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In order to isolate novel estrogen-responsive genes, we utilized a CpG island library in which the regulatory
regions of genes are enriched. CpG islands were screened for the ability to bind to a recombinant estrogen
receptor protein with a genomic binding site (GBS) cloning method. Six CpG islands were selected, and they
contained perfect, imperfect, and/or multiple half-palindromic estrogen-responsive elements (EREs). Northern
blot analysis of various human cells showed that all these genomic fragments hybridized to specific mRNAs,
suggesting that the genes associated with these EREs might be transcribed in human cells. Then cDNAs
associated with two of them, EB1 and EB9, were isolated from libraries of human placenta and MCF-7 cells
derived from a human breast cancer, respectively. Both transcripts were increased by estrogen in MCF-7 cells.
The increase is inhibited by actinomycin D but not by cycloheximide, indicating that no protein synthesis is
required for the up-regulation. The cDNA associated with EB1 encodes a 114-amino-acid protein similar to the
cytochrome c oxidase subunit VIIa, named COX7RP (cytochrome c oxidase subunit VII-related protein). The
cDNA associated with EB9 is homologous only to an express sequence tag and was named EBAG9 (estrogen
receptor-binding fragment-associated gene 9). The palindromic ERE of EB1 is located in an intron of
COX7RP, and that of EB9 is in the 5* upstream region of the cDNA. Both EREs had significant estrogen-
dependent enhancer activities in a chloramphenicol acetyltransferase assay, when they were inserted into the
5* upstream region of the chicken b-globin promoter. We therefore propose that the CpG-GBS method
described here for isolation of the DNA binding site from the CpG island library would be useful for
identification of novel target genes of certain transcription factors.

Estrogen is essential for the development of female organs
and for the regulation of the growth, differentiation, and func-
tion of target cells. Estrogen receptor (ER), a member of the
steroid-thyroid hormone receptor superfamily, mediates its ac-
tion by binding ligand dependently to the estrogen-responsive
element (ERE) that exists in the enhancer region of target
genes, regulating their transcription directly (13, 16). ER has
been found in female organs and also in nonreproductive sys-
tems of both sexes, such as the central nervous system (6, 39,
47), the skeletal system (12, 25), and the cardiovascular system
(37, 49). However, despite the wide variety of estrogen actions,
relatively few genes that are directly responsive to this hor-
mone have been identified (2, 33, 53, 55). In order to isolate
more estrogen-responsive genes, a method called genomic
binding site (GBS) cloning, by which ER-binding fragments
from human genomic DNA were isolated with recombinant
ER protein (18), identifying a novel estrogen-responsive gene
(efp, encoding estrogen-responsive finger protein) at an adja-
cent region (19), was developed previously.

Human CpG islands selected by the methyl-CpG binding
domain of MeCP2, which binds DNA methylated at CpG (29),
were inserted into plasmid vector for construction of a human
CpG island library (8). CpG islands are short stretches of DNA
containing a high density of nonmethylated CpG dinucleotides
and distributed throughout the genome in 45,000 short regions
of about 1 kb (5, 7). About 60% of human genes are found to

be associated with CpG islands, including most of the house-
keeping genes and 40% of the tissue-specific genes. These
regions often include the promoter region and one or more
exons of associated genes (1, 14, 28).

In this study, we have utilized a human CpG island library as
the source of genomic DNA for GBS cloning and named the
technique the CpG-GBS method. It is shown that ER-binding
fragments isolated from CpG islands contain exons of associ-
ated genes at a high frequency. Among these associated genes,
two transcripts are characterized in detail and shown to be
actually regulated by estrogen in MCF-7 cells.

