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ABSTRACT

Dioxins are a group of environmental contaminants that raise concern because of their
potency, widespread presence and persistence within the food chain. 2,3,7,8-
Tetrachlorodibenzo-p-dioxin (TCDD) and other dioxins bring about a wide variety of
biochemical and toxic effects, most of which are mediated by the AH receptor (AHR). The
AHR functions as a ligand-activated transcription factor and binds to DNA as a
heterodimeric complex with the AHR nuclear translocator (ARNT) or its homologue in the
brain, ARNT2. The AHR repressor (AHRR) negatively regulates the dioxin signalling by
competing with AHR for dimerizing with ARNT. All these principal proteins in dioxin
signal transduction, AHR, ARNT and AHRR, belong to the bHLH/PAS superfamily of
transcriptional regulators.

A characteristic feature of TCDD toxicity is its wide variation in sensitivity among animal
species and strains, which complicates dioxin risk assessment. For the guinea pig, TCDD is
the most toxic synthetic compound known, while the resistant hamster tolerates over 1000-
fold higher doses. A similar difference exists between two rat strains, the sensitive Long-
Evans (Turku A/B) (L-E) and the resistant Han/Wistar (Kuopio) (H/W). Cloning of H/W rat
AHR revedled changes in the structure of C-termina transactivation domain, which
appeared to be the principal reason for TCDD resistance in H/W rats. Because the reason
for sensitivity difference between hamsters and guinea pigs was unknown, their AHRs were
cloned. Sequencing of hamster AHR revealed a restructured transactivation domain as
compared with that in guinea pigs. The results imply that AHR structure, especially in the
C-terminal transactivation region, may be an important or even crucia factor to the
sensitivity differencesin TCDD toxicity.

Although the AHR appears to be the major reason for TCDD resistance in H/W rats, there
is also another, currently unknown factor involved. Therefore, the primary structures of the
ARNT, ARNT2 and AHRR were compared between L-E and H/W rats to determine
whether some of these proteins could be this auxiliary factor participating in the strain-
specific differences in TCDD toxicity. The AHRR gene had not been cloned earlier in rats,
and thus its time-, dose- and tissue-dependent expression was also determined using
quantitative RT-PCR. However, no marked differences were found between H/W and L-E
rats in the structure or expression of ARNT, ARNT2 or AHRR, suggesting that these
bHLH/PAS proteins do not contribute to strain differencesin TCDD sensitivity. Moreover,
several nove splice variants were discovered in the structures of ARNT and ARNT2, but
none of these variants appeared to be related to TCDD resistance in this rat model.

The effects of TCDD on the hypothalamic expression of several genes encoding
bHLH/PAS proteins participating in dioxin signal transduction and possibly in wasting
syndrome were also determined using quantitative RT-PCR. The wasting syndrome is a
TCDD-induced response that shows a clear sensitivity difference between L-E and H/W



rats. However, although some minor changes were detected, they may not account for the
wasting syndrome.

Thus, among al the studied proteins involved in dioxin signal transduction, only the
structure of the AHR stood out as an essential determinant of dioxin sensitivity in the rat
model. The AHR structure also appeared to be acritical factor in the species model.
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TIIVISTELMA

Dioksiinit ovat ympéristosaasteita, jotka herdttédva yleistd huolestuneisuutta
voimakkuutensa, levinneisyytensd ja ravintoketjussa pysyvyytensd takia. 2,3,7,8-
Tetraklooridibentso-p-dioksiinilla (TCDD) ja muilla dioksiineilla on suuri maéara erilaisia
biokemiallisia ja toksisia vaikutuksia, joista suurin osa vélittyy AH-reseptorin (AHR)
kauttaa. AHR on ligandeilla aktivoituva transkriptiofaktori ja se sitoutuu DNA:han
heterodimeerisena kompleksina ARNT- tai ARNT2-proteiinin kanssa. AHR-repressori
(AHRR) sdételee negatiivisesti dioksiinien signaalinvélitysta kilpailemalla AHR:n kanssa
ARNT:iin sitoutumisesta. Kaikki nadma keskeiset dioksiinien signaalinvéalitykseen
osdlistuvat proteiinit kuuluvat transkriptionadisten séételijdiden muodostamaan
bHLH/PAS proteiiniperheeseen.

TCDD:n toksisille vaikutuksille luonteenomaisia ovat suuret herkkyyserot eri eléinlajien ja
kantojen valilla, mik& hankaloittaa dioksiinien riskinarviointia. Marsu on erittéin herkka
TCDD:n toksisille vaikutuksille, kun taas hamsteri kestéa yli 1000-kertaa suurempia
TCDD-annoksia. Samansuuruinen herkkyysero 16ytyy kahden rottakannan, herkdn Long-
Evansrotan (Turku A/B) (L-E) ja kestdvdn Han/Wistar-rotan (Kuopio) (H/W) vélilta.
Padasiallisin syy H/W-rottien dioksiinikestavyyteen ovat muutokset AHR:n karboksi-
terminaalisen transaktivaatioalueen rakenteessa. Koska syyta hamsterin ja marsun valiseen
herkkyyseroon e tiedetty, niiden AHR:t kloonattiin. My6s hamsterin  AHR:n
transaktivaatioalueen rakenteesta |8ydettiin poikkeavuutta marsun AHR:n rakenteeseen
verrattuna. Néiden kloonausttiden tulokset korostavat AHR:n rakenteen ja erityisesti sen
C-terminaalisen  transaktivaatioalueen  rakenteen merkitystd  dioksiinitoksisuuden
herkkyyseroissa

Vaikka AHR nayttéd olevan merkittéavin syy H/W-rottien dioksiinikestavyyteen, myds
toinen, talla hetkella tuntematon tekija vaikuttaa siihen. Sikss ARNT:n, ARNT2:n ja
AHRR:n primaarirakenteita verrattiin H/W- ja L-E —rottien valillg, jotta saataisiin selville,
voisivatko ndma proteiinit osaltaan selittédd kantojen vélilla olevia herkkyyseroja. AHRR-
geenid e oltu aiemmin kloonattu rotalta ja siksi myds sen aika-, annos- ja kudosspesifisia
vasteita méritettiin kvantitatiivistd PCR:84 kayttéen. Tulokset eivét kuitenkaan osoittaneet
eroja ARNT:n, ARNT2:n ja AHRR:n rakenteessa tai ilmentymisessd, mista voitiin paatell&,
etteivdt nama proteiinit ole osasyyna rottakantojen valiseen herkkyyseroon. Sen sijaan
ARNT:n ja ARNT2:n rakenteista |8ydettiin useita uusia rakennevaihteluita, mutta mink&én
niistd el havaittu liittyvan TCDD-resi stenttiyteen.

TCDD:n vaikutusta useiden bHLH/PAS-proteiingja koodittavien geenien ilmentymiseen
rotan hypothalamuksessa tutkittiin kvantitatiivisella RT-PCR:ll&. Tutkittavaks valittiin
geengd, jotka osallistuvat dioksiinien signaalinvalitykseen ja mahdollisesti dioksiinien
aiheuttamaan néivetysoireyhtymaan, jossa myos on selva herkkyysero L-E- ja H/W-rottien
valilla Vaikka tutkimuksessa havaittiinkin joitakin pienid muutoksia néiden rottakantojen
valillg, mitkdan niista eivét olleet riittavia selittdmadn herkkyyseroa néivetysoireyhtymassa.



Y hteenvetona voidaan todeta, ettéd kaikkien tutkittujen, dioksiinien signaalinvélitykseen
osallistuvien proteiinien joukossa ainoastaan AHR:n rakenteella ndyttda olevan merkitysta
dioksiiniherkkyyden mééarittelijana rottamallissamme. AHR:n rakenne lienee kriittinen
tekijamyds eri eléinlgjien valisissa herkkyyseroissa.
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AHR aryl hydrocarbon receptor, AH receptor, also called dioxin receptor

AHR the gene encoding AHR in human and other species (except mouse and
Drosophila)

Ahr the gene encoding AHR in mouse and Drosophila

AHREII AH receptor responsive element |1 in DNA, aso caled DREII or XREII

AHRR aryl hydrocarbon receptor repressor

ARNT AH receptor nuclear translocator

bHLH/PAS basic helix-loop-helix/PAS (homologous region found in PER, ARNT and
SIM)

CNS central nervous system

C-terminus  carboxyterminus of protein
CYP1A1 cytochrome P4501A 1

DRE dioxin responsive element in DNA; called also XRE, xenobiotic responsive
element or AHRE, AH receptor responsive element

ER oestrogen receptor

EROD ethoxyresorufin-O-deethylase

FICz 6-formylindol o[ 3,2-b]carbazole

HAH hal ogenated aromatic hydrocarbon

HIF-1 hypoxiainducible factor

hsp90 heat shock protein 90

H/W Han/Wistar (Kuopio) strain

IARC International Agency for Research on Cancer of the World Health
Organization

ICZ indolo[ 3,2-b]carbazole

LD50 lethal dose 50%

L-E Long-Evans (Turku/AB) rat strain

MAP mitogen-activated protein

NcoA nuclear coactivator

NES nuclear export signal

NF-xB nuclear factor kappaB

NLS nuclear localization signal
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N-terminus  aminoterminus of protein

PAH polycyclic aromatic hydrocarbon

PAS PER-ARNT-SIM; a homologous region found first in PER, ARNT and SIM
proteins

PCB polychlorinated biphenyl

PER product of Drosophila Period gene

PKC protein kinase C

pp60™ atyrosine kinase encoded by c-src gene

Q-rich glutamine-rich

Rb a retinoblastoma tumour suppressor protein

RIP140 receptor interacting protein 140

RT-PCR reverse transcriptase-polymerase chain reaction

SIM product of Drosophila Sngle-minded gene

SMRT asilencing mediator of retinoic acid and thyroid hormone receptor

SRC-1 steroid receptor coactivator 1

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin

TEF toxic equivaency factor

TEQ toxic equivalent quantity or TCDD equivalent quantity

TGF-B transforming growth factor-beta

TNF-o tumor necrosis factor-alpha

USEPA United States Environmental Protection Agency

WHO World Health Organization

XAP2 immunophilin-like X-associated protein 2, called also ARA9 or AIP1
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1 INTRODUCTION

Humans and most animals are exposed daily to a number of chemicals in the air, water or
food. One class of these chemicals are the environmental contaminants, specifically dioxins
and related halogenated aromatic hydrocarbons (HAHS). This group of chemicals raises
concern because of their potency, widespread presence in the environment and persistence
within the food chain. 2,3,7,8-Tetrachl orodibenzo-p-dioxin (TCDD) is the most famous and
most toxic dioxin.

Dioxins bring about a wide spectrum of biochemical and toxic effects, including
reproductive and developmental defects, immunotoxicity, thymus atrophy, chloracne,
wasting syndrome, liver toxicity and cancer (Pohjanvirta and Tuomisto, 1994). Practically
all of these effects are mediated via the aryl hydrocarbon receptor (AHR), which is aligand-
activated transcription factor (Okey et al., 1994). The AHR regulates the expression of
target genes by heterodimerizing with ARNT, the AH receptor nuclear translocator and then
interacting with dioxin response elements (DREs, also known as xenobiotic responsive
elements [XRES] or aryl hydrocarbon responsive elements [AHRES]) in DNA (Whitlock,
1999). The AHR mediates not only the toxic effects of dioxins but also the adaptive effects,
including the induction of many xenobiotic metabolizing enzymes such as cytochrome
P4501A1 (CYP1A1) (Nebert et al., 2004).

One characteristic feature of TCDD toxicity is its wide variability in sensitivity between
strains and species, which complicates dioxin risk assessment. In our laboratory, a 1000-fold
sensitivity difference to acute lethality of TCDD was established between sensitive Long-
Evans (Turku/AB) (L-E) and resistant Han/Wistar (Kuopio) (H/W) rat strains (Pohjanvirta
and Tuomisto, 1994). The reason for TCDD resistance in H/W rat was found to be in the
AHR, which had an abnormal carboxyterminal (C-terminal) transactivation domain due to a
critical point mutation (Pohjanvirta et al., 1998; Tuomisto et al., 1999). Despite the
restructured AHR some endpoints of dioxin toxicity, such as induction of CYP1A1, are
similar between these rat strains (Pohjanvirta et al., 1988). However, the deleted
transactivation domain of H/W AHR affects the expression of those target genes that are the
key to dioxin toxicity, such as wasting syndrome and acute TCDD lethality. Therefore, our
rat model is useful not only in studying dioxin sensitivity differences but also in elucidating
the molecular mechanisms of dioxin toxicity.

Another interesting animal pair used in dioxin sensitivity studies is hamster and guinea pig,
which show the same kind of sensitivity difference in acute lethality of TCDD to that
occurring between L-E and H/W rats (Pohjanvirta and Tuomisto, 1994). Although TCDD-
resistant hamsters and H/W rats are known to share selective responsiveness to TCDD, it is
not known whether their resistance is based on a similar phenomenon. In the present study,
these two animal pairs were utilized to elucidate the mechanisms determining the
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exceptionally large differences present among species and strains in sensitivity to TCDD
toxicity. Moreover, this study addressed the question of whether other principal proteinsin
dioxin signal transduction, in addition to AHR, could be potential factors involved in dioxin
sensitivity differences.

16



2 REVIEW OF THE LITERATURE

2.1 Dioxins

2.1.1 Background

Dioxins (polychlorinated dibenzo-p-dioxins) and related HAHs (e.g. dibenzofurans and
dioxin like polychlorinated biphenyls [PCBs]) are ubiquitous and persistent environmental
contaminants. Their potential hazard to humans and animals is increased by the fact that
they are fat-soluble and thus tend to biocaccumulate in tissue lipids and in the food chain.
TCDD is a prototype of dioxins (Fig.1). It is the most potent of the halogenated
environmental organic pollutants and thus often called the most toxic synthetic compound.

Cl Cl
Cl O Cl

Figure 1. The structure of TCDD

TCDD was introduced as a toxic compound to the general public most notably by an
industrial accident in Seveso, Italy in 1976. Due to an explosion in a chemical plant
producing trichlorophenol, a toxic cloud containing large quantities of TCDD was released
to the environment. Many domestic and wild animals were killed, but no life-threatening
health effects were reported among the thousands of exposed inhabitants; only a few
hundred chloracne cases were observed during the period of acute exposure (Bertazzi et al.,
1998; Mocarelli, 2001). TCDD was classified as a human carcinogen (Group 1) by the
International Agency for Research on Cancer (IARC) of the World Health Organization
(WHO) (IARC, 1997). However, this classification, based on limited evidence of
epidemiologic studies, has been somewhat controversial and was both challenged and
supported in the literature (Cole et al., 2003; Steenland et al., 2004).

The term dioxin refers to alarge family of compounds thought to have similar mechanisms
of toxicity. Nevertheless, their toxicities vary greatly and to facilitate the risk assessment of
these complex mixtures the concept of toxic equivalency factors (TEFSs) was developed by
the WHO (van den Berg et al., 1998, 2000; Finley et al., 2003). The TEF values for each
dioxin congener was evaluated in relation to the most toxic congener, TCDD. In the
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mixture, the measured concentration of each congener is multiplied by its TEF value
[=toxic equivalent (TEQ) for this congener]. The sum of al these component TEQs gives
the total toxicity of the mixture in TEQs (van den Berg et al., 1998).

While dioxins have never been intentionally manufactured for purposes other than scientific
research, they are formed as unwanted by-products during industrial production of some
chemicals such as chlorophenols and phenoxyacetic acid herbicides. For example, herbiside
2,4,5-trichlorophenoxyacid (2,4,5-T), which was used as an antifoliant agent (Agent
Orange) during the Vietnam War, contained TCDD at relatively high concentrations
(Michalek et al., 1996). Dioxins are also formed when organic compounds are burned
incompletely in the presence of chlorine. In fact, the current major source of dioxin in the
environment comes from combustion processes, such as metal smelting and refining as well
as waste-burning incinerators of various sorts (e.g. municipal, hazardous and hospital waste)
and also backyard burn-barrels. From al these sources, dioxins are released into air, land
and water (Hays and Aylward, 2003).

Food is the major source of human exposure to dioxins, especialy fatty foods. In centra
Europe, the main sources are dairy products and meat, while in Finland most of the
exposure comes from fish and fish products. In particular, Baltic herring alone accounts for
52% of the total intake (Kiviranta et al., 2001, 2004). Currently, the average daily intake of
dioxins is about 1-2 pg/kg/day in most European countries. Thisis the actual or lower level
that most authoritative agencies and scientific organizations have considered as a tolerable
daily intake level (1-4 pg/kg/day) (Hays and Aylward, 2003). On the other hand, the United
States Environmental Protection Agency (USEPA) suggested that even far lower levels may
pose a significant health risk (USEPA, 2000). Although TCDD emissions and consequently
TCDD intake levels have dramatically decreased over the past 30 years, the body burdens of
dioxins do not change as rapidly due to the relatively long elimination half-life of TCDD
(Pépke, 1998; Aylward and Hays, 2002).

2.1.2 Effectsin humans and experimental animals

TCDD produces a variety of adverse biological responses in laboratory animals, including
immunotoxicity, reproductive and endocrine effects, developmental toxicity, lethality,
wasting, liver toxicity, teratogenesis, tumour promotion and cancer (Birnbaum, 1994;
Pohjanvirta and Tuomisto, 1994; Birnbaum and Tuomisto, 2000). Nevertheless, the toxic
responses to TCDD are dependent on many factors, such as exposure dose, age, sex, animal
strain and species, target organs and cell types. For example, female rats are twice as
sensitive to acute lethality of TCDD as male rats (Pohjanvirta et al., 1993). However, there
is strong evidence to suggest that practically all TCDD-induced responses are mediated via
the AHR.
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TCDD is one of the most anorexigenic compounds known. In rats, even a single subletha
dose of TCDD may lead to a rapid decline in feed intake and bring about a long-lasting or
even permanent retardation of body weight gain. At lethal doses, TCDD €licits a precipitous
and striking body weight loss. This wasting syndrome mainly results from hypophagia, but
the exact mechanisms of wasting are still unknown (Seefeld et al., 19844, b; Pohjanvirta and
Tuomisto, 1994; Tuomisto et al., 2000).

TCDD can also result in adaptive effects, one of which is the induction of xenobiotic-
metabolizing enzymes catalysing the metabolic processing of lipophilic chemicals to water-
soluble derivatives and thereby facilitating their elimination (Whitlock, 1999; Nebert et al.,
2004). TCDD itself is poorly metabolized and thus it can cause chronic, sustained induction
of CYP1A1, CYP1A2 and CYP1B1 leading to oxidative stress (Shertzer et al., 1998; Nebert
et al., 2000). Oxidative stress following TCDD exposure has been demonstrated to increase
the production of reactive oxygen species, lipid peroxidation and DNA damage (Slezak et
al., 2000; Hassoun et al., 2001, 2002). Thus, the toxic effects of TCDD may be caused by
induction of oxidative stress (Hassoun et al., 2000, 2001, 2002). On the other hand,
induction of oxidative metabolic processes by TCDD may cause the production of highly
carcinogenic metabolites of polycyclic aromatic hydrocarbons (PAHS) and oestrogens,
creating alink between AHR activation and chemical carcinogenesis (Shimizu et al., 2000).

Epidemiologica studies in accidentally exposed populations have suggested a possible link
between TCDD and certain types of cancer, cardiovascular disease, diabetes, decreased
male/female ratio of births, endometriosis and dental defects (Mocarelli et al., 2000;
Bertazzi et al., 2001; Eskenazi et al., 2002; Warner et al., 2002; Pesatori et al., 2003; Akhtar
et al., 2004; Alaluusua et al., 2004). However, in Seveso the only verified effect of dioxin
exposure has been chloracne, but the long-term follow up of this population is still
continuing (Caramaschi et al., 1981). In the highly exposed Seveso population, elevated
plasma levels of TCDD are still present because of the long biological half-life of TCDD
(Landi et al., 2003; Baccarelli et al., 2004).

The most sensitive effects of TCDD observed in experimental animals appear to be
developmental, including effects on the developing immune, nervous and reproductive
systems (Birnbaum and Tuomisto, 2000; Greene et al., 2003). The endocrine system is also
one of the critical targets for dioxins (Birnbaum and Fenton, 2003).
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2.2 AH receptor

The AHR mediates most of the biochemical and toxic effects of dioxins and related
aromatic hydrocarbons. About 30 years ago it was first discovered in mouse liver, where it
was found specifically and with high affinity to bind to the radiolabelled analogue of TCDD
(Poland et al., 1976). Since that time, the mechanisms of AHR action and its connections
with the toxic responses of TCDD have been studied extensively. As a ligand-activated
nuclear receptor, the AHR plays a role in regulation of cytochrome P450 (CYP) genes
(Honkakoski and Negishi, 2000), and so far the best-characterized AHR-mediated pathway
isthe induction of CYP1A1 (Whitlock, 1999).

The structure of AHR required years to resolve due to the instability of the receptor protein
and low levels of expression. Biochemical purification of the AHR protein succeeded only
after development of a photoaffinity-labelled ligand (Poland et al., 1986; Perdew and
Poland, 1988; Okey et al., 1989). The sequence information of purified AHR protein was
then used to clone the cDNA (Burbach et al., 1992; Ema et al., 1992). Later on, AHR
cDNAs were cloned from several animals, including mammals, birds, fish and some
invertebrates (Hahn, 2002).

The AHR is present in awide variety of tissues. In the adult rat, AHR mRNA was expressed
at the highest levels in lung, thymus, kidney and liver, while lower levels were expressed in
heart and spleen (Carver et al., 1994). In humans, placenta was reported to exhibit the
highest expression, but high expression levels have also been detected in lung, heart,
pancreas and liver, with lower levels of expression found in brain, kidney and skeletal
muscle (Dolwick et al., 1993a).

2.2.1 Structureof the AHR

The AHR was earlier thought to belong to the steroid receptors because of some functional
similarities (Evans, 1988). However, the molecular cloning of AHR cDNA revealed that it
belongs to the basic helix-loop-helix/PER-ARNT-SIM (bHLH/PAS) superfamily, whichisa
group of structurally related proteins playing roles in detection of and adaptation to
environmental change. One of the first members (cloned one year before the AHR) was the
ARNT, which acts as a dimerization partner of the AHR (Hoffman et al., 1991). Other
founding members were PER (product of the Drosophila Period gene) and SIM (product of
the Drosophila Sngle-minded locus), which shares a highly conserved PAS domain, named
subsequently after these first three members (PER, ARNT, SIM) (Gu et al., 2000; Kewley et
al., 2004).

The AHR, similarly to other bHLH/PAS proteins, has a conserved aminoterminus (N-
terminus). The bHLH domain located nearest the N-terminus binds DNA and promotes
dimerization with the ARNT. The PAS domain affords specificity for dimerization and also
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contains most of the ligand-binding domain (LBD) (Fukunaga et al., 1995; Pongratz et al.,
1998). In addition, both the bHLH and PAS domains are responsible for interaction with the
90-kDa heat shock protein (hsp90) (Antonsson et al., 1995) (Fig. 2).

The N-terminal end also contains signals for both the nuclear localization (NLS) and the
nuclear export signals (NES) (Ikuta et al., 1998). Using these two signals the AHR shuttles
between the cytoplasm and the nucleus of the cell (Ikuta et al., 2000). A recent report
suggests that the NLS is required for AHR-regulated biology, because mice carrying a
mutation in the NLS of the Ahr gene were resistant to TCDD-induced toxicity, as are Ahr
knockout mice (Bunger et al., 2003).

The C-terminal end of the AHR is not conserved among bHLH/PAS proteins. This variable
region contains a potent transactivation domain composed of severa interacting subdomains
(Reen et al., 2002). One of the most important subdomains in this regard is a glutamine-rich
(Q-rich) region (Jain et al., 1994; Fukunaga et al., 1995). In some in vitro studies, it
exhibited the strongest transcriptional activity of several activation subdomains studied
(Sogawa et al., 1995a). In addition, the Q-rich subdomain is necessary and sufficient for in
vitro interaction with the AHR coactivators receptor interacting protein 140 (R1P140) and
steroid receptor coactivator-1 (SRC-1) (Kumar and Perdew, 1999; Kumar et al., 1999).
Furthermore, the retinoblastoma tumour suppressor protein (Rb) interacts with the Q-rich
subdomain (Ge and Elferink, 1998).

bHLH PASdomain
o I T~ O < T
NLS NES Ligand & hsp90 binding Transactivation

AHR:ARNT:DRE
complex formation

Figure 2. Domain structure of the AHR [modified from Denison et al. (2002)].

The 5'-flanking region of the AHR gene contains no TATA box, but instead multiple GC
boxes near the transcription initiation sites. Comparison of human and murine AHR
promoters revealed several conserved regions containing binding sites for transcription
factors, such as Spl (Schmidt et al., 1993; Eguchi et al., 1994; Mimura et al., 1994;
Garrison and Denison, 2000; Racky et al., 2004).
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2.2.2 Mechanism of action

In the absence of a ligand, the AHR is found in the cytoplasm as a complex with two
molecules of hsp90, the immunophilin like X-associated protein 2 (XAP2, known also as
ARAD9 or AlP1) and some other proteins such as p23 (Fig. 3) (Kazlauskas et al., 1999, 2000;
Meyer and Perdew, 1999; Petrulis and Perdew, 2002). In this complex, hsp90 is important
for maintaining the receptor in a conformation exhibiting high affinity for ligand binding
and repressed DNA-binding ability (Pongratz et al., 1992; Whitelaw et al., 1995). XAP2
binds to both hsp90 and the AHR and appears to stabilize the complex. It was aso
implicated in regulation of the intracellular localization of the AHR, in protection of the
receptor against degradation and in repression of its transcriptional activity (Ma and
Whitlock, 1997; Meyer and Perdew, 1999; Kazlauskas et al., 2000, 2002; Petrulis et al.,
2003; Hollingshead et al., 2004). p23 appears to stabilize the AHR-hsp90 complex in a
ligand-inducible form (Kazlauskas et al., 1999). There are also suggestions that some
auxiliary cochaperones, such as p60 and hsp70, may associate with this complex, but neither
their presence nor functional roleisyet clear (Nair et al., 1996; Petrulis and Perdew, 2002).

