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Abstract

The progesterone receptor (PR) gene is regulated by estrogen in normal reproductive tissues and in MCF-7 human breast cancer cells
Although it is generally thought that estrogen responsiveness is mediated by interaction of the ligand-occupied estrogen receptor (ER)
with estrogen response elements (ERES) in target genes, the human progesterone receptor (PR) gene lacks a palindromic ERE. Promote
A of the PR gene does, however, contain an ERE half site upstream of two adjacent Sp1 site57tbto+595, the+571 ERE/Sp1 site.

We have examined the individual contributions of the ERE half site and the two Sp1 sites in regulating estrogen responsiveness. Transient
transfection assays demonstrated that both Sp1 sites were critical for estrogen-mediated activation of the PR gene. Interestingly, rather
than decreasing transcription, mutations in the ERE half site increased transcription substantially suggesting that this site plays a role in
limiting transcription. Chromatin immunoprecipitation assays demonstrated that Sp1 was associated wWahitieRE/Sp1 site in the
endogenous PR gene in the absence and in the presence of estrogen, butithatsEdhly associated with this region of the PR gene

after MCF-7 cells had been treated with estrogen. Our studies provide evidence that effective regulation of transcription thr&7dh the
ERE/Sp1 site requires the binding of &Rind Sp1 to their respectiwis elements and the appropriate interaction obEghd Spl with

other coregulatory proteins and transcription factors.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction the cellular response to estrogen is initiated by the inter-
action of these receptors with their cognate recognition se-
The human progesterone receptor (PR) gene is controlledquence, the estrogen response element (ERE). Yet, in spite
by 178-estradiol (&) in normal reproductive tissues and in  of the fact that both PR Promoters A and B are estrogen
MCF-7 breast cancer cells. Treatment of MCF-7 cells with responsive, neither contains a palindromic ERE Thus,
E, increases PR gene expression. PR mRNA and proteinestrogen responsiveness of the PR gene must be mediated
reach maximal levels after MCF-7 cells have been treated by cis elements other than an ERE.
with Ep for 72 h[1-3]. Previously, we demonstrated that estrogen responsiveness
The human PR gene encodes two proteins, the 120 kDaof the human PR gene is derived in part from the interaction
PR-B and the 94 kDa PR-A, which lacks 164 amino-terminal of ERax and Spl with a region in Promoter A from571
amino acids that are present in PR43. It has been hypoth-  to 4595, which contains an ERE half site and two adjacent
esized that two promoters, Promoter A464 to +1105) Sp1l siteg6] and will be referred to as the571 ERE/Spl
and Promoter B (-711 t¢-31), are responsible for the pro- site[6]. Although we previously demonstrated that th&71
duction of PR-A and PR-B, respectively,5]. ERE/Spl site was able to function as a transcriptional en-
Estrogen’s effects are mediated through its interaction hancer in transient transfection assays, there was some ques-
with two intracellular estrogen receptors (ERs), cERBnd tion about the individual contributions of the ERE half site
ERB. Classical models of estrogen action have proposed thatand two Sp1 sites in the overall responsiveness ofithiél
ERE/Sp1 site to hormone.
"+ Corresponding author. Tek:1-217-244-5679; fax1-217-333-1133. In this study, we have assessed the contributions of the
E-mail address: anardull@life.uiuc.edu (A.M. Nardulli). ERE half site and two adjacent Sp1 sites using a variety of
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in vivo and in vitro assays. Our studies suggest that each2.4. Pull-down assay using in vitro translated proteins

of the individualcis elements in thet-571 ERE/Sp1 site is

important in conferring estrogen responsiveness to the PR Flag/His-tagged Spl was expressed in stably trans-
gene, but that the ERE half site and Sp1 sites have distinctlyfected SL-2 cells, kindly provided by Dr. Guntram Suske

different effects on transcription.

2. Materials and methods

2.1. Oligonucleotides and plasmid construction

The sequences of oligos containing the wild-type and mu-

tant+571 ERE/Sp1 sites have been publisf@d The oligo

pairs, which hadBglll ends, were annealed and inserted
into theBglll-cut, dephosphorylated chloramphenicol acetyl

transferase (CAT) reporter plasmid, TATA-CAT] to cre-
ate wild-type or mutart-571 ERE/Sp1 TATA-CAT vectors.
The plasmids were transformed into the H&rain ofEs-

cherichia coli, sequenced and purified on two cesium chlo-

ride gradients.

