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Abstract

Atherosclerosis is a lipid disease characterized by accumulation of low density
lipoprotein (LDL) in the artery wall. The transport of LDL across the endothelium of coronary
artery is an initiating event of atherosclerosis, whose mechanism remains poorly understood.
In the last decade, it has been shown that in caveolin-1 (Cav-1) deficient mice, LDL
infiltration in aorta wall is decreased and CD36 expression in aortas is down-regulated,
leading to regression of atherosclerotic lesions. In the present study, we show that native LDL
endocytosis is decreased in endothelial cells deficient in Cav-1 or CD36. We demonstrate that
Cav-1 and CD36 interact in caveolae-rich domains by different biochemical approaches. In
addition, confocal microscopy reveals some colocalization of Cav-1 with CD36. These
findings indicate that caveolae and CD36 are involved in native LDL endocytosis and suggest
that CD36 might be a good candidate for the transport of native LDL across the endothelium,

an early event in atherosclerosis.

Abbreviations:

Cav-1, Caveolin-1; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; LDL, low density
lipoprotein.
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Introduction

Cardiovascular diseases are the first cause of mortality worldwide, and atherosclerosis
is the main contributor to these diseases. Atherosclerosis is characterized by the formation of
plaques that develop in the artery wall [1,2]. At the early stages of this disease, native LDL
enters the arterial subendothelial intima where it accumulates and becomes oxidized, leading
to the formation of plaques [3]. Although this early step is crucial for the development of the
disease, the mechanism by which native LDL is transported through the endothelium of the
arteries remains to be understood. Because of the small intercellular distance, the transport of
LDL molecules across an intact endothelium is expected to be transcellular rather than
paracellular [4].

Caveolae, first described as small plasma membrane invaginations [5], are
microdomains enriched in sphingolipids, cholesterol and the major protein caveolin [6,7].
The isoform caveolin-1 (Cav-1) is highly expressed in endothelial cells, and is essential for
caveolae formation [8,9], as its oligomerization is supposed to drive membrane curvature
formation and inward invaginations. Caveolae have been shown to mediate transcytosis of
albumin [10-13] via a specific receptor gp60 [14]. Native LDL transcytosis has been
investigated for decades and several studies have suggested the involvement of caveolae in its
transport across the endothelium. Indeed, endocytosis of perfused native LDL into rat aorta or
coronary artery is mostly receptor-mediated and its transcytosis across endothelium occurs
mainly via plasmalemmal vesicles [15]. Recently, it was reported that LDL endocytosis
within Cav-1-deficient endothelial cells was lower than in normal cells, supporting a role of
caveolae in LDL transcytosis [16]. Moreover, the involvement of Cav-1 in atherosclerosis in
vivo has been demonstrated. Indeed, mice lacking Cav-1 presented 70% reduction of

atheromatous lesions and reduced LDL infiltration into the artery wall, whereas expressing
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recombinant endothelial Cav-1 in these mice reversed both effects [17,18]. These two studies
clearly establish that Cav-1 deficiency protects against atherosclerosis progression. If
caveolae play an important role in the internalization of native LDL, it remains unclear which
receptor is involved.

CD36 is a transmembrane glycoprotein that belongs to the family of scavenger
receptors class B (SR-B), type 2 (SR-B2) [19]. It is expressed on different cell types including
monocytes, platelets, adipocytes, macrophages, muscle cells and endothelial cells. It is well
known that macrophages bind and internalize oxidized LDL via CD36 [20], leading to foam
cell formation [21], a relatively late event in atherosclerosis. Besides, it has been shown that
CD36 binds a large diversity of molecules, such as native lipoproteins in transfected cells
[22], long chain fatty acids in adipocytes [23], in cardiac and skeletal muscle cells [24,25] and
in liver cells [26,27], apoptotic cells in macrophages [28,29], and thrombospondin in
endothelial cells [30,31], showing that there is not a unique ligand for CD36. Moreover,
CD36 has been reported to be associated with both caveolae and non-caveolae domains. Thus,
CD36 is localized within caveolae in adipocytes [32,33], in endothelium-enriched lung tissue
[34], in fibroblasts [35], or in hepatic cells [36] .

Although it is clearly admitted that CD36 plays an important role in atherosclerosis as
the receptor of oxidized LDL in macrophages [21], it is not known whether CD36 has a role
in native LDL endocytosis. Therefore, we envisaged that CD36 could mediate native LDL
endocytosis in endothelial cells and could contribute to the initiation of this disease.

