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Abstract

Di (n-ethylhexyl) phthalate (DEHP) is thought to
mimic estrogens in their action, and are called
endocrine disrupting chemicals. DEHP is used in
numerous consumer products, especially those
made of flexible polyvinyl chioride and have been
reported to be weakly estrogenic. In this study,
DEHP were tested for estrogenic properties in vitro
models and with microarray analysis. First, the E-
screen assay was used to measure the proliferation
of DEHP in MCF-7 cells, a human breast cancer cell
line. DEHP induced an increase in MCF-7 cell
proliferation at concentration of 10~% M. Second, we
carried out a microarray analysis of MCF-7 cells
treated with DEHP using human c-DNA microarray
including 401 endocrine system related genes. Of
the genes analyzed, 60 genes were identified
showing significant changes in gene expression
resulting from DEHP. Especially, 4 genes were
repressed and 4 genes were induced by DEHP
compared to 17B-estradiol. Among these genes,
trefoil factor 3 (intestinal), breast cancer 1, early
onset and CYP1B1 are involved in estrogen metab-
olism and regulation. Therefore it suggests that
these genes may be associated with estrogenic
effect of the DEHP on transcriptional level. The ratio-
nale is that, as gene expression is a sensitive end-
point, alterations of these genes may act as useful
biomarkers to define more precisely the nature and
level of exposure to kinds of phthalates.

Keywords: di (n-ethylhexyl) phthalate (DEHP), gene
expression, biomarker, estrogen responsive gene,
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There has recently been considerable concern about
the potential endocrine-disrupting effects of chem-
icals released into the environment. Those chemicals
that have estrogenic activity are termed xenoestro-
gens or endocrine disrupting chemicals (EDCs). They
are thought to mimic or disturb the function of estro-
gen and many are known to possess estrogen recep-
tor-binding activity'.

Many phthalate esters have long been known to be
reproductive toxicants when animals are dosed as
juveniles or adults, and their teratogenicity is well
established®?, yet little has been published on the
effects of in utero and lactational (or continuous
multigenerational) exposure to any phthalate ester on
postnatal development of the male or female repro-
ductive systems or sexual differentiation of the central
nervous system (CNS). Of the approximately 20 phtha-
late esters in common use, di (n-ethylhexyl) phthalate
(DEHP) constitutes approximately half the total; 1-4
million tons are produced per year’*. DEHP is used
in numerous consumer products, especially those
made of flexible polyvinyl chloride. The use of DEHP
in teething rings, pacifiers, and toys for young chil-
dren has largely been discontinued, but DEHP contin-
ves to be used in clothing, toys, food containers, and
a variety of building, household, and automotive prod-
ucts®. Typical human exposure is estimated to be 4-30
ug DEHP/kg/day, but some individuals have substan-
tially greater exposure resulting from DEHP-plasti-
cized medical devices such as blood bags, hemodial-
ysis tubing and membranes, autophoresis equipment,
and nasogastric feeding tubes®. The average long-term
dialysis patient is reported to receive approximately 12 g
of DEHP over the course of a year’.

DEHP has been known to cause liver tumors in
rodents® and to enhance tumor promotion in skin’ and
liver'® of mice. However, in 2000 IARC (the Interna-
tional Agency for Research on Cancer) downgraded
DEHP from 2B to 3 group, ie, “not classifiable as to
its carcinogenicity to humans™'!. On the other hand,
DEHP caused adverse effects in male reproductive
organs in mice and rats, respectively!'2.

DEHP at a concentration of 107> M were weakly
estrogenic in the cell proliferation assay with MCF-7
cells'. Di-n-alkyl phthalates such as n-butyl benzyl
phthalate (BBP), di (n-butyl) phthalate (DBP) and
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Fig. 1. Structure of di (n-ethylhexyl) phthalate.

DEHP have estrogenic activity that mimics the steroid
A ring of receptor binding modes of dialkyl phtha-
lates'* (Fig. 1.). Experimental results that exposure to
DEHP caused prolonged estrous cycles and altered
natural ovulation times in female rats'> might indicate
the disruption of the physiological function in female
reproductive organs. DEHP showed chronic toxicity
in rats through a mechanism thought to involve per-
oxisome proliferation'®. On the other hand, DEHP did
not show any estrogenic activity in recombinant yeast
screen assay'” and in the binding competition to human
uterine estrogen receptor's.

