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Abstract. Nuclear receptors (NRs), which include
those for steroid and thyroid hormones as well as
retinoids, are encoded by a large gene superfamily
that has evolved to regulate nearly every facet of
metazoan life, from development to basic metabolism.
This article reviews the conservation in structure and
function of distinct receptors across different species
and attempts to draw conclusions as to the evolution
of this gene superfamily. Although sequences related
to NRs can be found in plants and yeast, gene se-
quence analyses suggest that the NR ancestor(s) first
appeared in the early metazoans and subsequently di-
versified into the six receptor sub-families, which were
already recognisable at the time of the Arthropoda-
Chordata split over 700 million years ago. At the time

when a primitive NR emerged, the basic components of
the transcription regulatory machinery, which are con-
served from yeast to vertebrates, were already in place
and the ancestral NR must have evolved with the ability
to communicate with them. The first such NRs likely
acted as monomers and in a ligand-independent fash-
ion. As members of the NR superfamily acquired the
ability to hetero- and homodimerise, and to bind and be
regulated by ligands, the functional complexity of the
NR superfamily increased. This exponentially increas-
ing complexity subsequently provided a potential driv-
ing force for evolution of higher organisms by
supplying a sophisticated regulatory gene network that
could control complex physiological processes during
development and in adult organisms.
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Introduction and diverse biological roles of the
superfamily

Regulation of gene expression at the transcriptional
level is an essential component of important cellular
and developmental processes such as growth, differen-
tiation and lineage commitment. In this respect, the
concerted action of cell-type-specific transcription fac-
tors, which bind to the DNA elements (response ele-
ments) located in the regulatory regions (such as
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promoters and/or enhancers) of specific genes and ei-
ther inhibit or stimulate the rate of transcription ini-
tiation by RNA polymerase, is of extreme importance.
Nuclear receptors (NRs), such as those for steroids,
thyroid hormones and retinoic acid are soluble
proteins that can bind as dimers to specific DNA reg-
ulatory elements (hormone response elements or
HREs) and act as cell-type- and promoter-specific
transcription factors. In contrast to other transcription
factors, however, their activities can be modulated
through binding of the corresponding hydrophobic
ligands.
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In general, NRs act as homo- or heterodimers by bind-
ing two HREs consisting of two copies of a PuGGTCA
core sequence arranged as inverted (palindromes), ev-
erted or direct repeats [1, 2]. A small number of NRs
have been characterised, which bind as monomers to a
single half-site. For receptors that act as heterodimers,
the retinoid X receptor (RXR), that binds 9-cis-retinoic
acid, appears to be a common partner with specificity of
response element recognition for different heterodimers
being dictated by differential spacing between the two
directly repeated core sequences. Although most HREs
for RXR heterodimers follow the so-called 1-5 rule
[3—5], a number of exceptions have been noted in the
past [6, 7]. Steroid receptors bind as homodimers to
palindromic response elements with a spacing of three
nucleotides. In addition to forming a variety of het-
erodimers, the RXR also appears able to act as a
homodimer, but on direct repeats spaced by one nucle-
otide [8]. A few examples of thyroid hormone receptor
(TR), and vitamin D; receptor (VDR) homodimers
binding to everted repeats have been described [9, 10].
Recent studies on mechanisms of NR action suggest
that these molecules can act both as transcriptional
repressors and activators and that, in the case of most
ligand-binding receptors, the ligand acts as a switch
from repressing to activating activity. Constitutively
active receptor (CARf) is a good example where the
unliganded factor activates transcription and binding of
a ligand (adrostane metabolites) renders it a repressor
[11]. Recently, a number of co-activators have been
characterised [12, 13]. Proteins of the steroid receptor
co-activator (SRC), or transcription intermediary factor
(TIF) family and CREB-binding protein (CBP) have
been shown to interact in a ligand-dependent manner
with a number of NRs, including retinoic acid receptors
(RARs), and to stimulate their activities [14—19]. SRC-
1 and CBP proteins possess intrinsic histone acetyl-
transferase activities [20, 21]. Recent data have
demonstrated that an RNA transcript, termed the
steroid receptor RNA activator (SRA), can also act as a
co-activator and is present in NR complexes along with
SRC-1 [22]. In the absence of ligands, some NRs, such
as TRs and RARs, remain associated with the nuclear
receptor co-repressors, negative co-regulator (N-CoR)
[23] or the silencing mediator for retinoid and thyroid
hormone receptors (SMRT), [24], and repress basal
transcription. Both N-CoR [25, 26] and SMRT [27]
associate with the mammalian homologues (mSin3A
and mSin3B) of the yeast global transcriptional repres-
sor SIN3 [28-30] and histone deacetylase [31], and are
thought to repress transcription through histone
deacetylation, rendering the nearby chromatin inacces-
sible to transcriptional activators and/or basal tran-
scription factors.

Origins of the nuclear receptor superfamily

Thus far, accumulated sequencing data from a variety
of organisms suggest that the NRs are exclusive to the
metazoan kingdom. From early metazoans, throughout
the course of evolution, NRs have been incorporated by
different organisms to bind distinct ligands and regulate
various physiological processes. Our knowledge of the
molecular mechanisms of NR action is derived, to a
large extent, from the early studies of the glucocorticoid
and oestrogen receptors (GRs and ERs), which were the
first members of this superfamily to be cloned nearly 15
years ago. Nevertheless, despite their important place in
the history of discoveries relating to NRs, steroid hor-
mone receptors such as GR and ER represent merely a
well-studied specialised branch rather than an archetype
for the superfamily [1]. Despite the fact that GR and
other steroid receptors play a number of important
physiological roles in mammals and other vertebrates,
their homologues so far have not been detected in
invertebrates. Although many non-steroid receptors,
such as RAR, RXR, fushi tarazu factor 1 (FTZ-F1),
chicken ovalbumin upstream promoter-transcription
factor (COUP-TF) and hepatocyte nuclear factor 4
(HNF4), appear to have been highly conserved through
evolution, their developmental roles have been adapted
to different extents by distinct metazoans. For example,
arthropods deficient in HNF4 show developmental de-
fects in the midgut and Malpighian tubules, while in the
mouse, the lack of HNF4 causes lethality with defects in
gastrulation and mesoderm formation. These findings
may suggest that the mammalian HNF4 has been
utilised to perform an earlier, and/or perhaps a more
critical, function in development than its arthropod
homologue [reviewed in ref. 32].

