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The expression status of the estrogen receptor alpha (ER�) and that of the epidermal growth factor receptor
Her-2/neu frequently correlate inversely in breast cancers. While ER�-dependent cancers respond to anties-
trogen therapy, Her-2/neu-overexpressing cancers typically display resistance to antiestrogens and poor prog-
nosis. In this report we have explored the mechanism linking the loss of expression of ER� in breast cancer
cells with overexpression of Her-2/neu, which signals constitutively via a phosphatidylinositol 3-kinase (PI3K)/
Akt kinase pathway. We identify for the first time the Forkhead box protein FOXO3a (formerly termed
FKHRL-1), which is inactivated by Akt, as a key regulator of ER� gene transcription. In breast cancer cell
lines, expression of ER� was correlated with active FOXO3a levels. Ectopic FOXO3a expression induced ER�
protein levels and promoter activity, while a dominant negative FOXO3a decreased ER� levels. By using
transient transfection, mobility shift assays, and site-directed mutagenesis, two major functional Forkhead
binding sites were identified in the human ER� promoter B. A chromatin immunoprecipitation assay con-
firmed FOXO3a binding at these two sites. Ectopic FOXO3a induced estrogen response element-driven
reporter activity and expression of ER� target genes. The constitutively activated myristylated Akt reduced
ER� expression, whereas agents that negatively affect the PI3K/Akt pathway, i.e., wortmannin, celecoxib, and
the green tea polyphenol epigallocatechin-3 gallate, induced ER�. Thus, FOXO3a represents an important
intracellular mediator of ER� expression, suggesting possible therapeutic intervention strategies for Her-2/
neu-overexpressing refractory breast tumors.

Steroid hormones such as estrogen play important roles in
breast cancer development. Most responses appear to be me-
diated through estrogen receptor alpha (ER�) and ER� (10),
although estrogen can elicit physiological events independent
of ER (72, 77). More than 60% of human breast cancers are
ER� positive (31). The presence of ER� is considered to be a
good prognostic factor and correlates with a higher degree of
differentiation of the tumor (41, 44) and increased disease-free
survival (49). ER� positivity is also the major guideline for
antiestrogen therapy and is a major target for selective ER
modulators (51). In breast cancers, an inverse correlation has
been noted between ER� status and the expression levels of
epithelial growth factor receptor (EGFR) family members,
including EGFR and Her-2/neu (1, 7, 36, 52, 69). Thus, breast
cancers expressing high levels of EGFR and/or Her-2/neu usu-
ally express undetectable or very low levels of ER� (reviewed
in reference 14). The cellular and molecular events that regu-
late ER� protein expression are poorly understood. Allelotyp-
ing studies indicate that physical loss of the ER� gene is not
the main cause for the lack of expression in ER�-negative cells
(57). ER� expression can also be regulated through epigenetic
modification, e.g., methylation at the promoter, which has been

reported to be responsible for the loss of ER� in a few but not
most breast cancer cells (27, 76).

The EGFRs are a family of tyrosine kinases, which are
generally activated by peptide ligand binding and subsequent
receptor dimerization and tyrosine phosphorylation on the cy-
toplasmic tail (5). The family consists of the EGFR gene ERBB
(HER1), ERBB2/HER2/neu, ERBB3/HER3, and ERBB4/
HER4, with EGFR and Her-2/neu being overexpressed in a
wide variety of tumors. Overexpression is sufficient to activate
the ERBB2/HER2/neu receptor (13, 26), which has been seen
in approximately 30% of breast cancers and is associated with
poor prognosis and overall survival (24). In particular, it has
been found associated with increased metastatic potential and
resistance to chemotherapeutic agents (16). Her-2/neu recep-
tor activation, via dimerization with other EGFR family mem-
bers or itself, can lead to the activation of the phosphatidyl-
inositol 3-kinase (PI3K) and thereby to the activation of the
serine/threonine kinase Akt/protein kinase B (22, 66). Acti-
vated Akt is known to phosphorylate specific targets which
promote survival (3, 34). Recent work has identified as targets
of Akt the three members of the Forkhead box, group O
subfamily Forkhead transcription factors FOXO1a, FOXO3a,
and FOXO4, which were previously known as FKHR, FKHR-
L1, and AFX, respectively (3). The activity of the mammalian
Forkhead orthologues is controlled by this phosphorylation,
i.e., Akt-phosphorylated Forkhead proteins bind to 14-3-3 pro-
tein and are transported to the cytoplasm (3). When hypophos-
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phorylated, Forkhead proteins are released from 14-3-3 and
translocate into the nucleus, where they transactivate target
genes (43, 61, 68). Interestingly, treatment of ER-negative
MDA-MB-231 breast cancer cells with the activating ligand
EGF led to nuclear exclusion of Forkhead protein FKHR (28).

