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ABSTRACT  The peptide hormone oxytocin is highly ex-
pressed in the hypothalamus within only a small number of
magnocellular neurons. However, it is also expressed in a much
larger number of cells in the bovine corpus luteum at high levels
in an estrous cycle-dependent manner. By using nuclear ex-
tracts from this tissue for in vitro binding studies, two protein
‘complexes have been shown to bind to a common site in the
bovine oxytocin promoter. One of these proteins has been
identified as the bovine homologue of the chicken ovalbumin
upstream promoter transcription factor (COUP-TF). The sec-
ond protein is here characterized as the bovine homologue of a
tissue-specific transcription factor, steroidogenic factor 1 (SF-
1). The relative expression of these two factors during luteal
development correlates with the level of luteal oxytocin gene
expression, with SF-1 being the factor binding to the promoter
of the oxytocin gene when this promoter is activated. Cotrans-
fection experiments using the murine testicular cell line TM4
show that SF-1 can stimulate the expression of a transfected
oxytocin gene, suggesting that SF-1 may be involved in up-
regulation of the oxytocin gene in vivo, possibly by transducing
a stimulatory signal to the RNA polymerase.

The gene for the hypothalamic peptide hormone oxytocin
forms part of a more complex gene locus which also includes
the homologous vasopressin gene (1-3). Because of the
paucity of the hypothalamic neurons which express the
oxytocin gene, and the lack of any oxytocin-expressing cell
lines, very little is known about the mechanisms by which the
oxytocin gene is regulated.

The oxytocin gene is also expressed in some peripheral
tissues (4). In particular, it is highly up-regulated in the large
cells of the early bovine corpus luteum, which are derived by
luteinization of preovulatory granulosa cells (5), and in the
bovine testis (6). A transgenic study using a bovine oxytocin
gene construct comprising only the gene and 600 bp of the 5’
noncoding sequence indicated consistent expression in the
Sertoli cells of the transgenic mouse, evidently using the
same transcription start site as in the hypothalamus or as in
the bovine ovary and testis (6). These observations suggest
that, unlike in the hypothalamus, the bovine oxytocin gene
can be tissue-specifically expressed in the gonads by a
minimal functional promoter contained within 600 bp of the
transcription start site.

Computer comparison of the 5' noncoding region of the
oxytocin gene among a number of species revealed a con-
served promoter region of about 200 bp (7). In vitro DNA-
nuclear protein binding studies have identified a highly
conserved DNA element within this 200-bp promoter region
at =160 nucleotides upstream from the transcriptional initi-
ation site (8). This element shows good homology with a
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direct repeat of the sequence motif AGGTCA, which is
known to constitute a part of the binding site for a diverse
group of nuclear hormone receptors. In the rat and human
oxytocin promoter this binding site in addition contains a
good homology with the classic palindromic estrogen-
responsive element, such that in a heterologous transfection
system the rat and human but not the bovine oxytocin gene
promoter can be stimulated by estradiol (9, 10). However,
estrogen receptor expression could not be detected in the
oxytocinergic cells of the rat hypothalamus (11) suggesting
that direct estrogen-dependent activation is not the mecha-
nism regulating oxytocin gene expression in vivo.

Taking advantage of the relatively high activity of the
oxytocin gene in the bovine ovary, we have used a combi-
nation of DN A-nuclear protein binding studies and transient-
transfection assays, to identify the transcription factors bind-
ing to this promoter in vivo. Two factors have been identified,
COUP-TF (chicken ovalbumin upstream promoter transcrip-
tion factor) and SF-1 (steroidogenic factor 1), which bind to
the conserved element at position —160. Although both these
factors belong to the superfamily of nuclear hormone recep-
tors, they have no known ligands and, thus, belong to the
subgroup of orphan receptors. We show here that these two
factors both interact with a common binding site in the
oxytocin promoter and that SF-1 is involved in regulation of
oxytocin gene transcription.

