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The low density lipoprotein receptor-related protein 1 (LRP1)
is a ubiquitously expressed cell surface receptor that protects
from intracellular cholesterol accumulation. However, the
underlying mechanisms are unknown. Here we show that the
extracellular (�) chain of LRP1 mediates TGF�-induced
enhancement of Wnt5a, which limits intracellular cholesterol
accumulation by inhibiting cholesterol biosynthesis and by pro-
moting cholesterol export. Moreover, we demonstrate that the
cytoplasmic (�) chain of LRP1 suffices to limit cholesterol accu-
mulation in LRP1�/� cells. Through binding of Erk2 to the sec-
ond of its carboxyl-terminal NPXY motifs, LRP1 �-chain posi-
tively regulates the expression of ATP binding cassette
transporter A1 (ABCA1) and of neutral cholesterol ester hydro-
lase (NCEH1). These results highlight the unexpected functions
of LRP1 and the canonical Wnt5a pathway and new therapeutic
potential in cholesterol-associated disorders including cardio-
vascular diseases.

Cholesterol is a major component of mammalian cell mem-
branes that accumulates in the vascular wall during atheroscle-
rosis, the leading cause of death in industrialized societies (1, 2).
The low density lipoprotein receptor-related protein 1 (LRP1),3
a cell surface receptor that belongs to the LDL receptor family,

endocytoses multiple ligands (3). It consists of an 85-kDa mem-
brane-bound carboxyl fragment (� chain) and a non-covalently
attached 515-kDa (� chain) amino-terminal fragment (4). We
previously demonstrated that LRP1 limits cholesterol accumu-
lation in the arterial wall. Mice deficient for LRP1 in vascular
smooth muscle cells (vSMCs) (smLRP1 mice) develop vSMCs
proliferation, cholesterol accumulation (5), and massive foam
cell formation when fed a cholesterol-rich diet (6 –10).
Whereas LRP1 integrates the platelet-derived growth factor
(PDGF-BB) (8, 9) and transforming growth factor-� (TGF-�) at
the plasma membrane, two pathways known to regulate vSMCs
proliferation (7), the physiological importance and function of
LRP1 in regulating intracellular cholesterol homeostasis is still
poorly understood. Several mechanisms have been proposed.
LRP1 has been shown to promote cholesterol export in vSMCs
through induction of ATP binding cassette transporter A1
(ABCA1) levels (5) and to induce a Wnt5a/�-catenin pathway
to limit cholesterol overload in mouse embryonic fibroblasts
(11). Moreover, smLRP1 mice express very low levels of Wnt5a
in vSMCs (12). TGF-� also stimulates a non-canonical Wnt5a
pathway in airway smooth muscle cells (13). These data
strongly suggest that a TGF-�/LRP1/Wnt5a pathway limits
intracellular cholesterol accumulation.

How Wnt5a interferes with cholesterol homeostasis is
unknown. It might increase cholesterol export and/or block
cholesterol synthesis. ABCA1 and the ATP binding cassette
transporter G1 (ABCG1) are two proteins that promote choles-
terol efflux. Cholesterol synthesis is tightly regulated by a feed-
back system that senses the level of cholesterol and modulates
the transcription of genes encoding enzymes of cholesterol bio-
synthesis and uptake (14, 15). For instance, when cholesterol
levels rise in cells, the membrane-embedded protein of the
endoplasmic reticulum (ER), Scap, senses the increase and
binds to Insigs, proteins located to the ER. Insigs then limit
cleavage and nuclear translocation of sterol regulatory ele-
ment-binding proteins (SREBPs), in particular SREBP-2, an
activator of cholesterol synthesis in liver and adipose tissue of
mice (16). This reduces 3-hydroxy-3-methylglutaryl-coenzyme
A (HMG-CoA) reductase transcript levels and decreases cho-
lesterol synthesis.
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In the current study we sought to determine how LRP1 reg-
ulates Wnt5a and how Wnt5a prevents intracellular cholesterol
accumulation. Our results show that a TGF�/LRP1 signaling
pathway positively regulates Wnt5a mRNA and protein lev-
els. We further demonstrate that Wnt5a protects against
intracellular cholesterol accumulation by interfering with its
biosynthesis through down-regulation of HMG-CoA reduc-
tase and by interfering with cholesterol export through up-
regulation of ABCG1. Finally, we found that the proximal
NPXY motif (N-Ter) within the LRP1 � chain is critical to
activate the expression of ABCA1 and the neutral choles-
terol ester hydrolase (NCEH), an enzyme that hydrolyzes
cholesterol esters, the initial step toward elimination of cho-
lesterol (17).

Experimental Procedures

Animals and Diets—All animal experimentations and proce-
dures were approved by the Institutional Animal Care and Use
Committee (IACUC) of University of Strasbourg, France, and
conformed to the guidelines from Directive 2010/63/EU of the
European Parliament on the protection of animals used for sci-
entific purposes. The generation of Wnt5a transgenic animals
was achieved by expressing Wnt5a from the fatty acid binding
protein-4 (FABP4/aP2) promoter. The FABP4/aP2 protein is
predominantly expressed in adipose tissue. The transgenic vec-
tor contains the FABP4/aP2 promoter, the mouse Wnt5a
cDNA, a �-globin intron fragment for splicing, and a poly-
adenylation sequence. Genotyping of the wild type and Wnt5a
mutant mice by polymerase chain reaction (PCR) was per-
formed as described (6) using primers specific for Wnt5a (prim-
ers are available upon request). Animals were maintained on a
12-h light/12-h dark cycle. For feeding studies, mutants and
control mice were fed a caloric-rich diet for 24 weeks as
described previously (6). For the isolation of tissue for further
analysis, the agents used for euthanasia were ketamine (750
mg/kg) and xylazine (50 mg/kg) intraperitoneally.

