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GATA-binding protein 1 is a novel transcription regulator
of peroxiredoxin S in human breast cancer cells
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Abstract. Peroxiredoxin 5 (Prx5) is a member of a family
consisting of six antioxidant enzymes. Prx5 is ubiquitously
expressed in various tissues including mitochondria and
peroxisomes, implying that Prx5 functions as a regulator of the
cellular oxidation state. Prx5 plays a critical role in protecting
cells from oxidative stress by inhibiting the accumulation of
reactive oxygen species and cell death. Overexpression of
Prx5 in mammary tissue is associated with poor prognosis of
breast cancer. The present study was conducted to elucidate
the regulatory mechanisms of Prx5 gene expression and the
physiological relevance of Prx5 in breast cancer cell survival.
Analysis of the promoter region of the Prx5 gene and reporter
gene assays revealed the promoter region critical for Prx5 gene
regulation to which the novel negative transcription regulator,
GATALI binds in human breast cancer cell lines. GATA1 was
further confirmed as a potential transcription factor for Prx5
gene expression in another set of transfection assays using
a reporter gene construct that contained a mutated GATA1
binding site. Direct binding of GATA1 to the Prx5 promoter
was demonstrated using chromatin immunoprecipitation and
electrophoretic mobility shift assays. Finally, functions of Prx5
associated with apoptosis were examined in two human breast
cancer cell lines displaying high levels of either Prx5 or GATA1
expression. Knockdown of GATALI led to increased expression
of Prx5 and inhibition of apoptosis. Our data suggest that Prx5
may protect cells from oxidative stress-mediated apoptosis in a
GATAIl-regulated manner.
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Introduction

Peroxiredoxins (Prxs) are a family of antioxidant enzymes that
regulate the levels of reactive oxygen species (ROS) in cells
(1). Since ROS are involved in necrotic or apoptotic cell death
as well as the control of signal transduction, critical roles of
Prxs include protecting cells against oxidative stress as well
as serving as redox regulators of signal transduction (2,3).
Knock-out of Prxs 1, 2, 3, or 6 in various animal or cell models
results in abnormal physiological conditions such as anemia,
malignancies, disruption of hematologic homeostasis, increased
susceptibility to pro-inflammatory responses, shortened life
span, and accelerated senescence (4-8). It has been noted that
such effects are rescued upon overexpression of Prxs or cata-
lase, implying a role of antioxidant Prxs and hydrogen peroxide
(H,0,) (4.9,10).

There are six mammalian Prxs which all contain the
conserved cysteine residue(s) responsible for peroxide scav-
enging. Prx1 through Prx5 have two catalytically-active
cysteine residues whereas Prx6 has only one cysteine residue.
The human Prx5 gene was cloned in 1997 and the full cDNA
of this gene was isolated and sequenced in 1999 (11,12). Crystal
structure studies and site-directed mutagenesis of human Prx5
suggested the functional importance of two cysteines (Cys47
and Cysl51) as well as the role of Prx5 as an antioxidant (2,13).
Human Prx5 gene organization as well as its promoter have
been studied (14) and the expression of Prx5 in concert with
Prx1 is regulated by interaction between the Ets transcription
factor and high mobility protein group Bl in prostate cancer
cells (15). However, the promoter-driven regulatory mechanisms
of Prx5 gene and endogenous factors that modulate Prx5 gene
expression remain unclear.

PrxS5 is found in various cell compartments including the
cytosol as well as the major intracellular sources of ROS,
namely mitochondria and peroxisomes, suggesting that it may
have an important role as a signaling molecule and antioxidant
in organelles (14). The biological roles of Prx5 have been defined
by its ability to prevent p53-induced apoptosis (3), inhibit
various types of DNA damage (16,17), and suppress TNF-a-
mediated accumulation of H,0, (2). Overexpression of Prx5
in lung cancer cells has been associated with the protection of
cells from apoptosis, implying that Prx5 prevents apoptosis or
oxidative damage (18). In addition, the physiological roles of
Prx5 were examined in Drosophila where Prx5 is thought to
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be involved in the modulation of immune responses and protec-
tion against oxidative stress that may lead to longevity (7,19).
Interestingly, expression of Prx5 was shown to be dependent on
tissue type and grade of breast and its expression was induced in
response to ROS, indicating that Prx5 is involved in mammary
tumorigenesis (20). The mechanistic roles and pathways of Prx5
in gene regulation, apoptosis, and carcinogenesis should be
studied further to provide insights into the pathophysiological
roles of Prx5 in breast cancer cells and tissues.

Our present study investigated the role of Prx5 in cell
survival and apoptosis in human breast cancer cell lines and
a novel regulatory mechanism of Prx5 gene expression. Our
results showed that expression Prx5 gene was breast cancer
cell line-specific. MCF7 cells resistant to the chemotherapeutic
agent adriamycin MCF7-Adr showed high expression levels of
Prx5 whereas MDA-MB-231 cells had low Prx5 expression
levels. Both cell types are associated with multi-drug resistance
and serious malignancies compared to other breast cancer cell
lines (21). Analysis of the Prx5 promoter region revealed that
the 500 bp core region was responsible for gene regulation and
identified as the transcription regulator of the Prx5 gene in these
two cell lines. We demonstrated that Prx5 may help protect cells
against oxidative stress-mediated apoptosis in a DNA binding
factor (GATA1)-dependent manner. In addition, we suggest
that GATAL acts as a transcription repressor of the Prx5 gene
and that GATALI is associated with Prx5 during apoptosis in a
human breast cancer cell model.