MATERIALS AND METHODS

Isolation of ER-binding fragments. A human CpG island library (8) was kindly
provided by the HGMP Resource Centre, Clinical Research Centre, Harrow,
United Kingdom. Filter binding selection was performed as described previously
(18). Briefly, the plasmid DNA (10 mg) was prepared from the human CpG
island library and incubated with the recombinant DNA binding domain of the
ER (ER-DBD) (10 pmol). The binding reaction was carried out also as described
previously (18). The resulting solution was then passed slowly through a pre-
soaked nitrocellulose filter and washed. The trapped plasmid DNA was eluted
from the filter and transformed into DH5a competent cells (18). The cells were
cultured on a Luria broth-ampicillin plate for 24 h, and the plasmid DNA was
prepared by alkaline treatment followed by centrifugation in a cesium chloride-
ethidium bromide gradient (31). The DNA (10 mg) was subsequently incubated
with the recombinant protein again, and the selection cycle was repeated five
times.

Plasmid construction. An expression vector of pGEX/ER-DBD was prepared
in the following manner. The DNA binding domain (amino acids 177 to 281)
of rat ER cDNA was amplified by using primers 59-ACTGGATCCATGATCA
TGGAGTCTGCC-39 and 59-TGCGAATTCCATTTCGGCCTTCCAAGTC-39.
The resulting fragment was digested with BamHI and EcoRI and inserted into
these sites of pGEX-2T (Pharmacia). The plasmid vitERE/pBluescript SK(2)
was constructed as follows. Oligonucleotides containing the wild-type ERE of the
Xenopus vitellogenin gene A2 enhancer [vitERE (2338/2310)] (23) were syn-
thesized, annealed, and inserted into the SacI site of pBluescript SK(2) (Strat-
agene). Chloramphenicol acetyltransferase (CAT) reporter plasmids of EB1 and
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EB9 were constructed as follows. Oligonucleotides containing the EREs of EB1
and EB9 were synthesized as 59-GGTGCAGGGGTCAAGGTGACCCCCGGG
GTCAC-39 and 59-GGGTGACCCCGGGGGTCACCTTGACCCCTGCA-39
for EB1-ERE and 59-GGTACTGTTTCCGGGTCAGGGTGACCTCTGGG-39
and 59-GGCCCAGAGGTCACCCTGACCCGGAAACAGTA-39 (underlining in-
dicates the palindromic core of ERE) for EB9-ERE. These oligonucleotides were
annealed and blunted. The resulting fragments were inserted into blunting
BamHI sites for pGCAT (18).

Preparation of glutathione S-transferase/ER-DBD fusion protein. Escherichia
coli BL21 cells transformed with pGEX/ER-DBD expression vector were grown
to an optical density of 0.4 to 0.8 in 200 ml of 23 YT-ampicillin medium, and the
culture was induced by 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) for
8 h. The induced cells were harvested and resuspended in phosphate-buffered
saline containing 1% Triton X-100, 0.2% sarcosyl, and 10 mM dithiothreitol
(DTT) and disrupted by sonication. The lysate was centrifuged at 10,000 3 g for
30 min and then affinity purified with glutathione Sepharose 4B.

Filter binding assay. The binding ability of isolated fragments was measured
by filter binding assay (18). The fragments were amplified by PCR using primers
59-CGGCCCCTGCAGGTCGACCTTAA-39 and 59-AACGCGTTGGGAGCT
CTCCCTTAA-39. PCRs were carried out in buffer III (41) supplemented with
10% dimethyl sulfoxide. Thirty cycles of amplification (1 min at 94°C, 1 min at
55°C, 3 min at 72°C) were performed. Plasmids pBluescript SK(2) and vitERE/
pBluescript SK(2) were digested with HindIII and dephosphorylated. These
plasmids and fragments were end labeled and incubated with the ER-DBD
protein. The DNA trapped by the filter was analyzed by liquid scintillation
counting to determine the recovery (18).

Cell culture. COS-7, MCF-7, HEC-1, and HOS-TE85 cells were grown to a
subconfluent state in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS). One day prior to estrogen treatment, the medium
was changed to phenol red-free DMEM containing 10% FBS treated with dex-
tran-coated charcoal.

