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ABSTRACT

Classically, activated transcription by nuclear receptors (NRs) is due to a ligand-
induced switch from corepressor to coactivator bound states. However,
coactivators and corepressors recognize overlapping surfaces of liganded and
unliganded NRs, respectively. Here we show that, at sufficiently high
concentration, the NR Corepressor (NCoR) influences the activity of the liver X
receptor (LXR) even in the presence of a potent full agonist that destabilizes
NCoR binding. Partial agonist ligands that less effectively dissociate NCoR from
LXR are even more sensitive to NCoR levels, in a target-gene selective manner.
Thus, differential recruitment of NCoR is a major determinant of partial agonism

and selective LXR modulation of target genes.



INTRODUCTION

The liver X receptors LXRa (NR1H3) and LXRB (NR1H2) are highly homologous
members of the nuclear hormone receptor superfamily which are encoded by two
distinct genes (1). LXRa displays a more limited expression profile, with high
expression in the liver, adipose, intestine, kidneys and macrophages, whereas
LXRp is ubiquitously expressed. These receptors have been shown to play
important roles in cholesterol and lipid homeostasis as well as innate immunity
and inflammation. While first described as an orphan nuclear receptor, LXR was
later shown to be regulated by endogenous oxysterol ligands (2-4). LXRs
regulate transcription at target genes via binding to LXREs (liver X receptor
response element) within promoters of target genes. In the unliganded state,
LXR preferentially associates with the Nuclear Receptor CoRepressor (NCoR)
(5). Upon ligand binding, the corepressor complex is dismissed and coactivators
such as Steroid Receptor Coactivator-1 (SRC-1) are recruited, facilitating
alterations to local chromatin architecture and subsequent recruitment of the

general transcription machinery.

LXR regulates whole-body cholesterol metabolism via direct transcriptional
regulation of ATP-binding cassette transporter (ABC) A1 in macrophages, which
promotes cellular cholesterol mobilization and efflux from macrophages to

Apolipoprotein A-1 and Apo-E acceptors to form nascent HDL particles (6, 7).



Together with other LXR target genes including ApoE, these proteins regulate a
pathway for the removal of cholesterol from the periphery for transport to the liver
termed reverse cholesterol transport (RCT) (8, 9). Additionally, in rodents LXR-a.
promotes the hepatic induction of cholesterol 7-a (CYP7AT), which facilitates
hepato-billiary cholesterol secretion in the face of excess dietary cholesterol (10).
This is dramatically illustrated by mice lacking LXR, which display severe

hypercholesterolemia and hepatic steatosis on a high-fat, high-cholesterol diet

(11).

Due to the potential of LXR as a drug target for dyslipidemia, several highly
potent and active agonists have been synthesized, including T091317(12).
However, the therapeutic utility of LXR ligands has been limited by hepatic
steatosis and hypertriglyceridemia (12, 13). These effects may be due to direct
induction of the lipogenic transcription factor Sterol-Regulatory Element Binding
Protein 1 (Srebp-1) as well as other lipogenic LXR target genes including fatty
acid synthase (FAS), which leads to a robust induction of fatty acid synthesis in
the liver (14-16). The limitations imposed by the dual regulation of de novo
lipogenesis and RCT by LXR indicate that a target-specific approach to
modulation of LXR activity will be critical for successful therapeutic intervention.
It is also critical to study LXR effects in humans because the beneficial induction
of CYP7A1 may be rodent-specific (11), and rodents also lack functional
cholesteryl ester transport protein which is a detrimental LXR target gene in

humans (17, 18)



In the case of estrogen receptor (ER), differential recruitment of coactivators and
corepressors may explain why Selective ER Modulators (SERMs) have target
gene and cell-type selectivity (19). SERM binding induces ER conformations that
are different from those of ER bound to potent agonists. Similarly, different
conformations have been noted for LXR bound to the partial agonist 24(S), 25-
epoxycholesterol and the potent synthetic agonist T091317, suggesting that it
may be possible to selectively modulate the activity of LXR (20). Selective
modulation could involve quantitative or qualitative differences in coactivator
association with liganded LXR (21-25). Alternatively, though not mutually

exclusively, different ligands could alter interaction with NCoR (26).

