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Abstract
Polycythemia vera (PV) is an acquired myeloproliferative clonal disorder, characterized by
augmented erythropoiesis. To better define PV pathogenesis, we performed an in vitro erythroid
expansion from peripheral blood mononuclear cells of controls and PV patients and evaluated the
cells for proliferation, apoptosis, erythroid differentiation, and morphology at the defined time points.
PV erythroid progenitors exhibited increased proliferation at days 9~14 and accelerated maturation
at days 7~14, with a larger S-phase population (40%) than controls (20%) at day 11; however, the
proportion of apoptotic cells was comparable to controls. Previously, we have identified PV-specific
dysregulation of several microRNAs (i.e. miR-150, 451, 222, 155, 378). We had analyzed expression
profiles of selected target genes of these microRNAs based on in silico prediction and their known
function pertinent to the observed PV-specific erythropoiesis differences. p27, cMYB and EPOR
showed differential expression in PV erythroid progenitors at the specific stages of erythroid
differentiation. In this study, we identified accelerated maturation and hyper-proliferation at early
stages of PV erythropoiesis. We speculate that aberrant expression of p27, c-MYB, and EPOR may
contribute to these abnormal features in PV erythropoiesis.
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INTRODUCTION
Erythropoiesis is a process of production of red blood cells from hematopoietic stem cells
resulting from balanced proliferation, apoptosis, and differentiation that are tightly regulated
by intrinsic and extrinsic signals in a differentiation stage-specific manner. The imbalance or
aberrant activation of these signals has pathological consequences. Polycythemia vera (PV) is
a myeloproliferative disorder stemming from somatic mutation(s) of a hematopoietic
pluripotent cell leading to clonal hematopoiesis [1;2;3]. PV is characterized by hyperactive

Corresponding Author: Josef T Prchal, MD, Professor, Hematology Division, University of Utah and VAH, 30 North 1900 East, SOM
5C402, Salt Lake City, Utah 84132, Phone: 801-585-4220, Fax: 801-585-3432, Email: E-mail: josef.prchal@hsc.utah.edu.
*Both authors equally contributed this work.
Authors stated that there is no conflict-of-interest that related to the manuscript.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Blood Cells Mol Dis. Author manuscript; available in PMC 2010 July 1.

Published in final edited form as:
Blood Cells Mol Dis. 2009 ; 43(1): 81–87. doi:10.1016/j.bcmd.2009.02.001.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



erythropoiesis resulting in accumulation of phenotypically normal red blood cells. PV
progenitors generate increased numbers of erythroid colonies at low concentrations of
erythropoietin (Epo) and Epo-independent colonies compared to healthy controls [4;5]. A
greater than 90% of PV patients harbor a somatic mutation JAK2 V617F, which leads to
hyperactive Epo signaling [6;7]. This mutation plays an important role in the pathophysiology
of PV cells. However, the growing evidence suggests that JAK2 mutation may not be the initial
PV event [2;8;9]. In order to study the molecular mechanisms of erythropoiesis, large numbers
of cells at the same maturation stage are needed. Several in vitro erythroid expansion methods
have been developed [10;11]. We have developed an improved in vitro erythroid expansion
method to obtain synchronized populations of erythroid cells from an easily attainable volume
of peripheral blood mononuclear cells (PB-MNCs) [12].

Erythropoiesis requires many factors, including Epo [13], Epo receptor (EpoR) [13], Gata-1
[14;15;16], Stat5 [17;18;19], Bcl-XL [17;18;19], Bnip3L (also called Nix) [20;21], c-Myb
[22;23], and others including microRNAs (miRNAs) [12;24;25;26]. MicroRNAs are small
non-coding RNAs (~22nt) that regulate gene expression. Previously, we have characterized
miRNA expression patterns during normal and PV erythropoiesis and identified several
miRNAs (miR-150, miR-451, miR-155, miR-222, miR-378) dysregulated in PV cells [12]. In
silico prediction showed that these miRNAs may target these erythropoietic regulators.

In the present study, we employed an in vitro erythroid expansion system to characterize unique
features of PV erythropoiesis and examine expression profiles of selected erythropoietic
regulators to better define the molecular mechanisms of PV pathogenesis and now demonstrate
differential expression of p27, cMYB and EPOR.