Given the inverse correlation between Her-2/neu and ER�
status, the presence of a pathway connecting Her-2/neu and
ER� expression seemed plausible, and several attempts have
been made to delineate this pathway. It has been shown that
overexpression of Her-2/neu converts estrogen-dependent tu-
mor cells to an antiestrogen insensitive phenotype with de-
creased ER� expression (14, 38, 42, 55). Furthermore, treat-
ment of ER�-positive MCF-7 cells with ErbB-activating
ligands resulted in a substantial decrease in ER� mRNA and
protein (59). The regulation of ER� expression by the PI3K/
Akt pathway was also suggested by the correlation between
PTEN, which suppresses PI3K activity, and ER�. Increased
consumption of green tea has been closely associated with
decreased numbers of axillary lymph node metastases among
premenopausal patients with stage I or II breast cancer and
with increased expression of ER� and progesterone receptor
among postmenopausal women (45). Interestingly, our group
has recently shown that green tea polyphenol epigallocat-
echin-3 gallate (EGCG) treatment of breast cancer cells inhib-
its Her-2/neu-mediated signaling via the PI3K/Akt pathway
(54). Together these findings led us to hypothesize that the
ER� gene is a downstream target of a Forkhead box transcrip-
tion factor and thus subject to inhibition via a Her-2/neu-
mediated PI3K to Akt kinase signaling pathway. Here we dem-
onstrate that FOXO3a binding to two newly identified
Forkhead sites upstream of ER� promoter B directly regulates
promoter activity, leading to increased functional ER� levels.
Treatment with agents that inhibit Her-2/neu to Akt kinase
signaling, which enhances FOXO3a activity, elevate the level
of ER� expression.

MATERIALS AND METHODS

Cell growth and treatment conditions. The NF639 cell line (kindly provided by
P. Leder, Harvard Medical School, Boston, Mass.) was derived from a mammary
gland tumor in a mouse mammary tumor virus (MMTV)–Her-2/neu transgenic
mouse and cultured as described previously (17). ER�-positive MCF-7 and
ZR-75 cells and ER-negative Hs578T and MDA-MB-231 cells were purchased
from the American Type Culture Collection (ATCC) and maintained in standard
culturing medium as recommended by the ATCC. EGCG was purchased from
LKT Laboratories Inc. Ponceau S and wortmannin were purchased from Sigma.
Celecoxib was kindly provided by C.-S. Chen (Ohio State University, Columbus,
Ohio).

Immunoblot analysis. Whole-cell extracts (WCE) were isolated in radioim-
munoprecipitation assay (RIPA) buffer supplemented with phosphatase inhibi-
tors and sonicated for 3 s as described elsewhere (50, 54). For isolation of nuclei
and cytoplasm, cells were incubated in hypotonic buffer and lysed and nuclei
were collected by centrifugation, as described previously (30). The nuclear pro-
teins were extracted with RIPA buffer for 15 min on ice. Protein samples (30 to
50 �g) were separated by electrophoresis in an 8 or 10% polyacrylamide–sodium
dodecyl sulfate (SDS) gel and subjected to immunoblotting, as described else-
where (53). Antibodies used included those for ER� (NeoMarker), anti-
FOXO3a (Upstate Biotechnology), which recognizes both phosphorylated and
hypophosphorylated FOXO3a, �-actin (Sigma), and RAR� (Affinity BioRe-
agents).

EMSA. For nuclear extract preparation, nuclei were isolated and proteins were
extracted using detergent lysis buffer as described previously (4). Oligonucleo-
tides were prepared with BamHI restriction sites at the ends when used as probes
or for cloning (15). The sequence of the FOXO3a binding site-containing oligo-
nucleotide from the insulin-like growth factor binding protein IGFBP-1 gene was

5�-ATTGCTAGCAAGCAAAACAAACCGCTAGCTTA-3� (termed insulin-re-
sponsive sequence [IRS]) (3), with the letters in bold indicating bases changed to
G residues in the mutant form. The putative FOXO3a binding sites upstream of
the ER� promoter were as follows: site 1 (�3160 bp), 5�-ACTGGATATAAAT
AAATATTGAAAAG-3�; site 4 (�2610 bp), 5�-ACTGCTTTCTGTAAACATG
TGAAAAAT-3�, where the T and A residues in bold were mutated to C and T,
respectively. Additional primers were site 2 (�3140 bp), 5�-CAGTATTGAAA
ATAAATACTGGATAT-3�, and site 3 (�3035 bp), 5�-TAGAAAGCCATAAA
AATGTTAATGAT-3�. The Octomer-1 (Oct-1) sequence was 5�-TGTCGAAT
GCAAATCACTAGAA-3�. Oligonucleotides were labeled and used in an
electrophoretic mobility shift assay (EMSA), as described previously (53). Where
indicated, �500 ng of glutathione S-transferase (GST)–FOXO3a fusion protein
or GST alone (kindly provided by S. Jeay, Boston University Medical School,
Boston, Mass.) was added.

Plasmid constructs and site-directed mutagenesis. The 3.9-kb human ER�
promoter in pGL2Basic was kindly provided by Ronald Weigle (Stanford Uni-
versity School of Medicine, Stanford, Calif.) (12). Two shorter promoters, proA
and proB, in pGL3Basic were kindly provided by Shin-Ichi Hayashi (Saitama
Cancer Center Research Institute, Saitama, Japan) (71, 76). The expression
vectors for wild-type (WT) FOXO3a, a constitutively active A3 FOXO3a mutant,
and parental pECE vector were kindly provided by Michael Greenberg (Harvard
Medical School) (3). In the A3 mutant, three sites of Akt phosphorylation of
FOXO3a (T32, S253, and S315) were mutated to alanine residues. The AktM
expression vector was generously provided by Z. Luo (Boston University School
of Medicine). Mutagenesis was performed using either the QuikChange site-
directed mutagenesis kit or the double priming method with DNA polymerase
pfuTurbo (both from Stratagene) and confirmed by sequencing (Genetic Core
Facility, Boston University Medical School). The primers used to make the
mutations harbored the same mutations indicated above, with BamHI sequences
omitted. For the construction of element-driven chloramphenicol acetyltrans-
ferase (CAT) reporter constructs, two copies of either WT or mutant forms of
oligonucleotides corresponding to sites 1 and 4 were ligated into the BamHI site
of the pBLCAT2 vector (no. 37527; ATCC), upstream of the thymidine kinase
(TK) promoter.