2.2. Cdl culture and transient transfection assays

U2 osteosarcoma (U2-0OS) cells were maintained in cul-

ture and transfected with Lipofectin (Gibco BRL, Grand
Island, NY, USA) as describef8,9] with 3 g of the in-
dicated reporter plasmid and 150 ng of {@alactosidase
vector CM\3-gal (Promega, Madison, WI, USA). Since we
determined that expression of EEsa—gsv was twofold
less than the expression of the wild-type dcRdata not
shown), 25 ng of the wild-type human ERexpression vec-
tor CMV5hERx [10] or 50 ng of an expression vector en-
coding an ERE binding deficient human &[RL1] were in-

(Institut fur Molekularbiologie und Tumorforschung,
Philipps-Universitat, Marburg, Germany) as described
[15]. The expressed Spl was immobilized on M2-agarose
(Sigma, St. Louis, MO, USA) or Ni-NTA (Qiagen Inc.,
Valencia, CA, USA), washed three times with Buffer A
(20 mM Tris, 400 mM KCI, 20% glycerol, 0.2 mM EDTA),
twice with Buffer B (20 mM Tris, 150 mM KCI, 20% glyc-
erol, 0.2mM EDTA), and then washed and resuspended
Buffer C (20mM Tris, 50 mM NaCl, 0.2% NP-40, 1 mM
DTT) containing protease inhibitors (p@/ml leupeptin,
5wg/ml phenylmethylsulfonylfluoride, Lg/ml pepstatin,
and 5pg/ml aprotinin).

The ERx expression vectors pBSK-BR[16], pBSK-
ERx(1-530), pBSK-ER(ABC), pBSK-ERx(AB), pBSK-
ERa(DEF) [17], pET15b-ER(304-554), and pET15b-
ERa(304-595)18] kindly provided by Dr. Benita Katzenel-
lenbogen (University of lllinois, Urbana, IL, USA) and
the pET21b{-):Flag:hERDBD [19] and the CRga-Gsv
mutant vector generously provided by Dr. David Shapiro
(University of lllinois) were used to synthesi?eS-labeled
full-length ERx and the truncated ER proteins 1-530,
AB, ABC, DEF, E, EF, CD, and CEsa—Gsv in vitro.
The 3°S-labeled proteins were synthesized using the
TNT T7 Quick Coupled Transcription/Translation System
(Promega) and incubated af@ for 1 h with the immo-
bilized Flag/His-Spl in Buffer C with M2-agarose (&R
1-530, AB, ABC, DEF, E, and EF) or Ni-NTA (CD and
CDega—asv) in the absence or presence of E2. @0
Flag peptide and 400g BSA/ml (50% slurry) were in-

n

cluded as indicated. A previous study also demonstrated thatg|,ded in reactions with the Ni-NTA resin. After one wash
ERagca—csv is expressed twofold less efficiently than the ith Buffer A, two washes with Buffer C, and one wash
wild-type ERx [11]. Cells were exposed to ethanol vehicle \yjth 50mMm Tris, pH 8.0, proteins were eluted withx2

or 10nM E for 24 h. B-Galactosidase activity was deter-
mined at room temperature as previously descr[t@fiand

used to normalize the amount of CAT activity in each sam-

ple. CAT assays were carried out as descrifgl].

2.3. Gel mobility shift assays

Gel mobility shift assays were carried out essentially as

described[6]. 3?P-Labeled oligos (10,000 cpm) contain-
ing the +571 ERE/Spl with wild-type or mutant DNA

sample buffer (250 mM Tris, 0.8% SDS, 40% glycerol,
2.88 M B-mercaptoethanol). Eluted proteins were separated
by SDS-PAGE, and autoradiograms were exposed for 1-2
days.

2.5. Western blots
Nuclear extracts were prepared from MCF-7 cells that

had been treated with ethanol vehicle or 10 nMf& 24 h.
10pg of nuclear proteins were separated by SDS—PAGE and

sequence were incubated with the indicated amounts of pu-transferred to a 0.45M nitrocellulose membrane (Osmon-

rified Spl (Promega), baculovirus-expressed purified ER
[8,13], bacterially expressed purified &Rvild-type CD or
the CD:ga— sy mutant for 15 min at room temperature as
indicated. The purified E&® was prepared from Sf9 cells
that had been treated withp E5 min prior to harvest. BSA,

ics, Westborough, MA, USA). The membrane was blocked
with T50BS solution (50 mM Tris, pH 7.5, 150 mM NacCl,
0.5mM thimerosal) containing 5% Carnation nonfat dry
milk for 1 h at room temperature. The kRspecific anti-
body sc-8002 and the Spl-specific antibody sc-59G (Santa

ovalbumin and/or KCI were added as needed to maintain Cruz Biotechnology, Santa Cruz, CA, USA) were diluted

constant protein (2(g) and salt concentrations. Low ionic
strength gels and buffers were prepared as desciib8d
Radioactive bands were visualized by autoradiography.

1:10,000 and 1:1000, respectively, iggBS containing 5%
milk. Antibodies were incubated with the membrane for 1 h
at room temperature. Blots were washed wigpBS with
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0.05% Tween 20 and incubated with an appropriate horse (A)

radish peroxidase coupled secondary antibody (Zymed, San 29

Francisco, CA, USA) at a 1:10,000 dilution igBS with

5% milk for 1 h at room temperature. Blots were washed,
incubated with SuperSignal West Femto Maximum Sensi-
tivity Substrate (Pierce, Rockford, IL, USA) for 5min, and
exposed to film.

