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RESUME 

L'érythropoïèse est un processus qui permet la production de globules rouges à 

partir de cellules souches de la moelle osseuse. Ce processus complexe finement 

régulé est généralement divisé en 3 phases successives : l'érythropoïèse précoce, la 

différenciation érythroïde terminale (TED) et la maturation réticulocytaire. La première 

est la phase la moins bien définie ; l'hétérogénéité des progéniteurs érythroïdes 

restant à être mieux caractérisée.  

 

Cette thèse à articles présente 2 études centrées sur la caractérisation et la 

régulation des progéniteurs érythroïdes dans l'érythropoïèse humaine normale et 

pathologique.  

 

Nous avons d’abord exploré le mécanisme d'action des glucocorticoïdes dans la 

lignée érythroïde et la résistance aux stéroïdes chez les patients atteints de l’anémie 

de Diamond-Blackfan (ADB). Les glucocorticoïdes sont une des principales options 

thérapeutiques pour traiter ces patients et leur effet dans l’activation de l'érythropoïèse 

est bien connu. Cependant, les mécanismes moléculaires sous-jacent restent encore 

relativement incompris. Nous avons découvert que la dexaméthasone (dex), un 

glucocorticoïde synthétique, augmente la prolifération érythroïde des cellules 

souches/progénitrices CD34+ dérivées de sangs périphériques d’adultes (SPA), mais 

pas celles de sangs de cordon (SC). En décryptant l'hétérogénéité d'une population de 

progéniteurs prédominant uniquement dans le SPA, nous avons identifié une 

population immature de CFU-E CD71hiCD105med comme principale cible de la dex. 

L'analyse protéomique a révélé une augmentation spécifique de l’expression de 

régulateurs du cycle cellulaire dans les CD34+ dérivées de SPA traités avec la dex, 

notamment du facteur p57kip2, un inhibiteur de la kinase cycline-dépendante Cip/Kip. 

En accord avec une étude récente, nous avons observé une diminution significative 

des cellules en phase S dans les CFU-E immatures dérivées de SPA traités avec la 

dex. De plus, nous avons montré que la diminution de l’expression de p57kip2 atténuait 

de manière significative l'effet de la dex. Il est important de noter que l'expression 

dérégulée de p57kip2 a été observée dans les progéniteurs érythroïdes de patients 

ADB présentant une résistance aux stéroïdes. Ces données suggèrent que la dex 

induit spécifiquement l'expansion des CFU-E immatures CD71hiCD105med par le biais 

d'un rôle conservé de p57kip2 dans la régulation négative du cycle cellulaire. 
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Nous avons ensuite décrit l'hétérogénéité des progéniteurs érythroïdes via un 

immunophénotypage caractérisant le continuum des progéniteurs érythroïdes 

précoces dans la moelle osseuse humaine. En utilisant les marqueurs de surface 

CD71 et CD105, nous avons divisé les populations de progéniteurs érythroïdes 

précédemment définies par IL3R, GPA, CD34 et CD36 en sous-groupes et avons 

effectué leur caractérisation fonctionnelle. Ainsi, nous avons disséqué le continuum 

des progéniteurs érythroïdes en 4 populations distinctes : EP1, EP2, EP3 et EP4. De 

plus, nous avons montré que la diminution marquée de l'expression de CD105 

pendant la TED pouvait discriminer les 5 stades d'érythroblastes : les pro-

érythroblastes, les érythroblastes basophiles précoces et tardif ainsi que poly- et ortho-

chromatiques. Cette stratégie permet ainsi la détection plus fine des étapes de la 

différenciation érythroïde allant du stade BFU-E aux réticulocytes. En appliquant cette 

stratégie expérimentale à des cellules de moelle osseuse provenant de patients 

atteints du syndrome myélodysplasique (SMD), nous avons identifié des défauts 

précédemment non encore identifiés à divers stades des progéniteurs érythroïdes. 

 

Ainsi, mes résultats ont permis de définir avec une meilleure résolution 

l'hétérogénéité des progéniteurs érythroïdes ainsi que de mieux comprendre le 

mécanisme d’action de la dex dans le traitement de l'ADB, contribuant ainsi à une 

meilleure compréhension de la biologie des progéniteurs érythroïdes dans le contexte 

des érythropoïèses normale et pathologique.  

 

 Mots clés : érythropoïèse précoce, hétérogénéité des progéniteurs érythroïdes, 

résistance aux stéroïdes, anémie de Diamond-Blackfan (ABD), syndrome 

myéloblastique (SMD) 
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ABSTRACT 

Erythropoiesis is a process by which red blood cell are produced from 

hematopoietic stem cell present in the bone marrow. It is a complex process subject to 

tight regulation, which could be divided into three successive phases: early 

erythropoiesis, terminal erythroid differentiation (TED), and reticulocyte maturation. Of 

those three phases, early erythropoiesis is the least characterized and the 

heterogeneity of erythroid progenitors remains to be better characterized.  

This thesis presents the results of two paralleled studies that center around the 

characterization and regulation of erythroid progenitors in normal and disordered 

human erythropoiesis, in the form of published articles.  

In article 1, we explored the mechanism of action of glucocorticoids in the erythroid 

lineage and steroid resistance in patients with Diamond Blackfan anemia (DBA). As 

one of the main therapeutic options for treatment of patients with DBA, the effect of 

glucocorticoids in promoting erythropoiesis is well known, but the underlying 

mechanism remains elusive. We found that dexamethasone, a synthetic 

glucocorticoid, enhanced the erythroid proliferation of CD34+ hematopoietic 

stem/progenitor cells (HSPCs) derived from peripheral blood (PB) but not cord blood 

(CB). By resolving the heterogeneity of a progenitor population predominating in PB 

but not CB, we identified an immature CFU-E population CD71hiCD105med as the 

principal target of dexamethasone. Proteomics analysis revealed specific up-regulation 

of several cell cycle regulators in PB derived cells treated with dexamethasone 

including p57kip2, a Cip/Kip cyclin-dependent kinase inhibitor. 

 Consistent with a recent study, we observed a significant decrease of S-phase 

cells in PB derived immature CFU-Es treated with dexamethasone and down-

regulation of p57kip2 significantly attenuated the effect of dexamethasone. Importantly, 

dysregulated expression of p57kip2 was observed in erythroid progenitors from DBA 

patients with steroid resistance. Altogether, these data suggested that dexamethasone 

specifically induces expansion of immature CFU-Es CD71hiCD105med through a 

conserved role of p57kip2 in negative regulation of cell cycle in murine and humans. 

In the paralleled study presented in article 2, we further delineated the 

heterogeneity of erythroid progenitors through comprehensive immunophenotyping on 

the continuum of early erythropoiesis in human bone marrow. Using the two surface 

markers used in the above study, CD71 and CD105, we divided erythroid progenitor 
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populations previously defined by IL3R, GPA, CD34 and CD36 into more subsets and 

performed functional characterization on these subsets. On this basis, we dissected 

the erythroid progenitors continuum into four distinct populations, EP1, EP2, EP3 and 

EP4. Moreover, we demonstrated that the marked decrease of CD105 expression 

during TED could discriminate the five stages of erythroblasts including pro-

erythroblast, early and late basophilic erythroblast, poly- and ortho-chromatic 

erythroblasts. Thus, we developed an efficient flow cytometry-based strategy for stage-

wise detection of erythroid differentiation from the BFU-E stage to the reticulocytes. 

Applying this strategy to primary bone marrow cells from patients with myelodysplastic 

syndrome (MDS), we identified previously unrecognized defects at varied stages of 

erythroid progenitors. 

Taken together, the findings delineated the heterogeneity of erythroid progenitors 

at a better resolution, and demonstrated the mechanism of current therapeutic drug for 

treatment of DBA, contributing to a better understanding of erythroid progenitors 

biology in the context of normal and disordered erythropoiesis.  

Key words: early erythropoiesis; heterogeneity of erythroid progenitors; steroid 

resistance; Diamond Blackfan Anemia (DBA); myelodysplastic syndrome (MDS). 
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Résumé grand public  

L'érythropoïèse désigne le processus de production des globules rouges à partir 

de cellules souches de la moelle osseuse. Actuellement, les progéniteurs précoces de 

ce processus restent à être mieux caractérisés. J’ai d’abord montré qu’un 

glucocorticoïde synthétique utilisé pour traiter les patients atteints d’anémie de 

Diamond-Blackfan, induit spécifiquement l'expansion d'une population immature de 

cellules érythroïdes via une régulation négative du cycle cellulaire. J’ai ensuite mieux 

décrit l'hétérogénéité des progéniteurs érythroïdes en disséquant le continuum des 

étapes de différenciation allant des stades très précoces à celui précédant le globule 

rouge mature. Utilisant cette stratégie, j’ai identifié des défauts méconnus dans la 

moelle osseuse de patients atteints du syndrome myélodysplasique. Ainsi, mes 

résultats décrivent le continuum de ces progéniteurs avec une meilleure résolution et 

soulignent la complexité de leur régulation dans l'érythropoïèse normale et 

pathologique. 

 

 

 

General public abstract 

Erythropoiesis refers to the process of red cell production from stem cell in the 

bone marrow. Presently, erythroid progenitors that constitute early stage of this 

process remain to be better characterized. In a first study, I demonstrated that 

dexamethasone, a synthetic glucocorticoid used to treat patients with Diamond 

Blackfan anemia, specifically induces the expansion of an immature population by a 

negative regulation of the cell cycle. In a second study, I delineated the heterogeneity 

of erythroid progenitors by dissecting the entire continuum of erythroid progenitors 

from early stages to the stage preceding the mature red blood cell. Using this strategy, 

I identified unrecognized defects of erythroid progenitors in the bone marrow of 

patients with myelodysplastic syndrome. Overall, these findings depicted the 

continuum of erythroid progenitors at a higher resolution and highlighted the 

complexity of regulation of those progenitors in normal and disordered erythropoiesis 
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GR: Glucocorticoid receptor 

GRE: glucocorticoid response element 

GSH: Reduced glutathione 

GSSG: Oxidized glutathione 

GVHD: Graft versus host disease  

H 

HATs: Histone acetyltransferases 
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Hb: Hemoglobin 

HDACs: Histone deacetylases 

HDMs: Histone demethylases 

HIF: Hypoxia-inducible factor 

HMA: hypomethylating agent 

HMTs: Histone methyltransferases 

HREs: Hypoxia response elements 

HSC: Hematopoietic stem cell 

HSCT: Hematopoietic stem cell transplantation 

HSP70: Heat shock protein 70 

HSPC: Hematopoietic stem progenitor cell 

I 

ICAM: Intercellular adhesion molecule 

IDH1: Isocitrate dehydrogenase 1 

IL-3: Interleukin-3 

IPSS: the International Prognostic Scoring System for MDS 

J 

JAK2: Janus kinase 2 

K 

KLF1: Kruppel-like factor 

L 

LDB1: LIM Domain Binding 1 

LEP: Late Erythroid Progenitor 

LMO2: LIM Domain Only 2 

M 

MAPK: Mitogen-activated protein kinase 

MDS: Myelodysplastic syndrome 
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MEP: Megakaryocyte/Erythrocyte progenitor 

MGG: May-Grünwald Giemsa 

miRNA: microRNA 

Mk: Megakaryocyte 

MMP: mitochondria membrane potential 

MPL: Myeloproliferative Leukemia Protein, thrombopoietin transporter 

MPP: Multipotent progenitor 

MSCs: Mesenchymal stem cells 

N 

NAC: N-acetyl-cysteine  

NLRP3: NOD-like receptor protein 3  

NR4A1: Nuclear Receptor Subfamily 4 Group A Member 1 

NuRD: Nucleosome remodeling and histone deacetylase 

O 

OS: Overall survival 

OXPHOS: Oxidative phosphorylation 

P 

PB: Peripheral blood 

PDK: Pyruvate dehydrogenase kinase 

PER1: Period Circadian Regulator 1 

PHDs: Prolyl hydroxylase domain proteins 

PI3K: Phosphoinositide 3-kinase 

PiT1: Phosphate importer 1 

PiT2: Phosphate importer 2 

PPP: Pentose phosphate pathway 

Prdxs: Peroxiredoxins 

PS: Phosphatidylserine 
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R 

RBC: Red blood cell 

RBC-TI: RBC transfusion independence  

RBD: Receptor binding domain 

RFVT1/2: Riboflavin importer 1/2 

RNA: Ribonucleic acid 

ROS: Reactive oxygen species 

RP: Ribosomal protein 

rRNA: Ribosomal RNA 

RS: Ring sideroblast 

S 

SCF: Stem cell factor 

shRNA: Short hairpin RNA 

SOD: Superoxide dismutase  

S-phase: synthesis phase 

STAT5: Signal transducer and activator of transcription 5 

T 

TAL1: T-cell acute lymphocytic leukemia 1 

TCA: Tricarboxylic acid cycle 

TED: Terminal erythroid differentiation 

TET: Ten-elven translocation 

TFs: Transcription factors 

TGF- -  

TO: Thiazole Orange 

TPO: Thrombopoietin 

TPO-R: Thrombopoietin receptor 

TSR2: TSR2 Ribosome Maturation Factor 
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U 

UCP2: Uncoupling protein 2 

V 

VCAM: Vascular cell adhesion molecule 

X 

XPR1: Phosphate exporter 1 
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With approximately 2.5×1013 circulating cells in a healthy adult weighing 70kg, red 

blood cells (RBCs) are the most abundant cell type in human body (Palis, 2014). Their 

primary function is to transport oxygen from the lungs to the tissues. Decreased 

production or increased destruction of RBCs leads to anemia, a global health care 

problem affecting more than 1.6 billion people worldwide (Miller, 2013). 

Human RBCs have a lifespan of approximately 120 days (Franco, 2012) and ~ 2 

billion new RBCs need to be produced in adults by the bone marrow every day to 

maintain the homeostatic levels in circulation and replace aged cells eliminated by the 

spleen. Production of red cells from hematopoietic stem cells (HSCs) is a tightly 

regulated biological process designated as erythropoiesis.    

In humans and other vertebrate animals, three sequential waves of erythropoiesis 

generate different type of erythroid cells to ensure oxygen transport at different 

developmental stages (McGrath & Palis, 2008) (Barminko, Reinholt, & Baron, 2016) 

(Nandakumar, Ulirsch, & Sankaran, 2016). The first wave of erythropoiesis, termed 

“primitive” erythropoiesis, emerges from the yolk sac blood islands, and generates 

large erythroid cells during early embryogenesis. These primitive erythroblasts 

complete their maturation in the circulation, including enucleation, and they 

predominantly express embryonic globin type, Hb Gower I ( ) at week 5 of 

gestation before switching to 2) (Peschle et al., 1985). Due to ethical 

concerns, very little is known about human primitive erythropoiesis, and most of our 

understanding comes from extensive studies in different mouse models. 

The second wave of erythropoiesis arises following switching from the yolk sac to 

the fetal liver in the second gestational month in humans, in conjunction with 

generation of smaller “definitive” erythroid cells in circulation and the switch of 

hemoglobin from embryonic  (Iturri et al., 2021; S. J. Lu & Lanza, 

2019; S. J. Lu, Park, Feng, & Lanza, 2009).  
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As the fetus develops, hematopoietic niches begin to form in the bones and HSCs 

colonize these niches, with the bone marrow becoming the primary site of 

erythropoiesis during late fetal life, postnatal life and through adulthood. This 

constitutes the third wave of erythropoiesis (Gritz & Hirschi, 2016). In humans, a 

second takes place more 

gradually than in the murine system with the switch completed 9 months following birth 

and less than 5% of fetal hemoglobin expressed throughout life (Edoh, Bosaiko, & 

Amuzu, 2006; Oneal et al., 2006).  

The work accomplished during my Ph. D focused on normal and disordered human 

definitive erythropoiesis. In this introduction, after a description of erythropoiesis at 

steady state (1. Human Definitive Erythropoiesis) and current advances in the 

regulatory machinery (2. Regulation of erythropoiesis.), I will discuss specific red 

cell disorders with ineffective erythropoiesis (3. Inherited and acquired disorders of 

erythropoiesis), such as Diamond Blackfan anemia (DBA) and myelodysplastic 

syndromes (MDS). Unless otherwise indicated, erythropoiesis refers to human 

definitive erythropoiesis in these chapters.  

1. Human Definitive Erythropoiesis 

Definitive erythropoiesis is characterized by the sequential maturation of a 

continuum of erythroid progenitors and precursors. A pre-requisite for the study of 

erythropoiesis in normal and pathological conditions is the identification and 

characterization of human erythroid progenitors and precursors at distinct 

developmental stages. While this process has been studied for decades, the 

continuum in humans has only recently been comprehensively characterized (J. Hu et 

al., 2013; J. Li et al., 2014; Yan et al., 2018).   
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According to the established models, human erythropoiesis can be divided into 

three distinct phases: early erythropoiesis, terminal erythroid differentiation (TED), and 

reticulocyte maturation (Figure 1).

Figure 1. Human adult erythropoiesis. This process consists of three phases. While the early 

erythropoiesis and TED occur exclusively in the bone marrow, reticulocytes maturation begins 

in the bone marrow and is completed in blood stream. Proliferative erythroid progenitors from 

immature Burst forming unit-Erythroid (BFU-E) to more mature Colony forming unit-Erythroid

(CFU-E) constitute early erythropoiesis. The proliferation ability of erythroid progenitor cells 

decreases with differentiation, and accordingly, their colony size declines from large BFU-E (l-

BFU-E), intermediate BFU-E (i-BFU-E) to CFU-E. Terminal Erythroid Differentiation (TED) is 

composed of erythroblasts with distinguishable morphologies. Reticulocytes released from the 

bone marrow into the bloodstream following enucleation of orthochromatic erythroblasts mature 

into functional RBCs in the circulation. 