In the present study, we demonstrate that native LDL endocytosis is decreased in
human dermal lymphatic endothelial cells (HDLEC) deficient in Cav-1 or in CD36. We show
that CD36 and Cav-1 interact in caveolae-rich domains. These results show that native LDL

can be internalized via CD36 localized in caveolae.



2. MATERIALS AND METHODS

2.1. Materials

Genistein and chlorpromazine were purchased from Calbiochem. Rabbit polyclonal
antibody against Cav-1 was purchased from Abcam, mouse monoclonal antibody against
CD36 was from Monosan, rabbit polyclonal antibody against GAPDH and control mouse
isotype antibody were purchased from Santa-Cruz Biotechnology. Secondary antibodies anti-
rabbit-HRP and anti-mouse-HRP were from Sigma, alexafluor-conjugated secondary
antibodies, Tetramethylrhodamine-phalloidin (TRITC-phalloidin) were purchased from
Invitrogen. ECL Prime Western Blot detection kit was from GE Healthcare. Fetal bovine
serum (FBS), vascular endothelial growth factor, hydrocortisone, ascorbic acid, insulin like
growth factor, basic fibroblast growth factor, epidermal growth factor and trypsin were
purchased from Promocell. Phosphate Buffer Saline (PBS) was from Life Technologies and

all other chemicals were from Sigma unless otherwise mentioned.

2.2. Cell Culture
HDLEC were purchased from Promocell and used at passages 4-5. Cells were seeded
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on cover slips or petri-dishes coated with 10 pg/mL fibronectin, at 50,000 cells/cm
cultivated for 2-3 days under 5% CO» atmosphere in a humidified incubator, at 37°C, in
endothelial cell basal medium-MV2 (Promocell), containing 5 % FBS, 0.5 ng/ml vascular
endothelial growth factor, 0.2 pg/ml hydrocortisone, 1 pg/ml ascorbic acid, 20 ng/ml Insulin

like growth factor, 10 ng/ml basic fibroblast growth factor and 5 ng/ml epidermal growth

factor (= complete medium), unless otherwise mentioned.



2.3. Immunofluorescence labeling.

Cells were seeded on coverslips coated with fibronectin, at 50,000 cells/cm?. Forty-
eight hours later, they were fixed and stained for immunofluorescence at room temperature.
Briefly, cells were fixed for 10 min with 4% paraformaldehyde in PBS, permeabilized for 5
min with 0.1% triton-X100 in PBS, washed then blocked for 1h30 with 1% bovine serum
albumin (BSA) in PBS. Next, cells were incubated with primary antibodies in PBS/BSA 0.2%
for 1h (mouse anti-CD36 1:200 and rabbit anti-Cav-1 1:300), then washed and incubated for
1h with secondary antibodies labeled with fluorescent probes (goat anti-mouse Alexa488 and
donkey anti-rabbit Alexa546, 1:1000) antibodies in PBS/BSA 0.2%. For negative control, the
same procedure was performed but primary antibodies were omitted. After several washes,

cells were mounted in Dako mounting medium.

2.4. Colocalization analysis.

Cells were cultured and immuno-stained for CD36 and Cav-1 as already described.
Images were acquired with a Leica DMI6000 inverted TCS SP5 AOBS confocal microscope.
Colocalization was quantified with the JACoP plugin installed in Image J software, by
calculating the Manders’ coefficients on all optical plans from a z-stack [37,38]. The
Manders’coefficients were measured for each channel on thresholded images above
background different from zero. A total of 25 cells were analyzed. Results are expressed as

the mean percentage + SEM of Cav-1 colocalized with CD36, and conversely.

2.5. Total Internal Reflection Fluorescence (TIRF) Microscopy.
Cells were cultured and immuno-stained for CD36 or Cav-1 as already described, but
cells were stored in PBS instead of mounting media. Images were acquired with a Nikon Ti-

Eclipse TIRF microscope coupled to a coherent laser. Emitted light was captured via a 100x,



1.49 NA oil immersion objective and a EMCCD Photometrics Evolve camera. This same
setup was used in epifluorescence experiments with LED lamp excitation instead of laser.

Image analysis was performed with ImageJ software [38].

