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Abstract

Estrogen has numerous beneficial physiological actions; however, by acting as a mitogen, it plays a significant role in the induction and
maintenance of breast cancer. Although the positive effects of estrogen on gene expression are well described, negative gene regulation is
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ot. Using microarray analysis, we identified 27 genes that were up-regulated and 20 that were down-regulated by estrogen in MC
reast cancer cells. One gene encoding GILZ (glucocorticoid-induced leucine zipper protein), a putative apoptosis-regulating tr

actor, is rapidly down-regulated by estrogen in these cells. Estrogen antagonists block the down-regulation. The region of the GILZ
etween nucleotides−104 and−69 mediates both basal activity and estrogen-dependent down-regulation in MCF-7 cells. This region
functional Oct-1 binding site and a cyclic AMP response element binding protein (CREB) binding site. The same DNA region

p-regulation by estrogen in HeLa and HEK293 cells, indicating that cell-specific factors are involved in estrogen regulation of this
strogen receptor (ER) is present in GILZ promoter protein complexes, but it does not bind directly to the promoter itself, as the DN
omain of the estrogen receptor is not required for down-regulation. Elimination of the CREB binding site blocks both basal ac
strogen regulation. Our results suggest that ER action at the CRE may mediate estrogen-dependent, cell-specific regulation of t
2004 Elsevier Ltd. All rights reserved.
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. Introduction

The estrogen receptors (ER� and�) mediate most of the
hysiological effects of estrogen. These effects are mainly
ue to the role of ERs as transcription factors; however, there

s increasing evidence that there are also non-genomic ac-
ions of estrogen that are mediated by the ERs or a related
eceptor[1]. The ER has multiple mechanisms by which it
an influence global gene expression in a cell when ligand is
ound. These include: (a) direct binding to promoters through
n estrogen response element (ERE), where it serves to re-
ruit other proteins involved in transcription[2], (b) indirect
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binding to DNA through interactions with other transcript
factors at sites such as AP-1 or Sp1[3–6], and (c) influ-
encing the expression of downstream transcription fac
ultimately leading to changes in the expression of genes
are not direct targets of ER binding. Although estrogen
both turn on and turn off genes, the mechanisms of do
regulation are poorly understood compared to those und
ing up-regulation.

One of the physiological targets of estrogen is the m
mary gland. In the mammary gland, the balance betwee
proliferation, differentiation, and apoptosis is important
normal tissue development[7]. Perturbation of the balan
between proliferative and apoptotic states can lead to th
cumulation of damaged cells, resulting in the developme
cancer. Estrogen induces up-regulation of genes that in
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cell proliferation and DNA replication[8], which can pro-
mote the growth of transformed cells. Normally, cells with
unrepaired DNA damage are eliminated by mechanisms that
trigger apoptosis; however, estrogen has been shown to sup-
press apoptosis of breast cells. It is associated with down-
regulation of pro-apoptotic genes, such as Bax and Bad[9],
and it directly induces expression of anti-apoptotic genes,
such as Bcl-2[10].

MCF-7 breast adenocarcinoma cells are a good model sys-
tem for studying gene regulation by estrogen. It is one of the
few cell lines available that expresses a significant amount of
endogenous ER�, and shows an increase in proliferation in
response to estrogen treatment. In this study, we have used
microarray analysis to look at changes in gene expression
in MCF-7 cells in response to 17�-estradiol. Many of the
affected genes that we identified have not been previously
shown to be estrogen-responsive. Here we describe a detailed
analysis of the glucocorticoid induced leucine zipper (GILZ)
gene, which is down-regulated by estrogen in MCF-7 breast
cancer cells, but is up-regulated in HEK293 and HeLa cells.

2. Materials and methods

2.1. Cell culture
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assay medium (phenol-red-free DMEM (GibcoBRL), 10%
charcoal–dextran treated fetal bovine serum (HyClone), peni-
cillin/streptomycin, and sodium pyruvate (GibcoBRL)), and
aliquoted into 96-well culture dishes at 8000 cells per well
for subsequent assays.

2.2. RNA purification

Total RNA was prepared from cells with the RNeasy mini
kit (QIAGEN, Valencia, CA), using one QIAshredder (QI-
AGEN) per 100 mm dish of cells for homogenization. All
steps were performed as described by the manufacturer. RNA
was quantitated using a GeneQuant DNA/RNA Calculator
(Amersham Pharmacia Biotech, Piscataway, NJ).

2.3. DNA microarray hybridization

Chips were generated and hybridized by the Microarray
Group, Johnson & Johnson Pharmaceutical Research and
Development, LaJolla, CA, as follows. The cDNAs printed
on the microarrays were from the IMAGE consortium (Inte-
grated Molecular Analysis of Genome and their Expression)
and Incyte libraries. A total of 22,447 were printed, ranging
in size from 200 to 1000 bp. They consisted of random ex-
pressed sequence tags, covering about 10,000 separate human
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MCF-7 adenocarcinoma cells were maintained in R
640 (Gibco BRL, Rockville, MD) supplemented w
0% heat-inactivated defined fetal bovine serum (
lone Laboratories, Logan, UT), 6 ng/mL bovine insu
on-essential amino acids, penicillin/streptomycin, anl-
lutamine (Gibco BRL). When cells were at approxima
0% confluence, they were washed twice and incub

or 24 h in MCF-7 assay medium (phenol red-free RP
640, 10% heat-inactivated charcoal/dextran-treated s
ng/mL bovine insulin, non-essential amino acids, p
illin/streptomycin, andl-glutamine). The cells were th
ncubated for 24 h (unless otherwise noted) in assay me
lus vehicle (ethanol), or 100 nM 17�-estradiol (E2; Sigma

n studies to evaluate the inhibition of protein synthesis
loheximide (Calbiochem, San Diego, CA) was also ad
o the culture media 24 h prior to cell lysis. Following
ncubation RNA was isolated from the cells.

