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ABSTRACT
Although transcription initiation within CYP19 (cytochrome P450

aromatase) occurs immediately 59 to the initiator methionine (prox-
imal promoter) in two rat Leydig tumor cell lines (R2C and H540) that
express high aromatase activity and in rat ovary, the patterns of
aromatase expression in the two cell types are distinctive. To define
mechanisms controlling different patterns of expression of the rat
aromatase proximal promoter, we performed transient transfection
and gel mobility shift assays. Transfection experiments using differ-
ent sized promoter fragments fused to a reporter gene were used to
identify regions that are functionally important for transcriptional
regulation in steroidogenic cell lines [R2C, H540, and Y1 (mouse
adrenocortical cells that express low aromatase activity)]. These ex-

periments indicate that the cAMP response element (CRE) at 2231
and the steroidogenic factor-1 (SF1) motif are both required for ex-
pression of the reporter gene in each steroidogenic cell line and that
the CRE at 2169 is similarly required in R2C cells. Gel mobility shift
assays confirm binding of nuclear proteins from the steroidogenic cell
lines to the SF1 motif and to CRE (2231). Leydig tumor cells also
contain nuclear proteins that bind to the CRE (2169), but nuclear
extracts from R2C cells produce a uniquely shifted band compared
with H540 cells. These results suggest that differences in proteins
that bind to distinct elements within the rat aromatase promoter may
be responsible for different patterns and levels of aromatase expres-
sion in these steroidogenic cell lines. (Endocrinology 139: 5082–5093,
1998)

THE CONVERSION of androgens to estrogens is cata-
lyzed by aromatase cytochrome P450 (P450arom, en-

coded by the CYP19 gene). The tissue-specific expression of
the CYP19 gene determines whether a cell is capable of con-
verting testosterone, androstenedione, and 16a- hydroxy-
androstenedione to estradiol, estrone, and estriol, respec-
tively. Aromatase is expressed in the gonadal and brain
tissue(s) of all species studied to date (1–9). In some species,
P450arom has also been detected in placenta, adipose, skin,
adrenal, and some Leydig tumors (6, 10–14).

It appears that aromatase expression can be regulated in
at least three different ways. At one extreme, recent evidence
suggests the existence of discrete, independently regulated
aromatase isoforms that are expressed in porcine ovary, pla-
centa, and blastocyst (15, 16). In contrast, tissue-specific pro-
moters regulate the expression of a single CYP19 gene in
some species (e.g. humans, cows, pigs, horses, chickens, and
rats) (15–21). Finally, the differential regulation of each pro-
moter can result in varying levels of aromatase expression.
For example, we have previously shown that transcription
initiation of the aromatase gene in rat ovary and in two rat

Leydig tumor cells (R2C and H540) occurs immediately 59 to
the initiator methionine (proximal promoter, also called pro-
moter II) (6, 22). Although the proximal promoter regulates
aromatase expression in both rat ovary and rat Leydig tumor
cells, this promoter is regulated differentially by treatment
with forskolin, cAMP, or glucocorticoids in these cell types
(1, 6, 22–28). In the studies described here, we have focused
on this latter model: the regulation of a single aromatase gene
by one of its promoters (the proximal promoter) in different
cell types.

By sequence analysis, a steroidogenic factor-1 (SF1)-bind-
ing site (at 290 relative to the start of transcription) and two
motifs similar to cAMP response elements (59CRE at 2335
and 39CRE at 2231) have been identified in the proximal
promoter (24). SF1 (also named Ad4BP), an orphan member
of the nuclear receptor family, was first identified as an
important regulator of adrenal steroidogenic P450s and ap-
pears to be necessary, but not sufficient, for the expression of
many steroidogenic P450s (29–32). The two CRE-like se-
quences differ from the consensus CRE by nucleotide sub-
stitutions of the two central nucleotides. A third CRE-like
sequence has recently been identified at 2169 by functional
analysis (24–26). The latter CRE-like sequence (which we
have designated the XCRE) has an extra nucleotide inserted
between the second and third nucleotides of the consensus
motif. Each of these CRE-like sequences is a potential can-
didate in the regulation of CYP19 by forskolin or cAMP
analogs (6, 22–28, 32).

To define the mechanisms controlling the different regu-
latory patterns of the rat aromatase proximal promoter, vec-
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tors containing different sized promoter fragments fused to
the luciferase reporter gene were transfected into two rat
Leydig tumor cell lines (R2C and H540, which express high
levels of aromatase activity), a mouse adrenocortical cell line
(Y1, which expresses low, but detectable, levels of aromatase
activity), and a rat embryonic fibroblast cell line (Rat2, which
has no detectable aromatase activity). The results of these
functional studies have been correlated using gel mobility
shift assays to identify the proteins binding to functionally
important promoter sequences.

Materials and Methods
Cell culture

The R2C, Y1, and Rat2 cell lines were obtained from the American
Type Culture Collection (Manassas, VA). Y1 cells were also obtained
from Dr. B. P. Shimmer (University of Toronto, Toronto, Canada). The
R2C and Y1 cell lines were cultured in Ham’s F-12 medium [ICN Phar-
maceuticals, Inc. (Costa Mesa, CA) and Mediatech (Herndon, VA)] con-
taining 15% horse serum (Sigma Chemical Co., Inc., St. Louis, MO), 2.5%
FCS [Sigma Chemical Co. and PAA Laboratories, Inc. (Newport Beach,
CA)], and 1 mg/ml penicillin-streptomycin (Life Technologies, Grand
Island, NY). The Rat2 cell line was cultured in DMEM (Life Technolo-
gies) containing 10% FCS and 1 mg/ml penicillin-streptomycin.

The H540 cell line was obtained from Dr. J. I. Mason (University
Department of Clinical Biochemistry, Royal Infirmary of Edinburgh
NHS Trust, Edinburgh EH3 9YW, Scotland, UK) and was cultured in
50:50 Ham’s F-12-MEM (Mediatech) containing 5% FBS, 1 mg/ml
penicillin-streptomycin, and 1% anti-PPLO (Life Technologies).

