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Abstract

ABCG1 promotes cholesterol efflux from cells, but ABCG17- bone marrow transplant into
ApoE"" and LDLr” mice reduces atherosclerosis. To further investigate the role of ABCG1 in
atherosclerosis, ABCG1 transgenic mice were crossed with LDLr-KO mice and placed on a high-
fat western diet. Increased expression of ABCG1 mRNA was detected in liver (1.8-fold) and
macrophages (2.7-fold) and cholesterol efflux from macrophages to HDL was also increased (1.4-
fold) in ABCG1xLDLr-KO vs. LDLr-KO mice. No major differences were observed in total plasma
lipids. However, cholesterol in the IDL-LDL size range was increased by approximately 50% in
ABCGI1xLDLr-KO mice compared to LDLr-KO mice. Atherosclerosis increased by 39% (10.1+0.8
vs 6.1+0.9 % lesion area, p=0.02), as measured by en face analysis, and by 53% (221+98 vs 104+58
%103 um?, p=0.01), as measured by cross section analysis in ABCG1xLDLr-KO mice. Plasma levels
for MCP-1 (1.5-fold) and TNF-alpha (1.2-fold) were also increased in ABCG1xLDLr-KO mice. In
summary, these findings suggest that enhanced expression of ABCG1 increases atherosclerosis in

LDLr-KO mice, despite its role in promoting cholesterol efflux from cells.
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Introduction

ABCGL is a member of the G sub-family of ATP-binding cassette (ABC) transporters. It is a
half-transporter with a single six transmembrane domain and a nucleotide-binding domain at
the amino terminus. To be functional ABCG1 has to form either a homodimer or a heterodimer.
Several studies demonstrated that ABCGL1 can form and function as a homodimer: (a)
overexpression of ABCG1 alone can induce cholesterol efflux to HDL[1], (b) cross-linking of
ABCG1 produced a complex that had twice the molecular weight of ABCG1[2], and (c)
homodimerization of ABCG1 in CHO cells was recently demonstrated[3], using ABCG1
constructs with two different immunoaffinity tags. ABCG1 may also potentially dimerize with
other members of the G transporter family, such as ABCG4, although expression of ABCG4
in macrophages is markedly lower compared to ABCGL, even after stimulation with LXR
agonists[1]. ABCGL1 is highly expressed in macrophages, endothelial cells, kidney and brain,
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and to a lesser degree in the liver, where expression is higher in Kupfer cells than in hepatocytes
[4]. In both hepatocytes and macrophages, ABCG1 expression is upregulated by cholesterol
loading[5;6] and by treatment with LXR agonists[7;8]. Immunohistochemical studies, using
an antibody to ABCG1 or epitope-tagged ABCG1, have revealed that ABCG1 protein is mostly
localized in intracellular membranes, and to a lesser extent in the plasma membrane unlike
some other ABC transporters, such as ABCA1[9]. Based on its localization, it has been
proposed that ABCG1 may be involved in redistribution of cholesterol to cell surface domains
prior to efflux to HDL[2].

The role of ABCGL1 in regulating macrophage cholesterol homeostasis has been investigated
by several groups. Transient overexpression of human or mouse ABCGL1 in cultured cells
resulted in increased efflux of cholesterol to HDL, and HDL 3, but not to lipid-free ApoAl
[2;10;11]. Conversely, decreased expression of ABCGL, using SiRNA, resulted in decreased
cholesterol efflux to HDL[1]. Gelissen et al[3] demonstrated a sequential synergistic role of
ABCGL1 in promoting cholesterol efflux to phospholipid rich nascent HDL particles first
generated by the lipidation of ApoA-1 by the ABCAL1 transporter. Because of its role in
promoting cholesterol redistribution to plasma membrane and the subsequent efflux of excess
cholesterol to HDL, it would be predicted that ABCG1 would have an anti-atherogenic effect.
Unexpectedly, transplantation of ABCG17- bone marrow cells was recently found in several
studies to reduce aortic atherosclerotic lesions in both ApoE”" and LDLr"" mice [12;13],
although one study found instead a modest increase atherosclerosis in transplanted LDLr"-
mice[14].

