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across cight sections for each feras, with one
fetus per liver and six tiners per treatment
grl)llp.

Radigimmunoassay. Toeal Ty was meas-
ured in 5 pL of rar serum using a barbical
buffer system. Briefly, each assay wbe con-
rined 100 pl. haebiral buffer (0,11 M barbirl,
pH 8.6; 0.19 wr/vol 8-anilino-1-mphthalere-
sulfonic acid ammonium sal; 15% bovine
y-globulin Coha fracton Tt 0.1% golatin,
100 pl.anti-Ty4 (rabbit. diluted to provide a
final concentration of 1:30,000; Sigma, St.
Louis, MO}, and 100 pL "91-abeled Ty
{Perkin-Elmer/NEN; Boston, MA). Standards
were prepared from Ty (Sigma) measured
using a Cahu electrobalance: standards were
run in wriplicare, whereas samples were cun in
duplicate. Standards were ualibrared to mea-
sure serum Ty levels from 0.4 pe/dl w
25.6 pg/dL.. Tubes were incubared at 37°C for
30 min and then chilled on ice for 30 min.
Bound counts were precipitated by adding 300
pL ice-cold pelycthylene glycol 8000 {20%
wilwr; Sigma). Tubes were centrifuged ar 1800
x g for 20 min ar 4°C; the supernatant was
then aspirared and the peller couned in 2
gamma counter (Packard Cobra IT; Global
Medical Instrumenrtadion, Inc., Albertville,
MN). The assay was run at 40-50% binding;
nonspecific binding was generally < 8%. The
assay was validated for rac serum by demon-
stracing parallelism between the standard curve
and a dilution series of rat serum. The two
slopes did noc vary significandy as evaluared by
s-test for two slopes (Jata nor shown). The
variability wichin the assay was derermined by
running 10 replicates of three different stan-
dards chac eepresent a low, medium, and high
value on the sandard curve. The coefAcients of
variance were 0.9% for 0 ng/ml; 4.7% for 3.2
pg/dL, and 3.8% for 25.6 pg/dL. All experi-
mental samples were evaluated in a single assay,

Toral rrijodechyronine {T3) was measured
according to the manufacturer’s instructions
using a ‘I3 RIA kit (ICN Diagnostics, Costa
Mesa, CA). This assay was performed at 49%
binding with detection limits of 50-800 ng/dL.
All samples were evaluated in a single assay.

Isolation of hepatic nuclei. Adult male
Sprague-Dawley rats were euchanized with
carbon dioxide and perfused wich ice-cold
saline through the aorw undil the liver was
cleared of blood. Twenty grams of liver was
then washed in 3 mM MgCly and 0.14 M
NaCl, minced, and homogenized in 3 mM
MgCla, 1 mM dithiothreirol (DTT), and
0.32 M sucrose using a motor-driven Teflon
morrar and glass pestle, The homogenare was
centrifuged ar 600 x g for 10 min, and the
crude nuclear peller was resuspended in
3 mM MgCly, 1 mM DTT, and 1.8 M
sucrose. After centrifugarion ax 53,000 x g for
45 min, the nuclei were resuspended in bind-

ing buffer (3 mM MgCly; I mM DTT;
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20 mM Tris HCI, pH 7.6; 0.32 M sucrose;
and 0.3% bovine serum albumin and stored
at =80°CC.

TH br'rm’ing assay. For saruration analysis,
nuclear isolates frozen in binding buffer were
thawed on ice, and eriplicare aliquors {«0.1 ¢
of the original liver) were incubared wirh
increasing concentrations of 31T (1 x 1971
to 8 x 107 M; 3,300 pCifug NEN, Boston,

’BI-TJ {and ¢ach comperitor concentrarion)
by performing the assay as described in a par-
allel sex of whes that inchuded the addition of
10,000-Fold excess cold Ty {final concentera-
tion 1 x 10~ M). The reaction was rermi-
mted by placing samples on ice and by
adding binding buffer/1% Triton X-100,
Samples were centrifuged ar 13,000 x g for
10 min, che supernatant was discarded, and

the nuckar pllvt was washed in 1 mL bind-

MA) for 30 min at 37°C. Nonspevific hinding
ing buffer. The bortom of the microfuge tube

was determined ar each concencration of
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Figure 2. Effect of A1254 treatment on serum concentrations of total T 1A} and total T3 {8) in dams at the
time they were sacrificed on GD16. Bars represent mean = SEM: number of animals in each group is
shown within each bar. See Materials and Methods for treatment details.

*p<0.05;**p < 0.01 {significantly ditferent from control group using Bonderroni's t-test after one-way ANOVAL
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Figure 3. Effect of A1254 treatment on the levels and patterns of NSP-A, Gct-1, RC3/neurogranin, and NSP-C
mRNA expression in the GD16 fetal cortex. (A} Representative pseudocolor autoradiograms obtained after
in site hybridization {pseudocolor signal intensity: red > yellow > blue > black). (8} Bar graphs showing the
relative abundance of mRNA expression as reflected by the mean + SEM film density (Oct-1 and NSP-C),
area (NSP-A), or integrated density {RC3} and are presented as percent control for the purpose of illustra-
tion. Abbreviatians: CX, cortex; V, lateral ventricle; VZ, ventricular zone. Measurements were taken from the
VZ for NSP-A and revealed that the relative area of mRANA expression was significantly elevated in the
1mg/kg and 4 mg/kg treatment groups. The patiesn of Oct-1 expression was not specific to the VZ, and
measurements taken in the CX showed a relative increase in the density of Oct-1 mRNA in both the 1 ma/kg
and 4 mg/kg treatment groups. Measurements taken for RC3/neuregranin were alsa taken in the CX, and
when density measurements were normalized with respect ta area fintegrated density}, an increase in the
level of mRNA expression was detected in the 4 mg/kg A1254 treatment group. Al CX measerements
revealed that NSP-C mRANA Jevels did not differ among treatment groups. Bar = 50 pm,

*p<0.05.*"p < 0.01 [significantly differems Irom cantrol using Bonferroni's t-test after ane-way ANOVAJ
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containing the pellee was cut off and placed in
a 14 x 70 mm test tibe, which was counted in
a gamma councer {Packard Cobra 11). For
competitive binding assays, isolared nuclei
were incubared with a final concentration of
1x 10780 M 131015 and incrasing conventra-
tions of competitors (TR agonists: Ty, Ty,
Triac (trijodorhyroacetic acid}, and Tetrac
{retraiodothyroacetic acid, 1 x 1071 Mo | x
1077 M; PCBY, 1w 07" Mo 1 x 1073 M),
Fot noncompetitive binding assays, isolaced
nuclei were incubated with 1 x 10~ M '31.T,
and inereasing concentrations {1 x 1071 M o
1 x 1074 M) of Ty alone or increasing con-
centrations (I x 1072 M to 1 % 1078 M) of
Ty in the presence of 2 x 104 M of comperi-
rors. Nonspecific binding was established as
described above.

Statistical analysis. Results were analyzed
using a one-factor analysis of varfance

Article } PCBs and thyroid hormone action

{ANOVA), and pest hoc rests, where appro-
priate, were performed by Bonferroni's s-test,
where the mean squared error rerm in the
ANOVA wble was used as the point estimate
of rthe pooled variance {(SuperAnova Software;
Abacus Concepis. Inc.. Berkeley, CA). A test
for ourliers was performed on all data; none
were identified. Some samples were lost in
processes; therefore, there are some unequal
cell sizes,

Results

Dams. Exposure to A1254 significancly
redued cireudaring levels of roral T and ol
Ty in dams (Tg: Faq5 = 11,031, p = 0.0011;
Ty FRaoagy = 5772, p = 0.0142; Figure 2).
Post hoc analysis using Bonferroni's e-resr
revealed chat dams treated daily with 4 mpfkg
A1254 exhibited T levels that were signifi-
cantly lower chan those of control animals

(Figure 2A), There was a trend in animals

weated with 1 mgfkp A1254 o exhibit lower

cireulating levels of g, bue this did not reach

satistical significance (Figure 2A). Morcover,

animals treated wich either [ or 4 mgfky
A1254 exhibited signitficanily lower levels of

dreularing T3 compared with conrrol animals

(Figure 2B).

Fetwd brains. Quantitative analysis of filim
auroradiograms after {n sirn hybridizacion
revealed thar PCB exposure selectively affecred
TH-responsive genes in che fetal correx
(Figure 3). We focused on four different
genes. RC3/neurogranin expression was sig-
nificandy higher in the cortex of feruses
derived from dams treated with 4 mglke
expression was significantly elevated in feruses
derived from dams wreated with cither 1 or

4 mglkg A1254 (K = 8.212, p = 0.0049),

Table 2. TH receptor agonists, parent PCB congeners, MeSD,-PCB metabolites, and hydraxylated PCB metabolites tested in competitive TR binding assays.