Aromatase assay

Aromatase activity was measured by the tritiated water release assay
using 0.6–0.8 mm [1b-3H]testosterone (New England Nuclear Research
Products, Boston, MA) (7, 33, 34). The protein content was measured by
the method of Lowry et al. (35).

Transfection assay

Promoter fragments were generated by the PCR and subcloned
into the pGL2-Basic vector (Promega Corp., Madison, WI). The pro-
moter fragment was also sequenced by the dideoxynucleotide se-
quencing method (36) to ensure that no unintended mutations were
introduced into the PCR product during amplification. Lipofectamine
(Life Technologies; R2C, H540, Y1: 10 ml/3.5-cm2 dish; Rat2: 5 ml/
3.5-cm2 dish) was used as directed by the manufacturer to cotransfect
cells with the pGL2-promoter constructs (1.5 mg/dish) and the cy-
tomegalovirus (CMV)-lacZ plasmids (1 mg/dish). Luciferase activity
was measured after 3 days of expression. b-Galactosidase activity and
protein content (Bio-Rad Laboratories, Inc., Hercules, CA; Bradford
method) were also determined for each sample. The luciferase data
were corrected for transfection efficiency with b-galactosidase activ-
ity. The corrected promoter activity was then depicted relative to the
most active promoter construct (2688; Figs. 2 and 3). Samples were
analyzed in triplicate.

Gel mobility shift assay

Nuclear extracts were prepared from R2C, H54O, Y1, and Rat2 cells
as previously described (37, 38). In later experiments, all fractions ob-
tained during the extraction process were saved and analyzed. All
extracts were prepared in the presence of 0.5 mm phenylmethylsulfo-
nylfluoride; the Y1 extracts used in Figs. 4 and 5 also included 1 mm
leupeptin. The pET-D-CRE-binding protein (CREB) plasmid (39), ob-
tained from Dr. C. R. Mendelson (University of Texas Southwestern
Medical Center, Dallas, TX) was transcribed and translated using the T7
polymerase in the rabbit reticulocyte lysate system as directed by the
manufacturer (Promega Corp.). Ten microliters of the reaction were used
in mobility shift assays. When the in vitro transcribed and translated
DCREB protein product was labeled with 35S and separated on a 9%

SDS-polyacrylamide gel, one major protein of the expected size (46 kDa)
was detected (data not shown).

Gel mobility shift assays were performed essentially as previously
described (37, 38) with 5 mg poly(dI-dC)-poly(dI-dC) (Pharmacia Bio-
tech, Piscataway, NJ) as nonspecific competitor and 10 mg nuclear ex-
tract. The 39CRE motif, the somatostatin CRE motif, and the SF1 motif
were generated by PCR and either subcloned into Bluescript (Stratagene,
La Jolla, CA) or subcloned with the TA Cloning Kit (Invitrogen, Carls-
bad, CA). The rest of the probes were generated by annealing single
stranded oligonucleotides. A list of the DNA sequences used in mobility
shift assays follows (the nucleotide motifs of interest are underlined;
mutations are shown as lower case letters): SF1, CAGGACCT-
GAGTCTCCCAAGGTCATCCTTGTTTTGACTTGTA; 20SF1, TCTC-
CCAAGGTCATCCTTGT; mutSF1, TCTCCCAAtaTCATCCTTGT;
39CRE-l, CTCAGCAAATGCTGCTGATGAAATCACATGGAGATTG-
TTCCTCT; 39CRE-s, GCTGCTGATGAAATCACATGGAGA (The Mid-
land Certified Reagent Co., Midland, TX); mut1, GCTGCTGAgtcgac-
CACATGGAGA; mut2, GCTGCTGAaGAAATCtCATGGAGA (BioSyn-
thesis, Lewisville, TX); mut3, GCTGCaatTGAAATCACATGGAGA
(BioSynthesis); mut4, GCTGCTGATGAAATCAtggGGAGA (BioSyn-
thesis); XCRE, TGAGTATGCACGTCACTCTAC (The Midland Certified
Reagent Co.); mutXCRE, ATTGAGTATGCgtcgacCTCTACC; 59CRE,
TAGGGGATGAACTCAGGTTACT (The Midland Certified Reagent
Co.); somatostatin CRE (SSCRE), GGATCTGGGGGCTCCTCCTGGCT-
GACGTCAGAGAGAGAGTTT; activating protein-1, CTAGTGAT-
GAGTCAGCCGGATC (Stratagene, La Jolla, CA); and Sp1, GATC-
GATCGGGGCGGGGCGATC (Stratagene).

Unless specified, oligonucleotides were synthesized by a PE Applied
Biosystems (Foster City, CA) 381A DNA synthesizer. The anti-CREB
monoclonal antibody (a-CREB) was obtained from Dr. J. P. Hoeffler
(University of Colorado Health Science Center, Denver, CO). The anti-
SF1 antibody (a-SF1) was obtained from Dr. K. L. Parker (Duke Uni-
versity Medical Center, Durham, NC). The anti-Ad4BP (Ad4BP is the
bovine homolog of SF1) antibody (a-Ad4BP) was obtained from Dr. K.-I.
Morohashi (Kyushu University, Fukuoka, Japan).

Results
Functional activity of the proximal promoter of the rat
aromatase gene

Transient transfectionexperimentsusingvectorscontainingdif-
ferent sized aromatase promoter fragments fused to the luciferase

TABLE 1. Characteristics of the cell lines studied

Cell line Basal aromatase activity
(pmol/hrzmg protein)

Rat Leydig tumor cells
R2C 50–250
H540 7–50

Mouse adrenocortical cells
Y1 1–2

Rat embryonic fibroblasts
Rat2 0

The cell lines used throughout this study and the characteristic
levels of aromatase activity for each cell line are presented. R2C,
H540, and Y1 are steroidogenic cell lines1 that express different levels
of aromatase activity. The R2C cell line was developed from a trans-
plantable tumor that arose from a Wistar-Furth rat, whereas the
H540 cell line was developed from a transplantable tumor that arose
from a Fischer rat. The Rat2 cell line is a nonsteroidogenic cell line
with no detectable levels of aromatase activity. Aromatase levels were
measured by incubating 1b-[3H]testosterone with monolayer cultures
and measuring the release of tritiated water. R2C, n 5 7; H540, n 5
10; Y1, n 5 8; Rat2, n 5 4. Each experiment was performed with
triplicate samples.

