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ATP-binding cassette transporter A1 (ABCA1) is a mem-
brane-bound protein that regulates the efflux of cholesterol
derived from internalized lipoproteins. Using a mouse macro-
phage cell line, this report studied the impact of low-density
lipoproteins (LDL) on ABCA1 expression and the signaling
pathway responsible for lipoprotein-induced ABCA1 expres-
sion. Our data demonstrated that treatment of macrophages
with LDL increased ABCA1 mRNA and protein levels 4.3- and
3.5-fold, respectively. LDL also induced an ~2-fold increase in
macrophage surface expression of ABCA1l and a 14-fold-in-
crease in apolipoprotein Al-mediated cholesterol efflux. In
addition, LDL significantly increased the level of phosphory-
lated specificity protein 1 (Spl) and the amount of Sp1 bound to
the ABCA1 promoter without alteration in total Sp1 protein
level. Mutation of the Sp1 binding site in the ABCA1 promoter
and inhibition of Sp1 DNA binding with mithramycin A sup-
pressed the ABCA1 promoter activity and reduced the ABCA1
expression level induced by LDL. LDL treatment also elevated
protein kinase C-{ (PKC-{) phosphorylation and induced
PKC-¢ binding with Spl. Inhibition of PKC-{ with kinase
inhibitors or overexpression of kinase-dead PKC-¢{ attenu-
ated Sp1 phosphorylation and ABCA1 expression induced by
LDL. These results demonstrate for the first time that activa-
tion of the PKC{-Sp1 signaling cascade is a mechanism for
regulation of LDL-induced ABCA1 expression.

Low-density lipoproteins (LDL)® could infiltrate from
plasma into the arterial intima, where they could undergo oxi-
dative modifications and therefore initiate atherogenic events
(1). Under physiological conditions, arterial resident macro-
phages function as scavengers by endocytosis of the lipoprotein
deposits (2). In this process, efficient efflux of lipoprotein-de-
rived cholesterols is essential for prevention of macrophage
cholesterol accumulation and atherosclerosis development (2).
ATP-binding cassette transporter A1 (ABCA1) is one of the
plasma membrane proteins that export excess cholesterol
derived from internalized lipoproteins (3—6). Mutation of
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ABCA1 in humans has been shown to induce cholesterol accu-
mulation in cells of the reticuloendothelial system and increase
susceptibility to atherosclerosis (7). Specific disruption of the
macrophage ABCAL1 gene aggravates atherosclerosis develop-
ment in LDL receptor knockout (LDLR™”~) mice (3), and
macrophages obtained from ABCA1 knockout mice are defi-
cient in cholesterol efflux (4). In contrast, overexpression of
ABCA1 inhibits atherosclerosis in mouse models (5, 6). Like-
wise, macrophages obtained from transgenic mice that overex-
press ABCA1 have an elevated cholesterol efflux compared
with normal macrophages (5). These studies clearly indicate
an antiatherogenic role for ABCA1, especially ABCA1 in the
macrophages.

The cellular ABCAL1 protein level is regulated by transcrip-
tional activation and protein degradation (8). The transcription
of ABCAL is regulated by nuclear transcription factor liver X
receptor (LXR) (9). Two isoforms of LXR have been identified
in mammalian cells. LXRa is primarily expressed in liver, kid-
ney, macrophages, and intestine, whereas LXRf is expressed
ubiquitously (10). Several oxysterols have been shown to func-
tion as ligands to bind and activate LXR (11). The oxysterol-
activated LXRs form heterodimers with retinoid X receptors
(RXR) and bind to the ABCA1 promoter, inducing transcrip-
tion (9, 11). In addition to LXR and RXR, transcription factor
specificity protein 1 (Sp1) has been suggested to be a regulator
in ABCA1 expression. A recent study showed that treatment of
cells with oxysterols induced physical interaction of Sp1 with
the LXR and RXR heterodimer in the ABCA1 promoter (12).
Inhibition of Spl DNA binding attenuated oxysterol-induced
ABCA1 expression (12). These observations suggest that oxys-
terol-induced ABCA1 expression is modulated by Spl. How-
ever, the mechanism of how Sp1 is involved in the regulation of
ABCAL1 expression is still not clear.

It is known that phosphorylation of Spl increases its DNA
binding and transcription activity (12). Several protein kinases,
including DNA-dependent protein kinase, protein kinase C-{
(PKC-{), casein kinase II, ERK, and cyclin-dependent kinase 2
(Cdk2), have been shown to mediate Sp1 phosphorylation (12).
Currently, the effect of Sp1 phosphorylation on ABCA1 expres-
sion remains unclear.