2.6. Correlative Light and Electron Microscopy (CLEM).

Cells were grown in MatTek glass bottom culture dishes (MatTek Corporation) at
1050 cells/cm?. After 48 hours, cells were fixed in 4% paraformaldehyde in PBS for one hour
at room temperature, then permeabilized using 0.1% saponin in PBS for 3 minutes. After
thorough washing, cells were incubated 45 minutes in PBS/BSA 1% prior to incubation with
rabbit anti-caveolin-1 antibody used at 1:500 in PBS/BSA 0.2% for 2 hours at room
temperature. After several washes, cells were incubated with 1:100 dilution of anti-rabbit
Alexa Fluor®*488-Fluoronanogold™ (Nanoprobes) in PBS/acetylated-BSA 0.1% for one
hour at room temperature. The images in Light Microscopy were done with an inverted Leica
DMI 6000 microscope equipped with a Leica DFC 350FX camera. Then, cells were fixed
with 1% glutaraldehyde in PBS for 30 minutes and washed with distilled water followed by
silver enhancement of gold using HQ SILVER™ (Nanoprobes). Cells were then postfixed
with 1% Osmium tetraoxide in distilled water for 10 minutes at room temperature. Cells were
then dehydrated in an ethanol series and embedded in LX-112 epoxy resin (Ladd). Ultrathin
sections were stained with 2% uranyle acetate and Reynolds lead citrate. Observations were
done with a CM120 TEM microscope (FEI) using 2k x 2k USCI1000 slow-scan camera

(Gatan). Image analysis was performed with Image J software.

2.7. Protein extraction and Western-blot analysis.
Cell monolayers were washed with ice-cold PBS and lysed at 4°C in lysis buffer

(PBS/Triton X-100 1%) containing protease inhibitor cocktail tablet (Roche). Cells were
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passed thru a 22 gauge needle 30 times and incubated on ice for 30 minutes. Then triton-
resistant material was pelleted by centrifugation at 4°C for 15min at 20,000g (= Triton-
insoluble fraction). The supernatant was collected as the Triton-soluble fraction. In each
sample, protein concentration was measured with the Protein Dc assay (Biorad) using BSA as
a protein standard. Equal amounts of samples were loaded and run on a 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and fractionated proteins were
transferred on to a polyvinylidene fluoride (PVDF) membrane (Immobilon, Merck).
Membranes were blocked for 1h30 at room temperature with 5% (w/v) skimmed milk in Tris
buffer saline (TBS: 50mMTris buffer, pH 8, 138mM NaCl, and 2.7 mM KCl) containing
0.1% Tween 20 (= TBS-T) (for Cav-1 labeling) or with 5% (w/v) skimmed milk in PBS
containing 0.1% Tween 20 (= PBS-T) (for CD36 labeling). After washing in TBS-T or PBS-
T, the membranes were incubated overnight at 4°C in TBS-T or PBS-T containing primary
antibodies at appropriate concentrations in 1% (w/v) skimmed milk. Antibody dilutions were
used as follows: 1:4000 for caveolin 1, 1:500 for CD36, 1:1000 for GAPDH. The membranes
were washed in TBS-T or PBS-T and incubated with peroxidase conjugated anti-rabbit
(1:50,000) or anti-mouse (1:500) secondary antibodies. Immunoreactivity was revealed using
ECL Prime detection kit according to the manufacturer instructions, and visualized with
GeneGnome System (Syngene). Image J was used to quantify protein bands on immunoblots.
Cav-1 and CD36 protein levels were corrected with GAPDH levels, as GAPDH was used as a

loading control.

2.8. Sucrose density fractionation.
Caveolae were isolated as described previously [39] with minor modifications. Two
100 mm petri-dishes were used for each sucrose gradient. Cells were washed three times with

ice-cold PBS and scraped. They were collected by centrifugation (1000g), and dispersed in a
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cold buffer solution (10 mM HEPES, pH 7.4, 1 mM MgCl>, 1 mM DTT, 5 mM NaN3 and
protease inhibitor cocktail = buffer A) supplemented with 250 mM sucrose. Cells were
disrupted with a 22 G needle (30 strokes) incubated on ice for 30 minutes. The homogenate
was then adjusted to 45% sucrose by addition of 2.16 M sucrose prepared in buffer A. The
sample was transferred to the bottom of a 5 ml centrifuge tube that contained two layers of
5% and 43 % sucrose. After centrifugation (17h, 200,000g, in a Beckman MLS-50 rotor at
4°C), ten fractions of 0.5 mL were collected from the top of the gradient to the bottom and
stored for further analyses. Immuno-precipitation against CD36 was performed on F3 fraction

(the caveolae fraction) as described below.

