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Abstract

Objective—Polycythemia vera (PV) is characterized by erythrocytosis associated with the presence
of the activating JAK2V617F mutation in a variable proportion of hematopoietic cells. JAK2V617F js
detected in other myeloproliferative neoplasms, does not appear to be the PV-initiating event, and
its specific role in deregulated erythropoiesis in PV is incompletely understood. We investigated the
pathogenesis of PV to characterize abnormal proliferation and apoptosis responses and aberrant
oncogenic pathway activation in primary PV erythroid precursors.

Patients and Methods—Peripheral blood CD34+ cells isolated from PV patients and healthy
controls were grown in liquid culture to expand a population of primary erythroblasts for experiments
designed to analyze cellular proliferation, apoptosis, JAK2V617F mutation status, cytokine-dependent
protein phosphorylation and gene expression profiling using Affymetrix microarrays.

Results—The survival and proliferation of PV erythroblasts were growth factor-dependent under
strict serum-free conditions, requiring both erythropoietin (EPO) and stem cell factor. PV
erythroblasts exhibited EPO hypersensitivity and enhanced cellular proliferation associated with
increased EPO-mediated ERK1/2 phosphorylation. EPO-induced AKT phosphorylation was
observed in PV but not normal erythroblasts, an effect associated with apoptosis resistance in PV
erythroblasts. Analysis of gene expression and oncogenic pathway activation signatures revealed
increased RAS (P<0.01) and P13-kinase (P<0.05) pathway activation in PV erythroblasts.

Conclusion—Deregulated erythropoiesis in PV involves EPO hypersensitivity and apoptosis
resistance of erythroid precursor cells associated with abnormally increased activation of RAS-ERK
and P13-kinase-AKT pathways. These data suggest that investigation of the mechanisms of abnormal
RAS and P13-kinase pathway activation in erythroblasts may contribute to our understanding of the
molecular pathogenesis of PV.
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Introduction

Polycythemia vera (PV) is characterized by an absolute increase in the red blood cell mass and
the development of erythrocytosis due to deregulated red blood cell (RBC) production, the
mechanisms of which are not completely understood. Erythrocytosis is the unique clinical
feature of PV among related BCR/ABL-negative myeloproliferative neoplasms (MPNs) and
is associated with the characteristic biological features of the disease which include the ability
of bone marrow and peripheral blood progenitor cells to undergo in vitro erythroid
differentiation in the absence of exogenous erythropoietin (EPO) in serum-containing colony
formation assays and the hypersensitivity of erythroid progenitors to EPO [1-3]. The
overproduction and accumulation of red blood cells in PV occurs at normal oxygen saturations,
often with depressed endogenous EPO levels, but without abnormalities in the EPO receptor
(EPOR) sequence or expression [4,5].

The discovery of an acquired, somatic mutation JAK2V617F present within the gene encoding
the cytoplasmic tyrosine kinase JAK?2 detected in the majority (95%) of PV patients provided
insight as to how the molecular and biological characteristics of the disease might relate to its
clinical phenotype [6-11]. Believed to play an important role in the pathogenesis of PV and
other related MPNs where JAK2V617F s detected in approximately 50% of patients with
essential thrombocythemia (ET) or primary myelofibrosis (PMF), the activating JAK2V617F
mutation confers a proliferative advantage in EPO-independent PV erythroid colonies and
when expressed in hematopoietic cell lines [6-8]. Moreover, in murine bone marrow
transplantation models, retroviral expression of JAK2V617F at high levels in hematopoietic
cells has been associated with the development of erythrocytosis and a PV-like phenotype [6,
12-15], whereas lower levels of JAK2V617F expression in transgenic murine models has
induced variable MPN phenotypes including ET and PMF-like disorders in mice [16,17]. The
findings of other studies involving familial MPNs where JAK2V617F was not found to be a
predisposing germ-line factor [18,19] and the detection of EPO-independent erythroid colonies
containing wild-type JAK?2 [20] have been consistent with the hypothesis that other primary
pathogenic factors may be involved in the development of PV [21]. Thus, the role of the
commonly encountered JAK2V617F mutation in the development of specific MPNs with
diverse clinicopathologic phenotypes and the mechanism(s) of erythrocytosis as the distinctive
clinical feature of PV require further characterization.

The key role of JAK2 protein in red cell development was demonstrated by the observations
that JAK2-deficient mice die in-utero due to ineffective erythropoiesis and that fetal liver
myeloid progenitors from JAK2-deficient mice fail to respond to exogenous EPO [22]. The
binding of EPO to its receptor EPOR leads to the tyrosine phosphorylation of JAK2 at the
Y1007/Y1008 residues [23,24]. JAK2, in turn, catalyzes the phosphorylation of multiple
tyrosine residues within the cytoplasmic domain of EPOR, generating docking sites for SH2
domain-containing intracytoplasmic proteins and facilitating the activation of various
downstream effectors involved in erythropoiesis, including the signal transducer and activator
of transcription 5 (STATS5), phosphatidylinositol 3-kinase (P13-kinase) and mitogen-activated
protein kinase/extracellular regulated kinase (MAPK/ERK) pathways [25].

