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Characterization of a Steroidogenic Factor-1-Binding Site
Found in Promoter of Sterol Carrier Protein-2 Gene
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Sterol carrier protein-2 (SCP2) is thought to mediate
intracellular cholesterol transport in steroidogenic tis-
sues. To elucidate the mechanism underlying the ex-
pression of this gene, a 300-bp fragment of the SCP2
promoter was cloned and analyzed for regulatory mo-
tifs. This promoter region contained a SF-1 binding
motif, three activator protein-1 elements, an insulin
response element, and a peroxisomal proliferator re-
sponse element. The putative SF-1 binding region re-
acted with recombinant SF-1 DNA-binding domain in
amobility shift assay. The SCP2 promoter fragment was
linked to a luciferase reporter gene and cotransfected
in the presence or absence of SF-1 into HTB-9 cells.
The results indicated that SF-1 was able to increase
SCP2 promoter activity, an effect that was enhanced
by cAMP. Similar results were obtained when the SCP2
promoter construct was cotransfected into Y1 cells.
Cotransfection studies carried out in Kin 8 cells, a Y1
cell line with a mutation that prevents cCAMP activa-
tion of PKA, revealed that a functional PKA is required
for cAMP induction of SCP2 gene transcription. These
results demonstrated that SF-1 confers cAMP respon-
siveness to the SCP2 promoter suggesting that SF-1
activation may be critical in regulation of this choles-
terol transport protein.

Key Words: Steroidogenic factor-1; cyclic adenosine
monophosphate; sterol carrier protein-2.

Introduction

Sterol carrier protein-2 (SCP2), also known as nonspe-
cific lipid transport protein, is a 13.2-kDa protein that
mediates intracellular transport and metabolism of choles-
terol (/). In steroid hormone—producing tissues, one of the
proposed functions of SCP2 is to enhance the transport of
cholesterol to mitochondria, where the first step in steroid
hormone synthesis takes place (/-3). Evidence for the role
of SCP2 in steroid hormone production includes the ability
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of SCP2 to increase cholesterol transport from isolated
lipid droplets to the mitochondria (/), the ability of SCP2
to stimulate cholesterol side-chain cleavage by isolated mito-
chondria (7), the ability of anti-SCP2 antibodies to reduce
steroid secretion in rat adrenal cells (4), and coexpression
of SCP2 and cholesterol side-chain cleavage enzyme in
COS cells resulting in enhanced synthesis of progestins
(5). Several studies have shown that SCP2 gene expression
appears to be under the control of factors such as adreno-
corticotropic hormone and gonadotropins via cyclic ade-
nosine monophosphate (cAMP) activation, which, in turn,
stimulates steroidogenesis (6—9). These data suggest that
SCP2 expression may be regulated similarly to other genes
involved in steroid hormone production.

cAMP induction of steroidogenic enzymes has been shown
to be essential for the proper maintenance of the steroid
hormone biosynthetic pathway (70,11). One of the mecha-
nisms by which cAMP activates steroid hormone synthesis
is by inducing the expression of steroidogenic genes (10,11),
a process that appears to be mediated by the orphan nuclear
receptor, steroidogenic factor-1 (SF-1) (12). Studies have
shown that SF-1 regulates many steroidogenic genes in-
cluding cholesterol side-chain cleavage cytochrome P450
(CYPI11A) (13-15), aromatase cytochrome P450 (CYP19)
(16-18), 170-hydroxylase/c17,20 lyase (CYP17) (19), 3B-
hydroxysteroid dehydrogenase A>*-isomerase type II
(BB HSD) (20), steroidogenic acute regulatory protein (StAR)
(21-24), and the high-density lipoprotein receptor (HDL-R)
(25,26). All of these studies have clearly shown that SF-1
can mediate cAMP responsiveness.

In view of the current data, we cloned the rat SCP2
promoter and examined the effects of cAMP on the regu-
lation of this gene. We found that SF-1 is required for both
basal and cAMP-induced regulation of the SCP2 gene.

