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ABSTRACT
The AhR belongs to the bHLH/PAS family of transcription factors, which mediates
biological effects of environmental pollutants such as 2,3,7,8-tetrachlorodibenzo-ρdioxin (TCDD). In the absence of ligand the AhR is located in the cytoplasmatic
compartment of the cell associated with the molecular chaperone Hsp90, p23 and a
member of the immunophilin family of proteins, XAP-2.
Upon ligand binding the receptor translocates to the nuclear compartment of the cell
where it dimerizes with its partner factor ARNT. This dimerization event induces the
release of the Hsp90 complex and subsequent binding of the AhR/ARNT complex to
promoter regions of TCDD regulated genes such as Cyp1A1 and Cyp1A2.
Following transcriptional activation AhR is exported out of the nucleus by the export
protein CRM1. CRM1 binds to nuclear export sequences (NES) within transcription
factors and in turn mediates export of the AhR to the cytoplasm. In this study we
show that nuclear export of the AhR is mediated by two different NES depending on
ligand status. In paper I we show that in the absence of ligand, export of the AhR is
mediated by a NES located in the PAS A domain of the AhR. In contrast, nuclear
export of the ligand activated AhR is mediated by a NES located in the bHLH domain
of the receptor. In paper II we show that cytoplasmatic localization of the AhR is
mediated by two non-overlapping mechanisms. One is mediated through CRM1 and
the second mechanism to maintain the AhR in the cytoplasm is dependent on the
Hsp90 associated co-chaperone XAP-2. Here we show that XAP-2 mediates anchoring
of the non-activated AhR to actin filaments in the cytoplasm.
XAP-2 is a 37kDa Hsp90 associated protein that belongs to the immunophilin family of
proteins such as FKBP51 and 52. It is mainly located in the cytoplasmatic
compartment of the cell where it protects the AhR against proteosomal degradation by
inhibit ubiquitinylation of the AhR in the cytosol. XAP-2 has previously been
identified as an Hsp90 associated protein that specifically interacts with the AhR. This
notion, however have been challenged upon findings that XAP-2 interacts with other
proteins such as PPARα. In this study we show that XAP-2 interacts with both ERα
and TRβ1. Interestingly, this interaction is isoform specific. Furthermore, in paper III
we show that XAP-2 regulates the transcription of hypothalamic thyrotropin releasing
hormone (TRH) in vivo demonstrating an important regulatory and physiological role
for an immunophilin like factor in vivo.
In paper IV we observe that XAP-2 exerts a repressive effect on ERα but not ERβ
transcriptional activation. In addition, this effect is mediated by the co-activator TIF-2.
Taken together our results show that XAP-2 function as a general co-factor that
modulates numerous cellular regulatory pathways including the AhR, TR and ER.
These studies provide new perspectives in the understanding of the regulation of
transcription factors by members of the Hsp90 complex.
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XAP-2

Hepatitis virus B X-associated protein
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INTRODUCTION
All living organisms are constantly exposed to a changing environment and
respond to these challenges by increasing or decreasing the activity of enzymes
inside the cell. Differential and coordinated expression of genes has evolved as
major regulatory event in the cellular adaptation process to meet different
environmental challenges such as stress, altering temperatures and fluctuation
of nutrient levels. Receptors provide a direct channel between different
environmental signals to the cell and are involved in the control of gene
expression by inducing a cascade of events that ultimately result in increased
or decreased protein levels.
TRANSCRIPTIONAL REGULATION
The process where the encoded information in a gene is finally decoded into a
certain protein is termed gene expression. Gene expression involves multiple
steps starting with the coding DNA being transcribed in the nucleus to mRNA,
which is then modified and transported to the cytoplasm where the RNA
message is translated by the ribosome to a protein. These different stages are all
subject to cellular regulation however; the main point of regulation is the
initiation of transcription where RNA is synthesized with DNA as template.
General transcription factors (GTFs)
The DNA region located immediately upstream of the transcription start site of
a gene is termed the promoter (Fig 1). The promoter region includes the
binding site for RNA polymerase II (Pol II) and is the start point for
transcription.
The assembly process starts with the binding of the general transcription factor
TFIID to the TATA box within the promoter. The TATA box is typically located
25 nucleotides upstream from the transcriptional start site. TFIID function as a
multiprotein complex composed of TATA-binding protein (TBP) and TBP
associated factors (TAFIIs). Binding of TFIID causes a large distortion in the
DNA and facilitates subsequent protein assembly and finally the assembly of
Pol II to form the transcription initiation complex that is required for initiation
of transcription (Fig 1A)
Two models have been proposed to describe how the GTFs are recruited to the
promoter: the step-wise model that starts with the recruitment of TFIID with
subsequently a step-wise addition of GTFs. The single step model starts with
the recruitment of a preformed transcription initiation complex (holoenzyme)
to the TATA box. Once the Pol II has begun elongating the RNA transcript
most of the GTFs are released from the DNA (1-3).
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Modes of transcription
Transcription of genes is either basal (Fig 1A) or activated (Fig 1 B). The GTFs
and Pol II direct basal transcription from the core promoter. However, basal
transcription can be further activated above basal levels through the binding of
gene-specific transcription factors to DNA enhancer elements. Enhancer
elements can be located at great distances both up and downstream from the
promoter. In order to communicate with the promoter the DNA between the
enhancer and the promoter sequences loops out to allow the gene-specific
transcription factors bound to the enhancer sequence to come in contact with
Pol II and other GTFs that is bound to the promoter (Fig 1B). Examples of genespecific transcription factors are the nuclear hormone receptors (NRs) and the
bHLH-PAS (basic-Helix-Loop-Loop-Helix/Per-ARNT-Sim) transcription
factors which binds to specific DNA enhancer elements located in regulatory
regions of the target genes. It is by influencing the rate of the assembly of the
transcription initiation complex that NRs, in association with their coregulators achieves transcriptional regulation at hormone-regulated promoters
(4).

Figure 1. Model of A. Basal and B. Ligand activated transcription
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THE MOLECULAR CHAPERONE HSP90
Hsp90 is one of the most abundant protein in the eukaryotic cell and represents
up to 1-2% of total protein of the cell (5,6). Hsp90 is evolutionary highly
conserved and is present in bacteria, yeast and multicellular organisms. In
mammalian cells, there are two cytosolic Hsp90 isoforms (Hsp90α and
Hsp90β) that function as homodimers. In addition there is a third Hsp90
homologue present in the endoplasmatic reticulum known as Grp94 (7) .
The precise role for Hsp90 is not fully understood however there is evidence
that molecular chaperones promote and regulate correct folding of denaturated
and nascent proteins. However, the view of the Hsp90 based chaperone
machinery is changing and it seems rather that the chaperone interacts with
proteins in their native conformation in order to catalyze the maturation
and/or activation of their client proteins.
Early work on Hsp90 client proteins focused on selected steroid hormone
receptors and kinases such as c-src or c-Raf. However, during the last decade
the diversity of recognized Hsp90 clients has expanded considerably (see
website maintained by Dr Picard for an up to date listing:
http://www.picard.ch/downloads/downloads.htm). Interestingly, most of
the proteins that have been discovered to be regulated by Hsp90 are involved
in signal transduction. The interaction between chaperones and members of
the steroid receptor family, most notably the progesterone (PR) and
glucocorticoid receptor (GR) have been extensively studied and the receptors
have provided a useful model for Hsp90 clients in general (5,8).
In this thesis I will mainly focus on the role of the Hsp90 complex on the aryl
hydrocarbon receptor (AhR), the estrogen receptors (ERs) and the thyroid
hormone receptors (TRs) respectively.
HSP90 STRUCTURE AND ATPASE ACTIVITY
Hsp90 architecture
The Hsp90 protein is composed of three distinct domains. These include the Nterminal ATPase domain, a middle domain that is implicated in client protein
binding, and a C-terminal dimerization domain that also contains
tetracopeptide repeat (TPR) acceptor sites (Fig 2) (9). The TPR acceptor sites
serves as the major interaction site for co-chaperones such as XAP-2, FKBP 51
and 52 and Cyp40 that contains TPR motifs (10). These co-chaperones have
been shown to support Hsp90 in the folding and activation of its client
proteins. In addition, the C-terminal domain is also involved in the formation
of active Hsp90 multiprotein complexes.
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Interestingly, several studies have shown that both the N- and C-terminal
domain of Hsp90 display chaperone activity by preventing the aggregation of
denaturated proteins in vitro (11). These sites differ in substrate specificity and
nucleotide dependence. The N-terminal site interacts with unfolded proteins
and peptides in an ATP dependent sensitive way. In contrast, the C-terminal
domain is an ATP-independent general chaperone site that interacts with
partially folded proteins occurring under stress conditions and during de novo
folding (12,13).

N-terminal domain
♣ ATP/ADP binding site
♣ GA binding site
♣ protein binding

N

C-terminal domain
♣ Dimerization site
♣ TPR accceptor sites
♣ protein and peptide binding

M
Middle domain
♣ protein binding

C

Figure 2. Domain structure of Hsp90. The segment linking the N and M regions of the molecule is highly variable
in length. Dimer structure is not shown.

The ATPase cycle of Hsp90
Upon increasing temperature or in the presence of ATP the Hsp90 homodimer
undergoes dramatic structural changes.
Recently published experiments upon the archetypal Hsp90 chaperone HtpG
in E. coli, suggests that a coordinate series of conformational changes occurs of
the Hsp90 complex following binding of ATP (14,15) (Fig 3). These include
transient dimerization through an end-to-end association of the C-terminal
region of Hsp90, followed by a N-terminal “lid” closure over the ATP binding
pocket. This event is then followed by association of the N and M-domains and
a compaction of the Hsp90 homodimer, in which the individual monomers
twist around each other (refs within (16,17).
This series of events leads to a compaction of the molecule and activation of the
client protein. However, it is still unclear what property of the Hsp90 complex
conformation that contributes to client-protein activation.
Studies have shown that the ATPase cycle of Hsp90 is rather slow: Hsp90 from
yeast hydrolyzes one molecule of ATP every 1-2 min (12,18) and human Hsp90
hydrolyzes one molecule of ATP every 20min (19). The slow hydrolysis
suggests that complex conformational rearrangements of Hsp90 are coupled to
the ATPase reaction and that these represent the rate-limiting step of the
enzyme.
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Hsp90 inhibitors
Interestingly, some natural compounds, such as geldanamycin (GA) and
radicicol perfectly have been shown to mimic the binding of ATP to the Nterminal ATP binding pocket of Hsp90 (20). These compounds are highly
specific and potent inhibitors of the Hsp90 ATPase activity, blocking the
maturation of client proteins and eventually resulting in their degradation (21).
Since many of the Hsp90 client proteins are kinases, which can be deregulated
in the development of cancer, derivatives of Hsp90 inhibitors such as GA are
currently being investigated as anticancer therapeutics at the stage of clinical
trails (22).