Gel mobility shift assays. Briefly, 106 COS-7 cells were plated in 60-mm-
diameter petri dishes and maintained in DMEM containing 10% FBS for 24 h.
One hour prior to transfection, the medium was changed to phenol red-free
DMEM containing 10% FBS treated with dextran-coated charcoal. Cells were
transfected with 10 mg of human ER expression vector (HEG0 [52]). After 12 h
of incubation, the cells were cultured further in the absence of hormone for 24 h.
One hour prior to harvest of the cells, 10 nM 17b-estradiol was added to the
medium. The cells were washed with phosphate-buffered saline, and whole-cell
extract (WCE) was prepared by freezing and thawing the cells in buffer contain-
ing 20 mM Tris-HCl (pH 7.5), 2 mM DTT, 20% glycerol, and 0.4 M KCl. As a
negative control, oligonucleotides for the glucocorticoid response element
(GRE) were synthesized as reported previously (26). EB1-ERE, EB9-ERE,
vitERE (2338/2310), and GRE were 32P end labeled. An appropriate volume (8
to 12 mg of protein) of WCE was incubated with 2 mg of poly(dI-dC) (Pharmacia)
at 0°C for 15 min. The binding reaction was started by addition of 32P-end-
labeled probes (2 3 104 cpm) and incubation at 20°C for 15 min in binding buffer
(10 mM Tris-HCl [pH 7.5], 1 mM DTT, 100 mM KCl, and 10% glycerol). The
receptor-DNA complexes were separated on a 5% polyacrylamide gel. For the
competition and supershift assays, different concentrations of unlabeled compet-
itor probes or purified polyclonal ER antibody were mixed with the labeled
probe before being added to the binding reaction mixture.

cDNA screening and DNA sequencing. An MCF-7 cDNA library was prepared
from poly(A)1 RNA of MCF-7 cells with a lZAPII cDNA synthesis kit (Strat-
agene), and a human placental cDNA library was purchased (Stratagene). A

total of 5 3 105 phages from human placental library were screened with a
32P-labeled EB1 probe, and phages from the MCF-7 library was screened with an
EB9 probe. Each cDNA was isolated according to the manufacturer’s instruc-
tions. These clones were sequenced by the dideoxy chain termination method
using a BcaBest sequencing kit (Takara). The products of the sequencing reac-
tions were analyzed on an automatic DNA sequencer (Pharmacia).

Northern blot analysis. Total RNA was isolated from various cell lines by
using ISOGEN (Nippon Gene) according to the manufacturer’s instructions.
Poly(A)1 RNA was prepared by using Oligotex dT30 super (Takara). Poly(A)1

RNA (2 mg) was electrophoretically separated on a 1% agarose gel containing
2.2 M formaldehyde and blotted onto Biodyne nylon membranes. The filters
were hybridized in 0.35 M Na2HPO4 (pH 7.2)–7% sodium dodecyl sulfate
(SDS)–30% formamide–1 mM EDTA (pH 8.0)–1% bovine serum albumin at
60°C. The filters were then washed at 60°C with 0.43 SSC (13 SSC is 0.15 M
NaCl plus 0.015 M sodium citrate)–0.1% SDS. All probes were labeled with
[a-32P]dCTP by using rediprime (Amersham) according to the manufacturer’s
instructions. The filters were hybridized, washed, and then exposed to X-ray film
for autoradiography or to an imaging plate for the BAS2000 bio-image analyzer
(Fuji Film).

CAT analysis. CAT analysis was performed as described elsewhere (18).
Briefly, 106 MCF-7 cells were used instead of COS-7 cells. The cells were
transfected with 2 mg of reporter plasmids and 2 mg of PCH110 b-galactosidase
expression vector (Pharmacia). After 12 h of incubation, the cells were cultured
further in the absence or presence of 10 nM 17b-estradiol for 24 h. Cell extracts
were prepared and assayed for b-galactosidase and CAT activity.

Nucleotide sequence accession numbers. The nucleotide sequence data re-
ported in this paper will appear in the DDBJ, EMBL, and GenBank nucleotide
sequence databases with the following accession numbers: AB007618 for
COX7RP, AB007619 for EBAG9, AB007620 for EB1, and AB007621 for
EB11.

