Elevated Nuclear Factor Erythroid-2 Levels Promote Epo-Independent Erythroid Maturation and Recapitulate the Hematopoietic Stem Cell and Common Myeloid Progenitor Expansion Observed in Polycythemia Vera Patients 
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Abstract

The molecular etiology of polycythemia vera (PV) remains incompletely understood. Patients harbor increased numbers of hematopoietic stem cells and display Epo-independent erythroid maturation. However, the molecular mechanism underlying Epo hypersensitivity and stem cell expansion is unclear. We have previously shown that the transcription factor nuclear factor erythroid-2 (NF-E2) is overexpressed in the majority of PV patients. Here we demonstrated that elevation of NF-E2 expression in healthy CD34+ cells to levels observed in PV caused Epo-independent erythroid maturation and expansion of hematopoietic stem cell (HSC) and common myeloid progenitor (CMP) cell numbers. Silencing NF-E2 in PV patients reverted both aberrancies, demonstrating for the first time that NF-E2 overexpression is both required and sufficient for Epo independence and HSC/CMP expansion in PV.
Introduction
Despite advances incurred through the discovery of a point mutation in the JAK2 kinase (JAK2V617F), the molecular etiology of polycythemia vera (PV) remains incompletely understood. Analyzing both purified cell populations and individual colonies grown from sorted populations, several groups have demonstrated that the JAK2V617F mutation occurs at the level of the hematopoietic stem cell (HSC) in PV patients [1, 2]. Furthermore, Jamieson et al. have shown that PV patients harbor increased numbers of cells with an HSC phenotype (defined as CD34+, CD38−, CD90+, Lin−) and that PV patients with leukocytosis in addition show an increase in the number of common myeloid progenitors (CMPs) [2]. Therefore, the stem and progenitor pools are expanded in PV patients, but the authors hypothesize that additional alterations “are likely responsible … for expansion of the CMP compartment, … as has been demonstrated with other [myeloproliferative diseases]” [2]. Anand et al. recently reported that the presence of JAK2V617F alone does not alter HSC compartment size and likewise suggested “regulation of the [hematopoietic stem and progenitor cell] compartment through additional mechanisms” [3]. 

Epo-independent colony formation (so-called endogenous erythroid colonies [EECs]) is a pathognomonic hallmark of PV, and CD34+ cells from PV patients display Epo-independent erythroid differentiation. In cell line and murine models, expression of mutant JAK2V617F is clearly sufficient to promote Epo-independent growth and colony formation [4, 5]. However, the molecular mechanism by which the JAK2V617F mutation elicits these aberrations remains unclear. Several lines of evidence support the hypothesis that additional aberrations, either preceding or following acquisition of the JAK2V617F mutation, contribute to the pathophysiology of these disorders [6–8]. 

We have recently shown that nuclear factor erythroid-2 (NF-E2), a hematopoietic transcription factor, is overexpressed in a large majority of patients with PV and other myeloproliferative neoplasms (MPNs) [9, 10]. In a murine model, elevated NF-E2 levels lead to an MPN phenotype with expansion of the stem and progenitor compartments [11]. Furthermore, in the presence of Epo, NF-E2 overexpression in isolated human CD34+ cells alters erythroid differentiation, leading to a significant increase in the number of mature erythroid progeny generated per CD34+ cell [12]. However, it is unknown whether NF-E2 can promote either Epo independence or stem cell expansion in human cells. We therefore investigated whether, in the absence of Epo, elevated NF-E2 levels in CD34+ cells contribute to Epo-independent erythroid differentiation and, furthermore, promote the expansion of the HSC and CMP compartment observed in PV patients. 

Materials and Methods
MPN Patients and Healthy Controls

Peripheral blood samples were obtained from therapeutic phlebotomies of PV patients fulfilling the World Health Organization criteria for diagnosis [13], as well as from patients with secondary polycythemia due to histologically documented pulmonary fibrosis or chronic obstructive pulmonary disease. Buffy coats of healthy volunteer blood donors were obtained from the University Hospital Freiburg Center for Blood Transfusion. The study protocol was approved by the local ethics committees, and informed consent was obtained from all patients in accordance with the Declaration of Helsinki. All patients were tested for the presence of the JAK2V617F mutation by quantitative reverse transcription-polymerase chain reaction (qRT-PCR) as previously described [14]. 

CD34+ Cell and Granulocyte Isolation 

CD34+ cells and peripheral blood granulocytes were isolated as previously described [12]. 

