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Toxic Effects of TCDD on Osteogenesis through Altering IGFBP-6 Gene
Expression in Osteoblasts
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Since 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) has reproductive and developmental toxicity as an estro-
gen antagonist, we investigated the effects of TCDD on osteogenesis in rat skeleton and the human female-re-
sponsive osteoblastic osteosarcoma cell line SaOS-2. Rat fetuses were exposed to 5, 10, or 15 ug/kg TCDD on ges-
tation day (GD) 10. TCDD dose-dependently induced single or multiple rat fetal skeletal development malforma-
tions in vivo. In vitro, 10 nm TCDD significantly inhibited cell proliferation in the presence of 1 um 17-fB-estradiol
(E2) in SaOS-2 cells. Insulin-like growth factor binding protein 6 (IGFBP-6), as a crucial regulator in IGF sys-
tem, plays an important role in osteogenesis and bone function. TCDD (15 ug/kg) induced a dramatic 3-fold in-
crease in IGFBP-6 mRNA expression in rat fetal calvaria on GD 21. On the other hand, the concurrent treat-
ment of 10 nm TCDD and 1 um E2 resulted in a significant increase in IGFBP-6 mRNA and protein after 24 h in
Sa0S-2 cells, but TCDD and (or) E2 had no effect on the mRNA level of cytosolic aromatic hydrocarbon recep-
tor. The functional estrogen-responsive element (ERE) [5'-CCT TCA CCT G-3'] (=9 to +1) in the IGFBP-6 pro-
moter region was identified in this study for the first time as the ER genomic binding site. Collectively, these re-
sults suggest that TCDD can alter the expression of IGFBP-6 gene and exerts growth-inhibitory effects on osteo-
genesis. In addition, TCDD exhibits an anti-estrogenic effect through its interference with the binding of acti-

vated estrogen-liganded ER to the functional ERE in IGFBP-6 gene promoter.

Key words
osteoblast

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a halo-
genated aromatic hydrocarbon that exerts reproductive tox-
icity, developmental teratogenic effects, and carcinogenici-
ty." Generally, most of the toxic effects of TCDD are me-
diated through specific binding to the cytosolic aromatic hy-
drocarbon receptor (AhR). The AhR is a ligand-activated
basic region-helix—loop—helix transcription factor that forms
a heterodimeric complex with the AhR nuclear transloca-
tor.”® This complex binds to aromatic hydrocarbon-respon-
sive elements (AhREs, also called DREs) in the 5'-flanking
region of target genes, and acts as a transcriptional activator.
However, some of the functions of TCDD work independ-
ently of AhR.”~'" Therefore, the molecular mechanisms un-
derlying the toxicity of TCDD have not yet been fully illus-
trated.

TCDD is regarded as an endocrine-disrupting chemical.'®
It has been reported to exert both estrogenic and antiestro-
genic effects. Several studies have shown that TCDD reduced
both cellular estradiol secretion and estradiol-mediated bio-
logic effects.'*!'¥ As an important endocrine-hormone, estro-
gen is essential for the regulation of the growth, differentia-
tion, and function of target cells. The estrogen receptor (ER),
a member of the steroid-thyroid hormone receptor superfam-
ily, mediates its action by binding ligand dependently to the
estrogen-responsive element (ERE) in the target gene pro-
moter, regulating their transcription directly.'>'® ER has been
found in female organs and nonreproductive systems, such as
the central nervous system,'”'® cardiovascular system,'**")
and skeletal system.?'*” However, despite the wide variety of
estrogen actions, relatively few genes that are directly re-
sponsive to this hormone have been identified.

Insulin-like growth factors (IGFs) are peptides displaying
important functions in regulating cell proliferation, differen-
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tiation and metabolism.”® IGFs are modulated by a family of
seven high-affinity IGF binding proteins (IGFBP 1—7).2%
Among them, IGFBP-6 has a 20—100 fold higher binding
affinity for IGF-II over IGF-I. The overexpression of IGFBP-
6 inhibited neuroblastoma growth in vivo*® and proliferation
of human bronchial epithelial cells.?” Furthermore, IGFBP-6
activated programmed cell death in non-small cell lung can-
cer cells.?® In bone, both IGF-II and IGFBP-6 are potent mi-
togens of osteoblasts, in which the IGF system may play an
integral role in skeletal development.?’ 3%

In an attempt to understand the underlying mechanisms of
the toxic effects of TCDD on osteogenesis, we have previ-
ously investigated the regulation of TCDD on IGFBP-6 gene
in vivo.*® Here, we present evidence that IGFBP-6, as a cru-
cial modulator of IGF bioavailability, is expressed in the rat
fetal calvaria and osteoblastic osteosarcoma cell line SaOS-2,
in which TCDD increased the abundance of IGFBP-6 mRNA
and exerts growth-inhibitory effects in the presence of 17--
estradiol (E2). In this study, we first examined the effects of
TCDD on estrogen-mediated osteogenesis through a func-
tional ERE on the IGFBP-6 gene promoter. These results
should contribute to a better understanding of the molecular
mechanisms of the osteogenetic toxicity of TCDD.

