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Abstract  The uptake of triglyceride-rich lipoproteins has
been described as being mediated by apolipoprotein E and
lipoprotein lipase (LpL). Proteoglycans, the LDL-receptor,
and the LDL receptorrelated protein (LRP) are the cellular
acceptors. In addition to LpL, hepatic lipase (HL) has been
shown to bind to LRP. In this study, the role of HL in
lipoprotein uptake was investigated. Human chylomicrons
and rabbit B-VLDL were used as ligands for human hepatoma
cells, primary human hepatocytes, normal and proteoglycan-
deficient Chinese hamster ovary (CHO) cells, and normal and
LDL receptor-deficient human fibroblasts. We show that HL
induces stimulation of the uptake of chylomicrons and B-
VLDL into the different cell lines. HL is known to bind to
heparan sulfate, and experiments on normal and proteogly-
can-deficient CHO cells showed that cell surface proteogly-
cans are essential for HL-mediated uptake of lipoproteins. To
exclude LDL receptor-mediated uptake, we performed ex-
periments on LDL receptor-deficient fibroblasts that demon-
strated that the LDL receptor was not important for the
HL-mediated uptake of lipoproteins. Crosslinking experi-
ments confirmed the binding of HL to LRP on the cell
surface. To identify the region of HL involved in the interac-
tion with LRP, we used a C-terminal fragment of LpL, known
to inhibit LpL-mediated uptake. HL-mediated lipoprotein up-
take was suppressed by this fragment. BE  Our experiments
indicate that HL, like LpL, can mediate the uptake of lipopro-
teins into cells, most probably via a C-terminal binding site.
The uptake, initiated by proteoglycan binding, is mediated by
LRP.—Krapp, A., S. Ahle, S. Kersting, Y. Hua, K. Kneser, M.
Nielsen, J. Gliemann, and U. Beisiegel. Hepatic lipase medi-
ates the uptake of chylomicrons and B-VLDL into cells via the
LDL receptor-related protein (LRP). J. Lipid Res. 1996. 37:
926-936.

Supplementary key words hepatic lipase ® LDL receptor-related
protein e lipoprotein lipase ® human chylomicrons e proteoglycans

The function of HL as a lipolytic enzyme in lipopro-
tein metabolism has been known for a long time (1). HL
catalyzes the hydrolysis of triacylglycerides, acyl-CoA
thioesters, and phospholipids (2-4). Chylomicron rem-

926 Journal of Lipid Research Volume 37, 1996

nants and intermediate density lipoproteins have been
described as substrates (5, 6). HL is also important in
the metabolism of high density lipoprotein (HDL), as it
seems to be responsible for the conversion of HDL; to
HDLs (7, 8). HL is synthesized in hepatocytes and
located on the sinusoidal endothelium of the liver (9).
Recently, a truncated form of HL has been described
that is synthesized in rat adrenals (10). HL. defects have
been identified in several families (11, 12). Individuals
with HL-deficiency are characterized by elevated levels
of triglycerides and cholesterol as well as the production
of abnormal LDL particles (13). Mice lacking the HL
gene due to targeted gene disruption developed mild
hyperlipidemias (14).

HL belongs to the lipase gene family (15), along with
lipoprotein lipase (LpL) and pancreatic lipase (PL).
Human HL has a 44% homology with LpL and about
27% with PL at the amino acid sequence level (16-18).
PL is the only member of this family for which the
three-dimensional crystallographic structure has been
elucidated (19). It shows two distinct domains: the active
site in the N-terminal folding domain between amino
acids 1 and 335 and a C-terminal domain spanning
amino acids 336-448. The amino acid sequence homolo-
gies and the similarities in the gene structure suggest a
similar folding pattern for the other two lipases (16, 20).
HL and LpL are both able to hydrolyze plasma lipopro-
teins whilst attached to the endothelium via proteogly-
cans. Their structural and functional features have been
discussed in several recent reviews (21-23).

Abbreviations: HL, hepatic lipase; LRP, low density lipoprotein
receptor-related protein; LpL, lipoprotein lipase; PL, pancreatic
lipase; FH, familial hypercholesterolemia; CHO, Chinese hamster
ovary cells.
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LpL has been shown to bind to LRP (24-26) and to
mediate the binding of lipoproteins to this receptor.
Also, it can facilitate the uptake of chylomicrons and
VLDL into cells (24, 27) and enhances the removal of
chylomicrons and chylomicron remnants by the per-
fused rat liver (28). LRP has been described as a receptor
for chylomicron remnants (29). It is a multifunctional
receptor that has been shown in parallel to bind apok
(30) and the activated form of aigmacroglobulin (31, 32).
Several other unrelated substances have subsequently
been described as ligands for LRP (33), as well as a 39-40
kDa protein which copurifies with the receptor and has
been termed 'receptor-associated protein' or RAP (34,
35). LRP belongs to the LDL receptor gene family which
also includes the LDL receptor, gp 330 (36) and the
VLDL receptor (37).

The function of LpL in mediating the binding and
uptake of chylomicrons and other lipoproteins into
different cell lines via LRP in vitro has been extensively
characterized. It is independent of the catalytic activity
but dependent on the C-terminal domain of the protein
(24, 38-40).

HL has also been described as binding to LRP (39, 41)
and found to be involved in chylomicron remnant ca-
tabolism. It could be shown that HL is able to mediate
the binding (42) and uptake (43) of lipoproteins into
cells. On the other hand, it has been suggested that HL
may promote hepatic clearance of apoE-containing lipo-
proteins, either by hydrolysis and exposure of an apoE-
receptor binding site (44) or by enhancing cell associa-
tion via binding to cell-surface proteoglycans (45).

Our studies show for the first time that HL can
mediate the uptake of human chylomicrons and rabbit
B-VLDL into human hepatocytes and human hepatoma
cells. The uptake is initiated by binding of the lipopro-
teins to proteoglycans on the cell surface, and facilitated
by LRP. Experiments with LDL receptor-deficient hu-
man fibroblasts indicated that the LDL receptor is not

necessary for HL-mediated uptake of chylomicrons and
B-VLDL.

METHODS

Cells

Human hepatoma cells (Hep3b, HuH7) and fi-
broblasts (normal and LDL receptor-deficient) were
grown in Dulbeccos's modified Eagle's medium
(DMEM; Gibco) with 10% fetal calf serum, penicil-
lin/streptomycin (Gibco) at 37°C in 5% COg/95% air.

CHO cells (normal [K1] and PG-deficient [745]) were
grown in Nutrient Mixture (F12 HAM, Gibco) with 10%
fetal calf serum, penicillin/streptomycin (Gibco) under
the same conditions.

