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Structure and Evolution of Nuclear Hormone Receptors, Unité Mixte de Recherche 5161 du Centre National de la Recherche Scientifique,
Institut National de la Recherche Agronomique 1237, Laboratoire de Biologie Moléculaire de la Cellule, Institut Fédératif de Recherche
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Abstract——Half of the members of the nuclear recep-
tors superfamily are so-called “orphan” receptors be-
cause the identity of their ligand, if any, is unknown.
Because of their important biological roles, the study of
orphan receptors has attracted much attention recently
and has resulted in rapid advances that have helped in

the discovery of novel signaling pathways. In this review
we present the main features of orphan receptors, dis-
cuss the structure of their ligand-binding domains and
their biological functions. The paradoxical existence of a
pharmacology of orphan receptors, a rapidly growing
and innovative field, is highlighted.

Introduction

The cloning of genes encoding the specific receptors for
known hormones such as steroids, thyroid hormones, and
vitamin-derived compounds such as retinoids and vitamin
D3, as well as functional demonstration of their implication
in fundamental biological processes of therapeutic interest,
led to an intensive search for related proteins predicted to
share similar features (Mangelsdorf et al., 1995; Chambon,

1996). The defining structural and functional features of
nuclear receptors are a conserved zinc finger DNA-binding
domain (DBD1) and a ligand-binding domain (LBD). The
evolutionary combination of these functional domains
led to the generation of a diverse family of ligand-
activated transcription factors that regulate gene ex-
pression in response to ligand binding. The high de-
gree of similarity among the first receptors identified,
both at the structural and functional levels, set the
stage for the search for other family members, ini-
tially by low stringency screening of cDNA libraries
and polymerase chain reaction screens with degener-
ate primers (Giguere et al., 1988; Wang et al., 1989;
Becker-Andre et al., 1993) and more recently by ge-
nome sequence analysis (Robinson-Rechavi and Lau-
det, 2003). These efforts led to the successful identifi-
cation of the vast majority of known nuclear receptors
(NRs) without prior knowledge of their ligand and
defined the gene family (Blumberg and Evans, 1998).
In humans, these proteins, referred to as orphan nu-
clear receptors, still represent half of the total number
of NRs (24 of a total of 48 different genes in human).

The discovery of the orphan NRs has raised several
questions concerning their physiological functions and
the existence of specific ligand(s) and possibly new
endocrine systems and has shifted “endocrinology into
reverse” (Kliewer et al., 1999; Shiau et al., 2001).
Thus, the search for biological function and ligands
for orphan NRs has become the subject of intense
investigation. In this introductory review we will
briefly present these molecules and their diverse bio-
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logical functions and discuss how the search for
ligands has led to a refinement of our definition of a
NR ligand.

What Are Orphan Receptors?

The definition of orphan receptors is a loose and par-
adoxical one because, by definition, orphan receptors are
receptors for which no ligand is known. The term “re-
ceptor” itself implies that a physiological ligand should
exist, even though there is still no consensus in the field
as to whether this will be true for all orphan NRs.
Because the absence of proof is not the proof of absence,
it is extremely difficult to demonstrate that a given
orphan NR truly has no endogenous ligand. Complicat-
ing the issue is the fact that once a natural ligand has
been discovered for an orphan NR, the receptor is no
longer considered to be an orphan, despite the fact that
it may retain structural and functional features more
similar to the other orphan NRs than to the classic
steroid and thyroid hormone receptors. Two prime ex-
amples are the RXRs and PPARs, which were discovered
as orphan NRs, but which are now clearly considered to
be liganded receptors, although the precise identity of
their physiological, endogenous ligands is somewhat
controversial (Gottlicher et al., 1992; Heyman et al.,
1992; Kitareewan et al., 1996; Lemotte et al., 1996; Mata
de Urquiza et al., 2000; Willson et al., 2000; Lengqvist et
al., 2004). Together with the RXRs and PPARs, the
FXRs, LXRs, CAR, and PXR have been classified as a
new type of NRs that are considered natural sensors
(Janowski et al., 1996; Lehmann et al., 1998; Kawamoto
et al., 1999; Makishima et al., 1999; Tzameli et al., 2000;
Tzameli and Moore, 2001; Francis et al., 2003). The
ligand-binding pocket of these receptors is larger than
those of classic receptors (such as RARs, TRs, or ste-
roid receptors), and they bind a large diversity of
molecules with lower affinity (typically in the micro-
molar range) (Benoit et al., 2004). Even though some
compounds were found inside the pocket of some or-
phan receptors such as HNF-4, RORs, or SF-1, they
still are firmly part of the orphan receptor group be-
cause the regulatory role of the compound is unclear
and/or the physiological relevance of the interaction
with the receptor has not been clearly established
(Dhe-Paganon et al., 2002; Kallen et al., 2004; Li et
al., 2005; Stehlin et al., 2001; Wisely et al., 2002).
Thus, the composition of the orphan receptor group is
likely to continue to shrink in the future.

Following this definition, the orphan receptors form a
highly diverse group. In fact, orphan receptors are not
linked functionally or evolutionarily. In phylogenetic
trees of NRs, they are scattered among the six defined
subfamilies (Escriva et al., 2000). In addition, their
structures are also highly diverse, not only at the struc-
tural level within the LBD as discussed below but also in
the other domains (Fig. 1). Indeed, some orphan recep-

tors have only one of the two characteristic domains of
the NR superfamily. In vertebrates, DAX-1 and SHP,
which contain only an LBD and lack a classic DBD with
conserved cysteines as do the other receptors, are exam-
ples of such divergent orphan receptors (Zanaria et al.,
1994; Burris et al., 1996; Seol et al., 1996). In other
species (e.g., Drosophila or nematodes), there are sev-
eral other examples of receptors containing only the
LBD or only the DBD sequence. The size of the other
domains is also variable; the A/B region of some orphan
receptors is extremely short: 8 amino acids for some
isoforms of ROR� and 14 amino acids in TLX, whereas
in other cases this domain is quite long (250–280 amino
acids for NGFI-B/NR4A group members). Like some li-
ganded receptors, such as the RARs, the HNF-4 group
members contain an F domain that modulates their
transcriptional activities (Ruse et al., 2002).

The diversity of orphan receptors is also illustrated by
various modes of binding to DNA. Although most of
them seem to bind to DNA as homodimers on direct
repeat elements (HNF-4, COUP-TFs, and TR2/4), some
interact with RXRs (NGFI-B and NURR1) (Perlmann
and Jansson, 1995), and probably the most singular
example of a DNA-binding mechanism is the oligomer-
ization of the orphan GCNF upon binding to a direct
repeat AGGTCAAGGTCA (Gu et al., 2005c). This diver-
gent DNA-binding mechanism of GCNF, hexamer for-
mation, is probably a reflection of its being the only
member in the distant sub-branch 6 of the superfamily.
Importantly, the study of several orphan receptors (Rev-
erbs, RORs, SF-1, NGFI-B, NURR1, NOR1, and ERRs)
allowed definition of a new type of interaction with DNA,
namely, monomer binding to half-site sequences (Wilson
et al., 1993). Even though such an ability has been found
in a few cases for liganded receptors (e.g., TR�), the
functional relevance of monomeric binding is clear only
for orphan receptors. In all cases, binding occurs on a
conserved A/GGGTCA binding motif that is preceded by
an A/T-rich region in 5�. The sequence of this A/T-rich
region is variable from one receptor type to another.
SF-1, LRH-1, and ERRs bind to TCAA/GGGTCA ele-
ments (called SFRE or ERRE) (Honda et al., 1993;
Sladek et al., 1997), whereas NGFI-B/NR4A group mem-
bers bind to AAA/GGGTCA elements (called NBRE)
(Wilson et al., 1991). Lastly, Rev-erbs and RORs bind to
a less constrained sequence, the consensus of which is
A/TAA/TNTA/GGGTCA and is termed a RevRE or a
RORE (Harding and Lazar, 1993; Giguère et al., 1994).
In addition, Rev-erbs have been described to bind as
homodimers to special DR2 elements, called RevDR2, in
which the 5� element, a RevRE, and the 3� element, a
classic A/GGGTCA, are separated by two bases, most
often CT (Harding and Lazar, 1995). In all of these cases
of monomeric binding to extended half-site sequences,
the interaction between the receptor and DNA is in the
A/GGGTCA motif, with a recognition helix at the C-
terminal part of the first zinc finger interacting with the
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major groove of DNA and making specific contacts
with the A/GGGTCA motif. A second helix in the sec-
ond zinc finger stabilizes the interaction with DNA
and allows dimerization with partners, when partners
are present. In addition, the C-terminal part of the
receptor is able to interact specifically with the ex-
tended 5� element. Several detailed functional studies
plus structural analyses, including one of the Rev-erb
DBD associated with DNA, led to the identification of

a region beyond the core DBD (C domain), called the A
box, that forms a third �-helix of the DBD and is
implicated in the recognition of the 5� extension of the
DNA element (Wilson, 1993; Rastinejad et al., 1995).
In fact, it has now been shown that variations of this
structural element can be found in liganded receptors,
such as TRs or RXRs. This is a nice illustration of the
impact that orphan receptors can have on the study
and understanding of liganded receptors.

FIG. 1. Phylogenetic tree and schematic structure of orphan nuclear receptors present in human, mouse, and rat.
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Biological Functions of Orphan Receptors

Given the wide diversity of orphan receptors, it is, of
course, very difficult to summarize their biological func-
tions (Giguere, 1999). Two points are nevertheless im-
portant to mention and to discuss. 1) All orphan recep-
tors have a very important function that is specific to
each one of them. Thus, they are not inert molecules,
less important than classic receptors. Indeed, gene tar-
geting in the mouse has revealed important, often es-
sential, roles for orphan NRs in development and adult
physiology. 2) Orphan receptors often play an important
role in modulating the action of classic liganded recep-
tors.

It is possible to generate a very short summary of the
functions played by these molecules and because the
function of most of them has been inactivated in the
mouse or in other biological models, we have a fairly
clear understanding of their role, even if, of course,
many questions remain. Many orphan receptors are im-
portant players in development and cell differentiation.
For example, HNF-4� is critical for early mouse devel-
opment as well as for the development of the liver in
vertebrates and arthropods (Watt et al., 2003). COUP-
TFs have a conserved fundamental role in nervous sys-
tem development as illustrated in mouse, zebrafish, and
even hydra (Cooney et al., 2001) as well as in organo-
genesis of various organs (Park et al., 2003). The three
NGFI-B members are also important players in brain
development (Perlmann and Wallen-Mackenzie, 2004)
and in T-cell biology (He, 2002). ERR� in zebrafish (Bar-
det et al., 2005) and ERR� in mouse (Luo et al., 1997)
have crucial roles in very early development, for exam-
ple, during gastrulation. In addition ERR� has been
proposed to regulate osteoblastic differentiation at later
stages of mouse embryogenesis (Bonnelye et al., 1997).
GCNF has been shown to play an important role in early
mouse development (Chung et al., 2001). GCNF plays a
pivotal role in the silencing of pluripotency gene expres-
sion at gastrulation and ES cell differentiation (Fuhr-
mann et al., 2001; Gu et al., 2005b). DAX-1 is specifically
implicated in germ cell differentiation in mouse (Acher-
mann, 2005; Zechel, 2005), whereas the TLX receptor
and PNR also play an important role during develop-
ment, for example, in retina formation (Kobayashi et al.,
1999). SF-1 plays a central role in the development of
steroidogenic tissues, the adrenals and gonads, whereas
its close homolog LRH-1 plays a role in endoderm differ-
entiation and maintenance of pluripotence in early em-
bryos (Pare et al., 2004; Gu et al., 2005a).

In addition, orphan receptors have also an important
role in adult physiology in regulating metabolism. This
is the case for ERR�, which is important for adipogene-
sis and energy metabolism (Sladek and Giguere, 2000;
Luo et al., 2003), but also for the previously mentioned
LRH-1 and SF-1, which are critical players in the regu-
lation of cholesterol metabolism in the liver as well as in

steroidogenic tissues (Fayard et al., 2004). HNF-4s,
COUP-TFs, Rev-erbs, and RORs also play a role in reg-
ulating metabolism (especially in cholesterol and fatty
acid metabolism) (Jetten et al., 2001; Jetten, 2004; Laiti-
nen et al., 2005), although their specific functions are
not yet well understood.

Finally, an emerging, yet poorly characterized, role for
orphan receptors is in the regulation of circadian
rhythm, a function probably tightly linked to their role
in metabolism (Inoue et al., 2005). Rev-erbs and RORs
are prominent members of the circadian pacemaker in
peripheral tissues as well as in the master clock organ,
the suprachiasmatic nucleus (Alvarez and Sehgal, 2002;
Preitner et al., 2002, 2003; Emery and Reppert, 2004;
Jetten, 2004; Triqueneaux et al., 2004; Guillaumond et
al., 2005). Other orphan receptors, such as ERR�, SHP,
or EAR2, are also expressed in a circadian manner, and
it is interesting to note that the knockout of EAR2 in the
mouse exhibits a circadian phenotype (Horard et al.,
2004; Warnecke et al., 2005).

Many experiments have demonstrated that orphan
receptors regulate the activity of liganded receptors.
This is the case for COUP-TFs, TR2, and TR4 (and also
to a lesser extent for HNF-4s), which have been shown to
repress the activation mediated by liganded receptors
such as RAR, TR, or PPAR (Lee et al., 2002; Park et al.,
2003). DAX-1 and in a broader sense SHP are regulators
of the activity of other receptors (either orphan or ligan-
ded) by direct interaction with these receptors (Zhang
and Dufau, 2004; Bavner et al., 2005). These highly
unusual members of the NR superfamily can even be
described as corepressors because they do not bind DNA
and do not dimerize with other NRs through the canon-
ical homo-/heterodimerization interface but rather
through the cofactor interface. Another case is the con-
nection that exists between ERRs and estrogen signal-
ing. It has been shown that ERRs and ERs share both
structural and functional attributes, such as synthetic
ligands, interactions with coactivators, and binding to
similar DNA sequences in vitro (Giguere, 2002). Many of
these connections were found during the early days of
orphan receptor research, when researchers were avidly
searching for a functional role of these molecules. Thus,
it has to be emphasized that many of these experiments
were done in transient transfection assays and that in
some cases their biological relevance in vivo still awaits
confirmation.

Unorthodox LBD for Unorthodox NRs

Two main strategies were developed to search for or-
phan receptor ligands. These were based either on the
search for the ligand per se by focused or random screen-
ing of naturally occurring or synthetic compounds
(Chawla et al., 2001) or alternatively through the reso-
lution of the structure of the NR LBD by X-ray crystal-
lography. The successful identification of fatty acids,
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oxysterols, and bile acids as naturally occurring agonists
of the PPARs (Gottlicher et al., 1992), the LXRs
(Janowski et al., 1996), and the FXR (Makishima et al.,
1999; Parks et al., 1999), respectively, led to the sugges-
tion that all NRs may be ligand-regulated. However, it
seems that some orphan NRs were resistant to the tra-
ditional screening approaches, especially those display-
ing some level of constitutive activation (i.e., NGFI-B
and NURR1) or repression (i.e., Rev-erbs). More re-
cently, evolutionary studies have suggested and struc-
tural studies have shown that there are orphan NRs, in
which the LBD can carry out its regulatory functions
without the need for a ligand.

In contrast to classic liganded receptors, many orphan
receptors show a “constitutive” AF-2-dependent tran-
scriptional activity in different biological systems. How
this group of receptors (RORs, ERRs, HNF4s, NURRs,
and LRH-1) achieves this constitutive activity is of con-
siderable interest to the understanding the function of
these orphan NRs. This question was recently eluci-
dated by analysis of the crystal structure of their LBDs.
Interestingly, the answers seem to be just as diverse as
the LBD structure is conserved, further indicating that
the NR family evolved in multiple directions and took
advantage of a single structure, namely the LBD, to
achieve different physiological functions. In contrast to
the screening approaches, which focused on the ligand
only, the characterization of the crystal structure of NR
LBDs yielded insights into the capacity of a given NR to
be regulated by a ligand and in some cases even led to
the direct identification of cocrystallized chemical com-
pounds. In addition, and most importantly, the resolu-
tion of these structures has led to a refinement of the
definition of what is a ligand of a NR. There are four
different possibilities for orphan receptors and their po-
tential ligand: 1) receptors with no ligand-binding
pocket at all; 2) receptors with empty ligand-binding
pockets; 3) receptors with structural ligands; and 4)
receptors regulated by ligands, but the physiological
relevance of those remains an open question. There are
still many receptors, for which we simply have no clear
information. This fifth category is the largest one and
contains the COUP-TFs, GCNF, TLX, PNR, TR2/4, and
DAX/SHP. We will now briefly examine the four possi-
bilities.

The case of NURR1 is probably the most convincing
for a receptor containing no ligand-binding pocket (LBP)
(Wang et al., 2003). Because the Drosophila homolog of
NURR1 (Baker et al., 2003), called DHR38, has the
same features as NURR1, it has been suggested that the
two other members of the group are characterized by a
comparable structure. This hypothesis was since veri-
fied for NGFI-B (Flaig et al., 2005). The NGFI-B/NR4A
group members form a branch of nuclear receptor ho-
mologs expressed in various cell types. When trans-
fected into mammalian cells, all NR4A family members
act as constitutively active transcription factors, and all

early attempts to define ligands for them have failed.
Interestingly, the crystallographic analysis of the
NURR1 and DHR38 LBDs reveals that these proteins
lack a ligand-binding pocket. The overall structures are
very similar to the canonical LBD fold (Wurtz et al.,
1996), but bulky amino acid side chains occupy the space
that would normally form the LBP. In the crystal struc-
ture of the NURR1 LBD, helix 12 is in the active con-
formation explaining the known constitutive activity of
NR4A receptors. It was also revealed that residues con-
served between canonical receptors forming the so-
called “charge clamp” region, which is required for coac-
tivator binding, are substituted in the NURR1 LBD.
These observations and the fact that the NURR1 LBD
does not interact with classic p160 coactivators raise
questions about the mechanism by which NURR1 acti-
vates transcription. More recently, several studies re-
vealed the existence of an alternative coactivator bind-
ing cleft (Codina et al., 2004, 2005; Flaig et al., 2005;
Volakakis et al., 2006), but cofactors for NR4A family
members that use that cleft have not yet been identified.
It is now evident that despite obvious similarity to ca-
nonical LBDs, NR4A family members are not receptors
and are regulated at the level of their expression or via
post-translational modifications triggered by intracellu-
lar signaling pathways. The Rev-erbs, which are potent
transcriptional repressors, are also good candidates to
be orphan receptors with no LBP, because modeling
studies have suggested that, as for NURR1, the LBP is
filled with amino acid side chains (Renaud et al., 2000).
A note of caution is nevertheless required here, because
this result is only based on modeling studies, not on the
experimental determination of the structure. Interest-
ingly, the Drosophila homolog of Rev-erb, E75, is regu-
lated by a unique mechanism. E75, in fact, contains a
heme prosthetic group in the LBP, which by controlling
the oxidation state of the heme iron, gases, such as nitric
oxide or carbon monoxide, controls the activity of the
receptor (Reinking et al., 2005). This exemplifies the
unexpected diversity of mechanisms that regulate or-
phan NR activity.

The second interesting case is represented by orphan
receptors that have a constitutive activity but in which
an empty LBP has been observed. This is the case for
ERR�, for which the structure of the LBD in complex
with the SRC-1 peptide was determined (Greschik et al.,
2002). This structure reveals a helix 12 in active confor-
mation and a small, but empty, LBP. Similar results
were obtained more recently with the structure of the
ERR� LBD in complex with a PGC1 peptide (Kallen et
al., 2004). There are known examples of compounds able
to block the constitutive activity of ERR�. Notably, these
are widely used synthetic antiestrogens, such as 4-hy-
droxytamoxifen (Coward et al., 2001). Interestingly, and
in contrast to other cases such as ROR� (see below), the
activity of ERR� does decline after LBP is blocked with
bulky amino acid side chains. Antiestrogens, however,

802 BENOIT ET AL.

 by guest on June 15, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


no longer inactivate such mutants. In summary, ERR�
and possibly ERR� and ERR� are nuclear receptors that
are activated by default, but which are also capable of
responding to deactivating ligands (Coward et al., 2001;
Tremblay et al., 2001a,b), although the physiological
relevance of these ligands has not yet been demon-
strated. Mouse LRH-1 is another example of an orphan
receptor with a large and empty hydrophobic pocket
(Sablin et al., 2003), but because this feature seems to be
different for the human LRH-1, it will be further dis-
cussed below.

Several receptors contain ligands that are unable to
leave the receptor and are in fact part of the structure
itself. These “structural ligands” that behave as pros-
thetic groups are usually fatty acids or fatty acid deriv-
atives. This fact is illustrated by the HNF-4s, which
form another distinct group of constitutively active nu-
clear receptors (Dhe-Paganon et al., 2002; Wisely et al.,
2002). Analysis of the structure of the HNF-4� LBD
revealed the presence of fatty acids, which could not be
displaced from the LBP without protein denaturation
(Wisely et al., 2002a). The helix 12 was in an active
conformation, and mutations of the LBP designed to
prohibit the binding of fatty acids reduced the constitu-
tive activity of the receptor. Thermal denaturation stud-
ies of mutated HNF-4� derivatives, however, indicated
reduced stability of variants unable to bind fatty acids.
Taken together, these studies suggest that HNF4s
evolved to position their AF-2 into active conformation
without the involvement of the ligand but instead need
the help of lipophilic fatty acids to globally fold the LBD.
Therefore, HNF-4s may not be nuclear receptors in the
classic sense. However, the activity of HNF-4s is regu-
lated at the transcriptional level and by coexpression of
regulatory factors, such as SHP. Two other examples in
insects, Drosophila USP (Billas et al., 2001; Clayton et
al., 2001) and E75 (as mentioned above), are also cases of
receptors bound to prosthetic groups, namely, a phos-
pholipid and a heme, respectively.

Finally, researchers are currently in the process of
identifying ligands for some orphan NRs such as RORs,
LRH-1 and SF-1, the members of subfamily 5. ROR� is
constitutively active, and its LBD can efficiently recruit
p300 and glucocorticoid receptor interacting protein co-
activators, which shifts the AF-2 into the active confor-
mation. A surprising feature of the ROR� LBP is that
this domain copurifies with a cholesterol molecule inside
(Kallen et al., 2002, 2004). Interestingly, cholesterol
bound in the LBP can be exchanged with cholesterol
sulfate, which, using structural predictions, is expected
to be a more potent ligand. In addition, changes in the
intracellular level of cholesterol modulate ROR� tran-
scriptional activity. These results suggest that ROR�
could potentially serve as a cellular cholesterol “sensor”
(Willson, 2002). Cholesterol fills the ROR� LBP either to
stabilize helix 12 in an active conformation or to globally
assist the folding of the LBD. The latter possibility is

compatible with the cholesterol receptor hypothesis for
ROR�. In summary, ROR� differs from canonical nu-
clear receptors in that it is bound to its ligand constitu-
tively, but reversibly. The LBP of the ROR� nuclear
receptor, like its homolog ROR�, was originally crystal-
lized together with a fortuitously captured molecule of
stearic acid (Stehlin et al., 2001). Additional experi-
ments established that stearate did not fulfill the crite-
ria for a true ROR� ligand. Because mutagenesis studies
designed to block the ROR� ligand-binding pocket
yielded inactive receptors, the search for a ROR� ligand
continued. This resulted in the discovery that the well-
known RAR natural agonist all-trans-retinoid acid binds
the ROR� LBD with low, but biologically relevant, af-
finity (Stehlin-Gaon et al., 2003). In addition, all-trans-
retinoic acid acts as a partial cell-type specific antago-
nist for ROR�. Many questions remain concerning the in
vivo relevance of these interesting observations, and
more work is needed before ROR� can be considered a
real cholesterol sensor and ROR� a third type of retinoic
acid receptor.

An even more striking scenario is represented by
LRH-1 and SF-1. The mouse LRH-1 LBD assembles into
the active conformation with a large, but empty, LBP
(Sablin et al., 2003). The ability of helix 12 of LRH-1 to
associate with the LBD core was attributed to an un-
usual helix 2 structure, which forms a unique fourth
outer layer of the LBD and actively contributes to the
maintenance of the basal activity of the receptor as
demonstrated by site-directed mutagenesis (Sablin et
al., 2003). Additional experiments aimed at artificially
“filling” the LRH-1 LBP with bulky amino acid side
chains resulted in an increase of basal activity of the
receptor, suggesting that mouse LRH-1 is still ligand-
responsive. Strikingly, the determination of the struc-
ture of the human LRH-1 as well as of mouse and human
SF-1 shows that these receptors, in contrast to mouse
LRH-1, bind phosphatidyl inositol second messengers
and that ligand binding is required for maximal activity
(Krylova et al., 2005; Li et al., 2005; Wang et al., 2005).
In line with these findings, mutations of specific amino
acids that are part of the LBP of mouse SF-1 induce a
loss of activity. The question, of course, remains whether
these “fortuitous” ligands that were discovered because
they were captured in the LBP during overexpression in
bacteria are natural ligands or are at least indicative of
the existence of natural ligands. An important and still
unanswered question is whether these ligands can really
enter and leave the LBD freely (i.e., act as bona fide
signaling molecules) and by doing so regulate its tran-
scriptional activity.

All of these observations illustrate the tremendous
diversity that exists for orphan receptors with respect to
their relationships with small molecules and allows us
to redefine the term “ligand” for nuclear receptors. His-
torically, since the discovery of the superfamily started
with the characterization of steroid receptors (i.e., recep-
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tors with nanomolar affinity for very selective ligands
that are typically hormones synthesized in specific tis-
sues in the organism), it was thought that most, if not
all, NRs should have ligands with similar characteris-
tics. The characterization of “sensors” such as PPARs,
LXRs, FXRs, PXR/CAR, and even RXRs has prompted a
reevaluation of this definition because the LBDs of these
receptors bind a large number of molecules, often de-
rived from food or intermediate metabolism products
and present at very high physiological concentrations
relative to steroid hormones, with a much lower affinity
(typically in the micromolar range). Thus, it became
clear that NRs do bind not only hormones or morpho-
gens, such as retinoic acid, but also a much broader set
of small molecules. If we consider all orphan receptors,
we can see that there is a continuum between small
molecules forming prosthetic groups tightly linked to the
receptor and exchangeable molecules with signaling ac-
tivities. The main challenge for future work will be to
decipher which of the newly discovered “ligands” of or-
phan receptors are physiologically relevant molecules
with a signaling role (i.e., carrying biological informa-
tion). For this, the emphasis will have to shift from
structural studies that were extremely powerful in re-
vealing the nature of these molecules to in vivo analyses
of their biological role.