To further investigate the role of ABCGL1 in atherosclerosis, the effect of increased ABCG1
expression was examined in ABCG1 transgenic mice crossed with LDLr-KO mice on a high-
fat diet. Consistent with the previous knock out studies[12;13] ABCG1 overexpression was
found to increase atherosclerosis in LDLr-KO mice on a western diet, despite the observed
enhancement of cholesterol efflux from macrophages.

Materials and methods

Animals and Diets

A fully sequenced 140-Kb BAC clone (BAC clone 201 (020), GS Control Number-26458;
Incyte Genomics, Palo Alto, CA), encoding the complete mouse ABCGL1 protein was used to
generate transgenic mice in the C57BL/6 background. To generate LDLr-KO mice
overexpressing mouse ABCGL, transgenic mice were crossed with LDLr-KO mice in the
C57BI/6 background. Mice were genotyped by dot-blot hybridization analysis using a specific
mouse ABCG1 cDNA (forward primer 5’-CTGAACTGCCCTACCTACCAC-3’, reverse
primer 5’-GAAGATGCCCAGGACGAT-3’) and by real-time PCR using TagMan primers
(forward primer 5’-CTTTCATGTCCCGCTGCAT-3’, reverse primer 5’-
GTCACGGGACCCACAAATG-3’ and TagMan MGB Probe 6-FAM-
TCACTCCAGGTTGCG) generated with Primer Express 3.0 software (ABI). ABCG1xLDLr-
KO transgenic mice were found to contain approximately 30 copies of the ABCGL1 gene.
Control and transgenic mice (2-months of age) were fed a Western Diet (TD 88137, Harlan
Teklad, Madison, WI) containing 0.2% cholesterol and 21.2% fat for 12 weeks. All experiments
were performed according to a research protocol approved by the Animal Care and Use
Committee of the NHLBI, NIH.

Northern Blot and Real Time RT-PCR Analysis

Total RNA was isolated (TRIzol, Invitrogen) from age and sex-matched mice and further
purified, using the RNeasy Mini Kit (Qiagen, Valencia, CA). RNA (10 pg) was subjected to
Northern blot analysis, using a 32P-labeled cDNA probes specific for mouse ABCG1 and
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cyclophilin. mMRNA was quantified, using a scanning densitometer (Molecular Dynamics,
Sunnyvale, CA). RT-PCR analyses were performed using TagMan technology on an ABI 7300
real-time PCR system (Applied Biosystems, Foster, CA). cDNA was synthesized from 2ug
RNA with TagMan reverse transcription system and random hexamer primers. Quantitative
PCR was performed using probe and primer sets from ABI (NnABCG1, Mm00437390; B-Actin,
4352341E), according to the manufacturer’s protocol. Both samples and standards were
performed in duplicate.

Western Blot Analysis

5-20ug of protein were separated under reducing conditions on a Novex 3-8% Tris-Acetate gel
(Invitrogen, Carlsbad, CA) and transferred to PVDF membranes (Invitrogen). Blots were
incubated with rabbit anti-human/mouse ABCG1; anti-human/mouse -Actin (BioLegend,
San Diego, CA) was used to control for equal loading and transfer.

Plasma Lipids Analysis and Fast Protein Liquid Chromatography

Plasma was obtained after a 4-hour fast. Lipid levels and plasma lipoproteins were analyzed
as previously described[15].

Cholesterol Efflux Studies

Resident mouse peritoneal macrophages were seeded at a density of 400,000 cells per well in
a 24-well plate (Primeria cultureware, BD, Franklin Lakes, NJ), and maintained in DMEM
medium (Gibco) containing 10% LPDS and antibiotics (Pen/Strep/L-glutamine, Sigma).
Macrophages were loaded with medium containing 1uCi/ml 3H-cholesterol for 4 hours. Efflux
of 3H-cholesterol was performed using HDL,, HDL3 (50ug/ml), apoA-1 (10ug/ml) or BSA
(0.2%) as acceptors[16]. Data were normalized to cell protein and cholesterol efflux to the cell
media was expressed as percent of total cell counts.

