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Abstract Lipoprotein lipase (LPL), a key enzyme in lipopro-
tein triglyceride metabolism, produces a marked increase in
the retention and uptake of all classes of lipoproteins by
cultured cells. It was previously shown that two different
receptors are involved in mediating the LPL effects: heparan
sulfate proteoglycans (HSPG) and the low density lipoprotein
(LDL) receptor-related protein/oe macroglobulin receptor
(LRP). By immunofluorescence we show here that cell sur-
face-bound LPL displays a pattern that corresponds to the
previously described distribution of cell surface HSPG. No
evident relation to the distribution of bound activated oy-
macroglobulin (02M*) or to LRP was observed. By immu-
noelectron microscopy we found that after 30 min at 37°C
most of the detected oeM* (70% of the total gold particles)
was inside the cells and associated with endosomal vesicles.
However, at the same time, 76% of the LPL remained at the
cell surface, suggesting that LPL is internalized by a slow
endocytic process. Binding of triglyceriderich lipoproteins
(TRL) or LDL together with LPL led to a spectacular increase
in bound lipoproteins, which completely colocalized with
LPL. After incubation at 37°C, LPL and 1,1"-dioctadecyl-
3,3,3",3"-tetramethylindocarbocyanine  (DiI)-TRL  formed
large clusters on the cell surface. Inmunofluorescence and
quantitative immunoelectron microscopy provided evidence
of co-internalization of LPL and apoE-containing TRL by a
slow endocytic process. In the absence of LPL, the fibroblasts
rapidly internalized Dil-LDL and showed fluorescence in cen-
tral, lysosome-like vesicles. In contrast, when LPL was pre-
sent, internalization of Dil-LDL involved small, widely distrib-
uted vesicles. This pattern slowly changed to one consisting
of large perinuclear vesicles. LDL receptor-deficient fibro-
blasts internalized Dil-LDL, either with or without LPL, into
small widely distributed vesicles and no central vesicles were
scen. Chloroquine-treated normal fibroblasts internalized
Dil-LDL in a pattern similar to that of receptor-deficient
fibroblasts. B8 Taken together our results suggest an alter-
native receptor-independent endocytosis pathway for LDL.
This pathway is potentiated by LPL and is characterized by a
slow uptake involving small vesicles that gradually reach
lysosomes. We suggest that, through its interaction with
HSPG, LPL provides high capacity binding sites for lipopro-
teins and a independent internalization pathway.—Fernan-
dez-Borja, M., D. Bellido, E. Vilella, G. Olivecrona, and S.
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The catabolism of chylomicrons and very low density
lipoproteins (VLDL) is initiated by the hydrolysis of
their triglycerides by the enzyme lipoprotein lipase
(LPL) which is bound to the heparan sulfate proteogly-
cans {(HSPG) on the luminal side of the vascular endo-
thelium (1). Lipolysis by LPL causes a change in the lipid
and protein composition of chylomicrons and VLDL,
which become remnant particles and IDL-LDL, respec-
tively (2). Remnant lipoproteins and LDL are eventually
cleared from the circulation by specific apoE/apoB
receptors in hepatic and extrahepatic tissues (3, 4). In
turn, free fatty acids released by the lipase cause the
detachment of LPL from the endothelium (5, 6). LPL
circulates associated with cholesterol-rich lipoproteins
(7, 8) and is cleared by the liver (9, 10). Recent studies
(11, 12) have confirmed previous observations by Felts,

Abbreviations: ACAT, acyl-CoA:cholesterol acyltransferase; apo,
apolipoprotein; agM*, activated og-macroglobulin; bLPL, bovine
lipoprotein lipase; BSA, bovine serum albumin; Dil, 1,1-
dioctadecyl-3,3,3",3-tetramethylindocarbocyanine; FH  fibroblasts,
LDL receptor-deficient fibroblasts; GPI, glycosyl phosphatidylinositol;
IDL, intermediate density lipoproteins; LDL, low density lipoproteins;
LRP, LDL receptorrelated protein; HSPG, heparan sulfate
proteoglycans; PBS, phosphate-buffered saline; RAP, receptor-
associated protein; TRL, triglyceride-rich lipoproteins; VLDL, very
low density lipoproteins.
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Itakura, and Crane (13), who proposed an additional
role for LPL in the catabolism of lipoproteins by enhanc-
ing their binding and uptake by cells in a nonenzymatic
mechanism.

LPL has high affinity for binding to HSPG (1) and
several studies (14-22) indicate that these cell-surface
molecules are involved in the LPL-mediated enhanced
binding of lipoproteins to cultured cells. In addition to
HSPG, other studies propose a novel receptor for LPL:
the low density lipoprotein receptor-related protein-op
macroglobulin receptor (hereafter referred to as LRP),
which belongs to the LDL receptor family. LRP is a
multifunctional receptor whose ligands include apoE,
oag-macroglobulin, LPL, receptor-associated protein
(RAP), tissue plasminogen activator, and lactoferrin
(23). Because of its affinity for apoE-containing lipopro-
teins (24, 25), LRP has been postulated as the remnant
receptor, although only lipoproteins artificially enriched
in apoE are internalized by the LRP (26, 27). Recent
experiments (28, 29) provide physiological evidence of
the role of LRP in remnant clearance. On the other
hand, LRP binds and mediates cellular catabolism of
LPL (20, 30), which interacts with the receptor via its
C-terminal domain (31, 32). In addition, it has been
shown that LPL promotes binding of apoE-containing
lipoproteins to LRP (11, 20).

The mechanism by which LPL potentiates the uptake
and degradation of lipoproteins by cultured cells is not
known in detail. To date three different possibilities
have been proposed (33). One hypothesis holds that
HSPG take part in the facilitated transfer of lipoprote-
ins, bound via LPL, to specific lipoprotein receptors
(LDL receptor and/or LRP) which are then responsible
for endocytosis and final degradation (12, 13). Chappel
et al. (19) showed that LPL induced uptake of normal
triglyceride-rich lipoproteins by LRP. Mulder et al. (18)
and Eisenberg et al. (16) concluded that LPL-enhanced
uptake and degradation of LDL were mediated by the
LDL receptor because LPL had no effect on LDL uptake
by receptor-negative fibroblasts. Other authors (14, 15)
propose that the LDL uptake and degradation mediated
by LPL takes place via a receptor-independent, HSPG-
mediated, slow internalization pathway. The third pos-
sibility is that both receptor-dependent and receptor-in-
dependent mechanisms are involved. This has been
demonstrated for LPL-enhanced uptake of Lp[a] by
fibroblasts (156).