However, in trying to physiologically link a new ligand
to an orphan receptor, an instructive paradigm to look at
is the estrogen receptors and the enzyme, aromatase,
that produces their ligand. The reproductive roles of the
estrogen receptors � and � were succinctly determined
by gene targeting (Lubahn et al., 1993; Krege et al.,
1998; Dupont et al., 2000). The reproductive phenotype
of the aromatase knockout only reinforced its role in
producing the signal that regulates the estrogen recep-
tors (Fisher et al., 1998; Honda et al., 1998; Nemoto et
al., 2000). Thus, inactivation of an enzyme that produces
a putative ligand should phenocopy part or all of a re-
ceptor phenotype.

The Paradox: Toward Pharmacology of Orphan
Receptors?

To conclude, one cannot help but comment that this
wide diversity of mechanisms is very good news for
pharmacologists. Examples such as ERR� clearly show
that even if an orphan NR has apparently no ligand and
an empty pocket, it can still be a valid pharmaceutical
target, potentially bound and regulated by drug mole-
cules. The same is likely to be true for other receptors,
such as LRH-1, SF-1, and the RORs, making them prom-
ising pharmaceutical targets as well.

Finally, it is also important to note that numerous
orphan receptors form heterodimers with RXR (Man-
gelsdorf and Evans, 1995). This functional property
seems to be critical for the true orphans of the NR4A
subfamily (NGFI-B and NURR1 but not NOR1)

(Perlmann and Jansson, 1995; Zetterstrom et al., 1996),
because these heterodimers were shown to be responsive
to RXR specific ligands, adding yet another mechanism
by which the transcriptional activity of these physiolog-
ically essential receptors can be regulated.

Tables 1 through 25 summarize the functions, biologic
activities, structural properties, and ligands of these
receptors.
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Zetterstrom RH, Solomin L, Mitsiadis T, Olson L, and Perlmann T (1996) Retinoid X

receptor heterodimerization and developmental expression distinguish the orphan
nuclear receptors NGFI-B, Nurr1, and Nor1. Mol Endocrinol 10:1656–1666.

Zhang Y and Dufau ML (2004) Gene silencing by nuclear orphan receptors. Vitam
Horm 68:1–48.
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TABLE 1
DAX-1

Receptor nomenclature NR0B1
Receptor code 4.10.1:OR:0:B1
Other names AHCH
Molecular information Hs: 470aa, P51843, chr. Xp211

Rn: 472aa, P70503, chr. Xq22
Mm: 472aa, Q61066, chr. X C12

DNA binding
Structure Homodimer, heterodimer
HRE core sequence DAX-1 lacks the conventional DNA-binding domain

Partners SF-1 (physical, functional): inhibition of SF-1-dependent transactivation by recruiting the nuclear
receptor corepressor NCOR to SF-13,4; LRH-1 (physical, functional): inhibition of LRH-1-dependent
transactivation4; ER (physical, functional): inhibition of ER-dependent transactivation5; AR
(physical, functional): cellular localization, inhibition of ligand-dependent transcriptional activation,
relocalization of AR in the cytoplasm and nucleus6,7; PR (physical, functional): inhibition of PR
ligand-dependent transactivation via destabilization of the receptor dimers7

Agonists
Antagonists
Coactivators
Corepressors NCOR1, NORR2, COPS23,7,8

Biologically important isoforms DAX-1� {Hs}: lacks the last 70aa of the DAX-1 protein; abundantly expressed in the adrenal
gland, brain, kidney, ovary, and testis; can bind SF-1 and DNA but is unable to repress SF-1-
mediated transactivation; may act as an antagonist to DAX-19,10

Tissue distribution Developmental: gonadal urogenital ridge, adrenal primordium, pituitary, diencephalon; adult:
adrenal cortex, ovarian granulosa and theca cells, testicular Leydig and Sertoli cells, anterior
pituitary gonadotrope cells, neurons of the ventromedial nucleus of the hypothalamus {Hs, Mm}
�Northern blot, in situ hybridization, immunohistology�1,2,11–13

Functional assays
Main target genes Repressed: DAX-1 {Hs, Mm, Rn},14 StAR {Hs, Mm, Rn}14

Mutant phenotype XY mice carrying extra copies of mouse DAX-1 as a transgene show delayed testis development
when the gene is expressed at high levels but do not normally show sex reversal except when
the transgene is introduced into mice strains carrying weak Sry alleles, confirming the notion
that DAX-1 is responsible for DSS syndrome {Mm} �disruption caused by insertion of a vector�15;
female mice lacking the DAX-1 receptor do not exhibit abnormal ovarian development or
fertility; male mice lacking the DAX-1 receptor exhibit progressive degeneration of the testicular
germinal epithelium, suggesting DAX-1 is essential for spermatogenesis; they also exhibit
abnormalities in gonadotropin and testosterone production, further stressing the role of DAX-1
in steroidogenesis and HPA axis regulation {Mm} �disruption caused by insertion of a vector�15

Human disease HHG: all types of missense mutations in DAX-1 resulting in HHG localize in the ligand-binding
domain; many mutations are frameshift or nonsense mutations that lead to a truncated DAX-1
protein16; DSS syndrome: due to a duplication of the DAX-1 gene and not to an alteration of the
receptor2,17,18; X-linked AHC: all types of missense mutations in DAX-1 resulting in AHC
localize in the ligand-binding domain; many mutations are frameshift or nonsense mutations
that lead to a truncated DAX-1 protein16,19,20

aa, amino acids; chr., chromosome; HRE, hormone response element; AR, androgen receptor; PR, progesterone receptor; HHG, hypogonadotropic hypogonadism; HPA,
hypothalamo-pituitary-adrenal; AHC, adrenal hypoplasia congenita; DSS, dosage-sensitive sex reversal; StAR, steroidogenic acute regulatory protein.

1. Zanaria E, Muscatelli F, Bardoni B, Strom TM, Guioli S, Guo W, Lalli E, Moser C, Walker AP, McCabe ER, et al. (1994) An unusual member of the nuclear hormone
receptor superfamily responsible for X-linked adrenal hypoplasia congenita. Nature (Lond) 372:635–641.

2. Swain A, Zanaria E, Hacker A, Lovell-Badge R, and Camerino G (1996) Mouse Dax1 expression is consistent with a role in sex determination as well as in adrenal and
hypothalamus function. Nat Genet 12:404–409.

3. Crawford PA, Dorn C, Sadovsky Y, and Milbrandt J (1998) Nuclear receptor DAX-1 recruits nuclear receptor corepressor N-CoR to steroidogenic factor 1. Mol Cell Biol
18:2949–2956.

4. Suzuki T, Kasahara M, Yoshioka H, Morohashi K, and Umesono K (2003) LXXLL-related motifs in Dax-1 have target specificity for the orphan nuclear receptors
Ad4BP/SF-1 and LRH-1. Mol Cell Biol 23:238–249.

5. Zhang H, Thomsen JS, Johansson L, Gustafsson JA, and Treuter E (2000) DAX-1 functions as an LXXLL-containing corepressor for activated estrogen receptors. J Biol
Chem 275:39855–39859.

6. Holter E, Kotaja N, Makela S, Strauss L, Kietz S, Janne OA, Gustafsson JA, Palvimo JJ, and Treuter E (2002) Inhibition of androgen receptor (AR) function by the
reproductive orphan nuclear receptor DAX-1. Mol Endocrinol 16:515–528.

7. Agoulnik IU, Krause WC, Bingman WE, Rahman HT, Amrikachi M, Ayala GE, and Weigel NL (2003) Repressors of androgen and progesterone receptor action. J Biol
Chem 278:31136–31148.

8. Altincicek B, Tenbaum, Dressel U, Thormeyer D, Renkawitz R, and Baniahmad A (2000) Interaction of the corepressor Alien with DAX-1 is abrogated by mutations
of DAX-1 involved in adrenal hypoplasia congenita. J Biol Chem 275:7662–7667.

9. Ho J, Zhang YH, Huang BL, and McCabe ER (2004) NR0B1A: an alternatively spliced form of NR0B1. Mol Genet Metab 83:330–336.
10. Hossain A, Li C, and Saunders GF (2004) Generation of two distinct functional isoforms of dosage-sensitive sex reversal-adrenal hypoplasia congenita-critical region

on the X chromosome gene 1 (DAX-1) by alternative splicing. Mol Endocrinol 18:1428–1437.
11. Ikeda Y, Swain A, Weber TJ, Hentges KE, Zanaria E, Lalli E, Tamai KT, Sassone-Corsi P, Lovell-Badge R, Camerino G, et al. (1996) Steroidogenic factor 1 and Dax-1

colocalize in multiple cell lineages: potential links in endocrine development. Mol Endocrinol 10:1261–1272.
12. Parma P, Pailhoux E, Puissant C, and Cotinot C (1997) Porcine Dax-1 gene: isolation and expression during gonadal development. Mol Cell Endocrinol 135:49–58.
13. Tamai IT, Monaco L, Alastalo TP, Lalli E, Parvinen M, and Sassone-Corsi P (1996) Hormonal and developmental regulation of DAX-1 expression in Sertoli cells. Mol

Endocrinol 10:1561–1569.
14. Zazopoulos E, Lalli E, Stocco DM, and Sassone-Corsi P (1997) DNA binding and transcriptional repression by DAX-1 blocks steroidogenesis. Nature (Lond) 390:311–315.
15. Yu RN, Ito M, Saunders TL, Camper SA, and Jameson JL (1998) Role of Ahch in gonadal development and gametogenesis. Nat Genet 20:353–357.
16. Muscatelli F, Strom TM, Walker AP, Zanaria E, Recan D, Meindl A, Bardoni B, Guioli S, Zehetner G, Rabl W, et al. (1994) Mutations in the DAX-1 gene give rise to

both X-linked adrenal hypoplasia congenita and hypogonadotropic hypogonadism. Nature (Lond) 372:672–676.
17. Swain A and Lovell-Badge R (1997) A molecular approach to sex determination in mammals. Acta Paediatr Suppl 423:46–49.
18. Swain A, Narvaez V, Burgoyne P, Camerino G, and Lovell-Badge R (1998) Dax1 antagonizes Sry action in mammalian sex determination. Nature (Lond) 391:761–767.
19. Lalli E, Bardoni B, Zazopoulos E, Wurtz JM, Strom TM, Moras D, and Sassone-Corsi P (1997) A transcriptional silencing domain in DAX-1 whose mutation causes

adrenal hypoplasia congenita. Mol Endocrinol 11:1950–1960.
20. Zhang YH, Guo W, Wagner RL, Huang BL, McCabe L, Vilain E, Burris TP, Anyane-Yeboa K, Burghes AH, Chitayat D, et al. (1998) DAX1 mutations map to putative

structural domains in a deduced three-dimensional model. Am J Hum Genet 62:855–864.
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TABLE 2
SHP

Receptor nomenclature NR0B2
Receptor code 4.10.1:OR:0:B2
Other names
Molecular information Hs: 257aa, Q15466, chr. 1p361

Rn: 260aa, P97947, chr. 5q362

Mm: 260aa, Q62227, chr. 4 D31

DNA binding
Structure
HRE core sequence SHP seems to be unable to bind DNA

Partners LRH-1 (physical, functional): inhibition of LRH-1 mediated gene expression modulation3; FXR
(physical, functional): inhibition of FXR mediated gene expression modulation4; CAR (physical,
functional): inhibition of CAR mediated gene expression modulation1,5,6; HNF-4 (physical,
functional): inhibition of HNF-4 mediated gene expression modulation7; LXR� and LXR�
(physical, functional): inhibition of LXR mediated gene expression modulation8

Agonists
Antagonists
Coactivators
Corepressors HDAC1, HDAC3, Sin3A, CREBBP, NCOR1, NCOR25,6,9–12

Biologically important isoforms
Tissue distribution Liver, heart, adrenal gland, spleen, pancreas {Mm} �Northern blot, in situ hybridization�1,13,14

Functional assays
Main target genes Repressed: CYP7A1 {Hs, Mm, Rn},4,15 NTCP {Hs, Mm, Rn},16 ABCA1 {Hs, Mm, Rn},8 ACOX1 {Hs,

Mm, Rn},17 PEPCK {Hs, Mm, Rn}18

Mutant phenotype SHP-null mice show gross accumulation and increased bile acid synthesis caused by derepression
of the rate-limiting enzymes CYP7A1 and CYP8B1 {Mm} �disruption caused by insertion of a
vector�19,20

Human disease Obesity (in relation with MODY): a recent study identified mutations in the NR0B2 gene that
segregated with mild or moderate early onset obesity in Japanese subjects21

aa, amino acids; chr., chromosome; HRE, hormone response element; CREBBP, cAMP response element-binding protein binding protein; MODY, maturity onset of
diabetes; NTCP, Na�/taurocholate-cotransporting protein; PEPCK, phosphoenolpyruvate carboxykinase.

1. Seol W, Choi HS, and Moore DD (1996) An orphan nuclear hormone receptor that lacks a DNA binding domain and heterodimerizes with other receptors. Science (Wash
DC) 272:1336–1339.

2. Masuda N, Yasumo H, Tamura T, Hashiguchi N, Furusawa T, Tsukamoto T, Sadano H, and Osumi T (1997) An orphan nuclear receptor lacking a zinc-finger
DNA-binding domain: interaction with several nuclear receptors. Biochim Biophys Acta 1350:27–32.

3. Lee YK and Moore DD (2002) Dual mechanisms for repression of the monomeric orphan receptor liver receptor homologous protein-1 by the orphan small heterodimer
partner. J Biol Chem 277:2463–2467.

4. Goodwin B, Jones SA, Price RR, Watson MA, McKee DD, Moore LB, Galardi C, Wilson JG, Lewis MC, Roth ME, et al. (2000) A regulatory cascade of the nuclear
receptors FXR, SHP-1, and LRH-1 represses bile acid biosynthesis. Mol Cell 6:517–526.

5. Seol W, Chung M, and Moore DD (1997) Novel receptor interaction and repression domains in the orphan receptor SHP. Mol Cell Biol 17:7126–7131.
6. Bae Y, Kemper JK, and Kemper B (2004) Repression of CAR-mediated transactivation of CYP2B genes by the orphan nuclear receptor, short heterodimer partner

(SHP). DNA Cell Biol 23:81–91.
7. Lee YK, Dell H, Dowhan DH, Hadzopoulou-Cladaras M, and Moore DD (2000) The orphan nuclear receptor SHP inhibits hepatocyte nuclear factor 4 and retinoid X

receptor transactivation: two mechanisms for repression. Mol Cell Biol 20:187–195.
8. Brendel C, Schoonjans K, Botrugno OA, Treuter E, and Auwerx J (2002) The small heterodimer partner interacts with the liver X receptor � and represses its

transcriptional activity. Mol Endocrinol 16:2065–2076.
9. Boulias K and Talianidis I (2004) Functional role of G9a-induced histone methylation in small heterodimer partner-mediated transcriptional repression. Nucleic Acids

Res 32:6096–6103.
10. Gobinet J, Carascossa S, Cavailles V, Vignon F, Nicolas JC, and Jalaguier S (2005) SHP represses transcriptional activity via recruitment of histone deacetylases.

Biochemistry 44:6312–6320.
11. Kemper JK, Kim H, Miao J, Bhalla S, and Bae Y (2004) Role of an mSin3A-Swi/Snf chromatin remodeling complex in the feedback repression of bile acid biosynthesis

by SHP. Mol Cell Biol 24:7707–7719.
12. Bavner A, Johansson L, Toresson G, Gustafsson JA, and Treuter E (2002) A transcriptional inhibitor targeted by the atypical orphan nuclear receptor SHP. EMBO

Rep 3:478–484.
13. Lee HK, Lee YK, Park SH, Kim YS, Lee JW, Kwon HB, Soh J, Moore DD, and Choi HS (1998) Structure and expression of the orphan nuclear receptor SHP gene.

J Biol Chem 273:14398–14402.
14. Lee YK, Parker KL, Choi HS, and Moore DD (1999) Activation of the promoter of the orphan receptor SHP by orphan receptors that bind DNA as monomers. J Biol

Chem 274:20869–20873.
15. Lu TT, Makishima M, Repa JJ, Schoonjans K, Kerr TA, Auwerx J, and Mangelsdorf DJ (2000) Molecular basis for feedback regulation of bile acid synthesis by nuclear

receptors. Mol Cell 6:507–515.
16. Denson LA, Sturm E, Echevarria W, Zimmerman TL, Makishima M, Mangelsdorf DJ, and Karpen SJ (2001) The orphan nuclear receptor, shp, mediates bile

acid-induced inhibition of the rat bile acid transporter, ntcp. Gastroenterology 121:140–147.
17. Kassam A, Capone JP, and Rachubinski RA (2001) The short heterodimer partner receptor differentially modulates peroxisome proliferator-activated receptor �

-mediated transcription from the peroxisome proliferator-response elements of the genes encoding the peroxisomal � -oxidation enzymes acyl-CoA oxidase and hydratase-
dehydrogenase. Mol Cell Endocrinol 176:49–56.

18. Borgius LJ, Steffensen KR, Gustafsson JA, and Treuter E (2002) Glucocorticoid signaling is perturbed by the atypical orphan receptor and corepressor SHP. J Biol
Chem 277:49761–49766.

19. Wang L, Lee YK, Bundman D, Han Y, Thevananther S, Kim CS, Chua SS, Wei R, Heyman RA, Karin M, et al. (2002) Redundant pathways for negative feedback
regulation of bile acid production. Dev Cell 2:721–731.

20. Kerr TA, Saeki S, Schneider M, Schaefer K, Berdy S, Redder T, Shan B, Russell DW, and Schwarz M (2002) Loss of nuclear receptor SHP impairs but does not
eliminate negative feedback regulation of bile acid synthesis. Dev Cell 2:713–720.

21. Nishigori H, Tomura H, Tonooka N, Kanamori M, Yamada S, Sho K, Inoue I, Kikuchi N, Onigata K, Kojima I, et al. (2001) Mutations in the small heterodimer partner
gene are associated with mild obesity in Japanese subjects. Proc Natl Acad Sci USA 98:575–580.
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TABLE 3
Rev-erb�

Receptor nomenclature NR1D1
Receptor code 4.10.1:OR:1:D1
Other names EAR1, EAR1 A, Rev-erbA�
Molecular information Hs: 614aa, P20393, chr. 17q211–3

Rn: 614aa, Q63503, chr. 10q314

Mm: 615aa, Q3UJJ1, chr. 11 D5

DNA binding
Structure Monomer, homodimer
HRE core sequence A/T A A/T N T PuGGTCA (DR-2, half-site)

Partners Rev-erb� (physical, functional): DNA binding6

Agonists Homology modeling of the LBD of the NR1D subgroup suggests that the pocket is occupied by
bulky side chains and cannot accommodate a classic ligand7

Antagonists
Coactivators NCOA58

Corepressors NCOR1, C1d, HDAC3, NCOA58–11

Biologically important isoforms Rev-erb� 2 {Hs, Mm, Rn}: encoded by an mRNA transcribed from an alternative promoter; lacks
the first 114aa in the N-terminal domain of Rev-erb�12

Tissue distribution Developmental: heart, eyes, brain (Purkinje cells of the cerebellum, olfactory granule cells,
cerebral cortex, hippocampus); adult: skeletal muscle, brown fat, liver, heart, brain, pituitary,
kidney, testis, lung, hypothalamus {Hs, Mm} �Northern blot, Q-PCR, in situ hybridization,
Western blot, immunohistology�2,3,13–18

Functional assays
Main target genes Repressed: Rev-erb� {Hs, Mm, Rn},6 ApoA1 {Rn},19 ApoCIII {Hs, Mm, Rn},20,21 Bmal1 {Hs, Mm,

Rn}12,18

Mutant phenotype Knockout mice exhibit abnormalities in the cerebellum after 2 weeks of life, such as alterations
in the development of Purkinje cells, a delay in the proliferation and migration of granule
cells, and an increase in apoptosis of neurons in the internal granule cell layer {Mm}
�knockout�13; knockout mice have also been shown to exhibit defects in their circadian rhythm
{Mm} �knockout�17

Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; Q-PCR, quantitative polymerase chain reaction.
1. Miyajima N, Kadowaki Y, Fukushige S, Shimizu S, Semba K, Yamanashi Y, Matsubara K, Toyoshima K, and Yamamoto T (1988) Identification of two novel members

of erbA superfamily by molecular cloning: the gene products of the two are highly related to each other. Nucleic Acids Res 16:11057–11074.
2. Miyajima N, Horiuchi R, Shibuya Y, Fukushige S, Matsubara K, Toyoshima K, and Yamamoto T (1989) Two erbA homologs encoding proteins with different T3 binding

capacities are transcribed from opposite DNA strands of the same genetic locus. Cell 57:31–39.
3. Lazar MA, Jones KE, and Chin WW (1990) Isolation of a cDNA encoding human Rev-ErbA � : transcription from the noncoding DNA strand of a thyroid hormone

receptor gene results in a related protein that does not bind thyroid hormone. DNA Cell Biol 9:77–83.
4. Lazar MA, Hodin RA, Darling DS, and Chin WW (1989) A novel member of the thyroid/steroid hormone receptor family is encoded by the opposite strand of the rat

c-erbA � transcriptional unit. Mol Cell Biol 9:1128–1136.
5. Strausberg RL, Feingold EA, Grouse LH, Derge JG, Klausner RD, Collins FS, Wagner L, Shenmen CM, Schuler GD, Altschul SF, et al. (2002) Generation and initial

analysis of more than 15,000 full-length human and mouse cDNA sequences. Proc Natl Acad Sci USA 99:16899–16903.
6. Adelmant G, Begue A, Stehelin D, and Laudet V (1996) A functional Rev-erb � responsive element located in the human Rev-erb � promoter mediates a repressing

activity. Proc Natl Acad Sci USA 93:3553–3558.
7. Renaud JP, Harris JM, Downes M, Burke LJ, and Muscat GE (2000) Structure-function analysis of the Rev-erbA and RVR ligand-binding domains reveals a large

hydrophobic surface that mediates corepressor binding and a ligand cavity occupied by side chains. Mol Endocrinol 14:700–717.
8. Sauve F, McBroom LD, Gallant J, Moraitis AN, Labrie F, and Giguere V (2001) CIA, a novel estrogen receptor coactivator with a bifunctional nuclear receptor

interacting determinant. Mol Cell Biol 21:343–353.
9. Downes M, Burke LJ, Bailey PJ, and Muscat GE (1996) Two receptor interaction domains in the corepressor, N-CoR/RIP13, are required for an efficient interaction

with Rev-erbA � and RVR: physical association is dependent on the E region of the orphan receptors. Nucleic Acids Res 24:4379–4386.
10. Zamir I, Dawson J, Lavinsky RM, Glass CK, Rosenfeld MG, and Lazar MA (1997) Cloning and characterization of a corepressor and potential component of the nuclear

hormone receptor repression complex. Proc Natl Acad Sci USA 94:14400–14405.
11. Yin L and Lazar MA (2005) The orphan nuclear receptor Rev-erb� recruits the N-CoR/histone deacetylase 3 corepressor to regulate the circadian Bmal1 gene. Mol

Endocrinol 19:1452–1459.
12. Triqueneaux G, Thenot S, Kakizawa T, Antoch MP, Safi R, Takahashi JS, Delaunay F, and Laudet V (2004) The orphan receptor Rev-erb� gene is a target of the

circadian clock pacemaker. J Mol Endocrinol 33:585–608.
13. Hastings ML, Milcarek C, Martincic K, Peterson ML, and Munroe SH (1997) Expression of the thyroid hormone receptor gene, erbA� , in B lymphocytes: alternative

mRNA processing is independent of differentiation but correlates with antisense RNA levels. Nucleic Acids Res 25:4296–4300.
14. Chomez P, Neveu I, Mansen A, Kiesler E, Larsson L, Vennstrom B, and Arenas E (2000) Increased cell death and delayed development in the cerebellum of mice

lacking the rev-erbA� orphan receptor. Development 127:1489–1498.
15. Kainu T, Enmark E, Gustafsson JA, and Pelto-Huikko MP (1996) Localization of the Rev-ErbA orphan receptors in the brain. Brain Res 743:315–319.
16. Chawla A, and Lazar MA (1993) Induction of Rev-ErbA� , an orphan receptor encoded on the opposite strand of the � -thyroid hormone receptor gene, during adipocyte

differentiation. J Biol Chem 268:16265–16269.
17. Downes M, Carozzi AJ, and Muscat GE (1995) Constitutive expression of the orphan receptor, Rev-erbA� , inhibits muscle differentiation and abrogates the expression

of the myoD gene family. Mol Endocrinol 9:1666–1678.
18. Preitner N, Damiola F, Lopez-Molina L, Zakany J, Duboule D, Albrecht U, and Schibler U (2002) The orphan nuclear receptor REV-ERB� controls circadian

transcription within the positive limb of the mammalian circadian oscillator. Cell 110:251–260.
19. Vu-Dac N, Chopin-Delannoy S, Gervois P, Bonnelye E, Martin G, Fruchart JC, Laudet V, and Staels B (1998) The nuclear receptors peroxisome proliferator-activated

receptor � and Rev-erb� mediate the species-specific regulation of apolipoprotein A-I expression by fibrates. J Biol Chem 273:25713–25720.
20. Coste H, and Rodriguez JC (2002) Orphan nuclear hormone receptor Rev-erb� regulates the human apolipoprotein CIII promoter. J Biol Chem 277:27120–27129.
21. Raspe E, Duez H, Mansen A, Fontaine C, Fievet C, Fruchart JC, Vennstrom B, and Staels B (2002) Identification of Rev-erb� as a physiological repressor of apoC-III

gene transcription. J Lipid Res 43:2172–2179.
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TABLE 4
Rev-erb�

Receptor nomenclature NR1D2
Receptor code 4.10.1:OR:1:D2
Other names EAR1� BD73, RVR, HZF-2
Molecular information Hs: 579aa, Q14995, chr. 3p241

Rn: 578aa, Q635042,3

Mm: 576aa, Q60674, chr. 14 B4,5

DNA binding
Structure Monomer, homodimer
HRE core sequence A/T A A/T N T PuGGTCA (DR-2, half-site)

Partners Rev-erb� (physical, functional): DNA binding6

Agonists Homology modeling of the LBD of the NR1D subgroup suggests that the pocket is occupied by
bulky side chains and cannot accommodate a classic ligand7

Antagonists
Coactivators NCOA58

Corepressors NCOR1, NCOA58–10

Biologically important isoforms
Tissue distribution Heart, brain, lung, liver, skeletal muscle, kidney, spleen, testis, CNS (cerebellar cortex, dentate

gyrus, hippocampus) {Hs, Mm} �Northern blot, Q-PCR, in situ hybridization, Western blot,
immunohistology�1–3,11

Functional assays
Main target genes Repressed: Rev-erb� {Hs, Mm, Rn},12 N-Myc {Hs, Mm, Rn}13

Mutant phenotype
Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; CNS, central nervous system; Q-PCR, quantitative polymerase chain reaction.
1. Dumas B, Harding HP, Choi HS, Lehmann KA, Chung M, Lazar MA, and Moore DD (1994) A new orphan member of the nuclear hormone receptor superfamily closely

related to Rev-Erb. Mol Endocrinol 8:996–1005.
2. Forman BM, Chen J, Blumberg B, Kliewer SA, Henshaw R, Ong ES, and Evans RM (1994) Cross-talk among ROR � 1 and the Rev-erb family of orphan nuclear

receptors. Mol Endocrinol 8:1253–1261.
3. Retnakaran R, Flock G, and Giguere V (1994) Identification of RVR, a novel orphan nuclear receptor that acts as a negative transcriptional regulator. Mol Endocrinol

8:1234–1244.
4. Enmark E, Kainu T, Pelto-Huikko M, and Gustafsson JA (1994) Identification of a novel member of the nuclear receptor superfamily which is closely related to

Rev-ErbA. Biochem Biophys Res Commun 204:49–56.
5. Pena de Ortiz S, Cannon MM, and Jamieson GA Jr (1994) Expression of nuclear hormone receptors within the rat hippocampus: identification of novel orphan receptors.