Cell Culture and Lentiviral Infections

CD34+ cells were cultured in StemSpan serum-free expansion medium supplemented with 20 ng/ml thrombopoietin (TPO), 100 ng/ml stem cell factor (SCF), 100 ng/ml FMS-related-tyrosine-kinase-3-ligand (Flt3L), and 20 ng/ml interleukin-6 (IL6) (all from Peprotech, Hamburg, Germany, http://www.peprotech.com). Viral transduction was performed using pLeGO-iG or pLeGO-G [15] expressing the human NF-E2 cDNA or a short hairpin RNA (shRNA) against NF-E2, respectively, as previously described [16]. Green fluorescence protein-expressing cells were sorted by fluorescence-activated cell sorting (FACS) to obtain pure populations. 

FACS Analysis

Progenitor populations were determined by FACS staining using the following antibodies: CD34-PacificBlue (catalog no. 343511; BioLegend, San Diego, CA, http://www.biolegend.com), CD38-Alexa Fluor 700 (catalog no. 303523; BioLegend), CD45RA-APC (catalog no. MAB4624; Abnova, Taipei City, Taiwan, http://www.abnova.com), CD123-PE (catalog no. 555644; BD Biosciences, San Diego, CA, http://www.bdbiosciences.com), Flt3R (CD135)-biotin (catalog no. 313312; BioLegend) revealed with streptavidin-PE/Cy7 (catalog no. 405206; BioLegend), and Thy-1 (CD90)-PerCP-Cy5.5 (catalog no. 561557; BD Biosciences). Erythroid differentiation was determined with CD36-APC (catalog no. 550956; BD Pharmingen, San Diego, CA, http://www.bdbiosciences.com) and CD235a-PE (catalog no. 555570; BD Pharmingen). 

qRT-PCR Assays

NF-E2-specific qRT-PCR was done as previously described [10]. 

Data Analysis

The Student t test (paired and unpaired, two-sided) was used to determine whether a significant (p < .05) difference existed between two groups. These analyses were performed using GraphPad Prism 5.0 software (GraphPad Software, Inc., San Diego, CA, http://www.graphpad.com). 

Results and Discussion
NF-E2 Overexpression in CD34+ Cells Promotes Epo-Independent Erythroid Maturation 

In order to test our hypothesis that elevated NF-E2 levels can promote Epo-independent erythroid maturation in human cells, we transduced purified healthy control CD34+ cells either with an empty control pLeGO-iG lentivirus or with pLeGO-iG-expressing human NF-E2 (pLeGO-iG-hNF-E2). Subsequently, cells were FACS sorted to obtain populations of >98% transduced cells and cultured in a cytokine mix lacking Epo (SCF, Flt3L, IL6, TPO) for 8 days. We assessed erythroid maturation in the liquid culture by FACS, using CD36 and GpA (Glycophorin A; CD235a), as established by Dr. Vainchenker's laboratory [17, 18] (Fig. 1A). 





Figure 1. 

NF-E2 overexpression in CD34+ cells promotes Epo-independent erythroid differentiation. (A): Experimental design: NF-E2 overexpression or silencing. Peripheral blood CD34+ cells were transduced either with pLeGO-iG-NF-E2 (NF-E2) controlled for by an empty pLeGO-iG (empty) or with pLeGO-G-shRNA-NF-E2 (shNF-E2) controlled for by a pLeGO-G control (control), sorted for GFP expression, and cultured in SCF, Flt3 ligand, IL6, and TPO for 8 days. (B): Erythroid differentiation. Cells were analyzed for CD36 and GpA expression by FACS on day 8 following lentiviral transduction. The percentage of CD36+/GpA+ double-positive erythroid cells is shown. Mean and SE of n = 7 healthy controls and n = 4 PV patients (left panel) and of n = 5 independent experiments of NF-E2 overexpression (right panel) are shown. *, p < .05; **, p < .01. (C): NF-E2 mRNA expression was determined by quantitative reverse transcription-polymerase chain reaction (qRT-PCR) on day 8. Mean and SE of n = 6 healthy controls and n = 3 PV patients (left panel) and five independent experiments (right panel) are shown. *, p < .05. (D): NF-E2 silencing. CD34+ cells of n = 5 PV patients were transduced either with control pLeGO-G or the NF-E2 silencing pLeGO-G-shNF-E2 and analyzed for CD36 and GpA expression by FACS on day 8 following lentiviral transduction. The percentage of CD36+/GpA+ double-positive erythroid cells is shown. Mean and SE of n = 5 PV patients, analyzed in five independent experiments, are shown. *, p < .05. (E): NF-E2 mRNA expression was determined by qRT-PCR on day 8. Mean and SE of five independent experiments are shown. **, p < .01. Abbreviations: FACS, fluorescence-activated cell sorting; Flt3L, FMS-related-tyrosine-kinase-3 ligand; GFP, green fluorescence protein; HC, healthy controls; IL, interleukin; NF-E2, nuclear factor erythroid-2; PV, polycythemia vera; SCF, stem cell factor; shNF-E2, short hairpin RNA against NF-E2; shRNA, short hairpin RNA; TPO, thrombopoietin. 