Results

To determine the effect of cCAMP on SCP2 mRNA levels
in luteal cells, Northern blot analysis was performed. Luteal
cells were prepared as described in Materials and Methods.
Cells were treated for 6, 12, and 24 h with dibutyryl cAMP
[(Bu),cAMP]. RNA preparation and Northern blot analy-
sis were performed as described under Materials and Meth-
ods. A characteristic Northern blot is shown in Fig. 1A. As
previously shown (27), the rat SCP2 cDNA probe hybrid-
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ized to a major transcript (SCP2) at approx 0.8-1 kb, and
two minor transcripts at 1.8 and 2.2 kb, respectively. The
2.2-kb transcript corresponds to the SCP2-related protein,
SCPx. Differences in loading were corrected using the B-
actin signal. Increases in SCP2 mRNA levels in response
to cAMP treatment were seen even at 6 h (Fig. 1A). Quan-
titative analysis of Northern blot autoradiograms demon-
strated that (Bu),cAMP (1 mM) significantly increased
SCP2 mRNA levels about twofold, 24 h after treatment
(n=3;p<0.05) (Fig. 1B). These results suggest that cCAMP
may regulate SCP2 gene expression at the transcriptional
level. Interestingly, SCPx mRNA levels also increased
under these conditions (Fig. 1A).

To examine whether the SCP2 promoter contains a motif
through which cAMP regulates this gene, cloning of the
promoter was performed using the Advantage 7th polymer-
ase mix and the PromoterFinder DNA Walking Kit (Clon-
tech, Palo Alto, CA). Five separate adapter-ligated rat
genomic libraries were screened by polymerase chain re-
action (PCR). Two nested gene-specific primers were de-
signed to the 5'-flanking region of the rat SCP2 cDNA (28).
These primers were then used with adapter-specific prim-
ers in nested PCR reactions. A 0.4-kb DNA fragment was
obtained in the library, from which 300 bp corresponded to
regions in the SCP2 promoter. The nucleotide sequence of
the rat SCP2 promoter is shown in Fig. 2. As previously
reported for other species, the rat SCP2 promoter lacked a
TATA box. This DNA segment contained four activator
protein-1 (AP-1) sites, one insulin response element (IRE),
one peroxisomal proliferator response element (PPRE),
and one SF-1-binding motif. No putative cAMP-response
element (CRE) was found in this region. The putative SF-1-
binding site was located at position —37 (5'-GGCCTTGG-
3") relative to the translation start site. This motif had 75%
identity to the SF-1-binding sites reported for the rat steroid-
ogenic acute regulatory protein (StAR) gene (5'-CACCTT-
GG-3') (24), the luteinizing hormone B (LHf) subunit gene
(5'-GACCTTGT-3") (29, 30), and the human StAR gene
(5'-GACCTTGA-3") (22).

Because SF-1 has been shown to mediate cAMP respon-
siveness, we examined whether a similar mechanism was
involved in the SCP2 regulation by cAMP. We performed
cotransfection studies in human bladder carcinoma HTB9
cells. The SCP2 promoter was cloned into the pGL3-basic
luciferase vector as described under Materials and Meth-
ods. This construct was then transfected into HTBO cells in
either the presence or absence of SF-1-pCMV. As shown
in Fig. 3, the luciferase activity produced from the SCP2
promoter construct was increased twofold (p < 0.05) when
cotransfected with the SF-1 plasmid. This activity was en-
hanced by (Bu),cAMP treatment (fourfold, p < 0.01). No
induction by (Bu),c AMP was observed in the absence of SF-
1 (Fig. 3). In addition, cotransfection of the SCP2 promoter
construct with rSF-1, a plasmid containing SF-1 cDNA in
the reverse orientation, showed no induction by (Bu),cAMP
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Fig. 1. Effect of (Bu),cAMP on SCP2 mRNA levels in luteal
cells. Luteal cells were prepared and cultured as described under
Materials and Methods. (Bu),cAMP (1 mM) was added to the
medium of the cells 6, 12, and 24 h before lysing the cells. Total
RNA isolation and Northern blot analysis were carried out as
described under Materials and Methods. (A) Characteristic North-
ern blot autoradiogram is shown. (B) Northern blot results corre-
sponding to the 24-h time point were analyzed using a Hoefer
Scanning Densitometer. Data are presented as means + SEM
(n=3). *p <0.05.

(Fig. 3). These results suggest that SF-1 directly mediates
cAMP activation of the SCP2 promoter.

To examine the effect of endogenously expressed SF-1
on the expression of the SCP2 gene, cotransfection studies
were carried out in mouse adrenocortical Y1 cells. For these
experiments, 8-bromo-cAMP (8-Br-cAMP) was used be-
cause this cAMP analog is more stable than (Bu),cAMP in
Y1 cells. As shown in Fig. 4, the luciferase activity of the
SCP2 promoter construct was induced fourfold in the pres-
ence of | mM 8-Br-cAMP (p < 0.01).

