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The Cyp 2d-9 gene encodes the male-specific steroid 16a-hydroxylase in mouse liver and shares a conserved
regulatory element (T'®“TTCCGGGC™®?) with another male-specific Slp promoter. As shown with the Slp
promoter (N. Yokomori, R. Moore, and M. Negishi, Proc. Natl. Acad. Sci. USA 92:1302-1306, 1995), the
male-preferential demethylation also occurs at CpG/—97 in the Cyp 2d-9 promoter. The transcription factor
which specifically binds to the demethylated element has been purified. The peptide sequences reveal that the
factor consists of GABPa and GABP1 with Ets and Notch motifs, respectively. Both DNase I footprinting and
gel shift assays indicate that the bacterially expressed glutathione S-transferase-GABP fusion proteins bind to
the regulatory element only when CpG/—97 is demethylated. Moreover, Cyp 2d-9 promoter is trans-activated by
coexpression of GABP proteins in HepG2 cells. Given the additional results that CpG/—50 of the female-
specific steroid 15a-hydroxylase (Cyp 2a-4) promoter is preferentially demethylated in the females, the sex-
specific expressions of the P450 genes correlate very well with DNA demethylation. We also conclude that
GABP is a methylation-sensitive transcription factor and is a potential transcription activator of the male-

specific Cyp 2d-9 promoter.

Sexually dimorphic gene expression in nonreproductive or-
gans is one of the many basic biological processes observed
from brain functions to hepatic steroid and drug metabolism.
Of particular interest here are a number of the hepatic sex-
specific genes such as P450s, sex-limited protein (Slp), mouse
major urinary protein, and prolactin receptor. Among those,
the sex-specific P450 genes often encode steroid hydroxylases,
which implies their possible role in maintaining hormonal ho-
meostasis. Recent studies have shown that the expression of
the mouse sex-specific P450 genes (Cyp 2d-9 and Cyp 2a-4) is
regulated transcriptionally (1). However, only limited informa-
tion is now available to understand sex-specific transcription
with respect to its regulation by a cis-acting DNA element and
trans-acting factor because of the lack of an in vitro system
which mimics functionally the sex-specific phenotypes.

Mouse Cyp 2d-9 and Cyp 2a-4 genes encode the male-spe-
cific steroid 16a- and female-specific steroid 15a-hydroxylases,
respectively (20, 24, 32). We have previously defined a regula-
tory element (called SDI) in the Cyp 2d-9 promoter by in vitro
transcription assay (37). Although its role as a sex-specific
regulatory element has not been substantiated by a functional
assay, our phylogenetic studies show that SDI is a unique
element in the male-specific Cyp 2d-9 gene in mouse livers.
The other subfamily members such as Cyp 2d-10 which are
expressed in both sexes do not contain this element in their
promoter sequences. Within the SDI, there is a regulatory
sequence (~°°TTCCGGGC™ %) which is also found in an-
other male-specific Slp gene. Interestingly, a potential CpG
methylation site resides within this conserved sequence (CpG/
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=97 for Cyp 2d-9 and CpG/—121 for Slp). The female-specific
Cyp 2a-4 promoter also has a GC-rich sequence (~>*GTCCG
GCC™*%) with CpG/—50 as a potential methylation site. Our
previous report has demonstrated that CpG/—121 of the male-
specific Slp promoter is preferentially demethylated in the
livers of male mice (36). These CpG sites in the sex-specific
P450 genes, however, have not been investigated with respect
to sexually dimorphic demethylation in accordance with their
expression in mouse livers.

DNA methylation is known to regulate cellular physiology
by altering gene expression. It is programmed in the growth
and developmental processes (2, 6, 27, 29). In general, meth-
ylation is inversely associated with gene expression. For in-
stance, cell transformation results in a high degree of DNA
methylation (34), whereas demethylation of myo D or another
regulatory gene leads to myogenesis (9). The parental imprint-
ing of the H19 and Igf 2 receptor genes is regulated by allele-
specific methylation; the promoters are methylated in the in-
active paternal genes and demethylated in the active maternal
copies (19). In addition, we have recently suggested DNA
demethylation as a regulatory mechanism for sex-specific tran-
scription (36). The CpG/—121 site in the regulatory element of
the Slp promoter undergoes sexually dimorphic demethylation
in accordance with its male-specific expression. Moreover,
there appear to be two distinct nuclear factors which specifi-
cally bind to the methylated or demethylated element.

