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RESUME

L'érythropoiése est un processus qui permet la production de globules rouges a
partir de cellules souches de la moelle osseuse. Ce processus complexe finement
régulé est généralement divisé en 3 phases successives : I'érythropoiése précoce, la
différenciation érythroide terminale (TED) et la maturation réticulocytaire. La premiére
est la phase la moins bien définie ; I'hétérogénéité des progéniteurs érythroides

restant a étre mieux caractérisée.

Cette thése a articles présente 2 études centrées sur la caractérisation et la
régulation des progéniteurs érythroides dans I'érythropoiese humaine normale et

pathologique.

Nous avons d’abord exploré le mécanisme d'action des glucocorticoides dans la
lignée érythroide et la résistance aux stéroides chez les patients atteints de I'anémie
de Diamond-Blackfan (ADB). Les glucocorticoides sont une des principales options
thérapeutiques pour traiter ces patients et leur effet dans 'activation de I'érythropoiése
est bien connu. Cependant, les mécanismes moléculaires sous-jacent restent encore
relativement incompris. Nous avons découvert que la dexaméthasone (dex), un
glucocorticoide synthétique, augmente la prolifération érythroide des cellules
souches/progénitrices CD34" dérivées de sangs périphériques d’adultes (SPA), mais
pas celles de sangs de cordon (SC). En décryptant I'hétérogénéité d'une population de
progéniteurs prédominant uniquement dans le SPA, nous avons identifi€ une
population immature de CFU-E CD71"CD105™¢ comme principale cible de la dex.
L'analyse protéomique a révélé une augmentation spécifique de I'expression de
régulateurs du cycle cellulaire dans les CD34" dérivées de SPA traités avec la dex,
notamment du facteur p57%?2, 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 I'expression de p57+*? atténuait
de maniéere significative l'effet de la dex. Il est important de noter que l'expression
dérégulée de p57¢P? a été observée dans les progéniteurs érythroides de patients
ADB présentant une résistance aux stéroides. Ces données suggerent que la dex
induit spécifiquement I'expansion des CFU-E immatures CD71"CD105™ par le biais

d'un role conservé de p57*2 dans la régulation négative du cycle cellulaire.
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Nous avons ensuite décrit I'nétérogénéité des progéniteurs érythroides via un
immunophénotypage caractérisant le continuum des progéniteurs érythroides
précoces dans la moelle osseuse humaine. En utilisant les marqueurs de surface
CD71 et CD105, nous avons divisé les populations de progéniteurs érythroides
précédemment définies par IL3R, GPA, CD34 et CD36 en sous-groupes et avons
effectué leur caractérisation fonctionnelle. Ainsi, nous avons disséqué le continuum
des progeéniteurs érythroides 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 érythroide allant du stade BFU-E aux réticulocytes. En appliquant cette
stratégie expérimentale a des cellules de moelle osseuse provenant de patients
atteints du syndrome myélodysplasique (SMD), nous avons identifié des défauts

précédemment non encore identifiés a divers stades des progéniteurs érythroides.

Ainsi, mes résultats ont permis de définir avec une meilleure résolution
I'nétérogénéité des progéniteurs érythroides ainsi que de mieux comprendre le
mécanisme d’action de la dex dans le traitement de I'ADB, contribuant ainsi a une
meilleure compréhension de la biologie des progéniteurs érythroides dans le contexte

des érythropoiéses normale et pathologique.
Mots clés : érythropoiése précoce, hétérogénéité des progéniteurs érythroides,

résistance aux stéroides, 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 CD71"CD105™ 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 p574P2, 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 p57%? significantly attenuated the effect of dexamethasone. Importantly,
dysregulated expression of p574P? was observed in erythroid progenitors from DBA
patients with steroid resistance. Altogether, these data suggested that dexamethasone
specifically induces expansion of immature CFU-Es CD71M"CD105™¢ through a

conserved role of p57¢P2 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'érythropoiése désigne le processus de production des globules rouges a partir
de cellules souches de la moelle osseuse. Actuellement, les progéniteurs précoces de
ce processus restent a étre mieux caractérisés. Jai d’abord montré qu’un
glucocorticoide synthétique utilisé pour traiter les patients atteints d’anémie de
Diamond-Blackfan, induit spécifiquement I'expansion d'une population immature de
cellules érythroides via une régulation négative du cycle cellulaire. J’ai ensuite mieux
décrit I'nétérogénéité des progéniteurs érythroides en disséquant le continuum des
étapes de différenciation allant des stades trés précoces a celui précédant le globule
rouge mature. Utilisant cette stratégie, jai identifi¢ 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 [I'érythropoiése 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, | 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, | 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,
| 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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PI3K: Phosphoinositide 3-kinase

PiT1: Phosphate importer 1

PiT2: Phosphate importer 2

PPP: Pentose phosphate pathway

Prdxs: Peroxiredoxins

PS: Phosphatidylserine
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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

STATS5: 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-B: Transforming growth factor-8

TO: Thiazole Orange

TPO: Thrombopoietin

TPO-R: Thrombopoietin receptor

TSR2: TSR2 Ribosome Maturation Factor
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UCP2: Uncoupling protein 2

\'

VCAM: Vascular cell adhesion molecule

X

XPR1: Phosphate exporter 1
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With approximately 2.5x10" 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 | ((2¢2) at week 5 of
gestation before switching to Hb Gower Il (a2¢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 to fetal types (a2y2) (lturri 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 switch from fetal globin (a2y2) to adult globin (a2B2) 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.), | 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. Liet 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).

) Bone Marrow ~ Bloodstream
REt RBC
HSC |-BFU-E  i-BFU-E CFU-E ProE EBaso LBaso Poly  Ortho ] e L)
®o-@® @@ ®—eo—._,
o — X
Pyrenocyte
Early Erythropoiesis Terminal Erythroid Differentiation Reticulocyte
(TED) maturation

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 (I-
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
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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*IL3R"°"CD45RA", 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

33|Page



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.

standard model
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redefined model HSC HSC
development
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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*CD38™M¢ population,
characterized by expression of MPL, the receptor for Thrombopoietin (TPO). They
further improved the isolation strategy by wusing Lin"CD34°FIt3"*CD45RA
CD38MdMPL*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°C, in 5% CO,, with = 95% 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"
CD34CD36"GPA", respectively. Further study identified a transitional population of
IL3BR'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.

CB IL3R'GPA" cells PB IL3R-GPA- cells

31.71% 2.62% '

CD36
CD36
o

Ak 1.78% 20.20%
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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
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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 CD105CD36" 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*CD45RAIL3R" population, CD71* CD105~ MEPs primarily generated
large erythroid colonies while CD71"* 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
CD34CD36" 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, a4-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).
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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 a4-integrin and
band3. May Grinwald-Giemsa (MGG) staining of purified erythroblasts showed distinctive cell

morphologies (Lower panel), characterized by decrease of cell size, increase of hemoglobin
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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, | decided to develop an efficient and feasible FACS
strategy for stage-wise detection of erythropoiesis. During my thesis, | 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 (CD71"dh CD71medum  CD71'°" and
CD71me93ve) 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, Fernandez-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 (LMOZ2), 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).

211 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
GATAZ2 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
GATAZ 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 GATAZ2 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).

21.2 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.,
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2014). Also, TAL1 and GATA1 interact with GFI1B and NuRD to suppress target gene

expression (Liang & Ghaffari, 2016).

21.3 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, KIf1 is a direct target of the bone morphogenetic
protein 4 (BMP4)/Smad pathway and GATA1 (Xue, Galdass, Gnanapragasam,
Manwani, & Bieker, 2014). In the human B-globin locus, KLF1 stabilizes GATA1 and
TAL1 occupancy, contributing to the generation of active chromatin structure, which is
critical for activation of B-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-sensitive a

subunit (also known as endothelial PAS domain containing protein 1 (EPAS1)) and a
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constitutively expressed B subunit (also known as aryl hydrocarbon receptor nuclear
translocator (ARNT)) (Watts et al.,, 2020). HIF2a 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, HIF2a is stabilized and translocate to
the nucleus to form heterodimeric complex with HIF3, 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
famous target of HIF2a is 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).

221 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 | 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, lhle, & Aoki, 1994; Watowich, 2011; Y. Zhang et al.,

2014).
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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/STATS5 and Ras-Erk (Matsuzaki, Aisaki,
Yamamura, Noda, & lkawa, 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
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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 | 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 HIF1a 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 a-
ketoglutarate (a-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 pB-thalassemia leads to
ineffective erythropoiesis and erythrocyte hemolysis; iron-overload in transfusion-
dependent patients with DBA, MDS or B-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 a-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 a-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, | 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).

Young reticulocyte \g?
Extruded nucleus \83
Enucleating /&O -
erythroblast /O

Early erythroblast

Macrophage
Nuclear phagocytosis

Late erythroblast

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-1/a0431 and ICAM-4/ a5
(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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Genes mutated in DBA and DBA-like cases
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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 (GATA1I) 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 GATA7 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 mMRNAs 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 RPS719 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).

Ribosome Biogenesis

defect RPL5*Mut
RPS19*/Mut — RPL11+Mut Proteasomal
. 7l degradation

caspase 3 induced
GATA1 cleavage

Eaeifwchmmeﬁﬂ

l Apoptosis

Normal erythroid

Apoptosis
Delay in erythroid
differentiation

differentiation
Erythroblastopenia
DBA
RPS19*Mut phenotype RPL5*Mut
= Less Severe DBA &
phenotype RPL11*™u phenotypes
= Severe DBA phenotype

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 ftriggers 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).

66 |Page



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.
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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, | 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).

Peripheral blood

¢ Granulocytes Pseudo Pelger-Huet cells, abnormal chromatin
clumping, hypo-/degranulation, left shift

e Platelets Giant platelets, anisometry of platelets

e Red cells Anisocytosis, poikilocytosis, dimorphic

erythrocytes, polychromasia, hypochromasia,
megalocytes, basophilic stippling, presence of
nucleated erythroid precursors, tear drop cells,
ovalocytes, fragmentocytes
Bone marrow
e Cellularity of the Typically hypercellularity, rarely hypocellularity
marrow

e Erythropoiesis Megaloblastoid changes, multinuclearity, nuclear
budding, non-round nuclei, karyorrhexis, nuclear
bridges, atypical mitoses, sideroblastosis, ring
sideroblasts, periodic acid-Schiff-positive red cell
precursors

e Megakaryopoiesis  Micromegakaryocytes, mononuclear
megakaryocytes, dumbbell-shaped nuclei,
hypersegmentation, multinuclearity with multiple
isolated nuclei

e Granulocytopoiesis Left shift, increased medullary blast count, Auer
rods or Auer bodies, hypo-/degranulation,
pseudo-Pelger cells, nuclear anomalies
(e.g. hypersegmentation, abnormal chromatin
clumping), deficiency of myeloperoxidase, increase
and morphological abnormality of monocytes

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

72| Page



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)

(Hellstrom-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

(Hellstrdm-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, SF3B71 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 SF3B71, 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 (GPA, Band3 and a4-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 (<20 x 10%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

77 |Page



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 (Hellstrém-
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-B) 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 Rps74 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 ST00A8/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-B signaling is triggered by binding of TGF- superfamily
ligands (TGF-B, activins, BMPs, and growth differentiation factor 11 (GDF11) to type |
and type Il receptors, in some cases with the assistance of a coreceptor (type Ill). 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-f 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-B 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
SMAD?2 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.

Type |l receptor Type | receptor Coreceptor
(ActRIA, A::IHIIB TGFﬁ-HII} (ALK4, ALKS, ALKT) (betaglycan)
. P SMAD2, SMAD3
‘M = @ — phosphorylation
Cytoplasm
—— \ p-SMAD2 dimer
W N or p-SMAD3 dimer
W
Mucleus

Figure 14. Canonical signaling by SMAD2/3-pathway ligands. Ligand binding leads to
multimerization of type | and Il receptors, in some cases with the assistance of type Il receptor
and |. Activated type | receptors phosphorylate SMADZ2/3, which dissociate from type | receptor
and oligomerize with SMAD4 to form a heterodimeric complex that translocates into the
nucleus and regulate cellular responses. SMAD7Y 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 SMADZ2/3 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 11B
attached to the Fc domain of human IgG1. Luspatercept competes with the cell
surface receptors for binding of TGF-f3 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).

BFU-Ep BFU-Em CFU-E ProEbl

_._:: —b. -

T ag &
B T - TGF-B superfamily ligand

Stromal cell &)

Figure 15. Putative mechanism of action of luspatercept to improve ineffective

erythropoiesis. Luspatercept, a TGF-B superfamily ligand trap, blocks the activation of
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SMAD2/3 signaling by competitively binding to TGF-f superfamily ligand, and thus improve

ineffective erythropoiesis (Kubasch et al., 2021).

In addition to the above mentioned mechanism(s) of action of TGF-B 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-B signaling increased BFU-E self-renewal and
the total number of erythroblasts produced. Another recent study found that TGF-p1
has a dose-dependent activity on erythropoiesis (Kuhikar et al., 2020). TGF-p1 at a
concentration of 2 ng/ml was shown to inhibit the growth of CD36" cells, while a lower
concentration of TGF-p1 (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-B 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, | 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 ILBR-GPA'CD34*CD36™ as BFU-E and ILSR"-GPA'CD34CD36*

as CFU-E.

In studies preceding this PhD work, | had studied the differences between adult
and neonatal erythropoiesis in Dr. Narla’s lab. Interestingly, | 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
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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 CD34CD36" 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 CD34CD36" 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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CD71"CD105™ 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 p57¢r2, 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 p574P2 as a target of glucocorticoids that mediated the expansion of
murine CFU-Es (Hwang et al.,, 2017). Consistently, we observed dysregulated
expression of p57¢P2 in erythroid progenitors from DBA patients with steroid
resistance, and down-regulation of p57%P? significantly attenuated the effect of
dexamethasone on erythroid differentiation and expansion. These results indicated
a conserved role of p57¢P? 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
CD71"CD105™ from adult erythropoiesis are the principal cellular target of
dexamethasone, and 57%P2 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.
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Introduction

Diamond Blackfan anemia (DBA) is an inherited bone marrow
(BM) failure syndrome with an incidence of' 5 to 10 cases per mil-
lion live births and is characterized by red cell aplasia, a range
of physical anomalies, developmental bone defects, and cancer
predisposition (1, 2). More than 70% of the patients diagnosed
with DBA have defects in ribosome biogenesis due to mutations
in genes encoding ribosomal proteins. In addition, mutations in
the CATAI transcription factor, a key regulator of erythroid devel-
opment, and TSR2, a pre-rRNA processing protein, have recently
been identified in several families with DBA (3, 4). The genetic
landscape of DBA is heterogeneous, but genotype and phenotype
cotrelations have been noted in association with mutations in the
RPL5 and RPLI! ribosomal proteins in patients (5).
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Despite tha effactive clinical use of steroids forthe treatmant of Diamond Blackfan anemia (DBA), tha mechanisms through
which glucoco rticoids regulate human erythropoiesis remain poorly understood. We report that the sensitivity of erythroid
differentiation to dexamethasone is dependent on the developmental origin of human CD34* progenitor cells, specifically
increasing the expansion of CD34- progenitors from peripheral blood (PB) but not cord blood {CB). Dexamethasone
treatment of erythroid-differentiated PB, but not CB, CD34- progenitors resulted in the expansion of a newly defined

CD34-CD36 CD71"CD105™ immature colony-forming unit-erythroid (CFU-E) population. Furthernmore, proteomics analyses
revealed the induction of distinct proteins in dexamethasone-treated PB and CB erythroid progenitors. Dexamethasone
treatment of PB progenitors resulted in the specific upregulation of p57“%, a Cip/Kip cyclin-dependent kinase inhibitor, and
we identified this induction as critical; shRNA-mediated downregulation of p57°%, but not the related p27°", significantly
attenuated the impact of dexamethasone on erythroid differentiation and inhibited the expansion of the immature CFU-E
subset. Notably, in the context of DBA, we found that steroid resistance was associated with dysregulated p57"*2 expression.
Altogether, these data identify a unique glucocorticoid-responsive human erythroid progenitor and provide new insights into
glucocorticoid-based therapeutic strategies for the treatment of patients with DBA.

The standard of care for patients with DBA after the first year
of life is glucocorticoids. Notably, a majority of treated patients
have an increase inred cell production and have a reduced depen-
dency on blood transtusions (6-8). However, the therapeutic dose
is extremely variable among patients, and many become refrac-
tory to treatment over time. Once patients are glucocorticoid
refractory they become dependent on chronic RBC transfusions
unless they enter remission or undergo curative hematopoietic
stem cell transplantation (7). The actions of glucocorticoids have
been well studied in many disease contexts. These molecules
interact with the glucocorticoid receptor (GR), leading to nuclear
translocation of the resulting complex, which binds DNA at gluco-
corticoid response elements (GREs} and ultimately activates gene
transcription (9). However, the specific mechanisms of action of
glucocorticoids in the erythroid systemin both healthy individuals
and patients with DBA remain to be fully elucidated. Several stud-
ies have demonstrated that glucocorticoids act at the erythroid
progenitor level, but the precise stages of erythroid differentiation
at which they exert their effects have not been identified (10-13).
This is due in part to the considerable heterogeneity of erythroid
progenitor populations and the different markers and model sys-
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tems that are used for studying glucocorticoid effects on erythro-
poiesis. Indeed, early burst-forming unit-erythroid (BFU-E) and
colony-forming unit-erythroid (CFU-E) progenitors are often
characterized on the basis of their functional ability to form eryth-
roid colonies in colony-forming assays (CFAs), and immunophe-
notypic evaluations (14-18) are still in progress.

Afurther difficulty in evaluating the impact of glucocorticoids
on BFU-E and CFU-E progenitors is due to important differences
in murine versus human erythroid differentiation. In mice, the
vast majority of research has focused on fetal liver progenitors,
with a detailed characterization of early and late populations of
fetal liver BFU-Es (19-21). Although several studies performed
on murine fetal liver cells have suggested that dexamethasone
acts at the BFU-E stage (11, 13, 19), a more recent study showed
that dexamethasone enhances the maintenance of proliferative
murine CFU-Es by upregulating p579%, a member of the Cip/Kip
cyclin-dependent kinase (CDK) inhibitor (CKI) protein family
{10}. Under these conditions, the proliferative CFU-E population
ismaintained, and there is a delayed differentiation to the less pro-
liferative proerythroblast (pro-EB) stage. However, it is not clear
whether these data in fetal murine erythroid progenitors translate
to humans, as regards both the potential ex vivo heterogeneity of
BFU-E and CFU-E populations and, more important, the diver-
sity of erythroid progenitor subpopulations in human BM. These
limitations have made it challenging to elucidate the mechanisims
through which glucocorticoids act at different stages of erythroid
progenitor development, under both physiological and patho-
logical conditions.

In the present study, we identified significant differences in
the potential of dexamethasone to affect physiological as well as
disordered human erythropoiesis. In the context of physiolog-
ical differentiation, we found that, although it affected terminal
erythropoiesis independently of the source, dexamethasone had
an effect on the expansion of CD34* hematopoietic stern and pro-
genitor cells (HSPCs) isolated from adult peripheral blood (PB),
but not from cord blood {CB). Dexamethasone did not affect
BFU-Es, but using a new set of cell-surface markers, we identified
a unique, PB progenitor-generated subset of transitional CD34*
CD36"CD718CD105%¢¢ CFU-Es that were dexamethasone respon-
sive. Mass spectrometry-based quantitative proteomics analyses
revealed substantial differences in the effects of dexamethasone
on PB and CB progenitors, with upregulation of nuclear receptor
subfamily 4 group A member 1 (NR4A1), anegative cell-cycle reg-
ulator (22), in the former cell type. Furthermore, we found that the
P57 Cip/Kip CKI was specifically upregulated by dexametha-
sone in PB-derived CFU-Es and that its downregulation signifi-
cantly attenuated the effects of this glucocorticoid. Even more
notably, we found that p5792 was not upregulated by dexametha-
sone in CFU-Es isolated from steroid-resistant patients with DBA.
These findings open new avenues for the development of specific
therapeutic strategies for these patients.

Results

Dexamethasone increases the proliferation of adult human CFU-Es. It
has previously been shown that dexamethasone increases the pro-
liferation of erythroid progenitors derived from both healthy and
DBA HSPCs (23-25). However, the differentiation stage at which
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dexamethasone exerts its effects is still unclear. Using a serum-
free expansion medium that allowed for the effective erythroid
differentiation of HSPCs under steady-state conditions (without
dexamethasone), we studied the effects of dexamethasone on
human erythropoiesis (18, 26). Notably, we found that dexameth-
asone (100 nM) increased the expansion of CD34* cells isolated
from adult PB by 7-fold as compared with control conditions
(Figure 1A). Surprisingly, though, we did not detect a dexameth-
asone-mediated increase in the expansion of CB-derived CD34*
cells. In fact, total numbers of precursors differentiating from
CB CD34* cells were approximately 4-fold lower in the presence
versus absence of dexamethasone (Figure 1A}, strongly suggest-
ing marked developmental differences in the responsiveness of
human PR and CB progenitors to this glucocorticoid.

To further elucidate the erythroid differentiation stage at
which dexamethasone acts, we used our recently developed
experimental strategy for the characterization of BFU-E and
CFU-E progenitors, based on surface expression levels of glyco-
phorin A (GPA), IL-3R, CD34, and CD36. The absolute numbers
of BFU-Es and CFU-Es generated from 10° PB and CB CD34*
cells were enumerated on the basis of cell-surface marker expres-
sion in the absence and presence of dexamethasone (Figure 1B).
Beginning on day 7, the number of BFU-Es (defined as GPATIL3R"
CD34*CD367) cells decreased in cultures starting with PB as well
as CB CD34* progenitors, in the absence and presence of dexa-
methasone, and the extent of this decrease was enhanced by dexa-
methasone. In marked contrast, the absolute number of CFU-Es
{(defined as GPATIL3RCD34-CD36") increased over time, and
this increase was more pronounced in dexamethasone-treated
adult PB CD34* cells. Notably, dexamethasone decreased the
appearance of terminally differentiated GPA* cells in both PB-
and CB-detived cultures. These data indicate that erythroblasts
from both sources were responsive to this glucocorticoid, result-
ing in a delayed transition to terminal erythroid differentiation
(Supplemental Figure 1, A and B}. However, cells derived from PB
were more affected, possibly because of additional effects at the
progenitor levels and at this transitional stage. We also detected
this decrease in terminal erythroid differentiation as a function of
a4-integrin/band 3 profiles as well as reduced hemoglobinization
(Supplemental Figure 1A).

To further validate that the CFU-E was the population pri-
matily responding to dexamethasone, we sorted CFU-Es derived
from PB and CB cultures of CD34* cells and studied their poten-
tial for expansion in serum-free expansion media. As shown in
Figure 1C, the expansion of CFU-Es purified from adult CD34*
cells inereased by 5-fold in the presence of dexamethasone. Once
again, dexamethasone had little to no effect on the proliferation
of purified CFU-Es derived from CB, supporting the idea that the
response to dexamethasone is linked to the specific developmen-
tal stage of erythroid progenitors. We performed the same exper-
iments using increasing concentrations of dexamethasone on
sorted populations of erythroid progenitors derived from adult PB
cultures and observed that the efTect on proliferation was maximal
atthe 100-nM dose (Supplemental Figure 2).

Functional assays using methylcellulose cultures with eryth-
ropoietin (Epo) only, a culture condition that supports the growth
of CFU-Es but not BFU-Es (requiring both stem cell factor [SCF]
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and Epo [ref. 18]}, revealed that treatment with dexamethasone
markedly increased the colony size of PB-derived CFU-Es but had
very little or no effect on CB-derived CFU-E colony size (Figure
1D and Supplemental Figure 3}, despite the fact that inthe absence
of dexamethasone the colony size of purified CB-derived CFU-Es
was larger than that generated by PB-derived CFU-Es. Taken
together, these data imply that only human CFU-Es derived from
adult PB respond to dexamethasone by increasing proliferation.

Previous studies have shown that it takes at least 2 weeks in
vivo for healthy BM to produce reticulocytes from the BFU-E stage
and approximately 7 to 10 days trom the CFU-E stage (27-29). We
hypothesized that if the CFU-E is the progenitor population that
responds to glucocorticoids in vivo, then patients treated with
steroids should present with reticulocytosis in less than 2 weeks.
We followed patients with DBA over a 1-month period before and
after treatment with prednisone. We observed that ineach patient,
the reticulocyte count increased within 7 to 11 days after initiation
of the treatment, strongly suggesting that in vivo, the CFU-E is
indeed the glucocorticoid-responsive population (Figure 1E). We
further noticed a decline in the reticulocyte response in a similar
time frame, in association with a decrease in the dose of predni-
sone administered to the patient. Our finding that patients with
DBA develop reticulocytosis within less than 2 weeks of starting
prednisone treatment strongly suggests the presence of a mature,
steroid-responsive progenitor, such as a CFU-E.

Dexamethasone targets a subpopulation of adult-derived CFU-Es.
We previously described that, given the surface expression of CD34
and CD36, we could obtain a highly enriched population of BFU-Es
(GPATL-3R"CD34'CD36) and CFU-Es (GPAIL-3R"CD34 CD36")
(18). More recently, we reported a transitional progenitot popula-
tion defined as GPATL-3R-CD34*CD36*, which is more predomi-
nant during differentiation of adult PB than that of CB (30). Nota-
bly, the kinetics of progression through these differentiation states
were also altered with dexamethasone treatment (Figure 24).

Having identified 2 phenotypically different CFU-E popula-
tions (CD34*CD36* and CD34°CD36%), we sought to determine
whether there were additional cell-surface markers that would
provide further insights into the heterogeneity of these CFU-E
populations. We focused on CD71, the transferrin receptor, and
CD105 {endoglin), both of which demonstrated large differences
in their RNA expression during erythroid differentiation at the
progenitor stages (Supplemental Fipure 4A).

On the basis of the expression patterns of CD71 and CD105
on CD24°CD36* cells, we identified a continuum of cells with 2
distinet populations: CD71¥CD105%#¢ and CD718CD105% (Fig-
ure 2B). We then sorted these different cell populations and per-
formed colony-forming assays in the presence of either Epo alone,
to produce colonies with the traditional definition of a CFU-E, or
in complete medium with SCF, Epo, IL-3, IL-6, granulocyte CSF
(G-CSF), and granulocyte-macrophage-CSF (GM-CSF). Interest-
ingly, although both sorted populations from CD34*CD36" cells
generated colonies in the presence of Epo only (Figure 2C), only
CD71% CD105™ cells showed marked responsiveness to SCF in
complete medium, whereas SCF had little or no effect on CD71"
CD105" cells (Figure 2C). CD71ECD105" cells from CD34*CD36*
cell populations responded similarly to CD3-CD36* cell popula-
tions, with a minimal response to SCF. Given these findings, we
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propose that CD71MCD105™¢ cells should be termed immature
CFU-Es and CD71®CD105" cells mature CFU-Es. Importantly,
immature CFU-Es functionally responded to dexamethasone by
increasing their colony size in a methylcellulose culture system
(Figure 2D). In marked contrast, mature CFU-Es responded mat-
ginally to dexamethasone in the same functional colony-forming
assays, and this increase was not statistically significant. When
treated with dexamethasone, PB-derived CD34* cells prefer-
entially maintained this immature CFU-E population. Indeed,
although both untreated and treated cells expressed comparable
levels of CD71 ontheir surface, approximately 50% of the PB cells
treated with dexamethasone were still CD105%*! compared with
untreated controls, approximately 20% of which were CD105m¢
by day 4 (Figure 2, E and F, left). Consequentially, the population
of CD105" cells was decreased in PB cells treated with dexameth-
asone (Figure 2F, right). Taken together, these data demeonstrate
that in human erythropoiesis, dexamethasone treatment prefer-
entially maintains the immature CFU-E progenitor population for
an extended period to increase the proliferative capacity of this
cell population.