1 In this manuscript, the term steroidogenic cell line has been used to
refer to cell lines derived from cell lineages that engage in the synthesis
of steroid hormones under normal physiological conditions.
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reporter gene have been used to characterize regions that are
functionally important for transcriptional regulation. Table 1 con-
tainsa listof thecell linesusedinfunctionalstudies.Thesecell lines
have been chosen to compare the relative activities of the promoter
fusions in cells with different levels of aromatase activity. The R2C
and H540 cell lines are two independently derived Leydig tumor
lines that arose in different strains of rats (40, 41).

The nucleotide sequence of the longest promoter fragment
is shown in Fig. 1. This fragment was subcloned from a 1.5-kb
PstI fragment isolated from a rat genomic Charon library
(19). The promoter fragments, shown schematically in Fig.
2A, were assayed by transient transfection in each of the cell
lines. The relative transcriptional activity of this series of
59-deletions in the rat aromatase promoter in transient trans-
fection assays is shown in Fig. 2B. When assayed in the R2C
cell line, an increase in transcriptional activity was seen as the
regions containing the 39CRE and 59CRE sequences were
included in the promoter fragments (2183 compared with
2242 and 2339). Inclusion of the GT-rich sequences (located
between nucleotides 2339 to 2475) did not increase pro-
moter activity. An additional increase was seen as the pro-

moter region from 2475 to 2538 was included. Addition of
sequences 59 to the 2688 boundary resulted in an apparent
decrease in promoter activity.

The activities of these promoter fusions assayed in the
H540 Leydig tumor cells closely resembled those measured
in the R2C Leydig tumor cells. Major increases in promoter
activity were observed as the regions from 2183 to 2339 and
from 2475 to 2538 were included.

As noted in Table 1, the Y1 cells express much lower
aromatase activity than either of the Leydig tumor lines.
Despite this, the data obtained from assays of the promoter
fusions were very similar to the results of assays performed
in both the R2C and H540 cell lines.

The transfection experiments performed with the non-
steroidogenic Rat2 cell line (embryonic fibroblasts)
yielded markedly different results. Although constitu-
tively active plasmids (pCMV-lacZ, which was used to
monitor transfection efficiency among the different aro-
matase promoter plasmids, and pRSV-luciferase) were
transcriptionally active in the Rat2 cell line at levels similar
to those observed for the other cell lines, none of the

FIG. 1. Nucleotide sequence of the rat
aromatase promoter. The nucleotide se-
quence of the longest promoter frag-
ment used in our experiments is listed
above. The TATAA and CAAT boxes are
shown in bold letters. The start of tran-
scription is marked by an asterisk. The
SF1-binding motif is double underlined,
and the CRE-like sequences are single
underlined. (The initiating methionine
lies outside the region of the aromatase
gene under study; its codon begins at
197.) This fragment was subcloned
from a 1.5-kb genomic clone that was
isolated from a rat genomic Charon
library (19).
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aromatase promoter fragment constructs had significant
activity above that seen with the pGL2 parent reporter
vector (data not shown).

Transcriptional activity of mutated aromatase
promoter fragments

The above results suggested that the segments containing
the 59CRE, 39CRE, XCRE, and/or SF1 motif were functionally

important. To test the significance of these motifs more di-
rectly, 6 bp of the 59CRE, 39CRE, XCRE, and/or the SF1
motifs were replaced with a SalI restriction endonuclease
cleavage site (GTCGAC). A schematic diagram of the single
and double mutant promoter fragments that were generated
and assayed is shown in Fig. 3A. The relative activities of
these seven mutant fragments compared with that of the
wild-type promoter fragment (2688/194) are shown in Fig.

FIG. 2. Transcriptional activity of a se-
ries of 59-deleted promoter fragments.
A, A schematic diagram of the region of
genomic DNA containing the proximal
promoter of the rat aromatase gene is
shown at the top. The arrow indicates
the site of transcription initiation (11).
The open box represents the 59-untrans-
lated region of the aromatase messen-
ger RNA transcript, and the shaded box
represents the first coding exon. This
promoter contains a TATA box (240;
long vertical line) and a CAAT box (262;
short vertical line). Three putative CRE
motifs (59CRE at 2335; 39CRE at 2231;
XCRE at 2169) are indicated as filled
circles. An SF1-binding site motif (SF1
at 290) is indicated as a filled rectangle.
All of the promoter constructs used in
this study contain the same 39-bound-
ary (194). The 59-boundaries of the pro-
moter fragments varied from 285 to
21037. The coordinates of the promoter
fragments are indicated. Each of the
fragments was subcloned into the pGL2
vector. B, The relative transcriptional
activities of a series of 59-deletions in
the rat aromatase promoter (A), as as-
sayed in the pGL2-luciferase reporter
plasmid, are shown. The y-axis repre-
sents the percentage of transcriptional
activity (luciferase light units corrected
for transfection efficiency estimated
from the levels of measured b-galacto-
sidase activity) compared with the
2688 fragment (included in every ex-
periment). The 2688 fragment consis-
tently had the highest activity in the
steroidogenic cell lines, and the range of
corrected values obtained in our exper-
iments is shown next to the legend. The
x-axis has been drawn so that the long-
est promoter fragment is on the left, and
the shortest fragment is on the right.
The promoter diagram at the bottom of
this figure has been drawn to show
which motifs are contained in each frag-
ment. These results are the averages of
three to seven independent experi-
ments. In each experiment, the activi-
ties of the transfected plasmids were
assayed in triplicate transfections.
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3B. In the R2C Leydig tumor cells, single mutations of the SF1
motif (mSF1), the XCRE (mX), or the 39CRE (m3) reduced
promoter activity by 60–90% of wild-type activity. In con-
trast, mutation of the 59CRE (m5) consistently resulted in a
slight increase in promoter activity. The combination of m5
with either mSF1 or m3 slightly increased the activity of the
promoter fragments compared with that of the single mSF1
and m3 mutants. The m3 mSF1 double mutant showed a
dramatic decrease (;95%) in activity compared with the
wild-type promoter fragment (Fig. 3B).

