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Abstract

Background: Red blood cell (RBC) enucleation is a crucial step in the process

of erythropoiesis. By removing the nucleus, RBCs gain greater flexibility, enabling

them to traverse narrow capillaries with ease, thereby enhancing the efficiency of

oxygen and carbon dioxide transport. This transformation underscores the intri-

cate balance between cellular structure and function essential for maintaining

homeostasis.

Topic: This review delves into the multifaceted enucleation process, outlining its com-

plex steps that encompass protein sorting, vesicle trafficking, cytoskeletal remodeling,

and apoptosis regulation, while also exploring the potential of enhancing the enucle-

ation rate ofRBCs in vitro.Weemphasize the intricate regulation of this process,which

is orchestrated by multiple factors. This includes transcription factors that meticu-

lously guide protein synthesis and sorting through the modulation of gene expression,

as well as non-coding RNAs that play a pivotal role in post-transcriptional regulation

during various stages of RBC enucleation. Additionally, macrophages participate in the

enucleation process by engulfing and clearing the extruded nuclei, further ensuring the

proper development of RBCs. Althoughmany studies have deeply explored themolec-

ular mechanisms of enucleation, the roles of apoptosis and anti-apoptotic processes in

RBC enucleation remain incompletely understood.

Implication: In this review, we aim to comprehensively summarize the RBC enucle-

ation process and explore the progressmade in ex vivo RBC generation. In the future, a

deeper understanding of the enucleation process could provide significant benefits to

patients suffering from anemia and other related conditions.
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1 INTRODUCTION

Red blood cell (RBC), as the carriers of oxygen and carbon dioxide, is

the key functional component of the hematologic system for survival.
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medium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations aremade.
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The capabilities of RBCs for the transportation of gaseous molecules

depend on the functional integrity of hemoglobin in RBCs. [1]. How-

ever, unlike other somatic cells and hemocytes, RBCs characterize a

uniquemorphological signature: they are anucleate [2, 3]. Unlike other
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somatic cells, RBCs are anucleate, a feature that increases their capac-

ity for hemoglobin storage and oxygen transport [4]. This anucleate

characteristic also renders RBCs more flexible and deformable fea-

tures, allowing them to easily traverse through tiny capillaries [5].

While the absence of a nucleus limits the lifespan and repair capabili-

ties of RBCs, this specialized structural design is crucial for the primary

function of RBCs.

In the evolutionary process of vertebrates, RBC enucleation is a

relatively late-appearing phenomenon, primarily found in mammals.

Other vertebrates, such as fish, reptiles, amphibians, and birds, retain

the nucleus in their RBCs, which remains visible in mature RBCs. This

difference reflects the diverse adaptive strategies that different organ-

isms have developed to meet their oxygen transport needs during

evolution. While RBC enucleation in mammals increases hemoglobin

capacity and enhances oxygen transport efficiency, other animals, such

as birds, can still meet their high oxygen demands during flight, despite

retaining the nucleus in their RBCs. This demonstrates that distinct

species have evolved different mechanisms to adapt to their physio-

logical needs. Therefore, understanding the genesis and maturation of

RBCs is crucial for comprehending their function. Erythropoiesis, the

process of RBC formation, is a complex biological event, involving key

stages such as chromatin condensation and enucleation. This process

is regulated by signaling pathways activated by erythropoietin (EPO),

which promotes cellular differentiation, and proliferation, and exerts

anti-apoptotic effects [6, 7]. Nevertheless, the specific mechanism

of erythroid chromatin condensation remains unclear, recent stud-

ies suggested that various modifications of histone tails contribute to

this process [8]. Knockdown of histone deacetylases, such as HDAC2,

impacts chromatin condensation and the subsequent enucleation pro-

cess. TheRBCenucleationwas also identified, as themost crucial phase

for RBCs generation [9, 10]. This process is recognized not just as a cel-

lular activity, this process is regulated by the cooperation of genetic,

epigenetic, and metabolic actions. Previous evidence from the stud-

ies of molecular biology and genetics provided valuable insights into

the complexmechanisms behind RBC enucleation [11, 12], and offered

valuable insights into the normal RBC enucleation process [13]. How-

ever, as new mechanisms of RBC enucleation and their significance

for RBC cloning in vitro have been discovered continuously, a sys-

tematic and comprehensive review is essential for our deeper under-

standing of the regulatory mechanisms of RBC enucleation, involv-

ing epigenetic regulation, transcription factors, cytoskeletal dynam-

ics, involving the process of apoptosis and anti-apoptosis, and cell

autophagy in the (themechanismsofRBCenucleationweredepicted in

Figure 1).

