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1.1
Introduction

Nuclear receptors are a large superfamily of transcription factors involved in impor-
tant physiological functions such as control of embryonic development, organ
physiology, cell differentiation and homeostasis [1-3]. Apart from the normal
physiology, nuclear receptors have been identified to play a role in many pathological
processes, such as cancer, diabetes, rtheumatoid arthritis, asthma or hormone-
resistance syndromes [4, 5]. Therefore, despite their already long history, these
transcriptional regulators are still of great interest in modern biomedical research
and drug discovery.

Nuclear receptors are soluble proteins that can bind to specific DNA-regulatory
elements and act as cell-type- and promoter-specific regulators of transcription [6].
In contrast to other transcription factors, the activity of nuclear receptors can be
modulated by binding to the corresponding ligands — small lipophilic molecules that
easily penetrate biological membranes. A number of nuclear receptors identified in
recent years do not have any known ligands. These so-called orphan receptors have
attracted considerable interest since they could lead to the discovery of new endocrine
regulatory systems [7].

1.2
Short Historical Overview on Nuclear Receptors in Pharmacological Research
and Drug Discovery

The first drugs in the nuclear receptor family were discovered prior to detailed
pharmacological knowledge of the target class. Many compounds with clinical
relevance were initially discovered by identification of biologically active compounds
from natural extracts. Later, scientists used these biologically active molecules as
tool compounds to derive the actual drug targets. Modern nuclear receptor-based
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endocrinology was built in many cases on pioneering experiments with bioactive
fractions from natural extracts that contained steroid or thyroid hormones [8].

1.2.1
Glucocorticoid Receptor Research

Glucocorticoid receptor (GR) drug discovery was initiated by adrenal gland extracts.
These tissue extracts were used by clinicians to treat Addison’s disease (glucocorti-
coid deficiency) [9]. From these early clinical studies it was shown that the adrenal
extract was related to the maintenance of homeostatic function. It was discovered
that, apart from bringing about remission from stress-related diseases, these extracts
also suppressed symptoms in patients suffering from inflammatory conditions such
as allergy, hay fever and asthma. At the same time cortisone was identified as an active
steroidal compound by biochemical characterization of these adrenal gland extracts.
In 1948 sufficient quantities of cortisone could be purified and its effects in inflam-
matory disease could be tested. Finally, total syntheses of cortisone were indepen-
dently achieved by R. B. Woodward et al. [10] and an industrial research group at
Merck in the early 1950s [11]. For the commercial production of cortisone a process
was established by the Merck process research and development group. Given that
chemical development at that time was done without the support of today’s analytical
tools like nuclear magnetic resonance, mass spectrometry and modern chro-
matographic methods the successful large-scale transformation of desoxycholic acid
to cortisone acetate in more than 30 steps with 18 isolated intermediates was a
tremendous achievement [12] (Scheme 1.1).
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With this early success the further evolution of the first-generation steroidal
glucocorticoids was started, and the stage for later syntheses of potent synthetic
steroids such as prednisolone, dexamethasone and fluocortolon was set [13].

1.2.2
Estrogen Receptor Research

The first generation of drugs that targeted other steroid receptors was found by a
similar history from natural sources. Estrone was isolated in 1929 as the first natural
estrogenic hormone independently by the chemists E. A. Doisy and A. Butenandt
from the urine of pregnant women, and its chemical structure was elucidated 1932 by
A. Butenandt[14]. In 1938, H. H. Inhoffen achieved for the first time the synthesis of
estradiol from cholesterol (Scheme 1.2). The first synthesis of ethinyl-estradiol,
which has an improved oral bioavailability, was published in 1938 by H. H. Inhoffen
and W. Hohlweg [15]. This discovery would later become one of the cornerstones of
modern female fertility control and, even today, ethinyl-estradiol is an important
component of many oral contraceptives.

