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12/15-Lipoxygenase (12/15LO) plays a role in the pathogenesis
of atherosclerosis and diabetes and has been implicated in low den-
sity lipoprotein oxidation. Murine macrophages express high levels
of 12/15LO and are key cells involved in the accumulation and
efflux of oxidized low density lipoprotein in the arterial wall. Dur-
ing this process, macrophages up-regulate scavenger receptors that
regulate lipid uptake, and ATP-binding cassette (ABC) transport-
ers, that regulate lipid efflux. We have previously demonstrated
that 12/15LO enhances the turnover and serine phosphorylation of
ABCG]L. In the current study, we further elucidate the mechanisms
by which 12/15LO regulates ABCGI1. Proteasomal inhibitors
blocked the down-regulation of ABCG1 expression and resulted in
accumulation of phosphorylated ABCG1. Macrophages that lack
12/15LO have enhanced transporter expression, reduced
ABCG1 phosphorylation, and increased cholesterol efflux. Con-
versely, macrophages that overexpress 12/15LO have reduced
ABCG1 expression, increased transporter phosphorylation, and
reduced cholesterol efflux. 12/15LO plays a key role in activat-
ing the MAPK pathway. Inhibition of the p38 or JNK pathways
with pharmacological inhibitors or dominant negative con-
structs blocked 12S-hydroxyeicosatetranoic acid-mediated deg-
radation of ABCG1. Moreover, we isolated macrophages from
JNK1-, JNK2-, and MKK3-deficient mice to analyze the involve-
ment of specific MAPK pathways. JNK2- and MKK3-, but not
JNK1-deficient macrophages were resistant to the down-regu-
lation of ABCG1 protein, reduction in efflux, and increase in
serine phosphorylation by 12S-hydroxyeicosatetranoic acid.
These findings provide evidence that 12/15LO regulates ABCG1
expression and function through p38- and JNK2-dependent
mechanisms, and that targeting these pathways may provide
novel approaches for regulating cholesterol homeostasis.

Lipoxygenases comprise a family of enzymes capable of
mediating selective lipid oxidation. 12/15-lipoxygenase (12/
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15LO)? catalyzes the conversion of arachidonic or linoleic acid
to produce 12S5- and 15S-hydroxyeicosatetranoic acids
(12SHETE and 15SHETE) and 13S-hydroxyoctadecadienoic
acid, respectively, and oxidizes esterified fatty acids within cho-
lesteryl esters and phospholipids (1, 2). Mouse leukocyte
12/15L0 is highly related to the 15LO enzyme in that they are
~74% identical in primary structure, and both are dual-speci-
ficity lipoxygenases (1). Mouse 12/15LO likely represents the
orthologue of human 15LO (2-4). Murine macrophages
express high levels of 12/15LO. Human or mouse peripheral
blood monocytes do not express 12/15LO in circulation, but
12/15L0O expression in these cells can be elicited by IL-4 or
IL-13 (5-7).

The role of 12/15L0O in atherogenesis has been controversial,
with studies attributing both pro-atherogenic (8 —10) and anti-
atherogenic properties to the enzyme (11). We and others have
shown that mice overexpressing 12/15LO are more susceptible
to developing spontaneous aortic fatty streak lesions on a
rodent chow diet (9), whereas mice deficient in the enzyme are
protected from atherosclerosis (10). Conversely, Chan and col-
leagues have recently demonstrated that 12/15LO overexpres-
sion protects mice from atherosclerosis through production of
local lipid mediators, including lipoxin A,, resolvin D1, and
protectin D1 (12). 12/15LO has been detected in atheroscle-
rotic lesions and colocalizes with macrophages (13). However,
Habenicht and colleagues have reported that the expression of
15LO in human atherosclerotic lesions was either undetectable
or several orders of magnitude lower than 5LO (14). Products of
the 12/15LO pathway are potent signal transducers and can
modify the inflammatory responses in cells. 12/15LO products
have been demonstrated to activate specific isoforms of protein
kinase C (PKC) (15), activate extracellular signal-regulated
kinase (ERK) (16), c-Jun NH,-terminal kinase (JNK) (17), p38

2The abbreviations used are: 12/15L0, 12/15-lipoxygenase; 12SHETE, 125-
hydroxyeicosatetranoic acid; 15SHETE, 155-hydroxyeicosatetranoic acid;
IL-4, interleukin-4; PKC, protein kinase C; PKA, protein kinase A; ERK, extra-
cellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; MAPK, mito-
gen-activated protein kinase; ABCG1, ATP-binding cassette transporters
G1; ABCA1, ATP-binding cassette transporters Al; HDL, high density
lipoprotein; FBS, fetal bovine serum; MOPS, 4-morpholinepropanesulfonic
acid; LOTG, 12/15L0 transgenic mice; LOKO, B6.12952-Alox15"™F"/) mice;
dnMKK4, dominant-negative MAPK kinase-4; FAFBSA, fatty acid free
bovine serum albumin; apoA-I, apolipoprotein A-l; ORF, open reading
frame; CKIl, casein kinase Il; ANOVA, analysis of variance; DMAT,
2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole.
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MAPK pathways (18), and p21-activated kinase (19), and regu-
late transcription factor activation (20).

The ATP-binding cassette transporters G1 (ABCG1) and A1l
(ABCA1) are up-regulated in differentiated macrophages to
mediate the efflux of cholesterol to high density lipoproteins
(HDLs) (21). A role for 12/15LO activity in the vessel wall in
regulating the clearance of excess cholesterol from macro-
phages and contributing to the development of macrophage
foam cell formation has not been fully elucidated. We have
previously demonstrated that 12/15LO activity in macrophages
enhances the degradation of ABCG1, resulting in reduced cho-
lesterol efflux (22). Correlating with increased turnover of the
transporter, the 12/15LO eicosanoid product 12SHETE en-
hanced the serine phosphorylation of ABCG1 (22). The current
study provides further understanding of the mechanisms by
which 12/15LO regulates ABCG1 expression and function. We
have found that 12/15LO activates JNK2 and p38 MAPK path-
ways to enhance transporter phosphorylation and degradation.
These results define a novel pathway for the regulation of
ABCG]1 and cholesterol homeostasis in macrophages.