Competitor Abbreviation UPAC nomenclature K; 0V
Triiodothyroning Ty 1-3,3° 5-Triiodothyrenine B.37x 100 M 12.70%
Thyroxing T, 1-3.3°.5,5" - Tetraiodothyronine 34 x109M 14.40%
Triiodothyroacetic acid Triac 3.3"3-Tritodathyroacetic acid 129x 102 M 17.30%
Tetraiodotlyroacetic acid Tetrac 3.3°.5.5"-Tetraiodothyroacetic acid 237 %107 M 18.40%
Parent PCBs PCB-77 33'4.4-TeuaCB ’ NO NA
PCB-105 23.3°.4.4"PentaCB ND NA
PCB-118 2.3°.4,47,5-PentaCh ND NA
PCE-126 33,447 5-PentalB ND NA
PCB-138 2,2°3.4°4° 5" HexalB ND NA
PCB-153 2.2°.44° 55 -HexaCB NO NA
MeSa,-PC8s 3-MeS0O,-PCB-49 I-MeS0,-2.2°4" 5-terraCl ND NA
4-MeS0,-PCB-49 4-MeSD,-2.2°4" 5-tetraC8 ND NA
3-MeS0,-PCB-70 3-MeS0y-2,3° 4", 5-tetraC8 ND NA
4-MeS0,-PCB-70 4-MeS0,-2,3".4",5-tetraCB ND NA
3-MeS0,-PCB-87 3-MeS80,-2,2°.3",4"5-pentaCB ND NA .
3-MeS0,-PCB-101 3MeS0,-2,2°4,5,5-pentalB NO NA
4-MeS0,-PCB-101 4-MeS0,-2.2°4,5,5"-pentaCB ND NA
3-MeS0,-PC8-132 3-MeS0;-2,2°.3.475,5-hexalB ND NA
3-MeS0,-PCB-141 J-MeS0;-2.2°.37.475,5 hexaCB ND NA
3-MeS0,-PCB-149 3-MeS$0,-2.2°.47.5.5.6-hexaCB ND NA
4-MeS§0;-PCB-149 4-MeS04-2.2°.4°.5.5.6-hexaCB ND NA
4-MeS0,-PCB-52 4-MeS0;-2.2" 4.4 tetreCB NO NA
3-MeS0;-PCB-77 3-MeS0,~3"4,4",5-tetraCB ND NA
3-MeS0,-PCB-105 3-MeS0,-2°3°4,4° S-pentaCB ND NA
3-MeS0,-PCB-118 3-MeS0,-27,4.4°5.5 pentaC8 ND NA
3-MeS0,-PCB-156 3-MeS0y-2°3'4.4" 5,5 hexaC8 ND NA
Hydroxylated PCBs 4 .0H-PC0-3 4"-0H-4-monaCB ND NA
4"-0H-PCB-9 4-0K-2,5-diCB ND NA
4-0H-PCB-14 4-.014-3° 5°diC8 NOD NA
4-0H-P(B-12 4"-(H-3.4-4iC8 ND NA
4-0H-PCB-3D 4-0H-2,4.6-riCB ND NA
4°0H-PCB-34 4-0H-2,3°5-1riCB ND NA
4"-0H-PCB-35 4"0H-3.3"5-1riCB ND NA
4°-0H-PCB-20 4"-CH-2,3.3"riCB ND NA
4°-0H-PCB-35 4"-0H-3.3".4-1iCB ND NA
4-0H-PCB-39 4-0H-2,4" 5-1riCB ND NA
4°.04.PCB-58 4°-0H-2,3.3°5"tetralB ND NA
4".0H-PCB-12 4°0H-2.3° 5.5 -1ewaCB ND NA
4"-0H-PCB-108 4-0H-2,3.3' 4,5-pentaC8 ND NA
4-0H-PCB-112 4'-0H-2.3,3"5,6-pentaCB NG NA
4"0H-PCB-159 4°-0H-2,33' 4,55 hexaC8 ND NA
4"-0H-PCB-165 4-0H-2,33" 55" 6-hexaCl N NA
34%{di}0H-PCE-12 3,4"-0H-3,4-diDB ND NA
3°.A%dil0H-PCB-3 3.4"-0H-4-monoCB ND NA
3-0H-PCB-3 3-0H-4-monolB ND NA
2-01-PCB-3 2°-011-4-monoCB ND NA
Abbreviations: CB, chintinated bipheayl; IVPAC, lnternational Union of Pure and Applied Chemistry; NA, not applicable; NI, no detectable binding.
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Discussion

"The present sunly demonsteaces thar the com-
mercil PCB mixrare A1254 significantdy
reduces serum TH levels, T, and T, in preg-
nane 7ars on GD16, This developmental time
acetrs before the onset of thyroid funcrion in
the ferus (Fisher er al, 1977); therefore, it is
teasonable to propase that this PCB-induced
decrement in maternal TH would cause a
reduction in the exprossion of genes positively
regulared by TH. However, we found rhat
PCB exposure up-regulated the expression of
gunes that are positively regulaced by TH.
These Aindings indicate thar PCBs can acrivare
TRs, perhaps direcdy, and the implication is
kmportant because inappropriate activation of
TRs in the developing brain may produce
adverse consequences on brain development
(Kopelman 1983; Raswogi and Singhal 1976,
197% Zoeller 2003),

Our hnding that A1254 decreased circu-
ladng levels of TH in pregnanc rats is consis-
tent with previous studies showing thac
exposure to Al254, or specific PCB con-
geners, causes a reduction in circulating levels
of cotal T4 in pregnant raes (Meeres et al,
2002; Morse et al. 1993, 1996). Addicionally,

as was Ocr-1 (K4 = 5399, p = 0.0183). In
contrast, NSP-C expression in the GD16
corcex was not affecred by PCB exposure
(Fzasy = 0.202, p = 0.81Y; nousignificany).

TH receptor binding. To tesc the hypothe-
sis chac individual PCB congencrs may bind
TR 1o produce rhe observed effects on gene
expression /n pive, we tesied a number of par-
ent PCBs and metabolites for their ability 1o
hind o che TR (Table 2). 1o validare the
assay, we first performed a saturation analysis
and established that T3 bound to TRs in iso-
lawed hepatic nuclet wich a Ky 0f 9.7 x 107" ¢
2.02 % 1079 M (Figure 4). We rthen rested the
ability of T and other TR agonists (T, Triac,
and Tetrac) w displace "1-Ty from TRs in
hepatic nuclei (Figure SA); using the K
obmined from saturation analyses, a specific K;
was caleuluted for cach compound (1able 2).
However, none of the tested parent PCB con-
geners, hydroxylated merabolites, or MeSO,
metabolites significancly displaced '3L.T; in
this assay (Figure 5B). Similarly, noncomperi-
tive binding analysis revealed thar pacene PCB
congeners, grouped according to their arrho-
substitution pacrern, did not afer the affiniy
of T3 for TRs in isulated nuclei (Figure 6},
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Figure 4. {A) Saturation analysis of '2%1-Ty specific binding [SB) to TRs in nuclei isolated from rat liver tissue,
ang {8} tota! binding {TB) obtained by incubating hepatic nuclei with increasing concentrations (1 x 10-"" to
85 1079 51Ty (n = 3; see "Materials and Methods” for assay conditions). NSB, nenspecific binding.
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Figure 5, Competitive binding of known TH receptor agonists (4} and parent PCB congeners {5 to isolated
hepatic nucled. In (A}, rat liver nuclear extracts were incubated with 1.0 aM '25.T, and uICreasing concen-
trations {1 x 107'2 M 10 1 x 1078 M) of Ty, T,, Triac, or Tetrac; TR agonists displayed an expected order of
binding affinity to isolated nuclei (T; = Triac » T, »> Tetrac). In {8), isolated nuclei were incubated with
1.0 M '31-Ty and increasing concentrations {1 x 10 M ta | x 1072 M} of one of the parent PCB congeners;
no parent PCB congener exhibited significant binding to isolated nuclei. (8] is represemative of results
obtained from assays that tested hydroxylated and MeS0,-PCB metabolites for their ability to displace
1Ty from TRs in hepatic nuclei. These compounds alse showed no significant binding to nuctear extracts.
All curves are were obtained from results of a single experiment and are representative of three separate
experiments.
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we found that serum roral T was also reduved
in the dams by A1254, indicating the degree
1o which serum I'; was reduced, becanse
nearly 80% of circulating Ty is derived from
peripheral deiodination of T, (Taurog 2000).
Although PCB exposure reduced serum Ty in
the dums, several descriprive measures of
hypothyroidism were not aleered, For exam-
ple, maternal body weighr, weight gain, firrer
shre, and pup weight wore all anaffected by
PCR treatment in shis experiment (data nor
shown), similar to results of our previous
study (Zoeller et al. 2000). Therefore, like
others, we abserved a discrepancy berween the
abilicy of PCB expusure to lower serum TH
levels and its ability w produce symptoms of
hyputhyroidism,