Here we show that NCoR binding plays a critical role in the differential response
of LXR to a variety of ligands. Using in vitro biochemical studies and chromatin
immunoprecipitation (ChlP) analysis in cells, we demonstrate that, independent
of binding affinity, different LXR agonist ligands have vastly different properties in
destabilizing the association of NCoR with LXR target genes. In addition,
modulation of the level of NCoR protein differentially influences ligand activation
of LXR and is target gene specific. Moreover, individual ligands have target
gene-specific effects on NCoR dismissal from endogenous LXR targets. Thus,
differential NCoR recruitment underlies gene-specific differences in activation by

these ligands.



RESULTS

Partial agonism of LXR. We studied two ligands that have been previously
described, the sulfonamide T091317 and GW3965 (12, 27), as well as a novel
LXR ligand GSK418224 (Fig. 1A), referred to as T09, GW965, and GSK224.
The activities of the ligands were tested by in vitro FRET assays, luciferase
reporter assays using Gal-LXR or full length LXR in human kidney 293T cells,
and assays of endogenous gene expression in human liver cells. The results are
summarized in Table 1. In transient transfections, T09 induced high levels of
LXRa transactivation, relative to the maximum efficacy of GW965, which was
only ~23% of that of T09 (Fig. 1b). Maximum efficacy of GSK224 was an order
of magnitude lower still and ~1% that of T0O9 (Fig. 1b, see inset). Thus, both
GW965 and GSK224 functioned as partial agonists relative to the full agonist
T09. To determine whether the reduced efficacies at saturating concentrations
were due to differences in coactivator recruitment, a cell-free florescence-
resonance energy transfer (FRET) assay was used to measure recruitment of a
biotinylated SRC-1 NR box peptide (28) in the presence of increasing
concentrations of ligand. Comparisons of the relative ability to recruit coactivator
at maximal ligand concentration revealed only a minor difference between T09
and GW965, while the effectiveness of GSK224 was less but nevertheless
considerably more than would have been predicted by its low relative level of

transcriptional activity (Fig. 1c).



LXR agonists display major differences in dissociating corepressor. Since
coactivator recruitment was insufficient to explain the large differences in
transactivation by the LXR ligands, we next examined their abilities to displace a
biotinylated NCoR CoRNR (Co-repressor NR box) peptide (29) from LXR. In this
assay, 109 markedly destabilized NCoR binding (Fig. 2a), whereas GW965 was
considerably less efficacious at maximal ligand concentrations (Fig. 2b), and
GSK224 had a very muted effect (Fig. 2c). Thus, the degree of agonism of
GW965 and GSK224 in the Gal4-LXR transactivation assay correlated with their

inability to induce dissociation of NCoR from LXR.

Differential effects of ligands on target gene recruitment of NCoR by LXR.
We next employed chromatin immunoprecipitation (ChlP) to assess the effects of
LXR ligands on NCoR recruitment by Gal4-LXRa in intact cells. As expected,
NCoR was robustly recruited by Gal-LXRa relative to the Gal DNA binding
domain (DBD) alone (Fig. 3). Consistent with the predictions from in vitro
studies, GSK224 had little effect on NCoR recruitment, and GW965 had a
moderate effect, while TO9 led to near complete dissociation of NCoR from the

reporter gene (Fig. 3).