From the very beginning, estrogen research also played an important role for other
indications. It was known since 1916 that ovariectomy could decrease the incidence
of mammary cancer in high-incidence strains of mice [16]. Studies of the biological
effects of extracts containing estrogenic activity triggered screens for compounds
with antiestrogenic effects — initially for contraception in the 1960s, but later for
estrogen-responsive breast cancers. Screens for antiestrogenic nonsteroidal com-
pounds led to the discovery of ethamoxytriphetol, clomiphene and tamoxifen.
Tamoxifen finally became the gold standard for the endocrine treatment of breast
cancer and the first approved cancer chemopreventative agent.
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123
Progesterone Receptor Research

Progesterone was one of the first nuclear receptor hormones for which the
functional role had been elucidated and used as a drug target. It plays an important
role in female reproduction, controlling ovulation and maintaining pregnancy as
well as in the growth and differentiation of endometrial and myometrial cells in the
uterus.

The development of progesterone receptor (PR) ligands went through three
important periods. In the beginning the development of steroid ligands that mimic
the effect of natural progesterone was a major focus. Later on the development of
steroids with improved properties and therapeutic applications was the central goal
of synthetic work related to PR ligands. Nowadays, apart from further optimization of
steroidal compounds, the development of nonsteroidal chemical entities with
improved properties that might lead to still greater therapeutic applications is an
important aspect of active drug discovery efforts [17].

As with other classic nuclear receptor hormones, identification and structure
elucidation of progesterone started with the identification of a specific tissue that
contained the biological activity. [t was discovered at the beginning of the 20th century
by surgical studies that removal of the corpus luteum led to the termination of
pregnancy [18] and that extracts from the corpus luteum suppressed ovulation in
rats [19]. It was demonstrated by Corner and Allen that gestational activity, including
normal birth, can be restored in castrated rabbits by extracts from the corpus
luteum [20]. This observation became a convenient assay to test progestational
activity. Clauberg later developed a modified assay that eliminated the need for
castration [21]. The isolation of purified crystalline corpus luteum hormone from
sow ovaries was achieved by various groups in 1934 by applying these assays to
identify the active fractions [22-25]. Ovaries from 10-15 sows were necessary to
isolate enough purified hormone to induce the characteristic physiological changes
in the uterus of one rabbit. Therefore, synthetic chemistry efforts were initiated to
prepare the hormone in larger amounts. In these early synthetic studies readily
available steroids from natural sources like cholesterol (from cow and pig fat),
stigmasterol (from soy beans) and diosgenin (from Mexican yams) were used by
various groups (Scheme 1.3) [26].

The observation that progesterone prevented ovulation was taken up by Haberlandt
who was able to demonstrate that it could be used for fertility control [27]. In
1955, Gregory Pincus demonstrated that large doses of orally administered
progesterone inhibited ovulation in women [28]. Despite its potential application
as a contraceptive, the practical use of progesterone was limited by the fact that it is
essentially inactive when administered orally. Therefore the discovery of a com-
pound with contraceptive properties and better drug-like properties was the focus
of synthetic efforts with progesterone as a lead structure. Inhoffen had discovered
already in 1938 that 17a-ethynyl-testosterone was a weakly active progestin when
administered orally [29]. More than a decade later, in 1951 C. Djerassi and a team of
scientists at Synthex succeeded in synthesizing 19-nor-17a-ethynyl-testosterone or



1.2 Short Historical Overview on Nuclear Receptors in Pharmacological Research and Drug Discovery |5

HO

Cholesterol Diosgenin

\

)
i H
o}
Stigmasterol Progesterone
OH OH OH
o} o} o}
Norethindrone Norethinodrel Levonorgestrel

Cyproterone acetate Drospirenone
Scheme 1.3

norethindrone [30]. Scientists at Searle reported at just about the same time the
successful synthesis of the double-bond isomer of norethindrone, named nor-
ethynodrel [31]. Both compounds revealed approximately twice the activity of
progesterone in animal studies when given orally. These results triggered clinical
studies [32] that ended with the market introduction of Enovid (norethynodrel) in
1959 and Ortho-Novum (norethindrone) in 1962 as oral contraceptives. With the
introduction of these two oral contraceptives into the marketplace, the era of
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progesterone receptor ligands entered a new phase. More potent progestines, like
levonorgestrel and gestodene, and progestines with a special favorable profile on
other nuclear receptors, like cyproterone acetate and drospirenone, were discov-
ered during the following decades of intense research efforts in this field [33].
Cyproterone acetate was the first progestin with a potent antiandrogenic effect and
itis still in use for the treatment of prostate cancer [34]. Drospirenone is structurally
related to the aldosterone antagonist spironolactone. It has not only progestagenic
properties, but is also a very potent antimineralocorticoid and it also shows
antiandrogenic activity [35]. This pharmacodynamic profile is quite close to the
natural progesterone.