Ecdysteroids and juvenile hormones, which are NR
ligands, control both the moulting and metamorphic
stages of the arthropod life cycle [33]. During the onset
of Drosophila metamorphosis, ecdysone regulates ex-
pression of at least seven members of the NR superfam-
ily [34, 35]. One of these nuclear receptors, DHR3,
appears to function as the ‘switch’ that defines the
transition from late larva to prepupa, while another NR
called E75b modulates the timing of this process [34,
36]. On the basis of such observations, Truman and
Riddiford [33] proposed that through their mediation of
ecdysone and juvenile hormone action, NRs are respon-
sible for the evolution of insect metamorphosis. Inter-
estingly, in vertebrates where ecdysone is not a ligand,
orthologues (direct descendants of an ancestral gene,
after speciation) of DHR3 and E75 are represented by
orphan receptors RORo and rev-erb, respectively,
which have been incorporated into completely different
signalling pathways [32, 37]. Likewise, the Drosophila
ultraspiracle protein (USP), which is encoded by the
RXR orthologue, has adapted to bind varying forms of
juvenile hormone [38]. USP heterodimerises with the
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ecdysone receptor (EcR) to control insect metamorpho-
sis, while the RXR heterodimerises with RAR to medi-
ate the regulatory effects of all-trans retinoic acid on
vertebrate development.

Oestrogen and progesterone, whose activities are medi-
ated via their respective receptors, ER and PR, are best
known for their roles in mammalian reproduction, yet
this may not have been the first role for these receptors.
Baker [39] speculated that the origin of the ER was in
the development and regulation of the nervous system.
This notion may be supported by the role of oestrogen
in the control and differentiation of species-specific be-
haviour and endocrine homeostasis in birds, with ER
expression differing in the brain of songbirds and non-
songbirds [40]. The origin of oestrogen synthesis is also
interesting. Aromatase (the enzyme that catalyses the
conversion of androgens to oestrogens) activity is
present in the central neural tissues of birds, amphibians
and teleosts (modern fish), but not in the hagfish, an
intermediate on the way to vertebrates. Thus the failure
to detect both ER and aromatase in invertebrates sug-
gests that the ER is specific to vertebrates. The original
role for PR is also believed to be different to the role it
plays in mammals today. It has been suggested that the
inflammatory and granulation tissue reaction to a for-
eign body has, under the influence of progesterone, been
converted into an implantation response. Support for
progesterone having a role in the immune system also
comes with the finding that the immune-response-re-
lated colony-stimulating factors and interleukins are
also involved in implantation [reviewed in refs 41,
42].

NR structure

The NRs constitute a superfamily of transcription fac-
tors, which have been classified on the basis of their
conserved structural domains (fig. 1a). Recently, a stan-
dardised nomenclature that is based on evolutionary
sequence conservation between different (or ho-
mologous) receptors in various species has been pro-
posed [43]. This new nomenclature is used in figure 2
along with the trivial names of each receptor. The NR
size varies considerably from 427 amino acids in the
VDR to 1237 amino acids in the Drosophila E75 recep-
tor [44]. Despite these size variations, NRs share com-
mon structural/functional domains. A canonical NR
possesses five to six such functional regions named A
through E/F (fig. 1a) [for comprehensive reviews on NR
structure see refs 1, 44, 45]. The most highly conserved
region among the various NRs is the DNA-binding
domain (DBD) (region C), which facilitates sequence-
specific interaction with the major groove of the double
helix. The E region, with the ligand-binding domain
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(LBD), displays the next highest degree of conservation
and the least conserved are domains A, B, D and F.

The DNA-binding domain

The DBD consists of two cysteine-rich zinc finger mo-
tifs (CI and CII), which appear to have arisen together
as a single unit and not as the fusion of separate
domains or a duplication of an ancestral gene [46]. This
is despite the fact that the CI and CII zinc fingers are, in
most NR genes, encoded by different exons [47, 48]. In
addition to the zinc fingers, several other regions of the
DBD show high degrees of sequence conservation. The
P-box lies between the last two cysteines of the CI zinc
finger and confers target DNA specificity (fig. 1b, ¢).
NRs such as RAR, RXR, VDR, TR and ER have a
P-box which confers binding to the AGGTCA sequence
(referred to as the ER P-box group), while the GR,
mineralocorticoid receptor (MR), androgen receptor
(AR) and PR have adapted to recognise a AGAACA
sequence (referred to as the GR P-box group) [49, 50].
Mutation of three P-box residues in the ER to the
corresponding residues in the GR, switches its DNA-
binding preference to that of the GR [51, 52]. It is
interesting to speculate that mutations in an ancestral
receptor ER P-box gave rise to a protein which recog-
nised the sequence AGAACA, instead of AGGTCA,
and that such a ‘mutant’ receptor gene became free to
acquire further changes, resulting in the formation of
the PR, GR, AR and MR. Analysis of the phylogenetic
family tree shows that the ER P-box group is scattered
throughout the superfamily, while the GR P-box group
is tightly confined to sub-family III (fig. 2), suggesting it
is the ER group which possesses the ancestral P-box.
Laudet [50] observed that the presence of certain P-box
sequences correlated with the ability of an NR to het-
erodimerise with the RXR, and suggested that this
ability arose in the early metazoans and has diversified
during evolutionary history. Exceptions to this hypothe-
sis are the germ cell nuclear factor (GCNF) and COUP-
TF. GCNF, which has an identical P-box to RXR
(CEGCKG), fails to heterodimerise, presumably due to
variations in the sequences lying C-terminal to the P-
box. COUP-TF on the other hand, heterodimerises
despite having a diverse P-box (fig. 1c). While mutating
both ER and GR P-box positions, Zilliacus and col-
leagues [49] observed that substitutions of certain amino
acids resulted in receptors which either bound their
respective response element with increased affinity or
with increased fidelity, thus suggesting that through
natural selection such mutations may be incorporated
by members of the NR superfamily. Interestingly, one
of the P-box mutations reported by the authors, which
led to broad-specificity binding, has been found in the
liver-enriched factor HNF4 and in the Drosophila tail-
less receptor (tll) [49]. To date, 76 distinct P-boxes have
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been identified within the superfamily. Six of these are
found throughout the metazoan kingdom, 7 are limited
to vertebrates, with the remaining 63 found only in
nematodes [53]. One of these novel P-box amino acid
sequences (CRACAA; fig. Ic), which suggests novel
binding specificity, is found in a third of predicted
nematode NR genes.