1.1 Early erythropoiesis

1.1.1 Erythroid lineage commitment of HSCs

The conventional model of hematopoiesis has been described as a cellular 

hierarchy maintained by self-renewing of HSCs at the apex, which progressively give 

rise to multipotent progenitors (MPP) and then oligopotent, bipotent and unipotent 

Early Erythropoiesis Terminal Erythroid Differentiation 
(TED)

Reticulocyte 
maturation
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progenitors (Figure 2, figure at the top). The first major step of lineage bifurcation is 

the segregation of two oligopotent progenitors, the common myeloid progenitor (CMP) 

and the common lymphoid progenitor (CLP). In this model, CMP is the direct 

predecessor of bivalent granulocyte-monocyte progenitors (GMP) and megakaryocyte-

erythroid progenitors (MEP), through which CMP generate all the cell types in the 

myeloid lineage. MEP eventually differentiates into unipotent progenitors of erythroid 

and megakaryocyte lineage. Thereafter, the generation of most immature erythroid 

progenitors, BFU-E initiates the first step of erythroid differentiation. 

Despite the use of this model over many decades, recent findings have begun to 

challenge this stepwise progression of hematopoietic stem and progenitor cells 

(HSPCs) and have led to key revisions to this model. In 2013, Yamamoto R et al found 

that murine HSCs could directly differentiate into megakaryocyte, megakaryocyte and 

erythroid, or CMP via asymmetric division (Yamamoto et al., 2013). More recently, 

Notta et al noticed an unexpected low proportion of oligopotent progenitors (CMP and 

CLP) in the human bone marrow, with multipotent and unipotent progenitors 

predominating (Notta et al., 2016). Moreover, the megakaryocyte and erythroid 

lineages branched directly from the MPP, by passing the conventional CMP/MEP 

trajectory. In contrast, the oligopotent progenitors were a prominent component of the 

fetal liver hierarchy, and the megakaryocyte/erythroid (Mk/Er) lineage originates from 

not only the stem cell compartment, but also from the oligopotent and bipotent 

progenitors. Based on these findings, a redefined model of hematopoiesis has been 

proposed (Figure 2, figure at the bottom). From previously identified oligopotent 

CMP Lin-CD34+CD38+IL3RlowCD45RA-, Kohta Miyawaki et al (Miyawaki et al., 2017) 

identified a subpopulation possessing unipotent to megakaryocyte lineage based on 

expression of CD41 and these CD41+ cells can contribute significantly to both normal 

and malignant megakaryopoiesis, without going through the conventional MEP stage. 

Interestingly, a most recent study revealed a transcriptional continuum of murine 
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hematopoietic progenitors, instead of discrete states. Furthermore, the investigators 

demonstrated that, in addition to the megakaryocytic fates, erythroid fate was also 

coupled with the basophil and mast cell fates, which proposed potential refinements 

over current model (Tusi et al., 2018). Thus, hematopoiesis appears to be a more

complex process than it was originally postulated by the conventional hierarchy model,

and that the Mk and Er lineages may arise via multiple different pathways.

Figure 2. The classical model (top) and redefined model (bottom) of human 

hematopoiesis. A graphical representation of the redefined model that encompasses the 

predominant lineage potential of the newly defined progenitor subsets. The redefined model 

envisions a developmental shift in the progenitor cell architecture resulting in a two-tier 

hierarchy by adulthood. The standard model is shown at the top for comparison (Notta et al., 

2016).
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These recent findings have led to a controversy over the existence of the MEP in 

human hematopoiesis, which is closely associated with erythroid lineage specification. 

Using immunophenotyping, Markus G. Manz (Manz, Miyamoto, Akashi, & Weissman, 

2002) identified Lin-CD34+CD38+IL3R-CD45RA- cells as the MEP in human bone 

marrow, which are widely used for quantification and isolation of bipotent Mk/Er 

progenitors for further analyses. However, functional assays from several recent 

studies revealed that this population is actually a mixed population greatly enriched for 

unipotent erythroid progenitors and committed megakaryocyte progenitors, with only 

low levels of “true” MEP (Mori, Chen, Pluvinage, Seita, & Weissman, 2015; C. J. H. 

Pronk et al., 2007). Not surprisingly, single cell RNA-seq on this population showed 

that most of these cells are transcriptionally primed to generate exclusively single-

lineage output, erythroid predominantly, with a minority giving rise to mixed-lineage 

colonies (Miyawaki et al., 2017; Psaila et al., 2016).  

One way to resolve this controversy is to identify Mk/Er bipotential in single cells 

(Xavier-Ferrucio & Krause, 2018). Chad Sanada and Juliana Xavier-Ferrucio et al (C. 

Sanada et al., 2016) developed a specific dual Mk/Er function assay to identify true 

MEP with Mk/Er bipotential. Consistent with the previous studies, the dual functional 

assay on individual cells revealed that the conventionally defined MEP is a 

heterogeneous mixture with only ~15% real MEP with bipotential. Using this assay, 

they found the true MEPs are mainly enriched in Lin-CD34+CD38mid population, 

characterized by expression of MPL, the receptor for Thrombopoietin (TPO).  They 

further improved the isolation strategy by using Lin-CD34+Flt3-CD45RA-

CD38midMPL+CD36-CD41- for bipotent MEP enrichment, which yielded 45-60% of 

CFU-Mk/Er, compared to ~15% of conventional approach.  

Thus, bipotent progenitors do exist, but are a rare population with a proportion of 

<1% in human CD34+ cells. In addition, the improved approach that enables more 
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efficient enrichment of purer MEP should facilitate a better understanding of fate 

decisions involved in commitment of MEPs towards to erythroid lineage. 

Finally, the development of single cell multi-omics technologies in recent years 

should enable a more comprehensive analysis of the highly heterogeneous cell 

population present in human bone marrow. Future studies based on these 

technologies should provide multi-faceted insights into underlying mechanism of 

erythroid lineage specification via multiple pathways and the relative contribution of 

these different pathways under steady state and stress conditions (Y. Hu et al., 2018).  

1.1.2 Erythroid progenitors: heterogeneity and developmental trajectory  

Since their first description in murine system by Axelrod’s lab in 1970s (Axelrad, 

Mcleod, Shreeve, & Heath, 1973; Stephenson, Axelrad, Mcleod, & Shreeve, 1971), 

erythroid progenitors BFU-E and CFU-E have been functionally defined by their ability 

to generate hemoglobinized colonies in the colony forming assay system (CFA). To 

perform a CFA, an appropriate number of HSPCs are seeded in the semi-solid 

methylcellulose media formulated for optimal proliferation and differentiation and 

incubated at 37 , in 5% CO2 humidity for ~7 days and ~15 days for CFU-

E and BFU-E colony maturation, respectively. The number and the morphology of the 

colonies formed by a fixed number of input cells provide preliminary information about 

the ability of tested progenitors to differentiate and proliferate. 

Based on extensive studies on murine erythroid progenitors (C. J. Gregory, 1976; 

Mcleod, Shreeve, & Axelrad, 1974), Connie J. Gregory and Allen C. Eaves (Connie J 

Gregory & Eaves, 1977) were the first to describe different types of erythroid colonies 

generated by human bone marrow cells, which could be distinguished by the time of 

maturation and cluster composition (Table 1). 
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Table 1. The three types of human erythroid colonies (Connie J Gregory & Eaves, 1977). 

Colony type Time of maturation Number of clusters 

Large BFU-E 17-20 days >16 

Small BFU-E 10-12 days 3-8 

CFU-E 7-8 days 1-2 

These fundamental studies and subsequent work on the effects of different growth 

factors on colony forming ability of human cells in vitro has greatly improved our 

understanding of early erythropoiesis and led to the following consensus in erythroid 

progenitor biology. 

The BFU-E are the first committed erythroid progenitors, which generate large 

hemoglobinized colonies with multiple clusters of erythroid cells in semi-solid medium 

in the presence of essential growth factors including interleukin-3 (IL-3), stem cell 

factor (SCF) and erythropoietin (EPO) (C. H. Dai, Krantz, Means, Horn, & Gilbert, 

1991; Chun Hua Dai, Krantz, & Zsebo, 1991; M. J. Koury & Bondurant, 1991; Sawada 

et al., 1987). Further differentiation of BFU-E leads to the generation of more mature 

erythroid progenitors, the CFU-E, which form smaller condensed colonies of one to 

two clusters in the presence of EPO only (Mark J. Koury, 2015; Stephenson et al., 

1971). The differentiation of CFU-E leads to the first morphologically identifiable 

erythroblast, the Pro-erythroblast, and marks the transition from early erythropoiesis to 

TED. BFU-Es require at least 14 days to form well-hemoglobinized colonies typically 

containing thousands of erythroblasts, while CFU-Es need only 7 days to generate 

mature colonies containing 8-200 erythroblasts, highlighting a continuum of erythroid 

progenitors with different proliferation potentials.  
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To date, colony-forming assays are still the gold standard approach for 

identification of erythroid progenitors. However, these assays are time-consuming and 

the classification and scoring of colonies can be subjective. Moreover, they do not

allow the isolation and use of highly enriched populations required for their detailed 

characterization at the molecular level.

Since 1980s, with the development of flow cytometry, several studies attempted to 

immunophenotype BFU-E and CFU-E enabling their potential isolation. Recently, our 

group developed a flow cytometry-based method for the identification and isolation of 

BFU-E and CFU-E (J. Li et al., 2014), based on the changes in the surface expression 

of a defined set of antigens during in vitro erythroid differentiation of CD34+ HSPCs.

BFU-E and CFU-E were immunophenotyped as IL3R-CD34+CD36-GPA- and IL3R-

CD34-CD36+GPA-, respectively. Further study identified a transitional population of 

IL3R-CD34+CD36+GPA- as a mixture containing both BFU-E and CFU-E from in vitro

cultures of adult-derived CD34+ cells (Figure 3) (Yan et al., 2018). In addition, while 

present in cultures of both cord blood (CB) or adult peripheral blood (PB) derived 

CD34+ cells, this transitional population was predominant and maintained only in adult-

derived cultures.

Figure 3. Erythroid progenitor populations identified from in vitro culture of CD34+ cells.

After 5 days of differentiation with presence of EPO, SCF and IL3, cells derived from CB (left) 

and PB (right) were collected and analyzed. Gated populations of erythroid progenitors were 

CB IL3R-GPA- cells PB IL3R-GPA- cells 
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isolated by fluorescence-activated cell sorting (FACS) -based cell sorting and CFA was 

performed as described (Yan et al., 2018). 

Other groups also documented the prospective isolation of BFU-E and CFU-E from 

CD34+ HSPCs. Based on the expression of CD36 and CD105, in the so-called MEP 

population (Lin-CD34+CD38+CD45RA-IL3R-), Iskander and colleagues identified Early 

Erythroid Progenitor (EEP) as CD105-CD36- and Late Erythroid Progenitor (LEP) as 

CD105+CD36+, generating BFU-E and CFU-E colonies, respectively (Iskander et al., 

2015). Moreover, Mori and colleagues documented that, in the Lin-

CD34+CD38+CD45RA-IL3R- population, CD71+ CD105  MEPs primarily generated 

large erythroid colonies while CD71int/+ CD105+ MEPs gave rise mostly to CFU-E 

colonies (Mori et al., 2015). Both studies used CD105 as a potential marker for the 

discrimination between BFU-E and CFU-E. It is noteworthy that, in contrast to the 

CD34-CD36+ CFU-E defined by Jie Li et al (J. Li et al., 2014), the two above described 

studies identified CFU-E populations in the CD34+ population. These results imply the 

potential existence of immunophenotypically different CFU-Es, highlighting the 

heterogeneity of human erythroid progenitors and the incomplete definition of BFU-E 

and CFU-E. 

To address these heterogeneity issues and further improve our 

understanding of the continuum of erythroid progenitors, a systematic 

identification and characterization of intermediate progenitor populations is 

essential. This issue was one of the primary objectives of my project and we made 

significant progress as will be described in the RESULTS section. Briefly, four 

successive distinct erythroid progenitor populations were identified by a novel flow 

cytometry-based strategy, using a specific set of surface markers that included CD34, 

CD117 (c-Kit), IL3R, CD45RA, CD41a, CD71, CD105 and Glycophorin-A (GPA). 

These four populations constitute the continuum of early erythropoiesis, and the 

developmental trajectory of these populations was comprehensively validated in vitro 
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and in vivo. Importantly, the most mature CFU-E, redefined as EP4 (Erythroid 

Progenitor 4), underwent EPO-induced differentiation and generated proerythroblasts 

in 24 hours, implying the successive transition of late stage erythroid progenitor to 

TED. 

1.2  Terminal erythroid differentiation (TED) 

In striking contrast to the characterization of erythroid progenitors, terminal 

erythroid differentiation has been previously well-characterized (Jingping Hu et al, 

2013). Terminal erythroid differentiation consists of morphologically distinct erythroid 

precursors starting with proerythroblasts. Proerythroblasts undergo 4-6 mitoses to 

sequentially generate early and late basophilic, polychromatophilic and orthochromatic 

erythroblasts (Figure 1). During this process, each cell division generates two 

daughter cells that are morphologically and functionally distinct to the mother cell. The 

essential criteria distinguishing these erythroblasts rely on morphological changes 

along with decrease in cell size, increased hemoglobin content and progressive 

nuclear condensation.  

Terminal erythroid differentiation culminates with the enucleation process, resulting 

in the expulsion of the pyrenocyte from orthochromatic erythroblast and generation of 

enucleate reticulocyte. This process occurs within erythroblastic islands, niches for 

erythropoiesis, composed of a central macrophage surrounded by differentiating 

erythroblasts (Lévesque et al., 2021). In addition to serving as a nurse cell to provide 

iron to erythroblasts for hemoglobin production, the central macrophage has another 

critical function, which is to phagocyte the pyrenocyte through an “eat-me” signaling 

pathway (Yoshida et al., 2005). Although some progress has been made in last few 

decades (C. An et al., 2021; Gnanapragasam et al., 2016; Ji, Yeh, Ramirez, Murata-

Hori, & Lodish, 2010; S. T. Koury, Koury, & Bondurant, 1989; Nowak et al., 2017; 

Ouled-Haddou et al., 2020), the mechanism of enucleation is still not fully understood. 
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Currently, efficient enucleation is the major technical bottleneck for the in vitro

production of RBCs for use in transfusion.

To isolate erythroid precursors at distinct developmental stages for downstream 

molecular studies, our group monitored the dynamic changes of membrane protein

expression on the surface of differentiating erythroblasts and used these insights to

develop a method to isolate erythroblasts at distinct differentiation stages (J. Hu et al., 

2013). Based on the expression of GPA, -integrin and band3, large numbers of 

erythroblasts at specific stages could be isolated with a high purity not only from in 

vitro CD34+ HSPCs culture, but also directly from primary bone marrow samples. In 

addition, these surface markers also enabled detection and quantitation of TED in 

vivo, an important issue to identify stage-specific defects in disorders associated with 

impaired TED, such as MDS (Figure 4).

Figure 4. Isolation of erythroblasts at distinct differentiation stages. CD45- cells were 

isolated from bone marrow mononuclear cells for antibody staining. GPA+ cells were gated for 

analysis and five stages of erythroblasts were isolated based on expression of -integrin and 

band3. May Grünwald-Giemsa (MGG) staining of purified erythroblasts showed distinctive cell 

morphologies (Lower panel), characterized by decrease of cell size, increase of hemoglobin 

Band3
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content and progressive nuclear condensation from proerythroblast, early and late basophilic 

erythroblast, to poly- and ortho- chromatic erythroblast (J. Hu et al., 2013). 

 

Transcriptomic analysis on these purified populations of erythroblasts revealed 

marked changes in gene expression during TED with stage-specific transcriptomes. 

These data from high-throughput RNA-sequencing provided a useful resource for 

furthering our understanding of erythropoiesis (X. An et al., 2014). 

While this immunophenotyping method was helpful to answer questions related to 

erythroid precursors, it could not resolve the whole continuum from the earliest stages 

to the reticulocyte. Therefore, I decided to develop an efficient and feasible FACS 

strategy for stage-wise detection of erythropoiesis. During my thesis, I highlighted 

CD105 as a key marker to resolve the entire erythroid continuum at a stage-wise 

manner, and these findings will be detailed in the RESULTS section.  

1.3 Reticulocyte maturation 

The final step of erythropoiesis is reticulocyte maturation. Following enucleation of 

the orthochromatic erythroblast, nascent motile reticulocyte (also known as R1) 

undergoes maturation over 2-3 days to generate mature red cell. Two third of this 

maturation process takes place in the bone marrow, and the later stage stomatocytic 

reticulocyte (also known as R2) reach the blood stream where they acquire their 

biconcave shape, characteristic of mature red cells (Malleret et al., 2013; Mel, Prenant, 

& Mohandas, 1977).  

During reticulocyte maturation all internal organelles are lost, and extensive 

membrane remodeling occurs. Reticulocytes lose about 20% of their membrane 

surface area during the maturation process and there is significant remodeling of the 

cytoskeleton (Blanc, Gassart, Géminard, Bette-Bobillo, & Vidal, 2005; Costa, 
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Mohandas, Sorette, & Tchernia, 2001; J. Liu, Guo, Mohandas, Chasis, & An, 2010; 

WAUGH et al., 1995).  

Distinguishing features of reticulocytes are mostly their morphology and their RNA 

content. The use of Thiazole Orange (TO), a fluorescent nucleic acid intercalating dye, 

provided a “visualized” reticulocyte classification system through detection of the 

fluorescence intensity by flow cytometry (L G Lee, Cytometry, 1986). The use of flow 

cytometry overcame the time-consuming disadvantage of microscope-based 

visualization and classification and enabled rapid analysis on large numbers of blood 

cells. However, this method had a significant drawback in that TO stains not only RNA 

but also DNA, which can cause false positive results in certain conditions, such as 

presence of hemoparasites or Howell-Jolly bodies in mature red cells in certain 

pathological states (Roger S. Riley, 2001, JCLA).  

Malleret et al (2013) recently reported an improved FACS-based classification of 

reticulocyte maturation. Based on the expression of CD71, the transferrin receptor, 

reticulocytes were classified into four populations (CD71high, CD71medium, CD71low and 

CD71negative) and their morphology, membrane antigens, biomechanical properties and 

metabolomic profiles were phenotyped. The mature erythrocytes R3 are negative for 

both CD71 expression and TO staining, as there is no residual RNA in these cells. 

This study not only provided more efficient and feasible method for determination and 

isolation of maturing reticulocytes, but also provided more comprehensive insights for 

a more detailed understanding in reticulocytes biology (Figure 5).  