2 CHROMATIN CONDENSATION IN RBC
ERYTHROPOIESIS

Chromatin condensation is a critical step in the process of erythro-

cyte enucleation. During this process, the chromatin in precursor

erythroid cells undergoes significant condensation, preparing for the

physical removal of the nucleus. This extensive chromatin condensa-

tion leads to a reduction in nuclear size, facilitating the separation

between the nucleus and cytoplasm. Subsequently, through a series of

complex biological processes, the nucleus is completely expelled from

the cell, resulting in the formation of enucleated mature RBCs. Wang

et al.’s research demonstrated that during the maturation process of

embryonic stem cells (ESCs), chromatin undergoes a series of dynamic

changes, with the most notable being chromatin condensation and

nuclear shrinkage after the formation of precursor erythroid cells. At

this stage, thenuclear lamina alsoundergoes reorganization andpartial

degradation, providing sufficient space for the shrinkage and eventual

extrusion of the nucleus [14]. Epigenetic modifications play a crucial

role in chromatin condensation, promoting the transition of chromatin

from a loose to a compact state through DNA methylation, histone

acetylation, and chromatin remodeling. This transition is essential for

erythrocyte enucleation. Studies have found that high expression of c-

Myc protein prevents the deacetylation of specific lysine residues in

histones H3 and H4. Elevated Myc levels also promote the expression

of histone acetyltransferase Gcn5, inhibiting chromatin condensa-

tion [15]. Rossmann et al. showed that the chromatin factor TIF1γ
regulates mitochondrial genes, linking epigenetic regulation during

chromatin condensation to cellularmetabolism. Their study found that

TIF1γ directly controls the expression of coenzyme Q (CoQ) synthe-

sis genes. Loss of TIF1γ leads to decreased CoQ levels, resulting in

an increased succinate/α-ketoglutarate ratio, which triggers increased
histone methylation and abnormal chromatin condensation [16]. Fur-

ther research by Bhoopalan et al. revealed that EPO plays a key role

in chromatin condensation by regulating the maturation of precursor

erythroid cells and epigenetic modifications, highlighting the interplay

between hormonal regulation and epigenetic control in erythropoiesis

[17]. Semenza and colleagues discussed erythropoiesis regulation from

the perspective of the hypoxia-inducible factor pathway, providing

deeper insights into how environmental factors like hypoxia influence

epigenetic regulators [18]. Under hypoxic conditions, HIF-2α promotes

the production of EPO by upregulating the expression of the histone

H3K9 demethylase JMJD1A, thereby promoting chromatin conden-

sation [19]. In addition, extensive studies have revealed that histone

modifications are a key target of epigenetic regulation. Caspase-3

(Casp3) was initially identified as a crucial regulator in this process.

Casp3 is critical for chromatin condensation and is also involved in

erythrocyte enucleation in mice [20]. Specifically, Casp3 regulates

the formation of nuclear openings and histone release. Its inhibi-

tion impairs nuclear condensation, affecting enucleation. Similarly, the

caspase-independent proteinWdr26 controls the formation of nuclear

openings during terminal erythrocyte formation and regulates the

ubiquitination and degradation of nuclear proteins. Its absence results

in failed nuclear condensation [21]. During this process, many nuclear

proteins, including histones, are exported to the cytoplasm, a key

step in terminal erythroid maturation. In the final stages of terminal

erythroid maturation, chromatin condensation mimics apoptosis, par-

ticularly through the formation of condensed chromatin and pyknotic

nuclei. The non-apoptotic functions of caspases are closely related

to erythrocyte maturation and enucleation [22]. Moreover, chromatin

condensation involves the deacetylation of histones by HDACs, which
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F IGURE 1 This diagram elaborates on the intricate developmental trajectory of proerythroblast differentiating into amature erythrocyte. It
meticulously depicts the significant morphological changes where the Proerythroblast gradually transforms into a Polychromatic erythroblast,
initiating hemoglobin synthesis at this juncture, a pivotal step for the subsequent oxygen transport function of erythrocytes. As the developmental
progression deepens, erythrocytes undergo a hallmark event-enucleation, the expulsion of the cell nucleus. This process necessitates the highly
condensed state of chromatin and involves intricatemolecular mechanisms, including precise protein sorting, the participation of crucial
transcription factors such as gata1, hexim1, tal1, and klf1, dynamic remodeling of the F-actin cytoskeleton, regulation by non-coding RNAs
(includingmiR-30a, miR-34a, miR-9, etc.), and intricatemodulation of cellular autophagy. Thesemolecular mechanismswork in concert, guiding
the precursor erythroid cells through the transition from nucleated to anucleated erythrocytes, ultimately shaping themature, anucleated
erythrocytes with their characteristic biconcave discoidmorphology. These erythrocytes are then released into the circulatory system to perform
their core physiological functionâ€”oxygen transport throughout the body. The visual representation in this diagram profoundly reveals the
delicate balance and interdependence between gene expression patterns, protein synthesis activities, and cellular structural reorganization, which
are vital for the successful generation andmaintenance of functional erythrocytes.

