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1. Introduction

A central theme that defines the field of endocrinology is the
act of controlling activities and processes at distal sites in the
body. Signaling molecules, in some cases nonprotein small
molecules, traverse the body and ultimately relay their chemi-
cally encoded information to a protein receptor at the target
tissue. The nuclear hormone receptor (NR) is a classic example
of a receiver for such small-molecule chemical messengers.
The NR is well-adapted for this type of function because it not
only specifically binds the small molecule, but is capable of re-
laying or transducing a complex set of signals carried along by
the properties of the ligand. As reviewed herein, the nature of
the information that the ligand-bound NR relays depends on a
complex interplay of factors, such as ligand and cell type.

In humans, 48 NR genes have been identified (Figure 1) A
unifying feature of the NR superfamily is that each receptor
consists of an assembly of functional modules (Figure 2).” For
the purpose of this review, the module most relevant to cur-
rent drug-discovery approaches is the C-terminal ligand-bind-
ing domain (LBD). The LBD is typically about 250 amino acids
in length and contains a key regulatory element, the so-called
activation function-2 (AF2) domain, as well as all the recogni-
tion elements required for ligand binding (Figure 3 A, left).”!

The fold of the NR LBD is typically described as three
stacked a-helical sheets. The helices that make up the “front”
and “back” sheets are aligned parallel to one another. The heli-
ces in the middle sheet run across the two outer sheets and
only occupy space in the upper portion of the domain (Fig-
ure 3 A, right). The space in the lower part of the domain is rel-
atively void of protein, and for most NR LBDs, this creates an
internal cavity for small-molecule ligands.

The central region of the typical NR contains the DNA-bind-
ing domain (DBD), which is usually about 70 amino acids long,
contains two zinc-finger motifs, and is the most highly con-
served sequence segment among the NRs. For some NRs, the
DBD forms a dimer and binds a DNA response element con-
taining a direct repeat of six base pairs (Figure 3B).”) The DBD
contains three helices, the first of which docks into the major
groove of the DNA recognition site. A second, smaller helix
and the loop preceding it create a domain-domain interface.
Most NRs have an N-terminal domain, commonly referred to as
the activation function-1 (AF1) domain. This module varies
greatly in length among receptors and generally contains a
ligand-independent transcriptional activation function.
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Upon activation by the ligand messenger, NRs typically func-
tion as transcription factors where they bind to recognition el-
ements and regulate the expression of target genes. Once
complexed with DNA, NRs recruit accessory proteins such as
co-activators, co-repressors, and basal transcriptional factors,
thus regulating gene transcription (Figure 4). In some cases,
genes under the control of a negative response element are
down-regulated by an NR; thus NRs are able to act directly as
activators or suppressors of gene function. As discussed in this
chapter, NR pathway regulation goes beyond direct, DNA-
mediated transcriptional regulation. For example, some NRs
crosstalk with other important signal-transduction schemes
such as nuclear factor kB (NFkB) and activator protein-1 (AP-
1)® (Figure 4).

NRs have a rich and long-standing history in drug discovery.
This can be attributed to features inherent to this class of tar-
gets: 1) NRs have been designed by nature to selectively bind
“druglike” small molecules and 2) a diverse set of biologically
important functions can be regulated through a single ligand-
activated receptor (see Table 1 for examples of NR-targeted
drugs). Using data compiled for 2003, 34 of the top 200 most
prescribed drugs target an NR. Today, drugs that target a given
NR account for over 30 billion dollars in pharmaceutical sales
and are used in the treatment of numerous debilitating diseas-
es. In light of these facts, the NR field remains an area of in-
tense research with most of the current effort directed toward
the improvement of current NR drugs or screening currently
unexploited NRs. The purpose of this review is to briefly cover
the following general topics as they pertain to the chemical
biology of NRs: the history of NR-targeted drug discovery, prin-
ciples of NR-ligand recognition and protein conformational
change, biological pathways controlled by NRs, recent NR drug
pursuits, and finally some new technologies and future phar-
maceutical prospects for this target class.
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2. A Brief History of NRs in Medicine and Drug
Discovery

The first generation of NR drugs was discovered prior to de-
tailed knowledge of the target class. Many clinically useful
compounds were initially found by tracking down biological
activity from natural extracts. Only later did these bioactive
molecules lead scientists to the actual drug target.
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Studies of bioactive fractions from natural extracts contain-
ing steroid or thyroid hormones helped to lay the foundation
for modern NR-based endocrinology. For example, the study of
adrenal gland extracts initiated glucocorticoid receptor (GR)
drug discovery, and these tissue extracts were used clinically to
correct the manifestations of Addison’s disease (glucocorticoid
deficiency)”. From this early clinical work, a well-defined rela-
tionship began to emerge that connected the adrenal extract
with maintenance of homeostatic function. For example, it was
noted that, in addition to bringing about remission from
stress-related diseases, the extracts also suppressed symptoms
in patients suffering from inflammatory conditions such as al-
lergy, hay fever, and asthma. At the same time, biochemical
characterization of the adrenal gland extracts identified corti-
sone as an active steroidal component. In 1948, when suffi-
cient quantities of cortisone could be purified, its effects in in-
flammatory disease were tested directly. Ultimately, total syn-
theses of cortisone were independently carried out by Wood-
ward and colleagues and a group at Merck,®® thus completing
the first-generation evolution of this drug and setting the
stage for later syntheses of potent synthetic steroids such as
prednisolone and dexamethasone.

A similar history was observed with the first generation of
drugs that targeted other steroid receptors. It was known as
early as 1916 that ovariectomy could decrease the incidence of
mammary cancer in high-incidence strains of mice."” Studies
of the biological effects of extracts containing estrogenic activ-
ity prompted screens for compounds with anti-estrogenic ef-
fects, initially for contraception in the 1960s, but later for estro-
gen-responsive breast cancers. Screens for anti-estrogenic non-
steroidal compounds led to the discovery of ethamoxytriphe-
tol, clomiphene, and then tamoxifen. Tamoxifen ultimately
became the gold standard for the endocrine treatment of
breast cancer and relatively recently became the first approved
cancer chemopreventative agent.

Not surprisingly, the first set of NR genes cloned were from
the steroid receptor subgroup for which prior research yielded
compounds to aid in the purification of the receptor. The first
human NR cloned was the GR, an accomplishment that relied
heavily on reagents made available from the purification and
biochemical characterization of adrenal extracts. With purified
receptor, selective antibodies were used to help isolate the
corresponding cDNA."""'¥ cDNAs representing the full-length
coding region of GR provided the first full-length amino acid
sequence of an NR. The estrogen receptor (ER) was also cloned
around the same time by three research groups using inde-
pendent strategies.'*'¢

Comparison of emerging NR sequences (from human and
other species sources) revealed conserved domains shared be-
tween virtually all NRs. The finding that NRs could be isolated
without knowledge of their ligand increased the rate at which
new NRs could be identified. Initially, oligonucleotides repre-
senting conserved NR motifs (such as the highly conserved
DBD) were employed as molecular probes to perform low-
stringency DNA hybridizations to cDNA libraries. The number
of orphan NRs quickly surpassed the number of classical nucle-
ar hormone receptors.!'’-"?
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Figure 1. The NR superfamily represented as a phylogeny plot. The 48 identified receptors within the human genome are shown clustered according to
amino acid sequence relationships. NRs are named according to the accepted unified nomenclature (see Table 1 for a more detailed description).”

