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ABSTRACT The ERF-1 transcription factor was previ-
ously shown to be involved in the regulation of estrogen
receptor (ER) gene transcription in hormonally responsive
breast and endometrial carcinomas. In this study we sought to
identify the gene for ERF-1. ERF-1 activates ER gene tran-
scription by binding to the imperfect palindrome CCCT-
GCGGGG within the promoter of the ER gene. ERF-1 protein
was purified from the ER-positive breast carcinoma cell line,
MCF7, utilizing ion exchange and DNA affinity chromatog-
raphy. Peptide sequence analysis was used to isolate a 2.7 kb
cDNA clone from an MCF7 cDNA library. This cDNA encodes
a protein of 48 kDa previously identified as the AP2vy tran-
scription factor. By gel-shift analysis, in vitro synthesized
ERF-1 comigrates with MCF7 native ERF-1 complex and
demonstrates identical sequence binding specificity as native
ERF-1. In addition, AP2 polyclonal antisera supershifts both
in vitro synthesized and native ERF-1 complexes. These results
show that ERF-1 is a member of the AP2 family of develop-
mentally regulated transcription factors. Given the central
role of ER expression in breast carcinoma biology, ERF-1 is
likely to regulate expression of a set of genes characteristic of
the hormonally-responsive breast cancer phenotype.

Estrogen receptor (ER) expression plays a critical role in
determining the prognosis and treatment of breast cancer (1).
Patients with tumors that express ER have an improved
survival and longer disease-free interval than patients with
tumors lacking ER expression (2, 3). ER-positive tumors are
more common in postmenopausal women and many of these
tumors over-express ER as compared with ER levels in normal
mammary epithelium (4). Tumors with abundant ER mRNA
levels tend to be well-differentiated tumors which are PR-
positive and have a lower nuclear grade as compared with
tumors with low or absent ER mRNA (5, 6). It has been
assumed that the phenotypic differences between hormonally
responsive and unresponsive tumors is due to expression of
genes regulated by ER (7). However, it is possible that ER is
a marker for a well-differentiated tumor and ER may be only
one of a set of genes whose expression is characteristic of the
hormonally-responsive phenotype. Clearly, understanding the
mechanisms that regulate ER gene expression will provide
greater insight into the oncogenesis of breast carcinomas.
Previous studies have demonstrated that regulation of ER
gene expression in ER-positive and ER-negative cell lines
occurs at the level of ER gene transcription (8, 9). Some studies
have suggested that gene methylation controls ER expression
(9, 10). However, it is difficult to know whether methylation of
the ER gene occurs as a mechanism controlling ER expression
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or is the result of a lack of transcriptional activity. We have
previously performed a functional analysis of the human ER
promoter (11). Utilizing a transient transfection assay, a 75 bp
region of the 5’ untranslated leader of the ER gene was found
to augment activity of the promoter. The ability of this region
to augment expression was also found to be specific to ER-
positive cell lines. Other studies of the mouse ER gene have
also implicated the homologous region in determining proper
tissue-specific expression (12). This region of the ER promoter
was shown to bind a protein called ERF-1 (11). Using gel shift
competitions, two ERF-1 binding sites were identified in this
region of the ER promoter. Creation of point mutations in
these two sites destroys ERF-1 binding and abolishes the ability
for this region to augment promoter activity. In addition,
abundant ERF-1 expression was only found in ER-positive
breast and ER-positive endometrial carcinoma cell lines.
Taken together, these data indicated a critical role for ERF-1
in ER gene regulation and suggested a common mechanism of
ER transcriptional regulation in hormonally responsive can-
cers. To extend these studies of ERF-1, we sought to purify and
characterize the ERF-1 transcription factor.

MATERIALS AND METHODS

Cell Lines. MCF7 and MDA-MB-231 human breast carci-
noma cell lines were obtained from American Type Culture
Collection. Cells were maintained as previously described (11).