In an attempt to elucidate the mechanisms involved
in the LPL-enhanced binding and uptake oflipoproteins
by cultured cells, we performed immunocytochemistry
studies to examine the patterns of lipoprotein binding
and internalization mediated by LPL. Using im-
munofluorescence and immunogold detection we stud-
ied binding and uptake of apoB- and apoE-containing

lipoproteins in the presence or absence of LPL by
human normal and LDL receptor-deficient FH fi-
broblasts. The results provide direct morphological evi-
dence for the proposed role of LPL as a bridge in the
binding and internalization of lipoproteins and are con-
sistent with a model in which part of the LPL-mediated
increase in lipoprotein binding and uptake is mediated
by a receptor-independent pathway, probably through
HSPG.

MATERIAL AND METHODS

Materials

1,1",Dioctadecyl-3,3,%,3"-tetramethylindocarbocyan
ine (Dil) was purchased from Molecular Probes, Inc.;
chloroquine, heparin, and bovine serum albumin (BSA,
fraction V) were from Sigma. Two different antibodies
to bovine lipoprotein lipase were used: a monoclonal
antibody (2h10) obtained in the Barcelona laboratory
(M. Fernindez-Borja, E. Vilella, G. Olivecrona, and S.
Vilaré, unpublished results) and an affinity-purified
polyclonal antibody (poly66) raised in chicken (8). ApoE
was detected by a rabbit polyclonal antibody kindly
provided by Dr. U. Beisiegel (University of Hamburg,
Germany). The monoclonal antibody to the o subunit
of LRP was a kind gift from Dr. J. Gliemann (Aarhus
University, Denmark). Polyclonal antibody to human
og-macroglobulin was purchased from Dako. Fluo-
rescein isothiocyanate (FITC)- and tetramethylrho-
damine isothiocyanate (TRITC)-conjugated F(ab)s
sheep anti-mouse IgG were from Bochringer
Mannheim. TRITC-conjugated swine anti-rabbit immu-
noglobulins were from Dako. FITC-conjugated rabbit
anti-chicken immunoglobulins were obtained from
Sigma. Rabbit anti-chicken immunoglobulin was pur-
chased from Nordic. Protein A-gold (10, 15, and 20 nm)
were obtained from Dr. Slot (University of Utrecht, The
Netherlands). og-Macroglobulin (0eM) was purified
from human plasma as described (34) and stored in 0.1
M sodium phosphate, pH 8.0, at -20°C. 0gM was acti-
vated by incubation with 0.13 M methylamine for 1 h at
room temperature. Bovine lipoprotein lipase (bLPL)
was purified from milk as previously described (35). For
biotinylation, LPL was dialyzed at 4°C for 8 h against 0.1
M Na-bicarbonate buffer, pH 8.8, containing 1 M NaCl
N-hydroxysuccinimide biotin was added (25 pg/mg
LPL) from a stock solution in dimethyl sulfoxide (10
mg/ml). After incubation at 4°C overnight, 1 M NH4Cl
was added (20 pl/250 ug ester). After 15 min at 4°C the
sample was diluted by addition of 2 volumes of 10 mM
Bistris buffer, pH 6.5, and was immediately applied to a
column of heparin-Sepharose that had been equili-
brated in 10 mM Bistris, pH 6.5, containing 0.3 M NaCl.
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After a brief wash, the column was eluted by a salt
gradient (0.2 M NaCl-1.5 M NaCl). Biotinylated LPL
appeared at the salt concentration expected for active
LPL dimers. Activity measurements showed that the
enzyme was fully active. For stabilization, 2 mg BSA/ml
was added before storage at -70°C.

Lipoprotein isolation and labeling

Blood was collected from normolipidemic and hyper-
lipidemic subjects and the plasma was separated by
centrifugation at 500 g for 10 min. LDL (d 1.006-1.063
g/ml) from normolipidemic human plasma and
triglyceride-rich lipoproteins (d <1.006 g/ml) from nor-
molipidemic and hyperlipidemic human plasma were
isolated by preparative ultracentrifugation (36). Lipo-
proteins were labeled with 1,1%-dioctadecyl-3,3,3’,3"-
tetramethylindocarbocyanine (Dil) by incubating the
lipoproteins at 0.5 mg protein/ml in PBS-0.5% BSA
with 100 pl of Dil in dimethyl sulfoxide (3 mg/ml) for
8 h at 37°C (25). The lipoproteins were overlaid with
phosphate-buffered saline (PBS, 10 mM phosphate, 150
mM NaCl, pH 7.4) and reisolated by centrifugation
(300,000 g 16 h at 4°C). Lipoproteins were dialyzed
against PBS and filtered before use. Protein content was
determined by the BCA method (Pierce) using BSA as
standard.

Cell culture

Human skin fibroblasts were grown in Dulbecco's
modified Eagle's medium (DMEM) with 10% fetal calf
serum, penicillin, and streptomycin. Cells between the
4th and 15th passage were plated on glass coverslips (for
fluorescence detection experiments) or 35-mm plastic
culture dishes (for immunogold detection experiments)
and used between the 3rd and 4th day after seeding.
LDL receptor-deficient human skin fibroblasts (FH fi-
broblasts) were a kind gift from Dr. U. Beisiegel (Ham-
burg). FH fibroblasts were maintained under the same
conditions as the normal fibroblasts.