Proteowmics studies highlight previously unidentified erythroid
dexawmethasone targets. To begin exploring the mechanisms reg-
ulating the differential impact of dexamethasone on PB- and
CB-derived progenitors, we elected to use a global, comparative
proteomics approach. PB- and CB-derived CD34* cells were cul-
tured in vitro for 5 days to allow for the acquisition of sufficient
numbers of flow-sorted purified CFU-Es (~20 = 10¢ cells) and then
subjected to proteomics evaluation. We treated biological tripli-
cates of PB- and CB-derived CFU-Es in the absence or presence
of dexamethasone (100 nM) for 24 hours. These cells were then
processed for proteomics analysis by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). Proteomics quantified
10,045 proteins in PB samples and 10,028 proteins in CB sam-
ples (Supplemental Table 1). Proteomnic evaluation of PB and CB
samples was performed in 2 separate tandem mass tag-6 (TMT-6)
plexes. This allowed for precise measurements of changes in
protein abundance due to drug treatment in the PB-plex and the
CB-plex, but less precise comparisons between PB and CB plexes.
Therefore, the observed differences between PB and CB samples
were subsequently validated in follow-up experiments.

Importantly, both PB- and CB-derived CFU-Es responded to
dexamethasone as demonstrated by the upregulation of the gene
for period 1 (PER]) (Figure 3, A and B), a major component of the
mammalian circadian clock that has long been known to be regu-
lated by glucocorticoids (31, 32). Notably, however, the majority
of dexamethasone-upregulated proteins in PB- and CB-derived
CFU-Es differed (Figure 3, C and D), consistent with the distinet
phenotypic responses of these CFU-Es. One of the proteins whose
abundance was upregulated by dexamethasone in PB-derived
CFU-Es, butnot CB-derived CFU-Es, was NR4A1 (Figure 3, Cand
D), a negative cell-cycle regulator. NR4A1 is an interesting target,
givenits role as aregulator of the cell eycle (22) and of T cell differ-
entiation (33). NR4A1 also binds to HIF 1« (34}, an important regu-
lator of erythroid differentiation (35). Identification of NR4Alasa
target of dexamethasone was confirmed by Western blot analysis
(Figure 3E). Interestingly, the transcription profiles of NR4A1 as
well as of 2 other cell-cycle inhibitors, p27%°t and p57'r2, showed a
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Figure 2. Dexamethasone specifically targets a transitional subpopulation of human CFU-Es derived from PB CD34" cells. (A) PB-derived CD34" cells
differentiated in the presence or absence of dexamethasone were evaluated as a function of their CD36 and CD34 expression profiles. Representative
plots on day 4 of differentiation are presented. Data shown are representative of 1of 3 independent experiments. (B) Gating strategy to define mature
and immature transitional CFU-E progenitor populations based on the CD71/CD105 profiles of the CD34*CD36* subset. Data are representative of 10f 3
independent experiments. (C) Representative images of colonies formed by immature and mature CFU-Es as defined in B, in the presence of Epo alone or
Epo, SCF, IL-3, IL-6, G-CSF, and GM-CSF (11 = 3). Scale bars: 1 mm. (D) Colony size (area) generated by immature (red) and mature (black) CFU-Es, defined as
in B and formed in the presence of Epo alone, in the absence (open circles) or presence (solid circles) of dexamethasone (n = 3). Data represent the mean

+ SEM. (E) Representative histograms show CD71 and CD105 expression in PB-derived CD34* cells differentiated in the absence (black) or presence (red) of
dexamethasone (unsorted, day 4). Percentages of CD71m and CD105™ are shown in the upper left quadrant of each plot. Data are representative of 1of 3
independent experiments. (F) Quantification of CD105™ and CD105" cells following differentiation of PB-derived CD34* cells in the absence (control, open
circles) or presence (solid circles) of dexamethasone (day 4, n = 5). Data represent the mean + SEM. *P < 0.05, by 2-tailed Student’s t test (D and F).
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representative of 5 independent experiments. (B) Quantification of the differences in p57Kip2 protein levels in PB and CB cultures between days 4 and 7 of
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mean + SEM. *P < 0.05, by 2-tailed Student’s t test (D and E).

substantial decrease between the CD34* and BFU-E stages (Sup-
plemental Figure 4B). Although we did not detect p57%#2 in the
proteomics screen, it is notable that only p57%2 was expressed at
markedly higher levels in PB than in CB CD34" progenitors (Sup-
plemental Figure 4B). We also performed single-sample gene
set enrichment analysis (ssGSEA) to identify the pathways most
differentially affected by dexamethasone treatment in both PB
and CB samples (Figure 3F). Notably, we observed an increase in
proteins involved in the cell cycle and RNA processing as well as a
decrease in proteins implicated in oxidative phosphorylation and
biosynthetic pathways. Together, these data point to potential dif-
ferences in the roles of cell-cycle inhibitors in CD34" progenitors
as a function of their developmental origin.

Dexamethasone increases p57<%* expression in human CFU-Es.
The data presented above, together with an elegant previous study
showing that p57%¥ regulates steroid responsiveness in murine

erythroid progenitors (10), suggested that dexamethasone would
act through p57%¥? in PB-derived erythroid progenitors. We first
evaluated the expression levels of p57<%2 protein as a function
of erythroid differentiation from PB and CB CD34" cells (Figure
4A). Although p57%2 was expressed in early erythroid progenitors
derived from both PB and CB CD34" cells (unsorted, day 4), the
loss of p57%¥2 was substantially more rapid in the CB cells. p57¥i2
levels in PB erythroid progenitors were reduced by 77% by day 7,
whereas expression persisted in CB progenitors (Figure 4, A and
B). Conversely, p27, a related Cip/Kip family member, was
expressed at minimal levels during early differentiation, but its
expression increased dramatically in terminally differentiating
erythroblasts (Figure 4A). These distinct expression profiles are in
agreement with previous studies showing that p57%2is associated
with the quiescence of stem and progenitor cells, whereas p27¥¥!
plays a role in the cell-cycle exit that occurs during terminal eryth-
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Patients with DBA

roid differentiation (36, 37). Notably, however, differences in the
kinetics of p57*%? downregulation in CB and PB erythroid progen-
itors have not thus far been appreciated.

Given these findings, it was of interest to assess whether
p57%i2 levels would be differentially affected by dexamethasone
in purified PB-derived and CB-derived progenitors. To this end,
progenitors derived from both sources were treated with dexa-
methasone, and the expression of p57%? was quantified by West-
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Figure 5. Aberrant steroid-mediated induction of p57%? in erythroid
progenitors from transfusion-dependent patients with DBA. (A) The
expansion of CD34* cells derived from healthy controls (Ctrl) (black,

n = 8), transfusion-dependent (TD) patients with DBA (blue, n = 5), and
steroid-responsive (SR) patients with DBA (red, nn = 3) is presented follow-
ing a 7-day stimulation. Data represent the mean + SEM. (B) Expression
of p57¢#2 and p274*' in erythroid progenitors from healthy controls and
patients with DBA, either transfusion dependent or steroid responsive,
was evaluated by Western blotting on day 7 of differentiation. Expression
of p57¢#2 relative to GAPDH is quantified below each lane, with control
levels in the healthy donor arbitrarily set at 1. (C) Quantification of the fold
change in dexamethasone-induced p579"? expression following expansion
of CD34" cells from healthy controls (7 = 8) as compared with transfusion-
dependent patients with DBA (n = 5) and steroid-responsive patients with
DBA (n = 3). Data represent the mean + SEM. *P < 0.05, by Kruskal-
Wallis test with Dunn’s post hoc analysis with corrections for multiple
comparisons (A and C).

ern blotting. We evaluated total CFU-Es, because the numbers of
immature CFU-Es were insufficient in the absence of dexameth-
asone, particularly in CB cultures, in which the kinetics of differ-
entiation is increased (30). Notably, within CFU-Es, we found that
p57%¥2protein levels were increased by 1.8-fold in PB-derived pro-
genitors but remained unchanged in CB-derived progenitors (P
< 0.05; Figure 4, C and D). These data are even more striking in
light of the finding that p27¥ levels were not significantly altered
in progenitors derived from either PB or CB sources (Figure 4, C
and D). Altogether, these data strongly suggest a role for p57%¥2 in
mediating the dexamethasone-induced changes in PB-derived,
but not CB-derived, progenitors.

Given that p57%%2 is a regulator of the cell cycle, we inhibited
the transition from the G, to the S phase (38) to determine whether
dexamethasone-mediated changes in p57¥i¥? are associated with
differences in the cell-cycle dynamics of PB erythroid progenitors.
We found that the percentages of progenitors in the S phase of the
cell cycle increased significantly between the BFU-E and CFU-E
stages, from a mean of 35% to 48% (P < 0.05; Figure 4E). Nota-
bly however, dexamethasone significantly decreased S-phase
cells in immature CFU-Es, but not in the BFU-Es or mature
CFU-E subsets (Figure 4E and Supplemental Figure 5). In addi-
tion, the percentages of cells in the non-S phase of the cell cycle
were increased in immature CFU-Es (Supplemental Figure 5B).
Thus, in agreement with our data showing that the immature PB-
derived CFU-E subset preferentially undergoes a dexamethasone-
mediated expansion (Figure 2), only this subset responded to
upregulated p57¢%2 levels with a significant decrease in the num-
ber of cells in the S phase. Despite this reduction of cells in the S
phase, immature CFU-Es continued to divide, with increases in
G,/M, before further differentiating into mature CFU-Es and then
proerythroblasts and resulting in increased expansion.

D572 expression is alteved in erythroid progenitors from transfi-
sion-dependent patientswith DBA. We further hypothesized that the
resistance of patients with DBA to glucocorticoids is mediated, at
least in part, by p57%#2 To test this hypothesis, we compared dexa-
methasone-induced changes in p5752 levels in unsorted cells on
day 7 of culture in response to dexamethasone in CD34* cells from
healthy controls and transfusion-dependent patients with DBA.
Given the strong reduction in growth of cells from transfusion-
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Figure 6. Downregulation of CDKN1C (p57¥¥?) in CD34* progenitors attenuates

the impact of dexamethasone, accelerating erythroid differentiation,

whereas olomoucine, a CKI, mimics the effect of dexamethasone. (A) CD34* progenitors were transduced with a lentiviral vector harboring an shRNA
targeting luciferase (shLuc) or p574% (shp57). Expression of p57X%2 was evaluated by Western blotting relative to GAPDH levels on day 7 after transduc-
tion. Data are representative of 1 of 3 independent experiments. (B) Expansion of control (shLuc) and p57¢*>-downregulated (shp57) PB CD34" cells was
evaluated in the absence (open circles) or presence (solid circles) of dexamethasone after 14 days of culture (n = 5). Data represent the mean + SEM. *P <
0.05, by 2-tailed Student’s t test. (C) Representative histograms of GPA expression in control (shLuc) and p57¢¥2-downregulated (shp57) progenitors on day
14 of differentiation. MFIs are indicated. Data are representative of 1 of 3 independent experiments. (D) Quantification of the ratio of immature CFU-Es

to mature CFU-Es following expansion of PB-derived CD34* cells in the absence (black circles) or presence of 100 nM dexamethasone (red circles) or 1 uM
olomoucine (blue circles) on day 4 of culture. n = 5. Data represent the mean + SEM. *P < 0.05, by Kruskal-Wallis test with Dunn’s post hoc analysis with

corrections for multiple comparisons.

dependent patients with DBA, we evaluated p57%®? levels in
unsorted progenitors on day 7 of expansion (Figure 5A). Impor-
tantly, p57%%2levels, which were increased in healthy controls and
steroid-responsive patients with DBA in response to dexametha-
sone, were not affected in transfusion-dependent patients with
DBA (Figure 5, B and C). As expected from the data presented in
Figure 4C, p27¥?! levels were not affected by dexamethasone, but
it is notable that they were dysregulated and pointedly higher or
lower in samples from patients with DBA, probably due to early
differentiation or defective terminal erythroid differentiation,
respectively, in these unsorted cells. Most critically, p57%¥2 levels
in progenitors derived from steroid-responsive patients with DBA
were upregulated in response to dexamethasone, similar to what
was observed in healthy controls (Figure 5, B and C). Notably, the
expansion of PB-derived CD34" cells from healthy controls and
steroid-responsive patients with DBA was similar after 7 days of
culture, whereas cells from transfusion-dependent patients with
DBA showed significantly less expansion (Figure 5A). Taken
together, these results suggest a critical role for p572-associated
cell-cycle changes in the steroid responsiveness of both physiolog-
ical and pathological human erythropoiesis.

Dexamethasone responsiveness is mediated by CDK activity.
In order to directly assess the role of p57%¥? in mediating dexa-
methasone effects on erythroid progenitors, we used a lentivirus-
mediated shRNA approach to induce downregulation of p57%i2
levels. Following transduction, p57¥¥? was downregulated by
80% as compared with cells transduced with a control luciferase-
targeting shRNA construct (Figure 6A). Notably, p57¢#2 downreg-
ulation abrogated the ability of PB-derived CD34* cells to respond
to dexamethasone, monitored as a function of their expansion
(Figure 6B). Moreover, we observed that erythroid differentiation
was accelerated, as demonstrated by 1.5- and 3-fold increases in
GPA expression levels in control- and dexamethasone-treated

progenitors, respectively (Figure 6C). Finally, this effect on eryth-
roid progenitors was specific to the p57*%2 CKI, as downregulation
of p27¥®! did not alter the expansion of these progenitors (Supple-
mental Figure 6, A and B). The effect on p27%¥! was only noticed
at later stages and was indicated by a delay in terminal differen-
tiation measured by the surface markers a4-integrin and band3
(Supplemental Figure 6C). Altogether, these data reveal the func-
tion of p57%?P2 in regulating the balance between human erythroid
progenitor proliferation and differentiation and, furthermore, in
controlling glucocorticoid responsiveness under both physiologi-
cal and pathological conditions.

Given our finding that an increase in levels of p57¥i¥2, a CKI, is
critical for dexamethasone responsiveness, we hypothesized that
inhibiting cyclin kinases would have the same effect as increasing
p57%¥2, Notably, treatment of PB-derived CD34" cells with olo-
moucine (1 uM), a small-molecule CDK1 and CDK2 inhibitor (39),
resulted in a significant increase in the ratio of immature CFU-Es/
mature CFU-Es to levels similar to those induced by dexameth-
asone (Figure 6D). Together, these data demonstrate the impor-
tance of CDK/CKI balance in the expansion of the immature
CFU-E population.

Dexamethasone upregulates p575%* expression in erythroid pro-
genitors derived from human BM. To assess the effects of dexameth-
asone on populations of cells that are directly targeted by the drug
in vivo, we repeated key experiments with erythroid progenitors
derived from human BM. In culture with serum-free expansion
media, we found that the expansion of BM-derived CD34* cells
increased significantly in the presence of dexamethasone (Figure
7A). When examining the expression of CD105 in BM-derived
progenitors, we observed that dexamethasone treatment main-
tained the population of CD105™¢ cells and correspondingly
decreased the population of CD105" cells (Figure 7B). Further-
more, treatment of BM-derived CFU-Es with dexamethasone
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Figure 7. Dexamethasone increases p57“¥? levels in Epo-induced, BM-derived progenitors, expanding the immature CD105™ CFU-E subset. (A) BM
CD34* progenitors were differentiated in the absence (open circles) or presence (solid circles) of dexamethasone, and total cell numbers on day 14 are pre-
sented (n = 5 independent experiments). Data represent the mean + SEM. *P < 0.05, by 2-tailed Student’s t test. (B) Representative histograms of CD105
expression in BM-derived CD34" cells differentiated in the absence (black) or presence (red) of dexamethasone on day 4 are shown, and the percentages
of CD105™ cells are indicated. (C) Expression of p57¢" and GAPDH in purified BM-derived and CB-derived mature CFU-Es, generated in the absence or
presence of dexamethasone, was evaluated by Western blotting (blots from 1 of 3 independent experiments are shown).

led to an increase in p57%%? expression that we did not observe
in CB-derived CFU-Es treated with dexamethasone (Figure 7C).
Overall, these data indicate that PB- and BM-derived erythroid
progenitors respond to dexamethasone in a similar manner and
that the phenotypes we observed may be relevant in the clinical
use of dexamethasone for the treatment of red cell disorders.

Discussion

We believe the present study, which focused on identifying the
role of dexamethasone during physiological and pathological
human erythropoiesis, has generated several unique insights.
Our finding that dexamethasone markedly enhanced the eryth-
roid proliferation of CD34* cells from adult PB but not from
CB was unexpected and very surprising. In this context, it is of
interest that the transition trajectories from BFU-E to CFU-E
differ considerably following erythroid differentiation of
CD34" cells derived from adult PB and CB (30). Together, these
data strongly suggest that dexamethasone has differential
effects on transitional erythroid progenitor populations that are
regulated by the source of the CD34"* progenitors. Importantly,
these findings are relevant to BM populations, as we found that
CFU-Es from BM-derived CD34" cells had dexamethasone-
induced responses that were similar to those detected in PB-
derived CFU-Es (Figure 7).

Although BFU-Esderived from human either PB or CB were not
responsive to dexamethasone, BFU-Es from murine fetal liver have
been shown to be dexamethasone responsive (19). Murine CFU-Es
have also been shown to be specifically dexamethasone responsive
(10), suggesting that dexamethasone-dependent erythroid devel-
opmental stages may be species dependent. Collectively, these
previous studies (10, 19), together with the present work, point to
important differences between murine and human systems and,
moreover, demonstrate the importance of the developmental ori-
gin of hematopoietic stem and progenitor cells in regulating their
responsiveness to glucocorticoids during erythropoiesis. These
developmental differences as well as steroid resistance in DBA
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may be mediated by epigenetic regulators (40-43), and further
investigations of the mechanisms may offer additional insights into
the heterogeneity of progenitor cell populations. Finally, our data
show the importance of the p57€¥2 cell-cycle inhibitor in mediat-
ing dexamethasone effects during human erythroid differentiation
and reveal the critical nature of the p57%#2 axis in the dexametha-
sone responsiveness of patients with DBA.

The marked heterogeneity of human erythroid progenitors
has long been recognized (44, 45). Indeed, it has been known for
decades that erythroid progenitors give rise to colonies of different
sizes and morphology in the methylcellulose culture system, which
led to the concept of large, intermediate, and small BFU-E colo-
nies, with the small BFU-E-forming cells further differentiating
into CFU-Es (46). The recent progress of single-cell technologies
hasenabled stringent analyses ofthese varied cell populations with
regard to both steroid sensitivity and cell-fate decisions (12, 47).
Although we previously found that human BFU-Es and CFU-Es
can be immunophenotypically defined on the basis of IL-3R, GPA,
CD34, and CD36 cell-surface markers, this characterization did
not allow us to fully resolve the heterogeneity of human eryth-
roid progenitors. In the present study, we found that the CD71
and CD105 markers allowed for further immunophenotyping,
discriminating subpopulations of erythroid BFU-Es and CFU-Es.
Using this method, we identified a transitional human progenitor
CFU-E population, resulting in the designation of immature and
mature CFU-Es.

Using this optimized immunophenotyping assay, we identified
the immature CFU-E population as the steroid-responsive eryth-
roid progenitor subset, as determined by both proliferation and a
decrease in the percentages of cells in the S phase of the cell cycle.
This cell-cycle phenotype was due to a dexamethasone-mediated
increase in p57¥%2, and under these conditions, differentiation was
delayed, resulting in a paradoxical expansion of this progenitor
subset. We propose that this occurs through the maintenance of
the immature CFU-E population, generating larger numbers of
mature CFU-Es.
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The critical role of p5792 in CFU-Es was shown by shRNA
knockdown, which resulted in an opposite phenotype and an
acceleration of erythroid differentiation that was associated with a
decreaseinproliferation. Together with recent work that identifies
arole for cell-cycle status in cell-fate decisions (48), the ensemble
of these data demonstrate a clear link between cell-cycle progres-
sion and differentiation of erythroid progenitors.

Importantly, erythroid progenitors from transtfusion-depen-
dent patients with DBA harbored altered levels of p57%2, and
expression was not sensitive to dexamethasone treatment. Indeed,
the absence of changes in p579% levels in transfusion-dependent
patients is a proof of concept for the importance of this cell-cycle
regulator in the response to steroids. Notably, though, there was
substantial variability in the phenotype of progenitors from trans-
fusion-dependent patients with DBA that was likely mediated by
other mechanisms. In the future, it will be important to determine
whether steroid responsiveness in patients with DBA is regulated
at the level of a specific subset or subsets of erythroid progenitors
and, furthermore, to assess therole of p579 levels in these subsets.

Our proteomics data revealed previously unidentified dexa-
methasone targets that may offer additional insights into how
dexamethasone influences the cell cycle and increases erythroid
proliferation. Of the identified targets, many have been shown to
be involved in cell-cycle regulation including PER1 and NR4 A1,
indicating that these proteins may function to negatively regulate
the cell cycle in association with p579e2 (31, 49). In this regard, it
is of interest that NR4A1mediates TGF-p signaling, which is also
aberrant in DBA and could thus be involved in corticosteroid resis-
tance mechanisms (50). Our finding that dexamethasone globally
regulates RNA processing and biosynthetic pathways may also
open additional avenues for studies on the effects of dexametha-
sone on erythroid progenitors.

The present findings have direct relevance for the clinical use
of corticosteroids for the treatment of hypoproliferative anemias,
most notably DBA. Although corticosteroid use stably increases
red cell mass and induces hematopoietic remission or marked
improvement in many patients with DBA, other patients ate not
responsive or cannot continue glucocorticoid treatment because
of adverse side effects. We anticipate that our insights into the
mechanism of action of glucocorticoids on human erythropoiesis,
and specifically on the immature CFU-E subset, will promote the
development of targeted drugs and treatment strategies that will
induce a sustained effect on erythroid progenitors in more patients
with fewer side effects. In summary, we have identified a tran-
sitional CFU-E subset, between late BFU-E and mature CFU-E
stages, that {s responsive to dexamethasone. These findings con-
tribute to our understanding of erythroid progenitor biclogy and
will, we believe, lead to the development of new treatment strate-
gies for erythroid disorders.

Methods

Human studies

CD34* cellswere obtained from deidentified control adult PB leukore-
duction filters, deidentified CB units, deidentified BM samples, or
phlebotomized patients with DBA. In order to limit sample variability,
blood samples from multiple control PB or CB donors were pooled.
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Patients with DBA were defined as transfusion dependent ot ste-
roid responsive on the basis oftheir clinical need for chronic RBC trans-
fusion or successtul management with corticosteroids, respectively.

The 3 patients with DBA presented in Figure 1E were followed
after diagnosis and initial treatment with prednisone. The dose of
prednisone was decreased after the initial response.

Isolation and culturing of CD34" cells

Mononuclear cells from PB, CB, or BM were separated using Lymph-
oprep (STEMCELL Technologies), and CD34+ cells were purified with
anti-CD34 microbeads and MACS Columns (Miltenyi Biotec) according
to manufacturer’s protocol. D34+ cells were cultured at a density of 10°
cells/mL in serum-free expansion media as previously described (26),
with a base media of StemSpan SFEM {(STEMCELL Technologies) ini-
tially supplemented with 100 ng /mL SCF, 10 ng/mLIL-3, 0.5 U/mL Epo,
4 pL/mL lipid mixture 1 (MilliporeSigma), 2 mM L-glutamine, and 200
pg/mL transferrin. Beginning on day7, the dose of Epo was increased to
3U/mL,and on day11, the dose of transferrin was increased to 1 mg/mL.
Dexamethasone (MilliporeSigma) was added to cultures at 100 nM as
indicated, as this dose was found to be optimal (Supplemental Figure 2).
Olomoucine (MilliporeSigma) was added at1 pM asindicated.

Flow cytometry and cell sorting

Erythroid progenitors were examined using surface markers as previ-
ously described (18). Erythroid progenitors were analyzed on day 4 of
differentiation, at which point 107 cells were stained for 15 minutes at
room temperature with an antibody cocktail containing anti-IL-3R phy-
coerythrin-Cy7 (PE-Cy7), anti-GPA PE, anti-CD34 FITC, anti-CD36
allophycocyanin (APC), anti-CD71 Alexa Fluor 700, and anti-CD105
Brilliant Violet 421 (BD Biosciences; 560826, 555570, 555821, 550956,
560566, and 563920, respectively). BFU-Es were defined as GPATTL-
3RCD34'CD367, CFU-Es as GPATL-3R°CD34 CD36", and transitional
progenitors as GPATL-3R CD34'CD36". Dead cells were excluded from
further analysis with 7-aminoactinomycin D (BD Biosciences) staining.
Analysis was performed using a BD Fortessa flow cytometer with FCS
Express 6 and FlowJo 10 software. BFU-Es, CFU-Es, and transitional
progenitors were sorted for downstream experiments using a BD
FACSAria at low pressure with a 100-pm nozzle. Fluorescence minus
1 and isotype controls were used to define the different populations of
progenitor cells and resolve the continuum. Functional assays using
sorted cells in colony-forming assays were performed tofurther confirm
the identity and purity of the different cell populations.

Colony-forming assays

Sorted erythroid progenitors were seeded onto methylcellulose media
H4230 (STEMCELL Technologies) supplemented with Epo alone at
0.5 U/mL or onto complete methylcellulose media H4435 (STEMCELL
Technologies) at 200 cells/mL. BFU-E and CFU-E colonies were counted
and measured on days 14 and 7 of culturing, respectively. Colony area
was determined by modeling each colony as an ellipse and measuring its
major axis a and minor axis b to calculate the area using the formula area
=mab/4, Dexamethasone (100 nM) was added to cultures as indicated.

Cell-cycle staining

For live cell-cycle staining to examine cell-cycle profile, erythroid pro-
genitors were incubated with 5 mg/mL Hoechst 33342 for 3 hours at
37°C before staining with an antibedy cocktail for surface markers.
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Western blot analysis

Cells were lysed in RIPA Lysis and Extraction Buffer (Thermo Fisher
Scientific) with 1:100 protease inhibitor cocktail (MilliporeSigma) on
ice for 10 minutes and then centrifuged at maximum speed for 10 min-
utes. Supernatants wete mixed at 1:1 (vol /vol) with 2x Laemmli Sam-
ple Buffer (Bio-Rad) with 0.1 M DTT and boiled for 5 minutes. Sam-
ples were then separated with SDS-PAGE for 1.5 hours at 150 V and
transferred onto nitrocellulose membranes for 1 hour at 95 V. Mem-
branes were then blocked with 4% (wt/vol) milk powder and 1% (wt/
vol) BSA in 0.1% Tween-20 (vol/vol) PBST for 3 hours. Membranes
were then incubated with the following primary antibodies overnight
at 4°C: p579% (BD Biosciences; 556346), p279! (BD Biosciences;
610241), NR4A1 (BD Biosciences; 554088), GAPDH (Millipore-
Sigma; CB1001), and a-globin (Santa Cruz Biotechnology; sc-514378).
Membranes were washed 5 times for 5 minutes with PBST and then
incubated with HRP-conjugated secondary antibodies (Bio-Rad) for 2
hours at room temperature. Membranes were imaged with Pierce ECL
Western Blotting Substrate (Thermo Fisher Scientific) using a Chemi-
Doc MP Imaging System (Bio-Rad). Western blot images are repre-
sentative of multiple experiments and were quantified with Image]
software (NIH).

