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ABSTRACT. 2,3,7,8-Tetrachlorodibenzmdioxin (TCDD) and related compounds modulate several endocrine
systems by altering hormone synthesis, enhancing ligand metabolism, and down-regulating receptor levels/
binding activity. Previous studies have demonstrated that TCDD inhibits fhedtradiol (E2)-induction

of pS2, a human breast cancer prognostic marker. This inhibition occurs at the gene expression level and
is Ah receptor (AhR)-mediated. Analysis of therggulatory region has identified three motifs which
resemble dioxin response element (DRE) core sequences. pS2-regulated luciferase deletion constructs
identified the DRE-like motif located at527 to—514 as being required for TCDD-mediated suppression.

A point mutation within this core motif (T-518C) abolished the inhibition by TCDD while UV-induced
proteinr—DNA cross-linking and competitive gel retardation assays demonstrated AhR complex binding

to this motif. Further study of this region also revealed an adjacent putative AP-1 site, diverging by one
base pair from the consensus sequence. Gel retardation assays using TPA-treated MCF-7 cell nuclear
extracts showed an induced complex binding to the AP-1-like site. Competition studies and antibody
supershifts confirmed that the retarded complex consists of AP-1-like proteins. pS2-regulated luciferase
constructs containing mutations specific to the AP-1-like motif greatly diminished the inducibility in
response to E2. These results suggest that an interaction between AhR complexes and AP-1-like proteins
may be responsible for TCDD-mediated inhibition of E2-induced pS2 expression.

2,3,7,8-Tetrachlorodibenze-dioxin (TCDD)! and related protein 90 (Hsp90), enabling the receptor to heterodimerize
halogenated aromatic hydrocarbons elicit a diverse spectrumwith the AhR nuclear translocator protein (ARNT) (Perdew,
of sex-, strain-, age-, and species-specific responses. Thes@988; Reyes et al., 1992; Whitelaw et al., 1993). The
effects include a wasting syndrome, tumor promotion, resulting complex exhibits high affinity for DNA and binds
immunotoxicity, hepatotoxicity, teratogenesis, enzyme induc- to specific motifs located within the' Begulatory region of
tion, and the modulation of endocrine systems (Goldstein & target genes. AhR complex binding causes changes in
Safe, 1989; Safe, 1993). The biological and toxic responsescnromatin structure, increasing the accessibility of the
elicited by TCDD are believed to be mediated by the aryl omoter to transcriptional machinery required for gene
hydrocarbon (Ah) receptor (ANR), a ligand-dependent tran- transcription (Durrin & Whitlock, 1989; Morgan & Whitlock
scription factor which is a member of the basic helizsop— 1992: Robertson et al. 1994 Wu & Whitlock 1992')
helix-PAS (bHLH-PAS) family (Burbach et al., 1992; Ema ' S ' - '

Consequently, alterations in target gene transcription have

etal., 1992). Studies investigating the induction of the gene been proposed as the mechanism responsible for the effects

encoding cytochrome P4501ACYPLAL, suggest that the o :
mechan?smyof action of TCDD is similar tggthat proposed elicited by TCDD and related compounds (Whitlock, 1990).

for steroid hormones (Swanson & Bradfield, 1993; Whitlock, Such aIteratiqns if? gene .expres.sion have. also peen proposed
1990). Ligand binding to the AhR releases heat shock @S @ mechanism in carcinogenic promotion (Pitot, 1995).
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(Bank et al., 1992; Yao & Denison, 1992); however, no MATERIALS AND METHODS
relationship between the strength of DNA binding and AhR- , , .
mediated inducibility has yet been observed (Lusska et al., Materials. ICl 164,384 was a gift from Dr. A. Wakeling
1993: Shen & Whitlock, 1992). These results indicate that (IC! Pharmaceuticals, England). Phenol red-free Dulbecco’s
binding is not sufficient to cause induction of a target gene. Minimal essential medium powder and media supplements
It has also been suggested that AhR complex binding to aWere purchased from Gibco/BRL (Burlington, Ontario,
nonfunctional response element could cause the disruptionCanada). Fetal bovine serum, protease inhibitors, pitP]-
of the gene transcriptional machinery, resulting in transcrip- 9ATP were purchased from ICN (Mississauga, Ontario,
tional repression (Lusska et al., 1993). Canada).p-Luciferin was purchas_e_d from_ Molecular Prpbes
In addition to the binding of transcription factors to (Eugene, OR). The AhR-specific antibody was kindly
nonfunctional response elements, transcriptional regulationProvided by Dr. Larry Stanker (Texas A&M University,
may also be mediated by proteiprotein interactions, a College Statlon, TX). Th@un antibody was purchased from
mechanism that has been extensively studied with the nuclear>@nta Cruz Biotechnology (Santa Cruz, CA). All other
receptor superfamily (Stein & Yang, 1995 Yang-Yen et al., chem_lcals were of the highest quality available from com-
1990). Interactions involving the glucocorticoid receptor and Mercial sources.
the general transcription factor, AP-1, demonstrate that these Cell Culture, Transfections, and Reporter Gene Assays.
interactions can occur between members of different tran- MCF-7 (obtained from Dr. L. Murphy, University of
scription factor families (Diamond et al., 1990; Jonat et al., Manitoba, Winnipeg, Manitoba) and Hepa 1c1c7 wild type
1990). The similarity in the mechanisms of action between (obtained from Dr. O. Hankinson, UCLA) cells were
the AhR and the nuclear receptor superfamily suggests thatmaintained in phenol red-free Dulbecco’s modified Eagle’s
protein—protein interactions could also occur with bHLH- medium supplemented with 10% fetal bovine serum, sodium
PAS proteins, resulting in the modulation of gene expression. bicarbonate, glucose, HEPES, nonessential amino acids,
In fact, the AhR has been shown to be able to modulate Vitamin supplement solution, sodium pyruvate, lipoic acid,
cathepsin D gene transcription by interfering with the DNA vitamin B12, zinc sulfate, and glutamine. The medium was
binding ability of an estrogen receptor (ER)/Sp1l complex also augmented with gentamycin, penicillin/streptomycin,
(Krishnan et al., 1995). Other studies detailing AhR- and amphotercin B. Cells were grown at 3Z in a 4%
mediated modulations of gene transcription have also beenCO. humidified environment. Transient transfections and
reported; however, the exact mechanism for these interactionduciferase reporter gene assays were performed as previously
has not been fully elucidated (Masten & Shiverick, 1995; described (Zacharewski et al., 1994). Briefly, MCF-7 cells
Zacharewski et al., 1994). were plated on 60 mm dishes in media supplemented with
We have recently shown that TCDD inhibits the E2 5% dextran-coated charcoal-treated fetal bovine serum. After
induction of pS2 expression in MCF-7 human breast cancer attachment and growth for 6 h, the cells were transfected
cells (Zacharewski et al., 1994). The mature, processed pS2vith 4 ug of pCH110 g-galactosidase expression vector,
protein is a 6.5 kDa polypeptide expressed in ER-positive Pharmacia), 7.5ug of pS2-regulated luciferase reporter
breast tumors, but has also been detected in normal gastri&’ector, 1 ug of HEGO [ER expression vector, kindly
epithelium (Lugmani et al., 1989; Rio et al., 1988). The provided by Dr. P. Chambon (Tora et al., 1989)] or Gal4-
pS2 protein contains the “trefoil” disulfide loop structure HEGO [GAL4-HEGO chimeria, kindly provided by Dr. P.
which is common to a new family of growth factor-like ~Chambon (Berry et al., 1990)], and 24 of pBS (carrier
peptides that includes pancreatic spasmolytic polypeptideDNA, Stratagene) per dish using the calcium phosphate
(PSP) and spasmolysin (Sands & Podolsky, 1996; Thim, coprecipitation method (Sambrook et al., 1989). Twenty
1989). Although there is no known physiological function hours following transfection, the plates were washed, the
for pS2, detection in breast tumors has been reported tomedium was replaced, and the cells were treated as indicated.
identify patients who are more likely to respond to antihor- The cells were harvested 24 h following treatment, and the
monal therapy (Foekens et al., 1990; Koerner et al., 1992; luciferase assay was performed as described in Brasier et
Rio & Chambon, 1990; Schwartz et al., 1991). Therefore, al. (1989). The reference plasmid, pCH110, was cotrans-
pS2 is considered a positive prognostic marker for hormone- fected as an internal control in order to correct for variations
dependent breast cancer since its presence is indicative ofn transfection efficiency and was measured using standard
functional ERs. protocols (Sambrook et al., 1989). Statistical significance
The B regulatory region of pS2 contains an imperfect was determined by performing the Student's T test.
estrogen response element which is responsible for its Constructs. The —1100~87 and —405/~393 pS2Luc
induction by E2. Since pS2 gene regulation is a primary reporter genes have been previously described (Zacharewski
transcriptional event mediated by E2, pS2 provides an et al., 1994). The—429/-87pS2Luc reporter gene was
excellent model to investigate interactions between the AhR prepared by excising th&ad fragment from —1100/
and the ER. Previous studies examining the TCDD-mediated87pS2Luc and religating the cut vector. To generate the
suppression of E2-induced pS2 expression have demonstratedther deletions;-1100/~87pS2Luc was digested witkpnl/
that suppression occurs at the transcriptional level andHindlll, and the fragment containing the pS2 regulatory
requires functional AhR complexes (Zacharewski et al., region was ligated into pTL2 and henceforth is referred to
1994). In this report, we describe the identification of a motif as—1100/-87pTL2. This construct was partially digested
within the B regulatory region of pS2 which is required, with BsXl and Mlul, and then blunt-ended and ligated. The
but not sufficient, for TCDD-mediated suppression. This Kpnl/Hindlll fragment was excised and inserted into the
motif is also capable of binding a TPA-inducible complex pGL2 vector to create-537/~87pS2Luc. The—1100+
and appears to play a critical role in E2-induced pS2 gene 391pS2Luc reporter gene was constructed by partially
expression. digesting—1100/87pTL2 with Dralll and HindIll. The
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resulting cut vector was blunt-ended and ligated, and the The dialysate was centrifuged at 25@Qthd frozen in liquid

