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Steroidogenic acute regulatory protein-related lipid transfer domain containing 7 (StarD7) is a
poorly characterized member of the steroidogenic acute regulatory protein-related lipid transfer
proteins, up-regulated in JEG-3 cells, involved in intracellular transport and metabolism of lipids.
Previous studies dealing with the mechanisms underlying the human StarD7 gene expression led
us to define the cis-acting regulatory sequences in the StarD7 promoter using as a model JEG-3
cells. These include a functional T cell-specific transcription factor 4 (TCF4) site involved in Wnt-
�-catenin signaling. To understand these mechanisms in more depth, we examined the steroido-
genic factor 1 (SF-1) contribution to StarD7 expression. Cotransfection experiments in JEG-3 cells
point out that the StarD7 promoter is activated by SF-1, and this effect is increased by forskolin.
EMSA using JEG-3 nuclear proteins demonstrated that SF-1 binds to the StarD7 promoter. Addi-
tionally, chromatin immunoprecipitation analysis indicated that SF-1 and �-catenin are bound in
vivo to the StarD7 promoter. Reporter gene assays in combination with mutations in the SF-1 and
TCF4 binding sites revealed that the StarD7 promoter is synergistically activated by SF-1 and
�-catenin and that the TCF4 binding site (�614/�608) plays an important role in this activation.
SF-1 amino acid mutations involved in the physical interaction with �-catenin abolished this
activation; thus demonstrating that the contact between the two proteins is necessary for an
efficient StarD7 transcriptional induction. Finally, these data suggest that �-catenin could func-
tion as a bridge between SF-1 and TCF4 forming a ternary complex, which would stimulate StarD7
expression. The SF-1 and �-catenin pathway convergence on StarD7 expression may have impor-
tant implications in the phospholipid uptake and transport, contributing to the normal tropho-
blast development. (Molecular Endocrinology 25: 1364–1375, 2011)

Trophoblast performs the majority of the placental ab-
sorptive, immunoprotective and endocrinological

functions, regulating the exchange of nutrients, gases, and
other factors between the maternal and fetal circulations.
The trophoblast differentiates in two ways: the villous
and the extravillous trophoblast. Placental villous cy-
totrophoblasts proliferate and differentiate, by fusion, to
form a syncytiotrophoblast layer. This event starts with
modifications of the plasma membranes of both cell part-

ners such as expression of syncytin, connexin 43, and
enrichment of phosphatidylserine on the cell surface (1).

Lipid movement across and between the two layers of cell
membrane is a biochemical event, in which the transport
process can be attributed to the functions of specific proteins
(2). Among these proteins is the steroidogenic acute regula-
tory protein (StAR)-related lipid transfer domain (StarD)
superfamily that encompasses a 200-amino acid globular
domain implicated in lipid/sterol binding (3, 4).
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StarD7 mRNA was first identified as a JEG-3 overex-
pressed gene compared with normal and benign tropho-
blastic samples (5). In a previous study, we demonstrated
a predominant cytoplasmic localization of StarD7 in hu-
man cytotrophoblast cells with a clear and partial relo-
calization toward the plasma membrane after the syncy-
tialization process (6). Additionally, StarD7 recombinant
protein forms stable Gibbs and Langmuir monolayers at
the air-buffer interface, showing marked surface activity
and interaction with phospholipid monolayers, mainly
with phosphatidylserine, cholesterol, and phosphatidylg-
lycerol (7). A recent report demonstrated StarD7 protein
expression in a mouse hepatoma cell line (HEPA-1) and in
rat liver, suggesting that it facilitates the delivery of phos-
phatidylcholine to mitochondria (8).

Previous studies indicate that the regulation of StarD7
expression in JEG-3 cells occurs through a �-catenin-
mediated activation mechanism that involves transcrip-
tional induction (9). Sequence analysis revealed that,
within the 5� upstream region of StarD7 gene, there are, in
addition to the previously characterized T cell-specific
transcription factor (TCF)4 binding site, consensus mo-
tives for the binding of steroidogenic factor 1 (SF-1) and
cAMP response elements.

SF-1 is a member of the nuclear receptor family that
plays multiple roles in development and metabolism. This
transcription factor, identified in all steroidogenic tissues,
including placenta, is required for the differentiation of
mammalian endocrine glands and sexual development
(10, 11). SF-1 plays a role in the expression control of a
number of cAMP responsive genes, such as the human
StAR (12–14). Even though SF-1 was described as an
orphan receptor, strong evidence indicates that SF-1 is
regulated by endogenous ligands and suggests an unex-
pected relationship between phospholipids and endocrine
development and function (15–18).

The Wnt/�-catenin signaling pathway controls gene
expression to coordinate many cellular processes, such as
proliferation, differentiation, and cell motility of normal
development and cancer cell progression by TCF/lym-
phoid enhancer-binding factor 1 family (19). Wnt mole-
cules comprise a large family of secreted glycoproteins,
which interact with specific surface receptors, the differ-
ent members of the frizzled family and low-density lipo-
protein receptor-related protein-5/6 (20). A major target
of the canonical Wnt signaling pathway is the coactivator
�-catenin. Without Wnt signaling, �-catenin is phosphor-
ylated by a complex containing glycogen synthase kinase
3�. This marks �-catenin for proteosomal degradation by
the so-called �-catenin destruction complex. Active Wnt
signaling disrupts this complex, which results in �-catenin
stabilization and nuclear localization. In the nucleus, it

regulates target gene expression through partnerships
with the TCF/lymphoid enhancer-binding factor 1 tran-
scription factors (19). Several reports have documented a
cross-regulation between the Wnt-signaling pathways
and the nuclear receptor family, including SF-1 (21–29).