Gel Shift Assay. Gel shift assays were performed as
previously described (11) using 15 ug nuclear cell extract,
purified chromatographic fractions or in vitro translated
protein. In competitive binding assays, unlabeled mutant
oligonucleotides were added at 1000 molar excess. Supershift
assays were performed by the addition of 2 ug of affinity-
purified rabbit polyclonal antibody directed against human
AP2 (Santa Cruz Biochemicals) or with 2 ul of polyclonal
La/SS-B antisera obtained as a gift from Michael Bachmann
(Mainz, Germany). Probe was prepared by end-labeling the
wild-type 30-bp double-stranded ERF-1 binding site with
[y-3?P]ATP (3,000 Ci/mmol) using T4 polynucleotide ki-
nase, followed by gel purification on 15% polyacrylamide.
Twenty- or 30-bp oligonucleotides used as competitors were
synthesized to contain double point mutations in relation to
the wild-type sequence.

Purification of ERF-1. MCF7 nuclei were prepared as
previously described (13). Nuclei were resuspended in 0.6
times packed nuclear volume (PNV) of buffer D (10 mM Tris,
pH 7.9/100 mM KCl/2 mM MgCl,/0.1 mM EDTA/1 mM
DTT/1 mM NaMetaBis/0.2 mM phenylmethylsulfonyl fluo-
ride) and Dounce homogenized on ice with 10 strokes. Ho-
mogenized nuclei were mixed with 0.06X PNV of 4 M am-
monium sulfate (pH 7.9) and extracted with gentle mixing at

Abbreviation: ER, estrogen receptor.
Data deposition: The sequence reported in this paper has been
submitted to the GenBank database (accession no. U85658).
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4°C for 1 h. Extracted nuclei were pelleted by centrifugation at
25,000 X g, 4°C for 20 min and the supernatant was dialyzed
for 5.5 h against 5 liters of D-100 buffer (20 mM Hepes, pH
7.9/20% glycerol/100 mM KCI/2 mM MgCl,/0.2 mM
EDTA/1 mM DTT/1 mM NaMetaBis/0.2 mM phenylmeth-
ylsulfonyl fluoride). After dialysis, the extract was centrifuged
for 20 min at 16,000 X g, 4°C. Protein concentration of nuclear
extract was determined using a Bio-Rad protein assay system
(Bio-Rad) and was generally in the range of 7-15 mg/ml.

ERF-1 activity was monitored throughout the purification
by gel-shift assay. MCF7 nuclear extract (375 mg) was applied
to a 30 ml Q Sepharose Fast Flow (Pharmacia) anion exchange
column at 100 mM KCI and eluted with 1 volume of 0.15 M
KCI. This fraction was applied to a 10 ml Heparin Sepharose
CL-6B (Pharmacia) column, washed with 5 volumes of 0.35 M
KCl and eluted with 2.5 volumes of 0.6 M KCI. This 0.6 M
fraction was diluted to 0.1 M KCl, applied to a 5 ml DNA
cellulose (native DNA; Pharmacia) column, and eluted with
2.5 volumes of 0.4 M KCI. This fraction was diluted to 0.15 M
KCI and nonbinding mutant 16 (TGAGCCTTCTGCGGTG-
CGGGGACACCGTCT) was added at 10 ug/ml, incubated on
ice 10 min and centrifuged at 12,000 X g for 10 min at 4°C to
clear any precipitated material. The protein was divided in half
and applied to two 1 ml DNA affinity columns. The columns
were washed with 5 volumes of 0.5 M KCI and eluted with 5
volumes of 0.8 M KCI. The ERF-1 fraction was incubated with
additional mutant oligonucleotide (10 pg/ml) and passed a
second time over a single 1 ml DNA affinity column as
described above. All fractions were quick frozen in liquid
nitrogen and stored at —80°C for subsequent analysis. The
DNA affinity column was prepared by attaching a double-
stranded, biotinylated 30-mer oligonucleotide (TGAGCCTT-
CTGCCCTGCGGGGACACGGTCT) corresponding to the
wild-type ERF-1 binding site to streptavidin agarose.

Protein fractions were concentrated by trichloroacetic acid
precipitation as described (14). Protein pellets were resus-
pended in standard Laemmli SDS loading buffer, boiled 3 min,
and electrophoresed on 8% SDS/PAGE with standard protein
molecular weight markers. Proteins were visualized using the
Silver Stain Plus kit (Bio-Rad).