MATERIALS AND METHODS

Materials Wistar rats were provided by the Center of
Experimental Animals of China Medical University. The
human osteosarcoma cell line SaOS-2 was obtained from the
American Type Culture Collection; TCDD was purchased
from Japanese Okumetric Company; 17-B-estradiol (E2),
penicillin, streptomycin, alizarin red, potassium hydroxide
(KOH), dimethyl sulfoxide (DMSO), and propidium iodide
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were purchased from Sigma Chemical Corporation. Dul-
becco’s modified eagle’s medium (DMEM) was purchased
from Invitrogen Corporation (Merelbeke, Belgium). Fetal
bovine serum (FCS) was purchased from Hyclone Corpora-
tion (Erebodegem-Aalst, Belgium). Rat IGFBP-6 gene probe
for Northern blotting analysis was kindly provided by Dr. S.
Shimasaki (Whittier Institute, La Jolla, CA, U.S.A.). The M-
MLV kit reverse transcription and PCR reagent were ob-
tained from Promega Corporation; TRIZOL RNA extracting
reagent was purchased from Gibco Corporation; The primers
of IGFBP-6 and f-actin were synthesized by Clontech Labo-
ratory Inc. Polyclonal anti-human IGFBP-6 antibody was
purchased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, U.S.A.); and goat polyclonal anti-human actin antibody
was purchased from Lab Vision Corporation (CA, U.S.A.).
All other chemicals and biochemicals were purchased from
commercial sources and were either reagent or molecular bi-
ology grade.

Animal Studies Twenty female Wistar rats (Department
of Experimental Animals, China Medical University) weigh-
ing 220—240 g were raised in animal rooms under a 12h
light-dark cycle (lights on from 6a.m. to 6 p.m.), at 22°C
and 60% in relative humidity. Rats were divided and treated
as previously described.’® Briefly, the rats were divided ran-
domly into 4 groups (5 rats per group), and pregnancy was
determined by means of checking for spermatozoon in
vagina. On gestation day (GD) 10, the rats were injected via
the gastric canal with TCDD (Cambridge Isotope Laboratory,
Inc., Japan) dissolved in mineral oil. For dose—response
analyses of the effects of TCDD, the 1st group was treated
with an isodose of mineral oil, the 2nd group with 5 ug/kg
TCDD, the 3rd group with 10 ug/kg TCDD, and the 4th
group with 15 ug/kg TCDD. On GD 21, the fetuses were re-
moved and their degree of development was observed and
recorded. The fetal calvaria tissue was used as an experimen-
tal material and stored at —70 °C.

Cell Culture and Treatment with E2 and TCDD
Sa0S-2 cells (osteoblastic osteosarcoma cell line) were rou-
tinely cultivated as a monolayer in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen, Merelbeke, Belgium)
supplemented with 10% fetal bovine serum (FCS) (Hyclone,
Erebodegem-Aalst, Belgium) 100IU/ml of penicillin, and
100 pug/ml streptomycin (Gemini Bio-Products) in an incuba-
tor with 5% CO, at 37°C. When the cells had grown to the
logarithmic growth phase for 24 h, they were divided into 4
groups: the st group as a control with 0.1% (v/v) dimethyl
sulfoxide (DMSO), and the 2nd to 4th group treated with
1 um 17-f-estradiol (E2) (Sigma-Aldrich), 10 nm TCDD, and
with both 10nm TCDD and 1 um E2, respectively. TCDD
and E2 were both dissolved in 0.1% DMSO to concentra-
tions of 1 um and 100 um, respectively. The cells were col-
lected after incubation for 24 h.

Measurement of Cell Proliferation After an initial
overnight incubation, TCDD and E2 were added to the
Sa0OS-2 cells. After 24h, the cells were washed and the
amount of cell proliferation was determined by a 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
(Sigma-Aldrich) assay. The cells were washed with phos-
phate-buffered saline (PBS), and MTT was diluted using
serum-free medium to obtain a concentration of 0.5 mg/ml.
This concentration was added to the culture and incubated
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for 3h. Formazan extraction was performed using iso-
propanol, and the quantity was determined using an enzyme
linked-immunosorbent assay at 492 nm with four individual
samples per group.

Evaluating the Effects of E2 and TCDD on IGFBP-6 by
Northern Blotting Analysis The total RNA was extracted
from the fetal rat calvaria tissue and SaOS-2 cells according
to the manufacturer’s instruction for the total RNA isolation
system (Gibco). The concentrations of RNA were deter-
mined by ultraviolet absorbance at 260 nm. RNA was frac-
tionated by 1.5% agarose-formaldehyde gel electrophoresis
in 3-(N-morpholino) propane sulfonic acid buffer and trans-
ferred to a nylon membrane using a capillary blotting proce-
dure. The rat IGFBP-6 gene probe (kindly provided by Dr. S.
Shimasaki, Whittier Institute, La Jolla, CA, U.S.A.) used for
hybridization was labeled with [e-**P] d-CTP (6000 Ci/
mmol) using a random primer. Hybridizations were carried
out at 42 °C for 24 h (50% formamide, 10% dextran sulfate,
5XSSPE, 1% SDS, 1XDenhardt’s solution, and 100 pg/ml
salmon sperm DNA), posthybridization washes were per-
formed at 65°C in 1Xsaline-sodium citrate (SSC). Mem-
branes were exposed to Kodak XAR-2 film. After stripping,
the membranes were rehybridized with a 650-bp [-actin
probe (Clontech Laboratory, Inc.) under the same conditions.
Band intensities were analyzed using Fluorchem 2.0 software
(Alpha Innotech Corporation, U.S.A.). The relative amount
of IGFBP-6 mRNA was determined after normalization to
the levels of B-actin mRNA.

