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Abstract
FOXO (Forkhead box O1 transcription factors) factors interact with and modify the activity of other transcription factors,

including nuclear hormone receptors. However, not all of the structural domains within the FOXO proteins that mediate

these functional interactions have been clearly defined. To address this issue, we used a constitutively active (nuclear)

mutant of FOXO1a (designated FOXOA3) and within FOXOA3 made additional mutations to alter the putative nuclear

hormone interacting domain (NID), minimal activation domain (MAD), DNA-binding domain (DBD), and the N terminus.

We document that FOXOA3 enhanced the hormone-dependent transcriptional activity of liganded progesterone

receptors A (PGRA) on a glucocorticoid response element-responsive promoter, PGRA on the insulin-like growth factor-

binding protein 1 promoter, and estrogen receptor a on an estrogen response element-responsive promoter. The effects

of FOXOA3 on PGRA were dependent, in part, on an intact NID, the MAD, and N-terminal domain. In striking contrast, a

FOXOA3 DNA-binding mutant (FOXOA3-mDBD) modulated PGRA, PGRB, and ESR1 activities by distinctly different

mechanisms, markedly elevating ligand-independent activity of these nuclear hormone receptors even in the double

mutant lacking the MAD. Furthermore, both FOXOA3 and FOXOA3-mDBD enhanced the activity of a transcriptionally

defective PGRA lacking its AF1 transactivation domain, indicating that this region of the receptor is not essential in this

context. Since FOXOA3, FOXOA3-mDBD, and FOXOA3-mNID all bound PGRA in a GST pull-down assay, it appears

that the LXXLL (leucine–X–X–leucine–leucine) motif within the NID is not critical for FOXOA3 interactions with PGRA, but

may modify the recruitment of other co-regulatory molecules. Collectively, the results show that FOXOA3 exerts

co-regulatory functions independent of DNA binding and that the DNA-binding defective form of FOXO1a is

transcriptionally active as a co-regulator of these nuclear hormone receptors.
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Introduction

Members of the forkhead family of transcription factors
regulate many key biological processes (Burgering &
Kops 2002, Accili & Arden 2004). FOXO1a (FKHR),
FOXO3a (FKHRL1), and FOXO4 (AFX) have received
much attention due to their important and highly
conserved role in the insulin-like growth factor (IGF)
signaling cascades of Caenorhabditis elegans and
mammals (Kops et al. 1999, 2002, Nakae et al. 2001,
Richards et al. 2002b, Kenyon 2005). In this pathway,
FOXO transcription factors are downstream targets of
AKT/PKB (protein kinase B), SGK (serum- and
glucocorticoid-regulated-kinase), and other kinases
and upon phosphorylation are excluded from the
nucleus (Brunet et al. 1999, 2001, Nakae et al. 2001,
Richards et al. 2002b). Since FOXO factors play key
regulatory roles in suppressing cell cycle progression
(Ramaswamy et al. 2002), their exclusion from the
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nucleus provides one mechanism by which cells can
increase their proliferative activity (Van der Heide et al.
2005). Functional regions within the FOXO proteins
have been identified by various approaches and include
the DNA-binding domain (DBD) and the minimal
activation domain (MAD; Bennicelli et al. 1995, Schuur
et al. 2001). These have been characterized extensively
in regards to FOXO activity on promoters containing
the consensus FOXO-binding sites or insulin response
sequence (IRS) in genes, such as IGF-binding protein 1
(Igfbp1; Schuur et al. 2001), p21Cip1 (Prowse et al. 1997),
and p27Kip (Medema et al. 2000, Kim et al. 2005).

However, the functions FOXO factors are more
complex. In addition to their ability to bind DNA and
regulate gene transcription, these factors have also been
observed to function as co-regulators of other transcrip-
tion factors (Ramaswamy et al. 2002). For example,
FOXO1a, like FOXH1 (originally named FAST; foxo
activin signal transducer), interacts with members of the
DOI: 10.1677/JME-07-0017
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SMAD (MAD homolog) transcription factor family that
are targets of the bone morphogenic protein (BMP)
family of signaling molecules (Seoane et al. 2004),
whereas FOXH1 and SMAD2 interact via their
C-terminal domains, and FOXO1a and SMAD3 interact
via their N-terminal domains. More recently, FOXO
factors havebeen shown to impact the activity ofb-catenin
and vice versa (Essers et al. 2005). Of interest to
investigators studying various endocrine-related func-
tions, metabolism and cancer (Kodama et al. 2004),
FOXO factors have been shown to interact with
numerous nuclear hormone receptors (AR (androgen
receptor), ERa, PR (progesterone receptor), GR (gluco-
corticoid receptor), CAR (Nr1i3; nuclear hormone
receptor subfamily 1, group I, member 3), RAR (retinoic
acid receptor), PXR (peroxisome receptor), PPARg
(peroxisome proliferation activator receptor gamma),
TR (thyroid hormone receptor), HNF-4 (hepatic nuclear
transcription factor 4); Schuur et al. 2001, Zhao et al.2001,
Hirota et al. 2003, Li et al. 2003, Hang et al. 2004) and
co-activators PGC1a (Puigserver et al. 1998, 2003,
McKenna &O’Malley 2002) and co-regulatory molecules
such as CBP (CREB binding protein)/P300 (Van der
Heide & Smidt 2005) to regulate promoter activity of
genes involved in metabolism and cell cycle progression.
Since FOXO factors have a conserved, consensus LXXLL
motif that is a docking site for nuclearhormone receptors
in other co-regulatory molecules (Heery et al. 2001), this
domain has been presumed to mediate FOXO
interactions with nuclear receptors (Zhao et al. 2001).
However, thishasnotbeenexperimentally tested.Norhas
the functional role of the FOXO1aMAD been tested as a
mediator of FOXO effects on nuclear hormone receptor
activity. Since FOXO factors have been shown to exert
repressor as well as co-activator activity on nuclear
receptors, the specific regions of FOXO factors that
mediate these effects need to be clearly defined.

Since FOXO factors are excluded from the nucleus by
phosphorylation of three key serine/threonine residues
(Brunet et al. 1999, 2001), a constitutively active (nuclear)
form of FOXO1a has been generated by mutation of
these residues to alanine, yielding the A3 mutant
of FOXO (FOXOA3; Ramaswamy et al. 2002). This form
of FOXO1a has been used in many types of functional
studies (Accili & Arden 2004). Moreover, gene profiling
analyses determined that the defective DNA-binding
mutant (H215R substitution) of FOXOA3 exhibits
functional activities that are both similar to as well as
distinct from those of FOXOA3 in an in vivo (cell culture)
system (Ramaswamy et al. 2002). For example, FOXOA3
regulates specific genes to block cell cycle progression
and to induce apoptosis. The DBD mutant failed to
regulate genes involved in apoptosis but retained the
ability to block cell cycle progression. Despite these
observations that provide functional evidence that some
actionsofFOXOoccur independentlyof its ability tobind
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directly to DNA and that the DBD mutant is active as
transcriptional co-regulator, the mechanisms by which
this DBD mutant acts on nuclear receptors or other
transcription factors to regulate gene expression remain
largely unexplored.

