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The POU homeodomain protein Oct-4 and the Forkhead Box
protein FoxD3 (previously Genesis) are transcriptional regulators
expressed in embryonic stem cells. Down-regulation of Oct-4
during gastrulation is essential for proper endoderm development.
After gastrulation, FoxD3 is generally down-regulated during early
endoderm formation, although it specifically remains expressed in
the embryonic neural crest. In these studies, we have found that
Oct-4 and FoxD3 can bind to identical regulatory DNA sequences.
In addition, Oct-4 physically interacted with the FoxD3 DNA-
binding domain. Cotransfection of Oct-4 and FoxD3 expression
vectors activated the osteopontin enhancer, which is expressed in
totipotent embryonic stem cells. FoxA1 and FoxA2 (previously
HNF-3� and HNF-3�) are Forkhead Box transcription factors that
participate in liver and lung formation from foregut endoderm.
Although FoxD3 activated the FoxA1 and FoxA2 promoters, Oct-4
inhibited FoxD3 activation of the FoxA1 and FoxA2 endodermal
promoters. These data indicate that Oct-4 functions as a corepres-
sor of FoxD3 to provide embryonic lineage-specific transcriptional
regulatory activity to maintain appropriate developmental timing.

L ineage commitment and differentiation of embryonic stem
(ES) cells is controlled by regulatory genes that mediate

permanent phenotypic change. These regulatory genes are often
transcriptional regulators that activate or repress patterns of
gene expression that create the phenotypic change seen during
stem cell differentiation (1, 2). These transcription factors can
not only mediate phenotypic maturation during a particular
developmental stage but also regulate expression of the tran-
scription factors that are important in the next stage of embry-
ogenesis (1, 2). Although the regulation of the initial decisions
in ES cell differentiation is only beginning to be understood,
transcriptional regulators clearly also play important roles in cell
lineage commitment and stage progression (3).

Transcriptional regulators can exhibit tissue-specific expres-
sion, and they can be sorted into related families on the basis of
conserved amino acid sequences of their DNA-binding domains
(4). Oct-4 and FoxD3 (previously Genesis) are two transcrip-
tional regulators whose expression is highly limited to ES cells.
Fox D3 is a member of the Forkhead Box (Fox) family (5), which
has a winged-helix DNA-binding structure (6). This family is
strongly implicated in early embryonic lineage decisions, espe-
cially for development of the endoderm and subsequent
endodermal organogenesis (1). For example, other Fox family
members, FoxA1 (previously HNF-3�) and FoxA2 (previously
HNF-3�) are critical for the embryonic development of
endodermal foregut organs such as the liver and lung (1).

Oct-4 is a member of the POU homeodomain family of
transcriptional regulators also known to be critical in embryonic
development (2). Oct-4 is expressed almost exclusively in ES cells
before implantation, and is down-regulated at the blastocyst

stage and gastrulation, where somatic lineages are first defined,
whereas FoxD3 remains active at that stage (7). The level of
Oct-4 expression drives the decision of the blastocyst to form
ultimately either embryonic or extraembryonic tissue (2, 8).
Specifically, high levels of Oct-4 designate cells to become
extraembryonic mesoderm or endoderm such as the yolk sac,
normal Oct-4 levels maintain an ES cell totipotentiality, and low
levels designate cells to become trophoectoderm, such as the
placenta (8). In multiple in vitro systems, Oct-4 down-regulation
is essential for mammalian ES cells to differentiate to defined
lineages (2, 8). Although only a few targets of Oct-4 transcrip-
tional regulation are known (2, 8), Oct-4 can function as a homo-
or heterodimer on palindromic octamer DNA sequences (classic
consensus ATTTGCAT) to repress or activate transcription
according to flanking sequence or chromatin structure (2). For
example, Oct-4 activates expression of fibroblast growth factor-4
and osteopontin in ES cells, but represses the �-human chorionic
gonadotropin promoter in ES cells (2). Oct-4 may require
interacting factors such as Sox-2 or E1A to mediate transcrip-
tional activation (2). Both Oct-4 and FoxD3 expression is
down-regulated by the differentiating agent retinoic acid, which
tends to drive undifferentiated cells to express neural markers (2,
5, 7, 8).

The most fundamental decision an ES cell makes is whether
to remain totipotent, or to differentiate. Continued Oct-4 ex-
pression is postulated to play a critical role in maintaining the
totipotent state of ES cells by maintaining activation of appro-
priate primitive genes, and by repressing more differentiated
lineage-specific promoters (2, 8). However, few such lineage-
specific targets are known, and the mechanism by which Oct-4
might mediate such regulation is not known.

