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Abstract

Angiopoietin-like protein 3 (angptl3), a member of the vascular endothelial growth factor family,
was shown to play an important role in regulating lipid metabolism. To elucidate the mechanism by
which PPAR represses angptl3 promoter activity, reporter constructs were prepared and transfection
analysis carried out. PPARP repressed angptl3-Luc promoter activity and activation of PPARB by
L-165041, a PPARB-specific ligand, increased the extent of repression. The repression by L-165041
was lost in angptl3-Luc plasmids having a deleted or mutated LXRa binding site (DR4).
PPARBL405R, deficient in RXRa binding, had no effect on angptl3-Luc promoter activity.
PPARP did not repress the activity of GAL4-LXRa which activates of GALADBD TK-Luc
independent of RXR. Addition of RXRa completely abolished the repression of angptl3-Luc activity
by PPARB. Mammalian two-hybrid analysis revealed that PPAR ligand binding enhanced the
dissociation of the LXRa-RXRa heterodimer. Gel shift assays also indicated that PPARp ligand
binding increased dissociation of LXRa/RXRa binding to a DR4 oligonucleotide probe; addition of
RXRa restored the binding lost by addition of PPARP. Collectively, these results suggest that the
binding of PPARp-specific ligand enhances the affinity between RXRa and activated PPARP and
thus may regulate angptl3 gene expression through a DR4 element by competing with LXRa for
RXRa.
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Abbreviations

angptl3, mouse angiopoietin-like 3; LXR, liver X receptor; RXR, retinoid X receptor; PPAR,
peroxisome proliferator-activated receptor; FXR, farnesoid-X-receptor; VLDL, very low density
lipoprotein; HF, high fat

1. Introduction

The peroxisome proliferator-activated receptors (PPARs) are members of the nuclear hormone
receptor superfamily. Three major isoforms of PPARs (o, /3, and y) have been identified
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(Dreyer et al., 1992; Kliewer et al., 1994), each of which forms an obligate heterodimer with
retinoid X receptor (RXRs) (Kliewer et al., 1992a,b). PPARB and PPARYy control lipid
catabolism and storage and are the targets for hyperlipidemic and anti-type 2 diabetes drugs,
respectively (Berger et al., 2005; Desvergne et al., 2004). While PPARa and PPARYy function
primarily through control of gene expression in liver and adipose tissues, respectively,
expression of PPARR is more ubiquitous and thus elucidating its physiological function is more
complicated.

PPAR appears to have a role in fatty acid oxidation in skeletal muscle and adipose tissue
(Fredenrich and Grimaldi, 2005) and in skin homeostasis (Burdick et al., 2006; Di-Poi et al.,
2004). Studies using selective agonists suggest that PPARP regulates serum lipid levels. The
PPAR agonist L-165041 was found to raise plasma cholesterol concentrations associated with
HDL particles in insulin resistant db/db mice, while having no effect on either glucose or
triglycerides (Leibowitz et al., 2000). L-165041 also reduced LPL activity in white adipose
tissue. In addition, a potent and selective PPAR[ agonist, GW501516, produced a dose-
dependent rise in serum HDL-cholesterol concomitant with a reduction in levels of small-
density LDL, fasting triglycerides, and fasting insulin in genetically obese rhesus monkeys
(Oliveretal., 2001). However, the mechanism for regulation of serum lipids by PPAR remains
unknown.

Recently, PPARB-null mice, placed on a high fat (HF) diet, were found to be
hypertriglyceridemic as a result of elevated levels of serum triglycerides associated with very
low density lipoprotein (VLDL) and this increase was not due to increased triglyceride
synthesis in liver (Akiyama et al., 2004). Interestingly, hepatic expression of the genes
encoding angiopoietin-like 3 (angptl3) was significantly increased in PPARB-null mice on a
HF diet (Akiyama et al., 2004). angptl3 is a member of a family of secreted growth factors.
angptl3-mutant KK/San mice had low levels of plasma lipids (Koishi et al., 2002) and over-
expression of angptl3 elicited a rapid increase in circulating levels of plasma cholesterol,
triglycerides, and non-esterified fatty acids (Koishi et al., 2002).

PPARs are known to function not only as positive regulators of transcription but also as
negative regulators (De Vos et al., 1996; Delerive et al., 1999). However, the mechanisms of
transcriptional repression by PPARS remains less clear. While the repression mechanisms by
members of other steroid hormone receptor super family have been reported as: (1) binding to
specific negative response elements, as is the case for the thyroid hormone receptor on a number
of specific genes (Bodenner et al., 1991; Hollenberg et al., 1995), (2) interfering through
protein—protein interactions or direct competition for DNA binding, with positively acting
transcription factors such as c-jun or C/EBP (Stein and Yang, 1995; Yang-Yen et al., 1990),
and (3) by competition for limiting co-factors such as CREB binding protein (CBP)/p300
(Kamei et al., 1996).