Based on these considerations, the goals of the
studies presented herein were to determine which
regions of the FOXO1a protein impact its regulation
of nuclear hormone receptor activity. For these studies,
we used progesterone receptor A (PGRA), a FOXOA3,
and a consensus glucocorticoid response element/
progesterone responsive element (GRE/PRE)
promoter reporter construct as a simplified model
system. Specific FOXOA3 mutants, including the
mutants of the DBD, putative nuclear hormone
interacting domain (NID), and MAD were generated
to define regions of the FOXO1a protein that are
critical for functional interactions with PGRA on the
minimal consensus GRE/PRE promoter. To a lesser
extent, but as a comparison, we tested FOXO
interactions with estrogen receptor a (ERS1) on an
estrogen response element (ERE)-containing
promoter. The more complex Igfbp1 promoter that is
regulated by both the PGRA and FOXO (Gao et al.
1999, 2000, Kim et al. 2005) was also analyzed. Lastly,
since FOXO1a is highly expressed in ovarian granulosa
cells (GC; Richards et al. 2002b, Shi & LaPolt 2003,
Cunningham et al. 2004, Park et al. 2005) and appears
to impact IGF1- and follicle stimulating hormone-
mediated functions of GC (Gonzalez-Robayna et al.
2000, Richards et al. 2002a,b Park et al. 2005), we
analyzed the activity of selected vectors in this cell
system as well.
Materials and methods

Animals

Immature female Sprague–Dawley rats (Harlan Inc.,
Indianapolis, IN, USA) were housed under 16 h
light:8 h darkness schedule in the Center for Compara-
tive Medicine at Baylor College of Medicine (BCM) and
provided with food and water ad libitum. Animals were
treated in accordance with the NIH guide for the Care
and Use of Laboratory Animals as approved by the
Animal Care and Use Committee of BCM.
Cell culture

COS-1 cells (simian fibroblast cells (CV-1 cells) trans-
formed with SV (simian virus) 40 viral genome) were
obtained from the Cell Culture Core Facility (Depart-
ment of Molecular and Cellular Biology) and grown at
37 8C, 5.0%CO2, inDulbecco’smodifiedEagle’sMedium
www.endocrinology-journals.org
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(DMEM) plus 10% fetal bovine serum. Cells for
experiments to test the transcriptional activity from an
ERE-luciferase were plated in DMEM containing char-
coal-stripped serum and lacking phenol red. GC were
harvested from estrogen-primed (1.5 mg estra-
diol/0.2 ml propylene glycol/day!3 days) rats and
cultured as previously described on serum-coated plates
in serum-free defined medium (Fitzpatrick & Richards
1991, Sriraman et al. 2003).
Plasmids

pALTER-MAX-FKHRWT, containing the cDNA for
HA-tagged WT FOXO1a, and pALTER-MAX-
FKHRA3, containing the same cDNA but with
alanine substitutions for Threonine 24, Serine 256,
and Serine 319 (the ‘A3 mutation’) were gifts from
Dr Terry Unterman (University of Illinois at Chicago
College of Medicine). pcDNA3-FKHR;HRAAA,
containing the cDNA for FLAG-tagged FOXO1a
with alanine substitutions for Threonine 24, Serine
256, and Serine 319 as well as an arginine
substitution for Histidine 215 was a gift from
Dr William Sellers (Harvard Medical School). The
GRE2-TATA-Luc reporter plasmid, the PSCT
(expression plasmid containing the SV40 origin of
replication, the CMV (cytomegalovirus) promoter and
the T7 promoter along with the cDNA of interest)
expression vector, and the PSCT-PGRA construct
(PSCT containing the cDNA for PGRA) were gifts
from Dr Rainer Lanz and Dr Neil McKenna (Baylor
College of Medicine). The 3xIRS-Luc reporter plasmid
was a gift from Dr Eric D Tang (University of Michigan
Medical School), and the pVit ERE-Luc reporter
plasmid was a gift from Dr V Craig Jordan (North-
western University Feinberg School of Medicine).

The parent plasmid pShuttle-XR was fabricated from
pShuttle (BD Biosciences Clontech) by inserting a
fragment created from the annealed oligonucleotides
5 0 CTAGCGGTACCAGTACTGGATCCGATATCTCTA-
GAGTAC 3 0 and 5 0 TCTAGAGATATCGGATCCAG-
TACTGGTACCG 3 0 into NheI/KpnI digested pShuttle,
thereby reversing theorientationof themultiple cloning
site within pShuttle and changing some of the unique
sites. pShuttle-XR-FKHRWT and pShuttle-XR-FKHRA3
were created by inserting a KpnI/EcoRV digestion
fragment of pALTER-MAX-FKHRWTor pALTER-MAX-
FKHRA3, containing the cDNA for HA-tagged wild type
or HA-tagged A3 mutant FOXO1a respectively into
KpnI/EcoRV-digested pShuttle-XR. pShuttle-XR9-
FKHRA3-mDBD was created by exchanging the BlnI/
SgrAI fragment from pShuttle-XR9-FKHRA3 for its
equivalent in pALTERMAX-FKHRAAA;HR.

pShuttle-XR-FKHRA3-mNID was assembled by first
digesting pShuttle-XR-FKHRA3 with Spe I and then
self-ligating the larger digestion product. The resulting
www.endocrinology-journals.org
construct, pShuttle-XR9-FKHRA3Spe, contained a
unique Nde I site within the cDNA insert. A fragment
containing the desired mutated NID motif was then
fabricated by overlapping the PCR amplification of
pShuttle-XR9-FKHRA3, using the primer pair 5 0 GG-
AGACTCTCACCCATTATGACCGAACAGGATG 3 0 and
5 0 AAGTCACCACCTCCTTCAAGAGTCCAGGCGCA-
CAG 3 0 to generate one of the preliminary fragments
and using the primer pair 5 0 AGGTGGTGACTTCT-
GACTCTCCTCCCCATAATGAC 3 0 and 5 0 ATGTCA-
CAGTCTAAGCGCTCAATGAACATGC 3 0 to generate
the other (the underlined nucleotides introduce L465V
and L466V mutations into the final product). The
overlapping PCR product was then digested with BsrGI
and NdeI for insertion into similarly digested pShuttle-
XR-FKHRA3delSpe, and an MfeI/BamHI fragment
from pShuttle-XR-FKHRA3 was substituted for the
MfeI/BamHI fragment in pShuttle-XR-FKHRA3delSpe
to restore the SpeI fragment that had initially been
excised from pShuttle-XR-FKHRA3 and thereby create
pShuttle-XR-FKHRA3-mNID.

pShuttle-XR-FKHRA3-delMAD and pShuttle-
XR-FKHRA3-mDBD-delMAD were derived from
pShuttle-XR-FKHRA3 and pShuttle-XR-FKHRA3-
mDBD respectively by digestion with PvuII and EcoRV,
followed by self-ligation.

pShuttle-XR9-FKHRA2delC and pShuttle-XR9-
FKHRA2delC-mDBD were created by replacing an
EcoRV/BlnI digestion fragment from each of those
vectors with the annealed oligonucleotides 5 0

CTAGGAGAAGAGCTGCAGCCATGGACAACAACTG-
AGAT 3 0 and 5 0 ATCTCAGTTGTTGTCCATGGCTG-
CAGCTCTTCTC 3 0.

