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calpain

Supplementary Figure I. Schematic summary of the results, In the absence of
apoA-l (right), ABCAI is internalized and degraded by calpain and only very
limited amount of ABCA| could be recycled to the surface. Inhibition of calpain
may lead to more recycle of ABCAI 1o the surface. In the presence of apoA-I
(left), ABCAL is pre-protected by apoA-I in the surface against the intracellular
calpain-mediated proteolysis. ABCA| is therefore recycled to the surface.
Inhibition of ABCAI internalization by cytochalasin D (CytD) results in the
increase of surface ABCAL. Surface ABCAL is parallel 1o generation of HDL by

apoA-l.
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ABSTRACT

Release of cellular cholesterol by ATP-binding cassette transporter (ABC)Al and apolipo-
proteins is a major source of plasma high-density lipoprotein (HDL). Expression of ABC
transporter Al (ABCA1) is directly stimulated by liver X receptor (LXR)/retinoid X receptor
(RXR) activation. We evaluated the abilities of two RXR agonists, PAD24 and HX630, to
increase ABCA1 expression. In differentiated THP-1 cells, the two agonists efficiently
enhanced ABCA1 mRNA expression and apoA-l-dependent cellular cholesterol release.
However, in RAW264 cells and undifferentiated THP-1 cells, PA024 was highly effective
while HX630 was inactive in increasing ABCA1 mRNA_ In parallel, the two agonists had
different abilities to activate ABCA1 promoter in an LXR-responsive-element (LXRE)-depen-
dent manner and to directly stimulate LXRo/RXR transactivation. The ability of HX630 to
enhance ABCA1 expression was correlated closely with the cellular PPARy mRNA level
Moreover, HX630 was able to activate PPARy/RXR. Transfection of PPARy in RAW264 cells
induced HX630-mediated activation of LXRE-dependent transcription and ABCA1 promoter,
suggesting the ability of HX630 to activate PPARy-LXR-ABCA1 pathway. We conclude that
RXR agonist PA024 and HX630 have different abilities to activate LXR/RXR, and that the cell-
type-dependent effect of HX630 on ABCAL expression and HDL generation is closely
associated with this defect

(" 2008 Elsevier Inc. All rights reserved

1. Introduction

ABC transporter Al (ABCA1) mediates and rate-limits biogen

protein acceptors, such as apoA-1, and cellular cholesterol and
phospholipids [1). Mutations in the ABCA1 gene cause Tangier
disease and other genetic HDL deficiencies [2-4]. Conversely,

esis of high-density lipoprotein (HDL) from helical apolipo- overexpression of ABCA1 in mice resulted in a mild elevation
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of HDL cholesterol [5,6) and has been shown to protect animals
from atherosclerosis [7.8]. Plasma HDL levels are inversely
related to the risk of atherosclerotic cardiovascular disease [9],
presumably because HDL functions to remove excess choles-
terol from peripheral tissues and transport it to the liver for
conversion to bile acids [10]. Accoerdingly, therapies that
increase ABCA1 expression are a promising strategy for
preventing and treating atherogenesis.

Cellular expression of ABCA1 is highly regulated. Loading
cholesterol into macrophages and fibroblasts resulted in
enhanced transcription of the ABCA1 gene by the reaction
mediated by the oxysterol-activated liver X receptor (LXR) [11-
14). ABCA1 expression can also be increased by PPARa or
PPARy activators [15].

Retinoid X receptor (RXR) is a member of the nuclear
receptor superfamily and forms heterodimers with a number
of other receptors. RXR heterodimers, such as the peroxisome
proliferator-activated receptor (PPAR)/RXR, LXR/RXR and the
farnesoid X receptor (FXR)/RXR. can be activated by agonists
for both RXR and the partner receptors and are classified as
permissive heterodimers [16-18]. The thyroid hormone recep-
tor/RXR or vitamin D receptor/RXR are not activated by RXR
agonists and termed as non-permissive heterodimers [16-18).
A natural RXR agonist, 9-cis-retinoic acid, and synthetic RXR-
selective ligands (rexinoids) have been shown to increase
ABCA1 expression in macrophages [12,19,20].

In the present study, we evaluated the ability of two RXR
agonists, PA024 and HX630, to induce ABCA1 expression in
macrophage cell lines. Both PA024 and HX630 have been
developed as RXR-selective agonists and are inactive alone in
the HL-60 differentiation assay but strongly enhance the
activity of low concentration of RAR-selective agonist AMBO
[21). However, their effects on the other RXR heterodimers are
unknown. We found that PAO24 potently induces ABCA1
expression in all cell models examined. However, HX630 failed
to induce ABCA1 expression in RAW264 cells and undiffer-
entiated THP-1 cells, and this defect was closely associated
with the lack of ability to activate LXR/RXR. Instead, HX630
was able to activate PPARy/RXR and induce ABCA1 expression
in differentiated THP-1 cells. Our data also suggest the ability
of HX630 to stimulate the PPARy-LXR-ABCA1 pathway.

2. Materials and methods

2.1, Materials

22(R)-hydroxycholesteral and phorbol 12-myristate 13-acetate
(PMA) was obtained from Sigma; troglitazone from BIOMOL
Research Laboratories Inc, (Plymouth Meeting, PA, USA)
HX630, PA024, and AmS80 were prepared as described
previously [21-23].

2.2, Cell culture and real time quantitative RT-PCRs
RAW?264 cells were obtained from the Riken Gene Bank
(Tsukuba, Japan)and maintained in Dulbecco's modified Eagle’s
medium (DMEM)/F-12 (1:1) containing 10% fetal calf serum.
Cells were incubated for 24 h in serum-free medium containing
0.1% BSA in the presence or absence of 22(R)-hydroxychales-
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terol (2 pg/ml) and RXR agonists. THP-1 cells were maintained in
RPMI 1640 medium containing 10% fetal calf serum. Cells were
treated with RXR agonists in serum-free medium containing
0.2% BSA. Differentiation of THP-1 cells into macrophages was
induced by treatment of the cells with 100 nM PMA for 48 h. RXR
agonists were added to the medium during the last 24 h, Cells
were harvested and total RNA was extracted using an RNeasy
Mini Kit (Qiagen). The RNA samples were treated with DNase
according to the manufacturer's protocol (Qiagen). Relative
expression levels of mRNA were determined using a TagMan
one-step RT-PCR Master Mix Reagent Kit and an ABI Prism 7700
sequence detection system (Applied Biosystems), Primer/probe
sequences used were as follows: human PPARy forward primer,
5'-AGGCGAGGGCGATCTTG-3', reverse primer, 5'-CCCATCAT-
TAAGGAATTCATGTCAT-3', probe, S5'FAM-CAGGAAAGACAA-
CAGACAAATCACCATTCGT-TAMRAY. The primer/probe
sequences for mouse ABCA1 [24], human ABCA1, human
ABCG1, and human LXRa [25] were the same as described
previously. Expression data were normalized to 185 rRNA levels,
and presented as the fold difference of treated cells against
untreated cells.

2.3, Plasmid constructs

Plasmids for a LXRE-driven luciferase reporter and a PPAR
response element (PPRE)-driven luciferase reporter (pPPRE-tk-
Luc) and were constructed by inserting the cDNAs containing
two copies of LXREa and LXREb from the sterol response
element binding protein-1c promoter and two copies of PPRE
from acyl-CoA oxidase, respectively, upstream from the
thymidine kinase (tk) promoter. cDNAs enceding full-length
human RXRa, LXRa, LXRB, or PPARy were PCR-cloned and
inserted into mammalian expression vector pcDNA3.1 (Invi-
trogen), A mouse peripheral-type ABCA1 promoter (- 1238/457
of exon 1)-luciferase vector (pABCA1-Luc) has been described
previously [24]. A mouse ABCA1 promoter construct contain-
ing mutation in LXRE (pABCA1:mutLXRE-Luc) was prepared as
described previously [26].