The promoter activities measured in the H540 Leydig tu-
mor cells and the Y1 adrenocortical cells were very similar to

the results seen in R2C Leydig tumor cells, except for the mX
mutant promoter fusion. The mSF1, m3, m5 mSF1, and m5
m3 promoter fusions exhibited activities decreased by 45–
70% compared with that of the wild-type fragment. The m5
mutant showed an increase in promoter activity, whereas the
m3 mSF1 mutant only had 10–15% of the activity of the
wild-type promoter. As noted above, the only major differ-
ence in the behavior of the promoter fusions assayed in H540
and Y1 cells compared with R2C cells was the activity of the
promoter fusion carrying the mutagenized XCRE (mX). In
the H540 cells, the mX construct had elevated levels of ac-
tivity compared with the wild-type fragment, and in the Y1

FIG. 3. Transcriptional activity of mu-
tated aromatase promoter fragments.
A, A schematic diagram of the region of
genomic DNA containing the proximal
promoter of the rat aromatase gene is
shown at the top. Each of the promoter
fragments has the same 59- and 39-ends
(2688 to 194). Six base pairs of the
XCRE, 39CRE, 59CRE, or SF1 motif
have been replaced with a SalI restric-
tion site and designated mX, m3, m5,
and mSF1, respectively. Some promoter
fusions containing two mutations were
also constructed (m5 m3, m5 mSF1, and
m3 mSF1). Each fragment was sub-
cloned into the pGL2 vector. B, The rel-
ative activity of the 2688 promoter
fragment compared with those of seven
mutant fragments of the same size (see
A) is shown. The y-axis represents the
percentage of transcriptional activity
(luciferase activity corrected by b-galac-
tosidase activity), using the 2688 frag-
ment as 100%. The 2688 fragment con-
sistently had the highest activity in the
steroidogenic cell lines, and the range of
corrected values obtained in our exper-
iments is shown next to the legend. The
x-axis is labeled with the names of the
promoter fragments being studied.
These results represent the averages of
five to eight independent experiments.
Each promoter fusion included in an in-
dividual experiment was assayed in
triplicate.
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cells, the mX construct had 80% the activity of the wild-type
construct, suggesting that this region is less important in the
H540 and Y1 cell lines than this region is in the R2C cell line.

As described earlier, although constitutively active pRSV-
luciferase and pCMV-lacZ plasmids were transcriptionally
active in the nonsteroidogenic cell line Rat2, none of the
promoter fragment constructs had significant activity above
that seen with the pGL2 parent reporter vector (data not
shown).

Nuclear proteins from Leydig tumor cells bind to the
SF1-binding site

As the SF1-binding site is functionally important in trans-
fection experiments, gel mobility shift assays were per-
formed to further characterize the nuclear proteins (putative
transcription factors) that can bind to the aromatase SF1
binding motif. Gel mobility shift assays using the SF1 motif
as probe (SF1: see Materials and Methods) are shown in Fig. 4.
The same results were obtained using a 20-mer oligonucle-
otide as probe (20SF1; data not shown).

Although the relative intensities of the shifted bands var-
ied, similar patterns could be demonstrated using nuclear
extracts prepared from each of the steroidogenic cell lines
(Fig. 4, R2C, H540, and Y1; lanes 2, 6, and 10 in A). Three
complexes (arrows) could be specifically competed by excess
unlabeled probe (lanes 3–4, 7–8, and 11–12). A 50- to 250-fold
molar excess of oligomers containing a mutated SF1 motif
(mutSF1) does not compete with any of the specific band
shifts in most experiments, although a 250-fold molar excess
of mutSF1 appears to slightly compete with specific bands in
Fig. 4 (data not shown and lanes 5, 9, and 13).

The inclusion of an anti-Ad4BP antibody in the reactions
eliminated the specific band shifts of the two slower migrat-
ing bands and formed a supershifted complex (Fig. 4, ar-
rowhead; compare lanes 10 and 14 in A; compare lanes 19–20
and 22–23 in B), whereas incubation with an unrelated an-
tibody against member of the steroid hormone receptor su-
perfamily (a-AR, which is specific for the androgen receptor)
did not alter the mobility of the specific bands visualized
(lanes 21 and 24 in B). Lanes 15, 17, and 18 are control
reactions that show that the antibody preparations do not
have an intrinsic ability to bind to the DNA probe. In data
not shown, a second antibody (a-SF1) slightly retarded the
mobility of the two slower migrating bands without com-
pletely eliminating the original band containing SF1-bound
oligonucleotide.

As might be expected on the basis of cell lineage, nuclear
proteins that bind the SF1 motif from the aromatase gene
were not detected in nuclear extracts prepared from the
nonsteroidogenic cell line, Rat2 (data not shown).

Nuclear proteins from steroidogenic cells bind specifically to
the 39CRE and the XCRE, but not the 59CRE

The transfection data shown in Fig. 2 (promoter fragments
2183, 2242, and 2339) and Fig. 3 (m3 single and double
mutants and mX) demonstrate that the CRE-like motifs play
an important role in regulating the expression of the aro-
matase gene in steroidogenic cell lines. Mobility shift assays

using fragments containing these motifs were performed
using extracts from the different cell lines.

