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Purpose of review

In this review, we summarize our current knowledge on the expression patterns of
various proteins during erythropoiesis and discuss how this information can lead to
development of detailed understanding of membrane biogenesis during erythropoiesis.
Recent findings

Changes in expression pattern of more than 30 red cell membrane proteins during
terminal erythroid differentiation and during reticulocyte maturation was discerned.
During maturation of murine reticulocytes, tubulin and cytosolic actin were lost, while the
membrane-associated levels of myosin, tropomyosin, ICAM-4, GLUT4, Na/K-ATPase,
NHE1, GPA, CD47, Duffy, and Kell were reduced. During murine terminal erythroid
differentiation, expression levels of all major transmembrane and skeletal proteins of the
mature red blood cell increased, while those of various adhesion molecules decreased.
A 30-fold decrease in expression of the adhesive protein CD44 was noted during
differentiation of murine proerythroblast to orthochromatic erythroblast. These changing
protein expression patterns were used to devise an effective strategy to distinguish

erythroblasts at distinct stages of development.

All major red cell membrane proteins undergo dynamic changes during terminal
erythroid differentiation. Use of CD44 in conjunction with TER119 and cell size enabled
the development of a method for distinguishing distinct stages of erythroblasts during
murine erythropoiesis. These findings should enable development of detailed

understanding of membrane biogenesis during erythropoiesis and obtain mechanistic
insights into disordered erythropoiesis in various red cell disorders.
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Introduction

The process of erythropoiesis includes all steps of hema-
topoiesis starting with the multipotential hematopoietic
stem cells. These stem cells can either undergo self-
renewal or through lineage-specific commitment gener-
ate erythroid progenitor cells. These progenitor cells
undergo terminal erythroid differentiation through a
series of maturation stages to produce enucleated reti-
culocytes, which subsequently mature first in the bone
marrow and then in circulation into red cells. Dramatic
changes in cellular and membrane features are noted
during terminal erythroid differentiation of proerythro-
blasts, the first morphologically recognizable erythroid
cells, into reticulocytes. These include decreases in cell
size, increased chromatin condensation, progressive
hemoglobinization, and finally enucleation. While it
has long been recognized that marked changes occur
in membrane organization during erythroid differen-
tiation, our understanding of these changes is limited.
This review summarizes our current knowledge on the
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during erythropoiesis and discusses how this information
can be used for developing strategies for studying normal
and disordered erythropoiesis.

Process of erythropoiesis

Erythropoiesis is a process during which multipotential
hematopoietic stem cells proliferate, differentiate, and
eventually form mature erythrocytes. Eight distinct
developmental stages have been identified during ery-
thropoiesis: burst-forming unit-erythroid (BFU-E), col-
ony-forming unit-erythroid (CFU-E), proerythroblast,
basophilic erythroblast, polychromatic erythroblast,
orthochromatic erythroblast, reticulocyte, and mature
erythrocyte. The BFU-E and CFU-E are two distinct
erythroid progenitor cell populations that have been
functionally defined in colony assays [1]. The earliest
morphologically recognizable erythroblast is the proery-
throblast. Proerythroblast differentiates to generate baso-
philic, polychromatic, and orthochromatic erythroblasts
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and the orthochromatic erythroblasts expel their nuclei
to produce reticulocytes. This ordered differentiation
process involving 3- to 4-cell mitosis is referred to as
terminal erythroid differentiation and is accompanied by
decreases in cell size, enhanced chromatin condensation,
progressive hemoglobinization, and marked changes in
membrane organization. Transition of reticulocytes into
mature red cells occurs first in bone marrow and then in
the bloodstream, a process referred to as reticulocyte
maturation. Reticulocyte maturation is accompanied by
loss of intracellular organelles such as mitochondria [2—4]
and ribosomes as well as extensive membrane remodel-

ing [5-7].