Transfection and infection analyses. NF639 cells were plated at 30% conflu-
ence 1 day prior to transfection into six-well or P100 tissue culture dishes for
reporter assays or Western blot analysis, respectively. For reporter assays, cells
were transfected in triplicate with the indicated amounts of DNA using Fu-
GENE6 transfection reagent (Roche Diagnostics Corporation). After 30 to 48 h,
cells were harvested and processed for reporter assays as described previously
(33). Values are presented as the average � the standard deviation (SD). For
Western blot analysis, cells were harvested in RIPA buffer and processed as
described above. MCF-7 and T47D cells were plated at 60% confluence, trans-
fected using the GenePorter2 reagent (Gene Therapy Systems), and harvested
with RIPA buffer as described above. For adenoviral infection, virus particles
prepared as described previously (64) were added with an increasing multiplicity
of infection to MCF-7 cells plated the previous day at a density of 5 	 105

cells/six-well dish, and cells were harvested after 40 h, as described above.
ChIP and semiquantitative PCR. Cells (107) were fixed with 1% formalde-

hyde, pelleted, washed, and resuspended in 400 �l of SDS lysis buffer (1% SDS,
10 mM EDTA, and 50 mM Tris-Cl [pH 8.0], with protease inhibitors), as
described elsewhere (40). After 10 min of incubation on ice, 600 �l of chromatin
immunoprecipitation (ChIP) dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2
mM EDTA, 16.7 mM Tris-HCl [pH 8.0], and 16.7 mM NaCl, with protease
inhibitors) was added, and genomic DNA was sheared by sonication to an
average size of �500 bp. After removing 5% of the solution for evaluation of
input complex, the lysates were precleared with 30 �l of salmon sperm DNA-
protein A agarose beads (Upstate) for 1 h at 4°C, divided into two equal parts,
and immunoprecipitated overnight in the cold using 4 �g of antibody against
either FOXO3a or control rabbit immunoglobulin G (IgG). The immunocom-
plexes were collected using 30 �l of salmon sperm DNA-protein A agarose
beads, washed sequentially with ChIP wash buffer 1 (0.1% SDS, 1% Triton
X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8.0], 150 mM NaCl), ChIP wash
buffer 2 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8.0],
500 mM NaCl), ChIP wash buffer 3 (0.25 M LiCl, 1% NP-40, 1% sodium
deoxycholate, 1 mM EDTA, 10 mM Tris; pH 8.0), and twice with TE (10 mM
Tris-HCl [pH 8.0], 1 mM EDTA; pH 8.0). DNA-protein complexes were col-
lected in ChIP elution buffer (1% SDS, 0.1 M NaHCO3) and disrupted by
incubation at 65°C for 5 h in the presence of 312 mM NaCl and 0.06 �g of
RNAse A/�l. Proteins were removed by overnight digestion with proteinase K at
37°C, and DNA fragments were purified by phenol-chloroform extraction and
ethanol precipitation and analyzed by semiquantitative PCR. Primers used for
the amplification of the S1/S4 FOXO3a site of ER� were (�2960 bp) 5�-CAG
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AGACCGGCCACTCCTG-3� and (�2870 bp) 5�-GACACCCAATGGAGGCT
TTGT-3� (annealing at 70°C; 30 cycles). The control internal ER� primers were
(�700 bp) 5�-GTCAGGCTGAGAGAATCTCAGA-3� and (�610 bp) 5�-CTG
AGGTCCTGGCAGGTTGC-3� (annealing at 62°C; 32 cycles). The products
were then resolved on a polyacrylamide gel and visualized using GelStar stain
(Cambrex Inc.), as described in reference 39.

RESULTS

The abundance of hypophosphorylated nuclear FOXO3a
correlates with ER� expression. To assess whether activation
of the Forkhead box protein correlates with the ER� status in
breast cancer cells, we selected the human MCF-7 and ZR-75
cell lines (ER� positive) and Hs578T and MDA-MB-231 cells
(ER� negative), as well as ER�-positive NF639 cells, which
were derived from an MMTV–Her-2/neu transgenic mouse
tumor (17, 53, 54). Western blot analysis confirmed ER� sta-
tus. ER� protein levels were abundant in MCF-7 and ZR-75
cells, substantially lower in NF639 cells, and undetectable in
Hs578T and MDA-MB-231 cells (Fig. 1A). Next, Western blot
analysis was performed to assess FOXO1a, FOXO3a, and

FOXO4 proteins. Using a FOXO3a antibody that recognizes
both phosphorylated and hypophosphorylated protein, the
ER�-positive MCF-7, ZR-75, and NF639 cells were all positive
for nuclear FOXO3a, although the level in NF639 was again
substantially lower. ER�-negative Hs578T and MDA-MB-231
cells were essentially negative for nuclear FOXO3a. Interest-
ingly, an abundant level of faster-migrating, presumably active
hypophosphorylated FOXO3a protein was seen in the WCE of
the human MCF-7 and ZR-75 lines, while that of mouse
NF639 cells displayed two bands, both of which appeared to
migrate somewhat slower than the band seen in MCF-7 or
ZR-75 cells (Fig. 1A). Treatment of the protein extract with
protein phosphatase 
 resulted in loss of the upper band and a
shift to the faster-migrating band (data not shown). The exis-
tence of some hyperphosphorylated form of FOXO3a in
NF639 cells is consistent with the activity of Her-2/neu/PI3K/
Akt activity in these cells, as our group reported previously (53,
54). A similar correlation of FOXO3a and ER� expression was
seen with ER�-positive T47D cells, whereas the expression of
FOXO1a and FOXO4 did not show any specific correlation
with ER� expression using the antibodies tested (data not
shown). Thus, ER� status correlates with activation and nu-
clear localization of FOXO3a in breast cancer cell lines.

