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ABSTRACT
Dioxins and similar compounds are toxic substances ubiquitously present in the
environment. The most potent dioxin, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), is
considered to be one of the most toxic compounds known to man. Dioxins have been
shown to act as potent endocrine disruptor compounds (EDCs) by inducing
dysregulation of several hormone signaling pathways, which include, but are not
limited to, estrogens, retinoids and thyroid hormone signaling. Most, if not all, of the
effects of dioxins are mediated through ligand binding and subsequent transcriptional
activation of the intracellular aryl hydrocarbon receptor (AhR).
The present study aimed at investigating the mechanisms behind the endocrine
disrupting effects of dioxins on the retinoid- and estrogen-hormone signaling pathways,
utilizing mainly in vitro model systems. In addition, we have investigated the biological
activity of a recently discovered retinoid metabolite.
In paper I, a microarray study was performed in order to screen for novel genomic
effects of dioxin exposure. Male Sprague-Dawley rats were exposed with a single low
or high dose of TCDD. After 6h-7days the animals were sacrificed and hepatic samples
were analyzed using a global microarray chip. Approximately 185 genes were found to
be differentially regulated ≥2-fold by dioxins. Analysis of the differentially altered
genes revealed that dioxin-AhR is directly or indirectly involved in regulating
widespread cellular functions such as metabolism and excretion of endo- and
xenobiotics (CYP1A1, 1A2, UGT1A6/7), cell cycle regulation (Cyclin D1), cellular
signaling (RXRγ), steroid metabolism (Srd5a1), circadian regulation (Per2) and cellular
differentiation (IGF1), to mention a few. In particular, decreased expression was seen
for CYP7A1, SHP, FXR, Ntcp and Oatp2. Decreased expressions of this network of
genes imply major deregulation of cholesterol metabolism, bile acid synthesis and
transport.
Several mechanisms have been proposed to explain the antiestrogenic action of dioxins,
including alterations of estrogen receptor (ER) levels, induction of estradiolmetabolizing enzymes that alter tissue levels of estrogens and competition for common
DNA-binding sites. Recently, it was found that ARNT, which is an obligatory partner
protein for AhR, acts as a potent coactivator for the ERs. In paper II, mechanisms of
ARNT in ER dependent transcription was further characterized. These studies showed
that reducing the levels of available ARNT by activation of the AhR- or HIF-pathways
or targeted downregulation of ARNT using siRNA coincided with a decrease in ER
transcriptional activity, especially of the ERβ subtype. These findings demonstrate that
competition for ARNT may contribute to the antiestrogenic effects of dioxins.
One of the most sensitive and early signs of dioxin exposure in vivo is
disturbed retinoid homeostasis with hepatic depletion of retinoid stores and increased
levels of all trans-retinoic acid (at-RA), the biological ligand for the nuclear retinoid
receptors (RARs and RXRs), In paper III, the effects of cotreatment with dioxin on atRA induced transcription in vitro was investigated. We found that TCDD repressed atRA induced mRNA levels of the at-RA target genes RARβ2 and CYP26a1, using
Realtime-PCR. Interestingly, at-RA was found to reciprocally repress TCDD induced
transcription of AhR target genes AhRR and CYP1A1. In addition, a novel finding was
that RXRβ and ARNT can interact in the presence of both TCDD and at-RA. The
importance of this interaction needs to be further investigated.
In paper IV, the recently identified retinoid metabolite S-4o9cDH-RA
was found to be a biologically active retinoid with the ability to regulate RARdependent transcription, both in vitro and vivo. We suggest that S-4o9cDH-RA is a
novel endogenous ligand for at least RARα and RARβ.
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1 DIOXINS
1.1 Introduction
Dioxins1 are widespread and very persistent environmental pollutants. They are formed
unintentionally, through improper combustion processes of both industrial and house
hold waste, and as unwanted byproducts in the industry working with structurally
related chemicals (Ahlborg et al. 1992; Baker and Hites 2000). Dioxins are amongst the
most toxic compounds known to man, and exposure to these kinds of chemicals
induces a plethora of adverse effects in both experimental and wildlife animals. In the
animals investigated, some major effects seen include endocrine disruption, cancer,
reproductive failures in both males and females, disturbances in immune response, liver
damage and a characteristic wasting syndrome with an immense loss of weight
(Mukerjee 1998; Birnbaum and Tuomisto 2000; Bock and Kohle 2006). There is also
data pointing out that prenatal and early postnatal exposure to low levels of dioxins
may induce behavioral and learning deficits accompanied by more persistent
developmental and reproductive failures. These effects are seen in experimental
animals but are suspected to occur also in humans (Peterson et al. 1993; Brouwer et al.
1995). Most of the conditions induced by dioxin exposure can probably be related to
the fact that dioxins are some of the most potent endocrine disruptor compounds
(EDCs) known. This property of dioxins results in dysregulation of several hormonal
signaling pathways and therefore a very wide panorama of effects.
Due to their great resistance to biological degradation (Mukerjee 1998), dioxins
typically accumulate in the food chain, and are consequently present in the highest
levels in top predators such as the polar bear. Owing to their lipophilicity, they are
stored in the adipose tissues of exposed animals and humans.
The major route of exposure to dioxins in humans is through the diet, and we are
usually exposed over the whole life span. Importantly, maternal exposure of the fetus
may occur during pregnancy, as well as postnatally through breast feeding, which
counts as the main human route of exposure besides food derived exposure. Accidental
exposure to higher doses of dioxins is rare, and the most significant marker for acute
exposure in humans is a condition known as chloracne, characterized by severe skin
lesions.
1.2 Endocrine disruption
Generally, humans are exposed to a wide spectrum of different substances via our diet,
which can be beneficial as well as bad to our overall health. Ordinary food sources such
as different soy products, flax seed oil and diverse products that are sold in for example
health shops are mostly taught of as harmless products containing nutrients and perhaps
health promoting substances. Nevertheless, these often naturally derived products may
actually contain substances with capacity to disturb hormone signaling, so called
1

In this thesis, the term dioxin refers to the polychlorinated dibenzodioxins (PCDDs), dibenzofurans

(PCDFs) and dioxin-like PCBs which are included in the toxicological equivalence factor (TEF) scheme
(Van den Berg et al. 2006). These compounds bind to AhR and has similar chemical structure and
toxicological effects as the most potent congener; 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). The
toxicity of each different congener is usually expressed relative to TCDD.
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endocrine disruption. An endocrine disruptor compound (EDC) is per definition an
exogenous substance or mixture of substances that can interact with and disturb
hormonal systems in a way that may cause adverse effects for the overall health in an
individual or its offspring. The mechanistic reason behind this is that both diverse
chemicals as well as substances from the nature can be structurally similar to the
endogenous ligands for hormonal receptors, and thereby have the potential to bind and
regulate the transcriptional activity of that receptor (Hilscherova et al. 2000).
Importantly, dioxins are amongst the most potent EDCs known, with capacity to
interrupt the signaling through several hormonal pathways. This is of great concern,
since embryogenic as well as postnatal exposure to these kinds of EDCs can potentially
disturb crucial developmental events since these are often regulated by finely tuned
temporal and spatial hormonal signaling cascades. Until now, most concern has been
focused on reproduction and early development, it is believed that some disorders in
adult stages may result from EDC exposure early in life, when organ systems is
developing and maturing. The hormone systems suspected to be dysregulated by
dioxins are needed for normal development and function of several important organ
systems in the body, such as reproductive organs, cardiovascular system, bone and
teeth, immune system, brain and overall homeostasis. In line with this, the disorders
believed to be caused by dioxin exposure includes a wide spectrum, such as hormone
related cancers (breast, testicular, uterus and prostate), type II diabetes, cardiovascular
disease and metabolic syndrome including obesity.
In addition, biological differences between males and females are mostly regulated by
hormone systems. The synthesis, levels and effects of different hormones varies
between males and females. Therefore, the effects from dioxin exposure may differ
depend on gender. The hormonal signaling pathways best characterized to be
dysregulated by dioxins includes retinoid, estrogen and thyroid hormone signaling
systems. It will be further discussed in coming chapters how TCDD and similar
compounds act as endocrine disruptors for the retinoid and estrogen hormonal pathway.
1.3 AhR/ARNT
The exact mechanism underlying the toxicological effects mediated by dioxins like
TCDD is not completely elucidated, yet, it is commonly accepted that the physiological
effects of dioxins are mediated through ligand binding and subsequent activation of the
intracellular aryl hydrocarbon receptor (AhR)-signaling pathway. Studies of AhRdeficient mice confirm this notion by presenting a phenotype refractory to the toxic
effects of TCDD (FernandezSalguero et al. 1996). The AhR belongs to the bHLH-PAS
(basic helix-loop-helix Per-ARNT-SIM) family of transcription factors (Gu et al. 2000;
Kewley et al. 2004). The two structural domains, bHLH and PAS share considerable
sequence homology between members of the family. The bHLH domain is required for
dimerization and positions the basic region to allow specific DNA sequence
recognition. The PAS domains contain interfaces involved in dictating dimerization
specificity and, for selected members of the family, chaperone docking sites (Furness et
al. 2007). The AhR is unique within the family, in the sense that it appears to be the
only family member that requires ligand binding for its activation. Other members of
the family include the AhR nuclear translocator (ARNT), the hypoxia inducible factor 1
alpha (HIF1α) and the circadian factors CLOCK, bMal and PER, among others. ARNT
functions as an obligatory dimerization partner for several of the bHLH-PAS proteins,
for instance the AhR and the HIF1α. In addition, ARNT has been shown to act as a
2