The Hep3b cells were obtained from the American
Type Culture Collection (ATCC HB 8064). The HuH7
cells were a kind gift from Dr. Hans Will (Hamburg,
Germany) (46). The normal fibroblasts are cultured
from a skin biopsy of a control person. The FH cells were
derived from a French Canadian patient, homozygous
for the >15-kilobase deletion that eliminates the promo-
tor and the first exon of the LDL-receptor gene (47);
these cells were a kind gift from Dr. Davignon (Mont-
real, Canada). No LDL receptor can be detected in these
cells. The CHO cells we kindly obtained from Dr. Esko
(Birmingham, AL) (48).

Isolation and culture of human hepatocytes

Human liver tissue was obtained from patients with
liver tumors who underwent resection operations in the
surgical clinic of the University Hospital Eppendorf.
The experimental protocol was approved by the Com-
mittee for Medical Ethics of the Aerztekammer Ham-
burg. Only liver segments devoid of tumor tissue were
used for cell preparations. Hepatocytes were isolated
and cultured as described by Galle et al. (49). Briefly,
liver tissue was preperfused with MEM (Gibco) supple-
mented with 0.5 mM EGTA (Sigma) 25 U/ml heparin
(Roche), 20 mM HEPES (Gibco) for 15 min. at 37°C. The
perfusion medium was William's (Gibco) supplemented
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Fig. 1. Crosslinking of HL, LpL, and a C-terminal LpL fragment to
Hep3b. Binding experiments were performed on Hep3b cells with
125 Jabeled LpL (lane 1), 125L1abeled HL (lane 2) and 2511abeled
LpL fragment (lane 3). Incubation was performed for 30 min at 4°C
and subsequently the bound ligand was chemically linked to the
receptor by l-ethyl-3(3-dimethylaminopropyl)-carbodiimide/N-hy-
droxysuccinimide. After crosslinking, the cells were solubilized and
applied to an SDS-PAGE, and electroblotted onto nitrocellulose. The
radiolabeled bands were detected on X-ray film after 5 days of
exposure. All lanes show a band at 600 kDa and the corresponding
labeled lipase on the bottom. Shown is supernatant 2, which contains
most of the radioactivity.
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with 0.5 mg/ml collagenase (Type IV, Sigma), 3 mM
CaCl2 and 20 mM HEPES (Sigma) foThroughout
preperfusion and perfusion, media were gassed w..h
carbogen (95% 02, 5% CO2). After perfusion, cells were
isolated by shaking and rinsing the tissue, followed by
filtration and several washing and centrifugation steps
(50 g 5 min). The hepatocytes were plated in 35-mm
plastic tissue culture wells (Nunc) at a density of 2 x 106,
The medium was William's medium supplemented with
10% FCS, 0.7 ug/ml insulin (Sigma), 0.065 pg/ml glu-
cagon (Sigma), triiodothyronine 0.065 pg/ml (Sigma),
4.0 pg/ml dexamethasone (Serva), 100 U/ml penicil-
lin/streptomycin, 2 mM glutamin (Gibco) and 20 mM
HEPES at 37°C in 5% CO3/95% air.

Lipid and protein quantification

Cholesterol and triglycerides in the lipoproteins were
determined with enzymatic colorimetric assays from
Boehringer Mannheim. The protein content of the lipo-
proteins and the cell proteins was determined by the
Lowry technique, modified for lipid containing samples
by addition of 0.1% SDS.

Rabbit B-VLDL and human chylomicrons

B-VLDL (d < 1.006 g/ml) was isolated from the blood
of cholesterol-fed rabbits (50). The protein content of
the different preparations was 0.74 + 0.46 mg of protein
per ml. The ICI method was used for iodination (51).
The sodium iodine Na !25] was purchased from Amer-
sham Buchler. The protein content of the different 1251
preparations was (.34 £ 0.12 mg of protein per ml. The
specific radioactivity in the protein was between 7.3
1.8 x 10* cpm/ug; 30 £ 5% of the 25lodine was found
in the lipid faction.
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Fig. 2. Effect of different lipases on the uptake of 1251 Jabeled
chylomicrons into Hep3b cells. PL, bacterial lipase, LpL, and HL. were
added to Hep3b cells in a concentration of 0.1 ug/ml. The uptake
experiment was performed at 37°C for 90 min using 1251 fabeled
chylomicrons as ligand. Uptake was calculated in ng chylomi-
crons/mg cell protein. The results are the average of duplicate
samples. In absence of lipases the uptake is 16 ng/mg cell protein and
this is expressed as 100%.
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Chylomicrons were obtained from LplL-deficient or
apoC-ll-deficient patients. For isolation of the chylomi-
crons, the plasma was layered under 10% sucrose
(Sigma) and centrifuged at 280,000 g for 45 min at 4°C.
Chylomicrons were taken from the top of the sucrose,
resuspended, and a second sucrose spin was performed
to purify the chylomicrons from contamination of se-
rum proteins. The apolipoprotein content of the differ-
ent preparations was 0.60 + 0.25 mg of protein per ml.
Todination was performed as described for B-VLDL. The
protein content of the different %I preparations was
0.26 *+ 0.07 mg of protein per ml. The specific radioac-
tivity in the protein was between 5.8 £ 2.3 x 10* cpm/pg;
38 £ 9% of the ?lodine was found in the lipid faction.

Bovine LpL, PL, and bacterial lipase

Bovine LpL was purified from milk as described
previously (52). The specific activity of the preparations,
using a phospholipid-stabilized emulsion of soy bean oil
(Intralipid; Kabi-Nutrition, Stockholm) at pH 8.5 and
25°C, with human serum as source of apoC-II, was 570
units/mg. One unit corresponds to 1 umol of fatty acids
released per ml per min. Protein concentrations were
calculated using the absorbency at 280 nm and the
absorption coefficient (A1%) 16.8 cm'l.

Pancreatic lipase from porcine pancreas was obtained
from Sigma and bacterial lipase derived from Pseudo-
monas fluorescens was a gift from Amano Pharmaceutical

(Nagoya, Japan).

Isolation of HL from HuH7 supernatants

HuH7 cells were grown in 45 ml of the medium
described above, containing 7 U/ml heparin (Roche)
and 10 ng/ml TPCK (Boehringer) in 500 qcm Triple-
Flask (Nunc). The medium was exchanged every day and
stored at -80°C. To isolate HL, 500 ml of the medium
was applied to a heparin-Sepharose High-Trap column
(Pharmacia) after addition of sodium chloride to a final
concentration of 0.3 M, and HL was eluted using 10 mMm
BisTris (Roth), pH 7.4, containing 1 M NaCl and 10%
glycerol (Merck). The eluate was concentrated by dialy-
sis against 3.4 M ammonium sulfate (Serva). HL was
stored as a precipitate at -20°C and resuspended imme-
diately before being used in the assay.