Uptake of native LDL has been shown to increase ABCA1
expression (13, 14). However, the mechanism responsible for
native LDL-induced ABCA1 expression has not been defined.
This report demonstrates for the first time that native LDL-
induced ABCA1 expression is associated with an increased
phosphorylation of Spl and PKC-{. Inhibition of PKC-{ with
kinase inhibitor or overexpression of kinase-dead PKC-{ atten-
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uates LDL-induced Sp1 phosphorylation and ABCA1 expres-
sion in macrophages. Taken together, our data suggest a novel
pathway, except for LXRe, in regulating macrophage ABCA1
expression.

MATERIALS AND METHODS

Chemicals and Reagents—DMEM, FBS, and penicillin/strep-
tomycin for cell culture were purchased from Invitrogen.
Restriction enzymes and modifying enzymes (T4 DNA ligase
and calf intestinal alkaline phosphatase, A-protein phospha-
tase) were purchased from New England Biolabs (Beverly, MA).
The luciferase assay system was purchased from Promega
(Madison, WI). The Galacto-Star™ B-galactosidase reporter
gene assay system was purchased from Applied Biosystems
(Foster City, CA). Pfu Ultra DNA polymerase was purchased
from Stratagene (La Jolla, CA). Glutathione-Sepharose 4B and
protein G-Sepharose were purchased from GE Healthcare-
Amersham Biosciences. PI3K inhibitor 2-(4-morpholinyl)-8-
phenyl-4H-1-benzopyran-4-one (LY294002), MEK inhibitor
(U0126), and PKC inhibitor bisindolylmaleimide I hydrochlo-
ride (109203X) were purchased from Cell Signaling Technol-
ogy (Boston, MA). The M-PER mammalian protein extraction
reagent and BCA protein assay kit were purchased from
Thermo Scientific. Protein A/G PLUS-agarose beads, rabbit
IgG, antibodies against p-PKC-¢{, Spl, ABCA1 (H-220), and
B-actin, as well as horseradish peroxidase-conjugated second-
ary antibodies were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). [1,2-®H(N)]cholesterol was obtained
from PerkinElmer (Waltham, MA).

Animals and LDL Preparation—Wild-type C57BL/6 and
LDL receptor-deficient (LDLR™ /") mice at 3—4 months of age
were obtained from the Jackson Laboratory (Bar Harbor, ME)
and used for collection of blood samples. To minimize oxida-
tion, the collected blood was immediately mixed with 50 um
butylated hydroxytoluene and 2 mm EDTA and cooled on ice.
All procedures were approved by the Institutional Animal Care
and Use Committee at Meharry Medical College and were per-
formed in accordance with the national law. Mouse plasma was
overlaid with a potassium bromide gradient solution (d, 1.063)
and centrifuged at 120,000 rpm for 2 h. LDL was collected,
dialyzed in PBS (pH 7.4) containing 10 mm EDTA for 48 h at
4 °C, and filtered through a 0.45-um filter (15).

Recombinant Plasmid Construction—For functional analysis
of the ABCA1 promoter, four 5'-deletion and three mutant
ABCA1 promoter fragments were generated by PCR using Pfu
Ultra DNA polymerase. For generation of the deletion frag-
ments, wild-type C57BL/6] mouse genomic DNA was used as a
template. The PCR reverse primer for these fragments starts at
nucleotide 205 downstream from the transcription start site of
the ABCA1 gene. The forward primers for ABC-1094, ABC-
257, ABC-125, and ABC-42 start at nucleotides —1094, —257,
—125, and —42 upstream from the transcription start site of the
ABCAL1 gene, respectively. The ABC-125 fragment was used as
a template to generate three mutant ABCA1 promoter frag-
ments; i.e. an Sp1 binding site mutation, an LXRa binding site
mutation, and an Sp1- and LXRa binding site double mutation.
The PCR products were cloned into the KpnI-Xhol sites of the
pGL2 luciferase vector (Promega).
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For determination of the regulatory role of PKC-{ on LDL-
induced ABCA1 expression, rat PKC-{ expression plasmid vec-
tor (FLAG.PKC-{) was purchased from Addgene, Inc. (Cam-
bridge, MA). The PKC-{ kinase-dead expression vector was
generated by site-directed mutagenesis using the FLAG.PKC-{
plasmid as a temperate and using the oligo-nucleotide cagatt-
tacgccatgtgggtggtgaagaaggag to substitute PKC-{ lysine 281
with tryptophan (16).

