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Summary

The transcription factor Nuclear Factor-Erythroid 2 (NF-E2) is overexpressed in the vast majority
of patients with polycythaemia vera (PV). In murine models, NF-E2 overexpression increases
proliferation and promotes cellular viability in the absence of erythropoietin (EPO). EPO-
independent growth is a hallmark of PV. We therefore hypothesized that NF-E2 overexpression
contributes to erythrocytosis, the pathognomonic feature of PV. Consequently, we investigated the
effect of NF-E2 overexpression in healthy CD34* cells. NF-E2 overexpression led to a delay in
erythroid maturation, manifested by a belated appearance of glycophorin A-positive erythroid
precursors. Maturation delay was similarly observed in primary PV patient erythroid cultures
compared to healthy controls. Protracted maturation led to a significant increase in the
accumulated number of erythroid cells both in PV cultures and in CD34* cells overexpressing NF-
E2. Similarly, NF-E2 overexpression altered erythroid colony formation, leading to an increase in
BFU-E formation. These data indicate that NF-E2 overexpression delays the early phase of
erythroid maturation, resulting in an expansion of erythroid progenitors, thereby increasing the
number of erythrocytes derived from one CD34* cell. These data propose a role for NF-E2 in
mediating the erythrocytosis of PV.
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Introduction

The description of a point mutation in the gene encoding Janus kinase 2 (JAK2V617F) in the
vast majority of patients with polycythaemia vera (PV) as well as around 50% of patients
with essential thrombocythaemia (ET) and primary myelofibrosis (PMF) underscores the
interrelatedness of the three Ph—-myeloproliferative disorders (MPDs) (Baxter et al, 2005,
James et al, 2005, Kralovics et al, 2005a, Levine et al, 2005). In a murine transplantation
model, the JAK2V617F mutation recapitulated many features of PV, including erythrocytosis,
in some cases thrombocytosis, and the development of myelofibrosis (Lacout et al, 2006,
Wernig et al, 2006, Zaleskas et al, 2006). These data demonstrate that the JAK2V617F allele
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is sufficient to induce polycythaemia in a murine model and suggest that it plays a pivotal
role in causing erythrocytosis in PV patients.

However, recently, compelling evidence has arisen that the JAK2V617F mutation is not the
disease-initiating alteration in MPDs. Firstly, in families with an inherited predisposition to
the development of MPDs, JAK2V617F js not inherited through the germline (Bellanné-
Chantelot et al, 2006, Cario et al, 2005). Secondly, in some female patients, the percentage
of JAK2V617F_alleles is significantly lower than would be predicted from the fraction of
clonal granulocytes present (Kralovics et al, 2006, Nussenzveig et al, 2007). Thirdly, in
around 50% of JAK2V617F_positive MPD patients who develop leukaemia, the leukaemic
blasts are negative for JAK2V617F (Campbell et al, 2006, Theocharides et al, 2007). In
selected patients who, in addition to the JAK2V617F mutation, carry a clonal chromosomal
abnormality, marking the progeny of the MPD stem cell, it was possible to show that the
JAK2VE17F_negative leukaemic blasts retained the chromosomal abnormality and thus arise
from the MPD stem cell (Theocharides et al, 2007). It is therefore likely that an initial
molecular event precedes acquisition of the JAK2V617F mutation (Kralovics et al, 2006).

We recently described overexpression of the transcription factor NF-E2 in over 90% of PV
patients tested (Goerttler et al, 2005). The degree of NF-E2 overexpression correlated with
the JAK2 genotype and the percentage of JAK2V617F mutant allele expressed (Kralovics et
al, 2005b, Vannucchi et al, 2006). Whether NF-E2 overexpression is mediated by the
JAK2VEITF mutation, or whether it is the result of independent alterations is currently being
investigated in our laboratory.

Several published observations make NF-E2 an exceptionally promising candidate for the
molecular aetiology of PV. It is expressed in haematopoietic precursors as well as in
erythroid, megakaryocytic and granulocytic cells (Andrews et al, 1993, Toki et al, 1996). As
a stem cell disorder in which trilineage hyperplasia is frequently observed, PV affects
precisely these cell types. Moreover, using antisense oligonuceotides, Labbaye et al. (1995)
have demonstrated that NF-E2 is required for erythroid colony formation.

Sayer et al. (2000) have previously shown that overexpression of NF-E2 in a murine
erythroid cell line increases cell proliferation and promotes spontaneous morphological
erythroid maturation in the absence of erythropoietin (EPO). Moreover, in murine fetal liver
cells NF-E2 overexpression led to the development of EPO-independent erythroid colonies
(Sayer et al, 2000). EPO-independent erythroid colonies, termed “endogenous erythroid
colonies (EECs)”, are characteristically and specifically observed in PV patients (Prchal and
Axelrad 1974) (reviewed in (Westwood and Pearson 1996)). In addition, ectopic expression
of NF-E2 in the murine myeloid cell line M1 led to the spontaneous emergence of erythroid
cells (Sayer et al, 2000). Taken together, these data demonstrate that, in murine cells,
augmenting the level of NF-E2 can promote erythroid maturation in the absence of EPO and
can reprogram precursor cells towards erythroid differentiation.

We therefore hypothesized that NF-E2 overexpression contributes to erythrocytosis, the
pathognomonic feature of PV. To test this hypothesis, we investigated the effect of NF-E2
overexpression on the erythroid differentiation and maturation of primary human CD34*
cells.

Patients, Materials and Methods

Patients

Peripheral blood (PB) samples were obtained from therapeutic phlebotomies of PV patients
who fulfilled the World Health Organization (WHO) criteria for diagnosis (WHO 2001),

Br J Haematol. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mutschler et al.