Cell Culture—Mouse embryonic fibroblasts (MEFs) and
human embryonic kidney (HEK) cells were grown in monolayer
cultures at 37 °C in 5% CO2 in Dulbecco’s modified Eagle’s
medium supplemented with 10% newborn calf serum and with
10% fetal bovine serum (FBS), respectively. Adipocyte differen-
tiation was induced using a mixture of insulin, dexamethasone,
isobutylmethylxanthine (Sigma), and rosiglitazone (Applied
Biochemical Technology) (11). Medium was changed every 2
days, and after 10 days cells were fixed in 10% formaldehyde,
and neutrals lipids were stained with Oil Red O (Sigma). For
experiments with conditioned medium from cells over express-
ing Wnt5a (L-MTK, CRL-2814; American Type Culture Col-
lection, Manassas, VA), the medium was maintained for 3 days
in contact with the confluents cells and then removed and
cleared by centrifugation. The medium was supplemented with
5% FBS before use. For TGF� treatment, MEFs were set up at
60,000 cells per well in DMEM, 10% newborn calf serum. When
they reached contact inhibition they were starved in DMEM
supplemented with 0.5% FBS for 18 h. 5 ng/ml TGF� were
added in the medium during the indicated times. The cells were
scrapped in radioimmune precipitation lysis buffer for protein
extraction or in TRIzol reagent for RNA isolation. For cell frac-

tionation, monolayers of HEK 293 cells were transfected with
plasmids as described (18). The cells were incubated for 20 h in
medium containing 5% sterol-depleting serum with 50 �M

compactin and 50 �M sodium mevalonate in the absence or the
presence of sterols as indicated in the legends. Sterol mixtures
contained 0.1–1 �g/ml of 25 hydroxycholesterol plus 1–10
�g/ml cholesterol as described previously (19). Thereafter, the
cells received N-acetyl-leucinal-leucinal-norleucinal at a final
concentration of 25 �g/ml, and the cells were harvested 3 h
later as described (18). Cells were then fractionated as described
(20). PLA2� inhibitor N-{(2S,4R)-4-(biphenyl-2-ylmethyl-
isobutyl-amino)-1-[2-(2,4-difluorobenzoyl)-benzoyl]-pyrroli-
din-2-ylmethyl}-3-[4-(2,4-dioxothiazolidin-5-ylidenemethyl)-
phenyl]acrylamide, HCl, was from Calbiochem (catalog no.
525143).

Protein and mRNA Expression Analysis—RNA was isolated
using TRIzol reagent (Sigma) according to the manufacturer’s
instructions. 50 �g of RNA were converted to cDNA using the
high capacity cDNA Archive kit (Applied Biosystems, Foster
City, CA). PCR amplification was performed using SYBR Green
PCR master mix (Applied Biosystems) according to the man-
ufacturer’s instructions. Primers sequences are available upon
request. SDS-polyacrylamide gel electrophoresis, and immuno-
blot analysis was performed according to standard procedures.
Proteins were transferred onto nitrocellulose membranes, and
immunoblot analyses were carried out using antibodies
directed against Wnt5a (R&D Systems), HMG-CoA reductase
(a kind gift from Russell de Bose-Boyd, UT Southwestern Med-
ical Center, Dallas, TX), ABCA1 (Santa Cruz, CA), ABCG1
(Santa Cruz, CA), p44/42 Erk (Cell Signaling Technology),
c-myc (Sigma), p-AKT (Cell Signaling Technology), or GAPDH
(Sigma). For mass spectrometry analysis, peptides were ana-
lyzed by nanoflow liquid chromatography coupled to tandem
mass spectrometry (nanoLC-MS/MS). All MS/MS data were
interpreted with two different search engines (Mascot and
OMSSA) using several protein sequence databases (NCBI,
SwissProt). For immunostaining and histology experiments,
adipose tissue was fixed with 4% paraformaldehyde in phos-
phate-buffered saline, embedded in paraffin, and cut in 5-�m
slices as described (6). Sections were stained with hematoxylin
and eosin. The ABCG1 promoter A, which is located upstream
exon 1 (�670 to �10), or the ABCG1 promoter B, which is
located upstream exon 5 (�610 to �10) (21), or an empty vec-
tor linked to a luciferase reporter were transiently transfected in
LRP1�/� MEFs stably transfected with an expression vector
coding for Wnt5a (LRP1�/�, Wnt5a MEFs). At 48 h after the
transfection, cells were collected, and reporter gene assays were
carried out using the Promega dual-luciferase reporter assay
system (Promega).

Plasmids and Probes—HEK cells were transfected with a
plasmid coding SREBP-2 under the control of a thymidine ki-
nase promoter and carrying the gene for Geneticin resistance
(kindly provided by Russel de Bose-Boyd). Transfections were
performed with FuGENE 6 Reagent (Promega) according the
manufacturer’s protocol. Briefly, 60% confluent cell medium
was switched with DMEM � 0.5% FBS, and the FuGENE 6
mixed with the plasmid was added for 5 h. Medium was
replaced by DMEM with 10% FBS for 24 – 48 h. For stable cell
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lines medium was then switched to DMEM � 10% FBS contain-
ing the selective antibiotic G418 at a concentration of 1.8
mg/ml for selection then 0.6 mg/ml.

