythemia vera 4

9 Polycythemia vera 19
10 Polycythemia vera 24
11 Idiopathic myelofibrosis 19
12 Idiopathic myelofibrosis 9

Mpl was not diminished in platelets from the pa-
tients with essential thrombocytosis, chronic mye-
logenous leukemia, erythrocytosis, hemochromato-
sis, or iron deficiency or in the normal subjects.
There was no correlation between decreased expres-
sion of Mpl in the patients with polycythemia vera
and the platelet count, hemoglobin level, leukocyte
count, duration of disease, presence or size of the
spleen, the presence of iron deficiency, aspirin use,
or concurrent use of hydroxyurea or interferon alfa
therapy (data not shown). Interestingly, platelet ex-
pression of Mpl was also decreased in 13 of the 14
patients with idiopathic myelofibrosis. The concord-
ance for decreased thrombopoietin-induced tyrosine
phosphorylation of proteins and decreased expres-
sion of Mpl was 100 percent in the 18 patients (16
with polycythemia vera and 2 with idiopathic my-
elofibrosis) with sufficient platelet samples for both
assays.

Expression of Mpl by Megakaryocytes

To determine whether expression of the throm-
bopoietin receptor was reduced in megakaryocytes
from patients with polycythemia vera, bone mar-
row—biopsy specimens were examined by immuno-
histochemical staining with affinity-purified rabbit
antibodies against Mpl. As shown in Figure 4, as
compared with results in a control patient with es-
sential thrombocytosis, in a patient with polycythemia
vera the expression of Mpl was markedly reduced in
13 of the 14 megakaryocytes identified in a section
stained for von Willebrand factor. Similar results were
obtained in megakaryocytes from nine other pa-

tients with polycythemia vera and five patients with
idiopathic myelofibrosis.

Plasma Thrombopoietin Levels in Patients
with Polycythemia Vera

Previous studies have established that there is an
inverse correlation between megakaryocyte and plate-
let mass and plasma thrombopoietin levels, which pre-
sumably results from the down-regulation of throm-
bopoietin due to receptor-ligand interactions.340 We
therefore measured plasma thrombopoietin levels in
patients with polycythemia vera and idiopathic my-
clofibrosis and normal subjects. We found that the
mean plasma thrombopoietin concentration was sig-
nificantly higher (P<<0.05) in patients with poly-
cythemia vera (407 pg per milliliter) and patients
with idiopathic myelofibrosis (292 pg per milliliter)
than in normal subjects (133 pg per milliliter). There
was no correlation, however, between the platelet
count and the plasma thrombopoietin level in the
patients with polycythemia vera.

DISCUSSION

The chronic myeloproliferative disorders polycy-
themia vera, idiopathic myelofibrosis, and essential
thrombocytosis originate in a multipotent hemato-
poietic progenitor cell, and all are characterized by
an increase in one or more types of blood cells.
However, clonal markers have not been identified for
these disorders, and their pathogenesis is not under-
stood. Furthermore, polycythemia vera may present
with an isolated leukocytosis, thrombocytosis, or
even myelofibrosis and myeloid metaplasia and may
eventually evolve into idiopathic myelofibrosis, mak-
ing it difficult to distinguish among the three disor-
ders. This problem is not trivial, since the natural
history, treatment, and prognosis of polycythemia
vera, idiopathic myelofibrosis, and essential throm-
bocytosis differ.??

Recent experimental data suggest that an abnor-
mality of the thrombopoietin-mediated signal-trans-
duction pathway might be involved in polycythemia
veral721 Assessment of the expression of Mpl, the
thrombopoietin receptor, by platelets provided a
way to test this hypothesis. Binding of thrombopoi-
etin to Mpl causes oligomerization of Mpl and ac-
tivation of members of the Janus family of tyrosine
kinases, in particular JAK2 and TYK2.34+37 Activation
of these kinases is associated with tyrosine phospho-
rylation of a number of proteins, including members
of the STAT family (in platelets, STAT3 and STAT5
specifically) and Shc.35-3% We found that exposure of
platelets from patients with polycythemia vera to
thrombopoietin failed to activate JAK2 or TYK2, and
as a consequence STAT5 did not undergo tyrosine
phosphorylation, even though the two kinases and
the STAT5 substrate were expressed normally and
thrombin-induced tyrosine phosphorylation of plate-
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IMPAIRED EXPRESSION OF THROMBOPOIETIN RECEPTOR BY PLATELETS FROM PATIENTS WITH POLYCYTHEMIA VERA

let proteins was intact. In contrast to findings in pa-
tients with chronic myelogenous leukemia, in whom
growth factor-independent tyrosine phosphorylation
of platelet proteins occurs as a consequence of the
constitutively active kinase Ber-Abl#! we found no
constitutive tyrosine phosphorylation of platelet pro-
teins in patients with polycythemia vera.