1.2.4
Other Receptor Research

As these early research efforts had resulted in modulators of the steroid receptor
subgroup of the nuclear receptor family, these compounds could be used to support
the purification of the receptors in the first nuclear receptor gene-cloning studies.
The first human nuclear receptor that was cloned was the GR. This was achieved by
using reagents made available from the purification and biochemical characteriza-
tion of adrenal extracts. With purified receptor, selective antibodies were used to help
isolate the corresponding cDNA [36, 37]. cDNAs with the full-length coding region of
GR provided the first full-length amino acid sequence of a nuclear receptor. Around
the same time three research groups independently succeeded in cloning also the
estrogen receptor (ER) [38—40]. The comparison of nuclear receptor sequences from
human and other species revealed conserved domains in the nuclear receptor family.

The finding that nuclear receptors could be isolated without prior knowledge of
their ligand triggered research for new nuclear receptors. The number of orphan
nuclear receptors rapidly exceeded the number of classical nuclear hormone recep-
tors [41-43]. The preferred method for the identification of new nuclear receptors
shifted from the laboratory to in silico methods due to the availability of large
databases of randomly generated partial cDNA sequences known as expressed
sequence tags (ESTs) and new bioinformatic query tools. Two new mammalian
nuclear receptors were successfully identified through automated searches of EST
databases. The pregnane X receptor (PXR) was discovered in a public mouse EST
database by a high-throughput in silico screen for nuclear receptor-like sequences [44]
and the photoreceptor cell-specific receptor (PNR) was identified in a human EST
database [45]. Finally the number of known human nuclear receptors reached 48 after
the PNR was isolated from EST databases. In 2001, the availability of the complete
human genome sequence confirmed that there are 48 members in the human
nuclear receptor family [46, 47] (Table 1.1).

The nuclear receptor superfamily can be generally divided into four major
subfamilies based on their DNA-binding properties and dimerization preferences.
However, this classification is rather broad and does not take into account
of any evolutionary relationship between nuclear receptors. Therefore, a new
phylogeny-based nomenclature approved by the Nuclear Receptor Nomenclature
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Table 1.1 List of human nuclear receptors and systematic nomenclature.

Name Abbreviation Nomenclature Ligand
Thyroid hormone receptor TRa NR1A1 thyroid hormone
TRB NR1A2 thyroid hormone
Retinoic acid receptor RARa NR1B1 retinoic acid
RARB NR1B2 retinoic acid
RARy NR1B3 retinoic acid
Peroxisome proliferator- PPARa NR1C1 fatty acids,
activated receptor leukotriene B4
PPARP NR1C2 fatty acids
PPARY NR1C3 fatty acids,
prostaglandin J2
Reverse erbA Rev-erba NR1D1 orphan
Rev-erbp NR1D1 orphan
Retinoic acid receptor-related RORx NR1F1 cholesterol
orphan receptor
RORB NR1F2 retinoic acid
RORy NR1F3 retinoic acid
Liver X receptor LXRa NR1H3 oxysterols
LXRB NR1H2 oxysterols
Farnesoid X receptor FXRa NR1H4 bile acids
FXRp NR1HS5 lanosterols
Vitamin D receptor VDR NR1I1 vitamin D
Pregnane X receptor PXR NR1I2 xenobiotics
Constitutive androstane receptor CAR NR1I3 xenobiotics
Human nuclear factor 4 HNF4a NR2A1 orphan
HNF4y NR2A2 orphan
Retinoid X receptor RXRa NR2B1 retinoic acid
RXRpB NR2B2 retinoic acid
RXRy NR2B3 retinoic acid
Testis receptor TR2 NR2C1 orphan
TR4 NR2C2 orphan
Tailless TLL NR2E2 orphan
Photoreceptor-specific PNR NR2E3 orphan
nuclear receptor
Chicken ovalbumin upstream COUP-TFI NR2F1 orphan
promoter-transcription factor
COUP-TFII NR2F2 orphan
ErbA2-related gene-2 EAR2 NR2F6 orphan
Estrogen receptor ERa NR3A1 estradiol
ERB NR3A2 estradiol
Estrogen receptor-related receptor ERRa NR3B1 orphan
ERRP NR3B2 orphan
ERRY NR3B3 orphan
Glucocorticoid receptor GR NR3C1 cortisol
Mineralocorticoid receptor MR NR3C2 aldosterone
Progesterone receptor PR NR3C3 progesterone