Composition and organization of mature red
cell membrane

Studies during the last three decades have led to a
detailed characterization of the protein composition
and structural organization of the mature red cell mem-
brane [8-10,11°,12]. The red cell membrane is currently
viewed as a composite structure composed of a plasma
membrane anchored to a two-dimensional membrane
skeletal network through linkage of transmembrane
proteins to the skeletal network. The major skeletal
proteins include a-spectrin, B-spectrin, actin, protein
4.1R, ankyrin R, protein 4.2, p55, adducin, dematin,
tropomyosin, and tropomodulin. More than 50 transmem-
brane proteins have been identified in the red cell, more
than half of which carry blood group antigens [13]. The
well-studied blood-group-carrying proteins include band
3, glycophorin (GP)A, GPC, Rh, RhAG, XK, Kell, Dufty,
CD44, CD47, aquaporin 1 (AQP1), Lutheran (LLu), and
intercellular adhesion molecule-4 (ICAM-4). These
proteins exhibit distinct functions. Band 3 serves as an
anion exchanger, while Rh/RhAG are probably gas trans-
porters [14] and Duffy functions as a chemokine receptor
[15,16]. Kell possesses endothelin-3 converting enzyme
activity [17]. CD47 prevents premature removal from the
circulation by functioning as a marker of ‘self’ on the
outer surface where it binds to the inhibitory receptor
SIRPa [18,19]. Lu, CD44, ICAM-4, and integrins o431
and a5B1 mediate cell-cell and cell—extracellular matrix
interactions. Certain transmembrane proteins function as
transporters or pumps. These include the water trans-
porter AQP1, the glucose transporters GLUT1 and
GLUT4, the sodium/hydrogen exchanger NHE1, and
Na/K-ATPase.

a-Spectrin and B-spectrin in the form of «,B, tetramers
comprise the structural core of the skeletal network and
this structure is strengthened by interaction of spectrin
with other skeletal proteins including actin, 4.1R, adducin,
dematin, tropomyosin, and tropomodulin. The spectrin-
based skeleton is attached to the lipid bilayer through
protein—protein interactions between transmembrane

and skeletal proteins at two major sites. The first involves
ankyrin R, which interacts with cytoplasmic domains of
band 3 and RhAG and forms the ‘ankyrin R-complex’ in
close proximity to the spectrin tetramerization site [20].
This macromolecular complex also contains 4.2, GPA,
RhAG, Rh, CD47, and ICAM-4. The second involves
protein 4.1R, which associates with GPC, protein p55,
Dutffy, XK, and Rh proteins to form the ‘4.1R-complex’
at the spectrin—actin junctional complex [21°]. Recent
studies have shown that 4.2, band 3 and GLU'T'1 are also
localized to the junctional complex, 4.2 through its binding
to the carboxyl-terminal EF-hands of a-spectrin [22], band
3 through its interaction with adducin [23],and GLUT'1 by
interaction with adducin and dematin [24]. A schematic
model depicting our current understanding of the compo-
sition and organization of red cell membrane proteins is
shown in Fig. 1.

Membrane remodeling during reticulocyte
maturation

The last step in terminal erythroid differentiation is the
maturation of the enucleate multilobular reticulocyte into
the discoid mature red cell. The maturation process,
which lasts 2—3 days, first in the bone marrow and then
in circulation, is accompanied by loss of organelles such as
mitochondria and ribosomes [2—4] as well as extensive
remodeling of the plasma membrane [7]. Membrane
remodeling includes a ~20% loss of surface area
due to membrane vesiculation [25,26], a decrease in cell
volume, an increase in membrane mechanical stability
[5,6], and acquisition of biconcave shape, implying a
major reorganization of membrane and skeletal com-
ponents. However, little is known about the specific
molecular changes that accompany reticulocyte matu-
ration. Only the loss of the transferrin receptor has been
extensively studied [27] and the loss of glucose transpor-
ter, aquaporin-1, and Na/K-ATPase has been reported
[28,29]. To comprehensively analyze the various mol-
ecular changes that accompany murine reticulocyte
maturation, Liu e /. [30°°] has recently examined
the differences in the expression of 30 distinct membrane
proteins between reticulocytes and mature red cells.
They showed that during reticulocyte maturation, tubu-
lin, cytosolic actin, transferrin receptor 1 (CD71), and
ICAM-4 are lost, while the membrane content of myosin,
tropomyosin, adducin, GLUT4, Na/K-ATPase, NHE1,
GPA, CD47, Duffy, and Kell is reduced. In contrast, band
3, Rh, RhAG, GPC, and XK appear to increase after
maturation, probably due to loss of membrane surface
areca. T'he cell content of major cytoskeletal proteins
a-spectrin, B-spectrin ankyrin R, 4.1R, 4.2, p55, tropo-
modulin, and 4.9 is not changed. In addition, the release
of AQP1 from reticulocytes into exosomes during reti-
culocyte maturation was also reported [31]. The degra-
dation of tubulin and actin was, at least in part, mediated