LXRa transactivation is modulated by cellular NCoR levels. To determine
the role of NCoR in modulating the activity of LXR ligands, we repeated the
transactivation assays at saturating concentrations of ligands following a

reduction in NCoR levels using small interfering RNA (siRNA). Under these



conditions, activation by GSK224 increased ~5.2-fold, and the activity of GW965
also increased markedly (~3.7-fold, Fig. 4a). Even T09 activity was increased
when NCoR levels were reduced, although the change was more modest (Fig.
4a). Over-expression of NCoR had its greatest effect on the activity of GW965,
which was reduced by ~50% (Fig. 4b). GSK224 activity was decreased only
~1.3-fold, consistent with the previous conclusion that endogenous NCoR was
already bound in this setting and the activity of the full agonist T09 was affected
even less by exogenous NCoR (Fig. 4b). In sum, GW965-mediated association

with NCoR was highly dynamic, and thus most sensitive to the level of NCoR.

Partial agonism of LXRo/RXRa. heterodimers. We next determined whether
the ligands also differentially activated the full-length receptor LXR by
cotransfecting expression plasmids for LXRa and RXRa along with LXR-
responsive luciferase reporter constructs into 293T cells. Using a reporter
containing three copies of an LXR-response element (DR-4) cloned upstream of
the herpes simplex virus thymidine kinase promoter, T09 and GW965 induced
similar levels of activation whereas GSK224 treatment led to a lower induction
(Fig. 5a). We also examined a luciferase reporter driven by the human ABCA1
promoter. 293T cells were cotransfected with a luciferase reporter driven by
1.45kb of the proximal human ABCAT promoter, containing the LXR-response
element (30). hABCAT1-driven luciferase activity was induced to the greatest

extent by T09, followed by GW965, then GSK224. Together, these results



confirm that TO9 is the strongest LXR agonist, with GW965 intermediate and

GSK224 a weaker agonist.

Partial agonism of LXRa in human liver-derived cells. We next determined
the activity of these LXR ligands on endogenous gene expression in human
HepG2 hepatoma cells. Fatty acid synthase (hFASN), an LXR target that may
contribute to hepatic triglyceride accumulation that is an undesirable side effect
for clinical LXR agonism, was dramatically induced by T09 whereas GW965 was
less active at inducing hFASN and GSK224 even less so (Fig. 6a). By contrast,
in the same cells, the expression of another lipogenic LXR target, hSREBP1, was
increased to similar extents by all three ligands (Fig. 6b). Similarly all three
ligands activated another LXR target, the cholesterol efflux gene hABCA1 (Fig.
6¢). Thus, TO9 behaved as a full agonist at all genes tested whereas the degree

of agonism of GSK224 and GW965 was gene specific.

NCoR occupancy of endogenous LXR target genes in liver cells. To further
assess the contribution of NCoR association to relative expression levels at
these LXR target genes, we performed ChIP in the vicinity of known LXREs in
the endogenous FAS, SREBP1, and ABCA1 genes at saturating concentrations
of each of the LXR ligands. The degree of NCoR dismissal from the fatty acid
synthase gene was ligand-specific and, consistent with the gene expression,
reduced only modestly by GSK224, moderately by GW965, and markedly by T09

(Fig. 7a). By contrast, only a modest difference in relative NCoR recruitment was



observed among the ligands at the SREBP1 promoter, consistent with the gene
expression data (Fig. 7b). Examination of the LXRE at ABCAT revealed a trend
of graded occupancy, however, the only significant difference observed was
between GW965 and T09. Thus, the level of NCoR occupancy correlated with

the differential activation of these LXR target genes.

Knockdown of NCoR enhances expression of LXR target genes. Given the
gene-specific occupancy by NCoR in the presence of various LXR ligands, we
explored the consequence of NCoR knockdown. Consistent with NCoR
occupancy shown earlier, depletion of NCoR induced expression of the FAS
gene (Fig. 8a). Reduction in NCoR levels also enhanced activation by GSK224
and GSK965, but not T09, which was also consistent with the level of NCoR
occupancy in the presence of these compounds (Fig. 8a). NCoR depletion also
potentiated induction of SREBP and ABCA1 mRNA by GSK224, and in the case
of ABCA1 activation was also increased but to a lesser extent by the other
compounds (Figs. 8b, c¢). Thus, the degree of association with NCoR in the
presence of LXR ligands is a target-gene specific determinant of partial agonist

activity.