Brain Res Mol Brain Res 23:278–283.
6. Harding HP and Lazar MA (1995) The monomer-binding orphan receptor Rev-Erb represses transcription as a dimer on a novel direct repeat. Mol Cell Biol

15:4791–4802.
7. Renaud JP, Harris JM, Downes M, Burke LJ, and Muscat GE (2000) Structure-function analysis of the Rev-erbA, and RVR ligand-binding domains reveals a large

hydrophobic surface that mediates corepressor binding and a ligand cavity occupied by side chains. Mol Endocrinol 14:700–717.
8. Sauve F, McBroom LD, Gallant J, Moraitis AN, Labrie F, and Giguere V (2001) CIA, a novel estrogen receptor coactivator with a bifunctional nuclear receptor

interacting determinant. Mol Cell Biol 21:343–353.
9. Downes M, Burke LJ, Bailey PJ, and Muscat GE (1996) Two receptor interaction domains in the corepressor, N-CoR/RIP13, are required for an efficient interaction

with Rev-erbA� and RVR: physical association is dependent on the E region of the orphan receptors. Nucleic Acids Res 24:379–386.
10. Burke LJ, Downes M, Laudet V, and Muscat GE (1998) Identification and characterization of a novel corepressor interaction region in RVR and Rev-erbA� . Mol

Endocrinol 12:248–262.
11. Enmark E, Kainu T, Pelto-Huikko M, and Gustafsson JA (1994) Identification of a novel member of the nuclear receptor superfamily which is closely related to

Rev-ErbA. Biochem Biophys Res Commun 204:49–56.
12. Adelmant G, Begue A, Stehelin D, and Laudet V (1996) A functional Rev-erb � responsive element located in the human Rev-erb � promoter mediates a repressing

activity. Proc Natl Acad Sci USA 93:3553–3558.
13. Dussault I and Giguere V (1997) Differential regulation of the N-myc proto-oncogene by ROR� and RVR, two orphan members of the superfamily of nuclear hormone

receptors. Mol Cell Biol 17:1860–1867.
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TABLE 5
ROR�

Receptor nomenclature NR1F1
Receptor code 4.10.1:OR:1:F1
Other names RZR� , RORA
Molecular information Hs: 556aa, P35398 chr. 15q21-q221

Rn: 523aa, chr. 8q24
Mm: 523aa, P51448, chr. 9 D2,3

DNA binding
Structure Monomer, homodimer
HRE core sequence T/A A/T T/A C A/T A/GGGTCA (DR-2, half-site)

Partners MyoD1 (physical, functional): interaction mediated by the N-terminal activation domain of the
bHLH protein, MyoD, and ROR� 1 DNA-binding domain/C region4; Nm23-1 (physical)5; Nm23-
2 (physical)5

Agonists Cholesterol, cholesterol sulfate6–8

Antagonists
Coactivators NCOA2, PPARBP, EP3004,9

Corepressors NCOR1, NCOR2,10 HR11

Biologically important isoforms ROR� 1 {Hs, Rn}1,12; ROR� 2 {Rn}1,12; ROR� 3 {Rn}1,12; ROR� 4 {Rn}1,12; the four ROR� isoforms
differ in their N-terminal domain and exhibit differential DNA binding preferences1,12

Tissue distribution Lung, muscle, brain (retinal ganglion cells, cerebellum, thalamus, suprachiasmatic nucleus),
heart, leukocytes, spleen, liver, ovary, testis, cartilage, skin, lens, intestinal epithelium {Hs,
Mm, Rn} �Northern, in situ hybridization�1,4,13–19

Functional assays
Main target genes Activated: N-Myc {Hs},20 ApoA5 {Hs},21 laminin B1 {Hs},22 Bmal1 {Mm},23,24 fibrinogen � {Hs},25

Rev-erbA� {Hs},26,27

Mutant phenotype The invalidation of ROR� causes the stagger phenotype in the cerebellum; no apparent
morphological effects on the thalamus, hypothalamus, retina, or regions in which ROR� is
expressed were detected; however, the pelage is significantly less dense and has growth
difficulties when shaved {Mm} �knockout�3,16,28,29

Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; bHLH, basic helix-loop-helix; PPARBP, PPAR-binding protein; HR, hairless.
1. Giguere V, Tini M, Flock G, Ong E, Evans RM, and Otulakowski G (1994) Isoform-specific amino-terminal domains dictate DNA-binding properties of ROR� , a novel

family of orphan hormone nuclear receptors. Genes Dev 8:538–553.
2. McBroom LD, Flock G, and Giguere V (1995) The nonconserved hinge region and distinct amino-terminal domains of the ROR � orphan nuclear receptor isoforms are

required for proper DNA bending and ROR� -DNA interactions. Mol Cell Biol 15:796–808.
3. Matysiak-Scholze U and Nehls M (1997) The structural integrity of ROR� isoforms is mutated in staggerer mice: cerebellar coexpression of ROR� 1 and ROR� 4.

Genomics 43:78–84.
4. Medvedev A, Yan ZH, Hirose T, Giguere V, and Jetten AM (1996) Cloning of a cDNA encoding the murine orphan receptor RZR/ROR� and characterization of its

response element. Gene 181:199–206.
5. Lau P, Bailey P, Dowhan DH, and Muscat GE (1999) Exogenous expression of a dominant negative ROR� 1 vector in muscle cells impairs differentiation: ROR� 1

directly interacts with p300 and myoD. J Biol Chem 274:411–420.
6. Paravicini G, Steinmayr M, Andre E, and Becker-Andre M (1996) The metastasis suppressor candidate nucleotide diphosphate kinase NM23 specifically interacts with

members of the ROR/RZR nuclear orphan receptor subfamily. Biochem Biophys Res Commun 227:82–87.
7. Kallen JA, Schlaeppi JM, Bitsch F, Geisse S, Geiser M, Delhon I, and Fournier B (2002) X-ray structure of the hROR� LBD at 1.63 A: structural and functional data

that cholesterol or a cholesterol derivative is the natural ligand of ROR� . Structure (Camb) 10:1697–1707.
8. Bitsch F, Aichholz R, Kallen J, Geisse S, Fournier B, and Schlaeppi JM (2003) Identification of natural ligands of retinoic acid receptor-related orphan receptor �

ligand-binding domain expressed in Sf9 cells—a mass spectrometry approach. Anal Biochem 323:139–149.
9. Kallen J, Schlaeppi JM, Bitsch F, Delhon I, and Fournier B (2004) Crystal structure of the human ROR� ligand binding domain in complex with cholesterol sulfate

at 2.2 A. J Biol Chem 279:14033–14038.
10. Atkins GB, Hu X, Guenther MG, Rachez C, Freedman LP, and Lazar MA (1999) Coactivators for the orphan nuclear receptor ROR� . Mol Endocrinol 13:1550–1557.
11. Harding HP, Atkins GB, Jaffe AB, Seo WJ, and Lazar MA (1997) Transcriptional activation and repression by ROR� , an orphan nuclear receptor required for

cerebellar development. Mol Endocrinol 11:1737–1746.
12. Moraitis AN, Giguere V, and Thompson CC (2002) Novel mechanism of nuclear receptor corepressor interaction dictated by activation function 2 helix determinants.

Mol Cell Biol 22:6831–6841.
13. Becker-Andre M, Andre E, and DeLamarter JF (1993) Identification of nuclear receptor mRNAs by RT-PCR amplification of conserved zinc-finger motif sequences.

Biochem Biophys Res Commun 194:1371–1379.
14. Tini M, Fraser RA, and Giguere V (1995) Functional interactions between retinoic acid receptor-related orphan nuclear receptor (ROR� ) and the retinoic acid receptors

in the regulation of the � F-crystallin promoter. J Biol Chem 270:20156–20161.
15. Andre E, Conquet F, Steinmayr M, Stratton SC, Porciatti V, and Becker-Andre M (1998) Disruption of retinoid-related orphan receptor � changes circadian behavior,

causes retinal degeneration and leads to vacillans phenotype in mice. EMBO (Eur Mol Biol Organ) J 17:3867–3877.
16. Steinmayr M, Andre E, Conquet F, Rondi-Reig L, Delhaye-Bouchaud N, Auclair N, Daniel H, Crepel F, Mariani J, Sotelo C, et al. (1998) staggerer phenotype in

retinoid-related orphan receptor � -deficient mice. Proc Natl Acad Sci USA 95:3960–3965.
17. Hamilton BA, Frankel WN, Kerrebrock AW, Hawkins TL, FitzHugh W, Kusumi K, Russell LB, Mueller KL, van Berkel V, Birren BW, et al. (1996) Disruption of the

nuclear hormone receptor ROR� in staggerer mice. Nature (Lond) 379:736–739.
18. Bordji K, Grillasca JP, Gouze JN, Magdalou J, Schohn H, Keller JM, Bianchi A, Dauca M, Netter R, and Terlain B (2000) Evidence for the presence of peroxisome

proliferator-activated receptor (PPAR) � and � and retinoid Z receptor in cartilage. PPAR� activation modulates the effects of interleukin-1� on rat chondrocytes. J Biol Chem
275:12243–12250.

19. Meyer T, Kneissel M, Mariani J, and Fournier B (2000) In vitro and in vivo evidence for orphan nuclear receptor ROR� function in bone metabolism. Proc Natl Acad
Sci USA 97:9197–9202.

20. Dussault I and Giguere V (1997) Differential regulation of the N-myc proto-oncogene by ROR� and RVR, two orphan members of the superfamily of nuclear hormone
receptors. Mol Cell Biol 17:1860–1867.

21. Genoux A, Dehondt H, Helleboid-Chapman A, Duhem C, Hum DW, Martin G, Pennacchio LA, Staels B, Fruchart-Najib J, and Fruchart JC (2005) Transcriptional
regulation of apolipoprotein A5 gene expression by the nuclear receptor ROR� . Arterioscler Thromb Vasc Biol 25:1186–1192.

22. Matsui T (1996) Differential activation of the murine laminin B1 gene promoter by RAR� , ROR� , and AP-1. Biochem Biophys Res Commun 220:405–410.
23. Nakajima Y, Ikeda M, Kimura T, Honma S, Ohmiya Y, and Honma K (2004) Bidirectional role of orphan nuclear receptor ROR� in clock gene transcriptions

demonstrated by a novel reporter assay system. FEBS Lett 565:122–126.
24. Sato TK, Panda S, Miraglia LJ, Reyes TM, Rudic RD, McNamara P, Naik KA, FitzGerald GA, Kay SA, and Hogenesch JB (2004) A functional genomics strategy reveals

Rora as a component of the mammalian circadian clock. Neuron 43:527–537.
25. Chauvet C, Bois-Joyeux B, Fontaine C, Gervois P, Bernard MA, Staels B, and Danan JL (2005) The gene encoding fibrinogen-� is a target for retinoic acid

receptor-related orphan receptor � . Mol Endocrinol 19:2517–2526.
26. Delerive P, Chin WW, and Suen CS (2002) Identification of Reverb� as a novel ROR� target gene. J Biol Chem 277:35013–35018.
27. Raspe E, Mautino G, Duval C, Fontaine C, Duez H, Barbier O, Monte D, Fruchart J, Fruchart JC, and Staels B (2002) Transcriptional regulation of human Rev-erb�

gene expression by the orphan nuclear receptor retinoic acid-related orphan receptor � . J Biol Chem 277:49275–49281.
28. Dussault I, Fawcett D, Matthyssen A, Bader JA, and Giguere V (1998) Orphan nuclear receptor ROR � -deficient mice display the cerebellar defects of staggerer. Mech

Dev 70:147–153.
29. Sidman RL, Lane PW, and Dickie MM (1962) Staggerer, a new mutation in the mouse affecting the cerebellum. Science (Wash DC) 137:610–612.
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TABLE 6
ROR�

Receptor nomenclature NR1F2
Receptor code 4.10.1:OR:1:F2
Other names RZR� , RORB
Molecular information Hs: 459aa, Q92753, chr. 9q21

Rn: 459aa, P45446, chr. 1q431

Mm: 459aa, Q8R1B8, chr. 19 B2

DNA binding
Structure Monomer, homodimer
HRE core sequence T/A A/T T/A C A/T A/GGGTCA (half-site)

Partners Nm23–2 (physical)3

Agonists
Antagonists ALRT 1550 (39 pM),* all-trans-retinoic acid (150 pM), all-trans-4-oxoretinoic acid (520 pM)

�IC50�4

Coactivators NCOA15

Corepressors Nrip2, HR6,7

Biologically important isoforms ROR�2 {Rn}: differing in the N-terminal region, expression found only in the pineal gland and
retina, more restricted DNA-binding properties, probably to regulate different sets of genes8

Tissue distribution Developmental: retina; adult: pineal gland, hypothalamus, thalamus, spinal cord, pituitary, eye
(retinal progenitor cells), spleen {Hs, Mm, Rn} �Northern blot, in situ hybridization,
immunohistology�9–11

Functional assays
Main target genes Activated: Bmal1 {Hs, Mm, Rn}12

Mutant phenotype Knockout mice exhibit duck-like gait, disrupted reproduction in males, disorganization of the
retina resulting in blindness, and abnormal circadian rhythm {Mm} �knockout�9

Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; HR, hairless.
* Radioligand.
1. Becker-Andre M, Andre E, and DeLamarter JF (1993) Identification of nuclear receptor mRNAs by RT-PCR amplification of conserved zinc-finger motif sequences.

Biochem Biophys Res Commun 194:1371–1379.
2. Strausberg RL, Feingold EA, Grouse LH, Derge JG, Klausner RD, Collins FS, Wagner L, Shenmen CM, Schuler GD, Altschul SF, et al. (2002) Generation and initial

analysis of more than 15,000 full-length human and mouse cDNA sequences. Proc Natl Acad Sci USA 99:16899–16903.
3. Paravicini G, Steinmayr M, Andre E, and Becker-Andre M (1996) The metastasis suppressor candidate nucleotide diphosphate kinase NM23 specifically interacts with

members of the ROR/RZR nuclear orphan receptor subfamily. Biochem Biophys Res Commun 227:82–87.
4. Stehlin-Gaon C, Willmann D, Zeyer D, Sanglier S, Van Dorsselaer A, Renaud JP, Moras D, and Schule R (2003) All-trans retinoic acid is a ligand for the orphan nuclear

receptor ROR � . Nat Struct Biol 10:820–825.
5. Stehlin C, Wurtz JM, Steinmetz A, Greiner E, Schule R, Moras D, and Renaud JP (2001) X-ray structure of the orphan nuclear receptor ROR� ligand-binding domain

in the active conformation. EMBO (Eur Mol Biol Organ) J 20:5822–5831.
6. Greiner EF, Kirfel J, Greschik H, Huang D, Becker P, Kapfhammer JP, and Schule R (2000) Differential ligand-dependent protein-protein interactions between nuclear

receptors and a neuronal-specific cofactor. Proc Natl Acad Sci USA 97:7160–7165.
7. Moraitis AN, Giguere V, and Thompson CC (2002) Novel mechanism of nuclear receptor corepressor interaction dictated by activation function 2 helix determinants.

Mol Cell Biol 22:6831–6841.
8. Andre E, Gawlas K, and Becker-Andre M (1998) A novel isoform of the orphan nuclear receptor ROR� is specifically expressed in pineal gland and retina. Gene

216:277–283.
9. Andre E, Conquet F, Steinmayr M, Stratton SC, Porciatti V, and Becker-Andre M (1998) Disruption of retinoid-related orphan receptor � changes circadian behavior,

causes retinal degeneration and leads to vacillans phenotype in mice. EMBO (Eur Mol Biol Organ) J 17:3867–3877.
10. Becker-Andre M, Wiesenberg I, Schaeren-Wiemers N, Andre E, Missbach M, Saurat JH, and Carlberg C (1994) Pineal gland hormone melatonin binds and activates

an orphan of the nuclear receptor superfamily. J Biol Chem 269:28531–28534.
11. Schaeren-Wiemers N, Andre E, Kapfhammer JP, and Becker-Andre M (1997) The expression pattern of the orphan nuclear receptor ROR� in the developing and adult

rat nervous system suggests a role in the processing of sensory information and in circadian rhythm. Eur J Neurosci 9:2687–2701.
12. Guillaumond F, Dardente H, Giguere V, and Cermakian N (2005) Differential control of Bmal1 circadian transcription by REV-ERB and ROR nuclear receptors. J Biol

Rhythms 20:391–403.
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TABLE 7
ROR�

Receptor nomenclature NR1F3
Receptor code 4.10.1:OR:1:F3
Other names TOR, RORC
Molecular information Hs: 518aa, P51449, chr. 1q211

Rn: 508aa, chr. 2q34
Mm: 516aa, P51450, chr. 3 F22

DNA binding
Structure Homodimer
HRE core sequence AGGTCA nnnnn AGGTCA (DR-4, DR-5, half-site)

Partners Mi-2� (physical, functional): inhibition of ROR� transcriptional activity3

Agonists
Antagonists ALRT 1550,4 all-trans-retinoic acid4

Coactivators NCOA15

Corepressors HR6

Biologically important isoforms ROR�b {Hs, Mm}: differs in the 5�-UTR and coding region; resulting isoform is shorter and
has a distinct N terminus7

Tissue distribution Skeletal muscle, thymus, testis, pancreas, prostate, heart, liver, tongue, diaphragm; no
expression found in the spleen or bone marrow {Hs, Mm, Rn} �Northern blot, in situ
hybridization, immunohistology�1,2,8,9

Functional assays
Main target genes
Mutant phenotype Homozygous mutants lack peripheral and mesenteric lymph nodes and Peyer’s patches,

reduced numbers of thymocytes and increased apoptosis with loss of thymic expression of
antiapoptotic factor Bcl-xL {Mm} �knockout�10

Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; HR, hairless.
1. Hirose T, Smith RJ, and Jetten AM (1994) ROR� : the third member of ROR/RZR orphan receptor subfamily that is highly expressed in skeletal muscle. Biochem

Biophys Res Commun 205:1976–1983.
2. Ortiz MA, Piedrafita FJ, Pfahl M, and Maki R (1995) TOR: a new orphan receptor expressed in the thymus that can modulate retinoid and thyroid hormone signals.

Mol Endocrinol 9:1679–1691.
3. Johnson DR, Lovett JM, Hirsch M, Xia F, and Chen JD (2004) NuRD complex component Mi-2� binds to and represses ROR� -mediated transcriptional activation.

Biochem Biophys Res Commun 318:714–718.
4. Stehlin-Gaon C, Willmann D, Zeyer D, Sanglier S, Van Dorsselaer A, Renaud JP, Moras D, and Schule R (2003) All-trans retinoic acid is a ligand for the orphan nuclear

receptor ROR� . Nat Struct Biol 10:820–825.
5. Kurebayashi S, Nakajima T, Kim SC, Chang CY, McDonnell DP, Renaud JP, and Jetten AM (2004) Selective LXXLL peptides antagonize transcriptional activation

by the retinoid-related orphan receptor ROR� . Biochem Biophys Res Commun 315:919–927.
6. Moraitis AN, Giguere V, and Thompson CC (2002) Novel mechanism of nuclear receptor corepressor interaction dictated by activation function 2 helix determinants.

Mol Cell Biol 22:6831–6841.
7. He YW, Deftos ML, Ojala EW, and Bevan MJ (1998) ROR� t, a novel isoform of an orphan receptor, negatively regulates Fas ligand expression and IL-2 production

in T cells. Immunity 9:797–806.
8. Eberl G, and Littman DR (2003) The role of the nuclear hormone receptor RORgammat in the development of lymph nodes and Peyer’s patches. Immunol Rev

195:81–90.
9. Eberl G, Marmon S, Sunshine MJ, Rennert PD, Choi Y, and Littman DR (2004) An essential function for the nuclear receptor ROR� t in the generation of fetal lymphoid

tissue inducer cells. Nat Immunol 5:64–73.
10. Sun Z, Unutmaz D, Zou YR, Sunshine MJ, Pierani A, Brenner-Morton S, Mebius RE, and Littman DR (2000) Requirement for ROR� in thymocyte survival and

lymphoid organ development. Science (Wash DC) 288:2369–2373.
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TABLE 8
HNF�

Receptor nomenclature NR2A1
Receptor code 4.10.1:OR:2:A1
Other names HNF-4, MODY1, TCF14
Molecular information Hs: 465aa, P41235, chr. 20q131,2

Rn: 465aa, P22449, chr. 3q423,4

Mm: 465aa, P49698, chr. 2 H35,6

DNA binding
Structure Homodimer
HRE core sequence AGGTCA n AGGTCA (DR-1, DR-2)4,7

Partners HIF (physical, functional): transactivation8–10; HNF-1A (physical, functional): transactiva-
tion11–13; COUP-TFI, COUP-TFII (functional): transactivation and competition for DNA
binding14–16; SHP (physical, functional): transactivation17,18; SMADs (physical, functional):
transactivation19,20

Agonists
Antagonists
Coactivators NCOA1, NCOA2, CREBBP, PPARGC1A, PPARGC1B, PPARBP21–27

Corepressors NCOR228

Biologically important
isoforms

HNF-4�1 {Hs, Mm, Rn}: main isoform1,4,5; HNF-4�2 (variant B){Hs, Mm, Rn}: contains an
additional 10 amino acids in the F domain and is the most prominent form in the liver and
kidney1,5,21; HNF-4�3 (variant C) {Hs, Mm}: displays reduced transcriptional activity and
liver expression compared with isoforms 1 and 229; HNF-4�4 {Hs, Mm}: this variant has an
insertion in the AF-1 of HNF-4�130; HNF-4�7 and HNF-4�8 {Hs, Mm, Rn}: transcribed from
a different promoter and have a different N terminus from the isoforms above but the same F
domain as HNF-4�1 and HNF-4�231–34

Tissue distribution Developmental: primary endoderm, liver, kidney, pancreas, stomach, intestine; adult: HNF�-1
and -2—liver (hepatocytes), kidney, small intestine and colon but not in the pancreas;
HNF�-3 and -4—liver; HNF�-7—pancreas, adult liver, small intestine, colon, stomach but
not in the liver {Hs, Mm, Rn} �Northern blot, in situ hybridization, Western blot,
immunohistology�4,35–37

Functional assays Measurement of receptor activity using CAT and luciferase reporter genes in HeLa, HepG2,
Hep3B, Saos2, Caco-2, and HEK 293 cells {Hs}4,28,38; ectopic overexpression of HNF-4� in
fibroblasts induces a mesenchymal-to-epithelial transition, indicating that HNF-4� is a
dominant regulator of the epithelial phenotype {Mm}39

Main target genes Activated: ApoC3 {Hs, Mm, Rn},4,40,41 ApoB {Hs},41,42 HNF1A {Hs, Mm, Rn},41,43,44 PEPCK {Hs,
Mm, Rn},41,45 CYP3A4 {Hs}34,46,47

Mutant phenotype Targeted disruption of the HNF-4� gene results in embryonic lethality; the embryos initiate but do
not complete gastrulation in the absence of HNF-4� {Mm} �knockout�48,49; adult mice lacking
hepatic HNF-4� expression accumulated lipid in the liver and exhibited greatly reduced serum
cholesterol and triglyceride levels and increased serum bile acid concentrations {Mm}
�knockout�39,50,51; mice lacking HNF-4� in pancreatic � cells have hyperinsulinemia and,
paradoxically, impaired glucose tolerance, as well as impaired glucose-stimulated insulin secretion
and dysfunction of the KATP channel activity {Mm} �conditional knockout�52,53

Human disease Early-onset type 2 diabetes: due to the three SNPs (Asp1263Tyr, Asp1263His, Arg1543Gln)54;
late-onset type 2 diabetes: due to missense mutations in the LBD and F domain and 13 SNPs
in the P2 promoter55–58; MODY1: caused by mutations in several different human populations
affecting either the DBD or LBD32,59–63; factor VII deficiency: caused by mutations in the
HNF-4�-binding site in the blood coagulation factor VII gene64; hemophilia B Leyden: caused
by mutations in the HNF-4�-binding site in the blood coagulation factor IX gene65–67

aa, amino acids; chr., chromosome; HRE, hormone response element; HIF, hypoxia-inducing factor; CREBBP, cAMP response element-binding protein binding protein;
PPARGC, PPAR coactivator gene; PPARBP, PPAR binding protein; SNP, single-nucleotide polymorphism; MODY1, maturity-onset diabetes of the young type 1; CAT,
chloroamphenicol acetyl transferase; PEPCK, phosphoenolpyruvate carboxykinase.