HEK293 human embryonic kidney cells were maintai
n phenol red-free DMEM/F-12 (Sigma) supplemented w
0% heat-inactivated defined fetal bovine serum (HyC
aboratories, Logan, UT), and penicillin/streptomycin. C
ere trypsinized and transferred to HEK293 assay me

phenol red-free DMEM/F-12, 10% charcoal/dextran tre
etal bovine serum, penicillin/streptomycin) and aliquo
nto 96-well culture dishes at 10,000 cells per well
ubsequent assays. HeLa human cervical carcinoma
ere grown in DMEM (GibcoBRL) supplemented w
0% heat-inactivated defined fetal bovine serum (
lone), penicillin/streptomycin, and sodium pyruvate (G
oBRL). Cells were trypsinized and transferred to H
enes. All clones were sequence-verified before PCR a
cation. The IMAGE clones were purchased from the
an UniGene Library (Research Genetics, Huntsville, A
omplementary DNAs (cDNAs) were printed in duplic
n GAPs II amino silane-coated slides (Corning, Corn
Y) using a Generation III Microarray Spotter (Amersh
iosciences). The cDNAs were amplified by PCR and p
ed with a Qiagen 96 PCR purification kit, then were mi
:1 with a 10 M NaSCN printing buffer. The cDNA spo
ere≈250�m in diameter with a 280�m center-to-cente
pacing. Each microarray included 30-plant genes fo
etermination of non-specific hybridization (gift from Ma
chena, Stanford University). Prior to hybridization, prin
icroarrays were incubated in isopropanol at room tem
ture for 10 min, then in distilled water for 2 min and w
entrifuged to dry.

To make the probe from the sample RNA, one round o
olymerase-based linear RNA amplification was perfor
y reverse transcription of RNA with a T7 promoter oligo(
rimer and Cy3-dCTP-labeled fluorescent cDNA probes

hesized from the amplified RNA as described[11], excep
hat to degrade the amplified RNA template, RNaseA
nits) was added and incubated at 37◦C for 20 min. Then

he probes were purified with a PCR purification kit (Qiag
alencia, CA), vacuum-dried, and resuspended in 50�L of
ersion 2 hybridization buffer (Amersham Biosciences,
ataway, NJ) with 50% formamide and containing hum
ot1 DNA (Invitrogen, Carlsbad, CA).
The probes were heated to 95◦C for 2 min, cooled to room

emperature for 5 min, and applied to the slides. The s
ere covered with glass cover slips, sealed with DPX (Flu
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and hybridized at 42◦C overnight. Microarrays were scanned
with a Generation III Array Scanner (Molecular Dynamics),
or an Agilent G2565AA Microarray Scanner (Agilent Tech-
nologies, Palo Alto, CA). Fluorescence intensity for each fea-
ture of the array was obtained using Autogene 3.0 software
(BioDiscovery, Los Angeles, CA) or Imagene 4.2 (BioDis-
covery) software. Raw intensity data from the same experi-
ment were normalized to the 75th percentile across all chips.
Each gene identifier was spotted twice on each chip, and du-
plicate chips were hybridized to each labeled sample. Thus,
quadruplicate data points were generated for each gene iden-
tifier (n = 4).

The average of all estrogen-treated samples was compared
to the average of all control samples. All genes that showed a
two-fold or greater difference between the two groups were
analyzed by “electronic northern”, a graphical representation
of normalized spot intensity data from multiple samples for a
specific gene. Only genes in which all samples within a group
showed consistent results with a distinct difference between
groups were considered to be estrogen-regulated.

2.4. Quantitative RT-PCR

Real time reverse transcription-coupled polymerase chain
reaction (RT-PCR) was performed using a LightCycler in-
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gested withKpnI andHindIII and ligated directly to digested
pGL3basic.

ERE: An oligonucleotide containing two tandem estrogen
response elements (EREs) from theXenopusvitellogenin
gene[12] and flankingNheI andBglII sites (oligonucleotide
sequence 5′-GGAGCTAGCTAGAGGTCACAGTGACCTA-
CGAGTCCCTAGAGGTCACAGTGACCTACGAGATCT-
GGA-3′) was subcloned into the vector pTA-Luc (BD
Biosciences Clontech).

ER�/pCI-neo and ER�/pcDNA3.1: A full-length (2.0 kb)
human estrogen receptor� (ER�) cDNA was cloned from
testis RNA by RT-PCR. The amplified cDNA was cloned into
the TA cloning vector pCR2.1 (Invitrogen Life Technologies,
Carlsbad, CA). It was subcloned intoEcoRI-digested pCI-
neo (Promega) orEcoRI-digested pcDNA3.1(+) (Invitrogen).

ER�/pcDNA3.1: A 1.5 kb fragment of the human estrogen
receptor� (ER�) cDNA, lacking about 100 bp of coding se-
quence from the amino-terminus of the receptor was cloned
from testis RNA using RT-PCR. The amplified cDNA was
cloned into the TA cloning vector pCR2.1. It was then ex-
cised usingSpeI andXbaI and subcloned intoXbaI-digested
pcDNA3.1. Next, a 0.54 kb fragment of the receptor amino-
terminus, containing the missing 100 bp of coding sequence,
was amplified from human prostate RNA and cloned into
the TA vector pGEM-T Easy (Promega). The insert was then
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trument (Roche Molecular Biochemicals, Mannheim, G
any) with a SYBR Green I RNA Amplification Kit and RN
ontrol Kit (Roche Molecular Biochemicals). The proced
as carried out essentially as described by the manufac
sing 60 ng total RNA per 20�L reaction. The reverse tra
cription was performed at 55◦C for 20 min, followed by 45
ycles of PCR using an annealing temperature of 61◦C. A
tandard curve was created from the control reactions
he relative expression levels of the experimental sam
ere determined using the LightCycler software (Versio
oche Molecular Biochemicals). All samples were comp

o their respective controls and reported as percent ex
ion, with controls set to 100%. LightCycler-generated m
ng curves were analyzed to verify the specificity of the P
eactions and products.

