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1. INTRODUCTION

Retinoids bind to six distinct nuclear receptors in mammals, altering the transcriptional
activity of these transcription factors from repressors to activators of gene expression. The
Retinoic Acid Receptors (RARs) and Retinoid X Receptors are among the most intensely
studied nuclear hormone receptors. These proteins mediate both the organismal and cellular
effects of intracellular retinoic acids and their synthetic analogs. A broad landscape of
experimental and clinical studies have now revealed how retinoids regulate essential
biological processes, acting as potent gene expression modulators during embryogenesis,
organogenesis, cell growth, differentiation and apoptosis. The six mammalian nuclear
receptors for retinoids are encoded by distinct genes, but share many architectural and
mechanistic features. More than two decades of exciting structure-function studies on these
receptors together with the characterization of retinoid signaling pathways have led to
innovative strategies and developments in the therapeutics for cancer, dermatology,
metabolic disease and other human diseases.

1.1. The Retinoid Path to Nuclear Receptors

Retinol, the lipid-soluble vitamin A, is an absolute requirement for normal growth, vision
and differentiation of epithelial tissues in mammals.1~2 Retinol must be obtained directly
through dietary intake, but may also be derived in its provitamin A forms obtained through
dietary carotenoids.3~ Enzymes within mammalian tissues cleave f-carotene, either
symmetrically at its central 15,15” carbon-carbon double bond, forming two molecules of
retinaldehyde, or alternatively by making an asymmetrical cleavage at other carbon-carbon
double bonds to form two products of unequal chain length.® Vitamin A and other retinoids
are distinguished in their molecular scaffold by the presence of relatively long chain
conjugated polyene frame. Due to their general lack of solubility in aqueous solutions,
retinol is required to move in cells in association with a number of carrier proteins. The
distinguishing chemical structures of natural retinoids, as well as their carotenoid precursors,
render them highly sensitive to light, heat and acid induced oxidation and isomerization.®

The concentration of retinoids in the body is maintained within a very narrow range. This
balance is required to avoid their deficiency and equally their potential toxicity, including
their teratogenic effects.”8 The balance of these molecules in cells is maintained through a
variety of regulatory proteins that control both the uptake of retinol from intestinal cells and
the storage in the liver.> Dietary retinol is taken up directly from the lumen of the intestine
into the enterocyte. In adults, a two-step enzymatic pathway oxidizes retinol first to
retinaldehyde and then to RA. Retinol oxidization to retinaldehyde occurs through enzymes
in two classes: the cytosolic alcohol dehydrogenases (ADHs) and the microsomal short-
chain dehydrogenases/reductases (retinol dehydrogenases, RDHs).10 The subsequent
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oxidation of retinaldehyde to retinoic acid (RA) takes place through additional enzymes, the
retinaldehyde dehydrogenases.!! The production of RA is balanced by its degradation, the
latter process being carried out by three cytochrome P450 (CYP) enzymes.12-14

There are various forms of retinoid-binding proteins in cells, some of which are in
intracellular compartments while others carry the retinoids in the extracellular
environment.1®> All of these proteins allow the transport of retinoids in a stable form,
preventing their toxicity to cells. Vitamin A circulates in blood plasma in association with
retinol-binding protein (RBP). The supply of RBP in the liver is regulated by the
concentrations of available retinol.15-16 Inside cells, all-trans retinol and all-trans retinal
associate with cellular retinol-binding proteins (CRBP).17 All-trans RA is bound by cellular
retinoic acid-binding protein isoforms (CRABP-1 and CRABP-II). In adults, CRABP-I1 is
widely distributed across cell types, but CRABP-II is specifically expressed in the skin,
uterus, ovary and choroid plexus. 1° Both of these proteins are also abundantly expressed in
the embryo. Disruption of either protein results in defects in organogenesis, suggesting these
proteins may be responsible for the generation of RA concentrations in cells in a
morphogenic manner.1518

Maternal vitamin A deficiency severely impacts the development and survival of embryos,
causing developmental abnormalities. As the importance of vitamin A was recognized in
mediating a broad program of biological functions in development and homeostasis, it
became increasingly clear that many of these activities could be ascribed more specifically
to retinoic acid (RA). RA has profound influence on embryonic developmental patterning
responsible for the formation of limb buds 1°-21, hindbrain 22-23, spinal cord 24-25, and
eye 26-28,

The segmental patterning associated with vertebrate body axis extension and somite
formation during embryogenesis is highly dependent on RA signaling.29-30 Somite
formation relies on a “clock and wavefront” mechanism in which a molecular oscillator that
depends on Notch and Wnt signaling controls genes along the developing mesoderm.31 A
moving wavefront of Fgf8 expression in the primitive streak regresses posteriorly as the
body axis is extended, giving rise to a somite determination front.28:32 A critical role for RA
during somite development was uncovered by studies showing that RA regulates the
expression of the transcription factor Cdx1, a factor crucial for the somatic expression of
multiple Hox genes during development of the axial skeleton.28:33 RA also has a crucial role
in ensuring the suppression of left-right asymmetries during developmental pattern
formation in embryos.32:34-35 Accordingly, RA is not produced by all cells of the body at all
stages of development, but is rather produced in a unique spatiotemporal pattern.28

RA signaling specifies cell identities during development and potently controls gene
expression in adults. The mechanistic basis for these remarkable activities of RA remained
largely unknown until it was revealed that retinoids were the ligands for several members of
the nuclear receptor (NR) superfamily (see Figure 1). The NRs are DNA binding
transcription regulators that bear distinct pockets, and a subset of NRs have pockets
specifically evolved for high affinity RA binding.36-37 Ligand binding results in a
conformational change in the NR polypeptides, switching their transcriptional activities on
genes controlling embryonic development, organogenesis, tissue homeostasis, cell
proliferation, differentiation and apoptosis.38-39

1.2. The RAR and RXR Members of the NR Superfamily

In the nucleus, RA binds to RARs and RXRs, members of the nuclear receptor (NR)
superfamily. Other NRs also bind to lipophilic molecules, including diverse steroids, thyroid
hormone, retinoids, a variety of dietary lipids and their metabolic derivatives, and also
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heme.36-37.40-41 The set of human NRs are shown in Figure 1, divided into their multiple
subgroups. Some of these receptors display high affinity for endocrine ligands, with
equilibrium Kd values for receptor-ligand interactions in the single digit nanomolar range or
better. This is true for the glucocorticoid receptor (GR), estrogen receptor (ER),
progesterone receptor (PR), and androgen receptor AR.

Other NRs have three to five orders of magnitude weaker affinity for their endogenous
ligand. These receptors are generally referred to as metabolic sensors, given their ability to
bind and transcriptionally control their target genes with the lower ligand affinity. The
metabolic sensor group includes the liver-X receptor (LXR), and the farnesoid x receptor
(FXR).3” LXR and FXR bind to oxysterols and bile acids, respectively, with affinities that
are appropriately tuned to the abundant concentrations of these molecules in cells. Each NR
controls the transcriptional activities of hundreds, and sometimes thousands of genes.

The genetic responses that NRs mediate allow living organisms to adapt and respond to their
nutritional intakes and states, as well as their energetic and metabolic conditions. Some NRs
have been show to bind avidly to phospholipids and fatty acids, and in these cases there has
always been some controversy and doubt as to whether fatty acids that are cell abundant are
the bona fide endogenous ligands, or simply caught filling the LBD pockets as surrogate
ligands.42-44 A still significant subset of NRs still have unknown ligands and are “orphan
receptors”.

With a ligand binding domain (LBD) contained in their polypeptides together with a nearby
positioned DNA binding domain (DBD), the NR family functions as ligand-activated
transcription factors.#>-46 Because of the numerous important endocrine and metabolic
genetic pathways regulated by these receptors, they have been exploited widely in small-
molecule screens for the discovery of synthetic ligands that can be used to alter their normal
gene regulatory functions. The LBD pockets are particularly attractive, because they are
both solvent shielded and adaptable.#>-46 The endogenous ligands, whether they are RA
molecules or other signals, are normally capable of diffusing or being carried into the
nucleus. The hydrophobic pockets for these endogenous molecules, together with the
molecular sizes of these ligands, match the properties that pharmaceutical companies expect
from their drug targets.