Luciferase and B-Galactosidase Assays—Luciferase and f3-
galactosidase assays were performed as described previously
(17). Briefly, RAW264.7 cells were transfected with a 3-ga-
lactosidase expression plasmid and the ABCA1 promoter-
reporter constructs or the empty pGL-2 vector. The trans-
fected cells were treated with 20 ug/ml LDL for 4 h and lysed
with 100 ul of lysis buffer provided by the luciferase assay kit
or the galactosidase assay kit (Galacto-Star™ B-galactosi-
dase reporter gene assay system). A 10-ul aliquot of lysate
was incubated in a 96-well plate at room temperature for 2
min with 100 ul of luciferase assay reagent (Promega) or
for 60 min with 100 ul of galactosidase assay reagent. Lumi-
nescence was measured using the BL10000 LumiCount
(PerkinElmer, Meriden, CT). Luciferase activity was
expressed as the luminosity ratio of the luciferase assay to
the B-galactosidase assay.

ChIP—Quiescent RAW?264.7 cells were treated with or with-
out 20 ug/ml LDL for 4 h. Sp1 binding to the ABCA1 promoter
region was determined by ChIP as described previously (17).
Briefly, cells were crosslinked with 1% formaldehyde at room
temperature and then lysed in 500 wl of cell lysis buffer (5 mm
PIPES, 85 mMm KCI, 0.5% Nonidet P-40, 1 mm PMSF, protease
inhibitor mixture (pH 8.0)). Nuclei were isolated and homoge-
nized in 300 ul of nuclear lysis buffer (50 mm Tris-HCI, 1% SDS,
10 mm EDTA, protease inhibitor mixture (pH 8.1)). The result-
ing nuclear lysate was sonicated until crosslinked chromatin
was sheared to an average length of 0.3—1.0 kb. A 5-ul aliquot of
supernatant was used as an input control. The remaining lysate
was diluted 10-fold with ChIP dilution buffer (16.7 mm Tris-
HCI, 167 mm NaCl, 0.01% SDS, 1.1% Triton X-100, 1.2 mm
EDTA, protease inhibitor mixture (pH 8.1)) and precleaned
with salmon sperm DNA/protein A-agarose (Santa Cruz Bio-
technology). The precleaned sample was incubated with Spl
antibody followed by salmon sperm DNA/protein A-agarose.
Bound protein-DNA complexes were eluted with a solution
containing 0.1 M NaHCO; and 1% SDS. Following reversion of
the protein-DNA crosslinks, DNA fragments in the eluate and
input controls were purified using the QIAquick PCR purifica-
tion kit (Qiagen, Valencia, CA). PCR amplification of a 220-bp
fragment containing the Spl binding site sequence of the
ABCA1 promoter region was performed with the following
primers: forward, 5'-dTTCCCGTTTCCCGAAGGCTA-3'; and
reverse, 5'-dAACGCTGTTCTCTCCCTCTT-3'. The amount of
DNA-bound Spl was expressed as a ratio of the PCR product
amplified from the anti-Sp1 immunoprecipitants versus that from
the input controls.

Quantitative Real-time RT-PCR Assay—Raw264.7 cells
grown to confluence in six-well plates were made quiescent in
serum-free DMEM for 12 h and then treated with 20 ug/ml
LDL or medium alone as a control for 4 h. Total RNA was
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extracted using TRIzol reagent (Invitrogen) and subjected to
reverse transcription using the High Capacity cDNA reverse
transcription kit (Applied Biosystems). The resulting cDNAs
were subjected to quantitative real-time PCR with an iCycler
system (Bio-Bad) using primers synthesized by Qiagen for
amplification of ABCA1 and GAPDH (18). The expression lev-
els of the ABCA1 mRNAs were normalized to GAPDH mRNA.

