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ABSTRACT

Retinoids, such as 9 cis retinoic acid (9cRA) and all trans retinoic acid (tRA),
are signalling molecules that are important for the establishment of the
correct behaviour of many different types of cells during embryonic
development and adult life. Retinoid X receptors (RXRs) and retinoic acid
receptors (RARs) are transcription factors that mediate the effects of
retinoids by binding to them. RXRs can also be inveolved in the mediation of
non-retinoid signalling molecules because they can form heterodimers with
other transcription factors such as thyroid hormone receptors and vitamin D
receptors.

The objective of the present work was to provide information about the role
of RXRy during rodent development. I isolated a truncated rat RXRy cDNA
clone by screening a rat cDNA library with a chick RXRy cDNA probe. Using
the rat clone as a probe, I examined the expression pattern of RXRy in rat
embryos and found it to be mainly restricted to specific regions of the
peripheral and central nervous systems and in skeletal muscle. Its
expression in adult rats was also examined and was found to be expressed in
specific regions. These include skeletal muscle, heart, brain, sciatic nerve
and liver. I also examined the expression of RXRy in mouse embryos and
found it to be essentially the same to that observed in rats.

The role of RXRy in rodent myogenesis was examined by comparing its
spatio-temporal expression with that of muscle-specific genes of known
function so as to establish the timing of the initiation of RXRy expression. I
showed that the initiation of RXRy expression was concomitant with muscle
differentiation of limb but not early myotomal myoblasts, suggesting that it
may be involved in limb myoblast differentiation and that retinoic acid may
be a myogenic differentiation signal. This hypothesis was tested in vitro,
using a skeletal muscle cell line. As predicted, both 9cRA and tRA were able
to relieve the serum-induced inhibition of myoblast differentiation and RXRy
was expressed during this process. RXRy may mediate the differentiation
effect of retinoic acid because its expression was not induced by retinoic acid,
since it was expressed in myoblasts in the absence of retinoic acid.

The expression of RXRy in the developing nervous system suggested that it
may be involved in the transcriptional regulation of neurone-specific genes.
Candidate target genes include those which code for neuronal nicotinic

acetylcholine receptor (neuronal nAChR) subunits. The present work
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supports this because I showed that overexpression of RXRyin BHK cells
activates reporter gene expression from a promoter which is wunder the
control of upstream regulatory sequences derived from the neuronal nAChR
o2 subunit gene, and 9cRA enhances this activation. Moreover, this effect
was cell type-specific because when ND7 cells were used, no activation was
observed in the presence of RXRy and 9cRA. This shows that the function of
RXRy can be influenced by trans-acting factors.

Finally, I showed that the expression of RXRy in postnatal heart is age-
dependent, suggesting that it may be involved in the regulation of genes
whose expression is age-dependent. Moreover, I demonstrated that treatment
of primary cultures of neonatal rat cardiomyocytes with either thyroid
hormone or tRA leads to changes in RXRy expression. This finding is
consistent with the proposed role of RXRy because there is evidence
implicating these two signalling molecules in cardiac age-dependent

changes.
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CHAPTER 1

INTRODUCTION

1.1 - Foreword

The aim of the present work was to understand the role of the retinoid
receptor RXRy and its relationship with the retinoid retinoic acid, during
rodent embryonic development. Thus, this chapter provides background
information about embryonic development, the role of retinoids and retinoid
receptors in development, and gives information about the action of retinoid

receptors at the molecular level.

1.2 - Development, cells and genes

This section deals in very general terms with what happens during
embryonic development so as to serve as background knowledge for the
understanding of the potential role of the transcription factor RXRy and the
signalling molecule retinoic acid. Vertebrate embryonic development can be
defined as the gradual transformation of the small and structurally simple
fertilised egg «cell into a bigger and incredibly complex multicellular
organism (Slack, 1991; Wolpert, 1991). Cell behaviour, such as cell
multiplication, cell movement, changes in cell shape and character, brings
about development. Since gene action controls cell behaviour it follows that

gene action governs development.

The early embryo is not transformed into its mature form in one step.
Instead, this transformation takes place in several stages and involves
position dependent changes in cell commitment and cell potency. These two
terms describe two different aspects of the same cell property: (a) cell
potency is the total of all the things into which a given embryonic region or

cell has the potential of becoming (b) cell commitment refers to the



20

developmental pathways available to a region or cell at a given
developmental stage. Early embryonic cells are totipotent because they can
become any cell type. For example, in early mammalian embryos there is a
region called the inner cell mass which gives rise to all the tissues of the
embryo proper. These cells are totipotent. As development proceeds several
position-dependent changes in cell potency take place giving rise to a
gradual subdivision of the embryo into regions that have different potencies.
Thus, an early embryonic region becomes its mature form only after it has
gone through several transformations, each being a different transient
embryonic structure. These changes in potency are restrictions of potency
which ultimately result in a region being unipotent (capable of giving rise
to only one type of structure) just prior to its final transformation into its

mature form.

