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ABSTRACT

The liver X receptor « (LXRq) is a nuclear receptor that is involved
in regulation of lipid metabolism, cellular proliferation and apopto-
sis, and immunity. In this report, we characterize three human
LXRa isoforms with variation in the ligand-binding domain (LBD).
While examining the expression of LXRa3, which lacks 60 amino
acids within the LBD, we identified two novel transcripts that
encode LXRa-LBD variants (LXRa4 and LXRab). LXRa4 has an
insertion of 64 amino acids in helix 4/5, and LXRa5 lacks the
C-terminal helices 7 to 12 due to a termination codon in an
additional exon that encodes an intron in the LXRa1 mRNA.
LXRa3, LXRa4, and LXRab were expressed at lower levels com-
pared with LXRa1 in many human tissues and cell lines. We also
observed weak expression of LXRa3 and LXR«4 in several tissues
of mice. LXR ligand treatment induced differential regulation of

LXRa isoform mRNA expression in a cell type-dependent manner.
Whereas LXRa3 had no effect, LXRa4 has weak transactivation,
retinoid X receptor (RXR) heterodimerization, and coactivator re-
cruitment activities. LXRab5 interacted with a corepressor in a
ligand-independent manner and inhibited LXRa1 transactivation
and target gene expression when overexpressed. Combination of
LXRab cotransfection and LXRa antagonist treatment produced
additive effects on the inhibition of ligand-dependent LXRa1 ac-
tivation. We constructed structural models of the LXRa4-LBD and
its complexes with ligand, RXR-LBD, and coactivator peptide. The
models showed that the insertion in the LBD can be predicted to
disrupt RXR heterodimerization. Regulation of LXRa pre-mRNA
splicing may be involved in the pathogenesis of LXRa-related
diseases.

Introduction

Liver X receptor a (LXRa; NR1H3) and LXRB (NR1H2) are
transcription factors of the nuclear receptor superfamily (Ton-
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tonoz and Mangelsdorf, 2003; Makishima, 2005). Whereas
LXRp is ubiquitously expressed, LXRe is localized to the liver,
adipose tissue, small intestine, and macrophages. Both recep-
tors are activated by oxysterols and have been linked to path-
ways involved in fatty acid and cholesterol homeostasis. LXRs
bind preferentially to LXR-responsive elements (LXREs) that
consist of a two-hexanucleotide (AGGTCA or a related se-
quence) direct repeat motif separated by four nucleotides (direct
repeat 4) as a heterodimer with retinoid X receptor (RXR;
NR2B). LXRs regulate intestinal absorption and biliary excre-
tion of cholesterol by inducing the expression of target genes

ABBREVIATIONS: LXR, liver X receptor; LXRE, LXR-responsive element; RXR, retinoid X receptor; ABC, ATP-binding cassette; CYP7A,
cholesterol 7a-hydroxylase; SREBP, sterol regulatory element-binding protein; LBD, ligand-binding domain; T0901317, N-(2,2,2-trifluoro-ethyl)-
N-[4-(2,2,2-trifluoro-1-hydroxy-1-trifluoromethyl-ethyl)-phenyl]-benzenesulfonamide; GW3965, 3-[3-[N-(2-chloro-3-trifluoromethylbenzyl)-(2,2-di-
phenylethyl)amino]propyloxy]phenylacetic acid hydrochloride; HEK, human embryonic kidney; FBS, fetal bovine serum; PCR, polymerase chain
reaction; siRNA, small interfering RNA; CMV, cytomegalovirus; EMSA, electrophoretic mobility shift assay; DBD, DNA-binding domain; AF2,
activation function 2; SMRT, silencing mediator of retinoic acid and thyroid hormone receptor; N-CoR, nuclear receptor corepressor; SRC, steroid
receptor coactivator; DRIP205, vitamin D receptor-interacting protein 205; PPAR, peroxisome proliferator-activated receptor.
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such as the ATP-binding cassette (ABC) transporters ABCA1,
ABCGS5, and ABCGS8 (Repa and Mangelsdorf, 2002; Tontonoz
and Mangelsdorf, 2003). LXR« stimulates the conversion of
cholesterol to bile acids by cholesterol 7a-hydroxylase (CYP7A)
in rodents. LXRs stimulate reverse cholesterol transport from
peripheral tissues and exhibit antiatherogenic activity. LXR
activation also stimulates lipogenesis in the liver by inducing
lipogenic genes, including sterol regulatory element-binding
protein-1c (SREBP-1¢), fatty acid synthase, and stearoyl-coen-
zyme A desaturase-1 (Schultz et al., 2000). Studies using LXR-
null mice and synthetic LXR ligands have also demonstrated
that LXRs are involved in the regulation of cellular proliferation
and apoptosis (Blaschke et al., 2004; Joseph et al., 2004; Valle-
dor et al., 2004; Uno et al., 2009).

Three human LXRa isoforms (al, o2, and a3) have been
identified that are derived from a single gene as a result of
alternate promoter usage and alternative splicing of pre-
mRNA (Chen et al., 2005). LXR«1 is the originally identified
isoform (Willy et al., 1995), LXR«a2 lacks the N-terminal 45
amino acids of LXRal, and LXRa3 lacks 50 amino acids in
the ligand-binding domain (LBD) (Chen et al., 2005). Like
different isoforms of other nuclear receptors, LXR« isoforms
have distinct expression patterns and altered transcriptional
activity, suggesting that the expression of the isoforms mod-
ulates LXR signaling. In this study, we isolated and identi-
fied two novel LXRa isoforms, LXRa4 and LXRa5, and in-
vestigated the roles of LXRa isoforms with functional assays
and molecular modeling studies.

Materials and Methods

Chemical Compounds. T0901317 (N-(2,2,2-trifluoro-ethyl)-N-
[4—(2,2,2-trifluoro-1-hydroxy-1-trifluoromethyl-ethyl)-phenyl]-
benzenesulfonamide) was purchased from Cayman Chemical Com-
pany (Ann Arbor, MI), 24(S),25-epoxycholesterol was from Enzo Life
Science (Farmingdale, NY), 22(R)-hydroxycholesterol and 22(S)-
hydroxycholesterol were from Steraroids (Newport, RI), and arachi-
donic acid and linolenic acid were from Sigma-Aldrich (St. Louis,
MO). GW3965 (3-[3-[N-(2-chloro-3-trifluoromethylbenzyl)-(2,2-
diphenylethyl)amino]propyloxylphenylacetic acid hydrochloride)
was synthesized as reported previously (Noguchi-Yachide et al.,
2007).

