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Abstract
Myeloperoxidase (MPO) is an oxidant-generating enzyme expressed in macrophages and implicated
in atherosclerosis and cholesterol homeostasis. LXRα and PPARα regulate genes involved in
cholesterol metabolism and the inflammatory response in macrophages. Here we examine the effect
of LXR and PPARα ligands on MPO expression. LXR and PPARα, as heterodimers with RXR, are
shown to bind overlapping sites in an Alu receptor response element (AluRRE) in the MPO promoter.
The LXR ligand T0901317 suppresses MPO mRNA expression in primary human macrophages, and
in bone marrow cells and macrophages from huMPO transgenic mice. The PPARα ligand GW9578
downregulates MPO expression in GMCSF- macrophages, while upregulating in MCSF-
macrophages. In contrast, the mouse MPO gene, which lacks the primate-specific AluRRE, is not
regulated by LXR or PPARα ligands. These findings identify human MPO as a novel LXR and
PPARα target gene, consistent with the role of these receptors in regulation of proinflammatory genes
in macrophages.
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Introduction
Atherosclerosis is a chronic inflammatory disease in which macrophages accumulate in the
arterial wall [1–3]. An initiating event is the entrapment of LDL-cholesterol particles in the
vascular intima at sites of shear stress. Oxidation of the LDL particles signals the overlying
endothelial cells to express cytokines and cell surface receptors, inducing circulating
monocytes to bind and traverse the endothelial layer to the intima. The monocytes thereupon
differentiate into macrophages, engulfing large amounts of oxidized LDL (oxLDL) to become
lipid-laden foam cells. Eventual apoptosis of foam cells contributes oxidized lipids and cell
debris to the necrotic core of the plaque whose rupture releases tissue factor, causing
coagulation and thrombosis.

Myeloperoxidase (MPO) has been implicated in the initiation and progression of
atherosclerotic plaques. MPO catalyzes a reaction between hydrogen peroxide and chloride to
generate potent oxidants including hypochlorous acid (HOCl), while reacting with nitric oxide
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and nitrite to produce reactive nitrating species (RNS)[4,5]. MPO and its oxidant byproducts
are detected in lesions, colocalizing with foam cell macrophages [6,7], and are especially
abundant at sites of thrombosis [8], suggesting MPO-oxidants destabilize vulnerable plaques.
MPO oxidizes LDL to create a more atherogenic form taken up more effectively by macrophage
scavenger receptors, CD36 and SR-A1, generating foam cells. MPO further enhances foam
cell formation by oxidizing ApoA1, the major protein component of HDL, impairing ABCA-1
mediated cholesterol efflux from foam cells [9,10]. In addition, MPO scavenges nitric oxide,
inhibiting the induction of iNOS gene expression [11] and impairing vasodilation [4].

Higher levels of MPO gene expression are linked to increased risk of atherosclerosis. A
functional MPO promoter polymorphism, −463 G/A, alters expression levels [12,13], and is
associated with increased incidence of CAD [14–16] and severity of atherosclerosis [17,18].
Elevated serum MPO is an indicator for heightened risk of coronary artery disease (CAD)
events [19,20], while individuals with inherited MPO deficiencies have reduced cardiovascular
disease [21]. Members of the nuclear receptor superfamily, notably PPARγ and estrogen
receptor, have been found to play key roles in regulating human MPO gene expression [12,
13].

Mouse models greatly facilitate investigations into the regulation of genes involved in
atherosclerosis. However, unlike human MPO, the mouse MPO gene is not expressed in foam
cell macrophages at lesions in murine models for atherosclerosis, such as LDL receptor
deficient mice (LDLR−/−)[22]. One possible explanation for this species difference is the
presence of a PPARγ binding site in an Alu element preceding the human MPO gene.
PPARγ is a member of the nuclear receptor superfamily of ligand-dependent transcription
factors, expressed in foam cell macrophages at lesions, and known to regulate genes involved
in the macrophage inflammatory response including MPO[13], inducible nitric oxide synthase
(iNOS), TNFα, and interleukin IL-1B, as well as genes involved in cholesterol efflux and
uptake, including ApoE, LXR, and CD36 [23–27]. PPARγ ligands strongly induce (~20 fold)
human MPO expression in MCSF- Mφ, while suppressing MPO in GMCSF-Mφ (~20 fold)
[13]. This opposite regulation may reflect differences in the constellation of coactivators and
corepressors in MCSF- versus GMCSF-derived macrophages. Estrogen receptor binds an
adjacent site in the AluRRE, and its ligand 17β-estradiol (E2) blocks the effects of PPARγ,
especially on the MPOA allele in which the −463A mutation creates a stronger ER binding
site[13,28]. Because Alus are primate specific, the mouse MPO gene lacks the Alu encoded
PPARγ site, and is not regulated by PPARγ ligands.

