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Abstract

Recent evidence suggests that oxidative stress contributes significantly to the regulation of hematopoietic cell
homeostasis. In particular, red blood cells and hematopoietic stem cells are highly sensitive to deregulated ac-
cumulation of reactive oxygen species (ROS). Unchecked ROS accumulation often leads to hemolysis, that is,
to destruction and shortened life span of red blood cells. In addition, the process of erythroid cell formation is
sensitive to ROS accumulation. Similarly, ROS buildup in hematopoietic stem cells compromises their function
as a result of potential damage to their DNA leading to loss of quiescence and alterations of hematopoietic stem
cell cycling. These abnormalities may lead to accelerated aging of hematopoietic stem cells or to hematopoietic
malignancies. Antioxid. Redox Signal. 10, 1923–1940.
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Introduction

OXIDATIVE STRESS is due to the effects of reactive oxygen
species (ROS). It has been estimated that several thou-

sands DNA-damaging events occur in every cell of the hu-
man body every day, and a significant portion of this is
caused by ROS (24). In the mitochondrial respiratory chain
for production of energy, O2 molecules accept four electrons
to form two molecules of water. In this process, partially re-
duced O2 species form the ROS (�5%). Some ROS contain
unpaired electrons and are therefore referred to as free rad-
icals. The acceptance of a single electron by O2 generates su-
peroxide �O2. The mitochondrial respiratory chain is a ma-
jor source of �O2. Superoxide is not an effective oxidant, but
it impairs mitochondrial function by oxidizing the Fe-S clus-
ter of many enzymes [reviewed in (6, 27, 33)].

Once formed, superoxide undergoes rapid dismutation
both spontaneously and by a family of enzymes (superoxide
dismutase, SOD) to form hydrogen peroxide, H2O2, and O2

(Fig. 1). H2O2 is removed by three general mechanisms: (a)
it is catalyzed by two enzymes, catalase and glutathione
(GSH) peroxidase, to H2O and O2; (b) it is converted by
myeloperoxidase in neutrophils to hypochlorous acid
(HOCl), a physiologically toxic product and a strong oxidant
that acts as a bactericidal agent in phagocytic cells; and (c)

H2O2 is converted in a spontaneous reaction, catalyzed by
Fe2� and called the Fenton reaction, to the highly reactive
hydroxyl radical �OH (�OH � RH � H2O � R). Lipid per-
oxidation is readily achieved by hydroxyl radicals but not
by hydrogen peroxide.

Another important class of scavengers are glutathiones,
which appear both in oxidized (GSSG) and reduced (GSH)
forms. A third class of antioxidant enzymes is glutathione-
S-transferase and the auxiliary enzyme, glutathione reduc-
tase, which use NADPH to regenerate GSH from GSSG. ROS,
in particular the hydroxyl radical, can react with all biologic
macromolecules (lipids, proteins, nucleic acids, and carbo-
hydrates). Similar to its response to DNA damage, the cel-
lular response to ROS-induced damage is either to arrest the
cellular life cycle to allow the damage to be repaired or to
initiate programmed cell death (6, 27, 33).

Hematopoietic cells appear to be particularly vulnerable
in the presence of unchecked accumulation of ROS, because
deficiencies in several ROS scavengers result in either ane-
mia that is severe or even lethal in some cases and/or ma-
lignancies of hematopoietic tissues (36, 41, 61, 66, 87, 121)
(see Table 1). Although ROS affect many hematopoietic cell
lineages, this review is limited to the effect of ROS in the reg-
ulation of hematopoietic stem and erythroid cells. The re-
view focuses on the impact of oxidative stress on the regu-
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lation of erythropoiesis (Part I). In the next section (Part II),
the regulation of oxidative stress by FoxO transcription fac-
tors in hematopoietic cells, specifically in erythroid cells, is
reviewed. Finally in Part III, what is known of the control of
oxidative stress in hematopoietic stem cells and the impact
of ROS on hematopoietic stem cell activity, aging, niche in-
teractions, and potential neoplastic transformation are dis-
cussed.

Part I

Regulation of Oxidative Stress in Red Blood Cells 
and Precursors

Regulation of oxidative stress is particularly important to
erythropoiesis, the process that results in the production of
mature erythrocytes, from proliferation, survival, and dif-
ferentiation of erythroid cell progenitors in response to ery-
thropoietin (Epo) binding to erythropoietin receptor (EpoR)
[reviewed in (107)] (Fig. 2). Erythroid precursors synthesize
and accumulate hemoglobin as they mature. In addition, in-
sertion of iron to heme in mitochondria of erythroid pre-
cursors provides potential for the Fenton reaction. Circulat-
ing erythrocytes carry oxygen bound to hemoglobin and as
such are highly prone to oxidative damage (122). Conse-
quently, erythrocytes are exposed to one of the highest lev-
els of oxidative-stress conditions in the body. In agreement
with this, compromised protection from ROS, as seen in ge-
netic enzymatic deficiencies involving pathways that main-
tain intracellular reductive molecules or in molecules that
protect globin, results in diseases of red blood cells, with
shortened life span and hemolysis, leading to anemias (36,
41, 61, 66, 121). Not surprisingly, erythroid cells in healthy
individuals contain a strong arsenal of antioxidant enzymes
that protect the cells against oxygen radicals (54). These in-
clude superoxide dismutases, which convert superoxide to
oxygen peroxide, catalase and glutathione peroxidase, which
convert hydrogen peroxide to water, and nonenzymatic
scavengers such as glutathione, peroxiredoxin, ascorbic acid,
and carotenoids. Accumulation of ROS also has a significant
impact on the senescence of circulating erythrocytes and

their limited life span (7). Because mature erythrocytes are
enucleated, important transcriptional regulation must take
place before enucleation and release of erythrocytes to the
peripheral circulation.

P45NF-E2, Nrf1, and Nrf2 Transcription Factors

The 5�-flanking regions of some antioxidant genes, such
as heme oxygenase, contain a common cis-acting regulatory
antioxidant response element (ARE), the activation of which
partly mediates the antioxidative stress response [(99), and
reviewed in (51)].

The cap ‘n’ collars (CNCs) of the basic zipper superfam-
ily of transcription factors are identified by their ability to
bind and activate the hypersensitive sites of the globin locus
control region (1, 12, 13, 88). This family includes p45NF-E2,
NF-E2–related factor (Nrf) 1, Nrf2, and Nrf3, and more dis-
tantly, Bach1 and Bach2. P45NF-E2 expression is restricted
to hematopoietic cells. Some members of this family are iden-
tified as important in the activation of ARE and regulation
of oxidative stress in erythropoiesis.

P45NF-E2�/� mice display a high rate of mortality be-
cause of bleeding as a result of defective megakaryocyte mat-
uration, severe platelet deficiency, and a low hypochromic
anemia associated with reticulocytosis (105, 106). At the
steady state, P45NF-E2�/� red blood cells accumulate in-
creasing amounts of ROS, as compared with their wild-type
counterparts and, in particular, of hydrogen peroxide (14).
This leads to abnormal oxidation of hemoglobin in the form
of methemoglobin and increased osmotic fragility in P45NF-
E2�/� red blood cells. Specifically, deformability of P45NF-
E2�/� red blood cells is abolished in the presence of hydro-
gen peroxide.

The rate of red cell production increases dramatically in
response to clinical or physiologic stimuli that threaten the
tissue oxygenation, owing to enhanced proliferation of ery-
throid progenitors, in a process known as stress erythro-
poiesis (107). A classic approach to induce stress erythro-
poiesis is the use of phenylhydrazine. Phenylhydrazine
treatment induces oxidative denaturation of hemoglobin, re-
sulting in rapid destruction and significant loss of erythro-

GHAFFARI1924

FIG. 1. Reactive oxygen species. Cells generate
aerobic energy by reducing molecular oxygen (O2)
to water. During the metabolism of oxygen, super-
oxide (�O2) is occasionally formed. Superoxide is
rapidly dismutated to hydrogen peroxide (H2O2),
which is converted by glutathione peroxidase or
catalase to water. MPD (myeloperoxidase) converts
H2O2 in neutrophils to hypochlorous acid (HOCl),
a strong oxidant that acts as a bactericidal agent in
phagocytic cells. During a Fenton reaction, H2O2 is
converted in a spontaneous reaction catalyzed by
Fe2� to the highly reactive hydroxyl radical �OH.
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TABLE 1. GENETICALLY MODIFIED MICE WITH AN OXIDATIVE STRESS PHENOTYPE

Targeted gene Phenotype Reference

P45NF-E2��� High rate of mortality, bleeding, 14
defective megakaryocyte maturation,
severe platelet deficiency, low
hypochromic anemia, reticulocytosis,
methemoglobin, increased ROS,
reduced lifespan, reduced
catalase activity in red blood cells.

