SP283

Neurobehavioral impairment induced by prenatal exposure of domoic acid

control DA@E11.5

NF-M MAP2

Merged

O] "o
control .
= 2 141
DA@E11.5 g 1.2 ]
] pagetas £ 107
DA@E17.5 © 0.6
[ pre 2 oa
T 0.2
[14 0-

DA@E14.5

DA@E17.5

N

Ratio of intensity
et
odhoowoidh

medial

lateral

Delayed effects on hippocampus induced by prenatal exposure of DA.

A-D, Immunohistochemical staining against MAP2; E-H, immunohistochamical staining against NF-M; I-L, merged im-
ages, of CA3 hippocampus. A, E, I, group A (control), B, F, J, group B (DA@11.5), C, G. K, group C (DA@14.5) and D,
H, L, group D (DA@17.5). Scale bar = 200 mun. M, Quantitative analysis of MAP2 expression. and N, NF-M expression
among the groups (mean + S.E.M.). Asterisk (**) and (*) indicated significant difference compared to control (P < 0.01)

and (P <0.05).

ing maturation, such as hyperreactivity to handling and to
cage mates, and did not present overt malformation of the
brain detectable by the routine H&E histology at the age
of 2 weeks (data not shown). It is also noted that the spec-
trum of the neurobehavioral symptoms induced in mice
exposed to DA at adulthood was different from those
monitored in this study (data not shown).

Although progressive hippocampal neuronal damag-
es were reported to be induced by prenatal administra-
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tion of DA (0.6 mg/kg intravenous injection to the dam)
(Dakshinamurti e /., 1993), we did not find notable neu-
ronal loss or neuronal cell death as the delayed effects
in adult mouse brain by prenatal exposure. On the other
hand, we found myelination failure (Miller and Mi, 2007)
in cortex of group B (DA@11.5) and C (DA@14.5) mice.
And we also detected a finding compatible with the over-
growth of neuronal processes in cortex and hippocampus
of group B (DA@11.5), C (DA@14.5) and D (DA@14.5)
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Fig. 3. Delayed effects on locomotor activity (OF test) in-
duced by prenatal exposure of DA.
A, Mean distance travelled (total distances divided by
total duration of trial, 10 min) and B, mean time spent
in center area (30% of the field) in the open field appa-
ratus (mean + S.E.M.). Asterisk (**) and (*) indicated
significant difference compared to control (P < 0.01)
and (P < 0.05).
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Fig. 5. Delayed effects on anxiety-related behavior (EP test)

induced by prenatal exposure of DA.

A. Total distance travelled, and B, total time spent in
open area in the elevated plus maze apparatus (mean
+ S.E.M.). Asterisk (*) indicated significant difference
compared to control (P < 0.05).

mice by using cytoskeletal marker. These findings indi-
cated that the disorganization of brain was induced by the
prenatal exposure of DA, and remained irreversibly up
until the maturation period.

Among multiple endpoints of the behavioral test bat-
tery we used, serious deviances in anxiety-related behav-
iors of group C (DA@14.5) and D (DA@17.5) mice were
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Fig. 4. Delayed effects on anxiety-related behavior (LD test)
induced by prenatal exposure of DA.

A, Total time spent in light area. and B, latency time
to move to light area in the LD apparatus (mean =+
S.E.M.). Asterisk (**) and (*) indicated significant dif-

ference compared to control (P <0.01) and (P < 0.05).
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Delayed effects on learning and memory (FZ test) in-
duced by prenatal exposure of DA.

A, Contextual fear test and B, cued fear test. Memory
performance is expressed as a mean percent duration
of freezing responses (mean + S.E.M.). Asterisk (**)
and (*) indicated significant difference compared to
control (P < 0.01) and (P < 0.05).

observed. Mice in those groups showed low performanc-
es in adaptations for novel circumstances, i.e., strange
and broad area in OF test, beamish place in LD test, high
and narrow space in EP test. Additionally, we also found
severe impairment of learning and memory. Although
the low performances of memory task have been report-
ed in rats with prenatal DA exposure (Levin ez al., 2005),
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Sumimary radar chart of the neurobehavioral battery test results. Radial axis indicates the direction (increase or decrease) of

the deviation, and the p value of the endpoints compared to the control (+1 and —1. 0.01 <=p < 0.05, +2 and -2, p < 0.01).
Regular dodecagon of radius 0 indicates no deviation from control.

we showed serious deviances about affective (emotional)
behaviors additional to severe memory deficit.

In conclusion, we clearly indicated that the distur-
bance against the adequate neural activity during devel-
opmental period when glutamate receptors became active
have induced delayed memory defect and unnatural adop-
tive behaviors that became monitorable at the matura-
tion period in mice. The responsible foci deduced from
these behavioral disturbances are the limbic cortex and
hippocampus. Our morphological findings are consist-
ent with the interpretation. A combination of neurobehav-
ioral and pathomorphological analysis was shown to be
an effective method to assess delayed neurotoxic effects
which dose not induce immediate organic brain dam-
age and related symptoms after exposure. Having adopt-
ed the hypothesis that exogenous stimuli to neural signal-
ing systems during the development of the brain can be a
cause of delayed anomaly of higher brain function. stim-
uli toward systems other than glutamate receptors should
also induce such anomaly of different targets and symp-
toms in concert with the distribution of the correspond-
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ing receptor(s) in the developing brain. Such data on oth-
er system would be reported elsewhere.
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Suppression of AhR signaling pathway is associated with
the down-regulation of UDP-glucuronosyltransferases during
BBN-induced urinary bladder carcinogenesis in mice
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Down-regulation of carcinogen detoxifying enzymes
might be a critical factor in tumour formation by
increasing the carcinogen concentration in the target
organ. Previous reports revealed that the expression
of UGTIA mRNA is either lost or decreased in certain
human cancer tissues, including urinary bladder cancer.
To elucidate this down-regulation mechanism, we used
an N-nitresobutyl (4-hydroxybutyl) amine (BBN)-
induced mouse urinary bladder carcinogenesis model.
Similar to human cancer, the expressions of Ugtla6,
Ugtla9 and total Ugtia mRNA in the BBN-induced
bladder cancer were markedly decreased compared
with those of normal mice. BBN down-regulated the
basal Ugtla mRNA expression in a time-dependent
manner and this was reversible in the first 2 weeks of
BBN treatment. However, after 4 weeks of BBN treat-
ment the repression became persistent after the cessa-
tion of BBN treatment. Aryl hydrocarbon receptor
(ABR) regulates the constitutive and inducible expres-
sion of Ugtla mRNA. We found that the constitutive
Ugtla mRNA expression is decreased in the bladder of
ABR knockout (KO) mice. Furthermore, BBN-induced
Ugtla down-regulation was lost in AhR KO mice, and
the canonical AhR target gene Cyplal was similarly
down-regulated by BBN in the bladder. These results
demonstrate that BBN repressed Ugtla mRINA expres-
sion via suppression of AhR signaling pathway during
BBN-induced carcinogenesis.

Keywords: UDP-qucuronosyltransferase/urinary
bladder carcinogenesis/AhR.

Abbreviations: AhR, Aryl hydrocarbon receptor;
BBN, N-nitrosobutyl (4-hydroxybutyl) amine;
Cyplal, cytochrome P450, family 1, subfamily a,
polypeptide 1; Gstpl, Glutathione S-transferase,
placental isoform 1; 3-MC, 3-methylcholanthrene;
PAH, polycyclic aromatic hydrocarbon; UGT,
UDP-glucuronosyltransferase.

Down-regulation of carcinogen detoxifying enzymes in
target organs is likely to play a critical role in chemi-
cally induced carcinogenesis by leading to an increased
local concentration of carcinogens (/-35). UDP-
glucuronosyltransferases (UGTSs) contribute to cellular
detoxification through their glucuronidation of poten-
tially toxic carcinogens and xenobiotics (6—8) and are
thereby key players in the defense mechanism against
chemical-induced carcinogenesis (9) and teratogenesis
(10). Carcinogens, such as aromatic amines and poly-
cyclic aromatic hydrocarbons (PAHs), are detoxified
by conjugation with glutathione or UDP-glucuronic
acid (11, 12). The 19 human UGT cDNAs identified
so far include nine UGTIA genes encoded by a single
UGTIA locus on chromosome 2 and 10 individually
encoded UGT?2 genes on chromosome 4 (I13). UGTIA
genes mainly catalyse the glucuronidation of aromatic
amines and PAHs (/3) and down-regulation of
UGTIA gene expression has been associated with
liver, digestive tract and urinary bladder tumors in
human (/—4).

Each Ugtla gene consists of a gene specific protein-
encoding first exon and 2—5 common exons. Gene-
specific promoters 5 of the first exons control the
specific expression of individual Ugtla genes. Basal
Ugtla mRNA expression is regulated tissue-
specifically by several transcription factors, such as
hepatocyte nuclear factor 1 and CAAT-enhancer bind-
ing protein (14, 15). On the other hand, the inducible
expression of Ugtla mRNA is regulated by several
xenobiotic receptors including pregnenolone X recep-
tor, constitutive androstane receptors, peroxisome pro-
liferators-activated receptors, liver X receptor, aryl
hydrocarbon receptor (AhR) and NF-E2-related
factor 2 (Nrf2) (16—20).