With that being said, the mechanisms and molecular actors involved in the process 

of reticulocytes maturation such as membrane reorganization and organelle clearance 

are still not fully understood. 
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Figure 5. Phenotypic changes of maturing reticulocytes in human cord blood samples. 

Along with decrease in CD71 expression and TO staining, morphologies of maturing 

reticulocytes change. At the last stage, there’s a loss of CD71 surface expression and bi-

concave shape of functional red cells arise (Malleret et al., 2013). 

2. Regulation of erythropoiesis

To maintain homeostatic numbers of RBCs in circulation under steady state

conditions, and increased production of red cells under stress conditions, a tight 

regulation of erythropoiesis is required. Over the last several decades, accumulating 

evidence indicates that this complex process is controlled at multiple levels involving

transcriptional factors (TFs), growth factor-driven signaling and cell-cell/cell-matrix 

interaction in the bone marrow niche (Gutiérrez, Caballero, Fernández-Calleja, 

Karkoulia, & Strouboulis, 2020; Lodish, Flygare, & Chou, 2010; Marieke von Lindern, 

Schmidt, & Beug, 2004; Yuan et al., 2020). Epigenetic modifications also heavily 

influence erythroid differentiation through epigenetic modifiers including but not limited 
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to DNA methyltransferases (DNMTs), Ten-eleven translocation (TET) enzymes, 

histone methyltransferases (HMTs) and demethylases (HDMs), histone 

acetyltransferases (HATs) and deacetylase (HDACs) (DeVilbiss et al., 2015; L. Ge et 

al., 2014; Liang Ge et al., 2014; Hewitt et al., 2014; Ji et al., 2010; Myers et al., 2020; 

Okano, Bell, Haber, & Li, 1999; Yan et al., 2017). In addition to these well-documented 

regulators, more recent studies reveal that, metabolic enzymes and metabolites as 

well as their transport and utilization, also play important roles in the regulation of 

erythropoiesis (N. J. Huang et al., 2018; Mikdar et al., 2021; Oburoglu, Romano, 

Taylor, & Kinet, 2016; A. Richard et al., 2019). Notably, responsive changes in the 

status of epigenetic modifications could be triggered by extrinsic factors like growth 

factors, hormones or metabolites, and epigenetic regulators could mediate regulation 

of TFs and metabolic status, highlighting the interlinkage between multiple players of 

the complex regulatory machinery(Guo et al., 2015; M. Y. Kim, Yan, Huang, & Qiu, 

n.d.; Kohrogi et al., 2021; Ling et al., 2019; L. Wang, Di, & Noguchi, 2014; Zwifelhofer 

et al., 2020).  

2.1 Transcription factors (TFs) 

Transcription factors are fundamental regulators of hematopoiesis, which function 

by recognizing and binding to specific DNA sequences of promoters or enhancers of 

targeted genes to stimulate or repress gene transcription. Three DNA-binding TFs, 

GAGA-binding factor 1 (GATA1), T-cell acute lymphocytic leukemia 1 (TAL1) and 

Kruppel-like factor 1 (KLF1) are considered master regulators of erythroid 

differentiation by activating the transcription of erythroid specific genes and 

suppressing genes regulating other lineages. Deficiency in any of these TFs leads to 

severely impaired erythropoiesis, as evidenced by mouse embryonic death caused by 

any of these TFs knockouts, and multiple anemia phenotypes in humans carrying 

deficiency in one of these TFs. Together with their cofactors LIM Domain Binding 1 
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(LDB1) (Love PE 2014) and LIM Domain Only 2 (LMO2), these TFs form a core 

erythroid network (CEN), which functions in concert at chromatin binding sites and 

tightly regulate the transcription of erythroid specific genes (Liang & Ghaffari, 2016; 

Nandakumar et al., 2016).  

2.1.1 GATA1 

Among the 6 members of the GATA family, only GATA1, 2 and 3 are expressed in 

hematopoietic lineages. GATA3 is expressed in T lymphocytes, while GATA1 and 

GATA2 play important roles in self-renewal and survival of HSPCs as well as in 

erythroid differentiation. GATA2 is expressed in HSPCs and erythroid progenitors 

while GATA1 is expressed abundantly in more mature cells of several blood lineages 

including erythrocytes, megakaryocytes, eosinophils and mast cells (Katsumura & 

Bresnick, 2017). The reciprocal expression of GATA2 and GATA1 is essential for the 

proper progress of erythroid differentiation and is commonly known as the “GATA 

switch” (Kaneko, Shimizu, & Yamamoto, 2010; M. Suzuki et al., 2013). It has long 

been presumed that the GATA switch from GATA2 to GATA1 occurs at the 

proerythroblast stage due to the increased abundance of GATA1. However, a recent 

study on absolute quantification of TFs revealed that GATA1 is more abundant than 

GATA2 at the protein level, even early in hematopoiesis (Gillespie et al., 2020). These 

data indicate that the GATA switch in genomic binding is more likely mediated by a 

decrease in GATA2 levels rather than its competition with GATA1.  

GATA1, the funding member of GATA family, has three functional domains, two 

Zinc finger domains at C-terminal for DNA binding (WGATAR motif) and one N-

terminal transactivation domain for binding of its main cofactor, Friend of GATA1 

(FOG1) (Gutiérrez et al., 2020). FOG1 modulates the affinity of GATA1 to its binding 

sites, and binding of GATA1 to FOG1 is required for many of GATA1-regulated events 

including activation of globin gene expression. Several studies have linked a truncated 
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form of GATA1 to DBA, a model of ineffective erythropoiesis (Gutiérrez et al., 2020; 

Ling et al., 2019). A recent study highlighted a role for GATA1 in decreased globin 

production and consequent imbalance between globin and heme synthesis (Rio et al., 

2019). These studies will be discussed in detail in the third section of INTRODUCTION 

entitled “Inherited and acquired disorders of erythropoiesis”. The N-terminus of FOG1 

interacts with the nucleosome remodeling and histone deacetylase (NuRD) complex to 

repress expression of GATA1 targeted genes including Gata-2, Myc and Kit (Hong et 

al., 2005; Miccio et al., 2010). 

In addition, GATA1 was found to form a complex with other master regulators of 

hematopoiesis. GATA1 interacts with TAL1 via its N-terminal zinc finger, and recruits 

other TFs including LMO2, LDB1 and transcriptional factor E2-alpha (E2A) to form a 

transcriptional complex that regulates erythropoiesis as well as the functions of HSCs 

(Fujiwara, 2017; Lahlil, Lécuyer, Herblot, & Hoang, 2004; Stadhouders et al., 2015; 

Wilkinson-White et al., 2011). GATA1 also interacts with other erythroid transcription 

factors such as KLF1, PU.1, SP1, Growth Factor Independent 1B (GFI1B) and 

chromatin modifiers histone methyltransferases SetD8 and EZH2 (Katsumura & 

Bresnick, 2017). 

2.1.2 TAL1 

TAL1 is a core member of the CEN family of TFs, which mainly functions with other 

TFs as a complex to form enhancer to promoter loops to activate erythroid gene 

expression (Capellera-Garcia et al., 2016). Before GATA1 is produced abundantly, 

TAL1 binds to many genomic locations in erythroid progenitor cells and multilineage 

precursors (Kassouf et al., 2010). At early stages of erythropoiesis, TAL1 and GATA2 

co-occupy the GATA switch sites in the Gata2 and Kit loci to drive the transcription of 

these genes, which are crucial for erythroid progenitor proliferation (W. Wu et al., 



 48 | P a g e  

2014). Also, TAL1 and GATA1 interact with GFI1B and NuRD to suppress target gene 

expression (Liang & Ghaffari, 2016).  

2.1.3 KLF1 

KLF1, also known as EKLF (Erythroid Kruppel-like factor), is the founding member 

of the KLF family of transcription factors and is the only family member required during 

erythropoiesis. In erythroid cells, Klf1 is a direct target of the bone morphogenetic 

protein 4 (BMP4)/Smad pathway and GATA1 (Xue, Galdass, Gnanapragasam, 

Manwani, & Bieker, 2014). In the human -globin locus, KLF1 stabilizes GATA1 and 

TAL1 occupancy, contributing to the generation of active chromatin structure, which is 

critical for activation of -globin transcription (Kang, Kim, Yun, Shin, & Kim, 2015). In 

addition to regulating globin genes, recent studies highlighted the role of KLF1 in cell 

cycle regulation (Siatecka & Bieker, 2011). KLF1 regulates many cell cycle genes, and 

is present in both self-renewing erythroid progenitors and in terminal differentiating 

erythroblasts. A recent study suggested a KLF1- dependent biphasic model - KLF1 

directs the expression of transcription factor E2F2 during the early phase for erythroid 

progenitor proliferation (Tallack, Keys, Humbert, & Perkins, 2009). E2F2 is a 

transcription factor that controls S-phase entry and DNA synthesis, and it favors the 

cell cycle exit of erythroblasts at the late stage by directing expression of cyclin-

dependent kinases (CDK) inhibitors, which is critical for enucleation (Gnanapragasam 

et al., 2016). Moreover, KLF1 also plays a role in facilitating commitment of MEPs into 

erythroid lineage by suppressing megakaryopoiesis (Doré & Crispino, 2011). 

2.1.4 HIF2 

Hypoxia-inducible factor 2 (HIF2) is another key transcription factor for 

erythropoiesis. HIF2 is a heterodimeric complex constituted of an oxygen-

subunit (also known as endothelial PAS domain containing protein 1 (EPAS1)) and a 
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 (also known as aryl hydrocarbon receptor nuclear 

translocator (ARNT)) (Watts et al., 2020). is synthesized and constantly 

degraded under normoxic condition. The degradation is regulated by prolyl 

hydroxylase domain proteins (PHDs), mainly PHD1 (Appelhoffl et al., 2004; Berra et 

al., 2003). When local oxygen level decreases,  is stabilized and translocate to 

the nucleus to form heterodimeric complex with , which sequentially binds hypoxia 

response elements (HREs) in the promoters/enhancers of targeted genes to activate 

their transcription (Wielockx, Grinenko, Mirtschink, & Chavakis, 2019). The most 

 Epo, the gene encoding Erythropoietin (EPO), the key 

hormone involved in regulation of erythropoiesis. HIF2-mediated EPO upregulation 

augments RBCs production to meet oxygen demand when oxygen delivery is 

diminished (Tomc & Debeljak, 2021). In addition to the well-established HIF-EPO axis, 

HIF2 also plays a pivotal role in promoting cellular iron uptake for hemoglobin 

synthesis in erythroid cells. HIF2 can increase the transcription of Divalent Metal 

Transporter 1 (DMT1), the predominant iron importer in mammalian cells, and 

Duodenal Cytochrome B (DCYTB), a ferric reductase, both of which are important 

enzymes for dietary iron uptake (A. Kim & Nemeth, 2015; Nemeth, 2008). Moreover, 

HIF2 can suppress hepcidin transcription to increase iron availability (Q. Liu, Davidoff, 

Niss, & Haase, 2012). Recently, HIF stabilizers acting by restoring EPO levels and 

reducing hepcidin have been used in anemic patients with chronic kidney disease to 

enhance hemoglobin levels (Watts et al., 2020). 

2.2 Growth factors 

Growth factors are molecules that play essential roles in the regulation of cell 

proliferation, immune response and hematopoietic development. Among multiple 

growth factors supporting erythropoiesis, stem cell factor (SCF) and EPO are 

indispensable for survival, proliferation and differentiation of erythroid progenitors and 
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early precursors. Both factors initiate signaling via binding to their cognate receptor 

subunits, triggering the activation of downstream signaling pathways and activate 

specific gene expression programs. In general, SCF acts on proliferation of erythroid 

progenitor and more primitive HSPCs, while EPO promotes survival and maturation of 

late erythroid progenitors CFU-E and early erythroblasts proerythroblasts/basophilic 

erythroblasts, with substantial overlap with SCF during early erythropoiesis and 

triggering similar signaling pathways such as phosphoinositide-3 kinase (PI3K)/ protein 

kinase B (AKT) and Janus Kinase 2 (JAK2)/ Signal transducer and activator of 

transcription 5 (STAT5) (Karayel et al., 2020; Marieke von Lindern et al., 2004; W. 

Wang, Horner, Chen, Zandstra, & Audet, 2008). 

2.2.1 EPO 

EPO is the most essential factor governing erythropoiesis. Epo or Epo receptor 

(Epo-R)-deficient mice die in utero at day 13–15, when definitive erythropoiesis begins 

(N. Suzuki et al., 2002). Human EPO is a glycoprotein of molecular weight 34kD, 

which was purified in 1977 by Goldwasser’s group from urine of patients with aplastic 

anemia and was approved for therapeutic use in humans by U. S. Food and Drug 

Administration in 1989 (Miyake, Kung, & Goldwasser, 1977; Suresh, Rajvanshi, & 

Noguchi, 2020). EPO was primarily produced by fibroblast-like interstitial peritubular 

cells in adult kidney or fetal hepatocytes, in response to anemia, ischemic stress or 

high altitude (Figure 6) (Liang & Ghaffari, 2016). The elaborate oxygen-sensitive 

regulation of EPO production by transcription factor HIF2 and PHD has been 

described in the previous section (2.1.4 HIF2). In this section I will focus on the current 

understanding of how EPO works on erythroid progenitors and precursors.  

EPO acts on erythropoiesis via multiple signaling pathways mediated by EPO 

receptor (EPOR). EPO binding to EPOR induces a change of EPOR dimmers 

conformation that triggers JAK2, which then activates the transcription factor 
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STAT5(Remy, Wilson, & Michnick, 1999). Dimers of STAT5 migrate to the nucleus 

where they interact with erythroid master TFs to activate transcription of important 

erythroid genes to enhance erythroid cell survival, proliferation and differentiation 

(Sathyanarayana et al., 2008; Witthuhn et al., 1993). Additionally, EPOR can activates 

the canonical Ras/mitogen-activated protein kinase (MAPK) and PI3K/AKT pathways, 

which are also involved in the differentiation and expansion of erythroid progenitors

(Adlung et al., 2021; Miura, Miura, Ihle, & Aoki, 1994; Watowich, 2011; Y. Zhang et al., 

2014).

Figure 6. Systemic regulation of erythropoiesis through EPO. Under hypoxic conditions, 

the kidney will produce EPO, which is carried through the blood to the bone marrow and spleen 

(in mice but not human) to enhance proliferation and survival of erythroid progenitors.

Expansion of the erythroid-committed progenitor pool leads to increased RBC production and 

sequentially reduced EPO production back to normal levels (Liang & Ghaffari, 2016).

EPO primarily promotes the survival and maturation of CFU-E and early 

erythroblasts in which EPOR is highly expressed (Broudy, Lin, Priestley, Nocka, & 

Wolf, 1996). The dependence of erythroblasts on EPO decreases during late stages of 

erythroblast maturation. Polychromatic and orthochromatic erythroblasts do not 

express EPOR and they do not need EPO for their survival (Hasan et al., 2018; 

Wickrema, Krantz, Winkelmann, & Bondurant, 1992). Although earlier studies in the 
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murine system showed that EPO/EPOR is not required for generation of BFU-E and 

CFU-E (H. Wu, Liu, Jaenisch, & Lodish, 1995), studies revealed a lineage instructive 

role of EPO through suppression of non-erythroid fate options (Grover et al., 2014). 

EPO stimulation changed broad gene expression in HSPCs from MPP, bi-potent and 

erythroid committed progenitors, reprograming of uncommitted primitive progenitors 

towards erythroid lineage at the expense of other lineages (Tusi et al., 2018). 

 

2.2.2 SCF 

Human SCF gene was identified in 1990 (E. Huang et al., 1990; Martin et al., 

1990) and production of recombinant SCF significantly facilitated the development of 

in vitro model of human erythropoiesis by augmenting the expansion of CD34+ HSPCs 

in liquid culture (Anna Rita Migliaccio, 2018; G. Migliaccio et al., 1992). SCF is 

produced by endothelial cells, fibroblasts, and bone marrow stromal cells, which also 

produce other growth factors important for hematopoiesis like Granulocyte-

macrophage colony-stimulating factor (GM-CSF) and Granulocyte colony-stimulating 

factor (G-CSF) (Giovanni Migliaccio et al., 1991). 

Like EPO and EPOR deficient mice, deficiency of either SCF or its cognate 

receptor c-Kit leads to anemia and fetal death in utero in the murine system 

(Munugalavadla & Kapur, 2005). Importantly, SCF was required for differentiation from 

BFU-E to CFU-E in both human (Chun Hua Dai et al., 1991) and mice (Broudy et al., 

1996). Early studies indicated that recombinant human SCF can interact with other 

growth factor such as IL-3, G-CSF and EPO to enhance proliferation of early 

progenitors cells with multiple lineage potential and lineage committed progenitors like 

myeloid progenitors and erythroid progenitors (Hoffman et al., 1993; McNiece, 

Langley, & Zsebo, 1991; Giovanni Migliaccio et al., 1991). SCF also augments the 

expansion of in vitro cultured erythroid progenitors, delay their differentiation, and 
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protect erythroid cells from apoptosis (Endo et al., 2001). Although some studies have 

suggested that p38, ERK, Bcl-2/Bcl-XL and Notch 2 are involved into SCF-modulated 

regulation of erythroid differentiation, the detailed mechanisms of action still remain to 

be fully defined (Endo et al., 2001; Kapur, Chandra, Cooper, McCarthy, & Williams, 

2002; A. Zeuner et al., 2011; Ann Zeuner et al., 2003).  

As the two most recognized growth factors regulating erythroid differentiation, 

synergistic effects of SCF and EPO have been documented in both human and murine 

systems.  Although, the exact mechanism underlying the synergy still needs to be fully 

defined, earlier studies indicated that SCF and EPO share common downstream 

signaling pathways including PI3K/AKT, JAK2/STAT5 and Ras-Erk (Matsuzaki, Aisaki, 

Yamamura, Noda, & Ikawa, 2000; Schmidt, Fichelson, & Feller, 2004; Weiler et al., 

1996). However, the results from murine bone marrow cells indicate that SCF and 

EPO have distinct and sequential effects on erythroid differentiation, without co-

signaling effects (W. Wang et al., 2008).  