2.9. Immuno-precipitation assay.

Immuno-precipitation kit Dynabeads protein G (Invitrogen) was used according to the
manufacturer instructions. Briefly, Dynabeads protein G were incubated for 30 min at room
temperature with mouse anti-CD36, or rabbit anti-Cav-1 or control isotype antibodies. Then
Dynabeads protein G covered with antibodies were washed three times with lysis buffer and
mixed with protein sample (cell lysate, triton-soluble fraction or triton-insoluble fraction) for
30 minutes at room temperature. Immuno-precipitates were eluted with Laemmli buffer at
90°C for 5 minutes. Cells lysates or immuno-precipitates were analyzed by Western-blot for
CD36 and Cav-1 as already described in Materials and Methods. Alternatively, immuno-

precipitation was performed on sucrose gradient fractions.

2.10. siRNA transfection.
Cav-1 Stealth RNAi siRNA (catalogue# CavlHSS141466), CD36 Stealth RNAi
siRNA (catalogue# CD36HSS101567), and their negative control Stealth RNAi siRNAs were

purchased from Invitrogen. High GC Duplexes and medium GC Duplexes were used as
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negative controls for Cav-1 and CD36 respectively. In preliminary experiments, we optimized
conditions for efficient down-regulation of the targeted genes using the minimal amount of
siRNA with minimal cell toxicity. We found that optimal conditions for siRNA knock-down
were as follows. 170 000 cells were plated on 6-well plates coated with fibronectin and grown
for 24h hours in complete medium, where they reached 50% confluency. The next day, cells
were washed once with Opti-MEM I reduced serum medium (Invitrogen) and transfected with
10 nM siRNA and 3 pl Lipofectamine RNAIMAX reagent (Invitrogen) in Opti-MEM 1
reduced serum medium. Six hours later, transfection medium was removed and complete
medium was added to the cells that were then incubated for 48h. After this time, cells were
ready to be collected and analyzed by western-blot for CD36 and Cav-1 expression (and

GAPDH, used as a loading control), or used in native LDL endocytosis assay.

2.11. LDL Endocytosis and flow cytometry.

Cells were washed and exposed to 10 pg/mL native LDL-Dil (Invitrogen) in growth
medium depleted in additives and serum, or without LDL-Dil for 1h at 37°C. Then cells were
washed in ice-cold PBS, trypsinized and resuspended in cold PBS/BSA 0.5%. Samples were
analyzed on a BD Biosciences FACS Canto flow cytometer, as LDL-Dil was excited by a
blue 488 nm laser. The analysis was performed using Diva software. A minimum of 5,000
events was recorded per sample. Cell debris were excluded, based on the forward and side

scatter characteristics of cell populations.

2.12. Shear stress experiments.
Human coronary artery endothelial cells (HCAEC) (Lonza) were used at passages 3-4.
They were seeded at 50 000 cells/cm? under 5% CO> atmosphere in a humidified incubator, at

37°C in their endothelial basal medium EMB2, added with 5 % FBS, 0.4 pg/mL
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hydrocortisone, 4 pg/mL human fibroblast growth factor, 1 pg/mL vascular endothelial
growth factor, 1 pg/mL R3-insulin growth factor-1, 1 pg/mL ascorbic acid, 1 pg/mL human
epidermic growth factor, and antibiotics gentamycin and amphotericin GA-1000. The
experimental laboratory set-up was homemade. It consisted of a flow chamber connected with
pipes and valves to two bottles filled with culture medium (one used as a flow equalizer, the
other one used as a culture medium reservoir). A peristaltic pump was inserted between both
reservoirs in a closed circuit. HCAECs were cultured for 3 days on the surface of the flow
chamber made of polydimethylsiloxane (VWR) coated with fibronectin. They were then
submitted to shear stress for 24h. Control cells were cultured under static conditions for 24h.
A 12 dyn/cm? continuous linear shear stress was generated by the peristaltic pump [40]. After
this period, cells were fixed and fluorescent immunostaining for CD36 was performed by
anti-CD36 antibodies detected by alexa488-coupled secondary antibodies. Nuclei were
labeled with Sng/mL. Hoechst34580 (Invitrogen). Images were captured with an inverted

Leica DMI 6000 microscope equipped with a Leica DFC 350FX camera.

