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Background: VLDLR and apoER2 are receptors for reelin and apoE.
Results:Reelin or apoE3 inducedmacrophageABCA1 expression and increased cholesterol efflux. Down-regulation of VLDLR,
apoER2, or inhibition of Dab1, PI3K, PKC� and Sp1 attenuated reelin- or apoE3-induced ABCA1 expression.
Conclusion: Activation of VLDLR- and apoER2-mediated signaling up-regulates ABCA1 expression.
Significance: Up-regulation of ABCA1 expression is a novel function of VLDLR and apoER2.

Activation of very low density lipoprotein receptor (VLDLR)
and apolipoprotein E receptor 2 (apoER2) results in either pro-
or anti-atherogenic effects depending on the ligand. Using ree-
lin and apoE as ligands, we studied the impact of VLDLR- and
apoER2-mediated signaling on the expression of ATP binding
cassette transporter A1 (ABCA1) and cholesterol efflux using
RAW264.7 cells. Treatment of these mouse macrophages with
reelin or human apoE3 significantly increased ABCA1 mRNA
and protein levels, and apoAI-mediated cholesterol efflux. In
addition, both reelin and apoE3 significantly increased phos-
phorylated disabled-1 (Dab1), phosphatidylinositol 3-kinase
(PI3K), protein kinase C� (PKC�), and specificity protein 1
(Sp1). This reelin- or apoER2-mediated up-regulation of
ABCA1 expression was suppressed by 1) knockdown of Dab1,
VLDLR, and apoER2 with small interfering RNAs (siRNAs), 2)
inhibition of PI3K and PKC with kinase inhibitors, 3) overex-
pression of kinase-dead PKC�, and 4) inhibition of Sp1 DNA
binding with mithramycin A. Activation of the Dab1-PI3K sig-
naling pathway has been implicated in VLDLR- and apoER2-
mediated cellular functions, whereas the PI3K-PKC�-Sp1 sig-
naling cascade has been implicated in the regulation of ABCA1
expression induced by apoE/apoB-carrying lipoproteins. Taken
together, these data support a model in which activation of
VLDLR and apoER2 by reelin and apoE induces ABCA1 expres-
sion and cholesterol efflux via aDab1-PI3K-PKC�-Sp1 signaling
cascade.

ATP binding cassette transporter A1 (ABCA1)2 is a plasma
membrane protein that exports excess cholesterol derived from
internalized lipoproteins (1–4). Based on findings in animal

models and humans, it has been suggested that a deficiency in
ABCA1 could result in cellular cholesterol accumulation, thus
promoting abnormalities such as atherosclerosis (1). Our pre-
vious studies demonstrated that lipoproteins carrying apolipo-
protein E (apoE) and apoB increased ABCA1 mRNA and pro-
tein levels in mouse macrophages (5), whereas apoE-free and
apoB-carrying lipoproteins showed a decreased ability to
induce ABCA1 expression (6). These findings suggested a reg-
ulatory role of apoE inABCA1 expression. In addition, we dem-
onstrated that sequential activation of phosphatidylinositol
3-kinase (PI3K), protein kinase C� (PKC�), and specificity pro-
tein 1 (Sp1) is at least partially responsible for the increased
ABCA1 expression induced by apoE/apoB-carrying lipopro-
teins (5).
It is known that apoE is able to bind several members of the

low density lipoprotein receptor (LDLR) family, including
LDLR, very low density lipoprotein receptor (VLDLR), LDLR-
related protein-1 (LRP1), LRP2, and apoE receptor 2 (apoER2)
(7). Although the role of the LDLR is limited to the regulation of
cholesterol homeostasis by receptor-mediated endocytosis of
lipoprotein particles, other members of this gene family have
additional physiological functions (7). For example, activation
of VLDLR or apoER2 has been shown to activate disabled-1
(Dab1) andPI3K (8). Thus far, this VLDLR/apoER2-Dab1-PI3K
signaling pathway has been implicated in neural development
and cellular uptake of lipoproteins in tissues that are active in
fatty acid metabolism, such as muscle and adipose tissues (8).
Besides binding apoE, both VLDLR and apoER2 can also