RESULTS

Isolation and characterization of the ER-binding fragments
in the human CpG island library. ER-binding fragments were
isolated from the human CpG island library as described in
Materials and Methods. DNA from the human CpG island
library was bound with ER-DBD and selected with a nitrocel-
lulose filter. The ER-binding plasmids were eluted and ampli-
fied in a bacterial culture. These plasmids were then concen-
trated by repeating five selection cycles (Fig. 1). Twelve
colonies were picked, and the recovered plasmids were named
EB1 to EB12. Cross-hybridization and restriction analysis re-
vealed that seven clones were mutually independent. The se-
quences of these independent clones were analyzed to scan for
CpG islands and EREs (Table 1 and Fig. 2A). Six contained
many CpG dinucleotides, having over 50% GC content. How-
ever, EB12, containing only seven CpG dinucleotides, with a
48% GC content, was not analyzed further, because it seemed
not to be derived from the CpG island. Of the six, the se-
quences of EB1 and EB9 contained a classical consensus ERE,
that of EB5 contained one base mismatch to the consensus
ERE, and those of EB3, EB6, and EB11 contained 27, 3, and
8 consensus ERE half-sites, respectively (Fig. 2A). The binding
of these six fragments to ER-DBD was reconfirmed. The frag-
ments were end labeled with [g-32P]ATP, and the binding

FIG. 1. Strategy of GBS cloning with a CpG island library. A CpG island
library was bound with ER-DBD and passed through a nitrocellulose filter.
ER-bound plasmids were eluted with Tris-HCl buffer containing 0.1% SDS and
amplified in the bacterial culture. The ER-bound plasmids were concentrated by
repeating five cycles.

TABLE 1. Analysis of ER-binding human CpG islands

Clonea Length
(bp)

No. of
CGs

GC content
(%) Type of ERE (no.)b Binding

activity (%)

EB1 713 45 61.1 pERE (1), hERE (3) 26.0
EB3 921 32 60.6 hERE (32) 15.3
EB5 451 31 57.7 ipERE (1) 29.3
EB6 1,265 54 53.3 hERE (3) 14.1
EB9 1,125 75 63.1 pERE (1) 31.6
EB11 867 25 55.0 hERE (8) 17.8
EB12 483 7 48.0 ipERE (1), hERE (1) 23.2

a Seven independent fragments were isolated from the human CpG island
library as ER-binding fragments.

b pERE, perfect palindromic ERE; ipERE, imperfect palindromic ERE; and
hERE, half-palindromic ERE.
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capacities were analyzed by filter binding assay. In this assay,
EB1, EB5, and EB9 showed strong binding activities, as high as
that of the vitellogenin ERE, used as a positive control. EB3,
EB6, and EB11 also showed binding activities about 10-fold
greater than that of the negative control (Fig. 2B).

Northern blots and DNA homology searches. To find the
estrogen-responsive genes associated with these EREs, North-
ern blotting and DNA database searches were performed.
Some ER-positive human cell lines, namely, MCF-7, derived
from a human breast cancer (48), HOS-TE85, derived from a
human osteosarcoma (34), and HEC-1, derived from a human
endometrial carcinoma (36), were used as the sources of
mRNA. All six clones used as probes hybridized to each com-
plementary mRNA in Northern analysis (Fig. 3). On the other
hand, the EB1 and EB11 sequences showed homology to se-
quences in the GenBank DNA database as determined by

BLAST analysis. The sequence of EB1 (GenBank accession
no. AB007620) shows partial homology to a mouse cDNA
(SIG81 [GenBank accession no. X80899]) (44) for approxi-
mately 100 bp near the N-terminal region. There are only 15

FIG. 2. (A) Positions of CpG dinucleotides and ERE-like sequences in ER-
binding CpG islands. Each fragment (open box) and its size (number at right end
of open box), the positions of CpG dinucleotides in each fragment (vertical
lines), the positions of ERE-like sequences (consensus ERE half-sites [GGTCA]
[closed arrowheads] and imperfect EREs [open arrowheads]) are shown. The
orientation of the ERE is also indicated. Only ERE-like sequences in each
fragment are shown. (B) Binding capacities of the ER-binding CpG islands. The
labeled fragments were incubated with ER-DBD protein, and the filter binding
assay was performed. pBluescript SK(2) (pBSSK) was used as a negative control
and vitERE/pBSSK was used as a positive control for ER binding. The recovery
ratio is presented as means 6 standard deviations of triplicate determinations.