is crucial for erythroid maturation and enucleation [15]. HDAC1, 2, 3,

and 5 are highly expressed in mouse erythrocytes. During chromatin

condensation, HDAC1 and HDAC3 levels decrease, while HDAC2 and

HDAC5 levels increase, accompanied by a reduction in H4K16ac levels

[23, 24]. H4K16ac is a substrate of the deacetylase SIRT1, which regu-

lates overall chromatin structure and is essential for terminal erythroid

chromatin condensation. Although the specific mechanism by which

HDAC-mediated chromatin condensation affects enucleation remains

unclear, HDACs can directly or indirectly activate the Rac GTPase-

mDia2 pathway to promote enucleation [25]. In addition, HDAC6 is

essential for the formationof the contractile actin ring andenucleation,

and mDia2 regulates the acetylation and deacetylation of lysine 970

during erythropoiesis to control chromatin condensation [26].

Chromatin condensation is a complex molecular event sequence.

Caspase-3, Wdr26, Xpo7, and HDAC family proteins collectively

participate in this process by regulating the export of nuclear pro-

teins, histone modifications, and cytoskeletal reorganization. A deeper

understanding of these molecular mechanisms is essential for elu-

cidating the chromatin condensation process preceding erythrocyte

enucleation.

3 THE PROCESS OF RBC ENUCLEATION

3.1 Protein sorting during the enucleation
process

Protein sorting serves as a critical regulatorymechanismgoverning the

enucleation process of erythrocytes. Protein sorting involves either

the selective sorting of specific proteins or the non-specific redistribu-

tion of proteins, ultimately allocating them to the nucleus-containing

cell (pyrenocyte) or the reticulocyte membrane. Cytoskeletal proteins,

suchas spectrin andankyrin,whichare crucial for erythrocyte function,

are retained in newly formed reticulocytes [27]. Moreover, integral

membrane proteins associated with the cytoskeleton, such as gly-

cophorin A (GPA), RhAG, and glycophorin C (GPC), are predominantly

located on the reticulocyte membrane. Although the mechanisms

underlying the selective retention or exclusion of proteins in newly

formed reticulocytes are not yet fully understood, they play a pivotal

role in the erythrocyte enucleation process [27]. During erythrocyte

enucleation, the cytoskeleton undergoes reorganization. This process

facilitates the formation of large protein membrane networks that
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regulate cell morphology by modulating protein-cytoskeleton inter-

actions or ion transport, thereby maintaining the structural integrity

of erythrocytes in circulation. These networks can be broadly cate-

gorized into ankyrin and junctional complexes [28]. Additionally, the

proteins within these networks aid in the retention of reticulocytes

during enucleation and vice versa; their absence can lead to disease.

For instance, in 4.1-deficient erythrocytes, GPC is mislocalized to

pyrenocytes, whereas it is typically sorted into reticulocytes. Similarly,

in ankyrin-deficient erythrocytes, GPA and Rh-related antigens are

incorrectly directed to pyrenocytes [29]. Therefore, understanding the

mechanisms of protein sorting could potentially elucidate the entire

process of erythrocyte enucleation in the future.