Cholesterol Measurement—Total cholesterol from white adi-
pose tissue of Wnt5a transgenic mice was quantified using a
cholesterol/cholesteryl ester quantitation kit (Calbiochem-
EMD Biosciences, San Diego, CA) according to the manufactu-
rer’s protocol. Briefly, 20 mg of tissue was dissolved in chloro-
form 1% Triton X-100 and centrifuge at 14,000 rpm for 10 min
at 20 °C. The organic phase was transfer in a new Eppendorf
tube and was air dried at 55 °C to remove chloroform. The dried
lipids were dissolved in 200 �l of cholesterol reaction buffer by
vortexing. Cellular cholesterol was measured by incubating
MEFs in medium containing serum (10% FBS) or with [1,2-
3H]cholesterol (specific activity 50 mCi/ml) (PerkinElmer Life
Sciences, final radioactivity cholesterol, [1,2-3H]cholesterol, 1
mCi (37 MBq)) for 36 h in a CO2 incubator. For equilibration of
cellular free cholesterol pools, cells were starved for 18 h in
DMEM supplemented with 0.3% BSA. AcylCoA:cholesterol
acyltransferase (ACAT) inhibitor (TMP153 Sigma) was
added to both the prelabeling and equilibration media to
prevent cholesterol esterification at a final concentration of
220 nM. For cholesterol efflux, cells were washed and incu-
bated for 3 h at 37 °C in serum-free medium containing 6
�g/ml lipid free apoA-I. The medium was collected and cen-
trifuged for 15 min at 4 °C at 10,000 � g, and aliquots of
supernatant were counted in a �-counter. Cells were washed
with cold PBS, harvested, lysed in 0.3 M NaOH for 3 h in ice,
and cell-associated radioactivity was counted. Cholesterol
efflux was expressed as the proportion of [3H]cholesterol
transferred from cells to medium.

Statistical Analysis—Values are reported as the mean � S.E.
of at least triplicate determinations. Statistical significance (p �
0.05) was determined using an unpaired Student’s t test or anal-
ysis of variance (GraphPad Prism, Abacus Concepts, Berkeley,
CA).

Results

The Extracellular Domain of LRP1 Mediates a TGF-�-in-
duced Wnt5a Pathway—To test whether TGF-� induces
Wnt5a, we treated MEFs with TGF-� and found an induction of
Wnt5a protein much more pronounced in LRP1�/� MEFs than
in LRP1�/� MEFs (Fig. 1A). The induction occurs after 30 min
of treatment (Fig. 1A). Similarly, Wnt5a transcript levels were
increased 3-fold upon 30 min of TGF-� stimulation (Fig. 1B)
and remained significantly higher than controls even after 24 h
of treatment. No induction was observed in LRP1�/� MEFs
(Fig. 1B), demonstrating that LRP1 is required for TGF-�-in-
duced Wnt5a transcript levels. Interestingly, TGF-� did not
increase mRNA levels of Wnt5a in cells that express only the
cytoplasmic domain (�-chain) of LRP1 (Fig. 1B). These data
indicate that the �-chain of LRP1 is required for TGF-�-medi-
ated induction of Wnt5a.

Wnt5a Enhances ABCG1 Expression and Promotes Choles-
terol Efflux—To test whether Wnt5a stimulates cholesterol
export, we treated LRP1�/� MEFs stably re-transfected with a
Wnt5a expression vector and LRP1�/� MEFs control that do
not express Wnt5a with an adipogenic mixture for 10 days.

Wnt5a-re-transfected LRP1�/� MEFs exported about two
times more cholesterol than LRP1�/� MEFs transfected with
an empty vector (Mock) (Fig. 2A). Overexpression of Wnt5a in
LRP1�/� MEFs enhanced mRNA (Fig. 2B) and protein levels of
ABCG1 (Fig. 2C-D) but not those of ABCA1 (Fig. 2C and data
not shown), two proteins that promote cholesterol efflux (22–
24). Similarly, murine L-MTK cells stably transfected with
Wnt5a contained much higher amounts of ABCG1 transcripts
(Fig. 2E) and proteins (Fig. 2F) than wild type cells. Conversely,
ABCG1 protein expression is decreased in 3T3-L1 preadi-
pocytes and in human vSMCs silenced for Wnt5a (Fig. 2G).
Thus, Wnt5a enhances ABCG1 expression.

Liver X receptors (LXRs) play a key role in cholesterol efflux.
They form obligate heterodimers with retinoid X receptors
(RXR). LXR/RXR heterodimers bind to lipogenic target gene
promoters such as apoE, SREBP1c, ABCA1, and ABCG1. In
LMTK cells stably transfected with Wnt5a, mRNA levels of
LXR� remained unchanged (Fig. 2H) and mRNA levels of
LXR� are decreased (Fig. 2H). Transcript levels of LXR� also
remained unchanged in LRP1�/� MEFs and in LRP1�/� MEFs
stably transfected with Wnt5a (data not shown). Moreover,
mRNA levels of SREBP1c (Fig. 2H) and apoE (Fig. 2H) were not
modified by Wnt5a overexpression in LMTK cells. These data
indicate that Wnt5a induces ABCG1 expression independently
of LXR levels. In cells, mRNA levels are determined by the rel-
ative rates of RNA production and degradation. To determine
whether Wnt5a modifies ABCG1 mRNA degradation, MEFs
were stimulated with an adipogenic mixture to induce choles-
terol accumulation and treated with actinomycin D for various
time periods to block transcription. Whereas ABCG1 mRNA
levels in Wnt5a re-transfected MEFs were �3� higher than
controls (Mock), Fig. 2I shows that upon 6 – 8 h of actinomycin
D, ABCG1 mRNA levels in these cells returned to levels of con-
trols. The ABCG1 gene has been shown to have two promoters
that are located upstream of exon 1 and of exon 5 and have been

