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Abstract: Nuclear receptors (NRs) comprise a family of 49 members that share a common
structural organization and act as ligand-inducible transcription factors with major
(patho)physiological impact. For some NRs (“orphan receptors”), cognate ligands have not
yet been identified or may not exist. The principles of DNA recognition and ligand binding
are well understood from both biochemical and crystal structure analyses. The 3D structures
of several DNA-binding domains (DBDs), in complexes with a variety of cognate response
elements, and multiple ligand-binding domains (LBDs), in the absence (apoLLBD) and pres-
ence (holoLBD) of agonist, have been established and reveal canonical structural organiza-
tion. Agonist binding induces a structural transition in the LBD whose most striking feature
is the relocation of helix H12, which is required for establishing a coactivator complex,
through interaction with members of the p160 family (SRC1, TIF2, AIB1) and/or the
TRAP/DRIP complex. The p160-dependent coactivator complex is a multiprotein complex
that comprises histone acetyltransferases (HATSs), such as CBP, methyltransferases, such as
CARMI, and other enzymes (SUMO ligase, etc.). The agonist-dependent recruitment of the
HAT complex results in chromatin modification in the environment of the target gene pro-
moters, which is requisite to, or may in some cases be sufficient for, transcription activation.
In the absence of ligands, or in the presence of some antagonists, certain NRs are bound to
distinct multiprotein complexes through the interaction with corepressors, such as NCoR and
SMRT. Corepressor complexes comprise histone deacetylases (HDACs) that have the capac-
ity to condense chromatin over target gene promoters. Ligands have been designed that se-
lectively modulate the interaction between NRs and their coregulators. Both HATs and
HDAC:S can also modify the acetylation status of nonhistone proteins, but the significance in
the context of NR signaling is unclear. NRs communicate with other intracellular signaling
pathways on a mutual basis, and their functionality may be altered, positively or negatively,
by post-translational modification. The majority of NRs act as retinoid X receptor (RXR)
heterodimers in which RXR cannot a priori respond autonomously to its cognate ligand to
activate target gene transcription. This RXR subordination allows signaling pathway identity
for the RXR partner. The corresponding mechanism is understood and reveals cell and NR
selectivity, indicating that RXR can, under certain conditions, act autonomously. NRs are
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regulators of cell life and death, and NR malfunction can be at the basis of both disease and
therapy, as is impressively documented in the case of acute promyelocytic leukemia.
Recently, several pathways have been uncovered that link NR action with cell proliferation
and apoptosis.

GENERAL ORGANIZATION OF NUCLEAR RECEPTORS
Nuclear receptors regulate intra- and intercellular communication in metazoans

Multicellular organisms require specific intercellular communication to properly organize the complex
body plan during embryogenesis and maintain its properties and functions during the entire life span.
While growth factors, neurotransmitters, and peptide hormones bind to membrane receptors, thereby in-
ducing the activity of intracellular kinase cascades or the JAK-STAT/Smad signaling pathways, other
small, hydrophobic signaling molecules such as steroid hormones, certain vitamins, and metabolic in-
termediates enter, or are generated within, the target cells and bind to cognate members of a large fam-
ily of nuclear receptors (NRs) (Fig. 1). NRs are of major importance for metazoan intercellular signal-
ing, as they converge different intra- and extracellular signals to initiate and regulate gene expression
programs. They act as transcription factors that (i) respond directly through physical association with a
large variety of hormonal and other regulatory, as well as metabolic signals, (ii) integrate diverse sig-
naling pathways as they correspond themselves to targets of posttranslational modifications, and (iii)
regulate the activities of other signaling cascades (commonly referred to as “signal transduction cross-
talk”). The genetic programs that they modulate affect virtually all aspects of the life of a multicellular
organism, covering such diverse aspects as, for example, embryogenesis, homeostasis and reproduction,
or cell growth and death. Their gene regulatory power and selectivity has prompted intense research on
these key factors, which is now starting to decipher a complex network of molecular events accounting
for their transcription regulatory capacity. The study of these molecular processes has also shed light on
multiple general principles underlying transcription regulation, and it will be a future challenge to un-
cover the molecular rules that define selective NR-dependent spatial and temporal control of gene ex-
pression.

The family and its ligands

To date, 49 NRs [2,3] have been identified throughout the animal kingdom, ranking from nematodes to
humans (Fig. 1). They constitute a family of transcription factors that share a modular structure of five
to six conserved domains encoding specific functions [4,5]. The most prominent distinction to other
transcription factors is their capacity to specifically bind small hydrophobic molecules. These ligands
constitute regulatory signals, which, after binding, change the transcriptional activity of the correspon-
ding NR. For some time, a distinction was made between classic NRs with known ligands and so-called
“orphan” receptors, hence receptors without or with unknown ligand. However, recent years have seen
the identification of ligands for many of these orphan receptors, making this distinction rather superfi-
cial (see, e.g., refs. [6,7-10]). Moreover, the classification of NRs into six to seven phylogenetic sub-
families with groups that comprise both orphan and nonorphan receptors further dismisses such dis-
crimination [1]. The classification of NRs is done by virtue of the homology to other family members,
with the DNA- and ligand-binding domains (DBDs and LBDs) having the highest evolutionary conser-
vation.

Interestingly, some recently identified ligands for “orphan” NRs turned out to be metabolic inter-
mediates. It appears therefore that in certain systems the control of built-up, break-down and storage of
metabolic active substances is regulated at the level of gene expression, and that in many cases this “in-
tracrine” signaling is brought about by NRs. Furthermore, gene knock-out experiments suggest that
metabolic intermediates such as SF1 (NR5A1) or PPARY (NR1C3) ligands may have regulatory func-
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Fig. 1 Phylogenetic tree of 65 nuclear receptor genes in vertebrates, arthropoids and nematodes. For a detailed
description, see Nuclear Receptors Nomenclature Committee (1999) [1] and the regular updates at
<http://www.ens-lyon.fr/LBMC/LAUDET/nomenc.html>.

tion in specifying organ development [11,12]. Prominent metabolic ligands are bile and fatty acids,
eicosanoides, and oxysterols. The group of steroid hormones encompasses estrogens, progestins,
mineralocorticoids, glucocorticoids, androgens, and ecdysterones. Examples for vitamin—derived NR
ligands are vitamin D5 (VDR; NR1I1) or the vitamin A derivative, retinoic acid (RARs and RXRs;
NR1B and NR2B, respectively). Thus, NRs function in endocrine (steroid hormone receptors),
auto/paracrine (retinoid receptors), and intracrine [metabolic receptors such as LXRo (NR1H3), SF-1
(NR5A1), FXR (NR1H4), PXR (NR112), PPARs (NR1C), CARP (NR114)] signaling pathways.

Genetics of nuclear receptors

Genetic programs consist typically of several hundred to thousand genes that are expressed in a spatially
and temporally controlled fashion. Nuclear receptors act as master “switches” to initiate specific genetic
programs that, for example, lead to cell differentiation, proliferation, or apoptosis or regulate homeo-
stasis. In the context of other programs, these genetic activities support or initiate complex physiological
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phenomena, such as reproduction and organ function. Once activated by the cognate ligand, NRs regu-
late the primary and secondary target gene expressions that make up the corresponding physiological
event. Throughout the life cycle of a multicellular organism, the coordinate interplay between programs
defining cell fates in different tissues, organs, and finally the entire body is at the foundation of the or-
ganisms’ development and subsistence. This is fully supported by the analysis of mice bearing mutations
or deletions of one or several receptors (a searchable mouse knock-out and mutation database with
PubMed can be found at <http://www.biomednet.com/db/mkmd>). Several NR knock-out animals (in
particular, compound knock-out animals) die in utero or around birth, displaying severe malformations
of organs that render them inviable (for examples, see ref. [13] and refs. therein; for reviews on earlier
work, see refs. [14,15]). Others are viable under laboratory conditions, but display a reduced life span
and are often infertile (see, e.g., ref. [11]). These knock-out animal models have helped in deciphering
the physiology of NR action. Often they provided initial or additional evidence for new, yet undiscov-
ered functions, exerted by the receptor, and thus initiate further research on previously unknown signal-
ing pathways. One example is the involvement of retinoic acid receptor, RARP (NR1B3), and retinoid X
receptor, RXRy (NR2B3), in long-term memory potentiation and depression [16]. Furthermore, knock-
outs have also provided insight into the distinct modes of transcriptional regulation by NRs. An elegant
example is the mouse NR3C1 gene encoding the glucocorticoid receptor (GR). GR™" mice die at birth
due to respiratory failure, but replacement of the GR gene by the GR 4 45 mutant that impairs binding
to consensus GR response elements generates mice (termed GRUMAIM it “dim” indicating DBD-me-
diated dimerization deficiency) that were fully viable [17]. These mice could be used to define direct
(cognate response element-mediated) and indirect (e.g., signaling cross-talk-dependent) actions of GR
(see Topic 1.5). The indirect actions of the glucocorticoid receptor concern also the transrepression of
the activating protein AP1, a phenomenon further discussed below.

An interesting result of studies with NR gene deletion models has been the discovery of redun-
dancy and adaptivity among family members of the same group. In this respect, the interpretation of
retinoic acid signaling, which is of remarkable complexity and displays a high degree of apparent
retinoic acid receptor redundancy, may serve as an example (Topic 1.6).

Modular structure and function

N-terminal region A/B harbors cell-specific activation function(s) AF-1 of unknown structure
As schematically depicted in Fig. 2, NRs are composed of five to six regions (A to F; originally defined
by [18]) that have modular character. The N-terminal A/B region harbors one (or more) autonomous
transcriptional activation function (AF-1), which, when linked to a heterologous DNA-binding domain,
can activate transcription in a constitutive manner. Note, however, that in the context of the full-length
receptor, AF-1 is silent in the absence of agonist and certain antagonists. When comparing NRs from
different subfamilies and groups, the A/B region displays the weakest evolutionary conservation, and
the distinction between A and B regions is not always evident. A/B regions differ significantly in their
length, ranging from 23 (vitamin D receptor, NR1I1) to 550 (androgen, NR3C4, mineralocorticoid,
NR3C2, and glucocorticoid receptors, NR3C1) amino acids. No 3D structure of a nuclear receptor
A/B region has been solved up to now, and structure prediction is not straightforward. A/B regions are
subject to alternative splicing and differential promoter usage, and the majority of known NR isoforms
differ in their N-terminal region. Through alternative splicing and differential promoter usage
(PR forms A + B), the absence or presence of different activation functions found in the AB regions can
be regulated [for details, see ref. 5]. Moreover, the N-terminus of NRs has reportedly been found as sub-
ject of posttranslational events such as phosphorylation (discussed further below). Finally, the activa-
tion function(s) AF-1 display cell, DBD and promoter specificity [19-21], the origin of which is still
elusive but may be related to the posttranslational modification [22] and cell-specific action and/or ex-
pression of AF-1 coactivators [23].
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Fig. 2 Schematic illustration of the structural and functional organization of NRs. The evolutionary conserved
regions C and E are indicated as boxes and a black bar represents the divergent regions A/B, D, and F. Note that
region F may be absent in some receptors. Domain functions are depicted below and above the scheme. Two
transcription activation functions (AFs) have been described in several nuclear receptors, a constitutively active
AF-1 in region A/B and a ligand-inducible AF-2 in region E. Within these activation functions, autonomous
transactivation domains (ADs) have been defined in the estrogen (ER) and progesterone receptor (PR) N-terminal
regions. In the case of the estrogen, retinoid and thyroid hormone receptors an autonomous activation domain
(AF-2 AD) encompassing helix H12 has been detected at the C-terminal end of the ligand binding domain E.

DNA-binding domain encompasses region C

The highly conserved domain C harbors the DBD of NRs, which confers sequence-specific DNA recog-
nition. This domain has been extensively investigated, especially with respect to its selective response
element recognition and dimerization properties (for details, see below). Several X-ray and NMR data
sets are available for different NR C domains in their DNA complexed and uncomplexed forms (see
Table 1 for PDB file names). The DBD is mainly composed of two zinc-finger motifs, the N-terminal
motif Cys-X2-Cys-X13-Cys-X2-Cys (CI) and the C-terminal motif Cys-X5-Cys-X9-Cys-X2-Cys
(CID); in each motif, two cysteine residues chelate one Zn?* ion. Within the C domain, several sequence
elements (termed P-, D-, T- and A-boxes) have been characterized that define or contribute to (i) re-
sponse element specificity, (ii) a dimerization interface within the DBD, and (iii) contacts with the DNA
backbone and residues flanking the DNA core recognition sequence. Figure 3 illustrates the three pro-
totypic DNA binding modes of NRs: the estrogen receptor DBD as an example of a homodimer that
binds to a palindromic response element (Fig. 3a), the RXR-TR as an example of an anisotropic
(5’-RXR-TR-3’) heterodimeric complex on a DRI direct repeat (Fig 3b), and NGFI-B as an example of
a monomer that binds to an extended hexameric motif, the so-called NBRE (Fig. 3c). Note that the so-
called A- and T-boxes of TR and NGFI-B are involved in additional minor groove DNA contacts (see
below for details).
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Table 1 List of presently reported 3D structures of NR DBDs together with
their PDB assignments.