2.4.  Transient transfections and reporter gene assays
RAW?264 cells were transfected with 1.0 g of pABCA1-Luc or
PABCA1:mutLXRE-Luc and 0.1 pg of Renilla luciferase vector
(phRL-TK) (Promega) with SuperFect (Qiagen) in 24-well plates.
For LXR activation studies, 1 ug of pLXRE-tk-Luc, 50 ng each of
pcDNA3.1-LXR and pcDNA3.1-RXRa, and 0.7 ug of pSV-g-
galactosidase control vector (Promega) were used. For the
assay of PPARy activation, cells were transfected with 1.3 pgof
PPPRE-tk-Luc and 0.1 ug of Renilla luciferase vector (phRL-TK)
(Promega) in the presence or absence of 50ng each of
pcDNA3.1-LXR and pcDNA3.1-RXRa. An empty pcDNA31
expression vector was used to maintain equal amounts of
DNA for each transfection. Three hours after transfection,
cells were exposed to RXR agonists in the medium containing
10% FCS for 24 h. Undifferentiated THP-1 cells were electro-
poratically transfected with 0. 4 ug of pABCA1-Luc or emply
vector and 0.1 ug of phRL-TK using the Nucleofector transfec-
tion system (Amaxa Inc., Gaithersburg, MD) according to the
manufacturer's protocol. Four hours after transfection, cells
were exposed to RXR agonists in the medium containing 0.2%
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Fig. 1 - Effects of PA024 and HX630 on ABCA1 mRNA

exp and cholesterol efflux in RAW?264 cells, PMA-
differentiated, and undifferentiated THP-1 cells. (A)
RAW264 cells were treated for 24 h with PA024 or HX630
in the absence or presence of 22(R)-hydroxycholesterol
(22RHC, 2 pg/ml). ABCA1 mRNA levels were measured
with quantitative real-time RT-PCR analysis, standardized
against 185 rRNA levels, and expressed as fold induction
relative to the vehicle-treated cells (V, taken as 1). (B) PMA-
differentiated or undifferentiated THP-1 cells were treated
for 24 h with 100 nM PAD24 or HX630. ABCA1 mRNA/185
rRNA levels were expressed as fold induction relative to
the vehicle-treated undifferentiated cells. (C) PA0O24 and
HX630 enhance apoA-1 mediated cholesterol efflux and

FCS for 24 h. Luciferase and p-gpalactosidase activities were
determined in cell lysates. Firefly luciferase activity was
norralized to either that of Renilla luciferase or -galactosi-
dase for each well.

25. Coactivator association assay using fluorescence
polarization

The assay was performed as described previously [27]. Briefly,
TAMRA-labeled peptide (100 nM, with amino acid sequence
ILRKLLQE) was incubated for 1h with purified GST-fused
human PPARy LBD (1.5 pM) and ligands in 100 ul of buffer
(10 mM Hepes, 150 mM NaCl, 2 mM MgCl,, 5 mM DTT at pH 7.9)
in a black polypropylene 96-well plate on a shaker. Ligand-
dependent recruitment of the coactivator peptide was
measured as increases in fluorescence polarization with a
Fusiona-FP (PerkinElmer Life Science).

2.6.
(apoA-)

The differentiated or undifferentiated THP-1 cells were
incubated in the presence or absence of 10 pg/ml of apoA-I
in RPMI 1640 containing 0.2% BSA for 24 h. Lipid was extracted
from the medium and the cells with chloroform/methanol
(2:1, v/v) and hexane/isopropanol (3:2, v/v), respectively, and
cholesterol and choline-phospholipid were determined by
enzymatic methods specific for each lipid [28].

Measurement of lipid efflux to apolipoprotein A-I

2 Statistical analysis

Data were analyzed by ANOVA followed by the Student-
Newman-Keuls method, Statistical significance was estab-
lished at the P < 0.05 level.

3. Results

3.1.  RXR agonist PA024 and HX630 show different
abilities to induce ABCA1 expression

We tested the ability of RXR agonist PAD24 and HX630 to
induce ABCA1 expression in murine macrophage-like cell line,
RAW?264. Treatment of RAW264 cells with PA024 markedly
induced ABCA1 mRNA expression, which peaked at 100 nM,
whereas HX630 up to 1uM had no effect (Fig. 1A left)
Expression of ABCA1 can be stimulated by oxysterol-activated

decrease the cellular cholesterol level in differentiated
THP-1 cells. PMA-differentiated or undifferentiated THP-1
cells were treated for 24 h with 100 nM PA024 or HX630 in
the presence or absence of apoA-I (15 ug/ml). ApoA-I-
dependent release of cholesterol into the medium and
cellular total cholesterol (2.69 + 0.77 ug/mg protein and
15.31 ¢ 0.39 ug/mg protein, respectively, in control cells)
were expressed as fold induction relative to the vehicle-
treated undifferentiated cells. The values represent the
average + 5.D. from three experiments. Significantly
different from vehicle-treated cells (7).
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LXR [11,13,14]. The addition of 22(R)-hydroxycholesterol to the
medium increased ABCA1 expression and strongly enhanced
the effect of PAD24 (Fig. 1A night). This combination had a
greater than additive effect, whereas HX630 again had no
effect.

The effect of two RXR agonists on ABCA1 expression was
also studied in a human monocytic leukemia cell line, THP-1
(Fig. 1B). PA024 (100 nM) increased the ABCA1 mRNA level both
in PMA-differentiated and undifferentiated cells (by 4- and 7-
fold, respectively). In contrast, HX630 (100 nM) did nat affect
the ABCA1 mRNA level in undifferentiated cells. However, the
same concentration of HX630 did raise the ABCA1 mRNA level
in PMA-differentiated cells by 1.6-fold.

ABCA1 has been shown to play a critical role in the
assembly of HDL from apoA-l and cellular cholesterol and
phospholipids. We examined the effect of the two RXR
agonists on apoA-1-mediated cholesterol release (HDL produc-
tion) in THP-1 cells (Fig. 1C). HX630 and PAO24 at 100 nM
increased the amount of cholesterol released into the medium
in the presence of apoA-I (by 2- and 3.4-fold, respectively) in
differentiated cells, and this increase was accompanied by a
decrease in the cellular total cholesterol level. In contrast, the
same concentration of HX630 had no effect in undifferennated
cells,

3.2, PAD24 but not HX630 activates LXR/RXR
and ABCA1 promoter

To determine whether the different abilities of the two RXR
agonists in ABCAl1 mRNA induction were resulted from
different abilities in ABCA1 gene transcription, we examined
their effects on ABCA1 promoter activity. An ABCA1 promoter
( 1238/+57 of exon 1)-luciferase construct was transfected
into RAW264 cells. As shown in Fig. 2A, PA024 markedly
increased the ABCA1 promoter transcription, and the increase
caused by PA024 was lost when a mutation was introduced
into LXRE in the promoter. In contrast, HX630 up to 1 uM had
no effect on the promoter activity. Similarly, when the ABCA1
promoter was transfected into undifferentiated THP-1 cells,
PAD24 augmented the promoter activity in an LXRE-dependent
manner, but HX630 had no effect (Fig. 2B). These findings
indicate that PAO24-induced activation of ABCA1 promoter
was mediated by LXRE. We intended to examine the promoter
activity in PMA-differentiated THP-1 cells. However, transfec-
tion of the plasmid into the differentiated THP-1 cells was
unsuccessful. In addition, cells harboring transfected DNA did
not undergo differentiation with PMA

The possibility that PAD24 but not HX630 activates LXR/RXR
was tested using a reporter assay. Transfection of the LXRE-
driven luciferase-reporter vector alone into RAW264 cells
yielded substantial luciferase activity, indicating transcrip-
tional activation by endogenous receptor(s), and this endo-
genous LXRs-mediated activity was increased by PA024, but
not HX630 (Fig. 3 left). Co-transfection of LXRa and BXRa
expression vectors enhanced the effect of PA024, whereas
HX630 again had no effect (Fig. 3 middle). Expressions of LXRp
and RXRo augmented luciferase transcription in the vehicle-
treated control (Fig. 3 right). However, the response elicited by
PA024 was small and similar to that in cells without LXR/RXR
plasmids (Fig. 3 left). HX630 again had no effect.

