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ABSTRACT

Expression of the human CYP11A1 gene, encoding cytochrome P450scc that
catalyzesthefirst and rate-limiting step of steroid biosynthesis, is controlled by cAMP
signaling in atissue-specific manner. To investigate the tissue-selective CAMP
responsiveness of the human CYP11A1 gene, we characterized the functions of e ements
in the upstream cAMP-responsive sequences. The electrophoretic mobility shift assay
demonstrated that two CRE/TRE-like elements formed stable complexes with Y1 and
JEG-3 nuclear proteins of the Jun family in cAMP-dependent manner. One additional
element was recognized by SF-1 present in Y 1 but absent in JEG-3 cells. Although none
of the binding elements alone was sufficient to mediate CAMP stimulation on the
heterol ogous tk promoter, site-directed mutagenesis of these elementsin the 2.3-kb
CYP11A1 promoter led to reduced response to CAMP stimulation in transient transfections.
Impairment of CYP11A1 promoter activity was also observed in transgenic mutant mice.
Combined mutation of both CRE/TRE-like elements caused complete |oss of hormonal
responses in transgenic adrenal glands and testes. In conclusion, the cooperation of two
CRE/TRE-like and SF-1-binding elements defined the cAMP-stimulated, tissue-specific

CYP11A1 promoter activity both in vitroand in vivo.



INTRODUCTION

Steroid hormones that control the balance of minerals, glucose and sexual
characteristics are essential for the maintenance of life and for the continuation of a
species (1). CYP11A1 gene encodes cytochrome P450scc enzyme, which catalyzes the
first and rate-limiting step of steroid biosynthesis by the conversion of cholesterol into
pregnenolone (2). CYP11A1is expressed in all steroidogenic tissues such as adrenal
glands, ovaries, testes, and placenta. CYP11A1 expression is regulated by pituitary
hormones, including ACTH (Adrenocorticotropic hormone) (3), LH (L uteinizing hormone)
and FSH (Follicle-stimulating hormone) (4). These pituitary hormones act through a
common intracellular second messenger CAMP (5). Recently CYP11A1 was aso detected
in non-classical steroidogenic tissues such as embryonic hindgut (6), brain (7), skin (8),
lymphocyte (9), uterine endometrium (10), and pancreas (11).

Investigations of the promoter function of the human CYP11A1 gene revealed that
the 5’ -flanking region contained sequences conferring CAMP responsiveness (12-14).
Transcription factor SF-1/Ad4BP (Steroidogenic factor-1/Ad4-binding protein; also
named NR5A1) (15) plays a central role to mediate cAMP signal. (16). Previous studies
suggested expression of CYP11A1 gene was controlled by interaction of SF-1 with
adjacent elements like Spl (Specific protein 1) (17-19), SCC2 (20), SF-3 (Steroidogenic
factor-3) (21), and CRE (CAMP-responsive element) (22-24). Analyses of the human
CYP11A1 promoter activity in adrenal Y1 cells (25), adrena NCI-H295 (26), testis MA10
cells (27), and placental JEG-3 cells (28) indicated that stimulation of gene expression by
CAMP depended on the cell type.

We had identified an upstream cAMP-responsive sequence (U-CRS spanning —1640



to —1500 from the transcription start site of the human CYP11A1 gene (17, 29). A
sequence identical to the SF-1-binding site, TCAAGGTCA, isat -1615 (17, 30). SF-1 was
expected to function as an obligatory factor to bring the cAMP signal by coordinating with
other elements. In addition, two CRE/TRE-like sequences located around —1630 and
-1555 (31) are highly homologous to cCAMP-responsive element (CRE, TGACGTCA) (32)
and phorbol ester TPA-responsive element (TRE, TGAC/GTCA) (33). The CRE-binding
protein mediated CAMP-protein kinase A signa to activate transcription (34). TRE is
known to bind to AP, which consisted of the Fos and Jun protein dimer to activate
transcription (33).

The involvement of TRE in tissue-specific and cAMP-dependent expression of
CYP11B1 was observed (35, 36). CYP11B1 encodes P45011b and belongs to the same
family as CYP11A1. The presence of TRE or its variant in the 5’ -flanking region of both
CYP11A1 and CYP11B1 genesindicates that TRE may be an important regulatory element
for the transcription of both genes. The function of CRE/TRE sequencein CYP11A1
transcription, however, has not been carefully studied, although there were some initial
reports (23, 37). Theroles of SF-1 and CRE/TRE binding proteins and their interaction in
CAMP signaling aso need examination.

