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Foxo3 is required for the regulation
of oxidative stress in erythropoiesis
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Erythroid cells accumulate hemoglobin as they mature and as a result are highly prone to oxidative dam-
age. However, mechanisms of transcriptional control of antioxidant defense in erythroid cells have thus far
been poorly characterized. We observed that animals deficient in the forkhead box O3 (Foxo3) transcrip-
tion factor died rapidly when exposed to erythroid oxidative stress-induced conditions, while wild-type mice
showed no decreased viability. In view of this striking finding, we investigated the potential role of Foxo3 in
the regulation of ROS in erythropoiesis. Foxo3 expression, nuclear localization, and transcriptional activity
were all enhanced during normal erythroid cell maturation. Foxo3-deficient erythrocytes exhibited decreased
expression of ROS scavenging enzymes and had a ROS-mediated shortened lifespan and evidence of oxida-
tive damage. Furthermore, loss of Foxo3 induced mitotic arrest in erythroid precursor cells, leading to a
significant decrease in the rate of in vivo erythroid maturation. We identified ROS-mediated upregulation of

21 CIPY/WAF1/Sdil (also known as Cdknla) as a major contributor to the interference with cell cycle progression
in Foxo3-deficient erythroid precursor cells. These findings establish an essential nonredundant function for
Foxo3 in the regulation of oxidative stress, cell cycle, maturation, and lifespan of erythroid cells. These results

may have an impact on the understanding of human disorders in which ROS play a role.

Introduction

The maintenance of highly regulated mechanisms to control ROS
levels is essential for normal cellular homeostasis. ROS such as
superoxide anions and hydrogen peroxide are byproducts of oxi-
dative metabolism and are involved in many signaling processes
(1). However, excess accumulation of ROS can result from defects
in ROS scavenging and is believed to have an impact on cellular
aging and the senescence process. Conversely, the ability to with-
stand oxidative stress has been correlated with enhanced longevity
in several species (1). Abnormal accumulation of ROS has been
implicated in the pathogenesis of various diseases such as ataxia
telangiectasia and Fanconi anemia (2, 3).

The forkhead homolog DAF-16, the activation of which results
in a significant increase in the lifespan of Caenorbabditis elegans, is a
major mediator of defense against oxidative stress (4, 5). Forkhead
box O1 (FOXO1), FOXO3a, FOXO4, and FOXO6 belong to the
forkhead family of winged helix transcription factors and are the
human homologs of DAF-16 (reviewed in ref. 6). Similar to DAF-16,
activation of FOXO3a in cultured fibroblasts and neuronal cells
results in resistance to oxidative stress (7, 8). This FOXO3a effect
is mediated via upregulated transcription of the ROS scavenging
enzymes superoxide dismutase 2 (SOD2, also known as MnSOD)
and catalase (7, 8). FOXO3a responds to cellular stress (includ-
ing to oxidative stress) by inducing cell cycle arrest, repair of dam-
aged DNA, and apoptosis via upregulation of genes that control
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these processes (9-13). These functions are similar to those associ-
ated with the p53 tumor suppressor protein, with which FOXO3a
shares several downstream anti-stress targets (14).

Female mice deficient in Foxo3 (murine homolog of human
FOXO3a) exhibit global follicular activation that results in early ovar-
ian follicle depletion and leads to a syndrome reminiscent of prema-
ture ovarian failure (15, 16). In addition, gene-trap mutant mice have
been reported to exhibit inflammatory lymphoid hyperplasia (17)
(Expression of a gene-trap cassette from the endogenous promoter
results in a fusion transcript that encodes for a truncated and non-
functional version of the cellular protein and the reporter/selectable
marker.). It is unknown whether Foxo3 (or FOXO3a) contributes to
the physiological control of oxidative stress in vivo.

FoxO proteins are downstream targets of the highly conserved
PI3K/AKT signaling pathway (6). In response to receptor binding to
factors such as insulin and erythropoietin (Epo) (18, 19) or oncogenic
stimuli such as the breakpoint cluster region-v-Abl Abelson murine
leukemia viral oncogene homolog (BCR-ABL) oncoprotein (13, 20),
the AKT serine threonine kinase phosphorylates nuclear FoxO on
3 conserved residues. Phosphorylated FoxO binds to 14-3-3 adap-
tor proteins and translocates to the cytosol where, away from their
transcriptional targets, FoxO is unable to induce gene expression (12).
Conversely, stress stimuli or inhibition of PI3K/AKT by cytokine with-
drawal results in nuclear localization and activation of FoxO (6).

Regulation of oxidative stress is particularly important to eryth-
ropoiesis and the production of mature erythrocytes that results
from proliferation, survival, and differentiation of erythroid cell
progenitors following the binding of Epo to its receptor (21). Ery-
throid precursors synthesize and accumulate hemoglobin as they
mature. Circulating erythrocytes carry oxygen bound to hemoglo-
bin and as such are highly prone to oxidative damage (22). Conse-
quently, erythrocytes are exposed to some of the highest levels of
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Table 1
Erythrocyte parameters

Parameters WT Foxo3-- P

rbe (x 106/ul) 9.89+0.49 8.87+0.16 0.04
Hgb (g/dl) 14.88+0.79 14.32 +0.76 0.31
Het (%) 45.52 £2.20 46.69 + 0.86 0.32
MCH (pg) 14.25+0.10 15.82 +0.17 1.03x 108
MCHC (g/dI) 30.21 £0.50 30.61 +0.39 0.27
MCV (fL) 47.34 £0.73 52.00 £ 0.72 8.59 x 10-°
RDW (%) 14.45 + 0.05 16.19+0.19 3.71x 108

Results for WT (n = 10) and Foxo3-- (n = 21) are shown as mean + SEM.
Hgb, hemoglobin; Hct, hematocrit; MCH, mean corpuscular hemoglobin;
MCHC, MCH concentration; MCV, mean corpuscular volume; RDW, red
cell distribution width.

oxidative stress conditions in the body. Consistent with this, as seen
in genetic deficiencies of enzymes involving pathways that maintain
intracellular reductive molecules or of molecules that protect globin,
compromised protection from ROS results in diseases of red blood
cells that involve a shortened lifespan of these cells and in hemolysis,
which leads to anemia (22-25). Not surprisingly, erythroid cells in
healthy individuals contain a strong arsenal of antioxidant enzymes
that protect the cells against oxygen radicals (26). Importantly, accu-
mulation of ROS has a significant impact on the senescence of cit-
culating erythrocytes and their limited lifespan (27).

