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Chromatin condensation during terminal erythropoiesis
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ABSTRACT
Mammalian terminal erythropoiesis involves gradual but dramatic chromatin condensation steps
that are essential for cell differentiation. Chromatin and nuclear condensation is followed by a
unique enucleation process, which is believed to liberate more spaces for hemoglobin enrichment
and enable the generation of a physically flexible mature red blood cell. Although these processes
have been known for decades, the mechanisms are still unclear. Our recent study reveals an
unexpected nuclear opening formation during mouse terminal erythropoiesis that requires caspase-
3 activity. Major histones, except H2AZ, are partially released from the opening, which is important
for chromatin condensation. Block of the nuclear opening through caspase inhibitor or knockdown
of caspase-3 inhibits chromatin condensation and enucleation. We also demonstrate that nuclear
opening and histone release are cell cycle regulated. These studies reveal a novel mechanism for
chromatin condensation in mammalia terminal erythropoiesis.
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Introduction

Erythropoiesis involves a stepwise process that
includes differentiation of committed Burst Forming
Units -Erythroid (BFU-Es) to Colony Forming Units
-Erythroid (CFU-Es). Differentiation from CFU-Es to
mature red blood cells, generally termed terminal
erythropoiesis, is driven by multiple erythropoietin
(Epo) induced signal transduction pathways. These
pathways act individually or collectively to activate or
repress genes that regulate cell differentiation, prolif-
eration and inhibit apoptosis.1 During erythropoiesis
the chromatin gradually condenses. Nuclear and chro-
matin condensation is thought to be critical for red
cell terminal differentiation and final enucleation.2

Extrusion of the highly condensed nucleus is signifi-
cant for the development of mammalian erythrocytes.
The enucleated red blood cells, therefore, could gain
more spaces for hemoglobin enrichment and flexibil-
ities to pass through terminal capillaries with diame-
ters often smaller than those of the red cells.

The mechanisms of mammalian erythroid chro-
matin condensation are unclear. Recent genetic stud-
ies demonstrate that histone tails undergo various

modifications during chromatin condensation.3 Enzy-
matic functions of histone deacetylases are also
involved in the condensation process.2,4 Specifically,
knockdown of HDAC2 significantly affects chroma-
tin condensation and subsequent enucleation.4 In
addition, ectopic expression of Gcn5, a histone ace-
tyltransferase that is normally up-regulated by c-
Myc, partially blocks nuclear condensation and enu-
cleation.5 Furthermore, the level of Gcn5 is regulated
indirectly by miR-191 whose level decreases during
terminal erythropoiesis. MiR-191 targets Riok3 and
Mxi1, two erythroid-enriched and developmentally
upregulated genes. Riok3 and Mxi1 directly, or indi-
rectly through c-Myc, negatively regulate Gcn5.
Overexpression of miR-191, or knockdown of Mxi1
or Riok3, blocks nuclear condensation and enucle-
ation.6 These studies establish the roles of chromatin
and histone modifications in condensation and enu-
cleation. However, the genome-wide changes of
nucleosomes and how various histones are localized
in the condensation process are still not known. Our
recent published results reveal that the nucleus and
histones may undergo several dynamic and repetitive
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reorganizations during terminal erythropoiesis, which
may shed light on the mechanism of erythroid chro-
matin condensation.7

Overview of the nuclear opening and histone release
processes in mammalian terminal erythropoiesis

To understand the mechanisms of chromatin con-
densation during erythropoiesis, we started with
the analysis of the expression and localization pro-
files of various histone and nuclear structure pro-
teins using our well-established mouse fetal liver
culture system.4,8,9 To our surprise, immunofluo-
rescence experiments revealed that most of the
histone proteins, except H2AZ, were partially
released out of the nucleus through a large nuclear
opening in the early stage of terminal erythropoie-
sis. We found that caspase-3 was involved in the
nuclear opening formation. Treatment of the
erythroblasts with caspase inhibitor or knockdown
of caspase-3 in the early stage of terminal erythro-
poiesis blocked nuclear opening formation, chro-
matin condensation, and led to cell death. In
addition, our data support the idea that chromatin
condensation during erythropoiesis is mediated
through gradual histone nuclear release.7 Our
findings also suggest that generation of the nuclear
opening could be one of the main functions of
caspase-3, whose role in terminal erythropoiesis
has been unclear.10,11

Figure 1 schematically illustrates the model. Cas-
pase-3 is activated in the early stage of terminal
erythropoiesis to cleave lamin B and nuclear enve-
lope. Major histones, except H2AZ, are partially
released from the nuclear opening, which is associ-
ated with a dynamic change of nucleosomes and
gradual chromatin condensation. These processes

start in the early stage of terminal erythropoiesis
and are dynamic with an open-and-close cycle for
4-5 rounds during mouse fetal liver erythroid
terminal differentiation.