Ligands for the AHR are thought to enter cells by simple diffusion and to bind to the PAS B
domain. Ligand binding induces a conformational change in the receptor exposing the NLS
(Lees and Whitelaw, 1999; Henry and Gasiewicz, 2003; Ikuta et al., 2004). The AHR
complex then translocates into the nucleus, dissociates from its partner molecules and
heterodimerizes with the ARNT (Probst et al., 1993; McGuire et al., 1994; Denison and
Nagy, 2003). Formation of the AHR-ARNT heterodimer converts the complex to its high-
affinity DNA-binding form (Kronenberg et al., 2000). This complex binds to its specific
DNA recognition site (DRE), located upstream of the target genes, such as CYP1A1l
(Denison et al., 1988, 1989; Whitlock, 1999). The DRE is composed of two half-sites, TNG
and GTG, recognized by the AHR and ARNT, respectively (Denison et al., 1988; Swanson
et al., 1995). The gene activation involves DNA bending, nucleosomal disruption and
interaction with some transcription factors and coactivators/corepressors (Rowlands et al.,
1996; Nguyen et al., 1999; Garrison et al., 2000; Beischlag et al., 2002; Wang et al., 2004).
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Figure 3. Mechanism of transcriptional activation by AHR and negative feedback
regulation of AHR by AHRR.

The aryl hydrocarbon receptor repressor (AHRR), aso a member of the bHLH/PAS family,
is a negative regulator of the AHR, competing with it for formation of a heterodimer with
the ARNT (Mimura et al., 1999; Karchner et al., 2002). The ARNT-AHRR complex is
capable of binding to DRE, but not of transactivating genes. The AHRR itself is induced by
AHR ligands, and thus the AHR and AHRR form a regulatory feedback loop in the AHR
signal transduction pathway (Mimura and Fujii-Kuriyama, 2003).

Another mechanism by which the AHR can be down-regulated is degradation. The TCDD-
induced degradation is ubiquitin-mediated and occurs via the 26S proteasome pathway
following nuclear export of AHR (Roberts and Whitelaw, 1999; Ma and Baldwin, 2000;
Swanson, 2002). This agonist-dependent degradation may protect cells from the
consequences of prolonged exposure to high concentrations of agonists (Gu et al., 2000).
Recently, the existence of novel labile proteins was suggested both in the negative
regulation and in the TCDD-induced degradation of AHR (Ma and Baldwin, 2002; Monk et
al., 2003).
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2.2.3 Interactionswith other proteins

The AHR interacts with a number of proteins, including transcription factors and coactivator
or corepressor proteins. For example, the transcriptional coactivators SRC-1, nuclear
activator (NcoA), and p160 directly interact with the AHR and coactivate transcription of
TCDD-responsive genes (Beischlag et al., 2002; Hankinson, 2005). In contrast, interactions
with the silencing mediator of retinoic acid and thyroid hormone receptor (SMRT) inhibit
AHR-dependent gene expression (Nguyen et al., 1999; Rushing and Denison, 2002; Fallone
et al., 2004). There are distinct motif(s) for the recruitment of coregulatorsto AHR; e.g. the
coactivators SRC-1 and RIP140 interact with the Q-rich subdomain of the AHR
transactivation domain (Kumar and Perdew, 1999; Kumar et al., 1999).

The AHR is known to interact directly with the Rb, which controls cell cycle progression
(Ge and Elferink, 1998). It was reported that this interaction potentiates repression of E2F-
dependent transcription and cell cycle arrest (Puga et al., 2000a). Very recent studies
showed that TCDD treatment causes recruitment of the AHR to E2F-dependent promoters
and the concurrent displacement of p300, which leads to repression of S-phase-specific
genes and thus inhibition of the cell cycle (Marlowe et al., 2004). Rb may also act as a
coactivator of the AHR, since interactions of the AHR with Rb have appeared to be
necessary for maximal AHR activity (Elferink et al., 2001). Another mechanism by which
the AHR is suggested to affect the cell cycle as well as apoptosis is interaction with
transforming growth factor-beta (TGF-B) (Zaher et al., 1998).

There is aso evidence for cross-talk between the AHR and steroid hormone receptor signal
transduction pathways, including the oestrogen (ER), androgen, progesterone and thyroid
hormone receptors (Porterfield, 1994; Kharat and Saatcioglu, 1996; Jana et al., 1999;
Selmin et al., 2005). For example, the TCDD-activated AHR directly interacts with
oestrogen receptor apha (ERa) and beta (ERP) and orphan receptors COUP-TFI and
ERRol to mediate the antioestrogenic effect of TCDD (Klinge et al., 2000; Ohtake et al.,
2003). In addition, the AHR may interact with the hypoxia-inducible factor (HIF) signalling
pathways independently of competition for heterodimerization with ARNT (Chan et al.,
1999). Furthermore, the AHR interacts with the nuclear factor kappaB (NF-xB) signalling
pathway, which plays an important role e.g. in immune responses, inflammatory reactions
and apoptosis (Tian et al., 2002). It has been reported that activation of NF-xB is
responsible for tumour necrosis factor-a (TNF-o) and lipopolysaccharide-induced
suppression of CYP1A1 by AHR (Ke et al., 2001).

The protein kinase C (PKC) pathway has been linked to TCDD-mediated AHR-dependent
processes in severa controversial reports (Berghard et al., 1993; Chen and Tukey, 1996;
Long et al., 1998), but evidence on direct interactions between PKC and AHR has not been
found until recently (Minsavage et al., 2004). The AHR tyrosine 9 appears to be a critical
residue required for phosphorylation of the AHR and AHR-mediated gene transcription
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(Bacsi and Hankinson, 1996; Park et al., 2000; Minsavage et al., 2003, 2004). Furthermore,
direct interactions of the AHR with pp607°, a tyrosine kinase, were reported (Enan and
Matsumura, 1996; Blankenship and Matsumura, 1997). In addition to PKC, mitogen-
activated protein (MAP) kinases may aso play a role in TCDD-induced AHR
phosphorylation (Tan et al., 2004a, 2004b). However, despite the evidence of direct
phosphorylation of AHR, its functional significanceis still unclear.

2.24 Ligands

The AHR can be bound and activated by structurally diverse ligands. The best-
characterized, synthetic AHR ligands are planar and hydrophobic HAHs and PAHs. HAHS
include, in addition to dioxins, compounds such as dibenzofurans and biphenyls, and PAHs
include 3-methylcholanthrene, benzo(a)pyrene, benzanthracenes and benzoflavones (Poland
and Knutson, 1982; Denison and Nagy, 2003). HAHSs are the most potent class of AHR
ligands, e.g. TCDD is 30000 times more potent than benzo(a)pyrene in causing enzyme
induction response in rats (Nebert et al., 2000). Therefore, TCDD is used as the prototype
and model substance in cell and animal experiments.

Thereisawide variety of naturally occurring AHR ligands, most of which are dietary plant-
derived chemicals such as flavonoids, carotenoids and phenolics. They can activate the
AHR signalling pathway, although the majority are relatively weak ligands (Denison et al.,
2002). One exception is indolo[ 3,2-b]carbazole (1CZ), which is an indole derivative present
in some cruciferous vegetables and which has a high affinity for the AHR (Gillner et al.,
1993). However, in rats, it failed to cause toxicity and CYP1A1 induction (Pohjanvirta et
al., 2002).

To date, a true endogenous ligand for the AHR has not been found, although a number of
reports have suggested potential canditates. Most of these suggested compounds are
tryptophan derivatives (Rannug et al., 1987). For example, the tryptophan photoproduct, 6-
formylindol o[ 3,2-b]carbazole (FICZ), possesses a very high AHR-binding affinity and
transiently induces CYP1A1l gene expression in cultured cells (Wel et al., 1999, 2000).
Other potent AHR ligands are indigo and indirubin, which were isolated from human urine
(Adachi et al., 2001) and induce AHR-mediated microsomal drug-metabolizing enzyme
activity in mice (Sugihara et al., 2004). Another possible canditate for endogenous ligand
was isolated from porcine lung tissue (Song et al., 2002). In addition, many other
endogenous chemicals have been identified that can bind to the AHR and activate AHR-
mediated gene expression. These chemicals include bilirubin and biliverdin (Sinal and
Bend, 1997; Phelan et al., 1998), arachidonic acid metabolites such as lipoxin A4
(Schaldach et al., 1999) and several prostaglandins (Seidel et al., 2001), 7-ketocholesterol
(Savouret et al., 2001) and retinoids (Soprano et al., 2001; Gambone et al., 2002).
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2.25Target genes

Although numerous genes are regulated by the AHR, the best-studied target genes are those
encoding xenobiotic-metabolizing enzymes. In mice, the conventional [Ah] gene battery
comprises six members, two phase | cytochrome P450 genes and four phase Il
detoxification enzyme-encoding genes (Fig. 4) (Nebert et al., 1990, 1993, 2000). In
addition, CYP1BL1 gene is also regulated by the AHR (Sutter et al., 1994). Moreover, even
within the CYP superfamily, new genes continue to be identified that are under AHR
control (Riveraet al., 2002).
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Figure 4. The six members of the mouse [Ah] gene battery [modified from Nebert et
al. (2000)]. Abbreviations. Cyplal, cytochrome P4501A1; Cypla2, cytochrome
P4501A2; Ngol, NAD(P)H:quinone oxidoreductase; Alhd3al, cytosolic aldehyde
dehydrogenase 3; Ugtla6, UDP glucuronosyltransferase 1A6; Gstal, glutathione
transferase.

Recent studies using DNA microarray techniques suggested that approximately 300 genes
are potentially altered by AHR activation in the human hepatoma HepG2 cell line (Puga et
al., 2000b; Frueh et al., 2001). However, only one third of these genes were directly
regulated by TCDD while the remaining genes required protein synthesis to show their
regulated expression by TCDD. When the genes were clustered in groups with related
functions, several groups could be identified, e.g. genes involved in calcium regulation;
receptor-associated kinases, phosphatases and their effectors; coding transcription factors;
cardiovascular and pulmonary function; cell cycle regulation, differentiation and apoptosis;
development, cell adhesion, cancer and metastasis; protein traffic and membrane integrity
and drug metabolism and DNA stability (Puga et al., 2000b). In another study using
microarray and reverse transcriptase-polymerase chain reaction (RT-PCR) techniques, 114
genes (64 human and 50 rat genes) changed their expression on AHR activation in
hepatocytes. Some of these genes were well-known targets of the AHR such as genes in the
[Ah] gene battery, but also recently reported AHR targets, such as Bcl-2, Bcl-xl, BAD and
cyclooxygenase 1 (Kel et al., 2004).
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The development of new computational methods and availability of the human, mouse and
rat genomic sequences have enabled the identification and characterization of promoters and
other regulatory elements. In a recent study, promoters of AHR-regulated genes were
analysed to search for new targets within the human genome (Kel et al., 2004). At least one
potential AHR site was found in 864 genes (and 71 of these potential genes with the highest
prediction scores were also verified by RT-PCR and microarray studies). Likewise, a
comparative computational scanning approach was used to identify putative DREs in the
genomic sequences of human, mouse and rat target genes (Sun et al., 2004). This screening
observed a few thousand DRE-containing genes, but only 48 of these were common in
human, mouse and rat. Among the 48 genes, 7 were classified as being involved in
oxidative stress, hypoxia and detoxification, 5 were associated with calcium homeostasi,
and 5 were localized in the endoplasmic reticulum (Sun et al., 2004).

In addition to its traditional role as a ligand-activated transcription factor, the AHR also
functions as a coactivator (Boutros et al., 2004; Sogawa et al., 2004). Upstream of the rat
CYP1A2 gene, a novel response element (caled XRE-1l, DRE-II or AHRE-II) was
characterized, to which the AHR-ARNT heterodimer can bind while associated with an
unidentified factor (protein X) (Sogawa et al., 2004) (Fig. 5). Binding of this complex leads
to an activation of a set of genes called the AHRE-II gene battery (Boutros et al., 2004). So
far, a total of 36 genes have been found that contain AHRE-II motifs conserved across
human, mouse and rat genomes and over one third of these genes responded to TCDD. In
addition to CYP1A2, the AHRE-II gene battery encodes a large number of transporters and
ion channels (Boutros et al., 2004). In oestrogen signalling, activated AHR-ARNT
heterodimer also functions as a coactivator. This heterodimer directly recruits ER in the
absence of ER ligands and activates the transcription of ER-mediated genes (Ohtake et al.,

2003).
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Figure 5. Schematic representation of two types of transcription mechanism
mediated by AHR-ARNT. A. The classica model of induction of genes mediated by
the AHR-ARNT heterodimer. B. The novel induction mechanism in which the
AHR-ARNT heterodimer functions as a coactivator in the rat CYP1A2 gene
[modified from Sogawa et al. (2004)].
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New AHR-regulated genes have also been identified by studying individual genes. For
example, HES-1, which plays arole in neuronal differentiation and also in the cell cycle, as
well as Socs2, which suppresses cytokine signalling, are new targets for AHR regulation
(Boverhof et al., 2004; Thomsen et al., 2004). In addition, several hypothalamic
neuropeptide genes contain DRES, which suggests that TCDD can directly regulate their
expression in hypothalamic neurons (Fetissov et al., 2004). Interestingly, some genes of
transcription factors are also regulated by the AHR (Puga et al., 2000b; Borlak et al., 2002;
Kel et al., 2004), which could explain the AHR-mediated regulation of several genes that
are not direct targets of the AHR (Kél et al., 2004).

2.2.6 Diversity, evolution and physiological significance

Characterization of AHR in diverse species is one approach to understanding the
physiological significance of the AHR. So far, AHR cDNAs have been cloned and
sequenced from a variety of mammalian species as well as birds, fishes and some
invertebrate species (Table 1). The conservation of functiona AHRS among species
suggests that the AHR plays an important physiological role in addition to its role in
xenobiotic metabolism. Evidence from AHR-deficient mice has revealed that the AHR can
affect reproduction, survival and growth (Gonzalez and Fernandez-Salguero, 1998).
Interestingly, recent studies provided evidence that AHR activation and developmentally
induced heterodimerization with the ARNT are essential for normal vascular development
(Lahvis et al., 2000; Walisser et al., 2004a, 2004b). Furthermore, the AHR regulates
neuronal differentiation in C.elegans, suggesting that the AHR has an evolutionarily
conserved role in neuronal development (Qin and Powell-Coffman, 2004).
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Table 1. Full-length AHR cDNASs cloned to date [modified from Hahn (2002)].

Species Accession number  Length (aa) Reference

Mammals
Human (Homo sapiens) NM-001621 848 (Dolwick et al., 1993a)
Mouse (Mus musculus) NM-013464 805 (Emaet al., 1992)
Rat (Sprague Dawley) (Rattus norvegicus) NM-013149 853 (Carver et al., 1994)
Hamster (Mesocricetus auratus) AF275721 920 (Korkaainen et al., 2000)
Guinea pig (Cavia porcellus) AY 028947 846 (Korkaainen et al., 2001)
Rabbit (Oryctolagus cuniculus) D38226 847 (Takahashi et al., 1996)
Beluga Whale (Del phinapterus leucas) AF332999 845 (Jensen and Hahn, 2001)
Harbor seal (Phoca vitulina) AB056700 843 (Kim and Hahn, 2002)
Baikal seal (Phoca sibirica) AB072432 843 (Kimet al., 2002)

Birds
Chicken (Gallus gallus) AF260832, AF192502 858 (Walker et al., 2000)
Common tern (Serna hirundo) AF192503 859 (Karchner et al., 2000)

Black-footed albatross (Diomeda nigripes) AB106109 (AHR1) 861 (Yasui et al., 2004)
Black-footed albatross (Diomeda nigripes) AB106110 (AHR2) 861 (Yasui et al., 2004)

Cormorant (Phalacrocorax carbo) AB109545 (AHR1) 860 (Yasui et al., 2004)
Amphibians

Frog (Xenopus laevis) AB109555 834 (Ohi et al., 2003)
Bony fish

Killifish (Fundulus heteroclitus) AF024591 (AHR1) 944 (Karchner et al., 1999)

Killifish (Fundulus heteroclitus) U29679 (AHR2) 952 (Karchner et al., 1999)

Rainbow trout (Oncor hynchus mykiss) AF065137 (AHR20) 1058 (Abnet et al., 1999)
Rainbow trout (Oncor hynchus mykiss) AF065138 (AHR23) 1059 (Abnet et al., 1999)

Zebrafish (Danio rerio) AF258854 (AHR1) 805 (Andreasen et al., 2002)
Zebrafish (Danio rerio) AF063446 (AHR2) 1027 (Tanguay et al., 1999)
Medaka (Oryzas | atipes) AB065092 (AHR1) 879 (Kawamuraand Y amashita, 2002)
Atlantic tomcod (Microgradus tomcod) AF050489 (AHR2) 823 (Roy and Wirgin, 1997)
Jawlessfish
Lamprey (Petromyzon marinus) AF024595 1076 (Hahn et al., 1997)
Invertebrates
Soft-shell clam (Mya arenaria) AF261769 843 (Butler et al., 2001)
Nematode (Caenohabditis el egans) AF039570 602 (Powell-Coffman et al., 1998)
Fruit fly (Drosophila melanogaster) AF050630 (spineless) 884 (Duncan et al., 1998)
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Two AHR genes were identified in fish and very recently in aquatic birds (Karchner et al.,
1999; Andreasen et al., 2002; Yasui et al., 2004). Whether amphibians also have AHR2 is
not yet clear (Ohi et al., 2003). AHR1 shows a high level of identity with the mammalian
AHR, whereas AHR2 does not have a mammalian counterpart (Hahn, 2001). It has been
suggested that AHR1 and AHR2 arose from gene duplication, which may have occurred
after the diversion of fish from other vertebrate species. Mammalian AHRs belong to the
AHR1 clade (Fig. 6). The third clade is the AHRR group, which due to another gene
duplication diverged from the AHR clades before AHR1 and AHR2 diverged from each
other (Hahn, 2002). AHRR has been identified both in mammalian and fish species
(Mimura et al., 1999; Karchner et al., 2002). The fourth clade consists of invertebrate
AHRs. Both AHR1 and AHR2 are capable of specific binding of TCDD, whereas neither
AHRR nor the invertebrate AHR homol ogues possess this property (Hahn, 2002). Instead of
its transactivation function, the AHRR group has acquired activity as a repressor.

Fundulus AHR2 AHR2
:zebrafish AHR2 | clade

human AHR
{mouse AHR AHR1

Fundulus AHR1 clade
{zebraﬁsh AHR1
{mouse AHRR AHRR

human AHRR clade

Fundulus AHRR

Drosophila AHR | Invertebrate
C.elegans AHR AHRs

Figure 6. Phylogenetic tree showing relationship among vertebrate AHR1, AHR2,
AHRR and invertebate AHR genes [modified from Hahn (2002)].

2.2.7 Induction mechanismsindependent of the AHR

TCDD has been reported to activate MAP kinases, such as Jun N-terminal kinase (JNK) and
extracellular signal-regulated kinase (ERK), independently of AHR (Tan et al., 2002).
However, further elucidation of the mechanism revealed that TCDD-activated MAP kinases
enhance the transcriptional activity of ARNT and therefore the AHR-ARNT-dependent
gene expression (Tan et al., 2004a). MAP kinases may regulate the transcriptional activity
of cofactors (p300, p160, Rb and SMRT), which are associated with the AHR/ARNT
complex (Tan et al., 20043).



Moreover, other signal transductions may also be modulated independently of the DRE-
binding and transcriptional activation roles of AHR (Enan and Matsumura, 1996; Chan et
al., 1999; Reiners and Clift, 1999; Puga et al., 2000a; Dunlap et al., 2002; Guo et al., 2004).
However, it remains to be determined whether there is cross-talk with AHR through the
common coregulator proteins shared by different pathways (Carlson and Perdew, 2002).
Very recently, it was reported that nuclear localization of the AHR was an essential step in
most TCDD-mediated responses, such as xenobiotic metabolism, TCDD toxicity as well as
regulation of normal liver development (Bunger et al., 2003).

2.3 Other bHLH/PAS proteinsin dioxin signalling

The AHR, ARNT and AHRR are all members of the bHLH/PAS protein family, which isa
rapidly growing family of signal transduction molecules playing roles in development and
environmental sensing, including xenobiotic metabolism, hypoxic response, circadian
rhythm, development of the central nervous system (CNS) and tracheal formation (Gu et al.,
2000; Kewley et al., 2004). The family was originally identified and named according to
three founder members: human ARNT, Drosophila PER and Drosophila SIM. All these
proteins possess the essential bHLH/PAS homology domain, which mediates the interaction
between two different family members.

The bHLH/PAS proteins can be divided into two phylogenetic groups, based on sequence
similarity. The class | factors include AHR, single-minded proteins (SIM1 and SIM2),
hypoxiainducible factors (HIF-1o, HIF-2¢, and HIF-30r) and inhibitory PAS protein (IPAS)
(Ema et al., 1996; Makino et al., 2002; Bracken et al., 2003). To form active transcription
complexes they must dimerize with class Il factors, such as ARNT, ARNT2 or circadian
rhythm proteins PER, BMAL1 (= ARNT3) and BMAL2 (Hirose et al., 1996; Gekakis et al.,
1998; Takahataet al., 1998).

231 ARNT and ARNT2

ARNT is adimerization partner not only for the AHR but also for severa other members of
the bHLH/PAS family and thus it plays a central role in regulating divergent signalling
pathways (Sogawa et al., 1995b; Swanson, 2002). While ARNT can form heterodimers with
many partner proteins and also homodimers with itself, ordinarily there exists a sufficient
ARNT pool to prevent its levels from limiting AHR signalling (Pollenz et al., 1999; Tomita
et al., 2000). However, the simultaneous inductions of the AHR and hypoxia signalling
pathways were recently reported to reduce the AHR mediated responses but not the hypoxia
response (Hofer et al., 2004; Prasch et al., 2004).

ARNT was originaly identified as a factor required for the nuclear trandocation of the
AHR from the cytoplasm in response to dioxins (Hoffman et al., 1991). ARNT has since
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been shown to be a protein localized in the nucleus (Eguchi et al., 1997) and to contain NLS
in its N-terminus in addition to bHLH and the PAS A and B domains (Whitelaw et al.,
1994). ARNT also contains a potent C-terminal transactivation domain (Jain et al., 1994)
(Fig. 7). Asin AHR, the promoter region of ARNT hasno TATA box, but on the other hand,
it has several potential regulatory sequences, such as two GC boxes, a CAMP-responsive
element, AP-1 site, CAAT box and E box, which may contribute to a high level of
expression of the ARNT (Wang et al., 1998). One splice variant of ARNT, the deletion of
exon 5, was reported but does not impair the protein function (Hoffman et al., 1991; Drutel
et al., 1996; Janaet al., 1998; Wang et al., 1998).

ARNT has been characterized in various mammalian and fish species (Powell and Hahn,
2000). For invertebrate species, ARNT homologues were found in both Drosophila (called
Tango) and C.elegans (called AHA-1) (Duncan et al., 1998; Powell-Coffman et al., 1998).
Their heterodimers with AHR homologues recognize the same DRE sequence as does
mammalian AHR/ARNT heterodimer, which suggests that the basic mechanism is
conserved between vertebrates and invertebrates, although the functions of these proteins
are different (Duncan et al., 1998; Karchner et al., 2000). Studies with ARNT knockout
mice show that the ARNT protein serves an indispensable function in development,
probably via its role in hypoxic induction of angiogenesis (Kozak et al., 1997; Maltepe et
al., 1997). Recently, it was suggested that ARNT may be involved in the development of
nonsyndromic oral cleft (Kayano et al., 2004).

ARNT2 is a close structural homologue of ARNT (Hirose et al., 1996) and is expressed
primarily in brain and kidney, while ARNT is expressed ubiquitously (Drutel et al., 1996;
Hirose et al., 1996; Jain et al., 1998; Petersen et al., 2000). The ARNT2 protein may play a
role in dioxin signal transduction by acting as an alternative dimerization partner for AHR
(Gu et al., 2000). ARNT2 aso forms functional HIF complexes in neurons and plays an
integral role in hypoxic responses in the CNS (Maltepe et al., 2000). In addition, ARNT2
has other important biological roles, such as controlling the development of neuroendocrine
lineages in hypothalamic nuclei together with SIM1 (Michaud et al., 2000).

Q-rich

ar [ TAT B _

AHrr [ A 7] |
ARNT [l TaT B8] |

Figure 7. Schematic representation of the structures of AHR, AHRR and ARNT.
The bHLH and PAS domains and Q-rich region are marked [modified from Kewley
et al. (2004)].
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232AHRR

AHR repressor was first identified as a protein closely related to AHR in mice (Mimura et
al., 1999), in which it inhibits AHR function by competing with AHR for dimerization with
ARNT and for binding to the XRE sequence. In addition, AHRR is inducible by AHR
ligands and thus regulates AHR function by a negative feedback mechanism affecting the
expression of genes that are induced by dioxins (Mimuraet al., 1999).

