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crossing point between AhR and NF-«B signaling pathways. In
WT macrophages, AhR and p65 were recruited to the same
DNA sequence by the LPS treatment (Fig. 5E), and they in-
teracted directly (Fig. 5C and 6C), leading to the recruitment
of Polll to the TATA sequence of the transcription initiation
site. In contrast, p65 was recruited to the Cox-2 promoter in
response to LPS treatment in AhR KO macrophages. The
detailed molecular basis for how p65 binds differentially to the
Pai-2 and Cox-2 genes remains to be investigated.

It was also reported that AhR interacts with RelB on che-
mokine promoters, such as IL-8, in response to TCDD treat-
ment, enhancing their expression (33). Although an AhR-RelB
binding DNA sequence, designated RelBARRE (GGGTGC
AT), was found near the NF-«B site in the Pai-2 promoter, the
expression of the Pai-2 (—2.7 kb) Luc reporter gene was not
enhanced by RelB and AhR coexpression (data not shown),
suggesting that RelB may not function as a partner for AhR in
inducing Pai-2 expression. Since the AhR DNA binding activ-
ity was suggested by the results of the experiment using the
AhR Y9F mutant to be required for AhR-dependent Pai-2
expression (Fig. 6B, bars 3, 4, 9, and 10), the possibility could
be raised that an AhR and p65 heterodimer might work as a
transcription factor by binding the RelBAhRE sequence. How-
ever, the experiments using the reporter gene containing a
tandem arrangement of four RelBAhRE sequences did net
showed enhanced expression of the reporter gene expression
with coexpression of AhR and p65. It remains to be investi-
gated in detail how AhR and p65 activate the Pai-2 promoter.
AR has been reported to have the nuclear localization signal
and nuclear export signal sequences and to shuttle between
nucleus and cytoplasm. Inhibition of nuclear export of AhR by
trichomycin B or phosphorylation reportedly leads to the ac-
cumulation of AhR in the nucleus (12). Consistent with these
findings, a small part of AhR was observed in the nuclei of
macrophages under normal conditions. Upon treatment with
LPS, nuclear AhR should accumulate due to phosphorylation
downstream of the LPS signaling pathway or p65, reported to
be translocated into the nucleus (21), should be recruited to
the Pai-2 promoter with the nuclear AhR,

Recently, there have been growing lines of evidence that AhR
plays a crucial role in differentiation of the Th cell subsets Thi,
Treg, and Th17 from naive CD4 T cells. It was reported that
differentiation of these regulatory T cells from AhR KO naive T
cells was significantly impaired under their respective polarizing
conditions. AhR is reported to be highly induced under these
conditions (14, 20, 23, 32), and AhR ligands further stimulated
the tendency to their respective differentiations by molecular
mechanisms that are largely unknown. In macrophages, AhR was
also induced by LPS treatment (Fig. 4A and B) and negatively
regulated the secretion of certain inflammatory cytokines, such as
TL-18 and IL-18, most likely through the expression of Pai-2.
Since AhR is a ligand-activated transcription factor and is known
to be ubiquitously expressed in immune cells (13), this raises the
possibility that an appropriate AhR ligand may be useful for
treating patients with inflammatory disorders.
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Toll-like receptor (TLR) signals perform a crucial role in innate immune responses to patho-
gens. In this study, we found that the aryl hydrocarbon receptor (Ahr) negatively regulates
inflammatory responses mediated by lipopolysaccharide (LPS) in macrophages. Ahr was
induced in macrophages stimulated by LPS, but not by transforming growth factor (TGF)-g
plus interleukin (IL)-6, which can induce Ahr in naive T cells. The production of IL-6 and
tumor necrosis factor (TNF)-« by LPS was significantly elevated in Ahr-deficient macro-
phages compared with that in wild-type (WT) cells. Ahr-deficient mice weve more highly
sensitive to LPS-induced lethal shock than WT mice. Signal transducer and activator of
transcription 1 (Stat1) deficiency, as well as Ahr deficiency, augmented LPS-induced IL-6
production. We found that Ahr forms a complex with Stat1 and nuclear factor-kappa B
(NF-xB} in macrophages stimulated by LPS, which leads to inhibition of the promoter
activity of IL-6. Ahr thus plays an essential role in the negative regulation of the LPS
signaling pathway through interaction with Stat1.

APCs such as macrophages are important for in-
nate immune defense and for the generation and
regulation of adaptive immunity against various
pathogens. Activated macrophages produce pro-
inflammatory cytokines, including IL-6, I1.-12,
and TNF-a, which activate T celks and induce
their differentiation. It has been demonstrated
that IL-6 combined with TGF-§ participates in
the differentiation of naive T cells into IL-17~
producing T helper (Th17) cells (Bettelli et al.,
2006). More recently, our group and others
demonstrated that Aryl hydrocatbon receptor
(Ahr), also known as dioxin receptor, is induced
by TGF-B plus IL-6 in naive T cells and partici-
pates in the differentiation of Th17 cells (Kimura
et al., 2008; Quintana et al., 2008; Veldhoen
et al., 2008). We proved that Ahr participates in
Th17 cell development through regulating acti-
vation of signal-transducer-and-activator-of-
transcription 1'(Stat1), which suppresses Th17
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cell differentiation (Stumhofer et al. 2006;
Kimura et al., 2008).

Ahr is a ligand-activated transcription fac-
tor that belongs to the basic-helix-loop-helix-
PER-ARNT-SIM family (Burbach et al,
1992; Ema et al., 1992; Fujii-Kuriyama et al.,
1994). Upon binding with a ligand, Ahr un-
dergoes a conformation change, translocates to
the nucleus, and dimerizes with the Ahr nu-
clear translocator (Amt). Within the nucleus,
the Ahr/Amt heterodimer binds to a specific
sequence, designated a xenobiotic responsive
element, which causes a variety of toxicologi-
cal effects (Dragan and Schrenk, 2000; Ohtake
et al., 2003; Puga et al., 2005). In immune
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responses, Ahr activated by ligands such as 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin regulates the generation of regulatory
T cells and modulates Th1/Th2 balance (Funatake et al., 2005;
Negishi et al., 2005). Although it has been established that
Ahr performs an important role in immune regulation as well
as in toxic responses, it remains unclear how Ahr modulates
immune responses in individual immune cell populations.
Ahr-deficient (KO) mice all die within 5 wk of birth under
conventional conditions where environmental pathogens are
common, in contrast to their survival in a specific pathogen—
free state, which led us to hypothesize that Abr also may play
an essential role in innate immune signaling in macrophages.

The Toll-like receptor (TLR) family is a diverse group of
transmembrane receptors that recognize microbial compo-
nents. TLRs are expressed mainly on APCs such as macro-
phages and DCs and recognition of microbial products by
TLRs leads to generation of a variety of signal transduction
pathways that elicit rapid inflammatory reactions (Akira and
Takeda, 2004). LPS is the principal actve agent in the patho-
genesis of endotoxin shock, which is triggered by the inter-
action of LPS with TLR4 and leads to the production of
cytokines and other inflammatory mediators, including IL-1,
IL-6, TNF-a, IL~12 and IFNs (Beutler and Rietschel, 2003).
TLR4 signaling can occur via two independent pathways.
One depends on myeloid differentiation factor 88 (MyD88),
which results in the activation of NF-kB. This MyD88-
dependent pathway is critical for the production of IL-6 and
TNF-a. The other pathway is a TIR domain—containing
adaptor that induces an IFN-B (TRIF)-dependent pathway,
which in turn induces IFN-B via IFN regulatory factor-3
(Fitzgerald et al., 2003). A splice variant of MyD88 (MyD88s)
inhibits TLR pathways by its failure to recruit IRAK4, while
TGF-B also inhibits the MyD88-dependent pathway for
LPS~TLR4 signaling (Burns et al., 2003; Naiki et al., 2005).
We also reported that suppressor of cytokine signaling 1
(SOCS-1) negatively regulates the LPS signal pathway
(Nakagawa et al., 2002; Kimura et al., 2005). Thus, while it
has been demonstrated that various regulatory systems are
involved in TLR signaling, the mechanisms underlying
the negative regulation in TLRs signaling have not been
fully elucidated.

This study deals with a novel regulatory system for TLR
signaling in which Ahr negatively regulates the inflammatory
tesponses by LPS. We demonstrate that IPS-induced pro-
inflammatory cytokines are augmented in Ahr-deficient
macrophages compared with those in WT cells, and that
Ahr-deficient mice are more susceptible to endotoxin shock
induced by LPS. We also provide evidence that Ahr interacts
with Statl and NF-kB and that the Ahr—Statl complex con-
trols NF-kB-dependent proinflammatory responses by LPS.