Enhanced activation of JAK2 and its substrate STATS5 had been previously implicated in the
pathogenesis of erythrocytosis in some individuals with primary familial and congenital
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polycythemia (PFCP) syndromes [26]. Dominant gain-of-function EPOR mutations identified
in PFCP patients have been associated with EPO hypersensitivity —but not EPO-independence
— of erythroid progenitors and hematopoietic cells, leading to altered kinetics of prolonged
EPO-induced JAK2 and STATS activation due to failure to efficiently downregulate JAK2
[27-29]. On the other hand, overexpression of the gain-of-function JAK2V617 mutation in
hematopoietic cells has been associated with constitutive activation of JAK2 and its substrate
STATS and enhanced proliferation capacity even in the absence of exogenous EPO [6-8]. The
important role in erythropoiesis regulation of STATS5 activation was suggested by the
observations that Stat5 knock-out mice exhibit fetal anemia and deficient stress-erythropoiesis
response [30,31]. Furthermore, constitutive STATS5 activity in erythroid progenitors induces
EPO-independent differentiation and colony formation [32], while constitutive STAT5 activity
within fetal liver cells devoid of JAK2 and EPOR was shown to induce EPO-independent
proliferation [33].

The role of signaling effectors other than STATS in erythroid cells that may be important in
the pathogenesis of PV and deregulation of erythropoiesis requires further investigation.
Among other signaling pathways that are involved in erythropoiesis regulation are the MAPK/
ERK [34,35] and PI3-kinase/AKT pathways [36,37]. In normal primary erythroid precursors,
we previously found that activation of STAT5, MAPK-ERK and PI3-kinase-AKT pathways
in response to the cooperative action of both EPO and stem cell factor (SCF) is required for
the maximal expansion capacity of erythroblasts [38]. In the present study, we investigated the
pathogenesis of PV using primary PV erythroid precursors to characterize abnormal
proliferation and apoptosis responses associated with deregulation of specific intracellular
signaling pathway activation.

PATIENTS AND METHODS

Cytokines and antibodies

Recombinant human stem cell factor (SCF) and insulin-like growth factor-1 (IGF-I) were
purchased from Sigma (St. Louis, MQO). Human recombinant EPO (Procrit) was purchased
from the outpatient pharmacy at Duke University Medical Center (Ortho-Biotech,
Bridgewater, NJ). The primary antibodies against phospho-STAT5 (Tyr694), phospho-AKT
(Ser473), total AKT, phospho-p44/42 ERK1/2 (Thr202/Tyr204), and total ERK1/2 were
purchased from Cell Signaling Technologies (Danvers, MA). Antibody against total STATS
was from Santa Cruz Biotechnology (Santa Cruz, CA).

Patients and primary hematopoietic cell cultures

Peripheral blood mononuclear cells were collected from patients diagnosed with PV (14
patients, 9 men, 5 women, median age 66) and from healthy normal volunteers (10 total, 7
men, 3 women, median age 36) in accordance with a research protocol approved by the
Institutional Review Board at Duke University. All patients with PV had erythrocytosis and
peripheral blood granulocytes were positive for the JAK2V6817F mutation. Peripheral blood
samples collected in tubes containing acid-citrate-dextrose (ACD) anticoagulant were diluted
in 50mL phosphate-buffered saline containing 0.6% ACD and 0.8% bovine serum albumin
(Stem Cell Technologies, Vancouver, BC, Canada) and then subjected to Ficoll 1.077 density
gradient separation (Amersham-Pharmacia, Upsala, Sweden) prior to liquid cultures performed
as described previously [38,39]. Briefly, CD34+ cells were isolated from peripheral blood
mononuclear cells by positive selection using anti-CD34 antibody (QBEND/10) and magnetic
cell sorting on Mini-MACS columns (Miltenyi Biotech, Auburn, CA). CD34+ cells were
placed in erythroblast culture medium containing Dulbeco’s Modified Eagle’s Medium (Cat
no. 11965-092; Gibco, Carlshad, CA), 15% fetal bovine serum (Hyclone, Logan, UT), 1.9
mmol sodium bicarbonate (Cat no. 25080-094, Gibco), 0.1 mmol B-mercaptoethanol (Cat. no.
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M7522, Sigma), 0.125mg/mL iron-saturated transferrin (Cat. No. T0665, Sigma), 1% bovine
serum albumin (Cat. no. A8806, Sigma), 106 mol/L dexamethasone (Sigma), 106 mol/L p-
estradiol (Sigma) supplemented with 100 ng/mL recombinant SCF, 1 unit/mL EPO, 40 ng/mL
IGF-1. The presence of a homogeneous population of proerythroblasts at days 12-14 of culture
was confirmed as described [38].