Yet, a major limitation in exploiting these receptors for therapeutic benefits has been their
overly broad ability to control diverse genetic pathways aside from those seen to be most
appropriate for therapeutic intervention. Small molecule modulation of NR activities
typically leads to the unwanted effects associated with “off-target” genetic pathways. A
long-standing goal in the field has been to discover selective gene modulators, molecules
that do not impact every gene under the control of a NR, but only those genes and pathways
deemed to be of therapeutic importance. This goal has met some limited success in the case
of estrogen receptors.4°>-46

The RARs form heterodimers with the retinoid X receptors (RXRs), as shown in Figure 2b.
The RARs are able to bind both all-trans RA and 9-cis RA and, but the RXRs have the
ability to only bind to the 9-cis RA isomer. There are three separate RAR genes encoding
nuclear receptor (RARa, RARP and RARY) that are conserved throughout vertebrates.
RARa was the first to be cloned, and described in 1987.47 Its discovery was followed by the
identifications of RARB and RARy.48-51

Multiple receptor isoforms for each of these RARS have since also been identified, these

arising due to splicing variations or the use of distinct promoters which can be found
upstream of specific exons within gene coding sequences.152 There are two predominant
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isoforms for RARa (al and a2) and RARYy (y1 and v2). There are five isoforms for RARp
(B1-p4 and B1"). RAR isoforms can be classified as those that are transcribed from either P1
promoter (class I: RARal, B1, and B3, v1) or P2 promoter (class Il: RARa2, 2 and 4, y2).
Class | promoters contain TATA boxes whereas class Il promoters do not. Studies on the
tissue distribution of the RARSs have revealed many differences in their spatial patterns of
expression.>3 Many of the RAR promoters are RA inducible. RARa is expressed in the
hindbrain, spinal cord, and eye. RAR is expressed broadly in brain, CNS, intestine, liver,
kidney and limbs. RARY is expressed most strongly in the skin.52-53

There are also three RXRs (RXRa, RXRf and RXRy) in the NR family. As with the RARs,
all three of these proteins are encoded by separate genes. Their genes were cloned between
the late 1980s and early 1990s.48-49.54-60 There are two major isoforms for RXRa (al and
a2), RXRB (B1 and B2), and RXRy (y1 and v2).52 RXRS is the ubiquitously expressed;
RXRa is mainly expressed in liver, lung, muscle, kidney, epidermis, and intestine and is the
major RXR form seen in skin; and RXRy is predominantly found in brain, cardiac and
skeletal muscle.#9-61 The splicing isoforms typically produce amino-acid distinctions within
their N-terminal A/B regions.61-63

With their cloning, all of these retinoic acid receptors were recognized to be potential
responders to nutrients and their derivatives. This distinguished them early on from the
classic steroid hormone receptors, which bound to steroids and other endocrine ligands. The
superfamily of NRs remains one of the most intensely pursued group of targets for the
development of therapeutic drugs in the pharmaceutical sector.

1.3. The RXR and RAR Protein Domains

NR proteins have a highly variable sequence in their N-terminal regions, known as the A/B
region, a DNA binding domain (DBD), a hinge region of variable size, and a C-terminal
positioned ligand binding domain (LBD), as illustrated in Figure 2a. The A/B domains are
functionally important in these receptors, but fail to show structural order when examined in
the context of the nuclear receptors alone. It is likely that they contain segments that fold
upon interactions with specific binding partners that assemble as part of their active or
repressive transcriptional complexes. No three-dimensional structure has been determined
for any A/B segment of NRs. The crystal structure of full-length RXRa-PPARYy complex,
together with a hydrogen-deuterium mass spectrometry study, showed that the RXR A/B
segments is disordered.®4 It is possible that the disordered nature of the NR A/B segments
facilitate their interactions with kinases or ubiquitin-ligases, and indeed most NRs contain
many post-translational modification sites in these A/B segments.6°

The DBDs are the most conserved domains of NRs, and have the same overall three-
dimensional structure.*6:66 The DBD consists of two loops that are each zinc-nucleated,
together with a pair of alpha helices positioned perpendicularly to each another. One of these
helices is responsible for most of the DNA specific contacts, and lies across the DNA major
groove of the DNA. There are several crystal structures available for RXR and RAR DBDs
(including the RXR ortholog in Drosophila known as ultraspiracle).67-70

The LBDs in the retinoic acid receptors show more modest levels of sequence conservation,
but still have a similar architectural fold.#>71 NR LBDs fold into a three-layered a-helical
sandwich, giving rise to an internal hydrophobic ligand-binding pocket. The LBD contains
twelve alpha-helices a single beta turn, and short connecting loops.”* The LBD is
responsible for forming all the protein contacts with retinoic acids. It is also the site for
binding of synthetic analogs of RA.72-78
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2. FUNCTIONAL INSIGHTS

2.1. Early Insights about RXR and RAR Functions from Knockout Studies

The role of RA in embryogenesis was initially suggested by its teratogenic effects; seeing
how the administration of high doses of RA interfered with developmental processes in
animals. These studies used a number of species including amphibians, zebrafish, and
chick.”9-81 Gene knockout studies in mice were later conducted to confirm the importance
of RXR and RAR receptors for RA signaling.82 Here, we briefly review the key findings
from those knockout studies conducted on the retinoic acid receptors.

Mouse knockouts were constructed for all three RXRs, to address whether they account for
the morphogenic properties associated with RA signaling. Loss of RXRa function proved
lethal in embryogenesis.82 This lethality was caused by the hypoplastic development of the
heart ventricular chamber, although there were other developmental defects noted too. These
findings confirmed that retinoid signaling through RXRa was required for the appropriate
developmental programs of vertebrates.83 The loss of RXRp caused embryonic lethality
before birth in about half of the mice examined.84 The surviving males, however, were
sterile. 84 By contrast, RXRy deficient mice showed no lethality or obvious phenotypic
changes on the whole animal basis.®° This could be explained by the notion that in most, but
not all, tissues, RXRa has the capacity to functionally compensate for any of loss of RXRy
function.85

The cloning of the three RARs also was followed by comprehensive knockout experiments
to address the importance of retinoic acid signaling through the RAR.47:54 RARa, RARS,
and RARy null mutant mice are all viable to different extents.82 Null mice for RARa were
discovered to exhibit 50% decreased viability. They showed a deficiency in overall growth,
sterility in the case of male mice due to developmental defects, and other malformations,
including deformed paws. RARR has five distinct splicing variants.48:50.86-87 The RARB
knockout phenotype includes a loss of striosomal compartmentalization in the rostral
striatum, locomotor abnormalities, and defects in the brain’s dopamine regulated
pathways.88-89 Single isoform knockouts of RARP had more specific phenotypic
characteristics, such as defective eye development in the case of RARP2.82 RARY also has
multiple splicing variants.>%90 When all the RARY variants are simultaneously lost, the
mouse mutants exhibit growth deficiency, early lethality, and male sterility due to squamous
metaplasia of the seminal vesicles and prostate.?0

2.2. Controversy About 9-cis RA as the RXR Ligand

9-cis RA binding to RXR was discovered by several groups.91-93 Yet, the question of
whether physiological retinoid signaling requires binding of 9-cis RA to RXRs has not been
fully resolved for the field.%4-% The role of the 9-cis RA isomer as the bona fide
endogenous RXR ligand remains controversial, because this molecule is difficult to detect
endogenously in embryos or in most adult tissues.?>97 By contrast, all-trans RA is easily
detectable in many tissues.?8-101 |t has been shown that all-trans RA can undergo
isomerization to 9-cis RA in bovine liver membranes.102-103 \When all-trans RA and 9-cis
RA were tested for their ability to rescue the embryonic lethal phenotype associated with the
knockout of a cytosolic retinaldehyde dehydrogenase gene (Raldh2), it was concluded that
9-cis RA was not required.%®

Whether 9-cis RA is the endogenous physiological ligand of RXRs or not, it does have the
ability to physically bind the pockets of these receptors in a complementary fashion and with
very tight (single digit nanomolar) affinity. This binding also potentiates the activation of
transcription from genes under RXR control. The difficulty in validating the existence of 9-
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cis RA in tissues has prompted the search for possible other physiological ligands, among
which the unsaturated fatty acid docosahexanoic acid (DHA) was identified.1%4 DHA is a
major constituent of nutrients rich is w2 polyunsaturated fatty acids, and also becomes
enriched in mammalian brain during late gestation and early postnatal periods. Deficiencies
in this molecule lead to impaired spatial learning abnormalities.104-105

Linoleic and linolenic acids have also been described as potential binders and activators of
RXR.% An asymmetric cleavage product of b-carotene was also shown to switch RXR
transcriptional activity.196 This product (apo14), but not other closely related apocarotenals,
was shown to interact with RXR, PPARYy, and PPARa, opposing the known effects of both
synthetic and natural ligands on these receptors, including target gene induction and cellular
responses.196 Phytol metabolites have been shown to bind RXR and act as potentially
endogenous ligands.197 Yet none of these studies have fully confirmed the physiological
relationship of the ligand with the receptor.