MATERIALS AND METHODS

Extraction of Nuclear Proteins. Nuclear proteins from fro-
zen bovine tissues were extracted as described (8). Bovine
granulosa cells were prepared from preovulatory follicles and
maintained as primary cultures for 48 hr (12, 13). For extrac-
tion of nuclear proteins from granulosa cells or tissue culture
cells, a rapid micropreparation technique (14) was used.
Nuclear proteins were divided into aliquots, frozen in liquid
nitrogen, and stored at —80°C.

Gel Retardation Experiments. Gel retardation experiments
were performed (8) with a fragment from the bovine oxytocin
promoter (—185 to —121) as probe. The following double-
stranded oligonucleotides were used as specific competitors:
CTATCAGTGACCTTGGATGCA [optimized binding site
for the bovine homologue of SF-1 (15), designated SF-1] and
AGTTTGACCTTTGACACCATA [chicken ovalbumin pro-
moter COUP-TF binding site, —89 to —69 (16), designated
COUP]. For immunological characterization of proteins,
specific antisera against SF-1 and COUP-TF (generous gifts
of K. Parker, Duke University Medical Center, Durham, NC,
and M.-J. Tsai, Baylor College of Medicine, Houston) were
added at a dilution of 1:5 to the binding reaction mixture.

Abbreviations: SF-1, steroidogenic factor 1; COUP-TF, chicken
ovalbumin upstream promoter transcription factor.
*To whom reprint requests should be addressed.
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Methylation Interference Footprinting Analysis. Methyl-
ation interference footprinting analysis was performed as
described (8). The partially methylated DNA was cleaved at
the positions of G and A residues by treatment with 0.1 M
NaOH at 90°C (16).

Establishment of a Bovine Granulosa-Derived Cell Line.
Bovine granulosa cells were prepared from preovulatory
follicles (12, 13) and the primary cultures were supplemented
with insulin (10 ug/ml) and 2% horse serum. For immortal-
ization the cells were cotransfected with a subgenomic frag-
ment of simian virus 40 containing the complete early region
(generous gift of W. Deppert, Heinrich-Pette-Institut, Ham-
burg, Germany) and the neomycin-resistance vector
PSV2neo (17) by using the Lipofectin reagent (GIBCO). After
17 days of selection with the antibiotic G418 (GIBCO), a
single immortalized neomycin-resistant clone was isolated
and grown into the I1 cell line. Supernatants of I1 cells were
tested at regular intervals for production of steroids by
radioimmunoassays (13) and found to produce progesterone,
but not estradiol. Oxytocin gene expression could not be
detected in I1 cells by RNase protection assay.

Transient Transfection of Cell Lines. TM4 cells were ob-
tained from the American Type Culture Collection. For
transient transfection, I1 cells (described above) or TM4 cells
were plated into Petri dishes and transfected by calcium
phosphate precipitation (18). Expression vectors for tran-
scription factors SF-1 (19) and COUP-TF (20) were generous
gifts of K. Parker and M.-J. Tsai, respectively. As reporter
plasmid, pBOPLUC-185, containing the bovine oxytocin
promoter (—185 to +17), or pT109LUC, containing the
herpes simplex virus thymidine kinase promoter (—109 to
+52), both inserted into the pXP2 luciferase vector (21), were
used; the B-galactosidase expression vector pCH110 (Phar-
macia) was employed as a control for transfection efficiency.
After 24 hr cells were lysed, and luciferase activities (lu-
ciferase assay system, Promega), and B-galactosidase activ-
ities (Galacto-Light System, Tropix, Bedford, MA) were
determined. )