The structure of the NR response element has also been
highly conserved. A 19-nucleotide motif composed of
two inverted RGGTCA sites with a seven-nucleotide
spacing is present in NR promoters from echinoderms
to mammals [54]. As with mammalian RXR, the
arthropod homologue USP, when dimerised with EcR,
can bind to both inverted and direct repeats with vari-
able spacing [55]. Recent studies suggest that the RXR
can form a tetramer in solution which is dissociated into
a dimer upon ligand binding. These tetramers demon-
strated the ability to bind both direct repeat and palin-
dromic response elements [56]. As mentioned above,
amino acids in the P-box confer half-site recognition
while another region in the second zinc finger (the
D-box) confers the selection pattern of half-site spacing
(fig. 1b) [52].

The fact that RAR, RXR, TR and VDR bind as dimers
to asymmetrical HREs suggests that their DBDs must
possess structural features previously not described for
steroid receptors. Indeed, a number of recent studies
have identified novel functional determinants within the
CI module (DR-box) and the very N-terminal se-
quences of the D region (A- and T-boxes) (see fig. 1b).
The amino acids in the DR-box of the TR, RAR and
VDR constitute an asymmetrical dimerisation interface
and are critical for discrimination between different
spacing of the DRs [57]. The amino acids in the T- and
A-boxes mediate additional protein-protein and
protein-DNA interactions probably necessary for better
recognition of DRs with an appropriate spacing [58, 59]
and regulation of differential orientations of the DBD
on response elements with different symmetries, respec-
tively. Interestingly, in the heterodimeric NR complexes
which are bound to asymmetrical response elements, the
RXR always occupies the 5" half of the DR [7, 57, 60]
(see fig. 1Db).
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The evolutionary acquisition by nuclear receptors of the
ability to heterodimerise clearly increased the diversity
of regulatory functions that these factors can mediate.
This functional diversification through heterodimerisa-
tion of transcriptional regulators is not unique to NRs
and can be observed among other families of transcrip-
tion factors such as members of the Jun-Fos and ATF-
CREB families [61, 62] as well as myogenic
helix-loop-helix proteins [63, 64]. Coevolution of the
DBDs of the receptors and the response elements ap-
pears to have given a very large number of combinato-
rial possibilities through which a plethora of genes or
gene networks could be differentially regulated by a
limited number of ligands and NRs.

The specificity of monomeric binding, which is preva-
lent among orphan receptors, is conferred by an A/T-
rich region at the 5" end of the response element [65].
Monomeric binding is neither restricted to orphan re-
ceptors nor to one branch of the NR family tree [37].
Monomeric sequence is utilised by sub-family I (rev-
erb), sub-family III (oestrogen-like receptor, ERR1),
sub-family IV (nerve growth factor, NGFIB) and sub-
family V (steroidogenic factor-1, SF-1) (fig. 2). The
orphan receptor and sub-family IV member, GCNFI,
binds on a direct repeat sequence [66, 67]. Interestingly,
the TR (sub-family I), which binds DNA as a het-
erodimer on everted repeats and as a homodimer and a
heterodimer with RXR to direct repeats, can also bind
as a monomer to A/T monomeric sequence [1] (fig. 2).
Conversely the ER has been reported to bind as a
monomer to the thyroid HRE consisting of an inverted
palindrome without repeats [68] as well as binding as a
monomer to half-site oestrogen-responsive elements
(EREs) [69, reviewed in ref. 45]. Most sub-families
possess monomeric binding to extended half-sites sug-
gesting this may have been the ancestral mechanism of
receptor binding conferring a biological response [70].
This hypothesis strengthened by the observation that
the two earliest reported receptors FTZ-F1 and RXR
are capable of monomeric binding [70, 71]. The jellyfish
RXR (GRXR), which in vivo appears not to have a
heterodimerisation partner, is reported to bind an ex-
tended half-site in the jellyfish crystallin gene and to

Figure 1. Conserved functional domains of the NRs. («) The N-terminal (A/B) domain, the DNA-binding domain (C), a variable hinge
domain (D), the ligand-binding domain (LBD) (E) and the C-terminal domain (F) are as shown. In the A/B domain, the
ligand-independent activation function (AF-1) is indicated. Within the LBD, the conserved Ti domain, the residues utilised in
dimerisation and the ligand-dependent activation function (AF-2) are shown. (b) Detail of the two zinc fingers (CI and CII)
demonstrating the location of the DR-, P-, D- and T/A-boxes along with the location of exon/exon boundaries of selected NRs. (¢)
DNA-binding (C domain) sequence encompassing the DNA-binding zinc fingers CI and CII. Highly conserved residues are shaded and
conserved cysteine residues marked by black lines. All sequences are human except for jJRXR (accession number AAC80008) which is
from the Cnidaria jellyfish, FTZ-F1 (accession number P33244) which is from Drosophila, NHR-6 (CNR-8/ceb-1 accession number
AADO03682), NHR-18 (accession number AAD03690) and NHR-24 (CNR 14/sex-1 accession number 145066) which are all nematode.
Plant-1 and Plant-2 are putative zinc finger proteins from the plant Arabidopsis thaliana (accession numbers AAC28517 and AAD19774,
respectively). The Porifera sequence is from the Sycon raphanus serine/threonine protein kinase (accession number CAA73557).
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bind as a monomer to the direct repeat sequences with
one-, four- or five-base pair spacing [71].

The ligand-binding domain

The LBD is functionally complex and possesses sub-re-
gions implicated in ligand binding, dimerisation and
transcriptional regulation. There are two highly con-
served regions in the LBD. First, the activation function
core motif (AF-2) which is involved in ligand-mediated
transactivation by direct recruitment of a co-activator.
This region is dependent on the presence of either one
or two glutamic acid residues (E) in the motifs
LLLEMLD in the ER or LIQEMLE in the RAR
[72-76]. The ligand-dependent activity of the NRs in-
volves the recruitment of co-activator binding with the
incorporation of chromatin-remodelling factors [77].
The recruitment of co-activators such as SRC [19, 12]
occurs through an LXXLL core consensus sequence
referred to as LXDs. Mclnerney and colleagues [78]
reported that only one LXD domain of the NCoAl/
SRC-1 coactivator was required for the activation of
the ER, while several LXD domains with the appropri-
ate spacing were needed for the activation of the RAR,
PR and TR. They suggest that LXXLL-containing mo-
tifs have evolved to enable the recruitment of co-activa-
tor complexes in both ligand- and receptor-specific
manners. Another highly conserved sub-region within
the LBD is the Ti domain (fig. 1a) with the central
sequence WAKA or FAKK, as characterised in the ER
or RAR, respectively [50, 79]. Mutations in the LBD
might have given rise to receptors with either increased
specificity for a given ligand or potential for binding of
novel ligands. Thornton and Kelley [80] suggested that
the presence of a unique threonine in the LBD of an
ancestral AR sequence may have been the key event in
the emergence of a receptor that binds testosterone
specifically but not other steroids [81].