If one wants to understand embryonic development one needs to understand
how  pattern formation takes place. That is, understanding why the potency
of a given region becomes restricted in one way and not another and why a
specific restriction of potency is experienced by a given region and not
another during a given embryonic stage. Insight into this comes when one
realises that having the potency to change behaviour is necessary but not
sufficient for the change to occur. In order for such changes to occur cells
need to receive information in the form of signals. There are two known
types of signalling: cytoplasmic localisation and induction. Cytoplasmic
localisation presupposes differential distribution of regulatory molecules in
the cytoplasm of a cell. Then in the course of an asymmetrical cell division
the two daughter ce'lls inherit different regulatory molecules and
consequently behave differently. Induction requires that signalling comes
from outside the region that responds to the signal. The ability of a cell to

respond to an inductive signal is called competence.
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Signals are selective rather than instructive. That is, a signal selects a
developmental pathway out of several pathways available, and does not
instruct the cell to follow a pathway which it does not have the poténcy to
follow. Evidence for this comes from experiments involving inductions
between tissues from different species where the rule is that the nature of
structures formed by the responding tissue is limited by the range of the
available developmental pathways present in the responding tissue. For
example, mouse dermis induces hairs from mouse epidermis, but feathers

from chick epidermis and scales from lizard epidermis (Slack, 1991).

When cells, upon reception of a signal change behaviour to become
something, they are said to be determined to become that something when
they can do so independently of their embryonic environment. The act of
changing cell behaviour is called differentiation and the cell state achieved
is called state of commitment. When this state is the one found in the mature

organism it is referred to as the terminally differentiated state.

Genes important for pattern formation are those that are responsible for the
generation , reception and interpretation of developmental signals so that a
cellular response is made. Examples of such genes are those which code for
membrane-bound receptors, transcription factors, or secreted proteins that
act as signalling molecules. The next section deals with the role of retinoids

as signalling molecules during vertebrate embryonic development.
1.3 - Retinoids and vertebrate development

1.3.1 - Retinoid metabolism
‘The term '"retinoids" has been used to designate all natural and synthetic
isomers and derivatives of vitamin A, alternatively known retinol. They are a

family of low molecular weight, hydrophobic molecules. All retinoids in the
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body originate in the diet either as provitamin A carotenoids or as preformed
retinoids. The dietary carotenoids undergo a series of metabolic conversions
extracellularly in the intestinal lumen and intracellularly in the intestinal
mucosa, which result in the generation of retinol. The absorbed retinol is
transported to the liver, where the majority of the body's retinoids are stored
as retinyl esters. Retinol enters the circulation, bound to retinol-binding
protein and is subsequently delivered to target tissues. A number of
interstitial retinoid binding proteins have been identified in extracellular
spaces, suggesting that they may be involved in the delivery of retinoids to
cells. Once inside the cell, retinol can be metabolised to all trans retinoic acid
(tRA), 9 cis retinoic acid (9cRA) and other retinoids (Blomhoff et al., 1990;
Blaner and Olson, 1994). Endogenous retinoids include, tRA, 9cRA and 13 cis

retinoic acid (13cRA).

1.3.2 - Retinoids and embryos

Retinoids are very important for the correct embryonic development of
vertebrate embryos, including humans and rodents, because they are
present in embryos and their absence or excess results in the generation of

developmental defects (Morris-Kay, 1993; Means and Gudas, 1995).

The importance of retinoids in human embryos became evident when
pregnant women took the oral medication isotretinoin (13cRA) for the
treatment of severe dermatological conditions. This resulted in spontaneous
abortions, premature delivery and the generation of malformed foetuses and
infants (Lammer and Armstrong, 1992). This condition is known as retinoic
acid embryopathy. These defects were detected in autopsies of foetuses and
included brain, craniofacial and cardiovascular malformations. Surviving
children showed abnormal neurological signs such as functional deficits of
the visual and auditory systems and subnormal IQ scores. Some of these

neurological signs may be the result of isotretinoin-induced abnormalities in
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structures derived from the hindbrain. These included dilation of the roof of

the fourth ventricle and malformations in the cerebellar hemispheres.

Similar abnormalities were observed in rodent embryos after oral
administration of pregnant females with tRA (Morriss, 1972; Kraft et al., 1989;
Horton and Maden, 1995). These defects must be the result of transient
elevations in the concentration of endogenous retinoids. The embryonic
levels of orally administered tRA, 9cRA and 13cRA, peak at 2 hours after
administration and become very low at 4 hours after administration and are
undetectable by 16 hours after administration in both rats (Ward and

Morriss-Kay, 1995) and mice (Satre and Kochhar, 1989).