Cellular binding and internalization of lipoproteins

Fibroblasts used for LDL binding and uptake experi-
ments were incubated with medium without serum for
16 h prior to the experiment. Cells on coverslips were
prechilled to 4°C and washed with cold DMEM contain-
ing 20 mM HEPES, pH 7.4, and 1% BSA (DMEM-BSA)
and binding experiments were performed by incubating
the cells for 30 min at 4°C with DilHabeled LDL (Dil-
LDL) or Dilabeled triglyceride-rich lipoproteins (Dil-
TRL), at a concentration of 5 jg protein/ml, in the
presence or absence of 2.5 ug bLPL/ml. After binding,
medium was removed and fresh DMEM-BSA, previously
warmed, was added to cells, which were then incubated
at 37°C for different periods. After each period, cells
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were washed in DMEM-BSA. Alternatively, and to exam-
ine cellular uptake of lipoproteins, cells were washed in
DMEM-BSA containing 100 U heparin/ml for 15 min at
4°C with constant shaking. After washes, cells were fixed
for 10 min at room temperature in 3% paraformalde-
hyde~2% sucrose in 0.1 M phosphate buffer, pH 7.4.
Finally, coverslips were mounted up-side-down on a
glass slide with a drop of Immunofluore mounting
medium (ICN). Cells were observed and photographed
using a Zeiss Axioskop.

Chloroquine treatment

Cells on coverslips were pre-treated with 75 pMm chlo-
roquine in DMEM-BSA for 30 min at 37°C. Cells were
then cooled to 4°C and incubated with Dil-LDL (5 ug
protein/ml) for 30 min at 4°C. After binding, medium
was replaced by fresh pre-warmed DMEM-BSA contain-
ing 75 pM chloroquine. After incubation for 1 hat 37°C,
cells were washed in DMEM-BSA containing 100 U
heparin/ml for 15 min at 4°C with constant shaking.
Finally, cells were fixed and processed for observation
as indicated above.

Immunofluorescence detection

Immunodetection of cell surface-bound agM* after
the incubation of the fibroblasts with 16 pg/ml of
activated oeM for 1 h at 4°C was performed by using a
polyclonal antibody to human agM and an FITC-labeled
secondary antibody. LRP was detected in fixed cells
permeabilized with ice-cold acetone for 30 sec using a
monoclonal antibody to the o subunit and a TRITC la-
beled secondary antibody. For double immunofluores-
cence of bound LPL and LRP, LPL was detected by
using the polyclonal antibody poly66 and an FITC-rabbit
anti-chicken IgG antibody.

Binding experiments on unlabeled TRL (10 pg pro-
tein/ml) in the presence/absence of LPL were per-
formed as described above except that, after fixation,
bound lipoproteins were detected by immunolabeling
of apoE with specific polyclonal antibodies. Bound
bLPL was also immunodetected using a monoclonal
antibody (2h10) and by chicken anti-LPL. Briefly, cells
were incubated for 45 min at 37°C with the primary
antibody, washed in PBS, and incubated for a further 30
min with FITC- or TRITC-labeled secondary antibody.
For double immunodetection, cells were incubated with
a mixture of primary antibodies followed by an incuba-
tion with a mixture of non-crossreacting secondary an-
tibodies.

Electron microscopy studies

Binding and internalization of TRL by human fi-
broblasts in the presence or the absence of LPL was also
studied by pre-embedding at the electron microscope.

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

Ferndandez-Borja et al.

Fig. 1. Distribution of op-macroglobulin and LPL
on the fibroblast cell surface and the relation to LRP.
Activated oz-macroglobulin (16 pg/ml) or bLPL (2.5
ug/ml) was bound to human skin fibroblasts at 4°C
for 60 min. Cells were then fixed and permeabilized.
Double immunofluorescence was performed to de-
tect ow-macroglobulin and LRP (Al and A2, respec-
tively) or bLPL and LRP (B). B is a double exposure
micrograph where LPL appears in green and LRP in
orange. Note the difference in fluorescence intensity
and the completely different binding patterns of
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Fig. 2. Immunogold detection of bound and internalized ate-macroglobulin and LPL by fibroblasts. Equimolar
concentrations of bLPL (2.5 fig/ml) and activated az-macroglobulin {16 lig/ml) were bound together to cultured
human fibroblasts for 1 h at 4°C. Bound proteins were visualized using pre-embedding techniques with goat
anti-mouse-gold (10 nm, small arrows) for LPL and protein A-gold (15 nm, large arrows) for az-macroglobulin
(A). Internalization of both proteins after incubation of the cells for 30 min at 37°C was studied by cryoultrami-
crotomy procedures (B, C, D). Note that in this case LPL and azmacroglobulin were detected with protein
A-gold (15 nm) and (10 nm), respectively. Also note that LPL (labeled with the larger gold particles, small arrows)
was still associated with the plasma membrane after 30 min at 37°C while all the ceM* (small gold particles,
large arrows) had been internalized. (pm, plasma membrane; cp, coated pit; en, endosome; mvb, multivesicular

body). Bar 0.2 pm.

Fibroblasts grown in 35 mm-diameter culture dishes
were incubated for 1 h at 4°C with a mixture of TRL (10
pg protein/ml) and 2.5 pg/ml of biotin-conjugated
bLPL. ApoE immunodetection was carried out by incu-
bating the cells (30 min at 4°C) with a rabbit anti-human
apoE antibody in buffer B, followed by a 30-min incuba-
tion at 4°C with protein A-gold (20 nm). LPL was
immunodetected with streptavidin-gold {5 nm). Cells
were then warmed to 37°C and incubated for 0, 30, 60,
180, and 480 min. After each time period cells were fixed
in 2% paraformaldehyde-2.5% glutaraldehyde in phos-
phate buffer, scraped, and collected by centrifugation.
Pellets were. postfixed in 1% OsQOs, dehydrated, and
embedded in Spurr for sectioning. Ultrathin sections
(30-50 nm) were stained with uranyl acetate and lead
citrate.