Liver X receptor alpha (LXRα) is expressed in macrophages, and along with PPARγ, regulates
genes involved in cholesterol homeostasis and inflammation[29,30]. LXRs are cholesterol
sensors whose natural ligands are cholesterol metabolites, oxysterols, such as 22(R)-
hydroxycholesterol [31]. In the liver, LXRs (LXRα and LXRβ) upregulate genes involved in
cholesterol metabolism [32,33] inducing cholesterol 7-hydroxylase (Cyp-7a), which promotes
conversion of cholesterol into bile acids for excretion. LXR also increases expression of hepatic
transporters ABCAG5/ABCG8 which excrete cholesterol through bile [34]. LXR agonists have
broad anti-inflammatory effects, repressing genes involved in the immune response of
macrophages, including inducible nitric oxide synthase (iNOS), interleukins IL-1 and IL-6,
monocyte chemotactic protein (MCP)-1, and cyclooxygenase-2 (COX-2)[29,33]. In
macrophages, LXRs also modulate expression of genes involved in lipid metabolism,
increasing expression of ApoE and the transporter ABCA-1, thereby enhancing ApoA-1
mediated cholesterol efflux to HDL[32]. In LDLR−/ − mice fed a high fat diet, the synthetic
LXR agonist T0901317 increased ABCA1 expression in existing atherosclerotic lesions,
causing regression of plaques [35]. Macrophage-LXR expression was shown to be required
for the atheroprotective effects of LXR agonists [30,35].
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PPARα regulates genes involved in lipid metabolism and transport, and has anti-atherogenic
effects in macrophages [27,36]. Endogenous ligands include polyunsaturated fatty acids and
eicosanoids, as well as oxidized LDL. In foam cell macrophages, PPARα enhances cholesterol
efflux by increasing expression of ApoA1 as well as LXR, which promotes expression of
ABCA1, enhancing cholesterol efflux to HDL[37].

To facilitate investigation of the role of MPO in murine models of atherosclerosis, we generated
transgenic mice expressing the human MPO gene under control of the native human MPO
promoter. In a previous study, these huMPO transgenic mice were crossed onto the LDLR−/
− background and fed a high fat Western diet, resulting in larger atherosclerosis lesions, as
well as hypercholesterolemia, hypertriglycerolemia, and obesity in males[38]. Considering the
central role of LXR and PPARα in regulation of genes involved in lipid metabolism [32,33,
36], we investigated the ability of these receptors to regulate MPO gene expression. Findings
show that LXR-RXR and PPARα-RXR bind overlapping sites in the AluRRE. The synthetic
LXR agonist T0901317 strongly downregulated the human MPO gene in human monocyte-
macrophages, as well as in huMPO transgenic mouse macrophages. PPARα ligand GW9578
upregulated MPO in MCSF-Mφ while downregulating in GMCSF-Mφ. In contrast, LXR and
PPARα ligands had no effect on the mouse MPO gene which lacks the primate specific AluRRE
with LXR binding site.

Materials and Methods
Isolation and Culture of Human Peripheral Blood Mononuclear Cells

Peripheral blood mononuclear cells (PBMC) were isolated from 500 mls of whole blood from
healthy donors. A blood bank provided the cells without personal identifiers as a 50 ml
concentrate obtained by low speed centrifugation. Collection of samples from human donors
and anonymous samples from the blood bank were approved by our affiliated IRB (institutional
review board). The concentrated leukocytes in 20 ml volume were layered over 20 ml of Ficoll
Hypaque (Lymphoprep, Axis Shield) and centrifuged for 30 min at 900g. The interphase cell
layer was again centrifuged over Lymphoprep, and the interphase layer was diluted with three
volumes of RPMI medium 1640 (GIBCO) and collected by centrifugation for 30 min at 900g.
The cell isolate includes monocytes, macrophages, and lymphocytes, and is largely depleted
of neutrophil/granulocytes. The cells were resuspended in 40 ml of RPMI medium
supplemented with 200 mM L-glutamine, 10,000U/ml PenicillinG, 10,000ug/ml streptomycin,
non-essential amino acids (Irvine Scientific), 1X Fungizone (GIBCO), and 10% fetal calf
serum (Hyclone). The human serum for each donor was heat inactivated (55°C, 30 min) and
added to the culture medium at 10% volume. The cells were plated in 24-well tissue culture
plates (106 cells/well) in 400 μl volume with human GMCSF (Sigma) (10 ng/ml) or human
MCSF (R&D Systems) (10 ng/ml) in a humidified CO2 (5%) incubator at 37°C. The cells were
incubated for 24h prior to addition of PPARγ ligands for 24 additional hours, followed by
harvesting.