Analysis of Aortic Lesions

The heart and attached section of ascending aorta were dissected en bloc and prepared as
previously described[17]. Three mm sections of the aortic root and ascending aorta were stained
with oil-red-O for neutral lipids and hematoxylin for nucleic tissue. Five sections per animal
were evaluated to determine the mean cross-sectional area of lesions for each animal. The
methods for en face aortic lesion analysis was adapted from Teupser [18] and Jiang [19]. The
left ventricle of the heart was perfused first with PBS and then with a fixative solution (4%
paraformaldehyde, 5% sucrose, 20 MM EDTA, pH 7.4). The aorta was dissected from the
origin of the heart to the ileal bifurcation and was then further fixed overnight with fixative
solution, stained with Sudan IV solution for 25 min, destained for 25 min in 80% ethanol, and
washed with water. After removal of any remaining adventitial fat, the aortas were cut
longitudinally, placed on a glass slide embedded with glycerin, covered by a microscope cover
glass and sealed with nail polish. Quantification of plaques from the ileal bifurcation to the
origin (not including branching vessels) of each animal was performed in a blind fashion and
in triplicate, using the Image-Pro Plus version 4.1 software (Media Cybernetics, Inc., MD).
Data are reported as the percentage of the aortic surface covered by lesions (total surface area
of the atherosclerotic lesions divided by the total surface area of the aorta).

Measurements of Cytokines and Chemokines

A multiplex, sandwich-type ELISA assay was used for the measurement of cytokines and
chemokines in mouse plasma (Pierce Biotechnology) as previously described[20]
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Statistical Analysis

Results

All data are expressed as means +/-SEM. Statistically significant differences between control
and transgenic mice were assessed by Student’s t-test and defined as a two-tailed probability
of less than 0.05. Non-parametric data was analyzed by the Mann-Whitney test (Instat
Software, Graphpad, Inc., San Diego, CA).

ABCG1 mRNA and protein expression

Mouse ABCG1 mRNA expression was measured in the liver and macrophages of LDLr-KO
and ABCG1xLDLr-KO mice placed on high-fat western diet for 12 weeks. Northern Blot
analysis (Fig.1A) showed increased ABCG1 expression in ABCG1xLDLr-KO compared to
LDLr-KO mice in both the liver (1.8-fold) and macrophages (2.7-fold). Real-time-PCR (Fig.
1B) also confirmed increased expression of ABCGL1 in both liver (1.7-fold, p=0.04) and
macrophages (1.2-fold, p<0.01). Western blot analysis (Fig.1C) revealed a 1.3-fold and 1.5-
fold increased ABCG1 protein in liver and macrophages of ABCG1xLDLr-KO transgenic
compared to LDLr-KO control mice. Overall, these results are consistent with a modest
increase in the level of ABCG1 expression in the liver and macrophages of ABCG1 transgenic
mice.

Total plasma lipids and FPLC lipoprotein profile

Analysis of plasma lipids (Fig.2A) revealed no major differences in the levels of TC (2072
+294 vs 2338+109mg/dL), TG (1162+194 vs 985+101 mg/dL), PL (11244123 vs 1197+46
mg/dL), FC (1037+309 vs 1113+160 mg/dL), and CE (1211257 vs 1225+242 mg/dL)
between ABCG1xLDLr-KO and LDLr-KO mice on a western diet. FPLC analysis of pool
plasma (Fig 2B), however, showed significantly increased cholesterol in the IDL-LDL fraction
of ABCG1xLDLr-KO compared to control mice (Fig 2B inset: 36.4+4.5 vs 54.5+5.3 ug/ml,
p=0.02). VLDL cholesterol was also increased but did not reach statistically significance (56.8
+15.2 vs 75.2421.3 ug/ml). No differences were observed in the lipid composition or size of
HDL particles between the two groups of mice.

Increased macrophage cholesterol efflux to HDL

To assess the effect of the increased ABCG1 expression, cholesterol efflux to HDL from
peritoneal macrophages isolated from ABCG1xLDLr-KO and LDLr-KO mice was measured
(Fig.2C). Macrophages from the ABCGL1 transgenic mice showed increased cholesterol efflux
compared to the control mice for both HDL, (27.3+0.6 vs 23.1+1.1%, p<0.01) and HDL 3 (25.4
+3.4 vs 18.0+1.3%, p=0.03). No differences in the efflux of cholesterol to lipid-free ApoA-I
was observed from peritoneal macrophages from either mouse strain (data not shown).