Page 3

either from the University Hospital Freiburg, the Department of Haematology, Careggi
Hospital, Florence, Italy or of the University of Chicago, Chicago, IL. Buffy coats of healthy
volunteer blood donors were obtained either from the University Hospital Freiburg or from
the transfusion centre at “La Sapienza” University, Rome, Italy. The study protocol was
approved by the local ethics committees and informed consent was obtained from all
patients. Each patient was assigned a unique patient number (UPN), which was used
thereafter for the protection of privacy. In total, 41 healthy controls and 26 PV patients were
analysed. All PV patients were tested for the presence of the JAK2V617F mutation by
quantitative reverse transcription polymerase chain reaction (QRT-PCR) as previously
described (Steimle et al, 2007).

Isolation of CD34" Cells

CD34" cells were purified from peripheral blood samples by dextran sedimentation followed
by Ficoll-Paque (Pharmacia, Freiburg, Germany) separation (Kruisbeck et al, 1991) and
antibody-based magnetic bead separation (MACS Miltenyi, Bergisch Gladbach, Germany).
Prior to purification, the percentage of CD34* cells in phlebotomies of PV patients ranged
from 0.13% to 0.65%.

NFE2 mRNA Quantification and Western Blotting

NFE2 mRNA levels were determined as previously described (Goerttler et al, 2005). NF-E2
protein was detected with a polyclonal rabbit antibody directed against a peptide comprising
amino acids 133 to 146 of the NF-E2 protein, generated in our laboratory, and a horseradish
peroxidase (HRP)-coupled donkey-anti-rabbit secondary antibody (Amersham, Munchen,
Germany). GAPDH and beta-actin were detected using commercial antibodies (CSA-335,
Stressgen, Hamburg, Germany and Cat.-No: A5441, Sigma-Aldrich, Taufkirchen Germany,
respectively) and a HRP-coupled sheep-anti-mouse secondary antibody.

Erythroid Differentiation Medium

Erythroid differentiation medium consisted of StemSpan® Serum-Free Expansion Medium
(SFEM) (09600, StemCell Technologies, Vancouver, BC, Canada) supplemented with 50
ng/ml recombinant human (rh) stem cell factor (SCF) (300-07, PeproTech, Rocky Hill, NJ),
1 1U/ml EPO (Erypo FS 4000, Ortho Biotech, Bridgewater, NJ), 50 1U/ml rh interleukin 3
(rhIL3) (200-03, PeproTech), 40 ng/ml Human Low Density Lipoprotein (4004, Harbor Bio-
Products, Norwood, MA), 100 1U/ml Penicillin, 100 mg/ml Streptomycin (DE17-602E,
Cambrex, North Brunswick, NJ) and 2 pl/ml Primocin (VZA-1021, Amaxa Biosystems,
Cologne, Germany). Cultures were initially started in volumes ranging from 500 pl to 1 ml.
Cells were maintained at a concentration of 2 x 10%/ml, verified by daily counting and
addition of medium.

Retroviral Transduction of CD34* Cells

NFE2 cDNA was cloned into the pMYSIG-GFP retroviral vector (Kitamura et al, 2003), a
kind gift of Dr. C. Stocking, Heinrich-Pette-Institut, Hamburg. Retroviral pseudotypes were
prepared with the envelope protein of the feline endogenous retrovirus RD114. Human
CD34" cells were infected as previously described (Schiedimeier et al, 2003). Briefly,
between 1 and 3 x 10° cells (2 x 10° cells/ml) were prestimulated for 2 days in serum-free
medium (StemSpan® SFEM, 09650, Stem Cell Technologies) with 100 ng/ml rhSCF
(300-07, PeproTech), 100 ng/ml rhFLT-3Ligand (300-19, PeproTech) and 20 ng/ml each
rh1L6 (200-06, PeproTech) and rh thrombopoetin (TPO) (300-18, PeproTech). Infections
were performed in 6-well plates coated with retronectin® (T100B, Takara, Otsu, Shiga,
Japan). Two cycles of retroviral infection were performed over a 48-h period using a
multiplicity of infection (MOI) between 8 and 20. Transduction efficiencies ranged from 40
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— 60% with the empty pMY SIG-GFP vector and 25 — 60% with pMY SIG-NF-E2-GFP.
Following transduction, GFP-positive cells were sorted by fluorescent-activated cell sorting
(FACS) and analysed as described.

FACS Analysis

Cells were stained with a phycoerythrin (PE)-conjugated anti-CD235a/GpA antibody (clone
GA-R2 (HIR2)) as well as an allophycocyanin (APC)-conjugated anti-CD36 antibody (clone
CB38), or their isotype controls, IgG2bk-PE (clone 27-35) and IgMk-APC (clone
G155-228), all from BD Biosciences, Franklin Lakes, NJ, and analysed on a FACS Calibur
(BD Biosciences) using both CellQuest (BD Biosciences) and FlowJo softwares (FlowJo,
Ashland, OR).

Morphological Analysis

Cell smears were obtained by cyto-centrifugation (Shandon, Astmoor, England) and cell
morphology revealed by May-Grinwald-Giemsa (Sigma-Aldrich) staining.

Benzidine Staining

Cytospin preparations were fixed in 100% Methanol for 15 s, and subsequently stained for 5
min with 1% 3,3'-Dimethoxybenizidine (o-Dianisidine, D9143, Sigma-Aldrich) followed by
an incubation in 30% H»0, (diluted 1:12 with 70% Ethanol) for 2.5 min. After washing, the
slides were counter-stained with Giemsa (Accustain® Giemsa Stain, GS500-500ML Sigma-
Aldrich) for 30 min, washed again and air-dried.