Currently, a wide variety of testing methods have
been developed for EDCs!®. These include physical
and chemical fractionation methods???, the study of
biomarkers in sentinel species, and single mode of
action (MOA) oriented in vivo and in vitro assays, and
life cycle or multigenerational in vivo tests. Develop-
ment of novel approaches for high-throughput screen-
ing for potential EDCs is a major goal in the environ-
mental health research. The need for advancing pre-
diction the adverse biological effects of EDCs in mam-
malian has made technologies exploiting advances in
molecular techniques. Current molecular-level tech-
niques rely on ligand-binding assays?®, enzyme-linked
immunosorbent assay (ELISA)?*, and more recently,
gene expression profiling?>?, In the near future, more
reliance will be placed on the development of gene
expression assays to determine the intricate inter-
actions between genes that are affected by the expo-
sures. It has the potential to implicate previously unsus-
pected estrogen, androgen and thyroid hormone-sen-
sitive genes that may later become molecular markers
of endocrine disruption®’%%,

In this respect, we designed a high throughput DNA
microarray system, namely KISTCHIP-400, which
responses to EDCs may be detected by gene expres-
sion, to assist in the identification of potential EDCs
and to understand molecular toxicological mecha-
nisms of EDCs®. In the present study, to improve the
controversy on whether DEHP has an estrogenic effect
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Fig. 2. Estrogenic activity of 178-estradiol and di (n-ethyl-
hexyl) phthalate by E-screen assay. Cells were exposed to
test compounds for 6 days with 5% charchol/dextran-treated
serum in the cell culture medium.

or another reproductive effect, we have determined
the effect of DEHP and 17p-estradiol on gene expres-
sion using KISTCHIP-400, and discussed whether
the gene could be used as a biomarker to assess the
estrogenic effect of DEHP.

Estrogenic Activity and Dose Selection of
DEHP

17B-estradiol at concentrations ranging from 1074
to 107° M was used as a reference chemical, with
known estrogenic effects. The relative cell numbers
were measured at day 6 of treatment with DEHP at
concentrations from 107" to 1073 M. The effects of
DEHP on the proliferation of MCF-7 cells are shown
in Fig. 2. A 1.5-fold increase in cell growth over the
control was adopted as a criterion of estrogenicity.
Significant proliferation of MCF-7 cells was induced
by 17B-estradiol at concentration of 108 M (p<
0.05). DEHP significantly stimulated proliferation of
MCF-7 cells at a concentration of 1074~ 10" M (p<
0.05). In order to examine microarray for DEHP, we
were chosen the 107* M concentration, the highest
estrogenic potency dose.

Analysis of the Gene Expression Patterns
Induced by DEHP

To evaluate whether genes spotted upon constructed
c¢DNA microarray responds to DEHP with estrogenic
activity, 10* M DEHP was treated to observe gene
expression profiles. Five independent experimental
samples for each treatment group were analyzed to
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Table 1. List of up- and down-regulated genes by di (n-ethylhexyl) phthalate of 107*M in MCF-7 cell lines

Accession No. Gene name DEHP  17-estradiol

NM_003226 Trefoil factor 3 (intestinal) 0.892 0.866

NM_007295 Breast cancer 1, early onset 0.811 0.722

U03688 Cytochrome P450, family 1, subfamily B, polypeptide 1 0.654 0.961

AA884709 Cytochrome P450, family 11, subfamily B, polypeptide 1 0.590 0.637

AA130187 Wilms tumor 1 0.701

Y14039 CASP8_and_FADD-like_apoptosis_regulator 1.241

R39356 Tumor protein p53 (Li-Fraumeni syndrome) 0.995

AA485226 Vitamin D (1 25-dihydroxyvitamin D3) re 0.981

M92424 Mdm2, transformed 3T3 cell double minute 2, p53 binding protein (mouse) 0.961

