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Abstract

Retinoid X receptors (RXR) play a role as master regulators due to their capacity to form
heterodimers with other nuclear receptors. Accordingly, retinoid signaling is involved in multiple
biological processes, including development, cell differentiation, metabolism and cell death.
However, the role and functions of RXR in different heterodimer complexes remain unsolved,
mainly because most RXR drugs (called rexinoids) are not selective to specific heterodimer
complexes. This also strongly limits the use of rexinoids for specific therapeutic approaches. In
order to better characterize rexinoids at specific nuclear receptor complexes, we have developed
and optimized luciferase protein complementation-based Bioluminescence Resonance Energy
Transfer (BRET) assays, which can directly measure recruitment of a co-activator motif fused to
yellow fluorescent protein (YFP) by specific nuclear receptor dimers. To validate the assays, we
compared rexinoid modulation of co-activator recruitment by RXR homodimer, and heterodimers
Nur77/RXR and Nurrl/RXR. Results reveal that some rexinoids display selective co-activator
recruitment activities with homo- or hetero-dimer complexes. In particular, SR11237 (BMS649)
has increased potency for recruitment of co-activator motif and transcriptional activity with the
Nur77/RXR heterodimer compared to other complexes. This technology should prove useful to
identify new compounds with specificity for individual dimeric species formed by nuclear
receptors.
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Introduction

Nuclear receptors (NRs) constitute a large superfamily of transcription factors regulating the
expression of genes and controlling a wide range of physiological processes through ligand
signaling (1, 2). In addition to forming homo- and hetero-dimers with other NR partners,
NRs rely on co-regulator proteins to modulate transcription of target genes (2, 3). NR co-
regulators can be broadly subdivided into co-activators (CoA, e.g. SRC or p300/CBP),
which potentiate transcription and co-repressors (CoR, e.g. NCoR or SMRT), which silence
gene transcription. Co-repressors recruit multiprotein complexes implicated in
transcriptional repression and histone deacetylation (HDAC). On the other hand, several co-
activators possess histone acetyltransferase activity (HAT) required for chromatin
remodeling and subsequent access of the transcriptional machinery to promoters or recruit
other proteins essential for transactivation, such as the CREB binding protein (CBP). In the
absence of agonist, many nuclear receptors interact with co-repressors. Upon agonist
binding, conformational change in the receptor causes the shedding of co-repressor
complexes and the binding of co-activators, often via a conserved short LXXLL motif (4).
However, agonist-mediated co-repression has also been described (3).

NRs are defined by common structural motifs composed of four functional modules, the N-
terminal transcription Activation Function domain (AF-1), DNA-binding domain (DBD), the
ligand-binding domain (LBD) and the C-terminal Activation Function domain (AF-2) (5).
The AF-2 transcription regulation domain supports ligand-dependent transactivation of the
receptor, whereas the AF-1 domain activity can be modulated by phosphorylation (2). Co-
regulator molecules (co-activators or co-repressors) that modulate the activity of NRs can
interact with the AF-1 and/or AF-2 domains. NRs can bind DNA as monomers,
homodimers, and heterodimers. DNA recognition sites, also referred to as NR response
elements, contain one or two consensus core half-site sequences. For example, numerous
NRs bind to elements containing the half-site consensus motif AGGTCA. For response
elements involved in dimeric NR activity, the half-sites can be configured as inverted,
everted or direct repeats (DR). In monomeric response elements, the 5’-flanking sequence,
such as the A/T-rich sequence in the Nur77 responsive element (NBRE), can increase the
affinity and specificity of interaction with NRs (6).

The retinoid X receptor (RXR) subgroup (NR2B) of NRs is composed of 3 members: RXRa
(NR2B1), RXRB (NR2B2), and RXRy (NR2B3). RXRa is detected in multiple tissues
including muscle, liver, lung, in skin, intestine, epidermis and kidney, whereas RXRf
(NR2B2) is ubiquitously expressed (1, 7). Unlike RXRa and , RXRy expression pattern is
less widely spread. Indeed, RXRy is expressed specifically in brain, pituitary, and cardiac
and skeletal muscles (1, 7). RXRs mediate retinoid signaling through the action of their
ligand 9-¢is retinoic acid (9 ¢/s-RA) (8). In addition, it has been shown that poly-unsaturated
fatty acids, such as docosahexaenoic acid (DHA), represent endogenous ligands for RXR in
the mature brain (9). The transcriptional activity of RXR mainly results from its capacity to
act as a cognate partner for other NRs. RXR can be generally engaged in 3 types of
partnerships, permissive, conditional and non-permissive heterodimers. Non-permissive
heterodimers, such as RXR/VVDR (vitamin D receptor) and RXR/TR (thyroid hormone
receptor), are activated only by agonists of the partner. Conditional heterodimers, such as
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RXR/RAR (retinoic acid receptor), are not activated by RXR agonists, but the activity of
agonists of the RXR partner receptor is enhanced by RXR agonists (synergistic effect). RXR
agonists alone, partner receptor agonists alone or a combination of both can activate
permissive heterodimers. Such complexes include heterodimers formed with PPAR
(peroxisome proliferator-activated receptor), FXR (farnesoid X receptor), LXR (liver X
receptor), and the orphan NRs Nur77 and Nurrl (10, 11).

