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The cooperation of stem cell factor (SCF) and erythropoietin (Epo) is required to induce renewal divisions
in erythroid progenitors, whereas differentiation to mature erythrocytes requires the presence of Epo only. Epo
and SCF activate common signaling pathways such as the activation of protein kinase B (PKB) and the
subsequent phosphorylation and inactivation of Foxo3a. In contrast, only Epo activates Stat5. Both Foxo3a and
Stat5 promote erythroid differentiation. To understand the interplay of SCF and Epo in maintaining the
balance between renewal and differentiation during erythroid development, we investigated differential Foxo3a
target regulation by Epo and SCF. Expression profiling revealed that a subset of Foxo3a targets was not
inhibited but was activated by Epo. One of these genes was Cited2. Transcriptional control of Epo/Foxo3a-
induced Cited2 was studied and compared with that of the Epo-repressed Foxo3a target Btg1. We show that in
response to Epo, the allegedly growth-inhibitory factor Foxo3a associates with the allegedly growth-stimulatory
factor Stat5 in the nucleus, which is required for Epo-induced Cited2 expression. In contrast, Btg1 expression
is controlled by the cooperation of Foxo3a with cyclic AMP- and Jun kinase-dependent Creb family members.
Thus, Foxo3a not only is an effector of PKB but also integrates distinct signals to regulate gene expression in
erythropoiesis.

Forkhead transcription factors regulate a multitude of de-
velopmental processes (40, 45). Subclass O (Foxo) of Fork-
head transcription factors can be phosphorylated by protein
kinase B (PKB), which results in transcriptional inactivation
through nuclear export and cytosolic retention by 14-3-3 pro-
teins (8, 13, 14, 39, 43, 68). Initial studies on the function of
Foxo proteins in hematopoiesis pointed to a role in apoptosis
and cell cycle regulation (9, 14, 17, 24). On the other hand,
Foxo1 induces survival and maturation in thymocytes (46), and
the activation of Foxo3a in erythroblasts induces differentia-
tion, indicating that the role of Foxo proteins in hematopoiesis
is diverse and probably cell type specific (4).

Erythroblasts can be expanded in vitro using serum-free
medium supplemented with erythropoietin (Epo), stem cell
factor (SCF), and glucocorticoids, which reflects the in vivo
expansion of erythroblasts under stress conditions (7, 12, 25,
70). Immortal cultures of erythroblasts can reproducibly be
established from p53�/� mice (60, 70). These cultures remain
dependent on Epo, SCF, and glucocorticoids for their expan-
sion and retain the ability to undergo complete differentiation
into erythrocytes in the presence of Epo. The expansion of

these cultures is dependent on Epo-induced activation of the
tyrosine kinase receptor Ron/Stk (60), whereas differentiation
relies on Epo-induced Stat5 phosphorylation (26). Both Epo
and SCF activate the phosphatidylinositol 3-kinase (PI3K)-
PKB pathway, although SCF induces phosphorylation of PKB
more strongly (70). The inhibition of PI3K abrogates Epo/SCF-
induced expansion of in vitro cultures, inducing differentiation
instead, suggesting that pathways downstream of PI3K-PKB con-
trol the proliferation of erythroblasts (70). This was corroborated
by in vivo experiments. Mice lacking the PI3K subunit p85 dis-
played transient fetal anemia with reduced numbers of burst-
forming units-erythroid and CFU-erythroid (37). The lack of p85
did not increase apoptosis of erythroblasts and mast cells but
decreased proliferation (29, 37, 48). Foxo3a�/� mice displayed
compensated anemia with reticulocytosis, suggesting normal ex-
pansion but defects in erythrocyte maturation (18).

Both SCF and Epo were able to inhibit the expression of
Foxo3a target genes Cdkn1b (p27KIP) and Btg1. Nevertheless,
SCF delays erythroid differentiation, while Epo enables ery-
throid differentiation. By consequence, Foxo3a targets may be
differentially regulated by Epo and SCF. Two lines of evidence
support this. First, Foxo proteins integrate a variety of signal-
ing pathways, and examples show cooperation with transform-
ing growth factor � signaling, I�B kinase, Wnt signaling, and
the Jak-Stat pathway (27, 36, 44, 61). Furthermore, Foxo tran-
scription factors can mediate gene expression independent of
their DNA binding ability, underlining the importance of tran-
scriptional coregulators (57, 68). Second, although Epo and
SCF have overlapping functions (i.e., activation of the PI3K
and Ras–mitogen-activated protein kinase pathways), there
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are also differences. Epo specifically activates the Jak-Stat
pathway and the tyrosine kinase receptor Ron, which recruits
the adaptor Gab1 (21, 67). Other targets are induced by both
Epo and SCF but may have stimulus-specific effects. Epo and
SCF activate Btk, but only SCF-induced Btk protects from
Trail-induced apoptosis (60). Along similar lines, Epo and SCF
may induce the differential regulation of Foxo3a target genes.

Finally, it is not known to what extent Foxo3a is involved in
Epo/SCF-mediated repression of gene expression following
factor deprivation (42), nor do we know to what extent all
Foxo3a target genes are regulated by Epo/SCF-induced acti-
vation of the PI3K-PKB pathway. To analyze the relation be-
tween Epo- and SCF-controlled signal transduction and
Foxo3a activity, we investigated Foxo3a-, Epo-, and SCF-in-
duced gene expression on an expressed-sequence-tag (EST)
microarray containing 17,000 cDNAs (17K EST cDNA array).
We found that Foxo3a target genes are differentially affected
by growth factor stimulation, and we analyzed two clusters of
Foxo3a-upregulated genes in more detail. One cluster encom-
passes target genes that are repressed by Epo/SCF and upregu-
lated in differentiation (Cdkn1b/p27Kip, Btg1, Ccng2/Cyclin G2,
and Ulk1), while the other cluster contains genes that are less
obviously inhibited by Epo/SCF and that are not upregulated
during differentiation (Dcn, Sesn1, and Cited2). Interestingly,
Cited2 appeared to be a Foxo3a target gene that was induced
instead of repressed by Epo. Data presented demonstrate that
the alleged growth-stimulatory transcription factor Stat5 coop-
erates with the alleged growth-inhibitory transcription factor
Foxo3a to control the expression of Cited2. In contrast, the
upregulation of Btg1 during differentiation appeared to be
reinforced by the cooperation of Foxo3a with the cyclic AMP
(cAMP)-responsive transcription factor CREB/ATF1. Our
data imply that Foxo3a functions to integrate and transmit
multiple signals that cooperate to regulate the gene expression
program of erythroblasts.

MATERIALS AND METHODS

Cells and reagents. BA/F3 cells were cultured in RPMI 1640 (Invitrogen)
supplemented with 10% fetal calf serum (HyClone; PerBio) and 10 ng/ml murine
interleukin-3 (IL-3) (supernatant). 293T cells were cultured in Dulbecco’s mod-
ified Eagle’s medium–10% fetal calf serum and transfected by calcium phosphate
as described previously (4). Erythroid progenitors derived from E14 fetal livers
and the erythroid cell line I/11 were cultured in Stempro medium (Invitrogen)
supplemented with 0.5 U/ml Epo (a kind gift of Ortho-Biotech, Tilburg, The
Netherlands), 100 ng/ml SCF (supernatant), and 1 �M dexamethasone (Sigma-
Aldrich) (70). To induce the differentiation of erythroblasts, the cells were
cultured in Stempro medium supplemented with 5 U/ml Epo and 0.5 mg/ml
iron-loaded transferrin (Scipac). Stable Foxo3a(A3):ER-expressing I/11 clones
were generated using the retroviral expression vector pBabe as described previ-
ously (4). To activate Foxo3a(A3):ER, 50 nM 4-hydroxytamoxifen (4OHT; Sig-
ma-Aldrich) was added to expansion conditions. Stat5�/� fetal livers were ob-
tained from mice harboring a complete deletion of the Stat5a/b gene locus (20).
For stimulation, cells were incubated for 4 h in plain IMDM (Invitrogen) and
stimulated at 37°C with 200 ng/ml SCF or 5 U/ml Epo. Reactions were stopped
by the addition of ice-cold phosphate-buffered saline. LY294002 was obtained
from Alexis (Switzerland). cAMP was measured by enzyme immunoassay (EIA;
Pharmacia) according to the manufacturer’s instructions. Antibodies used in this
study were anti-phospho-Foxo3a (catalog no. 06-951; Upstate Biotechnology),
anti-Foxo3a, anti-Myc (9E10), anti-Stat3 (C-20), anti-Stat5 (N-20), anti-phos-
pho-CREB-1 (Ser133), and anti-CREB-1 (24H4B) (Santa Cruz). Concentrated
aliquots of the CREB/ATF1, Stat3, and Stat5 antibodies (Santa Cruz) were used
for electrophoretic mobility shift assay (EMSA).

cDNA array hybridizations and analysis. Total RNA was generated from cells
treated with or without 4OHT. Dual labeling was used to hybridize the cDNAs

pairwise to a custom-made 17K EST cDNA microarray. Profiles for factor-
deprived and Epo- and SCF-restimulated cells were obtained in the same exper-
iment but were reported previously (42). For a description of the procedures
compliant with minimum information about a microarray experiment, see the
supplemental material. Hierarchical clustering of data was performed and visu-
alized with the Spotfire application using Euclidean distance and average linkage
to assess distance.