MATERIALS AND METHODS
Erythroid cell expansion

Eight healthy donors and 13 PV patients donated peripheral blood using a University of Utah
Institutional Review Board approved protocol. The PB-MNCs were isolated by a Ficoll-
Paque (Sigma, St. Louis, MO) gradient centrifugation according to the manufacturer’s
protocol. The PB-MNCs (106 cells/ml) were cultured in StemSpan Serum-Free Expansion
Medium (StemCell Technologies, Vancouver, CA) and expanded in a three-phase liquid assay
for 21 days, as previously described [12]. Briefly, the medium was changed every 2–3 days
and cell density was adjusted at 106 cells/ml. At days 1–7 cells were grown in StemSpan
CC110 Cytokine Cocktail (StemCell Technologies, Vancouver, CA); containing 100ng/ml
Stem Cell Factor (SCF), 100ng/ml Thrombopoetin (Tpo) and 100ng/ml Fetal Liver Tyrosine
Kinase 3 Ligand (Flt3-L), at days 8–14 with 50ng/ml SCF, 50ng/ml Insulin-like Growth Factor
I (IGF-I) (R&D Systems, Minneapolis, MN), 3U/ml Epo (Amgen, Thousand Oaks, CA) and
at days 15–21 50ng/ml IGF-1 and 3U/ml Epo. The cultured cells were incubated at 37ºC in
5% CO2 atmosphere and collected on the 1st, 7th, 9th, 11th, 14th, 16th, 19th, and 21st days. At
each time point, the cells were evaluated for cell growth, maturation stage, and apoptosis/cell
cycle.

Flow cytometry
The harvested cells (5×105) were re-suspended in PBS containing 5% fetal bovine serum and
double-stained with fluorescein isothyocyanate (FITC)-conjugated anti-CD71 (transferrin
receptor) and phycoerythrin (PE)-conjugated anti-CD253a (glycophorin A) monoclonal
antibodies (BD Pharmigen, San Jose, CA). Flow cytometric analysis was performed on a
FACScan Analyzer instrument (Becton Dickinson, San Jose, CA), as previously described
[12].
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Erythroid maturation was monitored at defined time points by fluorescent activating cell sorter
(FACS) analysis using two differentially-regulated antigens; i.e., CD71 that is up-regulated in
erythroid and other rapidly proliferating cells and an erythroid-specific antigen, glycophorin
A (CD235a), and by conventional morphologic analysis of Wright-Giemsa-stained maturating
erythroid cells. During erythroid maturation, CD71 surface expression is increased in early-
expanded erythroid cells and then gradually decreases, while CD235a expression is
progressively increased with erythroid maturation.

In the ensuing FACS analysis 6 different regions based on the differential expression levels of
CD71 and CD235a are defined, which correspond to those defined in mouse erythropoiesis
[27]; region I - CD71midCD235alow, region II - CD71highCD235alow, region III -
CD71highCD235ahigh, region IV - CD71midCD235ahigh, region V - CD71lowCD235ahigh, and
region VI - CD235amax.

Cell growth and apoptosis/cell cycle analyses
Cell number and viability were determined using CellometerAutoT4 (Nexcelom Bioscience,
Lawrence, MA) based on the trypan blue exclusion method. Apoptosis and cell cycle analyses
were assessed by propidium iodide (PI) staining [28].

Cell morphology
For cell morphology analyses, the cells were washed twice in PBS and slides (200,000 cells
per slide) were prepared by centrifugation at 1,500 rpm for 5 minutes using Cytospin 2
(Shandon Co., Pittsburgh, PA). The cells were stained with Wright-Giemsa stain (Sigma, St.
Louis, MO), the slides were randomly labeled, and at least 100 cells on each slide were
morphologically evaluated by a hematopathologist.