FIG. 3. Results of Northern blot analysis using ER-binding CpG islands as
probes. Poly(A)1 RNAs (2 mg each) were prepared from HEC-1 (lanes 1), HOS
(lanes 2), and MCF-7 (lanes 3) cells, and Northern blot analysis was performed.
The probes and the sizes of the detectable transcripts are indicated. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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mismatches in the overlap region, indicating a high degree of
conservation within this sequence. In addition, SIG81 had
been reported to be similar to the cytochrome oxidase c sub-
unit VII (cytox VII) gene, although EB1 had no homology with
cytox VII. The sequence of EB11 (GenBank accession no.
AB007621) shows partial homology to the rat N-methyl-D-
aspartate (NMDA) receptor 2D subunit (NR2D [GenBank
accession no. U08260]) for 490 bp of the 39 untranslated re-

gion. In this region, the homology between EB11 and rat
NR2D is 66% and the position of the polyadenylation signal
(AATAAA) is also conserved. Interestingly, NR2D includes
the same number of ERE half-sites as EB11, and four of eight
EREs which are conserved in their positions were spaced every
50 to 100 bp.

Cloning of a cDNA similar to cytox VII from the human
placental cDNA library. Using EB1 as a probe, we screened

FIG. 4. (A) Putative first exon of COX7RP and ERE in EB1 fragment. The complement sequence with COX7RP cDNA is indicated (italics), and the amino acid
sequence is indicated below the DNA sequence. The 59 and 39 termini of the exon of COX7RP (vertical lines) and the perfect palindromic ERE (underlined) are also
shown. (B) Nucleotide and predicted amino acid sequences of COX7RP. A putative predicted polyadenylation signal (open box) and the conserved mature cytox VIIa
protein region (underlined) are indicated. (C) Multiple-sequence alignment of COX7RP and cytox VIIaL and VIIaM. Identical amino acid sequences (two dots) and
similar amino acid sequences (single dot) and three consensus sequences (asterisks) are indicated.
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human placental cDNA library and isolated a cDNA named
COX7RP (cytochrome c oxidase subunit VII [cytox VII]-relat-
ed protein). The 59 untranslated and further upstream region
of COX7RP was contained in the EB1 sequence. The perfect
palindromic ERE was present in the putative first intron of the
gene (Fig. 4A). The nucleotide sequence and predicted amino
acid sequence of this gene are shown in Fig. 4B. The entire
gene is homologous to SIG81 at the nucleotide as well as the
amino acid level, and the translational initiation site of SIG81
is also the same as for this cDNA (data not shown). Hence,
SIG81 seems to be the mouse homolog of COX7RP. Only the
C-terminal 30 amino acids of COX7RP are homologous with
the mature protein regions of cytox VIIa isoforms. The levels
of C-terminal homology between COX7RP and the mature
regions of cytox VIIa liver- and muscle-type isoforms are 58.6
and 50.9%, respectively, at the amino acid level. On the other
hand, the homology between the liver- and muscle-type iso-
forms is 62% (Fig. 4C). These facts suggest some functional
relationship between COX7RP and cytox VIIa.

Cloning of a novel cDNA associated with EB9 from the
MCF-7 cDNA library. EB9 had no homologous sequences in
the DNA database but hybridized to a complement RNA,
suggesting the existence of a novel ERE-associated gene. Us-
ing EB9 as a probe, we screened the MCF-7 cDNA library and
isolated a novel cDNA named EBAG9 (ER-binding fragment-
associated gene 9). The nucleotide sequence and predicted
amino acid sequence of this gene are shown in Fig. 5. EB9
spanned the 59-terminal and far-upstream region of the cDNA,
and the consensus ERE was located in a 59 upstream position
of the cDNA. The in-frame stop codon was observed in this
cDNA, indicating that this cDNA includes the full-length open
reading frame. The amino acid sequence of the EBAG9 cDNA
also had no homology with protein data bank sequences.
Protein localization analysis (PSORT) showed the possibil-
ity that the product would be localized in the endoplasmic
reticulum.