In the present paper, we have characterized protein-binding activities for CRE/TRE
and SF-1 elementsin U-CRS and anayzed their functions and interactions on the
heterologous or native CYP11A1 promoter in transient transfection and transgenic mice to
delineate the mechanism for tissue-selective CAMP stimulation. We demonstrated that
SF-1 and CRE/TRE-binding proteins play important rolesin cAMP-regulated CYP11A1

promoter activity.



RESULTS
Two CRE/TRE-like and one SF-1-binding elementsin the upstream
CAM P-responsive sequence of the human CYP11A1 gene

In our earlier reports, we identified aregion named U-CRS (upstream CAMP-
responsive sequence) at about 1.6 kb upstream from the transcription start site of the
human CYP11A1 gene that directed cAMP-stimulated expression in mouse adrenal Y 1
cells (17), but did not function in nonsteroidogenic Hel.a cells or in human
choriocarcinoma cell line JEG-3 (24, 29) This 100-bp DNA fragment spanning —1645
to —1546 contains three sets of sequences, named C1, U, and C2, asillustrated in Fig. 1.
The C1 sequence (TGATGTCA) offered a near perfect consensus CRE or TRE except the
middle T base. The C2element (TGACTGA) has one base mismatch to consensus
CRE/TRE. The U siteisidentical to the SF1-binding site and shares some homology with
half CRE.

To confirm the protein-binding activities of these elements, three oligonucleotide
probes corresponding to C1, U, and C2, respectively, were incubated with mouse adrenal
Y 1 and human choriocarcinoma JEG-3 nuclear extracts in electrophoretic mobility shift
assays. Proteinsin both Y 1 and JEG-3 nuclear extracts interacted with CI1 probe to form
two major complexes, the intensities of which were increased by 8-Br-cAMP treatment
but decreased after competition with unlabeled C1, TRE, and CRE (Fig. 2A). Similar
results were observed in the interaction of C2probe with Y1 or JEG-3 nuclear extracts.
Treatment of CAMP enhanced the formation of C2-protein complexes, which were erased
by excess C2, TRE, and CRE (Fig. 2B). These results suggested that the interactions of C1

or C2with CRE/TRE-binding proteins in both Y1 and JEG-3 cells were stimulated by



CAMP signal.

The U probe and Y 1 nuclear extract, but not JEG-3 extract, formed a specific
DNA-protein complex (Fig. 2C). The observation that U-binding protein was expressed in
Y 1, but not in JEG-3, agreed with our earlier results of footprinting analysis (17).

SF-1 and AP-1 bound to the upstream regulatory region of the CYP11A1 gene

Since U shares 5/6 homology with consensus CRE (30), we further examined if
CRE-binding protein (CREB) binds to U. The complex formed with U and Y 1 nuclear
extract was competed by unlabeled U and SF-1 oligonucleotides (Fig. 3A, Lanes 1, 2, 4,
6), but not by non-specific competitor Spl (Fig 3A, Lane 9). Unlabeled CRE
oligonucleotide also did not compete with U (Fig. 3A, Lane 3). The anti-SF-1 serum
effectively blocked the complex formation (Fig. 3A, Lane 7 & 8), whereas anti-CREB
serum had no effect (Fig. 3A, Lanes 5, 8). These results showed that the CREB did not
bind to U.

The AP-1 family members consist of Fos/Jun proteins. We examined the CI- and
C2-binding proteins with antibodies specific for subunits of AP-1. The super-shift assay
showed that the both C1- and C2-binding proteins were recognized with antibodies against
JunB, c-Jun, or Jun D, but not with anti-FosB antibodies (Fig. 3B). Therefore, the Jun
proteins interacted with C1and C2.