Cell Culture. Human embryonic kidney (HEK) 293 cells (RIKEN
Cell Bank, Tsukuba, Japan) were cultured in Dulbecco’s modified
Eagle’s medium containing 5% fetal bovine serum (FBS), 100 unit/ml
penicillin, and 100 pg/ml streptomycin at 37°C in a humidified
atmosphere containing 5% CO,. Human hepatocellular carcinoma
HepG2 (RIKEN Cell Bank), colon carcinoma HCT116, SW480, tera-
tocarcinoma NT2/D1 (American Type Culture Collection, Manassas,
VA), and immortalized keratinocyte HaCaT cells (kindly provided by
Dr. Tadashi Terui, Department of Dermatology, Nihon University
School of Medicine) were cultured in Dulbecco’s modified Eagle’s
medium containing 10% FBS. Human colon carcinoma Caco-2, os-
teosarcoma MG63, neuroblastoma SK-N-SH cells (RIKEN Cell
Bank) were maintained in minimal essential medium containing
10% FBS, and myeloid leukemia U937, HL60, THP-1 (RIKEN Cell
Bank), and breast carcinoma MCF-7 cells (American Type Culture
Collection) were maintained in RPMI 1640 medium containing 10%
FBS.

Animals. C57BL/6J mice were obtained from Charles River Lab-
oratories Japan (Yokohama, Japan) and Lxra(—/—)/Lxrp(—/—) mice
were provided by Dr. Mangelsdorf (University of Texas Southwest-
ern Medical Center at Dallas, TX) (Repa et al., 2000). Mice were
maintained under controlled temperature (23 = 1°C) and humidity
(45-65%) with free access to water and chow (Laboratory Animal
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Diet MF; Oriental Yeast, Tokyo, Japan). Tissue samples were col-
lected from male mice between 8 and 9 weeks of age. The experimen-
tal protocol adhered to the Guidelines for Animal Experiments of the
Nihon University School of Medicine and was approved by the Ethics
Review Committee for Animal Experimentation of Nihon University
School of Medicine.

Reverse Transcription and Real-Time Quantitative Poly-
merase Chain Reaction. Total RNAs from samples were prepared
by the acid guanidine thiocyanate-phenol/chloroform method
(Ishizawa et al., 2008). cDNAs were synthesized using the ImProm-II
Reverse Transcription system (Promega Corporation, Madison, WI).
cDNA panels of several human tissues were purchased from Takara
Bio Inc. (Otsu, Japan). Real-time polymerase chain reaction (PCR)
was performed on the ABI PRISM 7000 Sequence Detection System
(Applied Biosystems, Foster City, CA) using Power SYBR Green
PCR Master Mix (Applied Biosystems). Primer sequences are listed
in Tables 1 and 2. The mRNA values were normalized to the expres-
sion level of glyceraldehyde-3-phosphate dehydrogenase mRNA.

RNA Interference. Small interfering RNAs (siRNAs) directed
against LXRa (siLXRa-1; Dharmacon RNA Technologies, Lafayette,
CO), and control siRNA were purchased from Thermo Fisher Scien-
tific (Waltham, MA). siRNAs against LXRa (siLXRa-2; 5'-AGA AAC
UGA AGC GGC AAG A-3') and LXRa/B (siLXRa/B; 5'-CAU CAA
CCC CAU CUU CGA G-3') were designed by the laboratory of author
Y.J. siRNA oligonucleotides were transfected into HaCaT cells and
HepG2 cells using DharmaFECT1 reagent (Thermo Fisher Scien-
tific) and Trans IT-TKO Reagent (Mirus Bio, Madison, WI), respec-
tively, according to the manufacturer’s instructions.

TABLE 1

Primer sequences for real-time quantitative reverse transcription-PCR
(human)

Gene Sequence (5'—3") Amplicon Size
bp
LXRal
Forward CTG CGA TCG AGG TGA TGC TT 197
Backward ACT ACG GCT CAA ACG GAA C
LXRa3
Forward TGA AGC GGC AAG AGG AGG AA 166
Backward AGC TCA GTG CCA CTA CGA AG
LXRa4
Forward CGT TTG AGG TTT GCT GCT TG 233
Backward ACT ACG GCT CAA ACG GAA C
LXRab
Forward CTG CGA TCG AGG TGA TGC TT 155
Backward GTT AGT ACC GAG TTA CGT CG
GAPDH
Forward ACT TCG CTC AGA CAC CAT GG 139
Backward GGG AAG TAA CTG GAG TTG ATG

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

TABLE 2

Primer sequences for real-time quantitative reverse transcription-PCR
(mouse)

Gene Sequence (5'—3) Amplicon Size
bp
LXRal
Forward CTG CAA TCG AGG TCA TGC TT 198
Backward GCA GAG CAA ACT CAG CAT CA
LXRa3
Forward TGA AGC GGC AAG AAG AGG AA 189
Backward CTC TCC AGA AGC ATG ACC GT
LXRa4
Forward CCT GTC TGA AAG ATG CTG CT 216
Backward GCA GAG CAA ACT CAG CAT CA
GAPDH
Forward TGC ACC ACC AAC TGC TTA G 176
Backward GAT GCA GGG ATG ATG TTC

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Western Blotting Analysis. For endogenous LXR proteins, nu-
clear extracts were prepared as described previously (Inaba et al.,
2007). The proteins were separated by SDS-polyacrylamide gel elec-
trophoresis and were transferred to a nitrocellulose membrane,
probed with anti-LXRa antibody (Perseus Proteomics Inc., Tokyo,
Japan), and visualized by enhanced chemiluminescence. For exoge-
nous FLAG-tagged LXR proteins, whole-cell lysates from transfected
HEK293 cells were subjected to Western blotting with anti-FLAG
antibody (Sigma-Aldrich), visualized by an alkaline phosphatase
conjugate substrate system.