PDB ID Receptors Response element
Homodimers

1GLU GR GRE

1LAT GR mutant non-cognate
1HCQ ER ERE

1A6Y RevErb DR2

1GAS RevErb DR2

1HLZ RevErb DR2

1BY4 RXR DR1

1KB2 VDR Osteopontin
1KB4 VDR DR3

1KB6 VDR Osteocalcin
Heterodimers

2NLL 5-RXR-TR-3’ DR4

1DSZ 5-RAR-RXR-3’ DRI1
Monomers

1CIT NGFI-B NBRE
NMR structures

2GDA GR -
1GDC GR -
1RGD GR -
1HCP ER -
1RXR RXR -
IHRA RARB -
1LO1 ERR2 -

Region D, a hinge with compartmentalization functions

The D region of NRs is less conserved than the surrounding regions C and E. This domain appears to
correspond to a “hinge” between the highly structured C and E domains. It might allow the DBDs and
LBDs to adopt several different conformations without creating steric hindrance problems. Region D
contains a nuclear localization signal (NLS), or at least some elements of a functional NLS (see, e.g.,
ref. [24]). The intracellular localization of NRs is a result of a dynamic equilibrium between nuclear-
cytoplasmatic and cytoplasmatic-nuclear shuttling [25]. At equilibrium, the large majority of NRs is nu-
clear, while some steroid receptors (androgen, glucocorticoid, and mineralocorticoid receptors) appar-
ently reside at cytoplasmic locations in the absence of their cognate ligands and translocate to the
nucleus in a ligand-induced fashion [26,27].

Region E encompasses the ligand-binding domain and activation function 2

The hallmark of an NR is its LBD in the E region. This domain is highly structured and encodes a
wealth of distinct functions, most of which operate in a ligand-dependent manner. The LBD harbors the
ligand-dependant activation function AF-2, a major dimerization interface and often a repression func-
tion (for review and references, see ref. [5]). Detailed molecular insights into the structure-function re-
lation of signal integration by NRs have been gained by the elucidation of the crystal structures of the
E region alone or in presence of agonists, antagonists and coregulator peptides (see below and Table 2).
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Fig. 3 3D structures of the three prototype DBDs of nuclear receptors obtained from X-ray crystal structure
analyses of the DBD-DNA response element co-crystals. (a) Structure of the estrogen receptor o. (ER) DBD on an
ERE; one strand of the canonical ERE DNA sequence is given at the bottom. The various structural elements (Zn**
fingers, D and P boxes) are indicated. Note that the D-boxes form a DNA-induced DBD dimerization interface,
while the P-box a-helices establish the selective base contacts in the major groove. (b) Crystal structure of the
5’-RXR-TR-3’ heterodimer on a cognate direct repeat response element spaced by four base pairs (DR4), depicted
as a double-stranded DNA sequence at the bottom left. Note that the T-box makes minor groove contacts, thus
specifying to some degree the DR4 spacer nucleotide sequence (arrow). (c) Crystal structure of the monomeric
NGFI-B on its response element (NBRE). The double-stranded NBRE sequence is given at the top left. Note that
the A and T-boxes define the 5" AAA sequence that contacts the minor groove .
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Table 2 List of all presently reported 3D structures of NR LBDs.

P. GERMAIN et al.

Receptors Ligands Remarks PDB ID
Monomers
AR R1881, DHT agonists le3g, 1i37
AR (T877A) DHT agonist 1i38
AR (« ccr » mutant) 9a-fluorocortisol agonist 1gs4
DHR38 no holo conformation 1pdu
FXR 6-ethyl- and 3-deoxy-CDCA NR box complexes losv
Fexaramine agonist losh
LRH-1 no holo conformation 1pkS
Nurrl no holo conformation lovl
PPARO GW6471 CoRNR box complex 1kkq
GW409544 NR box complex 1k71
AZ242 agonist li7g
PPARYy no - 3prg
YPA agonist lknu
AZ242 agonist 1i7i
DRF agonist Inyx
PPARS GW?2433, EPA agonists Igwx, 3gwx
no - 2gwx
PR Progesterone, R1881 agonist 1a28, 1e3k
PXR apo - lilg
SR12813, hyperforin agonist lilh, 1m13
RARY T-RA agonist 2lbd
9C-RA, BMS961 agonists 3lbd, 41bd
BMS270394, BMS270395 agonists lexa, lexx
BMS184394, Cd564 agonists lfcx, lcfy
BMS181156 agonist lcfz
SR11254 agonist 1£d0
RXRo 9C-RA agonist 1fby
ROR« Cholesterol agonist 1n83
RORp Stearic acid NR box complex 1k4w
T-RA, ALRT1550 part. antagonist; In4h, 1nq7
NR box complex
TR T3, Dimit agonists -
TH5 TR agonist Inav
TR T3 NR box complex Ibsx
IHS agonist Inax
PFA agonist 1n46
TRP (A234T); (R243Q) 4HY agonist Inq0, Inql
USP Phospholipid antagonist lhg4, 1g2n
VDR Vitamin D3 agonist 1dbl
KH1060, MC1288 super-agonist lie8, 1ie9
Homodimers
ERa Estradiol agonist lere, 1gku
RAL antagonist lerr
DES NR box complex 3erd
OHT antagonist 3ert
Estradiol agonist 1a52
THC NR box complex 112i
Estradiol NR box complex lgwr
RAL « core » NR box complex lgwq

(continues on next page)
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Table 2 (Continued).
Receptors Ligands Remarks PDB ID
Homodimers
ERa (Cys mut.) Estradiol agonist 1gkt
ERPB RAL, Genistein antagonist, part agonist 1gkn, 1gkm
ICI164384 antagonist 1hj1
THC antagonist 112j
ERR3 no - 1kv6
HNF4 Fatty acid agonist 11v2, Im7w
GR Dexamethasone NR box complex Im2z, 1p93
RU486 antagonist Inhz
LXRp T0901317, Epoxycholesterol agonists 1pqc, 1pq9, 1p8d
GW3965 agonist 1pq6
PPARYy no - lprg
Rosiglitazone NR box complex 2prg
GW0072 partial agonist 4prg
RXRo no - 11bd
no, undefined ATRA metabolite tetramer 1glu, 1g5y
DHA, BMS649 agonists 1mv9, 1mzn
RXRp LG100268 agonist 1h9u
Heterodimers
LXRo/RXRf T1317/methoprene acid NR box complex luhl
PPARY/RXRo Rosiglitazone/9C-RA NR box complex 1fm6
GI262570/9C-RA NR box complex 1fm9
GW409544/9C-RA NR box complex 1k74
RARo/RXRao BMS614/Oleic acid antagonist/part. agonist 1dkf

Role of the C-terminal region F is unknown

Some receptors possess C-terminal of the LBD, a region F, which displays little evolutionary conser-
vation. Note that the LBD is structurally defined as the domain generated by the elements between the
beginning of helix H1 and the end of helix H12; this sequence is not necessarily identical to what is
commonly referred to as region E from sequence alignments, and also receptors like the progesterone
receptor possess some kind of E region. This region is, however, much longer in the cases of, for ex-
ample, estrogen (NR3A) and retinoic acid (NR1B) receptors. There are no clues as to the function of
the C-terminal sequence. Recent literature suggests that the F region might play a role in coactivator re-
cruitment to the E domain and in determining the specificity of the LBD coactivator interface [28,29].
It seems clear that this domain also inherits little structural features. It is tempting to speculate that it
sort of fine-tunes the molecular events associated with the transcriptional properties of the E domain,
or the entire receptor, as it may affect antagonist action [30,31].

DNA RECOGNITION BY NUCLEAR RECEPTORS
Response elements of nuclear receptors

Common principle

All NRs recognize derivatives of the same hexameric DNA core motif, 5-PuGGTCA (Pu = A or G).
However, mutation, extension, and duplication, and, moreover, distinct relative orientations of repeats
of this motifs generate response elements that are selective for a given (class of) receptors. Apparently
coevolutionarily, NRs devised mechanisms to optimally interact with these sequences—they either
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modified residues, which establish contacts to the nucleotides that specify a given response element or
they generated response element-adapted homo- or heterodimerization interfaces.

Spacer “rules” derived from synthetic response elements
To describe the preference of the various DR-recognizing receptors for elements with a certain spacer
length, a simplified rule has been proposed [32,33] that is easily memorized.

Albeit a reasonable approximation, this rule should be used with care, since there are numerous
exceptions, such as receptors binding to complex, unusual, or noncognate response elements, and dif-
ferent receptors may bind to common elements that are not predicted by the rule.

Table 3 “Spacer rules” for DNA binding response elements of nuclear recep-

tors.

Spacer Systematic Acronym Receptor complex

NTs name

1 DR1 RXRE, PPARE,.. RXR-RXR, PPAR-RXR,
RAR-RXR, ...

2 DR2 RARE RAR-RXR

3 DR3 VDRE RXR-VDR

4 DR4 TRE RXR-TR

5 DR5 RARE RXR-RAR

Variability of the binding motif, spacer sequence, and flanking nucleotides

It is important to point out that there is considerable degeneration in the sequence of half-site motifs of
a given type of natural retinoid response element and that there is a distinct preference of the various
receptors for a certain motif. For example, the preference for the half-site motif 5’-PuGGTCA over
5’-GTTCA follows the order TR > RXR > RAR [34].

In addition to a distinct preference for certain nucleotides in the half-site motif, there is also a re-
ceptor-specific preference for certain nucleotides in the DR spacer, which is easily rationalized in view
of the crystallograhic data (see Table 1 and ref. [35]). See, in this respect, also the NGFI-B DNA com-
plex, which illustrates the binding of A- and T- box residues to the 5" minor groove of the NBRE (see
Table 2 and ref. [36]).

Steroid hormone receptor response elements

Steroid hormone receptors bind to 3 bp-spaced palindromic arrangements (3 bp-spaced inverted repeats;
generally termed IR3) of the prototypic recognition motif (see ref. [5] and refs. therein). The mutation
of a single nucleotide at position 4 in each motif from T to A (5’-PuGGTCA to 5’-PuGGACA) will con-
vert an estrogen (ERE) into a glucocorticoid response element (GRE). Note, however, that the classic
GRE is rather a 5’-PuGAACA, which corresponds to the mutation of two nucleotides.

Although progesterone (PR), androgen (AR), and mineralcorticoid (MR) receptors bind to GREs,
differences in their DNA-binding specificities have also been observed. A systematic mutational analy-
sis concluded that GRs and PRs may not distinguish individual target sites, but may use the whole of
the response element context differentially [37]. Notably, the chicken PR was shown to replace GR for
the activation of the endogenous tyrosine-amino transferase gene, a cognate GR target gene [38]. This
could suggest that in some cases, only the distinct expression profiles of some NRs and their ligands
suffice to generate specificity.

Response elements for retinoid, thyroid, vitamin D, and peroxisome proliferator-activated
receptors

For detailed discussion of this topic, the reader is referred to a number of extensive reviews [39-43];
please compare also the published crystal structure data on complexes between various NR DNA-bind-
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ing domains and the cognate DNA-response elements (Table 1 and Fig. 3). The characteristics of the
major response elements to which retinoid can potentially contribute, either as RAR-RXR heterodimer
or through RXR as the heterodimeric partner, are reviewed below.

Retinoid response elements

The classic retinoic acid response element (RARE), which was found in the P2 promoter of the RARP
gene and gives rise to the RARB2 mRNA, is a 5 bp-spaced direct repeat (generally referred to as DR5)
of the motif 5-PuGTTCA. In addition, response elements with a DR5 containing the motif
5’-PuGGTCA (also termed DR5G to distinguish it from the DR5T of the RAR[32 promoter) act as per-
fect RAREs [44-46] as well as direct 5’-PuGGTCA repeats spaced by 1 bp (DR1) or 2 bp (DR2).
RAR-RXR heterodimers bind to, and activate transcription from, these three types of RARESs, provided
target cells express both RARs and RXRs. DR1 elements bind, in addition to RAR-RXR heterodimers,
also RXR homodimers in vitro, and RXRs can transactivate in response to an RXR ligand target genes
containing DR1 elements. That DR1 elements can act as functional retinoid X receptor response ele-
ments (RXREs) in vivo is supported by their activity in yeast cells [47], in which any contribution of
endogenous RAR via heterodimerization with RXR can be excluded. However, no natural RXRE has
been found up to now. The only reported natural RXRE is a DR1-related element found in the rat
CRBPII promoter [48].