Evidence supporting the notion that the teratogenic effect of retinoids is
direct and not due to a retinoid-induced change of maternal metabolism,
came from experiments that involved rodent whole-embryo cultures. These
experiments involved the direct exposure of embryos to retinoids. When tRA
and 13cRA were added to the medium of mouse or rat whole-embryo cultures,
embryonic defects were produced, similar to those found in humans (Kraft,

1992).

The finding that tRA and 13cRA are interconvertible isomers occurring
normally in the body suggested that the tRA and not 13cRA may be the active
teratogen. Evidence for this came from experiments involving whole-rat
embryo cultures showing that tRA is 10 times more teratogenically active
than 13cRA. Further evidence came from the finding that tRA can prevent
many of the defects in rat embryos induced as a result of maternal vitamin A

deficiency during pregnancy (Morriss-Kay, 1993).

Vitamin A-deficient female rats gave rise to embryos with defects in most

structures that were sensitive to retinoic acid excess. However, there were
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some differences in the type of malformations produced (Morriss-Kay, 1993;
Means and Gudas, 1995). Following vitamin A deficiency, developmental
abnormalities included anophthalmia (absence of the eye), abnormalities in

the genito-urinary tract, diaphragm, heart, lung and limbs.

The differences in the type of abnormalities associated with vitamin A
deficiency or excess RA are difficult to explain. They can be partly explained
when one realises that the teratogenic phenotype depends on the dose and
timing of RA treatment. For example, treatment of mouse embryos during late
gastrulation or early neurulation [7.75 days post coitum (d.p.c.) or 8 d.p.c.]
had no effect on the morphology of limbs and trunk, but resulted in defects
of the central nervous system (CNS) which included loss of rhombomeres
(repetitive morphological structures of the hindbrain), delayed neurulation
and reduction in the size of the forebrain and midbrain (Murphy et al., 1992).
On the other hand, mouse embryos that were treated with tRA at 10.5 d.p.c.,
had no observable CNS defects but had deformed inner ear structures,
truncated long bones of limbs, digit defects and fused vertebrae (Horton and
Maden, 1995). These time-dependent differences in the type of retinoid-
induced developmental defects must be due to differences in the commitment
of the responding cells which change as development proceeds. In addition,
the fact that during a given embryonic stage, some embryonic regions and
not others are sensitive to retinoids must reflect differences in their

competence.

The finding that retinoids are present in embryos strongly suggests that
they must be important for correct embryonic development. Endogenous
retinoids were detected wusing high performance liquid chromatography
(HPLC). For example, tRA was found in embryonic chick limb buds (Thaller
and Eichele, 1987), Xenopus embryos (Durston et al., 1989). In addition, tRA

and retinol were detected in many regions of the mouse embryo in all stages
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examined (from day 9 to day 14 of development). These included the spinal
chord, somites brancial arches, limb buds, forebrain, midbrain and
hindbrain (Horton and Maden, 1995). Moreover, 9cRA was detected in

Xenopus embryos (Kraft et al., 1994).

In conclusion, retinoic acid must be an endogenous signalling molecule that
is responsible for the correct development of many different cell types. Thus,
it must be able to induce cells to behave in many different ways. This
suggests that it must regulate the expression of many different genes.

Evidence for this is given in the next section.

1.4 - Retinoic acid influences the expression of

different genes

One way that retinoic acid might induce changes in cell behaviour could be
by regulating the expression of developmentally important genes that
themselves control cell behaviour. Such genes are the vertebrate Hox genes
(Carrasco and Lopez, 1994; Krumlauf, 1994). The Hox genes are a family of
regulatory genes whose products are transcription factors. They contain a
region called the homeobox which encodes a 60 amino acid polypeptide,
called the homeodomain, that is responsible for DNA binding. They play a
crucial role in the generation of cellular differences along the vertebrate
anterior/posterior (A/P) axis because they show genomic structural and
organisational similarities with the homeotic genes of Drosophila, and
because mutations in these genes lead to abnormalities or absence of
structures, and to homeotic transformations along the A/P axis. Hox
expression is established in mesoderm, ectoderm and endoderm during
gastrulation and organogenesis. In the mouse and humans, Hox genes are
organised in 4 unlinked clusters. A distinguishing feature of the Hox genes is