Materials and methods

Cell culture and reagents. MCF7s cell line is a steroid-sensitive
sub-line developed from MCF7 human breast cancer cells and
was provided by Dr Robert Clarke (Lombardi Cancer Center,
Georgetown University, Washington D.C. USA) (22). It is grown
in cultured in RPMI-1640 supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotic-antimycotic solution. MCF7-Adr
cell line, a MCF7-derived line resistant to adriamycin, has been
previously characterized (23). Both MCF7-Adr and MDA-MB-
231 (American Tissue Culture Collection, GA, USA) cells
were grown in DMEM supplemented with 10% FBS and 1%
antibiotic-antimycotic solution. Cells were maintained in a
humidified 5% CO, atmosphere at 37°C. All cell culture reagents
were purchased from WelGENE (Daejeon, South Korea).
Restriction endonucleases and T4 DNA ligase were purchased
from Fermentas MBI (Amherst, NY, USA). Pfu polymerase was
obtained from Takara Bio Inc. (Shiga, Japan). Oligonucleotides
were synthesized by Genolech (Daejeon, South Korea). Other
molecular biology reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA) unless stated otherwise.

Plasmid construction. The 3000 bp Prx5 promoter region
was amplified by polymerase chain reaction (PCR) using
the forward primer 5-GAAGATCTGACAGCCGACGCA
ACTACAAATG-3" and reverse primer 5-CCCAAGCTT
TCGCTGTCGCTGTCTGACCAGATGTC-3". The PCR product
was isolated by gel electrophoresis and digested with BglII
and HindlIII (sites underlined in the primers) to generate
the sticky ends for ligation with the expression vector. The
final product was subcloned into an upstream portion of the
luciferase reporter gene in the pGL3-basic vector (Promega,
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Madison, WI, USA). The resulting construct was designated
as pGL3-p3000. A series of reporter gene plasmids containing
various portion of the 3000 bp Prx5 promoter region were
generated using pGL3-p3000 as a template. The forward PCR
primer sequences used for each promoter-reporter construct
are listed in a Table I. The number shown in the designation
of each plasmid represents the approximate distance from the
translation start site in the Prx5 gene. In addition, a pGL3-F500
construct which contains 500 bp upstream of the translation
start site in the Prx5 gene was generated using pGL3-p3000
as template plasmid DNA with the following primers;
5'-GAAGATCTACATGCGAGCTCAGCAGATTGTGGG-3'
(forward) and 5-GGGAAGCTTCGCCTCCACTGCGCAGGC
GCGAGC-3' (reverse).

Site-directed mutagenesis. The promoter regions of three
target genes, Ets-like gene 1 (ELK1), NF-E2-related factor 2
(Nrf2), and GATA-binding protein 1 (GATAI), were subjected
to site-directed mutagenesis to study the function of each gene
as potential Prx5 gene regulators. Site-directed mutagenesis
was performed using Quikchange site-directed mutagenesis
kit (Stratagene, La Jolla, CA, USA) according to the manu-
facturer's instructions. Three constructs containing mutated
sequences in the transcription binding sites were generated to
prevent each transcription factor from binding to the specific
region of the Prx5 promoter region using the primers listed in
Table II. The mutated sites are underlined as follows: mtELK1
(AACCGGAAGT-AACCTTAAGT), mtNrf2 (CCGGAAG
CGTCT-CCITCCGCGTCT), and mtGATA1 (GGGATAG
AC-GGGATTCAC).

Transfection and luciferase reporter assay. Luciferase tran-
scription was quantitated by transient transfection of various
pGL3 constructs containing the respective DNA sequences
corresponding to the promoter regions of Prx5 gene as well as
the firefly luciferase reporter gene. Cells were seeded at 4x10°
cells/well in a 6-well plate and the appropriate pGL3 plasmid
(2 pg/well) was transfected into the cells 24 h after seeding
using FUuGENE HD transfection reagent (Roche, Basel,
Switzerland) according to the manufacturer's instructions.
The cells were cotransfected with a phRL-CMV plasmid
(Promega) encoding Renilla luciferase to normalize lucif-
erase activity. Luciferase activity 24 h after transfection was
measured using a Dual Luciferase Assay system (Promega)
according to the manufacturer's instructions with a Victor3™
(PerkinElmer, Waltham, MA, USA) in a 96-well plate format.
Data are reported as the relative luciferase activity calculated
by dividing firefly luciferase activity by Renilla luciferase
activity.

Reverse transcription polymerase chain reaction (RT-PCR).
Total cellular RNA was extracted and reverse transcribed as
described above. The primers used for semi-quantification of
the human-specific genes were as follows: GATAI, 5-CTTTCA
GGTGTACCCATTGCT-3' (forward) and 5-TAGGTAGTG
GCCTGTCCTGTC-3' (reverse); Prx5, 5~ACGGTGCAGTGA
AGGAGAGT-3' (forward) and 5-ACATTCAGGGCCTTCACT
ATG-3' (reverse); and GAPDH, 5'-CCATCCAATCGGTAG
TAGCG-3' (forward) and 5-GTAACCCGTTGAACCCCATT-3'
(reverse). PCR was performed with a GeneAmp PCR system
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Table I. Sequence of the primers for generating the reporter plasmids containing various portions of 3000 bp upstream of the

Prx5 gene.