A gel mobility shift assay using the 39CRE motif as probe
is shown in Fig. 5. In functional assays, this motif was found
to be important for promoter activity in all of the steroido-
genic cell lines that we tested (Fig. 3). Nuclear extracts from
each of these cell lines (R2C, H540, and Y1) contained pro-
teins that could bind to the 39CRE motif (Fig. 5A, lanes 1, 8,
and 15, respectively). Three bands were visualized in mo-
bility shift assays of the 39CRE probe using the nuclear ex-
tracts from steroidogenic cell lines (complexes I–III). Com-
plex II was the major protein-DNA interaction detected,
whereas the levels of complexes I and III varied among the
cell lines. No significant protein-DNA interactions were de-
tected in Rat2 nuclear extracts that bound to the labeled
39CRE oligonucleotides (data not shown).

To determine the specificity of the protein-DNA interac-
tions and to characterize the DNA-binding site more pre-
cisely, competition experiments were then performed. In
experiments using Leydig cell tumor nuclear extracts, com-
plex II could be completely competed by excess unlabeled
probe (Fig. 5A, lanes 2 and 3 and lanes 9 and 10). Complex
I was not affected by the same concentrations of unlabeled
probe, suggesting that the mobility-shifted probe is interact-
ing with a nonspecific DNA-binding protein (Fig. 5A, lanes
2 and 3 and lanes 9 and 10). A 100-fold molar excess of mut1
oligonucleotide, a 24-mer in which the 39CRE motif has been
replaced by a SalI endonuclease restriction site (Fig. 5B),
slightly competed with all of the shifted bands (Fig. 5A, lanes
4 and 11). Three additional mutant oligonucleotides also
could not eliminate protein-DNA probe interactions. These
mutants include the following: 1) mut2, in which the first and
the last nucleotide in the 39CRE motif was altered (Fig. 5, B
and A, lanes 5 and 12); 2) mut3, in which three nucleotides
preceding the 39CRE motif were altered (Fig. 5, B and A, lanes
6 and 13); and 3) mut4, in which three nucleotides following
the 39CRE motif were altered (Fig. 5, B and A, lanes 7 and 14).
The SSCRE was not as efficient a competitor as the unlabeled
probe for the proteins that specifically bind to the 39CRE
probe (Fig. 5C, compare lanes 5 and 6 to lanes 7 and 8) and
excess Sp1 does not compete with the labeled probe for
protein binding (Fig. 5C, compare lanes 4 and 9). Finally, an
excess of oligonucleotides containing the 59CRE and XCRE
sequences cannot compete with the 39CRE probe for protein
binding (data not shown).

Similar to the results using R2C and H540 nuclear extracts,
complex II could be fully competed by excess unlabeled
probe in experiments using Y1 nuclear extracts, and complex
I was not affected by excess unlabeled probe (Fig. 5A, lanes
16 and 17). In addition, complex III, which was detected in
the Leydig cell tumor extracts at lower levels, was only
slightly competed by excess unlabeled probe (lanes 16 and
17). The mutant oligonucleotides (mut1-mut4) could not
completely disrupt any of the shifted bands (lanes 18–21).
Again, the SSCRE was not as efficient a competitor as the
unlabeled probe for the proteins that specifically bind to the
39CRE probe and excess Sp1 did not compete with the labeled
probe for protein binding (data not shown).

The anti-CREB antibody (a-CREB), which recognizes
CREB 341, CREMa, and ATF-1, seemed to affect the binding
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of proteins in complex II from the Leydig tumor cells (R2C
and H540) by slightly increasing the mobility of complex II.
In contrast, a-CREB did not affect the binding of proteins
detected as complex I or III in any of the cell lines (Fig. 5C,
compare lanes 3 and 4). As shown in lane 2 (Fig. 5C), a-CREB

did not interact with the 39CRE probe. Anti-ATF2 (a-ATF2)
and anti-ATF3 (a-ATF3) antibodies had no effect of the mo-
bility of any shifted band (data not shown).

Gel mobility shift assays were also performed using oli-
gonucleotides containing the XCRE motif (Fig. 6A). In func-

FIG. 4. Gel mobility shift assay using
the SF1 motif as probe. A, A gel mobility
shift assay using the SF1 motif as probe
is shown. Lane 15 contained probe
alone, and lane 14 contained probe in-
cubated with anti-Ad4BP antibodies (a-
Ad4BP). The source of the nuclear ex-
tract tested in each lane is labeled at the
top of the autoradiogram. The results of
incubating nuclear extracts with probe
are shown in lanes 2, 6, and 10. In some
reactions, a 10- or 100-fold molar excess
of unlabeled probe (SF1: lanes 3 and 4,
7 and 8, and 11 and 12) or a 250-fold
molar excess of unlabeled oligonucleo-
tides containing a mutated SF1 motif
(MUT: lanes 5, 9, and 13) was added as
competitor. In lane 14, a-Ad4BP was
incubated with Y1 nuclear extracts be-
fore the addition of probe. B, A gel mo-
bility shift assay using the SF1 motif as
probe is shown. Lane 16 contained
probe alone, lane 17 contained probe in-
cubated with anti-Ad4BP antibodies (a-
Ad4BP), and lane 18 contained probe
incubated with antiandrogen receptor
antibodies (a-AR). The source of the nu-
clear extract tested in each lane is in-
dicated at the top of the autoradiogram.
The results of incubating nuclear ex-
tracts with probe are shown in lanes 19
and 22. In lanes 20 and 23, a-Ad4BP
was incubated with nuclear extracts be-
fore the addition of probe. In lanes 21
and 24, a-AR was incubated with nu-
clear extracts before the addition of
probe.
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tional assays this motif was required for promoter activity
only in the R2C cell line. Specific nuclear protein binding was
detected in the Leydig tumor cells (R2C and H540; lanes 2
and 9), but not in Y1 or Rat2 cells (lanes 16–23). The mobility-
shifted bands detected with Y1 and Rat2 nuclear extracts
increased as the amount of nonspecific DNA competitor,
poly(dI-dC) decreased, and these bands could not be com-
peted by an excess of unlabeled probe. Three complexes were
detected when using nuclear extracts from R2C cells, but
only the two slower migrating bands were formed with H540
extracts. In the Leydig cell experiments, the band shifts could
be competed by excess unlabeled probe (lanes 3, 4, and 10),

but not by excess, unlabeled oligonucleotides containing the
rat aromatase 39CRE or 59CRE (lanes 5, 6, 11, and 12) or by
excess unlabeled Sp1 oligonucleotide (lanes 7 and 13). The
inclusion of the anti-CREB antibody altered the pattern of
band shifts, suggesting that CREB, CREM, and/or ATF-1 are
involved in the formation of the complexes visualized (lanes
8 and 14). As shown in Fig. 6B, in vitro transcribed and
translated DCREB protein was able to form complexes with
our XCRE probe in mobility shift assays.