Protein Sequencing. Protein was separated by SDS/PAGE,
stained with Coomassie brilliant blue, and individual protein
bands excised. After in gel S-carboxyamidomethylation, the
bands were subjected to in gel tryptic (Promega) digestion as
described (15) without the addition of 0.02% Tween. Candi-
date ions for sequencing were determined by microcapillary
high performance liquid chromatography coupled to a triple
mass spectrometer (model TSQ7000 with electrospray ioniza-
tion source; Finnigan, San Jose, CA) as described (16). The ion
densities observed corresponded to a load of 40-100 fmol by
comparison with average ion abundance of a BSA standard
protein digest. Direct peptide sequence information was ob-
tained by collisionally induced dissociation on an equivalent
injection of the digest mixture. The resulting MS/MS spectra
were manually interpreted. The database searching algorithm
SEQUEST (17) was also used to facilitate interpretation of
MS/MS spectra.

UV Crosslinking. DNA/protein crosslinking of the ERF-1
complex was performed as described (18) using 15 pg of MCF7
nuclear extract. Radiolabeled probe was prepared as described
by annealing 1 pmol of an oligonucleotide encompassing the
ERF-1 binding site (CCGTGTCCCCGCAGGGCAGAAG-
GCTCA) (Operon Technologies) with 100 pmol of a compli-
mentary oligonucleotide (TGAGCCTTCT) (Ana-Gen Tech-
nologies).

Renaturation of ERF-1 Activity from SDS/PAGE. Purified
extract was resolved on 8% SDS/PAGE after which the gel was
segmented into 4 mm slices ranging from 31 to 220 kDa. Each
slice was crushed in 0.4 ml elution buffer (0.15 M NaCl/0.1%
SDS/0.05 M Tris'HCI, pH 7.9/0.1 mM EDTA/5 mM DTT/0.1
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mg/ml BSA) and protein was eluted for 1 h at room temper-
ature, followed by precipitation with 4 volumes of cold ace-
tone. The pellet was washed with cold 80% acetone. Precip-
itated protein was dissolved in 0.5 ml of 8 M urea in D-100
buffer and incubated at 4°C for 30 min. The protein was
renatured by dialysis against 1 liter of 1 M urea in D-100 buffer
for 3 h, followed by two changes of D-100 buffer for 3 h and
12 h, respectively.

Cloning of ERF-1 from an MCF7 cDNA Library. Primers
AACCCTCTGAACCTC CCCTGTCAGAAG and CCGGT-
CTTGGCTGAGAAGTTCTGTGAATTC (Operon Tech-
nologies) were used to amplify a 504-bp fragment of the ERF-1
mRNA from MCF7 using the GeneAmp RNA PCR kit
(Perkin—Elmer). This fragment was random primed labeled
using [a-*?P]dCTP for use as a probe to retrieve a full-length
ERF-1 cDNA clone from an MCF7 expression library pre-
pared using the Zap Express cDNA Synthesis kit (Stratagene).
Clones were excised from A phage as phagemids and were
analyzed by restriction analysis. ERF-1 cDNA was sequenced
using an Applied Biosystems automated sequencer.

In Vitro Transcription and Translation. ERF-1 was in vitro
translated from ERF-1 cDNA using the TNT Coupled Reticu-
locyte Lysate System (Promega). Unlabeled ERF-1 was trans-
lated in vitro by using a complete amino acid mix in place of
[**S]methionine. For immunoprecipitations, 15 ul of in vitro
translated ERF-1 protein was incubated on ice for 10 min with
2 pg of affinity-purified rabbit polyclonal AP2 antibody in a
200 pl volume of RIPA buffer (150 mM NaCl/50 mM Tris, pH
8.0/1% Nonidet 40/0.5% deoxycholate/0.1% SDS). Fifty
microliters of anti-rabbit IgG (whole molecule) agarose (Sig-
ma) was added to the reaction and incubated on ice for 15 min.
Immunoprecipitated protein was pelleted by centrifugation at
1,000 X g at 4°C for 5 min, washed once with RIPA buffer and
twice each with buffer 1 (150 mM NaCl/10 mM Tris, pH 7.5/2
mM EDTA/1% Nonidet P-40) and buffer 2 (500 mM NaCl/10
mM Tris, pH 7.5/2 mM EDTA), and the final pellet was
resuspended in standard Laemmli SDS loading buffer for
SDS/PAGE analysis.