Isolation of HL from human postheparin plasma

HL was purified from postheparin plasma as de-
scribed previously (53). In brief, fresh postheparin
plasma was adjusted to 0.4 M NaCl and mixed with
heparin-Sepharose for 2 h at 4°C. After washes of hepa-
rin-Sepharose, elution was performed with 0.7 M NaCl
in 10 mM phosphate-buffer, pH 7.4. HL was eluted
under this condition whereas LpL. was retained. To
remove possible traces of LpL in the eluate, the prepa-
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ration was immunoprecipitated with rabbit IgG raised
against LpL. Then the eluate was adjusted to 0.2 M NaCl
and applied to a Sepharose column with immobilized,
modified (N-desulfated and N-acetylated) heparin (50).
After washing with 0.2 M NaCl, HL was eluted with 0.9
M NaCl.

Assay of HL activity

The activity of HL was measured using an emulsion
of gum arabic-stabilized radiolabeled [*C]trioleyl glyc-
erol (Amersham) (54). The lipid emulsion was prepared
by mixing 50 mg of unlabeled triolein (Fluka) and 2.5
uCi [*Clirioleyl glycerol, followed by sonicating in a
buffer containing 0.2 M Tris, 0.5% gum arabic, 1 M NaCl,
5% albumin. To each sample 0.2 ml of this emulsion was
added and incubation was performed for 30 min at
28°C. The enzymatic reaction was stopped adding a
mixture of chloroform-n-heptane-methanol 75:60:85
(v/v/v). The radioactivity of free fatty acids was meas-
ured in the aqueous phase after extraction. To inhibit
HL activity, we used the lipase inhibitor Orlistat Orlistat
(tetrahydrolipstatin, THL (Orlistat); La Roche), which
was shown to be a general inhibitor for mammalian
lipases (55). The HL activity was inhibited completely in
our assay system.

Preparation of the C-terminal fragment of LpL

Expression of a fusion protein containing human LpL
residues 378-448 was performed as described pre-
viously (39). Purification of the hexa-histidine-tagged
protein was performed as described (56) except that 2
mM glutathione/0.2 mM oxidized glutathione was
added to allow disulfide reshuffling.

Iodination of HL, LpL, and the LpL fragment

HL and the LpL fragment were iodinated using lo-
dobeads (Pierce) following the manufacturer's instruc-
tions. To one Iodobead in 200 ul PBS containing 0.003%
sodium azide, 0.5 mCi 1251 was added. After 5 min, 5 to
10 ug HL or LpL-fragment was added. Incubation was
for 10 min. Free iodine was removed from iodinated
protein by running over a PD 10 column (Pharmacia)
equilibrated with 3% BSA. Fractions containing 125Ia-
beled HL or ?5I-labeled LpL-fragment were collected.
The labeled preparations contained approximately 2
ug/ml protein and had a specific activity of 10-20 x 106
cpm/ug.

LpL was iodinated using lactoperoxidase and glucose
oxidase and was repurified on heparin-Sepharose (57).
The labeled LpL. preparations contained approximately
1 pg/ml protein and had a specific activity of 10-30 x

10% cpm/pug.
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Fig. 3. Effect of HL and LpL on the uptake of 1251 Jabeled chylomi-
crons and 125L-labeled B-VLDL into Hep3b cells. Uptake experiments
with addition of HL and LpL were performed with 125Llabeled
chylomicrons and 25L1abeled f-VLDL as ligands. Experimental de-
tails are described in Fig. 2. The final concentration of LpL was 0.2
ng/ml; the concentration of HL was 0.1 pg/ml. The mean uptake of
lipoproteins without lipase addition was 16 ng/mg cell protein for
chylomicrons and 30 ng/mg cell protein for B-VLDL. These values
were set to 100%. Shown is always the mean of three experiments.

Uptake experiments

For the uptake experiments, the Hep3b or HuH;
cells, normal or PG-deficient CHO cells, and normal or
LDL receptor-deficient fibroblasts were grown in 24-
well plates from Nunc. Cells (1 x 108/ml) were seeded
at day 0 and used as confluent monolayers at day 2.
Human hepatocytes were plated in 6-well plates (Nunc)
at a density of 2 x 106/ml at day 0 and used between
days 2 and 4. The experiments were performed in 1 ml
(24-well) or 2 ml (6-well) of DMEM containing 5% BSA
(fraction V, Sigma) and 0.02 M HEPES (pH 7.4), with 2
ug of 1%5Ilabeled B-VLDL protein or 1 pg 125I-labeled
chylomicron protein per ml. Incubations were per-
formed for 90 min at 37°C. To avoid lipolysis, the active
site inhibitor (55) was present in the incubation medium
(25 pg/ml). To determine the fraction of lipoprotein
taken up, the cells were washed several times with
phosphate-buffered saline (PBS), pH 7.4, containing 2
mg/ml BSA. The first and last wash were performed in
the absence of BSA. Surface-bound lipoproteins were
then released by PBS containing 770 U of heparin/ml
(Liquemin, Roche). After washing, the cell monolayers
were dissolved in 0.1 M NaOH and radioactivity and cell
protein were measured.

Crosslinking experiments

Cells were grown in 6-cm petri dishes for crosslinking
experiments. Binding was performed following the pro-
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Fig. 4. Saturation curve for the HL-mediated uptake of human
chylomicrons, Uptake of 125L1abeled B-VLDL into Hep3b cells in the
presence of increasing amounts of HL is shown. Concentration of HL
was between 0 and 250 ng/ml. The experiment was performed as
described in Fig. 2. Shown is the total (-#-), unspecific (M), and
specific (-A-), uptake for the different concentrations of HL. Each
point represents the mean of duplicate measurements.

tocol of uptake experiments except that the incubation
was for 30 min at 0°C. After the final wash with PBS, pH
7.4, cells were washed once with PBS, pH 7.0. Sub-
sequently, the bound ligand was linked to its receptor
by the chemical crosslinker, 1-ethyl-3(3-dimethylamino-
propyl)carbodiimid in combination with N-hydroxysul-
fosuccinimide (Pierce) at final concentrations of 1
mg/ml in PBS, pH 7.0. The cells were incubated with
the crosslinking reagents for 30 min at room tempera-
ture, followed by a wash with PBS. The cells were then
scraped from the plastic dish, centrifuged at 400 g for
10 min, and solubilized in 20 mM Tris-HCI (Roth), pH
7.5/150 mM NaCl/2 mMm MgCly/1% Nonident P-40
(Serva) (supernatant 1). The insoluble proteins were
removed by centrifugation and solubilized in 5% SDS
(supernatant 2). Solubilized proteins were applied to a
SDS polyacrylamide gel (5%, SDS-PAGE) with sub-
sequent electroblotting to nitrocellulose (0.45 pg,
Schleicher & Schuell), which was exposed to X-ray film
(Kodak, Biomax MR).

RESULTS

Production of HL with human hepatoma cells
(HuH7)

We isolated HL from the human hepatoma cell line
HuH7 (46), which does not secrete LpL. HuH7 cells were
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kept in culture for up to 2 months without trypsination.
The production of HL was monitored by its enzyme
activity. The activity of HL increased in day 6 to a level
of about 15 mU/ml and stayed at this level until the end
of the experiment (around 30 days).

