
In Pursuit of Synthetic Modulators for the Orphan
Retina-Specific Nuclear Receptor NR2E3

Qiong Qin,1,* Anna Knapinska,2,* Nicoleta Dobri,1 Franck Madoux,2 Peter Chase,2

Peter Hodder,2,3 and Konstantin Petrukhin1

Abstract

Purpose: NR2E3 is an orphan nuclear receptor expressed exclusively in photoreceptor cells of the retina. NR2E3-
specific modulators may prolong photoreceptor survival in patients with dry age-related macular degeneration
and other forms of retinal degeneration. To definitively establish NR2E3 as a photoreceptor protection target,
identification of small-molecule NR2E3 modulators and their testing in animal models of retinal degeneration
are required. Development of the high-throughput screen (HTS)-compatible screen for small-molecule NR2E3
modulators is the first step toward this goal.
Methods: Purification protocol for isolation of the functionally competent soluble NR2E3 protein after its ex-
pression in the insect Sf9 cells was developed. The time-resolved fluorescence energy-transfer (TR-FRET) assay
assessing agonist-sensitive interaction between apo-NR2E3 and transcriptional corepressor RetCOR was used
for characterization of the previously reported putative NR2E3 agonist, Compound 11a, and to conduct the HTS
for novel small-molecule NR2E3 modulators (direct and inverse agonists). A counterscreen TR-FRET assay that
measures the affect of test compounds on PPARg interaction with corepressor NCOR was used for assessing the
specificity of compounds identified in the HTS.
Results: We developed the cell-free TR-FRET assay for small-molecule NR2E3 modulators, which is based on
agonist-induced disruption of the interaction between GST-tagged apo-NR2E3 and MBP-tagged fragment of
transcriptional corepressor RetCOR. Compound 11a, a putative NR2E3 agonist, did not affect the NR2E3–
RetCOR interaction, as was established by its titration in the developed assay. The assay was miniaturized for an
ultralow-volume 1,536-well format and automated into 3 simple pipetting steps. Consistent with excellent assay
performance, the test runs established a Z¢-score within the 0.6–0.8 range. Analysis of the mid-size National
Institutes of Health collection of 315,001 structurally diverse drug-like compounds confirmed excellent assay
performance, but did not reveal NR2E3-specific agonists or inverse agonists.
Conclusions: A robust and reliable TR-FRET assay for small-molecule NR2E3-specific modulators suitable for
the analysis of million compound-strong HTS libraries was developed. A previously described putative NR2E3
agonist, Compound 11a, is unlikely to represent a direct NR2E3 agonist. Application of the developed assay for
screening of a more abundant and diverse compound collection be required for identification of synthetic NR2E3
ligands.

Introduction

Age-related macular degeneration (AMD) is one of the
leading causes of blindness in the world.1 The loss of

vision in atrophic AMD results from degeneration of spe-
cialized neurons, rods and cones, in the central part of the
human retina called macula. Preservation of photoreceptor

cells in the macula is the ultimate goal of any anti-AMD
therapy. Nuclear receptors (NRs) are small-molecule- and
hormone-regulated transcription factors with discrete DNA-
binding and ligand-binding domains. NRs are essential for
regulation of a variety of biological processes, including
development, differentiation, and cell survival.2–4 One in 10
of the most widely used drugs acts via NRs, attesting to their
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importance as drug targets.5 In addition to ligand-regulated
NRs, this family of transcription factors includes a group of
NRs whose physiological ligands remain unidentified (or-
phan receptors). NR2E3, also known as PNR and RNR, is an
orphan NR expressed exclusively in photoreceptor cells of
the adult and developing retina.6–11 The physiological ligand
for NR2E3 remains to be identified. Mutations in NR2E3
have been associated with several forms of retinal degener-
ation in human patients, including enhanced S-cone syn-
drome,12–14 autosomal dominant15,16 and recessive17 forms
of retinitis pigmentosa, Goldmann-Favre syndrome,13 and
clumped pigmentary retinal degeneration.13 Several studies
indicate that NR2E3 acts as a critical regulator of photore-
ceptor development8,12,18–20 where it may function as a re-
pressor of cone-specific genes.7 As NR2E3 is expressed in
both developing and adult retina, it has been suggested that
in addition to its role in retinal development, this NR may be
involved in photoreceptor maintenance in the adult retina.19

The phenotype of the late-onset, slowly progressing retinal
degeneration in rd7 mice, which harbor a spontaneous de-
letion within the Nr2e3 gene,8 seems to be consistent with the
dual function of this NR in retinal development and photo-
receptor maintenance. Expression profiling conducted in the
retinas of Nr2e3 - / - and wild-type mice indicates a switch in
repertoire of regulated genes at the point of transition from
retinal differentiation to the fully developed adult retina,
which is consistent with the dual role of Nr2e3 in photore-
ceptor maintenance and development.21 Given exclusive
photoreceptor specificity of NR2E3 expression within the
retina and its potential role in maintenance of mature pho-
toreceptor cells, it seems reasonable to hypothesize that it
may be possible to prolong photoreceptor survival in pa-
tients with dry AMD and other forms of retinal degeneration
using small-molecule NR2E3-specific modulators. It is clear
however that to definitively establish NR2E3 as a photo-
receptor protection drug target, identification of small-
molecule NR2E3 agonists is required. The attempt to identify
small-molecule NR2E3 agonists in a live-cell, transcription-
based b-lactamase reporter assay has been described in the
past.22,23 While identification of a single structural series has
been reported,23 it was uncertain whether the described
compounds represent true NR2E3 agonists or, alternatively,
indirectly affect transcription of the b-lactamase reporter in a
cell-based assay. In addition, physical properties of the most
active putative agonist, Compound 11a (low solubility and
high logP) prevent its testing in animal models of retinal
degeneration. Additional characterization of Compound 11a
in an appropriate in vitro assay and identification of other
chemical classes in the new high-throughput screen (HTS)
are required to allow assessment of small-molecule NR2E3
modulators as a treatment for photoreceptor degeneration.
In the absence of ligands, many NRs interact with tran-
scriptional corepressors such as SMRT and NCOR,24,25 while
binding of an agonistic ligand induces conformational
changes in the ligand-binding domain of a NR and dissoci-
ation of the corepressor complex. It has been shown that apo-
NR2E3 is capable of interacting with corepressors NCOR,
SMRT, and RetCOR,22,26 and similar to classic NRs such as
TRb, RARa, and VDR, can function as a transcriptional
repressor in the absence of a ligand.7,22 Here, we describe
the development and optimization of the cell-free HTS-
compatible time-resolved fluorescence energy transfer (TR-
FRET) assay for small-molecule NR2E3 agonists, which is

based on agonist-induced disruption of the interaction
between 2 purified proteins, full-length GST-tagged apo-
NR2E3 and MBP-tagged fragment of transcriptional
corepressor RetCOR (Fig. 1). We used the assay for charac-
terization of the structural series of putative NR2E3 agonists
exemplified by Compound 11a23 and for conducting a HTS
of the National Institutes of Health (NIH) collection of
315,001 structurally diverse drug-like compounds.

