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We have recently shown that the orphan nuclear receptor Nur77 (NGFI-B) is most active in transcription
when it is interacting with a cognate DNA sequence as a homodimer. Further, we have shown that the target
for Nur77 dimers, the Nur response element (NurRE), is responsive to physiological stimuli in both endocrine
and lymphoid cells, whereas other DNA targets of Nur77 action are not. The Nur77 subfamily also includes two
related receptors, Nur-related factor 1 (Nurrl) and neuron-derived orphan receptor 1 (NOR-1). Often, more
than one member of this subfamily is induced in response to extracellular signals. We now show that Nur77
and Nurrl form heterodimers in vitro in the presence or absence of NurRE, and we have documented
interactions between these proteins in vivo by using a two-hybrid system in mammalian cells. These het-
erodimers synergistically enhance transcription from NurRE reporters in comparison to that seen with
homodimers. The naturally occurring NurRE from the pro-opiomelanocortin gene preferentially binds and
activates transcription in the presence of Nur77 homo- or heterodimers, while a consensus NurRE sequence
does not show this preference. Taken together, the data indicate that members of the Nur77 subfamily are most
potent as heterodimers and that different dimers exhibit target sequence preference. Thus, we propose that a
combinatorial code relying on specific NurRE sequences might be responsible for the activation of subsets of

target genes by one of the members of the Nur77 subfamily of transcription factors.

Nur77 and the closely related proteins Nurrl and NOR-1
form a subfamily (the Nur subfamily) of transcription factors
belonging to the superfamily of nuclear receptors (NR) (7, 21).
The Nur77 gene was the first to be cloned as a serum-inducible
gene expressed during the G(/G, transition phase in cultured
mouse fibroblast cells (11, 16). It was also identified as a nerve
growth factor (NGF)-inducible gene in differentiating rat PC12
cells; for this reason, Nur77 is also known as NGFI-B (for
NGF-inducible factor B) (22). The Nur-related factor 1
(Nurrl) gene was cloned as a predominantly brain-specific
gene whose expression is rapidly induced by membrane depo-
larization (17). Similarly, the neuron-derived orphan receptor
1 (NOR-1) gene was identified as a gene strongly expressed in
apoptotic neuronal cells of the forebrain (26). Nur77 (NGFI-
B), Nurrl, and NOR-1 are highly homologous in the zinc finger
DNA binding domain (DBD), moderately homologous in the
ligand binding domain, and somewhat divergent in the N ter-
mini (9).

Comparative tissue distribution studies revealed similarities
and differences in the temporal and spatial patterns of expres-
sion of mRNAs for Nur subfamily members (26, 39, 45, 47).
Nur77 and NOR-1 are fairly widely expressed, with Nur77
showing a later onset. They are both constitutively expressed in
various peripheral tissues and in some regions of the brain,
where their patterns of expression are quite similar (17, 26, 39).
In contrast, basal expression of Nurrl appears to be restricted
to the central nervous system (17), where it has a pattern that
is roughly complementary to that of Nur77 and NOR-1. Nurrl
plays an essential role in the development and maintenance of
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midbrain dopaminergic neurons, since inactivation of the
Nurrl gene results in agenesis of these neurons (2, 35, 46).
Nurrl is the only member of the Nur subfamily that is ex-
pressed in the affected dopaminergic neurons of the substantia
nigra and in the ventral tegmental area. Nur subfamily mem-
bers are also important in the development of the T-cell rep-
ertoire. Indeed, Nur77 and NOR-1 (but not Nurrl) are
strongly induced following stimulation of the T-cell receptor
(TCR), which leads to apoptosis of self-reactive immature thy-
mocytes (3, 20, 43). Signals elicited by TCR activation and
leading to negative selection by apoptosis appear to converge
on the Nur signaling pathway, since either the overexpression
of a dominant-negative Nur77 mutant or the use of an anti-
sense Nur77 mRNA abrogates TCR-mediated apoptosis (20,
43). In this particular system, Nur77 and NOR-1 appear to play
functionally redundant roles (3), which may explain the lack of
a phenotype in Nur77-deficient mice (18).