Because there was no ELISA available for HL, the
mass was measured semi-quantitatively using enzyme
activity and immunoblotting. The preparations were
compared to the HL isolated from postheparin plasma
and quantified via the known specific activity. The con-
centration of HL in our experiments was always approxi-
mately 0.1 ug/ml, a concentration at which the uptake
mediated by HL was found to be saturated (Fig. 4).

Binding and crosslinking experiments with HL on
Hep3b cells

Binding experiments were performed with !25]]a-
beled HL and a specific binding of HL to the cells could
be shown. To identify the binding protein for HL on the
cell surface, we performed crosslinking experiments
with 1?Ilabeled HL in comparison with 125I{abeled
LpL. EDC-sulfo-NHS [l-ethyl-3(3-dimethyl-amino-
propyl)-carbodiimide/N-hydroxy-succinimide] was
used as a crosslinking agent. The autoradiography of the
experiment is shown in Fig. 1. Lanes 1 and 2 represent
the crosslinking of 1?5I-labeled LpL and '25I-labeled HL,
respectively, to Hep3b cells. A major band of approxi-
mately 600 kDa was detected. This corresponds to the
mobility of crosslinked LRP as demonstrated by West-
ern blotting in parallel (data not shown). These experi-
ments demonstrate that HL, like LpL, is able to bind to
LRP on the cell surface. No other dominant band ap-
pears on the autoradiography. The radioactivity at the
bottom of the lanes represents the labeled lipases.

Comparison of different lipases in uptake
experiments on hepatoma cells and hepatocytes

Similarly to earlier experiments with LpL (42), we
performed uptake experiments on Hep3b cells to test
the ability of different lipases to mediate the uptake of
125T ]abeled chylomicrons into the cells. The uptake was
defined as the cell-associated radioactivity after a 90-min
incubation at 37°C and after a heparin release of sur-
face-bound radioactivity. Specific uptake is shown in all
figures, calculated by subtraction of unspecific uptake
(in presence of a surplus of unlabeled ligand) from the
total uptake. LpL and HL, but not PL and bacterial
lipase can efficiently mediate the uptake of ?I-labeled
chylomicrons into hepatoma cells (Fig. 2). The residual
effect of the PL and the noticeable increase in uptake in
the presence of bacterial lipase can be explained by their
enzyme activity as discussed later.

To verify the use of HUH7 cell-derived HL instead of
human plasma HL, we compared both in uptake experi-
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TABLE 1. Effect of HL on lipoprotein uptake into human
hepatoma cells and hepatocytes

Cells % of B-VLDL % of Chylomicron
Uptake (n) Uptake (n)
Hep3b 191 £ 41 (8) 220 + 51 (5)
HuH, 167 £ 24 (3) 176 + 48 (4)
Hepatocytes 166/120 156,209

Uptake experiments were performed as described in Material and
Methods and in the legend to Fig. 2. Specific uptake was determined
in presence and absence of HL on the different cell lines, and the
values for the lipoprotein uptake without HL were set to 100%. The
number of experiments included in this table is given in parentheses;
two experiments were performed on hepatocytes and both values are
presented.

ments on HUH7 cells. Using 0.1 pg/ml of either HL
preparation, we found the binding of chylomicrons
increased from 7.6 ng/mg cell protein, without addition
of lipase, to 24 ng/ml with the plasma HL and 22 ng/ml
with HuH7 HL. The uptake was increased from 109
ng/ml to 244 and 247 ng/ml, respectively.

The effect of LpL and HL on the uptake of 125I-labeled
B-VLDL and '%I-labeled chylomicrons was compared on
Hep3b cells. As shown in Fig. 3, HL (0.1 pg/ml) and
LpL (0.2 ug/ml) both increased the basic uptake of the
two ligands. Specific uptake of 125I-labeled B-VLDL and
1251-]abeled chylomicrons without addition of lipases was
set to 100%. The data indicate that HL facilitates the
uptake of lipoproteins more efficiently than LpL, as 0.1
ug/ml HL induces a higher increase than 0.2 pg/ml of
the LpL (see also discussion).

In the subsequent studies we focused on HL and
investigated its function in lipoprotein uptake on differ-
ent cell types. With increasing amounts of HL the uptake
into Hep3b cells was increased correspondingly up to
60 ng/ml. The addition of 120 or 240 ng HL/m! did not
further increase the uptake (Fig. 4). To work at a satu-
ration level we used approximately 100 ng HL/ml in the
experiments.

Comparison between hepatoma cells and fresh
hepatocytes

To elucidate possible functional differences between
human hepatoma cells (Hep3b and HuHy7) and fresh
human hepatocytes, we performed uptake experiments
with both ligands. There was no significant difference
between the uptake of B-VLDL or chylomicrons into the
three cell lines (Table 1).

HL-mediated uptake of lipoproteins is dependent
on proteoglycans

LpL and HL bind with high affinity to cell surface
proteoglycans (21). To elucidate the influence of proteo-
glycans on the HL-mediated uptake of lipoproteins, we
performed experiments on normal [K1] and proteogly-

can-deficient [745] CHO cells. Figure 5 shows experi-
ments using both ?5I-labeled B-VLDL and !25I-labeled
chylomicrons as ligands. HL. increased the uptake of
B-VLDL into normal CHO cells in two independent
experiments to 339% and 439% and of chylomicrons to
349% and 320%. (The B-VLDL uptake without addition
of HL was set too 100%). The uptake into proteoglycan-
deficient CHO cells was, however, only 109% and 119%
for B-VLDL, and 110% and 102% for chylomicrons in
the same experiments. Thus proteoglycan-deficient cells
did not allow any significant Hl-mediated uptake of
lipoproteins. The binding to proteoglycans seems,
therefore, to be a necessary step in the uptake mecha-
nism.

HL-mediated uptake into normal and LDL
receptor-deficient human fibroblasts

We performed experiments on normal and LDL re-
ceptor-deficient (FH) human fibroblasts to investigate
whether the HL-mediated uptake of B-VLDL or chylomi-
crons might be facilitated by the LDL receptor. As
shown in Fig. 6, HL-mediated uptake of both ligands is
increased on fibroblasts independent of the presence of
the LDL receptor. Only one representative experiment
is shown; however, all experiments performed on these
cell lines showed comparable HL-mediated uptake.