THP-1 cells (-PMA)

2

RAWZ264 cells (8)

r

-

To
Sraozd

activity (fold)
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o.0L— ~
Vehicle PA024 HXG630
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Fig. 2 - PA024 but not HX630 augments ABCA1 promoter
activity in RAW264 cells (A) and undifferentiated THP-1
cells (B). Cells were transfected with a pABCA1-Luc (closed
symbols) or pABCA1:mutLXRE-Luc (open symbals)
reporter plasmid together with a phRL-TK internal control
as described in Section 2.4, and treated with indicated
concentrations (for A) or 100 nM (for B) of PA024 and
HX630. Luciferase activity in the cell extract was
normalized using Renilla luciferase activity and expressed
as fold induction relative to vehicle-treated cells (indicated
as V). The data represent the average + 5.D. of three
experiments. Significantly different from vehicle-treated
cells (') or LXRE-mutated promoter ().
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53 HX630 and PA024 activate PPARy/RXR

The ability of HX630 and PAO24 to activate PPARy/RXR was
tested in RAW264 cells transfected with a PPRE-driven
luciferase-reporter vector (Fig. 4A). When PPARy/RXR was
transfected into the cells, the two agonists markedly increased
luciferase activity. RXR-homodimer has been shown to activate
transcription of the DR-1 element [29]. Upon transfection of
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Fig. 3 - PA024 but not HX630 augments LXRa/RXR
transactivation. RAW264 cells were transfected with
LXREx4-tk-Luc reporter plasmid together with a fi-gal
internal control in the absence (A) or presence of
expression plasmids for human LXRa and RXRx (B) or
LXRp and RXRa (C). The cells were treated with the
indicated concentrations of PA024 or HX630. Luciferase
activity in the cell extract was normalized using (-gal and
expressed as fold induction relative to vehicle-treated cells
(indicated as V). The data represent the average + S.D. of
three incubations.
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Fig. 4 - PA024 and HX630 stimulate PPARy/RXR
transactivation. (A) RAW264 cells were transfected with a
PPRE-tk-Luc reporter plasmid together with a phRL-TK
internal control in the presence or absence of expression
plasmids for human PPARy and RXRa. The cells were
treated with 100 nM PAD24 or HX630 for 24 h before
analysis. (B) Dose-response of RXR agonists for activation
of a reporter gene by PPARy/RXR. Cells were transfected
with a PPRE-tk-Luc reporter pl id in the ab e (open
symbols) or presence (closed symbols) of the PPARy
expression plasmid and t d with drugs for 24 h.
Luciferase activity stimulated by PPARy and endogenous
RXR in the cell extract was determined, normalized, and
expressed as fold induction relative to vehicle-treated cells
without g receptor exp ion. The values
represent the average + 5.D. of three incubations. (C) RXR
agonists do not affect binding of troglitazone to PPARy. A
fluorescent-tagged SRC-1 peptide (0.1 pM) was incubated
with 1.5 uM PPARy ligand binding domain in the presence
of various concentrations of PA024 and HX630 in the
presence or absence of 10 uM troglitazone (Tz). Ligand-
induced association of coactivator peptide with the
receptor was monitored by incr in millipolari
fluorescence units (mF).

on

RXRa alone, the two agonists increased luciferase activity,
indicating substantial activation of RXRa homodimer. However,
when PPARy alone was co-transfected, both agonists greatly
enhanced transcription, sugpesting that they have abilities to
activate PPARy/RXR heterodimer made from exogenous PPARy
and endogenous RXR. In this reporter assay system using
exogenous PPARy and endogenous RXR, HX630 activated
PPAR+/RXR-dependent transcription more potently than
PA024 at concentrations higher than 100nM (Fig. 4B). To
exclude the possibility that the HX630 and PA024 bind to PPARy
as a ligand, coactivator-association assay was performed. As
shown in Fig. 4C, neither HX630 nor PAO24 induced an
interaction between fluorescence-labeled coactivator peptide

PHARMACOLOG

185

and the PPARy ligand binding domain in vitro, while the PPARy
agonist troglitazone strongly induced association. Furthermore,
these RXR agonists did not affect the PPARy-coactivator
interaction elicited by 10uM troglitazone. These findings
indicate that the two RXR agonists were able to activate
PPAR~/RXR

3.4. Possible stimulation of PPARy-LXR-ABCA1
pathway by HX630

LXRa gene is known to be a direct target of PPARy/RXR, and
stimulation of PPARy has been shown to increase LXR-target
gene expression by increasing LXRa expression [30]. We
therefore examined the ability of HX630 to enhance LXR-
target gene transcription by activating PPARy/RXR. LXRE-
driven luciferase assay was performed in RAW264 cells with or
without co-transfection of PPARy. As shown in Fig. 5A, HX630
augmented luciferase transcription in the presence but not in
the absence or PPARy. This effect was enhanced by increasing
the amount of the PPARy expression plasmid and the
combination of HX630 and the LXR agonist 22(R)-hydroxycho-
lesterol had an additive effect. The activity of ABCA1 promoter
was also increased by HX630 when PPARy was co-transfected
(Fig. 5B)

The level of PPARy mRNA was very low in undifferentiated
THP-1 cells (not treated with PMA) but up-regulated during
differentiation with PMA (Fig. 6). The levels of PPARy-targel
gene CD36 and LXRa mRNA were unaffected by HX630
(100 nM) in undifferentiated cells but increased in PMA-
differentiated cells (by 1.4- and 1.6-fold, respectively). In
parallel with these changes, LXRa-target ABCG1 expression
was unaffected by HX630 in undifferentiated THP-1 cells but
increased in differentiated cells (by 3.9-fold), PA024 (100 nM)
effectively raised ABCG1 and LXRa levels in undifferentiated
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Fig. 5 — HX630 activates LXRE-driven luciferase (A) or
ABCA1 promoter (B) gene transcription upon co-
expression of PPARy. RAW264 cells were transfected with
an LXREx4-tk-Luc or a pABCA1-Luc reporter plasmid and a
phRL-TK internal control in the presence of 0-0.2 g of
PPARy plasmid and treated for 24 with 100 nM HX630 in
the presence or absence of 0.5 pg/ml 22(R)-
hydroxycholesterol (22RHC). Luciferase activity in the cell
extract was determined and normalized. The values
represent the average + S.D. of three experiments.
Significantly different from respective control (*) or
vehicle-treated cells (i).
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Fig. 6 - PA024 and HX630 increase LXR- and PPARy-target
gene expressions in PMA-differentiated THP-1 cells. PMA-
differentiated or undifferentiated THP-1 cells were treated
for 24 h with 100 nM PA024 or HX630. The expressions of
ABCG1, PPARy, and LXRx mRNA were measured as
described in the legend to Fig. 1B. The values represent the
average + 5.D. relative to the PMA-treated control cells
(taken as 1) from three experiments. * Significantly
different from vehicle-treated cells.

cells, and the effect was drastically increased in PMA-
differentiated cells.

LN Discussion

In the present study, we found that RXR agonist PA024
efficiently enhanced ABCA1 mRNA expression in all cell lines
tested and strongly promoted apoA-l-mediated cholesterol
release (HDL generation) from PMA-differentiated THP-1 cells
(Fig. 1B and C). However, HX630 was unable to raise the ABCA1
mHBENA level in RAW264 cells (Fig. 1A) and undifferentiated
THP-1 cells (Fig. 1B), but was active in differentiated THP-1
cells (Fig. 1B)

The different abilities of the two agonists to induce ABCA1
MRNA expression in RAW?264 cells and undifferentiated THP-1
cells were paralleled with their different abilities to activate
ABCA1 promoter (Fig. 2). PA024 increased the ABCA1 promoter
activity in an LXRE-dependent manner, suggesting that the
effect of PAO24 was primarily mediated by LXR/RXR activation.
Indeed, PA024 strongly stimulated LXRa/RXR-dependent
transcription in a cellular transactivation assay (Fig. 3). In
contrast, HX630 failed to stimulate the ABCA1 promoter
activity. Because HX630 had no capability to directly activate
LXR/RXR, suggesting that the failure of ABCA1 induction by
HX630 is attributable to this defect.