The present finding that feruses derived
from A1254-trewed dams exhibited a signifi-
cant increase in RC3/meuragranin and Qct-1
expression represents strong evidence that
PCBs can produve TH-like effects in the feeal
brain because marernal TH increases the
expression of chese genes in the feral brain
(Dowling et al. 2000; Dowling and Zoeller
2000). Considering that A1254 exposure pro-
duced a significant reduction in circulating T
and T3 in the dam, this finding is Fully consis-
tent with the hypothesis that PCBs can direetly
acrivate TRs in the feral brain. Moreover,
A1254 exerted selective effects on the expres-
sion of TH-respensive genes because NSP-C,
which is nor influenced by TH in the fetus
{Dowling er al. 2000, 2001}, was nor affecred

_by A1254. Furchermore, previcus work in our

laberatory has demonstrated chae A1254
increases the expression of myelin basic pro-
tein, a known TH-responsive gene (Farserei
eral. 1991; Mara et al. 1998; Rodriguez-Pena
et al. 1993), in the cerebellum and RC3/neu-

“rogranin in the forebrain of postnatal rats,

despice che finding that thuse pups exhibited 2
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Figure §. Noncompetitive binding analysis of parent
PCB congeners binding to isolated hepatic nuelei.
Assays were performed to determine whethar PCBs
present in A1254 were able to alter the affinity TRs
for Ty. 1solated nuclet were incubated with 1.0 nM
1B-T,, and increasing concentrations {1 x 102 Mo
1x 308 M} of Ty alone or with increasing concentra-
tians {1x 10°12 M to 1 x 1075 M) of Tyin the presence
of 20 uM of the PCB competitar. These PCBs were
unable to alter the established K; of T, for TRs in
hepatic nuclei.
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severe reduction in the dreularing levels of TH
{Zoeller et al. 2000). Taken rogether, these
daea indicate thar A1254 can exert agonistic
effecrs on a variery of positively repulated
TH-responsive genes in different brain regions
at different developmental times,

Although A1254 produced TH-like
effects on the expression of RC3/neurogranin
and on Oce-1 in che feral correx in the pre-
sent stady, it Jid notexert these effects on
NSP-A expression. We previousty found chac
NSP-A expression is significandly increased in
the brain of feral rats derived from hypodhy-
roid dams (Dowling er al. 2000, 2001).
Therefore, the present finding thae NSP-A
expression is increased in the cortex of feruses
exposed transplacencally ro A1254 suggests
thar the expression of this gene is responding
w low maternal Ty in PCB-wreated dams, not
to agonistic actions of PCBs on TRs.
Previously, we showed that T treatment of
hypothyreid dams did nor restore NSP-A
expression in the fetal cortex (Dowling ot al.
2001). Recause T4 was provided for only a
shert dime, the interprecation was that the
duration of I’y treaument was not sufficient to
produce a significant reduction in cellular lev-
els of NSP-A mRNA. However, Chan er al,
{2003) have recently reported that NSP-A
expression is not directly sensitive to TH in
N-Tera-2 cells, indicating chat NSP-A may
not be directly regulated by TH. If maternal
hypothyroidism increases NSP-A expression
indirectly, and NSP-A is not directly regu-
lated by TH, then our present resules indicute
that PCBs producc cffeets on the fetal brain
by exerdng direce TH-like effects as well as by
inducing low maternal TH.

Considering these findings, we tested a
number of PCB congeners and specific
metabolites for their ability to bind o TRs
using 2 well-established binding assay
{DeGroot and Torresani 1975). We found
that aeither the parent PCB congeners nor the
hydrosylated or MeSOa metabolites signifi-
canty displace Ty from rat hepatic nuclei. Teis
not likely thar these observarions are false nepa-
tives because the observed K for several control
ligands, including T3, T4, Tetrac, and Triac,
were all within the published range {Evans and
Braverman 1986; Goslings <t al. 1976;
Ichikawa and DeGroor 1987). In addition, we
demanstrated in preliminary stadies char the
PCB diluent {dimethyl sulloxide) does not
inrerfere with che assay; moreover, we used
different diluents in initial srudies and
obrined results that did not differ from chose
reported here. Thus, vur finding that individ-
ual PCR congeners or their merabolites do not
displace Ty from its recepror indicares char
these compounds do not interact with the TR
in a competirive manner.

We employed heparic nuclei to resc
whether individual PCB congeners could

bind to rat TRs because the TR isofurms
expressed in hepaocytes are also the predomi-
nant isoforms expressed in che feral coreex
{Bradley et al. 1992; Nakai ec al. 1988).
Therefore, the ohservation thar individual
PCB congeners did not displace Iy from liver
nuclel suggests that they alse do not displace
Ty from TRs in che fecal cortex. However,
Cheek ec al, (1999) demonstrated that several
hydroxylared PCB merabelites hind o dhe
human TRB1, although the affinity for rhe
TR was reported to be 10,000-fuld lower
than diat of Ty We evaluated two of chese
merabolires, 4" -OH-PCB-14 and 4°-QH-
PCB-106, but did not find significant bind-
ing w the TRs in rat hepadie nuclei. These
rwo studies may differ in their findings

“becanse we used TR isoforms from a different

species, or because both TRal and TRPL are
expressed in hepatocytes (Nakai et al. 1988).
Specifically, it is possible that we may not
have observed significant Ty displacement if a
PCB congener binds to only one of the two
TRs with low affinicy.

There are two major implications of the
present study. Firse, the observadon thac PCB
expusure selecrively alters gene expression in
the feral coreex scrongly suggeses that PCBs
can exert delererious effects on feral brain
development regardless of the mechanism by
which this effect is mediaced. Because we used
‘TH-responsive genes as end poins for this
study, it is likely that the observed effeces
reflece the ability of PCBs ro disrupt TH
action in che fetal brain. It will be imporant
to determine whether PCB exposure can
incerfere with ncuredevelopmental evencs by
interfering with TH action.

The second major implication of eur
present resules is that PCBs do not appear to
bind to TRs in a competitive manner. We
were surprised to find nu individual PCB
congeners or merabolires thar exhibired
strong binding to TRs, especially consider-
ing previous speculation about this
(McKinney er al. 1987; McKinney and
Waller 1998; Porrerfield 1994, 2000;
Porierlickd 2nd Hendry 1998). However,
there is evidence that PCB congeners can
affect TR activadion wichout displacing T.
Specihically Iwasaki et al. (2002) showed that
4°-OH-PCB-106 suppressed Fy-induced
cransactivatien by TR in various ccll lines,
This appeared to be specific to the TR
hecause it did not suppress glucocorticuid
receptor=mediated transacrivation. In addi-
tion, they showed that chis PCB congener
suppressed the ability of the TR to recruit
the coacrivator SRC-1. Because we found
that this hydroxylated PCB did not displace
Ty from rat TRs in the present sudy, these
observations strongly suggest thar PCBs can
directly alter TR action by a mechanism that
is not well understood.
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Our failure ro idenrify individual PCBs
that can bind with high affinity w the rat TRs
requires alrerare explmations for rheir effeets
on TH-responsive genes and developmental
events. Individual PCB congeners may alser
TH metabolism by tissue deiodinases. thereby
changing the amoanre of hormone available to
the TR. Previous studies indicate thar PCRs
can increase type-2 deiodinase activity in the
adult (Hood and Klaassen 20060) and fetal
(Meeres ex al. 2002: Morse et al. 1996) rat
brain, Moreover, PCBs are also known 1o
affeet sccond messenger signaling in dhe brain
by affecting calcium homeostasis, receptor-
mediated inesitol phosphate producrion, and
rranslocativn of protein kinase C (Kodavant
et al. 1993, 1994). In addirion, PCBs can
produce roxic effects by binding either ta the
aryl hydrocarbon recepror {Sufe 1990) o che
ryanodine recepror (Schanm et al. 1997;
Wong et al. 1997). These studies demonstrare
that PCBs, especially as a mixcure such as
A1254, clearly produce multiple effects.
However, there is no evidence thac these
other mechanisms of PCB actien can exert
specific effeces on TH-responsive genes.
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Species differences among mice, hamsters, rats arid guinea pigs in PCB-
induced alteration of serum thyroid hormone level

Yoshihisa Kato !, Ryohei Kimura ', Shizuo Yamada ' and Masakuni Degawa®

'Department of Biopharmacy, “Department of Molecular Toxicology, School of Pharmaceutical Sciences,
University of Shizucka, 52-1, Yada, Shizuoka 422-8526, Japan
b
Summary

In the present study, we investigated the mechanism for the decrease in levels of serum thyroid hor-
mones, especially thyroxine (T,), by polychlorinated biphenyls (PCBs) such as Kanechlor-500 (KC500),
2,2'.4",5.5 pentachlorobiphenyl (PentaCB), and 2,2',3",4",5.6-hexachlorobiphenyl (HexaCB), and studied
species differences among mice, hamsters, rats, and guinea pigs in the PCB effect. Significant decrease in
serum total T, level by KC500 was observed in all four species. On the other hand, there were differences in
the level of decrease of serum total T, level by PentaCB and HexaCB. Ditferences in the level of hepatic
methylsulfonyl-PCB metabolites of KC500, PentaCB and HexaCB, which were thought to be associated with
the PCB-toxic effects, did not necessarily correlate with the magnitude of decrease in serum total T, level.
Likewise, the induction of UDP-glucuronosyltransferases (T-UDP-GT) toward T, by PCB did not recessarily
correlate with the decrease in serum T, level in the animals used. Further studies on transthyretin {TTR}
and serum Ttransporter suggested that decrease in serum total T, level induced by PCB occurred not only
by induction of T,-UDP-GT but also by the alteration of levels of T, TTR binding and hepatic T transporter.
In addition, species difference in the decrease of serum total T, was associated with various PCB-induced
total effects, including induction of T, UDP-GT, decrease in T, TTR binding level, the increase of hepatic thy-
roid hormone transporter, and other thyroid function correlates.