Real-time Q-PCR. cDNA synthesis and quantitative reverse transcription-
PCR were performed using TaqMan technology (PE Applied Biosystems model
7700 or 7900 sequence detector) and SYBR green detection (Applied Biosys-
tems) of double-stranded DNA as described previously (42). For primers, see
Table 1. The threshold cycle values of the RNase inhibitor were used for nor-
malization. Melting curves were performed to determine the specificity of the
quantitative PCR (Q-PCR) product.

Western blotting and antibodies. Cell lysis, preparation of nuclear and cyto-
plasmic extracts, immunoprecipitation, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, and Western blotting were performed as described previ-
ously (3, 69). Lysate of 20 � 106 cells was used for one immunoprecipitation.

Constructs. To construct the expression plasmids of Foxo3a deletion mutants,
portions of Foxo3a were amplified by PCR using the following primers: 5�-AA
TGGATCCGGAAAAGCCCCCCGGCGGC-3� (forward) and 5�-AATCTCGA
GTTCAGCCTGGCACCCAGCTCT-3� (reverse) for �N (G244 to the end),
5�-AATGGATCCGCAGAGGCACCGGCTTCCCC-3� (forward) and 5�-AATC
TCGAGTTCACTTGCTTACTGAAGGTGACAGG-3� (reverse) for the �C
mutant (the first Met to K360), and 5�-AATGGATCCGCGGCTGGGGGCTC
CGGGCA-3� (forward) and 5�-AATCTCGAGTTCACTTGCTTACTGAAGG
TGACAGG-3� (reverse) for the �NC mutant. PCR products were digested with
BamHI and XhoI (both sites are included in the forward and the reverse primers
described above, respectively) and subcloned into the corresponding sites of the
Myc-tagged fusion protein expression vector pcDNA3/Myc (53). The resultant plas-
mids were verified by sequencing for the amplified regions and the junctions with the
vector. The dominant negative Stat5 construct was described previously (72).

The mouse Cited2 promoter was cloned into pGL3-basic (Promega) using
primers 5�-CCTATTGCTCCACTGAACAAT-3� (forward) and 5�-CTCACCTT
CCGTCTTTGCGATTTC-3� (reverse) and the Expand High Fidelity PCR sys-
tem (Roche). For promoter alignment between human (GenBank accession
number AF129290) and murine (accession number NT039491) Cited2, we used
the DNAMAN program, version 5.2.9. The transcriptional start site has been
adapted from the published human Cited2 promoter, and the positions of Foxo
and Stat5 binding sites were numbered accordingly (47). Mutations in the Cited2
promoter were made using the QuikChange site-directed mutagenesis kit (Strat-
agene) according to the manufacturer’s protocol. The Daf16 binding element
(DBE) was mutated using forward primer 5�-GATCGCTGAGTTTAAATACA
GAGCAGGGAC-3�; the Stat5 site in the Cited2 promoter was mutated using
forward primer 5�-TGCTCCACTGAACAATTCAAGCTTCAAGGAAGACT
AGTAGC-3�. The cAMP-responsive element (CRE) was mutated using forward
primer 5�-AGCAGATTTGGTCAGCTCCTC-3�. The respective opposite strand
was used as the reverse primer.

Luciferase reporter assays. Ba/F3 cells (10 � 106 cells) were electroporated
(0.28 kV; capacitance, 960 �FD) with a maximum of 20 �g of DNA. After
recovery for several hours in normal medium, cells were washed and grown
overnight in the presence of SCF and stimulated for 7 h with IL-3 and/or
LY294002 the next day. Luciferase activity was measured using the Steady-Glo
system (Promega). Transfection efficiency was determined by cotransfecting lacZ
and analyzing �-galactosidase activity.

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were performed
by using an acetyl-histone H3 immunoprecipitation kit according to the manu-
facturer’s instructions (catalog no. 17-245; Upstate). Approximately 75 � 106

erythroblasts (I/11) were used for a specific condition. DNA was purified by
phenol-chloroform extraction and dissolved in 200 �l water. Two microliters was
used for PCR. Primers used are listed in Table 1. Antibodies to precipitate
complexes harboring Foxo3a (sc-11251), Stat5 (sc835), and c-myc (9E10) were
obtained from Santa Cruz.

EMSA. Nuclear extracts were prepared and EMSA was performed as de-
scribed previously by using the oligonucleotide probes shown in Table 1 (65).

RESULTS

Identification of Foxo3a targets. To study the effect of Epo-
and SCF-induced signaling on Foxo3-regulated gene expres-
sion, we used I/11 erythroblast clones stably expressing an
inducible, activated Foxo3a mutant [Foxo3a(A3):ER] in which
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the three inhibitory PKB phosphorylation sites were mutated
to alanine residues and which was fused to the ligand binding
domain of the estrogen receptor to induce transcriptional ac-
tivity with 4OHT (4, 24). cDNAs derived from Foxo3a(A3):
ER-expressing erythroblasts and control cells induced by
4OHT under expansion conditions were hybridized to 17K
EST cDNA arrays (42). Potential Foxo3a target genes were
selected using an arbitrary threshold of a 	1.75-fold change
(positive or negative) for the ratio of plus/minus 4OHT in
Foxo3a(A3):ER clones and 
1.3-fold for the same genes in
the vector control clone to exclude nonspecific effects of
4OHT. This threshold was previously used for SCF-regulated
gene expression profiling on the same arrays and allowed us to
analyze the 1% most regulated genes (42). This analysis
yielded 299 potential target genes. Expression of the potential
Foxo3a target genes was clustered with data on the regula-
tion of these genes by Epo, SCF, and dexamethasone, de-
tected on the same arrays (Fig. 1; see the supplemental
material) (42). This analysis divided Foxo3a upregulated
genes into three clusters. Cluster A (22 genes) contains
genes exhibiting the expected pattern: upregulated by
Foxo3a activation and downregulated by Epo- and SCF-
induced signaling. Cluster A includes all genes known to be
Foxo targets, such as Cdkn1b (p27Kip), Btg1, and Ccng2
(Cyclin G2) (Table 2) (4, 49). In contrast, clusters D (42
genes; Table 3) and E (5 genes) contain Foxo3a-upregulated

genes that are either less prominently downregulated by
Epo/SCF signaling or even upregulated by Epo/SCF signal-
ing. Genes downregulated upon Foxo3a activation are also
divided into a cluster that is repressed by Epo and SCF
(cluster C) and a cluster that is less prominently regulated
by Epo and SCF (cluster B), but these clusters have not been
analyzed in this study.

Differential regulation of Foxo3a target genes by PI3K and
during erythroid differentiation. To further investigate the
differential regulation of Foxo3a target genes by Epo/SCF sig-
naling with respect to regulation by PI3K and during differen-
tiation, we examined the regulation of selected Foxo3a-up-
regulated genes with different physiological roles in cell cycle
regulation, survival, and signal transduction to gene expression
from clusters A and D: Btg1, Ulk1 (Unc-51-like kinase), and
Ccng2 (cyclin G2) to represent cluster A and Dcn (decorin),
Sesn1 (sestrin), and Cited2 (CBP/p300-interacting transactiva-
tor with a Glu/Asp-rich C-terminal domain) to represent clus-
ter D.