NM_001515 general_transcription_factor_ITH _polype 0.891

AA453202 Nuclear receptor subfamily 1, group D, member 1 0.838

X87838 Catenin (cadherin-associated protein), beta 1, 88kDa 0.824

AA858390 Calcyphosine 0.817

AA460148 Ataxia telangiectasia mutated (includes complementation groups A, C and D) 0.782

AA434084 Thyroid hormone receptor associated protein 1 0.757

R33030 HLA CLASS II HISTOCOMPATIBILITY ANTIGEN 0.727

AA974848 Dystrophia myotonica-protein kinase 0.709

NM_004786 Thioredoxin-like 1 0.678

AA451969 Transcription elongation factor A (SII)-like 1 0.674

NM_001621 aryl_hydrocarbon_receptor 0.632

U37230 Ribosomal protein L23a 0.614

AA486238 Homo sapiens thyroid autoantigen (trunca 0.590

579862 Proteasome (prosome, macropain) 26S subunit, non-ATPase, 5 0.589

AF(012108 Nuclear receptor coactivator 3 0.832 —0.664

X58072 GATA binding protein 3 0.816 -0.665

X59408 Membrane cofactor protein (CD46, trophoblast-lymphocyte cross-reactive antigen) 0.747 -1.052

M31470 Ras homolog gene family, member Q 0.721 —-0.747

L0O5779 Epoxide hydrolase 2, cytoplasmic 0.692 —0.796
X-ray repair complementing defective repair in Chinese hamster cells 5

M30938 (doyublg-strand—greak rejoigning; Ku autgantigen, 80kDa) —0.748 0.931

AA424833 Bone morphogenetic protein 6 —0.786 0.639

AF043254 TNF receptor-associated protein 1 —-0.835 0.619

T87622 Sin3-associated polypeptide, 30kDa -0.932 0.840

AA487700 Cyclin DI (PRADI: parathyroid adenomatosis 1) —0.960 1.053

NM_001758 Cyclin D1 —1.058 0.863

NM_002014 FK506 binding protein 4, 59kDa —1.487 0.925

H29521 ATP-binding cassette, sub-family A (ABC1), member 3 —1.494 1.079 ,
ad20 g03.s1 Soares_NbHFB Homo sapiens cDNA clone

AA670429 IMAGE: 878836 3" similar to gb: Y00757 NEUROENDOCRINE —1.892 -1.286

PROTEIN 7B2 PRECURSOR (HUMAN); mRNA sequence

Z23115 BCL2-like 1 —0.573 -1.614

AAG699864 Coiled-coil domain containing 6 -0.974 —0.659

AA434144 Claudin 3 —1.350 -0.626

H37774 Tuberin TSC2 —0.580

NM_001985 Electron-transfer-flavoprotein, beta polypeptide —0.601

R43309 von Hippel-Lindau syndrome VHL —0.604
Procollagen-proline, 2-oxoglutarate 4-dioxygenase (proline 4-hydroxylase),

AA426212 beta polypeptide (protein disulfide isomerase; —0.605

thyroid hormone binding protein p55)

U42412 protein_kinase _ AMP-activated _gamma_l_n —0.619

T47483 peptidylprolyl isomerase D (cyclophilin -0.621

D13748 Eukaryotic translation initiation factor 4 A, isoform 1 —-0.627

AA403083 Presenilin 1 (Alzheimer disease 3) —0.669

AAB45432 Parathyroid hormone-like hormone —0.670

AA455970 Ring finger protein 139 -0.716

R66447 V-myc myelocytomatosis viral related oncogene, neuroblastoma derived (avian) -0.787

D13643 24-dehydrocholesterol reductase —0.816

X53587 Integrin, beta 4 ~-0.826
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Table 1. Continued

Accession No. Gene name DEHP  17B-estradiol
AA486238 Filamin B, beta (actin binding protein 278) —0.856
M11560 Aldolase A, fructose-bisphosphate —0.906
AF044773 Barrier to autointegration factor 1 —(.943
AAT25564 Superoxide dismutase 3, extracellular -0.945
NM_001273 Chromodomain helicase DNA binding protein 4 —0.953
AFO012108 nuclear_receptor_coactivator_3 —-1.271
R91438 protein phosphatase 1 catalytic subunit —1.479

The results of KISTCHIP-400 analysis are shown as values of fold change (fluorescent intensity for chemical plus/fluorescent intensity for chemical
minus). Genes presented in box was selected on a common set of genes by 17p-estradiol and DEHP.