As such, further studies are needed to fully elucidate the mechanism of synergistic 

effects of SCF and EPO on erythropoiesis. A comprehensive phenotyping of human 

erythropoiesis presented in the thesis that enables efficient isolation of erythroid cells 

at distinct developmental stages should facilitate future studies in this area of 

research. Use of purified cells at specific stages of erythroid differentiation will facilitate 

a clearer understanding in the mechanisms underlying effects of SCF and EPO, and 

other growth factors such as IL-3, GDF1 in regulating proliferation of erythroid 

progenitors (Barth et al., 2019). 

2.3 Metabolic regulation of erythropoiesis 

Given the extensive cell expansion of erythroid cells and astonishing amount of 

hemoglobin synthesis leading to production of 270 million hemoglobin molecules in 



 54 | P a g e  

each red cell (Korolnek & Hamza, 2015), it is to be expected that metabolism plays an 

important role in human erythropoiesis.  

Early studies have focused on iron metabolism, as iron is the indispensable 

building block for heme synthesis and hemoglobin production. Significant progress has 

been made in this context, and the interaction between iron metabolism and 

erythropoiesis has been well summarized in recent reviews (Camaschella & Pagani, 

2018; Ganz, 2019; A. Kim & Nemeth, 2015; C. Richard & Verdier, 2020; Rivella, 

2019). Here I will focus on recent advances on energy metabolism and nucleotide 

metabolism.  

2.3.1 Energy metabolism and erythroid lineage specification 

Recently, energy metabolism emerged as a critical factor implicated in HSC’s 

maintenance, self-renewal, and lineage commitment (Mochizuki-Kashio, Shiozaki, 

Suda, & Nakamura-Ishizu, 2021). HSCs reside in the hypoxic micro-niches in the bone 

marrow, an environment that favors glycolysis over mitochondrial oxidative 

phosphorylation (OXPHOS). Previous studies showed that HSCs are hypersensitive to 

reactive oxygen species (ROS), reducing the production of ROS associated with 

improved stem cell maintenance (Bigarella, Liang, & Ghaffari, 2014). Indeed, 

OXPHOS is one of the main generators of endogenous ROS, as a byproduct of ATP 

production. OXPHOS is suppressed in HSCs either by uncoupling protein 2 (UCP2) 

mediated substrate shunting mechanism or HIF1  activated expression of pyruvate 

dehydrogenase kinases (PDK2/PDK4) via blocking of pyruvate entry into the 

mitochondrial OXPHOS pathway (Takubo et al., 2013; J. Zhang et al., 2011), and 

HSCs mostly rely on anaerobic glycolysis for energy production. A recent study 

demonstrated that HSCs with greatest potential have the lowest level of mitochondria 

membrane potential (MMP), further implicated the role of mitochondria in the 

regulation of HSCs quiescence and maintenance of potency (Qiu et al., 2021). 
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Beyond the maintenance of HSC stemness, metabolism is also involved in cell fate 

decision. Oburoglu and colleagues revealed a critical role for glucose and glutamine in 

governing the lineage specification of human HSPCs toward erythroid lineage 

(Oburoglu, Tardito, Fritz, Phanie, et al., 2014). They demonstrated that blocking 

glutamine metabolism skewed erythropoietin treated HSPCs towards a myeloid fate. 

Mechanistically, glutamine-dependent de novo nucleotide biosynthesis is required for 

erythroid lineage specification. Recent work has also showed that succinyl-CoA 

required for heme biosynthesis mainly produced from glutamine derived -

ketoglutarate ( -KG) (JS et al., 2018). Oburoglu et al showed that glucose catabolism 

is essential for the specification of HSC towards the erythroid lineage. Indeed, they 

showed that erythroid commitment was associated with an increased shunting of 

glucose through the pentose phosphate pathway (PPP) and that diverting glucose into 

PPP by using 2-deoxyglucose (2-DG) accelerated erythropoiesis by providing five-

carbon sugars for nucleotide biosynthesis (Oburoglu, Tardito, Fritz, Phanie, et al., 

2014). Thus, it prompted us to focus our studies on developing detailed understanding 

in OXPHOS activity and the regulation machinery of OXPHOS-induced ROS in human 

erythroid differentiation. 

2.3.2 Energy metabolism and redox homeostasis in erythroid cells 

The dormant HSCs are hypersensitive to ROS, which could be activated by the low 

level OXPHOS-induced ROS to enter cell cycle and differentiation. Upon differentiation, 

OXPHOS increases in committed progenitors and becomes the major source of 

energy production. At late stage of terminal erythropoiesis, glycolysis regains 

dominance as mitochondria activity and biomass decreases (Daud, Browne, Al-

Majmaie, Murphy, & Al-Rubeai, 2016; A. Richard et al., 2019). However, Luo Shuntao 

et al recently showed that lactic acid promoted in vitro erythroid differentiation by 

increasing ROS levels and reducing ROS levels abolished erythroid differentiation 
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induced by lactic acid (Luo et al., 2017). Consistently, Liang et al demonstrated that 

low mitochondria activity fueled by pyruvate, but not in situ glycolysis, is one of the key 

for erythroblasts enucleation (Liang et al., 2021). 

Presumably, the increase in OXPHOS will lead to increased levels of ROS in 

erythroid progenitors. Under normal conditions, the redox homeostasis is maintained 

by antioxidant molecules, such as reduced and oxidized glutathione (GSH/GSSG), 

and antioxidant enzymes, such as superoxide dismutase (SOD), catalase (Cat), 

glutathione peroxidase (GPx), and peroxiredoxins (Prdxs) (KuhnViktoria et al., 2017; 

Romanello et al., 2018). Uncontrolled ROS production will cause oxidative damage to 

cells. For instance, the presence of pathological free iron in -thalassemia leads to 

ineffective erythropoiesis and erythrocyte hemolysis; iron-overload in transfusion-

dependent patients with DBA, MDS or -thalassemia result in increase of cellular ROS, 

activation of apoptosis signaling, and subsequent tissue damage (Grootendorst et al., 

2021). Therefore, the maintenance of redox homeostasis is critical for effective 

erythropoiesis. Indeed, deficiencies in several ROS scavengers cause anemia, and 

deficiency of FLVCR, the heme exporter expressed on cell surface of CFU-

E/proerythroblast, leads to erythroid defects in mice at CFU-E/proerythroblast stage 

(Doty et al., 2015). In a recent study, Zhao and colleagues reported EPO-induced 

production of ROS at the early stages of TED and a decrease in ROS level at later 

stages in a mouse model(Zhao, Mei, Yang, & Ji, 2016). Importantly, ROS quenching 

by antioxidant N-acetyl-cysteine (NAC) improved enucleation. However, the 

mechanism of regulation of redox balance during human erythropoiesis remains to be 

fully defined.  

Working with our colleagues, we found that, during normal erythroid differentiation, 

the use of glutamine was augmented early in erythropoiesis, which supports the 

tricarboxylic acid (TCA) cycle and downstream OXPHOS via the cataplerotic utilization 
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of -KG (Gonzalez-Menendez et al., 2021). At late stages of erythroblasts maturation, 

glutamine uptake and OXPHOS levels are significantly decreased. Even if the 

mitochondria activity is low, the mitochondria still play an important role during late 

stage erythroblasts maturation and enucleation (Liang et al., 2021). In the recent 

published study, we showed that perturbations in the levels of -KG and isocitrate 

dehydrogenase 1 (IDH1) resulted in augmented ROS production and subsequent 

ineffective erythropoiesis with defective enucleation. Importantly, Vitamin C, a well-

known ROS scavenger, restored the redox homeostasis and rescued terminal 

erythroid differentiation. These findings implied the dynamic changes in OXPHOS 

levels to adapt to the energy needs at different developmental stages and revealed a 

critical role for IDH1 as a regulator of redox homeostasis during terminal erythropoiesis. 

Moreover, these findings highlighted the therapeutic potential of vitamin C in human 

erythroid disorders associated with oxidative stress. The detailed results are presented 

as a published paper in the ANNEX. 

2.3.3 Nucleotide metabolism 

As nucleotides are indispensable for RNA and DNA synthesis, they are extremely 

important for cell division. Oburoglu and colleagues identified a significant role of 

nucleotide metabolism in erythroid lineage specification(Oburoglu, Tardito, Fritz, 

Phanie, et al., 2014). Blocking glutamine-dependent de novo nucleotide biosynthesis 

by down-regulation of glutamine importer (ASCT2) skewed erythropoietin treated 

HSPCs towards a myeloid fate. Furthermore, a recent study demonstrated that 

nucleotide homeostasis is also crucial for TED. In addition to the de novo biosynthesis 

of nucleotides, uptake of its extracellular precursor, nucleosides, can contribute to the 

cytoplasmic level of nucleotides. The equilibrative nucleoside transporter 1 (ENT1), the 

major plasma membrane transporter of nucleosides, plays a critical role in nucleotide 

homeostasis. Deficiency of ENT1 resulted in abnormal erythropoiesis in both human 
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and mice, with reduced erythroid progenitors and impaired enucleation (Mikdar et al., 

2021). Furthermore, mechanistic studies revealed a functional link between ENT1 and 

ATP Binding Cassette Subfamily C Member 4 (ABCC4) mediated cyclic nucleotide 

metabolism. ABCC4, a cyclic nucleotide transporter is highly expressed in erythroid 

precursors. In two ENT1-deficient patients with mild symptoms, ABCC4 mutation was 

also identified. Furthermore, in vitro inhibition of ABCC4 enhanced erythroid 

differentiation. These results suggest that the loss-of-function mutation of ABCC4 may 

compensate for the deficiency of ENT1 in patients, further highlighting the significance 

of nucleotide metabolism in regulating erythropoiesis. 

Although continued progress is being made in defining mechanistic basis for 

metabolic regulation of erythropoiesis, there are still significant gaps in our 

understanding. Indeed, cell metabolism is not restricted to iron, energy and nucleotide 

metabolism, other nutrients/metabolites could also be essential for erythroid 

differentiation and more comprehensive investigations are needed to identify these 

metabolites, the involved metabolic pathways as well as their interplay with those 

previously established. Therefore, I explored the metabolic dynamics during 

erythropoiesis by detection of a set of nutrients transporters on the surface of erythroid 

progenitors and precursors, and discussed the preliminary results in the DISCUSSION 

section. 

2.4 Erythroblastic island 

Human bone marrow has a complex microenvironment containing highly 

heterogeneous populations of cells, where HSCs proliferate and differentiate into 

different blood cell lineages. Accumulating evidences suggest that there are multiple 

micro-niches in the bone marrow supporting the generation of cells of distinct 

hematopoietic lineages. Among those, a specialized niche for erythroid cells’ 

maturation was first described by Marcel Bessis in 1958 and termed “erythroblastic 
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island” (EBI) (Bessis, 1958). This island consists of a central macrophage surrounded 

by developing erythroid cells, as illustrated by Joel Anne Chasis and Narla Mohandas

(Figure 7), based on the transmission/scanning electron microscopy pictures of 

reconstituted erythroblastic island isolated from rat (Chasis & Mohandas, 2008; 

Mohandas & Prenant, 1978).

Figure 7. Proliferation and erythroid differentiation processes within the erythroid niche-

erythroblastic island. CFU-E and proerythroblasts start to attach to the central macrophage 

and initiated irreversible differentiation towards generation of reticulocytes. The extruded nuclei 

are engulfed by the central macrophage soon after enucleation and the newly formed 

reticulocytes are released from the island (Chasis & Mohandas, 2008). 

Further studies identified multiple pairs of adhesion molecules on the surface of 

central macrophage and erythroblasts by which the macrophage interacts with 

erythroblasts and regulates erythroid cell maturation, including but not limited to 

erythroblast-macrophage protein (EMP)/EMP, VCAM- -4/

(Manwani & Bieker, 2008; Rhodes, Kopsombut, Bondurant, Price, & Koury, 2008). It 

has been shown that central macrophage plays a critical role in providing iron to 

surrounding erythroblasts for heme synthesis and in phagocytosing extruded nuclei

(Korolnek & Hamza, 2015). Although in vitro cultured erythroblasts could enucleate in 

the absence of the macrophage, the efficiency of enucleation is low. Thus the way to 
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increase it remains a challenge for the in vitro production of RBCs. Further 

investigations on the functional sequel of the interaction of central macrophage with 

erythroblasts may provide further important insights for this and other questions.  

Of note, earlier studies showed that the erythroid cells in EBI range from CFU-E to 

nascent reticulocytes (Seu et al., 2017). Considering the rarity of BFU-E in bone 

marrow, it’s reasonable that more abundant CFU-E, but not BFU-E, have been shown 

to interact with macrophages. As the number of erythroid cells per human EBI ranges 

from 5 to 30 (H. Lee et al., 1988), the CFU-E population interacting with macrophage is 

likely to be a mature CFU-E. In this thesis, disrupted differentiation from immature 

CFU-E to mature CFU-E was observed in some MDS patients with impaired TED, 

suggesting that reduction in number of mature CFU-E limits the formation of EBI and 

can consequently lead to abnormal TED. 

However, it remains unclear which adhesion molecule(s) on the central 

macrophage are involved in its interaction with CFU-E and start the process of TED. 

Currently, studies are ongoing to comprehensively characterize the defined progenitor 

populations by RNA-sequencing and proteomic analysis. It is anticipated these studies 

will provide further insights into ineffective erythropoiesis and anemia in MDS. 

3. Inherited and acquired disorders of erythropoiesis 

3.1 Ineffective erythropoiesis in Diamond-Blackfan anemia (DBA) 

DBA is a rare congenital erythroid aplasia characterized by erythroblastopenia, 

with an incidence rate of 7 per million live births, and no difference among ethnicities 

and genders has been noted (Da Costa, Leblanc, & Mohandas, 2020). Approximately 

90% of patients with DBA are diagnosed within the first year of life with 35% 

diagnosed within the first month. Patients usually present with progressive macrocytic 

anemia, without evident defects in other hematopoietic lineages. Other clinical features 
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of DBA include growth retardation and cancer predispositions with patients at higher 

risk of developing acute myeloid leukemia (AML), myelodysplastic syndromes (MDS) 

and solid tumors (Da Costa et al., 2020; Engidaye, Melku, & Enawgaw, 2019)  

3.1.1 Pathogenesis of DBA 

DBA is a genetic disease caused by heterozygous genetic mutations, mostly in 

ribosomal proteins genes encoding either the small or large ribosomal subunit. 

Mutations in up to 20 ribosomal protein genes have been identified to date in 

approximately 60-70% of DBA patients, and no genotype was identified in ~20% of 

patients. Of these 20 ribosomal protein genes, Ribosomal Protein S19 (RPS19) was 

the first gene identified in DBA (Draptchinskaia et al., 1999) and is the most commonly 

mutated gene (25% of the cases) (Da Costa et al., 2020, 2018). Other identified DBA 

genes include RPL5, RPL9, RPL11, RPL15, RPL18, RPL26, RPL27, RPL31, RPL35a 

and RPS7, RPS10, RPS15, RPS17, RPS24, RPS26, RPS27a, RPS27, RPS28 and 

RPS29. A recent review by Lydie Da Costa summarized these different mutations 

(Figure 8).  
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Figure 8. Summary of DBA genotypes. Summary of the frequency of various mutant 

ribosomal protein (RP) genes in DBA-affected patients compiled from published data from 

national registries. RPS19 is the most frequently mutated gene and was identified in 25% of 

patients with DBA. In ~20% o the DBA cases, no genotype was identified after extensive 

sequencing and screening for large deletions(Da Costa et al., 2020).  

Haploinsufficiency in these ribosomal proteins can cause defects in ribosomal RNA 

maturation and result in stabilization and activation of p53, which in turn leads to 

activation of its target genes resulting in cell-cycle arrest and apoptosis of erythroid 

progenitors (Antunes et al., 2015). Nevertheless, many questions remain unanswered. 

Among these are: How haploinsufficiency of one RP gene affects rRNA maturation 

and ribosomal biogenesis? Why mutations in different RP genes led to similar 

reduction in ribosome level without affecting the ribosome composition? How the 

reduction of ribosomes levels primarily affects the erythroid lineage? What is 

mechanistic basis for the noted skeletal defects and cancer predisposition?  
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In addition to the haploinsufficiency of ribosomal proteins, other gene mutations 

including master transcription factor of erythroid lineage, GATA1, and TSR2 Ribosome 

Maturation Factor (TSR2), a direct binding partner of RPS26, were also identified in 

patients with DBA-like phenotype, which imply other plausible underlying mechanisms 

for erythroblastopenia and resultant anemia (Gripp et al., 2014; Khajuria et al., 2018; 

Sankaran et al., 2012).  

GATA1 has two splice variants, the long form (GATA1l) and short form (GATA1s), 

with a difference in the splicing of exon 2. Mutations in exons 2 impaired splicing and 

the resultant frame shift of the full-length GATA1, favored the production of a short 

form GATA1 (GATA1s). GATA1s lacks the first 83 amino acids at the N terminus, 

including the transactivation domain of this erythroid master transcription factor, which 

resulted in the impaired ability of GATA1s to promote erythropoiesis in DBA (Chlon, 

McNulty, Goldenson, Rosinski, & Crispino, 2015; Ling et al., 2019; Sankaran et al., 

2012). 

GATA1 activity was also reduced in patients with DBA with ribosomal protein 

deficiency. Sankaran et al found that the haploinsufficiency of ribosomal protein can 

reduce the translation of GATA1 mRNA, as reflected by decreased transcription of 

GATA1 target genes (Ludwig et al., 2014). Further studies revealed that in HSPC, 

decrease in available ribosomes selectively alters translation of a select subset of 

transcripts, including GATA1, thereby impairing erythroid lineage commitment, but not 

other lineages (Khajuria et al., 2018) (Figure 9). While it could explain the erythroid 

specific defects of this disease, this finding does not address other defects observed in 

these patients, in compartments where GATA1 is not expressed, such as skeletal, 

cardiac and gastrointestinal progenitor cells. 
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Figure 9. Reduced ribosome levels impaired translation of GATA1 in patients with DBA. 