Nrf1��� Embryonic lethality, impaired 15, 23
erythropoiesis due to defective fetal
liver microenvironment, oxidative
stress in hapatocytes

Nrf2��� Anemia, with signs of damaged 64
erythroid cells, decreased
platelets, ROS increase

SOD2��� Mitochondrial injury, damage to 33, 34, 63, 68
cardiac muscle, neuronal tissues
and metabolic abnormalities
including acidosis and lipid
accumulation, post natal lethality,
reconstituted mice with SOD2-
deficient fetal liver: ROS-mediated
hemolytic anemia, signs of protein
oxidation

SOD3��� Exacerbation of oxidative stress 11
Peroxiredoxin I��� Several malignancies including 85

lymphomas, fibrosarcomas,
histiocytic sarcomas and
osteosarcomas increased ROS in
erythrocytes, protein oxidation,
hemoglobin instability, Heinz body
formation, decreased erythrocyte
lifespan

Peroxiredoxin I��� Increased frequency of malignancies 85
Peroxiredoxin II��� Compensated regenerative hemolytic 66

anemia, splenomegaly, high 
reticulocytosis, increased Epo levels

Peroxiredoxin III��� Mitochondrial ROS 19
Glutathione peroxidase 1��� Normal 40
Glutathione peroxidase 4��� Embryonically lethal 130
Catalase��� Normal 41
AHSP��� Hemolytic anemia, increased 57

ROS, signs of oxidative damage
ATM��� Ataxia, telangiectasia, neuronal 4, 47

degeneration, immunodeficiencies, 
genomic instability, predisposition to
malignancies including lymphomas,
ROS accumulation in hematopoietic
stem cell pool in aging mice,
bone marrow failure with age

FoxO1, 3, 4��� Decreased hematopoietic stem cell 111
pool, loss of quiescence and increased 
cell cycle of hematopoietic stem cells,
myeloproliferation, ROS accumulation
in hematopoietic stem cells, decrease
of SOD3 and catalase

FoxO3��� Decreased hematopoietic stem cell 79, 125
pool, ROS in hematopoietic stem
cells, loss of quiescence, G2/M arrest
of hematopoietic stem cells, ROS-
mediated myeloproliferation, decrease
of SOD2, catalase, GPX-1, ROS-
mediated chronic hemolysis,
decrease rate of erythroid cell
maturation, increased loss of 
hematopoietic stem cell activity 
with aging



cytes (hemolysis), which leads to anemia, characterized by a
decrease of hemoglobin concentration and hematocrit levels
(48). In response to phenylhydrazine-induced hemolytic ane-
mia, bone marrow and spleen erythropoiesis are stimulated,
releasing prematurely erythrocyte precursors, reticulocytes,
into the bloodstream. Therefore, the reticulocyte content of
blood reflects the severity of the hemolytic anemia and the
degree of compensatory response of bone marrow and
spleen to phenylhydrazine. Phenylhydrazine treatment dra-
matically increased the degree of anemia in P45NF-F2�/�

mice, suggesting an impairment in response to stress ery-
thropoiesis. The P45NF-E2�/� red blood cells display re-
duced life span and reduced expression of catalase activity
(14). These studies suggest an important role for P45NF-E2
in the regulation of oxidative stress in red blood cells.

Two p45NF-E2–related Nrf1 and Nrf2 transcription fac-
tors are expressed ubiquitously and are also implicated in
the regulation of antioxidant genes. Loss of Nrf1 results in
abnormal fetal liver erythropoiesis, anemia, and embryonic
lethality (15). Fetal liver is the major site of erythropoiesis
between days 11 and 15 of embryogenesis in mice. A ma-
jority (�85%) of liver cells at that stage are erythroid. The
erythroid abnormalities in Nrf1�/� embryos are sustained
by an impaired microenvironment in Nrf1�/� E13 fetal
liver (23). This view was supported by experiments show-
ing that fetal liver Nrf1�/� erythroid progenitors were un-
able to mature to produce enucleated red blood cells in their
own environment in vivo. Nonetheless, their ability to ma-
ture and produce hemoglobinized colonies of erythroid
cells in frequencies comparable to those of their wild-type
counterparts was intact in the petri dish in vitro. In addi-
tion, embryonic stem cells containing two disrupted Nrf-1
alleles contributed efficiently to blood cells in chimeric an-
imals. These findings are consistent with the notion that the
erythropoietic defect in Nrf1�/� embryos is due to a de-
fective fetal liver environment and is not intrinsic to 
erythroid cells (23). Further studies showed increased ox-
idative stress, reduced expression of antioxidant enzymes,
and apoptosis of fetal liver cells (23). In agreement with

these findings, Nrf1�/� fibroblasts are highly sensitive to
toxic oxidant compounds (64).

Nrf2 is widely expressed, and as does Nrf1, has antioxi-
dant functions. Nrf2 promotes survival by modulating anti-
oxidant and apoptosis pathways. Nrf2�/� mice are viable
and develop normally but are sensitive to redox-inducing
agents (16, 17). Nrf2�/� mice develop splenomegaly and ox-
idative stress–mediated hemolytic anemia as they age (66).
Nrf2�/� splenocytes show a decrease of ARE-driven gene
expression. The Nrf2�/� anemia is associated with signs of
damaged erythroid cells and relative loss of platelets.
Nrf2�/� cells are highly sensitive to hydrogen peroxide in
culture. Increased IgG- and IgM-bound erythrocytes in
Nrf2�/� mice suggest that immune-mediated phagocytosis
in the spleen of Nrf2�/� mice is increased (66). Together
these findings suggest that loss of Nrf2 sensitizes red blood
cells to oxidative stress. ROS in Nrf2�/� erythrocytes en-
hances the immune reaction in the spleen, leading to their
phagocytosis, resulting in the release of proteins and in-
flammatory compounds that triggers antigenic response. It
is, therefore, proposed that the Nrf2-ARE pathway may
serve as a therapeutic target for prevention of some degen-
erative and malignant diseases (66).

Superoxide Dismutase (SOD)

Superoxide dismutases (SODs) are enzymes that convert
superoxide to hydrogen peroxide [reviewed in (134)]. These
enzymes are found in the cytoplasm (CuZnSOD, SOD1), mi-
tochondria (MnSOD, SOD2), and extracellular fluids (EC-
SOD3, SOD3) (134). Although loss of SOD1 does not inter-
fere with normal development and does not appear to affect
hematopoiesis overtly (94), loss of SOD2 leads to defective
hematopoiesis, and loss of SOD3 affects Epo production.

Loss of mitochondrial SOD2 leads to lethality on two dif-
ferent genetic Backgrounds, albeit at distinct time points.
SOD2-deficient mice exhibit pathologic evidence of mito-
chondrial injury, damage to cardiac muscle and neuronal tis-
sues, and metabolic abnormalities including acidosis and
lipid accumulation (65, 70). SOD2-deficient mitochondrial
dysfunctions are associated with decrease of iron–sulfur
clusters containing enzymes of the respiratory chain and tri-
carboxylic acid cycle, a partial defect in HMG-CoA lyase and
extensive ROS damage to the DNA (78).

To assess the impact of SOD2 mutation on hematopoiesis,
the hematopoietic compartment of lethally irradiated wild-
type mice was reconstituted with SOD2 mutant fetal liver
cells (36). This approach evaluates the potential of mutant
hematopoietic stem cells in the donor pool to generate he-
matopoietic cells of all lineages in the recipient mice, in
which the endogenous hematopoiesis is ablated by irradia-
tion. These experiments showed that lethally irradiated mice
reconstituted with SOD2-deficient fetal liver hematopoietic
cells display hemolytic anemia with compensatory enhanced
erythropoiesis, extensive damage to redox regulation, aden-
osine triphosphate synthesis and red cell metabolism, and
presence of iron deposits in mature erythroid cells.