(Continued)
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Table 1.1 (Continued)

Name Abbreviation Nomenclature Ligand
Androgen receptor AR NR3C4 testosterone
Nerve growth factor-induced factor B NGFI-B NR4A1 orphan
Nur-related factor 1 NURR1 NR4A2 orphan
Neuron-derived orphan receptor 1 NOR1 NR4A3 orphan
Steroidogenic factor-1 SF1 NR5A1 orphan
Liver receptor homologous protein 1 LRH1 NR5A2 orphan
Germ cell nuclear factor GCNF NRGA1 orphan
DSS-AHC critical region on the DAX1 NROB1 orphan
chromosome gene 1

Short heterodimeric partner SHP NROB2 orphan

Committee has been proposed for nuclear receptors in addition to the original
names [48]. This nomenclature system is based upon multiple alignment procedures
and phylogenetic tree reconstruction methods, which finally led to the subdivision of
the nuclear receptor superfamily into seven subfamilies which are numbered from 0
to 6. The phylogenetically closest members of each subfamily are combined into
groups designated by capital letters arranged in the alphabetical order and the
individual genes within each group are numbered. This nomenclature system should
overcome the problem of the existence of several names and abbreviations of the
same gene.

With the discovery of new nuclear receptors, novel interdependencies between
first-generation drugs and their targets were detected. For example, traditional
pharmacological research methods had revealed earlier that thiazolidinediones
(TZDs) have a clinical benefit in diabetes; however, the molecular basis for this
therapeutic effect was not known. By using expression constructs derived from the
isolated nuclear receptor genes, activity screens for each receptor were developed. By
using such screens it was found that TZDs are potent and selective activators of
peroxisome-proliferator-activated receptor (PPAR) 7y [49]. After discovery of this
connection, the search for a second-generation PPARY compounds was started
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 ‘reverse
endocrinology’ approach. Historically, ligands of nuclear receptors have been dis-
covered due to their biological effects. In a modern reversal of this process, the
orphan receptors can be used to identify ligands, which then can be used to study the
biological role of the receptors.

In such a reverse endocrinology approach the farnesoid X receptor (FXR) could be
connected to bile acid ligands. By further exploration of bile acids and other chemical
probes for FXR it was discovered that FXR is linked to bile acid homeostasis, and it
was postulated that FXR ligands might have beneficial effects for the treatment of
cholestatic liver disease and other disorders [50].

Recently, a third-generation drug discovery effort has begun in the field of nuclear
receptors research. Newer screening methods which deliver additional information
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besides potency and selectivity (e.g. selective effects on gene expression) can be used
to discover leads with therapeutic advantages over drugs on the market.

1.3
Recent Progress in Nuclear Receptor Drug Discovery

Nuclear receptors have been studied in drug discovery research for decades.
Synthetic ligands for a certain receptor usually have been identified through high-
throughput screening (HTS) or structure-based drug design approaches. In the
second step these lead structures have to be optimized further by medicinal
chemists to adjust the properties of these compounds to appropriately modulate
the activities of the receptor. Ligands that display differential activities compared to
the natural ligand have been referred to as selective nuclear receptor modulators.
Originally this concept was demonstrated for the ER with the selective ER
modulators (SERMs), 4-OH-tamoxifen and raloxifene. These SERMs retained
tissue-selective agonist activity in bone tissue and on lipid profile for raloxifene,
but functioned as antagonists in reproductive tissues [51, 52]. Although both
molecules were originally considered to be ‘antiestrogens’, 4-OH-tamoxifen dem-
onstrated a general trend toward estradiol-like activity in uterine tissue, whereas
raloxifene had no such activity. These pioneering experiments related to novel ER
ligands triggered studies for the identification of novel, tissue-selective synthetic
modulators for several of the therapeutically relevant nuclear receptors. Overall,
the current goal of nuclear receptor drug discovery efforts in many cases is to
manipulate the receptor with a ligand to retain tissue-selective benefits while
minimizing unwanted side activities.