RESULTS

Mutational Analysis of the ERF-1 Site.A 30 bp double
stranded DNA probe was used in gel shift assays for the
identification and purification of ERF-1. This probe is com-
posed of DNA sequences between +178 and +207 from the
untranslated leader of the ER gene promoter. This sequence
contains the imperfect palindrome, CCCTGCGGGG, previ-
ously defined as a high-affinity ERF-1 binding site. Gel-shift
competition using a series of mutants in this region is shown
in Fig. 1. Mutants 7, 8, 9, and 10 disrupt the imperfect
palindrome and fail to compete for binding to the wild-type
probe. Mutations that target several nucleotides flanking the
palindrome demonstrate partial binding specificity. The 30 bp
mutants 1, 2, 13, 14, and 15 demonstrate competition equal to
wild-type probe. These results confirm that the ERF-1 binding
site is represented by the imperfect palindrome with some
sequence specificity demonstrated by flanking nucleotides.
The ER-negative cell line, MDA-MB-231, does not make
detectable ERF-1.

Purification of ERF-1. ERF-1 protein was purified from
MCF?7 nuclear extract using ion exchange and DNA affinity
chromatography. A diagram of the purification protocol is
shown in Fig. 2. ERF-1 activity was followed through the
purification process using gel-shift analysis. Both UV
crosslinking and gel renaturation experiments indicated the
size of ERF-1 as ~50 kDa. First, the bound ERF-1 complex
resolved by gel shift was UV crosslinked to a radiolabeled
ERF-1 DNA probe. This protein-DNA complex had an ap-
parent molecular weight of 60—-65 kDa on SDS/PAGE as
shown in Fig. 34. Subtracting the molecular weight of the DNA
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Fi6. 1. Mutational analysis of ERF-1 binding site. Gel shift
analysis using nuclear extract prepared from MCF7 cells (lanes 2-19)
or MDA-MB-231 (lane 20) with 30-bp wild-type oligonucleotide as
probe. Competition with mutant oligonucleotides as listed.

would indicate a protein of ~50-55 kDa. Second, ERF-1
activity was renatured from SDS/PAGE. Purified extract was
electrophoresed on 8% SDS/PAGE as shown in Fig. 3B. This
purified extract contained two major bands, as well as several
minor species. The gel was sliced into 12 separate sections, the
protein renatured and analyzed by gel-shift. As can be seen in
Fig. 3C, fraction number 7 contains ERF-1 activity. This

MCF7 Nuclear Extract

Q Sepharose
1
Elute 0.15M
Heparin Sepharose

] 1
0.35M Wash Elute 0.6M

DNA Cellulose

0.1M Flow-Through Elute 0.4M

» Add Mutant #16
DNA Affinity

1
Elute 0.8M

-
0.1 M Flow-Through

Ll
0.15M Flow-Through

T T
0.15M Flow-Through 0.5M Wash

First Pass Second
Pass
SDS-PAGE

F1G. 2. Purification of ERF-1. Protocol for purification of ERF-1
protein using ion exchange and DNA affinity chromatography. See
text for details.
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Fic. 3. Size determination of ERF-1. (4) ERF-1 complex was
resolved by gel-shift analysis and the gel was subjected to UV
crosslinking. The bound complex was excised and resolved on SDS/
PAGE as shown. The location of molecular weight markers (kDa) is
shown to the left of the gel lane. (B) Purified extract was electropho-
resed on 8% SDS/PAGE and sectioned into 12 gel slices. The
approximate location of gel slices 1-12 are shown to the right of the
gel lane. Molecular weight markers (kDa) are listed to the left of the
lane labeled markers. (C) Gel shift analysis of proteins renatured from
gel slices in B. Fraction number 7 demonstrated ERF-1 activity.

renatured complex comigrates with native ERF-1 complex. It
has also been shown that this renatured complex demonstrates
identical binding specificity as determined for the native
protein as shown in Fig. 1 (data not shown). All other fractions
are negative for binding activity. Fraction number 7 corre-
sponds to a region of the gel of ~50 kDa, which agrees with
the size determined by UV crosslinking studies.