Table 2. Estrogen responsive genes of DEHP

Accession NO. Gene name

Fold change vs. Control

Biological function

DEHP  17B-estradiol
NM_003226 Trefoil factor 3 (intestinal) Defense response 0.892 0.866
NM_007295 Breast cancer 1, early onset Apoptosis regulation 0.811 0.722
Cytochrome P450, family 1, subfamily B,
U03688 I;/oly peptide | y y Electron transport 0.654 0.961
Cytochrome P450, family 11, subfamily B,  Androgen and estrogen
AABB4709 polypeptide 1 metabolism 0.590 0.637
ad20 g03.s1 Soares_ NbHFB Homo
sapiens cDNA clone IMAGE: 878836
3’ similar to gb: YO0757
AA670429 NEUROENDOCRINE PROTEIN —1.892 —1.286
7B2 PRECURSOR (HUMAN);
mRNA sequence
Z23115 BCL2-like 1 Anti-apoptosis -0.573 -1.614
AA699864 Coiled-coil domain containing 6 Cell growth and/or maintenance -0.974 —0.659
AA434144 Claudin 3 Transmembrane receptor activity —1.350 —0.626
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Fig. 3. Scatter plot of fluorescent signal intensity from an
hybridization to the KISTCHIP-400 of di (n-ethylhexyl)
phthalate treated and untreated MCF-7 cells with Cy3 and
Cy5 labeled probes, respectively.

and DEHP, indicated that the expression of 8 genes
was consistently and significantly regulated in the
same direction, although at a different magnitude.
These include genes known to be directly regulated by
estrogens but also other annotated genes and ESTs
that have not been previously identified as estrogen-



responsive one. Table 2 shows the complete list of the
8 genes that showed a statistically significant change
in gene expression by DEHP and 17(3-estradiol expo-
sure, along with their accession number, fold change
(average calculated by comparing treatment versus
control) and biological function. Among these, over-
expressed genes composed of TFF3 (trefoil factor 3,
intestinal), BRCAI (breast cancer 1, early onset),
CYPIBI (cytochrome p450, family I, subfamily B,
polypeptide 1) and CYP11B1 (cytochrome p450,
family 11, subfamily B, polypeptide 1) and down-
expressed gene included a human EST sequence,
BCL2L1 (BCL2-likel), CCDC6 (coiled-coil domain
containing 6) and CLDN3 (claudin 3).

Discussion

Toxicogenomic Approach will be Powerful
Tools®® and May Solve the Biological
Relevance of Very Low Quantity With Long
Term Exposure of Environmental Hazardous
Chemicals at Present

A significant concern has recently been raised
about the potential of environmental chemicals that
might disrup: endocrine function. Particular attention
has been given to chemicals that are able to alter
estrogen fur.ctions. For this reason, we evaluated
whether exposure to estrogenic compounds could be
identified by transcripts profiling. In this study we
have used this approach to identify the gene expres-
sion profile induced by estrogenic effects of DEHP in
MCF-7 cells. -

An increased awareness of EDCs and their poten-
tial to affect wildlife and humans has produced a
demand for oractical screening methods to identify
endocrine ac:ivity?!?2. Despite the exciting prospects
of this methodology, a scan of the literature reveals
very few toxicogenomic studies. In our previous
report, we have constructed a human endocrine related
cDNA microarray, called KISTCHIP-400, which
contains many of the human genes known or proposed
to be involved in endocrine system®, We believe that
this will serve as a template for future studies in
toxicogenomics for performing EDCs monitoring.
Through this kind of studies, it is possible to identify
the patterns of alteration of gene expression charac-
teristic of exposure to estrogen like EDCs in cultured
human cells. And once signatures are identified, the
patterns of altered gene expression induced by
unknown agents might identify their mechanism of
action. This approach could also be applied to iden-
tify signatures for various types of tissue-specific
EDCs, providing a more rapid test for the possible
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toxicological effect of drugs or unknown agents and
less need to use animals.