DISCUSSION

We have described a mode of selective modulation of LXR in which the relative

recruitment of the co-repressor NCoR is a critical determinant of transcriptional

10



efficacy. Two compounds that function as partial agonists relative to T09 fail to
completely dissociate NCoR from LXR, with the least active compound causing
almost no dissociation either in FRET assays performed in vitro or in ChIP
assays in living (intact) cells. Affinity of liganded LXR for NCoR is likely to
explain a portion of the reduced efficacy of these compounds. Consistent with
this, removal of NCoR from cells enhanced the activity of the partial agonists.
Others have previously correlated failure to dissociate NCoR with partial agonist
activity (26). However, the present report is the first to demonstrate differential
NCoR dismissal from endogenous genes, and the first to test and confirm the

NCoR hypothesis by manipulating NCoR concentrations.

It is likely that partial agonism reflects a combination of altered coactivator affinity
as well as failure to completely dissociate NCoR. In this regard, it is of interest
that SERMs differ from the full agonist estradiol because they alter the range of
coactivator specificity as well as favoring interaction with corepressors (19). Note
that, unlike LXR, ER does not have affinity for NCoR nor is it mostly bound to
target genes in the unliganded state. Thus the role of corepressors is likely to be
greater for LXR. This mechanism is potentially applicable to all NRs that bind
corepressors, and particularly those that are bound to target genes in the

absence of ligand (31).

For the development of potential therapies targeting LXR, the concomitant

induction of hepatic de novo lipogenesis remains a major obstacle. Thus, it was
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of great interest to assess whether compounds that functioned as partial agonists
in vitro and in transient transfection assays retained these properties on
endogenous genes in liver cells. Indeed, GSK224 had very little effect on the
lipogenic FAS gene, in part due to its failure to dissociate NCoR. Consistent with
the differential effects of these ligands on NCoR dismissal at the FAS promoter,
rodent studies have shown that indeed GW965 treatment results in decreased
hepatic triglyceride accumulation compared to the full agonist T09 (25).
However, GSK224 did activate the lipogenic SREBP1 gene, and enhanced
dissociation of NCoR, about as well as the full agonist T09. Since both FAS and
SREBP1 were evaluated in the same cells, these data strongly suggest that
additional cis-elements in the SREBP1 gene, perhaps interacting with gene-
specific factors, alter the conformation of the GSK224-bound LXR so as to
recapitulate that of the full agonist-bound form. A better understanding of these
factors will be critical to the rational design of selective LXR modulators that do

not cause hepatic lipogenesis.

MATERIALS AND METHODS

Reagents. Compounds were provided by GlaxoSmithKline or obtained from
Calbiochem. DMSO was obtained from Sigma. For Western blot analysis, the
antibody for NCoR has been previously described (32), and antibody for B-Actin

was obtained from Sigma-Aldrich. For chromatin immunoprecipitation,

12



antibodies for NCoR were obtained from Abcam and control IgG antibodies were

from Calbiochem. Protein A-Sepharose was from Amersham Biosciences.

Plasmids. pFA-CMV-Gal4-hLXRa LBD(162-447), pFA-CMV-Gal4-DBD, and
pGL3-hABCA1-Luc provided by GlaxoSmithKline; GAL-UASX5-SV40-
Luciferase, pB-Galactosidase, pCMX-NCoR-FLAG, pCMX-mLXRa, and pCMX-
mRXRa plasmids have been previously described (32, 33). pGL3-basic was
obtained from Promega and pCIS and pCIS-LXRE-Luc were obtained from

Stratagene.