Figure 3. Schematic picture of the ATPase cycle. A client protein binds Hsp90 in the absence of ATP.
Upon binding of ATP, Hsp90 undergoes conformational changes which in turn induces activation of the
client protein. Inhibition of ATP binding by geldanamycin (GA) blocks client protein maturation.

HSP90 CO-CHAPERONES INVOLVED IN PROTEIN MATURATION
Several studies suggest that Hsp90 is not able to function as a chaperone by
itself. Instead, Hsp90 functions as the core component of a dynamic set of
multiprotein complexes that incorporates other chaperones and an assortment
of co-chaperones such as p23 and proteins that contain TPR motifs.
p23
The co-chaperone p23 was first identified as a component of Hsp90-steroid
hormone-nuclear receptor complexes. p23 has been found associated with a
wide range of Hsp90-client-complexes, including Fes tyrosine kinase, hemeregulated kinase HRI, AhR and ERs (refs within (20,23).
The main task for p23 in the Hsp90 complex is to stabilize the interaction
between Hsp90 and its client protein. One possible mechanism for the
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stabilization properties mediated by p23 is through inhibition of the ATPase
activity of Hsp90. Upon ATP binding; the N-terminal domain of Hsp90
changes its conformation. This conformational change enables p23 to bind the
N-terminal part of Hsp90. However, p23 can only bind to Hsp90 that has
already bound ATP and which is therefore committed to ATP hydrolysis.
Stabilization of Hsp90 in this conformation by p23 slows down the ATP
turnover rate of Hsp90 and thereby extends the half-life of the Hsp90-client
complex. (73,79).
TPR containing proteins
The largest defined class of co-chaperones and the first to be identified are
those that possess one or more TPR moifs. TPR motifs are highly degenerated
34-amino acid repeats which are often arranged in tandem and are thought to
be sites where intra-and intermolecular interactions occur (24,25). The TPR
containing proteins bind to TPR acceptor sites located at the extreme C
terminus of Hsp90. Within this group of proteins we can find Hop/Sti1 that
facilitates the interaction between Hsp70 and Hsp90, CHIP (carboxy terminus
of hsc 70 interacting protein), the protein serine phosphatase PP5 and members
of the immunophilin family of proteins such as Cyp40, the FKBPs and XAP-2
(8,20). In addition, beyond the conservation of their TPR motifs, these proteins
are remarkably diverse.
The immunophilin family of proteins
Immunophilins are ubiquitous and conserved proteins that bind
immunosuppressant drugs, such as FK506, rapamycin and cyclosporine A.
All immunophilins possess activity of the cis-trans izomerization of peptidylpropyl bonds. This enzymatic activity is called “peptidylpropyl isomerase”
(PPIase) activity. PPIase activity is a chaperoning function that catalyzes the
rate-limiting step in protein folding (26).
Three high molecular weight immunophilins named FKBP52 (also termed p59,
Hsp56, p50, HBI, FKBP59 or FKBP4 (86)), FKBP51 (p54, FKBP54 or FKBP5) (27)
and Cyp40 (28,29) have been discovered as components of steroid receptor
complexes. All of them possess several TPR domains located in the C terminal
part of the protein and are thought to interact with TPR acceptor sites in the Cterminal of Hsp90.
Functional role of immunophilins
FKBP51 are most abundant in GR and PR complexes while Cyp40 is most
abundant in ER complexes in absence of ligand. However, FKBP52 seems to be
found in all steroid receptor complexes currently investigated. Interestingly,
hormone binding of GR stimulates a rapid exchange from FKBP51 to FKBP52
in GR complexes. Interestingly, this exchange in turn results in efficient nuclear
accumulation, supported by FKBP52. The increased nuclear accumulation of
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GR mediated by FKBP52 indicates that immunophilins have important and
distinct functional roles to play in nuclear receptor signalling cascades.
Immunophilins have also been shown to modulate hormone-binding affinity
of some steroid receptors. Overexpression of FKBP51 inhibits both PR and GR
activity in transfected vertebrate cells (30). However, when human FKBP52
was expressed in Saccaromyces serevisiae, FKBP52 was found to elevate GR
hormone binding affinity (31). Furthermore, in mammalian cells over
expression of FKBP51 inhibits GR function, which can be reconstituted by
increasing the amounts of FKBP52. Thus it is thought that the ratio between
FKBP51 and FKBP52 determines the GR activity (32). In another yeast model,
human ER and mineralcorticoid (MR) were unaffected by either FKBP51 or 52.
Interestingly, in the same study, GR, PR and the androgen receptor (AR) were
similarly potentiated in the presence of FKBP52 (33).
Although immunophilins are typically characterized as participants of steroid
receptor-Hsp90 complex assembly, their association with Hsp90 clients is not
only limited to steroid receptors. The immunophilins have also been found in
complexes with the AhR, with cytoplasmatic kinases or mutant p53 (34).
However, all of these interactions are Hsp90 dependent, where the
immunophilin piggybacks on Hsp90 into the Hsp90-client complex. In
addition, there are some reports about Hsp90 independent protein interactions
of some immunophilins.
The PPIase domain of FKBP52 and Cyp 40 for example has been shown to
interact with a protein component in dynein complexes (35). This interaction
may relate to the importance of immunophilins in the intracellular shuttling
process of the steroid hormone receptors. Currently, direct interacting partners
other than Hsp90 have not been described for FKBP51.
XAP-2
XAP-2 (hepatitis B virus X associated protein 2) also named ARA9 and AIP (3638) is a 37kDA Hsp90 –associated protein that belongs to the immunophilin
family of proteins. As stated previously, immunophilins bind to and mediate
the effects of immunosuppressant drugs, however, XAP-2 does not appear to
bind any of them and is therefore not strictly an immunophilin. It does
however share significant sequence homology with immunophilins, such as
FKBP12, Cyp40 and specially, FKBP52 (36,38).
XAP-2 contains three TPR motifs located in the C-terminal domain of the
protein. These motifs have been shown to be important for the physical
interaction with the C-terminal part of Hsp90 that contains TPR acceptor sites.
In contrast to immunophilins like FKBP52 that binds to the receptor through its
PPIas domains, XAP-2 has been shown to bind both the receptor (AhR) and
Hsp90 via its TPR motifs.
XAP-2 is mainly located in the cytoplasmic compartment of the cell (38) and is
ubiquitously expressed, however, its expression levels vary considerably
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between tissues. XAP-2 is highly expressed in spleen and thymus, whereas
liver, kidney and lung display lower expression levels (38-40). XAP-2 was first
thought to specifically interact with the AhR. However, to date XAP-2 has been
shown to interact with PPARα (41), TRβ1 (42) and ERα (paper IV).
In order to understand the physiological role of XAP-2, ARA9 null mice have
been generated. Mice with a homozygous deletion of this gene (ARA9 -/-)
display 100% embryonic lethality due to a number of embryonic heart defects
(43). Indicating that XAP-2 plays an essential role in cardiac development.
Since ARA9 -/- mice display embryonic lethality the Bradfield laboratory
recently generated a hypomorpic ARA9 allele (ARAfxneo) that display reduced
ARA9 protein expression. Interestingly, studies using the ARAfxneo/fxneo mice
show that XAP-2 is essential for AhR-mediated developmental signalling (43).
One of XAP-2s properties is to stabilize AhR protein levels (44-46). This is
accomplished by the ability of XAP-2 to protect the AhR from ubiquitination
and proteosomal degradation (47,48). Overexpression of XAP- has been shown
in some studies to increase transcriptional activation of the AhR (37,45,49)
whereas others have observed a decrease in transcriptional activation (50,51).
These differences in transcriptional activation has been explained to be due to
variations in XAP-2 expression levels within the different tissues that where
used in the experiments.
Furthermore, XAP-2 has also been shown to regulate the intracellular
localization of the AhR by keeping the AhR in the cytoplasmatic compartment
of the cell in the absence of ligand (52). In addition, studies have shown that
overexpression of XAP-2 delays ligand induced nuclear accumulation of the
AhR (53) indicating that XAP-2 seems to function as a cytoplasmatic retention
factor that keeps the AhR in the cytoplasmatic compartment of the cell in the
absence of ligand.
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THE HSP90 CHAPERONE CYCLE-ACTIVATION OF CLIENT PROTEINS
The maturation process of steroid hormone receptors (SHRs) is mediated by
the Hsp90/hsp70 based chaperone machinery. It is a complex multi step
process in which the receptor is converted from a non-functional, immature
polypeptide to a functional active ligand binding, mature receptor.
This process is most studied in the case of the GR and PR receptors.
The first step in the activation process of SHRs seems to vary depending on the
client protein. For example the PR has been shown to first interact with the
molecular chaperone Hsp40 (Fig 4 nr 1) (54). However, studies with the
glucocorticoid receptor (GR) indicate that Hsp70 is the first protein to
recognize the client protein (55) Thus it appears that various Hsp90 client
proteins can differ in their Hsp40 requirements.
Following Hsp40 binding, Hsp70 associates with PR, which is ATP dependent
(nr 2) (56). This event leads to a tighter association of Hsp70 with its client
protein.The binding of Hsp70 to PR has been shown to alter the folding of PR
in order to facilitate the binding of Hsp90 to the receptor (57). Next Hop, a TPR
containing adaptor protein interacts with Hsp70 (nr 3). Hop can
simultaneously bind the TPR acceptor sites on Hsp70 and on Hsp90, thus
bringing Hsp90 to the client protein. Hsp90 recognizes the client proteins
within its C-terminal region, whereas PR binds Hsp90 via its ligand-binding
domain (20). After the intermediate complex is formed, Hsp40, Hsp70 and Hop
dissociates from the complex, ATP (nr 4) and p23 (nr 5) are bound to Hsp90
and the ATPase cycle of Hsp90 starts (Fig 4).
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Figure 4. Model of chaperone mediated assembly and functional maturation of PR. 1. Interaction with Hsp40 to the
client protein 2. ATP dependent interaction of Hsp70 to the Hsp40 complex. 3. Hop brings Hsp90 to the
Hsp70 complex forming a intermediate complex. 4. ATP is bound to the intermediate complex and the ATPase
cycle starts. 5. Binding of p23 to the ATP bound Hsp90 promotes the dissociation of the intermediate complex.
6. Immunophilin (IP) binding forming the mature complex. 7. Upon ligand binding the PR enters the activation
pathway. 8 In the absence of ligand the Hsp90- client protein- complex dissociates and PR starts a new cycle of
activation.