MATERIALS AND METHODS

Chemicals and Reagents—FBS was obtained from HyClone
(Logan, UT). HDL was from Intracel (Frederick, MD).
NuPAGE 4-12% denaturing gels, MOPS running and trans-
fer buffers, and nitrocellulose were from Invitrogen. Mouse
anti-ABCG1 antibody was from Novus Biologicals, Inc.
Mouse anti-ABCA1 antibody and human lipid-free apoA-I
were kind gifts from John Parks, Ph.D., at Wake Forest Univer-
sity. Mouse anti-B-actin antibody was from Santa Cruz Bio-
technology (Santa Cruz, CA). RNeasy Mini kit was from Qia-
gen. An adenovirus expressing murine 12/15LO was prepared
by our laboratory with the assistance of the University of Iowa
Gene Transfer Vector Core. 12SHETE, SB203580, SP600125,
PD98059, anti-phosphoserine, cinnamyl-3,4-dihydroxy-a-cya-
nocinnamate, PKC inhibitors, H89, and MG132 were pur-
chased from Biomol (Plymouth Meeting, PA). Lactacystin and
casein kinase II inhibitor DMAT were from Calbiochem. Phor-
bol 12-myristate 13-acetate was purchased from Sigma-
Aldrich. Anti-phospho-p38 was from R&D Systems. Anti-
phospho-JNK, anti-phospho-MKK3/6, anti-p38, and anti-JNK
were from Cell Signaling Technology.

Mice and Bone Marrow-derived Macrophage Isolation—12/
15LO transgenic (LOTG) mice on the C57BL6/J background
were generated as previously described (9). Ten-week-old
female B6.129S2-Alox1571F*"/] (LOKO) mice (stock no.
002778), B6.129S1-Mapk8™ 1% /J (INK1 KO) mice (stock no.
004319), B6.129S2-Mapk9”¥%/] (JNK2 KO) mice (stock
no.004321), B6.129S1-Map2k3"*" /] (MKK3 KO) mice (stock
no. 006416), and their controls, C57BL6/] (stock no. 000664),
were purchased from Jackson Laboratories (Bar Harbor, ME).
Mice were fed a standard rodent chow diet and housed in
microisolator cages in a pathogen-free facility. All experiments
followed University of Virginia Animal Care and Use Commit-
tee guidelines, and approval for use of rodents was obtained
from the University of Virginia. Cells were obtained from the
tibia and femur bone marrow of aged matched mice and were
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cultured in the presence of L-929 conditioned medium as
described in detail previously (23).

Recombinant Adenoviral Delivery—We generated a recom-
binant adenovirus to express murine 12/15LO. Briefly, the full-
length ¢cDNA for murine 12/15LO (GenBank™ accession
number U04331.1) was subcloned into pACCMVpLpA.
Recombination, adenoviral production, and titering were
performed by the University of lowa Gene Transfer Vector
Core. Bone marrow-derived macrophages were infected at a
multiplicity of infection of 50 for 48 h with the recombinant
adenoviral vectors AdLO (to overexpress 12/15L0O) or con-
trol AdLacZ.

Transient Transfection of Bone Marrow-derived Macrophages—
Dominant-negative MAPK kinase-4 (AnMKK4) was generously
provided by Dr. Michael Karin (University of California, San
Diego, CA), and dnMKK7 was generously provided by Dr. Tse-
Hua Tan (Baylor College of Medicine, Houston, TX). Domi-
nant-negative p38 (dnp38) contains two phosphorylation
mutations of the isoform p38«, Thr-180 to Ala and Tyr-182 to
Phe (24). Bone marrow-derived macrophages were isolated
from mice as described above. Four million cells were trans-
fected with 1 pug of dnp38, dnMKK4, dnMKK?7, or pcDNA con-
trol constructs by nucleofection using a mouse macrophage
nucleofector kit (Amaxa, Gaithersburg, MD). Transfection effi-
ciency was ~65% as measured by green fluorescent protein
transfection. Transfected cells were incubated for 24 h in Dul-
becco’s modified Eagle’s medium supplemented with 10% FBS.
After 24 h, cells were treated with 500 nm 12SHETE for 30 min,
and protein was collected for analysis as described.

Cellular Cholesterol Efflux Measurements—Cholesterol ef-
flux assays were performed as described, with minor modifica-
tion (25). Bone marrow-derived macrophages were plated in
12-well plates at a density of 6 X 10° cells/well. To measure
effects on cholesterol efflux, cells were radiolabeled with 2
wCi/ml [*H]cholesterol for 16 h in Dulbecco’s modified Eagle’s
medium containing 10% lipoprotein-depleted FBS. After radio-
labeling, cells were washed three times with phosphate-buff-
ered saline. Cells were allowed to equilibrate for 2 h in 0.2% fatty
acid free bovine serum albumin (FAFBSA). In some experi-
ments, macrophages were treated with 500 nm 12SHETE in
0.2% FAFBSA for 2 h. Cholesterol efflux was conducted for 4 or
8 hat 37 °C in media containing: 1) 0.2% FAFBSA, 2) 0.2% FAF-
BSA plus 15 pg/ml lipid-free human apolipoprotein A-I (apoA-
I), or 3) 0.2% FAFBSA plus 50 ug of protein/ml of human HDL.
Human apoA-I and HDL were isolated as described previously
(26, 27). The efflux medium was removed and a 100-ul aliquot
was taken for *H radioactivity determination. Adherent cells
were rinsed three times with cold phosphate-buffered saline,
cells were dried, and isopropanol was added for overnight
extraction at room temperature. A 100-pul aliquot of the extract
was taken for ®H radioactivity determination. Results are
expressed as [*H]cholesterol in medium/([*H]cholesterol in
medium + cell) X 100%. Specific efflux to apoA-I or HDL was
calculated by subtracting nonspecific efflux in the presence of
0.2% FAFBSA only.

Immunoblotting for ABCAL, ABCGI, and 12/15LO—RIPA
buffer (50 mm Tris-HCI (pH 8.0), 150 mm NaCl, 1% Igepal, 10
mM NaF, 2 mm Naz;VO, containing Sigma protease inhibitor
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mixture) was added to macrophages to generate whole cell
lysates. Lysates were sonicated, and protein was quantified via a
protein assay kit (Bio-Rad). Proteins were separated by SDS-
PAGE, transferred to nitrocellulose, and blocked for 1 h with
2.5% milk-Tris-buffered saline plus 1% Tween 20 (TBST) at
room temperature. Fifty micrograms of whole cell lysate was
used to detect all proteins. ABCA1 and ABCG1 antibodies
(1:500 dilution) were incubated with the blot at 4 °C overnight
in 2.5% milk-TBST. The 12/15LO antibody (1:1000 dilution)
was incubated with the blot at 4 °C overnight in 2.5% Milk-
TBST. ABCA1, ABCG1, and 12/15LO blots were then incu-
bated with horseradish peroxidase-conjugated anti-rabbit sec-
ondary antibody (1:2000 dilution) in 2.5% milk-TBST for 1 h at
room temperature. The B-actin antibody (1:10000 dilution)
was incubated with the blot for 1 h at room temperature in 2.5%
milk-TBST. The B-actin blots were then incubated with horse-
radish peroxidase-conjugated anti-mouse secondary anti-
body (1:5000 dilution) in 2.5% milk-TBST for 1 h at room
temperature. Proteins were visualized using chemilumines-
cence and normalized to 3-actin as gel loading control. Den-
sitometry was performed using Stratagene Zero D-Scan den-
sitometry software.