Plasmids. Fragments of the original isoform LXRal (GenBank
accession no. NM_005693) (Willy et al., 1995), the previously re-
ported isoform LXRa3 (GenBank accession no. NM_001130101)
(Chen et al., 2005), and newly identified isoforms (LXRa4 and
LXRa5) (Fig. 1) were inserted into pFLAG-CMV2 (Sigma-Aldrich) to
make pFLAG-CMV2-LXRal, pFLAG-CMV2-LXRa3, pFLAG-CMV2-
LXRa4, and pFLAG-CMV2-LXRa5, respectively. The VP16 fragment
from pCMX-VP16 was inserted into pFLAG-CMV2-LXR« plasmids
to make pFLAG-CMV2-VP16-LXRa isoforms (Kaneko et al., 2003).
The LBDs from each LXR« isoform were inserted into pCMX-GAL4
vectors to make pCMX-GAL4-LXRa isoforms. The expression vectors
pCMX-B-catenin-MT, pCMX-GAL4, pCMX-GAL4-RXRa, pCMX-
VP16-RXRa, pCMX-GAL4-SRC1, pCMX-GAL4-DRIP205, pCMX-
GAL4-SMRT, pCMX-GAL4-N-CoR, the luciferase reporters (rCyp7a-
DR4)x3-tk-LUC, TOP-GLOW, and MH100(UAS)x4-tk-LUC reporters
were used as reported previously (Kaneko et al., 2003; Inaba et al.,
2007; Uno et al., 2009).

Transfection Assay. Transfections in HEK293 cells were per-
formed by the calcium phosphate coprecipitation method (Kaneko et
al., 2003; Uno et al., 2009). Eight hours after transfection, com-
pounds were added. Cells were harvested after 16 to 18 h and
assayed for luciferase and B-galactosidase activities using a lumi-
nometer and a microplate reader (Molecular Devices Sunnyvale,
CA). For most experiments, transfection experiments used 50 ng of
reporter plasmid, 10 ng of pCMX-B-galactosidase, and 15 ng of each
expression plasmid in each well of a 96-well plate. Luciferase data
were normalized to the internal B-galactosidase control. SW480 cells
were transfected with 2.5 ug of expression plasmid by FuGene HD
(Roche Applied Science, Indianapolis, IN).

Electrophoretic Mobility Shift Assays. Electrophoretic mobil-
ity shift assays (EMSAs) were performed as reported previously
(Yoshikawa et al., 2001; Chen et al., 2005). In brief, receptor proteins
were in vitro-translated with a TNT Quick-Coupled Transcription/
Translation System (Promega Corporation). Double-stranded oligo-
nucleotides for LXREs were 5'-CAG TGA CCG CCA GTA ACC CCA
GC-3' (LXREa) and 5'-GGA CGC CCG CTA GTA ACC CCG GC-3’
(LXRED) from the mouse SREBP-1c¢ promoter (Yoshikawa et al.,
2001), 5'-GCT TTG GTC ACT CAA GTT CAA GTT A-3’ from the rat
CYP7A promoter (Lu et al., 2000), and 5’'- GAT CAC GAT GAC CGG
TAG TAA CCC CGC C-3' from the rat fatty acid synthase (Chen et
al., 2005). Binding reactions were performed in a buffer containing
10 mM Tris-HCI, pH 7.6, 50 mM KCI, 0.05 mM EDTA, 2.5 mM
MgCl,, 8.5% glycerol, 1 mM dithiothreitol, 0.5 pg/ml poly(dI-dC),
0.1% Triton X-100, and nonfat milk (Yoshikawa et al., 2001). Unla-
beled probes and anti-LXRa« antibody (Perseus Proteomics Inc.) were
used for competition experiments and supershift experiments, re-
spectively. Samples were separated on 5% polyacrylamide gels, vi-
sualized with autoradiography.

Molecular Modeling. The structure of the LXRa4-LBD was ma-
nipulated using Sybyl 7.3 (Tripos, St. Louis, MO). We also used
Swiss-Prot ExPASy proteomics tools for homology modeling of
LXRa4-LBD and alignment of LXRa isoforms. Energy minimization
of the constructed models was performed on the Tripos force field.
The atomic coordinates of the crystal structures of human LXRpB-
LBD complexes were retrieved from Protein Data Bank (code 1P8D)
(Williams et al., 2003).

Results

Identification of Novel LXRa-LBD Variants. While
examining, by PCR, the expression of the LXRa-LBD isoform
reported in GenBank accession number NM_001130101 as
LXRa3 by Chen et al. (2005) on a human tissue cDNA panel,
we identified two novel transcripts that we will refer to as
LXRa4 and LXRab. Whereas the LXRa3 mRNA is generated
by the removal of exon 6 through alternative splicing (Chen
et al., 2005), the LXRa4 mRNA includes 192 nucleotides from
an intron between exon 6 and exon 7 of LXRal (GenBank
accession number NM_005693) (Willy et al., 1995) (Fig. 1, A and
B). LXRa1, LXRa3, and LXRa4 proteins have 447, 387, and 511
amino acids, respectively (Fig. 1C). The LXRa5 mRNA is tran-
scribed by alternative splicing that generates an additional
exon between exon 7 and exon 8. Because a stop codon exists in
this exon, LXRa5 protein truncates the C-terminal helices 7 to
12 and has 356 amino acids.

We examined mRNA expression of LXRa isoforms by real-
time quantitative reverse transcription-PCR with specific
primers for each isoform (Table 1). In normal human tissues,
LXRal was highly expressed in liver, spleen, testis, pan-
creas, and thymus (Fig. 2A). LXRa3, LXRa4, and LXRab
were expressed weakly in the liver, spleen, ovary, small
intestine, and colon. We next examined the expression of
LXRa isoforms in human hepatocyte-derived HepG2, intes-
tinal mucosa-derived HCT116, SW480, Caco-2, myeloid-de-
rived U937, HL60, THP-1, kidney epithelium-derived
HEK293, mammary epithelium-derived MCF-7, osteoblast-
derived MG63, neuron-derived NT2/D1, SK-N-SH, and kera-
tinocyte-derived HaCaT cells. LXRal was the predominant
isoform in all examined cells (Fig. 2B). LXRa3 was expressed
in all cells except MG63 and SK-N-SH cells. It is noteworthy
that LXRa4 was more abundant than LXRa3 in Caco-2 cells.
LXRab was detected only weakly in the cell lines.