The structural changes within Hsp90 during the ATPase cycle facilitate the
binding of the co-chaperone p23. p23 traps Hsp90 at a defined step in the
ATPase cycle where it stabilize the receptor-Hsp90 complex in its ATP bound
state and thus promote the dissociation of the intermediate complex consisting
of Hsp 40, Hsp70 and Hop from the receptor-Hsp90 complex (Fig 4 nr 5).
The dissociation of the intermediate complex mediated by p23 makes TPR
acceptor sites in the extreme C-terminal part of Hsp90 available for binding by
TPR containing immunophilins such as FKBP51, FKBP52, Cyp 40 and
presumably XAP-2 (nr 6).
The newly formed mature complex consists of the client protein an Hsp90
dimer, one p23 protein and one immunophilin and is now capable of binding
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hormone (nr 7). Subsequently, upon hormone binding the PR enters the
activation pathway and in turn induces transcription of target genes.
Interestingly, if ligand binding does not occur, ATP hydrolysis triggers the
dissociation of the Hsp90 –client protein complex. Following dissociation of the
Hsp90 complex the client protein is not longer able to bind ligand and the cycle
start again (57)(nr 8). The functional reason behind this cycling is not fully
understood. However, studies indicate that it is a cellular mechanism for
preventing PR lacking its ligand-dependent, activation-competent
conformation from prematurely entering the activation pathway or from
premature proteolytic degradation (57).
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MOLECULAR BIOLOGY OF BHLH TRANCRIPTION
FACTORS
The bHLH (basic-Helix-Loop-Helix) family of transcription regulators
represent a diverse family of proteins that are important for controlling gene
expression in many fundamental biological processes, such as early cell
determination and differentiation, cell cycle maintenance, homeostasis or stress
responses pathways (58).
BHLH AND BHLH/ZIP PROTEINS
The bHLH family is divided into three different groups depending on their
structural features: the bHLH/Zip (bHLH/leucine Zipper), bHLH and the
bHLH/PAS (bHLH/Per-ARNT-Sim) (Fig 5). The HLH domain has been
shown to mediate dimerization between members within this family of
proteins. In addition, the basic (b) region allows specific binding to enhancer
sequences within the DNA known as E-box elements. E-box elements have the
consensus element 5´-CANNTG-3´ where NN most commonly represents CG
or GC (59,60). E-box elements have been identified in regulatory regions of
genes encoding immunoglobulins and genes specific for muscular (e.g myosin
light chain) neuronal or pancreatic cells (e.g insulin) (review (58). Both the
bHLH and the bHLH/Zip proteins generally exhibit constitutive activity
corresponding to restricted tissue or developmental expression patterns (58). In
contrast, the bHLH/PAS proteins tend to be ubiquitous, latent transcription
factors whose activity is signal regulated.
bHLH/PAS proteins
The bHLH/PAS family of transcription factors are characterized by two
conserved structural domains, the bHLH and the PAS domains (Fig 5) (61). The
N-terminal bHLH domain shares a high sequence homology with the other
bHLH containing proteins. However, in contrast to the bHLH and bHLH/Zip
proteins, the bHLH/PAS heterodimers recognise DNA sequences other than
the prototypical E-box.
The C-terminal PAS domain is located adjacent to the bHLH domain and spans
over two hydrophobic repeats of approx 250-300 amino acids, termed PAS A
and PAS B. In addition to the bHLH domain, the PAS domain has been shown
to functions as a second dimerization interface that defines the dimerization
partner. In turn, the choice of partner leads to specificity in dimerization and
recognition of DNA elements of target genes (62,63).
In the most C-terminal end the transactivation (TAD) domain is located. This
domain has been shown to bind co-activators that in turn induce ligand
dependent transcriptional activation of target genes (62-66).
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THE BHLH/PAS FAMILY OF TRANSCRIPTION FACTORS
Members of the bHLH/PAS family of transcription factors are a group of key
developmental and environmental stress sensing proteins.
The Aryl Hydrocarbon Receptor (AhR) is one of the best-characterized
bHLH/PAS proteins it was also one of the initial bHLH/PAS factors that were
cloned (67,68). Other bHLH/PAS family members are Clock and PER which
has been shown to be involved in regulation of the circadian rhythm, SIM (62)
that is involved in regulation of the development of the CNS and ARNT (69)
that functions as a general dimerization partner for a number of different
bHLH/PAS proteins including AhR and the Hypoxia Inducible Factor 1α
(HIF1α) (70). In addition, ARNT has also been shown to act as a potent coactivator of estrogen receptor transcriptional activity (71).
Three isoforms of ARNT has been discovered; ARNT, ARNT2 and ARNT3
(bMAL). Structurally ARNT and ARNT2 share extensive sequence homology
whereas bMAL is less recovered. ARNT and ARNT2 appear to be functionally
interchangeable to some extent, while bMAL selectively interact with certain
bHLH/PAS proteins such as Clock (72,73)

Figure 5. Schematic representation of the domain structure of the basic-Helix-Loop-Helix (bHLH),
bHLH/Leucine Zipper (bHLH/Zip) and basic-Helix-Loop-Helix/Per-ARNT-Sim (bHLH/PAS)
family of transcription factors.
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THE AHR, A LIGAND INDUCIBLE TRANSCRIPTION FACTOR
Xenobiotic ligands
Most compounds known to bind to and activate the AhR are hydrophobic
molecules that falls under two structural classes, halogenated aromatic
hydrocarbons (HAHs) such as polychlorinated dibenzo-para-dioxins (PCDDs)
(this group includes the extensively studied prototype for AhR ligand; 3,4,7,8
tetrachlorodibenzo-ρ-dioxin, TCDD) and polychlorinated dibenzofurans
(PCDFs) (Fig 6). These compounds are of planar structure with halogenated
residues in the outermost benzene rings (74). HAHs and Biphenyls (PCBs) bind
the AhR with high affinity. In addition polyaromatic hydrocarbons (PAHs)
such as benzo (a) pyrene (BaP) and 3-methylcholntrene (3MC) lack
halogenated side chains and binds to the AhR with lower affinity (75).
What is the endogenous ligand(s) for the AhR?
Apart from man-made chemicals, there are natural compounds that can act as
AhR ligands and transiently induce AhR inducible genes such as Cyp1A1.
Examples are Indolo [3,2-b] carbazol (ICZ) that is an indol derivate that is
formed from indolo-3-carbinol in the acidic environment in the stomach.
Indolo-3-carbinol is a secondary plant metabolite produced from Brussels
sprouts, broccoli and cabbage (76-78). ICZ bind to the AhR with high affinity
and acts as an AhR agonist. Other ligands derived from food items are
flavonids (79) that are abundant in fruits and vegetables (80) and resveratrol a
compound found in grapes, nuts and red wine (77,81). AhR is further strongly
induced by indigo and indirubin found in human urine (82) and tryptophanderived products such 6-formylindolo [3,2-b] carbasole (FICZ) that is produced
through UV irradiation of tryptophan. Interestingly, FICZ has been shown to
have a higher AhR binding affinity than TCDD (83,84). In addition, most of the
compounds of plant origin are not persistent in tissues due to rapid
metabolism as a result of this they do not induce AhR like toxicity.
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Figure 6 Classical AhR agonists. 2,3,7,8-Tereachlorodibenzo-ρ-dioxin (TCDD), 2,3,7,8-tetrachlorodibenzofuran,
3,3´,4,4´- tetrachloroazoxybenzene and 2,3,6,7,-tetrachloronaphtahalene are representative HAHs.
3,3´,4,4´,5- Pentachlorobiphenyl is a potent PCB. Benzo[a] pyrene and 3-metyl-cholanthrene are PAHs.
Agonists derived from dietry sources. Indolo [3,2-b] carbazole (ICZ) is an acid condensation product from
Indole-3-carbinol (I3C). Quercetin is a representative flavonid and 6-Formylindolo[3,2-b] carbazole (FICZ)
is a UV photoproduct from tryptophan.

TCDD-AN ENVIRONMENTAL POLLUTANT
PCDDs, PCDFs and PCBs goes under the common name dioxins (85). There
are 210 known different dioxin-like compounds out of which 17 are considered
toxic and harmful to human health. The most toxic dioxin is 3, 4, 7,8
tetrachlorodibenzo-ρ-dioxin, TCDD, also known as Seveso dioxin. Dioxins are
formed as unwanted by products of industrial processes but they can also be
produced during incomplete combustion of household and industrial waste
materials. TCDD exposure occurs mainly through oral ingestion through diet
and due to its high persistence to bio-degradation and that it is a lipophilic
compound it is stored in the adipose tissue for very long periods of time.
Studies have shown that the biological half-life of TCDD in rodents is usually
2-4 weeks (86). However, in humans the half-life has been estimated to be 7-11
years with wide individual variation (87).
Toxic and biological effects of TCDD
TCDD exposure exerts a number of biological effects in both humans and
animals, however the response seems to vary depending on dose, species,
strain, age and gender. For example, studies have shown that the elimination
of TCDD is faster upon exposure of higher concentrations of TCDD. In
addition, it has also been shown that higher amounts of body fat lead to
increased persistence of TCDD (88).
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TCDD effects in animals/humans
When exposed to high concentrations of TCDD rodents die from wasting
syndrome within 2-4 weeks and nonhuman primates dies within 6-8 weeks
(89). Wasting syndrome is characterized by a dramatic loss of adipose tissue
and concomitant decrease in body weight. Studies also show that TCDD
exposure induces thymic atrophy, which in turn leads to alteration in the
immune response. TCDD exposed animals have shown skin disorders,
embryonic and fetal toxicity, liver toxicity, reproductive disorders such as
elevated frequency of miscarriages, male sterility and tumour promotion (88).
In addition to its acute effects, TCDD is a potent endocrine disruptor.
Endocrine disrupting compounds (EDC) affects hormonal signalling pathways
in the body other than their own. The disruptive effects of TCDD on hormonal
signalling that have been mostly studied are the estrogen, thyroid and the
retinoid hormone signalling pathways. For example, the steroid hormone
estrogen is important for the development and function of the reproductive
organs in both females and males. TCDD has been shown to have antiestrogenic effects, which in turn impacts, on the female reproductive tract
leading to reproductive disorders. Furthermore, TCDD has also been shown to
upregulate the expression levels of a battery of genes coding for drug
metabolizing phase I enzymes such as CYP1A1, CYP1A2 and phase II enzymes
such as glutathione-S-transferase (GST) and UDP-glucuronyltransferase etc
(90-92)
TCDD effects in humans
Since most data available regarding the effects of TCDD and dioxin like
compounds is derived from animal experiments it is difficult to extrapolate the
results obtained to human populations. The human data that is available arises
from different accidents such as exposure of chemical workers following
industrial accidents, for example in Seveso in 1976 and Vietnam veterans who
sprayed Agent Orange during the Vietnam War. Other exposure incidents
involve contaminated food for example in Taiwan and Japan where children
were exposed to TCDD through breast-feeding by mothers that had consumed
contaminated rice oil used for cooking.
Acute exposure to high doses of TCDD leads in humans to hyperpigmentation
referred to as chloracne. Other symptoms of TCDD exposure include nausea,
joint pain, headaches, fatigue and irritability. These symptoms can persist for at
least 30 years following initial exposure (93,94). TCDD has also been shown to
affect reproduction both in males and females. For example, Vietnam veterans
display lower sperm count than the average male population. TCDD and
dioxin like chemicals have also been shown to be potent cancer promoters. In
general, humans appear to be less sensitive to the toxic effects of TCDD than
animals. However, the reason behind this difference has not been elucidated.