By the late 1990s, the chosen method for the identification
of new NRs shifted from the laboratory to in silico methods.
This advance was made possible by the availability of large da-
tabases of randomly generated partial cDNA sequences known
as expressed sequence tags (ESTs) and the development of
bioinformatic searches and query tools such as BLAST. Two
new mammalian NRs were successfully identified through au-
tomated searches of EST databases. The pregnane X receptor
(PXR) was identified in a public mouse EST database by a high-
throughput in silico screen for NR-like sequences,”” and the
photoreceptor cell-specific receptor (PNR) was found in a
human EST database.?" After the isolation of PNR from EST da-
tabases, the number of known human NRs totaled 48. The
availability of the complete human genome sequence in 2001
confirmed that this set of 48 is the complete NR genome.***!
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As new NRs were isolated, new connections between first-
generation drugs and their targets were made. For example,
thiazolidinediones had previously been discovered through tra-
ditional pharmacological methods to show clinical benefit in
diabetes; however, the molecular basis for this therapeutic
effect remained unclear. By using expression constructs de-
rived from the isolated NR genes, activity screens for each re-
ceptor were developed. Under these screens, thiazolidine-
diones were found to be potent and selective activators of
peroxisome-proliferator-activated receptory (PPARY).*¥ Once
this link was made, the search for a second generation of
PPARy compounds could be initiated using an in vitro assay
for PPARY activation.

This second-generation approach of using the receptor
rather than a bioactive extract can be characterized as a “re-
verse endocrinology” approach. Traditionally, ligands were
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F 3. Basic Principles of
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Figure 2. Domain organization of the NRs. The basic structural modules that constitute the NR are shown. The
general functions of the respective regions of NRs are noted in the linear schematic at the top. Examples of select-
ed NRs are shown below to demonstrate that most NR LBDs are similar in amino acid length, but the N-terminal

region varies among family members. Numbers represent amino acid position.

identified based on their biological effects. When this process
is reversed, however, the orphan receptors are used to identify
the ligands, which are subsequently used to dissect the biol-
ogy of the receptors. For example, a reverse endocrinology ap-
proach was used to link farnesoid X receptor (FXR) to bile acid
ligands. The availability of chemical tools (bile acids and syn-
thetic ligands) for FXR led to experiments that linked FXR to
bile acid homeostasis and suggested the possibility that FXR li-
gands could be beneficial to the treatment of disorders such
as cholestatic liver disease.”!

Among the NR superfamily, a third-generation drug-discov-
ery effort has recently begun. In this phase, screening methods
that give information beyond potency and selectivity (for ex-
ample, selective effects on gene expression) are used to dis-
cover compounds with therapeutic advantages over drugs in
current use. Strategies that underlie this new drug-discovery
effort are the subject of a following discussion on NR modula-
tors.
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From a medicinal chemistry per-
spective, targeting NRs with
novel small-molecule ligands is a
fairly tractable exercise. As men-
tioned above, most NRs have a
small, enclosed ligand-binding
pocket, and a wide variety of
druglike, high-affinity molecules
can be identified that bind in
this pocket. The inherent difficul-
ty of rational drug design for
NRs derives from the vast com-
plexity of NR-associated biology.
Whereas small molecules that
bind the target NR with high af-
finity can be fairly readily identi-
fied, the corresponding function-
al activity is not always clear or
immediately interpretable given
the current level of biological
understanding  (discussed in
greater detail below). In this sec-
tion, the general principles of
ligand binding for NRs is dis-
cussed.
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Steroid receptors: GR, MR, PR,
AR, and ER

The ligand-binding pockets of
the steroid receptors, which in-
clude the GR, the mineralocorti-
coid receptor (MR), the proges-
terone receptor (PR), and the an-
drogen receptor (AR), as well as
the more divergent ER, have
many common features required for binding the natural hor-
mone. At least one crystal structure is available for each of
these ligand-binding domains®2’ (see Figure 3A and Figure 5
for examples of PR and GR, respectively). Typically, about 75%
(roughly 17 of 22 residues) of the ligand-binding pocket inner
lining consists of hydrophobic residues. Generally, all of the
polar residues within the binding pocket (roughly three to five
residues) make a hydrogen bond to the natural ligand. In each
case, the A ring of the steroid hormone is positioned between
helices 3 and 5. The oxosteroid receptors GR, MR, PR, and AR
lock the carbonyl group at position 3 on the Aring of the ste-
roid into place with a hydrogen bond “charge clamp” using
conserved glutamine and arginine residues on helices 3 and 5,
respectively. With ER, coordination of the hydroxyl group at
position 3 is made with glutamate and arginine residues at the
respective locations. In all cases, the Dring of the steroid
points toward helix 10 and the AF2 helix (the C-terminal
a helix of the LBD).

ChemMedChem 2006, 1, 504 -523
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Figure 3. Representative structures of NR functional modules. A) The first NR
LBD structure to be solved crystallographically was the apo-RXR LBD."“! The
representative example structure shown is that of the progesterone receptor
(PR) bound to its natural ligand, progesterone.”® This structure, which was
the first of the steroid receptors to be solved, shows the basic fold con-
served among members of the NR superfamily. The major helices (red) are
labeled, the well-conserved small § sheet is shown in yellow, and the
random-coil stretches connecting the major structural elements are colored
green. The final C-terminal helix is labeled as the activation function-2 (AF2)
helix and is described in more detail in the text. The progesterone molecule
is shown in space-filling mode and colored by atom type, with carbon
atoms in blue and oxygen atoms in red. The domain on the right is rotated
90° to clearly show the three helical layers that constitute the NR LBD fold.
B) The first X-ray crystal structure of an NR DBD bound to a DNA response
element is shown as a ribbon diagram. This representative structure is the
DBD from the glucocorticoid receptor (GR) bound in an antiparallel fashion
to its inverted direct-repeat DNA response site."* The GR DBD is bound as
a homodimer, with the different subunits shown in yellow and blue. The
DNA helix is shown in space-filling representation and is colored according
to atom type (carbon, green; oxygen, red; nitrogen, blue; phosphorus, ma-
genta). All structure figures were generated by using PyMol (Delano Scientif-
ic; www.delanoscientific.com)

In all, the volume of the pocket varies slightly among the re-
ceptors when complexed with the respective natural ligand:
approximately 420 A® for AR, 450 A* for ERa, 560 A® for PR,
580 A3 for MR, and 590 A3 for GR. However, the volume of the
pocket can change significantly depending on the size and
shape of the ligand bound. This dynamic flexibility allows this
class of receptors to accept a wide variety of synthetic ligands
with numerous shapes and volumes. Interestingly, there are as
yet no reports of a crystal structure of an unliganded steroid
receptor; therefore, the precise nature of the pocket in the ab-
sence of ligand is unknown.

ChemMedChem 2006, 1, 504523
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Crystal structures of steroid receptors in complex with syn-
thetic ligands have revealed alternative binding modes relative
to that of the natural steroid hormone. To date, ERa. and ERP
subtypest” have provided the greatest variety of crystal struc-
tures with bound synthetic ligands.®" There are currently sev-
eral examples of ER in complex with synthetic ligands: diethyl-
stilbestrol (DES), 4-hydroxytamoxifen (OHT),®? genestein,® ra-
loxifene,*¥  (R,R)-5,11-cis-diethyl-5,6,11,12-tetrahydrochrysene-
2,8-diol (THC),* and the pure anti-estrogen ICl 164384.5¢ Each
of these complexes, either with ERa or ERp, reveals the conser-
vation of the hydrogen bond clamp with a hydroxy group on
the A-ring analogue. The presence of this interaction in each
of the structures emphasizes the importance of this hydrogen
bond for high-affinity binding. The other commonality be-
tween these ligands is that they fill the core of the ligand-bind-
ing pocket with hydrophobic groups, each occupying roughly
the same volume. One of the key features shared between the
structures of OHT, raloxifene, and ICl 164384 is an extended
amine or hydrophobic group directed toward the AF2 helix,
which causes steric repositioning of this structural element
(see Figure 8B and the following discussion).