1.3.1
SERMs

The stilbene derivative tamoxifen was the first synthetic nuclear receptor small-
molecule modulator that demonstrated differential tissue effects. However, it has not
found wide application as treatment for menopausal symptoms due to its stimulatory
effects on the uterus which cause a potential risk for endometrial cancer [53]. Despite
this drawback tamoxifen is still used as a treatment for ER-positive breast cancer.
Raloxifene, a second-generation SERM, was originally developed as a follow-up
agent for tamoxifen in breast cancer. During development studies it was found that
this modulator has significant osteoporosis protective effects without the endometrial
activities of tamoxifen [54]. The molecular basis for these ER-modulating properties
has been at the center of major pharmacological research activities [55]. One possible
mechanism that was suggested is the differential effects of SERM bound ER to
promote corepressor association versus coactivator association [56, 57]. Following a
theoretical approach that small-molecule ligands can induce specific ER conforma-
tions several triphenylethylene ligands for ER were prepared and screened through an
uterine Ishikawa cellular assay [58]. Compounds which decreased estrogen-mediated
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Ishikawa cell stimulation were then tested in ovariectomized rats for the ability to
protect against loss of bone mineral density. It was found that GW5638 had antagonist
properties on the uterus and agonist activities on bone and the cardiovascular
system [59]. In further experiments it was shown that the biological properties of
GW5638 derive from triggering a structural conformation of ER different from the
conformations imposed by other SERMs [60]. Recently, several novel SERMs (e.g.
bazedoxifene, lasofoxifene) have been identified with a combination of cellular
screens, primarily uterine- and breast cell-based assays [61-63] (Scheme 1.4).
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Two other novel approaches have recently been reported in the field of ER ligand
discovery. The potential of compounds as pathway-selective ligands and antiinflam-
matory agents was studied by the use of NFkB-driven reporter assays [64]. A second
relatively recent focus for ER-directed drug discovery is related to the fact that there
are two subtypes of this receptor, ERa and ERP, which derive from two separate
genes [65, 66]. Stimulated by the specific tissue distribution pattern of these two
related receptors, research to find ER subtype-selective modulators for the treatment
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of various diseases was triggered. Several reports have demonstrated that it is
possible to identify ERB-selective ligands [67, 68].

1.3.2
Selective GR Modulators

The classic synthetic glucocorticoids dexamethasone and prednisone are in use for
the treatment of various severe diseases such as rheumatoid arthritis, inflammatory
myopathies, cancers and several immunological disorders. Unfortunately, long-term
treatment with these drugs often triggers serious side-effects such as fat redistribu-
tion, diabetes, vascular necrosis and osteoporosis. Therefore, major drug discovery
efforts are currently ongoing to find novel chemical entities that are able to
differentially modulate GR to retain the beneficial effects of glucocorticoids without
the unwanted side-effects of current treatments [69]. Many of the antiinflammatory
effects of GR are believed to be driven by the ability of the monomeric form of the
receptor to interfere with NFkB and AP-1 function, which ultimately results in the
reduction of proinflammatory cytokines such as interleukins (IL)-1, -2, -6 and -8, and
tumor necrosis factor-o [70]. Various chemical ligand series which display differen-
tial GR activation have been reported. Three main methods for measurement of GR
activity were used to identify these ligands: (i) direct GR binding compared to other
steroid receptors, (ii) a cell-based assay measuring glucocorticoid response element-
mediated gene transcription (transactivation), and (iii) cell-based assays measuring
the ability of GR to regulate NFxB and AP-1-driven genes (transrepression) . Several
steroid-based compounds have been shown to differentially decrease transactivation
with only minimal effects toward transrepression [71, 72]. A quinoline-based series of
compounds described as a nonsteroidal class of GR ligands was found to have a trend
toward a preferred transactivation/transrepression profile in cellular assays. Some of
these ligands also demonstrated a more promising therapeutic window for selective
in vivo effects [73, 74]. Another nonsteroidal GR ligand, ZK 216348, showed
significant dissociation of transactivation and transrepression activities [75]. Thor-
ough pharmacological characterization in vitro proved that ZK 216348 is a dissocia-
tive molecule. Further in vivo experiments 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
prednisone (Scheme 1.5).
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1.3.3
Other Modulator Efforts: PR, MR, AR, PPAR, FXR and LXR (see Table 1.1)