Keywords: species differences, polychlorinated biphenyls, thyroid hormones, UDP-glucuronosyltransterases,
transthyretin
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Table 1 Effects of PCB and 'TCDD on serum thyreid hormone levels

Treatment Animals T, T, TSH Refarences
2,4 4" -trichlorobiphenyl Sprague-Dawley rats — - n.t. Ness et al,, 1993
2,5 44" 5-pentachlorobiphenyl " ! — nt. *
2,2 4,4",5.5 hexachlorobiphenyl " i - n.l " -
3.7 4 4 etrachlorobiphenyl " H - ind Seo et al, 1995
3.3.4.4" 5pentachlorobiphenyl " - - — "
3.3"4.4" 5-pentachlorobipheny] " ! nk n.t, van Birgelen et al., 1995
2,3,3".4.4" 5-hexachlorohiphenyt N ! nt. nl. i
1CDD i i n.t nt "
Aroclor 1254 f } ! 1 Barter and Klaassen, 1994
: " | } 1 Liu et al., 1995
3.3°4,4' 5pentachlorobiphenyl " { i - Desaulniers et al., 1999
2,2 44" 5,5 hexachlorobiphenyl " t nt, — "
3374 4" >-pentachlorobiphenyl. Long-Evans rats ! nt n.t. Craft et al., 2002
" C57BL/G) mice - n.t. n.t, "
2,2',4,4°. 5,5 -hexachlorobiphenyl Long-Evans rats I n.t. n.t "
" C57BL/6) mice ! nt nt. u

PCB: polychlorinated biphenyl, TCDD: 2,3,7,8-tetrachlorodibenzo- p-dioxin, n.t.: not tested.

Table 2 Effects of KC500, PentaCB and HexaCB on serum total T,, free T,, total
T, and TSH levels in mice, hamsters, rats and guinea pigs

yrekin N b )
mLoTHY,

r A Y
ST

Bita I)‘J%‘ﬂ-'

Treatment  Animals Total T, FreeT, TotalT, TSH
KC500 Mice 43% 44% | - -
Hamnsters 71% | 57% 1 - —
Rats 77% | 76% 4 nd -
Guinea pigs 4% | 76% | 60% | -
PentaCB Mice 42% ) nt. 42% | -
Hamsters %! n.t. - —
Rats 46% | n.t. — -
Guinea pigs - n.t. e -
HexaCB Mice 39% | nt - -
Hamsters ad n.t, - i
Rats —- nt. - hnd
Guinea pigs — n.t. - -

Animals were killed at 4 days after the administration of KC500 (37.5 mg/kg, ip),
PentaCB {11 mg/kg, ip) or HexaCB (19 mg/kg, ip). Results are expressed as

the mean for 5-6 animals. n.t.: not tested.
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5 PCBILy
{(PentaCB) & 5\ 112,2"3"4'5

TIof o &4

1.

i

M),

AT 5.

PCB OmMABRRIRRILEVBADHE
EhniEE

Do Kanechlor-500 (KC500, PCB
2,2'4°,

BB .
=T

Il——,,

5,5 -pentachlorobiphenyl
,6-hexachlorobiphenyl

(HexaCB) &= '7 Z4Z8e45 L, vl total T, i1 % 50%

LFEE2%PCBOINE
i<

#*

B i) total Ty 43 & U free T, i 12
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Table 3 Hepatic concentrations of MeSQ.-PCB metabolites
after the administration of KC500, PentaCh or
HexaCD to mice, hamsters, rats and guinen pigs
Total MeSO,-DCBs
tng/ ¢ liver)

Treatinent Animals

KC500 Mice 267
Hamsters 46
Rats 102
Guinea pigs 135
PentalCh Mice 265
Hinnsters 13
Rais 62
Guinea pigs 3l
HexaCB Mice 577
Hamslers 31
Rats 190
Guinea pigs 270

Animals were killed at 4 days atter the administration of KC500
(37.5 mg/kg, ip), PentaCB (11 mg/kg, ip) or HexaCB (19
mg/kg, ip}. Results are expressed as the mean for 5-6 animals.

(Table 2),
Thot.
$72, PentaCBIt4-Tit, Y% R, NAAY—B Ll
77 T, HexaCBi%4-Tlt, =% ZADAZILM total T,
JREOETAR SN 48, ¥ AU PentaCB %4
B L7 &Datotal T, im[EOKT L B o,
N FARIR TSR V& > (TSH) s ik 4 Hi oo Bty o

—%, total T,iEOITFIZELEY FDXA

WTROPCB 2t LS L Tk Lidhar
(Table 2).
o, %w\.rmsr%u:;amMNmmmfw

T BEEAD T L,

LBNE I EMNESIIIE
200.)(2) .

it total T, iDL T (3 Vit 2 OHmiEE) 2
FOERELT, @ HKRAOEAEDN (BL U &)

s &L —7B, Ttpfd
(Kato et al., 2003]).

N

NP A

PO HARIED PCB @b 5 WM T DL 2 ES I a =R B
DOE) ®, @ PCBRTO{HYIZ L 5T -UDP-GT®

B (BLUEOIMEE), £7:, D PCBR Lo
YWOUMPT, %5 232 (bF Vv AZAH 4 L+2 0 TTR)
EDHGLENEZLND,

BUF, ce e T, s 5 AL F R Iz 20 T,
RO EHITL, LRt

2. BRI~ OEENIER

PCBIZL DM T, iRt ToowinE L, 'l’ilkﬁlié
WA LM RS B 5 T, S OTI R, I A S
OT DRI AE 2 'oiL7 {Collins and Capen, 1980;
Saced and Hansen, 1997). “ 2T, % X, "L A& —
Ty rHDLWEELE Y I L, KC500, PentdCBa*:va‘
(& HexaCB T 425 L, MR 7C IR AT, Bl b 1z ik

DAL LRI IS 2 TR L 7.

Ty 0 75 5
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#PCB & 12 L F AL M s & kIR ~ o) |- 3
TEFRW ST, #PCBILS IS 20T
O, PCBH D2V it o {tiimic &

WHRTETIZ X 2 LTI v S E AR &

'K.\_

3. PCB D& Z0BEE

PCBU)X')"JLZJL71' D3 A FL AT 3 =

b-"(3-MeS0,) 5 & 1Fd-MeS0, -PentaCB, 5 X
MeS0, -HexaCB 7% & 1%, UGTIAL/GFE5PE% 45 L

OREFH AT, U % 7ol 3 4, N Ty i B en L

T, i)

& SR~
i,

A

O

, [

EVIERIFTELLLBNTVLD (Kato et al, 2000). L
127 T, MeSO, (it o 4k Feavifius A%, % Ty ik
AT B IR T, B LT I A e D e o T
LA E R S,

TIT, TPA, NLAY—, S9rHINEELE
7 MIKC500, PentaCB & %5V it HexaCB #$¢5- L, it

TR T &, MeSO, il sk it & DAL
EHRAT L7z, KC500 & $% 4. 14 O I o S MeSO, il
Yrhicid, TIATERLEL, BELE Yy b, Tv bk, L
A —TRTENRTILT Y ADHL/2, 1/3, BLUri/68t
THhof: (Table 3). £7:, PentaCB 5 #0 MeSO, £
WAL 7 ATRLE L, SVTI v b, ELE
Vb, NLAT—DONTH o7 8512, HexaCBirs:
Th, MeSO,MME= Y Al BWTIDL & ok &
., TOERTIE, LT, TLEY F>5 9 b>NLR
§—OMTHo7 (Table 3).

Yk, &PCBISGIFO, B TOMR T, i E 0L
T E NPl & MeSO, fLilt M E & ORI LT L b it o
&hELIHIBIE IR S5 A3, gk total T, it EED
LT A% HUZ MeSO Ui o BRI L T - 3
DTIEL T EARE S,

4. FFUDP-GT N

—HZ, PCBIIL B 5 v BIER T, %% 08T o 5
LT, T,OAL U st LT3 T,0f
HROMMAEZ Z 5T v S (Barter and Klaassen,
1994; Schuur et al., 1997; van Birgelen et al,, 1995). &2
T, PCBCYSIEO TS 54T 2l T, i IR T &,
It TUDP-GT it 4 & 02U MAOT,D7N 70y
RETL G IR B & B RLA: & S~ 7

LTy MIKCS00%, ¥/, = 412 HexaCB %
T HE, FROBGIZLIT T, UDP-GT A%E5i4 x
L7z (Table 4). LA L, T,O7 L 70 vlisthali
IR A A R B WS LA A o 72 (Table 4),
KCS00T=Tw A, nAZY—, T MG LA
b, TREy FOBGETHUI, 0D T, L F
2H00, TUDP-GTOMEIE, TLE y FoMEEid
Wil RIS 40ha7 (Tables 2 and 4).