The AhR regulates inducible expression of both
phase 1 and phase 2 drug metabolizing enzyme genes
(21, 22). AhR is usually sequestered in the cytoplasm
in association with Hsp90, p23 and XAP2/ARAO.
Upon binding to halogenated or polycyclic aromatic
hydrocarbons, such as 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) and 3-methylcholanthrene (3-MC),
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respectively, AhR translocates into the nucleus, and
dimerizes with its partner molecule, Arnt (AhR nuclear
translocator), and then binds to its cognate enhancer
sequences called XREs in the regulatory region of
Ugtla, Cyplal and glutathione S-transferase al
(Gstal) genes (23—25). Chen et al. (26) recently
showed that the AhR controls UGTIA gene expression
more profoundly than was previously anticipated from
transgenic mouse studies with the human UGTIA
locus. Although a distribution of XREs occurs imme-
diately upstream of the UGTIAI, UGTIA6 and
UGTI1A49 first exons, TCDD treatment activated the
expression of all the human UGTIA genes in small
and large intestines, suggesting that AhR regulates
the transcriptional activity of the whole UGTIA
locus (26). Nrf2 also plays important role in Ugtla
gene expression. Nrf2 is activated by electrophiles,
such as oltipraz and sulforaphane, and coordinately
regulates expression of phase 2 drug metabolizing
enzymes including Ugtla6 and Gsts (27, 28).

Oral administration of  N-nitrosobutyl(4-
hydroxybutyl)amine (BBN) to rodents induced
cancer specifically in urinary bladder (29). BBN itself
is either metabolized by alcohol/aldehyde dehydrogen-
ase-mediated oxidation to yield N-nitrosobutyl
(3-carboxypropyl)amine (BCPN) or by UGT to form
BBN-glucuronide conjugate which is easily excreted
from bladder (30). If BBN or BCPN are metabolized
through the o-hydroxylation pathway and chemically
cleaved, their corresponding reactive species of alkyl-
carbonium ion are generated. Carbonium ion binds
covalently to DNA and enhances carcinogenesis in
uroepithelial cells (37, 32). We previously demon-
strated that Ugtla mRNA expression is specifically
down-regulated in the mouse urinary bladder after
BBN exposure (27). This may reduce the local glucur-
onidation activity against carcinogens, allowing their
accumulation and consequent promotion of DNA
mutations. In this study, we used a BBN-induced uri-
nary bladder carcinogenesis model to elucidate the
mechanism of Ugtla mRNA down-regulation during
carcinogenesis.

Materials and methods

Animals and reagents

BBN was purchased from Tokyo Kasei (Tokyo, Japan) and 3-MC
was bought from Sigma Chemical Co. (St Louis, MO, USA).
Nrf2-deficient mice of an ICR/129SV background (28) were back-
crossed for nine generations with C57BL/6J mice acquired from
CLEA Japan (Tokyo, Japan). The 4hr 7/~ mice (33) have been back-
crossed to CS7BL/6J mice for seven generations. Mice were housed
in stainless steel cages in an animal room maintained at 24 + 2°C
and with a 12h light/dark cycle. Mice were fed a purified AIN-76A
diet (Oriental MF; Oriental Yeast Co., Tokyo) and given water
ad libitum. BBN was dissolved in tap water to the set concentrations
and supplied ad libitum in dark bottles. 3-MC was dissolved in corn
oil to a concentration of 4mg/ml. Mice were treated with a single
injection of 80 mg/kg of 3-MC intraperitoneally.

RNA blot analysis

After the experimental period, mice were analysed by autopsy. Total
RNAs from whole urinary bladders or cancer lesions were extracted
with Isogen (Nippon Gene, Toyama) according to the manufac-
turer's instructions. Total RNAs (10 pg) were separated by 1.5%
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agarose gel electrophoresis containing 2.2M formaldehyde and
transferred to a nylon membrane. Membranes were hybridized
with the *2P-labelled gene-specific cDNA probes and washed with
the stringent washing conditions (final wash was done by 0.1% SSC,
0.1% SDS solution for 30 min at 55°C). cDNA probes for Ugt/a6,
Ugtia9 and total Ugtla have been described (27) and a cDNA probe
for Gstpl was kindly provided by Dr Kimihiko Satoh.

Immunoblot analysis of mAhR

Total proteins from whole mouse bladders were homogenized on ice
in 500 pi of RIPA lysis buffer [PBS (pH 7.4) containing 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 100ug/ml phenyl-
methylsulfonyl fluoride, 5pg/ml aprotinin, 10pug/ml leupeptin,
10 ug/ml pepstatin, 1 mM sodium ortho-vanadate and I mM DTT].
After incubation for 30 min on ice, homogenates were centrifuged at
maximum speed (15000r.p.m.) in a microcentrifuge for 30 min at
4°C. Protein concentrations of the supernatants were determined
by Coomassie Plus Protein Assay Reagent (Pierce). Proteins were
separated by 10% SDS-PAGE and electro-transferred onto an
Immobile membrane (Millipore, Bedford, MA, USA). The mem-
brane was incubated for 8h at 4°C with anti-AhR antibody
(SA-210; BIOMOL, PA, USA) diluted 1:200 in TBST (TBS plus
0.05% Tween-20). Immunoreactive proteins were detected using
horseradish peroxidase-conjugated anti-IgG antibody and ECL
(Amersham Biosciences).

Statistical analyses

Data were expressed as means + SEM. The student’s r-test was used
to determine the statistical differences among groups. A £ <0.05 was
interpreted as statistically significant.

Results

Reduced Ugt1a mRNA expression in BBN-induced
mouse urinary bladder cancer

We previously found that BBN dose-dependently
down-regulated Ugtla mRNA expression after 2
weeks of BBN exposure in a manner independent of
Nrf2 (27). In addition, decreased UGTIA mRNA
expression has been reported in several human cancers.
To examine whether Ugrla mRNA expression is
decreased in BBN-induced urinary bladder cancer,
we examined the mRNA expressions of total Ugtla
and its representative isoforms Ugtla6 and Ugtla9 in
BBN-induced urinary bladder carcinoma. For this pur-
pose, mice were treated with 0.05% BBN for 12 weeks
and Ugtla mRNA expressions in the urinary bladder
were analysed 10 weeks after ceasing treatment. Unlike
untreated mice, those administered BBN suffered from
apparent urinary bladder cancer, with bladder lesions
that were nodular rather than papillary in shape. The
expressions of Ugtla6, Ugtla9 and total Ugtla
mRNAs in the urinary bladders of BBN-treated mice
were significantly decreased by 87.7, 98.2 and 80.0%,
respectively, compared to those of control mice (Fig.
1). On the other hand, Gstp mRNA expression was
increased by 290.3%, indicating that the down-
regulation of Ugtla mRNA expression in the cancer-
ous urinary bladder is specific amongst phase 2 genes.

Persistent down-regulation of Ugt1amRNA after
prolonged BBN exposure

In order to examine the mechanism of Ugt/a suppres-
sion in more detail, we analysed Ugt/a mRNA expres-
sion after exposure to 0.05% BBN for 0, 3, 7 and 14
days (Fig. 2A and B). The expressions of Ugtlab,
Ugtla9 and total Ugtla mRNAs were down-regulated
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Fig. 1 The expressions of Ugtla6, Ugtla9 and total Ugtla mRNAs in
BBN-induced urinary bladder cancer compared with those in normal
urinary bladder. Mice were treated with vehicle (normal) or 0.05%
BBN (cancer) for 12 weeks. Ten weeks after the cessation of BBN
treatment, the expression of Ugt/la mRNA in the urinary bladder
was analysed. The band intensities of the RNA blot (A) were
quantified by densitometric analysis and the mRNA levels of phase 2
genes were normalized by /18S rRNA levels. The expression level of
each phase 2 gene in vehicle-treated mice was arbitrarily set to 100
and that of the BBN-treated mice is shown as a percentage of this
control (B). The means from four mice are presented with the SEM
(n=4). *P <0.05 compared with untreated wild-type mice.

by BBN treatment as early as 3 days and decreased in a
time-dependent manner until 14 days.

It is known that gene expression is altered irrevers-
ibly after cancerous transformation. Therefore, we
examined whether the down-regulation of Ugtla
mRNA expression is reversible after the cessation of
BBN treatment. For this purpose, mice were treated
with 0.05% BBN for 2 weeks and Ugtlia mRNA
expression in the urinary bladder was examined 1, 2,
4, 7 and 14 days after the cessation of BBN treatment.
Suppression of Ugtla6, Ugtla9 and total Ugtla
mRNA levels was maintained up to 4 days after the
interruption of BBN treatment (Fig. 3A). However,
7 days after ceasing BBN administration, Ugtla
mRNA expression increased to a level exceeding
those of untreated mice, demonstrating the reversibil-
ity of the process after a short period (i.e. 2 weeks) of
carcinogen treatment.

But what of longer term BBN exposure? Mice were
treated with 0.05% BBN for 2, 4, 6, 9 and 12 weeks
and the expression of Ugtla6 and total Ugtla mRNAs
was examined 7 days after discontinuing BBN treat-
ment at each time point (Fig. 3B). We found that the
expression of Ugtla6 and total Ugtla mRNAs did not
fully recover after the mice were treated with BBN for
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Fig. 2 Effect of BBN on Ugtla mRNA expression in the urinary
bladder. Mice were treated with 0.05% BBN or vehicle for 0, 3, 7 and
14 days, then urinary bladder RNA were extracted for RNA blot
analysis. The band intensities of the RNA blot (A) were quantified
by densitometric analysis and expression levels of phase 2 genes were
normalized by 185 rRNA levels. The mRNA level of each Ugtla
gene in untreated mice was arbitrarily set to 100 and that of BBN-
treated mouse is shown as a percentage of this control (B). The
means from four mice are presented with the SEM (n=4). *P <0.0S
compared with untreated wild-type mice.

4 weeks or longer. Thus, chronic BBN exposure of
greater than 2 weeks resulted in the persistent down-
regulation of Ugtla mRNA expression.