Functions of putative CRE/TRE and SF-1-binding e ements on the heter ologous
tk promoter activity

In order to test functions of CRE/TRE-like and SF-1-binding elementsin U-CRS we
connected these elements with the tk promoter to drive CAT reporter gene expression, and

then monitored CAT expression after transient transfection. In Y 1 cells, pSCC#9, which



contains the entire U-CRSsequence, could be stimulated by cCAMP by 12 folds. Other
clones, including pC1, pU, pCL/U and pC2, like their parental ptkCAT vector, did not
respond to cAMP induction (Fig. 4A). The plasmids, pCZ, pU, and pC2, were constructed
by inserting one single element corresponding to C1, U, and CZ, respectively, in front of
the tk promoter. Similarly, pC1/U contained both C1 and U elements. All tested clones
expressed basal activity comparable to ptkCAT (data not shown). These results suggested
putative CRE/TRE and SF-1 elements alone or in combination of two could not enhance
heterol ogous tk promoter activity in response to CAMP induction.

Asshown in Fig. 2, JEG-3 nuclear extract did not contain U-binding protein. In
JEG-3 cells, pSCC#9 expressed low reporter CAT activity (Fig. 4B, Lanes5 & 6).
Cotransfection of SF-1 expression plasmid increased CAT activity of pSCC#9 (Fig. 4B,
Lanes7 & 8). Cyclic AMP treatment did not further stimulate expression of pSCC#9.
These results suggested that SF-1 interacted with CZ- and C2-binding proteins for the
function of U-CRS
Sequences of CRE/TRE and SF-1 essential for binding

In addition to dissecting U-CRSin front of the heterologous tk promoter we also
analyzed its activitiesin the 2.3-kb CYP11A1 promoter by site-directed mutagenesis. Two
mutant oligonucleotides with three base mutations, C1mit (T TAAGGCA) and C2mit
(TGCCGGO), were synthesized (Table 1). These mutated sequences could not compete
for binding to C1 and C2as demonstrated in EMSA experiments (Fig. 5, Lanes 1-3&7-9).
The U sequence isatypica SF-1-binding site, TCAAGGTCA. We aso generated Unt,
which has mutations at the 4" A and the 8"C (TCACGGT GA, Table 1) of U. As expected,

Umt could not compete with the U probe in the DNA-protein binding assay (Fig. 5, Lanes



4-6). These results indicated that the combination of these two bases (-1614 A and —1610
C) isessential for SF-1 binding.
Functions of CRE/TRE and SF-1 elementsin cell culture

The binding-sites in U-CRSwere mutated in the 2.3-kb CYP11A1 promoter by
site-directed mutagenesis to characterize their role. In total, seven mutants were produced,
including three single mutants (CZmt, Umt, and C2m), three double mutants (CZ/Untt,
C1/C2mt, and U/ C2mt), and one triple mutant, C1/ U/ C2mt (Fig. 6A). After the DNA
containing either the wildtype or mutated 2.3-kb CYP11A1 promoter connected with
reporter LacZ gene and internal control RSVCAT plasmid were together transfected into
Y 1 cells, the reporter b-galactosidase activity was measured and normalized against the
internal control CAT activity. All tested clones expressed similar basal activities (data not
shown). Their fold of cCAMP stimulation, however, was reduced. After statistical analyses
from many independent experiments, we found that mutation of C1 or C2alone had no
significant effect on CAMP response (Fig. 6B). U mutation alone and double C1/C2
mutation resulted in somewhat reduced cAMP response (p<0.05). Double C2/U or U/C2
mutations resulted in further reduction of CAMP response (p<0.01). Triple CL/U/C2
mutation caused a significant reduction of fold of cCAMP induction (p<0.001).

In this transfection experiment, our results differentiated the individua and
cooperative functions of C1, U, and C2in cAMP-regulated CYP11A1 transcription and
suggested that the effect of the U appeared to be more important than CZ and C2.
Functions of CRE/TRE and SF-1 elementsin transgenic mice

To further study the functions of CRE/TRE-like and SF-1 elements in vivo, we

generated transgenic mice harboring five mutant constructs. The adrena homogenate was



used for b-galactosidase activity assay to monitor the tested promoter activity. Lots of
transgenic wildtype lines (5 out of 11 tested lines) expressed significant level of
b-galactosidase activity (Fig. 7). Higher than 1000 units of b-galactosidase activity was
considered as positive expression (represented by filled circles). In comparison with
expression rate of wildtype as 100%, the expression rates of single U mutant and single
C2mutant lines were fairly reduced (40% and 51%). The worst expression rates were seen
in both double C1/C2 and U/C2 mutants (27% and 20%). The double mutation with either
two CRE/TRE elements or one CRE/TRE combined with one SF1 elements further took
70~80% of CYP11A1 promoter activity off. These in vivo results reflected the
physiological importance of these upstream CRE/TRE and SF-1 elements to regul ate
transcription of CYP11A1.
Function of CRE/TRE elementsin hormonal regulation of transgenic mice