FIGURE 1. TGF� stimulates Wnt5a expression via the LRP1 extracellular
domain. A, Western blot analysis of Wnt5a upon TGF� treatments (5 ng/ml)
in LRP1�/� and LRP1�/� MEFs (n � 4). B, quantitative RT-PCR analysis of
Wnt5a upon TGF� treatments in LRP1�/� and LRP1�/� MEFs and in LRP1�/�

MEFs stably transfected with an expression vector coding for the cytoplasmic
tail of LRP1 (�-chain), or the mock control (Mock) (n � 4). Values are means �
S.E. with *, p � 0.05.
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designated as promoter A and promoter B, respectively (21).
Fig. 2J shows that LRP1�/� MEFs stably transfected with an
expression vector coding for Wnt5a stimulated luciferase

expression driven by the promoter B of ABCG1 (21) but not by
its promoter A. These data indicate that Wnt5a promotes cho-
lesterol efflux through induction of transcription of ABCG1.

FIGURE 2. Wnt5a stimulates cholesterol efflux and ABCG1 expression. Cells were untreated (T0) or treated with an adipogenic mixture for 10 days (T10) to
stimulate cholesterol accumulation. A, cholesterol efflux in LRP1�/� MEFs stably transfected with an expression vector coding for Wnt5a (LRP1�/�, Wnt5a) or
the mock control (LRP1�/�, Mock) (n � 4). B, quantitative RT-PCR analysis of ABCG1 in LRP1�/� and LRP1�/� MEFs and LRP1�/� MEFs stably transfected with
an expression vector coding for Wnt5a (LRP1�/�, Wnt5a) or the mock control (LRP1�/�, Mock) (n � 7). C, Western blot analysis of the indicated genes in
LRP1�/�, LRP1�/� MEFs and LRP1�/� MEFs stably transfected with Wnt5a (LRP1�/�, Wnt5a) or mock (LRP1�/�, Mock) (n � 3). D, immunostaining of ABCG1
(green) in LRP1�/� MEFs stably transfected with Wnt5a (LRP1�/�, Wnt5a) or mock (LRP1�/�, Mock). The nucleus is stained with DAPI in blue (n � 6). Quantitative
RT-PCR (E) and representative Western blot (F) analysis of ABCG1 in wild type (WT) or Wnt5a stably transfected (Wnt5a�) LMTK cells (n � 3). G, representative
Western blot analysis of ABCG1 in 3T3-L1 preadipocytes and cultured human vSMCs treated with siWnt5a versus control (n � 3). H, quantitative RT-PCR analysis
of the indicated genes in LMTK stably transfected with a Wnt5a expression vector (Wnt5a�) and in wild type cells (Wt) (n � 4). I, effects of 6 and 8 h of
actinomycin D treatments on ABCG1 transcripts in LRP1�/� and LRP1�/� MEFs and in LRP1�/� MEFs stably transfected with an expression vector coding for
Wnt5a (LRP1�/�, Wnt5a) or with a mock control (LRP1�/�, Mock) (n � 4). J, LRP1�/�, Wnt5a MEFs transiently transfected with luciferase reporter containing the
ABCG1 promoter A, B, or an empty vector in untreated cells (n � 3). Values are the means � S.E. with p � 0.05 (*).
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Wnt5a Decreases SREBP-2 Nuclear Translocation and Down-
regulates HMG-CoA Reductase Expression—Next, we deter-
mined whether Wnt5a interferes with cholesterol biosynthesis.
Upon treatment with an adipogenic mixture for 10 days, we
observed in LRP1�/� MEFs stably transfected with Wnt5a a
70% decrease of the mRNA levels of the HMG-CoA reductase
encoding the rate-limiting enzyme of the mevalonate pathway
(Fig. 3A). SREBPs, in particular SREBP-2, activate the transcrip-
tion of several genes that encode enzymes required for choles-
terol synthesis, including HMG-CoA reductase (16). We thus
postulated that Wnt5a might decrease HMG-CoA reductase
expression through decreased SREBP-2 nuclear translocation.

To test this, we transfected HEK 293 cells stably expressing
tagged SREBP-2 cDNA under the control of a TK promoter (20)
with a vector coding for Wnt5a. We found that overexpression
of Wnt5a in HEK decreased SREBP-2 nuclear translocation
(Fig. 3B, lanes 6 and 8). In addition to cholesterol, the meval-
onate pathway is also regulated by oxysterols (25). For instance,
SREBP-2 nuclear translocation is inhibited when oxysterols are
added to cultured cells (16). We thus postulated that Wnt5a
might potentiate the effects of 25-hydroxycholesterol on
SREBP-2 nuclear location. Fig. 3, C and D, shows in HEK 293 cells
overexpressing SREBP-2 the effect of various concentrations of 25
hydroxycholesterol on the amount of the mature nuclear form of

