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Cholesterol efflux via HDL resecretion occurs when
cholesterol transport out of the lysosome is impaired®
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Abstract Recently, we showed that holo HDL particle up-
take and resecretion occur in physiologically relevant cell
lines and that HDL uptake is mediated by scavenger recep-
tor class B type I (SR-BI). Furthermore, we established that
HDL resecretion is accompanied by [*H]cholesterol efflux.
This study shows that HDL uptake and resecretion occur
even when LDL uptake and cholesterol trafficking are dis-
turbed. First, we used a set of inhibitors that block choles-
terol transport out of the lysosome: chloroquine, imipramine,
U18666A, and monensin. In all cases, HDL retroendocytoms
occurred and HDL resecretion mediated [ H]cholesterol ef-
flux, although to a lesser extent. Second, cell lines carrying
somatic mutations in intracellular cholesterol transport were
used: CHO 2-2 and CHO 3-6 cells accumulated LDL-derived
lipid in the lysosome but showed all components of HDL ret-
roendocytosis. SR-BI overexpresswn increased HDL uptake
and resecretion and [*H]cholesterol efflux in these mutant
cells. Finally, we used Niemann-Pick type C (NPC) patient
fibroblast cells, which carry a defect in cholesterol trans-
fer out of the lysosome. NPC fibroblast cells accumulate
cholesterol in the lysosome as a result of a mutation in the
NPC1 gene. Despite disturbed intracellular cholesterol trans-
fer, NPC fibroblast cells exhibited HDL retroendocytosis
and [*H]cholesterol efflux v1a HDL resecretion, although
to a lesser extent.fill Thus, [ H]cholesterol efflux via HDL
resecretion is independent of the cholesterol uptake path-
way via the LDL receptor and may be an alternative way
to remove excess cholesterol.—Pagler, T. A., A. Neuhofer,
H. Laggner, W. Strobl, and H. Stangl. Cholesterol efflux via
HDL resecretion occurs when cholesterol transport out of
the lysosome is impaired. J. Lipid Res. 2007. 48: 2141-2150.

Supplementary key words scavenger receptor class B type I ¢ high
density lipoprotein ¢ endocytosis ¢ Niemann-Pick type C

HDL plays a major role in reverse cholesterol transport,
by which excess cholesterol is transported from the pe-
riphery back to the liver for disposal. It is believed that
reverse cholesterol transport plays an important role in the
antiatherogenic effect of HDL. Cholesterol efflux from pe-
ripheral cells to HDL is the initial step of the reverse
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cholesterol transport pathway. Several mechanisms for
cholesterol efflux have been described in detail, such as
cell surface cholesterol efflux to nascent and mature HDL
(1). Recently, we demonstrated that HDL retroendocytosis
can be associated with cholesterol efflux (2). HDL uptake,
visualized by single-dye tracing (3), and resecretion oc-
curred in hepatocytes, macrophages, and adrenocortical
cells (2). HDL uptake was facilitated by the scavenger re-
ceptor class B type I (SR-BI) (2). However, the relevance of
HDL uptake and resecretion for cholesterol homeostasis
in cells and tissues needs to be established.

HDL retroendocytosis was first described in aortic
smooth muscle cells by Bierman, Stein, and Stein (4).
Ten years later, Schmitz et al. (5) described the uptake and
subsequent resecretion of entire HDL particles in macro-
phages using electron microscopy. DeLamatre et al. (6)
demonstrated retroendocytosis of iodinated HDL particles
in a rat liver cell line. Moreover, Silver et al. (7) described a
connection of HDL uptake with SR-BI mediating selective
cholesteryl ester uptake, a process by which HDL delivers
its lipid load to cells without concomitant protein deg-
radation. The transfer of lipid from HDL to polarized
hepatocytes was accompanied by a transport of the HDL
particle to the endosomal recycling compartment (7).
These data are in contrast to recent findings of Nieland
et al. (8), who reported that HDL endocytosis is not re-
quired for selective lipid uptake by SR-BI. In addition,
Waustner et al. (9) demonstrated that HDL particles were
taken up by polarized HepG2 cells but that their choles-
terol content arrived earlier at the apical membrane and
the biliary canaliculi than the protein moiety at the endo-
somal recycling compartment.