the correlation between the physical order of the genes along the
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chromosome and their spatio-temporal expression along the A/P axis. This
property is referred to as colinearity. That is, genes at the extreme 3' end of
the clusters are activated the earliest and have the most anterior boundaries
of expression. Moving along the clusters in a 5' direction, each successive
gene adopts a progressively later, more posterior pattern of expression. Their
transcriptional regulation is important for the understanding of the
generation of differences along the embryonic A/P axis. There is evidence
that tRA may be important for the establishment of their expression pattern.
For example, the expression of Hox genes in a human embryonal carcinoma
(EC) cell line (see below) are activated sequentially by tRA in a 3' to 5' order
(Boncinelli et al., 1991). This reflects the colinearity observed in vivo,
strongly suggesting that tRA may be involved in the regulation of Hox gene
expression in vivo. Moreover, treatment of mouse embryos with tRA resulted
in alterations in the expression domains of endogenous Hox genes (e.g. Wood
et al., 1994). The molecular mechanisms involved in the regulation of Hox

genes by retinoic acid are not fully understood.

A good experimental system for the study of genes whose expression is
regulated by retinoic acid during embryonic development is the use of EC
cells (Slack, 1991). EC cells are the stem cells present in teratocarcinomas.
These are tumours of germ cells or early mammalian embryos, consisting of
dividing stem cells (EC cells) and a wide range of disorganised differentiated
cell types. EC cells resemble cells of the early mammalian embryo in the
sense that they are pluripotent and undifferentiated. For example, the P19
line of EC cells differentiates into neurons, glia and fibroblast-like cells
when exposed to tRA (McBurney et al., 1988). The F9 cell line is a murine EC
cell line that was used extensively for the identification of genes whose
expression is regulated by tRA (Gudas, 1991). These genes include

transcription factors such as REX-1, Oct-3, Oct-4, Oct-5, HNF-1a and HNF-18,
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structural genes such as laminin B1l, Laminin B2, and collagen IV(a1), and
growth factors such as transforming growth factors (TGFs) and fibroblast
growth factors (FGFs). The expression of the activin receptor type IIB in F9
cells is elevated by both 9cRA and tRA (Wan et al., 1995). In addition, 9cRA
and tRA induce a similar phenotype in human teratocarcinoma cells,

suggesting that these retinoids have similar effects (Kurie et al., 1993).

It should be noted that retinoic acid influences the expression of genes in
many other cell lines and primary cell cultures. It is clear from the above
that retinoids can influence the expression of many genes. The next section
discusses the molecular mechanism through which retinoids regulate gene

expression.

1.5 - Retinoids and gene expression

1.5.1 - Signalling by retinoids

There are two main mechanisms through which signalling molecules can
regulate gene expression: (a) the signalling molecule binds to a cell surface
receptor resulting in a cascade of events that transduce the signal to the
nucleus via intracellular second messengers, (b) the signalling molecule
binds to nuclear receptors which themselves influence transcription
directly. There is evidence indicating that retinoids act via the second

mechanism.

Four structurally distinct classes of intracellular proteins that bind retinoids
with high affinity have been identified in mammals: the cellular retinol-
binding proteins (CRBPs), the cellular retinoic acid-binding proteins
(CRABPs)(Ong et al.,, 1994; see section 1.5.5), and the retinoid receptors. The
latter are the retinoic acid receptors (RARs) and the retinoid X receptors

(RXRs) (Pfahl et al.,, 1994). Retinoid receptors belong to the steroid hormone
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receptor superfamily. The following section gives information about the
structure and function of retinoid receptors within the context of this

superfamily.

1.5.2 - The steroid hormone receptor superfamily

RARs and RXRs are nuclear retinoid receptors which are transcription
factors whose function is influenced by retinoid binding. They belong to the
steroid hormone receptor superfamily of nuclear receptors, the largest
known family of transcription factors in eukaryotes (Tsai and O' Malley,
1994). Members of this superfamily regulate transcription by binding as
dimers to specific cis-acting elements, called hormone response elements
(HREs), present in the regulatory regions of target genes. Naturally
occurring HREs are composed of two or more copies of a six nucleotide motif,
termed a half-site (Stunnehberg, 1993). All the receptors of this superfamily
share: (a) a similar building plan consisting of several domains (Figure 1.1),
(b)some amino acid sequence identity within their DNA and ligand binding
domains and, (c) the ability to bind hydrophobic ligands (Green and
Chambon, 1988; Evans, 1988; Pfahl et al., 1994). In addition to RARs and RXRs,
the nuclear receptor superfamily includes oestrogen receptors (ERs),
progesterone receptors (PRs), glucocorticoid receptors (GRs), thyroid
hormone receptors (THRs), Vitamin D receptors (VDRs) and the peroxisome
proliferator activated receptor (PPAR). Each group of receptors comprises a
family. For example, the RXR family contains RXRa,B, and y (Mangelsdorf et
al., 1992). This superfamily also contains genes encoding putative receptors
for unknown ligands which are referred to as orphan receptors (O'Malley
and Conneely, 1992). Orphan receptors include the recently isolated RZRs
which show sequence similarity with RARs and RXRs (Carlberg et al., 1994),

and RORs which show sequence similarity with RARs (Giguere et al.,, 1994).