Methods

Protein purification and peptide synthesis

For baculoviral expression in insect Sf9 cells, GST-fusion of
the full-length NR2E3 cDNA fragment (amino acids 2–410;
GenBank accession number NP_055064) was prepared by
amplification with Vent polymerase, followed by subcloning
into the Invitrogen pENTR/D-TOPO vector. After sequence
verification, the pENTR/D-GST/NR2E3 plasmid was trans-
formed into competent DH10BAC Escherichia coli cells (In-
vitrogen), which contain the baculovirus shuttle vector, the
bMON14272 bacmid, along with the helper pMON7124
plasmid. After in vivo recombination, white colonies con-
taining recombinant bacmid were selected on Luria-Bertani
agar plates containing 50 mg/mL kanamycin, 7 mg/mL gen-
tamicin, 10 mg/mL tetracycline, 100 mg/mL Bluo-gal, and
40mg/mL isopropyl b-D-1-thiogalactopyranoside (IPTG).
Cellfectin reagent (Invitrogen) was used to transfect insect
Sf9 cells cultured in a 6-well plate with sequence-verified
recombinant bacmid using the manufacturer’s protocol. The
amplified baculoviral stock was prepared in Sf9 cells as
recommended in the Bac-to-Bac Baculovirus Expression
System protocol (Invitrogen). For characterization of re-
combinant protein expression during preparation of the viral
stock, Western blot analysis with the anti-GST antibody at
1:1,000 dilution (AnaSpec, Inc.; Catalog number 29531) and
the anti-NR2E3 antibodies at 1:1,000 dilution (Abnova, Inc.;
Catalog number H00010002-B01) was performed after solu-
bilization of cell aliquots in the RIPA buffer. For protein
purification, 300 mL culture of Sf9 cells was infected with

FIG. 1. Schematic representation of the NR2E3 time-
resolved fluorescence energy transfer (TR-FRET) assay.
Unliganded apo-NR2E3 constitutively interacts with core-
pressor RetCOR, leading to association of 2 fluorescent
probes, Eu cryptate and XL665, which are indirectly linked to
GST-tagged NR2E3 and biotinylated RetCOR through
Eu(K)-labeled anti-GST antibody and XL665-labeled strep-
tavidin as shown in the picture. Light at 337 nm is used to
excite Eu(K), which will emit at 620 nm. The proximity of the
donor europium to the acceptor XL665 results in a transfer of
energy between Eu(K) and XL665, which induces the specific
FRET signal at 668 nm. Addition of an agonistic compound
would prevent NR2E3–RetCOR interaction resulting in a
signal decrease for TR-FRET at 668 nm.
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high-titer recombinant baculovirus and grown at 27�C for 3
days. After precipitation, cells were resuspended in 150 mL
of lysis buffer containing 10 mM Tris–HCl, pH 7.5, 150 mM
NaCl, 10 mM MgCl2, 1 mM dithiothreitol (DTT), 10 mg/mL
DNase, and 1 · complete protease inhibitor cocktail (Roche).
Cells were lysed by 3 cycles of freezing and thawing. Cell
lysate was cleared by centrifugation, and 20,000 g was ap-
plied onto a glutathione Sepharose column equilibrated in a
loading buffer (10 mM Tris–HCl, pH 7.5, 150 mM NaCl,
1 mM DTT, and 0.05% NP-40). The column was washed with
10 column volumes of loading buffer. To avoid aggregation
typical for heterologously expressed recombinant GST-
NR2E3 protein, elution was conducted in high volume
(100 mL) of 1% glutathione in the loading buffer. After elu-
tion, the protein was dialyzed against several changes of ice-
cold loading buffer containing 10% glycerol. Physical purity
was assessed by inspecting the Coomassie-stained sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) gel, and by performing Western blotting with anti-
GST and anti-NR2E3 antibodies. Concentration of purified
GST-NR2E3 for different protein preparations was within
the 117–281 nM range. Protein function for recombinant
GST-NR2E3 was confirmed by conducting electrophoretic
mobility-shift assay (EMSA) with purified protein using
DR1- and Knix2-response element as described in the fol-
lowing section.

For bacterial expression, the ligand-binding domain of
PPARg (amino acids 176–477; GenBank accession number
NP_005028) and NR-interacting domain of corepressor
RetCor (amino acids 18–367; GenBank accession number
BAA74913) were subcloned into the EcoRI-HindIII sites of
pMAL-c4x and SalI-NotI sites of pGEX-6p-3 vectors, respec-
tively. After introduction of expression plasmids to the BL21-
Gold(DE3)pLysS E. coli strain (Stratagene), recombinant
proteins (maltose-binding protein-tagged RetCOR and GST-
tagged PPARg-LBD) were purified from 1 L cultures using
the AKTA FPLC system (GE Healthcare) equipped with
5-mL GST Trap HP (for GST-PPARgLBD) or MBP Trap HP
(for MBP-RetCOR) columns, following the manufacturer’s
protocols. The MBP-RetCOR protein was biotinylated using
the EZ-link Sulfo-NHS-LC-Biotin kit (Pierce) according to the
manufacturer’s protocol. Biotinylated protein was charac-
terized by Western blotting with anti-MBP antibodies (New
England Biolabs; catalog number E8032L) and with strepta-
vidin-conjugated horseradish peroxidase.

Peptide NCOR2, Biotin-(aminohexanoic acid)-AD-
PASNLGLEDIIRKALMGSF-NH2, representing the second
NR-interacting fragment of corepressor NCOR was synthe-
sized by Genemed Synthesis, Inc.

Electrophoretic mobility-shift assay

The mobility-shift assay was conducted according to an
established protocol.27 The probe was prepared by annealing
oligonucleotides containing DR1-response element (5¢-
CTAGTATCGAGGGTAGGGGTCAGAGGTCACTCGTCG
ACCTAG-3¢) and labeled with [a-32P]-dCTP. The pcDNA5-
based expression construct containing full-length NR2E3
cDNA was transfected into CHO cells using Lipofectamin
2000 (Invitrogen). Whole-cell extracts were prepared from
transfected cells 24 h post-transfection. The reticulocyte
lysate TnT Quick Coupled Transcription/Translation system
(Promega) was used to prepare in vitro translated NR2E3

following the manufacturer’s recommendations. The anti-
NR2E3 antibody (Abnova, Inc.; catalog number H00010002-
B01) was used in supershift experiments. DNA–protein
complexes were resolved on 6% nondenaturing DNA retar-
dation gels (Invitrogen) followed by autoradiography.

Protein aggregation assay

Samples of purified protein were diluted into a series of
buffer conditions with variable amounts of glycerol, NP-40,
Triton X-100, KCl, NaCl along with 10 mM Tris–HCl, pH
7.5, and 1 mM DTT in the final volume of 100 mL. The
samples were incubated at room temperature for 30 min
and loaded onto the Nanosep 300K Omega centrifugal de-
vice (Pall Life Sciences). Soluble protein was separated from
the aggregates using centrifugation at 15,000 g for 15 min.
Protein aggregates retained on the membrane were solubi-
lized using the RIPA buffer preheated at 70�C. After addi-
tion of a loading buffer, protein samples were analyzed by
Western blot.

NR2E3-RetCOR TR-FRET assay conditions
in the 384-well plate format

The assay was performed in white Costar 384-well poly-
styrene plates (Corning) in a 16-mL final volume. The final
composition of 1 · HTRF buffer (Assay Buffer) was 10 mM
Tris–HCl, pH 7.5, 100 mM potassium fluoride, 0.05% w/v
bovine serum albumin, 0.05% NP-40, 1 mM DTT, and 6%
glycerol. Ten microliters of a mix containing GST-NR2E3
(2.88 nM) and MBP-RetCOR (11.2 nM) in 1 · HTRF buffer
was added to 4 mL of a compound dilution in 1 · buffer.
After 16 h of incubation at 4�C, 2mL of detection mix was
added to a well to make 0.75 nM final concentration of
Europium cryptate-anti-GST-antibody (Eu(K)-anti-GST Ab;
CisBio) and 42 nM final concentration of Streptavidin-XL665
(SA-XL665; CisBio). Plates were incubated at 4�C for addi-
tional 16–24 h, followed by HTRF measurement on Spec-
traMax M5e Multimode Plate reader (Molecular Devices).
Two readings were taken: Reading 1 for time-gated energy
from Eu(K) to XL665 (337-nm excitation, 668-nm emission,
counting delay 50 ms, counting window 400ms) and Reading
2 for Eu(K) time-gated fluorescence (337-nm excitation, 620-
nm emission, counting delay 50ms, counting window 400ms).
The signal was expressed as the ratio of fluorescence inten-
sity according to Equation (1):

Ratio¼ 10, 000 ·
F1668 nm

F1620 nm
(1)

where Fl668 nm represents the measured fluorescence
emission at 668 nm, and Fl620 nm represents the measured
fluorescence emission at 620 nm.