Based on these findings, we have investigated the role
of SF-1 and �-catenin/TCF proteins in the transcriptional
regulation of StarD7 gene expression. This study demon-
strates that SF-1 induces StarD7 expression by interaction
with the StarD7 promoter region, and this effect is in-
creased by the addition of forskolin (FSK). Moreover,
these findings indicate that �-catenin synergizes with SF-1
to activate the StarD7 promoter.

Results

The 5�-flanking region of the StarD7 gene drives
cell-selective expression

We previously reported the isolation and structural
characterization of the human StarD7 gene promoter (9).
To verify whether the sequence between nucleotides
�938 and �121 has cell-specific regulatory elements,
three different constructs containing the �938/�121,
�673/�121, and �425/�121 sequences were subcloned
5� upstream of the heterologous simian virus 40 (SV40)
promoter in the pGL3-SV40 promoter vector and trans-
fected into JEG-3 (derived from trophoblast tissue) and
COS-7 (derived from African green monkey kidney) cells.
Each of the StarD7 construct showed an increase in lu-
ciferase activity up to 4-fold over the activity of the pGL3-
SV40 promoter vector in JEG-3 cells. On the contrary, no
enhance in transcriptional activity over the SV40 pro-
moter vector was observed when these constructs were
transfected into COS-7 cells (Fig. 1B). These findings in-
dicate that enhancer activities functionally dependent on
transcription factors present in JEG-3 cells are located
between positions �938 and �121. These results are in
agreement with the very low StarD7 expression found in
COS-7 compared with JEG-3 cells (6).

Expression levels of SF-1 affect StarD7
promoter activity

A TCF4 binding site located at �614/�608 bp relative to
the transcription start site, required to activate StarD7 gene
promoter by the �-catenin/TCF4 transcription factor, was
previously identified (9). Further examination of the pro-
moter region revealed three potential binding motives for
the orphan nuclear receptor SF-1: a sequence at �792/�785
(CAAGGTCA, upper strand) and two other potential bind-
ing sites, the sequence (CAAGGACA, upper strand) located
at �493/�486 and a region at �169/�162 (CTACCTTG,
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lower strand) (Fig. 1A). In addition, four putative cAMP
response element (CRE) elements (�510/�489, �235/
�214, �160/�139, and �116/�96) were identified.

Because we could not detect SF-1 transcript in COS-7
cells by RT-PCR of total RNA, but found SF-1 mRNA in
JEG-3 cell cultures (data not shown), we postulated that
the relative absence of SF-1 expression in COS-7 com-
pared with JEG-3 cells (30, 31) could explain, in part, the
lack of enhancer activity of the StarD7 constructs in these
cells. To gain insight into the functional responsiveness of
the StarD7 gene promoter with respect to the SF-1 transcrip-
tion factor, cotransfection experiments were performed in
COS-7 and JEG-3 cells using the 938StarD7Luc construct
(�938/�157, StarD7 promoter) together with an expres-
sion plasmid for SF-1. The results were clear and consis-
tent, demonstrating a modest but significant increase in
the reporter activity above baseline dependent upon the
cotransfected SF-1 levels in both cell types (Fig. 2).

To examine the relevance of the SF-1 consensus bind-
ing sites on the transcriptional activation of StarD7 gene by

SF-1, JEG-3 cells were cotransfected with the SF-1 expres-
sion plasmid and one of following StarD7 promoter deletion
constructs: 673StarD7Luc, 312StarD7Luc, where one or
two of SF-1 binding sites were removed, in comparison with
973StarD7Luc. Overexpression of SF-1 transcription factor
enhanced reporter activity only in those cells that were
transfected with the promoter fragment containing the
three SF-1 consensus binding sites (Fig. 3A). Furthermore,
the influence of SF-1 overexpression on endogenous
StarD7 mRNA expression in JEG-3 cells was evaluated.
Cell transfection with the control SF-1 empty vector did
not induce StarD7 mRNA, whereas induction of endog-
enous mRNA was observed with SF-1 overexpression
(Fig. 3B). Altogether, these results suggest that StarD7
expression is transcriptionally activated by SF-1 in JEG-3
cells, through functional responsive elements located at
�792/�785.

cAMP and SF-1 mediate StarD7 promoter response
We next examined the ability of cAMP signaling path-

way to modulate StarD7 transcriptional response to the
SF-1 transcription factor. JEG-3 cells transfected with the
938StarD7Luc construct were incubated in the presence
or absence of the adenylyl cyclase activator FSK for 24 h.
Treatment with FSK 10 �M increased basal promoter ac-
tivity near 2-fold. However, in the presence of this agent,
SF-1 overexpression (200 ng) further induced StarD7 pro-
moter activity, suggesting a cooperative effect (Fig. 4).