AHRR is not capable of binding ligands, probably due to the presence of atruncated PAS B
domain (Mimura et al., 1999; Karchner et al., 2002). Despite this deviation, AHRR can still
form a functional heterodimer with ARNT (Kikuchi et al., 2003). Another domain, which is
not functional in AHRR, isthe Q-rich region (Fig. 7). This probably explains the inahility of
the AHRR-ARNT complex to transactivate DRE-regulated genes (Mimura et al., 1999;
Karchner et al., 2002). The characterization of AHRR gene promoter sequences revealed no
TATA box, but instead, several GC box and DRE sequences as well as a single NF-kB-
binding site were detected (Baba et al., 2001). It was suggested that the low constitutive
activity of the AHRR geneis dependent on these GC boxes (Baba et al., 2001).

To date, the AHRR gene has been identified in mouse, human, killifish and zebrafish
(Mimura et al., 1999; Watanabe et al., 2001; Fujita et al., 2002; Karchner et al., 2002)
(Evans et al., 2004). The basal expression of AHRR mRNA isvery low in untreated tissues
of mice, but after 3-methylcholanthrene treatment AHRR mRNA levels were induced in
severa tissues (Mimura et al., 1999). The high constitutive expression of AHRR has been
reported to repress the induction of CYP1AL1 in human fibroblasts (Gradin et al., 1999). In
humans, AHRR is congtitutively expressed in various normal tissues, especialy in testis
(Tsuchiyaet al., 2003; Yamamoto et al., 2004). In a population in Japan, two polymorphism
of AHRR were detected, one of which may be involved in the susceptibility to dioxin-related
male infertility (Watanabe et al., 2004) and the incidence of micropenis (Fujita et al., 2002).
In contrast, no associations were detected between the AHRR polymorphism and uterine
endometriosis (Watanabe et al., 2001).

2.3.3 Other bHLH/PAS proteins

Recent data suggest that other bHLH/PAS proteins may also have connections with AHR
signalling. First, Yang et al. (2004) reported that TCDD induces the expression of SIM1 via
interaction with the AHR-ARNT2 complex and that this interaction is involved in the
control of food intake. Moreover, SIM1 requires ARNT2 as an obligatory
heterodimerization partner in the developmental process of neuroendocrinological cell
lineages (Michaud et al., 2000; Hosoya et al., 2001). Second, TCDD alters the expression of
PER in the suprachiasmatic nuclei, which is the master circadian clock (Li et al., 2004). In
the same mouse model, persistent activation of the AHR pathway by TCDD led to afailure
in circadian homeostasis (Frame et al., 2004). Third, AHR and HIF-1o have been shown to
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inhibit each other independently of competition for ARNT (Chan et al., 1999; Pollenz et al.,
1999).

2.4 Roleof AHR genetic variability in dioxin sensitivity

A characteristic feature of TCDD toxicity iswide variation in sensitivity among species and
even strains of the same species (Table 2). The largest interspecies difference in TCDD
toxicity exists between guinea pig and hamster, while L-E and H/W rats show the largest
intraspecies difference. Both these animal pairs, exhibiting over 1000-fold difference in
susceptibility to the acute lethality of TCDD, have been used as animal models in dioxin
sensitivity studies. These anima models are particularly interesting because only some
endpoints of TCDD toxicity are different in contrast to the mouse model employing the
C57BL/6 and DBA/2 strains, in which al endpoints are similarly atered by TCDD
treatment. The molecular basis for the rat strain difference appears to reside mainly in AHR
polymorphism (see 2.4.2), but that for species difference is unknown.

Table 2. Species differencesin acute TCDD toxicity.

Specieg/strain L Dso(ng/kg) Reference
Mouse
C57BL/6 180 (Chapman and Schiller, 1985)
DBA/2 2600 (Chapman and Schiller, 1985)
Rat
Sprague-Dawley 60 (Beatty et al., 1978)
L-E 18 (Pohjanvirta et al., 1993)
H/W > 9600 (Unkilaet al., 1994)
line A > 10000 (Tuomisto et al., 1999)
lineB 830 (Tuomisto et al., 1999)
lineC 40 (Tuomisto et al., 1999)
Guineapig 1-2 (Schwetz et al., 1973)
(McConnell et al., 1978b)
Hamster 3000-5000 (Olson et al., 1980b)
(Henck et al., 1981)
Rabbit 115 (Schwetz et al., 1973)
Chicken <25 (Greig et al., 1973)
Monkey <70 (McConnell et al., 1978a)
Fish
Lake trout (sack fry) 0.074 (Walker et al., 1996)
Rainbow trout (embryo) 0.20 (Walker et al., 1996)
Killifish (embryo) 0.25 (Toomey et al., 2001)
Zebrafish (embryo) 2.50 (Henry et al., 1997)




2.4.1 Mouse model
C57BL/6 and DBA/2 mice

One of the best-characterized strain differences in TCDD toxicity exists between the
sensitive C57BL/6 and resistant DBA/2 mouse strains. This approximately 10-fold
difference in sensitivity exists in a wide variety of TCDD-induced biochemical and toxic
effects including CYP1A1 induction, acute lethality, teratogenicity, hepatic porphyria and
thymic atrophy (Poland and Knutson, 1982; Nebert, 1989). The response to TCDD is
dependent on the Ahr alleles; C57BL/6 mice carry a wild-type Ahr® alele that encodes a
high-affinity AHR, while the DBA/2 strain carries a low-affinity-type Ahr® allele (Okey et
al., 1989; Poland et al., 1994). cDNA cloning of the Ahr? alele revealed an Alato-Val
substitution at codon 375 in the LBD that resulted in markedly reduced binding affinity for
TCDD (Emaet al., 1994). Many other genetic variations were found in the mouse Ahr gene,
but none of these polymorphisms has yet been associated with any change in receptor
function (Thomas et al., 2002).

Genetically engineered mice

AHR knock out mice have been developed by three independent laboratories (Fernandez-
Salguero et al., 1995; Schmidt et al., 1996; Mimura et al., 1997). These mice do not exhibit
induction of typical AHR target genes, such as of Cyplal or Cypla2, when treated with
TCDD (Fernandez-Salguero et al., 1995). They are aso highly resistant to the toxic effects
of TCDD including acute lethality, thymus atrophy, liver toxicity, teratogenesis,
hydronephrosis and reproductive effects (Fernandez-Salguero et al., 1995; Fernandez-
Salguero et al., 1996; Mimura et al., 1997; Thurmond et al., 1999; Lin et al., 2001). In
addition, these mice are resistant to the carcinogenity of benzo[a]pyrene (Shimizu et al.,
2000).

Although AHR knock out mice appear norma at birth, they have several phenotypic
abnormalities, such as immune system impairment, reduced fecundity and hepatic defects
including smaller liver size, fibrosis and liver retinoic accumulation (Fernandez-Salguero et
al., 1995; Schmidt et al., 1996; Andreola et al., 1997; Abbott et al., 1999). Lesions are
found in many tissues, e.g. in skin, liver, heart, eye and kidney (Fernandez-Salguero et al.,
1997; Lahvis et al., 2000). However, the most reproducible phenotype across laboratories is
a reduction in relative liver weight, which may be the result of the persistence of a fetal
vascular structure, the ductus venosus, leading to massive portosystemic shunting (Lahvis et
al., 2000). Identical patent ductus venosus was recently observed in mice harbouring a
hypomorphic Ahr or Arnt alele, but AHR activation by TCDD during late development
enables rescue from this vascular defect (Walisser et al., 20044, 2004b).

Recently, mice carrying a mutation in the nuclear localization sequence of the Ahr were
developed (Bunger et al., 2003). These Ahr™S mice are resistant to TCDD toxicity and
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display the same developmental defects as were previously observed in AHR knock out
mice, which suggests that nuclear localization is required for mogt, if not al, of AHR-
regulated biology (Bunger et al., 2003).

Furthermore, a transgenic mouse model that expresses a constitutively active AHR was
developed (McGuire et al., 2001; Andersson et al., 2002). These mice have reduced life
span, show increased expression of AHR-dependent genes such as Cyplal, develop
spontaneous stomach tumours, show decreased thymus weight and diminished population of
peritoneal B1 cells and have a higher prevalence of liver tumours than wild-type mice
(Andersson et al., 2002, 2003; Moennikes et al., 2004).

A ‘humanized’” mouse was developed by introducing human AHR cDNA in place of mouse
Ahr (Moriguchi et al., 2003). The human AHR expressed in these mice is functionally less
responsive to TCDD than the AHR of DBA/2 mice. Possibly, this humanized model mouse
could be used to predict the biological effects of bioaccumulative environmental toxicants
such as TCDD in humans (Moriguchi et al., 2003).

2.4.2 Rat mode
H/W and L-E rats

The TCDD-sensitive L-E and TCDD-resistant H/W rats show the largest intraspecies
difference, about 1000-fold, in acute lethality of TCDD. The lethal dose 50 (LD50) values
for these rat strains are about 10 and > 9600 pg/kg, respectively (Pohjanvirta et al., 1993;
Unkila et al., 1994). Thus, the H/W rat represents the most TCDD-resistant mammal
known. However, despite their resistance to the acute lethality of TCDD, H/W rats are
sensitive to certain biochemical and toxic responses of TCDD, with the magnitude of
responses being similar to those in L-E rats. These responses, called type | endpoints,
include induction of CYP1A1, thymic atrophy, fetotoxicity and tooth defect (Pohjanvirta et
al., 1989; Alaluusua et al., 1993; Huuskonen et al., 1994; Simanainen et al., 2002; 2003).
Type Il endpoints with a clear sensitivity difference include, in addition to TCDD lethality
(Pohjanvirta et al., 1993; Unkila et al., 1994), e.g. wasting syndrome (Pohjanvirta et al.,
1987), hepatotoxicity (Pohjanvirta et al., 1989), liver tumor promotion (Viluksela et al.,
2000), teratogenesis (Huuskonen et al., 1994), hyperbilirubinaemia and accumulation of
biliverdin in the liver (Niittynen et al., 2003) and increased serum tryptophan and free fatty
acids (Pohjanvirta et al., 1989; Unkila et al., 1994; Simanainen et al., 2002, 2003).

In vitro studies show that the binding affinity of AHR for TCDD is similar in both strains,
although the number of binding sites was 2-3-fold higher in L-E rats (Pohjanvirta et al.,
1999). Moreover, both AHRs are able to dimerize with ARNT and bind to DRE in DNA
(Pohjanvirta et al., 1999). In addition, there are no major differences in tissue distribution,
metabolism and excretion of **C-TCDD between L-E and H/W rats (Pohjanvirta et al.,
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1990). The TCDD-induced upregulation of AHR is also similar in both rat strains (Franc et
al., 20014, b). Nevertheless, Western blot analysis revealed a notable size difference in the
AHR proteins (Pohjanvirta et al., 1999). While the L-E rat AHR was identica to that
previoudly reported for other rat strains (106 kDa), the AHR in H/W rats was significantly
smaller (98 kDa).

Molecular cloning and sequencing of the H/W rat AHR revealed two point mutations
(Pohjanvirta et al., 1998). The first mutation found in exon 10 results in change in a single
amino acid, but it probably has no functional consequences because this mutation occurs in
a hypervariable region. Instead, the other point mutation at the first nucleotide of intron 10
is critical, because it destroys the normal exon/intron junction and leads to use of cryptic
splice sites (Fig. 8). Three different MRNA products have been detected: a deletion of 129
bp and two insertions 29 bp and 134 bp long. Since the shorter insertion variant contains a
stop codon and the same insertion is included at the 5 end of the longer insertion variant,
they translate into an identical protein, which has atotal deletion of 38 amino acids with 7
novel amino acids at its C-terminus. Another type of H/'W AHR protein, due to adeletion, is
43 amino acids shorter than the wild-type AHR (Pohjanvirta et al., 1998). Consequently,
both types of H/W AHRs have shorter transactivation domains and therefore a restructured
C-terminus. Genetic studies imply that the reconstructed AHR is the principal reason for
TCDD resistance in H/W rats (Pohjanvirtaet al., 1999; Tuomisto et al., 1999).
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Figure 8. Structure of H/'W AHR at the DNA level (A) and the protein level (B). a,
b, and c act as cryptic splice sites resulting in two protein products with total
deletions of 43 and 38 amino acids [modified from Okey et al. (2005)].
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Interestingly, both H/W and L-E rats exhibit equal susceptibility to the acute lethality of
perfluorodecanoic acid, which also causes a wasting syndrome similar to that induced by
TCDD but does not act via the AHR (Brewster and Birnbaum, 1989; Unkila et al., 1992).
Thus, the sensitivity difference between H/W and L-E rats appears to be specific for TCDD.
In addition, it decreases gradually along with increasing chlorination of the dioxin molecule
(Pohjanvirta et al., 1995; Simanainen et al., 2002).

LineA, B and Crats

The genes affecting dioxin sensitivity in H/W rats were segregated into new rat lines, using
conventional crossbreeding studies (Tuomisto et al., 1999). Line A has the mutated H/W-
type AHR and is as resistant to TCDD as the H/W. Line B has another resistance gene, the
still unknown gene B, and is intermediately resistant. Line C has wild alleles of both genes
and is almost as sensitive as L-E rats. These experiments showed that resistanceto TCDD is
associated with these mutated genes (Tuomisto et al., 1999).

2.4.3 Hamster and guinea pig

The largest interspecies difference in acute TCDD toxicity exists between guinea pig and
hamster. Guinea pigs are the most TCDD-sensitive mammals known with an LD50 value of
about 1 pg/kg, while hamsters are extremely resistant with LD50 values of about 3000-5000
ng/kg (McConnel et al., 1978; Olson et al., 1980a; Henck et al., 1981; Poland and Knutson,
1982). However, these species exhibit no apparent difference in the binding affinity of AHR
to TCDD or in the binding of transformed AHR to the DRE (Gasiewicz and Rucci, 1984;
Denison and Wilkinson, 1985; Bank et al., 1992). As also shown in the rat model, some
responses, such as enzyme induction and fetotoxicity, are fairly similar between these
animal species, despite the wide divergence in acute lethality of TCDD (Pohjanvirta and
Tuomisto, 1994).

Hamsters and guinea pigs have large physiological differences that complicate their use in
dioxin sensitivity studies. For example, guinea pigs are strict herbivores whereas hamsters
are omnivores and also hibernators (Pohjanvirta and Tuomisto, 1994). In addition, the half-
life of TCDD eimination differs, being 11-15 days in hamsters and up to 94 days in guinea
pigs (Olson et al., 1980a; Olson, 1986).
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2.4.4 Other animal models

Fish

Fish have been used to study the molecular basis of differences in susceptibility to drugs and
environmental chemicals, because they are among the vertebrate animals most sensitive to
dioxin toxicity, especially during their early life stages. In contrast to mammals, many fish
species possess at least two AHRs (Hahn, 2001). AHRL is the orthol ogue of the mammalian
AHR, whereas AHR2 appears to be present only in early vertebrates (Karchner et al., 1999).
While most fish species are highly sensitive to dioxin toxicity, some populations of Atlantic
killifish (Fundulus heteroclitus) have developed a heritable resistance to TCDD and PAH
toxicity following long-term exposure (Bello et al., 2001). Hahn et al. (2004) showed that
the AHRL1 locus in F. heteroclitus is highly polymorphic and that allele frequencies differ
between some dioxin-sensitive and dioxin-resistant populations.

Others

Several frog species are resistant to TCDD toxicity, especially during development.
However, cloning of Xenopus laevis AHR revealed that its AHR was similar to those of
other vertebrate species, which suggests that the low responsiveness of frogsto TCDD is not
accounted for by the structural characteristics of AHR (Ohi et al., 2003). Invertebrate
animals are aso relatively insensitive to the toxicity of dioxin-like compounds (Hahn,
1998), but are not useful in dioxin sensitivity studies because their AHRs lack TCDD
binding (Butler et al., 2001).

2.4.5 Polymor phism of human AHR

In humans, several genetic variations in the AHR gene have been detected. Most of these
polymorphisms are present in exon 10, which is the region responsible for transactivation of
the AHR (Harper et al., 2002). Kawgjiri et al. (1995) were the first to report the replacement
of the amino acid arginine by lysine at codon 554 in a population in Japan. Very recently,
this polymorphism was shown to be significantly associated with survival in soft tissue
sarcoma (Berwick et al., 2004). The second AHR polymorphism was found at codon 570,
which results in replacement of valine by isoleucine (Smart and Daly, 2000; Wong et al.,
2001). The third genetic variation at codon 517 replaces the amino acid proline with serine
(Wong et al., 2001). The fourth variant in exon 10 is localized at codon 786 and leads to
replacement of methionine with valine (Cauchi et al., 2001). Exept for Arg554Lys
polymorphism, none of these other polymorphisms alone appears to alter receptor function,
but Wong et al. (2001) reported that the combination of mutations at codons 554 and 570
abrogates CY P1A1 induction.
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In addition to variations in exon 10, a single polymorphism has been reported at codon 44
(Kawgjiri et al., 1995) and severa inthe 5’ flanking sequence of AHR (Cauchi et al., 2001,
Racky et al., 2004) (Fig. 9).

PAS
bHLH LBD transactivation
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2356 A>G

-459 G>A 132 T>C 1549 C>T | 1708 G>A (C0don 786)
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1661 G>A
(codon 554)

Figure 9. Sites of known polymorphisms or genetic variants in human AHR. Exons
1-12 are marked. Sequence variations are numbered according to recommended
nucleotide nomenclature and previously used nomenclature is indicated in
parentheses. Abbreviations are basic helix-oop-helix domain (bHLH), ligand-
binding domain (LBD); Per/Arnt/Sim (PAS) domain [modified from Harper et al.
(2002)].

2.5 Risk assessment of dioxins

The risk assessment of dioxins suffers from lack of knowledge regarding the molecular
mechanism of dioxin toxicity. Only one mechanism of dioxin action, induction of CYP1A1,
has been elucidated in some detail. However, CYP1A1 induction is not predictive of
toxicity, although both effects are mediated via the AHR. A useful tool for studying key
mechanismsin dioxin toxicity isthe large strain-specific sensitivity difference between H/W
and L-E rats. While there is a very large sensitivity difference in some endpoints of TCDD
toxicity, some responses such as induction of CYP1A1 are similar between these strains.

Another fact that complicates dioxin risk assessment is the exceptionally wide species
differences in dioxin sensitivity. In the mouse and rat models, the primary structure of the
AHR was regarded as one of the most critical factors determining dioxin sensitivity (Ema et
al., 1994; Pohjanvirta et al., 1998; Tuomisto et al., 1999). The 10-fold difference between
the dioxin-sensitive C57BL/6 and the dioxin-resistant DBA/2 mice is explained by
polymorphic variations in the LBD of AHR (Ema et al., 1994). The over 1000-fold
difference between the dioxin-resistant H/W and the dioxin-sensitive L-E rats is due to a
mutation in the AHR transactivation domain of the H/W rat (Pohjanvirta et al., 1998). In
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human AHR, severa polymorphisms have been detected, but none has yet been associated
with altered function of AHR or impact on human health (Harper et al., 2002).

One important question in dioxin risk assessment is whether animal models are appropriate
for assessing risk in humans. In addition to species differences in TCDD toxicity, the use of
animal data for extrapolation to humans also suffers from interspecies differences in the
range of observed effects and elimination half-life. While the structure and mode of action
of AHR appear to be highly conserved across species, a recent study comparing DRES in
human, mouse and rat sequences showed that only 39% of human orthologues with a
positionally conserved DREs had a rodent counterpart with a positionally conserved DRE
(Sun et al., 2004). These results suggest that AHR-mediated gene expression may not be
well conserved across species. In addition, many target genes of TCDD do not have DRES,
suggesting that some TCDD-induced responses are due to secondary effects (Frueh et al.,
2001; Sun et al., 2004). These facts may challenge the simple cross-species extrapolation
from animal data to humans and the suitability of rodent models for assessing the potential
human health risks associated with TCDD exposure.

A critical question in risk assessment is whether humans are sensitive or resistant to dioxin
toxicity. Data from industrial and occupational exposures reveal no cases of acute mortality
among highly exposed persons (Bertazzi et al., 2001). However, the highest TCDD
exposure ever encountered among humans corresponded to an acute (single) dose of
approximately 25 pg/kg (Landi et al., 1998; Abraham et al., 2002; Geusau et al., 2002;
Eskenazi et al., 2004), which is aready lethal to the most TCDD-sensitive animal, the
guinea pig, but not to the most common laboratory animals (Table 2). Furthermore, in vitro
studies with human cell lines and tissue cultures have suggested that humans are susceptible
to certain biochemical and toxic impacts of dioxins to the same degree as rats (Lucier,
1991). Despite these facts, the general view is that humans are rather resistant to the acute
toxicity of dioxins. Moreover, there are large differences in susceptibility among
individuals: again in Seveso, some people did not develop chloracne even though they had
very high levels of TCDD (Mocarelli, 2001). In addition, women had higher TCDD
concentrations and also appeared to show metabolic behaviour for TCDD different from
that of men, which suggest a gender differencein TCDD toxicity (Landi et al., 1997, 1998).

In 1997, the IARC changed the classification of TCDD from “a possible human carcinogen”
(Group 2B) to “a human carcinogen” (Group I) (IARC, 1997). However, this classification
has been criticized because it was mainly based on strong evidence in experimental animals
but only limited epidemiological evidence in humans and generalizations from animals to
humans are limited by the wide interspecies variation in TCDD responses (Cole et al., 2003;
Greene et al., 2003). For example, it was estimated that humans are less sensitive than rats
to the carcinogenic effects of TCDD (Hays et al., 1997). In addition, the elimination half-
life of TCDD reported for background and moderate exposure levels varies between humans
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and rodents, being about 7 years in adult humans and about 2-4 weeks in mice and rats
(Allen et al., 1975; Gasiewicz et al., 1983; Flesch-Janys et al., 1996) and therefore the
cumulative effects of TCDD may be different between humans and experimental animals.
Notably, the elimination half-live depends on the dose being shorter at high doses; for
example, in the most severely TCDD-contamined woman it was reported to be as short as
1.5 years (Geusau et al., 2002).

Although human intake levels of TCDD have decreased notably over the past two decades,
a significant basdline exposure to dioxins appears to be inevitable (Aylward and Hays,
2002). It is believed that the current background exposure should not pose a significant risk
to the general population (Greene et al., 2003). However, there are some subgroups in the
general population that are exposed to higher intakes of dioxins, such as breast-fed infants
and families of fishermen who frequently consume large amounts of Baltic herring and
salmon (Kiviranta et al., 2000, 2003; Lorber and Phillips, 2002).

The WHO as well as several other authoritative agencies have recommended a tolerable
daily intake (TDI) of 1-4 pg WHO-TEQ/kg body weight per day (van Leeuwen et al., 2000;
Hays and Aylward, 2003). This recommendation was based on the most sensitive effects of
dioxins that were considered adverse (hormonal, reproductive and developmental effects)
seen at low doses in animal studies. It also includes an overall uncertainty factor of 10 to
account for possible differences in susceptibility between humans and experimental animals.
However, the USEPA concluded that safe doses of dioxins are as much as a thousand-fold
lower (USEPA, 2000). Their latest risk assessment was also based on noncancer endpoints,
but they used a linear model for exploring the exposure-response relationship instead of the
threshold models used by other agencies.
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3 AIMSOF THE STUDY

Sensitivity to the toxic effects of TCDD varies widely among animal species and even
within strains. There are 1000-fold sensitivity differences involved in acute lethality of
TCDD between L-E and H/W rats as well as between hamsters and guineapigs. The AHR is
the major reason for the sensitivity difference between H/W and L-E rats, but the reason for
the sensitivity difference between hamsters and guinea pigs is unknown. Since the AHRs of
hamsters and guinea pigs were not cloned earlier, the first aim in this study was to clone
them to determine whether the structure of the AHR also plays a critical role in this dioxin
sensitivity difference. In addition to the AHR, there is another, currently unknown factor
involved in dioxin sensitivity differences. Therefore, other aims in this study were to
compare the structures of ARNT, ARNT2 and AHRR between H/W and L-E rats to find out
whether these important proteins in the AHR signalling pathway could contribute to strain-
specific sensitivity differences in TCDD toxicity. Since the AHRR gene has not been
identified earlier in rats, its expression in addition to cloning aso needed to be
characterized. The final aim was to examine the hypothalamic effects of TCDD on
expression of genes encoding the AHR-regulated bHLH/PAS proteins, which are potentially
involved in molecular pathogenesis of the wasting syndrome, utilizing our differentially
sensitive rat strains.

The specific aimsin each study were as follows:
1. To clone and sequence the AHR from TCDD-resistant hamsters,

2. To clone and sequence the AHR from the most TCDD-sensitive mammal known, the
guineapig,
3. To clone and sequence the ARNT and the ARNT2 from H/W and L-E rats,

4. To clone and sequence the AHRR from H/W and L-E rats and to study its time-, dose-,
and tissue-dependent expression and

5. To study the effects of TCDD on the hypothalamic expression of several bHLH/PAS
proteins participating in dioxin signal transduction and possibly the wasting syndrome.



