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Identification of Increased Protein Tyrosine Phosphatase Activity in
Polycythemia Vera Erythroid Progenitor Cells

By Xingwei Sui, Sanford B. Krantz, and Zhizhuang Zhao

Polycythemia vera (PV) is a clonal hematologic disease char-
acterized by hyperplasia of the three major bone marrow
lineages. PV erythroid progenitor cells display hypersensitiv-
ity to several growth factors, which might be caused by
an abnormality of tyrosine phosphorylation. In the present
study, we have investigated protein tyrosine phosphatase
(PTP) activity in highly purified erythroid progenitor cells and
found that the total PTP activity in the PV cells was twofold
to threefold higher than that in normal cells. Protein separa-
tion on anion-exchange and gel-filtration columns showed
that the increased activity was due to a major PTP eluted at
approximately 170 kD. This enzyme was sensitive to PTP
inhibitors and it did not cross-react with antibodies to SHP-

OLYCYTHEMIA VERA (PV) is a clonal myeloprolif-
erative disorder that leads to trilineage (erythroid, my-
eloid, and megakaryocytic) hyperplasia in the bone marrow
with a principal clinical manifestation of erythrocytosis and
plethora. Although some new insights into the pathogenesis
of the disease have been achieved over recent years, littleis
known about the mechanism by which increased production
of peripheral blood cells develops in PV.*? Previous studies
by us and others have shown that PV erythroid progenitor
cells are hypersensitive to a number of growth factors, in-
cluding interleukin-3 (IL-3), erythropoietin (EPO), stem cell
factor (SCF), granulocyte-macrophage colony-stimulating
factor (GM-CSF), and insulin-like growth factor | (IGF-
1).>” However, binding experiments and autoradiographic
analyses showed that the binding affinities of EPO and SCF,
and the numbers of these receptorsin PV erythroid progeni-
tor cells were not any greater than those in normal erythroid
progenitors, suggesting that the hypersensitivity of PV ery-
throid progenitor cells to this wide variety of growth factors
may reside in an as yet unknown intracellular molecular
abnormality within a shared signaling pathway.

In the human hematopoietic system, the extent of the pro-
liferation and differentiation of hematopoietic stem cells and
progenitor cells, as well as the production of mature blood
cells, are believed to be regulated by various hematopoietic
growth factors signaling through their receptors.®® Signals
of SCF, EPO, IL-3, IGF-1, and IL-6/soluble IL-6 receptor
(via gp130) have been shown to play an important role in
proliferation and terminal maturation of erythroid progenitor
cells.®2 A common feature of these hematopoietic growth
factors is that, upon binding to their receptors, they initiate
tyrosine phosphorylation of their receptors and transduction
of their signals occurs through shared downstream pathways
such as RAS/MAPK and JAK/STAT to targets in the nu-
cleus. The regulation of tyrosine phosphorylation in the sig-
nal pathwaysisaccomplished by adelicate interplay between
protein tyrosine kinases (PTKs) and protein tyrosine phos-
phatases (PTPs).>**> Impaired balance due to abnormalities
of either PTKs or PTPs may lead to disorders of cell growth.
Although the knowledge about PTPs is still incomplete, re-
cent data indicate that PTPs play a crucial rolein hematopoi-
etic growth factor signaling. For instance, SHP-1 has been
shown to negatively regulate signaling from a number of
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1, SHP-2, or CD45. Subcellular fractionation showed that the
PTP localized with the membrane fraction, where its activity
was increased by threefold in PV erythroid progenitors when
compared with normal cells. As the erythroid progenitors
progressively matured, activity of the PTP declined rapidly
in the normal cells but at a much slower rate in the PV cells.
These studies suggest that a potentially novel membrane or
membrane-associated PTP, representing a major PTP activ-
ity, may have an important role in proliferation and/or sur-
vival of human erythroid progenitors and that its hyperacti-
vation in PV erythroid progenitors might be responsible for
the increased erythropoiesis in PV patients.

© 1997 by The American Society of Hematology.

receptors, including EPO, IL-3, SCF, and interferon recep-
tors, whereas SHP-2, by binding to the EPO receptor and
c-Kit, presumably plays a positive role in their signal-
ing.**** However, little is known about the role of PTPs
in the proliferation and differentiation of primary human
hematopoietic stem cells and progenitor cells. Our recent
observation that orthovanadate, a PTP inhibitor, has a dimin-
ished effect on PV erythroid progenitors, compared with
normal progenitors, directs our attention to this area even
more cogently.® In the present study, we analyzed the PTP
activity in highly purified human erythroid colony-forming
cells (ECFC)™ and found that total PTP activity in the PV
samples was significantly higher than that in normal cells.
Further studies showed that the increased activity was due
to a mgjor, and potentialy novel, membrane or membrane-
associated PTP that may have an important rolein the prolif-
eration and/or survival of human erythroid cells.