2R
DL Az,
KC500 % HexaCB 2 & &l |7 T, i )ix

OIS E, d
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Table 4 Effects of KC500, PentaCB and HexaCD on hepalic micro-
somad T-UDP-GT activity and the hiliary excretion of
("] T-glucaronide in mice, hamsters, rals and guinca

pigs
Treatment  Animals T,-UDP-GT (11T -glucuronide
KC500 Mice - —
Hamslers — i
Rats — t
Guinea pigs t -
PentaCB Mice g n.t.
Hamsters — n.t
Rats - nt.
Guinea pigs — nt.
HexaCB Mice t it
Hamsters - nt
Rats - nt.
Guinea pigs - n.t.

Animals were killed at 4 days after the administralion of KC500
(37.5 mg/kg, ip}, PentaCB {11 mg/kg, ip) or HexaCB (19 mo/kg,
ip}.

- Results are expressel as the mean for 4-6 animals. n.t. ¢ not tested.

UDP-GT MR T, O HiltfE THYT 5 = L 130 L
Y

7z, PentaCBR5DHFEIZIE, =7 A, NAAY—
BIUZy POWTILTL UDP-GTIRFE XN, &8
MTRONZMP TAEDET %, HIZUDP-GTki#
THHETHIEETELd ot 4, PentaCB x5
L7zEVEy MTIE, WP T, E 0TS UDP-GT®
BB SN o (Tables2and 4).

LIT, PCBEEMOT v MBI 2 MP T, RED
f£TFi2, IFUDP-GTOFHE (L) PHE LTw
HAEIE L DWATZT 272012, Wistar kS v B X
CGunn T v b GREMIZUGTIAH 7773 ) —%X
L7 Wistar 25 » M ORMRERE) /vy, PentaCB
(112 mg/kg) B\ IEKC500 (100 mg/kg) 55O
MR TIREOESR &, T -UDP-GT D3I L U8 T,
LU AEBAS T E O R L 7.

Hitep total T,, free T, H PCBIR S WIS »
FTH LT LA (Table 5). --J7, T,-UDP-GT
(UGT1A, UGTIAL, UGTIAG) IRl 4s X U T,-UDP-
GTif%id Wistar %7 v FTHL <ML A2 45 Guan
7y FTR IS MBI AT RIS S

Med oo (Table 6).

L7724t T, KC500 & % v id PentaCB % 585 ) Gunn
F v MDD T oW FiE. 1 T,-UDP-GT
DIEHSEGF LT hn S Lo it ST ki,
Wistar 525 v M TOKC500 3 5 v {2 PentaCB #2412 &
ST, HIEOF L 7, 45 LT, UDP-
GTHHRAE AR E TR 2 > T AW E i L Ty
5 (Kato et al., 2004). - '
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Table 5 Effects of KC500 and PentaCB on the levels of
serum total T, and free T, in Wistar and Gunn

rals
Total T, FreeT,
Treatment (% ol control) {% of control)
Wistar  Gunn Wistar  Gunn .
Control 00 100 100 100
KC500 17 19 15 18
PentaCB 23 17 39 15

Animals were killed at 4 days after the administration of
KC500 (100 mg/kg, ip) or PentaCB (112 mg/kg, ip).
Results are expressed as the mean for 3-8 animals.

5. PEIUYAVAULFULOEE

PCB Oy KMEALACE S id it T, 0% ¥ 32 TH B
TTRE B EL L, T, EHEMICHATH I LW
HEENTS (Lans et al, 1993). SO &S00
HT, DM E~OEBEERILL, DT, i 8
B LWHM: A A 515 (Brouwer et al,, 1998;
Meerts et al,, 2002). 22T, T9 A, NAAY =, 5
v b, EAMEY FIIKCS500 (37.5 mg/kg B L U100
mg/kg) BI U [P0 T, &S5 L, mA (1) T, &
TIRH BV T AT I Y L OHEROLETENEL 7.

TO#HE, Sy FBIVELT Y FTIE, KCS5004%Y
REDT, ETTREDHGHEN R, T, ETLT 3
Y EDFEEMIIMT I NP S Mo 2. —TF,
TTIABLUNLAY—TUPCB#KS5LTYH, T, &
W& 232 (TTR, T 73Ir) LOFEEEIZIITE
AT LIEERD S s d oz,

LizdoT, v bEELEY FTHKC50085 12
I BT, IRBEOIE TSN, KC500 {(PCBs) 2\
FNODREBEAHMICEISTIREDH SIS LT
WEEEMEATEZ LN LA, T ARNLRA Y — 1B
ST TAREOILTIZE, T 0L i 2 v,

6. M T, DFRADIET

TR & TOWZEHE A5, PCBICE 210 T, itED
T HEFR -2 OW ST TS 5 S L, T
Thot, EIT, TOHRANIEZITEHLT, =721,
NLAT—, Sy FHDBWIEELTE y FIZKC500 21
SLmao, PUT,070 75> A%k S 6120t
KC500 (100 mg/kg) FHZED, wFROHmITS
TH, PP So [NT, 0o U7 5 > AL,
SAEE G dRimL 2. T J o
FREERIMOKEGrosiid, B ndn, 5 v T 4245,
NAAFT =TT, ELEy FTLS. w9 AT14
s Td-o7-. :

SRSONH S, KCE00H 512 X 2 LT, i o
PUFE, A SHlEA~ O T, 088 5 B2 L



Table ﬁ. Elfects of KO0 and PentaCL3 on the fevels of the hepatic microsomal UGT isoforms and T,

UNP-GT activity in Wistar aue Gunn rals

UGTIA UGTIAL LIGTIAG T,-UDP—G"I‘
Treatment {% ol coutrol) (%% of control) (% of control) {% of control}
Wistar  Guun Wistar  Guun Wistar  Guan Wislar  Gunn
Control 100 .. oG ., LOO .l 100 100
KC500 370+ a.l. 138 ne. - (542 . 592 111
PentalB 163 n.d. 167 . 06 el 202 141

Animals were Killed at 4 days after the administration of KCS0 (100 mg/ke. ipt or PentaCB (112
mg/kg, 9. Resulls are expressed as the mean for 4210 anintds. n.d.; not detected.

TWHIEARBEENA, Z2T, wwphrsifllLs
(AT, AED LS LB L2 W ST 5
7212, KC500 (100 mg/ke) 5o, [T, 4l
RO B IR, 2L LS, £k (KC500 34 a))
HWK[MUn_mSL TS FME LI, &
OFRGHE, SRR TS E O I EATE L2 F 4,
KCH00# 542 & 0, wWHFNoimcsuwTh ., fHIFo
SHTEASE T 2 2 E AN S hic ko

LAzdto T, KC50042 & B el T, il i 1% F 24,
NPT, OB RN HAOEFH b TwELDE
EZSND,

7. BREERILVEZD RS AR—5—

Beie, HEE7 =4 kR y X7+ F (Oatpl,
Qatp2, Oatp3, Oatpd) (Abe et al., 1998; Cattori et al.,
2000; Friesema et al,, 1999), Na'/ % 7 03 — L83t
WALFF [ (Niep) (Friesema et al., 1999), LE7 3 2
fi b7 > AH—%— (LAT1, LAT2) (Friesema et al.,
2001), T/ ANKEEEFF »AHN~-5— (MCTS)
(Friesema et al.,, 2003) Z: EASMUETR R A B » % 4 348
EFTBIENRAENSHIZENT WS, £7, T, 0l
FAZEIH B £ Evh Oatpl. Oatp2, Oatp3, Oatpd,
Nicp B L TFMCTS A7 » FOHRHIHT L T2 2 &
LiREEN TS (Friesema et al., 2003; Li et al.,, 2002
Meier, 1995}.

TIT, 77 MCKC00 %5 L, £ AH—

MR RNADEE2 RT-PCRFZHWTIZEL
7z, KC500 % 7 v MZi%%¥ % &, NP Oatp2 mRNA
& ULAT1 mRNADEBIE Ao himL 2z, Shs
O, 6 by AR—-F — ORI
T EREOR N, ZLT, MephT, oK T 4725

TR IR o T RUE 2R LT w3
5 i
TIAR, NLAY—, Ty rHLHWEENLE Y I,

KC500 & £5 Lz &, I Y ¢4 it total T,
HEOAL AL S, Fh, T9A, NLAY—, 3
v M PentaCB &3 - L7l %, = A2 HexaCB %
e LBifvic b, ) total T 880EDAG F AL S Lt

A%, ZALGERYIREZIE, i,

AT B PCBELG X B KB Mo st T, i
DL FEIE R Z O MWIEEW S A2+ 5728, PCB
T RED RN 9 BUHERE 2 IO R & 03 Lod, T T,
UDP-GT O (iHkE1m), PCB U, (iLek T-TTR

Sl o )

BRI B ALL.