Lentivirus transduction

p57¢P:- and p279F-knockdown experiments were each carried out
with 2 lentiviral shRNA-knockdown constructs targeting CDKNIC
and CDKNI1B, respectively (clone IDs: NM 000076.2-1451521cl
and NM 000076.2-1216s521cl for CDKNIC and NM 004 064.3-
841s21cl and NM _004064.3-643s21cl for CDKNI1B; Millipore-
Sigma). shRNA-knockdown constructs targeting luciferase were
used as controls, After 2 days of culturing in serum-free expansion
media, erythroid progenitors were placed in 10% FBS IMDM with 3
U/mL heparinand 8 pg/mL polybrene, Lentivirus particles were then
added at a MOI of 30 and spinoculated for 2 hours at 1500 g. Cells
were then incubated overnight and placed in serum-free expansion
media. After a 24-hour recovery, lentivirus transduction was posi-
tively selected with 1 ug/mL puromyein, which was maintained until
day 11 of culture.

Proteomics profiling

In-solution digestion. CD34* cell pellets were lysed for 30 minutes at
4°C in 8 Murea, 50 mM Tris-HCL, pH 8.0, 75 mM NaCl, 1 mM EDTA,
2 pg/uL aprotinin (MilliporeSigma), 10 pg/pL leupeptin (Roche), and
1mM PMSF (MilliporeSigma). Lysates were cleared via centrifugation
at 20,000 g, and protein concentration was determined using a bicin-
choninic acid (BCA) protein assay (Plerce, Thermo Fisher Scientific).
Remaining lysis bufter was used to equalize sample concentrations to
the lowest measured concentration before proceeding. Protein reduc-
tion was performed with 5 mM DTT for 1 hour at room temperature,
followed by alkylation with 10 mM iodoacetamide for 45 minutes at
room temperature in the dark. Sample volumes were then adjusted
with 50 mM Tris-HCL, pH 8.0, to reduce urea concentration to 2 M
preceding enzymatic digestion. Proteins were digested first with
endoproteinase LysC {(Wako Laboratories) for 2 hours at 25°C and then
overnight with sequencing-grade trypsin (Promega) at 25°C, both at
enzymme/substrate ratios of 1:50. Following digestion, samples were
acidified toa concentration of' 1% with neat formic acid, and inseluble
peptides and urea were removed via centrifugation at 20,000 g. The
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remaining soluble peptides were desalted using a 100-mg reverse-
phase tC18 SepPak cartridge (Waters). Cartridges were conditioned
with 1 mL 100% MeCN and 1 mL 50% MeCN/0.1% formic acid (FA)
and then equilibrated with 4x 1 mL 0.1% trifluoroacetic acid (TFA).
Samples were loaded onto the cartridge and washed 3 timeswith 1 mL
0.1% TFA and once with 1 mL 1% FA, and then eluted with 2x 600 pL
50% acetonitrile (MeCN) and 0.1% FA. The peptide concentration of’
desalted samples was again estimated with a BCA assay, such that the
proper amount for TMT labeling could be removed, dried in a vacuum
centrifuge, and stored at-80°C.

TMT labeling of peptides. Samples were divided into 2 groups:
PB- and CB-derived cells, and each set was separately labeled with
TMT plex isobaric mass tagging reagents (Thermo Fisher Scientific)
as previously described (51). Each 6-plex contained triplicate samples
of dexamethasone- and DMSO-treated cells. Digested peptides were
resuspended in 50 mM HEPES, pH 8.5, at a concentration of 2.5 mg/
mL. Dried TMT reagent was reconstituted at 20 pg/pL in 100% anhy-
drous MeCN and added to samples at a 1:1 TMT/peptide mass ratio
{100 pg for PB samples and 70 pg for CB samples due to the limited
amount of material). Labeling was performed for 1 hour at 25°C with
shaking. The TMT reaction was quenched with 5% hydroxylamine
to a final concentration of 0.2% and shaken for 15 minutes at 25°C.
TMT-labeled samples within each plex were then combined, dried to
completion via vacuum centrifugation, reconstituted in1mL 0.1% FA,
and desalted with a 100-mg SepPak cartridge as described above.

Rasic reverse-phase fractionation. TMT-labeled peptides were
fractionated via offline basic reverse-phase (bRP) chromatography
as previously described (52). Chromatography was performed with a
Zorbax 300 Extend-C18 column (4.6 x 250 mm, 3.5 pm; Agilent Tech-
nologies) on an Agilent 1100 HPLC system. Samples were reconsti-
tuted in 900 pL bRP solvent A (5 mM ammonium formate, pH 10.0,
in 2% vol/vol MeCN) and injected with this solvent at a flow rate of
1 mL/min. Peptides were separated at the same flow rate with a 96-
minute gradient, beginning with an initial increase to 16% bRP sol-
vent B (5 mM ammonium formate, pH 10.0, in 90% vol /vol MeCN),
tollowed by a linear 60-minute gradient to 40% and stepwise ramp-
ingto44% and finally 60% bRP solvent B. A total of 96 fractions were
collected in a row-wise snaking pattern inte a Whatman 2-mL 96-well
plate (GE Healthcare) and were then concatenated nonsequentially
into a final 24 fractions for proteomics analysis. The fractions were
dried via vacuum centrifugation.

LC-M8/MS. Dried fractions were reconstituted in 3% MeCN/0.1%
FA to a peptide concentration of 1 pg/uL and analyzed via coupled
NanoflowLC-MS/MSusing a Proxeon Easy-nLC 1000 (Thermo Fisher
Scientific) and a Q-Exactive Plus Series Mass Spectrometer (Thermo
Fisher Scientific). A sample load of 1 pg for each fraction was separated
on a capillary column (36-pm outer diameter x 75-pm inner diameter)
containing an integrated emitter tip and heated to 50°C, followed by
packing to a length of approximately 30 ¢ with ReproSil-Pur C18-AQ
1.9 pm beads (Maisch GmbH). Chromatography was performed with
a 110-minute gradient consisting of solvent A (3% MeCN/0.1% FA)
and solvent B (90% MeCN/0.1% FA). The gradient profile, described
as minutes/percentage solvent B, was 0:2, 1:6, 85:30, 94:60, 95:90,
100:9Q, 101:50, and 110:50, with the first 6 steps being performed
at a flow rate of 200 nL/min and the last 2 at a flow rate of 500 nlL/
min, lon acquisition on the Q-Exactive Flus was performed in data-
dependent mode, acquiring HCD-MS/MS scans at a resolution of
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17,500 on the top-12 most abundant precursor ions in each full MS
scan (70,000 resolution). The automatic gain contrel (AGC) target
was set to 3 x 10° {ons for MS1 and 5 x 10* for MS2, and the maximum
ion time was set to 120 ms for MS2. The collision energy was set to
30, peptide matching was set to “preferred,” isotope exclusion was
enabled, and dynamic exclusion time was set to 20 seconds.

The original mass spectra and the protein sequence database
used for searches have been deposited in the public proteomics
repository MassIVE (http://massive.ucsd.edu) and are accessible at
ftp://massive.ucsd.edu/MSVO 00084 614.

Data analysis. Data were analyzed using Spectrum Mill, version
6.01.202 (Agilent Technologies). In extracting spectra from the raw for-
mat for MS/MS searching, spectra from the same precursor or within a
retention time window of +60 seconds and an m/z range of +1.4 were
merged. Spectra were filtered to include only those with a precursor
mass range of 750 to 6000 Da and a sequence tag length greater than
0. MS/MS searching was performed against a human UniProt database
(www.uniprot.org). Digestion enzyme conditions were set to “Tryp-
sin allow P” for the search, allowing up to 4 missed cleavages within
a matched peptide. Fixed modifications were carbamidomethylation
of cysteine and TMT 6 on the N-terminus and internal lysine. Variable
modifications were oxidized methionine and acetylation of the pro-
tein N-terminus, Matching criteria included 4 30% minimum matched
peak intensity and a precursor and product mass tolerance of 20 ppm.
Peptide-level matches were validated if found to be belowthe 1.0% FDR
threshold and within a precursor charge range of 2 to 6. A second round
of validation was then performed for protein-level matches, requiring
a minimum protein score of 0. Protein-centric information, inchuding
experimental ratios, was then summarized in a table, which was qual-
ity filtered for nonhuman contaminants, keratins, and any proteins not
identified by at least 2 fully quantified peptideswith 2 ratio counts.

Statistics

All statistical evaluations comparing the different experimental
groups were performed using GraphPad Prism 8 software forunpaired
2-tailed Student’s ¢ test, 2-way ANOVA with Tukey’s post hoc test,
and Kruskal-Wallis test with Dunn’s post hoc analysis with corrections
for multiple comparisons. A P value of less than 0.05 was considered
statistically significant. Raw data and complete, unedited blots corre-
sponding to the additional independent experiments are presented
in Supplemental Figure 7. For proteomics analyses, PB and CB plexes
were analyzed separately, each using biologically paired samples to
compare dexamethasone treatment with a DMSO control. Data were
median normalized and subjected toa1-sample moderated f test using
an internal R-Shiny package based in the limma R library. Correction
for multiple testing was performed using the Benjamini-Hochberg
IFDR method. ssGSEA was performed as previously described (53)
using an R script (available at https:/fithub.com/broadinstitute/
ssGSEA2.0). ssGSEA was performed separately on PB and CB plexes,
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using the log -transformed ratios of dexamethasene/control as input.
Parameters were set as follows: sample.norm.type = “rank”, weight =
0.75, statistic = “area.under.RES”, output.score.type = “NES”, nperm
=1e3, min.overlap =10, correl type = “z.score”, par =T, spare.cores=1,
The heatmap in Figure 3F was generated using the average of triplicate
enrichment scores, ranked to create a list of top-10 and bottom-10,
eliminating redundant rows. It should be noted that the TMT plex
design used limits direct quantitative comparisons between PB and
CB samples, as the stochastic sampling of spectra on the mass spec-
trometer can lead to technical differences in the proteins identified in
different plexes that are not necessarily driven by biological causes.
Therefore, the observed differences between PB and CB samples were
validated in follow-up experiments.
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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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Supplemental Figure 1: Dexamethasone significantly delays Glycophorin A upregulation in terminal
erythroblasts in both PB- and CB-derived progenitors.

(A) Representative histograms and cell pellets of PB- and CB-derived progenitors differentiated in the
absence (-) or presence (+) of Dex (unsorted day 11). GPA expression as well as Band3 and a4-integrin
expression of GPA* cells are shown. (B) Quantification of the percentages of GPA-positive cells following
erythroid differentiation of PB- (n=4) and CB-derived (n=4) progenitors in the absence (solid circles) or
presence (open circles) of Dex (horizontal lines present means + SE; *#P < 0.05, *#P < 0.01, ns-non-
significant, by two-way ANOVA with Tukey’s post-hoc analysis with corrections for multiple comparisons to
assess differences between PB-derived cells (*) and CB-derived cells (#) in the presence or absence of

Dex).
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Supplemental Figure 2: Alterations in BFU-E and CFU-E cells as a function of Dexamethasone

treatment.

The percentages of BFU-E and CFU-E generated from PB-derived CD34* progenitors following expansion

in the absence (Ctrl) or presence of Dex (100nm and 1um) are presented.
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PB-derived CFU-E

Dex:

Supplemental Figure 3: Measurement of CFU-E colony area.

(A) Example of a CFU-E colony area measurement. Colony morphology was modeled as an ellipse and the
area was determined by measuring the major axis “a” and minor axis “b” to calculate area by the formula A
= Tab/4. (B) Representative images of CFU-E colonies generated from PB-derived CFU-E in the absence (-

} or presence (+) of dexamethasone (Dex).
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Supplemental Figure 4: Changes in transcripts in PB- and CB-derived progenitors as a function
of erythroid differentiation.

Quantification of transcripts of (A) TFRC (CD71), ENG (CD105), and (B) CDKN1B (p27X®'), CDKN1C
(p574%2), and NR4A1 in sorted erythroid subsets derived from PB (blue) and CB (red) progenitors. Data

were originally published in Yan et al. 2018 (30).
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Supplemental Figure 5: Changes in cell cycle dynamics as a function of erythroid differentiation
stage and responsiveness to dexamethasone.

(A) Representative cell cycle profiles of PB-derived BFU-E, immature CFU-E and mature CFU-E generated
in the absence (-) or presence (+) of dexamethasone. Cells were stained with Hoechst 33342 and evaluated
by flow cytometry. The GO/G1, S and G2/M phases of the cell cycle are shown in purple, yellow and green,
respectively. (B) Quantification of the percentages of cells in G0/G1, G2/M phases and non-S phases
populations of the cell cycle within PB-derived BFU-E, immature CFU-E and mature CFU-E subsets in the
absence (-) or presence (+) of dexamethasone (n = 5). Means + SE are shown; ns, non-significant, *P<

0.05, by 2-tailed Student’s f test.
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Supplemental Figure 6: Impact of p57XiP2 and p27XP! downregulation on the growth and

differentiation of PB CD34* progenitors

(A) PB-derived CD34* progenitors were transduced with lentiviral vectors harboring an shRNA targeting a

control gene (luciferase) or p27KP! (two different shRNAs, labelled 1 and 2, are shown). The expansion of

these progenitors between days 6 and 15 are presented (results represent data from 1 of 3 independent

experiments). (B) PB-derived CD34" progenitors were transduced with lentiviral vectors harboring an

shRNA targeting a control gene (luciferase) or p57KP? (two different shRNAs, labelled 1 and 2, are shown).

The expansion of these progenitors between days 0 and 15 are shown. (C) Flow cytograms of PB CD34*

cells transduced with lentivirus for shRNA knockdown of p27KP! and luciferase control.
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Supplemental Figure 7: Additional representative data related to the main figures.

Figure legends are identical to those in original main related 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, | redefined the
heterogeneous continuum of erythroid progenitors into four sequentially maturing

populations, EP1, EP2, EP3 and EP4.
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On this basis, | 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, | evaluated the erythroid differentiation in the bone marrow of patients
with MDS. Surprisingly, | 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.

117 |Page



M) Check for updates

Received: 17 May 2021 Accepted: 18 May 2021
DCl: 10.1002/3jh.26247

)
9
RESEARCH ARTICLE & WILEY

Comprehensive phenotyping of erythropoiesis in human bone
marrow: Evaluation of normal and ineffective erythropoiesis

Hongxia Yan'2©@ | Abdullah Ali® | Lionel Blanc*® | Anupama Narla®® |
Joseph M. Lane”® | Erjing Gao® | Julien Papoin® | John Hale® |
Christopher D. Hillyer! | Naomi Taylor?® | Patrick G. Gallagher'®1112 |
AzraRaza® | Sandrina Kinet? | Narla Mohandas!

New York Blood Center, New York, New York, USA

“Institut de Génétique Moléculzire de Montpellier, University of Montpellier, CNRS, Montpellier, France
*Myelodysplastic Syndromes Center, Columbia University, New York, New York, USA

*The Feinstein Institute for Medical Research, Manhasset, New Yorlk, USA

5Zucker School of Medicine at Hofstra/Northwell, Hempstead, New York, USA

$Stanford University School of Medicine, Stanford, Califomia, USA

‘Department of Crthopaedic Surgery, Hospital for Special Surgery, New York, New York, USA
EDepartment of Crthopaedic Surgery, New York-Presbyterian Hospital, Weill Cornell Medical Center, New York, New York, USA
“Pediatric Oncology Branch, NCI, CCR, NIH, Bethesda, Maryland, USA

b Department of Pediatrics, Yale University School of Medicine, New Haven, Connecticut, USA

** Department of Pathology, Yale University School of Medicine, New Haven, Connecticut, USA

2 Department of Genetics, Yale University School of Medicine, New Haven, Connecticut, USA

Correspondence
Narla Mohandas, New York Blood Center, Abstract
310 E67th street, New York, NY, USA. Identification of stage-specific erythroid cells is critical for studies of normal and dis-

Email: mnarla@nybc.org L. L N X N
ordered human erythropoiesis. While immunophenotypic strategies have previously

Funding information been developed to identify cells at each stage of terminal erythroid differentiation,
National Heart, Lung, and Blood Institute, 4 - - .
Grant/Award Numbers: HL144436, erythroid progenitors are currently defined very broadly. Refined strategies to iden-
HL152099; National Institute of Diabetes and tify and characterize BFU-E and CFU-E subsets are critically needed. To address this
Digestive and Kidney Diseases, Grant/Award ) )

Number: DK32094 unmet need, a flow cytometry-based technigue was developed that combines the

established surface markers CD34 and CD36 with CD117, CDY1, and CD105. This
combination allowed for the separation of erythroid progenitor cells into four discrete
populations along a continuum of progressive maturation, with increasing cell size
and decreasing nuclear/cytoplasmic ratio, proliferative capacity and stem cell factor
responsiveness. This strategy was validated in uncultured, primary erythroid cells iso-
lated from bone marrow of healthy individuals. Functional colony assays of these pro-
genitor populations revealed enrichment of BFU-E only in the earliest population,
transitioning to cells vielding BFU-E and CFU-E, then CFU-E only. Utilizing CD34/
CD105 and GPA/CD105 profiles, all four progenitor stages and all five stages of ter-
minal erythroid differentiation could be identified. Applying this immunophenotyping

strategy to primary bone marrow cells from patients with myelodysplastic syndrome,

Sandrina Kinet and Narla Mohandas are co-senior authors.

Am J Hematol. 2021;1-13. wileyonlinelibrary.com/journal/zjh @ 2021 Wiley Periodicals LLC. 1

118 |



YAN ET AL

2| wiLey-|BEY

of erythropoiesis.

1 | INTRODUCTION

The human bone marrow generates ~2.5 million red cells every sec-
ond at steady state through a process defined as erythropoiesis.? In
contrast to the myeloid and lymphoid lineages where high throughput
immunophenctyping has allowed for the characterization of distinct
development stages,> ™ it is still not possible to comprehensively phe-
nctype all distinct stages of erythrepoiesis. This is an area of particular
relevance in cases of ineffective erythropoiesis where disturbances in
the normal progression of erythroid differentiation contribute to ane-
mia (e.g, thalassemia, Diamond-Blackfan anemia and myelodysplastic
syndromes [MDS]).

Since the development of single parameter flow cytometry analy-
sis in the 1980s,%¢ there has been progress in defining cell surface
markers that allow for the identification of human erythroid progeni-
erythroblasts.” ¢
Glycophorin A (GPA), ad-integrin and Band 3 as surface markers, we

tors and terminally differentiating Using
were previously able to resclve and quantify five distinct stages of
terminally differentiating erythrol:llasts.12 Furthermore, four different
identify BFU-E as
IL3R-GPA~CD347CD36~ and CFU-E as ILRBR-GPA~CD34-CD3as+.
In addition, a transient population of IL3R"GPA CD347CD36" pro-

genitor cells were identified in an in vitro model of adult erythropoie-

surface markers have been used to

sis. 7 However, these latter markers do not allow homogeneous
subsets to be distinguishedlg; BFU-E and CFU-E progenitor
populations that are defined in this manner are functicnally hetercge-
neous, as reflected in their generation of colenies of markedly differ-
ent sizes {our unpublished data).

Here, we aimed to resclve the heterogeneity of these early
stages of erythropoiesis. By combining established surface markers
{CD34 and CD36) with CD117 (c-kit), CD71 and CD105, we were
able to isolate four distinct erythroid progeniter populations and
resolve the continuum of early erythropoiesis. Furthermore, our stud-
ies reveal that the expression kinetics of CD105 allow the previcusly
identified five stages of terminal erythroid differentiation to be
distinguished.

Based on our previous and current data, we were able to use a
10-color flow cytometry panel to quantitate nine distinct erythroid
stages in normal human bone marrow. Te evaluate the relevance of
these findings in diseases with disordered erythropoiesis, we tested
this novel flow cytometry panel in a small cohort of patients with
myelodysplastic syndromes (MDS). We observed that ineffective
erythropoiesis in MDS patients is associated with stage-specific
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identified defects in erythroid progenitors and in terminal erythroid differentiation.
This novel immunophenotyping technigue will be a valuable tool for studies of normal
and perturbed human erythropoiesis. It will allow for the discovery of stage-specific
molecular and functional insights into normal erythropoiesis as well as for identifica-

tion and characterization of stage-specific defects in inherited and acquired disorders

erythroid defects. Thus, cur novel and comprehensive strategy for the
phenctyping of human bone marrow erythropoiesis reveals novel
aspects of the continuum in normal and disordered human

erythropoiesis.

2 | MATERIALS AND METHODS
21 | Sources of CD34" cells and primary human
bone marrow samples

Leukopaks were obtained from the New York Blood Center. Bone
marrow tissues frem hip surgeries were collected through the Tissue
Donation Program at Northwell Heath and bone marrow aspirates
from the Hospital for Special Surgery and the MDS Center at
Columbia University. All studies were conducted in accordance with
the declaration of Helsinki and under institutional review board
(IRB) approval of the New York Blocd Center, Northwell Health, the
Hospital for Special Surgery and the MDS Center at Celumbia

University.

2.2 | Statistical analyses

Statistical evaluations between different experimental groups
were performed using GraphPad Prism 9 (unpaired two-tailed
Student’s t-test) and p < 0.05 was considered to indicate statisti-

cal significance.

2.3 | Other methods

Additicnal methods are presented as supplemental materials.

3 | RESULTS
3.1 | Human erythroid progenitor populations can
be divided into distinct subsets

We previously showed that erythroid progenitors capable of forming
BFU-E and CFU-E in methylcellulose assays could be isolated based
on their CD34/CD36 expression profiles.’* However, the resulting
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FIGURE 1 Human erythroid progenitor populations can be divided into distinct subsets. (A) Representative FACS plots illustrating expression
of CD71 and CD105 in previously defined erythroid progenitor populations CD347CD36~, CD34TCD36" and CD34 CD36". Based on their
expression, six subsets including P1, P2, P3, P4, P5 and Pé, were gated and sorted for colony forming assay. (B) Number of colonies generated
from 200 FACS-sorted cells of P1-Pé, separately, in EPO-alone medium (left panel) and complete medium (right panel). Error bars indicate
standard deviation (SD) of the mean (n = 4). (C) Representative images of colonies generated by P1 to Pé6 cells, in EPO-alone and complete
medium. The photos were taken under an inverted microscope at x4 magnification, scale bar = 500 pm. (D) CD117 expression on surface of P1
to Pé6 cells. Error bars indicate standard deviation (SD) of the mean (n = 5)
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colenies were heterogeneous in size, indicating that these BFU-E and
CFU-E populations were likely mixed populations of erythroid progen-
itor cells. In addition, we recently demonstrated that two populations
of CFU-E, immature and mature CFU-E, could be identified in acult-
derived erythroid progenitors using a phenotype of CD71"cD105m
and €CD71MCD105M, respectively.” Thus, the potential of these two
markers to resolve heterogeneity was further investigated in erythroid
progenitor cell populations. Flow cytometric  analyses of the
CD347CD36™, CD347CD36", and CD34 CD36&™ erythroid progenitor
populations (L3R GPA’) derived from EPQ-differentiated adult CD34™
cells revealed six distinct sub-populations based on CD71/CD105
expression profiles (Figure 1(A)). Specifically, CD347CD236~ cells could
be divided into P1 (CD71°CD1057) and P2 (CD717CD1057) subpopu-
lations while CD34TCD36" cells were divided into three subpopula-
tions P3 (CD71'CD1057), P4 (CD71*CD105"*) and P5
(CD717CD105"8M, The vast majority of CD34-CD36™ cells were phe-
notyped as P6 (CD717CD105MeM,

These six cell populations were sorted and their ahility to form
colonies in the presence of EPO-alone or in complete medium with
SCF, IL3, GM-CSF and EPO was evaluated®® (Figure 1(B), (C)).

The EPC-alone media, a condition that only supperts CFU-E col-
ony formation,?*?2 did not result in the formation of colonies from
the P1 population and only a small number of colconies (24 + 10 per
200 plated cells) from the P2 population. The P3 population gener-
ated more colonies than P2 but colony-forming efficiency remained
low (72 = 18 per 200 plated cells). In contrast, the P4 population
formed well-hemoglobinized colenies with a significantly higher
coeleny-forming efficiency (144 + 4 per 200 plated cells; p = 0.002).
Both P5 and Pé populations generated typical CFU-E-like colonies
(Figure 1(B) left panel and 1{C) upper panel).

In complete medium supplemented with SCF, IL3, GM-C5F and
EP3, the P1 population generated both erythroid and myeleid colo-
nies, but had a low coleny-forming efficiency (4.3 + 0.2 CFU-GEMM,
50+ 25 BFU-E and 28 + 7 CFU-G/M per 200 plated cells). In con-
trast, the P2 population exhibited a much higher celony-ferming effi-
ciency with a predominance of typical multiple-cluster BFU-Es (148
=18 B/CFU-E per 200 plated cells). With regards to the transition
population, the P3 population showed a similar coleny-forming ability
as the P2 population. And in accordance with our published find-
ings,® the P4 population of cells gave rise to a comparable number of
erythroid colonies in both EPO-alone and complete media but the
coleny size was much larger in complete media, implying that this sub-
set is sensitive to SCF-induced proliferation (Figure 1(B) right panel
and 1(C) bottom panel). As opposed te the P4 population, the sensitiv-
ity of the P5 and Pé populations to SCF was decreased, as reflected
by a lower augmentation in colony size in complete media. Together,
these data demoenstrate that the sequential maturation of erythroid
progenitors is accompanied by decreased sensitivity to SCF.

Note, SCF is a critical growth factor for erythroid and myelcid
progeniters. To better define the differential sensitivity of the six

identified erythroid progenitor populations to SCF, the expression
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levels of CD117/c-Kit, the receptor for SCF ligand, was examined
(Figure 1(D)). All six sub-populations expressed CD117 with lower
levels of expression on the P2 and P3 populations. Expression levels
increased starting with the P4 population, peaking with the P5 popu-
lation and subsequently decreasing in the P4 population.

Together, these data indicate that the erythroid progeniter contin-
wum can be immunephenctyped as CD1177CD717IL3R-GPA—CD34™
~ with CD105 expression levels distinguishing the transition from BFU-E
to CFU-E.

3.2 | Validation of the continuum of erythroid
progenitars

Following the phenotyping of human erythroid progenitors, we attempted
to identify and guantitate the different stages of erythropoiesis. Adult-
derived CD34" cells were differentiated for 5 days in the presence of
rEPQ and CD1177GPA™ cells were evaluated (gating out granulocyte-
monocyte progenitors (GMPs) and megakaryocyte-committed progenitors
(MkPs) as a function of CD45RA and CD41a expression, respectively).
Based on the expression levels of CD34 and CD105, the erythroid pro-
genitor compartment (IL3R-CD71%) could be sub-divided into four dis-
tinct populations. We specifically defined CD347CD105~ as EP1
{erythroid progenitor 1), CD34*CD105" as EP2, CD34 D105
as EP3 and CD34~CD105"# 55 EP4 (Figure 2(A)).