2.13. Statistics.

Values are reported as their means + SEM, and are representative of an average of at
least three independent experiments. Each independent experiment was conducted on a
separate culture, made from one cell seeding. Comparisons between samples were performed

using the student #-test. A p value < 0.05 was considered significant.
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3. RESULTS

3.1. Native LDL uptake is mediated by caveolae pathway in endothelial cells.

Native LDL accumulation in the sub-endothelial space of arteries is the initial step of
atherosclerosis. Therefore, we investigated the role of Cav-1 in native LDL endocytosis in
HDLEC. First, we examined the uptake of native LDL in endothelial cells by flow cytometry,
after treatment with chemical inhibitors, genistein and chlorpromazine, known to block
caveolin and clathrin endocytic pathways, respectively. After lh-pretreatment with either
inhibitor, cells were incubated with fluorescently-labeled native LDL (LDL-Dil) and its
endocytosis was quantified by flow cytometry. A significant reduction of native LDL
endocytosis was observed in genistein-treated cells and in chlorpromazin-treated cells (40%
and 50%, respectively) (Figure 1A). These results show that caveolae are significantly
involved in native LDL endocytosis.

Then we challenged the cells with silencing interfering RNA (siRNA) in order to
knock down Cav-1. Forty-eight hours after transfection, protein levels were analyzed by
western-blot and quantified. Cav-1 protein levels were decreased by 58% in Cav-1 siRNA
treated cells, as compared to cells treated with control siRNA (Figure 1B-C). In Cav-1
deficient cells, native LDL endocytosis was decreased by 60% as compared to control cells
(Figure 1D).

Both results from chemical inhibitors or siRNA treatments indicate the involvement of

caveolae endocytic pathway in native LDL transport.
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Figure 1: Caveolae and CD36-mediated endocytosis of LDL-Dil by HDLEC. (A) Cells
were pre-incubated for 1h with genistein (200 uM) or chlorpromazine (15 puM), or without
any inhibitor, then LDL-Dil (10 pg/mL) was added for another 1h and fluorescence quantified
by flow cytometry. Cells that did not receive any treatment (= none) or only genistein (= Gen)
are negative controls. Data analysis was performed with software FACSDiva. Results are
expressed as a percent of endocytosed LDL-Dil in absence of inhibitors. Gen= genistein,
Chlor = chlorpromazine, PE = phycoerythrin ; * p<0.05, n=3.

(B-D) HDLECs were treated with siRNA targeted to Cav-1 or to CD36 mRNA, or with
scrambled siRNA as a control. Cav-1 protein or CD36 protein levels were analyzed by
western-blot (B), and quantified using ImagelJ software. Cav-1 and CD36 protein levels were
normalized to GAPDH expression (C). Once specific protein deficiency for Cav-1 or CD36
was established, cells were added with LDL-Dil, and LDL-Dil endocytosis was quantified by
flow cytometry. Results are expressed as a percentage of its own control (cells treated with

scrambled siRNA for each gene) (D). *** p<0.001, n>3.
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3.2. Native LDL uptake is decreased in CD36 deficient endothelial cells.

To assess the role of CD36 in native LDL transport, cells were treated with siRNA
against CD36 in order to knock down its expression. Forty-eight hours after transfection,
protein levels were quantified the same way as described for Cav-1 knock down experiments.
CD36 protein expression was diminished by over 90% in CD36 siRNA treated cells, as
compared to control siRNA treated cells (Figure 1B-C). Native LDL endocytosis was reduced
by 65% in CD36 siRNA treated cells, as compared to control cells (Figure 1D).

It is noteworthy that neither Cav-1 nor CD36 expression was significantly affected in
cells treated with CD36 siRNA or Cav-1 siRNA, respectively. Taken together, these results

indicate that CD36 and Cav-1 are involved in the transport of native LDL uptake in HDLEC.

3.3. Cav-1 and CD36 interact in caveolae-rich membrane domains.

Then we investigated whether CD36 is associated with caveolae. Cells were lysed in a
detergent-free buffer and the lysate was floated on a discontinuous sucrose gradient [39]. The
sucrose gradient was fractionated into 10 fractions from top to bottom (F1 to FI10
respectively) that were analyzed by western-blot using anti-Cav-1 IgG and anti-CD36 IgG.
Results showed that Cav-1 was detected in the F3 and F4 fractions corresponding to the
floated fractions between 5% and 43%, associated with caveolae (Figure 2A). Cav-1 was also
detected, but at lower levels, in fractions that contain non-raft membrane proteins and soluble
proteins (F5 to F10). Most of CD36 was present in the F3 and F4 fractions.