pShuttle-XR9-FKHRA2-delNH and pShuttle-XR9-
FKHRA2-delNH-mDBD were both assembled from the
intermediate construct pShuttle-XR9-FKHRA2FP.
Preliminary fragments for use in an overlapping PCR
were amplified from pShuttle-XR9-FKHRWT by PCR
with the primer pair 5 0 GGGAGGTCTATATAAGCA-
GAGCTCTC 3 0 and 5 0 TTCTTCACGTGGAAAGCG-
TAATCTGGAACATC 3 0 and with the primer pair
50 ACGCTTTCCACGTGAAGAATTCAATTCGTC 30 and
5 0 GTACTCCAGTTATCAAAGTCATCATTGCTGTG.
Theproduct from theoverlappingPCRwas thendigested
with BlnI and BamHI for ligation into corresponding
sites in pShuttle-XR9-FKHRA3 to make pShuttle-XR9-
FKHRA2FP. A segment that was next amplified by PCR
from pShuttle-XR9-FKHRA3 or pShuttle-XR9-FKHRA3-
mDBD, using primers 5 0 AACACGTGCGCAAGAG-
CAGCTCG 30 and 50 GTACTCCAGTTATCAAAGTCAT-
CATTGCTGTG 30, was digested with BlnI and PmlI for
insertion into pShuttle-XR9-FKHRA2FP to create pShut-
tle-XR9-FKHRA2-delNH or pShuttle-XR9-FKHRA2-
delNH-mDBD respectively.

pShuttle-PGRA-myc was created as previously
reported (Sriraman et al. 2005).
Journal of Molecular Endocrinology (2007) 38, 673–690
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The mouse IGFBP-1 luciferase reporter construct
pGL3-mIGFBP1 was created by first amplifying a
segment of the mouse IGFBP-1 promoter (Accession
no. X67493;C466 thru C877) from genomic DNA
by the PCR, using the primers 5 0 TTACTAG-
TTCTGTTCTTTCTTTAGTCGCTTAGG 3 0 and 5 0 GTA-
GATCTCAATGGTGGTCACAGCTC 3 0. The amplicon,
which contained a 52 bp insert atC813 of the sequence
reported under Accession no. X67493, was then
digested with SpeI and BglII for ligation into NheI/
BglII-digested pGL3-Basic.
Luciferase reporter assays

Cells were plated in 12-well dishes at 5.0!104 cells/well
(COS-1 cells) or at 1.0!106 cells/well (primary GC;
Sriraman et al. 2003). All transfections were performed
in triplicate with Fugene 6 (Roche) as prescribed by the
manufacturer, using 500 ng/well of the indicated
reporter plasmid, 50 ng/well of pRL-TK (Promega),
the indicated amount/well of other vectors, and a 3:1
ratio of Fugene 6:total plasmid. Empty expression
vectors for PGRA or ERS1 and for the FOXO1a mutants
were added as necessary to equalize the total amount of
plasmid transfected per well. Unless otherwise indi-
cated, 36–48 h after transfection, the cells were treated
for 4 h with 10 nM R5020, 100 nM estradiol, or vehicle
(ethanol) and then lysed with buffer containing
200 mM Tris (pH 7.5) and 0.1% Triton X. Firefly and
Renilla luciferase assays were conducted separately on
the lysate from each well.
PGRA-GST pull-down assays

Adenovira vectors expressing FOXOA3 and FOXOA3-
mDBD were gifts from Dr William Sellers (Harvard
Medical School). FOXOA3-mNID was created accor-
ding to the protocol for the BD-Adeno-XTM Expression
System (BD Biosciences Clontech) using pShuttle-XR9-
FOXOA3-mNID as the shuttle construct. To obtain cells
expressing significant amounts of FOXOA3, FOXOA3
DBD mutant, and FOXOA3 NID mutant proteins,
adenoviral vectors were expanded and tested to verify
the absence of replication competence adenovirus
according to established procedures and with the
assistance of the Vector Core Laboratory at Baylor
College of Medicine (Dr Alan R Davis, Director;
http://vector.bcm.tmc.edu). COS cells, infected with
adenoviral vectors at moi15:1, and expressing the
indicated FOXOA3 proteins, were harvested and cell
extracts prepared in lysis buffer (50 mMHepes (pH7.5),
150 mM NaCl, 1.5 mM MgCl2, 5 mM EDTA, 10%
glycerol, 1% Triton X-100, 100 mM NaF, 1 mM
Na3VO4, 10 mM Na4P2O7, and 0.5% Sigma protease
inhibitor cat # P8340). To minimize Triton X-100 in the
Journal of Molecular Endocrinology (2007) 38, 673–690
incubations, the lysates were diluted at a ratio of 1:10 in
TEDGN (10 mM Tris (pH 8.0), 1 mM EDTA, 1 mM
dithiothreitol (DTT), 10% glycerol, 100 mM NaCl)
containing 1 mg/ml BSA immediately prior to use.
Extract from Sf-9 cells expressing recombinant GST-
PGRA (obtained from the Protein Core Laboratory at
Baylor College ofMedicine; DrDeanEdwards, Director)
was dialyzed against 20 mM Tris (pH 7.8), 50 mM NaCl,
10% glycerol, 1 mM DTT, and 1 mM phenylmethylsul-
phonyl fluoride and clarified by centrifugation. The
dialyzed extract was diluted at a ratio of 1:10 with
TEDGN (10 mMTris (pH8.0), 1 mMEDTA, 1 mMDTT,
10% glycerol, 100 mM NaCl) containing 1 mg/ml BSA.
Diluted extract (0.5 ml containing an estimated 2 mg
GST PGRA) was incubated with 40 ml of a 1:1 slurry of
glutathione sepharose beads (GE/Amersham) in
TEDGN in siliconized Eppendorf tubes. Control gluta-
thione sepharose beads were incubated with 2 mgGST in
1 mg/ml BSA in TEDGN. Beads were washed with
TEDGN to remove unbound protein. PGRA-bound or
control GST-bound beads were then incubated with
0.5 ml diluted FOXO1 extracts for 1 h at 48 on a rotating
shaker, washed four times with TEDGN, transferred to
fresh tubes, and washed two additional times prior to
extraction with 40 ml of 2! SDS sample buffer. The
eluted factors were analyzed by western blotting with the
FOXO-specific antibody.
Statistical analyses and computations

All statistical computations were performed with
Microsoft Excel 2000 software. Results were compared
for statistical significance using a two-sample, equal
variance (homoscedastic) Students t-test returning two
distribution tails and setting the threshold of signi-
ficance at P!0.05.
Results

FOXO1a mutants differ widely in their ability to
activate a reporter containing an IRS