RXR heterodimer receptors: PPARs, RXR, LXR, and FXR

Unlike the steroid receptors, most of which function as homo-
dimers, members of a second NR class function as heterodim-
ers with the retinoid X receptor (RXR). Importantly, these recep-
tors serve as sensors for metabolites such as fatty acids, oxy-
sterols, and bile acids. The key elements of ligand recognition
and receptor activation have been elucidated following struc-
ture—function analyses of several receptors in this family, in-
cluding the PPARs, liver X receptors (LXRs), and FXR.

The X-ray crystal structures of the PPARs, LXRs, and FXR
have been determined in various unliganded and liganded
states. The volumes of the ligand-binding pockets are larger
than the steroid receptors and range from 700-850 A® for FXR/
LXRs to 1300 A® for the PPARs. As with the steroid receptors,
the size and shape of the ligand-binding pockets can vary de-
pending on the size and shape of the ligand. This plasticity
permits the binding of diverse, structurally distinct chemo-
types.

The majority of amino acids that line the ligand-binding
pockets of these receptors are hydrophobic. However, several
key polar amino acids are present which have been shown to
be critical for ligand recognition and receptor activation. For
the PPARs, an acidic group present in fatty acids is involved in
a complex hydrogen-bond network consisting of a tyrosine
residue on the AF2 helix and two histidine residues on helices
5 and 10, most of which are conserved between the three
PPAR subtypes (Figure 6). Importantly, the direct hydrogen-
bonding interaction of the acidic moiety with tyrosine on AF2
stabilizes the helix in an active conformation and initiates tran-
scriptional activation. The requirement for this interaction for
transcriptional activation is evidenced by the fact that PPAR li-
gands (such as GW0072, Figure 9) that lack this hydrogen-
bonding interaction show partial agonist or antagonist activi-
ty.[37]
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Figure 4. A simplified scheme of the general mechanisms of NR function.
Some unliganded NRs, such as the steroid receptors, are present in the cyto-
plasm in an inactive complex with heat-shock proteins. Ligand binding trig-
gers heat-shock protein uncoupling and transport of the NR to the nucleus.
To directly regulate gene transcription, the ligand-bound NR associates with
a DNA response element within the promoter of the target gene. In many
cases, the NR localizes in the form of a homo- or heterodimer. This complex
is able to recruit co-activator (CoA) proteins and other transcriptional com-
ponents to regulate the expression of target genes. Another mechanism by
which ligand-activated NRs can affect gene transcription involves association
with other transcription factors (TFs) such as NFkB and AP-1. The precise
molecular mechanism of this latter activity remains controversial.

In contrast to the PPARs, the interaction between oxysterols
and bile acids with LXR and FXR, respectively, does not occur
through a direct interaction with an amino acid on AF2.5839 A
critical hydrogen-bond interaction is observed between a histi-
dine group on helix 10/11 and either an acceptor oxygen atom
on the natural ligand (expoxycholesterol) or a donor oxygen
atom on a synthetic ligand (T0901317). This interaction posi-
tions the histidine perpendicularly to a tryptophan residue lo-
cated on the AF2 helix (Figure 7) which, in turn, promotes an
electrostatic interaction between these two amino acids. In ad-
dition to contributing to ligand binding, this network of inter-
actions connecting ligand to the AF2 helix helps stabilize the
receptor in an active confirmation (Figure 7). Notably, hydro-
phobic interactions between ligand and receptor can also ini-
tiate the histidine-tryptophan electrostatic switch.*” The cu-
mulative data suggests that this histidine-tryptophan interac-
tion is the molecular basis for ligand-dependent activation of
the LXRs and FXR. Clearly, a select number of polar amino
acids within the binding pockets of PPARs, LXRs, and FXR play
important roles in mediating ligand recognition and receptor
activation.
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“Orphan” receptors: HNF4, CAR, and NGFIB

Whereas the steroid and RXR heterodimer receptors show low
transcriptional activity in the basal state, several NRs have
been identified which are transcriptionally active in the basal
state and are thus referred to as “constitutively active recep-
tors”. Structural analyses of two NRs in this class, the hepato-
cyte nuclear factors 4 (HNF4s)®" and nerve growth factor indu-
ced B (NGFIB)," provide insight into two unique mechanisms
that give rise to constitutive activity. The X-ray crystal structure
of HNF4y has revealed the presence of expression-host-derived
fatty acids in the ligand-binding pocket. A similar observation
was made for HNF40."®! The fact that these fatty acids are not
displaceable led to the proposal that these natural ligands
serve as structural cofactors for HNF4. In contrast to HNF4y,
the X-ray crystal structures of NURR1 and DHR38, the mouse
and Drosophila orthologues of NGFIBp, respectively, showed
the absence of a ligand-binding pocket.***¥ Instead, several
bulky hydrophobic residues fill the space that is normally occu-
pied by ligand, suggesting that the receptor may not be regu-
lated by the classical ligand-based approach. Clearly, determi-
nation of the X-ray crystal structures for the remaining orphan
NRs will provide insight into the tractability of these targets for
drug discovery.

4. Influence of Ligand on NR LBD
Conformation

There have been numerous key studies demonstrating that
ligand binding does not simply trigger NRs from an off-state to
an on-state. In fact, these studies revealed at a molecular level
that the activation of an NR by a small-molecule ligand is dra-
matically more complex than a two-state process. The concept
in which ligand alters NR conformation to produce activity pro-
files pertains mostly to the steroid receptors, PPAR, TR, RXR,
RAR (retinoic acid receptor), LXR, and FXR. There is considera-
ble doubt that this concept applies to select “constitutively
active” receptors such as HNF4 and NGFIB.

One of the first studies to reveal the conformational effect
of ligand involved a protease digestion assay to show that ER
ligands could differentially affect the pattern of protease-gen-
erated peptides.*” As suspected from earlier work, this study
demonstrated that different ligand classes could affect NR con-
formation and thus alter the AF2 activity of the receptor.

X-ray crystallographic studies have been predominant in
shedding light on how ligands can alter NR conformation. In
the late 1990s, two ground-breaking reports on ER showed
that ligand can particularly affect the orientation of the C-ter-
minal o helix of the LBD, referred to as the AF2 helix.t%34 |n
these studies, the AF2 helix of ER, bound with an agonist
ligand such as estradiol or the synthetic diethylstilbestrol, was
shown to adopt a position similar to that observed in the origi-
nal RAR and PPARy agonist-bound structures®*” (Figure 8 A).
In this active conformation, the AF2 helix spans across helices 3
and 10. This arrangement creates a shallow hydrophobic
groove adjacent to the AF2 helix. This pocket accommodates a
short helical peptide presented at the surface of a co-activator
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Table 1. The human nuclear receptor superfamily and examples of ligands and therapeutic utilities.