1. Chartier FL, Bossu JP, Laudet V, Fruchart JC, and Laine B (1994) Cloning and sequencing of cDNAs encoding the human hepatocyte nuclear factor 4 indicate the
presence of two isoforms in human liver. Gene 147:269–272.

2. Argyrokastritis A, Kamakari S, Kapsetaki M, Kritis A, Talianidis I, and Moschonas NK (1997) Human hepatocyte nuclear factor-4 (hHNF-4) gene maps to 20q12-q13.1
between PLCG1 and D20S17. Hum Genet 99:233–236.

3. Hata S, Tsukamoto T, and Osumi T (1992) A novel isoform of rat hepatocyte nuclear factor 4 (HNF-4). Biochim Biophys Acta 1131:211–213.
4. Sladek FM, Zhong WM, Lai E, and Darnell JE Jr (1990) Liver-enriched transcription factor HNF-4 is a novel member of the steroid hormone receptor superfamily. Genes

Dev 4:2353–2365.
5. Hata S, Inoue T, Kosuga K, Nakashima T, Tsukamoto T, and Osumi T (1995) Identification of two splice isoforms of mRNA for mouse hepatocyte nuclear factor 4

(HNF-4). Biochim Biophys Acta 1260:55–61.
6. Avraham KB, Prezioso VR, Chen WS, Lai E, Sladek FM, Zhong W, Darnell JE Jr, Jenkins NA, and Copeland NG (1992) Murine chromosomal location of four

hepatocyte-enriched transcription factors: HNF-3� , HNF-3� , HNF-3� , and HNF-4. Genomics 13:264–268.
7. Jiang G and Sladek FM (1997) The DNA binding domain of hepatocyte nuclear factor 4 mediates cooperative, specific binding to DNA and heterodimerization with the

retinoid X receptor � . J Biol Chem 272:1218–1225.
8. Galson DL, Tsuchiya T, Tendler DS, Huang LE, Ren Y, Ogura T, and Bunn HF (1995) The orphan receptor hepatic nuclear factor 4 functions as a transcriptional

activator for tissue-specific and hypoxia-specific erythropoietin gene expression and is antagonized by EAR3/COUP-TF1. Mol Cell Biol 15:2135–2144.
9. Zhang W, Tsuchiya T, and Yasukochi Y (1999) Transitional change in interaction between HIF-1 and HNF-4 in response to hypoxia. J Hum Genet 44:293–299.
10. Tsuchiya T, Kominato Y, and Ueda M (2002) Human hypoxic signal transduction through a signature motif in hepatocyte nuclear factor 4. J Biochem (Tokyo)

132:37–44.
11. Ktistaki E and Talianidis I (1997) Modulation of hepatic gene expression by hepatocyte nuclear factor 1. Science (Wash DC) 277:109–112.
12. Hu C and Perlmutter DH (1999) Regulation of � 1-antitrypsin gene expression in human intestinal epithelial cell line caco-2 by HNF-1� and HNF-4. Am J Physiol

276:G1181–G1194.
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13. Rowley CW, Staloch LJ, Divine JK, McCaul SP, and Simon TC (2006) Mechanisms of mutual functional interactions between HNF-4� and HNF-1� revealed by
mutations that cause maturity onset diabetes of the young. Am J Physiol 290:G466–G475.

14. Mietus-Snyder M, Sladek FM, Ginsburg GS, Kuo CF, Ladias JA, Darnell JE Jr, and Karathanasis SK (1992) Antagonism between apolipoprotein AI regulatory protein
1, Ear3/COUP-TF, and hepatocyte nuclear factor 4 modulates apolipoprotein CIII gene expression in liver and intestinal cells. Mol Cell Biol 12:1708–1718.

15. Ktistaki E and Talianidis I (1997) Chicken ovalbumin upstream promoter transcription factors act as auxiliary cofactors for hepatocyte nuclear factor 4 and enhance
hepatic gene expression. Mol Cell Biol 17:2790–2797.

16. Sugiyama T, Wang JC, Scott DK, and Granner DK (2000) Transcription activation by the orphan nuclear receptor, chicken ovalbumin upstream promoter-
transcription factor I (COUP-TFI): definition of the domain involved in the glucocorticoid response of the phosphoenolpyruvate carboxykinase gene. J Biol Chem
275:3446–3454.

17. Lee YK, Dell H, Dowhan DH, Hadzopoulou-Cladaras M, and Moore DD (2000) The orphan nuclear receptor SHP inhibits hepatocyte nuclear factor 4 and retinoid X
receptor transactivation: two mechanisms for repression. Mol Cell Biol 20:187–195.

18. Shimamoto Y, Ishida J, Yamagata K, Saito T, Kato H, Matsuoka T, Hirota K, Daitoku H, Nangaku M, Yamagata K, et al. (2004) Inhibitory effect of the small
heterodimer partner on hepatocyte nuclear factor-4 mediates bile acid-induced repression of the human angiotensinogen gene. J Biol Chem 279:7770–7776.

19. Kardassis D, Pardali K, and Zannis VI (2000) SMAD proteins transactivate the human ApoCIII promoter by interacting physically and functionally with hepatocyte
nuclear factor 4. J Biol Chem 275:41405–41414.

20. Chou WC, Prokova V, Shiraishi K, Valcourt U, Moustakas A, Hadzopoulou-Cladaras M, Zannis VI, and Kardassis D (2003) Mechanism of a transcriptional cross talk
between transforming growth factor-� -regulated Smad3 and Smad4 proteins and orphan nuclear receptor hepatocyte nuclear factor-4. Mol Biol Cell 14:1279–1294.

21. Sladek FM, Ruse MD Jr, Nepomuceno L, Huang SM, and Stallcup MR (1999) Modulation of transcriptional activation and coactivator interaction by a splicing
variation in the F domain of nuclear receptor hepatocyte nuclear factor 4� 1. Mol Cell Biol 19:6509–6522.

22. Wang JC, Stafford JM, and Granner DK (1998) SRC-1 and GRIP1 coactivate transcription with hepatocyte nuclear factor 4. J Biol Chem 273:30847–30850.
23. Yoshida E, Aratani S, Itou H, Miyagishi M, Takiguchi M, Osumu T, Murakami K, and Fukamizu A (1997) Functional association between CBP and HNF4 in

trans-activation. Biochem Biophys Res Commun 241:664–669.
24. Yoon JC, Puigserver P, Chen G, Donovan J, Wu Z, Rhee J, Adelmant G, Stafford J, Kahn CR, Granner DK, et al. (2001) Control of hepatic gluconeogenesis through

the transcriptional coactivator PGC-1. Nature (Lond) 413:131–138.
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TABLE 9
HNF-4�

Receptor nomenclature NR2A3
Receptor code 4.10.1:OR:2:A3
Other names HNF4B
Molecular information Hs: 408aa, Q14541, chr. 8q211

Rn: chr. 2q24
Mm: 418aa, Q9WUU6, chr. 3 A12

DNA binding
Structure Homodimer
HRE core sequence AGGTCA n AGGTCA (DR-1)3,4

Partners
Agonists
Antagonists
Coactivators
Corepressors
Biologically important isoforms
Tissue distribution Endocrine, pancreas, kidney, small intestine, and testis; not found in the liver and only very

weakly in the colon {Hs, Mm, Rn} �Northern blot, in situ hybridization, immunohistology�2,5

Functional assays Measurement of receptor activity using CAT and luciferase reporter genes in HeLa, HepG2,
Hep3B, Saos2, Caco-2, and Hek 293 cells {Hs}1,2,4,5

Main target genes Activated: ApoA4 {Mm},4,5 ApoC3 {Mm},2 Tat {Mm},2 HNF-1� {Hs},1 AKR1C4 {Hs}6

Mutant phenotype
Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; CAT, chloroamphenicol acetyl transferase.
1. Drewes T, Senkel S, Holewa B, and Ryffel GU (1996) Human hepatocyte nuclear factor 4 isoforms are encoded by distinct and differentially expressed genes. Mol Cell

Biol 16:925–931.
2. Taraviras S, Mantamadiotis T, Dong-Si T, Mincheva A, Lichter P, Drewes T, Ryffel GU, Monaghan AP, and Schutz G (2000) Primary structure, chromosomal mapping,

expression and transcriptional activity of murine hepatocyte nuclear factor 4gamma. Biochim Biophys Acta 1490:21–32.
3. Bogan AA, Dallas-Yang Q, Ruse MD, Jr Maeda Y, Jiang G, Nepomuceno L, Scanlan TS, Cohen FE, and Sladek FM (2000) Analysis of protein dimerization and ligand

binding of orphan receptor HNF4� . J Mol Biol 302:831–851.
4. Archer A, Sauvaget D, Chauffeton V, Bouchet PE, Chambaz J, Pincon-Raymond M, Cardot P, Ribeiro A, and Lacasa M (2005) Intestinal apolipoprotein A-IV gene

transcription is controlled by two hormone-responsive elements: a role for hepatic nuclear factor-4 isoforms. Mol Endocrinol 19:2320–2334.
5. Sauvaget D, Chauffeton V, Citadelle D, Chatelet FP, Cywiner-Golenzer C, Chambaz J, Pincon-Raymond M, Cardot P, Le Beyec J, and Ribeiro A (2002) Restriction of

apolipoprotein A-IV gene expression to the intestine villus depends on a hormone-responsive element and parallels differential expression of the hepatic nuclear factor 4�
and � isoforms. J Biol Chem 277:34540–34548.

6. Ozeki T, Takahashi Y, Kume T, Nakayama K, Yokoi T, Nunoya K, Hara A, and Kamataki T (2001) Co-operative regulation of the transcription of human dihydrodiol
dehydrogenase (DD)4/aldo-keto reductase (AKR)1C4 gene by hepatocyte nuclear factor (HNF)-4� /� and HNF-1� . Biochem J 355:537–544.
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TABLE 10
TR2

Receptor nomenclature NR2C1
Receptor code 4.10.1:OR:2:C1
Other names TR2-11
Molecular information Hs: 603aa, Q15625, chr. 12q221

Rn: 590aa, Q8VIJ4, chr. 7q122

Mm: 590aa, Q505F1, chr. 10 C33

DNA binding
Structure Homodimer, heterodimer
HRE core sequence AGGTCA n AGGTCA (DR-1, DR-2, DR-3, DR-4, DR-5, DR-6)

Partners TR4 (physical, functional): DNA binding, exerts a stronger repressive activity than expressing
either receptor alone2; AR (physical, functional): DNA binding, repression of TR2 target
genes3; ER (physical, functional): DNA binding4

Agonists
Antagonists
Coactivators
Corepressors NRIP1, HDAC3, HDAC45,6

Biologically important isoforms TR2–5 {Hs}: shorter LBD1,7; TR2–7 {Hs}: lacking LBD1,7; TR2–9 {Hs}: shorter LBD1,7

Tissue distribution Developmental: testis (seminiferous tubules), kidney, and intestine; adult: prostate, liver,
testis, seminal vesicle, and kidney {Mm, Rn} �Northern blot, in situ hybridization�1,7

Functional assays
Main target genes Activated: CNTFR� {Hs},2 aldolase A {Hs}8; repressed: HRH1 {Hs},9 EPO {Hs}10

Mutant phenotype Both male and female TR2 knockout mice are fertile; male mutants have functional testes,
including normal sperm number and motility {Mm} �knockout�11

Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; CNTFR, ciliary neurotrophic factor receptor; EPO, erythropoietin.
1. Chang C, Kokontis J, Acakpo-Satchivi L, Liao S, Takeda H, and Chang Y (1989) Molecular cloning of new human TR2 receptors: a class of steroid receptor with multiple

ligand-binding domains. Biochem Biophys Res Commun 165:735–741.
2. Mu X and Chang C (2003) TR2 orphan receptor functions as negative modulator for androgen receptor in prostate cancer cells PC-3. Prostate 57:129–133.
3. Young WJ, Lee YF, Smith SM, and Chang C (1998) A bidirectional regulation between the TR2/TR4 orphan receptors (TR2/TR4) and the ciliary neurotrophic factor

(CNTF) signaling pathway. J Biol Chem 273:20877–20885.
4. Hu YC, Shyr CR, Che W, Mu XM, Kim E, and Chang C (2002) Suppression of estrogen receptor-mediated transcription and cell growth by interaction with TR2 orphan

receptor. J Biol Chem 277:33571–33579.
5. Lee CH, Chinpaisal C, and Wei LN (1998) Cloning and characterization of mouse RIP140, a corepressor for nuclear orphan receptor TR2. Mol Cell Biol 18:6745–6755.
6. Li G, Franco PJ, and Wei LN (2003) Identification of histone deacetylase-3 domains that interact with the orphan nuclear receptor TR2. Biochem Biophys Res Commun

310:384–390.
7. Chang C and Kokontis J (1988) Identification of a new member of the steroid receptor super-family by cloning and sequence analysis. Biochem Biophys Res Commun

155:971–977.
8. Chang C, Lee HJ, and Lee YF (1997) Identification of the human aldolase A gene as the first induced target for the TR2 orphan receptor, a member of the steroid

hormone receptor superfamily. Biochem Biophys Res Commun 235:205–211.
9. Lee HJ, Lee YF, and Chang C (1999) Identification of the histamine H1 receptor gene as a differentially repressed target of the human TR2 orphan receptor. Mol Cell

Biochem 194:199–207.
10. Lee HJ, Young WJ, Shih CY, and Chang C (1996) Suppression of the human erythropoietin gene expression by the TR2 orphan receptor, a member of the steroid

receptor superfamily. J Biol Chem 271:10405–10412.
11. Shyr CR, Collins LL, Mu XM, Platt KA, and Chang C (2002) Spermatogenesis and testis development are normal in mice lacking testicular orphan nuclear receptor

2. Mol Cell Biol 22:4661–4666.
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TABLE 11
TR4

Receptor nomenclature NR2C2
Receptor code 4.10.1:OR:2:C2
Other names TAK1
Molecular information Hs: 596aa, P49116, chr. 3p251,2

Rn: 596aa, P55094, chr. 4q341

Mm: 596aa, P49117, chr. 6 D23

DNA binding
Structure Monomer, homodimer, heterodimer
HRE core sequence AGGTCA n AGGTCA (DR-1, DR-2, DR-3, DR-4, DR-5, half-site)

Partners TR2 (physical, functional): DNA binding, exerts a stronger repressive activity than expressing
either receptor alone4; ER (physical, functional): DNA binding5; AR (physical, functional):
DNA binding, repression of TR4 target genes6

Agonists
Antagonists
Coactivators
Corepressors TRA16, TIP277,8

Biologically important isoforms TAk1 {Hs}; TR4a1 {Hs, Rn}: differs in the A/B domain—present in brain, ovary, and placenta;
TR4a2 {Hs, Rn}: differs in the A/B domain—present in brain, ovary, and placenta

Tissue distribution Developmental: neuronal precursors
Adult: brain (hippocampus, cerebellum, hypothalamic area), CNS, adrenal gland, spleen, testis

(spermatocytes), prostate, lungs {Mm, Rn} �Northern blot, in situ hybridization�3,9

Functional assays
Main target genes Activated: HIV1-LTR {Hs},10 LHcgR {Hs},11 steroid 21-hydoxylase {Hs},12 CNTFR� {Hs},4 ApoE

{Hs}13

Mutant phenotype Knockout mice exhibit delayed spermatogenesis and reduced sperm production {Mm}
�knockout�14; knockout mice have a significantly reduced number of offspring; they
demonstrate high rates of early postnatal mortality, as well as significant growth retardation;
in addition, female mutants show defects in reproduction and maternal behavior, with pups
dying soon after birth with no indication of milk intake {Mm} �knockout�15; knockout mice
exhibit behavior deficits in motor coordination, suggesting impaired cerebellar function {Mm}
�knockout�16

Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; CNS, central nervous system; CNTFR, ciliary neurotrophic factor receptor; LTR, long terminal
repeat; LHR, luteinizing hormone receptor.

1. Chang C, Da Silva SL, Ideta R, Lee Y, Yeh S, and Burbach JP (1994) Human and rat TR4 orphan receptors specify a subclass of the steroid receptor superfamily. Proc
Natl Acad Sci USA 91:6040–6044.

2. Hirose T, Fujimoto W, Tamaai T, Kim KH, Matsuura H, and Jetten AM (1994) TAK1: molecular cloning and characterization of a new member of the nuclear receptor
superfamily. Mol Endocrinol 8:1667–1680.

3. Young WJ, Smith SM, and Chang C (1997) Induction of the intronic enhancer of the human ciliary neurotrophic factor receptor (CNTFR� ) gene by the TR4 orphan
receptor: a member of steroid receptor superfamily. J Biol Chem 272:3109–3116.

4. Young WJ, Lee YF, Smith SM, and Chang CA (1998) bidirectional regulation between the TR2/TR4 orphan receptors (TR2/TR4) and the ciliary neurotrophic factor
(CNTF) signaling pathway. J Biol Chem 273:20877–20885.

5. Shyr CR, Hu YC, Kim E, and Chang C (2002) Modulation of estrogen receptor-mediated transactivation by orphan receptor TR4 in MCF-7 cells. J Biol Chem
277:14622–14628.

6. Lee YF, Shyr CR, Thin TH, Lin WJ, and Chang C (1999) Convergence of two repressors through heterodimer formation of androgen receptor and testicular orphan
receptor-4: a unique signaling pathway in the steroid receptor superfamily. Proc Natl Acad Sci USA 96:14724–14729.

7. Yang Y, Wang X, Dong T, Kim E, Lin WJ, and Chang C (2003) Identification of a novel testicular orphan receptor-4 (TR4)-associated protein as repressor for the selective
suppression of TR4-mediated transactivation. J Biol Chem 278:7709–7717.

8. Nakajima T, Fujino S, Nakanishi G, Kim YS, and Jetten AM (2004) TIP27: a novel repressor of the nuclear orphan receptor TAK1/TR4. Nucleic Acids Res 32:4194–4204.
9. Hirose T, O’Brien DA, and Jetten AM (1995) Cloning of the gene encoding the murine orphan receptor TAK1 and cell-type-specific expression in testis. Gene

163:239–242.
10. Hwang SB, Burbach JP, and Chang C (1998) TR4 orphan receptor crosstalks to chicken ovalbumin upstream protein-transcription factor and thyroid hormone receptor

to induce the transcriptional activity of the human immunodeficiency virus type 1 long-terminal repeat. Endocrine 8:169–175.
11. Zhang Y and Dufau ML (2000) Nuclear orphan receptors regulate transcription of the gene for the human luteinizing hormone receptor. J Biol Chem 275:2763–2770.
12. Lee HJ, Lee YF, and Chang C (2001) TR4 orphan receptor represses the human steroid 21-hydroxylase gene expression through the monomeric AGGTCA motif.

Biochem Biophys Res Commun 285:1361–1368.
13. Kim E, Yang Z, Liu NC, and Chang C (2005) Induction of apolipoprotein E expression by TR4 orphan nuclear receptor via 5� proximal promoter region. Biochem

Biophys Res Commun 328:85–90.
14. Mu X, Lee YF, Liu NC, Chen YT, Kim E, Shyr CR, and Chang C (2004) Targeted inactivation of testicular nuclear orphan receptor 4 delays and disrupts late meiotic

prophase and subsequent meiotic divisions of spermatogenesis. Mol Cell Biol 24:5887–5899.
15. Collins LL, Lee YF, Heinlein CA, Liu NC, Chen YT, Shyr CR, Meshul CK, Uno H, Platt KA, and Chang C (2004) Growth retardation and abnormal maternal behavior

in mice lacking testicular orphan nuclear receptor 4. Proc Natl Acad Sci USA 101:15058–15063.
16. Chen YT, Collins LL, Uno H, and Chang C (2005) Deficits in motor coordination with aberrant cerebellar development in mice lacking testicular orphan nuclear

receptor 4. Mol Cell Biol 25:2722–2732.

ORPHAN NUCLEAR RECEPTORS 819

 by guest on June 15, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


TABLE 12
TLX

Receptor nomenclature NR2E1
Receptor code 4.10.1:OR:2:E1
Other names MTLL
Molecular information Hs: 385aa, Q9Y466, chr. 6q211

Rn:
Mm: 385aa, Q64104, chr. 10 B22

DNA binding
Structure Monomer, homodimer
HRE core sequence AAGTCA n AAGTCA (DR-1, half-site)

Partners
Agonists
Antagonists
Coactivators
Corepressors
Biologically important isoforms
Tissue distribution Developmental: head ectoderm (developing telencephalon and dorsal midbrain), eye, nose, and

proangiogenic astrocytes {Mm} �Northern blot, in situ hybridization, immunohistology�2–4

Functional assays
Main target genes Activated: RAR� {Hs, Mm, Rn}5; repressed: PAX2 {Hs, Mm, Rn},3 Gfap {Mm}4

Mutant phenotype TLX knockout mice exhibit a marked forebrain phenotype with a reduction in the size of
rhinencephalic and limbic structures; in addition, both males and females are more
aggressive than usual, and the females lack normal maternal instincts; the knockout mice
also exhibit a progressive retinal and optic nerve degeneration with associated blindness
{Mm} �knockout�6–12; a spontaneous mouse mutation exists for the NR2E1 gene called fierce
(frc)—this mutation is genetically and phenotypically similar to NR2E1-targeted mutations
{Mm} �spontaneous mutation�13

Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; RAR, retinoic acid receptor.
1. Finley KD, Taylor BJ, Milstein M, and McKeown M (1997) dissatisfaction, a gene involved in sex-specific behavior and neural development of Drosophila melanogaster.

Proc Natl Acad Sci USA 94:913–918.
2. Yu RT, McKeown M, Evans RM, and Umesono K (1994) Relationship between Drosophila gap gene tailless and a vertebrate nuclear receptor Tlx. Nature (Lond)

370:375–379.
3. Yu RT, Chiang MT, Tanabe T, Kobayashi M, Yasuda K, Evans RM, and Umesono K (2000) The orphan nuclear receptor Tlx regulates Pax2 and is essential for vision.

Proc Natl Acad Sci USA 97:2621–2625.
4. Uemura A, Kusuhara S, Wiegand SJ, Yu RT, and Nishikawa S (2006) Tlx acts as a proangiogenic switch by regulating extracellular assembly of fibronectin matrices

in retinal astrocytes. J Clin Investig 116:369–377.
5. Kobayashi M, Yu RT, Yasuda K, and Umesono K (2000) Cell-type-specific regulation of the retinoic acid receptor mediated by the orphan nuclear receptor TLX. Mol

Cell Biol 20:8731–8739.
6. Monaghan AP, Bock D, Gass R, Schwager A, Wolfer DP, Lipp HP, and Schutz G (1997) Defective limbic system in mice lacking the tailless gene. Nature (Lond)

390:515–517.
7. Land PW and Monaghan AP (2003) Expression of the transcription factor, tailless, is required for formation of superficial cortical layers. Cereb Cortex 13:921–931.
8. Land PW and Monaghan AP (2005) Abnormal development of zinc-containing cortical circuits in the absence of the transcription factor Tailless. Brain Res Dev Brain

Res 158:97–101.
9. Miyawaki T, Uemura A, Dezawa M, Yu RT, Ide C, Nishikawa S, Honda Y, Tanabe Y, and Tanabe T (2004) Tlx, an orphan nuclear receptor, regulates cell numbers and

astrocyte development in the developing retina. J Neurosci 24:8124–8134.
10. Roy K, Kuznicki K, Wu Q, Sun Z, Bock D, Schutz G, Vranich N, and Monaghan AP (2004) The Tlx gene regulates the timing of neurogenesis in the cortex. J Neurosci

24:8333–8345.
11. Roy K, Thiels E, and Monaghan AP (2002) Loss of the tailless gene affects forebrain development and emotional behavior. Physiol Behav 77:595–600.
12. Stenman J, Yu RT, Evans RM, and Campbell K (2003) Tlx and Pax6 co-operate genetically to establish the pallio-subpallial boundary in the embryonic mouse

telencephalon. Development 130:1113–1122.
13. Young KA, Berry ML, Mahaffey CL, Saionz JR, Hawes NL, Chang B, Zheng QY, Smith RS, Bronson RT, Nelson RJ, et al. (2002) Fierce: a new mouse deletion of Nr2e1;

violent behaviour and ocular abnormalities are background-dependent. Behav Brain Res 132:145–158.
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TABLE 13
PNR

Receptor nomenclature NR2E3
Receptor code 4.10.1:OR:2:E3
Other names RNR
Molecular information Hs: 410aa, Q9Y5X4, chr. 15q231

Rn:
Mm: 395aa, Q9QXZ7, chr. 9 B2

DNA binding
Structure Homodimer
HRE core sequence AAGTCA n AAGTCA (DR-1)1

Partners Crx (physical): PNR and Crx interact via the DBD of each protein; the promoter/enhancer
occupancy of PNR is Crx-dependent, suggesting that PNR is associated with photoreceptor
gene targets by interacting with Crx3

Agonists
Antagonists
Coactivators
Corepressors
Biologically important isoforms PNR� {Hs}: this is the longest transcript, but it encodes the shorter isoform; PNRn {Hs}: differs

from PNAa in the 3�-UTR and coding region—the resulting isoform contains a longer C
terminus compared with PNR�

Tissue distribution Exclusively expressed in the retina in the outer nuclear layer, which contains the nuclei of cone
and rod photoreceptor cells {Hs, Mm} �Northern blot, in situ hybridization�1,2,4–6

Functional assays
Main target genes Activated: Rhodopsin {Hs, Mm, Rn}3; repressed: S-cone opsin {Hs, Mm, Rn},3 M-cone opsin {Hs,

Mm, Rn}3

Mutant phenotype Spontaneous mutation associated with retinal degeneration: this mutation is a deletion of exons
4 and 5, resulting in the absence of 380 base pairs from the transcript; the predicted protein
expressed from this allele would lack 127 amino acids, including sequences corresponding to
the DNA binding domain; the deletion also introduces a frameshift and creates a premature
stop codon {Mm} �spontaneous mutation�5