A diagram of FOXO1a and each mutant that was tested
in this study appears in Fig. 1A. FOXOA3 bears an
alanine substitution for each of the three residues
targeted by PKB, thereby ensuring its retention in the
nucleus (reviewed in Burgering & Kops 2002). All other
mutants herein were derived from FOXOA3, each
when expressed in COS cells was localized to the
nucleus and expressed at similar levels (data not
shown). Specific mutations were generated by mutating
the putative NID (from LXXLL to LXXAA), by deleting
the carboxy-terminal MAD and by using the DBD
mutant with the H215R substitution. Double mutants
were also generated as indicated. In addition,
www.endocrinology-journals.org
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Figure 1 Schematic of FOXO constructs and activity on an IRS-driven promoter. (A) A structural diagram
of wild-type FOXO1a and the different mutants used in this study is shown. Drawn to scale within the
primary structure is the location of the acidic domain (AD), putative repressor domain (RD), potential SH3
domain (SH3), DNA-binding domain (DBD), nuclear localization signal motif (NLS), nuclear export signal
motif (NES), putative nuclear hormone receptor interaction domain (NID), and minimal activation domain
(MAD). Cross marks signify domains disrupted through point mutation. (B) Summarized is the
transactivational ability of the various mutants, measured by a 3xIRS-luciferase reporter. COS cells were
co-transfected in 12-well dishes with a 3xIRS-luciferase reporter (500 ng/well) plus a constitutively active
Renilla expression vector (50 ng/well), and with either an empty vector or with constructs (100 ng/well)
expressing FOXO1a (WT), FOXOA3 (constitutively active FOXO1a), or FOXOA3 mutants. Forty hours
after transfection, cell lysates were prepared and frozen for later assaying. Luciferase activity relative to
Renilla is presented as fold induction over that from the empty vector.
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N-terminal and carboxy-terminal deletion mutants were
generated with or without a mutated DBD.

The transactivational activity of each mutant was
tested by co-transfecting an expression vector of each
one and a 3xIRS-luciferase reporter construct into COS
cells. FOXOA3 and FOXOA3-mNID were functionally
active (P!0.001), relative to the activity of an empty
expression vector (Fig. 1B), whereas wild-type FOXO1a
and FOXOA3 with a deleted MAD (FOXOA3-dMAD)
were minimally active (P!0.05) and all others were
inactive (PO0.05; Fig. 1B).
FOXO1a and PGRA functionally interact on a PGR-

responsive promoter

Having obtained and generated the structural and
functional mutants described in Fig. 1, we next explored
www.endocrinology-journals.org
which regions of FOXO1awere critical for its interactions
with the nuclear hormone receptors, using PGRA and, to
a lesser extent, ERS1 as simplified model systems. The
effects of FOXO1a on the functional activity of PGRA
were examined by co-transfecting FOXOA3, PGRA, or
both, and a PGR-responsive GRE-luciferase reporter
construct into COS cells. As shown (Fig. 2: lanes 2
and 3), FOXOA3 alone had negligible activity, but the
addition of the ligand R5020 caused a slight increase in
the luciferase activity, suggesting that COS cells have a
factor that not only recognizes a GRE but also responds
more strongly in the presence of FOXOA3. Transfection
of PGRAdramatically induced ligand-dependent, but not
ligand-independent, promoter activity (lane 4 compared
with lane 1), confirming earlier observations (Zhao et al.
2001, Doyle et al. 2004). Moreover, when increasing
amounts of FOXOA3were co-expressed with PGRA, each
Journal of Molecular Endocrinology (2007) 38, 673–690
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but the highest dose enhanced hormone-dependent
activation of the GRE-luciferase promoter (lanes 5–8,
compared with lane 4) without altering hormone-
independent activation (lanes 5–8, compared again with
lane 4). FOXOA3 also enhanced ERS1 activation of an
ERE-responsive reporter (data not shown; Fig. 2). Thus,
in this context, FOXOA3 can enhance liganded PGRA
and ERS1 transactivation potential.

Conversely, when increasing concentrations of PGRA
(10, 50, 100 ng) were co-transfected with either
FOXOA3 or FOXOA3-NID, activation of the IRE-Luc
promoter-reporter construct by these FOXO factors was
reduced significantly (P!0.05; data not shown) by
PGRA in a dose-dependent and partially hormone-
dependent manner, confirming studies of others that
nuclear hormone receptors can impact the function of
FOXO1a (Schuur et al. 2001).
Interactions of FOXO1a and PGRA are partly depen-
dent on the NID and MAD

Since the LXXLL motif has been presumed, but not
tested, to be critical for FOXO1a interactions with
nuclear hormone receptors (Heery et al. 2001, Schuur
et al. 2001, Zhao et al. 2001), we next examined the role
of the putative nuclear hormone receptor interaction
domain (NID; LXXLL) by mutating this region to
LXXAA in FOXOA3 (FOXOA3-mNID; Fig. 1). When
FOXOA3-mNID and PGRA were co-transfected, this
mutant was capable of enhancing hormone-dependent
PGRA activity over twofold (Fig. 2B: lane 8 compared
with lane 4), but was much less potent than FOXOA3
(Fig. 2B: lane 8 compared with lane 5). FOXOA3-mNID
also reduced ESR1 activation of an ERE-promoter (data
not shown). These results document that the NID
impacts the ability of wild-type FOXO1a to modulate
PGRA and ESR1 activity but is not the sole region of
FOXO necessary for functional interacts.

Deleting the MAD at the C terminus of FOXO1a
eliminated all but a very low level of FOXO1a transactiva-
tion activity on IRS-containing promoters (Fig. 1, Benni-
celli et al. 1995). However, the extent to which the MAD
supports the function of FOXO1a as a co-regulator has
not been reported. As shown in Fig. 2C, FOXOA3but not
FOXOA3-dMAD enhanced hormone-dependent PGRA
activation (lane 5 compared with lane 4; lanes 6–8,
compared with lane 4). Furthermore, the dMAD mutant
Figure 2 Ligand-dependent PGRA activation of a PRE/GRE-Luc cons
and MAD mutants respectively. COS cells were co-transfected with a
active Renilla expression vector as described in the Materials and me
construct, and the indicated amounts (ng/well) of FOXOA3 (A), FOXO
and a half later, cells were treated for 4 h with vehicle (open bars, KH
Luciferase assay data are presented as the meanGS.E.M. (Firefly lucife
difference from the respectiveCH and KH values in lane 4; (B) ‘a’ and
and 5 respectively. (C) ‘a’ and ‘b’ indicate a significant difference from
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repressedhormone-independent PGRAactivity in a dose-
dependent manner (lanes 6 through 8, compared with
lane 4), suggesting that this mutant acts as a dominant
negative variant for unliganded PGRA. Thus, the MAD is
more essential than the NID for FOXOA3 to enhance
PGRA activity.
The DBDmutant of FOXOA3 strongly enhances PGRA
and ERS1 activity with or without hormone

The FOXODBDmutant (FOXOA3-mDBD) is frequently
used to show that it is an inactive mutant of FOXO1a at
least on IRS promoters (Tang et al. 1999). However, since
this same mutant can regulate the expression of specific
genes (Ramaswamy et al. 2002, Park et al. 2005), we
explored whether the DBD mutant could affect PGRA
activation of the GRE-luciferase reporter. When
FOXOA3-mDBD was co-transfected with PGRA, it
enhanced the hormone-dependent activity of PGRA
beyond that seen with FOXOA3 (Fig. 3A, lanes 6–8
compared with lane 5). Surprisingly, this mutant also
stimulated ligand-independent PGRAactivity to the same
level (lanes 6 through 8). Furthermore, whereas addition
of a PGR antagonist RU486 blocked FOXOA3 enhance-
ment of PGRA activation of luciferase, this compound
failed to alter either ligand-dependent or -independent
activation of PGRA by FOXOA3mDBD (data not shown).