However, HX630 was able to increase ABCA1 mRNA
expression and promote apoA-I-mediated cholesterol release
(HDL generation) in PMA-differentiated THP-1 cells (Fig. 1Band
C). HX630 was able to induce another LXR-target gene ABCG1
mRNA expression in differentiated cells but not in undiffer-
entiated cells (Fig. 6). These findings suggest that HX630 might
increase LXR-target gene transcription in differentiated THP-1
cells,

The LXRa gene is known to be a direct target of PPARy, and
stimulation of PPARy by agonists has been shown to increase
ABCA1 expression by raising LXR« level [30]. We showed that
both HX630 and PA0O24 were able to activate PPARy/RXR in a
cellular transactivation assay (Fig. 4). Furthermore, if PPARy-
expression plasmid was co-transfected into RAW264 cells,
HX630 was able to stimulate an LXRE-dependent reporter gene
transcription and the ABCA1 promoter activity, as well (Fig. 5).
These findings suggest the ability of HX630 to stimulate the
PPARy-LXR-ABCA1 pathway. The level of PPARy mRNA was
greatly induced by differentiation of THP-1 cells with PMA
(Fig. 6). In addition, the differentiation augmented HX630-
mediated expression of LXR-target ABCA1 and ABCG1 and
PPARy-target LXRa and CD36. Both endogenous PPARy activity
(Fig. 4A and B) and HX630-induced ABCA1 expression (Fig. 1A)
were undetectable in RAW264 cells. These findings indicate a
close correlation between the ability of HX630 to enhance LXR-
target gene expression and the cellular PPARy mRNA level. The
activation of PPARy/RXR by HX630 primary may elevate LXRa
and thereby enhances ABCA1 expression In PMA-differen-
tiated THP-1 cells. Possibility remains that HX630 stimulates
LXR/RXR in this cell model. However, we were unable to
investigate this possibility due to very low efficiency in DNA
transfection in PMA-differentiated cells. Another possibility is
that activation of RXR heterodimer(s) other than PPARy/RXR
may also be responsible for the HX630-mediated ABCA1l
expression in this cell line, A study has shown that RAR
activators increase ABCA1 expression in mouse peripheral
macrophages, and that RAR/RXR stimulated the ABCAl
promoter activity via the same DR4 element as LXR/RXR
[31]. However, when PMA-differentiated THP-1 cells were
treated with RAR agonist AMBO [21], the ABCA1 mRNA level
was unchanged (data not shown), suggesting that the RAR/
RXR-mediated promoter activation may not make a large
contribution to ABCA1 expression in this cell line.

Inductions of ABCA1 and HDL generation by PA024 and
HX630 were accompanied by a decrease in the cellular
cholesterol level (Fig. 1C). In particular, our findings show
the effectiveness of direct activation of LXR/RXR by PA024
(Fig. 3). Although LXR/RXR is known to be permissive in terms
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of RXR agonist activation [16,17), HX630 was unable to activate
LXR/RXR (Fig. 3). Administration of RXR agonists to mice leads
to increases in HDL cholesterol levels [20]. RXR modulators are
promising therapeutic strategies [32]. However, increases in
serum triglyceride due to RXR agonists are postulated to occur
via activation of LXR/RXR, leading to enhanced lipogenesis in
response to induction of hepatic SREBP-1c expression [33].
Heterodimer-selective RXR agonists without the ability to
directly activate LXR/RXR, may be a promising target for the
development of drugs without adverse effects. Synthetic RXR
agonists that retain the ability to activate FPARy/RXR, but have
less effect on LXR/RXR and RAR/RXR, have been reported, and
pharmacological advantages of these heterodimer-selective
RXR agonists as anti-diabetes agents have been demonstrated
[34]. The molecular basis of such heterodimer selectivity has
not fully been clarified. The mechanism underlying HX630
heterodimer selectivity awaits further investigation.
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Practical Risk Prediction Tools for Coronary Heart Disease
in Mild to Moderate Hypercholesterolemia in Japan
Originated From the MEGA Study Data

Tamio Teramoto, MD; Yasuo Ohashi. PhD*; Noriaki Nakaya, MD**;
Shinji Yokoyama, MD'; Kyoichi Mizuno, MD'"; Haruo Nakamura, MD*
for the MEGA Study Group

Background A simple and practical risk prediction tool for coronary heart discase (CHD) to determine the
specific risk level in each patient that fits the true clinical practice setting is needed and would be valuable in
Japan.

Methods and Results A 5-year risk prediction score and chart for CHD based on the MEGA study data was
developed in the present study, The MEGA risk prediction score and chart were constructed based on the coeffi-
cient of each risk factor. The risk factors included in these risk prediction tools were: treatment (diet, diet plus
pravastatin), sex, age, baseline high-density lipoprotein-cholesterol, baseline low-density lipoprotein-choles-
terol, glucose abnormality (diabetes and impaired fasting glucose), hypertension, and smoking. The MEGA risk
prediction score comprised the risk score for each risk factor, and it can predict 5-year risk for CHD with 5 levels
of risk, based on the total risk score. The MEGA risk prediction chart more accurately predicts risk, by reflecting
the accumulation of risk factors and using an 8-color visual chart,

Conclusions The MEGA risk prediction score and chart, developed from the MEGA study data, more easily
and accurately assesses the 5-year CHD risk in mild to moderate hypercholesterolemic patients in the usual clin-
ical practice setting in Japan. (Circ J 2008; 72: 1569-1575)

Key Words: Coronary artery disease: Follow-up studies: Hypercholesterolemia; Risk factors; Statin

main causes of death in the USA and Europe! and

is the second most frequent cause of death in
Japan? CHD nisk increases remarkably with the accumula-
tion of nsk factors’ Data from some epidemiological
studies and clinical trials have identified several risk factors
for CHD®7 and some risk prediction scores for CHD were
developed using risk factor analysis from these data. The
Framingham risk model is a typical one! However, it is
well known that the estimated incidence of CHD by the
Framingham prediction model is not consistent with the
actual incidence in different populations. Therefore, differ-
ent prediction scores have been developed in several coun-
tries?12 In 2006, the Health Risk Evaluation Chart!? a risk
chart corresponding to the Framingham CHD risk score,
was developed based on the Nippon Data 80!* which used
u 19-year follow-up study of data of the Japanese general
population,

C oronary heart discase (CHD) represents one of the
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Thus, despite the different risk prediction tools available
in several countries, it remains unclear whether these tools
accurately predict risk in patients with hypercholesterolemia
treated by diet with or without a statin. Regarding risk pre-
diction for the population receiving lipid-lowering pharma-
cotherapy, the CHD predicted value obtained from the
Framingham risk model was compared with the observed
CHD incidence in a substudy of WOSCOPS!S conducted to
confirm the efficacy of pravastatin to prevent the first onset
of ischemic heart disease. The observed incidence of CHD
was similar to the predicted CHD risk using the Framingham
risk model in the placebo group. whereas in the pravastatin
group the observed CHD incidence was lower than the pre-
dicted CHD risk, indicating that the Framingham risk model
does not accurately apply (o patients receiving pravastatin!®

The MEGA study 1s a large-scale clinical study conducted
to evaluate the efficacy of pravastatin treatment (o decrease
the risk of cardiovascular events in patients with mild to
moderate hypercholesterolemia without a past history of
ischemic heart disease and/or stroke!”'® This report shows
that 2 different 5-year CHD incidence risk prediction tools,
a risk prediction score and chart, developed from the
MEGA study data is accurate and efficient for clinical
application.

Methods

The MEGA study, a prospective randomized open-label
study. was conducted from February 1994 to March 2004
A total of 8,214 patiems with hypercholesterolemia (total
cholesterol (TC) 220-270mg/dl) and no history of ischemic
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Table 1 Baseline Characteristics of Study Patients in the MEGA Study

Nov, of patients

Age (years)

Wonren

BMI (keim?)

SBP (miniHg)

DRF (mumHe)

HT*

Gilugose ghnormality®
Current{pist snioker
TC {mpddl)

TG tingldf)

HDL-C (mg/dl)
LOEC (mghdl)
Lipoprotedn{a) (my/df)

Diet plus pravastatin groug

Digr group

3,966 3866

58 4=7.2 SN227.4
2718 (6% 2638 (OR%)
238=00 23811
132421068 1320=16.8
7882102 78a=104
1663 (425 ) L6I342%)

2% (21%) 804215

791 120% ) 824 124%)
242.6:12.2 26121

127.5137.0-1,322.5) 1274 {34.5-1,000.0)

S7.3=15.1 575150
15652176 156.6217.5
2472252 24.7223.6

*Reported by physiciany. **Documented diabetes qnd 18 also ineluded the patients w ho had fasting glucose equal or greater than
11 mgdall {impeatred fasting gleose). "Duata are median (inteequeaertile range). Al data are mean = SD or muber (%) unless othersitve

mndicated.