Immunodetection of cell surface-bound osM* was
also carried out by the pre-embedding method. After
the incubation of the fibroblasts with a mixture of 16
pug/ml of ogM* and 2.5 pg/ml for 1 h at 4°C, cells were
fixed for 1 h in 2% paraformaldehyde-0.1% glutaralde-
hyde in 0.1 M phosphate buffer, pH 7.4. agM* was
immunodetected with rabbit antibody to human oeM*
and protein A-gold (15 nm), and LPL with monoclonal
anti bovine-LPL and goat anti-mouse-gold (10 nm).
After immunolabeling, cells were fixed in 2% parafor-
maldehyde, 2.5% glutaraldehyde, scraped, collected by
centrifugation, and processed as indicated above. Inter-
nalization of agM* and LPL was followed by immuno-
gold labeling of cryosections (post-embedding method).
Binding was performed as indicated above with a mix-
ture of agM* and LPL, and the cells were then warmed
to 37°C and incubated for 30 min. Cells were fixed with
2% paraformaldehyde-0.2% glutaraldehyde in phos-
phate buffer, scraped, and collected by centrifugation.
Cell pellets were embedded in 10% gelatin blocks and
post-fixed overnight in 2% paraformaldehyde at 4°C.
Blocks were cryoprotected in polyvinylpyrrolidone and
2% sucrose solution for 24 h, mounted on a metal stub,
rapidly frozen in liquid nitrogen, and maintained at
-196°C before microtomy. Ultrathin sections (60 nm-85
nm) were obtained by cryoultramicrotomy at -105°C,
placed on gold grids (200 mesh) formvar-coated for
transmission electron microscopy, and maintained in

100 mM PBS, pH 7.4, at 4°C. The grids were treated with

150 mM ammonium chloride in 10 mM PBS solution,
rinsed in 10 mM PBS-glycine 20 mM solution, and then
blocked in 0.5% ovalbumin in 10 mM PBS-glycine 20
mM solution at room temperature. agM* was immu-
nodetected with rabbit antibody to human ogM* and
protein A-gold (10 nm), and LPL by the chicken anti-bo-
vine LPL, rabbit anti-chicken and protein A-gold (15 nm)
according to the method described by Slot et al. {37).
After labeling, grids were contrasted in 0.03% uranyl
acetate solution and a thin surface membrane of methyl-
cellulose was applied. Control experiments were per-
formed in parallel with every immunolocalization by
omitting either the ligand or the primary antibody or
both. Sections were observed by conventional TEM
(Hitachi 600 AB).

The intra- and extracellular distribution of agM*, LPL
and apoE was determined by counting the number of
gold particles located either at the plasma membrane or
inside intracellular vesicles (see Results). For each quan-
titated experiment, 10 blocks were cut from the pellet
of cells from a single plate. Three blocks were randomly
selected and cut to sections. Three grids among the
many from each block were selected on the basis of good
morphology at a magnification of 850; cells in these
grids that showed a nuclear profile were randomly cho-
sen and used for counting at 15,000 magnification. For
each experiment, 20-24 profiles were scored. In pre-em-
bedding experiments, labeling of nuclei and mitochon-
dria was considered as nonspecific and therefore ex-
cluded from the counts. The data are expressed as a
percentage of the total number of particles per cell
profile to normalize the differences in labeling efficiency
from plate to plate. Each value is the mean of three
experiments and at least 500 particles counted in differ-
ent sections.

RESULTS

Binding and internalization of LPL by fibroblasts

As the binding of LPL to LRP in vitro has been widely
reported, our initial purpose was to visualize the distri-
bution of the lipase on the fibroblast cell surface in
relation to the distribution of LRP. Preliminary experi-
ments (not shown) using monoclonal antibodies against
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Fig. 3. LPL-mediated binding of TRL and LDL at the fibroblast cell surface. Human chylomicron remnants (TRL) (10 pg protein/ml) were
bound to cultured fibroblasts in the absence (A) or the presence (B) of bLPL. Bound TRL were detected by an anti-apoE and a TRITC-labeled
secondary antibody (A and B1) and bound LPL was detected with a monoclonal antibody and a FITC-labeled secondary antibody (B2). Dil-labeled
human LDL (5 pg protein/ml) were bound in the absence (C) or the presence (D) of bLPL. LPL was immunodetected by a monoclonal antibody
and an FITC-abeled secondary antibody (D2). Bound Dil-LDL without (E) or with (F) bLPL was displaced by 100 U/ml heparin. Bound bLPL
was also displaced by the heparin (F2). Exposure times were identical for all the micrographs except for E, F1 and F2, which were overexposed.

Bar 40 pm.

o and B subunits of LRP showed very low immunofluo-
rescence labeling on the non-permeabilized human fi-
broblast cell surface, suggesting that very little LRP is
exposed at the cell surface. Then, we performed binding
experiments at 4°C with og-macroglobulin (ceM*), a
specific ligand for LRP (38), to determine the cell sur-
face distribution of this receptor molecule. The total
(intracellular and plasma membrane-associated) LRP
was detected by a monoclonal antibody to the o subunit
of the receptor. Cells were incubated at 4°C for 60 min
with oeM* (16 pg/ml), then permeabilized, and double
immunofluorescence detection was performed with
anti-og-macroglobulin and anti-LRP antibodies. Figure
1A shows the distribution of cell surface-bound oeM*
and of both cell-surface and intracellular LRP. As de-
tected by immunofluorescence, very little caM* bound
to the cell surface, and only to the central zone of the
cell (Fig. 1 A1), indicating that plasma membrane-asso-
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ciated LRP is very low and restricted to the central area
of the cell. Immunofluorescence detection of total LRP
(Fig. 1 A2) (intracellular and plasma membrane) indi-
cated that most of the receptor is found within the cell
in perinuclear vesicles. When dimeric, active bovine
LPL (2.5 pg/ml) was used for binding experiments, a
strikingly different cell surface immunofluorescence
pattern was observed (Fig. 1B). LPL bound to fibroblasts
on their whole surface in a very characteristic pattern.
The cells presented a fine punctate staining consisting
of small fluorescent clusters organized in parallel linear
arrays that crossed the fibroblast cell surface longitudi-
nally (Fig. 1B). Intense fluorescent labeling was ob-
served at the edges of the cells. We have previously
shown that this characteristic pattern corresponds to the
fibroblast cell surface distribution of HSPG, which are
organized by the actin cytoskeleton (39). When LRP was
also immunodetected in the same cells, no evident
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relation was found between LRP and LPL (Fig. 1B),
indicating that very little of the initial binding of LPL at
the fibroblast cell surface could be explained by binding
to plasma membrane LRP.