.5. Plasmid constructs

GILZ1198: The 5′ flanking region of GILZ (nucleotide
1198 to−1) was amplified from human genomic DNA (B
iosciences Clontech, Palo Alto, CA) by PCR. The PCR f
ent was cloned directly into the pGEM-T vector (Prome
adison, WI). GILZ1198/pGEM was digested withKpnI
ndHindIII (Promega) and ligated to digested pGL3ba

uciferase reporter vector (Promega).
Truncated GILZ reporters: GILZ751, GILZ104, GILZ8

ILZ81, GILZ75, and GILZ69 were made by PCR using
ILZ1198 construct as a template. The 5′ primers were de
igned to give the appropriate 5′ ends, and added aKpnI
ite for cloning. The 3′ primer amplified theHindIII site
rom the GILZ1198 construct. The PCR products were
ubcloned into theEcoRV-digested pcDNA3.1 partial recom
inant to generate the full-length coding sequence.

Mutant ER expression constructs: The mutants were b
n HE 19 (�N-term), HE 11 (�DBD) and HE 15 (�LBD)
escribed in Chambraud et al.[13]. High-fidelity PCR wa
erformed using ER�/pcDNA3.1 as a template. PCR fra
ents were cloned into pGEM-T Easy, excised, gel-pur
nd inserted into pcDNA3.1(+) as described below. All P
enerated clones were sequenced.
�N-term: The PCR fragment consisted of the coding

uence for amino acids 180–595 of the receptor. An init
ethionine was added to the 5′ end of the open reading fram
estriction sites forHindIII andBamHI were inclu at the 5′
nd 3′ ends of the amplimer, respectively. The fragment
xcised from pGEM-T Easy usingHindIII andBamHI diges-
ion, which released two fragments: aHindIII–HindIII frag-
ent encoding amino acids 180–340, and aHindIII–BamHI

ragment encoding amino acids 341–595. The latter
ub-cloned into pcDNA3.1(+) first. The former was th
nserted into the new sub-clone to generate the

utant.
�DBD: Two PCR fragments were generated. One

isted of coding sequences for amino acids 1–184 of th
eptor, withHindIII and EcoRI sites at the 5′ and 3′ ends
espectively. The other consisted of amino acids 253–
ithEcoRI andBamHI sites at the 5′ and 3′ ends, respectivel
hese sites were used to generate fragments for simulta

nsertion intoHindIII- and BamHI-digested pcDNA3.1(+
he linking EcoRI site introduced two novel amino aci

phenylalanine followed by glutamic acid) in place of
NA binding domain.
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�LBD: The PCR fragment consisted of the coding se-
quence for amino acids 1–281 of the receptor. A stop codon
was added to the 3′ end of the open reading frame. Restriction
sites forHindIII andBamHI were included at the 5′ and 3′
ends of the amplimer, respectively, for sub-cloning purposes.

2.6. Luciferase assays

Sixteen to twenty-four hours after transfer to the as-
say plates, HEK293 and HeLa cells were transfected with
10 ng/well reporter plasmid and 55 ng/well receptor plas-
mid using 1 or 0.8�L/well Lipofectamine 2000 (Gibco
BRL, Grand Island, NY). Transfection proceeded for ap-
proximately 16 h, after which the transfection mixture was
replaced with assay medium containing vehicle or test com-
pound at the appropriate concentration. After a 24-h incu-
bation, Steady-Glo luciferase reagent (Promega) was added
and luciferase activity was determined on an MLX Mi-
crotiter Plate Luminometer (Dynex Technologies, Chantilly,
VA).

MCF-7 cells were plated at 10,000 cells per well on
96-well plates in MCF-7 assay medium (see above). Af-
ter 16–24 h, cells were transfected with 100 ng/well re-
porter plasmid and 0–100 ng/well receptor plasmid, using
0.8�L/well LipoTAXI reagent (Stratagene, La Jolla, CA)
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GILZ: 5′-GATCCATGGCGTCAGGGGCCATGCAA-
ATGATGAG-3′;

CREBcon (CRE consensus): 5′-GATCAGAGATTGCCT-
GACGTCAGAGAGCTAG-3′;

GILZ/CREB (CRE consensus oligonucleotide with the
GILZ putative CREB site): 5′-GATCAGAGATTGCCTG-
ACGCCAGAGAGCTAG-3′;

mutCREB: 5′-GATCAGAGATTGCCTGTGGTCAGA-
GAGCTAG-3′.

Oct-1, CREBcon, Octmut and mutCREB were based on
the sequences of oligonucleotides available from Santa Cruz
Biotechnologies. Pre-incubations were performed at room
temperature for 20 min or on ice for 2 h, after which32P-
labelled GILZ oligonucleotide was added, and incubations
continued for 20 min at room temperature. Reactions were
separated on 6% TBE gels (Invitrogen). The gels were dried
and exposed to a phosphor screen for 1–16 h, and imaged on
a STORM840 (Molecular Dynamics).

3. Results

3.1. Microarray analysis of gene expression

Microarrays containing 22,447 cDNAs were used to an-
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n a volume of 20�L. After a 4–6-h incubation, 20�L
f MCF-7 assay medium containing 20% charcoal/dex

reated fetal bovine serum were added to each well.
roximately 20 h later, medium was replaced with MC
ssay medium containing appropriate amounts of ve
r test compound. Luciferase activity was determined

ater as described above for HEK293 and HeLa cells
esults are reported as percent expression, normalized
eporter, no receptor, empty reporter plasmid, empty rec
lasmid, and/or no estrogen controls, as indicated in fi

egends.
4-Hydroxy-tamoxifen was purchased from Sigma

ouis, MO), and raloxifene was obtained from Organix,
Woburn, MA).