In this study, we found that FoxD3 and Oct-4 both bound to
and transcriptionally activated the osteopontin enhancer, which
is expressed in ES cells. However, although FoxD3 bound to and
activated the promoters of the early endodermal transcription
factors FoxA1 and FoxA2, Oct-4 completely inhibited this
activation by physically interacting with the DNA-binding do-
main of FoxD3. However, Oct-4 on its own did not bind to or
activate the FoxA1 or FoxA2 promoters. Thus, Oct-4 can prevent
ES cell lineage differentiation gene expression cascades by
functioning as a corepressor of lineage-specific transcription
factors such as FoxD3.

Abbreviations: ES, embryonic stem; GST, glutathione S-transferase; EMSA, electrophoretic
mobility-shift assay.
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Materials and Methods
Reporter Assays. All transfections were performed in the human
embryonic kidney 293 cell line by using calcium phosphate as
described (9). Transfection efficiencies were normalized with a
Rous sarcoma virus-�-galactosidase expression vector. DNA
concentrations transfected were normalized by using empty
expression vectors. Cells were harvested 48 h after transfection,
and luciferase activity was measured by using Galacto-Light Plus
according to the manufacturer’s instructions (Amersham Phar-
macia). Chloramphenicol acetyltransferase (CAT) activities
were measured by using [14C]chloramphenicol and acetyl-CoA
as we described (10). The expression vectors for PJ6-Fox D3,
pCMV-Oct-4, pCMV-HNF3� (here FoxA1), and pCMV-
HNF3� (here FoxA2) have been described (5, 11–13). The
reporter constructs 6PORE-luciferase, HNF-3�-CAT (here des-
ignated FoxA1-CAT), and HNF3�-CAT (here FoxA2) have also
been described (11–13). Winged-helix�Forkhead gene nomen-
clature is described at www.biology.pomona.edu�fox.html.

Recombinant Protein Production. The Forkhead box DNA-binding
domains of FoxA1, FoxA2, and FoxD3 were cloned into the
expression vector pGEX2T, and glutathione S-transferase
(GST) fusion protein was expressed in BL21(DE3)plysS Esch-
erichia coli and purified to homogeneity on a glutathione-
Sepharose column as we described (14). The Oct-4 cDNA was
cloned into pET24-TEV-His-6 expression vector, expressed in
BL21(DE3)plysS E. coli, and purified to homogeneity on a
Ni-NTA agarose column as we described (11).

Electrophoretic Mobility-Shift Assays (EMSAs). The duplex
oligonucleotide probes used were as follows: 6PORE, 5�-
AAGTTAAAATCACATTTGAAATGCAAATGG (os-
teopontin enhancer sequence; refs. 11 and 15); FoxA1,
5�-TTACACTGCTTTGTAAACAAAGTGAGGG (Forkhead
box in the FoxA1�HNF-3� promoter; ref. 12); and FoxA2,
5�-CACCTACTGCCCTGTTTGTTTAGTTACG (Forkhead
box in the FoxA2�HNF-3� promoter; ref. 13). Purified protein
was incubated in 25 �l of binding buffer [10 mM Hepes, pH
7.9�60 mM KCl�1 mM EDTA�7% glycerol�0.25 mg/ml BSA�
100 �g/ml poly(dI-dC)�8 mM DTT�4% FCS] with or without
unlabeled competing duplex oligomer probe on ice for 15 min.
The sample was then incubated with 104 cpm of 32P-labeled
probe at room temperature for another 15 min. Samples were
then electrophoresed on a prerun 5% nondenaturing polyacryl-
amide gel (acrylamide�bisacrylamide, 29:1) in 0.5� TBE buffer
(1� � 90 mM Tris�64.6 mM boric acid�2.5 mM EDTA, pH 8.3)
at 10 V�cm. The gel was dried and autoradiographed at �70°C
overnight.