Ugt1a down-regulation by BBN treatment is not
observed in the AhR KO mouse bladder

Ugtla mRNA expression is regulated by multiple tran-
scription factors, such as Nrf2 and the AhR (16, 17).
To elucidate if the Nrf2 or AhR pathway is responsible
for the down-regulation of Ugt/a mRNA expression
by BBN, we analyzed Ugtla mRNA expresswn in the
urinary bladders of Nrf27= and Ahr™'™ mice after
exposure to 0.05% BBN for 2 weeks (Fig. 4A and
B). Importantly, the basal expressmns of Ugtlab,
Ugtla9 and total Ugtla mRNAs in Ahr™™ mice were
significantly decreased by 80.0%, 92.8% and 83.8%,
respectively, compared with those of wild-type mice.
On the other hand, Ugtla6, Ugtia9 and total Ugtla
mRNA expressions in Nrf2 7~ mice were not signifi-
cantly altered compared with those of wild- -type mice.
After BBN treatment, Ugtla mRNA expressxon was
significantly decreased by >80% m both Nrf2'~ and
wild-type mice. However, in Ahr~~ mice, the constitu-
tively low Ugtla mRNA expression was not further
reduced upon BBN exposure.

Further confirmation that the AhR indeed regulates
Ugtla mRNA expression in the urinary bladder was
provided by treating both wild-type and Ahr™~ mice
with the AhR activator 3-MC. The expressions of
Ugtla and Cyplal mRNAs were measured 48 h post-
intraperitoneal injection of 3-MC (Fig. 4C). The
expressions of Ugtla6, Ugtla9, total Ugtla and
Cyplal mRNAs in wild-type mice were significantly
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Fig. 3 Expression of Ugtla mRNAs after the cessation of BBN treatment. (A) Mice were treated with 0.05% BBN for 2 weeks and total RNAs
from the urinary bladders were examined for Ugt/a mRNA expression 1, 2, 4, 7 and 14 days after the cessation of BBN treatment. (B) Mice were
treated with 0.05% BBN for 2, 4, 6, 9 and 12 weeks. Total RNAs from the urinary bladders were examined for Ugt/a mRNA expression 7 days
after the cessation of BBN treatment at each time point. The band intensities of the RNA blots (left panels) were quantified by densitometry and
the expression levels of Ugt/a mRNAs were normalized by /8S rRNA levels. The expression level of Ugtla mRNA in untreated mice was
arbitrarily set to [00 and that of the BBN-treated mouse is shown as a percentage of this control (right panels). Values are presented as
means + SEM (n=4). *P <0.05 compared with untreated wild-type mice.

increased by 157.7, 143.8, 194.0 and 1509.0%, respec- suppressed by BBN treatment although AhR protein
tively, after 3-MC treatment. However, the constitu- itself is increased by BBN (Fig. 5B).

tive expression of these genes was decreased in

Ahr™™ mice and induction by 3-MC was lost. These ARR activity is repressed in BBN-induced

results clearly demonstrate a similar regulation of cancerous tissue

mMRNA expression under the influence of the AhR Because AhR protein is increased but its activity may
between Ugtla and Cyplal genes in the urinary be suppressed by BBN, we next analyzed AhR protein
bladder. level and Cyplal expression in cancerous tissue. Mice

were administered BBN for 12 and then with water for
10 weeks following the stoppage of BBN treatment,

Expression of AhR protein and the activity of the Cyplal mRNA expression in the cancerous tissues
AhR pathway after BBN treatment was examined. RNA blot analysis demonstrated a
To examine the effect of BBN on AhR activity, we decrease in Cyplal mRNA expression similar to the
measured the expression of AhR protein and the decrease in Ugtla mRNA expression, indicating the
AhR target gene expression in the urinary bladder persistent repression of AhR signaling in cancerous
after 2 weeks of BBN treatment. Immunoblot analysis urinary bladder (Fig. 5C). Consistent with the results
using whole urinary bladder extracts demonstrated of Fig. 5A, the expression of AhR protein in whole
that BBN treatment significantly increased AhR pro- bladder extract remained elevated even 10 weeks

tein in a dose-dependent manner (Fig. SA). Because after ending BBN treatment (Fig. SD). Thus, BBN
RNA blot analysis showed that the 4-r mRNA level suppresses AhR signaling pathway in cells, hence
was not increased by BBN treatment (data not shown), repressing Ugtla mRNA expression during BBN-
AhR protein translation rate or stability may be induced carcinogenesis.

increased by BBN treatment. We evaluated the AhR
target gene expression after BBN treatment by measur-
ing Cyplal mRNA expression by RNA blot analysis.
Mice were treated with 0.01, 0.05 and 0.1% BBN for Our study established that Ugt/a mRNA expression is
2 weeks and the expression of Cyplal mRNA in markedly decreased in BBN-induced urinary bladder

Discussion

urinary bladder was examined. The results revealed cancer, with the decreased expression commencing
that BBN treatment decreased Cyplal mRNA expres- during the early phase of continuous BBN administra-
sion. These results indicated that AhR signaling is tion. In Ahr KO mice, although the expression of
356
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Fig. 4 Role of AhR on Ugtle mRNA expression in the urinary bladder. (A) Effect of Ar or Nrf2 gene deletion on Ugtla mRNA expression. Wild-
type, Nvf27~ and Ahr™~ mice were treated with 0.05% BBN for 2 weeks and the expression levels of Ugt/a mRNAs in the urinary bladders were
examined. (B) The expression level of Ugt/a mRNA in untreated wild-type mice was arbitrarily set to 100 and that of each mouse as indicated in
the figure is shown as a percentage of this control. (A) P <0.05 compared with untreated wild-type mice. (B) P <0.05 compared with untreated
mice of the same genotype. (C) Effect of 3-MC on Ugtla mRNA expression in the urinary bladder. Wild-type and A7~ mice were injected
intraperitoneally with 80 mg/kg of 3-MC. After 48h, the expressions of Ugtla mRNAs and the Cyplal mRNA were examined by RNA blot

analysis.

Ugtla mRNA was constitutively low, BBN treatment
did not further suppress Ugtla mRNA expression.
BBN appears to down-regulate Ugt/a mRNA expres-
sion via the suppression of AhR-dependent signaling
pathway. These results indicate that the potent carcin-
ogen BBN facilitates carcinogenesis by repressing the
expression of AhR-dependent detoxification genes.

Our current hypothesis of Ugtia mRNA down-
regulation during BBN-induced urinary bladder carci-
nogenesis is summarized in Fig. 6. Under normal
conditions, when the urinary bladder is continually
exposed to urine, the basal expression of Ugtla
mRNA is up-regulated by the AhR that is activated
by urinary ligands such as indigos (34). BBN-treatment
increases AhR protein level in the cells, but the Ugtla
mRNA expression is suppressed by BBN-treatment.
After long BBN exposure, the down-regulation of
Ugtla mRNA becomes persistent and this may
allow for the accumulation of carcinogen and con-
sequently predispose the wurinary bladder to
carcinogenesis.

It is known that BBN is metabolized by the conju-
gation of glucuronic acid in rat (30). However, UGT
isozymes responsible for BBN-glucuronidation are not
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clear at present. We previously demonstrated that Nrf2
activator oltipraz induce BBN-glucuronidation in an
Nrf2-dependent manner in mouse liver (27). As Nrf2
regulates a battery of Ugtla as well as Ugt2b mRNA
expression, we surmise that either of these Ugt family
members probably catalyse BBN glucuronidation in
mice (35, 36).

Several studies have clarified the mechanism of gene
silencing in cancer. For example, methylation of the
5" CpG island is thought to play an important role in
the inactivation of tumor suppressor genes in cancer.
The GSTPI gene is the major GST isoform expressed
in normal human prostate and is silenced in the major-
ity of prostate tumors by the hypermethylation of CpG
islands in the 5 regulatory region (5). Similarly,
expression of UGTIA mRNA is also down-regulated
in the early stages of human liver and biliary carcino-
genesis, but the mechanism has not been elucidated (7).
To determine the mechanism of down-regulation of
Ugtla mRNA, we evaluated methylation of the
Ugtla6 gene promoter in mouse cancerous urinary
bladder. However, we failed to detect methylation of
CpG in the promoter between —1.2kb and 0.1 kb (data
not shown).
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It is important to note that BBN does not repress
Ugtla mRNA expression in the liver. Since BBN
Is metabolized to its reactive species only in the uri-
nary bladder, it might be the reactive metabolites of
BBN that are repressing the AhR. The repression
mechanism was examined using primary culture of
urinary bladder epithelial cells, but we found that nei-
ther BBN nor BCPN down-regulated basal Ugtla

A BBN(%) neg pos 0 0.01 0.05 0.1
AhR - 9 __ .-

Actin| —— e

B  BBN(%) 0 0.01 0.05 0.1

Cyp1a1

18S rRNA “W

(od normal cancer D normal cancer

Cypial | - - AhR

18S RNA | P WIP| Actin | =

Fig. 5 The effect of BBN treatment on the AhR pathway. (A) Effect
of BBN on the expression of the AhR in the urinary bladder. Mice
were treated with vehicle, or 0.01%, 0.05%, 0.1% BBN for two
weeks. Total cell extracts of the urinary bladders were examined by
immunoblot analysis using anti-AhR antibody. neg, the total cell
extract of COS-7 cells transfected with empty vector; posi, the total
cell extract of COS-7 cells transfected with AhR expression vector.
anti-B-actin antibody was used as a loading control. (B) Effect of
BBN on Cyplal mRNA expression. Mice were treated with 0.01,
0.05 and 0.1% BBN or vehicle for two weeks and total RNAs
from the urinary bladders were examined for the expression of
Cyplal gene. (C) Down-regulation of Cyplal mRNA expression in
urinary bladder cancer. Mice were treated with vehicle (normal) or
0.05% BBN (cancer) for 12 weeks and then with water for 10 weeks.
Cyplal mRNA expression in the urinary bladder was examined by
RNA blot analysis. (D) AhR protein expression in urinary bladder
cancer. Mice were treated with vehicle (normal) or 0.05% BBN
(cancer) for 12 weeks and then with water for 10 weeks. Total cell
extracts of cancerous urinary bladders were examined by immuno-
blot analysis using anti-AhR antibody. Anti-B-actin antibody was
used as a loading control. :

ligand B
(such as indirubin, indigo)

-6,

mRNA expression. This might reflect the fact that
the AhR does not contribute to basal Ugr/a mRNA
expression in vitro, because of the absence of its uri-
nary ligands. In contrast to the urinary bladder, tran-
scription factors other than the AhR may contribute
to the basal expression of Ugt/a mRNA in the liver.
If this is the case, even if BBN represses liver AhR,
it would not repress the expression of Ugtla mRNA.
Clarification of these possibilities requires further
study.