Kpnl/BanHI fragment was inserted into pGL2 digested with
Kpnl/Bglll. The —540/-323pS2Luc construct was prepared
by ligating the—540/-86pS2LuKpnl/Hindlll fragment into
pTL2. This construct was digested wilst and Hindlll;
the cut ends were filled in and ligated. Tkgnl/BanmH|

nitrogen until use.

Gel Retardation Assay.The following complementary
oligonucleotides were synthesized and used in band shift
assays: (i)-998 to—973 of theCYPLA1 regulatory region
(site D; B-gatctctTCTCACGCaActccgag-and 3-gatcctcg-

fragment was then excised and inserted into pGL2 digestedgagTtGCGTGAGAaga“3henceforth termed wtDRE) (Lusska

with Kpnl/Bglll. The motif I-Luc reporter gene was prepared

et al., 1993); (ii)—530 to—508 of the pS2 regulatory region

from oligonucleotides complementary to the pS2 regulatory (5'-gggatt#aGCGTGA&cactgc-3 and B-gcagt@CT-

region from positions-523 to—514. The oligonucleotides

CACGCugtaatccc-3 henceforth termed motif 1) (Berry et

contained two copies of the motif | sequence and when al., 1989J; (iii) —530 to—508 of the pS2 regulatory region

annealed generated compatitdpnl/MIul ends that could
be inserted into pGL2. The motif I/ERE-Luc reporter gene

with a T to Cpoint mutation at positionr-518 which is in
the motif | sequence (henceforth termed mut-motif 1); (iv)

was prepared using oligonucleotides which contained two the consensus AP-1 sequencedqcttgaTGACTCAgccggaa-

copies of the vitellogenin A2 ERE. Complementary oligo-
nucleotides were annealed to generitbd and Bglll
compatible ends and ligated into the motif I-Luc reporter

3); and (v) the mutated AP-1 sequencé¢gcttgaTGACT-
tggccggaa-3 (Lee et al., 1987). Nucleotides which vary
from the consensus DRE sequence are underlined and in

gene. PCR was used to prepare mutpS2Luc by introducingboldface type. Individual oligonucleotides (100 nM) were

a C to T point mutation which was incorporated into the
forward primer at positior-518. The—535/~87pS2(17m)-

end-labeled with}-32P]dATP (83uCi) in the presence of
T4 polynucleotide kinase (9 units) fol h at 37 °C.

Luc [also referred to as wtpS2(17m)Luc] construct containing Additional aliquots of kinase (4.5 units) were added at 20
the 17-mer was prepared by oligo-mediated site-directed min intervals during the incubation. Complementary oligo-

mutagenesis. Single-stranded DNA of th&837/~87pS2Luc

nucleotides were then annealed in 100 mM NacCl, loaded

construct was annealed to an oligonucleotide containing theonto a 15.5% nondenaturing polyacrylamide gel, and elec-

17-mer in place of ER domain C. The primer was then
extended with T4 DNA polymerase and closed with T4 DNA
ligase. The—535/~87pS2(17m)Luc construct is identical

trophoresed to separate freg-¥P]dATP from labeled
oligonucleotides. Annealed complementary oligonucleotides

were visualized by exposure to Kodak X-OMAT AR film,

to —535/-87pS2 except that the pS2 ERE has been replacedand the resulting band was excised and extracted in TE8

by the GAL4 recognition sequence 17-mer. (mutAP-1)pS2-

(17m)Luc was prepared from535/-87pS2(17m)Luc by
PCR using a forward primer which contained CA to TG point
mutations at positions-513 to—512. The pS2 regulatory
region was amplified between position®35 and—87 using
a forward primer which contained either a point mutation
or the wild-type sequence withkpnl add-on and a reverse
primer with aBarrHI add-on. All constructions were verified
by restriction enzyme digestions and DNA sequencing.
Cytosol. Hepa 1clc7 cells were brought to 90% conflu-

(10 mM Tris, 1 mM EDTA, pH 8).

The assay was performed as previously described (Denison
et al.,, 1988). Cytosol from Guinea pig liver (16 mg of
protein/mL) and extracts from mouse Hepa 1clc7 wild-type
cells (5 mg of protein/mL) were transformed by incubation
at 24°C for 2 h with 20 nM TCDD. Transformed cytosol
(50—80uQ) or nuclear extract (520 ug) was incubated for
15 min with 375 ng of poly(didC) (Boehringer Mannheim,
Montreal, Canada) in HEGD buffer containing 64 mM KCI
(mouse) or 96 mM KCI (Guinea pig or nuclear extract). For

ency in 100 mrhtissue culture dishes (Sarstedt), washed competition assays, unlabeled annealed oligonucleotides were

twice with phosphate-buffered saline (PBS), and detachedadded during the initial incubation.

from the flasks using trypsin (0.5%). Cells were pelleted,
resuspended in HEGD buffer (25 mM HEPES, 3 mM EDTA,
1 mM dithiothreitol, and 10% glycerol), homogenized (Ten
Broeck), and ultracentrifuged (Beckman TL-100) at 104000
for 1 h at 4°C. Guinea pig cytosol was obtained from Dr.
M. S. Denison (University of California at Davis) and was
prepared as described (Helferich, 1991).

Nuclear Extracts. AP-1 nuclear extracts were prepared

Labeled annealed
oligonucleotide (100 000 cpm, 0.5 ng) was then added and
incubated for an additional 15 min. Samples were loaded
onto a preelectrophoresed 5% nondenaturing polyacrylamide
gel run using % TBE running buffer (90 mM Tris, 120 mM
boric acid, and 4 mM EDTA, pH 8). The gel was then dried,
and specific DNA-protein interactions were localized fol-
lowing exposure to Kodak X-OMAT AR film. Quantitation

of band intensity was performed using a laser densitometer

according to the method described by Dignam et al. (1983). (LKB 2222-020 UltroScan XL).