Ugo et al. [17] have previously demonstrated enhanced Epo-independent erythroid maturation of PV patient CD34+ cells in liquid culture, albeit using a different cytokine mixture. We recapitulated this observation in our cytokine mix, observing significantly elevated Epo-independent erythroid maturation of PV patient CD34+ cells compared with healthy control CD34+ cells (Fig. 1B, left panel). Elevation of NF-E2 levels in healthy control CD34+ cells by lentiviral transduction led to a similar increase in Epo-independent erythroid maturation (Fig. 1B, right panel). Since lentiviral transduction can lead to an unphysiologically high expression of the transduced gene, we compared NF-E2 mRNA expression in healthy control and PV CD34+ cells with that in healthy control CD34+ cells transduced with NF-E2 or control virus. Figure 1C shows that NF-E2 levels were elevated a mean of twofold in PV CD34+ cells compared with healthy controls. In addition, we have recently demonstrated a 1.5–3.5-fold increase in NF-E2 levels in FACS-sorted stem and progenitor populations from PV patients (long-term HSCs, short-term HSCs, and granulocyte monocyte progenitors [GMPs]) [11]. The same degree of overexpression was recapitulated in healthy control CD34+ by lentiviral transduction with the hNF-E2 cDNA (Fig. 1C; supplemental online Fig. 1A). Increased NF-E2 expression was not observed in patients with secondary polycythemia due to hypoxia (supplemental online Fig. 1B). However, these data do not demonstrate the specificity of elevated NF-E2 levels in PV compared with other, related hematological disorders. In particular, because of the rarity of these patients, we did not examine polycythemic patients with mutations of the Epo-receptor [19–22] or patients with hypoxia-inducible factor-driven primary polycythemias, such as Chuvash polycythemia [23]. Nonetheless, elevation of NF-E2 expression in healthy control CD34+ cells to the same levels as the NF-E2 overexpression observed in PV CD34+ cells promotes Epo-independent erythroid maturation. 

NF-E2 Silencing in PV CD34+ Cells Abrogates Epo-Independent Maturation 

If elevated NF-E2 levels contribute critically to Epo-independent maturation, reducing NF-E2 expression by RNA interference technology should abrogate the unphysiological erythroid differentiation of PV. We therefore transduced isolated CD34+ cells from PV patients with a lentivirus carrying an shRNA against NF-E2, which we have previously demonstrated to efficiently silence gene expression [12, 16] (pLeGO-G-shNF-E2) or with a control virus carrying an ineffective, scrambled shRNA (pLeGO-G-control). The NF-E2 shRNA reduced NF-E2 gene expression in PV cells to those levels observed in healthy controls (Fig. 1E, and compare Fig. 1E with Fig. 1C). At the same time, the number of erythroid, CD36+/GpA+ double-positive cells produced in the absence of Epo was significantly reduced (Fig. 1D). Hence, elevated NF-E2 levels are required for the Epo-independent erythroid maturation that is a pathognomonic hallmark of PV. Taken together, these data demonstrate that NF-E2 overexpression is both necessary and sufficient for Epo independence. 

NF-E2 Overexpression in CD34+ Cells Promotes Expansion of the Number of HSCs, CMPs, and GMPs 

We subsequently used the same liquid culture system to examine the number of HSCs, multipotent progenitors (MPPs), CMPs, megakaryocyte-erythroid progenitors (MEPs), and GMPs elaborated from healthy control CD34+ cells transduced either with empty pLeGO-iG or with pLeGO-iG-hNF-E2. A schematic representation of the cell surface markers and the gating strategy used for FACS analysis is shown in Figure 2A. HSCs, MPPs, CMPs, MEPs, and GMPs were defined as previously described [2, 24, 25]. 




Figure 2. 