Haploinsufficiency of ribosomal protein in DBA reduced ribosome levels in hematopoietic cells, 

and the reduction selectively impaired translation of a subset of mRNAs including GATA1, 

sequentially led to impaired erythropoiesis (Khajuria et al., 2018). 

 

Regarding the decreased levels of GATA1 in DBA, recent studies demonstrated 

that the degradation of heat shock protein 70 (HSP70) plays a crucial role in this 

pathophysiological process (Gastou et al., 2017). Despite general erythroblastopenia 

at the time of presentation, the phenotype of DBA patients is highly heterogeneous 

and no genotype/phenotype correlation could be established (Farrar & Dahl, 2011). 

Lydie Da Costa et al found that RPS19 haploinsufficiency decreased erythroid 

proliferation but did not affect erythroid differentiation, while haploinsufficiency of RPL5 
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or RPL11 led to severely impaired erythroid cell proliferation and apoptosis. Further 

studies revealed that proteasomal degradation of polyubiquitinylated HSP70 caused 

decreased level of HSP70 in RPL5 or RPL11 deficient progenitor cells, but not in 

RPS19 deficient progenitor cells (Gastou et al., 2017). As a chaperone molecule of 

GATA1, HSP70 is known to protect GATA1 from caspase-3 mediated cleavage during 

normal erythropoiesis (Ribeil et al., 2007). The degradation of HSP70 in RPL5/RPL11 

deficient cells thereby leads to caspase-3 induced GATA1 cleavage, which could 

partially explain the more severe phenotype observed in RPL5 or RPL11 deficient cells 

(Figure 10).  

 

Figure 10. HSP70 plays a key role in determining the severity of the erythroid phenotype 

in RP-mutation-dependent DBA. Degradation of HSP70 led to caspase 3 induced GATA1 

cleavage and resulted in increased apoptosis and delay in erythroid differentiation (Gastou et 

al., 2017).  

Further studies on GATA1/HSP70-involved defective erythropoiesis in DBA 

revealed a novel pathological mechanism independent of the p53 pathway (Rio et al., 
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2019). During normal erythroid differentiation, balanced production of globin and 

cellular heme is tightly regulated to avoid cell toxicity caused by excess of free heme, 

which contributes to the ROS production and increases apoptosis. In RPL5 or RPL11 

mutated erythroid cells, degradation of HSP70 causes caspase 3 cleavage of GATA1, 

the master transcription factor controlling production of globin, leading to decreasd 

globin production. Due to the profound reduction in globin production, the tight balance 

between globin and heme synthesis is lost, and the excess of free heme in progenitor 

cells leads to increased ROS level and erythroid cell apoptosis. This excess in free 

heme also led to the up-regulation of FLVCR1, the heme exporter.  Moreover, over-

expression of HSP70 rescued the expression of GATA1 and restored the globin/heme 

balance, leading to decreased apoptosis of DBA erythroid cells. Excess of free heme 

was also detected in RPS19 deficient cells, although this excess was minimal when 

compared to the one detected in RPL5 or RPL11 deficient cells. 

These studies provided the first evidence of a genotype/phenotype correlation, in 

terms of proliferation and differentiation during erythropoiesis in patients with DBA. 

Importantly, HSP70 overexpression rescued erythroid defect in cells from DBA 

patients, suggesting modulation of HSP70 expression might be a new therapeutic 

target in DBA. 

Since the degradation of HSP70 is not due to the activation of p53 but is the 

consequence of excess of free heme, these findings suggests that the initial imbalance 

between globin and heme synthesis caused by reduced GATA1 triggers a “self-

sustaining” state of excess free heme in ribosomal protein-deficient erythroid cells. As 

such, the initial excess of free heme leads to a decrease of HSP70, which in turn 

exaggerates the imbalance between globin and heme synthesis that could not be 

restored by FLVCR1 mediated heme export (Rio et al., 2019)(Figure 11).  
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HSP70 is a molecular chaperone ubiquitously expressed and plays a crucial role in 

maintaining protein homeostasis in cells. Upon stress conditions like heat shock, 

oxidative stress, hypoxia or heavy metals exposure, HSP70 expression could be 

induced robustly to provide resistance to stresses. In the erythroid lineage, HSP70 is 

constitutively expressed in human erythroblasts and protect GATA1 from caspase 3 

cleavage (Ribeil et al., 2007). In the context of DBA, the HSP70 levels were not up-

regulated due to the oxidative stress caused by the excess of free heme in RPL5 or 

RPL11 deficient cells. Instead, its protein levels are down-regulated by proteasomal 

degradation (Rio et al., 2019). Therefore, further studies on the regulating machinery 

leading to the proteasomal degradation of HSP70 in DBA will promote the discovery of 

novel therapeutic targets for DBA treatment and drug development.  

 

Figure 11. The involvement of globin-heme balance in DBA pathophysiology. Decreased 

levels of HSP70 and GATA1 led to reduced production of hemoglobin and accumulation of 

excess free heme in DBA erythroblasts with RPL5 or RPL11 haploinsufficiency, which 

sequentially led to increased ROS level and apoptosis (Rio et al., 2019). 
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The decrease of GATA1 levels, caused by either direct gene mutation, impaired 

translation or caspase-3 induced cleavage due to HSP70 degradation, profoundly 

contributes to DBA pathology. These novel insights into the mechanism of ineffective 

erythropoiesis in DBA also highlighted the fundamental role for GATA1 in 

erythropoiesis.  

3.1.2 Glucocorticoid treatment in DBA 

To date, the only curative treatment for DBA is allogeneic bone marrow/stem cell 

transplantation (HSCT). Of note, HSCT is not always possible for most patients and 

associated with possible complications such as graft versus host disease (GVHD). 

Moreover, HSCT does not protect from the cancer predisposition observed in patients 

with DBA. Recent advances in gene therapy provided promising new alternatives to 

transplant, but the therapeutic efficacy and safety of gene therapy is still under 

investigation (Jaako et al., 2014; Y. Liu et al., 2020; M et al., 2021).  

Currently, Glucocorticoids and red cells transfusion are the main therapeutic 

treatment options for DBA (Tyagi, Gupta, Dutta, Potluri, & Batti, 2020). Red cells 

transfusion is the initial treatment of choice for patients under one year of age. After 

the age of 1 year, the patient’s response to glucocorticoids is evaluated. Approximately 

80% of patients initially respond to glucocorticoids, but half of the responding patients 

become refractory to the treatment over time and need to switch to chronic red cells 

transfusion therapy (Orgebin et al., 2020). No correlation has been identified between 

the DBA gene mutation and response to glucocorticoids.  

Available synthetic glucocorticoids such as dexamethasone and prednisone are 

synthesized in 1950s based on the structure of cortisol (H. H & EP, 1992; C. H. Kim, 

Chen, & Coleman, 2017). Glucocorticoids have multiple important functions in human 

physiology like mediating stress response, anti-inflammation, regulating metabolic 
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homeostasis, among others (H. H & EP, 1992). Numerous cell types and cellular 

pathways have been proposed as important targets of glucocorticoids.  

The first success of glucocorticoid in patients was reported by Gasser and Allen 

DM and Diamond LM reported patients responding in a follow-up study (Allen & 

Diamond, 1961; Narla, Vlachos, & Nathan, 2011). Apoptosis of erythroid progenitors 

has long been considered as the major cause of this anemia, and numerous studies 

since 1970s have noted that corticosteroids appear to exert anti-apoptotic effect on 

erythroid progenitors. Presence of dexamethasone in in vitro culture of HSPCs led to 

the accumulation of erythroid progenitors (M von Lindern et al., 1999) and consistently, 

dexamethasone treatment increased the expression of erythroid progenitors related 

genes, accompanied with the decrease of genes specific to non-erythroid lineages 

(Ebert et al., 2005). Variable and seemingly inconsistent effects of dexamethasone on 

colony formation of erythroid progenitors have been reported in earlier studies (Gidari 

& Levere, 1979; Papoff, Christensen, Harcum, & Li, 1998; Roodman, Lee, & Gidari, 

1983). Most of these inconsistent effects can be explained by different cell sources, 

culture systems, study models, exposure time and concentrations of glucocorticoids 

used in these studies. 

Effects of glucocorticoids on enhancing erythroid progenitor self-renewal 

cooperatively with EPO and SCF was documented by Marieke von Lindern (M von 

Lindern et al., 1999), and this finding is supported by the increased number of 

erythroid progenitors and red cell mass in patients with DBA following steroid 

treatment (C H A N, Saunders, & Freedman, 1982; Iskander et al., 2015). 

3.1.3 Mechanisms of glucocorticoid action in human erythropoiesis 

It is generally considered that most of the effects of glucocorticoids are mediated 

via the glucocorticoid receptor (GR), a member of the nuclear receptor superfamily of 
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ligand-dependent transcription factors. The fat-soluble glucocorticoids can easily enter 

into the cells and bind to GR in cytoplasm and the assembled complex translocate to 

the nucleus and activates/suppresses target gene transcription by binding to 

glucocorticoid response elements (GREs), the specific DNA sequences located 

upstream of transcription initiation site of the target genes, and/or by physically 

associating with other transcription factors (Hardy, Raza, & Cooper, 2020).  

GR has been identified as a key regulator of chicken erythroid progenitors’ self-

renewal (Wessely, Deiner, Beug, & Von Lindern, 1997), and is also upregulated in 

mouse BFU-E cells following dexamethasone treatment (H.-Y. Lee et al., 2015), 

suggesting a canonical mode of action of glucocorticoids on erythropoiesis. Other 

studies also showed that GR acts synergistically with SCF and EPO to maintain 

erythroid progenitors at a self-renewal state instead of undergoing terminal erythroid 

differentiation (Kolbus et al., 2003; Stellacci et al., 2009; Varricchio et al., 2012; M von 

Lindern et al., 1999).  

However, our understanding of the mechanism of action of glucocorticoids on 

human erythropoiesis is far from complete, let alone the mechanism accounting for 

differential responses of patients to glucocorticoids or the mechanism of developing 

steroids resistance in some patients. Dexamethasone is widely used for the in vitro 

expansion of erythroid progenitors (England, McGrath, Frame, & Palis, 2011; X. Huang 

et al., 2014), while long-term glucocorticoid treatment in patients with DBA is 

associated with severe side effects such as growth retardation, hypertension, and 

diabetes (Narla et al., 2011). Therefore, further progress in identifying cellular targets 

and clarifying molecular mechanism of glucocorticoids action is needed for developing 

more specific and effective treatment of DBA with fewer side effects.  

While there is a general consensus for a role for dexamethasone at the erythroid 

progenitor stages, there is some controversy regarding whether its action takes place 
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at early (i.e., BFU-E) or late (i.e., CFU-E) progenitor stages. The earliest report on the 

effects of dexamethasone during erythropoiesis demonstrated its effect on EPO-

dependent CFU-E formation in mouse fetal liver cells, as well as in the bone marrow 

from both adult mice and humans (Golde, Bersch, & Cline, 1976). A recent study also 

demonstrated that dexamethasone acts on murine CFU-E in an EPO-dependent 

manner through cell cycle regulation (Hwang et al., 2017). In contrast, others have 

identified the earlier BFU-E progenitor as the cellular target of dexamethasone 

(Flygare, Estrada, Shin, Gupta, & Lodish, 2011; Gao et al., 2016; H.-Y. Lee et al., 

2015; H. Li et al., 2019). Thus, there is a critical need to define how steroids function 

during human erythropoiesis and precisely define the progenitor population(s) targeted 

by the drug. 

As described earlier, erythroid progenitors are functionally heterogeneous cells and 

as such this heterogeneity must be resolved to better define dexamethasone 

responsive target cells. During my Ph. D, I aimed at resolving the heterogeneity of 

erythroid progenitors with the goal to better understand the effects of 

dexamethasone in normal and disordered erythropoiesis. The detailed findings 

will be presented as a published paper in the RESULTS section (Ashley et al., 

2020).  

3.2 Ineffective erythropoiesis in Myelodysplastic Syndromes (MDS) 

MDS is a heterogeneous group of hematopoietic disorders characterized by 

ineffective hematopoiesis, variable cytopenia, morphological dysplasia and increased 

risk of transformation to AML. Blood cytopenias, paradoxically in combination with 

bone marrow hypercellularity, is the hallmark of MDS, as a consequence of bone 

marrow dysfunction (Cazzola, 2020).  
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Diagnosis of MDS is based on morphological evidence of dysplasia upon blood and 

bone marrow examination. Additional information from karyotype, flow cytometry and 

molecular genetics are used to refine diagnosis (Garcia-Manero, Chien, & Montalban-

Bravo, 2020). Defined dysplastic changes for each lineage of the bone marrow are 

listed below (Table 2).

Table 2. Signs of dysplasia in MDS (Fenaux et al., 2021).

MDS is one of the most frequently encountered acquired bone marrow failures in 

the elderly (median age at diagnosis is ~70 years), but it can occur in all age groups. 

The average incidence of MDS is about 4 cases /100,000 inhabitants/ year, and it 
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reaches to 40-50/100,000 in the elderly (aged 70 years) (Fenaux et al., 2021). At all 

ages, it affects males more than females (F. Wang et al., 2019). Risk of developing 

MDS is also increased in patients with inherited blood marrow failure syndromes such 

as DBA, where the observed risk of MDS is reported to increase by 300 fold (Dutt et al., 

2011). 

3.2.1 Pathogenesis of MDS 

During the last two decades, our knowledge of the pathogenesis of MDS has been 

significantly improved by identifying somatic mutations in MDS patients (Chen-Liang, 

2021). MDS are clonal neoplasms that arise from the expansion of mutated HSCs. 

Although the cause of mutations is not clear for most patients, driver mutations have 

been identified in more than 90% of patients with MDS (Ogawa, 2019). Apart from the 

genetic and epigenetics alterations caused by driver mutations, the bone marrow 

microenvironment and the immune system are also involved in the development of 

MDS. The complex interplay between genetic mutations, epigenetic alterations, bone 

marrow microenvironment and the immune system, leads to the accumulation of the 

origin cells of clonal hematopoiesis in MDS, followed by increased apoptosis and 

eventually resulting in the cytopenia and morphological dysplasia (Figure 12) 

(Hellström-Lindberg, Tobiasson, & Greenberg, 2020). 
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Figure 12. Pathogenesis of MDS. MDS cells accumulate in the bone marrow as a result of a 

complex interplay between genetic and epigenetic alterations, the bone marrow 

microenvironment, and the immune system, a process that can develop over several years 

(Hellström-Lindberg et al., 2020). 

Presently, more than 30 driver genes, involved in DNA methylation, DNA repair, 

chromatin modification, transcription, RNA splicing, and signal transduction among 

others have been identified from patients with MDS. The most commonly mutated 

genes are TET2, SF3B1, ASXL1, SRSF2, DNMT3A and RUNX1, with > 10% mutation 

frequency (Figure 13) (Steensma, 2015). 

Some of these mutations, such as DNMT3A, TET2 and ASXL1, are observed in 

elderly healthy individuals with a condition termed clonal hematopoiesis of 

indeterminate potential (CHIP), in which one somatic mutation occurs, but the clinical 

manifestations of MDS (i.e., dysplasia and ineffective hematopoiesis) are not observed 

yet. CHIP is strongly associated with age and increased risk of hematological 

malignancies including MDS. The sequential accumulation of mutations drives disease 

evolution from asymptomatic clonal hematopoiesis like CHIP to MDS, and, ultimately, 

to secondary AML (Sperling, Gibson, & Ebert, 2016).   
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Figure 13. Recurrent somatic mutations in MDS. Some mutations influence the phenotype 

and are, therefore, more common in specific subtypes of MDS. For example, SF3B1 mutations 

are found in more than 50% of patients with refractory anemia with ring sideroblasts (RS). 

SRSF2 mutations are more common in myeloproliferative neoplasm/MDS overlap syndromes, 

such as chronic myelomonocytic leukemia (Steensma, 2015). 

The deletion of the long arm of chromosome 5 (del(5q)) is also one of the most 

common cytogenetic abnormalities in MDS (Nagata & Maciejewski, 2019). The 

deletion cause loss of a large chromosomal region encompassing more than 30 genes, 

including RPS14 (Venugopal, Mascarenhas, & Steensma, 2021). In general, del(5q) 

MDS patients are associated with a favorable outcome, but it could also be related to 

poor prognosis when the patients have complex karyotypes (Zemanova et al., 2018). 

Of note, Lenalidomide, an immunomodulatory drug, could effectively target the del(5q) 

clone in MDS and has been approved for treatment of del(5q) MDS patients 

(Platzbecker, 2019; Ximeri et al., 2010). 
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Most mutations, except for the ones in SF3B1, are associated with a poor 

prognosis, and 40% of MDS patients have more than one mutation, which leads to 

worse prognosis. The different combination of mutations adds further complexity to this 

heterogeneous disease.  

3.2.2 Ineffective erythropoiesis and prognostic evaluation of MDS 

As a highly heterogeneous group of disorders, different classification systems have 

been developed for MDS. In 1997, the International MDS Risk Analysis Workshop 

established a classification system, the International Prognostic Scoring System for 

MDS (IPSS), based on the main risk factors in MDS including number and severity of 

cytopenias, marrow blasts percentage and cytogenetic subgroup (P. Greenberg et al., 

1997). IPSS was revised in 2012 and referred as IPSS-R, which stratified patients into 

five risk groups, very low risk, low risk, intermediate risk, high risk and very high risk (P. 

L. Greenberg et al., 2012).  According to the more recent WHO 2016 classification, 

MDS is classified into six subtypes, based on the morphological examination 

dysplastic features in hematopoietic cells, the presence of ring sideroblast (RS) and 

the percentage of bone marrow blasts. However, considerable variations are noted in 

the overall survival and the rate of transformation into AML within same subtypes. 