The morpheology of the four sorted erythroid progenitor
populations is shown in Figure 2(B). The EP1 cell population was con-
sistently smaller than the other three cell populations and showed the
highest nuclear/cytoplasmic ratio. An increase in cell size and a
decrease in nuclear/cytoplasmic ratio was noted, consistent with the
progressive maturaticn of the progeniter population from EP1 to EP4.

Functienal assays on these isolated cell subsets revealed that EP1
is composed predominantly of BFU-E while EP2, EP3 and EP4 repre-
sent increasingly mature CFU-E populations with reduced prolifera-
tive responsiveness to SCF (Figure 2(C)-(E)). These four populations
correspond to populations P2 to P4, defined on the basis of CD71/
CD105 expression profiles (Figure 1).

To validate ocur hypothesis that these subsets reflected a contin-
uum of erythroid progenitors, the isolated EPs were cultured to
undergo further erythroid differentiation and their differentiation
potential monitored (Figure 2(F)). Following 2 days of differentiation,
flow cytometry analysis showed progressive acquisition of GPA
expression ranging from 16% for EP1 to 78% for EP4. More impor-
tantly, during 2 days of culture, EPs progressed aleng the proposed
continuum from EP1 to EP4. Specifically, EP1 progressed into
EP2/EP3/EP4, EP2 progressed to EP3/EP4, and EP3 shifted to EP4
(Figure 2(F)). Finally, we observed that the EP1 population had the
highest proliferative capacity with a progressive decrease in the prolif-
erative capacities of EP2, EP3 and EP4 populations, respectively
(Figure 2(G)). Together, these data support the hierarchical progres-
sion of erythroid progenitors from an EPL to EP4 state.
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3.3 | CD34/CD105 expression profiles distinguish
the in vivo continuum of erythroid progenitors

Based on the in vitro analyses presented above, it was of interest to
determine whether this profiling strategy could be extended to pri-
mary, uncultured human bone marrow samples containing erythroid
cells at all stages of erythropoiesis.

Representative flow cytometry plots of positively selected
CD117+ cells from bone marrow mononuclear cells are shown in
Figure 3{A). Following the same strategy used to identify EP1 to EP4
populations, CD117"GPA CD45RACD4la
quently sub-divided inte two populations, IL3BR"CD71" (erythroid lin-
eage) and ILBRTCD71™ (non-erythroid lineage) subsets. EP1 to EP4
subsets were further gated from the IL3BR™CD71% compartment
based on their CD34 and CD105 profiles (Figure 3{A)). To exclude any
admixture of cells from other lineages with erythroid progenitors, a

cells were subse-

lineage cocktail was used to document that all four EP populations
were Lin~ (Figure S1(A)).

To examine the morphology and functionality of these four
populations, EP1 to EP4 were FACS sorted. ILBRTCD71 cells were
alsc sorted as a control for more primitive progenitors. Although
erythroid progenitors in the bone marrow are not morphologically rec-
ognizable amongst the highly heterogenecus bone marrow cells, we
observed morphological differences between the four groups of
sorted erythroid progenitors in terms of cell size and nuclear/cytoplas-
mic ratio (Figure 3(B)). Consistent with our data from in vitro differen-
tiated CD34% cells, EP1 cells were the smallest cells and had the
highest nuclear/cytoplasmic ratio, similar to the more primitive
IL3RTCD71™ cells. Sequential differentiation from EP1 to EP4 was
accompanied by an increase in cell size and a decrease in the nuclear/
cytoplasmic ratio. Furthermaore, the forward scatter profiles of these
cell populations are consistent with noted differences in cell size (-
Figure S1(B)).

Functicnal assays on these isolated cells revealed that EP1 is
enriched in BFU-Es (100+14 BFU-E per 200 plated cells) in complete
medium (Figure 3(D}), but with fewer well-hemoglobinized CFU-E col-
onies in conditions of EPQ alone (22+13 CFU-E per 200 plated cells)
{Figure 3(E) left panel). As expected, ILBRTCD71 cells failed to gen-
erate CFU-E colonies in EPO-alone medium but gave rise to more
CFU-G and CFU-M as compared to BFU-E in complete medium (28+7
CFU-G/M, 10+5 BFU-E per 200 plated cells). In contrast, while EP2

cells generated a comparable number of erythroid colonies in both
types of media (Figure 3(E)), colonies were much larger in complete
media than in EPO-alone media (Figure 3(C),(D)). In contrast, for EP3
and EP4, a similar number of colonies were noted in the two types of
media.

Together, these data validate our in vitro findings and confirm the
existence of four specific and successive stages of erythroid progeni-
tors in vive in human bone marrow. They also identify the critical role
of CD105 in distinguishing stages of human erythropciesis. We find
that BFU-E EP1, immature CFU-E EP2, and sequentially mature CFU-
Es EP3 and EP4 constitute the continuum of early human erythropoi-
esis, thereby providing new insights into erythroid progenitor biclogy.

34 | Decreases in CD105 expression levels
distinguish terminally differentiating erythroblasts in
human bone marrow

Since CD105 (Endoglin, a member of TGF-f receptor family) is
expressed in proerythoblast and basophilic erythroblasts®>?* (Figure 4
(A)), we explored its potential to distinguish distinct stages of termi-
nally differentiating erythroblasts. We found that the expression of
CD105 decreased markedly starting with late basophilic erythroblasts;
lower levels of expression were detected in poelychromatic erythro-
blasts and little or no expression detected in orthochromatic
erythroblasts (Figure 4(A)).

Representative CD105 and GPA flow cytometry profiles on
positively selected CD71" cells from bone marrow mononuclear
cells are shown in Figure 4(B). We were able to identify five distinct
clusters of cells: GPACD105"8" as proerythroblasts, GPAhEh
CD105"%" a5 early basophilic erythroblasts, GPA"&'CD105™ as late
basophilic erythroblasts, GPA"®'CD105'" as polychromatic erythro-
blasts and GPAM&"CD105~ as orthochromatic erythroblasts. As we
have previously shown that the surface expression of ed-integrin
and band 3 can be used to distinguish these five distinct stages, we
analyzed the cverlap of these flow patterns using both strategies
(Figure 4(B), (C)). Morphological Giemsa staining analyses confirmed
the purity of the five populations obtained (Figure 4(D)). Notably,
CD105/GPA profiles allowed for a better discrimination than
ad-integrin/Band 3 profiles, especially at late stages of the terminal
erythroid differentiation.

FIGURE 2 Validation of the continuum of erythroid progenitors. (A) Representative FACS plots for definition of erythroid progenitors from in
vitro culture of human CD34 7 cells, on Day 5 of differentiation. (B) Representative cytospin images of sorted EP1, EP2, EP3 and EP4 cells from in
vitro culture of human CD34 7 cells. The cells were sorted on Day 5 of differentiation. The images were captured under Leica DM2000
microscope at = 100 magnification, scale bar = 10 pm. (C) Representative images of colonies generated by sorted EP1, EP2, EP3 and EP4 cells
from in vitro culture of human CD34 ™ cells, in complete medium. The photos were taken using a Nikon D3500 camera. (D) Representative images
of colonies generated by sorted EP1, EP2, EP3 and EP4 cells from in vitro culture of human CD34* cells, in complete medium. The photos were
taken under an inverted microscope at x4 magnification, scale bar = 1 mm. {(E) Quantitative analysis of colony forming ability of sorted EP1, EP2,
EP3 and EP4 cells from in vitro culture of human CD34™ cells. The data are from three independent experiments. (F) Representative FACS plots
for sorting purity of EP1, EP2, EP3 and EP4 (left panel) and their differentiation progress after 2 days of culture (right panel). (G) Number of cell
divisicns of EP1 to EP4 by the end of differentiation. The numbers were calculated based on final erythroid vield of EP1 to EP4 under same

culture conditions. The data are from three independent experiments
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FIGURE 3 (CD34/CD105 expression profiles distinguish the in vivo continuum of erythroid progenitors. (A) Representative FACS plots
illustrating strategy for definition of erythroid progenitors using enriched CD117" cells from primary bone marrow. The gates of EP1 to EP4 were
made based on expression of CD34 and CD105. (B) Representative cytospin images of sorted IL3RTCD71~, EP1, EP2, EP3 and EP4 cells from
primary bone marrow. The images were captured under Leica DM2000 microscope at x 100 magnification, scale bar = 10 pm. (C) Representative
images of colonies generated by sorted ILBRTCD71~, EP1, EP2, EP3 and EP4 cells, in complete medium. The photos were taken using a Nikon
D3500 camera. (D) Representative images of colonies generated by sorted ILBRTCD71~, EP1, EP2, EP3 and EP4 cells, in complete medium. The

photos were taken under an inverted microscope at x4 magnification, scale bar = 1 mm. (E) Quantitative analysis of colony forming ability of
sorted ILBR"CD71", EP1, EP2, EP3 and EP4 cells from six independent experiments

We then applied this strategy to evaluation of in vitro differenti-
ated adult-derived CD34" cells. Proerythroblasts and early baso-
philic erythroblasts were sorted on Day 7 and late basophilic, poly-
and orthochromatic erythroblasts were sorted on Day 14 of differen-
tiation (Figure S2(A)). All five stages of erythroblasts were

successfully isolated based on their CD105/GPA profiles and the
morphologies of the sorted cells confirmed the five distinct
populations (Figure S2(B)). Interestingly, similar to our cultured ery-
throid progenitors, more intracellular vesicles were noted in in vitro

differentiated proerythroblasts and basophilic erythroblasts,
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FIGURE 4 Decreases in CD105 expression levels distinguish terminally differentiating erythroblasts in human bone marrow. (A) Relative
mRNA expression of CD105 at distinct stages of erythroid differentiation. The data are from RNA-seq on three biological replicates12,14. (B)
Representative FACS plots for definition of erythroblasts at distinct stages. The gates were made based on expression of CD105 and GPA.

(C) Dot plot overlay of gated erythroblast populations showing their expression of a4-integrin and Band3. (B) The color of each population
sources from the gating plot. (D) Representative cytospin images of sorted erythroblasts at distinct stages from primary bone marrow. The images
were captured under Leica DM2000 microscope at x 100 magnification, scale bar = 10 pm

compared to their bone marrow counterparts (Figure 4(D) and
Figure S2(B)).

Thus, staining for CD105 in combination with GPA can be used
as to resolve all five previously described stages of terminal
erythropoiesis.

3.5 | Anintegrated FACS strategy enables stage-
wise detection of human adult erythropoiesis

Having established that cell surface CD105 levels can be used
in conjunction with other surface markers to resolve the contin-
uum of erythropoiesis up to reticulocytes, we developed an
optimal 10-color flow cytometry strategy using the cell surface
markers CD34, CD117, IL3R, CD45RA, CD41a, CD71, CD105,
GPA and nucleic acid dye sytolé as well as the cell viability
dye 7AAD for a comprehensive analytical strategy to distinguish
the nine distinct stages of erythropoiesis in human bone
marrow.

For quantitation of erythroid progenitors, GPA™ cells were analyzed
for expression of CD117 and CD34 and CD117" cells were gated.
Based on expression levels of CD45RA and CD41a, the CD45RA™
CD41a™ cells were gated and expression levels of IL3R and CD71 moni-
tored. Following gating of CD71" cells, the expression levels of CD34
and CD105 were analyzed and four distinct populations of erythroid
progenitors, EP1 to EP4 could be quantitated (Figure 5(A)).

To quantitate terminally differentiated erythroblasts, GPA™ cells
with high levels of expression of CD71 were analyzed (Figure 5(A)).
The CD71"GPA™ cells consisted of nucleated erythroblasts (syto16™)
and reticulocytes (syto16~). Based on the expression levels of CD105
and GPA, the sytolé" erythroblast population could be further
divided into five distinct clusters: proerythroblasts, early and late
basophilic erythroblasts, polychromatic erythroblasts and orthochro-
matic erythroblasts (Figure 5(A)).

By overlaying these two profiles, nine distinct populations could be
easily distinguished, reflecting the continuum of stages of erythropoiesis
in human bone marrow (Figure 5(B)). To further validate this continuum,
FACS-purified EPs were cultured and their differentiation was moni-
tored every 2 days by quantitating the expression of CD105 and GPA.
As shown in Figure 5(C), EP1, EP2, EP3 and EP4 differentiated along the
CD105/GPA axis as anticipated; EP1 and EP4 subsets required 12 and
8 days respectively to mature into orthochromatic erythroblasts.

We then examined surface expression of erythroid-associated
proteins throughout erythropoiesis. As shown in Figure 5(D), the
expression of CD117 increased during early erythropoiesis and
reached a peak at the EP3 stage before decreasing gradually from the
EP4 and proerythroblast stage with a subsequent marked reduction at
later stages of differentiation. The well-defined erythroid markers,
CD71 and CD36 were expressed to varying degrees at all stages of
erythroid differentiation. As erythroid progenitors have been identi-
fied in the CD34+CD38" compartment,?® and low-level expression of
CD45 was previously reported in BFU-E and CFU-E populations,**
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TABLE 1 Thedinical features and mutational analyses of MDS patients
PatientNo. Age Gender Diaghosis Transfusion Sornatic Aspirate Hg(g/dl} Hematocrit (%}  Risk group
mutations n ME ratio
genes
1 68 M MDS-RS-MLD None SF3B1; 5RSF2 4:1 97 30.3 Intermediate
72 M MDES-RS-MLD Transfusion SF3B1: DNMT3A; 3:1 8.9 25.6 High
dependent TET2: NF1
3 80 M MDS/MPN- None SRSF2; STAG2; 71 8.7 28.8 Intermediate
Unclassifiable or JAKZ2; IDH2;
CMML-2 RUNX1
4 67 M MDS-EB1 None UZ2AF1; BCOR; 11 L5 24.5 Intermediate
STAG2: NRAS
5 62 F MDS-EB1 None SF3B1 21 8 24.5 High

we measured their expression levels during the entire course of ery-
threid development and differentiation. Both CC38 and CD45 were
expressed at comparable levels in the EP1 and EP2 populations with
decreased levels at the EP3 stage and little or no expression at EP4
stage. Neither of these proteins was expressed in terminally differen-
tiated erythroblasts.

Taken together, the novel flow cytometry-based strategy we
have developed enables a comprehensive characterization and guanti-
tation of nine distinct stages of steady-state human adult erythropoie-
sis. This approach provides a simple, intuitive and comprehensive

means to study the dynamic precess of nermal human erythropoiesis.

3.6 | The impaired terminal erythroid
differentiation in MDS is associated with defective
erythroid progenitor differentiation

Ineffective erythropoiesis leading to the sub-coptimal production of
red cells leads to anemia, a major clinical feature of numerous human
red cell diserders including thalassemia and MDS.%5?7 The decreased
preduction of red cells could result from a block at any of the multiple
stages of erythropoiesis, Currently, there is no standardized strategy
to address this important issue. We therefore explored whether our
novel phenotyping strategy could provide new insights into ineffec-
tive erythropoiesis.

We assessed erythropoiesis in the bone marrow of five patients
with MDS using the newly developed strategy. The clinical features and
mutational analyses for these five patients are shown in Table 1. As
shown in Figure 6(A), two subjects, MDS-1 and MDS-2 showed compa-
rable terminal erythroid differentiation to that detected in healthy

controls. Correspondingly, erythroid progenitor differentiation with rea-
sonable numbers of progenitors at each stage of development were
found. In the third subject, MDS-3, there were decreased numbers of
mature CFU-E (EP3 and EP4) without a significant effect on terminal dif-
ferentiation. Significantly impaired terminal erythroid differentiation was
detected in subjects MDS-4 and MDS-5, in association with marked
decreases in erythroid progenitor populations (Figure 6{A)).
Quantification of the different subsets of erythroid cells revealed
that while the number of erythroblasts increased during successive
development stages in healthy controls, decreases in erythroid pro-
genitors resulted in a marked diminution of terminally differentiated
erythroblasts (Figure &(B)). These findings imply that defects in ery-
throid progenitor differentiation accounts, at least in part, for the
impaired terminal erythroid differentiation in MDS. Qur findings on a
small cohort of MDS subjects begins to provide new insights into our
understanding of the underlying mechanisms of ineffective erythro-
poiesis in MDS and highlights the potential usefulness of this newly
established strategy to comprehensively study ineffective erythropoi-

esis in various human diserders.

4 | DISCUSSION

Erythropoiesis is a complex and tightly regulated process
encompassing multiple steps from the hematopoietic stem cell to
committed erythroid progenitor cells (BFU-E and CFU-E) and ulti-
mately to mature erythrocytes. This process involves ~15 cell divi-
sions and requires a coordinated cell division that is dependent on
growth factors, specific niches and physiclogic needs. A comprehen-

sive assessment of this process is dependent on the identification of a

FIGURE 5 Anintegrated FACS strategy enables stage-wise detection of human adult erythropoiesis. (A) Representative FACS plots
illustrating an integrated gating strategy for human erythroid continuum from BFU-E to reticulocytes from primary human bone marrow. (B) Dot
plot overlay of gated erythroid progenitor and erythroblast populations showing their expression of CD105 and GPA. The color of each
population sources from the gating plots in (A) and the curved arrow indicates the erythroid differentiation trajectory. (C) Representative FACS
plots showing sequential maturation of sorted EP1, EP2, EP3 and EP4 in culture along the indicated trajectory in (B). (D) Representative
histograms of erythroid-associated genes expression (CD117, CD71, CD36, CD38 and CD45) in primary human bone marrow cells at distinct

erythroid differentiation stages
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FIGURE 6 The impaired terminal erythroid differentiation in MDS is associated with defective erythroid progenitor differentiation. (A) The
FACS plots showing erythroid continuum in MDS. The upper panel shows CD105/GPA overlay of erythroid populations, and the lower panel
shows further analysis on erythroid progenitor differentiation. The light blue dots represent CD71TGPA™ cells. (B) Quantification of erythroid
progenitors and erythroblasts showing decreased EPs in MDS patients with impaired terminal erythroid differentiation. The y-axis indicates the
cell number of each population in 10* erythroid cells. The black circles are healthy controls and the colored dots represent the different MDS

samples. Each color corresponds to a specific MDS sample

maximal number of distinct stages, which is a critical prerequisite for
the development of a detailed understanding of the underlying regula-
tory mechanism(s). In contrast to the significant progress made in the
phenotypic characterization of myeloid and lymphoid lineages, much
less progress has been made in the phenotyping of distinct stages of
erythropoiesis. To address this unmet need, we developed an immu-
nophenotyping strategy to monitor human erythropoiesis using a spe-
cific set of cell surface markers.

In a previous study, we immunophenotyped
ILBR"CD347CD36 GPA~ as BFU-E, IL3BR CD34 CD36"GPA™ as
CFU-E, and CD34"CD36" progenitors as a mixture containing BFU-E
and CFU-E.**Y However, while it appeared that these populations rep-
resented distinct stages of erythroid progenitors, the isolated cell

populations were functionally heterogeneous,*®? indicating that further

characterization was needed. Based on the expression of CD36 and
CD105, in the previously  defined MEP population
(Lin CD34+CD38+CD45RAIL3R),?® Iskander and colleagues identified
Early Erythroid Progenitor (EEP) and Late Erythroid Progenitor (LEP)
populations, generating BFU-E and CFU-E colonies, respectively.*® Also
from this population of LinCD34"CD38"CD45RA™IL3R™ MEPS, Morris
and colleagues documented that CD71" CD105~ MEPs primarily gener-
ated large erythroid colonies while CD71™/* CD105" MEPs gave rise
mostly to CFU-E colonies.*® Both studies focused on the CD34™ cell
compartment indicating that CD105 could serve as a key marker to dis-
tinguish CFU-E from BFU-E.

By integrating CD71 and CD105 into our previously established
surface marker phenotyping evaluation, we delineated the heteroge-

neity of previously defined populations of erythroid progenitors and
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identified four successive stages of erythroid progenitors. The four
populations from EP1 to EP4 constitute continuum of committed
erythroid progenitors and enable the stage-specificity of early eryth-
ropoiesis to be refined. Notably, the lower erythroid colony-forming
efficiency of EP1, particularly in cells isolated from primary bone
marrow cells, suggest the presence of a small propertion of bi-
potential MEP in the EP1 population. Recent studies have indicated
that CD38 and MPL can be used to identify rare MEPs?®%° and as
such further studies are warranted to study the specification of
MEP to erythroid-committed progenitors, especially EP1, in the
bone marrow.

Furthermore, we found that CD105 can be used te study terminal
erythroid differentiation. In a previous study, we documented the
importance of that the surface markers, GPA, a4-integrin and Band3
markers to distinguish between five distinct stages of terminal erythroid
differentiation.*® In the present study, we find that GPA and CD105
provide a more precise discrimination of these five distinct development
stages. This finding therefore enables us to resclve the full continuum of
erythropoiesis using one comprehensive set of markers.

As the availability of human bone marrow samples is limited, in
vitro culture of CD34™ HSPCs has been widely used as a model of
human normal and disordered erythropoiesis.*' % However, differ-
ences between in vitro models and “true” in vive erythropoiesis in
human bone marrow exist. While the functicnal features of erythroid
progenitors and erythroblasts are largely similar between these two
systems, some differences exist.'?> Based on cytospin images of iso-
lated cells at equivalent stages of develepment as a function of
GPA/CL105 profiles, we detected a greater abundance of larger sized
vesicles from the EP1 subset to polychromatic erythroblast stages in
in vitro differentiated as compared to in vive BM-differentiated sub-
sets. These vesicles appear to be lipid droplets (ocur unpublished data)
and our data suggest that they are likely the result of metabolic stress
response cceurring during in vitro differentiation.

Qur study enables a precise characterization of specific stages of
human erythropoiesis, promocting the study of specific erythroid
defects in discrders with aberrant or ineffective erythropciesis. In cur
cohort of MDS patients, we were able to identify defects at different
stages of erythroid progenitor development. Admittedly, this is a small
cohort but we believe that our novel method will be applicable to the
study of MDS patients as well as patients with other anemias. We
expect that future studies will advance our understanding of the
mechanisms underlying these disorders and promote evaluation of
specific therapies, including corticostereids and immuncmodulatory
agents, in rescuing erythropoiesis in these patients.

In summary, we have developed an efficient and comprehensive
immunophenctyping strategy to characterize the multiple stages of
human erythropoiesis. We anticipate that this technique will serve as
a valuable new tocl, premoting our understanding of normal and dis-

ordered human erythropoiesis.
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Supplemental Figure 1.
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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.
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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

under Leica DM2000 microscope at x100 magnification, scale bar=10um.
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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-a4 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

Mm nozzle.

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-a4 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

1x10° cells in 200 ul of PBS. Slides were stained with May-Griinwald 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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o 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 IL3RGPACD34'CD36° and IL3R'GPACD34CD36",
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, | 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, | 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 RPS79 mutation appear to have
milder clinical manifestations. Unsurprisingly, | 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 humbers
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.

o 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 CD71"CD105™¢ 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 p57¥*? 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, | 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-2'-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 EAU 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
regulated by extrinsic regulators including THPO, Wnt, SCF and TGFf, and numerous
intrinsic regulators such as members of the Cip/Kip family of proteins (Yamada &
Kawauchi, 2013). Our findings indicated that p57X*2, 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, p57K*? 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 p57XP? expression was
documented in several type of mammalian cells including rat placentas, human
endometrial stromal cells and HelLa cells (E. H et al., 2015; S. T. Kim, Lee, & Gye,
2011; Samuelsson, Pazirandeh, Davani, & Okret, 1999). Moreover, dexamethasone
induced p57KXP2 expression inhibited cell cycle progression of HelLa cells (Samuelsson
et al., 1999). More recently, Socolovsky et al found that p57X*2 negatively regulated
the replication fork speed and the resulted slow cell cycle is required for murine
erythroid progenitor self-renewal. Importantly, the expression of p57%P? 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 p57%? 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 p57X®2 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 p57¥P?2 was upregulated by
dexamethasone in CD34* cells from steroid-responsive patients, but not transfusion-
dependent patients with DBA. Conversely, inhibition of p57¥2 by lentiviral mediated
RNA interference abrogated the effect of dexamethasone in PB derived CD34" cells.
These results confirmed the role of p57P? 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 p57X*2 and the dysregulated
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expression of p57XP2 in steroid-resistant patients account, at least partially, for the

resistance.

In addition to p57X*2, 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 p57X*2 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 p57XP? 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 PGC13, a critical
coactivator of mitochondrial biogenesis, is required for erythroblast maturation.
Reduced levels of PGC1p 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, | 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.

| 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,

Sanchez-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.

e Closing words
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Through two interrelated studies centered on early erythropoiesis, | 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, | 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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1 | INTRODUCTION

Abstract

Studies of human erythropoiesis have relied, for the most part, on the in vitre differentiation of
hematopoietic stem and progenitor cells (HSPC) from different sources. Here, we report that
despite the common core erythroid program that exists between cord blood (CB)- and peripheral
blood (PB)-HSPC induced toward erythroid differentiation in vitro, significant functional differen-
ces exist. We undertook a comparative analysis of human erythropoiesis using these two different
sources of HSPC. Upen in vitro erythroid differentiation, CB-derived cells proliferated 4-fold more
than PB-derived cells. However, CB-derived cells exhibited a delayed kinetics of differentiation,
resulting in an increased number of progenitors, notably colony-forming unit (CFU-E). The pheno-
types of early erythroid differentiation stages also differed between the two sources with a
significantly higher percentage of ILBR GPA'CD347CD36" cells generated from PB- than CB-
HSPCs. This subset was found to generate both burst-forming unit (BFU-E) and CFU-E colonies in
colony-forming assays. To further understand the differences between CB- and PB-HSPC, cells at
eight stages of erythroid differentiation were sorted from each of the two sources and their tran-
scriptional profiles were compared. We document differences at the CD34, BFU-E, poly- and
erthochromatic stages. Genes exhibiting the most significant differences in expression between
HSPC sources clustered inte cell cycle- and autophagy-related pathways. Altogether, our studies
provide a qualitative and guantitative comparative analysis of human erythropoiesis, highlighting

the impact of the developmental origin of HSPCs on erythreid differentiation.

multi-potential differentiation potential, respectively. HSPCs give rise

to more committed hematepoietic progenitors including myeloid pro-

Erythropoiesis is the biclogical process that regulates the formation of
red blood cells. This process is highly coordinated and invelves a series
of differentiation stages that are initiated in hematepeietic stem and

progenitor cells (HSPCs), cell types that possess self-renewing and

*Co-senior authors.