interact with reelin, a secreted extracellular matrix glycopro-
tein (9). It has been well established that interaction of reelin
with VLDLR and apoER2 in the central nervous system acti-
vates a signaling transduction path that controls neuronal
migration and positioning in the embryonic brain and neuronal
survival and degeneration in the mature brain (9). It has been
suggested that defects in this pathway impair brain develop-
ment and contribute to the pathogenesis of Alzheimer disease
(9). Further studies have demonstrated that some extraneuro-
nal tissues also express reelin (10), suggesting a biological
role(s) of reelin beyond neuronal development.
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In this study we report that treatment of macrophages with
reelin or apoE induced ABCA1 expression, enhanced Dab1,
PI3K, PKC�, and Sp1 phosphorylation, and increased choles-
terol efflux. Down-regulation of VLDLR or apoER2 or inhibi-
tion of Dab1, PI3K, PKC�, and Sp1 activities attenuated reelin-
and apoE-induced ABCA1 expression. These data suggest that
stimulation of VLDLR and apoER2 by reelin or apoE enhances
cholesterol efflux and up-regulates ABCA1 expression via acti-
vation of the Dab1-PI3K-PKC�-Sp1 signaling cascade. They
also demonstrate a novel function of VLDLR and apoER2
beyond that of neural development and lipoprotein uptake.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), TRIzol reagent,
Lipofectamine 2000, and penicillin/streptomycin as well as the
primers for amplification of ABCA1, ABCG1, scavenger
receptor B1 (SR-B1), �-actin, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were purchased from Invitrogen.
Phosphorylated PI3K antibody, PI3K inhibitor 2-(4-morpholi-
nyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002), and PKC
inhibitor bisindolylmaleimide I hydrochloride (109203X) were
purchased from Cell Signaling Technology (Boston, MA). A
High Capacity cDNA Reverse Transcription kit was purchased
fromApplied Biosystems (Carlsbad, CA). Rat PKC� expression
plasmid vector (FLAG.PKC�) was purchased fromAddgene Inc
(Cambridge, MA). M-PER mammalian protein extraction rea-
gent and a BCA protein assay kit were purchased from Pierce.
Recombinant mouse reelin was purchased from R&D System
(Minneapolis, MN) and a GenMute siRNA and DNA transfec-
tion reagent was purchased from SignaGen Laboratories
(Ijamsville, MD). The negative control siRNA (sc-37007) and
the siRNAs specific for Dab1 (sc-35166), apoER2 (sc-40098)
and VLDLR (sc-36823) were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). The sequence information for
these siRNAs is protected by the vender. Antibodies against
phosphorylated PKC� (p-PKC�), Sp1, ABCA1 (H-220), Dab1,
phosphorylated Dab1 (p-Dab1), and �-actin as well as protein
A/G plus agarose, anti-rabbit serum, and horseradish peroxi-
dase-conjugated secondary antibodies were also obtained from
Santa Cruz. Antibodies against VLDLR and apoER2 were pur-
chased from Abcam (Cambridge, MA), whereas [1,2-3H(N)]-
cholesterol was obtained from PerkinElmer Life Sciences.
Mithramycin A was purchased from Sigma. Cell culture dishes
and plates were purchased from Corning Inc. (Corning, NY).
Protease inhibitor mixture was purchased from Roche Applied
Science. A CellTiter-Glo assay kit for cellular ATP measure-
ment was purchased from Promega (Madison, WI).
Isolation of Mouse ApoB-carrying Lipoproteins—All animal

procedures were approved by the Institutional Animal Care
and Use Committee at Meharry Medical College. Wild-type
C57BL/6 mice at 3–4 months of age were obtained from The
Jackson Laboratory (BarHarbor,ME) and used for collection of
blood samples. To minimize oxidation, collected blood was
immediately mixed with 50 �M butylated hydroxytoluene, 2
mM EDTA, and cooled on ice. Mouse plasma was overlaid with
a potassium bromide (KBr) gradient solution (d, 1.063) and
centrifuged at 120,000 rpm for 2 h. ApoB-carrying lipoproteins

were collected, dialyzed in phosphate-buffered saline (PBS, pH
7.4) containing 10 mM EDTA for 48 h at 4 °C, and filtered
through a 0.45-�m filter (11).
Cell Culture—RAW 264.7 cells were obtained from ATCC

(Manassas, VA). The cells were maintained in DMEM contain-
ing 10%FBS, 100 units/ml penicillin, and 100�g/ml streptomy-
cin at 37 °C under 5% CO2 in 100-mm2 culture dishes, and split
on reaching confluence.
Cholesterol Efflux Assay—RAW264.7 cells were grown to

confluence in 24-well plates and then incubated for 24 h in 400
�l of DMEM containing 5 �Ci/ml [1,2-3H(N)]cholesterol
(�450,000 dpm/�Ci) in the presence or absence of 20 �g/ml
mouse apoB-carrying lipoproteins (12). After washing with
PBS, the cells were further incubated with 2 �g/ml reelin or 3
�g/ml apoE3 in the presence or absence of 20 �g/ml human
apoAI or culture medium. After a 2-h incubation, the culture
medium was collected, and cells were lysed with 0.5 M NaOH.
The lysate and medium were mixed with scintillation fluid to
assay radioactivity using a Tri-Carb 2300TR Liquid Scintilla-
tion Analyzer (PerkinElmer Life Sciences). Cholesterol efflux
was expressed as the percentage of radioactivity in the medium
compared with the total radioactivity (cells plus medium).
Quantitative Real-time RT-PCR Assay—RAW264.7 cells

were grown to confluence in six-well plates made quiescent by
incubation in serum-free DMEM for 12 h and then treated with
2 �g/ml reelin, 3 �g/ml apoE3, or culture medium alone as a
control for the time periods indicated in figure legends. In
experiments involving protein kinase inhibitors andmithramy-
cin A, macrophages were incubated with 100 nM mithramycin
A, 50 �M LY294002, or 8 �M 109203X for 30 min before reelin
or apoE treatment. Total RNA was extracted using TRIzol rea-
gent and subjected to reverse transcription using aHighCapac-
ity cDNA reverse transcription kit. The resulting cDNAs were
subjected to quantitative real-time PCR with an iCycler system
(Bio-Rad). The following specific primers were used for ampli-
fication: ABCA1 forward (5�-GCTACCCACCCTACGAA-
CAA-3�) and reverse (5�-GGAGTTGGATAACGGAAGCA-
3�), ABCG1 forward (5�-GAAGTGGCATCAGGGGAGTA-3�)
and reverse (5�-AAAGAAACGGGTTCACATCG-3�), SR-B1
forward (5�-GGGCTCGATATTGATGGAGA-3�) and reverse
(5�-GGAAGCATGTCTGGGAGGTA-3�), �-actin forward
(5�-GCTACAGCTTCACCACCACA-3�) and reverse (5�-
TCCAGGGAGGAAGAGGATGC-3�), and APDH forward
(5�-GAGCCAAAAGGGTCATCATC-3�) and reverse (5�-TAA-
GCAGTTGGTGGTGCAGG-3�). The expression levels of the
targetmRNAswerenormalized to�-actin orGAPDHmRNA(13,
14).
Western Blot Analysis—Quiescent RAW264.7 cells in serum-