Figure 3a—b show three naturally occurring RXR binding molecules, together with a
synthetic agonist.”2 It is clear from these pictures that the pocket of RXR must be highly
adaptable for binding to molecules of such diverse chemical structures and sizes. These
molecules have little in common, beside their general hydrophobic nature and the
positioning of carboxylates on one extreme end. However, all of these molecules bind to
RXR avidly, as confirmed by crystallography.’3 Figure 3B further shows the shape of the
pocket that is created in each case around these molecules. It is reasonable to expect that
RXR may use a broad range of endogenous ligands, depending on the tissue type and the
spatial-temporal abundance of these molecules during the development and homeostasis of
an organism.

2.3. The Heterodimeric Partners of RXR

RXR has a special role in the NR family, because it acts as a common heterodimeric partner
to a RAR and many other nuclear receptors, such as the thyroid hormone receptor (TR),
vitamin D receptor (VDR), liver X receptor (LXR), peroxisome-proliferator-activated
receptors (PPARs), farnesoid X receptor, pregnane X receptor, and constitutive androstane
receptor (CAR), among others (see Figure 1). Therefore, the pleiotropic effects of RA could
involve the repertoire of all these NRs with which RXR is a combinatorial partner. Here we
describe the important physiological roles of each of these RXR partners. RXR heterodimers
with the thyroid hormone receptor (TR) are responsible for a wide variety of physiological
processes that include embryonic development, the regulation of metabolic rate, and the
regulation of heart and digestive functions.1%8-110 There are two types of TRs in vertebrates,
TRa and TR, both of which bind to thyroid hormone with very high affinities.111-113 TR,
without its bound natural ligands T3 (3,3’,5-triiodo-L-thyronine) or T4 (3,3/,5,5'-
tetraiodothyronie) is a strong repressor of many target genes, due to the association of TR
with corepressor.114-115 The endogenous TR ligands are the only known iodine containing
molecules in vertebrate biology.

Tissue targets of thyroid hormone include the pituitary, the developing brain, liver, bone,
heart, and skeletal muscle.116 Thyroid hormone, when given to animals or humans, rapidly
increases energy expenditure, while lowering cholesterol and triglycerides. However,
serious side effects also result, including cardiac arrhythmia, bone loss, and anxiety. It has
been postulated that TR selective agonists could be useful in avoiding the unwanted side
effects, while capturing the benefits of increased energy expenditure and fat loss.117-118 The
crystal structures of the TR LBD with its endogenous ligand, as well as with synthetic
molecules, have been described. 119-121 |n addition, the crystal structures of the
heterodimeric complexes involving RXRa and TRa LBDs, with 9-cis RA and T3 hormones
bound have been reported.122 Transcriptional activation in response to thyroid hormone
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involves an exchange of corepressors with coactivators.123-124 Interestingly, it has been
shown that the presence of T3 together with the absence of 9-cis RA, activates the
transcriptional activity of the TR-RXR. By contrast, the presence of both ligands produces
diminished transcriptional activation.122

RXR also forms a functional heterodimer with the vitamin D receptor (VDR), the receptor
responsible for the genomic actions of 1,25(OH) vitamin D3, the biologically active
metabolite of vitamin D.125 Binding of its cognate ligand to VDR occurs with a Kd of better
than 1 nM.126 VDR expression has been noted in enterocytes, osteoblasts, skin
keratinocytes, lymphocytes, colon, pituitary and ovary.12” The functions of VDR include its
ability to regulate calcium and phosphate uptake, transport, and homeostasis for bone
mineralization.125 VDR also has critical functions in cellular differentiation and in the
immune system.128 Multiple analogs of 1,25(0H) vitamin D3 have been designed over the
years, carefully examined for their ability to bind to VDR, and further tested against specific
diseases.125129 High resolution crystal structures of the VDR with a number of such
molecules have been described.129 Moreover, the low-resolution structural organization of
the full-length RXR-VDR complex has been studied using electron microscopy, and through
solution-based biophysical studies.130-131

RXR also partners with both LXRa and LXR, which function as oxysterol sensors,132-136
LXRa is seen at high levels in macrophages, adipose tissues, kidney, lung, and spleen, these
being tissues with generally high metabolic demands.137 In contrast, LXRp is ubiquitously
expressed. Together, these receptors are key regulators of lipid and cholesterol
metabolism.13% They regulate genetic programs associated with hepatic lipogenesis and
plasma triglyceride levels.3” Both LXRs are also important in the function of the immune
system, and appear in macrophages, dendritic cells and lymphocytes.138-139 The genome-
wide profiling of LXR has been reported both in a macrophage cell line and in the
liver.140-141 The two LXRs function to integrate macrophage gene regulation with the levels
of cellular cholesterol and oxysterols.142

The association of RXR with the PPARs allows the cells to sense and genetically respond to
fatty acid molecules.143 There are three distinct PPAR proteins, encoded for by separate
genes: PPARa, PPARB/S, and PPARY,143-144 Each of these receptors forms a heterodimer
with RXR, and binds to direct-repeat response element. Fatty acid binding causes the
activation of target gene transcription.37145-146 ppARq, regulates the lipid metabolism
program by regulating genes involved in fatty acid uptake and degradation, and for reverse
cholesterol transport.143 It is abundantly expressed in liver, heart, muscle, and kidney.
Activating PPARa with a synthetic ligand lowers serum lipid levels, and this receptor is
viewed as a potential target for the treatment of hyperlipidemia.147-148

PPARYy is expressed predominantly in macrophages and in adipocytes. It is considered the
master regulator of adipocyte differentiation, but also has important roles in lipid
homeostasis, and in inflammation.147:149 Thiazolidinediones (TZDs), a class of drugs that
specifically bind to and activate PPARY, have been used to treat type Il diabetes by acting as
insulin sensitizers.14” PPARP/S, the third member of this subfamily functions in regulating
energy balance. The gene regulatory targets of PPAR[/S include programs in lipid and
glucose metabolism. The activation of this PPARpB/S increases lipid catabolism in skeletal
muscle and adipose tissue, prevents obesity, and enhances insulin sensitivity and exercise
endurance.159-153 For these reasons, this receptor has been viewed as a potential drug target
for metabolic syndrome.1%4

RXR also forms functional heterodimers with FXR, the nuclear receptor that acts as the
metabolic sensor for bile acids.1>-1%6 FXR is highest expressed in liver, intestine, kidney
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and the adrenal gland.>7 Studies have shown that chenodeoxycholic acid is the most potent
of the naturally occurring bile acids in terms of its ability to activate FXR.156 Our laboratory
has described the crystal structure of the FXR LBD bound to this bile acid.1®8 FXR
upregulates genes involved in the transport and metabolism of cholesterol and bile acids,
promoting their clearance form the enterohepatic system. FXR counteracts some of the
functions of the LXRs, in terms of cholesterol and triglyceride metabolism.135 FXR
knockout mouse have been shown to display high serum bile acids, cholesterol and
triglycerides.159

The pregnane X receptor (PXR, also known as SXR) is another partner of RXR for
heterodimerization. PXR was initially described as a sensor for protecting the liver against
injury from toxic molecules.160-164 This receptor is now more recognized to be activated by
a broad group of structurally unrelated drugs, as well as steroids and xenobiotics, including
rifampicin and hyperforin derived from St. John’s Wort (Hypericum perforatum). With its
expression highest in liver, small intestine and colon, it is believed that PXR may be
responsible for upregulating the expression of detoxifying enzymes upon binding to
xenobiotics.16 The crystal structure of the PXR has been described, showing the pocket to
be unusually large and flexible, allowing the receptor to capture diverse molecules.166

RXR also forms heterodimers with the constitutive androstane receptor (CAR), a receptor
closely related to PXR in its LBD amino-acid sequence, and which binds to many of the
same molecules.167-168 CAR and PXR have overlapping target gene patterns.167-168 These
similarities suggest that CAR is another cellular responder for protection against potentially
harmful molecules, upregulating genes involved in detoxification and elimination of toxic
organic molecules. The detoxification gene program controlled by CAR consists of enzymes
responsible for the oxidation, conjugation and transport of xenobiotics.168 A number of
structures have been determined for CAR with different ligands, using X-ray
crystallography.169-171 |n addition, the crystal structure of the heterodimeric RXRa-CAR
LBD complex has been determined, with the CAR ligand 1,4-bis[2-(3,5-dichloro-
pyridyloxy)]benzene (TCPOBOP) and the RXR ligand 9-cis RA.172

2.4 RXR as a Permissive or Non-Permissive Partner

Since RXR forms physical and functional partners with other NRs, this raises an important
question as to whether each subunit requires its own ligand for the heterodimer to activate
transcription.36:173-174 stydies looking into this important question have shown that RXR
can be a silent or an active transcription partner in its heterodimers. In the case of RAR-
RXR and VDR-RXR heterodimers, there is no transcriptional activity seen in the cellular
environment in the absence of an RXR ligand, even when RXR’s partner has an agonist
ligand bound.173 This lack of transcriptional activity may be caused by the inability of
corepressors to be released from the apo-RXR subunit of the heterodimer. The associated
corepressor has been suggested to sterically block the binding of coactivator to the partner
receptor, RAR.173 Such RXR-heterodimers are referred to as nonpermissive. Agonist
ligands bound to both of the RXR-RAR subunits lead to cooperative coactivator binding.
The cooperative binding involves a single coactivator (p160) polypeptide that can span both
subunits of the heterodimer simultaneously, using adjacent recognition motifs within the
p160 protein to form the interaction.1’3