*Hongxia Yan and John Hale contributed equally to this work.

genitors, megakaryocytes, and erythroid progenitor.” Recent data have
demonstrated that, in humans, red cells can originate directly from
HSPCs or from a more committed progenitor.” The erythroid burst-
forming unit (BFU-E) is the most primitive single-lineage committed
erythroid progeniter that can be functionally defined. This BFU-E then
differentiates into a more committed erythreid colony-forming unit
(CFU-E) that ultimately differentiates into proerythroblasts, the first

Am 1 Hematol. 2018:1-10.
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maorphologically recognizable erythroid precursor in the bone marrow.
Four to five divisions, occurring over the course of four to five days,
lead te the orthochromatic stage, followed by enucleation and subse-
quent formation of the nascent reticulocyte. Reticulocyte maturation is
the final stage of erythropoiesis and is characterized by extensive mem-
brane remodeling and the loss of all internal organelles.*?®

Studies of erythropeiesis have historically relied, in large part, on
mouse models. However, these models have failed to recapitulate vari-
ous physiclogic and pathelogical aspects of human erythroid differentia-
tion. Indeed, recent studies from our groups and others have highlighted
divergent epigenetic, transcripticnal, and protecmic landscapes between
murine and human er\/thropoiesis.é"'13 To better study human erythro-
poiesis, in vitro culture systems have been developed. Since the original
method reperted by Fibach,** these culture systems have been continu-
ally adapted and modified*®*% and we are now able to use CD34" cells
to recapitulate all stages of erythropoiesis, from the HSPC through the
reticulocyte stage. These culture systems have promoted the study of
normal and disordered erythropoiesis, providing important insights into
the mechanisms regulating human erythreoid differentiation. However,
the majority of these studies used a single source of CD34" progenitor
cells with the broad assumption that differentiation data obtained from
fetal liver (FL), cord blood (CB), bone marrow (BM), and peripheral blood
(PB) are roughly equivalent'f"s'zo’24 In addition, comparisens from previ-
ous studies were complicated by the inability to isolate pure populations
of cells at distinct erythroid stages, a bottleneck that has recently been
alleviated by the immunophenotypic characterization of each distinct
stage of erythropoiesis.*®%?

Here, we undertock a comparative analysis of the erythroid differ-
entiation potential of human CB and PB CD34" cells, from the BFU-E
to the orthochromatic erythroblast. We found that CB-derived CD34"
cells differentiate at a slower rate than their adult counterparts but
exhibit an increased reticulocyte differentiation potential. Furthermore,
our studies reveal the existence and maintenance of a population of
progenitors that is specific to PB, giving rise to both BFU-E and CFU-E.
To better understand the functional differences between CB- and PB-
HSPCs, we isolated individual stages of erythropoiesis and performed
global gene expression profiles. These data significantly contribute to
our understanding of the impact of the developmental origin of HSPCs
on erythroid differentiation and provide an important resource for

future studies of nermal and disordered human erythropoiesis.

2 | MATERIAL AND METHODS

2.1 | CD34" cell culture, flow cytometry analysis, and
fluorescence-activated cell sorting of erythroid
progenitors and precursors

CB was obtained from the New York Blood Center and PB from the
New York Blood Center and the Stanford Blood Center. The present
study was conducted in accordance with the declaration of Helsinki
and was exempt from institutional review board approval since none of
the human samples had identifiable personal information. CD34™ cells

were purified from CB or nonmobilized PB leukoreduction filters by
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magnetic positive selection (Miltenyi Biotec). Erythroid differentiation
of isolated CD34" cells (Figure 1A) was monitored as a function of sur-
face marker expression on a BD LSR Fortessa (Becton Dickinsen) and
data subsequently analyzed using FCS express & software (De Novo,
Inc) as previously described.®®?! Pure populations of erythroid cells at
distinct stages of differentiation were sorted using a MoFle high-speed

cell sorter (Beckman-Coulter) as previously described.*®%!

2.2 | Antibodies

APC-conjugated CD235a (GPA), PE-conjugated-CD34, FITC-conju-
gated-CD36 and cell viability marker 7-AAD were purchased from BD
Biosciences, PE-conjugated o4 integrin from Miltenyi Biotec, PE-
Cyanine7-conjugated-IL-3R (CD123) from eBioscience, and a mouse

mAb against human Band3 was used as previcusly described.®

2.3 | Colony assay

Cells were diluted to a density of 200 cells in 1 mL of MethoCult®
H4434 classic medium for BFU-E colony assay with SCF, IL-3, GM-
CSF and Epo and 1 mL of MethoCult® H4330 medium for CFU-E col-
ony assay with Epo only (Stem Cell Technologies) and incubated at
37°C in a humidified atmosphere with 5% CO.. BFU-E and CFU-E col-
onies were defined according to the criteria described by Dover et al?®
CFU-E colonies were counted on day 7 and BFU-E colonies were
counted on day 15 by investigators blinded to the experimental

conditions.

2.4 | Cytospin preparation

Cytospins were prepared on slides (5 X 10* cells in 200 ul of PBS),
using the Thermo Scientific Shandon 4 Cytospin. Slides were stained
with May-Grinwald solution (Sigma) for 5 minutes, rinsed in 40 mM
Tris huffer for 90 seconds, and subsequently stained with Giemsa solu-
tion (Signa) for 15 minutes. Cells were imaged using a Leica DM2000

inverted microscope under 100X objective magnifications.

2.5 | RNA-seq and bioinformatics analysis

RNA was extracted from FACS-sorted cells at 8 distinct stages of
erythropoiesis, derived from CB- and PB-CD34" cells. cDNA libraries
were prepared using the lllumina TruSeq kit and sequenced on the Illu-
mina HiSeqg 2500 (Epigencmics Core of Weill Cornell Medical College,
New York). This sequencing strategy produced ~15-80 million 50 bp
single end reads per sample. For each distinct stage of erythropeiesis, 3
biological replicates were cbtained from independently cultured and
sorted samples from different donations. Quality contrel of reads was
performed and low-quality reads removed. Reads were aligned to the
hgl9 reference genome using HISAT2.2® Raw read counts were
extracted from the aligned reads using the featureCounts program‘27
Differential expression analysis was assessed at each stage by compar-
ing the two original sources of CD34" cells using the DESeq2 biccon-
ductor package.?® Using gene expression data from each stage, the

subset of genes differentially expressed as a function of HSPC source
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was split into 10 clusters using divisive hierarchical clustering. Gene
ontology enrichment analysis of the gene sets was then performed on
each cluster using the cluster Profiler R package?® with the gene back-

ground of all genes expressed across all stages in both sources.

2.6 | Statistical analysis

Statistical evaluations between different experimental groups were
performed using GraphPad Prism 7 {unpaired t-test) and P < .05 was

considered to indicate statistical significance.

3 | RESULTS

3.1 | CB-HSPCs lead to more erythroid cells than PB-
HSPCs

We first menitored the proliferative capacities of the two different
sources of CD34™" cells during in vitro erythroid differentiation. CD34*
cells were isolated from CB or adult PB and then cultured for 15 days
as described in the Material and Methods te induce their differentia-
tion toward reticulocytes (Figure 1A). While a decrease in cell numbers
was observed at Day 2 of culture of both CB and PB CD34% cells, the
cells recovered thereafter and started growing exponentially. From Day
3 to Day 4, there was no noticeable difference in the growth rates
between the two sources of cells. However, while cells from CB contin-
ued to grow expeonentially from Day é until Day 12, the growth of PB-
derived cells was slower with significantly fewer cells by Day 9. By the
end of culture, cell growth in both cultures plateaued, suggesting a ter-
minal erythroid differentiation with decreased division (Figure 1G). CB-
HSPCs yielded 4-fold more erythroid cells than PB-HSPCs under our
culture conditions (Figure 1B, 45 085 + 14 103 vs. 10988 = 1218; P =
.05), suggesting that the former have an increased proliferation poten-

tial under conditions of erythroid differentiation.

3.2 | CB-HSPCs exhibit a slower kinetics of EPO-
induced differentiation than PB-HSPCs

The finding that CB-HSPCs proliferated to a significantly greater extent
than their adult counterpart led us to investigate the differentiation
capacities of the two sources of CD347" cells. Using our recently pub-
lished metheds of immuno-phenotyping which allow for the characteri-
zation of each stage of human erythroid differentiation, from BFU-E to
orthochromatic erythroblasts, we first menitered terminal erythroid dif-
ferentiation using the expression of three surface markers, namely Gly-
cophorin A (GPA), Band3 and oz4fintegrinA18 Low, but detectable GPA
expression was first observed in both cultures at Day 3. From Day 4 to
Day 8, the levels of GPA increased in both cultures; however, the per-
centages of GPA-positive cells in adult PB-derived culture were signifi-
cantly higher than that of their CB counterpart (Figure 1C). At Day 6, a
mean of 42.4 = 3.2% of PB precursors were already GPA-positive as
compared to 27.2 = 5.8% for CB precursors (P < .01). Similar differen-
ces were detected at Day 8, with percentages of GPA-positive cells of
80.1 = 3.6% vs. 654 +4.6% for PB and CB precursors, respectively
(P = .05). This difference in GPA expression was associated with a
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delayed terminal erythroid differentiation in the CB-derived cultures, as
documented by lower levels of Band3 expression at Day 6 and Day 8
{Figure 1D,E). After Day 10, differentiation was more similar for the
two progenitors as reflected by expression patterns of GPA, Band3 and
ad-integrin with completion of terminal erythroid differentiation (Fig-
ure 1C-F). Furthermore, Giemsa staining reflected the differentiation
delay in CB-derived cultures; pro- and basophilic erythroblasts were
still detected at Day 12 (Figure 1G, arrows). These data further suggest
a slower kinetics of erythroid differentiation of CB-derived CD34"
HSPCs as compared to their adult PB-derived counterpart.

3.3 | Increased persistence of CD34 expression in
EPO-differentiated PB-HSPCs as compared to CB-
HSPCs

Since major differences were observed between Day 5 and Day 8 of
culture, at a stage corresponding to the transition from CFU-E to proer-
ythroblast, we further investigated the differentiation of erythroid pro-
genitors and precursors based on the initial source of CD34" cells.
Proerythrohlasts were sorted on the basis of their expression levels of
GPA, Band3, and ad-integrin and their proliferation and differentiation
toward orthochromatic erythroblasts were monitored. Although it is
well documented that proerythroblasts underge 4 to 5 cell divisions to
generate orthochromatic erythroblasts, no comparative studies using
highly pure populations of proerythroblasts have been performed.
Interestingly, the growth patterns of proerythroblasts from both CB
and adult PB were very similar (Figure 24), suggesting that the growth
differences observed between CB- and PB-HSPC sources are the result
of a program initiated at the earlier progenitor levels.

We therefore elected to focus on erythroid progenitors, and used
the surface markers IL-3R, GPA, CD34, and CD36, to monitor differen-
tiation of CB- or PB-HSPCs from Day O tc Day &. A similar pattern of
expression of IL-83R and GPA was detected for hoth CB and PB-
derived HSPCs, with a progressive loss of IL-3R and the acquisiticn of
GPA (Figure 2B). Nevertheless, quantitatively, there were major differ-
ences between the two sources. Cells from both sources expressed
comparative levels of IL-3R in the first two days of culture, but follow-
ing that time point, cells derived from PB lost IL-3R at a faster rate
than CB-derived progenitors (Figure 2B,C). Since ervthroid colony-
forming cells are enriched in the IL-3R-negative population, we further
compared the differentiation potential of gated IL-3R'GPA™ cells
derived from both CB and PB (Figure 2D-F).

We previously showed that erythroid differentiation is character-
ized by an increased expression of CD3é and a loss of CD34. While
the IL-3R'GPA'CD347CD36 population predominantly generates
more primitive BFU-E colonies, the IL-3R'GPACD34 CD346" popula-
tion contains CFU-E colony-forming cells. Using this gating strategy,
we found that there was no difference in the relative percentages of
{(IL-3R'GPACD34"CD34)
between CB and PB throughout the culture process (Figure 2E). How-

immunophenctypically defined BFU-E

ever, there were significantly more immunophenctypically defined
CFU-E (IL-3R' GPACD34 CD36") generated in CB in comparison to
PB. Indeed, CFU-E represented 20% of the total cell pepulation in CB-
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derived cultures at Day 3 while no CFU-E were found in PB. CFU-E E stage. Taken together this data suggests that the CD34"CD346" pop-
ulation, specific toe PB-HSPCs, contains cells transitioning from a BFU-E

to a CFU-E stage, with the ability to form both colonies.

appeared rapidly in PB-derived cultures thereafter and by Day 5, the
percentages of CFU-E in CB- and PB-derived cultures were not statisti-
cally different {(Figure 2G). However, it is important to note that a sub-

set of CD347CD36" cells, phenotypically located in the transition i " I i
3.4 | Differences in the transcriptomes of CB-derived

and PB-derived HSPC

hetween BFU-E and CFU-E, were present at significant numbers in PB-
but not CB-derived cultures, from Days 3 to & of culture (Figures 2D,F).

These surprising findings led us to investigate the status and over-
all potential of the PB-derived CD347CD36" population. Indeed, these
cells, potentially sharing characteristics with either BFU-E and/or CFU-
E, have not been previously described. We sorted cells from this popu-
lation and plated 200 cells to perform functicnal colony-forming assays.
As one would expect, these cells respond to complete medium with
SCF, IL-3, GM-CSF, and EPQ supporting multiple lineage colony forma-
tion (Figure 2H.,J). In addition, we cbserved that these cells already
have the ability to respond to EPO alone (Figure 21,K), suggesting that
they are already engaged in erythroid differentiation beyond the BFU-

Using our defined surface markers, cells at each stage of erythroid dif-
ferentiation were sorted to =95% purity and transcriptomes were com-
pared as a function of the CD34™ cell source. The principle component
analysis is shown in Figure 3A and demonstrates that cells at each dis-
tinct stage of development formed distinct clusters in the first two
principle compenents (PC1 and PC2). However, all stages from CB and
PB completely separated from each other into their own clusters when
viewed using the 3rd principle component (PC1 versus PC3, Figure
3B). From this analysis, we can conclude that the differences between

the two sources are smaller than the differences between stages.
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The principle component analysis alse showed that the gene
expression pattern significantly differed during the very early develop-
ment stages (ie, at the CD34 and BFU-E stages) and at the very late dif-
ferentiation stages (ie, Polychromatophilic and Orthochromatic
erythroblasts). This is in agreement with the significant differences in
differentially expressed genes between the two sources at each stage
(Figure 3C).

We then undertock an in depth comparative analysis of the tran-
scriptome  of human erythropoiesis. Many of the differentially
expressed genes correspended to well characterized differences
hetween fetal and adult erythropoeiesis, and were used as internal con-
trols for our analysis.30 These included those respensible for hemoglo-
bin synthesis with fetal globin genes (HBG1, HBGZ, and HBE1)
significantly upregulated in CB while adult globin genes (HBB, and
HBD) were upregulated in PB. Additionally, the gene enceding the |-
branching enzyme, respensible for the conversion of fetal i antigen to
adult | bleod group antigen GCNT2,%1%3 35 well as the CA1 and CA2
genes, encoding carbonic anhydrases 1 and 2,395 were upregulated in
PB as compared to CB (Supporting Information Figure S1).

To gain further insights inte the overall cbserved changes in the
biological processes between CB and PB, the differentially expressed
genes at all stages were clustered. Divisive hierarchical clustering was
used on the gene expressicn profile across all stages for both scurces
and the dendrogram partitioned inte 10 clusters as shown graphically
in Figure 3D. Gene ontology (GO) enrichment analysis of the biclogical
process gene sets was performed on each cluster (Supporting Informa-
tion Table 51). Clusters 2,34, and 8 had gene expression patterns
showing differences in expression at the CD34 and BFU-E stages
between CB and PB. Of note, Cluster 2 genes showed higher expres-
sion at the CD34 and BFU-E stages in CB over PB and enriched GO
terms (P.adj< 1079 corresponding to leukocyte migration and activa-
tion, consistent with CB being less committed to the erythroid lineage
than PB which is in agreement with cur earlier findings (Figure 2). Clus-
ters 1,57, and 9 exhibited patterns with differences in expression at
the late stages, Polychromatophilic and Orthochromatic erythroblasts.
Among those, Clusters 5 and 7 presented genes with increased expres-
sion in PB compared to CB, and these genes are associated with
autophagy (P.adj < 10~°). Cluster 10 genes exhibited a general increase
in expression across many stages from BFU-E to Polychromatophilic
erythroblasts in CB-derived cultures and was enriched in GO terms
related to cell cycle, mitosis and DNA replication (P.adj < 107%).

Within these clusters, we analyzed our transcriptome data on the
basis of several genes critical for erythropoiesis or its regulation. The
master regulators of erythropoiesis, defined as members of the core
erythroid network,®® did not differ between CB and PB (Figure 44),
highlighting the similarities between the core differentiating programs.
Recently, others have suggested that regulators of glohin switching dif-
fer between CB and PB. In our study however, these did not signifi-
cantly change (Figure 4B), except for MYB, which was described as
unchanged in the Merryweather-Clarke study.?® Consistent with the
flow cytometry data, genes involed in lineage commitment were
upregulated in CB, at the CD34 and BFU-E stages (Figure 4C), support-

ing our data that CB-HSPCs have increased proliferative potential as
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compared to adult PB-HSPCs. This upregulation was however transient
and expression levels rapidly decreased as erythroid differentiation pro-
gresses to the CFU-E stage. We also cbserved that genes involved in
cell cycle regulation were expressed at higher levels in CB than in PB
{Figure 4D). Finally, we document that genes involved in the autophagy
pathway were upregulated in PB, specifically at the late stages (Figure
4E), consistent with a role for autophagy in late stages of erythropoie-
5is.37%% Altogether, these data highlight the specificity in the develop-
mental regulation of erythropoiesis and the differences between

necnatal and adult erythropoiesis.

4 | DISCUSSION

Erythropoiesis has been extensively studied with much research focus-
ing on terminal erythroid differentiation. As such we have a better
understanding of the molecular events leading to the formation of the
reticulocyte from the pro-erythroblastic Stage.39 However, much less is
known regarding the differentiation of human HSPCs to the precursor
stages, and the events leading from the BFU-E to CFU-E progenitor
stages have remained largely unexplored, mainly due te the difficulty of
obtaining highly enriched populations of human erythroid progenitors.
Different models have been used te study erythropeiesis, and all pres-
ent their own unigue advantages as well as challenges. Differences
between species have been highlighted, notably with regards to
changes in their transcriptemes during erythroid differentiation.¢ In
the present study, we present evidence that even within the same spe-
cies, the transcriptomes of erythroid progenitors differ as a function of
the developmental scurce of HSPCs.

One of the main strengths of our study is that we used only one
variable, the origin of the CD34% cells. We induced differentiation of
CD34% cells from either CB or adult PB using the same culture condi-
tions. We report that these cells exhibit distinct kinetics of differentia-
tion and proliferation. CB-HSPCs lead to the generation of a
significantly higher number of reticulocytes than adult PB-HSPC (4-
fold) but their kinetics of differentiation is slower. Since the kinetics of
growth from sorted pro-erythroblasts to orthochromatic enythroblasts
are similar (Figure 2A), one can rule out terminal differentiation as
potential mechanism for the differences observed. However, we docu-
ment that CB-HSPCs retain IL-3R eon their surface for a longer period
time. In this context, and in accordance with our data, one may suggest
that these cells can generate more immunophenotypically-defined
CFU-E, which in turn will lead to a higher number of reticulocytes than
PB-HSPCs.

In additicn to the immunophenoctypically defined IL3R'GPA
CD34CD36" that we previously characterized as a population leading
to CFU-E in colony-forming assays, we observe the presence of a pop-
ulation specific to PB-HSPC, immuncphenotypically defined as
IL3RGPA'CD347CD36". Using functional assays, we show that this
population represents a transitory state during erythroid differentiation,
able to give rise to both BFU-E and CFU-E in vitro. BFU-E generated
from this populaticn are heterogeneous in size, which, according to the

%0

empirical definition of a BFU suggests that they represent both
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FIGURE 4 Expression profiles of specific genes that are critical for erythroid differentiation in CB- and PB-derived progenitors. (A} Expres-
sion profiles of master regulators of erythropoiesis are presented as a function of differentiation stage and HSPC source (CB, blue; PB, red),
with 3 samples per stage. (B} Expression profiles of genes involved in hemoglobin switching are presented as in (A). (C) Presentation of the
top differentially expressed genes in cluster 2, enriched in GO terms related to lineage commitment. (D} Presentation of the top differen-
tially expressed genes in cluster 10, enriched in GO terms related to cell cycle. (E} Presentation of the top differentially expressed genes in
clusters 5 and 7, enriched in GO terms related to autephagy [Color figure can be viewed at wileyonlinelibrary.com]
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early and late BFU-E. It will be of interest to determine why this popu-
lation is only very transient detected during the erythroid differentia-
tion of CB-HSPCs.

This study is the first to compare the transcriptomes of sorted ery-
throid populations derived from PB and CB, allowing for a direct com-
parison of stage-specific gene expression during human erythropoiesis.
One elegant study published in 2016 compared the transcriptome of
human erythropoiesis using CD34™ cells from CB and adult PB and
highlighted a similarity between the erythroid gene expression dynam-
ics of adult and neonatal erythropoiesis.?® In our study, we found simi-
lar data regarding the genes enceding the core erythroid program;
however, we also found significant differences. In their study,
Merryweather-Clarke et al. concluded that the transcriptomes of ery-
throid progenitors and precursors derived from CB- and adult PB-
HSPCs were not different. The apparent discrepancies may be due to
differances in the in vitro culture systems used in the twe studies as
well as differences in the analyzed subsets. To control for changes
between progenitor populations, all cur subsets were sorted, fostering
high-resolution transcriptomics analyses.

The culture system utilized here together with the data sets for
CB- and PB-derived erythroid progenitors will allow for a more robust
evaluation of changes in pathological contexts. Qur comparative analy-
sis will undoubtedly foster research of multiple diseases where differ-
entiation is being performed on PB-HSPCs but the majority of
comparative data have been obtained using CB-HSPCs.

In summiary, our data demonstrate that the source of CD34" cells
is critical for the study of enythropoiesis, in normal and disordered con-
ditions. It alse provides a qualitative and guantitative comparative anal-
ysis of human erythropoiesis from CB and adult PB. All of the
transcriptome data are deposited on Gene Expression Omnibus
(GSE107218). These data will provide a framework for studies of disor-
dered human erythropoiesis and will foster the ex vive evaluation of
new therapeutic strategies for patients with bone marrow failure

syndromes.
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SUMMARY

The metabolic changes controlling the stepwise differentiation of hematopoietic stem and progenitor cells
{(HSPCs) to mature erythrocytes are poorly understood. Here, we show that HSPC development 1o an
erythroid-committed proerythroblast results in augmented glutaminolysis, generating alpha-ketoglutarate
{=KG) and driving mitochondrial oxidative phosphorylation (OXPHOS). However, sequential late-stage eryth-
ropoiesis is dependent on decreasing «KG-driven OXPHOS, and we find that isocitrate dehydrogenase 1
(IDH1) plays a central role in this process. IDH1 downregulation augments mitochondrial oxidation of «KG
and inhibits reticulocyte generation. Furthermore, IDH1 knockdown results in the generation of multinucle-
ated erythroblasts, a morphological abnormality characteristic of myelodysplastic syndrome and congenital
dyserythropoietic anemia. We identify vitamin C homeostasis as a critical regulator of ineffective erythropoi-
esis; oxidized ascorbate increases mitochondrial superoxide and significantly exacerbates the abnormal
erythroblast phenotype of IDH1-downregulated progenitors, whereas vitamin C, scavenging reactive oxygen
species (ROS) and reprogramming mitochondrial metabolism, rescues erythropoiesis. Thus, an IDH1-vitamin
C crosstalk controls terminal steps of human erythroid differentiation.

INTRODUCTION burst-forming unit cells, followed by erythroid colony-forming

unit cells and proerythroblasts. Terminal erythroid differentiation

Hematopoietic stem cell (HSC) numbers as well as their differen-
tiation state are tightly regulated throughout the lifetime of an in-
dividual, allowing the sustained production of all mature blood
lineages under physiological conditions. Circulating mature
erythrocytes are a terminally differentiated product of HSCs
that have undergone a series of lineage-fate engagements that
gradually restrict their potential, resulting in a commitment to
the erythroid lineage. Commitment defines the beginning of
erythropoiesis; a three-stage process characterized by early
erythropoiesis, terminal erythroid differentiation, and reticulo-
cyte maturation. Early erythropoiesis is characterized by
commitment of multilineage progenitor cells into erythroid pro-
genitor cells, with proliferation and development into erythroid

m
aur

begins with proerythroblasts differentiating in a stepwise manner
to early then late basophilic erythroblasts, polychromatic eryth-
roblasts, and orthochromatic erythroblasts that enucleate to
become reticulocytes.

Erythropoiesis is a metabolically daunting process when eval-
uated at the level of cell numbers. In healthy adults, committed
erythroid progenitors support the production of 2.4 million eryth-
rocytes per second via a synchronized regulation of iron,
glucose, fatty acid, and amino acid metabolism. Iron is indis-
pensable for heme biosynthesis in erythroblasts (Oburoglu
et al., 2016). The utilization of both glutamine and glucose in de
rnovo nucleotide biosynthesis is a sine qua non for erythroid dif-
ferentiation (Oburoglu et al, 2014), and glutamine-derived
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production of succinyl-coenzyme A (succinyl-CoA) is also
required for the production of heme (Burch et al., 2018). Further-
more, amino acids regulate mTOR signaling (Chung et al., 2015)
as well as lipid metabolism (Huang et al., 2018) during
erythropoiesis. The critical nature of metabolism in erythroid dif-
ferentiation is further highlighted by the recent identification of
“metabolic regulators” as an erythropoietin (EPO)-induced
phosphorylation target set {Held st al., 2020).

It is important though to note that terminal erythroid
differentiation is a distinctive process; each mitosis results in
the production of daughter cells that differ, morphologically
and functionally, from their parent cells. This sequential matura-
tion is tightly regulated at each stage of erythroid differentiation,
associated with decreased cell size, enhanced chromatin
condensation, progressive hemoglobinization, and changes in
membrane organization and transcriptome specificities (An
et al., 2014; Hu et al., 2013; Li et al., 2014; Ludwig et al., 2019;
Schulz et al., 2019). Moreover, during the late stages of mamma-
lian terminal erythroid differentiation, erythroblasts expel their
nuclei and lose all organelles, including mitochondria (Moras
et al., 2017). Thus, the constraints of a late-stage terminally
differentiating erythroblast differ significantly from that of an
erythroid-committed progenitor early in erythroid development.
Indeed, in mice, early-stage erythroid progenitors have been
found to require mTORC1-mediated mitochondrial biogenesis
and reactive oxygen species (ROS) production (Liu et al., 2017;
Luo etal., 2017; Zhao et al., 2016), while terminal erythropoiesis
requires that cells be protected from oxidative stress (Case et al.,
2013; Filippi and Ghaffari, 2019; Hyde et al., 2012; Xu et al., 2019;
Zhao et al., 2016).

Significant differences in murine versus human erythroid
development have been documented, especially as relates to
the diversity of erythroid progenitor subpopulations in human
bone marrow (BM) (Gautier et al., 2020; Schulz et al., 2019;
Yan et al., 2018). Furthermore, regarding oxidative stress, it is
important to note that murine and human erythropoiesis differ
dramatically as a function of vitamin C/ascorbate plasma con-
centrations and expression of the SLC2A1/GLUT1 transporter,
shuttling dehydroascorbic acid (DHA) across the membrane
and rapidly reducing it to ascorbate (reviewed by May et al,
2001). Indeed, humans exhibit a deficiency in vitamin C produc-
tion, due to inactivation of L-gulono-y-lactone oxidase (GLO),
the enzyme that catalyzes the terminal step of L-ascorbic acid
(AA) biosynthesis (Burns, 1957). While human erythrocytes ex-
press the highest level of the GLUT1 transporter, harboring
greater than 200,000 molecules per cell (Helgerson and Car-
ruthers, 1987; Mueckler, 1994), we found that erythroid GLUT1
expression is a specific feature of mammals that have lost the
ability to synthesize AA from glucose (Montel-Hagen et al,,
2008a, 2008b). This potential evolutionary compensation, and
subsequent alterations in the ability of plasma vitamin C to scav-
enge ROS/reactive nitrogen species (RNS), make it critical to
evaluate the stepwise changes that regulate the progression of
human erythropoiesis.