Evaluating the Effects of E2 and TCDD on IGFBP-6 by
Western Blot Analysis For the immunodetection of
IGFBP-6 protein, SaOS-2 cells were treated with 1% vehicle
(DMSO), 10nm TCDD or 1 um E2 for 24 h in 25-cm? flasks,
and then harvested by trypsinization and resuspended in
10mm Tris—HCI (pH 7.4), 100 mm NaCl, 0.5% desoxycholic
acid, and 1 mm dithiothreitol containing aprotinin (10 pg/ml)
at 4 °C for 30 min. Cells were centrifuged at 100000 r/min for
30min. The amount of protein was determined at 595 nm
using a protein assay kit (BioRad, Munich, Germany). Pro-
tein extracts (10 pg/lane) were run on a 12% SDS polyacryl-
amide gel, and separated proteins were blotted onto a nitro-
cellulose membrane (Amersham, Freiburg, Germany). Un-
bound sites were blocked overnight at 4 °C in 10 mm Tris and
0.15m NaCl (pH 7.4; TBS) containing 5% (wt/vol) skim
milk powder. Blots were washed three times for 10 min each
time with TBS containing 0.05% Tween-20 (TBST) and in-
cubated for 1h with the polyclonal anti-human IGFBP-6
antibody (1:1000) (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, U.S.A.). For verification and quantitation of pro-
tein loading, stripped membranes were incubated with the
goat polyclonal anti-human actin antibody (1:400) (Lab
Vision Corporation, CA, U.S.A.). Blots were again washed
three times with TBST as described above, and immunoreac-
tive bands were visualized using the ECL plus Western blot-
ting detection reagents (Amersham Pharmacia Biotech Inc.,
Piscataway, NJ, U.S.A.). The antibody-bound protein intensi-
ties were analyzed using a Chemi-imager-5500 V 2.03 elec-
trophoresis gel image system and are shown as relative inten-
sity values.

Induction of E2 and TCDD on IGFBP-6 by RT-PCR
Total RNA was prepared from SaOS-2 cells and was used as
a template for first strand cDNA synthesis using reverse tran-
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scriptase (Invitrogen). Primer sets for semi-quantitative PCR
were as follows: AhR forward primer, 5'-ATA CCG AAG
ACC GAG CTG AA-3'; AhR reverse primer, 5'-CCA AGT
CCA TCG GTT GTT TT-3' (599bp); P-actin forward
primer, 5'-CGA GAT CCC TCC AAA AT AA-3’; B-actin re-
verse primer, 5'-TGT GGT CAT GAG TCC TTC CA-3’
(294 bp). The PCR reaction mixture contained 50 ul of the
single-stranded ¢cDNA product, 4 units of Vent polymerase,
1 um of each primer, 400 um each of dATP, dCTP, dGTP, and
dTTP, 100 ug of bovine serum albumin, 10 mm Tris—HCI (pH
8.3), S0mm KCI, and 1.5mMm MgCl in a final volume of
100 pl. The mixture was amplified for 30 cycles under the
following conditions: denature, 94 °C, 45s; primer anneal,
55°C, 45 s; primer extension, 72 °C, 45 s. The PCR products
were separated on 2% agarose gel electrophoresis containing
100ng/ml of ethidium bromide. Gels were visualized on a
transilluminator and photographed by a gel-automatic for-
matter (GDS8000, Bio-Rad, U.S.A.). Band intensities were
analyzed using Fluorchem 2.0 software (Alpha Innotech Cor-
poration, U.S.A.). The relative amount of each sample was
calculated by normalization to the levels of S-actin mRNA.
Identification of Functional ERE in IGFBP-6 Promoter
by Electromobility Shift Assays (EMSA) The SaOS-2
cells were treated with 1% vehicle (DMSO), 10 nm TCDD or
1 um E2 for 24 h, and then nuclear extracts from the SaOS-2
cells were prepared by a previously described method.> The
concentrations of nuclear extracts were determined according
to the Bradford method.> The putative consensus motif of
EREs are mnCnsTGACC and mrCnnTGACC (m=A, C;
n=T, C, G, A) as predicted by Transcription Element Search
Software (TESS), while the sequence in human IGFBP-6
promoter DNA fragment is 5'-CCT TCA CCT G-3' (=9 to
+1) and 5'-AAC CCT GAC C-3’ (+105 to +115). Nu-
cleotide numbers are denoted with the transcription start site
assigned as + 1. The putative EREs probes (oligonucleotides)
in human IGFBP-6 promoter were synthesized, including the
wild-type ERE-1 probe (DNA sequence is 5'-CCA CCC
CCC TTC ACC TGG CTC TTA A-3’ and 5'-TTA AGA
GCC AGG TGA AGG GG-3') (—15 to +9), wild-type ERE-
2 probe (DNA sequence is 5'-GAC GGG GCA CAA ACC
CTG ACC ATG A-3' and 5'-TCA TGG TCA GGG TTT
GTG CCC CGT C-3") (+94 to +119) and mutant-type ERE-
1 probe (DNA sequence is 5'-CCA CCC CCC TCC GAA
CTG CTC TTA A-3" and 5'-TTA AGA GCA GTT CGG
AGG GGG GTG G-3'). This mutant-type ERE-1 probe was
used as a negative control, which does not contain any known
binding sequences. The ERE oligonucleotides were chemi-
cally synthesized, annealed, and labeled at the 5'-ends by
polynucleotide kinase and [y-**P] d-ATP (3000 Ci/mmol).
The labeled wild-type EREs and mutative ERE probe were
incubated with 5 ug of nuclear extracts and 1 ug of poly
(dI-dC) in the buffer containing 10 mmol/l HEPES (pH 7.5),
50 mml/l1 KCI, 5 mmol/l MgCl,, 0.5 mmol/l EDTA, 1 mmol/l
dithiothreitol, 12.5% glycerol in ice for 90 min. Reaction
mixtures were loaded onto an 8% polyacrylamide gel (acryl-
amide/bisacrylamide ratio, 29:1) and run at 110V in
0.375XTBE (0.09m Tris, 0.09Mm borate, 2mm EDTA, pH
8.3). For competition experiment, 50-fold and 100-fold molar
excesses of the cold ERE probe were added to the reaction
mixture before the addition of the labeled probe. To identify
the specific ER in DNA-ER complexes, the ER o antibody
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(1:1000) (rabbit polyclonal IgG against the C terminus of
the ER ¢, Santa Cruz Biotechnology, CA, U.S.A.) was added
to the reaction mixture after labeled wild-type EREs were in-
cubated with nuclear extracts for 30 min at 4 °C. The protein-
nucleic acid complexes were identified by autoradiography
for 48 h at —70°C.