Considering the predominance of anemia in MDS symptoms, it is not surprising 

that evaluation of the severity of ineffective erythropoiesis could be another novel 

marker for prognostic assessment of MDS. One recent study attempted to quantify 

cells at different stages of TED (Ali et al., 2018). Detailed analysis using established 

surface markers for TED -integrin) identified a strong correlation 

between absence of TED and poor overall survival across all IPSS-R categories, 

indicating TED as a powerful independent prognostic marker for MDS. More 

importantly, the study revealed that the absence of TED was more frequently observed 

in patients bearing SRSF2 mutations.  
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In a very recent study, Hunjun Huang et al found that the absolute reticulocyte 

count (ARC) in peripheral blood can be used to evaluate the severity of ineffective 

erythropoiesis (H. Huang et al., 2020). The results from 776 patients demonstrated 

that patients with lower ARC ( 9/L) had more severe impaired erythropoiesis 

and significantly shorter overall survival (OS), with a median OS of 14 months, than 

that of patients with higher ARC, with a median OS 48 months. Therefore, ARC could 

also serve as an independent prognostic factor of MDS. 

3.2.3 Mechanisms of ineffective erythropoiesis and treatment of anemia in 

MDS 

Anemia is the defining characteristic in most patients with MDS, affecting >90% 

MDS patients and impacts their quality of life (Platzbecker, Kubasch, Homer-Bouthiette, 

& Prebet, 2021). Therefore, understanding the mechanism that results in 

ineffective erythropoiesis in MDS patients is critical for improving existing 

therapies and identifying novel therapies.  

Erythropoiesis is a complicated continuum encompassing multiple developmental 

stages, defects at any of the multiple stages could affect the production of red cells 

and eventually lead to anemia, which therefore may require different treatment options 

according to the specific affected stages. However, currently MDS patients have very 

limited treatment options and most of them are largely treated with risk-adapted 

supportive care to decrease transfusion needs and improve survival (Cazzola, 2020). 

In addition to RBCs transfusion and allogeneic HSCT, other treatment options for MDS, 

include hypomethylating agents (HMAs), Azacitidine and Decitabline for high-risk 

disease, immunomodulatory drug lenalidomide for patients with low-risk MDS and 

del(5q), erythropoiesis-stimulating agents (ESAs) and erythroid maturation agent 

luspatercept for patients with lower-risk MDS. Except for the HMAs, which aims at 
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eliminating the clonal cells by switching off DNA methyltransferase, lenalidomide, EPO 

and luspatercept all stimulate erythropoiesis through different signaling pathways. 

Most patients with MDS belong to the low-risk category (IPSS-R score  3.5), and 

for many of them, single-agent ESAs represent the first line of therapy. An early study 

showed that the overall response rates to ESAs is only 20%-40%, and even lower in 

patients who are transfusion dependent or with EPO serum level >200U/L (Hellström-

Lindberg et al., 2003). In a recent study, the initial response rate to ESAs reached 61.5% 

but 29% relapsed after a median response duration of 17 months (Park et al., 2017). 

As described in an earlier section (2.2 Growth factors), EPO exert its effects by 

specifically targeting CFU-E and early-stage erythroblasts that express EPOR. 

Therefore, patients with defects at early stages such as the BFU-E, which do not rely 

on EPO for survival, or at late-stage erythroblasts like poly- or ortho-chromatic 

erythroblasts, that do not express EPOR, do not respond to EPO. In a recent phase 3 

trial in ESA-resistant and RBC transfusion dependent patients, combination of 

lenalidomide and ESAs greatly improved the overall RBC transfusion independence 

(RBC-TI) rate, as compared to lenalidomide monotherapy (Toma et al., 2016), 

suggesting potential multiple defects in MDS erythropoiesis that couldn’t be restored 

by monotherapy. Indeed, in addition to its well-recognized immunomodulatory and 

anti-angiogenic effects, increasing evidence indicated that lenalidomide exert its effect 

on erythropoiesis by targeting BFU-E or the transition from BFU-E to CFU-E 

(Dulmovits et al., 2016, 2017). These results suggested the existence of multiple 

diverse defects of erythroid differentiation in MDS and further highlighted the 

heterogeneous nature of MDS. 

Over the years, several key defects associated with dyserythropoiesis in MDS 

have been identified, including the overactivation of transforming growth factor beta 

(TGF- ) signaling pathway (Bhagat et al., 2013; Zhou et al., 2011, 2008), reduction of 
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GATA1 expression level (Frisan et al., 2012), disruption of histone release from 

nuclear required for chromatin condensation and enucleation of erythroblast (Zhao et 

al., 2019), and inflammatory changes and altered microenvironment in the bone 

marrow niche (E. Pronk & Raaijmakers, 2019; Sallman & List, 2019; Teodorescu, 

Pasca, Dima, Tomuleasa, & Ghiaur, 2020).  

Inflammatory alterations in the marrow, particularly S100A9-mediated NOD-like 

receptor protein 3 (NLRP3) inflammasome activation, led to an inflammatory milieu, 

which favors the MDS clone expansion but inhibits the activity of normal HSPCs 

(Cluzeau et al., 2017). The heterodimeric S100A8/S100A9 proteins are significantly 

increased in erythroblasts from a mouse model of del(5q) MDS, accompanied by a 

p53-dependent erythropoiesis defect, specifically, apoptosis at the transition from poly- 

to ortho-chromatic erythroblasts(Giudice et al., 2019). Moreover, recombinant S100A8 

directly induced defective erythroid differentiation and inactivation of S100A8 rescued 

erythroid differentiation defect in Rps14 haploinsufficient HSCs (Schneider et al., 

2016). Thus, there appears to be a direct link between activation of the inflammatory 

molecules S100A8/S100A9 and ineffective erythropoiesis in a sub-class of MDS, 

termed del(5q) MDS and suggests that S100A8/S100A9 could be potential targets for 

treatment of anemia in del(5q) MDS. In addition, mutations in multiple epigenetic 

modifiers (TET2, DNMT3A, EZH2, ASXL1) and RNA spicing factors (SF3B1, SRSF2 

and U2AD1) are involved in innate and inflammasome signaling (Sallman & List, 2019; 

Trowbridge & Starczynowski, 2021). 

In a recent study, bone marrow-derived mesenchymal stem cells (MSCs) from 

patients with MDS, but not from normal individuals, could maintain MDS clones 

effectively (Medyouf et al., 2014), suggesting that the bone marrow environment is a 

also a contributor to MDS pathogenesis. 
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As mentioned above, hyperactivity of TGF-  signaling is observed in many MDS 

patients, as indicated by the increased levels of SMAD2/SMAD3 phosphorylation 

(Zhou et al., 2008). TGF-  signaling is triggered by binding of TGF-  superfamily 

ligands (TGF- , activins, BMPs, and growth differentiation factor 11 (GDF11) to type I 

and type II receptors, in some cases with the assistance of a coreceptor (type III). The 

activated receptors phosphorylate SMAD2/SMAD3, which then dissociate from their 

receptors and form a complex with SMAD4. The complexes translocate into nucleus 

and binds to chromatin to regulate target genes expression (Verma et al., 2020) 

(Figure 14). Activation of TGF-  signaling will block the proliferation of erythroid 

progenitors and accelerate erythroid differentiation via induction of cell cycle arrest and 

apoptosis (Zermati et al., 2000). Thus, TGF-  signaling is an important regulator of 

erythropoiesis, impacting the balance between proliferation and differentiation of 

erythroid progenitors.  

In a series of studies, Amit Verma’s group investigated the dysregulated TGF-  

signaling in MDS (Bhagat et al., 2013; Zhou et al., 2011, 2008). They found that 

SMAD2 is constitutively activated and overexpressed in hematopoietic precursors from 

MDS patients, and that the inhibition of SMAD2 promoted erythropoiesis in vitro. 

Follow up studies explored the mechanistic bases of SMAD2/SMAD3 overactivation in 

MDS. SMAD7, an important negative regulator of SMAD2/SMAD3 activity was 

markedly decreased in MDS. Furthermore, the investigators revealed a binding site of 

microRNA-21 (miR-21) in the 3’-UTR of SMAD7 gene and elevated level of miR-21 in 

the bone marrow samples from MDS patients. miR-21 plays crucial roles in diverse 

biological functions including anti-apoptosis and is upregulated in many disease 

conditions such as AML, cardiovascular diseases, and inflammation (Kumarswamy, 

Volkmann, & Thum, 2011). In addition, inhibition of miR-21 increased SMAD7 

expression in cells from MDS patients and promoted erythropoiesis in vitro. These 
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findings strongly suggested that the inhibition of the SMAD2/3 pathway could be a 

potential therapeutic target for anemia in MDS.

Figure 14. Canonical signaling by SMAD2/3-pathway ligands. Ligand binding leads to 

multimerization of type I and II receptors, in some cases with the assistance of type III receptor 

and I. Activated type I receptors phosphorylate SMAD2/3, which dissociate from type I receptor 

and oligomerize with SMAD4 to form a heterodimeric complex that translocates into the 

nucleus and regulate cellular responses. SMAD7 is an inhibitory regulator of SMAD2/3 and 

regulated by miR21 (Verma et al., 2020). 

Indeed, a ligand-trap fusion protein, luspatercept, has been developed to correct 

the overactivated SMAD2/3 and alleviate anemia in MDS. Luspatercept is the first and 

only erythroid maturation agent effective for low-risk MDS patients with ring 

sideroblasts (RS) and/or SF3B1 mutations and transfusion dependent after ESA 
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failure, and has recently been approved by FDA in April 2020 and European medicines 

agency (EMA) in June 2020 (Kubasch, Fenaux, & Platzbecker, 2021).  

In contrast to ESAs which improve erythropoiesis by expanding proliferation of 

erythroid progenitors, luspatercept improve red cell parameters mainly by acting on 

TED. Luspatercept contains a modified extracellular domain of activin receptor type IIB 

attached to the Fc domain of human IgG1. Luspatercept competes with the cell 

surface receptors for binding of TGF-  superfamily ligands and trapped ligands before 

they bind to the receptors on the surface of erythroblasts, thereby inhibit SMAD2/3 

signaling (Kubasch et al., 2021)(Figure 15). 

 

 Figure 15. Putative mechanism of action of luspatercept to improve ineffective 

erythropoiesis. Luspatercept, a TGF-  superfamily ligand trap, blocks the activation of 
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SMAD2/3 signaling by competitively binding to TGF-  superfamily ligand, and thus improve 

ineffective erythropoiesis (Kubasch et al., 2021). 

In addition to the above mentioned mechanism(s) of action of TGF-  signaling, a 

recent study documented the effect of TGF-  on early erythroid progenitors in mice 

(Gao et al., 2016). A transient upregulation of TGF-  signaling occurs during early 

erythropoiesis, and blocking the TGF-  signaling increased BFU-E self-renewal and 

the total number of erythroblasts produced. Another recent study found that TGF- 1 

has a dose-dependent activity on erythropoiesis (Kuhikar et al., 2020). TGF- 1 at a 

concentration of 2 ng/ml was shown to inhibit the growth of CD36+ cells, while a lower 

concentration of TGF- 1 (10pg/ml) accelerated the in vitro erythroid differentiation 

without inhibitory effect on the proliferation of erythroid progenitors.  

Although luspatercept was approved for clinical treatment of transfusion-dependent 

MDS patients with RS after ESA failure, further studies are needed for a more 

thorough understanding in the mechanism of its action. What is the mechanism of 

TGF-  effect on erythroid progenitors? Does luspatercept influence early 

erythropoiesis? Which TGF-  receptors are expressed on erythroid progenitors? 

Which ligand could be trapped by luspatercept? Answers to these questions will 

provide useful information for expanding the use of luspatercept on other subtypes of 

MDS without RS.  

In this section, I described our current understanding of abnormal erythropoiesis 

and the available therapeutical drugs for anemia treatment in MDS. Despite these 

recent advances, the underlying mechanisms of action remain to be fully defined. The 

development of luspatercept highlights the significance of understanding the 

mechanistic basis of ineffective erythropoiesis for identifying novel therapies.  
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Identification of defects in erythropoiesis at a stage-specific manner is the 

prerequisite to obtain further cellular and molecular understanding of the impaired 

erythropoiesis in MDS. Most current studies focused on TED, as impaired TED is the 

well-known feature of MDS. Whether there are defects in early erythropoiesis and if 

they contribute to the abnormal TED has not been adequately explored. Thus, a flow 

cytometry-based assessment using sets of surface markers will enable 

quantitative evaluation on the whole continuum of erythroid differentiation and 

identify the stages where differentiation blockage/disturbances occur. This is a 

prerequisite to obtain further cellular and molecular understanding by downstream 

analysis such as single cells sequencing, and such insights can provide useful 

information for phenotype-adapted therapy design.  
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Over the last several decades, our knowledge in terminal erythroid differentiation 

has advanced significantly. However, our understanding of erythroid progenitor biology 

is still very limited, largely due to the heterogeneity of erythroid progenitors and 

insufficient immunophenotyping on these cells. 

Erythroid progenitors can be functionally defined as BFU-Es and CFU-Es, based 

on their ability to form erythroid colony in the semi-solid methylcellulose medium. 

However, it had been very difficult to isolate these cells for further studies. Several 

years ago, Dr. Narla’s lab developed a FACS based method for identification and 

isolation of BFU-E and CFU-E. According to the expression of a set of surface 

antigens, they defined IL3R-GPA-CD34+CD36- as BFU-E and IL3R-GPA-CD34-CD36+ 

as CFU-E.  

In studies preceding this PhD work, I had studied the differences between adult 

and neonatal erythropoiesis in Dr. Narla’s lab. Interestingly, I identified a transitional 

population of CD34+CD36+ between the defined BFU-E and CFU-E. Notably, this 

population contains both BFU-E and CFU-E, and is a dominant feature of adult 

erythropoiesis but not neonatal erythropoiesis. Coincidentally, we observed that 

dexamethasone, a synthetic glucocorticoid, augmented adult erythropoiesis but not 

neonatal erythropoiesis. These preliminary findings suggest that the heterogeneous 

transition population may associate with the dexamethasone augmentation on adult 

erythropoiesis. Glucocorticoids is the main therapeutic option for the treatment of DBA, 

however the mechanism of action remains to be fully understood and cellular targets 

of glucocorticoids have not been clearly identified. Thus, detailed characterization of 

the heterogeneity of erythroid progenitors can help us to identify the specific cells 

responding to dexamethasone, characterize the erythroid defects in DBA, and improve 

our understanding in the regulation of early erythropoiesis under normal and 



 87 | P a g e  

pathological conditions. The specific objectives pursued during my PhD studies 

include: 

1. To delineate the heterogeneity of human erythroid progenitors using additional 

markers. 

2. To identify the dexamethasone-targeted cell population. 

3. To identify molecular player(s) /pathways mediating the effect of 

dexamethasone on human adult erythropoiesis. 

Our limited understanding of early erythropoiesis has impeded our understanding 

not only of the mechanism(s) determining erythroid progenitors’ self-renewal and 

differentiation under normal conditions, but also in the pathogenesis of diseases with 

erythroid progenitor defects, such as DBA, and mechanism of action of therapeutic 

drugs, such as Dexamethasone. 

The achievement of these goals should enable us to elucidate the continuum of 

erythroid progenitors with a stage-specific resolution, improve our understanding in the 

mechanism of action of dexamethasone, and facilitate a better understanding of the 

regulation of early erythropoiesis under normal, pathological, or pharmacological 

conditions. 
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Introduction of original article 1 

The work on this article originated from a comparative study of human adult 

and neonatal erythropoiesis. The in vitro differentiation of CD34+ HSPCs has been 

used as a main model of human erythropoiesis, but significant functional 

differences exist between different sources of HSPCs. As documented in our 

previous work, CB and PB derived HSPCs exhibited different proliferation capacity 

and differentiation kinetics during in vitro differentiation, especially the 

predominance of the transition population CD34+CD36+ from BFU-E CD34+CD36- 

to CFU-E CD34-CD36+ in adult but not neonatal erythropoiesis. Comparative 

transcriptomic analysis revealed that gene expression differs at early 

erythropoiesis and very late differentiation stages (polychromatic and 

orthochromatic erythroblasts), and genes exhibiting the most significant differences 

in expression between CB and PB HSPCs clustered into cell cycle- and 

autophagy-related pathways (Yan et al., 2018).  

In addition to above differences, we observed that CD34+ HSPCs derived from 

PB and CB have different responses to dexamethasone in culture. Specifically, 

only PB-derived CD34+ cells demonstrated an enhanced proliferation upon 

dexamethasone treatment. We then sought to explore the molecular basis of the 

different responses. 

To identify erythroid cell targets of dexamethasone, we examined the 

differentiation kinetics of PB derived CD34+ cells, with or without dexamethasone 

treatment. We observed an acceleration of CD34+CD36- BFU-E and an increase of 

the transition population CD34+CD36+ and CFU-E CD34-CD36+ in dexamethasone 

treated cells, comparing to untreated control. By dissecting the heterogeneity of the 

transition population CD34+CD36+ using two additional markers CD71 and CD105, 

we identified that a population of immature CFU-Es characterized by 
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CD71hiCD105med are the principal responders to dexamethasone. Importantly, 

clinical data from steroid-responsive patients with DBA showed that reticulocytosis 

was observed within 7-11 days of steroid treatment. As human BFU-E maturation 

requires at least 14 days and mature CFU-E maturation requires only 7 days, 

these clinical data support our finding from in vitro model that immature CFU-Es 

are the main targets of dexamethasone. 

Further investigation by global proteomics analysis revealed several cell cycle 

regulators in PB derived cells treated with dexamethasone, including p57kip2, a 

Cip/Kip cyclin-dependent kinase inhibitor, nuclear receptor subfamily 4 group 1 

member 1 (NR4A1), and Period Circadian Regulator 1 (PER1). A recent study has 

identified p57kip2 as a target of glucocorticoids that mediated the expansion of 

murine CFU-Es (Hwang et al., 2017). Consistently, we observed dysregulated 

expression of p57kip2 in erythroid progenitors from DBA patients with steroid 

resistance, and down-regulation of p57kip2 significantly attenuated the effect of 

dexamethasone on erythroid differentiation and expansion. These results indicated 

a conserved role of p57kip2 in mice and humans in the mechanism of action of 

dexamethasone through negative regulation of cell cycle.  

In brief, this work revealed that an immature CFU-E population 

CD71hiCD105med from adult erythropoiesis are the principal cellular target of 

dexamethasone, and 57kip2 mediated negative regulation of cell cycle plays a 

critical role in the modulation of erythroid progenitor expansion and differentiation. 