Figure 1.1

A diagrammatic representation of the basic structure of members of the
steroid hormone receptor superfamily showing the different domains

(designated A to F).

NH2- A/B C D E F +rCOOH
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1.5.2.1 - The structure and function of the DNA binding domain
Deletion experiments showed that the isolated DNA binding domain (DBD),
also called C domain, can bind DNA suggesting that its correct folding is
independent of the other regions present in the nuclear receptors (Green
and Chambon, 1988; Evans, 1988). Comparison of the amino acid sequences
present in the DBDs of all receptors showed that there are eight cysteine
residues whose relative positions are invariant. This suggested that the DBD
of nuclear receptors may contain two zinc-finger motifs, because cysteine
residues are present in known zinc-finger motifs (Miller et al., 1985), and
because the DBD of the oestrogen receptor requires zinc atoms to bind DNA.
The existence of the two zinc-finger motifs was confirmed from experiments
which involved the use of nuclear magnetic resonance (NMR) spectroscopy
to elucidate the three-dimensional structures of oestrogen receptor (Schwabe
and Rhodes, 1991), RXRo (Lee et al., 1994), and RARB (Knegtel et al.,, 1993).
These studies showed that these DBDs have similar tertiary structures (Figure
1.2), strongly suggesting that they bind DNA in a similar way. There are two
similar zinc-finger motifs folded together to form a single structural unit. In
each motif there is an extended loop between the two pairs of metal-binding
cysteines. In both motifs, an o helix begins at the residue following the third
metal-binding cysteine and extends over 11-13 amino acid residues. The two o
helices, helix-1 and helix-2, are highly amphipathic and are folded together,
such that they cross at right angles near their midpoints. They are held
together by hydrophobic interactions through hydrophobic residues whose
position is invariant in all members of the superfamily. This suggests that
the three-dimensional structures of the DBDs of all nuclear receptors may be
similar. Helix-1 is exposed on the outside face of the DBD, and contains three
amino acids whose basic character is conserved, suggesting that they are
involved in DNA sequence recognition. The loops present between the first

and second cysteines, and between the second and third cysteines of the
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second zinc-finger (zinc-finger 2) are also exposed on the outside suggesting
that they may be involved in protein/protein interactions. A unique feature
of the RXRs is a third helix, helix-3, in their DBD (Figure 1.2) which is not
present in all the other receptors studied (Lee et al., 1993; Pfahl et al., 1994).
Helix-3 is part of a region named the T-box (Wilson et al., 1992). There are two
other regions within the DBD: the D-box and the P-box. The functions of these

three regions is discussed below.

The P-box

Mutagenesis studies showed that the specificity of DNA sequence recognition
by nuclear receptors depends on three amino acids present within the P-box
(Umesono and Evans, 1989; Danielson et al., 1989; Mader et al., 1989; Martinez
and Wahli, 1991), a region situated within helix-1 of the first zinc-finger
(Figure 1.2). For example, it has been possible to convert GR into a receptor
that binds an oestrogen response element (ERE), by replacing the GR P-box
with the ER P-box (Danielson et al.,, 1989). Based on the homology of the P-box
amino acid sequence, nuclear receptors can be grouped into subfamilies. At
least four subfamilies have been identified so far (Pfahl et al., 1994). The first
subfamily (glucocorticoid subfamily) includes GRs and PRs, whereas the
second group, the oestrogen subfamily, includes ERs. A third group, the
retinoid/thyroid subfamily, includes RARs, RXRs, THRs, VDRs and PPARs.
Consistent with the role of the P-box, many of the receptors that have
identical P-boxes were shown to bind the same DNA sequences. For example,
retinoid receptors, THRs, VDRs, and PPARs bind to the same HRE. This HRE was
synthetic and consisted of a single half-site whose sequence was the
consensus of many naturally-occurring HREs found in the promoter regions
of genes whose transcription is influenced by ligands that bind to these

receptors. Thus, it seems that receptors present in different subfamilies
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regulate the transcription of different genes partly because they have
different P-boxes. However, differences in the P-box alone are not sufficient
to explain the different ligand-induced transcriptional responses mediated
through the different receptors of the retinoid/thyroid subfamily, because
they share the same P-box. Thus other regions must be involved. One of these

is the D-box.