The gene expression profile induced by 17[3-estra-
diol exposure identified in the present study by no
means should be considered a complete list of genes
whose expression can be regulated by estrogenic
compounds. Among the genes expressed by DEHP,
we pay attention to TFF3, BRCA1 and CYP1BI
because it is first reported that this gene shows the
alteration of gene expression followed by not only
17B-estradiol but DEHP treatment in this study. Up-
regulation of BRCA1 by 17B-estradiol treatment was
previously reported®>. BRCA1, which functions as a
tumor suppressor in human breast cancer cells, is a
nuclear phosphoprotein which associates with RNA
polymerase II holoenzyme. Mutations in BRCA1 are
predicted to be responsible for approximately 45% of
inherited breast cancer®®. Also, other published
studies have examined that BRCA1 transcription is
induced as a result of not direct responsiveness but
the mitogenic activity of 17B-estradiol in estrogen
receptor positive cells**, CYP1BI is expressed cons-
titutively in the steroidogenic tissues of mammals and
is inducible by peptide hormones, cAMP, and AhR
ligands. The mechanism of induction of CYP1B1 is
known through the AhR signaling pathway. CYP1B1
is involved in the metabolism of procarcinogens and
xenobiotics, such as ethoxyresorufin, theophylline
and caffeine®, and shows overlapping catalytic
activities with CYP1A1 (cytochrome p450, family 1
subfamily A polypeptide 1)*33%, CYPIB1 mainly
catalyzes the conversion of 17f3-estradiol to the
catechol estrogen metabolite 4OH-17[-estradiol that
has been postulated to be involved in mammary
carcinogenesis. CYP1A1 encodes EROD and mainly
catalyzes 17B-estradiol to its 20H-17B-estradiol. The
CYPIBI/CYPI1ALI ratio is a critical determinant of
the metabolism and toxicity of estradiol in mammary
cells’’. CYP1BI activity participates in endocrine
regulation and toxicity of estrogens in vivo®®. TFF3 is
a member of a family of polypeptides encoded by a
cluster of genes on chromosome 21. Through gene
expression profiling studies, TFF3 mRNA has been
found to be over-expressed in prostate cancer’.

Thus, the expression of BRCA1, CYPIBI1 and
TFF3 could possibly serve as a direct marker to assess
the DEHP on the reproductive and endocrine system,
as the up-regulated genes by DEHP treatment.

In conclusion, we have identified estrogen respon-
sive genes including BRCA1, CYPIB1 and TFF3,
which is expressed in MCF-7 cells treated to 17[3-
estradiol and DEHP. These genes could be a promising
biomarker to detect uncertain EDCs including other
phthalates. Also, it can be suggested that the KIST-
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CHIP-400 is of a highly enough quality so that it can
be used for further analysis of the gene expression
profiles of safety, MOA and screening of endocrine
disrupting related chemicals. We have been proposed
that this approach also offers the possibility to identify
the molecular marker involved in action of natural
and synthetic estrogenic compounds, providing infor-
mation on interrelationships among the responsive
genes. However, the potential use of this estrogenic
molecular “fingerprint” to discriminate estrogenic
compounds from different classes of chemicals has to
be investigated further.

Methods

Cell Culture and Chemical Treatment

MCF-7 cell line originated from human breast
cancer cell was a gift from the Prof. Soto (Tufts
University School of Medicine, Boston, MA, USA).
The cells were cultured in Dulbecco’s modified Eagle
medium (DMEM,; Invitrogen Life Technologies, CA)
supplemented with 5% fetal bovine serum (FBS)
(Invitrogen Life Technologies, CA), penicillin 100
IU/mL and streptomycin 100 pg/mL. Subculturing was
conducted every 3 day so as not to exceed 1 x 10°
cells/mL. At 80% confluence, cells were treated with
1078 M 17B-estradiol (Sigma, St. Louis MO) and 1074
M DEHP (Wako, Tokyo, Japan) in phenol-red-free
DMEM/F12 supplemented with 5% charchol/dextran
fetal bovine serum (CDFBS) culture media for 48 h
and these chemicals were dissolved in absolute ethanol.
Vehicle concentrations were less than 0.1% in all
experiments.