Positive control

As NR2E3 is an orphan NR, there are no known ligands
that could be used as positive control during assay devel-
opment and implementation. To mimic the effect of an ag-
onist (i.e., to measure FRET signal in the absence of the
NR2E3–RetCOR interaction), we measured the NR2E3–
RetCOR interaction in the presence of 10 mM biotin (more
than 1,000-fold molar excess over the biotinylated RetCOR
protein).
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Mammalian 2-hybrid assay

All expression constructs used in the mammalian 2-hybrid
assay were made in the pcDNA5FRT vector (Invitrogen). The
GAL-NCOR construct contains the N-terminal 147 amino
acids of GAL4 DNA-binding domain fused to the NCOR NR-
interacting domain (protein fragments bracketed by amino
acids 1,946–2,458). VP16-NR2E3_LBD plasmid carries the fu-
sion gene encoding VP16-activating domain and amino acids
114–410 of NR2E3; VP16-TRb_LBD vector encodes the VP16
fusion with thyroid hormone receptor b1-amino acids 169–
455; VP16-RARa_LBD vector encodes the VP16-activating
domain and amino acids 154–462 of RARa. For assessing the
effect of Compound 11a on NR2E3–NCOR, TRb–NCOR, and
RARa–NCOR interactions, CHO cells were plated into 96-well
plates at 50,000 cells/well density and transiently transfected
with a combination of pGL4.35 reporter (Promega), GAL-
NCOR, and VP16-RNR_LBD (or VP16-TRb_LBD and VP16-
RARa_LBD) plasmids using the FuGene 6 transfection
reagent (Roche Diagnostics) according to the manufacturer’s
protocol. Control agonists were 3,3¢,5-triiodo-L-thyronine
(Sigma-Aldrich) for TRb and 5,6,7,8-tetrahydro-5,5,8,8-
tetramethyl-2-naphthalenyl-1-propenyl benzoic acid (Biomol)
for RARa. Compound 11a as well as control agonists were
added to cells 24 h post-transfection, and incubation was
continued in a serum-free medium for additional 24 h before
measuring luciferase activity with the use of the Bright-Glo
Luciferase Assay System (Promega).

NR2E3 HTS assay in the 1,536-well plate format

Before the assay, 5 mL of Assay Buffer was dispensed into
columns 1 and 2 of 1,536-well assay plates (Greiner). Sub-
sequently, 5 mL of 1.05 · Assay Mixture containing 1.42 nM
NR2E3 and 7.35 RetCOR in the assay buffer was dispensed
into the remaining 46 columns. Next, 24 nL per well of the
molecular libraries small-molecule repository (MLSMR) li-
brary test compound in dimethyl sulfoxide (DMSO, final
concentration 3.9 mM), DMSO alone (low control, 0.4% final
concentration), or biotin (high control, 10 mM final concen-
tration) in DMSO was dispensed to the appropriate wells
using a Pin Tool transfer unit (GNF/Kalypsys). After pin-
ning of the compounds, 1 mL of 6 · Detection Mix con-
taining 4.5 nM Eu(K)-anti-GST and 252 nM Streptavidin-D2
(SA-D2) in Assay Buffer was dispensed in all wells. After
dispensing, final concentrations of the reagents were
0.75 nM Eu(K)-anti GST, 42 nM Streptavidin-D2, 1.35 nM
GST-tagged NR2E3, and 7 nM biotinylated RetCOR. The
plates were then incubated for 5 h at 4�C, and well TR-FRET
was measured. After excitation at 340 nm, well fluores-
cence was monitored at 617 nm [Eu(K)] and 671 nm (D2)
with the ViewLux microplate reader (Perkin Elmer). For
each well, a fluorescence ratio was calculated according to
Equation (1).

PPARc counterscreen

The assay was conducted as the primary screen above,
with the exception of NR2E3 and RetCOR addition. Instead,
1.05 · Assay Mixture containing 7.35 nM PPARg and 315 nM
biotinylated NCOR2 peptide in assay buffer were dispensed,
resulting in reagent final concentrations of 7.0 nM GST-
PPARg and 300 nM Biotin-NCOR2. Rosiglitazone at final
concentration of 10mM was used as positive control.

Compound library

The MLSMR library was provided by BioFocus DPI via
the NIH’s Roadmap Molecular Libraries Initiative. The
MLSMR library is a highly diversified collection of small
molecules in which more than 50% of compounds exhibit
molecular weights between 350 and 410 g/mol. The library
comprises both synthetic and natural products, from either
commercial or academic sources, which can be grouped into
the 3 following categories: (1) specialty sets of known bio-
active compounds such as drugs and toxins, (2) focused li-
braries aimed at specific target classes, and (3) diversity sets
covering a large area of the chemical space. Details regarding
compound selection for this library are provided online
at http://mli.nih.gov/mli/compound-repository/mlsmr-
compounds/ (last accessed on June 24, 2012).

NR2E3 HTS screen

Before the HTS screen, validation experiments were per-
formed using the library of pharmacologically active com-
pounds (LOPAC; Sigma). Optimized assay parameters
determined in validation experiments were identical to
conditions during the primary HTS campaign. For the pri-
mary assay, 315,001 compounds were tested in singlicate on
the miniaturized NR2E3 HTRF assay described above at a
final nominal test concentration of 3.9 mM (final DMSO
concentration of 0.4%) using the automated Scripps Research
Institute Molecular Screening Center robotic platform. The
agonism was measured as normalized percent inhibition of
each compound and was calculated on a per-plate basis as
described in the Data processing and analysis section [Eq. (2)
below]. The hit cutoff was calculated as the sum of the av-
erage percentage inhibition of all compounds tested plus 3
times their standard deviation. Compounds that exhibited
greater percent inhibition than this cutoff parameter were
declared active. Selected compounds were evaluated in trip-
licate in the NR2E3 assay for confirmation and in the PPARg
assay as a counterscreen. Results of each compound were
reported as average percentage inhibition, plus or minus the
associated standard deviation. The dose–response experi-
ments were performed in triplicates on selected compounds
using 10-0 point titrations with 1:3 serial dilutions starting at
39.8mM in both the NR2E3 and PPARg assays.

Data processing and analysis

For NR2E3 and PPARg assays, raw fluorescence values
were uploaded into the Scripps HTS database (MDL In-
formation Systems), and the fluorescence ratio was calcu-
lated according to Equation (1). For the data analysis in the
agonist mode of the assay, compound activity was normal-
ized on a per-plate basis using Equation (2):

%Inhibition¼ 100 ·�
1�
�

Ratio, Text compound�Median Ratio, High Control

Median Ratio, Low Control�Median Ratio, High Control

��

(2)

where high control corresponds to the wells from the same
plate containing 10mM biotin (100% inhibition control) for
the NR2E3 assay and 10mM Rosiglitazone for the PPARg
assay. Low control corresponds to wells from the same plate
treated with DMSO only (0% inhibition). For the data
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analysis in the inverse agonist mode, compound activity was
normalized on a per-plate basis using the same Equation (2)
with inverse agonists (which increase the NR2E3–RetCOR
interaction) showing negative% inhibition. As re-
commended,28 a Z¢-value > 0.5 was required for plate in both
assay modes.