FOXO3a induces ER� protein in NF639 cells. To test di-
rectly whether FOXO3a can induce ER� expression, NF639
cells were transfected with vectors expressing either WT
FOXO3a or A3 FOXO3a, a triple mutant form with the three
sites of phosphorylation by Akt converted to alanine residues
(T32A, S253A, and S315A) such that the protein can no longer
be phosphorylated and inactivated by Akt (3), or the parental
empty vector (EV) pECE as a control. Overexpression of WT
or A3 FOXO3a increased the normalized level of ER� by
5.1-fold (�0.1) and 7.4-fold (�2.5), respectively, compared to
cells transfected with pECE (Fig. 1B). The expression of the
transfected FOXO3a protein was confirmed by immunoblot-
ting (Fig. 1B). The slight retardation of the transfected WT
and A3 FOXO3a proteins was likely due to the presence of the
hemagglutinin tag. Overexpression of the A3 FOXO3a was
more effective in inducing ER� expression, consistent with the
constitutive activity of the A3 mutant (3). No significant
changes in the ER� level were seen in the ER�-negative
MDA-MB-231 breast cancer cell line in response to FOXO3a
expression (data not shown). This is consistent with the reports
that promoter hypermethylation is responsible for the loss of
ER� in this cell line (75, 76).

We next assessed the effect of a dominant negative form of
FOXO3a (dnFOXO3a), which contains the DNA binding do-
main but lacks the transactivation domain (64). ER�-positive
MCF-7 cells were infected with an increasing multiplicity of
dnFOXO3a-expressing adenovirus. WCE were prepared and
subjected to immunoblotting for ER�, FOXO3a, and �-actin
and stained with Ponceau S, which confirmed that loading was
essentially equal. Increasing expression of dnFOXO3a resulted
in a dose-dependent decrease in the ER� level (Fig. 1C).
Taken together, the transfection analyses indicated that ex-
pression of FOXO3a is necessary and sufficient to maintain
high ER� levels in ER�-positive NF639 and MCF-7 cells.

FOXO3a induces ER� promoter activity. The long �4-kb
ER� transcriptional unit (12, 70) has recently been character-
ized, and two proximal promoters (A and B) that are func-

FIG. 1. FOXO3a regulates ER� expression. (A) Samples (40 �g)
of WCE or nuclear extracts (NE) from the indicated cell lines were
analyzed by immunoblotting for FOXO3a (FOX), ER�, or �-actin
(actin) as control for equal loading. (B) NF639 cells were transfected
with 8 �g of pECE EV, WT FOXO3a, or A3 FOXO3a. Forty-eight
hours after transfection, WCE were analyzed by immunoblotting for
ER�, FOXO3a, and �-actin. (C) MCF-7 cells were infected with an
increasing multiplicity of infection (MOI) of dnFOXO3a-expressing
adenovirus. After 40 h, WCE were prepared and samples (40 �g) were
analyzed by immunoblotting for FOXO3a and ER�. Equal loading was
verified using �-actin immunoblotting and Ponceau S (Ponc.) staining.
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tional in breast cancer cells have been identified (71, 76) (Fig.
2A). NF639 cells were first cotransfected with ER3500-210
Luc, a 3.9-kb human ER� promoter construct (12) in the
presence of WT or constitutively active A3 FOXO3a or the
empty vector pECE, as control (Fig. 2B). WT and A3 FOXO3a
induced ER� promoter activity by 4.8- and 5.7-fold, respec-
tively, relative to that in pECE-cotransfected cells. Thus,
FOXO3a induces ER� promoter activity.

To further locate the functional elements mediating this
FOXO3a regulation, reporter constructs for proximal promot-
ers A and B (promoter A construct, bp �1168 to �190; pro-
moter B construct, bp �3284 to �1864) (27, 76) were similarly
analyzed using an increasing dose of A3 FOXO3a expression
vector. While promoter A showed a rather modest induction
(1.9-fold) in response to FOXO3a, a large dose-dependent
increase (8.6-fold) was seen with promoter B (Fig. 2C). West-
ern blot analysis confirmed comparable expression of the
transfected FOXO3a with both promoters (Fig. 2C, inset).

Thus, promoter B, which is the one that is predominantly
active in human breast cancers (71), responds potently to
FOXO3a activity.