The NR4A subgroup of nuclear receptors includes Nur77 (NR4A1, also known as NGFI-B
or TR3), Nurrl (NR4A2) and Nor-1 (NR4A3). NR4A members are immediate early
response genes and can be induced by a diverse range of signals, including growth factors,
cytokines, hormones and neurotransmitters (12, 13). Accordingly, the NR4A family is
implicated in multiple functions including cell cycle regulation, apoptosis, steroidogenesis,
inflammation, carcinogenesis, atherogenesis, insulin resistance, neoglucogenesis, lipid
metabolism, endocrine functions and neurotransmission (12, 13). Nur77 and the others
NR4A members can bind to DNA in three different ways to regulate target gene expression.
First, these receptors can bind to the Nerve-Growth-Factor Inducible gene B (NGFI-B)-
responsive element (NBRE) as monomers (14). Second, they can bind to the Nur-response
element (NurRE) as homodimers or heterodimers with another NR4A family member (15,
16). In addition, as mentioned before, Nurrl and Nur77, but not Nor-1, can form
heterodimers with RXR, to mediate the retinoid signaling on direct repeat (DR) responsive
elements or through binding to a NBRE sequence (16-18). Thus, Nur77 and Nurrl
transcriptional activities can be indirectly manipulated through modulation of their
heterodimeric partner RXR, using RXR selective drugs, called rexinoids (16-18).

Nur family receptors are members of the orphan nuclear receptor class, i.e. no known
endogenous ligand has been described for these receptors. In fact, the NR4A LBD contains
no apparent cavity due to bulky hydrophobic amino acid side chains, and lacks a classical
co-activator-binding cleft (19, 20). However, co-activator recruitment is possible via the
AF-1 region of Nur receptors and, within the context of Nur-RXR heterodimers, via the
AF-2 activation function of RXR (21). Further, some reports have evidenced ligand-induced
NR4A activity, although the mechanism of activation has not been clearly demonstrated
(22-24). In the periphery, numerous genes involved in endocrine and metabolic processes
have NR4A responsive elements (mainly NBRE) in their promoters that have been validated
experimentally (15, 25-27). However, activities of Nur77 and Nurrl in heterodimer
complexes with RXR are still poorly characterized. In the central nervous system, Nurrl
plays a critical role in the development and maintenance of the dopaminergic phenotype of
mesencephalic neurons (substantia nigra), whereas Nurrl/RXR heterodimer can drive a pro-
survival activity of RXR compounds on dopamine cells in culture (28, 29). In addition,
Nur77 is associated with dopamine-mediated locomotor activity (30). Using Nur77
knockout mice and RXR drug treatments, we observed that dopamine receptor antagonist-
induced abnormal involuntary movements (dyskinesia) are sensitive to rexinoids but only in
wild-type animals (31). Thus, activity of both receptors can be associated with RXR
heterodimer activity in the brain, but it is not possible at present time to selectively target
this activity. Indeed, numerous RXR compounds have been identified, but their activity at
various RXR heterodimer species is not well characterized, due to the lack of assays to
monitor cofactor recruitment by specific dimers in live cells. Interpretation of results from
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reporter assays are complicated by the expression of endogenous receptors with overlapping
DNA binding patterns, and by the variety of co-activator proteins present in the host cell.

Here we describe new highly sensitive sensors that can detect recruitment of a co-activator
by specific receptor dimers in live cells and in real time. These assays combine the
Bioluminescence Resonance Energy Transfer (BRET) and luciferase Protein fragment
Complementation Assay (PCA) technologies (32—35) to enable detection of simultaneous
interactions between three partners (NR homo- or hetero-dimer and a co-regulator). We
applied these assays to characterize presently available RXR ligands for their intrinsic
activity for co-activator LXXLL motif recruitment to specific homo-(RXR/RXR) or hetero-
dimer (Nur77/RXR and Nurrl/RXR) complexes.

Materials and methods

Drugs

Plasmids

Nine-cisretinoic acid (9-¢/s RA) (RAR and RXR agonist), bexarotene (RXR agonist),
docosahexaenoic acid (RXR agonist), 6-mercaptopurine (Nur77 agonist), 1,1-bis(3’-
Indolyl)-1-(p-methoxyphenyl)methane; 3,3"-[(4-Methoxyphenyl)methylene]bis-1H-indole
(DIM-C-pPhOCH3) (Nur77 agonist) and cytosporone B (Nur77 agonist) were purchased
from Sigma-Aldrich Canada Inc. (Oakville, ON, Canada), whereas fluorobexarotene (RXR
agonist), SR11237 (BMS 649) (RXR agonist), LG1506 (PPAR/RXR agonist), LG268 (RXR
agonist) and UV13003 (RXR antagonist) were purchased from Tocris (Ellisville, MI, USA).
XCT0135908 was custom synthetized by the Medicinal Chemistry Platform of the Institut
de Recherche en Immunologie et Cancérologie (IRIC) of the University of Montreal.
HX600, HX630 (RXR agonists) and HX531 (RXR antagonist) were kindly provided by Dr.
Hiroyuki Kagechika and Koichi Shudo (School of Biomedical Science, Tokyo Medical and
Dental University and Research Foundation Itsuu Laboratory, Tokyo, Japan).

Human Nur77, Nurrl and RXRy cDNAs were amplified by PCR. PCR products were then
subcloned into a pcDNA3.1 vector (Invitrogen, Carlsbad, CA, USA) containing the Renilla
luciferase (Luc) sequence. We generated constructs in which the Luc was fused at the N- or
C-terminal portion of the NR. For protein fragment complementation assay (PCA), we used
split luciferase Luc-F1 (a.a. 1-110) and Luc-F2 (a.a. 111-310) fragments, as previously
described (32, 33). Again, we generated constructs in which the Luc-F1 or -F2 fragment was
fused at N- and C-terminal portions for each NR. The construct encoding the co-activator
motif (CoA-YFP) consisted in a LXXLL motif tandem repeat flanked at both extremities by
a Yellow Fluorescent Protein (YFP). The construct also contains two Nuclear Localisation
Signal sequences derived from the glucocorticoid receptor to ensure nuclear transport of the
construct. This sequence was then subcloned into the pCMV-TOPAZ expression vector
(Clonetech, Mountain View, CA, USA). To confirm the specificity of NR and CoA-YFP
motif, we used similar CoA-YFP motif constructs in which leucine residues were replaced
by alanine (AXXAA) or phenylalanine residues (FXXFF).
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Cell culture and Transient transfection