We next examined if CD36 and Cav-1 present in the caveolae fraction could interact
with each other. To serve that purpose, the F3 fraction was subjected to immuno-precipitation
using an anti-CD36 IgG, and the precipitate was analyzed by western-blot (Figure 2B). Cav-1
was detected in the immuno-precipitate, proving the association of CD36 with caveolae in

endothelial cells. Immunoblot analysis of F3 fraction immuno-precipitated with control
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antibody did not show the presence of neither CD36 nor Cav-1, confirming the interaction

between Cav-1 and CD36 in the caveolae fraction.
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Figure 2: Interaction of Cav-1 and CD36 in caveolae-rich membrane domains isolated
from HDLEC. (A) Sucrose gradient fractions were collected and analyzed by anti-CD36 and
anti-Cav-1 immunoblotting. (B) Immunoprecipitation was performed on F3 fraction using a
mouse IgG anti-CD36 or control mouse total IgG (mlIgG). Lysates and immuno-precipitates
were analyzed by Western-blot for CD36 and Cav-1, final detection performed by ECL. This

shown experiment is representative of 3 independent experiments.

3.4. Cav-1 and CD36 interact in Triton-insoluble fractions

Caveolae are described as Triton-resistant microdomains [41]. Therefore, we
investigated whether the interaction between CD36 and Cav-1 was preserved in the presence
of Triton-X100. After cell homogenization in the presence of Triton X-100 at 4°C, and
centrifugation, both triton-soluble and triton-insoluble fractions were analyzed by Western-
blot (Figure 3). CD36 and Cav-1 were detected in both fractions. However, immuno-

precipitation with monoclonal mouse anti-CD36 IgG revealed that Cav-1 co-immuno-
15



precipitated with CD36 only in the Triton-resistant fraction. In the Triton-soluble fraction,
CD36 was immuno-precipitated but Cav-1 was not detected in the precipitate, although it was
present in this fraction. Neither CD36 nor Cav-1 was detected when the triton-soluble fraction
was incubated with isotype antibody.

Hence, accordingly to the sucrose gradient results, these data indicate that CD36 and

Cav-1 are associated together in the detergent-resistant fraction that contains caveolae.

Triton-soluble Triton-insoluble

WB: CD36
CD36

WB: Cav-1

Cav-1

Figure 3: Interaction of Cav-1 and CD36 in Triton-insoluble fractions isolated from
HDLEC. After lysis, the triton-resistant material was pelleted («Triton-insoluble» fraction)
and the supernatant was collected as the «Triton-soluble» fraction. CD36 immuno-
precipitation was performed as described in figure 2. Lysates and immuno-precipitates were
separated by SDS-PAGE and analyzed by Western-blot for CD36 and Cav-1 and final
detection performed by ECL. This shown experiment is representative of 3 independent

experiments.
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3.5. Distribution and colocalization of Cav-1 and CD36.

To complement these biochemical results, we next evaluated the relative
colocalization of CD36 and Cav-1 in cells, using confocal microscopy. Double
immunostaining of Cav-1 with an Alexa546 (red) and CD36 with an Alexa488 (green), was
performed. As shown in figure 4A, the merged images of all plans of both signals revealed an
overlapping of CD36 and Cav-1. To quantify this overlapping, CD36 and Cav-1
colocalization was analyzed by calculating Manders’ coefficients on thresholded images from
all optical plans [37]. Results indicated that 30.4% (+2.8) of Cav-1 colocalized with CD36
and 31.6% (£1.4) of CD36 colocalized with Cav-1, suggesting a partial colocalization. These
results support our biochemical data that CD36 is partially associated with caveolae. It is
interesting to note that in siRNA experiments, we did not see any modification of CD36
distribution in cells treated with siRNA against Cav-1 (figure 4B). Therefore, in HDLEC, the

absence of Cav-1 does not alter CD36 stabilization at cell membrane.
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A CD36 Cav-1 Merge

B CD36 Cav-1

Figure 4: Distribution and colocalization of CD36 and Cav-1 in HDLECs. Permeabilized

ctrl siRNA

Cav-1siRNA

HDLECs were coimmunostained for CD36 (green) and Cav-1 (red) using mouse monoclonal
IgG anti-CD36 and anti-mouse 1gG-Alexa488, and rabbit IgG anti-Cav-1 and anti-rabbit 1gG-
Alexa546, respectively. (A) Cells we not treated with siRNA. (B) Cells were treated with
scrambled (= ctrl) siRNA or siRNA against Cav-1. CD36 z-stack and Cav-1 z-stack images
were acquired with a confocal microscope. A projection of all plans at maximum intensity is

shown, for CD36 (A, B), Cav-1 (A, B) or merged signals (A). Scale bar = 10 um
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3.6. Visualization of caveolae at the abluminal plasma membrane by EM and
TIR-FM.