Other complexes of RXR can be significantly activated by RXR partner’s ligands alone, and
these complexes are referred to as “permissive”.173 The PPAR-RXR, LXR-RXR and FXR-
RXR heterodimers fall into the permissive category. A plausible explanation for the
permissivity may be that apo-RXR subunit in these complexes is disposed in a conformation
that does not allow it to eassociate with corepressors. In the case of the PPAR-RXR
heterodimeric complex, RXR agonists have been shown to exhibit some of same biological
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effects of PPARYy ligands. RXR in these complexes could, in principle, be targeted by drugs
that act effectively act as insulin sensitizers and treatments of type 2 diabetes mellitus.17>

2.5. The Role of Transcriptional Coregulators

The control of gene regulation by RXRs and RARs is a highly coordinated process that
involves protein players from outside the NR family. The transcriptional activities of RXR
and RAR are initiated by the ligand interactions in the LBD pocket. This binding manifests
as a conformational switch whereby co-repressors are displaced and coactivators are
recruited to the LBD.176-178 without its ligand, RARs physically associate with corepressor
proteins. The corepressor proteins further recruit complexes that have histone deacetylase
(HDAC) activity.178-179 The HDACs modify histone tails to remove acetylation marks
associated with active transcription. The two related corepressors best associated with NRs
are nuclear receptor corepressor (NCOR) and silencing mediator of retinoic acid and thyroid
hormone receptor (SMRT).180-182 | addition to their constitutive interaction with
unliganded RARs, corepressors can be recruited in an antagonist-dependent manner to the
RARs.183

The binding of the endogenous ligands causes NRs to alter the surface conformation of their
LBD.184 The resulting active conformation allows the binding of coactivators. The
coactivator binding further recruits proteins that harbor histone acetyl transferase (HAT)
activity, histone methyl transferase activity (HMT), and DNA dependent ATPase
activity.176:178.185 These complexes subsequently modify the histone tails in chromatin to
promote active transcription. The coactivators used by the RARs belong to the p160 family
of steroid receptor coactivators (SRCs).177.186-187

A third pathway has been described based on the finding that RAs can also repress certain
genes through the RARSs. This pathway may involve the recruitment of protein such as
RIP140, LCoR, and PRAME that interact specifically with the agonist bound RARs, but
repress transcription of target genes.188-190 These coregulators appear to share some
common features with the p160 coactivators, such as the use of their LLxxLL motifs (where
L is leucine and x is any amino-acid). Yet, unlike the p160 coactivators, these coregulators
subsequently recruit repressive complexes (with HDAC function) for gene repression.
Associated with this diversity of cofactors, the RARS/RXRs heterodimeric complexes can
use distinct combinations of cofactors, in their cell types, promoters, and actions to mediate
a variety of signaling pathways.

3. STRUCTURAL INSIGHTS
3.1. The Ligand-Inducible Helix-12 Switch

Figure 4a—b shows the ligand-induced conformation switch on the surface of the LBD that
was first understood from X-ray crystallographic studies on RXR LBD and related LBDs.”*
Agonist ligands (molecules causing receptors to activate transcription of target genes) such
as 9-cis RA induce the folding and/or rearrangement of the helix 12 (H12) in the LBD.1°1 In
the apo-form, H12 is positioned away from the rest of the LBD. But in the holo-form, this
helix moves significantly in position to close on top of the ligand and trap it, in what was
elegantly described as mouse-trap mechanism.’?

Since the first visualization and understanding of the helix-12 rearrangement made possible
by the comparison of the unliganded RXRa with the liganded RARY, an expansion in our
understanding of helix-12 induced movements by ligands has come from crystallographic
studies on other NR LBDs,45:71.119,158,191-196 The agonist positioning of helix-12 into its
mouse-trapped position is referred to as the “active conformation” of the receptor. This
conformation is essential for the docking of coactivator proteins as the latter use LLxxLL
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motifs to dock to the surface of the LBD. Figure 4b shows in diagrammatic fashion the
physical changes that a ligand induces in order to recruit a coactivator.

NRs can bind and respond to synthetic antagonists; molecules that cause receptors to repress
transcription from target genes. The antagonism is associated with yet another position of
helix-12 that allows corepressor proteins to dock to the surface of the LBD, instead of
coactivators. A structural study of PPARa LBD with the synthetic antagonist
GW6471,showed how helix-12 can be move into this so-called antagonist conformation.
This conformation does not foster the recruitment of coactivator motifs, but instead the
recruitment of corepressor segments with LxxxIxxxL sequences.4>197

3.2. The Sequence and Geometry of DNA Response Elements

The DNA targets of nuclear receptors, known as response elements, are the sequences
through which NRs mediate their gene-regulatory effects. RXR and its partner receptors
recognize the consensus sequence 5-AGGTCA-3’ within their response elements. This
hexameric “half-site” is typically arranged as direct-repeats (DRs), with different inter-half-
site spacings that vary from 1-5 base-pairs (forming DR1 — DR5 response elements),198-199
DRs are used by RXR heterodimers with RAR, the thyroid hormone receptor (TR), the
vitamin D receptor (VDR), the peroxisome-proliferator-activated receptors (PPARS) and
other RXR partners (see Figure 1c).46:66 By contrast, the steroid receptors such as those for
glucocorticoids, mineralocorticoids, androgens and progesterone, require half-site sequences
of AGAACA-3’, with the additional requirement that they are oriented in inverted repeat
fashion. 46: 200-203 Other NRs can bind to DNA as monomers,46:204-208

Co-crystal structures of DNA-binding complexes involving RXR have allowed us to
visualize how the retinoid receptor DBDs cooperate in homodimeric or heterodimeric
forms.46.:67-68.209 The first glimpse came from the structure of the RXR-TR DNA-binding
complex on DR4.57 The asymmetrical head-to-tail placement of the subunits fosters
productive interactions between subunits only when RXR sits upstream of TR. The DNA
minor groove of the four-base-pair spacer engages different parts of each DBD and brings
them together for their interactions. Spacing selectivity is established by the ability of these
receptors to form stabilizing contacts with each other only when their relative distance and
geometries are correct on the DNA. As each extra base-pair in the spacer, varying from 1-5
in size, alters the relative distance and orientation of the two half-sites, it also acts as the
DNA selectivity feature required for promoting or preventing DBD-DBD interactions
between RXR and its partners.56-67

In the case of RAR/RXR heterodimers, the DR1 and DR5 elements were the first ones
described, and it was demonstrated that negative or positive gene regulation could be
attributed to these different spacings in these two direct repeat elements.210 Moreover, the
RXR homodimer and the RXR-RAR heterodimer can both cooperatively bind to DR1
elements. But the heterodimer has an advantage in terms of the higher affinity for this site
and may preclude the possibility of RXR homodimers functioning in cells.

A detailed examination of the protein-DNA contacts has been possible from the crystal
structures of both of these DBD complexes. As with the RXR-TR, in the RXR-RAR
heterodimer and RXR-RXR homodimer, each DBD makes a series of base-specific contacts
along the AGGTCA elements.%8:209 These structural studies revealed the mode of base-
specific interactions by NRs, and the basis for DNA binding cooperation between their two
subunits. All the structural studies with RXRs and RARs used “consensus” response
element, and not the natural sequence variations of DR1-DR5 seen in the genome.
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3.3. The Genomic DNA Binding Sites of RAR and RXR

Hundreds of retinoic acid regulated genes have been described date, many of which are also
evolutionarily conserved across metazoans.81:211 Sych conserved genes include the three
encoding the RARs themselves, the gene encoding the orphan NR TR2, and genes encoding
multiple homeodomain proteins. The homeodomain genes prominently include the Hox
family members, important developmental regulators of the embryonic body plan. Other RA
regulated genes encoded for transcription factors that include C/EBP, Statl, Oct4, Pit-1,
HNF1a, ETs1, EGrl and Foxal. The genes further include a set responsible for the
metabolism, degradation and movements of retinoids in the body, such as Adh7, RALDH1,
CRABPII, and RBP1.81 Other gene clusters belonging to adhesion/extracellular matrix
proteins, secreted proteins/signaling factors, membrane receptors, neurotransmitter receptors
and enzymes have also been noted to be RA regulated.81

The recent application of deep genomic sequencing techniques has led to the genome-wide
identification of cis-acting DNA binding sites (cistromes), used by a variety of RXR-
heterodimers, including RXR-LXR, RXR-VDR, and RXR-PPARs. 141.212-215 A syrprising,
but general finding of these studies has been that NR response elements are typically not
upstream of the transcriptional start sites or near TATA elements. Instead, they are more
often seen within introns, or at a significant distance from the transcription start sites.
Another observation is that the vast majority of these heterodimer binding sites are pre-
bound by RXR, and that ligand treatment, as well as the increased expression of the binding
partner, enhances the association of the heterodimer on the response element. These findings
suggest a model in which liganded RXR serves as the nucleating recruitment factor for its
partners.