freeDMEMwere treatedwith 2�g/ml reelin, 3�g/ml apoE3, or
medium (control) for the time periods as indicated in the leg-
ends of Figs. 1, 2, 4, and 5 and lysed in M-PER mammalian
protein extraction reagent. Samples containing 40�g of protein
were resolved on 6% (for separation of phosphorylated and
non-phosphorylated Sp1) or 10% SDS-PAGE gels (for separa-
tion of the other proteins). Proteins were transferred to a poly-
vinyl fluoride membrane (Millipore). After blocking with 5%
fat-free milk, the membranes were incubated with antibodies
(13). Immunoreactive bands were visualized using ECL-plus
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chemiluminescence reagent (GE Healthcare) and analyzed
with a GS-700 Imaging Densitometer (Bio-Rad).
Immunoprecipitation of Dab1—RAW264.7 cells with the

abovementioned reelin or apoE3 treatment were washed with
ice-cold PBS containing 10 mm NaF, 25 mm �-glycerophos-
phate, and 2mm sodium orthovanadate, centrifuged at 900� g
for 5 min at 4 °C, and resuspended in immunoprecipitation
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM MgCl2, 1%
Nonidet P-40, supplemented with protease and phosphatase
inhibitor cocktails). Cells were homogenized by forcing them
through a 27-gauge needle. The lysates were cleaned by centrif-
ugation at 20,000 � g and 4 °C for 30 min. One mg of protein
extract was mixed with 4 �g of Dab1 antibody or 10 �l of anti-
serum in a total volume of 1 ml and incubated at 4 °C for 1 h.
Immune complexes were precipitated with 80 �l of protein
A/G plus agarose slurry. Pelleted beads were washed once with
immunoprecipitation buffer, then three times with washing
buffer (immunoprecipitation buffer minus Nonidet P-40) and
resuspended in 50 �l of Western loading buffer. The agarose
beads were discarded by centrifugation at 10,000 � g for 1 min.
The immunoprecipitantswere resolved on 10%SDS-PAGEgels
for detection of Dab1 and p-Dab1.
Recombinant Plasmid Construction—For determination of

the role of PKC� in ABCA1 expression induced by reelin and
apoE, a PKC� kinase dead expression vector was generated by
site-directed mutagenesis using the FLAG.PKC� plasmid as a
template and the oligonucleotide cagatttacgccatgtgggtggtgaa-
gaaggag to substitute PKC� lysine 281 with tryptophan (5, 15).
The recombinant construct or an empty pEGFP vector (con-
trol) was then transfected into RAW 264.7 cells by Lipo-
fectamine 2000 following the manufacturer’s instructions. The
transfected cells were treated with 2 �g/ml reelin or 3 �g/ml
apoE3 for 1 h and harvested for measurement of protein and
mRNA.
SiRNA Knockdown of Dab1, VLDLR, and ApoER2—

RAW264.7 cells were grown in 6-well plates to �60–70% con-
fluency and then transfected with control or specific siRNA
against Dab1, VLDLR, or apoER2 using the GenMute siRNA
and DNA transfection reagent according to the manufacturer’s
instructions. After 6 h, cells were replenished with fresh
medium containing 10% FBS and cultured for an additional
24 h. These transfection procedures were repeated one more
time. The transfected cells were then treated with 2 �g/ml ree-
lin or 3 �g/ml apoE3 for 1 h and harvested for measurement of
protein and mRNA.
Measurement of Cellular ATP Levels—The cellular ATP lev-

els were determined using a PromegaCellTiter-Glo assay kit, as
previously described (16). RAW246.7 cells were grown in a
white-sided, clear-bottom 96-well plate to confluence and then
incubated at 37 °C with 2 �g/ml reelin, 3 �g/ml apoE3, or 100
�l/well serum-free DMEM alone as a control. At the indicated
times, 100 �l of kit reagent were added to each well. After a
10-min incubation, luminescence was quantified using a
BL10000 Lumicount luminometer (PerkinElmer Life Sciences).
The intensity of the luminescence signal generated in this assay
is proportional to the cellular ATP content (see the manufac-
turer’s instructions).

Statistical Analysis—Data are reported as the mean � S.E.
Differences between treatment and control groups were ana-
lyzed by analysis of variance followed by Tukey’s post hoc test
or Student’s unpaired t test. Statistical significance was consid-
ered when p was less than 0.05. Statistix software (Statistix,
Tallahassee, FL) was used for statistical analyses.