3.2 Transcription factor regulation of the
enucleation process

Transcription factors play a critical regulatory role in the enucleation

process of erythrocytes, driving this process through their unique func-

tions. During erythrocyte enucleation, the activity of specific transcrip-

tion factors such as GATA-1, hexamethylene bisacetamide-inducible 1

(HEXIM1), TAL1, KLF1, and FoxO3 is upregulated. These transcription

factors work synergistically to regulate the expression of erythroid-

specific genes, thereby controlling the production of hemoglobin and

other proteins closely related to erythrocyte function. In this way,

they promote enucleation, ensuring the generation of fully functional,

mature, anucleate erythrocytes. Early studies focused on the dynamic

changes in DNA methylation at the β-globin locus during the tran-

sition from fetal to adult hemoglobin, revealing the dynamic nature

of transcription factor-driven epigenetic regulation in the enucleation

process [30, 31]. Lv et al. found that the transcription factor HEXIM1

regulates geneexpression and functionduring erythrocyte enucleation

by enhancing RNA polymerase II (RNAPII) activity. The interaction

between HEXIM1 and GATA1 plays a key role in regulating RNAPII

pausing and activating or repressing gene expression, which is crucial

for the enucleation process [32]. Moreover, transcription factors such

as GATA1 and TAL1 are considered core regulators in the enucleation

process, orchestrating the complex gene expression patterns required

for erythroid maturation. GATA1 is often regarded as the primary

regulator of erythrocyte enucleation, essential for normal erythroid

development. It controls the gene network that drives erythroid differ-

entiation and promotes enucleation. TAL1 works synergistically with

GATA1 to regulate erythroid differentiation [33]. Extensive research

has confirmed TAL1’s role in erythrocyte enucleation, demonstrating

its critical function in erythroid maturation by influencing the expres-

sion of related genes [34]. Recently,Ohneda and colleagues highlighted

the central role of GATA-1 and GATA-2 in gene regulation during the

erythrocyte enucleation cascade [35]. They pointed out that GATA-2

is essential for maintaining and proliferating immature hematopoi-

etic progenitor cells, while GATA-1 is crucial for erythrocyte survival

and terminal differentiation. Li et al. discovered that transcription

factor GATA1 is involved in maintaining the stability of topologically

associating domains during erythrocyte enucleation. GATA1 regulates

enucleation by preserving the integrity of chromatin domains during

terminal erythroid differentiation [36]. Phosphatidylinositol 3-kinase

(PI3K) activation plays a key role in EPO-induced erythrocyte enu-

cleation [37, 38]. In the fetal liver of mice, PI3K-mediated nuclear

polarization is essential for erythrocyte enucleation. Typically, FoxO3

is phosphorylated and inactivated by PI3K and its downstream effec-

tor Akt. However, during erythrocyte enucleation, FoxO3 expression

and nuclear accumulation increase. Transcriptomic analyses revealed

differential regulation of FoxO3 target genes [39]. Some FoxO3 tar-

get genes, such as Cited2, were not inhibited by EPO-induced PI3K

activation. These findings underscore the pivotal role of FoxO3 in

erythrocyte enucleation.

Transcription factors are crucial in the erythrocyte enucleation

process. A deeper understanding of these mechanisms is vital for

elucidating the complexity of erythropoiesis, enhancing our under-

standing of related hematological disorders, and developing targeted

therapeutic strategies.

3.3 Remodeling of the cytoskeleton during the
enucleation process

The cytoskeleton plays a central role in the process of erythrocyte

enucleation, as supported by extensive research. The cytoskeleton not

only provides structural support for cells but also directly participates

in the key steps of erythroid cell maturation and enucleation. (1) Actin

cytoskeleton reorganization: crucial for the physical separation of

the cell nucleus from the cytoplasm, with the formation of the actin

contractile ring being key to the formation of anucleated reticulocytes.

The dynamic adjustment of the actin cytoskeleton is vital for ensuring

the smooth progression of erythrocyte maturation [40]. (2) The role of

microtubules: essential in positioning the cell nucleus and forming the

cell membrane, with effective coordinationwith actin filaments being a

prerequisite for the successful completion of erythrocyte enucleation

[41, 42]. (3) Intermediate filaments and related proteins: play an

important role in maintaining the stability and integrity of erythroid

cells during enucleation, participating in the mechanical process of

nuclear extrusion [43]. During the terminal differentiation and enucle-

ation process of erythroid cells, the erythroid membrane cytoskeleton

undergoes dynamic remodeling, with a crucial role played by actin fil-

aments (F-actin). Linear and branched structures of F-actin are formed

through the actions of formin proteins and the Arp2/3-Wasp complex.

Specifically, high expression of the formin protein mDia2 in erythroid

cells is essential for the formation of the actin ring and the enucleation

process. Loss of mDia2 can lead to impaired contraction of the actin

ring during enucleation and the presence of multi-lobed nuclei in

erythrocytes. Additionally, the RhoA-GTPase and its effector molecule

mDia2 play a regulatory role in terminal erythrocyte generation, and

their deficiency can result in early embryonic lethality and failure of

the cytoplasmic division [44]. Apart from the RhoA-mDia pathway,

other actin-regulatory factors such as Pleckstrin-2 and Dematin also

contribute to erythrocyte enucleation, and their absence or knockout

can disrupt the actin cytoskeleton and impede the enucleation process

[45]. Fraser et al. have investigated the role of heme oxygenase-1 in

erythrocyte production and turnover, emphasizing the importance of
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cytoskeletal interactions in erythroid island formation and RBC lifes-

pan [46]. The regulation of the cytoskeleton is influenced by various

factors, including variations in key regulatory factors like KLF1, the

activity of heme oxygenase-1, and intracellular oxygen sensing mech-

anisms [47]. These factors collectively regulate the dynamic changes

in the cytoskeleton, affecting the processes of nuclear extrusion and

erythrocyte maturation [48]. Therefore, a comprehensive under-

standing of the role of the cytoskeleton in erythrocyte enucleation

is of paramount importance for elucidating the cellular mechanisms

underlying erythrocyte production, understanding the pathogene-

sis of erythrocyte-related hematological disorders, and developing

novel therapeutic strategies [46]. Future research may reveal novel

therapeutic targets to enhance erythrocyte production in conditions

characterized by ineffective erythropoiesis.