The binding of LPL and agM* was also examined by
electron microscopy. Colloidal gold particles were used
to detect the ligands using either the pre-embedding or
the post-embedding technique (Fig. 2). After binding of
LPL (2.5 pg/ml) together with agM* (16 ug/ml) the
distribution of these proteins on the cell surface dif-
fered. While labeling for agM* was mainly associated
with coated pits (87.5% of the total gold particles) (Fig.
2A, large arrows), labeling of LPL appeared in clusters
and was not restricted to specific domains of the cell
surface (only 5.7% of the total gold particles were asso-
ciated to coated pits) (Fig. 2A, small arrows). Cells were
incubated for 30 min at 37°C with LPL and oeM* and
internalization of both proteins was followed by cryoul-
tramicrotomy and immunocytochemistry. Figure 2 (B to
D), shows cellular structures where LPL and coM* were
found. After 30 min at 837°C, most of the immunode-
tected 0eM* was intracellular and associated with en-
dosomal vesicles (70% of the gold particles}) (Fig. 2 B-D;
large arrows). However, immunogold detection of LPL
indicated that 76% of this protein remained on the cell
surface after 30 min incubation (Fig. 2B; small arrows).
Nevertheless, a small amount of LPL (24%) was found
intracellularly associated with endosomal structures
(Fig. 2B and D, small arrows). Occasionally LPL and
oeM* were found together in membranous structures
that resembled multivesicular bodies (Fig. 2D). Thus,
little of the surface-bound LPL had been internalized
after 30 min incubation, and not all of the internalized
LPL was colocalized with 0eM*, suggesting that cell
surface receptors other than LRP could be involved in
LPL uptake.

LPL mediates binding of TRL and of LDL to cell
surface HSPG

It is now very well documented that LPL mediates
both binding and uptake of radiolabeled lipoproteins by
several types of cells including fibroblasts (11, 12,
14-22). As the experiments reported above indicated
that the initial binding of LPL was predominantly to the
HSPG, we attempted to determine whether the cell
surface distribution of lipoproteins and LPL after bind-
ing was the same and whether lipoproteins were coin-
ternalized in the same endocytic structures. In order to
determine the distribution pattern of lipoproteins on
the surface of cultured fibroblasts, we performed bind-
ing experiments with lipoproteins in the absence or
presence of LPL. Bound lipoproteins were detected
either directly (Dil-labeled) or after immunolabeling
with anti-apoE or anti-apoB antibodies and TRITC-con-

jugated goat anti-rabbit IgG. Figure 3 shows the binding
of TRL, detected by apoE immunolabeling, and that of
Dil-LDL in the absence (A, C) or the presence (B, D) of
LPL. Binding of lipoproteins without LPL was not de-
tectable by fluorescence for any of the ligands. However,
in the presence of LPL, a prominent binding of lipopro-
teins to the whole cell surface was observed. Bound
lipoproteins colocalized with LPL, and displayed the
same characteristic binding pattern, organized in paral-
lel arrays, as that found when cells are incubated with
LPL alone (Fig. 1). As indicated above, this binding
pattern reflects the cell surface distribution of HSPG.
Identical patterns were observed when Dil-TRL or un-
labeled LDL were used (results not shown). Dil-labeled
LDL and nonlabeled TRL showed the same pattern,
indicating that labeling with Dil did not influence the
behavior of the lipoprotein particle. Heparin (100
U/ml) efficiently displaced bound lipoproteins and LPL
(Fig. 3E and F), indicating that binding sites are sensitive
to heparin.

LPL mediates cell internalization of TRL

Cell association of Dil-TRL at 37°C was higher when
the lipase was present (Fig. 4, right column) than in its
absence (Fig. 4, left column). After 15 min incubation
in the absence of LPL, most of the Dil-TRL appeared
internalized in large central vesicles. In contrast, cells
incubated with Dil-TRL plus LPL showed a fluorescence
pattern consisting of clusters on the cell surface. Double
immunolabeling for apoE and for LPL indicated that
this clustering occurred for both TRL and LPL (Fig. 5).
Atlonger incubation times, cells incubated with Dil-TRL
alone progressively accumulated fluorescence in central
perinuclear vesicles, probably corresponding to
lysosomes (Fig. 4). In the presence of LPL, cells also
showed progressive accumulation of fluorescence in
central vesicles, but even after 2 h incubation the fluo-
rescence appeared widely distributed.

To test whether TRL were internalized together with
LPL by human fibroblasts we used immunoelectron
microscopy (Fig. 6). Pre-embedding immunocytochem-
istry with antibodies to LPL and to apoE revealed that,
after binding at 4°C, LPL and TRL were in close asso-
ciation (Fig. 6A and B). Gold-label for LPL was detected
surrounding the base of TRL (Fig. 6B), suggesting that
LPL bridge lipid particles to the HSPG. After 30 min
incubation at 37°C, large clusters of LPL and apoE
labeling TRL were observed on the fibroblast cell sur-
face (Fig. 6C). By this time, intracellular vesicles, prob-
ably endosomes, giving positive immunoreaction both
for LPL and for apoE were also present (Fig. 6D). At
longer incubation times (180 min), the label was de-
tected inside electron-dense structures that could corre-
spond to lysosomes (Fig. 6F). The cellular distribution
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Fig. 4. Uptake of Dil-TRL in the presence or absence of LPL. Human fibroblasts were incubated with Dil-labeled TRL (5 pug protein/ml) with
(+LPL) or without (-LPL) bLPL (2.5 pg/ml) for 30 min at 4°C, washed, and then incubated for 15, 60, 120, and 240 min at 37°C. Cells were fixed
and finally photographed. Exposure times were identical for all the micrographs. (n, nucleus). Bar 25 pm.