RESULTS

Reelin and ApoE3 Induce Macrophage ABCA1 Expression
and Cholesterol Efflux—Reelin is able to bind VLDLR and
apoER2, whereas apoE binds these two receptors as well as sev-
eral other members of the LDL receptor family. Here we stud-
ied the impact of reelin and apoE on ABCA1 expression. Incu-
bation of mouse macrophages with human apoE3 or reelin
resulted in a time-related increase inABCA1mRNAexpression
that reached a peak value at 1 h and returned to basal levels
within 4 h (Fig. 1, A and B). The increase in apoE3- and reelin-
induced ABCA1 mRNA expression was dose-dependent when
doses used were lower than 3 and 2 �g/ml, respectively. Higher
doses (than 3 and 2�g/ml, respectively) did not further increase
ABCA1mRNA expression (data not shown). ApoE3 and reelin
also significantly increased the protein level of ABCA1 in
mouse macrophages (Fig. 1, C and D).
ABCA1 reportedly transports cholesterol from the cellmem-

brane to lipid-free apoAI (17). We, therefore, studied the effect
of apoE3 and reelin on apoAI-mediated cholesterol efflux. As
shown in Table 1, reelin did not significantly affect cholesterol
efflux in the absence of apoAI. In contrast, apoE3 induced about
a 30% increase inmacrophage cholesterol efflux in cells without
apoAI treatment (Table 1). This finding agrees with the notion
that apoE is able to induce apoAI-independent cholesterol
efflux, in which apoE functions as a cholesterol acceptor (18).
The data in Table 1 also show that treatment of macrophages
with 3 �g/ml apoE3 and 2 �g/ml reelin induced approximately

FIGURE 1. Reelin and apoE3 induce ABCA1 expression and cholesterol
efflux. Mouse macrophages were incubated with 3 �g/ml apoE3 (A) or 2
�g/ml reelin (B) for the indicated time periods. The mRNA level of ABCA1 was
determined by quantitative real-time RT-PCR and normalized to GAPDH
mRNA. C and D, macrophages were incubated with 3 �g/ml apoE3, 2 �g/ml
reelin, or culture medium alone (control) for 1 h. The level of ABCA1 protein
was determined by Western blot analysis and quantitated relative to �-actin.
Values represent the mean � S.E. of six independent experiments. *, p � 0.05
compared with controls.
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a 5.2- and 3.7-fold increase in apoAI-mediated cholesterol
efflux. Namely, apoAI-mediated cholesterol efflux was
increased from about 0.39% to about 2.0% and 1.4% in cells
treated with apoE3 and reelin, respectively. Taken together,
these results suggest that both reelin and apoE can activate an
ABCA1-mediated cholesterol efflux system that exports excess
macrophage cholesterol.
Reelin and ApoE3 Activate Dab1, PI3K, PKC�, and Sp1—Sp1

is one of the transcription factors that controls ABCA1 expres-
sion (5). An increase in the phosphorylation of Sp1 enhances its
capacity to bind to the ABCA1 promoter and to increase
ABCA1 expression (5). To explore the mechanism(s) underly-
ing the increased ABCA1 expression induced by reelin and
apoE3, we studied not only the expression of Sp1 but its phos-
phorylation. Two Sp1 immunoreactive bands were detectable
onWestern blots (Fig. 2,A–C). Both apoE3 and reelin produced
a time-related increase in the intensity of the top band (Fig. 2, B
and C). To determine whether the slow migrating form of Sp1
was generated by phosphorylation, we incubated the cell lysates
with �-phosphatase before Western blot analysis. As shown in
Fig. 2A, �-phosphatase abolished the top band induced by ree-
lin and apoE3. This observation thus provides direct evidence
that the top immunoblot band, i.e. the lower mobility form of
Sp1, is a result of Sp1 phosphorylation. The data in Fig. 2, B, C,
and F indicate that both reelin and apoE3 induced a time-re-
lated increase in Sp1phosphorylationwith a peak value at about
1 h of treatment.
PKC� is one of the kinases that can phosphorylate Sp1 (19),

whereas activation of PI3K is a step in the signaling pathway
that induces PKC� phosphorylation (20). We previously dem-
onstrated that activation of PKC� is responsible for both Sp1
phosphorylation and ABCA1 expression induced by apoE/
apoB-carrying lipoproteins. Activation of PI3K, on the other
hand, is a step in the process by which apoE/apoB lipoproteins
induce PKC� phosphorylation (5). Fig. 2, B and C, also demon-
strate that reelin and apoE3 elevated PI3K phosphorylation in a
time-dependentmanner (reached a peak level at 1 h). Similarly,
reelin and apoE3 treatment increased phosphorylation of PKC�
in mouse macrophages.
Dab1 is an adaptor protein that links extracellular reelin with

intracellular signaling pathways (8). Phosphorylated Dab1
recruits a variety of signaling molecules, including PI3K; it also

induces PI3K phosphorylation (8). Although it has been sug-
gested that mouse macrophages, including primary peritoneal
macrophages and RAW264.7 cells, do not express Dab1 (19),
we found that RAW264.7 cells expressed low but demonstrable
levels of phosphorylatedDab1 (Fig. 2,G andH). Both reelin and
apoE3 increased the level of phosphorylated Dab1 protein (Fig.

TABLE 1
Reelin and apoE3 increase apoAI-mediated cholesterol efflux
Mouse macrophages were preincubated for 24 h with [3H]cholesterol in the presence or absence of mouse apoB-carrying lipoproteins. After washing with PBS, 3 �g/ml
apoE3 and 2�g/ml reelin or culturemedium alone (control) were added and incubated for an additional 2 h. The radioactivity (dpm) in themedium and the cell lysates was
then measured.