Quantitative Real-time PCR—Total cellular RNA was col-
lected from macrophages using the RNeasy Micro kit (Qiagen)
following the manufacturer’s protocol. One microgram of
cDNA was synthesized using the Iscript cDNA synthesis kit
(Bio-Rad). Total cDNA was diluted 1:10 in H,O, and 4 ul was
used for each real-time condition using a Bio-Rad MyIQ Single
Color Real-Time PCR Detection System and iQ SYBR Green
Supermix (Bio-Rad). Primer sequences were as follows: ABCA1
(forward 5'-GGTTTGGAGATGGTTATACAATAGTTGT-3’
and reverse 5'-CCCGGAAACGCAAGTCC-3'), ABCGI1
(forward 5'-TTCCCCTGGAGATGAGTGTC-3’ and reverse
5'-CAGTAGGCCACAGGGAACAT-3'), LXR alpha (forward
5'-GGATAGGGTTGGAGTCAGCA-3' and reverse 5'-GGA-
GCGCCTGTTACACTGTT-3"), LXR beta (forward 5'-GCTC-
AGGAGCTGATGATCCA-3’" and reverse 5'-GCGCTTGAT-
CCTCGTGTAG-3'),and cyclophilin (forward 5'-TGGAGAG-
CACCAAGACAGACA-3' and reverse 5'-TGCCGGAGTCG-
ACAATGAT-3'). Samples were normalized to cyclophilin
using the AC, method.

Immunoprecipitation of ABCGI1—Macrophage lysates were
prepared with radioimmune precipitation assay buffer as
described above. Lysates were incubated overnight at 4 °C with
antibody against ABCG1 (Novus Biologicals). The antibody-
antigen complex was isolated by protein A-Sepharose beads
(Invitrogen) and resolved by SDS-PAGE. Each gel lane received
equal amounts of immunoprecipitated protein. ABCG1 phos-
phorylation was assayed by immunoblot analysis using anti-
phosphoserine antibody (Biomol) that recognizes a broad range
of serine-phosphorylated proteins.

ABCG1 Site-directed Mutagenesis—Full-length FLAG-
tagged human ABCGI open reading frame 678 (ORF678) and
truncated FLAG-tagged human ABCG1 ORF638 were gener-
ously provided by Dr. John Oram (University of Washington,
Seattle, WA) (28). ABCG1 ORF638 mutation constructs on
CKII consensus sites (Ser-45, Ser-205, and Ser-349) and N-ter-
minal serines (Ser-65, Ser-70, Ser-119, Ser-141, and Ser-168) to
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alanines were generated by PCR using a QuikChange multisite-
directed mutagenesis kit (Stratagene) according to the manu-
facturer’s instructions and confirmed by sequencing. HEK293
cells were grown in Dulbecco’s modified Eagle’s medium plus
10% fetal bovine serum then transiently transfected with 1 ug of
plasmid DNA using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s protocol.

Statistical Analysis—Data for all experiment comparisons
between groups was performed using analysis of variance
(ANOVA) methods using the StatView 6.0 software program.
Data is graphically represented as the mean * S.E., in which the
mean consists of a minimum of three experiments performed in
triplicate. Comparisons between groups and tests of interac-
tions were performed assuming a two-factor analysis with the
interaction term testing each main effect with the residual error
testing the interaction. All comparisons were made using Fish-
er’s least standard difference procedure, so that multiple com-
parisons were performed at the alpha = 0.05 level only if the
overall F-test from the ANOVA were significant at p < 0.05
(29).

RESULTS

Serine Phosphorylation Targets ABCGI1 for Proteasomal
Degradation—We have previously shown that the 12/15LO
product 12SHETE enhances the serine phosphorylation of
ABCG1 in macrophages (22). Increased serine phosphorylation
correlated with enhanced turnover of the transporter (22). We
performed dose-response experiments to examine whether this
response was specific for the 12/15LO pathway. 12SHETE
treatment reduced ABCG1 expression in a dose-dependent
manner (Fig. 14). Another product of the 12/15LO pathway,
15SHETE, also reduced ABCG1 expression, but at a higher con-
centration than that observed for 12SHETE (Fig. 1B). Further,
we examined the effects of 5SHETE and 12RHETE, which are
products of the 5(S)-lipoxygenase and 12(R)-lipoxygenase
pathways, respectively. At concentrations ranging from 1 nm to
1 uM, we observed no change in ABCG1 expression by 5SHETE
or 12RHETE (Fig. 1, C and D), indicating that this response is
specific to products of the 12/15LO pathway. Additionally, we
treated macrophages with the fatty acid substrate of the
12/15LO pathway, arachidonic acid. Arachidonic acid also
reduced ABCG1 expression in a dose-dependent manner
(Fig. 1E), but the reduction in ABCGI1 occurred at higher
concentrations and longer incubation times than for
12/15L0O eicosanoids.

We hypothesized that 12SHETE targets ABCG1 for degrada-
tion by the proteasome. To evaluate this hypothesis, C57BL6/]
(B6) macrophages were pre-treated with the proteasomal
inhibitors lactacystin or MG132 for 30 min before addition of
12SHETE for 30 min. As shown previously (22), 12SHETE
reduced ABCGL protein levels (Fig. 1F). Both lactacystin and
MG132 blocked the degradation of ABCG1 protein by
12SHETE (Fig. 1F). Moreover, lactacystin treatment enhanced
the accumulation of phosphorylated ABCG1 (Fig. 1G), indicat-
ing that serine phosphorylation of ABCG1 by 12SHETE likely
targets ABCGL for proteasomal degradation.

12/15LO Regulates ABCG1 Expression and Function—To
examine whether 12/15LO activity in the macrophage can
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FIGURE 1. ABCG1 is targeted for proteasomal degradation by 12SHETE. A-D, C57BL6/J bone marrow-derived macrophages were treated with vehicle
control (CTR) or the indicated eicosanoids (HETEs) at the indicated concentrations for 1 h. Cell lysates were analyzed by immunoblotting for ABCG1 or B-actin.
Blot is representative of three different experiments. £, C57BL6/J bone marrow-derived macrophages were treated with vehicle control (CTR) or arachidonic
acid (AA) at the indicated concentrations for 16 h. Cell lysates were analyzed by immunoblotting for ABCG1 or B-actin. Blot is representative of three different
experiments. F, C57BL6/J bone marrow-derived macrophages were pre-treated with 10 um lactacystin, 10 um MG132, or vehicle control DMSO for 30 min prior
to the addition of 500 nm 12SHETE or vehicle control ethanol for an additional 30 min. Cell lysates were analyzed by immunoblotting for ABCG1 or B-actin. Blot
is representative of five different experiments. G, ABCG1 was isolated by immunoprecipitation, and blots were probed with phosphoserine or ABCG1 antibod-

ies. Blot is representative of three different experiments.

regulate ABCG1 expression and function, we treated B6
macrophages with the 12/15LO pharmacological inhibitor
cinnamyl-3,4-dihydroxy-a-cyanocinnamate for 24 h. Treat-
ment of B6 macrophages with cinnamyl-3,4-dihydroxy-a-
cyanocinnamate resulted in a 2-fold increase in ABCG1
protein expression (Fig. 24). Next we isolated bone marrow-
derived macrophages from mice deficient for 12/15LO
(LOKO). LOKO macrophages had a significant 2-fold increase
in ABCG1 and ABCA1 protein expression (Fig. 2B) compared
with wild-type B6 macrophages. Concomitant with these find-
ings, we observed a reduction in serine phosphorylation of
ABCG1 in LOKO macrophages (Fig. 2C). Moreover, we
observed no changes in mRNA expression of ABCG1, ABCA1,
LXRa, or LXR expression (data not shown).