tion factor

Category™ Name Subtypes and  Unified Natural Ligand Examples of Therapeutic Ligands  Therapeutic Relevance™
Abbreviations Nomenclature® (Trade Name)
Classic estrogen ERa NR3A1 estradiol, estrogens tamoxifen, raloxifene (Evista), gen- menopausal symptoms, osteo-
Steroid receptor ERP NR3A2 estein, diethylstilbestrol, equine porosis prevention, breast
Receptors estrogens (Premarin) cancer
glucocorticoid GR NR3C1 cortisol, glucocorti- prednisone, dexamethasone, fluti- inflammatory and immunologi-
receptor coids casone propionate (Flovent, Flo-  cal diseases, asthma, arthritis,
nase), mometasone furoate (Naso- allergic rhinitis, cancer,
nex), budesonide (Rhinocort/Pul-  immune suppressant for trans-
micort) plant
mineralocorticoid MR NR3C2 aldosterone, deoxy- spironolactone (Aldactone), epler- hypertension, heart failure
receptor corticosterone onone (Inspra)
progesterone PR NR3C3 progesterone, pro- RU486 (Mifepristone) abortifacient, menstrual
receptor gestins control
androgen AR NR3C4 testosterone, andro- flutamide, bicalutamide (Casodex) prostate cancer
receptor gens
Classic RXR  thyroid hormone TRa NR1A1 thyroid hormone levothyroxine (Synthroid) thyroid deficiency
Heterodimer receptor TRP NR1A2
Receptors retinoic acid RARa NR1B1 retinoic acid isotretinoin (Accutane) acne
receptor RARp NR1B2
RARY NR1B3
peroxisome PPARa NR1C1 fatty acids, eicosa-  fenofibrate (Tricor; PPARa), thiazo- dyslipidemia (PPARa), diabetes
proliferators- PPARS NR1C2 noids lidenediones (Avandia, Actos; and insulin sensitization
activated PPARY NR1C3 PPARY) (PPARY)
receptor
liver X receptor  LXRa NR1H2 24,25-epoxycholes- — role in lipid and cholesterol
LXRB NR1H3 terol, 24-hydroxy- metabolism, atherosclerosis
cholesterol
farnesoid X FXR NR1H4 chenodeoxycholic — cholesterol maintenance, pro-
receptor acid tect hepatocytes from bile tox-
icity, cholestasis
vitamin D VDR NR1I1 vitamin D, bile acids calcitriol (Rocaltrol) hypocalcemia, osteoporosis,
receptor renal failure
retinoid X RXRau NR2B1 all-trans retinoic LG1069 (Targretin) skin cancer
receptor RXRPB NR2B2 acid
RXRy NR2B3
Xenobiotic  pregnane X PXR NR1I12 xenobiotics St. John's wort, rifampicin role in protection from toxic
Receptors receptor metabolites
constitutive CAR NR1I13 xenobiotics phenobarbitol role in protection from toxic
androstane metabolites
receptor
Orphan estrogen- ERRa NR3B1 unknown tamoxifen, diethylstilbestrol muscle fatty acid metabolism
Receptor receptor-related  ERRP NR3B2 (ERRY) (ERR)
(or Recently  receptor ERRy NR3B3
Deorphaned) RAR-related RORa NR1F1 cholesterol, choles- — role in cerebellum develop-
orphan receptor RORp NR1F2 terol sulfate ment, maintenance of bone
RORy NR1F3 (ROA«), circadian rhythm
(RORB), lymph node organo-
genesis (RORy)
human nuclear  HNF4a NR2A1 palmitic acid — role in diabetes
factor 4 HNF4y NR2A2
reverse erbA Rev-erbAa NR1D1 unknown —_ circadian rhythm
Rev-erbAp NR1D2
testis receptor TR2 NR2C1 unknown — unknown
TR4 NR2C2
tailless-like TLX NR2E1 unknown — role in neuronal development
photoreceptor-  PNR NR2E3 unknown — role in photoreceptor cell
specific nuclear differentiation
receptor
chicken COUP-TFI NR2F1 unknown — role in neuronal development
ovalbumin COUP-TFII NR2F2 (COUP-TFI), vascular develop-
upstream pro- COUP-TFII NR2F6 ment (COUP-TFII)
moter-transcrip- (Ear2)
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Table 1. (Continued)

dimer partner

Category™ Name Subtypes and  Unified Natural Ligand Examples of Therapeutic Ligands  Therapeutic Relevance™
Abbreviations Nomenclature® (Trade Name)
NGF-induced NGFIBa NR4 A1 unknown — role in thymocyte apoptosis
factor B (also NUR77)
Nur-related NGFIBB NR4A2 unknown - role in dopaminergic neuron
factor 1 (NURR1, NOT1) development
neuron-derived ~ NGFIBy NR4A3 unknown — unknown
orphan (NORT)
receptor 1
steroidogenic SF1 NR5A1 phospholipids — role in mammalian sexual
factor 1 development
liver receptor LRH1 NR5A2 phospholipids — role in lipid homeostasis,
homologous cell-cycle control
protein 1
germ cell GCNF NR6A1 unknown — role in vertebrate embryo-
nuclear factor genesis
NR-like, DSS-AHC critical DAX1 NROB1 unknown — role in sex determination and
DBD-less region on the development
Repressors ~ chromosome
gene 1
short hetero- SHP NROB2 unknown — general repressor of NRs,

obesity

tor if ligand is currently not identified.

[a] Each of the 48 human receptors is roughly categorized into several generalized groups. The order descends from the historically more studied, classical
receptors (top) to the more recently discovered family members (bottom). [b] Nomenclature from ref. [1]. [c] Description of the biological role of the recep-

protein (discussed below). Peptides that bind this region of the
activated NR typically contain an LXXLL motif (for which L=
leucine and X=any amino acid). This short peptide motif is
typically a helical, and the leucine residues are presented on
one face of the amphipathic helix. An additional electrostatic
interaction between amino acid side chains of the receptor to
the peptide backbone are believed to aid the orientation and
stability of the interactions.

The structures of ER bound with either tamoxifen or raloxi-
fene, both of which are antagonists of AF2 function, strikingly
revealed that the AF2 helix could be repositioned from the ag-
onist conformation (Figure 8B). In each of these structures, an
amine-containing head group from the ligand protrudes
toward the surface of ER to destabilize the active position of
the AF2 helix. This shift causes the AF2 helix to rotate approxi-
mately 90° from the active position. According to the crystal
structures, in the antagonist position, the AF2 helix occupies
the co-activator peptide-binding site on the surface of the re-
ceptor. These studies highlight the ligand-induced flexibility
and plasticity of the NR LBD, particularly with respect to the
AF2 helix.

More recent structural studies with the GR LBD further dem-
onstrate how ligand can influence the conformation of the
LBD.”**® The structure of GR bound with the agonist dexame-
thasone shows that the AF2 helix is present in an active posi-
tion to allow co-activator peptide association. Two structures
of GR bound with the antagonist ligand RU486 have shown
that a protruding dimethylaniline group effectively prevents
the AF2 helix from occupying the active position. In one of
these structures, the AF2 helix intramolecularly blocks the co-
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activator site. In the other structure, the AF2 helix extends
away from the core of the LBD and associates with an adjacent
LBD subunit in the crystal. Again, these studies suggest that
the AF2 helix and the loop that precedes it are prone to
ligand-induced conformational flexibility.

Two studies of PPAR also demonstrate the ligand-induced
conformational aspects of the LBD. As observed in a structure
of PPARa in complex with both an antagonist ligand GW6471
(Figure 9) and a peptide motif from a co-repressor (reviewed
below), the AF2 helix assumes an alternative location (Fig-
ure 8C)."" In this case, the AF2 helix occupies neither the ago-
nist nor antagonist position (that is, the co-activator groove as
observed with ER), but lies adjacent to the co-repressor pep-
tide. Another study with PPARy using NMR spectroscopy
shows that the apo-LBD is a highly flexible module for which
over half of the chemical shifts of the backbone atoms are
missing.”® When bound with rosiglitazone, these shifts can be
assigned, particularly those for the ligand-binding pocket and
the AF2 helix regions. In all, these studies suggest that the
physiochemical properties of the NR ligand can dramatically in-
fluence conformational dynamics of the LBD, which in turn ul-
timately governs the downstream signaling aspects of the li-
ganded receptor.

5. The Multitude of Ligand-Induced NR
Activities

By virtue of their ability to interact with a repertoire of mole-
cules within the cell, ranging from DNA response elements to
protein accessory factors, the NRs represent a target class of
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Figure 5. Structure of the GR LBD and features of ligand binding. A) Crystal
structure of the GR LBD with the dexamethasone agonist bound.”® The pro-
tein is shown as a ribbon diagram, and the AF2 helix (red), is in the active
orientation. Dexamethasone (space-filling model) is shown with carbon
atoms in blue, oxygen atoms in red, and hydrogen atoms in white. B) Close-
up view of the GR ligand-binding site. The pocket is shown as a cut-away,
and the back face represents the hydrophobic nature of the pocket (carbon
atoms are colored green). Dexamethasone is shown oriented with the posi-
tion 3 ketone group of the A ring directed toward the back of the pocket,
and the D ring is positioned toward the AF2 helix. Hydrogen bonds with key
amino acids within the pocket are shown as dashed yellow lines. C) Repre-
sentative structures of well-known GR ligands.

complex, multitasking proteins.®",®? Most of the NRs were ini-

tially considered to be simple ligand-induced transcription fac-
tors. However, studies over the past decade have revealed that
NRs are much more complicated and serve more than a uni-
fied functional purpose. In this section, we highlight some of
the types of activities of NRs by citing particular examples.