Designation of the promoter-reporter plasmid

Sequence (5'-3")

pGL3-p2500
pGL3-p2000
pGL3-p1500
pGL3-p1000
pGL3-p500

GAAGATCTGCTTACCCACAATCTGCTGTC
GAAGATCTCGCACTGAGGCTGCCAGTGCTCA
GAAGATCTCTGAGCAGGCTCGTTGGGAGCTGAT
GAAGATCTATGCTAGGCAGGTCCTGCCAGAAC
GAAGATCTACCTTGTACCCTCCCCACCTT

Table II. Sequence of the primers used to generate the mutated binding sites in the candidate transcription factors involved in

Prx5 regulation.

Transcription factor Orientation Sequence (5'-3")

ELK1 Forward GGATAGCCAGGAGAACCTTAAGTGGCGAACTTGCTG
Reverse CAGCAAGTTCGCCACTTAAGGTTCTCCTGGCTATCC

Nrf2 Forward GTAACGCGCCGCTACCTITCCGCGTCTCAGCAGGAGG
Reverse CCTCCTGCTGAGACGCGGAAGGTAGCGGCGCGTGAC

GATA1 Forward CCGTCTTTATGGCGGGATTCACATTTAATCCGGGTACC
Reverse GGTACCCGGATTAAATGTGAATCCCGCCATAAAGACGG

2700 thermal cycler (Applied Biosystems). Amplification condi-
tions were 30 cycles of 94°C for 1 min, 58°C for 1 min, and 72°C
for 1 min. The amplified products were separated and visualized
by electrophoresis on a 1% agarose gel.

Total RNA isolation and quantitative real-time RT-PCR (qRT-
PCR) analysis. Total cellular RNA was extracted from MCF7-Adr
or MDA-MB-231 cells with Nucleospin® RNA/Protein extrac-
tion kit (Macherey-Nagel, Diiren, Germany) according to the
manufacturer's instructions. A total of 2 g of RNA was subject to
reverse transcribed using an ImProm-II™ Reverse Transcription
System (Promega) to synthesize cDNA. The resulting cDNA was
subsequently quantified by real-time PCR amplification with a
Rotor-Gene 3000 (Corbett Research, Sydney, Australia). The
sequences of the primers for quantitative real-time PCR were as
follows: GATAL, 5-GTAGCGGGAATTGTGGGGAGGTG-3'
(forward) and 5-GGGAAAGGCATGAGGTGGCTAACA-3'
(reverse); Prx5, 5'-CCACAAGGCGGAAGGCAAGGT-3'
(forward) and 5-TGAGACGTCGATTCCCAAAGATG-3'
(reverse); and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) 5'-ATCGTGGAAGGACTCATGACCACA-3'
(forward) and 5-AGAGGCAGGGATGATGTTCTGGA-3'
(reverse). Quantitative real-time PCR was performed in a reac-
tion mixture containing 1X SYBR Green PCR Master Mix
(Applied Biosystems, Carlsbad, CA, USA) and 0.1 uM of each
primer. Cycling conditions were one cycle at 50°C for 2 min, one
cycle at 95°C for 10 min, and 40 cycles including a denaturing
step at 95°C for 15 sec and an annealing-elongation step at 60°C
for 1 min. Rotor-Gene 6.1 software (Corbett Research) was used
to estimate the CT parameter. The 2%, method was used to
quantify the expression of selected genes; GAPDH was used as
housekeeping gene for normalization.

Chromatinimmunoprecipitation(ChIP)assay. A ChIP assay was
carried out using an Imprint Chromatin Immunoprecipitation
kit (Sigma-Aldrich) according to the manufacturer's instruc-
tions. Briefly, nuclear extracts were isolated from breast cancer
cells using a Nuclear Extraction kit from Panomics (Santa
Clara, CA, USA) and sonicated to produce 250 to 500 bp
chromatin fragments. The sonicated nuclear extracts were
incubated with GATALI antibody (Cell Signaling Technology,
Danvers, MA, USA) for 90 min. Mouse immunoglobulin (Ig)
G (Sigma-Aldrich) was used as a control to monitor nonspecific
interactions and anti-RNA polymerase II antibody (Sigma-
Aldrich) was used as a positive control. Antibody-GATA1-DNA
complexes were pulled down after extensive washing to reduce
non-specific binding between proteins and antibodies. The
DNA was isolated from protein-DNA complexes by incubating
samples at 65°C for 16 h. The final DNA was purified using
a QIAquick PCR purification kit (Qiagen, Valencia, CA, USA)
and resuspended in water for subsequent PCR. The GATA1
binding region in the Prx5 promoter was amplified using a pair
of primers: 5"TACTCCTACACAGGCGCCTAA-3' (forward)
and reverse 5-TTTGGGCACTGGAGCAGCTA-3' (reverse).
The final PCR products were visualized on a 0.8% agarose gel.