BMI body masy index; SBP. sysiolic bood pressure; DBP. diastolic blood pressure; HT, hypertension; TC, total cholesternd; TG,
trighyceride: HDL-C, high-density lpoprotein-cholesterol; LDL-C, low-density lipaprotetn-cholesteral,

heart disease or stroke were enrolled. They comprised men
of 40-70 years of age and post-menopausal women up to
70 years of age. The patients were assigned either to diet
alone (diet group) or diet in combination with pravastatin
treatment (10-20mg/day, approved dose in Japan; diet plus
pravastatin group). The mean follow-up period was 5.3
years. The primary endpoint was CHD (fatal and non-fatal
myocardial infarction, angina pectoris, cardiac/sudden
death, and angioplasty). Secondary endpoints were stroke,
all cardiovaseular disease, and total mortality, Major exelu-
sion criteria included familial hypercholesterolemia. a histo-
ry of cardiovascular disease, a current diagnosis of malig-
nancy, and secondary hyperlipidemia.

Patients were evaluated, including the onset of endpoints,
by the auending physician at 1, 3 and 6 months after the
start of follow-up and every 6 months thereatter.

For cach event, the diagnosis was made by the attending
physician (including data from electrocardiogram and myo-
cardial scintigraphy as needed) and reponted in detail. Elec-
trocardiography was performed annually. Information on
individual patients was entered in the case report forms by
their attending physicians and reported to the central Data
Center. The Endpoint Committee evaluated each event in a
blinded manner according to the criteria we reported previ-
ously!” Throughout the study period, TC, high-density
lipoprotein-cholesterol (HDL-C), wiglycerides (TG), and
lipoprotein(a) [Lp(a)] concentrations were centrally mea-
sured at the same laboratory using methods standardized by
the Centers for Disease Control and Prevention (CDC;
Atlanta, GA). Low-density lipoprotein-cholesterol (LDL-C)
concentration was estimated by the Friedewald formula!®
The intention-to-treat analysis comprised 7,832 patients,
Details of the design of MEGA study and the main results
were reported previously!”

To construct the risk prediction tools, 7,760 of the 7.832
patients were evaluated using explanatory variables (72 of
the 7.832 patients were excluded because of missing ex-
planatory variables). To determine the explanatory variables,
a univariate analysis was performed and then the significant
factors were incorporated into the muluvariate analysis
model. For the risk factors determined by this multivariate
model, p<).20 served as the criterion for backward elimi-
nation of variables. The factors included in the tools were:

treatment group (diet group, diet plus pravastatin group),
sex (male, female), age (s54, 55-59, 60-64, =65 years),
baseline HDL-C (<40, 40-<60, =60 mg/dl). baseline LDL-
C (<140, 140-<160, =160 mg/dl), glucose abnormality and
hypertension (none, hypertension and normal fasting blood
glucose concentration, glucose abnormality and normal
blood pressure, glucose abnormality and hypertension),
and smoking habit (non-smoker [including ex-smoker].
smokers). Although bascline LDL-C was not identified as a
risk factor for CHD in the present study, it was included in
the MEGA risk tols because it was included in other risk
prediction models. Because abnormality in glucose toler-
ance was included in glucose abnormality as a risk factor in
the Guidelines for Arteriosclerosis 200720 patients with a
fasting blood glucose concentration =2110mg/dl were in-
cluded as diabetics in the present study.

To construct the MEGA risk prediction score, cach nisk
score was established as an integer, taking into considera-
tion the coefficient of each explanatory variable. The total
risk score of each patient was calculated as a sum of the risk
scores, and classified into 5 risk levels based on population
quintiles for both treatment groups, The 3-year predicted
value by each risk level was estimated from the Cox pro-
portional hazard model to be used as the mean value of the
predicted value at 5 years for each patient, and calculated
for each treatment group?! To confirm the precision of the
MEGA risk prediction model, we visually compared the
estimated value to the observed value, and we plotied the
receiver operating characteristic (ROC) curve using the
development of CHD as the endpoint, and predictability
was compared using the area under the ROC curve.

Further, we developed a simple, S-year risk prediction
chart based on the coefficient of each explanatory vanable.
The MEGA 5-year nisk assessment chart for CHD displays
the lipid parameters (HDL-C, LDL-C) by age on the y-axis
and the characteristics associated with CHD risk (sex,
smoking, hypertension, glucose abnormality) on the x-axis.
In constructing the chart, the 2 categories of HDL-C (<40,
40-<60mg/dl) and LDL-C (140-<160, =160 mg/dl) were
integrated because the risk scores were set to the same de-
gree. The S-year CHD risk of cach cell was estimated by the
Cox proportional hazard model, and 8 levels of risk defined
(each with its own color). The layout of the chart optimizes
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Table 2 The f-CoelTicients und HRs of the Multivariable Cox Proportional Hazard Model for 5-Year Risk of Coronary

Heart Disease
F: Hk LAl Ta )

Girowps

ier proup n Lo

Dver plus pravastann group ). 150 0o 1.50-0.99
Sex

Wirrmen 0 100

Men 0.784 219 149-3.21
Age

<55 0 Log =

55.5y 0231 1.26 0.72-2.19

6064 (1 5t .76 1.O07-2.89

265 ne32 254 1.58-4.08
HDL-C (mg/di)

260 (1] 100

40-<60) 0.714 24 129324

<40 0.687 1.98 105-3.74
LDE-C tmgddl)

<140 (1] 100

140-< |60} 0.230 1.26 0.72-219

=160 0.274 132 0.76-2.29
HT®, glucose abnormality®®

Ne ] 1.00

HT and normal fasting glucose” 1.125 108 1L71-3.55

Glucose abnormaliry and normal 8P 1.646 hLY 2.88-9.15

Gliwcose abuirmality and HT 1.992 7.33 4.12-13.4
Current smoker

Nor i L0

Yes 4w 1.5 0.99-2.28

*Documented. **Documented diabetes and it also included the parients whe had fasting glucose equal or greater than |10 mgidl

{impaired fasting gleove). "Normal fasting plicose was defi
phystcians and fasting plasma glacose less than 110 mgldl.

1 a5 patienas meer following crireria; reported ax non-iiabetes by
Normal BP was defind as patients reported as non-HT by phyxicians

HR, hazard ratio; Cl, confidence inferval; BE, blood pressure. Other abbreviations see in Table 1

Step 1: Assign a score.

Elep 2: Add sum of scored.

Sex Scorn | [Age Score
Womnen ] <55 []
Men 7 2559 2
60-84 5
b5 B
(HDL-C (mgidn) Score | |LOL-C {mgidi) Score
=60 0 <140 0
40-260 [ 140-160 2 Total risk scars sum (a lo I}
<40 L] =180 2
Glucoss abnarmality, Hypartansion Scom
™ o Stop 3: Find ab risk g to
Hyparension ang normal lasting ghucote ] Total & ywar CHO riak [%)
Glucoss abnormality and normal biood pressure 1" risk scome Dist group Dint plus lin group
Giucoss abnormaity and hyportension 17 <10 03 a2
1015 08 04
|Cument smoker Score 1621 12 09
No ] =es 25 18
Yes 3 =27 64 45

Figl  Simplified calculation form for estimating the S-year nsk of coronary hean diseuse (CHD) incidence in the diet
B ' g ¥ 3 .
group and diet plus pravastatin group. HDL-C_ high-density lipoprotein-cholesterol: LDL-C, low-density lipoprotein-cho-

lesterol

the visual expression of the person’s risk level from low to

high with an 8-color gradation from the lower-left to the

upper-right, For statistical analyses, the SAS software

(release 8.2, SAS Institute, Cary, NC, USA) was used.
Results

During the 5-year follow-up, 138 CHD events were ob-

Chirulation Jourmal Vol 72, Oxtober 2008

served in the MEGA study. The baseline characteristics of
the study population are shown in Table 1. The coefficient
of each nsk factor for CHD obtained from the Cox propor-
tional hazard model and hazard ratio are shown in Table 2,
and the 5-year risk prediction processes using the MEGA
risk prediction score for CHD are summarized in Figl. A
proportionally higher risk score was found for glucose
abnormality alone (risk score 14), hypertension alone (risk
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Table 3 Baseline Characteristics in Each Risk Level

TERAMOTO T cral

Risk level ] 2
Nov of patrents {

Age (vearsi
Y 7h.6%

Wernieni
BMI (kg
SBE (mintlg)

116

726,87

1.5722.90

129.11215.36

DARP {panHe) 7468957 7719=9 88
HT* W (26%) 20420.1%)
Cilucose abmormaliny™* 0i0.0%) 191].3