potent coactivator of estrogen receptor transcriptional activity (Brunnberg et al. 2003).
Three isoforms of ARNT have been identified; ARNT, ARNT2 and ARNT3 or bMAL
(brain and muscle ARNT like protein). Structurally, ARNT and ARNT 2 share
extensive sequence homology whereas bMAL is less conserved, especially in the Cterminal part. ARNT and ARNT 2 appear to be functionally interchangeable to some
extent, while bMAL selectively interact only with certain bHLH-PAS members such as
CLOCK. ARNT and ARNT 2 demonstrate both unique and overlapping functions. In
vitro, hypoxic response through HIF1α could be mediated via both ARNT and ARNT
2, while AhR mediated transcriptional activity in the presence of ligand could only be
regulated in presence of ARNT, not ARNT 2 (Sekine et al. 2006).
Among the diverse compounds that can bind to and activate the AhR, TCDD is the
most potent one, wherefore TCDD is often used as a reference compound in assessment
of AhR-activating substances. In its unliganded state, the AhR is located in the cytosol,
bound by two molecules of the molecular chaperone hsp90 (heat shock protein 90)
together with additional hsp90 associated factors, the immunophilin like protein called
XAP2 (hepatitis B virus protein X associated protein 2) and the co-chaperone p23
(Kazlauskas et al. 1999; Petrulis and Perdew 2002; Hollingshead et al. 2004). Upon
binding by TCDD (or other agonists), the AhR is released from the hsp90 complex and
translocates to the nucleus, where it dimerizes with ARNT, forming a transcriptionally
active complex, which regulate transcription by direct binding to specific regulatory
DNA sequences, called XREs (xenobiotic responsive elements) located in the promoter
regions of AhR target genes (see figure 1).
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Figure 1. Simplified scheme of the AhR-signaling pathway. Unliganded AhR is localized in
the cytosol, in complex with hsp90, xap2 and the cochaperon p23. Upon ligand binding, xap2 dissociates
from the complex, which translocates to the nuclear compartment. Once in the nucleus, the ligand bound
AhR dissociates from hsp90 and interacts with its obligatory partner protein ARNT. The
ligand/AhR/ARNT-complex regulates the transcription of AhR target genes by the recognition of specific
DNA sequences called XREs (xenobiotic/dioxin responsive elements).
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Genes that are regulated by AhR are in many cases involved in metabolism and
detoxification of endobiotics and xenobiotics, such as several members of the
cytochrome P450 family of enzymes. Induction of the CYP1A1 enzyme is a classical
and sensitive marker of dioxin exposure in the liver. Other genes that are regulated by
the AhR/ARNT complex include enzymes involved in the clearance of reactive
metabolites originating from biodegradation of for instance xenobiotics, such as
glutathione-S-transferase Ya and UDP-glucuronosyltransferase form 6. Recent data
from studies utilizing microarray technology demonstrate that the AhR also influences
transcription of genes encoding proteins which regulate cell cycle, cell growth and
differentiation events and apoptosis (Fletcher et al. 2005; Tijet et al. 2006).
1.4 Physiological role of AhR
The AhR is expressed in numerous murine tissues, both embryonic and adult. From
gestational day 10-12, AhR expression is observed in the heart, liver, several neurons
and the nasal pit, among others. From gestational day 13,5-15,5, the expression is
greatly expanded, and AhR is expressed in the palatal shelf, adrenal gland, thymus,
bone, muscle, gut, kidneys, developing pituitary, urogenital sinus. In adult mice (8-11
weeks old), the relative AhR expression is highest in the oocyte, epidermis, bladder,
lung, digits, vomeronasal organ, liver, trachea, olfactory epithelium and retina (Mimura
et al. 1997; Jain et al. 1998).
Several putative endogenous ligands for AhR have been identified during the last 15
years. These include light induced photoproducts of tryptophan (TRP), such as
indolocarbazoles (Bjeldanes et al. 1991; Rannug et al. 1995; Wei et al. 1998; Wei et al.
2000), indirubin and indigo (Adachi et al. 2001), trypthantin and malassezin (Schrenk
et al. 1997; Schrenk et al. 1999). Interestingly, one TRP derivative demonstrates a very
high affinity for the AhR. The affinity of FICZ (lindolo[3,2-b]carbazole) towards AhR
actually exceeds that of TCDD (Kd = 0.07nM vs. 0.48nM) (Rannug et al. 1987;
Rannug et al. 1995). See figure 2 for the chemical structure between TRP, FICZ and
TCDD. FICZ have been shown to bind to and activate AhR in vitro, illustrated by the
induction of CYP1A1 in several cell lines (Wei et al. 1998; Wei et al. 2000). In more
recent studies, both FICZ and other TRP derived photoproducts have been
demonstrated to activate AhR also in vivo (Diani-Moore et al. 2006; Mukai and
Tischkau 2007). These results suggest that it may be possible that AhR is activated not
only by FICZ under physiological conditions, but rather by a mixture of multiple TRP
metabolites. In vivo, these photoproducts may be synthesized not only as a result of
light entering the retina, but also through dermal light exposure. This could possibly
contribute to a large amount of synthesized photoproducts under conditions where
dermal light exposure is high. It is further possible that they are transported from its site
of synthesis in dermal parts via the blood stream to several organs where they may act
as photo derived “light hormones”, thus acting in a circadian fashion since the
synthesized levels likely follows the day and night shifts. In comparison to exogenous
AhR agonists, such as dioxins, FICZ are quickly degraded by CYP1A1, which it
induces (Wei et al. 2000). In addition, TRP derived AhR ligands can be formed in
ordinary cell culture medium kept under regular light conditions. In cell studies, the
medium kept in light conditions induced CYP1A1 activity, in comparison to medium
kept under dark conditions (Oberg et al. 2005). These results clearly show that
4

tryptophan derived AhR ligands, suggested to be endogenous AhR ligands, influence
the background levels of CYP1A1 activity in cells in culture.

Figure 2: Chemical structure of the potential endogenous AhR ligand FICZ (6formylindolo[3,2-b]carbazole), its mother compound tryptophan, and the most potent
dioxin, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD).
In attempts to elucidate the physiological role of AhR, three independent laboratories
have generated AhR-null (knock out) mice over the last decade. These mice were
produced by deletion of either the first (Fernandezsalguero et al. 1995; Mimura et al.
1997) or the second (Schmidt et al. 1996) exon of the AhR gene. The phenotypes from
the three strains appear to differ in some characteristics, but share several important
features, such as resistance to TCDD toxicity and cardiovascular and reproductive
defects. One of the most overt phenotype of the AhR knockout mice is the markedly
decreased liver size compared to control mice, about 25-50 % smaller
(Fernandezsalguero et al. 1995; Schmidt et al. 1996). The mechanism behind this seems
to be related to the blood flow through the liver. During embryogenesis, the bloodflow
partially bypasses the liver via a shunt known as the ductus venosus (DV). Normally,
this shunt closes shortly after birth and consequently the blood is forced to find its way
through the liver, providing it with nutrients and oxygen for its growth. In the absence
of AhR though, the DV does not close, and the liver is basically nutrient deprived,
causing reduced postnatal growth of the liver (Lahvis et al. 2000, 2005). The normal
closure of DV has been shown to be regulated directly by AhR, since it is dependent of
endothelial and/or hematopoietically expressed AhR (Bunger et al. 2003) and ARNT
(Walisser et al. 2005). In addition to other less characterized defects related to the
vascular system, several other pathologic conditions of the liver are observed. Of these,
portal tract fibrosis represents the condition which is characterized in most detail. AhR
deficiency in both cell cultures and AhR-null mice results in increased secretion of
active TGFβ, a profibrotic peptide, via a post-translational mechanism (Border and
Noble 1994; Zaher et al. 1998; Branton and Kopp 1999; Santiago-Josefat et al. 2004).
AhR-KO mice demonstrate abnormal accumulation of retinoids in the livers, due to a
decrease in metabolism of retinoic acid, suggesting a prominent role for AhR in
regulation of retinoid homeostasis (Andreola et al. 1997, 2004), which will be further
discussed in the chapter about retinoids. Absence of retinoid metabolism has been
shown to promote an increase in levels of TGFβ activating enzymes (Kojima and
Rifkin 1993; Okuno et al. 1997). Taken together, the data suggests that an interaction
5