Culture of Monocyte Derived Macrophages
To obtain monocyte-derived macrophages, PBMC were seeded at 106 cells/400 μl/well in 24
well plates in RPMI with 10%FCS and 10% autologous human serum, along with recombinant
human GMCSF (10 ng/ml) or MCSF (10 ng/ml). Where indicated in the figures, 17β-estradiol
(Sigma) (10−7M) was added. On days 2 and 3, the medium was supplemented with 100 μl of
fresh medium containing GMCSF or MCSF (10 ng/ml). On days 4 through 6, medium was
exchanged daily, without human serum, with GMCSF at 5 ng/ml or MCSF at 5 ng/ml, and
where indicated, 17β-estradiol (10−7M). On day 7, fresh medium with ligands was added for
24 additional hours prior to harvesting. The resultant cell population was uniformly adherent,
with macrophage morphology, and 98% were positive for CD68 by immunostaining.
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RNA Isolation and Quantitation by TaqMan Real-time PCR
Total RNA was isolated from cells by Trizol reagent (Invitrogen). Medium was aspirated and
400 μl Trizol added directly to the adherent macrophages in 24 well plates. For PBMC, Trizol
was added to combined nonadherent and adherent cells. The RNA was reverse transcribed with
the Omniscript RT Kit (Qiagen) and random hexamer primers. Five μl of the 20 μl cDNA
reaction volume was used in Real-time quantitative PCR using ABI PRISM 7900 (Perkin Elmer
Applied Biosystems) using Taqman Master mix and primers. Normalization was to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for human mRNA and beta 2-
microglobulin for mouse mRNA.

Probes and primers were designed by ABI Primer Express software and obtained from PE
Biosystems. To prevent amplification of genomic DNA, primer sequences were designed to
cross exon-intron boundaries. PCR was performed in multiplex (both target and endogenous
control coamplified in the same reaction). The sequences for primers and probes used in this
study are as follows: Human MPO forward 5′ TTTGACAACCTGCACGATGAC-3′; reverse
5′-CGGTTGTGCTCCCGAAGTAA-3′, and probe 5′
CCGTTCCAGTGAGATGCCCGAGC-3′. Mouse MPO forward 5′-
AACATGCAGCGCAGCCGG-3′; reverse 5′-AGCCCACAAAAGCGTCTC-3′; and probe 5′-
CCTCCCAGGATACAATGC-3′. Mouse beta-2-microglobulin. Forward 5′-
CCGAGCCCAAGACCGTCTA-3′, reverse 5′-
CTGGATTTGTAATTAAGCAGGTTCAA-3′, and probe 5′-
TGATGCTTGATCACATGTCTCGATCCCA-3′. Primers and probe for human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), used as endogenous control, were
purchased as kits from Applied Biosystems (Assays on Demand).

Generation of human MPO -463 G and A Transgenic Mice
Transgenic mice carrying the human G or A alleles were created by microinjection of C57BL6/
J eggs with a 32 kb BST11071 restriction fragment including the gene with 7 kb of upstream
and 11 kb of downstream sequence. The G allele was isolated from a sequenced BAC clone
(AC004687). The A allele was obtained by hybridization screening of a genomic BAC library
from Research Genetics. Characterization of the transgenic mice has been previously reported
[13,38].

Isolation of Mouse Bone Marrow Cells and Cell Culture
Bone marrow cells were plated at a density of 106 cells/well in 24 well plates in RPMI with
mouse GMCSF (R&D Systems) (10 ng/ml) or mouse MCSF (R&D Systems) (10 ng/ml). Cells
were incubated for 24h prior to addition of ligands for 24 additional hours in the continued
presence of GMCSF or MCSF.