Immunoprecipitation. For the GST pull-down experiments, 10 ng
of GST-FoxD3 fusion protein was incubated with 10 ng of
Oct-4-His protein for 20 min at room temperature in 100 �l of
Tris-buffered saline. The sample was then mixed with glutathi-
one-Sepharose for 20 min at room temperature. The sample was
washed three times in Tris-buffered saline and boiled in 1�
protein-loading buffer for 5 min. Denatured samples were run on
an SDS�polyacrylamide gel at 200 V for 30 min. Protein was
transferred to a poly(vinylidene difluoride) membrane and
blocked with 5% nonfat milk for 1 h. For the GST in vitro
pull-down, Oct-4 protein was detected by 1:2,500 dilution of
anti-Oct-4 antibody by using chemiluminescence (Amersham
Pharmacia) as we described (16). The GST pull-down mem-
branes were stripped by boiling in 1� SSC�0.1% SDS�200 mM
Tris, pH 6.8, and reprobed with anti-GST at a 1:5,000 dilution as
a control. For the in vivo immunoprecipitation, 10 �g of the
FoxD3 expression vector and 10 �g of the Oct-4 expression
vector were cotransfected as above into 293 cells, cell lysates

obtained after 48 h, and incubated on ice with 1:500 Oct-4
antisera for 30 min. After adding protein G beads and gently
rocking for 30 min, the sample was microcentrifuged, and the
beads were washed three times with Tris-buffered saline. After
boiling in 1� protein-loading buffer, the sample was electro-
phoresed as above on an SDS�polyacrylamide gel, and trans-
ferred as above to a poly(vinylidene difluoride) membrane. The
presence of FoxD3 immunoprecipitated with Oct-4 was detected
by 1:1,000 dilution of FoxD3 antibody by using chemilumines-
cence (16).

Results
Sequence-Specific DNA Binding of Oct-4 and FoxD3. On the basis of
previous studies, we had noted that the nucleotide-binding
sequences of FoxD3 and Oct-4 were similar (5, 11, 15). There-
fore, EMSA was used to study the DNA-binding specificity of
purified recombinant FoxD3 and Oct-4 protein. Radiolabeled
duplex oligonucleotides were incubated with either Oct-4 or
FoxD3 alone or together, and then electrophoresed on nonde-
naturing polyacrylamide gels to visualize the slowly migrating
protein–DNA complexes. In Fig. 1 A and B, EMSA shows the
decreased mobility of the osteopontin enhancer duplex radio-
labeled oligonucleotide (6PORE) when bound either FoxD3 or
Oct-4. These protein–DNA complexes were shown to be specific
by competition with unlabeled 6PORE but not with random
duplex oligonucleotide. When FoxD3 and Oct-4 were both
incubated together with labeled 6PORE, the mobility of the
protein-DNA complex did not decrease, indicating that they
bound to the DNA sequence independently of interacting with
each other (Fig. 1C). This independent action also shows that it
is unlikely that each protein bound 6PORE at the same time.

However, although FoxD3 was able to bind to the Forkhead
box DNA sequences from the FoxA1 and A2 promoters, Oct-4
was unable to bind to those sequences. Fig. 1 D and E shows that
the labeled FoxA1 and FoxA2 Forkhead Box duplex oligonu-
cleotides exhibited specific mobility shifts when in the presence
of FoxD3. Recombinant purified FoxA1 and FoxA2 proteins
also bound to the cognate Forkhead Box sequence within their
respective promoters. However, no supershifts occurred when
FoxA1 or FoxA2 protein was incubated with FoxD3, indicating
that these proteins bound DNA independently (data not shown).

These data show that although both Oct-4 and FoxD3 specif-
ically bound the osteopontin enhancer, only FoxD3 was able to
bind to the endodermal FoxA1 and FoxA2 promoters.

Transcriptional Regulation of Embryonic Promoters by Oct-4 and
FoxD3. To assess whether FoxD3 could regulate transcription
through the Oct-4 target, the osteopontin enhancer, cotransfec-
tion assays were performed. A FoxD3 expression vector was
transfected with 6PORE-luciferase, an osteopontin reporter
plasmid, into 293 embryonic kidney cells. Fig. 2 A and B shows
that FoxD3 activates transcription through the osteopontin
enhancer in a dose-dependent manner. Oct-4 also activates
expression of the 6PORE reporter, either alone or in combina-
tion FoxD3.

Cotransfection experiments were performed to assess whether
FoxD3 could also activate transcription through the FoxA1 and
FoxA2 endodermal promoters. Figs. 3 and 4 show that FoxD3
activates transcription through both the FoxA1 and FoxA2
promoters in a dose-dependent manner. However, at higher
levels of FoxD3, a loss of this activation occurred, indicating that
such activation depends on appropriate intracellular levels of
FoxD3 (Figs. 3C and 4C). Although FoxA1 and FoxA2 activated
their own promoters, no synergism with FoxD3 occurred, only
additive transcriptional activation. However, Oct-4 alone did not
activate either of the FoxA1 or FoxA2 promoters, consistent
with the EMSA finding that Oct-4 did not bind to the FoxA1 or
FoxA2 promoter Forkhead Box sequences. Significantly, Oct-4
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blocked the activation of either promoter by FoxD3 (Figs. 3 and
4). Thus, although Oct-4 could not bind (Fig. 1) the FoxA1 or
FoxA2 promoters, it could repress FoxD3 activation of those

promoters. However, Oct-4 did not repress the activation by
FoxA1 or FoxA2 of their own promoters, as it did with FoxD3
(Figs. 3D and 4D).