Human embryonic kidney 293T (HEK-293T) cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Wisent, St-Bruno, QC, Canada) supplemented with 10% foetal
bovine serum (FBS) (Sigma-Aldrich, Oakville, ON, Canada), 2 mL/500 mL glutamine, and
100 U/ml penicillin-streptomycin (Wisent, St-Bruno, QC, Canada) at 37°C in 5% CO,. We
transiently transfected HEK-293T cells in 96-well plates (White Optiplate; PerkinElmer,
Waltham, MA) at a density of 9 x 10% cells per well (about 80% confluency) with a
maximum of 120 ng of cDNA per well encoding the fusion proteins using the
polyethylenimine (PEI; Polysciences Inc, Warrington, PA, USA) method (300 ng of linear
PEI plus 100 ng of branched PEI for 100 ng of DNA). Preliminary experiments were
performed in order to determine the amounts of constructs, in both simple and PCA-BRET
configurations, which generate optimal net BRET signals. So, in a typical PCA-BRET dose-
response curve assay, 35 ng of each NR partners and 30 ng of the CoA-YFP construct are
transfected per well in 96-well plates. To maintain the same ratio of DNA in co-
transfections, we used the empty vector pcDNAS3.1, to equilibrate the amount of total DNA
transfected.

BRET and PCA-BRET assays

The BRET assays were performed essentially as described in previous reports (36-39).
Adherent cells were stimulated by drugs for 20 min, 48 hours after transfection. All ligands
used were solubilized in DMSO and then diluted in Hanks’ balanced salt solution (HBSS).
BRET was read immediately after exposing the cells to 5 uM of the Luc substrate
coelenterazine H (NanoLight Technology, Pinetop, AZ, USA) using the Mithras LB 940
microplate reader (Berthold Technologies, Oak Ridge, TN, USA). Signal detections were
performed at a wavelength of 485 nm for Luc emission (energy donor) and at 530 nm for
YFP emission (energy acceptor) (Fig. 1). Net BRET signals were derived from the emission
detected with the energy acceptor filter divided by the emission detected with the energy
donor filter (YFP/Luc), with subtraction of the background ratio obtained from cells
expressing only the energy donor. In PCA-BRET experiments (see scheme in Fig. 1), BRET
signals depend both on Luc fragment complementation due to receptor dimerization and on
interaction of the Luc-fused proteins with at least one of the YFP-fused co-activator LXXLL
motif (Fig. 1). This allows specific dimer activity measurements by fusion of receptor
monomers with Luc fragments.

Reporter assays

HEK-293T cells were transfected in 24-well plates by the calcium—phosphate co-
precipitation method. Briefly, HEK-293T cells were plated at 150,000 cells/well prior to
transfection. The next day, media were changed and cells were transfected with 0.6 g of the
DR-5 element from the RARP promoter construct fused to the Firefly luciferase reporter
gene (graciously provided by Dr. Jacques Drouin, IRCM), 100 ng of each transcription
factor (Nur77, RXRy, Nur77-F1 and/or F2-RXRy), 100 ng pCMV-Topaz expression vector,
used as an internal control, and pcDNA3.1 as carrier DNA to normalize transfected DNA
quantity up to 1.5 pg/well, so that same amount of DNA was used in all experiments. One
day later, HEK-293T cells were treated with either 1 uM 9-c¢is RA or with vehicle (DMSO,

FASEB J. Author manuscript; available in PMC 2017 March 11.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Giner et al.

Results

Page 6

0.001%), or increasing concentration of drugs for generation of dose-response curves for 24
h. Then, cells were harvested and luciferase activities were measured upon addition of
luciferin (500 uM, NanoL.ight, Pinetop, AZ, USA) with the Veritas microplate luminometer
(Turner Biosystems, Sunnyvale, CA, USA). Results were normalized using the Topaz signal
with a Spectramax 190 plate reader (Molecular Devices, Sunnyvale, CA, USA). Data
reported represent the average of at least three experiments, each performed in duplicate
using different DNA preparations.

Luciferase PCA assays for RXR dimer complex formation

In order to assess for co-activator (CoA) recruitment by specific dimers, we developed
Renilla luciferase (Luc) protein complementation assays for receptor dimer formation.
Reconstitution of Luc activity would then allow testing recruitment of a CoA LXXLL motif-
containing peptide fused to two YFP acceptor proteins by BRET (Fig. 1). As both N-
terminal and C-terminal fusions are possible for receptor monomers fused to either the Luc-
F1 or Luc-F2 fragments, we first assessed the combinations that led to optimal Luc
reconstitution.

For the Nur77/RXRy heterodimer, transient transfections of HEK-293T cells with the 8
possible combinations of F1 or F2 fragment fused at the N- or C-terminus of Nur77 or
RXRy were performed with increasing but equal amounts of both transfected plasmid (Fig.
2A). The results showed dose-dependent bioluminescent signals for multiple combinations,
with optimal signals for the Nur77-F1/F2-RXRy configuration (Fig. 2A), which was chosen
for the following experiments. The Nur77-F1/RXRy-F2 also yielded a good signal, but
signals obtained with other pairs were 3—4 fold lower. Similarly, we also determined that the
homodimeric RXRy-F1/F2-RXRy and heterodimeric Nurrl-F1/F2-RXRy heterodimer
configurations represent optimal fusion protein orientations for Luc reassembly
(unpublished observations, X. Giner). Thus, Luc PCA assays enable live detection of RXRy
homodimers and of Nur77 or Nurrl heterodimer formation with RXR.