Treatments Medium Cell lysate Cholesterol effluxa ApoAI-mediated effluxb

dpm dpm % %
Without apoAI
Control 104 � 9 38362 � 4072 0.27 � 0.04
ApoE3 138 � 6 39427 � 3610 0.35 � 0.05
Reelin 114 � 16 39310 � 4258 0.29 � 0.04

With apoAI
Control 261 � 17 39574 � 5038 0.66 � 0.06 0.39 � 0.05
ApoE3 937 � 71c 39886 � 3077 2.35 � 0.29c 2.00 � 0.24c
Reelin 640 � 103c 37854 � 4908 1.69 � 0.22c 1.40 � 0.21c

a Cholesterol efflux was expressed as the percentage of radioactivity in the medium compared to the total radioactivity (cell lysate plus medium).
b ApoAI-mediated cholesterol efflux was calculated as the difference between the values obtained in the presence or absence of ApoAI in the medium. Values represent the
mean � S.E. of four independent experiments.

c p � 0.05 compared to controls.

FIGURE 2. Reelin and apoE3 increase Dab1, PI3K, PKC�, and Sp1 phosphor-
ylation. A, mouse macrophages were treated with 3 �g/ml apoE3, 2 �g/ml
reelin, or culture medium alone as a control (ctrl) for 30 min. The lysates were
then incubated with or without �-phosphatase (�). The Sp1 protein level was
determined by Western blot analysis. B–F, mouse macrophages were treated
with 3 �g/ml apoE3, 2 �g/ml reelin, or culture medium alone as a control for
the indicated time periods. The levels of Sp1 and phosphorylated PI3K
(p-PI3K) and PKC� (p-PKC�) were determined by Western blot analysis (B and
C) and quantitated relative to �-actin (D and E). The level of phosphorylated
Sp1 (top band for Sp1 in B and C) was quantitated relative to the level of total
Sp1 (the sum of the top and bottom bands) and are shown in F. G and H,
macrophages were treated with 3 �g/ml apoE3, 2 �g/ml reelin, or culture
medium alone (control) for 1 h. Dab1 was immunoprecipitated. G, Western
blot analysis was performed to detect the protein level of total Dab1 and
phosphorylated Dab1 (pDab1) in the precipitant. H, the level of p-Dab1 was
quantitated relative to the level of Dab1. *, p � 0.05 compared with controls.
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2, G and H). Taken together, these data suggest that reelin and
apoE3 activate a signaling pathway involvingDab1, PI3K, PKC�
and Sp1 in macrophages.
Inhibition of Dab1, PI3K, PKC�, and Sp1 Reduces ABCA1

Expression Induced by Reelin and ApoE—Having established
the regulatory role of reelin and apoE on ABCA1 expression
andDab1, PI3K, PKC�, and Sp1 phosphorylation, we next stud-
ied the impact of these signaling proteins onABCA1 expression
by using previously reported inhibitors (5). Mithramycin A is a
chemotherapeutic drug that binds to GC-rich DNA sequences,
thereby blocking the binding of transcription factors such as
Sp1 to GC-specific regions of DNA (21). LY294002 (22) and
109203X (23) are PI3K and PKC inhibitors, respectively. We
previously observed that treatment of macrophages with
LY294002, 109203X, or mithramycin A diminished ABCA1
expression induced by apoE/apoB-carrying lipoproteins. Thus
in this study, we incubated macrophages with these inhibitors
for 30 min before adding reelin or apoE3. Each inhibitor abol-
ished the up-regulation of ABCA1mRNA expression by apoE3
and reelin, i.e. apoE3 and reelin did not significantly elevate
ABCA1mRNA level in cells pretreated with any of these inhib-
itors (Fig. 3, A and B).
To confirm the regulatory role of PKC� in ABCA1 expres-

sion, we next transfected macrophages with a kinase-dead
PKC�mutant that significantly reduced apoE or reelin-induced
ABCA1 mRNA expression compared with cells transfected
with the empty vector (Fig. 3C). Specifically, 3 �g/ml apoE3
and 2 �g/ml reelin elevated ABCA1 mRNA by about 192 and

161%, respectively, in macrophages transfected with the con-
trol empty vector, whereas the same dose of apoE3 and reelin
elevated ABCA1mRNAonly about 51 and 25%, respectively, in
cells transfected with the PKC� mutant.

The causal role ofDab1 in apoE3-and reelin-inducedABCA1
expression was investigated by knockdown of Dab1 with
siRNA. We observed that transfection of macrophages with
Dab1 siRNA reduced Dab1 mRNA by about 68% (data not
shown). Dab1 siRNA did not significantly alter the ABCA1
mRNA level in cells without apoE3 or reelin treatment but sig-
nificantly diminished apoE3- and reelin-induced ABCA1
mRNAexpression. Although 3�g/ml apoE3 and 2�g/ml reelin
elevatedABCA1mRNAby about 201 and 172%, respectively, in
macrophages transfected with control siRNA, the same doses
of apoE3 and reelin elevated ABCA1 mRNA only about 69 and
44%, respectively, in cells transfected with Dab1 siRNA (Fig.
3D). Collectively, these results suggest that activation of Dab1,
PI3K, PKC�, and Sp1 is critical to the enhancedABCA1 expres-
sion induced by reelin or apoE3.
Knockdown of ApoER2 and VLDLR Diminishes ApoE3- and