Despite the importance of the regulation of oxidative stress
in normal and altered erythropoiesis, transcriptional programs
that regulate the expression of antioxidants in erythroid cells are
unknown. Since mature erythrocytes are enucleated, important
transcriptional regulation must take place prior to enucleation
and release of erythrocytes to the peripheral circulation.

We have recently shown an important role for the PI3K/AKT
signaling pathway, downstream of the Epo receptor (EpoR), in
supporting primary erythroid progenitor cell differentiation and
maturation (28, 29). Here we examine in detail the physiological
function of Foxo3 in the regulation of erythropoiesis in wild-type
and Foxo3-deficient mice. We found that expression, nuclear local-
ization, and transcriptional activity of Foxo3 were enhanced during
in vivo maturation of erythroid precursor cells. In addition, we show
that loss of Foxo3 reduced the lifespan of circulating erythrocytes
and induced a mitotic arrest in erythroid precursor cells, resulting in
asignificant decrease in the rate of erythroid cell maturation. These
effects were mediated by ROS, as demonstrated by rescue of Foxo3-
deficient phenotypes using ROS scavengers. Finally, we show that
loss of Foxo3 led to rapid death of the animal in response to an oxi-
dative stress-induced enhanced hemolysis together with a defective
erythroid cell production. We analyze the molecular mechanisms of
this defective response. Our findings establish a pivotal, nonredun-
dant role for Foxo3 in the regulation of oxidative stress, cell cycle,
maturation, and lifespan of erythroid cells during erythropoiesis.

Results
Foxo3 is required for antioxidant response in vivo. At the steady state,
despite a slight decrease in the numbers of circulating erythro-
cytes, Foxo3-deficient mice did not exhibit any anemia, and their
hemoglobin and hematocrit were normal (Table 1).

To investigate whether Foxo3 plays any role in the in vivo regulation
of oxidative stress in mammals, Foxo3-deficient mice were challenged
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with phenylhydrazine. Phenylhydrazine treatment (30) induces oxi-
dative denaturation of hemoglobin, resulting in rapid destruction
and significant loss of erythrocytes (hemolysis) and leading to ane-
mia characterized by a decrease in hemoglobin concentration and
hematocrit levels. In response to phenylhydrazine-induced hemo-
lytic anemia, bone marrow and spleen erythropoiesis are stimulated
releasing prematurely erythrocyte precursors, namely reticulocytes,
into the bloodstream. Thus, reticulocyte content of blood reflects
the severity of the hemolytic anemia and the degree of compensatory
response of bone marrow and spleen to phenylhydrazine.

As anticipated, wild-type mice subjected to 100 mg/kg of phen-
ylhydrazine recovered within 10 days from hemolytic anemia
(Figure 1), during which red blood cell numbers and hemato-
crit and reticulocyte levels were corrected (data not shown) and
animals survived the treatment (Figure 1). However, Foxo37~
mice died rapidly with severe anemia within 72 hours (Figure 1
and data not shown) after injection of phenylhydrazine, suggesting
that Foxo37~ mice are hypersensitive to phenylhydrazine-induced
oxidative stress. It is noteworthy that Foxo3-deficient mice induced
the expected rapid reticulocyte response to lower doses of phenylhy-
drazine (50 mg/kg), as did wild-type mice. However, the level of retic-
ulocytes remained high in Foxo3-deficient mice, about 4-fold that
of wild-type mice (data not shown). These results suggested that the
erythropoietic response at the progenitor level in Foxo3-deficient
mice is not altered. Together these results indicate that Foxo3 may
be required for the antioxidative stress response in vivo.

We hypothesized that Foxo3-deficient mice may suffer from a
steady-state oxidative stress condition. To this end, the concentra-
tion of ROS in Foxo3 mutant erythrocytes was measured at the
basal level (Figure 1, B and C). Using 5-(and 6-)-chloromethyl-2",7'-
dichlorodihydrofluorescein diacetate, a peroxide-sensitive probe,
ROS were found to be significantly more concentrated in Foxo37/~
than in wild-type erythrocytes (Figure 1, B and C), in the absence
of any exogenously added peroxide.

Protein oxidation results in introduction of carbonyl moieties to
amino acid side chains (31). In agreement with high ROS concen-
tration, several proteins were highly oxidized in Foxo3-deficient
erythroid cells, as measured by western blot analysis of carbonyl
groups reactive with 2,4-dinitrophenylhydrazine (2- to 3- fold the
level observed in wild-type cells; Figure 1, D and E). Despite ery-
throid protein oxidation, Foxo3-deficient mice did not exhibit any
anemia probably due to an expansion of extramedullary erythro-
poietic tissue (see Supplemental Figure 1A; supplemental material
available online with this article; d0i:10.1172/JCI31807DS1).

To further evaluate the potential impact of ROS, erythro-
cyte lifespan was measured in vivo. Animals were injected with
N-hydroxysulfosuccinimide-biotin) (32) and analyzed for sur-
vived biotin-labeled erythrocytes every S days. These experiments
showed that Foxo3-deficient erythrocyte lifespan was significant-
ly shortened (Figure 2A), associated with an increased width of
erythrocyte volume distribution that is often seen in hemolysis
(Table 1). In addition, Foxo3~~ reticulocyte index was 4-fold high-
er than that of wild-type mice (Figure 2B), reflecting the degree
of compensatory response of Foxo37~ hematopoietic organs to
hemolysis. Based on these results, we concluded that Foxo3~~ mice
exhibit a chronic hemolysis in the absence of anemia.