MATERIALS AND METHODS

Blood samples and reagents. Peripheral blood was obtained
from healthy volunteers and PV patients after informed consent was
obtained, which was approved by the Vanderbilt Committee for the
Protection of Human Subjects and the Department of Veteran Affairs
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Research and Development Committee. Patients met the established
criteria for PV® and had no other disease histories. Three patients
were treated with phlebotomy only; one (67 years old) received
hydroxyurea at 500 mg every other day in addition to phlebotomy;
one (70 years old) had received P 5 years earlier, but since then
was treated with phlebotomy only. The blood samples (400 mL)
were collected in sodium heparin at a final concentration of 20 U/
mL and were used within 24 hours. Recombinant human (rh) SCF
and rhEPO were kindly provided by Amgen, Inc (Thousand Oaks,
CA) and Ortho Biotech, Inc (Raritan, NJ), respectively. Rabbit anti—
SHP-1 and anti—SHP-2 polyclonal antibodies (2303 and 1263) were
prepared as previously reported.?’?® Monoclonal anti-CD45 was a
gift from Dr C.-L. Law (University of Washington, Seattle, WA).
Monoclonal antiphosphotyrosine (PY) was purchased from Upstate
Biotechnology Inc (Lake Placid, NY). [y-*P]-ATP and horseradish
peroxidase-conjugated secondary antibodies were from Amersham
Corp (Arlington Heights, IL).

Preparation of ECFC. Purification of normal and PV ECFC was
performed as previously reported.™* Briefly, the heparinized blood
was layered onto Ficoll-Hypague (1.077 g/mL), and light-density
mononuclear cells were separated by centrifugation. The collected
mononuclear cells were then centrifuged through 10% bovine serum
albumin to deplete platelets. Depletion of lymphocytes and adherent
cells was performed by sheep erythrocyte rosetting with overnight
incubation in polystyrene tissue culture flasks at 37°C. Further en-
richment of the ECFC was achieved by negative panning with mono-
clona antibodies CD11b, CD2, CD45R, and CD16. The purified
cells were cultured in a suspension mixture containing 30% fetal
calf serum, 1% deionized bovine serum albumin, 2 U/mL of rhEPO,
10 ng/mL of rhSCF, 50 U/mL of rhiL-3, 10 ug/mL of insulin, 10~
mol/L of 2-mercaptoethanol, 500 U/mL of penicillin, and 40 pg/mL
of streptomycin in Iscove's modified Dubecco’s medium at 37°C in
ahigh humidity 5% CO,, 95% air incubator. The cultured cells were
usually collected after 6 days of suspension culture, and these cells
are referred to as day-6 ECFC. For some experiments, the cultures
were maintained up to 3 weeks to alow further differentiation and
maturation of the erythroid cells. In such cases, the cultures were
depopulated every other day from day 6 by removing half of the
cell suspension and replacing this with newly prepared medium
containing the same combination of growth factors described above.
A small portion of the collected cells was analyzed for colony forma-
tion in plasma clot cultures supplemented with 2 U/mL of EPO.%
The remaining cells were washed with phosphate-buffered saline
and were then either used immediately or preserved at —70°C for
PTP analysis. The plasma clot cultures were incubated at 37°C in a
high-humidity, 5% CO,, 95% air incubator for 7 days and were then
fixed and stained with 3,3’ dimethoxybenzidine and hematoxylin for
enumeration of erythroid colonies. The purity of the ECFC was
determined by erythroid colony-forming efficiency in the plasma
clot assay.

Fractionation of cell extracts. The collected ECFC were sus-
pended in a buffer containing 25 mmol/L TrissHCI, 5 mmol/L
EDTA, 2 mmol/L EGTA, 1.5 mmol/L MgCl,, 10 mmol/L 2-mercap-
toethanol, 1.0 mmol/L benzamidine, 0.1 mmol/L phenylmethylsulfo-
nyl fluoride, 20 pg/mL leupeptin, 1 mmol/L pepstatin A, and 1 pg/
mL aprotinin (buffer A) with or without 1% Triton X-100. The
extracts made in buffer A with 1% Triton X-100 were cleared by
centrifugation at 10,0009 for 10 minutes and are referred to as whole
cell extracts. The cells suspended in buffer A without Triton X-100
were lysed by using a Dounce homogenizer and centrifuged at 800g
for 20 minutesto remove the nuclear pellets. The postnuclear extracts
were further centrifuged at 100,000g for 60 minutes to give rise to
a clear cytosolic supernatant and a pelleted membrane fraction. The
pellets, washed once with buffer A without Triton X-100 and then
dissolved in buffer A with 1% Triton X-100, were referred to as
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membrane extracts. The various cell extracts were either subjected
to sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) for Western blot analyses or fractionated on an anion-ex-
change Mono-Q-Sepharose column (Pharmacia, Uppsala, Sweden).
The column was equilibrated with a buffer containing 25 mmol/L
TrissHCI (pH 7.5), 0.1% Triton X-100, 1 mmol/L EDTA, and 2
mmol/L 2-mercaptoethanol, and bound materials were eluted with
alinear gradient of O to 1.0 mol/L NaCl. Fractions containing PTP
activity were combined, concentrated with an Amicon YM10 filter,
and further fractionated on a gel-filtration Superose-12-Column
(Pharmacia) equilibrated with a buffer containing 25 mmol/L Tris-
HCl (pH 7.5), 0.15 mol/L NaCl, 1 mmol/L EDTA, 2 mmol/L 2-
mercaptoethanol, and 0.1% Triton X-100. Column fractions were
subjected to PTP activity assays and Western blotting analyses.