Oxidized proteins accumulate in SOD2-deficient erythro-
cytes, leading to their decreased life span (36). Interestingly,
several subunits of mitochondrial ATP synthase were in-
creased in SOD2�/� erythroid cells either because of too
much demand or because of poor mitochondrial function
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FIG. 2. Schematic of erythroid cell differentiation. The
most mature erythroid progenitor (colony-forming unit–ery-
throid cell, CFU-E) expresses the highest levels of EpoR dur-
ing erythropoiesis. CFU-Es divide to produce erythroid pre-
cursor cells, and EpoR expression is downregulated during
this process on erythroid precursors. Erythroid cells accu-
mulate hemoglobin as they mature. It is noteworthy that
whereas erythroid cells generated from the first divisions of
CFU-E require Epo, Epo becomes dispensible for the matu-
ration of subsequent erythroid cells.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2142&iName=master.img-001.jpg&w=228&h=110


secondary to oxidative damage (35). The anemia in recipient
mice is corrected by in vivo use of SOD/catalase mimetic,
strongly suggesting that oxidative stress mediated the he-
molytic anemia in these chimeric mice (35). It is noteworthy
that the hemolytic anemia in SOD2-deficient reconstituted
mice resembles, in many respects, human sideroblastic ane-
mia (76). In response to oxidative damage, proteins involved
in pathways that reverse oxidative damage are increased,
and their upregulation may be further enhanced by antiox-
idant treatment. In agreement with this, antioxidant treat-
ment of SOD2-deficient erythrocytes increases levels of per-
oxiredoxin 2 (see later). SOD2-deficient erythroid cells may
display a late defect in heme biosynthesis involving iron in-
corporation, as suggested by elevated zinc protoporphyrin
in these cells (35).

Importantly, loss of SOD2 [reviewed in (134)] did not in-
terfere with lymphoid or myeloid hematopoietic reconsti-
tution in lethally irradiated mice (35, 36). SOD2 deficiency
did not affect long-term reconstitution or radioprotection
of fetal liver hematopoietic stem cells and was not associ-
ated with bone marrow failure in recipient mice. These
studies suggest that loss of SOD2 does not affect the reg-
ulation of hematopoietic stem cells or the lineage commit-
ment. These findings imply that SOD2 is not required for
the regulation of oxidative stress in hematopoietic stem
cells. However, these results (35) were derived from SOD2-
deficient mouse fetal liver and thus exclude a role for SOD2
during embryonic hematopoietic stem cell development.
Conditional genetic deletion of SOD2 may reveal further
antioxidant functions for SOD2 in adult hematopoietic
stem or progenitor cells or both.

Loss of SOD3 leads to exacerbation of oxidative stress (11).
Experiments using SOD3-deficient mice under hypoxic con-
ditions suggest that SOD3 is required for full induction of
Epo in response to hypoxia (109). However, the impact of
SOD3 on hematopoiesis is not clear (109).

Glutathione Peroxidase and Catalase

Glutathione peroxidases (GPXs) and catalase enzymes are
thought to be a major antioxidant defense in erythroid cells.
These enzymes use nicotinamide adenine dinucleotide phos-
phate (NADPH) generated by hexose monophosphate shunt
through glucose 6-phosphate dehydrogenase as the electron
donor and glutathione as the direct ROS scavenger. How-
ever, deficiencies in catalase or glutathione peroxidases have
not been found to affect erythroid cells. Catalase-deficient
mice develop normally (43).

The four known glutathione peroxidases all contain se-
lenocysteine at their active sites (3). GPX-1 encodes for mi-
tochondrial GPX, is ubiquitously expressed, and is the most
abundant glutathione peroxidase. GPX-4 is also ubiquitously
expressed and is a key enzyme in the detoxification of lipid
hydroperoxides. GPX-1–deficient mice are normal, whereas
GPX-4–deficient mice die during early development (42,
131). Whether the loss of GPX-4 has any effect on erythroid
cells is not clear. Reduced levels of GPX-4 result in an in-
creased life span in mice (93), by possibly delaying or re-
ducing the occurrence, latency, and/or severity of diseases
such as fatal lymphomas. These observations are attributed
to the increased sensitivity to oxidative stress–mediated
apoptosis in GPX-4 heterozygote mice (93).

Peroxiredoxins

Peroxiredoxins form a family of small antioxidant proteins
that contain essential catalytic cysteine residues that scav-
enge ROS and are involved in cellular responses to ROS. Six
members of the peroxiredoxin family of antioxidant proteins
are known.

The redox-sensitive cysteine residues are oxidized in re-
action with hydrogen peroxide to form an intermolecular
disulfide with neighboring Cys-SH–containing proteins.
This disulfide is reduced specifically by thioredoxin. Inter-
estingly, peroxiredoxins are able to eliminate the intracellu-
lar H2O2 generated in response to growth factors and block
NF-�B activation (57).

Mammalian peroxiredoxin I (MSP23 for macrophage 23-
KDa stress protein) (47) is induced by serum stimulation and
oxidative stress. Loss of peroxiredoxin I leads to develop-
ment of severe hemolytic anemias and several malignancies,
including lymphomas, fibrosarcomas, histiocytic sarcomas,
and osteosarcomas in homozygous mice and increased fre-
quency of malignancies in heterozygotes (87). Hemolytic
anemias in peroxiredoxin I–deficient mice are characterized
by increased ROS accumulation in erythrocytes, protein ox-
idation, hemoglobin instability, Heinz body formation, and
decreased erythrocyte life span.

Loss of peroxiredoxin II results in a hemolytic anemia
that is compensated by enhanced erythroid progenitor ac-
tivity in the bone marrow and spleen, characterized by
splenomegaly, high reticulocytosis, and compensatory in-
creased Epo levels (68). These compensatory mechanisms
limit the extent of anemia. Red blood cell proteins were ox-
idized with signs of increased iron deposit in the liver of
splenectomized peroxiredoxin II�/� mice. When peroxire-
doxin I�/� red blood cells were treated with H2O2, levels
of methemoglobin, in which the iron in hemoglobin is in
Fe3� unstable form, were increased (68). Decreased levels
of antioxidant activity were associated with oxidation of
specific cysteine residues in some peroxiredoxin II�/� red
blood cell proteins. Like SOD2, peroxiredoxin III is mito-
chondria specific and provides much of the mitochondrial
antioxidant protection in converting hydrogen peroxide
into water (19).

By using MitoTracker Red, a mitochondria-specific probe,
and DHR123, a nonfluorescent mitochondrial ROS tracker
that is oxidized to the fluorescent rhodamine 123, it was
shown that ROS accumulate in peroxiredoxin III–deficient
mitochondria. Peroxiredoxin III appears to be associated
with the regulation of mitochondria-mediated apoptosis.
Whether peroxiredoxin III has any role in the normal regu-
lation of hematopoiesis is unclear at this time.

Peroxiredoxins may be directly involved in the regulation
of cell cycle. Peroxiredoxin I and II can be directly phos-
phorylated by several cyclin-dependent kinases including
cdc2 kinase, and their activity is hence modulated (20, 96).

Peroxiredoxins I to IV (not V and VI) possess consensus
sequences (Ser/Thr)-Pro-Xaa-(Lys/Arg) for phosphoryla-
tion by cyclin-dependent kinases (CDKs) CDK2, 4, and 6,
and cdc2. Cdc2/Cyclin B control the mitosis; Cdc2 is high
in the G2/M phase of the cell cycle, but not present in G1/S.
Cdc2/Cyclin B phosphorylation of peroxiredoxin I dra-
matically reduces its peroxidase activity (to 20% of the non-
phosphorylated form) (20). These results may suggest a
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transient increase in ROS during mitosis. A potential tar-
get of signaling is Cdc25C, a dual-specificity phosphatase
that is a key activator of Cdc2/Cyclin B during mitosis. The
active-site cysteines of protein tyrosine phosphatases (His-
Cys-Xaa-Xaa-Xaa-Xaa-Xaa-Arg) are sensitive to oxidation
by hydrogen peroxide because their ionization is promoted
by histidine and arginine residues. It is thus proposed that
as the mitosis progresses and the nuclear envelope breaks
down, cdc2, activated at the G2/M phase, phosphorylates
peroxiredoxin I and II, resulting in inactivation of perox-
iredoxins. Repression of peroxiredoxin activity during mi-
tosis leads to ROS build-up, which induces inactivation of
Cdc25, which in turn halts the positive-feedback loop
formed by Cdc25 and cdc2 (20). Stepwise phosphorylation
and inactivation of peroxiredoxins and subsequent ROS ac-
cumulation may provide a system to balance ROS impact
on the cell cycle.