Identification of functional Forkhead binding sites in the
ER� promoter. To locate putative cis-acting FOXO3a ele-
ments upstream of the human ER� promoter B, the sequence
from bp �3284 to �1864 was scanned with MatInspector ver-
sion 2.2 software (available at the website http://transfac.gbf.de
/TRANSFAC/). Using 0.75 for the core similarity and 0.85 for
the matrix similarity in the matrix group for vertebrates, the
scanning retrieved four putative binding sites, designated S1
through S4 (Fig. 3A, upper panel). To begin to test the au-
thenticity of these putative Forkhead binding sites, EMSA and
cotransfection analyses were performed. Oligonucleotides of
S1 through S4 were radiolabeled and used as probes with
nuclear extracts from ZR-75 cells (Fig. 3A). Since a supershift-
ing FOXO3a antibody is not currently available, as a control
for FOXO3a binding the IRS Forkhead binding site from the
IGFBP-1 gene was similarly subjected to EMSA to identify the
position of the bona fide Forkhead band. A single band was
seen with the IRS probe, as expected (3). The S1, S2, and S4
oligonucleotides all gave rise to a single major band which
comigrated with the IRS complex, whereas the positions of the
bands with S3 differed substantially. S1 and S4 oligonucleotides
gave substantially higher band intensities than S2. (The IRS
probe in this experiment had a somewhat lower specific activity
and hence gave a weaker than typical signal.) Thus, three of
the putative sites yielded a complex of the appropriate posi-
tion. Since S1 and S4 showed much higher binding intensities,
they were selected for further study.

To confirm FOXO3a binding to the ER� sites, S1, which
showed the strongest comigrating complex, and S3, which gave
bands of alternative sizes, were used in EMSAs with GST-
FOXO3a fusion protein or GST alone. S1 showed strong bind-
ing to GST-FOXO3a, but not to GST, while S3 did not bind to
GST-FOXO3a or GST (Fig. 3B). Two bands were present with
the S1 probe; the slower-migrating band likely represents full-
length FOXO3a, and the faster-migrating band likely repre-
sents a degradation product, as two major bands could be
visualized with Coomassie blue staining of the protein after
purification (data not shown). Thus, the S1 site binds the
FOXO3a protein.

To test whether the S1 and S4 Forkhead sites display the
expected higher level of binding with nuclear extracts from
ER�-positive versus -negative breast cancer cells, EMSA was
performed with radiolabeled S1 and S4 oligonucleotide probes
(Fig. 3C). Nuclear extracts from ER�-positive MCF-7 and
ZR-75 cells bound avidly to S1 and S4, yielding a single com-
plex, while those from ER�-negative Hs578T and MDA-MB-
231 cells displayed only a low level of binding with distinct
profiles. EMSA with the Oct-1 probe confirmed equal loading.
Thus, higher levels of binding to S1 and S4 were seen with
extracts from cells expressing elevated levels of FOXO3a.

To confirm the nature of the binding complexes for the S1
and S4 oligonucleotides, a competition EMSA was performed
using WT IRS oligonucleotide as probe and WT and mutant
competitor S1 and S4 oligonucleotides (Fig. 3D). As expected,
WT but not mutant IRS competed for binding against itself.
Importantly, WT S1 and S4 oligonucleotides efficiently com-
peted for binding of ZR-75 nuclear extracts to the IRS oligo-

FIG. 2. FOXO3a induces ER� promoter activity. (A) Schematic
representation of the ER3500-210Luc and ER� promoter A and B
reporter constructs. (B) NF639 cells were cotransfected, in triplicate,
with 0.5 �g of ER3500-210Luc in the presence of 2 �g of pECE
parental vector, WT, or A3 FOXO3a expression vector. Equal
amounts of protein were assessed for luciferase activity. Data are
presented as fold induction (� SD) relative to that for the parental
pECE vector, which was set as 1, and are representative of three
independent experiments. (C) NF639 cells were transfected, in tripli-
cate, with 0.5 �g of ER� promoter A or B luciferase reporter vectors
and 0, 0.5, 1.0, or 1.5 �g of A3 FOXO3a expression vector and enough
pECE to make up a total of 2 �g of DNA. After 48 h, cells were
harvested and luciferase activities were measured. Data are presented
as fold induction (� SD) relative to that with the pECE EV, which was
set as 1, and are representative of three independent experiments.
(Inset) WCE used for the luciferase assays were subjected to immu-
noblot analysis for FOXO3a protein.
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nucleotide, whereas the mutant forms competed only poorly at
the higher dose, suggesting the specificity of Forkhead binding.

Lastly, NF639 cells were transfected with A3 FOXO3a or
EV DNA and extracts were made and subjected to EMSA as

described above, with the S1 oligonucleotide as probe (Fig.
3E). A low level of binding was seen with NF639 cells, as
expected based on the immunoblot in Fig. 1. Ectopic expres-
sion of A3 FOXO3a caused a specific increase in complex
formation, compared to Oct-1 binding, consistent with an ele-
vated level of FOXO3a protein (Fig. 1B and data not shown).
Similar data were obtained with the S4 oligonucleotide as
probe (data not shown). Taken together, these results indicate
two strong FOXO3a binding sites are present upstream in the
human ER� promoter (S1 and S4) and potentially one other
more-weakly binding element (S2), while the S3 oligonucleo-
tide does not appear to contain a Forkhead binding site.

S1 and S4 sites are functional Forkhead binding sites. To
test whether the S1 and S4 sites are functional, two copies of
oligonucleotides containing either WT or mutant S1 and S4
binding sites were inserted upstream of the pBLCAT2 TK-
CAT reporter vector, generating S1-CAT or MutS1-CAT and
S4-CAT or MutS4-CAT vectors. Cotransfection of NF639 cells
with S1-CAT or S4-CAT and an increasing amount of A3
FOXO3a showed a dose-dependent induction of CAT activity,
with the highest at a dose of 2 �g, which was selected for
further experiments (data not shown). The WT S1-CAT and
S4-CAT reporter constructs were induced 3.0- and 3.9-fold,
respectively, while the mutant constructs were essentially un-
affected by 2 �g of A3 FOXO3a (i.e., only a �1.4- to 1.5-fold
increase in activity was seen) (Fig. 4A). Taken together, the
results demonstrate that the S1 and S4 sites represent func-
tional Forkhead elements, responsive to FOXO3a.