of LPL and apoE at different incubation times was also (Fig. 7). After 15 min at 37°C, a small percentage of the

determined by counting the number of gold particlesin  gold particles (19% of the LPL and 18% of the apoE)
the plasma membrane or inside intracellular vesicles  was detected inside the cells. At 30 min the percentage
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Fig. 5. Cell surface clustering of TRL in presence of LPL. After binding of TRL and bLPL to fibroblasts, the
cells were incubated for 30 min at 37°C and then fixed. Cell surface LPL (A) was detected with a monoclonal
anti-LPL and FITC-labeled goat anti-mouse and TRL (B) were detected polyclonal anti-apoE and TRITC-labeled
secondary antibodies, as indicated in Material and Methods. Bar 40 pm.

of intracellular labeling for both LPL and ApoE in-
creased slightly, but most of the label was still in the
plasma membrane, in strong contrast to what was ob-
served for aoM* (see above). At longer incubation times
(180 and 480 min) the percentage of intracellular label
(approximately 60%) increased, but still a substantial
number of gold particles was detected at the plasma
membrane. From these experiments it was noted that
the changes observed in the gold particle distribution of
both LPL and apoE were always equivalent. Thus, these
results suggest that LPL and TRL are internalized to-
gether after clustering at the fibroblast cell surface, by a
slow internalization process.

Receptor-independent pathway is involved in the
LPL-mediated internalization of LDL

Next we attempted to determine whether the pres-
ence of LPL could influence the uptake of Dil-LDL by
starved normal fibroblasts. After binding of Dil-LDL
with or without LPL at 4°C, cells were incubated for
different periods at 37°C. Then the cells were washed in
DMEM-BSA containing 100 U heparin/ml to remove
lipoproteins associated with cell membranes (as shown
in Fig. 3, heparin completely displaces bound lipoprote-
ins). The internalization pattern of Dil-LDL was strik-
ingly different depending on whether LPL was present
or not. In the absence of LPL, the Dil-LDL internaliza-
tion pattern (Fig. 8, left column) consisted of large
central vesicles that evolved into strongly labeled perinu-
clear vesicles corresponding to lysosomes. The progres-
sive increase in fluorescence labeling observed at longer
incubation may have been a consequence of the Dil-LDL
accumulation inside the cell. In the presence of LPL, the
pattern of internalized Dil-LDL (Fig. 8, right column)
was completely different, especially after short incuba-
tion times (15 and 30 min). In this case, Dil-LDL was
found in small vesicles extending out to the edges of the
cell. After 15 min, little of the cell-associated Dil-LDL
had been internalized. By 30 min, Dil-LDL fluorescence

was found in very small vesicles widely distributed
throughout the cytoplasm as well as at the cell edges,
which appeared heavily labeled. By 1 h some fluores-
cence started to concentrate in the cell center in large,
bright vesicles, although small widely distributed ves-
icles were still present. In contrast, after the same incu-
bation time, the fluorescence pattern displayed by cells
incubated with Dil-LDL alone appeared almost exclu-
sively as bright perinuclear vesicles. Only after 4 h
incubation was a resemblance observed between the
Dil-LDL patterns, which consisted of large central ves-
icles (lysosomes), in both the absence and in the pres-
ence of LPL. Furthermore, the fluorescence at the cell
edges progressively disappeared, suggesting a slow edge-
to-center intracellular routing for internalized LDL
when associated with LPL. Parallel immunoelectron
experiments showed that like TRL (see above), LDL
were internalized together with LPL (not shown).
Internalization of Dil-LDL in the presence/absence
of LPL was studied in LDL receptor-negative FH fi-
broblasts in order to discriminate between LDL recep-
tor-dependent and receptor-independent internaliza-
tion pathways. Similar to what was found with normal
fibroblasts, binding of Dil-LDL was virtually undetect-
able when LPL was not present. With LPL, Dil-LDL gave
a punctate pattern extending over the whole surface
(results not shown). The internalization patterns were
completely different in normal and FH fibroblasts (Fig.
9). After 1 h incubation at 37°C of normal fibroblasts
with Dil-LDL, fluorescence appeared in large perinu-
clear vesicles. In contrast, FH fibroblasts were devoid of
central vesicles and the pattern consisted of small ves-
icles distributed throughout the cytoplasm (Fig. 9). In
the presence of LPL, normal fibroblasts showed both
small widely distributed and large central vesicles. Note
that in this case the central vesicles are not perinuclear
and not lysosome-like, suggesting that LDL associated
with LPL are internalized by a somewhat slower pathway
compared to LDL alone. In FH fibroblasts, the fluores-
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Fig. 6. Electron microscopy detection of bound and internalized LPL-TRL complexes. TRL and bLPL were bound to human fibroblasts and
the cells were processed by pre-embedding techniques for the immunogold detection of apoE with protein A-gold (20 nm) and of biotin-LPL
with streptavidin-gold (5 nm) (A, B). Internalization of the bound ligands was studied after incubation of the cells at 37°C for 30 min (C, D) and
180 min (F). Control experiments were performed in which incubation with TRL and LPL were omitted (E). Note the clustering of TRL and
LPL at the plasma membrane during the 30 min incubation (C). (big arrows, TRL; small arrows, LPL; pm, plasma membrane). Bar 0.2 pm.
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cence pattern of DIl-LDL plus LPL was essentially simi-
lar to the Dil-LDL pattern but with more heavily labeled
vesicles (Fig. 9).

The results described above suggested that LDL up-
take takes place both via a receptor-dependent and also
via a receptor-independent pathway that is enhanced by
LPL. To characterize the two pathways, we studied their
respective sensitivity to chloroquine. By increasing the
pH of intracellular vesicles, chloroquine inhibits cellular
degradation of endocytosed ligands that accumulate in
endosomes in association with their receptors (40).
Chloroquine-treated normal fibroblasts incubated with
either Dil-LDL or Dil-LDL plus LPL (Fig. 9) showed a
fluorescence pattern devoid of central vesicles while the
pattern of small vesicles remained. As could be ex-
pected, chloroquine-treated FH fibroblasts incubated
either with Dil-LDL or Dil-LDL plus LPL (Fig. 9) dis-
played basically identical patterns to nontreated cells.
These results indicate that after 1 h internalization, the
receptor-dependent pathway is more sensitive to chlo-
roquine than the receptor-independent pathway.

