
Erythropoietin-regulated oxidative stress negatively affects 
enucleation during terminal erythropoiesis

Baobing Zhaoa, Yang Meia, Jing Yanga, and Peng Jia

a Department of Pathology, Feinberg School of Medicine, Northwestern University, Chicago, IL 
60611, USA

Abstract

Differentiating erythroblasts are exposed to an oxidative environment. The dynamics of oxidative 

status during terminal erythropoiesis and how it affects cell differentiation in response to 

erythropoietin are unclear. Here we show that erythropoietin induces reactive oxygen species 

(ROS) production in the early stages of terminal erythropoiesis. The levels of ROS correlate with 

CD71 surface expression and the uptake of iron and transferrin. ROS decreases in the late stage of 

terminal erythropoiesis when the cells are preparing for enucleation. Consistently, treatment of 

erythroblasts with a low dose (5 mM) of N-acetyl-cysteine (NAC), an ROS scavenger, promotes 

enucleation. However, high dose (20 mM) NAC leads to significant cell death. Our study reveals 

an important function of erythropoietin in regulating the dynamics of oxidative status and 

enucleation.
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Introduction

Erythropoietin (Epo) plays a pivotal role in regulating the differentiation, proliferation, and 

survival of erythroid progenitors (1). Epo binds to the cell surface Epo receptor (EpoR) on 

early-stage erythroid progenitors to activate many signaling transduction pathways that 

induce a spectrum of erythroid-specific genes including transferrin receptor CD71 and 

globins (2). CD71 is responsible for the binding and uptake of transferrin required for 

hemoglobin synthesis. In a well-established two-day mouse fatal liver erythroblast in vitro 
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culture system, CD71 is gradually upregulated on the cell surface of purified erythroid 

progenitors on day one in culture in the presence of Epo (3, 4). CD71 gradually decreases on 

day two while the cells undergo terminal maturation, enrichment of hemoglobin and iron, 

overexpression of surface Ter119 antigen, and enucleation.

Presumably, synthesis and accumulation of hemoglobin with growing amount of iron in the 

maturing erythroblasts would lead to the increased production of reactive oxygen species 

(ROS). Unchecked accumulation of ROS often results in a shortened red blood cell lifespan 

and hemolysis, as evidenced by the fact that deficiencies in several ROS scavengers cause 

anemia (5, 6). However, recent work from others and ours revealed that ROS decreases 

steadily in the late stages of terminal erythropoiesis (7,8). Although this could be explained 

by the autophagic clearance of mitochondria where ROS is generated (9), the dynamic 

changes of oxidative status throughout terminal erythropoiesis, how Epo is involved in this 

process, and whether ROS affects differentiation and enucleation, are unclear.

In this study, we discovered that Epo and transferrin are required for ROS generation, which 

positively correlates with CD71 expression. Suppression of ROS with low dose ROS 

scavenger increased enucleation, but high dose ROS scavenger led to cell death. These 

results reveal an unexpected effect of Epo induced oxidative stress on enucleation.

Materials and Methods

Purification and culture of fetal liver cells

Purification and culture of mouse fetal liver erythroblasts from E13.5 C57BL/6 embryos 

(Jackson Laboratories) were performed as previously reported (7,10). Briefly, embryonic 

day 13.5 mouse fetal livers were harvested. Ter119 negative erythroblasts were purified by 

negative selection using magnetic beads. The purified Ter119 negative erythroid progenitor 

cells were cultured in different media as detailed in the main text. SCF medium contains 

stem cell factor (SCF), IL-6, Flt-3 ligand plus fetal bovine serum. Epo medium contains 

Epo, fetal bovine serum, insulin, holo-transferrin, and BSA. Protocols for all animal 

experiments were approved by the Institutional Animal Care and Use Committee of 

Northwestern University.

Flow cytometric analysis

Flow cytometric analysis of differentiation status of cultured mouse fetal erythroblasts was 

described previously (7). Briefly, cells were immunostained with allophycocyanin (APC)–

conjugated anti-Ter119 (1:200) (eBioscience) and fluorescein isothiocyanate (FITC)–

conjugated anti-CD71 (1:200) (eBioscience) antibodies for 20 min at room temperature. 