In a previous study, the increased expression of angptl3 observed in PPARB-null mice
suggested the possibility that PPARR represses promoter activity of the angptl3 gene by adirect
or indirect mechanism. Therefore, the angptl3 promoter may be a useful model to study the
mechanism of negative regulation of gene expression by PPARp. The present study revealed
that PPARp represses angptl3 promoter activity in a ligand-dependent manner through an
LXRa binding site.
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2. Materials and methods

2.1. Reagents

T0901317 and chenodeoxycholic acid were purchased from Cayman Chemical and Sigma—
Aldrich, respectively. Merck Research Laboratories (Rahway, NJ) generously provided
L-165041. 9-Cis-retinoic acid was purchased from Wako Pure Chemical Industries (Japan).

2.2. Construction of plasmids

The expression vector encoding mouse PPAR was kindly provided by Walter Wahli
(Universite de Lausanne, Lausanne, Switzerland). The human RXRa and FXR expression
vectors were obtained from Ronald M. Evans (The Salk Institute for Biological Studies, La
Jolla, CA). Construction of the reporter PPRE x 3-TK-LUC in which the luciferase gene is
under the control of the herpes simplex virus thymidine kinase promoter and three PPRES, was
previously described (Kliewer et al., 1992a,b).

The transcription start site of mouse angptl3 was determined in an earlier report (Kaplan et al.,
2003). The sequence of the promoter region is found in the public mouse genomic sequence
database (GeneBank accession numbers NT 039280). The — 1691 (D5), 552 (D4), 309 (D3),
and 96 (D2)/- 1 fragments from the transcriptional start site of the mouse angptl3 promoter
containing Kpnl and Mlul sites in the 5’ - and 3’ -end of the primers were amplified by PCR
and cloned into the luciferase reporter vector, pGL3 basic (Promega, Madison, WI). Point-
mutations were introduced into the DR4 site in the D4 constructs by PCR-based, site-directed
mutagenesis using the following two primer pairs, Mutl; 5’ -
GGGTTACATTCATGCAAGTTAGCACAGCTTAATG-3' and 5’ -CTTGCAT-
GAATGTAACCCTCCCCCATGTTGAGTT-3' (mutations in the distal DR4 are underlined),
Mut2; 5' -TGGGGGAGGATTACATTCGTGCAAGTTAGCACA-GC-3'and 5’ -
AATGTAATCCTCCCCCATGTTGAGTTAGA-3' (mutations in the proximal DR4 site are
underlined). Replacement of a single amino acid in the mouse PPARp and human RXRa,
proteins was created by PCR-based, site-directed mutagenesis using the following two primer
pairs, PPARBCI3S; 5’ -TGCGAGGGGAGCAAGGGCTTCTTCCGCCGGACAATC-3' and
5 -GCC-CTTGCTCCCCTCGCACGCGTGGAC-3', PPARB L394R; 5' -AGCCAG-
TACCGCTTCCCCAAGCTGCTGCAGAAGAT-3' and 5' -GGGGAAGCGGT-
ACTGGCTGTCAGGGTGGTT-3, PPARBL405R; 5 -ATGGCAGACCGCCG-
GCAGCTGGTCACTGAGCATGCCCA-3' and 5" -CTGCCGGCGGTCTGC-
CATCTTCTGCAGCAG-3’ (mutations in the mouse PPARp are underlined), RXRa Y397A,;
5 -AAGGTCGCTGCGTCCTTGGAGGCCTACTGCAAGCA-3'and 5’ -
CAAGGACGCAGCGACCTTCTCCCTCAGCGCCTCCA-3', RXRaKA417A; 5" -
TTCGCTGCGCTCTTGCTCCGCCTGCCGGCT-3' and 5’ -
GAGCAAGAGCGCAGCGAACCTTCCCGGCTGCTC-3' (mutations in the human RXRa
are underlined). These mutants were characterized in earlier reports (Juge-Aubry et al., 1995;
Vivat-Hannah et al., 2003).

The GAL4DBD-TK and TK Luc plasmids were provided by David D. Moore (Baylor College
of Medicine, Houston, TX). The complete open reading frame (ORF) of mouse LXRa was
amplified by PCR from a mouse liver cDNA library by using gene-specific primers containing
BamHI (5) and Xbal (3’) sites, and cloned into the pBIND Vector (Promega). Mammalian
two-hybrid analysis was performed by use of the CheckMate ™ Mammalian Two-Hybrid
System kit (Promega, Madison, WI). The complete open reading frame (ORF) of human
RXRa was amplified by PCR from the human RXRa expression vector described above by
using gene-specific primers containing Xbal (5") and Kpnl (3') sites, and cloned into pACT
vector. The complete PCR-amplified product was subjected to DNA sequencing to verify the
absence of errors.
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2.3. Cell culture and transient transfection assays

HepG2 cell lines were cultured at 37 °C in Dulbecco’s modified Eagle’s medium (Biosource,
Camarillo, CA) containing 10% fetal bovine serum (Gemini, Woodland, CA) and 100 units/
ml penicillin/streptomycin (Invitrogen, Carlsbad, CA). Cells were seeded in 24-well tissue
culture plates and grown to 90-95% confluency. For transfections, 300 ng/well pGL3
angptl3-Luc constructs and 20 ng/well phRL/TK (Promega) were transfected. For
cotransfections, 300 ng/well of the PPAR (pSG5-PPARP) and RXRa (pSG5-RXRa)
expression plasmids were used. All transfections were performed using Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s instructions. The medium was changed
6 h after transfection to fresh medium including each ligand at concentrations described in the
figure legends and after 48 h, the cells were harvested. Luciferase activity was measure by the
Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer’s
instructions. HEK 293 cells were also cultured and transfected as similar conditions.