In agreement with a role for ROS in reducing erythrocyte lifespan,
the peritoneal injection of N-acetyl-L-cysteine (NAC), a generic ROS
scavenger, significantly improved the lifespan of Foxo3~~ erythro-
cytes (Figure 3A). Consistent with these results, NAC treatment also
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Figure 1

High oxidative stress in Foxo3- erythrocytes. (A) Kaplan Meier survival curve of wild-type and Foxo3-- mice (n = 6 in each group) treated with a single
dose of intraperitoneal injection of phenylhydrazine (PHZ; 100 mg/kg). P < 0.0001, log-rank test; 1 of 2 independent experiments is shown. (B) ROS
measurement in WT and Foxo3-- erythrocytes (note absence of any exogenously added peroxide). (C) Histogram of results from B (mean = SEM, n =6;
**P < 0.02). (D) Protein oxidation in erythrocytes. DNPH, 2,4-dinitrophenylhydrazine. (E) Quantitative analysis of the oxidative status of WT (n = 3) and
Foxo3 (n = 4) erythrocytes by comparison of signal intensity of lanes in D using BandScan software version 4.5 (Glyco). *P < 0.05, Student's t test.

corrected the reticulocyte index in these mice (Figure 3B). After 5
weeks of treatment, NAC had some negative impact on the lifespan
of wild-type cells (Figure 3A). Since in these studies the NAC treat-
ment in terms of dose or frequency of administration was not opti-
mized, we suspect that a prolonged chronic high dose NAC treat-
ment might have adversely affected wild-type erythrocytes (33), as
supported by our in vitro studies (Supplemental Figure 1B).

Foxo3 is highly expressed in hematopoietic organs and is activated dur-
ing in vivo maturation of erythroid cells. These results indicated that
Foxo3 may be directly involved in the regulation of oxidative stress
in erythroid cells. To further investigate the function of Foxo3 in
primary cells, we investigated the expression and transcriptional
activity of Foxo3 during normal erythropoiesis. In these stud-
ies, E14.5 fetal livers that are highly enriched for post-progenitor
erythroblasts (over 85% were TER119" cells) were used.

Using quantitative real-time RT-PCR (QRT-PCR), Foxo3 was
found to be abundantly expressed in the bone marrow and fetal
liver (Figure 4, A and B). In addition, Foxo3 was the most highly
expressed FoxO in erythroid cells (Supplemental Figure 1, C and D).
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Foxo3 transcript (Figure 4C and Supplemental Figure 1C) and
protein expression (Figure 4D) were gradually upregulated in
freshly isolated subpopulations of fetal liver erythroid cells with
increasing degree of maturation (34).

As anticipated, maturation of post-progenitor erythroid cells
was accompanied by upregulation of expression of erythroid-
specific genes a- and B-globin (35), erythroid Kruppel-like factor
(EKLF, also known as KIf1), and Gatal as well as downregulation
of Gata2 transcription factors (Figure 4C). The cyclin-dependent
kinase (CDK) inhibitor 1B Cdknlb (p27%1), a known transcrip-
tional target of Foxo3 (9), is upregulated during erythroid matu-
ration (36). Interestingly, the correlation between the patterns of
Cdknl1b (p27K1P1) and Foxo3 expression suggest that Foxo3 may
have a role in regulating p27XP! expression in erythroid cells
(Figure 4C). These studies (Figure 4, C and D) suggest that Foxo3
may be functional and transcriptionally active during maturation
of primary erythroid precursor cells.

Expression of EpoR is the highest on mature erythroid progeni-
tors colony forming unit-erythroid (CFU-erythroid) and is down-
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regulated thereafter with maturation; EpoR expression becomes
very low on erythroid precursor cells (37, 38). Since the function
of FoxO is negatively regulated by EpoR signaling and only nuclear
FoxO is active (12), we hypothesized that nuclear localization and
activity of Foxo3 may increase in erythroid precursors as cells lose
the expression of EpoR and the sensitivity to EpoR signaling.

Using the subcellular localization of Foxo3 as a surrogate assay
for the activity of Foxo3, we found that Foxo3 translocates to the
nucleus in CD71"TER119" cells and subsequent precursors during
erythroid progenitor maturation (Figure 5A). Mature erythroid
cells were 3 times more likely than their progenitors to express a
nuclear Foxo3 (Figure 5B). To ensure that Foxo3 was detected in
nucleated cells (Figure 5A), we used DRAQS, a cell-permeable dye
with high affinity for binding DNA in living and fixed cells. Foxo3
colocalization with DRAQS was over 2-fold in freshly isolated live,
nucleated DRAQS*CD71-TER119* cells enriched in mature nor-
moblasts as compared with DRAQS*CD71-TER119- cells enriched
in progenitors (Figure 5, C and D). These findings suggest that
transcriptional activity of Foxo3 increases during in vivo matura-
tion of primary erythroid precursors.

We next investigated more directly the transcriptional activity
of endogenous Foxo3 using reporter gene assays in a previously
established ex vivo differentiation system (28, 39) and a newly
established transfection system of primary fetal liver erythroid
cells (see Methods). Fetal liver erythroid subpopulations (as shown

Figure 3

ROS induced shortened erythrocyte lifespan in Foxo3-- mice. (A) In
vivo NAC therapy improves the lifespan of erythrocytes in Foxo3-"-
mice. WT and Foxo3-- mice were treated intraperitoneally with NAC
(100 mg/kg) or PBS 3 times a week; after 3 weeks, erythrocytes were
biotinylated in vivo and erythrocyte lifespan measured as in Figure 2,
while NAC (or PBS) treatment continued for another 3 weeks. (B)
Reticulocyte index was measured after 6 weeks in all mice. One of 2
independent experiments is shown. Results represent mean + SEM,
n =6 per group; *P < 0.05.
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Figure 2

Reduced erythrocyte lifespan in Foxo3-- mice. (A) Erythrocyte lifespan
was measured by in vivo biotin labeling. At day 0, 95% of erythrocytes
were labeled. Animals were bled every 5 days, and the surviving labeled
cells were analyzed by flow cytometry. (B) Reticulocyte index was
measured in Foxo3-- and WT mice. Results represent mean + SEM;
n =6 in each group. *P < 0.05, **P < 0.01, Student’s t test.

in Figure 4C) were transfected with luciferase reporters, and tran-
scriptional activity was measured during ex vivo erythroid matura-
tion (Figure 5, E and F).