C-terminal region of HL is involved in the binding
to LRP

To analyze which domain in HL might be involved in
the interaction with LRP, we took advantage of the

450 | 439
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Fig. 5. Effect of proteoglycans on HL-mediated uptake of 12511a-
beled chylomicrons and 125Llabeled B-VLDL. Two independent up-
take experiments were performed as described for Fig. 2 on normal
(K) and proteoglycan-deficient (745) CHO cells performed with 1251
labeled chylomicrons and 125]4abeled B-VLDL as ligands. The final
concentration of HL was 0.1 pg/ml. The mean uptake of chylomicrons
was 50 ng/mg cell protein and 48 ng/mg cell protein for CHO (K1)
and CHO (745), respectively. The uptake of B-VLDL without addition
of HL was 70 ng/mg cell protein and 40 ng/mg cell protein for CHO
(K1) and CHO (745). These values were set to 100%.
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Fig. 6. Role of the LDL receptor for HL-mediated uptake of 125]1a-
beled chylomicrons. An uptake experiment with addition of HL (0.1
ug/ml) was performed on normal and LDL receptor-deficient (FH)
fibroblasts with 12511abeled chylomicrons as described in Fig. 2. The
uptake of lipoproteins without lipase addition was 18 ng/mg cell
protein for normal fibroblasts and 15 ng/mg cell protein for FH
fibroblasts. The uptake of lipoproteins without lipase addition was set
to 100%. Earlier experiments performed under slightly different
conditions confirmed these results.

sequence homology with LpL. A C-terminal fragment of
LpL (amino acids 378-448) had been produced, and
shown to bind to LRP (39, see also Fig. 1). This fragment
had been used to inhibit the LpL-mediated uptake of
lipoproteins into cells. To verify whether the C-terminal
domain in HL is also responsible for this function, we
used this LpL fragment in further studies with HL-me-
diated uptake. A 50-fold excess of the C-terminal LpL
fragment clearly inhibited the HL-mediated uptake of
125]-labeled B-VLDL into Hep3b cells (Fig. 7). The mean
uptake mediated by addition of HL was 182% (the
B-VLDL uptake without HL was set to 100%), whereas
in presence of the fragment it was only 72%. This means
a total inhibition of HL-mediated B-VLDL uptake by the
LpL fragment, and a partial inhibition of the HL-inde-
pendent uptake. We have no explanation for the later
observation at present. In general, these results indicate
that LpL and HL bind to the same epitope on the cell
surface and to LRP.

Degradation of lipoproteins taken up via HL

As a measure for intracellular catabolism, the degra-
dation of apolipoproteins has been used in many uptake
experiments, particularly for the LDL receptor-medi-
ated uptake (58). We tried to determine the degradation
of both B-VLDL and chylomicrons after HL-mediated
uptake. However, the apolipoproteins were only de-
graded to a minimal extent in the chosen time of 4 h.
This is in accordance with data from Tabas et al. (59)
and will be discussed later.
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DISCUSSION

The role of HL in lipoprotein metabolism is not yet
fully understood. We studied this protein with reference
to its role in remnant catabolism. As HL enzyme activity
was inhibited by Orlistat, the use of this agent allowed
us to focus on the structure of HL. HL can bind to cells
via proteoglycans and to lipoproteins via lipids. In addi-
tion to these features it is thought that it may bind to
cellular receptors that facilitate its uptake into the cell
(39, 43). Kounnas et al. {(41) have shown that one of these
receptors can be LRP. We confirmed these data with
binding studies and crosslinking experiments using 1251-
labeled HL on human hepatoma cells. Similarly to LpL,
the HL was linked only to LRP, no other binding protein
was significantly labeled by the 125]-labeled lipases on the
surface of Hep3b cells. Direct binding of HL to LRP has
also been shown earlier with isolated LRP in slot-blot
experiments (39). Moreover, recent data from our labo-
ratory (60) on LRP-deficient cells show that HL-medi-
ated uptake is facilitated mainly by LRP.

Previous studies have shown that LpL mediates bind-
ing and uptake of lipoproteins into different cell lines
(24, 25, 27). Within the lipase gene family LpL and HL
show the highest homology to each other and are the
only two members of the family that bind to heparin and
proteoglycans. Therefore, both bind to the endothelium
of the vessel walls.

We studied the role of HL in lipoprotein uptake in
analogy to the data on LpL. It was shown that HL, but
not PL, and a bacterial lipase can efficiently mediate the
uptake of lipoproteins to hepatoma cells (Fig. 2; 42).
These results reflect the ability of HL to bind to proteo-
glycans and subsequently facilitate the uptake via a
receptor-mediated process. Both PL and the bacterial
lipase, which do not bind to proteoglycans, cannot
mediate the uptake in a comparable way. However, they
induce a slight increase in uptake which may be due to
the fact that residual lipolysis will produce remnants that
express different apolipoprotein structures on the sur-
face, and expose the apoE as ligand for receptor-medi-
ated uptake (28). This could be true in the case of the
PL even in the presence of Orlistat, a potent, but revers-
ible, inhibitor of PL (55), LpL (61) and HL activity. The
activity of bacterial lipase is not affected by this com-
pound, which explains the more pronounced effect
compared to PL. Recent liver perfusion studies also
demonstrated that the bacterial lipase can induce chy-
lomicron clearance due to its hydrolytic activity (28).
The data with PL suggest that the presence of Orlistat
might not always completely inhibit the HL activity in
our experiments.

Human plasma HL and HL from HUH cells were
shown to mediate the uptake of chylomicrons in a
identical fashion. For this reason we decided to use the
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HL isolated from HuHy cells, which was easier to obtain
and free of LpL, in all further experiments. The uptake
of both ligands, human chylomicrons and B-VLDL, was
stimulated by HL in a more effective way than by LpL.
To determine whether the HL-mediated uptake is satu-
rable and to find the appropriate level of HL for the
experiments, we performed a saturation curve for B-
VLDL uptake (Fig. 4). Based on the described semiquan-
titative measurement of HL we found that 0.1 ug/ml is
sufficient to reach a maximal effect. These data were
derived from human hepatoma cells, but parallel experi-
ments on freshly isolated human hepatocytes gave the
same results (Table 1). Earlier studies with LpL revealed
a saturation level of chylomicron uptake into human
hepatocytes of 0.3 ug LpL,/ml (42). The comparison of
the saturation levels leads to the conclusion that the
mediation of lipoprotein uptake by HL seems to be
more efficient than that by LpL.

The importance of proteoglycans for the uptake was
investigated on normal and proteoglycan-deficient
CHO cells. The increase in the uptake of chylomicrons
and B-VLDL mediated by addition of HL on normal
CHO cells was nearly completely abolished on proteo-
glycan-deficient CHO cells. These results indicate that a
fast and efficient binding of HL to the cellular proteo-
glycans is the initial step in the uptake mechanism. The
uptake is, however, receptor-dependent as discussed
above.

To exclude a role for the LDL receptor in the HL-me-
diated uptake of chylomicrons, normal and LDL recep-
tor-deficient fibroblasts were used. HL-mediated uptake
of chylomicrons into normal and LDL receptor-defi-
cient fibroblasts was similar, indicating that the LDL
receptor is, in vitro, not essential for HL-mediated lipo-
protein uptake. Moreover, there was no band detectable
at the molecular weight of the LDL receptor in crosslink-
ing experiments using '*IHabeled HL as a ligand on
Hep3b cells. Only LRP was labeled by the %5labeled
HL.