9-cis RA induces rapid co-activator recruitment to Nur-RXR heterodimers

BRET assays have been successfully used to monitor co-activator (CoA) peptide recruitment
by activated NRs (39, 40). Here, we optimized BRET assays for CoA peptide recruitment by
RXR. We tested constructs fusing RXR+y with Luc at its N- or C-terminus, and the LXXLL
co-activator (CoA) motif with nuclear localization signals and YFP at both extremities in
order to maximize the probability of energy transfer from NR-Luc complexes and to ensure
nuclear localization (see supplementary Fig. S1 for sub-cellular localization). In BRET
assays, we identified the RXRy-Luc construct as being optimal for recruitment of CoA-YFP
(unpublished observation, X. Giner).

In order to determine the optimal donor/acceptor ratio for signal detection, we performed
titration curves in which a fixed amount of the energy donor (RXRy-Luc or Nur77-F1/F2-
RXRy) was co-transfected with increasing amounts of the acceptor CoA-YFP motif. In a
standard BRET assay (RXRy-Luc and CoA-YFP), increasing amounts of CoA-YFP results
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in a linear curve, reflecting nonspecific energy transfer in the absence of ligand (Fig. 2B,
treatment with DMSO vehicle). Similar results were obtained with a mutated, non-
interacting CoA-YFP motif in which leucine residues were replaced by alanines, confirming
the non-specific nature of these interactions. On the other hand, a strong and saturable
increase in BRET signal was observed upon treatment with the RXR agonist 9-¢/s RA when
using the wild type (LXXLL), but not the mutated (AXXAA) CoA-YFP motif (Fig. 2B). By
plotting the net BRET signal in function of the amount of CoA-YFP plasmid transfected
(see Fig. S2A), we estimate that the amount of CoA-YFP necessary to generate a BRETxgq
signal is 17 ng (with a RXRy-Luc plasmid content fixed at 10 ng). We obtained a similar
BRETsg value in the Nur77-F1/RXRy-F2 PCA-BRET configuration (16 ng, Fig. S2B). For
comparison, net BRETsg signals for CoA-YFP recruitment in the presence of DMSO are 51
and 55 ng for RXRy-Luc and Nur77-F1/F2-RXRy constructs, respectively (Fig. S2). Net
BRET signal comparison of RXRy-Luc and RXRy-F1/F2-RXRy assays also produced
similar BRETsgq values (Fig. S3A). However, Luc light emission at 485 nm is reduced by
about 6-fold with the reconstituted split Luc (Fig. S3B). These data indicate that despite
reduced Luc emission NR constructs containing the reconstituted split Luc are recruiting the
co-activator with a similar affinity as the NR constructs containing the unsplit luciferase.

When using the Nur77-F1/F2-RXRy complex as an energy donor, we observed basal CoA-
YFP recruitment in the absence of ligand compared to unfused YFP (Fig. 2C). This suggests
constitutive recruitment of the LXXLL motif-containing co-activators by the unliganted
heterodimer. However, CoA-YFP motif recruitment was strongly upregulated upon addition
of 9-¢cisRA (Fig. 2C). Co-transfection of unfused YFP generated identical linear,
nonspecific signals in the presence as well as absence of 9-¢is RA (Fig. 2C). Unexpectedly,
basal recruitment (in the absence of 9-cis RA) of the mutated leucine/alanine CoA-YFP
motif generated a BRET signal that is slightly superior to the CoA-YFP motif in basal
condition, but this interaction was not affected by ligand addition (see supplementary Fig.
S4A). These observations indicate that this mutated CoA motif is still able to interact with
the NR complex, but that this interaction is not ligand-sensitive. Since we replaced leucine
by alanine residues, which are structurally very close, it is possible that some constitutive
interactions can still occur. In order to confirm the specificity of this CoA-YFP motif
recruitment in the PCA-BRET configuration, we generated another mutant in which leucine
were replaced by phenylalanine residues (which contain a larger side chain) (Fig. S4B). This
mutant generated nonspecific signals both in basal and agonist-stimulated conditions, as
compared to the native CoA-YFP motif, confirming the specificity of the agonist-induced
interaction between the 3 partners.

We next compared kinetics of co-activator recruitment by RXR+y-Luc and Nur77-F1/F2-
RXR+y (Fig. 2D). Both the BRET and PCA-BRET signals reached a plateau very fast (less
than 5 min) after addition of 9-¢is RA (10 uM) (Fig. 2D) and the net BRET signal remained
stable for up to 2 hours. This indicates that Luc fragment complementation in the PCA-
BRET assay did not reduce the velocity of CoA recruitment by the NR complex.

We also determined if the NR fused to Luc constructs are still able to transactivate a reporter
gene using a classic direct repeat element that is sensitive to Nur77/RXR complex (DR-5)
(Fig. 3). Although we noted a reduction of total firefly/YFP ratio signal with the Nur77-
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F1/F2-RXRy constructs and basal transactivation activity with introduction of fused Luc
fragments to Nur77 in the gene reporter assay, fusion proteins used for Luc PCA assays
were able to transactivate a reporter gene through a classic DR-5 sequence in 9-¢/s RA-
dependent manner (Nur77/RXRy = 3.7 £ 0.4; Nur77/F2-RXRy =11.9 + 0.5; Nur77-F1/
RXRy =24.0 £ 2.0 and Nur77-F1/F2-RXRy = 11.8 + 2.0 fold induction) (Fig. 3).