Whereas little and controversial data are available on
HDL particle uptake, LDL uptake via receptor-mediated
endocytosis and the subsequent cholesterol delivery to the
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endoplasmic reticulum (ER) are well established. Several
naturally occurring defects in this pathway are known to
lead to an accumulation of LDIL-derived cholesterol in
lysosomes (10). Despite the disturbance in this cholesterol
uptake pathway, cells and tissues are able to maintain their
cellular cholesterol content via increased synthesis of cho-
lesterol or uptake by other mechanisms. Niemann-Pick
type C (NPC) disease is one of the genetic disorders char-
acterized by a failure to release unesterified cholesterol
from lysosomes or late endosomes. NPC cells acquire apo-
lipoprotein B/E (apoB/E)-containing lipoprotein par-
ticles through receptor-mediated endocytosis (10, 11),
thereby accumulating cholesterol within acidic compart-
ments. Lipids like sterol, sphingomyelin, and glycolipids
accumulate in cells throughout the body and cause hepato-
splenomegaly and progressive central nervous system
degeneration (12). In NPC1™/* and NPC1"™/~ human
fibroblasts, ABCA1 mRNA and protein levels increased in
response to cholesterol loading (13). In NPC1 ™/~ fibro-
blasts, however, basal ABCAI expression was low and did
notincrease in response to cholesterol loading (13). These
findings indicate that in addition to intracellular choles-
terol traffic, cholesterol efflux to lipid-free/poor apoA-I
is impaired. Other cholesterol efflux pathways, such as
SR-Bl-mediated cholesterol efflux, may become important
in these cells. SR-BI shows the unique ability to either
promote cholesteryl ester uptake or remove excess cho-
lesterol from cells. Both contribute to its atheroprotective
properties. SR-Bl-mediated free cholesterol efflux is com-
plex, as SR-BI mediates net cholesterol efflux (14, 15),
bidirectional cholesterol flux to HDL (16-18), and also
efflux of cholesterol to apoE phospholipid particles (19;
for review, see Ref. 20). Our earlier data demonstrate that
HDL uptake and resecretion mediated by SR-BI provide
an alternative form of cellular cholesterol efflux (2). Here,
we hypothesize that cholesterol efflux mediated by HDL
resecretion may be important in cells with disturbed cho-
lesterol efflux, in which HDL might serve as the central
cholesterol-distributing platform.

Recently, we observed that HDL uptake and resecretion
still occur when LDL receptor-mediated cholesterol up-
take is blocked by chloroquine, a weak base that increases
the intracellular pH and thereby inactivates lysosomal/acid
cholesteryl ester hydrolase/lipase (21). This leads to an ac-
cumulation of LDL in the lysosome. Chloroquine does not
inhibit selective cholesteryl ester uptake from HDL (2), but
it completely blocks transport of the cholesterol moiety
derived by selective cholesteryl ester uptake to the ER (15).
Chloroquine affects several pathways and all enzymes/
proteins requiring a low pH. In this study, we used several
more specific inhibitors of the cholesterol uptake/trans-
port pathway: imipramine and UI8666A are two hydropho-
bic amines that block intracellular cholesterol transport.
Imipramine was described to block cholesterol transfer out
of the lysosome, whereas U18666A blocks transport from
the lysosome as well as from the plasma membrane to the
ER (22). Monensin is a monovalent carboxylic ionophor
that disrupts ion gradients, thus preventing pH gradient
formation (23). It inhibits the endocytosis of LDL through
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coated pits (24) and disrupts the transit of membrane vesi-
cles from the Golgi apparatus to the plasma membrane
(25, 26). In this work, we show that even in the presence of
these inhibitors, HDL retroendocytosis is still functional and
[®H]cholesterol efflux mediated by HDL resecretion pro-
ceeds. We further present evidence that retroendocytosis-
mediated [3H]cholesterol efflux occurs in CHO cell lines
carrying a somatic mutation that traps LDL in lysosomes
and that this cholesterol efflux is enhanced by SR-BI overex-
pression. Moreover, we show that HDL uptake and resecre-
tion still occur even in the severe lipid-storage disorder
NPC, in which cholesterol taken up by the cell is trapped
in an endosomal/lysosomal compartment. Finally, we dem-
onstrate that endocytosed HDL can remove [3H]cholesterol
from NPC fibroblasts, which accumulate cholesterol taken
up via the LDL receptor in the lysosome.