The earliest report of a ligand-binding NR was the
JRXR [71]. The jJRXR has higher homology with the
human RXR (78% homology in the DBD and an aston-
ishing 79% homology in the LBD) than with the
Drosophila RXR homologue USP (figs 3, 4). The
arthropod ixodid tick possesses two RXR isoforms
which have a DBD closer to that of USP yet have
LBDs closer to vertebrate RXRs suggesting that the
LBD of the RXR has been well conserved from cnidar-
ians to vertebrates and through the early branch that
gives rise to the arthropod lineage [82] (figs 3, 4).
Neither the USP, nor the tick RXRs, are thought to
bind the ligand 9-cis-retinoic acid, while the jRXR is
capable of binding this compound with higher affinity
than the mammalian RXR [71]. Curiously, and despite
being able to bind ligand, the AF-2 motif is not present
in the jJRXR and to date the mode of action of this
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receptor is unknown. This may either suggest that the
important role of the RXR in mammals is as a het-
erodimerisation partner or, possibly, that 9-cis-retinoic
acid is not the natural or unique ligand for the RXR.
The presence of the jellyfish RXR receptor places the
acquisition of ligand binding close to the base of the
metazoan tree, which is a lot earlier than perhaps antic-
ipated [50]. Garcia-Vallvé and Palau [83] observed that
despite high variability between amino acid residues of
the LBD there is strong conservation in the o-helical
secondary structure. The authors proposed a hypothesis
suggesting that mutations which alter secondary struc-
ture are not recognised and are thus discarded by
molecular chaperones which are present in solution,
while mutations which preserve the canonical secondary
structure are accepted even if the ability of the receptor
to perform its functional role is lost therefore allowing
evolutionary changes to be gathered by the protein [83].
An important source of ligands (or their precursors) are
dietary factors. Baker [84] reported on the endocrine
activity of plant-derived compounds and that various
flavinoids act in mammals by binding to ER, while
Yamamoto [85] similarly speculated that metazoans
evolved NRs to utilise an environmental compound or
metabolite. ERR-1, currently regarded as an orphan
receptor, has recently been shown to both bind and be
transcriptionally activated by organochlorine pesticides
[86]. Changes in environmental conditions, particularly
leading to dietary changes of metazoans, may have lead
throughout evolution to the acquisitions of new ligands
and, hence, alterations in signalling pathways and
development.

The less conserved regions A, B, D and F

The regions A and B are commonly referred to as the
A/B domain and possess a ligand-independent activat-
ing function (AF-1). AF-1 functions in a promoter-
and/or cell-context-specific manner and co-operates
with AF-2 in regulation of transcription [87]. A number
of recent papers have demonstrated that activity of
AF-1 is regulated by phosphorylation [88—90]. In addi-
tion, the A/B domain of TR« and PPARy regulate their
DNA- and ligand-binding affinities, respectively, in a
phosphorylation-dependent manner [91, 92]. Phospho-
rylation of the A/B domain facilitates ligand-indepen-
dent DNA binding of the ER [93], while interaction
between PPARy2 AF-1 and the co-activator protein
PGC-2 appears to be required for induction of fat cell
differentiation through PPARy agonists [94].

Although the A/B domain displays no sequence conser-
vation between different NRs, for a given receptor it
has been well conserved through evolution. Further-
more, the B (but not A) region has also been conserved
among NRs that can be considered as paralogues
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(paralogous genes arise by duplication within an ances-
tral species, e.g. RARafy). In the case of steroid recep-
tors, however, the A/B domain of the AR is completely
divergent from those of the GR and other steroid recep-
tors, suggesting that this region in the AR might have
been acquired more recently in evolution, perhaps as
recently as the split between amphibians and mammals
[80]. On these grounds, Garcia-Vallvé and Palau [83]
speculated that the A/B domain was part of a single-
copy ancient gene, which was incorporated into a locus
encoding an NR. A possible example supporting such a
hypothesis is seen in the plant Arabidopsis thaliana,
where a predicted protein possesses similarity to the
A/B domain of the RXRp [95].

The D domain was originally thought to serve as a
flexible hinge region between the adjacent C and E
regions. In many receptors, this region also contains a
nuclear localisation signal. Studies addressing structural
requirements of DNA and ligand-binding domains re-
vealed that the extremities of the D region are parts of
these adjacent domains. For example, the N-terminal
part of the D domain contains the T- and A-boxes
which are involved in conferring dimerisation and half-
site recognition respectively (fig. 1a), whereas the C-ter-
minal part possesses the region responsible for
ligand-regulated interactions between receptors and a
co-repressor [96]. It is worth noting that both the C-
and N-terminal regions of the D domain that carry
important functional information have been conserved
among various NRs, particularly well between
paralogues, whereas the central region has not.

The very C-terminal F domain, which is absent in some
NRs (RXRs, for example), is poorly conserved and its
function is not well understood. In the steroid hormone
receptors, the F domain has been shown to confer
ligand specificity and influence transcriptional activa-
tion by the ER [97], as well as to modulate interaction
between HNF-4 and its co-activator [98].