4 MATERIALSAND METHODS

4.1 Animal husbandry and sample collection (1-V)

Two golden Syrian hamsters, a male and a female, were purchased from Harlan Nederland
(Horst, the Netherlands). After arriving, the hamsters were killed by decapitation at the age
of 4 weeks and various tissues were rapidly removed. The tissues were flash-frozen in liquid
nitrogen, and stored at —80 °C until analysis (I). Liver samples of guinea pigs were provided
by Dr. Niku Oksala (Kuopio University Hospital). Two domestic guinea pigs were killed by
decapitation at the age of 4 weeks and the livers were collected (I1).

H/W and L-E rats were obtained from the breeding colony of the National Public Health
Ingtitute, Department of Environmental Health, Kuopio, Finland. Before the experiments,
young adult male L-E and H/W rats were transferred from the barrier unit to an artificially
illuminated animal room with a constant temperature of 21.5 + 1 °C, humidity 55 + 10%
and a 12-h/12-h light/dark rhythm (lights on a 7 am.). The rats were housed in single-rat
stainless-steel wiremesh cages on aspen wood chips (Tapvei, Kaavi, Finland) (111-V). The
rats were killed by decapitation and various tissues were rapidly removed, flash-frozen in
liquid nitrogen, and stored at —80 °C for subsequent analysis. The doses used, exposure
times and tissues analysed in each study (I-V) are presented in Table 3.

Table 3. Experimental design

Doses Exposure
Study Animals (na/kg times Analysed tissues
TCDD) (hours)
liver, lung, heart, kidney, spleen,
hamsters - - thymus, hypothalamus, testis,
ovary
I guineapigs - - liver
Il | HWandL-Erats | 50 or 100 240r96 | 1ver, hypothaamus kidney,
lung, adipose tissue
v H/W and L-E rats 0.001-100 3 %rls?é 24 liver, heart, kidney, spleen, testis
\% H/W and L-E rats 50 or 100 6, 96 or 120 | hypothalamus




4.2 Chemicals

TCDD was purchased from the Ufa Ingtitute (Ufa, Russia) and was over 98% pure, as
assessed with gas chromatography-mass spectrometry (111-V).

4.3 RT-PCR cloning

The cloning procedure was essentially similar in each cloning study (1-1V). First, frozen
liver samples were homogenized, using an Ultra-Turrax homogenizer (T-25 basic, IKA-
WERKE GMBH & Co, Germany). Total RNA was isolated, using Trizol reagent (Life
Technologies, Eggenstein, Germany) or the GenElute Mammalian Total RNA Miniprep Kit
(Sigma-Aldrich, St. Louis, MO) and cDNA was synthesized with Omniscript reverse
transcriptase (Qiagen, Hilden, Germany). The PCR was performed with the DyNAzyme
EXT DNA polymerase blend (Finnzymes, Espoo, Finland) or with FastStart DNA
polymerase (Roche, Mannheim, Germany) on an Uno IlI, TPersona or TGradient
thermocycler (Biometra, Goéttingen, Germany). The touchdown method was applied
throughout all reactions. the annealing temperature was set at about 5°C above the
calculated melting temperature of the primers for the first cycle and then decreased by 1 °C
per cycle down to the desired final temperature. Modified RACE techniques were used to
obtain the 5" and 3’ ends. Detailed descriptions of the primers and cloning strategies are
presented in the original publications (1-1V).

The PCR products were cloned into a cloning vector, using the blunt-end technique (I-1V).
The PCR products were purified from 1% agarose gels with the QIAquick Gel Extraction
Kit (Qiagen), Wizard SV Gel and PCR Clean-Up Systems (Promega, Madison, WI) or
GenElute Gel Purification Kit (Sigma-Aldrich). The purified PCR products were
concentrated using Pellet Paint Co-precipitant (Novagen, Madison, WI). Before ligation, T4
DNA polymerase (MBI Fermentas, Vilnius, Lithuania) was used to blunt the possible 3' or
5 protruding termini of the DNA and T4 polynucleotide kinase (MBI Fermentas) was used
to transfer the phosphate groups from the ATP to the 5" termini of the DNA. The DNA
inserts were ligated into pCR-Script SK(+) Amp plasmid (Stratagene, La Jolla, CA), which
was digested beforehand using Smal restriction endonuclease to create the blunt ends and
dephosphorylated with Calf Intestine Alkaline Phosphatase (CIAP) to prevent self-ligation
of the vector. In addition to an insert and a vector, a typical ligation reaction contained T4
DNA ligase (1-3 units) (MBI Fermentas), 5% polyethylene glycol 4000 and ligation buffer
consisting of 40 mM Tris-HCI, 10 mM MgCl,, 10 mM DDT and 0.5 mM ATP, pH 7.8. The
ligation reactions were usually carried out at 22 °C 1-3 h or at 16 °C overnight.

The ligation mixture was transformed into E. coli XL1-Blue supercompetent bacterial cells
(Stratagene). Ampicillin selection and blue/white screening were used to separate colonies
with recombinant plasmids. The colonies were further screened with PCR to revea the size
of the inserts. The primers were designed to amplify the entire polylinker area in the



plasmid. The desired colonies were picked and cultured overnight in LB medium containing
50 pg/ml ampicillin. The plasmid DNA was isolated from bacterial DNA using the Wizard
Plus SV Minipreps DNA Purification System (Promega). Sequencing was performed in the
AlV ingtitute, University of Kuopio, Finland, with an A.L.F. or A.L.Fexpress DNA
sequencer (Amersham Pharmacia Biotech, Uppsala, Sweden) using either Thermo
Sequenase Fluorescent Labelled Primer Cycle Sequencing Kit or Thermo Sequenase CY5
Dye Terminator Kit (Amersham Pharmacia Biotech). All ambiguities were resolved by
auxiliary clonings (I-1V).

4.4 Northern blot

For Northern blot analysis, poly(A)+ RNA was purified from total RNA. The denatured
MRNA samples were fractionated by electrophoresis in an agarose-formaldehyde gel,
transferred onto a nylon membrane (Hybond N*, Amersham Pharmacia Biotech), hybridized
with a digoxigenin-labelled probe (Roche) and finally detected with the colorimetric method
using NBT/BCIP (Roche) ().

45 Western blot

Western blot analysis was performed using protein fractions isolated from liver (I-11) and
lung (1) as well as in vitro-translated protein (1) generated from hamster AHR cDNA. In
vitro transcription and translation were carried out using Single Tube Protein System3
(Novagen). The proteins were anaysed with immunoblotting after sodium
dodecylsulphate — polyacrylamide gel eectrophoresis (SDS-PAGE). After electrophoresis,
the proteins were transferred onto a nitrocellulose membrane (Bio-Rad, Hercules, CA) and
then subjected to Western blot analysis using rabbit polyclonal anti-AHR antibody
(1:50 000) as the primary antibody (BioMol Research Laboratories, Plymouth Meeting, PA)
and an alkaline phosphatase-labelled anti-rabbit 1gG as the secondary antibody (Roche). The
bands were visualized with NBT/BCIP (Roche).

4.6 Expression analysis

RT-PCR was used to study gene expression. The total RNA was isolated and cDNA
generated as earlier described in the cloning procedure. To study the expression of different
splice variants of ARNT and ARNT?2 (1), semiquantitative PCR was used and the band
intensities were assessed using the Pharmacia Gel Documentation System and the
Imagemaster 1D software (Amersham Pharmacia Biotech). In subsequent studies (1V-V),
quantitative RT-PCR anayses were performed employing the QuantiTect SYBR Green
PCR Kit (Qiagen) and Rotor-Gene 2000 Real-Time Amplification System (Corbett
Research, Mortlake, NSW, Australia). The LightCycler instrument and LightCycler
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FastStart DNA Master SYBR Green | Kit (Roche) were also used in quantification in some
expression analyses (V). The expression levels were related to mMRNA concentrations of the
housekeeping gene B-actin. Detailed description of primers and PCR conditions are
presented in the original publications (111-V).

4.7 Statistics

In the time-course and dose-response analysis (1V) with three or more groups, statistica
comparisons were performed by one-way analysis of variance (ANOVA) if the variances
were homogenous. Duncan’s multiple range test was employed for multiple comparisons
post hoc if ANOVA showed a statistically significant difference (p <0.05) among the
groups. In the case of nonhomogenous variances, the Kruskal-Wallis nonparametric
ANOVA followed by the Mann-Whitney U test were used. The time-course data from days
1 and 4 were broken down strainwise and assessed statistically with Student’s t-test. In
study V, the data were statistically analysed for the presence of differences between the
control and TCDD-exposed groups (separate comparisons strainwise at each time point) or
between corresponding groups of the strains with two-tailed t-test for independent samples.
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5 RESULTS

5.1 Structure of the AHR in hamster and guinea pig (I-11)

The coding region of hamster AHR proved to be longer than in guinea pig, because of the
incorporation of short satellitelike DNA repeats in the Q-rich subunit of the C-terminal
transactivation domain (I: Fig. 2). This repetitive sequence contained codons for glutamine
and thus it increased the number of glutamine residues in the Q-rich subdomain (Table 4).
The size of the receptor protein was also larger in hamster (1: Fig. 6; 11: Fig. 4).

Table 4. Comparison between hamster and guinea pig.

Hamster Guinea pig
Coding region of AHR (bp) 2763 2541
Number of amino acidsin AHR protein 920 846
Estimated size of AHR protein (kDa) 120 103
Number of glutaminesin Q-rich subdomain 49 23

When the amino acid sequences of hamster and guinea pig AHR were compared with the
corresponding human, rat and mouse sequences, the greatest similarity was found in the
aminoterminus within the bHLH and PAS domains (I1: Fig. 3). In the variable C-terminus,
guinea pig AHR also resembled that of the human, rat and mouse receptors. Only the
exceptionally large Q-rich subdomain in hamster AHR differed strikingly from other
sequences. The overall homology between hamster and guinea pig was only 56%.
Surprisingly, guinea pig showed the highest degree of homology to human AHR (II:
Table 1).

5.2 Novel splicevariantsof ARNT and ARNTZ2 intherat (111)

ARNT and ARNT2 were cloned from both L-E and H/W rats via RT-PCR, using primers
based on published rat sequences (Drutel et al., 1996). The sequences of both ARNT and
ARNT2 proved to be identical between these strains.

Severa different products of alternative splicing were detected (Table 5; 111: Fig. 1). All
ARNT variants were in-frame changes, while one insertion detected in the structure of
ARNT2 contained a premature stop codon resulting in a truncated protein in C-terminus.
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The relative expression levels of the splice variants were examined with semiquantitative
RT-PCR (Il1: Figs. 2, 3). The pattern of expression was similar in untreated and TCDD-
treated rats. Furthermore, there were no differences in the expression of splice variants
between H/W and L-E rats.

Table 5. Splice variants detected in the sequences of ARNT and ARNT2 in therat.

Relative
Gene L ocation Mutation Size (bp) expression level
vs. wt (%)
ARNT exon5 deletion 45 60-70
ARNT | 3 endof exon6 | deletion 141 very low
ARNT 5" end of exon 11 | deletion 15 not detected
interindividual variation in variable
ARNT 5" end of exon 16 | the number of trinucleotide (39-63) not determined
repeats (CAG)
ARNT 5" end of exon 20 | insertion 3 not determined
ARNT2 | 5 end of exon 19 | insertion 31 40

5.3 AHRR cloning from H/W and L-E rats (V)

Molecular cloning of rat AHRR revealed that it is highly identical to mouse AHRR, which
was the first AHRR to be characterized (Mimura et al., 1999). The N-terminal end of rat
AHRR was highly conserved, but the PAS B and Q-rich domains typical of AHR structure
were severely truncated or lacking (1V: Figs. 2, 3). The structures were identical in both the
H/W and L-E strains.

The time-, dose- and tissue-dependent expression of AHRR was determined, using
guantitative real-time RT-PCR. There was wide variation among individua rats in the
expression of liver AHRR mRNA. When the expression of CYP1A1 was measured using
the same cDNA samples, the variation was strikingly less. The lowest dose of TCDD tended
to increase AHRR mRNA levels dightly, while the CYP1A1 levels remained unaffected
(IV: Fig. 6). The congtitutive expression levels of AHRR were very low in untreated rats but
increased rapidly after TCDD exposure (IV: Fig. 5). Testis exhibited the highest constitutive
expression of AHRR but very low expression of CYP1A1. The TCDD-induced levels of
AHRR were highest in kidney, spleen and heart, in which CYP1A1 induction was relatively
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low. Liver displayed the lowest AHRR levels in response to TCDD but the highest
induction of CYP1A1 (1V: Fig. 7). Again, no marked differences were found between H/W
and L-E rats.

5.4 Expression of bHLH/PAS proteinsin rat hypothalamus (V)

The effect of TCDD on the hypothalamic mRNA expression of the bHLH/PAS proteins
AHR, ARNT, ARNT2, AHRR, SIM1 and PER2, as well as that of CYP1A1 and CYP1A2,
was analysed using quantitative real-time RT-PCR. The expression levels were measured in
both the H/W and L-E strains, which show an over 1000-fold sensitivity difference also in
the wasting syndrome.

In both strains, high constitutive levels of ARNT2 and AHR, moderate levels of ARNT and
CYP1A1 and very low levels of AHRR, PER2, CYP1A2 and SIM1 mRNASs were recorded.
The only genes whose expressions were modified by TCDD were AHRR, CYP1Al and
CYP1A2. Importantly, we could not reproduce the previoudy reported changes in SM1 or
PER2 expression after TCDD exposure. Differences between the H/W and L-E rats
appeared in the constitutive levels of AHR and ARNT and in the TCDD-induced levels of
CYP1A2, AHRR, AHR and ARNT, all of which were about 2-4-fold lower in H/W rats.

5.5 Novel sequencedata (I-1V)

The sequences of cloned cDNAs as well as sequence data of novel splice variants were
submitted to GenBank (National Center for Biotechnology Information, National Library of
Medicine, Bethesda, MD) (Table 6).
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Table 6. Complete coding sequences submitted to GenBank.

Anctj:ec:n Species Description
AF275721 hamster (Mesocricetus auratus) AHR mRNA

AY 028947 guineapig (Cavia porcellus) AHR mRNA

AY 264361 rat (Rattus norvegicus) ARNT mRNA

AY 264362 rat (Rattus norvegicus) ARNT, exon 5 deletion variant
AY 264363 rat (Rattus norvegicus) ARNT, exon 6 deletion variant
AY 264364 rat (Rattus norvegicus) ARNT, exon 11 deletion variant
AY 264365 rat (Rattus norvegicus) ARNT, exon 20 insertion variant
AY 264366 rat (Rattus norvegicus) ARNT2, exon 19 insertion variant
AY 367561 rat (Rattus norvegicus) AHRR mRNA
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6 DISCUSSION

6.1 AHR structure asadeterminant of dioxin sensitivity

Hamsters and guinea pigs are used as animal models in dioxin sensitivity studies. Guinea
pigs are the most TCDD-sensitive mammals, while hamsters can tolerate over 1000-fold
higher doses of TCDD. A similar difference in acute TCDD toxicity exists between two rat
strains, the sensitive L-E and the resistant H/W. Recent cloning of H/W rat AHR revealed
changes in the architecture of the transactivation domain, which appears to be the principal
reason for TCDD resistance in H/W rats (Pohjanvirta et al., 1998; Tuomisto et al., 1999).
Therefore, the primary structure of hamster AHR was determined to ascertain whether
TCDD resistance in hamsters has a similar basis. Moreover, the cloning and sequencing of
guinea pig AHR was performed to compare its transactivation domain structure especially
with that in hamster and also with other AHR sequences. Our goal was to better understand
the role played by AHR structure as a determinant of dioxin sensitivity.

The N-terminal ends of the hamster and guinea pig AHRSs containing the bHLH and the
PAS domains are highly conserved. This high degree of homology is not surprising, since
these domains have important functions such as DNA binding, ligand binding and
heterodimerization with the ARNT (Dolwick et al., 1993b). The most conspicuous
difference among AHR sequences appears in the C-terminal transactivation domain, which
is essential for transactivation function of the AHR in vitro (Jain et al., 1994; Fukunaga et
al., 1995; Kumar et al., 2001). In the TCDD-resistant hamster, the Q-rich subdomain is
larger and also contains twice as many glutamine residues as the AHR of the TCDD-
sensitive guinea pig. Across published mammalian species, there is a distinct correlation
between the number of glutamine residues and sensitivity to the acute lethality of TCDD.
This suggests that the Q-rich subdomain in the C-terminal transactivation domain may be
causally involved in the differences in sensitivity to TCDD toxicity.

6.1.1 Restructured transactivation domain selectively affects TCDD responses

Studies in our laboratory have revealed that both of the most TCDD-resistant animals
known, hamsters and H/W rats, have remodelled transactivation domains in their AHRs. An
interesting feature is that despite the large deletion or enlargement in the transactivation
domain the induction of CYP1A1l remains norma in both animals (Pohjanvirta and
Tuomisto, 1994). In addition, hamsters and outbread Long-Evans rats display similar
reproductive alterations after perinatal TCDD exposure to nearly identical dosage levels
(Gray et al., 1995). The dosage levels associated with fetotoxicity or monooxygenase
induction in hamsters and H/W rats are also amost similar to those in sensitive species
(Henry and Gasiewicz, 1987; Pohjanvirta et al., 1988; Pohjanvirta and Tuomisto, 1994,
Birnbaum and Tuomisto, 2000). Thus, in TCDD-resistant hamsters and H/W rats, the
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change in the transactivation domain may not influence the expression of some genes (type |
responses), while it has a dramatic effect on many other responses such as lethality, toxicity
and wasting (type Il responses) (Fig. 10). In other words, the ateration appears to be
endpoint-dependent: it selectively affects the transcription of only some genes, notably
those that are central to dioxin toxicity. Therefore, the existence of type | and Il endpointsin
H/W rats suggests that different genes may have different requirements for the structure of
the transactivation domain.

Type | response: Type Il response:
Induction of CYP1A1 115 Body weight change
2000
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Figure 10. Examples of type | and Il responses. A. Hepatic induction of CYP1A1
mMRNA. H/W and L-E rats were treated with 0.001-100 pg/kg TCDD 19 h before
liver removal. Expression levels are given relative to B-actin concentrations. Each
data point represents mean + SD of four individua rats (IV). B. Relative body
weight change in H/W and L-E rats after a single dose of 50 pug/kg TCDD. Points
represent means = SD of 4 individual rats (V).

6.1.2 Possible mechanisms by which therestructured transactivation domain affects
transcription machinery

Protein-protein interactions

The AHR/ARNT complex can activate target gene expression through direct protein-protein
interactions with transcription factors and coactivators or corepressors, some of which are
known to bind to the transactivation domain of AHR (Rowlands et al., 1996; Kobayashi et
al., 1997; Nguyen et al., 1999; Beischlag et al., 2002; Hankinson, 2005). For example, the
coactivators SRC-1 and RIP140 bind to the Q-rich region in vitro (Kumar and Perdew,
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1999; Kumar et al., 1999). Furthermore, the Q-rich subdomain is one of the two binding
sites for Rb (Ge and Elferink, 1998). The AHR/ARNT heterodimer may also interact with
other signal transduction pathways, which may occur indirectly via shared coactivators, e.g.
via p300/CBP coactivators (Kobayashi et al., 1997; Kumar and Perdew, 1999; Carlson and
Perdew, 2002). In addition, the transactivation domain of human AHR is able to recruit
cofactors similar to those of the LBD of ERa (Reen et al., 2002). Since there is little
information on the protein-protein interactions underlying transcriptional regulation of
AHR, it is difficult to assess to what degree the restructured transactivation domains in
dioxin-resistant animals affect these interactions and thereby the transactivation potential of
AHR.

Conformation

Activation of genes by the AHR/ARNT complex is a multistep process that includes severa
conformational changesin the AHR protein (Kronenberg et al., 2000; Henry and Gasiewicz,
2003). The remodelled transactivation domain of AHR may have some effect on the three-
dimensional structure, but probably not on the first structural alterations arising from ligand
binding and heterodimerization with ARNT, because it has been established that the
domains for ligand binding, heterodimerization and DNA binding can function even when
the transactivation domain is completely deleted (Dolwick et al., 1993b; Ko et al., 1997). In
later steps, the transactivation domain of the AHR is needed for facilitating the alteration of
the promoter chromatin structure to a form that is capable of binding transcription factors
and other cofactors (Ko et al., 1996; Whitlock et al., 1996). In human AHR, the amino acids
663-688 in the Q-rich region probably form an o-helical secondary structure, in which a
single amino acid Leu-678 may play a critical role in making contacts with coregulators
(Kumar et al., 2001). This same leucine residue was conserved in the AHR sequences of
both hamster and guinea pig; thus, it may not play arole in dioxin sensitivity differences
between these animals.

Enhancer-promoter communications

Gene activation by the AHR requires a number of sequential steps, beginning from ligand
binding and ending at interactions of the AHR/ARNT heterodimer with proteins that
facilitate changes in chromatin structure (Whitlock, 1999; Swanson, 2002). In our rat model,
the first events in AHR signalling are identical between TCDD-resistant and TCDD-
sensitive rats (Pohjanvirta et al., 1999) and probably also between TCDD-resistant hamster
and TCDD-sensitive guinea pig (Pohjanvirta and Tuomisto, 1994). The differences arise
after binding of the AHR/ARNT complex to enhancer sequences (DRES) upstream of the
target genes. This binding promotes the alteration in chromatin structure and disruption of
nucleosomes (Okino and Whitlock, 1995). The transactivation domain of AHR, but not that



of ARNT, mediates the TCDD-inducible enhancer-promoter communication, which thereby
increases promoter accessibility and facilitates promoter occupancy by the transcription
factors (Ko et al., 1996; Ko et al., 1997). In this regard, the restructured transactivation
domains in the AHRs of hamsters and H/W rats may impair mediation of the induction
signal from enhancer to promoter and thus affect the expression of some specific genes.

Subdomainsin the transactivation domain

The AHR has a complex transactivation domain that is composed of several segments which
are often classified with respect to their amino acid composition (Ko et al., 1997; Kumar et
al., 2001). In mice, the Q-rich subdomain harbours most of the transactivation potential, but
other subdomains were aso potent transcriptional activators of the mouse Cyplal gene (Ko
et al., 1997). In the transactivation domain of the human AHR, potentially distinct acidic, Q-
rich and proline/serine/threonine-rich subdomains have been identified (Rowlands et al.,
1996; Reen et al., 2002). These subdomains are able to function independently as well asto
cooperate and thus result in a synergistic activation of transcription (Rowlands et al., 1996;
Kumar et al., 2001). In addition to the Q-rich region, other subdomains are also capable of
sequestering cofactors involved in transcription (Reen et al., 2002) and thus this flexibility
via multiple activation subdomains could make the AHR a versatile transcription factor.
However, in TCDD-resistant hamsters, the other subdomains in the transactivation domain
may not compensate for the deviant Q-rich subdomain; instead, synergistic transactivation
of some genes may be impaired.

AHR as a coactivator

In oestrogen signalling, the activated AHR/ARNT complex functions as a coactivator by
directly recruiting the ER and thereby activating the transcription of ER-mediated genes
(Ohtake et al., 2003). Very recently, the AHR/ARNT heterodimer was shown to bind viaan
unidentified X-protein to a novel response element called XRE-II (called also DRE-II or
AHRE-II) upstream of the rat CYP1A2 gene (Sogawa et al., 2004). Binding of this complex
leads to an activation of a set of genes, called the AHRE-II battery that encodes a large
number of transporters and ion channels (Boutros et al., 2004). It remains to be determined
whether the reconstructed transactivation domain of the AHR in TCDD-resistant animals
plays a role in this coactivation function of AHR. Furthermore, it would be interesting to
find out if some of the species differences in dioxin toxicity could be explained through this
aspect of AHR function.
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Quantitative difference

L-E rats express two- to three-fold higher levels of the AHR and ARNT than H/W rats both
before and after TCDD treatment (Pohjanvirta et al., 1999) (V). However, these differences
in the amounts of AHR and ARNT may not play a role in strain-specific sensitivity
differences, because DRE binding of the AHR/ARNT heterodimers occur similarly in these
rats (Pohjanvirta et al., 1999). Recently, studies using mice harbouring a hypomorphic Arnt
allele showed that the AHR is dependent on the ARNT for adaptive, toxic and
developmental pathways. Interestingly, those mice whose ARNT expression is reduced to
10% of wild-type levels are resistant to dioxin toxicity, but retain TCDD-induced CY P1A
activity (Walisser et al., 2004b). Moreover, Tomita et al. (2000) reported that despite more
than 80% loss in ARNT expression in lung, maximal induction of CYP1A1 can still be
found. These results suggest that adaptive CYP1A1 response to TCDD does not require as
many AHR/ARNT heterodimers as toxic or developmental pathways. This may provide a
simplified explanation for the existence of type | and type Il responses: due to arestructured
transactivation domain of AHR, the transactivation ability of the AHR/ARNT complex may
be reduced, but is still sufficient for maximal activation of the CYP1A1 gene.

6.2 ARNT, ARNT2 and AHRR may not contribute to dioxin sensitivity
in therat model

Although the AHR appears to be the major reason for TCDD resistance in H/W rats, some
other factors are also involved (Pohjanvirta, 1990). When the resistance genes of H/W rats
were segregated into new rat lines, it was observed that in addition to the AHR the
resistance was also associated with an unknown gene B. Line B rats bearing the B™ allele
are intermediately resistant to TCDD (Tuomisto et al., 1999; Simanainen et al., 2003) and
possess their own characteristic feature of TCDD toxicity, namely predisposition to
accumulation of biliverdin in the liver (Niittynen et al., 2003).