RESULTS

Characterization of Specific DNA-Binding Proteins from
Bovine Granulosa Cells and Corpus Luteum. When nuclear
proteins are prepared from bovine corpora lutea and analyzed
by gel retardation assays using a DNA fragment from the
promoter region of the bovine oxytocin gene (—185 to —121),
two major protein-DNA complexes, A and B, are formed. A
20-bp oligonucleotide encompassing the conserved DNA
element at —160 competes with the probe to block formation
of the labeled complexes (8). These complexes are identified
in different experiments using different nuclear extracts by
their reproducible electrophoretic mobility and the specific-
ity of their binding to oligonucleotide competitors. A 21-bp
oligonucleotide containing a binding site for SF-1 specifically
blocked formation of complex A, whereas formation of
complex B was specifically blocked by a 21-bp oligonucleo-
tide containing a COUP-TF binding site. Nuclear extracts
from granulosa cells isolated from preovulatory follicles form
complex A exclusively (Fig. 1). Whereas complex A was
predominant in the early corpus luteum, there was increased
formation of complex B in the mid to late cycle and in
pregnancy. The prevalence of complex A correlates well with
maximal in vivo expression of the oxytocin gene in the bovine
corpus luteum, with highest levels of oxytocin mRNA being
present immediately following ovulation (5). The gene is
evidently switched off after day 5, with an exponential
decline in mRNA thereafter. This down-regulation correlates
well with the increase of complex B, which includes the
bovine homologue of COUP-TF (22). The gene for bovine
COUP-TF is activated during luteal differentiation, thus
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Fic. 1. Time course of prevalence of complex A during luteal
differentiation. At the top, the time course of luteal differentiation
and the phase of active oxytocin transcription in the early corpus
luteum are shown. (a and b) Two gel retardation experiments using
nuclear extracts from preovulatory granulosa cells (a) and from
corpora lutea from the middle to late cycle (b) are illustrated. The
retarded complexes A and B were identified by their relative elec-
trophoretic mobility, together with specific competition with oligo-
nucleotides containing binding sites for SF-1 (lanes S) or COUP-TF
(lanes C). (¢) Summary of the results of a larger number of such
experiments using nuclear extracts from granulosa cells (GC), or
corpora lutea from the early cycle (E), the middle to late cycle (ML),
or pregnancy (P). The autoradiographic intensities of the retarded
complexes A and B were estimated by computer-assisted quantita-
tion with the Java system (Jandel, Erkrath, Germany) and expressed
as percent complex A in relation to the sum of complexes A and B.
The results are given as means and standard deviations from four to
eight independent experiments and were compared by using Stu-
dent’s ¢ test. NS, not significant.

explaining the increase in complex B content by de novo
synthesis of COUP-TF (22).

Gel retardation experiments using various concentrations
of oligonucleotide competitors (Fig. 2) showed that a 30-fold
excess of the SF-1 binding site completely blocked formation
of complex A, whereas a 3000-fold excess was necessary to
block formation of complex B. Competition with a 30-fold
excess of the COUP-TF binding site led to complete inhibi-
tion of formation of complex B, whereas only at a 3000-fold
excess was complex A effectively eliminated. Additional
bands appeared with varying intensities in gel retardation
experiments using different preparations of luteal nuclear
extracts. Formation of the low-mobility complex was inhib-
ited as well by the SF-1 as by the COUP-TF binding site,
suggesting that both factors were constituents of this com-
plex, whereas formation of the two high-mobility complexes
was inhibited with some degree of specificity only by the SF-1
binding site.

To confirm the characterization of the proteins present in
the luteal complexes, the nuclear extracts were incubated
with specific antisera against either SF-1 or COUP-TF (Fig.
3). The SF-1-specific antiserum recognized complex A, the
low-mobility complex, and the upper one of the high-mobility
complexes, leading to total disappearance of these bands in
the gel retardation assay. The COUP-TF-specific antiserum
recognized complex B and the low-mobility complex, result-
ing also in the disappearance of these bands in the gel
retardation assay. This result differs somewhat from the
“supershift’’ effect of this antiserum described by Wang et al.
(23). This difference may be due to a lower affinity of the
COUP-TF-containing complex for the oxytocin gene pro-
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Fic. 2. Interaction of proteins from complexes A and B with
DNA binding sites for SF-1 or COUP-TF. Nuclear protein (1 ug)
from middle- to late-phase corpora lutea was subjected to gel
retardation analysis. For competition studies of binding to the
oxytocin promoter, unlabeled SF-1 or COUP oligonucleotide was
added to the reaction in the molar excess indicated above the lanes.
Bovine serum albumin (BSA, 1 ug) was used as control.

moter, addition of the antibody thus exacerbating complex
instability. Using the same antiserum, Rice et al. (24) also
observed disappearance of COUP-TF complexes. No cross-
reaction of the two antisera with their noncognate complexes
was observed. Addition of control antisera failed to show any
effect on complex formation.