PTP activity assay. A nanopeptide ENDY INASL derived from
a highly conserved region of the T-cell phosphatase (TC-PTP) was
used as a substrate for the determination of PTP activity. Phosphory-
lation and purification of the *?P-labeled substrate was performed as
previously reported.® Briefly, the substrate at a concentration of 0.1
mmol/L was incubated with soluble EGF receptor kinase in the
presence of 1 mmol/L [y-**P]-ATP (600 cpm/pmol) and 10 mmol/
L MnCl,. The reaction was allowed to proceed for 4 hours at room
temperature. The reaction mixture was then precipitated by adding
trichloroacetic acid to a fina concentration of 20% (wt/vol). After
centrifugation in a microcentrifuge, the supernatant was loaded onto
a C18 cartridge (Waters, Milford, MA) and was prewashed with
acetonitrile/0.1% trifluoroacetic acid (TFA) followed by water/0.1%
TFA. Unbound radioactivity was washed off with water/0.1% TFA.
The *?P-labeled peptide was then eluted with 20% acetonitrile/0.1%
TFA and vacuum-dried. The phosphatase activity assays were per-
formed with 1 pmol/L *P-labeled ENDYINASL in a buffer con-
taining 20 mmol/L MES-NaOH, 1 mmol/L EDTA, 1 mmol/L dithio-
threitol, and 0.1% Triton X-100. The reactions in a total volume of
60 uL were allowed to proceed for 15 minutes at room temperature
before the addition of 300 uL of a stop solution containing 10%
activated, acid-washed Norit A charcoa suspended in 0.9 mol/L
HCI. The mixtures were cleared by centrifugation for 5 minutes,
and the radioactivity of 200 uL of the supernatants was determined
with a Beckman LS 7000 liquid scintillation counter (Beckman In-
struments, Fullerton, CA). For immunodepletion of SHP-1, samples
were incubated with anti—SHP-1 antibody (2303) in the presence
of protein A-Sepharose beads for 3 hours. The supernatants were
separated from the beads by |ow-speed centrifugation and then sub-
jected to PTP activity analyses. One unit of activity was defined
as the release of 1 nmol inorganic phosphate per minute. Protein
concentration was determined by using the Bradford method.®*

SDS-gel and Western blotting.  Protein extracts were separated
by 10% SDS-PAGE and transferred to a polyvinylidene difluoride
membrane (Amersham). The membrane was probed with various
primary antibodies and these were detected using the enhanced
chemiluminescence system with horseradish peroxidase-conjugated
secondary antibodies (Amersham) according to the manufacturer’s
protocol. To quantify the expression levels of SHP-1 and SHP-2,
given amounts (5 to 50 ng) of purified recombinant SHP-1 and SHP-
2 were run as standards in parallel.

RESULTS

PV ECFC have increased PTP activity. PV erythroid
progenitors display hypersensitivity to growth factors and
cytokines, and this could be due to abnormal protein tyrosine
phosphorylation, a major event in the signal transduction of
growth factors and cytokines. To examine this possibility,
tyrosine phosphorylation of cellular proteinsin day-6 normal
and PV ECFC was determined by Western blot analyses
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Fig 1. Tyrosine phosphorylation of cellular proteins and expres-
sion of SHP-1, SHP-2, and CD45 in normal (N) and PV ECFC. Day-6
ECFC were collected from suspension cultures, washed with phos-
phate-buffered saline, and lysed in buffer A with 1% Triton X-100.
Equal amounts of extracts (25 ug) were subjected to SDS-PAGE and
analyzed with antiphosphotyrosine (left panel) or the indicated anti-
PTP antibodies (right panel). Purities of the ECFC were 75% and 70%
for normal and PV samples, respectively. A representative figure from
three experiments with similar results is shown. Each experiment
was performed with blood samples from different normal volunteers
and PV patients.

with antiphosphotyrosine. As shown in Fig 1, a number of
tyrosine-phosphorylated proteins were detected, and most of
them displayed an essentially equivalent degree of phosphor-
ylation when normal and PV samples were compared. An
intense band at approximately 160 kD was seen in the normal
cells, but was hardly detected in PV samples (indicated by
an arrow in Fig 1), suggesting that tyrosine phosphorylation
or the expression level of the corresponding protein was
significantly decreased in PV ECFC. The alteration in tyro-
sine phosphorylation of cellular proteins could be caused by
an increased tyrosine phosphatase activity or a decreased
tyrosine kinase activity. To determine the possible role of
known PTPs, we examined the expression of three well-
known enzymes, namely SHP-1, SHP-2, and CD45, by
Western blotting analyses. All three enzymes were detected
in both the PV and normal cells, and the levels of expression
were comparable (Fig 1). By calibrating the Western blot
analyses with purified SHP-1 and SHP-2, it is estimated
that SHP-1 and SHP-2 represented approximately 0.11% and
0.02% of total proteins in the cell extracts, respectively.
Similar results were obtained from peripheral blood mononu-
clear cells and day-8 ECFC (data not shown). To address
whether the activity of PTPsin PV erythroid progenitor cells
was dtered, we determined the total PTP activity in the
whole extracts of day-6 ECFC with the **P-ENDYINASL
peptide, a commonly used substrate specific for PTPs.® In
al 10 samples (5 norma and 5 PV, each from different
individuals) examined, the total PTP activities in PV ECFC
were twofold to threefold higher than those observed in the
normal cells (P < .001, Table 1). Although the mean age
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of these groups was dlightly different, no relationship be-
tween ages and PTP activities was apparent in both patient
and control groups. Similar results were obtained with day-
8 ECFC, but no differencein PTP activity was obtained with
peripheral blood mononuclear cells (data not shown). These
data indicate that PV ECFC have a consistently higher PTP
activity compared with normal ECFC.