Gene B is still unidentified, but it may encode a protein closely involved in the AHR
signalling pathway. Therefore, we cloned and sequenced the cDNAs of ARNT, ARNT2 and
AHRR from H/W and L-E rats to determine if these proteins could be auxiliary factors
accounting for the strain-specific differences in TCDD toxicity. However, the cDNA
sequences proved to be identical, suggesting that the structures of these proteins do not
contribute to dioxin sensitivity. Surprisingly, we found several splice variants in the
structures of ARNT and ARNT2, but none of these variants appeared to be related to TCDD
resistance. Instead, they could have other functions suggesting an intricate regulation of
ARNT and ARNT2 activities.

The cDNA sequence of rat AHRR showed high levels of sequence identity to mouse AHRR
and also to rat AHR, except that the PAS B and Q-rich subdomains were lacking. We found
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no marked differences in the expression of AHRR between H/W and L-E rats before or after
TCDD treatment in any of the tissues examined. Thus, the rat strain differences in TCDD
toxicity cannot be explained by the differentia expression of AHRR. However,
simultaneous determination of CYPLA1l mRNA suggested that AHRR may play a
modulatory part in CY P1A1 regulation.

6.3 Differences in the hypothalamic expression of bHLH/PAS proteins
may not account for the wasting syndrome

The TCDD-induced wasting syndrome is a type Il endpoint that shows a clear sensitivity
difference between differentially sensitive rat strains. This suggests the involvement of the
AHR signalling pathway in regulation of genes contributing to the wasting syndrome. The
exact mechanism by which TCDD affects feeding is unknown, but due to the central role of
the hypothalamus in the control of appetite and body weight, it may involve hypothalamic
activation of some currently unidentified genes. Therefore, H/W and L-E rats were used to
examine the effects of TCDD on hypothalamic expression of several bHLH/PAS genes that
areinvolved in, or related to, AHR signalling. If the wasting syndrome seen in L-E rats were
due to changes in expression levels of these studied genes, a difference should be seen in
comparison to H/W rats, which maintained their body weight four days after TCDD
treatment.

No dramatic differences between differentially sensitive rat strains appeared in the
expression levels of eight studied genes. However, the L-E rats expressed two- to three-fold
higher constitutive or TCDD-induced mRNA levels of AHR, ARNT, ARNT2 and AHRR.
This sensitive rat strain has been reported earlier to possess higher hepatic concentrations of
AHR and ARNT (Pohjanvirta et al., 1999). Despite these differences, DRE binding of the
AHR/ARNT heterodimers occurs similarly in both rat strains, suggesting that differencesin
the amounts of AHR and ARNT do not play a noticeablerole in thisinterstrain difference.

The largest difference between H/W and L-E rats was seen in the TCDD-induced expression
of CYP1A2, which was about four-fold higher in L-E rats. However, no major differences
in hypothalamic kinetics of '“C-TCDD between these strains have been detected
(Pohjanvirta et al., 1990); induction of CYP1A1 also occurs similarly. Interestingly, it was
reported that the absence of CYP1A2 may afford partial protection against TCDD-induced
liver toxicity (Smith et al., 2001). In addition, recent studies with male Cyplal knockout
mice showed that these mice are somewhat resistant to high-dose TCDD-induced toxicity
and the wasting syndrome (Uno et al., 2004). However, the protection due to loss of the
Cyplal gene is very small compared with that seen in Ahr knockout mice (Fernandez-
Salguero et al., 1996). Besides, studies using our rat model suggest that induction of
CYP1A activity is independent of TCDD-induced toxic endpoints, such as the wasting
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syndrome. Concordantly, CYP1A1 induction could be dissociated from the toxic effects of
TCDD in ARNT hypomorphic mice (Walisser et al., 2004b).

Although the changes found do not account for the wasting syndrome, the presence of all
principal genes of the AHR signalling pathway in rat hypothalamus makes it a candidate
target for TCDD and shows that the basic mechanisms for AHR signalling are functional.
The AHR appears to be an essential mediator of both the adaptive and toxic effects of
TCDD, but only the mechanism of CYP1A1 induction has been well elucidated. In contrast,
the exact mechanism as well as the genes mediating TCDD-induced toxicity and the wasting
syndrome are still poorly known.

6.4 Implicationsfor risk assessment

Risk assessment of dioxins is complicated by the exceptionally wide species differences in
dioxin sengitivity. In the mouse and rat models, the primary structure of the AHR appears to
be the most critical factor determining dioxin sensitivity. Both the 10-fold sensitivity
difference between C57BL/6 and DBA/2 mice and the over 1000-fold difference between
L-E and H/W rats are explained by the presence of polymorphic variation in the AHR (Ema
et al., 1994; Pohjanvirta et al., 1998). Accordingly, the structure of the AHR also appearsto
be an important determinant of dioxin sensitivity differences in hamster and guinea pig,
which also show over 1000-fold differences in sensitivity to the acute lethality of TCDD.
Moreover, the data from the present study emphasize the importance of the transactivation
domain and especially the Q-rich subdomain in dioxin sensitivity.

Would it then be possible to make future predictions of species-specific dioxin sensitivity
differences by characterizing the structure of the AHR? This appears to hold in many
species, but probably not in all species. In the dioxin literature, humans are considered to be
highly resistant to the acute toxicity of TCDD, but the structure of the human AHR does not
support the resistance. On the contrary, the human AHR turned out to be highly homologous
to that of the most dioxin-sensitive species known, the guinea pig. The assumption of
human resistance is mainly based on the fact that the human AHR appears to have a lower
relative affinity for TCDD than the receptors of most susceptible laboratory species (Ema et
al., 1994; Harper et al., 2002; Ramadoss and Perdew, 2004). In an AHR-humanized mouse
model, the expressed human AHR was also less responsive to TCDD than the AHR of
resistant DBA/2 mice (Moriguchi et al., 2003). Another reason is that no cases of acute
mortality have been detected among persons who have received high doses of dioxins in
industrial or occupational exposures (Bertazzi et al., 2001). In Seveso and later in an
individual intoxication case in Vienna, the highest TCDD concentrations in blood lipid were
56 000 ng/kg and 144 000 ng/kg, respectively. The highest concentration in the most
exposed woman in Vienna roughly corresponded to a single dose of 25 ug TCDD per
kilogram of body weight, and this dose caused a severe intoxication syndrome (Geusau et
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al., 2001, 2002). This dose indicates that humans are more resistant to the acute toxicity of
TCDD than guinea pigs and L-E rats, but it may not be reasonable to assume that humans
are less sensitive than most laboratory animals. Evidence from in vitro studies suggested
that humans appear to be at least as sensitive as rats to some biochemical effects of dioxins
(Lucier, 1991). However, in that study, one of the measured parameters was induction of
CYP1A1, which is a classical adaptive response to TCDD, but not apparently in relation to
toxic responses caused by TCDD. Studies using our rat model support the present view that
the adaptive pathway participating in metabolism of PAHs is unrelated to the toxic pathway
mediating the del eterious effects of dioxins (Walisser et al., 2004b).

In addition to the AHR, aso ARNT and AHRR are important in mediating the biological
effects of dioxins. Thus, it could be expected that these genes may in part contribute to
dioxin sensitivity differences. However, the present study showed that neither the structural
variation nor the expression of these genes play a role in the strain-specific differences in
TCDD toxicity in our rat model. This fact may somewhat facilitate dioxin risk assessment,
because it further emphasizes the importance of the AHR structure as a determinant of
dioxin sensitivity differences.

The fact that the molecular mechanisms of dioxin toxicity are still poorly known
complicates dioxin risk assessment. One mechanism that we tried to elucidate in this study
was the TCDD-induced wasting syndrome, which shows clear sensitivity difference
between H/W and L-E rats, indicating that this effect is also mediated via AHR signalling.
Although no clear relationship between the TCDD-induced expression of the genes studied
and the wasting syndrome was found, the present study showed the usability of our rat
model in elucidating mechanisms in dioxin toxicity. Since the endpoints, which differ most
between H/W and L-E rats, include acute lethality, wasting and hepatotoxicity, our rat
model would be useful in the search for genes that are critical to development of those
TCDD toxicities.
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7 CONCLUSIONS

10.

11

The C-termina transactivation domain of the AHR appears to be an important
determinant of the speciess and strain-specific sensitivity differences in TCDD
toxicity. A Q-rich subregion of this domain is aberrant in hamsters and this may
account for the exceptional resistance of this species to the acute lethality of TCDD.

Among the most common laboratory animals used in dioxin sensitivity studies,
namely rat strains with wild-type AHR, mouse, hamster and guinea pig, there is an
inverse correlation between the number of glutamine residues in the Q-rich subdomain
and TCDD sensitivity.

The human AHR shows the highest homology to the AHR of the most TCDD-
sensitive species known, the guinea pig.

L-E and H/W rats express severa splice variants of ARNT and at least one splice
variant of ARNT2. At least the largest deletions of ARNT as well as the insertion in
ARNT2 leading to atruncated protein are likely to have functional consequences.

The large strain-specific differences in susceptibility to TCDD lethality between H/W
and L-E rats are not explained by the structural variations of ARNT and ARNT2.

Rat AHRR lacks the PAS B and Q-rich domains. In mice, this explains the inability of
AHRR both to bind ligand and transactivate DRE-regulated genes.

The constitutive expression of the AHRR is very low, but after TCDD exposure the
MRNA levels of the AHRR increase rapidly. The induction of AHRR is as sensitive a
response to TCDD as the induction of CYP1A1, although the maximal induction
levels are considerably lower.

The AHRR shows tissue-dependent expression, so that testis exhibits the highest
constitutive expression of AHRR, whereas kidney, spleen and heart show the highest
induction of AHRR in response to TCDD treatment.

The structures of AHRR cDNA as well as the expression patterns by TCDD are
similar between H/W and L-E rats; therefore the AHRR may not contribute to strain
differences in dioxin sensitivity in this rat model.

The presence of all principa proteins in the AHR signalling pathway in rat
hypothalamus makes it a good candidate for TCDD regarding its influence on
development of the wasting syndrome.

TCDD does not modulate the expression of SM1 or PER2 in rat hypothalamus;
therefore these genes may not be involved in the effects of TCDD on feeding.
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12. The consgtitutive expression levels of AHR and ARNT and the TCDD-induced levels
of CYP1A2, AHRR, AHR and ARNT are the only differences among the parameters
measured that can be detected between H/W and L-E rats in rat hypothalamus.

However, the changes found probably do not account for development of the wasting
syndrome.

61



8 REFERENCES

Abbott, B. D., Schmid, J. E., Ritt, J. A., Buckalew, A. R., Wood, C. R, Held, G. A., and Diliberto, J. J. (1999).
Adverse reproductive outcomes in the transgenic Ah receptor-deficient mouse. Toxicol Appl Pharmacol 155,
62-70.

Abnet, C. C., Tanguay, R. L., Hahn, M. E., Heideman, W., and Peterson, R. E. (1999). Two forms of aryl
hydrocarbon receptor type 2 in rainbow trout (Oncorhynchus mykiss). Evidence for differential expression and
enhancer specificity. J Biol Chem 274, 15159-15166.

Abraham, K., Geusau, A., Tosun, Y., Helge, H., Bauer, S., and Brockmoller, J. (2002). Severe 2,3,7,8-
tetrachl orodibenzo-p-dioxin (TCDD) intoxication: insights into the measurement of hepatic cytochrome P450
1A2 induction. Clin Pharmacol Ther 72, 163-174.

Adachi, J.,, Mori, Y., Matsui, S., Takigami, H., Fujino, J., Kitagawa, H., Miller, C. A., 3rd, Kato, T., Saeki, K.,
and Matsuda, T. (2001). Indirubin and indigo are potent aryl hydrocarbon receptor ligands present in human
urine. J Biol Chem 276, 31475-31478.

Akhtar, F. Z., Garabrant, D. H., Ketchum, N. S, and Michalek, J. E. (2004). Cancer in US Air Force veterans
of the Vietnam War. J Occup Environ Med 46, 123-136.

Alaluusua, S., Calderara, P., Gerthoux, P. M., Lukinmaa, P. L., Kovero, O., Needham, L., Patterson, D. G, Jr.,
Tuomisto, J., and Mocarelli, P. (2004). Developmental dental aberrations after the dioxin accident in Seveso.
Environ Health Perspect 112, 1313-1318.

Alaluusua, S., Lukinmaa, P. L., Pohjanvirta, R., Unkila, M., and Tuomisto, J. (1993). Exposure to 2,3,7,8
tetrachlorodibenzo-p-dioxin leads to defective dentin formation and pulpal perforation in rat incisor tooth.
Toxicology 81, 1-13.

Allen, J. R, Van Miller, J. P., and Norback, D. H. (1975). Tissue distribution, excretion and biological effects
of [*C]tetrachl orodibenzo-p-dioxin in rats. Food Cosmet Toxicol 13, 501-505.

Andersson, P., McGuire, J.,, Rubio, C., Gradin, K., Whitelaw, M. L., Pettersson, S., Hanberg, A., and
Poellinger, L. (2002). A constitutively active dioxin/aryl hydrocarbon receptor induces stomach tumors. Proc
Natl Acad Sci U SA 99, 9990-9995.

Andersson, P., Ridderstad, A., McGuire, J., Pettersson, S., Poellinger, L., and Hanberg, A. (2003). A
constitutively active aryl hydrocarbon receptor causes loss of peritoneal B1 cells. Biochem Biophys Res
Commun 302, 336-341.

Andreasen, E. A., Hahn, M. E., Heideman, W., Peterson, R. E., and Tanguay, R. L. (2002). The zebrafish
(Danio rerio) aryl hydrocarbon receptor type 1 isanovel vertebrate receptor. Mol Pharmacol 62, 234-249.

Andreola, F., Fernandez-Salguero, P. M., Chiantore, M. V., Petkovich, M. P., Gonzalez, F. J., and De Luca, L.
M. (1997). Aryl hydrocarbon receptor knockout mice (AHR-/-) exhibit liver retinoid accumulation and
reduced retinoic acid metabolism. Cancer Res 57, 2835-2838.

Antonsson, C., Whitelaw, M. L., McGuire, J., Gustafsson, J. A., and Poellinger, L. (1995). Distinct roles of the
molecular chaperone hsp90 in modulating dioxin receptor function via the basic helix-loop-helix and PAS
domains. Mol Cell Biol 15, 756-765.

Aylward, L. L., and Hays, S. M. (2002). Temporal trends in human TCDD body burden: decreases over three
decades and implications for exposure levels. J Expo Anal Environ Epidemiol 12, 319-328.

Baba, T., Mimura, J., Gradin, K., Kuroiwa, A., Watanabe, T., Matsuda, Y ., Inazawa, J., Sogawa, K., and Fujii-
Kuriyama, Y. (2001). Structure and expression of the Ah receptor repressor gene. J Biol Chem 276, 33101-
33110.

Baccarelli, A., Pesatori, A. C., Masten, S. A., Patterson, D. G., Jr., Needham, L. L., Mocarelli, P., Caporaso, N.
E., Consonni, D., Grassman, J. A., Bertazzi, P. A., and Landi, M. T. (2004). Aryl-hydrocarbon receptor-
dependent pathway and toxic effects of TCDD in humans: a population-based study in Seveso, Italy. Toxicol
Lett 149, 287-293.

62



Bacsi, S. G., and Hankinson, O. (1996). Functional characterization of DNA-binding domains of the subunits
of the heterodimeric aryl hydrocarbon receptor complex imputing novel and canonical basic helix-loop-helix
protein-DNA interactions. J Biol Chem 271, 8843-8850.

Bank, P. A., Yao, E. F., Phelps, C. L., Harper, P. A., and Denison, M. S. (1992). Species-specific binding of
transformed Ah receptor to adioxin responsive transcriptional enhancer. Eur J Pharmacol 228, 85-94.

Beatty, P. W., Vaughn, W. K., and Neal, R. A. (1978). Effect of alteration of rat hepatic mixed-function
oxidase (MFO) activity on the toxicity of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Toxicol Appl
Pharmacol 45, 513-519.

Beischlag, T. V., Wang, S, Rose, D. W., Torchig, J.,, Reisz-Porszasz, S., Muhammad, K., Nelson, W. E.,
Probst, M. R., Rosenfeld, M. G., and Hankinson, O. (2002). Recruitment of the NCoA/SRC-1/p160 family of
transcriptional coactivators by the aryl hydrocarbon receptor/aryl hydrocarbon receptor nuclear translocator
complex. Mol Cell Biol 22, 4319-4333.

Bello, S. M., Franks, D. G., Stegeman, J. J,, and Hahn, M. E. (2001). Acquired resistance to Ah receptor
agonists in a population of Atlantic killifish (Fundulus heteroclitus) inhabiting a marine superfund site: in vivo
and in vitro studies on the inducibility of xenobiotic metabolizing enzymes. Toxicol Sci 60, 77-91.

Berghard, A., Gradin, K., Pongratz, 1., Whitelaw, M., and Poellinger, L. (1993). Cross-coupling of signal
transduction pathways: the dioxin receptor mediates induction of cytochrome P-4501A1 expression via a
protein kinase C-dependent mechanism. Mol Cell Biol 13, 677-689.

Bertazzi, P. A., Bernucci, |., Brambilla, G., Consonni, D., and Pesatori, A. C. (1998). The Seveso studies on
early and long-term effects of dioxin exposure: areview. Environ Health Perspect 106, 625-633.

Bertazzi, P. A., Consonni, D., Bachetti, S., Rubagotti, M., Baccarelli, A., Zocchetti, C., and Pesatori, A. C.
(2001). Heslth effects of dioxin exposure: a 20-year mortality study. AmJ Epidemiol 153, 1031-1044.

Berwick, M., Matullo, G., Song, Y. S, Guarrera, S., Dominguez, G., Orlow, |., Walker, M., and Vineis, P.
(2004). Association between aryl hydrocarbon receptor genotype and surviva in soft tissue sarcoma. J Clin
Oncol 22, 3997-4001.

Birnbaum, L. S. (1994). The mechanism of dioxin toxicity: relationship to risk assessment. Environ Health
Perspect 102, 157-167.

Birnbaum, L. S, and Fenton, S. E. (2003). Cancer and developmental exposure to endocrine disruptors.
Environ Health Perspect 111, 389-394.

Birnbaum, L. S., and Tuomisto, J. (2000). Non-carcinogenic effects of TCDD in animals. Food Addit Contam
17, 275-288.

Blankenship, A., and Matsumura, F. (1997). 2,3,7,8-Tetrachlorodibenzo-p-dioxin-induced activation of a
protein tyrosine kinase, pp60src, in murine hepatic cytosol using a cell-free system. Mol Pharmacol 52, 667-
675.

Borlak, J., Dangers, M., and Thum, T. (2002). Aroclor 1254 modulates gene expression of nuclear
transcription factors: implications for albumin gene transcription and protein synthesis in rat hepatocyte
cultures. Toxicol Appl Pharmacol 181, 79-88.

Boutros, P. C., Moffat, I. D., Franc, M. A., Tijet, N., Tuomisto, J., Pohjanvirta, R., and Okey, A. (2004).
Dioxin-responsive AHRE-II gene battery: identification by phylogenetic footprinting. Biochem Biophys Res
Commun. 321, 707-715.

Boverhof, D. R., Tam, E., Harney, A. S, Crawford, R. B., Kaminski, N. E., and Zacharewski, T. R. (2004).
2,3,7,8-Tetrachlordibenzo-p-dioxin induces suppressor of cytokine signaling-2 in murine B-cells. Mol
Pharmacol 66, 1662-1670.

Bracken, C. P., Whitelaw, M. L., and Peet, D. J. (2003). The hypoxia-inducible factors: key transcriptional
regulators of hypoxic responses. Cell Mol Life Sci 60, 1376-1393.

Brewster, D. W., and Birnbaum, L. S. (1989). The biochemical toxicity of perfluorodecanoic acid in the mouse
is different from that of 2,3,7,8-tetrachlorodibenzo-p-dioxin. Toxicol Appl Pharmacol 99, 544-554.

63



Bunger, M. K., Moran, S. M., Glover, E., Thomae, T. L., Lahvis, G. P, Lin, B. C., and Bradfield, C. A.
(2003). Resistance to 2,3,7,8-tetrachlorodibenzo-p-dioxin toxicity and abnormal liver development in mice
carrying a mutation in the nuclear localization sequence of the aryl hydrocarbon receptor. J Biol Chem 278,
17767-17774.

Burbach, K. M., Poland, A., and Bradfield, C. A. (1992). Cloning of the Ah-receptor cDNA revesls a
distinctive ligand-activated transcription factor. Proc Natl Acad Sci U SA 89, 8185-8189.

Butler, R. A., Kelley, M. L., Powell, W. H., Hahn, M. E., and Van Beneden, R. J. (2001). An aryl hydrocarbon
receptor (AHR) homologue from the soft-shell clam, Mya arenaria: evidence that invertebrate AHR
homologues lack 2,3,7,8-tetrachl orodibenzo-p-dioxin and beta-naphthoflavone binding. Gene 278, 223-234.

Caramaschi, F., del Corno, G., Favaretti, C., Giambelluca, S. E., Montesarchio, E., and Fara, G. M. (1981).
Chloracne following environmental contamination by TCDD in Seveso, Italy. Int J Epidemiol 10, 135-143.

Carlson, D. B., and Perdew, G. H. (2002). A dynamic role for the Ah receptor in cell signaling? Insights from
adiverse group of Ah receptor interacting proteins. J Biochem Mol Toxicol 16, 317-325.

Carver, L. A., Hogenesch, J. B., and Bradfield, C. A. (1994). Tissue specific expression of the rat Ah-receptor
and ARNT mRNAs. Nucleic Acids Res 22, 3038-3044.

Cauchi, S., Sticker, I., Solas, C., Laurent-Puig, P., Cénée, S., Hémon, D., Jacquet, M., Kremers, P., Beaune,
P., and Massaad-Massade, L. (2001). Polymorphisms of human aryl hydrocarbon receptor (AhR) gene in a
French population: relationship with CYP1A1 inducibility and lung cancer. Carcinogenesis 22, 1819-1824.

Chan, W. K., Yao, G., Gu, Y. Z.,, and Bradfield, C. A. (1999). Cross-talk between the aryl hydrocarbon
receptor and hypoxia inducible factor signaling pathways. Demonstration of competition and compensation. J
Biol Chem 274, 12115-12123.

Chapman, D. E., and Schiller, C. M. (1985). Dose-related effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) in C57BL/6J and DBA/2J mice. Toxicol Appl Pharmacol 78, 147-157.

Chen, Y. H., and Tukey, R. H. (1996). Protein kinase C modulates regulation of the CY P1A1 gene by the aryl
hydrocarbon receptor. J Biol Chem 271, 26261-26266.

Cole, P., Trichopoulos, D., Pastides, H., Starr, T., and Mandel, J. S. (2003). Dioxin and cancer: a critical
review. Regul Toxicol Pharmacol 38, 378-388.

Denison, M., Pandini, A., Nagy, S., Baldwin, E., and Bonati, L. (2002). Ligand binding and activation of the
Ah receptor. Chem Biol Interact 141, 3-24.

Denison, M. S,, Fisher, J. M., and Whitlock, J. P., Jr. (1988). The DNA recognition site for the dioxin-Ah
receptor complex. Nucleotide sequence and functional analysis. J Biol Chem 263, 17221-17224.

Denison, M. S., Fisher, J. M., and Whitlock, J. P., Jr. (1989). Protein-DNA interactions at recognition sites for
the dioxin-Ah receptor complex. J Biol Chem 264, 16478-16482.

Denison, M. S, and Nagy, S. R. (2003). Activation of the aryl hydrocarbon receptor by structurally diverse
exogenous and endogenous chemicals. Annu Rev Pharmacol Toxicol 43, 309-334.

Denison, M. S, and Wilkinson, C. F. (1985). Identification of the Ah receptor in selected mammalian species
and induction of aryl hydrocarbon hydroxylase. Eur J Biochem 147, 429-435.

Dolwick, K. M., Schmidt, J. V., Carver, L. A., Swanson, H. |., and Bradfield, C. A. (1993a). Cloning and
expression of a human Ah receptor cDNA. Mol Pharmacol 44, 911-917.

Dolwick, K. M., Swanson, H. |., and Bradfield, C. A. (1993b). In vitro analysis of Ah receptor domains
involved in ligand-activated DNA recognition. Proc Natl Acad Sci U SA 90, 8566-8570.

Drutel, G., Kathmann, M., Heron, A., Schwartz, J. C., and Arrang, J. M. (1996). Cloning and selective
expression in brain and kidney of ARNT2 homologous to the Ah receptor nuclear translocator (ARNT).
Biochem Biophys Res Commun 225, 333-339.

Duncan, D. M., Burgess, E. A., and Duncan, |. (1998). Control of distal antenna identity and tarsa
development in Drosophila by spineless-aristapedia, a homolog of the mammalian dioxin receptor. Genes Dev
12, 1290-1303.



Dunlap, D. Y., Ikeda, I., Nagashima, H., Vogel, C. F., and Matsumura, F. (2002). Effects of src-deficiency on
the expression of in vivo toxicity of TCDD in astrain of c-src knockout mice procured through six generations
of backcrossings to C57BL/6 mice. Toxicology 172, 125-141.