The NR phylogenetic tree

Several publications have reported phylogenetic trees of
either the superfamily as a whole [1, 46, 49, 50, 83,
99-101] or the steroid hormone family [39]. This review
reproduces, with some minor modifications, the consen-
sus tree constructed by Laudet [50] (fig. 2), which along
with the phylogenetic trees proposed by Detera-
Wadleigh and Fanning [101] and Garcia-Vallvé and
Palau [83] represents one of the most comprehensive
analyses to date. It must be stressed that figure 2 is not
an evolutionary tree, but represents the relationship
between NRs based on sequence alignment of the
DNA- and ligand-binding domains. Also of importance
are the phylogenetic trees based upon sequence align-
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ment of either the DBD or LBD alone [46, 83]. Figure
2 classifies the NR superfamily into six sub-families.
This classification is in general agreement with that of
other authors, although there are some areas of dis-
agreement. Detera-Wadleigh and Fanning [101], in a
comparison of trees generated using different al-
gorithms, presented RAR and RXR grouped together,
while Laudet [50] and Garcia-Vallvé and Palau [83]
place the RAR and RXR in separate sub-families. The
positioning of the PPAR also varies, from being placed
into a separate family by Detera-Wadleigh and Fan-
ning, to being grouped with the RAR and TR in other
reports. Another major discrepancy involves the posi-
tioning of the tll receptor and HNF4, which are both
placed in sub-family II by Laudet [50], but in distinct
sub-families by Detera-Wadleigh and Fanning [101]
who used a different algorithm for their analyses. Simi-
larly, Garcia-Vallvé and Palau [83], using different al-
gorithms, have placed the TR and RAR into separate
sub-families than Laudet [50]. The arthropod orphan
receptors THR4 [102] and GRF [Charles et al., unpub-
lished accession AAD38900] cluster in phylogenetic
trees with GCNF, which until recently was regarded as
the sole member of sub-family VI (see fig. 4). GCNF,
which has a restricted brain-specific expression during
mouse development and then an exclusively germ cell
expression in the adult, appears to possess unique
DNA-binding and dimerisation properties, suggesting
the use of novel mechanisms to regulate target gene
expression [103]. Garcia-Vallvé and Palau [83], on the
basis of amino acid sequence conservation in the DBD,
placed this receptor in the vicinity of sub-family I.
However, when sequence conservation in the LBD is
examined, GCNF is closer to sub-families IT and V than
to I. The position in the phylogenetic tree is speculative
for the orphan receptors such as the KNI, KNRL,
EGON and the nematode ODR-7, which possess only a
DBD, or the potentially paralogous receptors DAX-1
and SHP-1, which possess only a recognisable LBD
[104—107]. It has been speculated that these domains
may be the evolutionary building blocks of the NR
ancestor [108]. Although this is an attractive hypothesis,
due to their location within well-defined sub-families,
these single-domain receptors are more likely to have
arisen later in evolution through aberrant splicing
events from an ancestral receptor [50]. These receptors
have been conserved and incorporated into new regula-
tory pathways and in some instances their expression
may be regulated by other members of a sub-family
from which they diverged. For example, positive effects
of SF-1 on expression of the murine DAX-1, which
clusters within sub-family II on phylogenetic trees [50],
is antagonised by sub-family II member COUP-TFI
[109].
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NRs in the metazoan family tree

Metazoan life arose from mitochondrial-containing
‘crown’ Eukaryota, which through a multicellularisa-
tion step also gave rise to plants and fungi. Figure 3
represents a highly simplified evolutionary route taken
between the rise of the first metazoan, around 1000—-800
million years ago (mya) and the first appearance of
mammals in the early Mesozoic era (200—160 mya)
[110]. Screening of the nucleic acid sequence databases,
which are representative of various organisms, has led
to the detection of NRs only in the metazoans [50, 100].
The first characterised branch of the metazoan tree (the
Porifera), which includes the living sponges, also failed
to demonstrate the presence of NRs [100] (fig. 3). Al-
though the skeleton of the NR first zinc finger (contain-
ing the four cysteines and the P-box) is present in some
non-NR proteins throughout the plant and animal
kingdoms, including a putative zinc finger protein from
the plant A. thaliana and in the Porifera serine/
threonine protein kinase (fig. Ic), there is insufficient
evidence to speculate that genes encoding such proteins
provided a building block in the construction of the NR
ancestor. The most primitive organisms with genes en-
coding NRs (FTZ-F1, COUP-TF and RXR) are
diploblastic Cnidaria, which incorporates the Coelenter-
ata and includes the hydra, jellyfish and anemones. The
FTZ-F1, COUP-TF and RXR may, therefore, be con-
sidered the most evolutionary conserved and perhaps
closest, from among the known members of the super-
family, to the NR ancestor. The FTZ-F1 orthologues
SF-1 (human), LRH (mouse) and DHR39 (arthropod)
all contain the same unique P-box and a 30-amino-acid
basic region abutting the C-terminal end of the zinc
finger motif designated the FTZ-F1 box [111], as well as
binding to the same sequence as monomers (fig. 2).
SF-1 plays important roles in adrenal gland develop-
ment and differentiation of male genitalia [37, 112]. The
COUP-TF has been well conserved throughout meta-
zoans with over 50% sequence identity between the
arthropod, nematode and human (fig. 4). On the calcu-
lation of evolutionary rate, Laudet [50] observed that
COUP-TFI has evolved extremely slowly [0.0073 Paul-
ing units (PAU) as opposed to an average of 0.3 PAUJ,
suggesting that this protein is strictly required for devel-
opment. In this regard, it is noteworthy that mice lack-
ing COUP-TFI die in utero while mice lacking
COUP-TFII die shortly after birth [113, 114]. Although
the JRXR does not cluster in phylogenetic trees with
any of the vertebrate RXR paralogues (or any other
RXR metazoan orthologue), RXR from Urochordata
(figs 3, 4) shares 100% homology in the DBD and 92%
homology in the LBD and clusters with the human
RXRo [Kamimura et al., unpublished accession number
BAAS82618] (fig. 4). Interestingly, it is the knockout of
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RXReo, and not RXRf or y, which leads to embryonic
lethality [114, 115] (fig. 4). With the knockout of the
FTZ-F1-related murine SF-1 receptor leading to early
post-natal lethality, it is tempting to suggest that the
descendants of the earliest NRs tend to assume more
important and non-redundant physiological roles. Since
COUP-TF and RXR are members of family II, and
FTZ-F1 is a member of family V (fig. 2), one can
assume that the archaic NR was a precursor of these
two families.