RESULTS

Increased LPS~induced production of proinflammatory
cytokines in Ahr deficient macrophages

Our group and others previously reported that Ahr is in-
duced in naive T cells simulated by TGF-B plus IL-6, which
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participates in the induction of Th17 cell differentiation
(Kimura et al., 2008; Quintana et al., 2008; Veldhoen et al.,
2008). In this study, we used Western blot analysis to investi-
gate Ahr expression in peritoneal macrophages simulated by
LPS, CpG-oligodeoxynucleotides (ODNEs), and TGF-§ plus
IL-6. Ahr was expressed in peritoneal macrophages stimu-
lated by LPS and CpG-ODN, but not by TGF-$ plus IL-6
(Fig. 1 A), indicating that Ahr is induced by TLR signaling in
those cells and that its expression pattern in macrophages and
T cells is different. We next used Ahr KO peritoneal macro-
phages to examine whether Ahr affects LPS-induced proin-
flammatory cytokine production. As shown in Fig. 1 B, the
levels of IL-6, TNF-a, and IL-12p40 were significantly ele-
vated by LPS in Ahr KO peritoneal macrophages compared
with those in WT cells. Next, we used a retroviral system to
investigate whether Ahr reconstitution could reverse the
phenotype in Ahr KO peritoneal macrophages and found
that infection with Abr in Ahr-defident cells restored the
overproduction of IL-6 (Fig. S1 A), We also examined TLR 4
expression in WT and Ahr KO peritoneal macrophages,
which showed the same pattern (unpublished data), indicat-
ing that the LPS signal is normally transmitted from the
plasma membrane to the cytoplasm between WT and Ahr
KO cells. To examine the effect of Ahr on LPS signaling, we
established 2 mouse macrophage-like cell line (RAW cells)
that constitutively expressed Ahr (RAW/Ahr). With RAW/
Neo cells functioning as control, RAW/Ahr cells were
treated with LPS, and LPS-induced production of proinflam-
matory cytokines was examined by means of ELISA. It was
found that IL-6 and IL-12p40 production by LPS was inhib-
ited in Ahr-overexpressing RAW cells compared with thatin
RAW/Neo cells (Fig. 1 C).

It has been recently reported that Ahr agonists in culture
medium are important for Th17 cell differentiation, in which
Iscove’s modified Dulbecco’s medium (IMDM), a medium
that is richer in amino acids that can give rise to Ahr agonists,
enhances Th17 cell development more than RPMI medium
(Veldhoen et al., 2009). We therefore tested whether IMDM
affects increased LPS-induced production of proinflamma-
tory cytokines in WT- and Ahr-deficient macrophages. Al-
though IMDM suppressed LPS-induced IL-6 production in
WT peritoneal macrophages when compared with RPMI
medium, its production was inhibited at the same rate as in
Ahr KO cells (Fig. S1 B). These results indicate that natural
ligands for Ahr in this culture medium do not affect the regu-
lation of LPS signaling by Ahr.

Because it is known that macrophages produce an anti-
inflammatory cytokine, IL-10, to control the overproduction
of inflammatory cytokines (Moore et al., 2001), we com-
pared LPS-induced IL-10 producton in WT and Abhr KO
peritoneal macrophages. In contrast to proinflammatory cy-
tokine production, LPS-induced IL-10 production was in-
hibited in Ahr KO peritoneal macrophages compared with
that in WT cells (Fig. 1 D). These results demonstrate that
Ahr has an andinflammatory function in macrophages under
the LPS-TLR 4 signaling pathway. Because hypoproduction
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Figure 1. Ahr deficiency augments LPS-induced proinflammatory responses in macrophages. {A) Peritoneal macrophages were stimulated with
LPS, CpG-0DN, and TGF-B plus IL-6 for 24 h. The cells were lysed and subjected to immunoblotting (1B) analysis for the expression of Ahr and G3PDH.
Data are from one representative of three independent experiments. {B-D) WT and Ahr KO peritoneal macrophages or RAW/Neo and RAW/Ahr celis were
stimulated with LPS. Supernatants were collected 24 h after stimulation, and the production of 1L-6, TNF-e, IL-12p40, and IL-10 were measured by means
of ELISA. Data show means + SEM of three independent experiments *, P < 0.05; ** P < 0.005; ™, P < 0.001).

of IL-10 may cause hyperproduction of proinflammatory cy-
tokines in Ahr KO peritoneal macrophages under LPS stimu-
lation, we tested whether the addition of IL-10 to Ahr KO
cells stimulated by LPS normalizes the overproduction of
proinflammatory cytokine. Although IL-10 inhibited LPS-
induced IL-6 production in Ahr KO cells by ~40% com-
pared with that by LPS stimulation only, its production was
higher than that in WT cells simulated by LPS (Fig. $2). Ad-
ditionally, we found that RAW cells were not able to pro-
duce IL-10 under LPS stimulation (unpublished data), which
suggests that the inhibition of LPS-induced proinflammatory
cytokines in RAW/Ahr cells is unrelated to IL-10, These
results indicate that Ahr regulates the prodiction of LPS-
induced proinflammatory cytokines independently of IL-10,

Ahr-deficient mice are hyperresponsive to LPS

Because Ahr KO peritoneal macrophages showed a higher
level of LPS-induced proinflammatory cytokine production
than WT cells, we asked whether Ahr KO mice were more
susceptible to LPS-induced toxicity. 6-wk-old WT and Ahr
KO mice were injected intraperitoneally with 7.5 mg/kg of
LPS. As shown in Fig. 2 A, all Ahr KO mice died within
60 h of being injected, but their WT littermates did not. We
next measured serum levels of IL-6 and TNF-o in WT and
Ahr KO mice after the LPS challenge. The serum IL-6 level
in WT mice peaked 2 h after LPS administration, and then
retutned to the baseline level by 24 h, which is consistent
with previously reported findings (Basu et al., 1997). In con-
trast, although serum IL-6 levels in Ahr KO mice increased

JEM VOL. 206, August 31, 2009

similarly to those in WT mice untl 2 h after LPS challenge,
serum IL-6 in Ahr KO mice maintained the same level for
2-12 h and then increased again (Fig. 2 B). On the other
hand, serum TNF-o levels in Ahr KO mice were signifi-
cantly higher than in WT mice 2 h after LPS administration,
but the kinetics were similar in the two groups of mice
(Fig. 2 C). These results demonstrate that Ahr is involved in
the negative regulation of LPS responses in vivo as well.

Stat1 interacts with Ahr and regulates LPS-induced
inflammatory responses in macrophages

‘We previously reported that Ahr interacts with Statl and in-
hibits its activation in the process of Th17 cell differentia~
tion (Kimura et al., 2008). To examine whether Ahr can bind
with Statl in macrophages as it does in T cells, peritoneal
macrophages were stimulated with LP, followed by verifica-
tion (via immunoprecipitation and Western blotting) of the
interaction between Ahr and Statl. The results demonstrated
that Ahr interacted with Stat1 in macrophages after activation
with LPS (Fig. 3 A). To verify the involvement of Statl in
LPS-stimulated cytokine production, WT and Stat] KO
petitoneal macrophages were stimulated with LPS, and the
protein levels of IL-6 and IL-10 were measured by means of
ELISA. Similar to that in Ahr KO peritoneal macrophages,
LPS-induced IL-6 production was significantly augmented in
Statl KO cells, whereas 1L-10 production was inhibited
compared with that in WT cells (Fig. 3 B). We confirmed
that Ahr was normally induced by LPS in the absence of Stat1
(Fig. S3 A), indicating that hyperproduction of IL-6 in Statl
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KO peritoneal macrophages stimulated by LPS is not caused
by the absence of Ahr.

We previously demonstrated that Ahr inhibits Statl acti-
vation in naive T cells under Th17-polarizing conditions
(TGF-B plus IL-6; Kimura et al., 2008). In macrophages,
however, Ahr prolonged Statl activation by LPS. LPS-
induced Statl activation was diminished in Ahr KO macro-
phages compared with that in WT cells (Fig. 3 C). On the
other hand, LPS-induced Statl activation was prolonged in
RAW/Ahr cells compared with that in RAW/Neo cells
(Fig. 3 C). Because it has been reported that LPS-dependent
Statl phosphorylation is mainly dependent on IFN-B
(Toshchakov et al., 2002) and that SOCS proteins are impor-
tant for regulating Statl activation (Yoshimura et al., 2007),
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Figure 2. Hypersensitivity of Ahr KO mice to LPS in vivo. 6-wk-old
Ahr KO mice and littermate WT mice {n = 10 for each) were ip. injected
with 7.5 mg/kg of LPS. (A} Lethality was observed over 60 h after LPS
challenge. Data are representative of two independent experiments,

(B and C) Serum levels of -6 and TNF-« between WT and Ahr KO mice
were measured by ELISA at indicated time points after LPS challenge, Data
show means + SEM of three independent experiments (%, P < 0.05;*, P <
0.01; ™, P < 0.001).
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we examined both LPS-induced IFN-8 production and the
expression of SOCS-1 and SOCS-3 in WT and Ahr KO
peritoneal macrophages stimulated with LPS. We found no
changes in IFN-§ production or SOCSs expression in WT
and Abr KO cells after LPS stimulation (Fig. $3, B and C),
indicating that the suppression of Statl activation by LPS
in Ahr KO macrophages occurs independently of IFN-
and SOCSs. Collectively, these findings suggest that Ahr
may directly protect the inactivation of Statl in macro-
phages through interacting with it, followed by regulation of
LPS signaling.

Ahr-Stat1 complex binds to NF-kB and suppresses its
transcriptional activity, but not its DNA-binding capacity
The production of proinflammatory cytokines such as I1.-6
and TNF-a by LPS is induced via the MyD88-dependent
NE-kB pathway (Kawai et al., 1999; Beutler and Rietschel,
2003). It has also been reported that Ahr combines with
NEF-«B, and that this complex regulates several signal pathways
(Tian et al., 1999, 2002; Vogel et al., 2007). We speculated
that the Ahr—Stat1 complex might interact with NF-kB, fol-
lowed by regulation of the NF-kB pathway by the resultant
complex. To test this hypothesis, we first examined whether
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Figure 3. Association between Ahr and Stat1 in macrophages.