Hemoglobin-stabilizing Protein (AHSP)

Hemoglobin A is a tetramer that consists of two pairs of
� and � globin protein subunits, with each monomer bound
to a heme moiety. The synthesis of hemoglobin A is highly
coordinated to minimize the accumulation of free � or � he-
moglobin that are toxic to the cell. In �-thalassemia, a com-
mon inherited anemia in which mutations in the � globin re-
sult in impaired production of � hemoglobin, excessive
accumulation of unpaired � globin is particularly damaging.
AHSP is a specific molecular chaperone for � hemoglobin
that maintains � hemoglobin in a stable state before its in-
corporation into hemoglobin A. AHSP-ablated mice exhibit
erythrocytes with abnormal morphology that contain dena-
tured hemoglobins (59). These, combined with studies of
AHSP crystal structure, strongly suggest that AHSP is re-
quired for normal erythropoiesis by stabilizing free � he-
moglobin, therefore blocking the deleterious effects of free �
hemoglobin precipitation (32, 59). Loss of AHSP leads to he-
molytic anemia with globin-chain precipitates [reviewed in
(120)], increased ROS accumulation, and signs of oxidative
damage in AHSP�/� erythrocytes (61). Although the anemia
was compensated for with increased production of erythroid
precursors, the transition from immature to mature erythro-
cytes was partially blocked with increased apoptosis in ery-
throid-precursor cells.

Whether increased ROS affects the erythroid precursor in
AHSP�/� mice is not known, but it is likely. Importantly,
loss of AHSP exacerbates �-thalassemia, suggesting a genetic
interaction between the two (61). These studies further il-
lustrate the damaging effects of ROS on erythroid cells. They
may also provide a model for analysis of the impact of ROS
on erythroid cell maturation (Fig. 2).

GATA-1 Transcription Factor

GATA-1 zinc-finger transcription factor is the master reg-
ulator of erythroid gene expression. Many, if not all, ery-
throid genes possess a consensus GATA-1 binding motif in
their regulatory regions, and these genes require GATA-1 for
their expression. Although GATA-1 has not been directly im-
plicated in the regulation of erythroid cell oxidative stress,
transgenic mice overexpressing GATA-1 mutant lacking its
N-finger domain exhibit a hemolytic syndrome that is highly
sensitive to oxidative stress in erythroid cells (85). Despite

GATA-1 involvement in the regulation of P45NF-E2, ex-
pression of P45NFE2 was normal in the spleen or bone mar-
row of GATA-1� mice (85). Whether the GATA-1 N-finger
domain is involved in the regulation of erythroid oxidative
stress is not known. It is noteworthy that DNA binding of
many transcription factors, including zinc-finger proteins, is
modulated when critical cysteine residues are oxidized or al-
kalized (125). Whether the DNA binding of erythroid tran-
scription factors such as GATA-1 is subject to redox regula-
tion is not clear.

Summary, Part I

In brief, altered regulation of oxidative stress has deleteri-
ous affects on mature erythroid cells. Circulating red blood
cells respond rapidly to environmental stress, such as hypoxia,
dehydration, or oxidative stress. The unique structure of red
blood cell membrane composed of ubiquitously expressed and
erythroid-specific proteins allows these cells to withstand the
shear stress and pass through capillary vessels. Alteration of
protein structures and/or lipid or glucose metabolism of red
blood cells leads to hemolysis and anemia.

Studies summarized here show that accumulation of ROS
in erythroid cells often results in shortened red blood cell life
span and hemolysis that may or may not be associated with
anemias. Increased proliferation and differentiation of ery-
throid progenitors ensure compensation for premature loss
of erythroid cells. Findings discussed here further support
the notion that deficiency in oxidative-stress regulation leads
to hemolysis in genetic disorders such as deficiency in glu-
cose 6-phosphatede hydrogenase (G6PD). G6PD is an en-
zyme that converts NADP to NADPH. NADPH maintenance
of reduced glutathione (GSH) is required for ROS detoxifi-
cation; thus, deficiency in G6PD leads to destruction of red
blood cells and anemia.

In addition, ROS may coordinate erythroid cell precursor
cycle and differentiation, suggesting that mechanisms of
ROS production and detoxification may be of major impor-
tance in the regulation of the erythroid cell rate of matura-
tion. This is particularly important in hemoglobinopathies
and other diseases of red blood cells in which compensatory
erythropoiesis is the key to the prognosis of the patient.

Part II

FoxO Transcription Factors and the Regulation of
Oxidative Stress in Hematopoiesis

The FoxO family of transcription factors was recently
shown to have essential functions in the regulation of ox-
idative stress in hematopoietic stem and erythroid cells (75,
81, 113). FoxO1, FoxO3, FoxO4, and FoxO6 belong to the
forkhead family of winged helix transcription factors and are
the mammalian homologues of DAF-16 [abnormal DAuer
Formation-16, reviewed in (38)], which regulates the life span
downstream of insulin-receptor DAF-2 in Caenorhabditis ele-
gans. Activation of DAF-16 (Fig. 3) results in a significant in-
crease in C. elegans lifespan, partly through its mediation of
defense against oxidative stress (69, 72). Likewise, dFOXO
regulates oxidative stress in Drosophila (55).

Whereas FoxO6 appears to be specific to neuronal tissues,
FoxO1, FoxO3, and FoxO4 are ubiquitously expressed. Sim-

GHAFFARI1928



ilar to DAF-16, activation of FoxO3 in cultured fibroblasts
and neuronal cells (62, 86), as well as in primary mouse he-
matopoietic stem and erythroid cells (75, 127) results in re-
sistance to oxidative stress. This FoxO3 effect is mediated at
least partly via upregulated transcription of the ROS-scav-
enging enzymes SOD2 and catalase (62, 86). In particular,
FoxO3 binds directly in vivo to SOD2 promoter in quiescent
cultured human colon carcinoma cells, as demonstrated by
the chromatin immunoprecipitation (ChIP) assay (62). Reg-
ulation of SOD2 in cycling cultured cells may, however, be
mediated by NF-�B and not by FoxO3 (108), suggesting that
in proliferating cells, FoxO3 may not mediate the transcrip-
tional regulation of SOD2.

FoxO3 responds to cellular stress (including oxidative
stress) by inducing cell-cycle arrest, repair of damaged DNA,
and apoptosis via upregulation of genes that are important
regulators of these processes (Fig. 3) (9, 26, 37, 77, 114). In
this regard, FoxO3 has a function to that of p53 tumor-sup-
pressor protein, with which it shares several downstream
targets and mechanisms of regulation (129, 130, 133).

FoxO proteins are downstream targets of the PI3-ki-
nase/AKT signaling pathway (38). The PI3-kinase-AKT sig-
naling pathway is highly conserved from worms to mam-
mals (Fig. 3). FoxO transcription factors are direct substrates
of AKT serine threonine kinase in response to cellular stim-
uli such as growth factors (like insulin) and oncoproteins
(Fig. 4). The binding of growth factors to the receptor tyro-
sine kinases stimulates recruitment and activation of PI3-ki-
nase, which in turn activates the AKT/SGK family of serine
threonine kinases among several other kinases.

Phosphorylated FoxO binds to 14-3-3 adaptor proteins and
translocates to the cytosol, where, away from their tran-
scriptional targets, it is unable to induce gene expression (9).
Conversely, stress stimuli or inhibition of the PI3-
kinase/AKT by cytokine withdrawal results in nuclear lo-
calization and activation of FoxO (38). At least in fibroblasts,

ROS activate Ral small GTPase that mediates JNK-depen-
dent phosphorylation of FoxO on residues distinct from the
ones phosphorylated by AKT.