We compared the mouse LXRa gene (GenBank accession
number NC_000068.6) with the human LXRa gene (Gen-
Bank accession number NC_000011.9) and designed specific
primers for mouse LXRa3 and LXRa4 (Table 2). We could not
find a fragment corresponding to the additional exon for
human LXRa5 in the mouse LXRa gene. LXRa3 and LXRa4
were expressed weakly in the liver, kidney, intestine, spleen,
heart, and lung of mice (Fig. 2C). Expression of these iso-
forms was at background levels in LXRo/LXRB-double-
knockout mice. It is noteworthy that LXRa4 was more abun-
dant than LXRa3 in the mice tissues.

To examine LXRa isoform proteins, we transfected HaCaT
cells with control or three different siRNAs against LXRa
and determined protein accumulation of LXRa isoforms.
Transfection of siLXRa-1, siLXRa-2, and, to a lesser extent,
siLXRa/B decreased LXRal protein levels (Fig. 3A). We ob-
served weak expression of LXRa3 and LXRa4 proteins.
LXRa3 protein decreased in cells treated with siLXRa-1 but
not siLXRa-2 (Fig. 3A). Although siLXRa-1 targets a mixture
of sequences in exon 5, exon 6, and exon 8, siLXRa-2 is
against sequences in exon 6, a region lost in LXRa3 (Fig. 1C).
Treatment with siLXRa-2 and siLXRa/B reduced LXRa4 pro-
tein levels (Fig. 3). We could not detect LXRab5 protein in
HaCaT cells. We also transfected HepG2 cells with siRNAs
against LXRa. Similar to experiments in HaCaT cells,
LXRal and LXRa4 protein levels decreased in HepG2 cells
treated with siLXRa-1, siLXRa-2, and siLXRa/B (Fig. 3B).
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Treatment with siLXRa-1 and siLXRa/B also reduced LXRa3
protein levels in HepG2 cells. These findings indicate that
LXRa3 and LXRa4 proteins are present in cells, although at
lower levels compared with LXRa1.

The promoter of the human LXRa gene contains LXREs,
and its expression is induced by LXR ligand treatment in

macrophages, constituting a mechanism of positive autoreg-
ulation (Laffitte et al., 2001; Li et al., 2002). We examined the
effect of a synthetic LXR ligand, T0901317, on the mRNA
expression of LXRa isoforms. T0901317 increased the expres-
sion of LXRal in HepG2, SW480, and THP-1 cells but not in
MCEF-7 cells (Fig. 4). The expression of LXRa4 and LXRab
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Fig. 2. Differential expression of human and mouse LXRa isoforms. A,
real-time quantitative reverse transcription-PCR analysis of LXRa iso-
form expression in a human tissue cDNA panel. Repeated experiments
showed similar results. B and C, real-time quantitative reverse transcrip-
tion-PCR analysis of LXRa isoform expression in several human cell lines
(B) and in several mouse tissues (C). C, LXRa3 and LXRa4 are expressed
more weakly than LXRal (left). LXRa3 and LXRa4 expression is com-
pared in wild-type mice (WT; middle) and Lxra(—/—)/Lxrp(—/—) mice
(Lixr(—/-); right). The values represent means * S.D. of triplicate assays.

was also induced by T0901317 in HepG2, SW480, and THP-1
cells. T0901317 increased the expression of LXRa3 in SW480
cells but had no effect in HepG2 and THP-1 cells. It is
noteworthy that LXRa3 expression was decreased by
T0901317 in MCF-7 cells. Thus, the expression of LXRa
isoforms is regulated in a cell type-dependent manner.
Transactivation and Cofactor Interaction of LXR«
Isoforms. To examine the transactivation activity of LXR«
isoforms, we transiently transfected HEK293 cells with an
LXR isoform expression vector and a luciferase reporter con-
taining LXRE (Peet et al., 1998). We observed exogenous
LXRa isoform proteins in HEK293 cells with immunoblotting
(Fig. 5A). T0901317 effectively induced LXRal transactiva-
tion but had no effect on LXRa3, as reported previously
(Chen et al., 2005) (Fig. 5B). T0901317 at 10 nM induced
maximal LXRa1 transactivation; at 30 and 100 nM, it did not
cause further induction. T0901317 activated LXRa4 less ef-
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SILXRo/B
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Fig. 3. Western blotting analysis of LXRa isoforms. A, expression of
LXRal, LXRa3, and LXRa4 proteins is observed in HaCaT cells. Long
and short exposures are shown in top and bottom panels, respectively. B,
HepG2 cells also express LXRal, LXRa3, and LXRa4 proteins. Cells were
transfected with control siRNA, (siCont), siLXRea-1, siLXRa-2, or
siLXRa/B for 48 h. Nuclear proteins (30 ug) were immunoblotted with
anti-LXRa antibody.
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Fig. 4. Effects of an LXR ligand on mRNA expression of LXR« isoforms.
Cells were treated with ethanol (EtOH) or 1 uM T0901317 for 24 h. *, p <
0.05; ##, p < 0.01; ##%, p < 0.001 compared with ethanol control. The
values represent the means *+ S.D. of triplicate assays.