FIGURE 3. Wnt5a-mediated inhibition of SREBP-2 processing and cholesterol biosynthesis. A, quantitative RT-PCR analysis of the HMG-CoA reductase in
LRP1�/� and LRP1�/� MEFs and in LRP1�/� MEFs stably transfected with an expression vector coding for Wnt5a (�/�, Wnt5a) or the mock control (Mock) upon
adipogenesis (n � 7). B, HEK 293 cells were stably transfected with an expression vector coding for SREBP-2 and transiently transfected with an expression
vector coding for Wnt5a or with an empty vector (mock). Cell lysate, membrane (Mb), and nuclear (N) extracts were subjected to SDS-PAGE followed by
immunoblot analysis. Precursors and Nuclear forms denote the uncleaved membrane precursor and cleaved nuclear forms of SREBP-2, respectively (n � 5). C,
HEK 293 cells stably transfected with an expression vector coding for SREBP-2 were incubated at 37 °C in standard medium. After transient transfection with an
expression vector coding for Wnt5a or mock, cells were incubated in medium containing 5% sterol-depleting serum and treated for 20 h with a mixture of
sterols containing the indicated final concentration of 25-hydroxycholesterol as described under “Experimental Procedures”. Nuclear extracts and membrane
fractions were prepared, and an aliquot of each fraction (60 �g of protein) was subjected to SDS-PAGE and immunoblot analysis (n � 3). D, densitometric
scanning of the nuclear extracts (n � 3). E, HEK 293 cells stably transfected with an expression vector coding for SREBP-2 were incubated at 37 °C in standard
medium. After incubation for the indicated times with Wnt5a or mock-conditioned medium membrane (Mb) and nuclear (N) extracts were subjected to 10%
SDS-PAGE followed by immunoblot analysis (n � 5). F, LRP1�/� (�/�) and LRP1�/� MEFs stably transfected with an expression vector coding for Wnt5a (�/�,
Wnt5a) or a mock control (�/�, Mock) were transfected with pTK-Insig1-Myc. On day 0, cells were set up at 5 � 105 cells per 100-mm dish in medium containing
5% sterol-depleting serum. Cells were then switched to fresh medium containing 50 mM cycloheximide (CHX) in the presence of 1 �g/ml 25-hydroxycholesterol
(25-HC). At the indicated time after cycloheximide addition, cells were harvested and fractionated, and aliquots of whole-cell lysates were subjected to 10%
SDS-PAGE and immunoblot analysis with monoclonal anti-Myc IgG against Insig-1 (n � 4). Values are means � S.E. with *, p � 0.05.
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SREBP-2. Whereas in cells non-transfected with Wnt5a treat-
ments, 0.3 �g/ml sterols modestly decreased SREBP-2 levels in
the nucleus, in cells that overexpressed Wnt5a treatments, 0.3
�g/ml of sterols markedly decreased SREBP-2 in the nucleus
(Fig. 3, C, lane 8, and D). When treated with 0.3 �g/ml of sterols,
the decrease was similar to that seen at 1 �g/ml of sterols in
Wnt5a non-transfected cells (Fig. 3C, lane 2 and 8). In a com-
plementary approach, we treated the HEK 293 overexpressing
SREBP-2 with a Wnt5a-enriched conditioned medium (11).
Cell fractionation experiments revealed that SREBP-2 nuclear
translocation was decreased after 6 h (Fig. 3E, lanes 4 and 5) and
24 h of treatment (Fig. 3E, lanes 6 and 7).

Insig-1 is an ER protein known to limit cleavage and nuclear
translocation of membrane-bound SREBP-2 in mice (16).
Whereas Insig-1 retains Scap/SREBP in the ER, a Golgi-local-
ized membrane protein progestin and adipoQ receptors 3
(PAQR3) was recently identified as interacting with Scap/
SREBP to tether them to the Golgi (26). To determine whether
Wnt5a modifies Insig-1 levels, we used SDS-PAGE and immu-
noblotting to follow the disappearance of total Insig-1 after pro-
tein synthesis was blocked by cycloheximide. We also treated
the cells with oxysterols because degradation of Insig-1 is inhib-
ited when oxysterols are added to cultured cells (16). Fig. 3F
shows that treatment with sterols stabilized Insig-1 expression
in LRP1�/� MEFs transfected with Wnt5a (�/�, Wnt5a) but
not in mock controls that do not express Wnt5a (�/�, Mock).
This indicates that sterols and Wnt5a are both required to sta-
bilize Insig-1 levels. It retains SREBP-2 in the ER and decreases
HMG-CoA reductase levels.

Reduced Cholesterol Accumulation in Adipocytes of Mice
Overexpressing Wnt5a in Adipose Tissue—To show that Wnt5a
limits intracellular cholesterol accumulation in vivo, we gener-
ated mice that overexpress Wnt5a selectively in adipocytes
(aTgWnt5a). In addition to its role in storage of excess energy in
form of triglycerides, the adipose tissue contains the largest
pool of cholesterol (27, 28). Consistent with our previous obser-
vation in MEFs, ABCG1 mRNA (Fig. 4A) and protein levels
(Fig. 4B) were increased in white adipose tissue from aTgWnt5a
mice. ABCG1 mRNA levels were also significantly increased in
purified white adipocytes (Fig. 4C). No difference in macro-
phage infiltration of adipose tissue was observed between
aTgWnt5a mice and controls (Fig. 4D), excluding that
increased ABCG1 mRNA levels resulted from an increased
number of macrophages. As observed in MEFs, ABCA1 mRNA
levels were only moderately increased by Wnt5a overexpres-
sion (Fig. 4E). SREBP-2, LXR�, and RXR� as well as LXR target
genes such as SREBP-1c were unchanged in aTgWnt5a mice
(data not shown). We also tested whether HMG-CoA reductase
expression was altered in aTgWnt5a mice. In agreement with
our in vitro data, mRNA (Fig. 4E) and protein levels (Fig. 4B) of
HMG-CoA reductase were 5– 6-fold lower in white adipose
tissue from aTgWnt5a mice compared with controls. More-
over, mRNA levels HMG-CoA synthase, the enzyme upstream
of the mevalonate pathway, were 80 –90% decreased compared
with controls (Fig. 4E). This was accompanied by a 6 – 8-fold
increase of Insig-1 mRNA levels (Fig. 4F) in white adipose tissue
of aTgWnt5a mice, whereas no difference in mRNA levels of
PAQR3 was seen (Fig. 4F). Similarly, a 2-fold decrease of total