2.6. Chromatin immunoprecipitation (ChlP) assays

ChIP assays were carried out essentially as described

[9]. MCF-7 cells were exposed to ethanol vehicle
or 10nM E for 24h. The ER-specific antibody,
sc-8002 or Spl-specific antibody, sc-59 (Santa Cruz
Biotechnology) was used for immunoprecipitation of
protein-DNA complexes. PCR primers flanking th&71
ERE/Spl site (BCTCCCCACTTGCCGCTCGCTG3
and BTCGGGAATATAGGGGCAGAGGGAGGAGAAJ)
produced 181 bp DNA fragments. As a negative control,
primers that annealed from711 to—693 and from—458

to —436 of the PR gene were used to produce a 275bp
fragment[9]. This region of the PR gene does not contain
an identifiable ERE or Sp1 site.

3. Resaults

3.1. E; and ERx are required for activation of the +571
ERE/91 site

To test the ability of the+571 ERE/Spl site to acti-
vate transcription, U2-OS cells, which do not expresa&tER
were transfected with a CAT reporter plasmid containing a
TATA sequence alone (TATA-CAT) or in combination with
the +571 ERE/Spl site 571 ERE/Spl TATA-CAT) in
the absence or in the presence of a human ERpres-
sion vector. AB-galactosidase expression vector was also
included to normalize for differences in transfection effi-
ciency. Whert-571 ERE/Sp1 TATA-CAT and the ERrex-
pression vector were included and cells were treated with E
there was a 5.3-fold increase in CAT activity compared to
ethanol-treated celld={g. 1A, +571 ERE/Spl TATA-CAT,
+ERa). There was also a slight increase in the basal ex-
pression of+571 ERE/Sp1 TATA-CAT in the presence of
the ERx expression vector as we have noted previously with
other estrogen-responsive promotg§ss20—22] Hormone
treatment had no effect on CAT activity when the reporter
plasmid contained the TATA sequence alone (TATA-CAT).
Furthermore, when the ERexpression vector was not in-
cluded (ER), no increase in CAT activity was observed
with TATA-CAT or with +571 ERE/Sp1 TATA-CAT regard-
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Fig. 1. Transient cotransfections with reporter plasmids containing the
wild-type +571 ERE/Sp1 site. (A) U2-OS cells were transfected with a
B-galactosidase expression plasmid and a reporter plasmid containing the
+571 ERE/Sp1 site and a TATA box-671 ERE/Spl TATA-CAT) or a
TATA box alone (TATA-CAT). A human ER expression plasmid was not
(—ERa) or was ¢-ERa) included as indicated. Cells were treated with
ethanol vehicle or 10nM £for 24h and CAT activity was determined.
Data from three independent experiments were combined and values are
presented as the mearS.E.M. (B) The sequence of the571 ERE/Spl

site previously reported by Kastner et §] is shown. The locations

of the ERE half site and the proximal (Sf)land distal (Spd) are
indicated.

+601

5!’
3’

3.2. EREx and $1 bind to the +571 ERE/1 site

We next examined the ability of ERand Sp1l to bind to
the +571 ERE/Sp1 site in gel mobility shift assays. When
32p-labeled oligos containing the571 ERE/Sp1 site were
combined with purified Sp1, a distinct gel-shifted band was
formed that was supershifted by an Spl-specific antibody,
but not by an ER-specific antibody Kig. 2, Lanes 1-3).
When32P-labeled oligos containing the571 ERE/Sp1 site
were combined with purified &R a more rapidly migrat-
ing protein—-DNA complex was formed that was supershifted
by an ERx-specific antibody, but not by an Sp1-specific an-
tibody (Lanes 4-6). When Spl and &Rvere combined
with the 32P-labeled oligos, both ER-DNA and Sp1-DNA
complexes were formed (Lane 7). The more slowly migrat-
ing complex was supershifted by the Spl-specific antibody
(Spl—, Lane 8) and the more rapidly migrating complex

less of hormone treatment. Combined with earlier studies in was supershifted by the BRspecific antibody (ER—,
CHO cells[6], in which B increased transcription ef571 Lane 9). Thus, the more slowly migrating complex con-
ERE/Spl TATA-CAT, these studies support a role for the tained Spl and the more rapidly migrating complex con-
+571 ERE/Sp1 site in mediating estrogen responsiveness oftained ER«. These assays demonstrate that botlw BRd
the human PR gene. Sp1 bind directly to thet571 ERE/Sp1 site.
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Fig. 2. Gel mobility shift assays with571 ERE/Sp1 containing oligos and
purified ERx and Sp132P-Labeled oligos containing the571 ERE/Spl
site were incubated with 3 ng purified Spl (Lanes 1-3), 50 fmol purified,
E,-occupied ER (Lanes 4-6), or 3ng purified Spl and 50 fmol purified,
Ez-occupied ER. The 32P-labeled oligos were fractionated on a nonde-
naturing gel and visualized by autoradiography. The free probe, which is
not visible, was run off the gel so that the protein—-DNA complexes could
be more effectively separated from the antibody—protein—-DNA complexes.