16

THE ARYL HYDROCARBON RECEPTOR (AHR)
The exact mechanism underlying the toxicological effects mediated by TCDD
has not been completely elucidated, however it is generally accepted that the
majority of these effects is mediated through activation of the AhR.
Physiological role for the AhR- observations in AhR knockout mice
Three independent laboratories have generated AhR– deficient mice, with
varying phenotypes. However, the common consensus phenotype includes
teratogenic effects and resistance to TCDD toxicity (95-97). In addition, small
liver size and decreased body weight has also been observed. An extended
analysis of the AhR -/- mice from the Bradfield laboratory demonstrated that
reduced liver size of AhR -/- mice was due to that the AhR locus is required
for normal perfusion of the developing liver. Furthermore, disruption of the
AhR signalling pathway gave rise to fetal hepatic necrosis and consequent liver
deformation, which persisted through adult-hood (98). Indicating, that AhR
play an important role in vascular development. In addition to the effects
observed in the liver and vasculature of AhR receptor deficient mice described
above, the fertility of the AhR -/- female mice was reduced. Interestingly, the
phenotype of these mice were similar to that seen with the P450 aromatase
(Cyp 19) knockout mice (ArKO) (99) and ERα/ERβ double knockout mice
(ERαβKO) (100). AhR-deficient female mice have been shown to be subfertile,
resulting from impaired folliculogenesis and ovulation. The ovarian effects are
likely due to insufficient synthesis of estradiol, which is consistent with
observations that shows that the Cyp 19 gene is a novel target for the AhR
within the ovary (101).
Expression pattern of the AhR
The highest expression levels of AhR in humans are observed in lung and
placenta, and lowest in kidney, brain and skeletal muscle (102). However, in rat
the mRNA levels of the AhR is most abundant in lung, liver and kidney with
lower levels in heart and spleen (103).
AhR architecture
The functional structure of the AhR compromises the conserved bHLH and
PAS domains (Fig 7). In addition to the DNA binding and dimerization
properties of the bHLH motif this domain also contains a nuclear localization
signal (NLS) that mediates nuclear import of the AhR (104). Interestingly, two
nuclear export signals (NES) have been identified, one is present in the HLH
region (104) and one is located between the PAS A and PAS B domains (105).
NES are leucine rich sequences with the consensus sequence LX2-3LX2-3LXL
(where L represents leucine and X any amino acid). These sequences are critical
for targeting proteins out of the nucleus (106). The C-terminal half of the PAS
domain (spanning the PAS B motif) harbours the minimal ligand binding
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domain (107) and one of two interaction sites for Hsp90 (61). The other
interaction site is located in the bHLH domain (108).
The C-terminal half of the AhR contains the transactivation (TAD) domain that
contributes to transcriptional control of the receptor (65).
The N-terminal part of AhR is well conserved across species with 86% amino
acid identity, whereas the C-terminal half only shows 58% identity between
mouse AhR (mAhR) and human AhR (hAhR). The difference in the TAD
domain between mAhR and hAhR has been proposed to be one explanation to
the different toxicological endpoints of mAhR and hAhR observed (109).
The TAD domain consists of proline/serine/theonine-rich (P/S/T), glutamine
(Q-rich) and acidic sub domains each of which function independently and
exhibit varying levels of activation (65,110,111). In addition, the TAD domain
has been shown to regulate AhR transcriptional activation by binding to coactivators such as members of the p160 family of co-factors (65). Recent studies
have shown that the hAhR TAD directs co-activator binding to the Q-rich
region whereas the mAhR may utilize both the acidic and the Q-rich TAD sub
domains for co-activator recruitment and gene activation. Indicating that the
differential recruitment of co-activators by mouse and human AhR could lead
to differentially regulated gene expression through selective recruitment of coactivators (112).

Figure 7. Schematic representation of the functional architecture of the AhR

THE AHR SIGNAL TRANSDUCTION PATHWAY-ROLE OF HSP90
In the absence of ligand the AhR is present in a latent configuration in the
cytoplasmatic compartment of the cell or evenly distributed between the
nucleus and cytosol depending on cell type.
The non-activated form of the receptor is associated with two molecules of
Hsp90 (113), one molecule of the co-chaperone p23 (114) and one molecule of
XAP-2 (36-38). Hsp90 interacts with two, spatially distinct motifs on the AhR,
the ligand binding PAS B domain and the bHLH domain respectively (108).
The interaction of Hsp90 on the ligand binding domain of the AhR is important
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for maintaining the receptor in a high affinity ligand binding state and
repressed conformation whereas the interaction of Hsp90 on the bHLH domain
has been demonstrated to regulate nuclear import of the AhR by masking the
N-terminal nuclear localization signal (NLS) of the AhR (115). The association
of the co-chaperone p23 with the Hsp90 complex has been shown to stabilize
the AhR-Hsp90 complex and thus maintain the receptor in a ligand inducible
form (114).
Upon ligand binding the AhR undergoes transformation to an active DNA
binding state. Due to TCDDs high degree of lipophilicity, it is generally
assumed that the ligand enters the cell by simple diffusion (61). Upon ligand
binding, the PAS B domain that harbours the ligand-binding pocket somehow
“communicates” with the NLS located in the bHLH domain. Studies have
shown that the communication is mediated through Hsp90 that interacts with
both the PAS B and the bHLH domain of the AhR and thereby unmasks the
NLS located in the N-terminal domain of the AhR (115). Interestingly, if the
ligand induced receptor is treated with the Hsp90 inhibitor geldanamycin (GA)
the nuclear accumulation of the receptor is inhibited (47,115). Indicating, that
the Hsp90 complex play a crucial role in intracellular trafficking of the AhR
Once the NLS present in the bHLH domain of the AhR is unmasked this
sequence is recognized by the “import receptor” importin-α (115). Importin-α
in turn function as an acceptor site for importin-β that mediates docking of the
whole protein complex at the nuclear pore complex (NPC). Interestingly,
studies have shown that ligand binding does not induce dissociation of the
Hsp90 complex from the AhR; instead the Hsp90 complex is transported
through the NPC together with the AhR into the nucleus (116)(Fig 8). In the
nucleus AhR dimerize with its partner factor ARNT (69,117,118). Dimerization
between the AhR and ARNT induces release of the Hsp90 complex from the
receptor (52,114). The AhR/ARNT heterodimer binds to specific DNA
enhancer sequences in the 5´regions of AhR responsive genes termed
Xenobiotic Responsive Elements (XRE) (119,120). XRE elements are gene
regulatory elements located upstream of dioxin inducible genes that codes for
xenobiotic metabolizing enzymes such as the Cyp1A1, Cyp1A2 and
glutathione S-transferase (88). Binding of AhR/ARNT heterodimer to XREs
results in nucleosomal disruption, recruitment of transcription factors to the
promoter region and subsequent mRNA synthesis.
AhR/ARNT interaction with transcriptional co-regulators
AhR and ARNT appear to bind direct to selected general transcription factors,
for example: mAhR has been shown to bind directly to TFIIB whereas hAhR
has been shown to bind both TBP and TFIIF. In addition, human ARNT can
bind TFIIF (110,121). ARNT has also been shown to interact with several coactivators such as p300/CBP, SRC-1 and RIP140 (110,121) that in turn mediate
nucleosomal disruption through their histone acetyl transferase (HAT) activity.
Using ChIP analysis, studies have shown that all members of the p160 family
of co-activators associate with the enhancer region of the mouse Cyp1A1 gene
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following TCDD exposure. These and other observations provide convincing
evidence that the p160 family of co-activators represents bona fide co-activators
for the AhR/ARNT signalling pathways.
Illustrated in Fig 8 is also the binding of AhR/ARNT to the XRE (s) that results
in bending of the upstream region of the Cyp1A1 gene, thereby bringing the
enhancer and promoter elements into closer proximity (122).