This paper extends our studies to examine whether the sex-
specific Cyp 2d-9 and Cyp 2a-4 genes can also be regulated by
DNA methylation. For this purpose, we first investigated meth-
ylation patterns of CpG sites of these P450 genes in male and
female mice. We then purified and cloned the nuclear factor
which binds to the demethylated regulatory element (TTCC
GGGQC) in the male-specific Cyp 2d-9 gene. These proteins
were expressed in bacterial cells and used to characterize their
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binding to the element. Furthermore, the functional role of the
proteins was examined by transient-transfection assay in
HepG?2 cells.

MATERIALS AND METHODS

Animals. Male and female CD-1 mice were obtained from Charles River
Breeding Co. (Raleigh, N.C.).

Sequencing of the sodium bisulfite-treated promoter. Genomic DNAs were
prepared from the livers of 2-day-old neonatal and 2-month-old CD-1 (Charles
River) males and females. Sequencing of sodium bisulfite-treated DNA was
performed as previously described (10). The following oligonucleotide primers
were used to amplify the Cyp 2a-4 and Cyp 2d-9 promoters. For the —186 to —1
region of the Cyp 2d-9 promoter, 5'-GGGTCTAGATATTTGTTTATTATGT
TTAGTTTA and 5'-GGGTCTAGAAAAACCCCAAACTTAAATCCTATC
were used as 5" and 3’ primers, respectively. For the —107 to +44 region of the
Cyp 2a-4, 5'-GGGTCTAGAGGTGTATAATAGTGGGTAGTT and 5'-GGGT
CTAGAAAAAATCCTAAAATCAACATA were used as the 5" and 3’ primers,
respectively. The underlined regions indicate the added Xbal site at ends of the
amplified DNAs.

Construction of plasmids. To construct a series of pl6aCAT plasmids, we
amplified various sizes of the Cyp 2d-9 gene promoter with PCR kits (Perkin-
Elmer Cetus), the 3’ primer (5'-GGGTCTAGAAACACTCAATACAACACC
TA) in which the Xbal site (underlined) was created, and the following 5’
primers: pl6a(—110)CAT, 5'-GGGGGCATGCCTCCTCCCTATTCCGGGC
CA; pl6oa(—92)CAT, 5'-GGGGGCATGCCAAAACAAACACATATTTGG;
and p16a(—110)/m(—97)CAT, 5'-GGGGGCATGCCTCCTCCCTATTCaGGG
CCAAAACAAACAC. The newly created Sphl sites at the 5’ ends of the 5’
primers are underlined, while the mutated nucleotides at position —97 are shown
in lowercase letters. We also amplified the Cyp 2a-4 promoter by using the
specific primers to create the HindIII site at the 5’ end. We designed the 3’
primer (5'-AGACATCAAAACCAGGACGCTGAGGAA) so as to utilize the
internal PstI site at position +50 for a cloning site. The following were used as
the 5" primers: p15a(—71)CAT, 5'-GGGAAGCTTTGCATAATCAAGACCA
AAGTC, and p15a(—45)CAT, 5'-GGGAAGCTTTTCTGTCTCTGGATGTAT
AAA. Newly created HindIII sites are underlined. The amplified promoter
DNAs of 16a were digested by Sphl and Xbal. The amplified promoter DNAs of
15« were digested by HindIII and PstI. Then, these DNAs were ligated into the
corresponding cloning sites of pCAT Basic vectors (Promega, Madison, Wis.).
The plasmids were purified by CsCl centrifugation and verified by DNA sequenc-
ing.