Metazoan phylogeny is currently undergoing a state of
upheaval trying to reconcile the fossil records with the
molecular genetic interpretations [116]. The next branch
of the metazoan tree after the Cnidaria is where evolu-
tionary relationships are most controversial. The estab-
lished hypothesis saw the next major separation, before
the rise of triploblastic organisms, being the large
grouping of pseudocoelomates, which include the
roundworm nematodes and the well-studied Caenorhab-
ditis elegans. The following branch saw the protoso-
mates, which contains the Arthropoda/Platyhelminthes/
Mollusca lineage diverge, from the deuterosomates,
which include the Echinodermata and Chordata. How-
ever, recent studies from Hox gene phylogeny propose
the grouping of nematodes within the protosomates
[116, 117]. This interpretation is presented in figure 3.
Despite a substantial gene loss (as seen from Hox gene
analysis [117]), the number of predicted NRs in the
nematode roundworm is currently 228 —fivefold higher
than the 44 receptors identified so far in humans [53].
The majority of these NRs appear to have arisen
through proliferation and diversification of one chro-
mosome and many fall into phylogenetically uncon-
served groupings that are still in the process of
identification [53]. Of the nematode receptors character-
ised to date, representatives from four of the six sub-
families appear to be present (figs 3, 4). The only
absentees in the nematode are members of sub-families
IIT and VI (figs 3, 4). In contrast to COUP-TF and
FTZ-F1/SF-1, an orthologue of RXR was not identified
in the nematode [53]. This is surprising, as RXR is
present in the Cnidaria, arthropods and vertebrates (figs
3, 4). It is, nevertheless, possible that the nematode
RXR orthologue has been lost along with some ne-
matode Hox genes [117] during the evolution process.
As indicated by the star in figure 3, the path from the
protodeuterosomate ancestor to Arthropoda indicates
divergence of the Platyhelminthes (flatworms), Mol-
lusca (snails, clams), Annelida (segmented worms) and
Nematoda. A recent report demonstrated the presence
of two constitutively expressed RXR homologues in the
platyhelminth blood fluke Schistosoma mansoni (RXR-1
and 2) [118, 119]. Although classified as RXR family
members on the basis of their high degree of amino acid
sequence conservation in the DNA- and ligand-binding
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domains, these receptors are longer than either their
cnidarian or vertebrate relatives [118] (fig. 4). The
RXR is extensively represented in the phylum
Arthropoda having been identified in the silkworm,
the crab (arthRXR in fig. 4), the tick (possessing two
isoforms), and in the fruit fly (USP). Interestingly, the
crab and tick RXR sequences resemble the vertebrate
RXR more than that of the Platyhelminthes, suggest-
ing that the modifications which occurred to the
blood fluke RXRs did so after the divergence from
the lineage resulting in arthropods (figs 3, 4). The
presence of two RXR genes in both Arthropoda and
Platyhelminthes suggests a duplication of the RXR
gene shortly after the protodeuterosome split, with the
Droposphila USP possibly arising from the acquisition
of the ability to bind juvenile hormone. The recent
finding of both sub-family III and VI members in
arthropods demonstrates that NRs had already diver-
sified into all six sub-families before the Arthropoda-
Chordata (protodeuterosome) split (indicated by the
star in fig. 3). Without complete sequence data from
earlier organisms, the possibility that members of
family I, III, IV and VI are also present in cnidarians
can not be excluded at the present time. Likewise,
finding NRs in earliest metazoans, such as Porifera
(sponges), still remains a reasonable possibility.

The arthropod protosomate ancestor diverged from
the deuterostomates, which include the Echinodermata
(sea urchin, starfish), Hemichordata (acorn worms)
and Chordata (fig. 3). The echinoderms, which possess
COUP-TF, RXR and FTZ-F1, evolved from their an-
cestor by losing their ancestral locomotive tail and gill
slit, while the chordates appear to have evolved with
the development of a notochord [120]. The Hemichor-
data, which possess COUP-TF, FTZ-F1 and rev-erb,
are represented in this family tree by a branch before
the formation of the true Chordates. They share many
common features with the chordates, such as a dorsal
nervous system and pharyngeal arches, but lack the
presence of a brain or notochord. The earliest Chor-
data, defined by the presence of a notochord at some
stage in their life history, date from 525 mya and are
currently placed within the sub-phylum Urochordata
which include the tunicates, sea squirts and salps. It is
in the sub-phylum Urochordata where a TR-related
member of sub-family I, the tunicate receptor NR-1
[121], is found (figs 3, 4). Although NR-1 is 86% and
58% homologous in its DNA- and ligand-binding do-
mains, respectively, to the human TR, it does not ap-
pear to bind thyroid hormone and does not possess
the AF-2. The absence of the AF-2 in NR-1 is puz-
zling as this domain is present in the tunicate RAR
[Hisata et al., unpublished accession BAA25569; see
fig. 3] and in the Drosophila USP, which diverged
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nearly 200 mya prior to the emergence of tunicates.
Therefore, NR-1 is either a divergent receptor and not
the direct ancestor of the vertebrate TR or the TR
AF-2 has arisen independently in the early vertebrate.
As the authors discussed [121], it remains paradoxical
that in the tunicate, which synthesises thyroid hor-
mone involved in morphogenesis, a potential TR an-
cestor exists which does not have the ability to bind it
[121]. The Urochordata also possess an RAR homo-
logue [Hisata et al., unpublished accession BAA25569;
fig. 4] which shows 94% and 77% homology in the
DBD and LBD, respectively, with vertebrate RAR re-
ceptors and contains sequence suggesting that it binds
ligand and possesses a functional AF-2.

It is noteworthy that the steroid hormone receptors,
grouped in sub-family III, appear to lack homologues
in lower metazoans. The earliest characterised member
of sub-family III is the Drosophila oestrogen-like re-
ceptor (ERR) [53] (fig. 3). An ERR1 homologue has
also been described in Urochordata [100]. The ERRs
and steroid hormone receptors (ER, PR, GR, MR,
AR) are believed to share a common ancestor, with
the first steroid hormone receptor being a chordate,
possibly craniate innovation (fig. 3) [39]. In accor-
dance with the above, a further divergence of sub-
family III, with ERR2 in the Cephalochordata
amphioxus, is observed before the appearance of the
PR in the Hyperotreti member hagfish [100]. The path
taken between the early Craniata and the rise of mod-
ern fishes appears to have resulted in the appearance
of the intermediate sub-phylum Hyperotreti and Hy-
peroartia as studied by work in the hagfish and the
lamprey, respectively (fig. 3). The hagfish are eel-
shaped jawless fishes differing from other vertebrates
by the absence of extrinsic eye muscles, eye lens, car-
diac innervation and radial muscles. The lamprey is
also an eel-shaped jawless fish which possesses an eye
lens, a thicker spinal cord and a true cartilaginous
braincase, yet is devoid of the mineralised skeleton
that is present in higher fish [122, 123]. Despite the
detection of the PR, but not ER, in hagfish, there is a
strong consensus from phylogenetic trees and P-box
sequence analysis that the ER predates the PR and,
thus, the absence of the ER is presumed to be merely
a sampling artefact or the ER has been lost by the
hagfish (fig. 3). The sub-family I member PPAR is
also present in hagfish, with all three paralogues («, f,
y) identified in the lamprey [100] (fig. 3).

Although the NR superfamily was diverse at the time
of the Arthropoda-Chordata split and already pos-
sessed members from all six sub-families, the family
went through a substantial increase in number during
the Cambrian period (‘Cambrian explosion of life’)
around 550-500 mya [110, 124].