Figure 8. AhR mediated transcriptional activation.
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THE NUCLEAR RECEPTOR FAMILY (NR)
The NRs provide direct control of gene expression via various extracellular and
intracellular signals. In humans the NRs includes 48 members. Phylogenetic
analysis of the NRs form the basis for classification into subfamilies: The
steroid hormone receptors (SHRs) bind to their response elements as
homodimers and are referred to as type I receptors. They include the
progesterone (PR), estrogen (ER), androgen (AR), glucocorticoid (GR) and
mineralocorticoid (MR) receptors, all named after their endogenous ligand. The
type II subclass includes the thyroid hormone (TR), retinoic acid (RAR),
vitamin D (VDR) and the peroxisome proliferator activated (PPAR) receptors.
These receptors bind to their response elements as heterodimers with the
retinoid X receptor (RXR). A third NR subclass includes the so-called orphan
receptors such as the liver X receptor (LXR), farnesoid X receptor (FXR) and
constitutive androstane receptor (CAR) for which there are no apparent
ligands identified to date.
NR ARCHITECTURE
Members of the NRs share a similar domain structure that usually includes a
variable N-terminal domain (A/B), a highly conserved DNA-binding domain
(DBD), a hinge domain (D), and a conserved E region that contains the ligand
binding domain. Some receptors also contain a C-terminal (F) domain (Fig 9).
N-terminal (A/B) domain
The A/B domain is the most variable region in terms of length and amino acid
composition. Most receptor isoforms appear due to modification of this
domain. The A/B domain often harbours a ligand independent activation
function (AF-1) domain that is responsible for promoter and cell specific
activity.
DNA-binding domain (DBD)
The DNA- bindig domain also named the C domain is the best-conserved
domain within the nuclear receptor family. The DBD is structurally organized
into two zinc fingers, which recognizes enhancer like DNA sites called
hormone responsive elements (HREs). The first Zinc finger contains the “P
box” that is central for the recognition of the HRE by the NR. The second zinc
finger contains the “ D box” which is involved in receptor dimerization.
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Hinge domain
The hinge domain is also referred to as the D domain and it is poorly
conserved within the NRs (123). For the type I subclass of NRs the hinge
region is involved in the association with the Hsp90 complex (20). The same
class of NRs has also been shown to harbour a nuclear localization signal (NLS)
within this domain. This region has also been shown to allow the protein to
bend or alter conformation (123).
Ligand binding domain (LBD)
The LBD or E domain is relatively conserved between the different members of
the NRs. This region is a multi functional domain that is involved in ligand
binding, dimerization, co-factor binding, transactivation and for the steroid
hormone receptors, Hsp90 interaction and nuclear localization. The LBD is
composed of 12 α helixes (H1-H12) that are packed together in a sandwich like
structure. Ligand binding induces conformational changes in H12, which
harbours the ligand dependent activating function (AF-2) domain. The
alteration in conformation results in altered orientation of the AF-2 motif. This
“locks” the ligand in the ligand binding pocket and forms a surface for the
interaction with co-activators at the “entrance” of the ligand binding pocket.
Receptor antagonists cannot induce such conformational changed in the
receptor molecule and consequently they cannot promote the receptor
interaction with transcriptional co-activators. Selective agonists/antagonists
also called selective receptor modulators (SERMs) induce an altered orientation
of H12, which provides receptor activity only in certain gene and cellular
context.
F domain
The F domain is not present in all receptors. This domain may be involved in
additional discrimination between receptor agonists and antagonists. For
example, removal of this domain from the PR or GR resulted in the conversion
of an antagonist into an agonist. It is also possible that this domain can bind
some co-repressors.

Figure 9. Schematic representation of the functional architecture of the NRs
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TRANSCRIPTIONAL CO-REGULATORS
Co-regulator proteins i.e. co-activators and co-repressors are transcriptional
regulatory proteins that binds to the NR, and either activate or repress the
basal transcription of the target gene.
In addition, the co-regulatory proteins do not bind to DNA themselves rather
they act as a bridge between the gene specific transcription factors and the
basal transcription machinery.
Co-activators
Co-activators can be subdivided into two groups: primary and secondary coactivators (124). Members of the p160 family of co-activators are one example
of primary co-activators. They contain three homologous members referred to
as, steroid receptor co-activator, SRC1 (NCoA-1), SRC-2 (GRIP1, TIF-2, or
NCoA-2) and SRC-3 (p/CIP, RAC3, ACTR, AIB1 or TRAM-1). All three
members of the SRC family interact with multiple NRs in a ligand dependent
manner and subsequently increase receptor activity. The interaction between
SRC family members and NRs is mediated via LXXLL motifs (in which L
corresponds to Leucine and X to any amino acid) located in the central part of
the co-activator (125). These leucine rich motifs are referred to as NR boxes and
interact with the ligand dependent activation function 2 (AF-2) domain on the
NRs. Interestingly, a region referred to as the Q (glutamine) rich region on the
SRCs has been shown to be important for the interaction with the ligand
independent activation function 1 (AF-1) of certain NRs (126).
The primary co-activators serves as platforms for the recruitment of additional
co-activators such as CBP, p300 and the CBP/p300 associated factor pCAF.
These co-activators are termed secondary co-activators since they do not
directly contact the receptors rather they are constituents of a multisubunit coactivator complex that contribute to the enhancement of NR mediated
transcription. Several of the proteins identified as co-activators possess intristic
histone acetyltransferase (HAT) activity (127,128). Co-regulators possessing
HAT activity transfer an acetyl group to lysine residues on the histone that
constituate the nucleosome of the DNA. The acetylation weakens the binding
of the core histone to the DNA and thereby providing docking sites for
additional transcriptional activators to the promoter region, resulting in
transcriptional activation of the target gene.
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Co-repressors
In contrast to co-activators, co-repressors such as NCoR (Nuclear receptor
corepressor) and SMRT (silence messenger of retinoid receptors and thyroid
hormones) interact with the unliganded receptor to repress basal transcription.
NCoR and SMART have been shown to recruit protein complexes that possess
histone deacetylase activity (HDAC). These complexes induce chromatin
condensation at the promoter region and thus inhibition of transcription
(129,130). Upon ligand binding, the conformation of the receptor complex is
altered and the co-repressor complex is replaced with the co-activator complex.
LIGAND DEPENDENT ACTIVATION OF NRS
In the absence of ligand members of the steroid hormone superfamily have
been shown to exist in a inactive form associated with a large molecular
complex organized around a dimer of Hsp90 (131), a monomer of p23 (132)
and one of several immunophilins (IP) (Fig 10). This complex is required to
maintain the receptor in a ligand inducible form (131).
Ligand binding results in a conformational change within the receptor that
promotes dissociation of the Hsp90 complex and nuclear translocation (in the
case of GR and MR that are located in the cytosol in the absence of ligand). In
the nucleus the receptor homodimerize and binds DNA on their cognate
hormone response elements (HREs) (Fig 11A). This results in recruitment of coactivators such as the SRCs and other histone acetylases such as CBP, p300 and
the CBP/p300 associated factor pCAF as well as chromatin modifying
enzymes. These factors induce local nucleosome disruption around the
enhancer/promoter region. Subsequent recruitment of GTFs, Pol II and other
general transcription factors to the promoter leads to stabilization of the
transcription initiation complex and finally transcription of target genes.
In contrast, NRs that form heterodimers with the RXR, the type II receptors,
have not been shown to be associated with the Hsp90 complex. They bind their
response elements in absence of ligand, associated with co-repressors, which
inhibit transcription of their target genes (Fig 11B). Upon ligand binding the corepressors dissociate from the complex and are replaced by co-activators,
which results in transcriptional activation (133,134).
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Figure 10. Transcriptional activation of steroid hormone receptors. A. Latent complex of GR and MR is located in
the cytoplasm bound to the Hsp90 complex. B. Latent complex of ER, PR is located in the nucleus bound
to the Hsp90 complex. Upon ligand binding the Hsp90 complex dissociates from the receptor according to
the classical model of steroid hormone action.

A

B

Figure 11. Transcriptional A. activation of type I and II NRs and B. repression of unliganded type II NRs

RECEPTOR TRAFFICKING
Nuclear translocation-importance of the Hsp90 complex
It is well established that the steroid hormone receptors constantly shuttle
between the cytoplasm and nucleus. Furthermore, other NRs such as VDR and
TR as well as the AhR have also been shown to shuttle (8,47,53,135).
GR is the most studied receptor regarding the cytoplasmic-nuclear movement
since it is located in the cytoplasm in the absence of ligand. Upon ligand
binding, the receptor translocates from the cytoplasmatic compartement of the
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cell to the nucleus. Normally this steroid-dependent translocation is rapid (t1/2
4,5min). However, treatment with the Hsp90 inhibitor GA decreases the rate of
translocation to the nucleus (t1/2 45min), which corresponds to the estimated
time of random diffusion. This indicates that Hsp90 is important for the
translocation of the GR from the cytoplasm to the nucleus.
Studies have shown that this rapid Hsp90 dependent movement occurs along
cytoskeletal tracts (136). Interestingly, the immunophilin FKBP52 has been
shown to mediate this movement by binding to dynein, the motor protein that
processes along microtubules in a retrograde movement to the nucleus.
The role of FKBP52 in translocation of receptors to the nucleus has been
strengthened by the discovery of a switching mechanism in which hormone
binding to the GR-Hsp90 complex causes the exchange of FKBP51 to FKBP52
in GR complexes. This exchange leads to recruitment of dynein motor protein
and movement of GR as a complex to the nucleus of intact cells.
However, retrograde Hsp90-dependent movement of the GR in the cytoplasm
is not the only pathway for nuclear import that has been described. The best
understood pathway of nucleocytoplasmatic transport is the classical nuclear
import pathway described below (refs within (137)
The classical nuclear import pathway
Most of the molecules in the range of 20-40kDa can transverse the nuclear pore
complex (NPC) by simple diffusion, however molecules larger than 40kDa
utilize facilitated import and export mechanisms. Proteins designated for
transport into the nucleus contain amino acid targeting sequences called
nuclear localization signals (NLS). The best characterized NLS is the classical
NLS (cNLS), which can be divided into two different groups 1; a single cluster
of basic amino acids represented by the SV40 large T antigen NLS
(126PKKKRRV132), and 2; a bipartite type, in which two sets of adjacent basic
amino acids are separated by a stretch of approximately 10 amino acids
(155KRPAATKKAGQAKKKK170) (138-140). In the case of proteins such as the
steroid receptors and the AhR that contains classical NLS, two importin
proteins are involved in nuclear entry, the importin α and β (Fig 12).
Importins are nuclear transport receptors that bind to NLS on their import
cargoes and in turn induce import. Importin-α recognizes the NLS on the
receptor and functions as an acceptor site for importin-β that in turn mediates
docking of the whole protein complex at the NPC.
Passage into the nucleus is very rapid, and the small GTPase Ran controls
loading and unloading of importins with cargo molecules. After the cargoimportin complex transverse the pore, RanGTP binds to importin- β and the
importin-α-cargo is released. The Ran GTP-importin-β complex passes back to
the cytoplasm through the NPC and RanGAP (Ran GTPase activating protein)
converts RanGTP to RanGDP in the cytoplasm, releasing free importin-β to
participate in another cycle of cargo entry (141,142).
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CRM1-a nuclear protein export receptor
The dissociation of hormone from steroid hormone receptors decreases their
affinity for nuclei, and this reduced nuclear affinity is associated with nuclear
export (143). The major export protein CRM1 (chromosome region
maintenance 1), also known as exportin 1 or Xpo1 has a broad substrate range.
CRM1 interacts with leucine rich nuclear export signals (NES) with the
consencus sequence LX2-3LX2-3LXL that are found in a large variety of
nucleocytoplasmatic shuttling proteins. CRM1 binds cooperatively to Ran GTP
and its export cargo, leading to a formation of a trimetric transport complex in
the nucleus, which is then transported to the cytosol through the NPC. CRM1
mediated export is specifically inhibited by the fungal metabolite Leptomycine
B (LMB). The inhibition of CRM1 by LMB involves direct binding of LMB to
CRM1, which affects the binding of the NES cargo to CRM1 (144).
Little is known about the actual translocation of the CRM1 containing export
complex through the NPC. Directionality of transport complexes is mainly
imposed by the Ran gradient, which favours assembly of export complexes
and disassembly of import complexes in the nucleus.
Interestingly, nuclear receptors such as GR, AR, TR and PR have been shown
to lack leucine-rich NLS, in addition the nuclear export was not sensitive to
LMB, suggesting that these proteins are not transport substrates for CRM1 (refs
within(145)).
In addition, there have been a lot of studies trying to understand CRM1
independent nuclear export processes. However, to date no well defined
mechanism has been presented.