The JNK-dependent phosphorylation of FoxO results in its
nuclear localization and activation (31). This function of JNK
is highly conserved among species. Importantly, by regulat-
ing FoxO, JNK antagonizes stress, including ROS-induced
stress, to extend the life span in Drosophila and C. elegans (90,
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FIG. 3. FoxO role in the regulation of oxida-
tive stress is evolutionarily conserved. FoxO are
the mammalian homologues of DAF-16 in
Caenorhabditis elegans. These transcription factors
are regulated by the highly conserved IGF-1 (In-
sulin)/PI3-kinase/AKT signaling pathway that
suppress the activity of FoxO. Activation of
DAF-16 enhances the worm’s life span in part
through resistance to oxidative stress. In mam-
mals, active FoxO plays key roles in the regula-
tion of transcription of several antioxidant en-
zymes, as well as the cell cycle, DNA repair,
apoptosis, and cell-differentiation proteins.

FIG. 4. Model for the regulation of FoxO3 in erythroid
cells. As postprogenitor erythroid precursors differentiate,
hemoglobin is synthesized, and the expression of EpoR is
decreased. AKT is active in erythroid progenitors, where it
inhibits FoxO3. In erythroid precursors, downregulation of
AKT signaling as a result of reduced expression of EpoR,
coupled with accumulation of hemoglobin, produces ROS
and activates nuclear localization of FoxO3. FoxO3 nuclear
activity may coordinate the cell cycle and maturation by
modulating ROS accumulation in erythroid precursor cells.
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118, 119). It is not known whether JNK regulates FoxO in he-
matopoietic cells. Oxidative stress–regulated mammalian
sterile 20-like kinase 1 (MST-1) binds and phosphorylates di-
rectly FoxO and enhances FoxO’s activity (69). This phos-
phorylation may be mediated by JNK. Similarly oxidative
stress enhances FoxO monoubiquitination (117), association
with �-catenin (30), and Sir2/SIRT1 deacetylase (10), all of
which enhance FoxO’s activity in some respects. It remains
to be shown whether these FoxO regulations occur in he-
matopoietic cells and whether they similarly affect hemato-
poiesis.

Expression of FoxO3 increases significantly during pri-
mary erythroid cell maturation (75). As primary erythroid
progenitor cells mature, FoxO3 translocates to the nucleus
and becomes transcriptionally active, suggesting that FoxO3
may play a role in the regulation of erythroid cell matura-
tion. Indeed, loss of FoxO3 resulted in significant ROS ac-
cumulation in erythrocytes, signs of oxidative damage like
erythrocyte protein oxidation, and ROS-mediated reduced
life span of circulating erythrocytes (75).

Specifically, in vivo treatment of FoxO3�/� mice with N-
acetylcysteine, a precursor of glutathione and a generic ROS
scavenger, improved significantly the FoxO3�/� red blood
cell life span (75). These studies showed that FoxO3-null mice
exhibit an oxidative stress–mediated compensated chronic
hemolysis (75). FoxO3 is the first identified EpoR-regulated
transcription factor that is critical for regulating oxidative
stress in in vivo erythropoiesis.

In addition to oxidative damage in mature enucleated red
blood cells, loss of FoxO3 leads to a decreased rate of ery-
throid cell maturation that is likely to be mediated by ox-
idative stress (75). The FoxO3-null erythroid precursor cells
showed a mitotic arrest in G1 that was induced by the anti-
oxidant activation of p53 and upregulation of CDK inhibitor
p21CIP1/WAF1/Sdi1 (75). Similar types of increase in the
size of the erythroid precursor cell compartment, as in
FoxO3-null mice, are observed in murine models of �-tha-
lassemia in which oxidative stress may play a role (25). These
data predict (a) a model in which production of ROS as a re-
sult of hemoglobin accumulation coupled with downregu-
lation of EpoR signaling, including the repressive effect of
AKT on FoxO3 activity, results in nuclear translocation and
activation of FoxO3 (75) (Figs. 2 and 4); (b) FoxO3 nuclear
activity coordinates cell cycle and maturation by modulat-

ing ROS accumulation in erythroid precursor cells (40, 75)
(Fig. 5). Based on these Findings, we anticipate a potential
function for FoxO3 in the deregulated erythropoiesis of �-
thalassemia and/or in other hemoglobinopathies and dis-
eases of red blood cells.

The function of FoxO3 in repressing oxidative stress is pos-
sibly mediated by its transcriptional regulation of antioxidant
enzymes SOD2, catalase, glutathione, peroxidase-1 (GPX-1),
and SOD1 in erythroid precursor cells (75). Evidence suggests
that FoxO3 may directly regulate the expression of SOD2 and
catalase during primary erythropoiesis: (a) endogenous FoxO
activates SOD2 and catalase reporters containing FoxO bind-
ing sites during maturation of primary fetal liver erythroid
cells; and (b) expression of SOD2 and catalase decreases sig-
nificantly in FoxO3-null bone marrow erythroid cells (127). In
addition to SOD2 and catalase enzymes, expression of glu-
tathione peroxidase-1 and SOD1 also is suppressed in FoxO3-
null primary bone marrow erythroid cells, suggesting that
they may also be regulated by FoxO3 in these cells (127).
Whether SOD1 and GPX-1 are direct targets of FoxO3 remains
to be investigated.

Furthermore, expression of ataxia telangiectasia mutated
(ATM) is highly suppressed in FoxO3-null erythroid cells
(75). ATM is implicated in the regulation of oxidative stress
but has not been known to play a function in erythropoiesis.
Whether ATM regulates oxidative stress downstream of
FoxO3 in erythropoiesis requires investigation.

The importance of FoxO3 regulation of oxidative stress in
erythropoiesis is specifically highlighted in experiments in
which treatment of FoxO3�/� mice with phenylhydrazine,
which oxidizes hemoglobin, results in the death of FoxO3�/�

mice at doses at which the wild-type counterparts survive (75).
These results suggest that the death induced by phenylhy-
drazine treatment in FoxO3-deficient mice is likely the result
of several combined mechanisms: (a) an excessive ROS-medi-
ated destruction of circulating erythrocytes coupled with (b) a
significant ROS-induced mitotic arrest, leading to (c) a signif-
icantly decreased number of mature FoxO3-null erythroid cells
that together impede a timely hematopoietic response.

Summary, Part II

A common feature of loss of many of the erythroid anti-
oxidant molecules or enzymes is the development of he-
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FIG. 5. FoxO3 regulation of
ROS coordinates the erythroid
cell cycle and differentiation and
determines the rate of erythroid
cell maturation. (A) Nuclear
FoxO3 activity in erythroid pre-
cursors represses ROS under nor-
mal conditions to coordinate the
erythroid cell cycle and matura-
tion. (B) In the absence of FoxO3,
ROS accumulate in erythroid pre-
cursors, leading to the activation of
p53/p21CIP1/WAF1/Sdi1, result-
ing in arrest of precursors in G1, re-
duced mature cells, and overpro-
duction of precursors as a result of
progenitor activity.
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molytic anemia as a result of lack of antioxidant protection.
These studies illustrate that unbalanced accumulation of
ROS limits the life span of mature red blood cells. Although
the direct causal effect of FoxO regulation of oxidative stress
and mammalian organismal life span remains to be estab-
lished, it is clear that the erythroid cell life span is controlled
by FoxO3 regulation of oxidative stress. In addition, findings
from the FoxO3-null mice suggest that oxidative stress leads
to the deregulated coordination of cell cycle and maturation
in bone marrow erythroid-precursor cells, which may in turn
play a significant role in the regulation of stress erythro-
poiesis in a disease state. Oxidative stress–mediated regula-
tion of the cell cycle and maturation in FoxO3-null erythroid
cell maturation programs raise the question as to whether
similar alterations in coordination of cell cycle/maturation
occur in peroxiredoxin I, II, or SOD2 mutant models of ery-
throid cell differentiation or in hemoglobinopathies and
other diseases of red blood cells in which ROS play a role.

Part III

Regulation of Oxidative Stress in Hematopoietic 
Stem Cells

Hematopoietic stem cells are mostly dormant, cytokine re-
sistant, and self-renew seldom to produce differentiated
cells. Hematopoietic stem cells have a low metabolic activ-
ity that spares them the damage of metabolic products such
as ROS and DNA replication. However, increased ROS may
result in accumulation of DNA damage and unscheduled ac-
tivation of senescence mechanisms in the stem cell com-
partment in the long term. It is becoming increasingly clear
that deregulated accumulation of ROS in hematopoietic stem
cells leads to abnormal hematopoiesis (81, 113, 127). Thus,
tight regulation of oxidative stress in hematopoietic stem
cells is essential for normal control of homeostasis in hema-
topoietic tissues.