The genome-wide identification of RAR binding sites using ChIP-seq (chromatin
immunoprecipitation coupled with deep sequencing) also revealed a highly complex and
expanded repertoire of DNA binding sites/21® Besides the previously known DR1 and DR5
element used by the RXR-RAR complex, RAR was observed to associates with other sites
that include IR0, DRO, DR2, and DR8.216 Although RXR and RAR may be binding to these
sites, the data do not preclude the possibility of these sites being shared with other
transcription factors. Indeed, NRs are capable of displaying complex DNA binding modes,
including tethering to other transcription factors.217

3.4. The Dimerization Interfaces of RXR and RAR

Figure 5a—-d show two dimerization interfaces used by RXR for its partners: An LBD-LBD
interface that can be formed in solution, and a DBD-DBD interface that forms only on

DNA .66.218-220 The DNA response element is a direct participant in aligning the DBD-DBD
interface for dimerization. The understanding of how heterodimerization surfaces of NRs are
formed via their DBDs was largely through crystallographic studies conducted in our
laboratory.46:64,67-70,209.221 The RXR DBD uses its second zinc module to forms a surface
that interacts with a different portion of RAR and its other partners bound on their target
DNA elements. These dimerization domains are illustrated in Figure 5a—b. We developed a
set of basic rules about DNA recognition and how the inter-half-site spacing acts as a
selectivity feature for NRs.46.66.220

The dimerization interface that joins two LBD is much larger in size, in terms of buried
solvent exposed surfaces.%6:220 The LBD-LBD interface of RXR-RAR, RXR-LXR, and
other RXR heterodimers including RXR-PPAR are generally of a similar nature, as shown
in Figure 5¢c—d. Helices H7, H9, H10 and loops L8-9 and L9-10 of each subunit face each
other to form this interface.’2222-223 A sequence alignment of RXR partners suggests that a
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common heterodimerization motif involving many hydrophobic aromatic residues and a few
acidic residues allow multiple LBD dimerizations with RXR-LBD.222

The LBD-LBD interactions of RXR-RAR show some differences with those of the RXR-
LXR and RXR-PPAR. In the case of the RXR-RAR, the interface closely resembles that of
the homodimers of RXR and estrogen receptor (ER), in being quite symmetrical.”2 But for
RXR-LXR, the interface shows significant asymmetry, involving residues from H7 of RXR,
but not from H7 of LXR.223 Moreover, the loop in LXR connecting H8 and H9 helices
participates in the binding, while the equivalent loop of RXR does not. In the PPAR-RXR
interface, the PPAR-LBD is rotated approximately ten degrees from the C2 symmetry

axis. 222

Our laboratory has solved the only two crystal structures of nearly complete NR complexes
(a heterodimer and a homodimer) on DNA.84224 The first complex is the RXR-PPAR
heterodimer shown in figure 5e, and the second is that of the HNF-4a homodimer. Both
complexes contain the DR1 DNA response element. The PPAR-RXR complex shows a
much more complex pattern of subunit dimerization than had been expected.®4 A new DNA-
dependent interface is seen between the LBD of PPAR and the DBD of RXR, for example
(Figure 5e). The intact complex has a great degree of quaternary organization between its
domains, lacks symmetry, and two receptors are not evenly positioned over their DR1
element.%4 This study showed that the long held concepts of conserved domains (DBD and
LBD) acting independently in NRs is not correct. Moreover, the molecular architecture of
full-length PPAR-RXR revealed using X-ray crystallography is quite distinct form the
picture obtained using low-resolution solution studies.31

We recently expanded our crystallographic visualization to the HNF-4a multidomain
receptor homodimer complex.224 This structure again shows that the quaternary
organization of the HNF-4a homodimer is far more complex and interconnected than had
been expected from previous studies. The homodimer is unique in its quaternary
organization, and not similar to the RXR-PPAR heterodimer, even though both complexes
are bound to DR1. As the full quaternary structures of the NRs becomes available, our
understanding of the complexities of receptor domain organization and the allosteric
communications within their polypeptides will expand. Neither the RXR-PPAR nor the
HNF-4q crystal structures are supportive or consistent with the generalized concept of
“common nuclear receptor architecture” suggested by a study based on low-resolution
analysis of the RXR-RAR, PPAR-RXR and RXR-VDR complexes.131

3.5. Tetramer Formation by RXR

In addition to its dimerization patterns, RXR also has the unusual capacity to form tetramers
(Figure 6). Studies have shown that the RXR LBD can self-associate into tetramers with a
high affinity (Kd of 3-5 nM for dimer-dimer associations).?2> RXR dissociates into
monomers and dimers upon binding of 9-cis RA.226-227 Since ligand binding can dissociate
the tetramer, it has been suggested that the RXR tetramer represents the inactive receptor
form.228

That expectation was further confirmed through studies that used specific RXR protein
mutations. A mutation in RXRa that fails to dissociate the tetramer upon ligand binding also
prevents the activation of transcription.22% Conversely, another point mutation that blocks
tetramer formations induces high levels of transcriptional activity even without ligand.22°
Without an activating ligand, RXR fails to convert its tetrameric form into productive RXR
heterodimers with RAR or VDR.230 A direct physiological role for RXR tetramers has been
suggested in the regulation of the CRBP-II gene, a known target of RXR.231 The CRBP-II
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promoter contains two imperfect DR1 sites that prefer the binding of RXRa or RXRy
tetramers over dimers of RXR.232

To understand the structural basis for tetramer formation, a crystallographic study was used
to visualize the RXRa LBD tetramer both in the absence of ligand, and in the presence of
added 9-cis RA.233 A disc shaped tetramer was observed showing a compact arrangement of
the LBDs, where each monomer buries a substantial 2600 A2 of surface-accessible area in
the complex (Figure 6). The four subunits each contribute three distinct areas to the tetramer
interface (helix-3, helix-11, including a provocative interface between Helix-12 and the
coactivator binding site). As a result, the tetramer can no longer accommodate a coactivator
LLxxLL peptide, since it is auto-repressed structurally by this domain-sharing
arrangement.233

Nevertheless, the ligand-binding pocket of the tetramer was seen to remain open and
accessible. When 9-cis RA was added, the new crystal structure showed essentially no
change in the tetramer organization.233 This was unexpected, but a close look at the electron
density in the pocket indicated that 9-cis RA had been converted to a trans-isomer and then
bound the tetramer. The isomerization of 9-cis RA presumably was caused by the light or
reducing conditions associated with the crystallization conditions. The ligand did not adopt
the low-energy state of all-trans RA, but rather a trans-like configuration at the C9-C10
double bond. The overall electron density within the four pockets also suggested poor ligand
occupancy in each subunit.233

Our understanding of the RXR LBD tetramer state was recently expanded by new
crystallographic studies that included the analysis of SMRT corepressor derived peptide and
an antagonist of RXR in the complex.234 While maintaining a tetrameric arrangement, the
corepressor peptide induced a notable rearrangement in the quaternary organization of the
four subunits. The antagonist Rhein, derived from rhubarb, was studied crystallographically
in the tetramer. This molecule binds competitively with 9-cis RA, with an IC50 of 0.75 uM,
and was observed to bind to only two of the four subunits of the tetramer, Rhein binding
causes helix-12 from two of the subunits to move into their neighboring coactivator binding
sites and displace two SMRT peptides, leaving the other two SMRT peptides of the tetramer
in place. These crystallographic studies on the RXR tetramer have been exciting and also
revealing previously unknown modes of repression and antagonist action in RXR. At the
same time, it is interesting that no other NR has been show to undergo tetramerization aside
from RXR.

3.6 Recognition of 9-cis RA by RXR

Two groups independently used X-ray crystallography to reveal how RXRa LBD
recognizes 9-cis RA.74:222 The binding mode observed in these two studies was identical,
and also consistent with our own visualization of the 9-cis RA binding mode to the full-
length RXRa-PPARy-DNA complex.54 9-cis RA penetrates into a hydrophobic pocket,
formed by residues on helix-3, helix-5, helix-7, helilx-11, and the p-strand region of the
LBD (see Figure 7a). The high affinity of 9-cis RA for the pocket (1.5 nM) is largely
explained by the complimentary hydrophobic interactions of amino-acid side-chains with
the isoprene chain of the ligand.