To determine whether SF-1 protein binds to the putative
SF-1-binding sites found in the SCP2 promoter, mobility
shift assays were performed. As shown in Fig. SA, incuba-
tion of radiolabeled SCP2 SF-1-binding motif with puri-
fied glutathione-S-transferase SF-1 (GST-SF-1) fusion pro-
tein resulted in the production of a slower migrating DNA-
protein complex (lane 5). When unlabeled binding motif
was included in the binding reaction (lane 6), the DNA-
protein complex was dramatically diminished (Fig. 5SA). A



Vol. 14, No. 2

SF-1 Regulation of SCP2 / Lopez et al. 255

CCTCTGAAAG AACAGTGCAA ACCCTTAACC ACAGAGAGCT GTCTTGGTCC -261

CCAAATTATT GT TCTTATGA

TCTTGTGGCT TCATT TTACG

CACTGGAT GAAGGTTCAC -211

TCTTTAAAAA TCTT TCT TCC AAATACAACC -161

GCAATATAAA ATATTGAAAT TTCAGAAACA TCAACACATG GATTTGGGAG -111

ATGAGTGGGA AAGAGACAGG TTCCCAGGAC| -61

AP-1

AAAGGTGGTT CTGCAGCACA

PPRE
CCTCTACAGG ATG

Fig. 2. Nucleotide sequence of the rat SCP2 promoter. Nucleotide position +1 is assigned to the “A” of the ATG start codon (in boldface),
and negative numbers refer to promoter sequences. Putative AP-1, SF-1, IRE, and PPRE motifs are indicated.
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Fig. 3. Effect of SF-1 on the expression of luciferase activity
under control of the SCP2 promoter in human bladder carcinoma
HTB-9 cells. Cells were transfected with the SCP2 promoter
construct in either the presence or absence of SF-1-pCMYV (cSF-
1) or the pCMV plasmid containing SF-1 cDNA in the reverse
orientation (rSF-1). (Bu),cAMP (1 mM) was added to some of the
plates 24 h before lysing the cells. Data are represented as relative
luciferase units + SEM and are from a typical experiment per-
formed in triplicate. This experiment was repeated two times.
*p < 0.05; **p < 0.01.

known SF-1-binding site from the rat HDL-R promoter
(26) was used as a positive control (Fig. 5A, lanes 1-3). To
examine the specificity of SF-1 binding to this binding motif,
competition studies using unlabeled binding site were con-
ducted (Fig. 5B, lanes 2-6). As shown in Fig. 5, the addi-
tion of increasing levels of unlabeled SCP2 SF-1-binding
site gradually diminished the DNA-protein complex. A 200-
fold molar excess of unlabeled SCP2 SF-1-binding motif
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Fig. 4. Effects of endogenous SF-1 on the expression of luciferase
activity under control of the SCP2 promoter in mouse adrenocor-
tical Y1 cells. Cells were transfected with the SCP2 promoter
construct as described under Materials and Methods. 8-Br-cAMP
(1 mM) was added to some plates 24 h before lysing the cells. Data
are represented as relative luciferase activity + SEM and are from
atypical experiment performed in triplicate. This experiment was
repeated four times. *p < 0.01.

was able to eliminate the DNA-SF-1 protein complex almost
completely. Likewise, the addition of increasing amounts
of SF-1 antibody gradually reduced the DNA-SF-1 protein
complex while the supershifted complex increased (Fig. 5B,
lanes 7 and 8).

To examine whether this SCP2 promoter region was actu-
ally involved in SF-1 binding, DNase I footprinting anal-
ysis of this promoter region was performed as described
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Fig. 5. Binding of SF-1 to the SF-1-binding site (SFB) in the
SCP2 promoter. A **P-labeled double-stranded oligonucleotide
probe (200,000 cpm/lane) containing SFB was incubated with 2.5
ug of purified GST-SF-1 fusion protein in either the absence or
presence of competitor as described under Materials and Meth-
ods. The DNA protein complexes were resolved on a 4% non-
denaturing acrylamide gel at 4°C in 1X TBE. The gel was then
vacuum-dried and autoradiographed. (A) A representative gel
mobility shift assay autoradiograph is presented. HSFB, which
refers to a known SF-1-binding site from the rat HDL-R promoter
(—645/-637), was used as a positive control. Competitor (250-
fold excess) refers to unlabeled HSFB oligonucleotide in lane 3
and unlabeled SFB oligonucleotide in lane 6. This experiment
was repeated three times. (B) Competition studies of the SCP2
SF-1-binding site. For competition studies, binding reactions
were carried out in the presence of increasing levels of either
unlabeled SFB (5-200X) or SF-1 antibody (2-9 pg of 1gG). A
representative mobility shift assay autoradiograph is presented.
This experiment was repeated twice.

under Materials and Methods. As shown in Fig. 6, incuba-
tion of labeled SCP2 promoter with purified recombinant
SF-1 protein revealed the presence of a protected region
within this promoter that was not observed in the absence
of SF-1.