cholesterol (Fig. 4G) in white adipose tissue of aTgWnt5a mice
was observed without difference in the total amount of triglyc-
erides (data not shown). Histological analysis did not reveal any
difference in white adipocyte size (Fig. 4H), and no difference in
body weight (data not shown) was observed between transgenic
and control mice even after 24 weeks of a high fat diet. LDL
receptor protein expressions were similar in white adipose tis-
sue from aTgWnt5a and controls (Fig. 4I), suggesting that cho-
lesterol uptake was not affected. Thus, overexpression of
Wnt5a in adipose tissue of mice decreases the expression of the
rate-limiting enzymes for cholesterol biosynthesis and in-
creases the expression of proteins that promote cholesterol
efflux resulting in decreased intracellular cholesterol levels.

The Cytoplasmic Tail of LRP1 Prevents Cholesterol Intracel-
lular Accumulation Independently of Wnt5a Signaling—LRP1
is known to induce ABCA1 expression (5) and thus could also
limit intracellular cholesterol accumulation through a Wnt5a-
independent pathway. To test this, we transfected an expres-
sion vector coding for the LRP1 �-chain (Fig. 5A) in LRP1�/�

MEFs and subjected these cells to an adipogenic mixture for 10
days. Under these conditions TGF-� cannot bind to LRP1 and
did not induce Wnt5a (Fig. 1, A and B). We found that the LRP1
�-chain sufficed to reduce intracellular cholesterol accumula-
tion (Fig. 5B). Interestingly, transfection of the LRP1 �-chain in
LRP1�/� MEFs was sufficient to increase mRNA levels of
ABCA1 by 50% (Fig. 5C). Because tyrosine phosphorylation of
the LRP1 cytoplasmic domain increases its affinity for some
adaptor proteins that are involved in signaling pathways, we
replaced the Y of the NPXY motifs located within the cytoplas-
mic tail of LRP1 with an F residue (Fig. 6A). Expression vectors
encoding these mutant forms of LRP1 were stably transfected
in LRP1�/� MEFs, and cells analyzed for their ability to accu-
mulate cholesterol upon adipogenesis. Cholesterol accumula-
tion was abolished when the second NPXY (C-Ter) motif was
mutated, whereas when the first NPXY (N-Ter) or both motifs
(N-Ter/C-Ter) were mutated cells accumulated large amounts
of cholesterol (Fig. 6B). MEFs bearing a mutation on the C-Ter
motif behaved like LRP1 wild type cells and expressed large
amounts of ABCA1 mRNA (Fig. 6D) and of the phospholipo-
protein transfer protein (PLTP) known to potentiate ABCA1
activity (29) (Fig. 6E). They also exported about two times more
cholesterol than when the first NPXY (N-Ter) or both motifs
(N-Ter/C-Ter) were mutated (Fig. 6F). On the other hand,
because these cells do not express the external domain of LRP1,
they cannot mediate TGF� signaling. As a consequence,
ABCG1 mRNA (Fig. 6H) and protein levels (data not shown)
and Wnt5a proteins levels (Fig. 6C) were not affected.

To identify the protein complex that binds to LRP1 �-chain
and inhibits intracellular cholesterol accumulation, we stably
transfected LRP1�/� MEFs with a vector expressing a tagged
LRP1 �-chain bearing the mutations in the C-Ter and N-Ter
motifs described above. Proteins that bind to the tail of LRP1
were immunoprecipitated from lysates with antibodies against
the tag and identified using a comparative proteomic analysis.
Upon adipogenesis, mass spectrometry analysis showed that
the second NPXY (C-Ter), but not the first NPXY motif, is
required for binding of Erk2. In agreement with this, unlike cells
bearing the mutated C-Ter motif, MEFs bearing the mutated
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N-Ter motif expressed large amounts of p-Erk1/2 and phosphor-
ylated cytosolic phospholipase A2 (p-cPLA2; Fig. 6C), which are
known to release arachidonic acid and antagonize ABCA1 expres-
sions (30). In addition, inhibition of p-cPLA2 activity in these cells
impaired neutral lipid accumulation, as evaluated by Oil Red O
staining (Fig. 6G). Interestingly, MEFs bearing both the N-Ter and
C-Ter mutations accumulated large amounts of cholesterol (Fig.
6B) and had low ABCA1 (Fig. 6D) and phospholipoprotein trans-
fer protein (PLTP; Fig. 6E) transcript levels.