Plasmid Constructs The chloramphenicol acetyltrans-
ferase (CAT) reporter constructs, —44IGFBP-6-pCAT and
+29IGFBP-6-pCAT containing the human IGFBP-6 gene
promoter sequences from —44 to +118 and from +29 to
+118, respectively, were prepared by PCR-amplified DNA
fragments to CAT reporter plasmids derived from pCAT™.-
Basic (Promega E1041, U.S.A.). These two DNA fragments
were amplified by PCR with the forward primers, 5'-AGT
TTA GGG AAT GCC CGT-3’, and 5'-CGG CTA CTT AAG
ACA GAG-3', and the common reverse primer, 5-CAT
GGT CAG GGT TTG TGC CC-3’, using human genomic
DNA as a template. The —44IGFBP-6-pCAT construct con-
tains putative ERE-1 (=9 to +1) and ERE-2 (+105 to
+115) located in the promoter region of IGFBP-6 gene. In
contrast, +29 IGFBP-6-CAT construct only contains the pu-
tative ERE-2, but is lacking the putative ERE-1. All con-
structs were confirmed by nucleotide sequence analysis (Fig.
9).

Cell Culture and Transient Cotransfection Assays
The Sa0S-2 cells were grown in DMEM, supplemented with
10% FBS, 100units/ml penicillin, and 100 yg/ml strepto-
mycin. Cells were maintained in a 5% CO,, 95% air humidi-
fied atmosphere at 37 °C. For transient transfection, SaOS-2
cells were plated in 6-well plates and grown to 80% conflu-
ence, and then transfected with the 5 ug reporter construct
(—44 IGFBP-6-pCAT or +29 IGFBP-6-pCAT), 0.2 ug of
PSGSHEO (the wild-type human ER o expression vector, In-
vitrogen, U.S.A.) and 10ul Lipofectamine (Invitrogen,
11668-027, U.S.A.). 0.2 ug of pSV-B-Galactosidase vector
(Promega E1081, U.S.A.) was added as an internal control.
After 16 h of transfection, the cells were grown in the pres-
ence of E2 (1 um), or TCDD (10nm), or E2 plus TCDD for
24 h before harvesting. Cell extracts were prepared by three
rapid freeze/thaw cycles and CAT activity was assayed using
a CAT-ELISA kit (Roche, Cat. 1 363 727, Germany). The
transfection efficiency was normalized by measuring -
galactosidase (B-gal) activity in the extracts. B-Gal activity
was measured by adding 50 ul of cell lysate into 500 ul
buffer A [100nm Na,HPO, (pH 7.2), 10mm KCI, I mm
MgCl,, 10mMm B-mercaptoethanol, and 15 mg/ml f-p-galac-
toside sodium (Calbiochem, 48712, Germany)] and read at
0O.D.g5,. CAT activity is presented as a multiple of vehicle
control.

Data Analysis The data are presented as the mean=
S.E.M. One-way analysis of variance (ANOVA) followed by
the post hoc Tukey—Kramer test was used to determine the
difference among multiple groups. Student’s #-test was used
for analyzing differences between two groups. p<<0.05 was
accepted as the level of statistical significance.

RESULTS
TCDD-Induced Toxic Effect on Osteogenesis in Vivo

and in Vitro To determine the toxic effect on osteogenesis,
rat fetuses were exposed to TCDD on GD10, which is a criti-
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Fig. 1. Teratogenic Effect of TCDD on Rat Fetus

On GD10, the Ist group was control treated with an isodose of mineral oil, the 2nd
group with 5 ug/kg TCDD, the 3rd group with 10 ug/kg TCDD, and the 4th group with
15 ug/kg TCDD. (A) Development malformations included skull growth defects (a),
cleft palate (b), crossfoot and short limb malformation (c) and tailless malformations
(d). (B) The rat fetus teratogenic rate in the 4th group increased significantly and was
dose-dependent. * Indicates significant difference from 5 and 10 pg/kg TCDD treat-
ment (p<<0.05).
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Fig. 2. TCDD Affected Cell Proliferation as an Antiestrogen

To determine the toxicity of TCDD on osteoblastic cell growth in vitro, SaOS-2 cell
proliferation was examined by MTT. As an antiestrogen, TCDD significantly inhibited
Sa0S-2 cell proliferation in cells co-treated with 10 nm TCDD and 1 um E2. * Indicates
significant difference from 1 um E2 alone (p<<0.05).

cal stage for rat fetal limb bud formation. Single or multiple
rat fetal development malformations were induced when the
rats were treated with 5—15 ug/kg TCDD. These malforma-
tions included crossfoot, skull growth defects, cleft palate,
and lack of a tail (Fig. 1). The effect of TCDD on osteogene-
sis was dose-dependent (Fig. 1). On the other hand, cell pro-
liferation in vitro in SaOS-2 cells, a female-derived os-
teoblastic osteosarcoma cell line, was significantly inhibited
by TCDD (10nMm) compared to treatment with E2 (1 um)
(Fig. 2).