SF-1 binds to the human StarD7 gene
Because we demonstrated that the 5� upstream region

deletion of the 938StarD7Luc construct containing the
�792/�785 SF-1 binding site (called SF-1-1) abolished
the effect of SF-1 on StarD7 promoter activity (Fig. 3A),

FIG. 1. A, Schematic diagram of the 5�-flanking region of the StarD7
gene. The putative transcription start site is designated �1 and is
shown by the arrow. Sequence analysis of the �938/�157 region
using the MatInspector software (56) revealed many putative cis-
elements, including two CAAT-boxes (�96/�92 and �66/�62), two
Sp1 binding sites (�376/�371 and �121/�116), three SF-1 elements
(�792/�785, �493/�486, and �169/�162), four CRE elements
(�510/�489, �235/�214, �160/�139, and �116/�96), one TCF4
binding site (�614/�608), and various other response elements.
Consensus binding sites are represented. B, The 5� flanking region of
StarD7 promoter gene drives cell-specific expression. The nucleotide
�938/�121, �673/�121, and �425/�121 fragments of the StarD7
promoter were ligated upstream of the minimal SV40 promoter, each
coupled to a Luc reporter gene. The chimeric constructs were
transiently transfected into JEG-3 trophoblast cell line or
nontrophoblast COS-7 cell line along with a phRL-TK-Renilla.
Luciferase activity of each construct was expressed relative to Renilla
values and the x-axis shows fold-induction relative to the luciferase
activity of the pGL3-SV40 promoter vector. Each value represents the
mean � SEM of three separate transfections, each performed in
triplicate. *, P � 0.05 compared with cells transfected with the pGL3-
SV40 promoter vector.

FIG. 2. JEG-3 and COS-7 cells were transiently cotransfected with
938StarD7luc and phRL-TK Renilla constructs and the empty vector or
SF-1 expression plasmid as indicated. Relative luciferase reporter gene
activity was normalized against the Renilla activity, and results were
expressed as the fold increase related to the activity in cells
cotransfected with the empty expression vector defined as 1-fold. The
values represent the mean � SEM of triplicate experiments. *, P � 0.05
compared with cells cotransfected with the empty expression vector.
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we decide to examine whether SF-1 present in JEG-3 cells
is able to bind to this cis-element. To do this, a synthetic
oligonucleotide probe encompassing the sequence con-
taining this SF-1 consensus binding site was prepared and
used in EMSA. In the presence of JEG-3 nuclear extracts
made from cells transfected (Fig. 5A, lanes 3–8) or not
(Fig. 5A, lane 2) with the SF-1 expression plasmid, three
protein-DNA complexes were formed (Fig. 5A, lanes 2
and 3). Incubation of JEG-3 nuclear extracts made
from cells transfected with the SF-1 expression plasmid
resulted in an increased intensity of the specific com-
plex 3. Formation of this complex was abolished by the
addition of 500-fold molar excess of the unlabeled
wild-type probe (Fig. 5A, lane 4), but not by 500-fold
molar excess of an unrelated oligonucleotide sequence,
confirming sequence-specific DNA binding (Fig. 5A, lane
5). Competition with a mutated SF-1-1 oligonucleotide
did not modify significantly the intensity of this band (Fig.
5A, lane 6). Addition of anti-SF-1 antibody clearly abol-
ished the complex (Fig. 5A, lane 7), effect that was not
observed with an unrelated antibody (Fig. 5A, lane 8),
confirming the presence of SF-1 in this complex. Similar
results were observed when COS-7 nuclear extracts made

from cells transfected with the SF-1 expression plasmid
were used (Fig. 5B, lanes 1–6).

Furthermore, labeled oligonucleotide probes encom-
passing the sequence containing the SF-1-2 (�493/�486)
or SF-1-3 (�169/�162) consensus binding sites were pre-
pared and used in EMSA. In the presence of COS-7 nu-
clear extracts made from cells transfected with the SF-1
expression plasmid, a faint protein-SF-1-2-DNA complex
was formed, indicating a very low ability of in vitro in-
teraction of SF-1 transcription factor with the SF-1-2 con-
sensus site (Fig. 5B, lanes 7–12). Additionally, no com-
plex was detected with SF-1-3 oligonucleotide and COS-7
cell extracts (Fig. 5B, lanes 13 and 14). Similar results
were observed when JEG-3 nuclear extracts made from
cells transfected with the SF-1 expression plasmid were
used (data not shown).

Site-directed mutagenesis defines the role of the
�792/�785 SF-1-binding site in the StarD7
promoter activity

Although the 5�-deletion and gel shift assays (Figs. 3A
and 5) suggested that SF-1 regulates StarD7 promoter
activity interacting principally with SF-1-1 site, they did

FIG. 3. Expression levels of SF-1 affect StarD7 promoter activity. A, JEG-3 cells were transiently cotransfected with 938StarD7Luc, 673StarD7Luc,
or 312StarD7Luc and phRL-TK Renilla constructs and SF-1 expression plasmid as indicated. Relative luciferase reporter gene activity was normalized
against the Renilla activity, and results were expressed as the fold increase related to the activity in cells cotransfected with the empty expression
vector defined as 1-fold. The values represent the mean � SEM of triplicate experiments. B, Quantitative real-time PCR of StarD7. Total RNA was
extracted from JEG-3 cells 24 h after transfection with SF-1 expression plasmid as indicated. StarD7 mRNA level was determined by real-time RT-
PCR, normalized against cyclophilin A using the comparative 2���Ct method (57). Values for StarD7 mRNA represent the mean � SEM of triplicate
experiments. *, P � 0.05 compared with cells cotransfected with the empty expression vector.
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not directly address the in vivo role of this site in StarD7
expression. Therefore, JEG-3 cells were transfected with
the SF-1 expression plasmid plus either the wild-type
938StarD7Luc reporter construct or the 938MutSF-1Luc
construct harboring a mutation in this SF-1 motif. Even
though the deletion of nucleotides located between �938
and �673 (Fig. 3A) abolished the SF-1 effect on StarD7
promoter activity, mutation of the �792/�785 SF-1-bind-
ing site (SF-1-1) exhibited only a slight diminution on the
response to SF-1 (Fig. 6, A and B, black bars). These results
suggest that, in addition to the �792 SF-1 binding motif
(SF-1-1), the SF-1 transcription factor may be recruited to
the StarD7 promoter region through different promoter el-
ements or by the interaction with other proteins.