Nur subfamily members are also implicated at multiple lev-
els of the hypothalamic-pituitary-adrenal (HPA) axis. Indeed,
Nur77 expression is strongly induced by a variety of stress
stimuli in corticotropin-releasing hormone (CRH)-producing
neurons of the hypothalamic paraventricular nucleus (12, 27).
Nur77 and Nurrl may be involved in CRH transcription, since
they were both shown to transactivate a reporter plasmid
driven by the CRH promoter (24). Stress-induced signals also
strongly stimulate Nur factor expression in the pituitary and
the adrenal cortex (6, 24, 31, 41). In adrenal-derived Y1 cells,
adrenocorticotropin treatment induces Nur77 and Nurrl, lead-
ing to enhancement of transcription of the gene encoding
steroid 21a-hydroxylase (6, 41), a rate-limiting enzyme in ste-
roidogenesis. In the anterior pituitary, the stimulatory effect of
CRH on pro-opiomelanocortin (POMC) gene transcription
appears to be mediated through Nur77 and Nurrl activation
(24, 31). In addition, negative-feedback regulation of POMC
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FIG. 1. Induction of Nur77, Nurrl, and NOR-1 mRNAs by CRH in pituitary-
derived AtT-20 cells. The effect of CRH (10”7 M), alone or in combination with
DEX (1077 M), on Nur77, Nurrl, and NOR-1 mRNAs was measured by North-
ern blotting. RNA was extracted from cells treated or untreated (Ctl) for the
indicated time periods. B-Actin mRNA was used as a loading control.

transcription by glucocorticoids (Gc) and their receptors ap-
pears to be, at least in part, exerted on the Nur signaling
pathway (24, 32).

The Nur subfamily members are orphan nuclear receptors
because no ligand has yet been identified for them (9). The
existence of such a ligand remains elusive, considering that
these transcription factors are constitutively active in numer-
ous cell lines, even in the absence of serum or any other
exogenous agent (29). Nur77 was the first NR shown to bind
DNA and to activate transcription as a monomer. The target
binding site of Nur77, the NGFI-B response element (NBRE),
was identified by genetic selection in Saccharomyces cerevisiae
(40); it is an octanucleotide that contains the canonical nuclear
receptor binding motif AGGTCA preceded by two adenines.
Recognition of these adenines was shown to depend on non-
zinc finger residues of NGFI-B, a domain called the A box
(42). Nurrl and NOR-1 were later shown to activate transcrip-
tion upon binding the NBRE (3, 28, 47). In addition, Nur77
and Nurrl (but not NOR-1) mediate retinoid signaling by
heterodimerization with the retinoid X receptor (RXR) (10,
30, 47). These heterodimers bind and activate transcription
through a DR-5 element, and unlike with other RXR het-
erodimerization events, in which RXR is a silent partner, tran-
scriptional activation depends on the presence of 9-cis retinoic
acid (9-cis RA). It has also been demonstrated that Nur77
interacts with COUP-TF, another orphan NR, and that this
interaction modulates RA sensitivity in human lung cancer
cells (44). We recently reported the identification of a novel
Nur77 target sequence, the Nur response element (NurRE).
This naturally occurring response element was identified in the
POMC promoter, and it was shown to bind homodimers of
Nur77 (31). The NurRE is much more responsive than the
NBRE to Nur77 and to physiological stimuli, such as CRH
treatment in POMC cells or TCR activation in T-cell hybrid-
omas.

In view of the parallel induction of more than one Nur
member in many systems, the aim of this study was to investi-
gate the possibility of a concerted action by different Nur
subfamily members. We have indeed found that Nur factors
cooperate with each other to synergistically activate NurRE-
dependent transcription and that this synergism likely results
from heterodimerization between Nur subfamily members.
Further, we have shown that the POMC NurRE sequence is a
preferential target for Nur77 by comparison to a consensus
NurRE which is equally sensitive to all three Nur subfamily
members.
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MATERIALS AND METHODS