To investigate the region of HL that might be involved
in the interaction between HL and LRP, we again fol-
lowed the experiments done for LpL. In LpL the C-ter-
minal domain is responsible for this function (38-40)
and a C-terminal fragment of LpL (amino acids
378-448, (39)) has been shown to bind to LRP. This
fragment competitively inhibited the uptake mediated
by LpL and we therefore looked for its ability to inter-
fere with the HL-mediated uptake of lipoproteins. The
LpL fragment inhibited the HL-mediated uptake of
B-VLDL when added in a 50-fold excess to HL. With this
experiment we present evidence that the C-terminus of
HL might be important for the function of HL in the
mediation of lipoprotein uptake. The actual binding site
remains to be determined; however, due to the high
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Fig. 7. Inhibition of HL-mediated uptake using a C-terminal LpL
fragment. Uptake experiments with addition of HL (0.1 pg/ml) were
performed on Hep3b cells with 1251.labeled B-VLDL as described in
Fig. 2. A 50-fold molar excess of a C-terminal fragment of Lpl. was used
for inhibition of HL-mediated uptake. The mean of four independent
experiments is shown. The mean uptake of B-VLDL without lipase
addition was 19 ng/mg cell protein. The uptake without lipase addition
was set to 100%. The fragment partly inhibited the HL independent
uptake.

homology between HL and LpL at the C-terminal end,
it is most likely that both proteins bind to LRP via a
structurally similar site. In earlier studies we were able
to demonstrate with slot-blotting that LpL inhibits the
binding of %*Idabeled LRP to human HL, indicating
that both proteins share a common binding site to the
receptor. In the cell culture experiments, however, we
cannot exclude that both enzymes also compete for the
binding to the lipoproteins. In recent experiments we
confirmed the data published by Kounnas et al. (41) that
HL binding to LRP is inhibited by RAP (data not shown).

We were not able to demonstrate appreciable
amounts of degradation of apolipoproteins after HL-
mediated uptake. Similar observations were published
by Tabas et al. for B-VLDL (59). We have a whole series
of data showing that human chylomicrons after LpL-me-
diated uptake are only partly degraded (62), but most of
the protein-bound radioactivity is resecreted into the
medium. These data on the retro-endocytosis of chy-
lomicron constituents indicate that the lipase-mediated
uptake of lipoproteins follows an intracellular route
distinct from the LDL catabolism.

Whether the similar function of LpL and HL in
facilitating lipoprotein uptake in vitro represents in vivo
a backup system between the two enzymes, or whether
they have an additive effect, remains to be elucidated.
Individuals with an LpL deficiency accumulate chylomi-
crons in plasma, e.g., HL cannot replace the catalytic
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function of LpL, as unhydrolyzed chylomicrons are too
large to enter the space of Disse where HL is located.
HL-deficient individuals are often characterized by ele-
vated levels of triglycerides and cholesterol and do not
show the severe accumulation of chylomicrons or chy-
lomicron remnants that LpL deficiency does. There-
fore, it seems possible that LpL can partly substitute for
HL in these patients.

We have shown that HL. can mediate the uptake of
rabbit B-VLDL and human chylomicrons into cells in
vitro. The mechanism of this uptake is not dependent
on the enzyme activity but is most probably due to the
C-terminal structure of the molecule. The uptake seems
to function in two steps, the fast and effective binding
to proteoglycans on the cell surface and a second recep-
tor-mediated step leading to internalization. The only
receptor recognized to date as an HL binding protein is
the LRP. &8

We thank Dr. David Evans for critical reading of this manu-
script and Juliane Bergmann and Nicolette Meyer for excellent
technical assistance. Gunilla Olivecrona not only supplied us
with the HL from human plasma but helped with critical
discussions. The HuHjy cells were a gift from Hans Will and
Shau-Feng Chang. The Orlistat® was a generous gift of La
Roche (Basel). This work was supported by the grant
Gr258/10-1 (Clinical Research Group) from Deutsche For-
schungsgemeinschaft.

Manuscript received 23 August 1995 and in revised form 8 January 1996.

REFERENCES

1. Jansen, H., A. van Tol, and W. C. Halsmann. 1980. On
the metabolic function of heparin-releasable liver lipase.
Biochem. Biophys. Res. Commun. 92: 53-59.

2. Kuusi, T., E. A. Nikkila, M-R. Taskinen, P. Somerharju,
and C. Ehnholm. 1982. Human postheparin plasma he-
patic lipase activity against triacylglycerol and phos-
pholipid substrates. Clin. Chim. Acta. 122: 39-45.

3. Jensen, G. L., B. Daggy, and A. Bensadoun. 1982. Triacyl-
glycerol lipase, monoacylglycerol lipase and phospholi-
pase activities of highly purified rat hepatic lipase. Bio-
chim. Biophys. Acta. 710: 464-470.

4. Laboda, H. M., J. M. Glick, and M. C. Phillips. 1986.
Hydrolysis of lipid monolayers and the substrate specific-
ity of hepatic lipase. Biochim. Biophys. Acta. 876: 233-242.

5. Fan, ]., ]. Wang, A. Bensadoun, S. . Lauer, Q. Dang, R.
W. Mahley, and J. M. Taylor. 1994. Overexpression of
hepatic lipase in transgenic rabbits leads to a marked
reduction of plasma high density lipoproteins and inter-
mediate density lipoproteins. Proc. Natl. Acad. Sci. USA.
91: 8724-8728.

6. Shafi,S.,S. E. Brady, A. Bensadoun, and R. J. Havel. 1994.
Role of hepatic lipase in the uptake and processing of

chylomicron remnants in rat liver. J. Lipid Res. 35:
709-720.

934 Journal of Lipid Research Volume 37, 1996

10.

1L

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

24,

25.

. Patsch, J. R,, S. Prasad, A. M. Gotto, and G. Bengtsson-

Olivecrona. 1984. Postprandial lipemia. A key for the
conversion of high density lipoprotein; into high density
lipoproteing by hepatic lipase. J. Clin. Invest. 74:
2017-2023.

. Olivecrona, T., and G. Bengtsson-Olivecrona. 1987. Lipo-

protein lipase from milk, the model enzyme in lipoprotein
lipase research. In Lipoprotein Lipase. J. Borensztajn,
editor. Evener Publishers, Chicago. 149-185.

. Doolittle, M. H., H. Wong, R. C. Davis, and M. C. Schotz.

1987. Synthesis of hepatic lipase in liver and extrahepatic
tissues. J. Lipid Res. 28: 1326-1334.

Verhoeven, A. J. M., D. Carling, and H. Jansen. 1994.
Hepatic lipase gene is transcribed in rat adrenals into a
truncated mRNA. J. Lipid Res. 35: 966-975.
Durstenfeld, A., O. Ben-Zeev, K. Reue, G. Stanke, and M.
Doolittle. 1994. Molecular characterisation of human he-
patic lipase deficiency. Arterioscler. Thromb. 14: 381-385.
Hegele, R. A,, L. Tu, and P. W. Connelly. 1992. Human
hepatic lipase mutations and polymorphisms. Human.
Mutat. 1: 320-324.