JAK2V617F mutation detection and allele burden determination in expanded erythroblasts

Total RNA from primary erythroblasts was extracted using Qiagen RNAeasy Mini Kit (Qiagen,
Studio City, California) and 1.5 pg RNA was used in cDNA synthesis reaction by reverse
transcription performed using oligo-dT priming and superscript Il (Life Technologies). PCR
amplification for JAK2 was performed using expanded high fidelity PCR system in a final
reaction mixture of 50pL, containing 300 nmol/L of each primer, 0.5U of the enzyme solution,
200umol/L each of dNTP, 1.5mmol/L magnesium chloride, and 2.0uL cDNA. The reaction
mixture was preheated at 95°C for 2 minutes, followed by 40 cycles at 94°C, 57°C, and 72°C
each for 60 seconds. Primers for JAK2 were forward 5-AGCCTTGGCCAAGGCACTTTT-3/,
and JAK2 reverse 5'-CTCCATTTGTCTGTTGCCAAAT-3'". The resulting amplification
product was 566-bp (Figure 1A) and the presence of the G>T mutation at position 1849 in
JAK2VEI7F (GenBank sequence AF001362) was confirmed in all cases by purifying the DNA
from 1% agarose gels and direct sequencing at the Duke University Medical Center DNA
sequencing facility using an ABI PRISM(™) 377 DNA sequencer and BigDye Terminator
Cycle Sequencing system (Perkin-Elmer). To determine JAK2V617F allele ratio, the amplified
PCR products were subjected to restriction enzyme digestion with BsaXI (New England
Biolabs, Beverly, MA) for 19 hours at 37°C. The BsaXI enzyme recognizes a site that is
abolished by the mutant G>T nucleotide in JAK2V617F [9]. PCR products subjected to BsaXI
digestion were visualized in 2.5% agarose gels and the JAK2V617F allele ratio was expressed
as the percentage of undigested DNA (as a result of G>T mutation) of the total DNA amount
determined by densitometry analysis of the bands. RT-PCR experiments, direct sequencing
and BsaXIl digestions using RNA from normal cultured erythroblasts from healthy individuals
served as controls (Figure 1B).

Cell proliferation assays

Expanded erythroblasts were washed free of serum and growth factors using Roswell Park
Memorial Institute (RPMI) 1640 medium (Cat. no. 11835-030; Gibco) and suspended in serum-
free medium consisting of RPMI supplemented with 2% bovine serum albumin, 300ug/mL
iron-saturated transferrin, 40pug/mL low-density lipoprotein (Cat. no. 12139; Sigma), and
5x10° mol/L B-mercaptoethanol. To generate growth curves, cells (1x10°/well) were seeded
in triplicates in 35mm tissue cultures plates in a volume of 2 mL in the presence of EPO (1
unit/mL), SCF (100 ng/mL), or both cytokines as described [38]. Cells were counted daily
using the trypan blue exclusion technique and the total cell numbers were plotted. Erythroblast
proliferation in response to EPO, SCF, or both growth factors was also assessed in an assay
using the vital dye 3-(4,5-dimethylthiazol-2-yl)-2,4-diphenyltetrazolium bromide (MTT,
Sigma). Cells were washed free of serum and growth factors and placed in 96-well plates at a
density of 1x10%well in 50pL of serum free medium. Another 50uL of serum-free medium
was added with either no growth factor as negative control, EPO (final concentration 1 unit/
mL), SCF (final concentration 100 ng/mL), or both cytokines. In assays of EPO sensitivity,
cells were treated with SCF plus variable EPO concentrations ranging from 0.01 to 1 unit/mL.
Cells were cultured for 4 days, MTT reagent was added to the medium at final concentration
of 1 mg/mL, incubated for 4 hours at 37°C, and dissolved in isopropyl alcohol containing 0.04N
hydrochloric acid. The optical density in the wells was assessed at wavelength of 562 nm
(562-650 nm) using a microtitre plate reader. In some experiments, the kinase inhibitor
PD98059 targeting MAPK/ERK kinase (MEK1) was added to the culture medium.
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Apoptosis assays

In vitro expanded primary erythroblasts were deprived of growth factors to induce apoptosis.
Cells (1 108 cells/condition) were cultured for 16 hours in erythroblast culture medium either
in the presence or absence of growth factors (SCF, EPO and IGF-I), with or without kinase
inhibitors. Cells were then analyzed for the degree of apoptosis induction upon growth factor
withdrawal using an Annexin-V and propidium iodide staining kit (Roche, Indianapolis, IN)
followed by flow cytometry. To determine the effect of signaling pathway inhibition on
apoptosis, the kinase inhibitors PD98059 (MEK inhibitor) or LY 294002 (P13-kinase inhibitor)
were added during the 16-hour incubation at final concentrations of 50um. Incubations with
the kinase inhibitor solvent DMSO served as negative controls.