Plasmids and oligonucleotides. The various reporter plasmids were con-
structed in pXP1-luc (25) containing the minimal (—34 to +63) POMC pro-
moter. The —480 POMC promoter was previously described (36). Oligonucleo-
tides corresponding to NBRE (5'-GATCCTCGTGCGAAAAGGTCAAGCGC
TA-3"), NurREpope (5'-GATCGTGATATTTACCTCCAAATGCCA-3'), and
NurREcon (5'-GATCCGTGACCTTTATTCTCAAAGGTCA-3") were cloned
in either one or three copies in the BarnHI site of the minimal POMC-pXP1-luc
plasmid. The DR5-luc (B-RE) and (UAS),-TK-luc reporter plasmids as well as
the CMX-GAL4, CMX-GAL4/Nur77, CMX-GAL4/Nurrl, and CMX-VP16 ex-
pression vectors were previously described (30). CMX-Nurrl, CMX-NOR-1, and
CMX-Nur77 expression vectors contain complete cDNA sequences cloned into
pCMX (38). CMX-Nur77AC-term encodes a C-terminal truncation (amino acids
1 to 380) mutant of Nur77. CMX-VP16/Nur77 and CMX-VP16/Nurrl contain
the entire Nur77 and Nurrl coding sequences, respectively, cloned in phase into
CMX-VP16 (30). MBP-Nur77 was obtained by insertion of the Nur77 coding
sequences into the pMal-C (New England Biolabs) plasmid.

Cell culture and transfections. CV1 cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% bovine fetal serum and maintained at
37°C in an atmosphere of 5% CO,. AtT20 D16v cells were grown under the same
conditions, except that charcoal-stripped fetal bovine serum was used. CV1 cells
were transfected by the calcium phosphate coprecipitation method, whereas
AtT-20 cells were transfected by lipofection using LipofectAMINE (Gibco
BRL), as previously described (32). Results are presented as the means of data
from three to five experiments performed in duplicate. When reported as fold
activation, the basal levels of activity were always at least 50-fold above back-
ground. Rous sarcoma virus-GH was used as an internal control for transfection
efficiency.

Electrophoretic mobility shift assays. The electrophoretic mobility shift assays
were performed with proteins produced with the TNT coupled reticulocyte lysate
system (Promega). Binding reactions were performed in a 20-pl volume contain-
ing 10 mM Tris-HCI (pH 8.0), 40 mM KCl, 1 mM dithiothreitol (DTT), 6%
glycerol, 0.05% NP-40, 5 ng of poly(dI-dC), and about 10 ng of in vitro-synthe-
sized Nur77, Nurrl, or NOR-1. We used, per reaction, 50,000 cpm (~20 fmol) of
double-stranded oligonucleotide probes, end labeled by filling in with the Klenow
fragment of DNA polymerase in the presence of [a-**P]dATP and purified on a
G-25 Sephadex column. The reaction mixtures were incubated for 10 min at 25°C
prior to being loaded on gels. The samples were separated by electrophoresis on
5% polyacrylamide gels (29:1 acrylamide/bisacrylamide) in 0.5X Tris-borate-
EDTA at 25°C for 2 to 2.5 h. For supershifting experiments, the antibodies were
preincubated with the nuclear extracts for 15 min on ice prior to probe addition.

Recombinant protein production and pull-down assays. The Nur77-maltose-
binding protein (MBP) and MBP-LacZ fusion proteins were produced as de-
scribed previously (37). 3S-labeled in vitro-synthesized Nurrl and luciferase
were obtained by using the TNT coupled reticulocyte lysate system (Promega).
Protein-protein interaction assays were performed with 1 pg of fusion protein
coupled to amylose beads (New England Biolabs) and about 80 ng of 3*S-labeled
protein as described in reference 37.