It is known that ligand-coupled AhR is rapidly
degraded by the ubiquitin—proteasome system (UPS)
(37, 38). Several studies reported that many transacti-
vators possess rapid-turnover characteristics, indicat-
ing an association between transcriptional activation
and protein degradation (39). Indeed, the proteolysis
of some transcriptional activators by the UPS can
stimulate transcription (40, 41). However, since the
proteasome inhibitors MG132 and lactacystin block
AhR degradation by TCDD, but lead to an enhance-
ment of AhR transcriptional activity, proteolysis per se
may not be essential for the transactivation activity of
the AhR (37, 38). Recently, Chen et al. (42) demon-
strated that MEK inhibitor U0126 stabilizes the AhR
and increases its steady-state levels, but also diminishes
the ability of the activated AhR to induce Cyplal in
response to TCDD. In that paper, the authors specu-
lated that Erk induces a conformational change that
provokes both transcriptional activation and degrada-
tion of the AhR. Collectively, these studies argue that
degradation of the cellular AhR is not necessarily a
requirement for transcription, but a property of the
ligand-activated form of the receptor. It is not clear
whether the same phenomenon occurs in BBN-treated
bladder, but an interesting possibility might be that
BBN inhibits Erk in the urinary bladder.

The repression of Ugz/a mRNA expression becomes
persistent after longer BBN exposure (i.e. after 4 weeks
or longer exposure), and the inhibition of AhR sig-
naling pathway and the repression of Ugtla mRNA
was also observed in the cancerous urinary bladder
tissue, that is even 10 weeks after the cessation of
BBN treatment (Fig. S5). Although it is not clear
whether the inhibition mechanisms of AhR signaling
pathway are identical in the non-cancerous and can-
cerous tissues, these results suggest that persistent

Cc

@

Transient Chronic
BBN exposure BBN exposure
ON =) v OFF
——»
- —{ XRE —{Ugt1a / Cypiai}

 ——_
—{XRE |——{Ugt1a / Cypiat }

DNA adduct

Fig. 6 The hypothetical mechanism of Ugtla mRNA down-regulation durin
expressions of Ugtla and Cyplal are mediated by the AhR that is constitut

cancer
DNA adduct 4
g urinary bladder carcinogenesis. (A) Normally, the basal mRNA

ively activated by exposure to AhR ligands in the urine. (B) The AhR

signaling pathway is repressed either by BBN or BBN metabolites by yet unidentified mechanisms, which down-regulates the mRNA expressions
of Ugtla and Cyplal. (C) If BBN exposure has been transient, the expression of Ugtla mRNA swiftly recovers to normal levels. However, after
a long exposure to BBN of >4 weeks, the down-regulation becomes persistent.

358

-618-



inhibition of Ugtla expression viz inhibition of AhR
signaling pathway play an important role in carcino-
genesis. Further studies will be required to find out
how BBN or its metabolites inhibit AhR signaling
pathway in the bladder.

This 1s the first report demonstrating that suppres-
sion of AhR signaling pathway is associated with the
down-regulation of Ugt/a mRNA during urinary blad-
der carcinogenesis. Continuous exposure to carcinogen
causes persistent repression of Ugt/a mRNA expres-
sion and may induce carcinogenesis. Conversely, we
previously reported that Nrf2 activation antagonizes
the BBN-induced repression of urinary Ugt/a mRNA
expression (27). Thus, Nrf2 activation by dietary anti-
carcinogenic vegetables and fruits not only induces
phase 2 expression, but also counteracts carcinogen-
mediated repression of Ugt/la mRNA expression,

thereby protecting the wurinary bladder from
carcinogenesis.
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Aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor, is known to mediate a wide variety
of pharmacological and toxicological effects caused by polycyclic aromatic hydrocarbons. Recent studies have
revealed that AhR is involved in the normal development and homeostasis of many organs. Here, we demon-
strate that AbR knockout (AhR KO) mice are hypersensitive to lipopolysaccharide (LPS)-induced septic shock,
mainly due to the dysfunction of their macrophages. In response te LPS, bone marrow-derived macrophages
(BMDM) of AhR KO mice secreted an enhanced amount of interleukin-13 (IL-18). Since the enhanced IL-1§3
secretion was suppressed by supplementing Plasminogen activator inhibitor-2 (Pai-2) expression through
transduction with Pai-2-expressing adenoviruses, reduced Pai-2 expression could be a cause of the increased
IL-18 secretion by AhR KO mouse BMDM. Analysis of gene expression revealed that AhR directly regulates
the expression of Pai-2 through a mechanism involving NF-kB but not AhR nuclear translocator (Arnt), in an
LPS-dependent manner. Together with the result that administration of the AhR ligand 3-methylcholanthrene
partially protected mice with wild-type AhR from endotoxin-induced death, these results raise the possibility

that an appropriate AhR ligand may be useful for treating patients with inflammatory disorders.

The aryl hydrocarbon receptor (AhR) is a member of the basic
helix-loop-helix/Per-Arnt-Sim homology superfamily and is in-
volved in the induction of drug-metabolizing enzymes and the
susceptibility of cells to a variety of cytotoxicities induced by
dioxins (9). AhR is a lgand-activated transcription factor acti-
vated by polycyclic aromatic hydrocarbons (PAHs), such as
3-methylcholanthrene (3MC) and 2',3',7',8’-tetrachlorodibenzo-
p-dioxin (TCDD). Under normal conditions, AhR exists in the
cytoplasm in a complex with Hsp90, XAP2, and p23 (22). After
binding a ligand, AhR translocates into the nucleus where it
dimerizes with its partner molecule, AhR nuclear translocator
(Arnt), and acts as a transcriptional activator to regulate the
expression of target genes, such as those expressing drug-metab-
olizing cytochrome P450 (Cyplal, 1a2, and 1bl) and NAD(P)H:
quinone oxidoreductase (Nqo), by binding to xenobiotic response
element (XRE) sequences in their promoter regions (9). By using
AR knockout (AhR KO) mice, it has been demonstrated that
ADR is essential not only for the induction of drug-metabolizing
enzymes but also for most, if not all, of the toxicological effects
caused by TCDD, including immunosuppression, thymic atrophy,
teratogenesis, and hyperplasia (6, 7, 17, 24), the mechanisms for
which are largely unknown. Recently, careful investigation into
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the loss of functions in AhR KO mice has also revealed that AhR
is involved in the normal development of several organs, including
the liver, heart, vascular tissues, and reproductive organs (1, 2, 6,
8, 15, 24). In addition, AhR has been found to play a key role in
the differentiation of regulatory T cells Treg, Th17, and Th1 from
naive CD4 T cells by regulating their expression of Foxp3 or by
as-yet-unknown mechanisms (14, 20, 23, 32). From these studies,
one of the general features of AhR that begins to emerge is that
it serves as a multifunctional regulator in a large number of areas,
ranging from drug metabolisn to innate immunity for protection
against invasive xenobiotics. In the work presented here, we dem-
onstrated that AhR KO mice were hypersensitive to lipopolysac-
charide (LPS)-induced septic shock, mainly due to the dysfunc-
tion of their macrophages. AhR KO mouse macrophages
secreted an enhanced amount of interleukin-18 (IL-1B8) in re-
sponse to LPS treatment and had markedly reduced Plasminogen
activator inhibitor-2 (Pai-2) mRNA concentrations, as revealed
by DNA microarray analysis, Pai-2 was reported to be a negative
regulator of 1L-1B secretion through its inhibition of caspase-1
{10), suggesting that the enhanced secretion of IL-18 by AhR KO
macrophages in response to LPS may have been due to the
reduced level of Pai-2. We showed that ALR directly regulates the
expression of inhibitory Pai-2, in an LPS-dependent manner,
through a mechanism involving NF-«B but not Amt.

MATERIALS AND METHODS

Mice. AhR knockout (AhR KO) mice were generated as described previously
(17). These mice were back-crossed with C57BLAT mice at lcast 10 timcs.
Age-matched mice (10 weeks) were intraperitoneally injected with 20 mg of
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LPS/kg of bady weight. Mice with floxed 417 (30) and 4/4R (Jackson laboratory)
alleles were crossed to LysM Cre mice to specifically delete these genes in their
macrophages. AhRY~ and AhR™%~ ;] ysM Cre mice were generated by mat-
ing AhRAO®A9%.T ysM Cre and ABR™ (ARR KO) mice. These age-matched
mice (9 to 11 weeks old) were intraperitoneally injected with 25 mg LPS/kg.
Mouse survival was checked every 6 or 12 h. 3MC (Wako, Osaka) at 10 pl (4
mg/mi 3MC)/g of body weight or 10 ul corn oil/g was intraperitoneally injected,
After 2 h, each mouse was intraperitoneally injected with 30 mg LPS/kg. LPS
(from Escherichia coli 0111:B4) was purchased from Sigma.

Preparation of macrophages. Bone marrow cells were obtained from the
femurs of 8- to 12-week-old mice. The bone marrow-derived macrophages
(BMDM) used for each experiment were jsolated by culturing bone mamrow cells
in the presence of 10 ag/ml granulocyte-macrophage colony-stimulating factor
(PeproTech) for 7 days and washing the attached cells with phosphate-bufiered
saline (PBS) three times. For cytokine assays, washed cells were coliected with a
scraper, plated at 2 X 10° cells/ml in 96-well plates, and cultured with 10 ng/nit
LPS for 8 h.