To test whether the S1 and S4 sites mediate signals leading
to FOXO3a-dependent ER� promoter activity, site-directed
mutagenesis was performed to introduce mutations at the S1
and S4 sites either individually or in combination in the pro-
moter B construct, deriving MutS1-proB, MutS4-proB, or
MutS1/4-proB, respectively (Fig. 4B). Mutation of either site
individually had no substantial effect on responsiveness to
FOXO3a; however, when both sites were mutated in combi-
nation, a 66.2% � 6.0% loss in response to FOXO3a was
observed. The responsiveness of the MutS1/4-proB construct
was likely due either to the residual response of the mutant
elements or from another weaker binding site(s) remaining in
the promoter or to an indirect effect of FOXO3a. Overall, the
data confirmed the importance of the S1 and S4 Forkhead sites
in regulation of ER� B promoter activity by FOXO3a.

FOXO3a binds to S1/S4 sites on the endogenous ER� pro-
moter. To confirm the binding of FOXO3a to the endogenous
ER� promoter, ChIP assays were performed using a rabbit
antibody specific for total FOXO3a versus normal IgG. Immu-
noprecipitated DNAs from ER�-positive ZR-75 cells and
ER�-negative Hs578T cells were compared using semiquanti-
tative PCR or real-time PCR. For the semiquantitative PCR, a
condition of the PCR was selected within the linear, and thus
quantitative, phase as shown in Fig. 5A. All subsequent PCRs
were carried out within the linear range. The ER�-positive
ZR-75 cells showed increased binding of FOXO3a to the S1
and S4 FOXO3a sites compared to that with normal rabbit
IgG, consistent with the EMSA results shown above. In
Hs578T cells, the FOXO3a antibody and control rabbit IgG
pulled down comparable amounts of DNA fragments, which
suggested a lack of specific binding. Both cell lines contained
equal input material. To test for similar amounts of DNA in

FIG. 3. FOXO3a binding sites are present upstream of ER� pro-
moter B. (A) Schematic representation of the four putative FOXO3a
binding sites in ER� promoter B. Each individual binding site, as well as
the IRS, was end labeled and used in an EMSA with 15 �g of nuclear
extract from ZR-75 cells. The arrow indicates the position of the major
band observed. (B) Oligonucleotides containing sites S1 (1) and S3 (3)
were incubated with GST or GST-FOXO3a (FOX) protein and subjected
to EMSA. (C) Samples (15 �g) of nuclear extracts from MCF-7 and
ZR-75 ER�-positive cells and Hs578T and MDA-MB-231 (MB-231)
ER�-negative breast cancer cell lines were subjected to EMSA using as
probe the oligonucleotides containing either the S1 and S4 binding sites or
the Oct-1 sequence, as loading control. �, position of the protein complex
unique to ER�-positive breast cancer cells; *, positions of protein com-
plexes present in ER�-negative cell extracts. (D) Samples (15 �g) of
nuclear extracts from ZR-75 cells were incubated with labeled IRS probe
in the absence or presence of a 10- or 50-fold molar excess of WT or
mutant (m) forms of the IRS, S1, or S4 oligonucleotides. (E) NF639 cells
were transfected with pECE EV or A3 FOXO3a. After 40 h, cells were
harvested and extracts were analyzed by EMSA. (Lower panel) Oct-1 was
used as control probe and confirmed the presence of similar amounts of
protein in each extract.
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the FOXO3a versus IgG pairs, another pair of primers span-
ning an irrelevant region within the ER� gene was used. Equal
amounts of DNA corresponding to this region were immuno-
precipitated, indicating that the increased intensity of the am-
plified fragments was not due to random sample variation. In
a separate experiment with real-time PCR, the ZR-75 cells
gave a substantial signal, whereas the signal generated by the
Hs578T sample was below the linear detection threshold (data
not shown). These results indicate that FOXO3a is bound to
the ER� promoter in ZR-75 cells.

FOXO3a can induce functional ER� signaling. To test
whether the FOXO3a-induced ER� is capable of driving a
functional receptor signaling cascade, a TK-ERE luciferase
reporter vector was cotransfected into NF639 cells together
with an increasing amount of either WT or A3 FOXO3a, or
EV pECE as control. Expression of either WT or A3 FOXO3a
dramatically induced estrogen response element (ERE) pro-
moter activity, consistent with an induction at the ER� protein
level. As expected, constitutively active A3 FOXO3a was
somewhat more effective than the WT form (Fig. 6A).

RAR� is a known target gene of ER� signaling (56). As a
further test of whether the ER� protein induced by FOXO3a
is functional, we next assessed the effects of transfection of
NF639 cells with WT, A3 FOXO3a, or pECE with levels of

RAR� protein and nuclear levels of ER�, another indication
of ER� activation. The transfection efficiency of the NF639
cells was in the range of 25% (data not shown). The level of
expression of the endogenous target RAR� gene (56) was
induced by expression of either WT or A3 FOXO3a (Fig. 6B).
Consistent with this increase in target gene level, expression of
FOXO3a activity induced nuclear localization of ER� (Fig.
6C). Taken together, these results show that FOXO3a induces
functional ER� signaling.