Human disease Enhanced S-cone syndrome: due to several mutations affecting NR2E34,7; retinitis pigmentosa:
Crypto-Jews in Portugal with retinitis pigmentosa have a Arg3113Gln mutation in exon 6 of
the NR2E3 gene8; Goldmann-Favre syndrome: an Arg3113Gln mutation in the NR2E3 gene
was found in a family with classic Goldmann-Favre syndrome9

aa, amino acids; chr., chromosome; HRE, hormone response element; CRX, cone-rod homeobox.
1. Kobayashi M, Takezawa S, Hara K, Yu RT, Umesono Y, Agata K, Taniwaki M, Yasuda K, and Umesono K (1999) Identification of a photoreceptor cell-specific nuclear

receptor. Proc Natl Acad Sci USA 96:4814–4819.
2. Chen F, Figueroa DJ, Marmorstein AD, Zhang Q, Petrukhin K, Caskey CT, and Austin CP (1999) Retina-specific nuclear receptor: a potential regulator of cellular

retinaldehyde-binding protein expressed in retinal pigment epithelium and Muller glial cells. Proc Natl Acad Sci USA 96:15149–15154.
3. Peng GH, Ahmad O, Ahmad F, Liu J, and Chen S (2005) The photoreceptor-specific nuclear receptor Nr2e3 interacts with Crx and exerts opposing effects on the

transcription of rod versus cone genes. Hum Mol Genet 14:747–764.
4. Haider NB, Jacobson SG, Cideciyan AV, Swiderski R, Streb LM, Searby C, Beck G, Hockey R, Hanna DB, Gorman S, et al. (2000) Mutation of a nuclear receptor gene,

NR2E3, causes enhanced S cone syndrome, a disorder of retinal cell fate. Nat Genet 24:127–131.
5. Akhmedov NB, Piriev NI, Chang B, Rapoport AL, Hawes NL, Nishina PM, Nusinowitz S, Heckenlively JR, Roderick TH, Kozak CA, et al. (2000) A deletion in a

photoreceptor-specific nuclear receptor mRNA causes retinal degeneration in the rd7 mouse. Proc Natl Acad Sci USA 97:5551–5556.
6. Bumsted O’Brien KM, Cheng H, Jiang Y, Schulte D, Swaroop A, and Hendrickson AE (2004) Expression of photoreceptor-specific nuclear receptor NR2E3 in rod

photoreceptors of fetal human retina. Investig Ophthalmol Vis Sci 45:2807–2812.
7. Hayashi T, Gekka T, Goto-Omoto S, Takeuchi T, Kubo A, and Kitahara K (2005) Novel NR2E3 mutations (R104Q, R334G) associated with a mild form of enhanced

S-cone syndrome demonstrate compound heterozygosity. Ophthalmology 112:2115.
8. Gerber S, Rozet JM, Takezawa SI, dos Santos LC, Lopes L, Gribouval O, Penet C, Perrault I, Ducroq D, Souied E, et al. (2000) The photoreceptor cell-specific nuclear

receptor gene (PNR) accounts for retinitis pigmentosa in the Crypto-Jews from Portugal (Marranos), survivors from the Spanish Inquisition. Hum Genet 107:276–284.
9. Chavala SH, Sari A, Lewis H, Pauer GJ, Simpson E, Hagstrom SA, and Traboulsi EI (2005) An Arg311Gln NR2E3 mutation in a family with classic Goldmann-Favre

syndrome. Br J Ophthalmol 89:1065–1066.
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TABLE 14
COUP-TFI

Receptor nomenclature NR2F1
Receptor code 4.10.1:OR:2:F1
Other names COUP� , COUP-TFA, EAR3, SVP44
Molecular information Hs: 423aa, P10589, chr. 5q151

Rn: 419aa, Q62681, chr. 2q112

Mm: 422aa, Q60632, chr. 13 C23

DNA binding
Structure Homodimer, heterodimer
HRE core sequence AGGTCA n AGGTCA (DR-0, DR-1, DR-3, DR-4, DR-5, DR-6, DR-8, DR-11, palindrome)

Partners RXR (physical, functional): sequesters RXR partners, thereby reducing its availability for use by
TR, VDR, RAR, and PPAR4–7; HNF-4 (physical, functional): transactivation, competition for
DNA binding8–10; TR (physical, functional): heterodimerization interferes with TR-dependent
transcriptional regulation7,11; RAR (physical, functional): heterodimerization interferes with
RAR-dependent transcriptional regulation7,11; ER� (physical, functional): formation of a ER�
complex results in an increased recruitment of ERK2/p42 MAPK, phosphorylation of the human
ER� on Ser118, and enhanced transcriptional activity; COUP-TF has also been shown to
antagonize ER activation of the lactoferrin and oxytocin promoters12,13

Agonists
Antagonists
Coactivators BCL11B1, NCOA1, CREBBP10,14,15

Corepressors NCOR1, NCOR2, BCL11A14,16

Biologically important isoforms
Tissue distribution Developmental: rostral brain, presumptive hindbrain, anterior somites, CNS (neural tubes, motor

neurons), tongue, follicles of the vibrissae, the cochlea, and nasal septum stroma; in organs that
require mesenchymal and epithelial interactions, COUP-TFI is expressed in the mesenchymal
cells but not in the terminally differentiated epithelium; adult: rostral and caudal part of brain,
supraoptic nucleus {Mm} �Northern blot, in situ hybridization, immunohistology�3,7,17

Functional assays
Main target genes Activated: NGFI-A {Rn},15 PEPCK {Hs, Mm, Rn},18,19 TF {Hs}8; repressed: CYP3A1 {Hs, Mm,

Rn},20 MHC class I {Mm}21

Mutant phenotype Animals die at birth from starvation and dehydration; these animals exhibit defects in
morphogenesis of the ninth cranial ganglion and nerve resulting from an excess cell death in
the ganglionic precursor cells {Mm} �knockout�22–25

Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; VDR, vitamin D receptor; CNS, central nervous system; ERK, extracellular signal-regulated kinase;
MAPK, mitogen-activated protein kinase; CREBBP, cAMP response element-binding protein binding protein; MHC, major histocompatibility class.

1. Wang LH, Tsai SY, Cook RG, Beattie WG, Tsai MJ, and O’Malley BW (1989) COUP transcription factor is a member of the steroid receptor superfamily. Nature (Lond)
340:163–166.

2. Connor H, Nornes H, and Neuman T (1995) Expression screening reveals an orphan receptor chick ovalbumin upstream promoter transcription factor I as a regulator
of neurite/substrate-cell contacts and cell aggregation. J Biol Chem 270:15066–15070.

3. Qiu Y, Cooney AJ, Kuratani S, DeMayo FJ, Tsai SY, and Tsai MJ (1994) Spatiotemporal expression patterns of chicken ovalbumin upstream promoter-transcription
factors in the developing mouse central nervous system: evidence for a role in segmental patterning of the diencephalon. Proc Natl Acad Sci USA 91:4451–4455.

4. Kliewer SA, Umesono K, Heyman RA, Mangelsdorf DJ, Dyck JA, and Evans RM (1992) Retinoid X receptor-COUP-TF interactions modulate retinoic acid signaling.
Proc Natl Acad Sci USA 89:1448–1452.

5. Cooney J, Tsai SY, O’Malley BW, and Tsai MJ (1992) Chicken ovalbumin upstream promoter transcription factor (COUP-TF) dimers bind to different GGTCA response
elements, allowing COUP-TF to repress hormonal induction of the vitamin D3, thyroid hormone, and retinoic acid receptors. Mol Cell Biol 12:4153–4163.

6. Tran P, Zhang XK, Salbert G, Hermann T, Lehmann JM, and Pfahl M (1992) COUP orphan receptors are negative regulators of retinoic acid response pathways. Mol
Cell Biol 12:4666–4676.

7. Cooney J, Leng X, Tsai SY, O’Malley BW, and Tsai MJ (1993) Multiple mechanisms of chicken ovalbumin upstream promoter transcription factor-dependent repression
of transactivation by the vitamin D, thyroid hormone, and retinoic acid receptors. J Biol Chem 268:4152–4160.

8. Schaeffer E, Guillou F, Part D, and Zakin MM (1993) A different combination of transcription factors modulates the expression of the human transferrin promoter in
liver and Sertoli cells. J Biol Chem 268:23399–23408.

9. Ktistaki E and Talianidis I (1997) Chicken ovalbumin upstream promoter transcription factors act as auxiliary cofactors for hepatocyte nuclear factor 4 and enhance
hepatic gene expression. Mol Cell Biol 17:2790–2797.

10. Sugiyama T, Wang JC, Scott DK, and Granner DK (2000) Transcription activation by the orphan nuclear receptor, chicken ovalbumin upstream promoter-
transcription factor I (COUP-TFI): definition of the domain involved in the glucocorticoid response of the phosphoenolpyruvate carboxykinase gene. J Biol Chem
275:3446–3454.

11. Leng X, Cooney AJ, Tsai SY, and Tsai MJ (1996) Molecular mechanisms of COUP-TF-mediated transcriptional repression: evidence for transrepression and active
repression. Mol Cell Biol 16:2332–2340.

12. Liu Y, Yang N, and Teng CT (1993) COUP-TF acts as a competitive repressor for estrogen receptor-mediated activation of the mouse lactoferrin gene. Mol Cell Biol
13:1836–1846.

13. Metivier R, Gay FA, Hubner MR, Flouriot G, Salbert G, Gannon F, Kah O, and Pakdel F (2002) Formation of an hER� -COUP-TFI complex enhances hER� AF-1
through Ser118 phosphorylation by MAPK. EMBO (Eur Mol Biol Organ) J 21:3443–3453.

14. Avram D, Fields A, Pretty On Top K, Nevrivy DJ, Ishmael JE, and Leid M (2000) Isolation of a novel family of C2H2 zinc finger proteins implicated in transcriptional
repression mediated by chicken ovalbumin upstream promoter transcription factor (COUP-TF) orphan nuclear receptors. J Biol Chem 275:10315–10322.

15. Pipaon C, Tsai SY, and Tsai MJ (1999) COUP-TF upregulates NGFI-A gene expression through an Sp1 binding site. Mol Cell Biol 19:2734–2745.
16. Shibata H, Nawaz Z, Tsai SY, O’Malley BW, and Tsai MJ (1997) Gene silencing by chicken ovalbumin upstream promoter-transcription factor I (COUP-TFI) is

mediated by transcriptional corepressors, nuclear receptor-corepressor (N-CoR) and silencing mediator for retinoic acid receptor and thyroid hormone receptor (SMRT). Mol
Endocrinol 11:714–724.

17. Tsai SY and Tsai MJ (1997) Chick ovalbumin upstream promoter-transcription factors (COUP-TFs): coming of age. Endocr Rev 18:229–240.
18. Scott DK, Mitchell JA, and Granner DK (1996) The orphan receptor COUP-TF binds to a third glucocorticoid accessory factor element within the phosphoenolpyruvate

carboxykinase gene promoter. J Biol Chem 271:31909–31914.
19. Hall RK, Sladek FM, and Granner DK (1995) The orphan receptors COUP-TF and HNF-4 serve as accessory factors required for induction of phosphoenolpyruvate

carboxykinase gene transcription by glucocorticoids. Proc Natl Acad Sci USA 92:412–416.
20. Ogino M, Nagata K, Miyata M, and Yamazoe Y (1999) Hepatocyte nuclear factor 4-mediated activation of rat CYP3A1 gene and its modes of modulation by

apolipoprotein AI regulatory protein I and v-ErbA-related protein 3. Arch Biochem Biophys 362:32–37.
21. Liu X, Ge R, Westmoreland S, Cooney AJ, Tsai SY, Tsai MJ, and Ricciardi RP (1994) Negative regulation by the R2 element of the MHC class I enhancer in

adenovirus-12 transformed cells correlates with high levels of COUP-TF binding. Oncogene 9:2183–2190.
22. Qiu Y, Pereira FA, DeMayo FJ, Lydon JP, Tsai SY, and Tsai MJ (1997) Null mutation of mCOUP-TFI results in defects in morphogenesis of the glossopharyngeal

ganglion, axonal projection, and arborization. Genes Dev 11:1925–1937.
23. Zhou C, Tsai SY, and Tsai MJ (2001) COUP-TFI: an intrinsic factor for early regionalization of the neocortex. Genes Dev 15:2054–2059.
24. Zhou C, Qiu Y, Pereira FA, Crair MC, Tsai SY, and Tsai MJ (1999) The nuclear orphan receptor COUP-TFI is required for differentiation of subplate neurons and

guidance of thalamocortical axons. Neuron 24:847–859.
25. Yamaguchi H, Zhou C, Lin SC, Durand B, Tsai SY, and Tsai MJ (2004) The nuclear orphan receptor COUP-TFI is important for differentiation of oligodendrocytes.

Dev Biol 266:238–251.
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TABLE 15
COUP-TFII

Receptor nomenclature NR2F2
Receptor code 4.10.1:OR:2:F2
Other names COUP�, COUP-TFB, ARP1, SVP40
Molecular information Hs: 414aa, P24468, chr. 15q261

Rn: 414aa, O09018, chr. 1q0.31
Mm: 414aa, P43135, chr. 72

DNA binding
Structure Homodimer, heterodimer
HRE core sequence A/GGGTCA n AGGGTCA (DR-0, DR-1, DR-3, DR-4, DR-5, DR-6, DR-8, DR-10, DR-11,

palindrome, inverted repeats)
Partners RXR (physical): sequesters RXR partners, thereby reducing its availability for use by TR, VDR,

RAR, and PPAR receptors3–5; HNF-4 (physical, functional): transactivation, competition for
DNA binding6–8; EAR2 (physical)9; RAR10; TR10

Agonists
Antagonists
Coactivators BCL11B, SQSTM111,12

Corepressors NCOR1, NCOR2, BCL11A11,13

Biologically important isoforms
Tissue distribution Developmental: at 7.5 days postcoitum expression identical to that of COUP-TFI except for a set

of neuromeres in the diencephalic neuromeres, rhombomeres in the hindbrain, and expression
restricted to motorneurons in the neural tube; COUP-TFII expression is greater than that of
COUP-TFI in salivary gland, lung, esophagus, stomach, pancreas, kidney, and prostate but
less than that of COUP-TFI in the testis, ovary, retina, skin, inner ear, or limb bud {Hs, Mm,
Rn} �Northern blot, in situ hybridization, Western blot�1,14

Functional assays
Main target genes Activated: CYP7A {Hs, Mm, Rn},15–20 arrestin {Hs, Mm, Rn}21; repressed: Apo AI {Hs, Mm,

Rn},1,22,23 MHC class I {Mm}24–26

Mutant phenotype Homozygous mutants die around embryonic day 10 with growth retardation, hemorrhage, and
edema; histological analysis revealed enlarged blood vessels, lack of normal heart development,
and malformed cardinal veins; two-thirds of heterozygous mutants die during the first weeks of
life with growth and reproductive defects due to reduced expression of enzymes important for
progesterone synthesis in the ovary and defective decidual response in the uterus {Mm}
�knockout�27–31

Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; VDR, vitamin D receptor; MHC, major histocompatibility class.
1. Ladias JA and Karathanasis SK (1991) Regulation of the apolipoprotein AI gene by ARP-1, a novel member of the steroid receptor superfamily. Science (Wash DC)

251:561–565.
2. Qiu Y, Cooney AJ, Kuratani S, DeMayo FJ, Tsai SY, and Tsai MJ (1994) Spatiotemporal expression patterns of chicken ovalbumin upstream promoter-transcription

factors in the developing mouse central nervous system: evidence for a role in segmental patterning of the diencephalon. Proc Natl Acad Sci USA 91:4451–4455.
3. Kliewer SA, Umesono K, Heyman RA, Mangelsdorf DJ, Dyck JA, and Evans RM (1992) Retinoid X receptor-COUP-TF interactions modulate retinoic acid signaling.

Proc Natl Acad Sci USA 89:1448–1452.
4. Cooney AJ, Tsai SY, O’Malley BW, and Tsai MJ (1992) Chicken ovalbumin upstream promoter transcription factor (COUP-TF) dimers bind to different GGTCA

response elements, allowing COUP-TF to repress hormonal induction of the vitamin D3, thyroid hormone, and retinoic acid receptors. Mol Cell Biol 12:4153–4163.
5. Tran P, Zhang XK, Salbert G, Hermann T, Lehmann JM, and Pfahl M (1992) COUP orphan receptors are negative regulators of retinoic acid response pathways. Mol

Cell Biol 12:4666–4676.
6. Schaeffer E, Guillou F, Part D, and Zakin MM (1993) A different combination of transcription factors modulates the expression of the human transferrin promoter in

liver and Sertoli cells. J Biol Chem 268:23399–23408.
7. Ktistaki E and Talianidis I (1997) Chicken ovalbumin upstream promoter transcription factors act as auxiliary cofactors for hepatocyte nuclear factor 4 and enhance

hepatic gene expression. Mol Cell Biol 17:2790–2797.
8. Sugiyama T, Wang JC, Scott DK, and Granner DK (2000) Transcription activation by the orphan nuclear receptor, chicken ovalbumin upstream promoter-transcription

factor I (COUP-TFI): definition of the domain involved in the glucocorticoid response of the phosphoenolpyruvate carboxykinase gene. J Biol Chem 275:3446–3454.
9. Avram D, Ishmael JE, Nevrivy DJ, Peterson VJ, Lee SH, Dowell P, and Leid M (1999) Heterodimeric interactions between chicken ovalbumin upstream promoter-

transcription factor family members ARP1 and ear2. J Biol Chem 274:14331–14336.
10. Leng X, Cooney AJ, Tsai SY, and Tsai SY (1996) Molecular mechanisms of COUP-TF-mediated transcriptional repression: evidence for transrepression and active

repression. Mol Cell Biol 16:2332–2340.
11. Avram D, Fields A, Pretty On Top K, Nevrivy DJ, Ishmael JE, and Leid M (2000) Isolation of a novel family of C2H2 zinc finger proteins implicated in transcriptional

repression mediated by chicken ovalbumin upstream promoter transcription factor (COUP-TF) orphan nuclear receptors. J Biol Chem 275:10315–10322.
12. Marcus SL, Winrow CJ, Capone JP, and Rachubinski RA (1996) A p56(lck) ligand serves as a coactivator of an orphan nuclear hormone receptor. J Biol Chem

271:27197–27200.
13. Shibata H, Nawaz Z, Tsai SY, O’Malley BW, and Tsai MJ (1997) Gene silencing by chicken ovalbumin upstream promoter-transcription factor I (COUP-TFI) is

mediated by transcriptional corepressors, nuclear receptor-corepressor (N-CoR) and silencing mediator for retinoic acid receptor and thyroid hormone receptor (SMRT). Mol
Endocrinol 11:714–724.

14. Lutz B, Kuratani S, Cooney AJ, Wawersik S, Tsai SY, Eichele G, and Tsai MJ (1994) Developmental regulation of the orphan receptor COUP-TF II gene in spinal
motor neurons. Development 120:25–36.

15. De Martino MU, Alesci S, Chrousos GP, and Kino T (2004) Interaction of the glucocorticoid receptor and the chicken ovalbumin upstream promoter-transcription factor
II (COUP-TFII): implications for the actions of glucocorticoids on glucose, lipoprotein, and xenobiotic metabolism. Ann NY Acad Sci 1024:72–85.

16. Kang S, Spann NJ, Hui TY, and Davis RA (2003) ARP-1/COUP-TF II determines hepatoma phenotype by acting as both a transcriptional repressor of microsomal
triglyceride transfer protein and an inducer of CYP7A1. J Biol Chem 278:30478–30486.

17. Stroup D and Chiang JY (2000) HNF4 and COUP-TFII interact to modulate transcription of the cholesterol 7� -hydroxylase gene (CYP7A1). J Lipid Res 41:1–11.
18. Chen J, Cooper AD, and Levy-Wilson B (1999) Hepatocyte nuclear factor 1 binds to and transactivates the human but not the rat CYP7A1 promoter. Biochem Biophys

Res Commun 260:829–834.
19. Crestani M, Sadeghpour A, Stroup D, Galli G, and Chiang JY (1998) Transcriptional activation of the cholesterol 7� -hydroxylase gene (CYP7A) by nuclear hormone

receptors. J Lipid Res 39:2192–2200.
20. Stroup D, Crestani M, and Chiang JY (1997) Orphan receptors chicken ovalbumin upstream promoter transcription factor II (COUP-TFII) and retinoid X receptor

(RXR) activate and bind the rat cholesterol 7� -hydroxylase gene (CYP7A). J Biol Chem 272:9833–9839.
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21. Lu XP, Salbert G, and Pfahl M (1994) An evolutionary conserved COUP-TF binding element in a neural-specific gene and COUP-TF expression patterns support a
major role for COUP-TF in neural development. Mol Endocrinol 8:1774–1788.

22. Ge R, Rhee M, Malik S, and Karathanasis SK (1994) Transcriptional repression of apolipoprotein AI gene expression by orphan receptor ARP-1. J Biol Chem
269:13185–13192.

23. Widom RL, Rhee M, and Karathanasis SK (1992) Repression by ARP-1 sensitizes apolipoprotein AI gene responsiveness to RXR� and retinoic acid. Mol Cell Biol
12:3380–3389.

24. Zhao B, Hou S, and Ricciardi RP (2003) Chromatin repression by COUP-TFII and HDAC dominates activation by NF-� B in regulating major histocompatibility
complex class I transcription in adenovirus tumorigenic cells. Virology 306:68–76.

25. Smirnov DA, Hou S, Liu X, Claudio E, Siebenlist UK, and Ricciardi RP (2001) Coup-TFII is up-regulated in adenovirus type 12 tumorigenic cells and is a repressor
of MHC class I transcription. Virology 284:13–19.

26. Kushner DB, Pereira DS, Liu X, Graham FL, and Ricciardi RP (1996) The first exon of Ad12 E1A excluding the transactivation domain mediates differential binding
of COUP-TF and NF-� B to the MHC class I enhancer in transformed cells. Oncogene 12:143–151.

27. Pereira FA, Qiu Y, Zhou G, Tsai MJ, and Tsai SY (1999) The orphan nuclear receptor COUP-TFII is required for angiogenesis and heart development. Genes Dev
13:1037–1049.

28. You LR, Takamoto N, Yu CT, Tanaka T, Kodama T, Demayo FJ, Tsai SY, and Tsai MJ (2005) Mouse lacking COUP-TFII as an animal model of Bochdalek-type
congenital diaphragmatic hernia. Proc Natl Acad Sci USA 102:16351–16356.

29. Takamoto N, You LR, Moses K, Chiang C, Zimmer WE, Schwartz RJ, DeMayo FJ, Tsai MJ, and Tsai SY (2005) COUP-TFII is essential for radial and anteroposterior
patterning of the stomach. Development 132:2179–2189.

30. Takamoto N, Kurihara I, Lee K, Demayo FJ, Tsai MJ, and Tsai SY (2005) Haploinsufficiency of chicken ovalbumin upstream promoter transcription factor II in female
reproduction. Mol Endocrinol 19:2299–2308.

31. Lee CT, Li L, Takamoto N, Martin JF, Demayo FJ, Tsai MJ, and Tsai SY (2004) The nuclear orphan receptor COUP-TFII is required for limb and skeletal muscle
development. Mol Cell Biol 24:10835–10843.
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TABLE 16
EAR2

Receptor nomenclature NR2F6
Receptor code 4.10.1:OR:2:F6
Other names
Molecular information Hs: 403aa, P10588, chr0.19p131

Rn: 390aa, O09017, chr. 16p14
Mm: 389aa, P43136, chr. 8 B3.32

DNA binding
Structure Homodimer, heterodimer
HRE core sequence AGGTCA n AGGTCA (DR-1)

Partners TR� (physical, functional): heterodimerization with TR� 1 inhibits TR� 1 binding to its
response element3; COUP-TFII (physical, functional): DNA binding4; CBFA2 (physical,
functional): interaction with CBFA2 inhibits activity of CBFA25; ER� (physical)3; GR
(physical)3

Agonists
Antagonists
Coactivators NCOA13

Corepressors
Biologically important isoforms
Tissue distribution Developmental: liver; adult: placenta, heart, muscle, pancreas, kidney, but not in the lung or

brain—also expressed in myeloid progenitor cells and epithelial cells {Hs, Mm} �Northern
blot, in situ hybridization, immunohistology�1–6

Functional assays
Main target genes Repressed: renin {Mm},7 LH receptor {Hs, Mm, Rn},8 GRIK5 {Hs, Mm, Rn},9 oxytocin {Hs, Mm,

Rn}6

Mutant phenotype EAR2-null mice exhibit defects in the development of the locus coeruleus and in circadian
behaviors and circadian gene expression {Mm} �knockout�9

Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; GR, glucocorticoid receptor; LH, luteinizing hormone.
1. Miyajima N, Kadowaki Y, Fukushige S, Shimizu S, Semba K, Yamanashi Y, Matsubara K, Toyoshima K, and Yamamoto T (1988) Identification of two novel members

of erbA superfamily by molecular cloning: the gene products of the two are highly related to each other. Nucleic Acids Res 16:11057–11074.
2. Jonk LJ, de Jonge ME, Pals CE, Wissink S, Vervaart JM, Schoorlemmer J, and Kruijer W (1994) Cloning and expression during development of three murine members

of the COUP family of nuclear orphan receptors. Mech Dev 47:81–97.
3. Zhu XG, Park KS, Kaneshige M, Bhat MK, Zhu Q, Mariash CN, McPhie P, and Cheng SY (2000) The orphan nuclear receptor Ear-2 is a negative coregulator for thyroid

hormone nuclear receptor function. Mol Cell Biol 20:2604–2618.
4. Avram D, Ishmael JE, Nevrivy DJ, Peterson VJ, Lee SH, Dowell P, and Leid M (1999) Heterodimeric interactions between chicken ovalbumin upstream promoter-

transcription factor family members ARP1 and ear2. J Biol Chem 274:14331–14336.
5. Ahn MJ, Nason-Burchenal K, Moasser MM, and Dmitrovsky E (1995) Growth suppression of acute promyelocytic leukemia cells having increased expression of the

non-rearranged alleles: RAR� or PML. Oncogene 10:2307–2314.
6. Chu K, Boutin JM, Breton C, and Zingg HH (1998) Nuclear orphan receptors COUP-TFII and Ear-2: presence in oxytocin-producing uterine cells and functional

interaction with the oxytocin gene promoter. Mol Cell Endocrinol 137:145–154.
7. Liu X, Huang X, and Sigmund CD (2003) Identification of a nuclear orphan receptor (Ear2) as a negative regulator of renin gene transcription. Circ Res 92:1033–1040.
8. Zhang Y and Dufau ML (2001) EAR2 and EAR3/COUP-TFI regulate transcription of the rat LH receptor. Mol Endocrinol 15:1891–1905.
9. Warnecke M, Oster H, Revelli JP, Alvarez-Bolado G, and Eichele G (2005) Abnormal development of the locus coeruleus in Ear2(Nr2f6)-deficient mice impairs the

functionality of the forebrain clock and affects nociception. Genes Dev 19:614–625.
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TABLE 17
ERR�

Receptor nomenclature NR3B1
Receptor code 4.10.1:OR:3:B1
Other names ERR1, ESRL1
Molecular information Hs: 519aa, P11474, chr. 11q131

Rn: 421aa, Q5QJV7, chr. 1q43
Mm: 462aa, O08580, chr. 19 A2

DNA binding
Structure Monomer, homodimer
HRE core sequence TNA AGGTCA (ERE, SFRE)

Partners ER� (physical, functional): may play a role in the response of some genes to estrogen via
heterodimerization with ERs3,4

Agonists 5,7,4�-Trihydroxyisoflavone, 7,4�-dihydroxyisoflavone, 5,7-dihydroxy-4�-methoxyisoflavone5

Antagonists XCT790 (300–500 nM), diethylstilbestrol (5–15 �M) �IC50�6,7; toxaphene, chlordane8

Coactivators PNRC2, PPARGC1A, NCOA3, NCOA2, NCOA1, PNCR9–14

Corepressors
Biologically important isoforms
Tissue distribution Developmental: nervous system, muscles, epidermis, and several endodermal derivatives, such

as the epithelium of the intestine and urogenital system; adult: cerebellum, hippocampus,
kidney, gut, heart, hypothalamus, liver, lung, uterus, vagina, cervix {Hs, Mm} �Northern blot,
in situ hybridization, Western blot, immunohistology�1,2,4,15–18

Functional assays
Main target genes Activated: MCAD {Hs, Mm, Rn},17 osteopontin {Hs, Mm, Rn},19 lactoferrin {Hs, Mm, Rn},3 TR�

{Hs, Mm, Rn},20 ApoA4 {Hs, Mm, Rn}21

Mutant phenotype Knockout mice have reduced body weight and peripheral fat deposits and are resistant to high-
fat diet-induced obesity {Mm} �knockout�22

Human disease Osteoporosis: there is a statistically significant association between ERR� promoter
polymorphism and lumbar spine BMD, suggesting a link between ERR� regulation and
osteoporosis23; obesity: a recent study found a significant association between ERR� promoter
polymorphism and elevated BMI24

aa, amino acids; chr., chromosome; HRE, hormone response element; PPARGC, PPAR coactivator gene; BMD, bone mineral density; BMI, body mass index; ERE, estrogen
response element; SFRE, SF-1 response element; MCAD, medium-chain acyl-coenzyme A dehydrogenase.