When mobility shift assays were performed with an oli-
gonucleotide containing the rat aromatase 59CRE motif, no
specific protein binding was detected in nuclear extracts

FIG. 5. Gel mobility shift assay using the 39CRE motif as probe. A, A gel mobility shift assay using the 39CRE motif as probe (39CRE-s, 24-mer)
is shown. The reaction containing probe alone (data not shown) only contains a single band representing unbound probe. The source of the nuclear
extract tested in each lane is indicated at the top of the autoradiogram. The results of incubating nuclear extracts with probe are shown in lanes
1, 8, and 15. In lanes 2 and 3, 9 and 10, and 16 and 17, a 50- or 100-fold molar excess of unlabeled probe was added as competitor. A 100-fold
molar excess of mut1, mut2, mut3, or mut4 was included as competitor in lanes 4–7, 11–14, and 18–21. The sequences of the mutants are shown
in Materials and Methods and B. Briefly, in mut1, the first six nucleotides of the 39CRE motif have been replaced. Mut2 contains mutations
in the first and last nucleotides of the 39CRE motif, which have been shown to be important for CREB binding. Mut3 and mut4 contain mutations
in the three nucleotides flanking the 39CRE motif. B, The sequence of the probe and mutant competitor oligonucleotides used in A are listed.
The CRE-like region is underlined, and the nucleotide substitutions are in lowercase letters. C, A gel mobility shift assay using a 39CRE motif
as probe (39CRE-l, a 54-mer) is shown. Only the results of experiments using R2C nuclear extracts are shown, although the data obtained with
extracts from the H540 cell line were essentially the same. Lane 1 contained probe alone, and lane 2 contained probe incubated with a-CREB.
The result of incubating nuclear extracts with probe is shown in lane 4. In lane 3, a-CREB was incubated with nuclear extracts before the addition
of probe. In other samples, excess unlabeled probe (lanes 5 and 6), unlabeled SSCRE (lanes 7 and 8), or unlabeled Sp1 motif (lane 9) was added
as competitor.
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from R2C, H540, Y1, or Rat2 cells. Excess unlabeled probe
was unable to compete with the labeled probe for protein
binding. Excess unlabeled DNA containing either the 39CRE
or an SP1 motif was also unable to compete with labeled
probe for protein binding, and the anti-CREB antibody did
not affect the mobility of any of the shifted bands (data not
shown).

Additional mobility shift experiments were performed to
examine the interaction of nuclear extracts from R2C cells
with an oligonucleotide probe containing a consensus CRE
from the somatostatin promoter (SSCRE; Fig. 7). As shown
in lane 3, multiple protein binding could be detected. An
excess of unlabeled probe was able to compete with visual-
ized bands (compare lanes 3 and 5). It is also of interest that
the XCRE motif from the aromatase promoter was able to
completely compete with the probe, whereas the 59CRE and
39CRE motifs were not efficient competitors (lanes 6–8). In
supershift experiments, a-CREB clearly decreased the mo-
bility of some of the shifted bands (lane 4). The results of
experiments using nuclear extracts from H540 cells and the
SSCRE were essentially the same as the results shown in
Fig. 7.

Discussion

Functional studies of 59-deletions of the rat aromatase
promoter indicate that the regions between 2183 to 2339

and 2475 to 2538 contain positive regulatory elements,
whereas the region between 2688 to 2786 appears to contain
a negative regulatory element(s). These regions are impor-
tant for aromatase expression in all of the steroidogenic cell
lines examined (R2C, H540, and Y1) regardless of the levels
of endogenous aromatase activity, as the relative functional
activity of the series of 59-promoter deletions is similar in all
three cell types. In this paper we have examined the roles that
three CRE-like motifs within the first region (2183 to 2339)
and the SF1 motif at 290 play in the control of aromatase
gene expression in the R2C, H540, and Y1 cell lines.

The orphan nuclear receptor, SF1, has been shown to be an
important regulator of steroidogenic P450s (29–32, 42). The
bovine homolog has been named Ad4BP (30, 32). Our work
builds on the data supporting the paradigm that the SF1-
binding site plays a crucial role in controlling transcription
of cytochrome P450 genes in cell lines of both gonadal and
adrenal origins. Mutagenesis of the SF1 binding site (Fig. 3)
and the results of our deletion analysis (Fig. 2, promoter
fragments 285 and 2183) indicate that the SF1-binding site
is necessary, but not sufficient, for regulating the aromatase
gene in the R2C cell line [in agreement with the studies of
Lynch et al. (31) and Carlone and Richards (26)] and in two
additional steroidogenic cell lines (H540 and Y1). These re-
sults are paralleled by the results of mobility shift assays,
which indicate that nuclear extracts from these three cell lines

FIG. 6. Gel mobility shift assay using XCRE as probe. A, A gel mobility shift assay using the XCRE motif as probe is shown. Lane 1 contained
probe alone, and lane 15 contained probe incubated with a-CREB. The source of the nuclear extract tested in each lane is indicated at the top
of the autoradiogram. The results of incubating R2C and H540 nuclear extracts with probe are shown in lanes 2 and 9, respectively. In some
R2C and H540 experiments, a-CREB was incubated with nuclear extracts before the addition of probe (lanes 8 and 14). In other R2C and H540
experiments, excess unlabeled XCRE (lanes 3, 4, and 10), 39CRE (lanes 5 and 11), 59CRE (lanes 6 and 12), or Sp1 (lanes 7 and 13) oligonucleotides
were added as competitors. In the tests of the Y1 (lanes 16–19) and Rat2 (lanes 20–23) nuclear extracts, varying amounts of poly(dI-dC)-
poly(dI-dC) were incubated with the probe and nuclear extract. B, A gel mobility shift assay using the XCRE motif as probe and in vitro
synthesized DCREB is shown. Lane 1 contained probe alone. Lanes 24 and 25 contained 10 ml DCREB, the XCRE probe, and varying amounts
of poly(dI-dC)-poly(dI-dC).
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contain factors that bind to radiolabeled DNA fragments
containing the SF1 motif. Competition experiments indicate
that the protein binding is specific for the SF1 motif.