Quantitative expression analysis of selected genes
Total RNA was isolated from the cells by Tri-Reagent (MRC, Cincinnati, OH). The RNA
(500ng) was reverse transcribed into cDNA using SuperScript III First-Strand Synthesis
SuperMix for qRT-PCR kit (Invitrogen, Carlsbad, CA) using the following conditions: 25 ºC
for 10min, 50 ºC for 30min, 85 ºC for 5min with additional RNase H incubation at 37 ºC for
20min. Expression of the genes was determined by quantitative real time polymerase chain
reaction (qRT-PCR) using TaqMan Expression Assays (cMYB: Hs00920571_m1; EPOR:
Hs00181092_m1; cKIT: Hs00922209_m1; p27: Hs00153277_m1; BCL-XL: Hs00169141_m1;
BNIP3L: Hs00188949_m1) (Applied Biosystems, Foster City, CA). One μl of cDNA was used
for qRT-PCR and the reaction was carried out at 95ºC for 10min, followed by 40 cycles of
94ºC for 15s and 60ºC for 1min. Expression level of the genes was normalized to 18S rRNA
(Hs99999901_s1, Applied Biosystems). Means of ΔCT with standard error were calculated
[29]. JAK2 V617F allelic burden was quantified in purified granulocytes by quantitative AS-
PCR methods, as previously described [3].

Statistical evaluation
The statistical significance between controls and PV patients was calculated by Student’s t-
test and p-value below 0.05 was considered significant.

RESULTS
Accelerated maturation of PV erythroid cells during early stages of erythropoiesis

We have evaluated the expanded erythroid cells from both controls (n=8) and PV patients
(n=13) by a differential surface markers (CD71/CD235a) expression pattern, and cell
morphology [11] The expanded erythroid cells from both groups showed a typical differential
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surface expression pattern of CD71 and CD235a antigens during the in vitro expansion until
day 14. However, PV-erythroid cells differed from normals and had accelerated maturation
during days 7~11. As shown in Table 1 and Figure 1, the more maturated erythroid cells in PV
appeared from days 7 ~ 11, and then from day 14 expanded cells from PV and controls became
comparable.

This accelerated maturation of PV progenitors was validated by the morphological analyses.
The de-identified slides were evaluated microscopically and the percentages of each population
of erythroid cells from each group were averaged (Figure 1). The basophilic erythroblasts
started to appear at day 7 (2.3% in controls versus 21.5% in PV), reached a maximum at day
11 (72.8% in controls versus 55.9% in PV) and thereafter decreased. The polychromatophilic
erythroblasts appeared at day 11 in controls (16.9%) and at day 9 in PV (9.8%), and reached
peaks at day 16 in controls and day 14 in PV. The morphologically identifiable late
(eosinophilic) erythroblasts in both controls and PV increased exponentially from day 16. At
day 19, most of expanded cells became polychromatophilic erythroblasts and late normoblasts.
At day 21, the majority of cells were late normoblasts with a small fraction of reticulocytes.

This in vitro expansion method did not efficiently support the terminal erythroid maturation,
such as enucleation and mitochondrial/ribosome removal, as previously described [10].
However, some reticulocytes from as early as day 14 in PV and day 16 in control cultures were
present. High expressing CD235a cells (Region VI) started to appear from day 16 in controls
and slightly earlier in PV erythroid cells. Concomitantly, morphological analyses revealed
increasing proportions of smudge cells.

To ensure that the expanded cells are erythroid origin, we analyzed the expression of CD3
(marker for T-lymphoid cells) and CD19 (marker for B-lymphoid cells) on the expanded cells.
At day 1, 30~55% of cells were lymphoid lineage cells that reflected the composition of the
PB-MNC population. However, this lymphoid population was significantly reduced as
maturation progressed (at day 7, 16.8% and at day 9, 10.2%). From day 14, we were not able
to identify any other lineage cells than erythroid.

Hyper-proliferation of PV erythroid cells at intermediate stages of maturation
PB-MNCs (106 cells/ml) from both controls and PV patients were cultured for 21 days in the
presence of selected cytokines, as described in Materials and Methods. The time points were
selected based on previously published data [12]. Cell proliferation was expressed as fold
change by calculation of cell number at the indicated time point/cell number at day 1 (at day
1 most cells were lymphoid and other non-erythroid cell lineages). The culture conditions
resulted in a synchronized expansion of erythroid cells (but not non-erythroid cells), which
plateaued at 3.6-fold expansion at day 14 and then decreased to 2.6-fold by day 21. Both control
and PV cells had a similar growth rate up to day 9 (Figure 2). However, PV erythroid cells had
higher growth rate from day 9 up to day 14 (1.4 to 8.2 fold versus 1.2 to 3.6 fold of normal
erythroid cells, p=0.04). At day 21 there was no obvious difference between number of PV
and normal erythroid progenitors.