The activity of endogenous Foxo3, using luciferase report-
er containing 5 tandem repeat FoxO binding sites, was shown
to be significantly upregulated more than 8-fold during 36
hours of ex vivo maturation of both early erythroid precur-
sors (mostly CD71*TER119- proerythroblasts, which became
CD71*'TER119%) and intermediate erythroid precursors
(CD71*TER119*, which became CD71°TER119*) compared with
the mutant reporter lacking the Foxo3 binding site (Figure SE,
top panel). This FoxO reporter was not activated in Foxo3-defi-
cient cells (Supplemental Figure 1E). These results suggest that
Foxo3 activity is upregulated in intermediate erythroid precursors
(CD71*TER119") and stays on during their maturation. The strong
increase in the activity of the erythroid transcription factor EKLF
supports maturation stage of cells (Figure SE, top panel). Given the
expression pattern of Foxol and Foxo4, most if not all of the detected
FoxO activity can be attributed to Foxo3 (Supplemental Figure 1C).

Consequently, we asked whether Foxo3 activates the transcrip-
tion of antioxidant enzymes. The promoter of human catalase that
is the most highly expressed antioxidant enzyme in erythroid cells
contains several forkhead binding sites (8). Catalase reporter activ-
ity was highly upregulated in maturing erythroid cells transfected
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Foxo3 expression is upregulated during erythroblast maturation. (A) QRT-PCR analysis of Foxo1, Foxo3, and Foxo4 in embryonic and adult hema-
topoietic organs. Shown are representative results from 3 independent experiments performed in duplicate. (B) Western blot analysis of endogenous
FoxO protein expression in the bone marrow. Protein lysates of HEK293T cells overexpressing FOXO1, FOXO3a, and FOXO4 cDNAs were used as
positive controls. (C) QRT-PCR analysis of indicated transcripts from subpopulations of fetal liver isolated by flow cytometry according to their CD71
and TER119 expression. Note that expression of Foxo3 is the highest in the most mature erythroid cell subpopulation (CD71-TER119+). Representa-
tive results from 3 independent experiments performed in triplicate are shown as mean + SEM. Cells differentiate from a double CD71-TER119- cell
subpopulation enriched in hematopoietic progenitors, including erythroid progenitors, to CD71+*TER119- cells containing mostly proerythroblasts
and basophilic erythroblasts, then to CD71+*TER119+ cells enriched for basophilic/polychromatophilic erythroblasts, and finally to CD71-TER119*
cells consisting mostly of normoblasts. (D) Western blot analysis of Foxo3 in subpopulations of fetal liver enriched for progenitors (TER119-) and for
erythroid precursors (TER119+, erythroblasts) using anti-FOXO3a antibody. Anti-GATA-1 (N6) and anti—3-actin antibodies were used as controls.

with a catalase reporter containing forkhead binding sites and not
its mutant (Figure SE, bottom panel; P < 0.001).

The mitochondrial SOD2 is another important antioxidant
enzyme in erythroid cells whose promoter contains 2 functional
Foxo3 binding sites (7). Enhanced SOD2 reporter activity was
detected during ex vivo maturation (29, 39) of erythroid progeni-
tors at 48 hours (Figure SF; P < 0.001). This activity was signifi-
cantly reduced in cells transfected with the reporter containing
mutant Foxo3 binding sites (Figure SF). These combined findings
suggest that Foxo3 becomes nuclear and transcriptionally active
at a stage of intermediary maturation of erythroid precursor cells
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(CD71*TER119") and regulates expression of some important
antioxidant enzymes in erythroid cells.

Foxo3 coordinates proliferation and differentiation of erythroid cells by
a ROS-mediated mechanism. In further support of the physiological
function of Foxo3 in erythropoiesis, we found that the rate of mat-
uration of bone marrow Foxo37~ erythroid cells was significantly
reduced (2-fold less relative mature Foxo37~ as compared with wild-
type erythroid cells; Figure 6, A and B) and was accompanied by an
increase in the size of the CD71*TER119* erythroid precursor popu-
lation. To investigate the mechanism of this reduction, we analyzed
the cell cycle distribution of erythroid precursor cells that were at
Number 8 2137
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different stages of differentiation (Figure 6, A and C). Given that one
of the functions of Foxo3 is to induce mitotic arrest by repressing
the entry into the S phase and Foxo3 is transcriptionally active in
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Figure 5

Foxo3 translocates to the nucleus and regulates
transcription of anti-oxidant enzymes in primary
fetal liver erythroblasts. (A) Immunofluorescence
staining of Foxo3 (red) in freshly isolated E14.5
fetal liver erythroid subpopulations using anti-
FOXO3a antibody was performed and samples
were counterstained with nuclear DAPI (blue).
(B) Quantification of nuclear Foxo3 in CD71-
TER119- cells as compared with CD71-TER119+
cells. Data were analyzed from an average of 50
cells from each subpopulation in A. (C) Foxo3
expression was investigated in nucleated, deep
red fluorescing agent (DRAQS5) positive cells.
DRAQ5*CD71-TER119- and DRAQ5+*CD71-
TER119+ cells were FACS sorted from E14.5
fetal liver and subjected to immunofluorescence
staining using anti-FOXO3a antibody (green).
(D) Quantification of results from C is shown
for at least 50 cells from each subpopulation as
mean + SEM. ***P < 0.001, Student’s t test. (E)
FACS-sorted erythroid precursor subpopula-
tions CD71+*TER119- and CD71+TER119+* cells
were transfected with synthetic reporter contain-
ing 5 tandem repeat FoxO binding site (pTA-
FoxO5BS-Luc) or mutant (pTA-FoxO5BSmut-
Luc) (top panel), or a catalase luciferase reporter
containing 2 FoxO binding sites (pTA-cata.
mut-Luc) or mutant (pTA-catalase-Luc) (bottom
panel), then cultured as previously described
in the presence of Epo (2 U/ml) (28, 39), and
luciferase activity was analyzed after 36 hours.
EKLF reporter (pEKLF-Luc) (56) was used as a
positive control. Data representative of normal-
ized results from at least 4 independent experi-
ments performed in triplicate are shown as mean
+ SEM. **P < 0.01; TP < 0.002; #P < 0.0001. (F)
Transcriptional activity of Foxo3 during matura-
tion of fetal liver erythroid precursors. TER119-
fetal liver cells (enriched in progenitors) were
transiently transfected with an empty luciferase
reporter (pGL-3) or a SOD2 luciferase reporter
containing 2 FoxO binding sites (pSod-Luc) or
its mutant (pSOD-DBE12mut-Luc) and cultured
as described above, and luciferase activity was
determined at 24 and 48 hours. Results are
shown as mean + SEM; n = 4 for each group.