Profiles of PTP activities on anion-exchange mono-Q and
Superose-12 gel-filtration columns. ECFC may contain
many PTPs among which only one or afew might be affected
inthe PV cells. To determine which PTPs might be involved,
we separated the whole cell extracts on a mono-Q column.
As shown in Fig 2, for both norma and PV samples, two
major activity peaks were observed at comparable column
positions. The first peak eluting at 0.19 mol/L NaCl con-
tained nearly equal amounts of PTP activity when normal
and PV samples were compared, and it represented about
50% of the total PTP activity in normal cells but only 20%
of the total activity in PV cells. The second peak, which
eluted at 0.31 mol/L NaCl and represented more than 70%
of the total phosphatase activity in PV cells, was nearly
threefold greater than the corresponding peak observed in
the normal cells. This major peak activity is responsible for
the elevation of the total phosphatase activity in PV ECFC.
Western blot analyses of the column fractions showed that
the first peak corresponded to SHP-1 (Fig 2). Incubation of
the collected peak fractions (nos. 41 through 43) with anti—
SHP-1 antibody and protein A-Sepharose beads resulted in
70% to 90% precipitation of SHP-1 accompanied by at least
70% depletion of PTP activity, thus providing further evi-
dence that SHP-1 represented the major PTP activity in the
first peak. SHP-2 eluted dightly ahead of SHP-1 (not
shown), and it did not give rise to a recognizable activity
peak. This is probably due to its lower expression level as
described earlier and its lower specific activity as previously
reported.?” CD45 did not correspond to a major activity peak
and was eluted at 0.42 mol/L NaCl (Fig 2). Together, the
data indicate that SHP-1 appears to be normal in expression
and activity in PV cells compared with normal cells, and
increased PTP activity in PV ECFC is attributed to a major
activity that does not cross-react with SHP-1, SHP-2, or
CD45. To show further the identity of the second peak,
mono-Q column fractions (fractions no. 41 through 43) were
combined and then fractionated on a Superose-12 gel-filtra-
tion column. Only a single activity peak was observed, and
10-fold enrichment of specific PTP activity was achieved
(Fig 3). Based on the positions of standard molecular weight
markers, linear regression analyses showed that the increased
PTP activity ran at approximately 170 kD (inset of Fig 3).
Because this enzyme represents a major PTP activity in ery-
throid progenitor cells, we defined it as erythroid PTP (E-
PTP).

Enzymatic properties of E-PTP. To confirm that the in-
creased activity is indeed from a PTP, we anayzed the re-
sponse of the partially purified E-PTP samples towards typi-
cal inhibitors of PTPs. Asshown in Table 2, the PTP activity
of samples from both normal and PV ECFC was amost
totally inhibited by vanadate, pervanadate, ATP-v-S, hepa-
rin, and Zn?*, all of which have been shown to be the inhibi-
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Table 1. Total PTP Activity in Normal and PV Erythroid Progenitor Cells

Normal PV

Sample No. Age (yr) Sex Erythroid Colony Efficiency (%) Activity (U/mg) Age (yr) Sex Erythroid Colony Efficiency (%) Activity (U/mg)

1 48 M 57 0.22 67 M 59 0.34

2 28 M 57 0.12 69 M 67 0.25

3 52 M 63 0.09 38 M 70 0.32

4 35 M 75 0.07 49 M 57 0.27

5 28 M 65 0.13 70 M 54 0.28
Mean += SD 38 = 11 63 =79 0.13 = 0.06 58 = 14 61+ 6.8 0.28 = 0.05*

Normal and PV day-6 ECFC were collected and lysed in buffer A with 1% Triton X-100. PTP activity was assayed with 3P-labeled ENDYINASL
as a substrate and presented as units per milligram of protein. Erythroid colony efficiency represents the percentage of erythroid colonies

formed per cell number plated in the plasma clot cultures.

* Significantly different from that of normal control group (P < .001, Student’s t-test).

tors of protein tyrosine phosphatases.?*°3 On the contrary,
the activity was not influenced by NaF and microcystin,
which are serine/threonine protein phosphatase inhibitors.
These results indicate that the partially purified E-PTP has
all the typical properties of PTPs. Additional results showed
that, like other PTPs,?"3%3* E-PTP exhibited a pH optimum
of 4.5 to 5.0 when low molecular weight para-nitrophenyl-
phosphate was used as a substrate (data not shown).
Subcellular fractionation of E-PTP.  To show the cellular
localization of E-PTP, cell extracts were fractionated into
cytosolic and membrane fractions by ultracentrifugation. The
cytosolic fractions from normal and PV ECFC appeared to
have equal amounts of PTP activity, representing about 65%
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Fig 2. Mono-Q-Sepharose separation profiles of whole extracts
from normal (A) and PV (B) day-6 ECFC. Approximately 2 mg of whole
cell extracts were loaded onto the column. PTP activity was mea-
sured with 3?P-labeled ENDYINASL as a substrate and data are ex-
pressed as cpm obtained from 2 pL of each 0.5-mL fraction eluted
from the column. Solid lines represent PTP activity; dashed lines
denote NaCl gradients. (Insets) Western blot analyses of correspond-
ing fractions with anti-SHP-1 and anti-CD45 antibodies. A represen-
tative figure from four experiments with similar results is shown.
Each experiment was performed with blood samples from different
normal volunteers and PV patients.