.7. Electrophoretic mobility shift assays

Electrophoretic mobility shift assays (EMSAs) were c
ied out as previously described[14], except that 100 n
Fig. 7a andFig. 8) or 400 ng (Fig. 7a) of poly(dI-dC)/(dI-dC
ere used. Pre-incubations contained 1�g MCF-7 cell nu-
lear extract (Oncogene, San Diego, CA), anti-Oct-1 (S
ruz Biotechnology, Inc., Santa Cruz, CA), anti-ER (Sa
ruz Biotechnology, Inc.), 6 pmol human recombinant E�

PanVera, Madison, WI), and/or a 1:1000 molar exces
old competitor oligonucleotides:

Oct-1: 5′-GATCTTCTAGTGATTTGCATTCGACA-3′;
Octmut: 5′-GATCTTCTAGTGGCTTGCATTCGACA

′;
ERE: 5′-GATCTTACAGGTCACCTTGACCTTACT-3′;
lyze gene expression in MCF-7 cells after a 24 h treat
ith vehicle or 100 nM E2. Five samples from each treatm
ere hybridized to the microarrays; however, only sam

hat were processed together are directly comparable, r
ng in multiple, smaller comparison groups for each chip

Using normalized hybridization intensity data, we dire
ompared the estrogen-treated samples to controls, foll
y electronic northern analysis. Electronic northern ana
ompares the normalized spot intensities of a given gen
microarray chip across treatment conditions.Table 1shows
compilation of the genes that showed consistent estr
ependent regulation across all comparable samples. S
f these genes have been previously reported to be estr
egulated, including: HMG-1[15],myc[16], nucleophosmi
17], cathepsin D[18] and TGF�3 [19]. Recently, ephrin A
nd Id3 were also identified as estrogen-regulated genes
icroarrays[20].

.2. Confirmation of microarray results

In order to confirm the results for selected genes from
icroarrays, quantitative RT-PCR was performed using
f the original sample sets. All 18 of the genes that were te
ere confirmed using this approach (seeTable 1, right col-
mn), which validates the rigorousness of the method

o select estrogen-regulated genes. The estrogen respo
ess of nine of the genes fromTable 1was further verified
y quantitative RT-PCR using three additional RNA sam
ets that had not been used for the microarrays (Fig. 1a and
). All nine genes were verified as being estrogen-regu

n all sample sets.
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Table 1
Estrogen-regulated genes in MCF-7 cells

GenBank Accession # Gene product name Function/location Confirmed
Up-regulated genes

NM 002128 HMG-1 Transcription co-factor Y
NM 000269 Nm23a Transcription factor
Y00396 Myc Transcription factor
NM 006392 Nop56 Nucleolar Y
NM 005381 Nucleolin Nucleolar Y
AA669758 Nucleophosmin Nucleolar Y
AA063624 LYAR-related protein Nucleolar Y
AK021577 P120 Nucleolar
AF104032 LAT1 Amino acid transporter
U45448 P2X1 receptor ATP gated channel
M88461 NPYY Neuronal receptor
NM 001408 EGFL2 G-protein receptor
NM 001526 HCRTR2 G-protein receptor
NM 000706 Vasopressin receptor 1A G-protein receptor
NM 001877 Cd3 receptor 2 Complement receptor
X00474 pS2 Cancer marker Y
NM 001909 Cathepsin D Protease
H23124 Neuronal olfactomedin-1 Extracellular matrix
NM 003090 SNRPA1 RNA processing
NM 006868 RAB31 Vesicle trafficking
NM 006597 HSPA8 Heat shock protein
M80254 Cyclophilin 3 Mitochondrial
NM 005729 Cyclophilin F Mitochondrial
AA449334 IMAGE clone 785703 Unknown
AA418828 IMAGE clone 767991 Unknown
N75569 Novel Unknown
AA449333 Novel Unknown

Down-regulated genes
J03241 TGFb-3 Growth factor Y
AA496452 Granulin Growth factor Y
NM 004428 Ephrin A1 Growth factor Y
AA775091 GILZ Transcription factor Y
AA433851 ESX Transcription factor Y
AA664389 TSC-22 Transcription factor Y
AA074535 HPIP Transcription co-factor Y
AA547158 Id1 Transcription co-factor Y
T65736 SP56 Transcription co-factor Y
AF036892 ACTR Transcription co-factor Y
AA48219 Id3 Transcription co-factor Y
Y12692 Wnt11 Signal transduction
I03203 Peripheral myelin protein 22 Intercellular junctions
AA188256 Multidrug resistance protein 5 Cellular export
XM 006951 ENAC alpha Sodium channel
L78207 SUR1 Potassium channel
AA453898 Sialyltransferase Posttranslational modifications Y
AA459364 p53DINP1 p53 Regulator
H92504 Hypothetical protein Unknown
W84612 IMAGE 256835 Unknown

Genes that were found by microarray hybridization to be consistently regulated by estrogen in all E2-treated MCF-7 cell samples are listed with corresponding
GenBank accession numbers. All of the genes that were tested by RT-PCR were confirmed as estrogen-regulated, and are indicated at the right with Y.
Confirmation data are shown inFig. 1

The results from the microarrays showed an approxi-
mately 5.5-fold increase for pS2 RNA and a 50% decrease
for both granulin and GILZ RNAs following estrogen treat-
ment. However, real time PCR, which provides a more ac-
curate quantitation of expression changes, revealed a greater
than 30-fold increase for pS2, and 55% and 75% decreases
in granulin and GILZ RNA levels, respectively (Fig. 1).

3.3. Time course of estrogen treatment

Since all microarray and confirmatory RNA samples were
purified from MCF-7 cells after 24 h treatment with E2, we
examined pS2 and GILZ expression at several additional
time points (Fig. 2a). The level of pS2 RNA is almost three
times higher in the estrogen sample than in the corresponding
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Fig. 1. Quantitative RT-PCR verification of microarray results. Three addi-
tional RNA sample sets were generated for RT-PCR verification of selected
genes identified by microarray hybridization. (a) RT-PCR verification of four
of the up-regulated genes. (b) RT-PCR verification of five down-regulated
genes. All results are normalized to vehicle control samples. Data plotted
are the average of two or more determinations with each of the three sample
sets. Error bars indicate the standard deviation between samples. (*) Indi-
cates that sample differs from control withP < 0.05 by a two-tailed paired
t-test.E = 100 nM E2; C = ethanol control.

untreated control at 10 h, with expression continuing to in-
crease to approximately 30-fold at 50 h. GILZ, however,
which is down-regulated by estrogen, showed a maximal de-
crease in RNA levels of nearly 75% at 10 h, after which the
expression level increases.