TCDD Altered IGFBP-6 Gene Expression In order to
determine whether the transcription and translation of
IGFBP-6 gene are regulated by TCDD, we isolated mRNA
and protein from defective fetal calvaria tissue treated with
TCDD. As shown in Figs. 3 and 4, TCDD resulted in signifi-
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Fig. 3. TCDD-Mediated Up-Regulation of IGFBP-6 Expression in Vivo

Rat fetuses were exposed to 5—15 ug/kg TCDD on GD10. Total RNA and protein
from fetal calvaria bone tissue were subjected to Northern blot analysis (A) and West-
ern blot analysis (C) on GD21. (A, C) The band intensity from each sample was quanti-
fied using Fluorchem 2.0 software and is presented as a multiple of B-actin density. The
experiment was carried out four times. (B, D) The data represent mean+S.E.M. The
expression of IGFBP-6 mRNA in the TCDD-exposure group (10—15 ug/kg) was 3
times higher than the normal group, whereas the protein was 2 times higher. The aster-
isks represent significant differences from control group (* p<<0.05).

cant increases in IGFBP-6 mRNA and protein by Northern
and Western blot analysis. At doses of 5—15 ug/kg in vivo,
TCDD had a significant, dose-dependent effect on IGFBP-6
mRNA expression (Fig. 3). As demonstrated in Fig. 3,
15 ug/kg TCDD significantly increased the level of IGFBP-6
mRNA 3-fold in fetal calvaria compared to that in normal
fetus.

Next, we studied the effects of TCDD and E2 on SaOS-2
cells in vitro since rat fetus is in high status of E2 on GD10.
The cells were exposed to 10nm TCDD and/or 1 um E2 for
24h. As can be seen in Fig. 4, 1 um E2 caused a significant
2-fold decrease in the IGFBP-6 mRNA level. On the con-
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Fig. 4. Toxic Effect of TCDD on the Up-Regulation of IGFBP-6 Expres-
sion in Sa0S-2 Cell Line

Sa0S-2 cells were cotreated with 1 um E2, or 10nm TCDD, or 10nm TCDD plus
1 um E2 for 24 h. Total RNA and protein from fetal SaOS-2 cells were subjected to
Northern blot analysis (A) and Western blot analysis (C), respectively. (A, C) Band in-
tensity from each sample was quantified using Fluorchem 2.0 software. The mRNA and
protein expression of IGFBP-6 are presented as a multiple of S-actin density. The ex-
periment was carried out four times. (B, D) The data represent mean*S.E.M. The re-
sults of Northern blot analysis indicated that IGFBP-6 mRNA in SaOS-2 cells co-
treated with 10nm TCDD and 1 um E2 was 2.6 times higher than with 1 um E2 alone,
whereas the protein was 2 times higher. The asterisks represent significant differences
from control group (* p<<0.05).

TCDD
E2+TCDD

trary, TCDD (10nwm) induced a significant 2.6-fold increase
in the mRNA level in the presence of E2. As shown in Fig. 4,
10nm TCDD and 1 um E2 resulted in significant 2-fold in-
creases in IGFBP-6 protein in SaOS-2 cells by Western blot
analysis compared with treatment by E2 alone.

Since the toxic effects of TCDD are mediated through spe-
cific binding to the AhR,*® we investigated AhR mRNA ex-
pression in SaOS-2 cells. As shown in Fig. 5, AhR mRNA
was expressed in SaOS-2 cells and was not changed by expo-
sure to TCDD and (or) E2. Taken together, these results
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Fig. 5. Expression of AhR in SaOS-2 Cells Treated with 10 nm TCDD and
(or) E2

Sa0S-2 cells were harvested 24 h after exposure to 10nm TCDD and (or) E2, or
0.1% (v/v) DMSO as a control. (A) After total RNA was isolated, the specific cDNAs
were amplified by semi-quantitative RT-PCR using the number of cycles indicated.
Representative data are shown from three independent experiments. (B) The relative
amount of each sample was calculated as a multiple of relative B-actin density. The data
represent mean®=S.E.M. AhR mRNA was expressed in SaOS-2 cells and was not sig-
nificantly changed by exposure to TCDD and (or) E2.

demonstrated that the transcription and translation of IGFBP-
6 gene were positively regulated by TCDD in vitro and in
vivo.