AtT-20 nuclear extracts and coimmunoprecipitations. After 1 h of treatment
with 10 pM forskolin, approximately 4 X 107 AtT-20 cells were washed once with
cold phosphate-buffered saline and harvested in cold phosphate-buffered saline
containing 1 mM EDTA. The cells were then centrifuged and resuspended in 500
wl of buffer A (10 mM HEPES [pH 7.9], 1.5 mM MgCl,, 10 mM KCI, 0.1 mM
EGTA, 20 mM NaF, 1 mM Na,P,0; - 10H,O, 1 mM Na;VO,, 0.25 mM
Na,MbO,, 0.5 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM DTT, and 10
pg each of the protease inhibitors leupeptin, aprotinin, and pepstatin/ml). Cells
were allowed to swell on ice for 15 min before addition of 50 pl of NP-40
followed by vigorous vortexing. After centrifugation, the nuclear pellet was
resuspended in 400 pl of buffer B (10 mM HEPES [pH 7.9], 1.5 mM MgCl,, 0.1
mM EGTA, 0.4 M NaCl, 5% glycerol, 0.5 mM PMSF, 1 mM DTT, and 10 pg of
each protease inhibitor/ml as above) and shaken vigorously at 4°C for 30 min.
The extract was then centrifuged, and the supernatant was dialyzed against 100
volumes of buffer C (20 mM HEPES [pH 7.9], 75 mM NaCl, 0.1 mM EDTA,
20% glycerol, 1 mM DTT, and 0.5 mM PMSF) overnight at 4°C, with a change
of buffer after 4 h. The dialyzed extract was then centrifuged, and the protein
concentration of the supernatant was estimated by the Bradford assay. Co-
immunoprecipitation experiments were performed essentially as described else-
where (8), except that 300 g of AtT-20 nuclear extract was used per sample and
extracts were precleared of nonspecific interactions with 2 g of purified rabbit
immunoglobulin G (IgG; Sigma). One microgram of Nur77 antibody (N19; Santa
Cruz Biotechnology) was used for the immunoprecipitation. Nurrl was revealed
by Western blotting with a Nurrl antibody (a gift from T. Perlmann) and an
anti-rabbit antibody-horseradish peroxidase conjugate (Sigma). Revelation was
performed by chemiluminescence as described by the manufacturer (ECL+plus;
Amersham Pharmacia).

Northern blotting. Total AtT-20 RNA was extracted and used in Northern
blotting experiments as previously described (15). Hormone treatment was per-
formed with 1077 M CRH, 10~7 M dexamethasone (DEX), or both.
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FIG. 2. Transcriptional effects of Nur77 (NGFI-B), Nurrl, and NOR-1 on various promoter targets. (A) The effect of the three Nur subfamily members (7) on
transcription driven from the POMC (bp —480) was assessed by lipofection into AtT-20 cells, using expression vectors for each transcription factor and the POMC-luc
reporter as described previously (31). Results are shown, relative to basal expression, as the means * standard errors of the means of data from three experiments,
each performed in duplicate. (B) DNA sequences of various Nur response elements. The POMC NurRE (31) sequence is present in the rat POMC promoter at bp
—382. The positions of three NurREpoy mutants (labeled M1 to M3) used in the present work are shown under the sequence. The NurRE oy is composed of two
NBRE canonical sites organized as in the NurREpoyc. The NBRE sequence was described by Wilson et al. (40), and the Nur-responsive DR-5 was described by
Perlmann and Jansson (30). (C) Dose-response curves of NurREpq\c-luc activation by the three Nur family members. The reporter was cotransfected with expression
vectors for each Nur factor in CV-1 cells as described previously (31). (D) Dose-response curves similar to those in panel C, except that an NBRE reporter was used.

Both sets of data were obtained in the same experiments.

RESULTS

CRH induces all three Nur factors. Since previous studies
have implicated Nur77 in the regulation of the HPA axis (6, 12,
27, 41), particularly at the pituitary level (Nur77 mRNA is
rapidly and transiently induced in response to CRH in both
isolated pituitary cells [24] and POMC-expressing At-T20 cells
[31]), we tested whether Nurrl and NOR-1 are also inducible
in this system. All three Nur family members were found to be
rapidly and transiently induced upon CRH treatment (Fig. 1),
reaching maximum expression around 1 h after stimulation.
Treatment with the synthetic Gc DEX severely reduced the
induction of both NOR-1 and Nurrl mRNAs by CRH (Fig. 1)
but only blunted the Nur77 increase (Fig. 1 and reference 32).
Under basal conditions, only Nurrl mRNA could be detected
by Northern blot analysis, suggesting that Nurrl may contrib-

ute to basal activity whereas all three factors may be involved
in the CRH response.