In a second apoptosis assay, PV or normal erythroblasts (5x10° cells/condition) were plated
in a 48-well plate containing erythroblast culture medium either in the presence or absence of
growth factors for 16 hours with or without kinase inhibitors. Following the 16 hour incubation,
cells were fixed in solution containing 4% paraformaldehyde, permeabilized in solution
containing 0.1% Triton X-100 in 0.1% sodium citrate, and then treated with nucleotide label
mixture using an In-Situ Cell Death Detection Kit, TMR Red (Roche). Cells were incubated
in a solution containing 14.3mM DAPI for 30 minutes, then analyzed by fluorescence
microscopy for counting apoptotic nuclei expressed as a percentage of total nuclei
(approximately 1000 cells).

Cell treatments, protein assays, and immunoblotting

Proerythroblasts were washed free of serum and growth factors and placed in serum-free
starvation medium at a density of 0.5-1x107/mL in 12-well plates. After 4 hours of culture at
37°C, cells were either left untreated or treated with EPO (10 U/mL) for 5, 10, and 30 minutes.
In some experiments, kinase inhibitors or DMSO vehicle (negative control) were added to the
cultures for 30 minutes prior to stimulation with EPO. Cells were then washed with ice-cold
phosphate-buffered saline, lysed in a buffer containing 20 mmol/L Tris-HCL (pH 7.4), 150
mmol/L NaCl, 1% Triton X-100, 10% glycerol, 5 mmol/L EDTA supplemented freshly with
10 mmol/L NaF, 1 mmol/L NazVVOy4, 1 mmol/L phenylmethylsulphonyl fluoride, 1 ng/uL
aprotinin, and 1 ug/uL leupeptin. The whole cell lysates were cleared by centrifugation at
16,000 g for 15 minutes, supernatants were transferred to fresh tubes, and the concentration of
soluble proteins was determined using the Bio-Rad protein assay (Bio-Rad, Hercules, CA).
The proteins were heated to 95°C for 4 minutes in 2X Laemmli sample buffer (Bio-Rad),
separated in 4-12% Tris-glycine gels (Novex, Carlsbad, CA) by SDS-polyacrylamide gel
electrophoresis and transferred to Immobilon polyvinylidenedifluoride membranes (Millipore,
Billeric, MA). The membranes were blocked with 5% non-fat milk for 1 h in TBST buffer (20
mmol/L Tris-HCL (pH 7.4); 137 mmol/L NaCl; 0.1% (v/v) Tween-20) and incubated with the
primary antibodies at recommended dilutions overnight at 4°C. Antigen-antibody complexes
were visualized by incubation with horseradish peroxidase-conjugated secondary antibodies
(Pierce, Rockford, IL) and proteins were detected using SuperSignal Enhancer (Pierce) and
visualized by autoradiography. In some experiments, after hybridization to phospho-specific
antibodies, membranes were stripped and reprobed with the appropriate antibodies. Signal
intensity was quantified using NIH ImageJ software for densitometry measurements.

Gene expression microarrays and analysis of RAS and PI3-K pathway activation signatures

Total RNA was extracted from expanded erythroblasts using Trizol reagent (Invitrogen)
followed by a clean-up of the RNA sample using RNeasy kit (Qiagen). The quality of the RNA
was verified on the Agilent Bioanalyzer at the Duke Microarray Core Facility. Human
Affymetrix U133 plus 2.0 gene expression microarrays were used for gene expression analysis.
Total RNA samples from independent primary erythroblast cultures from 6 PV patients and 5
healthy controls were analyzed. Biologically validated gene expression signatures
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representative of P13-kinase and RAS pathway activation were applied and the probability of
P13-kinase and RAS pathway activation was determined using regression models to assign the
relative probability of pathway deregulation in PV or normal erythroblast control samples, as
previously described [40-42].

Statistical Analysis

Results

The data are presented as mean+SEM. Data were analyzed using GraphPad InStat software
version 3.0 (San Diego, CA, USA). Comparisons between two groups was performed using t-
tests and multiple groups were analyzed by using one-way analysis of variance (ANOVA) and
Bonferroni’s multiple comparisons post-hoc test. A two-tailed P-value of P<0.05 was
considered statistically significant.