Teratogenic Effect of TCDD through Functional ERE
Located in the IGFBP-6 Gene Promoter IGFBP-6 gene
expression was regulated by E2 and TCDD at transcriptional
level in vivo and in vitro. Sequence analysis was carried out
to search for DREs or EREs in the 1.8kb region of the
human IGFBP-6 gene promoter (GenBank access numbers
AF297519). We did not find the DREs located in the IGFBP-
6 gene promoter using TESS, but the two putative EREs in
IGFBP-6 gene promoter were identified. The putative EREs
sequences were 5'-CCT TCA CCT G-3' (=9 to +1) and 5'-
AAC CCT GAC C-3' (+105 to +115). To examine the func-
tion of these two putative EREs, two constructed pCAT vec-
tors (containing these putative EREs) were transiently co-
transfected to SaOS-2 cells with an ER o expression vector.
As shown in Fig. 9, 10 nm TCDD significantly increased the
CAT activity in —44 IGFBP-6-pCAT [containing ERE-1 (—9
to +1) and ERE-2 (+105 to +115)] transfected cells, but not
in +29 IGFBP-6-pCAT [only containing ERE-2 (+105 to
+115)] transfected cells. Similar to the TCDD induction of
IGFBP-6 mRNA in the SaOS-2 cells, 10 nm TCDD induction
of CAT activity in —44 IGFBP-6-pCAT transfected cells in-
creased 3-fold compared to those cotreated with 1 um E2
(data not shown). Neither 0.1% DMSO nor 10nm TCDD
alone altered CAT activity in the —44 IGFBP-6-CAT trans-
fected cells. Ten nanomolar TCDD and 1 um E2 did not in-
duce a change in CAT activity in the +291GFBP-6-CAT
transfected cells (Fig. 9). These results indicate that the func-
tional ERE-1 (—9 to +1) is located in the IGFBP-6 gene
promoter. In the presence of E2 and ER, TCDD can up-regu-
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1 2 3 4 5

— - —

responsive band

Fig. 6. Binding of ER to the ERE of the IGFBP-6 Gene (EMSA)

Nuclear extracts from SaOS-2 cells were incubated with **P-labeled probe harboring
the ERE (Lane 1-—5) of the IGFBP-6 gene as described in the “Materials and Meth-
ods.” The resulting complexes were resolved by nondenaturing PAGE. Labeled mutant-
type ERE-1 probe was used as a negative control (Lane 5). For competition EMSA, a
50-fold and 100-fold excess of unlabeled probe harboring the wild-type ERE-1 (Lane
2, 3) of the IGFBP-6 gene promoter was added during the preincubation period. The re-
sponsive banding (see arrow, showed in Fig. 5) of wild-type ERE-1 binding complex
was observed. The addition of a cold consensus ERE-1 (Lane 2, 3) decreased or elimi-
nated the formation of specific complexes. The retarded band of mutant-type ERE-1
binding complex was not observed when labeled mutant-type ERE-1 was incubated
with nuclear extracts (Lane 5). The line indicates ER binding. Lane 1: wild-type ERE-1
incubated with nuclear protein from SaOS-2 cells; Lane 2: 50-fold excess of unlabeled
wild-type ERE-1 incubated with nuclear protein; Lane 3: 100-fold excess of unlabeled
wild-type ERE-1 incubated with nuclear protein; Lane 4: mutant-type ERE-1 incubated
with nuclear protein; Lane 5: wild-type ERE-2 incubated with nuclear protein from
Sa0Ss-2 cells.

— supershifted band

— retarded band

— free probe

Fig. 7. Interaction of ER Antibody with IGFBP-6 Gene Promoter

A representative EMSA performed as described in the “Materials and Methods.” The
ERo antibody was bound to the putative ERE-1-ER complexes. These specific com-
plexes (Lane 2) were delayed and formed a supershifted band, compared with ERE-
1-ER complexes (Lane 1). This experiment was performed in duplicate with similar re-
sults, and a representative band is shown. Lane 1: wild-type ERE-1 incubated with nu-
clear protein from SaOS-2 cells; Lane 2: wild-type ERE-1 and ER« antibody incubated
with nuclear protein.

late the CAT activity through ERE-1 (=9 to +1) in the
IGFBP-6 gene promoter.

To determine whether the identified activated ER-protein
can bind to these putative EREs in IGFBP-6 gene promoter,
the direct and competitive binding of the wild-type and mu-
tant-type EREs oligonucleotides with nuclear extracts was
determined by EMSA (Figs. 6, 7). The efficient retarded band
was shown under adding the labeled ERE-1 probe (Fig. 6,
Lane 1), indicating that activated ER-protein can directly in-
teract with this natural ERE-1. In competitive binding stud-
ies, this retarded band was competed by the 50 or 100-fold
excess of unlabeled ERE-1 probe (Fig. 6, Lane 2, 3). Addi-
tion of the nonspecific labeled probe (mutant-type ERE-1
oligonucleotides) did not result in binding (Fig. 6, Lane 4).
Similar retarded band was not shown, when labeled wild-
type ERE-2 probe were incubated with nuclear extracts (Fig.
6, Lane 5). To identify the specific ER in DNA-ER com-
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responsive band

free probe —

Fig. 8. TCDD Affected Binding of ER to the ERE of the IGFBP-6 Gene
(EMSA)

Nuclear extracts from SaOS-2 cells treated with 1 um E2 or 10nm TCDD (Lane 1—
3) were incubated with *?P-labeled probe harboring the wild-type ERE-1 of the IGFBP-
6 gene as described in the “Materials and Methods.” The retarded band of ER binding
complex was not observed when labeled wild-type ERE-1 was incubated with nuclear
extracts from SaOS-2 cells treated with 10nm TCDD (Lane 2). The retarded band of
ER binding complex was significantly decreased when labeled wild-type ERE-1 was in-
cubated with nuclear extracts from SaOS-2 cells co-treated with 10nv TCDD and 1 um
E2 (Lane 3). This experiment was performed in duplicate with similar results, and a
representative blot is shown. The line indicates ER binding. Lane 1: wild-type ERE-1
incubated with nuclear protein from SaOS-2 cells; Lane 2: wild-type ERE-1 incubated
with nuclear protein from SaOS-2 cells treated with 10 nm TCDD; Lane 3: wild-type
ERE-1 incubated with nuclear protein from SaOS-2 cells co-treated with 10nm TCDD
and 1 um E2.

plexes, ER o antibody was used in EMSA. As shown in Fig.
7, ERa antibody specifically bound to labeled DNA-ER
complexes and formed supershifted bands (Fig. 7, Lane 2).