between AhR, retinoic acid and TGFβ pathways contribute to the hepatic fibrosis
phenotype in the KO-mice.
In addition, AhR seems to have a role for proper function of multiple reproductive
tissues in female mice, most notably the ovarian follicle. The number of mature
follicles is markedly reduced in the AhR null-mice (Benedict et al. 2000, 2003; Baba et
al. 2005). Recent data suggest that this reduction in mature follicles is due to a direct
effect within the follicle itself due to an insufficient synthesis of estradiol (Baba et al.
2005; Barnett et al. 2007). It has been shown that AhR together with the orphan nuclear
receptor Ad4BP (a.k.a. SF-1) is directly responsible for a peak in aromatase (CYP19)
expression during preovulation, suggested to be required to drive the estrogen
production necessary for the developing follicle (Honda et al. 1993; Baba et al. 2005).
In addition to the AhR knockout mice, the function of its obligatory partner protein
ARNT has also been investigated in transgenic animals. Targeted disruption of ARNT
however, is embryonically lethal due to placental failure and ARNT-deficient embryos
die in utero at embryonic day 10.5 (Kozak et al. 1997; Maltepe et al. 1997). This
phenotype is significantly more severe than the one observed in AhR-null mice,
demonstrating a role for ARNT in physiological processes not connected to AhR
signaling. The disruption of HIF1α signaling resulting from lack of ARNT has been
postulated to cause the arrest in placental development, due to impaired angiogenesis
(Fryer and Simon 2006). All three ARNT isoforms have been found to be expressed in
the embryo, but in adult mice, expression of ARNT2 is limited to neuronal tissues and
kidneys and bMAL to the brain and skeletal muscle (Drutel et al. 1996; Hirose et al.
1996). In contrast, ARNT is ubiquitously expressed, indicating that ARNT may have
important roles in several tissues (Gu et al. 2000).

6

2 NUCLEAR RECEPTORS
Several hormones mediate their genomic action through ligand binding and subsequent
activation of members from a group of intracellular transcription factors called nuclear
receptors (NRs). The evolutionary ability to regulate biological events such as nutrient
metabolism, reproduction and development in mammals and other multicellular
organisms coincide with the evolution of nuclear receptors (Bertrand et al. 2004).
Members of the nuclear receptor family share a common structural organization of
functional domains (se fact box 1 and figure 3), primarily with a highly conserved
DNA binding domain (DBD) and a less conserved ligand binding domain (LBD)
(Schwabe and Teichmann 2004). The different nuclear receptors make up a
superfamily of transcription factors working as sensors for a large set of lipid soluble
molecules, such as steroid hormones (estrogens, androgens, corticosteroids and
progesterone), vitamins (A, D) and dietary lipids (oxysterols, bile acids etc.). Thus,
nuclear receptors are involved in transcriptional regulation of genes involved in a wide
range of physiological events related to immune response, development, tissue
homeostasis, reproduction and metabolism. In addition to the receptors with well
characterized endogenous ligands (such as thyroid hormone, vitamin A and D, sex
hormones etc.), almost half of the nuclear receptor superfamily consists of so called
orphan receptors. Generally, the natural ligand and/or function for these nuclear
receptors are unknown, at least was when the receptor was given its name (Benoit et al.
2006).
In the unliganded state, some of the nuclear receptors are bound to molecular
chaperones such as hsp90, together with auxiliary proteins and immunophilins, in the
same manner as AhR (see figure 1). Other nuclear receptor members are interacting
with corepressor proteins in the unliganded state, actively repressing the transcription
of target genes. When present in an hsp90 complex, the nuclear receptor-structure
favors ligand binding and is prevented from heterodimerization with other nuclear
receptors. Upon ligand binding, the receptor alters its conformation, resulting in
dissociation from the chaperone complex or the corepressor proteins, and interacts with
coactivator proteins, mediating the assembly of the basal transcription machinery
components and subsequent transcriptional activation of target genes. Nuclear receptors
regulate gene transcription through the recognition and binding to specific DNA
sequences called hormone responsive elements (HREs) located in the regulatory parts
of target genes. Nuclear receptors bind to their HREs either as monomers, homodimers
or heterodimers. In this context, members from the retinoid X receptor family (RXRs)
play a special role within the nuclear receptor superfamily, since they act as
promiscuous heterodimerization partners for several other nuclear receptors, thus
having roles in several signaling pathways (Laudet et al. 1992; Leid et al. 1992; Glass
and McDonnell 2004). Steroid receptors like the estrogen receptors (ERs) almost
exclusively bind their HREs as homodimers, whereas nonsteroidal receptors like the
thyroid hormone receptor (TR), vitamin A and D receptors (RARs and VDR)
preferentially bind their HREs as heterodimers, since heterodimerization with members
from the RXR subfamily strongly enhances both the binding to DNA and the
transcriptional activity (Aranda and Pascual 2001).
In addition to ligand binding and receptor dimerization, the transcriptional activity of
nuclear receptors is regulated via interactions with coregulatory proteins. There are two
7

major kinds of coregulatory proteins, corepressors and coactivators. In the absence of
ligand, some nuclear receptors can actively repress basal transcription of target genes
via the interaction with corepressors, such as nuclear receptor corepressor (NCoR) or
silencing mediators for retinoid and thyroid receptors (SMRT). These corepressors
posses histone deacetylase activity, which keeps the chromatin inaccessible for
transcription factor binding (Robyr et al. 2000).
Upon ligand binding, conformational changes of the receptor occurs, mainly in the Cterminal LBD domain. The conformational changes results in release of the corepressor
proteins and favors binding of coactivator proteins instead. The coactivators function as
bridging molecules that mediates the interaction between the ligand activated nuclear
receptors and components of the basal transcription machinery. Numerous different
coactivators have been described, where some are common to several signaling
pathways, such as CREB binding protein (CBP) and its homologue p300 (Janknecht
and Hunter 1996). The most abundant coactivator proteins that bind to the nuclear
receptors are often members from the p160 family, such as steroid receptor coactivator
1 (SRC-1) and transcriptional intermediary factor 2 (TIF-2) (Klinge 2000). These
coactivators also contain a highly conserved bHLH-PAS domain in their N-terminal
part. Normally, this domain is a critical region for the heterodimerization with other
bHLH-PAS proteins and DNA-binding, but seems to be less important for the
interaction with nuclear receptors (Xu and Li 2003). Instead, the interaction with
nuclear receptors is mediated via the so called NR (nuclear receptor)-box located in the
central part of the coactivator, containing an LXXLL motif (where L corresponds to
Leucine and X to any amino acid) through the AF-2 (activation function 2) located in
the C-terminal part of the nuclear receptors (Hall and McDonnell 2005). One functional
role for the coactivators is to recruit further coregulatory proteins and histone
acetyltransferases to the target gene. These activities result in a more open chromatin
structure and subsequent transcriptional activation after recruitment of the basal
transcription machinery to the site.
In addition to ligand induced activity, several of the nuclear receptors can be modulated
through phosphorylation. The outcome of phosphorylation of nuclear receptors are not
fully understood yet, but is thought to be involved in various functions such as
regulation of receptor stability, DNA binding, regulation of transcriptional activity both
in absence and presence of ligand and interactions with coregulator proteins (Weigel
and Moore 2007).
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Figure 3: General structure of a nuclear receptor family member.
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The prototypicalDNA
nuclear
receptor domain
consists of several functionally well conserved
domains. The region that varies
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the A/B region, followed by the highly conserved C-region containing the DNA
binding domain (DBD), a hinge (D-region) and finally the E/F-region including the
ligand binding domain (LBD). Refer to fact box 1 for detailed
information.

Fact box 1: The functional domains of a nuclear receptor
The A/B region
This part of the NRs is the most variable region in both size and sequence, and is likely to contribute to
the differences between NR isoforms and responsible for their cell- and gene promoter-specific activity.
It often contains a ligand independent AF-1 (activation function 1) transactivation domain.

The DNA binding domain
Region C, which confers the DBD, is the most conserved region in NRs. The DBD itself contains two
“zinc fingers”, which recognizes specific NR responsive elements in the regulatory parts of the target
gene. One of the zinc fingers contains the “P box” which is central for the recognition of the HRE by
the NR, and the other zinc finger contains the so called “D box” which is involved in receptor
dimerization. NR heterodimers can bind to HREs with diverse arrangements which are typically
composed of two hexameric motifs configured either as direct repeats (DRs; » »), palindromes (» «) or
inverted palindromes (« »). The orientation and spacing between the motifs confer the specificity of the
HRE.

The hinge region
The hinge region between the DBD and LBD is not well conserved among the NRs. It often contains
sequences involved in nuclear localization and interaction with corepressors. This region is also
believed to enable conformational alterations and to give the receptor flexibility which allows rotation
of the DBD.