Gene regulation and the role of activity-enhancing
accessory proteins

At various stages in the activity cycle, NRs act in concert with a
variety of binding partners. For example, prior to ligand bind-
ing, the GR resides in the cytoplasm of the cell in complex
with chaperone proteins such as heat-shock protein (hsp) 90
or p23.5¥ Ligand association causes dissociation of chaperones
and allows the GR to traverse the nuclear envelope. Using
amino acids within the DBD, the GR binds to a recognition site
on a specific promoter, a site referred to as a glucocorticoid re-
sponse element (GRE). NR response elements have a general
half-site consensus of RGGTCA (for which R=purine); these
DNA half-sites are commonly arranged as repeats, either direct
or inverted. The precise mechanism by which NRs associate
with DNA response elements varies among members of the su-
perfamily. In general, the steroid receptors bind to their respec-
tive response elements as homodimers, although GR can form
heterodimers with MR and ERa, and ER{ can also bind DNA in
heterodimeric form. Several NRs, such as TR, PPARs, LXR, VDR,
RAR, and FXR require heterodimerization with RXR. Further,
many of the orphan receptors such as LRH-1, SF-1, and NGFIB
can bind DNA as a monomer.

The DNA-bound, ligand-activated NR serves as the docking
site for a rather large extended family of proteins called co-ac-
tivators. Binding of a co-activator protein is believed to be one
of the key events in initiating transcriptome assembly and sub-
sequent gene transcription. The first co-activator, steroid recep-
tor co-activator-1 (SRC1), was identified in 1995, and since
then over 200 such cofactors have been discovered. The wide
variety of co-activator functions is a vastly complex field, and a
full description of the many co-activator functions is beyond
this review; indeed, details have been reviewed previously.*>=”
The focus herein is on one representative, SRC-1, which is a
member of the p160 family of co-activators. This family also in-
cludes SRC-2 (also called transcription intermediary factor-2
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His 449
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Figure 6. Structure of the PPARy LBD and features of ligand binding. A) The
crystal structure of PPARy LBD bound with rosiglitazone.*” The AF2 helix (in
red) is in the active position for binding a co-activator peptide LXXLL (not
shown). Rosiglitazone (space-filling model) is buried in the receptor, with
carbon atoms in green, oxygen atoms in red, and nitrogen atoms in blue.
B) Close-up view of the binding site of PPARy LBD. The front face of the site
is clipped away to show the bound rosiglitazone molecule and the hydro-
phobic back side of the binding pocket. As shown, a tyrosine residue from
the AF2 helix of PPARy makes a hydrogen bond with the thiazolidinedione
head group of rosiglitazone. C) Rosiglitazone is a well-known PPARy ligand.
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Figure 7. Structure of the LXRP LBD and features of ligand binding. A) The
crystal structure of LXRf (orange) in complex with the synthetic agonist
ligand T0901317 is shown in orange.? The AF2 helix (red) assumes the ago-
nist conformation. The ligand (space-filling model) is shown with carbon
atoms in green, oxygen atoms in red, nitrogen atoms in blue, and fluorine
atoms in magenta. Similar to the orientation of steroids with the steroid re-
ceptors, the D ring (or D-ring mimetic in the case of nonsteroidal synthetic
molecules) protrudes toward the AF2 helix. B) Close-up view of the ligand-
binding pocket of LXRP. The front half of the receptor is cut away to show
the bound ligand and the back face of the pocket. The histidine-tryptophan
switch, which is key for ligand-induced activation of LXR, is highlighted. The
His-mediated hydrogen bond is indicated with the dashed yellow line.

C) Representative structures of well-known LXR ligands.
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Figure 8. Examples showing the many possible conformations of the AF2
helix. A) ERa. with the agonist diethylstilbestrol (DES);*? B) ERa with the
anti-estrogen 4-hydroxytamoxifin (OHT);®? C) PPARa with the antagonist
GW471.%% Each receptor, oriented in the standard position with helices 1
and 3 in front and slightly off to the right, is shown in space-filling represen-
tation. The AF2 helix for each receptor is shown as a green ribbon (or as a
green random coil for PPARa). In the DES-ERa structure, the AF2 helix lies
across the receptor to help form a binding site for an LXXLL co-activator
peptide (yellow). The OHT ligand causes steric interference with the loop
preceding the AF2 helix and causes the AF2 helix to reorient, bind within
the co-activator cleft, and block LXXLL peptide binding. In the PPARo—
GW471 complex, the AF2 helix is perturbed in a way to allow accommoda-
tion of a co-repressor peptide (magenta). In this case, the AF2 helix is some-
what unwound and localizes on the receptor in a position different than
that observed for other NR LBD structures.
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(TIF2)) and SRC-3 (also called ACTR/pCIP/receptor-associated
co-activator (RAC3/TRAM-1/amplified in breast cancer 1 (AIB1)).
SRC-1 illustrates many features common among the co-acti-
vators. First, it contains several LXXLL motifs, otherwise known
as NR boxes.”®*" As mentioned above, these short a-helical
motifs present a hydrophobic surface that is critical for the suc-
cessful docking of the co-activator protein onto an activated
NR. Second, an activation domain within SRC-1 contains an
acetyltransferase activity, which acts locally on histones to un-
ravel DNA at the initiation site.®” Third, SRC-1 is able to aid the
recruitment of other nuclear enzymes such as other histone-
acetylating proteins. These include cAMP response element
binding protein (CBP), p300, and an arginine methylating
enzyme called co-activator-associated arginine methyltransfer-
ase-1 (CARM1). To initiate gene transcription, the NR—co-activa-
tor complex ultimately recruits the chromatin remodeling com-
plex SWI-SNF and the basal transcription-factor-recruiting
complex TR-associated protein-vitamin D receptor-interacting
protein (TRAP-DRIP), and other basal transcription factors.

Co-repressors and the role of activity-diminishing accessory
proteins

Essentially the functional counterpart to co-activators are co-
repressor proteins, which bind to many NRs in the absence of
ligand and serve to repress basal transcription activity.®” Co-re-
pressors play a particularly important role for NRs that are
found almost exclusively in the nucleus, as opposed to the
apo-steroid receptors, which are located in the cytoplasm.
Studies involving the nuclear-localized receptors TR and RAR
led to the identification of silencing mediators of retinoid and
thyroid (SMRT) receptors and the nuclear receptor co-repressor
(NCoR).%%%¥ Both SMRTs and NCoR recruit histone deacetylases
(HDACs), namely HDAC3, which function to reverse the chro-
matin unwinding mediated by the co-activator-recruited his-
tone acetylases.

Much like the co-activators, which use the LXXLL motif as a
docking point, the co-repressors contain an LXXIIXXXL motif
referred to as the CoRNR box.® The precise nature of the in-
teraction between co-repressors and NRs remained elusive
until the solution of the crystal structure between PPARa and
a peptide from SMRT. As mentioned previously, this structure
shows that the CoRNR box occupies the same general site on
PPARa as the co-activator LXXLL motif. However, the CoRNR
box is approximately one a-helical turn longer, and the AF2
helix on PPARa is pushed out of position and does not play a
role in molecular recognition (Figure 8C). There are several re-
ports showing that NRs occupied by non-agonist ligands, such
as ER with raloxifene and GR with RU486, increase co-repressor
binding. These results suggest that these types of ligands not
only disfavor co-activator binding, but also create a surface on
the NR favorable for co-repressor binding.