The D-box

The D-box consists of the five amino acids present between the first and
second cysteines of zinc-finger 2 (Figure 1.2) which are involved in
protein/protein interactions between the two monomers that make up
nuclear receptor dimers. This was revealed from structural studies of
glucocorticoid homodimers (Luisi et al.,, 1991) and RXR-THR heterodimers
(Rastinejad et al., 1995). Different receptors have different D-boxes,
suggesting that different receptors have different dimerisation properties

(Pfahl et al., 1994).

The T-box

As mentioned above, helix 3 is part of the T-box, a region whose tertiary
structure is unique to the DBD of RXRs. Mutagenesis studies revealed that this
region is necessary for RXRo and RXRP homodimerisation and for efficient
DNA binding (Wilson et al.,, 1992; Lee et al., 1993). These observations were
confirmed by structural studies carried out by Rastinejad et al (1995), who
showed that amino acids present within helix 3 are involved in

protein/protein and protein/DNA interactions.

The A-box
The A-box is situated at the carboxy terminal end of the DBD and mutations in
the A-box of THRP or RXRa can dramatically affect their DNA sequence

recognition (Kurokawa et al., 1993; Pfahl et al.,, 1994).
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1.5.2.2 - The structure and function of the ligand binding domain
The ligand binding domain (LDB) is situated within the E domain and
contains large numbers of hydrophobic residues which have been suggested
to form a hydrophobic 'pouch' in which the ligand can fit. The LDB was
shown to bind with high affinity to receptor mutants that did not contain
any of the other domains, suggesting that the LDB assumes is correct folding
independently of the other domains (Green and Chambon, 1998; Evans, 1988).
RXRs bind 9cRA with high affinity, but fail to bind tRA, 7cRA, 11cRA, or
13cRA. In contrast, RARs bind both tRA and 9cRA with high affinity
(Allenby et al.,, 1993). This finding shows that RXRs and RARs are selective
with respect to the nature of retinoids they bind. The chemical structures of
9cRA and tRA are shown in Figure 1.3. The carboxy terminal regions of the E
and F domains are also involved in dimer formation and contain the ligand-
dependent transcriptional activation function (AF2) (Green and Chambon,
1988; Rowe and Brickell, 1993; Pfahl et al., 1994). The RXR AF2s are unmasked
or activated in the presence of 9cRA, and RAR AF2s are activated in the
presence of 9cRA or tRA (Nagpal et al., 1993). Thus, binding of the hormone
induces a conformational change that allows the appearance of an activation
domain at the surface of the protein. Other data in support of this ligand-
induced conformational switch were obtained by protease resistance
analyses of the LDB in the presence or absence of ligand (Bhat et al., 1993).
In addition, deletions or point mutations of the very C-terminal end of the
LDB resulted in the disruption of the ligand-dependent activation properties,
without abolishing DNA or ligand binding functions (Folkers et al., 1993;
Nagpal et al., 1993). For more information refer to 'the role of the ligand' in
section 1.5.3. The crystal structure of the LDB of the human RXRoa has been
recently determined (Bourguet et al.,, 1995). These workers showed that two
helices and one loop form the homodimerization surface and hydrophobic

heptad repeats participate in stabilising the fold. They also showed the
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existence of a possible ligand-binding pocket that could allow 9cRA to
interact with the AF2 domain. Amino acid sequence alignments suggested
that the three-dimensional structure of the RXR LBD may be a prototype fold
of all LDBs of nuclear receptors.

1.5.2.3 - The A and B domains

The A and B domains have a ligand independent transcriptional activation
function (AFI) and constitute the N-terminal region of nuclear receptors
(Green and Chambon, 1988; Rowe and Brickell, 1993; Pfahl et al.,, 1994). AFls
have been reported for all three RARs (o, B, and y) and for RXRa and RXRy.
These AFls show weak activation properties by themselves and strongly
synergise with their corresponding AF2 (Nagpal et al.,, 1993). AFls show
promoter context specificity (Nagpal et al.,, 1992) and cell-type specificity
(Folkers et al.,, 1993). The cell type specificity of AFls strongly suggests that

they may interact with cell-type-specific proteins.

1.5.2.4 - The D domain

The function of the D domain is not clear. In the steroid hormone receptors it
is important for nuclear localisation, and provides a flexible link between
the DBD and LBD, hence it is sometimes called the hinge region (Green and

Chambon, 1988; Tsai and O'Malley, 1994).



Figure 1.3

The chemical structures of all trans and 9 cis retinoic acid.

All-trans retinoic acid

9-cis retinoic acid COOH
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1.5.3 - Retinoid receptors and transcriptional regulation

This section attempts to explain how retinoic acid can influence the
expression of many different genes, and how TH, VD, 9cRA, and tRA can
influence the expression of distinct sets of genes. To do this, one needs to
identify all the components that participate in ligand-induced
transcriptional changes, and understand their role. These include hormone
response elements (HREs), ligand, nuclear receptors, and other trans-acting

factors.