In order to visualize caveolae in our cultured endothelial cells, we performed CLEM
experiments (Figure 5A). The immunofluorescent signal obtained for the localization of Cav-
1 using fluoronanoGold (FNG), exhibited small punctuate fluorescent patterns (Fig 5-Al).
These patterns were further observed in ultrathin cell sections containing the plasma
membrane (= first section close to the support) by electron microscopy (EM) (Fig5-A3). At
higher magnification (Fig 5-A4), EM images revealed that sub-100 nm structures were
surrounded by gold nanoparticles, confirming the presence of caveolae. To complement this
result, TIR-FM experiments revealed that CD36 is not expressed at the abluminal side of the
cells, whereas Cav-1 is clearly observed at the abluminal membrane (Figure 5B).

Altogether these results suggest that CD36 is more likely present at the luminal side of
the cells. This is in agreement with our previous result on partial colocalization of Cav-1 and

CD36.
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Cav-1 Bright field EM

TIRF Epifluorescence

Cav-1

CD36

Figure 5: Visualization of caveolae at the plasma membrane. (A) CLEM. Cells grown in
MatTek glass bottom culture dishes were immunostained for Cav-1 with anti-rabbit Alexa
Fluor®*488-Fluoronanogold™. (A1, A2) Images in Light Microscopy were done with an
epifluorescence microscope. (A3, A4) Then, silver enhancement of gold using HQ SILVER™
was performed and ultrathin sections were stained with 2% uranyl acetate. Observations were
done with a TEM microscope. EM = electron microscopy. Upper scale bar = 10 um, lower
scale bar = I um.

(B) TIR-FM. Cells were grown on fibronectin-coated p-dish, and CD36 and Cav-1 were
labeled as described in figure 4 and stored in PBS until TIRF analysis. Prior to
immunofluorescence staining, cells were fixed and permeabilized with Triton X-100.
Epifluorescence and TIRF images are shown for each protein. The TIRF images show

fluorescent signals present on the abluminal membrane. Each scale bar = 10 um

4. DISCUSSION AND CONCLUSION

In this work, we investigated an initiating event in atherosclerosis, namely native LDL

transcytosis through the endothelium. Two studies have suggested a role of endothelial Cav-1
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in the development of atherosclerosis in vivo [17,18]. However, in neither study was the
receptor that binds native LDL, identified. For that matter, our study contributes to the
elucidation of the mechanism by which native LDL would cross the endothelium of coronary
artery, a crucial event in atherosclerosis progression. We show here the involvement of CD36
and caveolae in native LDL endocytosis in human endothelial cells. Indeed, we demonstrate
that CD36 interacts with Cav-1 in endothelial cells, and that both proteins are involved in
native LDL endocytosis, suggesting that CD36 might be a good candidate for the transport of
native LDL across the endothelium. Our experiments using siRNA showed that native LDL
uptake involved mainly CD36, and that residual LDL endocytosis may involve another
receptor. LDL receptor (LDLR) is known to bind native LDL with high affinity [42], and has
been reported to transport native LDL through the brain barrier endothelium [43]. However,
we could not detect its presence by immunofluorescence analysis in our cultured cells,
therefore we concluded that the LDLR was not responsible for this residual endocytosis. The
absence of LDLR detection in our experiments is in agreement with reports that have shown
that LDLR expression in cultured normal endothelial cell decreased with high cell density
[44,45]. In diverse cell types, other receptors have been shown to mediate native LDL
endocytosis. A recent study showed that SR-BI could transport native LDL across resting
human coronary artery endothelial cells (HCAEC) via caveolae [46]. SR-BI is a class B
scavenger receptor (type 1) closely related to CD36 [19]. Indeed, they share sequence
similarity by 35% and even if SR-BI is best known to bind HDL, it can also bind other
lipoproteins.