Results

Purification of the functionally active NR2E3 protein

Purification of functionally active NR2E3 is a critical step
in developing an in vitro assay for identification of its small-
molecule modulators. Given that synthetic or endogenous
NR2E3 ligands are yet to be identified, some of the fre-
quently used formats for assessing functionality of purified

NRs, such as competition binding or agonist-induced inter-
action with coactivators, could not be used for monitoring
NR2E3 functionality during purification and assay devel-
opment. We relied on the ability of a purified functionally
active NR to recognize its response elements in EMSA to
confirm functionality of NR2E3. First, we conducted EMSA
experiments with CHO-cell-expressed wild-type NR2E3.
Wild-type NR2E3 expressed in CHO cells is capable of
binding to the DR1-response element and forming protein–
DNA complexes (Fig. 2A, lane 2). The shifted band represents
specific protein–DNA complexes, as it can be supershifted
with the anti-NR2E3 antibody (Fig. 2A, lane 3), and was
absent in control experiments when cell lysates from
mock-transfected CHO cells were used in gel-shift experi-
ments (Fig. 2A, lane 8). Importantly, expression of NR2E3

FIG. 2. Characterization of protein NRE2E3 preparations in electrophoretic mobility-shift assay (EMSA). (A) EMSA analysis
of CHO-cell-expressed and in vitro translated preparations of NR2E3. A cellular extract from CHO cells transfected with the
NR2E3 vector was incubated with the 32P-labeled DR1-response element and electrophoresed on a nondenaturing poly-
acrylamide gel as described in the Methods section. Lane 1 contains the 32P-labeled DR1 element only. Lane 2 shows the
DNA–protein complex formed by CHO-expressed NR2E3, whose specificity was confirmed by supershifting with the
NR2E3-specific antibody (lane 3). Mock CHO cell extract was added in lane 8 for comparison with CHO-expressed NR2E3-
DR1 complex. Lane 6 shows that binding of CHO-expressed NR2E3 to DR1 can be competed out by 50-fold molar excess of
cold DR1. Lane 4 shows the weak DNA–protein band formed after mixing of DR1 with NR2E3 synthesized in the in vitro
reticulocyte translation system, while lane 5 shows the effect of the specific NR2E3 antibody on this band. Reticulocyte lysate
programmed with the control plasmid was added to DR1 in lane 9. Arrow indicates the position of a DR1-NR2E3 complex.
Two dotted arrows indicate the position of nonspecific bands that are present in the mock CHO cell extract (lane 8) as well as
in the NR2E3-expressing cell extract (lanes 2 and 3). Arrowhead (lane 3) points to the position of the NR2E3-DR1 complex
supershifted with the specific antibody. Equal amounts of CHO-expressed and TnT-translated NR2E3 (as established by
Western blotting) were used in this experiment. The longer run was required to assure adequate resolution of the DNA–
protein complexes in a 6% nondenaturing DNA retardation gel that led to migration of labeled unbound DR1 out of the gel.
(B) EMSA analysis of Sf9-expressed GST-NR2E3 purified using the FPLC system. Lane 2 shows the DNA–protein complex
formed by CHO-expressed NR2E3, which can be supershifted with the NR2E3-specific antibody (lane 3). Lane 4 shows the
weaker DNA–protein band formed after mixing of DR1 with GST-NR2E3 purified from Sf9 cells using FPLC, while lane 5
shows the effect of the specific NR2E3 antibody on this band. Arrows indicate the positions of DR1/NR2E3 and DR1/GST-
NR2E3 complexes. NR2E3 immunoreactivity in CHO cells and purified GST-NR2E3 was compared using Western blotting,
and volumes of CHO-expressed NR2E3 and purified GST-NR2E3 were adjusted, so equal amounts of NR2E3 were taken into
the EMSA reaction.
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mRNA in a cell-free system, rabbit reticulocyte lysate, yiel-
ded a protein with a complex gel migration pattern that in-
cluded the band of the expected molecular weight (Fig. 3A).
In vitro synthesized NR2E3 formed a DNA–protein complex
on DR1-response element (Fig. 2A, lane 4) that was un-
proportionally weak than CHO-cell-expressed NR2E3, even
though equal protein amounts were taken into the EMSA
assay. In addition, in vitro expressed NR2E3 seems to form
high-molecular-weight aggregates visible even on the SDS-
containing protein gel (Fig. 3A). As reduced activity of
in vitro expressed NR2E3 in EMSA may indicate the impor-
tance of post-translational modifications in formation of fully
functional NR2E3, we decided to focus on an eukaryotic
expression system to produce functionally active NR2E3.
Protein expression in insect Sf9 cells using baculoviral ex-
pression system allows high-yield protein production in an
eukaryotic system. Using Bac-to-Bac system (Invitrogen), we
generated recombinant baculoviruses for GST fusions of full-
length NR2E3 as well as for the NR2E3-LBD fragment. After
confirming production of faithful RNA transcripts for
recombinant proteins using sequencing of reverse tran-
scription polymerase chain reaction (RT–PCR) fragments
covering the whole length of mRNA (data not shown), we
accumulated high-titer stocks of recombinant baculoviruses

and assessed the expression levels of GST-NR2E3 and
GST-NR2E3LBD proteins using Western blotting. Figure 3B
shows the data from a time-course experiment where we
compared levels of expression in Sf9 cells for GST-NR2E3
and GST-NR2E3LBD over the period of 5 days postinfection.
Based on the fact that the expression level for GST-NR2E3
was significantly higher than that of the GST-NR2E3LBD
protein with the highest levels of GST-NR2E3 expression
achieved at the second and third day postinfection, we de-
cided to use full-length GST-tagged NR2E3 protein ex-
pressed in Sf9 cells for assay development. After purification
of GST-NR2E3 from Sf9 cells using the GST-Trap column
and AKTA FPLC system, we compared functionality of
the FPLC-purified GST-NR2E3 preparation with that of the
CHO-cell-expressed untagged NR2E3 protein using EMSA
assay. As shown in Fig. 2B, FPLC-purified GST-NR2E3
generates EMSA signal of significantly lower intensity when
compared with the CHO-expressed protein. Size fraction-
ation analysis of FPLC-purified GST-NR2E3 on Superose
6 column revealed that the 2,000-kDa fraction represents
the most predominant species in the purified GST-NR2E3
preparation (data not shown), indicating protein aggrega-
tion. To overcome aggregation that leads to purification of
the inactive protein, we tested a variety of agents that are
known to either destabilize aggregates or increase native
protein stability.29 Protein aggregation was assayed based on
separation of aggregated and soluble NR2E3 using the Na-
nosep 300K Omega centrifugal device, as described in the
Methods section. As shown in Fig. 4, high-volume gravity
flow elution of GST-NR2E3 in a buffer containing 6% glyc-
erol and 0.05% NP-40 produced soluble, though diluted,
protein that was functionally active in the EMSA assay.

FIG. 3. Western blot analysis of protein NRE2E3 prepara-
tions. (A) Analysis of CHO-cell-expressed (lane 1) and
in vitro translated (lane 2) preparations of NR2E3. Amounts
of protein used in the EMSA experiment illustrated in Fig. 2
were loaded on the NuPAGE gel, followed by Western
blotting with the specific antibody. Position of the size
markers are shown with the arrows with sizes indicated in
kDa. Arrowhead indicates the full-length NR2E3 band
(44.6 kDa). (B) Time-course analysis of levels of expression
for GST-NR2E3 and GST-NR2E3LBD proteins in the bacu-
loviral system. Samples from Sf9 cultures infected with GST-
NR2E3 (lanes 1, 3, 5, 7, and 9) and GST-NR2E3LBD (lanes 2,
4, 6, 8, and 10) viruses were collected daily for 5 days post-
infection. Insect cells were precipitated, lysed in the RIPA
buffer, and analyzed using the Western blotting with the
specific NR2E3 antibody. Equal amounts of total protein
were loaded in each lane. Arrows on the right indicate the
positions of the GST-NR2E3 and GST-NR2E3LBD bands
(upper and lower arrow, respectively). The 46-kDa band
(marked with an asterisk) seen in lysates from Sf9 cultures
infected with GST-NR2E3 (lanes 3, 5, 7, and 9) is a pre-
sumptive degradation product of GST-NR2E3 corresponding
in size to the untagged full-length NR2E3 protein (44.6 kDa).