Purification of GABP from mouse liver nuclear extracts. Liver nuclear pro-
teins were prepared from 200 CD-1 male mouse livers by the method of Gorski
et al. (13). About 100 wg of nuclear proteins was applied to a heparin-Sepharose
column (1.6 cm [diameter] by 10 cm) and eluted with a gradient of NaCl from
0.05 to 1.0 M. The active fractions were determined by a gel mobility shift assay
and concentrated with an Amicon YM-10 membrane. Further purification was
done by DNA affinity magnetic beads (Dynabeads M-280 Sterptavidine; Dynal,
Oslo, Norway) conjugated with the concatenated TTCCGGGC sequence. gatct
(TTCCGGGC)sg was annealed with 5'-a(AAGGCCCG)scctag and ligated into
PSL1180 to prepare the concatenated DNA containing the 80 repeats. Purified
proteins were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis. The protein bands, first and third from the top, were excised
from the gel and incubated with the buffer containing lysylendopeptidase. Pep-
tides from this digestion were separated with a reverse-phase high-pressure
liquid chromatography (HPLC) column, and amino acid sequences were ana-
lyzed with an ABI 477 protein sequencer. GABPa and GABPB1 cDNAs were
obtained from the mouse liver by reverse transcriptase-PCR. The following
primers were used to amplify the GABPa and the GABPB1 ¢cDNAs. For the
GABP«, 5'-ATGACTAAGAGAGAAGCAGA and 5'-AACCTTAAGACTCC
CCAGGA were used as 5’ and 3’ primers, respectively. For the GABPBI,
5'-ATGTCCCTGGTAGATTTGGG and 5'-CTAAACGGCTTCTTTGTTGG
were used as the 5’ and 3’ primers, respectively. The amplified fragment was
cloned into pCRII (Invitrogen) and sequenced. The amplified fragment of
GABPa or GABP1 described above was also cloned into pCR3 (Invitrogen),
used for cotransfection assay.

Bacterial expression and antibody production. The pCRII vector that has
GABPa or GABPB1 coding sequence was digested with the EcoRI site and
ligated with EcoRI-digested pGEX-2T (Pharmacia Biotech). Ten milliliters of
overnight culture of transformed bacteria was inoculated in 1 liter of Luria broth
supplemented with ampicillin (100 pg/ml) and glucose (0.2%). IPTG (isopropyl-
B-D-thiogalactopyranoside) was added to the final concentration of 0.1 mM after
3 h of incubation at 37°C. After incubation for 2 h, bacterial cells were harvested
to purify glutathione S-transferase (GST) fusion protein with a glutathione-
Sepharose 4B column (Pharmacia Biotech). Two hundred micrograms of each
GST fusion protein was repeatedly injected into rabbits to raise antibodies.

DNase I footprinting. We performed DNase I footprinting with the Sure Track
Footprinting kit (Pharmacia Biotech). The DNAs containing the proximal pro-
moters and the 157-bp fragments (—142 to +15) from the P45016a gene were
generated, end labeled with [y-3?P]JATP (>5,000 Ci/mmol [Amersham, La Jolla,
Calif.]) with T4 polynucleotide kinase, and purified by agarose gel electrophore-
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Promoter Sequence Sex specificity
Slp: ABTCACGTGGTTITCCGGGC 7 Male

Cyp 2d-9: MOCTCCTCCCTATTCCGGGC Male

Cyp 2a-4: 61AGACCAAAGTCCGGCC™8 Female

FIG. 1. Sequence comparisons. The 5’-flanking sequences in the genes Slp
(23), Cyp 2d-9 (33), and Cyp 2a-4 (20) are compared. The conserved sequence in
the Slp and Cyp 2d-9 promoters and its corresponding sequence in the Cyp 2a-4
gene are underlined. The potential CpG sites are in boldface.

sis. Methylated DNA was prepared with Hpall methylase according to the
supplier’s protocol (New England Biolabs, Beverly, Mass.) and then end labeled.
Labeled DNAs (30,000 cpm) were incubated with recombinant mouse GABP«
and/or GABPB1 in 50 pl of 10 mM Tris-HCI buffer (pH 7.5) containing 2.5 u.g
of poly(dI-dC), 50 mM NaCl, 2.5 mM MgCl,, 1 mM dithiothreitol, 0.5 mM
EDTA, and 5% glycerol for 30 min at room temperature. Then the DNAs were
digested by 1 U of DNase I for 30 s, extracted with phenol-chloroform, and
precipitated with ethanol. As the sequence marker, the corresponding DNA
fragment was chemically cleaved at nucleotides G and A by the method of
Maxam and Gilbert (21). Finally, the digested DNA samples were electropho-
resed on an 8% polyacrylamide-7 M urea gel, dried, and exposed to X-ray films
(Kodak XAR-5).