Figure 12. A simplified model of classical nuclear import and export pathways. Imp (importin)
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THE ESTROGEN RECEPTORS (ER)
More than 40 years ago Jensen and Jacobsen reported that the biological effects
of 17β-estradiol (E2) were mediated by a receptor protein (146). 24 years later
two groups reported the cloning of the estrogen receptor (ER) (147,148). For
many years it was believed that there was only a single form of the ER and that
it was responsible for mediating the physiological and pharmacological effects
of natural and synthetic estrogens. However, in 1996 a second ER termed ERβ
was cloned from rat prostate cDNA library (149).
The estrogen receptors belong to the type I NRs and are encoded on two
separate genes. In addition, the different domains of the receptors show a
certain degree of homology. The DNA binding domain shows approximately
97% homology while the ligand binding domain is 60% homologus. However,
the main difference is in their A/B domain where, ERα has been shown to
have an active AF-1 domain whereas the activity of the AF-1 domain of ERβ is
debated (146). In addition to ERα and ERβ, several splice variants have been
described. However, not much is known regarding their physiological and
biological role.
Tissue distribution and observations in ERα and ERβ knockout mice
The tissue distribution of ERα and ERβ is different; indicating that the subtypes
have different biological functions. ERα has a broad expression pattern,
whereas ERβ has a more specific pattern with the highest expression levels in
the prostate, ovary and lungs. ERβ expression has also been found in uterus,
mammary gland, cardiovascular system, bone, brain, and the central nervous
system, all these tissues have also been shown to express ERα (146).
The difference in expression pattern of ERα and β mirrors the different
phenotypes observed in ER knockout mice, the αERKOs and βERKOs.
In female αERKO mice the most striking phenotype is the lack of estrogen
sensitivity leading to hypoplasia in the reproductive tract. The male αERKO
mice in turn show testicular degeneration. Thus, both sexes are infertile. In
contrast, βERKO male mice are fertile, whereas the females show inefficient
ovarian function and subfertility. In addition, mice lacking both receptors
resemble the phenotypes of an αERKO mouse (150).
ESTROGEN RECEPTOR LIGANDS
Estrogens
Estrogens are steroid hormones that are synthesized from the common
precursor cholesterol. The most prominent and dominant estrogen in humans
is the 17β- estradiol (E2) which is produced mainly in the ovaries, but also in
the adipose tissue, placenta and in the adrenal cortex. Estradiol exerts a central
role in both male and female physiology. These effects are mainly mediated
through enhancement of gene transcription when the receptor-ligand complex
binds to estrogen responsive elements (EREs) within specific promoters of
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target genes. Estrogen is required for female sexual maturation and affects
growth, differentiation and function of female reproductive system. Major
target tissues include, the mammary gland and the urogenital tract. Estrogen is
also important in the male reproductive system and exerts physiological effects
in a number of target tissues both in male and female such as maintenance of
bone mass and as a protector of the cardiovascular system (146,151).
Selective estrogen receptor modulators
Selective estrogen receptor modulators (SERMs) are a class of compounds that
lack the steroidal structure of estrogens while have a conformation that allows
them to bind to the LBD of ERs with high affinity. SERMs mimic estrogen
action in certain tissues while opposing in others. Examples of SERMs are
raloxifen and tamoxifen. Tamoxifen function as an antiestrogen and is used as
treatment for estrogen-responsive breast cancer. However, tamoxifen has
estrogen-like effects in the uterus and is associated with increased risk for
endometrial cancer. Raloxifen is used as prevention of osteoporosis but has
also been shown to prevent breast cancer (152).
Selective estrogen receptor down-regulators
Compounds such as ICI 182,780 and ICI 164,384 belong to the selective
estrogen receptor down-regulators (SERD). They possess no estrogen agonist
activity at all. Instead they have been shown to block the activity of both the
AF-1 and AF-2 domains of the ERs and hence the classical mechanism of ER
action (152).
Phytoestrogens
Other compounds with estrogenic activity are natural compounds, which are
found in plants and are thus part of human diet. These compounds are
commonly referred to as phytostrogens although not all compounds are bona
fide estrogen receptor ligands. There are several different classes of
phytoestrogens including for example the isoflavones and lignans. Isoflavones
are found in highest concentrations in soybeans although they are also present
in other beans and legumes. Genistein is one of the most studied isoflavones
and functions as an estrogen receptor ligand with about ten-fold higher affinity
to ERβ than ERα. This increased affinity of ERβ may be significant in light of
the epidemiological evidence suggesting that phytoestrogens may protect
against breast cancer. Studies have shown that selective activation of ERβ in
breast cancer cell lines, for example using genistain inhibits cell growth. One
explanation could be that ERβ dimerize with ERα and thereby silences the
growth promoting effects of ERα (153). Interestingly, some phytoestrogens,
especially isoflavones also have been shown to function as modulators of AhR
transcriptional activity (154-157). Isoflavons, which are commonly found in
soybeans, are common substances in Asian diets. In contrasts western diets can
be rich in different lignan compounds. These substances have been shown to
have beneficial health effects and are commonly found in for example legumes,
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fruits and whole grain cereals and are in particularly high concentrations in
flaxseed (158). The mechanism by which lignans regulate ERα and/or ERβ
transcriptional activity is however poorly understood.
MECHANISMS OF ER SIGNALLING
Role of Hsp90 in ER signal transduction
In the absence of estradiol the ERs are found predominantly in the nucleus,
however ∼10-15% of ERα is located in the cytoplasm (159). The unliganded
estrogen receptor is bound to the Hsp90 complex composed of Hsp90, p23 and
an immunophilin. This interaction is not required for sustaining ligand binding
activity of the ERs as compared to the other steroid receptors.
The ERs have been shown to bind to the Hsp90 complex with their LBD.
However, an additional region must act in conjugation with the LBD to form a
stable Hsp90-ER-complex. This region contains several basic amino acids
located within the C-terminal of the DBD that harbors a NLS. However, no
physical interaction has been demonstrated between the ER NLS region and
Hsp90 (160). In addition, the immunophilin FKBP52 contains a conserved
negatively charged sequence that is electrostatically complementary to the
receptor NLS. One possibility proposed is that the Hsp90 bound FKBP52
directly binds to the negatively charged domain of ER and thereby stabilize the
Hsp90-ER-complex (20).
Transcriptional activation of the ER
Upon ligand binding the Hsp90 complex dissociates from the ER and induces
conformational changes resulting in exposure of domains on the ER that is
important for nuclear localization, receptor dimerization and transcriptional
activation.
Two separate transactivation domains mediate the transcriptional activity of
the ERs: the AF-1 and AF-2. When the AFs are analyzed separately, the AF-2
activity is dependent on ligand, whereas the AF-1 activity is constitutive (161).
However, both AF-1 and AF-2 may participate in the E2 induced activity of the
full-length receptor, with their relative contribution depending on the cell and
promoter context. In addition, the intact ER is generally a stronger
transactivator than the isolated AF-1 and AF-2 which, suggests that there is
synergistic interaction between AF-1 and AF-2 (162).
It has long been thought that co-activators interact with the AF-2 on the agonist
bound receptor through the classical NR-boxes. However, recent evidence
indicates that some co-activators e.g. the ones from the p160 family such as
TIF-2 also can bind to and transactivate the N-terminal AF-1 function of the
two ERs in the absence of ligand. Furthermore, this interaction is not mediated
through the classical NR boxes; it is rather mediated through the Q-rich
domain located in the central parts of TIF-2. However, the concomitant
interaction of TIF-2 with both AFs upon ligand binding results in a synergistic
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activation of transcription. Thus, synergy between ERα AF-1 and AF-2 is a
result of the cooperative recruitment of TIF-2 and/or other members of the
p160 co- activator family (163) that in turns mediate transcription of target
genes. Interestingly, a member of the bHLH/PAS family of transcription
factors named ARNT has been shown to function as a co-activator of the ERs,
with the effects being more potent on the ERβ subtype. Furthermore, the effects
observed of ARNT are dependent on the A/B domain of the ERs. These results
are interesting since the existence of a functional A/B domain of ERβ has been
argued (71,164,165).
Ligand independent activation of ER
In addition to ligand induced transcriptional activation of the ERs, studies have
shown that the ERs also can activate transcription in the absence of ligand. This
ligand independent activation seems to involve alternative signalling pathways
such as the EGF (epidermal-growth- factor) receptor-Ras-MAPK signalling
cascade that induces phosphorylation at serine 118 in the A/B domain of ERα
and thereby increases the activity of the receptor in the AF-1 domain (166,167).
DNA-binding-independent actions of ER-cross talk
The ERs has also been show to modulate expression of genes without direct
binding to DNA, a mechanism referred to as cross talk. One example of
indirect action on DNA is the physical interaction of ERα with the specificity
protein 1 (Sp1) transcription factor. Sp1 plays an important role in regulating
the expression of various cellular and viral genes, most of which are not
affected by hormones. However, the interaction of ERα with Sp1 has been
shown to result in enhanced Sp1 DNA binding activity and estrogendependent transcription (168). Interestingly, estrogen activation of ERα/Sp1
requires the AF-1 domain, but neither the DBD nor the AF-2 domain of the
receptor. ERα and ERβ have also been shown to interact with the fos/jun
transcription factor complex on activator protein 1 (AP1) sites to stimulate gene
expression. Studies have shown that estrogen activation of ERα/AP1 requires
the AF-2 domain of the receptor, which binds p160 co-activators and thereby
stabilize the formation of a multiprotein complex containing of c-jun, ERα and
transcriptional co-activator on the promoter. In addition, negative regulation of
ERα/AP1 has also been reported (169).
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FUNCTION AND FORMATION OF THE THYROID HORMONES (TH)
Thyroid Hormones (TH) tetraiodothyronine (thyroxin, T4) and
triiodothyronine (T3) are one of the most important metabolic modulators in
the living organism. They are important regulators of metabolic homeostasis,
cell differentiation and development. THs have also been shown to play a
critical role during embryogenesis and early life.
The formation of thyroid hormones is complex: T3 and T4 are synthesized in the
thyroid gland under the control of a pituitary thyroid-stimulating hormone
(TSH) that in turn is controlled by the central regulator of the hypothalamopituitary-thyroid axis (Fig 13), the hypothalamic thyrotropin-releasing
hormone (TRH). T4 is the main product of thyroid secretion, however T3 is the
biologically active form and is produced by tissue specific enzymatic
deiodation of T4 (170).
TH homeostasis is vital both during development and maturity and is
maintained by negative feedback exerted by T3 on TRH and TSH production in
the hypothalamus and pituitary respectively (149).