FIG. 4. Aggregation assay of the FPLC- and gravity-flow
purified GST-NR2E3 samples. Analysis was conducted using
the Nanosep 300K Omega centrifugal device as described in
the Methods section. FPLC-purified (lanes 1, 2) and gravity
flow-purified (lanes 3–10) samples were diluted to the same
protein concentration using the buffer containing 10 mM
Tris–HCl, pH 7.5, 150 mM NaCl, 1 mM dithiothreitol, and
10% glycerol. NP-40 concentrations were adjusted as indi-
cated in the figure. A and S lanes contain aggregated and
native soluble protein fractions, respectively.
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NR2E3 assay development and optimization
(384-well format)

After comparing several synthetic and cloned fragments of
corepressors SMRT, NCOR, and RetCoR for the ability to
interact with purified apo-NR2E3, we developed an HTS-
compatible TR-FRET assay that probes constitutive associa-
tion of purified GST-NR2E3 and a biotinylated fragment of
corepressor RetCOR in the absence of ligand. The purified
proteins are added together in the presence of test com-
pounds and Eu(K)-anti GST antibody and Streptavidin-
XL665 (SA-XL665) or Streptavidin-D2 (SA-D2). Interaction
between the RetCOR and NR2E3 partners brings the
fluorophore-tagged antibody and Streptavidin together,
leading to FRET between the fluorophores (Fig. 1). Test
compounds that act as NR2E3 agonists would induce con-
formational changes in the NR2E3 LBD, leading to dissocia-
tion of the RetCOR corepressor and reduction in FRET signal.
As NR2E3 is an orphan NR, no synthetic or endogenous ag-
onist was available to serve as a positive control during assay
development and implementation. To mimic the effect of an
agonist (i.e., to assess FRET signal in the absence of SA-
XL665/cryptate interaction), we measured the NR2E3–
RetCOR interaction in the presence of 10mM biotin (more than
1,000-fold molar excess over biotinylated RetCOR protein).
After conducting optimization steps for incubation time,
temperature, concentration of interacting proteins, and de-
tection reagents in the 384-well format, several independent
test runs were performed to assess the assay parameters.
Consistent with excellent assay performance in the 384-well
format, the test runs established the signal-to-background
ratio (S/B) within the 4.7–5.5 range, %CV within the 4.5%–
10% range, and a Z¢-score within the 0.6–0.8 range.

PPARc-NCOR2 counterscreen

The purpose of this biochemical assay is to determine
whether compounds identified as active in the primary
NR2E3/RetCOR screen are NR2E3 specific. PPARg is known
to constitutively interact with the corepressor NCOR frag-
ment; a TR-FRET assay measuring agonist-dependent release
of biotinylated NCOR2 peptide for purified PPARg has been
described in the literature.30 We were able to reproduce and
optimize the PPARg–NCOR2 interaction assay to make it
suitable for characterization of specificity for NR2E3 com-
pounds. The IC50 value for roziglitazone, a well-characterized
PPARg agonist, was 50 nM, which is consistent with previ-
ously published data.30

Characterization of a putative NR2E3 agonist
(Compound 11a)

Identification of a single structural series of putative
NR2E3 agonists exemplified by Compound 1 was previously
reported.23 A live-cell, transcription-based b-lactamase re-
porter assay was used to conduct the previously reported
HTS that led to identification of Compound 1.22,23 Following
that HTS, SAR optimization was possible only at a single
position of this series where modifications of the benzimid-
azole 5-amide improved potency in transactivation and in
mammalian 2-hybrid NCOR-release assays yielding Com-
pound 11a.23 In view of the fact that HTS screening, post-
HTS characterization, and SAR optimization were performed
in 2-cell-based reporter assays,22,23 there was a possibility

that Compounds 1 and 11a may affect transcription of re-
porters indirectly. We resynthesized Compound 11a and
conducted its analysis in the TR-FRET NR2E3–RetCOR in-
teraction assay. We failed to detect any effect of Compound
11a on NR2E3–RetCOR interaction in the TR-FRET assay
(Fig. 5A), thus proving that 11a does not act as a direct
NR2E3 agonist in this assay. Moreover, while reproducing
previously published data23 on the effect of 11a on NR2E3–
NCOR interaction in a cell-based mammalian 2-hybrid assay,
we were able to confirm its dose-dependent inhibitory ac-
tivity on NR2E3–NCOR interaction (Fig. 5B). However, this
effect was nonspecific, as 11a similarly inhibited constitutive
NCOR interaction with other NRs (TRb and RARa), in con-
trol mammalian 2-hybrid experiments (Fig. 5C, D). Overall, it
seems reasonable to suggest that the structural series exem-
plified by 11a does not comprise compounds representing
direct NR2E3 agonists.

Miniaturization of the NR2E3–RetCOR interaction
assay to the 1,536-well format

To identify small-molecule modulators of the NR2E3–
RetCOR interaction by screening a large compound library
( > 300,000 compounds), the assay was miniaturized to the
1,536-well plate format. All critical variables of the assay,
such as interacting partners and detection reagent concen-
trations, incubation time, and temperature, were carefully
optimized to provide the best balance between assay per-
formance, cost per well, and protocol suitability to the ro-
botized platform. Optimization for concentration of
interacting partners, NR2E3 and RetCOR, revealed concen-
tration optima similar to the ones defined for the 384-well
plate format (as illustrated in Fig. 6A for NR2E3), allowing
final concentrations identical to the 384-well conditions. To
reduce reagent addition steps during the screen, detection
reagents were combined to the binding partners as antago-
nistic pairs. In addition to simplifying the protocol to a 3-step
addition only, this enabled to dramatically shorten the in-
cubation time from 16 to 5 h. Upon completion of the opti-
mization phase, assay volumes were reduced by 63%. Under
these conditions, the calculated Z¢-value was > 0.5, while
biotin yielded the IC50 value of 21.9 – 2.4 nM (Fig. 6B). Fi-
nally, a DMSO tolerance assessment indicated that the assay
was insensitive to DMSO up to 1.6% (Fig. 6C), a concentra-
tion 4-fold higher than the one aimed for the screening
campaign. A LOPAC collection of 1,280 pharmacologically
active compounds was used to validate the TR-FRET NR2E3-
RetCOR assay before submitting it to the robotic platform.
All compounds were tested in triplicates at 3.9 mM, mim-
icking compound concentrations during the HTS. In addi-
tion, a PPARg-NCOR2 counterscreen was also evaluated in a
1,536-well format using the LOPAC collection. As expected,
the LOPAC screen revealed that most of the compounds
were inactive with no verifiable hits in the NR2E3 assay and
very few hits in the PPARg assays. The assay displayed ex-
cellent correlation, Z¢- and S/B values (data not shown).