wild-type erythroid precursors (CD71*TER119* cells; Figure S), we
suspected that the normal function of Foxo3 during maturation is
to inhibit the cell cycle progression of this specific population of ery-
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Mitotic arrest in Foxo3~- erythroid precursor cells. (A) Left: Flow cytometry analysis of live WT and Foxo3-~ bone
marrow erythroid precursors according to their expression of CD71 and TER119. Gates | to IV depict erythroid cell
populations with an increasing degree of maturation. Numbers by gates represent percentage of distribution of cells
within that gate. Note decrease of Foxo3~ mature erythroid cells (gate V) and increase of Foxo3 precursors in gate
Il as compared with WT (representative flow cytometry analysis of 9 experiments is shown). Right: Representative
analysis of cell cycle distribution in CD71+TER119+ cells (gate Il) from 6 independent experiments. (B) Ratio of gate
IV to gate Il from A (n =9, mean + SEM; **P < 0.01, Student’s t test). (C) Cell cycle analysis of cells in gate Il from left
panel of A (n = 6, mean + SEM; ***P < 0.001, Student’s t test) is shown. WT and Foxo3-deficient CD71+*TER119+ (gate
1) bone marrow erythroid cells were FACS sorted and analyzed for cell cycle distribution using Hoechst (A, right panel,
and C). Percentage of cells in G1, S, and G2/M phases of cell cycle are shown (n = 6, mean + SEM; ***P < 0.001,
Student’s t test). No significant difference was found in the analysis of cell cycle of other subpopulations.

throid precursor (CD71*TER119*) cells. Such a contention would
predict an increase in proliferation of Foxo3-deficient erythroid pre-
cursor cells, which could delay their maturation.

To our surprise however, loss of Foxo3 resulted in a signifi-
cant fraction of Foxo3-deficient erythroid precursors, most of
which were found in the G1 phase of the cell cycle, displaying
mitotic arrest (Figure 6, A and C). The alteration in cycling of
erythroblasts was not observed in other erythroid subpopula-
tions. These highly unexpected findings indicate that functional
Foxo3 is specifically required for normal regulation of the cell
cycle during erythroid cell maturation. In addition, these results
suggested that the decreased rate of maturation may not provide
sufficient reticulocytosis in case of a massive hemolysis.

To elucidate the potential mechanism of alteration of the Foxo3-
deficient cell cycle, the transcript levels of candidate molecules
previously implicated in erythroid cell cycle and/or known to be
transcriptional targets of Foxo3 were assessed. The expression of
the CDK inhibitor p275"! and cyclin G2 (Ceng2) transcripts, both
downstream targets of Foxo3 (9, 10, 40), was significantly reduced
in Foxo37~ erythroid subpopulations (Figure 7A), suggesting that
the expression pattern of p27¥P! or cyclin G2 can not explain the
alteration of cell cycle observed in Foxo3~/ erythroid precursors
and that these genes are likely to be transcriptional targets of
Foxo3 in erythroid precursor cells.

Unexpectedly however, the expression of another CDK inhibi-
tor, p21CIPY/WAFI/Sdil (Cdknla), which, similar to p27XIPl) is an
inhibitor of the transition from the G1 to the S phase of cell
cycle and a known downstream target of Foxo3 (41), was sig-
nificantly upregulated in Foxo3-deficient cells (Figure 7A).
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PZZCIPI/\VAFI/SdlI eXpression
is induced in response to
oxidative stress (42), either
as part of a transcription-
al program activated by
pS3 tumor suppressor in
response to cellular stress
(43) or induced indepen-
dently of p53 (44). Thus
the status of p53 was
investigated. In agreement
with a state of oxidative
stress in Foxo3-deficient
(CD71*TER119") precursor
cells, both p53 expression
as measured by QRT-PCR
(Figure 7B, left panel) and
activity as measured by a
reporter gene assay (Figure
7B, right panel) were nota-
bly enhanced in Foxo3-defi-
cient cells. In further sup-
port of activation of p53 in
erythroid precursor cells,
transcription of antioxidant
genes sestrin 2 (SESN2) (45)
and the DNA repair gene
growth arrest and DNA
damage-inducible protein
45 (GADDA4S5) (14), which
are known downstream
targets of p53 activated in response to stress, was also upregulated
(Figure 7C). These results further support that activation of pS3
in Foxo3-deficient erythroid precursor cells (CD71*TER119%) is in
response to an oxidative stress condition. Consistent with this pre-
diction, transcription of heme oxygenase 1 (HO-1), which is known
to be associated with oxidative stress (46), and not its closely related
molecule HO-2 was also upregulated (Figure 7C).

Together these findings strongly suggest that upregulation of
p21CIPI/WAFL/Sdil and the mitotic arrest observed in erythroid pre-
cursors is in response to a state of oxidative stress (47). To assess
this we tested the effect of ROS scavengers on p21CIP1/WAF1/Sdil
expression. As shown in Figure 8, the level of p21CIPI/WAFI/Sdil wag
significantly higher after 36 hours in a population of cultured
Foxo3-deficient bone marrow cells as compared with a population
of wild-type bone marrow cells that were highly enriched in pro-
genitors and depleted of mature cells. Incubation with ROS scaven-
ger NAC resulted in significant downregulation of p21CIPI/WAFI/Sdil
in Foxo3-deficient cells (Figure 8).

Consistent with the results discussed above, the expression of
several ROS-scavenging enzymes was significantly downregulated
in Foxo3-deficient erythroid precursor cells (TER119*; Figure 9).
Inhibition of expression of catalase and SOD2 in Foxo3-deficient ery-
throid precursor cells further supports a role for Foxo3 in the regu-
lation of these enzymes in erythroid precursor cells. In addition, we
found that expression of glutathione peroxidase, which has an impor-
tant antioxidant function (26), and the cytoplasmic SOD1 is strongly
repressed in Foxo3-deficient erythroid precursor cells. Thus the state
of oxidative stress in erythroid cells is likely due to downregulation of
antioxidant enzymes in Foxo3-mutant erythroid precursor cells.
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Figure 7

State of oxidative stress in Foxo3-deficient erythroblasts. (A) QRT-PCR analysis of cell cycle regulator genes in freshly isolated FACS-sorted
erythroblasts at an intermediary (CD71+TER119+) stage of differentiation from wild-type and Foxo3-deficient bone marrow cells. Note upregulation
of p21CIPIWAF1/Sdil jn jntermediary erythroblasts (CD71+TER119+ cells are the same as those shown in gate Il of Figure 6A). (B) Left: QRT-PCR
analysis of p53 expression in the same cells as in A. Right: p53 reporter luciferase activity in WT and Foxo3-deficient bone marrow TER119- cells
36 hours after transfection and in vitro culture as in Figure 5, E and F. Representative of 2 independent experiments. (C) QRT-PCR analysis of
antioxidant genes in the same populations as in A. Note upregulation of p53 downstream antioxidant targets GADD45 and SESN2. Representa-
tive of 4 independent experiments performed in duplicate or more. *P < 0.05, Student’s t test.