Figure 1 Schematic model of red cell membrane organization
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Ankyrin R complex: tetrameric band 3, Rh, RhAG, and 4.2 directly bind to ankyrin R. GPA and LW are associated with the complex through their
interaction with band 3, CD47 through its interaction with 4.2. This complex is attached to spectrin near the center of the tetramer (dimer—dimer
interaction site) by the binding of ankyrin R to spectrin. 4.1R complex: this complex contains the ternary complex of spectrin, F-actin, and 4.1R, as well
as the actin-binding proteins, tropomyosin, tropomodulin, adducin, and dematin. The 4.1R directly interacts with p55 and several transmembrane
proteins, GPC, Duffy, XK, Kell, and Rh. The dimeric band 3 binds to 4.1R and adducin while GLUT1 binds to adducin and dematin. 4.2 binds to the C-

terminal EF hands of a-spectrin at the junction.

by the ubiquitin—proteasome degradation pathway. Stu-
dies of various membrane protein—protein interactions
showed that while there was no difference in spectrin
tetramer formation between reticulocytes and mature
red cells, the spectrin—actin—4.1R junctional complex
was weaker in reticulocytes. Moreover, the linkage of
transmembrane proteins GPC, XK, Kell, and Dufty (all
components of 4.1R-complex) to the membrane
skeleton was weaker in reticulocytes. Interestingly,
these weaker interactions appear in part due to phos-
phorylation of 4.1R in reticulocytes. These findings have
begun to provide new insights into the mechanistic basis
of membrane structural changes that accompany reticu-
locyte maturation. The various molecular changes seen
during murine reticulocyte maturation are summarized

in Table 1.

Membrane assembly during terminal
erythroid differentiation

A number of earlier studies in the 1980s and 1990s
investigated the synthesis and assembly of membrane
proteins during erythropoiesis and demonstrated the
asynchronous nature of synthesis and assembly of «
and B-spectrin, ankyrin R, and band 3 during avian or
murine erythroid differentiation [32-36]. However, as
these studies only focused on the expression of a very

limited number of membrane proteins, our knowledge of
the erythroblast membrane protein composition and
organization at distinctly different development stages
is limited compared to our current detailed understand-
ing of the structure and function of the membrane of the
mature red cell.

To systematically study membrane assembly during
murine terminal erythroid differentiation, a recent study
derived erythroblasts at distinct developmental stages by
culturing highly purified proerythroblasts from mice
injected with Friend virus [37], and determined by
Western blotting and by flow cytometry the expression
levels of 23 major red cell proteins at different stages of

Table 1 Molecular changes during murine reticulocyte matu-
ration

Lost Decreased  Unchanged Increased
Tubulin Myosin a-Spectrin Band 3
Cytosolic actin Tropomyosin B-Spectrin Rh
TfR1 (CD71) Adducin Membrane-associated RhAG
actin
ICAM-4 GLUT4 Ankyrin R GPA (TER119)
Na-K-ATPase 4.1R GPC
NHE1 4.2 XK
GPA p55
CD47 Tropomodulin
Duffy 4.9
Kell
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development [38°°]. In this in-vitro culture system, proer-
ythroblasts progressively differentiate into basophilic
erythroblasts, polychromatic erythroblasts and orthochro-
matic erythroblasts, and reticulocytes during 48 h. The
expression levels of all skeletal proteins (a-spectrin, B-
spectrin, ankyrin R, 4.1R, p55, adducin, dematin, tropo-
modulin, and 4.2) increased progressively during terminal
differentiation, except for actin, whose expression level
decreased in late-stage erythroblasts compared to proer-
ythroblasts. In contrast, three distinct patterns of protein
expression were noted for transmembrane proteins. The
first group of proteins comprising band 3, GPA, Rh,
RhAG, CD47, and Duffy were expressed at low levels
in proerythroblasts but their expression levels progress-
ively increased during terminal differentiation with high-
est levels in orthochromatic erythroblasts. The second
group, composed of adhesion molecules CD44, Lu,
ICAM-4, and B1 integrin, exhibited a reverse type of
expression pattern with highest level of expression in
proerythroblasts and a progressive reduction as differen-
tiation proceeded. T'wo isoforms of glycosylated B1 integ-
rin were expressed during erythroid differentiation. It
was noted that in this group of adhesive proteins, the

Table 2 Molecular changes during murine terminal erythroid
differentiation

Decreased Unchanged Increased
Actin TfR1(CD71) a-Spectrin 4.2
CD44 Kell B-Spectrin p55
Lu XK Ankyrin R Band 3
ICAM-4 4.1R Rh, RhAG
B1 Integrin Adducin CD47
Tropomodulin Duffy
4.9

most dramatic change occurred in surface expression of
CD44, with a more than 30-fold decrease from proery-
throblasts to orthochromatic erythroblasts. The expres-
sion levels of the third group proteins that included
transferrin receptor (CD71), Kell, and XK protein chan-
ged little during the entire course of erythroid differen-
tiation. It was also noted that the glycosylation status of
Kell changed during differentiation, with the unglycosy-
lated form expressed in proerythroblasts and the glyco-
sylated form expressed in late-stage erythroblasts.