3.4 Non-coding RNA regulation of the
enucleation process

During erythrocyte enucleation, various non-coding RNAs play critical

regulatory roles. miR-191was the first microRNA reported to regulate

the enucleation of erythroblasts in the fetal liver ofmice [49]. Its down-

regulation during enucleation leads to the upregulation of target genes

Riok3 and Mxi1, which are associated with the antagonistic action of

Gcn5, ultimately promoting erythrocyte enucleation [50]. Additionally,

several microRNAs, such as miR-30a, miR-34a, and miR-9, have been

found to inhibit enucleation during the differentiation of erythrocytes

derived from human embryonic stem cells (hESCs), while miR-181a

suppresses normal erythrocyte enucleation by inhibiting Xpo7 [51,

52]. Moreover, the significance of long non-coding RNAs (lncRNAs)

in erythropoiesis is increasingly recognized. For instance, Bloodlinc

is a lncRNA transcribed from the super-enhancer of the erythrocyte

membrane transporter gene SLC4A1/BAND3 and is located at a chro-

mosomal locus that encodes key regulatory factors and effectors of

terminal erythropoiesis [53]. Bloodlinc plays a pivotal role in erythro-

cyte enucleation by physically interacting with the chromatin-binding

protein HNRNPU, stabilizing RNA-chromatin interactions. Inhibition

of either Bloodlinc or HNRNPU significantly impairs the enucleation

process of fetal liver erythrocytes [53].

Non-coding RNAs exhibit complex and essential regulatory func-

tions in erythropoiesis, not only participating in the fine-tuning of cell

differentiation and proliferation but also being involved in the physical

enucleationof thenucleus. These findings providenew insights into the

molecular mechanisms underlying erythropoiesis and offer potential

therapeutic targets for related diseases.

3.5 Autophagy and ubiquitin-proteasome
degradation in the process of erythrocyte
enucleation

Autophagy and protein degradation effectively regulate the process of

erythrocyte enucleation. As an internal cellular housekeeping mech-

anism, autophagy not only removes oxidized or damaged proteins

but also eliminates structures such as mitochondria that produce

large amounts of reactive oxygen species (ROS), thereby reducing

further ROS generation and playing a regulatory role in erythrocyte

enucleation [54]. Meanwhile, ROS and the modifications they induce

on signaling proteins play key roles during erythrocyte enucleation,

and the use of antioxidants to protect erythrocytes from oxidative

stress is one of the key factors for promoting enucleation in vitro

[54]. Autophagy is particularly crucial in erythrocyte enucleation,

with mitophagy playing a key role in the removal of mitochondria

during the enucleation of reticulocytes, mediated by mitophagy

receptors such as BCL2-interacting protein 3-like (BNIP3L/Nix) [55,

56]. These receptors tether autophagosomes to the mitochondrial

outer membrane to mediate mitochondrial clearance, while factors

like FoxO3 indirectly regulate mitophagy by controlling the expression

of autophagy-related genes such as Nix [57]. Additionally, FoxO3

regulates mitochondrial depolarization and mitophagy by modulat-

ing PTEN-induced kinase 1 (PINK1). Thus, as a critical regulator of

autophagy, FoxO3 greatly facilitates the erythrocyte enucleation

process [58]. Betin et al.’s research specifically revealed the regulatory

mechanisms of autophagy and its influence on erythroid differentia-

tion during maturation. By overexpressing specific cysteine mutants

(C74AandC144A) of ATG4BandATG4D, thesemutants formed stable

complexes with members of the ATG8 family, thereby blocking the

progress of autophagy. Despite limiting autophagosome formation,

erythrocytes were able to compensate for the impaired autophagic

process through alternative pathways, such as non-ATG8-dependent

autophagosome assembly (e.g., ATG5/ATG7-independent and RAB9-

dependent pathways). Furthermore, these ATG4 cysteine mutants

also affected autophagosome maturation, particularly by preventing

the normal fusion and degradation processes of specific proteins such

as LAMP1, leading to the accumulation of undegraded cytoplasmic

material. Despite these disruptions to the autophagic process, the

study demonstrated that erythroid differentiation dynamics remained

normal. These findings highlight the importance of autophagy in ery-

throid maturation and reveal how erythrocytes maintain their normal

differentiation capacity even when the autophagic process is impaired

[59]. By selectively degrading organelles, autophagy preserves cellular

integrity, making it a crucial step in the transition from reticulocytes to

mature erythrocytes. Moreover, protein degradation pathways such

as the ubiquitin-proteasome system (UPS) play indispensable roles in

regulating cell cycle progression and cytoskeleton reorganization, both

of which are essential for the successful expulsion of the erythrocyte

nucleus. TheUPS regulates protein degradation via polyubiquitination.