Gel mobility shift assay. To confirm that the EREs of these
fragments actually bind to full-length human ER, we have
done gel mobility shift assays using these consensus EREs as

probes. WCEs of COS-7 cells transiently transfected with vec-
tors expressing wild-type human ER (HEG0) were used for
this assay. While minor and more rapidly migrating protein-
DNA complexes were seen when COS-7 cells were transfected
with control vector pGEM3Zf(2), a major signal was detected
when COS-7 cells were transfected with HEG0 using the pal-
indromic ERE of both EB1 and EB9 (Fig. 6A). To investigate
the specificity of the migrating protein-DNA complexes, com-
petition analysis was performed. Both major and minor pro-
tein-DNA complexes were competed by addition of the cold
consensus ERE probe (Fig. 6A). The specificities of these
protein-DNA complexes were further confirmed by adding
ER-specific polyclonal antibody. When the antibody was in-
cluded in the binding reaction mixture, only the major protein-
DNA complex was disrupted and supershifted (Fig. 6B). Thus,
the specific binding of human ER was demonstrated by use of
the EREs of both EB1 and EB9.

Regulation of COX7RP and EBAG9 mRNAs by estrogen in
MCF-7 cells. The signals detected by COX7RP and EBAG9
cDNA probes were identical to those detected by EB1 and
EB9 probes in Northern blot analysis. These mRNAs in-
creased by 6 h of estrogen treatment in MCF-7 cells, and this
effect was inhibited by actinomycin D but not by cycloheximide
(Fig. 7). Then the EREs of EB1 and EB9 were inserted into an
upstream region of the b-globin promoter of pGCAT to con-
struct EB1-ERE-GCAT and EB9-ERE-GCAT, respectively.
These reporter plasmids were transfected into MCF-7 cells. As
negative and positive controls, the reporter plasmids without
(pGCAT) and with (vitERE-GCAT) the insertion of the ERE
of the vitellogenin enhancer, respectively, were used. The CAT
activities of EB1-ERE-GCAT, EB9-ERE-GCAT, and vitERE-
GCAT were stimulated 5.6-, 3.2-, and 25.2-fold, respectively
(Fig. 7C).

DISCUSSION

In this study, we have isolated ER-binding fragments by the
CpG-GBS method. These ER-binding CpG islands contained
perfect, imperfect, and/or half-palindromic EREs and had the
capacity to bind to the ER in vitro. The transcript could be
detected in estrogen target cells when the ER-binding CpG
islands were used as probes. This high frequency of detection
of the associated transcripts is remarkable and may be fortified
by the use of CpG islands for the GBS method in combination
with the use of ER-positive cell lines MCF-7, HOS-TE85, and
HEC-1 for the Northern blot analysis. While we found estro-
gen-responsive genes associated with perfect palindromic
EREs of EB1 and EB9, it has been reported that an imperfect
or multiple half-palindromic ERE could be functional as an
estrogen-dependent enhancer in vivo (2, 33, 53, 55). Therefore,
imperfect or multiple half-palindromic EREs of these frag-
ments might also be functional in vivo.