In transfection experiment the combination of CI and C2 elements appeared to be
important in mediating CAMP signal on CYP11A1 promoter activity (Fig. 6). To verify this
point, the same mutant constructs were tested for their response to hormonal regulation in
transgenic mouse lines. Although most of mutant lines expressed the reporter gene at very
low levels, we selected the best one from each mutant line to receive hormone treatment.
The b-galactosidase activity from adrenal lysate was monitored. Although both CZmt and
C2mit lines still responded to ACTH somewhat, the C1/C2mit line compl etely could not
respond to ACTH stimulation (Fig. 8). The corticosterone levelsin serafrom all tested
mutant lines remained stimulated by ACTH, showing the tropic effect of ACTH on
adrenal steroid hydroxylases.

The effect of hCG injection on reporter gene expression from the testis was also



assayed. Although serum testosterone was dramatically induced by hCG, the
b-galactosidase activities of testis |ysate from all hCG-injected mutant lines expressed as
low as that from saline-injected mice (Fig. 9). These results demonstrated that the
combined action of C1and C2elements were required in the response to both ACTH and
hCG regulation of gene expression in the adrenal and testis.

We also tested whether the best CImt and C2mit lines expressed the reporter genein
atissue-specific manner. As shown in Fig. 10, the reporter gene driven by the mutant
promoters were expressed selectively in adrenal and ovary, although this expression was
much weaker than that of the wildtype. This is because the proximal SF-1-binding siteis
till intact in these mutant lines.

DISCUSSION

We have characterized the binding and functional activities of two putative
CRE/TRE and one SF-1 elements in the upstream cAMP-responsive sequence (U-CRS of
human CYP11A1in detal. Although either of them alone or a combination of two
elements was not sufficient to stimulate the heterol ogous tk promoter activity in response
to CAMP in transfected cells, their combined mutations reduced cAMP-regulated activity
of CYP11A1 promoter. Furthermore, our transgenic mouse studies showed that
combination of CRE/TRE elements were essential in response to tropic hormonal
stimulation. This, in combination with our previous studies of mutating the upstream
SF-1-binding site in transgenic mice (16), demonstrated that the upstream CRE/TRE and
SF-1 elements play important rolesin the cAMP-regulated transcription of human
CYP11A1.

SF-1/Ad4BP is acommon transcription factor for all steroidogenic genes (38, 39)
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and a key determinant of endocrine development and function (40). Therole of SF-1in
CAMP response was less certain. In mouse testicular MA-10 cells, SF-1 was required for
constitutive expression of Cypllal, but did not play adirect rolein cCAMP induction (41).
In adrenal Y1 cells, the U-CRSharboring pSCC#9 responded to cAMP stimulation but pU
with asingle SF-1 element did not (Fig. 4A). Moreover, exogenous SF-1 expression
restored activity of pSCC#9in SF-1-deficient placental JEG-3 cells (Fig. 4B). These
resultsindicated that SF-1 is essential but not sufficient to mediate cCAMP signal. In
5'-flanking region of the human CYP11A1 gene, there are two SF-1-binding sites,
including upstream U and proximal P. U isimportant for mediating hormonal regulation
and Piscritical for basal CYP11A1 transcription (16).

SF1/Ad4BP and CREB/ATF (CRE-binding protein family) synergize for
cAMP-dependent expression of the human CYP11A1 gene (23). Furthermore, the physical
interaction of a CREB-binding protein, CBP, with SF-1 mediates CAMP signal ina
CRE-independent manner (42). In bovine CYP11A, the interaction between SF-1- and
Spl-binding sites was shown to be important for CAMP induction (18). These
observations confirmed that SF-1 mediated CAMP signa through cooperation with other
transcription factors.