Hormone response element diversity

As mentioned above, members of the retinoid/thyroid subfamily have the
same P-box and can bind to a common synthetic DNA half-site composed of six
nucleotides whose sequence is 5'-AGCO/TTCA-3' (Stunnerberg, 1993). This is
surprising because different receptors bind different ligands and different
ligands regulate the transcription of different genes. So how is the
specificity of hormonal response achieved? The answer lies partly in the
observation that promoters that are activated by different ligands have
different naturally-occurring HREs (Figure 1.4). Most of the known
naturally occurring HREs have been characterised by their ability to
activate a heterologous promoter as a result of binding nuclear receptors in
the presence of specific ligands (Pfahl et al., 1994). For example, retinoid
response elements (RREs) activate transcription by binding retinoid
receptors in the presence of retinoids. As shown in Figure 1.4, half-sites are
arranged as direct repeats, with each half-site being composed of closely

related sequences to the consensus 5'-AGCG/TTCA-3'. The number of



Figure 1.4

Naturally-occurring hormone response elements derived from the
promoters of: rat Cellular Retinoic Acid Binding Protein II (CRABP II)
(Durand et al., 1992), ApoA (Zhang et al., 1992), Osteopontin (Noda et al.,
1990), Moloney Murine Leukemia Virus LTR (MoMLYV) (Sap et al., 1990),
RARDb2 (De The et al., 1990). Each nucleotide present between half-sites is

represented with the letter N. Each half-site is underlined by an arrow.

Gene promoter Response element
Apo Al 5'-GGGTCANGGTTCA-3'
GOGICANGGLICA

CRABP II 5-AGTTCANNAGGTCA-3'
—w

Osteopontin 5'-GGTTCANNNGGTTCA-3'
I—— I

MoML V 5'-GGGTCANNNNAGGTCC-3'
—» —_—

RARB2 5'-GGTTCANNNNNAGTTCA-3'
I —
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nucleotides between half-sites present in different promoters varies. Thus,
differences in spacing between adjacent  half-sites may contribute to the
nucleotides between half-sites present in different promoters varies. Thus,
differences in spacing between adjacent  half-sites may contribute to the
specificity of hormone response (Umesono et al., 1991). There is evidence
that this is the case (see below). To understand this, one must first realise that
nuclear receptors bind to their naturally occurring HREs as dimers.
Retinoid receptors bind DNA as homodimers or heterodimers
RARs, THRs and VDRs, bind with high affinity to their cognate DNA binding
sites as heterodimers with RXR in the absence of ligand (Yu et al., 1991; Leid
et al., 1992; Zhang et al.,, 1992a). Moreover, RXRs bind DNA with high affinity
as homodimers, in the presence of their ligand 9cRA (Zhang et al., 1992b). In
addition, VDR-THR heterodimers have been observed (Schrader et al., 1994).
These findings demonstrated that RXRs can be involved in transcriptional
responses induced by retinoid and non-retinoid signalling molecules (Rowe
and Brickell, 1993). Each member of the heterodimer binds to one of the two
closely arranged half-sites (Zhang et al.,, 1991; Rastinejad et al., 1995). Recent
studies showed that RXRs can also bind DNA and activate transcription as
tetramers and other high-order oligomers to HREs poorly recognised by RXR

dimers (Chen and Privalsky, 1995).

The 1-3-4-5 Rule

It has been shown that binding specificity can be determined through the
number of nucleotides separating the half-sites. Direct repeat of AGGTCA-like
half-sites spaced by either three, four, or five nucleotides would function as
optimal HRE for the VDR, THRs, and RARs, respectively. Mutations that alter
the distance between these hexamers can switch receptor specificity
(Umesono et al., 1991). In addition, direct repeats separated by one nucleotide

were preferentially recognised by RXR homodimers (Zhang et al., 1992;
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Lehmann et al.,, 1992), and activate a heterologous promoter in response to
RXR but not RARs (Mangelsdorf et al.,, 1991). Based on these observations
Evans and collaborators proposed that the so-called 1-3-4-5 ‘'rule'
(Mangelsdorf et al., 1994) could be used to predict the preferred receptor
dimers which should bind to uncharacterised HREs. However, this rule
appears to be of restricted value that does not always hold. For example, the
RRE found in the promoter of RARYy which consists of direct repeats
separated by five nucleotides, responds poorly to tRA (Lehmann et al.,, 1992).
This suggests that in addition to the 1-3-4-5 rule, other factors must be taken
into account. Moreover, this rule does not apply to HREs which consist of
half-sites arranged as palindromic or inverted palindromic repeats
(Mangelsdorf et al., 1994). For example, Naar et al (1991), showed that the
orientation of the half-sites within HREs is also important. Direct repeat,
palindromic, and inverted palindromic organisation of half-sites spaced by
three nucleotides confers specific response to RARs, ERs, and THRs
respectively. Taken together, these observations suggest that different
combinations of receptor dimers may recognise different HREs and that
factors other than half-site spacing must also be important for this

recognition. This possibility is explored in the following sections.