The NurRE,uy ¢ is highly responsive to all Nur factors.
Since all three Nur family members are induced by CRH, we
tested whether they can activate POMC transcription. Forced
expression of all three Nur factors activated transcription of a
luciferase reporter driven by the POMC promoter (Fig. 2A).
Previous analyses of the POMC promoter had identified a
target sequence responsive to both CRH and Nur77 (31). This
sequence, the POMC NurRE (NurREpoy\ ) (Fig. 2B), is
highly responsive to Nur77, up to 50 times more responsive
under our conditions than the NBRE, the previously described
target for Nur monomers (31). The NurREp o\ 18 an everted
repeat of an octameric motif separated by 6 nucleotides. Each
motif is related to the NBRE, with two mismatches in each
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FIG. 3. Nurrl and NOR-1 can also form homodimers bound to a NurRE
DNA sequence. As for Nur77 (31), both in vitro-translated Nurrl (A) and
NOR-1 (B) form monomeric complexes with the NBRE (lanes 1 to 5 and 1 to 4,
respectively). Both also form homodimers with the NurREpo ¢ probe (lanes 6
to 10 and 5 to 8, respectively). The Nurrl antiserum (panel A, lane 11), but not
the Nur77 antiserum (panel A, lane 12), specifically blocks formation of Nurrl-
dependent complexes. As for Nur77 (31), formation of NOR-1 homodimers
required each half-site, as indicated by the absence of dimeric complexes when
probes containing a mutation of either half-site (mutants M1 and M3) (panel B,
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half-site evident upon comparison to a consensus NBRE (Fig.
2B). The ability of Nurrl and NOR-1 to activate the NurRE
and NBRE reporters (31) was compared to that of Nur77 (Fig.
2C and D). All three Nur factors activated both reporters, the
NurREpqmce reporter (Fig. 2C) being at least 10 times more
sensitive than the NBRE (Fig. 2D; note the 10-fold difference
in scale). Nur77 was the most potent activator of both report-
ers, followed by Nurrl and then NOR-1. Similar results were
obtained in POMC-expressing AtT-20 cells (data not shown).
These data suggested that Nurrl and NOR-1 might also bind
the NurRE as homodimers.

Nurrl and NOR-1 bind the NurRE as homodimers. We
previously showed that homodimers of Nur77 bound the
NurREpoume and that this binding appeared cooperative, in
contrast to the binding of monomers to the NBRE (31). Gel
retardation experiments showed that Nurrl forms two major
complexes with a NurRE o probe (Fig. 3A, lanes 6 to 10),
one that comigrated with Nurrl monomers bound to a NBRE
probe (Fig. 3A, lanes 1 to 5) and the other, more slowly mi-
grating complex that likely consisted of Nurrl homodimers.
Both complexes were blocked by pretreatment with a Nurrl
antibody but not a Nur77 antibody (Fig. 3A, lanes 11 and 12).
Interestingly, Nurrl appeared to form fewer dimer than mono-
mer complexes, in comparison to Nur77 (31). Similarly,
NOR-1 formed monomer complexes with both NBRE (Fig.
3B, lanes 1 to 4) and NurREpq\c (Fig. 3B, lanes 5 to 8).
However, it formed even fewer dimer complexes with the
NurREpopc than Nurrl. Nonetheless, each NurREp oy half-
site was bound by NOR-1, and both were required for dimer
binding. This was shown by using mutated NurRE oy e 0ligo-
nucleotides (31) in which a mutation in either half-site abol-
ished dimer formation (mutants M1 and M3) (Fig. 3B, lanes 9
and 11), whereas mutation of the spacer nucleotides (mutant
M2) did not affect NOR-1 dimer binding to the NurRE (Fig.
3B, lane 10). Similar results were obtained with Nur77 (31) and
Nurrl (data not shown).

The NurREpqy ¢ is preferentially bound and activated by
Nur77 homodimers. Unlike Nur77, Nurrl and NOR-1 less
readily formed homodimer complexes on the NurREpqyc
(31) (Fig. 3). This correlates with their weaker potency in
activation of transcription of the NurREpqy reporter (Fig.
2C). We wondered whether this reflects an intrinsic difference
between Nur members or is a peculiarity of the NurREpoyc
target sequence. To address this question, we constructed re-
porter plasmids containing a single NurRE target sequence
corresponding either to the NurREpqyc or to a synthetic
NurRE (NurRE(y) that has two perfect consensus half-sites
identical to the NBRE (Fig. 2B). In contrast to the NurRE ¢
reporter, which is less responsive to Nurrl and NOR-1 (Fig. 2C
and 4A), the NurRE o was activated by all three Nur factors
as effectively as Nur77 activated the NurREpqy ¢ reporter
(Fig. 4A). The greater transcriptional responsiveness of Nur-
RE N correlated with an increased ability to form ho-
modimers in vitro. Indeed, gel retardation experiments showed
that all three receptors effectively formed homodimers with the
NurRE oy Whereas Nur77 was the only one to readily form
homodimers with the NurREpop ¢ (Fig. 4B).