The theory of selective nuclear receptor modulation to achieve therapeutic value by an
optimized activity profile different from the natural ligand has been also experimen-
tally studied in several other receptors.

An example from the PR is the steroid ligand asoprisnil, which has been shown to
produce antiuterotrophic effects with only minimal labor-inducing and break-
through bleeding effects [76].

Eplerenone, a selective MR modulator, was discovered decades ago and has
recently received approval as a treatment for hypertension [77]. This synthetic steroid
derivative has a higher specificity for MR relative to other nuclear receptors and works
as a partial antagonist of aldosterone [78].

Modulators of the AR for application in prostate cancer and possibly treating the
neurological and muscular degenerative symptoms of androgen deficiency form the
basis of another field of intense research efforts [79, 80]. LGD2226 is a recent example
of a tissue-selective AR modulator, which seems to retain some anabolic effects on
bone and muscle with reduced proliferative effects on the prostate [81].

Selective modulators for PPARY (SPPARMSs) have been successfully discovered by
several groups. The first-generation TZD class of PPARY agonists which are in use as
insulin sensitizers show dose-limiting issues such as hemodilution and edema. It
was found in early experiments of PPARY activation by TZDs that these ligands
activate through direct interaction with the C-terminal AF-2 helix [82]. Structural
studies have also revealed PPARY activators that bind the ligand-binding domain
(LBD) using non-TZD epitopes such as the partial agonist GW0072 [83]. Ligands with
specific binding and activation modes are a potential starting point for the discovery
of PPARy modulators with improved biological activities. Non-TZD-selective PPARY
modulators have been discovered which induce an altered LBD conformation
compared with TZDs [84]. These compounds demonstrated qualitative differences
versus traditional agonists toward gene expression in cell culture and in vivo, as well
as toward in vivo physiological responses such as adipose depot size. Therefore,
further research efforts to come up with novel SPPARMs may lead to compounds
with improved characteristics compared to currently used therapeutics.

FXR and the LXRs are other examples of nuclear receptors for which modulators
have been investigated recently [85, 86]. It was possible to identify ligands with
potential novel biological activity compared to the natural ligands (e.g. the potent
synthetic FXR agonist GW4064 [87]). LXRo/B are regulated in vivo by oxysterols and
this regulation is in accordance with the role of the LXRs in cholesterol homeosta-
sis [88]. Studies with nonsubtype-selective LXR tool compounds in animal models
revealed that besides atheroprotective effects, these agonists also promote lipogene-
sis and triglyceride accumulation in liver. The LXR agonists T0901317 and GW3965
show differential effects on cofactor recruitment in human hepatoma cell assays.
Furthermore, these two ligands show different in vivo effects on hepatic lipogenesis
genes. As LXRa is the dominant subtype in the liver, where LXR[ is expressed at very
low levels, there might be a good chance that an LXRp-selective agonist may retain
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efficacy without increasing hepatic lipogenesis. N-Acylthiadiazolines were reported
recently as a new class of LXR agonists with selectivity for LXRP [89] (Scheme 1.6).

Cl
I

oy
W
C

(0]
\/\/\//, o)

o >

00 :
o) =
o
HO,C OH

GW 0072 GW 4064

QQ Qifo

F,C CF, F N,N@
\ OMe
HO o 0 N S
,\\S// /\/‘ MeO
0 :
F,C HO.C C cF, cl
T0901317 GW 3965 N-Acylthiadiazoline LXRB agonist

Scheme 1.6

More experimental studies will be necessary to better understand the molecular basis
of modulator effects both for the steroid receptor and nonsteroid receptor modulators.