fectively than LXRal, and LXRa5 showed no transcriptional
activity. We transfected cells with a VP16-LXRa chimeric
receptor together with the LXR-responsive reporter. As a
result of ligand-independent activity, the luciferase activity
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Fig. 5. Transactivation, transrepression, and RXR heterodimerization of LXRa isoforms. A, immunoblot analysis of LXRa isoforms expressed in
HEK293 cells. Cells were transfected with pFLAG-CMV2 control (Cont), pFLAG-CMV2-VP16 (VP16-Cont), pFLAG-CMV-LXRa« isoform, or pFLAG-
CMV2-VP16-LXRa isoform. LXRa proteins were detected with anti-FLAG antibody. Each lane was loaded with 20 ug of proteins. B, transactivation
of LXRa isoforms on an LXRE reporter by T0901317. HEK293 cells were transfected with pFLAG-CMV2 control (—), pFLAG-CMV2-LXRal (al),
pFLAG-CMV2-LXRa3 (a3), pFLAG-CMV2-LXRa4 (a4), or pFLAG-CMV2-LXRa5 (ab) and (rCyp7a-DR4)x3-tk-LUC and were treated with ethanol
(EtOH) or 10, 30, or 100 nM T0901317. C, effects of constitutively active LXRa isoforms on LXRE. HEK293 cells were transfected with pFLAG-
CMV2-VP16 control (—), pFLAG-CMV2-VP16-LXRal (al), pFLAG-CMV2-VP16-LXRa3 (a3), pFLAG-CMV2-VP16-LXRa4 (a4), or pFLAG-CMV2-
VP16-LXRa5 (ab), and treated as in B. D, repressive activity of LXRa isoforms on p-catenin transactivation. HEK293 cells were transfected with
pFLAG-CMV2 control (—), pFLAG-CMV2-LXRal (al), pFLAG-CMV2-LXRa3 (a3), pFLAG-CMV2-LXRa4 (a4), or pFLAG-CMV2-LXRab (ab), in
combination with pCMX control (=) or pCMX-B-catenin-MT (+), and TOP-GLOW, and treated with ethanol (EtOH) or 100 nM T0901317. E,
interaction of VP16-LXRa isoforms with GAL4 chimera of RXRa-LBD. Cells were transfected with pCMX-GAL4 control or pCMX-GAL4-RXRa in
combination with pFLAG-CMV2-VP16 control (—), pPFLAG-CMV2-VP16-LXRal (al), pFLAG-CMV2-VP16-LXRa3 (a3), pFLAG-CMV2-VP16-LXRa4
(a4), or pPFLAG-CMV2-VP16-LXRa5 (ab5), and MH100(UAS)x4-tk-LUC and were treated with ethanol control (EtOH) or 100 nM T0901317. F,
interaction of GAL4 chimera of LXRa-LBDs with VP16-RXRa. Cells were transfected with pCMX-GAL4 control (—), pCMX-GAL4-LXRal (al),
pCMX-GAL4-LXRa3 (a3), pPCMX-GAL4-LXRa4 (a4), or pPCMX-GAL4-LXRa5 (ab) in combination with pCMX-VP16 control or pCMX-VP16-RXRa, and

MH100(UAS)x4-tk-LUC, and were treated as in E. The values represent the means + S.D. of triplicate assays.

of VP16 chimeric receptors assesses the interaction of the
receptor and the binding element (Adachi et al., 2004). VP16-
LXRal induced luciferase activity in the absence of ligand
(Fig. 5C), suggesting that VP16-LXRa1 binds to an LXRE in
a ligand-independent manner. Ligand addition further in-
creased transactivation but only slightly. VP16-LXRa3 was
not effective in either the presence or the absence of ligand.
These findings suggest that VP16-LXRa3 does not interact
with an LXRE in cells. VP16-LXRa4 induced luciferase ac-
tivity in a ligand-dependent manner, and VP16-LXRa5 in-
duced weak ligand-independent luciferase activity. We exam-
ined the subcellular localization of LXRa isoforms using
green fluorescence protein-fused proteins and found that all
isoforms were localized in the nucleus (data not shown). In
addition to transactivation, LXRa exhibits ligand-dependent
transrepression of several transcription factors, including
B-catenin (Uno et al., 2009). T0901317 treatment inhibited
B-catenin transactivation of T cell factor-mediated transcrip-
tion in the presence of LXR«1, as reported previously (Uno et
al., 2009). Ligand-dependent inhibition was not observed
with cotransfection of LXRa3, LXRa4, or LXRab. Thus,

LXRa3, LXRa4, and LXRab are nonfunctional LXRa iso-
forms (Fig. 5D).

To examine the RXR heterodimerization of LXRa« isoforms,
we performed mammalian two-hybrid experiments using
VP16-LXRa, GAL4-RXRa, and a GAL4-responsive luciferase
reporter. The full-length fragments of LXRa isoforms were
fused to the VP16 transactivation domain, and the RXRa-
LBD was fused to GAL4 DNA-binding domain (DBD). VP16-
LXRal effectively interacted with GAL4-RXRa in a ligand-
independent manner (Fig. 5E). T0901317 treatment did not
cause further increase, suggesting maximal interaction of
GAL4-RXRa and VP16-LXRal in the absence of ligand.
VP16-LXRa4 made a weak interaction with GAL4-RXRa
that was enhanced by T0901317 treatment. VP16-LXRa3
and VP16-LXRab5 did not interact with GAL4-RXRa in the
presence or absence of ligand. We next examined the inter-
action of GAL4-LXRa and VP16-RXRa. The LBDs of LXRa
isoforms were fused to GAL4-DBD, and the full-length frag-
ment of RXRa was fused to the VP16 domain. First, we
examined the transactivation activity of GAL4-LXRa iso-
forms with cotransfection of a control VP16 vector that does
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not interact with a GAL4 chimeric receptor. Among the
GAL4-LXRa isoforms, only GAL4-LXRal was activated by
T0901317 (Fig. 5F). Next, we examined effect of cotransfec-
tion of GAL4-LXRa and VP16-RXRa. GAL4-LXRal plus
VP16-RXRa activated the luciferase reporter, indicating a
ligand-independent association of these receptors. Ligand
addition further enhanced the interaction. Although full-
length fragments of receptors were fused to VP16 proteins,
GAL4 chimeric receptors contain only LBDs of receptors.
These structures may cause the difference in interaction
between GAL4-RXRa/VP16-LXRal and GAL4-LXRa1/VP16-
RXRa. Interactions were not observed between VP16-RXRa
and GAL4-LXRa3, GAL-LXRo4, or GAL-LXRa5 (Fig. 5F).
Comparison of the VP16-RXR«/GAL4-LXRa4 interaction
with the GAL4-RXR«a/VP16-LXRa4 interaction suggests
that unlike LXRal-LBD, LXRa4-LBD cannot stably het-
erodimerize with RXR.