Fluorescence Resonance Energy Transfer (FRET) Assay. A modified
polyhistidine tag was fused in frame to the human LXR ligand binding domain
and subcloned into the expression vector pRSETa (Invitrogen) The human LXR
ligand binding domain was expressed in E. coli strain BL21(DE3) in Rich PO4
media with 0.1 mg/mL Ampicillin at 25°C for 12 hours, and 0.25 mM IPTG was
added Cells were resuspended and concentrated cell slurries were stored in
PBS at -80°C. Cell paste was resuspended in TBS, pH 8.0 (25mM Tris, 150 mM
NaCl). Cells were lysed by an APV Rannie MINI-lab homogenizer and cell debris
was removed by centrifugation. The cleared supernatant was filtered through
coarse pre-filters, and TBS, pH 8.0, containing 500 mM imidazole was added to
obtain a final imidazole concentration of 50mM. Lysate was loaded onto
Sepharose [Ni++ charged] Chelation resin (Pharmacia) and pre-equilibrated with

TBS pH 8.0/ 50mM imidazole. The column was washed with approximately one
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column volume of TBS pH -8.0 containing 95mM imidazole. LXRLBD was eluted
with a gradient from 50 to 500 mM imidazole. Column peak fractions were
pooled immediately and diluted 5 fold with 25 mM Tris pH 8.0, containing 5% 1,2-
propanediol, .5mM EDTA and 5mM DTT. The diluted protein sample was then
loaded onto Poros HQ, washed with the dilution buffer the protein was eluted
with a gradient from 50 -500 mM NaCl. Peak fractions were pooled and
concentrated using Centri-prep 10K (Amicon) filter devices and subjected to size
exclusion, using Superdex-75 resin (Pharmacia) pre-equilibrated with TBS, pH
8.0, containing 5 % 1,2-propanediol, 0.5mM EDTA and 5mM DTT. LXR protein
was diluted to in PBS and five-fold molar excess of NHS-LC-Biotin (Pierce) was
added in a minimal volume of PBS, and incubated for 30 minutes. The
biotinylation modification reaction was stopped by the addition of 2000x molar
excess of Tris-HCI, pH 8. The modified LXR protein was dialyzed against PBS
containing 5mM DTT, 2mM EDTA and 2% sucrose. The biotinylated LXR protein
was subjected to mass spectrometric analysis to approximately 95% of the
protein had at least a single site of biotinylation; and the overall extent of
biotinylation followed a normal distribution of multiple sites, ranging from one to
nine.  The biotinylated protein was incubated for 20-25 minutes at a
concentration of 25nM in assay buffer (50mM KCI, 50mM Tris-pH8, 0.1mg/ml
FAF-BSA, 10mM DTT) with equimolar amounts of streptavidin-AlloPhycoCyanin
(APC, Molecular Probes). At the same time, the biotinylated peptide of SRC-1 or
NCoR at a concentration of 25nM was incubated in assay buffer with a [] molar

amount of streptavidin-labelled Europium (Wallac) for 20-25 minutes. After the
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initial incubations are completed, a 10 molar excess of cold biotin was added to
each of the solutions to block the unattached streptavidin reagents. After 20 min
the solutions were mixed yielding a concentration of 12.5nM for the dye-labelled

LXR protein and SRC-1 or NCoR peptide.

Mammalian Cell Culture and Transfection. HEK-293T and HepG2 cells were
maintained in Dulbecco’s Modified Eagle’s Medium (Invitrogen) supplemented
with 10% fetal bovine serum (Hyclone) and penicillin/streptomycin (Invitrogen) at
37 C in 5% CO,. Transient transfection of 293T cells was performed with
Lipofectamine 2000 (Invitrogen) according to manufacturer’s instructions. Briefly,
cells were seeded in 24-well plates and allowed to adhere before transfection
with 1.1ug total of appropriate plasmids and 2.5ul of lipofectamine reagent in
Opti-MEM (Invitrogen). Transfection mixture was incubated with cells overnight
in DMEM containing 10% delipidated bovine serum (Intracel). The following day,
the transfection mixture was aspirated and replaced with fresh delipidated
medium. Cells were then treated with indicated compounds or vehicle in

delipidated medium overnight for 16 hours.