To confirm further SF-1 specificity to bind and activate
the SCP2 SF-1-binding motif, radiolabeled, mutated oligo-
nucleotide probes (see Materials and Methods) were used
in mobility shift assays. Figure 7A shows the sequences for
the wild-type and mutated oligonucleotides used in these
experiments. Mutl and Mut2 either increased or had no ef-
fect on SF-1 binding to the DNA, whereas Mut3 and Mut4
completely eliminated binding. Mut4 was then tested in co-
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Fig. 6. DNase I footprint analysis of the SCP2 SF-1-binding site.
A 400-bp DNA fragment of the SCP2 promoter was **P-end-
labeled on the top strand. Binding reactions were performed
in either the presence or absence of recombinant SF-1 protein.
DNase I footprinting analysis was performed on two separate
samples using the Sure Track Footprinting Kit according to the
manufacturer’s specifications. This experiment was repeated two
times with identical results. A single gel is shown and the pro-
tected region is indicated.

transfection studies. As shown in Fig. 8, cotransfecting this
mutation into Y1 cells reduced both basal and cAMP-induced
luciferase activity compared to the wild-type promoter.

To examine whether protein kinase A (PKA) was in-
volved in transcriptional regulation of the rat SCP2 gene by
SF-1 and cAMP, cotransfection studies were carried out in
Kin 8 cells. This Y1 cell line is resistant to cAMP activation
as a result of a dominant mutation in the PKA regulatory
subunit (3/,32). As shown in Fig. 9, both basal and 8-Br-
cAMP-mediated transcriptional stimulation of the SCP2
promoter were diminished in Kin 8 cells compared with the
wild-type Y1 cells. Basal luciferase levels were reduced by
50% (p < 0.01), whereas 8-Br-cAMP-induced activity was
reduced by 75% (p < 0.01) (Fig. 9).

Discussion

The human SCP2/SCPx gene spans about 80 kb of chro-
mosome Ip32 (33,34), whereas the mouse gene spans about
100 kb of chromosome 4C5—D1 (35). It has been estab-
lished that the human gene contains two promoters: a 5'-
promoter, which directs transcription of the SCPx mRNA,
and a promoter 45 kb downstream in intron 11, which di-
rects transcription of the SCP2 mRNA (36). In the present
study, we reported partial sequences of the rat SCP2 pro-
moter and demonstrated that at least one of the putative
regulatory elements identified in this promoter fragment,
the SF-1-binding motif, could be involved in the regulation
of the SCP2 gene by tropic hormones. These data correlate
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Fig. 7. Mutational analysis of the SCP2 SF-1-binding site (SFB).
(A) Sequences for both wild-type and mutated oligonucleotide
probes are shown. (B) **P-labeled double-stranded oligonucle-
otide probes (50,000 cpm/lane) containing either the wild-type or
mutated SFB were incubated with 2.5 ug of purified GST-SF-1
fusion protein in either the absence or presence of unlabeled com-
petitor (250-fold molar excess). A representative mobility shift
assay autoradiograph is presented. Competitor refers to SFB in
lane 3, Mutl in lane 6, Mut2 in lane 9, Mut3 in lane 12, and Mut4
in lane 15. This experiment was repeated four times.

with the proposed role of SCP2 on steroid hormone synthe-
sis (/-5). In addition, it has been shown that elevated SCP2
levels are associated with increased activity of steroid-
ogenic enzymes such as cholesterol side-chain cleavage
cytochrome P450 (P450scc) (37). The finding that cAMP
increased SCP2 mRNA levels in luteal cells is consistent
with previous reports showing that tropic hormones induce
both SCP2 protein and mRNA levels (6-9). Apparently,
the increase in ovarian steroidogenic capacity depends on
increased sterol transport, a process mediated by SCP2.
The opposite effect has been demonstrated in earlier stud-
ies showing that prostaglandin F2¢., an antisteroidogenic
agent, reduces SCP2 levels (38).

We also found that the transcript corresponding to the
SCP2-related protein, SCPx, was induced by cAMP. We
have recently isolated the promoter of the SCPx gene and
found that this promoter contains two SF-1-binding motifs
through which SF-1 binds and activates SCPx gene tran-
scription (unpublished observations).