Electrophoretic mobility shift assay (EMSA). Nuclear extracts
from MCF7s or MDA-MB-231 cells were isolated using a
Nuclear Extraction kit (Panomics). For the EMSA assay,
wild-type (wt) GATALI probes (forward; 5'-AATACCGCCC
TATCTGTAAATTAGG-3' and reverse, 5'-CCTAATTTACAG
ATAGGGCGGTAT T-3'), mutant (mt) GATAL1 probes (forward;
5'-AATACCGCCCTAAGTAAATTAGG-3' and reverse,
5'-CCTAATTTACTTAGGGCGGTATT-3"), and consensus
probes (forward; 5'-CACTTGATAACAGAAAGTGATAAC
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Figure 1. Identification of the Prx5 promoter region in MCF7s cells. (A) MCF7s cells were transfected with a series of Prx5 promoter reporter constructs. The
Renilla phRL-CMV vector was used to normalize the transfection efficiency. The reporter plasmid pGL3-p3000 indicated the size of the Prx5 promoter region
inserted to the pGL3-basic vector. Luciferase activity of the pGL3-basic empty vector was used as a control. (B) The 500 bp region between pGL3-p3000 and
pGL3-p2500 was subcloned into the pGL3-basic vector to confirm the recovery of luciferase activity. The reporter plasmid pGL3-F500 indicated the region
between pGL3-p3000 and pGL3-p2500. (C) The 500 bp region upstream of the Prx5 translation start site subcloned as pGL3-F500 was analyzed using a promoter
prediction program. The translation start codon, ATG, is indicated in blue. The sequences denoted in red span the 500-bp nucleotides in the pGL3-F500 reporter
plasmid. (D) The three binding sites of the predicted transcription factors were targeted for site-directed mutagenesis. These mutational constructs were trans-
fected into MCF7s cells. The Renilla phRL-CMV vector was co-transfected to normalize the transfection efficiency.

TCT-3' and reverse 5-AGAGTTATCACTTTCTGTTATCAA
GTG-3") were labeled by combining 250 ng of the annealed
oligonucleotide; 2 ul of 10 x T4 kinase buffer (Takara Bio); 1 pl
each of 5 mM stock of dATP, dTTP, and dGTP; 8 pl of water; 1
1l of T4 polynucleotide kinase (Takara Bio) and 5 uCi of [**P]-
dCTP (Amersham Biosciences) at 37°C for 1 h. The labeled probe
was isolated using Microspin columns (Bio-Rad, Hercules, CA,
USA). A typical reaction consisted of 10 ng of nuclear protein
extracts, 250 ug/ml poly(deoxyinosinic-deoxycytidylic acid),
and radiolabeled double-stranded oligonucleotides in a solution
of 30 mM HEPES, 100 mM KCl, 1.5 mM MgCl,, 10% glycerol,
1 mM dithiothreitol, 0.3 mM EDTA, and protease inhibitor
(Sigma-Aldrich). Binding between oligonucleotides and
GATAL1 was induced by incubating samples at 37°C for 20 min.
Final binding complexes were loaded onto 6% polyacrylamide
gels and the gel was dried, and separated at 150 V for 2.5 h.
Competition experiments were performed by adding a 100-fold
excess of unlabeled oligonucleotides. The gel was exposed to
Fuji film (Tokyo, Japan) at 25°C for 24 h and visualized by a
FLA-7000 phosphoimager (Fuji Film Life Science, Tokyo,
Japan).

Western blot analysis. Total cellular protein was extracted
with Nucleospin® RNA/Protein extraction kit according to
the manufacturer's instructions. Protein concentrations were
measured with abicinchoninic acid assay kit (Promega). Equal
amounts of protein were separated by 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto a nitrocellulose membrane (Amersham
Biosciences, Buckinghamshire, UK). The membrane was
probed with the primary antibody against each of the

following protein; GATAI, Prx5, Bax, Bcl-2 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and p-actin (sc-15,
Sigma-Aldrich). Secondary goat anti-rabbit IgG and goat
anti-mouse IgG were purchased from Sigma-Aldrich. The
blotted proteins were visualized using an enhanced chemi-
luminescence (ECL)-Plus Western blotting detection system
(Amersham Biosciences) and images were captured with an
LAS-3000 (Fujifilm Life Science). Band intensities were
quantitated with a Multi Gauge 3.0 software image reader
(Fujifilm Life Science).

Small interfering RNA (siRNA) transfection. siRNAs targeting
either GATA1 or Prx5 were obtained from Santa Cruz
Biotechnology. siRNA was transfected into MCF7-Adr or
MDA-MB-231 cells using Lipofectamine RNAiIMAX reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer's
instructions a day after cells were seeded in 100 cm? culture
dishes. Subsequent experiments were performed 24 h after
transfection.

Fluorescence-activated cell sorting (FACS) analysis. Apoptosis
was induced in siRNA-transfected cells by exposure to 10 mM
of hydrogen peroxide (H,0,). The cells were harvested 24 h
after H,0O, treatment and washed in phosphate buffered saline
(PBS). The cell pellet was resuspended in annexinV binding
buffer (BD Bioscience, Franklin Lakes, NJ, USA). Five microli-
ters of annexin V-fluorescein isothiocyanate (FITC) was added
and flow cytometry was conducted using a FACS Calibur appa-
ratus (Beckman Instruments, Fullerton, CA, USA). The results
were analyzed with CellQuest software (Becton-Dickinson,
Heidelberg, Germany).
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Figure 2. GATA1-mediated modulation of both gene expression and promoter
activity of Prx5. (A) GATALI siRNA (13 nM) was transfected into MDA-MB-
231 cells, which have a high level of endogenous GATA1 expression, and Prx5
expression in these cells was confirmed using real-time quantitative RT-PCR
and compared to those treated with vehicle control (‘MDA-MB-231 con’ in the
figure). GAPDH was used as a control for normalization. (B) MDA-MB-231
cells were seeded in a 6-well plate. Twenty-four hours after transfection with
either pGL3-F500 alone, a combination of pGL3-F500 and GATA1 siRNA
(30 nM), or pGL3-F500 containing a mutation in the GATA1 binding site
(pGL3-F500-GATAI mt), the cells were harvested and their luciferase activity
was determined. (C) pGL3 vectors containing various portions of the Prx5
promoter region were transfected into MCF7s cells and luciferase activities
were measured as described in (B).