Tor isolation of peritoneal exudate macrophages (PTiMs), mice were intra-
peritoncally injected with 2 ml of 4% thioglycolate. Peritoncal cells were isolated
from exudates of the peritoneal cavity 3 days afier injection, incubated for 3 h in
appropriate plates, and washed with PBS. The adherent cells were used for
experiments.

Measurement of cytokines, Mice were intraperitoneally injected with 20 mg/kg
LPS and bled 2 h after injection. Plasma concentrations of IL-18, tumor necrosis
factor alpha (TNF-w), IL-6, gamuma interferon (IFN-y), IL-12, and 1L-18 were
determined by enzyme-linked immunosorbent assay (ELISA) (Biosource).
BMDM of mice with wild-type AhR (AhR WT mice) and AhR KO at 2 x 10°
cells/mi were incubated with 10 ng/ml LPS for 8 h, and their culture supernatants
were assessed for cytokines using mouse TNF-o and IL-1B ELISAs (Biosource).

Cell culture. All cells were maintained in RPMI medium (Sigma) supple-
mented with 10% fetal hovine serum (HyClone) and penicillin/streptomycin
(Gibco) under 5.0% CO, at 37°C.

Caspase inhibitors. BMDM of AhR KO mice at 2 X 10% cells/mi were incu-
bated with dimethyl sulfoxide (DMSO) or 80 uM Z-YVAD-FMK (caspase-1
nhibitor VI; Merck) or 100 pM Z-VAD-FMK (caspase inhibitor VI; Merck) for
30 min before LPS (10 ng/ml) stimulation. The BMDM were incubated for 8 h,
and their culture supernatants were assossed for cytokines using a mousc IL-18
ELISA (Biosourcc).

Virus infections. Adenoviruses expressing green fluorescent protein (GEP),
human Pai-2 (hPai-2), and human Bel-2 (hBel-2) were purchased from Vector
Biolabs (Phifadeiphia). BMDM from AhR KO mice were infected for 12 h with
adenoviruses expressing GFP, hPai-2, and hBcl-2 at a multiplicity of infection of
100. Infected BMDM were washed with PBS, followed by 12 h of incubation, As
it was reported that adenoviral vectors enhanced IL-1p secretion in macrophages
(19), IL-18 levels were investigated in these incubation supernatants by ELISA.
At this point, no IL-18 was observed in the supernatants. Therefore, the cells
were washed, collected with a scraper, and plated at 2 X 10° cells/m! in 96-well
plates. The cells were treated with 10 ng/ml of LPS for an additional 8 h.

Retroviral infection was performed as lollofws: pQC-mARR, a cloned murine
AhR (mAhR) fragment in pQCXIN (Clontech), and pQCXLN for LacZ, expres-
sion (as a control) were transfected into PT67 cells that were then cultured for
24 h. The culture medium was replaced with fresh medium, and the culture was
continued for an additional 24 h. This culture medium was used as the retrovirus
particle source.

Microarray analysis. Total RNA samples were purificd using Isogen before
being processed and hybridized to Affymetrix mouse genome 430 2.0 arrays
(Affymetrix). ‘The experimental procedures for the GeneChip analyses were
performed according to the Affymetrix technical manual.

Generation of stable transformant cell lines. ANA-1 cells were the kind gift of
L. Varesio (3). ANA-1 cells were transduced with LacZ- or AhR-expressing
retroviruses in a suspension with 8 mg/ml of Polybrene. One day after infection,
the infected cells were replated and incubated in a selection medium containing
0.5 mg/ml of Geneticin (Gibceo).

Plasmids. pcDNA3-p65 and pcDNA3-ABR were generated by inserting AhR
and p63 cDNA fragments, excised from pBS-mAhR and pBS-mp65 (murine
p63), into the pcDNA3 vector. The 2.7-kb fragment upstream of the Pai-2
transcription start site was generated by PCR (primers 5'-gaagettGGGTTGCA
GATCCCTTTAGC-3' and 5'-ceatggtegCTGACACACAGGAAATGCTITC3;
lowercase indicates restriction site sequences for cloning), using a BAC vector
carrying the Pai-2 gene as a template, and then cloned into the pBS vector. After
sequencing, the construct was cleaved with IIindIII/Nceol, and the isolated insert
was cloned into the HindIII/Ncol-digested pGL4.10 (Promega) to producc
pGL4-Pai-2 (—2.7 kb). The 0.8-kb fragment upstream of the Pai-2 transcription
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start site was generated by PCR (primers 5'-ggoaticGAGAAGTGATCTGGTA
GATG-3' and §'-ceatggtgg CTGACACACAGGAAATGCTTC-3') using pGLA-
Pai-2 (—2.7 kb) a5 a template and cloned into the pBS vector. After sequencing,
the construct was cleaved with HindIIU/Ncol, and the isolated insert was cloned
into the HindII/Necol-digested pGL4.10 (Promega) to produce pGLA-Pai-2
(~0.8 kb). pGL4-Pai-2 (~0.55 kb) was produced by cleaving pGL4-Pai-2 (2.7
kb) with Ndel/EcoRV, pGL4-Pai-2 (—~0.1 kb) was generated in a similar manner,
using primers 5'-GATGTCTTTATGAGTAAAATGTTGAATCA-3" and 5'-cca
1ggtggCTGACACACAGGAAATGCTIC-3. pGL4-Pai-2 (-0.55 kb C/EBPB
mutant) was generated by site-directed mutagenesis using a Seulptor in vitro
mutagenesis system (Amersham) with pGL4-Pai-2 (~0.55 kb) a5 a template and
primer pair 3-GATTTAAAATTGGAAAgeGCTAAATTCTTGAATTTTGAA
TGACATCAG-3" und 5'-GTGATGTCATTCAAAATTCAAGAATTTAG e
TITCCAATTTTAAATC-3,

RNA preparation and reverse transcription PCR (RT-PCR), Total RNA was
prepared using Isogen (Nippon Gene, Tokyo) according to the manufacturer’s
protocol. cDNA synthesis from 1 p.g of total RNA was carried out using Super-
Script II reverse transcriptase (Invitrogen, United States). Real-time PCR was
performed using an ABI7300 real-time PCR system (Applicd Biosystems) and
Platinum SYBR green quantitative PCR SuperMix (Invitrogen, United States),
Each sample was normalized to the expression of B-actin as a control, The
primer sequences were as follows: Pai-2, 5'-GCATCCACIGGCTTGGAA-3"
and 5'-GGGAATGTAGACCACAACATCAT-3; Bel-2, 5'-GTGGTGGAGGA
ACTCTTCAGGGATG-3' and 5'-GGTCTTCAGAGACAGCCAGGAGAAAT
C-3'; AhR, 5'-TTCTATGCTTCCTCCACTATCCA-3' and 5-GGCTTCGTCC
ACTCCTTGT-3"; Arnt, 5'-GGACGGTGCCATCTCGAC-3' and 5'-CATCTG
GTCATCATCGCATC-3": Mmp-8, 5'-CCACACACAGCITGCCAATGCC
T-3" and 5'-GGTCAGGTTAGTGTGTGTCCACT-3'; Ngol, 5-TTTAGGGTC
GTCTTGGCAAC-3' and 5'-AGTACAATCAGGGCTCTTCTCG-3'; AhR
repressor, 5'-CCTGTCCCGGGATCAAAGATG-3' and 5'-CTCACCACCAG
AGCGAAGCCATTGA-3"; IL-1B, 5'-CTGAAGCAGCTATGGCAACT-3' and
§-GGATGCTCTCATCTGGACAG-3'; TNF-, 5-CTGTAGCCCACGTCGT
AGC-3" and 5-TTGAGATCCATGCCGTTG-3; Cox-2, 5-GCATTCTTTGCC
CAGCACTT-3' and 5'-AGACCAGGCACCAGACCAAAG-3'; B-actin, 5'-GA
CAGGATGCAGAAGGAGAT-3' and 5'-TTGCTGATCCACATCTGCTG-3;
hPai-2, 5'-CCCAGAACCTCTTCCTICTCC-3' and 5-CATTGGCTCCCACTT
CATTA-3'; and hBcl-2, 5'-GTGTGTGGAGAGCGTCAACC-3 and 5'-GAGA
CAGCCAGGAGAAATCAAA-3".

Reporter assays. All luciferase assays were performed using a dual-luciferase
reporter assay system according to the manufacturer’s protocol (Promega), with
some modifications, RAW 264.7 cells (2.0 X 10* celisiwell) were plated in 24-well
plates 24 h prior to transfection. Cells were cotransfected with 100 ng pGL4-
Pai-2 (various lengths in kilobases) (see “Plasmids”), 1 ng Renilla luciferase (as
an intermnal controf), and 1 ng pcDNA3-p65 and/for pcDNA3-AhR using Fu-
GENE HD transfection reagent (Roche) according to the manufacturer’s pro-
tocol. All cells were incubated for 12 h at 37°C after transfection, treated with 10
ng/ml LPS, and incubated for an additionat 6 h.

Co-IP assays, AhR WT PEMs or lransfected 2937 cells were washed with
ice-cold PBS, followed by bufler containing 20 mM HEPES, pH 7.4, 125 mM
NaCl, 1% Triton X-100, 10 mM EDTA, 2 mM EGTA, 2 mM Na,VO,, 50 mM
sodium fluoride, 20 mM ZnCl, 10 mM sodivm pyrophosphate (31). The cells
were harvested by scraping, centrifuged at 5,000 rpm at 4°C for 5 min, and
suspended in immunoprecipitation (IP) buffer containing a protease inhibitor
cocktail (Roche). The cells were vortexed and placed on ice for 10 min, The -
samples worc then ceatrifuged at 15,000 rpm for 5 min at 4°C, and the super-
natants were saved as whole-cell lysates.