Eguchi, H., Hayashi, S., Watanabe, J., Gotoh, O., and Kawajiri, K. (1994). Molecular cloning of the human
AH receptor gene promoter. Biochem Biophys Res Commun 203, 615-622.

Eguchi, H., Ikuta, T., Tachibana, T., Yoneda, Y., and Kawajiri, K. (1997). A nuclear localization signal of
human aryl hydrocarbon receptor nuclear translocator/hypoxia-inducible factor 1beta is a novel bipartite type
recognized by the two components of nuclear pore-targeting complex. J Biol Chem 272, 17640-17647.

Elferink, C. J, Ge, N. L., and Levine, A. (2001). Maximal aryl hydrocarbon receptor activity depends on an
interaction with the retinoblastoma protein. Mol Pharmacol 59, 664-673.

Ema, M., Morita, M., Ikawa, S., Tanaka, M., Matsuda, Y., Gotoh, O., Saijoh, Y., Fujii, H., Hamada, H.,
Kikuchi, Y., and Fujii-Kuriyama, Y. (1996). Two new members of the murine Sim gene family are
transcriptional repressors and show different expression patterns during mouse embryogenesis. Mol Cell Biol
16, 5865-5875.

Ema, M., Ohe, N., Suzuki, M., Mimura, J., Sogawa, K., Ikawa, S., and Fujii-Kuriyama, Y. (1994). Dioxin
binding activities of polymorphic forms of mouse and human arylhydrocarbon receptors. J Biol Chem 269,
27337-27343.

Ema, M., Sogawa, K., Watanabe, N., Chujoh, Y., Matsushita, N., Gotoh, O., Funae, Y., and Fujii-Kuriyama,
Y. (1992). cDNA cloning and structure of mouse putative Ah receptor. Biochem Biophys Res Commun 184,
246-253.

Enan, E., and Matsumura, F. (1996). Identification of c-Src as the integral component of the cytosolic Ah
receptor complex, transducing the signal of 2,3,7,8-tetrachl orodibenzo-p-dioxin (TCDD) through the protein
phosphorylation pathway. Biochem Pharmacol 52, 1599-1612.

Eskenazi, B., Mocarelli, P., Warner, M., Needham, L., Patterson, D. G., J., Samuels, S., Turner, W.,
Gerthoux, P. M., and Brambilla, P. (2004). Relationship of serum TCDD concentrations and age at exposure
of female residents of Seveso, Italy. Environ Health Perspect 112, 22-27.

Eskenazi, B., Mocarelli, P., Warner, M., Samuels, S., Vercellini, P., Olive, D., Needham, L. L., Petterson, D.
G., Jr., Brambilla, P., Gavoni, N., Casdini, S, Panazza, S., Turner, W., and Gerthoux, P. M. (2002). Serum
dioxin concentrations and endometriosis: a cohort study in Seveso, Italy. Environ Health Perspect 110, 629-
634.

Evans, B. R., Karchner, S. |., and Hahn, M. (2004). Zebrafish AHR repressor: cloning, regulatory interactions
and inducibility by TCDD. Toxicologist, 591.

Evans, R. M. (1988). The steroid and thyroid hormone receptor superfamily. Science 240, 889-895.

Fallone, F., Villard, P. H., Sérée, E., Rimet, O., Nguyen, Q. B., Bourgarel-Rey, V., Fouchier, F., Barra, Y.,
Durand, A., and Lacarelle, B. (2004). Retinoids repress Ah receptor CYP1A1 induction pathway through the
SMRT corepressor. Biochem Biophys Res Commun 322, 551-556.

Fernandez-Salguero, P., Pineau, T., Hilbert, D. M., McPhalil, T., Lee, S. S, Kimura, S., Nebert, D. W.,
Rudikoff, S., Ward, J. M., and Gonzalez, F. J. (1995). Immune system impairment and hepatic fibrosisin mice
lacking the dioxin-binding Ah receptor. Science 268, 722-726.

Fernandez-Salguero, P. M., Hilbert, D. M., Rudikoff, S, Ward, J. M., and Gonzalez, F. J. (1996). Aryl-
hydrocarbon receptor-deficient mice are resistant to 2,3,7,8-tetrachlorodibenzo-p-dioxin-induced toxicity.
Toxicol Appl Pharmacol 140, 173-179.

Fernandez-Salguero, P. M., Ward, J. M., Sundberg, J. P., and Gonzaez, F. J (1997). Lesions of aryl-
hydrocarbon receptor-deficient mice. Vet Pathol 34, 605-614.

Fetissov, S. O., Huang, P., Zhang, Q., Mimura, J., Fujii-Kuriyama, Y ., Rannug, A., Hokfelt, T., and Ceccatelli,
S. (2004). Expression of hypothalamic neuropeptides after acute TCDD treatment and distribution of Ah
receptor repressor. Regul Pept 119, 113-124.

Finley, B. L., Connor, K. T., and Scott, P. K. (2003). The use of toxic equivalency factor distributions in
probabilistic risk assessments for dioxins, furans, and PCBs. J Toxicol Environ Health A 66, 533-550.

65



Flesch-Janys, D., Becher, H., Gurn, P., Jung, D., Konietzko, J., Manz, A., and Papke, O. (1996). Elimination
of polychlorinated dibenzo-p-dioxins and dibenzofurans in occupationally exposed persons. J Toxicol Environ
Health 47, 363-378.

Frame, L. T., Li, W., and Dickerson, R. L. (2004). A proposed role for the aryl hydrocarbon receptor (AHR) in
non-photic feechack to the master circadian clock. Toxicologists 2004, 954.

Franc, M. A., Pohjanvirta, R., Tuomisto, J,, and Okey, A. B. (2001a). In vivo up-regulation of aryl
hydrocarbon receptor expression by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in a dioxin-resistant rat
model. Biochem Pharmacol 62, 1565-1578.

Franc, M. A., Pohjanvirta, R., Tuomisto, J., and Okey, A. B. (2001b). Persistent, low-dose 2,3,7,8-
tetrachl orodibenzo-p-dioxin exposure: effect on aryl hydrocarbon receptor expression in a dioxin-resistance
model. Toxicol Appl Pharmacol 175, 43-53.

Frueh, F. W., Hayashibara, K. C., Brown, P. O., and Whitlock, J. P., Jr. (2001). Use of cDNA microarrays to
analyze dioxin-induced changes in human liver gene expression. Toxicol Lett 122, 189-203.

Fujita, H., Kosaki, R., Yoshihashi, H., Ogata, T., Tomita, M., Hasegawa, T., Takahashi, T., Matsuo, N., and
Kosaki, K. (2002). Characterization of the aryl hydrocarbon receptor repressor gene and association of its
Pro185Ala polymorphism with micropenis. Teratology 65, 10-18.

Fukunaga, B. N., Probst, M. R., Reisz-Porszasz, S., and Hankinson, O. (1995). Identification of functional
domains of the aryl hydrocarbon receptor. J Biol Chem 270, 29270-29278.

Gambone, C. J,, Hutcheson, J. M., Gabriel, J. L., Beard, R. L., Chandraratna, R. A., Soprano, K. J., and
Soprano, D. R. (2002). Unique property of some synthetic retinoids: activation of the aryl hydrocarbon
receptor pathway. Mol Pharmacol 61, 334-342.

Garrison, P. M., and Denison, M. S. (2000). Analysis of the murine AhR gene promoter. J Biochem Mol
Toxicol 14, 1-10.

Garrison, P. M., Rogers, J. M., Brackney, W. R., and Denison, M. S. (2000). Effects of histone deacetylase
inhibitors on the Ah receptor gene promoter. Arch Biochem Biophys 374, 161-171.

Gasiewicz, T. A., Geiger, L. E., Rucci, G., and Neal, R. A. (1983). Digtribution, excretion, and metabolism of
2,3,7,8-tetrachlorodibenzo-p-dioxin in C57BL/6J, DBA/2J, and B6D2F1/J mice. Drug Metab Dispos 11, 397-
403.

Gasiewicz, T. A., and Rucci, G. (1984). Cytosolic receptor for 2,3,7,8-tetrachlorodibenzo-p-dioxin. Evidence
for a homol ogous nature among various mammalian species. Mol Pharmacol 26, 90-98.

Ge, N. L., and Elferink, C. J. (1998). A direct interaction between the aryl hydrocarbon receptor and
retinoblastoma protein. Linking dioxin signaling to the cell cycle. J Biol Chem 273, 22708-22713.

Gekakis, N., Staknis, D., Nguyen, H. B., Davis, F. C., Wilsbacher, L. D., King, D. P., Takahashi, J. S, and
Weitz, C. J. (1998). Role of the CLOCK protein in the mammalian circadian mechanism. Science 280, 1564-
15609.

Geusau, A., Abraham, K., Geissler, K., Sator, M. O., Stingl, G., and Tschachler, E. (2001). Severe 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) intoxication: clinica and laboratory effects. Environ Health Perspect
109, 865-869.

Geusau, A., Schmaldienst, S., Derfler, K., Papke, O., and Abraham, K. (2002). Severe 2,3,7,8-
tetrachlorodibenzo- p-dioxin (TCDD) intoxication: kinetics and trials to enhance elimination in two patients.
Arch Toxicol 76, 316-325.

Gillner, M., Bergman, J., Cambillau, C., Alexandersson, M., Fernstrém, B., and Gustafsson, J. A. (1993).
Interactions of indolo[3,2-b]carbazoles and related polycyclic aromatic hydrocarbons with specific binding
sitesfor 2,3,7,8-tetrachlorodibenzo-p-dioxin in rat liver. Mol Pharmacol 44, 336-345.

Gonzalez, F. J., and Fernandez-Salguero, P. (1998). The aryl hydrocarbon receptor: studies using the AHR-
null mice. Drug Metab Dispos 26, 1194-1198.

Gradin, K., Toftgrd, R., Poellinger, L., and Berghard, A. (1999). Repression of dioxin signal transduction in
fibroblasts. Identification of a putative repressor associated with Arnt. J Biol Chem 274, 13511-13518.

66



Gray, L. E., J., Kelce, W. R., Monosson, E., Ostby, J. S, and Birnbaum, L. S. (1995). Exposure to TCDD
during development permanently alters reproductive function in male Long Evans rats and hamsters: reduced
gaculated and epididymal sperm numbers and sex accessory gland weights in offspring with normal
androgenic status. Toxicol Appl Pharmacol 131, 108-118.

Greene, J. F., Hays, S., and Paustenbach, D. (2003). Basis for a proposed reference dose (RfD) for dioxin of 1-
10 pg/kg-day: a weight of evidence evaluation of the human and animal studies. J Toxicol Environ Health B
Crit Rev 6, 115-159.

Greig, J. B., Jones, G., Butler, W. H., and Barnes, J. M. (1973). Toxic effects of 2,3,7,8-tetrachlorodibenzo-p-
dioxin. Food Cosmet Toxicol 11, 585-595.

Gu, Y. Z., Hogenesch, J. B., and Bradfield, C. A. (2000). The PAS superfamily: sensors of environmental and
developmental signals. Annu Rev Pharmacol Toxicol 40, 519-561.

Guo, J,, Sartor, M., Karyaa, S., Medvedovic, M., Kann, S,, Puga, A., Ryan, P., and Tomlinson, C. R. (2004).
Expression of genes in the TGF-beta signaling pathway is significantly deregulated in smooth muscle cells
from aorta of aryl hydrocarbon receptor knockout mice. Toxicol Appl Pharmacol 194, 79-89.

Hahn, M. (2002). Aryl hydrocarbon receptors: diversity and evolution. Chem Biol Interact 141, 131-161.

Hahn, M. E. (1998). The aryl hydrocarbon receptor: a comparative perspective. Comp Biochem Physiol C
Pharmacol Toxicol Endocrinol 121, 23-53.

Hahn, M. E. (2001). Dioxin toxicology and the aryl hydrocarbon receptor: insights from fish and other non-
traditional models. Mar Biotechnol 3, S224-238.

Hahn, M. E., Karchner, S. I., Franks, D. G., and Merson, R. R. (2004). Aryl hydrocarbon receptor
polymorphisms and dioxin resistance in Atlantic killifish (Fundulus heteroclitus). Pharmacogenetics 14, 131-
143.

Hahn, M. E., Karchner, S. I., Shapiro, M. A., and Perera, S. A. (1997). Molecular evolution of two vertebrate
aryl hydrocarbon (dioxin) receptors (AHR1 and AHR?2) and the PAS family. Proc Natl Acad Sci U SA 94,
13743-13748.

Hankinson, O. (2005). Role of coactivatorsin transcriptiona activation by the aryl hydrocarbon receptor. Arch
Biochem Biophys 433, 379-386.

Harper, P., Wong, J., Lam, M., and Okey, A. (2002). Polymorphisms in the human AH receptor. Chem Biol
Interact 141, 161-187.

Hassoun, E. A., Li, F., Abushaban, A., and Stohs, S. J. (2000). The relative abilities of TCDD and its
congeners to induce oxidative stress in the hepatic and brain tissues of rats after subchronic exposure.
Toxicology 145, 103-113.

Hassoun, E. A., Li, F., Abushaban, A., and Stohs, S. J. (2001). Production of superoxide anion, lipid
peroxidation and DNA damage in the hepatic and brain tissues of rats after subchronic exposure to mixtures of
TCDD and its congeners. J Appl Toxicol 21, 211-219.

Hassoun, E. A., Wang, H., Abushaban, A., and Stohs, S. J. (2002). Induction of oxidative stress in the tissues
of rats after chronic exposure to TCDD, 234,7,8-pentachlorodibenzofuran, and 3,3,4,4'.5-
pentachl orobiphenyl. J Toxicol Environ Health A 65, 825-842.

Hays, S. M., and Aylward, L. L. (2003). Dioxin risks in perspective: past, present, and future. Regul Toxicol
Pharmacol 37, 202-217.

Hays, S. M., Aylward, L. L., Karch, N. J., and Paustenbach, D. J. (1997). The relative susceptibility of animals
and humans to the carcinogenic hazard posed by exposure to 2,3,7,8-TCDD: an analysis using standard and
internal measures of dose. Chemosphere 34, 1507-1522.

Henck, J. M., New, M. A., Kociba, R. J,, and Rao, K. S. (1981). 2,3,7,8-tetrachl orodibenzo-p-dioxin: acute
oral toxicity in hamsters. Toxicol Appl Pharmacol 59, 405-407.

Henry, E. C., and Gasiewicz, T. A. (1987). Changes in thyroid hormones and thyroxine glucuronidation in
hamsters compared with rats following treatment with 2,3,7,8-tetrachlorodibenzo-p-dioxin. Toxicol Appl
Pharmacol 89, 165-174.

67



Henry, E. C., and Gasiewicz, T. A. (2003). Agonist but not antagonist ligands induce conformational changein
the mouse aryl hydrocarbon receptor as detected by partia proteolysis. Mol Pharmacol 63, 392-400.

Henry, T. R., Spitsbergen, J. M., Hornung, M. W., Abnet, C. C., and Peterson, R. E. (1997). Early life stage
toxicity of 2,3,7,8-tetrachl orodibenzo-p-dioxin in zebrafish (Danio rerio). Toxicol Appl Pharmacol 142, 56-68.

Hirose, K., Morita, M., Ema, M., Mimura, J., Hamada, H., Fujii, H., Saijo, Y., Gotoh, O., Sogawa, K., and
Fujii-Kuriyama, Y. (1996). cDNA cloning and tissue-specific expression of a novel basic helix-loop-
helix/PAS factor (Arnt2) with close sequence similarity to the aryl hydrocarbon receptor nuclear translocator
(Arnt). Mol Cell Biol 16, 1706-1713.

Hofer, T., Pohjanvirta, R., Spielmann, P., Viluksela, M., Buchmann, D. P., Wenger, R. H., and Gassmann, M.
(2004). Simultaneous exposure of rats to dioxin and carbon monoxide reduces the xenobiotic but not the
hypoxic response. Biol Chem 385, 291-294.

Hoffman, E. C., Reyes, H., Chu, F. F., Sander, F., Conley, L. H., Brooks, B. A., and Hankinson, O. (1991).
Cloning of afactor required for activity of the Ah (dioxin) receptor. Science 252, 954-958.

Hollingshead, B. D., Petrulis, J. R., and Perdew, G. H. (2004). The Ah receptor transcriptional regulator XAP2
antagonizes p23 binding to Ah receptor/Hsp90 complexes and is dispensable for receptor function. J Biol
Chem 279, 45652-45661.

Honkakoski, P., and Negishi, M. (2000). Regulation of cytochrome P450 (CYP) genes by nuclear receptors.
Biochem J 347, 321-337.

Hosoya, T., Oda, Y., Takahashi, S., Morita, M., Kawauchi, S., Ema, M., Yamamoto, M., and Fujii-Kuriyama,
Y. (2001). Defective development of secretory neurones in the hypothalamus of Arnt2-knockout mice. Genes
Cells 6, 361-374.

Huuskonen, H., Unkila, M., Pohjanvirta, R., and Tuomisto, J. (1994). Developmental toxicity of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) in the most TCDD-resistant and -susceptible rat strains. Toxicol Appl
Pharmacol 124, 174-180.

IARC (1997). Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans. IARC Monographs on
the evaluation of carcinogenic risk to humans. Vol 69.

Ikuta, T., Eguchi, H., Tachibana, T., Yoneda, Y., and Kawgjiri, K. (1998). Nuclear localization and export
signals of the human aryl hydrocarbon receptor. J Biol Chem 273, 2895-2904.

Ikuta, T., Kobayashi, Y., and Kawajiri, K. (2004). Phosphorylation of nuclear localization signal inhibits the
ligand-dependent nuclear import of aryl hydrocarbon receptor. Biochem Biophys Res Commun 317, 545-550.

Ikuta, T., Tachibana, T., Watanabe, J., Yoshida, M., Yoneda, Y., and Kawgjiri, K. (2000). Nucleocytoplasmic
shuttling of the aryl hydrocarbon receptor. J Biochem (Tokyo) 127, 503-509.

Jain, S, Dolwick, K. M., Schmidt, J. V., and Bradfield, C. A. (1994). Potent transactivation domains of the Ah
receptor and the Ah receptor nuclear translocator map to their carboxyl termini. J Biol Chem 269, 31518-
31524.

Jain, S., Maltepe, E., Lu, M. M., Simon, C., and Bradfield, C. A. (1998). Expression of ARNT, ARNT2, HIF1
apha, HIF2 alphaand Ah receptor mRNAs in the devel oping mouse. Mech Dev 73, 117-123.

Jana, N. R., Sarkar, S., Ishizuka, M., Yonemoto, J., Tohyama, C., and Sone, H. (1999). Cross-talk between
2,3,7,8-tetrachlorodibenzo-p-dioxin and testosterone signa transduction pathways in LNCaP prostate cancer
cells. Biochem Biophys Res Commun 256, 462-468.

Jana, N. R., Sarkar, S., Yonemoto, J., Tohyama, C., and Sone, H. (1998). Strain differences in cytochrome
P4501A1 gene expression caused by 2,3,7,8-tetrachlorodibenzo-p-dioxin in the rat liver: role of the aryl
hydrocarbon receptor and its nuclear trand ocator. Biochem Biophys Res Commun 248, 554-558.

Jensen, B. A., and Hahn, M. E. (2001). cDNA cloning and characterization of a high affinity aryl hydrocarbon
receptor in a cetacean, the beluga, Del phinapterus leucas. Toxicol Sci 64, 41-56.

Karchner, S. |, Franks, D. G., Powell, W. H., and Hahn, M. E. (2002). Regulatory interactions among three
members of the vertebrate aryl hydrocarbon receptor family: AHR repressor, AHR1, and AHR2. J Biol Chem
277, 6949-6959.

68



Karchner, S. I., Kennedy, S. W., Trudeau, S., and Hahn, M. E. (2000). Towards molecular understanding of
species differences in dioxin sensitivity: initia characterization of Ah receptor cDNAs in birds and an
amphibian. Mar Environ Res 50, 51-56.

Karchner, S. I., Powell, W. H., and Hahn, M. E. (1999). Identification and functional characterization of two
highly divergent aryl hydrocarbon receptors (AHR1 and AHR2) in the teleost Fundulus heteroclitus. Evidence
for a novel subfamily of ligand-binding basic helix loop helix-Per-ARNT-Sim (bHLH-PAS) factors. J Biol
Chem 274, 33814-33824.

Kawajiri, K., Watanabe, J., Eguchi, H., Nakachi, K., Kiyohara, C., and Hayashi, S. (1995). Polymorphisms of
human Ah receptor gene are not involved in lung cancer. Pharmacogenetics 5, 151-158.

Kawamura, T., and Yamashita, |. (2002). Aryl hydrocarbon receptor is required for prevention of blood
clotting and for the development of vasculature and bone in the embryos of medaka fish, Oryzas latipes.
Zoolog ci 19, 309-319.

Kayano, S., Suzuki, Y., Kanno, K., Aoki, Y., Kure, S, Yamada, A., and Matsubara, Y. (2004). Significant
association between nonsyndromic oral clefts and arylhydrocarbon receptor nuclear translocator (ARNT). Am
J Med Genet 130A, 40-44.

Kazlauskas, A., Podllinger, L., and Pongratz, |. (1999). Evidence that the co-chaperone p23 regulates ligand
responsiveness of the dioxin (Aryl hydrocarbon) receptor. J Biol Chem 274, 13519-13524.

Kazlauskas, A., Podllinger, L., and Pongratz, |. (2000). The immunophilin-like protein XAP2 regulates
ubiquitination and subcellular [ocalization of the dioxin receptor. J Biol Chem 275, 41317-41324.

Kazlauskas, A., Poellinger, L., and Pongratz, 1. (2002). Two distinct regions of the immunophilin-like protein
XAP2 regulate dioxin receptor function and interaction with hsp90. J Biol Chem 277, 11795-11801.

Ke, S, Rabson, A. B., Germino, J. F., Gallo, M. A., and Tian, Y. (2001). Mechanism of suppression of
cytochrome P-450 1A1 expression by tumor necrosis factor-alpha and lipopolysaccharide. J Biol Chem 276,
39638-39644.

Kel, A., Reymann, S., Matys, V., Nettesheim, P., Wingender, E., and Borlak, J. (2004). A novel computational
approach for the prediction of networked transcription factors of Ah-receptor regulated genes. Mol Pharmacol
66, 1557-1572.

Kewley, R. J., Whitelaw, M. L., and Chapman-Smith, A. (2004). The mammalian basic helix-loop-helix/PAS
family of transcriptiona regulators. Int J Biochem Cell Biol 36, 189-204.

Kharat, |., and Saatcioglu, F. (1996). Antiestrogenic effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin are
mediated by direct transcriptional interference with the liganded estrogen receptor. Cross-talk between aryl
hydrocarbon- and estrogen-mediated signaling. J Biol Chem 271, 10533-10537.

Kikuchi, Y., Ohsawa, S., Mimura, J., Ema, M., Takasaki, C., Sogawa, K., and Fujii-Kuriyama, Y. (2003).
Heterodimers of bHLH-PAS protein fragments derived from AhR, AhRR, and Arnt prepared by co-expression
in Escherichia coli: characterization of their DNA binding activity and preparation of a DNA complex. J
Biochem (Tokyo) 134, 83-90.

Kim, E. Y., and Hahn, M. E. (2002). cDNA cloning and characterization of an aryl hydrocarbon receptor from
the harbor seal (Phoca vitulina): abiomarker of dioxin susceptibility? Aquat Toxicol 58, 57-73.

Kim, E. Y., Hahn, M. E., lwata, H., Tanabe, S., and Miyazaki, N. (2002). CDNA cloning of an aryl
hydrocarbon receptor from Baika seals (Phoca sibirica). Mar Environ Res 54, 285-289.

Kiviranta, H., Hallikainen, A., Ovaskainen, M. L., Kumpulainen, J., and Vartiainen, T. (2001). Dietary intakes
of polychlorinated dibenzo-p-dioxins, dibenzofurans and polychlorinated biphenyls in Finland. Food Addit
Contam 18, 945-953.

Kiviranta, H., Ovaskainen, M. L., and Vartiainen, T. (2004). Market basket study on dietary intake of
PCDD/Fs, PCBs, and PBDEs in Finland. Environ Int 30, 923-932.

Kiviranta, H., Vartiainen, T., Parmanne, R., Hallikainen, A., and Koistinen, J. (2003). PCDD/Fs and PCBsin
Baltic herring during the 1990s. Chemosphere 50, 1201-1216.

69



Kiviranta, H., Vartiainen, T., Verta, M., Tuomisto, J. T., and Tuomisto, J. (2000). High fish-specific dioxin
concentrations in Finland. Lancet 355, 1883-1885.

Klinge, C. M., Kaur, K., and Swanson, H. |. (2000). The aryl hydrocarbon receptor interacts with estrogen
receptor alpha and orphan receptors COUP-TFI and ERRalphal. Arch Biochem Biophys 373, 163-174.

Ko, H. P, Okino, S. T., Ma, Q., and Whitlock, J. P., Jr. (1996). Dioxin-induced CYP1AL1 transcription in vivo:
the aromatic hydrocarbon receptor mediates transactivation, enhancer-promoter communication, and changes
in chromatin structure. Mol Cell Biol 16, 430-436.

Ko, H. P, Okino, S. T., Ma, Q., and Whitlock, J. P., Jr. (1997). Transactivation domains facilitate promoter
occupancy for the dioxin-inducible CYP1A1 genein vivo. Mol Cell Biol 17, 3497-3507.