Propidium iodide was added to exclude dead cells from analysis. For enucleation analysis, 

cells were stained with 10 μg/ml Hoechst 33342 (DNA staining) in addition to stains 

mentioned above. Apoptosis was analyzed using an Annexin V Apoptosis Detection Kit 

(eBioscience) according to the manufacturer's instructions. All stained cells were analyzed 

on a FACSCalibur (Becton Dickinson) flow cytometer.
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Quantitative analysis of intracellular ROS

Freshly isolated fetal liver cells were washed and resuspended in pre-warmed PBS with 10 

μM 5-(and 6-)-chloromethyl-2’, 7’-dichlorodihydrofluorescein diacetate (CM-H2DCFDA; 

Invitrogen), together with allophycocyanin (APC)–conjugated anti-Ter119 (1:200) 

(eBioscience) and phycoerythrin (PE)–conjugated anti-CD71 (1:200) (eBioscience) 

antibodies. After incubation for 30 min at 37°C, 5% CO2, the cells were washed and 

resuspended in PBS. Propidium iodide was added to exclude dead cells from analysis. The 

stained cells were immediately analyzed by flow cytometric assay.

Quantification of hemoglobin concentration

Hemoglobin was quantified by lysing 3×106 cells in 200 ml Drabkin's reagent according to 

the manufacture's instruction (Sigma Aldrich). Spectrophotometric reading was then 

performed at 540 nm.

Cytospin preparations and histologic stainings

2 × 104 cultured cells were centrifuged onto slides for 3 min at 800 rpm (Cytospin 3; 

Thermo Shandon, Pittsburgh, PA) and air-dried. Cells were fixed in −20°C methanol for 2 

minutes and stained with 3,3’-diaminobenzidine and Giemsa stains according to the 

manufacturer's recommendations (Sigma).

Results

To determine the dynamic changes of oxidative status during terminal erythropoiesis, we 

first analyzed ROS levels in different stages of mouse fetal liver erythropoiesis. To this end, 

total fetal liver cells were purified from embryonic day 13.5 (E13.5) pregnant mouse when 

most of the cells in the fetal liver are erythroid. The cells were gated into six groups based 

on their cell surface expression of CD71 (transferrin receptor) and Ter119 (a mature red cell 

surface marker) by flow cytometry. R0 population represents the least differentiated 

erythroid progenitors whereas R5 cells are mostly late stage orthochromatic erythroblasts 

and enucleated reticulocytes (11) (Fig. 1A). When analyzed in parallel, we found that ROS 

level significantly increased when the cells differentiated from R0 to R1. The ROS level 

maintained at a high level through R3 and underwent a rapid decrease at R4 and R5 stages, 

which correlated with the changes of the cell surface CD71 levels (Fig. 1A, 1B).

While the reduction of ROS from R3 to R4-R5 could be due to mitochondrial autophagy (9), 

the increased ROS level in the early stage of terminal erythropoiesis may be related to Epo-

induced CD71 cell surface expression and accumulation of transferrin and iron. To test this 

hypothesis, we first cultured the purified E13.5 mouse fetal liver Ter119 negative 

erythroblasts in Epo free medium but containing stem cell factor (SCF), IL-3, and Flt-3 

ligand (we call it SCF medium) to maintain the progenitor status of the purified cells and 

eliminate the effect of residual endogenous Epo (10). After 4 h of SCF medium culture, the 

cells were changed into Epo containing medium with holo-transferrin, Epo containing 

medium without holo-transferrin, or Epo free medium with holo-transferrin, and cultured for 

additional 24 h. As expected, flow cytometric analysis demonstrated compromised 

differentiation status and increased apoptosis of cells cultured in Epo free medium compared 
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to those in Epo medium with holo-transferrin (Fig. 1C, 1D). Cells cultured in the presence of 

Epo, but an absence of holo-transferrin showed intact Ter119 and CD71 expression and no 

increased apoptosis (Fig. 1C, 1D). However, hemoglobin synthesis was significantly 

downregulated (Fig 1E). This indicates that absence of holotransferrin does not affect Epo-

induced cell surface protein expression or anti-apoptotic effects.

We next tested the ROS levels in these cells to confirm the role of Epo, iron, and transferrin 

in the generation of ROS. In this experiment, we also examined cells cultured with Epo and 

apotransferrin to definitively determine the role of iron in ROS production. As expected, 

robust ROS upregulation was only observed in cells cultured with Epo and holo-transferrin 

(Fig. 2). Together, these results establish a positive relationship between Epo-induced 

transferrin and iron uptake and cellular oxidative status.

Our recent study indicated that Epo negatively affects enucleation in a dose dependent 

manner in vitro (7). To determine whether this is related to the cellular ROS level, we treated 

the Ter119 negative erythroblasts with different concentration of ROS scavenger N-acetyl-

cysteine (NAC) in the presence of high Epo level (2 units/ml). NAC did not affect cell 

differentiation or apoptosis at low doses (1-10 mM) (Fig. 3A, 3B). Hemoglobin 

concentration of cells treated with low doses (1-10 mM) of NAC remained unchanged 

compared to the control cells, which further confirms the intact differentiation (Fig. 3C). 

However, a higher concentration of NAC (20 mM) induced significant differentiation block 

and apoptosis (Fig. 3A-C), which indicates that low level of ROS is necessary for mouse 

terminal erythropoiesis.