In a similarmanner, when a vector expressingESR1was
co-transfected into COS cells with FOXOA3 or FOXOA3-
mDBD, each enhanced ligand-dependent ESR1 acti-
vation of an ERE luciferase reporter (Fig. 3B, lane 5
compared with lane 4; lanes 6–8 compared with lane 4
respectively). In addition, FOXOA3-mDBD was more
potent than FOXOA3 in increasing the ligand-indepen-
dent activity of ESR1 (lanes 7 and 8 compared with
lane 5). Collectively, these data indicated that the DBD
mutant can activate PGRA and ESR1 in ways that are
clearly distinct from those by which FOXOA3 functions
and appears to mimic ligand activation.
The effects of FOXO1a on PGRA depend on the length
of hormone treatment

An earlier observation that FOXO1a represses PGRA
activity (Zhao et al. 2001) was obtained after a 24 h
incubation with hormone rather than after the 4 h
incubation used throughout this study. This suggested
truct is enhanced by FOXOA3 and reduced or eliminated by NID
PRE/GRE-luciferase reporter plasmid and a constitutively
thods. Also included were 10 ng/well of a PGRA expression
A3-mNID (B), or FOXOA3-dMAD (C) expression vectors. A day
) or the PR agonist R5020 (10 nM; solid bars, CH) and lysed.
rase activity relative to Renilla). (A) ‘a’ and ‘b’ indicate a significant
‘c’ indicate a significant difference from the CH values in lanes 4
the respective CH and KH values in lane 4.
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Figure 3 Amutant of FOXOA3 bearing the H215R mutation in its DNA-binding domain enhances
both the ligand-independent and the ligand-dependent activities of PGRA and ERS1. COS cells
were co-transfected as in Fig. 2 with a GRE reporter construct, a Renilla expression plasmid, and
a PGRA (A) or ERS1 (B) expression plasmid (10 ng/well) as indicated, and an expression plasmid
in the amounts shown (ng/well) for one or more of the specified FOXO1a mutants. A day and a
half later, the cells were given a 4 h treatment with vehicle (open bars in each panel), R5020
(10 nM; solid bars in A), and estradiol (100 nM; solid bars in B). Luciferase assay data are
displayed as in Fig. 2. (A) ‘a’ indicates a significant difference from theCH value in lane 5. (B) ‘a’
indicates a significant difference from the KH value in lane 5.

M D RUDD and others . Functional interactions of FOXO1a and PGRA680
that the effect of FOXO1a on PGRA might also depend
on the duration of hormone treatment. Therefore, a
comparison was made for each of the two periods by
co-transfecting the GRE-Luc construct with PGRA alone
or in the presence of FOXOA3 or FOXOA3-mDBD. To
permit thedurationof vector expression tobe the same in
each treatment (i.e. 40 h total), hormone was added
either 4 h (at 35 h) or 24 h (at 16 h) prior to lysate
preparation. After 4 h treatment with hormone, the
Journal of Molecular Endocrinology (2007) 38, 673–690
activity fromaGREconstructwas threefoldhigher inCOS
cells exogenously expressing both PGRA and FOXOA3
than in cells expressing only PGRA (Fig. 4, lane 3 when
comparedwith lane2).However, after 24 h the hormone-
dependent reporter activity from cells expressing only
PGRA was nearly five times higher (Fig. 4, lane 2
compared with lane 6), indicating increased luciferase
activity. Hormone-dependent activity from cells also
overexpressing FOXOA3 was the same at the two time
www.endocrinology-journals.org
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Figure 4 The effects of FOXOA3 and FOXOA3-mDBD on PGRA activity are time-dependent. COS
cells were co-transfected as in Fig. 2 with a GRE reporter construct, a Renilla expression plasmid, a
PGRA expression plasmid where indicated (10 ng/well), and an expression plasmid for FOXOA3 or
FOXOA3-mDBD in the amounts (ng/well) shown. R5020 (10 nM; solid bars, CH) or vehicle (empty
bars, KH) was added 4 h (lanes 1–4) or 24 h (lanes 5–8) before cell lysate preparation, and the same
total time (one and a half days) was allowed between transfection and lysate preparation in each case.
Luciferase assay data are presented as in Fig. 2. ‘a’ indicates a significant difference from the CH
value in lane 2, ‘b’ indicates a significant difference from the KH value in lane 4, and ‘c’ indicates a
significant difference from the CH value in lane 4.
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points (lane3comparedwith lane7;PO0.05).Therefore,
the ultimate effect of FOXO1aonPGRAactivitymay be to
accelerate the acute, rather than elevate the chronic,
response of PGRA to hormone.

The effects of FOXOA3-mDBDon the PGRAactivation
of theGRE-luciferase vector were also time-dependent. In
COS cells overexpressing both FOXOA3-mDBD and
PGRA, reporter activation at 4 h in the absence of ligand
was increased tenfold (Fig. 4, lane 4 compared with lane
2) and was nearly equal to that in the presence of ligand
(lane 4). Similarly, at 24 h ligand-independent activation
of PGRA by FOXOA3-mDBD was still observed (lane 8)
though it was slightly lower than at 4 h (lane 8 compared
with lane 4), whereas ligand-dependent activation of
PGRA by FOXOA3-mDBD was highest at 24 h (lane 8
compared with lane 4). Thus, FOXOA3-mDBD seems to
elevate PGRA activation of the GRE-luciferase construct
in COS cells more persistently and to a higher chronic
level than FOXOA3, suggesting that it may form a more
stable complex and/or recruit specific transcriptional
co-factors at 24 h.
FOXOA3, FOXOA3-mNID, and FOXOA3-mDBD bind
directly to PGRA

To determine if FOXOA3, FOXOA3-mDBD, or the
FOXOA3-mNID mutant proteins could interact directly
www.endocrinology-journals.org
with PGRAprotein, adenoviral vectors expressing each of
these mutants were generated and used to infect COS
cells. Cell lysates prepared from the infected cells were
mixedwithPGRA-GST-expressedprotein for use in aGST
pull-downassay.Cells infectedwitheachadenoviral vector
expressed high amounts of FOXO protein as revealed by
western blotting with a FOXO-specific antibody (Fig. 5,
lanes 1–3). However, all three FOXOA3 proteins bound
to the PGRA-GST but not to GST (lanes 4–9). These
results provide the first documentation that the putative
nuclear receptor interacting domain (LXXLL motif) of
FOXOA3 is not essential for FOXO1a binding to PGRA
and that other regions of the protein are involved.
The effects FOXOA3-mDBD on PGRA activity depend