Briefly, MCF-7 cells were treated with 125 nM TPA or

UV Cross-Linking StudiesNuclear extracts were prepared

DMSO 90 min prior to harvesting. Cells were washed twice from MCF-7 cells (obtained from ATCC, Rockville, MD)
with PBS and harvested. The cells were incubated in buffer treated with 10 nM E2, 10 nM TCDD, or 10 nM E2 plus 10

A [10 mM HEPES (pH 7.9), 1.5 mM MgG| 10 mM KClI,
and 0.5 mM DTT] and homogenized with a Dounce

nM TCDD for 1 h at 37°C. After incubation, the cells were
harvested by trypsinization and transferred to a 50 mL conical

homogenizer. The homogenate was initially centrifuged at tube and centrifuged at 109€r 10 min at 4°C. Cell pellets

400y for 10 min, and then at 250@dor 20 min. The crude

were washed twice with 40 mL of HEGD buffer.

The

nuclear pellet was then resuspended in buffer C [20 mM resulting pellet was resuspended by gentle vortexing with 3

HEPES (pH 7.9), 25% glycerol, 0.42 M NaCl, 1.5 mM
MgCl;, 0.2 mM EDTA, 0.5 mM PMSF, and 0.5 mM DTT]

mL of HED buffer (same as HEGD with no glycerol)

followed by centrifugation at 10@0for 10 min at 4°C. The

and homogenized with a Dounce homogenizer. The homo-pellet was then resuspended in 70 of HEGD and

genate was then centrifuged at 25@Md dialyzed for 5 h
in buffer D [20 mM HEPES (pH 7.9), 20% glycerol, 0.1 M
KCI, 0.2 mM EDTA, 0.5mM PMSF, and 0.5 mM DTT].

homogenized with 2030 passes of a Teflon pestle/drill
apparatusri a 3 mLWheaton homogenizing tube. Nuclei

were found to be intact as determined by microscopic
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-540 -535 ~530 -525

GCCTCCAAAG TGTTGGGATT ACagegfgag CCALTGCGCC AGGCCTACAA TTTCATTATT AAARCCAATT
CGGAGGTTTC ACAACCCTAA TGtegepcete GGTHACGCGG TCCGGATGTT AAAGTAATAA TTTTGGTTAA

-470 -465 -460 -455 -450 -445 -440 -435 -430 -425 -420 -415 -410 -405
* * * * * * *

-520 -515 -510 -505 ~500 -495 -4%0 -485 -480 -475
* * * * *

CCACTGTAAA AGAATTAGCT TAGGCCTAGA CGGAATGGGC TTCATGAGCT CCTTCCCTTC CCCCTGCAAG
GGTGACATTT TCTTAATCGA ATCCGGATCT GCCTTACCCG AAGTACTCGA GGAAGGGAAG GGGGACGTTC

-400 -395 -390 -385 -380 -375 -370 -365 ~360 -355 -350 -345 -340 -335
* * * * * * *

GTcacgGTGG CCACCCegty agCCACTGTT GTCAGGCCAA GCCTTTTTTC CGGCCATCTC TCACTATGAA
CAgtgeCACC GGTGGGgrae teGGTGACAA CAGTCCGGTT CGGAAAAAAG GCCGGTAGAG AGTGATACTT

-330 -325 -320 -315 ~310 -305 ~300 -295 -290 -285 -280 -275 -270 -265
* * * * * * *

TCACTTCTGC AGTGAGTACA GTATTTACCC TGGCGGGAGG GCCTCTCAGA TATGAGTAGG ACCTGGATTA
AGTGAAGACG TCACTCATGT CATAARATGGG ACCGCCCTCC CGGAGAGTCT ATACTCATCC TGGACCTAAT

Ficure 1: Location of DRE core motifs within the pS2 promoter.
The DNA sequence of the pS2 promoter frerb45 to—265. The
boldface, underlined sequence between positio#85 and—393
indicates the pS2 ERE. DRE-like matifs are in boldface, lower case
italics with the cores located at position$21 to—517 (I), —402

to —399 (Il), and—388 to—385 (lll). The putative AP-1-like motif

is boxed and is located at position$18 to —512.

examination after dye exclusion staining with typan-blue.
The homogenate was transferred to a centrifuge tube by
addition of 2 mL of HEGD buffer and centrifuged at 1@00
for 10 min at 4°C. The pellet was then resuspended by
dropwise addition of 15L of HEGD buffer containing
0.5 M KCI (pH 7.6) and incubated at 4C for 1 h. The
suspension was transferremla 5 mL polycarbonate ultra-
centrifuge tube and centrifuged at 105d6r 30 min. The
resulting supernatant was used as the nuclear extract.
The oligonucleotide, SGTGTTGGGATTACAGCGT-
GAGCCACTGCGCCAGGCCTAC-3(10 pmol) was an-
nealed with the complementary 6 bp primér&@TrAGGC-
3 (10 pmol) and end-filled with the Klenow fragment of
DNA polymerase in the presence of i each of dGTP,
dATP, and 5-bromodeoxyuridine (BrdU) andAM [ o-32P]-
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BX S D P B
1100  .537 420 -391 -327 -87
ERE SV40 Luciferase
-405 -393
I IT III
B % LUCIFERASE ACTIVITY
(Fold Induction)
E2 E2+TCDD E2+ICI
-1171 e ﬁ'” 100 43 37
| | (134 +6)
-1100 -391 100 46 23
1 L1 (24+1)
-537 -87 100 37 24
1 L1 (112+5)
-429 87 100 95 40
(110+14)
-537 -323 100 a1 32
—TTF 522
-405 -393 100 102 * 20
31 a7+1)

Ficure 2: Deletion analysis of the pS2 promoter. Fragments of
the pS2 regulatory region were subcloned upstream of a SV40
promoter linked to the firefly luciferase cDNA within the pGL2
vector. (A) Schematic diagram of the pS2 promoter indicating the
relative positions of the pS2 ERE and DRE-like cores I, Il and Ill
and the location of restriction enzyme sites used for the construc-
tions (B= BanHlI, BX = BsiXI|, S = Sad, D = Dralll, and P=

Pst). (B) Schematic diagram of the pS2 promoter deletion
constructs. Constructs were transiently transfected into MCF-7 cells
as described under Materials and Methods and treated with 1 nM
E2, 1 nM E2 plus 10 nM TCDD, or 1 nM E2 plus 10 nM ICI

dCTP as described (Sambrook et al., 1989). Nuclear extractsi64,384. The fold induction level refers to the ratio of luciferase

(10ug) were incubated with 400 ng of poly(dldC) in HEGD
buffer for 15 min incubation at 20C followed by the
addition of BrdU-substituteéP-labeled DRE for 15 min at
20 °C. For immunodepletion studies, the nuclear extracts
were preincubated with 200 ng of either AhR antibody or
IgG control fa 1 h at 25°C prior to incubation with the
BrdU-substituted??P-labeled DRE. The gel mobility shift
assay products were UV-irradiated on a UV transilluminator
(>205 nm for 20 min at 20C). Samples were then mixed
with 20 uL of SDS-loading buffer, heated to 9% for 5
min, and subjected to electrophoresis on a 10% SDS
polyacrylamide gel. TCDD-inducible proteiiDNA com-
plexes were visualized by autoradiography following expo-
sure of the dried gel to Kodak X-OMAT AR film. The
molecular weight of the complex was determined by
comparison to'“C-methylated protein standards obtained
from Amersham Corp. (Arlington Heights, IL).