Fraction number 7 of the purified extract contained two
obvious protein bands. Each of these bands was excised and
subjected to peptide sequencing. The lower, more prominent
band was identified as La/SS-B, which is an RNA binding
protein (19). La/SS-B was unlikely to be ERF-1 based upon
known characteristics of this protein. In addition, three sepa-
rate antibodies to La/SS-B failed to supershift native ERF-1
complex (data not shown). Sequence analysis of the upper, less
prominent band yielded two peptide sequences, NPLNLPCQK
and EFTELLSQDR. Both of these peptides matched precisely
the amino acid sequence of a partial cDNA clone for AP2y
(GenBank accession no. X95693). AP2vy was identified based
upon homology to the AP2« transcription factor (20). Two
DNA oligonucleotide primers were prepared corresponding to
the two peptide sequences obtained from peptide sequence
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Fic. 4. ERF-1 cDNA. (4) Complete sequence of ERF-1 cDNA
with predicted amino acid sequence. Boxes indicate peptide sequences
obtained from protein sequencing of purified ERF-1. (B) Comparison
of ERF-1 protein sequence with AP2a protein aligned to highlight
similarities. *, Identical amino acids; - conserved substitution.

analysis. These primers were used to amplify MCF7 mRNA
utilizing RT-PCR, which generated an expected PCR prod-
uct of 504 bp (data not shown). This PCR product was used
as a probe to screen an MCF7 cDNA library. Thirteen
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separate cDNA clones were obtained, with the nine largest
clones having an identical pattern on restriction analysis. The
size of these cDNA inserts was 2.7 kb. One of these cDNAs
was sequenced completely and this sequence is shown in Fig.
4A4. This cDNA contains a long open reading frame of 1353
bp encoding a protein with a predicted molecular weight of
48 kDa. The predicted amino acid sequence of the ERF-1
protein matched precisely the amino acid sequence reported
for AP2y. The ERF-1 cDNA contains a 166-bp 5’ untrans-
lated leader and a 1268-bp 3’ untranslated region. Alignment
of the ERF-1 protein with AP2« is shown in Fig. 4B. Overall,
there is 65% identity and 83% similarity between these two
proteins. Homology is most striking within the carboxyl-
terminal half of the proteins which contains the DNA
binding and dimerization domains. Within the carboxyl-
terminal half there is 76% identity and 90% similarity
between these two proteins.

Confirmation of ERF-1 Identity. The identity of ERF-1
was confirmed by analysis of in vitro synthesized product and
by antibody reactivity. The ERF-1 cDNA was subjected to in
vitro transcription/translation. As can be seen in Fig. 54, the
in vitro product has a molecular weight of ~50 kDa. A
polyclonal antisera generated against the carboxyl-terminal
20 amino acids of AP2« is able to immunoprecipitate the in
vitro synthesized product. The T7 promoter is directed in the
opposite orientation and, as expected, no product is ob-
tained. In vitro synthesized ERF-1 was prepared in the
absence of 3>S-labeled amino acids. This cold protein was
analyzed in a gel-shift assay as shown in Fig. 5B. In vitro
synthesized ERF-1 generates an ERF-1 complex that co-
migrates with the native ERF-1 complex. This product also
has the same DNA sequence specificity as demonstrated with
competition using mutant oligonucleotide sequences. In
addition, AP2a antisera supershifts the in vitro ERF-1
complex. As expected, the extract prepared using the T7
polymerase does not generate the ERF-1 complex. The
AP2a antisera should also identify the native ERF-1 com-
plex. As can be seen in Fig. 6, this antisera supershifts all of
the ERF-1 complex from MCF7 cells. This supershifted
complex also demonstrates the same pattern of sequence
binding as determined by mutant competitors.
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FiG. 5. In vitro synthesized ERF-1. (4) In vitro transcription/
translation from the ERF-1 cDNA using T3 polymerase (sense) (lane
1) or T7 polymerase (antisense) (lane 3). In vitro synthesized ERF-1
was immunoprecipitated using AP2 polyclonal antisera (lane 2). (B)
Gel shift analysis of in vitro synthesized ERF-1 (lanes 2-13) with
mutant competitors compared with MCF7 nuclear extract (lane 1). In
vitro ERF-1 complex supershifted with AP2 antisera (lane 13).
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AP2 Ab:§ +

+
+
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Fic. 6. Native ERF-1 complex supershift. MCF7 nuclear extract
analyzed by gel shift with AP2 antisera (lanes 2-14) with competitors
as shown compared with native ERF-1 complex (lane 1).