‘The prepared whole-cell lysate (250 pl) was incubated with anti-immunoglob-
ulin G, anti-AhR antibody, or anti-p65 for 2 h at 4°C. The reaction mixture was
supplemented with 20 i of protein A-agarose beads (Amersham). After being
incubated for an additional 1 h at 4°C, the beads were washed three times with
IP buffer containing protease inhibitor cocktail and resuspended in sodium
dodecyl sulfate (SDS) sample buffer. The coimmunoprecipitated proteins were
resolved by SDS-polyacrylamide gel electrophoresis (PAGE), and Wester blot
analysis was performed.

ChIP assays. Chromatin IP (ChIP) assays were performed with PEMs from
ARR WT and ARR KO mice. PEMs were stimulated with 10 ng/mi 1.PS for 60
min and then fixed with formaldehyde for 10 min. The cells were lysed and
sheared by sonication, The lysis solution was incubated with immunoglobulin G
or preimmune serum and protein A-agarose for 2 h to remove nonspecific DNA
binding. The solution was incubated overnight with a specific antibody, followed
by incubation with protein A-agarose saturated with salmon sperm DNA. Pre-
cipitatcd DNA was analyzed by real-time PCR using primer pair 5-GGAAGT
TCCCTGAGGCTITATAGG-3' and 3'-ATGGAAGCACATACATAAGAACA
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TGG-3" for the NF-xB binding site of Pai-2, 5'-TGAGTGTGAGTGGTGCAG
ATTAC-3" and 5-CCTCCCACACAGCTCTTITTTIC-3' for mPai-2 TATA, 5'-
CGGAGGGTAGTICCATGAAA-3" and 5 -CAGGCITITACCCACGCAA
A-3" for the NF-«B binding site of mCox2, and 5'-CGCAACTCACTGAAGC
AGAG-3" and 5'-TCCTTCGTGAGCAGAGTCCT-3' for mCox-2 TATA. The
antibodies used were as follows: anti-AhR serum, preimmune sertum, anti-p63,
and anti-Polll antibodies (Santa Cruz).

Western blot analyses. Cells were dissolved in SDS sample buffer, and proteins
were separated by SDS-PAGE for Western blot analysis. The proteins were then
transferred to polyvinylidene diffuoride membranes and blocked in 3% skim milk
for 30 min. Fach antibody was used as a primary reagent, and alter being washed
three times with Tris-borate-FDTA containing 0.19% Triton X-100, membranes
were incubated with species-specific horseradish peroxidase-conjugated second-
ary antibody (Zymed). The protein-antibody complexes were visualized by using
an enhanced chemiluminescence detection system (Amersham) according to the
manufacturer’s recommendations. Nuclear cxtracts were prepared by a standard
method (25). The antibodies used were as follows: anti-Armt serum (28); anti-
ABR (Biomol); anti-Pai-2, anti-p65, and antilamin antibodies (Santa Cruz); and
antitubulin antibody (Sigma).

RESULTS

High susceptibility of AhR-deficient mice to LPS-induced
endotoxin shock. To investigate the function of AhR in acute
inflammation in vivo, we performed studies of experimental
LPS-induced endotoxin shock. For these studies, 10-week-old
AhR WT and AhR KO mice were injected intraperitoneally
with 20 mg/kg LPS. After 24 h, while all of the AhR WT mice
survived, most of the AhR KO mice (80%) had died (Fig. 1A).
These data indicate that AhR-deficient mice were highly sus-
ceptible to LPS-induced endotoxin shock. To explain the in-
creased sensitivity of AhR KO mice to septic shock, the plasma
concentrations of several inflammatory cytokines were mea-
sured 2 h after LPS challenge. Consistent with the enhanced
susceptibility of AhR KO mice to the LPS treatment, ARR KO
mice had marked increases in plasma IL-18, IL-18, and TNF-a
levels (P < 0.001), with modest increases in IL-6 and IFN-~y
(Fig. 1B). In contrast, there was no difference in plasma IL-
12p70 levels (Fig. 1B). Administration of 3MC, an AhR ligand,
before LPS treatment (30 mg/kg) made the AhR WT mice
significantly more resistant to septic shock than the mice that
were not treated with 3MC (P = 0.002) (Fig. 1C). Together
with the fact that there was essentially no effect of 3MC on
AhR KO mice, these results suggested that activated AhR
could play an anti-inflammatory role.

Increased susceptibility of mice with AhR KO macrophages
to LPS-induced endotoxin shock. Since macrophages play an
important role in sensitivity to LPS toxicity, we generated mice
with macrophages deficient in AhR (AhR™¥ :LysM Cre
[AAhRR Mac] mice) to evaluate the contribution of macro-
phages to the LPS hypersensitivity of AhR KO mice. When
AAhR Mac and control mice (AhR™¥™) were injected intra-
peritoneally with 25 mg/kg LPS, most of the AAhR Mac mice
(80%) had died at 48 h after LPS challenge, while 60% of the
control mice survived (P = 0.03) (Fig. 2A). Together with the
previous results, these data showed that dysfunctional AhR-
deficient macrophages are one of the main causes of LPS
hypersensitivity in AhR KO mice.

Elevated IL-1P secretion from AhR KO BMDM in response
to LPS. To further investigate the cause of the aberrant cyto-
kine secretion by LPS-challenged AhR KO mice, we next
asked if there were any differences in the production of proin-
flammatory cytokines by AhR WT and AhR KO mouse
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FIG. 1. High susceptibility of AhR KO mice to LPS-induced endo-
toxin shock. (A) Survival of AhR WT and AhR KO mice (1 = 10) after
LPS challenge (20 mg/ml). (B) TNF-«, IL-6, IL-12p70, IL-1B, IL-18,
and IFN-y plasma levels 2 h after LPS challenge (20 mg/ml). Horizon-
tal bars show the mean results, (C) Partial protection of AhR WT mice
from septic shock by intraperitoneal injection of 3MC at 2 h before
LPS challenge (30 mg/ml) and survival of corn oil-injected mice. AhR
WT-oil, n = 29; AhR WT-3MC, 1 = 28; AhR KO-oil, n = 13; AhR
KO-3MC, n = 13. %, P < 0.001; %%, P = 0.001; *%%, P < 0.005; » %%,
P = 0.002; NS, not significant.

BMDM in response to LPS stimulation. Macrophages from the
bone marrow of AhRR WT and AhR KO mice were challenged
with 10 ng/m! LPS for 8 h, and then the levels of TNF-« and
IL-1B in the culture medium were assessed by ELISA. Com-
pared to the levels in AhRR WT BMDM, the levels of IL-1p
secretion by AhR KO BMDM were markedly clevated, along
with slight increases in TNF-q, in response to LPS treatment
(P < 0.001) (Fig. 2B, left). However, IL-1B mRNA levels were
not altered between AhR WT and AhR KO BMDM (Fig. 2C,
left). These data indicated that AhR deficiency markedly in-
creased IL-1B accumulation due to its enhanced secretion
rather than its increased synthesis.

Expression of AbR-dependent genes in macrophages., We
next performed microarray analysis of AhR WT and AhR KO
mouse macrophages to comprehensively investigate the AhR-
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FIG. 2. LPS induces abnormal secretion of IL-18 by BMDM from AhR
KO mice. (A) Survival of ALR™™ (AhR §/—; n = 15) and AhRP¥ " :LysM
Cre (AhR f/—zcre; n = 19) mice after LPS challenge (25 mg/ml). (B) IL-13
and TNF-u levels in the culture supematants of AhR WT and AhR KO
BMDM 8 h after LPS stimulation (10 ng/ml) (2 = 4). (C) Relative expression
levels of IL-1f and TNF-o mRNA 4 h after LPS stimulation (10 ng/ml) of
AhR WT and AhR KO BMDM. Gray and black bazs show results with LPS;
white bars show results for untreated cells. Error bars show standard devia-
tions. #, P = 0.03; **, P < 0.001; NS, not significant.

dependent changes in gene expression that were related to
IL-1p secretion (Table 1). Among the genes whose expression
was reduced in AhR KO macrophages, we noted the markedly
reduced levels of expression of the Pai-2 and Bcl-2 genes.
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These genes were significant because they had been reported
to negatively regulate IL-183 secretion by inhibiting the activity
of caspase-1 (5, 10). Consistent with the notion that the en-
hanced secretion of IL-18 is due to the activation of caspase-1,
treatment with the caspase inhibitors Z-YVAD-FMK and Z-
VAD-FMK markedly reduced the secretion of IL-1f in AhR
KO BMDM (Fig. 3A). To confirm their reduced expression in
AhR KO BMDM, Pai-2 and Bcl-2 mRNA expression levels
were determined by real-time RT-PCR in AhR WT and AhR
KO BMDM (Fig. 3B). Figure 3B shows that Pai-2 and Bel-2
mRNA expression levels were clearly reduced in AhR KO
BMDM. To investigate whether the increased IL-1§ secretion
in AhR KO BMDM was due to their reduced Pai-2 and Bel-2
expression, the expression of these proteins was supplemented
in AhR KO BMDM by infection with adenoviral vectors ex-
pressing hPai-2 and hBcl-2 (Fig. 3D). The efficiency of the
adenoviral gene transfer, as monitored by the expression of
GFP, was estimated to be >>90% (data not shown). Compared
with control adenoviral expression of GFP, transfer of the
hPai-2 gene into AhR KO BMDM significantly inhibited LPS-
induced secretion of IL-1B3 (Fig. 3C), but almost no effect was
observed with Bcl-2 expression. Bcl-2 has been reported to
suppress IL-18 secretion that is specifically processed through
the NALP1 complex and regulated by muramy!l dipeptide,
which is usually a contaminant in commercial LPS (5). These
results suggested that the enhanced IL-1B secretion in re-
sponse to LPS was due not to processing through the NALP1
complex (5) but to processing through the NALP3 complex, an
inflammasome-containing caspase-1 regulated by LPS (16),
and that decreased Pai-2 expression is at least one of the causes
for the increased IL-1B secretion by AhR KO BMDM after
LPS treatment.