RESULTS

Deletion Analysis of the'SRegulatory Region of the pS2
Gene. Previous studies have demonstrated that TCDD-
mediated suppression of E2-induced pS2Luc activity requires
cis-acting elements within the Begulatory region of pS2
(Zacharewski et al., 1994). Sequence analysis of the
regulatory region from—700 to —1 identified three DRE
core motifs (CGTG) at positions520 to —517, —402 to
—399, and—388 to —385 (Figure 1). Deletion constructs
were prepared to investigate the role of each DRE-like motif
while maintaining the E2-inducibility of the reporter gene
(Figure 2A,B). Constructs were transiently transfected into

activity of treated cells compared to cells treated with 100 nM ICI
164,384 (Bondy & Zacharewski, 1993). The values are averages
of four measurements (two samples taken from each plate, each
treatment performed on duplicate plates) and are reported as a
percentage relative to the maximum induction observed with 1 nM
E2. Transfection efficiency between treatments was normalized
using a constitutively expressgegalactosidase expression vector.
Variation in S-galactosidase activity was less than 10% within
assays and less than 15% between experiments. The asterisk
indicates values that are not significantly different from E2-treated
cells p < 0.05). Experiments were performed a minimum of 3
times.

MCEF-7 cells and treated with either 1 nM E2, 1 nM E2 plus
10 nM TCDD, or 1 nM E2 plus 10 nM ICI 164,384. The
results are reported as fold induction levels relative to cells
treated with a 100 nM aliquot of the pure anti-estrogen ICI
164,384 (Bondy & Zacharewski, 1993).

All constructs exhibited increased levels of luciferase
activity following treatment with 1 nM E2 (Figure 2B).
However,—1100/-391pS2Luc and-405/-393pS2Luc ex-
hibited significantly lower fold induction levels compared
to the—1100/-87pS2Luc construct (24- and 17- fold vs 134-
fold) due to the deletion of elements between positiod28
and —324 which contribute to both constitutive and E2-
induced gene expression (Berry et al., 1989). The induction
of deletion constructs {429/~87pS2Luc and—405/-
393pS2Luc) which lack DRE-like motif | was not affected
following cotreatment of cells with E2 plus TCDD, whereas
luciferase activity was suppressed by the “pure” anti-estrogen
ICl 164,384. In contrast, TCDD inhibited E2-induced
pS2Luc activity by approximately 60% in all constructs
possessing motif 1100/87pS2Luc,—1100/391pS2Luc,
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SEQUENCE NAME & DESCRIPTION 12

B wt pS2 motif I
Pl mut pS2 motifI
motif VERE

100+

consensus DRE

N

7
A
7z
A mutDRE (T —%c at -518)
804

G wt pS2 (pS2 -523 to -512)

¢
-523 -516
mutAP-1

(CA—»tg at -513, -512)

< G
604
consensus AP-1

Ficure 3: Consensus and mutated response elements. The con-
sensus dioxin response element (DRE), DRE-like motif | with DRE
core mutations, the DRE-like motif | sequence located within the
pS2 regulatory region from position523 to position—514, the
DRE-like motif | with AP-1 mutations, and the consensus AP-1 ==
sequence. Capital letters indicate bases which are in agreement withs?
the consensus DRE sequence while bases in lower case (positions
1 and 9) indicate differences. These oligonucleotides were used in
gel retardation assays and in the construction of-tb&8pS2Luc

and mutAP-1pS2(17m)Luc reporter genes.

T G A C T C A

404

UCIFERASE ACTIVITY

20+

7

E2+TCDD E2+ICI

E2
TREATMENT
SuppreSS|on was Comparable to results Obtalned fO"OW'ng FIGURE 4: AnalyS|S of the DRE-like motif I. Constructs were

ICI CONTROL

—53787pS2Luc, and-537/-323pS2Luc). This level of

transiently transfected into MCF-7 cells as described under Materials

treatment with E2 plus 10 nM ICI 164,384. The pS2Luc and Methods. The wild-type motif | construct refers to the wild-

activity of the deletion constructs remained unchanged type motif I linked to the firefly luciferase gene. The mut motif |
following treatment of 10 nM TCDD alone; however, 10 construct refers to a construct that contains the g52&ulatory
nM ICI 164,384 was capable of inhibiting reporter gene sequence with a mutation introduced into positioB18 of the

induction attributable to serum-borne estrogens (data not DRE-like core linked to the firefly luciferase gene. The motif I/ERE
shown) (Bondy & Zacharewski, 1993) construct refers to a construct which contains motif | linked to two

copies of the vitellogenin A2 ERE and the firefly luciferase gene.
Examination of Motif I. In order to examine the role of

Cells were treated with 1 nM E2, control (DMSO), 1 nM E2 plus
DRE-like motif | in TCDD-mediated suppression of E2- 10 nM TCDD, or 1 nM E2 plus 10 nM ICI 164,384. The values
induced pS2Luc activitya T to C point mutation was are averages of four measurements (two samples taken from each
introduced at position-518 of the pS2 requlatory region plate, each treatment performed on duplicate plates) and are reported
_ pOs , p 9 y reg as a percentage relative to the maximum induction observed with
(Figure 3). Previous studies have shown that oligonucle- 1 nM E2. Transfection efficiency between treatments was normal-
otides containing mutations in the DRE core eradicate ized using a constitutively express@egalactosidase expression
enhancer function and do not form TCDD-inducible protein ~ Vector. Variation ing-galactosidase activity was less than 10%
. ; . within assays and less than 15% between experiments. Brackets
saNc')A gorgpgﬁixsisn(Bfg |9< Ze)t alé ;' gi?fj’ui?iﬁg &o}lvthf:i?SC :l3<,5/]._992, indicate the standard error of the mean. Experiments were performed

. . 4 a minimum of 3 times.
87pS2Luc (wild type) and-518pS2Luc (point mutation)
constructs were 139- and 122-fold, respectively (Figure 4).  TCDD-Inducible Proteir DNA ComplexesThe sequence
Cotreatment of-535/-87pS2Luc with E2 plus TCDD or  gimilarity of motif | (position —523 to —514) to the
E2 plus ICI 164,384 resulted in a 68% and 84% reduction .5nsensus DRE and the conservation of the DRE core

in luciferase activity, respectively.ff In dctc))ntrast, the suggest that TCDD-mediated suppression of E2-induced
—518pS2Luc reporter gene was not affected by cotreatment o ; P

; : L g . ) pS2Luc activity may involve binding of AhR complexes to
with TCDD while ICI 164,384 inhibited luciferase induction motif | (Figure 3). Gel retardation assays were performed

0 ’ L
by 80%. .TCDD. alone did not affect reporter gene activity using nuclear extracts and transformed cytosol to determine
whereas induction by serum-borne estrogens was inhibited. : . . .
if AhR complexes could directly bind to an oligonucleotide

by 10 nM ICI 164,384 (data not shown). - ) .