METHODS

Cell lines

For all CHO cell lines, a basal medium consisting of a 1:1
mixture of DMEM and Ham’s F12 medium (Gibco) (medium A)
with 100 U/ml penicillin and 100 ng/ml streptomycin was used.
All cells were kept in an incubator at 37°C with 95% humidified
air and 5% COo. For the 1d1A7 cell line, a CHO cell line that lacks
LDL receptor activity (27), medium A with 5% fetal calf serum
(FCS) was used. The 1dIA7-SRBI cell line, expressing high levels
of mSR-BI (15, 28), was maintained in medium A with 5% FCS
and 1% geneticin (Gibco). CHO 2-2 and 3-6 cells (kindly pro-
vided by Dr. Laura Liscum) were grown with the addition of 5%
FCS. Cells were transformed with mSR-BI, and clones expressing
high amounts of SR-BI are termed CHO 2-2 SRBI and CHO 3-6
SRBI. These SR-Bl-overexpressing cells were kept with an addi-
tion of 1% geneticin (Gibco). Primary fibroblasts, obtained from
a male patient homozygous for NPC disease (kindly provided
by Dr. Peter Pentchev), were kept in DMEM (high glucose) with
10% FCS, 100 U/ml penicillin, 100 wg/ml streptomycin, 1X
nonessential amino acids (Sigma), 2 mM glutamine, and 1 mM
sodium pyruvate.

Lipoprotein preparation, labeling, and analysis

Plasma was collected from healthy volunteers, and lipopro-
teins were recovered by serial ultracentrifugation steps: LDL at
a density of 1.019 g/ml and HDL at a density of 1.21 g/ml
(29). Lipoproteins were iodinated with sodium '*I (Hartmann
Analytic, Braunschweig, Germany) using the Pierce Iodo-beads
iodination reagent kit (Pierce, Rockford, IL). Usually, a specific
activity of iodinated lipoprotein particles between 3,000 and
4,000 cpm/ng was obtained, and these particles were diluted
with unlabeled lipoprotein to a specific activity of ~300 cpm/ng
for the experiments. For fluorescence imaging, the apolipopro-
tein part of HDL was covalently labeled with Alexa-647 (Molecular
Probes, Eugene, OR) according to the manufacturer’s description.

Retroendocytosis setup

Retroendocytosis was studied as described by DeLLamatre et al.
(6) with modifications as reported previously (2).

Association experiments

On the experimental day, cholesterol-depleted cells were in-
cubated in medium A with 2 mg/ml fatty acid-free BSA and
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10 pg/ml "*’I-HDL at 87°C. Unspecific binding was estimated by
incubating the cells with a 40X excess of unlabeled lipoprotein.
After 1 h, the medium was recovered, cells were washed twice with
50 mM Tris-HCI, pH 7.4, 0.9% NaCl, and 2 mg/ml BSA (buffer
A) and twice with buffer A without BSA, and lysed using 0.1 M
NaOH, and cell protein was estimated using the Bradford re-
agent (Bio-Rad). The radioactivity associated with lysate and me-
dium was analyzed using a Cobra II y Counter (Perkin-Elmer).
Specific cell association is calculated in ng lipoprotein/mg cell
protein by subtracting unspecific binding.

Displacement experiments

In parallel, after incubation with the iodinated lipoprotein for
1 h, cells were washed twice with PBS and incubated for another
2 h at 0°C in medium with 2 mg/ml BSA and a 100X excess of
unlabeled lipoproteins to replace surface-bound L ]abeled lipo-
proteins. Cells were washed four times, lysed, and analyzed as
described above. Specific lipoprotein uptake was estimated in cell
lysate and medium.

Chase experiments

Another parallel set of plates was washed after the 0°C incu-
bation and kept for another 30 min in medium containing a 20X
excess of unlabeled lipoprotein at 37°C. Medium was recovered.
Cells were washed and lysed. Medium and cell lysate were ana-
lyzed for their content of radiolabel and were expressed as
specific lipoprotein release.

Cholesterol efflux studies

On the day before the experiment, the cellular cholesterol
pool was trace-labeled with [3H]cholesterol (2 pCi; Amersham
Bioscience). The next day, cells were washed with PBS, incubated
with HDL, and analyzed as described for the retroendocytosis
setup. Medium and lysates from cells labeled with [*H]choles-
terol were analyzed directly by scintillation counting.