Activation of StarD7 promoter by SF-1 and
�-catenin overexpression

It has previously been shown that Wnt/�-catenin path-
way activates the human StarD7 promoter (9). Based on
these data and those from the literature that underline the
ability of the Wnt glycoprotein family to affect SF-1-depen-
dent transcription via its association with �-catenin, we fo-
cused on examining whether �-catenin modulates activity of
SF-1-mediated transcription of the StarD7 gene.

Transactivation properties of �-catenin and SF-1 were
assessed by transient cotransfection experiments in JEG-3

cells. The promoter activity of both the 938StarD7Luc
and 938MutSF-1Luc constructs was activated more than
4-fold in the presence of overexpressed SF-1 and S33Y
�-catenin (a constitutively activated form), compared
with the activation observed with either SF-1 or S33Y
�-catenin alone (Fig. 6, A and B, diagonally hatched bars
vs. horizontally hatched and black bars). These results
show that SF-1 and �-catenin act in synergy, rather than
additively, to activate StarD7 gene transcription.

To investigate the importance of the SF-1-1 and TCF4/
�-catenin binding sites, we generated the 938MutSF-1-
TCF4Luc construct, in which both consensus binding
motives were mutated. When JEG-3 cells were cotrans-
fected with this mutant construct and the SF-1 or the
S33Y �-catenin expression plasmids alone or a combina-
tion of both plasmids, StarD7 promoter activation was
abolished, suggesting that the TCF4 consensus binding
site (�614/�608) plays an important role in this activa-
tion (Fig. 6C, black, horizontal hatched, and diagonally
hatched bars).

SF-1 ligand-binding domain mediates the
functional interaction with �-catenin

It was reported that the SF-1 is able to interact with
�-catenin via an acidic amino acid cluster located at 235–
238 residues (25). We explored whether the synergist
transactivation of StarD7 promoter depends on the inter-
action between SF-1 and �-catenin. To this end, JEG-3
cells were transfected with the SF-1 235-4A expression
plasmid, where the 235–238-amino acid residues are sub-
stituted by four alanines, alone or together with the S33Y
�-catenin plasmid and the following StarD7 luciferase
report plasmids: 938StarD7Luc, 938MutSF-1Luc, and
938MutSF-1-TCF4Luc (Fig. 6). The data indicate that
any significant difference in promoter induction of
938StarD7Luc-transfected JEG-3 cells was found either
the wild-type SF-1 transcription factor or the SF-1 mu-
tated version (which retains the DNA-binding motif) was
used (Fig. 6A, gray and black bars). Conversely, the SF-1
235-4A expression plasmid was unable to induce the pro-
moter activity of the 938MutSF-1Luc and the 938MutSF-
1-TCF4Luc constructs, (Fig. 6, B and C, gray bars). These
results suggest that in the absence of a functional SF-1-1
binding site, transactivation by SF-1 requires the interac-
tion with the �-catenin coactivator. Further support to
the existence of a physical interaction between both tran-
scriptional factors, such as it was demonstrated for other
promoter genes, was obtained in the assays performed to
address the synergistic activation observed between SF-1
and �-catenin. Compared with the results found with the
overexpression of the wild-type SF-1 transcription factor,
the mutated SF-1 235-4A version was unable to increase

FIG. 4. cAMP and SF-1 mediate StarD7 promoter response. JEG-3
cells were transiently cotransfected with 938StarD7luc, and pRL-TK
Renilla constructs and SF-1 expression plasmid (200 ng). Twenty-four
hours after transfection, the medium was replaced, and where
indicated, the cells were treated or not with 10 �M of FSK. Relative
luciferase reporter gene activity normalized against the Renilla activity
was calculated, and results were expressed as the fold increase related
to the activity in cells cotransfected with the empty expression vector
and without FSK treatment defined as 1-fold. *, P � 0.05 compared
with cells transfected with the empty expression vector and without
FSK treatment; #, P � 0.05 compared with cells transfected with the
SF-1 expression vector and without FSK treatment.
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the S33Y �-catenin-stimulated StarD7 promoter activity
of all the StarD7 promoter constructs (Fig. 6, A–C,
strippled bars). Collectively, these observations strongly
indicate the involvement of TCF4/�-catenin and SF-1
proteins in the regulation of StarD7 promoter activity in
JEG-3 cells.

SF-1 and �-catenin localize to the endogenous
StarD7 promoter

Finally, chromatin immunoprecipitation (ChIP) anal-
ysis of JEG-3 cells with �-catenin or SF-1 antibodies re-
vealed consistent association of the SF-1 and �-catenin
cofactor with StarD7 chromatin, suggesting that both
proteins are present in the transcription complexes assem-
bled on the endogenous StarD7 promoter (Fig. 7A, lanes
1 and 2). A weak background was observed when an
unrelated antibody was used to immunoprecipitate
StarD7 DNA (Fig. 7A, lane 3).

To further demonstrate the specificity of the ChIP as-
say, we performed a PCR assay on the immunoprecipi-

tated DNA using primers spanning 238
bp of the inducible nitric oxide syn-
thase (iNOS) gene located 19 kb far
away from its promoter sequence. As
expected, this region was absent in the
anti-SF-1 (Fig. 7B, lane 1) and anti-�-
catenin immunoprecipitated DNA
(Fig. 7B, lane 2). These findings indi-
cate that SF-1/�-catenin/TCF4 specifi-
cally bind to the StarD7 promoter in
vivo.

