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Abstract

The retinoic acid receptor-related orphan receptor a and y (RORa [NR1F1] and RORy [NR1F3]) are
members of the nuclear hormone receptor superfamily. These 2 receptors regulate many
physiological processes including development, metabolism and immunity. We recently found that
certain oxysterols, namely the 7-substituted oxysterols, bound to the ligand binding domains (LBDs)
of RORa and RORy with high affinity, altered the LBD conformation and reduced coactivator
binding resulting in suppression of the constitutive transcriptional activity of these two receptors.
Here, we show that another oxysterol, 24S-hydroxycholesterol (24S-OHC), is also a high affinity
ligand for RORa and RORYy (Kj ~ 25 nM). 24S-OHC is also known as cerebrosterol due to its high
level in the brain where it plays an essential role as an intermediate in cholesterol elimination from
the CNS. 24S-OHC functions as a RORa/y inverse agonist suppressing the constitutive
transcriptional activity of these receptors in cotransfection assays. Additionally, 24S-OHC
suppressed the expression of several RORa target genes including BMAL1 and REV-ERBa in a ROR-
dependent manner. We also demonstrate that 24S-OHC decreases the ability of RORa to recruit the
coactivator SRC-2 when bound to the BMAL1 promoter. We also noted that 24(S), 25-
epoxycholesterol selectively suppressed the activity of RORy. These data indicate that RORa and
RORYy may serve as sensors of oxsterols. Thus, RORa and RORy display an overlapping ligand
preference with another class of oxysterol nuclear receptors, the liver X receptors (LXRa [NR1H3]
and LXRp [NR1H2]).
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1. Introduction

Cholesterol is highly enriched in the brain relative to other organs where it is used as an essential
component of membranes and the myelin sheath as well as for processes such as neuronal
development, synaptogenesis, and learning and memory [1]. The blood brain barrier is
impervious to peripheral lipoproteins and thus the cholesterol it requires must be synthesized
de novo. This phenomenon also creates a problem for elimination of excess cholesterol, but a
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unique sterol transport pathway in the brain solves this. First, excess cholesterol is converted
to the oxysterol 24S-hydroxycholesterol (24S-OHC) by the p450 cholesterol 24-hydroxylase
(CYP46A1), an enzyme expressed in the brain. The vast majority of the total pool of 24S-OHC
is produced in the brain providing acommon name for this oxysterol — cerebrosterol. 24S-OHC
is transported out of the CNS for elimination by the liver via high-density lipoprotein (HDL)-
like particles composed of the primary apolipoprotein acceptor in the brain, apolipoprotein E
(apoE), along with apoJ and apoA-1.

The liver X receptors, LXRa [NR1H3] and LXRB [NR1H2] are nuclear hormone receptors
that serve as receptors for 24S-OHC as well as other oxysterols [2-5]. The LXRs (predominately
LXRp in the brain) respond to elevated oxysterols and induce the expression of proteins such
as ABCA1 and apoE that are required for cholesterol efflux and lipidation of HDL [6-8]. Given
the role of cholesterol metabolism in Alzheimer's Disease (AD) etiology [9,10], LXRs have
been examined for their role in this disease. In a mouse model of AD (APP/PS1transgenic
mouse) the loss of either LXRa or LXR results in increased amyloid plaque load [11]. Several
laboratories have now shown that activation of LXR using synthetic agonists results in
improvement of the AD phenotype in rodent models of the disease [12]-[13].

The retinoic acid receptor-related orphan receptors (RORS) are another group of nuclear
receptors that have been implicated in regulation of cholesterol metabolism. RORo [NR1F1]
is expressed in the brain and plays an essential role in development of the cerebellum as well
as in regulation of the circadian rhythm [14]. RORy [NR1F3] is best known for its role in
regulation of T cell development [15], but both RORy and RORa are expressed in the liver and
likely play a role in regulation of glucose and lipid metabolism [16]. The crystal structure of
RORua revealed cholesterol bound within the ligand binding domain (LBD) suggesting that
this or a related sterol may be a natural functional ligand [17]. Recently, we found that certain
oxysterols, in particular 7-oxygenated sterols, bind to RORa and RORy with high affinity
(~20 nM Ki) and function as inverse agonists suppressing the endogenous transcriptional
activity of these receptors [18]. Here, we show that the oxysterol 24S-OHC also binds to the
LBDs of RORa and RORy and regulates their transcriptional activity functioning as an inverse
agonist.