3.3. Sl interacts directly with the DNA and ligand
binding domains of ERx

In addition to binding to their cognate recognition sites,
ERx and Sp1l can interact with each otfj28], but the re-
gion(s) of the receptor required for this interaction are un-
clear. To identify the region(s) of the receptor required for
interaction with Sp1, immobilized Flag-tagged Sp1l was in-
cubated with in vitro-translated®S-labeled full-length or
truncated ER. As seen inFig. 3, the full-length receptor
bound to Sp1l in the absence and in the presence dfli
the amino-terminal AB region of ElrRwas unable to bind to
Spl. However, when this amino-terminal region was com-
bined with the DNA binding domain (DBD), th&S-labeled
ABC was retained by Spl. Likewise, the combined hinge,
ligand binding domain (LBD) and carboxy terminus (DEF)

L.N. Petz et al./Journal of Steroid Biochemistry & Molecular Biology 88 (2004) 113-122
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Fig. 3. Interaction of ER and Spl. Flag-affinity resin without (Lanes

2) or with purified Flag-tagged Spl (FI-Spl, Lanes 3 and 4) was com-
bined with in vitro-translated®S-labeled full-length or truncated BRor
unprogrammed lysate (UPL), which was processed with na ERIA
template. E was added as indicated. After extensive washes, proteins
were eluted and fractionated on a denaturing gel. The gel was dried and
subjected to autoradiography. 10% of input was included for reference
(Lanes 1). Assays were carried out at least three times and a representa-
tive experiment is shown.

the ERE half site, the proximal Sp1 site, and the distal Sp1
site in regulating transcription, transient transfection assays
were carried out with a reporter plasmid that contained a
+571 ERE/Sp1 site with wild-type DNA sequence or with
mutations in the distal Sp1 site, the proximal Sp1l site, both
Spl sites, or the ERE half site. U2-OS cells were transfected
with ERa and B-galactosidase expression vectors and one
of the CAT reporter plasmids. When these cells were trans-
fected with an ER expression vector, the endogenous PR
gene was activated and PR protein levels were increased

bound to Spl, as did deletion mutants containing only the j, response to hormone (data not shown). Similar to the

LBD and carboxy terminus (EF) or the LBD alone (E). No

results shown irFig. 1, the wild-type+571 ERE/Sp1 site

binding was detected when no template was included 10 jhqyced a 4.3-fold increase in transcription in the presence

direct ERx synthesis (unprogrammed lysate, UPL). These
studies demonstrate that the &®BD and LBD interact
directly with Sp1.

3.4. Ez-occupied ERx differentially activates transcription
of reporter plasmids containing wild-type and mutant
+571 ERE/1 sites

The abilities of ERx and Sp1 to interact with each other
and with DNA and the close proximity of the ERE half site

of E» (Fig. 4, +571 ERE/Spl TATA-CAT). In contrast,
transcription was significantly decreased when the reporter
plasmid contained mutations in the distal Spl si#éT1

mut Spl D TATA-CAT) or the proximal Spl sitet671
mut Spl P TATA-CAT). A reporter plasmid containing mu-
tations in both Spl sitesH671 mut Spl P/D TATA-CAT)
was the least efficient in activating transcription. These data
indicate that both Sp1l sites play critical roles in enhancing
transcription through the-571 ERE/Sp1 site. Surprisingly,
when a reporter plasmid containing mutations in the ERE

and Sp1 sites led us to speculate that the interaction of theséhalf site (TGACC-TGATT) was utilized, a dramatic in-

DNA-bound proteins might be required for efficient estrogen

crease in transcription was observed in the absence and

responsiveness. To determine the individual contributions of in the presence of £(+571 mut ERE TATA-CAT). We



L.N. Petz et al./Journal of Steroid Biochemistry & Molecular Biology 88 (2004) 113-122 117

50
BEE=Y ERao 18 [O0€)] ERGggapasy o
I+E2 I+E2
sl 16 |-
i 14 -
£ £
530 S
o [
o o 10
g | s
E 20 - a 8
o © sk
10 i
i L B ~E -
0 . — ' 0
+571 +571 +571 +571 +571
EI;SEEN m;g’; - mu*t‘5s7:1 P mut"g;} B He ERE: ERE/Sp1  mutSp1D mutSpi1P mutSpl P/D mut ERE
TATA-CAT TATA-CAT TATA-CAT TATA-CAT TATA-CAT TATA.CAT TATA.CAT TATACAT TATA.CAT TATA-CAT

Fig. 5. Transient cotransfections with ERsa—csv and reporter plas-

Fig. 4. Transient cotransfections with ERnd reporter plasmids contain- : = ‘ )
mids containing a wild-type or mutar#-571 ERE/Spl site. U2-OS

ing a wild-type or mutant+571 ERE/Spl site. U2-OS cells were trans- ) ! :
fected with ap-galactosidase expression vector, a humawn ERpression cells were transfected with -galactosidase expression vector, a hu-
vector, and a reporter plasmid containing a TATA box and #&71 man ERvgga_Gsv expression vector with 3-amino acid substitutions in

ERE/Sp1 site with wild-type DNA sequence§71 ERE/Spl TATA-CAT) ~ the DBD, and a reporter plasmid containing a TATA box and &1
or with mutations in the distal Sp1 site-671 mut Spl D TATA-CAT), ERE/Sp1 site with wild-type DNA sequence§71 ERE/Sp1 TATA-CAT)

the proximal Spl site {571 mut Spl P TATA-CAT), both Spl sites or with mutations in the distal Spl site-$71 mut Spl D TATA-CAT),