Gel shift assay. Fifty adult CD-1 mice were used to obtain nuclear extracts as
described by Gorski et al. (13). Each oligonucleotide was annealed to its com-
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FIG. 2. DNA sequences of bisulfite-treated promoters. The promoter se-
quences with different methylation patterns are shown. They were amplified from
the deaminated DNAs, cloned into M13 vectors, and sequenced. Methylated C
remained as C on the sequencing gel, while demethylated C appeared as T.
Accordingly, symbol m— or m+ indicates either methylated or demethylated
promoter sequence, while the arrows denote CpG/—50 and CpG/—97 in the Cyp
2a-4 and Cyp 2d-9 promoter sequences, respectively, in Fig. 1. A bracket with a
broken line represents the corresponding promoter sequences including these in
Fig. 1.
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FIG. 3. Level of CpG methylation. The levels of methylation are determined
as percentages of the total number of sequences (indicated by N at the bottom
of each bar). The values were generated from the two independent bisulfite
treatments and the two separate amplifications from each bisulfite-treated DNA
sample.

plement and labeled by using [a->*P]dATP (>6,000 Ci/mmol [Amersham]) and
DNA polymerase Klenow fragment. Methylated oligonucleotides were prepared
by including 5-methyl deoxycytidine (B-cyanoethyl-N, N-diisopropylamino) phos-
phoamidite (Pharmacia Biotech) during the appropriate cycle of synthesis. Each
radioactive probe was incubated with 5 pg of nuclear proteins or GST fusion
proteins of GABP«a and GABPB1 in 10 pl of 20 mM Tris-HCI buffer (pH 7.5)
containing 1 g of poly(dI-dC), 50 mM NaCl, 0.1 mM dithiothreitol, and 10%
glycerol at room temperature. The following oligonucleotides were used in the
studies as the probes: (TTCCGGGC),, (TTCm>’CGGGC),, ~'">*GGCTCCTCC
CTATTCCGGGC ™2 (for 2d-9 promoter), and ~*’AGACCAAAGTCCGGCC
TTCT*? (for 2a-4 promoter).

Cell culture, transfection, and chloramphenicol acetyltransferase (CAT) ac-
tivity. HepG2 cells were cultured in modified Eagle’s medium (Gibco, Grand
Island, N.Y.) supplemented with 10% fetal bovine serum, 100 U of penicillin per
ml, and 100 ng of streptomycin per ml at 37°C. At 24 h prior to transfection,
HepG?2 cells were transferred to plastic plates (6-cm diameter). With the Cell-
phect transfection kit (Pharmacia Biotech), each p16a-CAT (2 pg) or p15a-CAT
(2 pg) or pCAT Basic (2 pg) DNA was transfected or cotransfected with pCR3-a
(1 pg) and/or pCR3-B1 (1 ng) into the HepG2 cells at 37°C for 12 h. The total
amount of transfected DNA was adjusted to 4 pg by adding a carrier DNA.
Transfected cells were then washed twice with phosphate-buffered saline solution
and cultured in the medium at 37°C for 40 h. To measure CAT activity, the cells
were lysed by freezing and thawing and the cell extract (5 g of protein) was
incubated with ['*C]chloramphenicol according to the method of Gorman et al.
(12).

RESULTS

Potential methylation sites in the sex-specific P450 promot-
ers. Promoter sequences of the male-specific Cyp 2d-9 and Slp
genes and the female-specific Cyp 2a-4 genes are compared in
Fig. 1. The male-specific Cyp 2d-9 gene contains a GC-rich
element (TTCCGGGC) which is also conserved in the other
male-specific Slp promoter. This conserved element provides a
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potential methylation site: CpG/—97 and CpG/—121 in the Cyp
2d-9 and Slp promoters, respectively (23, 32). Similarly, the
GC-rich sequence (GTCCGGCC) of the female-specific Cyp
2a-4 promoter also includes a CpG site at position —50 (20).
Given our previous finding that the CpG/—121 of the Slp
promoter undergoes demethylation preferentially in males
(36), we have here examined whether the CpG sites of the
P450 promoters also exhibit sexually dimorphic demethylation.