Reelin-induced ABCA1 Expression—Both apoER2 and VLDLR
are cell surface receptors for reelin. To address the involvement
of apoER2 and VLDLR in apoE3- and reelin-induced ABCA1
expression, apoER2 and VLDLR expression was down-regu-
lated by siRNA. The knockdown efficiency induced by siRNA
was confirmed by detection of VLDLR and apoER2 protein.
The protein levels of both apoER2 and VLDLR were relatively
low in RAW264.7 cells. However, transfection of these cells
with siRNA against apoER2 and VLDLR reduced the protein
level of apoER2 andVLDLRabout 69 and 55%, respectively (Fig.
4,A andB). The basal ABCA1mRNA levels were comparable in
macrophages transfected with VLDLR siRNA, apoER2 siRNA,
or control siRNA, suggesting that knockdown of VLDLR or
apoER2 did not affect basal ABCA1 expression. In contrast,
transfection of VLDLR or apoER2 siRNA significantly reduced
apoE3- and reelin-induced ABCA1 mRNA levels (Fig. 4C).
Thus, 3 �g/ml apoE3 elevated the ABCA1 mRNA level about
147% in cells transfected with the control siRNA, whereas the
same concentration of apoE3 elevated the ABCA1mRNA level
only about 77 and 74%, respectively, in cells transfectedwith the
apoER2 siRNA and VLDLR siRNA. The data in Fig. 4C also
showed that 2 �g/ml reelin elevated the ABCA1 mRNA level
about 138% in cells transfected with the control siRNA but only
69 and 60%, respectively, in cells transfected with the apoER2
siRNA or VLDLR siRNA. Therefore, the level of reelin-induced
ABCA1 mRNA was significantly lower in macrophages trans-
fected with apoER2 siRNA or VLDLR siRNA as compared with
those transfected with the control siRNA (Fig. 4C). Transfec-
tion of macrophages with apoER2 or VLDLR siRNA also
reduced reelin-induced ABCA1 protein expression (Fig. 5).
These findings suggest that apoE and reelin up-regulate
ABCA1 expression via a mechanism involving VLDLR and
apoER2.
Knockdown of ApoER2 and VLDLR Diminishes Reelin-in-

duced PI3K Phosphorylation—Induction of PI3K phosphoryla-
tion is a critical step for the signal transduction initiated by
VLDLR or apoER2 (8). Having established the causal role of
PI3K phosphorylation in reelin-induced ABCA1 expression

FIGURE 3. Inhibition of Dab-1, PI3K, PKC�, and Sp1 reduces ABCA1 mRNA
expression induced by reelin and apoE3. A and B, mouse macrophages
were treated with 50 �M LY294002, 8 �M 109203X, 100 nM mithramycin A
(mmA) or culture medium alone for 30 min and then treated with 3 �g/ml
apoE3, 2 �g/ml reelin, or culture medium (Control) for 1 h. C, macrophages
were transfected with a kinase-dead PKC� mutant or an empty pEGFP vector.
D, macrophages were transfected with Dab1 siRNA or control siRNA. The
transfected cells were treated with 2 �g/ml reelin, 3 �g/ml apoE3, or culture
medium alone (Control) for 1 h. ABCA1 mRNA levels were determined by
quantitative real-time RT-PCR and normalized to �-actin mRNA. Values rep-
resent the mean � S.E. of three separate experiments. *, p � 0.05 compared
with cells without reelin or apoE3 treatment; †, p � 0.05 compared with cells
treated with reelin or apoE3 alone; #, p � 0.05 compared with cells trans-
fected with empty vector or control siRNA alone; $, p � 0.05 compared with
cells treated with apoE3/reelin and transfected with empty vector or control
siRNA.
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(Figs. 2 and 3), we next studied the impact of VLDLR or apoER2
knockdown on reelin-induced PI3K phosphorylation. Knock-
down of VLDLR or apoER2 by siRNA clearly reduced reelin-
induced PI3K phosphorylation (Fig. 5). This observation
together with the data in Figs. 2–4 suggests that VLDLR or
apoER2 activates a signaling pathway involving Dab1, PI3K,
PKC�, and Sp1, resulting in ABCA1 expression.
The data in Fig. 5 also show that knockdown of apoER2 and

VLDLR by siRNAs reduced the level of p-PI3K but not the level
of ABCA1 in cells without apoE3 or reelin treatment. These
observations suggest that apoER2 and VLDLR under control
conditions regulate the phosphorylation of PI3K via an
unknown mechanism; however, this mechanism does not
appear to regulate ABCA1 expression.

ApoE3 and Reelin Do Not Affect Cellular ATP Content or
ABCG1 and SR-B1 mRNA Levels—To determine whether the
elevated ABCA1 expression is due to a general effect of apoE3
and reelin on cells, we measured the cellular ATP content and
the mRNA levels of two other genes, i.e., ABCG1 and SR-B1.
The proteins encoded by both ABCG1 and SR-B1 have been
reported to mediate cholesterol efflux (17). The data in Fig. 6A
show that incubation of macrophages with 2 �g/ml reelin or 3
�g/ml apoE3 for up to 6 h did not significantly affect cellular
ATP levels. This observation suggests that the up-regulatory
effect of reelin- and apoE3 on ABCA1 expression is not due to
an increased viability in cells treated with these reagents. The
data in Fig. 6B indicate that apoE3 and reelin treatment did not
significantly induce ABCG1 and SR-B1 expression. These
observations suggest that the reelin- and apoE3-dependent
increase in ABCA1 expression is a gene-specific response
rather than a general effect on the genome.