1. Giguere, Yang N, Segui P, and Evans RM (1988) Identification of a new class of steroid hormone receptors. Nature (Lond) 331:91–94.
2. Shigeta H, Zuo W, Yang N, DiAugustine R, and Teng CT (1997) The mouse estrogen receptor-related orphan receptor � 1: molecular cloning and estrogen

responsiveness. J Mol Endocrinol 19:299–309.
3. Yang N, Shigeta H, Shi H, and Teng CT (1996) Estrogen-related receptor, hERR1, modulates estrogen receptor-mediated response of human lactoferrin gene promoter.

J Biol Chem 271:5795–5804.
4. Johnston SD, Liu X, Zuo F, Eisenbraun TL, Wiley SR, Kraus RJ, and Mertz JE (1997) Estrogen-related receptor � 1 functionally binds as a monomer to extended

half-site sequences including ones contained within estrogen-response elements. Mol Endocrinol 11:342–352.
5. Suetsugi M, Su L, Karlsberg K, Yuan YC, and Chen S (2003) Flavone and isoflavone phytoestrogens are agonists of estrogen-related receptors. Mol Cancer Res

1:981–991.
6. Tremblay GB, Kunath T, Bergeron D, Lapointe L, Champigny C, Bader JA, Rossant J, and Giguere V (2001) Diethylstilbestrol regulates trophoblast stem cell

differentiation as a ligand of orphan nuclear receptor ERR� . Genes Dev 15:833–838.
7. Willy PJ, Murray IF, Qian J, Busch BB Jr, Stevens WC, Martin R, Mohan R, Zhou S, Ordentlich P, Wei P, et al. (2004) Regulation of PPAR� coactivator 1� (PGC-1�

) signaling by an estrogen-related receptor � (ERR� ) ligand. Proc Natl Acad Sci USA 101:8912–8917.
8. Yang C and Chen S (1999) Two organochlorine pesticides, toxaphene and chlordane, are antagonists for estrogen-related receptor � -1 orphan receptor. Cancer Res

59:4519–4524.
9. Zhou D and Chen S (2001) PNRC2 is a 16 kDa coactivator that interacts with nuclear receptors through an SH3-binding motif. Nucleic Acids Res 29:3939–3948.
10. Ichida M, Nemoto S, and Finkel T (2002) Identification of a specific molecular repressor of the peroxisome proliferator-activated receptor � coactivator-1 � (PGC-1�

). J Biol Chem 277:50991–50995.
11. Schreiber SN, Knutti D, Brogli K, Uhlmann T, and Kralli A (2003) The transcriptional coactivator PGC-1 regulates the expression and activity of the orphan nuclear

receptor estrogen-related receptor � (ERR� ). J Biol Chem 278:9013–9018.
12. Huss JM, Kopp RP, and Kelly DP (2002) Peroxisome proliferator-activated receptor coactivator-1� (PGC-1� ) coactivates the cardiac-enriched nuclear receptors

estrogen-related receptor-� and -� : identification of novel leucine-rich interaction motif within PGC-1� . J Biol Chem 277:40265–40274.
13. Xie W, Hong H, Yang NN, Lin RJ, Simon CM, Stallcup MR, and Evans RM (1999) Constitutive activation of transcription and binding of coactivator by estrogen-related

receptors 1 and 2. Mol Endocrinol 13:2151–2162.
14. Zhou D, Quach KM, Yang C, Lee SY, Pohajdak B, and Chen S (2000) PNRC: a proline-rich nuclear receptor coregulatory protein that modulates transcriptional

activation of multiple nuclear receptors including orphan receptors SF1 (steroidogenic factor 1) and ERR� 1 (estrogen related receptor � -1). Mol Endocrinol 14:986–998.
15. Bonnelye E, Vanacker JM, Dittmar T, Begue A, Desbiens X, Denhardt DT, Aubin JE, Laudet V, and Fournier B (1997) The ERR-1 orphan receptor is a transcriptional

activator expressed during bone development. Mol Endocrinol 11:905–916.
16. Bonnelye E, Vanacker JM, Spruyt N, Alric S, Fournier B, Desbiens X, and Laudet V (1997) Expression of the estrogen-related receptor 1 (ERR-1) orphan receptor

during mouse development. Mech Dev 65:71–85.
17. Sladek R, Bader JA, and Giguere V (1997) The orphan nuclear receptor estrogen-related receptor � is a transcriptional regulator of the human medium-chain acyl

coenzyme A dehydrogenase gene. Mol Cell Biol 17:5400–5409.
18. Horard B, Rayet B, Triqueneaux G, Laudet V, Delaunay F, and Vanacker JM (2004) Expression of the orphan nuclear receptor ERR� is under circadian regulation

in estrogen-responsive tissues. J Mol Endocrinol 33:87–97.
19. Vanacker JM, Delmarre C, Guo X, and Laudet V (1998) Activation of the osteopontin promoter by the orphan nuclear receptor estrogen receptor related � . Cell Growth

Differ 9:1007–1014.
20. Vanacker JM, Bonnelye E, Delmarre C, and Laudet V (1998) Activation of the thyroid hormone receptor � gene promoter by the orphan nuclear receptor ERR � .

Oncogene 17:2429–2435.
21. Carrier JC, Deblois G, Champigny C, Levy E, and Giguere V (2004) Estrogen-related receptor � (ERR� ) is a transcriptional regulator of apolipoprotein A-IV and

controls lipid handling in the intestine. J Biol Chem 279:52052–52058.
22. Luo J, Sladek R, Carrier J, Bader JA, Richard D, and Giguere V (2003) Reduced fat mass in mice lacking orphan nuclear receptor estrogen-related receptor � . Mol

Cell Biol 23:7947–7956.
23. Laflamme N, Giroux S, Loredo-Osti JC, Elfassihi L, Dodin S, Blanchet C, Morgan K, Giguere V, and Rousseau F (2005) A frequent regulatory variant of the

estrogen-related receptor � gene associated with BMD in French-Canadian premenopausal women. J Bone Miner Res 20:938–944.
24. Kamei Y, Lwin H, Saito K, Yokoyama T, Yoshiike N, Ezaki O, and Tanaka H (2005) The 2.3 genotype of ESRRA23 of the ERR � gene is associated with a higher BMI

than the 2.2 genotype. Obes Res 13:1843–1844.
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TABLE 18
ERR�

Receptor nomenclature NR3B2
Receptor code 4.10.1:OR:3:B2
Other names ERR2, Estrrb
Molecular information Hs: 500aa, O95718, chr. 14q241

Rn: 433aa, P11475, chr. 6q312

Mm: 433aa, Q61539, chr. 12 E1,3

DNA binding
Structure Monomer, homodimer
HRE core sequence TNA AGGTCA (DR-3, ERE, SFRE, half-site)

Partners HSP90 (physical, functional): efficient homodimerization and DNA binding2

Agonists 5,7,4�-Trihydroxyisoflavone, 7,4�-dihydroxyisoflavone, 5,7-dihydroxy-4�-methoxyisoflavone,
N�-{(1E)-�4-(diethylamino)phenyl�methylene}-4-hydroxybenzohydrazide)4,5

Antagonists Diethylstilbestrol (5–15 �M) �IC50�6

Coactivators PNRC, NCOA3, NCOA1, NCOA24,7

Corepressors
Biologically important isoforms Short-form hERR� {Hs}: lacks the F domain found in hERR� and is the matched homolog of

mouse and rat ERR proteins in humans; it is widely expressed, whereas the other two
isoforms are restricted to testis and kidney8; hERR�2-� 10 {Hs}: lacks the exon 10 present
in the canonical transcript and encodes a protein isoform only differing in the F domain
of the protein; the canonical transcript and this variant are primate-specific and present
a restricted expression in testis and kidney8

Tissue distribution Developmental: trophoblast progenitor cells (these extraembryonic cells are implicated in
placental formation); adult: liver, stomach, skeletal muscles, kidney, heart, supraoptic
nucleus {Hs, Mm, Rn} �Northern blot, RT-PCR, in situ hybridization, Western blot,
immunohistology�1,2,3,8,9

Functional assays
Main target genes
Mutant phenotype Homozygous knockout mice have severely impaired placental formation and die at 10.5

days postcoitum; the mutants display abnormal chorion development associated with an
overabundance of trophoblast giant cells and a severe deficiency of diploid trophoblast
{Mm} �knockout�9

Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; h, human; RT-PCR, reverse transcription-polymerase chain reaction; ERE, estrogen response
element; SFRE, SF-1 response element.

1. Chen F, Zhang Q, McDonald T, Davidoff MJ, Bailey W, Bai C, Liu Q, and Caskey CT (1999) Identification of two hERR2-related novel nuclear receptors utilizing
bioinformatics and inverse PCR. Gene 228:101–109.

2. Pettersson K, Svensson K, Mattsson R, Carlsson B, Ohlsson R, and Berkenstam A (1996) Expression of a novel member of estrogen response element-binding nuclear
receptors is restricted to the early stages of chorion formation during mouse embryogenesis. Mech Dev 54:211–223.

3. Giguere V, Yang N, Segui P, and Evans RM (1988) Identification of a new class of steroid hormone receptors. Nature (Lond) 331:91–94.
4. Suetsugi M, Su L, Karlsberg K, Yuan YC, and Chen S (2003) Flavone and isoflavone phytoestrogens are agonists of estrogen-related receptors. Mol Cancer Res

1:981–991.
5. Yu DD and Forman BM (2005) Identification of an agonist ligand for estrogen-related receptors ERR� /� . Bioorg Med Chem Lett 15:1311–1313.
6. Tremblay GB, Kunath T, Bergeron D, Lapointe L, Champigny C, Bader JA, Rossant J, and Giguere V (2001) Diethylstilbestrol regulates trophoblast stem cell

differentiation as a ligand of orphan nuclear receptor ERR� . Genes Dev 15:833–838.
7. Xie W, Hong H, Yang NN, Lin RJ, Simon CM, Stallcup MR, and Evans RM (1999) Constitutive activation of transcription and binding of coactivator by estrogen-related

receptors 1 and 2. Mol Endocrinol 13:2151–2162.
8. Zhou W, Liu Z, Wu J, Liu JH, Hyder SM, Antoniou E, and Lubahn DB (2006) Identification and characterization of two novel splicing isoforms of human

estrogen-related receptor � . J Clin Endocrinol Metab 91:569–579.
9. Luo J, Sladek R, Bader JA, Matthyssen A, Rossant J, and Giguere V (1997) Placental abnormalities in mouse embryos lacking the orphan nuclear receptor ERR-�.

Nature (Lond) 388:778–782.
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TABLE 19
ERR�

Receptor nomenclature NR3B3
Receptor code 4.10.1:OR:3:B3
Other names ERR3, ESRRG
Molecular information Hs: 458aa, P62508, chr. 1q411,2

Rn: 458aa, P62510, chr. 13q26
Mm: 458aa, P62509, chr. 1 H53

DNA binding
Structure Monomer, homodimer
HRE core sequence TNA AGGTCA (DR-3, ERE, SFRE)4

Partners Calmodulin (physical, functional): interaction with calmodulin in vitro in a Ca2�-dependent
manner5; DAX1 (physical, functional): inhibition of PGC1� -mediated ERR� transactivation
by competing for the AF-2 binding domain6; SHP (physical, functional): inhibition of
transcriptional activity7

Agonists 5,7,4�-Trihydroxyisoflavone, 7,4�-dihydroxyisoflavone, 5,7-dihydroxy-4�-methoxyisoflavone, N�-
{(1E)-�4-(diethylamino)phenyl�methylene}-4-hydroxybenzohydrazide)8,9; GSK9089
(substituted phenolic acyl hydrazones) (0.66 �M), GSK4716 (substituted phenolic acyl
hydrazones) (2 �M) �IC50�10

Antagonists 4-Hydroxytamoxifen (35 nM) �Kd�11; diethylstilbestrol (5–15 �M) �IC50�11,12

Coactivators PNRC2, PPARGC1A, PPARGC1B, NCOA1, TLE113–15

Corepressors
Biologically important isoforms ERR�2 {Hs, Mm}: differs from ERR�1 by an additional 23 N-terminal residues16; ERR�3 {Hs}:

ERR�3 variant consists of eight exons including three unique 5�-terminal exons and lacks
the exon encoding the second zinc finger motif; the expression of ERR�3 was confined to
adipocytes and prostate, whereas that of ERR�2 was fairly widespread; the ERR�3 variant
was shown by transactivation assay to have no ability to activate ERE-controlled
transcription; however, ERR�3 has an ability to modulate the transcriptional activity of
other nuclear hormone receptors17

Tissue distribution Brain, kidney, testis, lung, adrenal gland, pancreas, and bone marrow {Hs, Mm} �Northern
blot, RT-PCR, in situ hybridization, Western blot, immunohistology�1,2,3,18

Functional assays
Main target genes Activated: ERR� {Hs},19 DAX-1 {Mm},6 MAOA, and MAOB {Hs, Mm, Rn}20

Mutant phenotype Homozygous mutant mice do not survive to weaning age; heterozygous mice exhibit a
significant increase in overall startle amplitude, indicating a possible hypersensitivity to
sound-induced motor reflex in these mice {Mm} �disruption caused by insertion of a vector�

Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; PPARGC, coactivator gene; RT-PCR, reverse transcription-polymerase chain reaction; MAO,
monoamine oxidase; ERE, estrogen response element; SFRE, SF-1 response element.

1. Chen F, Zhang Q, McDonald T, Davidoff MJ, Bailey W, Bai C, Liu Q, and Caskey CT (1999) Identification of two hERR2-related novel nuclear receptors utilizing
bioinformatics and inverse PCR. Gene 228:101–109.

2. Eudy JD, Yao S, Weston MD, Ma-Edmonds M, Talmadge CD, Cheng JJ, Kimberling WJ, and Sumegi J (1998) Isolation of a gene encoding a novel member of the nuclear
receptor superfamily from the critical region of Usher syndrome type IIa at 1q41. Genomics 50:382–384.

3. Hong H, Yang L, and Stallcup MR (1999) Hormone-independent transcriptional activation and coactivator binding by novel orphan nuclear receptor ERR3. J Biol Chem
274:22618–22626.

4. Huppunen J and Aarnisalo P (2004) Dimerization modulates the activity of the orphan nuclear receptor ERR� . Biochem Biophys Res Commun 314:964–970.
5. Hentschke M, Schulze C, Susens U, and Borgmeyer U (2003) Characterization of calmodulin binding to the orphan nuclear receptor Err� . Biol Chem 384:473–482.
6. Park YY, Ahn SW, Kim HJ, Kim JM, Lee IK, Kang H, and Choi HS (2005) An autoregulatory loop controlling orphan nuclear receptor DAX-1 gene expression by orphan

nuclear receptor ERR� . Nucleic Acids Res 33:6756–6768.
7. Razzaque MA, Masuda N, Maeda Y, Endo Y, Tsukamoto T, and Osumi T (2004) Estrogen receptor-related receptor � has an exceptionally broad specificity of DNA

sequence recognition. Gene 340:275–282.
8. Suetsugi M, Su L, Karlsberg K, Yuan YC, and Chen S (2003) Flavone and isoflavone phytoestrogens are agonists of estrogen-related receptors. Mol Cancer Res

1:981–991.
9. Yu DD and Forman YM (2005) Identification of an agonist ligand for estrogen-related receptors ERR� /� . Bioorg Med Chem Lett 15:1311–1313.
10. Zuercher WJ, Gaillard S, Orband-Miller LA, Chao EY, Shearer BG, Jones DG, Miller AB, Collins JL, McDonnell DP, and Willson TM (2005) Identification and

structure-activity relationship of phenolic acyl hydrazones as selective agonists for the estrogen-related orphan nuclear receptors ERR� and ERR� . J Med Chem
48:3107–3109.

11. Coward P, Lee D, Hull MV, and Lehmann JM (2001) 4-Hydroxytamoxifen binds to and deactivates the estrogen-related receptor � . Proc Natl Acad Sci USA
98:8880–8884.

12. Tremblay GB, Kunath T, Bergeron D, Lapointe L, Champigny C, Bader JA, Rossant J, and Giguere V (2001) Diethylstilbestrol regulates trophoblast stem cell
differentiation as a ligand of orphan nuclear receptor ERR� . Genes Dev 15:833–838.

13. Hentschke M and Borgmeyer U (2003) Identification of PNRC2 and TLE1 as activation function-1 cofactors of the orphan nuclear receptor ERR� . Biochem Biophys
Res Commun 312:975–982.

14. Hentschke M, Susens U, and Borgmeyer U (2002) PGC-1 and PERC, coactivators of the estrogen receptor-related receptor � . Biochem Biophys Res Commun
299:872–879.

15. Greschik H, Wurtz JM, Sanglier S, Bourguet W, van Dorsselaer A, Moras D, and Renaud JP (2002) Structural and functional evidence for ligand-independent
transcriptional activation by the estrogen-related receptor 3. Mol Cell 9:303–313.

16. Susens U, Hermans-Borgmeyer I, and Borgmeyer U (2000) Alternative splicing and expression of the mouse estrogen receptor-related receptor � . Biochem Biophys
Res Commun 267:532–535.

17. Kojo H, Tajima K, Fukagawa M, Isogai T, and Nishimura S (2006) A novel estrogen receptor-related protein � splice variant lacking a DNA binding domain exon
modulates transcriptional activity of a moderate range of nuclear receptors. J Steroid Biochem Mol Biol 98:181–192.

18. Heard DJ, Norby PL, Holloway J, and Vissing H (2000) Human ERR� , a third member of the estrogen receptor-related receptor (ERR) subfamily of orphan nuclear
receptors: tissue-specific isoforms are expressed during development and in the adult. Mol Endocrinol 14:382–392.

19. Liu D, Zhang Z, and Teng CT (2005) Estrogen-related receptor-� and peroxisome proliferator-activated receptor-� coactivator-1� regulate estrogen-related receptor-�
gene expression via a conserved multi-hormone response element. J Mol Endocrinol 34:473–487.

20. Zhang Z, Chen K, Shih JC, and Teng CT (2006) Estrogen-related receptors stimulated MAO-B promoter activity is down regulated by estrogen receptors. Mol
Endocrinol 20:1547–1561.
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TABLE 20
NGFI-B

Receptor nomenclature NR4A1
Receptor code 4.10.1:OR:4:A1
Other names NAK1, ST-59, TR3, nur77, N10, TIS1, NGFI-B�
Molecular information Hs: 598aa, P22736, chr. 12q131–3

Rn: 597aa, P22829, chr. 7q364,5

Mm: 601aa, P12813, chr. 15 F36,7

DNA binding
Structure Monomer, homodimer, heterodimer, RXR partner
HRE core sequence AAAGGTCA (DR-5, half-site, NBRE, NuRE)

Partners NURR1 (physical, functional): DNA binding8; NOR1 (physical, functional): DNA binding8; GR
(physical, functional): DNA binding and antagonism of NuRE-dependent transcription
induced by all members of the NR4A subfamily9; BCL-2 (physical, functional): cellular
localization—NGFI-B binding induces a BCL-2 conformational change that exposes its BH3
domain, resulting in conversion of BCL-2 from a protector to a killer10; AKT (physical,
functional): DNA binding and phosphorylation of Ser350 on the NGFI-B protein within its
DNA-binding domain11,12; Notch-1 (physical, functional): interaction with NGFI-B to repress
NGFI-B-dependent transcription and rescue T-cell receptor-mediated apoptosis13

Agonists Receptor lacks ligand-binding pocket
Antagonists Receptor lacks ligand-binding pocket
Coactivators NCOA1, NCOA2, NCOA3, EP300, PPARBP14

Corepressors
Biologically important isoforms TRC� {Hs}: contains a shorter and distinct C terminus compared with NGFI-B
Tissue distribution Nervous system, pituitary, adrenal, thyroid, liver, testis, ovary, thymus, muscle, lung, prostate

{Hs, Mm, Rn} �Northern blot, in situ hybridization, Western blot, immunohistology�4,6,7,15–18

Functional assays
Main target genes Activated: POMC {Hs, Mm, Rn},19 steroid 21-hydroxylase {Hs, Mm, Rn},20 steroid 17-

hydroxylase {Hs, Mm, Rn},21 INSL3 {Hs, Mm, Rn}
Mutant phenotype Knockout mice exhibit no clear phenotype, suggesting functional redundancy between NR4A

subfamily members in vivo; however, an altered neuropeptide expression pattern is
observed {Mm} �knockout�22,23

Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; GR, glucocorticoid receptor; PPARBP, PPAR binding protein; NBRE, NGFI-B response element;
NuRE, Nur response element; POMC, pro-opiomelanocortin.

1. Bondy GP (1991) Phorbol ester, forskolin, and serum induction of a human colon nuclear hormone receptor gene related to the NUR 77/NGFI-B genes. Cell Growth Differ
2:203–208.

2. Nakai A, Kartha S, Sakurai A, Toback FG, and DeGroot LJ (1990) A human early response gene homologous to murine nur77 and rat NGFI-B, and related to the nuclear
receptor superfamily. Mol Endocrinol 4:1438–1443.

3. Chang A, Kokontis J, Liao SS, and Chang Y (1989) Isolation and characterization of human TR3 receptor: a member of steroid receptor superfamily. J Steroid Biochem
34:391–395.