TATA-CAT). Cells were treated with ethanol vehicle or 10 nM fr 24 h (+571 mut Spl P/D TATA-CAT), or the ERE half site-b71 mut ERE

and CAT activity was determined. Data from three independent experi- 1ATA-CAT). Cells were treated with ethanol vehicle or 10nM 6r 24 h

ments were combined and values are presented as the-H@&M. and CAT activity was determined. Data from three independent experi-
ments were combined and values are presented as the ®&&nM.

believe that this increase in transcription was not due to Wild-type sequence or with mutations in the distal Sp1 site,
the introduction of a novel transcription factor binding site the proximal Sp1 site, both Sp1 sites, or the ERE half site.
since a different mutation in the ERE half site (TAGA Inclusion of the+571 ERE/Sp1 site resulted in a 2.9-fold
produced similar results (data not shown). The increase inincrease in transcription in the presence of @mpared
transcription observed with reporter plasmids containing a to ethanol vehicleRig. 5 +571 ERE/Sp1 TATA-CAT). As

mutant ERE half site suggests that binding ofcE® the ~ Seen with the wild-type receptor Fig. 4, transcription was
ERE half site plays a role in limiting transcription of the ~decreased when the reporter plasmid contained mutations in

PR gene in transient transfection assays_ either the d|Stal‘(-57l mut Spl D TATA'CAT) or prOXimal
(+571 mut Spl P TATA-CAT) Spl site and was further de-
creased when both Sp1 sites were mutate871 mut Spl

P/D TATA-CAT). Thus, both Sp1l sites are important in in-
creasing estrogen-mediated transactivation. As seen with the
wild-type receptor, when a reporter plasmid containing mu-
tations in the ERE half site{571 mut ERE TATA-CAT)
was utilized, an increase in transcription was observed both
in the absence and in the presence afEhus, the pattern of
(ilctlvatlon was quite similar with the wild-type BRand the
mutant receptor, but the magnitude of the response was sig-
nificantly diminished with ERgca- gsy compared to ER.

3.5. An Ez-occupied ERu g 4— sy mutant differentially
activates transcription of reporter plasmids containing the
wild-type or mutant +571 ERE/Sp1 site

While the decreased transcription observed with reporter
plasmids containing mutated Sp1l sites was anticipated, the
increased transcription observed with the mutated ERE was
unexpected. To better understand the basis of this increase
activity, transient transfection assays were carried out with
an ERx expression vector containing three amino acid sub-
stitutions (EGA~->GSV) in the DBD that abolishes the abil-
ity of the receptor to bind to an ERE1]. Transcription  3.6. The wild-type CD and the CDgGa—»gsv mutant
induced by this mutant receptor (eBsa—csv) could not interact with Sp1 and enhance 1 binding to the +571
be due to direct binding of the receptor to DNA, but would ERE/Spl site
instead reflect the ability of the receptor to interact effec-
tively with Spl or other transcription factors involved in One potential explanation for the decreased transcription
forming an active transcription complex. Transient transfec- observed with ERgca_csy Was that the interaction of
tion assays were carried out with the &Ra— gsv expres- this receptor with Sp1 might be compromised. To determine
sion vector, 3-galactosidase expression vector, and a CAT whether this was the case, in vitro binding assays were car-
reporter plasmid containing the571 ERE/Spl site with  ried out with in vitro transcribedS-labeled CD, which
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Fig. 6. Interaction of Spl with the wild-type CD and the £4A_.csv
mutant. (A) Nickel resin without (Lanes 2) or with purified His-tagged
Spl (His-Sp1, Lanes 3 and 4) was combined with in vitro-translated
35S-labeled wild-type CD or the Gia_.gsy mutant. & was added as
indicated and samples were processed as descrild&d.iB. 10% of input
was included for reference (Lanes 1). (BP-Labeled oligos containing
the +571 ERE/Sp1 site were incubated alone (Lane 1), with 3 ng purified
Spl (Lane 2), or with 0.25ng purified Spl (Lanes 3-11) and increasing
amounts (5, 50, 100 or 250 ng, Lanes 4-7 and 8-11) of purified wild-type
CD (Lanes 4-7) or the Cfsa—.gsv mutant (Lanes 8-11).

contained the DBD and hinge region of the receptor with
wild-type amino acid sequence, or e, gsv, Which con-
tained the 3-amino acid substitution in the DBD. Both the
wild-type CD and the CBga_.gsv mutant bound similarly
to the His-tagged Sp1l resifrif. 6, Panel A, Lanes 3-4),
but did not bind to the Ni-NTA resin alone (Lanes 2).