partly on the NID but not MAD

Since the NID and MAD domains were critical for full
activation of PGRA by FOXOA3, we next determined if
these domains contributed to the function of the DBD
mutant by generating double mutants (FOXOA3-
mDBD/NID and FOXOA3-mDBD/dMAD). When
FOXOA3-mDBD/NID was co-transfected with PGRA, it
showed ligand-independent activity (Fig. 6A lanes 6
through 8, compared with lane 4) as does FOXOA3-
DBDmutant (Fig. 3A), but was less potent than FOXOA3
in enhancing the ligand-dependent activation of PGRA
Journal of Molecular Endocrinology (2007) 38, 673–690
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Figure 5 FOXOA3, FOXOA3-DBD, and FOXOA3-NID mutant proteins bind PGRA. COS cells were
infected with adenoviral vectors (moi 15:1) expressing FOXOA3, FOXOA3-DBD, and FOXOA3-NID
mutant proteins for 24 h. Cell lysates were prepared and mixed with PGRA-GST or GST in a GST pull-
down assay as described in Materials and methods. Western blots using a FOXO1a-specific antibody
(1:1000) show the relative expression of FOXO in the diluted cell lysates (2.5% of input; lanes 1–3) and
demonstrable and highly specific FOXO protein binding following incubation with and elution from PGRA-
GST. FOXOA3 (lanes 5) and FOXOA3-mDBD (lane 7) as well as FOXOA3-mNID (lane 9) selectively
bound PGRA-GST when compared with GST controls (lanes 4, 6, and 8). The experiment was repeated
three times with similar, reproducible results.
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(Fig. 6A, lanes 6 through 8 compared with lane 5).
Therefore, the NID contributes partly to FOXO1a
interactions with PGRA, but is not the sole mediator of
these interactions. In marked contrast, a double mutant
lacking the MAD and bearing a disrupted DBD
(FOXOA3-dMAD/mDBD) mimicked the DBD mutant.
Specifically, this double mutant enhanced not only the
hormone-dependent but also the hormone-independent
activity of PGRA (Fig. 6B, lanes 6 through 8, compared
with lane 4). These results show that the stimulatory
effects of FOXOA3-mDBD on PGRA occur indepen-
dently of the MAD but require the NID.
Ligand-independent activation of PGRA by FOXOA3-

mDBD resides primarily in the DBD and in the region

between the DBD and the MAD

Since the functional interactions of FOXOA3mDBD with
PGRA appeared to occur even in the absence of theMAD,
additional mutants that lacked the C terminus (FOX-
OA2dC; FOXOA2dC-mDBD) or the N terminus (FOX-
OA2dN; FOXOA2dN-mDBD) were generated and
analyzed. FOXOA2dCor FOXOA2dCmDBDdramatically
repressed both hormone-independent and -dependent
PGRAactivity (Fig. 6C, lanes4and5comparedrespectively
with lane 1). FOXOA2dN repressed hormone-dependent
activity although thismutant retained an intactMAD(lane
6 compared with lane 1). However, the mutant DBD
variant of FOXOA2dN (FOXOA2dN-mDBD) facilitated
Journal of Molecular Endocrinology (2007) 38, 673–690
ligand-dependent and ligand-independent activities,
similar to FOXOA3mDBD (lane 7 compared with lane
3). Thus, ligand-independent activation of PGRA by a
DBD mutant occurs without the N terminus but not
without the entire C terminus (lane 7 compared with lane
3 vs 5 compared with lane 3). These data localize the
ligand-independent effects of FOXOA3-mDBD primarily
to the DBD and a region between the DBD and theMAD,
probably the NID.
The behavior of FOXOA3-mDBD is not merely an
artifact created by a specific mutation in the DBD

We next analyzed if the observed functions of FOXOA3-
mDBD and -mDBD/dMAD represented more than a
fortuitous gain of function arising from the H215R
substitution. For this, we generated a FOXOA3
construct in which the N terminus was deleted through
more than half of the DBD but residue H215 was left
unchanged (FOXOA2FP). This mutant also stimulated
PGRA activity in a ligand-independent manner (Fig. 6C,
lane 8 compared with lane 3). These results provide
evidence that the behavior of FOXOA3-mDBD is more
than an artifact of the H215R substitution.
FOXOA3 and FOXOA3-mDBD stimulate a PGRA
mutant lacking the AF1 domain

To address whether or not FOXOA3 could activate a
transcriptionally defective PGRA lacking the AF1
www.endocrinology-journals.org
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Functional interactions of FOXO1a and PGRA . M D RUDD and others 683
activation (Giangrande et al. 1997, Takimoto et al. 2003)
domain but containing the DBD (C/D) and ligand-
bindingdomains (E; Fig. 7A; schematic; PGRA-dA/B), the
activity of PGRAdA/B was analyzed in the presence of
FOXOA3andFOXOA3mDBD.As shown inFig. 7A,PGRA
alone, but not PGRAdA/B, activated the GRE-luciferase
construct (lanes 4 and5 compared, respectively, to lane1).
Nevertheless, FOXOA3 enhanced ligand-dependent and
FOXOA3-mDBD-stimulated ligand-independent acti-
vation of both PGRA and PGRAdA/B to a similar extent
(lane 6 compared with lane 4 versus lane 7 compared with
lane5; lane8comparedwith lane4versus lane9compared
with lane 5 respectively). Thus, FOXOA3 and FOX-
OA3mDBD activation of PGRA is not dependent on the
AF1 domain. Rather, the FOXO factors appear capable of
substituting for this domain.

Since PGRA and PGRB exert different functional
activities in vivo, we next determined if FOXOA3 or its
DBDmutant exhibited similar ordifferent activities in the
presence of PGRB (Fig. 7B). As in previous experiments,
FOXOA3enhanced the activity of ligandedPGRA (lane 5
compared with lane 4) and the FOXOA3-DBD mutant
enhanced ligand-independent activation of PGRA (lane
6). Although FOXOA3 did not enhance liganded PGRB
(lane 8 compared with lane 7), the DBD mutant did
enhance ligand-independent activation of PGRB (lane
9). When cells were co-transfected with PGRB lacking a
functional DBD, neither FOXOA3 nor FOXOA3-DBD
activated luciferase activity about that observed in cells
without PGR vectors (lanes 10–12 comparedwith lanes 1–
3). Thus, the ability of the FOXOA3-DBD mutant to
enhance PGR activity is not isoform-specific, but does
dependon the presenceof PGR capable of binding to the
GRE promoter region within the luciferase reporter
construct.
FOXO1a and PGRA functionally interact on the Igfbp
promoter

The mouse Igfbp1 promoter, like the human promoter, is
a known target of FOXO factors and PGRA and contains a
FOXO response element (IRS) flanked by two consensus
PREs known to bind PGRA (Gao et al. 1999, 2000;
Fig. 8A). Furthermore, the Igfbp1 gene is induced by
FOXOA3 but not by its DBD mutant (Ramaswamy et al.
2002). Therefore, this promoter was selected as a
potentially ideal system with which to test the effects of
FOXOA3 and FOXOA3-mDBD on the activities of PGRA
and PGRAdA/B on PRE sites within a natural promoter.
Co-transfection analyses revealed that PGRA and
PGRAdA/B exhibited little activity with or without ligand
(Fig. 8B, compare lanes 4 and 9 respectively, with lane 1)
indicating that the PRE sites were functionally weak.
FOXOA3 and surprisingly FOXOA3-mDBD alone
induced somewhat more activity (lanes 2 and 3
respectively, compared with lane 1). However, FOXOA3
www.endocrinology-journals.org
robustly enhanced hormone-dependent and hormone-
independent activation of both PGRA and PGRAdA/B
(lanes 5, 6 and 10, 11 respectively, compared with lanes 2
and 3). Since reporter activity was greater with FOXOA3
in the presence of PGRA-dA/B than with PGRA (lanes 10
and 11, compared with lanes 5 and 6, respectively), the
activation function-1 (AF-1) domain of PGRAmay actually
limit the ability of PGRA in this context. Like FOXOA3,
the DBD mutant retained its ability to enhance
unliganded PGRA. However, it failed to enhance ligand-
dependent activity on the Igfbp1 promoter (compare
lanes 8 and 6) and was less potent than FOXOA3 in
activating PGRAdA/B. These results indicate that the
interactions of FOXOA3 and FOXOA3-mDBD with
PGRA and PGRAdA/B differ on this promoter.
FOXOA3 co-regulates PGRA in GC