The inhibi ) ¢ i | furth vzed i containing motif | (positions-530 to—508). Several assay
isol f.’ inhi (ljt(_)ryt acgon o_trrw]"notl was urtE;rEan$yze N conditions were used including using larger double-stranded
Isolation and In tandem with a Consensus - WO COpIesoligonucleotides (positions535 to—498), varying salt and

o1 a lucferase reporter gene vector and transionty ransfectedY(c1dC) concentations, and acing zwiterionic detergents
P 9 y (Hassanain et al., 1993). Although the motif differs from

into MCF-7 and Hepa 1c1c7 wild-type cells. Treatment with h I o ide th
1-100 nM TCDD did not cause induction of luciferase '€ CONSENsUs sequence at only two positions outside the

activity in either cell line (data not shown). Experiments
with a similar reporter gene construct containing two copies
of wtDRE (CYPLAL site D) exhibited 3-fold induction
following treatment with 10 nM TCDD (data not shown).
Similarly, TCDD did not induce a tandem DRE-like motif
I/ERE-regulated luciferase reporter gene (data not shown)
while 1 nM E2 increased luciferase activity 22-fold. In

required core sequence, no TCDD-inducible complex was
observed in direct binding gel retardation assays (data not
shown). However, TCDD-inducible proteiDNA com-
plexes were observed in UV cross-linking studies using
BrdU-substituted3?P-labeled, double-stranded probes and
,nuclear extracts (Figure 5). The complex was effectively
competed with a 200-fold excess of unlabeled wtDRE (site

cotreatment experiments, TCDD did not suppress DRE-like D) (Figure 5A), and was immunodepleted with an AhR-

motif I/ERE-luciferase activity while ICI 164,384 inhibited
E2-induced luciferase activity by 60% (Figure 4).

specific antibody but not with the IgG control antibody
(Figure 5B). Close examination of Figure 5B indicates that
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Ficure 5: UV-induced cross-linking of AhR complexes to the
DRE-like motif I. Nuclear extracts were prepared from MCF-7 cells m .
following treatment with 10 nM E2 (lanes 1 and 4), 10 nM E2 :

plus 10 nM TCDD (lanes 2 and 5), or TCDD alone (lanes 3 and 6)
as described under Materials and Methods. Extractg:(fi0vere
incubated with §2P]BrdU-motif | and subjected to UV irradiation
and SDS-PAGE analysis. The arrows indicate the position of the
complexes. Lanes+46 in panel A correspond to samples incubated
with a 200-fold excess of wWtDRE (site D) oligonucleotide,
5'-GATCTGGCTCTTCTCACGCAACTCCG-3 prior to incuba-
tion with the32P-labeled BrdU-motif I. Panel B illustrates the effect
of an AhR-specific antibody (lane 2) amd a control IgG antibody
(lane 3) on complex formation.

13141516 1718 1920 21 2223 24

the induced complex actually consists of two bands, one bandricure 6: Competitive gel retardation analysis. A synthetic double-

at approximately 220 kDa and a second band at a slightly stranded oligonucleotide containing sequences complementary to
higher molecular mass. the wtDRE was labeled withy[32P]JdATP and incubated witin

- i ) o . vitro transformed (A) hepatic Guinea pig cytosol and (B) extracts
In addition, oligonucleotides containing motif | competed from Hepa 1clc7 wild type cells. Unlabeled oligonucleotides

with the 32P-labeled wtDRE double-stranded probe (Lusska complementary to the wtDRE, motif | from positions535 to
et al., 1993) in competitive gel retardation assays (Figure —498, and motif | wib a T to Cpoint mutation at position-518

. . : were used as the unlabeled competitor. The pretBINA com-
6). The band intensity of the induced complex decreased plexes were analyzed by gel electrophoresis, and bands were

by approximately 40% following the addition of a 150-fold yisyalized by autoradiography. The arrow indicates the position of
excess of unlabeled motif | competitor (Figure 6, lanes 8 the TCDD-inducible proteirDNA complex. Competitor DNA is

and 20), while the band intensity decreased by approximatelygiven in fold molar excess relative to the concentration of labeled
90% at a 1.5-fold excess of unlabeled competitor containing DNA (2.5 ng).

the wtDRE sequence (Figure 6, lanes 3 and 15). Concentra- ) _ )
TPA-Inducible Proteirr DNA ComplexesThe AP-1-like

tions of motif | oligonucleotides greater than 150-fold caused ' )
significant decreases in nonspecific band intensities and Motif located betweer518 and—512 of pS2 diverges from

therefore were not used (data not shown). Competitive gel the consensus sequence by only one nucleotide, suggesting
retardation assays were also performed using oligonucleotideghat AP-1-like factors may bind this motif resulting in
containing a mutation in the DRE-like region of motif | ~Synergistic interactions with the pS2 receptorsome. Gel
(Figure 3). This mutated motif | corresponds to sequence retardation assays were performed using nuclear extracts
changes previously shown to abolish the ability of TCDD Prepared from TPA-treated MCF-7 cells to determine if AP-
to suppress E2-induced pS2Luc activity in transient trans- 1-like factors were capable of binding to this motif (Figure
fection assays (Figure 4) and was found not to significantly 7). Retarded complexes were observed whef4hdabeled
affect AhR complexwtDRE interactions (Figure 6, lanes pS2 oligonucleotide was incubated with TPA-induced nuclear
11 and 12, 23 and 24). Comparable results were observedextracts (Figure 7, lanes 1 and 2) which decreased ap-
for TCDD-transformed Guinea pig liver cytosol and Hepa proximately 74% following the addition of excess, unlabeled
1clc7 cell extracts. pS2 motif (Figure 7, lane 3). Incubation with the mutpS2DRE
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Ficure 8: Gel retardation analysis using TPA-induced nuclear
extracts. A synthetic double-stranded oligonucleotide containing
sequences complementary to the consensus wild-type AP-1 se-
quence (TRE) (lanes 1 and 2) and the pS2 motif | (lanes 3 and 4)
was end-labeled withyF32P]JdATP and incubated with DMSO- or
TPA-induced MCF-7 nuclear extracts. The end-labeled oligonucle-
otide is indicated above each set of lanes. The TPA-induced
proteinr—DNA complex is indicated by the arrow.

1 2 3 45 6 7
FiGurRe 7: Competitive gel retardation analysis of the TPA-induced capable of supershifting both TPA-induced wtAP-1 and pS2

complex. A synthetic double-stranded oligonucleotide containing motif complexes (unpublished results; Figure 7, lane 7
sequences complementary to the pS2 motif | sequence was end- ’ ’ !

labeled with §-32P]dATP and incubated with TPA-induced nuclear respectively).
extracts. The induced complex is identified by the large arrow.  Corwersion of pS2 ERE to the GAL4 Motif (17-mer) and
Lanes 1 and 2 illustrate complex formation using DMSO- and TPA- Mutation of the AP-1-like Motif Replacement of the pS2

induced extracts, respectively. Excess unlabeled competitor DNA : ; _ P
sequences [lane 3, pS2 motif | sequence; lane 4, mutated pS2 mothERE with a Gal4 response element (i.e., 17-mer) significantly

| sequence; lane 5. wild type AP-1 (TRE) sequence; lane 6, mutated'€duced background luciferase activity and negated the use
AP-1 (TRE) sequence] were used to investigate the specificty of Of the ICI 164,384 control. Treatment of MCF-7 cells
the resulting protein-DNA complexes. The formation ofua- transiently transfected with Gal4-HEGO and wtpS2(17m)-
Specmg polxgc)logalldamlt;ody Super_sh'ftlls lmtd'gaged %y the Isngal" JLuc with 1 nM E2 significantly induced (34-fold) luciferase
arrow (lane 7). Fold molar excess is calculated based on a labeled_ . . - ;
probe concentration of 2.5 ng. activity, while cotreatment with 10 nM TCDD or 10 nM

. ) ] N ICI 164,384 inhibited induction by 61% and 77%, respec-
oligonucleotide showed very slight competition (15% de- tjvely (Figure 9).

crease vs lane 2) for the shifted complex compared to the
wild-type pS2 sequence (Figure 7, lane 4). Unlabeled

oIigonucIeotides.contgining the gonsensusoAP—l motif re- the (MUtAP-1)pS2(17m)Luc reporter gene was constructed
duced complex |nt.ens.|ty (approximately 46 /°. decrease vs. by introducing point mutations at positior$13 and—512
lane 2.) aIth_ough it did not complet_el_y abolish cor_nplex which converted CA to TG in the AP-1-like motif (TGAgc-
formation (Figure 7, lane 5). Competition assays using the ¢ 44 TGAgdg; alterations are shown in boldface). These

unlaheled prope contgin!qg a mutated AP-1 sequence (Leemutations do not affect the adjacent DRE core but have been
et al., 1987) did not significantly compete (3% decrease vs

) . . i . previously shown to abolish AP-ITRE complex formation
lane 2) with the radiolabeled oligonucleotide (Figure 7, lane in gel retardation assays. Treatment of MCF-7 cells tran-