Finally, to further elucidate the cause of death of Foxo3-defi-
cient mice subjected to phenylhydrazine treatment, Foxo37~ and
wild-type mice were treated with PBS or 100 mg/kg phenylhy-
drazine and sacrificed 24 hours later for analysis. In response
to phenylhydrazine treatment, the numbers of Foxo3-deficient
progenitors produced in the bone marrow and spleen were not
significantly different from those of wild-type mice (data not
shown). However, the relative frequency of Foxo3-deficient
mature erythroid cells produced in response to the treatment
was extremely low (less than 1%) and over one-third of that of
wild-type bone marrow (Figure 10A). As anticipated at 24 hours,
the main impact of the treatment (48) was on the bone mar-
row, although similar results were also observed in the Foxo37~
spleen and blood (Figure 10A). These data may suggest that spleen’s
environment is more protective against oxidative stress. In agree-
ment with these results, ROS were substantially more concentrated
in the Foxo3-deficient bone marrow erythroid cells (TER119%) as
2140
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compared to wild type controls (Figure 10B). It is noteworthy that
at the steady state, ROS concentration in Foxo3-deficient erythroid
precursor cells (TER119*) in the bone marrow was as elevated as
in wild-type mice treated with phenylhydrazine (Figure 10B; com-
pare PBS-treated Foxo37/~ with phenylhydrazine-treated wild-type
cells in the bone marrow). These results suggest that at the steady
state, Foxo3-deficient erythroid cells are chronically subjected to
the same levels of ROS as the levels induced by phenylhydrazine in
wild-type erythroid precursors (Figure 10B). A correlation between
G1 arrest and ROS concentration was also observed in treated ani-
mals (data not shown). Together these results strongly suggest that
the death induced by phenylhydrazine treatment in Foxo3-deficient
mice is likely due to an excessive destruction of circulating eryth-
rocytes coupled with a significant ROS-induced mitotic arrest (see
Figures 6 and 8), especially in the bone marrow, and a significantly
decreased number of mature erythroid cells due to loss of Foxo3
that impedes a timely hematopoietic response.
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Figure 8

ROS-induced upregulation of p27CiP1/WAF1/Sdit_ TER119- bone marrow
cells were cultured with or without 100 uM NAC, and the expression of
p21CIPIWAF1/SdiT was measured by QRT-PCR after 36 hours. *P < 0.05
Student’s ¢ test.

Discussion

The combined data presented here provide a model in which
activation of Foxo3 in erythroid precursors is essential for their
optimal cell cycle regulation and maturation, for red blood cell
lifespan and for erythrocyte resistance to deleterious effects of
oxygen radicals. Although anomalies of Foxo3-deficient eryth-
ropoiesis are compatible with life at the steady state, mice died
rapidly when exposed to induced oxidative stress as a result of
enhanced destruction of erythrocytes and lack of sufficient pro-
duction of mature erythrocytes due to a blunted response. Our
study also provides the first evidence for in vivo requirement for
Foxo3 regulation of oxidative stress in mammals. In addition,
these results demonstrate that the potential redundancy among
FoxO proteins does not preclude the requirement for Foxo3 in
antioxidative stress response and optimal erythropoiesis.

In addition to hemoglobin toxicity, erythroid cells are exposed
to free iron during both mitochondrial insertion of ferrous iron
into heme in precursors and release of iron from hemoglobin in
mature cells, which results in deleterious damage catalyzed by
iron through generation of hydroxyl radicals by means of Fen-
ton reaction (23). Defenses against ROS include enzymes such as
SOD, which converts superoxide to hydrogen peroxide; catalase
and glutathione peroxidase, which convert hydrogen peroxide to
water; non enzymatic scavengers such as glutathione; and a family
of peroxiredoxin antioxidant proteins (26).

In agreement with ROS regulation of erythrocyte lifespan (27),
expression of several antioxidant enzymes, including glutathione
peroxidase and SOD1, that were not previously known to be reg-
ulated by FoxO, was significantly reduced in Foxo3-deficient ery-
throid cells (Figure 9). It is noteworthy that we found conserved
FoxO TTGTTTAC binding sites (49) in both mouse and human
glutathione peroxidase promoter sequences, suggesting that
Foxo3 may also directly regulate transcription of glutathione per-
oxidase. In addition, genetic deletion of SOD2 has been directly
implicated in a ROS-mediated shortened erythrocyte lifespan
(24), suggesting that the phenotype observed in Foxo3-deficient
mice may be a result of the relative defect in SOD2 transcription
in erythroid precursors.

Foxo3-deficient erythroid precursor cells exhibit an unantici-
pated mitotic arrest that is in contrast to the function of Foxo3
as an inhibitor of cell cycle. Although the sequence of events
leading to the growth arrest in these cells is not known, several
features of Foxo37/~ cell cycle defect are notable. First, the inhi-
bition of G1/S transition of cell cycle was only seen in a popu-
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lation of highly cycling erythroid precursors (CD71*TER119%)
that is known to be activated in response to stress (50, 51)
(Figure 6C) and that accumulates hemoglobin while losing
response to Epo due to a gradual loss of EpoR expression (37,
38). Second, the inhibition of G1/S transition was characterized
by a stress response condition manifested by a ROS-mediated
upregulation of CDK inhibitor p21C/P1/WAFY/Sdil (Figure 8) and sev-
eral antioxidant response genes (45), targets of p53 tumor sup-
pressor (Figure 7C). Third, p53 was activated in erythroid pre-
cursor (CD71*TER119%) cells (Figure 7). While upregulation of
p21CIPY/WAFL/SiL is implicated in normal maturation of erythroid
precursors (52), a premature upregulation of p21CIP1/WAF1/sdil
during stress-induced expansion of Foxo3-deficient erythroid
precursors would lead to a premature cell cycle exit resulting in
a significant decrease of the number of mature cells. Although
we did not detect any apoptosis in freshly isolated Foxo3-defi-
cient mature erythroid cells, we can not rule out additional loss
through apoptosis, specifically since Foxo3-null bone marrow
cells are highly prone to apoptotic death once in culture (D.
Marinkovic and S. Ghaffari, unpublished observations). Togeth-
er these results strongly suggest that hindrance in maturation
and response to induced oxidative stress in Foxo3-deficient
erythroid precursors is a major contributor to death of animals
when exposed to acute exacerbated oxidative stress.