Here, we demonstrate that during the early stages of human
red blood cell development, erythroid progenitors exhibit
increased oxidative phosphorylation (OXPHOS) activity. This
correlated with the increased generation of the alpha-ketogluta-
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rate (xKG) TCA-cycle intermediate, generated by the anaplerotic
utilization of glutamine, and a directly augmented OXPHOS.
However, upon terminal differentiation of erythroblasts, mito-
chondrial biomass, OXPHOS, mitochondrial ROS, and superox-
ide production were all markedly decreased. Supraphysiclogical
levels of «KG markedly attenuated terminal erythroid differentia-
tion and enucleation. The impact of «KG was directly coupled to
its role in mitochondrial metabolism, as enucleation was similarly
inhibited by mitochondrial ROS and superoxide, induced by Mi-
toParaquat (MitoPQ) or DHA. Moreover, enucleation was
rescued by ROS scavengers, including vitamin C, glutathione
(GSH), N-acetylcysteine (NAC), and vitamin E.

We identified the cytoplasmic isocitrate dehydrogenase 1
(IDH1) enzyme, catalyzing the interconversion between oKG
and isocitrate, as a critical enzyme in this process. Lentiviral-
mediated downregulation of IDH1, by significantly increasing
mitochondrial metabolism and mitochondrial superoxice pro-
duction, dramatically inhibited enucleation and resulted in the
generation of abnormal multinucleated erythroblasts. Notably,
both «KG and DHA markedly exacerbated the negative impact
of IDH1 downregulation, while the vitamin C antioxidant rescued
erythroid differentiation. Indeed, the vitamin-C-mediated
quenching of ROS in erythroblasts accelerated human erythroid
differentiation. This effect was specific to an IDH1-vitamin C axis;
inhibition of TETZ in late-stage erythroblasts did not attenuate
enucleation. Thus, our data identify IDH1 as a critical regulator
of redox homeostasis, promoting late-stage erythropoiesis.
Furthermore, these results highlight the therapeutic potential of
vitamin C in human erythropoiesis, especially under pathological
conditions where ROS are increased and vitamin C levels are not
sufficient to combat oxidative damage.

RESULTS

Early erythropoiesis is associated with augmented
glutamine utilization and OXPHOS
As glutaminolysis is required for erythroid lineage specification
(Oburoglu et al., 2014), we evaluated the utilization of glutamine
during early stages of human erythropoiesis at day 4 following re-
combinant erythropoietin (fEPO) stimulation, a time point at which
the erythroid markers CD36, CD71 (transferrin receptor), and gly-
cophorin A (GlvA) are upregulated (Figure S1A). The anaplerotic
contribution of glutamine can be evaluated by tracing glutamine
labeled with heavy stable carbons and nitrogens ('°C5'5N,). As
shown in Figure 1A, the portion of glutamate derived from
3C5 5N, glutamine, a measure of glutaminase activity, increased
significantly following erythropoietin-induced erythroid differentia-
tion of human CD34* progenitors (p < 0.05; Figure 1A). Addition-
ally, the contribution of labeled glutamine to the pool of glutamate
(°C5'°N, glutamate/'3C, glutamate) as well as the portion of '°C5
labeled «KG increased significantly upon erythroid differentiation.
This glutamate-derived generation of «KG was critical for OX-
PHOS in erythroid progenitors, as the oxygen consumption rate
(OCR) was abrogated by the aminooxyacetic acid (AQA) transam-
inase inhibitor, blocking conversion of glutamate to «KG, and was
completely restored by «KG supplementation (Figure 1B).

These data show that glutamine supports the tricarboxylic acid
(TCA) cycle and downstream OXPHOS via the cataplerotic



Cell Reports

¢? CellPress

OPEN ACCESS

A B
< -e- CTRL
Glutamine 0000000 200
Rot/AntA  _o. AOA
J/ £ Oligomycin
E 150 -~ AOA
Glutamate 000000 3 8“ o Fccp +0-KG
\L o =
E
-K G 00000 g %
"o 20 40 60 80
Time (min)
TCA Cycle Day 3
c k.
G 07 3 0.020
- ¢ 014 S ity O
El % ® os .
5° — J & 0.018
? 1, 012 < S
ZZ 305 =
o 2 O 0.016
2 T 01 == Q >
L) . ' Z 04y —H=— 3
® 7 008 2 & 0014
+ O 03 . e
EPO: - + e & +
C
Mitochondrial Mitochondrial o
Biomass Polarization 104
+EPO: — ’ 8
576 5! £, 5 00 )
= -9 )
Do TS hs sum
cg¢ & E
e E2 0.6
g O% H
S0¢ o3 ﬁ .
= B
L
D3 261 402 e
1.27 'HL 5pum
© ——
£ 5T oo
253 5
D7 221 249 SN E g6
cSs ol . c
g &£ 03 |_¥| @ 2
g §
oL LLITIR £ -
EPO: DO D3 D7 D10 oL o=
D10 155 96 52 s 2
=2 © 2
2= £E
— — 2¢e se
MitoGreen MitoRed 8 S
S
= <]
= =
=
C|
E Fc1 P E .
400 —_—
; . Rot/AntA -e- Pro - 8 .
£ Oligomycin ~ [—
£ ] S -6 ¥
-~ Qo
x 3%
8 Q Ex4
£ T 2
s Z
o
© c® Ny O
Time (min) e o0 o

(legend on next page)

Cell Reports 34, 108723, February 2, 2021 3

172 |Page



utilization of KG. As each stage of terminal erythroid differentia-
tionis defined by a decreased cell size with the final stage of eryth-
ropoiesis resulting in enucleation and reticulocyte maturation, we
assessed whether mitochondrial biomass and transmembrane
polarization decrease following commitment of progenitors to an
erythroid lineage fate. Indeed, both mitochondrial biomass and
polarization, evaluated by MitoGreen and MitoRed staining,
respectively, decreased massively upon erythroid differentiation,
monitored as a function of day of differentiation (days 0-10) as
well as on erythroblast subsets fluorescence-activated cell sorting
(FACS) sorted on the basis of their CD49d/GLUT1 staining profiles
(p < 0.05to p < 0.0001; Figures 1C, 1D, and S1B).

These changes in mitochondrial biomass and polarization had
functional consequences on terminal erythroid differentiation
(Figure 1D). Erythroblasts at distinct stages of differentiation ex-
hibited significant differences in their levels of OXPHOS, as esti-
mated by their OCRs; basal OCR decreased rom146.9+ 15.5t0
17.5 + 0.6 pmol O,/min between the proerythroblast and ortho-
chromatic erythroblast stages of differentiation (p < 0.0001; Fig-
ure 1E). Notably, the respiratory capacities of both polychromatic
and orthochromatic subsets were minimal; neither of these termi-
nal subsets exhibited a spare respiratory capacity, as measured
bytheability ofthe celltoincrease itsrespirationinresponse to an
Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP)-
mediated disruption of mitochondrial membrane potential (Fig-
ure 1E). Similarly, these differences were also detected with
increasing time after EPO induction (Figure S1C). Consistent
with a critical role for glutamine in the oxidative potential of the
erythroblast, glutamine uptake was significantly higher in proery-
throblasts and basophilic erythroblasts than in polychromatic/
orthochromatic erythroblasts (p < 0.01; Figure 1F). Thus, in
marked contrast with the high-energy state of early erythroid pro-
genitors, terminal maturation results in a significant attenuation of
glutamine uptake and an associated decrease in OXPHOS.

«KG increases mitochondrial function while negatively
regulating terminal erythroid differentiation and
enucleation

As decreased mitochondrial function of terminally differentiated
erythroblasts was associated with decreased glutamine uptake,

Cell Reports

we evaluated whether «KG, the anaplerotic product of glutamine
that enters into the TCA cycle, directly contributed to the eryth-
roblast’s respiratory capacity. Importantly, we found that «KG
directly regulates the metabolic state of progenitors, as the injec-
tion of a cell-permeable «KG immediately augmented the
maximal respiratory capacity of erythroblasts at both day 3
and day 7 of EPO induction (p < 0.001 and p < 0.0001; Figure 2A).
This increase in OXPHOS did not alter the generation of
CD34 CD36* committed erythroid colony-forming unit (CFU-E)
progenitors or GlyA* erythroblasts or the upregulation of CD36
or CD71 erythroid markers (Figures 2B and S2A). While aKG
did not alter mitochondrial biomass or polarization at early
stages of development (day 3; Figure S2B), it substantially
affected these parameters when it was added only at later stages
(from days 7 to 10). Mitochondrial biomass and polarization were
significantly higher in eKG-supplemented late-stage erythro-
blasts than in control erythroblasts (p < 0.01 and p < 0.001; Fig-
ure 2C). Furthermore, progression from the CD49d"GLUT1*
basophilic erythroblast to the CD49d Glut1* orthochromatic
stage was significantly inhibited by «KG (p < 0.05 and p <
0.01; Figure 2D). This phenomenon was also associated with a
significantly attenuated level of enucleation, decreasing by
32% + 7% and 52% + 7% in the presence of «KG at days 10
and 14 of erythroid differentiation, respectively (p < 0.001 and
p < 0.01; Figure 2D). Notably, this effect was specific to «KG
and was not recapitulated by other TCA-cycle intermediates
such as succinate or citrate (Figure S2C).

Augmented mitochondrial superoxide generation at the
basophilic erythroblast stage abrogates terminal
erythroid differentiation and enucleation

Generation of ROS within mitochondria is associated with the
oxidative function of these organelles (Adam-Vizi and Tretter,
2013; Murphy, 2009), and «KG can directly contribute to RCS
generation through the catalytic activity of «KG dehydrogenase
(«KGDH) (Starkov et al., 2004; Tretter and Adam-Vizi, 2004).
NADH produced by «KGDH also stimulates superoxide produc-
tion by complex | of the electron transport chain (ETC; Figure 3A)
(Adam-Vizi and Tretter, 2013; Murphy, 2009). We therefore eval-
uated whether addition of «KG, the substrate of «KGDH, alters

Figure 1. Early erythropoiesis results in increased metabolism followed by decreased mitochondrial activity during terminal erythroid
differentiation

(A) Schematic representaticn of glutamine conversion to «-ketoglutarate («KG), showing the metabolism of ['°Cy'°N,] heavy-labeled glutamine (GIn) carbons
{vellow) and nitrogens (orange; top). Peak arearatios of heavy atoms from ['*Cs'5Nz]GIninto glutamate (["3Cs'5N,]Glu), the relative level of ['*Cs'5N4]Glu, and the
porticn of ['*Cs]xKG at day 4 of differentiation in the absence or presence of rEPO are shown (+SEM). Horizontal lines represent mean levels. Each dotrepresents
an individual technical replicate, representative of one of twe independent experiments.

(B) Oxygen consumpticn rates (OCRs), a measure of OXPHOS, were monitored by sequential injecticn of oligomycin, FCCP, and rotenone/antimycin A (Rot/AntA)
as indicated. Mean basal oxygen consumption, maximal consumption following FCCP, and minimal levels following inhibition of the electron transport chain
(ETC) Rot/AntA (bottom panel) are presented at day 3 of erythroid differentiation in contrel conditions (CTRL), in the presence of the AOA transaminase inhibitor
{1 mM) or ADA + aKG (3.5mM). Means + SEM are presented (n = 3).

(C) Mitochendrial bicmass and polarization were evaluated by MitoTracker Green and MitoTracker Red staining, respectively, at days 0, 3, 7, and 10 of differ-
entiation (n = 4).

(D) Pre-erythroblasts (Proj and bascphilic (Baso), polychrematic (Pcly), and orthochromatic (Orthe) erythroblasts were scrted as a function of their GLUT1/CD49d
profile (top panel). H&E staining of sorted erythroblasts is shown. Mitochondrial biemass and polarization were evaluated as in (C), and means = SEM are
presented (n = 5).

(E) OCR was monitcred 15 h post-sorting and means + SEM are presented (n = §).

(F) Glutamine uptake was monitored 18 h follewing sorting using L-{3,4->H (Njjglutamine (0.5 uCi) for 10 min at room temperature (RT). Uptake is expressed as
mean counts per minute (CPM) for triplicate samples + SEM.

Statistical significance was determined by a cne-way ANOVA with Tukey's post hoc test (*p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001).
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Figure 2. «KG increases mitochondrial function while significantly inhibiting terminal erythroid differentiation and enucleation

(A) CD34* HSPCs were differentiated with EPO, and OXPHOS was evaluated at days 3 (left) and 7 (right) directly following injection of cell-permeable «KG
(3.5 mM, blue line) into the Seahorse analyzer. Mean OCR + SEM are presented for the indicated conditions (n = 5-6 per time point).

(B) Progenitors were stimulated with rEPO in the absence (—) or presence (+) of «KG. Expression of GlyA was monitored at days 3 and 7, and representative
histograms (left) are shown (gray histograms, isotype controls; black lines, specific staining). Mean levels of GlyA* cells were quantified in the different conditions
(right), with levels at day 7 arbitrarily set at 1 {(means + SEM of five independent experiments; ns, nonsignificant).

(C) Mitochondrial biomass and mitochondrial membrane potential (MMP) were monitored following erythroid differentiation in the absence (—) or presence (+) of
oKG (between days 7 and 10). Representative dot plots showing the percentages of cells with high mitochondrial biomass and MMP at day 10 are presented (left).
Mean biomass and MMP (xSEM) are presented {right; n = 5).

(D) CD49d/Glut1 profiles of GlyA™ erythroblasts differentiated in the absence or presence of «KG (starting at day 7) were monitored at days 10 and 14 of dif-
ferentiation, and representative dot plots are shown {top left). Percentages of Glut1*CD49d~ orthochromatic erythroblasts are shown for eight individual donors
(bottom left). Erythroblast enucleation was evaluated as a function of Syto16 nucleic acid staining, and representative dot plots indicating the percentages of
Syto16~ enucleated cells are presented (top right). Percentage enucleation in nine individual donors is presented (bottom right).

(legend continued on next page)
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the redox state of the cell. Direct measurement of mitochondrial
superoxide with the fluorescent MitoSOX indicator showed that
«KG induced a 1.3-fold increase in superoxide (p < 0.01) as well
as an overall increase of 1.3-fold in all mitochondrial ROS (p <
0.001), monitored as a function of DHR123 fluorescence (Mi-
toROS) (Figure 3B).

These data suggested that the negative impact of «KG on
erythroid maturation was linked to its role in altering the eryth-
roblast redox state. We therefore assessed whether directly
increasing mitochondrial superoxide would inhibit erythroid
maturation. Erythroblasts were treated with MitoPQ, a newly
synthesized paraquat compound that is targeted to the mito-
chondria by conjugation to the lipophilic tri-phenylphospho-
nium cation (Robb et al., 2015). This compound selectively in-
creases superoxide production within mitochondria at 1,000-
fold higher efficiency than untargeted paraquat (PQ) (Robb
et al., 2015); within the mitochondria, mitoPQ** is reduced
to the radical monocation at the flavin site of complex | and
the monocation then reacts with O, to generate superoxide
{Oz ) (Figure 3C). MitoPQ dramatically increased mitochon-
drial superoxide (MitoSOX), MitoROS, and mitochondrial
biomass (MitoGreen) in differentiating erythroblasts (p < 0.01
and p < 0.05; Figure 3D). The impact of both MitoPQ and
«KG was specific to mitochondrial ROS, as total intracellular
ROS levels were not significantly changed (Figures S3A and
S3B). Notably, short-term MitoPQ treatment significantly
altered late erythropoiesis, with a 25% + 5% decrease in
erythroblast enucleation {p < 0.01; Figure 3E).

To assess whether mitochondrial superoxide production has
similar effects on erythroblasts at different stages of differentia-
tion, we FACS-sorted early basophilic and late orthochromatic
erythroblasts onthe basis of their GLUT1/CD49d profiles. Repre-
sentative cytospins are shown in Figure 3F. Notably, MitoPQ
dramatically decreased the ability of basophilic erythroblasts to
differentiate to reticulocytes, attenuating enucleation by 94% +
3% (p < 0.001; Figure 3F). In contrast, the maturation of ortho-
chromatic erythroblasts was not affected by MitoPQ treatment
(Figure 3F). These data show that a cell type that exhibits only
very minimal OXPHOS potential, such as an orthochromatic
erythroblast (Figure 1E), is not sensitive to a drug whose impact
is dependent on mitochondrial function. In contrast, selectively
increasing superoxide production in the mitochondrial matrix
of an early erythroblast significantly inhibits erythroid maturation,
revealing the critical role of this pathway in the proper progres-
sion of erythroid differentiation.

DHA and vitamin C have opposing effects on erythroid
maturation

As we found that oxidative stress, monitored as a function of
mitochondrial superoxide production and OXPHOS, was asso-
ciated with attenuated late-stage erythroid differentiation and
enucleation, it was of interest to determine whether these pa-
rameters were directly responsible for these observed effects.
Vitamin C has the potential to promote a redox environment,
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but its activity is countered by the oxidized form of vitamin C,
DHA. The rapid reduction of intracellular DHA to vitamin C (Fig-
ure 4A) results in concomitant increases in endogenous ROS in
tumor cell lines (Ke et al., 2005; Yun et al., 2015), but its role in
erythroid cells is not known. Of note, DHA is transported via the
GLUT1 glucose transporter, the most highly expressed trans-
porter on human erythrocytes (Bianchi and Rose, 1986; Helger-
son and Carruthers, 1987; May, 1998; Montel-Hagen et al.,
2008b, 2009). We found that the addition of DHA significantly
increased mitochondrial biomass and superoxide production
in differentiating erythroblasts (Figure 4B). The DHA-induced in-
crease in superoxide production was associated with a signifi-
cant decrease in the enucleation of late-stage erythroblasts
{from a mean of 40% + 3% to 24% + 3%, p < 0.0001; Fig-
ure 4C). Thus, under all tested conditions of superoxide pro-
duction, enucleation of late-stage erythroblasts was severely
attenuated.

Based on these data, it was important to evaluate whether
vitamin C would have opposing effects on the redox state of
erythroblasts and, subsequently, on erythroid maturation. As
vitamin C is extremely labile, undergoing oxidation to DHA in cul-
ture media with a half-life of ~70 min (Yun et al., 2015), we
evaluated the effect of AA-2-phosphate, which is resistant to
spontanecus oxidation (Frikke-Schmidt and Lykkesfeldt, 2010;
Hata and Senoo, 1989; Manning et al., 2013). This phosphory-
lated vitamin C molecule significantly enhanced the antioxidant
capacity of the developing erythroblast, with a 23% + 3%
decrease in mitochondrial superoxide production (p < 0.0001;
Figures 4D and S3C). To evaluate whether vitamin C can alter
an imbalanced high oxidative state in erythroblasts, we tested
its impact on aKG-induced metabolic changes in differentiating
erythroblasts. Vitamin C significantly diminished mitochondrial
superoxide production as well as mitochondrial biomass and po-
larization {(p < 0.0001, p < 0.01, and p < 0.05; Figures 4E and
S3D). Moreover, we found that while both «KG and MitoPQ
significantly increased the percentages of erythroblasts in the
S-G2/M phases of the cell cycle (with cell death remaining
<15%), vitamin C decreased cell-cycle progression to control
levels (p < 0.05 and p < 0.01; Figures 4F, S3E, and S3F).

Most importantly, vitamin C rescued the enucleation defect
observed in these erythroblasts (p < 0.0001; Figure 4G). This ef-
fect was due to the reduced form of vitamin C; as only the long-
acting derivative and not the labile form of vitamin C promoted
enucleation (Figure S3G). Moreover, other ROS scavengers,
including NAC (a thiol-containing antioxidant), GSH (the most
abundant antioxidant), and Trolox (a water-soluble analog of
vitamin E lacking the phytyl chain), recapitulated the actions of
vitamin C, significantly augmenting terminal enucleation in the
presence of aKG (Figure S4A). Similary to the data shown
above, highlighting the regulation of erythroid differentiation by
mitochondrial metabolism at early erythroblast stages (Fig-
ure 3F), vitamin C significantly increased enucleation of sorted
basophilic erythroblasts, but not orthochromatic erythroblasts
(Figure S4B).

(E) OCR was evaluated on day 10 erythroid pregeniters in control conditions (black line) and following addition of zKG at day 7 (blue line). Mean levels + SEM are

presented (n = 5-6).
ns, nensignificant; *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.
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The ensemble of these data strongly suggests that the impact
of vitamin C is due to its alteration of the redox state of the eryth-
roblast. However, as autophagy is also a critical regulator of
enucleation (Keerthivasan et al., 2011), we evaluated the impact
of vitamin C following Spautin1-mediated inhibition of autophagy
(Liu et al., 2011). As expected, Spautin significantly inhibited
enucleation (p < 0.01), but vitamin C did not rescue this defect
(Figure S5A), highlighting an autophagy-independent role of
vitamin C in erythroid differentiation. Iron and its uptake as difer-
ric transferrin by the transferrin receptor CD71 are also critical for
erythroid differentiation (Kautz and Nemeth, 2014), and we there-
fore evaluated a potential crosstalk between iron and vitamin C.
Interestingly, in the absence of transferrin, vitamin C did not in-
crease enucleation in «KG-treated erythroblasts, but its
presence (50 or 200 pg/mL) positively affected enucleation (Fig-
ure S5B). Thus, vitamin C and other ROS scavengers decrease
the redox state of erythroblasts, promoting enucleation under
conditions of «KG-induced oxidative stress in a transferrin-
dependent manner.

Vitamin € accelerates the erythroid differentiation of

cord blood, peripheral blood, and BM progenitor cells

The ability of vitamin C to rescue erythroid differentiation under
conditions of augmented oxidative stress led us to evaluate its po-
tential to directly modulate erythroid differentiation of CD34™ he-
matopoietic stem and progenitor cells (HSPCs) from different
sources. CD34™ progenitors from cord blood (CB), adult periph-
eral blood (PB), and BM were directly differentiated with rEPO.
While BM-derived progenitors differentiated much more rapidly
than CB- and PB-derived progenitors to an erythroid-committed
CFU-E {CD34 CD36™), vitamin C did not alter the erythroid pro-
genitor continuum (Figure S5C). In agreement with previous
data(Yan et al., 2018), CB progenitors exhibited a delayed gener-
ation of GlyA™ erythroblasts compared to PB and BM progenitors
(Figure 5A). Notably, vitamin C significantly increased the percent-
ages of GlyA™ cells (p < 0.05) and increased maturation to a
GlyAT™CD105 state by 2.1- + 0.5-fold {p < 0.01, Figure 5A),
without altering cell growth (Figure S5D). Furthermore, vitamin C
resulted in an enhanced enucleation of erythroid progenitors
generated from these three sources (Figure 5B). Thus, vitamin C
significantly accelerates erythroid differentiation and enucleation
of human CD34* progenitors, irespective of their source of origin.
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IDH1 activity regulates mitochondrial activity in
differentiating erythroblasts

The data presented above demonstrated that conditions that in-
crease mitochondrial activity in human erythroblasts, including
ectopic aKG and MitoPQ, inhibit terminal erythroid differentia-
tion. Under physiclogical conditions, «KG is mobilized in the
mitochondria, where it can be converted to succinyl-CoA by
«KGDH, producing ROS and the NADH that provides electrons
for the ETC (Figure 8A). «KG can be generated from isocitrate
inthe mitochondria by IDH2/IDH3 and interconverted inthe cyto-
plasm by IDH1. Interestingly, transcripts of all three enzymes are
significantly reduced during erythroid differentiation, potentially
suggesting a negative role for these pathways in late-stage
erythroblasts (Figure S6A). As mitochondrial biomass is mark-
edly decreased during erythroid differentiation, we evaluated
the role of the cytoplasmic IDH enzyme, IDH1, in erythroid differ-
entiation by an shiIDH1-mediated approach. Using two indepen-
dent short hairpin RNAs (shRNAs), shiIDH1-1 and shIDH1-2, we
detected a 36% + 7% and 54% + 5% reduction, respectively,
and as such used shiDH1-2 in the differentiation experiments
(Figure S6B).

Importantly, /2HT knockdown did not inhibit erythroid differen-
tiation, as monitored by the generation of CFU-E, GlyA™ erythro-
blasts or upregulation of the CD36 or CD7 1 erythroid markers (Fig-
ures 6B, S6C, and S6D). However, downregulating IDH1 resulted
ina decreased expansion (Figure S6E) and significantly increased
mitochondrial superoxide production, mitochondrial biomass,
and polarization (p < 0.01; Figures 8C and S6F). In accord with
these data, IDH? knockdown augmented the OXPHOS capacity
ofthe cells, with a 3.0- and 3.7-fold increase in basal and maximal
OCR levels, respectively (shIDH1-2 construct) (Figure 6D).
Notably, the function of IDH1 appears to be substantially more
critical for the differentiation of erythroid as compared to non-
erythroid progenitors. The percentages of progenitors transduced
with an scramble shBRNA (shControl) or shiIDH1 lentiviral vector
harboring the GFP reporter gene remained approximately stable
over a 6-day period, with 47%-57% GFP* cells, in the absence
of rEPO. These cells had a myeloid phenotype as shown by a
CD11b*, CD33", CD13* phenotype (Figure SE6G). However,
following FEPO-mediated erythroid induction, the percentages of
shControl cells decreased by 24%, while the percentages of
shiDH1-transduced cells decreased by 56% (Figure 6E).

Figure 3. Mitechondrial superoxide production impedes erythroid enucleation

{A) Schematic of the generation of mitochondrial reactive oxygen species (ROS) via the conversion of «KG to succinate, of which supercxide is a major source.
(B) The impact of 2KG (3.5 mM) cn mitochendrial superoxide and mitochendrial ROS production in erythroblasts was evaluated at day 10 of erythroid differ-
entiation as a functicn of MitoSOX and MitcROS, respectively. Representative histograms are shown (left). Staining in the presence of «KG was normalized to
contrel conditions, and relative median fluorescence intensities {(MFls) are presented (n = 1518, right).

{C) Schematic of MitoParaquat (MitoPQ) cycling within the mitechondria; mitePQ®" is reduced to the radical monocation at the flavin site of complex |, and the
monocation then reacts with O; to generate superoxide (O, ) (Robb et al., 2015).

(D) Differentiating erythroblasts were treated with MitoPQ (50 uM) at day 7 of differentiation, and representative histograms of mitochondrial superoxide, ROS,
and biomass at day 10 are presented (top). MFls are presented relative to contrel conditions (n = 5-6, bottom).

(B) Theimpact of MitoPQ on enucleation was evaluated at day 10 by Syto 16 staining, and representative dot plots are presented (fop). Percent enucleation in nine
independent experiments is shown (bottom).