Results

Cloning of Prx5 promoter-containing reporter COnstructs
and identification of the core region. The highest luciferase
activity was observed in cells transfected with the pGL3-p3000
construct whereas promoter activity of cells transfected with
the pGL3-p2500 construct was significantly reduced (Fig. 1A).
Luciferase activities of other serial deletion constructs (from
pGL3-p2000 to pGL3-p500) were very low and similar to that
of the pGL3-2500 construct (Fig. 1A). These data suggested
that the region of approximately 500 bp upstream of the trans-
lational start site between the regions contained in pGL3-p3000
and pGL3-p2500 was critical for regulating the expression of
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Figure 3. Direct binding of GATAL to the Prx5 promoter in cell lysates and
cultured breast cancer cells. (A) A ChIP assay was performed in MDA-MB-
231 cells, which have high endogenous GATA1 expression levels, and in
MCEF7s cells using the antibodies and primer pairs described in ‘Materials and
methods’. Binding affinity was measured by PCR. Binding affinity of mouse
normal IgG was used as a negative control. An arrow indicates the PCR
product corresponding to GATAI binding site in the Prx5 promoter region.
(B) EMSA was carried out in MDA-MB-231 cells using radiolabeled oligo-
nucleotides containing the wild-type or mutated sequences corresponding to
the GATA1 binding site of the Prx5 promoter. Unlabeled oligonucleotides
containing either wild-type or mutant GATA1 binding sites were used as a
specific competitor. (C) EMSA was carried out in MCF7s cells using radio-
labeled oligonucleotides containing the GATA1 binding site of the Prx5
promoter.

the Prx5 gene. To confirm the promoter activity of this core
region, a pGL3-F500 construct was generated that contained the
500 bp region of the Prx5 promoter identified above. Luciferase
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was transfected to MDA-MB-231 cells and the expression of GATA1 was detected by RT-PCR compared to samples treated with no siRNA (control). FACS
analysis was performed as described in (A). (D) Mean fluorescence intensity in MDA-MB-231 cells with high or low GATAL1 expression produced similar FACS

histogram patterns. All experiments were performed in duplicate.

activity in cells transfected with the pGL3-F500 construct was
similar to that shown in cells transfected with pGL3-p2500 and
reached 60% of the maximum promoter activity found in cells
expressing the pGL3-p3000 construct (Fig. 1B).

Identification of transcriptional regulators that interact with the
promoter core region. To identify transcriptional regulators of
Prx5 that may directly interact with the 500 bp core region, the
public prediction program, Transcription Factor Binding Sites
Search program (TFSEARCH) version 1.3 (Parallel Application
TRC Laboratory, Japan) was utilized. As a result, three candi-
date genes, ELK1, Nrf2, and GATAI, were selected (Fig. 1C)
and the function of each gene was further examined in terms
of Prx5 gene transcription regulation. Additional constructs
based on pGL3-F500 were generated that contained mutated
nucleotides in regions corresponding to the binding sites that
interact with ELK1, Nrf2, or GATA1. Promoter activities were
tested in MCF7s cells transfected with pGL3-F500 (wild-type
control) or reporter constructs containing the specific mutation,
namely pGL3-F500-ELK1mt, pGL3-F500-Nrf2mt, or pGL3-
F500-GATAImt. No significant changes in luciferase activities
were observed in cells transfected with pGL3-F500-ELK 1mt or
pGL3-F500-Nrf2mt, whereas a 3-fold increase was observed
in cells transfected with pGL3-F500-GATA1mt compared to

those expressing the wild-type construct (Fig. 1D). Our results
implied that GATALI plays a key role in modulating expression
of the Prx5 gene as a specific transcription repressor.

Regulatory effects of GATAI on Prx5 gene transcription. Once
GATAI1 was identified as a potential transcription regulator of
Prx5, the mode of GATAI regulatory action was examined. It
is notable that the levels of Prx5 and GATA1 were inversely
proportional in two specific breast cancer cell lines we used. For
example, MCF7-Adr cells displayed the highest Prx5 expression
and the lowest GATA1 whereas MDA-MB-231 cells showed
the opposite Prx5 and GATA1 expression patterns. Thus, these
two cell lines were selected to further confirm the inverse
relationship between these two genes and the regulatory effects
of GATAL1 on Prx5 expression. The decrease of GATAI gene
expression by siRNA in MDA-MB-231 cells resulted in a two-
fold increase of Prx5 gene expression as shown in Fig. 2A. Prx5
promoter activities were also recovered in cells transfected with
pGL3-F500 in the same cell line, implying that GATA1 may
play a role in Prx5 expression as a negative regulator (Fig. 2B).
To confirm this result in another cell line, a similar experiment
was performed in MCF7s cells. Prx5 promoter activities were
recovered when either the GATA1 binding site was mutated or
GATAL expression was inhibited by siRNA (Fig. 2C). These
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Figure 5. Modulation of apoptotic/anti-apoptotic proteins in response to
knockdown of either Prx5 or GATALI expression. Samples designated as ‘Non’
represent those treated with no siRNA. Control samples that were not chal-
lenged with H,O, are expressed as ‘No treat’. (A) Prx5 siRNA was transfected
into MCF7-Adr cells. The cells were treated with H,O, to induce apoptosis 24 h
after transfection. The expression of Bcl-2, an anti-apoptotic protein, and Bax,
a pro-apoptotic protein, were detected by Western blotting. 3-Actin was used as
a loading control. (B) GATA1 siRNA was transfected into MDA-MB-231 cells.
Protein levels were determined as described in (A).