#FHOEL, BLUIFMNTOT, b7 28— 5—35
HUEA~OEWR EER LIz, LA LAAS, PCBEE

ok Bk T, i.':"aJ""mLE'FFﬁEHP«cd)IiﬂWFi’i x, it
—ORETHMTLILERLL, SholiLAER,
HBHVIE RO BERABE A& > TEIY OIS
PPIEINTD EHEAGNE. ShET, PCB
2& DD T, B EEQACT S, T O T,-UDP-GT M5
GETERGIN) A EBEE SNTELA, KBTI, &
FEINL, -0 BERTHLIHEL tm_:':’?wr\

%L, PCBIZX B8 NUIEHED THM A tEE L@ L
LlLt-O'C‘:‘Za\_cl_‘. EiRLTwA.

Pk, e b2EGSHOHPHEDPCEIZ L B M
WA T IR EQRT O MmE W E 227+ 5Th
B, GHOESLLNENLETHD.

& B¥

AIUEDBITIZHIY, ERLEBTMNEVLIEEE

L 7-SCRR SRy Ak oS, $—3RFl RS BRI#
— oA, W EER A RO IR SR SR bk ARG . 5 —
PR, ERERREEIhCaLET. T, K
PP — AT A 3 S FH A B D & (il ei
GifZe, HIL-A05-024) (L=t y A 7 iFse g2,
HIS-E{5013) B K URESHRE S Eigh & (BEfenrse (C)
(2), No.15510058) & 5L DTH 5B,
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Environmental contaminants affect a wide variety of biological
events in many species. Dioxins are typical environmental con-
taminants that exert adverse oestrogen-related effects'. Although
their anti-oestrogenic actions™ are well described, dioxins can
also induce endometriosis*” and oestrogen-dependent
tumours®’, implying possible oestrogenic effects. However, the

. molecular mechanism underlying oestrogen-related actions of
dioxins remains largely unknown. A heterodimer of the dioxin
receptor (AhR) and Arnt, which are basic helix-loop—helix/PAS-
family transcription factors, mediates most of the toxic effects of
dioxins'®!". Here we show that the agonist-activated AhR/Arnt
heterodimer directly associates with oestrogen receptors ER-a
and ER-8. This association results in the recruitment of unli-
ganded ER and the co-activator p300 to oestrogen-responsive
gene promoters, leading to activation of transcription and oes-
trogenic effects. The function of liganded ER is attenuated.
Oestrogenic actions of AhR agonists were detected in wild-type
ovariectomized mouse uteri, but were absent in AhR™'™ or
ER-a~'~ ovariectomized mice. Our findings suggest a novel
mechanism by which ER-mediated oestrogen signalling is modu-
lated by a co-regulatory-like function of activated AhR/Arnt,
giving rise to adverse oestrogen-related actions of dioxin-type
environmental contaminants.

ERs, which are members of the nuclear receptor (NR) family'*"?,
and AhR/Arnt are both ligand-dependent transcription factors.
Ligand-activated AhR heterodimerizes with Arnt and activates the
transcription of dioxin target genes such as CYP1A1 (refs 10,11)
through xenobiotic response elements (XREs). ERs bind to oestro-
gen response elements (EREs) and activate transcription in an
oestrogen-dependent manner. This transcriptional activation
requires the recruitment of co-activator complexes'*", including
histone acetyltransferase (HAT) complexes containing p300 and
CREB binding protein (CBP). In view of previous reports that AhR
ligands exhibit oestrogen-related adverse effects, it is possible that
ER-mediated ocestrogen signalling might cross-talk with AhR-
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Figure ¥ Activation of unliganded ER function by liganded dioxin receptor heleradimer.
a, A dioxin receptor ligand activates iranscription mediated through an ERE. MCF-7 cells
wera fransfected with the reporter plasmids ERE-luciferase or XRE-lucilerase in the
presence or absence of £2 (10 nM) and IME (1 uM). Luciferase assays were performed
with the cell extracts. All values are means * s.d. for at least three independent
experiments. b, Liganded AnR/Amt induces the transactivation functien of ERE-bound
unliganded ER. Ishikawa cells transfected with the indicated plasmids were subjected 10

luciferase assays. €, Transactivation of unliganded ER by the other AhR aganists.

d, Polentiation of ERE-mediated transcription by liganded AnR/Am is blocked by an
antagonist for either ER-ce or AnR. Calls treated with tamoxifen (TAM; 100 nM),
ICr182,780 {IC); 100 M), 3MC {+, 100 nM; ++, 1 3M), TCOO (+, 100M; ++,

100 2M), B-naphthofiavane (3-NF; 4, 100 nM; ++, 1 M), benzo[dipyrene (BaP; +,
1006M; + +. 100 nM), ec-naphihofiavone (ce-NF; +, 100aM; ++.1 uM). e, Potentiation
of ERE-mediated transcription by AhR/Arat is mediated by the ERs A/B regions.
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mediated signalling through an unknown mechanism that regulates
transcription. We therefore decided to examine whether AhR/Arnt
heterodimer could transcriptionally affect ER transactivation func-
tions, thereby modulating oestrogen signalling.

To monitor the transactivation function of endogenous recep-
tors, luciferase reporter plasmids bearing consensus binding
elements—ERE for ERs, and XRE for AhR/Arnt—were transfected
into MCF-7 cells, a breast cancer cell line known to express both
receptors endogenously’. Although the synthetic ARR ligand 3-
methylcholanthrene (3MC) effectively activated transcription
through XRE", 178-estradiol (E2} did not, as expected (Fig. la).
However, to our surprise, 3MC alone activated ERE-mediated
transcription in the absence of E2 (Fig. la). [n the presence of E2,
ERE-mediated transcription was decreased by the addition of 3MC.
Western blotting showed that the amount of ligand-induced trans-
activation did not simply reflect variations in receptor numbers
(Fig. la). 3MC alone decreased AhR and ER-o protein levels, in
agreement with previous reports™,

We then examined the effect of AhRIArnt on ER-mediated
transcription by using exogenous receptors in Ishikawa cells, a
uterine tumour cell line. Again, 3MC potently stimulated ERE-
mediated transcription in the absence of E2 when both ER (either

ER-a or ER-B) and AhR/Arnt were expressed, whereas it lowered the
E2-induced transactivation function of ERs (Fig. 1b) without
binding directly to ERs (Supplementary Fig. la) or affecting
expression levels of ERs (data not shown). This activation effect
of 3MC requires ERE (Fig. Lb, lanes 1-4), ER-a (lanes 7 and 8), AhR
(lanes 9 and 10) and Arat (lanes 11 and 12). To verify that an AhR
ligand does indeed exert oestrogenic action through direct binding
to AhR, other AhR ligands were further tested. More stable ligands
such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), benzo[a]-
pyrene and (-naphthoflavone acted as agonists, like 3MC
{Fig. lc), whereas the oestrogenic action of 3MC was blocked by
cither a known AhR antagonist, a-naphthoflavone or a pure
oestrogen antagonist, [CI182,780 (Fig. 1d). The modulation of
transcription activity by AhR/Arnt observed with ERs was not
detected on other NRs including glucocorticoid receptor, progester-
one receptor, vitamin D receptor (VDR), retinoic acid receptor and
peroxisome proliferator activated ceceptor-y (PPAR-y) (data not
shown).

Because ERs possess two transactivation functions, AF-1 and AF-
2, in the amino-terminal A/B and carboxy-terminal E/F regions,
respectively'®™, we examined the functional association of AhR/
Arnt with these two regions using ER deletion mutants (HEIS for
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Figure 2 IMC-depengent interaction of ERs with AhR/Amt, a, 3MC-dependent hut
E2-independentinteraction of endogenous ER-ce with AhB/Arnt in MCF-7 cetts. Cells were
subjected te immunoprecipitation: (IP) with mouse anti-ER-oe or normal mouse
immuneglabulin as a control. The immunoprecipitates were western blotted (1B} with
specific antibodies as indicated. b, £2-independent, 3MC-dependent interaction of
excgenous ERS with AhR/Arnt in COS-1 cells. The transfected calls were subjected to
immunoprecipitation and then western blotting. PPAR, peroxisomeproliferatoractivated
receptor; VDR, vitamin © receptor. ¢, Direct but IMC-independent interaction of AnR with
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ER-ox and ER-B in an i vitro GST pull-down assay. d, Mapping the interaction domains of
ER-o and ER-{ with AhR. e, The AhR-interacting core region in the ER-oc A/B domain is
required for ER-o activation by AhR/Arnt. Luciferase assays with the indicated ER
derivative. f, Recruitment of p300 co-activator to a complex containing unliganded ER-o
and 3MC-bound AhR/Amt. g, AhR/ER—e/p300 form a complex on glycerot gradient
analysis. The Flag—AhR associated proteins in stable transformant Hela cells were
fractionated by mofecular mass by a glycerol gradient assay.