We examined direct binding of LXR« isoforms to LXREs by
EMSAs. As reported previously (Yoshikawa et al., 2001),
LXRal-RXR heterodimer bound to a LXRE from the
SREBP-1c promoter (Fig. 6A). Incubation with anti-LXRa
antibody induced a supershift of the LXRa1-RXR DNA com-
plex, and addition of unlabeled probes competed the binding
of LXRal-RXR to labeled probes, confirming the specific
binding of LXRa1l-RXR to the LXRE. Complex formation of
LXRa1-RXR-LXRE did not require ligand addition (Fig. 6B),
consistent with a ligand-independent effect of VP16-LXRal
on an LXRE reporter in cells (Fig. 5B). In contrast, DNA
complex was not observed for LXRa3, LXRa4 and LXRa5 in
combination with RXR, and T0901317 treatment was not
effective (Fig. 6B).

We examined the effect of other LXR ligands on transacti-
vation of LXRa isoforms. A synthetic agonist, GW3965, and
natural ligands 24(S),25-epoxycholsterol and 22(R)-hydroxy-
cholesterol activated LXRa4 but more weakly than their
activation of LXRal (Fig. 7A). 22(S)-Hydroxycholesterol, ar-
achidonic acid, and linolenic acid are LXR antagonists (Ou et
al., 2001; Spencer et al., 2001). These LXR antagonists did
not activate LXRa isoforms (Fig. 7A). 22(S)-Hydroxycholes-
terol and arachidonic acid inhibited transactivation of
LXRal and LXRa4 induced by GW3965 and 24(S),25-epoxy-
cholesterol (Fig. 7B).

Upon ligand binding, nuclear receptors undergo conforma-
tional changes in the cofactor binding site and the activation
function 2 (AF2) helix that result in the dissociation of core-
pressors [such as silencing mediator of retinoic acid and
thyroid hormone receptor (SMRT) and nuclear receptor core-
pressor (N-CoR)] and recruitment of coactivators [such as
steroid receptor coactivator 1 (SRC-1) and vitamin D recep-
tor-interacting protein 205 (DRIP205)] (Rosenfeld et al.,
2006). We fused the receptor-interacting domains of tran-
scriptional cofactors to the GAL4-DBD and examined the
interaction of LXRa isoforms with cofactors in a mammalian
two-hybrid assay. VP16-LXRal associated with GAL4-SRC-1
and GAL4-DRIP205, and addition of ligand or cotransfection
of RXRa enhanced these interactions (Fig. 8, A and B). VP16-
LXRa4 weakly interacted with GAL4-SRC-1 and GALA4-
DRIP205 only when cells were cotransfected with RXRa.
T0901317 had a small effect on these interactions. This co-
activator recruitment may be related to weak transactivation
of LXRa4 (Fig. 5B). The LXRa3 and LXRab5 did not interact
with the coactivators. VP16-LXRal interacted with GAL4-N-
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Fig. 6. LXRal, but not LXRa3, LXRa4 or LXRab, binds to LXREs. A, LXRE«
from the mouse SREBP-1c was labeled and incubated with LXRal and/or
RXRa proteins. Preincubation with anti-LXRe antibody (1, 5, or 10 ug) and
unlabeled LXREa probes (0.01, 0.1, or 1 uM) was performed for supershift and
competition, respectively. B, LXRal, but not LXRa3, LXRa4, or LXRa5, in
combination with RXRa, binds to LXREa from SREBP-1c. Treatment with 1
uM T0901317 does not affect a complex formation. C, EMSAs using LXREs
from the mouse SREBP-1c promoter (LXREa and LXRED), the rat CYP7A
promoter and the rat fatty acid synthase (FAS) promoter.
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Fig. 7. Effects of GW3965, oxysterols, and fatty acids on
transactivation of LXRa isoforms. A, LXR agonists,
GW3965, 24(S),25-epoxycholesterol, and 22(R)-hydroxy-
cholesterol induce activation of LXRal and LXRa4 but not
LXRa3 or LXRab. LXRa antagonists 22(S)-hydroxycholes-
terol, arachidonic acid, and linolenic acid are not effective
on transactivation of LXRa isoforms. HEK293 cells were
transfected as in Fig. 5B and treated with ethanol (EtOH),
GW3965 (GW), 24(S),25-epoxycholesterol (EC), 22(R)-hy-
droxycholesterol (22R), 22(S)-hydroxycholesterol (22S), ara-
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isoforms with coactivators SRC-1 (A) and DRIP205 (B). Cells were trans-
fected with pFLAG-CMV2-VP16 control (—), pFLAG-CMV2-VP16-LXRal
(al), pPFLAG-CMV2-VP16-LXRa3 (a3), pFLAG-CMV2-VP16-LXRo4 (a4), or
pFLAG-CMV2-VP16-LXRab (ab) in combination with pCMX-GAL4-SRC-1
(A) or pPCMX-GAL4-DRIP205 and MH100(UAS)x4-tk-LUC and were treated
with ethanol control (EtOH) or 100 nM T0901317. Cells were cotransfected
without (left) or with pPCMX-RXRe (right). C, interaction of LXR« isoforms
with corepressors. Cells were transfected with pFLAG-CMV2-VP16 control
(=), pFLAG-CMV2-VP16-LXRal (al), pFLAG-CMV2-VP16-LXRa3 (a3),
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SMRT, and MH100(UAS)x4-tk-LUC, and were treated as in A. The values
represent the means + S.D. of triplicate assays.
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chidonic acid (AA), or linolenic acid (LA). B, LXR« antagonists
suppress transactivation of LXRal and LXRa4 induced by
GW3965 and 24(S),25-epoxycholesterol. HEK293 cells were
transfected as in Fig. 5B and treated with 1 uM GW3965
(GW) or 10 uM 24(S),25-epoxycholesterol (EC) in combination
with ethanol (EtOH), 22(S)-hydroxycholesterol (22S) or ara-
chidonic acid (AA). The values represent means = S.D. of
triplicate assays.