Primary HTS campaign and characterization
of HTS hits

A collection of 315,101 compounds from the NIH’s
MLSMR was interrogated in the miniaturized NR2E3 cell-
based assay. The screen was executed at a final concentration
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of 3.98 mM on the robotic platform of the Scripps Research
Institute Molecular Screening Center at a throughput of
*15,000 compounds per hour. Assay performances were
calculated on a per-plate basis based on the aforementioned
high- and low-control wells. As illustrated in Fig. 7, the mean
Z¢ of the 257 compound plates tested was 0.89 – 0.01, indic-
ative of an exceptionally robust primary screen. The S/B
ratio was 2.45 – 0.12 (Fig. 7), which in good agreement with
the S/B value obtained during the pilot screen of LOPAC
collection. As anticipated, the vast majority of compounds
were found inactive (Fig. 8) with a normal Gaussian distri-
bution of activities with the activity mean close to 0% inhi-
bition (0.62% – 6.31%). The HTS hit cutoff value was defined
at 19.55% inhibition, as it represented the sum of the mean%
inhibition of all test compounds plus 3 times their standard
deviation. As a result, 379 compounds showing a %inhibi-
tion greater than the calculated hit cutoff were designated as
primary hits (0.12% hit rate). Of this number, 363 compounds
were available for reanalysis in triplicates in the confirmatory

NR2E3-RetCOR and counterscreen PPARg-NCOR2 assays.
About 39% of the compounds (140) showing percent inhi-
bition greater than the primary hit cutoff were confirmed in
the NR2E3 assay. A total of 164 compounds were also found
active in the PPARg-NCOR2 counterscreen (45%), with most
of the confirmed NR2E3 hits showing similar activities in
both assays (Fig. 9). All confirmed compounds that were
available (129), even the compounds that showed activity in
the PPARg counterscreen assay, were reanalyzed by titra-
tions in both the NR2E3-RetCOR and PPARg-NCOR2 assays
using 10-point serial dilutions starting at 39.8 mM. Results of
this titration phase indicated that no compound was selective
for NR2E3.

Inverse agonist screen

The results of the primary assay were subjected to ad-
ditional evaluation with the purpose of finding of potential
NR2E3 inverse agonists. Inverse agonists would strengthen

FIG. 5. Effect of Compound 11a on interaction of nuclear receptors with transcriptional corepressors. (A) Addition of
Compound 11a at indicated concentrations did not affect the NR2E3–RetCOR interaction in the TR-FRET assay. Biotin at
10 mM was used as a surrogate positive control to mimic the effect of an agonist as described in the Methods section. (B)
Increasing concentrations of Compound 11a (structure shown in the inset) were added to CHO cells cotransfected with the
GAL4-responsive pGL4.35 luciferase reporter along with GAL-NCOR and VP16-NR2E3_LBD plasmids. In the absence of
ligand, NR2E3–NCOR interaction brings the VP16 activation domain to the vicinity of the luciferase promoter-stimulating
luciferase gene expression. Compound 11a dose-dependently decreased luciferase expression. (C, D) Evaluation of Com-
pound 11a added at 20mM on TRb–NCOR (C), and RARa–NCOR (D) interactions in the mammalian 2-hybrid assay. pGL4.35
reporter and a GAL-NCOR plasmid along with VP16-TRb_LBD (C) or VP16-RARa_LBD (D) plasmids were used in
transfections. Control nuclear receptor agonists, 3,3¢,5-triiodo-l-thyronine (T3) and 5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-
naphthalenyl-1-propenyl benzoic acid (TTNPB), specifically induced the NCOR release from TRb (C) or RARa (D),
respectively. Compound 11a nonspecifically inhibited luciferase expression in TRb–NCOR (C) and RARa–NCOR (D)
transfections. Control experiments shown in (C, D) include transfections conducted with the pGL4.35 reporter alone, as well
as with pGL4.35 plus GAL-NCOR and pGL4.35 plus VP16-TRb_LBD (C) or VP16- RARa_LBD (D) constructs. The numbers
over the bars indicate luciferase activity in CHO cell extracts expressed in arbitrary light units.
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the interaction between an NR and a corepressor, which in
the context of the NR2E3-RetCOR primary assay would
lead to increase in the TR-FRET signal. After reanalysis of
data, 114 compounds that increased the TR-FRET signal in a
primary assay were ordered for confirmation and counter-
screen assays. Out of 114 compounds tested in the NR2E3
confirmation assay, 83 displayed activity in the primary
assay, while 76 compounds displayed activity in the PPARg
counterscreen. After conducting dose–response experi-
ments in the primary and counterscreens, no NR2E3-
selective compounds with inverse agonist properties have
been identified.

Discussion

Many classic NRs repress basal transcription of target
genes in the absence of ligands through association with
transcriptional corepressors such as SMRT and NCOR.24,25

Binding of an endogenous or synthetic agonist induces
conformational changes in the LBD, resulting in the release
of a corepressor complex and recruitment of transcriptional
coactivators. Historically, screening assays for small-
molecule modulators of nuclear hormone receptors are often
based on ligand-sensitive interaction with transcriptional
coactivators and corepressors.31–33 It has been shown that
apo-NR2E3 is capable of interacting with corepressors
N-CoR, SMRT, and RetCOR.22,26 Given that NR–corepressor
interaction is agonist sensitive for the vast majority of NRs,
we developed a cell-free HTS-compatible TR-FRET assay for
small-molecule NR2E3 modulators, which is based on
agonist-induced disruption of the interaction between GST-
tagged apo-NR2E3 and MBP-tagged fragment of tran-
scriptional corepressor RetCOR (Fig. 1). One of the major
hurdles in assay development was purification of the
functionally active NR2E3 protein. In the absence of a li-
gand that could be used for assessing NR2E3 functionality,

FIG. 6. Outcomes of the primary assay optimization for the 1,536-well format. (A) NR2E3 concentration optimization. The
assay was run at different concentrations of the NR2E3 protein. For each concentration, S/B ratio (�) and Z¢-values (B) were
calculated. The star indicates the optimal NR2E3 concentration. (B) Biotin titration. A 20-point, 2:3 serial dilution of biotin
was tested in the NR2E3 assay. The IC50 was calculated at 57 – 3 nM (n = 4). (C) Dimethyl sulfoxide (DMSO) tolerance
determination. Dose–responses of biotin were tested in the NR2E3 assay at different final DMSO concentrations ranging from
0.4% to 1.6%. The left Y-axis indicates the raw values of the positive (gray) and negative controls (black). Associated biotin
IC50 values ()), calculated S/B ratios (�), and Z¢-values (B) are reported on the right Y-axis.

FIG. 7. High-throughput screen (HTS) campaign statistics.
The graph shows scatter plots of the calculated Z¢-scores (B)
and signal-to-background (S/B, �) values of the NR2E3
primary screen. Three hundred fifteen plates were run in 7
different batches, comprising a total of 257 compound plates.
The average Z¢-factor and S/B ratio for the entire primary
screening campaign were 0.89 – 0.01 and 2.45 – 0.12, respec-
tively.