Half-site sequence and flanking nucleotides

The strength of DNA binding by nuclear receptors depends on sequences
within and around half-sites. For example, optimal binding of RAR takes
place when the half-site has the sequence PuAGCO/TTCA, but not other related
sequences (Mangelsdorf et al.,, 1994). This is consistent with the finding that
the RARP promoter which has half-sites that are composed of this optimal
sequence, and arranged as direct repeats separated by five nucleotides,
becomes strongly activated by tRA (Sucov et al., 1990). In contrast, the
promoter of RARy whose half-sites are also arranged as direct repeats

separated by five nucleotides but are composed of the sequence AGGTGA, is
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only poorly activated by tRA (Lehmann et al., 1992). Moreover, RARa binds

more efficiently to the RRE present in the promoter of RARa2 than that
present in the promoter of RARP2. This suggests that these differences in
DNA binding affinity may be due to the differences in the nucleotide
sequences within and around the half-sites, since both these RREs contain
direct repeats separated by the same number of nucleotides (Mader et al.,
1993). The significance of sequences flanking the half-sites was
strengthened from the work of Rastinejad et al (1995), who showed that the
DNA binding domain of THR, bound as a heterodimer with the DBD of RXR to a
thyroid hormone response element (THRE), made contacts beyond the six-

base pair half-site.

Protein/protein interactions and HRE recognition

It has been shown that the DBDs of RAR-RXR and THR-RXR heterodimers bind
with a given polarity to direct repeats separated by two (DR2) or five
nucleotides (DR5) and DR4 respectively. In both cases, the RXR partner bound
the 5' half-site (Predki et al., 1994; Zechel et al., 1994). The same was also
shown for full length heterodimers. Thus, this polarity in DNA binding must
be important for HRE recognition by nuclear receptors. Since, this polarity
depends on protein/protein interactions between the DBDs of the
heterodimeric partners, it follows that such interactions may be important in
HRE recognition by nuclear receptors. Indeed this is the case. This was
shown by mutagenesis studies (Zechel et al., 1994). RAR-RXR heterodimers
use different dimerisation interfaces to bind to DR2 and DRS elements, and
THR-RXR heterodimers use dimerisation interfaces for binding to DR4
elements that are different to those observed for RAR-RXR heterodimers. For
example, RAR-RXR heterodimer binding to DR5 involves interactions
between the D-box of RXR and the N-terminal of zinc finger 1 of RAR,
whereas binding to DR2 involves interactions between the RXR zinc finger 2

(excluding the D-box) and the RAR T-box. The fact that these regions contain
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residues that are not conserved between nuclear receptors suggests that
different combinations of heterodimers may show preferences for different
HREs. The involvement of interactions between non-conserved residues
present in the DBDs of heterodimeric partners was shown by the structural

study of Rastinejad et al (1995) for THR-RXR bound to a DR4 element.

Taken together, these findings suggest that anything that can influence
these protein/protein interactions may influence the transcriptional
response. The A-box of RXR may have such a function because point
mutations within it force the RXR member of the RXR-THR heterodimer to
bind the 3' and not the usual 5' half-site of a DR4 element, without affecting

the stability of DNA/protein interactions (Kurokawa et al., 1993).

The role of the ligand

The main role of the ligand is to activate the receptor so that it forms an
active transcription initiation complex. This involves ligand-induced
conformational changes of nuclear receptors. For example, 9cRA caused RXR
to change its conformation as shown by limited proteolysis (Leid, 1994).
Moreover, using chimeric receptors Casanova et al (1994), provided evidence
that DNA-bound THR and RAR may interact with a common inhibitory trans-
acting factor that suppresses the activity of these receptors, and that the role
of their cognate ligands is to dissociate these receptors from this putative
inhibitor. The region responsible for interacting with this inhibitor was
found to be within the LBD.

The type of retinoid present in cells may lead to different transcriptional
responses (Leid et al.,, 1992) since, for example, there are differences in the
binding specificities of 9cRA and tRA for retinoid receptors (Allenby et al.,
1993). Since the interconversion of tRA and 9cRA differs between cell types
it follows that the existence of either one may depend on the cell type

(Mangelsdorf et al., 1994). For example, treatment of the Drosophila S2 cells


















































































































































































































































































































































































































































































































































































































































































































































































