AF-1domain, and HE19 for AF-2 domain) {Supplementary Fig. 1b)
in Ishikawa cells. The N-terminal A/B regions of ER-o and ER-B
were required for stimulation of ERE-mediated transcription by
AhR/Amt, whereas we detected no modulation of AF-2 functions
(Fig. 1e)*. Thus, 3MC-bound AhR/Arnt might modulate the
functions of ERs through association with the N-terminal A/B
regions. This possibility was supported by the observation that
3MC-bound AhR/Arnt potentiates the transactivation function of
ER-cc in the presence of the ER-a AF-1 agonist/AF-2 antagonist
tamoxifen {Fig. 1d)'

We then tested whether a 3MC-dependent physical interaction
occurred between AhR/Art and ERs. Irrespective of E2 binding,
endogenous ER-o in MCF-7 cells, and tagged ER-c overexpressed in
COS-1 cells, were found to co-immunoprecipitate with 3IMC-
bound AhR, but not with unliganded AhR, only when Arnt was
co-expressed (Fig. 2a and b). In agreement with the functional
interaction between ARR/Arnt and the A/B region of ER-oe (Fig. le),
a 3MC-dependent interaction between AhR/Arnt and HEL5 was
observed, but not between AhR/Arnt and HE19 {ref. 12). Although
ER-B, like ER-&, also associated with AhR in a 3MC-dependent
fashion, no other receptors tested showed such an association
(Fig. 2b). :

Moreover, a direct interaction between AhR, but not Arnt, and
A/B regions from both ER-at and ER-B could be mapped by an
in vitro glutathione S-transferase (GST) pull-down assay (Fig. 2¢). It
therefore seems that, upon ligand binding and nuclear transloca-
tion'®, AhR heterodimerizes with nuclear Arnt and then associates
with unliganded ER-o¢ or ER-B, which are constitutively in the
nucleus’, through direct interaction with their A/B regions. Further
analyses by GST pull-down assay mapped the small regions of the
A/B region of ER-oc (residues 40-120), the A/B region of ER-B
{residues 33-55)%, and the helix-loop-helix/PAS domain of AhR?,
which are indispensabie for direct interaction in vitro {Fig. 2d
and Supplementary Fig. 2a). An ER-a mutant lacking the AhR-
interacting region (ER-o: AAhR) failed to be activated by AhR/Arnt
but responsiveness to E2 was still retained, supporting the idea that
the interaction is required for AhR ligand-induced activation of the
ER function (Fig. 2e).

To explore the molecular mechanisms of the 3MC-dependent
transactivation function of AhR and ERs, we used co-immuno-
precipitation to examine whether p300 was recruited to the com-
plex, because both AhR and ERs have been independently reported
to require p300/CRB as a co-activator'®'*""#, p300 was recruited to
ER-&¢ in the presence but not the absence of E2 (Fig. 2f, lanes 2 and
4). However, even in the absence of E2, p300 associated with 3MC-
bound AhR/Arnt and unliganded ER-« to form a complex (Fig. 2f,
lane 3). Recruitment of the p160 family co-activator SRC-1 (ref. 13;
Fig. 2f, lane 3), TIF2 or AIB! (data not shown) to AhR/Arnt-
associated ERs were not detected. Thus, the co-activator complex
required to activate transcription by the unliganded ERs associated
with liganded AhR/Arnt might be distinet from both co-activator
complexes for the unassociated receptors. [ndeed, ER-a and p300
were detected in the same fractions as Flag ([EYKEEEK],}-tagged
AhR fractionated by a glycerol gradient, suggesting that they form a
complex with a relative molecular mass (M) larger than 670,000
(670K) (Fig. 2g).

To investigate whether the observed association between AhR and
ERs occurred on EREs in endogenous target gene promoters of
MCEF-7 cells, we performed a chromatin immunoprecipitation
{ChIP) analysis with pS2 and c-fos gene promoters'”. [nterestingly,
3MC induced binding of ER-a to ERE, as did E2, with AhR/Arnt
recruitment. As expected, 3MC induced the recruitment of AhR/
Arnt, but not ER-e, to the CYPIAl promoter XRE (Fig. 3a).
Reflecting the recruitmeént of the receptors, acetylation of histone

H4 was observed in the promoters (Fig. 33), indicating the possible
recruitment of a HAT co-activator complex to the receptors. The
expression of these genes was accordingly induced by 3MC or E2
(Fig. 3d). Thus, the 3MC-dependent association between AhR/Arnt
and ER-ox seems to promote the binding of unliganded ER-a to
EREs.

A ChIP assay involving sequential inymunoprecipitation con-
firmed the 3MC-dependent association of AhR/Arnt with ER-c on
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Figure 3 3MC-dependent recruitment of AhR/Arnt to ER-cx bound on oestrogen-
responsive gene promoters. a, 3MG-degendent interaction with AhR/Arnt induces ERE
binding of unfiganded £8-c to E2 responsive gene promoters in MCF-7 cells. For ChIP
analyses, sotuble chromatia prepared from MCF-7 cells treated with ligands for 45 min
was immunoprecipitated with the indicated antibedies. The final ONA extracts were
ampiified using specific sets of primer pairs to detect the c-fos, pS2 and CYPIAT gene
promoters as indicated. b, 3MC-dependent association of AhR/Arnt with ER-ox bound to
£2-responsive gene promolers, The immunaoprecipitates and their suparnatants wera
sequentially applied for ChIP analysis as incicated. ¢, Dynamics of £R-e~Amnt=p300
assembly on ligand-responsive gene prematers. Occupancy of the ¢-fos and

CYP1AT promoters by ER-ce, Arnt and p300 at different times alter ligand treatments.
d, Inguction of target genes examined by northern blot analysis. &, Complex formation of
AhR-Asnt-ER-ow on ERE through ER-cv 2s revealed by ABCD assay.
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ERE (Fig. 3b). A time-course ChIP assay showed that ER-a, AhR
and p300 HAT were simultaneously recruited to the ¢-fos promoter,
presumably upon the binding of 3MC to AhR (Fig. 3¢).

To verify the interaction of AhR/Arnt with ER-& bound to ERE in
the promoters, the formation of a complex with ERE was tested by
avidin-biotin-conjugated DNA(ERE) (ABCD) precipitation™
(Fig. 3¢). ER-a bound to consensus ERE (Fig. 3¢, lanes 2, 3, 5 and
6), whereas AhR/Arnt alone did not (Fig. 3e, lane 4). However, in
the presence of ER-a, AhR/Arnt was recruited to ERE in a 3MC-
dependent manner (Fig. 3e, lanes 5 and 6). In the transient luciferase
assay, the binding of ER-a to ERE and the activation function of
both AhR and Arnt were required for the activation of ER-a
through ERE by AhR/Arnt (Supplementary Fig. 3a, lanes 3, 7, and
8}, whereas the AF-1 and AF-2 activities of ER-a and the DNA-
binding capacity of the AhR/Arnt heterodimer were dispensable
(Supplementary Fig. 3a, lanes 4-6).

Finally, we tested whether AhR-ligand-dependent AhR-ER inter-
action was responsible for the oestrogenic actions of AhR agonists in
the absence of oestrogens on gene expression in intact animals. In
addition to the induction of the CYPIA1 gene, treatments with 3MC
(Fig. 4a) and TCDD (Fig. 4b) for 3 hours stimulated the expression
of the oestrogen-responsive genes c-fos”® and vascular endothelial
growth factor (VEGF)® in the uteri of ovariectomized wild-type
mice (Fig. 4a, b). This oestrogenic action of 3MC in the uterus was
also detected in intact 21-day-old female mice, whereas the AhR
agonists exhibited anti-oestrogenic activities in the presence of high
doses of oestrogen (Fig. 4a). There have been conflicting reports on
the induction of c-fos by AhR ligands: one is that AhR ligands
repress the E2-induced expression of ¢-fos’; the other is that AhR
ligands themselves induce the expression of c-fos?”. The 3MC-
mediated activation of oestrogen -target genes was completely
abolished in both ARR™~ (ref. 28) and ER-oc™'" (ref. 29) ovari-
ectornized mice, although each receptor knockout mouse strain
retained ligand responsiveness {Fig. 4a} and the expression (Sup-
plementary Fig. 4a} of the other intact receptor. The injection of
3MC led to increases in uterine wet weight, as did that of E2 (Fig.
4¢). This action of 3MC was again abolished in both AhR™~ and
ER-o ™"~ mice (Fig. 4¢).

To examine whether the increased uterine wet weight was due to
the proliferation of endometrial cells, DNA synthesis in uterine
epithelial cells was examined by labelling with bromodeoxyuridine
{BrdU). Ovariectomized mice treated with 3MC exhibited
enhanced cell proliferation in the glandular epithelium, as did E2-
treated mice (Fig. 4d). Proliferation of the luminal epithelium was
enhanced by E2 but not by 3MC.