All targets were induced two- to fourfold within 2 h in two
independent Foxo3a(A3):ER clones (F17 and F18) but not in
control cells (Fig. 2A). Quantitative expression analysis follow-
ing factor deprivation and subsequent restimulation with Epo,
SCF, or Epo/SCF of I/11 cells confirmed that the expression of
cluster A targets Btg1, Ccng2, and Ulk1 was subject to PI3K-
dependent repression by Epo, SCF, and Epo/SCF (Fig. 2B). In

TABLE 1. Oligonucleotides used

Assay Identity Sequence (5�33�) F/Ra

Q-PCR Btg1 GCAGGAGCTGCTGGCAG F
Q-PCR Btg1 TGCTACCTCCTGCTGGTGA R
Q-PCR Ccng2 TGAAACCGAAACACCTGTCC F
Q-PCR Ccng2 TCGAGTTTATCGAGGCTGAGA R
Q-PCR Ulk-1 TACCAGAATGTTCTCAGTGG F
Q-PCR Ulk-1 TGCTCCATGAGGGTCTCC R
Q-PCR Sesn1 TCTGATGTGACAAGGTGACA F
Q-PCR Sesn1 TGTTACCGCCAACACGGTC R
Q-PCR Dcn TGGGCGGCAACCCACTG F
Q-PCR Dcn TCAGGCTGGGTGCATCAAC R
Q-PCR Cited2 TGAACCACGGGCGCTTCC F
Q-PCR Cited2 TGGCGTGCCTGATGCCGC R
Q-PCR RNase inhibitor TCCAGTGTGAGCAGCTGAG F
Q-PCR RNase inhibitor TGCAGGCACTGAAGCACCA R
ChIP Cited2-DBE GCAAGTAACTGTGTATGTGCA F
ChIP Cited2-DBE GTACGTGTGCTTCTGCTAAG R
ChIP Cited2-SRE TTTATTTGCAAGTCAATGAGCC F
ChIP Cited2-SRE TGGTAATCGCTTTGTAAATAA R
ChIP Cited2 nonconserved DBE GGAGCTTTCACACGCGCCTCC F
ChIP Cited2 nonconserved DBE CTGCGGAAAGGAAGTGGCGTA R
ChIP Cis-SRE TCCCTGCACTTCAATAGGTCG F
ChIP Cis-SRE CCAGGCGCCTCCTAATCT R
ChIP Btg1-DBE GGAGCTTTCACACGCGCCTCC F
ChIP Btg1-DBE CTGCGGAAAGGAAGTGGCGTA R
EMSA btg-1 CRE AGCTGAGCAGATTACGTCAGCTCCTA F
EMSA btg-1 CRE AGCTGAGGAGCTGACGTAATCTGCTA R
EMSA btg-1 CRE mutated AGCTGAGCAGATTTGGTCAGCTCCTC F
EMSA btg-1 CRE mutated AGCTGAGGAGCTGACCAAATCTGCTC R
EMSA c-Jun AGCTGAGCAGATTACCTCAGCTCCTC F
EMSA c-Jun AGCTGAGGAGCTGAGGTAATCTGCTC R
EMSA creb AGCTGAGCAGATGACATCAGCTCCTC F
EMSA creb AGCTGAGGAGCTGATGTCATCTGCTC R
EMSA �-Casein AGCTAGATTTCTAGGAATTCAATCC F
EMSA �-Casein AGCTGGATTGAATTCCTAGAAATCT R

a F/R, forward (F) or reverse (R) orientation.
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contrast, cluster D targets Dcn and Sesn1 were less-than-two-
fold downregulated by Epo/SCF, and inhibition of PI3K had
no effect on their expression (Fig. 2B). Notably, the expression
of Cited2 was repressed by SCF but upregulated by Epo and by
Epo plus SCF. Inhibition of PI3K did not affect Epo-induced
upregulation of Cited2 but further increased Epo/SCF-induced
expression. Thus, not all Foxo3a-targeted genes showed the
predictable response to PI3K activity during factor deprivation
and restimulation. We next examined whether PI3K-depen-
dent expression correlates with expression during differentia-
tion. We have demonstrated increased Foxo3a expression dur-
ing erythroid differentiation, with a concurrent decrease in
PKB activity and Foxo3a phosphorylation (4). This decrease in
PKB phosphorylation during differentiation correlates with
EpoR activity. Epo-induced signaling occurs in early phases of
differentiation but does not affect late differentiation (71).

Consequently, the expression of Btg1 and Cdkn1b sharply in-
creases from the moment unphosphorylated Foxo3a accumu-
lates in differentiating erythroblasts (4). The expression of the
cluster A genes Ccng2 and Ulk1 similarly increased 48 h after
differentiation induction. However, none of the cluster
D genes was significantly upregulated during differentiation
(Fig. 2C).

In conclusion, Btg1, Ccng2, and Ulk1 (and Cdkn1b [4]) are
repressed by Epo and SCF via a PI3K-dependent pathway and
induced late in differentiation. In contrast, Dcn and Sesn1 are
hardly affected by the PI3K-PKB pathway in response to factor
deprivation and restimulation by Epo/SCF and are also not
upregulated during differentiation. The observed induction of
Cited2 by Epo and Foxo3a as well as its repression by SCF
demonstrates the differential regulation of Foxo3a target genes
by Epo and SCF.

FIG. 1. Dendrogram of Foxo3a target genes and their regulation by Epo, SCF, and Dex. I/11 cells expressing Foxo3a(A3):ER or a control
vector were treated with or without 4OHT (50 nM) for 6 h under expansion conditions (Epo/SCF/Dex). cDNAs were hybridized to 17K EST arrays
in pairs using dual labeling with fluorochromes. Genes were selected when 4OHT induced or repressed expression 	1.75-fold in Foxo3a(A3):
ER-expressing cells (ratio of plus 4OHT/minus 4OHT, “Foxo3a�”) and 
1.3-fold in control cells (ratio of plus 4OHT/minus 4OHT, “EV”). These
genes were clustered with data on the regulation of these genes by Epo (E), SCF (S), Epo/SCF (ES), Epo/SCF/Dex (ESD), Epo/SCF/2k112.993
(ES2k), and Dex (D) by Spotfire software using Euclidean distance and average linkage to assess distance. Five major clusters of target genes (A to
E) are indicated on the left side. Black ovals indicate the branches of the distinct clusters. Red indicates upregulation, and green indicates repression by
4OHT or growth factors. The original data as well as genes and values corresponding to this graph are presented in the supplemental material.
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Epo induces a nuclear Foxo3a/Stat5 complex. To examine
the differential regulation of Foxo3a targets in the presence of
Epo, we investigated the expression of Cited2. Cited2 is a tran-
scriptional cofactor that is able to bind CBP/p300, which re-
sults in the inhibition of Hif1. A Cited2 deficiency results in
multiple developmental failures resulting in early embryonal
lethality (5, 73, 74). Cited2 is a cytokine- and growth factor-
inducible gene transcriptionally controlled by the Jak/Stat
pathway (62). Because Epo robustly activates Stat5 in erythro-
blasts, we examined a possible association between endoge-
nous Foxo3a and Stat5. Notably, Epo causes partial and SCF
causes almost complete phosphorylation of Foxo3a, whereas
Stat5 is phosphorylated exclusively by Epo (4, 70). Following
factor deprivation and restimulation with Epo and/or SCF,
Foxo3a appeared to coimmunoprecipitate with Stat5 from to-
tal cell lysate under all conditions (Fig. 3A). However, Foxo3a-
Stat5 complexes in the nucleus were detected specifically in
lysates of Epo-stimulated cells (Fig. 3A). With respect to
gene regulation, the association of Foxo3a and Stat5 in the
nucleus is important. Therefore, we examined the role of
Epo and SCF in the cellular distribution of Foxo3a, Stat5,
and the Foxo3a-Stat5 complex. Both Epo and SCF induced
transient translocation of Foxo3a from the nucleus to the
cytoplasm, but Epo induced partial phosphorylation of
Foxo3a and consequently only partial exclusion of Foxo3a
from the nucleus. In the presence of Epo plus SCF, phos-

phorylation and nuclear exclusion of Foxo3a were nearly
complete (Fig. 3B). Foxo3a always coimmunoprecipitated
with Stat5 in cytoplasmic fractions (exposure of cytoplasmic
and nuclear fraction is not equal; phosphorylated and non-
phosphorylated Foxo3a show as one band in Fig. 3C). How-
ever, the nuclear localization of Stat5 and nuclear Foxo3a/
Stat5 association were induced by Epo (Fig. 3C). Nuclear
extracts stained with the Foxo3a antibody show a slower-
migrating, aspecific background band in serum-starved cells
(t � 0 min), as shown before (Fig. 3C) (4).

