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EDITORIALS & PERSPECTIVES

Erythropoiesis, the process by which mature red
blood cells differentiate from hematopoietic stem
cells, provides about 2×1011 new erythrocytes daily

to replace the 1% of old cells removed from the circula-
tion. Red cell production increases several-fold after
blood loss or hemolysis but does not overshoot because
it is so tightly regulated. This regulation involves three
basic processes in erythroid progenitor and precursor cell
populations: proliferation, differentiation, and survival.
Although they act in concert from the earliest cell com-
mitted to erythropoiesis, the burst-forming unit-ery-
throid (BFU-E), through the last cell division of erythro-
blasts, each of these three processes can be regulated
independently of another. After blood loss or hemolysis,
stem cell factor (SCF/Kit-ligand) and glucocorticoids
increase proliferation of cells in the BFU-E to colony-
forming unit-erythroid (CFU-E) stages.1 However, SCF
and glucocorticoids have little effect on survival or differ-
entiation of these erythroid progenitor cells.
Erythopoietin (EPO), the major physiologic regulator of
erythropoiesis, is regulated by hypoxia at the level of its
transcription.2 EPO promotes the survival of erythroid
cells in the CFU-E through basophilic erythroblast stages
without affecting their proliferation or differentiation.

Contact with macrophages in erythroblastic islands
regulates proliferation of these EPO-dependent cells
without affecting their survival or differentiation.3

Differentiation of late-stage erythroblasts is character-
ized by the synthesis and accumulation of hemoglobin,
the most abundant and major functional protein of
mature erythrocytes. Accumulation of heme and globin
chains, which is finely regulated to assure erythroblast
survival,4,5 has no effect on cellular proliferation, which
has largely ceased by this stage of differentiation.

Proliferation, differentiation, and survival of erythroid
progenitors are ultimately controlled through activation
and repression of specific genetic programs. An impor-
tant transcriptional regulator in erythropoiesis is LIM
domain-only protein 2 (LMO2). Originally discovered
from its involvement by chromosomal translocation in T-
cell acute lymphoblastic leukemia, the LMO2 gene
encodes a small nuclear protein with little beyond its two
LIM domains. This LIM domain, while related structural-
ly to the zinc finger DNA-binding domains of the GATA
family of transcription factors, is involved in protein-pro-
tein rather than protein-DNA interactions. LMO2 and
related LIM-only proteins appear to function as adaptor
molecules and assist in the assembly of multimeric tran-
scription factor complexes. 

The first indication that LMO2 was important for ery-
throid differentiation came from gene targeting studies in
embryonic stem (ES) cells. Homozygous inactivation of
the Lmo2 gene in mice led to the complete absence of

yolk sac erythropoiesis and early embryonic lethality.6

Further, both Lmo2–/– embryonic stem (ES) cells6 and wild-
type ES cells transduced with an anti-LMO2 single-chain
antibody7 were completely blocked in erythroid differen-
tiation. In contrast, enforced Lmo2 expression was
reported to inhibit the differentiation of erythroid pro-
genitor cell lines.8 However, while LMO2 protein could
have opposite actions in early- versus late-stage erythro-
poiesis, it more likely has dominant negative effects
when overexpressed.9

Given its significance in erythropoiesis, the mechanism
by which LMO2 is regulated in the cell is an important
subject. It is noteworthy, therefore, that Felli et al.10 report
in a paper in this issue of the journal that microRNA 223
(miR-223) reduces expression of LMO2 message and pro-
tein. miRNAs are small non-coding RNAs that affect
gene expression at a post-transcriptional level by both
promoting the degradation of specific mRNAs and
inhibiting their translation. The authors found, first, that
miR-223 expression declined during erythroid differenti-
ation of cord blood CD34+ cells, while LMO2 was upreg-
ulated. They then showed that miR-223 interacted with
the 3’ untranslated region of LMO2 mRNA and that
forced expression of miR-223 reduced LMO2 message
and protein and inhibited erythroid differentiation. The
paper suggests that down-modulation of miR-223 is
required for erythroid differentiation and establishes
LMO2 as one of its major targets (Figure 1A). Two other
studies in press also found that miRNA-223 down-regu-
lates LMO2 expression.11,12

LIM-only and LIM-homeodomain (LIM-HD) proteins
interact with the LIM domain-binding protein Ldb1, and
it is clear from studies of their Drosophila orthologs that
the proper stoichiometry of Ldb1 and its interaction part-
ners is essential for their biological actions. Ldb1 in turn
interacts with two single-stranded DNA-binding pro-
teins (SSBPs), SSBP2 and SSBP3, which together con-
tribute to a common DNA-binding complex. This com-
plex, which also contains the transcription factors GATA-
1, Tal1, and one of Tal1’s E protein DNA-binding part-
ners, binds a bipartite E box-GATA sequence motif in the
regulatory regions of its target genes.13 When overex-
pressed in a murine erythroid cell line, the SSBPs
increased endogenous Ldb1 and Lmo2 levels, the DNA-
binding activity of this multiprotein complex, and
expression of select target genes.14 SSBP2 was shown to
inhibit Ldb1 and Lmo2 interaction with an E3 ubiquitin
ligase, RING Finger LIM Domain-Binding Protein
(RLIM), preventing RLIM-mediated ubiquitination of
Ldb1 and protecting Ldb1 and Lmo2 from proteasomal
degradation.14 Importantly, Ldb1 and Lmo2 protein abun-
dance changed in the opposite direction with SSBP over-
expression and knockdown, suggesting that the SSBPs
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set the levels of Ldb1 and Lmo2 during erythropoiesis
(Figure 1B). 

Finally, recent studies have documented recruitment
of the E box-GATA-binding complex to the beta-globin
locus control region and proximal promoter, with addi-
tional data suggesting it regulates globin gene transcrip-
tion through an effect on DNA looping.15 Of consider-
able interest given its own regulation by an miRNA,
LMO2 was recently implicated in down-regulating
miRNA-142.16

In summary, recent studies, including the one reported
by Felli et al.10, have shown that LMO2 is regulated at
both a posttranscriptional and post-translational level in
erythroid progenitors. This undoubtedly contributes to
the precision with which erythrocyte production is con-
trolled in vivo.
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Figure 1. Regulation of LMO2 in ery-
thropoiesis. (A) Regulation of LMO2
mRNA by miRNA-223. Specific bind-
ing of this small non-coding RNA to
the LMO2 3’ untranslated region
inhibits the translation of this mRNA
and promotes its degradation, with
consequences for erythroid differen-
tiation. (B) Regulation of LMO2 pro-
tein by single-stranded DNA-binding
proteins (SSBPs). These SSBPs
inhibit LMO2 and LIM Domain-
Binding Protein 1 (Ldb1) interaction
with an E3 ubiquitin ligase, RING
Finger LIM Domain-Binding Protein
(RLIM), sparing them from proteaso-
mal destruction and increasing their
steady state concentrations in the
cell RISC, RNA-induced silencing
complex.
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