RNA Interference. 293T cells were seeded into 6-well plates and transfected
with siRNA duplexes (Dharmacon) targeting human NCoR or a non-targeting
control using Lipofectamine 2000. Cells were then seeded in 24-well plates for
further studies. HepG2 knockdown was carried out using the same siRNA

duplexes, but cells were transfected using the Amaxa system, Cell Solution V,
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protocol T-28. For all knockdown studies, cells were harvested 96-hours

following knockdown for further analysis.

Luciferase reporter assay. Following compound treatment for 16 hours, cells
were lysed in 100ul of Passive Lysis Buffer (Promega) containing complete
protease inhibitor (Roche). Cells were lysed by freeze-thaw at -80°C and 5ul of
lysate was used for luciferase assay (Promega) or p-galactosidase assay.

Relative light units for luciferase were normalized to -gal activity.

Reverse Transcription and Quantitative PCR. Cells were lysed in Buffer RLT
and processed using the RNeasy kit (Qiagen) according to manufacturer’s
instructions. Isolated RNA was reverse transcribed with oligo-dT primers using
either Sprint Power Script reagents (Clontech) or SuperScript Il (Invitrogen)
according to the supplied protocol. cDNA was used in Tagman reactions using
commercially available primer/probe sets (Applied Biosystems) and Tagman
Universal PCR mix (Applied Biosystems). Quantitative PCR was performed on
the Applied Systems 7900HT or 7500 Real-Time System. Data was analyzed

using the standard curve method with 36B4 serving as the housekeeping gene.

Chromatin Immunoprecipitation. 293T cells were transfected as described in
10cm dishes according to manufacturer instructions or HepG2 cells were plated
in 10cm dishes. Compounds were added in delipidated media overnight for 16

hours. Cells were washed with PBS and cell pellets were lysed in ChIP lysis
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buffer (50mM HEPES/NaOH, 1% SDS, 10mM EDTA, 1mM PMSF and complete
protease inhibitor), incubated on ice for 10 minutes, and diluted in ChIP dilution
buffer (50mM HEPES/NaOH, 155mM NaCl, 1.1% Triton X-100, 0.11% Na-
Deoxycholate, TmM PMSF and protease inhibitors with EDTA).  Lysate was
sonicated three times for 15 seconds to yield an average DNA fragment length of
approximately 500bp. Lysates were clarified by centrifugation at 13,000 RPM for
10 min at 4 C.HepG2 samples were pre-cleared for 2 hours at 4 C with protein-A-
sepharose beads containing sonicated salmon sperm DNA. Lysates were then
incubated overnight at 4C with the following antibodies: anti-NCoR (Abcam) or
Rabbit IgG (Calbiochem) as a negative control. Immune complexes were then
precipitated with protein A-sepharose for 2 hours at 4 C. Complexes were
subsequently washed with Low-Salt Buffer, High-Salt Buffer, Lithium Chloride
Buffer and Tris-EDTA as described by Upstate with minor modifications.
Complexes were eluted in SDS elution buffer and cross-links were reversed for a
minimum of 6 hours at 65 C. Eluted DNA was processed either by
phenol/cholorform extraction or with the PCR Purification Kit (Qiagen). DNA was
used for quantitative PCR with POWER SYBR mix (Applied Biosystems) and the
following primers: hFASN-F-gttactgccggtcatcgca, hFASN-R-tctcgggtctgggttcec,
hABCA1-F-acgtgcttictgctgagtga, hABCAT1-R-accgagcgcagaggttacta, hSREBF1-
F-  tgctgcacccatattatctcc, hSREBF11-R-  gctccaaccctcegtttact,  SV40-F-
ttccggtactgttggtaaaatgg, SV40-R accagggcgtatctcttcatagc, h36B4-F-
acgctgctgaacatgctcaa, h36B4-R-gatgctgccattgtcgaaca. Upstream  primer