CMLS, Cell. Mol. Life Sci. Vol. 57, 2000

Genome amplification during the cambrian explosion

Further advances in understanding developmental and
evolutionary biology came with the discovery that ver-
tebrate Hox genes are related to the homeotic selector
(HOM) genes of Drosophila [for a review see Holland
and Garcia-Fernandez [125]]. Hox genes, which are
arranged in a well-conserved cluster, encode a family of
helix-turn-helix transcription factors which operate in a
regulatory, possibly self-regulatory cascade, determin-
ing embryonic orientation and development. Mam-
malian Hox genes are homologous to clustered Hox
genes present in arthropods suggesting that the gene
family arose through a series of cluster duplications to
give the current higher vertebrate four-cluster state
(termed Hox A-D). Further evidence suggesting
genome duplication during evolution comes from analy-
sis of gene numbers in different species. The arthropod
Drosophila and the pseudocoelomate nematode possess
approximately 12,000 and 16,000 genes respectively,
while humans have an estimated 70,000 genes [126]. To
date, a single Hox cluster has been identified in all
branches of the metazoan family tree up to and includ-
ing the Cephalochordata (designated HOX 1 in fig. 3).
Higher vertebrates all possess four Hox clusters, sug-
gesting that this four-cluster state arose during early
vertebrate evolution during a period now referred to as
the Cambrian explosion. If Hox genes operate in a
combinatorial manner, then an increase in Hox gene
number would be coupled with the formation of in-
creasingly complex body plans. NRs, which increased in
number in tandem with the Hox clusters, have been
shown to control complex developmental processes in a
variety of organisms, sometimes by directly targeting
Hox gene expression [125, 127-130].

The mechanism by which one Hox gene cluster became
four, and thus how the NR paralogues arose, is an issue
of much debate. The major question concerns whether
two genome duplications, occurred thus giving a qua-
druplication of the genome and potentially four copies
of each gene or whether a three-step or multistep pro-
cess took place. The scattered nature and unequal copy
number of NRs, with two to four paralogues (fig. 3), is
consistent with both theories on vertebrate genome du-
plications. In favour of the double-genome duplication
hypothesis, Baker [39] proposed that in the steroid
hormone family (sub-family III) an ancestral receptor
of the GR-PR-AR-MR grouping present in Cephalo-
chordata duplicated once to give GR/MR and AR/PR
ancestors, and then again, followed by diversification
within each group to give the four separate receptors.
As previously mentioned, due to the absence of this
receptor in fish, the MR is believed to be the last of the
NRs to have been brought under tight evolutionary
control [131]. It is also of interest that aldosterone, a
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ligand for the MR, is not known to be present in fish
[80]. This suggests that despite the differing nomencla-
ture of the four receptors, the GR, PR, MR and AR are
paralogues located on separate chromosomes. This ob-
servation is noted in the new nomenclature system for
the superfamily [43] where these four receptors are
classified as NRC1-4 (fig. 2). This double-genome du-
plication hypothesis proposes a maximum of four
paralogous receptors being present in vertebrates, and
thus the recent cloning of a novel androgen receptor
paralogue (AR/f) from the Japanese eel may seem unex-
pected [132]. Nevertheless, one cannot exclude the pos-
sible occurrence of an independent duplication and
translocation of the eel AR gene giving rise to this
paralogue. One also cannot exclude that, in analogy
with zebrafish, the genomes of lineages leading to the
Japanese eel might have undergone rapid expansions
[133]. It remains to be seen whether the AR/ is present
in mammals.

As an alternative to the double-genome duplication
hypothesis, a four-cluster state may have been achieved
through one round of genome duplication followed by
duplication of partial blocks of the chromosomes [134,
135]—a so-called three-step or multistep hypothesis. In
line with such a hypothesis, Pendleton and colleagues
[136] and Sharman and Holland [137] observed the
presence of three Hox clusters in the lamprey (desig-
nated HOX 3 in fig. 3). One cannot exclude, however,
that the lamprey is an intermediate in the two-step
genome duplication hypothesis, with one cluster dupli-
cating to give a three-Hox cluster state, which is unique
to this organism, or, alternatively, that the lamprey
descended from a four-Hox-cluster-containing ancestor
that subsequently suffered cluster loss. In support of
this latter theory, Ruddle and colleagues [138] have
speculated that the hagfish, which is believed to have a
more distant evolutionary divergence date than the lam-
prey, possesses four Hox clusters (fig. 3). Although the
mechanism is still a matter of debate, these data suggest
that the increase in genome size, resulting in the Hox
cluster number increase from one to four, and the
emergence of three to four NR paralogues occurred in
the relatively short period of time after the divergence
of the Urochordata and before the specification of the
Hyperotreti.

In support of NR paralogues arising through genome
or block duplications, mapping studies have demon-
strated the presence of extensive ‘paralogy groups’
which include NRs on different chromosomes. A paral-
ogy group on human chromosomes 6, 9, 1, and 19
include the RXR, collagen, Notch and heat shock
(HSP) genes [135]. Within these clusters, RXR«, f and
y are located on chromosomes 9, 6 and 1, respectively
[135]. A paralogy group on human chromosomes 7, 17,
12, and 2 includes the Hox gene clusters, Evx home-
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obox genes, glucose transport genes, wnt genes and the
RAR and TR genes [139]. There are three paralogues of
the RAR («, f, ) and two paralogues of the TR (x and
f£) [140, 141]. RAR« and TR« are located together on
human chromosome 17 along with the Hox B cluster.
RARy is located on chromosome 12 along with the Hox
C cluster. This suggests that an invertebrate Hox cluster
containing an ancient RAR gave rise to the vertebrate
Hox clusters B and C by either genome or chromosome
duplication. Possibly, a TR paralogue on chromosome
12 has either still to be identified or has been lost.
RARJp and TRp are also located together on human
chromosome 3, which does not contain a Hox cluster
grouping. This may suggest duplication of the RARx-
and TRo-containing region of chromosome 17 followed
by translocation to chromosome 3.

It is noteworthy that RARs are important regulators of
Hox gene expression during vertebrate development.
Control of the anterior-posterior axis linked to the
development of a central nervous system is believed to
be a chordate innovation [130, 142, 143]. Growing com-
plexities of developmental systems, which occurred
around the time of the Cambrian explosion, required
co-evolution of more sophisticated regulatory gene net-
works, one of which was the regulation of the increas-
ing number of Hox genes by the increasing number of
RARs. The idea that the chordates incorporated the
RAR into development is consistent with an absence of
RARs before Urochordata (fig. 3) and a lack of effect
of retinoic acid on Hox gene expression in Echinoder-
mata and Arthropoda, but not Cephalochordata or the
Urochordata [144, 145].