An important consideration is whether SF-1 by itself medi-
ates cAMP regulation of this gene. It has been shown for
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Fig. 8. Effects of mutating the SF-1-binding site found in the
SCP2 promoter on the expression of luciferase activity in Y1
cells. Cells were transfected with wild-type or mutated SCP2
promoter construct as described under Materials and Methods. 8-
Br-cAMP (1 mM) was added to some plates 24 h before lysing the
cells. Data are represented as relative luciferase activity = SEM
and are from a typical experiment performed in triplicate. This
experiment was repeated two times.
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Fig. 9. Effects of cAMP on the expression of luciferase activity
under control of the SCP2 promoter in Y1 and Kin 8 adrenal cells.
Cells were transfected with the SCP2 promoter construct as de-
scribed under Materials and Methods. 8-Br-cAMP (1 mM) was
added to some plates 24 h before lysing the cells. Data are repre-
sented as relative luciferase activity + SEM and are from a typical
experiment performed in triplicate. This experiment was repeated
twice. *p < 0.01.

genes such as StAR (39-41), bovine CYP11A (42), rat
CYPI19 (43), the fish gonadotropin II B-subunit (44), rat
(45) and mouse (46,47) LHP subunit, and the ACTH recep-
tor (48) that SF-1 requires interaction with other factors to
fully activate transcription of these genes. SF-1 coactiva-
tors that have been reported include CAAT/enhancer bind-
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ing protein (39,40), GATA-4 (40), Spl (41,42,45), cAMP
response element binding protein (43), estrogen receptor
(44), early growth response protein (45—47), and AP-1 (48).
In addition to the SF-1 site, this SCP2 promoter fragment
contains a putative IRE and a PPRE motif, which are char-
acteristic of peroxisomal proteins, and four AP-1 motifs.
Characterization of each of these putative binding sites and
determination of the importance of these sites in the cAMP
regulation of this gene are still required.

Another region that appears to be critical for SF-1 bind-
ing to the SCP2 promoter includes the two base pairs imme-
diately upstream of the SF-1-binding motif, as demonstrated
by the mutation analysis studies using Mutl and Mut2.
Mutl consisted of changing the cytidine and adenosine bases
upstream of the SF-1-binding site with thymidine and cyti-
dine bases, respectively. This mutation enhanced recombi-
nant SF-1 protein binding to the SCP2 SF-1-binding motif.
However, when those same bases were changed to thymi-
dines, as shown in Mut2, no changes in SF-1’s DNA bind-
ing ability were observed, suggesting that although these
bases may not bind SF-1 directly, they may influence SF-
1 binding to the SCP2 SF-1-binding motif. Only Mut3 and
Mut4, which involve changes within the SF-1-binding motif,
completely eliminated SF-1 binding to the SCP2 promoter.
Because the cytidine and adenosine bases analyzed in Mutl
and Mut?2 are within a putative AP-1-binding motif;, it would
be of great interest to examine whether SF-1 directly inter-
acts with AP-1 to regulate the SCP2 gene.

The finding that a functional PKA is required for basal
and SF-1-mediated cAMP regulation of the SCP2 gene
appears to be common to other genes regulated by SF-1.
These include the HDL-R (26), Cyp21 (49), P450scc (50,
51), and steroid 11B-hydroxylase (113-OHase) (51,52) genes.
All of these genes showed diminished gene expression in
Kin 8 cells (49-52). However, there appear to be some
differences in the absolute requirement for PKA activity
depending on the gene involved (5/). In the case of the
P450scc gene, both basal and 8-Br-cAMP-induced mRNA
levels were markedly reduced but still detectable in the ab-
sence of a functional PKA, whereas in the case of the 11B-
OHase gene, both basal and 8-Br-cAMP-induced mRNA
levels completely disappeared as a result of the PKA muta-
tion (517). Nevertheless, the lack of a functional PKA only
affected cAMP-induced transcription in the case of the
HDL-R gene (26). Whether these differences in the abso-
lute requirement for PKA activity are related to a gene-
specific coactivator that interacts with SF-1 in each case
needs to be determined.

In summary, the results of the present study demonstrate,
for the first time, that the SCP2 gene, like other genes in-
volved in steroid hormone production, is regulated by SF-1
and cAMP. The results confirm that hormone regulation of
steroidogenesis occurs at several levels including choles-
terol transport.