Similar to our results, a complex pattern of mobility shifts
was also detected in experiments using probes containing the
SF1 motifs from the side-chain cleavage cytochrome P450,
steroid 21-hydroxylase, and aldosterone synthase promoters
and nuclear extracts from rat granulosa cells at various stages
of follicular development, Y1 cells, and bovine adrenal cortex
(29, 43). Under the conditions of our antibody supershift
experiments, we consistently observed a slight supershifting
of the proteins bound to the SF1 motif with a-SF1. In contrast,
the a-SF1, which recognizes the DNA-binding domain of the
SF1 protein, interferes with protein-DNA interactions in ex-
periments performed in other laboratories (42, 44). The su-
pershifts we detected with a-Ad4BP, which was raised
against the full-length protein, is similar to other reports
using the same antibody (45). Taken together, the oligonu-
cleotide competition experiments and the two antibody stud-
ies support our conclusion that the SF1 protein is involved
in forming at least the two slower migrating complexes.
Further experiments analyzing the complex mobility shift
pattern of SF1 will be described elsewhere.

Our inability to detect SF1 by mobility shift assays in the
Rat2 cell line is consistent with the derivation of these cells

from a nonsteroidogenic cell lineage. The absence of a tran-
scription factor that can bind to the SF1 motif is in keeping
with the lack of detectable steroidogenic P450 expression in
this cell line.

FSH can regulate aromatase expression in ovarian gran-
ulosa cells and in testicular Sertoli cells (3, 23), and LH can
regulate aromatase expression in Leydig cells (1, 27). All of
these effects are believed to be modulated at least in part via
alterations in the intracellular concentrations of cAMP. In
contrast, aromatase activity in the R2C and H540 Leydig
tumor cells is not responsive to cAMP, but instead, aromatase
activity decreases in R2C cells and appears to be constitu-
tively active in H540 cells (6, 22, 24, 29). These differences
suggest the possibility that transcription factors expressed in
the Leydig tumor cells can bind to these CRE-like motifs
in the aromatase promoter and constitutively activate
transcription.

Inspection of the nucleotide sequence surrounding the site
of transcription initiation of aromatase messenger RNA iden-
tified three potential CRE-like elements. One cis element that
was found to regulate aromatase expression was the CRE-
like sequence at 2231 (39CRE: TGAAATCA), which bears
substantial similarity to the consensus CRE (TGACGTCA)
(46–48). The functional importance of the 39CRE and the
proteins that bind to this regulatory element has not been
previously characterized. Deletion analysis and mutagenesis
of promoter fragments in transient transfection assays show
that the 39CRE contributes to the activity of the aromatase
promoter in each of the steroidogenic cell lines examined in
this paper. Using mobility shift assays, we demonstrate that
nuclear extracts from steroidogenic cell lines contain factors
that bind to the radiolabeled 39CRE probes, whereas Rat2
nuclear proteins do not interact with this motif. The pattern
of band shifts detected in nuclear extracts prepared from
R2C, H540, and Y1 cells were similar, but the ratios of the
three complexes visualized (I, II, and III) in each cell line
differed. Competition experiments suggest that complexes I
and III resulted from nonspecific protein binding, because
these bands were not competed by an excess of unlabeled
probe. These observations suggest that the proteins con-
tained in complexes I and III are not functionally important.

Additional competition experiments were performed for
the following reasons: 1) nuclear proteins from the steroi-
dogenic cell lines could also bind to an oligonucleotide con-
taining the consensus CRE from the somatostatin promoter;
2) some of these mobility-shifted bands could clearly be
supershifted by a-CREB; 3) in mobility shift assays, an excess
of unlabeled SSCRE was not an efficient competitor for the
proteins bound to the aromatase 39CRE; and 4) the a-CREB
supershift assays were not conclusive for CREB binding to
the 39CRE (the mobility of complex II slightly increased,
instead of decreased).

By mutagenesis and comparisons of natural variants of the
consensus CRE, Deutsch et al. (47) showed that nucleotides
at positions 1 and 4, and to a lesser extent 8 (TGACGTCA;
indicated residues underlined), are required for transcrip-
tional activity of a CRE. In the aromatase 39CRE, nucleotide
4 is already different from the consensus motif
(TGAAATCA), which begins to suggest that CREB or CREB
family members are not involved in binding to this regula-