of the total activity of normal ECFC and 20% of PV ECFC.
However, when the membrane fractions were analyzed, PV
samples displayed athreefold higher activity than the normal
samples. After separation on an anion-exchange Mono-Q
column, both cytosolic fractions resolved a major activity
peak eluted at 0.19 mol/L NaCl and correlating with anti—
SHP-1 immunoreactivity (Fig 4A; see aso Fig 2). This sug-

20 30 40

Fractions

PTP activity (cpm x1 0'3)

50

Fractions

Fig 3. Purification on a Superose 12 column. Fractions no. 41
through 43 from the mono-Q column (see Fig 2) were combined,
concentrated, and loaded onto a Superose 12 column. PTP activity
of fractions from normal (e ) and PV (O) samples represents the data
obtained from 2 uL of each 0.5-mL fraction eluted from the column
and assayed with 3*P-labeled ENDYINASL as a substrate. The inset
represents the calibration of the Superose 12 column with standard
molecular weight markers (apoferritin, 443,000; b-amylase, 200,000;
alcohol dehydrogenase, 150,000; and carbonic anhydrase, 29,000).
The PTP activity peaked at fraction 27.25, which corresponded to 170
kD based on linear regression analyses. A representative figure from
three experiments with similar results is shown. Each experiment
was performed with blood samples from different normal volunteers
and PV patients.
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Table 2. Effects of Various Effectors on the PTP Activity

Effectors Normal ECFC PV ECFC

Control 1 1

Vanadate (0.1 mmol/L) 0.03 0.02
Pervanadate (0.1 mmol/L) 0.06 0.03
ATP-y-S (0.1 mmol/L) 0.05 0.02
Heparin (0.2 mg/ml) 0.06 0.05
ZnCl; (1 mmol/L) 0.22 0.19
Idoacetic acid (1 mmol/L) 0.05 0.04
NaF (50 mmol/L) 0.96 0.86
Microcystin (1 mmol/L) 1.12 1.21

Partially purified normal and PV E-PTP elutes obtained from a
Mono-Q column were incubated with various effectors at the indi-
cated concentrations. PTP activity was measured with *2P-labeled
ENDYINASL as a substrate. Data represent activity relative to activity
in the absence of effectors defined as 1.0.

gests that SHP-1 is a mgjor cytosolic PTP activity in the
cells, and its activity appears to be normal in PV ECFC.
After separation of the membrane extracts on the mono-Q
column, samples from both normal and PV cells gave rise
to a mgjor activity peak eluted at 0.31 mol/L NaCl, but the
one from PV ECFC showed at least threefold more activity
than the one from normal ECFC (Fig 4B). Collectively, SHP-
1 represents the major cytosolic PTP activity in the erythroid
progenitor cells and its activity is normal, whereas E-PTP
represents the major PTP activity in the membrane fractions
and its activity is elevated in PV erythroid progenitor cells.
We thus identified a major membrane associated-PTP that
is hyperactive in PV ECFC.
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Fig 4. Mono-Q-Sepharose profiles of cytosolic (A) and membrane
(B) fractions from normal (e) and PV (O) ECFC. Day-6 ECFC were
collected and lysed with a Dounce homogenizer in buffer A without
Triton X-100. Cytosolic and membrane fractions were obtained by
ultracentrifugation at 100,000g for 60 minutes as described in Materi-
als and Methods. Approximately 1 mg samples were loaded on
the mono-Q column. PTP activity was measured with *?P-labeled
ENDYINAL and the data are expressed as cpm obtained from 2 uL
of each 0.5-mL fraction eluted from the column. A representative
figure from three experiments with similar results is shown. Each
experiment was performed with blood samples from different normal
volunteers and PV patients.
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Days of Culture

Fig 5. Kinetic changes of PTP activities in cytosolic (A) and mem-
brane (B) fractions and erythroid colony number (C) from normal (e )
and PV (O) ECFC. Cells were collected at the indicated periods of
suspension culture. Preparation of cytosolic and membrane extracts
and assays of colony formation were performed as described in Mate-
rials and Methods. Cell extracts containing 2.0 ug total proteins were
used to measure PTP activity with *?P-labeled ENDYINASL, and 1,000
cells were analyzed for colony formation in plasma clot cultures.