Cell Proliferation Experiments
(E-screen Assay) )

MCEF-7 cell line was tested with slight modification
described by Soto et al.*. Cells were trypsinized and
plated in 12-well plates at an initial concentration of
3 x 10* cells per well in 5% FBS in DMEM. The cells
were allowed to attach for 24 h, then 5% CDFBS
supplemented phenol red-free DMEM was substituted
for the seeding medium. Appropriated concentrations
of the test compounds were added. The assay was
stopped after 168 h by mixing with 5 mg/mL of 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT; Sigma, St. Louis MO) and the plate
was further incubated for 3 h at 37°C. The medium
was removed and the formed formazan crystals were
dissolved with 1 mL of dimethylsulfoxide (DMSO;
Sigma, St. Louis MO). Finally, the aliquots were
transferred to a 98-well plate to read optical density
(OD) in a microtiter plate reader at 540 nm***!,

RNA Extraction

Total RNA was isolated from MCF-7 cells with
17B-estradiol and DEHP using Trizol reagent (Invi-
trogen Life Technologies, CA) and purified using
RNeasy mini kit (Qiagen, CA) according to the manu-
facturer’s instructions. Genomic DNA was removed
using RNase-free DNase set (Qiagen, CA) during
RNA purification. The amount of each total RNA
sample was measured by a spectrophotometer, and its
quality was checked by agarose-gel electrophoresis.

cDNA Microarray Experiments

For ¢cDNA microarray analysis, total RNA was
isolated from MCF-7 cells with 17B-estradiol and
DEHP treatment. Labeling and hybridization were
performed by instruction of MICROMAX direct
¢DNA microarray system (Perkin Elmer Life Sciences,
MA) with minor modification. Briefly, the RNA
samples from MCF-7 cells of treated chemicals were
labeled with Cy3-dUTP (NEN, MA), and those of
non-treated chemicals were labeled with Cy5-dUTP
(NEN, MA). The two color probes were then mixed,
purified using Microcon YM-100 column (Millipore,
MA). Hybridization and washes were performed
according to instruction of the Digital Genomics Inc.
(Seoul, Korea). Hybridization (hybridization buffer;
25% formamide, 5 X SSC, 0.1% SDS, 0.5 mg/mL
polyA, 0.5 mg/mL Cot-1 DNA) was performed in a
hybridization oven at 58°C for 16 h. After washing (2
X SSC/0.1% SDS for 5 min at 58°C, 0.1 X SSC/0.1%
SDS for 10 min at RT, 0.1 X SSC for 1 min at RT), the
slide was dried by centrifugation at 650 rpm for 5 min.
Hybridization images-on the slides were scanned by
ScanArray Lite (Perkin Elmer Life Sciences, MA).
Scanned images were analyzed with GenePix 3.0
software (Axon Instruments, CA) to obtain gene exp-
ression ratios. The overall intensities were normalized
using a correction coefficient obtained from the ratios
of housekeeping genes.

Data Analysis

The fluorescent intensity of each spot was calcu-
lated by local median background subtraction. We
used the robust scatter-plot smoother LOWESS
function to perform intensity dependent normalization
for the gene expression. Scatter plot analysis was
made by Microsoft Excel 2000 (Microsoft). Signifi-
cance analysis of microarray (SAM) was performed
for the selection of the genes with significant gene
expression changes*?. The statistical significance of
the differential expression of genes was assessed by
computing a g-value for each gene. To determine the
g-value we used a permutation procedure, and for
each permutation, two-sample t statistics were com-



puted for each gene. Genes were considered differen-
tially expressed when logarithmic gene expression
ratios in four independent hybridizations were more
than 0.65 or less than —0.65, i.e., 1.5-fold difference
in expression level, and when the g-values were<(5.
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