Arnt is not required for enhancement of LPS-induced Pai-2
expression by AhR. It has been reported that LPS stimulation
induces Pai-2 expression (21, 26). Figure 4A and B show that
the induction of both Pai-2 mRNA and protein expression was
remarkably reduced in AbhR XO macrophages compared with
the levels in AhR WT macrophages. Interestingly, AhR
mRNA and protein expression levels were also induced by LPS
stimulation (Fig. 4A and B). In response to various PAHSs,
AhR is known to act, in most cases, as a transcriptional acti-
vator, in heterodimer formation with Arnt. Although the
mouse Pai-2 promoter does not have any obvious XRE se-
quences (GCGTG) in its regions 5 kb upstream and down-

TABLE 1. Decreased gene expression in AhR KO PEMs revealed by cDNA microarray analysis

Value for
Fold change Gene name Gene product
WT PEMs KO PEMs

14.0 0.561 0.040 Gsta3 Glutathione S-transferase alpha 3
10.2 7.826 0.767 Pai-2 Plasminogen activator inhibitor-2
33 9,354 1.700 Cyplbl Cytochrome P450, family 1, subfamily b, polypeptide {
4.6 0.206 0.045 Nkaf NI-xB repressing factor
3.6 1.922 0.541 Cxcl5 Chemokine {C-X-C motif) ligand 5
31 13.670 4,444 Mmp8 Matrix metallopeptidase 8
2.9 1.406 0.489 Cxcll3 Chemokine (C-X-C motif) ligand 13
2.6 2111 0.800 Lrre27 Leucine-rich repeat-containing 27
2.5 3.466434 1.394728 Crgf Connective tissue growth faclor
2.2 3.849141 1,722473 Meoin3 Mucolipin 3
22 1.204793 0.550093 Ngol NAD(P)H dehydrogenase, quinone 1
2.0 6.96623 3.453017 ler3 Immediate early response 3
2.0 0.596479 0294062 Bel2 B-cell leukemia/lymphoma 2
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FIG. 3. Decreased Pai-2 expression is one of the causes of the
increased IL-1B secretion by LPS-treated AhR KO BMDM. (A) In-
hibition of IL-1B oversecretion from AhR KO BMDM by treatment
with caspase-1 inhibitor (Z-YVAD-FMK) or caspase inhibitor (Z-
VAD-FMK). (B) Relative expression levels of Pai-2 and Bel-2 mRNA
in AhR WT and AhR KO BMDM. (C) The effect of hPai-2 and hBcl-2
reconstitution on the LPS-induced secretion of IL-18 and TNF-« by
AhR KO BMDM. BMDM from AhR KO mice were infected with the
individual adenovirus (adeno) vectors and then washed and incubated
for 24 h. IL-1B and TNF-« levels in the supernatants 8 h after LPS
stimulation (n = 3) were determined by ELISA, (D) Assessment of
hPai-2 and hBcl-2 mRNA expression in adenovirus (adeno) vector-
infected BMDM by conventional RT-PCR. Error bars show standard
deviations. %, P < 0.001; NS, not significant.

stream of the transcription start site, we were interested in
determining whether Arnt was also involved in the inducible
expression of Pai-2 by LPS. Other AhR target genes identified
by the microarray analysis, e.g., the matrix metalloproteinase
(Mmp-8) gene and the NAD(P)H:quinone oxidoreductase 1
(Ngo1) gene (Table 1), have characteristic XRE sequences in
their promoter regions and were also induced by 3MC. As
expected, the induction of their expression was greatly reduced
in Arnt KO and Arnt small interfering RNA (siRNA)-treated
macrophages (Fig. 4E; also see Fig. S1 in the supplemental
material). In stark contrast, the expression of Pai-2 was not
much different in Arnt KO and Arnt siRNA-treated macro-
phages, indicating that Arnt is not involved in regulating Pai-2
gene expression (Fig. 4D; also see Fig. S1 in the supplemental
material) and that AhR regulates Pai-2 gene expression by a
noncanonical mechanism. Consistent with these observations,
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macrophage-specific conditional deletion of Arnt did not sig-
nificantly alter the sensitivity to LPS treatment (Fig. 4F).

DNA elements regulating Pai-2 gene expression. We were
interested in further investigating how AIR regulates Pai-2
gene expression in macrophages. It has been previously re-
ported that LPS-induced Pai-2 expression requires NF-«xB ac-
tivation (21) and that AhR and p65 physically interact with
each other (31). With those results in mind, we constructed a
reporter gene by fusing a 2.7-kb sequence upstream of the
mouse Pai-2 transcription start site to the luciferase gene (see
Fig. S2 in the supplemental material). This 2.7-kb Pai-2 re-
porter gene contained a previously reported NF-«B site (21).
When the ABR expression vector alone was transfected into
RAW 264.7 cells, it did not enhance LPS-induced reporter
gene expression. In contrast, cotransfection of both AhR and
p65 did (Fig. 5A). To identify the sequence responsible for
enhancing the LPS-induced activation of the reporter gene, we
constructed an 0.8-kb Pai-2 reporter gene by deleting the se-
quence from —2.7 to —0.8 kb, which contained the previously
reported NF-«B site (see Fig. S2 in the supplemental mate-
rial). With this 0.8-kb Pai-2 construct, the addition of AhR and
p65 no longer enhanced the activity in response to LPS treat-
ment (Fig. 5A), indicating that the sequence between —0.8 and
—2.7 kb, containing an NF-«B site, is responsible for enhanc-
ing Pai-2 gene activation in response to AhR and NF-«B.
Further downstream, we noticed the presence of a putative
C/EBP binding sequence (around 250 base pairs upstream of
the transcription initiation site), which has been reported to be
responsible for LPS-induced activation of the gene (4). Dele-
tion or point mutation of this sequence was found to abrogate
the ability of LPS to induce this gene, indicating that this
C/EBPp binding site functions as an enhancer sequence in the
LPS response (see Fig. S2 in the supplemental material).

Recruitment of transcription factors necessary for LPS-in-
duced Pai-2 expression. When macrophages were treated with
LIPS, p65 translocated from the cytoplasm into the nucleus
independently of AhR (Fig. 5B), as reported previously. How-
ever, without AhR, ChIP revealed that p65 was not recruited
to the enhancer sequence in the Pai-2 gene, which contains an
NF-«B site (Fig. SE). In WT macrophages, nuclear-translo-
cated p65 was only recruited to the enhancer sequence of the
Pai-2 gene together with AbhR. Polll was concomitantly re-
cruited to the TATA sequence of the Pai-2 gene in AhR WT
but not AhR KO macrophages. Surprisingly, we observed that
LPS induced AhR binding to the Pai-2 NF-«B site, as shown by
ChIP using an anti-AhR antiserum. Co-IP assays revealed that
ANR and p65 interacted in macrophages (Fig. 5C), consistent
with a previous report (31). On the other hand, expression of
the Cox-2 gene is known to be activated by LPS through re-
cruitment of p6S to its NF-«B binding site, and this occurs
independent of AhR (Fig. 5D), with concomitant binding of
Polll to the transcription initiation site (TATA) of the Cox-2
gene (Fig. 5SE). Arnt was not recruited to the Pai-2 promoter by
ChIP assay (data not shown), consistent with normal Pai-2
expression in the macrophages from Arnt™~~::LysM Cre mice
(Fig. 4D).

As shown in Fig. S3 in the supplemental material, the
CCAAT box sequence in the Pai-2 gene was recognized by
C/EBPB in an LPS-dependent manner in both AhR WT and
KO macrophages. This binding of C/EBPS to the Pai-2 pro-
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FIG. 4. Arntis not required for LPS-induced enhancement of Pai-

2 expression. (A) Relative Pai-2 and AhR mRNA expression levels in AhR

WT and AhR KO PEMs 4 h after treatment with (black or gray bars) or without (white bars) LPS (10 ng/ml). (B) Immunoblot analysis of Pai-2
and AhR expression in AhR WT and KO PEM:s after a 16-h incubation with LPS (10 ng/ml). (C) Immunoblot analysis of Arnt in Arnt?*#° and
Arnptfev/ox.t ysM Cre PEMs. (D) Relative Pai-2 mRNA expression levels 4 h after incubation of Arnt®¥°~ (black bar) and Arnt®¥1°%: LysM Cre
(hatched bar) PEMs with LPS (10 ng/ml). (E) Left, relative expression levels of Mmp-8 and Ngoi mRNA in Arnt®¥%°* (black bar) and
Arntfo¥iox 7 geM Cre (hatched bar) PEMs treated with DMSO (white bars) or 3MC (black or hatched bar) (1 uM). Right, relative expression
levels of Mmp-8 and Nqo1l mRNA in AhR WT (black bar) and AhR KO (gray bar) PEMs treated with DMSO (white bars) or 3MC (black or gray
bar) (1 pM). (F) Suzvival of Amt™~ (At /~; n = 7) and Arat™™"::LysM Cre (Arnt f/—:cre; 7 = 12) mice after LPS challenge (25 mg/mi).
Error bars show standard deviations. 1B, immunoblot; +, present; —, absent; w, anti.

moter might explain the weak LPS-induced activation of Pai-2
gene expression in AhR KO macrophages (Fig. 4A; also see
Fig. 83 in the supplemental material), as described in the
previous section.