Ubiquitination and its associated ubiquitin-conjugating enzymes

function at various stages of erythropoiesis, with specific upregulation

of E2 ubiquitin-conjugating enzymes such as E2-20K and E2-230K in

reticulocytes [60]. Ubiquitin ligases Mdm2 and Mdm4 regulate ery-

throcyte enucleation by antagonizing p53, while the E3 ubiquitin ligase

Cul4A promotes erythroid progenitor proliferation by targeting p27

for degradation [61]. Research on the ubiquitin-conjugating enzyme

UBE2O has shown that ubiquitin-mediated degradation of ribosomal

proteins and other non-ribosomal targets such as histone H2B can

reshape the proteome in reticulocytes [62].
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The synergistic action of autophagy and the UPS in the process of

erythrocyte enucleation is not only crucial for maintaining erythrocyte

health but also provides valuable insights and potential therapeu-

tic strategies for understanding and treating erythropoiesis-related

diseases. Future research in this area is expected to offer new perspec-

tives on themolecular mechanisms governing erythrocyte enucleation

and provide novel approaches and strategies for treating related

diseases.

4 IN VITRO ERYTHROPOIESIS

4.1 Induced enucleation for erythrocyte
production

Although invitro simulationof enucleation remains a challenge, numer-

ous studies have revealed various genes involved in the enucleation

process, providing a strong theoretical basis for laboratory-cultured

mature erythrocytes. Distinguishing direct or indirect factors affect-

ing enucleation is complex, as decreased enucleation efficiency under

conditions of functional impairment may be due to upstream stages

of erythrocyte production being compromised [63, 64]. Consequently,

many researchers have attempted to identify exogenous factors that

can induce enucleation or effectively improve conditions for in vitro

erythrocyte differentiation. EBI represents a multicellular structure

within the erythroid microenvironment of the bone marrow, consist-

ing of a central macrophage and surrounding erythrocytes at different

maturation stages.Despite the recognized importance ofmacrophages

and key proteins like macrophage-erythroid attacher, their specific

roles in triggering the enucleation process remain unclear [65]. EPO

is the primary factor for erythrocyte production, but its role in enu-

cleation is yet to be elucidated, while high levels of EPO are known to

reduce enucleation efficiencyby inducing oxidative stress [66]. To iden-

tify key factors triggering enucleation, a series of gene expression and

proteomic analyses have been conducted. These studies are particu-

larly crucial for in vitro erythrocyte generation as laboratory-cultured

erythrocytes are considered a promising alternative to the existing

donor-dependent transfusion system [67]. Hematopoietic stem and

progenitor cells (HSPCs) serve as the source for all blood lineage cells,

and thus, early cells isolated fromumbilical cord blood (UCB) or periph-

eral bloodhavebeenextensively studied as sources for in vitro erythro-

cyte production [68]. These approaches have demonstrated efficacy

in enucleation rates, with final-stage efficiencies reaching approxi-

mately 70%–80%. Nevertheless, more sustainable and stable sources

are still required, considering that a healthy adult produces approx-

imately 2.5 million erythrocytes per second, demanding substantial

resources and technology [68, 69]. To address the issue of low enucle-

ation rates, scientists have conducteda series of studies. Lapillonneand

colleagues first used a suspension culture of hEBs to successfully dif-

ferentiate human induced pluripotent stem cells (hiPSCs) into RBCs.

This pioneering work, while groundbreaking, resulted in RBCs with an

enucleation rate of only 4%–10%, significantly lower than the 30–65%

rate achievedwith hESCs [70]. By inhibitingmiR30A, theywere able to

increase theenucleation rate to50%,while ensuring that the functional

RBCs could express both fetal andadult hemoglobins [50]. Additionally,

research by Kobari and others further demonstrated that their hiPSCs

could achieve an enucleation rate of 20%–26% in NOD/SCIDmice and

successfully synthesize adult hemoglobin. Subsequent studies focused

on increasing the proliferation and enucleation rates of RBCs, and

on transitioning this process from small-scale suspension cultures to

larger-scale production [71].Olivier and colleagues found that by intro-

ducing various novel small molecules (such as FGF, HPO, TPO, insulin,

etc.) to promote the proliferation of erythroid-like cells, the EB dif-

ferentiation process could be optimized to some extent, improving

the enucleation efficiency to 10% [72]. In the same year, Sivalingam

and his team established a comprehensive amplification process for

multiple hiPSC lines in 1L bioreactors, increasing the enucleation rate

to 15%. By modulating the Wnt/β-Catenin signaling pathway and co-

culturing with human mesenchymal stem cells (hMSCs), successfully

amplified erythroid cells by 10,000 times, achieving enucleation rates

of 28%–40.6% [73, 74]. They further developed a method for scalable

differentiation of hiPSC microcarrier aggregates in 500 mL bioreac-

tors, significantly increasing the proliferation rate of functional RBCs.

Although the direct enucleation rate was only 6%, co-culturing with

OP9 cells increased the in vitro enucleation rate to 59.3%. Recent

research efforts to further increase enucleation rates have included

the addition of new components and small molecules [75]. Bernecker

and others successfully formed hematopoietic cell-forming complexes

(HCFCs) bymimicking thephysiological nicheof erythroid cells, achiev-

ing enucleation rates of 40% to 60% [74]. Yrigoyen and colleagues

found that KLF1-activated hiPSC-derived macrophages (iPSC-DMs)

could enhance the enucleation of RBC populations. They identified

three secretory factors (ANGPTL7, interleukin [IL]-33, and SERPINB2)

sufficient to replace the feeder layer, leading to an in vitro enucleation

rate of up to 73% [76]. These studies reveal that promoting enucleation

is a keymethod for future in vitroRBCgeneration.Here,we summarize

different strategies to promote erythrocyte enucleation (Table 1).