ATM Regulation of ROS in Hematopoietic Stem Cells

Loss-of-function mutations in the ataxia/telangiectasia
mutated gene (ATM) results in a clinical phenotype charac-
terized by ataxia, telangiectasia, neuronal degeneration, im-
munodeficiencies, genomic instability, predisposition to
lymphomas and other malignancies, and extreme sensitivity
to ionizing radiation (4, 56). Whereas ROS are found accu-
mulated in several cell types and tissues and antioxidant en-
zymes are deregulated in ATM-mutant cells, the mechanism
of ATM regulation of ROS is not clear (5, 56, 92). It is note-
worthy that overexpression of ATM restores the normal lev-
els of antioxidant transcripts in FoxO3-null primitive hema-
topoietic cells in which these transcripts are significantly
reduced (127).

ATM is essential for the regulation of genomic stability.
ATM serine threonine protein kinase is a critical enzyme in
the regulation of stress response to DNA damage, specifi-
cally in double-strand DNA-break repair (5). Studies by Suda
and colleagues (49) showed recently that regulation of ROS
by ATM is essential for hematopoietic stem cell self-renewal,
because loss of ATM results in ROS-mediated depletion of
the hematopoietic stem cell pool, leading to bone marrow
failure in old mice. Accumulation of ROS in ATM-null he-

matopoietic stem cells from old mice leads to upregulation
of p16INK4a tumor suppressor and preferential activation of
retinoblastoma protein, resulting in suppression of hemato-
poietic stem cell activity (49). Treatment with antioxidant
reagent N-acetylcysteine (NAC) or with an MAPK inhibitor
restores the quiescence and reconstitution capacity of ATM-
null hematopoietic stem cells (50). Importantly, these find-
ings provided the first evidence for a role for ROS in the reg-
ulation of hematopoietic stem cell activity.

FoxO Regulation of ROS in Hematopoietic Stem Cells

Under certain harsh environmental conditions, such as
when food is scarce or the surrounding is too crowded, DAF-
16 is activated to promote dauer formation (diapause) in C.
elegans (72, 89). The dauer, which is in juvenile form and re-
productively immature, is a reversible condition in which
the metabolic rate is highly reduced and the life span is
markedly enhanced. Disruptions of the C. elegans DAF-
2/Age-1/AKT1/2 (homologous to insulin–insulin-like
growth factor (IGF) receptor/PI3-kinase/AKT) signaling
pathway leads to constitutive entry into dauer stage and ex-
tends markedly the worm’s life span (67, 71–73, 83, 89, 91).
These phenotypes are abolished by DAF-16 mutation, indi-
cating that DAF-16 is the downstream effector of this path-
way. DAF-16 regulation of longevity is mediated at least
partly by its control of genes involved in stress resistance,
including oxidative stress (67, 69, 82, 83, 91, 123). In many
respects, the characteristics of the dauer are reminiscent of
the “quiescent” state of hematopoietic stem cells. Quiescence
is a major stem-cell attribute that strikingly resembles the
dauer phase, in that it ensures the lifelong preservation of
the stem cell pool. Thus, we postulated that FoxO transcrip-
tion factors play an important role in the regulation of stem
cells and asked whether, as with DAF-16 in the dauer for-
mation, FoxO3 protects quiescence of hematopoietic stem
cells by regulating oxidative stress. Indeed, recent findings
demonstrate that FoxO (113), and, in particular, FoxO3 reg-
ulation of oxidative stress (127), is essential for maintenance
of hematopoietic stem cell homeostasis (81, 127).

Like ATM, FoxO transcription factors are mediators of the
antioxidant response in hematopoietic stem cells (113). Loss
of three FoxO (FoxO1, FoxO3, and FoxO4) led to defective
hematopoietic stem cell numbers and activity that was as-
sociated with increased accumulation of ROS, as measured
by DCF-DA assay (113).

Although FoxO-null mice also displayed myeloprolifera-
tion, the relative increased accumulation of ROS was limited
to the hematopoietic stem cell compartment and was not ob-
served in myeloid progenitors (113). FoxO-null hematopoi-
etic stem cells exit quiescence and enter the cell cycle, sug-
gesting that ROS enhance cell-cycle entry and loss of
quiescence in hematopoietic stem cells (113). Taken together,
these studies suggest a critical role for FoxO transcription
factors in the repression of ROS and regulation of hemato-
poietic stem cell quiescence.

Among the FoxOs, FoxO3 appears to play the principal
role in the regulation of the hematopoietic stem cell pool (81,
127). In the hematopoietic system, FoxO3 is the most highly
expressed FoxO in the bone marrow (75) and is the princi-
pal active (nuclear) FoxO in hematopoietic stem cells (81,
127). Although both FoxO1 and FoxO3 are expressed in he-
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matopoietic stem cells (FoxO4 is barely detectable in HSC),
FoxO3 is almost entirely nuclear, suggesting that FoxO3 is
the principal active FoxO in these cells (127, 128). Several
antioxidant enzymes, in particular SOD2, catalase (and glu-
tathione peroxidase-1), and cell-cycle regulators that are di-
rect targets of FoxO, are significantly and profoundly down-
regulated in FoxO3-deficient hematopoietic stem cells, and
their expression is restored by reintroduction of FoxO3 in
FoxO3-null primitive hematopoietic cells (81, 127), suggest-
ing that other FoxOs do not fully complement loss of FoxO3
in the regulation of cell-cycle and antioxidant genes in he-
matopoietic stem cells. In addition, loss of FoxO3 leads to
significant defects in hematopoietic stem cell frequency and
activity in young and old mice (possibly depending on the
mouse strain) in a ROS-sensitive manner (81, 127). These
combined findings suggest that FoxO3 is critical for the reg-
ulation of oxidative stress in hematopoietic stem cells, and
FoxO3 modulation of oxidative stress mediates its regulation
of hematopoietic stem cell activity (127).

In contrast to the triple deletion of FoxO (113), single
FoxO3 deletion results in loss of quiescence (81, 127) associ-
ated with arrest of hematopoietic stem cells in the G2/M
phase of the cell cycle (127). The activity of primitive FoxO3-
null hematopoietic stem cells was restored with in vitro anti-
oxidant NAC treatment (127). Similarly, NAC treatment cor-
rected the number of multipotential colony-forming unit
spleen (CFU-S) cells in FoxO3�/� mice in vivo (Yalcin and
Ghaffari, unpublished data). The G2/M arrest in FoxO3-null
hematopoietic stem cells is associated with marked ROS-me-
diated upregulation of p53 and p21CIP1/WAF1/Sdi1 and
ROS-independent modulation of several genes involved in
the regulation of the cell cycle, such as cyclin B (127). The
exact mechanism of G2/M arrest in FoxO3�/� hematopoi-
etic stem cells remains to be established (127). The p53 acti-
vation in FoxO3�/� hematopoietic stem cells resulted in up-
regulation of sestrin 2 (SESN2) and GADD45. These findings
are especially interesting because GADD45 is also positively
regulated by FoxO3 (114). Nonetheless, enhanced expression
of SESN2 an antioxidant molecule involved in regeneration
of peroxiredoxins, and the DNA-repair transcript for
GADD45, both transcriptional targets of p53 (58, 100), sug-
gest that mechanisms of protection from ROS-mediated
DNA damage are stimulated via p53 in FoxO3�/� hemato-
poietic stem cells. These findings provide an insight into the
cooperation of p53 and FoxO (133) in primary cells in vivo.

These results highlight the essential function of regulation
of oxidative stress in the maintenance of the hematopoietic
stem cell pool and quiescence. In addition, they underline
the critical role that both ATM and FoxO, specifically FoxO3,
play in these processes (Fig. 6). FoxO3-deficient hematopoi-
etic stem cells exhibit a phenotype less pronounced but sim-
ilar to that of hematopoietic stem cells with deficiency in
phosphatase and tensin homology (PTEN) that is a negative
regulator of PI3-kinase/AKT (132, 135). However, whether
oxidative stress has any impact on PTEN-null hematopoie-
sis is not clear.