Increased atherosclerosis in ABCG1xLDLr-KO mice

The aortic atherosclerotic lesion area was quantified by two different methods (Fig 3), namely
by en face analysis of the entire aortic tree (Panel A) and by cross-section analysis of the
proximal aorta (Panel B). After 12 weeks on the western diet, ABCGL1 transgenic mice were
found to have significantly increased atherosclerosis compared to the control LDLr-KO mice,
as evaluated by both by en face analysis (10.1+0.8 vs 6.1+0.9 % lesion area, p=0.02) (Fig.3 A)
and by oil-red-O staining of five cross sections of the proximal aorta (22198 vs 104+58
x103 um?, p=0.01) (Fig.3 B).

Increased pro-inflammatory cytokines in ABCG1xLDLr-KO mice

To evaluate the possible role of increased inflammation, the plasma concentration of pro-
inflammatory cytokines was measured in the two mouse lines after the 12 weeks of western
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diet (Fig.4). ABCG1xLDLr-KO transgenic had increased levels of MCP-1 (27.0+1.9 vs 39.6
+2.0 pg/ml; p=0.05) and TNF-alpha (8.9+0.2 vs 10.6£0.1 pg/ml; p=0.03) compared to LDL-
KO control mice. IL-6 was also increased and IL-10 was reduced in ABCG1 transgenic mice
but did not reach statistical significance (data not shown).
Discussion

The major finding of this study is that increased expression of ABCG1 was found to increase
atherosclerosis in LDLr-KO mice fed a high-fat western diet. This was true, even though as
previously shown in other studies[12;13], ABCG1 was found to increase cholesterol efflux
from macrophages. ABCGL traffics to the plasma membrane, where it alters the distribution
of membrane cholesterol, thus making it more accessible for efflux to mature HDL particles
in the extracellular fluid[2]. The ability of ABCGL1 to promote cholesterol efflux has been
proposed as the explanation for the observed decrease in tissue lipid accumulation in ABCG1
transgenic mice, and conversely for the massive deposition of neutral lipids and phospholipids
in liver, lungs and macrophages of ABCG1”- mice. The role of ABCG1 in cholesterol efflux
would suggest that ABCG1 overexpression would protect against development of foam cells
and atherosclerosis. Recently, however, two studies showed impaired development of
atherosclerosis in both LDLr"~ and ApoE™- mice transplanted with ABCG1”- bone marrow
[12;13], which is consistent with the main finding of this paper and suggests that in vivo ABCG1
in some way acts as a proatherogenic factor.

One possible explanation for the increased atherosclerosis in the ABCG1xLDLr-KO transgenic
mice is that ABCG1 altered the plasma lipoprotein profile. No major changes were observed
in total plasma lipids, but FPLC analysis revealed that ABCG1xLDLr-KO transgenic mice had
increased cholesterol level in the VLDL and IDL-LDL fractions. This increase in non-HDL
cholesterol is known to be proatherogenic, and may have contributed to increase atherosclerosis
in the ABCG1xLDLr-KO transgenic mice. Recently, Joyce et al [21] have shown that in
ABCAL transgenic mice the cholesterol effluxed to HDL is readily transferred to apoB-
containing lipoproteins, which, in the absence of LDL-r, results in the accumulation of non-
HDL proatherogenic lipoproteins. Similarly, in the present study, the increased cholesterol
efflux to HDL in ABCG1xLDLr-KO mice may have accelerated the development of
atherosclerosis because the effluxed cholesterol was eventually transferred to apoB-containing
lipoproteins, which, in the absence of the LDLr, accumulate and become proatherogenic.
Interestingly, decreased non-HDL lipoproteins were reported in ABCG1-KO mice, and it was
proposed that this was due to increased secretion of apoE , the main ligand for hepatic uptake
of these lipoproteins [13]. Furthermore, ABCG1 expression was shown by a post-translational
mechanism to reduce the secretion of apoE [13]. Therefore, in addition, to a possible role of
ABCGL1 inthe biogenesis of non-HDL lipoproteins, decreased apoE secretion by ABCG1 could
also possibly account for the increase in non-HDL lipoproteins observed in Fig. 2.