The ligand binding domain
The ligand binding domain in the E/F region is a multifunctional domain important not only for ligand
binding but also contain functional sites for dimerization, hsp-interactions and ligand dependent
transactivation by the AF-2 (Wurtz et al. 1996; Imai et al. 1997). The general structure of this region is
rather similar amongst the NRs (Moras and Gronemeyer 1998). This domain contains 12 conserved αhelical structures named H1-H12, packed together in a three layer sandwich-like structure. The size of
the ligand binding pocket varies between the NRs, which decides the specificity of the ligands that can
induce the receptor. Upon ligand binding, the receptor structure is generally altered to a more condensed
form than in the unliganded state, and the alteration results in binding of coactivator proteins to the AF2 (Aranda and Pascual 2001).
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3 RETINOIDS
3.1 Introduction
In this thesis work, the term retinoids is used for natural and synthetic derivatives of
Vitamin A. Vitamin A is an essential micro nutrient with many important roles in all
mammals, from embryogenesis and throughout life. This fat soluble dietary component
is derived from animal products such as eggs, milk and liver (mainly in the form of
retinyl esters and retinol). It can also be digested in the form of provitamin A
(carotenoids) from fruits and vegetables (Fisher and Voorhees 1996; Blomhoff and
Blomhoff 2006). Retinoids are not produced endogenously, and must therefore be
derived from the diet. However, digested retinoids can be stored in the liver, in the form
of retinyl esters. During periods of insufficient amounts of retinoids from the diet, the
retinyl ester stores in the liver are utilized to supply periphery tissues with sufficient
amounts of retinoids.
Retinoids exists in several different metabolized forms, but only some of them have
important biological functions. For example, retinal, the aldehyde form of retinol
(ROH), is an essential component of the visual cycle in the retina, functioning as a
chromophore. Consequently, an early sign of vitamin A deficiency is a poor vision in
darkness. The most important retinoid is retinoic acid (RA), which is a lipid soluble
non-steroid hormone, derived from an irreversible enzymatic conversion of retinal. RA
has a vital role in processes such as embryogenesis, reproduction, growth and
differentiation.
3.2 The nuclear retinoid receptors
The biological function of RA is to regulate gene expression. RA is the natural ligand
to members from the nuclear receptor superfamily, the retinoic acid receptors (RARs)
and retinoid X receptors (RXRs). The major form of RA; all-trans retinoic acid (at-RA)
is the primary ligand for the RAR family members, whereas the 9-cis form (9-cis RA)
is the most potent endogenously derived ligand found for the RXR family members
(Mangelsdorf et al. 1995; Chambon 1996). See figure 3 for the structure of different
retinoid forms. RARs and RXRs exist in three different subtypes (α, β and γ), and in
addition several isoforms (for example RARβ2). RXRs in particular, but also RARs,
are able to regulate gene transcription as homodimers, but RARs preferentially binds to
members from the RXR family, thus forming a heterodimeric RAR/RXR complex. Due
to the large amount of different RAR and RXR isoforms, a multitude of several
different homo/hetero-dimers are theoretically possible. This serves a possibility for
very specific at-RA-induced gene regulation. Even though the different RAR and RXR
isoforms appear to have some tissue specific expression, it is unclear whether they
differentially regulate gene transcription. Experiments in mice applying gene knockout
technique implies that the RAR subtypes may be functionally redundant (Mark et al.
1999).
RAR/RXR heterodimers regulate transcription of retinoid target genes by recognizing
HREs called retinoic acid response elements (RAREs), located in the gene promoter
upstream of the transcription start site. The classical RARE in RA target genes are
called DR5, and is typically composed of two direct repeats of a core hexameric motif
spaced by 5 base pairs (thereof the name: 5-bp-spaced direct repeat). The DR5 element
is found in the gene promoters of several classical RA target genes such as RARβ,
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CYP26 and several Hox and HNF genes. RAREs can also consist of DR1s or DR2s,
but not as abundantly as the DR5 (Bastien and Rochette-Egly 2004). Over the last
centuries, RA has been suspected to be involved in the regulation of several hundreds
of genes, and identified direct/indirect RA target genes are reviewed in (Balmer and
Blomhoff 2002).
RAR/RXR-dimers are able to regulate gene transcription also in the absence of ligand,
and actively repress transcription of RA target genes (Weston et al. 2003). RAR/RXRdimers can interact with corepressor proteins such as SMRT and NCoR, which recruits
complexes containing histone deacetylases to the gene promoters, thus keeping the
chromatin in an inaccessible state, preventing transcription (Li et al. 1997; Yoh and
Privalsky 2001). Upon ligand binding, the RAR/RXR alters conformation, dissociates
from the corepressor protein complex in favor for interaction with coactivator proteins
such as SRC-1, TIF2 and CBP/p300, which initiate transcriptional activation of the
gene (Chen and Li 1998).

Figure 3: Structure and function of different retinoid forms
The non-steroid hormone at-RA is considered to be the foremost signaling molecule
in the retinoid signaling system. It is derived in a two step enzymatic conversion of
all-trans retinol to all-trans retinal to at-RA. However, other natural retinoid forms
potentially contribute to retinoid signaling. Among those found, 9-cis RA has for a
long time been accepted as the most potent endogenous ligand for the RXRs. In
addition,13-cis RA show biological activity, but is not able to regulate transcription
through the retinoid receptors (Blaner 2001). 9,13-di-cis-RA is able to bind RARα
and induces fibrogenesis through the formation of TGFβ (Imai et al. 1997; Okuno et
al. 1999). Moreover, the 4-oxo forms of RA, ROH and retinaldehyde are thought to
be important in Xenopus development through transcriptional activation of RARs and
RXRs (Achkar et al. 1996; Blumberg et al. 1996; Pijnappel et al. 1998).
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3.4 RAR/AhR interactions
The precise physiological functions of AhR are still not fully characterized, but one of
the natural roles for the AhR seems to be in the regulation of retinoid homeostasis. This
is evident from studies using both AhR knockout animals as well as wild type animals
exposed to exogenous AhR agonists such as TCDD. Animals put under both of these
extreme situations demonstrate pronounced effects on the tissue levels of different
retinoids, including RA. In addition, several lines of evidence suggest that the putative
crosstalk between the two signaling systems extends beyond AhR mediated effects on
retinoid metabolism and also involves transcriptional interference between the two
signaling systems (Janosek et al. 2006; Murphy et al. 2007)

Retinol- RBP
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REH
RE (storage)

Retinol (ROH)

ALDHs or
RDHs

LRAT

CRBP
Retinal

RALDHs
CRABP
RETINOIC ACID
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Cell nucleus
RAR RXR

Catabolism

Figure 4: Simplified view of retinoid metabolism (see fact box 2 for details).
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Fact box 2. Retinoid metabolism.
The regulation of gene transcription mediated by the nuclear retinoid receptors
(RARs and RXRs) are believed to be partly regulated by the availability of the
receptor ligand, i.e. at-RA. Therefore, the intracellular levels of at-RA are
normally under strict regulation by finely tuned paths of biosynthesis and
degradation. Retinoid homeostasis is maintained by a balance between storage,
biosynthesis of biologically active at-RA followed by catabolic pathways for its
excretion. The conversion between the different retinoid forms is mediated by an
orchestra of different enzymes, together with specialized retinoid binding
proteins. The expression and activity of several of these enzymes are regulated
by retinoids. Thus, retinoid metabolism and homeostasis is regulated by both
feedback/feed forward mechanisms. For example, RA directly induces the
expression of CYP26, which is a major RA-catabolizing cytochrome P450
enzyme, involved in the excretion of excess RA. Upon high levels of at-RA, the
expression of CYP26 is induced through several RARE in the gene promoter
that is recognized by the ligand activated RAR/RXR dimer (Ray et al. 1997;
Loudig et al. 2005).
The irreversible formation of RA from its precursor retinal is mediated by
retinaldehyde dehydrogenases (RALDHs). RALDH2 seems to be a critical
enzyme in RA formation, and is downregulated by elevated levels of at-RA
(Niederreither et al. 1997). In addition, there are several types of retinoid
binding proteins, such as retinol binding protein (RBP), cellular retinol binding
protein (CRBP) and cellular retinoic acid binding protein (CRABP). These
different binding proteins seem to have functional roles other than carrying
retinoids. For example, CRBPI is recognized as a substrate by retinal
dehydrogenase (RDH), which converts retinal to RA. Further on, CRABP,
which binds RA, is also mediating RA catabolism in a similar mechanism.
Thus, in addition to the retinoid metabolizing enzymes, also the retinoid binding
proteins have pivotal roles in the regulation of the retinoid levels and action
(Napoli et al. 1995, 1996; Noy 2000).