To analyze the interactions of the luteal nuclear proteins
with the bovine oxytocin promoter in detail, methylation
interference footprinting was employed (Fig. 4). A nuclear
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FiG. 3. Characterization of
proteins from complexes A and B
with antisera specific for SF-1 or
COUP-TF. Nuclear protein (1 ug)
from middle- to late-phase corpora
lutea was subjected to gel retarda-
tion analysis. For immunological
characterization of the proteins,
2 ul of antiserum specific for SF-1
or COUP-TF or 2 ul of preimmune
serum were added to the binding
reaction mixtures as indicated.
Reaction mixtures with 1 ug of
nuclear extract without antiserum

- . added (Control) and 1 ug of bovine
serum albumin (BSA) were used
as controls.
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FiG. 4. Methylation interference footprinting of the binding sites
for the luteal nuclear proteins. The retarded bands from 10 parallel
gel retardation experiments employing nuclear extracts from 5- or
11-day corpora lutea were used for analysis of the protein-DNA
interactions present in complex A, complex B, and the low-mobility
complex C. The type of complex analyzed is indicated above the
lanes. The sequence of the footprint region is shown beside the
autoradiograms. The results of the analysis are summarized at the
bottom. Positions of interference with protein binding are indicated
by triangles (complex A), asterisks (complex B), and circles (com-
plex C). Filled symbols represent positions of strong interference
with protein binding, whereas open symbols indicate weaker inter-
ference.

extract from day 5 corpora lutea exhibiting a prominent
complex A band and relatively large amounts of the low-
mobility complex (termed here complex C) was compared
with a nuclear extract from day 11 corpora lutea showing
complex A and complex B bands of comparable intensity. All
protein-DNA interactions map to the promoter region from
—151 to —163 encompassed by the oligonucleotide compet-
itor used to define this site (8). Complex A shows strong
interaction in the region from —156 to —163 and weak
interaction at position —154 in the coding strand. The result-
ing footprint reveals the complex A binding site as TCAAG-
GTTAT, a sequence showing high similarity with the binding
sites for the bovine (15), mouse (25), and rat (26) homologues
of SF-1. This binding site contains the complete distal nuclear
hormone receptor half-site (AGGTTA) and shows consider-
able overlap with the proximal half-site. The sequence of the
binding site indicates that SF-1 binds as a monomer to the
oxytocin promoter. In contrast, the complex B footprint
covers the whole region from —151 to —163, containing both
nuclear hormone receptor half-sites, indicating that
COUP-TF binds to this sequence as a homodimer or possibly
as a heterodimer with another factor such as retinoid X
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receptor (27). The footprint of the low-mobility complex
(complex C) covers the same range as the complex B foot-
print, but the interactions at positions —154 and —155 in the
coding strand are substantially weaker. This result can be
explained by assuming that SF-1 and COUP-TF bind simul-
taneously to this site, with SF-1 occupying the distal half-site
and COUP-TF the proximal half-site, but, being unable to
form a heterodimer, they hinder each other from optimal
binding. The footprints of the two high-mobility complexes
(data not shown) show high similarity to the footprint of
complex A, suggesting that these proteins are derived from
SF-1, possibly by proteolytic degradation. Similar complexes
have been observed in nuclear extracts from other tissues
expressing SF-1 (25). Taken together, these results identify
the overlapping binding sites for the orphan receptors SF-1
and COUP-TF in the bovine oxytocin promoter. Both factors
can bind alternatively to this site; simultaneous binding
apparently leads to a steric hindrance, suggesting that the
observed low-mobility complex may not represent a func-
tional heterodimer.