DISCUSSION

These experiments were designed to explore the cel-
lular interactions between LPL and lipoproteins. The
current results provide immunocytochemical evidence
that human fibroblasts present a high binding capacity
for LPL which is probably associated with cell surface
HSPG. We also show that LPL binds simultaneously to
HSPG and to lipoproteins mediating the binding and
internalization of TRL and LDL by human fibroblasts.
Furthermore, our results suggest that the LPL-mediated
uptake of lipoproteins mainly involves a receptor-inde-
pendent pathway.

LPL binding sites cover the whole fibroblast cell sur-
face, displaying a pattern organized in parallel arrays. In
a recent study (39} we have shown that this pattern

120 % of gold particles

100
80
60
40

20 .

Mintracellular LPL
Hintraceliular ApoE
Nextracellular LPL
Clextraceliular ApoE

corresponds to the cell surface organization of HSPG,
which is mediated by the actin cytoskeleton (39, 41). In
addition to HSPG, LPL binds to LRP (11, 19, 20, 30-32),
which has been shown mediate the endocytosis and
degradation of LPL by several cell types. Our double
immunofluorescence and immunoelectron microscopy
results seem to indicate that LRP has minor role, if any,
in the initial binding of LPL at the cell surface of
fibroblasts. As judged from binding of 0e-macroglobulin
at 4°C, only few LRP molecules are present on the
human fibroblast cell surface. This is not surprising as
most of the LRP is detected in intracellular vesicles by
immunofluorescence and extracellular LRP is associ-
ated with coated pits on the cell surface (23) and these
structures comprise only 2% of the surface of human
fibroblasts (42). We observed that after incubation of
the cells at 37°C with LPL together with agM*, some
LPL molecules were found inside oo:M*-containing en-
docytic vesicles, suggesting that LRP could internalize
part of the cell surface-bound LPL. Nevertheless, other
LRP-independent pathways for LPL internalization
must operate. This is suggested by the observation that
some endocytosed LPL molecules did not colocalize
with ooM* and that, after incubation at 37°C for 30 min
and longer (not shown), a large fraction of the LPL
remained bound to the fibroblast cell surface. At this
time all the oceM* was found intracellularly. The hy-
pothesis of a receptor-independent endocytosis is sup-
ported by two kinds of evidence. Previous resuits
showed that the receptor-associated protein (RAP),
which inhibits the binding of all known ligands to LRP,
caused only a 43% decrease in the cellular degradation
of LPL (21). Recently, Sehayek et al. (22) showed that
degradation of '?®Iabeled LPL was reduced by 60-70%
in both HepG2 cells and in normal fibroblasts after the
cells had been treated with sodium chlorate and hepari-
nase to reduce their content of HSPG. In addition
heparan sulfate-deficient CHO cells showed a low capac-
ity to bind and degrade LPL (only 10% that of the wild

Fig. 7. Relative quantification of cellular distribu-
tion of LPL and apoE gold labeling. Human fi-
broblasts were incubated with TRL (5 ug pro-
tein/ml) and bLPL (2.5 pg/ml) for 30 min at 4°C,
washed, and then incubated for the indicated times
at 37°C and processed for electron microscopy as in
Fig. 6. Gold particles located at the plasma mem-
brane were counted and assigned as non-internal-
ized LPL or ApoE. Gold particles located inside
intracellular vesicles were assigned as internalized
LPL or ApoE. Values are expressed as percentage of
the total number of gold particles and represent the
mean of three separate experiments. Variation be-
tween the mean values was less than 20%.

Ferndndez-Borja et al.  Lipoprotein lipase-mediated uptake of lipoproteins 475

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

Fig. 8. Uptake of Dil-LDL in presence or absence of LPL. Human fibroblasts were incubated with Dil-labeled LDL (5 pg protein/ml) in the
absence (-LPL) or the presence of (+LPL) bLPL (2.5 ug/ml) for 30 min at 4°C. They were washed and warmed to 37°C for 15, 30, 60, and 240
min. Cells were washed with 100 U/ml heparin to remove cell surface-bound lipoproteins and fixed. Exposure times were identical for all the
micrographs. (n, nucleus). Bar 25 pm.
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type cells). These results taken together indicate that
HSPG has an important role in the LPL metabolism.
Like other coated pit-associated receptors, LRP under-
goes rapid internalization upon ligand binding (43).
Previous results obtained by Yanagishita (44) on HSPG
metabolism by rat granulosa ovarian cells in culture
show that membrane-intercalated and glycosyl phospha-
tidylinositol (GPI)-anchored HSPG are slowly internal-
ized with a half-time of 4 h and 3 h, respectively. This
could explain the long retention time of LPL bound to
HSPG on the membrane.

The results presented here, showing that the presence
of LPL causes a spectacular increase in the amount of
lipoproteins bound to fibroblasts at 4°C, corroborate
those reported by others using radiolabeled lipoprote-
ins (11, 12, 14-22). By using immunofluorescence we
observed that lipoproteins and LPL display identical
binding patterns, suggesting that the lipase bridges the
lipoproteins and the cell surface HSPG. By immunoelec-
tron microscopy, we detected a close association of LPL
with lipoproteins at the fibroblast cell surface. Our data
are the first direct evidence of the putative role of LPL
in mediating lipoprotein binding to HSPG on the mem-
brane of cultured cells (12, 14-22). The interaction
between lipoproteins and LPL may take place by means
of the lipid moiety of the lipoproteins, as we obtained
identical results with TRL and LDL, which have differ-
ent apolipoprotein compositions. In fact, LPL promotes
cellular binding of all classes of lipoproteins (16) and of
apolipoprotein-free triglyceride emulsions (14). How-
ever, an interaction between LPL and certain apolipo-
proteins cannot be ruled out. Recently Sivaram et al.
(45) showed that LPL specifically associates with the
NHog-terminal region of apoB. We observed that LPL
enhances the cellular association of lipoproteins more
than cellular uptake, as examined after the removal of
membrane-associated lipoproteins with heparin. Lipo-
protein-LPL complexes form clusters on the cell surface
that are subsequently internalized, as shown by immu-
nogold microscopy. In an earlier study (39) we showed
that these clusters are formed by an LPL-induced move-
ment of HPSG along actin filaments.