FIG. 7. Gel mobility shift assay using SSCRE as probe. A gel mobility
shift assay using the consensus CRE from the somatostatin promoter
(SSCRE) as probe is shown. Only the results of experiments using
R2C nuclear extracts are shown. Lane 1 contained probe alone, and
lane 2 contained probe incubated with a-CREB. The results of incu-
bating nuclear extracts with probe are shown in lane 3. In lane 4,
a-CREB was incubated with nuclear extracts before the addition of
probe. In other samples, excess unlabeled probe (lane 5), unlabeled
CRE-like motifs from the aromatase promoter (lanes 6–8), or unla-
beled fragment containing a nuclear factor-1/CCAAT transcription
factor element were added as competitor.
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tory element. In mobility shift assays, competitor oligonu-
cleotides containing substitutions of the first six nucleotides
(mut1) slightly affected nuclear protein interactions with the
39CRE, which suggests that these nucleotides may partici-
pate in protein binding or stabilizing protein binding. A
longer promoter fragment that contains the same mutation
as mut1 had low functional activity in transfection assays
(Fig. 3). Mut2, containing substitutions of bases 1 and 8 of the
CRE-like motif, was designed to decrease binding of CREB
family members, but in competition experiments, mut2 still
slightly affected nuclear protein interactions with a 39CRE
probe. Deutsch et al. (47) also found that flanking sequences
can affect both transcriptional activity of a consensus CRE
and protein binding to a consensus CRE. In mut3 and mut4,
three nucleotides flanking the aromatase 39CRE were
changed to the flanking sequences of a-CG CRE, which is
very responsive to cAMP. Mut3 and mut4 were designed to
have a stronger affinity for CREB family members, but when
mut3 and mut4 were used in mobility shift competition as-
says, we found that these mutant competitors only partially
eliminated protein-DNA interactions, suggesting that mut3
and mut4 retained low levels of protein binding. Comparison
of the elimination of complex II by an excess of unlabeled
probe to the remaining protein binding after competition
with an excess of mutated oligonucleotides suggests that
the nucleotides in the wild-type 39CRE sequence (TGA-
TGAAATCACAT; indicated residues underlined) contribute
to protein binding. Collectively, our data also suggest that
the protein that binds to the functionally important 39CRE is
not a member of the CREB family of transcription factors.

The CRE-like sequence at 2169 (XCRE: TGCACGTCA)
appears to be important for the expression of aromatase only
in R2C Leydig tumor cells, but not in H540 Leydig tumor
cells, Y1 adrenocortical cells, or Rat2 embryonic fibroblastic
cells. Previous work by Fitzpatrick and Richards (24–25) and
Carlone and Richards (26) demonstrated that this motif was
required for aromatase promoter activity in R2C cells and in
forskolin-stimulated primary rat granulosa cells. As shown
in Fig. 2, a promoter fragment containing the XCRE and the
SF1 motifs (fragment 2183) is inactive when assayed in all
of the steroidogenic cells studied here. Although Carlone and
Richards (26) reported that a similarly sized promoter frag-
ment had transcriptional activity in R2C cells and in fors-
kolin-treated primary granulosa cells, our results suggests
that the XCRE and SF1 motifs together are not sufficient for
promoter activity. This discrepancy might be explained by
the way the data from the respective laboratories are pre-
sented. Carlone and Richards expressed promoter activity as
the percent conversion of substrate to acetylated substrate
(chloramphenicol acetyltransferase activity), whereas our
data are expressed as luciferase activity of the 2183 fragment
relative to the activity of a longer more active promoter
fragment (2688). The results of our analysis of the 59-dele-
tions showed concordant behavior in all of the steroidogenic
cell lines. Surprisingly, however, mutagenesis of the XCRE
motif only had a marked effect on promoter activity in the
R2C cell line (Fig. 3), indicating that the XCRE is much less
important for aromatase expression in the H540 and Y1 cell
lines. Examination by mobility shift assays demonstrates that
although R2C and H540 nuclear extracts contain proteins

that can bind to the XCRE motif in mobility shift assays, no
protein-DNA interactions were detected with Y1 and Rat2
nuclear extracts. In the a-CREB supershift experiments, the
appearance of faster migrating bands, with mobilities similar
to those of the nonspecific bands seen with the Y1 and Rat2
nuclear extracts, suggests that the antibody interferes with
specific protein binding and allows nonspecific protein bind-
ing to occur. This interpretation of the mobility shift assay in
which the a-CREB antibody was included suggests that
CREB341, CREMa, and/or ATF1 is a component of the
shifted bands visualized. In support of this, in vitro DCREB
is able to form complexes with DNA probes containing the
XCRE (25), and nuclear proteins from our steroidogenic cell
lines specifically bound to a consensus CRE (SSCRE) were
competed by an excess of unlabeled XCRE oligonucleotides.
Of interest, experiments using R2C nuclear extracts produce
a shifted band that is not detected in the assays using H540
nuclear extracts. This unique complex may include the tran-
scription factor that is required for aromatase promoter ac-
tivity in transient transfection assays in R2C cells. In addi-
tion, this unique complex may be responsible for the elevated
levels of aromatase activity that are characteristic of the R2C
tumor cells relative to the aromatase activity measured in
H540 and Y1 cell lines.

In contrast to our studies of the 39CRE and XCRE, the
CRE-like sequence at 2335 (59CRE: TGAACTCA) does not
appear to be important for expression of the aromatase gene.
In transient transfection assays in steroidogenic cell lines
(R2C, H540, and Y1), mutagenesis of the 59CRE did not
significantly affect promoter activity. In mobility shift assays,
no specific protein binding to the 59CRE was detected in
experiments using nuclear extracts from any cell line studied.
This finding suggests that the increase in promoter activity
observed in functional assays when the region between 2242
to 2339 is included in the promoter fusions is not due to the
proteins that bind the 59CRE motif at 2335. This finding
implies that sequences other than the 59CRE within the 2242
to 2339 segment mediate this observed increase in promoter
activity.

In summary, the goal of these experiments was to examine
how the proximal promoter of the rat aromatase gene reg-
ulates different patterns of gene expression in different cell
types. Functional analysis has identified the following three
elements in the proximal promoter of the rat aromatase gene
that are important for basal activity in at least one of three
steroidogenic cell lines (R2C, H540, and Y1) used in this
study: 1) in R2C, H540, and Y1, the SF1-binding site at 290
relative to the start of transcription; 2) in R2C, H540, and Y1,
the CRE-like sequence at 2231 relative to the start of tran-
scription (39CRE); and 3) in the R2C cell line, the CRE-like
sequence at 2169 relative to the start of transcription (XCRE).
Further, in these cell lines, not only does there appear to be
differential use of multiple cis regulatory elements, but mo-
bility shift assays suggest that in the different cell lines dif-
ferent binding activities are present that recognize specific
elements. These observations suggest that the varied levels
of aromatase activity in the cell lines that we have studied are
probably a consequence of the combinations of proteins in
each that bind to these three regulatory elements.
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