Our DNA-protein interaction experiments demonstrated that both C1 and C2
elements bound to CRE/AP1-like proteins, which were induced after cells were treated
with 8-Br-cAMP (Fig. 2) (43). CRE sequence alone is sufficient to mediate cCAMP
response of some genes (44). Since C1 and C2bind to similar proteins as CRE, one would
expect that they could also mediate CAMP response like CRE. Y et thisis not the case. As

shown in Fig. 4A, CI1or C2aonefailed to respond to CAMP. That could result from
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weaker interaction between the imperfect CRE/TRE and CREB/AP1-like proteins. The
cooperation with other transcription factor(s) to form a more stable DNA-protein complex
was presumed to be required for transactivation. Since the locations of U, C1and C2
elements are close to each other, the potential interactions between them are expected. We
previously showed the interaction between AP1 and SF-1 in gene activation (45, 46), so
that the interaction between U, C1 and C2 elements could activate CYP11A1 promoter.
Moreover, our super-shift results showed the binding of Jun proteinsto C1and C2
elements and SF-1 protein to U element (Fig. 3).

Point mutations of the regul atory e ements have been used to study the functions of
the promoter. Here, we generated mutants with single, double, or triple mutation at C1, C2
and U elementsin the context of the intact 2.3-kb CYP11A1 promoter. It appeared that the
triple mutation was most effective in reducing CAMP response (Fig. 6). Therefore the
combination of all three elements appears to be required to achieve maximal cCAMP
stimulation.

The effects of C1, C2, and U elements were more pronounced in the transgenic
mouse study. Double mutations at C1/C2 or U/C2 elements decreased the rate of reporter
gene expression to 20~30% and the levels of reporter gene expression were also greatly
reduced (Fig. 7). The hormonal stimulation test showed that combination of both C1 and
C2wererequired for fully mediating tropic signal (Fig. 8&9). Our previous observations
in transgenic mice also indicated the requirement of U in hormonal regulation (16). Taken
together, the CRE/TRE and SF-1 elementsin U-CRSshould play critical rolesin
regulating CYP11A1 transcription hormonally. Our transgenic results are the first in vivo

evidence to demonstrate the roles of C1, C2and U elementsin CYP11A1 transcription by
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themselves and in combination.

In summary, CAMP regulation of CYP11A1 expression could not be totally
attributed to any single element. We demonstrated in this paper the importance of
interactions among multiple e ements including one SF-1 and two CRE/TRE-like
elementsin CAMP response of CYP11A1 transcription.

MATERIALSAND METHODS
Cell cultureand transfection

Mouse adrenocortical Y 1 (47) and human choriocarcinoma JEG-3 (48) tumor cells
were grown in F-10 medium supplemented with 10% horse serum and 2.5% fetal calf
serum, 0.12% sodium bicarbonate, penicillin (100 U/ml), and streptomycin (100 ng/ml).
Transfection with linear or circular DNA was carried out by lipofectAMINE (Life
Technologies, Bethesda, USA) or the calcium phosphate procedure (49). Cells were split
into two on the second day. One plate was treated with 1 mM 8-Br-cAMP for 24 h before
analysis.

Analysis of transcription activity

CAT expression was measured by CAT activity assay (50) or by primer extension for
RNA assay (51). The b-galactosidase activity was measured by chemiluminescent
detection as previously described (16). Cells cotransfected with tested plasmid and
internal control plasmid RSV-bgal or RSVCAT were scraped in cold PBS solution, frozen
in liquid nitrogen and thawed at 37 °C for three times to break down cell membranes, and
their nuclel were pelleted down at 4 °C. Cell lysate was tested for the CAT assay or
b-galactosidase activity assay. The reporter b-gal actosidase activity was normalized with