To further examine a role for 12/15LO in regulating ABCG1
protein levels, we overexpressed 12/15LO in B6 macrophages
with an adenovirus (indicated AdLO) for 48 h. We confirmed
that the adenovirus increased 12/15LO expression ~2-fold
compared with macrophages treated with a control adenovirus
(indicated AdLacZ) (Fig. 3A). B6 macrophages treated with
AdLO had almost no ABCG1 protein expression (Fig. 34).
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We previously generated transgenic mice on a C57BL/6] (B6)
background that modestly overexpressed the murine 12/15LO
gene (designated LOTG) (9). LOTG mice had significant eleva-
tions in levels of urinary 122SHETE and 13S-hydroxyoctadeca-
dienoic acid, the primary eicosanoid products of the 12/15LO
pathway, and a 2-fold increase in 12/15LO protein expression
invivo (9). We confirmed transgene overexpression of 12/15LO
in bone marrow-derived macrophages isolated from these mice
(Fig. 3B). Bone marrow-derived macrophages isolated from
LOTG mice had a significant 40% reduction in ABCGL1 protein
expression compared with B6 (Fig. 3C). No change in ABCA1
protein expression was observed (Fig. 3C). Moreover, we
observed an increase in serine phosphorylation of ABCG1 by
immunoprecipitation in macrophages from LOTG mice (Fig.
3D). Additionally, ABCG1 and ABCA1 mRNA expression was
unchanged (data not shown), indicating that the inhibitory
effects of 12/15LO on ABCG1 expression are not attributable to
reduced ABCG1 mRNA expression.

Because ABCG1 is known to regulate cholesterol efflux, we
next assayed the effects of 12/15LO activity on this process. B6,
LOKO, or LOTG macrophages were labeled with [*H]choles-
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unsaturated fatty acids and results
in transporter degradation (32).
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ously demonstrated that the
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way (15). However, using inhibi-
tors of both PKA and PKC iso-
forms, we were unable to block
the degradation of ABCGI1 by
12SHETE (supplemental Fig. 1 and
data not shown), indicating that
12SHETE does not appear to regu-
late ABCGL1 through either PKA- or
PKC-dependent pathways. Thus,
kinase regulation of ABCG1 expres-
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FIGURE 2. Inhibition of 12/15LO regulates ABCG1 protein expression and phosphorylation. In A: left,
C57BL6/J (B6) bone marrow-derived macrophages were incubated 10 um cinnamyl-3,4-dihydroxy-a-cyano-
cinnamate or vehicle control DMSO for 24 h. Cell lysates were analyzed by immunoblotting for ABCG1, ABCA1,
or B-actin. Right, densitometry of immunoblots normalized to B-actin. Data represent the mean = S.E. of three
mice per group (¥, significantly higher than B6 p < 0.03 by ANOVA). In B: left, cell lysates from 12/15LO-deficient
(LOKO) or C57BL6/J (B6) bone marrow-derived macrophages were analyzed by immunoblotting for ABCG1,
ABCAT1, or B-actin. Right, densitometry of immunoblots normalized to B-actin. Data represent the mean = S.E.
of 5 mice per group (¥, significantly higher than B6 p < 0.02 by ANOVA). C, ABCG1 was isolated by immuno-
precipitation, and blots were probed with phospho-serine or ABCG1 antibodies. Blot is representative of three

different experiments.

terol, and HDL- and apoA-I-mediated cholesterol efflux was
measured. Tall and colleagues have reported that HDL is the
preferred cholesterol acceptor from ABCG1, whereas lipid-free
apoA-I is the preferred cholesterol acceptor from ABCA1 (30).
LOKO macrophages had a significant increase in cholesterol
efflux measured for 4 or 8 h to HDL compared with B6 macro-
phages (Fig. 4). Conversely, LOTG macrophages had a signifi-
cant reduction in cholesterol efflux measured for 4 or 8 h to
HDL (Fig. 4). No change in cholesterol efflux to apoA-I was
measured in either genotype (Fig. 4) at 4 h; however, after 8 h we
observed a significant increase in cholesterol efflux from LOKO
bone marrow-derived macrophages and a significant reduction
in efflux from LOTG bone marrow-derived macrophages to
lipid-free apoA-I. ABCG1 degradation is not regulated by PKA-
or PKC-dependent pathways.

There is evidence that phosphorylation plays an important
role in the function of ABCA1. Hayden and colleagues have
reported that site-specific serine phosphorylation of ABCA1 by
PKA regulates apoA-I-dependent phospholipid efflux (31).
Oram and colleagues have shown that phosphorylation of
ABCAL1 through a PKCé-dependent pathway is regulated by
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sion and function is through a
mechanism that is distinct from
ABCAL.

12/15L0O Regulates Activation of
the MAPK Pathway—Studies by our
laboratory and others have indi-
cated a role for 12/15LO in the acti-
vation of members of the MAPK
pathway. 12SHETE has been dem-
onstrated to be an activator of ERK,
JNK, and p38 MAPK. To examine
the regulation of the MAPK path-
way by 12/15LO, we treated B6
macrophages with 12SHETE for
1-60 min. Within 5 min of treat-
ment, the p38 and JNK pathways
were activated, indicated by increased
phosphorylation of p38, MKK3/6,
and JNK, respectively (Fig. 54). We
have previously found that serine phosphorylation of ABCG1 is
significantly up-regulated within 30 min of treatment (22), indi-
cating that the p38 and JNK pathways are activated in advance
of the observed increase in ABCG1 phosphorylation. Adenovi-
ral overexpression of 12/15LO in B6 bone marrow-derived
macrophages resulted in activation of p38 and JNK MAPK
pathways compared with control adenovirus (data not shown).
Macrophages from LOTG also displayed activation of both the
p38 and JNK pathways (Fig. 5B). Conversely, macrophages
from LOKO macrophages had reduced activation of both the
p38 and JNK MAPK pathways, as indicated by decreased phos-
phorylation (Fig. 5C).