4. Milbrandt J (1988) Nerve growth factor induces a gene homologous to the glucocorticoid receptor gene. Neuron 1:183–188.
5. Altin JG, Kujubu DA, Raffioni S, Eveleth DD, Herschman HR, and Bradshaw RA (1991) Differential induction of primary-response (TIS) genes in PC12 pheochro-

mocytoma cells and the unresponsive variant PC12nnr5. J Biol Chem 266:5401–5406.
6. Hazel TG, Nathans D, and Lau LF (1988) A gene inducible by serum growth factors encodes a member of the steroid and thyroid hormone receptor superfamily. Proc

Natl Acad Sci USA 85:8444–8448.
7. Ryseck RP, Macdonald-Bravo H, Mattei MG, Ruppert S, and Bravo R (1989) Structure, mapping and expression of a growth factor inducible gene encoding a putative

nuclear hormonal binding receptor. EMBO (Eur Mol Biol Organ) J 8:3327–3335.
8. Maira M, Martens C, Philips A, and Drouin J (1999) Heterodimerization between members of the Nur subfamily of orphan nuclear receptors as a novel mechanism

for gene activation. Mol Cell Biol 19:7549–7557.
9. Martens C, Bilodeau S, Maira M, Gauthier Y, and Drouin J (2005) Protein-protein interactions and transcriptional antagonism between the subfamily of NGFI-B/Nur77

orphan nuclear receptors and glucocorticoid receptor. Mol Endocrinol 19:885–897.
10. Lin B, Kolluri SK, Lin F, Liu W, Han YH, Cao X, Dawson MI, Reed JC, and Zhang XK (2004) Conversion of Bcl-2 from protector to killer by interaction with nuclear

orphan receptor Nur77/TR3. Cell 116:527–540.
11. Pekarsky Y, Hallas C, Palamarchuk A, Koval A, Bullrich F, Hirata Y, Bichi R, Letofsky J, and Croce CM (2001) Akt phosphorylates and regulates the orphan nuclear

receptor Nur77. Proc Natl Acad Sci USA 98:3690–3694.
12. Masuyama N, Oishi K, Mori Y, Ueno T, Takahama Y, and Gotoh Y (2001) Akt inhibits the orphan nuclear receptor Nur77 and T-cell apoptosis. J Biol Chem

276:32799–32805.
13. Jehn BM, Bielke W, Pear WS, and Osborne BA (1999) Cutting edge: protective effects of notch-1 on TCR-induced apoptosis. J Immunol 162:635–638.
14. Wansa KD, Harris JM, and Muscat GE (2002) The activation function-1 domain of Nur77/NR4A1 mediates trans-activation, cell specificity, and coactivator

recruitment. J Biol Chem 277:33001–33011.
15. Watson MA and Milbrandt J (1990) Expression of the nerve growth factor-regulated NGFI-A and NGFI-B genes in the developing rat. Development 110:173–183.
16. Williams GT and Lau LF (1993) Activation of the inducible orphan receptor gene nur77 by serum growth factors: dissociation of immediate-early and delayed-early

responses. Mol Cell Biol 13:6124–6136.
17. Zetterstrom RH, Williams R, Perlmann T, and Olson L (1996) Cellular expression of the immediate early transcription factors Nurr1 and NGFI-B suggests a gene

regulatory role in several brain regions including the nigrostriatal dopamine system. Brain Res Mol Brain Res 41:111–120.
18. Bandoh S, Tsukada T, Maruyama K, Ohkura N, and Yamaguchi K (1997) Differential expression of NGFI-B and RNR-1 genes in various tissues and developing brain

of the rat: comparative study by quantitative reverse transcription-polymerase chain reaction. J Neuroendocrinol 9:3–8.
19. Philips A, Lesage S, Gingras R, Maira MH, Gauthier Y, Hugo R, and Drouin J (1997) Novel dimeric Nur77 signaling mechanism in endocrine and lymphoid cells. Mol

Cell Biol 17:5946–5951.
20. Wilson TE, Mouw AR, Weaver CA, Milbrandt J, and Parker KL (1993) The orphan nuclear receptor NGFI-B regulates expression of the gene encoding steroid

21-hydroxylase. Mol Cell Biol 13:861–868.
21. Zhang P and Mellon SH (1997) Multiple orphan nuclear receptors converge to regulate rat P450c17 gene transcription: novel mechanisms for orphan nuclear receptor

action. Mol Endocrinol 11:891–890.
22. Lee SL, Wesselschmidt RL, Linette GP, Kanagawa O, Russell JH, and Milbrandt J (1995) Unimpaired thymic and peripheral T cell death in mice lacking the nuclear

receptor NGFI-B (Nur77). Science (Wash DC) 269:532–535.
23. Ethier I, Beaudry G, St-Hilaire M, Milbrandt J, Rouillard C, and Levesque D (2004) The transcription factor NGFI-B (Nur77) and retinoids play a critical role in acute

neuroleptic-induced extrapyramidal effect and striatal neuropeptide gene expression. Neuropsychopharmacology 29:335–346.
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TABLE 21
NURR1

Receptor nomenclature NR4A2
Receptor code 4.10.1:OR:4:A2
Other names NOT, TINUR, HZF-3, RNR-1, NGFI-B�
Molecular information Hs: 598aa, P43354, chr. 2q241

Rn: 598aa, Q07917, chr. 3q122

Mm: 598aa, Q06219, chr. 2 C23

DNA binding
Structure Monomer, homodimer, heterodimer, RXR partner
HRE core sequence AAAGGTCA (DR-5, half-site, NBRE, NuRE)

Partners NGFI-B (physical, functional): DNA binding4; NOR1 (physical, functional): DNA binding4; RXR
(physical, functional): DNA binding5,6; P57KIP2 (physical, functional): inhibition of NURR1
transcriptional activity7; PIAS� (physical, functional): repression of NURR1 transcriptional
activity8

Agonists Receptor lacks ligand-binding pocket9

Antagonists Receptor lacks ligand-binding pocket9

Coactivators
Corepressors
Biologically important isoforms NURR2 {Hs, Mm, Rn}: has a novel cryptic exon located upstream in the NURR1 promoter region

and is generated by alternative splicing at exons 1, 2, and 6; lacks the C-terminal sequences
corresponding to the ligand-binding domain or dimerization domain; inactive by itself, but may
be able to inhibit transactivation by interaction with members of the NGFI-B family10

Tissue distribution Nervous system (mesencephalic dopaminergic neurons of the ventral tegmental area and of the
substantia nigra), liver, pituitary, thymus, osteoblasts {Hs, Mm, Rn} �Northern blot, Q-PCR, in
situ hybridization, Western blot, immunohistology�2,3,6,11–13

Functional assays
Main target genes Activated: osteopontin {Mm},14 osteocalcin {Rn},15 tyrosine hydroxylase {Mm},16 neuropilin {Mm}17

Mutant phenotype Homozygous knockout mice exhibit a complete loss of ventral mesencephalic dopaminergic neurons
and altered gene expression in the dorsal motor nucleus of the brainstem; they have respiratory
dysfunction and die at birth {Mm} �knockout�18–22

Human disease PD: in 8 of 107 individuals with familial PD, a T deletion was found at transcribed nucleotide position
291 upstream of the initiator AUG codon of NR4A2 and a T3G substitution at transcribed
nucleotide position 245; these mutations did not affect the ORF but seem nevertheless dominant;
later studies have not confirmed the importance of these mutations in PD23–25

aa, amino acids; chr., chromosome; HRE, hormone response element; Q-PCR, quantitative polymerase chain reaction; PD, Parkinson’s disease; ORF, open reading frame.
1. Okabe T, Takayanagi R, Imasaki K, Haji M, Nawata H, and Watanabe T (1995) cDNA cloning of a NGFI-B/nur77-related transcription factor from an apoptotic human

T cell line. J Immunol 154:3871–3879.
2. Scearce LM, Laz TM, Hazel TG, Lau LF, and Taub R (1993) RNR-1, a nuclear receptor in the NGFI-B/Nur77 family that is rapidly induced in regenerating liver. J Biol

Chem 268:8855–8861.
3. Law SW, Conneely OM, DeMayo FJ, and O’Malley BW (1992) Identification of a new brain-specific transcription factor, NURR1. Mol Endocrinol 6:2129–2135.
4. Maira M, Martens C, Philips A, and Drouin J (1999) Heterodimerization between members of the Nur subfamily of orphan nuclear receptors as a novel mechanism

for gene activation. Mol Cell Biol 19:7549–7557.
5. Perlmann T and Jansson L (1995) A novel pathway for vitamin A signaling mediated by RXR heterodimerization with NGFI-B and NURR1. Genes Dev 9:769–782.
6. Zetterstrom RH, Solomin L, Mitsiadis T, Olson L, and Perlmann T (1996) Retinoid X receptor heterodimerization and developmental expression distinguish the orphan

nuclear receptors NGFI-B, Nurr1, and Nor1. Mol Endocrinol 10:1656–1666.
7. Joseph B, Wallen-Mackenzie A, Benoit G, Murata T, Joodmardi E, Okret S, and Perlmann T (2003) p57(Kip2) cooperates with Nurr1 in developing dopamine cells. Proc

Natl Acad Sci USA 100:15619–15624.
8. Galleguillos D, Vecchiola A, Fuentealba JA, Ojeda V, Alvarez K, Gomez A, and Andres ME (2004) PIAS� represses the transcriptional activation induced by the nuclear

receptor Nurr1. J Biol Chem 279:2005–2011.
9. Wang Z, Benoit G, Liu J, Prasad S, Aarnisalo R, Liu X, Xu H, Walker NP, and Perlmann T (2003) Structure and function of Nurr1 identifies a class of ligand-independent

nuclear receptors. Nature (Lond) 423:555–560.
10. Ohkura N, Hosono T, Maruyama K, Tsukada T, and Yamaguchi K (1999) An isoform of Nurr1 functions as a negative inhibitor of the NGFI-B family signaling. Biochim

Biophys Acta 1444:69–79.
11. Bandoh S, Tsukada T, Maruyama K, Ohkura N, and Yamaguchi K (1997) Differential expression of NGFI-B and RNR-1 genes in various tissues and developing brain

of the rat: comparative study by quantitative reverse transcription-polymerase chain reaction. J Neuroendocrinol 9:3–8.
12. Mages HW, Rilke O, Bravo R, Senger G, and Kroczek RA (1994) NOT, a human immediate-early response gene closely related to the steroid/thyroid hormone receptor

NAK1/TR3. Mol Endocrinol 8:1583–1591.
13. Zetterstrom RH, Williams R, Perlmann T, and Olson L (1996) Cellular expression of the immediate early transcription factors Nurr1 and NGFI-B suggests a gene

regulatory role in several brain regions including the nigrostriatal dopamine system. Brain Res Mol Brain Res 41:111–120.
14. Lammi J, Huppunen J, and Aarnisalo P (2004) Regulation of the osteopontin gene by the orphan nuclear receptor NURR1 in osteoblasts. Mol Endocrinol 18:1546–1557.
15. Pirih FQ, Tang A, Ozkurt IC, Nervina JM, and Tetradis S (2004) Nuclear orphan receptor Nurr1 directly transactivates the osteocalcin gene in osteoblasts. J Biol

Chem 279:53167–53174.
16. Sakurada K, Ohshima-Sakurada M, Palmer TD, and Gage FH (1999) Nurr1, an orphan nuclear receptor, is a transcriptional activator of endogenous tyrosine

hydroxylase in neural progenitor cells derived from the adult brain. Development 126:4017–4026.
17. Hermanson E, Borgius L, Bergsland M, Joodmardi E, and Perlmann T (2006) Neuropilin1 is a direct downstream target of Nurr1 in the develooping brain stem. J

Neurochem 97:1403–1411.
18. Saucedo-Cardenas O, Quintana-Hau JD, Le WD, Smidt MP, Cox JJ, De Mayo F, Burbach JP, and Conneely OM (1998) Nurr1 is essential for the induction of the

dopaminergic phenotype and the survival of ventral mesencephalic late dopaminergic precursor neurons. Proc Natl Acad Sci USA 95:4013–4018.
19. Zetterstrom RH, Solomin L, Jansson L, Hoffer BJ, Olson L, and Perlmann T (1997) Dopamine neuron agenesis in Nurr1-deficient mice. Science (Wash DC) 276:248–250.
20. Castillo SO, Baffi JS, Palkovits M, Goldstein DS, Kopin IJ, Witta J, Magnuson MA, and Nikodem VM (1998) Dopamine biosynthesis is selectively abolished in

substantia nigra/ventral tegmental area but not in hypothalamic neurons in mice with targeted disruption of the Nurr1 gene. Mol Cell Neurosci 11:36–46.
21. Wallen AA, Castro DS, Zetterstrom RH, Karlen M, Olson L, Ericson J, and Perlmann T (2001) Orphan nuclear receptor Nurr1 is essential for Ret expression in

midbrain dopamine neurons and in the brain stem. Mol Cell Neurosci 18:649–663.
22. Nsegbe E, Wallen-Mackenzie A, Dauger S, Roux JC, Shvarev Y, Lagercrantz H, Perlmann T, and Herlenius E (2004) Congenital hypoventilation and impaired hypoxic

response in Nurr1 mutant mice. J Physiol (Lond) 556:43–59.
23. Le WD, Xu P, Jankovic J, Jiang H, Appel SH, Smith RG, and Vassilatis DK (2003) Mutations in NR4A2 associated with familial Parkinson disease. Nat Genet 33:85–89.
24. Ibanez P, Lohmann E, Pollak P, Durif F, Tranchant C, Agid Y, Durr A, and Brice A (2004) Absence of NR4A2 exon 1 mutations in 108 families with autosomal

dominant Parkinson disease. Neurology 62:2133–2134.
25. Hering R, Petrovic S, Mietz EM, Holzmann C, Berg D, Bauer P, Woitalla D, Muller T, Berger K, Kruger R, et al. (2004) Extended mutation analysis and association

studies of Nurr1 (NR4A2) in Parkinson disease. Neurology 62:1231–1232.
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TABLE 22
NOR1

Receptor nomenclature NR4A3
Receptor code 4.10.1:OR:4:A3
Other names TEC, MINOR, CHN, NGFI-B�
Molecular information Hs: 626aa, Q92570, chr, 9q311,2

Rn: 628aa, P51179, chr. 5q223

Mm: 627aa, Q9QZB6, chr. 4 B2
DNA binding

Structure Monomer, homodimer, heterodimer
HRE core sequence AAAGGTCA (half-site, NBRE, NuRE)

Partners NGFI-B (physical): DNA binding4; NURR1 (physical): DNA binding4

Agonists Receptor lacks ligand-binding pocket5–7

Antagonists Receptor lacks ligand-binding pocket5–7

Coactivators SIX3, PPARBP, EP300, NCOA2, PCAF8–10

Corepressors
Biologically important isoforms NOR1� {Hs, Mm}: contains an additional segment in the coding region introducing a stop codon

into the sequence, thereby creating a shorter and distinct C terminus compared with
NOR111,12; NOR1� {Hs, Mm, Rn}: differs in the 5�-UTR and coding region and contains a
longer N terminus than NOR111

Tissue distribution Nervous system, pituitary, adrenal, heart, muscle, thymus, kidney {Hs, Mm, Rn} �Northern
blot, in situ hybridization, Western blot, immunohistology�1–3,13,14

Functional assays
Main target genes Activated: POMC {Hs, Mm, Rn}15,16

Mutant phenotype Knockout mice have been shown to exhibit inner ear defects and partial bidirectional circling
behavior {Mm} �knockout�17; knockout mice embryos have also been shown to fail to complete
gastrulation and display distinct morphological abnormalities {Mm} �knockout�18

Human disease EMC: three versions of EMCs are the result of reciprocal translocations between this gene and
other genes; the translocation breakpoints are associated with NR4A3 (chr. 0.9) and either
Ewing sarcoma breakpoint region 1 (chr. 0.22), RNA polymerase II, TATA box-binding
protein-associated factor (chr. 0.17), or transcription factor 12 (chr. 0.15)1,19–21

aa, amino acids; chr., chromosome; HRE, hormone response element; PPARBP, PPAR binding protein; EMC, extraskeletal myxoid chondrosarcoma; NBRE, NGFI-B
response element.

1. Labelle Y, Zucman J, Stenman G, Kindblom LG, Knight J, Turc-Carel C, Dockhorn-Dworniczak B, Mandahl N, Desmaze C, Peter M, et al. (1995) Oncogenic conversion
of a novel orphan nuclear receptor by chromosome translocation. Hum Mol Genet 4:2219–2226.

2. Hedvat CV and Irving SG (1995) The isolation and characterization of MINOR, a novel mitogen-inducible nuclear orphan receptor. Mol Endocrinol 9:1692–1700.
3. Ohkura N, Hijikuro M, Yamamoto A, and Miki K (1994) Molecular cloning of a novel thyroid/steroid receptor superfamily gene from cultured rat neuronal cells. Biochem

Biophys Res Commun 205:1959–1965.
4. Maira M, Martens C, Philips A, and Drouin J (1999) Heterodimerization between members of the Nur subfamily of orphan nuclear receptors as a novel mechanism

for gene activation. Mol Cell Biol 19:7549–7557.
5. Flaig R, Greschik H, Peluso-Iltis C, and Moras D (2005) Structural basis for the cell-specific activities of the NGFI-B and the Nurr1 ligand-binding domain. J Biol Chem

280:19250–19258.
6. Wang Z, Benoit G, Liu J, Prasad S, Aarnisalo P, Liu X, Xu H, Walker NP, and Perlmann T (2003) Structure and function of Nurr1 identifies a class of ligand-independent

nuclear receptors. Nature (Lond) 423:555–560.
7. Baker KD, Shewchuk LM, Kozlova T, Makishima M, Hassell A, Wisely B, Caravella JA, Lambert MH, Reinking JL, Krause H, et al. (2003) The Drosophila orphan

nuclear receptor DHR38 mediates an atypical ecdysteroid signaling pathway. Cell 113:731–742.
8. Laflamme C, Filion C, Bridge JA, Ladanyi M, Goldring MB, and Labelle Y (2003) The homeotic protein Six3 is a coactivator of the nuclear receptor NOR-1 and a

corepressor of the fusion protein EWS/NOR-1 in human extraskeletal myxoid chondrosarcomas. Cancer Res 63:449–454.
9. Ohkura N, Ohkubo T, Maruyama K, Tsukada T, and Yamaguchi K (2001) The orphan nuclear receptor NOR-1 interacts with the homeobox containing protein Six3.

Dev Neurosci 23:17–24.
10. Wansa KD, Harris JM, Yan G, Ordentlich P, and Muscat GE (2003) The AF-1 domain of the orphan nuclear receptor NOR-1 mediates trans-activation, coactivator

recruitment, and activation by the purine anti-metabolite 6-mercaptopurine. J Biol Chem 278:24776–24790.
11. Ohkura N, Ito M, Tsukada T, Sasaki K, Yamaguchi K, and Miki K (1998) Alternative splicing generates isoforms of human neuron-derived orphan receptor-1 (NOR-1)

mRNA. Gene 211:79–85.
12. Maltais A and Labelle Y (2000) Structure and expression of the mouse gene encoding the orphan nuclear receptor TEC. DNA Cell Biol 19:121–130.
13. Zetterstrom RH, Williams R, Perlmann T, and Olson L (1996) Cellular expression of the immediate early transcription factors Nurr1 and NGFI-B suggests a gene

regulatory role in several brain regions including the nigrostriatal dopamine system. Brain Res Mol Brain Res 41:111–120.
14. Maruyama K, Tsukada T, Bandoh S, Sasaki K, Ohkura N, and Yamaguchi K (1997) Expression of the putative transcription factor NOR-1 in the nervous, the endocrine

and the immune systems and the developing brain of the rat. Neuroendocrinology 65:2–8.
15. Maira M, Martens C, Batsche E, Gauthier Y, and Drouin J (2003) Dimer-specific potentiation of NGFI-B (Nur77) transcriptional activity by the protein kinase A

pathway and AF-1-dependent coactivator recruitment. Mol Cell Biol 23:763–776.
16. Martens C, Bilodeau S, Maira M, Gauthier Y, and Drouin J (2005) Protein-protein interactions and transcriptional antagonism between the subfamily of

NGFI-B/Nur77 orphan nuclear receptors and glucocorticoid receptor. Mol Endocrinol 19:885–897.
17. DeYoung RA, Baker JC, Cado D, and Winoto A (2003) The orphan steroid receptor Nur77 family member Nor-1 is essential for early mouse embryogenesis. J Biol

Chem 278:47104–471109.
18. Ponnio T, Burton Q, Pereira FA, Wu DK, and Conneely OM (2002) The nuclear receptor Nor-1 is essential for proliferation of the semicircular canals of the mouse

inner ear. Mol Cell Biol 22:935–945.
19. Clark J, Benjamin H, Gill S, Sidhar S, Goodwin G, Crew J, Gusterson BA, Shipley J, and Cooper CS (1996) Fusion of the EWS gene to CHN, a member of the

steroid/thyroid receptor gene superfamily, in a human myxoid chondrosarcoma. Oncogene 12:229–235.
20. Gill S, McManus AP, Crew AJ, Benjamin H, Sheer D, Gusterson BA, Pinkerton CR, Patel K, Cooper CS, and Shipley JM (1995) Fusion of the EWS gene to a DNA

segment from 9q22–31 in a human myxoid chondrosarcoma. Genes Chromosomes Cancer 12:307–310.
21. Labelle Y, Bussieres J, Courjal R, and Goldring MB (1999) The EWS/TEC fusion protein encoded by the t(9;22) chromosomal translocation in human chondrosarcomas

is a highly potent transcriptional activator. Oncogene 18:3303–3308.
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TABLE 23
SF-1

Receptor nomenclature NR5A1
Receptor code 4.10.1:OR:5:A1
Other names FTZ-F1, ELP, AD4BP
Molecular information Hs: 461aa, Q13285, chr. 9q331

Rn: 462aa, P50569, chr. 3q112

Mm: 462aa, P33242, chr. 2 B3

DNA binding
Structure Monomer
HRE core sequence YCA AGG YCR (half-site)

Partners DAX-1 (physical, functional): inhibits SF-1 transcriptional activation and blocks interaction of
WT-1/SF-14,5; WT-1 (physical, functional): enhancement of SF-1 transcriptional activity5;
GATA4 (physical, functional)6; Ptx1 (physical, functional): enhancement of SF-1 transcriptional
activity7: SOX9 (physical, functional): enhancement of SF-1 transcriptional activity8

Agonists 1,2-Dimyristoyl-sn-glycero-3-phosphoethanolamine (64 nM), 1,2-didodecanoyl-sn-glycero-3-
phosphoethanolamine (66 nM), 1,2-dihexadecanoyl-sn-glycero-3-phosphocholine (80–120 nM)
�EC50�9; phosphatidyl inositols PIP2 and PIP3

10

Antagonists 1,2-Dilinoleonyl-sn-glycerol-3-phosphocholine (100–300 nM) �IC50�9

Coactivators CREBBP, NCOA1, NCOA2, EDF1, PNRC210,11–15

Corepressors NCOR212

Biologically important isoforms ELP1 {Mm}: differs in its N- and C-terminal domains due to alternative splicing and promoter
usage16; ELP2 {Mm}: differs in its N-terminal domain due to alternative splicing and promoter
usage16; ELP3 {Mm}: encoded by a slightly longer mRNA due to alternative splicing and
promoter usage16

Tissue distribution Developmental: carcinoma cells, urogenital ridge, somatic cells (steroidogenic and
nonsteroidogenic), adrenal cortex (but not in the adrenal medulla), ovary and testis (Sertoli
and Leydig cells), pituitary (gonadotrope cells), ventromedial hypothalamic nucleus; adult:
spleen, eutopic endometriotic tissue, adrenal glands, and gonads (Sertoli and Leydig cells) {Hs,
Mm} �Northern blot, in situ hybridization, Western blot, immunohistology�17–19

Functional assays Overexpression of SF-1 in embryonic carcinoma cells results in steroidogenesis (progesterone
production) {Mm}20

Main target genes Activated: CYP11A1 {Hs, Mm, Rn},21,22 CYP17 {Hs, Mm, Rn},23,24 MC2R {Hs},25–27 VNN1 {Mm}28

Mutant phenotype Knockout mice lack adrenal glands and gonads, male-to-female sex reversal of the internal and
external urogenital tracts, impaired expression of markers in gonadotrophs that regulate
steroidogenesis, lack of ventromedial hypothalamic nucleus {Mm} �knockout�29–32; heterozygous
mutants exhibit adrenal insufficiency resulting from defects in adrenal development and
organization; compensatory mechanisms help to maintain (nearly) normal adrenal function
under basal conditions—however; stressful conditions reveal adrenal defects {Mm}
�knockout�33–35

Human disease Adrenocortical insufficiency: associated with an Arg2553Leu mutation in the hinge region of the
SF-1 receptor36; sex reversal, XY, with adrenal failure: associated with an Arg923Gln
mutation in the DNA-binding domain of the SF-1 receptor33; sex reversal, XY, without adrenal
failure: associated with premature termination upstream of sequences encoding the AF-2
domain; this mutated receptor has no transcriptional activity and inhibits the function of the
wild type in most cases37

aa, amino acids; chr., chromosome; HRE, hormone response element; PIP2, phosphatidylinositol bisphosphate; PIP3, phosphatidylinositol triphosphate; CREBBP, cAMP
response element-binding protein binding protein.

1. Wong M, Ramayya MS, Chrousos GP, Driggers PH, and Parker KL (1996) Cloning and sequence analysis of the human gene encoding steroidogenic factor 1. J Mol
Endocrinol 17:139–147.

2. Lynch JP, Lala DS, Peluso JJ, Luo W, Parker KL, and White BA (1993) Steroidogenic factor 1, an orphan nuclear receptor, regulates the expression of the rat aromatase
gene in gonadal tissues. Mol Endocrinol 7:776–786.

3. Ikeda Y, Lala DS, Luo X, Kim E, Moisan MP, and Parker KL (1993) Characterization of the mouse FTZ-F1 gene, which encodes a key regulator of steroid hydroxylase
gene expression. Mol Endocrinol 7:852–860.

4. Ito M, Yu R, and Jameson JL (1997) DAX-1 inhibits SF-1-mediated transactivation via a carboxy-terminal domain that is deleted in adrenal hypoplasia congenita. Mol
Cell Biol 17:1476–1483.

5. Nachtigal MW, Hirokawa Y, Enyeart-VanHouten DL, Flanagan JN, Hammer GD, and Ingraham HA (1998) Wilms’ tumor 1 and Dax-1 modulate the orphan nuclear
receptor SF-1 in sex-specific gene expression. Cell 93:445–454.

6. Tremblay JJ and Viger RS (1999) Transcription factor GATA-4 enhances Mullerian inhibiting substance gene transcription through a direct interaction with the nuclear
receptor SF-1. Mol Endocrinol 13:1388–1401.

7. Tremblay JJ, Marcil A, Gauthier Y, and Drouin J (1999) Ptx1 regulates SF-1 activity by an interaction that mimics the role of the ligand-binding domain. EMBO (Eur
Mol Biol Organ) J 18:3431–3441.

8. De Santa Barbara P, Bonneaud N, Boizet B, Desclozeaux M, Moniot B, Sudbeck R, Scherer G, Poulat F, and Berta P (1998) Direct interaction of SRY-related protein
SOX9 and steroidogenic factor 1 regulates transcription of the human anti-Mullerian hormone gene. Mol Cell Biol 18:6653–6665.

9. Krylova IN, Sablin EP, Moore J, Xu RX, Waitt GM, MacKay JA, Juzumiene D, Bynum JM, Madauss K, Montana V, et al. (2005) Structural analyses reveal phosphatidyl
inositols as ligands for the NR5 orphan receptors SF-1 and LRH-1. Cell 120:343–355.

10. Li Y, Choi M, Cavey G, Daugherty J, Suino K, Kovach A, Bingham NC, Kliewer SA, and Xu HE (2005) Crystallographic identification and functional characterization
of phospholipids as ligands for the orphan nuclear receptor steroidogenic factor-1. Mol Cell 17:491–502.

11. Monte D, DeWitte F, and Hum DW (1998) Regulation of the human P450scc gene by steroidogenic factor 1 is mediated by CBP/p300. J Biol Chem 273:4585–4591.
12. Hammer GD, Krylova I, Zhang Y, Darimont BD, Simpson K, Weigel NL, and Ingraham HA (1999) Phosphorylation of the nuclear receptor SF-1 modulates cofactor

recruitment: integration of hormone signaling in reproduction and stress. Mol Cell 3:521–526.
13. Crawford PA, Polish JA, Ganpule G, and Sadovsky Y (1997) The activation function-2 hexamer of steroidogenic factor-1 is required, but not sufficient for potentiation

by SRC-1. Mol Endocrinol 11:1626–1635.
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14. Kabe Y, Goto M, Shima D, Imai T, Wada T, Morohashi K, Shirakawa M, Hirose S, and Handa H (1999) The role of human MBF1 as a transcriptional coactivator. J Biol
Chem 274:34196–34202.