Discussion

Numerous reports have recently high-
lighted the role of the Wnt signaling
pathway in implantation, placentation,
and trophoblast differentiation (32–39).
In this regard, we previously described
that the activation of �-catenin, a tran-
scriptional coactivator and member of
the canonical Wnt signaling pathway,
up-regulates StarD7 gene expression in
JEG-3 cells (9). Here, we further charac-
terized the SF-1 transcription factor ef-
fect on the human StarD7 promoter ac-
tivity and analyzed the convergence of
this factor and �-catenin in StarD7 gene
regulation. Initially, it was demon-
strated that this promoter activity is
functionally dependent on transcrip-
tion factors present in JEG-3 cells but

not COS-7 cells. An increase in StarD7 promoter activity
was observed in both JEG-3 and COS-7 cell lines when
SF-1 was overexpressed, underscoring the importance
that this transcription factor has in StarD7 gene expres-
sion. These results are consistent with the notion that the
activation of StarD7 promoter is most likely dependent
on the SF-1 amount. Moreover, a significant increase in
endogenous StarD7 mRNA was observed in JEG-3 cell
line after SF-1 overexpression.

Deletion analysis of the StarD7 promoter region re-
vealed that the SF-1 consensus binding site located at
�792/�785 is required for the transcriptional induction
mediated by SF-1. Besides, it was demonstrated that this
effect is increased by the addition of FSK, suggesting the
involvement of protein kinase activity (PKA) activation.
Although the exact mechanism of action of FSK reinforc-
ing the effect of SF-1 on StarD7 gene expression was not
explored, this could be exerted by an increase in the sta-
bility of SF-1 protein as it was demonstrated by Aesøy et

FIG. 5. Identification of SF-1 binding motives in StarD7 promoter. EMSA of nuclear protein
interactions with DNA fragments derived from the StarD7 promoter region. A, Ten
micrograms of nuclear extract from JEG-3 cells transfected (lanes 3–8) or not (lane 2) with
SF-1 transcription factor were incubated with the end-labeled double-stranded
oligonucleotide containing the wild-type SF-1-1 binding site located at �792/�785. B, Ten
micrograms of nuclear extract from COS-7 cells transfected with SF-1 transcription factor
were incubated with the end-labeled double-stranded oligonucleotide containing the
following wild-type SF-1-1 (lanes 1–6), SF-1-2 (lanes 7–12), or SF-1-3 (lanes 13 and 14)
binding sites located at �792/�785, �493/�486, and �169/�162, respectively.
Competition assays with unlabeled wild-type SF-1-1, unlabeled mutated SF-1-1, or unrelated
double-stranded oligonucleotides were performed at 500-fold excess to determine binding
specificity. Monoclonal antibody against SF-1 was used to create a supershift in EMSA. The
presence (�) or absence (�) of unlabeled SF-1-1 oligonucleotide, unrelated oligonucleotide
(UR oligo), SF-1 antibody (anti-SF-1), unlabeled mutated SF-1-1 (MutSF-1-1), unrelated
antibody (anti-UR), or cell nuclear extract was as indicated. Free probe and protein-DNA
complex are marked with arrows.
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al. (40). An interaction with CRE binding protein (CREB)
(41) is another possibility, because several putative CRE
binding sites are present in the StarD7 promoter region
(Fig. 1). CREB is phosphorylated by PKA, and the inter-
action between SF-1 and phosphorylated CREB has been
suggested as a mechanism for the cooperation between
the SF-1 and cAMP (42). Similar SF-1 cooperation with
other factors was reported for many cAMP-regulated
genes, including StAR, another member of START do-
main family (43–46). Chen et al. (47) described that in
response to the cAMP, p300 regulates SF-1 transcrip-
tional activity by means of increased acetylation, DNA
binding, and recruitment to nuclear foci. Furthermore,
cAMP/PKA can regulate the stability and/or activity of
glycogen synthase kinase 3�/�-catenin by phosphoryla-
tion events (48–50).

EMSA demonstrate that an oligonucleotide probe con-
taining the SF-1-1 binding motif of StarD7 promoter re-
gion (�792/�785) can bind to JEG-3 cell protein extracts
and also to proteins from JEG-3 and COS-7 SF-1-trans-
fected cells. This in vitro protein-DNA complex was af-
fected by an excess of the wild-type unlabeled SF-1-1 con-
sensus sequence and by anti-SF-1 antibody addition.
Moreover, only a very faint complex was found with SF-

1-2 binding site. These data suggest that SF-1 transcrip-
tion factor is capable of associating with the StarD7 pro-
moter region mainly through SF-1-1 motif. However,
disruption of the SF-1-1 binding site lead to an approxi-
mately 30% decrease in StarD7 reporter activity, demon-
strating a modest contribution of this SF-1 cis-element in
StarD7 gene expression, suggesting that the regulation by
SF-1 transcription factor might occur, in addition to this
cis-element, through different promoter interactions. Pre-
viously, we demonstrated the importance of a TCF4 bind-
ing site, located at �614/�608 of StarD7 promoter, in
StarD7 gene expression regulated by Wnt signaling (9).
The identification of SF-1-1 binding motif involved in
StarD7 gene regulation and the several reports that doc-
umented cross-regulation of nuclear receptors and Wnt
signaling pathways (21–29, 51) provided us the opportu-
nity to characterize the roles of SF-1 and �-catenin coacti-
vator in StarD7 gene transcription in more depth.