2.4. Western blotting

Cell extracts from HEK 293 cells were preparated by directly addition of 2 x sample buffer
(125 mM Tris—HCI, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol
blue) to cells after washing with PBS. Total cell extract proteins were assayed by use of the
BCA protein assay (Pierce Chemical Co., Rockford, IL) and 5 ug was subjected to
electrophoresis on a 10% SDS-polyacrylamide gel, transferred to Immobilon-P membranes
(Millipore, Bedford, Mass.) and probed according to the manufacturer’s recommendations with
anti-PPARP (N20; Santa Cruz Biotechnology, Inc. Santa Cruz, CA). An enhanced
chemiluminescence detection system was used to visualize immunoreactive proteins
(Amersham, Inc., Arlington Heights, IL).

2.5. In vitro translation and electrophoretic mobility shift assay

3.Results

Murine PPARp, LXRa and human RXRa proteins were synthesized in vitro by the TNT-
coupled transcription/translation system kit (Promega) with 1 ug of pSG5-PPARB, pcDNA-
LXRa and pSG5-hRXRa. An oligonucleotide (obtained from SIGMA Genosys) consensus
DR4 element as probe was synthesized with the following sequence: 5’ -
GGAGGGTTACATTCGTGCAAG-3' along with an oligonucleotide of complementary
sequence. The oligonucleotides were mixed (50 ng/ul final concentration) and denatured by
heating to 95 °C for 10 min in 0.1 M Tris—HCI, 50 mM MgCl, (pH 7.9) and allowed to anneal
by slowly cooling to room temperature. The annealed oligonucleotides were end-labeled with
[y-32P]ATP using T4 polynucleotide kinase according to the supplier’s (New England Biolabs,
Ipswich, MA) instructions. Each sample after in vitro translation reaction was added in the
components as volume decreased in figure legends. After addition of 1 uM L-165041, a 20-
min at room temperature was incubated and then 20,000 cpm of the labeled DR4 probe was
added, and the incubation was continued for a further 20 min. The conditions of electrophoresis
were described previously (Sinal et al., 2001).

3.1. PPARB represses the promoter activity of angptl3

To examine whether PPARP represses angptl3 promoter activity, a reporter plasmid
(angptI3-Luc) including a promoter region of angptl3 (— 1700/ 1 bp) was cotransfected onto
HepG2 cells with a PPARp expression plasmid, pSG-PPAR (Fig. 1). The angptI3-Luc activity
was suppressed by PPARP by 63% and the extent of suppression was slightly increased by the
addition of L-165041, a PPARp-specific ligand (52% without PPARp). A search for
transcription factor binding sites in the region (— 1700/— 1 bp) of the angptl3 gene revealed
the presence of putative sites for HNF-1a, LXRa, NF-xB and C/EBP. Earlier studies revealed

Mol Cell Endocrinol. Author manuscript; available in PMC 2006 August 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Matsusue et al.

Page 5

that LXRa is a major regulator of hepatic angptl3 gene expression (Inaba et al., 2003;Kaplan
et al., 2003). Interestingly, a typical direct repeat 1 (DR1), PPAR-response element (PPRE)
was not observed in the region. These results indicate that PPARp is capable of repressing
activity of the angptl3 promoter independent of a PPRE.

3.2. PPARPB represses the angptl3 promoter activity through a DR4, LXRa binding site

To identify the cis-element responsible for ligand-dependent repression by PPAR, reporter
constructs with serially deletion of 5" -flanking DNA of angptl3 were prepared. The addition
of L-165041 repressed the activity of the luciferase reporter constructs D5, D4 and D3, whereas
construct D2, lacking the LXR-binding site (direct repeat 4 element, DR4), had dramatically
decreased basal activity without L-165041 and was not repressed by L-165041 (Fig. 2A). The
activity of luciferase plasmids D5 and D4, that included the LXR-binding site (DR4), were
markedly induced by the addition of T0901317, an LXRa-specific ligand (Fig. 2B). The
induced activities were substantially decreased by the addition of L-165041 as compared with
the activity, which was shown in Figs. 1 and 2A, in the absence of LXRa ligand. The luciferase
construct D2, lacking the DR4 motif, completely lost induction of activity by T0901317 and
repression by L-165041 but also showed a marked decrease of luciferase activity to nearly
background levels (Fig. 2A and B). Thus, it is possible that loss of repression of the D2 construct
by L-165041 is due to background promoter activity, although activity of the D2 construct is
sufficiently higher than that of the luciferase vector without the promoter. To exclude this
possibility, a point mutation was introduced into the DR4 element in the D4 construct (Fig.
2C). The relative inhibition of T0901317-induced luciferase activity by PPAR + L-165041
was wild-type (D4); 82%, Mut-1; 51% and Mut-2; 24%. The degree of repression by
PPARp was correlated with T0901317-induced activity. Further, the luciferase activity induced
by T0901317 was repressed in a pSG-PPARP plasmid concentration-dependent manner (Fig.
2D); 60 or 94% inhibition was observed with 25 ng of the pSG-PPARJ expression construct
DNA with or without 1 uM L-165041, respectively. These results suggest that PPAR represses
angptl3 promoter activity through the DR4 LXR binding site and LXR ligand activation.
Further, activation of PPARp by L-165041 additively enhances the repression of promoter
activity activated by LXRa ligand.