COX7RP cDNA, related to cytox VIIa, was isolated from a
human placental cDNA library. The perfect palindromic ERE
found in the putative first intron of the gene was shown to have
an estrogen-dependent enhancer activity in a CAT assay when
it was inserted at the 59 upstream position. A number of en-
hancers are known to exist in introns (22, 27), including an
example of an ERE in mouse hepatocyte growth factor gene
(30). Recently, Segade et al. reported a new subunit of cytox
VIIa, SIG81, from the mouse (45). They indicated that SIG81
localized in the mitochondrial fraction and that the fraction
contained some cytochrome oxidase c activity. They also de-
duced the human SIG81 sequence by connecting the available
expressed sequence tag sequences. The C-terminal portion (56
to 113 amino acids) of the assembled sequence described in

FIG. 5. Nucleotide and predicted amino acid sequences of EBAG9. The
amino acid sequence of EBAG9 is indicated below the nucleotide sequence. A
putative Kozak consensus sequence (CCACCATGG) is indicated (underlined).
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that report is identical to the corresponding portion (57 to 114
amino acids) of the COX7RP sequence described here. The
cytox VIIa protein is composed of an N-terminal mitochon-
drial presequence (17) and a C-terminal mature cytox VII
protein region (43). COX7RP cDNA also had a mature-pro-
tein sequence in its C-terminal region that is well conserved
with cytox VIIa, but its N-terminal region was different from
cytox VIIa.

Cytochrome c oxidase is a complex enzyme composed of 13
subunits in mammals, of which three (cytox I, II, and III) are
encoded by the mitochondrial genome and the others are en-

coded by the nuclear genome (21, 35). Interestingly, it has been
reported that type II subunit in GH4C1 rat pituitary tumor cells
(54) and type III subunit in the rat hippocampus (3) are reg-
ulated by estrogen. However, no ERE-like sequence was found
in the mitochondrial genome, and no estradiol binding activity
was detected in the mitochondria (20). cytox VII is a nuclear
subunit, but little is known about the coordinate synthesis of
the various subunits. It has also been postulated that the mi-
tochondrial mRNA levels of cytox I, II, and III could be af-
fected by increased levels of the nuclear subunits (3). Thus,
estrogen might modulate the transcription of some nuclear
subunits and then affect the synthesis or stabilization of the
mitochondrial subunit mRNAs. Indeed, the nuclear subunits
appear to modulate the entire enzymatic activity by regulat-
ing the holoenzyme assembly in yeast (11, 42). We have shown
here that COX7RP mRNA was up-regulated by estrogen in
MCF-7 cells. It is possible that this COX7RP represents a
regulatory subunit of cytochrome c oxidase and mediates the
higher level of energy production in target cells by estrogen.

Recently, mutations in the mitochondrial cytox I and II
genes were found to segregate at a higher frequency with
Alzheimer’s disease (AD) than with other neurodegenerative
and metabolic diseases (9). These mutations cause a decrease
of cytochrome c oxidase activity and increased production of
reactive oxygen species. It has also been suggested that estro-
gen plays an important role in memory and learning and even
in the treatment of AD (50). If the decrease of cytochrome c
oxidase activity underlies the pathogenesis of AD, it is possible
that the mechanism of estrogen action in the treatment of AD
is associated with the modulation of cytox I and II and/or
COX7RP by estrogen.

FIG. 6. (A) Specific binding of perfect palindromic EREs present in EB1 and
EB9 to human ER. WCEs of COS-7 cells transfected with either the control
(pSG5) or human ER expression vector (HEG0) were incubated with the radio-
labeled probes as indicated above the lanes and increasing amounts of unlabeled
probes. ER-DNA complexes (ER) and nonspecific signal (NS) are indicated. (B)
Specific binding further confirmed by including anti-ER polyclonal antibody
(aER) in ER-DNA incubations as indicated above the lanes. ER-DNA com-
plexes (ER) and supershifted signals (aER/ER) are indicated. 1, addition; 2, no
addition.
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A novel cDNA, EBAG9, was isolated from the MCF-7
cDNA library by using EB9 as a probe. A perfect palindromic
ERE of EB9 was not included in the 59 untranslated region of
EBAG9 but was located in the far-upstream region of the
genomic EBAG9 fragment. Thus, this ERE may be located in
the 59-flanking region of this gene, just like in the Xenopus
vitellogenin A2 gene (23) and the rat prolactin gene (33). To
confirm this, the transcription initiation site of EBAG9 must
be identified. This perfect palindromic ERE was shown to have
an estrogen-dependent enhancer activity when it was placed in
the upstream region of the b-globin promoter. The mRNA was
up-regulated by estrogen in MCF-7 cells, and the up-regulation
was dependent on the RNA synthesis but not on new protein
synthesis, indicating that the transcriptional activation could
take place via the perfect palindromic ERE. The tissue distri-
bution of this mRNA was almost ubiquitous (data not shown),
but significant homology was not found in the DNA or protein
database. Although the functional association between estro-
gen and this gene remains unclear, it seems to be a novel
estrogen target gene in vivo.