Auwerx, J. H,, C. A. Marzetta, J. E. Hokanson, and J. D.
Brunzell. 1989. Large buoyant LDL-ike particles in he-
patic lipase deficiency. Arteriosclerosis. 9: 319-325.
Homanics, G. E., H. V. de Silva, J. Osada, S. H. Zhang, H.
Wong, J. Borensztajn, and N. Maeda. 1995. Mild
dyslipidemia in mice following targeted inactivation of the
hepatic lipase gene. J. Biol. Chem. 270: 2974-2980.
Wion, K. L., T. G. Kirchgessner, A. J. Lusis, M. C. Schotz,
and R. M. Lawin. 1987. Human lipoprotein lipase com-
plementary DNA sequence. Science. 235: 1638-1641.
Hide, W. A, L. Chan, and W-H. Li. 1992. Structure and
evolution of the lipase superfamily. J. Lipid Res. 33:
167-178.

Datta, S., C-C. Luo, W-H. Li, P. van Tuinen, D. H. Ledbet-
ter, M. A. Brown, S-H. Chen, §-W. Liu, and L. Chan. 1988.
Human hepatic lipase. J. Biol. Chem. 263: 1107-1110.
Ameis, D., G. Stahnke, J. Kobayashi, J. McLean, G. Lee,
M. Biischer, M. C. Schotz, and H. Will. 1990. Isolaton and
characterization of the human hepatic lipase gene. J. Biol.
Chem. 265: 6552-6555.

Winkler, F. K., A. D'Arcy, and W. Hunzikas. 1990. Struc-
ture of human pancreatic lipase. Nature. 343: 771-774.
Derewendra, Z. S., and C. Cambillau. 1991. Effect of gene
mutation in lipoprotein and hepatic lipases as interpreted
by a molecular model of the pancreatic triglyceride lipase.
J. Biol. Chem. 266: 23112-23119.

Hayden, M. R., Y. Ma, ]. Brunzell, and H. E. Henderson.
1991. Genetic variants affecting human lipoprotein and
hepatic lipase. Curr. Opin. Lipidol. 2: 104-109.

Lalouel, ]-M., D. E. Wilson, and P-H. Iverius. 1992. Lipo-
protein lipase and hepatic triglyceride lipase: molecular
and genetic aspects. Curr. Opin. Lipidol. 3: 86-95.

. Olivecrona, T., and G. Bengtsson-Olivecrona. 1993. Lipo-

protein lipase and hepatic lipase. Curr. Opin. Lipidol. 4:
187-196.

Beisiegel, U., W. Weber, and G. Bengtsson-Olivecrona.
1991. Lipoprotein lipase enhances the binding of chy-
lomicrons to low density lipoprotein receptor-related pro-
tein. Proc. Natl. Acad. Sci. USA. 88: 8342-8346.

Chappell, D. A, G. L. Fry, M. A. Waknitz, P-H. Iverius, S.
E. Williams, and D. K. Strickland. 1992. The low density
lipoprotein receptor-related protein/oe-macroglobulin

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


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

26.

27.

28.

29.

30.

31.

32,

33.

34.

35.

36.

37.

receptor binds and mediates catabolism of bovine milk
lipoprotein lipase. J. Biol. Chem. 267: 25764-25767.
Nykjaer, A., G. Bengtsson-Olivecrona, A. Lookene, S. K.
Moestrup, C. M. Petersen, W. Weber, U. Beisiegel, and J.
Gliemann. 1993. The o2-macroglobulin receptor/low
density lipoprotein receptor-related protein binds lipo-
protein lipase and B-migrating very low density lipopro-
tein associated with the lipase. J. Biol. Chem. 268:
15048-15055.

Chappell, D. A, I. Inoue, G. L. Fry, M. W. Pladet, S. L.
Bowen, P-H. Iverius, J-M. Lalouel, and D. K. Strickland.
1994. Cellular catabolism of normal very low density
lipoproteins via the low density lipoprotein receptor-re-
lated protein/a2-macroglobulin receptor is induced by
the C-terminal domain of lipoprotein lipase. /. Biol. Chem.
269: 18001-18006.

Skottova, N., R. Savonen, A. Lookene, M. Hultin, and G.
Olivecrona. 1995. Lipoprotein lipase enhances removal
of chylomicrons and chylomicron remnants by the per-
fused rat liver. J. Biol. Chem. 36: 1334-1344.

Herz, ]., U. Hamann, S. Rogne, O. Myklebost, H. Gause-
pohl, and K. K. Stanley. 1988. Surface location and high
affinity for calcium of a 500 kDa liver membrane protein
closely related to the LDL receptor suggest a physiological
role as lipoprotein receptor. EMBO J. 7: 4119-4127.
Beisiegel, U., W. Weber, G. Thrke, ]J. Herz, and K. K.
Stanley. 1989. The low density lipoprotein receptor-re-
lated protein, LRP, is an apolipoprotein E binding pro-
tein, Nature. 341: 162-164.

Kirstensen, T., S. K. Moestrup, J. Gliemann, L. Bendtsen,
O. Sand, and L. Sottrup-Jensen. 1990. Evidence that the
newly cloned low density lipoprotein receptor-related
protein (LRP) is the asmacroglobulin receptor. FEBS Lett.
276: 151-155.

Strickland, D. K., J. D. Ashcom, S. Williams, W. H. Bur-
gess, M. Migliorini, and W. S. Argraves. 1990. Sequence
identity between the alpha-2-macroglobulin receptor and
low density lipoprotein receptor-related protein suggests
that this molecule is a multifunctional receptor. J. Biol.
Chem. 265: 17401-17404.

Krieger, M., and J. Herz. 1994. Structures and funciions
of multiligand lipoprotein receptors: macrophage scaven-
ger receptors and LDL receptor-related protein (LRP).
Annu. Rev. Biochem. 63: 601-637.

Herz, J,, J. L. Goldstein, D. K. Strickland, Y. K. Ho, and
M. S. Brown. 1991. 39-kDa Protein modulates binding of
ligands to low density lipoprotein receptor-related pro-
tein/0; macroglobulin receptor. J. Biol. Chem. 266:
21232-21238.

Strickland, D. K., J. D. Ashcom, S. Williams, F. Batiey, E.
Behre, K. McTigue, J. F. Battey, and W. S. Argraves. 1991.
Primary structure of agmacroglobulin receptor-related
protein. J. Biol. Chem. 266: 13364-13369.

Orlando, R. A., D. Kerjaschki, H. Kurihara, D. Biemesder-
fer, and M. G. Farquhar. 1992, gp 330 Associates with a
44 kDa protein in the rat kidney to form the Heymann
nephritis antigenic complex. Proc. Natl. Acad. Sci. USA. 89:
6698-6702.