Inhibition of p38 and JNK Pathways Blocks 12SHETE-medi-
ated Degradation and Phosphorylation of ABCG1—To deter-
mine if activation of the MAPK pathway is responsible for
12/15LO-regulated degradation of ABCG1, we used phar-
macological inhibitors of p38 (§B203580), INK (SP600125),
and MEK1 (PD98059). Initially, we treated B6 bone marrow-
derived macrophages with SB203580 or SP600125 for 24 h
and observed a 2-fold increase in ABCG1 expression (Fig. 6A).
To further examine a role for 12/15LO in the regulation of
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Moreover, SB203580 and SP600125
blocked serine phosphorylation of
ABCG]1 induced by 12SHETE (Fig.
6C). Thus, 12SHETE appears to
specifically target the p38 and JNK,
but not ERK, pathways for regula-
tion of ABCG1.

To further determine if the p38
and JNK MAPK pathways were
involved in the regulation of
ABCG1 by 12/15LO, we trans-
fected dominant-negative MAPK
constructs into B6 macrophages.
B6 bone marrow-derived macro-
phages were transfected with
dominant negative p38 (indicated
dnp38) or the upstream activating
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FIGURE 3. Overexpression of 12/15LO regulates ABCG1 protein expression and phosphorylation.
A, C57BL6/J (B6) bone marrow-derived macrophages were incubated with recombinant adenovirus express-
ing either 12/15L0 (+AdLO) or control LacZ (+AdLacZ) for 48 h. Cell lysates were analyzed by immunoblotting
for ABCG1,12/15L0, or B-actin. Blot is representative of four different experiments. B, cell lysates from C57BL6/J
(B6) or 12/15L0-overexpressing (LOTG) bone marrow-derived macrophages were analyzed by immunoblot-
ting for 12/15L0 or B-actin. Blot is representative of three different experiments. In C: left, Cell lysates from
12/15LO-overexpressing (LOTG) or C57BL6/J (B6) bone marrow-derived macrophages were analyzed by immu-
noblotting for ABCG1, ABCAT, or B-actin. Right, densitometry of immunoblots normalized to $-actin. Data
represent the mean = S.E. of seven mice per group (¥, significantly lower than B6 p < 0.03 by ANOVA). D, ABCG1
was isolated by immunoprecipitation, and blots were probed with phosphoserine or ABCG1 antibodies. Blot is

representative of three different experiments.
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FIGURE 4. 12/15LO0 regulates macrophage cholesterol efflux. Control B6,
LOKO, and LOTG bone marrow-derived macrophages were isolated and uti-
lized in a cholesterol efflux assay as described under “Materials and Methods.”
Cholesterol efflux to lipid-free apoA-I (apoA-/) and to HDL (HDL) for 4 or 8 h
was assessed. Data represent the mean = S.E. of 6 experiments (¥, signifi-
cantly lower than B6 HDL 4 h p < 0.0001; #, significantly higher than B6 HDL
4 h p < 0.05; $, significantly higher than B6 HDL 8 h p < 0.02; and &, signifi-
cantly lower than B6 HDL 8 h p < 0.03 by ANOVA).
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ABCG]1 through the MAPK pathway, B6 macrophages were
pre-treated for 30 min with inhibitors of the MAPK pathway,
prior to the addition of 12SHETE for 30 min. The inhibitors
SB203580 and SP600125, but not PD98059, were able to block
the 12SHETE-mediated degradation of ABCG1 (Fig. 6B).
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kinases of JNK, MKK4 (dnMKK4)
or MMK?7 (dnMKK?7), for 24 h prior
to the addition of 12SHETE. We
have previously described these
constructs (24, 33). B6 macrophages
transfected with dnp38, dnMKIK4,
or dnMKK7 were resistant to degra-
dation of ABCG1 by 12SHETE
compared with pcDNA-transfected
control macrophages (Fig. 7A4). Ad-
ditionally, transfection of B6 macro-
phages with dnp38, dnMKK4, or
dnMKK?7 blocked serine phospho-
rylation of ABCG1 by 12SHETE
(Fig. 7B).

JNK2- and MKK3-deficient Macro-
phages Are Resistant to 12SHETE-
mediated Degradation and Phos-
phorylation of ABCGI—To further delineate a role for the
MAPK pathway in mediating the regulation of ABCG1 by
12/15L0, we utilized macrophages deficient in specific MAPK
pathways. We isolated bone marrow-derived macrophages
from JNKI1-, JNK2-, and MKK3-deficient mice. JNK1- and
JNK2-deficient macrophages have deficiencies in activation of
JNK1 and JNK2 pathways, respectively, whereas a deficiency in
one of the upstream kinases of p38, MKK3, results in reduced
p38 activation in MKK3-deficient mice. Basal, unstimulated
expression of ABCG1 was significantly enhanced in JNK1-,
JNK2-, and MKK3-deficient macrophages compared with B6
control macrophages (Fig. 8, A and B). We overexpressed
12/15L0 in these macrophages using an adenovirus construct.
Overexpression of 12/15LO in B6 or JNK1-deficient macro-
phages significantly reduced ABCG1 protein expression com-
pared with control LacZ-expressing adenovirus (Fig. 84). This
reduction in ABCG1 protein expression by 12/15LO was
blocked in JNK2- and MKK3-deficient macrophages (Fig. 84).
Additionally we treated bone marrow-derived macrophages
from these mice with 12SHETE for 30 min. Degradation of
ABCGL1 protein by 12SHETE was blocked in JNK2 - and
MKK3-deficient macrophages, but not in JNK1-deficient mac-
rophages (Fig. 8B). Additionally, 12SHETE-mediated serine
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FIGURE 5. 12/15LO regulates activation of p38 and JNK MAPK pathways. Cell lysates were analyzed by immunoblotting using antibodies specific for the
phosphorylated forms of p38, JNK, or MKK3/6. Bands were normalized to total p38, total JNK, or B-actin. A, C57BL6/J bone marrow-derived macrophages were
incubated with 500 nm 12SHETE for 1-60 min. Cell lysates were analyzed for MAPK pathway activation by immunoblot analysis. Blot is representative of three
different experiments. B, cell lysates from B6 or LOTG bone marrow-derived macrophages were analyzed for MAPK pathway activation by immunoblot analysis.
Blot is representative of four different experiments. C, cell lysates from B6 or LOKO bone marrow-macrophages were analyzed for MAPK pathway activation by