Since FOXO1a is highly expressed in ovarian GC
coordinantly with ERS1/2 and PGRA (Richards 2001,
Richards et al. 2002a,b Sriraman et al. 2003), we explored
the effect of FOXO1a on PGRA activity in these cells
(Fig. 9). As shown, reporter activity was negligible when
vectors expressing FOXOA3, FOXOA3-mDBD, or
FOXOA3-mNID were co-transfected into GC with the
GRE-luciferase construct (Fig. 9A, lanes 2, 3 and 4
respectively). However, PGRA markedly stimulated
reporter activity (lane 5 compared with lane 1). When
FOXOA3 was co-transfected with PGRA, it reduced
ligand-stimulated PGRA transactivation at 100 ng (lane
7 compared with lane 5) but not at 10 ng (lane 6
compared with lane 5), whereas co-transfection with
FOXOA3-mDBD markedly enhanced basal and ligand-
dependent activation by PGRA (lane 8 compared with
lane 5). In contrast, FOXOA3-mNID significantly
reduced ligand-induced activity by PGRA (lane 9
compared with lane 5). Thus, functional interactions of
FOXOA3-mDBD and FOXO-NID with PGRA in GC are
similar to those observed in COS cells, whereas FOXOA3
is less active and even slightly inhibitory.

When activation of the Igfbp1 promoter was analyzed
in GC, liganded PGRA induced the promoter (Fig. 9B,
lane 4 compared with lane 1). Although FOXOA3
strongly enhanced ligand-dependent activation of the
promoter by PGRA (lanes 5 and 6 compared with
lane 4), FOXOA3-mDBD had no detectable effect on
PGRA activity (lanes 7 and 8, compared with lane 4).
Thus, the effects of PGRA and FOXOA3 but FOXOA3-
mDBD on the Igfbp1 promoter in GC were similar but
much less robust than those observed in COS cells.
Discussion

This systematic analysis of how specific FOXOA1
mutants can interact functionally with PGRA and
Journal of Molecular Endocrinology (2007) 38, 673–690
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ESR1 on simple and more complex promoters provides
several novel results. Specifically, we show that FOXOA3
enhances hormone-dependent (but not hormone-
independent) activation of PGRA on a PRE-responsive
promoter and of ESR1 on an ERE-responsive reporter.
These effects are dependent on both the time of
exposure to hormone and the amount of FOXOA3
vector present. Although the NID LXXLL motif is
conserved in FOXO family members and has been
presumed to be critical for FOXO1a interactions with
nuclear hormone receptors (Zhao et al. 2001), our
results document for the first time that mutation of this
domain does not prevent FOXO binding to PGRA in a
GST pull-down assay. However, since the FOXOA3-
mNID was less active than FOXOA3 in enhancing
PGRA activation, it probably facilitates the recruitment
of other key co-regulatory factors to the transcription
complex. These results suggested that regions other
than and in addition to the NID were critical for FOXO-
mediated transcriptional regulation of PGRA. Impor-
tantly, one of these other domains is the MAD, which we
document is essential to potentiate FOXOA3 activation
of PGRA on a GRE reporter. That an N-terminal
truncation mutant of FOXOA3 (that retains the DBD)
not only exhibits diminished activity on an IRS reporter
but also shows reduced activation of PGRA activity
indicate that the N-terminal region also harbors
functional sites, presumably those which recruit specific
co-regulatory factors.

In striking contrast, the DNA-binding defective
FOXOA3 modulated PGRA and ESR1 activities by
mechanisms distinctly different from those of
FOXOA3. Specifically, FOXOA3-mDBD markedly
elevated not only ligand-dependent but also ligand-
independent activities of these nuclear hormone
receptors on their consensus promoter elements. This
effect was observed not only in COS cells but also in
ovarian GC. Moreover, the enhancing effect of
FOXOA3-mDBD on PGRA activation of a GRE-
promoter persisted longer in the presence of hormone
than does the effect of FOXOA3. Moreover, this distinct
behavior of the DBDmutant occurred independently of
the MAD, a region essential for FOXOA1 function on
IRS containing promoters and for FOXOA3 activation
of PGRA (Figs 1 and 2). This behavior also persisted in
the DBD mutant lacking the N-terminal domain. It is
difficult to believe that a mutant of FOXOA3 lacking
Figure 6 Mutations of NID, MAD, and N-terminal and C-terminal deleti
full-length FOXOA3 and FOXOA3-mDBD. COS cells were co-transfect
plasmid, a PGRA expression plasmid (where indicated in A and B, in ea
(ng/well) for the specified FOXO1a mutants. One and a half days late
(10 nM; solid bars). Luciferase assay data are presented as in Fig. 2. (A
(B) ‘a’ and ‘b’ indicate a significant difference from the respective CH
difference from the respectiveCH andKH values in lane 1, and ‘c’ and
H values in lane 3.
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these domains retains more than a small fraction of the
transcriptional activity of FOXOA3. Thus, it appears
that the ability of FOXOA3-mDBD to enhance PGRA
and ERS1 activities on their consensus promoter sites is
entirely independent of DNA binding and the MAD.
The molecular mechanisms by which the H215R
mutation alters FOXOA3 function could involve the
unmasking of a co-regulator activity or the silencing of a
repressor site within the DBD itself. Regardless of the
mechanism through which FOXOA3-mDBD may
operate, it is clear that the results of any experiment
in which FOXOA3-mDBD is used as a negative control
must be interpreted with caution. Our observations
clearly reinforce previous findings that this form of
FOXO1a is not transcriptionally inert (Ramaswamy
et al. 2002). Rather our study demonstrates that,
depending on promoter context, it can potently
activate at least two nuclear hormone receptors.

We also show that FOXOA3 and FOXOA3-mDBD
markedly stimulated a transcriptionally defective PGRA
mutant lacking the AF1 activation domain (PGRdA/B),
suggesting that the AF1 domain is not essential for
FOXOA3 enhancement of PGRA on a GRE-driven
reporter. However, the potency of FOXOA3 and the
DBD mutant on the activities of PGRA and PGRAdA/B
was promoter specific. When the Igfbp1 promoter (that
has an IRS flanked by two PREs) was analyzed in COS
cells and GC, FOXOA3 was more potent than the
FOXOA3 DBD mutant in activating PGRA and this
effect of FOXOA3 was enhanced with PGRAdA/B. The
basis for this switch in the relative potencies of
FOXOA3 and its DBD mutant is not entirely clear, but
probably depends on the ability of FOXOA3 (but not
FOXO-mDBD) to bind the IRS within the Igfbp1
promoter. In addition, since PGRA alone, with or
without hormone, had only a minimal effect on the
Igfbp1 promoter, it appears that FOXO1a is a much
more potent regulator of this promoter and either
recruits or stabilizes PGRA on the adjacent PREs or
recruits other important regulatory factors that can also
interact with PGRA. This was not anticipated in our
selection of this promoter. Indeed, we selected the
Igfbp1 promoter as a model to confirm that although
FOXOA3-mDBD would be unable to bind and activate
this promoter, it would retain its enhancing effects on
PGRA. That this was not observed suggests that other
ons have different effects on the enhancement ability displayed by
ed as in Fig. 2 with a GRE reporter construct, a Renilla expression
ch case in C), and with expression plasmids in the amounts shown
r, the cells were treated for 4 h with vehicle (open bars) or R5020
) ‘b’ indicates a significant difference from theKH value in lane 4.
and KH values in lane 4. (C) ‘a’ and ‘b’ indicate a significant
‘d’ indicate a significant difference from the respectiveCH andK
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Igfbp1 promoter regions and/or other interacting
factors potently modify the activity of FOXOA3-mDBD.