Interference in NFkB and AP-1 pathways

In addition to interaction with co-activator and co-repressor
proteins, NRs have been shown to associate with a variety of
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Figure 9. Examples of NR modulating tool compounds and drugs, many of which are referred to and discussed in the text. For some ligands, the region of
the molecule that is oriented toward the AF helix (as determined from the crystal structure of the NR-ligand complex) is shaded.

other proteins key to cellular maintenance and function. It has
been well documented that several NRs, predominately the
steroid receptors but also PPARs, LXR, RXR, and RAR, have the
ability to crosstalk with signaling pathways involving the tran-
scription factors NFkB and activator protein-1 (AP-1).1667 Acti-

vated NRs typically repress the ability of NFkB and/or AP-1 to
transcribe their targeted genes. This interference is believed to
be the basis for the anti-inflammatory actions of corticoste-
roids and estrogens.®®® There have been several mechanisms
proposed for these activities, but a conclusive molecular basis
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for them remains elusive. One proposal suggests a direct inter-
action between the NR and NFxB.”®’" As both NRs and NFkB
require the aid of co-activator proteins such as SRC-1 and CBP,
another mechanism is that which involves a “cofactor squelch-
ing” event. A third proposal involving GR is one that involves a
direct association between the NR and protein kinase A, in
which cross-coupling of NFkB and GR occurs in the cyto-
plasm.”? Clearly, these studies show that NRs play a complex
and integrated role in pathway management beyond the
direct DNA-mediated regulation of gene transcription.

Non-nuclear functions and interactions with other cellular
proteins

Aside from the vast network of co-activator, co-repressor, and
NF«kB/AP-1 interactions, another level of complexity in NR func-
tions involves interaction with a wide variety of cellular pro-
teins. In general, these activities are commonly referred to as
“nongenomic actions”.”® Full coverage of this arena is beyond
the scope of this review, but a few selected examples are high-
lighted to demonstrate the breadth of complexity that ligand-
ed NRs have on adjacent pathways. For example, PR and other
steroid receptors have been shown to interact with numerous
cytoplasmic kinases, such as c-Src tyrosine kinases, in a ligand-
dependent manner.”*”! GR has been shown to interact with a
variety of cellular factors such as SMAD3"® and JNK.”” ER has
been shown to interact with a variety of factors, such as phos-
phatidylinositol-3-OH kinase (PI3K).”® Additionally, NRs are
phosphorylation targets, primarily within the AF1 domain, and
it has been shown that NR activities can be modulated by
phosphorylation state.”*#?

6. Specific Examples of Recent NR Drugs and
Novel Drug Candidates

As mentioned earlier, the NRs have a rather illustrious history
in pharmaceutical discovery (Table 1). Once a synthetic ligand
has been identified for a receptor, typically through screening

and/or structure-guided design efforts, the goal is to chemical-
ly alter the properties of the ligand to appropriately modulate
the activities of the receptor. Throughout the last decade or
so, ligands that display differential activities relative to the nat-
ural ligand have been commonly referred to as selective NR
modulators (SNuRMs). One of the original demonstrations of
this concept involved ER and the two classic selective ER mod-
ulators (SERMs), 4-hydroxytamoxifen (OHT) and raloxifene. Es-
sentially, it was found that these SERMs retained tissue-selec-
tive agonist activity (such as in bone tissue and on lipid profile
for raloxifene), but functioned as antagonists in reproductive
tissues.®*® Furthermore, even though both molecules were
originally considered “antiestrogens”, OHT generally shows a
trend toward estradiol-like activity in uterine tissue,®® whereas
raloxifene does not. The groundbreaking work around novel
ER ligands has opened the door to the identification of novel,
tissue-selective synthetic modulators for several of the thera-
peutically relevant NRs.

In this section, we highlight a few of the more recent pur-
suits of SNURMs (Figure 9). The purpose of this brief discussion
is to give an overview of the current state of the art for ligand
and drug discovery by mentioning a few somewhat recent
specific examples. Overall, the present mission in NR drug dis-
covery is to manipulate the receptor with ligand to retain
tissue-selective benefits while minimizing unwanted activities
(Table 2). These few selected examples cover the basic princi-
ples of NR drug discovery, such as identifying small-molecule
binders, modifying hits for NR modulation, and use of recent
techniques and methodologies.

Selective ER modulators (SERMs)

First reported in the 1970s, tamoxifen was the first synthetic
NR small-molecule modulator to show differential tissue ef-
fects. The primary reason it has not been widely used to treat
menopausal symptoms is the fact that this molecule shows
stimulatory effects on the uterus which causes a significant risk
for endometrial cancer.® However, tamoxifen remains a first-

Receptor

Table 2. Examples of therapeutic profiles for designer, tissue-selective nuclear receptor modulator ligands.

Desired Efficacy with Modulator

Unwanted Activity Decreased with Modulator

estrogen receptor (ERa)
glucocorticoid receptor
mineralocorticoid receptor reduce hypertension

progesterone receptor reduce endometriosis

androgen receptor

PPARa improve dyslipidemia
PPARY improve dyslipidemia
PPARY glucose lowering

reduce atherosclerosis
anti-inflammatory
antidiabetic

liver X receptor (LXRa or LXRp)

farnesoid X receptor

reduce menopausal hot flashes
prevent post-menopausal osteoporosis
reduce inflammatory conditions
suppress immune system for transplant

protection against congestive heart failure

protection against skeletal muscle atrophy

protection against cholestasis

breast and uterine tissue stimulation

fat redistribution and weight gain
increased bone loss

diabetes

depression/mood effects
hyperkalemia

abortive activities
prostate stimulation
peroxisome proliferation
unknown

edema and weight gain
hypertriglyceridemia

unknown
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line treatment for ER-positive breast cancer. A second genera-
tion SERM, raloxifene, was originally developed as a tamoxifen
follow-up for breast cancer, but it was demonstrated that this
molecule has significant osteoporosis protective effects with-
out the endometrial activities relative to tamoxifen.® The mo-
lecular basis for these ER-modulating activities has been the
focal point for a wide body of pharmacological research.®”
One proposed mechanism is the differential effects of SERM-
bound ER to promote co-repressor association versus co-acti-
vator association.®®*

Driving on the theory that ligands can induce specific ER
conformations, a series of triphenylethylene ligands for ER
were made and screened through a uterine Ishikawa cellular
assay.®” Compounds with the ability to decrease estrogen-
mediated Ishikawa cell stimulation were then tested in ovariec-
tomized rats for the ability to protect against loss of bone min-
eral density. GW5638 was identified with this approach
(Figure 9); it was further shown that the compound had antag-
onist properties on the uterus and agonist activities on bone
and the cardiovascular system.”" A further study has shown
that the unique biological properties of GW5638 derive from
producing a structural conformation of ER different from the
conformations imposed by other SERMs.®? In addition to this
one example, a number of novel SERMs have been identified
with a combination of cellular screens, primarily uterine- and
breast-cell-based assays.”*? These SERMS include idoxifene,
lasofoxifene, Wyeth 424, levomeloxifene, and others (Figure 9).

Two new approaches to ER ligand discovery have recently
been reported. One involves the use of NFkB-driven reporter
assays to discover pathway-selective ligands with the potential
to treat inflammatory disorders.”™ Another relatively recent
focus for ER-directed drug discovery relates to the fact that
there are two subtypes of this receptor, ERa. and ERf, which
derive from two separate genes.*®* Stimulated by the distinct
tissue distribution pattern of these two related receptors, the
concept is that new indications, such as inflammation and
cancer, can be treated with an ER-selective molecule. Toward
this goal, several reports have demonstrated the ability to
identify ERB-selective ligands.B> -

Selective GR modulators (SGRMs)

A variety of debilitating diseases such as rheumatoid arthritis,
inflammatory myopathies, cancers, and various immunological
disorders are treated with the classic synthetic glucocorticoids
dexamethasone and prednisone. However, chronic treatment
with these drugs often leads to serious side-effects such as fat
redistribution, diabetes, vascular necrosis, and osteoporosis.
There is currently an intense effort to identify new small mole-
cules that are able to differentially modulate GR to retain the
beneficial effects of glucocorticoids yet which decrease the in-
cidence of unwanted side-effects.”