Developmental and sexually dimorphic demethylation. For
this purpose, genomic DNAs were prepared from mouse livers
and treated with sodium bisulfite. Subsequently, the bisulfite-
treated P450 promoters were amplified and sequenced to de-
termine the methylation levels at the CpG/—97 and CpG/—50
sites by the method of Frommer et al. (10). The sequences are
depicted in Fig. 2, and Fig. 3 summarizes the methylation levels
at each site in the neonatal and adult CD-1 males and females.
In accordance with male-specific expression, the CpG/—97 site
of the Cyp 2d-9 promoter was preferentially demethylated in
the livers of male mice. Note that more than 50% of the site
was already demethylated in male neonates and the demethy-
lation was nearly complete in adult males. On the other hand,
demethylation of the CpG/—97 site occurred to a much lesser
degree in both neonatal (less than 20%) and adult (45%)
females compared with males. As a result, the level of meth-
ylation became sevenfold lower in adult males than females.
This male-preferential demethylation of CpG/—97 in the Cyp
2d-9 gene is reminiscent of that of the corresponding CpG/
—121 in the male-specific Slp gene. In contrast, the CpG/—50
site in the female-specific Cyp 2a-4 promoter exhibited a fe-
male-preferential demethylation (Fig. 2). The heavily and
equally methylated CpG/—50 in both female and male neo-
nates underwent developmental demethylation, and the meth-
ylation resulted in a threefold lower level in adult females than
in males. CpG/+18 of the Cyp 2a-4 gene, however, was always
demethylated heavily (over 90%) regardless of sex and age,
which therefore, provided an excellent internal control for the
demethylations at the CpG/—50 and CpG/—97 sites. The re-
sults indicate that the sex-specific P450 promoters contain a

67—

LI S

<—60K

52K
43—

30—

FIG. 4. Purified fraction on SDS-polyacrylamide gel. A 10% polyacrylamide
gel was used. Arrows and numbers indicate the migrations and sizes (in kilodal-
tons) of the maker proteins (obtained with a Molecular Weight Calibration
LMW kit from Pharmacia Biotech).
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TABLE 1. Sequences of peptides derived from
the purified proteins®

Corresponding

Protein sample Sequence residues in:
GABPa GABPB1
60K REAEELIEIEIDG 4-16
LNQPELVAQK 49-359
52K VDRTPLHMAA 70-80
EQEAE 359-363

“ Lysylendopeptidase-digested peptides were separated by HPLC, sequenced,
and compared with those reported by LaMarco et al. (18).

CpG site which undergoes sexually dimorphic demethylation
in accordance with their expression.

Purification, cloning, and expression of methylation-sensi-
tive factor. Both CpG sites, CpG/—121 and CpG/—97 in the
conserved regulatory element (TTCCGGGC) of the male-spe-
cific Cyp 2d-9 and Slp promoters, respectively, exhibited the
male-preferential demethylation. Our previous studies showed
that there are two distinct nuclear factors which bind specifi-
cally either to the demethylated or to the methylated element
(36). In order to investigate the roles that the regulatory ele-
ment and the CpG methylation play in transcription, we puri-
fied nuclear factor which binds to the demethylated element
(TTCCGGGC). A DNA affinity-purified factor appeared as
two major bands (60 and 52 kDa) and an additional faint band
(58 kDa) on SDS gel electrophoresis (Fig. 4). The amino acid
sequences of tryptic peptides derived from the 60K and 52K
proteins were identical to the corresponding regions of the
heteromeric factors GABPa and GABPB1, respectively (Table
1), indicating that the purified factor is a mixture of GABP«

(TTCCGGGC)2 (TTCmPCGGGC)2

f =1 I =1
)
S5 . S£E.
< < T < < 7
S & GG 3

FIG. 5. Binding of bacterially expressed GABP. The demethylated probe or
the methylated probe was incubated with 100 ng of the bacterially expressed
GST-GABP fusion protein.
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FIG. 6. Supershift by anti-GABP of DNA-protein complex. Liver nuclear
extract was incubated with antiserum (1 pl) prior to the addition of radioactive
probe (TTCCGGGC),. Preimmune serum (1 pl) was added to the reaction
mixture for control, indicated by a minus sign on the top of wells. The arrow
shows the specific complex which was supershifted by antibody (Ab). The band
below is a nonspecific complex.