FoxO3 and ATM in the Regulation of ROS in
Hematopoietic Stem Cells

As discussed earlier, both ATM serine threonine kinase and
FoxO3 are essential for the regulation of oxidative stress in

hematopoietic stem cells. ATM is a critical regulator of the
stress response, ROS-induced DNA damage (5), and hema-
topoietic stem cell self-renewal (49). ATM activates p53 via
multiple pathways including direct phosphorylation. Thus,
we were surprised to find that in FoxO3-null hematopoietic
stem cells, in which p53 seems to be activated, both ATM
transcript and protein (phosphorylated active Ser 1981 ATM
and nonphosphorylated) expression were significantly re-
duced (127). The downregulation of ATM expression in
FoxO3-null hematopoietic stem cells was ROS independent
(127). Retroviral introduction of FoxO3 in FoxO3-deficient
primitive hematopoietic cells rescued the expression of ATM;
similarly, shRNA knockdown of FoxO3 in NIH 3T3 cells re-
sulted in significant downregulation of ATM transcript and
protein expression, supporting the view that FoxO3 is re-
quired for the regulation of optimal ATM expression. Im-
portantly, ATM is sufficient to regulate expression of antiox-
idant enzymes in FoxO3-null hematopoietic stem cells (127).
In agreement with these results, both ATM and FoxO3 res-
cued the expression of antioxidant enzymes in FoxO3-null
hematopoietic stem cells and in ATM-null MEFs, suggesting
that FoxO3 and ATM may regulate these enzymes indepen-
dently. Further experiments are required to determine the ge-
netic interaction of FoxO3 and ATM in the regulation of ox-
idative stress–mediated hematopoietic stem cell activity. In
addition to the regulation of ATM expression, recent studies
demonstrate that FoxO3 directly interacts with ATM and is
critical for enhanced ATM phosphorylation and activation in
response to DNA damage (115). Thus, given the key func-
tions of both ATM and FoxO3 in the regulation of oxidative
stress and DNA damage, it is conceivable that FoxO3 and
ATM play a critical role in the regulation of oxidative
stress–mediated DNA damage response.

These combined findings suggest a model in which FoxO3,
together with ATM and p53, provides a strong tumor-sup-
pressor network in protecting stem cells from damage that
may undermine their genomic stability and result in their
clonal expansion (model, Fig. 7). Sustained activation of
these pathways may alternatively result in senescence, lead-
ing to the defects seen in FoxO3-null hematopoietic stem cells
derived from aged mice (81).
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FIG. 6. ATM/FoxO3/p53 axis of ROS control in hemato-
poietic stem cells. ROS activate ATM, FoxO3, p53 tumor
suppressors, and each independently or in a cascade induces
the expression of antioxidant enzymes to repress ROS.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2142&iName=master.img-005.jpg&w=132&h=159


Oxidative stress enhances the FoxO association with �-
catenin, the principal effector of the Wnt signaling pathway
(30). The FoxO/�-catenin association is critical for FoxO reg-
ulation of resistance to oxidative damage (30). Given the crit-
ical role of Wnt signaling in hematopoietic stem cell self-re-
newal (95), these findings raise the question as to whether
FoxO play a role downstream of Wnt signaling in hemato-
poietic stem cells.

Oxidative stress also enhances the direct interaction of FoxO
with Sir2/SIRT1, an NAD-dependent histone deacetylase that
modulates the life span in various species (10, 74). It is note-
worthy that in response to oxidative stress, Sir2/SIRT1 inter-
acts directly with FoxO in cultured cells and enhances its re-
sistance to oxidative stress while limiting its ability to induce
apoptosis (10). Whether Sir2/SIRT1 regulation of FoxO has any
function in modulating hematopoietic stem cell activity or ag-
ing or both is not known. Future elucidation of the mecha-
nisms of regulation of FoxO3 in hematopoietic stem cells, in
particular, potential interactions of FoxO3 with coactivators
and corepressors, as well as identification of FoxO3 targets in
stem cells, will be of fundamental importance for better un-
derstanding of aging of hematopoietic stem cells and malig-
nant transformation in cancer stem cells.

ROS and the Hematopoietic Stem Cell Niche

Recent studies suggest that long-term repopulating cells
reside in close proximity to the endosteal surface of the bone.
Bone is thought to be a site of low oxygen tension, and the
bone marrow niche where the hematopoietic stem cells are
thought to reside is believed to be hypoxic (2). Because hy-
poxia maintains low levels of ROS accumulation, and gen-
eration of ROS is essential for activation of hypoxic response
(8, 39) through stimulation of p38 MAPK (29), it is thought
that ROS may be directly involved in the regulation of he-
matopoietic stem-cell niche interactions. It is conceivable that
gradients of ROS may affect elements of the niche structure

such as N-cadherin (44) and thus regulate the hematopoietic
stem cell microenvironment in addition to ROS intrinsic ef-
fect on hematopoietic stem cells.

ROS, DNA Damage, and Hematopoietic 
Stem Cell Aging

ROS are generated throughout life and cause damage to
macromolecules including DNA, proteins, and lipids (6). The
rate of ROS production increases with age, partly because of
age-associated alterations of the electron-transport chain.
The replicative capacity and function of hematopoietic stem
cells is reduced with age (21, 22, 98). In addition, hemato-
poietic stem cells reveal changes in homing, mobilization,
and lineage choice (less lymphoid and more myeloid tran-
scripts) with age (97, 98). At least some of these features are
likely to be promoted by ROS accumulation in hematopoi-
etic stem cells over time. In particular, loss of DNA-repair
mechanisms in hematopoietic stem cells (97) may increase
the sensitivity to harmful effects of ROS with age. Alterna-
tively, ROS may contribute to alteration of expression or mal-
function of molecules involved in DNA repair. Clues as to
the deleterious impact of ROS in the alteration of hemato-
poietic stem cell function initially came from elegant studies
by Suda and colleagues (49) carried in ATM-null mice. Ac-
cumulation of ROS in ATM�/� hematopoietic stem cells
from old mice resulted in a major compromise of their self-
renewal potential, leading to bone marrow failure in 24-
week-old mice (49).

Like ATM, loss of FoxO3 leads to a marked decrease of
hematopoietic stem cell reconstitution ability with age (81,
127). It is thus likely that the relative reduced function of
ATM that is observed in FoxO3-null hematopoietic stem cells
(127) mediates ROS accumulation, leading to the functional
decline that is observed in these cells with age (81, 127). Both
ATM and FoxO3 can induce the expression of antioxidant
enzymes in FoxO3-null hematopoietic stem cells (127). How-
ever, it is likely that other signaling pathways will also con-
tribute to the alterations of FoxO3-null hematopoietic stem
cell activity. For instance, in ATM-null hematopoietic stem
cells derived from aged mice, p16INK4a tumor suppressor
is upregulated through a ROS-dependent mechanism,
whereas upregulation of p16INK4a observed in FoxO3-null
hematopoietic stem cells derived from young mice is ROS
independent (49, 127). These results suggest that downreg-
ulation of ATM independent of ROS may mediate upregu-
lation of p16INK4a in FoxO3-null hematopoietic stem cells.
Upregulation of p16INK4a leads to the activation of
retinoblastoma protein and cell-cycle arrest and is associated
with hematopoietic stem cell aging (53). In addition to up-
regulation of p16INK4a, the antioxidant activation of p53 tu-
mor suppressor may also participate in mediating the func-
tional decline with age in FoxO3-null hematopoietic stem
cells. However, it is not known whether potential p53 regu-
lation of hematopoietic stem cells is mediated by ROS (28).
In addition, it is not clear whether deficiencies in DNA dam-
age response also contribute to the phenotypes of ATM- or
FoxO3-null hematopoietic stem cells (49, 115, 127).