Materials and Methods

Materials

All oligonucleotides and primers were synthesized by
Integrated DNA Technologies (Coralville, IA). The pGL3-
basic luciferase vector, renilla luciferase vector, and the
Dual Luciferase Reporter Assay System were obtained from
Promega (Madison, WI). The murine SF-1 cDNA under
the control of the cytomegalovirus promoter was obtained
from Dr. Keith L. Parker (University of Texas, Southwest-
ern, Dallas, TX). The mouse adrenocortical Y1 and human
bladder carcinoma HTBO cell lines were obtained from
American Type Culture Collection (Rockville, MD). The
mouse Kin 8 adrenal cell line was obtained from Dr. Bernard
P. Schimmer (University of Toronto, Toronto, Canada).
The QuickChange Site-directed Mutagenesis Kit was pur-
chased from Stratagene (La Jolla, CA). The SCP2 cDNA
was prepared as previously described (28). [0*?P]dCTP
(3000 Ci/mmol), poly dI-dC, and the T7 Sequenase DNA
Sequencing Kit were purchased from Amersham Pharma-
cia Biotech (Piscataway, NJ). [**S]dATP (1000-1500 Ci/
mmol) was obtained from Dupont/New England Nuclear
(Wilmington, DE). The Fugene 6 transfection reagent and
the Nick Translation Kit were obtained from Roche (India-
napolis, IN). Dulbecco’s modified Eagle’s medium:nutri-
ent mixture F-12 (DMEM/F12) was obtained from Gibco-
BRL (Grand Island, NY). Fetal bovine serum (FBS) was
purchased from Summit Biotechnology (Ft. Collins, CO).
BioMax-MR films were obtained from Fisher (Norcross,
GA). All other chemicals were purchased from Fisher or
Sigma (St. Louis, MO).

Animals

Twenty-eight-day-old Sprague-Dawley rats were pur-
chased from Harlan (Madison, WI). All protocols to treat
animals were approved by the University of South Florida
Animal Care Committee. Throughout the experiment, ani-
mals had free access to food and water and were housed
under a 12-h dark, 12-h light cycle. Follicular development
and ovulation were induced in rats by injection with 8§ IU
of pregnant mare’s serum gonadotropin (PMSG). By this
method, rats ovulate approx 72 h following treatment with
PMSG. Rats were euthanized by clipping the diaphragm
while under ether anesthesia.

Luteal Cell Dispersion

For luteal cell dispersions, ovaries were collected 10 d
postovulation. Ovaries from 10 animals were collected and
dispersed in 10 mL of a solution containing 0.23 mg/mL of
collagenase, 0.03 mg/mL of DNase, and 1.5 mg/mL of dis-
pase and then incubated on a Biostir plate for 30 min with
gentle stirring. After incubation, the collagenase-DNase-
dispase solution was changed, and the ovaries were incu-
bated for another 30 min. This process was repeated three
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times. Cells were then centrifuged and resuspended in dis-
persion medium for trypan blue exclusion cell viability
analysis.

Cell Culture

Luteal cells were plated in 6-well plates (approx 10° cells/
well) and incubated with DMEM/F12 medium + 10% FBS
for 37 h at 37°C (5% CO,). The medium was changed 2 h
before adding (Bu),cAMP. After incubating the cells with
the specified dose of (Bu),cAMP for the indicated time, the
medium was removed, and the cells were washed twice
with phosphate-buffered saline (PBS). Cells were then used
for RNA isolation.

RNA Isolation and Northern Blot Analysis

Total RNA was isolated using the acid guanidinium
thiocyanate-phenol-chloroform extraction method em-
ploying TRI Reagent. This method consistently yields 5—
8 ug of RNA/mg of tissue. Cells were scraped with a rubber
policeman into 2 mL of TRI Reagent and transferred to an
RNase-free centrifuge tube. Cells were then homogenized
with a Polytron homogenizer (Brinkmann, Westbury, NY)
and centrifuged at 11,000g for 15 min at 4°C. RNA was
precipitated from the aqueous phase with isopropanol. The
RNA pellet was washed in 75% ethanol and then resus-
pended in Formazol. Electrophoresis and Northern blot anal-
ysis to determine SCP2 mRNA levels were carried out as
previously described (37). The rat SCP2 cDNA was la-
beled with [0*?P]dCTP using the nick translation methods.
Blots were then stripped and reprobed with the internal
control B-actin.

Cloning of SCP2 Promoter

Cloning of the SCP2 promoter was performed using the
Advantage Tth Polymerase Mix and the PromoterFinder
DNA Walking Kit (Clontech, Palo Alto, CA) according to
the manufacturer’s instructions. Two nested primers, GSP1
(5'-AGCTGGCAGCTTCGGGAAAACCCAT-3") and
GSP2 (5'-GCTG-AAATCTGGTGCGTTCTGAAGG-3"),
were designed to the rat SCP2 cDNA sequence (28). These
primers were then used with adapter-specific primers in
screening five separate adapter-ligated rat genomic librar-
ies by PCR. The conditions for PCR were 7 cycles of de-
naturation at 94°C for 2 s and elongation at 72°C for 3 min,
followed by 40 cycles of denaturation at 94°C for 2 s and
elongation at 67°C for 3 min. Nested PCR products were
analyzed by 1.2% agarose/ethidium bromide gel electro-
phoresis. All DNA fragments were cloned into the pCR 2.1
TA cloning vector and sequenced in both directions using
the T7 Sequenase DNA Sequencing Kit and [*>S]-dATP.
The SCP2 promoter obtained using this method was then
subcloned into pGL3-basic luciferase vector using Xhol
and Kpnl sites.