Findings from this work may explain some of the mechanism behind steroid 

resistance in patients with DBA.  

 

 



 92 | P a g e  

 



 93 | P a g e  

 



 94 | P a g e  

 



 95 | P a g e  

 



 96 | P a g e  

 



 97 | P a g e  

 



 98 | P a g e  

 



 99 | P a g e  

 



 100 | P a g e  

 



 101 | P a g e  

 



 102 | P a g e  

 



 103 | P a g e  

 



 104 | P a g e  

 



 105 | P a g e  

 



 106 | P a g e  

 



 107 | P a g e  

Supplemental materials 

Steroid resistance in Diamond Blackfan anemia 

associates with p57Kip2 dysregulation in erythroid 

progenitors 

Ryan J. Ashley, Hongxia Yan, Nan Wang, John Hale, Brian M. Dulmovits, Julien 

Papoin, Meagan E. Olive, Namrata D. Udeshi, Steven A. Carr, Adrianna Vlachos, 

Jeffrey M. Lipton, Lydie Da Costa, Christopher Hillyer, Sandrina Kinet, Naomi 

Taylor, Narla Mohandas, Anupama Narla, and Lionel Blanc 

 

Supplemental Figure 1: Dexamethasone significantly delays Glycophorin A 

upregulation in terminal erythroblasts in both PB- and CB-derived progenitors. 

Supplemental Figure 2: Alterations in BFU-E and CFU-E cells as a function of 

Dexamethasone treatment. 

Supplemental Figure 3: Measurement of CFU-E colony area. 

Supplemental Figure 4: Changes in transcripts in PB- and CB-derived progenitors 

as a function of erythroid differentiation. 

Supplemental Figure 5: Changes in cell cycle dynamics as a function of erythroid 

differentiation stage and responsiveness to dexamethasone. 

Supplemental Figure 6: Impact of p57Kip2 and p27Kip1 downregulation on the 

growth and differentiation of PB CD34+ progenitors 

Supplemental Figure 7: Additional representative data related to the main figures. 
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Introduction of original article 2 

The work reported in this article accomplished the characterization and 

evaluation of erythropoiesis in human bone marrow, with a focus on early 

erythropoiesis. Compared to the extensively studied terminal erythroid 

differentiation, early erythropoiesis is much less well understood. Although some 

progress has been made in immunophenotyping of erythroid progenitors, the 

heterogeneity of erythroid progenitors and the regulation of early erythropoiesis 

remains to be largely elucidated. 

In last few years, erythroid progenitors have been identified using different 

surface markers. Dr. Narla’s lab has defined CD34+CD36- and CD34-CD36+ as 

burst forming unit-erythroid (BFU-E) and colony forming unit-erythroid (CFU-E), 

respectively. More recently, a transition population CD34+CD36+ between BFU-E 

and CFU-E was identified using in vitro model of PB derived CD34+ cells. Of these 

defined populations, significant heterogeneity has been observed. Meanwhile, 

different surface markers have been used to define erythroid progenitors with BFU-

E or CFU-E colony forming ability, suggesting that a comprehensive 

immunophenotyping on early erythropoiesis is needed to resolve the 

heterogeneity. 

To delineate the heterogeneity, we firstly divided previously defined erythroid 

progenitor populations into more subsets using additional surface markers. 

Combining the colony forming ability of these subsets and the dynamic changes of 

surface expression of a specific set of surface markers, I redefined the 

heterogeneous continuum of erythroid progenitors into four sequentially maturing 

populations, EP1, EP2, EP3 and EP4.  



 117 | P a g e  

On this basis, I developed an efficient and reproducible flow cytometry-based 

strategy for stage-wise detection of erythroid differentiation from BFU-E to 

reticulocytes. By simultaneous detection of nine consecutive developmental 

stages, including 4 progenitor stages and 5 stages of erythroblasts, this strategy 

enabled a visualized evaluation of the dynamic continuum of erythropoiesis.  

To extend this strategy into the context of ineffective erythropoiesis in related 

disorders, I evaluated the erythroid differentiation in the bone marrow of patients 

with MDS. Surprisingly, I identified previously unrecognized defects at varied 

stages of erythroid progenitors. The findings suggested that, the previously 

reported apoptosis in late stage erythroblasts of MDS patients might not be the 

only cause of anemia in this disease. The disrupted differentiation of erythroid 

progenitors may also contribute to, at least partially, the ineffective erythropoiesis 

in MDS, which opens a new avenue for a better understanding of the mechanism 

of ineffective erythropoiesis in MDS. 

Taken together, this work delineated the heterogeneity of erythroid progenitors 

by comprehensive immunophenotyping and developed a flow cytometry-based 

strategy for stage-wise evaluation of human erythropoiesis.  This strategy enabled 

a precise characterization of specific stages of human erythropoiesis, which will 

facilitate our understanding of normal and disordered erythropoiesis. 
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Supplemental Figure 1. EP1, EP2, EP3 and EP4 cells from primary bone marrow 

are lineage negative and their cell sizes change along the erythroid progenitor 

maturation. (A) Dot plot overlay of gated EP1 to EP4 from primary bone marrow 

showing their expression of CD117 and Lineage cocktail. (B) Histogram overlay of 

gated EP1 to EP4 showing their FSC changes along the erythroid progenitor 

maturation. FSC medians of each population were indicated at the right side of the 

histogram.
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Supplemental Figure 2. CD105 enables isolation of erythroblasts from In Vitro 

culture of CD34+ cells. (A) Representative FACS plots for gating erythroblasts at 

distinct stages from in vitro culture of human CD34+ cells. Pro-erythroblasts, early 

basophilic erythroblasts were sorted on day 7 of culture (left panel), late basophilic 

erythroblasts, polychromatic and orthochromatic erythroblasts were sorted on day 14 

of culture (right panel). (B) Representative cytospin images of sorted erythroblasts at 

distinct stages from in vitro culture of human CD34+ cells. The images were captured 
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Supplemental methods 

Isolation and culture of CD34+ cells 

CD34+ cells were isolated from non-mobilized leukopaks by magnetic positive 

selection using the CD34+ MicroBead Kit UltraPure from Miltenyi Biotec, according to 

the manufacturer’s instructions. Purified CD34+ cells (purity between (90-98%) were 

differentiated toward erythrocytes using an in vitro three-phase culture system, as 

described previously(J. Hu et al., 2013).  

Antibodies 

Anti-Band3 FITC was prepared in our lab. Anti-IL3R PE-Cy7 was from 

eBioscience. Anti-CD117 PE and anti- 4 integrin APC were purchased from Miltenyi 

Biotec. All other antibodies were purchased from BD Biosciences. 

Flow cytometry and cell sorting 

Erythroid differentiation of cultured CD34+ cells and bone marrow mononuclear 

cells were assessed on a BD LSR Fortessa (Becton Dickinson), and data were 

analyzed using FCS express 7 software (De Novo, Inc). Erythroid cells at distinct 

stages of differentiation were sorted by a BD FACSAria Fusion Cell Sorter with a 100 

 

To sort erythroid progenitors from in vitro culture of CD34+ cells, cells were 

collected after 5 days of culture and following antibodies were used to isolate erythroid 

progenitors at distinct stages: anti-IL3R PE-Cy7, anti-glycophorin A (GPA) BV421, 

anti-CD34 APC, anti-CD36 FITC, anti-CD71 APC-H7, and anti-CD105 PE-CF594, anti-

CD117 PE, anti-CD45RA AF700, anti-CD41a BV510. Erythroblasts were sorted on 

day 7 of culture for proerythroblasts and early basophilic erythroblasts, and on day 14 

of culture for late basophilic, polychromatic, and orthochromatic erythroblasts, using 
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anti-glycophorin A (GPA) PE, anti-CD105 APC and syto-16 to exclude reticulocytes on 

day 14.  

To sort erythroid progenitors from bone marrow aspirates, mononuclear cells were 

separated using Ficoll-Hypaque density gradient centrifugation, followed by 

enrichment of CD117+ cells using a CD117 MicroBead kit from Miltenyi Biotec, 

according to the manufacturer’s instructions. Afterwards, the same antibodies as 

described above were used for isolation of erythroid progenitors at distinct stages. For 

erythroblast isolation from bone marrow aspirates, CD71+ cells were enriched from 

mononuclear cells using CD71 MicroBead kit from Miltenyi Biotec and stained with 

anti-glycophorin A (GPA) PE, anti-CD105 APC and syto-16. 

Human lineage cocktail, anti-CD45 AF700, anti-CD38 v450, anti- 4 integrin APC 

and anti-Band3 FITC antibodies were used to examine expression of corresponding 

surface markers in bone marrow mononuclear cells. 

Colony forming assay  

Cells were diluted to a density of 200 cells in 1ml of MethoCult® H4434 classic 

medium for BFU-E colony assay with SCF, IL-3, GM-CSF and EPO and 1ml of 

MethoCult® H4330 medium for CFU-E colony assay with EPO only (Stem Cell 

Technologies). BFU-E and CFU-E colonies were defined according to the criteria 

described by Dover et al(Dover, Chan, & Sieber, 1983). CFU-E colonies were counted 

on day 7 and BFU-E colonies were counted on day 15. Images were obtained using 

an Olympus IX71 or a Nikon ECLIPSE TS100 inverted microscope under 4X objective 

magnification. 

Cytospin preparation 

Cytospins were prepared by the Thermo Scientific Shandon 4 Cytospin, using 

1x105 cells in 200 l of PBS. Slides were stained with May-Grünwald solution (Sigma) 
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for 5 minutes, rinsed in 40 mM Tris buffer for 90 seconds, and subsequently stained 

with Giemsa solution (Sigma) for 15 minutes. After staining, the slides were rinsed 

briefly in double distilled water and allowed to dry at room temperature. Images were 

taken using a Leica DM2000 inverted microscope under 100X objective magnification. 
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 Erythroid progenitors: the continuum and the heterogeneity 

Over last decades, significant variations have been observed in erythroid 

progenitors, from their proliferation capacity, differentiation potential, to their sensitivity 

and dependence to various growth factors such as IL-3, SCF and EPO (C. H. Dai et al., 

1991; Chun Hua Dai et al., 1991; Muta, Krantz, Bondurant, & Wickrema, 1994; 

Sawada, Krantz, Dessypris, Koury, & Sawyer, 1989), indicating that early 

erythropoiesis is a continuum composed of successively differentiating progenitors 

with heterogeneous potentials. To improve our understanding of early erythropoiesis, 

prospective isolation and characterization of erythroid progenitors with different 

potentials is required. 

Conventionally, erythroid progenitors are defined as either BFU-E or CFU-E by 

their ability to form erythroid colonies in colony-forming assays. Since it was 

established in the 1970s, colony-forming assays have been used in numerous studies 

and laid the foundation of our current understanding in erythroid progenitors’ biology 

(Dulmovits et al., 2017). However, colony-forming assays are endpoint assessment, 

which do not allow the prospective isolation of erythroid progenitors for further studies.  

In 2014, Dr. Narla’s lab developed a FACS based method for the isolation of BFU-

E and CFU-E. According to the expression of a set of surface antigens, they identified 

BFU-E and CFU-E as IL3R-GPA-CD34+CD36- and IL3R-GPA-CD34-CD36+, 

respectively (J. Li et al., 2014). This method has been widely used in the field and 

cited 140 times so far. Indeed, derived data from this method including transcriptomic 

analysis on isolated BFU-E and CFU-E provided important database for the field. 

However, these two immunophenotypically-defined populations did not present the 

entire continuum of early erythropoiesis, as indicated by identification of the transition 

population of CD34+CD36+ in a follow-up study (Yan et al., 2018). Noteworthy, the 

transition population is a heterogeneous population composed of BFU-E and CFU-E. 
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In addition, we observed greatly varied sizes of colonies generated by the defined 

BFU-E CD34+CD36-, indicating that there is still heterogeneity in this population. 

Adding to the complexity, we noticed that the continuum is different depending on the 

developmental source of human HSPCs. Using different surface markers such as 

CD71, CD105 and CD110 (Thrombopoietin Receptor, TPO-R), several groups have 

also identified erythroid progenitor populations (Iskander et al., 2015; Mori et al., 2015; 

Chad Sanada et al., 2016), but these works didn’t uncover the entire continuum of 

early erythropoiesis as well, since they only focus on the CD34+ HSPCs. 

Although some advances have been made in the phenotyping and identification of 

erythroid progenitors, our current understanding of early erythropoiesis is not 

sufficiently detailed to dissect the remarkable heterogeneity of erythroid progenitors. 

The unresolved heterogeneity and incomplete phenotyping of erythroid progenitors not 

only hinders our understanding of normal erythroid differentiation, it also impedes 

identification of erythroid defects and cellular targets of therapeutic drugs in associated 

disorders, such as DBA and MDS. DBA is an inherited bone marrow failure with 

defects at the erythroid progenitor stages. Most patients respond firstly to steroids but 

then some of them develop a resistance. The mechanism of action and resistance to 

steroids has remained elusive, partly due to the lack of efficient immunophenotyping 

on the whole continuum of early erythropoiesis. 

The findings of my thesis project offered new insights into erythroid biology by 

dissecting the heterogeneous erythroid progenitors into four successively 

differentiating and functionally distinct populations, with EP1 as BFU-E, EP2 as 

immature CFU-E, EP3 and EP4 as sequentially mature CFU-Es (Results original 

article 2, Figure 3). The dissection of erythroid progenitor heterogeneity enables us to 

begin to define the entire continuum of erythroid progenitors at a stage-wise resolution. 

Importantly, it led to the identification of specific population of immature CFU-Es that 
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respond to glucocorticoids in the treatment of DBA. It’s also possible to use it to 

identify other cell populations that responsive to other drugs or growth factors in 

different disease contexts. Moreover, it could also enable us to identify stage-wise 

defects of erythroid disorders such as MDS and DBA.  

Indeed, using the novel FACS strategy developed in this thesis, I evaluated 

erythropoiesis in the bone marrow of patients with MDS and identified defects at 

various erythroid progenitor stages (Results original article 2, Figure 6). Although MDS 

is a highly heterogeneous disease, a recent study suggested that impaired TED could 

serve as a prognostic marker regardless the various gene mutations. Still, the cause(s) 

of impaired TED remain(s) to be fully elucidated. Early studies have indicated that 

increased apoptosis during TED is associated with the decreased number of early 

erythroblasts. Herein, our findings of erythroid defects at progenitor stage in MDS 

opened a new avenue for understanding the ineffective erythropoiesis in this disease.  

Given the high heterogeneity of MDS in gene mutations and clinical manifestations, 

more samples from patients with MDS and long-term fellow-up study are required. So 

far, we have completed analysis of 46 samples. Although current data from these 

samples is still not sufficient enough to tell the correlation between gene mutations and 

phenotype of erythroid differentiation, we observed erythroid progenitor defects in 26 

of them, accompanied with apoptosis in associated defective stages in most of these 

patients. Presently, more samples analysis and fellow-up study is still in progress. 

Completion of this work will uncover the potential correlation between erythroid 

progenitor defects, gene mutations and disease outcomes, provide cellular and 

molecular insights into mechanism of ineffective erythropoiesis in MDS, eventually 

improve treatment of anemia in MDS and increase the quality of life of patients. 

Very recently, using this strategy, I was also able to assess erythropoiesis from 

bone marrow sample of a patient with DBA harboring a RPS19 mutation (Figure 16). 
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As described in the introduction, DBA patients with RPS19 mutation appear to have 

milder clinical manifestations. Unsurprisingly, I observed close to normal TED in this 

patient. However, it’s not the case for early erythropoiesis. In the bone marrow from a 

healthy donor, erythroid progenitors exhibited progressively increased cell numbers 

from immature EP1 to sequentially more mature EP2, EP3 and EP4. Notably, a 

significant decline in the number of EP4 cells, the mature CFU-E, was observed in the 

DBA patient. Further analysis on more samples from patients with DBA may help 

to identify possible correlation between ribosomal protein gene mutation and 

erythroid defect at specific stages. 
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Figure 16. Disturbed differentiation of erythroid progenitors in a DBA patient with RPS19 

haploinsufficiency. Flow cytometry analysis of erythropoiesis in the bone marrow of a DBA 

patient / RPS19+/- (right) and bone marrow cells from a healthy donor (left) was also analyzed 

as a control. Upper panel displayed the entire continuum of erythropoiesis from EP1 (blue dots), 

EP2 (purple dots), EP3 (green dots), EP4 (red dots), to erythroblasts (light blue dots). The 

differentiation of erythroid progenitors was further analyzed using CD34 and CD105 (Lower 

panel), which revealed the defective progression from EP3 (green) to EP4 (red) (unpublished 

data). 

Together, the immunophenotyping strategy developed in this thesis takes into 

account both the continuum and the heterogeneity of erythroid progenitors, depicted a 

clearer profile of early erythropoiesis. Importantly, the stage-wise evaluation of 

erythropoiesis allows identification of stage specific defects in pathological conditions 

and responsive cell targets of potential therapeutic regents. Combing insights form 

these two aspects will not only improve our understanding of dyserythropoiesis, but 

also facilitate individualized treatment of heterogeneous erythroid disorders such as 

MDS and DBA. 

Currently, further investigations on isolated populations of EP1 to EP4, such as 

RNA-sequencing, CHIP-sequencing, ATAC-sequencing and proteomics analysis, are 

ongoing. The successful accomplishment of above studies will offer a more 

comprehensively characterization of these defined populations, provide novel insights 

into the regulatory mechanism of early erythropoiesis, and promote our understanding 

in the complexity of erythroid progenitors in the contexts of normal and disordered 

erythropoiesis.  

 Steroid resistance and cell cycle regulation in erythropoiesis 

Glucocorticoid such as dexamethasone is one of the main therapeutic treatments 

for DBA, in addition to red cells transfusion. While around 80% DBA patients respond 
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initially to glucocorticoids, half of them became refractory after a period of treatment. 

Moreover, another 20% of patients with DBA never respond to glucocorticoids(Narla et 

al., 2011). In other words, more than half of these patients have a resistance to 

glucocorticoids and have to rely on chronic red cells transfusion. Therefore, more 

investigations into the mechanisms of action of glucocorticoid are needed to reveal the 

molecular basis of glucocorticoid response in erythropoiesis and glucocorticoid 

resistance in patients with DBA. 