CAT activity of the internal control. For primer extension, cytoplasmic RNA extracted
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from cells cotransfected with tested plasmid and internal control plasmid RSVCAT was
annealed with 0.1 pmole *P-labeled CAT primer (5-TTTAGCTTCCTTAGCTCCTGAA
AATCT-3') in 50 m hybridization buffer (0.04 M PIPESpH 6.4, 1 mM EDTA, 0.4 M
NaCl, 0.2% NaDodS04) at 60 °C overnight. The RNA-primer hybrid was i sopropanol
precipitated and the pellet was redissolved in 50 pl reverse transcription buffer (50 mM
Tris-HCI pH 8.3, 74 mM KCI, 6 mM MgC12, 10 mM dithiothreitol, 0.5 mM each
nucleotide triphosphate, 0.2 U of RNasin, 4 U of AMV reverse transcriptase), and
incubated at 42 °C for 2 hr to allow reverse transcription. After extension, the RNA-cDNA
hybrid was hydrolyzed with 100 pl 0.25 N NaOH at 55 °C for 30 min and the residual
cDNA solution was neutralized with 40 pl 3 M sodium acetate pH5.2, extracted with
phenol/chloroform, and precipitated with one volume of isopropanol in the presence of
5-10 ug tRNA asacarrier. The cDNA pellet was dissolved in 1 pl sequencing dye,
electrophoresed in 5% sequencing gel and autoradiographed. The intensities of specific
bands including cDNA products of tested plasmids and internal control RSVCAT were
guantified by densitometric scanning or by a Phosphor-Imager (Molecular Dynamics,
Sunnyvale, California) and normalized.
RNA isolation

Cytolasmic RNA was harvested by NP-40 lysis method (52). Briefly, transfected
cellswere scraped into 1 ml phosphate-buffered saline (PBS), centrifuged, and
resuspended in 500 pl lysis buffer (0.14 M NaCl, 1.5 mM MgC12, 10 mM Tris-HC1 pH
8.6, 0.5% NP-40). After incubation on ice for 5 min and quick spin, the cytoplasmic RNA
in the supernatant was collected and treated with 50 pul NaDodSO4 (10%) and 12.5 pl

proteinase K (20 mg/ml) at 55 °C for 30 min, extracted with acidic phenol and chloroform
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after the addition of 100 ul 10 M ammonium acetate, and precipitated with one volume of
isopropanol at room temperature.
Preparation of nuclear extract for EM SA

To prepare the nuclear extracts, cells were treated with NP-40 lysis method
described in RNA isolation in addition of proteinase inhibitors (0.5 mM DTT, 0.5 mM
PMSF, 2 ng/ml aprotinin, and 2 ng/ml leupeptin). The pelleted nuclei were extracted with
0.1 volume of 3 M KCI in one volume of nuclear extraction buffer (20 mM HEPES pH7.9,
1.5mM MgCl2, 0.4 mM EDTA pH8.0, 20 % glycerol, 0.5 mM DTT, 0.5 mM PMSF, 2
ng/ml aprotinin, and 2 ng/ml leupeptin) by swirling at 4 °C for 30 min. The extracts were
centrifuged at 10,000 x g at 4 °C for 30 min, aliquoted, and frozen in liquid N2 and stored
at —70 °C immediately.

Electrophor etic mobility shift assay (EM SA)

The procedure was described early (19). Briefly, two complementary strands of
oligonucleotides were annealed as a probe after they were separately labeled with
[3*P]ATP by kinase. The probe was incubated with 5 ng nuclear proteinsin 15 ni binding
buffer (2 g poly (dG-dC), 25 mM HEPES pH 7.9, 0.1 mM EDTA pH8.0, 0.5 mM DTT,
50 mM KCI, 5 mM MgClz2, and 10 % glycerol) on ice for 30 min in the presence or
absence of double stranded competitor oligonucleotide. For the super-shift experiment, the
nuclear extract was preincubated with 2 ng antibodies in binding buffer on ice for 15 min,
followed by the addition of the probe and further incubation on ice for 30min. The
DNA-protein complexes were separated in 5 % native polyacrylamide gel at 4 °C

overnight before autoradiography.
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Oligonucleotides

Sequences and the description of the sense strand of the oligonucleotides used in
plasmid construction and el ectrophoretic mobility shift assay are listed in Table 1.
Construction of plasmids

Plasmid pSCC#9, RSV-bgal, and RSVCAT were described before (24, 52). The
plasmids C1, U, and C2were resulted from the insertion of double stranded C1, U, and C2
oligonucleotides into ptkCAT at Xba I site. The fragment of C1 connected with U was
inserted into ptkCAT at Xba I site to generate pC1/U. Each plasmid contained asingle
copy of inserted element and was sequenced to confirm the junction points, the orientation,
and the copy number of the insert.
Generation and genotyping of transgenic mouse lines