RNA Interference (RNAI)

Suppression of NF-E2 expression was achieved both by siRNA and by shRNA interference.
Both approaches gave identical results. For suppression of NF-E2 by siRNA, between 1 and
2 x 10° CD34" cells were cultured in erythroid differentiation medium (see above) at a
concentration of 5 x 10% cells / ml for 6 days prior to nucleofection with either a negative
control siRNA (Cat No 4611, Ambion, Austin, TX) or an siRNA directed against NF-E2 at a
concentration of 1 uM (Cat. No. 16804, ID 3346, Ambion). Nucleofection was performed
with the Nucleofector 2 (Amaxa, Koeln, Germany) using the U-008 program and the CD34*
nucleofection solution (Cat. No. 51332, ID 602, Amaxa). Twenty-four hours after
nucleofection, cells were seeded in methylcellulose (1000 cells/ml) to assess colony
formation.

For suppression of NF-E2 by shRNA, a lentiviral vector, pPLEGO-G (Weber et al, 2008),
was engineered to express either a 19 bp nucleotide shRNA against NF-E2, 5" GGA TTA
TCC CTC AAC TAT A 3’ or a scrambled version of the same nucleotides, 5 CAC GGA
TGT AAT TCC AAT T 3’ which was used as a control. Lentiviruses were produced from
these constructs by transient CaPO4-mediated transfection of 293T cells with the lentiviral
backbone plasmid, a vsv.g-glycoprotein encoding plasmid and a gag/pol plasmid. Titres of 5
x 106 1U/ml were regularly achieved and concentrated by ultracentrifugation to 1 x 108 1U/
ml. Lentiviral infection of CD34" cells was achieved by prestimulating between 1 and 3 x
10° cells (5 x 10 cells/ml) for 4 h in serum-free medium (StemSpan® SFEM, 09650, Stem
Cell Technologies), 100 ng/ml rhSCF (300-07, PeproTech), 100 ng/ml rhFLT-3 ligand
(300-19, PeproTech) and 20 ng/ml each rhIL6 (200-06, PeproTech) and rhTPO (300-18,
PeproTech). Infections were performed in 6-well plates without the addition of a
transduction facilitator. Two cycles of lentiviral infection were performed over a 48 hour
period using MOIs between 5 and 20. Transduction efficiencies ranged from 20 — 40% with
both the control and the NF-E2-shRNA vector. Following transduction, GFP-positive cells
were sorted by FACS and analysed as described.
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Colony Assays

Cells were seeded in methylcellulose media (1000 cells/ml) containing either SCF, IL-3,
granulocyte-macrophage colony-stimulating factor (GM-CSF) and EPO (H4434, Stem Cell
Technologies) or containing only SCF, I1L-3 and GM-CSF but no EPO (H4534, Stem Cell
Technologies) and incubated for 14 days at 37°C, 5% CO». Erythroid colony-forming unit
(CFU-E) growth was scored on day 8, erythroid burst-forming unit (BFU-E) growth on day
14. Endogenous erythroid colony (EEC) growth was scored on day 14. Colonies were
counted by independent observers, blinded to the experimental conditions.

MNC Expansion Culture

10 x10°% - 20 x108light density blood cells were separated by Ficoll (Hypaque, Amersham
Pharmacia Biotec, Uppsala, Sweden) and cultured at a density of 1 x 106/ml in Iscove's
Modified Dulbecco's Medium (IMDM; Invitrogen, Carlsbad, CA) containing fetal bovine
serum (FBS, 20% v/v, Hyclone, Logan, UT) and Bovine Serum Albumin (BSA, 4% w/v,
Sigma-Aldrich). The cultures were stimulated with optimal concentrations of SCF (10ng/
mL, Amgen, Thousand Oaks, CA) and EPO (3U/mL, Epoetina alfa, Dompé Biotec, Milan,
Italy), and sub-optimal concentrations of IL3 (1ng/mL, Bouty, Milan, Italy) as described
(Migliaccio et al, 2002). The cultures were replenished with fresh medium and growth
factors every 3 - 4 days to maintain a concentration of 1 x 106/ ml. After 13 days, cells were
collected for morphological and molecular analysis.

Statistical Analysis

Results

Statistical differences between groups were determined by Kruskal-Wallis One Way
Analysis of Variance (ANOVA) on Ranks. A p value < 0.05 was considered statistically
significant.

NF-E2 is overexpressed in PV erythroid cells

In order to test whether PV erythroid cells display increased levels of NF-E2, we isolated
CD34" cells from PV patients and healthy controls. In freshly isolated CD34* cells, which
constitute a heterogeneous population of stem cells, there was no difference in NF-E2
expression between patients with PV and healthy controls (data not shown). Subsequently,
we cultured the CD34* cells in an erythroid differentiation medium containing EPO, IL-3
and SCF (Ugo et al, 2004). After 5 days of culture, RNA was harvested and NFE2
expression quantitated by qRT-PCR. In cultured erythroid precursor cells, PV patients
displayed 2- to 4-fold higher NFE2 levels than healthy controls (Fig. 1A). In order to ensure
that elevated NFE2 expression in PV patients was not merely a reflection of modified
erythroid differentiation or maturation in PV cultures, the percentage of early and late
erythroid progenitors (CD36*/GpA™ and CD36*/GpA* respectively, see Fig. 2) was
determined. Healthy controls and PV patients contained similar percentages of both early
and late erythroid progenitors in these cultures (Fig. 1B). Hence, NFE2 overexpression is
not a reflection of altered maturation, but represents an intrinsic feature of PV erythroid
cells.

NF-E2 overexpression delays erythroid maturation

We subsequently used FACS analysis to assess erythroid maturation in the liquid culture
system. Both the culture conditions used and the assessment of erythroid maturation using
CD36 and GpA (Glycophorin A, CD235a) were established by Dr. Vainchenker's laboratory
(Garcon et al, 2005, Ugo et al, 2004). In order to characterize the cell population delineated
by these two markers, initial experiments were conducted with untreated peripheral blood

Br J Haematol. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mutschler et al.