(60K) and GABPR1 (52K). In order to examine whether
GABP can bind to the promoters and regulate transcription,
using reverse transcriptase-PCR, we cloned cDNAs encoding
the a and B1 subunits, ligated them into pGEX vectors, and
expressed GABP as GST hybrids in bacterial cells.

Direct binding of bacterially expressed GABP proteins. Fig-
ure 5 shows gel shift assays using the bacterially expressed
GABP and the demethylated or the methylated (TTCCG
GGC), as a probe. The bacterially expressed GST-GABP«
bound to the demethylated element weakly alone and strongly
in the presence of GST-GABPRB1. As expected, this binding
was sensitive to DNA methylation as it was not observed with
the methylated element. The results indicate that GABP can
bind to the Cyp 2d-9 promoter depending on the demethyla-
tion. Supershift assays using anti-GABPa and anti-GABPB1
verified that the binding proteins in nuclear extracts were,
in fact, GABPa and GABPB1 (Fig. 6). Subsequently, a direct
binding of GABP to the Cyp 2d-9 promoter was also examined
by DNase I footprinting (Fig. 7A). In the P450 promoter,
the bacterially expressed GST-GABP protected the —110 to
—93 region in which the conserved element (~'““TTCCG
GGC™ %) is included at the 3’ end; the protected sequence was
extended 11 more bp upstream from the conserved element.
When the methylated promoter (at CpG/—97) was used as a
DNA template, however, this protection was not observed. In
addition to the footprintings, gel shift assay also showed that
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FIG. 7. Direct binding of GABP to Cyp 2d-9 promoter. (A) Footprints were obtained by DNase I digestion of the demethylated or the methylated DNA template
in the presence or absence of the bacterially expressed GST-GABP fusion proteins (1 g each). The protected region is indicated by a closed bar with the 5" and 3’
positions. The arrow shows nucleotide C at position —97. (B) A gel shift assay was performed with oligonucleotides derived from the P450 promoter sequences and

the bacterially expressed GST-GABP fusion proteins (100 ng each).

the sequence (—112 to —92) bound to the bacterially expressed
GABP (Fig. 7B). The GABP, on the other hand, exhibited only
aweak binding to a Cyp 2a-4 promoter sequence (—61 to —42).
The results, therefore, indicate that GABP is a sequence-spe-
cific and methylation-sensitive transcription factor which spe-
cifically binds to the Cyp 2d-9 promoter.

Activation by GABP proteins of the Cyp 2d-9 promoter. By
transient transfection assay, trans-activation by GABP proteins
of the Cyp 2d-9 and the Cyp 2a-4 promoters was examined in
HepG2 cells. For that, we constructed plasmid p16a(—110)
CAT, which contained the whole region protected by GABP
including the conserved element. The two additional plasmids
pl6a(—110)mCAT and pl6a(—92)CAT were constructed to
eliminate from the promoter sequence the binding ability for
GABP. In the former plasmid, the nucleotide at position —97
was mutated from C to A, while in the latter one the conserved
element was deleted. Transcriptional activity of p16a(—110)
CAT was increased approximately 12-fold by simultaneous co-
transfections of both GABPa and GABPR1 (Fig. 8A). On the
other hand, neither p16a(—110)mCAT nor pl6a(—92)CAT
was trans-activated to the same degree as was pl6a(—110)
CAT. Only three- to fourfold activity increases were observed

with these constructs. Inherent GABP-binding sequences in
the expression vector might have caused the low activation as
transcriptional activity of pCAT-Basic was also increased ap-
proximately threefold by the coexpressions (Fig. 8B). As ex-
pected from its weak binding to GABPs, the female-specific
Cyp 2a-4 promoter was not activated higher than the control
levels (Fig. 8B). The results indicate that GABPs can activate
the male-specific Cyp 2d-9 but not the female-specific Cyp 2a-4
promoter.