{A) Peritoneal macrophages were isolated from BALBJc mice and stimu-
lated by LPS for 24 h. Interaction between Ahr and Stat1 was examined by
means of immunoprecipitation (IP} and Western blotting. Data are from
one representative of three independent experiments. 1B, immunoblot,

{B) WT and Stat1 KO peritoneal macrophages were stimulated with LPS,
Supernatants were collected 24 h after stimulation, and the production of
{L-6 and |L-10 were measured by means of ELISA. Data show means +
SEM of three independent experiments {(**, P < 0.005; **, P < 0.001).

{C) WT and Ahr KO peritoneal macrophages or RAW/Neo and RAW/Ahr
celis were incubated with LPS at the indicated time points, Whole-cel}
lysates were used for immunoblotting analysis with anti-phospho-
tyrosine Stat1, Stat1, and G3PDH antibodies {Ab). Data are from one rep-
resentative of three independent experiments.

AHR PARTICIPATES IN INNATE IMMUNE SYSTEM | Kimura et al.

-634-



Published

Abr interacts with NF-«B together with Statl. COS7 cells
were transiently transfected with Ahr, NF-kB p50, and Statl
and subjected to coimmunoprecipitation analysis. As shown
in Fig. 4 A, Ahr interacted with NF-«xB p50 (lane 6) and
formed a complex together with NF-kB p50 and Stat1 (lane
5). Furthermore, to determine whether endogenous Ahr
forms a complex together with endogenous Statl and NF-«xB
P50, peritoneal macrophages were stimulated with LPS, fol-
lowed by verification by means of immunoprecipitation and
Western blotting of the association of their endogenous pro-
teins. We also found that Ahr interacts with Stat1 and NF-kB
p50 endogenously in peritoneal macrophages activated by
LPS (Fig. 4 B).

We next examined the effect of Ahr on LPS-induced ac-
tivation of the IL-6 promoter. RAW cells were wansiently

transfected with a reporter plasmid containing the promoter
of IL-6 combined with either Abr or a control vector. After
treatment with LPS, luciferase activities were measured with
the dual luciferase reporter assay system. LPS-induced activa-
tion of the IL-6 promoter was significantly suppressed in
RAW cells overexpressing Ahr (Fig. 4 C), which suggests
that Ahr inhibits the NF-kB transcriptional activity on LPS-
induced IL-6 production. For further investigation of how
Ahr regulates LPS-induced NF-«B activation, we used the
TransAM assay to assess NF-kB DNA binding activity be-
tween RAW/Neo and RAW/Ahr cells stimulated by LPS,
Ahr showed no significant influence on LPS-induced NF-kB
DNA binding activity between those cells (Fig. 4 D). Simi-
larly, NF-kB bound to its target DNA upon LPS stimulation
of both WT- and Ahe-KO peritoneal macrophages (Fig. 4 D).
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Figure 4. Ahr inhibits LPS~induced NF-xB transcriptional activity together with Stat1. (A) COS7 cells were cotransfected with Ahr, Stat1, and
p50-Hag. After 24 h, the cells were lysed and immunoprecipitated with anti-Flag Ab, followed by detection of Ahr, Stat1, and p50 by means of Western
blotting. Data are from one representative of three independent experiments. IF, immunoprecipitation; IB, immunoblot. (B} Peritoneal macrophages were
stimulated with LPS for 24 h. Whole-cell lysates were immunoprecipitated with anti-pS0 antibody, after which Ahr, p65, and Stat1 were detected with
Western blotting. Data are from one representative of three independent experiments. (C} RAW cells were transiently cotransfected with luciferase re-
porter gene construct of the murine IL-6 promoter and an expression vector for Ahr (RAW/Ahr) or empty control expression vector (RAW/empty vector).
6 h after transfection, cells were stimulated with LPS for 12 h. Luciferase assay and quantitation were performed as described in Materials and methods.
Data show means + SEM of three independent experiments (**, P < 0.02). (D) RAW/Neo and RAW/Ahr or WT and Ahr KO peritoneal macrophages were
stimutated with LPS for 24 h NF-«B binding activity was examined using TransAM assay. Data show means + SEM of three independent experiments.

(E} Peritoneal macrophages from WT and Ahr KO mice were stimulated with LPS for 4 h, and the ChiP assay was performed using anti- -p50, anti-p85, anti-
Stat1, and anti-Ahr antibodies. Purified DNA fragments were amplified using primers specific for the IL-6 promoter. Data are from one representative of
three independent experiments.
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Cytosolic IkB—w is reportedly degraded upon activation of
NF-«B (Brown et al., 1993), and we also found no difference
in IkB-o degradation in macrophages stimulated by LPS with
or without Ahr (Fig. S4). These findings demonstrate that
Ahr suppresses the NF-kB transcriptional activity of the IL-6
promoter, but not its DNA-binding capacity. It has further
been reported that IL-6 production is required to induce
IkB{ via the Myd88-dependent NF-kB pathway in LPS sig-
naling, followed by the association of IkB{ with p50 and
recruitment of the resultant complex to the IL-6 promoter
(Yamamoto et al., 2004). We therefore examined whether
Ahr affects IxB{ induction by LPS and found no difference
in its induction by LPS in RAW/Ahr and RAW/Neo cells
(Fig. S5). This result is consistent with that illustrated in
Fig. 4 D, which shows that Ahr does not affect the NF-xB
DNA-binding activity. These findings indicate that Ahr se-
lectively inhibits NF-«B transcriptional activity in the LPS
signaling pathway.

We further examined whether upon LPS stimulation
the Ahr—Statl complex can interact with NF-xB on the
promoter region of proinflammatory cytokines and then
suppress LPS-induced NF-kB transcriptional activation
and inflammatory cytokine production. We performed the
chromatin immunoprecipitation (ChIP) assay to determine
whether Ahr and Statl are recruited to the IL-6 promoter
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Figure 5. Ahr has ro influence in CpG-0ODN signaling pathway.

{A) WT and Ahr KO peritoneal macrophages were stimulated with
CpG-ODN for 24 h. The production of 1L-6 and IL-10 were measured by
means of ELISA. Data show means + SE of three independent experiments.
{B) RAW cells were transiently cotransfected with luciferase reporter gene
construct of the murine iL-6 promoter and an expression vector for Ahr
{RAW/Ahr} or empty control expression vector (RAW/empty vector). 6 h
after transfection, cells were stimulated with CpG-ODN for 12 h. Lucifer-
ase assay and quantitation were performed as described in Materials and
methods. Data show means + SEM of three independent experiments.
Peritoneal macrophages were stimulated with LPS and CpG-ODN. (C) Celis
were lysed, immunoprecipitated by Ahr, and analyzed by Western blotting
with anti-Stat1 Ab. IP, immunoprecipitation; 1B, immunoblot. (D) Whole-
cell lysates subjected to Western analysis with anti-pYStat1 antibodies.
Data are from one representative of three independent experiments.

2032

-636-

in response to LPS in combination with NF-kB, Peritoneal
macrophages from WT and Ahr KO mice were stimulated
with LPS for 4 h, and the ChIP assay was performed using
antibodies for detection of Ahr, Statl, p50, and p65, and it
was found that although p50 and p65 were recruited to the
IL-6 promoter in response to LPS in both cells, Ahr and
Statl bound to the IL-6 promoter region in WT, but not
in Ahr KO cells (Fig. 4 E). These results indicate that Ahr,
in combination with Statl, regulates LPS-induced proin-
flammatory cytokine production in macrophages through
inhibition of NF-kB transcriptional activity in their pro-
moter region.

Ahr does not participate in CpG-ODN signaling
As shown in Fig. 1 A, Ahr was induced in peritoneal macro-
phages stimulated by CpG-ODN and LPS. We therefore
asked whether Ahr regulates the CpG-ODN-TLRY path-
way. WT and Ahr KO peritoneal macrophages were stimu-
lated with CpG-ODN, and the protein levels of IL-6 and
IL-10 were measured by means of ELISA. Surptisingly, we
found that Ahr deficiency had no effect on their production
by CpG-DNA (Fig. 5 A) and that CpG-ODN-induced acti-
vation of the IL-6 promoter was similar in RAW cells with
or without Ahr (Fig. 5 B). Thus, Abr is not capable of regu-
lating the CpG-ODN signaling pathway despite its expres-
sion in petitoneal macrophages stimulated with CpG-ODN.
To understand why Ahr has no effect on CpG-ODN-
induced pro- and antiinflammatory cytokine production, we
assessed the interaction between Ahr and Statl in LPS- or
CpG-ODN-—treated peritoneal macrophages. As shown in
Fig. 3 A, although Ahr interacted with Stat1 under LPS stim-
ulation, hardly any binding of Ahr with Statl could be de-
tected in CpG-ODN-treated cells (Fig. 5 C). However,
CpG-ODN activated Statl to the same degree as did LPS
stimulation (Fig. 5 D), indicating that the complex formation
of Ahr with Statl is independent of Statl activation. These
results suggest that it may be required for some natural ligand
for Abr to form the complex with Statl and that LPS may
be able to induce some natural ligand for Ahr, but not
CpG-ODN.