To verify which Foxo3a domain is required for the Stat5
interaction, we constructed different Foxo3a mutants: an N-
terminal deletion mutant Foxo3a lacking amino acids 1 to 243
(�N), a C-terminal deletion mutant lacking amino acids 361 to
673 (�C), and a mutant containing mainly the DNA-binding
domain (�NC) (Fig. 3D). The Foxo3a constructs were Myc
tagged and expressed together with Stat5 in 293T cells (Fig. 3E
to H). Expression of the �N Foxo3a mutant was low compared
to that of other constructs, probably due to a less stable protein
product, because other �N mutants tested were also expressed
at lower levels (data not shown). Stat5 was efficiently immu-
noprecipitated from total lysates (Fig. 3F, lower panel), and no
Foxo3a or Stat5 was precipitated in a nonspecific manner (Fig.
3F and G, lane 2). Full-length Foxo3a and the �C and the �NC
Foxo3a mutants precipitated with Stat5 (Fig. 3F). In reverse,
Stat5 immunoprecipitated with all Foxo3a constructs (Fig.

TABLE 2. Foxo3a-upregulated, Epo/SCF-downregulated genes (cluster A)

GenBank
accession no. Genea Gene

description

Expression (fold)

F14b Ec Sc ESc ESDc ESZkc Dc EVb

AI451894 Cyclin G2 Ccng2 1.30 �1.20 �1.04 �1.95 �1.31 �2.04 0.08 �0.05
AI846040 LIM motif-containing protein

kinase 2
Limk2 0.96 �0.84 �1.35 �2.02 �0.51 �1.44 0.51 �0.12

AI846647 Carnitine palmitoyltransferase 1 Cpt1 1.05 �0.98 �0.89 �1.45 �1.24 �0.71 �0.11 �0.09
AI843786 Cyclin-dependent kinase

inhibitor 1B/p27Kip
Cdkn1b 1.33 �0.45 �1.00 �1.48 �1.28 �1.37 0.11 �0.17

AI853707 Cell cycle progression 1 Ccpg1 1.25 �0.08 �0.69 �1.35 �0.62 �0.95 0.01 0.09
AI451891 RIKEN cDNA 4833420G17

gene
EST 0.83 �0.49 �0.78 �1.31 �1.00 �0.86 0.02 0.02

AI596353 NFKB inhibitor-interacting Ras-
like protein 2

Nkiras2 0.94 �0.50 �0.82 �0.97 �0.98 �0.84 �0.13 0.14

AI850194 Unc-51-like kinase 1 Ulk1 0.83 �0.48 �0.67 �0.74 �1.05 �0.92 �0.16 0.03
AI429475 Exportin 7 Xpo7 1.13 �0.61 �0.68 �0.74 �0.89 �0.66 0.19 0.02
AI843236 Retinoblastoma-like 2/p130 Rbl2 0.89 �0.36 �0.61 �0.83 �0.77 �0.98 0.00 �0.28
AI845268 t-complex 11-like 2 Tcp11l2 0.92 �0.41 �0.46 �0.74 �0.73 �0.82 0.05 �0.18
AI450702 ATPase, Na�/K� transporting,

beta 3 polypeptide
Atp1b3 0.82 �0.33 �0.73 �0.56 �0.53 �0.93 0.05 �0.10

AI449499 Glucocorticoid-induced
transcript 1

Glcci1 0.81 �0.66 �0.56 �0.71 �0.49 �0.83 0.05 0.18

AI450119 RIKEN cDNA 1110038D17
gene

EST 0.99 �0.48 �0.44 �0.75 �0.62 �0.64 0.04 0.14

AI847059 PTEN-induced putative kinase 1 Pink1 0.92 �0.38 �0.61 �0.93 �0.39 �0.53 0.15 0.22
AI854419 Solute carrier family 12,

member 6
Slc12a6 0.90 �0.41 �0.66 �0.68 �0.44 �0.43 0.04 �0.09

AI845739 Phosphoglucomutase 2-like 1 Pgm2l1 0.86 �0.32 �0.80 �0.50 �0.57 �0.44 0.23 �0.01
AI851307 RIKEN cDNA C630043F03 EST 0.95 �0.34 �0.50 �0.31 �0.66 �0.69 0.13 0.10
AI835817 Thymus-expressed acidic protein Trp53inp1 1.28 �0.93 �0.39 �0.64 �0.15 �0.80 �0.12 0.08
AI450899 AMP deaminase 2 Ampd2 1.90 �0.85 �0.76 �0.86 �0.58 �0.86 0.30 0.29
AI848411 B-cell translocation gene 1 Btg1 1.77 �0.49 �1.06 �1.14 0.09 �1.30 0.75 �0.37
AI448121 IMAGE:558102 EST 0.81 �0.18 �1.00 �0.73 0.09 �0.80 0.53 0.31

a Abbreviations are according to the Unigene database (NCBI). Genes in boldface type have been validated.
b F14 is a Foxo3a(A3):ER-expressing clone; EV, vector control. The 2-log expression ratio is � 4OHT.
c The 2-log expression ratio of plus/minus ligand. E, Epo; S, SCF; D, dexamethasone. Zk, Zk112.993, an antagonist of the glucocorticoid receptor.
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3G). This indicates that Stat5 associates with Foxo3a through
a domain located within the overlapping C-terminal domain of
amino acids 244 to 360. The fact that the �N Foxo3a mutant
could not be detected in a Stat5 immunoprecipitation (Fig.

3F), as well as the low levels of Stat5 coprecipitated by the �N
Foxo3a mutant (Fig. 3G), can be explained by the low expres-
sion levels of the �N Foxo3a mutant (Fig. 3E).

In conclusion, the allegedly proliferation-inhibiting factor

TABLE 3. Foxo3a-upregulated genes not regulated by Epo/SCF (cluster D)

GenBank
accession no. Genea Gene

description

Expression (fold)

F14b Ec Sc ESc ESDc ESZkc Dc EVb

AI449437 ATPase, Cu2� transporting, alpha
polypeptide

Atp7a 0.99 �0.48 �0.09 �0.27 0.09 �0.99 �0.15 �0.26

AI450792 RIKEN cDNA B230106I24 gene EST 0.82 �0.21 0.05 �0.19 �0.08 �1.00 0.19 0.04
AI662267 Homeodomain-interacting protein

kinase 1
Hipk1 0.88 �0.21 0.01 �0.48 0.01 �0.67 �0.07 �0.01

AI451316 Transcription factor 12 Tcf12 0.81 �0.23 �0.02 �0.39 0.28 �0.33 �0.17 0.16
AI843965 Sestrin Sesn1 0.87 �0.10 �0.12 �0.31 �0.70 �0.79 �0.14 �0.15
AI325508 Expressed sequence AW049829 EST 1.04 �0.28 �0.32 �0.21 �0.53 �0.44 �0.23 0.22
AI415470 Neuropathy target esterase Nte 0.92 �0.22 �0.18 �0.23 �0.41 �0.47 �0.22 0.09
AI449513 Glutamate receptor, ionotropic,