In addition to changes in the plasma lipoprotein profile, the enhanced expression of ABCG1
was also found to increase the level of several cytokines, namely MCP-1 and TNF-alpha. Both
of these cytokines are known to have important pro-atherogenic roles[22;23] and, therefore,
they could also be contributing to the increased atherosclerosis in ABCG1xLDLr-KO mice. In
support of this hypothesis, Ranalletta et al have shown that macrophages from ABCG17- mice
appear to have a compensatory change in the expression of several genes, particularly those
related to cholesterol metabolism[13]. It is not clear, however, whether the increased level of
pro-inflammatory cytokines in our study simply reflect the increased presence of
atherosclerosis in the ABCG1xLDLr-KO mice or whether they are also playing a role in the
initiation of atherosclerosis. Macrophages from ABCG1”~ mice have also been shown to
undergo increased apoptosis when loaded with excess cholesterol by treatment with ox-LDL
[12]. This suggests that ABCGL1, perhaps by enhancing cholesterol efflux, can alter various
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macrophage functions, which may also include their ability to respond to and secrete
inflammatory cytokines. Apoptosis in itself is also known to be an important process in the
pathogenesis of atherosclerosis[24;25], and increased macrophages apoptosis in ABCG17-
mice was hypothesized to lead to the decreased atherosclerosis in these mice[12]. Conversely,
the increased atherosclerosis in ABCG1xLDLr-KO mice observed in this study could possibly
be due to decreased macrophage apoptosis from increased ABCG1 expression and enhanced
cholesterol efflux. Future detailed studies aimed at the effect of ABCG1 on various macrophage
functions will likely be a useful approach for better understanding the role of ABCGL1 in the
pathogenesis of atherosclerosis.
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Fig. 1.

Overexpression of ABCGL in Liver and Macrophages of LDLr-KO Mice on a Western
Diet. A, Northern analysis of ABCG1 expression in LDLr-KO or ABCG1xLDLr-KO mice fed
a Western diet for 12 weeks. Total RNA from peritoneal macrophages was extracted from a
pool of macrophages (n = 6 male mice per genotype). Radiolabeled mouse ABCG1 and
cyclophilin cDNA probes were used. B, Real-time PCR analysis of mouse ABCGL1 in liver
and macrophages of LDLr-KO (n=3) and ABCG1xLDLr-KO (n=3) mice " p<0.01; ™ P=0.03.

C, Western blot analysis of hepatic and macrophages ABCGL1 expression
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Fig. 2.

Lipids, Lipoprotein Analysis and Macrophages Cholesterol Efflux in ABCG1xLDLr-KO
Mice on a Western Diet. A. Plasma lipids of fasted LDLr-KO (n=7) and ABCG1xLDLr-KO
(n=7) mice after 12 weeks of a western diet were quantified. TC, total cholesterol; TG,
triglycerides; PL, phospholipids; FC, free cholesterol; CE, cholesterol ester; C, cholesterol. B.
Distribution of total cholesterol in plasma lipoproteins after FPLC separation of 30 ul of pooled
plasma from fasted mice (n=5 each genotype). FPLC fractions corresponding to VLDL, IDL/
LDL, and HDL are shown. C. Macrophages were harvested from 6 mice per each genotype at
the 12t week of western diet and plated it for three hours. Cells were loaded overnight

with 3H-labeled cholesterol (1uCi/ml), washed with PBS and cholesterol efflux was measured
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in cell culture media after 4 hours incubation with medium containing either BSA, HDL, or
HDL3 (50ug/ml). *p<0.01, **p=0.03
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Measurement of Proximal Aortic Lesions in ABCG1xLDLr-KO and LDLr-KO Mice Fed
a Western Diet for 12 weeks. Mean aortic lesion area was measured by en face analysis (Panel
A) (LDLr-KO n=4, ABCG1xLDLr-KO n=6) and by cross-sectional analysis (Panel B) (LDLtr-
KO n=15, ABCG1XLDLr-KO n=12) in 5 months old female LDLr-KO (squares) and ABCG1
x LDLr-KO (circles) mice on a Western Diet. Data are expressed as the mean + SEM.
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Fig. 4.

Measurement of Plasma MPC-1 and TNF-ain ABCG1xLDLr-KO and LDLr-KO Mice
on a Western Diet. Plasma from 4 mice per each genotype at the 12" week of western diet
was used to measure MCP-1 (Panel A) and TNF-o (Panel B)
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