3.3. A PPARB mutant lacking RXRa binding does not suppress angptl3 promoter activity

In an earlier report, point mutations were created in the human PPARa changing codon 122
(within the P box region) from a Cys to Ser or codon 433 (within the heptad repeat region)
from a Leu to Arg (Juge-Aubry et al., 1995). The hPPARaC122S was able to form a
heterodimer with RXRa but did not activate transcriptional activity by the addition of specific
ligand, while hPPARaL433R could neither heterodimerize with RXRa nor be activated by
ligand. The amino acid residue replaced in the hPPARGa. is conserved in mouse PPARP (Fig.
3A). Therefore, to elucidate the mechanism for repression of the angptl3 promoter by
PPARS, these mutants were introduced into the mouse PPARB cDNA. First, the post-
translational stability for the mutated proteins was examined. By use of a PPAR antibody that
specifically reacts with PPARR, all mutants transfected to HEK 293 cells were found to be
expressed at similar levels (Fig. 3a and b). The luciferase activity, under the thymidine kinase
promoter control, including the PPRE reporter plasmid, was markedly induced by addition of
L-165041 with PPARP wild-type or L394R (used as a control for the heptad repeat region)
constructs but not with PPARBCI3S or PPARBLA405R, similar to the earlier report (Fig. 3C
left) (Juge-Aubry et al., 1995). PPARP wild-type, PPARBCI3S and PPARBL394R effectively
repressed the angptl3 promoter activity induced by T0901317. Contrary to these mutants,
PPARPBL405R, lacking binding with RXRa, had no effect on angptl3 promoter activity (Fig.
3C right).

Mol Cell Endocrinol. Author manuscript; available in PMC 2006 August 15.
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3.4. Limited RXRa is responsible for the repression of angptl3-Luc activity by PPARB

Recently, it was reported that PPARa suppresses SREBP-1c promoter activity through
reduction of LXRa/RXRa heterodimer formation (Ide et al., 2003; Yoshikawa et al., 2003).

To assess the role of RXRa in the repression effect of PPARP on the angptl3 promoter, an
RXRa expression vector was cotransfected with the PPARf vector (Fig. 4A and B). RXRa
completely abolished repression of angptl3-Luc activity by PPARP either with or without
L-165041 or T0O901317. Interestingly, the addition of RXRainduced luciferase activity in the
presence of PPARp + L-165041. A variant mouse RXRa, RXRaY402A was reported to have
enhanced homodimerization and weak heterodimerization with the thyroid hormone receptor
(TR), Vitamin D receptor (VDR) and PPARYy (Vivat-Hannah et al., 2003). Therefore, the
human RXRaY397A and RXRaK417A (as a control) was examined to determine its effect on
repression of angptl3-Luc activity by PPARP. Cotransfection of wild-type RXRa. or
RXRaK417A completely restored the angptl3-Luc activity repressed by PPAR; the activity
was only partially restored by RXRaY397A by 53% (Fig. 4C). Formation of the RXR/LXR
heterodimer is required for efficient binding to the DR4 element (Ide et al., 2003; Yoshikawa
et al., 2003). To examine whether PPAR( represses the activity by modulating binding of
LXRa to the DR4 element, the LXRa ORF was fused to the yeast transcription factor GAL4
to produce a DR4- or constitutive LXRa-independent system and the transcriptional activity
was measured with a reporter plasmid controlled by the GAL4 DNA binding element (Fig.
4D). GAL4-LXRa significantly induced the activity after addition of T0901317. However, the
repression by PPARSR, either with and without L-165041, was completely lost (Fig. 4D).