We previously demonstrated that &Riramatically in-

L.N. Petz et al./Journal of Steroid Biochemistry & Molecular Biology 88 (2004) 113-122

the receptor to enhance Spl binding to #h&71 ERE/Spl
site was compromised when the DBD contained the
EGA—GSV mutation, gel mobility shift assays were carried
out with purified ERx wild-type CD or the CRga_Gsv
mutant.3?P-Labeled oligos containing the571 ERE/Sp1l
sequence were incubated with 3 ng Spiy(6, Spt—, Lane

2) or with 0.25 ng of Sp1 alone (Lane 3) or with increasing
amounts of the wild-type CD or the Gaa_.gsy mutant
(Lanes 4-11). A dose-dependent increase in Spl binding
was observed when purified wild-type CD was added to the
reaction (Sp%t, Lanes 4-7). Likewise, when increasing
concentrations of the purified Giga—gsy mutant were
added to the binding reactions, a dose-dependent increase
in Spl binding was observed (Spl Lanes 8-11). This
enhanced binding observed was not due to differences in
protein concentrations since protein and salt concentrations
were kept constant in all binding reactions. While we cannot
rule out the possibility that the interaction of the full-length
ERa with Sp1 might be compromised by the mutation of the
DBD, our gel mobility shift experiments support the idea
that the CRga— sy mutant was as effective in fostering
Spl binding as the wild-type CD.

3.7. ERx and 1 are associated with the endogenous
4571 ERE/p1 site in native chromatin

Transient transfection assays combined with in vitro bind-
ing assays can be very useful in identifyicig elements and
trans acting factors that modulate transcription. Our experi-
ments had demonstrated that th871 ERE/Sp1 site played
an important role in regulating transcription of a reporter
plasmid containing this DNA sequence. However, a question
of far greater importance is whether &ERnd Sp1l interact
with this region of the PR gene as it exists in native chro-
matin. To determine whether these proteins are involved in
regulating transcription of the endogenous PR gene, ChIP
assays were carried out in MCF-7 cells that had been treated
with ethanol vehicle or Efor 24h. A discrete amplified
product was obtained when MCF-7 cells had been treated
with Eo and the protein—-DNA complexes were immunopre-
cipitated with an ER- or Spl-specific antibodyFH{g. 7A,
+571 ERE/Spl, Lanes 6 and 8). Interestingly, an ampli-
fied product was also obtained when cells were treated with
ethanol and the protein—~DNA complexes were immunopre-
cipitated with an Spl-specific antibody-%71 ERE/Sp1l,
Lane 7) indicating that Sp1 was associated with &1
ERE/Sp1 site both in the absence and in the presence. of E
Genomic DNA that had not been subjected to immunopre-
cipitation was also readily amplified-671 ERE/Sp1, Input,
Lanes 1 and 2). In contrast, no amplified product was ob-
tained when cells were treated with ethanol vehicle and the
protein—DNA complexes were immunoprecipitated with an
ERa-specific antibody £571 ERE/Sp1, Lane 5) or when

creased the binding of Sp1 to the two Sp1 sites present in theantibody was omitted (Lanes 3 and 4) regardless of hor-

+571 ERE/Sp1 sit¢6]. To determine whether the ability of

mone exposure. To ensure that thecE® Spl containing
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(A) Input - Ab ERc Ab Sp1 Ab (B) E2
-E2 +E» -E2 +E2 -E2 +E2 -E2 +E2 - o+
-711/-436 | e —— ERo—> . e —

1 2 3 4 5 6 7 8

Fig. 7. Chromatin immunoprecipitation of &ERand Spl-associated DNA. (A) MCF-7 cells, which had been exposed to ethanol vehiglpdqr 10 nM

E, (+Ez) for 24 h, were treated with formaldehyde to form protein—protein and protein—DNA crosslinks, lysed and sonicated. Immunoprecipitation of
the protein—~DNA complexes was carried out in the abserokb] or in the presence of ER (ERa Ab) or Spl-specific (Spl Ab) antibody. Primers
flanking the +571 ERE/Sp1 site 4571 ERE/Spl) or a region in the PR gene that did not contain an Spl-sité1{-436) were used in PCR
amplification. Amplified DNA was fractionated on an agarose gel and visualized by ethidium bromide staining. Genomic DNA that had not been subjected
to immunoprecipitation was included to demonstrate that each DNA preparation could be used as a template in PCR reactions (Input). (B) Nuclear
extracts (1Qug) from MCF-7 cells that had been treated with ethanol grfé 24 h were fractionated on a denaturing gel, transferred to nitrocellulose
membrane and incubated with either an Spl- (Splor ERx-specific (ERv—) antibody. A chemiluminescent substrate was used for detection.

protein—DNA complexes were specifically immunoprecipi- CAAT box, and Spl and AP-1 sitd4,26—28] The +571
tated, we determined whether a region of the PR gene thatERE/Sp1 site, particularly the ERE half site and distal Sp1
contains neither an ERE nor an Spl site/{1 to —436) site are highly conserved in the humft], rat [27], and
could be amplified. No DNA product was observed when mouse[26] PR genes. We have now shown that both the
an ERx- or Spl-specific antibody{711/~436, Lanes 5-8)  proximal and distal Sp1 sites in theb71 ERE/Sp1 site are
or no antibody {711/436, Lanes 3 and 4) was utilized importantinincreasing PR gene expression and thatthe ERE
for immunoprecipitation regardless of hormone exposure. In half site may actually play an important role in limiting PR
contrast, when genomic DNA that had not been subjected gene expression.