The Her-2/neu/PI3K/Akt signaling pathway regulates ER�
expression. Since FOXO3a is negatively regulated by Akt
phosphorylation, the ability of the PI3K/Akt pathway to mod-
ulate ER� expression was next assessed. NF639 and MCF-7
ER�-positive cells were transfected with a vector expressing
AktM, a constitutively active form of Akt (29, 53), and ER�
protein levels were measured in WCE prepared after 48 h.
AktM caused a decrease in ER� protein levels in both cell
types. When normalized for loading, ER� levels were reduced
to 50.4% � 2.9% and 38.% � 3.4% in NF639 and MCF-7 cells,
respectively, upon expression of AktM (Fig. 7A). Thus, con-
stitutive PI3K/Akt signaling leads to decreased ER� levels.

Since we have recently shown that the green tea polyphenol

FIG. 4. The S1 and S4 sites contain functional Forkhead elements.
(A) NF639 cells were cotransfected, in triplicate, with 0.5 �g of S1-
CAT, MutS1-CAT, S4-CAT, or MutS4-CAT construct DNA with 2 �g
of either pECE or A3 FOXO3a and processed as described above.
Values for A3 FOXO3a are presented as the fold induction (� SD)
relative to that of the pECE-cotransfected sample, which was set as 1.
Data presented are representative of three independent experiments.
(B) (Upper panel) Scheme of the proB-Luc construct. S1 and S4
Forkhead binding sites are indicated by the large black circles, and S2
is indicated by a smaller circle. (Bottom panel) WT, MutS4 (MS4),
MutS1 (MS1), or MutS1/4 (MS1/4) proB-Luc constructs were cotrans-
fected (1 �g), in triplicate, into NF639 cells with 1 �g of A3 FOXO3a
or pECE vector. After 48 h, cells were harvested and processed as for
Fig. 2. Data are presented as fold induction (� SD) relative to samples
cotransfected with parental pECE vector, which was set as 1, and are
representative of three independent experiments.

FIG. 5. FOXO3a binds to the endogenous S1/S4 sites in the ER�
promoter. (A) PCR conditions used to amplify the S1/S4 fragment.
(B) ChIP was performed with either ER�-positive ZR-75 cells or
ER�-negative Hs578T cells using FOXO3a antibody or normal rabbit
IgG as control, as described in Materials and Methods. The FOXO3a
primers are located in between the S1 and S4 sites, which are 550 bp
from each other. The control primers, located at an irrelevant region,
were used to show that a similar amount of DNA was present in each
paired sample. (Lower panel) Input DNA before immunoprecipita-
tion.
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EGCG reduces the Her-2/neu/PI3K/Akt signaling pathway by
inhibiting the constitutive tyrosine phosphorylation of the re-
ceptor (54), we next tested the effects of EGCG on ER�
expression in NF639 cells. After 24 h of treatment with 60 �g
of EGCG/ml, a 1.8-fold (�0.2) increase in normalized ER�
protein level was observed (Fig. 7B, left panel). Consistent with
the inhibition of Akt activity, EGCG treatment led to a reduc-
tion in the hyperphosphorylated, inactive form of FOXO3a in
the cytoplasm and to nuclear accumulation of the hypophos-
phorylated, active FOXO3a (Fig. 7B, right panel). Celecoxib,
which has been used as a COX-2 inhibitor (67), is now known
to inhibit Akt activity (25). Treatment of NF639 cells with 25 or
50 �M celecoxib for 7 h resulted in a dose-dependent induc-
tion of ER� levels (Fig. 7C). Similar effects were seen upon
treatment with the celecoxib derivative OSU-03013, which has
retained the ability to inhibit Akt but is devoid of COX-2
inhibition (kindly provided by C.-S. Chen) (data not shown).
Similarly, a 7-h treatment of NF639 cells with the selective
PI3K inhibitor wortmannin at either 100 or 130 nM led to
increased ER� levels (Fig. 7D), which was paralleled by the
disappearance of the hyperphosphorylated form of FOXO3a,
as expected. Taken together, these results demonstrate the
PI3K/Akt/FOXO3a signaling pathway modulates ER� expres-
sion in breast cancer cells.

DISCUSSION

Here, we show that the Forkhead box protein FOXO3a,
whose activity is repressed by the PI3K/Akt kinase signaling
cascade, is an important transcriptional regulator of the gene
encoding the steroid hormone receptor ER�. FOXO3a levels
correlated with ER� expression in breast cancer cells. Ectopic
expression of FOXO3a led to increased receptor expression
and promoter activity in ER�-positive NF639 cells. Similarly,
A3 FOXO3a increased receptor levels in ER�-positive human
T47D breast cancer cells (data not shown). Conversely, expres-
sion of dnFOXO3a decreased ER� expression in MCF-7 cells.
Two strongly binding Forkhead sites were identified in ER�
promoter B which conferred responsiveness to FOXO3a when
inserted upstream of the heterologous TK promoter. Mutation
of these two sites in ER� promoter B abolished most of the
response to FOXO3a. Furthermore, in vivo FOXO3a binding
to these two upstream sites was substantially higher in ER�-
positive ZR-75 cells than in ER�-negative Hs578T cells, as
judged by a ChIP assay. Increased ERE-driven reporter activ-
ity and elevated levels of the endogenous ER� target gene
RAR� in NF639 cells indicated that the ER� protein induced