DISCUSSION

ABCA1 expression is thought to be controlled by cellular
cholesterol content (24), i.e. an elevation in cellular cholesterol
or oxysterol levels up-regulates ABCA1 expression via activa-
tion of the liver X receptor (LXR) and its partner retinoid X
receptor (RXR) (25, 26). For the first time this report demon-
strates that treatment of macrophages with reelin and lipid-
poor apoE3 induces macrophage ABCA1 expression, and
knockdown of VLDLR and apoER2 attenuates apoE3- and ree-
lin-induced ABCA1 expression. These observations suggest
that the expression of ABCA1 can be regulated by something
other than an elevation in cellular cholesterol content, namely
by activation of VLDLR or apoER2 via extracellular signaling
molecules.
Binding of reelin to VLDLR and apoER2 has been shown to

induce tyrosine phosphorylation of the cytoplasmic adaptor
protein Dab1 (8). which in turn activates a common set of sig-
nalingmolecules, including PI3K. In agreementwith these find-
ings, apoE3 and reelin increased Dab1 and PI3K phosphoryla-
tion in these studies. In addition, knockdown of Dab1
attenuated PI3K phosphorylation and ABCA1 expression
induced by these ligands. These findings provide direct evi-

FIGURE 4. Knockdown of VLDLR and apoER2 reduces apoE3- and reelin-
induced ABCA1 mRNA expression. Mouse macrophages were transfected
with siRNA against VLDLR or apoER2 or control (Ctrl) siRNA. A and B, protein
levels of apoER2 and VLDLR were determined by Western blot analysis and
normalized to �-actin. C, transfected cells were incubated with 2 �g/ml reelin,
3 �g/ml apoE3, or culture medium alone for 1 h. ABCA1 mRNA levels were
determined by quantitative real-time RT-PCR and normalized to �-actin
mRNA. Values represent the mean � S.E. of four independent experiments.
*, p � 0.05 compared with cells transfected with control siRNA; †, p � 0.05
compared with cells transfected with same siRNA and untreated with apoE3
or reelin (control), and #, p � 0.05 compared with cells transfected with con-
trol siRNA and treated with apoE3 or reelin.

FIGURE 5. Knockdown of VLDLR and apoER2 reduces reelin-induced PI3K
phosphorylation and ABCA1 protein expression. A and B, mouse macro-
phages were transfected with siRNA against apoER2 or VLDLR or control (Ctrl)
siRNA. The transfected cells were then incubated with 2 �g/ml reelin or cul-
ture medium alone for 1 h. The level of phosphorylated PI3K (p-PI3K) and
ABCA1 protein was determined by Western blot analysis and quantitated
relative to �-actin.

FIGURE 6. ApoE3 and reelin do not affect cellular ATP content and ABCG1
and SR-B1 mRNA levels. A, mouse macrophages were treated with 2 �g/ml
reelin or 3 �g/ml apoE3 for time periods as indicated. Cellular ATP levels were
determined by luminescence assay. B, mouse macrophages were incubated
with 3 �g/ml apoE3, 2 �g/ml reelin, or culture medium alone (Control) for 1 h.
The mRNA levels of ABCG1 and SR-B1 were determined by quantitative real-
time RT-PCR and normalized to GAPDH mRNA. Values represent the mean �
S.E. of three independent experiments.

VLDLR and ApoER2 Regulate ABCA1 Expression

3756 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 6 • FEBRUARY 3, 2012



dence for the involvement of Dab1-mediated signaling trans-
duction in reelin- and apoE-induced ABCA1 expression.
We previously reported that activation of the PI3K-PKC�-

Sp1 pathway is a mechanism for induction of ABCA1 expres-
sion by apoB-carrying lipoproteins (5). Transcription factor
Sp1 is a C2H2 zinc-finger DNA-binding protein (27). The
mouse ABCA1 promoter contains one Sp1 binding motif. We
previously observed the increase in ABCA1 mRNA expression
induced by apoB-carrying lipoproteins is associated with an
increased amount of Sp1 bound to theABCA1 promoter region
(5). Furthermore, we observed thatmutation of the Sp1 binding
motif diminished the inducibility of ABCA1promoter by apoB-
carrying lipoproteins and that chemical inhibition of Sp1-DNA
binding suppressed lipoprotein-induced ABCA1 promoter
activity and mRNA expression (5). These findings suggest a
causal role of Sp1 in induction of ABCA1mRNA expression by
apoB-carrying lipoproteins. Similarly, data from the present
report showed that reelin and lipid-poor apoE3 augmented Sp1
phosphorylation and that inhibition of Sp1-DNA binding by
mithramycin A reduced reelin- and apoE3-induced ABCA1
mRNA expression.
It is known that phosphorylation of Sp1 enhances its DNA