To identify the influence of TCDD on the binding of ER to
the ERE of the IGFBP-6 gene, the direct binding of the wild-
type ERE-1 oligonucleotides with nuclear extracts was deter-
mined by EMSA (Fig. 8). The retarded band of ER binding
complex was not observed when labeled wild-type ERE-1
was incubated with nuclear extracts from SaOS-2 cells
treated with 10 nm TCDD (Fig. 8, Lane 2). The retarded band
was significantly decreased when ERE-1 was incubated with
nuclear extracts co-treated with 10nm TCDD and 1 um E2
(Fig. 8, Lane 3). These results indicate that ER-DNA binding
was affected by TCDD in SaOS-2 cells.

Collectively, these data show that the functional ERE-1
(=9 to +1) in the promoter region of IGFBP-6 gene is able
to bind activated ER. Moreover, in SaOS-2 cells, TCDD may
alter the IGFBP-6 gene expression and exhibit anti-estro-
genic effects by regulating the binding of activated ER to this
functional ERE in IGFBP-6 gene promoter.

DISCUSSION

TCDD is an environmental contaminant that has a wide
spectrum of toxic effects, including fetotoxicity and terato-
genicity.** > Although these effects on a variety of tissues
have been reported, few studies have focused on bone devel-
opment. As an inhibitor, TCDD (1 nm) inhibited osteodiffer-
entiation in a chicken periosteal osteogenesis model, in
which TCDD also inhibited bone-associated protein, such as
collagen type I, bone sialoprotein and alkaline phos-
phatase.*” Furthermore, TCDD dramatically suppressed
post-confluent formation of multicellular nodules that devel-
oped bone tissue-like organization, but did not inhibit os-
teoblast proliferation.*" Induction of cleft palate in mice oc-
curs with peak incidence when TCDD is administered on GD
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Fig. 9. Plasmid Constructs and Promoter Activity of the Human IGFBP-6
Gene

PCR products from the human IGFBP-6 gene promoter were inserted upstream from
the luciferase gene in the promoterless pCAT™-Basic vector. In a schematic represen-
tation of the constructs (above panel), putative transcription activation sites are indi-
cated: ERE-1 and ERE-2. These constructs were cotransfected with ERa expression
vector into SaOS-2 cells as described in the “Materials and Methods™. The transfected
cells were then treated with either vehicle control (0.1% (v/v) DMSO), E2 (1 um) or
TCDD (10 m) for 24 h. Cellular extracts were prepared and b-gal and CAT activities de-
termined. The CAT activity was normalized to b-gal units and is presented as a multiple
of vehicle control. CAT activities are expressed as the mean=S.E.M. for three separate
determinations in each treatment group. Statistical significance of differences between
groups was determined. * Indicates significant difference between the construct and the
control group. 10nm TCDD induction of CAT activity in -44 IGFBP-6-pCAT trans-
fected cells increased 3-fold of control at 1 um E2. Neither 1 um E2 nor 10nm TCDD
alone significantly altered CAT activity in the —44 IGFBP-6-CAT transfected cells.
10nm TCDD and 1um E2 did not induce any change in CAT activity in the
+29IGFBP-6-CAT transfected cells.

11 and GD 12.*? In this study, the toxic effect of TCDD was
begun on GD10, which was a critical stage for rat limb bud
formation. On GD21, single or multiple malformations in rat
fetus included crossfoot, short limb malformation, and tail-
less malformations (Fig. 1). Moreover, we found that TCDD
(10nm) significantly inhibited the up-regulation of E2 on cell
proliferation in an osteoblastic-like cell line. The develop-
ment and differentiation of osteoblasts are known to exert
profound effects on skeletal growth and development, as well
as bone turnover. Osteoblasts play an important role in skele-
tal development and osteogenesis, and are responsible for
skeletal malformations (including vertebrae, base of skull
and the thinner and hypoplastic calvaria).*** Therefore, we
suggest that the toxic effects of TCDD may interfere with rat
bone development and lead to teratogenicity.

There are many growth factors involved in the control and
regulation of metabolism in bone development. IGFBP-6, a
crucial regulator in the IGF system, has been shown to play
an important role in osteogenesis and bone function.*#>4%
IGFBP-6 has a 100-fold higher binding affinity for IGF-II
over IGF-I, thus it is known as a specific moderator of IGF-
11> The proliferation and differentiation of bone marrow
mesenchymal cells are associated with IGFBP-6 and other
components of the IGF system.*” In this study, we found that
TCDD up-regulated IGFBP-6 mRNA in rat fetal deformed
calvaria tissue on GD21. Growing evidence suggests that es-
trogen levels are high in embryonic rat fetuses. Estrogen, an