FIG. 6. FOXO3a induces ER� activity. (A) NF639 cells were
plated in 12-well plates and transfected with pECE and 0.1, 0.2, or 0.4
�g of WT or A3 FOXO3a, together with 0.2 �g of TK-ERE luciferase
vector. After 30 h, cells were harvested and analyzed for luciferase
activity. Data are presented as fold induction (� SD) relative to sam-
ples cotransfected with parental pECE vector, which was set as 1, and
are representative of three independent experiments. (B and C) NF639
cells were transfected with the indicated expression vectors, and after
30 h whole-cell or nuclear extracts were prepared. Samples of WCE
(50 �g) were analyzed by immunoblotting for RAR� (B), and nuclear
extracts (15 �g) were analyzed for ER� (C). Analysis of �-actin levels
confirmed equal loading.

FIG. 7. ER� expression is subjected to regulation by Akt kinase
activity. (A) NF639 and MCF-7 cells were transfected with a vector
expressing AktM, the constitutively active version of Akt. WCE were
prepared after 48 h and subjected to immunoblot analysis for ER� and
�-actin, as above. (B) NF639 cells were treated with 60 �g of
EGCG/ml or the carrier solution, dimethyl sulfoxide, for 24 h, and
WCE were analyzed by immunoblotting for ER� and �-actin (left
panel) or cytoplasmic (CE) and nuclear (NE) proteins for FOXO3a
and �-actin (right panel). (C) NF639 cells were treated with 25 or 50
�M celecoxib for 7 h, and WCE were analyzed by immunoblotting for
ER� and �-actin. (D) NF639 cells were treated with 100 or 130 nM
wortmannin for 7 h, and WCE were analyzed by immunoblotting for
ER�, FOXO3a, and �-actin.
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by FOXO3a was functional. Similar experiments, performed
using human T47D breast cancer cells, showed FOXO3a in-
duced RNA levels of RAR� and pS2, another ER� target
gene, as well as of ER� (data not shown). Overexpression of
Her-2/neu is known to correlate negatively with ER� levels
and has also been implicated in the development of resistance
to the antiestrogen tamoxifen (6, 32, 47, 62, 73). Our findings
identify, for the first time, FOXO3a as a key intermediary in
the mechanism controlling the inverse expression pattern be-
tween Her-2/neu and ER� levels. Given that simultaneous
inhibition of EGFR and ER� signaling pathways leads to su-
perior antitumor efficacy (8, 21), our findings suggest FOXO3a
as a possible target in adjuvant therapeutic intervention strat-
egies for Her-2/neu-overexpressing, antiestrogen-refractory
breast tumors.

In addition to the direct regulation of ER� promoter activity
reported here, it has been shown that Forkhead proteins can
interact with ER� in a ligand-dependent manner; however,
variable consequences were observed for this interaction.
While Schuur and coworkers reported that the interaction of
FKHR (FOX01a) and ER� enhances the transcriptional ac-
tivity of ER� at the typical ERE site (63), Zhao et al. (78)
reported that it inhibits this activity. It is possible that this
variability is due to differences in the cell systems used, i.e.,
MCF-7 cells (63) versus HepG2 and COS cells (78). Our find-
ings show that FOXO3a induces ERE activity and endogenous
ER� target gene expression via the induction of ER� protein
expression in breast cancer cells. Furthermore, signaling by a
variety of growth factors results in tamoxifen resistance and
decreased ER� expression, which is at least partially mediated
through the mitogen-activated protein kinase pathway (48),
although the protein factor(s) involved remains to be identi-
fied. Taken together, these studies indicate a complex mecha-
nism of regulation of ER� activity by signaling cascades that
remain to be fully elucidated.

The expression patterns of different ErbB members and
ER� and ER� during mammary gland development have been
very well characterized (11, 60, 65). ER� expression is low
during puberty and pregnancy and increases during lactation
(60). Moreover, expression of ER� is associated with a higher
degree of differentiation of tumors and lower speed of tumor
cell proliferation (49), which is consistent with the fact that
ER�-expressing cells are usually negative for proliferating cell
nuclear antigen and Ki67 expression (9, 58, 60), two markers of
proliferation. In fact, although ER� signaling can activate the
cell cycle progression through either genomic or nongenomic
pathways (74), estrogen-inducible genes can suppress tumor
progression (19, 20). Since the Forkhead family of proteins has
been shown to play a very important role in cell cycle blockade
and apoptosis (3, 43, 46), our data suggest the activity of
FOXO3a, which determines ER� status, is likely to be respon-
sible, in part, for the observed inverse correlation between
proliferation and ER� expression.

The Forkhead family of proteins have been found to be
important regulators for differentiation in systems other than
the breast, including myogenic differentiation, osteoblast mat-
uration, thymocyte differentiation, and adipocyte differentia-
tion (2, 18, 23, 37). In the mammary gland, expression of
ErbB2 and ErbB3 in epithelial cells has been found to be high
during puberty and pregnancy, when most of the ductal elon-

gation and branching occurs, and is down-regulated through-
out lactation, when the mammary epithelial cells are function-
ally differentiated (11). Tumor cells expressing high levels of
Her-2/neu under the control of the MMTV-long terminal re-
peat promoter failed to express detectable levels of two milk
proteins, whey acidic protein and �-casein, markers of differ-
entiation (35). The role of FOXO3a in mammary differentia-
tion is under investigation.
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