CoR, VP16-LXRa5 interacting weakly (Fig. 8C). T0901317
caused a modest dissociation of N-CoR from VP16-LXRal,
but not from VP16-LXRa5. VP16-LXRal and VP16-LXRab
also interacted with GAL4-SMRT, but ligand addition did not
affect these interactions (Fig. 8C). VP16-LXRa3 and VP16-
LXRa4 did not associate with these corepressors. These ex-
periments illustrate differential interactions of LXRa iso-
forms with cofactors.

We next examined the dominant-negative effect of LXRa3,
LXRa4, and LXRa5 on LXRal transactivation. When ex-
pressed together with LXRal in transfection assays, LXRa3
and LXRa4 did not act as dominant-negative inhibitors, and
LXRab inhibited LXRal transactivation when expressed in
excess (Fig. 9A). In EMSAs, we did not detect a complex of
LXRab, RXR, and LXREs from SREBP-1c, CYP7A, or fatty
acid synthase (Fig. 6C). Expression of LXRa5 also sup-
pressed ligand-dependent induction of LXR target genes,
SREBP-1c, and ABCA1 in SW480 cells, whereas LXRal en-
hanced expression of these genes (Fig. 9B). Combination of
LXRab cotransfection and LXRa antagonist treatment pro-
duced additive effects on the inhibition of LXRa1 transacti-
vation induced by LXR agonists (Fig. 9C).

Structural Model of LXRa4. Of LXRa3, LXRa4, and
LXRab, only LXRa4 displays transactivation potential (Fig.
5). LXRa4 has an identical amino acid sequence with LXRal
with the exception of a 64-amino acid residue insertion be-
tween Glu 296 and Val 297 at helix 4/5 of LXRal (Fig. 1). To
make homology models of the LXRa4-LBD and its het-
erodimer with RXR-LBD, we first constructed a monomeric
model of LXRa4-LBD (amino acids 206-511), called model
M1, by using an automatic modeling system (Swiss Model
version 8.05) on the Swiss-Prot ExPASy workspace and the
coordinates of previously solved LXRB-LBD/24(S),25-epoxy-
cholesterol structure (Protein Data Bank code 1P8D; 58.88%
sequence identity with the LXRa4-LBD) (Williams et al.,
2003). We docked the LXR ligand T0901317 into M1 by
extracting the crystal structure of the LXRa-LBD/RXRp-
LBD/T0901317 complex (Protein Data Bank code 1UHL)
(Svensson et al., 2003) and optimized the liganded complex
on the Tripos force field (1000 iteration steps) using Sybyl 7.3
(Tripos) to yield model M2 (Fig. 10A). The stereochemistry of
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C, combination of LXRa5 cotransfection and LXRa antagonist treatment exhibits additive effects on inhibition of agonist-induced LXRal activation.
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(EtOH), 22(S)-hydroxycholesterol (22S), or arachidonic acid (AA). The values represent means + S.D. of triplicate assays.
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Fig. 10. Structural model of LXRa4. A, model of LXRa4-LBD docked with T0901317 (model M2) was created by automatic selection of LXRB-LBD/
24(S),25-epoxycholesterol complex (Protein Data Bank code 1P8D) as a template and optimization of the complex docked with T0901317, whose
structure was extracted from the LXRa-LBD/RXRB-LBD/T0901317 complex (Protein Data Bank code 1UHL). B, model of LXRa4/RXR heterodimer
(model M3) was created by overlaying the liganded model, in which LXRf in LXRB-LBD/24(S),25-epoxcholesterol (Protein Data Bank code 1P8D) was
replaced with LXRa4, with the LXRa-LBD/RXRB-LBD/T0901317 (Protein Data Bank code 1UHL). C, in model M4, the SRC-1 coactivator peptide was
placed at LXRa4 in the same place as LXRal. H, helix.
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M2 satisfied a Ramachandran plot analysis. In M2, the 64-
amino acid insertion extrudes rearward from the side of helix
10/11 covering the dimer interface. Crystal structure analy-
sis is needed to elucidate whether the inserted region is
totally outside the canonical structure of the LBD. LXRa4
forms an RXR heterodimer and induces an LXRE reporter
activation, although weakly, as shown in Fig. 5. The RXR
heterodimerization interface uses helix 10/11, helix 9, loop 8
to 9, and helix 7 of the LBD (Gampe et al., 2000). The recently
solved crystal structure of the peroxisome proliferator-acti-
vated receptor y (PPARy)/RXRy/DNA complex (Protein Data
Bank code 3DZY) shows an additional dimer interface be-
tween PPARy-LBD (loops 1-3 and B-turn) and RXRy-DBD
(Chandra et al., 2008). The LXR«a4 insertion is suggested to
prevent heterodimerization at the interface with RXR.
LXRa4 may interact only at the B-turn side of the LBD with
the DBD of the dimer partner, as has been shown for PPARYy
in the RXR heterodimer crystal structure.

We next constructed a canonical heterodimer model of
LXRa4-LBD/RXRB-LBD, using the LXRal-LBD/RXRB-LBD
structure (Protein Data Bank code 1UHL) as a model. We
overlaid LXRa4-LBD in the liganded model M1 with LXRa1-
LBD in the crystal structure, replaced the LXRa1-LBD with
LXRa4-LBD, and changed the dihedral angle (i and ¢) at Ser
282 of LXRa4-LBD to relieve hindrance between the inser-
tion and RXRB. We optimized the complex of LXRa4-LBD/
RXRB-LBD accommodated with each ligand (3000 iteration
steps) by fixing RXRB and the two ligands to generate het-
erodimer model M3 (Fig. 10B). With this optimization, the
insertion changed conformation significantly and was packed
in the cavity beneath the contact of helix 10/11 from each
monomer. The main chain conformations of M3 were found to
be in satisfactory region by Ramachandran plot analysis. The
peptide fragment of SRC-1 was extracted form the LXRp-
LBD/24(S),25-epoxycholesterol complex structure (Protein
Data Bank code 1P8D) and was docked into M3 to create the
model M4. In M4, important residues of the AF2 helix, such
as charge clamp residues, Lys 273 at helix 3 and Glu 441 at
helix 12, occupy the correct positions and an LXXLIL-contain-
ing coactivator peptide of SRC-1 is predicted to stably inter-
act (Fig. 100).