Thyroid hormone receptor response elements

The thyroid response element (TRE) consensus sequence is 5'-AGGTCA, as for RARs, RXRs, PPARs,
or VDRs. However, there is evidence for some differences in the natural response element repertoires
of these receptors. It has been shown, for example, that TRa is able to bind to both 5-AGGTCA and
5’-AGGACA motifs [49-51]. Such differences may lead to further specification by cooperative DNA
binding with other promoter-bound factors and could contribute to the ability of a given target gene to
preferentially respond to a particular signaling pathway.

Like other receptors, TRs are able to bind to a palindromic element (TREpal) [51-53]; but such
an element has not yet been found in cellular genes. Furthermore, this element confers no hormonal
specificity, since it can be recognized by a large number of other receptors. The most commonly found
TREs are either direct repeats (DRs) or everted repeats (ERs). Examples of direct repeat TREs are dis-
cussed in ref. [5].

On direct repeats, TRs have a strong preference for DR4, i.e., direct repeats spaced by four nu-
cleotides (for the corresponding crystal structure, see Table 1 and ref. [35]). Nevertheless, TRs are able
to bind to direct repeats with a spacing other than four, such as DR5 [54], DR2, or DRO [55]. TRs can
also bind to inverted palindromes with a preferred spacing of six nucleotides [56].

Vitamin D response elements

Only a few natural vitamin D response elements (VDREs) are known; several of them contain DR3 el-
ements. Studies with “optimized” synthetic response elements assembled from 5-PuGGTCA motifs
have confirmed that DR3 elements bind VDR-RXR heterodimers, and that the cognate ligands, vitamin
D, and 9C-RA, activate the corresponding promoters. The promoter of the human/rat osteocalcin gene
contains a complex VDRE with several possible combinations of the recognition motifs, including that
of a DR6. For more extensive discussion on vitamin D response elements and action see recent reviews
[57,58].

Peroxisome proliferator-activated receptor response elements

Natural peroxisome proliferator-activated receptor response elements (PPAREs), which have been
found in enzymes that catalyze the peroxisomal (3-oxidation and microsomal ®-hydroxylation in re-
sponse to peroxisome proliferators, usually contain (degenerate) DR1 elements, but more complex
PPARESs have been reported also (for reviews, see refs. [42,43,59,60]).
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Principles of DNA recognition by nuclear receptor DNA-binding domains

Homo- and heterodimerization

Nuclear receptors can bind their cognate response elements as monomers, homodimers, or heterodimers
with another family member (for reviews, see refs. [39,61]). Dimerization is a general mechanism to in-
crease binding site affinity, specificity, and diversity due to (i) cooperative DNA binding (an extreme
case of cooperative binding is the existence, in solution, of stable dimers), (ii) the lower frequency of
two hexamer binding motifs separated by a defined spacer compared to that of single hexamers, and
(iii) heterodimers that may have recognition sites distinct from those of homodimers.

Steroid hormone receptors bind generally as homodimers to their response elements, while
RARs, RXRs, TRs, and VDRs can homo- and/or heterodimerize. RXRs play a central role in these var-
ious signal transduction pathways, since they can both homodimerize and act as promiscuous hetero-
dimerization partner for RARs, TRs, VDRs and orphan receptors. Heterodimerization has a three-fold
effect: it leads to a novel response element repertoire, increases the efficiency of DNA binding relative
to the corresponding homodimers, and allows two signaling inputs, that of the ligands of RXR and its
partner. Crystal structures of DBD homo- and heterodimers have defined the surfaces involved in dimer-
ization (see ref. [61 and refs. therein, [62]). It is important to point out that the response element reper-
toire described above for receptor homo- and heterodimers is dictated by the DBD while LBDs stabi-
lizes the dimers, but do not contribute to response element selection.

Specificity of DNA recognition (P-box, D-box, T-box, A-box)

The DNA response element specificity (half-site sequence, spacing, and orientation) is generated by (i)
the recognition of the actual “core” or “half-site” motif and (ii) the dimerization characteristics (mono-,
homo- or heterodimerization; structure of the actual dimerization interface) of the receptor(s).

Identification of the residues involved in distinguishing the hexameric half-site motives of EREs
(5’-AGGTCA) and GREs (5-AGAACA) was done by a series of refined swapping experiments.
Initially, DBD swaps showed that specific half-site recognition depends on DBD identity [63], subse-
quently the N-terminal finger was found to differentiate between ERE and GRE recognition [64].
Finally, three studies identified two to three residues at the C-terminal “knuckle” of the N-terminal fin-
ger; commonly referred to as the P-box (proximal box; Fig. 3a), to be responsible for ERE vs. GRE
recognition [65-67].

A second region, the D-box (distal box; N-terminal “knuckle” of the C-terminal finger; see
Fig. 3b), was found to be involved in differentiating between the binding to a 3bp- (characteristic for
steroid receptor REs) and a 0 bp-spaced (one type of TRE) palindrome [67]. As was later confirmed by
the crystal structures of GR and ER DBDs, this region does indeed contribute to the DBD dimerization
interface.

Two other boxes have been described within the DBDs of heterodimerizing receptors, the A- and
the T-box (Fig. 3c). The A-box was originally described for NGFIB as the sequence responsible for the
recognition of two or three additional A nucleotides in the minor groove 5” of the hexameric core motif,
thus generating an NGFIB response element (NBRE; 5’-(A)AAAGGTCA) [68,69]. This A-box was
later found to play a similar role in heterodimers such are 5’-RXR-TR on DR4 elements, where it spec-
ifies to some extent the spacer 5" of TR and sets a minimal spacing by steric hindrance phenomena
[70,71]. Interestingly, in the 3D structure, the A-box presents as a helix contacting the minor groove and
modeling is in keeping with its role in setting a minimal distance between the half-sites [35].

The T-box was originally defined in RXRp (then H-2RIIBP) as a sequence required for dimer-
ization on a DR1 element [72]. Its role as a RXR homo- and heterodimerization surface has been sub-
sequently confirmed [70,71,73].

Three-dimensional structure of nuclear receptor DNA-binding domains
A significant amount of structural information has been accumulated during the past years, providing
information about the solution structure of the GR, ER, RAR and RXR DBDs. Moreover, the 3D crys-
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tal structures have been solved of the GR DBD homodimer bound to noncognate DNAs, the crystal
structure of ER DBD homodimer bound to consensus and nonconsensus natural EREs, the crystal struc-
ture of the RXR homodimer on a DR1 element and the TR-RXR DBD heterodimer bound to its cog-
nate DR4 element, the structures of the NGFIB-NBRE, RevErb-DR2, and RAR-RXR-DR1 complexes,
as well as the VDR homodimer on various response elements (for references to the original studies, see
Table 1 (PDB accession numbers) and refs. [5,61]).

The 3D structure of the ER DBD-ERE co-crystal is shown in Fig. 3a [74]. The structure consists
of a pair of amphipathic o helices packed at right angles and crossing near their midpoints. A zinc-bind-
ing pocket lies near the N-terminus of each of the two helices. Hydrophobic side chains form an ex-
tensive hydrophobic core between the two helices. The residues’ N-terminal to the first helix are folded
to form two loops. Hydrophobic residues at the tips of the two loops pack with hydrophobic residues in
the core between the two helices.

Two ER DBD molecules bind to adjacent major grooves from one side of the DNA double helix.
The protein makes extensive contacts to the phosphate backbone on one side, orienting the DBD such
that the recognition helix enters the major groove, allowing surface side chains to make sequence-spe-
cific contacts to the base pairs. Although ER or GR DBDs are monomers in solution, they bind coop-
eratively to the cognate response elements owing to the DNA-induced formation of a dimerization in-
terface which comprises also D-box residues. For further details, see the original publications [5].

STRUCTURE OF NUCLEAR RECEPTOR LIGAND-BINDING DOMAINS
Canonical fold of nuclear receptor ligand-binding domains

To date, the crystal structures of monomeric, homodimeric and heterodimeric NR LBDs in the presence
of agonists (holo form), antagonists, partial agonists, fragments of coactivators and corepressors, or in
the absence of bound hormone (apo form) have been described (Table 3). All these NR LBDs display
a common fold, as originally predicted [75], with 12 o-helices (H1 to H12) and one B-turn arranged as
an antiparallel o-helical “sandwich” in a three-layer structure (Fig. 4). Note that some variability exists;
for example, no helix H2 was found in RARY [76], while an additional short helix H2’ is present in
PPARY [77].

Mouse trap model

A comparison of the apo- and holo-LBD structures (Fig. 4) suggested a common mechanism by which
the activation function AF-2 becomes transcriptional competent: upon ligand binding, H11 is reposi-
tioned in the continuity of H10, and the concomitant swinging of H12 unleashes the Q-loop which flips
over underneath H6, carrying along the N-terminal part of H3. In its final position, HI2 seals as a “lid”
the ligand-binding cavity and further stabilizes ligand binding (in some, but not all NRs) by contribut-
ing additional ligand—protein interactions. It is a general and essential feature of the ligand “activation”
of NRs that the transconformation of H12, together with additional structural changes (such as bending
of helix H3), creates distinct surface(s) on the apo- and holo-LBD. The novel surfaces generated upon
agonist binding allow bona fide coactivators, such as the members of the SRC-1/TIF2 family, to bind
and recruit additional transcription factors (see below). Concomitantly, corepressor proteins, which bind
to a surface topologically related to that involved in coactivator interaction of the apo-LBD, dissociate
upon agonist, but not necessarily antagonist, binding (see below). Notably, as is discussed further below,
certain antagonists “force” H12 in a third position, distinct from the holo position whereby it impairs
coactivator binding.

For a given receptor, the equilibrium between the apo and holo (or apo and antagonist) confor-
mational states of a NR LBD can be affected through intramolecular interactions of H12, such as a salt
bridge (holo LBD of RARY [76]) or hydrophobic contacts (as suggested for apo-ER; [78]). This implies
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Unliganded i
Agonist-bound RAR (holo)

RXR (apo)

Antagonist-bound
ER LBD/ Grip1/TTF2 RAR
NR box 2

Fig. 4 Schematic illustration of the canonical 3D structures of NR LBDs. The canonical apo and holo structures of
NR LBDs are shown in (A) and (B), respectively. The holo structure allows interaction with the NR box of nuclear
receptor coactivators, such as TIF2/Gripl, SRC1, or RAC3/AIB1/ACTR (see text and reviews cited), as depicted
in (C). This NR box binding site is occupied by helix H12 in the antagonist-bound LBD illustrated in (D).

that the apo conformation is not necessarily the default state, so that some NRs may be constitutive ac-
tivators or repressors without possessing a cognate ligand. Moreover, an increase in coactivator con-
centration can generate a transcriptionally competent RAR under certain conditions [79] and the
apo-ER conformation may be destabilized by phosphorylation [78,80]. Thus, overexpression of coacti-
vators or receptor modification may generate ligand-independent receptors. Such scenarios could have
significant implications for endocrine cancer therapies.

Dimer interface

Recently, the first structures of heterodimeric LBDs have been solved. One comprises the RARo. LBD
bound to the o-selective antagonist BMS614 and the constitutively active [81] RXR mutant F318A,
which turned out to harbor an oleic acid-like ligand [82]. The other is the LBD of PPARY bound to
rosiglitazone or a synthetic ligand in a heterodimer with 9-cis RA-bound RXRa [83]. These structures
allowed for the first time to compare the homo- and heterodimerization interfaces of several NR ligand-
binding domains. In principle, the overall heterodimeric arrangement closely resembled that of homod-
imers of RXRa, ERa, and PPARY [77,84,85]. However, in contrast to the nearly perfect symmetric or-
ganization of homodimer interfaces, the heterodimer interfaces are slightly asymmetric. Subsequently,
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the heterodimeric interface is described based on the results obtained by Bourguet and colleagues [82]:
The interfaces comprises residues from helices H7, H9, H10, and H11, as well as loops L8-9 and L9-10.
Within the heterodimer, the two protomers do not equally contribute to the heterodimerization interface.
For example, RAR and RXR exhibit different patterns of contact areas, as helix H7 of RXR contributes
to the interface four times more surface area than its RAR counterpart. Inversely, the contribution of
RAR« loop L8-9 to the interface is three times higher than the one of the corresponding loop in
RXRoF318A. Recently, RXR homo- and heterodimerization has been separated by mutational analy-
sis (V. Vivat et al., 2003, Mol. Cell. Biol., in press).

Except for side chain rearrangements, the part of the RXR LBD involved in the heterodimeric in-
terface does not differ significantly from that of the RXRo apo-LBD homodimer. In both dimers, he-
lices H9 and H10 contribute to more than 75 % of the total surface and constitute the core of the dimer
interfaces. However, some differences in the relative involvement of some RXR structural elements to
the homo- or heterodimer interfaces are observed and originate from the nature of the interacting pro-
tomer. For example, in the heterodimer, helix H7 contributes twice as much surface area to the interface
than in the homodimer. This is due to the different structure of RAR loop L8-9, which makes more ex-
tensive contacts with H7 of RXR than its RXR counterpart in the homodimer. The buried surfaces are
larger for the RAR-RXR heterodimer (967 A2 per monomer). The smaller interface in RXR homo-
dimers (915 A? per monomer) suggests a weaker link between the promoters that could be related to
the promiscuous character of this NR. The moderate stability of RXR homodimeric association may fa-
cilitate heterodimerization.