SF-1 and COUP-TF Are Necessary for the Formation of
Complexes A and B. The in vitro protein-DNA binding
studies described above show that the transcription factors
SF-1 and COUP-TF are expressed in the bovine corpus
luteum in a cycle-dependent fashion and can bind to a
common element in the bovine oxytocin gene promoter. To
show that heterologous SF-1 and COUP-TF can substitute
for the endogenous bovine proteins in the formation of
complexes A and B, transfection experiments were per-
formed with the bovine granulosa-derived cell line I1 (Fig. 5).
Nuclear proteins were prepared from I1 cells transfected with
expression vectors encoding human COUP-TF or murine
SF-1 and analyzed by gel retardation experiments. Nuclear
proteins from untransfected I1 cells did not form complex A
or B (Fig. 5, lanes 1-3), consistent with the inability of these
cells to express the endogenous oxytocin gene. Only after
transfection with the COUP-TF (Fig. S, lanes 4-6) or SF-1
(lanes 7-9) expression vector, respectively, was complex B
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FIG.5. Analysis of nuclear proteins from'I1 cells transfected with
expression vectors for SF-1and COUP-TF. 11 cells were transfected
with control plasmid (lanes 1-3), 10 ug of COUP-TF expression
vector (lanes 4-6), 10 ug of SF-1 expression vector (lanes 7-9), or
10 ug each of both expression vectors (lanes 10-12). Competitor
oligonucleotides were added to the reaction mixtures for lanes 2, 5,
8, and 11 (SF-1 oligonucleotide) and for lanes 3, 6, 9, and 12 (COUP
oligonucleotide).
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or A evident. The specificity of these complexes was verified
by competition with the oligonucleotides representing the
respective binding sites for COUP-TF or SF-1. Cotransfec-
tion with both expression vectors (Fig. 5, lanes 10-12)
resulted in the formation of both complexes. Formation of the
low-mobility complex appearing in the cotransfections with
SF-1 and COUP-TF was only partially blocked by the SF-1
binding site in this case. A high-mobility complex with
characteristics similar to the complexes found with the luteal
nuclear extracts appeared in all transfections with SF-1,
confirming that the DN A-binding protein in this complex was
derived from SF-1. This experiment clearly shows that the
heterologous transcription factors SF-1 and COUP-TF can
substitute for endogenously expressed bovine proteins in the
formation of the specific protein-DNA complexes A and B.
Thus the bovine homologues of SF-1 and COUP-TF can be
assumed to be the constituents of these luteal protein-DNA
complexes.

Influence of SF-1 on Oxytocin Gene Expression in TM4
Cells. The peripheral expression of the bovine oxytocin gene
is not restricted to the female gonad but is also appreciable
within the Sertoli cells in the testis of the bull and of
transgenic mice carrying the bovine oxytocin gene with only
600 bp of the promoter region (6). As the I1 cell line
established from bovine granulosa cells apparently had shut
off the expression of the endogenous oxytocin gene during
tissue culture (data not shown) the mouse testicular cell line
TM4, supposedly of Sertoli cell origin (28), was chosen to
investigate the regulation of oxytocin gene expression by
transient-transfection studies.

Nuclear protein extracts of TM4 cells showed that these
were able to form complex B and thus contained COUP-TF
(data not shown). Transfection of these cells with a construct
comprising the bovine oxytocin gene promoter coupled to the
luciferase reporter gene led to a measurable basal expression
(Fig. 6). Cotransfection with the SF-1 expression vector
caused a 2-fold increase in luciferase activity, comparable to
the transcriptional effect of murine or bovine SF-1 reported
by Lynch et al. (29) and Honda et al. (30). Control experi-
ments using a herpes simplex virus thymidine Kinase pro-
moter-luciferase reportef construct (21) resulted in no in-
crease in the basal transcription by cotransfection of SF-1.
These results show that the observed increase in transcrip-
tion is dependent on the specific binding of SF-1 to the bovine
oxytocin promoter. This factor appears to be necessary for
the up-regulation of oxytocin gene transcription in the bovine
corpus luteum.