Current stpker
TC fengddl |

LDL-C (mgidl)
HDIL-C 1mg

&2

Lipeprasteinfa) (mg/dl)

*‘Repeerted by plyviviuns. **Documented diabetes and it also included the petients who had fosting glucose equal o
elucene) "Diata are median (mterguartile range ). Al date are mean = S0 or nmber (%

Hvsas becawse of mussing detiv of the visk factors for coromary heart disease

(%] Diet group (%) Diet plus pravastalin group

=

-4

7.0-675.7)

26,85

Toral risk scare

16-222 3 227
i 4
1414

B0 2627 10

YURA (AY T

2440814

13597« 1645
80492007
Ol (OR1%)

2435407
13740=1671
R Go=105]
L3zl 6%

Sih0in 5% 1,395 (83.2%)
33 (10.4%) 156 (11.0%) 514130 5%)
M43.62212.00 M 12.03 24178124
157.39+16.89 157 50=17.23 159.21=17.16
3.6 (4.52 3436212806 40.44=10 59
126000 { 44.5-656.00) 23 (420-486.5]
25.02+25.53 24 I 2488

b tunlexs eherwive imdiceted. The

S-year mcidence of CHD
- -
S
S-year incidence of CHO

ln.l“ L

7 Qbserved
® Estimated

greater than 1 H0mytd] (impaired fosting
2 pattenty were exeluded from thix ana

Fig2 Comparison between the observed
and estimated S-year incidence of caronary
heart disease (CHD) for the diet group and the

" Rk vl dict plus pravastatin group
Diet group Diet plus pravastatin group
_/‘,_’.-‘ - _,—/"_F'
oY o L2 ’_‘,ﬂ’
~ =
" F / L "
T .-
./f.
[T} LX) /
; ¢ |
= 5 0
i f 5]
L e
LR .’/ LB}
(A} J wr
(X1 ( (R
W—r—— -y T T ———————r—
“ (A L8] L LR LA LA o " LA it s i r (B} L “ i (A (R} (8] (2}
I=Specificity 1=Spevificity

score 9) and their combination (tisk score 17) compared 1o
the scores for men (risk score 7), age 265 years (risk score
8). und low HDL-C (risk score 6)

Notably, the risk scores for a high LDL-C (risk score 2)
and smoking (risk score 3) were lower than those for the

192

Receiver operating characteristic curves for the diet group and diet plus pravastalin group.

other risk factors, The risk quintiles were determined by the

intrinsic cut-off points of 10, 16, 22 and 27.

Tuble 3 shows patients” background factors as classified
by risk level. Mean age tended to be higher for the higher
risk levels. There were more women than men in the lower

Clirenlation fowmal 1Yol

2, Oxtober 2008



CHID sk Predicnon Tools From MEGA Study

1573

Sex | Vaimen ] L [T |
Smoking [ No ] Yoy ] g 1L ¥ea ]
Clucone y | ) 1 ves_ ][ e | T | No | Yes || Na | Tes

+ e Tweil ®o [ ves ] [(We [ ves | Wo [ ves ]

W [ ¥es | %s I ves ] 15 [ ves | W [ ves |

Age (years) HOL (mgidl) LDL (mghdl)

w3

- -0
4
gk

350 13

55-58

B
B2
r[ i Eﬁ

Fig4d.

Risk assessment chart for S-year risk of coronary heart disease (CHD) incidence, including sex, age. high-densiry

lipoprotein (HDL}-cholesterol. low-density lipoprotein (LDL -cholesterol, glucose abnormality ineluding impaired fasting

glucose), hypertension, end smoking.

nsk levels. Body mass index increased (ranging from 0.26
to 0.91) for each increase of 1 risk level. Prevalence of
glucose abnormality (documented diabetes and high fasting
blood sugar concentration), hypertension, and smoking
habit were greater in the higher risk levels, whereas TC con-
centration was similar across risk levels, LDL-C concentra-
tions were similar for the 4 highest levels of risk and were
somewhat lower for the lowes! risk level. HDL-C concen-
trations were higher at the lower levels of risk and tended
to decreuse as the level of risk increased. TG tended to in-
crease slightly as the nisk levels increased, whereas con-
centrations of Lp(a) tended to decrease slightly as the risk
levels increased.,

The specificity of the MEGA risk assessment was vali-
dated with good concordance between the 5-year predicted
values and the observed incidence. The range of the S-year
predicted values was similar for the predicted values (rang-
ing from 0.3% to 6.4% diet group, 0.2% to 4.5% diet plus
pravastatin group) and the observed values (0.6% to 6.3%
diet group, 0 to 4.4% diet plus pravastatin group, Fig2)
The area under the curve (AUC) for the ROC curves was
0.774 for the diet group and 0,784 for the diet plus pravas-
tatin group (Fig 3).

The MEGA risk prediction chart was constructed as
shown in Fig4. It depicts the increasing risk with its 8-color
grading, according to the combination of nisk factors in men

Clirenlation Jourmal Vol 72, Oxcrober 2008

and women in each treatment group. The S-year predicted
risk was higher in the diet group than in the diet plus
pravastatin group. A 5-year CHD risk =10% was found for
men >65 years old and men 60-64 years old who were
smokers and diabetic in the diet group (red cells), and for
women >65 years old who were smokers and had glucose
abnormality plus hypertension. When all the risk factors
were present, the highest predicted risk was estimated at
21% for men and ar 10% for women <65 years old in the
diet group (data not shown).

Discussion

The MEGA nisk prediction score and MEGA risk predic-
tion chart reported here are CHD nisk assessment tools
developed using MEGA study data. The MEGA risk score
casily predicts 5 grades of S-year CHD risk, and even
greater accuracy of risk prediction is achieved with the
MEGA risk chart with 8 grades of risk, in mild to moderate
hypercholesterolemia without a history of cardiovascular
disease. The risk factors included in the MEGA risk predic-
tion tools have been well known as CHD risk factors®7-2
The accumulation of these risk factors is associated with a
higher CHD risk!® and the MEGA risk tools are consistent
with these findings.

The MEGA Study included patients with hypercholester-
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olemia who were 40 to 70 years old (postmenopausal women
<70 years) with a TC concentration of 220-270 mg/dl and
no past history of cardiovascular disease. These patients
were recruited from outpatient chinies, therefore, the MEGA
risk tools are useful to predict the likelihood of developing
CHD over 5 years in typical people with mild to moderate
hypercholesterolemia with no history of cardiovascular
disease. A key characteristic of the MEGA nisk tools is that
it is possible to assess risk in people treated with diet alone
and in people receiving pharmacotherapy. Notably, the
Framingham risk score did not predict risk accurately in pa-
tients treated with pravastatin in ¢ WOSCOPS substudy!®

Interestingly, an exponential increase in the predicted
value was found as the risk levels increased. A near dou-
bling 1n the 5-year predicted value from risk level | to risk
level 2 was found with the MEGA risk prediction score. An
even greater increase in predicted value was seen when risk
was increased from level 4 to level 5.

Notably, little difference was seen between the estimated
and observed incidence of CHD in both treatment groups
with the MEGA risk score. This is consistent with what
would be expected, when considering the association be-
tween the distribution of cases with risk factors and the
increasing CHD risk across risk levels (Table 2).

The AUC of the ROC curve plotted m terms of total nsk
score for each treatment group was higher than 0.77 in both
treatment groups. In a study reported previously, the AUC
was (.76 for the prediction of the main cardiovascular
events (fatal and non-fatal myocardial infarction, coronary
insufficiency [prolonged angina with documented electro-
cardiographic changes], heart failure, and stroke) using the
Framingham risk model?* Thus, the correspondence be-
tween these AUC values indicate the CHD risk predicted
by the MEGA risk prediction score has a precision similar
1o that by the Framingham risk model.

A lower S-year predicted nsk was obtained with the
MEGA risk prediction score than with the Framingham risk
model, For the diet only treatment group, the predicted risk
was one-sixth lower in the low-risk level and two-thirds
lower in the high-risk level with the MEGA nisk score com-
pared with the Framingham model. A simple comparison
of the 2 prediction models might not be possible because
the Framingham model was developed based on a general
population without left ventricular hypertrophy (LVH),
whereas the MEGA Study included patients with LVH.
Further, it has been reported that the Framingham risk
model is not applicable in different populations?425 Thus,
the MEGA risk score might be superior in its accuracy for
determining CHD nisk in patients with moderate hypercho-
lesterolenmia, such as Japanese patients.