Inhibition of FOXO3a is important for Epo-mediated survival of
cultured erythroid cells (18, 19, 53). As Foxo3 is mostly cytoplas-
mic and presumably inhibited in erythroid progenitors (Figure 5,
A-D), its function may be limited to inducing apoptosis in divid-
ing progenitor cells subjected to cytokine deprivation, in agree-
ment with the context-dependent function of FoxO (6). Although
the mechanism of nuclear translocation and activation of Foxo3 in
erythroid precursors (CD71*TER119") is unknown, it is plausible
that downregulation of EpoR (i.e., inhibition of EpoR signaling)
coupled with the accumulation of hemoglobin (i.e., enhanced ROS
build-up) in these cells provides a signal for normal nuclear trans-
location and activation of Foxo3 to prevent further ROS accumu-
lation and cellular damage (Figure 11).

Like p53, ataxia telangiectasia mutated (ATM) gene product
is often activated as part of an antioxidant response (54). Given
that the function of ATM in erythropoiesis is not known, we
were surprised to find a significant and specific downregula-
tion of ATM in Foxo3-deficient cells (see the relative expression
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Figure 9

Foxo3 is required for expression of antioxidant enzymes. QRT-
PCR analysis of antioxidant enzymes in bone marrow erythroblasts
(TER119+) cells. GPX1, glutathione peroxidase 1. n = 3; *P < 0.05,
**P < 0.02, Student’s t test.
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Defective post-progenitor eryth-
roblast response to phenylhy-
drazine in Foxo3- mice. WT
and Foxo3-deficient mice were
treated with phenylhydrazine
60 (100 mg/kg) or PBS and sac-
rificed 24 hours later. (A) Flow
cytometry analysis of relative
frequency of mature eryth-
roblasts in the bone marrow,
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of ATM in the bone marrow as compared to in erythroid cells;
Supplemental Figure 1F). Given the known association of ATM
deletion with enhanced ROS concentration (2), these observa-
tions suggest that downregulation of ATM may participate in the
molecular pathway regulating antioxidant signaling downstream
of Foxo3 in erythroid cells.

Triple deletion of FoxO was recently shown to result in hema-
topoietic stem cell defect associated with high oxidative stress
(55). Our results expand these findings and attribute an essential
role to Foxo3 in the regulation of oxidative stress in erythroid
cells. Given that expression of Foxo4 and Foxol transcripts is
barely detectable in wild-type or Foxo3-deficient bone mar-
row erythroblasts (note the absence of upregulation of Foxol
or Foxo4 transcripts in Foxo3-deficient TER119* erythroblasts;
Supplemental Figure 1D) and given that Foxol and Foxo4 pro-
teins were undetectable in bone marrow erythroid precursor
cells (TER119" erythroblasts; Supplemental Figure 1G), Foxo1
and Foxo4 do not appear to be relevant to the Foxo3-deficient
erythroid phenotype. Although we can not rule out the expres-
sion of functional Foxol and/or Foxo4 in erythroid cells, our
data strongly suggest that it is unlikely these FoxO play a sig-
nificant role in erythroid cell maturation (Figure 4, A and B, and
Supplemental Figure 1, C, D, and G).

In addition to the erythroid phenotype described here, Foxo3-
deficient mice exhibit a global ovarian follicular activation lead-
ing to oocyte death and early depletion as well as a lymphop-
roliferation associated with activation of NF-kB (15-17). It is
plausible that these phenotypes are also induced by enhanced
oxidative stress. In particular, given the absence of evidence for
direct regulation of elements of NF-kB pathway by Foxo3 (17), it

Figure 11

Model of the regulation of Foxo3 subcellular localization in erythro-
poiesis. Inhibition of EpoR signaling, which includes inhibition of the
PI3-kinase/AKT pathway, as a result of downregulation of EpoR on
erythroblasts, coupled with accumulation of hemoglobin, may result in
ROS signaling, leading to Foxo3 nuclear localization and activation.
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group; *P < 0.05, Student’s t
test. (B) Measurement of ROS
concentration in erythroblasts
(TER119+ cells). #*P < 0.01;
**P < 0.001.

is conceivable that activation of NF-kB in Foxo3-deficient T cells
results from enhanced oxidative stress.

Finally, it is noteworthy that results presented here were obtained
from young adult mice (8-12 weeks old). Given the correlation of
oxygen radicals with aging (1), it is likely that this phenotype will
be exacerbated in older Foxo3”/~ mice.

The combined results presented here demonstrate that Foxo3
is a critical physiological regulator of oxidative stress in mamma-
lian cells. These findings establish essential functions for Foxo3
in the regulation of cell cycle, maturation, lifespan, and resis-
tance to oxidative stress during erythropoiesis. Whether activ-
ity of Foxo3 can be exploited to increase erythrocyte lifespan
and maturation is of major interest.

Hemoglobin
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Progenitor Erythroblasts rbe
cells
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Methods

Mice. The generation and genotyping of mice was performed as previously
described (15). Littermates (8 to 12 weeks old) of heterozygous intercrosses
were used in all experiments. Protocols were approved by the Institutional
Animal Care and Use Committee of Mount Sinai School of Medicine. Wild-
type fetal liver cells were isolated from E14.5 C57BL/6 embryos (Jackson
Laboratories) as previously described (28).