In strict serum-free conditions, PV erythroblasts are dependent on the cooperative effect of
EPO and SCF for growth and exhibit hypersensitivity to EPO

In order to assess the growth characteristics of primary PV erythroblasts, we isolated CD34+
cells from peripheral blood and established liquid cultures containing SCF, EPO, and IGF-I.
The cells were expanded over a 12 to 14 day period, yielding a homogenous population of
erythroblasts as described previously [38,39]. Under serum-free conditions, the growth of
normal cultured erythroblasts derived from healthy individuals is dependent upon the co-
stimulatory effect of EPO and SCF [38]. To determine whether the proliferation of erythroblasts
derived from individuals with PV may exhibit growth factor independence, PV erythroblasts
were cultured in serum-free medium containing no added growth factors, EPO alone, SCF
alone, or both EPO and SCF. PV erythroblasts did not survive and proliferate when cultured
in serum-free medium containing no growth factor or either EPO or SCF alone, but required
both EPO and SCF to exhibit maximal growth (Figure 2A). As illustrated in Figure 2B, these
results were corroborated by the MTT proliferation assay, which similarly demonstrated the
requirement of PV erythroblasts for the presence of both EPO and SCF.

As demonstrated by previous experiments that examined erythroid colony formation in vitro
in semi-solid medium cultures, erythroid progenitors in polycythemia vera are hypersensitive
to EPO [3,43,44]. We next investigated whether EPO-hypersensitivity characterizes the growth
of erythroid precursor cells under serum-free conditions. Proerythroblasts from individuals
with PV and healthy controls were washed and transferred to serum-free medium containing
either no growth factor or SCF with varying concentrations of EPO (range from 0.01unit/mL
to 1 unit/mL). After 4 days of culture, proliferation was assessed by the MTT assay. In both
PV and control erythroblasts, maximum growth was achieved with SCF and the highest
concentration of EPO (Figure 2C). There was no significant difference in the in % maximal
proliferation between PV and control erythroblasts in the absence of cytokines. A significantly
higher level of proliferation was observed in PV erythroblasts compared to normal
erythroblasts at EPO concentrations of 0.1 unit/mL (68+2% versus 53+1%, P<0.01) and at the
physiologic EPO concentration of 0.01 unit/ml (40£3 versus 24+1%, P<0.001).

RAS/ERK and PI3-kinase /AKT pathway activation is increased in PV erythroblasts

We investigated the mechanism of the enhanced EPO sensitivity of PV erythroblasts by
examining EPO-dependent activation of JAK2/STAT5, RAS/ERK and P13-kinase/AKT
pathways. PV erythroblasts were placed in starvation medium for 4 hours and then either left
untreated or treated with EPO for 5, 10, and 30 minutes and cell lysates were subjected to
immunoblotting. EPO-induced STATS5 phosphorylation was increased in PV erythroblasts
compared to normal erythroblasts (Figure 3A). We observed constitutive phosphorylation of
p44/42 mitogen-activated protein kinases ERK1/2 in the absence of EPO stimulation in PV

Exp Hematol. Author manuscript; available in PMC 2010 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Laubach et al.

Page 7

but not in control erythroblasts (Figure 3A). Furthermore, EPO stimulation resulted in marked
increase in ERK1/2 phosphorylation in PV erythroblasts relative to that observed in control
erythroblasts at all three time points. In addition, EPO stimulation resulted in weak but
detectable AKT phosphorylation in PV erythroblasts, but no AKT phosphorylation was
observed in control erythroblasts consistent with the results of our previous studies involving
normal primary erythroblasts in which AKT phosphorylation was dependent primarily on SCF-
KIT signaling [38]. Quantification of the phosphorylation was performed by densitometry
analysis of untreated and EPO-stimulated samples (10 minutes) demonstrating significant
increase in EPO-induced phosphorylation of ERK1/2, AKT and STAT5 in PV erythroblasts
compared to normal erythroblasts (Figure 3B). The degree of increase in ERK phosphorylation
was prominent and did not appear to be related the percentage of JAK2V617F allele burden,
although some patient variability in EPO-induced phosphorylation (Figure 3A) did not allow
aconclusive assessment of the relationship between JAK2V617F allele burden and EPO-induced
phosphorylation.

In the next set of experiments, the activation status of RAS/ERK and P13-kinase/ AKT pathways
in PV erythroid precursor cells was further evaluated using genome-wide gene expression
analysis and utilization of oncogenic pathway signatures designed to detect abnormal signaling
[40,41]. In these experiments, total cellular RNA was extracted directly from expanded
erythroblasts during exponential growth phase in erythroblast culture medium supplemented
with EPO, SCF and IGF without a starvation period. The probability of RAS and PI3-kinase
pathway activation was assessed by applying previously validated signatures of pathway
activity to RNA expression data from 6 PV and 5 healthy control erythroblast samples.
Importantly, gene expression analysis using pathway activation signatures revealed
significantly increased RAS (P<0.01) and PI3-kinase (P<0.05) pathway deregulation
probability in PV erythroblasts (Figure 4).