DISCUSSION

Abr is a ligand-inducible wanscription factor, which has been
shown to regulate the expression of a variety of genes, in-
cluding those encoding for cytochrome P450 enzymes. In
addition, Ahr activation by ligands such as dioxin has been
linked to alterations in cell proliferation, apoptosis, tumor
promotion, development, and reproductive functions (Puga
et al., 2000; Shimizu et al., 2000; Bonnesen et al., 2001).
A growing number of studies have recently detailed the various
effects of Ahr on the immune system, espedially the develop-
ment of Th17 cells (Kimura et al., 2008; Quintana et al,,
2008; Veldhoen et al., 2008), Because we found that Ahe-KO
mice all die under conventional conditions, it was ex-
pected that Ahr might also participate in the innate immune
system, which is capable of recognizing a wide variety of
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pathogens and rapidly inducing various antimicrobial and in-
flammatory responses. In this study, we identified an impor-
tant role of Ahr in TLR signaling, that is, Ahr combined with
Statl controls LPS~TLR4-mediated pro- and antiinflanma-
tory cytokine production.

Initially, we demonstrated that TLR ligands such as LPS,
but not IL-6 in combination with TGE-B, induced Ahr ex-
pression in macrophages and that, whereas the production
of proinflammatory cytokines such as IL-6, TNF-ao, and
IL-12p40 was drastically increased upon LPS stimulation, pro-
duction of the antiinflammatory cytokine IL-10 was inhibited
in the absence of Ahr. In addition, we found that Ahr-defi-
cient mice were highly susceptible to LPS-induced toxicity.
The levels of serum IL-6 and TNF-a in Ahr KO mice were
higher than those in WT mice after LPS challenge. These
findings indicate that Ahr contributes to the negative regula-
tion of the LPS signal pathway both in vivo and in vitro.

We also found that Ahr forms a complex with Statl and
NF-kB, which is consistent with previous findings that Ahr
interacts with several transcriptional factors, such as Statl and
NE-kB (Tian et al., 1999, 2002; Vogel et al., 2007; Kimura
etal., 2008). An important finding of our current study is that
Statl deficiency, like Ahr deficiency, led to an increase in
LPS-induced IL-6 production, but suppressed production of
the LPS-induced antinflammatory cytokine IL-10. How-
ever, it was previously reported that Statl-deficient mice are
resistant to LPS-induced shock (Karaghiosoff et al., 2003),
which seems to conflict with our finding that Stat1-deficient
macrophages produce more IL-6 and less IL-10 compared
with those produced in WT cells. Statl contributes to the
development of endotoxin shock through its central role
in IFN responses, which are secondarily induced by LPS
(Karaghiosoff et al., 2003). Statl deficiency therefore shows
resistance to LPS-induced shock in vivo through blocking
LPS-induced secondary cytokine (IFN) signaling. We specu-
late that Statl takes part in not only LPS-induced secondary
responses (IFN responses) in vivo but also in direct signaling
of LPS in vitro through interacting with NF-kB and Ahr;
in the latter function Statl has the property to suppress
LPS-NF-kB signaling.

The findings that Ahr inhibits LPS-induced activation of
the IL-6 promoter and interacts in combination with both
NEF-kB and Stat1 on the same region of the IL-6 promoter
suggest that the Ahr-Statl complex may control LPS-
induced proinflammatory responses by inhibiting NF-«B tran-
scriptional activity. In fact, NF-kB DNA-binding activity
was not inhibited by Ahr, which is consistent with the find-
ing that Ahr did not affect the expression of IkB{ via the
LPS-MyD88-dependent pathway. At present, however, the
detailed mechanism of Ahr in suppressing NF-kB transcrip-
tional activity remains poory understood. Nuclear receptors
in combination with coactivators and corepressors can switch
the transcriptional activity of several transcriptional factors on
and off, respectively. It was recently reported that Ahr repres-
sor (Ahrr), known as an Ahr negative regulator, represses
estrogen receptor a—mediated transcriptional activation
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through interacting directly with ERa on the promoter
sequences of estrogen receptor—target genes (Kanno et al.,
2008). This seems to imply that the Ahr—Stat1 complex may
inhibit LPS-induced NF-kB transcriptional activity via a co-
repressor such as Ahrr.

Two groups in addition to ours recently reported that
Abr participates in Th17 cell differentiation (Kimura et al.,
2008; Quintana et al., 2008; Veldhoen et al., 2008). In our
study, we provided evidence that Ahr is involved in the
differentiation of Th17 cells by inhibiting Statl activation,
which suppresses Th17 cell differentiation, under Th17-
polarizing conditions (TGF-B plus IL-6). Statl activation
was eliminated 24 h after stimulation with TGF-8 plus IL-6
in WT naive T cells, whereas its activation was maintained in
Ahr-deficient naive T cells (Kimura et al., 2008). In contrast,
Statl activation by LPS was inhibited in Ahr-deficient mac-
rophages, compared with that in normal macrophages. These
findings indicate that Statl activation is differentially regu-
lated by Ahr in T cells and macrophages. Ahr is known to
perform a dual function in controlling intracellular protein
levels, serving both as a transcriptional factor and as a ligand-
dependent E3 ubiquitin ligase (Ohtake et al., 2007). It is also
possible that, although Ahr regulates the activation of Statl
through the degradation of activated Statl by functioning as
a ligand-dependent E3 ubiquitin ligase in the generation of
Th17 cells, it acts like a transcriptional factor and cooperates
with Statl to regulate NF-kB transcriptional activation in
LPS-activated macrophages. Thus, the Ahr-Stat! combina-
tion controls immune responses in different ways depending
on the immune cell population.

The CpG-ODN-TLRY signaling pathway and the LPS—
TLR4 signaling pathway induce proinflammatory cytokines
such as IL-6 via MyD88-NF-«B (Akira and Takeda, 2004).
However, our findings demonstrate that Ahr is incapable of
regulating the production of pro- and antiinflammatory cyto-
kines by CpG-ODN, although it is induced in peritoneal
macrophages stimulated with CpG-ODN. Interestingly, Ahr
interacted with Statl in the peritoneal macrophages under
stimulation with LPS, but not with CpG-ODN, even though
the level of Stat1 activation was the same for these two stimu-
lations, which may account for the difference between the
LPS and CpG-ODN signaling pathways in the regulation
by Ahr of pro- and antiinflammatory cytokine production.
Given that Ahr forms the complex together with Stat! and
P50 on the IL-6 promoter region and regulates NF-kB tran-
scriptional activity, Stat]l may be required for the inhibition
of NF-kB transcriptional activity by Ahr. Some natural li-
gand may be required when Ahr forms the complex with
Stat, followed by the regulation of NF-kB.

Our preliminary data show that IL-6 suppresses LPS-
induced Ahr expression in macrophages (unpublished data).
As seen in Fig. 1 A, the expression of Ahr in macrophages
was inhibited by IL-6 in combination with TGF-B. In this
study, we demonstrated that Ahr performs an antiinflamma~
tory function in macrophages. It can thus be speculated that
IL-6 may amplify proinflammatory responses in macrophages
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through inhibiting the expression of Ahr, which suppresses
LPS-induced proinflammatory responses. In T cells, on
the other hand, IL-6 combined with TGF-B induces the
expression of Ahr, which participates in Th17 cell differenti-
ation. IL-6 thus promotes proinflammatory responses through
the differential regulation of Ahr expression in macrophages
and T celks.

To summarize, we have identified and characterized a
novel regulatory mechanism of the TLR signaling pathway in
which Ahr in combination with Stat1 concurrently controls
LPS-induced pro- and antiinflammatory cytokine produc-
tion. We have also provided evidence that Ahr differentially
regulates Statl activation and NF-kB transcriptional activity
in T cells and macrophages, respectively. This suggests that
Ahr may control several immune responses through the regu-
lation of transcriptional factors, such as the Stat and NF«B
families, and be involved in several autoimmune diseases. It is
necessary to gain an understanding of how Ahr regulates the
immune system in various immune cells such as T cells,
B cells, macrophages and dendritic cells. Futther studies using
each immune cell-specific Ahr conditional KO mice will
define the functions of Ahr in immunity and several auto-
immune diseases.

MATERIALS AND METHODS

Mice. C57BL/6 WT mice were obtained from CLEA Japan, Inc. Ahr KO
mice and Stat! KO mice (C57BL/6 background) wete provided by Y. Fujii-
Kuriyama (University of Tsukuba, Tsukuba, Japan) and T. Naka (National
Institute of Biomedical Innovation, Osaka, Japan), respectively. All mice
were maintained under specific pathogen-free conditions. All animal experi-
ments were performed in accordance with protocols approved by the Insti-
tutional Animal Care and Use Committees of the Graduate School of
Frontier Bioscience, Osaka University. WT and Ahr KO mice were injected
i.p. with the indicated amounts of LPS (Escherichia coli; Sigma-Aldrich) for
the indicated periods of time.