The B ionone ring of the ligand is recognized by the interactions of 1268 and C269 from
helix-3, V342 and 1345 from helix-7, and C432 and H435 from helix-10 (Figures 7b and
9a). The only hydrogen bonding observed involves the carboxylate groups of the ligand.
Arg-316 is the most important pocket residue in some ways, because it caps the elongated
cavity where the ligand is solvent shielded (Figure 8). The amino acids responsible for
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binding interactions visualized in the crystal structure were further confirmed through
mutational studies.’1-23%

The surface accessible volume of the pocket in the RXRa LBD is nearly 500 A2, Yet, 9-
cisRA, with its own volume of approximately 300 A2, occupies only about 60% of this
available space (see Figure 3b). Unoccupied volume is seen particularly in the vicinity of
C19 and the C18 methyl groups of the ligand, suggesting that alternatively designed
molecules that occupy these spaces may show better affinities. Indeed, synthetic molecules
with these features have been described such as SR11237.74 All the residues that are
responsible for 9-cis RA binding and recognition in the pocket are perfectly conserved in all
three RXR isotypes. This impressive conservation suggested it would be difficult to identify
synthetic RXR ligands that can bind in an isotype selective manner.

The selective binding of RXR only to 9-cis RA, and not all-trans RA, can be explained by a
shape feature of the LBD pocket. The pocket contains a sharp bend that is selective for 9-cis
RA (Figure 9a). It has been suggested that any ligand that binds to RXR LBD must
physically adapt to this bend by twisting around single bonds appropriately. In the case of 9-
CisRA, there is noted twist of the C8-C9 bond which orients the cyclohexenyl ring at an
angle that is nearly perpendicular to the C9-C15 carbons, so as to be accommodated the
pocket.236

A series of crystallographic studies later revealed that the RXR pocket is far more adaptable
than was initially assumed, with the position of the carboxylic group being the most stable
feature when multiple agonist structures of different chemical classes were compared (9-cis
RA, DHA, BMS-649 and Oleate).”3 Interestingly, interactions between the 9-cis RA
molecule and helix-12 were not seen in any of these crystal structures. This raised the
question of how the ligand activates the receptor by placing helix-12 in the agonist
conformation. The answer lies in the indirect ability of hydrophobic residues in helix-10/11
and helix-3 to communicate the presence of ligand to helix-12. In particular, helix-12
becomes firmly positioned in its active conformation through a series of hydrophobic
residues in helix-3 and helix-10/11 whose position is impacted by the binding of the ligand,
This phenomenon of ligand communication with helix- 12 through a distance has been seen
in other NR LBD structures as well.*> However, in some other NRs, the ligands do directly
contact helix-12, forcing it into the active conformation.*

3.7. Recognition of RA Molecules by RAR

Crystal structures have now been described for all three isotypes of RAR in complex with
different ligands.”277-78.237-238 Sequence alignment has revealed that only three residues
lining the pockets of the three RARs are variable.”® Unlike the case with RXR, no crystal
structures of the apo-state of the RARs has become available. Figures 7b—c, 8b—f, and 9c—f
together display multiple crystal structures of RAR LBDs with two RA molecules in detail.

It is informative to study the RAR LBD and its mode of binding to both 9-cisand all-trans
RA (Figures 7b—c). The dihedral angle between the b-ionine ring (C5-C6) and the tetrene
chain (C9, C12) is 43 degrees for all-trans RA, but 24 degrees for 9-cis RA, when their co-
crystal structures of RAR are compared. Despite this marked differences in their bending
angles, the pockets of RARs appear to accommodate both ligands with single nanomolar
binding affinities.”” The pockets in all the RAR structures are essentially in the same
position as the RXRa LBD pocket (see Figure 7a—d). These are all also similar to that of the
RORP LBD in its all-trans RA complex (Figure 7d, this receptor is discussed below). But
these NRs pockets, as well as the general architecture of the LBDs, are altogether unrelated
to those of other retinoid binding proteins, such as RABP, CRABP-1 and CRABP-|1.239-241
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Figure 8 shows how the RA molecules are nearly completely buried in each of their NR
LBDs. Moreover, Figure 9 shows how each of RXRa RARP and RARy pockets can
accommodate the binding of synthetic ligands that are chemically distinct from RAs. One
notable similarity in all the structures of RAR and RXR LBDs shown in these figures is the
conserved arginine positioned to cap the pocket in each case, which also forms the critical
salt bridge to the carboxylates end of each of these ligands.”® Despite the close sequence
conservation of amino acids in the three RAR pockets, retinoids selective to each of the
three RAR subtypes have been described.237.242-243

4. RETINOID RECEPTORS AS DRUG TARGETS

4.1 Cancer Therapeutics

Retinoids have a demonstrated capacity to act as chemopreventors.244 In many respects, the
cancer benefits of retinoids can be directly linked to their activities as cellular differentiation
promoters. The anti-cancer actions appear to be mediated largely through the RARSs. In the
mid-1980’s the only retinoid available for clinical use was 13-cis-retinoic acid (13-cis-RA).
Retinoids are now known to induce differentiation in promyelocytic leukemia,
myelodysplastic syndrome, cutaneous T-cell lymphoma (mycosis fungoides), and advanced
squamous carcinoma of the skin.24°

All-trans RA has became the treatment of choice for treating acute promyelocytic leukemia
(APL), showing only minimal toxicity.246-248 APL is most often caused by a reciprocal
chromosomal translocation of the RARa gene on chromosome 17 with the promyelocytic
leukemia gene on chromosome 15, although other genetic translocations can also cause this
disease. The gene fusion causes a hybrid protein to be produced in cells which is capable of
RA binding.28 The application of all-trans RA to APL has rendered this disease the most
curable subtype of all acute myeloid leukemias in adults.?48

Besides their ability to target differentiation pathways, RA molecules can also block the
growth of tumors through two other mechanisms: inhibiting cell proliferation and inducing
apoptosis.249 Retinoids have been shown as strong inhibitors of epithelial cancer promotion
and progression in a variety of experimental carcinogenesis models. These molecules have
demonstrated their benefits in the treatment of both premalignant lesions and the reduction
of second tumors in lung, liver, and head and neck patients.244:24% A wide range of studies,
from experimental cell and animal models, to epidemiological data and clinical trials, have

continuously supported the potential for retinoids in cancer prevention and
therapies.244:250-254

Isotretinoin (13-cis RA) has been shown to reduce second aerodigestive tract tumor in
patients with head and neck cancers.252 Retinol palmitate reduces the number of new
primary tumors in patients with stage 1 non-small-cell lung cancer.2%° It has been postulated
that loss of retinoid signaling to maintain normal cellular functions is linked directly to the
development of hepatocellular carcinoma. The retinoid polyprenoic acid [(2E,4E,6E,
10E)-3,7,11,15-tetramethyl-2,4,6,10,14-hexadecapenta- enoic acid], when orally
administered, acts to delete malignant clones and inhibit secondary hepatocellular
carcinomas after ablation of primary liver cancer.2%6 The mechanism of polyprenoic acid
action appears to be derived from its induction of both cellular differentiation and
apoptosis.2%6

RA is also believed to be one of the most potent differentiation inducers for human
neuroblastoma cells, and treatment of these cells with RA arrests their proliferation.2>’ RA
therapy improves the survival of children with neuroblastoma by suppressing the residual
disease after chemotherapy.244258 Other uses of RA include its ability to act as a
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chemopreventive in premalignant lesions such as oral leukoplakia, cervical dysplasia, and
xeroderma pigmentosa. 244254259

Treatment of osteosarcoma and chondrosarcoma cell lines with all-trans RA has shown
reversible growth inhibition and simultaneously blocking of colony formation.260-261
Retinoids have recently entered different phases of clinical trials for the treatment of solid
tumors.262-263 These molecules include TAC-101 (Taiho Pharmaceuticals, Japan, and
Tazaroten (Allergen, USA).

4.2. Skin Indications

As a class of therapeutics, retinoid therapy has been long used for the treatment of severe
acne and psoriasis.264-267 Severe acne can be associated with psychological and physical
morbidity for millions of affected patients. Isotretinoin (13-c/s retinoic acid) is an oral
retinoid that is effective against severe acne and used clinically for this disease. Isotretinoin
targets the sebaceous gland and is potent and effective clinically. Yet, this drug is also a
known teratogen whose use is now highly restricted within an FDA-mandated registry
system. Incomplete understanding of 13-cisRA’s mechanism of action within the sebaceous
gland has slowed progress to find alternative therapies.