To obtain bone marrow derived macrophages, bone marrow cells were incubated for 24 hours
in 25cm2 flasks containing 5ml of RPMI with GMCSF at 5ng/ml or MCSF at 5ng/ml. Non-
adherent cells were seeded at 106 cells/400 μl/well in 24 well plates and incubated for 7 days.
The medium was supplemented on days 2 and 3 with 100 μl fresh medium with GMCSF or
MCSF (10 ng/ml). The medium was exchanged on day 4, 5, and 6 to remove nonadherent cells.
Where indicated, β-estradiol was present throughout at 10−7M. Adherent cells at day 7 were
homogeneous in morphology, consisting of mononuclear cells with abundant cytoplasm.

Electrophoretic Mobility Shift Assay (EMSA)
Human LXRα and RXRα proteins were synthesized in vitro from the corresponding expression
plasmids in rabbit reticulocyte lysate by using the TNT transcription/translation system
(Promega). To obtain an unprogrammed lysate as a negative control for EMSA, a reaction was
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performed with the empty vector, pCDNA3 (Invitrogen). Double stranded oligonucleotides
were radiolabeled at overhanging ends using Klenow polymerase, and gel-purified. Proteins
were incubated with poly (dI-dC) in binding buffer containing 20mM Hepes, pH 7.9, 50mM
KCl, 1mM MgCl2, 1mM DTT, 10% glycerol, 0.2 μg/□l BSA for 10 min at 4°C. 32P labeled
probe (100K cpm) was then added and incubation continued for 30min at 4°C. Samples were
electrophoresed at 4°C in a 5% polyacrylamide gel in 0.5X TBE buffer (45mM Tris, 45mM
boric acid, 1mM EDTA, pH 8.0). Oligonucleotide sequences for probes used in this assay have
been described elsewhere [13]

Transient transfections and luciferase assay
The double stranded oligonucleotide containing the MPO-G AluRRE element with BamH1
overhang (gatccAGGCTGAGGCGGGTGGATCACTTGAGGTCAGGAGTTCAAACCAg;
the hexamer sequences are underlined) was cloned in sense orientation into the Bgl II site of
a pGL2-based luciferase reporter containing the minimal thymidine kinase promoter.
Constructs were confirmed by sequencing. 5x104 CV-1 or HeLa cells were seeded in 24 well
plates the day before transfection. Cells were co-transfected with 25 ng each of LXR/PPARα
and RXR expressing pcDNA-derived vectors, 100 ng of MPO-G-luciferase reporter, 150 ng
of β-galactosidase expression vector, and 700 ng pBluescript using a calcium phosphate
precipitation procedure for 16 hours. After transfection, cells were incubated for an additional
24 hours in medium containing 10% charcoal-treated serum supplemented or not with the
ligands indicated in the figures. Cell extracts were prepared and assayed for firefly luciferase,
which was normalized with galactosidase activity.

Statistical Analysis
The real time PCR scores were normalized to endogenous control genes. Activated conditions
were compared to non-activated conditions normalized to 1 X and compared by Student’s t
test using Statview software. A value of P < 0.05 was considered significant.

RESULTS
LXRα-RXR and PPARα-RXR bind hexamer pairs in an AluRRE in the MPO Promoter

The Alu receptor response element (AluRRE) upstream of the MPO gene is typical of the major
Alu subclass (Sx) with four hexamer halfsites related to the consensus AGGTCA, and
recognized by members of the nuclear receptor superfamily of ligand-dependent transcription
factors [12,13,39]. The hexamers are arranged as direct repeats with spacing of 2, 4, and 2 bp
(36) (Fig. 1A). We previously showed that PPARγ-RXR heterodimers bind the third and fourth
hexamers, while estrogen receptor (ER) homodimers bind the first two hexamers [13]. The
−463A mutation in hexamer 1 enhances binding by ER [13,28]. ER ligand, 17β-estradiol,
blocks some of the effects of PPARγ ligands on MPO expression, especially on the MPO-463A
allele with stronger ER binding site.