Cell culture and reagents. Peritoneal macrophages were prepared as pre-
viously described (Kimura et al., 2005). The thioglycolate-elicited peritoneal
macrophages and a mouse macrophage cell line (RAW cells) were cultured
in RPMI 1640 with 10% FCS, 100 pg/ml streptomycin, and 100 U/ml
penicillin G. RAW cells were stably transfected with Ahr cDNAs (donated
by Y. Fujii-Kuriyamna). Stably transfected RAW mutant lines (RAW/Neo,
RAW/Ahr) were maintained in the presence of 500 pg/ml G418. COS7
cells were cultured in DME with 10% FCS, 100 pg/ml streptomycin, and
100 U/ml penicillin G. We stimulated the cells with 1 pg/m!l LPS (E. wlj;
Sigma-Aldrich), 1 uM phosphorothioate-modified CpG-ODN, 20 ng/m!
mouse IL-6 and 2 ng/ml human TGF-B1 (both from R&D Systems) for the
indicated periods of time,

Cytokine ELISA. The cells were stimulated with 1 pg/mi LPS (E. coli;
Sigma-Aldrich) and 1 uM phospherothioate-modified CpG-ODN for 24 h.
Mouse IL-6, TNF-«, IL-12p40, and IL-10 from either the supematants or
the serum were measured by means of ELISA according to the manufactur-
er’s instructions (R&D Systems).

Imnunoprecipitation and Western blotting. Peritoneal macrophages
were cultured with 1 pg/ml LPS or 1 pM phosphorothicate-modified CpG-
ODN for 24 h and then lysed with a lysis buffer (1% NP-40, 20 mM Tris-
HCL, ph 7.5, 150 mM NaCl, 10 mM Na,VO,, 0.5 mM DTT, and 1/100
protease inhibitor cocktail). Ahr and p50 were immuroprecipitated with
anti-Ahr (BIOMOL Internationnl) and anti-p50 (Sautz Cruz Biotechnology,
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Inc.), respectively, and then subjected to SDS-PAGE. Whole—cell lysates and
the immunocomplex were analyzed with Western blotting using anti-Stat1
(BD), anti-p65 (Santa Cruz Biotechnology, Inc.), or anti-Ahr (BIOMOL
International L.P.). COS7 cells were cotransfected with 1 pg of pEF-BOS-
Ahr, pEF-BOS-Stat1, and pEF-BOS-p50-Flag with the aid of FuGENE 6
{Roche). Cells were lysed with lysis buffer and lysates were immunoprecipi-
tated with anti-Flag M2 (Sigma-Aldrich). Immunoprecipitated samples were
analyzed by means of Western blotting by using anti-Ahr (BIOMOL), anti-
Statl (BD) and anti-p50 (Santa Cruz Biotechnology, Inc.).

Activation of Statl, WT and Ahr KO peritoncal macrophages or RAW/
Neo and RAW/Ahr cells were incubated with 1 pg/ml LPS for the time in-
dicated, and cells were lysed with a lysis buffer. Whole-cell lysates were then
analyzed by means of Western blotting using anti-phospho-Stat1 (Tyr701;
Cell Signaling Technology).

Luciferase assay. RAW cells were transfected with 1 pg of the reporter
plasmid and, in cotransfection experiments, with 0.1 pg of pRL-TK for use
as an internal control reporter and 1 pg of pEF-BOS-Ahr or an empty vector
(pPEE-BOS). Cells were stimulated with 1 pg/ml LPS or I uM phosphoro-
thioate-modified CpG-ODN for 12 h and lysed with luciferase lysis reagent
(Promega). Luciferase activity was determined with a commercial dual-lucif-
erase reporter assay system (Promega) according to the manufacturer’s in-
structions. Relative light units of Firefly luciferase activity were normalized
with Renilla luciferase activity.

TransAM assay. RAW/Neo and RAW/Ahr cells or WT and Ahr KO
peritoneal macrophages were stimulated with 1 pg/ml LPS for 24 h. Nuclear
extraction was performed with a nuclear extraction kit (Active Motif). 10 pg
of nuclear extraction protein was used for assessing the NF-xB binding ac-
tivity with the NF-kB (p50) TransAM Assay (Active Motif) according to the
manufacturer’s instructions.

ChIP assay. The ChIP assay was performed essentially according to Upstate
Biotechnology’s protocol. In brief, WT and Ahr KO peritoneal macrophages
were stimulated with 1 pg/ml LPS for 12 b, and then fixed with formaldehyde
for 10 min. The cells were lysed, sheared by sonication, and incubated over-
night with specific antibodies, followed by incubation with protein A-agarose
saturated with salmon sperm DNA (Vector Laboratories). Precipitated DNAs
were analyzed by quantitative PCR. (35 cycles) using primers 5'-CGATGC-
TAAACGACGTCACATTGTGCA-3 and 5'-CTCCAGAGCAGAAT-
GAGCTACAGACAT-3' for the kB site in the IL-6 promoter.

Statistical analysis. Student’s £ test was used to analyze data for significant
differences. Values of P < 0.05 were regarded as significant.

Online supplemental material. Fig. S$1 shows that Ahr regulates LPS-
induced production of IL-6 with or without natural ligands for Ahr in culture
medium. Fig. S2 shows that that hypoproduction of IL-10 does not cause
hyperproduction of proinflammatory cytokines in Alr KO peritoneal macro-
phages under LPS stimulation. Fig. $3 shows the expression of Ahr in Stat] KO
peritoneal macrophages and the induction of IFN-B and SOCS family mem-
bers in AhrKO cells. Fig. $4 shows the IkB-a degradation in WT and Ahr KO
macrophages stimulated by LPS. Fig. S5 shows the IKB{ expression in RAW/
Neo and RAW/Ahr cefls stimulated by LPS. Online supplemental material is
available at hetp://www jern.org/cgi/content/full/jem 20090560/DC1.
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Intestinal cancer is one of the most common human cancers.
Aberrant activation of the canonical Wnt signaling cascade, for
example, caused by adenomatous polyposis coli (APC) gene mu-
tations, leads to increased stabilization and accumulation of
B-catenin, resulting in initiation of intestinal carcinogenesis. The
aryl hydrocarbon receptor (AhR) has dual roles in regulating
intracellular protein levels both as a ligand-activated transcription
factor and as a ligand-dependent E3 ubiquitin ligase. Here, we
show that the AhR E3 ubiquitin ligase has a role in suppression of
intestinal carcinogenesis by a previously undescribed ligand-de-
pendent B-catenin degradation pathway that is independent of
and parallel to the APC system. This function of AhR is activated by
both xenobiotics and natural AhR ligands, such as indole deriva-
tives that are converted from dietary tryptophan and glucosino-
lates by intestinal microbes, and suppresses intestinal tumor
development in Apcin’+ mice. These findings suggest that che-
moprevention with naturally-occurring and chemically-designed
AhR ligands can be used to successfully prevent intestinal cancers.

cecal cancer | ubiquitin ligase | B-catenin | tumor chemoprevention

he aryl hydrocarbon receptor (AhR, also known as dioxin
receptor) is a member of a transcription factor superfamily
that is characterized by structural motifs of basic helix-loop-
helix (bHLH)/Per-AhR nuclear translocator (Arnt)-Sim (PAS)
domains, and also includes hypoxia-inducible factors (HIFs).
Over the past decade, many studies have been focused on
elucidating the functions of AhR as a mediator of multiple
pharmacological and toxicological effects such as the induction
of drug-metabolizing enzymes, teratogenesis, tumor promotion,
and immunosuppression caused by environmental contaminants
such as 3-methylcholanthrene (MC) and 2,3,7,8-tetrachloro-
dibenzo-p-dioxin (TCDD) (1, 2). On ligand binding, AhR trans-
locates from the cytoplasm into the nucleus where it het-
erodimerizes with the Arnt and activates the transcription of
target genes such as Cyplal. Induction of the Cyplal gene leads
to the biotransformation of polycyclic aromatic hydrocarbons
into active genotoxic metabolites, resulting in the initiation of
chemical carcinogenesis (3). AhR-deficient (47R~/~) mice are
resistant to most, if not all, of these toxicological adverse effects,
indicating that AhR is a key factor in the development of these
chemical-induced diseases (4, 5). Also, we recently found that
AhR functions as a ligand-dependent E3 ubiquitin ligase of certain
nuclear receptors (6), such as the estrogen (ER) and androgen
receptors (AR). Most recently, AhR has been reported to have a
crucial role in the differentiation of regulatory T cells (7-9).
AhR is anucleocytoplasmic shuttling protein, the intracellular
localization of which is changed depending on cell density in the
absence of exogenous ligands (10). Such cell density-dependent
movements between the cytoplasm and nucleus have also been

www.pnas.org/cgi/doi/10.1073/pnas.0902132106
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reported for some tumor suppressor gene products, such as VHL
(11) and adenomatous polyposis coli (APC) (12). Also, the
natural AhR ligands of indole derivatives (13, 14), such as
indole-3-acetic acid (IAA, so-called plant auxin), indole-3-
carbinol (I3C) and 3,3'-diindolylmethane (DIM), are natural
AhR ligands and generated through conversion from dietary
tryptophan (Trp) and glucosinolates, respectively, by commensal
intestinal microbes (15). Notably, glucosinolates have been
reported to exert the chemopreventive effects on colorectal
cancers in humans by cruciferous vegetables (16-18). Together,
these lines of evidence suggest that AhR has some functional
association with intestinal carcinogenesis.