3.5. PPARB ligand binding enhances the dissociation of the LXRa -RXRa heterodimer

The present results revealed that L-165041 enhanced repression of angptl3-Luc activity by
PPARp. To assess the effect of ligand on heterodimerization of LXRa and RXRa, mammalian
two-hybrid analysis was performed (Fig. 5). In this experiment, HEK 293 cells that do not
express any PPAR subtypes, were used in order to eliminate any potential interference by
endogenous PPAR expression (Guardiola-Diaz et al., 1999). Indeed, cotransfection of VP16
(herpes simplex virus VP16 activation domain)-fused RXRa and GAL4-fused LXRa plasmids
activated the luciferase activity resulting from the GAL4DBDx4 TK plasmid, indicating
LXRa-RXRa heterodimerization in HEK293 cells; VP16 plasmid without the RXRa ORF was
inactive (Fig. 5A). Under conditions of LXRa-RXRa heterodimerization, the addition of
PPARp without L-165041 decreased the luciferase activity and the extent of suppression was
increased by the addition of L-165041 (Fig. 5B). In contrast to PPARR, the addition of
PPARPBL405R, showing no heterodimerization with RXRa (Fig. 3C), had no effect on
luciferase activity with or without L-16504 (Fig. 5B). Therefore, the decrease of luciferase
activity by L-165041 suggests disassociation of GAL4-LXRa and VP16-RXRa by competition
of VP16-RXRa with ligand-bound PPARP. These results suggest that the L-165041 may
increase the affinity of PPARP for RXRa. Furthermore, the disassociation of LXRa-RXRa
heterodimers by another type 11 nuclear receptor was compared with PPARp using the
mammalian two-hybrid system (Fig. 5C). Farnesoid X Receptor (FXR) is also a partner
receptor for RXRa. FXR without ligand did not lead to a decrease in luciferase activity although
PPARp without lig-and led to a decrease in luciferase activity in a dose-dependent manner.
While FXR transfected in the presence of the specific ligand, chenodeoxycholic acid, could
significantly decrease the activity in a dose-dependent manner. However, the degree of activity
decreased by FXR was clearly lower as compared with the liganded PPAR. C/EBPa, a basic
region-leucine zipper type transcription factor, showing no heterodimerization with RXRa. as
a negative control had no effect on luciferase activity. These results suggest that each nuclear
receptor may have a different affinity for RXRa.
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3.6. PPARB interferes with LXRa /RXRa binding to the DR4 element in the angptl3 promoter

To elucidate the role of PPARp in LXRo/RXRa binding, electrophoretic mobility shift assays
using a DR4 probe derived from the mouse angptl3 promoter sequence were performed (Fig.
6). The PPARB/RXRa heterodimer could not directly bind to the DR4 but the addition of
PPARp to the reaction components including LXRa and RXRa clearly decreased the extent
of DR4-LXRa/RXRa binding in a concentration-dependent manner. This decreased binding
was additively enhanced by the addition of L-165041 (Fig. 6A). To examine whether limited
RXRa alters the degree of binding of the DR4 to LXRa/RXRa, the amount of RXRa was
increased in the presence of PPARp and L-165041. After addition of RXRa, the DR4-LXRa/
RXRa complex that was decreased in the presence of PPARP and L-165041, was almost
completely restored (Fig. 6B). The addition of 9-cis-retinoic acid had no effect on the binding
restored by RXRa (data not shown). These results suggest that PPARP decreases LXRa/
RXRa binding to the DR4 element by competing with LXRa for RXRa.

4. Discussion

PPARs are well established as positive regulators of transcription. However, only a few studies
have demonstrated repression of transcription by PPARs, notably PPARY, although the
mechanism of repression is less clear that with positive gene activation. BRL49653, a
PPARYy ligand, decreased leptin mRNA levels in rat adipose in a dose-dependent manner and
the reporter construct including 5’ -upstream region of leptin was repressed by BRL49653 +
PPARYy (De Vos et al., 1996; Hollenberg et al., 1997). The results obtained by use of reporter
constructs with serially deletion of 5’ -flanking DNA of leptin suggested that the repression by
PPARYyisdueto, at least in part, to functional antagonism of liganded PPARy on C/EBPa trans-
activation through a C/EBP( consensus sequence containing in the leptin promoter. However,
the precise mechanism for the antagonism by PPARYy such as direct or indirect interaction
between two transcription factors remains unclear. Further, the glucagon gene promoter is
strongly activated by PAX6 as the transcription factor expressed early in pancreatic
development defining endocrine cell lineages (St-Onge et al., 1997). PPARYy, expressed in
glucagon-producing a-cells of the endocrine pancreas, repressed expression of the glucagon
gene. Therefore, PPARY directly binds to Pax6 and represses the PAX6-dependent
transcriptional activity (Schinner et al., 2002). These studies suggest a repression mechanism
by PPARs as interfering, through protein—protein interactions or direct competition for DNA
binding, with positively acting transcription factors.

In the present study, PPAR repressed the mouse angptl3 romoter activity in vitro, even though
a PPAR response element was not found in the 5’ -upstream region or introns of angpt13.
Therefore, studies were undertaken to determine whether PPARR directly or indirectly
participates in repression of the angptl3 promoter. LXRa. is the only known positive regulator
of this gene (Inaba et al., 2003; Kaplan et al., 2003). The present study showed that the
LXRa DR4 binding site located in the angptl3 promoter mediates repression by PPARP. This
repression is completely abolished by the addition of RXRa and increased by addition of a
PPAR-specific ligand.

A series of single mutations in PPARP or RXRa were created to exclude the possibility of
artifacts due to the nature of the transient transfection assays. The present data revealed that
PPARP 405R, corresponding to hPPARaL433R, which could neither heterodimerize with
RXRa nor be activated by ligand, had no effect on angptl3 promoter activity. Nevertheless, a
control mutation, PPARBL394R, located only 11 amino acids from the 405 Leu residue (but
out of heptad repeat region) could repress the angptl3 promoter activity similar to the wild-
type PPARB. Interestingly, activation of a PPRE-TK luciferase reporter by PPARaL394R with
L-165041 was actually higher than that of PPARp. Furthermore, the involvement of RXRa in
repression by PPARP was also examined using mutants for RXRa. RXRaK417A could
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attenuate angptl3 promoter activity repressed by PPAR similar to wild-type RXRa while
RXRaY397A showed impaired attenuation. RXRaY397A did not completely lose its ability
to attenuate the promoter activity suggesting that it may retain the potential for
heterodimerization with PPARP. The results of mammalian two-hybrid analysis between
mouse RXRaY402A and PPARYy indicated that this variant could weakly heterodimerize with
RXRa (Vivat-Hannah et al., 2003). Thus, the results obtained with PPARB and RXRa mutants
suggest that repression of the mouse angptl3 promoter by PPAR is mediated by RXRa
competition between PPARP and LXRa resulting in decreased activation of the angptl3
through DR4 binding.