It is evident that the ERF-1 binding sequence is similar to
the sequence specificity of AP2a (GCCNNNGGC) (21) and
AP2a antisera cross reacts with ERF-1 protein. Given the
extensive homology between AP2 family members, it might be
questioned whether the ERF-1 complex is formed by AP2«
homodimers. However, several considerations make this pos-
sibility unlikely. First, HeLa cells express AP2a whereas
ERF-1 activity was not readily demonstrated in this cell line
and several breast carcinoma cell lines known to express
ERF-1 do not express AP2« (11, 22). Second, although cloned
AP2a protein binds to the wild-type ERF-1 probe by gel shift
analysis, the complex formed demonstrates different binding
specificities for mutant competitors and has slightly faster
mobility as compared with native ERF-1 complex (data not
shown). Finally, the peptides obtained from sequencing puri-
fied ERF-1 differ from the amino acid sequence for AP2a.
These findings indicate that ERF-1, previously shown to be
involved in regulation of the ER gene promoter, is an AP2
family member distinct from AP2a.

DISCUSSION

A functional analysis of the ER promoter in breast carcinoma
cells identified the ERF-1 transcription factor and established
arole for ERF-1 in ER gene regulation in hormonally respon-
sive carcinomas (11). We have now cloned the gene for ERF-1
and have established that ERF-1 is a member of the AP2
transcription factor family. Three members of this family have
been identified, AP2« [originally called AP2 (21)], AP2B and
AP2vy (20). The protein sequence for ERF-1 matches precisely
the predicted amino acid sequence for AP2+y. The identifica-
tion of ERF-1 as a member of a well-characterized transcrip-
tion factor family provides additional proof supporting the role
of ERF-1 in ER gene regulation. However, it remains to be
determined if ERF-1 is responsible for basal tissue-specific
expression of ER or if ERF-1 induces the over-expression of
ER that is characteristic of many ER-positive carcinomas.
Identification of the ERF-1 gene now facilitates the resolution
of these mechanistic issues.

The homology of ERF-1 with AP2a raises several points of
speculation concerning the function and biology of ERF-1.
AP2a activates transcription by binding as a homodimer to
specific DNA sequences (21). We presume that ERF-1 will
also form homodimers but this possibility has not been for-
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mally tested. However, heterodimer formation between
ERF-1 and other members of the AP2 family may also be
possible, raising an additional potential for complex gene
regulation. Heterodimer formation between murine AP2« and
AP2B has previously been reported (23). The formation of
heterodimers may alter normal function of AP2 proteins or,
alternatively, may generate complexes with different specific-
ity. Germane to gene regulation in breast carcinomas, recent
reports have implicated AP2 factors in the transcriptional
control of c-erbB-2 (22), E-cadherin (24) and HSP27 (25). It
is certainly plausible to hypothesize a role for ERF-1 in the
coordinate regulation of a set of genes in hormonally respon-
sive carcinomas. This conjecture is supported by the fact that
breast carcinoma cell lines that express E-cadherin and HSP27
are also ERF-1 positive, whereas cell lines with low level
expression of these genes are ERF-1 negative (11, 24, 25).
Identifying other genes regulated by ERF-1 will be an impor-
tant area for further study.

A previous study localized the gene for ERF-1 to chromo-
some 20q13.2 (20). Chromosomal amplification of 20q13.2 has
been demonstrated in the MCF7 cell line (26). Studies of
primary breast tumors have identified a >1.5-fold amplifica-
tion of 20q13.2 in 41 of 146 tumors (28%) and >3-fold
amplification in 9.6% of tumors (27). Given the role of ERF-1
in ER gene expression, it is tempting to postulate that ERF-1
is the critical gene selecting for amplification of this region of
chromosome 20 in breast cancers.
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