Given these results, we re-examined expression of some
other genes at various times of E2 treatment by microarray
analysis (Fig. 2b). These results clearly demonstrate differen-
tial kinetics of gene expression following estrogen treatment.

Rapid down-regulation of GILZ suggested that it is
directly regulated by estrogen, and does not require inter-
mediate protein synthesis. Cycloheximide treatment did not
significantly affect estrogen-dependent down-regulation of
GILZ, as assessed by RT-PCR and chip analysis (data not
shown), supporting a direct mechanism.

3.4. Analysis of the GILZ promoter region

In order to locate regions that mediate estrogenic reg-
ulation, we initially cloned a genomic fragment spanning
nucleotides−1 though−1199 of the human GILZ gene pro-

moter. This DNA fragment was inserted into pGL3basic to
make a luciferase reporter construct (GILZ1198).

To test for estrogen-dependent down-regulation of the
GILZ1198 reporter, we co-transfected MCF-7 cells with
GILZ1198 and ER�/pcDNA3.1 or pcDNA3.1 empty vector
(Fig. 3a). The GILZ1198 reporter was down-regulated by es-
trogen in a dose-dependent manner in cells co-transfected
with the empty pcDNA3.1 vector; however, cells overex-
pressing ER� gave a more robust and consistent down-
regulation. Because of this, overexpression of ER was used
in all subsequent experiments. As a positive control, the
ERE construct was transfected; luciferase activity was sig-
nificantly induced with or without ER� overexpression.
Co-transfection of ER� with GILZ1198 also demonstrated
greater estrogen-dependent down-regulation than with co-
transfection of the empty expression vector (data not shown),
indicating that GILZ is regulated by both ERs.

To examine estrogen regulation of the GILZ reporter con-
struct in other cell types, GILZ1198 was co-transfected with
an ER� expression vector into HeLa human cervical ade-
nocarcinoma cells and human embryonic kidney (HEK293)
cells (Fig. 3b), neither of which express endogenous ER. Sur-
prisingly, the GILZ reporter was up-regulated by E2 nearly
ten-fold in HeLa cells and three- to four-fold in HEK293
cells.
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.5. Estrogen-dependent down-regulation of GILZ is
ntagonized by SERMs

To verify that ER mediates the estrogen response o
ILZ promoter in MCF-7 cells, we tested for antagonism

amoxifen and raloxifene. MCF-7 cells were cotransfe
ith GILZ1198 or a shorter promoter construct, GILZ7
nd with ER�/pcDNA3.1. The transfected cells were trea
ith 1 nM E2 or 1 nM E2 and 100 nM of either antagon

Fig. 4). Down-regulation of the two GILZ reporters was
agonized by both raloxifene and tamoxifen.

.6. Identification of an estrogen-responsive sequence
he GILZ promoter

The GILZ1198 promoter fragment supported a d
ependent change in luciferase activity by estrogen in M
, HeLa, and HEK293 cells; therefore, this clone m
ontain at least one estrogen-responsive region. Addit
ILZ luciferase reporter constructs were made that trunc
ILZ1198 from the 5′ end (Fig. 5a). Truncations to GILZ10

nucleotides−1 to −105 of the GILZ gene) gave resu
dentical to GILZ1198 for both basal activity and estro
esponse, indicating that the 104 nucleotides immediate′
o the transcription start site contain the regulatory elem
or both functions.

Further truncation of GILZ104 to GILZ88 and GILZ
oth reduced basal activity to similar levels, approxima
5% of GILZ1198. Truncation to GILZ75 further decrea
asal activity to 10% that of GILZ1198. GILZ88, 81, a
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Fig. 2. Time course of estrogen treatment. MCF-7 cells were treated with 100 nM E2 for the indicated times, and the expression levels of specific genes were
examined in each sample. (a) Quantitative RT-PCR analysis of expression levels over time for pS2 and GILZ. (b) Microarray analysis of expression level
changes over time for several genes. In all cases, each sample was normalized to a vehicle control sample.



232 S.H. Tynan et al. / Journal of Steroid Biochemistry & Molecular Biology 91 (2004) 225–239

Fig. 3. The GILZ promoter demonstrates a cell type-specific response to estrogen. (a) MCF-7 cells were transfected with reporter constructs GILZ1198and ERE
along with either ER�/pcDNA3.1 or empty pcDNA3.1 vector. After transfection, cells were treated with various concentrations of E2 for 24 h; then luciferase
activity was determined. Luciferase activity was normalized to a no estrogen control. (b) HeLa and HEK293 cells were transfected with the reporter constructs
GILZ1198/pGL3basic and ERE/pTAbasic, along with ER�/pCIneo (HEK293), or ER�/pcDNA3.1 (HeLa). After 24 h of treatment with E2, luciferase activity
was determined. For both (a) and (b), values are the mean of four replicates, with error bars representing standard deviations. (*) Indicates that thevalue differs
from the no-estrogen control withP < 0.05, using one-way ANOVA with the Dunnett post-test.