Evidence is accumulating that nuclear hormone receptor
and canonical Wnt pathway interact at different levels reg-
ulating cell growth and proliferation, differentiation, apo-
ptosis, and metastatic potential in numerous tissues (26, 51).
Particularly, several reports indicate that �-catenin acts as a
coactivator of SF-1 when it transduces Wnt signals to Dax1

FIG. 6. The StarD7 promoter is synergistically activated by SF-1 and �-catenin. The 938StarD7Luc (A), 938MutSF-1Luc (B), and 938MutSF-1-
TCF4Luc (C) promoter constructs were transfected alone or in combination with S33Y �-catenin, SF-1 or SF-1 235-4A, or a combination of S33Y
�-catenin with SF-1 or with SF-1 235-4A expression constructs (see Materials and Methods). Cells were lysed, and luciferase activity was
determined 48 h after cotransfection. Relative luciferase reporter gene activity normalized against total proteins was calculated, and results were
expressed as the fold increase related to the activity in cells cotransfected with the empty expression vector defined as 1-fold. The values represent
the mean � SEM of triplicate experiments. *, P � 0.05; **, P � 0.01 compared with cells cotransfected with the empty expression vector; #, P �
0.05 as indicated.
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(25), StAR (23, 49, 52), aromatase (27), GnRH receptor
(53), Müllerian inhibiting substance type II receptor (22),
LHB/Lhb (28, 29), and inhibin (21) target genes.

Our current data demonstrate the functional involve-
ment of SF-1 and �-catenin in controlling transcription of
the StarD7 gene. In particular, we demonstrate that
�-catenin is able to synergize with SF-1 the StarD7 gene
transcription activation.

In addition, the in vivo interaction between SF-1,
�-catenin, and TCF4 to the StarD7 promoter was further
supported by ChIP assay in conditions of SF-1- and
�-catenin-induced StarD7 transcription, addressing a
positive transcriptional regulation mediated by these pro-
teins. Finally, site-directed mutagenesis revealed that SF-
1-1 binding motif mutation had scarce effects on increas-
ing StarD7 promoter activity exerted by a combination of
SF-1 and �-catenin overexpression. On the contrary, mu-
tation of both SF-1-1 and TCF4 binding elements abol-
ished the transcriptional activation induced by individu-
ally SF-1 and �-catenin or both proteins together. In a
similar way, cotransfection experiments performed with
a mutated version of SF-1 transcription factor, unable to
interact with �-catenin (25), lead to a full loss of the
synergistically effect of both proteins on StarD7 gene ex-
pression. These findings disclose that the activation of
StarD7 gene expression requires the binding of the
�-catenin to TCF4 transcription factor, suggesting that
�-catenin could function as a bridge between SF-1 and
TCF4 forming a ternary complex, which would activate
StarD7 expression.

Finally, accumulating evidence reveals that SF-1 has a
lipid-binding pocket able to bind different phospholipids
(15, 16, 44). A recent study suggests that the activity of
SF-1 may be regulated through different potential ligands,
influencing its transcriptional capacity (54). In this sense,
it is interesting to point out the possibility of an interregu-

lation pathway between the phospholipid-bound SF-1
and the capacity of StarD7 to interact with lipids.

In summary, we demonstrated that SF-1 induces
StarD7 expression by interacting with the StarD7 pro-
moter, and this effect is increased by the addition of FSK.
In addition, these findings indicate that �-catenin syner-
gizes with SF-1 to activate the StarD7 promoter. The au-
to/paracrine actions of Wnt signaling in combinations
with SF-1 transcription factor on StarD7 gene expression
may have important implications in the phospholipid up-
take and transport contributing to the normal develop-
ment of trophoblast cells.

Materials and Methods

Reagents
All reagents were purchased from Sigma, Co. (Buenos Aires,

Argentina) unless otherwise indicated.

Antibodies
Rabbit anti-SF-1 antibody was kindly provided by Moro-

hashi (National Institute for Basic Biology, Aichi, Japan).
Mouse monoclonal anti-�-catenin (E-5) sc-7963 and mouse
monoclonal anti pregnancy-specific glycoprotein (PSG)1 (BAP3)
sc-59348 were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA).

Plasmids and oligonucleotides
Bovine SF-1 transcription factor sequence cloned into the

expression vector pSG5 was kindly provided by Keith L. Parker
(University of Texas Southwestern Medical Center, Dallas, TX).
The expression vectors pCINeoS33Y�-catenin (encoding a con-
stitutively activated �-catenin) and pCMX SF-1 (235-4A) (en-
coding a SF-1 form with the 235–238 amino acid residues sub-
stituted by four alanines) were kindly provided by Bert
Vogelstein (The Johns Hopkins University Medical Institutions,
Baltimore, MD) and Morohashi, (National Institute for Basic
Biology), respectively. The oligonucleotides used in the PCR,
EMSA, and ChIP assays are listed in Table 1. They were pro-
duced in an automated DNA synthesizer by Sigma, Co.