Page 6

CD34" cells from healthy volunteers. CD34* cells were cultured in erythroid differentiation
medium and analysed daily for CD36 and GpA expression by FACS. While freshly isolated
CD34" cells displayed neither CD36 nor GpA on their surface (CD367/GpA"), cultivation in
erythroid differentiation medium lead to the appearance of CD36-positive cells within 2 - 3
days. However, these cells initially did not express GpA (CD36*/GpA"). Following further
cultivation, CD36*/GpA* double positive cells began to appear. The percentage of CD36"/
GpA* double positive cells increased steadily, while, at the same time, the population of
immature CD36/GpA- double negative cells declined. Following 8 — 10 days in culture, all
cells were CD36*/GpA* double positive (data not shown).

We characterized the three cell populations, CD36/GpA- double negative, CD36"/GpA"
single positive and CD36*/GpA* double positive cells by plating in methylcellulose and by
Wright Giemsa staining of cytospins (Fig. 2). While the CD36/GpA™ double negative
fraction contained mostly BFU-E-derived bursts (Fig. 2B, inserts), the CD36*/GpA- single
positive cells appeared functionally more mature, giving rise to some CFU-E-derived
colonies (20 — 40%) in addition to BFU-E-derived bursts (60 — 80%). CD36*/GpA* double
positive cells almost exclusively gave rise to CFU-E colonies. Morphologically, all three
cell populations were indistinguishable (Fig 2B, inserts).

We enumerated the colony forming potential of different erythroid maturation stages
delineated by CD36 and GpA. In three separate donors the 1000 CD367/GpA™ double
negative cells gave rise to only half the number of colonies seen in the 1000 CD36*/GpA"
single positive cells (Fig. 2C). These data suggest that, during the very early phases of
differentiation, more immature erythroid precursors display a lower plating efficiency in
methylcellulose than more mature precursors.

We subsequently used this system to assess the effect of NF-E2 overexpression on erythroid
differentiation and maturation (Fig. 3). Peripheral blood (PB) CD34" cells from healthy
human volunteers were transduced with the pMY SIG-GFP retrovirus, a kind gift of Dr.
Carol Stocking, or with pMYSIG-NF-E2-GFP. GFP-positive cells were sorted and NF-E2-
overexpressing as well as control PB CD34™ cells were cultured in erythroid differentiation
medium. NFE2 mRNA and NF-E2 protein expression was assessed by gRT-PCR and
Western Blot, respectively, after 8 days in culture (Fig. 3A). Compared to empty vector-
transduced cells, NF-E2 transduced cells contained 2- to 10-fold higher levels of NFE2
MRNA and substantially elevated levels of NF-E2 protein (Fig. 3A). High endogenous
levels of NFE2 mRNA expression in erythroid precursor cells probably prevented a higher
degree of overexpression by the retroviral transgene. The degree of overexpression achieved
(a mean of 5.5-fold, Fig. 3A) closely mirrored that observed in PV patients (mean 7-fold
(Goerttler et al, 2005)).

Cell counts were monitored during the 48 h of retroviral transduction (Table 1). CD34"* cells
transduced with empty virus and those transduced with NF-E2 expressing virus yielded
similar absolute numbers of cells at the end of the transduction cycle. Hence, transmission of
NF-E2 did not impact proliferation during the 48 h of retroviral transduction.

Erythroid maturation was assessed by CD36 and GpA staining and FACS analysis (Fig. 3B -
D). NF-E2 overexpression was accompanied by a delay in erythroid maturation, manifested
by a belated appearance of CD36*/GpA™ double positive late erythroid precursors (Fig. 3B -
D). At the same time, at any given time point, increased proportions of early erythroid
progenitors (CD367/GpA°) remained in NF-E2 overexpressing cultures (Fig. 3B and C).
Importantly, NF-E2 overexpressing cells on day 10 of liquid culture retained significantly
elevated numbers of progenitors capable of colony formation in methylcellulose (Fig. 3E).
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Morphological evaluation similarly revealed more immature cells and fewer benzidine
positive, haemoglobinized cells in NF-E2 overexpressing cultures (Fig. 4A and B).

Over time, delayed maturation led to a significant increase in the accumulated number of
erythroid cells per progenitor cell in NF-E2 overexpressing cultures (Fig. 4C).

NF-E2 overexpression alters colony formation

To further test the hypothesis that NF-E2 overexpression delays erythroid maturation, we
next transduced PB CD347 cells and analysed colony formation in methylcellulose (Fig. 5).
NF-E2 overexpression led to a drastic reduction in the number of erythroid colonies (Fig.
5B), while the number of myeloid colonies (CFU-G, CFU-M and CFU-GM) was unaffected.
Initially, these results appeared paradoxical as NF-E2 overexpression led to increased cell
proliferation in the liquid culture system. However, proliferation and colony forming ability
are distinct features of erythroid progenitors. We had previously demonstrated that, in our
culture system, early erythroid precursors display a lower cloning efficiency than more
mature progenitors (Fig. 2C). Moreover, colony morphology was strikingly altered by NF-
E2 overexpression. While empty vector transduced cells mainly formed CFU-E-derived
colonies (70% +/- 20%) and, to a small degree, BFU-E-derived bursts (30% +/- 20%), NF-
E2 overexpressing cells almost exclusively formed bursts (80% +/- 5%) (Fig. 5C). In
addition, NF-E2 overexpressing bursts were larger and more dispersed than control bursts.
Therefore, both the decrease in colony number and the more immature colony type observed
in NF-E2 overexpressing cells were consistent with our observations that NF-E2
overexpression delays erythroid maturation (Figs. 3 and 4). Xu et al. (2005) have previously
reported a similar reduction in cloning efficiency in CD34" cells from patients with
idiopathic myelofibrosis, which have been shown to overexpress NF-E2 (Guglielmelli et al,
2007).