The first suggestion that TCDD and related compounds have an impact on retinoid
metabolism and signaling came from observations that TCDD exposure results in
conditions similar to vitamin A deficiency, such as reduced growth, abnormal
development and immune function. A very representative effect of TCDD exposure in
most investigated species is a dramatic decrease in hepatic retinoid levels, which is a
well characterized effect in all investigated rodent models (Nilsson and Hakansson
2002). This early and sensitive sign of dioxin exposure is linked to an increased whole
body retinoid turnover (Kelley et al. 1998) including a mobilization of retinoids from
retinyl ester stores (Brouwer et al. 1989; Jurek et al. 1990; Vanbirgelen et al. 1995),
altered retinol esterification (Nilsson et al. 1996; Hoegberg et al. 2003) and increased
excretion of polar retinoid metabolites (Hakansson and Ahlborg 1985; Brouwer et al.
1989). Most importantly though, altered tissue levels of retinoic acid have the potential
to alter the transcription of genes under the control of the retinoid receptors (Kelley et
al. 1998; Nilsson et al. 2000; Hoegberg et al. 2003). The effects on hepatic retinoid
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levels is seen not only in animals exposed to high acute doses of TCDD, but also as a
result of single doses as low as 0.1 µg/kg bw (Nilsson et al. 2000). In addition, the
effects are seen in animals exposed in utero (Morse and Brouwer 1995) as well as
lactationally (Hakansson et al. 1987).
The disturbances in retinoid homeostasis from dioxin exposure may results from
dysregulation of retinoid metabolizing enzyme(s) by the action of AhR. In line with
this, the retinoid phenotype of AhR knockout mice suggests that enzymes important in
the retinoid metabolism are reciprocally dysregulated in the absence of AhR. A large
amount of enzymes are involved in the metabolism of retinoids (see figure 4 and fact
box 2 for an overview of retinoid metabolism), such as several cytochrome P450
enzymes (CYPs), UDP-glucoronosyl-transferases (UGTs) and alcohol dehydrogenases
(ALDHs). Consequently, there are several candidate enzymes to be potentially
(dys)regulated by the AhR. For example, the irreversible conversion of retinal to RA is
mediated by RALDHs (Duester 2000). Two XREs have been characterized in the
mouse promoter of RALDH2, making it a possible target for AhR action (Wang et al.
2001). This suggests that the accumulation of at-RA seen in TCDD exposed animals
could be caused by an induced RALDH2 expression. Further on, several of the
CYP450s are acknowledged to mediate the same conversion both in vitro and in vivo
(Roberts et al. 1992; Raner et al. 1996; Tomita et al. 1996; Zhang et al. 2000). Other
CYPs are involved in the catabolism of RA, a process which starts with hydroxylation
of RA followed by glucoronidation and excretion. A well known enzyme which
normally contributes significantly in the catabolism of RA is CYP26, which is also a
direct RA target gene. The levels of CYP26 are the same in wild type as well as AhRnull animals (Andreola et al. 1997; Ray et al. 1997; Loudig et al. 2000). The CYP2C39
on the other hand, which is suggested to be one of the primary murine retinoid
hydroxylases, is expressed at lower level in AhR-null animals than in their wildtype
counterparts, suggesting that this enzyme could be responsible for increased levels of
at-RA in the AhR-null mice. Even though it seems to be downregulated in the absence
of AhR, treatment with TCDD did not appear to alter its expression in wildtype mice
(Andreola et al. 2004). However, the exact role for the novel CYP2C39 in RAmetabolism is not entirely clear yet. Similarly, the expression of cellular retinol binding
protein I (CRBPI) is higher in the livers of null-mice (Andreola et al. 1997), but in a
recent study where wildtype mice were exposed to TCDD the expression of CRBPI
was not altered (Hoegberg et al. 2005). Thus, these two factors in retinoid handling
seems dysregulated in AhR-null mice, but unaffected by TCDD treatment. Another
CYP450 with activity towards at-RA that were recently discovered is CYP2S1. The
expression of CYP2S1 is inducible by TCDD exposure since it has XREs in its gene
promoter, but is also inducible by UV-light and retinoid exposure. Moreover, the only
recognized endogenous substrates for CYP2S1 to date are retinoids. It has been
suggested that CYP2S1 may play an important role in differentiating skin, since it is
highly expressed in epithelial tissues (Du et al. 2006) and during developmental
processes as it is expressed during all fetal stages (Choudhary et al. 2003; 2005).
Thus, the AhR seems to be potentially involved in retinoid metabolism at several
points, but the exact mechanisms underlying the disturbed retinoid homeostasis in the
absence of AhR or due to dioxin exposure is not elucidated completely. Probably the
AhR-mediated influence in retinoid handling can be both tissue and cell type specific,
and perhaps differ between species. In addition to AhR-mediated alterations of RA
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tissue levels, there may be interactions going on between RA and AhR signaling
pathways also on the transcriptional/receptor level. Transcriptional interference
between the two signaling systems may occur on different levels, and involve
competition between common cofactor proteins, alterations in receptor availability and
direct transcriptional inhibition.
One of the earliest indications that the AhR influences RA-dependent transcription
originates from a study by Rubin and Rice (1988). Treatment of SCC-4 keratinocytes
of human origin with AhR agonist such as TCDD, 3 methylcholantren (3MC) and
benzo(a)pyren were found to inhibit at-RA induced activation of tissue
transglutaminase, which is an important enzyme for proper differentiation of the skin.
This repression by AhR-agonists was later found to be mediated on the transcriptional
level. The exact mechanism behind this is still unclear, since the repression by TCDD
treatment did not seem to result from either a change in mRNA stability, or altered
binding or activation of a RARE-luciferase construct that were transfected (Krig and
Rice 2000). After this, more RA target genes have been found to be inhibited by TCDD
treatment, such as cellular retinoic acid binding protein II (CRABPII), RARβ and
RDH9 (Weston et al. 1995; Tijet et al. 2006). Interactions between the AhR- and RApathways have been further established for several other genes with various functions.
For example, at-RA as well as TCDD modulates the expression of matrix
metalloproteinases (MMPs) (Murphy et al. 2004; Villano et al. 2006). The proteins in
this family have functions involved in diverse important cellular processes such as
tissue structure, angiogenesis and proliferation (Brinckerhoff and Matrisian 2002). In a
variety of cell lines, at-RA treatment changes the expression of MMPs, mostly by
transcriptional repression by interfering with the AP-1 signaling pathway (Vincenti et
al. 1996). TCDD induces the expression of MMP-1 in normal human keratinocytes, but
cotreatment with at-RA leads to an even more increased expression than TCDD alone.
The mechanism behind this was found to be transactivation mediated by TCDD in
combination with increased stability of the MMP-1 mRNA mediated by at-RA
(Murphy et al. 2004). Thus, this interaction was not a matter of transcriptional
interference, rather a subject of synergism between the AhR and RA pathways.
The balance in retinoid metabolism is regulated on several levels, and involves
feedback and feed forward regulation via the levels of diverse retinoid forms. Since
AhR is likely to be directly involved in regulating retinoid metabolism at one or several
points, it is not unexpected to find signs of transcriptional crosstalk in relation to genes
directly involved in retinoid metabolism and handling. For instance, the expression of
retinal oxidase, which is converting retinal to RA, is induced by TCDD treatment.
Interestingly, during simultaneous treatment with at-RA and TCDD the expression was
instead downregulated (Yang et al. 2005).
Some of the genes that are regulated by both AhR and RA pathways contain both
XREs and RAREs in their promoters, thus providing a ground for steric inference
between RAR/RXR-protein complexes and AhR/ARNT mediated action. This is the
case for the P450 CYP1A1, which is highly inducible by AhR ligands, endogenous as
well as exogenous. The CYP1A1 gene promoter contains multiple XREs, but also an
RARE. For long, it has been speculated whether this RARE is inducing CYP1A1
expression as this was initially suggested after cell studies using reporter constructs
(Vecchini et al. 1994). However, today it is commonly accepted that this RARE is
inhibitory to CYP1A1 expression upon at-RA exposure (Wanner et al. 1996; Soprano
et al. 2001).
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In addition to transcriptional interference over common target genes and regulation of
receptor ligand levels, another potential way to regulate gene expression is through
modulating the receptor levels. There are studies showing the capacity of the AhR
pathway to modulate the levels of RARs and RXRs, as well as it is considered that
targeted down regulation of the AhR is an important mechanism in regulating the
activity via this pathway (Pollenz 2002).. As an example for the later, treatment with atRA repressed transcription from the AhR promoter in a murine epidermal cell line
(FitzGerald et al. 1996). However, treatment of human keratinocytes with at-RA did
not alter either AhR or ARNT mRNA expression (Murphy et al. 2004). In the opposite
situation, treatment of the cells with TCDD resulted in elevated mRNA levels for both
RARγ and RXRα. In contrast, RARβ expression was inhibited by TCDD treatment in
embryonic palate mesenchymal cells (Weston et al. 1995). Thus, the capacity of AhR
to regulate the transcriptional levels of RARs and RXRs seems to be receptor and cell
type specific. The difference in AhR expression after at-RA treatment of the murine
and the human epidermal cell types may depend on species specific differences
between the human and murine AhR promoter and/or different responsiveness to at-RA
(i.e. different RAR/RXR isoforms present and/or different at-RA metabolism).
In addition, yet another line of interference between the signaling systems could
involve a competition for common co-factor proteins. Indeed, there are several coactivator proteins utilized by both pathways; RIP140 (Vincenti et al. 1996; Kumar et al.
1999; Nguyen et al. 1999), CBP/p300 and SRC-1 (Yao et al. 1996; Tohkin et al. 2000;
Beischlag et al. 2002). In addition, the co-repressor SMRT seems to be involved also in
AhR mediated transcription, and recent studies suggest a possible role for SMRT in the
crosstalk between AhR and RAR pathways since it modulate the transcriptional activity
in both systems (Nguyen et al. 1999; Rushing and Denison 2002; Widerak et al. 2006).
In summary, the crosstalk between the two signaling systems may occur on several
levels as described above. Anyway, there is no doubt that both the absence of AhR as
well as the non-physiological hyperactivation of AhR by persistent ligands such as
TCDD is leading to an affected retinoid homeostasis. In both cases, this is connected
with altered levels of the biologically active ligand for the nuclear retinoid receptors,
RA. It is very likely that this may lead to downstream effects on RA-mediated gene
regulation, given that the transcriptional regulation by these nuclear receptors is thought
to be regulated partly by the abundance of its ligand. The disturbed retinoid
homeostasis is probably caused by direct or indirect dysregulation of several factors
such as enzymes and binding proteins important in the handling, storage and
metabolism of retinoids. Thus, the AhR receptor seems to have a natural role in
regulating retinoid homeostasis. Beside this, there are substantial data indicating that a
transcriptional interference occurs between the systems. No one has yet revealed any
general molecular mechanism for this, and so far, it seems that several mechanisms
mediate different types of crosstalk between the systems, often dependent on cell or
tissue type and/or species differences.
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4 ESTROGENS
4.1 Introduction
Estrogens, like many other hormones, elicit a large spectrum of important biological
functions. In particular, estrogens are a key factor in female hormone regulation and
signaling, as they are the primary “female” steroid hormones. Anyway, estrogens have
important functions in both males and females, even though estrogens are produced
endogenously in lower amounts in males. The major endogenous estrogens are 17-βestradiol (E2), estrone and estriol, which are produced mainly in the ovaries, but also in
placenta, fatty tissues and the adrenal gland cortex. Estrogens have important functions
for a proper development and function of reproductive organs in both sexes. They are
responsible for morphological, behavioral and metabolic changes during diverse stages
of reproduction. In addition, estrogens have also important roles in the maintenance of
bone mass, regulation of organism homeostasis and behavior and is protecting against
cardiovascular disease (Hess et al. 2001).
Similar to retinoic acid, the cellular response to estrogens is mainly mediated by
members from the superfamily of nuclear receptors, which in this case is the estrogen
receptor (ER). One decade ago, it was discovered that the estrogen receptor occurs in
two similarly structured subforms, the ERα and ERβ (Kuiper et al. 1996).
Functionally, current knowledge indicate that ERβ seems to play its most important
role in the ovaries, cardiovascular system and brain, and a less important role in more
classical estrogen target tissues such as bone, uterus and the hypothalamus/pituitary
(Harris 2007).
Structurally, the two ER forms contain a highly conserved DBD, but the LBDs show
only 58% homology. ERα contains two distinct AFs, the constitutively active and
ligand independent AF-1 in the N-terminus. In the C-terminal part, both ERα and ERβ
harbors a ligand dependent AF-2 (Damdimopoulos et al. 2008).
Upon binding of ligand, the subsequent receptor conformational change differs whether
the receptor is bound by an agonist or an antagonist. In contrast to binding of an
antagonist such as tamoxifen or raloxifen, binding of an agonist such as E2, will result
in a repositioning of helix 12 that enables binding of coactivators (Nilsson et al. 2001).
ERs regulate gene transcription of estrogen target genes either as homo- or heterodimers that recognize specific estrogen responsive elements (EREs) in the regulatory
parts of target genes. Similar to the retinoid receptors, in the absence of ligand, the ERs
can interact with corepressor proteins such as SMRT or NCoR that actively represses
transcription from ER target genes.
4.2 ER/AhR interactions
In general, dioxin exposure results in antiestrogenic effects (Ahlborg et al. 1995), but
recent studies also points out that dioxin exposure may induce estrogenic effects in
some cases (Watanabe et al. 2004; Boverhof et al. 2006). There are indications that
dioxins act antiestrogenic in mature females but estrogenic in immature females and
males (Brunnberg 2007). Thus, the different response from dioxin exposure is probably
dependent on different factors such as gender and developmental stage. An example of
sex related differences from dioxin exposure are hepatic tumors. In rats, hepatic tumors
are one of the most sensitive markers of dioxin exposure. These are strongly estrogen
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dependent and occur primarily in female rats. Anyhow, the anti-estrogenic effects of
dioxins are particularly well-characterized, and evidence for disruption of estrogenmediated functions includes for example inhibition of estrogen-induced responses in
rodent uterus and mammary tumors, and in human breast cancer cells (Wormke et al.
2003).
In addition to dioxins, other compounds exist that can act as agonists to AhR, and thus
potentially influence estrogen dependent signaling. One such compound is 3methylcholantren (3MC). Similar to dioxins, 3-MC is a potent agonist to AhR, and has
been reported to act both antiestrogenic as well as estrogenic. Interestingly, in AhR
knockout mice, 3-MC was able to induce cyclin D1 mRNA expression and increased
uterine wet weight, thus acting estrogenic in vivo, in the absence of AhR (Abdelrahim
et al. 2006). In a recent study, 3-MC acted antiestrogenic in some cell types and
estrogenic in others. This could be related to the capacity of the different cell types to
metabolize 3MC. In comparison to TCDD, 3-MC can quite easily be metabolized, and
as a consequence of this, one ore several of the 3-MC-metabolites act as ER ligand(s)
(Swedenborg et al. 2007). Thus, 3-MC can act as an agonist for both AhR and ERs,
dependent on situation.