Because hydrolysis of cholesterol esters is the initial step of
cholesterol export and only free cholesterol is available for its
cellular efflux (31, 32), we tested whether LRP1 modifies the
expression of the neutral cholesterol ester hydrolase (NCEH)

(17). Fig. 6I shows that LRP1�/� MEFs contained lower NCEH1
transcript levels than LRP1�/� MEFs. Moreover, MEFs bearing
the mutated C-Ter motif expressed higher NCEH1 mRNA lev-
els than MEFs bearing the mutated N-Ter mutation (Fig. 6I).
Thus, the first (N-Ter) and the second NPXY motif (C-Ter)
within the LRP1 �-chain have opposed effects on ABCA1 and
NCEH1 mRNA levels. The first motif activates, whereas the
second motif, through the binding of Erk2, decreases transcript
levels of these two regulators of free cholesterol export.

Discussion

We investigated in this study how the ubiquitously expressed
transmembrane receptor LRP1 prevents intracellular choles-

FIGURE 4. Adipose tissue in aTgWnt5a mice display inhibition of the mevalonate pathway and increased ABCG1 expression. A, quantitative RT-PCR
analysis of ABCG1 in white adipose tissue (WAT) from mice transgenic for Wnt5a (aTgWnt5a) and controls (Ctrl). B, Western blot analysis of the indicated
proteins in white adipose tissue from aTgWnt5a and control mice. C, quantitative RT-PCR analysis of ABCG1 in purified white adipocytes. D, densitometry of
Western blot analysis of macrophage markers in white adipose tissue. E, quantitative RT-PCR analysis of the indicated genes in adipose tissue from aTgWnt5a
and controls. F, quantitative RT-PCR analysis of Insig-1 and PAQR3 in adipose tissue from aTgWnt5a and control mice. G, cellular cholesterol in white adipose
tissue from aTgWnt5a and controls. H, white adipocyte size in aTgWnt5a and controls. I, Western blot analysis of the LDL receptor (LDLr) in white adipose tissue
from aTgWnt5a and controls. Data represent the mean � S.E. from five-seven mice in each group. *, p � 0.05.
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terol accumulation. We show that two pathways are involved.
TGF� stimulates Wnt5a expression that down-regulates cho-
lesterol biosynthesis and increases cholesterol efflux. This
pathway requires the extracellular domain of LRP1. A second
mechanism involves the C-terminal NPXY motif within the
cytoplasmic domain of LRP1, which recruits Erk2. This is
accompanied by an increase in the expression of NCEH1 and
ABCA1 that allows cholesteryl esters to be hydrolyzed and free
cholesterol to be exported from cells. This dual role of LRP1
concurs to efficiently maintain cholesterol homeostasis in cells
(Fig. 7).

Our data show that Wnt5a restricts the cholesterol biosyn-
thetic pathway by preventing proteolytic activation of SREBP-2
and decreasing HMG-CoA synthase and reductase expressions.
Furthermore, Wnt5a stabilizes Insig-1 expression and triggers
the action of oxysterols on the regulatory pathway. However,
how Wnt5a interferes with sterols is unknown. Because there is
no sterol-sensing domain on Wnt ligands, it is unlikely that
Wnt5a binds directly oxysterols. Similarly, in the Insig-
1�Scap�sterol complex, oxysterols do not bind to Scap, and a
separate (not yet identified) sterol-binding protein might medi-
ate the effects of sterols on Scap. Wnt5a might activate a sterol-
binding protein that binds to Scap and stabilizes the Insig-
1�Scap� cholesterol complex.

Wnt5a, which mediates a non-canonical Wnt signaling, is
expressed at low levels in atherosclerotic plaques (33), and its
expression increases in advanced lesions (34) and in lesions that
undergo vascular calcification (12). Wnt5a is also associated

with macrophage inflammatory responses (35) and plaque
instability (36). Thus, the increase in Wnt5a levels in advanced
lesions could be an attempt to block intracellular cholesterol
accumulation, and this might ultimately lead to the deleterious
effect of calcifying the lesions.

ABCG1 is widely expressed in many tissues and cell types,
including macrophages (37– 40), adipose tissue (41), neurons
(42), and vascular smooth muscle cells (5). As reported by Zhou
et al. (5), LRP1�/� primary cultured murine vSMCs with low
levels of endogenous Wnt5a expressed very low levels of
ABCG1. Here we show that deletion of Wnt5a in cultured
human vSMCs or in 3T3-L1 preadipocytes using siRNA tech-
nology also decreases ABCG1 expression (Fig. 2G). In agree-
ment with these results, ABCG1 mRNA and protein levels are
increased in L-MTK cells and in MEFs stably overexpressing
Wnt5a (Fig. 2, B–F). On the other hand, in LRP1�/� MEFs we
have not seen major differences in ABCG1 expressions com-
pared with LRP1�/� MEFs. This indicates that Wnt5a induces
ABCG1 expression in a cell-specific manner. ABCG1 is
induced and translocated from the ER to the plasma membrane
by LXR/RXR heterodimers (43– 45), and this promotes the
efflux of cellular cholesterol to circulating HDL (42– 44, 46).
Nonetheless, an earlier study reported that ABCG1 mRNA
expression can be induced by LXR/RXR-independent mecha-
nisms (47). Indeed, ABCG1 can show both intracellular and
plasma membrane localizations even in the absence of LXR/
RXR activators (47). Our results are consistent with this obser-
vation and show that Wnt5a stimulates ABCG1 mRNA and
protein levels independently of LXRs. This stimulation, by
increasing the level of protein in the cell might contribute to the
redistribution of ABCG1 from the endoplasmic reticulum or
another cellular compartment (48) into the plasma membrane.
TGF� is known to increase the expression of ABCG1, ABCA1,
and cholesterol efflux in macrophage derived foam cells, with a
particularly strong effect on ABCG1 (49). Because TGF� par-
ticipates in the inhibition of macrophage foam cell formation
induced by very low density lipoprotein remnants (50), these
results suggest an antiatherogenic role for the TGF�/LRP1/
Wnt5a pathway.