When compared to RAR and RXR, the ERa LBD structural elements generating the dimeriza-
tion interface are identical. However, helices H8, H9, H10, and the loop L8-9 in ERa are longer and
make additional contacts. As a consequence, the buried surfaces are larger for the ERo. homodimer
(around 1700 A?), suggesting its higher dimerization affinity when compared to RXR dimers.

In contrast, the recent crystal structure of the GR LBD suggests a novel mode of receptor dimer-
ization [86]. This unique dimer configuration involves residues from the B-turn of strands 3 and 4, the
extended strand between helices H1 and H3 as well as the last residue of helix H5. Compared to the
dimerization surfaces observed in other NRs, formation of the GR homodimer buries only 623 AZ of
solvent accessible surface, probably reflecting its weaker dimerization affinity (Kd = 1.5 uM).

Ligand-binding pocket

In all crystal structures presently available, the ligand is embedded within the protein with no clear ac-
cessible entry or exit site. PPARY seems to be the only exception to that rule, since a potential access
cleft to the LBP was observed between helix 3 and the B-turn, which could be of sufficient size to allow
entry of small ligands without major adaptation. For all other receptors of known structure, significant
conformational changes are necessary to generate potential entry sites. The mouse trap model provides
an easy solution to the problem: The mobility of H12 opens a channel by removing the “lid” from the
ligand pocket.

The ligand-binding pockets are lined with mostly hydrophobic residues. Few polar residues at the
deep end of the pocket near the B-turn act as anchoring points for the ligand or play an essential role in
the correct positioning and enforce the selectivity of the pocket. Most NRs contain a conserved arginine
attached to helix HS, which points into this part of the cavity. These anchoring residues, conserved
within a given subfamily, are indicative of the polar group characteristics of each family of ligands (i.e.,
carboxylate for retinoids and ketones for steroids).

In the case of retinoid receptors, it is the ligand that adapts to a fairly rigid ligand-binding pocket
[87]. The ligand-binding pockets of some other NRs are significantly larger and use precise anchoring
points for their ligands; in such cases, it is possible to generate ligands, which owing to additional con-
tacts, have higher binding affinities that the natural ligands and may even act as “superagonists”. In this
context, the recent structure of the human nuclear xenobiotic receptor PXR (NR112) is interesting, be-
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cause it helps to understand how the ligand-binding pocket of this receptor can accommodate such di-
verse ligands as dexamethasone, RU486, rifampicin, taxol, and others [88]. In contrast to other NRs,
PXR contains a small number of polar residues distributed throughout its large hydrophobic ligand-
binding pocket. These unique features allows PXR to bind a diverse set of chemicals containing polar
groups capable of hydrogen bonding and to act as chemical sensor.

MOLECULAR MECHANISMS OF TRANSCRIPTIONAL REGULATION

The expression of a given gene can be regulated at several different levels (transcription, translation or
RNA processing, posttranslation) and also transcription itself has multiple levels at which regulation
might occur. The transcriptional activity of a gene can be controlled epigenetically via methylation, at
the level of its chromatin structure and at the level of the assembly and activity of the initiating and elon-
gating polymerase-complexes. The reported effects of NRs on transcription are so far restricted to the
initiation of transcription by RNA polymerase II. Below, we will summarize our current knowledge
about the molecular mechanisms/interactions through which NRs can positively or negatively regulate
the expression of cognate genes. For further details and references, see recent reviews [§89—100].

Most nuclear receptors contain at least two independent activation functions, AF-1
and AF-2

Nuclear receptors contain at least two distinct regions, termed activation functions AF-1 and AF-2
(Fig. 2), which, when tethered to a (heterologous) DBD, will transactivate transcription from response
elements recognized by this DBD. In the context of the wild-type receptor, both AF-1 and AF-2 become
active in response to the ligand, but AF-1 can act constitutively in fusion proteins with heterologous
DBDs. AF-2 remains ligand-dependent even in such fusion proteins. Within AF-2, at the C-terminal
boundary of the LBD, an autonomous constitutively active transactivation function (AF-2 AD) has been
identified whose integrity is crucial for AF-2, as mutations in AF-2 AD abolish AF-2 activity structure.
This AF-2 AD encompasses in helix H12 in the 3D structure of NR LBDs (see above). Note, however,
that the constitutive activity of AF-2 AD is very weak compared with the full ligand-induced activity
of AF-2.

Within the AF-1-containing A/B region, shorter regions have been described to display constitu-
tive activation function. In the case of the human PR isoforms, the additional N-terminal sequence,
which is unique to the larger (“form B”’) isoform, was found to be able to squelch and to display an au-
tonomous transactivation activity on its own together with the homologous, but not with a heterologous,
DNA-binding domain (for more information and original refs. see ref. [5]).

Several NRs exist as isoforms. As was originally shown for the PR forms A and B, both isoforms
exhibit different promoter specificities. For a more detailed discussion on this topic, see the recent re-
view by Conneely and colleagues [101], and for a discussion of the differential antagonist action of the
two isoforms and the relevance to endocrine cancer therapy see the corresponding reviews from the
Horwitz laboratory [102,103]. Note that the additional N-terminal sequence of PR B may have a pecu-
liar structure [104]. A later study showed that isoform-specific transcription activation is not confined
to PR, but can be observed also with the RARs [105].

It is important to point out that the activation functions of NRs act in both promoter context- and
cell-specific fashion, as was best documented for ERs and RARs [20,105]. This selectivity may origi-
nate from cooperative/synergism with other promoter-bound transcription factors and/or the cell-spe-
cific expression of TIFs/coactivators (see below and Topic 1.3).
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Chromatin-modifying nuclear receptor coregulators

Coactivators and HATs

So-called squelching [106] experiments paved the way to predict the existence of factors that would
transmit the signal generated by the holo-receptor to the transcription machineries. Squelching occurs
if a receptor inhibits the activity “off the DNA” of the same (“autosquelching”, [19]) or a different
(“heterosquelching”, [107,108]) receptor in an agonist- and AF-2 integrity-dependent manner. These
squelching data were interpreted as the result of sequestering, by either excess of the same, or addition
of another ligand-activated receptor, of so-called transcription intermediary factors (TIFs) that mediate
the action of the activation/repression functions of NRs and are limiting constituents of the machiner-
ies required for transcription initiation. This concept predicted the existence of TIFs that are shared be-
tween, and are critically involved in, the action of different receptors. Indeed, the subsequent cloning
and characterization of TIFs, also known as coactivators and corepressors, has fully justified this con-
cept. According to the squelching studies, bona fide coactivators were predicted to fullfill the following
criteria: (i) interact directly with NR LBDs in an agonist- and activation function-dependent manner,
(i1) enhance NR-dependent reporter gene activity when transiently expressed in mammalian cells, (iii)
activate transcription autonomously when tethered to DNA via a heterologous DBD, and (iv) relieve
squelching. The development of yeast “two hybrid” and direct cDNA expression library screening ap-
proaches has allowed to identify a great number of putative and bona fide of coactivators, corepressors,
and other coregulators that are believed to transmit the NR signal to its molecular targets.

The cloning of coregulators was followed by the definition of the coactivator signature LxxLL NR
box (where x is any amino acid) motifs embedded in a short o-helical peptide [109—-111]. These NR
boxes are necessary and sufficient for ligand-dependent direct interaction with a cognate surface in the
NR LBD that constitutes the transcriptional activation function AF-2.

Recently, a second contact site for coactivators has been identified in NRs. Proteins from the TIF2
family are able to interact specifically with the A/B domains of estrogen and androgen receptors
[114-118]. These interactions result in a stimulation of the transcriptional activity originating form
AF-1. Moreover, it appears that simultaneous interaction of coactivators with both the AF-1 and the
AF-2 of an NR accounts for the synergy between both transcriptional activation functions [119,120].
The structural features of the A/B domains that are recognized by the coactivator have not yet been de-
fined.

The identification of specific NR coactivators has prompted the question of how they function on
a molecular level in transcription. To this end, several observations have been made. It is now generally
accepted that NR coactivators possess or recruit enzymatic activities, and that they form large coacti-
vator complexes. CBP, p300, P/CAF, SRC-1, P/CIP, and GCNS are reported to act as histone acetyl-
transferases. They are capable of acetylating specific residues in the N-terminal tails of different his-
tones, a process that is believed to play an important role in the opening of chromatin during
transcription activation, and also nonhistone targets. Note, however, that the HAT activity of SRC-1 and
P/CIP, if real, is negligible compared to that of p300 or CBP. Thus, p160 coactivators may rather recruit
such activities by physical association with histone acetyl transferases, such as CBP or p300, or with
complexes containing such activities. Specifically, the activation domain AD1 of TIF2 has been demon-
strated to function via the recruitment of cointegrator CBP [79], which apparently in turn acetylates
TIF2 [121]. Besides HAT activities, also other enzymatic activities have been attributed to NR coacti-
vator complexes. TIF2 proteins are able of interacting functionally via their activation domain AD-2
with a protein methyltransferase [122], via N-terminal region(s) with PIAS proteins that act as SUMO-
ligases [123,124], and other factors [125,126]. The roles of these various interactions in epigentic gene
regulation are being actively investigated.

In conclusion, bona fide coactivators (i.e., members of the TIF2/SRC-1/RAC3 family), together
with the CBP/p300 cointegrators function by rendering the chromatin environment of an NR target gene
prone to transcription. This opening of the chromatin environment is achieved by intrinsic or recruited
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HAT activity. The HAT activities of different coactivators/coactivator complexes targets (i) the N-ter-
mini of histones, which have reduced DNA-binding activity upon acetylation, (ii) certain basal tran-
scription factors, and (iii) at least some bona fide coactivators themselves. The chromatin modification
step represents the first of at least two distinct steps in transcription activation by NRs (see Fig. 5 for an
illustration of the “derepression” and further below for the second step).

Structural basis of coactivator binding to nuclear receptors

Biochemical [127,128] and structural [77,129,130] studies clearly demonstrated that the holo confor-
mation of NR LBDs harbors an “active” surface that is able to recognize and dock a short o-helix pres-
ent in the NR interacting domain (NID) of coactivators. This o-helix contains a LxxLL motif (with L
being a leucine residue and x any amino acid), called nuclear receptor box (NR box) by Le Douarin and
colleagues [109], and is present in several copies in the NID of coactivators [109,110,131]. The NR in-
teraction surface is composed of a static part involving the C-terminal half of helix H3, helix H4, and
the loop L3-4 connecting them, and of a mobile part corresponding to the activation helix H12. All to-
gether, these structural elements define a hydrophobic groove that can accommodate the coactivator NR
boxes. The NR—coactivator interaction is mediated by the leucine residues of the NR box motif, which
pack on the hydrophobic cleft but also by two conserved residues of the receptor (a lysine and a glu-
tamic acid residues in helices H3 and H12, respectively) which are hydrogen-bonded to two main-chain
carbonyl groups of the helical NR box. This “charge clamp” further stabilizes the interaction and strictly
defines the length of the helix that can be docked into the NR recognition groove. Furthermore, bio-
chemical experiments suggest that nonconserved residues adjacent to the LxxLL motif of coactivators
make additional contacts with the NR LBD and may determine the specificity of NR—coactivator inter-
action [129,131].

Nuclear receptor corepressors, silencing, and HDACs

The second class of NR coregulators comprises the corepressors. Early on, it was shown that some NRs
do actively repress transcription when in the apo form. This phenomenon had been particularly well es-
tablished for retinoic acid and thyroid hormone receptors. Soon after the identification of ligand-re-
cruited coactivators, similar approaches identified proteins that recognize the ligand-free NR. To date,
several different NR corepressors have been identified; by far, most studies have been performed with
NCoR and SMRT. For these two, it was shown recently that a conserved CoRNR box motif interacts
with a surface on the ligand-binding domain which is topologically very similar to that recognized by
coactivator LXXLL motifs, but does not involve helix H12 [132—135]. Corepressors are believed to re-
side in, or recruit, high-molecular-weight complexes that display the opposite activity of coactivator
complexes. While coactivator complexes acetylate histones, thereby weakening the interaction of the
N-terminal histone tails with the nucleosomal DNA, corepressors recruit histone deacetylase activities
that reverse this process (illustrated in Fig. 5 as the “repression” step). Deacetylated histones are asso-
ciated with silent regions of the genome, and it is generally accepted that histone acetylation and
deacetylation shuffle nucleosomal targets between condensed and relaxed chromatin, the latter being
requisite for transcriptional activation. An unresolved issue is whether all NRs are able of active re-
pression. In concert with this observation, recent evidence has been presented that some steroid hor-
mone receptors also bind to corepresssors in presence of certain antagonists [136—138].