The middle hexamer pair with DR-4 spacing presented a potential site for LXR-RXR binding.
To test for binding by LXR to the MPO AluRRE, electrophoretic mobility shift assays (EMSA)
were carried out with LXRα produced in rabbit reticulocyte lysates programmed with in
vitro synthesized mRNA. Synthesized receptors were incubated with 32P- labeled
oligonucleotides including the AluRRE with the four hexamers (Fig.1A). LXR was found to
bind the AluRRE with either −463G or A, requiring co-presence of RXR (Fig. 1B, lanes 1–
5). To further define the recognition site, we tested binding to the individual hexamer pairs,
and found that LXR-RXRbinds the DR-4 hexamer pair 2/3, with little binding to hexamers
3/4, and no binding to hexamers 1/2 (lanes 6–8).
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We previously reported PPARγ-RXR binding to hexamer 3/4 of the MPO AluRRE[13]. Here
we compared binding by PPARα and PPARγ and found that both bound to hexamer pair 3/4,
requiring RXR (lanes 9–12).

To determine whether the LXR binding site in the AluRRE functions as a LXR response
element (LXRE), the AluRRE was synthesized and inserted upstream of a luciferase reporter
gene, and transiently transfected into CV-1 monkey kidney cells, in the presence of
cotransfected expression vectors encoding LXRα and RXRα, and the presence or absence of
LXR ligands, including the oxysterol, 22R-hydroxy-cholesterol (22-ROH) or the synthetic
ligand T0901317 (T090) (Fig. 1C). 22-ROH increased expression of the reporter gene by 2
fold (lanes 1,2), while T090 increased expression by 1.7 fold (lanes 3,4). As a comparison, we
assayed the effect in cotransfection assays of a PPARγ ligand of the thiazolidinedione class,
MCC-555. PPARγ-RXR was previously demonstrated to bind hexamers 3/4 of the AluRRE,
and PPARγ ligand rosiglitazone was shown to strongly upregulate the native human MPO gene
in MCSF-Mφ, and downregulate in GMCSF-Mφ [13]. Here we tested whether hexamers 3/4
act as a PPAR response element (PPARE) when linked to a reporter gene in cotransfection
assays. HeLa cells were transfected with expression constructs encoding PPARγ and RXRα,
in the presence or absence of PPARγ ligand MCC-555. MCC-555 increased transcription of
the reporter gene by 2.7 fold. These findings indicate the MPO AluRRE is able to function as
an LXRE and a PPARE for a reporter gene construct in cotransfection assays.

LXR ligand T0901317 inhibits MPO expression in primary human monocytes and monocyte
derived-macrophages

We next investigated whether LXR ligand T090 regulates expression of the human MPO gene
in vivo. Our previous study revealed that PPARγ ligands downregulate MPO in GMCSF-
Mφ, while upregulating in MCSF-Mφ[13]. Here we tested whether LXR ligand T090 had
different effects in MCSF- versus GMCSF-treated monocytes or monocyte-derived
macrophages (MD- Mφ). Primary human monocytes were cultured for 24 h in the presence of
MCSF or GMCSF, prior to 24 h treatment with T090 (1 μM), prior to isolation of mRNA and
quantitation of MPO mRNA levels by quantitative real time PCR. MD- Mφ were obtained by
seven days culture in medium containing GMCSF or MCSF, prior to treatment for 24 h with
T090 (1 μM). LXR ligand T090 consistently downregulated MPO mRNA levels by 7 to 15
fold (Fig 2, lanes 1–8), regardless of CSF. We previously reported that 17β-estradiol (E2)
blocked the upregulation of MPO in MCSF-Mφ by PPARγ ligands [13]. In contrast, the
addition of E2 did not block MPO suppression in MCSF-Mφ by LXR ligands (lanes 9,10). As
a further control, we tested the effect of LXR ligand T090 on expression of ABCA1 in these
primary MD-Mφ, and T090 was found to upregulate ABCA-1 by 8 fold (lanes 11,12),
consistent with prior reports.

LXR ligand T0901317 suppresses human MPO mRNA expression in macrophages from
transgenic huMPOG and A mice

We next examined the effects of LXR ligands on the human MPO −436G and A alleles in
transgenic mice, TgMPO-G and TgMPO-A. The human MPO transgenes are each present in
one copy in the transgenic mice, and are driven by the native MPO promoter, having been
generated by microinjection of C57BL6/J eggs with a 32 kb restriction fragment centered on
the intact MPO-463G or A genes (MPOG and MPOA), thus each transgene includes 4 to 11
kB of flanking regions[13]. The regulation of the huMPOG and A transgenes in the transgenic
mice is like that observed in humans, with highest expression in bone marrow precursors.