Western Blot Analysis—Quiescent Raw264.7 cells in serum-
free DMEM were treated with 20 pg/ml LDL or medium alone
as a control for 4 h and then lysed in M-PER mammalian pro-
tein extraction reagent (Thermo Scientific, Rockford, IL). Sam-
ples containing 40 ug of protein were resolved on 6% (for sep-
aration of phosphorylated and non-phosphorylated Spl) or
10% SDS-PAGE gels (for separation of other proteins). Proteins
were transferred to a PVDF membrane (Millipore, Billerica,
MA). After blocking with 5% fat-free milk, the membranes were
incubated with antibodies as indicated (18). Immunoreactive
bands were visualized using the ECL-plus chemiluminescence
reagent (GE Healthcare-Amersham Biosciences) and analyzed
with a GS-700 imaging densitometer (Bio-Rad).

ELISA—The expression of ABCA1 on the macrophage sur-
face was determined with ELISA as described previously (19).
Raw 264.7 cells grown in 96-well plates at confluence were
treated with 20 pwg/ml LDL or medium alone as a control for 4 h.
After fixing with 0.1% glutaraldehyde, the cells were incubated
with 100 ul of ABCAL1 antibody or nonspecific IgG as a control
for 1 h, followed by incubation with peroxidase-conjugated
secondary antibody for 1 h. The ELISA was developed using
100 pl of 0.1 mg/ml 3,3',5,5'-tetramethylbenzidine (Sigma)
with 0.003% H,O, for ~30 min at room temperature. The
reaction was stopped by the addition of 25 ul of 8 N sulfuric
acid. The absorbance reading was recorded at 450 nm using
a microplate reader (Dynex Technologies, Chantilly, VA).
The optical densities of the wells incubated with nonspecific
IgG were subtracted from those of the wells incubated with
ABCAL1 antibody.

Cholesterol Efflux Assay—Raw 264.7 cells grown in 24-well
plates were incubated for 24 h with 5 wCi/ml of [1,2-*H(N)]-
cholesterol in the presence or absence of 20 wg/ml LDL (20).
After washing with PBS, the cells were further incubated with
20 wg/ml human ApoAl (Sigma-Aldrich) or culture medium.
After a 2-h incubation, the culture medium was collected. Cells
were lysed with 0.5 M NaOH. The lysate and medium were
mixed with scintillation fluid for a radioactivity assay using a
Tri-Carb 2300TR liquid scintillation analyzer (PerkinElmer).
Cholesterol efflux was expressed as the percentage of radioac-
tivity in medium to total radioactivity (cells plus medium).
ApoAl-mediated cholesterol efflux was calculated as the differ-
ence between the values obtained in the presence or absence of
ApoAl in the medium.

Statistical Analysis—For experiments using the microplate
reader, the mean value for each experiment was averaged from
triplicate wells in the same plate. Data are reported as the
mean * S.E. Differences between treatments and controls were
analyzed by analysis of variance and Student’s unpaired ¢ test.
Statistical significance was considered when p was less than
0.05. Statistix software (Statistix, Tallahassee, FL) was used for
statistical analysis.

MARCH 18,2011 +VOLUME 286+NUMBER 11

A Control LDL D 10
ABCA1 g %
pactn [N £ 05
SE
B _ o9 x T £06
- 52
£8 00 -
0 ca U.D] ]
) g ~0.2
3 5
o = 0.31 7] 0"
m® Control LDL
<g
£ o0 E
Control LDL 3.0;
x
c 5
= 0.3 * E
< E o 20
Z g gz
o 02 s
€ o @
E ; 3 1.0 1
Q.2 01 S
g
< E 0l
S Control LDL
Control LDL

FIGURE 1. LDL induces ABCA1 expression and cholesterol efflux. To study
the effect of LDL on ABCAT1 expression, mouse macrophages were incubated
with 20 png/ml LDL or culture medium alone. A and B, the level of ABCA1
protein was determined by Western blot analysis and quantitated relative to
B-actin. G, the level of ABCAT mRNA was determined by quantitative real-
time RT-PCR and normalized to GAPDH mRNA. D, the cell surface level of
ABCA1 was determined by ELISA. E, to study the effect of LDL on cholesterol
efflux, mouse macrophages were incubated with [*H]cholesterol in the pres-
ence or absence of 20 ug/ml LDL. ApoAl-mediated cholesterol efflux was
measured as described under “Materials and Methods.” Values represent the
mean * S.E. of six independent experiments. *, p < 0.05 compared with
control.