The experiments with these mutants cannot exclude the confounding effects of endogenous
PPARP or RXRa. Therefore, a GAL4-LXRo chimera system was used to determine possible
DR4-independent effects of PPARa. The use of a GAL4-LXRa system allowed for a more
direct assessment of PPAR contribution to DR4 binding by LXRa. In this system, RXRa is
dispensable for the binding of LXRa to the DR4 site. In contrast to results with the angptl3
promoter, the repression by PPARP was completely lost in this system. The results of
electrophoretic mobility shift assays directly demonstrated that PPARp decreases the binding
of LXRa/RXRa to the DR4 and that the binding decreased in the presence of PPARp +
L-165041, was restored in a RXRa. concentration-dependent manner. Recently, it was
demonstrated that PPARa and PPARYy in a dose-dependent manner inhibited SREBP-1c, a
known LXRa target gene (Ide et al., 2003; Yoshikawa et al., 2003). Similar to the RXRa.
attenuation of the inhibition by PPARR of the angptl3 promoter luciferase construct PPARa
and PPARY inhibited LXRa/RXRa binding to the LXRa binding site in the SREBP1c promoter
(Ide et al., 2003; Yoshikawa et al., 2003). The present results suggest that PPARB competes
with LXRo. for limited cellular RXRa leading to lower formation of the transcriptionally
competent LXRa/RXRa heterodimer and its binding to the mouse angptl3 promoter DR4
element.

The reporter activity repressed in the presence of PPARp + L-165041 was significantly elevated
by the presence of RXRa. In addition, 9-cis-retinoic acid had no effect on LXRo/RXRa binding
to the DR4 element thus suggesting that heterodimerization with RXRa not only facilitates
binding to the DR4 element but also contributes to the additive effect of LXRa on
transcriptional activity. Indeed, recent studies suggested the possibility of additive effects of
RXRa. RXR promotes the dissociation of a corepressor from its heterodimeric partner, thyroid
hormone receptor (Li et al., 2002). Liganded Vitamin D receptor allosterically modifies RXR
in the absence of RXR ligand and as result of this modification, heterodimerized RXR acquired
the capacity to recruit coactivators (Bettoun et al., 2003). However, it is not clear whether
heterodimerization with RXRa causes the same effect for LXRa.

Ligand-occupied nuclear receptors generally activate transcription by recruiting coactivators
(Glass and Rosenfeld, 2000). On the other hand, unliganded receptors actively repress
transcription through nuclear receptor corepressors (Glass and Rosenfeld, 2000; Hu et al.,
2003). Indeed, the specific ligand for PPARf was reported to modulate the association with
repressor. The nuclear receptor corepressor (NCoR) was isolated as a specific repressor of
unliganded PPARP. NCoR strongly interacts with the ligand-binding domain of PPARp and a
PPARp-specific ligand antagonized PPARB-NCOR interactions (Krogsdam et al., 2002).
These studies suggest that ligand binding to nuclear receptors allows modulation of co-
associated proteins with nuclear receptors probably through modulating conformational
changes.

The present study provides new insights into the effect of ligand on PPARp. The PPARp ligand
L-165041 enhanced repression of the angptl3 promoter and the ligand effect was independent
of direct transcriptional activation by PPAR as revealed by studies with the PPARBC93S and
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PPARBL394R variants. Further, ligand-bound PPAR more efficiently represses the promoter
activity activated by LXRa ligand as compared with non-LXRa ligand and effectively
competed with the LXRa-RXRa heterodimer and LXRa binding to the angptl3 DR4. The
results of the mammalian two hybrid system showed that the addition of L-165041 leads to
enhance disassociation between LXRa and RXRa in the presence of PPAR. Interestingly,
another type Il nuclear receptor, FXR promoted disassociation only by the addition of the FXR
ligand chemodeoxycholic acid; there was no effect in the absence of ligand. These data suggest
that the affinity of unliganded FXR for RXRa is the lower than that of LXR for RXRa, while
liganded FXR is capable of disassociating the heterodimerization of LXR due to its enhanced
affinity for RXRa. Thus, type Il nuclear receptor activation by a specific ligand not only
activates transcription but also may produce conformational changes that leads to a higher
affinity for RXRa As support for this notion, 1,25-dihydroxyvitamin D3 also enhances
heterodimerization of the vitamin D3 receptor with RXRa (Cheskis and Freedman, 1994,
1996).