In summary, these examples show the high degree of complexity required at several
levels, such as high-affinity binding to the receptor, induction of conformational
change or altered structural dynamics, selection of an appropriate cellular assay for
measuring nuclear receptor modulation as well as selection of relevant in vivo models
for determining any therapeutic effects. Due to structural and functional similarities
within the nuclear receptors superfamily, there is a high probability that knowledge
created from one receptor concerning modulation by a syntheticligand can be applied
to other members of the family [90, 91]. This increased knowledge of nuclear receptor
functions will be the base for novel, safer and more effective drugs. Newtechnologies to
profile ligands are especially important for rapid progress into this direction.

1.4
Modern Methods and Technologies in Nuclear Receptor Drug Discovery

New technologies in molecular biology, structural biology, computational methods
and peptide interaction methods are important tools for discovering novel drug
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candidates for the modulation of specific nuclear receptors. These novel technologies
enable rapid profiling of nuclear receptor ligands in a more physiologically relevant
manner.

1.4.1
Cofactor Interaction Screening

Nuclear receptors do not act in an isolated way, but in complex associations with
other cellular factors. Cofactor interaction screening can give valuable insights into
the relationship between nuclear receptor structure and functional activity [92]. If a
certain ligand changes the pattern of cofactor interaction compared to other
ligands, it is likely that the different in vitro profile will translate into a special
gene expression pattern or physiological outcome in vivo. Peptides representing
these interactions can be prepared based on known interaction motifs or isolated
through HTS of random peptide libraries. This method has been applied to
characterize known SERMs and to discover ER ligands with unique properties.
Affinity selection of peptides has been used to identify binding surfaces that are
exposed on ERo/B when complexed with different ligands, such as with estradiol
or 4-OH-tamoxifen [93]. It was discovered that the established SERMs, which are
known to produce distinct biological effects, induced specific conformational
changes in the receptors. Ligand screens for subtle differences between ER
ligands have been performed based on nuclear receptor-peptide interactions
using a high-throughput multiplexed technology, which used fluorescently en-
coded microspheres [94, 95]. The repertoire of novel nuclear receptor-interacting
cofactors has strongly expanded in the past few years. For the rapid identification
of novel interacting cofactors, genome-wide screens for binding partners have
been performed in yeast and mammalian-based two-hybrid systems. More than
200 human nuclear receptor cofactors have been identified. Especially for the
discovery of new specific nuclear receptor modulators these interacting cofactors
are of great importance as each new cofactor has the potential to give a better
insight into a particular cellular interaction and thus lays the foundation for a
molecular screen for ligands that uniquely affect this interaction.

1.4.2
Microarray Technology and Gene Expression Profiling

Nuclear receptors are transcription factors and therefore monitoring ligand effects
on nuclear receptor target genes is a powerful tool for drug discovery. This approach
has been limited in the past due to difficulties and the related costs in measuring
endogenous gene expression. It is now possible by using microarray technology to
assess endogenous gene expression on a genome-wide scale and this technology has
been used to define an unbiased set of nuclear receptor target genes. Microarray
technology has been applied to differentiate the functions of ERa and ERP in
estrogen target organs such as bone, breast and uterus. Human U20S osteosarcoma
cells which express neither ERo. nor ERP were stably transfected with human ERoy/3
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to achieve overexpression of the receptors in this bone model system [96].
Two overlapping but distinct patterns of gene expression were found after treatment
of the two cell lines with 17B-estradiol; 28% of the estradiol-regulated genes were ERa.
cell specific, whereas 11% were ERP cell specific. These experiments enabled the
functional dissection of the pathways regulated by two functionally similar receptors.
Furthermore, unique sets of endogenous target genes have been identified for use in
ligand-screening assays. The effects of various ER modulators on ERo and ERP target
genes have been studied in similar experiments with U20S cells expressing either
ERo or ERP [97]. It was demonstrated by microarray analysis that raloxifene and
tamoxifen regulated only 27% of the same genes in the ERo- and ERB-containing
cells. These results give clear hints that estrogens and SERMs exert tissue-specific
effects by regulating unique sets of target genes. Methods for high-throughput
analysis of gene expression could be an entry into screening of large numbers of
compounds in a cellular environment using a cost-effective technology. Advances in
glass slide preparations for monitoring transcriptional changes of several thousand
genes make it possible to assess a hit from a multiwell cell treatment over a genome-
wide range of genes in a cost-effective way. Slight differences between even very
closely related chemical structures can be detected with such an analysis. Gene-
expression profiling has been used to characterize breast cancer cells and to identify
desired ‘molecular fingerprints’ within the experimental data [98]. In this way key
‘biomarkers’ can be identified that deliver information related to the phenotypic
effect of a chemical modulator. The huge amounts of data generated by such an
approach are challenging for bioinformatics methods. Therefore, advances in gene-
expression profiling as a method for drug screening has to be complemented by
progress in bioinformatics and data handling.