RESULTS

LDL Induces Macrophage ABCA1 Expression and Cholesterol
Efflux—Because of a small amount of LDL obtained from wild-
type mice, this report used LDL from LDLR™/~ mice. The
results on ABCA1 expression and cholesterol efflux were con-
firmed using LDL from wild-type mice. We observed that the
effect of LDL from wild-type and LDLR™/~ mice on ABCA1
expression and cholesterol efflux was comparable. Fig. 1 shows
the average data generated using LDL obtained from these
two lines of mice. Data in Fig. 1, A-C show that treatment of
macrophages with 20 ug/ml LDL for 4 h elevates the ABCA1
mRNA level by more than 4.3-fold, which is associated with
a 3.5-fold increase in ABCA1 protein level. Correspondingly,
LDL induced an ~2-fold increase in ABCA1 expression on
the surface of macrophages (Fig. 1D).

It has been suggested that ABCA1 transports cholesterol
from the cell membrane to lipid-free ApoAl (21). We therefore
studied the effect of LDL on ApoAl-mediated cholesterol
efflux. In the absence of LDL, efflux of cholesterol from macro-
phages to ApoAl s relatively low (Fig. 1E). Treatment of macro-
phages with LDL induced an ~14-fold increase in ApoAI-me-
diated cholesterol efflux (Fig. 1E). Taken together, these results
suggest that native LDL is able to activate the cholesterol efflux
system that exports excess cholesterol from macrophages.
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FIGURE 2. Functional analysis of the mouse ABCA1 promoter. A, four con-
structs containing different lengths of the ABCA1 promoter region were sub-
cloned into a luciferase (Luc) reporter plasmid (pGL-2). Numbers in the sche-
matic diagram indicate the relative positions to the transcription start site of
the ABCAT1 promoter. B, the wild-type (WT) ABC-125 construct was used as a
template to generate the Sp1-mutated (Mut Sp7), LXR-mutated (Mut LXR),
or the Sp1/LXR-mutated (Mut Sp1/LXR) ABCA1 promoter constructs. The
mutated nucleotides are shown in the sequence graphic. Mouse macro-
phages were transfected with a B-galactosidase expression plasmid and the
ABCA1 promoter-reporter constructs or the empty pGL-2 vector. The trans-
fected macrophages were treated with 20 ug/ml LDL or culture medium
alone as a control for 4 h. Luciferase activity was normalized to the -galac-
tosidase activity and expressed relative to that of the pGL2 basic vector. Val-
ues represent the mean = S.E. of three independent experiments. *, p < 0.05
compared with WT; 1, p < 0.05 compared with Mut Sp1 or Mut LXR alone.

LDL Induces ABCAI Promoter Activity—To study the mech-
anism underlying the increased ABCA1 expression in response
to LDL treatment, we examined the ABCA1 promoter activity
by transfection of macrophages with a series of ABCA1 pro-
moter-luciferase reporter chimeric constructs (Fig. 24). The
data in Fig. 2A show that the basal luciferase activity in the cells
transfected with the ABC-1094, ABC-257, and ABC-125 con-
structs is comparable and that LDL treatment induces an
approximately 3.2-fold elevation in luciferase activity in all
these three cell lines. The luciferase activity in cells transfected
with the ABC-42 construct is relatively low. In addition, LDL
treatment does not significantly induce luciferase activity in
these cells (Fig. 24). It therefore appears that the regulatory
elements responsible for the basal and LDL-induced ABCA1
transcription are located between 125 and 42 nucleotides
upstream of the transcription start site of the ABCA1 promoter.

It has been demonstrated that LXR« and Sp1 are transcrip-
tion factors that control ABCA1 expression (9, 12). Computer
analysis of the ABCA1 promoter shows an LXRa binding site
and an Sp1 binding site, respectively, located 67 and 99 nucle-
otides upstream of the transcription start site. The impact of
these DNA motifs on ABCAL1 transcription was assessed using
mutated promoter-reporter constructs (Fig. 2B). Data in Fig. 2B
show that mutation of the LXRa or the Sp1 binding site alone,
or combined mutation of the LXRa and the Sp1 binding sites,
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FIGURE 3. Sp1-binding to the ABCA1 promoter is indispensible for LDL-
induced ABCA1 expression. A, LDL increases Sp1-binding to the ABCA1 pro-
moter. Mouse macrophages were incubated with 20 ug/ml LDL or medium
alone as a control for 4 h. The amount of Sp1 bound to the ABCA1 promoter
was detected using ChIP analysis and expressed as the ratio of input controls.
Values represent the mean = S.E. of five separate experiments. *, p < 0.05
compared with medium alone (control). B, mithramycin A inhibits ABCA1
gene induction by LDL. Macrophages were treated with 20 ug/ml LDL or
culture medium in the absence or presence of 100 mm mithramycin A (mmA)
for 10 h. The ABCA1 protein level was determined by Western blot analysis
and expressed relative to the immunoblot intensity of B-actin. Values repre-
sent the mean = S.E. of five separate experiments. *, p < 0.05 compared with
medium with or without mmA; 1, p < 0.05 compared with LDL treatment
alone.