Fig. 4. Estrogen antagonists inhibit estrogen-mediated down-regulation of GILZ. MCF-7 cells were transfected with the indicated reporter constructs along
with ER�/pcDNA3.1. After transfection, cells were treated with 1 nM E2 or 1 nM E2 + 100 nM antagonist (raloxifene or tamoxifen) for 24 h; then luciferase
activity was determined. Luciferase activity was normalized to empty reporter and no estrogen controls. Values are the mean of four replicates, witherror bars
representing standard deviations. (*) indicates that sample differs from control withP < 0.05 by a two-tailed pairedt-test.E = 100 nM E2; C = ethanol control.
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Fig. 5. Basal promoter activity and estrogen response of the GILZ gene are closely linked. (a) Truncations of GILZ1198 were constructed and used for luciferase
reporter assays. Cells were transfected with the reporter constructs and ER�/pcDNA3.1. After 24 h of treatment with E2, luciferase activity was determined.
Luciferase activity for each construct was normalized to the vehicle-treated samples for the GILZ1198 construct, so that basal activity is indicated by the “no
estrogen” samples. Values are the mean of four replicates, with error bars representing standard deviations. (*) Indicates that the estrogen-treated sample differs
from the vehicle control withP< 0.05 by a two-tailed unpairedt-test. (b) HEK cells were cotransfected with the reporter constructs and ER�/pcDNA3.1. Cells
were treated with E2 and luciferase activity was determined as described above. (c) The sequence of the GILZ promoter between nucleotides−105 and−68.
The 5′ ends of the truncation clones are indicated. The octamer and CRE consensus sequences are indicated below the potential corresponding motifs in the
GILZ sequence.

75 all maintained an estrogen-dependent decrease in ex-
pression of about 50% in MCF-7 cells. GILZ69 eliminated
basal activity entirely (Fig. 5a). Since there is no basal ac-
tivity, it is not possible to determine whether this construct
will be down-regulated. GILZ104 and GILZ69 were also
tested in HEK293 cells: GILZ104 showed basal activity and
estrogen-dependent up-regulation identical to GILZ1198,
while GILZ69 had no basal activity and no up-regulation
with estrogen (Fig. 5b). These results demonstrate that both
the basal activity and estrogen responsiveness of the GILZ
gene require promoter elements between−105 and−70.

Sequence analysis of the region between nucleotides−105
and −70 (Fig. 5c) showed that there are no consensus
ERE, Sp1 or AP-1 sites, all of which are known to medi-
ate estrogen regulation. There is, however, a perfect octamer
sequence, which is a binding site for POU-domain transcrip-

tion factors. Additionally, there is a close match to a CRE
(cAMP response element), which is bound by members of the
cyclic AMP response element (CREB) family of transcription
factors.

The lack of an ERE suggests that the association between
ER� and the GILZ promoter is indirect. Electrophoretic mo-
bility shift assays showed that recombinant ER� does not
directly bind to GILZ104 (data not shown). To provide ad-
ditional evidence that the ER� does not bind directly to the
GILZ promoter, we co-transfected mutant ER� expression
vectors with the GILZ luciferase reporters (Fig. 6). In both
HEK and MCF-7 cells, the DNA binding domain (DBD) was
not required for estrogen-dependent regulation of the GILZ
promoter, although the ligand binding domain (LBD) and
N-terminal region were both necessary. Protein levels of the
overexpressed receptor and receptor fragments were found to
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Fig. 6. GILZ regulation by estrogen does not require the ER DNA binding domain. (a) HEK293 cells were transfected with reporter constructs
GILZ1198/pGL3basic and ERE/pTAbasic along with ER�/pcDNA3.1 or ER� mutants. After transfection, cells were treated with varying concentrations
of E2 for 24 h; then luciferase activity was determined. Luciferase activity was normalized to a no estrogen control. Values are the mean of four replicates,
with error bars representing standard deviations. (*) Indicates that the value differs from the no-estrogen control withP < 0.001, using one-way ANOVA with
the Dunnett post-test. (b) MCF-7 cells were transfected with GILZ1198/pGL3basic, along with ER�/pcDNA3.1 or ER� mutants. After 24 h of treatment with
E2, luciferase activity was determined. Luciferase activity was normalized to no estrogen controls. Values are the mean of four replicates, with error bars
representing standard deviations. (*) Indicates that the value differs from the ER� no-estrogen control withP< 0.001, using one-way ANOVA with the Dunnett
post-test.
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be similar by immunoblotting (data not shown). The control
ERE behaved as expected, requiring the DBD and LBD, but
not the N-terminus for up-regulation.

3.7. Oct-and CREB bind to the GILZ promoter

Electrophoretic mobility shift (EMSA) experiments were
used to look at the ability of a POU-domain transcription
factor to bind to the octamer consensus in the GILZ pro-
moter (Fig. 7a). Using MCF-7 nuclear extracts, Oct-1 was
found to bind to a GILZ promoter fragment of nucleotides
−96 through−70, producing at least two complexes, both
of which are competed with an excess of competitor octamer
(Oct-1) or GILZ oligonucleotide, but not by a mutant oc-
tamer sequence (Octmut). Addition of anti-Oct-1 antibodies
resulted in a supershift of the Oct-1-containing bands, con-
firming that the POU-domain transcription factor bound is
Oct-1. Identical results were obtained using HeLa cell nu-
clear extracts (data not shown).

When a labeled CREB consensus oligonucleotide was
used in gel shifts with an MCF-7 cell nuclear extract, a spe-
cific complex was formed (Fig. 7b, arrow), which was super-
shifted by anti-CREB antibodies (Fig. 7b, arrowhead). The
CREB-containing complex and supershifted complex were
both competed by a 1000-fold molar excess of cold CREB
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Fig. 7. Oct-1 and CREB bind specifically to the GILZ promoter. (a) MCF-
7 cell nuclear extracts were used in gel shifts with a GILZ promoter frag-
ment (nucleotides−96 through−70). Lane 1: no cold competitor, anti-Oct-1
added; lane 2: no cold competitor or antibody; lane 3: 1000-fold molar excess
of cold Oct-1 oligonucleotide; lane 4: 1000-fold excess of Octmut oligonu-
cleotide; lane 5: 1000-fold excess of GILZ oligonucleotide. The arrowhead
at the top left indicates a supershifted complex. (*) Indicates the unbound,
labeled GILZ oligonucleotide. The two arrows at the right side show Oct-
1-containing complexes. (b) MCF-7 cell nuclear extracts were used in gel
shifts with a consensus CREB site oligonucleotide. Lane 1: no cold com-
petitor or antibody; lane 2: no cold competitor, anti-CREB added; lanes 3–7:
1000-fold molar excess of the indicated cold competitor oligonucleotides,
plus anti-CREB antibody. The arrowhead at the top left indicates a super-
shifted complex. (*) Indicates the unbound, labeled CREB site containing
oligonucleotide.
onsensus oligonucleotide, the GILZ oligonucleotide
leotides−96 through−70), and the GILZ/CREB oligonu
leotide, which is the CREB consensus oligonucleotide
aining the GILZ CREB sequence (Fig. 7b, lanes 3–5)