In the converse experiment, we examined the effect of decreasing NF-E2 expression by
RNA interference (RNAI) (Fig. 6). In healthy control CD34* cells, decreased NF-E2
expression increased erythroid colony formation (Fig. 6B). In contrast to NF-E2
overexpression, which led to an increase in BFU-E-derived bursts, inhibition of NF-E2 by
RNA. led to an increase in more mature, CFU-E-derived colonies (Fig. 6C). Thus, both NF-
E2 overexpression and NF-E2 depletion modulate erythroid colony formation in a consistent
fashion.

Given that NF-E2 overexpression is consistently observed in PV patients (Goerttler et al,
2005), we subsequently examined the result of decreasing NF-E2 in peripheral blood CD34*
cells from PV patients (Fig. 6D - F). In the presence of EPO, NF-E2 depletion did not
increase erythroid colony formation in PV CD34* cells (Fig. 6D), contrary to the
observation in healthy control cells (Fig. 6B). Likewise, the percentages of BFU-E and
CFU-E remained constant (Fig. 6E). Since formation of EPO-independent colonies, named
endogenous erythroid colonies (EECSs), is pathognomonic for PV patients, we examined the
effect of NF-E2 depletion on EEC formation (Fig. 6F). Decreasing NF-E2 expression
significantly reduced EEC formation (Fig. 6F), implicating this transcription factor in
facilitating EPO-independent growth.

Cultures of primary PV cells display delayed erythroid maturation

Because our data suggest that NF-E2 overexpression delays erythroid maturation, we
examined erythroid differentiation in primary cultures of PV patients and compared this to
healthy controls. Peripheral blood mononuclear cells (MNC) from PV patients or healthy
controls were cultured in MNC expansion medium and analysed morphologically on day 13.
There was a striking difference in the cell lineages elaborated by the two sources. While PV
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patient cultures gave rise almost exclusively to erythroid cells, healthy control MNCs
formed erythroid cells only with an average frequency of 62% and non-erythroid cells
(lymphocytes, monocytes and neutrophils) with an average frequency of 38%, (Fig. 7A and
B). The marked heterogeneity observed in healthy controls appeared to reflect physiological
inter-individual variation and was contrasted by the uniform response of PV patients, who
carry the JAK2V617F mutation.

Within the erythroid lineage, PV cultures contained increased numbers of immature
proerythroblasts compared to control cultures (Fig. 7C). Concomitantly, the number of more
mature polychromatic erythroblasts was decreased in comparison to controls (Fig. 7C). PV
MNC cultures therefore displayed a delay in erythroid maturation similar to that observed in
NF-E2 overexpressing CD34* cells.

We calculated the number of cells accumulated in PV and healthy control cultures. PV MNC
gave rise to between 7- and 8-fold higher cell numbers than healthy control cultures (Fig.
7D).

Discussion

We investigated the role that overexpression of the transcription factor NF-E2 may play in
the pathophysiology of PV. Our data suggest that NF-E2 overexpression delays erythroid
maturation and retains erythroid cells in the proliferative stage of development for an
extended time. Because erythroid precursors are maintained in the proliferative phase, each
progenitor undergoes more cell divisions and more progeny are generated from each
precursor cell. Therefore, more mature erythroid cells are formed from one NF-E2
overexpressing precursor cell than from a healthy precursor (Fig. 4C). Consistent with this
observation, Eaves and Eaves (1984) previously demonstrated an “increase in the cycling
activity of primitive BFU-E in the marrow of PV patients”.

We similarly observed delayed maturation and protracted presence of immature cells in
primary PV cells, when erythroid cultures of PV MNC were compared to healthy controls
(Fig. 7C). In addition, both the number of erythroid cells and the number of total cells
produced from PV cultures was significantly greater than in healthy controls (Fig. 7D).
Contrary to our data, Ugo et al. (2004) have previously described accelerated maturation of
PV cells compared to healthy controls. However, these authors used bone marrow-derived,
isolated CD34* cells, whereas we used peripheral blood MNC. In addition, the EPO
concentration in our MNC cultures was higher, while the SCF concentration was lower than
that used by Ugo et al (2004) (3 IU/ml vs. 1 IU/ml EPO and 10 ng/ml vs. 50 ng/ml SCF,
respectively).

Importantly, the isolated overexpression of NF-E2 in CD347 cells investigated here does not
completely recapitulate the situation in PV patients, in which both NF-E2 overexpression
and presence of the JAK2V617F mutation coincide. We propose that increased NF-E2
expression and augmented JAK2 activity synergize, perhaps by enhancing proliferation as
well as delaying and accelerating differentiation at different stages of erythroid maturation.
We are currently investigating this hypothesis by examining the effect of concurrent
presence of JAK2V617F and augmented NF-E2 levels.

The observation that NF-E2 overexpression led to a reduction in erythroid colony formation
(Fig. 5B) was unexpected. However, note that the number of immature BFU-E-derived
bursts was not decreased, only the more mature CFU-E-derived colonies were reduced in
NF-E2 overexpressing cells. In summary, this led to a large increase in the percentage of
bursts present in NF-E2 overexpressing cultures (Fig. 5C). Again, a delayed maturation
appears to be responsible. CD34" cells plated following the 2 days of prestimulation, but
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prior to retroviral transfer, almost exclusively formed BFU-E colonies (data not shown).
During the following 48 h of retroviral transduction, empty vector transduced cells matured,
and subsequently formed predominantly CFU-E-derived colonies, whereas NF-E2
overexpressing cells were delayed in maturation, and retained a more immature phenotype,
forming predominantly BFU-E-derived bursts (Fig. 5C). In colony assays NF-E2
overexpression thus likewise caused a shift towards the less mature stage, capable of
forming BFU-E-derived bursts, but largely prevented maturation to the CFU-E stage.