Bone marrow cells from the transgenic mice were cultured in RPMI medium with 10% FCS
and T090 (1 μM) for 24 hours, prior to isolation of mRNA. Treatment with T090 downregulated
MPO-G and MPO-A mRNA levels by approximately five fold (Fig. 3A, lanes 1–4). We tested
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the effect of T090 on MPO expression in macrophages, derived by culture of bone marrow
cells for seven days with GMCSF or MCSF. In GMCSF -Mφ, T090 reduced MPOG mRNA
expression by 7 ±1.3 fold, and MPO-A expression by 10 ±1.7 fold (lanes 5–8). In MCSF-
Mφ, T090 reduced MPO-G mRNA expression by 12 ±2 fold, and MPO-A by 20 ±3 fold (lanes
9–12). Thus, T090 repressed both the MPOG and MPOA alleles, in either GMCSF or MCSF
conditions. As with PPARγ, LXR ligand had no effect on mouse MPO mRNA expression in
bone marrow cells or macrophages (Fig. 2A, lanes 13–16).

In figure 3B, we contrast the regulation of MPO expression by LXR and PPAR α/γ ligands.
LXR ligand T090 reduced MPO gene expression in either GMCSF or MCSF(lanes 2), and
estrogen had no effect on this suppression (lanes 3). PPARα ligand GW9578 downregulated
TgMPO-G in GMCSF-Mφ, while upregulating in MCSF-Mφ (lanes 4). The upregulation in
MCSF was blocked by E2, but not the downregulation in GMCSF (lanes 5). The findings with
PPARα ligand are thus consistent with prior findings with PPARγ ligand [13]. As shown here
for comparison. PPARγ ligand rosiglitazone increased MPO expression in MCSF-Mφ and
inhibited expression in GMCSF-Mφ (lanes 6), with E2 blocking the upregulation in MCSF-
Mφ but not GMCSF (lanes 7).

LXR ligand T090 represses human MPO but does not affect mouse MPO gene expression,
indicating this repression is mediated by promoter sites specific to human MPO. In contrast,
statins downregulate both the human and mouse MPO genes[11], presumably acting through
common promoter elements, therefore not the primate-specific AluRRE. Statins inhibit MPO
gene expression by blocking HMG-CoA reductase, thereby blocking production of isoprenoid
intermediates of the mevalonate pathway, including geranylgeranylpyrophosphate (GGPP)
which is required for MPO gene expression[11]. Like LXR, statins inhibit MPO in either
GMCSF or MCSF-treated cells, and this inhibition is not blocked by E2. This led us to examine
whether there might be common pathways or transcription factors utilized by LXR and statins
to suppress MPO. However, when macrophages were co-treated with T090 and simvastatin,
the suppressive effect was more than additive, suggesting the mechanisms of suppression are
independent and synergistic (Fig. 3B, lanes 8,9)

Discussion
These findings provide the first evidence that LXR and PPARα ligands inhibit expression of
the human MPO gene. The synthetic LXRα ligand T0901317 and the PPARα ligand GW9578
repress MPO mRNA expression in primary human macrophages, and in huMPO transgenic
bone marrow cells and BM-Mφ. These findings identify MPO as a novel member of the set of
macrophage genes regulated by LXR and PPARα and involved in the macrophage
inflammatory response and cholesterol metabolism.

These LXR and PPARα ligands downregulate human MPO, but not mouse MPO, indicating
the relevant promoter elements are specific to the human MPO gene. One possibility is the
LXR-RXR and PPARα-RXR binding sites in the AluRRE. Alu elements are primate specific,
thus absent from the mouse MPO promoter. The MPO AluRRE contains four direct repeat
(DR) hexamer halfsites related to the consensus AGGTCA, spaced by 2, 4, and 2 basepair
(DR-2 or DR-4). LXR-RXR binds the central DR-4 pair (hexamers 2/3) while PPARγ/α-RXR
binds the overlapping DR-2 pair (hexamers 3/4), and ER binds the first pair (hexamers 1/2)
which includes the -463G/A polymorphism (Figure 1A). Cotransfection experiments showed
the AluRRE functions as an LXRE when placed upstream of a minimal promoter and reporter
gene, and cotransfected into CV1 cells along with LXR and RXR expression constructs. The
AluRRE also functions as an PPARE in cotransfection experiments with PPARγ and RXR
expression constructs. These cotransfection experiments showed modest ligand-dependent
increases in reporter gene expression in CV-1 (monkey kidney) cells, in contrast to the strong
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repression by LXR ligands for the native MPO gene in primary macrophages. One possible
explanation is that LXR ligand-dependent repression is mediated through sites other than the
AluRRE. For example, LXR inhibits expression of iNOS and Cox-2, although these genes
appear to lack LXR-RXR binding motifs, suggesting this repression is indirect. The suggested
mechanism is transrepression, and refers to the ability of nuclear receptors to associate with
other transcription factors, notably NF-κB or AP1, and recruit corepressors, such as N-CoR,
which antagonize the activities of these factors[40, 41].