mutant CREB consensus oligonucleotide and a mu
ct-1 (non-specific control) oligonucleotide were unabl
ompete CREB from the labeled CREB consensus olig
leotide (Fig. 7b, lanes 6 and 7). Although the GILZ oligon
leotide was able to specifically compete CREB from
onsensus CREB sequence, we were unable to iden
REB-containing complex on the labeled GILZ oligo
leotide; it is possible that the interaction between CREB
he GILZ oligonucleotide is disrupted during electrophore

Since ER� does not directly bind to the GILZ promot
R� could be functioning by sequestering factors requ

or GILZ expression, or by indirectly associating with
NA. To distinguish between these possibilities, we loo

or an association of the receptor with GILZ promoter co
lexes in gel shift assays (Fig. 8). In MCF-7 cell extracts, w
ere not able to detect a complex that was competed by
eled ERE or supershifted with anti-ER antibody. Howe
hen 6 pmoles of recombinant human ER� were added t

he extract, one complex was enhanced and specifically
eted with ERE oligonucleotides, but not by a non-spe
ligonucleotide, and was supershifted with anti-ER.

. Discussion

In this study we have used microarrays to analyze cha
n gene expression in MCF-7 cells in response to estr
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Fig. 8. The ER associates with the GILZ promoter. Six picomoles of recom-
binant human ER� were added to 1�g of MCF-7 cell nuclear extract for
use in gel shifts with a GILZ promoter fragment. Lanes 1 and 5: no added
ER; lanes 2 and 6: no added cold competitor oligonucleotide; lanes 3 and
7: 1000-fold molar excess of ERE competitor oligonucleotide; lanes 4 and
8: 1000-fold excess of non-specific oligonucleotide. Lanes 5–8 also contain
anti-ER antibody. The arrow on the top right indicates the supershifted band.
The arrowhead on the top left indicates the complex enhanced by added ER.
(*) Indicates the unbound labeled GILZ oligonucleotide.

treatment. We have identified a number of novel estrogen-
regulated genes, including several that encode nucleolar pro-
teins and many that are involved in transcriptional control.
All of the genes that we chose for testing by quantitative RT-
PCR were confirmed as being up or down-regulated by E2. A
time-course of estrogen treatment was used to examine tem-
poral changes in gene expression. Additionally, we have fur-
ther characterized the regulation of one of the down-regulated
genes using luciferase reporter analysis of the promoter re-
gion.

Normalized data comparisons combined with in silico
electronic northern analyses were used to identify specific
genes that were estrogen-regulated. This method of anal-
ysis proved to be extremely effective; 100% of the genes
further tested by RT-PCR were confirmed as being estrogen-
responsive. Using such stringent selection criteria may have
caused some estrogen-responsive genes to be omitted from
our compilation (Table 1); however, there is a strong likeli-
hood that the genes identified using this method are genuinely
regulated by estrogen.

From the results of time course experiments, it is clear
that estrogens regulate these genes with differential kinet-
ics. Some mRNAs show a continuous increase or decrease
in expression over the entire 70 h (for example, TGF�-3 and
LYAR, Fig. 2), while others show a transient change (GILZ

and nucleolin,Fig. 2). The biphasic regulation seen for GILZ
and nucleolin indicates that there are other factors involved in
their regulation that may also be estrogen regulated. Direct,
rapid regulation of GILZ by estrogen is subsequently ablated;
there may be newly transcribed factors that alter the effect of
ER at the GILZ promoter or block binding of ER. Alterna-
tively, factors required for the down-regulation of GILZ might
themselves be down-regulated, and no longer available.

A large number of the estrogen-regulated genes that we
identified, particularly those that were down-regulated, are
involved in transcriptional control. Surprisingly, a number of
the up-regulated genes encode nucleolar proteins. A search of
the chips for additional nucleolar protein genes revealed that
not all are up-regulated; specifically, NOF1/NOP2, HNP36,
and MSP58 were not affected by estrogen. This suggests a
functional significance for those nucleolar genes that are up-
regulated. Up-regulation of these nucleolar proteins has been
implicated in aspects of cell proliferation; therefore, they may
be involved in mediating the proliferative effects of estrogen
on breast cells. Further work is necessary to evaluate the con-
tribution of each of these proteins to estrogen-induced cell
proliferation.

Many genes were found to be down-regulated by E2.
While many of the responses were not large (two-fold or less
as judged by quantitative PCR), small changes in the levels of
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he potential to influence the expression of dozens of o
enes, leading to an amplification of estrogenic signalin

p53DINP1 (p53-dependent damage-inducible nuc
rotein-1), one of the genes down-regulated by 17�-estradio
Table 1), has been shown to be a regulator of p53 ac
21]. This protein was suggested to mediate p53-depen
poptosis in response to double-stranded DNA breaks. D
egulation of p53DINP1 by estrogen may contribute to
urvival of cells with significant DNA damage, which c
ead to oncogenesis.

TSC-22 (transforming growth factor-�-stimulated clone
2) and GILZ are small leucine zipper proteins that have
mino acid identity to each other[22] and have been im
licated in transcriptional regulation. They lack the am

erminal basic DNA binding region that is found in m
eucine zipper proteins; therefore, they may act as trans
ion co-factors. TSC-22 has been shown to translocate
ucleus concomitant with apoptosis induced by X-ray
iation, and overexpression sensitizes human salivary
ancer cells (HSG) to irradiation[23–25].