DISCUSSION

Sexual dimorphism of some of the hepatic steroid metabo-
lism in rodents was first reported more than 30 years ago by
Yates et al. (35). Gustafsson and his associates proposed pitu-
itary-liver axis as a regulatory mechanism of the sex-specific
metabolism and showed that growth hormone is one which
directly regulates expression of sex-specific P450 genes which
catalyze steroid hydroxylation in rat livers (15, 22, 38). Our
studies indicate that growth hormone transcriptionally regu-
lates sex-specific P450 in mouse livers (1). Furthermore, neo-
natal androgen exposure, a developmental process called neo-
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FIG. 8. trans-Activation by GABP of Cyp 2d-9 but not Cyp 2a-4 promoter. (A) HepG2 cells were cotransfected by various combinations of the expression vectors
(pCR3-a and pCR3-B1). CAT activity of the transfected cells was measured by thin-layer chromatography. (B) The CAT plasmids containing 5’'-progressive deleted
or mutated promoters were cotransfected in the presence (open bar) and the absence (closed bar) of both pCR3-a and pCR3-B1. The promoters of Cyp 2d-9 and Cyp
2a-4 are represented by symbols pl6a and p15a, respectively. Boxes indicate the conserved element in the Cyp 2d-9 promoter and the similar sequence in the Cyp 2a-4

promoter.

natal imprinting predetermines, at least in part, the sex
specificity of P450 gene expression in adulthood (8, 14, 33).
The mechanism of the imprinting is virtually unknown.
Although no consensus exists at this point with respect to
cis-acting elements which regulate sex-specific transcription,
there have been intensive studies conducted to define them.
Sundseth et al. (26) have recently reported that there are
sex-specific hypersensitive sites in the proximal region of the
male-specific CYP2C11 and the female-specific CYP2C12 pro-
moters in rat livers. Most recently, Strom et al. (25) have
observed a sex-dependent binding of nuclear protein to a re-
gion (positions —107 to —95) of the CYP2C11 promoter. In-
terestingly, the previously defined SDI element specific to the
Cyp 2d-9 gene is located in the region corresponding to these
sex-specific sites of the rat P450 genes (36). Unlike those of the
rat P450 genes, however, sex-specific binding was not observed
reproducibly with the mouse Cyp 2d-9 gene. Besides a sex-
specific nuclear factor, DNA demethylation can provide an
additional mechanism for sex-specific transcription, as with the
Slp promoter (36). Our present findings indicate that the sex-
specific mouse P450s, Cyp 2d-9 and Cyp 2a-4, also exhibit the
sexually dimorphic demethylations at their CpG sites. Most
significantly, the male-specific Cyp 2d-9 promoter is preferen-
tially demethylated in the males, while the female-specific Cyp
2a-4 promoter is preferentially demethylated in the females.
These CpGs which exhibit the differential demethylations are
sequence specific. Unlike the CpG/—50, CpG at position +18

of the Cyp 2a-4 gene is consistently demethylated regardless of
the sex and age of mice. The most striking observation is the
difference in CpG/—121 and CpG/—119 of the Slp and C4
genes in the demethylation pattern (36). The nucleotide se-
quences around these CpG sites differ by only one base:
C'?'CGGGC and CCC '**GGC in the Slp and C4 genes,
respectively. In spite of this remarkable sequence similarity,
CpG/—121 exhibits sexually dimorphic demethylation, while
CpG at position —119 does not. Thus, the sequence-specific
DNA demethylation is generally correlated with the expression
of the sex-specific P450 (Cyp 2a-4 and Cyp 2d-9) genes as well
as that of the male-specific Slp promoter. In addition to SDI,
our previous in vitro transcription studies identified another
regulatory element (designated CTE) in the Cyp 2d-9 pro-
moter (35). While SDI is a strong element which is unique to
the male-specific Cyp 2d-9 gene, CTE is a weak one which is
also present in the non-sex-specific Cyp 2d-10 gene. Taking the
fact that SDI is the major regulatory element for the Cyp 2d-9
promoter into consideration, finding the putative CpG meth-
ylation and GABP binding sites within the SDI sequence thus
strongly suggests a possibility that those sites may be essential
for male-specific transcription. It will be extremely interesting
and important to delineate a role that the sexually dimorphic
DNA demethylation may play in the growth hormone-depen-
dent transcription and neonatal imprinting.