Kinetic changes of PTP activity during erythroid progeni-
tor proliferation and differentiation. Figure 5 shows the
alterations of PTP activity in cytosol (mainly SHP-1, Fig
5A) and membrane (mainly E-PTP, Fig 5B) fractions during
proliferation and differentiation of both PV and normal ery-
throid progenitor cells in suspension cultures. The ECFC
PTP activity was stable between days 6 and 8, when most
of the cells possessed the capacity for forming erythroid
colonies. Along with the differentiation of these cells, as
evidenced by an increased number of more mature erythro-
blasts?® and decreased colony-forming ability from day 8 to
day 21 of culture, PTP activities in both cytosol and mem-
brane fractions of normal ECFC rapidly declined and little
activity was detected by day 21. Interestingly, PTP activities
in the cytosol and membrane fractions of PV cells also de-
clined but at a slower rate, and about 40% of membrane
PTP activity of PV cellswas still maintained by day 21. The
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slower decrease in PTP activity of PV cells correlates with
an increased number of PV ECFC still present at day 14 and
thereafter, when essentially none of the normal cells could
still form colonies (Fig 5C). When mature erythrocytes from
both PV and normal peripheral blood were examined, little
PTP activity could be detected and no difference was found
between normal and PV cells (data not shown). The present
results indicate that E-PTP is predominately present in early
erythroid progenitor cells. The enhanced presence of more
immature PV erythroid cells observed in the suspension cul-
tures might be due to an increased E-PTP activity of the PV
cells or vice versa

DISCUSSION

We previoudly reported that orthovanadate, a PTP inhibi-
tor, mimics the effect of SCF on highly purified normal
human burst-forming units-erythroid (BFU-E) in vitro, but
not the effect of IL-3 or EPO.* Vanadate enhanced the
number and size of the BFU-E and could be acting to potenti-
ate the kinase activity of SCF, or another protein kinase, by
inhibiting a PTP. When we performed similar experiments
with PV BFU-E, this effect was greatly reduced.® EPO and
SCF rapidly induced tyrosine phosphorylation of the EPO
and SCF receptors in normal ECFC and this effect was
greatly enhanced by vanadate, but little enhancement of tyro-
sine phosphorylation was evident in PV cells.® These results
suggested that PV patients might have an abnormal PTP
activity that, possibly, could be responsible for the increased
cell proliferation. In the present study, we have identified an
increased PTP activity in the erythroid progenitors from PV
blood. This abnormal activity is attributed to a major PTP
(E-PTP) partitioned in the membrane fraction of ECFC. Be-
cause tyrosine phosphorylation isacentral event in the signal
transduction of various hematopoietic growth factors that
control proliferation and differentiation of hematopoietic
stem/progenitor cells,#%**5 theincreased E-PTP activity that
disrupts the phosphorylation and dephosphorylation balance
may have profound effects on cell behavior. Thus, increased
activity of E-PTP could be responsible for the pathogenesis
of the PV disorder.

PTPs represent a family of highly diverse enzymes that
have positive as well as negative rolesin signal transduction.
In hematopoietic cells, three major PTPs have been exten-
sively studied. These are SHP-1, SHP-2, and CD45. SHP-
1, an SH2 domain-containing enzyme predominantly ex-
pressed in hematopoietic cells, playsacrucial rolein hemato-
poiesis because mutation of the SHP-1 gene in motheaten
and viable motheaten mice produces a high proliferation
of hematopoietic cells and a marked splenomegaly with an
enhanced number of ECFC, as well as a severe autoimmune,
immunodeficiency syndrome.®* Furthermore, SHP-1 nega
tively regulates signal transduction by EPO, IL-3, B-cell
antigen, interferon-a/g3, interferon-y, and SCF.**? In con-
trast, SHP-2, a widely distributed SH2 domain-containing
PTP, has a positive role in growth factor-stimulated MAP
kinase activation in a number of nonhematopoietic cells.*
In hematopoietic cells, by specifically associating with the
EPO receptor, c-Kit, and the IL-6 receptor subunit gpl30,
SHP-2 is believed to play a similar positive role in the mito-
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genic signaling of these receptors.?2*3” CD45, which is spe-
cifically expressed in hematopoietic cells, has been shown
to be required for T-cell antigen receptor signaling by acti-
vating Src family tyrosine kinases.® Although these three
enzymes were potential candidates for the PV abnormality,
our study showed that al of them appeared normal in PV
ECFC. Instead, we identified a potentially novel membrane
or membrane-associated E-PTP that exhibited hyperactivity
in PV ECFC. Considering the hypersensitivity of PV ery-
throid progenitor cells to a wide variety of growth factors,
we postulate that E-PTP plays a positive role in enhancing
hematopoietic cell proliferation and/or survival. Supporting
this view is the fact that, along with the differentiation and
maturation of ECFC, E-PTP activity in the normal ECFC
declined much faster than that in the PV cells and the PV
ECFC with higher PTP activity maintained their colony-
forming capability over alonger period of timein suspension
culture. This seems to indicate that PV ECFC, by possessing
a higher level of E-PTP activity, may have a higher capabil-
ity to proliferate and/or survive, thus producing many more
erythrocytes upon maturation and producing the erythroid
hyperplasiain PV patients. We assume that a similar defect
in the myeloid and megakaryocyte lineages would contribute
to the trilineage hyperplasia.