Nur dimers exhibit transcriptional synergy on the
NurRE,onmc target. Since all three Nur subfamily members
are induced in response to CRH, and given that all three can

lanes 9 and 11), but not a mutation of the intervening nucleotides (mutant M2)
(panel B, lane 10), were used; the mutant sequences are shown in Fig. 2B. n.s.,
nonspecific binding.
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(NurREoy) composed of two half-sites of canonical NBREs were tested by transfection in CV1 cells. (B) DNA binding of increasing amounts of in vitro-translated
Nur subfamily proteins to either NBRE, NurREpgyc, or NurRE oy probe. The positions of homodimer and monomer complexes are indicated.

bind the naturally occurring POMC promoter NurRE, we
tested whether Nur subfamily members exhibit transcriptional
synergy. When combining pairs of receptors in dose-response
experiments, we observed a synergistic response when Nur77
was present. Indeed, the dose-response curve to Nur77 was
enhanced and steeper when either Nurrl or NOR-1 was
present at a minimally active concentration (Fig. SA, left and
center panels). The synergy between Nurrl and NOR-1 was
somewhat less striking (Fig. 5A, right panel). No synergy was
observed when the same experiments were performed with the
NBRE-luciferase reporter (data not shown). Since it has been
reported that both Nur77 and Nurrl can heterodimerize with
RXR to activate transcription driven by a DRS5 response ele-
ment (30) or by an NBRE (10), we tested whether these het-
erodimers could activate NurRE-dependent transcription.
Rather than enhance Nur77- or Nurrl-dependent activity, the
addition of RXR decreased reporter activity (Fig. 5B), pre-
sumably because of Nur factor squelching by RXR. Thus,
Nur-RXR heterodimers did not activate the NurREpop e tar-
get as they do on a reporter containing a DRS5 (Fig. 5C).
Heterodimerization between Nur77 and Nurrl. The forma-
tion of heterodimers binding the NurRE is the simplest way to
explain the transcriptional synergy exerted by Nur subfamily
members on NurRE reporters (Fig. SA). We therefore inves-
tigated the possibility of direct protein-protein interaction by
using an in vitro pull-down assay (Fig. 6A) in which a resin-
bound MBP-Nur77 fusion protein was tested for interaction
with in vitro-translated Nurrl (left panel) or luciferase as a
negative control (right panel). Nurrl specifically bound the
MBP-Nur77 column but not the control MBP-LacZ column.
Next, the abilities of Nur77 and Nurr1 to form heterodimers on
the NurRE were analyzed by gel retardation. Initial attempts
at heterodimer formation with the intact proteins were difficult
to interpret because of similar electrophoretic migration pat-
terns (data not shown). We could separate heterodimer com-
plexes from homodimer complexes by using a mutant Nur77
deleted of its ligand binding domain (Fig. 6B). This mutant

Nur77 formed less dimer (lanes 1 to 3) than Nurrl (lane 4).
When mixed together, they formed a new complex that con-
tained heterodimers of the two factors (lane 7). The presence
of both Nur77 and Nurrl in the new complex was verified by
using specific antisera against Nur77 (lane 11) and Nurrl (lane
10). Since the pull-down assay suggested interaction even in
the absence of NurRE, we set up a mammalian two-hybrid
system to ascertain protein interaction in vivo (Fig. 6C and D).
Using a UAS-containing reporter, we observed that the activity
of a Gal4 DBD-Nur77 fusion protein was greatly enhanced in
the presence of a VP16-Nurrl chimera which contains the
VP16 activation domain fused to Nurrl (Fig. 6C). Conversely,
the activity of a Gal4 DBD-Nurrl fusion was specifically en-
hanced in the presence of a VP16-Nur77 chimera (Fig. 6D). To
determine whether Nur proteins exist as heterodimers in vivo,
we performed coimmunoprecipitation experiments using
AtT-20 cells nuclear extracts and antibodies against Nur77
(Fig. 6E). The immunoprecipitates were analyzed by Western
blotting with an antiserum to Nurrl. This experiment clearly
showed that Nurrl was precipitated with Nur77 from AtT-20
nuclei (Fig. 6E, lane 1) but not with control IgG (lane 2).
Taken together, these results indicate that Nur77 and Nurrl
can form heterodimers by direct protein-protein interactions
and that these heterodimers are present in cell nuclei.