The MEGA risk prediction chart provides even greater
accuracy because of the incorporation of multiple risk fac-
tors. The & levels of risk predicted are color-coded. with the
S-year nisk increasing from the bottom-left to upper-nght
of the chart, according to sex and age in combination with
lipid factors and smoking, glucose abnormality, and hyper-
tension. Concordance between the MEGA nisk score and
the MEGA risk chart 1s validated by the use of the same
analysis model for both, with a different 7 coefficiency used
for the risk chart to account for it having | less category of
HDL-C and LDL-C than the risk score.

In the present study, 2 types of risk prediction tools were
developed that apply to each treatment group. As noted
previously, the Framingham risk model has been shown to
underestimate the risk in patients who are treated with a

TERAMOTO T ¢t al

statin. A substudy of WOSCOPS, a primary prevention
study similar to our study, calculated CHD risk using the
Framingham nsk model and compared the observed inci-
dence using time course changes in mean concentrations of
serum cholesterol and HDL-C!S In the placebo group the
observed incidence and predicted sk were similar, whereas
in the pravastatin group the observed incidence was lower
than the predicted risk. Thus, the efficacy of pravastaun to
reduce CHD risk is not sufficiently explained by changes in
serum lipid concentrations, based on the Framingham risk
model. It seems. therefore, that CHD nisk should be calcu-
lated separately based on remument or not with a stain,

There are a few limitations to our analyses. First, the
MEGA risk prediction tools are applicable to patients with
mild to moderate hypercholesterolemia (TC 220-270mg/dl).
Notably, however, 70% of the estimated 20 million ambu-
latory patients with hypercholesterolemia in Japan fall
within this range. Second. the MEGA prediction tools are
applicable to treated patients only, including diet treatment,
as it is based on data from patients treated in the MEGA
study. The predicted CHD risk for untreated persons using
the MEGA risk toals is likely to be lower than the actual
risk. Third, these risk prediction tools are based on data in
Japanese patients, although it is feasible to consider using
these tools in people with a similar profile.

We believe the MEGA risk prediction tools are valuable
for use in usual clinical practice, with greater ease and accu-
racy to predict the S-year CHD risk in patients with mild to
moderate hypercholesterolemic patients, such as Japanese
patients. Moreover, these are highly useful as educational
tools for high-risk patients.
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Involvement of Protein Kinase D in Phosphorylation and
Increase of DNA Binding of Activator Protein 2« to
Downregulate ATP-Binding Cassette Transporter Al

Noriyuki Iwamoto, Sumiko Abe-Dohmae, Rui Lu. Shinji Yokoyama

Background—Activator protein (AP) 2« negatively regulates expression of ABCAI gene through Ser-phosphorylation of
AP2a (Circ Res. 2007;101:156-165). Potential specific Ser-phosphorylation sites for this reaction were investigated in

human AP2a.

Methods and Results—The phosphorylation was shown mediated by PKD, and Ser258 and Ser326 were found in its
specific phosphorylation sequence segment in AP2a. PKD phosphorylated Ser258 more than Ser326 and induced its
binding 10 the ABCAI promoter. These reactions and AP2«-induced suppression of the ABCA| promoter activity were
reversed by mutation of Ser258 more than Ser326 mutation. Knockdown of PKD by siRNA reduced the AP«
Ser-phosphorylation, and increased ABCA1 expression and HDL biogenesis. G66983 inhibited PKD more selectively
than PKC in THP-1 and HEK 293 cells and in mice, and increased ABCA| expression, HDL biogenesis, and plasma

HDL level.

Conclusion—PKD phosphorylates AP2« to negatively regulate expression of ABCA| gene to increase HDL biogenesis.
The major functional phosphorylation of AP2a was identified at Ser258 by PKD, in the AP2a basic domain highly
conserved among species and all 5 subtypes of AP2. PKD/AP2 system can be a potent pharmacological target for
prevention ol atherosclerosis. (Arterioscler Thromb Vasc Biol, 2008;28:2282-2287.)

Key Words: HDL. m ABCA| w AP2« m PKD m doxazosin m atherosclerosis

Wc recently reported that activator protein (AP) 2a
negatively regulates expression of the ATP-binding
cassette transporter (ABC) Al gene, and inhibition of this
system accordingly increases ABCAI and high-density li-
poprotein (HDL) biogenesis.' We proposed that serine (Ser)-
phosphorylation of AP2e is a candidate for a regulatory
mechanism for its interaction with the ABCAI1 promoter.

As illustrated in supplemental Figure [ (available online at
http:/fatvb.ahajournals.org), AP2a is reportedly phosphory-
lated by protein kinase A (PKA) at Ser239 in its basic domain
for trunsactivation of the apolipoprotein (apo) E promoter, but
its mutation to alanine (Ala) to abolish this phosphorylation
did not mfluence the AP2a binding to the apoll promoter.®
Therefore, the Ser-phosphorylation of AP2a to regulate its
DNA binding should take place at other residue(s) than this,
In addition to Ser239 in a PKA-phosphorylation motif
RRXS/T (supplemental Figure 1B),* Ser258 and Ser326 were
found consisting a segment LXRXXS/T. a phosphorylation
motif by protein kinase D (PKD).' There is no additional
potential site for PKD-mediated phosphorylation and no
potential Ser-phosphorylation site for protein Kinase C (PKC)
(K/R X ST X K/R).

The central basic domain and the helix-span-helix motif

mediate DNA binding of AP2a.** These domains mediate

forming hetero- and homo-dimers of AP2, and this dimenza-
tion 15 required lor the DNA binding activity, The proline-
and glutamine-rich domain at the N terminus is responsible
for ransactivation, Therefore, the functiional phosphorylanon
site may be located in this region. Referring to supplemental
Figure 1, Ser258 is in the basic domain conserved among
species, and all 5 subtypes of AP2a, {8, 8, y, and £ and Ser326
was also found conserved in the helix-span-helix monif,
corresponding to 247 and 315 in xenopus AP2a that are also
in a PKD phosphorylation motif.*= Interestingly, the
LXRXXS (Ser277) motif of the AP2 basic domain is
completely identical to that of AP2a, and AP2f3 was shown to
directly bind to the adiponectin promoter and inhibit its
transcriptional activity.® Therefore, it would be rational to
hypothesize that PKD is involved in regulation of the AP2-
mediated gene expression.

PKD is a Ser/threomine (Thr) Kinase.”* activated by cell-
growth promoting reagents such as phorbol 12-myristate
1 3-acetate (PMA), platelet derived growth fuctor (PDGF).
and G protein—coupled receptor (GPCR) ligands.”='* It seems
related to cell proliferation, as overexpression of PKD in-
creases DNA synthesis and cell growth,'! and stimulates the
Raf-MEK-extracellular signal regulated kinase (ERK) path-
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Figure 1. Phosphorylation of AP2a by PKD. Effect of doxazsoin
on AP2a phosphorylation mediated by PKA (A} and PKD (B) in
THP-1 macrophage. The immunoprecipitated protein by anti-
AP2a antibody was analyzed by Western blotting by using anti-
bodies against phospho-specific substrates of PKA and PKD. C,
Inhibition of PKD-mediated phosphorylation of AP2a by doxazo-
sin. AP2a expression vector was transfected and expressed in
HEK293 cells. Cells were incubated with PMA to induce phos-
phorylation in the presence and absence of doxazosin for 18
hours. The harvested cell proteins were analyzed as described
above and also with antiphospho PKC substrate antibody.

way through the RINI phosphorylation.'s AP2a is also
associated with cell proliferation and differentiation. AP2a-
deficient fibroblasts grow slower than the wild type.'* AP2a
level decreases in some carcinoma cells.®1#17 AP2a posi-
tively regulates the proto-oncogene c-erb-B2 expression.'®
Both PKD and AP2a could thus be related to the gene
expression to regulate cellular growth and proliferation, and
therefore PKD-mediated Ser-phosphorylation is a good can-
didate mechanism for regulation of this system,

In this study, we intended to identify the functional
Ser-phosphorylation site of AP2e« and to examine whether
modulation of this system influences HDL metabolism hop-
ng that AP2 signaling would be a new target for prevention
of atherosclerosis.