Psoriasis is a chronic, inflammatory condition typically systemic in its profile and
characterized by skin lesions and co-morbidities that affect approximately 7 million patients
in the USA alone.258 Topical retinoids such as Tazarotene (belonging to the acetylenic class
of retinoids) can be an effective treatment for chronic psoriasis clinically. As the case with
isotretinoin in acne, the detailed mechanism of action for this molecule has not been
described with respect to how its alters keratinocyte proliferation and inflammatory
responses in the dermis and epidermis.2%9 More detailed studies are needed, for example, to
understand whether this molecule induces apoptosis and/or cell cycle arrest, and which
nuclear receptor mediates its functions. For both isotretinoin and Tazarotene, obtaining gene
expression profiles in sebocytes in response to these molecules would be a forward step in
generating new insights for further development of drugs for these conditions.

4.3 Metabolic Disease Targeting

On the basis of the anti-tumor properties activities of RA molecules acting on RAR, various
RXR targeted molecules have also emerged or are being developed for other disease
indications.2’0 As RXR is the combinatorial partner for a significant number of human NRs,
many of which are permissive complexes, it is possible to activate multiple NR signaling
pathways through the RXR receptor pocket, rather than its partner. Rexinoids, a term used to
describe RXR selective modulators, have been undergoing active development in many
laboratories over the past ten years.270-272 Yet, the ability of RXRs to coordinate the
functional activities of so many different heterodimerization partners also raises the concern
that rexinoids may not provide a good therapeutic window.

An avidly pursued area for rexinoid development appears to be as metabolic diseases
interventions, where PPAR and LXR pathways are particularly important. Indeed, despite
some beneficial effects of rexinoids already demonstrated on enhancing insulin sensitivity
and reducing fat mass through their permissive complexes, the promiscuous nature of RXRs
has made it difficult to develop this therapeutic area thoroughly. Rexinoid treatment has
been linked to hypertriglyceridemia, a well-known risk factor for cardiovascular disease.2’3
Several rexinoids with no RXR isotype selectivity have been well-described.270 Some of
these molecules do exhibit relatively select patterns of gene expression induction.272:274
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Two well-described rexinoids, HX630 and LG268, have been shown to modulate RXR
complexes through their RXR moiety. LG268 is able to activate both RXR— LXR and RXR-
PPARY heterodimers. LG268 dramatically reduced cholesterol absorption in mice. The
mechanism may involve the regulation of ATP-binding cassette transporters ABCG5/G8.275
By contrast, HX630 preferentially activates RXR-PPARy complexes.2’6-277 These two
rexinoids appear to be relatively specific with respect to their gene-activation profiles, when
examined using DNA microarray analyses.2’8

Another rexinoid, LG101506, has been shown to selectively activate RXR-PPARYy
heterodimers, but not RXR-RAR or RXR-LXR heterodimers, making it potentially useful
as an insulin sensitizer 279, This compound lowers blood glucose levels in genetically
disposed type 11 diabetic mice.289 Antagonism of RXR, when in the RXR-PPARY dimer,
was also reported to normalize glycemia and fat mass in animal models, although the
mechanism for this action is not clear.281 Taken together, these data support the concept and
future promise of heterodimer-specific rexinoids, as therapeutic ligands for metabolic
diseases.

5. OTHER RECEPTORS ASSOCIATED WITH RA SIGNALING
5.1. RORB interactions with RA

The retinoid-related orphan receptor (RORs) form a subgroup of the NR family with three
distinct members (RORa, RORP, RORY).282 The RORs are unable to form homodimers or
heterodimers, instead functioning as monomers and binding to response elements with a
single half-site.283 The nuclear receptors Rev-Erba, and Rev-Erbf have similar DNA
binding properties as the RORs, and compete for some sites in vivo, while displaying
opposite effects on the transcription of target genes.284 Despite early suggestions that
melatonin could be a ROR ligands, that finding was not validated, and the true endogenous
ligands for this receptor subfamily has remained obscure,284-285

RORa is widely expressed in peripheral tissues, with highest levels seen in liver, muscle,
and brain.284.286 Among its potential functions, it appears to have a role in the
differentiation of the Th17-cell lineage, although this differentiation is more reliant on
RORY.287-288 |ndeed, RORY is currently being avidly pursued in industry as a drug target
for its potential to control autoimmune diseases related to the Th17 cell lineage.288-290 Both
RORa and RORYy are regulated in a circadian manner in many tissues, and appear to have
metabolic regulatory functions that are somewhat redundant.288.291-292 Mice with deleted
RORa genes display the so-called stagger phenotype, with cerebellar defects, abnormal
inflammatory cytokine levels, and deficient intestinal apolipoprotein A-1 and apolipoprotein
ClII levels.293-2%

ROR is distinct in many ways from its RORa and RORy counterparts. RORp has a
restricted pattern of expression, localized to specific areas of the brain and retina.2%” This
receptor appears to regulate genes with essential roles in sensory input integration and the
control of circadian timing.2%’ Mice deficient in RORp develop retinal degeneration that
results in blindness and show disrupted circadian behavior.2%

X-ray crystallography first revealed information about the size of the ligand binding pockets
of RORs.299-300 The ligand-binding pocket of RORP was estimated at 770 A3, similar to
that of RORa (720 A3). Cholesterol, 7-dehydrocholesterol, and cholesterol sulfate have
been suggested as RORa, agonists, but not ligands for RORP.299:301 These molecules bind
RORa reversibly, and cause a enhancement in its transcriptional activation. RORa is
believed to function as a possible lipid sensor and indeed, this receptor has been implicated
broadly in the regulation of lipid metabolism.292:299.302-303 A crystal structure of RORY
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with 25-hydroxyl cholesterol, a surrogate ligand, has also been reported.3%4 RORy has the
highest expression in skeletal muscle, but a thymus specific isoform (RORyt) is particularly
important for the maturation of naive T-helper immune cells into Th-17 cells.289.305-306

The first structural study on the RORf LBD showed stearic acid being fortuitously captured
in the pocket, with the receptor helix-12 being positioned in the active conformation.3%0
While this fatty acid nicely fills the ligand-binding pocket, no strong evidence was presented
to indicate it is a physiological ligand.3%° Given that RORs are evolutionarily close to the
RARs, a subsequent study checked by mass-spectrometry whether retinoids or their
synthetic analogs could bind to RORs.3%7 Those studies suggested that all-trans retinoic acid
and the synthetic retinoid ALRT-1550 could bind and act as potential ligands for RORp.397
These two ligands were shown to bind RORp LBD in a reversible manner, and with high
affinity. Figure 7d shows the crystal structure of ROR with all-trans RA.307 The ligand
occupies less than 40% of the pocket volume, with humerous van der Waals interactions
involving helix-3, helix-7, and the beta-strand region. The carboxylate groups are
recognized by hydrophilic side-chains of three residues through hydrogen bonding.

The observed transcriptional effects of retinoids on RORp suggest that they may be partial
antagonists. These molecules can apparently also bind to RORy and inhibit its
transactivation, but not to RORa.3%7 Moreover, the repression of ROR( target genes
appeared to be robust in neuronal cells, but not in other cell types tested. This latter finding
suggested that the antagonism of these retinoids may require the physiological interactions
of a neuronal cell-specific corepressor, which has yet to be identified.30” Clearly, additional
studies are required at this time to validate whether all-trans RA is the endogenous
physiological ligand of RORp and/or RORY. The identification of endogenous ligands for all
three RORs remains an important goal, as they are clearly linked to important human
pathologies, including inflammation, immunity, obesity, asthma, and circadian disorders.308

5.2 Orphan members of the NR family

Besides the RXRs, RARs and ROR, several other NRs may have the ability to form direct
physical interactions with RA molecules. The PPAR family member PPARY/S has been
shown to bind RA with a relatively high affinity (Kd of 15 nM), which is an order of
magnitude tighter than RA binding to the other PPAR subtypes.39° Still, the binding affinity
of RA to RAR is approximately ten fold better than seen with PPARp/S.309

The further observations that RA can activate gene expression through PPARf/S, raise the
possibility that some of the biological activities of this hormone may be mediated by an
RAR-independent pathway. This interaction and signaling through PPARp/S is thought to be
potentially responsible for RA molecules controlling insulin responsiveness and energy
homeostasis.310 Administration of RA to obese mice leads to fat mass loss, as well as
improved glucose tolerance in these animals.310 These effects have been linked to the
activation of both PPARB/S and RARs in adipose tissue, muscle, and liver.310 Based on
these finding, it seems plausible that RA can directly bind to and regulate PPARp/S, to
impact insulin control and adiposity.310

Reports on several other orphan NRs have also suggested their possible involvement in RA
binding and signaling. These receptors include the chicken ovalbumin upstream promoter-
transcription factors COUP-TF1 and COUP-TFII and the testicular receptors TR2/4,311-312
Although the COUP-TFs have been well studied, the ligand for these receptors have
remained unknown for the decades since their initial cloning. It was recently demonstrated
that retinoic acids can promote the binding of COUP-TFII to its coactivators, leading to
increased activity from a reporter construct.311 Retinoic acid binding appears to release
COUP-TFII from a repressed state.311 The orphan NRs TR2/4 homodimerize as well as
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heterodimerize with each other. These receptors may also be able to bind to retinol, which
activates them by converting the autorepressed LBD into an active conformation.312 But in
the case of both COUPTFII, and TR2/4, the concentration of retinoids required to see a
measureable change in their transcriptional activities is considerably higher than seen with
RXRs and RARs, and outside the necessary range required to make these receptors RA
responsive in vivo.