Together these findings suggest that in hematopoietic
stem cells, as in many other systems, ROS accumulation
leads to the activation of tumor-suppressor pathways, pos-
sibly to offset the likelihood of damaged or mutated DNA

ROS REGULATION OF NORMAL AND NEOPLASTIC HEMATOPOIESIS 1933

FIG. 7. ROS activation of tumor suppressors in hemato-
poietic stem cells leads to senescence or genomic instabil-
ity. Accumulation of ROS in hematopoietic stem cells acti-
vates tumor-suppressor pathways, presumably in response
to damage, and in particular to DNA damage. This activa-
tion leads to senescence of hematopoietic stem cells. Cells
that escape senescence may accumulate, increasing damage
and perhaps mutations that undermine their genomic sta-
bility and provide them with a proliferative advantage lead-
ing to their clonal expansion.
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being passed on to their progenies. Given FoxO and ATM
involvement in response to and repair of DNA damage, it is
highly likely that signaling pathways involving FoxO/ATM
will be critical in the regulation of aging of hematopoietic
stem cells. In response to ROS, the activated tumor-sup-
pressor network may promote either cell-cycle arrest, as seen
in FoxO3-null hematopoietic stem cells, (127) resulting in
senescence that leads to defects of the hematopoietic stem
cell compartment in aging mice (81), or apoptotic programs
in hematopoietic stem cells. Alternatively, cells harboring an
unrepaired genetic mutation that offers a growth or survival
advantage may be positively selected and produce a mutant
stem cell clone that leads to malignancies of blood cells. Thus,
activation of tumor-suppressor networks in response to ROS
accumulation may contribute to aging of hematopoietic stem
cells.

ROS in Cellular Signaling of Normal and 
Neoplastic Hematopoiesis

Several lines of evidence support the notion that ROS di-
rectly or indirectly enhance cellular signaling [reviewed in
(112)]. Stimulation of several growth-factor receptors, with
ligands such as epidermal growth factor (EGF) and platelet-
derived growth factor (PDGF), is associated with a transient
increase in ROS production (3a, 84, 110).

Increase in growth factor–induced cell growth is also sus-
tained by ROS inhibition of phosphatases that are involved
in the repression of propagation of growth-factor receptor
signaling, such as phosphatase and tensin homology (PTEN),
protein tyrosine phosphatase 1B (PTP1B), and CDC25 (79,
80, 103, 104). Similarly, activation of oncogenes, such as Ras
or c-Myc, is associated with increased hydrogen peroxide
production (46, 111, 116). Unlike superoxide, hydrogen per-
oxide is membrane permeable, diffusible, and long lived.
However, hydrogen peroxide is a weaker oxidant than su-

peroxide. Hydrogen peroxide affects cellular signaling
through protein modification, such as intramolecular disul-
fide bridge, sulphenyl-amide bond formation, direct activa-
tion of tyrosine kinases by Cys oxidation, or by inhibition of
phosphatases [reviewed in (112)]. In turn, the catalytic ac-
tivity of antioxidant enzymes such as peroxiredoxins, cata-
lase, and glutathione peroxidase is modified by signaling
molecules [reviewed in (96)], suggesting a dynamic balance
between cellular signaling and regulation of oxidative stress.

Hematopoietic cytokines, such as IL-3, GM-CSF, G-CSF,
Steel factor, and Thrombopoietin, induce cellular signaling
through generation of hydrogen peroxide in hematopoietic
cells (45, 102, 136). Expression of BCR-ABL oncoprotein in
cultured hematopoietic cells is also associated with produc-
tion of ROS. BCR-ABL–induced ROS accumulation results in
inhibition of tyrosine phosphatases (60, 101), presumably
leading to increased cell proliferation. These findings sug-
gest that putative ROS-induced inhibition of phosphatases
may contribute to leukemogenesis. In addition, ROS accu-
mulation has been implicated in the mutagenesis of BCR-
ABL oncoprotein, a mechanism through which BCR-ABL in-
duces repression of the activity of imatinib tyrosine kinase
inhibitor and therefore provides resistance to leukemia treat-
ment (63).

ROS may also be involved in the cytotoxic effect of
adaphostin, another molecule targeting BCR-ABL (18). These
findings raise the possibility that in myelopoliferative dis-
eases such as in chronic myeloid leukemia or polycythemia
vera, in which an increase in the hematopoietic progenitor
compartment and a high sensitivity to cytokines are ob-
served, ROS may be involved. In agreement with this con-
tention, we find enhanced myeloproliferation (a preleukemic
condition) observed in FoxO3�/� mice (126) to be dependent
on ROS that amplifies cytokine signaling and mediates in-
creased proliferation (Marinkovic and Ghaffari; Yalcin and
Ghaffari; Mungamuri and Ghaffari, unpublished data).
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FIG. 8. Modeling the function of FoxO3 in hematopoietic stem versus progenitor cells. The function of FoxO3 may be
distinct in hematopoietic stem cells versus progenitor cells. In hematopoietic stem cells, FoxO3 is constitutively active to
promote antioxidant resistance and quiescence. In hematopoietic progenitor cells that are subject to cytokines, ROS may
play an active role in the regulation of cytokine-receptor signaling. In hematopoietic progenitors, FoxO3 is suppressed while
ROS are under a certain threshold, above which, FoxO3 is activated to induce apoptosis. This model provides an intrinsic
ROS-mediated dynamic balance between the degree of proliferation and survival of hematopoietic progenitors. Tight reg-
ulation of ROS via FoxO3 thwarts unlimited generation of hematopoietic progenitors.
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Based on our unpublished findings (Yalcin and Ghaffari, un-
published observations), we propose a model in which the
function of FoxO3 regulation of ROS is distinct in hemato-
poietic stem and progenitor cells (Fig. 8). These combined
observations suggest that mechanisms regulating ROS may
be exploited in the treatment of hematologic malignancies.

Redox modulation of cysteine residues regulates DNA
binding of several transcription factors, including p53, NF-
�B, and AP-1 [reviewed in (112)]. Although a majority of
these reports are not derived from experiments conducted
in the hematopoietic system, they provide a potential exten-
sion of the number of mechanisms by which oxygen radicals
regulate gene expression in normal and malignant hemato-
poiesis.

Although much remains to be learned about ROS regula-
tion of hematopoietic cellular signaling, it is highly likely that
ROS participate in the regulation of intensity and duration
of cellular signaling. Analysis of gradients of ROS produc-
tion suggests that stem cells are enriched within a popula-
tion of hematopoietic cells that produce low concentrations
of ROS (52). This population expresses high levels of cal-
cium-sensing receptor (CaR) in ROS low population, calcium
ions are required for homophilic interactions of N-cadherin
on hematopoietic stem cells and osteoblasts. Thus, ROS mod-
ulations of N-cadherin may regulate the maintenance or mo-
bilization of hematopoietic stem cells within the niche (44).
ROS regulation of metalloproteases (ADMAS) (34, 124) may
also contribute to leukemogenesis. 

It is likely that ROS gradients contribute to the regulation
of hematopoietic stem cell behavior: at low levels, ROS may
modulate hypoxic response and microenvironment through,
in part, alteration of expression or activity of adhesion mol-
ecules to maintain quiescence. At intermediate levels, ROS
may affect the cell cycle and proliferation in part through di-
rect modifications of molecules involved in these processes,
and induce apoptosis by activating programmed cell death
when accumulated at a high level. This provides an attrac-
tive model by postulating that modifications of ROS in re-
sponse to intrinsic and extrinsic signals may adjust cellular
behavior and regulate cell interactions with the surround-
ings.

Summary and Unresolved Issues

Recent studies demonstrate that control of ROS is essen-
tial for normal regulation of quiescence in hematopoietic
stem cells and their cycling. FoxO3 and ATM play essential
functions in the regulation of ROS in hematopoietic stem
cells. In addition, ROS signaling may participate in the reg-
ulation of hematopoietic progenitor cell proliferation. Al-
though exploration of the regulation and function of oxida-
tive stress in hematopoietic stem cells has begun, many
questions remain to be addressed. The source of ROS and
metabolism of hematopoietic stem cells are not clear. ROS
regulation of DNA damage in hematopoietic stem cells and
progenitors and their relation to hematopoietic stem cell ag-
ing must be further explored. The relation between ROS in
hematopoietic stem cells and within the niche and their
cross-regulation of hypoxia remain to be examined. Molec-
ular mechanisms of ROS control of the G0-G1 transition of
hematopoietic stem cells are not known. In addition to p38
MAPK that has been implicated in the ROS response in he-

matopoietic stem cells, the signaling pathways that respond
to ROS and regulate ROS remain to be mapped (is JNK in-
volved?). ROS molecular targets in hematopoietic stem cells
remain to be identified.
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