data confirmed our finding that GATA is a negative transcrip-
tion regulator of Prx5 gene expression (Fig. 1).

Direct binding of GATAI to the Prx5 promoter region.
Direct and indirect interaction of GATAI1 protein with the
Prx5 promoter region was studied using a ChIP assay and an
EMSA in MDA-MB-231 and MCFT7s cells. A ChIP assay was
performed to pull down complexes containing GATALI protein
and the GATA1 binding site of the Prx5 promoter region using a
GATA1-specific antibody and primers specific for the GATAI-
binding sequence. It was observed that anti-GATA1 antibody
had a higher affinity to the chromatin extracts of MDA-MB-231
and MCF7s breast cancer cells than the mouse IgG antibody.
This was confirmed by detecting DNA fragments containing
the GATAI1-binding sequence in the Prx5 promoter region,
which were the products of PCR using primers specific for the
GATAI-binding region and a template DNA eluted from the
chromatin-protein complexes (Fig. 3A). These ChIP results
revealed that GATALI protein could specifically bind to the
GATAI1-binding sequences in the promoter region of the Prx5
gene.

Direct binding of the GATAI protein to the Prx5 promoter
was further confirmed by an EMSA with lysates from both
MDA-MB-231 (Fig. 3B) and MCF7s (Fig. 3C) cells. Nuclear
extracts from both cell lines were incubated with oligonucle-
otide probes containing either the wild-type or mutated GATA1
binding site in the Prx5 promoter region and were radiolabeled.
Only samples containing radiolabeled wild-type probe showed
detectable binding affinity in both cell lines (lane 3 in Fig. 3B
and C). Binding affinity was reduced when nuclear extracts
were incubated with additional excess non-radiolabeled probes
(lane 5 in Fig. 3B and C) and mutant probes (lane 2 in Fig. 3B
and C). These results showed that there is a specific protein-
DNA interaction between GATA1 and the GATA1-binding
sequence in the Prx5 promoter.
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Figure 6. Regulation of Prx5 gene expression via GATALI and its physiological
relevance in breast cancer cells. GATA1 acts as a transcription factor by binding
to its binding site in the Prx5 promoter region and regulating Prx5 expression
in a negative manner. GATA1 binding to the promoter region leads to reduction
of transcription of Prx5 gene and Prx5 protein expression. Cells under oxidative
stress may undergo apoptosis due to loss of Prx5-mediated protection against
apoptosis.

Effects of GATAI on Prx5-mediated apoptosis. Since Prx5 is
known to play a protective role in cells under oxidative stress,
we examined whether the Prx5 gene regulated by GATAL is
associated with modulation of apoptosis in both Prx5-sufficient
MCF7-Adr cells and GATA1-sufficient MDA-MB-231 cells.
MCF7-Adr cells were challenged with H,O, for 24 h to induce
apoptosis and expression of Prx5 was downregulated by siRNA
against the Prx5 gene to determine the role of Prx5 in oxida-
tive stress-mediated apoptosis. Knockdown of Prx5 expression
increased sensitivity of MCF7-Adr cells to apoptosis as deter-
mined by FACS analysis where peak shifts toward the right in
the histogram was indicative of increased apoptosis (Fig. 4A
and B). FACS analysis was also performed in MDA-MB-231
cells, which have a high level of the endogenous GATA1 expres-
sion, to examine the functional relationship between GATALI
and Prx5-associated apoptosis. Reduction in GATA1 expression
by siRNA treatment rescued cells from H,O,-induced death by
approximately 35% compared to non-siRNA treated MDA-MB-
231 cells as shown in Fig. 4C. These data suggest that Prx5
protects cells from oxidative stress-mediated apoptosis and
Prx5-associated apoptosis may be modulated by GATA1 which
acts as a negative transcription regulator of the Prx5 gene.

Mechanistic pathways underlying GATAI and Prx5-mediated
apoptosis. To investigate the mechanistic pathways of Prx5-
related apoptosis via transcriptional regulation of Prx5 by
GATALI, altered expression of proteins associated with apoptotic
pathways were examined. Expression of a pro-apoptotic protein
Bax, and the anti-apoptotic factor Bcl-2, were examined by
Western blot analysis in cells with reduced levels of either Prx5
or GATALI by siRNA and with exposure to H,O,. When oxida-
tive stress was induced by H,O, in MCF7-Adr cells that had
been treated with siPrx5 (siRNA targeting the Prx5 gene), Bax
expression was diminished whereas Bcl-2 levels were elevated
compared to cells treated with vehicle control (Fig. 5A). These
data along with the results shown in Fig. 4A indicated that
Prx5 inhibits apoptosis by modulating mitochondrial apoptotic
proteins such as Bax or Bcl-2. Downregulation of GATA1 by
siGATA1 in MDA-MB-231 cells showed the opposite results
compared to those observed in MCF7-Adr treated with siPrx5.
This led to upregulation of Prx5 as expected since inhibition
of GATA1 would increase the expression of Prx5. In addition,
increased levels of Bcl-2 in conjunction with Bax downregula-
tion (Fig. 5B) may be caused by resistance to oxidative stress in
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MDA-MB-231 cells as shown in Fig. 4C. The results shown in
Fig. 5A and B implied that Prx5 may affect the mitochondria-
dependent apoptotic pathway.