It remains unclear whether the mechanism involving RXR competition occurs in vivo.
Recently, gene expression profiles generated from livers of PPARa ligand Wy-14,643-treated
wild-type and PPARa-null mice were compared with the profiling data from the wild-type and
LXRo/LXRB-null mouse liver after exposure to the LXR ligand T0901317 (Anderson et al.,
2004). The results demonstrated that only one of 64 genes constitutively regulated by
PPAR« was repressed by T0901317 treatment, suggesting that PPARo and LXRa activate an
overlapping set of genes. This is in contrast to our proposal and an earlier study (Ide et al.,
2003). The in vivo appearance of RXR competition appears to be due to different affinities for
RXR or different expression levels of competitor receptors. Thus, the discrepancy could be as
fellows. Ide et al. carried out a series of in vivo studies using livers from fasted mice (lde et
al., 2003). This condition actually induces the levels of hepatic PPARa. The angptl3 mRNA
was decreased only in livers from high fat fed mice (Akiyama et al., 2004). Since other reports
demonstrated that fatty acid metabolites directly bind to PPARp (Fyffe et al., 2006; Krey et
al., 1997; Xuetal., 1999) or triglyceride-rich very low-density lipoprotein sufficiently activates
PPARP (Chawla et al., 2003; Lee et al., 2006), PPARS in mice fed a high diet may be more
active and have a higher affinity for RXR as compared with PPAR expressed in mice fed
normal low-fat diets. Therefore, the in vivo appearance of RXR competition appears to be
conditionally limited. More studies are needed to elucidate whether the present mechanism is
also functional in vivo.

Since RXR is also a partner for other class Il nuclear receptors, the RXR competition model
is not likely to be specific for PPARB. Although PPARa is expressed in liver, it is unclear
whether hepatic PPARo and PPAR[ cooperate in repression of the angptl3 gene. However,
each class Il nuclear receptor may have a different affinity for RXRa. Receptors having a high
affinity appear to be predisposed to potential RXR competition as compared to those with lower
RXR affinity. Indeed, the present study revealed that liganded FXR is likely to have less affinity
for RXRa than PPARB. In an earlier report, activation of PPARYy by the ligands ciglitazone
and troglitazone could decrease thyroid hormone receptor-mediated type X collagen gene
expression that was restored upon overexpression of RXR (Wang et al., 2005). Therefore, the
PPARs may have a higher affinity for RXR and cause RXR competition as compared to other
RXR partners such as thyroid hormone receptor or FXR.

In summary, activated PPARJ represses mouse angptl3 promoter activity by interfering with
binding of LXR to DR4 as presented in Fig. 4. The present results also suggest the possibility
that increased expression or activation of PPAR indirectly interferes the function of other
class 1l nuclear receptor. The interference may partially contribute to the effects of PPARp-
specific ligands as previously suggested (Leibowitz et al., 2000;Oliver et al., 2001) (Fig. 7).
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Fig. 1.

Effect of PPARP expression on promoter activity of the angptl3 gene. HepG2 cells were
transfected with the pSG-PPARp vector and the angptl3-Luc plasmid that includes the region
from — 1 to — 1700 bp from angptl3. Following 6 h after transfection, the medium was changed
to fresh medium including L-165041 (0.5 or 1.0 uM) and 48 h after transfection, the cells were
harvested and luciferase activity measured. *p < 0.05.
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Fig. 2.

PPARP indirectly represses the promoter activity of angptl3 by impairing LXRa-signaling.
(A) The repression of PPARp is mediated by a DR4 element in the mouse angptl3 promoter.
HepG2 cells were transfected with the pSG-PPAR vector and the reporter plasmids containing
serially deleted angptl3-Luc plasmid. After transfection, the cells were treated with or without
1 uM L-165041 before harvest. (B) PPAR efficiently repressed induction of the angptl3
promoter by the LXRa ligand. HepG2 cells were transfected with the pSG-PPAR vector and
each deletion mutant. Cells were treated with or without 1 uML-165041 and 100 nM T0901317.
(C) HepG2 cells were transfected with the reporter plasmids (D4 plasmid in A) containing a
point-mutation of the DR4 sequence in the angptl3 promoter. The experimental conditions are
as described in (B). (D) PPARR concentration-dependent repression of induction of the
angptl3 promoter by the LXRa ligand. HepG2 cells were transfected with pSG-PPARS vector
(25, 50, 100, 250 and 500 ng) and D4 deletion mutant. Cells were treated with or without 1
uM L-165041 and 100 nM T0901317. The results are displayed as % values of control without
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pSG-PPARSR vector. Significant differences were as compared to control. *p < 0.05; **p <
0.01; ***p < 0.001; T77p < 0.001; NS, no significant difference.
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Fig. 3.