In contrast to the relatively unknown details about RAR-AhR crosstalk, there is more
detailed knowledge about ER-AhR interactions. In fact, several possible mechanisms
have been suggested to mediate the anti estrogenic effects of AhR ligands:
•

•

•
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Degradation of ER proteins. It has been suggested that E2-activated degradation
of the ER protein by proteasomes may be an important mechanism that limits
the duration of estrogenic responses in target tissues. It has been demonstrated
that this pathway is also induced through liganded activation of the AhR by
TCDD. In contrast, E2 treatment did not alter the levels of AhR protein,
demonstrating that proteasome-dependent inhibitory crosstalk between the two
signaling pathways is only working in one direction. It was further manifested
that this mechanism by TCDD was highly selective on the ERα subform
(Wormke et al. 2003).
Increased metabolism of steroids. Circulating estrogens are primarily
metabolized in the liver. Since dioxins are potent inducers of several CYPs
putatively involved in the degradation of estrogens, it is thought that this might
contribute to decreased levels of ligand for the ERs. All data from animal
studies do not support this idea though, since circulating levels of 17β-estradiol
did not alter upon TCDD treatment in rodents (Ahlborg et al. 1995; Safe and
Wormke 2003), but then again, no antiestrogenic activity was induced by
TCDD in transgenic mice lacking either AhR or CYP1B1, supporting a role for
CYP1B1 in altering the estrogen levels (Takemoto et al. 2004).
Competition for common cofactors. Recently, ARNT was found to be a very
potent coactivator for both ER subforms (Brunnberg et al. 2003). This provided
evidence for a direct link between the AhR and ER pathways on the receptor
level, not seen before. Even though ARNT is ubiquitously expressed, the
protein levels might be limited in certain cell/tissue types. This could result in
competition between signaling pathways over ARNT as a cofactor. For
example, sequestering of ARNT by AhR upon dioxin treatment could provide a

•

mechanistic explanation for repressed ER transcriptional activity if ARNT is an
important factor for the ERs.
Competition for common target genes. Some ER target genes may contain
recognition sites also for both AhR/ARNT. Consequently, these genes might be
actively regulated by both signaling pathways, which may provide a basis for
transcriptional interference. Two examples of this kind of interaction is
provided with the Cathepsin D and pS2 genes, suggested to be regulated in a
similar way by AhR/dioxins and ERs. In the promoter of a Cathepsin D, there is
an ERE responsible for transcriptional activation of the gene by estrogens. In
the same region, a negative DRE is also located. Binding of AhR/ARNT to this
negative responsive element results in disrupted formation of the sp1/ER-DNA
complex, thus repressing ER transcriptional activity (Wang et al. 1998; Safe
and Wormke 2003).
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5 AIMS OF THE THESIS
Exposure to dioxins such as TCDD and similarly potent exogenously derived agonists
to the AhR induces a range of adverse effects in most animal species. One of the main
adverse effects from these substances is the non-physiological “hyperactivation” of the
AhR signaling pathway, causing endocrine disruption. The main objectives of this
thesis work were to investigate and characterize the mechanism(s) behind the disruptive
effects seen on the retinoid and estrogen signaling systems. Alterations in retinoid
metabolism and homeostasis are among the most sensitive and early markers of
exposure to dioxins. The effects include decreased hepatic storage of retinoids,
increased retinoid metabolism and excretion, and altered levels of at-RA. In addition,
tissue levels of the recently discovered retinoid metabolite S-4o9cDH-RA is drastically
decreased by dioxin exposure in both mice and rats.
Aims in summary
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-

To investigate effects from low- and high-dose TCDD exposure in rat liver on
the transcriptional level, by applying microarray technique. The main objective
was to identify genes differentially regulated by TCDD that may be involved in
retinoid metabolism and signaling. The use of a “global” microarray chip with a
large quantity of different genes also gave the opportunity to identify novel
genes and gene networks differentially regulated by TCDD not necessarily
connected to the retinoid pathway.