Figure 13. The Hypothalamo-Pituitary-Thyroid axis. Thyroid hormone negatively regulates its synthesis
by negative feed back regulation on TSH and TRH synthesis in the hypothalamus and
Pituitary gland respectively.

THE THYROID HORMONE RECEPTORS (TR)
The biological effects of T3 are mediated by the thyroid hormone receptors
(TRs). Five isoforms of Thyroid hormone receptors (TRs) have been described
so far (TRα1, α2, β1-3). The TRs are encoded by two separate genes, TRα and
TRβ. The TRα gene gives rise to TRα1 and a splice variant TRα2 which is unable
to bind ligand and transactivate target genes (171). The TRβ locus gives rise to
TRβ1-3 .The different isoforms mainly differ in the length of the A/B domain
where TRβ1-2 has a longer A/B domain than TRα1-2. TRβ3 on the other hand has
no A/B domain at all. Furthermore, TRα1, TRβ1 and TRβ2 bind T3 with similar
affinity (170,172).
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Tissue distribution and observations in knockout/in mice
Both TRα1 and TRβ1 are expressed in almost all tissues (173). By contrast TRβ2
are expressed restrictively in the anterior pituitary gland and hypothalamus as
well as in the developing brain and inner ear (174). TRβ3 has a widespread
expression, with the highest levels in liver, kidney and lung. In addition,
studies using different knockout and knockin mice strains have shown that the
TRα isoforms are involved in maintaining normal cardiac function and
adaptation of body temperature to the external environment during postnatal
development. TRβ on the other hand is involved in the regulation of the
hormone levels in the hypothalamo-pituitary-thyroid axis and the
development of the retina and the inner ear (175). Interestingly, if all TRs are
knockout the mice are still viable (176). However, knockout mice that cannot
produce the thyroid hormone T3 dies postnatally (177,178).
THYROID HORMONE SIGNALLING
TRs are primarily nuclear receptors, however up to 10% of unliganded TRβ has
been found located in the cytosol (179). In contrast, to the ERs the latent form of
the TRs has not been shown to interact with the Hsp90 complex. On the
contrary, they bind their thyroid response elements (TREs) as a monomer or as
a homodimer with RXR as partner (180,181), this binding actively represses
basal target gene transcription.
Positive TREs (pTRE)
TRs belong to the type II subclass of the nuclear hormone receptors, which can
directly regulate transcription by binding to TREs of target genes. In the
absence of ligand TRs repress basal transcription of positively regulated genes,
whereas in the presence of T3, TRs activate transcription (182-185). In the
absence of ligand the TR/RXR heterodimer associate with co-repressors such
as N-CoR and SMRT, forming a co-repressor complex. This complex includes
histone deacetylases (HDACs), which remodel the chromatin structure into a
closed transcriptionally inactive form (170) .
Ligand binding induces a conformational change in the TR structure that in
turn results in disruption of the TR-co-repressor complex. Liganded TR
associates with co-activators from the p160 family and CBP/p300 including
components such as P/CAF. These co-activators possess HAT activities that
modulate the chromatin structure to make it more accessible for binding of
GTFs and subsequent transcription of target genes (170,186).
Negative TREs (nTRE)
In contrast to pTREs, the transcriptional activity of negatively regulated genes
can be activated in the absence, and decreased in the presence of ligand.
Important examples of negative regulation by nTREs are the repression of
thyroid hormone synthesis by the TRH and pituitary TSHα and TSHβ genes.
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They are important since they are critical control points for the feed back
control of the hypothalamo-pituitary-thyroid axis (see Fig 11). The precise
changes in histone acetylation and resulting alterations in chromatin structure
that occur during negative regulation by THs are not well characterized.
However, some studies have shown that co-repressors increase basal
transcription of the TSH and TRH genes (187,188). In addition, co-activators
might be involved in T3 dependent repression of negatively regulated genes
(189,190). There might also be TR isoform specificity in the negative regulation
of some target genes. Studies have shown TRβ1 and TRβ2 subtypes are the key
regulators of TRH transcription (191). In addition, both TRβ1 and TRβ2 are
equally involved in T3 dependent repression of TRH (191-194). However, only
TRβ1 activates transcription of TRH in the absence T3 (194).
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AIMS OF THE THESIS
The Hsp90 molecular chaperone complex is a well-recognized regulatory
pathway, which modulates the cellular function of diverse signalling factors.
The main objectives of this thesis are to study the role of the Hsp90 associated
co-chaperone XAP-2 in regulation of the AhR and the different members of the
NR family of transcription factors such as ER and TR.