We have demonstrated that the heteromeric transcription
factor GABP can bind to the sequence of the Cyp 2d-9 pro-
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moter only when CpG at position —97 within the conserved
element (TTCCGGGC) is demethylated. GABP consists of
the two subunits o and B1; GABPa is a weak DNA-binding
protein with an Ets domain (28). GABPR1 contains a Notch-
related structural motif and forms a heterodimer with the a
subunit. Although GABPB1 is not capable of binding DNA
directly, it dramatically increases the DNA binding affinity of
GABPa by forming a heterodimer. McKnight and his associ-
ates determined the pentanucleotide 5'-CGGA(A or T) as the
core of the DNA binding site of the transcription factors with
an Est motif, including GABP (4). Moreover, the binding af-
finity also depended on the type of nucleotide at the 3’ outside
of this core. For example, the hexanucleotide 5'-CGGAA(A or
G)-3’ was identified as the GABP binding site of the herpes
simplex virus promoter (18, 28). Its reverse complement
(T*™MATTCCG ) is present in a regulatory element of the
Cyp 2d-9 promoter, except that the 5'-variable nucleotide (T or
C) is substituted with an A. The corresponding GABP-binding
sequence in the other male-specific Slp promoter contains a
hexanucleotide (~'**TTTCCG ™ '?°) the exact reverse of that in
the herpes simplex virus promoter. Comparison of DNase I
footprinting on the Cyp 2d-9 promoter with that on the Slp
promoter has indicated that this 5’ nucleotide A weakens
GABP binding to the former promoter (unpublished observa-
tion). In addition, the hexanucleotide is not repeated in a
regulatory element of these promoters, although it appears to
be essential for GABP binding to the herpes simplex virus
promoter (28). The binding sequences are also not repeated in
either the adenovirus early-region 4 (E4) promoter or the E1A
core enhancer (3, 30, 31). Additionally, GABP is known to
bind to various cellular promoters including the mitochondrial
COXIV gene (5) and the ribosomal protein genes, rpL.30 and
rpL32 (11). GABP may, therefore, play diverse roles in tran-
scriptional regulation of sex-specific and housekeeping genes
depending on the binding sequence.

There are various methylation-sensitive transcription factors
such as AP-2, CREB/ATF, and NF-«B (27). We have demon-
strated that GABP does not bind to the methylated element of
the Cyp 2d-9 promoter. This methylation sensitivity is not due
to its lower affinity for the ~'* ATTCCG~*° sequence in the
promoter, because GABP is also not able to bind to the se-
quence ~**TTTCCG ™% in the Slp promoter, which is a high-
affinity binding site (unpublished observation). Our present
study, therefore, has added GABP to the list of factors sensi-
tive to methyl-CpG. Although the role of a single CpG meth-
ylation in transcription remains enigmatic, there are some re-
ports to support this. AP-2, for example, regulates the cyclic
AMP-dependent transcription of the human proenkephalin
gene depending on the demethylation of its cognate element
(7, 16). Myeloid-specific transcription of the mouse M ly-
sozyme gene is also reported to be regulated by a single CpG
methylation within the enhancer (17). Our present results
show that CpG methylation provides a novel mechanism for
regulating the GABP-dependent transcriptional activation of
genes such as Cyp 2d-9 and Slp which contain the putative
methylation sites such as that of the factor binding motif. It
should, however, be noted that since GABP binding motifs do
not always contain CpG, methylation is not a general mecha-
nism to regulate the GABP-dependent transcriptional activa-
tion.

In conclusion, the CpG sites in promoters of the sex-specific
P450 genes exhibit the sex-preferential demethylation which is
correlated with their expression in the livers of mice. The
heteromeric transcription factor GABP can frans-activate the
male-specific Cyp 2d-9 promoter through the regulatory ele-
ment (TTC *’CGGGC) in HepG2 cells. Moreover, the bind-
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ing of GABP is sensitive to methyl-CpG at position —97.
GABP, on the other hand, neither binds nor activates the
female-specific Cyp 2a-4 promoter in HepG2 cells.
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