significantly reduces the expression of the reporter gene
induced by lipoproteins and that the inhibitory effect induced
by combinational mutation of the LXRa and the Sp1 binding
sites was greater than those induced by mutation of either the
LXRa and the Sp1 binding site alone. Specifically, mutation of
the Sp1 or the LXRa motif alone reduces the luciferase activity
by about 59 and 63%, respectively, when compared with that
derived from the wild-type ABCA1 promoter counterpart,
ABC-125 (Fig. 2B). Mutation of both LXRa and Spl motifs
almost completely blocks LDL-induced luciferase activity (Fig.
2B). Taken together, both the Sp1 and LXRa motifs are essen-
tial for LDL-induced ABCA1 promoter activity.

LDL Increases Sp1 binding to the ABCA1 Promoter—To con-
firm the regulatory role of Sp1l in LDL-induced ABCA1 pro-
moter activity, we determined the effect of LDL on the amount
of Spl bound to the ABCA1 promoter with a ChIP assay. The
typical image in Fig. 34 shows a faint PCR band in the untreated
cells, suggesting few Sp1 proteins bound to the ABCA1 pro-
moter under the control conditions. In contrast, a clear PCR
band is visualized in LDL-treated cells. Quantitative data indi-
cate that the amount of Spl proteins bound to the ABCA1l
promoter is more than 2.5-fold higher in lipoprotein-treated
cells than in control untreated cells (Fig. 3A). These results
suggest that LDL increases Spl binding to its cognate regula-
tory element in the ABCA1 promoter region.

Mithramycin A Inhibits ABCAI Expression—To address if
Sp1 binding to the ABCA1 promoter is necessary for LDL-in-
duced expression of ABCA1, we studied the effect of mithra-
mycin A on ABCA1 expression. Mithramycin A is a chemo-
therapeutic drug that binds to GC-rich DNA sequences,
thereby blocking the binding of transcription factors such as
Sp1 to GC-specific regions of DNA (22). A wide range of con-
centrations of mithramycin A (10 nM-1 um) have been used to
inhibit the transcriptional factor activity of Sp1 in various types
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FIGURE 4. LDL induces Sp1 phosphorylation. Mouse macrophages were
treated with 20 wg/ml LDL or medium alone as a control for 4 h. The lysates
obtained from LDL-treated cells were incubated with or without A-phospha-
tase. LDL-induced Sp1 phosphorylation was detected by Sp1 immunoblot
band shift induced by the LDL and A-phosphatase treatments.

of cells, including human bronchial epithelial cells, multiple
myeloma cells (22, 23), and mouse endothelial cells (17). As the
data in Fig. 3B show, LDL treatment increases the protein level
of ABCA1 in macrophages. Addition of 100 nM mithramycin A
inhibits the lipoprotein-induced ABCA1 protein expression by
about 43%. These data suggest that binding of the Sp1 protein
to the ABCA1 promoter is crucial to LDL-induced ABCA1
expression.

LDL Induces Sp1 Phosphorylation—To uncover the mecha-
nism underlying the increased Sp1 binding to the ABCA1 pro-
moter, we examined the effect of LDL on the Sp1 protein level
in macrophages. As the typical Western blot images in Fig. 4
illustrate, two Sp1l immunoreactive bands are detectable, indi-
cating covalent modifications in Spl proteins. The immuno-
blotting images in Fig. 4 also show that LDL treatment does not
significantly alter the total Sp1 protein level. However, a band
shift is visualized in cells treated with lipoproteins (Fig. 4). Spe-
cifically, LDL treatment induces part of the Sp1 proteins to shift
to the top band. To determine whether the slowly migrating
forms of Sp1 are generated by phosphorylation, we incubated
the cell lysates with A-phosphatase before Western blot analy-
sis. As shown in Fig. 4, A-phosphatase abolishes the slowly
migrating form of Sp1 induced by lipoproteins. These observa-
tions thus provide direct evidence that the LDL-induced shift of
the Sp1l immunoreactive band is due to Sp1 phosphorylation.