2. Materials and Methods
2.1 Reagents

Oxysterols were obtained from Sigma (St. Louis, MO) or Steraloids (Newport, RI). Unless
otherwise noted, oxysterols were used at a final concentration of 10 uM. Gal4-RORaLBD,
Gal4-RORYLBD, pTrex-RORa, pTrex-RORy, pGL-G6PC have been previously described
[18]. The RORa adenoviral vector has also been previously described [18].

2.2 Cell Culture and Cotransfections

HEK?293 cells were maintained in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum at 37 °C under 5% CO,. HepG2 cells were
maintained and routinely propagated in minimum essential medium supplemented with 10%
fetal bovine serum at 37 °C under 5% CO,. In experiments where lipids and sterols were
depleted, cells were maintained on charcoal treated serum (10% fetal bovine serum) and treated
with 7.5 pM lovastatin and 100 uM mevalonic acid. 24 h prior to transfection, HEK293 cells
were plated in 96-well plates at a density of 15 x 103 cells/well. Transfections were performed
using Lipofectamine™ 2000 (Invitrogen). 16 h post-transfection, the cells were treated with
vehicle or compound. 24 h post-treatment, the luciferase activity was measured using the Dual-
Glo™ luciferase assay system (Promega). The values indicated represent the means + S.E.
from four independently transfected wells. The experiments were repeated at least three times.
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Data was analyzed using GraphPad Prism software and IC50 values were determined by non-
linear regression analysis.

2.3 cDNA synthesis and quantitative PCR

Total RNA extraction, cDNA synthesis, and real time quantitative PCR were performed as
previously described [19] The primers used in quantitative PCR were: human REV-ERBaq,
TTCCGCTTCGGTGGAGCAGC (forward) and CCGGTTCTTCAGCACCAGAG
(Reverse); human BMALL, GTTCTTCTATTCTTGGTGAGAAC (forward) and
ACAGCCATTGCTGCCTCATC (Reverse).

2.4 Chromatin Immunoprecipitation (ChIP)

ChIP-reChIP assays were performed as previously described [18,20]. HepG2 cells were
infected with adenovirus for 24 hours and then treated with vehicle or 24(S)-
hydroxycholesterol, (10 uM) for another 24 hours. Re-ChlIP assays were performed by using
the kit from Active Motif®. Anti-FLAG (Sigma) was used to do the first immunoprecipitation
for all the samples. The second immunoprecipitaion was performed by using anti-mouse 1gG
(Millipore), anti-RNA Pol Il (Millipore) or anti-SRC2 (Bethyl Labs). The Bmall primers used
in AGCGGATTGGTCGGAAAGTAG (forward) and GGCCTGACACTCACCGTG
(Reverse).

2.5 Radioligand binding assay

RORa and RORy LBDs were prepared as previously described [18]. Receptors were incubated
with various concentrations of [3H]-25-hydroxycholesterol to determine the K values
(RORa =3.3+0.89 nM and RORy =5.1+0.71). Non-specific binding was defined in the absence
of protein as well as excess of cold 25-hydroxycholesterol and were shown to be identical. The
assays were terminated by rapid filtration through pre-soaked Whatman GF/B filters (0.5%
PEI in PBS) in Multiscreen plates (Millipore) and were washed (3 x 1 ml) with ice-cold assay
buffer. For the competition assay, various concentrations of sterols were incubated with
receptor in the presence of 3 nM [3H]-25-hydroxycholesterol. Results were analyzed using
GraphPad Prism software and the K; was determined using the Cheng-Prusoff equation.

2.5 Statistical Analysis

Analysis was performed using GraphPad prism using a paired t test. Dose responses were
analyzed using one-way ANOVA followed by a multiple comparison test. Experiments were
performed on multiple occasions and the data normalized for analysis.

3. Results

Our previous studies demonstrated that 7a-OHC, 73-OHC and 7-ketocholesterol (7-KC) bound
directly to the LBDs of RORa and RORy and regulated their transcriptional activity. These
oxysterols functioned as inverse agonists repressing the constitutive transcriptional activation
activity of the RORs [18].. Neither 22-OHC, 25-OHC, nor 27-OHC had an effect on the activity
of the RORs [18], but we noticed that 24S-OHC (Figure 1A) behaved in a pattern similar to
the 7-oxygenated sterols repressing the transcriptional activity of RORa and RORYy in a Gal4-
ROR LBD cotransfection assay. We used the recently described synthetic ROR inverse agonist,
T0901317 [20], as a control and compared the ability of 24S-OHC to suppress transcriptional
activity of either Gal4-RORa LBD or Gal4-RORy LBD in a cotransfection assay performed
in HEK293 cells (Figures 1B and 1C). Treatment of cells with 10 uM 24S-OHC significantly
reduced the transcriptional activity of either of the receptors by 30 to 40% (Figure 1). Using
the same assay we then tested the dose-dependent response of the effect, and noted that for
both receptors 24S-OHC demonstrated dose-dependent suppression of the transcriptional
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activity of both receptors with 1Csgs of 620 and 1300 nM for RORa and RORYy, respectively
(Figures 2A and 2B). Maximal suppression was in the range of 30%, which is similar to what
we previously noted for the 7-oxygenated sterols [18].