to immunoprecipitation was used as a control, an amplified

product was obtained for the711 to —436 region of the 41 Role of ERx in estrogen-mediated transcription

PR gene £711/-436, Lanes 1 and 2). These data indicate

that Spl is associated with the571 ERE/Sp1 site in the It is clear that estrogen plays a critical role in regulating
endogenous PR gene both in the presence and absence ¢ gene expression in MCF-7 breast cancer §&#8] and

E> but that ER: is associated with this site only aftebE  h4t estrogen’s effects are mediated throughwER these

treatment of MCF-7 ce!ls. o cells. ERx plays an important role in regulating transcrip-
To ensure that the differences we detected in binding of (o by interacting directly with the ERE half site. First,

ERa and Spl were not due to differences in the expression r,, pinds directly to thet-571 ERE/SpL site in gel mobil-

of these proteins, MCF-7 cells were treated with ethanol ity shift assaysfig. 2and Ref.[6]]. Second, the ERE half
vehicle or & for 24h. Nuclear extracts were prepared g ig protected by ERin in vitro DNase | footprinting ex-
and subjected to Western analysis with either an Spl- Or yeriments[6]. Third, the ERE half site in the endogenous
ERa-specific antibody. The Sp1-specific antibody identified pgr gene is more effectively protected in in vivo footprint-
two proteins with apparent molecular weights-ef00kDa  jng experiments when MCF-7 cells are treated wightiEan

(Fig. 7B, SpX-), which most likely represented different \hen cells are maintained in a hormone-free environment
phosphorylation states of Sp4]. No changes in Spl (6] |n addition to binding directly to DNA, ER enhances
levels were detected after vano_us_ 'gmes of tEeatment. Sp1 binding to the proximal and distal Sp1 sites in-4&71
However, the levels of ERwere significantly decreased af- ERE/Sp1 siteg6]. Furthermore, these tandem Sp1 sites in
ter 24 h of hormone exposure (ER-) as has been reported e endogenous PR gene are more protected when MCF-7
previously[25]. Thus, the differential association of BR  ¢gis are treated with £han when cells are maintained in a
and Spl with the endogenous571 ERE/Spl site in the  |\qmone-free environmefs]. The absolute requirement of
absence and in the presence efi&not due to differences 5, ERy expression vector to achieve estrogen responsive-
in protein expression. The re_ceptor was associated with theoqq of reporter plasmid containing th&71 ERE/Spl
endogenous-571 ERE/Sp1 site after 24 h obEreatment  gjq n transient transfection assays confirms the importance
even though the levels of ERwere substantially decreased ¢ this protein in mediating hormone responsiveness. More

at this point in time. importantly, & treatment of MCF-7 cells, which is required
for activation of the PR gene, promotes the recruitment of
4. Discussion ERx to the+571 ERE/Sp1 site in the endogenous PR gene.