Results

Cecal Tumor Development in AhR~/~ Mice. After thoroughly exam-
ining the digestive tracts of AR~/ mice, we found that AhR ™'~
mice, but not heterozygous AhR*'~ or wild-type AhR*'* mice,
frequently developed colonic tumors, mostly in the cecum near
the ileocecal junction (Fig. 1 4 and B). AhR™/~ mice bred at 2
independent animal houses showed a similar time course of
macroscopic tumor incidence (Fig. S1B), and the tumor size
increased gradually by age, reached a plateau at ~30 to 40 weeks
(Fig. 1B). To date, 3 independent A#R~/~ mice lines have been
reported (4, 19, 20). Although one report described frequent
rectal prolapse (Fig. S14) and marked colonic hyperplasia with
severe inflammation in AkR™/~ mice (19), there have been no
systematic studies on intestinal carcinogenesis, which may ex-
plain why the tumor suppressor function of AhR has been
unreported to date. Colorectal cancer is one of the most common
human cancers, 5-10% of which originates in the cecum. There-
fore, we were interested in investigating how AZR™/~ mice
develop spontaneous cecal tumors.

Randomly selected mice were examined histologically for
atypia classified according to the standards as shown in Fig. S2.
Although AhR*"* and AhR*/~ mice of all ages had normal
(Grade 1) to mild hyperplasia (Grade 2) at worst, A4R™/~ mice
older than 11 weeks had abnormal histology with atypia ranging
from mild malignancy of polyps to severe carcinomas that were
exacerbated with age (Fig. 1C). Close microscopic examination
revealed that the AhR™/~ mice bore cecal lesions with a mod-
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Fig.1. Cecaltumordevelopment in AhR~/- mice. (A) Representative profiles
of colon tumors at the cecum in ARR~/~ mice. (B) Relationship between the
time course of macroscopic tumor incidence and tumor growth by age. Tumor
size was estimated based on NIH images as shown by beige circles. Error bars,
means + SD. (C) Summary of histological atypia grades of tumors in AhR~/~
mice by age. AhR¥'* (blue squares), AhR*/~ (green triangles), and AhR~/~
(yellow circles) are shown. AR~/ mice with adenocarcinomas (Grade 5) that
had invaded the submucosal region or beyond (red circles) and within the
intramucosal region (pink circles) are shown separately. (D) Representative
H&E staining profile of a moderately differentiated adenocarcinoma and im-
munohistochemical staining with an antibody against B-catenin or c-mye.

erate (Grade 3: 9/42) or a high grade of atypia, adenoma (Grade
4: 12/42), and adenocarcinoma (Grade 5: 17/42). Among the 17
diagnosed adenocarcinomas, 12 tumors (71%) invaded the sub-
mucosal region or beyond, and the remainder were located
within the intramucosal region. Overall survival rates estimated
by the Kaplan-Meyer method (Fig. S1C) revealed that AhR~/~
mice had a significantly shorter lifespan than wild-type or
heterozygous mice (log-rank test; P = 4.4 X 1079), although this
shorter longevity might not be only due to cecal tumors in the
AhR™~ mice (19).

The detected cecal cancers were predominantly tubular ade-
nocarcinomas with various degrees of malignancy (Fig. S3). A
representative profile of moderately differentiated adenocarci-
nomas with irregularly shaped and fused tubular structures that
sometimes invaded the submucosal regions is presented in Fig.
1D. In these cells, immunohistochemical staining showed con-
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Fig. 2. Abnormal B-catenin accumulation in the intestines of AhR—/~ mice,

(A) H&E staining and immunohistochemical staining of mouse small intes-
tines. Paneth cells were observed at the bottom of the crypts in the small
intestine in both genotypes. Expression of AhR, -catenin, and c-myc are
shown. Nuclear accumulation of B-catenin in Paneth cells of the small intestine
and cecum is noted by red arrowheads. Immunohistochemical staining of
B-catenin in the colons (B) or cecum (C) of AhR*'* or AR/~ mice. (C) Levels of
B-catenin, AhR and a-actin in the cecum were detected by Western blotting.
The amount of B-catenin was quantified using the Image) software (NIH). (P <
0.05; AhR*/* versus AhR~'~ group). (D) RT-PCR was performed to detect mRNA
levels for B-catenin, c-myc (P < 0.05; AhR*/+ versus AhR '~ group), and GAPDH
in the cecal epithelium of AhR*'* or AhR~/~ mice. Data are representative of
3 independent experiments.

comitant overexpression of -catenin and c-myc, a target gene of
B-catenin/TCF4 (21). It remains uninvestigated whether there
should occur any further genetic alterations in AhR~/~ mice
leading to carcinogenesis. In human cecal cancers, markedly
reduced expression of AhR was also found concomitantly with
an abnormal accumulation of B-catenin in all of 12 cancer
specimens from our hospital (Fig. S4).

The p-Catenin Accumulation in AhR—'— Mice. To examine the mo-
lecular mechanism underlying tumor development in 4hR~/~
mice, we analyzed the expression of both AhR and B-catenin in
the intestines of 6-week-old AAR*/* and AhR~/~ mice, which had
a morphologically normal epithelium. AhR expression was rel-
atively abundant in Paneth cells (22), which have a host-
defensive role against microbes in the small intestine and the
cecum in AhR*"* mice, but was undetectable in 4hR~'~ mice
(Fig. 24). Significant AhR expression was also observed in
Paneth cells of the small intestine and the cecum in humans (Fig.
§5). Notably, B-catenin expression was abnormally high in
epithelial cells of the ileum (Fig. 24), colon (Fig. 2B), and cecum
(Fig. 2C) in AhR™'~ mice, suggesting that the intestines of
AhR™~ mice may be in a “cancer-prone” or “precancerous”
state (23). In particular, these elevated levels of B-catenin were
observed in the nuclei of Paneth cells compared with the
corresponding regions in wild-type mice (Fig. 24).

Using Western blotting (Fig. 2C), we confirmed that AhR~/~
mice had significantly higher levels of fB-catenin in the cecum
than wild-type mice (P < 0.05), whereas B-catenin mRNA
expression levels were unchanged (Fig. 2D), suggesting that the
stabilization, but not enhanced synthesis of the 3-catenin protein
in the AhR™/~ intestine leads to B-catenin accumulation. Con-
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Fig. 3. Novel AhR ligand-dependent ubiquitylation and proteasomal deg-

radation of 8-catenin. (A) Activated AhR promotes proteasomal degradation
of B-catenin. Cells were incubated as indicated with 3MC (1 M), BNF (1 12M),
or IAA (100 M) in the presence or absence of the proteasome inhibitor
MG132 (10 12M) for 3 or 6 h. Cell lysates were subjected to Western blotting
with antibodies indicated. (B) Ligand-dependent recognition of 3-catenin by
AhR. DLD-1 cells were incubated with 3MC or IAA and MG132 for 2 h. Then,
the extracts were prepared and immunoprecipitated. (C) Ligand-dependent
complex assembly of CUL4ABAPR E3 igase with B-catenin. DLD-1 cells were
incubated with 3MC or IAA and MG132 for 2 h, after which the cell extracts
were prepared and immunoprecipitated with an anti-DDB1 antibody to de-
tect CUL4BAMR complexes with B-catenin. Western blottings were subjected to
a long exposure (Dark) to detect polyubiquitylated forms of the proteins. (D)
AhR ligand-induced ubiquitylation of 3-catenin, DLD-1 cells were incubated
with the indicated ligands and MG-132 for 6 h. (£) The AhR complex directly
ubiquitylates B-catenin in vitro. The FLAG-HA-AhR-associated immunocom-
plex in the presence of CULABAMR components was mixed with recombinant
GST-g-catenin (Fig. S6D) and His-ubiquitin, and an in vitro ubiquitylation
assay was performed. (F) CUL4BAR components are essential for AhR ligand-
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sistent with the abnormal accumulation of 3-catenin, expression
of the downstream target, c-myc, showed ~2-fold induction (Fig,
2 A and D).

Ligand-Dependent Degradation of B-Catenin. Next, we examined
whether the AhR E3 ubiquitin ligase participates in the degra-
dation of -catenin (Fig. 3) as reported (6) for the degradation
of ER and AR. On activation of AhR by exogenous ligands, 3MC
or B-naphthoflavone (BNF), endogenous B-catenin protein lev-
els markedly decreased in DLD-1 cells derived from a colon
cancer and in other colon cancer-derived cells, SW480 and
HCT116 (Fig. 34). These results clearly show that S-catenin is
degraded in an AhR ligand-dependent manner even in colon
cancer-derived cells harboring mutations (24) in APC or B-cate-
nin that stabilize B-catenin protein against APC-dependent
degradation. These findings suggest that AhR participates in a
previously undescribed mechanism of f-catenin degradation
that is independent of the APC pathway. Also, after the addition
of IAA, which is produced in the intestine from Trp by intestinal
microbes (15), and was detected in the cecal contents by HPLC
(Fig. S6H), AhR-dependent degradation of B-catenin was also
observed (Fig. 34; Fig. S6A4). Degradation of B-catenin induced
by xenobiotics or natural AhR ligands was abrogated in the
presence of either the proteasome inhibitor MG132 (Fig. 34) or
AhR siRNA (Fig. S64). We observed that the AhR ligands
promoted selective degradation of B-catenin in the soluble
fractions, but not in the membrane fraction of cells (Fig. S6B),
suggesting that -catenin involved in the Wnt signaling pathway
is selectively degraded. Recognition of endogenous -catenin by
AhR was clearly ligand-dependent, as shown by coimmunopre-
cipitation assays (Fig. 3B). Also, AhR ligand-dependent assem-
bly of the Cullin (CUL)4BA"R E3 ligase complex with B-catenin
(Fig. 3C) was detected by immunoprecipitation assays using an
antibody to DDBI1 (6), a component of the E3 ubiquitin ligase
complex of AhR, together with ligand-induced polyubiquityla-
tion of B-catenin (Fig. 3 C and D) and self-ubiquitylation of AhR
(Fig. 3C). AhR-mediated degradation of -catenin was recon-
stituted in an in vitro ubiquitylation assay. In this assay, immu-
nopurified CULABARR complexes showed, as expected, E3 ubig-
uitin ligase activity toward ER (Fig. S6C) and purified GST-8-
catenin (Fig. 3E; Fig. S6D). In both these cases, the E3 ubiquitin
ligase activity was increased by addition of the ligand, 3MC (Fig.
3E; Fig. S6C). These data strongly suggest that the ligand-
dependent E3 ubiquitin ligase activity of AhR participates in
B-catenin degradation, and is consistent with the repression of
the transcriptional activity of endogenous B-catenin by 3MC
(Fig. S6E).