4.2 Regulatory strategies for HSPC-driven
erythropoiesis

Ex vivo maintenance and expansion of human HSPCs are critical

areas in hematology and regenerative medicine research, especially

for improving hematopoietic stem cell transplantation (HSCT) out-

comes and developing gene therapy strategies [77]. However, stable

expansion of hematopoietic stem cells (HSCs) ex vivo remains a sig-

nificant challenge. The ex vivo maintenance and expansion of human

HSPCs are primarily influenced by their signaling pathways, cytokine

effects, co-culture systemdevelopment, and the use of smallmolecules

[78]. Various cytokines have been demonstrated to support the ex

vivo maintenance and expansion of HSPCs. The most widely used

combination includes stem cell factor (SCF), thrombopoietin (THPO),

Fms-like tyrosine kinase 3 ligand (FLT3L), and IL-6 [79–81]. SCF

has been found to promote HSC survival and proliferation by acti-

vating the PI3K/AKT/FOXO signaling pathway [78]. THPO, through
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TABLE 1 Strategies and efficiencies in enhancing erythrocyte enucleation.

Researcher name Study project Efficiency Strategy or challenge Ref

Lapillonne et al. Differentiation of erythrocytes from

hEB suspension culture

4%–10% Using hEB suspension culture for

differentiation

[70]

Rouzbeh et al. Enhancing the enucleation rate ∼50% Enhancing the enucleation rate [50]

Kobari et al. Achieving enucleation and adult

hemoglobin synthesis in NOD/SCID

mice

20%–26% Enucleation in NOD/SCIDmice [71]

Olivier et al. Erythroid-like cell expansion 10% Introducing various novel small

molecules (FGF, HPO, TPO, insulin, etc.)

[72]

Sivalingam et al. Improving in vitro enucleation rate Up to 59.3% Improving in vitro enucleation rate [73]

Bernecker et al. Forming HCFCs tomimic the

erythroid niche

40%–60% Mimicking the erythroid physiological

niche

[74]

Yrigoyen et al. IPSC-DMs 73% KLF1-activated hiPSC-DMs [76]

Note: Table1 summarizes strategies toenhanceerythrocyteenucleation rates in vitro, their efficiencies, and challenges, basedonpublished studies. Reference

numbers are provided for source verification.