(F) The impact of MitcPQ on early basophilic erythroblasts as compared to late orthochromatic erythroblasts was determined by FACS sorting erythroblast
populaticns as a function of their GLUT1/CD49d profiles (left), and representative cytospins of the sorted subsets are shown (middle). Early bascphilic and late
orthochromatic subsets were then cultured for 72 h or 24 h, respectively, in the absence (—) or presence (+) of MitoPQ, and enucleation was evaluated (right).
Enucleation was guantified relative to control conditions (n = 3).

ns, nensignificant; *p < 0.05; **p < 0.01; **p < 0.001.
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To better understand the negative selection of erythroid pro-
genitors with downregulated IDH1, we performed metabolomic
and flux experiments following IDH1 knockdown. First, we found
that at day 4 of IDH1 downregulation (~50%; Figure S6B), there
was a mean decrease of aKG and citrate of 43% and 21%,
respectively (Figure 6F). These data highlight the importance of
the IDH1 enzyme in the generation of aKG and its interconver-
sion to citrate. Furthermore, they demonstrate the role of gluta-
mine metabolism in the generation of these intermediates in early
erythroid progenitors (day 4); a mean of 75.1% and 69.0% of
aKG and citrate harbored '>C carbons from glutamine, respec-
tively (Figure 6G). Several groups have also found that the
relative ratio of aKG to citrate regulates differentiation, either
by inhibiting (Carey et al., 2015; Vardhana et al., 2019) or priming
(TeSlaa et al., 2016; Tischler et al., 2019) stem cell differentiation.
Inthisregard, it is interesting to note that erythroid differentiation
resulted in the loss of both «KG and citrate between days 4 and 7
of differentiation, with a mean loss of 87% and 68%, respectively
{n = 2 biological experiments performed in triplicate; Figure 6G).
These data point to a greater loss of «KG than citrate, consistent
with a negative role of high «KG levels in late erythroid differen-
tiation (Figure 2). Furthermore, following IDH1 downregulation,
TCA intermediates were maintained at a higher level, with de-
creases in aKG and citrate of only 31% and 36%, respectively
(Figure 6G). Thus, the premature inhibition of IDH1 alters the
physiological loss of TCA-cycle intermediates upon erythroid
differentiation.

Vitamin € rescues terminal erythroid differentiation in
the absence of IDH1

Under conditions of IDH1 downregulation, mitochondrial meta-
bolism was augmented, as shown by increased superoxide pro-
duction and OXPHOS (Figures 6C and 60). On the basis of these
data, we hypothesized that IDH7 knockdown would attenuate
late-stage erythroid differentiation and enucleation, and this was
indeed the case. Following transduction of CD34™ HSPCs with a
vector harboring an shiIDH1 RNA, the emergence of Glut1*CD49
orthochromatic  erythroblasts was  significantly decreased
(shIDH1-2 construct, p < 0.01; Figure 7A). Furthermore, enucle-
ation was decreased by 59% + 2% (shIDH1-2 construct, p <
0.0001; Figure 7B), and this effect was detected even when
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IDH1 was downregulated at day 4 post-rEPO-induced differentia-
tion (Figure S7A). Consistent with an impact of IDH1 on the redox
state of the cell, both «KG and DHA exacerbated the effect of
{DH1 knockdown on erythroblast enucleation, from 47% + 8%
to 27% + 8% and 24% =+ 4%, respectively (p < 0.01 and p <
0.05; Figure 7C). Most importantly, vitamin C significantly
increased enucleation under these conditions by 35% + 13%
(p < 0.05, Figure 7D). Intriguingly, other ROS scavengers,
including NAC, GSH, and Trolox, did not increase enucleation,
even though they were present throughout the differentiation
period (Figure S7B). Importantly, vitamin C, but not NAC, GSH,
or Trolox, decreased mitochondrial superoxide generation (p <
0.05; Figure S7C). Thus, collectively, these data show that
|DH1-induced decreases in mitochondrial OXPHOS are required
for the later stages of terminal erythroid differentiation and enucle-
ation. However, under conditions of decreased IDH1 expression,
this negative effect can be counteracted by a vitamin-C-mediated
modulation of the intracellular redox balance.

As «KG and vitamin C act as cofactors in supporting the diox-
ygenase activity of TETZ2, it was important to assess whether the
effects that we detected here were coupled to their impact on
TET2 activation (Incue et al., 2016). However, if «KG served
only to support the dioxygenase activity of TET2, then its pres-
ence would be expected to augment erythroid differentiation,
while our data showed the opposite effect (Figure 2). To directly
address this point and evaluate the role of an «KG/TET2 as
compared to an «KG/IDH1 axis, we downregulated TETZ2 by an
shRNA approach (Yan et al., 2017). TET2 levels decrease with
differentiation (p < 0.0001; Figure S7D), but mRNA levels were
further diminished by a mean of 55% by shRNA-mediated
knockdown (Figure S7E). While this downregulation resulted in
a significant delay in the generation of GlyA™ terminal erythro-
blasts (p < 0.0001; Figure S7F), it did not delay enucleation
when the shRNA-mediated knockdown of TET2 was performed
at day 4 of differentiation (Figure 7E). Moreover, enucleation in
shTET2-treated erythroid progenitors was not augmented by
vitamin C (Figure 7E). These data strongly imply distinct roles
for IDH1 and TET2 in regulating enucleation of late-stage
erythroid progenitors.

Mutations in IDH1/IDH2 are strongly associated with myelo-
dysplastic syndromes (MDSs) that are characterized by

Figure 4. Antagonistic roles of dehydroascorbic acid and vitamin G en mitochondrial oxidative stress and erythroblast enucleation

(A) Schematic of the interconversion between dehydroascorbic acid (DHA) and ascorbic acid (vitamin C) via a two-electron reduction/oxidation process,
respectively.

(B) The impact of DHA (1 mM) en mitochendrial superoxide production and biomass in late erythroblasts was evaluated between days 7 and 10 after EPO in-
duction, and representative histograms of MitoGreen and MitoS0X staining, respectively, are shown (top). Quantification relative to control conditions is shown
(n =10, bottom).

(C) Enucleation was evaluated at day 10 after EPO induction in the absence (-) or presence (+) of DHA (days 7-10), and representative dot plots are shown (top).
Percent enucleation in 14 independent experiments is presented (bottom).

(D) The impact of the stable L-ascorbic acid (AA) 2-phosphate derivative of vitamin C (100 uM) was evaluated on mitochondrial superoxide generaticn (days 7-10),
and MFls were quantified relative to contrel conditions (n = 15, bottom).

(E) The impact of vitamin C on aKG-mediated increases in MiteSOX, MitoGreen, and MitoRed staining was evaluated by flow cytometry, and relative MFs are
presented (n = 18-20).

(F) The percentages of cells in $-G2/M of the cell cycle were evaluated in the indicated conditions by phosphatidylinesitel (Pl) staining (n = 4, left). The percentages
of erythroid progenitors in 8-G2/M were evaluated relative to control conditions, and means + SEM are presented (right).

(G) Enucleation was evaluated in the presence or absence of vitamin C and «KG. Representative histograms {left) as well as changes in percent enugcleation are
presented (n = 18, right).

*p < 0.05; *p < 0.01; **p < 0.001;**p < 0.0001.
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ineffective erythropoiesis (reviewed by Bejar and Steensma,
2014; Fenaux et al., 2014). The anemia that dominates the early
course of MDS is associated with an aberrant erythroid differen-
tiation marked by the generation of multinucleated erythroblasts
(Abdel-Wahab and Levine, 2013). Notably, we found that IDH7
knockdown increased the percentages of erythroblasts with
abnormal multinucleated erythroblasts from 10% + 1% to 23%
+ 2% (p < 0.05; Figure 7F). Moreover, vitamin C markedly
decreased the generation of these abnormal erythroblasts, not
only in [IDH1-knockdown erythroblasts but also in normal eryth-
roblasts, to 4% + 0.4% and 4% + 0.2%, respectively (p < 0.05
and p < 0.01; Figure 7F). These data suggest that the multinucle-
ated erythroblasts detected in MDS patients may be associated
with an increased mitochondrial metabolism. Vitamin C, a redox
scavenger, significantly attenuated the generation of these
abnormal cells.

DISCUSSION

The generation of ROS and its intricate relationship with cellular
redox homeostasis is a critical regulator of stem cell homeosta-
sis. Notably, low ROS levels, associated with low mitochondrial
biogenesis and activity, are necessary for HSC quiescence and
self-renewal (Filippi and Ghaffari, 2019; Jang and Sharkis,
2007; Qian et al., 2016; Suda et al., 2011; Takubo et al., 2013;
Tan and Suda, 2018; Vannini et al.,, 2016; Yu et al., 2013).
Conversely, HSC division and differentiation occur under condi-
tions that promote mitochondrial biogenesis and OXPHOS
{Chen et al., 2008; Mantel et al., 2010; Maryanovich et al.,
2015; Yu et al., 2013). In the context of erythropoiesis, it has
been shown that early erythroid development requires induction
of mitochondrial ROS, a consequence of OXPHOS (Liu et al,,
2017; Zhao et al,, 20186). Here, we show that glutamine meta-
bolism, via the anaplerotic contribution of «KG into the TCA cy-
cle, directly increases CXPHOS in human erythroid precursors.
This increased OXPHOS promoted erythroid commitment and
early erythropoiesis, but terminal erythroid differentiation was
dependent on the suppression of TCA-cycle-linked mitochon-
drial networks. Elevated intracellular «KG levels, with associated
increased OXPHOS and ROS, inhibited late-stage erythroid
maturation and enucleation.

Mechanistically, we identify the catalysis of KG by the cyto-
plasmic IDH1 enzyme as a critical step in erythropoiesis; the
negative repercussions of IDH1 downregulation in terminal
erythroid differentiation was further exacerbated by elevated
aKG levels. Furthermore, the impact of a mitochondria-targeted
redox cycler, MitoPQ (Robb et al., 2015), highlights the impor-
tance of mitochondrial superoxide as a specific inhibitor of eryth-
roblast maturation and enucleation. Interestingly, all tested ROS
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scavengers, including NAC, GSH, vitamin E, and vitamin C,
rescued the aKG-mediated decrease in enucleation, but only
vitamin C rescued enucleation following IDH1 downregulation.
This is critical in the context of human erythroid differentiation,
where the absence of ascorbate synthesis, resulting in 1 mg/
kg recommended exogenous supplements for humans (Pauling,
1970), is significantly lower than the hepatic production rate of
200 mg/kg/day in vitamin-C-synthesizing animals (Chatterjee.
1978; Stone, 1979). Thus, scavenging by vitamin C is likely to
be suboptimal. Indeed, we found that a stable vitamin C analog
rescued human terminal erythroid differentiation and enucleation
in all tested conditions of oxidative stress.

Ascorbate, transported by the SVCT1/SLC23A1 and SVCT2/
SLC23A2 solute carriers, regulates whole-body homeostasis of
vitamin C and protection to oxidative stress, respectively (Savini
et al., 2008; Tsukaguchi et al., 1999; Wilson, 2005). While vitamin
C has been shown to enhance erythropoiesis in hemodialysis pa-
tients with refractory anemia (Attallah et al., 2006; Gastaldello
et al,, 1995; Seibert et al., 2017; Sirover et al., 2008), other
studies have found that ascorbate induces hemolysis of mature
erythrocytes (Zhang et al., 2016). These apparent discrepancies
are likely due to the oxidation state of vitamin C. The loss of a sin-
gle electron from ascorbate results in the generation of an unsta-
ble ascorbate radical, which can then lose a second electron to
generate DHA (Padayatty and Levine, 2016). Unlike vitamin C,
the two-electron oxidized DHA intermediate is transported by
the GLUT1 glucose transporter (Bianchi and Rose, 1986;
McNulty et al., 2005; Rumsey et al., 1997, 2000; Vera et al.,
1993). Thus, cellular uptake of the reduced and oxidized forms
of vitamin C is regulated, at least in part, by the expression of
their specific transporters. SVCT2 is expressed at very high
levels on HSCs, with levels decreasing as a function of erythroid
development and differentiation (Agathocleous et al., 2017).
Conversely, GLUT1 is upregulated during human terminal
erythroid differentiation (Montel-Hagen et al., 2008b; Mueckler,
1984), promoting DHA transport (May, 1998; Montel-Hagen
et al., 2008b, 2009). Thus, during intermediate steps of HSPC
development, both ascorbate and DHA can potentially be trans-
ported into the cell.

One of the difficulties in studying ascorbate function is its sta-
bility. Previous research showed that freshly prepared minimum
essential medium a (xMEM) culture media, but not liquid «aMEM,
supported T cell differentiation from hematopoietic progenitors;
the difference between these formulations was due to the lability
of vitamin C in the latter (Manning et al., 2013). Furthermore,
several groups found that the negative impact of vitamin C on
the growth of cancer cells was actually due to the GLUT1-medi-
ated uptake of DHA, resulting in the accumulation of ROS and
subsequent cell death (Yun et al., 2015; Zhang et al., 2016).

Figure 5. Vitamin C prometes erythroid commitment of EPO-stimulated progenitors from CB, BM, and PB and significantly accelerates

ervthroid maturation

(A) CD34" HSPCs were isolated from CB, PB, and BM. Progenitors were differentiated with EPO in the absence or presence of vitamin C (100 pM) and eryth-
repoiesis menitored as a function of CD105/GIyA profiles. Representative profiles at days 6 (top left) and 7 (bottem left) of differentiation are presented.
Quantification of GlyA" cells at day 6 (n = 5, top right) and GlyA"CD105 cells at day 7 (n = 5, bottom right) is presented.

{B) The impact of vitamin C on enucleation was evaluated in CB, PB, and BM HSPCs, and representative plots at day 17 are presented (top). Quantification of

enucleation at days 15, 17, and 19 is presented (n = 6, bottom).
*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.
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Indeed, we similarly found that the standard labile form of L-
ascorbate markedly decreased erythroblast maturation and
enucleation, even in the absence of ascorbate oxidase. Howev-
er, under conditions where erythroid differentiation was per-
formed in the presence of the stable ascorbate 2-phosphate
analog (Hata and Senoco, 1989; Frikke-Schmidt and Lykkesfeldt,
2010; Takamizawa et al., 2004), erythroid differentiation was
enhanced. Thus, care must be taken in evaluating studies using
the conventional labile ascorbate, as it may not be maintained in
a reduced state.

Ascorbic acid has also gained prominence as an anti-cancer
therapeutic modality because of its ability to alter the activity of
the Tet2 demethylase (Shenoy et al., 2018). Loss of function mu-
tations in TET2 are one of the most frequent events in myeloid
dysplasia and leukemias (Bejar et al., 2011; Busque et al.,
2012; Delhommeau et al., 2009; Kosmider et al., 2011). The initi-
ation of demethylation by the TET family of dioxygenases occurs
via the introduction of the intermediate mark 5-hydroxymethyl-
cytosine (5hmC), and this function is dependent on several co-
factors, including ascorbate, «KG, ferrous iron, and oxygen
(Chen et al., 2013; Dang et al., 2009). Indeed, recent studies
have shown that ascorbate is able to compensate for TET2 defi-
ciency and suppress leukemogenesis, albeit via both TET2-
dependent and TET2-independent mechanisms (Agathocleous
et al., 2017; Cimming et al., 2017). A crosstalk between ascor-
bate and TET2 in the metabolic status of a hematopoietic pro-
genitor is suggested by the finding that wild-type TET2 protects
murine erythroblasts from oxidative stress (Guo et al., 2017).
Moreover, downregulation of TET2 in human erythroid progeni-
tors negatively regulated human erythropoiesis in a manner
that was independent of any detectable alterations in 5-methyl-
cytosine (5mCj) levels (Qu et al., 2018; Yan et al., 2017). These
data are in agreement with independent studies showing that
terminal erythroid differentiation requires that erythroblasts be
protected from oxidative stress (Case et al., 2013; Filippi and
Ghaffari, 2019; Hyde et al.,, 2012; Xu et al., 2019; Zhao et al,,
20186).

Our study highlights the importance of ascorbate in regulating
the redox state of human erythroid progenitors, especially under
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conditions of altered oxidative metabolism. Increases in intracel-
lular «KG and decreases in cytoplasmic IDH1 both augmented
oxidative stress and diminished erythroid maturation. IDH1,
like Tet2, is mutated in a high percentage of MDS patients (Kos-
mider et al., 2010; Wang et al., 2017), with anemia dominating the
early course of disease. Moreover, recent studies have high-
lighted the potential for vitamin C to promote the differentiation
of IDH1-mutated AML progenitors (Mingay et al., 2018). Our
data show that even in the absence of mutation, low levels of
wild-type IDH1 suppress late erythroid differentiation. While
the specific role of IDH1 in OXPHOS has not yet been fully delin-
eated, it is interesting to note that IDH1 downregulation in
neuronal cells resulted in an increase in ROS (Calvert et al.,
2017). Furthermore, mutation of IDH1, but not IDH2, has been
found to increase OXPHOS in transformed cells (Grassian
et al., 2014), and wild-type IDH1 regulates the reductive carbox-
ylation of aKG for de novo lipogenesis (Calvert et al., 2017; Met-
allo et al., 2011).

IDH-regulated «KG production has also been shown to regu-
late cell fate and differentiation by modulating epigenstic marks
via Tet2-induced changes in global histone and DNA demethyla-
tion (Carey et al., 2015; TeSlaa et al., 20186; Tischler et al., 2019;
Kiao et al., 2012). Notably, under the conditions of erythroid dif-
ferentiation studied here, zKG levels attenuated terminal
erythroid differentiation and late-stage erythropoiesis, while a
second TET2 cofactor, ascorbate, exhibited an opposing effect,
enhancing and accelerating terminal differentiation. Other
agents, such as oxidized ascorbate and MitoPQ, attenuated
erythroid differentiation by inducing oxidative stress. Further-
more, while TET2 downregulation delayed early erythroblast dif-
ferentiation, it did not negatively impact terminal differentiation
and enucleation. Together, these data strongly suggest comple-
mentary roles for TET2 and IDH1, with the latter playing a critical
role in late-stage human erythropoiesis via its impact on redox
homeostasis.

These data may promote mechanistic insights into inherited
hematologic disease. Like MDS3 patients, a feature that charac-
terizes patients with congenital dyserythropoietic anemia is the
presence of multinucleated or multi-lobulated erythroblasts

Figure 6. IDH activity regulates mitochondrial superoxide production and OXPHOS in differentiation erythroblasts

(A) Schematic representation of the catalytic reactions regulating glutamine catabolism. Glutamine is interconverted to glutamate and cytosclic «KG («KG).
|socitrate dehydrogenase 1 {(IDH1), a cytesolic enzyme, catalyzes the producticn of isccitrate frem «KG, promoting both forward and reverse reactions. Con-
version of mitochondrial 2KG (2KGy) to succinate results in the generation of ROS.

(B) The expressicn of GlyA was monitored in shControl- and shIDH1-transduced cells at day 7 day of differentiation, and representative histograms (gray, isotype
control; black, specific staining) are shown (top). GlyA expression in cells transduced with cne of two different shiDH1 clones (shIDH1-1 and shIDH1-2) was
evaluated, and relative levels are presented (n = 4, bottom).

{C) Theimpact of IDH1 downregulation on MitcSOX was evaluated at day 10. Representative histograms (top left) and quantification of relative MFls (n = 5) are
presented (bottom leff). MitoTracker Deep Red (top right) and MitoTracker Red (bottom right) staining in shiDH1-transduced erythreblasts relative to control
conditions, are presented (n = 6).

(D) OCR was determined in FACS-sorted shControl- as well as shiIDH1-transduced erythroblasts at day 10 of differentiation as indicated (n = 6, top). An OCR/
extracellular acidification rate (ECAR) energy map is presented (bottom).

(E) The evolutien of shCentrol- and sh-IDH1-transduced pregenitors was monitored as a function of GFP expressicn at days 3, 6, and 10 of differentiation in the
absence (—) or presence (+) of EPO (n = 3).

{F) Total levels of «KG and citrate were evaluated by high-performance liguid chromatography-mass spectrometry (HPLC-MS) at day 4 of erythroid differentiation
in shContrel- and shiDH1-transduced progeniters, and mean levels are shown (n = 3 independent experiments, with statistical difference evaluated by a one-
tailed t test).

(G) The isotopologues of o KG and citrate derived from ['3Cs'*N2]GIn are presented from one expetiment with three replicates for day 4 and two replicates for day
7

ns, not significant; *p < 0.05; **p < 0.01; **p < 0.001; **p < 0.0001.
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{Crookston et al., 1969; Goasguen et al., 2018; lolascen et al.,
1996). IDH1 knockdown resulted in a significant augmentation
in the percentage of abnormal multinucleated orthochromatic
erythroblasts, and even more importantly, ascorbate reduced
these levels back to baseline. Thus, these data provide the first
evidence that the abnormal erythroblast morphology observed
in diverse dyserythropoietic diseases may be coupled to oxida-
tive stress. Furthermore, our data suggest that antioxidant
treatment of these disorders in humans, a species with subopti-
mal redox capacity (Johnson st al., 2008), with stable ascorbate
analogs could potentially restore redox homeostasis, guenching
ROS and subsequently rescuing defective late-stage
erythropoiesis.
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SOURCE

IDENTIFIER

Antibodies

Anti-hCD11b-PE (clone Bearl)
Anti-hCD13-PG7 (clone Immuno103.44)
Anti-hCD33 (clone D3HLE0.251)
Anti-hCD34-FITC (clone 581)

Anti-hCD34-APC (clone 581)
Anti-hCD34-PE (clone 81)
Anti-hCD36-APC (clone FAB.152)
Anti-hCD36-FITC (clone FAB.152)
Anti-hCD36-PB (clone FAB.152)
Anti-hCD42d-APC (clone HP2/1)
Anti-hCD71-APC (clone MA-A712)
Anti-hCD71-APG-AF750 (clone MA-A712)
Anti-hCD105- PECF584 (clone 266)
Anti-hGIyA-PC7 (clone 11E4B-7-6)
Anti-hGlyA-APC (clone GA-R2 (HIR2)
Anti-hGlyA- BV421 (clone GA-R2 (HIR2))
Anti-hIL3R-PC7 (clone 6H6)

Goat anti-Rabbit 1gG Alexa Fluor 405
GLUT1 RBD-GFP

GLUT1 RBD-rFe

Beckman Coulter
Beckman Coulter
Beckman Coulter
Becton Dickinson

Becton Dickinson
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter

Becton Dickinson
Beckman Coulter

Becton Dickinson
Beckman Coulter
eBioscience/ThermoFisher
Becton Dickinson
eBioscience/ThermoFisher
Molecular Probes/ThermoFisher
Metafora Biosystems
Metafora Biosystems

Cat#lM2581U; RRID: AB_131334
Cat#A46528
Cat#A07775

Cat#55582;
RRID:AB_396150

Cat#555824; RRID:AB_328614
Cat#A07776

Cat#AB7786

Cat#B49201; RRID:AB_2848117
Cat#B43302

Cat#B01682

Cat#551374; RRID:AB_398500
Cat#AB9313; RRID:AB_2800452
Cat#562380; RRID:AB_11154054
Cat#A71564; RRID:AB_2800442
Cat#17-9987-42; RRID:AB_2043823
Cat#562938

Cat#25-1239-42; RRID:AB_1257136
Cat#A-31556; RRID:AB_221605
Cat#GLUT1 G100
Cat#GLUT1_R100

Bacterial and virus strains

Top 10 Compotent cells ThermoFisher Cat#C404010
Biological samples

Human umkilical cord blood Unité De Thérapie Cellulaire de Montpellier N/A

Human peripheral blood New York Blood Center N/A

Human bone marrow Northwell Health N/A
Chemicals, peptides, and recombinant proteins

2-Phospho-L-ascorbic acid Sigma-Aldrich Cat#AB960
tetramethylchromane-2-carboxylic acid Sigma-Aldrich Cat#238813
(TROLOX)

N-Acetylcysteine Sigma-Aldrich Cat#A2165
Ascorbate Oxidase from Cucurbita sp. Sigma-Aldrich Cat#A0157
L-Ascorbic acid Sigma-Aldrich Cat#A22802
O-(Carboxymethyl)hydroxylamine Sigma-Aldrich Cat#C13408
hemihydrochloride (AOA)

Diethylsuccinate Sigma-Aldrich Cat#112402
Dimethyl a-ketoglutarate Sigma-Aldrich Cat#349631
L-Glutathione reduced Sigma-Aldrich Cat#G4251
MitoParaquat Abcam Cat#ab 146819
Spautin-1 Sigma-Aldrich Cat#8M L0440
Tri-sodium Citrate dihydrate Sigrna-Aldrich Cat#34641

C13-GlutamineL-Glutamine (13C5,15N2)
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REAGENT or RESOURCE SOURGE IDENTIFIER
L-[3,4-3H{N)]-Glutarnine Perkin Elmer Cat#NET551250UC
Qligomyein Sigma-Aldrich Cat#04876

FCCP Sigma-Aldrich Cat#G2920
Rotenone Sigma-Aldrich Cat#R8875
Antimycin A Sigma-Aldrich Cat#A8674

DMSO Sigma-Aldrich GCat4D2650

Human recomkinant IL-3
Human recombinant IL-6
thuSCF

Stem Spam CC100

EPREX

Human holo-transferrin

Human insulin solution

Heparin

Bovine serum albumin

IMDM

StemSpam SFEM

StemSpam H3000

RPMI w/o glutamine and glucose
Seahorse XF Assay Medium
Seahorse XF Galibrant Solution

Ultima Gold liquid scintillation cocktail

R&D Systems

R&D Systems
Amgen

Stem Cell

Janssen
Sigma-Aldrich
Sigma-Aldrich
Sanofi
Sigma-Aldrich

Life Technologies/ThermoFisher
Stem Cell

Stem Cell

Pan Biotech

Agilent Technologies
Agilent Technologies
Perkin Elmer

Cat#203-IL-010
Cat#206-1L-010

N/A

Cat#02620
Cat#3400836992368
Cat#T0665
Cat#98278
Cat#3400830484500
Cat#AB8806
Cat#21980032
Cat#09650
Cat#09850
Cat#P04-17550
102365-100
100840-000
Cat#6013329

Critical commercial assays

Anti-hCD34 MicroBead kit

Miltenyi Biotec

Cat#130-046-702; RRID:AB_2848167

RNeasy Mini kit QIAGEN Cat# 74104
QuantiTect’™ Reverse Transcription Kit QIAGEN Gat# 20531 1
Experimental models: cell lines

Jurkat E6-1 ATCC TIB-152

293 T cells ATCGC GCRL-3216
Qligonucleotides

IDH1 forward: 5'- 1DT Custom order
GGGTTGGCCTTTGTATCTGA-3

IDHT reverse: 5'- IDT Gustom order
TTTACAGGGCCCAGATGAAGC-3/

IDH2 forward: 5'- IDT Custom order
TGGCTCAGGTCCTCAAGTCT-3

IDH2 reverse: 5'- IDT Custom order
CTCAGCCTCAATCGTCTTICC-3

|IDH3a forward: 5'- IDT Custom order
GCGCAAAACATTTGAGCTTT-3'

IDH3a reverse: 5'- IDT Custom order
TGCACGACTCCATCAACAAT-3

TET2 forward: 5'- 1DT Custom order
AGCAGCAGCCAATAGGACAT-3

TET2 reverse: 5'- IDT Custom order
AGGTTCTGTCTGGCAAATGG-3

Bactin forward: 5'- IDT Custom order
GTCTTCCCCTCCATCGTG-3

Bactin reverse: 5'- IDT Custom order

TTCTGCCATGTCGTCCCAG-3
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Recombinant DNA

TRC2pLKO sh Tet2 Sigma Aldrich Gat# TRCNOO0D418976
TRC2pLKO sh IDHA1 Sigma Aldrich Cat# TRCNOOOD312463
TRC1pLKO sh IDHA Sigma Aldrich Cat# TRCNOOOD027284
TRC1pLKO sh non-mammalian control Sigma Aldrich Cat# SHC002

Software and algorithms

Flow.Jo (version 10
Prism (version 8)

Wave (version 2)

Aealibur 2.2

LCquan 2.7

TraceFinder 4.1

BD Biosciences
GraphPad Software

Agilent Technologies

ThermoFisher

ThermoFisher

ThermoFisher

https:/Awww. flowjo.com/

https://www . graphpad.con/
scientific-software/prism/

https//www.agilent. com/en/product/
cell-analysis/
real-time-cell-metakolic-analysis/
xf-software/
seahorse-wave-desktop-software- 740897
http//Awww.casco-documentation.com/
content/dam/tfs/ATG/CMD/
cmd-documents/oper/oper/ms/le-ms/soft/
Man-XCALI-97208-Xcalibur-22-
Acquisition-ManXCALI97209-D-EN .pdf

hitps:/assets thermofisher.com/
TFS-Assets/CM D/manuals/
LCquan-Admin-2-7.pdf

https://www thermofisher.com/us/en/
home/industrial/mass-spectrometry/
liguid-chromatography-mass-
spectrometry-lc-ms/le-ms-software/
le-ms-data-acquisition-software/
tracefinder-software.html

Other

CM-H2DCFDA Molecular Probes/Thermofisher Cat#C6827
Dihydrorhodamine 123 Molecular Probes/Thermofisher Cat#D23806
Mitotracker Deep Red FM Molecular Probes/Thermofisher Cat#22426
MitoTracker Green FM Molecular Probes/Thermofisher Cat#V7514
MitoTracker Red CMXRos Molecular Probes/Thermofisher Cat#M7512
MitoSox Red Molecular Probes/Thermofisher Cat#M36008
Propidium lodide Signna-Aldrich Cat#P4170
Syto16 Molecular Probes/Thermofisher Cat#37578
SytoB0 Molecular Probes/Thermofisher Cat#311342

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Naomi

Taylor (taylorn4@mail.nih.gov).