Thus, our studies have documented the interaction af ER
The PR gene contains a number of highly conserved tran-with the ERE half site and with DNA-bound Sp1 using a va-
scription factor binding sites including an ERE half site, a riety of different techniques and support the idea that these
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interactions are physiologically relevant and are involved in imal or the distal Sp1 site have significantly decreased tran-
regulating hormone responsiveness of the PR gene. scription. Mutation of both Spl sites abrogates the ability
The overall involvement of ER in regulating PR gene  of Spl to interact with DNA6] and dramatically decreases
expression through th@571 ERE/Sp1 site presents an in- transcription of a reporter plasmid containing mutations in
triguing paradox. When the ERE half site is mutated so that these two Sp1 sites. These combined experiments demon-
ERa can no longer bind directly to DNA, but can still en- strate that both of the Sp1 sites in th&71 ERE/Spl site
hance Spl binding, transcription is significantly increased. are required for effective activation of PR gene expression.
One would then anticipate that utilizing the &ERsa—Gsv We have now identified two different regions in the PR
mutant would produce similar results. Although the pattern gene that contain tandem Sp1 sites and play a role in reg-
of expression is similar with E&® and ERxgga—Gsv, the ulating estrogen responsiveness of the PR gene.-T8ik
magnitude of the response is significantly reduced when Spl site[22] and the+571 ERE/Spl sit§6] each con-
cells are transfected with the BRsaA— gsv expression vec-  tain adjacent Sp1 sites with the proximal Sp1l sites contain-
tor. This decreased responsiveness most likely results froming near-consensus Spl sequer88s34] Thus, it was not
conformational aberrations in the structure of the mutant re- surprising that there were similarities in the interaction of
ceptor such that it fails to interact appropriately with other Spl with these two PR regions. The61l Spl and+-571
regulatory proteins and provide a functional platform upon ERE/Sp1l sites both bind purified Spl and Spl present in
which to establish an active transcription complex. MCEF-7 nuclear extractf6,22]. ERx enhances Spl binding
The fact that both ER and ERxgga-gsv Significantly to both Sp1 sites in in vitro binding assays and both estro-
enhance transcription of reporter plasmids containing mu- gen and ER are required to confer estrogen responsiveness
tations in the ERE suggests that the ERE half site plays ato a simple heterologous promoter containing either of these
role in regulating transcription. Interestingly, previous work two sites. However, it is also clear that there are distinct dif-
from our laboratory showed that when the ERE half site is ferences in the-61 Spl and+571 ERE/Spl sites. Unlike
mutated, Sp1 binding is significantly increadédl imply- the+571 ERE/Sp1 site, the61 Spl site lacks an ERE half
ing that the ERE half site may constrain the DNA and in- site and is unable to bind directly to BRInterestingly, the
hibit it from assuming the optimal conformation required —61 Spl site is a significantly more potent transcriptional
for Sp1 binding. Our present work demonstrates that when enhancer than the-571 ERE/Sp1 site in the absence and
the ERE half site is mutated, transcription is significantly in the presence of E[22]. However, the+571 ERE/Spl
enhanced. The enhanced binding of Sp1 to the proximal andsite is significantly more active when the ERE half site has
distal Spl sites when the ERE half site has been mutatedbeen mutated indicating that, in the absence of an ERE half
could explain the enhanced transcription we observe in thesite, the tandem Sp1l sites activate transcription to a greater
absence of hormone. In the presence of hormone, the assoextent and yet still maintain estrogen responsiveness. This
ciation of the receptor with DNA-bound Spl at th&71 hormone responsiveness in the absence of an ERE half site
ERE/Sp1 site further augments transcription and confers es-is most likely due to the ability of ER to interact directly
trogen responsiveness. The failure of the receptor to bind towith Sp1 and enhance its binding to DNA.
the mutated ERE half site would almost certainly result in
the formation of a distinctly different complex of proteins 4.3. Regulation of the endogenous PR gene
than is associated with the native gene sequence. This idea
is supported by work from our laboratory and others, which ~ While the use of mutant receptors and mutated binding
demonstrates that the formation of transcription complexes sites can help to provide clues about the regulation of gene
is altered by DNA sequence and the selective exposure ofexpression, certainly a question of far greater importance
protein surfaces for interaction with other transcription fac- is to define how an endogenous gene is regulated in target
tors and coregulatory proteiri8,13,20,29-31] It appears cells. MCF-7 cells are estrogen-responsive cells that express
that the role of the ERE half site in this region of the PR low levels of PR when maintained in a hormone-free envi-
gene may be to anchor the receptor to this region of the ronment[1]. Interestingly, we have demonstrated that when
gene and assist in the ordered recruitment of proteins andMCF-7 cells are maintained in a hormone-free environment,

the assembly of an active transcription complex. Spl is associated with the571 ERE/Spl site in the en-
dogenous PR gene and this site is protected from DNase |
4.2. Role of Sl sitesin regulating PR gene expression cleavage in in vivo footprinting experimeni§]. Thus, we

propose that binding of Sp1 to thes71 ERE/Sp1 site helps

Estrogen responsiveness is conferred to a number of geneso maintain basal PR levels in MCF-7 cells in the absence
by the interaction of ER with DNA-bound Sp1[32]. We of hormone.
have demonstrated the importance of the proximal and distal PR gene expression is significantly increased in MCF-7
Spl sites in thet571 ERE/Sp1 site in enhancing transcrip- cells in response to £treatment. Our ChIP experiments
tion and modulating estrogen responsiveness. Mutations insuggest that ERplays a critical role in regulating transcrip-
either the proximal or the distal Sp1 site reduces Sp1 binding tion through the+571 ERE/Sp1 site of the endogenous PR
[6] and reporter plasmids containing mutations in the prox- gene. ER is only associated with the571 ERE/Sp1 site
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after cells have been exposed to hormone. Furthermore, this
site is more extensively protected in in vivo footprinting
experiments when MCF-7 cells have been treated with E
[6]. These combined experiments reflect the character of the
Spl and ER proteins. Spl is a general transcription factor
and is involved in regulating PR gene expression in the
absence and in the presence of hormone. In contrasi, ER
is a ligand-induced transcription factor and associates with
the +571 ERE/Sp1l site only after cells have been treated
with hormone. The association of &Rvith this site can be
through interaction with the ERE half site and/or through
association with DNA-bound Spl. This very elegant com-
binatorial approach to regulating gene expression with
multiple cis elements and coordinatirtgans acting factors
affords a target cell considerable versatility in responding
to hormonal cues and fluctuating levels of endogenously
expressed regulatory proteins.

The abilities of ERx and Sp1 to interact with each other
and with their cognate recognition sequences could help to
form an interconnected network upon which a basal tran-
scription complex is established. In fact, our in vivo foot-
printing experiments revealed an extended region of protec-
tion flanking the+-571 ERE/Sp1 site after estrogen treatment
of MCF-7 cells[6]. This may reflect the formation of a large
protein—DNA complex containing Edrand Sp1l as well as
other associatettans acting factors involved in regulating
PR gene expression. In fact, both &Bnd Spl interact di-
rectly with TFIID components. The association of &Rith
TBP, TFIIB, and TAR 30[35-37]and the interaction of Sp1
interaction with TBP, TAR 130, and TAR 55 [38—40] may
help to form the protein—protein and protein—-DNA network
required for activation of the human PR gene.

[14]
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