Injected DNA fragments composed of the wildtype or mutated CYP11AI promoter
joined to LacZ and SV40 polyA. The transgene copy numbers in the genome of transgenic
mice determined by Southern blotting varied between 1-22, but mostly below 4. All
transgenic founders and their offspring were of the FVB strain. Genomic DNA was
prepared from tails or placentae of embryos. Genotyping was performed by PCR
amplification of LacZwith primers 5’ -Gal (AGGCATTGGTCTGGACACCAGCAA) and
3'-Gal (GATGAAACGCCGAGTTAACGCCAT) to produce a 476-bp fragment. Mice
were housed under standard specific pathogen free laboratory conditions.
b-galactosidase assaysof Tissues

Tissues were homogenized in the smallest volume of lysis buffer (100 mM
potassium phosphate pH7.8, 0.2 % Triton X-100, 0.5 mM dithiothreitol, 0.2 mM

phenylmethylsulfonylfluoride, and 5mgy/ml leupeptin). After centrifugation, the

16



supernatant was incubated at 48 °C for 1 h to inactivate the endogenous b-gal actosidase
activity. Ten i of tissue lysate was mixed with 50 i reaction buffer. After incubation at
room temperature for 1 h and reaction with Light Emission Accelerator, the light product
was counted for 5 sec with aluminometer.
Hormonal stimulation test

For the adrenal function test, five to eight female transgenic mice were
subcutaneously injected with 1 1.U. ACTH (Cortrosyn, Organon, Oss, Holland) once a day
for 7 days. For the testicular function test, five to eight adult male transgenic mice were
intraperitoneally injected with 10 1.U. hCG (Sigma Chemical Co., St. Louis, MO) twicea
day for 7 days. Mice were anesthetized with ether 2 h after the last injection. Serum
corticosterone and testosterone were measured using **°I-labelled RIA kits (ICN
Biomedicals, USA and DSLabs, USA). Adrenal and testicular lysate were assayed for
b-galactosidase activity.
Experimental animals

All studies concerning the use of mice were conducted in accord with the rules
established by the Animal Committee at the institute of Molecular Biology, Academia
Sinica
Statistical Analysis

The statistical differences between tested plasmids and control plasmid ptkCATin
CAT assay or between wildtype and mutant plasmids in b-galactosidase activity assay
were evaluated by the ANOVA analysis. The p value <0.05 was considered statistically

significant.
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Table 1 Sequences of the sense strands of the oligonucleotides synthesized

el ectrophoretic mobility shift assay and plasmid construction.

for

PSequences

Name %Position
C1 -1637/-1626
Cimt -1637/-1626
U -1617/-1609
umt -1617/-1609
c2 -1558/-1544
C2mt -1558/-1544
S-1 -1616/-1609
Q1 Consensus
CRE Consensus
TRE Consensus

5 -ttect TGGCTGATGT CAttccaggcet-3'
5'-ccttect TGGCT 7TA AGGCATttccaggctca
5’ -ctagacaggcTCAAGGT CAtcagtgagt-3'

5'-cattccaggcTCA OGGT GAtcagtgaggca:-3'
5 -ctagattcal GACTGATGAGGTAGtggt-3’
5’ -cagaaggttcal GACGGCTGAGGTAGtggt
5 -ctagaCAAGGT CAtcat-3’
5’ -ctagagatcGGGGCGGGGCgatct-3’
5’ -ctagaccggcTGACGT CAtcaaget-3'
5 -agcttggT GACTCAtceg-3'

a Position indicates the correlated location of the presumed protein-binding site with

capital lettersin 5’ -regulatory region of the human CYP11A1 gene.

b: Oligonucleotidesincluding C1, U, and C2were designed to expose sticky Xbal or Sall

ends after annealing two complementary strands. The /talic and underlined capital

lettersindicate the mutated nucleotides.
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FIGURE LEGENDS

Fig. 1. Location and sequences of CRE/TRE-like and SF-1 elements from —1645

to —1546 of the 5’ -flanking sequence of CYP11A1. (A) The CRE/TRE-like and SF-1
elements are boxed and named as C1, U, and C2. (B) The homology of CIor C2to CRE
and TRE, and Uto SF-1 and CRE.