We performed a competition radioligand binding assay using bacterially expressed RORa. and
RORy LBD and radiolabeled 25-OHC as the tracer. This assay was previously used to
demonstrate direct binding of 7a-OHC, 7B-OHC, and 7-KC to RORo and RORy [18]. We
found that 24S-OHC effectively competed for [3H]-25-OHC binding to either RORa or
RORY (Figure 2C) with K; values that were virtually identical for both receptor subtypes
(RORa =27 nM; RORy = 25 nM). These values are very similar to the K; values found for the
7-oxygenated sterols that ranged from 12 — 31 nM [18].

We examined the ability of 24S-OHC to modulate the activity of full-length RORa and
RORYy using a cotransfection assay where HEK?293 cells were transfected with either of the
receptors and a reporter vector with the Bmall promoter directing the expression of luciferase.
Bmall is a well-characterized ROR target gene with ROR response elements (RORES) within
its proximal promoter [21]. As illustrated in Figures 3A and 3B, treatment of the cotransfected
cells with 10 uM 24S-OHC led to significant suppression of the Bmall driven reporter gene
expression. The suppression was modest (20-40%), but was statistically significant and
reminiscent of the “partial” inverse agonist activity we have previously observed for oxysterol
ligands of the RORs [18]. The glucose-6-phosphatase (G6Pase) gene is also a RORa target
gene (containing a RORE) providing a role for ROR in regulation of glucose metabolism
[22]. RORa can activate transcription of a G6Pase promoter driven reporter gene [18,22]. and
as such, we performed a cotransfection assay with this reporter along with RORa. in the
presence and absence of 10 uM 24S-OHC. The oxysterol suppressed expression of the reporter
by approximately 30% consistent with its ability to suppress RORa activity (Figure 3C).

The ability of 24S-OHC to regulate expression of RORa target genes was also evaluated. Both
the BMAL1 and REV-ERBa genes are direct RORa target genes [23-25]. Treatment of HepG2
cells with 24S-OHC resulted in a decrease in both of these RORa target genes (Figures 4A and
4B). BMAL1 mRNA expression decreased 38% while REV-ERBa expression decreased 33%.
These effects were dependent on RORa expression since knock-down of RORa using sSiRNA
(Fig. 4C) [18] blocked the ability of 24S-OHC to suppress expression of either target gene
(Figures 4A and 4B). Interestingly, basal expression of both BMAL1 and REV-ERBa decreased
when RORa expression was knocked down, suggesting that the constitutive activity of
RORa helps to maintain the basal expression of these two genes. Similar effects were also
noted with G6Pase [18]. In order to determine if 24S-OHC modulates the ability of RORa to
recruit a coactivator protein we used a ChlP-reChlIP assay [26]. This format was used so that
we could monitor the amount of the transcriptional coactivator, SRC-2, bound to RORa while
this receptor occupied the BMAL1 promoter. SRC-2 was selected since it has been shown to
be a critical coactivator for RORa function [22]. As shown in Figure 4D, equivalent amounts
of RORa are detected in the absence (DMSO) or presence of 24S-OHC. However, in the reChiIP
assay the amount of SRC-2 recruited is reduced (~50%) in the 24S-OHC lane versus the DMSO
control indicating that 24S-OHC treatment reduces the ability of RORa to recruit this
coactivator.