In the present study we also show that independently of the
Wnt5a pathway the cytoplasmic tail of LRP1 is sufficient to
limit cholesterol accumulation. We identified the second
NPXY motif within the cytoplasmic tail of LRP1 as being criti-
cally involved in the regulation of ABCA1 expression, another
determinant protein for cholesterol export. We show that
mutation of this domain blocks cholesterol accumulation in
MEFs upon induction of adipogenesis. We also show that the
second NPXY motif within the cytoplasmic tail of LRP1 is
required for the binding of Erk2 and that Erk1/2 is phosphory-
lated when cholesterol does not accumulate. Prior investiga-
tions have shown that p-Erk1/2 induces phosphorylation of the
cPLA2. Activated cPLA2 then releases arachidonic acid from
the phospholipid pool and suppresses ABCA1 expression (5).
Here we show that the cytoplasmic tail of LRP1 not only
recruits Erk2 but also mediates cPLA2 phosphorylation in
MEFs. Interestingly, MEFs bearing the N-Ter mutation or both
the N-Ter and C-Ter mutations accumulate large amounts of
cholesterol and behave like LRP1�/� MEFs. They also exhibit

FIGURE 5. The cytoplasmic tail of LRP1 blocks cholesterol accumulation.
Cells were treated with the adipogenic mixture for 10 days to stimulate cho-
lesterol accumulation. A, schematic representation of the LRP1 cytoplasmic
tail (�-Chain) with NPXY motifs. B, plates of LRP1 �/�, LRP1 �/� MEFs, and
MEFs expressing the LRP1 �-chain or mock. The extent of cellular lipid accu-
mulation was determined by Oil Red O staining (n � 5). C, quantitative RT-PCR
analysis of the indicated genes in LRP1 �/� and LRP1 �/� MEFs and in MEFs
expressing the �-chain of LRP1 or mock (n � 5). Values are the means � S.E.
with p � 0.05 (*).
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low transcript levels of ABCA1, phospholipoprotein transfer
protein, and NCEH1. This suggests that upon adipogenesis, a
yet unidentified activator of ABCA1 binds to the N-Ter NPXY

motif of the LRP1 �-chain. In conclusion, these regulatory
events, which we have shown here in MEFs, could be modu-
lated further in a cell type-specific manner in vivo depending on

FIGURE 6. The second NPXY motif within the cytoplasmic tail of LRP1 blocks cholesterol accumulation. Cells were treated with the adipogenic mixture for
10 days to stimulate cholesterol accumulation. A, schematic representation of the LRP1 cytoplasmic tail with the NPXY motif mutations. PM, plasma membrane.
B, plates of LRP1�/� MEFs stably transfected with an expression vector coding for the �-chain of LRP1 and bearing the proximal NPXY (N-Ter), the distal NPXY
(C-Ter), or both NPXY motifs (N-Ter � C-Ter) mutated (n � 8). The extent of cellular lipid accumulation was determined by Oil Red O staining. Shown is Western
blot analysis of the indicated proteins (representative of n � 3) (C) and quantitative RT-PCR analysis of ABCA1 (D) and phospholipoprotein transfer protein
(PLTP) (E) in the N-Ter, the C-Ter, the N-Ter � C-Ter mutants, and the mock control (n � 4). F, cholesterol efflux in the N-Ter, the C-Ter, the N-Ter � C-Ter mutants,
and the mock control (n � 3). G, treatments of the N-Ter and the C-Ter mutants with a p-cPLA2� inhibitor (400 �M). The extent of cellular lipid accumulation was
determined by Oil Red O staining. A representative experiment is shown (n � 3). Quantitative RT-PCR analysis of ABCG1 (n � 7) (H) and NCEH1 (I) in the N-Ter,
the C-Ter, the N-Ter � C-Ter mutants, and the mock control (n � 4). Values are the means � S.E. with p � 0.05 (*). NS � not significant.
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the presence and activity of interacting proteins and ancillary
factors.

How LRP1 induces Wnt5a expression remains unclear. It
might involve cleavage and nuclear translocation of the cyto-
plasmic domain of LRP1, a mechanism known to stimulate
transcription. Likewise, upon LPS treatment intramembranous
processing of LRP1 releases its cytoplasmic domain from the
plasma membrane and promotes its translocation to the
nucleus where it binds to and represses IFN-� transcription
(51).

Collectively, the data presented in our study demonstrate
that Wnt5a and LRP1 have a remarkable synergistic effect on
the regulation of intracellular cholesterol homeostasis. When
LRP1 is deleted, cells accumulate large amounts of cholesterol
due to the loss of ABCA1, NCEH1, and Wnt5. TGF-�-stimu-
lated LRP1-mediated induction of Wnt5a is an event that
requires the extracellular domain of LRP1 (Fig. 7). Wnt5a
inhibits endogenous cholesterol biosynthesis and increases
expression of ABCG1, one of the main proteins for choles-
terol export (Fig. 7). In contrast, the expression of ABCA1
and NCEH1 is under the control of the first and the second
NPXY motifs within the LRP1 �-chain (Fig. 7). Characteriza-
tion of new factors interfering with the TGF�/LRP1/Wnt5a
pathway is a prerequisite to develop suitable new treatment
strategies that will complement lipid-lowering therapies and
help to fight against cholesterol accumulation diseases such
as atherosclerosis.
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