Fig. 2. Protein-binding activities of CRE/TRE-like and SF-1 elementsin
electrophor etic mobility shift assays. The (A) C1, (B) C2, and (C) U oligonucleotides
were end-labeled with P and incubated with 5 ng of Y1 or JEG-3 nuclear extract in the
presence or absence of 500-fold molar excess of cold competitors listed on the top.
Nuclear extracts from Y1 or JEG-3 cells treated with (+) or without (-) 1 mM 8-Br-cAMP
are indicated. The specific DNA-protein complexes are marked with arrowheads.

Fig. 3. SF-1 bindsto the U element and Jun protein bindsto C1or C2element.
End-labeled (A) U (B) C1 or C2oligonucleotide was incubated with 5 ng of
cAMP-treated Y 1 nuclear extract to form specific DNA-protein complexes. The
complexes were preincubated with specific antibodies, or 100-fold molar excess of cold
competitors as shown at the top of each lane.

Fig. 4. Functions of C1, U, and C2elementsin transfection. (A) Each DNA element, as
indicated in each column, was inserted in front of the thymidine kinase promoter driving
the CAT reporter gene. These test plasmids together with internal control RSVCAT were
transfected into Y 1 cells and tested for cCAMP response. The significant differencein
comparison with parent vector ptkCAT isindicated as*** (p<0.001). (B) The JEG-3 cells
were cotransfected with tested plasmid ptkCAT or pSCC#9together with internal control

RSV-bgal in the presence (+) of or in the absence (-) of SF-1 expression plasmid, then
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treated with (+) or without (-) 1 mM 8-Br-cAMP. After normalization of internal control
b- galactosidase activities, the reporter CAT activities were assayed and the **C-labelled
products were illustrated on the thin-layer chromatography. The substrate and products are
marked with filled circle and arrowheads, respectively.

Fig. 5. Essential sequencesof C1, C2and U element for specific binding. Nuclear
extracts (5 ng) from Y 1 cells were incubated with (A) *P-end labeled C1, (B) U, and (C)
C2. Except the control group (-), the reactions were preincubated with 100-fold excess of
competitors asindicated at top of each lane. Only protein-DNA complexes are shown.
Fig. 6. Functions of C1, C2and U elementson cAM P-regulated CYP11A1 promoter
in transfected Y1 cells. (A) Construction of seven mutant plasmids by site-directed
mutagenesisat C1, C2and U elements of 2.3-kb CYP11A1 promoter. The names and
mutated sequences are indicated. (B) Transcriptiona activity of wildtype and mutated
CYP11A1 promoter. Linear or circular DNA of wildtype and seven mutants were
separately transfected into Y 1 cells together with an internal control RSVCAT plasmid.
The transfected cells were split into two plates, one of which was treated with 1 mM
8-Br-cAMP for 24 hours. The reporter b-galactosidase activity in each transfected cell
lysate was measured, normalized against the internal control CAT activity, and calculated
for cAMP induction fold. The significant difference between mutant and wildtype was
indicated as * (p<0.05), ** (p<0.01), and *** (p<0.001). The percentage of activity of
each mutant compared to wildtype was shown in each column.

Fig. 7. Functions of C1, C2, and U elementsin transgenic mice. Transgenic mouse lines
carrying the wildtype or mutated human CYP11A1 promoter linked to the LacZ gene were

analyzed. b-Galactosidase activity from adrenal homogenates of each mouse line was
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measured. Each circle represents an individual transgenic line. Open and filled circles
represent the absence and presence of b-galactosidase, respectively.

Fig. 8. Lack of ACTH induction from mutated CYP11A1 promoter. (A)
ACTH-stimulated reporter b-galactosidase activities of adrenal homogenates from
transgenic mice were compared with that from the saline-injected controls. (B) The levels
of serum corticosterone from the same mice were measured.

Fig. 9. Lack of hCG induction from mutated CYP11A1 promoter. (A) hCG-stimulated
reporter b-galactosidase activities of testicular homogenates from transgenic mice were
compared with that from the saline-injected controls. (B) The levels of serum testosterone
from the same mice were measured.

Fig. 10. Tissue-selective expression of the CYP11AI-driven reporter gene. Thetissue
distribution of reporter b-gal actosidase activities from mouse lines expressing wildtype or
mutated CYP11A1 promoter were detected and compared with that in non-transgenic mice.
Tissuesincluding adrenal (A), ovary (O), brain (B), heart (H), lung (L), liver (L), spleen

(S) and kidney (K) were tested.
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