Differential activity of RXR ligands on specific RXR dimeric complexes

To compare the potency of known RXR ligands in the BRET sensor assays for specific RXR
dimers, we performed dose-response curves (see examples in Fig. 4 and summarized data in
Table 1). In the single RXR-y-Luc BRET assay, most drugs tested showed potencies (ECsg)
similar to values in the literature obtained using standard gene reporter assays for RXRvy,
when available (Table 1). The natural agonist 9-c¢/s RA displayed similar potencies in all
BRET and PCA-BRET assays tested (Table 1). Interestingly however, although all rexinoids
were active with each PCA-BRET assay, some displayed different potencies with various
RXR dimeric complexes in the PCA-BRET assays (Table 1 and Fig. 4A-C). In particular,
SR11237 had a markedly higher potency (5.6 nM) with the Nur77/RXRy heterodimer assay
than with the Nurrl/RXRy heterodimer (144 nM) or the RXRy/RXRy homodimer (214
nM) in PCA-BRET assays (Table 1 and Fig. 4A—-C). Of note, the ECs( observed in the RXR
BRET assay is intermediate (30 nM). This suggests that SR11237 has selectivity for RXRy
bound to Nur77 vsNurrl and for Nur-RXR heterodimer vs RXRy homodimer. This data
also suggests potential contributions of other intracellular RXR partners present in the cell
system when using the RXRy-Luc BRET assay. The putative endogenous RXR ligand
docosahexanoic acid (DHA) displayed a low micromolar activity (Table 1) in all the BRET
and PCA-BRET assays tested, which is consistent with what is reported in the literature (9,
41). We also tested the activity of Nur ligands, including 6-mercaptopurine, DIM-C-
pPhOCH3 and cytosporone B, in the present PCA-BRET assays. All the compounds
remained inactive with RXRy/RXRy, Nur77/RXRy and Nurrl/RXRy complexes
(unpublished observations, X. Giner).

Of interest, some compounds had also different relative efficacies compared to 9-c/s RA
(Table 1 and Fig. 4A-C) with the dimer-specific assays versusthe RXR BRET assay.
LG1506, a selective PPAR/RXR ligand, displayed only low relative activities in the RXRy/
RXR-y homodimer or the Nurr77/RXRy heterodimer PCA-BRET assay (19%), but higher
partial activity in the RXRy-Luc BRET assay (38% compared to 9-c/s RA). HX630
displayed a partial relative maximal activity with the RXRy/RXR-y homodimer (about
60%), which is consistent with the partial agonist activity reported in the literature (42), but
it had near full relative maximal activity with the Nur77/RXRy heterodimer selective PCA-
BRET assay (see Fig. 4A,B and Table 1). On the other hand, SR11237, a pan RXR agonist,
showed the opposite profile, with a partial maximal activity at the Nur77/RXRy complex
relative to 9-c/s-RA (about 40%), while its maximal activity was comparable to that of 9-cis
RA at RXRy/RXRy homodimer (see Fig. 4A,B and Table 1). Interestingly, bexarotene
showed partial apparent efficacies except for Nurrl/RXRy heterodimer to which it displayed
full activity. Further, LG268 and HX600 have variable degrees of relative efficacy compared
to 9-¢/sRA in the different PCA-BRET assays, whereas fluorobexarotene displayed full
relative activity for all assays (Table 1 and Fig. 4A-C).
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We also evaluated two RXR antagonists, HX531 and UVI13003, using 9-¢/s RA (50 nM)
competition assays (Table 1 and Fig. 4D). Although the HX531 ICgy was somewhat lower,
as compared to the literature (43, 44), I1Csq’s obtained with UV13003 compound were
similar in the BRET and PCA-BRET assays and are consistent with the literature (45) (Table
1 and Fig. 4D). Thus, these assays can also be used to monitor antagonist activities in
competition assays.

For most rexinoids, relative transactivation efficacy data are not available in the literature.
So, to directly compare the efficacy of co-activator recruitment as measured in the present
Nur77/RXRy PCA-BRET assay with transcriptional activation by the different rexinoids,
we conducted a gene reporter assay using a DR-5 response element reporter construct
previously described (16), combined with co-transfection of native Nur77 and RXRy full-
length proteins. All the compounds tested displayed an apparent partial maximal capacity
compared to 9-¢/s RA (Fig. 5 and Table 2). Note that in a report by Lippert and colleagues
(2009), SR11237 also displayed a partial maximal efficacy of 77% compared to 9-¢/s RA for
a Gal4-RXRp activation in Hela cells (46). Rexinoid potencies obtained in the reporter assay
are generally somewhat lower compared to potencies obtained in Nur77/RXRy PCA-BRET
assays (compare Table 1 and Table 2 ECgq data), except for HX630 and XCT0123908
compounds, possibly due to the need for higher ligand concentrations to achieve
transcriptional activation via full-length endogenous co-activators than for recruitment of
overexpressed LXXLL maotifs. Interestingly, SR11237 maintained its selectivity at Nur77/
RXRy over Nurrl/RXRy using a DR-5 reporter gene assay combined with native Nurrl and
RXRy (Nurrl/RXRy ECsqg: 632 £ 207 nM and Epax: 14 £ 4 %, as compared to ECsq: 28
+9nM and Epax: 40 + 10 % for Nur77/RXRy, see Table I1).

Effect of rexinoids on dimer conformation

Differential relative maximal activity may reflect different capacity for co-activator
recruitment (see above). Alternatively, specific conformational changes at different dimer
constructs may alter the efficiency of energy transfer. The Luc PCA assay directly allows
investigating the effect of drugs on protein conformation. The very fast recruitment of co-
activator obtained in the PCA-BRET assays (Fig. 2D) is consistent with ligands inducing a
conformational change in constitutively preformed homo- or hetero-dimers of NRs. To
estimate the effect of agonists on NR complex conformation, we compared their impact on
the Luc bioluminescent signals (Fig. 6). We observed that high concentrations of the vehicle
(DMSO), as well as for some compounds like HX630 or bexarotene, reduced Luc
bioluminescent signal (see examples in Fig. 6). This effect can be explained, at least in part,
by nonspecific effects of DMSO at high concentrations on protein-protein interactions and
by the fact that some of these compounds are colored, so that they can absorb a part of the
emitted light. Note that while this reduction of Luc emission will also reduce fluorescence
emission by the YFP acceptor, this effect has no impact on BRET results, which are
expressed as YFP/Luc ratios.