Materials availability

This study did not generate new unique reagents. All lentiviral vectors generated in this study are available on request.

Data and code availability

This study did not generate datasets or code.
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EXPERIMENTAL MODELS AND SUBJECT DETAILS

CD34" cell isolation and ex vivo differentiation assays.

All studies involving human samples were conducted in accordance with the declaration of Helsinki. CD34" cells were isolated from
umbilical cord blood within 24h of vaginal delivery of full-term infants after informed consent and approval by the “Committee for the
Protection of Persons™ (IRB) of the University Hospital of Montpellier. Peripheral blood from leukoreduction filters and bone marrow
were obtained from deidentified donors at the New York Blood Center and the North Shore-LIJ Health System, respectively, after
informed consent and approval from the respective IRBs. Approximately 60 UCB, 10 PB and 8 BM samples were used in this study.
Samples did not contain any identifiers including sex, race, or ethnic origin. All samples were split such that they were used in all
experimental groups. As such, there was no need to use any specific criteria to allocate biological samples to experimental groups.
For the vast majority of experiments, at least 3 biological samples were used. For experiments presented in Figures 1A, 6F, and 6G, 2
biological samples were employed and technical triplicates were evaluated for both samples.

CD34% cells (1 x 10° cells/ml) were expanded in StemSpan H3000 media (StemCell Technologies Inc) supplemented with Stem-
Spam CC100 (StemCell Technologies Inc) at 37°C with a humidified 5% CO, atmosphere. Cells were plated in 24-well Nuncion Deita
surface plates (Nunc, Thermo Fisher Scientific). After 4 days of expansion, cells were differentiated in IMDM medium (Invitrogen) sup-
plemented with human holo-transferrin (200 mg/L, Sigma-Aldrich), human insulin (10 mg/L, Sigma-Aldrich), rhuSCF (10 ng/ml, Am-
gen), rhulL-3 (1 ng/ml, R&D Systems). Erythropoiesis was induced by addition of 3 U/ml recombinant human erythropoietin (fEPO;
Eprex, Janssen-Cilag). In some experiments, CD34™ cells were not expanded and erythropoiesis was directly induced after selection
(data in Figure 5). Cytokines were supplemented every 3-4 days at the same time that media was renewed. Cells were centrifuged at
300 g for 10min at RT and then resuspended in fresh media to maintain call concentrations between 0.1 and 1.5 x 10° cells/ml. In
some experiments, progenitors were differentiated in the presence of 3.5 mM cell permeable dimethyl «-ketoglutarate (DMK, Sigma-
Aldrich), 5 mM diethylsuccinate (Sigma Aldrich), 8 mM citrate (Sigma-Aldrich), 1 mM amincoxyacetate (ACA, Sigma-Aldrich), 50 uM
MitoParaguat (MitoPQ, Abcam), 1 mM L-ascorbic acid (AA, Sigma-Aldrich), 100 uM 2-phospho-L-ascorbic acid (Vit C, Sigma-Al-
drich), 100 uM N-acetylcysteine (NAC, Sigma-Aldrich), 100 uM reduced glutathione (GSH, Sigma-Aldrich), 100 uM of the water-sol-
uble analog of vitamin E (TROLOX, Sigma Aldrich), or 10 uM of specific and potent autophagy inhibitor-1 (Spautin-1, Sigma-Aldrich).
Ascorbate oxidase (1 U/mL, Sigma-Aldrich) was used to completely oxidize L-ascorbic acid to DHA in culture medium before treating
the cells. Drugs were freshly added after every media change. In experiments where cells were co-cultured with «-KG (DMK, 3.5 mM)
in the presence of antioxidants, «-KG was administered 2 hours after the addition of the corresponding antioxidant. As MitoPQ and
TROLOX were dissolved in DMSO, control conditions included cultures using the same concentration of DMSQ (0.05 and 0.1%,
respectively).

METHODS DETAIL

Cytospin preparation

Cytospins were prepared on glass slides (5x10“ cells in 200 uL of PBS), using the Thermo Scientific Shandon 4 Cytospin (300 g for
5 min). Slides were stained with May-Grilnwald solution (Sigma-Aldrich) for 5 min, rinsed in 40 mM Tris buffer for 90 s, and subse-
quently stained with Giemsa solution (Sigma-Aldrich) for 15 minutes. Cells were imaged using a Leica DM2000 inverted microscope
under 100 x objective magnification.

Flow cytometry

Expression of the CD34, CD36, CD49d, CD71, CD105 {Ashley et al., 2020), Glycophorin A, IL3R, CD11b, CD13, and CD33 surface
markers was monitored on 1-2x10° cells using the appropriate fluorochrome-conjugated monoclonal antibodies at a 1:100 dilution
{mAb), except for CD36-APC and CD71-AF750 mAbs that were used at a 1:200 and 1:500 dilution, respectively (Beckman Coulter,
Becton Dickinson, eBiosciences), in a total volume of 100 pls as previously described (Hu et al., 2013; Schulz et al., 2019). Cells were
incubated in the dark for 20 minutes in PBS containing 2% FBS at 4°C and then washed once in the same medium at 300 g for 10 min
prior to evaluation. GLUT1 expression was monitored by binding to its retroviral envelope ligand (RBD) fused to eGFP (1:25 dilution in
50 yls; Metafora biosystems) or to the BBD-rFc fusion protein (1:25 dilution in 50 pls) for 30 minutes in PBS containing 2% FBS at
37°C followed by staining with an Alexa Fluor 405-coupled anti-rabbit IgG antibody (1:100 dilution in 100 uls) at 4°C as previously
reported (Kim et al., 2004; Kinet et al., 2007; Manel et al., 2008; Swainson et al., 2005). Mitochondrial biomass was assessed in a
total volume of 50 uls by MitoTrackerGreen or MitoTrackerDeepRed staining (20 nM; Invitrogen, Molecular Probes), while mitochon-
drial transmembrane potential levels were monitored by staining with MitoTrackerRed (50 nM; Invitrogen, Molecular Probes). Mito-
chendrial superoxide production, mitochondrial ROS levels and total ROS levels were assessed by staining with MitoSCX, Dihydror-
odamine 123 and CM-H2ZDCFDA, respectively (5 uM; Invitrogen, Molecular Probes). Incubations were performed in the dark for 20
minutes in PBS + 2% FBS at RT. Enucleation was evaluated by staining with the SYTO16 or SYTO60 nucleic acid stain (1 uM and
0.5 uM, Invitrogen, Molecular Probes) for 15 minutes in PBS + 2% FBS at RT. Cell cycle analysis was performed by staining for
DNA using 50 pg/mL propidium iodide (PI; Sigma-Aldrich) following permeabilization in 100 uls of 0.1% Triton X-100. To assess
cell death, cells were incubated with Pl (10 pg/ml). Cell sorting was performed on a FACSARIA high-speed cell sorter (BD
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Biosciences) and analyses were performed on a FACS-Canto Il (BD Biosciences) cytometers. A minimum of 10,000 events were re-
corded for each staining. Data analyses were performed using FlowdJo software (Tree Star, Ashland, OR).

Virus production and transduction of CD34" progenitor cells

Lentiviral pLKC.1 plasmids harboring shRNAs directed against IDH7 (shRNA IDH1-1: Clone ID: TRCNQ000027284 and shRNA IDH1-
2: 1D: TRCNO000312463) and lentiviral TRC2-pLKC plasmid harboring shRNA against TET2 (ID: TRCN0000418976) (Yan et al., 2017)
were obtained from Sigma-Aldrich. Cells were transduced with the shRNA IDH1-1 lentiviral plasmid, the shRNA IDH1-2 plasmid or
the shRNA TET2 plasmid where the 714bp sequence encoding for EGFP was inserted in place of the puromycin gene at the unique
BamHI and Kpnl restriction sites. Virions were generated by transient transfection of 2937 cells {2-3x10° cells/100mm plate in 7 mL
DMEM) with these vectors (10 mg) together with the Gag-Pol packaging construct PsPax2 (5 mg) and a plasmid encoding the VSV-G
envelope, pCMV-VSV-G (2.5 mg), as described previously (Loisel-Meyer et al., 2012). Cells were transfected for at least 18 hours, and
transfection efficiency was verified by monitoring GFP fluorescence by microscopy. Viral supernatant was harvested 24 hours post-
transfection and virions were concentrated by overnight centrifugation at 4°C at 1,500 g (with no break). Virions were resuspended in
approximately 20 ul of RPMI with 10% FBS (per plate of cells), aliquoted and stored at —80°C. Titers were determined by serial di-
lutions of virus preparations on Jurkat cells and are expressed as Jurkat transducing units (TU/ml).

Prior to transduction of CD34™ hematopoietic stem and progenitor cells (HSPCs), cells were expanded for 3 days in StemSpan
medium (Stem cell Technologies Inc) supplemented with 5% fetal bovine serum (FBS), 25 ng/mI rhuSCF (Amgen), 10 ng/ml rhulL-
3 and 10 ng/ml rhulL-6 (R&D) at 37°C with a humidified 5% CO, atmosphere. 5 x 10° cells were then exposed to viral supernatants
containing 4.8 x 10° TU 0 9.9 % 10° TU (representing a multiplicity of infection of 1-2). After 72h of transduction, CD34™ cells (1 x 10°
cells/ml) were cultured in presence of rEPO (3 U/ml) to induce erythropoiesis. Transduction efficiency was monitored as a function of
GFP expression or after puromycin selection at 72h post-transduction, as per the lentiviral vector. In some experiments, cells were
transduced at day 4 of erythroid differentiation (i.e., at day 4 following addition of EPO) under the same conditions as described
above, and transduction efficiency was monitored at day 7 of differentiation.

Quantitative real time PCR

Total RNA was isolated at the indicated time points and cDNA was synthetized using the RNeasy Mini kit and the QuantiTec
Reverse Transcription Kit (QIAGEN) as per the manufacturer's instructions. Quantitative PCR of cDNAs was performed using the
Quantitect SYBR green PCR Master mix {Roche) with 10 ng of cDNA (by NanoDrop) and 0.5 uM primers in a final volume of 10pl.
Primer sequences are as follows: IDH?: 5-GGGTTGGCCTTTGTATCTGA-3' (forward) / 5'- TTTACAGGCCCAGATGAAGC -3
{reverss); IDH2: 5-TGGCTCAGGTCCTCAAGTCT-3 (forward) / 5-CTCAGCCTCAATCGTCTTCC-3 (reverse); IDH3a: 5-GCGCAAAA
CATTTGACCTTT-3 (forward) / 5-TGCACGACTCCATCAACAAT-3 (reverse); TET2: 5-AGCAGCAGCCAATAGGACAT-3' (forward) /
5-AGGTTCTGTCTGGCAAATGG-3' (reverse); and p-actin: 5-GTCTTCCCCTCCATCGTG-3' (forward) / 5'-TTCTCCATGTCGTCCC
AG-3 (reverse). Amplification of cDNAs was performed using the LightCycler 480 (Roche). Cycling conditions included a denatur-
ation step for 5 min at 95°C, followed by 40 cycles of denaturation (95°C for 10 s), annealing (63°C for 10 s) and extension (72°C
for 10 s). After amplification, melting curve analysis was performed with denaturation at 95°C for 5 s and continuous fluorescence
measurement from 65°C to 97°C at 0.1°C/s. Each sample was amplified in triplicate. Data were analyzed by LightCycler® 480 Soft-
ware (Version 1.5) and Microsoft Excel. Relative expression was calculated by normalization to j-actin as indicated (delta-Ct). Real-
time PCR CT values were analyzed using the 2(-Delta Delta C(T)) method to calculate fold expression (ddCt).

tTM

Mass spectrometry (LG-MS)

For profiling of intracellular metabolites, 10° cells were incubated in IMDM medium without glutamine and were supplemented with
2mM uniformly labeled '*Cs-'5N, glutamine (Cambridge Isotope Laboratories) for 6 hours (Figure 1A) or 18 hours (Figures 6F and 6G).
Cells were rapidly washed in ice-cold PBS, centrifuged twice (400 g for 4 min), and metabolites were extracted in a solution of 50%
methanol, 30% acetonitrile, 20% water after shaking for 20 min at 4°C. The solutions were then recentrifuged for 10 minat 16,000 g at
4°C. The volume of the extraction solution was adjusted to achieve a constant ratio of 2 x10° cells/ml. Alternatively, the peak areas
resulting from the intracellular samples were normalized to the number of cells obtained at the end of the incubation period in parallel
wells. Supernatants were stored at —20°C until analysis. Samples were analyzed by HPLC-MS as described previously (Vande
Voorde et al., 2019). Data were analyzed with Xcalibur 2.2, LCquan 2.7 and TraceFinder 4.1 software (Thermo scientific). Samples
were performed in triplicate, and at least 2 different biological samples were evaluated for each condition.

Seahorse analysis

Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were measured using the XFe-96 Extracellular Flux
Analyzer (Seahorse Bioscience, Agilent). The calibration plate was filled with 200 uL Milli-Q water per well and kept at 37°C overnight.
At least 2 hours prior to the assay, water was replaced by 200 ulL XF calibrant (Agilent)/ well. Culture plates were treated with 20 pl/well
of 0.1mg/mL of Poly-D-Lysine for at least 1 hour at RT. Poly-D-Lysine (Sigma-Aldrich) solution was then removed and plates was
washed twice with 200 uL Milli-Q water/well, dried, and kept at 4°C until the assay was performed. Cells (2.5 % 10°) were placed
in 50 pL XF medium (nen-buffered DMEM containing 10 mM glucose and 2 mM GlutaMax, pH 7.3-7.4, Agilent), centrifuged in a carrier
tray (300 g for 3min with no break), and incubated for 30 min at 37°C. An additional 130 uL XF medium was added during the
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calibration time (20-30 min at 37°C). Cells were monitored in basal cenditions and in response to oligomycin (1 pM; Sigma-Aldrichy),
FCCP (1 uM; Sigma-Aldrich), rotenone (100 nM, Sigma-Aldrich) and antimycin A (1 uM; Sigma-Aldrich). In some experiments, «KG
(DMK, final concentration of 3.5 mm) was injected directly into the well before the sequential addition of oligomycin, FCCP, rotenone
and antimycin A during the Mito Stress Test. Wave software (Agilent) was employed for running the Seahorse assay and analysis.
Samples were performed at least in triplicate and generally 5-6 points per experiment and at least 3 independent experiments.

Glutamine uptake assays

Cells (5 % 10°% were washed twice in 1.5 mL of PBS containing 2%FBS at 400 g for 4 min at RT, and starved for glutamine by incu-
bation at 37°C in 30 ul glutamine-free RPMI for 30 min. Radiclabeled glutamine-L-[3,4->H{N)] {Perkin Elmer) was added to a final
concentration of 0.5 pM (0.5 uCi/mL in a total volume of 50 pL). Cells were incubated for 10 min at room temperature, washed twice
in cold PBS containing 2% FBS (1000 g, 3 min), and solubilized in 500 uL of a 0.1% SDS solution. Radioactivity was measured in
4.5 mL liquid scintillation (Perkin Elmer) using a Hidex 300 SL counter. Each independent experiment was performed in triplicate.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are represented as individual values or means. Error bars represent the standard error of the mean (SEM). Data were analyzed
with GraphPad Software (GraphPad Prism), and P- values were determined by one-way ANOVA (Tukey’s post hoc test) or t tests, as
indicated in the corresponding text and figure legends. Two-tailed t tests were used in all figures except for Figure 6F where a one-
tailed t test was used. Tests were paired or unpaired as indicated and a normal distribution was used in all experiments. All statistical
details of experiments can be found in the figure legends. Significance is indicated as * p < 0.05, *p < 0.01, **p < 0.001 and "**p <
0.0001 as evaluated by GraphPad. The graphical abstract was created using BioRender and Servier Medical Art.
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Supplemental Information Titles

Supplemental Figure 1. Ex vive erythroid differentiation of human CD34" progenitors is associated with a loss
in oxidative phosphorylation. Related to Figure 1.

Supplemental Figure 2. aKG does not alter mitochondrial function during early stages of erythropoiesis and
other TCA cycle metabolites do not inhibit enucleation. Related to Figure 2.

Supplemental Figure 3. Impact of vitamin C on ¢KG- and MitoPQ-induced oxidative stress in erythroid
progenitors. Related to Figures 3 and 4.

Supplemental Figure 4. Ascorbic acid as well as other ROS scavengers rescue erythroid progenitors from
oxidative stress. Related to Figure 4.

Supplemental Figure 5. The impact of Vitamin C on enucleation is independent of autophagy but is dependent
on transferrin uptake. Related to Figures 4 and 5.

Supplemental Figure 6. Downregulation of IDH1 does not alter erythroid commitment or early erythroblast
generation. Related to Figure 6.

Supplemental Figure 7. Vitamin C but no other ROS scavengers rescues enucleation and decreases

mitochondrial stress in IDH1-downregulated progenitors. Related to Figure 7.
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Figure S1. Ex vivo erythroid differentiation of human CD34" progenitors is associated with a loss in oxidative
phosphorylation. Related to Figure 1. (A) The phenotype of CD34" progenitors differentiated in the absence (-) or
presence (+) of recombinant erythropoietin (EPO). Representative histograms showing expression of GlyA, CD71,
and CD36 are presented (data are representative of 1 of 10 independent experiments). (B) Representative histograms
of mitochondrial biomass and polarization are shown for pro, basophilic, polychromatic, and orthochromatic
erythroblasts, and mean levels are presented in Figure 1D. (C) CD34* progenitors were differentiated in the presence
of recombinant erythropoietin (EPO) and OCR, a measure of oxidative phosphorylation, was monitored at the
indicated days of erythroid differentiation. Basal oxygen consumption, maximal consumption following FCCP, and
minimal levels following inhibition of the electron transport chain with rotenone/antimycin A (Rot/AntA) are
presented as means £SEM (n=6). ****p<(0.0001
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Figure S2. aKG does not alter mitochondrial function during early stages of erythropoiesis and other TCA
cycle metabolites do not inhibit enucleation. Related to Figure 2. (A) The impact of aKG (3.5 mM) on early
stages of erythropoiesis was evaluated at days 3 and 7 of EPO-induced differentiation. The induction of
CD36"CD34" CFU-E was monitored at day 3 and representative CD34/CD36 profiles as well as a quantification of
the percentages of CFU-E relative to control are shown (top; n=6, non-significant, ns). Induction of CD36 (middle)
and CD71 (bottom) during erythroid differentiation were monitored and representative histograms and
quantifications (n=4-5) are presented (right). (B) Mitochondrial biomass and polarization were evaluated by flow
cytometry and representative histograms as well as a quantification of MFI relative to control conditions are
presented (n=5, bottom). (C) Differentiated erythroblasts were treated with aKG, succinate (5 mM) or citrate (8
mM) at day 7 and enucleation was evaluated at day 10 by Syto16 staining. Representative histograms (left) as well
as means +SEM (n=3 independent experiments) are shown. ** p<0.01, ***p<0.001, ns, non-significant
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Figure S3. Impact of vitamin C on «KG- and MitoPQ-induced oxidative stress in erythroid progenitors.
Related to Figures 3 and 4. (A) Total intracellular ROS levels were evaluated on erythroblasts differentiated from
day 7-10 in the absence (control) or presence of aKG, as a function of CM-H2DCFDA staining. Representative
histograms (left) and quantifications in 12 independent experiments (right) are shown. (B) Total ROS levels and
mitochondrial polarization were evaluated in the absence or presence of MitoPQ and representative histograms (top)
and MFTI quantifications (bottom) are presented (n=4). (C) The impact of L-ascorbic acid 2-phosphate (100uM) was
evaluated on the generation of mitochondrial superoxide between days 7 and 10 after EPO induction and
representative histograms are shown with quantification provided in panel 4E. (D) The ability of Vit C to alter aKG-
mediated increases in mitochondrial superoxide, biomass and membrane potential was evaluated by flow cytometry
and representative histograms are shown. (E) Representative histograms of PI staining show the percentages of cells
in S-G2/M of the cell cycle with quantifications provided in panel 4F. (F) Cell death was evaluated in the absence or
presence of aKG (3.5mM, top) and MitoPQ (50pM, bottom) and data from 4 independent experiments are
presented. (G) CD34* HSPCs were differentiated to the erythroid lineage by treatment with rEPO for 7 days. At day
7, erythroid cells were cultured in the presence of L-ascorbate and ascorbate 2-phosphate (100uM), presenting labile
and stable vitamin C, respectively (Hata and Senoo, 1989). Enucleation was evaluated 24, 48 and 72h later; at days
8, 9, and 10 of differentiation, respectively. Representative dot plots of Syto16 staining are shown and the
percentages of enucleated cells are indicated.
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Figure S4. Ascorbic acid as well as other ROS scavengers rescue erythroid progenitors from oxidative stress.
Related to Figure 4. (A) The impact of ROS scavengers on the aKG-mediated decrease in enucleation was
evaluated for NAC (100uM, left), GSH (100pM, middle) and Trolox (100pM, right). Representative plots (top) and
means = SEM of 5-6 independent experiments (bottom) are presented. (B) Early basophilic (left) and late
orthochromatic (right) subsets were FACS-sorted and then differentiated for 72h or 24h, respectively, in the absence
(-) or presence (+) of aKG and/or Vit C as indicated. Enucleation was evaluated by Syto16 staining and
representative plots are presented (left). Enucleation in experimental groups was calculated relative to control
conditions and mean levels are presented (right, n=6). ns, not significant; *p<0.05, ** p<0.01, ***p<0.001
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Figure SS. The impact of Vitamin C on enucleation is independent of autophagy but is dependent on
transferrin uptake. Related to Figures 4 and 5. (A) The impact of Vit C on erythroid enucleation under conditions
of'a Spautin (10 uM)-mediated inhibition of autophagy was evaluated at day 10 of erythroid differentiation.
Representative plots (left) and means + SEM of 3 independent experiments (right) are shown. (B) Erythroblasts
were differentiated in the absence or presence of transferrin (50 or 200 pg/ml), o KG (3.5mM) and Vit C (100uM)
between days 7 and 10 of differentiation and enucleation was monitored by Syto16 staining. Means = SEM of 4
independent experiments are presented. (C) CD34 HSPCs isolated from CB, PB, and BM were differentiated with
EPO (+) in the absence (-) or presence of vitamin C (Vit C) for 4 days. The differentiation of CFU-E (CD34-CD36%)
was monitored as a function of CD34/CD36 staining and representative plots are shown. (D) Growth of EPO-
differentiated CB-, PB- and BM-derived progenitors was evaluated in the absence (-) or presence of vitamin C.
Fold-increase at days 3, 4, 6 and 7 differentiation is shown for one representative experiment (n=2). *p<0.05, **
p<0.01, ***p<0.001
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Figure S6. Downregulation of IDH1 does not alter erythroid commitment or early erythroblast generation.
Related to Figure 6. (A) mRNA levels of IDH1, IDH2 and IDH3 were evaluated by qRT-PCR and means = SEM
relative to B-actin are shown (technical triplicates, representative of 1 of 2 independent experiments). (B) The
efficacy of the two shIDH1 vectors was evaluated by monitoring IDH1 mRNA levels by qRT-PCR. Mean levels
+SEM relative to -actin following transduction with shiIDH1-1 and shIDH1-2 are presented. (C) Generation of
CFU-E, defined as CD34°CD36", were evaluated in shControl- and shIDH1-transduced progenitors at day 3 of
differentiation. Representative dot plots (top) and quantification of the relative induction of CFU-E (bottom) are
shown (n=3). (D) Differentiation of erythroblasts was evaluated by induction of the CD36 and CD71 markers and
representative histograms (top) and quantifications (bottom) are shown (n=4). (E) The expansion of control and
IDH1-downregulated progenitors was evaluated at the indicated day and means + SEM of 5 independent
experiments are shown. (F) Representative histograms of MitoDeepRed (top) and MitoRed (bottom) staining in
shControl- and shIDH]1-transduced progenitors at day 10 of differentiation. (G) The phenotype of CD34"
progenitors expanded in the absence (-) or presence (+) of EPO is shown at day 7 of differentiation as a function of
CD11b, CD33 and CD13 staining. Solid line and shaded histograms represent specific and non-specific staining,
respectively. ns, non-significant; * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure S7. Vitamin C but no other ROS scavengers rescues enucleation and decreases mitochondrial stress in
IDH1-downregulated progenitors. Related to Figure 7. (A) IDH1 was downregulated in erythroid progenitors
(day 4) by transduction with shIDH1-encoding lentiviral particles and enucleation was monitored at day 10 of
differentiation. Representative plots (left) and means += SEM (right) are presented (n=6, 1-way ANOVA with
Tukey’s post-hoc test). (B) The impact of ROS scavengers (Vit C, NAC, GSH and Trolox; 100 uM) on the shIDH1-
mediated decrease in enucleation was evaluated at day 10 of differentiation. Representative plots are presented
(n=2). (C) The impact of Vit C, NAC, GSH and Trolox (with DMSO as a control) was evaluated on the shIDH1-
mediated increase in MitoSOX at day 10. Means + SEM of 3 independent experiments are shown. (D) TET2 mRNA
levels were evaluated at days 4, 7 and 10 of differentiation and means + SEM of 3 independent experiments are
shown. (E) The shTET2-mediated downregulation of TET2 was evaluated by qRT-PCR and means + SEM relative
to B-actin are shown. (F) The impact of shTET2 on erythroid development was evaluated at day 4 of differentiation
as a function of GlyA staining. The relative levels of GlyA in 5 independent experiments were normalized to control
progenitors. ns, not significant; *p<0.05, ****p<0.0001
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