6). Incubation_ of the _reaction .mixture yvith a commercial siently transfected with Gal4-HEGO and (MUtAP-1)pS2-
polyclonal antibody raised againjsh family members was (17m)Luc with 1 nM E2 exhibited only 6-fold induction

found to partially supershift the TPA-induced proteBNA compared to the 34-fold observed with wtpS2(17m)Luc.

complex (Figure 7, lane 7). Incubation of this antibody with Moreover, cotreatment of Gald-HEGO and (mutAP-1)pS2-
control nuclear extracts fails to produce a supershifted (17m)Luc’transfected MCE-7 cells with 10 nM TCDD did
complex (data not shown). not affect reporter gene activity while 10 nM ICI 164,384

In order to ascertain the identity of the complex, a decreased E2-induced luciferase activity by 45%.
comparison of the mobility of the complex binding to the

pS2 sequence and that binding to the TRE was investigatedy|scyssioN

(Figure 8). Slight differences in band mobility were

observed, with the complex binding to the pS2 motif  Recent studies have demonstrated that TCDD inhibits E2
migrating slightly further than the TPA-induced protein  induction of pS2 expression at the transcription level
TRE complex. Howeverjun polyclonal antibodies were (Zacharewski et al., 1994). This effect is dependent on

In order to investigate the significance of the AP-1-like
sequence adjacent to motif I, in E2-induced pS2Luc activity,
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be necessary for TCDD-mediated suppression of E2-induced
pS2 expression.

Motif | differs from the consensus DRE sequence at
positions 1 and 9 (Lusska et al., 1993) (Figure 3). While
individual nucleotide substitutions at either of these highly
conserved positions have been previously shown to diminish
TCDD-inducible proteir-DNA complex formation, neither
mutation was sufficient to abolish complex formation (Bank
etal., 1992; Shen & Whitlock, 1992; Yao & Denison, 1992).
Based on these studies, AhR comptemotif | interactions

Treatment should occur since the integrity of the DRE core is
Ficure 9: Analysis of the AP-1-like motif. Constructs were maintained; however, the effect of two coexisting mutations
transiently transfected into MCF-7 cells as described under Materials outside of the core has not been systematically investigated.
and Methods. The wild-type pS2 construct refers to the wild-type a|though the inability to demonstrate direct binding between

W wtpS2
pS2/mutAP-1

Fold Induction

E2 E2+TCDD

E2+HCI

pS2 motif | linked to the firefly luciferase gene [wtpS2(17m)Luc].

The pS2/mutAP-1 construct refers to a construct that contains point
mutations introduced into positions513 and—512 of the AP-1-
like core linked to the firefly luciferase gene [mutAP-1(17m)Luc].
Cells were treated with 1 nM E2, control (DMSO), 1 nM E2 plus
10 nM TCDD, or 1 nM E2 plus 10 nM ICI 164,384. The values
presented are from a representative experiment and are averag

of four measurements (two samples taken from each plate, each

es

the AhR complex and the motif | sequence in gel retardation
assays is problematic, competitive gel retardation assays and
UV-induced proteir-DNA complex formation indicate that
interactions do occur between the TCDD-transformed cytosol
and motif | (Figures 5A,B and 6A,B).

Other TCDD-repressed genes have also been reported to

treatment performed on duplicate plates). Results are reported ad/S€ @ similar mechanism of action. For example, TCDD

fold induction relative to the control (DMSO). Transfection
efficiency between treatments was normalized using a constitutively
expressed3-galactosidase expression vector. The coefficient of
variance was less than 10% within assays and less than 15%
between experiments. Error bars indicate the standard error of the
mean. All values are significantly different than the contl<
0.01). All values are significantly different than B2 € 0.01) aside
from E2 plus TCDD for mutAP-1(17m)Lu@(< 0.05). Experiments
were performed a minimum of 3 times.

functional AhR complexes and requires specific sequences
within the pS2 promoter (Zacharewski et al., 1994). Previous

studies have demonstrated that AhR complexes modulate

gene transcription by binding to specific DRE sequences
located within the 5regulatory region of a number of
responsive genes (Hankinson, 1995; Swanson & Bradfield
1993). Three DRE-like core sequences (CGTG) located a
positions—520 to—517,—402 to—399, and—388 to—385
have been identified within the Begulatory region of pS2.
Deletion analyses of the pS2 regulatory region demonstrate
that motif I, located at positions520 to—517, is required

for TCDD-mediated suppression of E2-induced pS2Luc
activity (Figure 1). In contrast, ICI 164,384, an ER-mediated
“pure antiestrogen” (Wakeling & Bowler, 1988), significantly
decreased luciferase activity in all constructs. These results
emphasize the different mechanisms of action used by TCDD
and ICI 164,384 in inhibiting E2-induced responses.

The essential role of motif | was confirmed by introducing
a T to C point mutation at positiorr518 which eradicated

t

has been found to inhibit the expression of the human B
lymphocyte surface marker CD19 (Masten & Shiverick,
1995). AhR-mediated repression was localized to a region
of DNA within the B regulatory region which contained a
DRE-like motif @gGCGTGac) that, like the pS2 motif |,
differed from the consensus DRE sequence at positions 1
and 9 (alterations from the consensus DRE are shown in
boldface). Moreover, competitive gel retardation assays
using a radiolabeled DRE probe from the hun@YiPLAl
gene (968 to —997) also found that the CD19 DRE-like
motif only partially inhibited the formation of TCDD-
inducible proteir-DNA complexes.

TCDD has also been shown to inhibit E2-induced cathe-
psin D expression which is regulated via an ER/Spl
responsive site {199 to —165) (Krishnan et al., 1995).
Analysis of the ER/Sp1 motif identified another DRE-like
motif (gcGCGTGcc) with substitutions at positions 1 and
9 (alterations from the consensus DRE are shown in
boldface). Mutations to the cathepsin D DRE-like motif
abolished TCDD-mediated inhibition but did not affect E2-
inducibility. In addition, gel retardation studies using TCDD-
treated MCF-7 nuclear extracts were unable to demonstrate
DNA binding by AhR complexes to the ER/Spl motif;
however, UV cross-linking experiments have shown that a
TCDD-inducible complex of approximately 200 kDa was
formed with the ER/Sp1 motif. The complex was competed
with excess wild-type DRE, suggesting AhR involvement,
and is consistent with the studies involving pS2 DRE motif

TCDD-mediated suppression of E2-induced pS2Luc activity I. However, UV cross-linking indicates that the complex is
(Figure 2). These results were consistent with previous actually compromised of two bands that have molecular
studies that have shown oligonucleotides containing muta- masses of approximately 220 kDa, further suggesting the
tions in the DRE core were incapable of mediating direct involvement of other proteins in addition to the AhR and
binding to AhR complexes and were ineffective in competi- ARNT.