Given this high number of different coregulators for NRs, two principal questions emerge: (i)
what defines coactivator selectivity, and (ii) how is the assembly of different coactivator complexes with
different intrinsic transcription activities regulated? Future research will have to address such questions,
especially also in view of the therapeutic perspectives in disease.

Structural basis of corepressor binding to nuclear receptors

It has been proposed that corepressors interact with RAR and TR LBDs in a region encompassing helix
H1 since mutation of residues Ala223, His224, and Thr227 in the so-called CoR box of TRf abrogated
the recruitment of N-CoR [139,140]. However, examination of this portion of NR LBD structures re-
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Fig. 5 Hypothetical 3-step mechanism leading to transcriptional activation by NRs. Some NRs act as silencers of
target gene transcription in the absence of ligand (or in the presence of certain antagonists). This “repression” step
is due to the recruitment by the apo-NR of a corepressor complex that exerts HDAC activity. Ligand binding
dissociates this complex and recruits the coactivator complex that displays HAT activity. The subsequent chromatin
decondensation (“derepression”) is believed to be necessary, but not sufficient, for target gene activation. At the
third step, the HAT complex dissociates, possibly due to acetylation of the coactivator which decreases its ability
to interact with the receptor, and the SMCC/DRIP/TRAP complex is assembled through its TRAP220/DRIP205
subunit. The SMCC complex is able to establish contacts with the basal transcription machinery, resulting in
transcription. Note however, that it has been proposed that for some receptors pl60 coactivator-mediated
transactivation can occur without contribution of SMCC factors [112] initiation. This illustration is modified from
ref. [113]. Note that the involvement of ATP-dependent chromatin remodeling machineries in NR actions is not
considered in this cartoon.

veals that these residues cannot be part of a corepressor interacting surface. Indeed, they are engaged in
intramolecular interactions with other structural elements (H3, HS,...) and are not solvent exposed. Most
probably, these mutations destabilize the positioning of helix H1, which in turn can affect the structural
stability of other parts of the LBD. Another possibility is that the opposite face of helix H1 contains
residues important for corepressor binding. However, residues at the surface of helix H1 are not con-
served among NRs that were shown to interact with SMRT and N-CoR. Therefore, helix H1 is proba-
bly not the major anchoring point of corepressors on NRs. Recent correlative analyses of biochemical
data and sequences provided evidence that coactivator and corepressor recruitment share similar mo-
lecular basis. Evaluating corepressor binding to mutants in the coactivator binding site of TRo, Hu and
Lazar (1999) demonstrated that mutations that impared activation and coactivator recruitment, also de-
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creased repression and corepressor binding, indicating that corepressors N-CoR and SMRT bind to a
NR surface topologically related to that involved in coactivator interaction. Mapping of NR determi-
nants of N-CoR binding using a series of mutations introduced into TR indicated that the groove
formed by residues from helices H3 and H4 corresponds to the primary corepressor binding site, but
that H11 or H12 are not involved [133,134]. Using a similar approach, a parallel study was reported on
the interaction between N-CoR and the orphan NRs Rev-erbA/RVR that are known to funtion as tran-
scriptional silencers. In that particular case, the LBD interacting surface with corepressors would en-
compass H3-H4 and H11, which was correlated to the fact that Rev-erbA/RVR lack the C-terminal ac-
tivation helix H12 [141]. The C-terminus of SMRT and N-CoR contain a region interacting with NRs
composed of two independent interacting subdomains ID1 and ID2 [142,143]. Examination of the two
interaction domains ID1 and ID2 in SMRT and N-CoR revealed sequences (CoRNR box 1 and CoRNR
box 2 by analogy with NR boxes of coactivators) similar but not identical to the LxxLL motif of coac-
tivators, which were also predicted to adopt an amphipathic helical conformation [132—-134]. Chimaeric
CoRNR box peptides were designed to show that although the consensus hydrophobic core ®xxP® is
necessary and sufficient for corepressor binding, sequences flanking the CoRNR box strengthen the in-
teraction and determine NR specificity. In addition, within a corepressor, the two CoRNR boxes are not
equivalent. CORNR box 1 interacts almost exclusively with RAR/TR, and CoRNR box 2 binds to both
heterodimer partners. Perissi and coworkers further extended the analogy with the helical coactivator
LxxLL motifs. They proposed a model in which the CoRNR box motif would fold into a significantly
longer LxxI/HIxxxI/L helix when compared to the coactivator LxxLL NR box motif [134]. In the ab-
sence of agonists, the CoORNR box helix could interact with the H3-H4 hydrophobic groove displayed
by apo-receptors. However, in the presence of an agonist, the repositing of the activation helix H12 in
its active (holo) conformation would prevent this interaction. Indeed, in contrast to the unliganded NR
case, the length of the helix that can be accommodated by the H12-containing groove is strictly defined
by the presence of the charge clamp that specifically recognizes helices of the NR box type [77]. In this
respect, the recent crystal structure of a ternary complex containing the PPARoc LBD bound to the an-
tagonist GW6471 and a SMRT corepressor motif [135] confirms that the corepressor fragment adopts
a three-turn helix that binds into the groove which also serves as the coactivator-binding site.

Recruitment of the RNA polymerase Il holoenzyme

The initial chromatin-modifying step carried out by NR coactivators (see above) has to be followed by
the actual recruitment of the RNA polymerase II holoenzyme and initiation of transcription (illustrated
in Fig. 5 as the “transcription activation” step). Comprehension of the recruitment of the polymerase 11
holoenzyme by NRs has only become at reach through the identification and cloning of the mammalian
mediator complex as a thyroid hormone and vitamin D receptor coactivator [144—146]. The mammalian
mediator came in several flavors. It was identified as the so-called SMCC, the Srb and Mediator pro-
tein containing complex [147], the TRAP complex, a thyroid hormone receptor associated protein com-
plex [144], or the DRIP complex, a vitamin D receptor interacting protein complex [145]. Furthermore,
common subunits are shared with PC2, the so-called positive coactivator 2 [148], the ARC [149], CRSP
[150] and NAT [151] complexes. Hereafter, this complex is referred to as “SMCC”. It is a large multi-
subunit protein complex that contains several homologs of the yeast mediator complex (RGR1, MED6,
MED7, SRB7, SRB10, SRB11, NUT2, SOHI [146,147]) as well as additional proteins of unknown
function. As expected for a mediator complex, SMCC associates with the RNA polymerase II to form
RNA pol IT holoenzymes [146]. On the other hand, the SMCC complex is able to interact functionally
with different transcription factors such as p53 and VP16 [146]. Furthermore, due to its identification
as a thyroid hormone and vitamin D receptor-interacting complex it is believed to function as NR co-
activator. This notion is supported by the demonstration that SMCC can enhance thyroid hormone and
vitamin D transcription activation in in vitro transcription systems [145,152,153]. The subunit of the
complex that is responsible for interaction with the agonist-bound LBD of NRs was identified as
DRIP205 [154], which is identical to TRAP220 and contains a functional LxxLLLL NR box motif [155].
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Interestingly, another subunit of the SMCC complex, DRIP150, interacts with the N-terminal region of
the glucocorticoid receptor, which harbors the activation function AF-1 [156]. The current working hy-
pothesis is that once the chromatin environment at target gene promoters has been decondensed by
coactivator complexes containing members of the TIF2 and CBP families, the NR recruits RNA pol 11
holoenzymes via its association with the TRAP220/DRIP205 subunit of the SMCC. This switch be-
tween coactivators and the SMCC complex might be regulated by the acetylation of coactivators within
the HAT complex [121], resulting in their dissociation from the NR, thus allowing the recruitment of
factors such as SMCC via the LxxLL motif of the TRAP220/DRIP205 subunit.

The recruitment of the RNA polymerase II holoenzyme might also be enhanced by interactions
of NRs with components of the SWI/SNF complex, which is part of RNA pol II holoenzymes.

Whether these various complexes are all necessary for a particular receptor-regulated gene pro-
gram and, if so in which order, and with which stoichiometry they operate, if they act tissue, receptor,
and ligand-selective, if they preexist, or get assembled by signaling events, are all questions that are
being actively investigated.

STRUCTURAL BASIS OF LIGAND ACTION
Ligand selectivity

As shown in the cases of RARy and TR, the shape of the ligand-binding pocket matches that of the
ligand. The accordance of shape and volume maximize the number of mostly hydrophobic contacts,
thus contributing to the stability of the complex and the selectivity of the pocket for the cognate ligand.

RAR possesses an interesting LBD, since it can bind equally well two chemically different lig-
ands: all-trans retinoic acid and its 9-cis isomer. Crystallographic analysis [87] of the two ligands in the
RARYLBD showed that both adapt conformationally to the LBP that acts as matrix. Moreover, the con-
formation of a RARY-selective agonist was also shown to closely match that of the natural ligands in
their bound state [87]. The adaptation of ligands to the protein leads to an optimal number of interac-
tions for binding and selectivity, and justifies modeling approaches for ligand design.

For steroid receptors, the LBP volume is significantly larger than that of the corresponding lig-
ands, and the rigidity of the ligand does not allow adaptability. Therefore, selectivity cannot be driven
by multiple hydrophobic contacts, which could anyway not suffice to discriminate between small struc-
turally similar ligands. In this case, specific key interactions are more important. Note that very large
LBP volumes allow for the binding multiple ligands of different stereochemistry such as in the case of
PPAR [77], often at the expense of lower binding affinities.

A structure-based sequence alignment revealed that only three residues diverged in the LBPs of
RARa, B, and v, leading to the prediction that these divergent residues were critically involved in dif-
ferentiating between isotype-selective retinoids [76]. Indeed, swapping of these residues confirmed this
hypothesis [157]. Moreover, swapping of these residues not only mediated isotype-selective binding,
but also the agonistic/antagonistic response of a cognate ligand onto any other RAR isotype, thus em-
phasizing the importance of these three residues in triggering the ligand-induced transcriptional re-
sponse.

Antagonist action

To define or understand the agonistic/antagonistic features of a ligand, the following aspects have to be
considered/elucidated: Ligands may positively or negatively interfere with receptor activities at various
levels. In the case of steroid hormone receptors, they may affect: (i) the stability of the so-called het-
ero-oligomeric 8S complex, which is proposed to exist in hormonally naive cells and comprises, in ad-
dition to steroid receptors, the Hsp90 heat-shock protein and additional associated factors (note that cer-
tain receptors, such as TR and RAR, do not for complexes with Hsp90); (ii) the homo- or
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heterodimerization ability of the receptor; and (iii) its interaction with the cognate DNA response ele-
ment.

Nuclear receptors harbor two activation functions (AF-1 and AF-2). These activation functions
operate in a cell-type and promoter environment-dependent fashion. Thus, a given antagonist may an-
tagonize only one or both AFs, and an AF-2 antagonist can act as an AF-1 agonist.

While the structural basis of AF-1 activity is still unknown, AF-2s correspond to agonist-induced
surfaces that can interact with coactivators. Conversely, nonliganded receptors express a surface(s) that
can accommodate corepressors. A given ligand may more or less precisely generate these surfaces and
lead to different coregulator recruitment efficiencies. Thus, “superagonists” may enhance coactivator
binding more efficiently than the natural ligand, while “inverse agonists” may stabilize the
receptor—corepressor complex.

Ligands may act at various levels in the sequence of events that leads to transcriptional activation
or silencing. Theoretically, the same ligand may stimulate the recruitment of SMCC, but not of the HAT
complex. Indeed, initial evidence for the existence of ligands that differently affect HAT and SMCC
subunit recruitment has been provided [154].

Several types of antagonists

Multiple aspects that have to be considered when analyzing the mechanism of action of an antagonist
or when the aim is to design an antagonist with certain characteristics. Below we will discuss first some
general principles originating from structural studies and then discuss particular mechanisms and indi-
vidual antagonists. Note that some analyses have to be considered in the context of the experimental
setting because some receptor activities, such as DNA-binding, can be ligand-independent in vitro, but
are ligand-dependent in vivo (for an example, see refs. [158,159]). Therefore, some of the results/cate-
gories described below may have to be reconsidered as more in vivo data accumulate.

Structural basis of AF-2 antagonists: Steric hindrance by the ligand precludes holo position
of H12

Agonists are ligands that lock the receptor in the active conformation. In contrast, antagonists should
be viewed as molecules that prevent NRs to adopt this conformation. Helix H12 is a crucial component
of the NR LBDs, because its ligand-induced repositioning in the holo NR contributes in a critical man-
ner to the surface recognized by the LxxLLL NR boxes of coactivators and thereby generates a tran-
scriptional active AF-2 domain. The original structures of apo- and holo-LBDs (Fig. 4) revealed the lig-
and-induced conformational changes and suggested that the interactions between H12 or residues in its
proximity and the ligand was critical for the control of agonist-antagonist properties of NRs [75,76,84].
The crystal structures of the ERo. LBD complexes with raloxifen and tamoxifen or the RARo. LBD with
BMS614 confirmed this hypothesis and showed an alternative stable antagonist “position” for H12
(compare Fig. 4b), nested between H4 and H3 [82,85,130]. Apparently, steric hindrance upon binding
of the bulkier ligands (compared with the agonists) prevents the proper positioning of H12 in its “ago-
nistic” site.