Several methods for isolation of the target gene of transcrip-
tion factors have been reported. Differential or subtractive
hybridization methods (32, 38) are useful for isolation of any
regulatory gene, including direct as well as indirect target
genes. DNA binding sites of transcription factors can be iso-
lated from native chromatin by immunoprecipitation (15, 40,
51). Among these methods, the GBS method (18, 19) can be
applicable if the recombinant protein of the transcription fac-
tor is available in certain amounts. In this method, target ele-
ments could be isolated, depending on their binding activities
but not on the expression levels of the associated genes. How-
ever, the GBS cloning method would not be suitable when the
binding of the transcription factor is weak or the binding re-
quires heterodimers or cofactors. The use of CpG islands for
isolation of the target elements has a significant advantage over
the use of whole genomic fragments, because CpG islands are
enriched with active genes (8). Furthermore, most of CpG
islands exist as single copies in the genome. Thus, when the
CpG islands were isolated as ER-binding fragments, they could
be used efficiently as probes for Northern and Southern blot-

ting for detection of their associated genes. Of course, it
must be noted that CpG islands include a maximum of 60%
of the human gene, so the target elements which are not
associated with the CpG islands cannot be isolated by this
strategy.

In this report, we have shown that the efficiency of cDNA
screening can be increased when the target elements are iso-
lated from a CpG island library by the GBS method. A random
appearance of the 10-bp sequence of one perfect palindromic
ERE may be 1 in about every 1,000 kb. Therefore, by calcula-
tion, the human genome would contain a few thousand ERE
sequences. If the recognition sequence of the transcription
factor is 6 to 8 bp long, the human genome could contain more
than 100,000 recognition sequences. Most of these sequences
would be nonspecific, which makes the application of the GBS
method difficult. The human CpG island library contains
45,000 copies of the gene, and the average insert size is 1 kb.
Thus, the CpG island library would contain only 50 ERE se-
quences, and these ERE sequences could be suitable for fur-
ther analysis.

While this paper was being prepared, a report by Shago and
Giguere (46) which described the use of CpG island-enriched
DNA for the isolation of retinoic acid-responsive genes ap-
peared. They enriched the CpG island fraction by restriction
enzymes containing CpG within their recognition sequences
and selected retinoic acid-responsive elements from the frac-
tion by utilizing a combination of PCR amplification and gel
mobility shift assay. Although the procedures are different
from ours, the results of their study are consistent with ours in
defining the importance of the use of CpG islands for isolation
of the target elements of transcription factors.
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FIG. 7. Regulation of COX7RP (A) and EB9 (B) mRNA by estrogen. MCF-7 cells were treated without (lane 1) or with (lanes 2 to 4) 1027 M 17b-estradiol for
6 h in the presence or absence of cycloheximide (lane 3) or actinomycin D (lane 4). Poly(A)1 RNA (2 mg) was prepared from the cells, and Northern blot analysis was
performed using COX7RP, EB9 cDNA, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as probes. The signals of transcripts and GAPDH are indicated.
Migration positions of rRNA are shown on the right. (C) Estrogen-dependent enhancer activity of the ERE present in the first intron of the COX7RP gene and in
the 59 upstream region of the EBAG9 gene. Reporter plasmids containing pGCAT, vitERE-GCAT, EB1-ERE-GCAT, and EB9-ERE-GCAT were transfected into
MCF-7 cells. After culture in the absence or presence of 1027 M 17b-estradiol, a CAT assay was performed. The intensities of the signals were analyzed with a BAS2000
image analyzer. The results are presented as means 6 standard deviations of triplicate determinations.
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