AMPA3
Gria3 0.91 �0.37 �0.06 �0.48 �0.23 �0.18 �0.45 0.17

AI447150 Insulin-like growth factor I receptor Igf1-R 1.03 �0.10 �0.05 �0.16 �0.18 �0.21 �0.32 0.31
AI852445 DnaJ homolog, subfamily C,

member 12
Dnajc12 0.84 0.15 �0.20 �0.20 �0.65 �0.26 0.06 0.09

AI845479 Oxysterol binding protein-like 9 Osbpl9 0.88 �0.19 �0.23 �0.13 �0.19 �0.53 0.07 0.07
AI451237 Protein geranylgeranyltransferase

type I, beta
Pggt1b 0.87 �0.14 �0.17 �0.08 �0.24 �0.47 0.07 0.17

NM_008138 Guanine nucleotide binding protein,
alpha-inhibiting 2

Gnai2 0.84 �0.11 �0.22 �0.11 �0.29 �0.17 0.26 0.22

AI842614 NAD(P)H:menadione
oxidoreductase 1

Nmor1 1.00 �0.02 �0.01 �0.18 �0.40 �0.40 0.13 �0.21

AI448727 Core promoter element binding
protein

Copeb 1.28 �0.22 �0.19 �0.42 �0.23 �0.49 0.28 0.03

NM_007799 Cathepsin E Ctse 1.17 �0.09 �0.18 �0.24 �0.36 �0.22 0.24 0.06
AI414015 RIKEN cDNA D030011O10 gene EST 1.05 0.05 �0.32 �0.93 0.35 0.04 �0.13 0.26
AI845199 Selenoprotein P, plasma, 1 Sepp1 0.92 0.14 �0.10 �0.69 �0.11 0.02 0.36 �0.14
AI449375 MAD homolog 4-interacting

transcription coactivator 1
Mitc1 1.17 �0.33 �0.54 0.03 �0.26 �0.02 �0.23 0.01

NM_007482 Arginase 1 Arg1 0.81 �0.07 �0.70 0.26 �0.18 �0.06 0.34 �0.05
AI464367 Unc4.1 homeobox Uncx4.1 0.81 �0.18 �0.14 0.28 0.38 �0.18 �0.14 �0.17
AI661009 RIKEN cDNA C330018D20 EST 0.95 �0.45 �0.12 �0.26 �0.12 �0.09 0.18 �0.05
AI449354 Zinc finger protein 60 Zfp60 0.89 �0.02 �0.23 �0.05 0.01 �0.12 0.06 �0.03
AI452320 Prolyl endopeptidase-like Prepl 0.83 0.06 �0.22 0.13 0.16 �0.09 0.13 �0.06
AI465319 Thioredoxin domain-containing 1 Txndc1 0.91 �0.01 �0.04 0.01 0.02 0.02 0.13 0.09
D44443 Endogenous mouse mammary

tumor virus
Mtv1 0.86 0.10 �0.08 0.06 0.13 0.04 0.44 0.19

D44443 Endogenous mouse mammary
tumor virus

Mtv1 0.86 0.10 �0.08 0.06 0.13 0.04 0.44 0.19

NM_021099 Kit oncogene CKit 1.30 0.04 0 �0.30 �0.03 �0.08 0.14 0.12
AI846778 Decorin Dcn 1.38 0.28 0.04 �0.32 0.09 �0.14 0.11 0.07
NM_007781 Colony-stimulating factor 2

receptor, beta 2
Csf2rb 1.56 0.18 �0.08 0.11 �0.16 �0.08 0.31 0.08

AI430768 Cbp/p300-interacting transactivator,
with Glu/Asp-rich carboxy-
terminal domain, 2

Cited2 0.9 0.23 �0.34 �0.06 �0.32 0 �0.61 0.28

AI838934 SFT2 domain-containing 2 Sft2d2 0.88 0.56 �0.51 0.02 0.19 0.27 �0.38 �0.06
AI429552 Expressed sequence AW146242 EST 0.91 0.21 0.07 0.38 �0.06 0.36 �0.22 0.01
AI323564 Neurofibromatosis 2 Nf2 0.87 0.03 0.08 0.30 0.06 0.14 0.09 0.36
AA123949 Complement receptor 2 Cr2 0.81 0.03 0.28 0.45 0.16 0.33 0.1 �0.02
AI385712 Vinculin Vcl 0.92 �0.16 0.33 0.27 0.31 0.15 0.12 0.17
AI413346 N-Acylsphingosine amidohydrolase 1 Asah1 1.04 0.04 0.17 0.49 0.27 0.19 0.05 0.18
AI452330 Cysteine-rich hydrophobic domain 1 Chic1 1.09 0.13 0.15 0.35 0.33 0.13 0.34 0.18
AI844042 Protein tyrosine phosphatase, non-

receptor-type substrate 1
Ptpns1 0.85 0.33 0.3 0.56 0.26 0.59 0.08 0.07

NM_007781 Colony-stimulating factor 2
receptor, beta 2

Csf2rb 1.45 0.10 �0.07 0.44 0.01 0.52 0 0.10

AI426361 Cytoplasmic polyadenylation
element binding protein 4

Cpeb4 1.00 0.40 �0.41 0.70 0.43 0.53 0 0.08

a Abbreviations are according to the Unigene database (NCBI). Genes in boldface type have been validated.
b F14 is a Foxo3a(A3):ER-expressing clone; EV, vector control. The 2-log expression ratio is � 4OHT.
c The 2-log expression ratio of plus/minus ligand. E, Epo; S, SCF; D, dexamethasone; Zk, Zk112.993.
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Foxo3a and proliferation-promoting factor Stat5 associate,
which may result in the regulation of common target genes
such as Cited2. The nuclear localization of this complex is
maximal in the presence of Epo, which seems to be due to the
fact that only Epo induces the concurrent nuclear localization
of Stat5 and Foxo3a.

Foxo3a- and Stat5-responsive elements in the Cited2 pro-
moter. Next, we investigated the potential transcriptional con-
trol of the Cited2 promoter by the Foxo3a/Stat5 complex.

Alignment of a mouse genomic DNA fragment from chromo-
some 10 (GenBank accession number NW_001030408) to a
previously described fragment at positions �3300 to �18 en-
compassing the human CITED2 promoter (47) revealed one
conserved, palindromic Stat5 response element (SRE) (at bp
�1207 bp) and one conserved Foxo3a binding element (DBE
at bp �872). Both sites are located in a highly conserved
promoter region and are separated by 335 bp (Fig. 4A). We
employed ChIP assays to test the binding of the Epo-induced

FIG. 2. Expression of Foxo3a target genes in response to growth factors and during differentiation of erythroblasts. (A) Independent
Foxo3a(A3):ER-overexpressing clones and control clones were treated with 50 nM 4OHT for 2 h. The expression ratio (2-log values) of plus
4OHT/minus 4OHT is shown for selected target genes, indicated at the left side of the panels, in the control clone (ev) and Foxo3a(A3):ER clones
F17 and F18. (B) I/11 cells were factor deprived and subsequently stimulated for 2 h with Epo, SCF, or Epo plus SCF in the presence or absence
of the PI3K inhibitor LY294002 (LY) (15 �M). The expression ratio (2-log values) of various conditions over factor-deprived cells is shown for
the selected target genes. (C) I/11 cells were differentiated, and samples were taken every 12 h until the end of erythroid differentiation (72 h).
Transcript levels from the selected genes were compared between the start of the differentiation experiment (arbitrarily set at 1) and ensuing time
points. In all experiments, transcript levels were determined using poly(A) mRNA and real-time PCR. Bars indicate the averages of at least three
experiments, and error bars indicate standard deviations.

VOL. 27, 2007 Foxo3a TARGET GENES IN ERYTHROPOIESIS 3845



Foxo3a/Stat5 complex to these sites (Fig. 4B and C). I/11
erythroblasts were factor deprived (4 h), which was followed by
20 min of Epo stimulation. PCR analysis revealed that immu-
noprecipitated Stat5-DNA complexes isolated from Epo-stim-
ulated cells contain the SRE of Cis, an established Stat5 target
gene, but not the DBE of Btg1 (Fig. 4B). In reverse, Foxo3a-
DNA complexes isolated from factor-deprived cells contain
the DBE of Btg1 but not the SRE of Cis (Fig. 4C). In addition,
the binding of Foxo3a to the Btg1 promoter was reversed upon
Epo stimulation (Fig. 4C). Importantly, both the DBE and the

SRE of Cited2 were detected in Stat5-DNA complexes (Fig.
4B) and in Foxo3a-DNA complexes only in response to Epo
stimulation (Fig. 4C), which is in accordance with the nu-
clear Foxo3a-Stat5 interaction following Epo stimulation.
These data corroborate that the regulation of the two
Foxo3a target genes Cited2 and Btg1 follows opposite kinet-
ics, with Cited2 being upregulated and Btg1 being downregu-
lated in response to Epo stimulation. Apparently, the
Foxo3a-Stat5 complex is able to escape the repression by the
PI3K-PKB pathway induced by Epo.