In the antagonist conformation, a most important feature is the lengthening of the loop L11-12,
resulting from the unwinding of the C-terminus of helix H11. This enables helix H12 to adopt a second
low-energy position by binding to the coactivator LxxLL recognition cleft. In contrast to agonists,
which stabilize a long H11 helical conformation, different ligand—receptor interactions at the level of
H11 and of the surrounding regions (loop L6-7 and H3) most likely explain the antagonist-induced un-
winding of the C-terminal part of this helix. Note that these structural features are found in all antago-
nist-bound LBD complexes crystallized so far. Hence, it appears that the action described above of pure
AF-2 antagonists originates from at least two structural principles. The main feature is the presence of
a large “antagonistic” ligand extension that sterically prevents helix H12 to adopt the holo position.
Without a holo-H12, no LBD-coactivator interface can be formed. The second structural principle is the
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unwinding of helix H11, which allows H12 to bind to the binding groove of coactivator NR box LxxLL
motifs. Thus, the second feature of antagonism is the competition between H12 and the NR boxes of
coactivators for a common LBD surface.

However, there are additional structural principles of antagonism: In a recent report, Pike and col-
leagues [160] determined the structure of ERf3 LBD in complex with the pure antagonist ICI 164,384.
In this case, the ligand completely abolishes the association between the transactivation helix H12 and
any part of the LBD. The lack of a stabilized interacting surface containing a holo H12 prevents the
binding of a coactivator to the NR LBD, and thus accounts for the “complete” antagonism.

Structural basis accounting for full and partial AF-2 agonistic activity of a ligand
In addition to complete antagonists of the AF-2 function (e.g., raloxifen or tamoxifen for ER; BMS614
for RAR; see above), AF-2 partial agonists/antagonists (Table 3) have been crystallized with the corre-
sponding receptors. In contrast to complete AF-2 antagonists, where there was a clear correlation be-
tween H12 positioning in the coactivator cleft (also referred to as “antagonist groove”), two crystal
structures have been described in which there is an apparent discrepancy between the orientation of the
AF-2 helix and the biological activity of the corresponding ligand. The ERP/genistein and
RXRoF318A/oleic acid LBD structures (for refs., see Table 3) show that H12 can adopt the antagonist
conformation even though the corresponding ligand elicits a weak but clear transcriptional AF-2 activ-
ity. A likely explanation for the discrepancy between the antagonist location of H12 and the transcrip-
tional activity of these complexes is that these ligands display some, but not all, features of pure AF-2
agonists or antagonists. They can thus be classified as partial AF-2 agonists/antagonists. A major dif-
ference between pure and partial antagonists lies in their steric properties. In contrast to full antagonists,
genistein and oleic acid do not bear a bulky extension. Thus, they do not sterically preclude the agonist
position of H12 and are in this respect similar to agonists. However, they induce unwinding of helix
H11, which permits the positioning of helix H12 in the antagonist groove; in this respect, these ligands
are similar to antagonists. The structure of PPARY bound to the mixed agonist-antagonist GW0072 sug-
gests that an additional mechanism might account for the particular biological properties of such lig-
ands [161]. In this case, the partial activity of the ligand is attributed to a poor stabilization of the holo
position of H12 as a result of a lack of contact between the ligand and the AF-2 helix. In the presence
of such mixed ligands, the equilibrium between the agonist holo position of H12 and its antagonist po-
sition in the coactivator binding groove is likely to depend on the intracellular concentration of coacti-
vators and corepressors, and these ligands may act as either AF-2 agonists or antagonists depending on
the cellular context.

A novel mode of antagonism was recently suggested by the resolution of the crystal structures of
ERa and B in complex with THC (5, 11-cis-diethyl-5, 6, 11, 12-tetrahydrochrysene-2, 8-diol). In-
terestingly, THC acts as an ERa agonist and as an ER[} antagonist. Structure comparison of the two lig-
and-receptor complexes reveals that THC, which lacks the bulky side chain of pure antagonists, antag-
onizes ERP by stabilizing the conformation of several residue side chain from helix H11 and loop
L11-12 in such a way that they do not create the proper hydrophobic binding surface for the holo helix
H12 [162].

Inverse agonists: Stabilization of corepressor interaction

Whereas unliganded steroid hormone receptors do not appear to interact strongly with SMRT and
N-CoR, it has been proposed that some antagonists enhance significantly this interaction [136,138,163].
Moreover, it appears that corepressors interact with steroid receptors occupied by partial antagonists,
but not with receptors bound to pure antisteroids. Also, some RAR antagonists reinforce corepressor
binding to RAR and enhance silencing [164,165]. The structural basis of this stabilization remains to
be established. However, such ligands have to induce an alternative position for H12, which does not
occlude the hydrophobic groove formed by H3 and H4. Thus, the AF-2 helix may be inhibitory for full
corepressor binding, and its deletion or displacement by some antagonists can potentiate the interaction.
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In this respect, the antagonist GW6471 binding to PPAR reinforces the corepressor interaction [135].
In contrast to other antagonist-bound NR structures, the AF-2 helix undergoes a rigid body shift toward
the N-terminus of helix H3 and is loosely packed against this helix. The third helical turn in the core-
pressor motif occupies the space that is left by the repositioning of helix H12 and prevents this helix
from adopting its agonist-bound conformation.

RXR SUBORDINATION IN HETERODIMERS

Many NRs use RXR promiscuously as heterodimerization partner. In contrast to homodimerization,
heterodimerization allows, in principle, fine-tuning of NR action by using combinatorial sets of ligands.
However, whereas RAR agonists can autonomously activate transcription through RAR-RXR hetero-
dimers, RXR is unable to respond to RXR-selective agonists in the absence of a RAR ligand.
Consequently, RXR-selective ligands on their own could not trigger RXR-RAR heterodimer-mediated
RA-induced events in various cell systems [159,166,167]. Similarly, RXR cannot autonomously re-
spond to its ligand in the corresponding TR and VDR heterodimers, unless those heterodimeric partners
are liganded. This phenomenon, referred to as RXR “subordination” or “silencing”, may be of utmost
biological importance because it avoids confusion between retinoic acid, thyroid hormone, and vitamin
D3 signaling pathways. RXR subordination is, however, not due to an inability of the RXR partner to
bind its cognate ligand in DNA-bound heterodimers, as has been suggested [168], as RXR ligand bind-
ing has been demonstrated to occur in such complexes [158,169-172]. Several studies investigated
whether coregulator interactions could account for the inability of RXR to respond to its agonists.
Recently, it has been reported that RXR can bind its ligand and recruit coactivators in heterodimer with
apoRAR. However, in the usual cellular environment, corepressors do not dissociate and thus compete
with coactivators for binding [164]. Corepressor binding to RAR prevents liganded RXR in the context
of the holoRXR/apoRAR heterodimer from assembling a transcription-inducing competent complex.
Consequently, the only way for RXR to modulate transactivation in response to its ligand in RXR-RAR
heterodimers is through synergy with RAR ligands. This synergy results from increased interaction ef-
ficiency of a single coactivator molecule with the heterodimer and requires two intact receptor-binding
surfaces on the coactivator. Cooperative TIF2 binding was also observed with some RAR antagonists
[164]. Together with such RAR antagonists, pure rexinoid agonists can activate transcription of en-
dogenous target genes [159,164]. All these observations do not support the concept that RXR is a pri-
ori a transcriptionally “silent” partner in RAR-RXR heterodimers [168,173].

RXR subordination may not apply to all NR partners, as the ligand-induced RXR activity was
permissive in heterodimers with FXR, LXR, PPAR, or NGFI-B [173-175]. However, neither the exis-
tence of an endogenous NGFI-B ligand nor a weak constitutive activity of the NGFI-B AF-2 can be ex-
cluded; both these scenarios would readily explain RXR activity and NGFI-B-RXR synergy due to the
absence of RXR silencing.

POSTTRANSLATIONAL MODIFICATION BY PHOSPHORYLATION

NRs can be subjected to various posttraductional modifications such as phosphorylation, ubiquitylation,
or acetylation [176,177], which act in concert to coordinate NR-mediated transcription [178]. Among
these modifications, phosphorylation has been more extensively studied than the others and is increas-
ingly recognized as a signaling cross-talk that affects most if not all NRs. Phosphorylation can modify
all major domains of NRs, the N-terminal activation function (AF-1), the LBDs and DBDs (Fig. 2).
Phosphorylation of NRs by kinases that are associated with general transcription factors (e.g., cdk7
within TFIIH), or are activated in response to a variety of signals (MAPKs, Akt, PKA, PKC), often fa-
cilitates the recruitment of coactivators, or of components of the transcription machinery, and therefore,
cooperates with the ligand to enhance transcription activation. But phosphorylation can also contribute
to termination of the ligand response through inducing DNA dissociation or NR degradation or through
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decreasing ligand affinity. These different modes of regulation reveal an unexpected complexity of the
dynamics of NR-mediated transcription. Finally, as phosphorylation can occur in the absence of the lig-
and, deregulation of NR phosphorylation in certain diseases or cancers may lead to apparently ligand-
independent activities.

Phosphorylation targets mainly two nuclear receptor activation functions and the
DNA-binding domain

The majority of the NR-phosphorylated residues lie within the N-terminal A/B region. For PRs, phos-
phorylation of this region is rather complex, with more than 13 phosphorylation sites. For RARs or
PPARs, region A/B phosphorylation concerns only one or two residues. In VDRs, this region is appar-
ently not phosphorylated, probably due to its short size. Most of the modified residues are serines sur-
rounded by prolines and therefore correspond to consensus sites for proline-dependent kinases, which
include cyclin-dependent kinases (CDKs) [179,180] and MAP kinases [181-183]. Among these sites,
many are phosphorylated by CDKs, either “constitutively” (i.e., in the absence of ligand) or in response
to the hormone [184]. MAPKSs can hormone-independently phosphorylate other sites in response to a
variety of signals, such as growth factors, stress, or cytokines. Several serine kinase cascade pathways
lead to activation of MAP kinases (Erks, JNKs, p38MAPK) that can enter the nucleus and phosphory-
late NRs. Accordingly, the AF-1 function of PR [185], ERa [22,186], ER3 [187,188], AR [189], PPARs
[190,191], RARY [192,193] have been reported to be substrates for p42/p44 or p38 MAPKSs, while that
of RXRo is targeted by JNKs [194,195].

The N-terminal A/B region also contains consensus phosphorylation sites for the so-called kinase
Akt or PKB [196], which plays an important role in cell survival and proliferation. Akt is regulated pos-
itively by the phosphoinositol 3-kinase (PI3K) pathway and negatively by a variety of downstream ki-
nases. Upon translocation into the nucleus, it can phosphorylate NRs, such as ERo. [197] and AR [198]
in their N-terminal A/B region.

In addition to the N-terminal domain, the LBD of NRs is also a target for ligand-independent
phosphorylation, involving the same proline-dependent kinases as above. Thus, RXRa can be targeted
by stress kinases (JNKs) [194,195]. However, other kinases, such as tyrosine kinases, may phosphory-
late ERo [199] and RXRa [195] or PKA for RARs [200,201].

Finally, NRs can be phosphorylated in their DBD. Phosphorylation of this domain involves either
PKA in the case of ERo [202] or PKC for RARa [203] and VDR [204].

Nuclear receptor phosphorylation by cdks

When bound at their response elements, liganded NRs recruit the transcription machinery, including the
general transcription factors. One of them is TFIIH, a multiprotein complex mediating transcription ac-
tivation and nucleotide excision repair [205]. Several NRs, such as ERa. [206,207], RARo [208], RARYy
[209], and AR [210], have been reported to interact with TFIIH. Notably, the interaction of ERa with
TFIIH involves the same surface as that required for the recruitment of coactivators [206] and, there-
fore, depends on the conformational changes induced by the ligand. In contrast, RARs interact with
TFIIH through an alternative surface(s) that is not modified by the ligand [209].

TFIIH is composed of nine subunits, one of them, cdk7, having a cyclin-dependent kinase activ-
ity. As a consequence of their interaction with TFIIH, ERo. and RARs have been shown to be phos-
phorylated in their N-terminal A/B region by cdk7 within TFIIH. This phosphorylation process plays a
critical role in receptor-dependent transcription activation, because cells from patients bearing muta-
tions in the XPD subunit of TFIIH, which results in an incorrect positioning of the cdk7 kinase relative
to its substrate, have hypophosphorylated RARs that diplay a decreased ligand response [211]. As the
serine residues targeted by cdk7 lie within surfaces that interact with transcription factors, their phos-
phorylation would help the recruiment of coactivators and thus would increase the efficiency of chro-
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matin derepression. It could also facilitate the recruitment of components of the transcription machin-
ery and therefore stabilize the formation of the NR transcription complex.