TK-109 + SF-1

TK-109

OT -185 + SF-1

OT -185

0 50 100 150 200 250

% Activation

FiG. 6. Effect of SF-1 on oxytocin promoter activity in trans-
fected TM4 cells. TM4 cells were transfected with 10 ug of
pT109LUC (TK-109) or pPBOPLUC-185 (OT-185) together with 10 ug
of SF-1 expression vector or 10 ug of control plasmid. The promoter
activity in the absence of cotransfected SF-1 was set to 100%. Results
are given as means and standard deviations from three independent
experiments.
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DISCUSSION

As no cell lines expressing oxytocin exist to date, and the
gene locus involved in hypothalamic expression appears to be
very complex, it was decided to access the oxytocin gene and
its regulation by working with preovulatory granulosa cells
and luteal cells of the ruminant ovary, the only cell type that
in primary culture appears to express high levels of oxytocin
mRNA endogenously under controlled conditions.

The results present a consistent image of two orphan
receptors, SF-1 and COUP-TF, binding to a highly conserved
transcription factor binding site in the oxytocin promoter
region. These two factors are differentially expressed in vivo,
with the expression of SF-1 being associated with active
transcription of the bovine oxytocin gene. The bovine ho-
mologue of SF-1 is implicated in the activation of several of
the steroidogenic enzymes in the adrenal, ovary, and testis
and appears to mediate the response induced by cAMP-
generating agents such as gonadotropins or forskolin (19, 24,
26). However, the observation that it is also present in
unstimulated primary cultures of granulosa cells, before the
oxytocin gene is up-regulated and before progesterone pro-
duction by these cells is increased (data not shown), as well
as the presence of SF-1 in the adrenal gland (30) and in Leydig
cells (19), where the oxytocin gene is not highly up-regulated,
suggests that its presence alone is not sufficient to induce the
massive up-regulation of the oxytocin gene in vivo. This
correlates with the recent finding that granulosa cells from
early preantral follicles that do not have aromatase activity
already contain a protein presumed to be SF-1, before the
aromatase promoter that binds this protein is activated (29).
COUP-TF is able to activate transcription for some genes in
vitro (16). However, COUP-TF homodimers or heterodimers
with several hormone receptors may bind to hormone re-
sponse elements leading to an inhibition of hormone-induced
transcription (20, 27, 31). The increase in COUP-TF expres-
sion during luteal differentiation correlates with the down-
regulation of oxytocin transcription. However, the dramatic
up- and down-regulation of oxytocin transcription cannot be
explained exclusively by the binding of SF-1 or COUP-TF.
Interaction of SF-1 and/or COUP-TF with other regulatory
proteins, or specific modification of the orphan receptors, is
needed for the high up-regulation of oxytocin transcription in
the bovine corpus luteum. Like SF-1 (see above), COUP-TF
may be influenced by cAMP agonists (32). It has been
suggested that phosphorylation may be a general mechanism
for regulating the activity of orphan receptors (33, 34). SF-1
might function as a permissive factor enabling the RNA
polymerase to transcribe the oxytocin gene, by transducing
an activating signal from an enhancer-like element located
further away from the transcription start site, while the
occupation of the oxytocin promoter binding site with
COUP-TF might interfere with this activation.

The DNA element identified in this study is one which in
heterologous systems using the rat or human promoters can
also respond to binding of the estrogen receptor (9, 10), the
thyroid hormone receptor (35), or the retinoic acid receptor
(36). However, there is no positive evidence that this element
is bound by these receptors in vivo. Nevertheless, it is
possible that in different tissues or even in different species,
the same element may answer differently to binding of
several dissimilar but related transcription factors. It will
therefore be important to extend the studies presented here
to an analysis of other species and tissues.
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