Previously we reported that 7-oxygenated sterols functioned as RORa/y partial inverse agonists
while 22-OHC, 25-OHC, and 27-OHC did not affect the function of these constitutively active
receptors. Based on the activity we observed with 24S-OHC we decided to test additional
structurally related oxysterols. We first tested the unnatural epimer of 24S-OHC, 24R-OHC.
Both stereoisomers have been shown to activate LXRa and LXRp although 24R-OHC is less
potent than 24S-OHC [3,5]. When we tested 24R-OHC at a single dose of 10 uM in a Gal4-
RORa/y LBD cotransfection assay we noted a significant decrease in the constitutive activity
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of RORYy, but no effect on RORa. (Fig. 5A & 5B). We performed a dose-response in the
cotransfection assay with the Gal4-RORy LBD construct and as shown in Fig. 4C, there was
a dose-dependent suppression of transcriptional activity (1C50=90 nM). We then performed a
radioligand binding assay with RORy and confirmed that 24R-OHC bound to the receptor with
a Kj of 102 nM. We also tested the activity of 24(S),25 epoxycholesterol (24,25-epoC), an
oxysterols that has a well-characterized effect on cholesterol biosynthesis, which is synthesized
at relatively high levels in the liver (found at micromolar concentrations) [27], is produced by
neurons and astrocytes [28] and found at very high levels in the developing brain. 24,25-epoC
is an effective ligand that activates both LXRa and LXRp [3,5]. As shown in Fig. 6A, this
oxysterol suppresses the activity of RORy without having any significant effect on RORa
(Gal4-LBD cotransfection assay). 24,25-epoC dose-dependently suppressed RORYy activity
(IC5p = 280 nM) as well as bound directly to the RORy LBD with a K; of 20 nM.

4. Discussion

Previously, we demonstrated that 7-substituted oxysterols function as ligands for RORa and
RORYy by binding to their LBDs, altering the conformation of the LBD, and decreasing the
ability of the receptors to recruit coactivator and thus decreasing their transcriptional activity
[18]. These effects were specific since other oxysterols such as 22-OHC, 25-OHC, and 27-
OHC were unable to affect the activity of either RORa or RORy. Here we show that 24S-OHC
also serves as a functional RORa/RORY ligand by binding to the LBDs with high affinity and
altering the ability of the receptor to recruit SRC-2 on a target gene promoter and thus reducing
their transcriptional activity. Given the role of RORa in development of regions of the brain
and regulation of the circadian behavior as well as the importance of 24S-OHC as the major
oxysterol in the brain, we find these results intriguing. The brain converts cholesterol
enzymatically to 24S-OHC via CYP46A1-dependent oxidation of the sterol so that it can be
effluxed from the brain for elimination by the liver. The liver expresses significant amounts of
both RORa and RORYy, thus it is possible that 24S-OHC levels in the liver may also regulate
the activity of these two nuclear receptors.

Plasma levels of 24S-OHC in normal individuals range from 50 nM to 350 nM and are found
to be elevated in patients with AD [29,30]. Patients treated with 3-hydroxy-3methylglutaryl
(HMG)-CoA reductase inhibitors (statins) for dyslipidemia have been shown to have lower
incidence of AD [31,32] and statins have been demonstrated to lower 24S-OHC plasma levels
in patients with AD [33]. Interestingly, plasma 24S-OHC levels are highest when young and
decrease significantly with aging in humans [30]. In fact, the average plasma levels for children
aged 1-5 years old is near 1 uM whereas the average levels of adults aged 19-50 years old is
approximately 190 nM [30]. This 5-fold difference may reflect an important role for this
oxysterol during brain development and our results suggesting that 24S-OHC is a ligand for
RORa indicates that the activity of RORa may be modulated during this time.

24S-OHC also functions as a ligand for LXRa/p where it acts as an agonist to increase the
transcriptional activity of the receptors [2-5], while this same oxysterol acts as an inverse
agonist of RORa and RORY to repress their transcriptional activity. 24S-OHC displays similar
binding affinities for LXRo/f [5] as it does for RORa/y and additionally, the potency for
activation of the LXRs [3,5] is similar to the potency for suppression of the RORs. Interestingly,
we have also observed a similar pattern of ligand preference between LXRs and RORs with
respect to synthetic ligands. We found that the widely used LXR agonist, T0901317, also binds
directly to the RORa and RORy LBDs and inhibits their transcriptional activity functioning as
an inverse agonist [20]. Thus, it appears to be common that ligands, even from unique
chemotypes, may bind to both LXRs and RORs and function as an agonist on LXR and inverse
agonist on ROR. However, it should be noted that although the RORs and LXRs display
overlapping ligand selectivity there are clear examples of preferential ligands. For example,
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7a-OHC and 7-ketocholesterol are high affinity RORa/y ligands [18] but display no affinity
for the LXRs [5].

LXR agonists such as T0901317 and GW3965 have been shown to have beneficial effects on
plaque formation and cognition in mouse models of AD[11-13,34] and the cross-reactivity of
LXR ligands with ROR brings into question whether some of the efficacy of these ligands
might be mediated by ROR. Genetic evidence is supportive of LXR playing a very important
role in the efficacy exemplified by the observation that loss of either LXRa or LXR[ expression
in a mouse model of AD (APP/PS1transgenic mouse) results in increased amyloid plaque load
[11]. Currently, it is unclear whether the ROR activity would help, hinder or have no effect on
the efficacy of T0901317 in the AD models.