Inhibitor treatment

In the case of treatment with chloroquine, imipramine,
U18666A, or monensin (Sigma), cells were preincubated for
15 min with the inhibitor before the addition of "*’IFHDL. The
experiment was continued as described above.

Cholesterol esterification

On the day of the experiment, cells were washed three times
with PBS and incubated in DMEM containing 2 mg/ml fatty
acid-free BSA with or without the appropriate inhibitor before
the addition of HDL. Five hours later, cells were pulsed with
0.2 mM [14C]oleate (Amersham Bioscience) for 2 h. Finally,
cells were washed three times with buffer A and once with
buffer A without BSA. The lipids were extracted twice from the
cell monolayer and separated by TLC (SilicaGel G; Machery-
Nagel, Dueren, Germany) (30). Cholesteryl esters formed were
analyzed by scintillation counting. Cell proteins were dissolved
in 0.1 N NaOH, and the protein was quantitated using the
Bradford reagent (Bio-Rad).

Confocal microscopy

Cells were seeded on coverslips and grown in the appropriate
medium for 2 days. Then, the medium was switched to medium A
with 5% human lipoprotein-deficient serum for cholesterol de-
pletion. The next day, cells were kept in medium A with 2 mg/ml
fatty acid-free BSA and incubated with the indicated amounts
of Alexa-647 HDL for 1 h at 37°C. Afterward, a displacement
and chase procedure was performed. Finally, the cells were fixed

with 4% paraformaldehyde (Sigma) in PBS for 20 min at room
temperature, and nuclear staining was performed using 4’,6-
diamino-phenylindole (1 wg/ml; Sigma) for 5 min at room tem-
perature. After washing, coverslips were mounted with Mowiol
(Calbiochem). Samples were visualized on a Zeiss Axiovert 200
confocal microscope (Zeiss, Jena, Germany). Pictures were taken
and analyzed using the imaging software LSM 500 (Zeiss).

Statistics

The results are expressed as means * SD of three to
five experiments.

RESULTS

HDL retroendocytosis proceeds unaltered in NPC
fibroblast cells

Recently, we showed that HDL retroendocytosis still
occurred when cholesterol transport from the lysosome to
the ER was blocked by chloroquine (2), as demonstrated
by a lack of stimulation of esterification when HDL was
added (15). CHO cells overexpressing SR-BI but lack-
ing the LDL receptor (IdIA7-SRBI cells), incubated with
10 wg/ml 125 HDL and with and without pretreatment
of 50 uwM chloroquine for 15 min, showed all parts of
HDL retroendocytosis (2). Chloroquine did not inhibit
selective cholesteryl ester uptake mediated by SR-BI and
only slightly decreased cholesterol efflux to HDL as an
external acceptor (2). Furthermore, after trace labeling
the cholesterol pool of 1dIA7-SRBI cells with [SH]choles-
terol, cells pretreated with 50 wM chloroquine and in-
cubated with 10 pg/ml 125 HDL, exhibited cholesterol
efflux mediated by HDL resecretion (data not shown).
These data indicate that endocytosed HDL might not
interact with lysosomes. Therefore, we hypothesized that
HDL resecretion could mediate cholesterol efflux when
cholesterol transport out of the lysosome is impaired.

To answer this, we used NPC patient fibroblast cells ex-
hibiting a cholesterol uptake defect in which LDL-derived
cholesterol is trapped in an endosomal/lysosomal com-
partment. First, control fibroblast cells showed all compo-
nents of HDL retroendocytosis (Fig. 1, left). Second, NPC
fibroblast cells also showed all parts of the HDL retro-
endocytosis pathway and to a similar degree as control
fibroblast cells (Fig. 1, right). Approximately 40% of the
HDL associated with the NPC cells was taken up (Fig. 1,
right, black bar). Furthermore, approximately half of the
HDL internalized was resecreted during the 30 min chase
period (Fig. 1, right, striped bar). To exclude the possibil-
ity that the decrease of 1251 HDL seen during displace-
ment and chase is attributable to HDL degradation, we
measured HDL degradation in all media; as expected for
fibroblast, almost no HDL degradation occurred (data not
shown). Thus, fibroblast cells, including patient-derived
NPC fibroblast cells, show all components of HDL uptake
and resecretion.