Also surprising was the enhanced effect of FOXOA3
with the AF-1 PGRA mutant on the Igfbp1 promoter.
Journal of Molecular Endocrinology (2007) 38, 673–690
This result indicates that the AF-1 region of PGRA has
the potential to mediate negative effects on FOXOA3-
PGRA functions. This may provide a molecular basis for
the observed repressive effects of PGRA and ERS1 on
www.endocrinology-journals.org
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Figure 8 FOXOA3 and PGRA functionally interact on an IGFBP-1 promoter-reporter construct, but
FOXO1a induces the reporter more strongly with PGRAdA/B than with wild-type PGRA. (A) Schematic of
the mouse and human IGFBP1 promoters showing conserved IRS and PRE sites. (B) COS cells were
co-transfected with the IGFBP1 promoter-Luc vector and either PGRA (lanes 2–8) or PGRAdA/B (lanes 9–
13) and were treated 36 h later with R5020 for 4 h. Luciferase assay data are presented as in Fig. 2. (B) ‘a’
indicates a significant difference from theCH value in lane 1, ‘c’ indicates a significant difference from theC
H value in lane 2, ‘d’ indicates a significant difference from theKH value in lane 3, ‘e’ indicates a significant
difference from theCH value in lane 5, and ‘g’ indicates a significant difference from theCH value in lane 6.
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the FOXO activation of an IRS promoter (data not
shown; (Schuur et al. 2001)). PGRA and ERS1 can act as
co-regulatory molecules that enhance the functional
activity of other transcription factors, such as SP1 and
AP1 (McKenna & O’Malley 2002, Doyle et al. 2004,
Baron et al. 2007 and references therein). Therefore,
the cumulative effect of PGRA and FOXO1a on the
complex Igfbp1 promoter may reflect the sum of these
two opposing activities, positive actions of FOXOA3
with PGRA on the PRE site(s) and negative regulation
of FOXOA3 on the IRS site. Other promoter regions
and factors are also likely to impact PGRA and FOXOA3
activity on the Igfbp1 promoter. These other factors and
Figure 7 The AF1 domain of PGRA plays no part in the action of FOXO
with FOXOA3-mDBD. COS cells were co-transfected with a PRE/GR
expression vector as described in the Materials and methods. Also inclu
wild-type PGRA or a mutant of PGRA lacking the AF-1 domain (A) PGR
graph) and the indicated amounts of expression vector for FOXOA3 or
4 h treatment with R5020 (10 nM; solid bars) or vehicle (open bars) and
and ‘b’ indicate a significant difference from the respectiveCH andKH
respectiveCH and KH values in lane 4, and ‘e’ and ‘f’ indicate a signi
(B) ‘a’ indicates a significant difference from KH values in lanes 5 and

www.endocrinology-journals.org
regions appear to have greater impact on the activation
of the Igfbp1 promoter in GC than in COS cells.

Determining specific functional domains of
FOXO1a is important for understanding how this
factor impacts gene expression in FOXO1a-expres-
sing cells, including ovarian GC. Although FOXO3a
null mice are infertile and exhibit accelerated
follicular development (Castrillon et al. 2003, Hosaka
et al. 2004). FOXO1a null mice are embryonically
lethal partly due to vascular defects (Furuyama et al.
2004, Potente et al. 2005), therefore relatively little is
known about how this FOXO factor impacts specific
GC functions in vivo (Richards et al. 2002b,
A3 or FOXOA3-mDBD on PGRA activity and PGRB also interacts
E-luciferase reporter plasmid and a constitutively active Renilla
ded in the transfections were 10 ng/well expression constructs for
B or a mutant of PGRB lacking the DBD (B; see schematic above
FOXOA3-mDBD. After a day and a half, the cells were provided a
then lysed. Luciferase assay data are presented as in Fig. 2. (A) ‘a’
values in lane 1, ‘c’ and ‘d’ indicate a significant difference from the
ficant difference from the respectiveCH andKH values in lane 5.
8, ‘b’ indicates a significant difference from CH in lanes 4 and 7.
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Figure 9 The effects of FOXOA3 and FOXOA3-mDBD on PGRA activity are cell-type and
promoter-specific.Granulosacells from theovaries ofestrogen-primed ratswere co-transfected,as
also described in the Materials and methods, with a PRE/GRE-luciferase reporter plasmid (A) or a
mouse IGFBP-1 reporter plasmid (B), and a constitutively active Renilla expression vector. Also
included, at 10 ng/well with the GRE reporter or 2.5 ng/well with the IGFBP-1 construct, was an
expression construct for wild-type PGRA. Further included was an expression vector for one or
another of the indicated FOXO1amutants, in the amounts shown above (ng/well). Between 12 and
16 h after transfection, the cells were given R5020 (10 nM; solid bars) or vehicle (open bars), and
4 h. Luciferase assay data are presented as in Fig. 2. (A) ‘a’ and ‘b’ indicate a significant difference
from the respectiveCHandKHvalues in lane1, and ‘c’ and ‘d’ indicate a significant difference from
the respectiveCH andKH values in lane 5. (B) ‘a’ indicates a significant difference from theCH
value in lane 1, and ‘c’ indicates a significant difference from theCH value in lane 4.
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Cunningham et al. 2004, Park et al. 2005). The results
described herein provide some basic information for
guiding the interpretation of further studies designed
to delineate the complex mechanisms by which
FOXO1a regulates gene expression in a variety of
cells. Specifically, our observations document that the
constitutively active A3 form of FOXO1a acts as a
potent co-regulatory molecule to modify the tran-
scriptional activity of PGRA on a GRE-responsive
promoter and on the Igfbp1 promoter and that the
effects of FOXOA3 are partly dependent on an intact
NID, MAD, and N-terminal domain. Although the
effects of FOXOA3 on PGRA activity are time-, cell-,
and promoter-specific, in most contexts the effects
were positive and ligand-dependent. Moreover, our
study demonstrates that although the DNA-binding
defective form of FOXOA3 is inactive on IRS-
containing promoter elements, it is a functional
protein capable of exerting co-regulatory activity on
nuclear hormone receptors. Specifically, FOXOA3-
mDBD potently activated (on consensus promoter
elements) at least two nuclear hormone receptors
independently of ligand and its own MAD and to a
lesser extent the LXXLL NID on their consensus
promoters. In this regard, these mutants have the
potential to be novel tools to identify the targets of
FOXO1a action that are effected independently of
FOXO1a DNA binding and its MAD. Thus, future
comparisons of the effects of FOXOA3 and FOXOA3
DBD mutants on endogenous genes in different cell
types should permit the identification of new FOXO
targets and functions that occur independently of
DNA-binding activity.
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