Site-Directed Mutagenesis

Site-directed mutants were obtained using the Quick-
Change Site-Directed Mutagenesis Kit (Stratagene) accord-
ing to the manufacturer’s protocol. Briefly, 10 ng of plas-
mid was incubated with 125 ng of the appropriate comple-
mentary oligonucleotides (given subsequently) and 1 uL of
dNTPs in 50 pL of reaction buffer (100 mM KCI; 100 mM
[NH,4],SO4; 200 mM Tris-HCI, pH 8.8; 20 mM MgSOy; 1%
Triton X-100; and 1 pg/mL of nuclease-free bovine serum
albumin [BSA]). One microliter of Pfu DNA polymerase
(2.5 U/uL) was added to the reaction, and each reaction was
heated to 95°C for 30 s followed by 35 cycles of denatur-
ation at 95°C for 30 s, annealing at 55°C for | min, and
extension at 68°C for 12 min. After the cycling reaction,
samples were subjected to digestion with Dpnl for 1 h at
37°C to remove the parental DNA template. One microliter
of the mutant samples was used to transform XL-1 Blue
bacterial cells. The mutations were confirmed by sequenc-
ing using the T7 Sequenase DNA Sequencing Kitand [¥S]-
dATP. Oligonucleotides used for site-directed mutagenesis
to mutate the SCP2 SF-1-binding motif were 5'-AGCACA-
ATTTTTGTCTTGGAGGAGCTG-3' and its comple-
ment. The nucleotides in boldface underlined letters corre-
spond to the mutated bases.

Cell Transfections

Cells were transfected with the SCP2 promoter-lucifer-
ase gene construct in either the presence or absence of SF-
1-pCMYV using the Fugene 6 transfection method according
to the manufacturer’s instructions. Cells were first plated
either in 6-well tissue culture plates at a density of 3 x 10°
cells/well or in 12-well tissue culture plates at a density of
5 x 10* cells/well and incubated for 24 h at 37°C (5% CO,).
Fresh DMEM/F12 medium + 10% FBS was added before
transfections. Two micrograms (or 0.5 ug for 12-well plates)
of each plasmid to be transfected was incubated with Fugene
6 (ratio 2:3) in 100 uL of medium for 15 min. DNA-Fugene
6 complex was then added to the cells. After incubating for
4 h, the medium was replaced, and the cells were allowed
to incubate for 48 h at 37°C (5% CO,). Either (Bu),cAMP
or 8-Br-cAMP (1 mM) was added to some plates 24 h prior
to the end of the incubation period. Cells were washed
twice with PBS and treated with a passive lysis buffer for
20 min. Lysates were transferred to a microcentrifuge tube
and stored at —80°C until determination of luciferase activ-
ity. Cotransfection of a plasmid containing the renilla luci-
ferase gene under control of the SV40 early enhancer/pro-
moter region was used as a control to correct for differ-
ences in transfection efficiencies.

Luciferase Assays

Luciferase assays were performed using the Dual Luci-
ferase Reporter Assay System according to the manufac-
turer’s instructions (Promega). Briefly, 50 uL of luciferase
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substrate was added to 10 uL of lysate, and luciferase ac-
tivity was measured using a Turner Designs-20/20 lumino-
meter (Turner Designs, Sunnyvale, CA).

Fusion Protein Production

GST-SF-1 fusion protein was overexpressed in Escheri-
chia coli by induction of midlogarithmic phase cultures with
1 mM isopropyl-B-D-thiogalactopyranoside. After incubat-
ing for 6 h at 27°C, cells were sedimented by centrifuging at
7700g for 10 min at 4°C. The cell pellet was resuspended
in PBS and sonicated using a Sonic Dimembrator 60 (Fisher)
with a 1/4-in. tip at full strength in 10-s bursts until cells
were lysed. Triton X-100 was then added to a final concentra-
tion of 1%, and the sample was incubated for 30 min at 4°C.
The suspension was centrifuged at 12,000g for 10 min at 4°C.
Affinity purification of the fusion protein was performed
using the GST-fusion Purification Kit (Pharmacia Biotech)
per the manufacturer’s recommendations. Briefly, cleared
lysate was passed through the glutathione Sepharose 4B
column. After washing the column with PBS, the fusion pro-
tein was eluted with 10 mM reduced glutathione in 50 mM
Tris-HCI, pH 8.0. Protein concentrations were determined
using the Bio-Rad protein assay (Bio-Rad, Hercules, CA).
Purified GST-fusion protein was used in mobility shift assays.