its binding to the MPL receptor, can activate the mitogen-activated

protein kinase/extracellular signal-regulated kinase (MAPK/ERK) and

PI3K/protein kinase B (PI3K/AKT) signaling pathways, maintaining

HSC survival. FLT3L stimulates HSPC growth by activating the

MAPK/ERK and JAK/STAT3/5 pathways [82]. IL-6, in conjunction with

its receptor IL-6R, activates the JAK1/JAK2/TYK2 signaling pathway

and promotes SRC kinase expression, thereby facilitatingHSPC expan-

sion [83]. Promoting ex vivo HSC survival and expansion through

targeting key molecules or delivering their inhibitors has been the

focus of many studies, some of which have entered clinical trials with

promising results. Tetraethylenepentamine (TEPA): TEPA promotes

the differentiation and proliferation of UCB-derived HSPCs by chelat-

ing copper ions, leading to expandedHSPC proliferation and enhanced

repopulation abilities in immunodeficientNSGmice. Clinical trials have

shown that TEPA can increase cell proliferation rates and acceler-

ate hematopoietic recovery [84]. StemRegenin-1 (SR1): SR1, a purine

derivative that inhibits the aryl hydrocarbon receptor, significantly

increases the expansion of UCB-derived HSPCs and the number of

SRCs, with clinical trials observing rapid hematopoietic recovery and

enhanced engraftment capabilities [85]. However, issues related to

high transplant-related mortality and low overall survival rates need

further resolution. Nicotinamide (NAM): NAM enhances the homing

of CXCR4-CXCL12-based UCB-derived CD34+ HSPCs, significantly

improving their expansion and implantation potential. Clinical trials

have shown that the use of NAM-expanded UCB units results in a

lower rate of long-term engraftment failure and higher survival rates

[86]. Prostaglandin E2 (PGE2): PGE2 and its stable derivative dmPGE2

improve HSC self-renewal and engraftment capabilities in NSG mice

by activating theWnt pathway. Endogenous regulation of PGE2 levels

is considered an attractive method for improving HSCT efficacy, with

clinical trials using dmPGE2 showing rapid hematopoietic recovery

and higher long-term engraftment rates [87]. UM729 andUM171, two

pyrimidoindole derivatives, inhibit genes associated with erythrocyte

andmegakaryocyte differentiation by affecting LSD1, allowing for effi-

cient expansion and maintenance of long-term repopulating abilities

of HSPCs [88, 89]. Clinical trials of UM171 have shown high survival

rates without transplantation failure, and ongoing trials aim to further

assess its safety and effectiveness. MAPK inhibitors: MAPK inhibitors

represent a promising strategy for promoting HSPC expansion. Using

SB203580 to inhibit p38MAPKhas been shown to enhance the expan-

sion, self-renewal, and re-engraftment capabilities of UCB-derived

HSPCs. Analogs of SB203580, such as C7, have shown enhanced HSC

expansion activity and promoted long-term reconstruction capabilities

in primary and secondary NSGmouse recipients [90]. Additionally, the

use of JNK-IN-8 has been able to expand human UCB HSPCs, signifi-

cantly increasing SRC frequency in primitive recipients and achieving

engraftment in secondary recipients [91]. The significance of HSPCs’

erythropoiesis method lies in providing a novel approach to promote

RBC production by regulating stem cell self-renewal and prolifera-

tion capabilities, with the potential to improve treatment outcomes

for conditions such as anemia. This method holds promising prospects

for offering more effective therapeutic interventions for patients and

advancing research and clinical applications in the field (Table 2).

5 CONCLUSION

In this review, we delve into various aspects of the regulatory

mechanisms underlying chromatin condensation and the processes

associated with erythrocyte enucleation. Additionally, we provide a

comprehensive summary of studies on UPS, autophagy, and other

related factors, enhancing our understanding of the molecular mech-

anisms involved in erythrocyte enucleation. ESCs and iPS cells have

been widely used as starting materials in numerous fields of erythro-

cyte enucleation researchandapplication. Their unlimitedproliferative

potential and capacity to differentiate into any cell type make them

ideal candidates for in vitro erythrocyte production. iPS cells, in par-

ticular, derived from specific patients and reprogrammed, offer the
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TABLE 2 Therapeutic compounds for hematopoietic stem cell (HSC) expansion and enhancement.

Drug/Compound Mechanism of Action Effect/Application Features Ref.

Tetraethylenepentamine

(TEPA)

Chelates copper ions Enhanced proliferation and

reconstitution abilities in HSPCs

Used for UCB-derived HSPCs [84]

StemRegenin-1 (SR1) Inhibits the aryl hydrocarbon

receptor (AHR)

Rapid hematopoietic recovery and

enhanced engraftment capabilities

UCB-derived HSPCs expansion [85]

Nicotinamide (NAM) Enhances homing of

CXCR4-CXCL12-basedHSPCs

Significant improvement in expansion

and engraftment potential

UCBCD34+HSPCs expansion [86]

Prostaglandin E2 (PGE2) Activates theWnt pathway Improves HSC self-renewal and

engraftment capabilities

Endogenous regulation of PGE2

levels

[87]

UM729 andUM171 Affects LSD1-inhibiting genes

related to erythrocyte and

megakaryocyte differentiation

Efficient expansion andmaintenance

of long-term repopulating abilities

High survival rates without

transplantation failure

[88,

89]

Note: Table 2 summarizes key therapeutic compounds and their respective mechanisms of action that have been studied for enhancing the expansion and

functional capabilities of hematopoietic stem cells (HSCs).

significant advantage of avoiding immune rejection,making themespe-

cially suitable for autologous transfusions. Furthermore, the devel-

opment of immortalized erythroid cell lines provides an intriguing

alternative. Immortalized erythroid cell lines driven by human onco-

genic viral genes E6/E7 have demonstrated the potential for sustained

erythrocyte proliferation in vitro. Although these immortalized cell

lines exhibit lower enucleation efficiency, they offer an effective

platform for studying erythroid differentiation and maturation mech-

anisms. Several studies are currently exploring ways to improve the

enucleation efficiency and functionality of erythrocytes derived from

these sources. For instance, improvements in culture conditions and

modifications to differentiation protocols have successfully enhanced

the enucleation rates of iPS cell-derived erythrocytes. These studies

often utilize feeder-free systems or co-cultures with specific cell lines,

such as MS5 or MSC. In terms of clinical applications and commercial-

ization, key challenges include scaling up the production of high-quality

enucleated erythrocytes, ensuring their functionality resembles that of

natural erythrocytes, and controlling production costs. It is also essen-

tial to ensure that these in vitro-cultured erythrocytes can function

safely and effectively within the human body without eliciting immune

responses or other adverse effects. Future research directions may

include the development of novel cell engineering technologies to opti-

mize the processes of erythrocyte production and maturation, as well

as exploring new cell sources and bioreactor technologies to achieve

the industrial-scale production of erythrocytes. As our understand-

ing of erythrocyte biology deepens, new therapeutic targets may be

identified, further enhancing the efficacy and safety of treatments.
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