To substantiate AhR-dependent degradation of B-catenin in
terms of its transcriptional activity and its relationship with the
canonical APC-dependent degradation system, we performed
reporter assays with TOPFLASH/FOPFLASH mediated by a
hyperactive B-catenin (S37A) mutant (Fig. 3F) (25). The re-
porter activity was enhanced by the addition of B-catenin, and
the enhanced reporter expression was repressed by the AhR
ligands, 3MC, BNF, and IAA (P < 0.05). Repression of the
transcriptional activity of B-catenin by AhR ligands was reversed
by AhR or CUL4B siRNA, but not by APC siRNA, confirming
that AhR is involved in a previously undescribed ligand-
dependent mechanism of proteasomal degradation of B-catenin

dependent repression of hyperactive B-catenin (S37A) transactivation. Cells
were incubated as indicated with 3MC (1 zM), BNF (1 M), or IAA (+; 10 pM:
++, 100 uM). All values are means * SD for at least 3 independent experi-
ments. (G) AhR ligand-dependent B-catenin degradation in vivo. AhR*/* mice
received a single i.p. injection of 3MC (4 mg/kg). The levels of proteins in the
cecal epithelium were determined. (H) AhR** mice received a single i.p.
injection of I1AA or I3C (25 mg/kg).
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Fig.4.  Functional cooperation between Apc and AhR with regard to cecal

tumor incidence. Macroscopic cecal tumor incidence by age in weeks (4)
and summary of histological grades of atypia (8) that developed in
ApcMint. AhR*+ (blue circles), ApcMin+. AhR+/~ (yellow circles), and ApcMin/
+AhR~~ (red circles) mice. Four to 5 mice were used in each group.

that is distinct from the canonical APC-dependent pathway (Fig.
3F; Fig. S6F).

We were interested to investigate whether B-catenin protein is
reduced in vivo in the intestines of mice after AhR ligand
treatment. AhR ligand-dependent degradation of the B-catenin
protein was clearly observed in vivo in the intestines of mice with
a peak at 3 h after ip. injection of 3MC, whereas cyplal
expression was markedly enhanced as expected (Fig. 3G). This
transient degradation of B-catenin is likely due to the rapid
down-regulation of AhR after ligand activation (6). Also, this in
vivo degradation of B-catenin by 3MC was AhR-dependent,
because accumulated B-catenin levels in the cecal epithelia of
AhR™/~ mice were not altered by 3MC treatment (Fig. S6G).
Also, in vivo degradation of B-catenin was observed after i.p.
injection of the natural AhR ligands, IAA and I3C (Fig. 3H).
HPLC analysis of cecal materials demonstrated that the pro-
duction of natural AhR ligands [IAA (=1.2 M), TA
(tryptamin) (=~7.2 uM), and indole (~43 uM)] depended on the
presence of intestinal microbes (Fig. S6H), and the concentra-
tions of these ligands were in a range that effectively activates
AhR. During 3MC treatment, B-catenin mRNA levels remained
unchanged with a slight, but reproducible decrease in c-myc
mRNA expression, whereas cyplal mRNA levels were markedly
enhanced (Fig. S6/). These in vivo observations are highly
consistent with the in vitro experiments, and provide a basis for
possible chemoprevention against intestinal carcinogenesis by
using natural AhR ligands.

Cooperative Function Between Apc and AhR Pathways. The tumor
suppressor APC gene was originally discovered as a gene re-
sponsible for a hereditary cancer syndrome termed familial
adenomatous polyposis (FAP) (26, 27). APC mutations are also
found in most sporadic colorectal cancers (28) with an abnormal
accumulation of B-catenin. The murine model of FAP, ApcMin/+
(multiple intestinal neoplasia/+), carries an Apc mutation (29).
However, in contrast to FAP patients who develop tumors in the
colon (28), these mice develop numerous adenomatous polyps
mostly in the small intestine, although the reasons for this
difference remain unknown.

To investigate a functional association between the Apc- and
AhR-mediated pathways of B-catenin degradation with regard
to intestinal tumor development, we generated mice with com-
pound mutations in both the Apc and AR genes with the same
genetic background. We observed no effect of AhR mutation on
the expression of Apc, and vice versa (Fig. S74). The tumor
incidence in compound ApcM**.AhR-disrupted mutant mice
was compared with that of single gene mutant Apc™"/* mice. In
the cecum (Fig. 44), Apc™™* mice showed a tumor incidence of
~50% of the total at 14 weeks of age that reached 100% at 25
weeks of age, whereas no tumors were found in 4hR*/~ mice
(Fig. 1B). Remarkably, the compound ApcM/+. 4hR*~ mutant
mice had a tumor incidence of 50% at 9-10 weeks of age, and
were much more susceptible to cecal tumorigenesis than Apc-
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Fig.5. Natural AhR ligands suppress intestinal carcinogenesis. Four to 5 mice

were used in each group. Cecal carcinogenesis in the ApcM+ (A) and
ApcMin+. AhR*/~ (C) mice. Tumor development in mice fed a control diet (blue
circles in A and yellow circles in €), 0.1% I13C-containing (green triangles) or
0.01% DIM-containing (beige diamondes) diet just after weaning of 3-4
weeks of age as noted by the arrows, Number of small intestinal polyps in
ApcMin+ (B, blue squares) or ApcMin'+. AhR+~ (D, yellow sqjuares) mice fed a
control diet. Number of polyps in the small intestines of mice fed an 13C-
containing (green squares) or DIM-containing (beige squares) diet. Data are
presented as means * SD. %, P < 0.01; #*, P < 0.001; ***, P < 0.0001. (E)
Representative profile of immunohistochemical staining with an antibody
against B-catenin in the intestines from 15-week-old ApcVin* mice fed a
control or ligand-containing diet.

Minl* mice, which supports a cooperative tumor suppression
function between the 2 genes. Compound ApcMin/* 4hR~/~
mutant mice displayed this tendency more prominently, al-
though in limited numbers because of difficulty in breeding. A
similarly accelerated carcinogenesis in the small intestine at 7
and 8 weeks was observed in ApcM™*-AhR*/~ mice (Fig. 5D)
compared with Apc™™/* mice (Fig. 5B) (P < 0.001). In the
compound mutant mice, the grade of atypia of cecal tumors
progressed with age in a cooperative manner, reflecting a cooper-
ative interaction between the AhR and Apc pathways (Fig. 4B).

To determine how compound Apc™'*-4h R-disrupted mutant
mice were more susceptible to cecal tumorigenesis than ApcMin/+
mice, B-catenin levels were monitored in the cecum by Western
blotting (Fig. S7B) and immunohistochemistry (Fig. S7C) at 6 to
8 weeks of age, when a morphologically normal epithelium was
observed (Fig. 4B). And we found elevated levels of B-catenin in
the cecum of both ApcM™/* 4hR~/~ and ApcM™/*- 4hR*/~ mice
compared with Apc"'/g'/ *-AhR*"* mice, suggesting an association
between the levels of B-catenin and tumor susceptibility. Ex-
pression levels of the B-catenin/TCF4 target genes, c-myc and
cyclin D1, were concomitantly enhanced in ApcMin/*.4hR-
disrupted mice, suggesting that AhR-mediated B-catenin deg-
radation has a suppressive role in intestinal carcinogenesis in
parallel to the Apc system.

Tumor Suppression by AhR Natural Ligands. As described in Fig. 3,
IAA and I3C accelerated B-catenin degradation in the intestine.
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We were interested to study whether natural AhR ligands
actually suppress carcinogenesis in the cecum or small intestine
in Apc™"'* mice (Fig. 5). The chemoprevention (30) study was
designed so that Apc™™™* or ApcM"'* - AhR*"™ mice were fed
natural AhR ligand-containing diets, such as I3C (31) and DIM
(32), immediately after weaning at 3-4 weeks of age. When fed
the control diet, Apc™*/* mice started to develop small intestinal
polyps at 7 weeks of age with the number of tumors containing
polyps plateauing (=30 tumors per mouse) at ~10 to 15 weeks
(Fig. 5B), whereas the cecal tumor incidence was as described
(Figs. 44 and 54). However, when fed an I3C (0.1%)- or DIM
(0.01%)-containing diet, Apc*'* mice showed a cecal tumor
incidence of =50% of the total at 25 weeks of age (Fig. 54) and
a markedly reduced number of tumors in the small intestine (Fig.
5B). Similar chemopreventive effects were also clearly observed
with the compound ApcM™/* . 4hR*'~ mutant mice (Fig. 5C and
D). However, no suppressive effect was observed in 4/R ™/~ mice
(Fig. S7D), suggesting that AhR ligand-dependent chemopre-
vention requires the presence of AhR.