Our previous study showed that PPARγ ligands induce MPO in MCSF-Mφ, and downregulate
in GMCSF-Mφ [13]. Estrogen blocks the induction in MCSF for both the MPO-G and MPO-
A alleles, while blocking downregulation of MPO-A, but not MPO-G, in GMCSF -Mφ. The
preferential block of PPARγ effects on MPOA correlates with the higher affinity ER binding
site at −463A [13,28]. These findings suggested that ER binding to hexamers 1/2 inhibits
PPARγ-RXR binding or activity on the adjacent hexamer 3/4. In contrast, estrogen does not
block suppression of MPO by LXR ligand, possibly due to the overlapping binding sites for
LXR-RXR and ER in the AluRRE. ER binds hexamers 1/2 while LXR-RXR binds hexamers
2/3, thus sharing hexamer 2. Thus, LXR-RXR binding may preclude ER binding.

Nuclear receptors such as LXR and PPARγ are able to transport to the nucleus and bind their
cognate hexamer halfsites in the presence or absence of ligand. In the absence of ligand, the
receptors become associated with corepressors, such as nuclear receptor corepressor (N-CoR)
or silencing mediator of retinoid and thyroid receptors (SMRT), which are part of multiprotein
complexes including histone deacetylases, which antagonize the basal transcriptional
machinery [40]. Ligand-binding causes a conformational change in the receptors that releases
the corepressors, allowing binding of coactivators, which induce target gene expression. In the
present study, we observed ligand-dependent repression of MPO with LXR ligand T090, and
with PPARγ or PPARα ligands in GMCSF- Mφ. This finding is unusual in that ligand-
dependent activation is usually observed for receptors bound to two core recognition motifs.
One possible explanation is that the inhibition may be due to transrepression, in which LXR
or PPAR α/γ bind to NF-κB or AP1, rather than acting throught the AluRRE. An alternative
explanation is that these receptors are able to repress the target gene in the specific context of
the AluRRE, or the MPO basal promoter, or in GMCSF- treated macrophages, The current
models of receptor/coregulator interations were developed through analysis of a small set of
target genes, and the outcome (agonist or antagonist) might differ in vivo in a complex
inflammatory state with multiple competing receptors, and might change depending on the
specific cell type or the specific promoter context [40]. Macrophages derived by treatment with
MCSF or GMCSF may have different levels of coactivators and corepressors, resulting in MPO
induction by PPARα/γ in MCSF, and repression in GMCSF. Some LXR ligands induce
receptor conformations that enhance associations with both corepressors and coactivators, such
that the net effect of the ligand-bound receptor on target gene expression may depend on the
prevalence of coactivators or corepressors in a particular cell type[42]. Other studies suggest
that minor differences in DNA sequence, spacing, or orientation of the hexamer motifs can
alter the interactions between receptors and corepressors/coactivators [43–45], determining
whether ligand binding has positive or negative effects on target gene expression [46]. The
unusual arrangement of the several hexamer halfsites in the AluRRE, some with noncanonical
spacing or DNA sequences[12,39], could influence receptor conformations and coregulator
interactions. For example, the PPAR γ/α site is DR-2, while the canonical binding site is DR-1.
Also, the canonical binding motif for ER homodimers is an inverted repeat, while an inverted
repeat motif is not apparent in the AluRRE. Non-canonical binding sites have previously been
reported for PPAR and ER [47], and these sequence variants could alter receptor conformation
and thereby coregulator interactions. Thus, it remains unclear at present whether the repression
of MPO by LXR ligand, or the activation/repression by PPARγ/α ligands is mediated through
the AluRRE halfsites, or through transrepression. One possibility is that activation in MCSF
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is mediated by PPARγ/α binding to the AluRRE, while the inhibition in GMCSF is due by
transrepression. Although beyond the scope of this study, it will be interesting to further
decipher the interactions of receptors through the AluRRE: There are approximately one
million Alu elements in the human genome, and most had the several hexamer binding sites
at the time of insertion [39], therefore many genes are likely to be regulated by nuclear receptors
through AluRRE.