Discussion

Living organisms are exposed to ROS, such as superoxide
anions, hydrogen peroxides, organic hydroperoxides, or nitric
oxides, which are produced during normal metabolic processes,
particularly in the mitochondria (24,25). A low level of ROS
is beneficial for normal cellular process including signal
transduction, apoptosis, cell differentiation, and regulation of
transcription factors (26,27). However, excess ROS can chemi-
cally modify cellular macromolecules including DNA, proteins,
carbohydrates, or lipids, thereby disrupting the normal physio-
logical functions of these biomolecules (28). Normal or elevated
levels of ROS may evoke apoptosis by induction or activation
of various apoptotic molecular markers such as cytochrome c,
caspases, p53, and c-jun N-terminal kinase (29,30).

ROS are believed to contribute to the development of many
types of diseases such as neurodegenerative diseases and
cancers (31,32). ROS have been implicated in carcinogenesis
by promoting cancer cell invasiveness, genomic instability, cell
proliferation/differentiation, and alterations in sensitivity to anti-
cancer drugs (33). Thus, ROS homeostasis is crucial for proper
cellular function and survival, and accordingly, mammalian
cells have diverse systems to maintain appropriate ROS levels.

Prxs are a family of thiol peroxidase ubiquitously found in
all living organisms that reduce hydrogen peroxide and organic
hydroperoxides via orchestrated mechanisms among other
antioxidants. Among the six Prx isozymes, Prx1 is the most
abundant and its biological functions and gene regulation have
been extensively examined. For example, a previous study of
the regulatory region of the Prx1 promoter identified Nrf2 as
its transcriptional regulator in human lung cancer cells (34).
Another study using Prx1 knock-out mouse embryo fibroblasts
(MEFs) reported a ROS shift with only Prx5 expression being
elevated (35). This study also demonstrated that c-Myc may
be a transcriptional factor of Prx5 and the presence of Prx1
may repress Prx5 expression, implying that these two factors
are functionally related and regulate their own expression.
Coordinated gene regulation of Prx1 and 5 has also indicated
that expression of Prx5 as well as Prx1 could be regulated
by interaction between the Ets transcription factor and high
mobility protein group Bl in prostate cancer cells (15).

It has been previously shown that Prx5 can protect cells
from oxidative stress by modulating apoptosis in various types
of cells such as mouse muscle (36) and human tendon cells
(37). Downregulation of Prx5 was shown to affect mitochon-
dria membrane potential and induce apoptosis in small cell
lung cancer cells (18). Prx5 was also shown to prevent the
p53-dependent formation of ROS and inhibit p53-induced
apoptosis in HeLa cells (3). The DNA-specific function of
Prx5 was characterized by the observation that Prx5 protects
genomic integrity from oxidative stress in mammalian cells
(17,18,38). These findings suggest that Prx5 is closely involved in
modulating intracellular redox cycling and plays a critical role in
apoptosis and protection of cells from oxidative stimulus.

It has been reported that expression of Prx5 in concert with
Prx1, 3, and 4 is higher in breast cancer tissues and is signifi-

SEO et al: GATA1 REGULATION OF Prx5 EXPRESSION IN BREAST CANCER CELLS

cantly greater if tumors are larger or have lymph node metastases
(20). This implies that Prx5 expression is associated with
mammary carcinogenesis. However, the specific mechanisms of
Prx5 function and expression regulation that are still unclear in
developing breast cancer. Protection provided by Prx5 against
oxidative stress and apoptosis in addition to differential Prx5
expression found in various breast cancerous tissues prompted
us to examine the transcriptional regulation and function of Prx5
in breast cancer cells.

In the present study, it was found that GATA1 is a novel
transcription factor negatively regulating Prx5 gene expres-
sion in breast cancer cell lines. Initial attempts to identify the
core region of the Prx5 promoter were made by analyzing the
promoter region starting 3 kb upstream of the translational start
site. Our results showed that a region of approximately 500 bp
upstream of the Prx5 gene was sufficient to control gene expres-
sion. Interestingly, the binding sites of numerous transcriptional
factors including PPARY, Elkl, Octl, Nrf2, Forkhead box,
or GATA1 were found within this 500 bp region using the
promoter prediction program, TFSEARCH. Elk1, Nrf2, and
GATAI1 among the factors selected for further investigation
for the following reasons (Fig. 1C). First, Nrf2 is a known tran-
scriptional factor of Prx1 (34). Second, ELK1 is associated with
hypoxic conditions and tumorigenesis (39). Finally, GATAL is a
part of an established family of transcriptional factors specifi-
cally involved in erythropoiesis (40) and interacts with the
estrogen receptor (ER) (41,42).