The precise mechanism by which PTPs regulate cell sig-
naling has not been well understood. CD45 has a positive
role by activating Src family protein kinases. It is not known
whether E-PTP functions in a similar way. The absence of
tyrosine phosphorylation of the 160-kD proteinin PV ECFC
may indicate that this protein is the physiologic substrate of
E-PTP. Presumably, it might stay in an inactive state when
phosphorylated and would positively regulate cell prolifera-
tion and/or survival when dephosphorylated.

Severa possible causes exist for increased activity of E-
PTPin PV ECFC. First, the expression level of the enzyme
might be elevated. Second, the enzyme might be structurally
abnormal due to alternate mRNA splicing or disruption of
its gene by mutation, insertion, or deletion. Third, the en-
zyme might be upregulated by an abnormal activator in PV
ECFC, or the PV cells might lack an inhibitor of the enzyme.
Similarities between the normal and PV E-PTPin subcellular
localization, separation profiles on Mono-Q and S12 col-
umns and sensitivities towards PTP inhibitors most likely
support the first possibility, but the other possibilities cannot
be ruled out and isolation of the enzyme is required to defini-
tively clarify this situation.

ACKNOWLEDGMENT

The authors thank Ella Stitt, Judy Luna, Amanda Hodges, and
Zhongjia Tan for their excellent technical assistance; Drs Chun-Hua
Dai and Min You for helpful discussions; and Dr Harriet Gilbert for
her generous provision of some of the PV blood.

REFERENCES

1. Hoffman R, Boswell HS: Polycythemia vera, in Hoffman R,
Benz EJ, Shattil SJ, Furie B, Cohen HJ, Silberstein LE (eds): Hema-
tology: Basic Principles and Practice (ed 2). New York, NY,
Churchill Livingstone, 1995, p 1121

2. Green AR: Pathogenesis of polycythaemia vera. Lancet
347:844, 1996

20z aunr g0 uo 1s8nb Aq Jpd'LG9/e/ LEYOL/LG9/Z/06/1Pd-8loNE/POO|q/1eU"SUONeDlaNdysE//:dnY WOy papeojumod



PROTEIN TYROSINE PHOSPHATASE IN POLYCYTHEMIA

3. Dal CH, Krantz SB, Means RT, Horn ST, Gilbert HS: Polycy-
themia vera blood burst-forming units erythroid are hypersensitive
to interleukin-3. J Clin Invest 87:391, 1991

4. Da CH, Krantz SB, Dessypris EN, Means RT, Horn ST, Gil-
bert HS: Polycythemia vera. |l. Hypersensitivity of bone marrow
erythroid, granulocyte-macrophage, and megakaryocyte progenitor
cells to interleukin-3, and granulocyte-macrophage col ony-stimulat-
ing factor. Blood 80:891, 1992

5. Dai CH, Krantz SB, Green WF, Gilbert HS: Polycythaemia
vera. |ll. Burst-forming units-erythroid (BFU-E) response to stem
cell factor and c-kit receptor expression. Br J Haematol 86:12, 1994

6. Correa PN, Eskinazi D, Axelrad AA: Circulating erythroid
progenitors in polycythemia vera are hypersensitive to insulin-like
growth factor | in vitro: Studies in an improved serum-free medium.
Blood 83:99, 1994

7. Mirza AM, Correa PN, Axelrad AA: Increased basal and in-
duced tyrosine phosphorylation of the insulin-like growth factor re-
ceptor B subunit in circulating mononuclear cells of patients with
polycythemia vera. Blood 86:877, 1995

8. Metcalf D: Hematopoietic regulators: Redundancy or subtlety.
Blood 82:3515, 1993

9. Ogawa M: Differentiation and proliferation of hematopoietic
stem cells. Blood 81:2844, 1993

10. Krantz SB: Erythropoietin. Blood 77:419, 1991

11. Muta K, Krantz SB, Bondurant MC, Wickrema A: Distinct
roles of erythropoietin, insulin-like growth factor |, and stem cell
factor in the development of erythroid progenitor cells. J Clin Invest
94:34, 1994

12. Sui X, Tsuji K, Tanaka R, Muraoka K, Ebihara Y, Ikebuchi
K, Yasukawa K, Taga T, Kishimoto T, Nakahata T: Erythropoietin-
independent erythrocyte production: Signals through gp130 and c-
kit dramatically promote erythropoiesis from human CD34" cells. J
Exp Med 183:837, 1996

13. Kishimoto T, Taga T, Akira S: Cytokine signal transduction.
Cell 76:253, 1994

14. Streuli M: Protein tyrosine phosphatases in signaling. Curr
Opin Cell Biol 8:182, 1996

15. Zhao Z, Shen SH, Fischer EH: Structure, regulation, and func-
tion of SH2 domain-containing protein tyrosine phosphatases. Adv
Prot Phosphatases 9:297, 1995

16. Klingmuller U, Lorenz U, Cantley LC, Neel BG, Lodish HF:
Specific recruitment of SHP-PTP1 to the erythropoietin receptor
causes inactivation of JAK2 and termination of proliferative signals.
Cell 80:729, 1995

17. Yi T, Mui AL, Krystal G, lhle JN: Hematopoietic cell phos-
phatase associates with the interleukin-3 (IL-3) receptor beta chain
and down-regulates | L-3-induced tyrosine phosphorylation and mito-
genesis. Mol Cell Biol 13:7577, 1993