PV erythroblasts exhibit reduced apoptosis following growth factor withdrawal

Growth factor withdrawal from primary human erythroid progenitors leads to induction of
apoptosis [45]. To compare the apoptosis response of PV and control erythroblasts following
growth factor withdrawal, expanded erythroblasts were washed and cultured in erythroblast
culture medium with or without added growth factors (EPO, SCF, and IGF). The degree of
apoptosis induction was assessed at 16 hours, in the presence or absence of growth factor, using
Annexin-V/propidium iodide staining followed by flow cytometry, as well as in TUNEL
assays. The basal amount of apoptosis in cultured erythroblasts from PV patients and healthy
controls was similar as reported previously [46]. Following growth factor withdrawal, both
normal and PV erythroblasts exhibited increased apoptosis (5.8+1-fold compared to 2.7+0.3-
fold, respectively) with significantly decreased apoptosis in PV erythroblasts (P<0.01, Figure
5A). Similar results were obtained using TUNEL assays where growth factor withdrawal was
associated with significantly lower degree of apoptosis induction in PV erythroblasts compared
to normal erythroblasts (34+3% versus 58+3%, respectively, P<0.001, Figure 5B). To
investigate the role of RAS/ERK and P13-kinase/AKT pathways in erythroblast apoptosis, cells
were treated with kinase inhibitors during growth factor deprivation. Treatment with MEK
inhibitor PD98059 did not have a significant effect on erythroblast apoptosis in normal or PV
erythroblasts (Figure 5A and B). When primary erythroblasts were treated with LY294002- a
kinase inhibitor targeting P13-kinase — during growth factor withdrawal, normal erythroblasts
exhibited a further significant increase in apoptosis as determined by Annexin-V assays from
5.8 to 7.8 fold (P<0.05, Figure 5A), or in TUNEL assays from 57+3% to 77+2% (P<0.001,
Figure 5B), whereas growth factor-deprived PV erythroblasts also exhibited an increase in
apoptosis when exposed to P13-kinase inhibitor from 33£2% to 45+3% in TUNEL assays that
was not statistically significant. Treatment of PV erythroblasts with PI13-kinase inhibitor
abolished the EPO-induced phosphorylation of AKT whereas treatment with MEK inhibitor
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PD98059 or JAK?2 inhibitor AG490 had no effect on AKT phosphorylation in PV erythroblasts
(Figure 5C).

PV erythroblasts are less sensitive to the growth-inhibitory effect of MEK kinase inhibitor
compared to normal erythroblasts

We investigated the significance of deregulated RAS/ERK pathway activation in PV erythroid
precursors during cellular proliferation since this pathway did not appear to be involved in
apoptosis signaling during growth factor deprivation (Figure 5). Proliferation assays were
performed in which PV and control erythroblasts were cultured in the presence of increasing
concentrations of MEK inhibitor PD98059 in serum-free medium supplemented with both EPO
and SCF that are required for maximal growth. PD98059 treatment of erythroblasts at
concentrations of 50 and 100uM significantly decreased the proliferation of normal
erythroblasts consistent with the results of our previous studies [38]. At the same concentrations
of the kinase inhibitor, the growth inhibitory effect was significantly lower in PV erythroblasts
compared to normal (control) erythroblasts (Figure 6A). At the 50uM concentration
proliferation of PV erythroblasts was 72+2% compared to 45£3% in normal erythroblasts
(P<0.001) and in the presence of 100 uM the proliferation of PV erythroblasts was 56+2%
compared to 27+2% in normal erythroblasts (P<0.001). Treatment of PV erythroblasts with
MEK inhibitor abolished EPO-induced phosphorylation of ERK1/2 whereas treatment with
P13-kinase inhibitor or JAK2 inhibitor had no effect on ERK1/2 phosphorylation in PV
erythroblasts, as well as in normal (control) erythroblasts (Figure 6B).

Discussion

The excessive production and accumulation of RBCs in PV that result in the distinctive clinical
feature of erythrocytosis is characterized by EPO-independent growth of early erythroid
progenitors associated with cytokine hypersensitivity and the major JAK2V617 molecular
abnormality detected in the majority of patients. In the present studies, we focused on
characterization of EPO responses and signaling in primary PV erythroid precursor cells using
an in vitro culture system to expand a homogenous population of proerythroblasts. The data
indicates that PV erythroblasts are indistinguishable from normal erythroid cells with respect
to the dependence on the cooperative effect of both EPO and SCF to survive and proliferate
under strict serum-free conditions. EPO alone is not sufficient to maintain the viability of
primary PV erythroblasts, but in the presence of SCF and limiting physiologic concentrations
of EPO, PV erythroid precursors exhibit EPO hypersensitivity as has been described for
erythroid progenitor cells [44]. The EPO hypersensitivity we observed in PV erythroid
precursor cells was associated with increased activation of the RAS-MAPK/ERK pathway as
determined by markedly increased phosphorylation of ERK1/2, consistent with the findings
of a previous study involving cultured PV erythroid precursors [47]. In our studies, we also
investigated oncogenic pathway activation signatures in PV using gene expression profiling
and found significantly increased RAS pathway activation probability in PV erythroblasts.