In order to clarify which transcription factor(s) help in
regulating Prx5 gene expression, a typical reporter gene assay
was performed and promoter activities were measured in
breast cancer cells that displayed a level of luciferase activity
proportional to promoter activities. In addition, promoter
activity assays were performed using reporter gene constructs
containing mutated nucleotides located in the middle of the
binding sites for each potential transcription factor. Promoter
activity increased when the lucife-rase reporter construct
contained the point mutation site within the GATA binding
site was expressed in breast cancer cells (Fig. 1C), thereby indi-
cating that GATAL is a Prx5 transcription factor. Additionally,
Prx5 promoter activity was elevated in breast cancer cells in
which GATAL levels were reduced by siRNA to a level similar
to that of cells transfected with the reporter gene containing the
GATAI site-directed mutation nucleotide (Fig. 1B and C). Prx5
expression inversely correlated with that of GATALI (Fig. 5B).
The direct binding of GATAL to the Prx5 promoter region was
confirmed by performing a ChIP assay and EMSA (Fig. 4A-C).
All of these data consistently indicated that GATA1 may interact
with a specific sequence in the Prx5 promoter region, and this
binding could reduce Prx5 gene expression (Fig. 6).

Prx5 has been shown to be involved in ROS-mediated
apoptosis in HeLa and lung carcinoma cells (3,18). We therefore
investigated the physiological roles of Prx5 in ROS scavenging
and apoptosis in the MCF7-Adr cell line that is ER-positive and
has high endogenous expression of Prx5. Our results showed
that knockdown of Prx5 expression exacerbated H,O,-induced
apoptosis (Fig. 4A and B). Reduced expression of GATALI in
ER-negative MDA-MB-231 cells led to suppression of negative
GATAI regulatory activity on Prx5 gene and caused decreased
apoptosis (Fig. 4C and D). These observations implied that
GATALI indirectly controls oxidative stress-induced apoptosis,
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probably through Prx5 gene regulation (Fig. 6). Additional data
demonstrated that modulation of apoptosis by Prx5 is associated
with changes in the expression of proteins that are involved in
mitochondria-dependent apoptotic pathways (Fig. SA and B).
These findings are consistent with the localization of Prx5 in
mitochondria. Thus, our data indicate that apoptosis may also
be affected by Prx5 not only in lung or cervical cancer cells, but
also in breast cancer cells.

Prx6 is highly expressed in metastatic breast cancer cells
compared to breast cancer cells that are less prone to metasta-
size. Upregulation of Prx6 can increase the proliferation and
invasion of breast cancer cells (43). Higher expression of Prx5
in metastatic breast cancer tissues as well as the roles of Prx6
in carcinogenesis prompted us to examine the effects of Prx5
on breast cancer cell proliferation and invasion. No significant
influence of Prx5 on invasion and metastasis in breast cancer cell
lines was observed (data not shown).

GATAL1 is the founding member of the GATA factor family
of DNA-binding proteins and plays a critical role in erythrocyte
development (44). The DNA-binding domains of GATA1 consist
of two zinc-finger domains. The carboxyl-terminal zinc finger
(GATAI CF) has a high binding affinity for the A/TGATAA/G
consensus sequence. The amino-terminal zinc-finger domain
(GATALI NF) is associated with independent binding to a
GAT-containing sequence at a lower affinity (45,46). In addi-
tion, both zinc fingers participate in protein-protein interaction
with multiple partners such as friend-of-GATA1 (FOG-1) and
ER (41,42 .47). It has been demonstrated that the ER negatively
regulates the transcriptional activity of GATAI in an ER
ligand-dependent manner via physical interaction. ER bound to
agonists such as E, are able to directly associate with GATA1
thus inhibiting GATALI activity, whereas GATALI activity is
not repressed by ER binding to antagonist such as tamoxifen
41,42).

These observations support the notion that estrogenic
compounds cause apoptosis and repression of GATALI target
gene expression due to interaction of GATA1 and ligand-bound
ER. If such interactions between GATAI and ER occur in the
GATAI1 binding sites present in the promoter of Prx5 gene,
one of GATAL target genes as demonstrated in our present
study, regulation of Prx5 may depend upon the ER ligand. For
example, exposure to E, may eliminate the inhibitory effects
of GATAI1 on Prx5 gene expression; therefore, Prx5 would be
able to perform its role in protecting cells from oxidative stress
and promoting cell survival in ER-positive breast cells. On the
other hand, anti-estrogen agents may result in cell death or
apoptosis in the same cells. Use of the anti-estrogen reagent
tamoxifen, the drug of choice for treating ER-positive breast
cancer, is seriously limited by the development of resistance
(4,48,49). The mechanisms of tamoxifen resistance are still
poorly understood. We believe that our findings will help eluci-
date the molecular mechanism of tamoxifen resistance since
the protective activity of Prx5 can be inhibited by tamoxifen-
induced changes in binding of ER, GATA-ER interaction, and
GATA I-mediated repression of Prx5 gene expression leading
to survival from anti-estrogen challenge in ER-positive breast
cancer cells.

In summary, the regulation of Prx5 via GATALI repression
and the protective function of Prx5 in breast cancer cells have
been demonstrated. Although the function of GATA1 has previ-
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ously been studied, mainly in erythropoiesis, the present data
indicate that GATA1 may also decrease Prx5 gene expression
in breast cancer cells. This novel regulation mechanism of gene
expression may expand our understanding of Prx5 functions in
mammary carcinogenesis and anti-estrogen resistance.
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