Vol. 30, No. 11

important sex hormone, plays a crucial role in embryogene-
sis and the development of various tissues.** > TCDD, as
an environmental teratogenic estrogen antagonist, may play a
role in teratogenic toxicity in osteogenesis by interfering with
the biological effects of estrogen. In a previous study, we re-
ported that estrogen could regulate positively the gene ex-
pression of IGF-II in MC-3T3-El1 cells, and significantly in-
hibited the gene expression of IGFBP-6 mRNA.* Studies by
Park and coworkers have shown that the TCDD-up-regula-
tion of the IGFBP-6 gene and IL-5R alpha genes was ob-
served with EL-4 mouse thymoma cells, while IGFBP-6 me-
diates the immunotoxic effects of TCDD in EL-4 cells in an
AhR-independent pathway.’"*> However, TCDD can posi-
tively regulate some gene expression and cell proliferation as
an estrogenic-like agent. Partridge et al.>® have reported that
TCDD (1nm) and E2 (10%'"m) have similar abilities to
stimulate the induction of collagenase-3 mRNA in UMR
106-01 cells. We believe that TCDD is not antiestrogenic at
low physiological concentrations in vitro. The toxic action of
TCDD may be correlated with cell species, cell cycle stage,
and TCDD concentration, among others.

Estrogen has been reported to have an effect on osteoblas-
tic cells, regulating some gene expression and the activities
of proteins such as enzymes, bone matrix proteins, hormone
receptors, and transcription factors. However, the results con-
cerning some effects have been conflicting. It is well estab-
lished that osteoblasts contain both ER¢ and ERf3 estrogen
receptors.’*> In addition, the level of ER ¢ has been shown
to increase during osteoblastic cell differentiation.’® Stimula-
tion of estrogen-induced gene expression in response to es-
trogen is mediated by the “classical” mechanism, whereby
estrogen-liganded ER binds directly to the ERE, and interacts
with coactivator proteins and components of the RNA poly-
merase II transcription machinery, resulting in enhanced or
inhibited transcription. The consensus ERE contains a palin-
drome of PuGGTCA motifs separated by 3 bp.””*® In this
study, estrogen-induction of IGFBP-6 mRNA in SaOS-2
cells suggests that estrogen may act directly or indirectly on
IGFBP-6 gene transcription. By analyzing the human
IGFBP-6 gene promoter sequences, two putative EREs (from
—9 to +1, and from +105 to +115) in the proximal region
of the promoter were tentatively identified. The deletion
analysis in transient transfection and EMSA demonstrated
that estrogen-liganded ER can bind to the specific functional
ERE-1 (from —9 to +1) located in IGFBP-6 gene promoter
and down-regulate the IGFBP-6 gene transcription.

Since the TCDD-mediated induction of the target gene
transcription requires TCDD-liganded AhR, we evaluated the
expression of AhR in SaOS-2 cells. Surprisingly, we found
that the AhR mRNA was expressed in SaOS-2 cells. How-
ever, we were unable to demonstrate any significant differ-
ences between controls and cells treated with TCDD or E2
for 24 h. This result led us to hypothesize that AhR mRNA is
in a stable state in the osteoblastic osteosarcoma cell line.
However, in rat granulosa cells, AhR mRNA was up-regu-
lated by TCDD (3.1 nm) after 48 h of culturing.’” Variations
in AhR mRNA may be cell line specific. AhR has been re-
ported to be expressed in rat osteoblast-like cells and mouse
calvarial clonal preosteoblastic cells.*” The expression of
AhR in osteoblasts implies that osteoblasts are potential tar-
gets for dioxin. As a highly toxic activator, TCDD can bind
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to and activate the AhR. This ligand-activated transcription
factor translocates to the nucleus and heterodimerizes with
the ARNT to produce its transcriptional action.®’%? In
IGFBP-6 gene promoter, we have not found—DREs using
the TESS, so how does TCDD alter the bioactivity of estro-
gen and ER in the regulation of IGFBP-6 gene transcription?
Klinge et al.*® reported that the TCDD-AhR complex can
block ER-ERE binding, and there are physical interactions
between the AhR and ER. In human MCF-7 breast cancer
cells, TCDD-AhR—ARNT complexes have been shown to as-
sociate directly with ER-¢, resulting in transcriptional activa-
tion of ERE-dependent genes.®” In the presence of an acti-
vated AhR, the interaction between AhR and ER occurs at
various levels and includes—DNA-binding to EREs,* and
altered estrogen metabolism.®®®” In this report, we found that
TCDD induced an increase in IGFBP-6 gene expression in
the presence of 1 um E2; but TCDD alone did not enhance
transcription of the IGFBP-6 gene (Fig. 4). Therefore, we be-
lieve that TCDD exhibits antiestrogenic effects on IGFBP-6
gene transcription with activated TCDD-liganded AhR,
which interferes with the binding of activated estrogen-
liganded ER to the functional ERE in the IGFBP-6 gene
promoter.

In summary, the results indicate dioxin has a toxic effect
on osteogenesis in vivo and in vitro. As the ER genomic
binding sites, the functional ERE (5'-CCT TCA CCT G-3’,
—9 to +1) in the IGFBP-6 promoter region is required for
down-regulation of estrogen to IGFBP-6 gene transcription.
Furthermore, we believe that TCDD increases the level of
IGFBP-6 mRNA expression and exerts growth inhibitory ef-
fects in rat fetal calvaria and SaOS-2 cells in the presence of
estrogen. The mechanisms associated with inhibition of other
estrogen-induced genes by TCDD in osteoblasts are un-
known and are currently being investigated in our laboratory.
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