In our analysis of specificity of RORa/y for other oxysterols, we found that 24R-OHC and
24,25-epoC both regulated RORYy selectively. This suggests that RORy may be somewhat more
promiscuous in terms of its oxysterol selectivity. The high levels of RORy and 24,25-epoC in
the liver suggests that this oxysterol may be modulating its RORy's activity.

In summary, we have found that 24S-OHC binds to the LBDs of RORa and RORy and
suppresses their ability to activate transcription. These data suggest that ROR may be a target
for this sterol that plays an important role in cholesterol transport in the CNS.
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Figure 1.

24S-hydroxycholesterol suppresses the transcriptional activity of the RORa and RORy LBDs.
(A) Chemical structure of 24S-hydroxycholesterol. (B) Cotransfection assay in HEK293 cells
illustrating the ability of 10 uM 24S-OHC to suppress the transcriptional activation activity of
either Gal4-RORa LBD or Gal4-RORy LBD. T0901317 (T1317) functions as an inverse
agonist for both RORs and is used as a positive control. * indicates p<0.05.
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Figure 2.

24S-hydroxycholesterol suppresses the transcriptional activity of the RORo and RORy LBDs
in a dose-dependent manner. Cotransfection assay in HEK293 cells illustrating the ability
24S-OHC to suppress the transcriptional activation activity of either Gal4-RORa LBD (A) or
Gal4-RORy LBD (B). (C) 24S-hydroxycholesterol is a RORa and RORYy ligand. Results from
a competitive radioligand binding assay are shown where [3H]25-OHC was used as the
radioligand.* indicates p<0.05.
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Figure 3.

24S-hydroxycholesterol suppresses the transcriptional activity of full-length RORa and
RORYy. Cotransfection assay in HEK293 cells illustrating the ability of 10 uM 24S-OHC to
suppress the transcriptional activation activity of either RORa (A) or RORYy (B) driving
expression of a BMAL1 promoter — luciferase construct. (C) Cotransfection assay in HepG2
cells illustrating the ability of 10 uM 24S-OHC to suppress the transcriptional activation
activity of RORa driving expression of a G6Pase promoter — luciferase construct. * indicates
p<0.05.
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Figure 4.

24S-hydroxycholesterol modulates the expression of RORa target genes. 24S-
hydroxycholesterol (10 pM) suppresses the expression of BMAL1 (A) and REV-ERBa (B)
MRNA in a RORa dependent manner in HepG2 cells. (C) Expression of RORa following
treatment of cells with siRNA targeting RORa. Control cells received scrambled siRNA. (D)
ChIP-reChlIP assay illustrating the ability of 24S-OHC to decrease SRC-2 recruitment to
RORa occupying the BMAL1 promoter. The graph below the gel indicates the average band
intensity from three experiments. 1gG is used as a negative control and a-RNA pol 11 antibody
is used as a positive control. * indicates p<0.05.
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Figure 5.

24R-hydroxycholesterol suppresses the transcriptional activity of the RORy LBD. . (A)
Cotransfection assay in HEK293 cells illustrating the inability of 10 uM 24S-OHC to affect
the transcriptional activation activity of Gal4-RORa LBD. (B) Cotransfection assay in
HEK293 cells illustrating the inability of 10 uM 24S-OHC to suppress the transcriptional
activation activity of Gal4-RORy LBD. (C) Cotransfection assay in HEK293 cells illustrating
the ability 24S-OHC to suppress the transcriptional activation activity of Gal4-RORy LBD
dose-dependently. (D) Results from a competitive radioligand binding assay are shown where
[3H]25-OHC was used as the radioligand and 24R-OHC was used as a competitor. * indicates
p<0.05.
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Figure 6.

24(S),25-epoxycholesterol suppresses the transcriptional activity of the RORy LBD.. (A)
Cotransfection assay in HEK293 cells illustrating the inability of 10 uM 24S-OHC to affect
the transcriptional activation activity of Gal4-RORa LBD. (B) Cotransfection assay in
HEK?293 cells illustrating the inability of 10 uM 24(S),25-epoxycholesterol to suppress the
transcriptional activation activity of Gal4-RORy LBD. (C) Cotransfection assay in HEK293
cellsillustrating the ability 24(S),25-epoxycholesterol to suppress the transcriptional activation
activity of Gal4-RORy LBD dose-dependently. (D) Results from a competitive radioligand
binding assay are shown where [3H]25-OHC was used as the radioligand and 24(S),25-
epoxycholesterol was used as a competitor. * indicates p<0.05.
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