To substantiate the finding of an undisturbed HDL
uptake and resecretion pathway in NPC fibroblast cells, we
used confocal microscopy imaging. The 1dIA7-SRBI cells
were used as a control. Cells were incubated with 1 pg/ml
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Fig. 1. HDL retroendocytosis in control (left) and Niemann-Pick type C (NPC) (right) fibroblast cells.
Cells were incubated for 1 h with 10 pg/ml 125 HDL, and association was measured as described in Meth-
ods (white bars). Then, cells were further incubated at 0°C for 2 h with a 100-fold excess of unlabeled
HDL, which results in the displacement of 125 HDL bound to the outside of the cell. The remaining 1251
in the lysate is HDL that has been taken up by the cells (black bars). Finally, cells were further incubated at
87°C for 30 min with a 20-fold excess of HDL to allow efflux of the particle. The '**[-HDL remaining in the
cell is shown (cross-hatched bars). '*ILHDL particles released to the medium during the 0°C displacement
procedure (gray bars) and resecreted 125 HDL particles to the medium after the chase (hatched bars) are
shown. Data represent means = SD of four experiments.

Alexa-647 HDL for 1 h. This was followed by a displace-
ment procedure at 0°C to remove cell surface-bound
HDL. An intracellular accumulation of Alexa-647 HDL
particles (red), especially in the perinuclear area, can be
seen (Fig. 2, upper left). After rewarming, a parallel set
of cells were incubated with unlabeled HDL to induce
HDL resecretion. After 30 min, overall intracellular fluo-
rescence representing HDL was diminished, with most of
the remaining HDL located at the periphery of the cells
(Fig. 2, upper right; see also supplementary movies I and
IT). These images indicated holo HDL particle uptake and
resecretion in 1d1A7-SRBI cells.

In NPC fibroblast cells, HDL retroendocytosis was seen,
but to a lesser extent (Fig. 2, lower). Intracellular HDL
was detected after displacement (Fig. 2, lower left) and
was reduced after the chase procedure (Fig. 2, lower right;
see also supplementary movies III and IV). These data
show that the HDL uptake pathway does not rely on the
NPCI protein. This is in contrast to the LDL receptor-
mediated endocytosis pathway, in which LDL-derived
cholesterol accumulates in late endosomes/lysosomes in
NPCl-defective cells (31, 32).

HDL resecretion mediates [*H]cholesterol efflux when
cholesterol transport out of lysosomes is blocked as a
result of NPC1 ablation

After having established that HDL retroendocytosis
proceeds in a patient-derived NPC fibroblast cell line,
we analyzed whether HDL retroendocytosis can mediate
[®*H]cholesterol efflux in these patient cells. To assess
whether retroendocytosis mediates cholesterol efflux in
fibroblast cells, we preincubated the cells with 2 wCi of
[SH]cholesterol overnight to trace-label the cellular cho-
lesterol pool. The next day, '*’I-HDL resecretion was an-
alyzed. In parallel, [®H]cholesterol distribution between
the cell lysate and the medium was assessed (Fig. 3).
Control fibroblasts exhibited [*H]cholesterol efflux via
HDL resecretion, as one-fourth of the cellular [SH]ChO-
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lesterol, or 1.3 = 0.1 pmol [3H]cholester01/mg cell pro-
tein, was found in the medium after the 30 min chase
(Fig. 3, left, gray bar). In NPC fibroblast cells, this [3H] cho-
lesterol efflux was even higher (Fig. 3, right), as NPC fi-
broblast cells exhibited a higher initial [®*H]cholesterol
loading, consistent with the defect in cholesterol transport.
Their [*H]cholesterol content was three times higher com-
pared with control fibroblast cells. Cholesterol efflux was
2.2 = 1.1 pmol [3H]cholesterol/mg cell protein, with 15 =
11 pmol ["H]cholesterol/mg cell protein remaining in the
cell lysate after the 0.5 h chase period (Fig. 3, right, gray
bars). However, if we analyze the data as a percentage
of the initial load of [*H]cholesterol, only 13 * 6% of
the [®H]cholesterol was found in the medium, whereas
in control fibroblasts 21 * 2% was detected.