tive gel retardation assays (Bank et al., 1992; Shen & Studies examining the effect of changes to DRE positions
Whitlock, 1992; Yao & Denison, 1992). Thus, the effects 1 or 9 found DNA binding and enhancer function can be
of TCDD on pS2 expression, at least in part, appear to requiredramatically affected by bases adjacent to the core and that
the DRE-like motif. However, when taken outside of the in »itro examination of recepterenhancer binding affinity
context of the pS2 regulatory region, motif | was unable to is not predictive of function (Lusska et al., 1993; Shen &
mediate the anti-estrogenic activity of TCDD since cotreat- Whitlock, 1992). Consistent with these results, TCDD
ment with E2 plus TCDD had no effect on E2-induced motif treatment did not induce a DRE-like motif I-regulated
I/ERE-Luc activity (Figure 4). Therefore, although the motif luciferase reporter gene, suggesting that nucleotide changes
facilitates the suppressive activity, other proteins appear toat positions 1 and 9 may contribute to the negative nature
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of this regulatory element (data not shown). Together, the result from interactions between AhR complexes and tran-
results strongly suggest that the DRE-like motif | acts as a scription factors which adversely affect the stability and
mediator of TCDD-mediated repression of E2-induced activity of receptorsomes. Studies demonstrating AhR
pS2Luc activity. complex binding to DRESs resulting in alterations in chro-
Examination of pS2 motif | has also identified an imperfect matin structure further support this hypothesis (Morgan &
TPA response element (TRE) that is capable of forming a Whitlock, 1992; Robertson et al., 1994; Wu & Whitlock,
retarded complex with nuclear extracts prepared from TPA- 1992, 1993). Furthermore, AhR complexes also inhibit DNA
treated MCF-7 cells. However, TPA-induced proteirRE binding of ER/Sp1 complexes that are required for cathepsin
and proteir-pS2 complexes exhibited differences in migra- D expression (Krishnan et al., 1995), implying that the AhR
tion using gel retardation assays. This variation in mobility may suppress pS2 transcription via a similar mechanism.
suggests that the protein composition of the complexes Therefore, AhR-mediated repression may result from com-
binding to the sites may differ or have different tertiary petitive interactions for DNA binding sites with several
structures. Both bands were supershifted witurapoly- different transcription factors other than the ER vivo,
clonal antibody, indicating that gun-related protein is  AhR complex binding to the DRE-like motif | may also be
contained within the proteinDNA complex. AP-1 com- significantly enhanced by novel proteiprotein interactions
plexes can be composed of eithen homodimers ojun/ which could lead to repression of gene transcription as has
fosheterodimers and can consist of several diffefesind also been reported with other weak transcription factor
junisoforms (Halazonetis et al., 1988; Rauscher et al., 1988). DNA interactions (TenHarmsel et al., 1993). For example,
Studies have shown that glin homodimers orjun /fos ER-mediated interleukin-6 (IL-6) gene repression has been
heterodimer isoform complexes bind the consensus TRE,shown to occur in the absence of DNA binding, even though
albeit with different affinities (Angel et al., 1987; Ryseck & the ER DNA binding domain is required for this effect (Ray
Bravo, 1991). Moreover, some dimers have demonstratedet al., 1994; Stein & Yang, 1995). Therefore, AhR complex
higher affinity for nonconsensus TREs. These studies binding to the DRE-like motif of pS2 may initiate changes
suggest thajun/fos complexes could be capable of weak in chromatin structure which destabilize receptorsome forma-
interactions with the AP-1-like sequence within the pS2 motif tion or reduce ERE accessibility which results in transcrip-
l. tional repression. Consequently, the anti-estrogenic activity
AP-1 protein complexes have also been found to interact of TCDD and related compounds may be attributed to the
with other transcription factor families (e.g., ATF/CREB and disruption of regulatory cross-talk between distinct tran-
NF-AT) at nonconsensus motifs (Hai & Curran, 1991; Nolan, scriptional factors resulting in the repression of pS2 gene
1994) and have been implicated, with other proteins, in transcription.
binding to the antioxidant response element (ARE) (Favreau |n summary, results from this study strongly indicate that
& Pickett, 1991, Li & Jaiswal, 1992). Furthermore, studies the anti-estrogenic effect of TCDD on E2-induced pS2
have demonstrated that ATF-1 and/or CREB-1 constitutively expression is mediated by a DRE/AP-1-like motif located
bind to the response element of HIF-1, a bHLH-PAS family within the 5 regulatory region. This motif is required for
member (Kvietikova et al., 1995). These interactions have TCDD-mediated suppression; however, it does not mediate
been shown to affect gene transcription in both a positive suppressive activity when taken outside of the context of
and a negative fashion and suggest that interactions betweehe pS2 promoter. These findings suggest that specific
several transcription factor families may be involved in protein—protein interactions may occir vizo which result
TCDD-mediated inhibition of E2-induced pS2 expression. in decreased gene transcription. Therefore, TCDD and
pS2 expression is contingent on the formation of multi- related compounds exert their anti-estrogenic effects not only
protein/DNA complexes referred to as receptorsomes (Schuhpy increasing hormone metabolism (Gierthy et al., 1993;
& Mueller, 1993). Receptorsome formation is strictly Spink et al., 1990) and down-regulating ER binding activity
dependent upon the ER which is believed to stabilize the (Romkes et al., 1987) and receptor protein concentrations
complex into an active transcriptional form. AP-1 proteins (Zacharewski et al., 1991) but also through the inhibition of
have also been implicated in receptorsome formation, sug-E2-induced gene expression.
gesting that pS2 expression is regulated by a series of
associations between regulatory factors (Nunez et al., 1989;ACKNOWLEDGMENT
Schuh & Mueller, 1993). Mutations to the AP-1-like portion . ) )
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9). Similar complexes have also been reported to regulatePatrick Balaguer for constructs.
the expression of other genes includibyPLA1 (Robertson
et al., 1994; Wu & Whitlock, 1992), supporting the theory REFERENCES
that gene regulation is an intricate scenario involving diverse angel, P., Imagawa, M., Chiu, R., Stein, B., Imbra, R. J.,
components that include general and specific transcription Rahmsdorf, H. J., Jonat, C., Herrlich, P., & Karin, M. (1987)
factors, chromatin, and the nuclear matrix (Diamond et al., ~ Cell 49, 729-739.
1990; Miner et al., 1991; Pearce & Yamamoto, 1993; Struhl, Bank, P. A, Yao, E. F., Phelps, C. L., Harper, P. A., & Denison,
1991). Studies investigating protein interactions between M- S- (1992)Eur. J. Pharmacol. 22885-94.
steroid receptors and AP-1 dimers at composite responseBegé’i' I\L/JI.,SNAJngg,l,ZAisl\ﬁ.,lgczcz:hambon, P. (198Byoc. Natl. Acad.
elements have qlearly demonstrated thgt the components Ogerry,. M Métzger, D. & Ch;ambon, P. (199B)MBO J. 9 2811
a complex can influence gene regulation in a negative or 2g1g.
positive fashion (Diamond et al., 1990; Pearce & Yamamoto, Bondy, K. L., & Zacharewski, T. R. (1993Yucleic Acids Res. 21
1993). Consequently, TCDD-mediated suppression may 5277-5278.



TCDD-Mediated Inhibition of pS2

Brasier, A. R., Tate, J. E., & Habener, J. F. (198®%)Techniques
7,1116-1122.

Burbach, K. M., Poland, A., & Bradfield, C. A. (199Proc. Natl.
Acad. Sci. U.S.A. §8185-8189.

Denison, M. S., Fischer, J. M., & Whitlock, J. P. (1988pc. Natl.
Acad. Sci. U.S.A. §2528-2532.

Denison, M. S., Fisher, J. M., & Whitlock, J. P. (1989)Biol.
Chem. 26416478-16482.

Diamond, M. 1., Miner, J. N., Yoshinaga, S. K., & Yamamoto, K.
R. (1990)Science 2491266-1272.

Dignam, J. D., Lebovitz, R. M., & Roeder, R. G. (1988)cleic
Acids Res. 111475-1489.

Durrin, L. K., & Whitlock, J. P. (1989Mol. Cell. Biol. 9 5733~
5737.

Ema, M., Sogawa, K., Watanabe, N., Chujoh, Y., Matsushita, N.,
Gotoh, O., Funae, Y., & Fujii-Kuriyama, Y. (199Biochem.
Biophys. Res. Commun. 18246.

Favreau, L. V., & Pickett, C. B. (1991) Biol. Chem. 2664556~
4561.

Foekens, J. A., Rio, M. C., Seguin, P., van Putten, W. L. J., Fauque
J., Nap, M., Klijn, J. C. M., & Chambon, P. (199Qancer Res.
50, 3832-3837.

Fujisawa-Sehara, A., Yamane, M., & Fuijii-Kuriyama, Y. (1988)
Proc. Natl. Acad. Sci. U.S.A. 85859-5863.