Activation of PKC-{ Is a Mechanism for LDL-induced Spl
Phosphorylation and ABCA1 Expression—Having established
the regulatory role of LDL on ABCA1 expression and Sp1 phos-
phorylation, we next identified the kinases responsible for LDL-
induced Sp1 phosphorylation. Data in Fig. 5A show that treat-
ment of macrophages with a MAP kinase inhibitor U0126 (24)
does not affect Spl phosphorylation and ABCA1 protein
expression. In contrast, 109203X, a chemical that has been
shown to inhibit PKC-{ activity (25), significantly reduces the
level of ABCA1 protein and phosphorylated Spl in cells
treated with LDL (Fig. 5A4). In addition, 109203X also
reduces ABCA1 promoter activity by about 48% (Fig. 5D). It
has been reported that PI3K is a kinase that phosphorylates
PKC-¢ (26). Data in Fig. 54 show that PI3K inhibitor
LY294002 (27) attenuates Sp1 phosphorylation and ABCA1
protein expression induced by LDL. We also observed that
inhibition of PI3K suppressed LDL-induced PKC-{ phos-
phorylation (data not shown). These results suggest that
activation of the PI3K-PKC-{ cascade is critical for Spl
phosphorylation and ABCA1 expression induced by LDL.

This report further confirmed the regulatory role of PKC-¢
on Sp1 phosphorylation and ABCA1 expression. Data in Fig. 58
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FIGURE 5. Activation of PKC-{ is a mechanism for LDL-induced Sp1 phos-
phorylation and ABCA1 expression. Macrophages were treated with 20
ng/ml LDL or medium alone as a control. The activity of protein kinases was
inhibited with inhibitors as indicated (A and D) or transfected with kinase-
dead PKC-¢ (PKC-¢ Kp) (C and E). In the studies where PKC-{ K, was used,
macrophages were transfected with wild-type PKC-£ (PKC-{ WT) or an empty
PEGFP vector as controls (Cand E). The protein levels of ABCA1, Sp1, and total
and phosphorylated PKC-{ were determined by Western blot analysis (A-C).
In the studies where the ABCA1 promoter activity was determined (D and E),
macrophages were transfected with an ABCA1 promoter construct (ABC-125)
and a B-galactosidase expression plasmid. Luciferase activity was measured
using a luminescence assay and expressed relative to the luminosity of the
B-galactosidase assay. Values represent the mean = S.E. of three separate
experiments. *, p < 0.05 compared with medium without LDL treatment; t,
p < 0.05 compared with LDL treatment alone (D). *, p < 0.05 compared with
cells transfected with empty vector and treated with LDL; t, p < 0.05 com-
pared with cells transfected with PKC-{ WT and treated with LDL (E).

show that LDL significantly increases PKC-{ phosphorylation
but does not alter the total protein level of PKC-{. Transfection
of macrophages with kinase-dead PKC-{ attenuates Sp1 phos-
phorylation induced by LDL (Fig. 5C). In addition, kinase-dead
PKC-{reduces ABCA1 promoter activity by 43% in cells treated
with LDL (Fig. 5E). These observations provide direct evidence
that activation of PKC-{ is at least partially responsible for the
increased Spl phosphorylation induced by LDL. It is highly
likely that LDL activates PKC-¢, which in turn phosphorylates
Spl, increasing its binding to the ABCA1 promoter and up-reg-
ulating ABCA1 transcription.

LDL Induces PKC-{ and Sp1 Physical Interaction—To deter-
mine the physical interaction of PKC-¢ and Sp1, binding was
tested in cells transfected with a FLAG.PKC-{ expression vec-
tor. The images in Fig. 6 show that immunoprecipitation of the
FLAG.PKC-{ barely co-precipitates Sp1 under the control con-
ditions. In contrast, a substantial amount of Sp1 is co-precipi-
tated with the FLAG.PKC-{ in cells treated with LDL, as shown
by anti-Spl Western blotting (Fig. 6). These data suggest that
LDL treatment induces PKC-¢ binding to Spl, a reaction nec-
essary for PKC-{ to phosphorylate Sp1.