Since increased concentration of Epo negatively affects enucleation, we next determined 

whether inhibition of Epo-induced increase of ROS could contribute to this effect. To this 

end, the Ter119 negative erythroblasts were treated with different concentration of NAC at 

the beginning of culture and analyzed by flow cytometry after 2 d of culture using Ter119 

and Hoechst 33342 (DNA staining) staining. The percentage of reticulocytes (defined as 

HoechstlowTer119high cells) represents enucleation rate. Indeed, low doses of NAC (5 and 10 

mM) significantly increased the enucleation efficiency (Fig. 4A). Benzidine-Giemsa stains 

of the cells treated with NAC also showed an increased enucleation rate compared to the 

controls (Fig. 4B). However, there were no detectable enucleated reticulocytes in the cells 

with a high dose of NAC (20 mM). In addition, their cytoplasms were less hemoglobinized 

and the nuclei were bigger than those of the control cells (Fig. 4B), indicating differentiation 

block which indirectly affected enucleation.

To further determine the role of ROS in enucleation, we added a low concentration of NAC 

(5 mM) at different time points in culture (Fig. 5A). Flow cytometric analysis of enucleation 

at 48 h in culture demonstrated that introduction of low concentration of NAC in the early 

stages of terminal erythropoiesis when the ROS level is high, significantly increased the 

enucleation efficiency (Fig 5A). Enucleation rate slightly increased when Ter119-negative 

mouse fetal erythroid progenitors were treated after 36 h in culture when enucleation was 

initiating. NAC treatment with this low dose in these experiments did not affect cell 

differentiation or apoptosis (Fig. 5B, 5C). These data demonstrate that the high level of ROS 

in the early stage of terminal erythropoiesis negatively affects enucleation. To further 
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confirm this, we treated the cells with hydrogen peroxide, a physiological ROS precursor, in 

the early stage of terminal erythropoiesis. As we expected, cells treated with hydrogen 

peroxide showed dramatically decreased enucleation rate compared to control cells (Fig. 

5D), and differentiation block and apoptosis were not observed under the same condition 

(Fig 5E, 5F).

Discussion

Our study illustrates that erythroid progenitors in the CFU-E stage present with lower ROS 

level than erythroblasts in later stages. This is consistent with a previous report that the low 

metabolic activity in the early progenitor cells can prevent them from the damage of 

metabolic products such as ROS (12). Binding of Epo to EpoR triggers the process of 

terminal erythropoiesis that ultimately leads to the generation of enucleated reticulocytes. In 

the early stage of terminal erythropoiesis, Epo activated JAK2-STAT5 and GATA1 signaling, 

induces CD71 and hemoglobin expression that causes the accumulation of transferrin and 

ROS. In this process, our experiments demonstrate that transferrin is also required for ROS 

generation since erythroblasts cultured in medium with transferrin exhibit higher ROS level 

than the cells in the transferrin-free medium.

High ROS level is detrimental to early-stage erythroblasts so that the cells establish many 

self-protective mechanisms to spare the damage of the oxidative stress. For example, Epo-

JAK2-STAT5 pathway drives the expression of Bcl-xL to prevent apoptosis induced by 

cytochrome c release (13,14). Pleckstrin-2 upregulated by Epo plays a similar function in the 

early stage of terminal erythropoiesis by preventing the mitochondrial localization of cofilin 

that can cause apoptosis (7). On the other hand, erythroid cells contain a strong arsenal of 

antioxidant enzymes that protect the cells against oxygen radicals (15). The FoxO family of 

transcription factors was recently shown to have essential functions in the regulation of 

oxidative stress in erythroid cells. FoxO3 is the first identified EpoR-regulated transcription 

factor that is critical for regulating oxidative stress in vivo during erythropoiesis, which is at 

least partly through the upregulated transcription of the ROS-scavenging enzymes (16,17).

It is unexpected that Epo induced ROS negatively affects enucleation. This suggests that 

ROS decreases in the late stage of terminal erythropoiesis, mainly through autophagy of 

mitochondria or ROS-scavenging enzymes, to prepare the final stages of terminal 

erythropoiesis. However, high dose of ROS inhibitor also affects normal erythropoiesis, 

indicating that low level of ROS could also play certain roles in terminal erythropoiesis. In 

this respect, it was reported that in human erythroid cells, ROS induces the activation of 

caspases (18), which is well known to be required for early stage terminal erythropoiesis 

(19, 20, 21).