Thus, during terminal erythroid differentiation there is a
distinct temporal regulation of synthesis and assembly of

Figure 2 Flow cytometric analysis and isolation of erythroblasts from bone marrow cells
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(a—c) Murine bone marrow cells labeled with antibodies against TER119 and CD44. (a) Plot of CD44 versus TER119. (b) Plot of CD44 versus FSC of all
TER-positive cells. (c) Quantitation of the purity of erythroblasts populations sorted on the basis of CD44 surface expression levels. (d—f) Murine bone
marrow cells labeled with antibodies against TER119 and CD71. (d) Plot of CD71 versus TER119; (e) plot of CD71 versus FSC of all TER-positive cells. (c)
Quantitation of the purity of erythroblasts populations sorted on the basis of CD71 surface expression levels. Baso, basophilic erythroblasts; Ortho,
orthochromatic erythroblasts; Poly, polychromatic erythroblasts; Pro, proerythroblasts; RBCs, red blood cells. Adapted from our published work in [38°°].




various membrane proteins. The gradual loss of adhesive
proteins during terminal erythroid differentiation implies
that cell-cell adhesion and cell-extracellular matrix
interactions involved in the formation of erythroblastic
islands [39°], specialized niches in which all erythroid
precursors differentiate and enucleate, undergo dynamic
alterations. The observed patterns of synthesis and
assembly of skeletal proteins and transmembrane
proteins involved in linking the bilayer to membrane
skeleton implies a dynamic sequence of events in the
assembly of the red cell membrane during erythropoiesis.
The molecular changes during murine terminal erythroid
differentiation are summarized in Table 2.

Membrane assembly during human terminal
erythroid differentiation

An effective two-phase culture system has been devel-
oped and optimized to study erythroid differentiation of
human CD34" hematopoietic stem cells [40—42]. Using
this system, Southcott ¢ a/. [43] studied the order of
appearance of a number of membrane proteins that
encode human blood group antigens. To extend these
findings, a recent study has comprehensively examined
the expression of 25 red cell membrane and skeletal
proteins during human erythropoiesis (our unpublished
data). A number of similarities and a few differences in
the expression pattern of various membrane proteins
were noted between human and mouse erythropoiesis.
Similar to murine terminal erythroid differentiation, the
expression of all skeletal proteins was increased during
human erythropoiesis. However, in contrast to the finding
of decreased expression of LU and ICAM-4 during
terminal erythroid differentiation of murine cells, the
expression of these two adhesive proteins increased
during human erythropoiesis. Furthermore, the decrease
in surface expression of CD44 during terminal erythroid
differentiation of human erythroid cells was only one-
third of that seen for murine cells. The biologic signifi-
cance of these differences needs to be further explored.

Use of cell surface markers to distinguish
distinct stages of erythroblasts

The findings that surface expression of CD44 progress-
ively decreased by more than 30-fold while the transferrin
receptor (CD71) expression changed little from proery-
throblasts to orthochromatic erythroblasts suggested that
CD44 might be a much more robust surface marker for
distinguishing between different stages of erythroid
differentiation than CD71, which is widely used to study
murine erythropoiesis [44,45]. Indeed, staining of murine
bone marrow cells with both CD44 antibody and an
erythroid-specific GPA antibody, TER119, in conjunc-
tion with forward scatter enabled the separation of dis-
tinct stages of erythroblasts from proerythroblasts to
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orthochromatic erythroblasts with high purity (Fig. 2a—c)
[38°°]. In contrast, the use of CD71 resulted in the gener-
ation of a heterogenous mixture of erythroblasts at various
stages of development except for a pure population of
proerythroblasts (Fig. 2d—f).

Conclusion

Recent comprehensive characterization of molecular
changes during erythropoiesis provided new insights into
the genesis of red cell membrane function during eryth-
roblast differentiation and during reticulocyte matu-
ration. It also enabled the identification of optimal surface
markers for distinguishing erythroblasts at distinct stages
of maturation. These insights will enable the isolation of
highly purified populations of erythroblasts at distinct
stages of maturation for future functional studies and also
offer a means of defining stage-specific defects in ery-
throid maturation in inherited and acquired red cell
disorders and in bone marrow failure syndromes.
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