Interestingly, despite the fact that high concentration of DMSO reduce YFP emission,
SR11237 was able to increase light emission of the reconstituted Luc compared to 9-c/is RA
in Nur77-F1/F2-RXRy (9-cisRA = 1.03 + 0.08 RLUpyax; SR11237 = 1.41 + 0.07 RLUpax,
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p < 0.01) and Nurrl-F1/F2-RXRy (9-cisRA = 1.21 + 0.06 RLUyay; SR11237 = 1.54 + 0.15
RLUnax, p < 0.05), but not with the RXRy-F1/F2-RXRy (9-¢is RA = 0.32 + 0.08 RLUpax;
SR11237 =0.31 + 0.07 RLUpax, NS) complex (Fig. 6A—C). This effect was confirmed in
additional experiments, where we performed titration curves produced by increasing
amounts of one Luc fragment of the Nur77-F1/F2-RXR-y complex in the presence of
vehicle, 9-¢isRA or SR11237 (Fig. 7). Both experimental conditions (increasing Nur77-F1
or F2-RXRy fragment concentration) generated a higher light emission capacity in the
presence of SR11237, as compared to 9-¢is RA or vehicle (Fig. 7). However, plasmid
concentrations at half-maximum light emission were similar (9-c/sRA =18 + 4 ng;
SR11237 = 16 £ 2 ng, Fig. 7B). This result suggests that SR11237 did not alter the affinity
of NR complex formation, but instead induced a conformational change in the protein
complex that facilitated Luc reconstitution. Interestingly, the relative potencies of these
changes with the Nur77/RXR and Nurrl/RXR PCA assays mirrored those of co-activator
recruitment in the PCA-BRET assays, suggesting that the variations in Luc PCA intensity
detected are part of conformational rearrangements induced by SR11237 that lead to co-
activator recruitment in the PCA-BRET assay.

XCT0135908 has been shown to display a high selectivity for Nurrl/RXR heterodimer, as
compared to other RXR complexes in Gal4-NR constructs co-transfected with full-length
RXR in CV-1 cells (28). In the present Luc PCA BRET assays, XCT0135908 displayed
similar potencies with Nur77-F1/F2-RXRy and Nurrl-F1/F2-RXRy, whereas potency with
RXRy-F1/F2-RXRy was about 3-fold lower (Table 1). The compound also displayed higher
apparent partial efficacies in Nur-F1/F2-RXRy heterodimers as compared to the RXR-y-
F1/F2-RXR+y complex (Table 1 and Fig. 4C). In addition, we observed a low micromolar
transactivation activity and partial efficacy in our reporter assay for Nur77/RXRy (Table 2
and Fig. 5). Interestingly, XCT0135908 increased light emission of the reconstituted Luc in
Nurrl-F1/F2-RXRy heterodimer (F; 29 = 6.074, p = 0.0087, N = 8; post hoc Tukey’s
multiple comparisons test, p<0.01), but not RXRy-F1/F2-RXRy complexes (Fig. 8). The
effect of XCT0135908 on the reconstitution of Luc activity with the Nur77-F1/F2-RXR~y
heterodimer was of lower amplitude and did not reach statistical significance. Together,
these data indicate that XCT0135908 induces selective conformational changes at the Nurrl/
RXRy complex and displays partial activation of Nur/RXR dimers compared to RXR/RXR
homodimer.

Discussion

A central question in rexinoid biology and pharmacology research is the role and functions
of RXR in specific heterodimers. In the present report, we have developed and optimized
sensitive sensor assays to measure intrinsic ligand activity at specific NR dimer (homo- or
hetero-dimer) complexes including RXRy/RXRy, Nur77/RXRy and Nurrl/RXRy. These
novel assays monitor ligand-induced co-activator recruitment by a specific NR dimer
complex activity in live cells. Although recent reports described BRET assays that are
selective for nuclear receptor complexes (RXR/TRH, PPAR/RXR, RXR/RXR and Nurrl/
RXR), BRET signals generated in these assays reflect receptor dimerization alone (47, 48).
NR dimerization does not necessarily correlate with NR activity, as observed for instance
with estrogen receptor agonists and antagonists (37). In the present assays, the BRET signal
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is generated by co-activator motif recruitment, while nuclear receptor selectivity is achieved
by luciferase fragment complementation. Fusion proteins used for Luc PCA retain
transcriptional activity and titration experiments can reveal ligand-induced effects on the
conformation of specific RXR-containing complexes. For instance, SR11237 and
XCT0135908 were unique among tested compounds in their ability to induce specific
conformations of Nur/RXR-y heterodimers. Interestingly, the selectivity of SR11237 (both
potency and efficacy) for Nur77/RXR complex, as evidence in the present PCA-BRET
assay, was confirmed in a classic DR-5 reporter assay for Nur77/RXR and Nurrl/RXR
complexes.

Pharmacological characterization of rexinoids in these assays confirmed activity of most
rexinoids on the different RXR dimers, but revealed previously uncharacterized preferential
activity of SR11237 (BMS649) on the Nur77/RXR heterodimer, which was activated with
higher potency compared to Nurrl/RXR heterodimer and RXR/RXR homodimer. This
suggests that the conformational changes observed in Luc PCA assays with SR11237, also
with higher potency for Nur77/RXR vs Nurrl/RXR, reflect the activation of the dimers for
recruitment of LXXLL motif peptides. High-resolution crystallography comparing RXR-9-
¢k RA and RXR-SR11237 complexes structural data indicated that the RXR-SR11237
complex can undergo conformational fluctuation attributed to the reorientation of one single
side-chain residue (N306) that is sufficient to reduce the volume of the cavity by up to 10%
(49). This side chain motion that generates additional stabilizing contacts is most probably
the result of an attraction by the partial negative charge of the SR11237 oxygen atoms. As a
result of the change of volume, the level of occupancy of the ligand binding pocket by the
SR11237 ligand is higher than that with 9-¢is RA (49). Thus, it is tempting to speculate that
this additional interaction of SR11237 with RXR might confer a greater stability to selective
heterodimer complexes and might be responsible for the higher apparent potency of
SR11237 to recruit co-activator motif at Nur77/RXRvy (and to a lesser extent Nurrl/RXRvy),
compared to the RXRy/RXRy complex.