-

To further investigate the mechanism behind the disruptive effect of TCDD
exposure on estrogen hormone signaling and to advance the characterization of
ARNT as a co-activator for the nuclear estrogen receptors, ERα and ERβ.

-

To identify possible points of interaction in the putative crosstalk between the
RAR/RXR and AhR/ARNT pathways. The idea was to apply a coherent
approach in different cell lines to investigate the mechanism(s) behind the
disruptive effects of dioxin exposure on retinoid signaling. Thus, the aim was to
investigate aspects of transcriptional interference and possible protein-protein
interactions between components of the respective signaling pathway in vitro,
after exposure to AhR agonists such as TCDD and 3-MC alone or in
combination with at-RA.

-

To characterize the possible biological activity of the novel and major retinoid
metabolite S-4o9cDH-RA, found to be related to both dioxin exposure as well
as dietary conditions.

6 RESULTS IN SUMMARY
Paper I: Transcriptional response to TCDD exposure in rat liver
The first paper in this thesis work is based on investigation of microarray data achieved
from livers of dioxin exposed rats. The study was performed in collaboration with Astra
Zeneca which supported us with the study design and collection of the microarray data.
With the microarray chip used in this study around 180 transcripts where differentially
regulated than 2.0-fold or more due to TCDD exposure. Not all of these altered
transcripts represent known gene products though, and several genes that were altered
on the chip were represented by several probes. Even though, the results provided us
with a massive amount of microarray data to analyze. Primarily we aimed at identify
gene changes that may influence retinoid metabolism or signaling, and thereafter genes
or gene networks associated with other signaling pathways, intermediary metabolism
and hepatotoxicity. The investigated liver samples were collected from male Sprague–
Dawley rats exposed to single oral doses of TCDD (0.4 or 40 µg/kg bw). All the
animals were treated simultaneously, and killed after 6, 24 hours or 7 days. This gave
the possibility to investigate early/transient gene changes as well as later and more
persistent alterations in gene transcription due to dioxin exposure.
Generally, low dose exposure resulted in induction of a battery of phase I and phase II
metabolizing enzymes, such as CYP1A1, CYP1A2, NAD(P)H dehydrogenase and
UGT1A6/7. The induction seen for this group of genes was present at all time points,
after both TCDD doses. In addition, low dose exposure altered the expression of genes
important also for other type of activities, exemplified by the transcripts for DNAdamage-inducible Gadd45α and Cyclin D1. These genes were altered already at the
shortest time point, suggesting that AhR/ARNT might be directly involved in events
related to cellular stress/DNA damage as well as cell cycle control.
Following high dose exposure, widespread alterations in gene expression were
observed for genes encoding cellular signaling proteins, cellular adhesion, cytoskeletal
and membrane transport proteins, as well as transcripts coding for proteins involved in
lipid, carbohydrate and nitrogen metabolism. In addition, transcripts coding for proteins
associated with steroid metabolism, immune function, and intermediary metabolism
were markedly affected as well.
Interestingly, we found a decreased expression of CYP7A1, SHP (short heterodimer
partner), FXR (Farnesoid X Receptor), Ntcp, and Slc21a5 (oatp2), which were also
confirmed by Realtime PCR analyses in independent rat liver samples. Altered
expression of these genes implies major deregulation of cholesterol metabolism and
bile acid synthesis and transport. In summary, while low-dose TCDD exposure
appeared mainly to induce enzymes associated with metabolism and excretion of
xenobiotics, high-dose TCDD exposure resulted in more widespread changes in gene
expression. Together, the number of probesets affected by TCDD exposure in these rat
livers represented approximately 180 genes with a known or inferred function. In
relation to the endocrine disruptive effect by dioxin exposure, it is interesting to analyze
changes in genes related to cellular signaling. As such, a group of probesets
representing transcription factors were altered. Among these, RXRγ, Nrf2 (NF-E2related factor), Onecut1, Kruppel-like factor 9, Nuclear factor I/X and Tgfb1i4 (TGFβ1
induced transcript 4) were altered already at the shortest time point. This suggests that
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these genes may be direct target genes for the AhR, but this needs to be further
analyzed.
Paper II: interaction between arnt and er
This study was intended to further characterize the endocrine disruptive effect of dioxin
exposure on estrogen hormone signaling.
The earlier identification of ARNT as a potent co-activator for the estrogen hormone
receptors (ERα and β) gave evidence that the AhR/ARNT pathway is involved in
crosstalk with other signaling systems via direct interactions on the receptor level.
Additionally, it gave a reasonable explanation for the anti estrogenic effects from
dioxin exposure since it seems that ARNT could be an important player in ER activity,
and withdrawal of ARNT could decrease this activity.
In paper II, we aimed at elucidate further details behind the co-activating function of
ARNT on the ER’s. In this study we show that activation of either AhR or HIF-1α
through the recruitment of ARNT, results in a repressed ER transcriptional activity.
Similarly, limiting the pool of available ARNT in the cells by using siRNA to
downregulate the ARNT levels also results in a repressed ER transcriptional activity.
Performing chromatin immunoprecipitation (ChIP)-analysis showed that the decrease
in ER activity coincided with a decreased ability to recruit ARNT to ER regulated
promoters upon TCDD treatment. We also found that dioxin mediated repression of ER
activity is significantly stronger on ERβ than ERα. The same difference was evident for
the co-activation of ERs by ARNT, which was more pronounced on ERβ compared to
ERα. Further on, the area responsible for the difference between the ERβ-ERα
responses to ARNT was identified to be present in the N-terminal A/B domain of ERβ,
using different receptor mutants together with a ERE-luciferase reporter construct in
transfection experiments. Finally, to confirm the results using an endogenous promoter,
the mRNA levels of the E2-responsive gene pS2 were measured with Realtime-PCR. In
presence of different combinations of receptor mutants, the cells were treated with
TCDD and/or E2. TCDD alone had no effect on the pS2 transcription, but repressed E2
induced pS2 transcription by ERα with about 40% and by ERβ with 80%.
Paper III: crosstalk between RAR & AhR pathways
As mentioned in the introduction, dioxin exposure affects the retinoid homeostasis in
most investigated species. These well characterized effects on retinoid homeostasis and
turnover results from even very low concentrations of dioxin exposure. Normally, the
endogenous levels of at-RA, the retinoid metabolite with strongest biological activity,
are strictly regulated, but dioxin exposure results in altered levels of this metabolite in
several investigated tissues. It has been suggested that the AhR may have a natural role
in regulating the retinoid levels, including the biologically active metabolite at-RA.
Since the main consequence from dioxin exposure seems to be an inappropriate hyperactivity of the AhR/ARNT signaling cascade, this may have severe consequences for
the multitude of genes regulated by retinoids since they could potentially be
dysregulated due to the “hypervitaminosis A state” (with very high levels of at-RA)
induced by dioxin exposure. This is of major concern especially during embryogenesis
and developmental stages, since at-RA in high doses is known to act teratogenic.
In paper three we aimed at investigate the mechanism behind the putative crosstalk
between the retinoid and AhR/ARNT signaling pathways on the transcriptional level.
The experiments were carried out in the murine P19 embryonic carcinoma cells. In the
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literature, these cells have been utilized for investigating several retinoid dependent
events. Since they also contain a functional AhR/ARNT pathway, they make up a nice
cell model system for investigating the putative crosstalk between these pathways. The
first thing to bring about was to evaluate if transcriptional interference occurs over
RARE-regulated genes, i.e. if treatment of cells with TCDD could disturb endogenous
transcription of genes regulated by at-RA. After treatment of cultured P19 cells with
either at-RA or TCDD, or in combination, the mRNA levels of the direct RAR/RXR
target genes CYP26a1 and RARβ2 were quantified assessing Real-Time PCR.
Interestingly, we found that co-treatment with TCDD repressed the mRNA levels
compared to in cells treated with at-RA only. This result indicates that a potent AhR
ligand as TCDD in fact has the potency to direct disturb gene regulatory events induced
by at-RA, i.e. transcriptional interference seems to occur over RARE regulated genes as
a direct consequence of dioxin exposure.
Commonly, one way to interrupt an intracellular signaling cascade is through so called
negative feed back regulation, which may be facilitated through several different
mechanisms. Since it is likely that the AhR/ARNT pathway have a natural role in
regulating the retinoid homeostasis, the existence of a feed back regulation on the AhR
activity induced by the RAR/RXR pathway could be expected.
In this context, the next move in this paper became naturally to turn the initial question
around to see if retinoid treatment can disturb AhR mediated gene regulation.