DISCUSSION

In agreement with previous reports (13, 14), data from this
study clearly indicate that native LDL increases macrophage
ABCA1 expression and induces ApoAl-mediated cholesterol
efflux. Additionally, our data demonstrate for the first time
that an increase in Spl DNA binding activity is a mechanism
underlying the increased ABCA1 expression in macrophages in
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Input Flag IP

Flag-PKCg - + + - + +
LDL - - + - - +

FIGURE 6. PKC-{ physically interacts with Sp1. Macrophages were trans-
fected with empty vector or FLAG-PKC-{ expression vector for 48 h. The trans-
fected cells were treated with 20 pwg/ml LDL or medium alone for 4 h. The
FLAG-tagged PKC-{ protein was precipitated using FLAG-conjugated aga-
rose beads. The precipitants were analyzed by Western blots with antibodies
against Sp1 and FLAG.

response to native LDL treatment. It is known that Sp1 regu-
lates basal and inducible transcription of many genes via bind-
ing to GC boxes (GGGCGG), GT motifs (GGGTGTGGC), or
CT elements (CCTCCTCCTCCTCGGCCTCCTCCCC) in the
promoter region of target genes (28). The mouse ABCA1 pro-
moter contains one GC box located 99 nucleotides upstream
the transcription start site. Our data demonstrated that LDL
increased Sp1 binding to the ABCA1 promoter region and that
mutation of the Sp1 binding motif attenuated the transcription
activity of ABCA1 promoter induced by LDL. In addition, we
observed that inhibition of Sp1 DNA binding by mithramycin A
suppressed LDL-induced ABCA1 expression.

Another important finding from this report is that LDL
increased Spl phosphorylation in macrophages. It has been
demonstrated that an increase in Spl phosphorylation aug-
ments its DNA binding and transcription factor activity (12). In
addition, our data demonstrate that activation of PKC-{ is at
least partially responsible for LDL-induced Spl phosphor-
ylation. Specifically, treatment of macrophages with LDL
increased PKC-{ phosphorylation and induced physical inter-
action of PKC-¢ and Sp1. Transfection of macrophages with a
kinase-dead PKC-{ or treatment of the cells with a PKC inhib-
itor attenuated LDL-induced Sp1 phosphorylation and ABCA1
promoter activity. Moreover, we observed that LDL-induced
PKC-{ phosphorylation was reduced by inhibition of PI3K,
which is a protein kinase that mediates PKC-{ phosphoryla-
tion. It appears that activation of the PI3K-PKC-{ cascade is
critical for LDL-induced Spl phosphorylation and ABCA1
expression. It is highly likely that LDL sequentially activates
PI3K and PKC-{¢, which in turn phosphorylate Sp1, increas-
ing its binding to the ABCA1 promoter and up-regulating
ABCA1 transcription.

Activation of LXR by internalized oxysterols has been sug-
gested to be a mechanism for oxidized LDL-induced ABCA1
expression (29). Data from this report demonstrated that muta-
tion of the LXR binding site diminished native LDL-induced
ABCAL1 promoter activity, suggesting an involvement of this
regulatory motifin ABCA1 expression elicited by native LDL. It
has been shown that Sp1 physically binds with LXR/RXR het-
erodimers in the ABCA1 promoter and that genetic deficiency
of Sp1 or chemical inhibition of Sp1 DNA binding suppresses
ligand-induced recruitment of the LXR/RXR heterodimer to
the ABCA1 promoter and reduces ABCA1 expression (12).
These observations suggest that Spl is able to regulate the
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recruitment of LXR/RXR heterodimer to the ABCA1 pro-
moter. It is highly possible that LDL increases Sp1 binding to its
cognate response element and therefore promotes the recruit-
ment of LXR/RXR heterodimers to the ABCA1 promoter. We
observed that combinational mutation of the Spl and LXR
binding sites almost completely blocked LDL-induced ABCA1
promoter activity, supporting the view that a coordinate work
of Spl and the LXR/RXR heterodimer is essential for a full
induction of ABCA1 expression elicited by LDL.

In summary, data from this report clearly indicate that native
LDL is able to induce ABCA1 expression and cholesterol efflux
and that the increase in Sp1 phosphorylation is an underlying
mechanism for LDL-induced ABCA1 expression. We also
demonstrate that sequential activation of PI3K and PKC-{ is at
least partially responsible for LDL-induced Spl phosphoryla-
tion. It is highly likely that uptake of native LDL activates the
PI3K-PKC-{-Sp1 signaling cascade, which in turn up-regulates
ABCAL1 expression and therefore enhances cholesterol efflux.
Further study is needed to explore the specific mechanism
through which native LDL activates the PI3K-PKC-{-Sp1 sig-
naling cascade.
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