Promoter constructs
The sequence of the 5�-flanking region of the human StarD7

gene (Gene ID, 56910) was used to obtain different StarD7
constructs by a PCR-based approach. To generate the �938/
�121, �673/�121, and �425/�121 DNA fragments, the 5�-
forward (Fw) 938Fw, 673Fw, 425Fw, and the �121 reverse
(Rv) primer were included in a PCR using the human genomic
RZPD 737H022155D clone (RZPD, Berlin, Germany) as tem-
plate. The amplified products were cloned into the pCRII-TOPO
vector followed by digestion with SacI and XhoI and subcloned
into the SacI/XhoI sites of the pGL3-SV40 Promoter vector (Pro-
mega, Madison, WI). The resulting constructs were designated
938SV40Luc, 673SV40Luc and 425SV40Luc. Similarly, the
�938/�157, �673/�157, and �312/�157 DNA fragments
were amplified with the appropriate 5�-forward primers:
938Fw, 673Fw, 312Fw, and the �157Rv primer. In this case,

FIG. 7. SF-1 transcription factor and �-catenin specifically binds to
the StarD7 promoter. S33Y �-catenin and SF-1 transfected-JEG-3 cells
cultured during 24 h were fixed with formaldehyde, and chromatin
solutions were subjected to ChIP analyses using the following
antibodies: lane 1, anti-SF-1; lane 2, anti-�-catenin; lane 3, unrelated
anti-PSG antibody; and lane 4, control without antibody. The obtained
DNA was analyzed by PCR using primers to amplify the StarD7
promoter region (A) or the control genomic region of iNOS (B). The
results are representative of three independent experiments. IP,
Immunoprecipitated samples.
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the amplified products were cloned into the pCRII-TOPO vector
(Promega) followed by digestion with KpnI and XhoI and sub-
cloned into the KpnI/XhoI sites of the pGL3-Basic vector (Pro-
mega). The resulting constructs were designated 938StarD7Luc,
673StarD7Luc, and 312StarD7Luc.

A mutant construct in the SF-1-1 binding site located at the
position �792/�785 was generated by a PCR-based approach
with two amplification rounds using the 938StarD7Luc con-
struct as template. Two primer sets were used for the first am-
plification round: MutSF-1Fw and �157Rv; and 938Fw and
MutSF-1Rv. The products of the first amplification round were
then subjected to a second round of amplification using the
938Fw and �157Rv primers. The resulting product was cloned
into the pCRII-TOPO vector followed by digestion with KpnI
and XhoI and subcloned into the KpnI /XhoI sites of the pGL3-
Basic vector. The resulting construct was designated 938MutSF-
1Luc. Likewise, to generate the construct 938MutSF-1-
TCF4Luc bearing point mutations in the SF-1 and the TCF4
binding sites, the TCF4MutFv and TCF4MutRv oligonucleo-

tides were included in the PCR using the 938MutSF-1Luc clone
as template.

Cell lines and transient transfections
JEG-3 and COS-7 cell lines were cultured in DMEM, 10%

(vol/vol) fetal calf serum, 100 �g/ml penicillin, and 100 �g/ml
streptomycin (Invitrogen, Carlsbad, CA). The cells were seeded
in 24 multiwell plates at 1 � 105 cells/ well, cultured for 24 h,
and afterwards transfected with 2 �l of Lipofectamine (2000)
and 400 ng of the different firefly luciferase reporter constructs.
After 4 h, medium was replaced with DMEM-10% fetal calf
serum and antibiotics and cultured for a further 24 or 48 h (as
indicated) and treated or not with FSK 10 �M. Alternatively, the
cells were cotransfected with different amounts of the expres-
sion vectors (as indicated) and 400 ng of the specified StarD7
promoter firefly luciferase reporter construct and incubated for
a further 48 h. After that, the cells were harvested in 100 �l of
Reporter Lysis Buffer (Promega), and firefly luciferase and con-
trol Renilla luciferase were simultaneously assayed, as described
in the dual luciferase reporter assay system (Promega). Firefly
luciferase activity was normalized to Renilla luciferase or total
proteins as indicated.

Nuclear protein preparations for EMSA assays
JEG-3 and COS-7 cells (�4 � 106) were washed twice with

4 ml of TNE buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl,
and 1 mM EDTA], scraped, and resuspended in 1 ml of TNE.
Cells were centrifuged for 5 min at 1500 rpm at 4 C. The pellet
was resuspended in 200 �l of lysis buffer [10 mM Tris-HCl (pH
7.5), 10 mM NaCl, 2 mM MgCl2, containing 1 mM phenylmeth-
ylsulfonylfluoride, and 2 �l of inhibitor protease cocktail
(Sigma, Co.)] and 200 �l of 1% vol/vol Nonidet P40. The sus-
pension was incubated for 10 min on ice and centrifuged for 3
min at 3000 rpm at 4 C. After centrifugation, the supernatants
were taken as cytosolic extracts and frozen. The nuclear pellet
from lysis was washed briefly in 200 �l of TNE buffer and then
subjected to high salt extraction with 45 �l of 0.2 M NaCl and 45
�l of 0.6 M NaCl. Subsequently, 180 �l of H2O (supplemented
with 1 mM dithiothreitol, 1 mM phenylmethylsulfonylfluoride,
and 2 �l protease inhibitors) were added. Nuclear extracts were
cleared for 10 min at 10,000 rpm at 4 C and supernatants frozen
at �80 C. The protein concentration was determined using the
Bradford method.

Electrophoretic mobility shift assay
EMSA were performed following the previously described

protocol (55). Complementary SF-1-1, SF-1-2, and SF-1-3 oli-
gonucleotides were annealed and radiolabeled by the fill-in re-
action with Klenow in the presence of [�32P]ATP. The specific
activity of radiolabeled probes was determined. Nuclear ex-
tracts obtained from JEG-3 or COS-7 cells, previously trans-
fected or not with SF-1 expression vector, were incubated with
radiolabeled probes at room temperature for 20 min in 10 �l of
binding buffer containing 10 mM HEPES (pH 7.9), 120 mM KCl,
0.1 mM dithiothreitol, 0.125 mM EDTA, 10% glycerol, 1 �g of
salmon sperm DNA, and 1 �g of poly(dI-dC). The samples were
electrophoresed in 5% polyacrylamide gel, followed by drying
of the gel and autoradiography. Competition for binding was
performed by adding a 100- to 500-fold excess of unlabeled
DNA, 100- to 500-fold excess of unrelated DNA, and 100- to