Using our dimer-specific PCA-BRET assays, it is also possible to perform competition of
agonist-induced co-activator recruitment by antagonists for specific NR homo- or hetero-
dimer complex. Here we show that two previously characterized RXR antagonists, HX531
and UV13003, can directly compete for 9-cis RA co-activator motif recruitments with ICgq
values similar to those obtained for their antagonist activities in gene reporter transactivation
assays (43-45). Both antagonists displayed similar activities at RXR/RXR and Nur77/RXR
complexes (Table 1).

Nur77 compounds were found to be inactive in the Nur77/RXRy PCA-BRET assay,
suggesting that Nur77 remains silent for co-activator motif recruitment by Nur77/RXR
complex. A similar suggestion has been made previously for Nurrl/RXR complex (28). We
are aware however that co-activator recruitment via other determinants than the LXXLL
binding motifs assessed in this study remains possible in the presence of these compounds.

Although most pharmacological parameters were compatible with published data obtained
in reporter assays, discrepancies were noted between pharmacological parameters obtained
in single RXR-Luc BRET assay and in dimer specific PCA-BRET assays. These might
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result from endogenously expressed components that can dimerize with RXR-Luc, as
suggested by the use of PPAR selective ligands (Table 1). Similar limitations apply for
reporter assays, although specificity is enhanced by the use of a specific binding motif that
can recruit only certain types of dimers. On the other hand, a current limitation of the BRET
assays is the assessment of recruitment of isolated LXXLL co-activator motif peptides rather
than native co-activators, and may also explain differences in potency or efficacy between
the two systems. In future developments of this technology, receptor interacting domains for
different co-activators could also be tested alternatively to isolated LXXLL motifs.

In summary, direct measurements of co-activator recruitment potency and efficacy using
PCA-BRET sensor assays provides rapid and sensitive measures of intrinsic
pharmacological properties of ligands at specific NR complexes in live cells that can be
complemented by observation of conformational changes in the PCA assays. These assays
possess many advantages compared to presently available assays that monitor NR activity.
Short exposure to ligands (20-30 min) minimizes interference caused by the toxicity of
some compounds in assays requiring longer incubations. In addition, BRET-based assays do
not require light excitation as opposed to fluorescence resonance energy transfer (FRET)-
based assays, and so are not subjected to quenching or autofluorescence. They generate low
background signals and high signal-to-noise ratios. The low variability and high
reproducibility of PCA-BRET assays using spectrometric detection are important assets for
future amenability of these assays to high throughput screening.

A new generation of selective modulators of heterodimers, such as LG1506, has been
developed that separate the physiological activities of the RXR and its partner receptor and
might be considered part of the so-called specific NR modulators group (50). However, no
precise structural rules have yet emerged to guide chemical engineering of heterodimer-
specific ligands for drug design. The present technology should prove useful to identify new
compounds with specificity for individual dimeric species formed by RXRs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic representation of the PCA-BRET assay
In the protein fragment complementation assay (PCA-BRET), split Renilla Luciferase (Luc)

fragments are fused to Nur77 and RXRy, respectively, to generate Nur77-Luc-F1 (Nur77-
F1) and RXRy-Luc-F2 (RXRy-F2) constructs. Upon hetero-dimerization, Luc fragments
will complement and the reconstituted Luc will emit light in the presence of its substrate
Coelenterazine H (CoE H) with an emission peak at 485 nm. In the presence of an agonist
(A), the nuclear receptor complex will recruit the co-activator motif fused to the yellow
fluorescent protein (CoA-YFP) and the energy will be transferred from the reconstituted Luc
to the YFP, resulting in a second light emission peak at 530 nm. Since nuclear receptor
dimerization is mandatory to trigger Luc reconstitution and initiate energy transfer, this
assay detects ligand activation of a specific dimer.
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Figure 2. A PCA assay for RXR dimer complexes
(A) To identify the constructs that will give an optimal bioluminescent signal in the PCA-