Physical Association of Oct-4 with FoxD3. Recombinant purified
GST protein alone or GST-FoxD3 protein (DNA-binding do-
main) was incubated with recombinant purified Oct-4 protein,
and then the GST proteins were isolated by using glutathione-
Sepharose. Western blot analysis was then performed by using
antisera against Oct 4 (Fig. 5). High levels of Oct-4 were detected
from the GST-FoxD3 reaction, but not in the GST-alone reac-
tion, indicating that the DNA-binding domain of FoxD3 physi-
cally interacted with Oct-4 protein. Intracellular immunopre-
cipitation experiments with FoxD3 and Oct-4 cotransfected 293
cells were also performed (Fig. 5). After immunoprecipitation
with anti-Oct-4 antibody, Western blot analysis was then per-
formed with antisera against FoxD3. FoxD3 protein was also
present in the cellular immunoprecipitation of Oct-4, which
showed that Oct-4�FoxD3 interactions could be detected in vivo.

Discussion
Although both Oct-4 and FoxD3 are highly expressed in ES cells,
Oct-4 is down-regulated at gastrulation, an earlier stage of

Fig. 1. EMSAs of the binding of recombinant FoxD3 and Oct-4 to the osteopontin enhancer 6PORE sequence (A–C) and the Forkhead Boxes in the FoxA1 and
FoxA2 (D, E) promoters. Specific unlabeled duplex oligonucleotides competed for the DNA binding, as indicated by a loss of the mobility shift, whereas random
unlabeled duplex oligonucleotides had no effect on the DNA binding. The concentration of proteins used was chosen on the basis of previous titrations, using
the lowest concentration that gave the maximum mobility shift. The Forkhead proteins bound DNA more efficiently than Oct-4, most likely because Oct-4 needs
to dimerize before DNA binding.

Fig. 2. Cotransfection assays of Oct-4 and FoxD3 expression vectors with the
6PORE-luciferase reporter. This 6PORE reporter vector contains sequences
from the osteopontin enhancer (15). The y axis represents relative luciferase
units. (A) Both Oct-4 and FoxD3 activated transcription from this reporter, but
did not increase transcription when transfected together. (B) FoxD3 displayed
a dose-dependent activation of the 6PORE reporter.
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development than FoxD3 (17). Oct-4 is essential for maintaining
the undifferentiated state of ES cells and may play a role in the
malignant equivalent of ES cells, testicular or ovarian germ cell
tumors (2, 8, 15). Similar to Oct-4, FoxD3 bound to and activated
transcription from the 6PORE osteopontin enhancer sequence.
Osteopontin is usually expressed early in the blastocyst stage,
and is thought to be important for blastocyst implantation in the
uterine wall (2, 8, 11, 15, 17). When both are present, no further

activation of this enhancer occurs beyond either Oct-4 or FoxD3
alone. Consistent with this finding, the mobility-shift data
showed that no supershift of the 6PORE probe takes place when
Oct-4 and FoxD3 are present together, which implies that Oct-4
and FoxD3 bind to the same sequence independently of each
other.

FoxD3 both bound to and activated transcription from the
FoxA1 and FoxA2 promoters. The biphasic response of the
FoxA1 promoter to FoxD3 activation, where at high concentra-
tions of FoxD3 the promoter is activated less, could imply a
negative feedback loop where another target of FoxD3 activation
inhibits FoxD3. Such a negative feedback loop is common among
transcription factors. Alternatively, high levels of FoxD3 could
produce a locally inhibitory transcriptional effect at the pro-
moter itself by recruiting nuclear corepressors when certain
concentrations are achieved to overcome low affinities.