immunoblot analysis. Blot is representative of four different experiments.
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FIGURE 6. Inhibition of p38 and JNK MAPK pathways blocks 12SHETE-medi-
ated ABCG1 degradation and phosphorylation. A, C57BL6/J bone marrow-
derived macrophages were treated with 10 um SB203580, 10 um SP600125, or
vehicle control DMSO for 24 h. Cell lysates were analyzed by immunoblotting for
ABCG1 or B-actin. Blot is representative of three different experiments.
B, C57BL6/J bone marrow-derived macrophages were pretreated with 10 um
SB203580, SP600125, PD98059, or vehicle control DMSO for 30 min prior to the
addition of 500 nm 12SHETE or vehicle control ethanol for 30 min. Cell lysates
were analyzed by immunoblotting for ABCG1 or B-actin. Blot is representative of
five different experiments. C, C57BL6/J bone marrow-derived macrophages were
pretreated with 10 um SB203580, SP600125, or vehicle control DMSO for 30 min
prior to the addition of 12SHETE or vehicle control ethanol for 30 min. ABCG1 was
isolated by immunoprecipitation, and blots were probed with phosphoserine or
ABCGT antibodies. Blot is representative of three different experiments.
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FIGURE 7. Dominant-negative constructs of p38 and JNK MAPK pathways
block the degradation of ABCG1 by 12SHETE. C57BL6/J bone marrow-de-
rived macrophages were transfected with dominant negative p38 (dnp38),
MKK4 (dnMKK4), MKK7 (dnMKK?7) or pcDNA control vectors (pcDNA). After
24 h, transfected macrophages were treated with 12SHETE or vehicle control
ethanol for 30 min. A, cell lysates were analyzed by immunoblotting for
ABCG1 or B-actin. Blot is representative of three different experiments.
B, ABCG1 was isolated by immunoprecipitation, and blots were probed with
phosphoserine or ABCG1 antibodies. Blot is representative of three different
experiments.

phosphorylation of ABCG1 was blocked in JNK2- and MKK3-
deficient macrophages, but not in JNK1-deficient macrophages
(Fig. 8C). Thus, 12/15LO regulates ABCG1 protein expression
through JNK2- and p38-dependent pathways.

MAPKs target serines and threonines followed by prolines
(Ser/Thr-Pro) for phosphorylation. The sequence of ABCG1
contains no serine or threonine residues immediately preced-
ing a proline residue. Thus, we hypothesized that a downstream
kinase such as MK2/3, MNK1/2, PRAK, or casein kinase may be
activated to target ABCGI for degradation. We pretreated B6
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FIGURE 8. The MAPK pathway regulates 12/15LO-mediated down-regulation of ABCG1. A, JNK1-deficient
(UNKT1 KO), INK2-deficient (JNK2 KO), MKK3-deficient (MKK3KO), or C57BL6/J (B6) control bone marrow-derived
macrophages were incubated with recombinant adenovirus expressing either 12/15LO (+AdLO) or control
LacZ (+AdLacZ) for 48 h. Cell lysates were analyzed by immunoblotting for ABCG1 or B-actin. Blot is represent-
ative of four different experiments. B, JNK1-deficient (JNKT KO), JNK2-deficient (JNK2 KO), MKK3-deficient
(MKK3 KO), or C57BL6/J (B6) control macrophages were treated with 500 nm 12SHETE or vehicle control ethanol
for 30 min. Cell lysates were analyzed by immunoblotting for ABCG1 or B-actin. Blot is representative of four
different experiments. C, ABCG1 was isolated by immunoprecipitation, and blots were probed with phospho-
serine or ABCG1 antibodies. Blot is representative of three different experiments.
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FIGURE 9. JNK2- and MKK3-deficient macrophages are resistant to
12SHETE-mediated reduction in cholesterol efflux. B6, INK1 KO, JNK2 KO,
and MKK3 KO bone marrow-derived macrophages were isolated and utilized
in a cholesterol efflux assay as described under “Materials and Methods.”
Macrophages were treated with 500 nm 12SHETE or vehicle control ethanol
for 2 h and efflux to HDL was assessed. Data represent the mean = S.E. of
three experiments (¥, significantly higher than B6 p < 0.04; #, significantly
lower than B6 p < 0.05; and $, significantly lower than JNK1 KO p < 0.02 by
ANOVA).

bone marrow-derived macrophages with the casein kinase II
(CKII) inhibitor DMAT for 2 or 16 h prior to the addition of
12SHETE for 30 min. DMAT blocked the degradation of
ABCGI1 by 12SHETE (supplemental Fig. 24), indicating that
casein kinase may be activated downstream of the MAPK path-
way to target ABCGL1.

To examine the effects of serine residue phosphorylation on
ABCG1 degradation by 12/15L.0O, we were generously provided
an N-terminal FLAG-tagged human ABCG1 c¢cDNA coding for
a full-length 678-amino acid protein (GenBank™ accession
number NP_004906.3) and an N-terminal truncated 638-
amino acid protein (GenBank™ accession number NP_
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B-Actin w i

e T Dr. John Oram at the University of
Washington (28). We cotransfected
a murine 12/15LO full-length con-
struct (GenBank™ accession num-
ber U04331.1) or control pcDNA
vector into HEK293 cells. We con-
firmed overexpression of 12/15LO
in these cells. Both human ABCG1
constructs were degraded and phos-
phorylated by 12/15LO (data not
shown), indicating that serine phos-
phorylation of ABCGL is not occur-
ring within the first 40 amino acids
of the N-terminal tail. This elimi-
nated eight potential serine residues
in the N terminus of ABCG1 that
might be phosphorylated.

We have identified three poten-
tial consensus sequences for CKII
(SXX(D/E)) located in the N terminus of human ABCGI1
ORF638. We performed multisite-directed mutagenesis of
those residues converting serine residues 45, 205, and 349 to
alanine residues. We cotransfected HEK293 cells expressing
either human ABCG1 or the CKII mutant with full-length
murine 12/15LO or pcDNA control. 12/15LO overexpression
enhanced the degradation of both human ABCG1 and the CKII
mutant (supplemental Fig. 2B), indicating that it is unlikely that
CKII is activated to target ABCG1 for degradation, at least at
the serine residues 45, 205, or 349.

To examine a role for the MAPK pathway in regulating cho-
lesterol efflux, bone marrow-derived macrophages from B6,
JNK1-, INK2-, and MKK3-deficient mice were labeled with
[*H]cholesterol. Subsequently, macrophages were treated with
12SHETE, and HDL-mediated cholesterol efflux was meas-
ured. Basal cholesterol efflux was significantly increased in
JNK1-, JNK2-, and MKK3-deficient macrophages compared
with control B6 macrophages (Fig. 9). 12SHETE treatment sig-
nificantly reduced cholesterol efflux to HDL by ~20% in B6 and
JNK1 KO macrophages (Fig. 9). Interestingly, the reduction in
cholesterol efflux by 12SHETE was completely blocked in
JNK2- and MKK3-deficient macrophages (Fig. 9). Thus,
12SHETE preferentially regulates the expression of ABCG1
and transporter function as measured by cholesterol efflux
through JNK2- and p38-dependent pathways.