Caspase-3 is physiologically activated during
terminal erythropoiesis

In addition to physiologic conditions such as eryth-
ropoiesis and the development of other haemato-
poietic lineages, chromatin condensation is also
observed during apoptosis. Indeed, apoptotic mech-
anisms are known to play important roles in eryth-
ropoiesis (reviewed in12). Inhibition of the caspase
activities blocks terminal erythropoiesis at the baso-
philic stage.13 Further studies indicate a possible
role of caspase-3 in this process by showing a
reduced erythroid maturation rate of human CD34
positive cells when caspase-3 was downregulated by
shRNA.10 However, the roles of caspases in eryth-
ropoiesis remain elusive. Detailed assays in termi-
nal erythropoiesis were not performed in previous
reports using animal models.14

Since nuclear lamins are known substrates of cas-
pase-3,15 we asked whether inhibition of the activity of
caspase-3 would block the nuclear opening formation.
We first confirmed the activation of caspase-3 and
cleavage of lamin B in the cultured mouse fetal liver
erythroblasts, which was consistent with a previous
report.13 We next treated the cultured mouse fetal
liver erythroblasts with a caspase-3 inhibitor at the
beginning of culture. Indeed, nuclear opening was
blocked in caspase-3 inhibitor treated cells compared
to the control ones. Caspase-3 inhibitor also signifi-
cantly blocked nuclear condensation. To demonstrate
that caspase-3 directly functions on lamin-B, we gen-
erated a caspase-3 noncleavable lamin-B mutant.
Ectopic expression of this mutant in erythroid cells
indeed blocked nuclear opening formation and
chromatin condensation.7

We further studied the role of caspase-3 in vivo
using the fetal liver erythroblasts purified from a cas-
pas-3 knockout mouse model in a pure C57BL/6 back-
ground. Indeed, these cells exhibited significant
defects in nuclear opening formation and chromatin
condensation. The caspase-3 knockout mice also
showed downward trends of hemoglobin and hemato-
crit, and statistically significant splenomegaly, indicat-
ing mild erythroid defects in vivo. However, these

Figure 1. Schematic illustration of chromatin condensation,
nuclear opening formation, and histone release during terminal
erythropoiesis. NPC: nuclear pore complex; CFU-E: Colony-Form-
ing Units- Erythroid.
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studies cannot rule out the possible compensatory
effects of other caspases in nuclear opening formation
and chromatin condensation in the absence of cas-
pase-3. Further studies on caspase-1 or caspase-9,
which are the upstream regulators of caspase-314,
would be helpful to reveal the mechanisms of caspases
in vivo in erythroid chromatin condensation.

Given the important role of caspase-3 in chromatin
condensation, it is still mysterious how caspase-3,
which is usually triggered active in apoptotic condi-
tions, is activated in terminal erythroid differentiation.
We showed in our study that caspase-3 is activated on
day one (corresponding to basophilic to polychro-
matic stages of terminal erythropoiesis) of the two-
day mouse fetal liver culture period when the cells are
actively responsive to erythropoietin (Epo).7,16

Although Epo is critical for the survival of erythro-
blasts,17 it is also indicated to paradoxically induce
physiologic activation of caspases. Previous studies
demonstrated that Epo activates caspase-3 in human
erythroid cell line TF-1 cells.18 More recently, we
showed that Epo increased the levels of reactive oxy-
gen species (ROS). ROS gradually decreased during
terminal differentiation, which was accompanied by
the decreased erythroblast response to Epo.16 These
data indicate that Epo could potentially induce
caspase-3 activation through ROS, which is well
known to activate caspases.19

A possible role of H2AZ in chromatin remodeling and
histone release during terminal erythropoiesis