sequences are available upon request.
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Immunoblotting. Lysates were prepared in passive lysis buffer for
cotransfection studies or in RIPA buffer (50 mM Tris-HCI (pH 8.0), 150 mM NaCl,
1% Triton X-100, 0.4% deoxycholate, 0.1% SDS). 15-20ug of lysate was loaded
on 4-20% Tris-Glcyine gels (Invitrogen) and electrophoresed. Transfer was
performed onto Immobilon-P (Millipore) membranes and membranes were
blocked with 5% non-fat milk in Tris-buffered saline with Tween-20. Membranes
were incubated overnight at 4 C with primary antibodies diluted in blocking buffer.
Membranes were washed extensively and incubated with appropriate secondary
antibodies (Pierce). Following washes, chemiluminescent signal was detected

with ECL-Plus (Amersham Biosciences).
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FIGURE LEGENDS

Figure 1. Transactivation by LXR ligands disproportionate to coactivator
recruitment. (A) Structures of LXR agonists. (B) Activity of LXR agonists in
transient transfection assay with Gal4-LXRa cotransfected with 5xUAS-SV40-
Luciferase reporter. ECso values were 1.0uM (GSK224), 2.8uM (GW965) and
1.3uM (T09). Inset shows a magnified view of GSK224 and vehicle data. (C)
FRET assay for the indicated compounds incubated with LXRa. LBD and SRC-1
peptide. ECsp values were 5.90uM (GSK224), 6.60uM (GW965) and 7.10uM
(T09). Data shown is a representative result, n=3, and the experiment was

repeated two times with similar results.

Figure 2. LXR ligands differentially dismiss corepressor CoRNR peptide in
vitro. Relative FRET for the indicated compounds was determined by incubation
of LXRa LBD with NCoR peptide in the presence of increasing ligand
concentration. (A) T0901317. (B) GW965. (C) GSK224. ECs, values were
5.01uM (GSK224), 7.51uM (GW965) and 7.53uM (T09). Data shown is a
representative result and the experiment was repeated two times with similar

results.

Figure 3. Differential dismissal of corepressor from LXR on an LXRa-
responsive reporter gene. 293T cells were cotransfected with 5xUAS-SV40-

Luciferase and Gal-LXRa or Gal-DBD control and treated with ligand (10uM) or
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vehicle overnight. Chromatin immunoprecipitation (ChlP) assay was performed
with anti-NCoR antibody as described in Methods. ChlIP signal was normalized to
non-specific 36B4 gene. Gal-DBD was a negative control for NCoR recruitment
by ChIP and relative recruitment was compared to Gal-DBD, DMSO treatment.
Error bars represent SEM, n=3 from three independent experiments. p<0.01

calculated by Student’s t-test.

Figure 4. Modulation of NCoR levels differentially influences ligand-
dependent transactivation of LXRa. (A) NCoR knockdown. 293T cells were
cotransfected with 5xUAS-SV40-Luciferase and Gal-LXRa along with siRNA
against human NCoR or non-targeting control (NTC). Cells were treated with
ligands (10uM) or vehicle overnight. Relative activation was determined as fold
change versus Gal-DBD controls. *p<0.05 or **p<0.01 compared to NTC. NCoR
knockdown was confirmed by immunoblotting (inset). (B) NCoR over-expression.
293T cells were cotransfected with 5xUAS-SV40-Luciferase and Gal-LXRa along
with human NCoR expression vector or empty control plasmid. Cells were
treated with ligands (10uM) or vehicle overnight. Each bar is the mean value +
SE, n=3, from three independent experiments. NCoR expression was confirmed
by immunoblotting (inset). *p<0.05 compared to vector control for each ligand

treatment calculated by Student’s t-test.