FIG. 3. Epo induces Foxo3a-Stat5 complex formation. (A) I/11 erythroblasts were factor deprived (4 h) and restimulated with Epo (E) (20 min
with 5 U/ml), SCF (S) (20 min with 200 ng/ml), or both (ES) as indicated below the blots. Stat5 was immunoprecipitated from whole-cell and
nuclear extracts and stained for Foxo3a (upper panels) and Stat5 (lower panels). (B and C) I/11 erythroblasts were factor deprived and restimulated
with Epo (E) or with Epo plus SCF (ES) for the indicated times (minutes). (B) Western blots (WB) containing total cytoplasmic (C) and nuclear
(N) extracts were stained for Foxo3a. The low-mobility phosphorylated form (P-Foxo3a) and faster-mobility unphosphorylated form (Foxo3a) of
Foxo3a are indicated. (C) Stat5 immunoprecipitates from cytoplasmic (C) or nuclear (N) fractions of Epo-stimulated cells were stained for Foxo3a
and Stat5. (D) Schematic representation of the constructed Foxo3a deletion mutants. wt Foxo3a comprises amino acids 1 to 673. The DNA binding
domain (Forkhead box) is depicted in gray. The N-terminal mutant lacks the first 243 amino acids, and the C-terminal deletion mutant lacks amino
acids 361 to 673. (E) Stat5, wt Foxo3a, and the N-terminal and C-terminal deletion mutants were expressed in 293T cells as indicated. Expression
in total cell lysates was checked by staining membranes using a Stat5 and Myc-tagged antibody as indicated. (F) Stat5 immunoprecipitations (IP)
from total lysates stained with Stat5 (lower panel). Nonspecific binding was verified by treating total lysate with beads only (lane 2). Stat5
immunoprecipitation blots were stained with Myc-tagged antibody to detect coprecipitating Foxo3a (upper panel, full-length Foxo3a; middle panel,
�N and �C Foxo3a deletion mutants). (G) Anti-Myc-tagged immunoprecipitations from total lysates backstained with Myc antibody (lower panel)
or stained with Stat5 antibody (upper panel). Nonspecific binding was verified by treating total lysate with beads only (lane 2).
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Transcriptional activation of Cited2 by the Foxo3a/Stat5
complex. Because sonication results in DNA fragments of ap-
proximately 500 bp, whereas the DBE and SRE in the Cited2
promoter are separated by 335 bp, the data are not conclusive
regarding the question whether the Epo-induced Foxo3a/Stat5
complex binds the SRE, the DBE, or both sites. Therefore, a
Cited2 promoter fragment (positions �1228 to �269) was

cloned in front of a luciferase reporter (40-fold increase in
luciferase in Ba/F3 and 293HEK cells) (data not shown). Be-
cause I/11 or other factor-dependent erythroblast cultures can-
not be transfected efficiently, we tested factor-dependent pro-
moter activity in Ba/F3 lymphoblastic cells. IL-3 induces
predominantly Stat5 phosphorylation, whereas SCF is required
for the adequate activation of PI3K and full phosphorylation of

FIG. 4. Cited2 promoter analysis and ChIP. (A) Alignment of the mouse (upper line) and human (lower line) Cited2 promoters containing the
DBE and the SRE (both in boldface type). Positions of these elements are based on promoter A identified in the human CITED2 promoter (47).
Primers (F, forward; R, reverse) indicated by arrows were used for ChIP in B and C. (B and C) ChIPs using a Stat5 (B) or Foxo3a (C) antibody
were performed in I/11 cells factor deprived for 4 h and subsequently stimulated with Epo for 20 min. An anti-Myc (
myc) ChIP was used as a
negative control, and input DNA represents samples before immunoprecipitation. The DNA ladder shows bands from 100 to 500 bp with 100-bp
increments. PCR was used to detect the SRE or DBE in Cited2, Btg1, and Cis as indicated on the right-hand side.
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Foxo3a in these cells (data not shown), which mirrors the
cooperation of Epo and SCF in erythroblasts. Ba/F3 cells were
transfected with the Cited2 promoter in the presence or ab-
sence of wild-type (wt) Foxo3a. Cells were IL-3 deprived in the
presence of SCF, which prevents the activation of wt Foxo3a.
Subsequently, cells were treated with combinations of IL-3 and
15 �M LY294002 to activate endogenous Stat5 and Foxo3a,
respectively (Fig. 5A). In the absence of active Foxo3a (no
LY294002), IL-3 stimulation only modestly increased pro-
moter activity. In contrast, active Foxo3a (plus LY294002)
induced Cited2 promoter activity fourfold, which was enhanced
to ninefold upon stimulation with IL-3 (Fig. 5A). Cotransfec-
tion of dominant-negative Stat5 (mSTAT5A�750) (72), how-
ever, inhibited the activation of the Cited2 promoter (Fig. 5B).
Mutation of either the SRE or the DBE was sufficient to
abolish Foxo3a/Stat5-stimulated promoter activity (Fig. 5C),
indicating that both sites are required for the Foxo3a-Stat5
complex to induce Cited2 expression. The fact that Foxo3a
cannot activate the Cited2 promoter alone, but only in coop-
eration with Stat5, provides a mechanism for the differential
regulation of Cited2 and Btg1 by Foxo3a. This was confirmed
by comparing Cited2 and Btg1 promoter activities. Whereas
IL-3 stimulation of Ba/F3 cells activated the Cited2 promoter,
it repressed Btg1 promoter activity more than twofold (Fig.
5D). In addition, growth factor depletion induced the Btg1
promoter but did not affect the activity of the Cited2 promoter
(Fig. 5E).

To further evaluate the role of Stat5 in the Foxo3a-depen-
dent expression regulation of Cited2 and other identified target
genes, we cultured erythroid progenitors from fetal livers of
Stat5-deficient embryos and wt littermates. After 6 days of
culture, the progenitors were factor deprived and restimulated
with Epo and/or SCF. RNA was isolated, and expression of
Cited2, Cyclin G2, and Btg1 was assessed by Q-PCR (Fig. 5F to
H). In wt primary erythroid progenitors, the regulation of these
Foxo3a target genes was similar to what was observed in I/11
cells (Fig. 2). The effects of SCF are less pronounced because
the primary culture contained partly differentiated cells that
had lost their SCF response. In Stat5�/� erythroid progenitors,
however, Cited2 expression was not upregulated in the pres-
ence of Epo or Epo/SCF plus LY (Fig. 5F). The expression of
Cited2, Cyclin G2, and Btg1 in the absence of factor was not
significantly different in Stat5�/� cells compared to that in wt
cells. The observation that Cyclin G2 and Btg1 are regulated

similarly in Stat5�/� and wt cells indicates that the observed
association of Foxo3a and Stat5 in the cytoplasm does not
affect Foxo3a function in general.

CREB family members contribute to Btg1 expression. The
Foxo3a-binding DBE sites in the Cited2 and Btg1 promoters
are identical consensus sites. The presence of the SRE in the
Cited2 promoter and the nuclear association between Foxo3a
and Stat5 may explain why Cited2 and Btg1 are differentially
regulated by Epo stimulation. Indeed, reanalysis of the Btg1
promoter did not reveal any potential SRE. Instead, we found
a CRE at position �204, i.e., 15 bp downstream of the DBE in
the Btg1 promoter (Fig. 6A) (4). Promoter activity was assayed
in NIH 3T3 cells using luciferase activity as a reporter. Muta-
tion of the CRE or the DBE repressed basal promoter activity
to a similar extent, and repression was not enhanced when both
elements were deleted (Fig. 6B). In addition, costimulation by
Foxo3a and cAMP significantly enhanced Btg1 promoter activ-
ity (Fig. 6C).