The critical role of NR phosphorylation by cdk7 has been further dissected in the case of RARY,
by using F9 cells which represent a cell-autonomous system for analyzing retinoid signaling (for re-
view, see ref. [212]). In these cells, the retinoid-induced events (primitive endodermal differentiation,
growth arrest, and the activation of expression of a number of genes) are transduced by RARY/RXR
heterodimers. Consequently, the various RA responses are abolished in RARY null cells. By reexpress-
ing in these RARY null cells, RARY mutated at the cdk7 phosphorylation sites located in the A/B re-
gion, it has been demonstrated that the integrity of these phosphorylation sites is indispensible to the
activation of certain RA target genes and for RA-induced F9 cell differentiation [213].

Regulation of nuclear receptor-mediated transcription through phosphorylation

Positive regulation of nuclear receptor transactivation

NRs are substrates for a multitude of kinases activated by a variety of signals, independently of the lig-
and. For several NRs, phosphorylation of the N-terminal A/B region by MAPKs (Erks, p38MAPK,
JNKSs) or Akt facilitates the recruitment of coactivators and, thus, transcription activation.

Supportive evidence for a link between phosphorylation by MAPKs and NR-mediated transcrip-
tion is the recent finding that the N-terminal AF-1 domain of RARY can be phosphorylated by
p38MAPK [192]. Importantly, this event, which is induced by RA, was found to be also a signal for
RARY ubiquitylation [214]. Moreover, mutations that block phosphorylation and/or ubiquitylation re-
sult in defects in the activation of RA target genes controlled by RARY [192]. It is tempting to specu-
late that phosphorylation by p38MAPK positively modulates the transcriptional properties of RARY
through the recruitment of the ubiquitylation machinery. However, phosphorylation-dependent ubiqui-
tylation also targets RARY for degradation by the 26S proteasome [192]. Thus, the modulable equilib-
rium between transactivation and degradation may represent an efficient mechanism to simultaneously
activate RARY to initiate transcription and tag it for subsequent degradation by the proteasome in a step
that attenuates transcription.

Also, phosphorylation of the AF-2 domain can modulate the transcription factor properties of
NRs. Phosphorylation by Src kinases of ERa. at tyrosine 537 which is close to helix 12, enhances ERo
function [215]. Phosphorylation of RARa by PKA at serine 369 also modulates positively the tran-
scriptional activity of the receptor [201]. Phosphorylation by PKA also modulates the parietal endoderm
differentiation of F9 cells which occurs subsequently to primitive endodermal differentiation when RA
is combined with cAMP and which involves RAR®/RXR heterodimers. Accordingly, upon reexpress-
ing in RAR« null F9 cells the same receptor mutated at the PKA phosphorylation site, parietal differ-
entiation is delayed [216].

Phosphorylation of nuclear receptor coregulators

The cross-talk between NRs and signal transduction pathways involves not only the phosphorylation of
NRs, but also that of their coactivators and corepressors; SRC-1 [217], TIF2 [218], PGC-1 [219], AIB1
[220], and p300/CBP [221,222] are themselves targets for a variety of kinases. Phosphorylation may
enhance their interaction with NRs, efficiency to recruit HAT complexes and/or enzymatic activity. In
contrast, phosphorylation of corepressors such as SMRT subsequently to the activation of MAPKs cas-
cades, correlates with an inhibition of their interaction with NRs and their redistribution from the nu-
cleus to the cytoplasm [223].

Negative regulation of nuclear receptor transactivation by phosphorylation

Phosphorylation events can also inactivate NRs, possibly to switch off their activity. PKC-dependent
phosphorylation of VDRs at the DBD inhibits transcription activation most likely by facilitating pro-
moter escape [204]. Inhibition of the transcriptional activity of other NRs such as ERo and RARo, also
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occurs subsequently to phosphorylation of residues located within the DBD dimerization surface, by
PKA [202] or PKC [203], respectively.

NUCLEAR RECEPTORS: PLATFORMS FOR MULTIPLE SIGNAL INTEGRATION

It has become increasingly well documented in the past few years that NR action is not confined to the
positive and negative regulation of the expression of cognate target genes. Indeed, these receptors, and
most likely also their “downstream” mediators, are targets of other signaling pathways and reciprocally,
can modify the activity of such pathways. The best known examples of such a signal transduction
“cross-talk” is the mutual repression of NR and AP1 (c-Fos/c-Jun) activities. A distinct type of cross-
talk is the modification of NR AF activity by phosphorylation, e.g., by the MAP kinase pathway. The
existence of signal transduction “cross-talks” is likely to reflect the integration of NR action in the con-
text of the functional state of the cell in which it is expressed. The importance of signal transduction
“cross-talk” in “real life” was recently impressively demonstrated by the observation that GR null mice
die at birth, whereas mice harboring a GR mutant (GRdim/dim) that can still cross-talk with AP1 but not
activate target genes with consensus GR response elements are viable [17]. A particular interesting issue
is the possibility to generate NR ligands that can “dissociate” such response element-dependent and
cross-talk-dependent gene programming, thus giving rise to the hope of generating ligands with reduced
side effects [224].

Signal transduction cross-talk between nuclear receptors and AP1

In addition to transactivation of their own target genes, certain NRs were shown to cross-talk with other
signal transduction pathways. The original observation was made in 1990 when it was observed that GR
could inhibit, in a ligand-dependent manner, the ability of AP1 (the heterodimer composed of the proto-
oncogene products c-Fos and c-Jun) to transactivate its target gene promoters [225-227]. This trans-
repression is mutual and requires an unknown state of the receptor, which can be induced by both ago-
nists and certain, but not all, antagonists. It is important to point out that the nuclear receptor-AP1
cross-talk does not per se imply negative regulation of transcription; several reports show that under cer-
tain conditions this cross-talk can lead to positive transcriptional effects [228-230].

The mechanism(s) on nuclear receptor-AP1 cross-talk has remained elusive despite, or because
of, several contradictory reports and discrepancies between studies using in vivo and in vitro ap-
proaches. For example, the original proposal that AP1 and GR form DNA-abortive complexes (derived
from in vitro evidence obtained in gel retardation experiments) appears to represent an in vitro artefact,
as in vivo footprinting did not support this concept. Controversially discussed are studies proposing that
sequestration of the coactivator CBP (or its homolog p300), which function as mediator of the tran-
scriptional activities of both AP1 and NRs, accounts for the cross-talk phenomenon as transrepression
could be relieved when CBP was overexpressed in cells with limiting endogenous levels of this protein
[231]. Several other studies, however, have shown that this mechanism can at best only partially account
for the observed phenomena [232]. In particular, the use of synthetic ligands that dissociate trans-
repression from coactivator recruitment to NRs argue against the involvement of coactivators, since it
was shown that antagonists can still transrepress AP1 activity [233]. A second mechanism that has been
proposed is based on the observation that estrogen receptors are capable of down-regulating the activ-
ity of Jun-kinase, leading to reduced AP1 activity [234]. Thirdly, NR-mediated effects on the dimer-
ization of the AP1 subunits have been observed [235]. Still, further analysis is required to understand
the contribution of these various mechanisms to the receptor-AP1 cross-talk. A fourth mechanism pro-
posed to be involved in AP1 nuclear receptor cross-talk is direct physical contact between both factors
when bound to so-called composite elements on a promoter [230]. Composite elements are thought to
recruit both, AP1 proteins and NRs, bringing them into close physical contact. Depending on the nature
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of such response elements, and the activity of the participating proteins, steric effects might lead to dif-
ferential regulation. It is currently not clear whether this mechanism applies only to promoters that carry
composite elements or is of more general significance.

In addition to GR, mutual interference observed between the transcriptional activities of AP1 and
RARs and RXRs, ER, TR/v-ErbA, PML-RARo0., while MR appears to be insensitive to AP1. In addi-
tion, interference between the transactivation abilities of NRs and other transcription factors has been
reported. For reviews and references to original work, see refs. [224,236,237].

NFkB and nuclear receptor cross-talk

The second-best-studied example of transcription factor cross-talk is the mutual interference between
GRs and NFxB proteins. This pathway is again of significant importance, since it may also contribute
to the anti-inflammative, as well as osteoporotic action of glucocorticoids. Albeit some have suggested
that glucocorticoid action can be attributed to the increased production of the NFxB inhibitory mole-
cule IxB, which in turn would sequester active NFxB in the cell nucleus [238], studies with mutant re-
ceptors and “dissociated” glucocorticoids showing IkB-independent repression of NFkB activity are in-
compatible with a simple IxB-mediated mechanism [239]. The underlying molecular events are still
elusive, but may be related to those discussed above for the AP1 cross-talk. Note that as in the case of
AP1 [233], squelching of limiting amounts of CBP, which also coactivates NFxB, is unlikely to be in-
volved [240] and GR ligands that dissociate transactivation from transrepression still induce transcrip-
tional interference with NFxB signaling [239]. For another NR, PPAR, a positive cross-talk with NFxB
signaling pathways due to PPAR response element-independent IxB induction has been observed re-
cently [241].

Other transcription factors that are cross-regulated in their activities by NRs are Oct 2A, RelA
(another NFxB family member), STATS, and Spi-1/PU.1 (for references to original work, see ref.
[237]).

DEREGULATION IN DISEASE AND NOVEL THERAPEUTIC TARGETS

Given the major impact of NR signaling on animal physiology, it is no surprise to find aberrant NR
function at the basis of multiple pathologies. Indeed, synthetic agonists and antagonists have been de-
veloped and are in clinical use for endocrine therapies of cancer as well as hormone replacement ther-
apies in osteoporosis. Thiazolidinediones (TZDs), known as insulin “sensitizers” in the treatment of
noninsulin-dependent diabetes, have been recognized as PPARY agonists some time ago, and the recent
establishment of a link between human type 2 diabetes and PPARY mutation has proven that PPARY
malfunction can lead to severe insulin resistance, diabetes mellitus, and hypertension [242].
Considering in addition the success story of retinoids in the therapy of acute promyelocytic leukemia
[243,244] and the promise of cancer therapy and prevention by NR-derived drugs [245-247], it be-
comes clear that the NR family is of outstanding importance for both diagnosis and drug design. But
this is likely to represent only the top of the iceberg, and novel types of NR-based drugs are expected
to be developed based on our increasing knowledge on the structural and molecular details of NR and
ligand function, and the elucidation of the signaling pathways involved in (patho)physiological events.

Nuclear receptor-associated diseases

Nuclear receptors have a major role on human health and disease. Indeed, if their alteration causes
pathological syndroms their activity contributes to therapy via agonist or antagonist drugs. Several ob-
servations have shown that deregulation of the NR genes leads to specific human diseases. For exam-
ple, mutations of TR have been associated with the syndrome of resistance to thyroid hormone char-
acterized by reduced thyroid hormone action in the presence of high levels of TSH, T3, and T4. Most
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commonly, these mutations—located in the LBD of the TRB—reduce its affinity for thyroid hormones,
interfere with the function of the wild-type TR, and impair interaction with cofactors involved in TR
action. Affected patients present delayed bone maturation, heart abnormalities, hearing defects, and
mental retardation [248-254].

Also, RARs have been associated with several diseases, among which cancer is one of the most
important. The prototype of cancer that always involves RARo gene translocation is acute promyelo-
cytic leukemia (APL) [244,245,255-257]. In the vast majority of cases, the origin of APL, according to
the French-American-British classification a M3 type of acute myeloid leukemia (AML FAB-M3 or
AML3), is a t(15;17)(22; q11.2-12) chromosomal translocation that fuses the PML (promyelocytic
leukemia gene) and RAR« genes. In rare cases, alternate chromosomal translocations generate RAR«.
fusion proteins in which PML is replaced with PLZF [t(11; 17)(q23; q21)], NUMA PLZF
[t(11; 17)(ql13; q21)], NPM PLZF [t(5; 17)(q32; q21)], or STAT5b [258]. In contrast to wild-type
RARa, only pharmacological doses of ATRA can dissociate the HDAC-containing corepressor com-
plex from PML-RARo. PLZF-RAR binds corepressors through both the apo-RARo and PLZF moi-
eties and ATRA cannot release HDACs. Consequently, PLZF-RAR« remains a transcriptional repres-
sor in the presence of ATRA. However, high concentrations of HDAC inhibitor (HDACi) convert also
PLZF-RAR« into an activator of the retinoic acid signaling pathway [259-261]. PML-RARa. exhibits
different oligomerization characteristics than RARa and essentially acts as a dominant silencing tran-
scription factor that represses transcription activation mediated by the RAR-RXR heterodimer, which
can still originate from the intact RARa allele. PML-RAR« interacts with PML and causes nuclear
body (NB) disintegration and aberrant localization of PML(-RAR) and other NB constituents. The
consequence of the formation of PML-RARa is a block of differentiation at the promyelocytic stage. It
is reasonable to assume that the altered functionality of PML in the fusion protein, such as its pro-apop-
togenic activity, adds to the growth potential of APL blasts, while HDAC-dependent silencing of “nor-
mal” retinoid signaling during myelopoiesis causes the differentiation block.