The mechanisms of increased RAS pathway and ERK activation in PV cells that we observed
in our studies require further exploration. A previous study has implicated a P13-kinase-
dependent pathway in EPO-induced ERK activation in primary human erythroid progenitors
[48], although other studies including experiments from our laboratory have not found that
P13-kinase inhibition modulates ERK activation in erythroid cells [38,49]. We found that
treatment of PV or normal erythroblasts with MEK inhibitor abolished EPO-induced increase
in ERK phosphorylation, whereas treatment with P13-kinase inhibitor or JAK inhibitor had no
effect, suggesting a P13-kinase- or JAK2-independent mechanism of ERK activation (Figure
6B). Regardless of the mechanism, that ERK activation in PV erythroblasts may contribute to
increased cellular proliferation and the development of erythrocytosis in PV, is consistent with
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the findings of previous studies in other experimental models. For instance, the activation of
ERK in mouse erythroid progenitors was found to be the primary effector mediating EPO-
independent growth as a result of oncogenic H-ras-induced transformation [34]. Furthermore,
expression of constitutively active MEK in conjunction with constitutively active AKT
synergized to result in EPO-independent proliferation of erythroid progenitors. In another
study, ERK hyperactivation observed in primary mouse erythroblasts harboring a mutant
EPOR was associated with increased numbers of immature erythroblasts and a differentiation
defect that was reversible by treatment with a MEK kinase inhibitor [35].

The role of the JAK2V617F mutation in the induction of downstream signaling abnormalities
in hematopoietic cells has been investigated in several cell line models, as well as in transgenic
mice. In human erythroid leukemia HEL cells which express endogenous JAK2V617F,
treatment of the cells with WP1066, a novel JAK2 inhibitor, was associated with reduced
ERKZ1/2 but no change in AKT phosphorylation [50]. In stably transfected IL-3-dependent
hematopoietic or non-hematopoietic cell lines expressing high levels of mutant JAK2V617F
protein, increased constitutive and EPO-induced phosphorylation of ERK and AKT was
reported [6,11]. In studies involving transplanted or transgenic mice engineered to overexpress
JAK2V617F in bone marrow cells, increased constitutive and EPO-induced phosphorylation of
ERK and AKT was observed [14,17]. In our studies using expanded primary erythroblasts, we
observed markedly increased RAS pathway activation by gene expression profiling.
Importantly, this was true despite a variable level of JAK2V617F expression (Figure 1) observed
in the cultured erythroid cells. Whether the hyperactivation of RAS-ERK pathway in PV
erythroblasts involves, at least in part, JAK2V617F_independent mechanisms will require
further studies.

EPO-induced AKT phosphorylation was observed in PV erythroblasts and not in normal
erythroblasts. This finding is consistent with the results of previous studies from our laboratory
and others demonstrating that AKT phosphorylation in normal erythroblasts requires treatment
of the cells with SCF [38,51]. Given this ability of EPO to phosphorylate AKT in PV
erythroblasts, we further investigated PI3-kinase pathway activation using gene expression
profiling. These analyses revealed significantly increased probability of P13-kinase pathway
activation in PV erythroblasts. The observed increase in P13-kinase pathway activation and
AKT phosphorylation in PV erythroblasts were associated with a significant reduction in the
degree of apoptosis upon growth factor withdrawal compared to normal erythroblasts.
Treatment of erythroblasts with the PI3-kinase inhibitor LY294002 that abolishes AKT
phosphorylation resulted in increased apoptosis in both normal and PV erythroblasts — but the
increase in apoptosis was relatively minor in PV erythroblasts compared to normal
erythroblasts —suggesting resistance to apoptosis in PV cells. Interestingly, treatment of
erythroblasts with MEK inhibitor did not have any effect on apoptosis of the cells. We did not
observe constitutive phosphorylation of AKT in PV erythroblasts, a finding which is different
than the reported results of a study by Zeuner and colleagues demonstrating constitutive AKT
phosphorylation in PV erythroid precursors associated with increased resistance to death
receptor-induced proliferation arrest and apoptosis [47]. Our findings of apoptosis resistance
upon growth factor withdrawal in erythroid precursors are consistent with the results of a prior
study that found reduced apoptosis of PV erythroid progenitors upon EPO withdrawal
associated with overexpression of the anti-apoptotic bcl-x;_ protein [52].