Materials and Methods
Monoclonal antibody against human and mouse ABCA | (MABI9S.
1'% was generated in rats at MAB Institute (Yokohama, Japan) by
using a peptide CNFAKDQSDDDHLKDLSLHKN representing the
amino acid sequence of the C terminus of human and mouse
ABCAL Apolipoprotein A-l (apoA-I) was isolated from human
plasma HDL.* For luciferase reporter gene assay, ABCA| promoter
constructs were generated by polymerase chain reacuion (PCR).' The
plasmid for expression of pSG-nea-AP2a and the control vector™
were kindly provided by Dr M. A. Tainsky (Wayne State University,
Detroit, Mich). To introduce mutation of Ser 10 Ala into AP2a
protein @t the residues 258 or 326, site-directed mutation  was

introduced by using a Quick Change 11 Sie-Directed Mutagenesis kit
(Stratagene). Other general experimental procedures are available in
the onfine supplemental materials
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Figure 2. Phosphorylation of AP2a
1.0} ; at Ser258 and Ser326 by PKD in
e vitro. A, Purified GST, wild-type
osf | .. GST-AP2a, GST-AP2a{S2584), GST-
r] e AP2({S326A), and GST-AP2({S258A/
0.0 il $326A) were incubated with the PKD

catalytic subunit peptide in the pres-
ence of [+-*PJATP. Proteins were
analyzed by SDS-PAGE and autora-
diogram. B, Parallel electrophoresis

P
&
to panel A stained with Coomassie-

Brilliant Blue. C, Relative phosphorylation of AP2a and its
mutants, gquantified from the results in A and B expressed as
relative values to the GST-AP2q. " and ™ indicate P<0.05 and
0.01, respectively, from the control GST-AP« and # indicates
P<0.05 from GST-AP2a(S258A). The dala represent
average=SD for 3 measurements.

Results

Phosphorylation of AP2a by PKD Regulates Its
Binding to ABCA1 Promoter

Doxazosin that upreguluted apoA-I-mediated cellular lipid
release and increased mouse plasma HDL' did not influence
AP2a phosphorylation at the PKA-specific site (Figure 1A).
On the other hand. it reduced AP2a phosphorylation by PKD
in dose-dependent fashion (Figure 1B). PMA increased AP2a
phosphorylation by PKD but not that by PKC and doxazosin
inhibited this action of PMA in HEK293 cells AP2a was
transfected to (Figure 1C). Thus, phoshorylation of AP2e at
a PKD-specific site(s) is involved in the doxazosin-related
reactions.

Mutation to Ala was introduced at either or both of PKD
phosphorylation sites of Ser258 and Ser326 in the glutathione
S-transferase (GST)-AP2e fusion protein (Figure 2A). Wild-
type GST-AP2a and GST-AP2a(S5326A) proteins were phos-
phoryluted by PKD. Phosphorylation of GST-AP2a(S258A)
was less und phosphorylation of GST-AP2a(S258/326A) was
undetectable (Figure 2B). The results showed that Ser258 15
more efficiently phosphorylated by PKD.

DNA binding activity of the AP2a mutanis was exam-
ined. The antibody equally recognizes both AP2a and
AP2a(S258A) in HEK 293 cells (data not shown). As shown
in Figure 3A by gel shift assay, PKD reaction increased the
DNA binding of wild-type APZa but not AP2a(S258A)
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Figure 3. PKD phosphonylates AP2« Ser258 to increase DNA bind-
ing and suppress ABCA1 promoter activity. A, Gel shift assay for the
AP2-binding site in the ABCA1 promoter for AP2a and AP2a{S258A)
proteins in the presence and absence of the PKD catalytic subunit. B,
ChiP assay for DNA binding, HepG2 ceils that lack endogenous AP2a
were transfected with AP2q and AP20(S258A), Nuclear proteins
cross-linked with DNA were immunoprecipitated by ant-AP2q anti-
body and PCR was performed for the AP2 binding site. C, ABCA1
promoter activity assay, ABCA1 promoter construct (WT-Luc) and
AP2 were transfected to HEK293 cells. Luciferase activity was nor-
malized for phRL-TK. * indicates diference with P<0.001 from
mock

Chromatin immunoprecipitation (ChlP) analysis also demon-
strated tight interaction of wild-type AP2a but not that of
AP2a(S258A), which were ransfected to HepG2 cells which
lack endogenous AP2w.** together with the ABCA| promoter
containing the AP2 binding site (Figure 3B). Figure 3C shows
inhibitory effect of AP2a and its mutants AP2a(S258A),
AP2a(S326A), and AP2a{S258A/S326A) on the ABCAI
promoter activity. The inhibition by AP2a was reduced by
mutation at Ser258. The results confirmed that phosphorylu-
tion of AP2a at Ser258 1s essential for its binding to DNA and
regulating the transcriptional activity

Regulation by PKD of ABCA1 Activity and Other
AP2-Regulated Genes

The small imerfering (si) RNA treatment significantly re-
duced the PKD protein level and increased ABCAT protein
expression in THP-1 macrophage. It did not influence expres-
ston of AP2a, but its phosphorylation by PKD was strongly
inhibited (Figure 4A). ABCAl mRNA expression was also
significantly increased by knockdown of PKD (Figure 4B)
ABCAL promoter activity was also upregulated by PKD-
siIRNA for the wild-type promoter in HEK293. Increase of the
transcription activity was more prominent (by 100%) with the
promoter of —369 to + 110 (data not shown). On the other
hand, its basic activity was increased, and the effect of
siIRNA was negative when the AP2 binding site of the
promoter wis mutated (Figure 4C). Knockdown of PKD
increased the apoA-l-mediated free cholesterol release
from THP-1 macrophage (Figure 4D). The results thus
demonstrated that PKD inhibition decreased the AP2w
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Figure 4. PKD-knockdown and ABCA1 expression/HDL biogen-
esis. A, PKD was knocked-down in THP-1 macrophages by
siRNA, and cell protein (50 ug) was analyzed by Western blot-
ting. Immunoprecipitatant with anti-AP2a antibody was analyzed
by antiphospho-PKD substrate antibody. B, THP-1 cells were
similarly treated and ABCA1 mRNA was analyzed, C, Activity of
ABCA1 reporter construct of wild-type (WT-luc) and its AP2
binding site mutant (AP2m-luc) was measured in HEK293 celis
with PKD-knockdown, 0, THP-1 macrophages treated as above
were incubated with apoA-|, and cholesterol release was mea-
sured. Data represent average = S0 for triplicate assays.
*P=<0.05, **P=0.01, *""P<0.001 against scramble controls.
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activity for DNA binding. increased ABCAI1 expression
and enhanced the HDL biogenesis.

Effects of Protein Kinase Inhibitors on PKD in
Cells and In Vivo

Doxazosin inhibited PKD-mediated AP2e phosphorylation in
the mouse liver (Figure 5A), so that inhibition of PKD in vivo
was attempted in mouse. Specific inhibitors for PKD are
currently unavailable. PKD is activated through PKC-
mediated phosphorylation of Ser744 and Ser748.%** so that
PKC inhibitors such as Go6983, Go6976, rottlerin, and
doxazosin were tested for modulation of the PKD phosphor-
ylation. Go6983 most strongly and selectively inhibited PKD,
whereas others did only moderately to generate consistent
results with those by PKD siRNA, so that this compound was
chosen for the in vivo study (these data are provided in
supplemental Figures 1 and 1), Gis6Y983 inhibited phosphor-
viation of PKD and AP-2a in the liver in mice. but not
phosphorylation of proteins that were identified by using an
antiphospho-PKC-substrate antibody (Figure 5B, 5C, and
5D). Go6983 inhibited expression of SREBPI in the liver,
whereas it had no effect on SREBP2 in the liver and SREBPI
in the adipose tissue (Figure 5E).

Finally, we investigated whether PKD inhibition increases
expression of the ABCAI gene in vivo and thus leads to
raising HDL level in plasma. As shown in Figure 6A, the
mRNA and protein levels of ABCAI were both increased in
the liver by the G983 treatment. High-performance liguid
chromatography (HPLC) analysis of plasma demonstrated
significant increase of HDL (Figure 6B and supplemental
Table). G66983 also decreased plusma triglyceride, being
consistent with the decrease of SREBPI expression.
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