BRET assay, HEK-293T cells were transiently transfected with increasing amounts of the
indicated nuclear receptors and split Renilla luciferase (Luc) constructs (combinations of
Luc-F1 and -F2 fragments). Luc activity was measured 48 hours following transfection. Luc
bioluminescent signals (relative light units, RLU) were measured upon coelenterazine H
exposure and light detection at 485 nm. (B) In order to determine the specificity of the CoA
recruitment of Nur77-F1/F2-RXR+y complex, HEK-293T cells were co-transfected with a
constant amount of RXRy-(RXRy-Luc) (10 ng) and increasing amounts of the tagged co-
activator motif (CoA-YFP) or a mutant version of the motif (Mut-CoA-YFP) (0 to 100 ng),
in which leucine were replaced by alanine residues (AXXAA), in the presence of vehicle
(DMSO) or RXR agonist 9-c/s retinoic acid (9-¢is RA, 1 uM). The YFP/Luc ratio represents
the fluorescence emitted by the energy acceptor (Mut-CoA-YFP) over luminescence emitted
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by the energy donor (Nur77-F1/F2-RXRy) (Fluorescence/Luminescence light emission).
BRET signals were measured upon coelenterazine H exposure and light detection at 530 nm,
48 hours following transfection. (C) In the PCA-BRET assay, titrations of constant amounts
of Nur77-F1 (35 ng) and F2-RXRvy (35 ng) constructs with increasing amounts of CoA-
YFP or only the YFP protein (0 to 100 ng) in the presence of DMSO or 9-¢/is RA (1 uM)
were performed. The YFP/Luc ratio represents the fluorescence emitted by the energy
acceptor (CoA-YFP) over luminescence emitted by the energy donor (Nur77-F1/F2-RXRy)
(Fluorescence/Luminescence light emission). The curves were fitted using nonlinear
regression analysis. (D) Comparison of RXRy-Luc and Nur77-F1/F2-RXRy co-activator
recruitment kinetics. HEK-293T cells were treated 48h after transfection with 9-c/sRA (1
uM). BRET (RXRy-Luc) and PCA-BRET (Nur77-F1/F2-RXRy) signals were measured
from 0 to 120 min after addition of the Luc substrate coelenterazine H. Data represent means
+ SEM of three experiments conducted in quadruplicata. BRET signals were normalized
with the signal of each group treated with vehicle (DMSO). BRET signal generation is very
fast and remains stable for up to 2 hours.
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Figure 3. Nuclear receptor-L uc fusion constructsremain transcriptionally active
Histogram bars represent relative transcriptional activity of nuclear receptor constructs used

to generate PCA-BRET sensor assays and native Nur77 and RXRy upon exposure with
DMSO or 9-¢/is RA (1 pM) at a previously characterized DR-5 response element in
HEK-293T cells. As a control, cells were transfected with the same amount of pcDNA3.1
plasmid. Values represent mean Firefly/YFP ratios £ SEM (N = 3).
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Figure 4. Differential activity of RXR ligands on specific RXR dimeric complexes
HEK-293T cells were co-transfected with RXRy-F1 and F2-RXRy (A), Nur77-F1 and F2-

RXRy (B) or Nurrl-F1 and F2-RXRy (35 ng for all constructs) (C), and the CoA-YFP
construct (30 ng). Cells were treated with increasing concentrations of the indicated RXR
ligands for 20 min. BRET signals were measured at 530 nm immediately following addition
of coelenterazine H. Data are expressed as percent (%) of basal net BRET signal (relative
BRET). Each data point represents means + SEM of quadruplicate. Each curve is
representative of 3-5 independent experiments. Curves were fitted using nonlinear
regression analysis to determine 50% effective concentration (ECsp) and maximal capacity
(Emax) of the compounds (pharmacological parameters can be found in Table 1). (D) For
competition curves, HEK-293T cells were co-transfected with RXRy-Luc or Nur77-F1 and
F2-RXRy, and the CoA-YFP construct. Cells were then treated with increasing
concentrations of the RXR antagonist UV13003 for 20 min in the presence of 9-cis RA at 50
nM. Data are expressed as percent (%) of baseline BRET signal and represent means + SEM
from 3 experiments conducted in quadruplicata. Curves were fitted using nonlinear
regression analysis to determine 50% inhibitory concentration (ICsgp).
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Figure 5. Rexinoid transactivation dose-response curves on a DR-5 element
Dose-response curves were obtained by exposure to increasing concentrations of rexinoids

in a gene reporter assay after co-transfection of Nur77, RXRy and a reporter gene
containing a DR-5 responsive element in HEK-293T cells. Data points represent means +
SEM expressed in percent of baseline Firefly/YFP ratios. These curves are representative of
3-5 independent experiments (pharmacological parameters can be found in Table 2).
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Figure 6. Effect of rexinoids on dimer conformation
HEK-293T cells were co-transfected with Nur77-F1 (A), Nurrl-F1 (B) or RXRy-F1 (C),

and F2-RXR-y. Cells were then treated with increasing concentrations of RXR ligands or
vehicle (DMSO) for 20 min. Data represent means + SEM from 3 independent experiments
conducted in quadruplicata. Values are expressed as normalized relative light units (RLU)

obtained at 485 nm.
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Figure 7. Titration curvesfor Nur77-F1 and F2-RXRy fragments
Cells were co-transfected with a constant amount of F2-RXRy (35 ng) and an increasing

amount of Nur77-F1 (0 to 100 ng) (A) or a constant amount of Nur77-F1 (35 ng) and an

increasing amount of F2-RXR+y (0 to 100 ng) (B) in the presence of vehicle (DMSO),
SR11237 (1 uM) or 9-cis RA (1 uM) for 20 min. Data represent means = SEM from 3

Page 25

independent experiments conducted in triplicata. Values are expressed as relative light units

(RLU) obtained at 485 nm. Curves were fitted using nonlinear regression analysis.
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Figure 8. XCT0135908 induces a distinct Nurr /RXRy complex confor mation
HEK-293T cells were co-transfected with Nur77-F1, Nurrl-F1 or RXRy-F1, and F2-RXRy.

Cells were then treated with increasing concentrations of XCT0125908 for 20 min. Data
represent means + SEM from 5-8 independent experiments conducted in quadruplicata.
Values are expressed as normalized relative light units (RLU) obtained at 485 nm.
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Table 2

Pharmacological characterization of rexinoids in a Nur77 + RXRy gene reporter assay-.

Drug ECso (NM)  Epnax (%)
9-cisRA 60 + 16 100+ 4
HX600 1180 + 230 25+9
HX630 104 +33 30+5
SR11237 28+9 40+10
Bexarotene 45+ 26 53+10
Fluorobexarotene 28+ 16 32+4
LG268 24 £ 23 44+ 4

XCT0135908 2980 +670 48+15

1 . . . .
for a DR-5 reporter element in HEK-293T cells. Values represent means + SEM from 3-4 independent experiments. EC5( = effective
concentration at 50% of maximal activity; Emax = maximal response in percent (%) compared to 9-c/s RA.
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