The initially surprising overall reduction in colony numbers (Fig. 5B) was explained by the
observation that less mature cells had a lower plating efficiency than more mature cells (Fig.
2C). Xu et al. (2005) previously described that CD34* cells from idiopathic myelofibrosis
(IMF) patients display lower plating efficiencies than CD34* cells from healthy peripheral
blood. By FACS analysis IMF CD34* cells were similarly shown to be phenotypically more
immature than control cells. The ability to form colonies in methylcellulose may thus
characterize slightly more mature cells. By definition, CFU-E and BFU-E were scored on
day 8 and day 14 of culture, respectively. More immature cells, which require a longer
period of time in culture to allow maturation of the cells within the colony, would not have
been scored in these assays. We have to consider the alternative possibility that CD36/GpA"
cells may be depleted of GFU-E. We consider this alternative less likely, as, under the
culture conditions used, 90% of the cells were erythroid (CD36*/GpA™*) on day 10. This
observation would argue that many of the 45 — 60% CD367/GpA- cells on day 3 still
harboured erythroid potential.

NF-E2 overexpression caused the formation of very large bursts, similar to those described
by Dupont et al. (2007) in PV patients.

We have previously shown that the degree of NF-E2 overexpression varies greatly between
individual PV patients (Goerttler et al, 2005). It is tempting to speculate that the level of NF-
E2 overexpression may influence the degree of erythrocytosis and hence, disease severity.
Whether NF-E2 expression is regulated by JAK2, directly or indirectly is currently being
examined in our laboratory. Several transcription factors have been shown to regulate NF-
E2 expression. These include GATA-1 (Moroni et al, 2000) and SCL/TAL1 (McCormack et
al, 2006). Elevated GATA-1 levels have recently been reported in MPD patients (Geron et
al, 2008, Rinaldi et al, 2008). As GATA-1 activity is regulated via the phosphoinositide-3
kinase/AKT pathway (Zhao et al, 2006), and the phosphoinositide-3 kinase inhibitor
LY294002 has been shown to inhibit EPO-independent growth of PV cells (Ugo et al,
2004), it is likely that this signal transduction pathway is aberrantly activated in MPD
patients and may contribute to NF-E2 overexpression.

Several lines of evidence suggest that NF-E2 overexpression can result independent of the
presence of the JAK2V617F mutation. For example, in ET, NF-E2 levels do not correlate with
the JAK2V6L7F allele burden (Vannucchi et al, 2006). Moreover, PV and ET patients who do
not carry the JAK2V617F mutation nonetheless display increased NF-E2 levels ((Kralovics et
al, 2005b) and Goerttler and Pahl, unpublished observations). We are currently examining
whether these individuals carry the described JAK2 exon 12 mutations (Scott et al, 2007),
novel mutations in the JAK2 kinase or perhaps alterations in other signal transduction
pathways.

Taken together, the data presented here corroborate our hypothesis that NF-E2
overexpression delays erythroid maturation and retains erythroid progenitors in an immature
stage with increased proliferation capacity. In summary, this causes the production of excess
erythroid elements from a given number of precusor cells. Based on their seminal
observations in PV patients, Eaves and Eaves (1984) proposed that PV may result from an
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increased output of red cells per progenitor cell. NF-E2 overexpression provides one
possible molecular mechanism explaining this hypothesis.
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Figure 1. NFE2 mRNA expression and erythroid maturation in cultures of PV patients and
healthy controls

CD34" cells were isolated from PV patients and healthy controls (HC) (n = 3 each) and
cultured in erythroid differentiation medium (50 ng/ml SCF, 50 1U/ml IL-3, 11U/ml EPO).
On day 5, cells were harvested and (A) NFE2 mRNA expression quantitated by gRT-PCR.
Each sample was measured in duplicate, data are depicted as copy number NF-E2 per 10°
copies of 18S rRNA. The mean and standard deviation are shown, *** p = 0.004. (B)
Erythroid differentiation assessed by CD36 and glycophorin A (GpA, CD235a) staining.
The percentage of immature erythroid precursors (CD36*/GpA-) and mature erythroid
precursor cells (CD36*/GpA*) was determined. Mean and standard deviation of the mean
are shown.
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Figure 2. Assessment of erythroid maturation by FACS analysis