Increased S phase population in PV erythroid cells at day 11
To investigate the mechanism of hyper-proliferation of expanded PV early erythroid
progenitors, we performed apoptosis/cell cycle analysis using PI staining followed by FACS
analysis. As shown in Figure 3, the proportion of apoptotic cells from both controls and PV
erythroid cells were noticeable at the beginning of the culture, then gradually decreased until
day 14, and then increased again. During days 7~11, control erythroid cells had a higher
proportion of apoptotic cells. Thereafter, PV erythroid cells contained larger apoptotic
populations than control erythroid cells. In concordance with the results from Figure 1, the S-
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phase was significantly increased in PV erythroid cells at day 11 compared to controls (45.4
versus 20.1%, p<0.01), while the G0/G1 phase was reduced in PV cells (24.01 versus 57.2%,
p=0.012).

Expression patterns of selected genes during erythroid maturation
To search for the molecular basis of these PV-specific erythroid expansion (i.e. hyper-
proliferation and accelerated maturation), we tested expression levels of selected genes by
qRT-PCR, including cell cycle- and apoptosis-related genes (p27, BNIP3L, and BCL-XL) and
erythropoiesis-regulating genes (c-MYB and EPOR).

As shown in Figure 4, three distinct expression patterns were observed: a) up-regulation of
BCL-XL and BNIP3L, b) biphasic expression of c-MYB and EPOR and c) relatively steady
expression of p27. The gene expression of the anti-apoptotic genes BNIP3L and BCL-XL
gradually increased as maturation progressed. BNIP3L showed significant differences between
controls and PV at days 11 and 14. Expression of p27, cell cycle inhibitor, in control erythroid
cells was increased at days 11 and 14, while in PV it remained at the low level throughout
maturation. Expression of cMYB was increased until day 11 then reduced, and remained at the
low level from day 14 until day 21. However, the level of cMYB expression was significantly
decreased in PV at day 11 (p<0.05). The mRNA level of EPOR peaked at day 11, then gradually
decreased in both groups; however, the expression of EPOR were significantly higher in
controls at days 11 and 14 compared to PV (p<0.01). From day 16, the EPOR mRNA levels
became comparable in both controls and PV.

We then compared levels of the JAK2V617F allelic burden (ranging from 65~99.8%) with PV
aberrant expression of the tested genes and no correlation was found (data not shown).

DISCUSSION
The cell proliferation defect of PV has been exemplified using erythroid colony-forming assays
(BFU-E and CFU-E) that measure the erythroid progenitors’ proliferation and maturation.
However, these assays examine cells at the intermediate and terminal stages of erythroid
maturation and cannot accurately assess the proliferation, apoptosis, or subtle changes in
maturation. In order to study PV pathogenesis at the cellular and molecular levels, we selected
a culture system that permits evaluation of earlier stages of erythroid maturation. Further, this
liquid culture system allows an easy access to the maturating cells during erythroid expansion
[12;30]. In contrast to CD34-derived cultures necessitating sampling of marrow or use of the
large amount of peripheral blood for CD34 cell preparation, we used a small amount of
peripheral blood (7 ml) as a source of easily obtainable mononuclear cells.