To examine whether the cAMP pathway regulates Btg1 ex-
pression, we examined which stimulus effectively induced the
phosphorylation of Creb in erythroblasts. I/11 cells were factor
deprived and subsequently treated with dibutyryl-cAMP (db-
cAMP) (10 �M) and ligands of prostaglandin E2 (PGE2) (10
�M) and adrenergic receptor (norepinephrine) (100 �M) (56).
All three compounds induced the phosphorylation of nuclear
Creb and Atf1 (Fig. 7A). Since the induction of Btg1 by Foxo3a
is most prominent during differentiation, we determined the
activity of the cAMP pathway in differentiation. Levels of
cAMP showed a marked increase during differentiation, reach-
ing a maximum between 40 and 60 h after induction of differ-
entiation (Fig. 7B), concomitant with strongly increased Btg1
levels (4). The phosphorylation of Creb and Atf1 followed the
levels of cAMP during differentiation, while the expression of
Creb and Atf1 was constant for 48 h and dropped only during
the final stages of differentiation, when total proteins levels
decrease (Fig. 7C). To investigate the binding of Creb/Atf1 to
the CRE site in the Btg1 promoter, nuclear extracts were in-
cubated with an oligonucleotide probe encompassing the Btg1
CRE site and tested in an EMSA. Two protein complexes
bound to the oligonucleotide probe in both expanding, non-
differentiating erythroblasts and 48-h-differentiated cells fol-
lowing differentiation induction in the presence of Epo alone.
Competition with wt, but not with a CRE mutated probe,
inhibited the binding of both complexes, indicating that they

FIG. 5. Foxo3a and Stat5 cooperate to induce Cited2 promoter activity. For promoter studies, Ba/F3 cells were electroporated with Cited2-
luciferase constructs (positions �1128 to �269 of the Cited2 promoter) and a �-galactosidase construct to correct for transfection efficiency.
Luciferase activity is expressed as arbitrary units (a.u.). (A) Ba/F3 cells were transfected with the Cited2-reporter construct together with wt Foxo3a,
where indicated, and grown overnight in the presence of SCF. Subsequently, cells were treated (8 h) with combinations of IL-3 and the PI3K
inhibitor LY (15 �M). Luciferase activity is presented as induction (n-fold) compared to Cited2 promoter activity in the presence of SCF only (first
lane). (B) Ba/F3 cells were transfected with combinations of the Cited2 promoter, Foxo3a, and dominant-negative Stat5 (mStat5A�750). Cells were
incubated overnight in the presence or absence of IL-3. (C) Activities of different Cited2 promoter mutants with a mutated DBE (�DBE), a
mutated SRE (�SRE), or a double-mutated construct (�DBE/�SRE) relative to that of the wt promoter. Ba/F3 cells were transfected with the
different promoters together with Stat5 and Foxo3a-A3 expression constructs grown overnight in the presence of IL-3, after which promoter activity
was analyzed. (D) wt Cited2 and Btg1 promoter constructs were transfected into Ba/F3 cells, grown overnight in the presence of SCF alone, and
stimulated the next day with IL-3 for 8 h. Luciferase activity is presented as the ratio with IL-3 to that without. (E) As in D, cells were treated the
next day with LY294002 (15 �M). (F to H) Primary erythroid progenitors were grown for 6 days from E14 fetal livers derived from Stat5�/�

embryos and wt littermates. Cells were factor deprived (�) and restimulated with Epo (E), SCF (S), Epo plus SCF (ES), or Epo plus SCF plus
LY294002 (ESLY), as described in the legend of Fig. 2. The expression of Cited2 (F), Cyclin G2 (G), and Btg1 (H) was measured by Q-PCR, and
changes (n-fold) were normalized to RNase inhibitor. Values represent means and standard deviations of three experiments.
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bind specifically to the CRE (Fig. 7D and E). The CRE element
in the Btg1 promoter (TTACGTCA) is not completely similar to
the common palindromic CRE sequence (TGANNTCA) (51, 59).
Instead, it resembles the cJun/Atf2 binding site (TTACCTCA),
through which cJun/Atf2 regulates, for instance, cJun expres-
sion (34, 65, 66). To discriminate between Creb/Atf1 and cJun/
Atf2 binding to the CRE element in the Btg1 promoter, probes
with an optimal Creb (TGACATCA) or an optimal cJun/Atf2
(TTACCTCA) binding site were used as competitors for the
Btg1 CRE probe. A Creb/Atf1 probe competed efficiently with
both complexes, while the cJun/Atf2 probe inhibited binding of
only the slower-migrating complex (Fig. 7D and E). Consistent
with these findings, the faster-migrating complex but not the
slower-migrating complex could be supershifted upon the ad-
dition of the Creb/Atf1 antibody (Fig. 7D and E).

In conclusion, Creb/Atf1 and cJun/Atf2 complexes are able
to bind the CRE in the Btg1 promoter. The binding of these
complexes did not differ between 0 and 48 h. This is not
unexpected, because the phosphorylation of Creb/Atf1 and

cJun/Atf2 controls their transcriptional activity but not DNA
binding. Activation of the cAMP pathway at the final stage of
differentiation may contribute to the upregulation of Btg1.

DISCUSSION

From the Foxo3a target genes identified in this study, only a
minority was prominently downregulated in response to Epo
or SCF. Most Foxo3a target genes showed either no apparent
regulation by growth factors, a more complex regulation, or
even an opposite regulation. This suggests that these targets
require the cooperation of Foxo3a with additional transcrip-
tion factors regulated by different stimuli. Stat5 appeared to be
one such transcription factor, binding to Foxo3a to control the
expression of Cited2. Epo enhances Cited2 expression as it
potently induces the nuclear translocation of Stat5 and only
partially phosphorylates Foxo3a, allowing Foxo3a to remain in
the nucleus. Also, the expression pattern of Btg1 appeared to
be reinforced by cooperation with factor-dependent transcrip-

FIG. 6. Expression of Btg1 is controlled by Foxo3a binding to its specific site (DBE) and by factors binding to a CRE located close to the DBE.
(A) Alignment of the mouse and human Btg1 promoters. The putative transcription start site is indicated as �1, and transcribed sequence is in
boldface and italic type. The TATA box, the DBE, and the CRE are boxed. (B) Btg1 promoter fragments (wt or containing a mutated DBE, a
mutated CRE, or both) were cloned into a luciferase reporter construct and transfected in NIH 3T3 cells, and luciferase activity was measured 24 h
after transfection. Values were normalized for transfection efficiency using �-galactosidase activity encoded by a cotransfected expression plasmid.
Data are presented as a ratio to the activity of the wt promoter. (C) The wt promoter reporter construct was cotransfected with or without the
Foxo3a-A3 expression construct, and cells were treated with db-cAMP (10 �M) overnight. Reporter activity was measured 16 h after transfection.
Data are presented as a ratio to the activity of the wt promoter in the absence of Foxo3a or db-cAMP. Values represent means and standard
deviations of three experiments.
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tion factor activity, i.e., with Creb/Atf1 and cJun/Atf2, which
are activated late in differentiation and following stress, respec-
tively. Our data show how Foxo3a takes part in the integration
of distinct signaling pathways to modulate the balance between
proliferation and differentiation of erythroblasts in response to
its environment.

Differential regulation of Foxo3a target genes. Foxo target
genes are induced in response to various stress situations in-
cluding oxidative stress, DNA damage, and growth factor de-
pletion (17, 68). These stress conditions inhibit cell growth but
regulate distinct target genes; Cdkn1b/p27Kip and Bim are up-
regulated in response to factor deprivation, while Gadd45 is
induced in response to DNA damage and oxidative stress (15,
24, 30, 43, 50, 64). Oxidative stress induces the acetylation and
phosphorylation of Foxo concomitant with nuclear localization
and the association of Foxo proteins with the acetylase p300/
CBP-associated factor and subsequently with the deacetylase
Sirt1, which decreases the interaction of Foxo proteins with
p300 (15, 68). The interaction of Foxo with Sirt-1 repressed the
Foxo-induced expression of Bim, Cdkn1b, Peck, and IGFBP1
but induced the expression of Gadd45 (15, 52). As a result, cell
cycle arrest and replicative senescence were enhanced, and
apoptosis was suppressed (15). In addition to differential target
gene regulation in response to stress (32), this study deals with
differential target gene regulation in response to signaling.

Because we performed single hybridizations, the list of pu-
tative target genes may contain errors. However, expression
data for Epo, SCF, Epo/SCF, Epo/SCF/Dex, and Epo/SCF/ZK
profiles are highly consistent (42). Moreover, we validated
selected target genes in distinct Foxo3a(A3):ER-expressing
clones, which confirmed that Foxo3a target genes in cluster D
(e.g., Sesn1, Dcn, and Cited2) are not involved in a cellular
response to factor deprivation. Strikingly, genes in clusters A
and D represent different cellular processes. For example, the
cluster D representative Sestrin1 (Sesn1) regenerates the anti-
oxidant potential of thioredoxin, decorin (Dcn) modulates
growth factor signaling, and Cited2 modulates the interaction
of p300/CBP with transcription factors (1, 11, 16, 38). In con-
trast, cluster A representative Cyclin G2 (Ccng2) as well as
p27Kip/Cdkn1b and Rbl2 (p130Rb2) inhibit cell cycle progression
(6), whereas other genes in cluster A have a functional role in
mature erythrocytes. Our study showed that this diverse set of
Foxo3a target genes enables us to understand how Foxo3a
cooperates with various environmental signals to control the
expression of the appropriate set of target genes in response to
specific conditions.