(A) Experimental design: Peripheral blood CD34* cells from healthy volunteers were
cultured in erythroid differentiation medium (SCF, IL-3 and EPO) and subsequently FACS
sorted according to CD36 and GpA surface expression. Sorted populations were assayed for
colony formation (CFC assay) and cell morphology (Wright Giemsa). (B) Representative
FACS analysis of cells stained for CD36 and GpA expression on day 3. In order to
characterize cells at different maturation stages, 3 phenotypic populations were sorted:
CD367/GpA", CD36*/GpA™ and CD36*/GpA™ cells. Inserts depict cell morphology by
Wright Giemsa staining, typical colony formation, and the percentages of BFU-E-derived
bursts and CFU-E-derived colonies formed. Data are representative of 4 independent
experiments. (C) Effect of differentiation stage on erythroid colony formation. Two
phenotypic populations, CD36/GpA™ and CD36*/GpA", representing different maturation
stages, were sorted and analysed for colony formation. Depicted is the fold difference in the
numbers of colonies formed per 1000 cells plated. Because of inter-individual differences in
absolute colony numbers, the number of colonies obtained with CD367/GpA™ was
normalized to 1. Mean and standard deviation of the fold increase in colony numbers from
CD36"/GpA- cells in three independent experiments are depicted, ***p < 0.03.
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Figure 3. The effect of NF-E2 overexpression on erythroid differentiation and maturation
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(A) Experimental design and NF-E2 overexpression: Peripheral blood CD34* cells were
transduced with pMYSIG-NF-E2-GFP (NF-E2) or with a empty pMY SIG-GFP (control),
sorted for GFP expression and cultured in erythroid differentiation medium (SCF, IL-3 and
EPO). Cells were analysed for CD36 and GpA expression by FACS at various time points.
Inserts: On day 8 following retroviral transduction, NFE2 mRNA expression was
determined by gRT-PCR (see legend to Fig. 1). Mean and standard deviation of 4
independent experiments are shown. Likewise, on day 8, NF-E2 protein expression was
analysed by Western Blot, and assessed for equal protein loading using an antibody against
GAPDH. (B) FACS analysis of CD36 and GpA expression. Representative results of
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control transduced (top) and NF-E2 transduced (bottom) CD34* cells on days 1 (left), 6
(middle left), 8 (middle right) and 10 (right), analysed for CD36 and GpA expression, are
shown. (C) Time course of the accumulation of CD36*/GpA™ double positive and
depletion of CD36/GpA- double negative cells. The percentage of CD36"/GpA™* cells (left
graph) and CD367/GpA- cells (right graph) in NF-E2 overexpressing (grey) and control
(black) cells is depicted over time. The experiment was conducted 5 times with very similar
results. (D) Statistical analysis of 5 independent experiments. Due to the inter-individual
differences between separate buffy coats, representative results are shown in panels B and C.
Here, statistical analysis of all 5 experiments is depicted. The graph displays the difference
in the presence of CD36%/GpA™* mature erythroid precursors over time. For each buffy coat
and each time point, the percentage of mature erythroid precursors in the empty virus
transduced control cells was set at 100% (control). The relative percentage of mature
erythroid precursors in the corresponding NF-E2 transduced cells is shown as a mean and
standard deviation of five independent experiments, using five independent blood donors,
*** p < 0.05. (E) Replating potential of NF-E2 transduced and control erythroid cells.
NF-E2 transduced and control cells were cultured in erythroid differentiation medium (SCF,
IL-3, EPO) for 10 days. Subsequently, 2 x 10* cells were seeded in methylcellulose with
SCF, IL-3, GM-CSF and EPO to determine colony forming potential. Mean and standard
deviation of three independent experiments are shown, *** p < 0.05.
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Figure 4. The effect of NF-E2 overexpression on erythroid maturation and erythroid cell
accumulation

The experimental design is as described in Fig. 3A. Instead of FACS analysis, cultures were
assessed by Wright Giemsa and benzidine staining. (A) Morphology. Representative
Wright Giemsa stain of day 12 cells transfected with an empty vector control (left) or NF-E2
(middle), cumulative cell frequencies (right graph). (B) Benzidine staining. Representative
benzidine stain of day 12 cells transfected with empty vector (left) or NF-E2 (middle), mean
and standard deviation of three independent experiments (right graph), *** p < 0.003. (C)
Accumulation of mature erythroid cells in culture. On the indicated days, cells were
counted and the accumulated cell number determined. The graph displays the accumulated
cell number per initially present erythroid precursor. The number of initially present
erythroid precursors was enumerated by colony assays seeded on day 0. (A — C) The
experiment was conducted 5 times with very similar results. Due to the inter-individual
differences between buffy coats, typical results are shown.
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Figure 5. The effect of NF-E2 overexpression on colony formation in healthy peripheral blood
CD34"* cells

(A) Experimental design: Peripheral blood CD34* cells were transduced with pMYSIG-
NF-E2-GFP (NF-E2) or with empty pMYSIG-GFP (empty), sorted for GFP expression and
1000 GFP-positive cells were plated in methylcellulose and assayed for colony formation.
CFU-E were scored on day 8, BFU-E on day 14. (B) Total erythroid colony formation:
The total number of erythroid colonies (BFU-E plus CFU-E) is depicted. Because of inter-
individual variation in colony formation from different blood donors, the number of colonies
formed by empty vector transduced cells is set at 100%. Data depict average and standard
deviation of 6 independent experiments, *** p < 0.03. (C) Percentage of BFU-E and CFU-
E in CD34* cells transduced with empty vector or with NF-E2. Data depict average and
standard deviation of 5 independent experiments. Note that the data are depicted as the
percentage of total erythroid colonies (BFU-E and CFU-E); the absolute number of colonies
was drastically reduced in NF-E2 overexpressing cells, see B, *** p = 0.001
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Figure 6. The effect of NF-E2 depletion by RNAI on colony formation in peripheral blood CD34*
cells from healthy controls and PV patients