DISCUSSION

The present work demonstrates for the first time that Nur
subfamily members form heterodimers (Fig. 6) and that these
heterodimers can be more potent transcriptional activators
than homodimers of the same factors (Fig. 5). We have also
shown that Nur dimers (homo- or heterodimers) are far more
active than monomers on their respective cognate target se-
quences, the NurRE or NBRE (31) (Fig. 2C and D). Signifi-
cantly, we showed that Nur dimers exhibit target sequence
preference (Fig. 4). Thus, a combinatorial code for down-
stream-gene-specific effects may result from both the tissue-
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FIG. 5. Synergistic activation of NurRE reporter by pairs of Nur subfamily factors. (A) The activities of the three possible pairs of Nur77 subfamily members were
assessed in comparison to that of each factor alone, using the same NurRE reporter as was used for the experiment shown in Fig. 2, after cotransfection in CV1 cells.
(B) The effect of RXR, with or without its ligand 9-cis RA, on the activity of the NurRE reporter was assessed in the presence of Nur77 or Nurrl. (C) Effect of RXR

with and without 9-cis RA, together with Nur77 or Nurrl, on a DRS reporter.

specific expression of Nur subfamily members and the pres-
ence of specific NurRE sequences on subsets of target genes.

Consistent with this model, Nur subfamily factors exhibit
expression patterns that are partly overlapping and partly com-
plementary. For example, exclusive expression of Nurrl in the
midbrain dopaminergic system is consistent with the absence
of these neurons in Nurrl-deficient mice (2, 35, 46). Also,
Nur77 is specifically induced by light in the suprachiasmatic
nucleus, where the mammalian circadian clock is located (19,
23, 33). Recently, a wide screen of genes induced by serum in
fibroblasts revealed that human NOR-1 (MINOR) is a major
serum-responsive gene (14). In other tissues, Nur subfamily
member expression patterns are overlapping, as in the case of
Nur77 and NOR-1 in immature thymocytes, in which these
factors seemingly play functionally redundant roles (3). We
now report that all three Nur subfamily members are rapidly
but transiently induced by CRH in POMC-expressing pituitary
cells and that this induction is antagonized by Gc. These results
may explain the lack of a pituitary and HPA axis phenotype in
both Nur77- and Nurrl-null mice (4, 5).

We have recently shown the importance of dimer formation
for Nur77-dependent transcriptional activation (31); that work
suggested that Nur77 dimer action on the NurRE might con-
stitute the physiological mechanism of action for this NR. Here
we extended this model to Nurrl and NOR-1, and we further

showed that Nur factor heterodimers are even more potent
transcriptional activators than homodimers. This was particu-
larly true for heterodimers containing Nur77 and less so for
Nurrl-NOR-1 heterodimers (Fig. SA). The Nur77 preference
appears to be unique to the NurREp,\c since it was not
observed for the NurRE 4y, which contains consensus half-
sites (Fig. 4). Indeed, the in vitro affinity of the three ho-
modimers correlated well with their in vivo ability to activate
the NurREpohme- This observation is very interesting because
it suggests that some NurREs could have evolved to respond
preferentially to one specific member of the subfamily (Fig. 4)
or to heterodimers containing this Nur factor (Fig. 5). Recent
data suggest that this model may also apply for T-cell target
genes. Indeed, forced expression of Nur77 or NOR-1 in the T
cells of transgenic mice resulted in upregulation of CD25 in
CD4" CD8" T cells and in thymocyte apoptosis (3). In con-
trast, this was not observed in transgenic mice overexpressing
Nurrl. Thus, it appears that CD25 may respond specifically to
Nur77 or NOR-1 but not to Nurrl and that this specificity may
be due to a NurRE preferentially activated by homo- or het-
erodimers of Nur77 and/or NOR-1.