Using immunohistochemical analysis, we showed a marked
reduction of B-catenin except for the molecules associated with
adherence junctions in the intestines of Apc™* (Fig. SE; Fig.
S7F) and ApcMn/*-AhR*'~ mice (Fig. S7 E and F) fed AhR
ligand-containing diets compared with those fed a control diet.
These results clearly demonstrate that chemoprevention of
intestinal carcinogenesis by AhR ligands in ApcM™/* and
ApcMn* ARR*'~ mice is due to B-catenin degradation mediated
by the natural ligand-activated AhR E3 ubiquitin ligase.

Discussion
In this study, we provide both loss-of-function and gain-of-
function data to show that the AhR mediates ligand-dependent
degradation of f-catenin, leading to suppression of intestinal
carcinogenesis. The AhR-mediated pathway of B-catenin deg-
radation is independent of the canonical APC-mediated path-
way, but functions cooperatively with it, because (i) 44R™/~ mice
develop colonic tumors mostly in the cecum, whereas numerous
polyps develop mostly in the small intestine of Apc™*/* mice; (if)
even in cells containing mutations in APC or B-catenin gene,
B-catenin is clearly degraded in an AhR ligand-dependent
manner; and (iii) experiments using siRNAs against AhR, its E3
ubiquitin ligase cofactor CUL4B, and APC clearly indicate the
independency between the 2 pathways. The cooperative function
is strongly confirmed by additional experiments, in which (i)
accelerated carcinogenesis was observed in the compound
ApcMin* AhR-disrupted mutant mice compared with ApcMin'+
mice, and (&) AhR natural ligands suppress intestinal carcino-
genesis in Apc™™* mice. These distinct roles are most likely
because the AhR- and APC-dependent B-catenin degradation
pathways are considered to be in different subcelfular compart-
ments (Fig. S84); ligand-activated AhR translocates to the
nucleus where it forms an ubiquitylation complex containing
CULAB (7) and the constitutively nuclear protein Arnt, whereas
the APC-dependent pathway functions in the cytoplasm (33-35).
It is noteworthy that 4hR™/~ mice mainly develop tumors in
the cecum, but not in the small intestine, whereas numerous
polyps develop mostly in the small intestine of Apc™™* mutant
mice (29). Our findings that AhR is abundantly expressed in
Paneth cells of the small intestine, as well as the cecum near the
ileocecal junction, and that abnormal B-catenin accumulation is
observed in the intestines of AhR ™/~ mice, suggest that intestines
of AhR™/~ mice may be in a cancer-prone or precancerous state
(23). Although it is still unknown why A4hR™'~ mice specifically

1. GuYZ, Hogenesch J, Bradfield CA (2000) The PAS superfamily: Sensors of environmen-
tal and developmental signals. Annu Rev Pharmacol 40:519-561.

2. Fujii-Kuriyama Y, Mimura J (2005) Molecular mechanisms of AhR functions in the
regulation of cytochrome P450 genes. Biochem Biophys Res Commun 338:311-317.
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develop cecal cancers, the host genetic predisposition to these
cancers may be potentiated by stimuli from bacteria colonized in
the cecum (36). Abnormal B-catenin accumulation, together
with microbial interaction or subsequent inflammation, may
promote cecal carcinogenesis in AhR™/~ mice. In conjunction
with the involvement of intestinal microbes, different structural
and functional properties of intestinal epithelial cells (34) may
also be associated with the specific development of cecal tumor
in AhR™'" mice.

We show evidence that natural AhR ligands converted from
dietary Trp and glucosinolates in the intestine are as efficient as
exogenous AhR ligands in promoting degradation of endoge-
nous B-catenin. These results provide a molecular basis for
chemopreventive mechanisms against intestinal carcinogenesis
that were observed in Apc™™* and ApcM"* 4hR*/~ mice fed
diets containing the AhR ligands I3C and DIM. Also, our
findings lend credence to previous reports on the chemopreven-
tive effects on colorectal cancers in humans by cruciferous
vegetables that contain a high content of glucosinolates (16-18),
and suggest that AhR ligands define a potent strategy for dietary
chemoprevention of intestinal cancer.

In conclusion, this study shows that AhR has a critical role in
suppression of intestinal carcinogenesis by a previously unde-
scribed ligand-dependent mechanism of proteasomal degrada-
tion of B-catenin, which functions independently of and coop-
eratively with the canonical APC-dependent pathway. 4hR™/~
mice provide a murine model for spontaneously developing
tubular adenocarcinomas, which have the most common histo-
logic characteristics of sporadic colorectal cancers in humans.
Although the reasons remain to be established, reduced AhR
expression was observed in 12 specimen of human cecal cancers
and their surrounding tissues (Fig. S4).. Together, we conclude
that AkR ™/~ mice are a useful model to study human intestinal
cancer, and will help us to investigate the molecular mechanisms
of pathogenesis and chemoprevention of intestinal cancer.

Materials and Methods

Animal Experiments. C57BL/6 wild-type and AhR-deficient (AhR~/~) (4) mice on
the C57BL/6 background were obtained from CLEA Japan. ApeMin* mice (29)
oh a C57BL/6 genetic background were purchased from The Jackson Labora-
tory. Generation of germ-free (GF) mice or compound ApcMin'+ . AhR-clisrupted
mutant mice, carcinogenesis, and chemoprevention studies were performed
as described in the S/ Materials and Methods. All animal experiments were
appraved by the Saitama Cancer Center Animal Care and Use Committee,

Biochemical Analyses. immunohistochemistry was performed on 4-5 um se-
quential paraffin sections using the antibodies described. Total RNA was
extracted from the intestines of AAR*"* or AhR™/~ mice using an Isogen kit
(Nippon Gene), and RT-PCR was performed using TaKaRa RNA PCR kits (Takara
Shuzo). Cell culture and transfection assays were performed using standard
methods. Protein stability analysis and in vitro ubiquitylation assay were
performed as previously reported (6). Sequences of the siRNAs used in this
study and HPLC analysis are described in 5/ Materials and Methods.

Statistical Analyses. Differences in survival in the mouse genotypes were
analyzed using the Kaplan-Meyer method, and statistical analyses were per-
formed with the log-rank test. We analyzed numeric data for statistical
significance using the Student’s t test. We considered P < 0.05 as significant.
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Expression of constitutively-active aryl hydrocarbon
receptor in T-cells enhances the down-regulation of
CD62L, but does not alter expression of CD25 or suppress

the allogeneic CTL response
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Abstract

Activation of aryl hydrocarbon receptor (AhR) by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in T-cells is required
for TCDD-induced suppression of the allogeneic CTL response and for induction of CD25MCD62L adaptive reg-
ulatory T-cells. Here, the ability of a constitutively-active AhR (CA-AhR) expressed in T-cells alone to replicate the
effects of TCDD was examined. The response of CA-AhR-expressing B6 donor T-cells in B6xD2F1 mice was com-
pared to the response of wild-type B6 donor T-cells in B6xD2F1 mice given a single dose of TCDD. Expression of
CA-ARR in donor T-cells enhanced the down-regulation of CD62L on Day 2 after injection, similar to a single oral
dose of TCDD, but did not induce up-regulation of CD25 on Day 2 or affect CTL activity on Day 10. This suggests
that activation of AhR in T-cells alone may not be sufficient to alter T-cell responses in this acute graft-versus-
host (GvH) model. Since host APC are responsible for activating the donor T-cells, we examined the influence of
the F1 host’s AhR on donor T-cell responses by creating an AhR™- B6xD2F1 host that had a greatly diminished
AhR response to TCDD compared to wild-type F1 mice. As in AhR** B6xD2F1 mice, the CTL response in AhR~-
B6xD2F1 mice was completely suppressed by TCDD. This suggests that either CA-AhR dose not fully replicate the
function of TCDD-activated AhR in suppression of the CTL response, or that minimal activation of AhR in host
cells is required to combine with activation of AhR in T-cells to elicit the immunosuppressive effects of TCDD.
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Introduction

The AhR is an intracellular receptor and transcription factor
well known for mediating the immunosuppressive effects of
alarge group of environmental contaminants, including cer-
tain polycyclic aromatic hydrocarbons and polychlorinated
dibenzo-furans and -dioxins (Kerkvliet, 2002, 2003). Human
exposure to dioxins and related chemicals occurs primarily
through the consumption of food, particularly meat and
dairy products, because these chemicals are highly fat-
soluble and biocaccumulate (Liem et al., 2000; Schecter et al.,
2001; Startin and Rose, 2003). In addition to these man-made

ligands, many natural chemicals found in plants as well as
products of normal cellular metabolism have been shown
to bind and activate AhR (Denison and Nagy, 2003; Jeuken
et al,, 2003; Nguyen and Bradfield, 2008). Ligand binding
leads to nuclear translocation of the AhR and dimerization
with its transcriptional partner, ARNT, which in turn binds to
the consensus DNA sequence, termed the dioxin response
element (DRE). DRE has been found in the promoters of
many genes, including one of the most sensitive gene tar-
gets, CYP1AI (Schmidt and Bradfield, 1996; Mimura and
Fujii-Kuriyama, 2003).
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