We showed that CD36 and Cav-1 are responsible for LDL endocytosis by 65% and
60% respectively, using siRNA against CD36 or Cav-1. We did not see any modification of
CD36 distribution in Cav-1 deficient cells by IF analysis. This is a different observation from

a study that showed cell membrane stabilization of CD36 by Cav-1 in MEF [35]. However,
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this relationship between Cav-1 and CD36 is somewhat controversial, as in primary
hepatocytes or in hepatoma cells, CD36 is not stabilized at cell membrane by Cav-1
expression [26]. The dependence of CD36 availability at cell membrane on Cav-1 expression
is probably cell type-specific. Indeed, CD36 can bind a large diversity of molecules
depending on the cell type, leading to different cellular responses.

In our work, we used HDLEC because CD36 is constitutively expressed in resting
HDLEC, whereas CD36 is weakly expressed in resting HCAEC. After submitting HCAEC to
shear stress (a stimulus that mimics blood flow in arteries [40]), we observed increased CD36
expression and localization at the plasma membrane (Figure 6). In response to shear stress,
cells aligned in the direction of the flow, and strechted out, as highlighted by F-actin labeling
(Figure 6). These morphological changes in endothelial cells exposed to normal laminar flow

have been reported in the literature [47].

Bright field CD36 Phalloidin Merge

Static

Shear stress

Figure 6: Changes of CD36 cellular distribution in shear stress exposed endothelial cells.
HCAECs were cultured in static conditions (= control cells) or exposed to 12 dyn/cm? shear
stress for 24h. Cells were fixed and labeled with TRITC-phalloidin (to label F-actin) and
CD36 antibodies that were detected with Alexa488-coupled secondary antibodies as described
in figure 4. Nuclei were labeled by Hoeschst (blue). Arrow indicates the direction of the flow.

TRITC = Tetramethylrhodamine; scale bar = 10 um
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However, the set-up for shear-stress experiments with HCAEC was very delicate and
inappropriate to conduct biochemical studies. Therefore, we worked with resting HDLEC
expressing CD36 to investigate the role of CD36 in the mechanism responsible for native
LDL endocytosis. It is conceivable that CD36 is involved in native LDL endocytosis in
coronary arteries in vivo in the context of atherosclerosis, in agreement with the mechanism
deciphered here in resting HDLEC. We showed that shear-stress modulates CD36 expression
in HCAEC, suggesting that shear-stress could influence CD36 expression and LDL transport
in vivo, depending on special regions of vasculature, where atheromatous plaques develop
[40,48]. Furthermore, not only the coronary arteries are subject to atherosclerosis in vivo, but
also carotid arteries, or leg arteries, pointing out the importance of the mechanism reported
here in endothelial cells. This mechanism may be extended to other endothelial cell types in

vivo.

We report that endogenous CD36 can mediate native LDL endocytosis in endothelial
cells. It is well known that macrophage CD36 binds oxidized LDL and apoptotic cells in the
artery wall, possibly via a mechanism involving caveolin-1 [28,49]. We show that native LDL
endocytosis in endothelial cells occurs in a caveolae-dependent manner and involves CD36,
suggesting a role for CD36 in native LDL transcytosis. Therefore, a new role for CD36 in
caveolae should be considered: endocytosis of native LDL by endothelial cells which would
result in retrieval of native LDL from the blood. Indeed, endothelial CD36 may be examined
as a pharmaceutical target, to prevent progression of atherosclerosis. It is noteworthy that
CD36 is largely described as a long chain fatty acid (LCFA) translocase in different cell
types, such as adipocytes, muscle cells, enterocytes, or fibroblasts [SO-54]. In muscle cells,
LCFA are important substrates for energy synthesis as fatty acid oxidation contributes to ATP
formation [25]. The exact molecular mechanism for LCFA uptake is not well understood and

may depend on cell type. It involves different proteins whose relative contribution is still
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under investigation [55]. In this context, it was shown that Cav-1-stabilization of CD36 at cell
membrane increased LCFA transport across plasma membrane in MEF [35]. While our study
demonstrates that LDL endocytosis in endothelial cells is mediated by caveolae and CD36,
reporting a new role for CD36.

In summary, we show here the involvement of CD36 and caveolae in native LDL
endocytosis in human endothelial cells. LDL endocytosis is altered in cells deficient in cav-1
or in CD36. Both proteins are colocalized as shown by biochemical and microscopy methods.
Transcytosis of lipoproteins is one initial event that involves native LDL but not oxidized
LDL. Therefore, the transport of native LDL is crucial for the atherosclerosis outcome.
Further experiments using a transwell culture system with Cav-1 or CD36 deficient cells

should be developed to study the role of caveolae and CD36 in native LDL transcytosis.
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