We demonstrated that the major histones, except
H2AZ, are partially released from the nucleus
through the nuclear opening. The role of H2AZ in
chromatin remodeling is well studied in yeast (review
see.20). In mammalian cells, H2AZ is known to be
involved in chromatin remodeling and nucleosome
depletion in embryonic stem cell.21 However, its role
in erythropoiesis is completely unknown. It is likely
that H2AZ plays a role in nucleosome remodeling to
facilitate the histone release process in terminal
erythropoiesis (Fig. 2). Besides the use of non-canon-
ical histone variants, nucleosome remodeling in
mammalian cells is also facilitated through ATP-
dependent SWI/SNF chromatin remodeling com-
plexes and histone tail post-translational modifica-
tions.22 In supporting of this, replacement of H2A to
H2AZ is catalyzed by SWI/SNF-related SWR1

complex in yeast.23,24 Mammalian homology of
SWR1, p400/mDomino, plays a critical role in eryth-
ropoiesis, which further underlies the significance of
chromatin remodeling in terminal erythropoiesis.25,26

In addition, TIP60 histone acetyltransferase complex,
which associates with p400, acetylates the canonical
histone H4 and H2A that is required for H2AZ
incorporation catalyzed by SWR1/p400 histone
exchange complex.27 Therefore, these mechanisms
could function together to induce chromatin remod-
eling and histone release in terminal erythropoiesis
(Fig. 2).

Histone nuclear release – passive or active?

A recent study using the same mouse fetal liver culture
system identified the cytoplasmic release of histones in
the very end stage of terminal erythropoiesis before

Figure 2. Schematic view of possible mechanisms of H2AZ in
chromatin remodeling and histone release. Dashed lines (red)
indicate unknown pathways need to be investigated.

Figure 3. Localization of exportin-7 in different stages of mouse
fetal liver erythropoiesis. Ter119-negative E13.5 mouse fetal liver
erythroblasts were purified and cultured for indicated days in an
erythropoietin-containing medium. Immunofluorescence stains
for exportin-7, H2A, Lamin B and DNA (DAPI) were performed.
Arrows indicate nuclear opening. Scale bars: 5 mM.
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enucleation, which is mediated by exportin 728. Expor-
tin-7 level is low in the early-stage erythroblasts (Day
0 and Day 1 in our culture system), and peaks in the
protein levels on Day 2 in culture. It is mainly located
in the nucleus and does not exhibit notable enrich-
ment in the area of the nuclear opening (Fig. 3). There
is a significant enrichment of exportin-7 and histone
H2A in the enucleating erythroblasts and incipient
reticulocytes (unpublished results), which is consistent
with the previous study that exportin-7 mediates his-
tone release in the end stages of terminal
erythropoiesis.

To determine whether the histone release out of
the nuclear opening in the early stage of terminal
erythropoiesis is also nuclear exportin dependent,
we performed studies in which we treated the
Ter119 negative mouse fetal liver erythroblasts with
exportin inhibitor leptomycin B in the early stage
of terminal differentiation but with a visible nuclear
opening. We demonstrate that neither nuclear
opening formation nor histone release was affected
eight hours after the treatment of leptomycin B.
Cells treated longer than eight hours underwent
apoptosis as nuclear transport is crucial for cell
survival. The same result was also obtained when
leptomycin B was added in the relatively late stage
of terminal erythropoiesis. These results indicate
that histone nuclear release at different stages of
terminal erythropoiesis could be exportin indepen-
dent. However, leptomycin B may not be effective
on all the exportin family proteins, especially
exportin 7. Therefore, knocking down experiment
of exportin 7 at different developmental stages in
mouse and human terminal erythropoiesis would
be necessary to determine whether exportin 7 is
involved in the histone release process.

Conclusions

While enucleation is unique in mammals, erythroid
chromatin condensation occurs in a wide variety of
species. In addition, chromatin condensation is also
present during terminal differentiation of many other
haematopoietic lineages. Therefore, understanding the
mechanisms of chromatin condensation in mamma-
lian terminal erythropoiesis has a broad impact
beyond the red cell biology. Our unpublished studies
demonstrate that human erythroblasts also exhibit
nuclear opening and histone release although with a

different kinetics and in different developmental
stages. These studies may have a clinical impact since
many red cell related diseases that are resistant to
erythropoiesis-stimulating agents, such as megaloblas-
tic anemia, congenital dyserythropoietic anemia, and
myelodysplastic syndromes, often show a failure of
chromatin condensation as one of the dysplastic
changes in the erythroid lineage.29-31
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