Glucocorticoids resistance is a well-known aspect of many chronic diseases, e.g., 

asthma, depression, cancer, and several autoimmune diseases (Timmermans, 

Souffriau, & Libert, 2019). Glucocorticoids principally act through GR signaling, and 

multiple alterations along the pathway may contribute to glucocorticoids resistance. In 

the context of anti-inflammatory treatment, activation of MAPK pathway has been 

identified as a common mechanism of glucocorticoids resistance (Sevilla et al., 2021). 

However, the mechanisms of the glucocorticoid resistance in patients with DBA are 

poorly understood. No correlation has been identified between the gene mutated in 

DBA and response to glucocorticoids. In families who all carry the same gene mutation, 

some patients respond to glucocorticoids while others never respond, or initially 

respond and later become refractory to treatment (Narla et al., 2011). 

A study suggested that differences in GR polymorphisms and variable expression 

of GR isoforms might contribute to the variability in patient responses (Varricchio & 

Migliaccio, 2014). Interestingly, different DNA methylation and chromatin accessibility 

patterns were identified in glucocorticoid responsive and unresponsive patients, 

suggesting that glucocorticoid resistance may have an epigenetic basis (Farrar et al., 

2018). In addition, defects in GR expression, ligand binding, nuclear translocation or 

DNA binding may also involve in glucocorticoid resistance, as presented in non-

erythroid disorders treatment with glucocorticoids (Ito, Chung, & Adcock, 2006).  
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In the present thesis project, we demonstrated the role of cell cycle regulation in 

the mechanism of action of dexamethasone and mechanisms of glucocorticoid 

resistance in patients with DBA. This work initiated from an earlier observation that 

only PB-derived CD34+ cells responded to dexamethasone with an enhanced 

expansion of CFU-E, but not CB derived CD34+ cells. As described in the original 

article 1, an immature CFU-E population characterized by CD71hiCD105med was 

identified as the principal responsive cells to dexamethasone from the previous 

transition population CD34+CD36+ that specifically predominate in adult erythropoiesis 

but not neonatal erythropoiesis.  

Importantly, our findings confirmed the critical role of p57Kip2 mediated cell cycle 

regulation during early erythropoiesis, which explained, at least partially, the 

mechanism of action of dexamethasone in erythroid lineage and the glucocorticoids 

resistance in DBA patients. 

The critical role of the cell cycle is well-established in hematopoiesis, notably its 

regulatory function for maintenance of the stemness of long-term HSCs. In 

differentiating MPP cells, the cell cycle was maintained at a slow cycling rate and cell 

fate of a MPP can be predicted by the cell cycle speed or the expression of regulatory 

proteins (X. Hu, Eastman, & Guo, 2019; Passegué, Wagers, Giuriato, Anderson, & 

Weissman, 2005). Moreover, cell fate can be modulated towards a specified lineage 

by altering the cell cycle rate (X. Hu et al., 2019; Passegué et al., 2005). 

Upon commitment towards the erythroid lineage, the cell cycle still retains a slow 

cycling rate in BFU-E, which begins to accelerate and allow for extensive cell 

expansion in the later progenitor and erythroblast stages (Kumkhaek et al., 2013). A 

recent study in the mouse model revealed that the self-renewal of murine erythroid 

progenitors rely on a slow replication fork speed, and cell fate switch from self-renewal 

to differentiation was associated with a global increase in replication fork speed and 
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consequently a shorter S-phase (Hwang et al., 2017). Consistently, I observed 

dynamic changes of cell cycle throughout the erythroid differentiation process, as 

shown by the percentage of S-phase cells. The percentage of S-phase cells is

relatively low level in EP1, the BFU-E cells, then gradually increase from EP2 to EP4 

the sequentially more mature CFU-E cells. Afterwards, high ratio of S-phase was 

retained until polychromatic erythroblasts and abruptly dipped in orthochromatic 

erythroblasts (Figure 17), which exit cell cycle prior to enucleation.
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Figure 17. Cell cycle dynamics during human erythropoiesis. PB derived CD34+ cells were 

differentiated in vitro for erythroid differentiation and 5-ethynyl- -deoxyuridine (EdU) 

incorporation was performed on day 5 for analysis of EP1, EP2 and EP3/4, day 11 for analysis 

of proerythroblasts and basophilic erythroblasts and day 14 for analysis of poly and 

orthochromatic erythroblasts. Cells were firstly incubated with EdU for 2 hours and followed by 

surface antigen staining, erythroid progenitors and precursors of different stages were gated as 

described in original article 2. (A) Representative plots of S-phase cells ratio in erythroid 

progenitors and precursors at different stages. (B) Statistical analysis of S-phase cells at 

distinct stages of erythroid differentiation (n=4).

The dynamic changes of the cell cycle state during erythropoiesis are tightly 

intrinsic regulators such as members of the Cip/Kip family of proteins (Yamada & 

Kawauchi, 2013). Our findings indicated that p57Kip2, a CDK inhibitor belonging to the 

Cip/Kip family, has differential expression kinetics between CB and PB derived 

erythroid progenitors, and the difference in expression baseline may account for their 

different responses to dexamethasone treatment. 
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As a negative cell cycle regulator, p57Kip2 is involved in maintaining the quiescence 

state of HSC, critical for stemness maintenance (Matsumoto et al., 2011; Zou et al., 

2011). Notably, the induction of dexamethasone on p57Kip2 expression was 

documented in several type of mammalian cells including rat placentas, human 

endometrial stromal cells and HeLa cells (E. H et al., 2015; S. T. Kim, Lee, & Gye, 

2011; Samuelsson, Pazirandeh, Davani, & Okret, 1999). Moreover, dexamethasone 

induced p57Kip2 expression inhibited cell cycle progression of HeLa cells (Samuelsson 

et al., 1999). More recently, Socolovsky et al found that p57Kip2 negatively regulated 

the replication fork speed and the resulted slow cell cycle is required for murine 

erythroid progenitor self-renewal. Importantly, the expression of p57Kip2 is also 

essential for dexamethasone mediated CFU-E self-renewal (Hwang et al., 2017; Pop 

et al., 2010).  

In the human system, we found that p57Kip2 is expressed at early stages of human 

erythropoiesis and lost in TED in both sources of CD34+ cells, but CB-derived cells 

maintained its expression for a longer period. Upon dexamethasone treatment, PB-

derived CFU-Es demonstrated increased expression of p57Kip2, but its expression in 

CB-derived CFU-Es was largely unchanged with a relative higher basal level than its 

PB counterparts. Furthermore, the expression of p57Kip2 was upregulated by 

dexamethasone in CD34+ cells from steroid-responsive patients, but not transfusion-

dependent patients with DBA. Conversely, inhibition of p57Kip2 by lentiviral mediated 

RNA interference abrogated the effect of dexamethasone in PB derived CD34+ cells. 

These results confirmed the role of p57Kip2 mediated cell cycle regulation in murine 

erythropoiesis and reconcile the field with regards to the erythroid progenitor stage 

responding to dexamethasone. Indeed, glucocorticoids specifically induce the 

maintenance and expansion of an immature CFU-E progenitor population in humans 

mediated through negative cell cycle regulation by p57Kip2, and the dysregulated 
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expression of p57Kip2 in steroid-resistant patients account, at least partially, for the 

resistance.  

In addition to p57Kip2, our proteomics studies identified other cell cycle regulators 

such as NR4A1, implying a general negative regulation on cell cycle induced by 

dexamethasone. Indeed, olomoucine, a specific inhibitor of CDK1 and CDK2, led to 

the similar maintenance of the immature CFU-E population as we observed with 

dexamethasone treatment, suggesting a more generalizable role of CDK inhibition. 

Interestingly, NR4A1 was recently identified as previously unrecognized downstream 

targets of c-Myc and was critical for maintenance of HSCs functions (Chen et al., 

2019; Sheng et al., 2021). Notably, both p57Kip2 and NR4A1 are negative regulators of 

cell cycle progression and are closely associated with HSCs quiescence and 

maintenance of HSCs self-renewal. NR4A1 was also expressed in human MEP 

bipotent progenitors (Y.-C. Lu et al., 2018), but its role in more restricted erythroid 

lineage was not clear. Further investigations on NR4A1 may provide additional insights 

in molecular basis for a more detailed understanding of mechanisms of action of 

glucocorticoids in human erythropoiesis and facilitate the exploration of using CDK 

inhibitors as potential therapeutic drugs for DBA patients with steroid resistance. 

Our findings in this study provided novel insights in understanding the mechanism 

of action of dexamethasone and glucocorticoids resistance in DBA patients. Moreover, 

dexamethasone-induced cell cycle regulation mediated by p57Kip2 highlighted the tight 

link between the cell cycle and maintenance of specific cell state during early 

erythropoiesis, suggesting the potential opportunities to modulate erythropoiesis by 

intervening cell cycle regulation in treatment of erythroid disorders with defective 

erythroid progenitors. 

 Metabolic regulation of human erythropoiesis 
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The importance of cell metabolism has been increasingly recognized in the 

regulation of erythropoiesis. Recent findings showed that diverse metabolic networks 

function in concert with transcription factors, growth facotrs and epigenetic regulators 

to regulate erythroid differentiation, including but not limit to iron and heme metabolism, 

amino acid and glucose metabolism, energy production and redox homeostasis 

(Oburoglu et al., 2016).  

As shown in the recently published article (ANNEX original article 2), we have 

described the impaired erythroblasts maturation and enucleation caused by disturbed 

redox homeostasis and identified IDH1 as a critical regulator of redox homeostasis 

during TED. Using an in vitro model of human erythropoiesis, we observed that 

OXPHOS levels dynamically change during erythroid differentiation, increasing at the 

early stages and decreasing at the late stages of TED. Consistently, we observed a 

progressive decrease in mitochondria biomass and activity during TED, as assessed 

by Mito Tracker staining and Seahorse Mito Stress Test (ANNEX original article 2, 

Figure 1 D and E). Interestingly, Liang et al demonstrated a critical but unanticipated 

role of mitochondria in erythroblast enucleation (Liang et al., 2021). They observed 

that mitochondria migrate and aggregate near the nucleus before nuclear expulsion. 

More interestingly, they found that low activity of mitochondria during late stage of TED 

is fueled by pyruvate but not in situ glycolysis, which is critical for erythroblast 

enucleation. Consistently, Sen et al recently demonstrated that , a critical 

coactivator of mitochondrial biogenesis, is required for erythroblast maturation. 

Reduced levels of  directly affected iron and heme homeostasis and eventually 

hemoglobin production (Sen, Chen, & Singbrant, 2021). 

As discussed above, mitochondria play an essential role in energy production and 

heme biogenesis. However, the activity of mitochondria during human erythropoiesis 

remains to be fully defined. Herein, using our refined FACS strategy, I examined at 
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higher resolution the stage specific dynamics of mitochondria biomass and polarization 

throughout human erythropoiesis in the bone marrow, from the most immature 

erythroid progenitor BFU-E to orthochromatic erythroblasts and reticulocytes. 

I first observed that the elevation of mitochondria polarization predates the 

increase of mitochondria biomass during early erythropoiesis. Both mitochondria 

biomass and polarization plateaued at mature CFU-E (EP3/EP4) to proerythroblast 

stage, which is in accord to the active proliferation activities during this phase. 

Afterwards, mitochondria polarization declined followed by the decrease of 

mitochondria biomass but eventually both dropped down to a significant lower level at 

orthochromatic erythroblast stage (Figure 18). Consistently, Moras et al observed a 

progressive decrease in mitochondria biomass during erythroblast maturation (Moras 

et al., 2021). Our results revealed dynamic changes of mitochondria activity during 

human adult erythropoiesis in the bone marrow.  Especially, the low level of 

mitochondria activity in BFU-E followed by a marked increase in CFU-E are in line with 

the previous recognition on the negative correlation of OXPHOS level and cell self-

renewal capacity. In contrast, decrease of mitochondria biomass and polarization at 

late stage of TED, in line with the decrease of OXPHOS level (ANNEX original article 

2), is essential for erythroblast maturation and enucleation. 
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Figure 18. Dynamic changes of mitochondria biomass and polarization during human 

erythropoiesis. Representative flow analysis of mitochondria biomass (left) and polarization

(right) in primary bone marrow cells from a non-anemic donor. Bone marrow mononuclear cells 

were isolated by Ficoll density gradient centrifugation for Mitotracker dye staining, then surface 

antigens staining was performed for stage specific analysis by flow cytometry.

To fuel mitochondria-centered metabolic pathways, numerous nutrients are 

needed to be transported into the cells, and bioavailability of these nutrients will impact 

cellular signaling and gene expression during erythropoiesis. Therefore, specific 

transporters for these nutrients are required to be expressed on the surface of cells.
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To obtain an overview of the metabolic changes during erythropoiesis, we measured 

the surface expression levels of a set of nutrients transporters of erythroid cells at 

distinct differentiating stages by using receptor binding domain (RBD), derived from 

envelope glycoproteins evolved across a range of retroviruses that use these 

transporters to interact with host cells (H. Liu, Bi, Wang, Lu, & Jiang, 2015). Combining 

this unique tool with the FACS strategy described in RESULTS original article 2, we 

documented the distinct expression pattern of 9 transporters, including riboflavin 

importers (RFVT1 and RFVT2, SLC52A1 and SLC52A2), phosphate importers (PiT1 

and PiT2, SLC20A1 and SLC20A2) and exporter (XPR1, SLC53A1), heme exporter 

(FLVCR1, SLC49A1), cationic amino acid importer (CAT1, SLC7A1), multivitamin 

transporters (SMVT, SLC5A6), neutral amino acid transporter (ASCT2, SLC1A5) and 

glucose importer (GLUT1, SLC2A1) (Figure 19). These distinct expression patterns of 

transporters throughout the continuum of erythropoiesis, from BFU-E to orthochromatic 

erythroblast, may reflect the dynamic change in nutrient requirement at specific stages 

of human erythropoiesis.  

Indeed, Oburoglu et al have demonstrated the importance of ASCT2 and GLUT1 

for erythroid lineage commitment (Oburoglu, Tardito, Fritz, De Barros, et al., 2014). 

The role of FLVCR1 in regulating heme/globin balance at BFU was also known 

(Quigley et al., 2004). Consistently, we observed that FLVCR1 was highly expressed 

on BFU-E and CFU-E and declined upon entering TED where globin production 

catches up to heme biosynthesis.  

Interestingly, RFVT1/2 exhibited a similar expression pattern as FLVCR1 with a 

specific high level of expression only on erythroid progenitors followed by an 

immediate decrease in TED (Figure 19). 
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Figure 19. Dynamic changes in the expression of nutrient transporters during human 

erythropoiesis. Nine nutrient transporters, including riboflavin importers (RFVT1/2), phosphate 

importers (PiT1 and PiT2) and exporter (XPR1), heme exporter (FLVCR1), arginine importer 

(CAT1), multivitamin transporters (SMVT), glutamine importer (ASCT2) and glucose importer 

(GLUT1), have distinct expression patterns during human erythroid differentiation (Justus et al., 

2019). 

Riboflavin, also known as vitamin B2, is one of the thirteen essential vitamins for 

the human body. Riboflavin and its derivatives, flavin mononucleotide or riboflavin 

phosphate (FMN) and flavin adenine dinucleotide (FAD), play a critical role in 

mitochondria energy metabolism and are also involved in lipid and amino acid 

metabolism (Xin et al., 2017). However, riboflavin cannot be synthesized or stored in 
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the human body, and has to be provided through daily diets. Riboflavin deficiency is 

rarely life threatening, but it is fairly common especially in developing countries. 

Combined with other conditions, such as in patients with diabetes mellitus, infections, 

pregnancy, or genetic disorders of flavin transport and function, riboflavin deficiency 

can lead to various clinical abnormalities including impaired nerve functions and 

anemia (Hassan & Thurnham, 1977; Mosegaard et al., 2020; Xin et al., 2017). 

Therefore, high expression levels of the riboflavin transporter in erythroid progenitors 

are in line with the rapid increase in energy supply required by active proliferation of 

CFU-E, as reflected by the peak of mitochondria biomass and polarization (Figure 18) 

and the increase of S-phase cells from EP1 BFU-E to CFU-E EP2-4 (Figure 17). 

Phosphate is critical for a variety of cellular processes including ATP production, 

signal transduction, nucleic acid and lipid synthesis and cell membrane composition, 

(Chande et al., 2020; Forand et al., 2016; Justus et al., 2019; Koumakis et al., 2019). 

The constant expression of phosphate importers and temporal expression of 

phosphate exporters on early erythroblasts suggest coordinated effects of these 

transporters in maintaining the phosphate homeostasis and its importance for erythroid 

differentiation (Z. Q. Wang et al., 1995)(Festing, Speer, Yang, & Giachelli, n.d.; L. Liu, 

Sánchez-Bonilla, Crouthamel, Giachelli, & Keel, 2013). 

Hence, further investigation on the function of these transporters and associated 

nutrients/metabolites will advance our understanding in the metabolic regulation of 

erythropoiesis, thus improve a more comprehensive understanding of the complex 

regulatory machinery of human erythropoiesis. Moreover, provide insights into the 

pathologies of erythroid diseases with metablic alterations. 

 Closing words 
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Through two interrelated studies centered on early erythropoiesis, I explored the 

nature of erythroid progenitor biology in both physiological and pathological contexts. 

The findings from this research depicted a clearer concept of the continuum of early 

erythropoiesis and provided novel insights into the regulation and modulation of 

erythroid progenitors in normal and disordered erythropoiesis.  

With extending techniques and knowledge gained from this project into the 

contexts of heterogeneous erythroid disorders such as DBA and MDS, I hope that 

combination of precise evaluation of stage specific defects of erythropoiesis and 

identification of targeting cells of potential therapeutic regents could facilitate 

individualized treatment for patients with heterogeneous gene mutations and clinical 

manifestations. Eventually, thorough understanding of erythroid progenitor biology 

could possibly enable us to treat the diseases by “nurturing” defective erythroid 

progenitors toward effective erythropoiesis. 
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