More significantly, Oct-4 neither bound to the Forkhead Box
in the FoxA1 or FoxA2 promoters that FoxD3 bound to, nor did
it activate transcription from these promoters. Significantly,
Oct-4 blocked the transcriptional activation of the FoxA1 and
FoxA2 promoters by FoxD3. This repression was specific for
FoxD3. Oct-4 did not repress the activation of the FoxA1 or
FoxA2 promoters by FoxA1 or FoxA2 proteins. Immunopre-
cipitation studies found that Oct-4 could physically interact with
the DNA-binding domain of FoxD3, which implies that when
Oct-4 is not binding to DNA it can function as a corepressor to
inhibit the lineage-specific promoters used here. It is possible
that the dimerization and conformational changes that Oct-4
undergoes when it binds DNA prevent it from acting as a
corepressor of FoxD3. When Oxt-4 is not binding DNA, then it
can bind to the FoxD3 DNA-binding domain and repress FoxD3
transcriptional activation.

Two possible mechanisms for the inhibition of FoxD3 activa-
tion of FoxA1 or FoxA2 exist. First, Oct-4 could inhibit FoxD3
activation of the FoxA1 or FoxA2 promoters by blocking binding
of FoxD3 to the Forkhead Box sequence in those promoters.
However, the 6PORE mobility shift assays did not show any
change in binding when both Oct-4 and FoxD3 are present
together. Second, Oct-4 could function as a true corepressor by
decreasing FoxD3 interaction with the transcriptosome appara-
tus. In either case, this inhibition prevents inappropriate activa-
tion of endodermal promoters in a totipotent ES cell. When
Oct-4 is down-regulated after gastrulation and the initial for-
mation of the primitive endoderm, then FoxA1 and FoxA2 can
be activated appropriately by the FoxD3, which is still present.
Once activated, the proteins these promoters generate will
maintain expression throughout organogenesis (Figs. 3 and 4),
even as FoxD3 is down-regulated.

In previous studies with adult cells (where FoxD3 is not usually
expressed) as opposed to embryonic cells, FoxD3 repressed
transcription from a reporter plasmid containing a truncated

Fig. 3. Cotransfection assays of Oct-4, FoxD3, and FoxA1 expression vectors
with the FoxA1 promoter reporter. The y axis represents relative luciferase
units. (A) Both FoxA1 and FoxD3 activate the FoxA1 promoter, but the
activation is additive, not synergistic. (B) Oct-4 inhibits almost completely the
activation of the FoxA1 promoter by FoxD3. (C) FoxD3 displayed a dose-
dependent activation of the FoxA1 promoter at lower levels, but at higher
levels failed to activate the promoter. (D) Oct-4 alone does not inhibit FoxA1
activation of its own promoter.

Fig. 4. Cotransfection assays of Oct-4, FoxD3, and FoxA2 expression vectors
with the FoxA2 promoter reporter. The y axis represents relative luciferase
units. (A) Both FoxA2 and FoxD3 activate the FoxA1 promoter, but the
activation is additive, not synergistic. (B) Oct-4 inhibits almost completely the
activation of the FoxA2 promoter by FoxD3. (C) FoxD3 displayed a dose-
dependent activation of the FoxA2 promoter at all concentrations tested. (D)
Oct-4 alone does not inhibit FoxA2 activation of its own promoter.

Fig. 5. GST pull-down assay of the interaction of FoxD3 with Oct-4. Recom-
binant purified GST-FoxD3 protein but not GST alone could pull down abun-
dant Oct-4 protein, as assessed by Western blot analysis. In addition, after
cotansfection of Oct-4 and FoxD3 expression vectors into 293 cells, immuno-
precipitation with anti-Oct-4 and subsequent Western blot analysis with
anti-FoxD3 indicated that this interaction also took place intracellularly.
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thymidine kinase promoter and its consensus DNA-binding site
(5). That study and the data here imply that FoxD3 modifies its
transcriptional regulatory activities on the basis of the cellular
and promoter context. Thus, either corepressors in adult cells or
coactivators in embryonic cells likely modify FoxD3 activity, or
FoxD3 has specific activity based on the DNA sequence it binds.
The data presented here show that Oct-4 modifies its activity on
the basis of the promoter context, and whether it is bound to
DNA, not just the cellular context.

The finding that Oct-4 can serve as a corepressor to prevent
activation of genes that would drive the ES cell to differentiation
is consistent with the current hypothesis of Oct-4 function (2, 8,
11). The intriguing model that best explains these data is that a

set of transcriptional activators are present in the ES cell, such
as FoxD3, ready to initiate early lineage-specific gene expression,
but they are prevented from doing so until Oct-4 is down-
regulated around gastrulation. If Oct-4 maintains a proliferative,
undifferentiated ES cell state, it is a potential therapeutic target
for the treatment of germ cell neoplasia.
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