143
Novel Computational Methods

Nuclear receptor target genes have not only been discovered through experimental
studies, but also in silico approaches have been developed which can accelerate
nuclear receptor drug discovery. Comprehensive computational approaches can
now be used to detect nuclear receptor target genes. A new computer algorithm
(NUBIscan) gives the opportunity to predict nuclear receptor target sequences in
regulatory regions of genes [99]. High-throughput genome-wide chromatin immu-
noprecipitation methods have been combined with computational methods to
discover ER target genes and promoter sequences [100]. In silico methods for gene
identification complement microarray approaches in an efficient way as they are not
biased by target tissue or expression levels.

1.4.4
Structural Biology

Despite the described progress in many fields of nuclear receptor research which
has also resulted in the determination of novel signalling pathways, for a
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surprisingly large group of orphan receptors the ligands have remained unidenti-
fied. Structural biology contributed important novel insights into nuclear receptor-
binding domains and helped to adopt some orphan receptors by crystallogra-
phy [101, 102]. These studies suggest that not all of the orphan nuclear receptors
use ligand binding in the classical way. Some orphan receptors lack the capacity
for ligand binding, which suggests that they are regulated by alternative, ligand-
independent mechanisms [103]. Nurrl is an orphan nuclear receptor that has been
studied thoroughly especially due to its essential role in developing and adult
dopamine neurons. Therefore, ligands for Nurrl could be of potential therapeutic
value, but identification of Nurrl ligands has proven difficult. Structural studies of
the Nurrl LBD can contribute to the explanation of these difficulties. Bulky and
hydrophobic amino acid side-chains in the Nurr1 LBD occupy the space that form the
LBD in other nuclear receptors, therefore prohibiting interaction with any ligand. The
constitutive activity of Nurrl can be explained by the position of its AF-2 helix, which is
folded in an active conformation. Therefore, Nurrl1 is the first example of a nuclear
receptor that functions entirely independent of ligand binding.

1.5
Summary and Future Developments

Human nuclear receptors play an important role in many physiological processes
such as metabolism, homeostasis, differentiation, growth and development, aging,
and reproduction. This target family has a common evolutionary history as
evidenced by their sequence relationship and their common cellular function [104].
Functions of nuclear receptors are highly complex and the pathways which are
controlled by nuclear receptors are connected with each other as well as with
numerous other partner proteins [105]. Despite this complexity, the nuclear
receptor family has had a long history of successful drug discovery. Over the
last decade drug discovery in the nuclear receptors field has started to develop
capabilities for profiling compounds in a high-throughput manner in a setting
much closer to the native physiological environment compared to previous
studies [106]. New technologies like high-throughput methods in chemistry and
structural biology, novel biochemical methods, and pathway analysis tools such as
differential gene expression and proteomics will enable new discoveries which in
the end will lead to drugs with improved therapeutic profiles. A better under-
standing of the ligand-induced activities that produce tissue-selective beneficial
effects should enable the development of safer drugs with minimized unwanted
side-effects. Furthermore, ligand discovery for the remaining orphan receptors
might hold great promise. Target validation and better definition of therapeutic
relevance for the remaining orphan nuclear receptors should be possible by using
new tool compounds. In summary, despite its long history the nuclear receptor
target family still bears tremendous potential, and nuclear receptor drug discovery
should lead to highly effective and specific drugs for the future treatment of a
broad variety of human diseases.
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