Taken together, these results revealed a close relationship of Epo and cellular ROS levels 

during mouse terminal erythropoiesis. Future in vivo studies could be valuable to determine 

whether the anti-oxidative agents, besides their demonstrated anti-apoptotic role in erythroid 

cells (17), could synergistically enhance the efficiency of Epo in the treatment of anemia, 

through the improvement of enucleation.
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Highlights

➢ Erythropoietin induces reactive oxygen species (ROS) production in 

early-stage erythroblasts.

➢ The oxidative status correlates with CD71 expression and the uptake of 

iron and transferrin.

➢ ROS level decreases in the late stage of terminal erythropoiesis.

➢ ROS scavenger promotes enucleation.
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Fig. 1. 
Erythropoietin and transferrin regulate the generation of reactive oxygen species during 

mouse fetal liver terminal erythropoiesis. (A) Flow cytometric analysis of E13.5 mouse fetal 

liver cells stained with CD71 and Ter119. R0 to R5 populations were gated based on the 

cells’ relative expression levels of CD71 and Ter119. (B) Flow cytometric analysis of the 

levels of reactive oxygen species (ROS) based on the intensity of CM-H2DCFDA in R0-R5. 

The colors of the curves (right) match the gated populations (left). (C-D) Flow cytometric 

analysis of differentiation (C) and apoptosis (D) of cultured mouse fetal liver erythroblasts 

based on the Ter119 and CD71 level, and annexin V and propidium iodine (PI), respectively. 

Ter119 negative fetal liver erythroblasts were purified and cultured in SCF medium for 8 h 

followed by 24 h culture in indicated medium. Statistical analysis with student's t-test is on 

the right. Data were obtained from three independent experiments and presented as mean ± 

SD. **** p <0.0001. Epo: Erythropoietin; Holo: holo-transferrin. (E) Relative hemoglobin 

levels from cells in C. Equal number of the cells were collected. Total hemoglobin was 

quantified by measuring light absorbance at 540 nm using Drabkin's reagent. ** p <0.01, 

*** p <0.001.
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Fig. 2. 
Effect of erythropoietin and transferrin on ROS generation in cultured mouse fetal liver 

erythroblasts. Ter119 negative fetal liver erythroblasts were purified and cultured in SCF 

medium for 8 h followed by 24 h culture in indicated medium. Epo: Erythropoietin; Holo: 

holo-transferrin; Apo: apo-transferrin. Intracellular ROS levels were analyzed and presented 

as the mean fluorescence intensity (MFI) of DCF, an oxidation product of CM-H2DCFHDA. 

Results are shown as the means ± SD of three independent experiments. * p <0.05; ** p 

<0.01; *** p <0.001.
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Fig. 3. 
Inhibition of ROS with low dose of ROS scavenger does not affect differentiation. (A-B) 

Flow cytometric analysis of differentiation (A) and apoptosis (B) of Ter119 negative mouse 

fetal liver erythroblasts cultured in Epo (2 units/ml) containing medium in the presence of 

different concentration of NAC for 48 h. Statistical analysis with student's t-test is on the 

right. (C) Hemoglobin concentration of the indicated cells in panel (A). An equal number of 

the cells were collected. Total hemoglobin was quantified by measuring light absorbance at 

540 nm using Drabkin's reagent. All data were obtained from three independent experiments 

and presented as mean±SD. *** p <0.0001.
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Fig. 4. 
Inhibition of ROS promotes enucleation. (A) Flow cytometric analysis of enucleation of 

Ter119 negative mouse fetal liver erythroblasts cultured in Epo (2 units/ml) containing 

medium in the presence of different concentration of NAC for 48 h. Hoechst was used for 

the DNA staining. Statistical analysis with student's t-test is on the right. Data were obtained 

from three independent experiments and presented as mean ± SD. * p <0.05; *** p <0.001. 

(B) Benzidine–Giemsa staining demonstrating cell morphology of the in vitro cultured 

erythroblasts in the present of NAC for 48 h. Arrows indicate incipient reticulocytes. Scale 

bar: 5 μm.
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Fig. 5. 
Inhibition of ROS at different stages of fetal liver erythropoiesis affects enucleation. (A-C) 

Flow cytometric analysis of enucleation (A), differentiation (B), and apoptosis (C) of Ter119 

negative mouse fetal liver erythroblasts cultured in Epo (2 units/ml) containing medium for 

48 h. NAC (5 μM) was added at indicated time points. Statistical analysis with Student's t-

test is on the right. (D-F) Treatment of mouse fetal liver erythroblasts with hydrogen 

peroxide inhibited enucleation. The mouse fetal liver Ter119 negative erythroblasts were 

purified and cultured in Epo medium. Hydrogen peroxide was added at 30 h in culture. 

Enucleation (D), differentiation (E), and apoptosis (F) were analyzed at 48 h in culture. All 

data were obtained from three independent experiments and presented as mean ± SD. * p 

<0.05; ** p <0.01. *** p <0.001.
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