N-terminal Serine Residues Regulate ABCG1 Degradation by
12/15L0—We performed site-directed mutagenesis of serine
residues in the truncated ABCG1 construct (termed ORF638).
All mutations were confirmed by sequencing. Sequentially,
beginning at the N terminus, we changed serine residues Ser-
27, Ser-28, Ser-43, Ser-45, Ser-80, and Ser-85 to alanine resi-
dues. All of these mutants were degraded by 12/15LO (data not
shown). We continued multisite-directed mutagenesis of
Ser-65, Ser-70, Ser-119, Ser-141, and Ser-168 (termed
$-65,70,119,141,168-A). This mutant with multiple serine res-
idues changed to alanine residues was resistant to degradation
by 12/15LO (Fig. 10). Additionally, we examined serine phos-
phorylation of FLAG-tagged ABCG1. ABCG1 ORF638 was
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FIGURE 10. N-terminal serines regulate the degradation of ABCG1 by
12/15L0. A, multisite-directed mutagenesis was performed to sequentially
mutate N-terminal serine residues in human ABCG1 ORF638. Human ABCG1
ORF638 or the serine mutant (indicated as S-65,70,119,141,168-A) were co-
overexpressed in HEK293 cells with full-length 12/15LO or pcDNA control.
Cell lysates were analyzed by immunoblotting for ABCG1, 12/15L0O, or B-ac-
tin. Blot is representative of three different experiments. B, ABCG1 was iso-
lated by immunoprecipitation for FLAG, and blots were probed with phos-
phoserine or FLAG antibodies. Blot is representative of three different
experiments.

phosphorylated on serine residues when 12/15LO was co-over-
expressed. However, the ABCG1 mutant with serines 65, 70,
119, 141, and 168 changed to alanines was resistant to serine
phosphorylation by 12/15L0O, indicating that phosphorylation
of ABCGL1 is likely occurring within this region of the N
terminus.

DISCUSSION

The ATP-binding cassette transporter ABCG1 is essential
for macrophage cholesterol homeostasis and the process of
reverse cholesterol transport. We previously demonstrated a
role for the 12/15LO pathway in regulating cholesterol efflux
and the degradation of ABCG1 (22). In the current study, we
demonstrate for the first time that 12/15LO targets ABCG1 for
degradation through enhanced serine phosphorylation. More-
over, we define a novel critical role for the JNK2 and p38 MAPK
pathways in regulating ABCG1 expression and function.

12/15L0 has been localized to macrophages in both early
and advanced lesions; however, the pro- versus anti-athero-
genic role of this enzyme in atherogenesis is debatable.
Recently, Belkner et al. demonstrated that overexpression of
12/15LO in macrophages attenuates intracellular lipid accu-
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mulation and foam cell formation through a reduction in SR-A
expression and accelerated lipid metabolism (34). Weibel et al.
have indicated a role for human 15LO in enhancing cholesterol
ester hydrolysis and reverse cholesterol transport (35). These
authors determined that overexpression of human 15LO in
RAW macrophages increases cholesterol efflux, ABC trans-
porter expression, cholesteryl ester hydrolysis, and reverse cho-
lesterol transport. Additionally they determined that metabo-
lites of the 12/15LO pathway had no effect on cholesterol efflux
or transporter expression. Conversely, we have found that
12/15LO overexpression and 12/15LO eicosanoid products
reduce cholesterol efflux and enhance the turnover of ABCG1
protein. In the study by Weibel et al., overexpression of human
15LO primarily produces 15SHETE as the major product (35).
Previously we determined that 15SHETE reduced ABCG1
expression but to a lesser extent than the product 12SHETE
(22). We also determined that 15SHETE had no significant
effect on cholesterol efflux, whereas 12SHETE significantly
reduced efflux from macrophages (22). Weibel et al. utilized a
mouse macrophage cell line for their studies and treated over-
expressing macrophages with 12/15LO eicosanoid products,
whereas in the current study we utilized primary macrophages
and analyzed the effects of the eicosanoid product 122SHETE on
basal ABCG1 expression. Additionally, in performing choles-
terol efflux assays, Weibel et al. utilized an acylcoA:cholester-
olacyltransferase inhibitor to prevent esterification, treated
macrophages with 12/15LO products for longer time points
than our assays (4 versus 2 h), and measured efflux to acceptor
particle for shorter time points than our assays (2 versus 4 h).
The conflicting results between the two studies may be attrib-
utable to LO species differences, preferential production of spe-
cific eicosanoid species, varied assay conditions, or varied
expression patterns.

Leukocyte 12/15L0 is expressed primarily in macrophages
and is not expressed in monocytes without IL-4 or IL-13 induc-
tion. The mouse leukocyte-type 12/15LO produces more
12SHETE than 15SHETE (3:1 ratio) (36), whereas human
reticulocyte-type 15LO produces more 15SHETE than
12SHETE (12:1 ratio) (37). Indeed, we have observed that these
eicosanoids have different effects on ABCG1 degradation and
cholesterol efflux (22). In Fig. 1, higher concentrations of
15SHETE were required to decrease ABCG1 expression than
12SHETE. Wen et al. reported that 1I5SHETE can activate the
JNK pathway, but activation was observed over a shorter time
course than 12SHETE (17). Thus, eicosanoid products of the
12/15L0O pathway may have functional differences in regards to
cholesterol metabolism. It is still unresolved how 12SHETE
regulates activity of the MAPK pathway. Studies using pertussis
toxin have indicated that 12SHETE induces JNK activation
through G; protein signaling (17) and that pertussis toxin
blocks the degradation of ABCG1 by 12HETE (data not shown).
Other eicosanoids have been observed to signal through G-pro-
tein-coupled receptors (38, 39); however the molecular basis for
activation of the MAPK pathway requires further extensive
study.

Foam cells are responsible for the majority of lipid accumu-
lation within atherosclerotic lesions. Mobilization of lipid accu-
mulation in foam cells is essential for plaque regression. The
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MAPK pathway has been shown to play a role in regulating
macrophage cholesterol homeostasis. Ricci and colleagues
found that the MAPK pathway can regulate macrophage cho-
lesterol accumulation, ultimately resulting in enhanced foam
cell formation and in vivo plaque formation (40). Specifically,
these authors showed that JNK2 phosphorylates SR-A, leading
to enhanced internalization of lipids (40). Thus, taken together
with our data, inhibition of the JNK2 pathway may provide a
therapeutic approach to combat atherogenesis. First, inhibition
of the JNK2 pathway results in decreased macrophage lipid
uptake. Second, inhibition of the JNK2 pathway enhances cho-
lesterol efflux through increased ABCG1 expression and cho-
lesterol efflux (Figs. 8 and 9). Because foam cell formation is a
balance between lipid accumulation and removal, JNK2-
dependent phosphorylation of SR-A and ABCG1 would shift
the paradigm toward a “pro-atherogenic” phenotype.