Discussion

We report two novel LXRa-LBD isoforms, LXRa4 and
LXRa5. LXRa4 maintains transactivation, DNA binding,
and RXR heterodimerization with weaker activity than
LXRal. Structural modeling reveals that the 64-amino acid
insertion at helix 4/5 disturbs RXR heterodimerization.
LXRa agonist treatment increased the activity of LXRa4,
suggesting that ligand binding stabilizes the conformation of
the LXRa4/RXR heterodimer. Although ligand treatment re-
cruited coactivators to LXRa4, interaction of LXRa4 with
corepressors was not observed. The LXRa4 insertion may
disturb corepressor interaction. LXRab, a C-terminal trun-
cated form, lacks helices 7 to 12, the AF2 domain, and
dimerization interface. As expected, LXRa5 is deficient in
transactivation and coactivator recruitment. It is noteworthy
that LXRab is associated with corepressors. LXRab cotrans-
fection inhibited LXRa1 activity in the overexpression exper-
iment and ligand-dependent expression of endogenous LXR
target genes (Fig. 9). LXRa3 lacks the residues necessary for
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helices 3 and 4/5. LXRa3 has an intact DBD and binds to an
LXRE in combination with RXR in an in vitro EMSA (Chen et
al., 2005). In contrast, we did not observe formation of a
LXRa3-RXR-LXRE complex in the absence or presence of
LXR ligand (Fig. 6B). This discrepancy between our study
and that of Chen et al. (2005) may be due to a difference in
experimental conditions. Consistent with our EMSA results,
LXRa3 did not heterodimerize with RXRa or bind to LXRE in
cells (Fig. 5). The conformation of LXRa3 may be unstable
and be influenced by experimental conditions.

Compared with the full-length LXR«a1, expression of other
LXRa isoforms (LXRa3, LXRa4, and LXRa5; in mice, LXRa3
and LXRa4) was diminished in normal tissues (Fig. 2, A and
C). Chen et al. (2005) reported that LXRa3 is expressed in
lung higher than other tissues, whereas LXRa2 is abundant
in testis. In our results, human LXRa3 was highly expressed
in brain, heart, leukocyte, skeletal muscle, and ovary,
whereas mouse LXRa3 was high in lung and spleen (Fig. 2, A
and C). Further studies are needed to elucidate how LXRa
isoform expression is physiologically regulated and whether
there are age, sex, and racial differences. It is noteworthy
that relative expression levels were increased in several cell
lines (Fig. 2B). Although LXRa isoforms were only weakly
expressed in the neuron-derived NT2/D1 and SK-N-SH cells,
the relative expression of LXRa3 was 60% of LXRal levels in
NT2/D1 cells. Chen et al. (2005) reported that LXRa3 is
expressed to relatively high levels in glioma cells. Because
ligand-activated LXRal inhibits cellular proliferation (Bl-
aschke et al., 2004; Fukuchi et al., 2004; Uno et al., 2009),
expression of the functional form of LXRal may be repressed
in some malignant cells, such as neuron-derived tumors.
LXRa3, LXRa4, and LXRab are hypomorphic isoforms that
lack dominant-negative activity on LXRal. It is unlikely that
the expression of these isoforms disturbs LXRal function or
contributes to the pathogenesis of human diseases, although
the possibility remains that they may gain other unidentified
functions. Alternatively, isoform expression may be a conse-
quence of dysfunction of splicing and/or pre-mRNA degrada-
tion. Pre-mRNA splicing in mammalian cells is regulated by
a ribonucleoprotein complex known as the spliceosome (Wahl
et al., 2009). Patterns of alternative splicing vary in cell types
and across development, likely because of dynamic changes
in the spliceosome protein complement. Alternative splicing
is linked to various human diseases, including cancer (Coo-
per et al., 2009). Extra- and intracellular signaling regulates
pre-mRNA splicing by modulating the dynamic assembly of
the spliceosome components (Shin and Manley, 2004). In
addition to splicing regulation, the RNA quality control sys-
tem also regulates mRNA expression to prevent the produc-
tion of truncated proteins with dominant-negative or delete-
rious gain-of-function activities (Chang et al., 2007). The
nonsense-mediated mRNA decay system degrades mRNAs
carrying premature translation termination codons. The
LXRab5 mRNA contains a stop codon in a novel exon between
exons 6 and 7 of LXRal (Fig. 1). LXRab expression was
limited in all of the examined human tissues and cell lines
(Fig. 2), a finding that may be due to nonsense-mediated
mRNA decay. LXRa dysfunction has been implicated in lipid
metabolism disorders, autoimmune diseases, atherosclerosis,
and cancers (Tontonoz and Mangelsdorf, 2003; Fukuchi et
al., 2004; Bensinger et al., 2008; Vedin et al., 2009). RNA
quality-control mechanisms may lead to preferential LXRal


http://www.pdb.org/pdb/explore/explore.do?structureId=3DZY
http://www.pdb.org/pdb/explore/explore.do?structureId=1UHL
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expression, and increased LXRa3, LXRa4, and LXRab ex-
pression could be biomarkers of LXRa-related diseases.
T0901317 treatment differently regulated the expression of
LXRa-LBD isoforms in cells (Fig. 3), suggesting that LXR«
ligand activation influences the expression of alternatively
spliced products in a cell type-dependent manner. Further
studies are required to elucidate the role of LXRa in post-
transcriptional RNA control.

We created a structural model of LXRa4 using the crystal
structures of related nuclear receptors, such as LXRal and
LXRB. The modeling technique used in this study can be
applied for analysis of variants of other nuclear receptors.
Further functional studies and computer modeling in combi-
nation with X-ray crystal structure analysis should be useful
in the development of molecularly targeted nuclear receptor
therapies.
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