A key genetic study in which a knock-in mutation of a dimer-
ization-deficient mutant of GR was used has shed some light
on the molecular basis for dissociative activity."® In essence,
this GR®™ mutant demonstrated that some of the direct gene-
transduction properties of GR can be decreased while other
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immune-modulating functions of the receptor can be retained.
This concept forms one of the principles of selective modula-
tion of GR. Importantly, many of the anti-inflammatory effects
of GR are believed to be driven by the ability of the monomer-
ic form of the receptor to interfere with NFkB and AP-1 func-
tion, which ultimately results in the reduction of pro-inflamma-
tory cytokines such as interleukins (IL)-1, -2, -6, -8, and TNFa.®

There have been several recent reports of ligands that dis-
play differential GR activation. Although a complete survey is
beyond the scope of this review, a few examples have been se-
lected to demonstrate the concept and the methods used to
discover the ligands. Typically, three measures of GR activity
were used to identify these ligands: 1) direct GR binding rela-
tive to other steroid receptors, 2) a cell-based assay measuring
GRE-mediated gene transcription (referred to as “transactiva-
tion”), and 3) cell-based assays measuring the ability of GR to
regulate NFkB and AP-1-driven genes (referred to as “transre-
pression”).

Several steroid-based compounds have been shown to dif-
ferentially decrease transactivation with only minimal effects
toward transrepression.'”%? |n the nonsteroidal class of GR li-
gands, a quinoline-based series of compounds, particularly
those with an aryl substituent at the C5 position, such as AL-
438 (Figure 9), yielded a trend toward a preferred transactiva-
tion/transrepression profile in cellular assays. Some of these li-
gands also showed a more promising therapeutic window for
selective in vivo effects."®'™ In another study, a nonsteroidal
GR ligand, ZK 216348, was reported to show significant dissoci-
ation of transactivation and transrepression activities."® Fol-
lowing a GR-binding assay to identify high-affinity-binding
compounds, hits were characterized using 1) an assay measur-
ing a GRE-driven reporter gene (induction of tyrosine amino-
transferase), 2) an assay monitoring the decrease of lipopoly-
saccharide (LPS)-induced IL-8 production from THP-1 cells, and
3) an assay measuring the inhibition of TNFa and IL-12 p70
from LPS-induced peripheral blood mononuclear cells. This
linear approach highlighted ZK 216348 as a dissociative mole-
cule. Further work in vivo with an ear inflammatory model for
efficacy and models for skin atrophy, weight gain, adrenal
weight, and blood glucose levels for unwanted side-effects
showed an improved therapeutic profile relative to predni-
sone.

Other modulator efforts: PR, MR, AR, PPAR, FXR, and LXR

The concept of selective NR modulation to produce an activity
and therapeutic profile distinct from the natural ligand has
been applied to numerous other receptors (Figure 9). For ex-
ample, a modified steroid ligand for PR called asoprinisol has
been shown to produce anti-uterotrophic effects with only
minimal labor-inducing and breakthrough bleeding effects.'*®
A selective MR modulator called eplerenone, a molecule that
was discovered decades ago, has recently been approved as a
drug for hypertension.'™ This synthetic steroid has improved
specificity for MR over related receptors, and functions as a
partial antagonist of aldosterone."™ There is currently an
effort to identify a modulator of AR for utility in prostate
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cancer and possibly treating the neurological and muscular de-
generative symptoms of androgen deficiency."®""" One recent
example of a tissue-selective AR modulator is LGD2226, which
appears to retain some anabolic effects on bone and muscle
with diminished proliferative effects on the prostate.?

Several groups have shown progress in the development of
selective modulators for PPARy (SPPARMs). The first-generation
thiazolidinedione (TZD) class of PPARy agonists, used pharma-
cologically as insulin sensitizers, also exhibit dose-limiting lia-
bilities such as hemodilution and edema (Table 2). Initial stud-
ies of PPARy activation by TZDs revealed that these com-
pounds activate through direct interaction with the C-terminal
AF2 helix."” Structural studies have also revealed PPARy activa-
tors that bind the LBD using non-TZD epitopes such as the
partial agonist GW0072.*” Compounds with distinct binding
and/or activation modes represent a potential avenue to dis-
cover PPARy modulators with modified biological activities.
Non-TZD-selective PPARy modulators (for example, nTZDpa
compounds) have been found which induce an altered LBD
conformation compared with TZDs, as measured by protease
protection and NMR spectroscopy."® Like GW0072, these com-
pounds function as partial agonists and antagonize the activity
of PPARY full agonists in 3T3L1 adipogenesis assays. Moreover,
the nTZDpa compounds demonstrated qualitative differences
versus traditional agonists toward gene expression in cell cul-
ture (3T3L1 adipocytes) and in vivo (white adipose tissue), as
well as toward in vivo physiological responses such as adipose
depot size. Thus, further efforts to develop SPPARMs may lead
to compounds with improved characteristics relative to com-
pounds presently in clinical use.

Modulator efforts have also begun for NRs that have only
been investigated preclinically so far. In studies of both FXR
and the LXRs,""*""® compounds with potential novel biological
activity relative to natural ligands are being identified. For ex-
ample, LXRa/B are regulated in vivo by oxysterols, and this
regulation is consistent with the role of the LXRs in cholesterol
homeostasis. Animal models using non-subtype-selective LXR
tool compounds indicate that in addition to conferring athero-
protective effects, these agonists also promote lipogenesis and
triglyceride accumulation in liver. Miao et al. reported that two
LXR agonists (T0901317 and GW3965) show differential effects
on cofactor recruitment in human hepatoma cell assays."® Ad-
ditionally, these two compounds differ in their in vivo effects
on hepatic lipogenesis genes. These studies point toward the
promise of developing LXR modulator compounds that pos-
sess anti-atherogenic activities with limited hepatic liability.
Whether the difference between these compounds reflects
tissue versus gene selectivity remains to be elucidated. For
both the steroid receptor and nonsteroid receptor modulators,
more work is needed to better understand the underlying
basis of modulator effects.

Taken together, these examples highlight the degree of
complexity required at several levels, such as high-affinity bind-
ing to the receptor, induction of conformational change or al-
tered structural dynamics, selection of an appropriate cellular
assay for measuring NR modulation, and the use of relevant
in vivo models for measuring the therapeutic index of effects.
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Because of the structural and functional similarities within the
NR superfamily, lessons learned from one receptor concerning
modulation by a designer small molecule can probably be ap-
plied to other members of the family.*"” " Qverall, with in-
creasing knowledge of NR functions, there is a high probability
that novel, safer, and more effective medicines will be the
eventual outcome. Important in this pursuit is the use of new
technologies to profile ligands; this is the topic of the follow-
ing and final section.

7. New Approaches to NR Drug Discovery

One of the more recent principles in the field of NR research
and drug discovery is the realization that a subset of the
myriad functions of NRs can be selectively manipulated by
ligand, a general concept referred to as NR modulation. New
technologies, including advanced computational methods and
peptide interaction methods, are inspiring new strategies for
discovering novel NR-modulating drug candidates. Importantly,
new technologies allow the profiling of NR ligands at greater
speed and in a more physiologically relevant context. Several
new approaches to NR modulator discovery are illustrated in
this section, drawing on recent work with ERa/ERf to provide
specific examples.