Kobayashi, A., Numayama-Tsuruta, K., Sogawa, K., and Fujii-Kuriyama, Y. (1997). CBP/p300 functions as a
possible transcriptional coactivator of Ah receptor nuclear transocator (Arnt). J Biochem (Tokyo) 122, 703-
710.

Korkalainen, M., Tuomisto, J., and Pohjanvirta, R. (2000). Restructured transactivation domain in hamster AH
receptor. Biochem Biophys Res Commun 273, 272-281.

Korkalainen, M., Tuomisto, J., and Pohjanvirta, R. (2001). The AH receptor of the most dioxin-sensitive
species, guinea pig, is highly homologous to the human AH receptor. Biochem Biophys Res Commun 285,
1121-1129.

Kozak, K. R., Abbott, B., and Hankinson, O. (1997). ARNT-deficient mice and placental differentiation. Dev
Biol 191, 297-305.

Kronenberg, S., Esser, C., and Carlberg, C. (2000). An aryl hydrocarbon receptor conformation acts as the
functional core of nuclear dioxin signaling. Nucleic Acids Res 28, 2286-2291.

Kumar, M. B., and Perdew, G. H. (1999). Nuclear receptor coactivator SRC-1 interacts with the Q-rich
subdomain of the AhR and modulates its transactivation potential. Gene Expr 8, 273-286.

Kumar, M. B., Ramadoss, P., Reen, R. K., Vanden Heuvel, J. P., and Perdew, G. H. (2001). The Q-rich
subdomain of the human Ah receptor transactivation domain is required for dioxin-mediated transcriptional
activity. J Biol Chem 276, 42302-42310.

Kumar, M. B., Tarpey, R. W., and Perdew, G. H. (1999). Differential recruitment of coactivator RIP140 by Ah
and estrogen receptors. Absence of arole for LXXLL motifs. J Biol Chem 274, 22155-22164.

Lahvis, G. P, Lindell, S. L., Thomas, R. S., McCuskey, R. S., Murphy, C., Glover, E., Bentz, M., Southard, J.,
and Bradfield, C. A. (2000). Portosystemic shunting and persistent fetal vascular structures in aryl
hydrocarbon receptor-deficient mice. Proc Natl Acad Sci U SA 97, 10442-10447.

Landi, M. T., Bertazzi, P. A., Baccarelli, A., Consonni, D., Masten, S,, Lucier, G., Mocarelli, P., Needham, L.,
Caporaso, N., and Grassman, J. (2003). TCDD-mediated aterations in the AhR-dependent pathway in Seveso,
Italy, 20 years after the accident. Carcinogenesis 24, 673-680.

Landi, M. T., Consonni, D., Patterson, D. G., Jr., Needham, L. L., Lucier, G., Brambilla, P., Cazzaniga, M. A.,
Mocarelli, P., Pesatori, A. C., Bertazzi, P. A., and Caporaso, N. E. (1998). 2,3,7,8-Tetrachlorodibenzo-p-
dioxin plasmalevelsin Seveso 20 years after the accident. Environ Health Perspect 106, 273-277.

Landi, M. T., Needham, L. L., Lucier, G., Mocarelli, P., Bertazzi, P. A., and Caporaso, N. (1997).
Concentrations of dioxin 20 years after Seveso. Lancet 349, 1811.

Lees, M. J.,, and Whitelaw, M. L. (1999). Multiple roles of ligand in transforming the dioxin receptor to an
active basic helix-loop-helix/PAS transcription factor complex with the nuclear protein Arnt. Mol Cell Biol 19,
5811-5822.

Li, W., Dickerson, R., and Frame, L. (2004). Low dose in vivo exposure to 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD or dioxin) aters expression of the clock-associated protein, PERIOD, in the suprachiasmatic
nucleus (SCN) and liver of C57B6. Toxicologist, 91.

Lin, T. M., Ko, K., Moore, R. W., Buchanan, D. L., Cooke, P. S., and Peterson, R. E. (2001). Role of the aryl
hydrocarbon receptor in the development of control and 2,3,7,8-tetrachlorodibenzo-p-dioxin-exposed male
mice. J Toxicol Environ Health A 64, 327-342.

70



Long, W. P., Pray-Grant, M., Tsai, J. C., and Perdew, G. H. (1998). Protein kinase C activity is required for
aryl hydrocarbon receptor pathway-mediated signal transduction. Mol Pharmacol 53, 691-700.

Lorber, M., and Phillips, L. (2002). Infant exposure to dioxin-like compounds in breast milk. Environ Health
Perspect 110, A325-332.

Lucier, G. W. (1991). Humans are a sensitive species to some of the biochemical effects of structural analogs
of dioxin. Environmental Toxicology and Chemistry 10, 727-735.

Ma, Q. and Badwin, K. T. (2000). 2,3,7,8-tetrachlorodibenzo-p-dioxin-induced degradation of aryl
hydrocarbon receptor (AhR) by the ubiquitin-proteasome pathway. Role of the transcription activaton and
DNA binding of AhR. J Biol Chem 275, 8432-8438.

Ma, Q., and Baldwin, K. T. (2002). A cycloheximide-sensitive factor regulates TCDD-induced degradation of
the aryl hydrocarbon receptor. Chemosphere 46, 1491-1500.

Ma, Q., and Whitlock, J. P., Jr. (1997). A novel cytoplasmic protein that interacts with the Ah receptor,
contains tetratricopeptide repeat motifs, and augments the transcriptional response to 2,3,7,8-
tetrachl orodibenzo-p-dioxin. J Biol Chem 272, 8878-8884.

Makino, Y., Kanopka, A., Wilson, W. J., Tanaka, H., and Poellinger, L. (2002). Inhibitory PAS domain
protein (IPAS) is a hypoxiainducible splicing variant of the hypoxia-inducible factor-3alpha locus. J Biol
Chem 277, 32405-32408.

Maltepe, E., Keith, B., Arsham, A. M., Brorson, J. R., and Simon, M. C. (2000). The role of ARNT2 in tumor
angiogenesis and the neural response to hypoxia. Biochem Biophys Res Commun 273, 231-238.

Maltepe, E., Schmidt, J. V., Baunoch, D., Bradfield, C. A., and Simon, M. C. (1997). Abnormal angiogenesis
and responses to glucose and oxygen deprivation in mice lacking the protein ARNT. Nature 386, 403-407.

Marlowe, J. L., Knudsen, E. S., Schwemberger, S., and Puga, A. (2004). The aryl hydrocarbon receptor
displaces p300 from E2F-dependent promoters and represses S phase-specific gene expression. J Biol Chem
279, 29013-29022.

McConnel, E. E., Moore, J. A., Haseman, J. K., and Harris, M. W. (1978). 2,3,7,8-Tetrachlorodobenzo-p-
dioxin: Acute oral toxicity in hamsters. Toxicol Appl Pharmacol 59, 405-407.

McConnell, E. E., Moore, J. A., and Dalgard, D. W. (1978a). Toxicity of 2,3,7,8-tetrachlorodibenzo-p-dioxin
in rhesus monkeys (Macaca mulatta) following asingle oral dose. Toxicol Appl Pharmacol 43, 175-187.

McConnell, E. E., Moore, J. A., Haseman, J. K., and Harris, M. W. (1978b). The comparative toxicity of
chlorinated dibenzo-p-dioxinsin mice and guinea pigs. Toxicol Appl Pharmacol 44, 335-356.

McGuire, J., Okamoto, K., Whitelaw, M. L., Tanaka, H., and Poellinger, L. (2001). Definition of a dioxin
receptor mutant that is a constitutive activator of transcription: delineation of overlapping repression and
ligand binding functions within the PAS domain. J Biol Chem 276, 41841-41849.

McGuire, J., Whitelaw, M. L., Pongratz, I., Gustafsson, J. A., and Poellinger, L. (1994). A cellular factor
stimul ates ligand-dependent release of hsp90 from the basic helix-loop-helix dioxin receptor. Mol Cell Biol 14,
2438-2446.

Meyer, B. K., and Perdew, G. H. (1999). Characterization of the AhR-hsp90-XAP2 core complex and the role
of the immunophilin-related protein XAP2 in AhR stabilization. Biochemistry 38, 8907-8917.

Michaek, J. E., Pirkle, J. L., Caudill, S. P., Tripathi, R. C., Patterson, D. G., Jr., and Needham, L. L. (1996).
Pharmacokinetics of TCDD in veterans of Operation Ranch Hand: 10-year follow-up. J Toxicol Environ
Health 47, 209-220.

Michaud, J. L., DeRossi, C., May, N. R., Holdener, B. C., and Fan, C. M. (2000). ARNT2 acts as the
dimerization partner of SIM1 for the development of the hypothalamus. Mech Dev 90, 253-261.

Mimura, J., Ema, M., Sogawa, K., and Fujii-Kuriyama, Y. (1999). Identification of a novel mechanism of
regulation of Ah (dioxin) receptor function. Genes Dev 13, 20-25.

Mimura, J., Ema, M., Sogawa, K., Ikawa, S., and Fujii-Kuriyama, Y. (1994). A complete structure of the
mouse Ah receptor gene. Pharmacogenetics 4, 349-354.

71



Mimura, J., and Fujii-Kuriyama, Y. (2003). Functional role of AhR in the expression of toxic effects by
TCDD. Biochim Biophys Acta 1619, 263-268.

Mimura, J., Yamashita, K., Nakamura, K., Morita, M., Takagi, T. N., Nakao, K., Ema, M., Sogawa, K.,
Yasuda, M., Katsuki, M., and Fujii-Kuriyama, Y. (1997). Loss of teratogenic response to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) in mice lacking the Ah (dioxin) receptor. Genes Cells 2, 645-654.

Minsavage, G. D., Park, S. K., and Gasiewicz, T. A. (2004). The aryl hydrocarbon receptor (AhR) tyrosine 9, a
residue that is essential for AhR DNA binding activity, is not a phosphoresidue but augments AhR
phosphorylation. J Biol Chem 279, 20582-20593.

Minsavage, G. D., Vorojeiking, D. P., and Gasiewicz, T. A. (2003). Mutational analysis of the mouse aryl
hydrocarbon receptor tyrosine residues necessary for recognition of dioxin response elements. Arch Biochem
Biophys 412, 95-105.

Mocarelli, P. (2001). Seveso: ateaching story. Chemosphere 43, 391-402.

Mocarelli, P., Gerthoux, P. M., Ferrari, E., Patterson, D. G., Jr., Kieszak, S. M., Brambilla, P., Vincali, N.,
Signorini, S., Tramacere, P., Carreri, V., Sampson, E. J,, Turner, W. E., and Needham, L. L. (2000). Paternal
concentrations of dioxin and sex ratio of offspring. Lancet 355, 1858-1863.

Moennikes, O., Loeppen, S., Buchmann, A., Andersson, P., Ittrich, C., Podllinger, L., and Schwarz, M. (2004).
A constitutively active dioxin/aryl hydrocarbon receptor promotes hepatocarcinogenesis in mice. Cancer Res
64, 4707-4710.

Monk, S. A., Denison, M. S, and Rice, R. H. (2003). Reversible stepwise negative regulation of CYP1ALl in
cultured rat epidermal cells. Arch Biochem Biophys 419, 158-169.

Moriguchi, T., Motohashi, H., Hosoya, T., Nakajima, O., Takahashi, S., Ohsako, S., Aoki, Y., Nishimura, N.,
Tohyama, C., Fujii-Kuriyama, Y., and Yamamoto, M. (2003). Digtinct response to dioxin in an
arylhydrocarbon receptor (AHR)-humanized mouse. Proc Natl Acad Sci U SA 100, 5652-5657.

Nair, S. C., Toran, E. J., Rimerman, R. A., Hjermstad, S., Smithgall, T. E., and Smith, D. F. (1996). A pathway
of multi-chaperone interactions common to diverse regulatory proteins: estrogen receptor, Fes tyrosine kinase,
heat shock transcription factor Hsf1, and the aryl hydrocarbon receptor. Cell Stress Chaperones 1, 237-250.

Nebert, D. W. (1989). The Ah locus: genetic differences in toxicity, cancer, mutation, and birth defects. Crit
Rev Toxicol 20, 153-174.

Nebert, D. W., Dalton, T. P., Okey, A. B., and Gonzalez, F. J. (2004). Role of aryl hydrocarbon receptor-
mediated induction of the CYP1 enzymes in environmental toxicity and cancer. J Biol Chem 279, 23847-
23850.

Nebert, D. W., Petersen, D. D., and Fornace, A. J., Jr. (1990). Cellular responses to oxidative stress. the [Ah]
gene battery as a paradigm. Environ Health Perspect 88, 13-25.

Nebert, D. W., Puga, A., and Vasiliou, V. (1993). Role of the Ah receptor and the dioxin-inducible [Ah] gene
battery in toxicity, cancer, and signal transduction. Ann N 'Y Acad Sci 685, 624-640.

Nebert, D. W., Roe, A. L., Dieter, M. Z., Solis, W. A., Yang, Y., and Ddton, T. P. (2000). Role of the
aromatic hydrocarbon receptor and [Ah] gene battery in the oxidative stress response, cell cycle control, and
apoptosis. Biochem Pharmacol 59, 65-85.

Nguyen, T. A., Hoivik, D., Lee, J E. and Safe, S. (1999). Interactions of nuclear receptor
coactivator/corepressor proteins with the aryl hydrocarbon receptor complex. Arch Biochem Biophys 367, 250-
257.

Niittynen, M., Tuomisto, J. T., Auriola, S., Pohjanvirta, R., Syrjdl4, P., Simanainen, U., Viluksela, M., and
Tuomisto, J. (2003). 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)-induced accumulation of biliverdin and
hepatic peliosisin rats. Toxicol ci 71, 112-123.

Ohi, H., Fujita, Y., Miyao, M., Saguchi, K., Murayama, N., and Higuchi, S. (2003). Molecular cloning and
expression analysis of the aryl hydrocarbon receptor of Xenopus laevis. Biochem Biophys Res Commun 307,
595-599.

72



Ohtake, F., Takeyama, K., Matsumoto, T., Kitagawa, H., Yamamoto, Y., Nohara, K., Tohyama, C., Krust, A.,
Mimura, J., Chambon, P., Yanagisawa, J., Fujii-Kuriyama, Y., and Kato, S. (2003). Modulation of oestrogen
receptor signalling by association with the activated dioxin receptor. Nature 423, 545-550.

Okey, A., Franc, M. A., Moffat, |. D., Tijet, N., Boutros, P. C., Korkalainen, M., Tuomisto, J., and Pohjanvirta,
R. (2005). Toxicological implications of drug receptor polymorphism: the case of the aryl hydrocarbon
receptor. Toxicol Appl Pharmacol in press.

Okey, A. B., Riddick, D. S., and Harper, P. A. (1994). Molecular biology of the aromatic hydrocarbon (dioxin)
receptor. Trends Pharmacol Sci 15, 226-232.

Okey, A. B., Vella, L. M., and Harper, P. A. (1989). Detection and characterization of a low affinity form of
cytosolic Ah receptor in livers of mice nonresponsive to induction of cytochrome P1-450 by 3-
methyl cholanthrene. Mol Pharmacol 35, 823-830.

Okino, S. T., and Whitlock, J. P., Jr. (1995). Dioxin induces localized, graded changes in chromatin structure:
implications for Cyp1A1 gene transcription. Mol Cell Biol 15, 3714-3721.

Olson, J. R. (1986). Metabolism and disposition of 2,3,7,8-tetrachl orodibenzo-p-dioxin in guinea pigs. Toxicol
Appl Pharmacol 85, 263-273.

Olson, J. R., Gasiewicz, T. A., and Neal, R. A. (1980a). Tissue distribution, excretion, and metabolism of
2,3,7,8-tetrachl orodibenzo-p-dioxin (TCDD) in the Golden Syrian hamster. Toxicol Appl Pharmacol 56, 78-
85.

Olson, J. R., Holscher, M. A., and Neal, R. A. (1980b). Toxicity of 2,3,7,8-tetrachlorodibenzo-p-dioxin in the
golden Syrian hamster. Toxicol Appl Pharmacol 55, 67-78.

Park, S., Henry, E. C., and Gasiewicz, T. A. (2000). Regulation of DNA binding activity of the ligand-
activated aryl hydrocarbon receptor by tyrosine phosphorylation. Arch Biochem Biophys 381, 302-312.

Perdew, G. H., and Poland, A. (1988). Purification of the Ah receptor from C57BL/6J mouse liver. J Biol
Chem 263, 9848-9852.

Pesatori, A. C., Consonni, D., Bachetti, S., Zocchetti, C., Bonzini, M., Baccarelli, A., and Bertazzi, P. A.
(2003). Short- and long-term morbidity and mortality in the population exposed to dioxin after the "Seveso
accident". Ind Health 41, 127-138.

Petersen, S. L., Curran, M. A., Marconi, S. A., Carpenter, C. D., Lubbers, L. S,, and McAbee, M. D. (2000).
Distribution of mRNAs encoding the arylhydrocarbon receptor, arylhydrocarbon receptor nuclear trand ocator,
and arylhydrocarbon receptor nuclear translocator-2 in the rat brain and brainstem. J Comp Neurol 427, 428-

Petrulis, J., and Perdew, G. (2002). The role of chaperone proteins in the aryl hydrocarbon receptor core
complex. Chem Biol Interact 141, 25-40.

Petrulis, J. R., Kusnadi, A., Ramadoss, P., Hollingshead, B., and Perdew, G. H. (2003). The hsp90 Co-
chaperone XAP2 alters importin beta recognition of the bipartite nuclear localization signal of the Ah receptor
and represses transcriptional activity. J Biol Chem 278, 2677-2685.

Phelan, D., Winter, G. M., Rogers, W. J., Lam, J. C., and Denison, M. S. (1998). Activation of the Ah receptor
signal transduction pathway by bilirubin and biliverdin. Arch Biochem Biophys 357, 155-163.

Pohjanvirta, R. (1990). TCDD resistance is inherited as an autosomal dominant trait in the rat. Toxicol Lett 50,
49-56.

Pohjanvirta, R., Juvonen, R., Karenlampi, S., Raunio, H., and Tuomisto, J. (1988). Hepatic Ah-receptor levels
and the effect of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on hepatic microsoma monooxygenase
activitiesin a TCDD-susceptible and -resistant rat strain. Toxicol Appl Pharmacol 92, 131-140.

Pohjanvirta, R., Korkalainen, M., McGuire, J., Simanainen, U., Juvonen, R., Tuomisto, J. T., Unkila, M.,
Viluksela, M., Bergman, J.,, Poellinger, L., and Tuomisto, J. (2002). Comparison of acute toxicities of
indolo[3,2-b]carbazole (1CZ) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in TCDD-sensitive rats. Food
Chem Toxicol 40, 1023-1032.

73



Pohjanvirta, R., Kulju, T., Morsdlt, A. F. W., Tuominen, R., Juvonen, R., Rozman, K., Mannisto, P., Collan,
Y., Sainio, E.-L., and Tuomisto, J. (1989). Target tissue morphology and serum biochemistry following
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) exposure in a TCDD-susceptible and a TCDD-resistant rat strain.
Fundamental and Applied Toxicology 12, 698-712.

Pohjanvirta, R., and Tuomisto, J. (1994). Short-term toxicity of 2,3,7,8-tetrachlorodibenzo-p-dioxin in
|aboratory animals: effects, mechanisms, and animal models. Pharmacol Rev 46, 483-549.

Pohjanvirta, R., Tuomisto, J., Vartiainen, T., and Rozman, K. (1987). Han/Wistar rats are exceptionally
resistant to TCDD. Pharmacology and Toxicology 60, 145-150.

Pohjanvirta, R., Unkila, M., Lindén, J., Tuomisto, J. T., and Tuomisto, J. (1995). Toxic equivalency factors do
not predict the acute toxicities of dioxinsin rats. European Journal of Pharmacology 293, 341-353.

Pohjanvirta, R., Unkila, M., and Tuomisto, J (1993). Comparative acute lethality of 2,3,7,8-
tetrachl orodibenzo-p-dioxin (TCDD), 1,2,3,7,8-pentachl orodibenzo-p-dioxin and 1,2,34,7,8
hexachl orodibenzo-p-dioxin in the most TCDD-susceptible and the most TCDD-resistant rat strain. Pharmacol
Toxicol 73, 52-56.

Pohjanvirta, R., Vartiainen, T., Uusi-Rauva, A., Mdnkkonen, J., and Tuomisto, J. (1990). Tissue distribution,
metabolism, and excretion of **C-TCDD in a TCDD-susceptible and a TCDD-resistant rat strain. Pharmacol
Toxicol 66, 93-100.

Pohjanvirta, R., Viluksela, M., Tuomisto, J. T., Unkila, M., Karasinska, J., Franc, M. A., Holowenko, M.,
Giannone, J. V., Harper, P. A., Tuomisto, J., and Okey, A. B. (1999). Physicochemica differencesin the AH
receptors of the most TCDD-susceptible and the most TCDD-resistant rat strains. Toxicol Appl Pharmacol
155, 82-95.

Pohjanvirta, R., Wong, J. M., Li, W., Harper, P. A., Tuomisto, J., and Okey, A. B. (1998). Point mutation in
intron sequence causes altered carboxyl-terminal structure in the aryl hydrocarbon receptor of the most
2,3,7,8-tetrachl orodibenzo-p-dioxin-resistant rat strain. Mol Pharmacol 54, 86-93.

Poland, A., Glover, E., Ebetino, F. H., and Kende, A. S. (1986). Photoaffinity labeling of the Ah receptor. J
Biol Chem 261, 6352-6365.

Poland, A., Glover, E.,, and Kende, A. S. (1976). Stereospecific, high affinity binding of 2,3,7,8-
tetrachl orodibenzo-p-dioxin by hepatic cytosol. Evidence that the binding species is receptor for induction of
aryl hydrocarbon hydroxylase. J Biol Chem 251, 4936-4946.

Poland, A., and Knutson, J. C. (1982). 2,3,7,8-tetrachlorodibenzo-p-dioxin and related halogenated aromatic
hydrocarbons: examination of the mechanism of toxicity. Annu Rev Pharmacol Toxicol 22, 517-554.

Poland, A., Palen, D., and Glover, E. (1994). Anaysis of the four aleles of the murine aryl hydrocarbon
receptor. Mol Pharmacol 46, 915-921.

Paollenz, R. S, Davarinos, N. A., and Shearer, T. P. (1999). Analysis of aryl hydrocarbon receptor-mediated
signaling during physiological hypoxia reveads lack of competition for the aryl hydrocarbon nuclear
translocator transcription factor. Mol Pharmacol 56, 1127-1137.

Pongratz, I., Antonsson, C., Whitelaw, M. L., and Poellinger, L. (1998). Role of the PAS domain in regulation
of dimerization and DNA binding specificity of the dioxin receptor. Mol Cell Biol 18, 4079-4088.

Pongratz, 1., Mason, G. G., and Podllinger, L. (1992). Dual roles of the 90-kDa heat shock protein hsp90 in
modulating functional activities of the dioxin receptor. Evidence that the dioxin receptor functionally belongs
to a subclass of nuclear receptors which require hsp90 both for ligand binding activity and repression of
intrinsic DNA binding activity. J Biol Chem 267, 13728-13734.

Porterfield, S. P. (1994). Vulnerability of the developing brain to thyroid abnormalities: environmental insults
to the thyroid system. Environ Health Perspect 102, 125-130.

Powell, W. H., and Hahn, M. E. (2000). The evolution of aryl hydrocarbon signaling proteins: diversity of
ARNT isoforms among fish species. Mar Environ Res 50, 39-44.

Powell-Coffman, J. A., Bradfield, C. A., and Wood, W. B. (1998). Caenorhabditis elegans orthologs of the
aryl hydrocarbon receptor and its heterodimerization partner the aryl hydrocarbon receptor nuclear
translocator. Proc Natl Acad Sci U SA 95, 2844-2849.

74



Prasch, A. L., Andreasen, E. A., Peterson, R. E., and Heideman, W. (2004). Interactions between 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) and hypoxia signaling pathways in zebrafish: hypoxia decreases
responses to TCDD in zebrafish embryos. Toxicol Sci 78, 68-77.

Probst, M. R., Reisz-Porszasz, S., Agbunag, R. V., Ong, M. S., and Hankinson, O. (1993). Role of the aryl
hydrocarbon receptor nuclear trandocator protein in aryl hydrocarbon (dioxin) receptor action. Mol Pharmacol
44, 511-518.

Puga, A., Barnes, S. J, Daton, T. P, Chang, C., Knudsen, E. S, and Maier, M. A. (2000a). Aromatic
hydrocarbon receptor interaction with the retinoblastoma protein potentiates repression of E2F-dependent
transcription and cell cycle arrest. J Biol Chem 275, 2943-2950.

Puga, A., Maier, A., and Medvedovic, M. (2000b). The transcriptional signature of dioxin in human hepatoma
HepG2 cells. Biochem Pharmacol 60, 1129-1142.

Papke, O. (1998). PCDD/PCDF: human background data for Germany, a 10-year experience. Environ Health
Perspect 106, 723-731.

Qin, H., and Powell-Coffman, J. A. (2004). The Caenorhabditis elegans aryl hydrocarbon receptor, AHR-1,
regulates neuronal development. Dev Biol 270, 64-75.

Racky, J., Schmitz, H. J,, Kauffmann, H. M., and Schrenk, D. (2004). Single nucleotide polymorphism
analysis and functional characterization of the human Ah receptor (AhR) gene promoter. Arch Biochem
Biophys 421, 91-98.