To characterize in vitro PV erythropoiesis, we evaluated erythroid maturation by two
independent methods, CD71/CD235a differential surface expression analysis by FACS, and
conventional morphology of Wright-Giemsa stained erythroid cells. Initially, PB-MNCs from
both controls and PV at day 1 exhibited no morphological feature of erythroid maturation and
were CD71/CD235a-negative (Table 1). FACS analyses showed that 40.5% of peripheral blood
circulating cells were lymphocytes, however, this population is significantly reduced as
erythroid maturation progressed (10.2% at day 9). A morphological evaluation showed that
the expanded population was erythroid from day 14. However, PV erythroid cells showed
accelerated erythroid proliferation and maturation from day 7 to day 14 compared to control-
EPs (Table 1). Morphologically, all erythroid maturation stages (i.e., basophilic and
polychromatophilic erythroblasts and eosinophilic normoblasts) appeared earlier in PV;
however, by day 16 of the culture, both PV and control erythroid cells were composed of similar
proportions of each maturation stage. Previously, Ugo et al demonstrated that glycophorin-
positive cells appear earlier in PV than control in CD34 positive in vitro cell culture [31]. Our
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results confirmed and further refined the accelerated erythroid maturation of PV progenitors.
This recognizable erythroid PV maturation was first noted at day 7 when the medium does not
contain Epo, which correlates with the hallmark of PV; i.e. presence of Epo-independent
(endogenous BFU-E) erythroid colonies (EECs) [4]. However, the accelerated PV erythroid
maturation in the presence of Epo observed during the second week of culture was not
anticipated, since the numbers of concomitantly analyzed BFU-E colonies from controls and
PV are indistinguishable at 3U/ml Epo when examined by phase contrast microscope (data not
shown).

We also evaluated erythroid cell proliferation. Erythropoietin and Insulin-like Growth Factor
I were present in the medium at the second week of culture, and numbers of erythroid cells
increased during this period (Figure 2). However, at this stage of erythroid maturation, PV
erythroid cells had higher proliferation rates compared to controls. Our data contrast with data
published by Ugo et al who concluded that PV may not have Epo hyperproliferative
abnormality [31]; however, later the same group and others demonstrated the Epo
hypersensitivity of PV progenitors [32;33].

Further, we tested a hypothesis that the increased proliferation in PV was due to decreased
apoptosis. The proportion of apoptotic erythroid cells from controls and PV at each time point
of culture was evaluated by PI staining followed by FACS analysis. As shown in Figure 3, we
observed biphasic patterns of the subdiploid population. Our culture conditions supported
pluripotent hematopoietic cells initially and then erythroid progenitors. As the cells present at
initiation of culture (PB-MNCs) were heterogeneous, the non-erythroid cells (mainly
lymphocytes and monocytes) were rapidly undergoing apoptosis during early stages of culture.
At the terminal stages of culture, our in vitro expansion assay could not support erythroid cells
beyond the late normoblast stage based on the morphological analysis. As shown in Figure 2,
there was significant cell number reduction after day 14, but the apoptotic rate was not
significantly different between controls and PV. Cell cycle profiles of PV progenitors were
significantly different with higher percentage of S-phase population in PV (Figure 3). The
combined data suggest that PV specific hyper-proliferation was caused by aberrant cell cycle,
not by reduced apoptosis.

To understand the molecular mechanisms of increased proliferation and accelerated maturation
in PV, we analyzed various erythropoiesis-regulating genes. We previously identified several
uniquely regulated microRNAs in in vitro expanded PV erythroid cells: miR-150, 451, 222,
155, and 378 [12]. We selected these target genes from in silico miRNA target analysis, that
were candidates for regulation of erythroid maturation and cell cycle: EPOR [13], BCL-XL
[17;18;19], BNIP3L [20;21], cMYB [22;23] and p27. In present study, we demonstrated that
cMYB, BNIP3L, p27 and EPOR have unique profiles in PV erythroid cells during expansion
(Figure 4).

In this study, the expression of BCL-XL was changed during maturation, but showed no
difference in PV and controls. Bcl-XL has been reported to be involved in regulating erythroid
proliferation and survival [34]. The other apoptosis regulating factor BNIP3L in PV erythroid
cells trended to a lower expression at day 11 and 14, although these have not reached statistical
significance (p=0.16 and p=0.07, respectively).