PPARp mutant lacking RXRa binding capacity has no effect on the angptl3 promoter activity.
(A-a) The human PPARGa sequences of the P box region and heptad repeat motif were aligned
with mouse PPARa. The substituted amino acids are shown as arrows. (A-b) Characterization
of each PPARp point mutant. The amino residues mutated in human PPARa protein were
completely conserved in mouse PPARP. These mutants were characterised in an earler report
(Juge-Aubry et al., 1995). (B-a) Each PPAR isoform expression vector containing C terminal
HA epitop tag was transfected to HEK293 cells. Western blot using the cell lysates was
performed by PPARP (upper panel) or HA (lower panel) antibody. (B-b) The same levels of
full-length PPARP wild-type and each mutant protein expression were observed after transient
expression in HEK293 cells as assayed by Western blotting. (C) The effect of mutanted
PPARp on the PPRE-TK (left) and angptl3 (right) promoter activity. HepG2 cells were
transfected with the angptl3 promoter (D4 mutant as shown in Fig. 2A) or thymidine kinase
promoter including the PPRE sequence plasmids. Cells were treated with or without 1 uM
L-165041 and 100 nM T0901317 (when the angptl3 promoter was used). The results are
displayed as % values of PPARp wild-type vector without L-165041 (PPRE-TK) or without
L-165041 and PPAR vector (angpyl promoter). Significant differences from control (without
PPARB): *p < 0.001; Tp < 0.001; NS, no significant difference.
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Fig. 4.

RXRa expression attenuates repression of the angptl3 promoter by PPARp. Two reporter genes
were used: (A) PPRE-TK as shown in Fig. 3C, and (B) the angptl3 promoter (D4 mutant as
shown in Fig. 2A). The amount (ug) of RXRa plasmid is shown in the figure (0.2 or 0.5 pg).
(C) RXRa with a low heterodimerization potential with PPARs has impaired attenuation of
the angptl3 promoter. RXRaY397A and RXRaK417A were characterized in an earlier report
(Vivat-Hannah et al., 2003). The amount of RXRa, RXRaY397A and RXRaK417A added
was 0.05 pg. The D4 mutant of the angptl3 promoter was used as a reporter plasmid. The results
are displayed as % values of control without PPARf vector. (D) PPAPS has no effect on the
transcriptional activity of the GAL4-fused LXRa. HepG2 cells were transfected with the
GAL4DBDx4 TK-luciferase and GAL4-fused LXRa plasmids without or with PPARp and
cells were treated without or with 1 uM L-165041 and 100 nM T0901317. TK-luciferase that
does not include GAL4DBD (shown as white bar) and GAL4 plasmids, were used as negative
control. *p < 0.05; ***p < 0.001; NS, no significant difference.
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Fig. 5.

Ligand-binding PPARP enhances the dissociation of LXRa-RXRa heterodimers in the
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mammalian two-hybrid system. (A) HEK293 cells were transfected with 200 ng of GAL4-
fused LXRa, VP16-fused RXRa and GAL4ADBDx4 TK-luciferase plasmids. TK-luciferase that
does not include GAL4DBD (shown as a white bar) and VP16 without RXRa ORF plasmids
were used as negative controls. The results are displayed as % values of GAL4-LXRa + TK-
luciferase activity. (B) PPARB and PPARBL405R mutants shown in Fig. 3 were additively
transfected using the experimental conditions described in (A) and HEK293 cells were treated
without or with 1 uM L-165041. The results were displayed as % values of GAL4-LXRa +
VP16-RXRa + GALADBDx4 TK-luciferase activity. (C) PPARp and FXR show a different
dose-response for dissociation of LXRa-RXRa heterodimers. PPAR, FXR and C/EBPa (as

a negative control) were additively transfected in a dose dependent manner using the

experimental conditions described in (A) and HEK293 cells were treated without or with 1
UM L-165041 or 50 pM chenodeoxycholic acid. The results are displayed as % values of
GAL4-LXRa+VP16-RXRao + GAL4ADBDx4 TK-luciferase activity. **p<0.01; ***p <0.001;

NS, no significant d

ifference.
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Fig. 6.

PPARS interferes with LXRa/RXRa binding to theDR4 probe, derived from the angptl3
promoter, by competing with LXRo for RXRa. (A) Electrophoretic mobility shift assays were
carried out by using 32P-labeled DR4 oligonucletide. The components containing 0.5 ug each
of PPARB, LXRa and RXRa, produced by in vitro translation, were incubated with or without
1 pg L-165041 under conditions described in Section 2. The amount of PPAR after in vitro
translation was serially increased 2 (X2)- or 4 (X4)-fold higher than the initial amount (0.5
1g). (B) LXRa/RXRa binding decreased by PPARS is attenuated in an RXRa amount-
dependent manner. The amount of RXRa after in vitro translation was serially increased 2
(X2)- or 4 (X4)-fold higher than the initial amount (0.5 pl).
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Fig. 7.

A simplified repression model of angptl3 promoter activity by PPAR. (A) LXRa regulates
the angptl3 promoter activity (Inaba et al., 2003; Kaplan et al., 2003). RXRa facilitates binding
of type 2 nuclear receptors to their response elements. Activation by LXRa ligand disassociates
repressors N-COR/SMART (Hu et al., 2003) and promotes association with co-activator
(Mangelsdorf and Evans, 1995). (B) PPARS is also a partner for RXRa. Therefore, activated
PPARP interfers the binding of LXRa to the LXR response element DR4 in the angptl3
promoter. L165041-activated PPARB may result in higher affinity binding to RXRa. (C)
Increased cellular levels of RXRa overcomes the inhibition by PPAR leading to sufficient
LXRa/RXRa for binding to the DR4. Thus, RXRa not only facilitates binding to the DR4
element but also may contribute to the additive effect of LXRa-transcriptional activity through
an unknown pathway.
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