Ramadoss, P., and Perdew, G. H. (2004). Use of 2-azido-3-[***l]iodo-7,8-dibromodibenzo-p-dioxin as a probe
to determine the relative ligand affinity of human versus mouse aryl hydrocarbon receptor in cultured cells.
Mol Pharmacol 66, 129-136.

Rannug, A., Rannug, U., Rosenkranz, H. S., Winqgvist, L., Westerholm, R., Agurell, E., and Grafstrom, A. K.
(1987). Certain photooxidized derivatives of tryptophan bind with very high affinity to the Ah receptor and are
likely to be endogenous signal substances. J Biol Chem 262, 15422-15427.

Reen, R. K., Cadwallader, A., and Perdew, G. H. (2002). The subdomains of the transactivation domain of the
aryl hydrocarbon receptor (AhR) inhibit AhR and estrogen receptor transcriptional activity. Arch Biochem
Biophys 408, 93-102.

Reiners, J. J,, Jr., and Clift, R. E. (1999). Aryl hydrocarbon receptor regulation of ceramide-induced apoptosis
in murine hepatoma 1c1c7 cells. A function independent of aryl hydrocarbon receptor nuclear translocator. J
Biol Chem 274, 2502-2510.

Rivera, S. P., Saarikoski, S. T., and Hankinson, O. (2002). Identification of a novel dioxin-inducible
cytochrome P450. Mol Pharmacol 61, 255-259.

Roberts, B. J., and Whitelaw, M. L. (1999). Degradation of the basic helix-loop-helix/Per-ARNT-Sim
homology domain dioxin receptor via the ubiquitin/proteasome pathway. J Biol Chem 274, 36351-36356.

Rowlands, J. C., McEwan, |. J., and Gustafsson, J. A. (1996). Trans-activation by the human aryl hydrocarbon
receptor and aryl hydrocarbon receptor nuclear translocator proteins: direct interactions with basal
transcription factors. Mol Pharmacol 50, 538-548.

Roy, N. K., and Wirgin, I. (1997). Characterization of the aromatic hydrocarbon receptor gene and its
expression in Atlantic tomcod. Arch Biochem Biophys 344, 373-386.

Rushing, S. R., and Denison, M. S. (2002). The silencing mediator of retinoic acid and thyroid hormone
receptors can interact with the aryl hydrocarbon (Ah) receptor but fails to repress Ah receptor-dependent gene
expression. Arch Biochem Biophys 403, 189-201.

Savouret, J. F., Antenos, M., Quesne, M., Xu, J., Milgrom, E., and Casper, R. F. (2001). 7-ketocholesterol is
an endogenous modulator for the arylhydrocarbon receptor. J Biol Chem 276, 3054-3059.

Schaldach, C. M., Riby, J.,, and Bjeldanes, L. F. (1999). Lipoxin A4: anew class of ligand for the Ah receptor.
Biochemistry 38, 7594-7600.

Schmidt, J. V., Carver, L. A., and Bradfield, C. A. (1993). Molecular characterization of the murine Ahr gene.
Organization, promoter analysis, and chromosomal assignment. J Biol Chem 268, 22203-22209.

75



Schmidt, J. V., Sy, G. H., Reddy, J. K., Simon, M. C., and Bradfield, C. A. (1996). Characterization of a
murine Ahr null alele: involvement of the Ah receptor in hepatic growth and development. Proc Natl Acad i
U SA 93, 6731-6736.

Schwetz, B. A., Norris, J. M., Sparschu, G. L., Rowe, U. K., Gehring, P. J., Emerson, J. L., and Gerbig, C. G.
(1973). Toxicology of chlorinated dibenzo-p-dioxins. Environ Health Perspect 5, 87-99.

Seefeld, M. D., Corbett, S. W., Keesey, R. E., and Peterson, R. E. (19848). Characterization of the wasting
syndrome in rats treated with 2,3,7,8-tetrachl orodibenzo-p-dioxin. Toxicol Appl Pharmacol 73, 311-322.

Seefeld, M. D., Keesey, R. E., and Peterson, R. E. (1984b). Body weight regulation in rats treated with 2,3,7,8-
tetrachlorodibenzo-p-dioxin. Toxicol Appl Pharmacol 76, 526-536.

Seiddl, S. D., Winters, G. M., Rogers, W. J,, Ziccardi, M. H., Li, V., Keser, B., and Denison, M. S. (2001).
Activation of the Ah receptor signaling pathway by prostaglandins. J Biochem Mol Toxicol 15, 187-196.

Selmin, O., Thorne, P. A., Blachere, F. M., Johnson, P. D., and Romagnolo, D. F. (2005). Transcriptional
activation of the membrane-bound progesterone receptor (mPR) by dioxin, in endocrine-responsive tissues.
Mol Reprod Dev 70, 166-174.

Shertzer, H. G., Nebert, D. W., Puga, A., Ary, M., Sonntag, D., Dixon, K., Robinson, L. J.,, Cianciolo, E., and
Dalton, T. P. (1998). Dioxin causes a sustained oxidative stress response in the mouse. Biochem Biophys Res
Commun 253, 44-48.

Shimizu, Y., Nakatsuru, Y., Ichinose, M., Takahashi, Y., Kume, H., Mimura, J., Fujii-Kuriyama, Y., and
Ishikawa, T. (2000). Benzo[a]pyrene carcinogenicity is lost in mice lacking the aryl hydrocarbon receptor.
Proc Natl Acad Sci U SA 97, 779-782.

Simanainen, U., Tuomisto, J. T., Tuomisto, J., and Viluksela, M. (2002). Structure-activity relationships and
dose responses of polychlorinated dibenzo-p-dioxins for short-term effects in 2,3,7,8-tetrachl orodibenzo-p-
dioxin-resistant and -sensitive rat strains. Toxicol Appl Pharmacol 181, 38-47.

Simanainen, U., Tuomisto, J. T., Tuomisto, J., and Viluksela, M. (2003). Dose-response analysis of short-term
effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin in three differentially susceptible rat lines. Toxicol Appl
Pharmacol 187, 128-136.

Sinal, C. J, and Bend, J. R. (1997). Aryl hydrocarbon receptor-dependent induction of cyplal by bilirubin in
mouse hepatoma hepa 1c1c7 cells. Mol Pharmacol 52, 590-599.

Slezak, B. P., Hatch, G. E., DeVito, M. J., Diliberto, J. J., Slade, R., Crissman, K., Hassoun, E., and Birnbaum,
L. S. (2000). Oxidative stress in female B6C3F1 mice following acute and subchronic exposure to 2,3,7,8-
tetrachl orodibenzo-p-dioxin (TCDD). Toxicol Sci 54, 390-398.

Smart, J., and Daly, A. K. (2000). Variation in induced CYP1A1 levels: relationship to CYP1A1, Ah receptor
and GSTM1 polymorphisms. Pharmacogenetics 10, 11-24.

Smith, A. G., Clothier, B., Carthew, P., Childs, N. L., Sinclair, P. R., Nebert, D. W., and Dalton, T. P. (2001).
Protection of the Cypla2(-/-) null mouse against uroporphyria and hepatic injury following exposure to
2,3,7,8-tetrachlorodibenzo-p-dioxin. Toxicol Appl Pharmacol 173, 89-98.

Sogawa, K., lwabuchi, K., Abe, H., and Fujii-Kuriyama, Y. (1995a). Transcriptional activation domains of the
Ah receptor and Ah receptor nuclear translocator. J Cancer Res Clin Oncol 121, 612-620.

Sogawa, K., Nakano, R., Kobayashi, A., Kikuchi, Y., Ohe, N., Matsushita, N., and Fujii-Kuriyama, Y.
(1995b). Possible function of Ah receptor nuclear translocator (Arnt) homodimer in transcriptional regulation.
Proc Natl Acad Sci U SA 92, 1936-1940.

Sogawa, K., Numayama-Tsuruta, K., Takahashi, T., Matsushita, N., Miura, C., Nikawa, J., Gotoh, O., Kikuchi,
Y., and Fujii-Kuriyama, Y. (2004). A novel induction mechanism of the rat CYP1A2 gene mediated by Ah
receptor-Arnt heterodimer. Biochem Biophys Res Commun 318, 746-755.

Song, J., Clagett-Dame, M., Peterson, R. E., Hahn, M. E., Westler, W. M., Sicinski, R. R., and DeLuca, H. F.
(2002). A ligand for the aryl hydrocarbon receptor isolated from lung. Proc Natl Acad Sci U S A 99, 14694-
14699.

76



Soprano, D. R., Gambone, C. J.,, Sheikh, S. N., Gabriel, J. L., Chandraratna, R. A., Soprano, K. J.,, and
Kochhar, D. M. (2001). The synthetic retinoid AGN 193109 but not retinoic acid elevates CYP1AL1 levelsin
mouse embryos and Hepa-1c1c7 cells. Toxicol Appl Pharmacol 174, 153-159.

Steenland, K., Bertazzi, P., Baccarelli, A., and Kogevinas, M. (2004). Dioxin revisited: devel opments since the
1997 IARC classification of dioxin as a human carcinogen. Environ Health Perspect 112, 1265-1268.

Sugihara, K., Kitamura, S., Yamada, T., Okayama, T., Ohta, S., Yamashita, K., Yasuda, M., Fujii-Kuriyama,
Y., Seeki, K., Matsui, S, and Matsuda, T. (2004). Aryl hydrocarbon receptor-mediated induction of
microsomal drug-metabolizing enzyme activity by indirubin and indigo. Biochem Biophys Res Commun 318,
571-578.

Sun, Y. V., Boverhof, D. R., Burgoon, L. D., Fielden, M. R., and Zacharewski, T. R. (2004). Comparative
analysis of dioxin response elements in human, mouse and rat genomic sequences. Nucleic Acids Res 32,
4512-4523.

Sutter, T. R., Tang, Y. M., Hayes, C. L., Wo, Y. Y., Jabs, E. W., Li, X., Yin, H., Cody, C. W., and Greenlee,
W. F. (1994). Complete cDNA sequence of a human dioxin-inducible mRNA identifies a new gene subfamily
of cytochrome P450 that maps to chromosome 2. J Biol Chem 269, 13092-13099.

Swanson, H. (2002). DNA binding and protein interactions of the AHR/ARNT heterodimer that facilitate gene
activation. Chem Biol Interact 141, 63-76.

Swanson, H. |., Chan, W. K., and Bradfield, C. A. (1995). DNA binding specificities and pairing rules of the
Ah receptor, ARNT, and SIM proteins. J Biol Chem 270, 26292-26302.

Takahashi, Y., Nakayama, K., Shimgjima, T., Itoh, S, and Kamataki, T. (1996). Expression of aryl
hydrocarbon receptor (AhR) and aryl hydrocarbon receptor nuclear translocator (Arnt) in adult rabbits known
to be non-responsive to cytochrome P-450 1A1 (CY P1A1) inducers. Eur J Biochem 242, 512-518.

Takahata, S., Sogawa, K., Kobayashi, A., Ema, M., Mimura, J., Ozaki, N., and Fujii-Kuriyama, Y. (1998).
Transcriptionally active heterodimer formation of an Arnt-like PAS protein, Arnt3, with HIF-1a, HLF, and
clock. Biochem Biophys Res Commun 248, 789-794.

Tan, Z., Chang, X., Puga, A., and Xia, Y. (2002). Activation of mitogen-activated protein kinases (MAPKSs) by
aromatic hydrocarbons: role in the regulation of aryl hydrocarbon receptor (AHR) function. Biochem
Pharmacol 64, 771-780.

Tan, Z., Huang, M., Puga, A., and Xia, Y. (2004a). A critical role for MAP kinases in the control of Ah
receptor complex activity. Toxicol Sci 82, 80-87.

Tan, Z., Puga, A., and Xia, Y. (2004b). A possible role for the MAP kinases in dioxin-induced aryl
hydrocarbon receptor phosphorylation. Toxicologist, 599.

Tanguay, R. L., Abnet, C. C., Heideman, W., and Peterson, R. E. (1999). Cloning and characterization of the
zebrafish (Danio rerio) aryl hydrocarbon receptor. Biochim Biophys Acta 1444, 35-48.

Thomas, R. S., Penn, S. G., Holden, K., Bradfield, C. A., and Rank, D. R. (2002). Sequence variation and
phylogenetic history of the mouse Ahr gene. Pharmacogenetics 12, 151-163.

Thomsen, J. S, Kietz, S, Strom, A., and Gustafsson, J. A. (2004). HES-1, a novel target gene for the aryl
hydrocarbon receptor. Mol Pharmacol 65, 165-171.

Thurmond, T. S, Silverstone, A. E., Baggs, R. B., Quimby, F. W., Staples, J. E., and Gasiewicz, T. A. (1999).
A chimeric aryl hydrocarbon receptor knockout mouse model indicates that aryl hydrocarbon receptor
activation in hematopoietic cells contributes to the hepatic lesions induced by 2,3,7, 8-tetrachlorodibenzo-p-
dioxin. Toxicol Appl Pharmacol 158, 33-40.

Tian, Y., Rabson, A., and Gallo, M. (2002). Ah receptor and NF-kappaB interactions: mechanisms and
physiological implications. Chem Biol Interact 141, 97-115.

Tomita, S, Sind, C. J, Yim, S. H., and Gonzalez, F. J. (2000). Conditional disruption of the aryl hydrocarbon
receptor nuclear translocator (Arnt) gene leads to loss of target gene induction by the aryl hydrocarbon
receptor and hypoxia-inducible factor 1alpha. Mol Endocrinol 14, 1674-1681.

7



Toomey, B. H., Béllo, S., Hahn, M. E., Cantrell, S., Wright, P., Tillitt, D. E., and Di Giulio, R. T. (2001).
2,3,7,8-Tetrachlorodibenzo-p-dioxin induces apoptotic cell death and cytochrome P4501A expression in
developing Fundul us heteroclitus embryos. Aquat Toxicol 53, 127-138.

Tsuchiya, Y., Nakajima, M., Itoh, S, lwanari, M., and Yokoi, T. (2003). Expression of aryl hydrocarbon
receptor repressor in normal human tissues and inducibility by polycyclic aromatic hydrocarbons in human
tumor-derived cell lines. Toxicol Sci 72, 253-259.

Tuomisto, J. T., Viluksela, M., Pohjanvirta, R., and Tuomisto, J. (1999). The AH receptor and a novel gene
determine acute toxic responses to TCDD: segregation of the resistant alleles to different rat lines. Toxicol
Appl Pharmacol 155, 71-81.

Tuomisto, J. T., Viluksela, M., Pohjanvirta, R., and Tuomisto, J. (2000). Changes in food intake and food
selection in rats after 2,3,7,8-tetrachl orodibenzo-p-dioxin (TCDD) exposure. Pharmacol Biochem Behav 65,
381-387.

Unkila, M., Pohjanvirta, R., MacDonald, E., Tuomisto, J. T., and Tuomisto, J. (1994). Dose response and time
course of alterations in tryptophan metabolism by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in the most
TCDD-susceptible and the most TCDD-resistant rat strain: relationship with TCDD lethality. Toxicol Appl
Pharmacol 128, 280-292.

Unkila, M., Pohjanvirta, R., and Tuomisto, J. (1992). Acute toxicity of perfluorodecanoic acid and cobalt
protoporphyrinin a TCDD-sensitive and a TCDD-resistant rat strain. Chemosphere 25, 1233-1238.

Uno, S, Dadlton, T. P.,, Sinclair, P. R., Gorman, N., Wang, B., Smith, A. G., Miller, M. L., Shertzer, H. G., and
Nebert, D. W. (2004). Cyplal(-/-) male mice: protection against high-dose TCDD-induced lethality and
wasting syndrome, and resistance to intrahepatocyte lipid accumulation and uroporphyria. Toxicol Appl
Pharmacol 196, 410-421.

USEPA (2000). Exposure and human health reassessment of 2,3,7,8-tetrachlorodibenzo-p-dioxin and related
compounds. Draft Final. National Center for Environmental Assessment, U.S. Environmental Protection
Agency, Washington, D.C., USA.

Walisser, J. A., Bunger, M. K., Glover, E., and Bradfield, C. A. (20043). Gestational exposure of Ahr and Arnt
hypomorphs to dioxin rescues vascular development. Proc Natl Acad Sci U SA 101, 16677-16682.

Walisser, J. A., Bunger, M. K., Glover, E., Harstad, E. B., and Bradfield, C. A. (2004b). Patent ductus venosus
and dioxin resistance in mice harboring a hypomorphic Arnt alele. J Biol Chem 279, 16326-16331.

Walker, M. K., Cook, P. M., Butterworth, B. C., Zabel, E. W., and Peterson, R. E. (1996). Potency of a
complex mixture of polychlorinated dibenzo-p-dioxin, dibenzofuran, and biphenyl congeners compared to
2,3,7,8-tetrachlorodibenzo-p-dioxin in causing fish early life stage mortality. Fundam Appl Toxicol 30, 178-
186.

Walker, M. K., Heid, S. E., Smith, S. M., and Swanson, H. I. (2000). Molecular characterization and
developmental expression of the aryl hydrocarbon receptor from the chick embryo. Comp Biochem Physiol C
Toxicol Pharmacol 126, 305-319.

Van den Berg, M., Birnbaum, L., Bosveld, A. T., Brunstrom, B., Cook, P., Feeley, M., Giesy, J. P., Hanberg,
A., Hasegawa, R., Kennedy, S. W., Kubiak, T., Larsen, J. C., van Leeuwen, F. X., Liem, A. K., Nalt, C.,
Peterson, R. E., Poellinger, L., Safe, S., Schrenk, D., Tillitt, D., Tysklind, M., Younes, M., Waern, F., and
Zacharewski, T. (1998). Toxic equivalency factors (TEFs) for PCBs, PCDDs, PCDFs for humans and wildlife.
Environ Health Perspect 106, 775-792.

van den Berg, M., Peterson, R. E., and Schrenk, D. (2000). Human risk assessment and TEFs. Food Addit
Contam 17, 347-358.

van Leeuwen, F. X., Feeley, M., Schrenk, D., Larsen, J. C., Farland, W., and Younes, M. (2000). Dioxins:
WHO's tolerable daily intake (TDI) revisited. Chemosphere 40, 1095-1101.

Wang, F., Gao, J. X., Mimura, J., Kobayashi, A., Sogawa, K., and Fujii-Kuriyama, Y. (1998). Structure and
expression of the mouse AhR nuclear transocator (mArnt) gene. J Biol Chem 273, 24867-24873.

Wang, S, Ge, K., Roeder, R. G., and Hankinson, O. (2004). Role of mediator in transcriptiona activation by
the aryl hydrocarbon receptor. J Biol Chem 279, 13593-13600.

78



Warner, M., Eskenazi, B., Mocarelli, P., Gerthoux, P. M., Samuels, S., Needham, L., Patterson, D., and
Brambilla, P. (2002). Serum dioxin concentrations and breast cancer risk in the Seveso Women's Health Study.
Environ Health Perspect 110, 625-628.

Watanabe, M., Sueoka, K., Sasagawa, 1., Nakabayashi, A., Yoshimura, Y., and Ogata, T. (2004). Association
of male infertility with Pro185Ala polymorphism in the aryl hydrocarbon receptor repressor gene: Implication
for the susceptibility to dioxins. Fertil Steril 82, 1067-1071.

Watanabe, T., Imoto, I., Kosugi, Y., Fukuda, Y., Mimura, J., Fujii, Y., Isaka, K., Takayama, M., Sato, A., and
Inazawa, J. (2001). Human arylhydrocarbon receptor repressor (AHRR) gene: genomic structure and analysis
of polymorphism in endometriosis. J Hum Genet 46, 342-346.

Wel, Y. D., Bergander, L., Rannug, U., and Rannug, A. (2000). Regulation of CYP1A1 transcription via the
metabolism of the tryptophan-derived 6-formylindol o[ 3,2-b]carbazol e. Arch Biochem Biophys 383, 99-107.

Wei, Y. D., Rannug, U., and Rannug, A. (1999). UV-induced CYP1A1 gene expression in human cells is
mediated by tryptophan. Chem Biol Interact 118, 127-140.

Whitelaw, M. L., Gustafsson, J. A., and Poellinger, L. (1994). Identification of transactivation and repression
functions of the dioxin receptor and its basic helix-loop-helix/PAS partner factor Arnt: inducible versus
constitutive modes of regulation. Mol Cell Biol 14, 8343-8355.

Whitelaw, M. L., McGuire, J., Picard, D., Gustafsson, J. A., and Poellinger, L. (1995). Heat shock protein
hsp90 regulates dioxin receptor function in vivo. Proc Natl Acad Sci U SA 92, 4437-4441.

Whitlock, J. P., Jr. (1999). Induction of cytochrome P4501A 1. Annu Rev Pharmacol Toxicol 39, 103-125.

Whitlock, J. P., Jr., Okino, S. T., Dong, L., Ko, H. P., Clarke-Katzenberg, R., Ma, Q., and Li, H. (1996).
Cytochromes P450 5: induction of cytochrome P4501A1: a model for analyzing mammalian gene
transcription. Faseb J 10, 809-818.

Viluksela, M., Bager, Y., Tuomisto, J. T., Scheu, G., Unkila, M., Pohjanvirta, R., Flodstrom, S., Kosma, V.
M., M&ki-Paakkanen, J., Vartiainen, T., Klimm, C., Schramm, K. W., Warngard, L., and Tuomisto, J. (2000).
Liver tumor-promoting activity of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in TCDD-sensitive and
TCDD-resistant rat strains. Cancer Res 60, 6911-6920.

Wong, J. M., Okey, A. B., and Harper, P. A. (2001). Human aryl hydrocarbon receptor polymorphisms that
result in loss of CYP1A1 induction. Biochem Biophys Res Commun 288, 990-996.

Yamamoto, J., lhara, K., Nakayama, H., Hikino, S., Satoh, K., Kubo, N., lida, T., Fujii, Y., and Hara, T.
(2004). Characteristic expression of aryl hydrocarbon receptor repressor gene in human tissues: Organ-specific
distribution and variable induction patterns in mononuclear cells. Life Sci 74, 1039-1049.

Yang, C., Boucher, F., Tremblay, A., and Michaud, J. L. (2004). Regulatory interaction between
arylhydrocarbon receptor and SIM1, two basic helix-loop-helix PAS proteins involved in the control of food
intake. J Biol Chem 279, 9306-9312.

Yasui, T., Kim, E. Y., lwata, H., and Tanabe, S. (2004). Identification of aryl hydrocarbon receptor 2 in
aquatic birds; cDNA cloning of AHR1 and AHR2 and characteristics of their amino acid sequences. Mar
Environ Res 58, 113-118.

Zaher, H., Fernandez-Salguero, P. M., Letterio, J., Sheikh, M. S., Fornace, A. J., Jr., Raberts, A. B., and
Gonzalez, F. J. (1998). The involvement of aryl hydrocarbon receptor in the activation of transforming growth
factor-beta and apoptosis. Mol Pharmacol 54, 313-321.

79



	ABSTRACT
	TIIVISTELMÄ
	ACKNOWLEDGEMENTS
	CONTENTS
	LIST OF ABBREVIATIONS
	LIST OF ORIGINAL PUBLICATIONS
	1 INTRODUCTION
	2 REVIEW OF THE LITERATURE
	2.1 Dioxins
	2.1.1 Background
	2.1.2 Effects in humans and experimental animals

	2.2 AH receptor
	2.2.1 Structure of the AHR
	2.2.2 Mechanism of action
	2.2.3 Interactions with other proteins
	2.2.4 Ligands
	2.2.5 Target genes
	2.2.6 Diversity, evolution and physiological significance
	2.2.7 Induction mechanisms independent of the AHR

	2.3 Other bHLH/PAS proteins in dioxin signalling
	2.3.1 ARNT and ARNT2
	2.3.2 AHRR
	2.3.3 Other bHLH/PAS proteins

	2.4 Role of AHR genetic variability in dioxin sensitivity
	2.4.1 Mouse model
	2.4.2 Rat model
	2.4.3 Hamster and guinea pig
	2.4.4 Other animal models
	2.4.5 Polymorphism of human AHR

	2.5 Risk assessment of dioxins

	3 AIMS OF THE STUDY
	4 MATERIALS AND METHODS
	4.1 Animal husbandry and sample collection (I-V)
	4.2 Chemicals
	4.3 RT-PCR cloning
	4.4 Northern blot
	4.5 Western blot
	4.6 Expression analysis
	4.7 Statistics

	5 RESULTS
	5.1 Structure of the AHR in hamster and guinea pig (I-II)
	5.2 Novel splice variants of ARNT and ARNT2 in the rat (III)
	5.3 AHRR cloning from H/W and L-E rats (IV)
	5.4 Expression of bHLH/PAS proteins in rat hypothalamus (V)
	5.5 Novel sequence data (I-IV)

	6 DISCUSSION
	6.1 AHR structure as a determinant of dioxin sensitivity
	6.1.1 Restructured transactivation domain selectively affects TCDD responses
	6.1.2 Possible mechanisms by which the restructured transactivation domain affectstranscription machinery

	6.2 ARNT, ARNT2 and AHRR may not contribute to dioxin sensitivityin the rat model
	6.3 Differences in the hypothalamic expression of bHLH/PAS proteinsmay not account for the wasting syndrome
	6.4 Implications for risk assessment

	7 CONCLUSIONS
	8 REFERENCES