The 12/15LO pathway has been shown to regulate MAPK
activation. Lipoxygenase products have been shown to activate
JNK (17), p38 (18), and ERK MAPKs (16). Concurrently, we
found that the 12/15LO eicosanoid product 12SHETE was able
to rapidly activate (within 1-5 min) the p38 and ]NK MAPK
pathways (Fig. 5). This activation occurs prior to the down-
regulation and phosphorylation of ABCG1 by 12SHETE (22).
Additionally, macrophages that overexpressed (LOTG) or were
deficient in 12/15LO (LOKO) had corresponding up-regula-
tion or down-regulation of MAPK activation, respectively (Fig.
5). By inhibiting the p38 or JNK pathways with pharmacological
inhibitors (Fig. 6) or dominant-negative constructs (Fig. 7), we
were able to block the down-regulation and phosphorylation of
ABCG1 by 12SHETE. Interestingly, pharmacological inhibition
of the p38 and JNK pathways for 24 h increased ABCG1 protein
expression (Fig. 6A4), suggesting that these pathways regulate
basal expression of ABCG1.

Phosphorylation of ATP-binding cassette transporters has
been shown to play a key role in transporter expression and
function. PKA site-specific phosphorylation of ABCA1 en-
hances cholesterol and phospholipid efflux (31). Oram and col-
leagues have demonstrated that activation of a PKC & pathway
by polyunsaturated fatty acids results in enhanced serine phos-
phorylation of ABCAL1 and targets the transporter for degrada-
tion (32). However, our data indicate that 12/15LO regulation
of ABCGL1 is not through a PKA- or PKC-dependent pathway
(supplemental Fig. 1 and data not shown). Tall and colleagues
have reported that phosphorylation of a PEST sequence in
ABCALI regulates degradation of the transporter by calpain
protease (41). Phosphorylation of the ATP-binding cassette
transporter G family member, ABCG2/BCRP, has also been
demonstrated to play an essential role in the multidrug resist-
ance capabilities of this transporter. The anti-apoptotic kinase
Pim-1 has been shown to phosphorylate ABCG2 to promote
transporter dimerization and drug-resistant activity (42).
Moreover, epidermal growth factor has been shown to increase
ABCG2 expression through ERK1/2 and JNK pathways (43).
Based on our findings in the current study, we hypothesize that
serine phosphorylation of ABCG1 mediates the reduction in
transporter expression by 12/15LO by sensitizing ABCG1 to
the action of the proteasome. Accordingly, the proteasomal
inhibitors lactacystin or MG132 inhibited ABCG1 degradation
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by 12SHETE (Fig. 1). Phosphorylation serves as a positive signal
for the targeting of several proteins to the 26 S proteasome,
including IRS-1 (44), cyclin E (45), cyclin D1 (46), progesterone
receptor (47), and IkBa (48). Numerous studies have impli-
cated the MAPK pathway in regulation of protein stability,
including promoting the phosphorylation and proteasomal-de-
pendent degradation of the proapoptotic protein BimEL (49),
MAPK phosphatase 3 (50), cyclin D2 (51), and the adaptor pro-
tein cFLIP (52).

The protein sequence of ABCG1 contains no serines or
threonines followed by a proline residue. MAPKs almost invari-
ably phosphorylate serine or threonine residues that are fol-
lowed by a proline (Ser/Thr-Pro) (53). There are reports of pro-
teins phosphorylated by MAPKs on residues that are not
proline-directed (54, 55). However, it is likely that JNK2 or p38
may not directly phosphorylate ABCG1. Instead, activation of a
downstream kinase such as MK2/3, MNK1/2, PRAK, or casein
kinase, may mediate the phosphorylation of ABCG1 and target
the transporter for degradation. Roosbeek et al. have reported
that site-specific phosphorylation of ABCA1 by CKII down-
regulates ABCAl-mediated cholesterol and phospholipid
efflux and reduces apoprotein binding (56). Indeed, the CKII
inhibitor DMAT blocked the down-regulation of ABCG1 by
12SHETE (supplemental Fig. 2). We identified three potential
consensus sequences for CKII (SXX(D/E)) located in the N ter-
minus of human ABCGI1. However, 12/15LO was able to
degrade the CKII mutant ABCG1 (supplemental Fig. 2), indi-
cating that it is unlikely that the MAPK pathway activates CKII
to target ABCGL.

ABCG1 has an N-terminal intracellular domain that con-
tains the Walker motifs for ATP binding and a short intracel-
lular C-terminal tail. The C-terminal tail contains no serine
residues; however, the N-terminal region contains 40 possible
target serine residues. We have performed sequential muta-
tional analysis of each serine located with the first 208 residues
in the N-terminal region of human ABCG1. There are 19 serine
residues located within this region. Mutational analysis of
serines 65, 70, 119, 141, and 168 in human ABCG1 indicated
that 12/15LO targets these residues for degradation and phos-
phorylation (Fig. 10). We are currently in the process of mutat-
ing each of these residues singularly; however, it is also likely
that a combination of serine residues is required for degrada-
tion of the transporter.

Elevated levels of plasma free fatty acids are prevalent among
subjects with metabolic syndrome and Type 2 diabetes, and
these free fatty acids can accumulate in atherosclerotic lesions.
We have previously shown that the lipoxygenase pathway is
up-regulated in Type 2 diabetic mice (57) and humans (58) and
that diabetic mice have reduced ABCG1 expression and func-
tion (59). Thus, 12/15LO-mediated regulation of ABCG1 may
contribute to the accelerated cardiovascular disease observed
in patients with Type 2 diabetes. The involvement of a signaling
pathway indicates that 12/15LO-induced down-regulation of
ABCG1 has a biological function. The 12/15LO product
12SHETE destabilizes ABCG1 at concentrations that fall within
the physiological range for eicosanoid products (60), and the
destabilization is rapid within 30 min. Although the reason for
the suppression of ABCG1 by fatty acids of the 12/15LO path-
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way is unknown, it is consistent with other studies demonstrat-
ing cross-regulation of the fatty acid and sterol metabolic path-
ways (61, 62). 12/15LO metabolites have been demonstrated to
have mitogenic effects (63). Thus, the suppression of ABCG1
might retain a pool of cholesterol and phospholipids within the
cell in preparation for new membrane synthesis. It is also pos-
sible that the accumulation of excess cholesterol and phospho-
lipids is needed for the formation of triglyceride-rich lipid drop-
lets formed by the influx of fatty acids, as is found in adipocytes
(64).

In summary, 12/15LO targets ABCGL for serine phosphory-
lation and destabilization through p38- and JNK2-dependent
pathways. Ultimately, this results in a reduction in cholesterol
efflux, impairing reverse cholesterol transport. Regulation of
the 12/15LO and/or the MAPK pathways may provide impor-
tant therapeutic targets for combating foam cell formation and
regulating the reverse cholesterol transport pathway.
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