FIG. 8. Scatter plot of the normalized percent inhibition for
the 315,105 compounds tested in the primary HTS assay.
Compounds were tested at 3.98 mM. The dashed line repre-
sents the hit cutoff calculated at 19.55% as described in the
text. The 379 compounds (0.12% of the total) located above
this line were designated as primary HTS hits.
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we decided to use the ability of the protein to form func-
tional heterodimers in the EMSA assay as an analytical tool
for characterization of NR2E3 functionality in a process of
selecting an adequate expression system and a purification
protocol. As in vitro expressed NR2E3 contains low propor-
tion of EMSA-active protein (Fig. 2A) and seems to form
high-molecular-weight aggregates (Fig. 3A), we reasoned
that post-translational modifications may be important in
formation of the fully functional NR2E3 and selected
eukaryotic baculoviral system for GST-NR2E3 expression.
Even though production of functionally active NR2E3 could
be achieved in the Sf9 cells (Fig. 2B), aggregation of the
protein during purification was identified as a major issue.
Using a protein aggregation assay, we were able to define
conditions that allowed us purification of nonaggregated,
though diluted, NR2E3, which was functionally active in
the EMSA assay. Using this NR2E3 preparation along with
the bacterial-expressed fragment of corepressor RetCOR,
we established the TR-FRET-based NR2E3–RetCOR inter-
action assay and decided to reanalyze Compound 11a,
which was previously reported to exhibit the properties of
the NR2E3 agonist.23 We failed to detect any effect of
Compound 11a on NR2E3–RetCOR interaction (Fig. 5A),
which indicates that 11a does not act as a direct NR2E3 ag-
onist in this assay. In line with previously reported data,23

we were able to reproduce the dose-dependent inhibitory
activity of 11a on NR2E3–NCOR interaction in the mam-
malian 2-hybrid system (Fig. 5B). However, this effect was
nonspecific, as 11a similarly inhibited constitutive NCOR
interaction with other NRs (such as RARa and TRb) in
control mammalian 2-hybrid experiments (Fig. 5C, D). As a
result of 11a characterization, it seems reasonable to con-
clude that the structural series exemplified by 11a does not
comprise compounds representing direct NR2E3 agonists

that underscored the importance of conducting a new
HTS for NR2E3 ligands. After successful miniaturization of
the primary assay to the 1,536-well format, the HTS was
performed using a library containing 315,001 compounds.
Despite excellent assay performance (Figs. 7 and 8), no
NR2E3-specific compounds were identified among 379
primary HTS hits. Most of the primary hits represented
biotin-like structure, preventing interaction of the detection
reagent Streptavidin-d2 with biotinylated RetCOR. Given
the lack of confirmed agonistic compounds, were analyzed
the HTS dataset for the presence of other types of small-
molecule NR2ER3 modulators. While NR agonists stabilize
a coactivator-binding conformation inducing the release of
transcriptional corepressors from the ligand-binding do-
main, an inverse agonist would stabilize a corepressor-
binding conformation. We reasoned that if NR2E3-inverse
agonists were present in the compound collection, they
would increase the NR2E3–RetCOR interaction, which
could be registered as an increase in the TR-FRET signal.
Upon reanalyzing the data from the agonist screen, 114
compounds were found to increase the TR-FRET signal.
Unfortunately, after their careful dose-dependent character-
ization in primary and counterscreen assays, no NR2E3
selectivity for the compounds could be established (data not
shown). The results of the conducted HTS may have several
plausible explanations. Hypothetically, in the case of
structural similarity between NR2E3 and PPARg agonists,
positive HTS hits could have been erroneously rejected for
the lack of specificity after the counterscreen analysis in the
PPARg–NCOR interaction assay. We retested a small subset
of the HTS hits showing activity in primary and counter-
screen assays using the unrelated TR-FRET assay and con-
firmed the promiscuity for the tested compounds. Given
significant functional and structural differences between
NR2E3 and PPARg (e.g., ability to heterodimerize with
RXR, recognition of different response elements, and dis-
similar amino acid sequences), the overlap in structure of
agonistic ligands between the 2 receptors seems unlikely.
Alternative explanation for the negative results of the HTS
screen may be a nature of the compound collection. Even
though the NIH compound library has been successfully
used in the past for identification of small-molecule ligands
for NRs,34 its diversity may not be deep enough to include
structures resembling endogenous NR2E3 ligands present in
the photoreceptor cells of the retina. If this is the case, the use
of the TR-FRET assay described in this study in another,
more diverse and abundant compound collection may yield
the desired NR2E3 agonists.

Acknowledgments

The authors thank Pierre Baillargeon and Lina DeLuca
(Lead Identification Division, Scripps Florida) for compound
management. This research was supported by the NIH
Grants 1R21NS061718-01 (K.P.), P30 EY019007 (Core Sup-
port for Vision Research; Columbia University Medical
Center), U54 MH084512 (A.K., F.M., P.C., P.H.), and unre-
stricted funds from Research to Prevent Blindness (New
York, NY) to the Department of Ophthalmology, Columbia
University. This research was also supported by gifts from
The Burch Family Foundation, the Mary Jaharis-John Catsi-
matidis Scholarship Fund, the Eye Surgery Fund, and the
Kaplen Foundation.

FIG. 9. Results of confirmatory and counterscreens for
primary HTS hits. The graph shows scatter plot of the av-
eraged normalized percent inhibition (n = 3) for the 363
compounds tested in parallel in the NR2E3 assay for con-
firmation and in the PPARg counterscreen. Compounds were
tested at 3.98 mM.

HTS FOR SYNTHETIC LIGANDS OF NR2E3 307



Author Disclosure Statement

No competing financial interests exist.

References

1. Petrukhin, K. New therapeutic targets in atrophic age-
related macular degeneration. Expert Opin. Ther. Targets. 11:
625–639, 2007.

2. Mangelsdorf, D.J., Thummel, C., Beato, M, Herrlich, P.,
Schutz, G., Umesono, K., Blumberg, B., Kastner, P., Mark,
M., Chambon, P., and Evans, R.M. The nuclear receptor
superfamily: the second decade. Cell. 83:835–839, 1995.

3. Chawla, A., Repa, J.J., Evans, R.M., and Mangelsdorf, D.J.
Nuclear receptors and lipid physiology: opening the X-files.
Science. 294:1866–1870, 2001.

4. Francis, G.A., Fayard, E., Picard, F., and Auwerx, J. Nuclear
receptors and the control of metabolism. Annu. Rev. Physiol.
65:261–311, 2003.

5. Chatterjee, V.K. Resistance to thyroid hormone, and perox-
isome-proliferator-activated receptor gamma resistance.
Biochem. Soc. Trans. 29:227–231, 2001.

6. Kobayashi, M., Takezawa, S., Hara, K., Yu, R.T., Umesono,
Y., Agata, K., Taniwaki, M., Yasuda, K., and Umesono, K.
Identification of a photoreceptor cell-specific nuclear recep-
tor. Proc. Natl. Acad. Sci. U S A. 96:4814–4819, 1999.

7. Chen, J., Rattner, A., and Nathans, J. The rod photoreceptor-
specific nuclear receptor Nr2e3 represses transcription of
multiple cone-specific genes. J. Neurosci. 25:118–129, 2005.

8. Akhmedov, N.B., Piriev, N.I., Chang, B., Rapoport, A.L.,
Hawes, N.L., Nishina, P.M., Nusinowitz, S., Heckenlively,
J.R., Roderick, T.H., Kozak, C.A., Danciger, M., Davisson,
M.T., and Farber, D.B. A deletion in a photoreceptor-specific
nuclear receptor mRNA causes retinal degeneration in the
rd7 mouse. Proc. Natl. Acad. Sci. U S A. 97:5551–5556, 2000.

9. Bumsted O’Brien, K.M., Cheng, H., Jiang, Y., Schulte, D.,
Swaroop, A., and Hendrickson, A.E. Expression of photo-
receptor-specific nuclear receptor NR2E3 in rod photore-
ceptors of fetal human retina. Invest. Ophthalmol. Vis. Sci.
45:2807–2812, 2004.

10. Peng, G.H., Ahmad, O., Ahmad, F., Liu, J., and Chen, S. 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, 2005.

11. Cheng, H., Khanna, H., Oh, E.C., Hicks, D., Mitton, K.P., and
Swaroop, A. Photoreceptor-specific nuclear receptor NR2E3
functions as a transcriptional activator in rod photorecep-
tors. Hum. Mol. Genet. 13:1563–1575, 2004.