FIG. 7. The CRE in the Btg1 promoter binds CREB/ATF1 as well
as c-Jun/ATF2. (A) I/11 cells were factor deprived (4 h) and stimulated
with db-cAMP (db) (10 �M), prostaglandin E2 (E2) (10 �M), or
norepinephrine (NE) (100 �M) for 5, 10, or 20 min. Cytoplasmic and
nuclear extracts were prepared and stained with an antibody recogniz-
ing phosphorylated serines 133 and 63 in CREB and ATF1, respec-
tively. (B) Intracellular cAMP levels were determined using a cAMP
enzyme immunoassay. (C) I/11 cells were induced to differentiate, and
cytoplasmic and nuclear extracts were generated at 24-h intervals
and stained with an antibody recognizing phosphorylated serines 133
and 63 in CREB and ATF1, respectively. As a loading control, the
same blot was stained for total CREB/ATF1. (D and E) Nuclear
extracts from expanding (D) and 48-h-differentiated (E) I/11 cells were

incubated with a 32P-labeled oligonucleotide probe derived from the
Btg1 promoter encompassing the CRE. Binding of protein complexes
was assessed by EMSA. To verify specific binding, we added 10- and
100-fold excesses of oligonucleotide probe: wt (wt CRE) (lanes 2 and
3) or a mutated CRE (mut-CRE) (lanes 4 and 5). To identify the
protein complexes, an excess of a CREB/ATF1-specific (CREB oligo)
(lanes 6 and 7) or a c-Jun/ATF2-specific (ATF2 oligo) (lanes 8 and 9)
oligonucleotide probe was added. In supershift experiments, anti-
CREB/ATF1 (lane 11) or anti-Stat5 (lane 12) was added. Arrows at
the right-hand side indicate the mobility of c-Jun/ATF2 and CREB/
ATF1 complexes.
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Foxo3a integrates various signaling pathways. We showed
that an Epo-induced Foxo3a/Stat5 complex regulates Cited2
expression. Epo-induced Cited2 expression was not affected by
the PI3K inhibitor LY294002, which is not surprising, since
Epo strongly induces Stat5 activation, while it causes only weak
Foxo3a phosphorylation. Nevertheless, it is surprising that a
ChIP with anti-Foxo3a antibodies precipitates the DBE of
Cited2 only in presence of Epo, while the DBE of Btg1 is
present predominantly in the absence of Epo. The two DBE
sequences are both full consensus sites. This suggests that the
affinity of Foxo3a for its recognition site is not very strong and
may require stabilization through the interaction with other
transcription factors. It is striking that Foxo-associated factors
are controlled by signaling pathways that have such diverse
functions. Whereas Stat5 signaling is associated with prolifer-
ation, the cAMP pathway is associated with differentiation and
cell cycle arrest (33). Recently, Foxo was shown to interact with
�-catenin, the central effector of the Wnt-signaling pathway
assumed to impose “stem-cellness” to progenitor cells (27, 58).
Thus, Foxo3a functions to integrate various signaling path-
ways, and this may explain its versatile function. Complex for-
mation with other transcription factors also explains how a
mutant Foxo1, incapable of DNA binding, retains the ability to
regulate the expression of part of its target genes (57). This
mutant lost the ability to induce apoptosis but was still able to
cause a G1 arrest, underscoring that different mechanisms of
target gene activation are associated with distinct cellular re-
sponses.

Regulation of Cited2 expression by Foxo3a and Stat5. Cited2
is a modulator of transcription that has been implicated in
developmental processes and cancer (5, 73). Its regulation of
important regulatory processes such as Hif1 activity and the
transforming growth factor � pathway (74) suggests that Cited2
expression requires tight control. Foxo3a and Stat5 do not
control expression per se, but they are important to adapt
Cited2 expression to environmental conditions. This seems to
be true for most of the identified target genes. For instance,
Btg1, Cyclin G2, and Sestrin are known as p53 target genes, but
they are expressed in p53-deficient I/11 cells in the absence of
growth factor (i.e., activation of Foxo3a). Thus, in response to
distinct stress factors, p53 and Foxo3a can activate expression
independent of each other.

The phosphorylation of Stat5 does not seem to affect the
association of Foxo3a with Stat5, because coimmunoprecipita-
tion from cytoplasmic lysates is equally efficient in the presence
or absence of Epo, and no phosphorylated Stat5 can be de-
tected in the absence of Epo. Instead, it is colocalization in the
nucleus that induces the transcriptional activity of a Stat5/
Foxo3a complex in the presence of Epo.

The interaction of Foxo3a and Stat5 involves a domain im-
mediately C terminal of the DNA binding domain. The Foxo3a
domain at positions 244 to 360 is an important site for Foxo3a
regulation. It contains the PKB phosphorylation sites S253,
localized in the Forkhead domain, and S314, localized in the
phosphorylation patch (68). Importantly, S253 phosphoryla-
tion of Foxo by PKB is regarded as being the triggering event
leading to Foxo phosphorylation, resulting in nuclear export.
Stat5 binding to the region at positions 244 to 360 may thus
explain how Foxo3a escapes negative control by the PI3K path-

way and is able to stimulate the transcription of Cited in re-
sponse to Epo stimulation.

We did not observe a marked regulation of Cited2 during
differentiation. This is not surprising because Cited2 expres-
sion in response to Epo (differentiation) or Epo plus SCF
(renewal) is similar (Fig. 2). Notably, Stat5 is expressed early
but not late in differentiation, while Foxo3a expression in-
creases from the start of differentiation induction to reach
maximal levels 48 h after differentiation induction, when Stat5
expression becomes undetectable (4, 26). The reduced expres-
sion of Stat5 most likely precludes the upregulation of Cited2
when Foxo3a expression in the nucleus increases.

Role of cAMP signaling in erythropoiesis. cAMP levels rise
late in differentiation. Erythroid cells express G
s-coupled re-
ceptors, among which are the adrenergic receptor and recep-
tors for thrombin and PGE2 (56). Notably, the PGE2 receptor
is upregulated late in differentiation (W. J. Bakker and M. von
Lindern, unpublished data; 25), whereas prostaglandin dehy-
drogenase (Pgdh1) is induced by dexamethasone in expanding
erythroblasts and rapidly downregulated during differentiation
(42; Bakker and von Lindern, unpublished). As a consequence,
PGE2 activity is restricted to the final phase of erythroid dif-
ferentiation when it controls hemoglobin expression, particu-
larly Ala-S, the rate-limiting enzyme in heme synthesis, and
NF-E2, a transcription factor binding the �-globin enhancer (2,
22, 31, 54, 55, 63).

The CRE site in the Btg1 promoter also recruits cJun and/or
Atf-2. The cJun/Atf2 complex is not regulated by the cAMP-
PKA pathway but is regulated through Jun kinase (JNK). JNK
is a stress-activated kinase, and cJun/Atf2 transcriptional ac-
tivity is strongly enhanced in response to genotoxic stress (23,
41, 66). Interestingly, Btg1 expression is induced in response to
DNA damage (19). The binding of Creb/Atf1 to the CRE site
in the Btg1 promoter accelerates Foxo3a-mediated expression
late in differentiation, while the binding of cJun/Atf2 following
the activation of JNK may enhance Foxo-mediated expression
in response to oxidative or genotoxic stress.

In conclusion, we identified putative Foxo3a target genes
that were assigned to different clusters based on their regula-
tion by Epo and SCF signal transduction. Examples from each
cluster show that Foxo3a integrates PI3K-PKB signals with
other signaling pathways. On the Btg1 promoter, PI3K-PKB
signaling is integrated with cAMP signaling. Surprisingly, we
found that the cooperation of Foxo3a and Stat5, i.e., the co-
operation of pathways generally regarded to inhibit and pro-
mote proliferation, respectively, induced the expression of
Cited2. The data strengthen the notion that Foxo proteins
function at the heart of signal-dependent gene regulation and
in complexes that integrate multiple signals to decide between
cell death or survival, senescence, and functional maturation.
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