The requirement of the functional domains of AhR for AhR-
dependent Pai-2 expression. To determine the functional do-
mains of AhR for AhR-dependent Pai-2 expression, we inves-
tigated the Pai-2 expression in ANA-1 cells, which were
transfected with various AhR mutants (Fig. 6). Compared with
the levels in ANA-1 cells transfected with full-length AhR, we
observed much lower levels of expression of Pai-2 in the
ANA-1 cells transfected with AhR NLSm (a mutant located
predominantly in the cytoplasm) (Fig. 6B, bars 3, 4, 11, and
12). On the other hand, transfection with AhR CA (a consti-

tutively active mutant located predominantly in the nucleus)
gave a result for Pai-2 expression comparable to that of the
transfection with full-length AhR (Fig. 6B, bars 3, 4, 7, and 8).
These results indicated that nuclear AhR functions in AhR-
dependent Pai-2 expression. The fractionation of AhR indi-
cated that a small but significant amount of AhR existed in the
nucleus without treatment with ligands such as 3MC, in con-
trast with the large amount in the cytoplasm (Fig. 5B), consis-
tent with the previous report that AhR has functional nuclear
localization signal and nuclear export signal sequences and
shuttles between the cytoplasm and nucleus. It is reported that
when nuclear export is inhibited by trichomycin B or phosphor-
ylation at S68, AhR accumulates in the nucleus (12). There-
fore, it could be considered that in macrophages, AhR is in-
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FIG. 5. Recruitment of transcription factors necessary for LPS-induced Pai-2 expression. (A) LPS-induced luciferase expression from the Pai-2
(~2.7 kb) and Pai-2 (—0.8 kb) reporter genes. RAW 264.7 cells were transfected with each reporter gene, with and without pcDNA3-ABR (0 ng,
50 ng, 100 ng) and/or pcDNA3-p65 (1 ng). Values represent the means, normalized to Renilla luciferase activity (used as an internal control), =
standard deviations of the results of three independent experiments. The activities shown by the fourth and seventh pairs of bars were used as
standards for normalizing the relative activities of the other conditions. (B) AhR WT and AhR KO PEMs were left untreated or were treated with
LPS for 1 h. Cytoplasimic (Cyto) and nuclear (Nuc) extracts were immunoblotted with antibodies against AhR, p65, tubulin, and lamin. (C) Co-IP
of AhR and p65. Whole-cell extracts from AhR WT PEMs were coimmunoprecipitated with anti-AhR antibody. Co-IPs and Western blotting were
performed as described in Materials and Methods. (D) Relative expression levels of Cox-2 mRNA in AhR WT and AhR KO PEMs after 4 h of
treatment with or without LPS (10 ng/ml). Bars are as labeled in panel A. Error bars show standard deviations. (E) Top, transcription factor binding
sites in the Pai-2 and Cox-2 genes. Bottom, results of ChIP analyses of the Pai-2 and Cox-2 promoters. ChIP analyses were performed using
antibodies to p65, AhR, and Polll in LPS-induced AhR WT and AhR KO PEMs. ChIP analyses and real-time PCRs were performed as described
in Materials and Methods. Error bars show standard deviations. +, present; —, absent; «, anti; IgG, immunoglobulin G.

volved in Pai-2 expression induced by LPS treatment in the DISCUSSION

absence of typical AhR ligands (Fig. 4A). The mechanism of
AhR’s involvement in Pai-2 expression induced by LPS will be
investigated in detail. To further address the question of the
requirement for the AhR domain in Pai-2 expression, we gen-
erated ANA-1 cells stably transfected with AhR AC (an acti-
vation domain-deficient mutant) and AhR Y9F (the mutant
with attenuated DNA binding) (18). Compared with the ex-
pression in stable ANA-1 cells transfected with full-length
AR, neither of the cell lines transfected with AhR AC or AhR
YIF significantly expressed Pai-2 (Fig. 6B, bars 3 t0 6, 9, and
10). These results indicate that both the activation and DNA
binding domains of AhR were required for AhR-dependent

AhR was originally found as a transcription factor that was
involved in the induction of xenobiotic-metabolizing CYP1A1
by TCDD and other PAHs and has been found to act as a
multifunctional regulatory factor in areas ranging from drug
metabolism to innate immunity, providing protection against
invading xenobiotics. Close investigation of the phenotypes of
AhR KO mice revealed that they seem to suffer from morbidity
from impaired immunity and easily succumb to bacterial infec-
tion. We examined the susceptibility of AhR KO mice to LPS-
induced septic shock and found that they were hypersensitive
to LPS treatment and had increased secretion of proinflam-

Pai-2 expression. Co-IP analysis using these AhR mutants
showed that the N-terminal region of AhR (AhR AC mutant)

interacted with n65 (Fig. 6C).

matory cytokines, such as IL-13, TNF-a, IL-18, and IFN-y
(Fig. 1A and B). It has been reported that in endotoxic shock,
TL-1B and TNF-« are rapidly released and trigger a secondary
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FIG. 6. Nuclear localization, activation, and DNA binding domains
of AhR are required for AhR-dependent Pai-2 expression. (A) Immu-
noblot analysis of full-length AhR or mutants in LacZ or AhR trans-
formant ANA-1 cells. Paired lanes labeled 1 and 2 show results from
experiments using two independent transformants. (B) Relative ex-
pression levels of Pai-2 mRNA in ANA-1 cells transfected with LacZ
or full-length AhR or mutants. Bars show quantification of the results
in the 12 lanes in panel A; error bars show standard deviations. * P <
0.001; NS, not significant. (C) Interaction of p65 and AhR mutants.
Co-IP of p65 and full-length ARR or mutants expressed in 293T cells,
using anti-p65 antibody. AhR FL (full-length) comprises amino acids 1
to 805, AhR AC comprises amino acids 1 to 544, and AhR CA com-
prises amino acids 1 to 276 and 419 to 805; in AhR YIF, Y9 was
mutated to F; and in AhR NLSm 37R, 38H, and 39R were mutated to
A, G, and S, respectively, IB, immunoblot; «, anti; +, present.

inflammatory cascade that is dependent on the transcription
factor NF-«B (10). Mice with a macrophage-specific condi-
tional deletion of AhR (AhR™™~::LysM Cre) were more sus-
ceptible to LPS-induced septic shock than ARRP¥~ mice,
indicating that the dysfunction of macrophages due to AhR
deficiency is one of the major causes of the enhanced suscep-
tibility of AhR KO mice to LPS-induced septic shock (Fig. 2A).
Consistent with these observations, isolated AhR KO BMDM
secreted much larger amounts of IL-1f and had a slight in-
crease in TNF-« in response to LPS (Fig. 2B). Since IL-1p
mRNA levels were not altered between ARR KO and AhR
WT BMDM (Fig. 2C), the increased IL-18 secretion is prob-
ably not due to the enhanced synthesis but, rather, is likely due
to enhanced processing of IL-18. (16).

We thought that this TL-1B oversecretion by AhR-deficient
macrophages might provide clues as to how AhR functions as
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a physiological immunosuppressor. Microarray analyses to
comprehensively investigate the AhR-dependent changes in
gene expression that were responsible for increased IL-18 se-
cretion revealed that the levels of expression of Pai-2 and Bel-2
mRNA were markedly reduced in AhR KO BMDM, which
was confirmed by real-time PCR (Fig. 3B). Reconstitution
experiments with adenoviruses showed that only Pai-2 expres-
sion could significantly suppress IL-18 oversecretion in AhR
KO macrophages, while no suppressive effect was observed
with Bcl-2 expression (Fig. 3C). It has been reported that there
are several pathways for processing IL-1B that lead to its se-
cretion (16). These results indicate that Pai-2 and Bcl-2 are
differentially involved in these pathways. Recently, in experi-
ments using AIKKB myeloid mice, Pai-2 has been reported to
suppress IL-1B secretion, acting downstream of NF-kB (10).
The IL-1P processing that is regulated by the inflammasome
involves caspase-1 (16). Consistent with these observations,
treatment with caspase inhibitors, Z-YVAD-FMK and Z-VAD-
FMK markedly reduced the secretion of IL-18 in AhR KO
BMDM (Fig. 3A). It has also been reported that IL-18 pro-
cessing is regulated by the same mechanism as IL-1pB, which is
consistent with the marked increase in plasma IL-18 levels
(P < 0.001) observed in LPS-injected AhR KO mice (Fig. 1B).
Stimulation of the inflammasome involving caspase-1 usually
requires secondary signals, such as high ATP concentrations.
Interestingly, however, the IL-1f oversecretion resulting from
ADR deficiency did not seem to require any other stimulation
besides LPS, which is in accordance with the report on the
IKKB Amyeloid mice (10). Further investigation will be re-
quired to address the molecular details of Pai-2-regulated
IL-1B secretion.

Although it has been reported that Pai-2 mRNA was in-
duced by a typical AhR ligand, TCDD (27), we did not find any
obvious XRE sequences (GCGTG) in the 5-kb regions up-
stream or downstream of the transcription start site of the
mouse Pai-2 promoter. However, these promoter regions ren-
dered a reporter gene responsive to LPS (Fig. SA and E). This
sequence search suggested that AhR might not regulate Pai-2
gene expression in the canonical way (ie., heterodimerized
with Arnt) and led us to investigate whether Arnt was involved
in LPS-induced Pai-2 regulation. In experiments with Arni-
deficient and Arnt siRNA-expressing macrophages, we dem-
onstrated that AbhR enhanced Pai-2 expression in an Arnt-
independent manner (Fig. 4D; also see Fig. S1 in the
supplemental material). Arnt2 is considered to be another
possible alternative (11), but we have previously shown that
AhR interacts predominantly with Arnt but not with Arnt?
(27). Therefore, it is highly likely that AhR enhances Pai-2
expression independently of Arnt family proteins (11). It was
previously reported that LPS induced Pai-2 expression through
activation of NF-«B (21) and that AhR physically interacted
with p65 (31) to activate or inhibit gene expression in a con-
text-dependent manner (31). In our reporter gene assay using
RAW 264.7 cells, the Pai-2 reporter gene required both NF-xB
and AhR for a high level of expression in response to LPS
treatment (Fig. SA). In AhR KO macrophages, LPS treatment
induced nuclear translocation of p65 (Fig. 5B), but it was not
recruited fo the NF-«B-binding site of the Pai-2 gene, which
confers LPS inducibility (Fig. SE), suggesting that AR is re-
quired for recruitment of p65 to this site, which may be a
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