In summary, these findings identify human MPO as a novel LXR and PPARα target gene,
consistent with the role of these receptors in regulation of inflammatory and atherogenic genes
in macrophages.
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Figure 1. LXRα-RXR and PPARα-RXR heterodimers bind the AluRRE in the MPO promoter
A. Diagrammatic representation of nuclear receptors bound to the MPO AluRRE. DNA
sequence shows the four hexamer halfsites with binding sites for estrogen receptor homodimers
(ER), LXR-RXR and PPARγRXR heterodimers. The −463G/A polymorphism (red) is in
hexamer 1.
B. Double stranded DNA oligonucleotides encoding the four hexamers of the AluRRE with
−463G or A in hexamer 1 were incubated with rabbit reticulocyte lysate programmed with in
vitro synthesized mRNA encoding LXRα and/or RXR□ (lanes 1–4), or nonprogrammed lysate
(lane 5). The arrow indicates the position of a retarded complex for the MPO-G and MPO-A
promoter sequences. In lanes 6–8, oligonucleotides (22 bp) encoding the individual hexamer
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pairs 1/2, 2/3, or 3/4 were incubated with lysates programmed with LXR and RXR expression
vectors. In lanes 9–12, hexamers 3/4 were incubated with lysates programmed with PPARα
(lanes 9,10) or PPARγ (lanes 11,12), and RXR expression vectors as indicated. Arrows
indicate the position of the retarded complexes.
C. CV-1 cells were cotransfected with 100 ng of luciferase reporter constructs containing the
AluRRE sequence along with expression vectors for LXRα (25 ng) and RXRα (25 ng) (lanes
1–4). HeLa cells were cotransfected with 100 ng of luciferase reporter containing the AluRRE
along with expression vectors for PPARγ (25 ng) and RXRα (25 ng) (lanes 5,6). After 24 h,
cells were untreated (lanes 1, 3, 5) or treated with LXR ligands, 25 μM 22-ROH (lane 2) or 1
μM T0901317 (lane 4), or PPARγ ligand, 10 μM MCC-555 (lane 6) for 24 h, and then assayed
for luciferase activity. Average values and standard error measurements were calculated from
triplicate measurements. Statistically significant differences between the control and ligand-
activated conditions were determined by Student’s t test (**p<0.01; ***p<0.005).
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Figure 2. LXR ligand T0901317 downregulates human MPO mRNA expression in primary
monocyte-macrophages
Human monocytes were cultured for 24 h in the presence of MCSF or GMCSF, prior to 24 h
culture in the absence or presence of 1 μM T090. Monocyte derived macrophages were
obtained by seven days culture in MCSF or GMCSF, prior to 24 h culture in the absence or
presence of 1 μM T090. In lanes 9 and 10, 17β-estradiol (10−7M) was added to the MCSF-
treated macrophages throughout treatment. MPO mRNA levels (lanes 1–10) or ABCA1
mRNA levels (lanes 11,12) were determined by quantitative real time PCR. Values shown are
the means of two independent determinations ± SEM.
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Figure 3. LXR and PPARγ/α ligands differentially regulate the human MPO gene in transgenic
mice, but do not regulate the mouse MPO gene
A. LXR ligand T090 (1 μM) suppresses human MPO gene expression in bone marrow cells
(lanes 1–4), GMCSF- Mφ (lanes 5–8), and MCSF- Mφ (lanes 9–12) from TgMPO-G and
TgMPO-A transgenic mice, but has no effect on expression of the mouse MPO gene (lanes
13–16). Statistically significant differences between the control and ligand-activated
conditions were determined by Student’s t test (*p<0.05).
B. GMCSF –Mφ and MCSF- Mφ from human TgMPO-G transgenic mice were untreated
(lanes 1) or treated with LXR ligand T090 (lanes 2,3), PPARα ligand GW9578 (lanes 4,5),
PPARγ ligand rosiglitazone (5 μM) (lanes 6,7), simvastatin (25 μM) (lane 8), or simvastatin
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and T090 (lane 9). 17β-estradiol was added to the culture medium three hours prior to ligands
in lanes 3,5,7.
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