As discussed briefly above, NRs do not act in isolation, but
in complex associations with other cellular factors. Cofactor in-
teraction screening exploits the relationship between NR struc-
ture and functional activity. If a particular ligand uniquely alters
the pattern of cofactor interaction relative to other ligands, it
is likely that the differential in vitro profile will translate into a
unique gene-expression pattern or physiological outcome
in vivo. Peptides representing these interactions can be synthe-
sized based on known interaction motifs or isolated through
screening random peptide libraries. In ER modulator discovery,
this method has been used to characterize known SERMs and
to discover ER ligands with unique properties. Norris et al. ap-
plied affinity selection of peptides to identify binding surfaces
that are exposed on ERo/f when complexed with different li-
gands, such as with estradiol or 4-OH tamoxifen.""¥ They
found that the established SERMs, known to produce distinct
biological effects, induced distinct conformational changes in
the receptors. The ability of the peptides to discriminate be-
tween different ERa/p ligand complexes has enabled screens
for subtle differences between ER ligands. Ligand screens have
been developed based on NR-peptide interactions using a
high-throughput multiplexed technology, which employs fluo-
rescently encoded microspheres.'®'2" pyrified NR LBD do-
mains can be used in these screens, and the repertoire of
novel NR-interacting cofactors has expanded dramatically in
the past few years. To rapidly identify novel interactors,
genome-wide screens for binding partners have been carried
out in yeast and mammalian-based two-hybrid systems. As
mentioned above, over 200 human NR cofactors have been
identified. These interactors are important in the era of NR-
modulator discovery, as each new cofactor brings the potential
to recapitulate a particular cellular interaction and thus pro-
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vides the basis for a molecular screen for molecules that
uniquely affect the interaction.

Since NRs are transcription factors, monitoring ligand effects
on NR target genes is a powerful approach to NR drug discov-
ery. Difficulties and expense in measuring endogenous gene
expression has limited this approach in drug-screening meth-
ods until recently. Microarray technology has made it possible
to assess endogenous gene expression on a genome-wide
scale, and this technology has been used to define an un-
biased set of NR target genes. For example, multiple groups
have used microarray technology to differentiate the functions
of ERa and ERP in estrogen target organs such as bone,
breast, and uterus. In one specific set of experiments, human
U20S osteosarcoma cells (which express neither ERa nor ERp)
were stably transfected with human ERo/p to selectively over-
express the receptors in this bone model system."?? Treatment
of the two cell lines with 17@-estradiol resulted in two overlap-
ping but distinct patterns of gene expression. Interestingly,
28% of the estradiol-regulated genes were ERa-cell specific,
whereas 11% were ERB-cell specific. Not only did this work
allow the functional dissection of the pathways regulated by
two functionally similar receptors, but it has identified unique
sets of endogenous target genes for use in ligand-screening
assays.

By using a similar system as described above (U20S cells ex-
pressing either ERa. or ERP), Kian Tee and colleagues'*® evalu-
ated the effects of different ER ligands (including the SERMs ra-
loxifene and tamoxifen) on ERa and ERf target genes. Microar-
ray analysis showed that raloxifene and tamoxifen regulated
only 27% of the same genes in both the ERa- and ERB-con-
taining cells. These results indicate that estrogens and SERMs
exert tissue-specific effects by regulating unique sets of target
genes through ERo/P. Thus, these specific genes serve as
unique identifiers of compound action, and a subset are espe-
cially useful for discriminating ER ligands.

Higher-throughput methods to analyze gene expression
hold the promise of screening large numbers of compounds in
a cellular environment using a cost-effective technology. For
example, with advances in glass slide preparations for monitor-
ing transcriptional changes of thousands of genes, a hit from a
multi-well cell treatment can be inexpensively assessed over a
genome-wide range of genes. With such an analysis, it is possi-
ble to observe distinctions between even very closely related
chemotypes. A recent study has used gene-expression profiling
to characterize breast cancer cells and to identify desired “mo-
lecular fingerprints” within the data.'*” Key “biomarkers” can
be identified that provide information linked to the phenotypic
effect of a compound. With such a screen, knowledge of the
target of the compounds (for example, whether a compound
has anti-estrogen effects) are not an a priori requirement. One
challenge in this type of approach is that vast amounts of data
are generated, and bioinformatics analysis becomes a limiting
factor. Current advances in gene-expression profiling as a
drug-screening method must go hand-in-hand with advances
in bioinformatics and data handling.

Changes in the steady-state levels of mRNA do not tell the
whole story. Research groups are now involved in the integra-
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tion of data obtained from mRNA steady-state level analysis
with proteomic data. Huber et al. analyzed differences in the
gene- and protein-expression pattern of the human breast car-
cinoma cell line T47D and its derivative T47D-r, which is resis-
tant to the pure anti-estrogen ZM 182780."* Microarray analy-
sis was carried out in parallel with a proteomics analysis, in
which the total cellular protein content of T47D or T47D-r was
separated on 2D gels. Thirty-eight proteins were found to be
reproducibly up- or down-regulated more than 2-fold in T47D-
r versus T47D in the proteomics analysis. Comparison with dif-
ferential MRNA analysis revealed that 19 of these were up- or
down-regulated in parallel with the corresponding mRNA mol-
ecules. For 11 proteins, the corresponding mRNA was not
found to be differentially expressed, and for eight proteins an
inverse regulation was found at the mRNA level. A general
conclusion from such studies is that although the pattern of
expression of the two data sets is similar, the disconnected
trends emphasize the importance of post-translational mecha-
nisms in cellular development. These types of changes can
only be observed through integration of the proteomic and
transcriptomic approaches. New higher-throughput methods
to carry out proteome variation are making this type of analy-
sis more practical.

The above examples illustrate how NR target genes have
been discovered through physical experimentation. In silico ap-
proaches are also being developed that increase the speed of
NR drug discovery. For example, comprehensive computational
approaches can now be carried out to identify NR target
genes. NUBIscan represents a new computer algorithm for pre-
dicting NR target sequences in regulatory regions of genes.'*
This approach is being combined with methods to quickly vali-
date the target genes predicted by the in silico method. High-
throughput, genome-wide chromatin immunoprecipitation
methods have been combined with computational methods to
identify ER target genes and promoter sequences.'”” Genes
identified by computational analysis are not biased by target
tissue or expression levels, and thus complement microarray
approaches.

In sum, NR drug discovery is moving closer to the realm of
being able to profile compounds in a setting closer to the
native physiological environment, or in an in vitro environ-
ment, with a physiologically comprehensive array of functional
partners in a high-throughput fashion.

8. Future Developments and Conclusions for
NR Chemical Biology

The human NRs as a structural class are essential for survival
and play an integral role in many critical physiological process-
es such as metabolism, homeostasis, differentiation, growth
and development, aging, and reproduction. This family of re-
ceptors has a common evolutionary history as evidenced by
their sequence relationship and their commonality in cellular
function.” The myriad functions of NRs are vastly complex,
and the pathways they control are intertwined with each other
as well as with numerous accessory proteins and partners in
function. Even with this inherent complexity, as reviewed brief-
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ly above, this family of receptors has had a long and fruitful
history for drug discovery. With the advent of high-throughput
chemistries, structural biology, novel biochemical methods,
and pathway analysis technologies such as differential gene
expression and proteomics, there will undoubtedly be new dis-
coveries leading to drugs with improved therapeutic profiles.
These NR-modulator efforts should help to better define the
ligand-induced activities that produce tissue-selective benefi-
cial effects and minimize unwanted activities. Moreover, there
are likely to be advances toward ligand discovery for the re-
maining orphan receptors. Studies using these tool com-
pounds should lead to target validation and better definition
of therapeutic relevance for the remaining orphan NRs. Overall,
the future of targeting the NR superfamily with novel synthetic
ligands holds tremendous potential and should lead to a varie-
ty of safer, more effective medicines for the treatment of a ple-
thora of human diseases.
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