12. Haider, N.B., Jacobson, S.G., Cideciyan, A.V., Swiderski, R.,
Streb, L.M., Searby, C., Beck, G., Hockey, R., Hanna, D.B.,
Gorman, S., Duhl, D., Carmi, R., Bennett, J., Weleber, R.G.,
Fishman, G.A., Wright, A.F., Stone, E.M., and Sheffield, V.C.
Mutation of a nuclear receptor gene, NR2E3, causes en-
hanced S cone syndrome, a disorder of retinal cell fate. Nat.
Genet. 24:127–131, 2000.

13. Sharon, D., Sandberg, M.A., Caruso, R.C., Berson, E.L., and
Dryja, T.P. Shared mutations in NR2E3 in enhanced S-cone
syndrome, Goldmann-Favre syndrome, and many cases of
clumped pigmentary retinal degeneration. Arch. Ophthalmol.
121:1316–1323, 2003.

14. Nakamura, M., Hotta, Y., Piao, C.H., Kondo, M., Terasaki, H.,
and Miyake, Y. Enhanced S-cone syndrome with subfoveal
neovascularization. Am. J. Ophthalmol. 133:575–577, 2002.

15. Escher, P., Gouras, P., Roduit, R., Tiab, L., Bolay, S., Dela-
rive, T., Chen, S., Tsai, C.-C., Hayashi, M., Zernant, J.,
Merriam, J.E., Mermod, N., Allikmets, R., Munier, F.L., and

Schorderet, D.F. Mutations in NR2E3 can cause dominant or
recessive retinal degenerations in the same family. Hum.
Mutat. 30:342–351, 2009.

16. Coppieters, F., Leroy, B.P., Beysen, D., Hellemans, J., De
Bosscher, K., Haegeman, G., Robberecht, K., Wuyts, W.,
Coucke, P.J., and De Baere, E. Recurrent mutation in the first
zinc finger of the orphan nuclear receptor NR2E3 causes
autosomal dominant retinitis pigmentosa. Am. J. Hum. Genet.
81:147–157, 2007.

17. Gerber, S., Rozet, J.M., Takezawa, S.I., dos Santos, L.C.,
Lopes, L., Gribouval, O., Penet, C., Perrault, I., Ducroq, D.,
Souied, E., Jeanpierre, M., Romana, S., Frezal, J., Ferraz, F.,
Yu-Umesono, R., Munnich, A., and Kaplan, J. The photore-
ceptor 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, 2000.

18. Haider, N.B., Naggert, J.K., and Nishina, P.M. Excess cone
cell proliferation due to lack of a functional NR2E3 causes
retinal dysplasia and degeneration in rd7/rd7 mice. Hum.
Mol. Genet. 10:1619–1626, 2001.

19. Milam, A.H., Rose, L., Cideciyan, A.V., Barakat, M.R., Tang,
W.X., Gupta, N., Aleman, T.S., Wright, A.F., Stone, E.M.,
Sheffield, V.C., and Jacobson, S.G. The nuclear receptor
NR2E3 plays a role in human retinal photoreceptor differ-
entiation and degeneration. Proc. Natl. Acad. Sci. U S A.
99:473–478, 2002.

20. Ueno, S., Kondo, M., Miyata, K., Hirai, T., Miyata, T., Usu-
kura, J., Nishizawa, Y., and Miyake, Y. Physiological func-
tion of S-cone system is not enhanced in rd7 mice. Exp. Eye
Res. 81:751–758, 2005.

21. Webber, A.L., Hodor, P., Thut, C.J., Vogt, T.F., Zhang, T.,
Holder, D.J., and Petrukhin, K. Dual role of Nr2e3 in pho-
toreceptor development and maintenance. Exp. Eye Res.
87:35–48, 2008.

22. Kapitskaya, M., Cunningham, M.E., Lacson, R., Kornienko,
O., Bednar, B., and Petrukhin, K. Development of the high
throughput screening assay for identification of agonists of
an orphan nuclear receptor. Assay Drug Dev. Technol. 4:253–
262, 2006.

23. Wolkenberg, S.E., Zhao, Z., Kapitskaya, M., Webber, A.L.,
Petrukhin, K., Tang, Y.S., Dean, D.C., Hartman, G.D., and
Lindsley, C.W. Identification of potent agonists of photore-
ceptor-specific nuclear receptor (NR2E3) and preparation of
a radioligand. Bioorg. Med. Chem. Lett. 16:5001–5004, 2006.

24. Chen, J.D., and Evans, R.M. A transcriptional co-repressor
that interacts with nuclear hormone receptors. Nature.
377:454–457, 1995.

25. Horlein, A.J., Naar, A.M., Heinzel, T., Torchia, J., Gloss, B.,
Kurokawa, R., Ryan, A., Kamei, Y., Soderstrom, M., Glass,
C.K., et al. Ligand-independent repression by the thyroid
hormone receptor mediated by a nuclear receptor co-re-
pressor. Nature. 377:397–404, 1995.

26. Takezawa, S., Yokoyama, A., Okada, M., Fujiki, R., Iriyama,
A., Yanagi, Y., Ito, H., Takada, I., Kishimoto, M., Miyajima,
A., Takeyama K.-I., Umesono, K., Kitagawa, H., and Kato, S.
A cell cycle-dependent co-repressor mediates photoreceptor
cell-specific nuclear receptor function. EMBO J. 26:764–774,
2007.

27. Latchman, D.S. Transcription Factors: A Practical Approach.
United Kingdom: IRL; 1993.

28. Zhang, J.H., Chung, T.D., and Oldenburg, K.R. A Simple
statistical parameter for use in evaluation and validation of
high throughput screening assays. J. Biomol. Screen. 4:67–73,
1999.

308 QIN ET AL.



29. Bondos, S.E., and Bicknell, A. Detection and prevention of
protein aggregation before, during, and after purification.
Anal. Biochem. 316:223–231, 2003.

30. Fujimura T, Sakuma H, Ohkubo-Suzuki A, Aramori I, Mu-
toh S. Unique properties of coactivator recruitment caused
by differential binding of FK614, an anti-diabetic agent, to
peroxisome proliferator-activated receptor gamma. Biol
Pharm Bull. 29:423–429, 2006.

31. Hilal, T., Puetter, V., Otto, C., Parczyk, K., and Bader, B. A
dual estrogen receptor TR-FRET assay for simultaneous
measurement of steroid site binding and coactivator re-
cruitment. J. Biomol. Screen. 15:268–278, 2010.

32. Chin, J., Adams, A.D., Bouffard, A., Green, A., Lacson, R.G.,
Smith, T., Fischer, P.A., Menke, J.G., Sparrow, C.P., and
Mitnaul, L.J. Miniaturization of cell-based beta-lactamase-
dependent FRET assays to ultra-high throughput formats to
identify agonists of human liver X receptors. Assay Drug
Dev. Technol. 1:777–787, 2003.

33. Glickman, J.F., Wu, X., Mercuri, R., Illy, C., Bowen, B.R., He,
Y., and Sills, M. A comparison of ALPHAScreen, TR-FRET,

and TRF as assay methods for FXR nuclear receptors. J.
Biomol. Screen. 7:3–10, 2002.

34. Madoux, F., Li, X., Chase, P., Zastrow, G., Cameron, M.D.,
Conkright, J.J., Griffin, P.R., Thacher, S., and Hodder, P.
Potent, selective and cell penetrant inhibitors of SF-1 by
functional ultra-high-throughput screening. Mol. Pharmacol.
73:1776–1784, 2008.

Received: July 11, 2012
Accepted: September 12, 2012

Address correspondence to:
Dr. Konstantin Petrukhin

Department of Ophthalmology
Columbia University Medical Center

630 West 168th Street
New York, NY 10032

E-mail: kep4@columbia.edu

HTS FOR SYNTHETIC LIGANDS OF NR2E3 309