Figure 5. Differential activation of full-length LXR. (A) DR-4 Element. 293T

cells were cotransfected with pCIS control plasmid or 3X-(DR-4)-tk-luciferase,
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pCMX-LXRa, pCMX-RXRa and B-galactosidase and treated with 10uM ligand or
vehicle for 18 hours. (B) hABCA1 Promoter Activity. 293T cells were
cotransfected with pGL3 control plasmid or pGL3 containing a 1.45kb proximal
promoter fragment of the human Abcal promoter spanning the LXRE site,
pCMX-LXRa, pCMX-RXRa and pB-galactosidase and treated with 10uM ligand or
vehicle for 18 hours. Luciferase activity was measured and normalized to
cotransfected p-galactosidase activity. Relative activation was determined by
normalizing to control vector treated with corresponding vehicle or ligand.
Results are representative of a minimum of three independent experiments.
Activation upon treatment with DMSO was set to equal 1. Each bar is the mean
value + SE of triplicate samples from three independent experiments.
Statistically significant induction compared to DMSO, *p<0.5 or **p<0.01 by

Student’s t-test or between ligands where indicated.

Figure 6. Endogenous gene regulation by LXR ligands in hepatoma cells.
HepG2 cells were seeded in 24-well plates and incubated with increasing
concentrations of ligand or vehicle in media containing 10% delipidated media
overnight, then target gene expression was analyzed by quantitative real-time
PCR. (A) FAS gene expression. (B) SREBP1 gene expression. (C) ABCA1 gene
expression.  Results indicate mean + SE from triplicates of a representative

experiment repeated three times with similar results.
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Figure 7. LXR ligands differentially recruit NCoR to endogenous target
genes. HepG2 cells were seeded in 24-well plates and incubated with ligand
(10uM) or vehicle in media containing 10% delipidated media overnight, then
ChIP analysis for NCoR was performed. (A) FAS gene. (B) SREBP1c gene. (C)
ABCAT1 gene. ChIP signal was normalized to non-specific DNA region spanning
the 36B4 gene and data represent mean + SEM, n=3. Data is from a
representative experiment repeated three times with similar results *p<0.05

calculated by Student’s t-test.

Figure 8. NCoR depletion induces basal activation of LXR target genes
and differentially potentiates ligand-dependent gene activation. HepG2
cells were electroporated with siRNA targeting human NCoR or NTC. Cells were
treated with the indicated ligands (10 uM) or vehicle control overnight in media
containing 10% delipidated serum. Relative expression was calculated by
normalizing real-time PCR data to 36B4 expression and fold change indicates
relative increase over siNTC vehicle treated cells. (A) Fatty acid synthase gene
expression (FASN). (B) SREBP1c gene expression (SREBF1). (C) ABCA1 gene
expression (ABCA1). Data represent mean + SEM of triplicate samples. Data is
from a representative experiment repeated three times with similar results

*p<0.05, **p<0.01 or ***p<0.005 relative to siNTC calculated by Student’s t-test.
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LEGEND TO TABLE 1

Table 1. Summary of properties of LXR ligands characterized in this paper.
The column summaries are based as follows: Agonism classification: Fig. 1b;
NCoR FRET: Fig. 2; Gal-LXRa: Fig. 3; siNCoR: Fig. 4a; NCoR Over-expression
("O/E"): Fig. 4b; Effects on hABCA1 promoter ("hABCA1-luc"): Fig. 5c; LXR

target gene expression: Fig. 6.
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Figure 5
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Table 1

NCoR NCoR Gene

Ligand Agonism Dismissal Gal-LXRa  siNCoR O/E hABCA1-Luc .
Expression

(FRET)

Weak T ABCA1

GSK224 Partial -7% T 5.21 1.3) T ™ FAS
T SREBP1
T ABCA1

GW965 Partial -23% ™1 3.77 1.8} ™ ™ FAS
T SREBP1
T ABCAT1

™1 FAS
T091317 Full -94% M 2.01 1.24 " ™ SREBP1