Gel Mobility Shift Assay

Complementary oligonucleotides corresponding to the
SCP2 promoter region from —46 to —20 (SCP2 SF-1-bind-
ing motif: 5-~AGCACAATTCAGGCCTTGGAGGAGCTG-
3") with GGG overhangs at the 5' ends were synthesized
and annealed in 10 mM Tris-HCI, pH 7.5; 1 mM EDTA;
25 mM NaCl; 10 mM MgCl,, and 1 mM dithiothreitol
(DTT). The oligonucleotide probe was then labeled using
the Klenow fragment of DNA polymerase and [0.*>P] dCTP
(3000 Ci/mmol). Unlabeled SF-1-binding motif oligonu-
cleotide was used as a competitor in some experiments. Mut1
(5'-AGCACAATTTCGGCCTTGGAGGAGCTG-3"),
Mut2 (5'-AGCACAATTTTTGCCTTGGAGGAGCTG-
39, Mut3 (5-AGCACAATTTTTTCATTGGAGGAGCTG-
3", and Mut4 (5'-AGCACAATTTTTGTCTTGGAGGA-
GCTG-3') are identical to the SCP2 SF-1-binding motif
except for the boldfaced and underlined bases. In some ex-
periments, Mut1-4 were also 3?P-labeled and used as probe.
Purified GST-SF-1 fusion protein (2.5 ug) was incubated in
either the presence or absence of competitor for 30 min at
room temperature in binding buffer (12 mM HEPES, pH
7.9; 12% glycerol; 60 mM KCl; 1 mM EDTA; 1 mM DTT;
and 4 mM Tris-HCI, pH 8.0), 2 ug of poly dI-dC, and 0.4
pg of BSA. After incubation, 200,000 cpm of the radiola-
beled probe was added and the mixture incubated for 15
min at 30°C. Where indicated, SF-1 antibody was also
added to the reaction for supershift analysis. The DNA-
protein complexes were resolved on a 4% nondenaturing
acrylamide gel at4°C in 1X TBE (0.05 M Tris, 0.05 M boric
acid, and 0.001 M EDTA). Gels were then vacuum-dried
and exposed to BioMax-MR films at —80°C for 12-24 h.

DNase I Footprint Analysis

The 400-bp rat SCP2 promoter was excised from the
pGL3-basic vector using Xhol and gel purified using the
Sephaglas BandPrep kit (Amersham/Pharmacia Biotech)
and then treated with calf intestinal phosphatase (CIP) (Pro-
mega). CIP was inactivated by phenol-chloroform extrac-
tion. The DNA was precipitated and vacuum dried. Three
picomoles of probe was labeled using T4 polynucleotide
kinase (Promega) and [y**P] ATP. EcoRI was used to gen-
erate a DNA probe labeled on only one end. The radio-
labeled probe was phenol-chloroform extracted and etha-
nol precipitated. DNA footprinting analysis was performed
using the SureTrack Footprinting Kit (Amersham/Pharma-
cia Biotech) according to the manufacturer’s specifica-
tions. Briefly, 10-20 fmol of labeled probe (30,000-60,000
cpm) was incubated in either the presence or absence of 100—
500 ng of recombinant SF-1 protein and incubated at room
temperature for 20 min. BSA was used as a negative control
in these experiments. CaCl, and MgCl, were added to the
binding reaction to a final concentration of 1 and 0.5 mM,
respectively, and incubated for 1 min. Next, 0.6-5 U of
DNase I was added and the mixture incubated for another
minute. The DNA was purified by phenol-chloroform ex-
traction and ethanol precipitation. Samples were resus-
pended in formamide loading buffer and resolved on an 8%
sequencing gel. Gels were then vacuum-dried and either
exposed to BioMax-MR films at —80°C for 12-24 h or to
a phosphor screen for 6-12 h.

Data Analyses

Northern blot results were analyzed using a Hoefer Scan-
ning Densitometer (Hoefer, San Francisco, CA). Equal RNA
loading was verified by ethidium bromide staining of the aga-
rose gel. Luciferase data were expressed as the mean + SEM.
Each luciferase assay experiment was performed in triplicate
and repeated for the number of times indicated in the legends
to Figs. 3, 4, 8, and 9. Data from the individual parameters
were compared by analysis of variance followed by Student-
Newman-Keuls multiple comparison test when applicable (53).
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