The aims of this thesis were to:
❁ Study the role of the PAS domain in regulation of the intracellular
localization of the AhR
❁ Study the role of XAP-2, that is a member of the Hsp90 complex in
regulation of the intracellular localization of the AhR
❁ Study the role of XAP-2 in regulation of TRH transcription
❁ Study the role of XAP-2 in transcriptional regulation of the ERs
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RESULTS AND DISCUSSION
Paper I: Differential usage of nuclear export sequences regulates
intracellular Localization of the Dioxin (Aryl Hydrocarbon) Receptor
The AhR is a ligand inducible transcription factor that regulates transcription
of various target genes upon binding to a number of toxic compounds. Thus it
is crucial to unreveal how AhR dependent transcription is regulated.
Previous studies have shown that the bHLH domain of the AhR contains both
a nuclear localization (NLS) and a nuclear export (NES) motif (104). However,
the role of the NES motif located in the bHLH domain of the AhR is poorly
characterized. In addition, mutation of the NES motif does not affect the
intracellular localization of the AhR in the absence of ligand. On the other
hand, nuclear export of the AhR following ligand removal appears to be
negatively influenced by alterations of this NES motif (195). Indicating that the
NES located in the bHLH domain of the AhR is only functional upon ligand
activation.
Upon exposure to ligand, nuclear translocation of the AhR is mediated by the
NLS located in the bHLH domain. However, in the presence of the
immunophilin XAP-2, nuclear accumulation is delayed indicating a role for
XAP-2 in regulation of the subcellular localization of the AhR (196). XAP-2 has
been shown to bind to the ligand binding PAS B domain of the AhR. In
addition, deletion of the PAS B domain has been shown to generate a AhR that
does not interact with XAP-2 and furthermore is localized constitutively in the
nucleus, reiterating the role of XAP-2 in mediating cytoplasmatic localization
of the AhR (47). As stated previously, XAP-2 interacts with the AhR via the
PAS domain, a domain whose role in regulation of AhR activity is poorly
understood. In this study we wanted to investigate the molecular mechanism
by which the PAS domain regulates AhR function particular in the context of
intracellular localization.
Previous studies have shown that a single amino acid substitution (Cystein 216
→Tryp) within the PAS A domain of the AhR impairs the transcriptional
activation of the AhR, without affecting its ligand binding activity (197).
In order to acquire additional knowledge regarding the PAS domain we cotransfected human 293 cells with a dioxin regulated luciferace reporter gene
construct, together with wild type (wt) AhR or a mutated form of the AhR
where the critical Cys 216 within the PAS A domain of the AhR was
substituted with a Serine (C216S). We observed that the wtAhR induced a
robust dose and ligand dependent activation of reporter gene activity. In,
contrast the C216S mutant receptor was unable to activate the XRE-dependent
reporter gene construct.
Close examination of the sequence surrounding the critical Cys216 residue
revealed a substantial similarity to a NES motif. This motif has been identified
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in proteins like the protein kinase inhibitor PKI or the HIV virus factor REV.
NES sequences have been shown to mediate binding to the nuclear export
protein CRM1 which induces export of proteins from the cell nucleus (198).
Given the high degree of sequence similarity between the sequences around
Cys 216 to a consensus NES we decide to test whether the AhR is able to
shuttle between the nucleus and the cytoplasm and if the NES located in the
PAS A domain is involved in regulating AhR intracellular localization. For this
purpose we decided to use Leptomycin B. Leptomycin B is a fungal metabolite,
which has been shown to inhibit CRM1 mediated nuclear export of a number
of different proteins.
We transfected cells with an AhR-GFP chimeric construct and treated the cells
with Leptomycin B (LMB). We observed that LMB induced nuclear
accumulation of the AhR suggesting a functional role for CRM1 in inducing
nuclear export of the receptor (199). Furthermore we characterized the NES
sequence around CYS 216 using point mutations where we generated both
dominant positive and dominant negative NES sequences. Interestingly,
mutation of critical hydrophobic residues around CYS 216, known to disrupt
the interaction between CRM-1 and NES motifs inhibited export of the receptor
and generated a mutant protein which was located exclusively in the nuclear
compartment. Furthermore generation of a dominant positive NES resulted in
a mutant AhR protein (C216S), which was located constitutively in the
cytoplasmatic compartment of the cells. In contrast to the wild type receptor,
the C216S mutant form of the receptor needed both ligand and LMB to induce
nuclear accumulation. These results indicate that there is some other factor
than CRM1 that induces cytoplasmatic localization of the AhR.
Taken together, our results identified a novel NES in the PAS domain.
Together with the NES sequence in the bHLH domain (200) of the receptor we
show that multiple domains are involved in nuclear export of the receptor.
These NES sequences are differentially employed depending on the activation
status of the receptor. Nuclear export of the non-activated receptor is mediated
through the NES in the PAS domain whereas nuclear export of the ligandactivated receptor is mediated through the NES present in the bHLH domain
(199).
Paper II: Two parallel pathways mediate cytoplasmic localization of the
Dioxin (Aryl Hydrocarbon) Receptor
Our observations from paper I suggest that there are different mechanisms that
mediate cytoplasmatic localization of the AhR. Interestingly, during the course
of these experiments an additional AhR interacting protein named XAP-2 was
identified to regulate the intracellular localization of the receptor.
XAP-2 is an Hsp90 associated immunophilin that has been shown to induce
cytoplasmatic redistribution of the AhR (196). Since both XAP-2 and CRM1
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mediate cytoplasmatic localization of the AhR we wanted to investigate
whether these two pathways cooperate to localize the AhR in the cytosol.
Upon co-transfection with AhR and XAP-2 we observed that cytoplasmatic
localization of the receptor mediated by XAP-2 does not involve CRM1.
Furthermore when we inhibited the interaction between the Hsp90-XAP-2
complex and the AhR we observed that CRM1 mediated export of the AhR still
occurs independently of this inhibition. Taken together these results
demonstrate that two non-overlapping mechanisms co operate to regulate
cytoplasmatic localization of the AhR (201).
Following these observations we wanted to identify the molecular
mechanism by which XAP-2 induces the cytoplasmatic localization of the
AhR.
Earlier studies have shown that FKBP52, a steroid receptor binding
immunophilin that displays high degree of sequence similarity with XAP-2
(36), interacts with tubulin cytoskeletal networks (53).
Based on sequence similarity between XAP-2 and FKBP52 we speculated that
actin or tubulin filaments could be involved in the XAP-2-mediated regulation
of cytoplasmic localization of the receptor. To test this hypothesis we used
compounds known to specifically disrupt actin or tubulin structures in order to
examine whether intracellular localization of the receptor was affected.
Colchicinee has been shown to inhibit polymerization of tubulin networks
(202-204) whereas Cytochalasin B negatively affects actin polymerization (205).
We observed that XAP-2 utilized actin filaments to anchor the AhR to the
cytoplasm in the absence of ligand.
Our results show that two non-overlapping mechanisms regulate
cytoplasmatic localization of the AhR. One pathway is mediated by CRM1,
resulting in export of the receptor out from the nucleus, whereas the Hsp90XAP-2 complex represents the second pathway. This complex is required to
anchor the non-activated AhR in the cytoplasm by binding the receptor to actin
filaments (201).
Paper III: The co-chaperone XAP-2 is required for activation of hypothalamic
thyrotropin-releasing hormone transcription in vivo
Thyroid hormones (THs) play an important role in vertebrate metabolism and
development. The production of THs must therefore be finely regulated. This
regulation relies on positive inputs and negative feed back elements along the
hyopthalamo-pituitary-thyroid gland axis.
Increasing levels of free THs in the blood repress Thyrotropin-releasing
hormone (TRH) and Thyroid-stimulating hormone (TSH) expression by
negative feedback in the hypothalamus and pituitary respectively, presumably
by binding to its thyroid hormone receptor (TR), which interacts with one or
more negative TREs (nTRE) present within the TRH or TSH promoter.
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Among the TR subtypes TRβ1 and TRβ2 (as opposed to TRα subtypes) are the
key regulators of T3 dependent repression of TRH (191-193) in the
paraventricular nucleus (PVN) of the hypothalamus. However, only TRβ1 has
been shown to regulate T3 independent transcriptional activation of TRH (23).
Since there is only TRβ1 that activates TRH transcription we wanted to find
TRβ1 specific binding partners that might be involved in TRβ1 activation of
TRH. To this end we used a yeast two-hybrid screen based on a cDNA library
of the PVN from adult male mice and used TRβ1 as bait. To our surprise, one
of the TRβ1 partners identified was XAP-2. Interestingly this interaction was
isoform specific since TRβ2 and TRα did not interact with XAP-2. The TRβ1XAP-2 specific interaction was also confirmed in mammalian cell lines.
Next we wanted to investigate if XAP-2 was expressed at the site of TRH
production, the PVN. We also wanted to know whether it co-localize with TRH
and TRβ1. Using in situ hybridization we found that XAP-2 and TRH
transcripts was expressed in the same regions of the PVN. When we used
immunocytochemistry with antibodies against XAP-2 and TRβ1 on PVN
sections we observed that XAP-2 and TRβ1 were expressed in the same
neurons. In addition, TRH and TRβ1 have been shown by Lechan et al to colocalize in the PVN (206). Taken together these observations show that XAP-2
interacts with both TRβ1 and TRH in the hypothalamus and that XAP-2
possibly have a role in regulation of TRH transcription.
In order to investigate if XAP-2 has a role in regulation of TRH transcription
we used small inhibitory RNA (siRNA) against XAP-2. First we wanted to test
whether XAP-2 was implicated in the stability of TRβ1. We knocked down
XAP-2 protein with siRNA against XAP-2 and followed TRβ1 protein levels on
a western blot. XAP-2 knock down was associated with lowered TRβ1 protein
levels, especially in the presence of T3.
Next we wanted to examine the effects of XAP-2 knock down in vivo at the site
of THR production, the hypothalamus, using a TRH specific transcriptional
assay and a novel in vivo siRNA delivery technique (207) where siRNA against
XAP-2 a TRH-luc reporter (nTRE) and a TRβ1 expression vector were injected
into the hypothalamus of hypothyroid newborn mice. In this experiment the
TRH-luc expression was activated in the absence of T3 and repressed in
presence of T3. However, when we co-injected TRH-Luc and TRβ1 with siRNA
against XAP-2, siRNA against XAP-2 abolished the T3 independent TRH-Luc
activation. This effect was specific to TRβ1 since siRNA against XAP-2 had no
effect on ligand independent TRH transcription on the nTRE when TRβ2 was
over-expressed.
In conclusion, paper III shows for the first time a central, regulatory role for
XAP-2, where XAP-2 contributes specifically to TRβ1 activation of
hypothalamic TRH transcription in vivo.
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Paper IV: XAP-2 modulates ERα transcriptional activity through the coactivator TIF-2
In our recent studies we have shown that XAP-2 binds to and affects the
intracellular localization of the AhR (paper I and II). We have also shown that
XAP-2 interacts with the nuclear receptor (NR) TRβ1 where it affects the
transcription of TRH in vivo (paper III).
TRβ1 belong to the Type II subclass of the NRs. Members of the type II subclass
bind their HRE in the absence of ligand and have not been shown to be
associated with the Hsp90 complex (133,134). In contrast, the Type I subclass of
NRs, such as the ERs, associates with the Hsp90 complex in absence of ligand
(208).
Given this background we wanted to investigate if XAP-2 might be involved in
the transcriptional activity of additional NR family members, namely the ERs.
In functional transfection assays, XAP-2 was found to repress ER
transcriptional activity, both in the absence and presence of ligand.
Interestingly, the repressive effect mediated by XAP-2 was isoform-specific
since ERα but not ERβ was repressed upon co-transfection with increasing
amounts of XAP-2.
In order to elucidate the mechanism by which XAP-2 mediates its effects on
ERα transcriptional activation we performed immunoprecipitation
experiments where we showed that XAP-2 indeed could functionally interact
with ERα and that the interaction increased in the presence of E2. Interestingly,
upon treatment with the Hsp90 inhibitor geldanamycin (GA) the interaction
between XAP-2 and ERα was unchanged, indicating that XAP-2 interacts with
ERα independently of the Hsp90 complex. Furthermore, in contrast to
observations made with the AhR, reduction of the XAP-2 protein levels using
siRNA did not affect the intracellular levels of ERα, indicating that XAP-2 has
no affect on ERα stability. These observations suggest that the effects of XAP-2
on ERα are mediated by additional factors.
One factor that is important for the transcriptional activation of the ERs is a
member of the p160 family of co-activators namely TIF-2. Previous studies
have shown that TIF-2 regulates both ligand dependent and independent
transcriptional activation of ERα. In co-immunoprecipitation experiments, we
show that TIF-2 interacts with XAP-2. Further, using siRNA against XAP-2 we
show that XAP-2 is involved in ligand independent recruitment of TIF-2 to
ERα, possibly by reducing the protein levels of TIF-2. In addition, this effect is
co-activator specific since the ERβ selective co-activator ARNT was not affected
by reduced protein levels of XAP-2.
Since both TIF-2 and XAP-2 have been shown to regulate the transcriptional
activation of ERα, we wanted to study their recruitment to the E2-regulated
GREB-1 promoter. In addition we wanted to investigate if the Hsp90 inhibitor
GA had an effect on the recruitment. Using ChIP assays we observed that XAP40

2 is recruited to the GREB-1 promoter and that this recruitment is increased in
the presence of E2. Furthermore, recruitment of TIF-2 was increased in the
presence of ligand, however, treatment of GA reduced the recruitment of TIF-2
to the promoter. We speculate that treatment with GA increases the levels of
XAP-2 that is not bound to the Hsp90 complex, which in turn leads to
increased interaction between XAP-2 and TIF-2. This interaction affects the
recruitment of TIF-2 to the GREB-1 promoter. Strengthening our idea that the
effects of XAP-2 are independent of the Hsp90 complex, we observed no
recruitment of Hsp90 to the GREB-1 promoter.
Taken together our results show that XAP-2, which is a member of the Hsp90
complex, contributes to the regulation of ERα transcription through the coactivator TIF-2. Furthermore, this effect is co-activator specific since the ERβ
specific co-activator ARNT was not affected by XAP-2.
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CONCLUDING REMARKS
Compartmentalization of transcription factors is a major regulatory step in
controlling gene expression. In addition, the Hsp90 molecular chaperone
complex is a well-recognized regulatory pathway, which modulates the
cellular function of diverse signalling factors including AhR and the ERs.
These studies thus provide important information as to how these systems
cooperate in regulation of gene expression.
Furthermore, the work presented in this thesis provides new perspectives in
the understanding of the regulation of transcription factors by the members of
the Hsp90 complex. In addition, we provide evidence that the immunophilin
XAP-2 regulate the transcriptional activation of ERα by affecting recruitment of
the co-activator TIF-2. This is the first time that a member of the immunophilin
family of proteins has been shown to regulate the transcriptional activation of a
NR by affecting the recruitment of co-activators. In addition, these observations
are of particular interest since TIF-2 regulates several members of the NRs,
including the ERs and TRs and additional transcription factors such as the
AhR.
In the future I’m looking forward to further investigate this possibility.
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