Coupled with the existence of factor-specific target se-
quences, the multiple forms (monomers, homodimers, or het-
erodimers) by which Nur factors affect transcription provide
for great versatility in fine-tuning target cell and/or gene re-
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sponses to particular stimuli. For example, Nurrl is constitu-
tively expressed in the hypothalamic paraventricular nucleus,
which suggests that it participates in basal expression of some
genes (34). In response to stress, Nur77 is rapidly induced (12),
and it could therefore either specifically activate transcription
of other genes or, together with Nurrl, synergistically activate
transcription of common target genes. Our results for the
POMC-expressing AtT-20 cells (Fig. 1) suggest that similar
mechanisms could take place in the anterior pituitary, since
only Nurrl mRNA is detected under basal conditions whereas
all three Nur subfamily members are induced upon CRH treat-
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FIG. 6. Nur77 and Nurrl form heterodimers. (A) The abilities of Nur77 and
Nurrl to interact in vitro were assessed by using a pull-down assay. Fusion
proteins consisting of MBP and either Nur77 or LacZ (as a control) were bound
to a maltose column, and either in vitro-translated Nurrl or luciferase (Luc; as
a control) was tested for binding. The position of full-length Nurrl (61 kDa) is
indicated by an arrow. (B) Formation of Nurrl-Nur77 heterodimer complexes
upon binding of a NurREcqy probe in a gel retardation assay. Since native
proteins comigrated in gel retardation experiments (data not shown), we used a
mutant Nur77 with a truncated C-terminal domain for the experiment; this
mutant preferentially binds as a monomer on its own (lanes 1 to 3), whereas
Nurrl binds both as a monomer and as a homodimer (lane 4). In the presence
of increasing amounts of mutant Nur77 (lanes 5 to 7) and Nurrl, a new complex
(labeled heterodimer) appears (lane 7). Formation of these heterodimers is
blocked by an antiserum specific for Nurrl (lane 10) or Nur77 (lane 11). The
anti-Nurrl does not recognize Nur77 (lane 8), and the anti-Nur77 does not
recognize Nurrl (lane 9). (C and D) Two-hybrid assays were performed in CV1
cells to show that the chimeric proteins Gal4-Nur77 and VP16-Nurrl (C) or
Gal4-Nurrl and VP16-Nur77 (D) interact in vivo. Cells were cotransfected with
a UAS-containing luciferase reporter plasmid. (E) Presence of Nur77-Nurrl
complexes, as revealed by coimmunoprecipitation of AtT-20 cell nuclear extracts.
Extracts were immunoprecipitated with antibodies against Nur77 (lane 1) or
control IgG (lane 2) and analyzed by Western blotting with Nurrl antiserum. In
vitro-translated Nurrl protein was used as a reference (lane 3).

ment. Transcriptional regulation by differential expression of
Nur members could also take place in PC12 cells, in which
Nur77 and Nurrl are induced upon membrane depolarization
but only Nur77 is induced in response to NGF (17). The
finding that RXR represses Nur-dependent activation of the
NurRE was somewhat surprising, since transcriptional coop-
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erativity between the two subfamilies had been demonstrated
(10, 30). However, this could provide an additional mechanism
for cross talk between retinoid signaling and the Nur signaling
pathway. For example, retinoids are known to inhibit TCR-
induced apoptosis (1, 13, 33), which is absolutely dependent on
Nur activation (20, 43). Thus, it is plausible that RXR could
heterodimerize with Nur77 to block NurRE-dependent activa-
tion of proapoptotic genes downstream of the Nur pathway,
while the same heterodimers could activate cell survival-pro-
moting genes whose promoters contain DRS elements. Despite
the critical importance of the Nur signaling pathway in T-cell
apoptosis, very little is known about the target genes lying
downstream of it. The search for NurREs, whether degenerate
or not, in the regulatory regions of putative target genes may
prove to be instructive.

The demonstration in this work that dimers of the Nur
subfamily exhibit strong, target sequence-specific transcrip-
tional activity further highlights the importance of NurRE tar-
gets for gene regulation. In addition, the ability of Nur factors
to heterodimerize with other NR, like RXR and COUP-TF,
provides the basis for cross talk between the Nur signaling
pathway and retinoid action. Additionally, we have already
shown antagonism between Gc and the Nur signaling pathway.
Taken together, these multiple interactions offer hypotheses to
account for the diverse effects of the Nur signaling pathway on
the hormone response, proliferation, differentiation, and pro-
grammed cell death.
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