Functional analysis of GILZ has primarily been carr
ut in T-cells, although it is widely expressed[26]. In T-cells,
ILZ can inhibit activation-induced cell death (AICD),
poptosis pathway that is frequently initiated when the T
eceptor/CD3 complex is bound to an antigen. GILZ is
egulated by dexamethasone (dex) and has been sugge
e a transcriptional regulator that mediates the anti-apop
ffect of dex on AICD[22]. GILZ cannot inhibit apoptos

nduced by other stimuli, such as UV irradiation, starvat
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and anti-Fas monoclonal antibody[27]. AICD is a cell-type-
specific event; the function of GILZ in other cell types is
unknown, although it is likely to be involved in some aspect
of apoptosis.

Genes that are down-regulated are of interest because the
mechanisms of down-regulation by estrogen are not well un-
derstood. Ligand-bound ER has not been demonstrated to
bind directly to DNA to repress gene expression. Insulin-like
growth factor receptor 1 (IGFR-1) gene expression is down-
regulated in rat aortic smooth muscle cells by estrogen[28];
in this case, Sp1 is prevented from binding to the DNA by
ER, in the absence of a demonstrable interaction of ER with
DNA. Similarly, direct DNA binding is not required for inhi-
bition of GnRH expression in JEG-3 human choriocarcinoma
cells following estrogen treatment[29].

We identified a region of the 5′-flanking sequence of the
GILZ gene that is estrogen-responsive in HEK293, HeLa,
and MCF-7 cells. Interestingly, the GILZ1198 reporter clone
was down-regulated by E2 in MCF-7 cells and up-regulated
in HEK293 and HeLa cells. TGF�3 has been shown to be
down-regulated in breast cells[30,31]and up-regulated in rat
bone[19]; therefore, it is possible that the HEK293 and HeLa
results are representative of estrogenic up-regulation in other
cell types. However, HEK293 cells are not derived from an
estrogen-responsive tissue, and it is not clear if up-regulation
b
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tinguishable from each other in terms of both basal activity
and estrogenic regulation. Truncation to GILZ88 and GILZ81
eliminated half and the entire Oct-1 binding site, respectively.
Both of these constructs reduced basal activity, but main-
tained the estrogen response, indicating that Oct-1 contributes
to basal activity, but is not required for down-regulation by
estrogen. Further truncation to GILZ75 removed part of the
CRE sequence. Basal activity was dramatically decreased,
but estrogen regulation was maintained. GILZ69, which re-
moved the entire CRE, eliminated both basal activity and
estrogen regulation. Together, these results suggest that the
CRE is important for basal activity and estrogen response.
Truncation of the CRE by GILZ75 was insufficient to com-
pletely inactivate the site. Replacement of the first three
nucleotides in the consensus sequence with aKpnI site signif-
icantly disrupted the sequence; however, the sequence could
still be acting as a weak binding site in the reverse orientation.

At the GILZ promoter, ER can be incorporated into DNA-
bound protein complexes, suggesting that down-regulation is
due to protein-protein interactions on the DNA rather than
inhibition of DNA binding. The ability of the GILZ CRE se-
quence to compete CREB from a CRE consensus sequence,
along with the finding that truncation of the GILZ promoter
to remove the CRE eliminates estrogen regulation, suggests
that one or more members of the CREB/ATF family bind to
t ene.
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In MCF-7 cells, GILZ reporter constructs were dow

egulated by estrogen, consistent with microarray and
CR results for the endogenous GILZ gene. Down-regul
roduced by endogenous ER was variable and some
eak; co-transfection with ER� or � greatly enhanced th
strogenic effect. The variability of the down-regulation
ndogenous ER was experiment-dependent, not samp
endent, suggesting that transfection efficiency may b

mportant factor. In some cases, the reporter plasmid
itrate the endogenous ER in the transfected cells, re
ng in a decreased response to estrogen treatment. S
enes have been reported to require co-transfection of�

o demonstrate estrogen-dependent regulation in MCF-7
32–35,36]. We did not look beyond nucleotide−1198 or
nto the coding sequence of the gene for additional elem
herefore, we cannot rule out the possibility that there ar
itional regulatory sequences that contribute to the estr
esponse of the GILZ gene. Indeed, the weakness of d
egulation in the absence of co-transfected receptor, an
equirement for high levels of purified receptor to see an
omplex in gel shifts, suggests that additional element
ond those between−1198 and−1 of the promoter ma
e involved in regulation. Nevertheless, we have ident
t least one important element for estrogenic regulatio

he gene. The fact that GILZ regulation is reproduced by
ion of the promoter to a luciferase reporter eliminates
ossibility that estrogen is regulating the GILZ gene p

ranscriptionally.
The activities of the two reporter plasmids, GILZ11

GL3basic and GILZ104/pGL3basic, were virtually ind
-

l

his sequence and participate in regulation of the GILZ g
R and CREB/ATF proteins have been shown to physic

nteract at both a CRE in the cyclin D1 gene promoter[37]
nd at an ERE in an artificial 2ERE-pS2-CAT reporter[38],
upporting this hypothesis. CREB and ER share at leas
oactivator, CBP (CREB binding protein), which may par
pate in association of the two transcription factors. Furt

ore, there are many members of the CREB/ATF family
ave different expression profiles. The repertoire of C
inding proteins in a given cell type might be importan
etermining the direction of estrogen-dependent regul
f GILZ. More work will be required to work out a detail
olecular mechanism of the regulation of GILZ by estrog
This study has demonstrated the usefulness of gene

nalysis for identifying new estrogen-regulated genes.
ILZ gene is down-regulated in MCF-7 cells, and

egulated in other cell types. The only known function
ILZ is to inhibit activation-induced cell death in T-ce

uggesting that it may play an estrogen-dependent ro
poptosis in some cell types. Future work will focus on

ermining the function of GILZ in MCF-7 cells and on a
elationship between GILZ expression levels and the pr
ration of breast cancer cells.
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