15. Zhou D and Chen S (2001) PNRC2 is a 16 kDa coactivator that interacts with nuclear receptors through an SH3-binding motif. Nucleic Acids Res 29:3939–3948.
16. Ninomiya Y, Okada M, Kotomura N, Suzuki K, Tsukiyama R, and Niwa O (1995) Genomic organization and isoforms of the mouse ELP gene. J Biochem (Tokyo)

118:380–389.
17. Ingraham HA, Lala DS, Ikeda Y, Luo X, Shen WH, Nachtigal MW, Abbud R, Nilson JH, and Parker KL (1994) The nuclear receptor steroidogenic factor 1 acts at

multiple levels of the reproductive axis. Genes Dev 8:2302–2312.
18. Ikeda Y, Shen WH, Ingraham HA, and Parker KL (1994) Developmental expression of mouse steroidogenic factor-1, an essential regulator of the steroid hydroxylases.

Mol Endocrinol 8:654–662.
19. Shen WH, Moore CC, Ikeda Y, Parker KL, and Ingraham HA (1994) Nuclear receptor steroidogenic factor 1 regulates the mullerian inhibiting substance gene: a link

to the sex determination cascade. Cell 77:651–661.
20. Crawford PA, Sadovsky Y, and Milbrandt J (1997) Nuclear receptor steroidogenic factor 1 directs embryonic stem cells toward the steroidogenic lineage. Mol Cell Biol

17:3997–4006.
21. Takayama K, Morohashi K, Honda S, Hara N, and Omura T (1994) Contribution of Ad4BP, a steroidogenic cell-specific transcription factor, to regulation of the human

CYP11A and bovine CYP11B genes through their distal promoters. J Biochem (Tokyo) 116:193–203.
22. Hu MC, Hsu NC, Pai CI, Wang CK, and Chung B (2001) Functions of the upstream and proximal steroidogenic factor 1 (SF-1)-binding sites in the CYP11A1 promoter

in basal transcription and hormonal response. Mol Endocrinol 15:812–818.
23. Bakke M and Lund J (1995) Transcriptional regulation of the bovine CYP17 gene: two nuclear orphan receptors determine activity of cAMP-responsive sequence 2.

Endocr Res 21:509–516.
24. Jacob AL and Lund J (1998) Mutations in the activation function-2 core domain of steroidogenic factor-1 dominantly suppresses PKA-dependent transactivation of

the bovine CYP17 gene. J Biol Chem 273:13391–13394.
25. Marchal R, Naville D, Durand P, Begeot M, and Penhoat A (1998) A steroidogenic factor-1 binding element is essential for basal human ACTH receptor gene

transcription. Biochem Biophys Res Commun 247:28–32.
26. Naville D, Penhoat A, Marchal R, Durand P, and Begeot M (1998) SF-1 and the transcriptional regulation of the human ACTH receptor gene. Endocr Res 24:391–395.
27. Naville D, Penhoat A, Durand P, and Begeot M (1999) Three steroidogenic factor-1 binding elements are required for constitutive and cAMP-regulated expression of

the human adrenocorticotropin receptor gene. Biochem Biophys Res Commun 255:28–33.
28. Wilson MJ, Jeyasuria R, Parker KL, and Koopman P (2005) The transcription factors steroidogenic factor-1 and SOX9 regulate expression of Vanin-1 during mouse

testis development. J Biol Chem 280:5917–5923.
29. Luo X, Ikeda Y, and Parker KL (1994) A cell-specific nuclear receptor is essential for adrenal and gonadal development and sexual differentiation. Cell 77:481–490.
30. Sadovsky Y, Crawford PA, Woodson KG, Polish KA, Clements MA, Tourtellotte LM, Simburger K, and Milbrandt J (1995) Mice deficient in the orphan receptor

steroidogenic factor 1 lack adrenal glands and gonads but express P450 side-chain-cleavage enzyme in the placenta and have normal embryonic serum levels of
corticosteroids. Proc Natl Acad Sci USA 92:10939–10943.

31. Shinoda K, Lei H, Yoshii H, Nomura M, Nagano M, Shiba H, Sasaki H, Osawa Y, Ninomiya Y, Niwa O, et al. (1995) Developmental defects of the ventromedial
hypothalamic nucleus and pituitary gonadotroph in the Ftz-F1 disrupted mice. Dev Dyn 204:22–29.

32. Zhao L, Bakke M, Krimkevich Y, Cushman LJ, Parlow AF, Camper SA, and Parker KL (2001) Steroidogenic factor 1 (SF1) is essential for pituitary gonadotrope
function. Development 128:147–154.

33. Achermann JC, Ozisik G, Ito M, Orun UA, Harmanci K, Gurakan B, and Jameson JL (2002) Gonadal determination and adrenal development are regulated by the
orphan nuclear receptor steroidogenic factor-1, in a dose-dependent manner. J Clin Endocrinol Metab 87:1829–1833.

34. Bland ML, Fowkes RC, and Ingraham HA (2004) Differential requirement for steroidogenic factor-1 gene dosage in adrenal development versus endocrine function.
Mol Endocrinol 18:941–952.

35. Bland ML, Jamieson CA, Akana SF, Bornstein SR, Eisenhofer G, Dallman MF, and Ingraham HA (2000) Haploinsufficiency of steroidogenic factor-1 in mice disrupts
adrenal development leading to an impaired stress response. Proc Natl Acad Sci USA 97:14488–14493.

36. Biason-Lauber A and Schoenle EJ (2000) Apparently normal ovarian differentiation in a prepubertal girl with transcriptionally inactive steroidogenic factor 1
(NR5A1/SF-1) and adrenocortical insufficiency. Am J Hum Genet 67:1563–1568.

37. Correa RV, Domenice S, Bingham NC, Billerbeck AE, Rainey WE, Parker KL, and Mendonca BB (2004) A microdeletion in the ligand binding domain of human
steroidogenic factor 1 causes XY sex reversal without adrenal insufficiency. J Clin Endocrinol Metab 89:1767–1772.
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TABLE 24
LRH-1

Receptor nomenclature NR5A2
Receptor code 4.10.1:OR:5:A2
Other names FTF, CPF, Hb1F, FTZ-F1�
Molecular information Hs: 541aa, O00482, chr. 1q321

Rn: 560aa, chr. 13q132

Mm: 560aa, P45448, chr. 1 E4
DNA binding

Structure Monomer
HRE core sequence YCA AGG YCR (half-site)

Partners DAX1 (physical, functional): inhibition of LRH-1-dependent transactivation3; SHP (physical,
functional): inhibition of LRH-1-dependent transactivation3,4; � -catenin (physical, functional):
DNA binding and increased transcriptional activity of cyclin E1 gene and cyclin D1 gene5

Agonists Phosphatidyl-(3,4,5)-inositol triphosphate, phosphatidyl-(3,4)-inositol biphosphate, phosphatidyl-
(3,5)-inositol biphosphate, phosphatidyl-(4,5)-inositol biphosphate, phosphatidylethanolamine
C16:1, C18:1, and C18:3, phosphatidylglycerol C16:1 and C18:16–9

Antagonists
Coactivators NCOA1, NCOA3, EP300, NCOA62, EDF18,10–12

Corepressors Prox113,14

Biologically important isoforms LRH-1v1 {Hs}: contains a larger A/B domain1,15; LRH-1v2 {Hs}: smallest isoform, contains deletions
within the D and E domains caused by another alternative splicing event in exon 5, cannot
activate transcription although the transcription factors have not yet been identified15,16

Tissue distribution Liver, pancreas, intestine, ovary, and preadipocyte and at lower levels in the placenta; in the
adrenal gland and testis, expression is species-specific {Hs, Mm, Rn} �Northern blot, in situ
hybridization, Western blot, immunohistology�1,17–25

Functional assays
Main target genes Activated: CYP11A1 {Hs},26 ApoA1 {Hs, Mm, Rn},27 cyclin E1 {Mm},5 StAR {Hs, Mm, Rn},28

ABCG5/ABCG8 {Hs}29

Mutant phenotype LRH-1�/� embryos die at embryonic days 6.5–7.5 with features typical of visceral endoderm
dysfunction {Mm} �knockout�5,30,31; LRH-1�/� adult mice are hypocholesterolemic and express
liver FTF at about 40% of the normal level {Mm} �knockout�5,30,31

Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; FTF, fetoprotein transcription factor; StAR, steroidogenic acute regulatory.
1. Galarneau L, Drouin R, and Belanger L (1998) Assignment of the fetoprotein transcription factor gene (FTF) to human chromosome band 1q32.11 by in situ

hybridization. Cytogenet Cell Genet 82:269–270.
2. Galarneau L, Pare JF, Allard D, Hamel D, Levesque L, Tugwood JD, Green S, and Belanger L (1996) The � 1-fetoprotein locus is activated by a nuclear receptor of the

Drosophila FTZ-F1 family. Mol Cell Biol 16:3853–3865.
3. Sablin EP, Krylova IN, Fletterick RJ, and Ingraham HA (2003) Structural basis for ligand-independent activation of the orphan nuclear receptor LRH-1. Mol Cell

11:1575–1585.
4. Li Y, Choi M, Suino K, Kovach A, Daugherty J, Kliewer SA, and Xu HE (2005) Structural and biochemical basis for selective repression of the orphan nuclear receptor

liver receptor homolog 1 by small heterodimer partner. Proc Natl Acad Sci USA 102:9505–9510.
5. Botrugno OA, Fayard E, Annicotte JS, Haby C, Brennan T, Wendling O, Tanaka T, Kodama T, Thomas W, Auwerx J, et al. (2004) Synergy between LRH-1 and �

-catenin induces G1 cyclin-mediated cell proliferation. Mol Cell 15:499–509.
6. Krylova IN, Sablin EP, Moore J, Xu RX, Waitt GM, MacKay JA, Juzumiene D, Bynum JM, Madauss K, Montana V, et al. (2005) Structural analyses reveal phosphatidyl

inositols as ligands for the NR5 orphan receptors SF-1 and LRH-1. Cell 120:343–355.
7. Li Y, Choi M, Cavey G, Daugherty J, Suino K, Kovach A, Bingham NC, Kliewer SA, and Xu HE (2005) Crystallographic identification and functional characterization

of phospholipids as ligands for the orphan nuclear receptor steroidogenic factor-1. Mol Cell 17:491–502.
8. Ortlund EA, Lee Y, Solomon IH, Hager JM, Safi R, Choi Y, Guan Z, Tripathy A, Raetz CR, McDonnell DP, et al. (2005) Modulation of human nuclear receptor LRH-1

activity by phospholipids and SHP. Nat Struct Mol Biol 12:357–363.
9. Wang W, Zhang C, Marimuthu A, Krupka HI, Tabrizizad M, Shelloe R, Mehra U, Eng K, Nguyen H, Settachatgul C, et al. (2005) The crystal structures of human

steroidogenic factor-1 and liver receptor homologue-1. Proc Natl Acad Sci USA 102:7505–7510.
10. Xu PL, Liu YQ, Shan SF, Kong YY, Zhou Q, Li M, Ding JP, Xie YH, and Wang Y (2004) Molecular mechanism for the potentiation of the transcriptional activity of

human liver receptor homolog 1 by steroid receptor coactivator-1. Mol Endocrinol 18:1887–1905.
11. Weck J and Mayo KE (2006) Switching of NR5A proteins associated with the inhibin � -subunit gene promoter following activation of the gene in granulosa cells. Mol

Endocrinol 20:1090–1103
12. Brendel C, Gelman L, and Auwerx J (2002) Multiprotein bridging factor-1 (MBF-1) is a cofactor for nuclear receptors that regulate lipid metabolism. Mol Endocrinol

16:1367–1377.
13. Qin J, Gao DM, Jiang QF, Zhou Q, Kong YY, Wang Y, and Xie YH (2004) Prospero-related homeobox (Prox1) is a corepressor of human liver receptor homolog-1 and

suppresses the transcription of the cholesterol 7-� -hydroxylase gene. Mol Endocrinol 18:2424–2439.
14. Steffensen KR, Holter E, Bavner A, Nilsson M, Pelto-Huikko M, Tomarev S, and Treuter E (2004) Functional conservation of interactions between a homeodomain

cofactor and a mammalian FTZ-F1 homologue. EMBO Rep 5:613–619.
15. Nitta M, Ku S, Brown C, Okamoto AY, and Shan B (1999) CPF: an orphan nuclear receptor that regulates liver-specific expression of the human cholesterol 7�

-hydroxylase gene. Proc Natl Acad Sci USA 96:6660–6665.
16. Zhang CK, Lin W, Cai YN, Xu PL, Dong H, Li M, Kong YY, Fu G, Xie YH, Huang GH, et al. (2001) Characterization of the genomic structure and tissue-specific

promoter of the human nuclear receptor NR5A2 (hB1F) gene. Gene 273:239–249.
17. Boerboom D, Pilon N, Behdjani R, Silversides DW, and Sirois J (2000) Expression and regulation of transcripts encoding two members of the NR5A nuclear receptor

subfamily of orphan nuclear receptors, steroidogenic factor-1 and NR5A2, in equine ovarian cells during the ovulatory process. Endocrinology 141:4647–4656.
18. Li M, Xie YH, Kong YY, Wu X, Zhu L, and Wang Y (1998) Cloning and characterization of a novel human hepatocyte transcription factor, hB1F, which binds and

activates enhancer II of hepatitis B virus. J Biol Chem 273:29022–29031.
19. Wang ZN, Bassett M, and Rainey WE (2001) Liver receptor homologue-1 is expressed in the adrenal and can regulate transcription of 11� -hydroxylase. J Mol

Endocrinol 27:255–258.
20. Schoonjans K, Annicotte JS, Huby T, Botrugno OA, Fayard E, Ueda Y, Chapman J, and Auwerx J (2002) Liver receptor homolog 1 controls the expression of the

scavenger receptor class B type I. EMBO Rep 3:1181–1187.
21. Hinshelwood MM, Repa JJ, Shelton JM, Richardson JA, Mangelsdorf DJ, and Mendelson CR (2003) Expression of LRH-1 and SF-1 in the mouse ovary: localization

in different cell types correlates with differing function. Mol Cell Endocrinol 207:39–45.
22. Liu DL, Liu WZ, Li QL, Wang HM, Qian D, Treuter E, and Zhu C (2003) Expression and functional analysis of liver receptor homologue 1 as a potential steroidogenic

factor in rat ovary. Biol Reprod 69:508–517.
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23. Falender AE, Lanz R, Malenfant D, Belanger and Richards JS (2003) Differential expression of steroidogenic factor-1 and FTF/LRH-1 in the rodent ovary.
Endocrinology 144:3598–3610.

24. Sirianni R, Seely JB, Attia G, Stocco DM, Carr BR, Pezzi V, and Rainey WE (2002) Liver receptor homologue-1 is expressed in human steroidogenic tissues and
activates transcription of genes encoding steroidogenic enzymes. J Endocrinol 174:R13–17.

25. Clyne CD, Speed CJ, Zhou J, and Simpson ER (2002) Liver receptor homologue-1 (LRH-1) regulates expression of aromatase in preadipocytes. J Biol Chem
277:20591–20597.

26. Kim JW, Havelock JC, Carr BR, and Attia GR (2005) The orphan nuclear receptor, liver receptor homolog-1, regulates cholesterol side-chain cleavage cytochrome p450
enzyme in human granulosa cells. J Clin Endocrinol Metab 90:1678–1685.

27. Delerive P, Galardi CM, Bisi JE, Nicodeme E, and Goodwin B (2004) Identification of liver receptor homolog-1 as a novel regulator of apolipoprotein AI gene
transcription. Mol Endocrinol 18:2378–2387.

28. Kim JW, Peng N, Rainey WE, Carr BR, and Attia GR (2004) Liver receptor homolog-1 regulates the expression of steroidogenic acute regulatory protein in human
granulosa cells. J Clin Endocrinol Metab 89:3042–3047.

29. Freeman LA, Kennedy A, Wu J, Bark S, Remaley AT, Santamarina-Fojo S, and Brewer Jr HB (2004) The orphan nuclear receptor LRH-1 activates the ABCG5/ABCG8
intergenic promoter. J Lipid Res 45:1197–1206.

30. Pare JF, Malenfant D, Courtemanche C, Jacob-Wagner M, Roy S, Allard D, and Belanger L (2004) The fetoprotein transcription factor (FTF) gene is essential to
embryogenesis and cholesterol homeostasis and is regulated by a DR4 element. J Biol Chem 279:21206–21216.

31. Schoonjans K, Dubuquoy L, Mebis J, Fayard E, Wendling O, Haby C, Geboes K, and Auwerx J (2005) Liver receptor homolog 1 contributes to intestinal tumor
formation through effects on cell cycle and inflammation. Proc Natl Acad Sci USA 102:2058–2062.
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TABLE 25
GCNF

Receptor nomenclature NR6A1
Receptor code 4.1:OR:6:A1
Other names RTR, NCNF, TRIF
Molecular information Hs: 480aa, Q15406, chr. 9q331–5

Rn: 453aa, chr. 3q116

Mm: 495aa, Q64249, chr. 2 B7–11

DNA binding
Structure Homodimer
HRE core sequence TCA AGGTCA (DR-0, half-site)7,11–19

Partners SF-1 (functional): DNA binding7,17,19; CREM� (functional): DNA binding20; ERR� , ERR� , ERR� (functional):
DNA binding21; COUP-TFI, COUP-TFII (functional): DNA binding19; LRH-1 (functional): DNA binding22

Agonists
Antagonists
Coactivators RAP8023

Corepressors NCOR1, NCOR219,24

Biologically important
isoforms

GCNF2 {Hs}: uses two alternate in-frame splice sites resulting in an isoform that has the same N and C
termini but is shorter than GCNF5; GCNF3 {Hs}: this variant lacks an alternate in-frame segment and
uses an alternate in-frame splice site, resulting in an isoform that has the same N and C termini but is
shorter than GCNF5

Tissue distribution Developmental: brain, ectodermal cells, primitive streak, nervous system; adult: testis, ovary, liver, kidney,
germ cells {Hs, Mm, Rn} �Northern blot, in situ hybridization, Western blot,
immunohistology�1,2,6–9,17,19,25–29

Functional assays
Main target genes Repressed: Oct4 {Hs, Mm, Rn},17,19 PRM1 {Mm},20 PRM2 {Mm},20 BMP15 {Mm},30 GDF-9 {Mm}30

Mutant phenotype Homozygote GCNF-null mice have cardiovascular abnormalities, defective trunk development, impaired
somite formation, failure to turn, open neural tube, hindgut, protrusion of the tailbud outside the yolk sac,
and die by embryonic day 10.5 {Mm} �knockout�17,19,28,31; hypofertility because of prolonged diestrus phase
of the estrous cycle and aberrant steroidogenesis {Mm} �tissue-specific Cre/Lox knockout in the oocyte�30

Human disease

aa, amino acids; chr., chromosome; HRE, hormone response element; CREM, cAMP-response element modulator.
1. Lei W, Hirose T, Zhang LX, Adachi H, Spinella MJ, Dmitrovsky E, and Jetten AM (1997) Cloning of the human orphan receptor germ cell nuclear factor/retinoid

receptor-related testis-associated receptor and its differential regulation during embryonal carcinoma cell differentiation. J Mol Endocrinol 18:167–176.
2. Agoulnik IY, Cho Y, Niederberger C, Kieback DG, and Cooney AJ (1998) Cloning, expression analysis and chromosomal localization of the human nuclear receptor gene

GCNF. FEBS Lett 424:73–78.
3. Schneider-Hirsch S, Bauer UM, Heiermann R, Rentrop M, and Maelicke A (1998) Cloning of the human NCNF gene. J Recept Signal Transduct Res 18:1–13.
4. Susens U and Borgmeyer U (1996) Characterization of the human germ cell nuclear factor gene. Biochim Biophys Acta 1309:179–182.
5. Kapelle M, Kratzschmar J, Husemann M, and Schleuning WD (1997) cDNA cloning of two closely related forms of human germ cell nuclear factor (GCNF). Biochim

Biophys Acta 1352:13–17.
6. Zhang Z, Burch PE, Cooney AJ, Lanz RB, Pereira FA, Wu J, Gibbs RA, Weinstock G, and Wheeler DA (2004) Genomic analysis of the nuclear receptor family: new

insights into structure, regulation, and evolution from the rat genome. Genome Res 14:580–590.
7. Chen F, Cooney AJ, Wang Y, Law SW, and O’Malley BW (1994) Cloning of a novel orphan receptor (GCNF) expressed during germ cell development. Mol Endocrinol

8:1434–1444.
8. Hirose T, O’Brien DA, and Jetten AM (1995) RTR: a new member of the nuclear receptor superfamily that is highly expressed in murine testis. Gene 152:247–251.
9. Bauer UM, Schneider-Hirsch S, Reinhardt S, Pauly T, Maus A, Wang F, Heiermann R, Rentrop M, and Maelicke A (1997) Neuronal cell nuclear factor—a nuclear

receptor possibly involved in the control of neurogenesis and neuronal differentiation. Eur J Biochem 249:826–837.
10. Susens U and Borgmeyer U (2000) Genomic structure of the gene for mouse germ cell nuclear factor (GCNF). Genome Biol 1:RESEARCH0006.
11. Susens U and Borgmeyer U (2001) Genomic structure of the gene for mouse germ-cell nuclear factor (GCNF). II. Comparison with the genomic structure of the human

GCNF gene. Genome Biol 2:RESEARCH0017.
12. Hummelke GC, Meistrich ML, and Cooney AJ (1998) Mouse protamine genes are candidate targets for the novel orphan nuclear receptor, germ cell nuclear factor.

Mol Reprod Dev 50:396–405.
13. Greschik H, Wurtz JM, Hublitz P, Kohler F, Moras D, and Schule R (1999) Characterization of the DNA-binding and dimerization properties of the nuclear orphan

receptor germ cell nuclear factor. Mol Cell Biol 19:690–703.
14. Yan ZH, Medvedev A, Hirose T, Gotoh H, and Jetten AM (1997) Characterization of the response element and DNA binding properties of the nuclear orphan receptor

germ cell nuclear factor/retinoid receptor-related testis-associated receptor. J Biol Chem 272:10565–10572.
15. Borgmeyer U (1997) Dimeric binding of the mouse germ cell nuclear factor. Eur J Biochem 244:120–127.
16. Gu R, Morgan DH, Sattar M, Xu X, Wagner R, Raviscioni M, Lichtarge O, and Cooney AJ (2005) Evolutionary trace-based peptides identify a novel asymmetric

interaction that mediates oligomerization in nuclear receptors. J Biol Chem 280:31818–31829.
17. Cooney AJ, Hummelke GC, Herman T, Chen F, and Jackson KJ (1998) Germ cell nuclear factor is a response element-specific repressor of transcription. Biochem

Biophys Res Commun 245:94–100.
18. Fuhrmann G, Sylvester I, and Scholer HR (1999) Repression of Oct-4 during embryonic cell differentiation correlates with the appearance of TRIF, a transiently

induced DNA-binding factor. Cell Mol Biol (Noisy-le-grand) 45:717–724.
19. Fuhrmann G, Chung AC, Jackson KJ, Hummelke G, Baniahmad A, Sutter J, Sylvester I, Scholer HR, and Cooney AJ (2001) Mouse germline restriction of Oct4

expression by germ cell nuclear factor. Dev Cell 1:377–387.
20. Hummelke GC and Cooney AJ (2004) Reciprocal regulation of the mouse protamine genes by the orphan nuclear receptor germ cell nuclear factor and CREM� . Mol

Reprod Dev 68:394–407.
21. Mehta DV, Kim YS, Dixon D, and Jetten AM (2002) Characterization of the expression of the retinoid-related, testis-associated receptor (RTR) in trophoblasts.

Placenta 23:281–287.
22. Gu P, Goodwin B, Chung AC, Xu X, Wheeler DA, Price RR, Galardi C, Peng L, Latour AM, Koller BH, et al. (2005) Orphan nuclear receptor LRH-1 is required to

maintain Oct4 expression at the epiblast stage of embryonic development. Mol Cell Biol 25:3492–3505.
23. Yan Z, Kim YS, and Jetten AM (2002) RAP80, a novel nuclear protein that interacts with the retinoid-related testis-associated receptor. J Biol Chem 277:32379–32388.
24. Yan Z and Jetten AM (2000) Characterization of the repressor function of the nuclear orphan receptor retinoid receptor-related testis-associated receptor/germ cell

nuclear factor. J Biol Chem 275:35077–35085.
25. Katz D, Niederberger C, Slaughter GR, and Cooney AJ (1997) Characterization of germ cell-specific expression of the orphan nuclear receptor, germ cell nuclear factor.

Endocrinology 138:4364–4372.
26. Yang G, Zhang YL, Buchold GM, Jetten AM, and O’Brien DA (2003) Analysis of germ cell nuclear factor transcripts and protein expression during spermatogenesis.

Biol Reprod 68:1620–1630.
27. Susens U, Aguiluz JB, Evans RM, and Borgmeyer U (1997) The germ cell nuclear factor mGCNF is expressed in the developing nervous system. Dev Neurosci 19:410–420.
28. Chung AC, Katz D, Pereira FA, Jackson KJ, DeMayo FJ, Cooney AJ, and O’Malley BW (2001) Loss of orphan receptor germ cell nuclear factor function results in

ectopic development of the tail bud and a novel posterior truncation. Mol Cell Biol 21:663–677.
29. Lan ZJ, Gu P, Xu X, and Cooney AJ (2003) Expression of the orphan nuclear receptor, germ cell nuclear factor, in mouse gonads and preimplantation embryos. Biol

Reprod 68:282–289.
30. Lan ZJ, Gu P, Xu X, Jackson KJ, DeMayo FJ, O’Malley BW, and Cooney AJ (2003) GCNF-dependent repression of BMP-15 and GDF-9 mediates gamete regulation

of female fertility. EMBO (Eur Mol Biol Organ) J 22:4070–4081.
31. Lan ZJ, Chung AC, Xu X, DeMayo FJ, and Cooney AJ (2002) The embryonic function of germ cell nuclear factor is dependent on the DNA binding domain. J Biol Chem

277:50660–50667.

836 BENOIT ET AL.

 by guest on June 15, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/