binding and transcriptional activity (19). Several protein
kinases, including DNA-dependent protein kinase, PKC�,
casein kinase II, extracellular signal-regulated kinase (ERK),
and cyclin-dependent kinase 2 (Cdk2), have been shown to
mediate Sp1 phosphorylation (19). Our previous studies dem-
onstrated that PKC� is responsible for the increased Sp1 phos-
phorylation by apoE/apoB-carrying lipoproteins (5). Specifi-
cally, we observed that apoB-carrying lipoproteins increased
PKC� phosphorylation and induced physical interaction of
PKC� and Sp1. Inhibition of PKC� activity attenuated lipopro-
tein-induced Sp1 phosphorylation and ABCA1 expression.
Moreover, we observed that lipoprotein-induced PKC� phos-
phorylation was reduced by inhibition of PI3K (5), a protein
kinase that mediates PKC� phosphorylation (20). In this report
we observed that reelin and lipid-poor apoE increased PI3K and
PKC� phosphorylation and that transfection of macrophages
with a kinase dead PKC� or treatment of the cells with a PKC or
PI3K inhibitor diminished ABCA1 mRNA expression induced
by reelin and apoE. Taken together, it is highly likely that bind-
ing of reelin or apoE toVLDLRand apoER2 results in sequential
phosphorylation of Dab1, PI3K, PKC�, and Sp1, enhancing the
transcription factor activity of Sp1 and up-regulating ABCA1
mRNA expression.
Up-regulation of ABCA1 expression by activation of VLDLR

and apoER2 could be physiologically important. ABCA1 is one
of the plasma membrane proteins that exports excess choles-
terol derived from internalized lipoproteins (1–4). Increasing
evidence clearly indicates an anti-atherogenic role for ABCA1-
mediated cholesterol efflux in macrophages (1–4, 28). Data
from the present report showed that reelin and apoE increased
ABCA1 expression and cholesterol efflux. However, these find-
ings do not allow any conclusion about the role of VLDLR and
apoER2 in atherosclerosis. Previous studies have shown both
pro- and anti-atherogenic effects of VLDLR and apoER2. For
example, transplantation of VLDLR-expressing macrophages
into VLDLR-deficient mice accelerated the development of

atherosclerotic lesions (29). Overexpression of VLDLR
increased �-VLDL-induced lipid accumulation (30). In con-
trast, it has been shown that treatment of VLDLR- and apoER2-
overexpressingmacrophages with apoE down-regulated proin-
flammatory gene and up-regulated anti-inflammatory gene
expression in these macrophages (31). Furthermore, a VLDLR
deficiency increased intimal thickening after vascular injury
and increased necrosis in atherosclerotic lesions (32). In addi-
tion, an apoER2 variant has been shown to increase the risk of
atherosclerotic coronary artery disease (33). These observa-
tions imply that the pro-atherogenic effect of VLDLR (possibly
apoER2) arising from the lipoprotein uptake function ofmacro-
phages may be counterbalanced by their anti-atherogenic
effects, such as conversion of macrophages from a proinflam-
matory to an anti-inflammatory phenotype (31) and the inhibi-
tion of macrophage death in atherosclerotic lesions (32). Up-
regulation of ABCA1 expression and augmentation of
cholesterol efflux in macrophages could be a mechanism to
offset the pro-atherogenic effect of VLDLR and apoER2 related
to uptake of cholesterol-rich lipoproteins. In addition to
macrophages, cells in vascular tissues, including endothelial
cells and vascular smoothmuscle cells, also expressABCA1 (34,
35), VLDLR, and apoER2 (36, 37). The ABCA1 protein
expressed in these cells has been suggested to play a protective
role against atherosclerosis (34, 35). Based on the findings from
this report, it is highly possible that activation of apoER2 and
VLDLR in endothelial cells and vascular smooth muscle cells
increases ABCA1 expression, which in turn plays an anti-
atherogenic role. Thus, lipid-free apoE and other ligands that
activate these receptors (without increasing lipid uptake) in
these cells might provide a therapeutic strategy for
atherosclerosis.
It has been reported that ABCA1 has other functions

besides regulation of cholesterol efflux. One of them is to
induce the expression of apoE (38). Data from this report
clearly demonstrated that apoE increases ABCA1 expression
via a mechanism involving VLDLR/apoER2. Thus, apoE and
ABCA1 are able to up-regulate the expression of each other,
i.e. binding of apoE to VLDLR and apoER2 up-regulates the
expression of ABCA1, which in turn increases apoE expres-
sion. Such a positive feedback path might be important to
enable cells to remove excess cholesterol. However, it has
been reported that Raw 264.7 cells lack endogenous apoE
(39). Thus, the above-mentioned positive feedback regula-
tion would not occur in these particular cells. Further exper-
iments are required to test the above-mentioned hypothesis
in cells that express both ABCA1 and apoE.
In summary, data in this report clearly indicate that treat-

ment ofmousemacrophageswith reelin and apoE up-regulated
ABCA1 expression, accelerated apoAI-mediated cholesterol
efflux, and augmented the phosphorylation of Dab1, PI3K,
PKC�, and Sp1. Knockdown of VLDLR or apoER2 or inhibition
of Dab1, PI3K, PKC�, or Sp1 attenuated reelin- and apoE-in-
duced ABCA1 expression. These findings demonstrate that
ABCA1 expression can be regulated by extracellular signaling
molecules reelin and apoE via activation of the VLDLR/
apoER2-Dab1-PI3K-PKC�-Sp1 signaling cascade.
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