The molecular analysis of NR action and APL explain also the basis of the retinoid therapy:
ATRA, RARo agonists, or RAR agonists/antagonists in synergy with rexinoid agonists [159], bind to
the PML-RARo LBD, resulting in allosteric transconformation [262] that dissociates the corepressor
complex from the LBD. This event relieves the HDAC-dependent block of differentiation and through
association of coactivator complexes, triggers the transcriptional regulation of cognate gene programs
normally controlled by the RAR0-RXR heterodimer. An exciting observation is originated from the re-
cent analysis of the gene programs induced by ATRA in APL cells. In addition to the induction of anti-
apoptotic and survival programs, ATRA induces postmaturation apoptosis through the induction of
TRAIL [263], a tumor-selective death ligand [264], as well as caspase 8/10 that mediate TRAIL action
through the cognate DRS receptor.

NR deregulation is also linked with human metabolic disease. The PPARs have been implicated
in dyslipidemia, diabetes, obesity, atherosclerosis, and inflammation control, and more recently their
role in cancer has been suggested [59]. A mutation of the human PPARY in the MAP kinase target se-
quence of the A/B region has been described in obese patients, while two mutations that destabilize
helix H12 have been found in the LBD of PPARY in patients with diabetes mellitus, insulin resistance,
and hypertension [242,265,266]. Furthermore, a common polymorphism of PPARY, Prol2 changed to
Ala, has been associated with a decreased risk of type 2 diabetes [267]. The observation that the LBD
of the human PPARY gene was inactivated by point mutations or frame shifts in cases of sporadic colon
cancer leads to the proposal that PPARY is a tumor suppressor gene, and this is in accordance with its
antiproliferative effect [268]. These results suggest that PPARY ligands may have a potential as anti-
cancer agents.

Also, VDR mutations have been linked to human pathology because they were found in hypocal-
cemic patients [269,270]. Interestingly, a link between VDR gene polymorphism and hyperpara-
thyroidism has been reported [271].
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Several studies have addressed the impact of ER mutations on cancer and osteoporosis. A patient
that exhibited severe osteoporosis, cardiovascular alterations, with normal genitalia and sperm density,
was found to have estrogen insensitivity due to homozygous mutation in the exon 2 of the ERa gene,
resulting in a premature stop codon [272]. A large number of studies have shown that ERs can regulate
genes implicated in the control of normal and tumoral cell growth. Epidemiological studies suggest that
estrogens and ERs are critical in breast cancer etiology. Mutated, truncated, alternatively spliced ver-
sions of ERa have been detected in hormone-resistant breast cancer samples, but the precise role of
these events in pathogenesis is still unclear [273]. As ER target gene, PR expression is a routine marker
for endocrine therapy responsivity and prognosis of breast cancer.

Up to 200 different naturally occurring mutations of the AR gene have been described (see
<http://ww2.mcgill.ca/androgendb/>). Mutations found in androgen insensitivity syndrome are located
in DBDs and LBDs of the receptor causing androgen insensitivity due to alterations of DNA-binding
or impaired ligand-binding activity. Both prostate cancer and spinal/bulbar muscular atrophy have been
linked to variation in the number of Gln residues found in the polyglutamine repeat which normally
contains 16-39 residues. Expansion of the repeat to 40-65 residues leads to spinal/bulbar muscular at-
rophy, whereas reduction in the number of repeats confers a higher risk for prostate cancer [274,275].
Furthermore, the amplification of AR is implicated in the androgen resistance of prostate tumors, al-
though other mechanisms have been suggested. Recently, it was shown that two mutations in the LBD
of AR allow this gene product to function as a high-affinity GR and reduce its ability to bind androgens
[276,277].

Finally, the generalized inherited glucocorticoid resistance or familial glucocorticoid resistance
(FGR) is associated with alterations of GR. These patients have mutations or deletions in the GR and
exhibit high levels of circulating corticoids. For example, a single amino acid substitution in the GR
LBD resulted in reduced binding affinity for glucocorticoids [278], while altered splicing of exon 6 led
to FGR in a female patient presenting with hirsutism, menstrual abnormalities, and acne due to
ACTH-induced hyper-secretion of androgens [279]. Further information can be found at the gluco-
corticoid receptor resource (<http://biochem1.basic-sci.georgetown.edu/grr/grr.html>).

Novel perspectives for nuclear receptor-based therapies

In addition to the well-established endocrine therapies of breast and prostate cancers, and to the more
recent differentiation therapy of acute promyelocytic leukemia by retinoids, novel synthetic NR ligands
are of considerable interest for the therapy and prevention of different types of cancers [246,247]. The
development of novel types of NR ligands is facilitated by recent pharmacological and chemical devel-
opments, such as (i) combinatorial chemistry, computer-assisted ligand docking based on LBD crystal
structure and ultra-high-throughput screening with NR-based reporter systems, (ii) the possibility to
dissociate NR-associated functions such as transactivation and cross-talk with other signaling pathways,
and (iii) the possibility to generate receptor and receptor isotype-selective ligands.

Nuclear receptor coactivators and cancer

It is tempting to speculate that coactivators are not entirely promiscuous in their choice of NRs. For ex-
ample, only AIB1/RAC3 is found to be amplified in breast cancer cells while the expression level of the
other two family members remains constant, reflecting estrogen receptor specificity [280]. Furthermore,
in some types of acute myeloid leukemia (AML), a chromosomal translocation specifically fuses a
monocytic zinc finger protein of unknown function (MOZ) to the C-terminus of TIF2 and not any of
the other two TIF2 family members [281-283], again reflecting a bias toward one specific coactivator.
Interestingly, the observation has been made that overexpression of coactivators of the TIF2/AIB1 fam-
ily can lead in some systems to ligand-independent activity under certain conditions [79]. This suggests
that transcriptional mediators may possibly be involved in the origin and/or progression of proliferative
diseases and may become novel pharmacological targets. Indeed, mutations of the CBP gene have been
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implicated in the cause of Rubinstein-Taybi syndrome, and alterations of the p300 gene were found as-
sociated with gastric and colorectal carcinomas. Based on these various data, it is tempting to speculate
that alterations in the cellular abundance of coregulators, or altered substrate specificity of the associ-
ated enzymatic functions may lead to pathological states.

Nuclear receptor phosphorylation and cancer

Several lines of evidence indicate that NR phosphorylation plays a crucial role in the development of
certain cancers such as breast, ovarian, and prostate cancers. In most of these tumors, the MAPK and
Akt kinase pathways exert increased activity, due to amplification of receptor protein-tyrosine kinases
(RPTKSs) [284] such as HER-2/neu [285] or deregulated activity of cytoplasmic protein-tyrosine kinases
(c-Src, c-Abl, or ber-Abl). This has been correlated with a ligand-independent transactivation of estro-
gen and androgen receptors [286]. Evidence is accumulating that this effect results from ligand-inde-
pendent phosphorylation of the AF-1 domain of AR and ER by the disregulated MAPKSs or Akt (see
above). Phosphorylation would create receptors that activate transcription independently of the ligand.
Such “outlaw” receptors would account for estrogen- or androgen-independent growth of prostate and
breast cancer cells and for the failure of androgen ablation or tamoxifen therapy.

Toward novel types of synthetic nuclear receptor ligands for therapy

Synthetic ligands of NRs are classified as agonist and antagonist with respect to a particular receptor-
associated function [224]. This discrimination is not always obvious, since a particular ligand might an-
tagonize some activities while functioning as agonist for other activities. Examples are the ERo antag-
onists hydroxytamoxifen and ICI164.384. Hydroxytamoxifen antagonizes the activation function AF-2,
but it acts as agonist for AF-1, whereas ICI164.384 in turn antagonizes both AF-1 and AF-2 [20].
Similarly, certain retinoid receptor antagonist are agonists for AP1 repression [233]. It is, therefore, im-
portant to consider, where possible, the molecular basis of the anticipated action of an NR to increase
drug efficacy and limit side effects. If the molecular mechanism is unknown, it may be wise to use
screening paradigms that consider the multiple dimensions of receptor activities.

Another twist to the classification of synthetic NR ligands results from the availability of isotype-
specific ligands. These compounds affect one isotype of NR, but not another. The interspecies conser-
vation of retinoid receptor isoforms, together with results obtained with isotype selective retinoids and
gene ablation studies, have established that each of the three retinoic acid receptor genes has a cognate
spectrum of functions [15]. Given the pharmacological potential of retinoids, the development of iso-
type-specific ligands has attracted much attention. Today, a wealth of synthetic retinoids exist, which
display either isotype specificity or act as mixed agonists/antagonists for the three retinoic acid recep-
tors [157]. Some of these retinoids were found to display cell specificity, and their pharmacological po-
tential is currently investigated. RXR-specific ligands are also being developed, which is of particular
interest in view of the role of retinoid X receptor as the promiscuous heterodimerization partner in a
number of signaling pathways (see also “RXR subordination”). A recent report suggests that RXR lig-
ands may stimulate insulin action in noninsulin-dependent diabetes [287] through a PPARYy-RXR
heterodimer that is responsive to thiazolidinediones. It is thus conceivable that pathway-specific RXR
ligands can be generated.

CONCLUSIONS

Nuclear receptors are ligand-regulated transcription factors that have evolved from an ancestral orphan
receptor into a highly diverse family present throughout the entire animal kingdom and encompassing
receptors for steroid and nonsteroid hormones, vitamins, corticoids, and metabolic intermediates. These
receptors signal through endocrine, paracrine, autocrine, and intracrine modes of action to regulate mul-
tiple aspects of animal physiology, such as homeostasis, development, and reproduction. They regulate
target genes that they either bind directly as mono-, homo- or heterodimers at cognate response ele-
ments, and have the ability to indirectly modulate other gene expression programs (“signal transduction
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cross-talks™). Through the coordinated expression of genetic programs, NRs contribute to cell fate-de-
termining processes, thereby shaping and sustaining the organism. The inducing signal- binding of the
ligand induces a major allosteric change in the LBD, which is transformed into cascades of protein-pro-
tein recognition paradigms inducing coregulator and cointegrator proteins.

Direct transcriptional repression in the absence of ligand or the presence of certain antagonists by
some NRs is mediated by corepressor complexes that are associated with the unliganded receptor and
condense the chromatin environment at the promoter region through histone deacetylation.
Corepressors interact by virtue of their CORNR boxes with nonliganded NRs. Upon ligand binding, the
allosteric change in the LBD induces corepressor dissociation, and coactivator complexes are recruited.
Bona fide coactivators recognize the active NR LBD (AF-2) via conserved LxxLL NR boxes and often
the N-terminal activation function AF-1. The NR boxes of coactivators and CoRNR boxes of corepres-
sor bind to topologically similar sites in the LBD, but the surfaces are entirely distinct due to the ago-
nist-induced conformational changes. In particular, the holo-H12 is required for coactivator, but in-
compatible with corepressor binding. Coactivator complexes reverse the repressive effects of chromatin
by specific histone acetylation, and allow access of the basal transcription machinery. In a subsequent
step, the mammalian SMCC mediator is recruited to the NR and possibly stabilizes the formation of the
preinitiation complex at target gene promoters. SMCC recruitment might be regulated by the acetyla-
tion and subsequent dissociations of TIF2 family members allowing thus SMCC-receptor association.

Despite their direct actions on the chromatin environment and the transcription machinery, NRs
also regulate transcription by positive and negative interference with other signaling pathways.
Different mechanisms for such transcription factor cross-talk have been described, but none of them is
fully accepted and can explain all aspects of the particular cross-talk. The activity of NRs is regulated
by phosphorylation that may serve to fine-tune the signaling and/or to establish a link to other signal-
ing pathway. Finally, the promoter context, and the temporal order of incoming signals on a particular
promoter have the likelihood of adjusting the transcriptional potential of NRs to particular situations.
Taken together, NRs serve as platforms to coordinate cognate signals with those emanating from other
signaling pathways, thereby integrating the NR signal into the functional context of cellular state and
activity.

Nuclear receptors and their coregulators have been implicated in several diseases. Their role as
key regulatory molecules in a wide variety of signaling pathways qualifies them as novel pharmaco-
logical targets. The ongoing improvement of synthetic NR ligands with altered specificity is likely to
improve therapy and reduce side effects.

Future research on NRs still has to answer important questions. What are the constituents of the
genetic programs that are governed by a given NR? How are the NR signals matched and complemented
with other signaling cascades? What are the precise molecular events leading to the variety of tran-
scriptional effects exerted by NRs? Once these questions have been addressed adequately, specific in-
terference into these immensely complex systems might lead to the successful control and reprogram-
ming of an organism’s physiology and pathology. Understanding of NR-controlled transcription will
shed light on the general and signaling pathway-selective control of gene expression. In this respect, the
use of gene arrays together with the information derived from the genome sequencing will certainly
have enormous impact.
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