The expression of cell cycle inhibitor p27KIP1 was higher in control erythroid cells at days 11
and 14 (Figure 4, p=0.05). At that stage, the cell proliferation rate of PV was higher (Figure
2) with an increased S-phase cell proportion (Figure 3), suggesting possible effect of higher
levels of p27 in the controls. The p27 is one of miR-222 putative targets [35] and this miRNA
was over-expressed during the second week of PV erythroid expansion [12]. The c-Myb is
reported to regulate c-Kit receptor and is expressed from the early erythroid cells to the CFU-
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E stage [23;36]. It maintains proliferative activity of erythroid progenitors at early stages. We
found a high expression of c-MYB in PV erythroid cells at days 7 and 9, possibly causing rapid
acceleration/initiation of growth of PV cells at this stage. c-MYB has been shown to be a target
of miR-150 that plays a crucial role in B cell development [37]. In our previous study,
miR-150 was decreased in PV erythroid cells at all stages of erythroid maturation [12]. We
anticipated the higher EPOR expression, since PV erythroid cells are known to be
hypersensitive to Epo; however, EPOR mRNA was markedly decreased in PV erythroid cells
during the mid-stage of erythroid maturation (days 11 and 14, p=0.0007 and 0.0074,
respectively). Our previous work showed that EPOR is potential target of miR-575. However,
the differential expression of miR-575 in PV was shown only at the late stage of erythropoiesis.
It is possible that the differential expressions of selected genes (c-MYB, p27, EPOR and
possibly BNIP3L) in PV may be result of PV accelerated maturation at the mid-point of
erythropoiesis. However, as shown in Figure 4, the aberrant expressions of selected genes were
stage-specific for PV erythroid progenitors. This suggests that observed differences in
expression are PV unique and possibly contribute to PV phenotype.

We are cognizant that the analyses of erythroid progenitors we used here differ from in vivo
conditions wherein the typical PV patient has a low Epo level that precludes erythroid
maturation and proliferation of non-PV progenitors that are dormant in PV marrow. However,
PV is a prototype of primary polycythemia, wherein somatic mutation(s) exert cell specific
defect(s) that, unlike in secondary polycythemia, is (are) not humoral factor dependent [38].
In point of fact, the assay we used with low Epo levels allowed us to evaluate PV erythroid
progenitors; however, under these conditions an insufficient number of normal erythroid
progenitors were generated, precluding meaningful comparative analyses (data not shown).

Here we demonstrate the increased proliferation and accelerated maturation of PV erythroid
cells during the mid-stage of erythropoiesis. These PV-specific erythroid differences correlate
with aberrant expressions of p27, EPOR and c-MYB.
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Figure 1. Accelerated maturation of PV erythroid progenitors at the early stages of erythropoiesis
At each time point, the cells were analyzed under microscope for maturation stage by cell
morphologies after Wright-Giemsa staining and. cell morphology scores were measured. The
percentages of cells were calculated in total evaluated cells at the particular time point. Data
are presented as the mean percentage of particular cell type of 8 controls and 13 PV patients.
PV-polycythemia vera, d-day, Pro-EryB- proerythroblasts, Baso-EryB- basophilic
erythroblasts, Poly-EryB- polychromatophilic erythroblasts.
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Figure 2. Hyper-proliferation of PV erythroid progenitors
The cell number of expanded cells was determined at each time point by trypan blue exclusion
method. Fold change was calculated by cell number at the indicated time/cell number at day
1. Data are presented as the mean plus standard error. PV-polycythemia vera, d-day.
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Figure 3. PV erythroid progenitors at day 11 contained high proportion of S phase cells than control
progenitors
Apoptosis (Sub-diploid) and cell cycle phase were analyzed using propidium iodide staining.
Data are presented as the mean plus standard error. The statistical significance between control
and PV erythroid cells was calculated by Student’s t-test. PV-polycythemia vera, d-day, * and
** represent p <0.05 and p <0.01, respectively.
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Figure 4. Differential expression of apoptotic and cell cycle regulators at specific stages of PV
erythropoiesis
The expression levels of selected genes were tested during normal and PV erythropoiesis using
qRT-PCR. Means of ΔCT with standard error were shown in Y-axis. Data are presented as the
mean plus standard error. The statistical significance between control and PV erythroid cells
was calculated by Student’s t-test. PV-polycythemia vera, d-day, * and ** represent p <0.05
and p <0.01, respectively. Relative expressions of particular genes as indicated were
normalized against the level at day 1.
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