6. FUTURE DIRECTIONS

While there have been numerous crystallographic studies revealing the basis for natural and
synthetic ligand binding to each of the RXR and RARs, attempts to obtain high-resolution
structures of their complete NRs, with all of their domains, in a functionally revealing
complex have failed. Consequently, we do not know to what extent the DBD, hinge regions,
and LBD regions of the RXR and RAR communicate, both within their respective
polypeptides and through their heterodimerization interfaces. As the crystal structure of the
intact RXR-PPAR already revealed, there are many functionally meaningful connections in
full-length NR complexes, and this is likely to be true also for the RXR-RAR heterodimer.
Without knowing all the physical connections in these complexes, it is difficult to develop
synthetic ligands that may act allosterically, i.e. binding to one domain in the protein
complex, but inducing a functional change in another domain of the receptor

A better structural understanding of NR coactivators or corepressors is also required in the
field, beyond the short 10-20 amino-acid peptide derivatives that have so far been visualized
in crystallographic studies. The interactions of these proteins is of great significance for our
understanding of retinoid actions, since RAR can activate or repress their target genes
differentially in response to a single ligand, depending on the coregulator availabilities, and
interactions in each cell type, and the cues provided by the response elements. Indeed, as
described here, RARs and RXRs are highly responsive molecular devices through which the
precise control of gene transcription is achieved during development, both via their
coregulators and their ligands. The dynamic expression of these retinoid receptors
throughout different stages of development considerably suggests that we should now move
beyond ligand binding, to undertake new studies that visualize the specific interactions of
coregulators complexes on these receptors.

While the functional interactions and mechanisms associated with gene activation have been
relatively well studied, the mechanism underlying gene repression by the RXRs and RARs
have not been equally thorough. Given the fundamental importance RAR-mediated gene
repression signaling during skeletal development and in skin homeostasis, an expanded
understanding of repression pathway and protein-interactions responsible for repression
could advance medical developments in the treatment of disorders of the skeleton or
skin.313-316 e suggest that understanding the mechanisms that involve the complete
receptor polypeptides, as well as their partners and functional macromolecular complexes
will fuel the next decade of intervention strategies into many human diseases, including
cancer, dermatology, defects of development, diabetes and other metabolic disorders.
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Figure 1.

NR1H2 (LXRa)
NR1H3 (LXRp)
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NR1I2 (PXR)
NR1I3 (CAR)
Subfamily 2
NR2A1 (HNF4a)
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NR2C1 (TR2)
NR2C2 (TR4)
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NR2E3 (PNR)
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Subfamily 3
NR3A1 (ERa)

NR3A2 (ERP)
NR3B1 (ERRa)
NR3B2 (ERRP)
NR3B3 (ERRY)
NR3C1 (GR)
NR3C2 (MR)
NR3C3 (PR)
NR3C4 (AR)

Subfamily 4

NR4A1 (NGF-IB)
NR4A2 (Nurrl)
NR4A3 (Nor-1)

Subfamily 5
NR5A1 (SF-1)
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Subfamily 6
NR6A1 (GCNF

Subfamily 7
NROB1 (DAX-:

NROB2 (SHP)

The NR family. Shown are the human NRs divided into multiple sub-families based on
sequence alignments. Receptors in red are the high-affinity retinoic acid binding receptors.
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Coactivators &

RAR RXR
(partner)

Figure 2.
The domains of NRs. (A) The protein architecture of NRs consist of a N-terminal A/B

domain, a DNA binding domain (DBD), a hinge region, and a ligand-binding domain
(LBD). (B) Illustration of how different portions of NRs interact in an RXR heterodimer,
how the ligand, DNA and coactivator portions must further interact in a functional receptor
complex.
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CHy

9-cis RA Oleic Acid Docosa hexaenoic Acid

Figure 3.

Examples of some chemically diverse molecules that can act as RXR ligands. (A) The

Page 35

@
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HC  CH
HC  CH

BMS 649

chemical structures of the molecules. (B) The solventaccessible molecular surfaces from the
crystallographically observed structures of RXR/ligand complexes with each molecule.”3

Coordinates are from PDB IDs: 1FBY, 1KDF (chain A), 1IMV9, and 1IMVC.
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d.

RA in LBD
) pocke

Hio [,
Figure 4.

The ligand induced positioning of helix-12 into the “active conformation”. (A) the
superposition of RXRa LBD in the apo-state (grey) and the same receptor in the holo-state
(red) with 9-cis RA (green) in the pocket. The four arrows (pink) show the helical
movements induced by ligand binding. (B) Illustration of how corepressors, ligand, and
coactivators interact with a NR LBD. The blue box represents the LBD portion of NRs. The
binding of RA molecules or other endogenous ligands or synthetic agonists results in a
major repositioning of helix-12. Ligand binding releases corepressor binding, and causes
helix-12 to trap the ligand, by closing on top of its pocket. The resulting active conformation
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also creates a groove for the binding of coactivator LLxxLL motifs on the surface of the

LBD."* The apo-RXRa. is from PBD ID 1LBD, and the 9-cis RA complex is from PDB ID
1FBY.
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Page 39

RXR-RAR LBDs d. RXR-LXR LBDs

RXR LXR

9-cis RA

Coactivator ————>
LxxLL motif

Figure5.

RXR heterodimerization and DNA binding. (A-B) The interactions of RXR DBD and its
partners (RAR or TR) on direct-repeat DNA response elements. RXR-RAR DBDs are
shown on DR1 DNA, and RXR-TR DBDs are shown on DR4 DNA. Note that RXR
occupies the upstream half-site in its complex with RAR, and the downstream half-site in its
complex with TR. The RXR-RAR DBD complex is from PDB ID 1DSZ, and the RXR-
PPAR DBD complex is from PDB ID 2NLL. B: The dimer interfaces that form between
RXR LBD and other NR LBDs. Shown are the RXR-RAR (PDB ID 1XDK) and RXRLXR
interfaces (PDB ID 3FAL). The regions in yellow indicate the protein-protein interfaces in
these heterodimers. E. Structure of the intact RXRa-PPARy complex on DR1 DNA (PDB
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ID 3E00). RXRa and PPARYy are in red and gold, respectively, with the DNA in green. The
domains, ligand and coactivator peptide of RXR are labeled. In addition to the dimerization
interfaces shown above, this complex also shows domain interactions involving the PPAR
LBD and the RXR DBD.%*
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Figure6.

Structure of the RXRa LBD tetramer in the absence of ligand.232 The four subunits are
shown in different colors, but in each case helix-12 is in red. Helix-12 from each subunit
traverses to the adjacent subunit to occupy the groove normally reserved for coactivator
LLxxLL motif binding. Coordinates are from PDB ID 1G1U.
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RORA + all-trans-RA

Loop between
Helix1 & 2

Figure7.

The binding location and specific interactions of 9-cisRA and all-trans RA inside (A)
RXRa, (B) RARB, (C) RARy and (D) RORp LBDs. Dotted lines indicate van der Walls
contacts, and solid red lines indicated hydrogen bonding. Coordinates are from PDB ID
1FBY chain A, PDB ID 1XDK chain B, PDB ID 2LBD, and PDB ID 1N4H chain A.
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Figure8.

The degree of ligand burial inside the RAR, RXR and RORp LBDs. (A-E): The LBDs are in
white, the ligands in blue, helix 12 in each case is red, and the coactivator LLXXLL motifs
is green. F. The solvent-accessible molecular surfaces from the LBD pockets surrounding 9-
cisRA and all-trans RA in RARP and RARY, respectively. Coordinates for RARB+9-cis RA
are from PDB ID 1XDK chain B, for RARy+9-cis RA are from PDB ID 3LBD human, for
RARy+ alltrans RA are from PDB ID 2LBD human, for RXRa+9-cis RA are from PDB 1D
1FBY chain A, and for RORpB+ all-trans RA are from PDB ID 1N4H chain A.
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Figure9.
The adaptability of RXR and RAR LBDs to synthetic ligands. (A—B) The comparison of

RXRa LBD bound to 9-cis RA and the synthetic ligand (S)- 46a,b.317 PDB ID 1FBY and
1RDT. (C-D) The comparison of RARP bound to 9- cis RA and TTNBP.237 PDB ID 1XDK
and 4DM6. (E-F) The comparison of RARB bound to all-trans RA and BMS184394.76 PDB
ID 2LBD and 1FCX.
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