The basis of the abnormality in thrombopoietin-
mediated signal transduction in polycythemia vera
appears to be diminished expression of the receptor
for thrombopoietin in platelets. The findings of
diminished expression of platelet prostaglandin D,
receptors in some patients with chronic myelopro-
liferative disorders*? and «-adrenergic receptors in
the platelets of some patients with essential throm-
bocytosis*? parallel our observations, but the remark-
able consistency of the reduction in the expression of
Mpl in platelets and megakaryocytes from patients
with polycythemia vera is novel. It is of interest that
platelets from 13 of 14 patients with idiopathic my-
elofibrosis expressed a similar defect in the expression
of Mpl. This finding suggests a close biologic rela-
tion between polycythemia vera and idiopathic my-
elofibrosis, which are known to be related clinically.
The reduced expression of Mpl was specific for poly-
cythemia vera (as defined by the currently accepted
clinical criteria)?® and was not a consequence of iron
deficiency, splenomegaly, prior therapy (including
periodic phlebotomy), duration of disease, or a hy-
peractive bone marrow. Nor was it found among
patients with erythrocytosis unrelated to polycythe-
mia vera.

The diminished expression of Mpl by platelets and
megakaryocytes from patients with polycythemia
vera was unexpected in a disease characterized by an
excess of hematopoietic cells and hypersensitivity to
growth factors. We found no evidence that the lack
of Mpl was due to accelerated degradation of the re-
ceptor or its down-regulation by thrombopoietin.
Overexpression of either thrombopoietin or Mpl in
murine models produces many of the clinical fea-
tures of polycythemia vera and idiopathic myelofi-
brosis,2:21 whereas mice with disabled Mp! genes
have thrombocytopenia and reduced numbers of

Figure 4. Immunohistochemical Staining of Sequential Bone
Marrow-Biopsy Sections with von Willebrand Factor Antise-
rum (Panels A and C) or Mpl Antiserum (Panels B and D) in a
Patient with Essential Thrombocytosis (Upper Panels, X64) and
a Patient with Polycythemia Vera (Lower Panels, X100).

In the patient with essential thrombocytosis, the megakaryo-
cytes stained with the von Willebrand factor antiserum (Panel
A) are also stained with the Mpl antiserum (Panel B). The ar-
rows point to megakaryocytes stained with the von Willebrand
factor antiserum (Panel C) but not the Mpl antiserum (Panel D)
in the patient with polycythemia vera.

hematopoietic progenitor cells.!® However, it may be
misleading to draw parallels between polycythemia
vera and genetically manipulated animal models.
First, since polycythemia vera is an acquired disorder
and presumably heterozygous, it may not be appro-
priate to compare it with a homozygous knockout
model in mice. Second, loss of expression of a growth
factor receptor may reflect the independence of the
clonal progenitor cell in polycythemia vera from
growth factors that are normally essential. Third, re-
duced expression or function of these receptors may
produce unanticipated effects in cells that express a
variety of other growth factor receptors. For example,
inherited or experimentally induced mutations of the
erythropoietin-receptor gene that cause carboxy-ter-
minal truncations are associated with erythrocytosis
due to hypersensitivity to insulin-like growth factor
I but not to erythropoietin.** There is, moreover, the
intriguing in vitro observation that erythroid pro-
genitor cells in polycythemia vera have heightened
sensitivity to a variety of hematopoietic growth fac-
tors but principally to insulin-like growth factor 1.7

We cannot state that the loss of the thrombopoi-
etin receptor is the cause of polycythemia vera, but
the uniformity of this abnormality in platelets and
megakaryocytes from affected patients suggests that
it is intimately connected with the disease process.
Whether reduced expression of Mpl represents a late
consequence of the abnormality causing polycythe-
mia vera or an obligatory early event, our finding pro-
vides a new avenue for investigation of the pathogen-
esis of this disease.
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