Gierthy, J. F., Bennett, J. A,, Bradley, L. M., & Cutler, D. S. (1993)
Cancer Res. 533149-3153.

Goldstein, J. A., & Safe, S. (1989) inlalogenated biphenyls,
terphenyls, naphthalenes dibenzodioxins and related compound
(Kimbrough, R. D., & Jensen, N. M., Eds.) pp 23293, Elsiever
Science Publishers, New York.

Hai, T., & Curran, T. (1991)Proc. Natl. Acad. Sci. U.S.A. 88
3720-3724.

Halazonetis, T. D., Georgopoulos, K., Greenberg, M. E., & Leder,
P. (1988)Cell 55 917-924.

Hankinson, O. (1995Annu. Re. Pharmacol. Toxicol. 35307—
340.

Hapgood, J., Cuthill, S., Denis, M., Poellinger, L., & Gustafsson,
J. A. (1989)Proc. Natl. Acad. Sci. U.S.A. 860—69.

Hassanain, H. H., Dai, W., & Gupta, S. L. (1993)al. Biochem.
213 162-167.

Helferich, W. G., & Denison, M. S. (1991¥ol. Pharmacol. 40
674—678.

Jonat, C., Rahmsdorf, H. J., Park, K.-K., Cato, A. C. B., Gebel, S.,
Ponta, H., & Herrlich, P. (1990Fell 62, 1189-1204.

Koerner, F. C., Goldberg, D. E., Edgerton, S. M., & Schwartz, L.
H. (1992)Int. J. Cancer 52183-188.

Krishnan, V., Porter, W., Santostefano, M., Wang, X., & Safe, S.
(1995) Mol. Cell. Biol. 15 6710-6719.

Kvietikova, I., Wenger, R. H., Marti, H. H., & Gassmann, M. (1995)
Nucleic Acids Res. 231542-4550.

Lee, W., Mitchell, P., & Tjian, R. (1987Lell 49 741-752.

Li, Y., & Jaiswal, A. K. (1992)J. Biol. Chem. 26,/1509715104.

Lugmani, Y., Bennett, C., Paterson, I., Corbishley, C. M., Rio, M.
C., Chambon, P., & Ryall, G. (1989t. J. Cancer 44 806—
812.

Lusska, A., Shen, E. S., & Whitlock, J. P. (199B)Biol. Chem.
268 6575-6580.

Masten, S. A., & Shiverick, K. T. (1998iochem. Biophys. Res.
Commun. 21227—34.

Miner, J. N., Diamond, M. I., & Yamamoto, K. R. (199Qell
Growth Differ. 2 525-530.

Morgan, J. E., & Whitlock, J. P. (199Proc. Natl. Acad. Sci. U.S.A.
89, 11622-11626.

Nebert, D. W., & Jones, J. E. (1989)t. J. Biochem. 21243—
252.

Neuhold, L. A., Shirayoshi, Y., Ozato, K., Jones, J. E., & Nebert,
D. (1989)Mol. Cell. Biol. 9 2378-2386.

Nolan, G. P. (1994%ell 77, 795-798.

Nunez, A. M., Berry, M., Imler, J. L., & Chambon, P. (198}I1BO
J. 8 823-829.

Pearce, D., & Yamamoto, K. R. (199Srience 2591161-1165.

Perdew, G. H. (1988). Biol. Chem. 26313802-13805.

Pitot, H. C. (1995Mutat. Res. 3333—14.

Biochemistry, Vol. 36, No. 20, 1996089

Quattrochi, L. C., Vu, T., & Tukey, R. H. (1994). Biol. Chem.
269 6949-6954.

Rauscher, F. J., Voulalas, P. J., Franza Jr., B. R., & Curran, T.
(1988)Genes De. 2, 1687-1699.

Ray, A., Prefontaine, K. E., & Ray, P. (1994)Biol. Chem. 269
12940-12946.

Reyes, H., Reisz-Porszasz, S., & Hankinson, O. (1$e&)nce 256
1193-1195.

Rio, M. C., & Chambon, P. (1990Fancer Cells 2269-274.

Rio, M. C., Bellocq, J. P., Daniel, J. Y., Lathe, R., Chenard, M. P.,
Batzenschlager, A., & Chambon, P. (198)ience 24,1705~
708.

Robertson, R. W., Zhang, L., Pasco, D. S., & Fagan, J. B. (1994)
Nucleic Acids Res. 224741-1749.

Romkes, M., Piskorska-Pliszczynska, J., & Safe, S. (198¥%)col.
Appl. Pharmacol. 87306-314.

Rushmore, T. H., King, R. G., Paulson, K. E., & Pickett, C. B.
(1990) Proc. Natl. Acad. Sci. U.S.A. 83826-3830.

'Ryseck, R.-P., & Bravo, R. (1990ncogene 5533-542.

Saatcioglu, F., Perry, D. J., Pasco, D. S., & Fagan, J. B. (1990)
Mol. Cell. Biol. 1Q 6408-6416.

Safe, S. (1993) irCurrent Views on the Impact of Dioxins and
Furans in Human Health and the Emonment pp 316-333,
Toxicology Forum, Inc., Washington, D.C.

Sambrook, J., Fristch, E. F., & Maniatis, T. (1988lplecular
s Cloning. A Laboratory ManualCold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY.

Sands, B. E., & Podolsky, D. K. (199&nnu. Re. Physiol. 58
253-273.

Schuh, T. J., & Mueller, G. C. (1993 eceptor 3125-143.

Schwartz, L. H., Koerner, F. C., Edgerton, S. M., Sawicka, J. M.,
Rio, M. C., Bellocq, J. P., Chambon, P., & Thor, A. D. (1991)
Cancer Res. 51624-628.

Shen, E. S., & Whitlock, J. P. (1989) Biol. Chem. 26417754
17758.

Shen, E. S., & Whitlock, J. P. (1992) Biol. Chem. 26,7/6815-
6819.

Spink, D. C., Lincoln, D. W., Dickerman, H. W., & Gierthy, J. F.
(1990) Proc. Natl. Acad. Sci. U.S.A. 88917-6921.

Stein, B., & Yang, M. X. (1995Mol. Cell. Biol. 15 4971-4979.
Struhl, K. (1991)Neuron 7 177-181.

Swanson, H. ., & Bradfield, C. A. (1993harmacogenetics,3
213-230.

TenHarmsel, A., Austin, R. J., Savenelli, N., & Biggin, M. D. (1993)
Mol. Cell. Biol. 13 2742-2752.

Thim, L. (1989)FEBS Lett. 25085—90.

Tora, L., Mullick, A., Metzger, D., Ponglikitmongkol, M., Park,
I., & Chambon, P. (1989EMBO J. § 1981-1986.

Wakeling, A. E., & Bowler, J. (1988). Steroid Biochem. 3A41—
147.

Watson, A. J., & Hankinson, O. (1992) Biol. Chem. 2666874~
6878.

Whitelaw, M., Ponegratz, I., Wilhelmsson, A., Gustafsson, J.-A.,
& Poellinger, L. (1993)Mol. Cell. Biol. 13 2504-2514.

Whitlock, J. P. (1990Annu. Re. Pharmacol. Toxicol. 30251—
277.

Wu, L., & Whitlock, J. P. (1992Proc. Natl. Acad. Sci. U.S.A. 89
4811-4815.

Wu, L., & Whitlock, J. P. (1993Nucleic Acids Res. 21119-125.

Yang-Yen, H.-F., Chambard, J.-C., Sun, Y.-L., Smeal, T., Schmidt,
T. J., Drouin, J., & Karin, M. (1990 ell 62, 1205-1215.

Yao, E. F., & Denison, M. S. (199Biochemistry 315060-5067.

Zacharewski, T., Harris, M., & Safe, S. (198ipchem. Pharmacol.
41, 1931-1939.

Zacharewski, T., Bondy, K., McDonell, P., & Wu, Z. F. (1994)
Cancer Res. 5427072713.

BI1962131B