Taken together, the findings of the present studies suggest that disruption of erythropoiesis in
PV involves 1)- increased EPO sensitivity and proliferation responses associated with RAS/
ERK pathway hyperactivation and 2)- decreased sensitivity to pro-apoptotic stimuli such as
growth factor withdrawal associated with increased P13-kinase/AKT pathway activation in PV
erythroid precursors compared to normal erythroblasts. The elucidation of the mechanisms
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involved in abnormal RAS/ERK and P13-kinase/AKT pathway activation in PV erythroblasts
may contribute to our understanding of the molecular pathogenesis of PV,
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Figure 1. Detection of JAK2V6L7TF mutation in primary erythroid precursors

Total RNA isolated from primary erythroblasts of healthy controls and PV patients was reverse
transcribed followed by PCR amplification for JAK2 yielding a 566 bp product. (A) Detection
of JAK2V617F by restriction enzyme BsaX| digestion. The wild-type allele is digested into 354,
212, and 182 bp fragments whereas the mutant allele, detected only in PV patients, remains
undigested. The allele-burden of JAK2V617F in PV patients was quantified by densitometry
and expressed as percentage. (B) Sequence traces illustrating wild-type sequence (a healthy
control) and confirmation of mixed G>T sequences in a representative patient with PV. The
presence of the mutant JAK2V617F allele was confirmed by direct sequencing in all patient
samples.
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Figure 2. Proliferation of PV erythroid precursors in response to cytokines under serum-free
conditions

(A) Growth curves of PV erythroblasts plated in serum-free medium in the presence of EPO,
SCF or both growth factors in a representative experiment. Cells were counted daily in a
hemocytometer using trypan blue exclusion technique and total cell counts were plotted. The
data represent mean + SEM values of triplicate cultures. *P<0.001 (B) Short-term expansion
of erythroblasts in serum-free cultures (four days) in response to cooperative effect of EPO
and SCF determined by MTT assay. Control group contained no cytokines. Data represent
mean + SEM values (n=6 replicates in each group). *P<0.001. (C) EPO hypersensitivity of
PV erythroblasts in serum-free conditions containing decreasing concentrations of EPO
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ranging as indicated with assessment of proliferation in an MTT assay. Data are represented
as % of maximal growth. NS: not significant.
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Figure 3. Phosphorylation of STAT5, AKT and ERK1/2, in primary erythroblasts in response to

EPO

(A) Proerythroblasts were washed free of serum and growth factors, incubated in serum-free
starvation medium and then either left unstimulated (0) or stimulated with EPO (10 units/mL)
for the indicated time period (5, 10, 30 minutes). Whole cell lysates were analyzed by
immunoblotting. Increased EPO-induced phosphorylation of STATS, AKT and ERK1/2 are
noted. Comparable protein loading in each lane and protein integrity were demonstrated by
stripping the blots and hybridizing to an antibody that detects total protein levels. (B)
Quantification and comparison of levels of phosphorylated STAT5, AKT, and ERK1/2 in PV
versus control erythroblasts stimulated with EPO at 10 minutes. Densitometry measurements
were performed and represented as mean £ SEM from three PV patients and three healthy

controls.
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Figure 4. Analysis of RAS and PI13-Kinase pathway activation signatures

Controls

PV patients

Gene expression signatures of oncogenic signaling pathways to characterize the activation
status of RAS and P13-kinase pathways were applied to data from patients with PV and healthy
controls. The probability of PI3-kinase (panels on left) and RAS pathway (panels on right)
deregulation in PV erythroblasts are significantly increased compared to normal control

erythroblasts.
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Figure 5. PV erythroid precursors exhibit reduced apoptosis following growth factor withdrawal
Proerythroblasts from PV patients and healthy individuals were induced to undergo apoptosis
by growth factor (EPO, SCF, IGF-I) withdrawal in the presence or absence of kinase inhibitors
for 16 hours. Apoptosis was assessed using (A) Annexin V assays, expressed as fold-increase
in apoptotic cells compared to erythroblasts cultured in complete erythroblast medium
supplemented with EPO, SCF and IGF-I as control, and (B) TUNEL assays. Control cultures
containing complete medium with growth factor exhibit low basal apoptotic cell percentage
that is significantly increased following growth factor withdrawal for 16 hours. (C) EPO-
induced AKT phosphorylation was observed only in PV erythroblasts and not in healthy control
cells. AKT phosphorylation is inhibited by treatment with PI13-kinase inhibitor LY but not after
treatment with kinase inhibitors targeting MEK (PD) or JAK2 (AG).
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Figure 6. Decreased sensitivity of PV erythroblasts to the growth-inhibitory effect of MEK kinase

inhibitor compared to normal erythroblasts

(A) PV or healthy control erythroblasts were placed in serum-free medium for short-term
expansion (four days) in the presence of EPO and SCF (E+S) and the indicated concentrations

of MEK inhibitor PD98059. Proliferation was measured by MTT assay. Control group

contained no growth factors. E+S group contained DMSO vehicle. (B) EPO-induced ERK
phosphorylation was inhibited by treatment of erythroblasts with MEK inhibitor PD98059
(PD) but not after treatment with kinase inhibitors targeting PI3-kinase (LY) or JAK2 (AG).
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