Takahashi, S., Y. Kawarabayasi, T. Nakai, T. Sakai, and T.
Yamamoto. 1992. Rabbit very low density receptor: low
density lipoprotein receptor-related protein with distinct
ligand specificity. Proc. Natl. Acad. Sci. USA. 89:
9252-9256.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Williams, S. E,, I. Inoue, H. Tran, G. L. Fry, M. W. Pladet,
P. H. Iverius, J-M. Lalouel, D. A. Chappell, and D. K.
Strickland. 1994. The carboxyl-terminal domain of lipo-
protein lipase binds to the low density lipoprotein recep-
tor-related protein/ag-macroglobulin receptor (LRP) and
mediates binding of normal very low density lipoproteins
to LRP. J. Biol. Chem. 269: 8653-8658.

Nykjaer, A., M. Nielsen, N. Meyer, H. Roigaard, M. Etz-
erodt, U. Beisiegel, G. Olivecrona, and J. Gliemann. 1994.
A C-terminal fragment of lipoprotein lipase binds to LDL
receptor-related protein and inhibits lipase-mediated up-
take of lipoproteins to cells. J. Biol. Chem. 269:
31747-31755.

Krapp, A., H. Zhang, D. Ginzinger, M-S. Liu, A. Lindberg,
G. Olivecrona, M. R. Hayden, and U. Beisiegel. 1995.
Structural features in lipoprotein lipase necessary for the
mediation of lipoprotein uptake into cells. J. Lipid Res. 36:
2362-2373.

Kounnas, M. Z., D. A. Chappell, H. Wong, W.S. Argraves,
and D. K. Strickland. 1995. The cellular internalization
and degradation of hepatic lipase is mediated by low
density lipoprotein receptor-related protein and requires
cell surface proteoglycans. J. Biol. Chem. 270: 9307-9312.
Beisiegel, U., A. Krapp, W. Weber, and G. Olivecrona.
1994. The role of ag M receptor/LRP in chylomicron
remnant metabolism. Ann. NY Acad. Sci. 737: 53-69.
Diard, P., M-1. Malewiak, D. Lagrange, and S. Griglio.
1994. Hepatic lipase may act as a ligand in the uptake of
artificial chylomicron remnantlike particles by isolated
rat hepatocytes. Biochem. J. 299: 889-894.

Brasaemle, D. L., K. Cornely-Moss, and A. Bensadoun.
1993. Hepatic lipase treatment of chylomicron remnants
increases exposure of apolipoprotein E. J. Lipid Res. 34:
455-465.

Ji, Z-8., 8. J. Lauer, 8. Fazio, A. Bensadoun, J. M. Taylor,
and R. W. Mahley. 1994. Enhanced binding and uptake
of remnant lipoproteins by hepatic lipase-secreting hepa-
toma cells in culture. J. Biol. Chem. 269: 13429-13436.
Nakabayashi, H., K. Taketa, K. Miyano, T. Yamane, and
J- Sato. 1982. Growth of human hepatoma cell lines with
differentiated functions in chemically defined medium.
Cancer Res. 42: 3858-3863.

Hobbs, H. H., M. 8. Brown, D. W. Russel, J. Davignon,
and J. L. Goldstein. 1987. Deletion in the gene for the
LDL receptor in majority of French Canadians with famil-
ial hypercholesterolemia. N. Engl. J. Med. 317: 734-737.
Esko, J. E., K. S. Rostand, and J. L. Weinke. 1988. Tumor
formation dependent on proteoglycan biosynthesis. Sci-
ence. 241: 1092-1096.

Galle, P. R., H. Schlicht, C. Kuhn, and H. Schaller. 1989.
Replication of duck hepatitis B virus in primary duck
hepatocytes and its dependence on the state of differen-
tiation of the host cell. Hepatology. 10: 459-465.
Kovanen, P. T., M. S. Brown, S. K. Basu, D. W. Bilheimer,
and J. L. Goldstein. 1981. Saturation and suppression of
hepatic lipoprotein receptors: a mechanism for the hyper-
cholesterolemia of cholesterolfed rabbits. Proc. Natl.
Acad. Sci. USA. 78: 1396-1400.

McFarlane, A. S. 1958. Efficient trace-labeling of proteins
with iodine. Nature. 182: 53-57.

52. Bengtsson-Olivecrona, G., and T. Olivecrona. 1991. Pho-

pholipase activity of milk lipoprotein lipase. Methods En-
zymol. 197: 345-356.

Krapp et al. Hepatic lipase mediates chylomicron uptake 935

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


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

53.

54.

55.

56.

57.

936

Ostlund-Lindquist, A-M., and J. Boberg. 1977. Purifica-
tion of saltresistant lipase and lipoprotein lipase from
human postheparin plasma. FEBS Lett. 83; 231-236.
Austin, J., H. Freeze, P. Tejada, and W. V. Brown. 1977,
A comparison of molecular properties of hepatic
triglyceride lipase and lipoprotein lipase from human
postheparin plasma. J. Biol. Chem. 253: 2912-2920.
Hadvary, P., W. Siedler, W. Meister, W. Vetter, and H.
Wolfer. 1991. The lipase inhibitor tetrahydrolipstatin
binds covalently to the putative active serine of pancreatic
lipase. J. Biol. Chem. 266: 2021-2027.

Nykjaer, A., C. M. Petersen, B. Moeller, P. H. Jensen, S.
K. Moestrup, T. L. Holtet, M. Etzerodt, H. C. Thoegersen,
M. Munch, P. A. Andreasen, and ]J. Gliemann. 1992.
Purified opmacroglobulin receptor/LDL receptor-re-
lated protein binds urokinase plasminogen activator in-
hibitor type-1 complex. J. Biol. Chem. 267: 14543-14546.
Bengtsson-Olivecrona, G., and T. Olivecrona. 1980. Lipo-
protein lipase. Eur. J. Biochem. 106: 557-562.

Journal of Lipid Research Volume 37, 1996

58.

59.

60.

61.

62.

Goldstein, J. L., and M. S. Brown. 1974. Binding and
degradation of low density lipoproteins by cultured hu-
man fibroblasts. J. Biol. Chem. 249: 5153-5162.

Tabas, 1., S. Lim, X-X. Xu, and F. R. Maxfield. 1990.
Endocytosed B-VLDL and LDL are delivered to different
intracellular vesicles in mouse peritoneal macrophages. /.
Cell. Biol. 111: 929-940.

Hilpert, ., T. E. Wilnow, S. Jonat, and J. Herz. 1995. The
role of the low density lipoprotein receptor-related pro-
tein versus low density lipoprotein receptor in chylomi-
cron catabolism. Circulation. 92: Suppl. [-691 (Abstract).

Lookene, A., N. Skottova, and G. Olivecrona. 1994. Inter-
action of lipoprotein lipase with the active-site inhibitor
tetrahydrolipstatin (Orlistat). Eur. J. Biochem. 222:
395-403.

Beisiegel, U., W. Weber, J. Heeren, and J. Hilpert. 1995.
Intracellular consequences of chylomicron uptake. Circu-
lation. 92: Suppl. I-691 (Abstract).

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


http://www.jlr.org/