TABLE 1. Oligonucleotide sequences

Name Sequence (5� to 3�)
For cloning

938Fw GCATTCCGGGATCAGAGTG
673Fw CCTCCAGCTGCATGACTCCT
425Fw TGGCGGTTATCACTGGGAGC
312Fw CACCTGGCAGGATTCTAACAGG
-121Rv CCTCCTGCCCCTTCATGCAT
�157Rv ACTGCTACACCAGGCACTCC
Mut SF-1Fw CCTGGGTGGGGGCCATGGTTTCAGATG

AGCCAGTTTATC
MutSF-1Rv GATAAACTGGCTCATCTGAAACCATGG

CCCCCACCCAGG
TCF4MutFv GGCTAACTTATTAGTCCCCTGGGTGCAGT

CTAGTTCCCTAA
TCF4MutRv GGGAACTAGACTGCACCCAGGGGACT

AATAAGTTAGCC
For EMSA

SF-1–1 (S) CTGGGTGGGGGCCACAAGGTCAGATG
SF-1–1 (AS) CATCTGACCTTGTGGCCCCCACCCAG
SF-1–2 (S) TCAGGAATG AACAAGGACAGAAGCAAGATGG
SF-1–2 (AS) TTCCATCTTGCTTCTGTCCTTGTTC

ATTCCTG
SF-1–3 (S) TCTCGCCGCCGAGCCACCTACCTTG

CTAGC
SF-1–3 (AS) TGCTAGCAAGGTAGGTGGCTCGGCGGC
NR (S) AGGAAGGGTCCCTCTCACCAGGC
NR (AS) GCCTGGTGAGAGGGACCCTTCCT
MutSF-1–1 (S) CTGGGTGGGGGCCATGGTTTCAGATG
MutSF-1–1 (AS) TCATCTGAAACCATGGCCCCCACCC

For RT-PCR
SF-1Fw GCATCTTGGGCTGCCTGCAG
SF-1Rv CCTTGCCGTGCTGGACCTGG
GAPDHFw GGTGAAGGTCGGAGTCAACG
GAPDHRv GATCTCGCTCCTGGAAGATGG

For ChIP
StarD7pFw AGCCCACTATGAGACTGGAGTTTG
StarD7pRv GGAACTAGACTGCCTTTGTAGGAC
iNOSFw TGGCAGCATCAGAGGGGACC
iNOSRv GCAGGACAGGGGACCAGATCGAA

The consensus sequences are shown in boldface. The mutated
nucleotides are shown underlined. S, Sense; AS, antisense.
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500-fold excess of MutSF-1-1 DNA, and supershift was de-
tected by 1 �g anti-SF-1 antibody.

Semiquantitative RT-PCR
Single-stranded cDNA were synthesized in a single tube with

random primers (Invitrogen) in 20 �l of reaction. Briefly, 1 �g of
total RNA was incubated with these primers (1.25 ng/�l), and
the RT reaction was performed as previously described (5). PCR
amplification was carried out with two sets of PCR primers,
including the SF-1Fw and SF-1Rv primers for SF-1 gene, and the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)Fw and
GAPDHRv primers for the control GAPDH gene. The amplifi-
cation protocol for all the cDNA species included: 1 cycle at 95
C for 3 min; 20–35 cycles at 95 C for 30 sec, 60 C for 30 sec, and
72 C for 30 sec; 1 cycle at 72 C for 10 min; and 1 cycle at 4 C for
10 min. Experiments were conducted to confirm that all PCR
amplifications were in the linear range. The amplification prod-
ucts were visualized by ethidium bromide staining.

Quantitative RT-PCR
StarD7 expression was quantified by real-time PCR (ABI

7500; Applied Biosystems, Carlsbad, CA) with Sequence Detec-
tion Software version 1.4. Experiments were performed as pre-
viously described (9).

Chromatin immunoprecipitation
ChIP assays were performed following the protocol outlined

by the manufacturer (Upstate, Waltham, MA) with minor mod-
ifications (9). Briefly, approximately 1 � 106 JEG-3 cells previ-
ously transfected with SF-1 and constitutively active S33Y
�-catenin expression plasmids were fixed in culture medium
with formaldehyde (final concentration of 1%) for 20 min at 37
C to cross-link chromatin and nuclear proteins. After sonica-
tion, the nuclear lysates were immunoprecipitated with a rabbit
anti-SF-1 antibody or a mouse monoclonal anti-�-catenin anti-
body. A mouse monoclonal anti-PSG antibody was used as a
negative control. After washing, elution, reverse cross-linking,
and purification, approximately one-twentieth of the purified
DNA (2 �l) was used in each PCR. The StarD7pFw and
StarD7pRv primers amplify a 396-bp DNA fragment that con-
tains the SF-1-1 (�792/�785) and TCF4 (�614/�608) consen-
sus binding elements of the human StarD7 gene promoter, based
on the human StarD7 gene sequence (GenBank access no.:
NT_026970.9). The control iNOSFw and iNOSRv primers am-
plify a 238-bp fragment that is part of exons 8 and 9 of the
human iNOS gene, located approximately 19 kb from the tran-
scription start point, which does not contain SF-1 and TCF
binding sites.

Data analysis
Pair-wise comparison between groups was evaluated with a

two-tailed Student’s t test. Data are expressed as mean � SEM

from at least three independent experiments. Significance was
taken as P � 0.05.
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