Hematological analysis. Blood samples were collected in 2 rounds from
mouse tail vein in the presence of 25 mM EDTA and analyzed using Bayer
ADVIA 120 Hematology System. To measure erythrocyte lifespan, a total
dose of 100 mg/kg N-hydroxysulfosuccinimide-biotin (EZ-Link; Pierce
Biotechnology) was injected intravenously into mice. Biotin-labeled cells
were revealed by Streptavidine-Cy-Chrom binding (BD Biosciences —
Pharmingen) (32). Number of survived biotin-labeled cells remaining in
circulation was calculated as a percentage of positively biotinylated cells
detected on day 1 after injection (95%). For phenylhydrazine treatment,
mice were injected intraperitoneally with phenylhydrazine hydrochloride
(Acros Organics; Thermo Fisher Scientific); blood samples were collected
every 2 to 3 days for measurement of hematocrit and reticulocyte levels.

Flow cytometry. Flow cytometry was performed at Mount Sinai Flow
Cytometry Shared Research Facility as previously described (28).

Cell cycle analysis. Cells were incubated with 106/ml Hoechst 33342 in pre-
warmed DMEM supplemented with 15% FCS for 90 minutes, stained with
antibodies, and analyzed immediately by FACS using FACSDiva software
(version 5.0.2; BD Biosciences).

ORT-PCR. Total RNA was isolated using RNeasy Mini Kit (QIAGEN)
according to the manufacturer’s instructions. First-strand cDNA was
synthesized with SuperScript First-Strand Synthesis System for RT-PCR
kit using SuperScript II reverse transcriptase enzyme (Invitrogen), and
QRT-PCR reactions were performed using SYBR Green JumpStart Taq
ReadyMix (Sigma-Aldrich) in duplicates (LightCycler 2.0; Roche Diag-
nostics). Gene-specific primers were designed to span intron-exon
boundary by Primer Express 2.0 (ABI) and then subjected to blast analy-
sis to ensure the primer specificity. Relative quantification was achieved
by normalization to endogenous B-actin. For primer sequences, see
Supplemental Table 2.

Measurement of intracellular ROS. Cells were washed and resuspended
in pre-warmed PBS supplemented with 2% FCS and loaded with 5 uM
5-(and 6-)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate
(CM-H,DCFDA,; Invitrogen) in the dark for 20 minutes at 37°C, 5% CO,.
The oxidative conversion of CM-H,DCFDA to its fluorescent product was
measured immediately by flow cytometry.

Protein oxidation detection. Erythrocyte cell lysate proteins (15 ug) were
reacted with 2,4-dinitrophenylhydrazine to derivatize carbonyl groups
formed through protein oxidation (OxyBlot Protein Oxidation Detec-
tion Kit; Chemicon International) to dinitrophenylhydrazone (DNP) and
resolved by 12% SDS-PAGE and derivatized residues detected by rabbit
anti-DNP antibody according to OxyBlot protocol. Band intensity was
measured using BandScan software version 4.5 (Glyco).

Western blot analysis. Bone marrow cell lysates were prepared using lysis buf-
fer (50 mM Tris-Cl, pH 6.8, 2% SDS, 10% glycerol, 10 mM DTT, protease
inhibitor cocktail inhibitor tablets [Roche Diagnostics|, 10 mM PMSF,
10 mM EDTA), and proteins were resolved by 10% SDS-PAGE, transferred to
nitrocellulose membranes, and incubated with anti-FKHR/FOXO1 (Santa
Cruz Biotechnology Inc.), anti-FKHRL1/FOXO3a (Millipore), or anti-AFX1/
FOXO4 (Santa Cruz Biotechnology Inc.) antibodies (1:250 dilution each).

Immunofluorescence staining. FACS-sorted subpopulations of E14.5
fetal liver cells were cytospun, fixed with 4% paraformaldehyde, and
immunostained as described previously (12). Cells were permeabilized
using 1% Triton X-100, 3% BSA, and 1x PBS, incubated with anti-
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FOXO3a antibody (1:500) in 1% BSA for 1 hour, washed and stained
with Alexa Fluor 594-conjugated anti-rabbit IgG antibody (5 ug/ml;
Invitrogen), washed, and mounted with VECTASHIELD Mounting
Medium with DAPI (Vector Laboratories) to stain the nucleus. Images
were captured using Nikon Eclipse E600 microscope with x630 magnifi-
cation and processed with Adobe Photoshop software version 7.0. Deep
red fluorescing agent (DRAQS) (Sigma-Aldrich) was used at 1:1,000
dilution for 5 minutes at room temperature prior to antibody staining
and FACS sorting. Data was quantified using CoLocalizer Pro software
(CoLocalization Research Software version 1.2) and the overlap coef-
ficient according to Manders (57).

NAC treatment. NAC (Sigma-Aldrich) solution in PBS pH 7.4 (100 mg/kg
of body weight) was administered intraperitoneally to mice 3 times per
week for the indicated time period (see Results).

Reporter gene assay. FACS-sorted fetal liver subpopulations were tran-
siently transfected with 50 ng of pRL-TK (Promega) alone or with
pRL-TK and 2 ug of one of the following: catalase luciferase report-
er containing 2 FoxO binding sites (pTA-3179-Luc, also known as
pTA-catalase-Luc) or mutant catalase reporter (pTA-1645-Luc, also
known as pTA-cata.mut-Luc) (8); a synthetic reporter containing 5 tan-
dem repeat FoxO binding sites (pTA-FoxOS5BS-Luc) or mutant FoxO
reporter (pTA-FoxO5BSmut-Luc); or an EKLF reporter (pEKLF-Luc,
pHS2PLuc) (56), using Amaxa nucleofection technology (Program
X-01, 40%-70% transfection; Amaxa Inc.), seeded (5 x 10° cells/ml) in
triplicate as previously described (29) in the presence of Epo (2 U/ml),
and analyzed for luciferase activity after 36 hours.

TER119- (1 x 107) cells were transiently transfected with pSOD-Luc (7)
or its mutant pSOD-DBE12mut-Luc (7) and both were cultured for either
24 or 48 hours, after which cells were lysed and luciferase activity mea-
sured. Oligonucleotides containing 5 tandem repeat FoxO binding sites
or mutants were ligated to pGL-3 vector.

Statistics. The unpaired 2-sample Student’s ¢ test was used. A P value of
less than 0.05 was considered to be significant.
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