NF-E2 overexpression in CD34+ cells promotes expansion of HSCs, MPPs, CMPs, and GMPs. (A): Experimental design and FACS analysis of stem and progenitor populations. CD34+ cells were transduced either with pLeGO-iG-NF-E2 (NF-E2) controlled for by an empty pLeGO-iG (empty) or with pLeGO-G-shRNA-NF-E2 (shNF-E2) controlled for by a pLeGO-G control (control), sorted for GFP expression, and cultured in SCF, Flt3L, IL6, and TPO for 5 days. Stem and progenitor cells were analyzed according to cell surface marker profiles as depicted. (B): CD34 and CD38 staining. Top: representative results of empty and NF-E2 transduced cells; bottom: statistical analysis of n = 5 independent experiments. No significant difference was observed. (C): CD90 and CD135 (FLT3) staining of CD34+/CD38−/CD45RA− cells. Top: representative results of empty and NF-E2-transduced cells; bottom: statistical analysis of n = 4 or 5 independent experiments, respectively. *, p < .05. (D): CD45RA and CD123 (IL3Rα) staining of CD34+/CD38+ cells. Top: representative results of empty and NF-E2 transduced cells; bottom: statistical analysis of n = 5 independent experiments. *, p < .05; **, p < .01. (E): NF-E2 silencing. Primary PV CD34+ cells were transduced either with control pLeGO-G or the NF-E2 silencing pLeGO-G-shNF-E2 and analyzed for the presence of HSCs, MPPs, CMPs, MEPs, and GMPs as detailed in (B–D). Abbreviations: CMP, common myeloid progenitor; FACS, fluorescence-activated cell sorting; Flt3L, FMS-related-tyrosine-kinase-3-ligand; GFP, green fluorescence protein; GMP, granulocyte monocyte progenitor; HSC, hematopoietic stem cell; IL, interleukin IL3Rα, IL-3 receptor α; MEP, megakaryocyte-erythroid progenitor; MPP, multipotent progenitor; NF-E2, nuclear factor erythroid-2; PV, polycythemia vera; SCF, stem cell factor; shNF-E2, short hairpin RNA against NF-E2; shRNA, short hairpin RNA; TPO, thrombopoietin. 

Five days following lentiviral transduction, both control and NF-E2 transduced cells contained a similar proportion of CD34+/CD38− cells, as well as CD34+/CD38+ double-positive cells (Fig. 2B). However, CD34+ cells overexpressing NF-E2 gave rise to a significantly higher percentage and absolute number of HSCs compared with control CD34+ cells (Fig. 2C; supplemental online Fig. 2A). In addition, the percentage and absolute number of MPPs were also significantly increased (Fig. 2C; supplemental online Fig. 2A). Among the progenitor cells, both the percentage and the absolute number of CMPs and GMPs were significantly increased (Fig. 2D; supplemental online Fig. 2B). The percentage and number of MEPs decreased correspondingly. Elevation of NF-E2 expression in healthy control CD34+ cells to the levels observed in PV CD34+ cells is therefore sufficient to cause an expansion of the HSC, CMP, and GMP cell numbers, precisely those compartments observed to be enlarged in PV patient samples [2]. Although we have previously demonstrated that NF-E2 overexpression causes HSC and progenitor cell expansion in a murine model [11], this constitutes the first report of an NF-E2 effect on human stem cells. 

If elevated NF-E2 levels are required for stem and progenitor cell expansion, reducing NF-E2 expression should abrogate this phenotype. Therefore, we silenced NF-E2 expression in primary PV CD34+ cells, using the NF-E2 shRNA lentivirus described above. Decreased NF-E2 levels led to a reduction in the percentages of HSCs, MPPs, CMPs, and GMPs formed, whereas the MEPs remained nearly unchanged (Fig. 2E). Elevated NF-E2 expression therefore appears to be a prerequisite for aberrant expansion of the stem and progenitor cell compartments. This observation strongly argues that NF-E2 overexpression is both required and sufficient for the stem cell alterations seen in PV patients. 

Conclusion
Our data support the hypothesis that the elevated NF-E2 levels observed in PV CD34+ cells contribute to disease pathology by promoting both growth factor independence and stem and progenitor cell expansion. Our data did not address the question of the specificity of elevated NF-E2 levels in PV. However, either the aberrant transcription factor expression itself or its downstream consequences constitute a rational target for novel drug design in PV. We are currently investigating novel NF-E2 target genes in CD34+ cells in order to define pharmacologically amenable targets. 