The first metazoan: setting the table for the arrival of
the NR superfamily

The NR ancestor is likely to have appeared among the
first metazoans around 1000-800 mya. The role of this
NR ancestor was likely to activate and/or repress tran-
scription of specific genes by binding to their DNA
regulatory regions as a monomer and in a ligand-inde-
pendent manner. For the early NR(s) to regulate tran-
scription, it had to be compatible with the existing
transcriptional apparatus. Observations that mam-
malian NRs are transcriptionally active in yeast [146—
149] indicated that the factors required for NRs to act
on chromatin structure and/or communicate with the
basal transcriptional machinery must be highly con-
served between yeast and mammalian cells, and must
have existed long before the appearance of the first NRs
on the evolutionary scene. Indeed, homologues of a
large number of NR-associated transcriptional co-regu-
lators have been described in yeast [150—152].

Origins of the nuclear receptor superfamily

A hypothetical evolutionary path that might have been
taken by the first NR in the early metazoan and how it
might have diverged into the six sub-families known
today is represented in figure 5. The first NR arose as
one unit consisting of the currently recognised DBD
and LBD. This conclusion is based on the finding that
the two domains exist together in lower metazoans and
does not entirely dismiss a possibility that the two
regions existed independently earlier in evolution, de-
spite the fact that strong similarity to either domain has
not yet been observed outside the metazoan kingdom.
The ancestor DBD may have been similar to that of
modern receptors with the LBD being present but not
possessing a transactivation domain or the ability to
dimerise. In constructing this evolutionary tree, several
assumptions have been made concerning ancestral
events. First, the earliest metazoans possess COUP,
RXR and FTZ-F1, all of which are well conserved to
the present day and thus are close to the NR ancestor,
making it an ancestor of sub-family II and V. Second,
the ability to heterodimerise with RXR arose once and
has diversified through sub-families I, IT and IV [50].
Third, as indicated by Laudet [50], there is no correla-
tion between the type of ligand bound by a receptor and
the position in the family tree. A reference is made to
the presence of a ligand-binding RXR in Cnidaria,
which may suggest that the archaic receptor assembled
with the ability to bind ligand and many subsequent
receptors have lost this feature. The presence of RXR in
the earliest branches of the metazoans enables the ex-
trapolation that an archaic family IT member gave rise
to the families I and IV which can also heterodimerise
with the RXR (fig. 5). COUP-TF and RXR may have
arisen from the same ancestor with the RXR het-
erodimerisation function being highly conserved. FTZ-
F1 appears to be currently the earliest NR that does not
possess the ability to heterodimerise with the RXR. The
sub-family III receptors also fail to heterodimerise with
the RXR, with ERR-1 and SF-1/FTZF1 acting inde-
pendently on a common DNA target sequence [153,
154]. In this hypothesis, an FTZ-F1 ancestor originally
descended from a common ancestor with RXR and
COUP-TF, through changes in the DBD, with the LBD
being conserved. This receptor was the ancestor of the
ERR which, with divergence in the LBD, gave rise to
the steroid hormone receptors of sub-family III (fig. 5).
A major reasoning in reaching this hypothesis is the
placing of the FTZ-F1 in the same region of the phylo-
genetic tree as the RXR and COUP-TF on comparison
of the C-terminal domain, but with the ER family on
comparison of DBDs [46]. It is also a possibility that
the sub-family III and V ancestor was able to dimerise
with the RXR and then subsequently lost this ability.

It could be assumed from recent data in Cnidaria that a
direct RXR ancestor developed the ability to bind the
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Cambrian
Explosion

Figure 5. A hypothetical model for the evolution of the NR superfamily. The NR ancestor in the early metazoan was a common
ancestor of sub-family II (yellow box) and V (pink box). Heterodimerisation was acquired early in the diversification of the family (blue
arrow) and was either conserved (yellow box) or lost (blue box). The sub-family V ancestor gave rise to sub-family VI (red box) and
to a receptor, which through further diversification of the ligand-binding domain gave rise to sub-family III (green box). Dashed lines
represent the possible origin of a chimeric VDR. The vertical green dashed lines represent the time period of the first metazoan, the
protosome-deuterosome split and the Cambrian explosion which saw the HOX gene cluster quadruple and the appearance of numerous

NR paralogues that are present today in vertebrates.

ligand 9-cis-retinoic acid with a subset diverging into
the RAR and obtaining the ability to bind all-trans-
retinoic acid. Another possibility is that after acquiring
the ability to heterodimerise, a common ancestor which
had already diverged from RXR gave rise to both the
NGF1B and RAR grouping (fig. 5). This approach is
in line with the observation by Laudet [50] that sub-
family I and IV are related, and leads to the assump-
tion that the NGFIB grouping has diverged
considerably in the ligand-binding region due to the
initial loss of the ability to bind retinoids.

The possibility that the VDR is a chimera is in accor-
dance with its clustering into different families based
on the phylogenetic trees compiled from either DBD or
LBD sequence [46]. The DBD of the VDR closely
resembles that of FTZ-F1, while the LBD is closer to
the RAR grouping. However, the more recently charac-
terised FXR, CAR and LXR, along with several
arthropod EcRs, cluster together with the VDR in
phylogenetic trees based on both the DBD and LBD,
thus throwing doubt on the VDR being a chimera.
Convergent evolution may be in part responsible for

this phenomenon which is observed in other receptors
such as GCNF and NGFI1B. The possibility that each
of these receptors diverged from a common chimeric
ancestor still remains and a mechanism for such an
event, originally suggested by Laudet and colleagues
[46], is given in figure 5. The sub-family VI member,
GCNF, is the opposite to the VDR, with a DBD
similar to sub-family I and a LBD closer to sub-family
V [1, 103]. This receptor exhibits unique dimerisation
and DNA-binding properties and acts as a repressor in
the absence of ligand [155]. As mentioned earlier, the
arthropod GRF and THR4 receptors cluster with
Xenopus and mammalian GCNF (fig. 4) and are thus
placed in the same grouping of the unique nomencla-
ture system [43]. These receptors also show strong simi-
larity with the FTZ-F1, possibly shedding light on the
nature of a common ancestor (see fig. 5). The steroid-
hormone-binding members of sub-family III, along
with the RAR, PPAR, and TR, are not observed until
the chordates, suggesting that these receptors were not
brought under tight evolutionary conservation until a
later date.
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It is clear that without knowing the number and nature
of NRs present today and in the early metazoans, the
above discussion remains highly speculative. It is likely
that a better understanding of evolution of the NR as
well as other genes will emerge with the completion of
the human genome project, scheduled to finish in the
next decade, when the exact nature and number of NRs
will become known. When the knowledge of all human
genes is coupled with full genome sequences of other
organisms, including lower metazoans, one will perhaps
then be able to put all the pieces of the NR evolution
and diversification puzzle together and in the correct
order.
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