Interestingly, in this situation, cotreatment of P19 cells with at-RA reciprocally
repressed AhR-regulated gene transcription compared to TCDD treatment only. This
was shown using both quantitative Real-Time PCR (with primers recognizing the AhR
responsive genes AhRR and CYP1A1), as well as transfected luciferase reporter
constructs (regulated by a XRE; xenobiotic responsive element). This indicates that
transcriptional interference can occur also over AhR regulated genes, upon retinoid
treatment. These findings suggest that the two signaling systems interact with each
other on the transcriptional level, in both directions.
In addition, when investigating protein-protein interactions in immunoprecipitations we
found that RXRβ binds to the AhR obligatory partner protein ARNT. ARNT was found
to be co-precipitated strongly with RXRβ in extracts from cells treated with at-RA, but
not as strongly in the presence of both at-RA and TCDD. The interaction became
stronger the more at-RA present, and together with the notion that at-RA does not bind
the RXRs, this strongly suggests that RARs is involved in the interaction. This novel
finding forced us to investigate if the interaction between ARNT/RXRβ could be of any
relevance for RAR-regulated signaling. When co-transfecting increasing amounts of
ARNT together with a RARE-luciferase reporter plasmid (containing the simple DR5
RA-responsive element) in CV-1 cells, ARNT imparted a slight dose-dependent
increase in the RA induced transcriptional activity. This indicated that ARNT may have
some ability to enhance RA-dependent transcription. To investigate this further, P19
cells were transiently transfected with a luciferase reporter construct containing the
minimal naturally RA-responsive RARβ2 promoter segment, together with increasing
amounts of the ARNT-expression plasmid. Again, ARNT was found to modestly,
although significantly, increase the RA induced luciferase activity from the RARβ2promoter. The reasons for the quite limited co-activating effect of ARNT on RAdependent transcription could be several. One reasonable explanation can be that the
RAR/RXR complex may preferentially employ other coactivators than ARNT, such as
TIF2. Another reasonable cause could be that the binding of ARNT by the RAR/RXR
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complex may serve primarily as a natural mechanism whereby the transcriptional
activity of AhR is down regulated upon elevated levels of at-RA.
Paper IV: S-4-oxo-9-cis-13,14-dihydro-retinoic acid
During investigations of tissue levels of different retinoids following TCDD exposure,
a novel retinoid metabolite was found. This metabolite was characterized as S-4-oxo-9cis-13,14-dihydro-retinoic acid (S-4o9cDH-RA). The endogenous levels of S-4o9cDHRA in wild type mice and rats showed to be significantly higher than at-RA, especially
in the liver. Since the transcriptional activity of the retinoid receptors are believed to be
regulated a in large part by the abundance of ligand, tissue levels of at-RA are generally
strictly regulated. In contrast, the level of S-4o9cDH-RA increases dramatically
following vitamin A supplementation in mice, especially in the liver (Schmidt et al
2003). This suggests that this metabolite is highly regulated by dietary intake.
Compared to at-RA, for which the levels increases in several investigated tissues after
dioxin exposure, S-4o9cDH-RA is nearly untraceable after the same treatment
(Hoegberg et al 2005). Thus, S-4o9cDH-RA has a potential role as an extremely
sensitive marker for dioxin exposure. The aim of paper IV was to evaluate if S4o9cDH-RA has any biological function in gene regulation, i.e. is acting as a ligand for
the nuclear retinoid receptors RARs and/or RXRs. In this study we employed several
cell based model systems where we transfected luciferase reporter plasmids regulated
by different RARE constructs. S-4o9cDH-RA showed an ability to activate RARdependent transcription from all of these luciferase reporter plasmids, as well as
increasing endogenous mRNA levels of RARE regulated genes employing Real-Time
PCR. In addition to luciferase reporter assays and quantitative PCR studies in several
cell types, an avian developmental model was used. In order to investigate the
biological activity in a more in vivo-like model, the developing chick model were
utilized for studying morphology and gene regulation upon S-4o9cDH-RA treatment.
Indeed, this model showed evidence that S-4o9cDH-RA can induce morphological
changes in the developing chick wing bud in a similar way as at-RA, as well as
inducing endogenous gene transcription, evident by a group of selected RA-target
genes.
Further on, limited proteolysis assays were applied in order to investigate the ligand
properties of S-4o9cDH-RA. We found that S-4o9cDH-RA acts as a ligand for both
RARα and RARβ. This became apparent in view of the fact that S-4o9cDH-RA
induced the same conformational changes to the in vitro-translated receptors as at-RA.
Interestingly, S-4o9cDH-RA did not activate any of the investigated RXR isoforms as
we initially suspected. This was a bit unpredicted, since S-4o9cDH-RA has high
structural similarity to 9-cis retinoic acid (9c-RA), the best characterized endogenous
RXR ligand found so far. In conclusion, S-4o9cDH-RA seems to be a novel ligand for
some (if not all) of the RAR’s, and perhaps play a so far unknown physiological role in
gene regulation. In that case, the gene regulatory function is likely to be connected to
the dietary intake of vitamin A. This would be in great contrast to at-RA, for which the
endogenous levels are very stringently regulated regardless of dietary fluctuations.
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7 FUTURE PERSPECTIVES
The use of microarray technology as in paper I can be a considerable good tool to
screen genomic effects mediated via AhR, especially since this pathway seems to be
engaged in a natural crosstalk with several other signaling systems, thereby mediating a
wide range of dysregulation upon dioxin exposure. This makes screening with for
example Realtime-PCR a more time consuming and effort taking alternative to
microarray. Today it is possible to choose a more “to the point” set of genes on an array
than when paper I was performed, enabling a more tailored investigation focusing on
the direct target genes of dioxin/AhR, i.e. to identify the key players causing the
plethora of long term effects by dioxin.
Obviously, the mechanism behind effects of dioxin exposure on other signaling
pathways can not be explained only by finding direct target genes for AhR that are
expressed in a non-physiological fashion by a “hyper activated” AhR/ARNT-signaling
by dioxin. Ours and others investigations over the crosstalk between AhR/RAR and
AhR/ER signaling have revealed that multiple mechanisms may be involved. Such as
1) Competition over common target genes or 2) limited pools of common cofactors, or
3) regulating the levels of receptors or 4) ligands for the receptors.
1. Several genes seem to be commonly regulated by ERs and AhR, as well as
RAR/RXR and AhR. Future investigations using for example Realtime-PCR
to investigate such transcriptional interference over ER-, RAR/RXR- or
AhR/ARNT regulated genes could help to obtain better understanding for the
crosstalk
2. There is now evidence that the obligatory AhR partner protein ARNT
interacts with both ERs and RXR/(RAR?). The later needs to be further
characterized and by utilizing ChIP- assay it will be possible to reveal if
ARNT is present over RAR/RXR regulated genes, i.e. has a functional role
for the transcriptional activity of RAR/RXR.
3. AhR induced proteosomal degradation of ERs has been shown to be a
mechanism whereby dioxins can act antiestrogenic.
4. As well as AhR mediated induction of enzymes that alters the metabolism of
both steroid hormones as well as retinoids.
Thus, in order to achieve detailed mechanistic explanations behind the crosstalk
between AhR-ER and AhR-RAR, several kinds of methodology must be used. As an
example, by using immunoprecipitation and/or ChIP-assay one can further characterize
which proteins are present when ARNT and RXRβ are coprecipitated. Another way to
reveal the possible importance of ARNT for RAR dependent activities could be to use
siRNA to downregulate intracellular levels of ARNT and compare to a situation where
there is plenty of ARNT present (by for example overexpressing ARNT in cells).
The novel retinoid S-4o9cDH-RA showed to be transcriptionally active in both cell
studies as well as in an avian developmental model. The transcriptional activity was not
as strong as seen for at-RA, in a direct comparison of the concentrations used, but there
remain several question marks about this metabolite. For instance, we don’t know
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which enzymes are responsible for its synthesis or degradation. This could be revealed
by targeted disruption of potential enzymes. It is also unknown how S-4o9cDH-RA is
transported into the cells and the possible importance of retinoid binding proteins in the
cellular handling of S-4o9cDH-RA. Thus, it is too early to claim that this retinoid is
weaker as a ligand for the RARs from this study, since the effects we see can be
dependent on several still unknown factors as the ones mentioned. Maybe S-4o9cDHRA is not taken up by the cells to the same degree as at-RA, or perhaps it is more
rapidly degraded by cellular enzymes. To draw conclusions about S-4o9cDH-RA’s
efficiency compared to at-RA and its biological relevance, more studies must be
performed. Most importantly, we show that S-4o9cDH-RA is functioning as a novel
ligand for at least two of the RAR family members, both in an in vivo-like model, and
all cell types investigated.
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