The present findings indicate that the oestrogenic action of AhR
agonists might be exerted through asrdirect interaction between
AhR/Arnt and unliganded ER and by the formation of functional
units bound to EREs that activate transcription, at least in uterine
gene induction and cellular proliferation. The most marked mani-
festation of the possible cestrogenicity of dioxins could be seen as
their linking to endometriosis*’, because oestrogen is the major
factor in the stimulation of proliferation of these cells. Thus, AhR
expressed in the uterine glandular epithelium® might respond to
dioxins by associating with unliganded ERs, which then stimulates
oestrogen-dependent cell proliferation. In contrast, AhR agonists
exhibit anti-oestrogenic activities in the presence of high doses of E2
in animals® and cultured cell lines®. We also found that AhR/Arnt
repressed E2-bound ER function, which is consistent with these
previous reports. However, whereas most previous studies have not
examined or mentioned the effects of AhR ligands in the absence of
E2, we addressed this issue carefully in the present study. Thus,
cestrogen concentrations, which vary with age, oestrous cycle,
tissues and other factors, might define the oestrogenic/anti-oestro-
genic actions of the AhR ligands in intact animals. Our present
model, in which AhR potentiates unliganded ERs but represses
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Figure 4 Qestrogenic actiens of 3MC in mouse uterus are mediated by AR and £R-cr.
a, b, Induction of E2-responsive genes by AR agonists is mediated by both AhR and
ER-ct. Nine-week-old ovariectornized (OVX) mice and intact 21-day-old femate mice of the
indicated genotypes were injected with the ligands. Three hours later, total ANA was
extracted from the uterus, then subjected to northern blot analysis with cONAs for the
target genes for E2 (c-fos, VEGH and for 3MC (CYPTAT); GAPDH cDNA was used 2s an
internal control. WT, wilt type. ¢, The 3MC-induced increase in uterine wet weight
fmeasured as the ratio of uterine wet weight in milfigrams to body weight in grams) in
ovariectomized mice was abolished by inactivation by ither AhR or ER-au. The ftest
shows a significant difference {7 < 0.01) between 3MC-treated (n = 9) and olive-oil-
treated (7 = 9) wild-typs mice. There is no significant difference (P > 0.2) between
3MC-treated (r = 4) and olive-oil-treated (7 = 4 animals in either AhRR™~ and
ER-~'™ mice. Al values are means * s.e.m. d, Induction of endometrial cell
proliferation by 3MC and E2. BrdJ-positive cefls (brewn) are indicated by arrows.

liganded ER, might be an explanation of these previous findings,
and it will be of interest to identify the other components of the
liganded AhR-ER-& complex involved in the oestrogenic/anti-
oestrogenic actions of dioxins. Our proposat is that one of the
molecular mechanisms for the oestrogen-related adverse effects of
dioxin-type environmental contaminants is the modulation of
oestrogen receptor signalling by dioxin-dependent association
with dioxin receptor. O

Methods

Plasmids
Full-length complementary DNAs of AhR and Arnt were inserted into pcDNAJ vectars




(Invitcogen). Theee consensus EREs™ and XREs™ were inserted into the promoter of
luciferase pGLI-basic vector to generate ERE-TATA-luctberuse and XRE-TATA-luciferase,
respectively. ER-ce AARR was generated by the deletion of 45—1 31 residues from ER-c. The
other mutants of ER-o and ER-B were as described previousiy™.

Transfection and luciferase assay

Human endometrium cancer-derived [shikawa cells, luman breust cancer-cerived MCF-7
cells, green mankey COS-1 cells and hunan 2937 cells maintained in DMEM
supplemented with 10% FBS were cultured in phenol-red-free DMEM containing 0.2%
chareoal-steipped FBS before assays. Cells at 40-30% confluence were transfected with the
indicated plasmids {0.25 ug ERE-Lug, 0.1 pg XRE-Luc, 8.025 pg ER-cx, ABR and Arnt were
transfected) using Lipofectamine reagent {Gibco BRL) in 12-well Petri dishes, Total
amounts of cDNA were adjusted by supplementing with tmpty vector up to L0 kg, Cells
were treated with E2 (100 av) and 3MC (1 pM). Luciferase activity was determined with
the Luciferase Assay System { Promeya)'. As a refavence plasmid to normalize transfection
efficiency, 25 ng pRL-CMV plasinid (Promega) was co-transfected in all experiments.
Results are given as means £ s.d. for a least three independent experiments.

Immuncprecipitation and GST pull-down assay

Whole cell extracts” were used for immunoprecipitation with either anti-ER-a or
anti-Flag antibody (anti-ER-ct Ab-4 from Neo Markers: anti-Flag from Santa Cruz
Biotechnology) after western blotting with anti-ER-« (Chemicon), anti-Arnt (Santa Cruz
Biotechnolagy), anti-AhR {Santa Cruz Biotechnology), anti-p300 (Upstate
Biotechnology), anti-SRC-1 (Santa Cruz Biotechnology}, anti-Flag, anti-haemagglutinin
and anti-Mye ([nvitrogen) antibodies. Normal mouse immunoglobulin was used as a
control For immunoprecipitation of ovarexpressed proteins, ceils were transtected as
indicated with Flag-tagged ERs {5 ug), haemagglutinin-tagged AKR (3 pg), Myc-Arnr

(5 ugh SRC-1 (0.7 pg) and p300 (0.7 ug) in the presence or absence of IMC and E2. For the
GST pull-down assay, AhR and Aent were transtated in vitro and incubated with either
G5T, GST-ER-c{A/B) or GST-ER-B{A/B) immobilized on glutathione-Sepharose
beads',

Purification and separation of AhR-interacting complexes

HeLa nuclear extracts were loaded on an M2 anti-Flag agarose gel (Kodak). After being
washed with binding buffer, the bound proteins were eluted from the agacose by
incubation overnight with 2.5-5.0 mi of the Flag peptide (Kodak) in binding buffer
(0.2mg mI™"}. For fractionation on a glycerol gradient, eluents were bayered on the topofa
13-l linear 100-10% gtycerol gradient and centrifuged for 16 b at 40,000 c.p.m. in an
SW40 rotor {Beckman). Each fraction was westarn blotted with anti-AhR, anti-ER-o and
anti-p300 antibodies. The protein standards used were B-globulin (M, 158K} and
thyroglobulin (867K},

Chromatin immunoprecipitation

Saluble chromatins of MCF-7 calls prepared with the acetyl-histone H4
immunaprecipitation assay kit {Upstate Biotechnology) were immunoprecipitated with
antibodies against the indicated proteins. Specific primer pairs were designated to amplify
the promaoter regions of the c-fos (5’ -GAACACTGCAGAAGGG-3 and 5'-
GAAGCTGTGCTTACGG-3'}, p§2 (5 -AAAGAATTAGCTTAGGCC-3 and §°-
ACCTTAATCCAGGTCC-3') or CYPIAS (5'-CTTCGCCATCCATTCE-3 and 5°-
GGGACTCCTCTTCOAC-3) genes from the extcacted DNA, Optimal PCR conditions to
allow semiquantitative measurement were used on 2% agarose/Tris-acetate-EDTA gols”.
As a2 usual condition, cells were treated with ligands for 45 min. The inductions of the
target gencs were examined by northecn blot analysis in MCF-7 cells treared with the
ligands for 3,

ABCD precipitation

Avidin resin {Promiega) was incubated with biotin-conjugated consensus ERE
ofigonucleotides, fallowed by incubation with cell lysates in lysis buffer {20 mM HEPES,
100 mM KCL 0.5 mM EDTA, 0.1% Triton X-100 and | mM dithiothreitol} for 30 min. The
subsequent ERE-protein complexes trapped on the resin were then eluted and western
blotted™.

Oestrogen responses in uterus

Nine-week-old fertale C$78L/6 mice with the indicated genotypes were avariectomized.
After 2 weeks the mice were treated with IMC (4 mg kg™ "), TCDD (40 ug kg ™'}, andlor E2
(20 sgkg™") in olive oil for 3 h. Total RNA was extracted from the uteri by sogen { Wako
Co.) and then subjected to northern blot analysis with cDNAs for the target genes for £2
(c-fos, VEGF) and for 3MC (CYPIAL), with GAPDH cDNA (encoding glyceraldehydes-3-
phosphate dehydrogenase) as an internul conteol'™. For experiments with intact mice, 21+
day-old female mice were used,

For uterine weight analysis, mice were treated with ligands for 3 days, and the ratio of
utering wet weight to body weight was calculated, followed by e-test analysis. Results are
given as means X s.e.m,

For the BrdW labelling experiment, ovariectomized mics were treared with ligands far 3
days, then injected with BrdU (30 mgkg™"). Paraffin sections from the uteri 8 h after 8cdU
injection were immunostained with anti-BrdU moenoclonat antibody by using the BrdU
Labeling and Detection Kit 1 (Roche), and the percentage of BrdU-positive epithelial cells
in the sections was calculated.
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