18. Cyster JG, Goodnow CC: Protein tyrosine phosphatase 1C
negatively regulates antigen receptor signaling in B lymphocyte and
determines thresholds for negative selection. Immunity 2:13, 1995

19. Yetter A, Uddin S, Krolewski JJ, Jiao H, Yi T, Platanias
LC: Association of the interferon-y-dependent tyrosine kinase Tyk-
2 with hematopoietic cell phosphatase. J Biol Chem 270:18179,
1995

20. David M, Chen HE, Goelz S, Larner AC, Neel BG: Differen-
tial regulation of the alpha/beta interferon-stimulated Jak/Stat path-
way by the SH2 domain-containing tyrosine phosphatase SHPTPL.
Mol Cell Biol 15:7050, 1995

21. Paulson RF, Vesely S, Siminovitch KA, Bernstein A: Signal-
ling by the WIKit receptor tyrosine kinase is negatively regulated in

657

vivo by the protein tyrosine phosphatase Shpl. Nat Genet 13:309,
1996

22. Lorenz U, Bergemann AD, Steinberg HN, Flanagan JG, Li
X, Galli SJ, Nedl BG: Genetic analysis reveds cell type-specific
regulation of receptor tyrosine kinase c-Kit by the protein tyrosine
phosphatase SHP1. J Exp Med 184:1111, 1996

23. Tauchi T, Feng GS, Marshall MS, Shen R, Mantel C, Pawson
T, Broxmeyer HE: The ubiquitously expressed Syp phosphatase in-
teracts with c-Kit and Grb-2 in hematopoietic cells. J Biol Chem
269:25206, 1994

24. Tauchi T, Damen JE, Toyama K, Feng GS, Broxmeyer HE,
Krystal G: Tyrosine 425 within the activated erythropoietin receptor
binds syp, reduces the erythropoietin required for Syp tyrosine phos-
phorylation, and promotes mutagenesis. Blood 87:4495, 1996

25. Da CH, Krantz SB, Sawyer ST: Polycythemia Vera V. En-
hanced proliferation and phosphorylation due to vanadate are dimin-
ished in polycythemia vera erythroid progenitor cells: A possible
defect of phosphatase activity in polycythemia vera. Blood 89:3574,
1997

26. Berlin NI: Diagnosis and classification of the polycythemias.
Semin Hematol 12:339, 1975

27. Zhao Z, Larocque R, Ho WT, Fischer EH, Shen SH: Purifica-
tion and characterization of PTP2C, a widely distributed protein
tyrosine phosphatase containing two SH2 domains. J Biol Chem
269:8780, 1994

28. Zhao Z, Shen SH, Fischer EH: Phorbol ester-induced expres-
sion, phosphorylation, and translocation of protein-tyrosine-phos-
phatase 1C in HL-60 cells. Proc Natl Acad Sci USA 91:5007, 1994

29. Sawada K, Krantz SB, Kans JS, Dessypris EN, Sawyer S,
Glick AD, Civin ClI: Purification of human erythroid colony-forming
units and demonstration of specific binding of erythropoietin. J Clin
Invest 80:357, 1987

30. Daum G, SolcaF, Diltz C, Zhao Z, Cool DE, Fischer EH: A
genera peptide substrate for tyrosine phosphatases. Anal Biochem
211:50, 1993

31. Bradford MM: A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of
protein-dye binding. Ana Biochem 72:248, 1976

32. Zhao Z: Thiophosphate derivatives as inhibitors of tyrosine
phosphatases. Biochem Biophys Res Commun 218:480, 1996

33. Zhang ZY, Maachowski WP, Van Etten RL, Dixon JE: Na-
ture of the rate-determining steps of the reaction catalyzed by the
Y ersinia protein-tyrosine phosphatase. J Biol Chem 269:8140, 1994

34. Zhao Z, Zander NF, Malencik DA, Anderson SR, Fisher EH:
Continuous spectrophotometric assay of protein tyrosine phospha-
tase using phosphotyrosine. Anal Biochem 202:361, 1992

35. Da CH, Krantz SB: Vanadate mimics the effect of stem cell
factor on highly purified human burst-forming units-erythroid in
vitro but not the effect of erythropoietin. Exp Hematol 20:1055,
1992

36. Shultz LD, Schweitzer PA, Rajan TV, Yi T, lhle JN, Mat-
thews RJ, Thomas ML, Beier DR: Mutations at the murine moth-
eaten locus are within the hematopoietic cell protein-tyrosine phos-
phatase (Hcph) gene. Cell 73:1445, 1993

37. Stahl N, Farruggella TJ, Boulton TG, Zhong Z, Darnel JE,
Yancopoulos GD: Choice of STATs and other substrates specified
by modular tyrosine-based motifs in cytokine receptors. Science
267:1348, 1995

38. Trowbridge IS, Thomas ML: CD45: An emerging role as a
protein tyrosine phosphatase required for lymphocyte activation and
development. Annu Rev Immunol 12:85,1994

20z aunr g0 uo 1s8nb Aq Jpd'LG9/e/ LEYOL/LG9/Z/06/1Pd-8loNE/POO|q/1eU"SUONeDlaNdysE//:dnY WOy papeojumod