From our results it is clear that, after internalization,
lipoproteins follow different intracellular routing de-
pending on the presence or absence of LPL, irrespective
of their apolipoprotein composition. The internaliza-
tion patterns were markedly different: endocytosed
LDL was found in bright central vesicles (lysosomes),
which became more fluorescent over the incubation
time; in contrast, the pattern of LDL internalized in the
presence of LPL consisted of small vesicles throughout
the cytoplasm, especially extending out of the edge of
the cell. After only 1 h of incubation, large central
vesicles began to appear, although a diffuse pattern of

small vesicles could be still observed. After 4 h the two
patterns became similar, indicating that, although more
slowly, LDL internalized via LPL are also routed to
lysosomes. The results obtained with FH fibroblasts
further supported an internalization pathway mediated
by HSPG. As previously described by Goldstein and
Brown (46) LDL-receptor defective fibroblasts internal-
ize and degrade LLDL through a nonsaturable receptor-
independent pathway. Attie et al. (47) also showed a
receptor-independent pathway for LDL uptake by hepa-
tocytes from rabbits lacking LDL receptors (Watanabe
heritable hyperlipidemic rabbits). It has been shown (48,
49) that LDL bind to proteoglycans of the arterial wall,
although with low affinity. In the present study, we show
that FH fibroblasts internalize LDL according to a pat-
tern which resembles that of LPL-mediated uptake by
normal fibroblasts: diffuse small vesicles throughout the
cytoplasm. Consistently, this pattern was identical either
in the presence or absence of LPL, although more
fluorescence was internalized in the presence of the
lipase. It is not probable that LRP is involved in the
binding and internalization of LDL by FH fibroblasts, as
the enzyme was unable to mediate binding of LDL to
LRP in ligand blotting experiments (20). Unlike normal
fibroblasts, FH fibroblasts did not display central vesicles
after 1 h incubation but did so after 4 h incubation.
These results confirm previous observations (14, 15,
18) of two distinctinternalization pathways for LDL: afast
receptor-dependent pathway mediated by the LDL-re-
ceptor and a slow receptor-independent pathway medi-
ated by HSPG and potentiated by LPL. These pathways
differintheirintracellular routing: aspecial feature of the
receptor-dependent pathway is the rapid central inter-
nalization of LDL, while the HSPG-mediated pathway is
characterized by slow internalization into widely distrib-
uted vesicles. Interestingly, these pathways were affected
differently by chloroquine treatment. Chloroquine-
treated normal fibroblasts are devoid of fluorescent

central vesicles after 1 h incubation with Dil-LDL, either:

in the presence or the absence of LPL. However, in the
presence of LPL, the pattern of widely distributed vesicles
persisted. Consistent with these observations, the LDL
internalization pattern shown by FH fibroblasts was not
affected by chloroquine in any case. The mechanism of
chloroquine isbased on the increase inintravesicular pH,
which causes accumulation in the primary endosomes of
internalized LDL, which cannot separate from the recep-
tors (40). This leads to inhibition of the degradation of
LDL (50) and prevents the LDL-receptor recycling to the
cell membrane. In our understanding this may explain
why no fluorescence was detected in chloroquine-treated
normal fibroblasts after 1 h incubation with LDL. If the
LDL-receptor cannot recycle, the total amount of LDL
that couldbeinternalized would belower.
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Fig. 9. Internalization of Dil-LDL by FH fibroblasts. Effect of chloroquine. Normal (N) and receptor deficient (FH) fibroblasts were either
nontreated (-Chl) or treated (+Chl) with chloroquine and then incubated with Dil-LDL in the absence (-LPL) or the presence (+LPL) of bLPL
for 30 min at 4°C. Cells were then washed and warmed to 37°C for 1 h to allow internalization. Cell surface lipoproteins were removed by heparin
wash and the cells were fixed. Exposure times were identical for all the micrographs. (n, nucleus). Bar 25 pm.
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The operation of two internalization pathways, a spe-
cific receptor-mediated and an HSPG-mediated, has
been described for another heparin-binding molecule,
the basic fibroblast growth factor (bFGF) (51-53). In
addition, Reiland and Rapraeger (53) showed that bFGF
was targeted to different intracellular sites by the two
receptors. Furthermore, in relation to lipoprotein me-
tabolism, Tabas et al. (54) found different intracellular
routing for internalized B-VLDL and LDL in macro-
phages. These authors postulated that the greater stimu-
lation of ACAT by B-VLDL was due to the targeting of
the two lipoproteins to different organelles with differ-
ent ability to interact with microsomal ACAT. Lombardi
etal. (55) suggested that different intracellular transport
of VLDL and LLDL in HepG2 cells was the cause of their
differential effects on ACAT stimulation. One can
speculate that the different routing provided by LPL-
HSPG and the fact that HSPG are not subjected to
down-regulation by the cellular sterol content may be
the keys to understanding the possible physiological role
of the LPL-mediated binding and uptake of lipoprote-
ins. The sites where these events may be especially
important would be those with a high concentration of
LPL, such as the space of Disse (56), the endothelial
surfaces (57), and the arterial wall (58). In this last
location, LPL may be related to atherogenesis as it has
been shown that LPL increases the retention of LDL by
the subendothelial matrix (59, 60).

Finally, although our results cannot rule out the hy-
pothesis proposed by several authors (18-20) that HSPG
facilitate the transfer of lipoproteins bound via the lipase
to the specific receptors for internalization, they do
demonstrate that this is not the only internalization
pathway. In conclusion, LPL provides high capacity
binding sites for lipoproteins on the fibroblast cell mem-
brane and an LDL receptor/LRP-independent internali-
zation pathway which is not regulated by the cellular
sterol content.
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