(A) Effect of NF-E2 RNAI on NFE2 mRNA and NF-E2 protein expression. Left Panel:
CD34* cells were either nucleofected with a control siRNA (control RNAI) or an siRNA
against NF-E2 (NF-E2 RNAI) and cultured in erythroid differentiation medium for 8 days
prior to analysis. Subsequently, RNA was isolated. NFE2 mRNA expression was quantitated
by qRT-PCR. Each sample was measured in duplicate and a copy number NF-E2 per 10°
copies of 18S rRNA determined. Data from 5 independent experiments are depicted as a
percentage of control, which was set to 100%. The mean and standard deviation of the mean
are shown, *** p < 0.001. Right panel: CD34" cells were lentivirally transduced with either
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a control sShRNA (control RNAI) or an shRNA against NF-E2 (NF-E2 RNAI) and
subsequently cultured in erythroid expansion medium for 8 days prior to analysis. Protein
extracts were analysed for NF-E2 expression by Western Blot (top) and assessed for equal
protein loading using an antibody against beta-actin (bottom). A representative experiment
is depicted. (B and C) The effect of NF-E2 depletion on colony formation in healthy
peripheral blood CD34"* cells. (B) Erythroid colony formation. Peripheral blood CD34*
cells were nucleofected with a control siRNA (control RNAI) or an siRNA against NF-E2
(NF-E2 RNAI). Erythroid colony formation was assessed by plating in methylcellulose
medium containing SCF, IL-3, GM-CSF and EPO and assayed for colony formation. CFU-E
were scored on day 8, BFU-E on day 14. The total number of erythroid colonies (BFU-E
plus CFU-E) is depicted. Because of inter-individual variation in colony formation from
different blood donors, the number of colonies formed by control siRNA transduced cells is
set at 100%. Data depict mean and standard deviation of 5 independent experiments, *** p <
0.05. (C) Percentage of BFU-E and CFU-E. CD34" cells were lentivirally transduced with
either a control shRNA (control RNAI) or an shRNA against NF-E2 (NF-E2 RNAI).
Erythroid colony formation was assessed by plating in methylcellulose medium containing
SCF, IL-3, GM-CSF and EPO and assayed for colony formation. CFU-E were scored on day
8, BFU-E on day 14. Data depict mean and standard deviation of 4 independent
experiments. Note that the percentage of each colony type, BFU-E-derived burst or CFU-E-
derived colony, of the total erythroid colonies (BFU-E plus CFU-E) is depicted; the absolute
number of colonies was increased in NF-E2 depleted cells, see B, *** p = 0.001. (D - E)
The effect of NF-E2 depletion on colony formation in peripheral blood CD34" cells
from PV patients in the presence of EPO. (D) Erythroid colony formation. CD34* cells
from PV patients were lentivirally transduced with either a control ShRNA (control RNAI)
or an shRNA against NF-E2 (NF-E2 RNA.). Erythroid colony formation was assessed by
plating in methylcellulose medium containing SCF, I1L-3, GM-CSF and EPO and assayed
for colony formation. CFU-E were scored on day 8, BFU-E on day 14. The total number of
erythroid colonies (BFU-E plus CFU-E) is depicted. Because of inter-individual variation in
colony formation from different PV patients, the number of colonies formed by control
shRNA transduced cells is set at 100%. Data depict mean and standard deviation of 5
independent experiments. (E) Percentage of BFU-E and CFU-E. Data is depicted as the
percentage of each colony type, BFU-E-derived burst or CFU-E-derived colony, of the total
erythroid colonies (BFU-E plus CFU-E). The mean and standard deviation of 4 independent
experiments is shown. (F) The effect of NF-E2 depletion on endogenous erythroid colony
(EEC) formation in peripheral blood CD34" cells from PV patients in the absence of
EPO. CD34* cells from PV patients were lentivirally transduced with either a control
shRNA (control RNAI) or an shRNA against NF-E2 (NF-E2 RNAI). EPO-independent
erythroid colony formation was assessed by plating in methylcellulose medium containing
only SCF, IL-3 and GM-CSF. EECs were scored on day 14. Because of inter-individual
variation in colony formation from different PV patients, the number of colonies formed by
control ShRNA transduced cells is set at 100%. Data depict mean and standard deviation of
5 independent experiments, *** p < 0.001.
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Figure 7. Differentiation and maturation of healthy control and PV MNCs in culture

(A-D) Peripheral blood light density cells of healthy controls (HC) (n = 8) and PV patients
(n = 15) were cultured in MNC expansion medium. On day 13, cells were counted,
cytospins were prepared, stained with May-Grunwald Giemsa and cell morphologies
assessed. (A) May-Griunwald Giemsa staining: Representative cytospins of a healthy
donor (left) and a PV patient (right). Cell morphology is presented at 40x original
magnification. (B) Percentage of erythroid cells elaborated by healthy control and PV
samples: Mean and standard deviation of the percentage of erythroid cells (pro-
erythroblasts, basophilic erythroblasts and polychromatic erythroblasts taken together)
formed are depicted. The standard deviation in PV patients is too small to be visible. (C)
Differential counts: for each sample, 400 cells were enumerated. Data depict the mean and
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standard deviation of the percentage of pro-erythroblasts, basophilic erythroblasts and
polychromatic erythroblasts in controls and PV cultures, ***p < 0.01. (D) Accumulated cell
numbers in MNC cultures of healthy controls and PV patients: Data are plotted as mean
and standard deviation of accumulated cell number on day 13 relative to the number of
initially present erythroid precursors, enumerated by colony assays seeded on day 0, ***p <
0.01.
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Cell numbers of nine individual preparations of healthy control CD34* cells prior to and
post retroviral infection

Column 1: unique patient number (UPN), here the “patients” are healthy controls. Column 2: type of
retrovirus used, empty (E) or NF-E2 (N). Column 3: cell number prior to retroviral infection. Column 4: cell
number following 48 h of retroviral infection, the total cell number is given prior to sorting for GFP-positive
cells. Column 5: relationship between cell number in NF-E2 transduced cells and control cells. (N=E: NF-E2
and control cells expanded equally, N>E: NF-E2 transduced cells expanded more than control cells, N<E: NF-
E2 transduced cells expanded less than control cells).

Hk

total cell count after infection, before

UPN  retrovirus:empty [E] or NF-E2 [N]  cell count before infection™ sort™™  relation N/E
E 1.84 x 10°

1660 2.50 x 10° N=E
N 1.90 x 10°
E 5.41 x 10*

1668 1.44 x 10° N=E
N 5.15 x 10*
E 2.75 x 10°

1669 3.80 x 105 N>E
N 3.13 x 10°
E 9.53 x 10*

1699 8.50 x 10* N=E
N 9.49 x 10*
E 2.24 x 10°

1701 2.21 x 10° N=E
N 2.15 x 10°
E 7.72 x 10°

1723 4.97 x 105 N<E
N 6.84 x 10°
E 7.39 x 10*

1724 9.90 x 10* N>E
N 9.36 x 10*
E 6.52 x 10°

1744 3.49 x 105 N<E
N 5.71 x 10°

Fok

centrifugation steps (for transferral of CD347 cells onto new, retronectin-coated plates)
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3
total cell numbers were sometimes greater prior to infection than after infection, since many cells were lost by three different harvesting and