Although HDL resecretion was similar between control
and NPC fibroblasts, [*H]cholesterol was decreased sig-
nificantly in NPC fibroblasts when expressed as a per-
centage (P < 0.05, n = 4). To determine whether the
observed [3H]cholesterol efflux in NPC fibroblasts relies
on HDL particle retroendocytosis, efflux was measured
while blocking HDL particle uptake by 0°C incubation. An
initial 0°C association was followed by 0°C displacement,
but again, a 37°C chase with a 20-fold excess of unlabeled
HDL was performed. This procedure reduced HDL re-
secretion to ~10%. Similarly, cholesterol efflux was re-
duced. To exclude the possibility that the cholesterol
efflux during the chase period is mediated by the unlabeled
HDL added to the chase medium, a chase without a 20-fold
excess of HDL was performed. Still, HDL resecretion and
cholesterol efflux occurred to a similar, although some-
what lower, extent (data not shown). Together, these
experiments indicate that the [SH]cholesterol efflux mea-
sured in our experimental setup is mediated by HDL
resecretion and not by the external HDL present in the
chase medium. Furthermore, the [PH]cholesterol as well
as the protein moiety were TCA-precipitable in all media
of the retroendocytosis experiment; after TCA precipita-
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Fig. 2. Distribution of Alexa-647 HDL (red) during displacement
and chase in 1dIA7-SRBI cells (upper panels) and NPC fibroblast
cells (lower panels). Cells were seeded on coverslips and grown,
and cholesterol was depleted as described in Methods. 1dIA7-SRBI
and NPC fibroblast cells were incubated for 1 h at 37°C with 1 or
10 pg/ml Alexa-647 HDL, respectively, followed by a displacement
and chase procedure as stated in Methods. Finally, cells were fixed
and counterstained with 4’,6-diamino-phenylindole (green) for
1dIA7-SRBI cells, and images were taken with a confocal micro-
scope (Axiovert 200; Zeiss). After cell surface-bound HDL is re-
moved using the displacement procedure, the remaining HDL is
located intracellularly, which is seen for both cell types (left panels;
see also supplementary movies I and III). Intracellularly located
HDL is further recycled out of the cells during a 30 min chase pe-
riod. A markedly decreased Alexa-647 HDL signal as well as HDL
particles located mainly at the inner or outer leaflet of the cell mem-
brane can be detected (right panels; see also supplementary movies
II and IV). All images were obtained by implementing z-scanning,
and images presented represent a center layer of the cells. The
data were reconstructed to obtain three-dimensional images of the
scanned cells and can be seen as supplementary movies I-IV.

tion, almost no counts were detected in the supernatant.
Thus, HDL retroendocytosis can mediate cholesterol ef-
flux when intracellular cholesterol trafficking is altered
because of a defect in the NPC1 gene.

HDL resecretion mediates cholesterol efflux when
cholesterol transport out of lysosomes is blocked
by inhibitors

To substantiate these data, three inhibitors blocking in-
tracellular cholesterol transport were chosen: imipramine,
U18666A, and monensin. Imipramine and U18666A block
cholesterol transport out of the lysosome; monensin, a
Golgi-perturbing agent, blocks vesicle secretion and inhib-
its the endocytosis of LDL. To confirm the proposed func-
tions of these inhibitors, we tested their ability to block
cholesterol esterification by ACAT. Therefore, IdIA7-SRBI

cells were incubated with increasing concentrations of
imipramine, monensin, or UI8666A for 15 min and then
for 5 h with 100 wg/ml HDL. Finally, cholesterol esteri-
fication was induced by adding 0.2 mM [*Cloleate for an
additional 2 h. Stimulation of esterification was measured
as the formation of cholesteryl [“C]oleate. Like chloro-
quine (15), imipramine (50 M), UI8666A (50 wM), and
monensin (50 wM) inhibited HDIL-mediated stimulation of
cholesterol esterification significantly, from ~3,000 pmol
cholesteryl []4C]oleate/mg cell protein to ~20% (data not
shown), whereas the stimulation by 25-hydroxycholesterol,
a substance that freely passes the membrane, was almost
unaltered (data not shown). This indicates that the deliv-
ery of cholesterol derived from HDL to the ER is blocked
by these substances but the ACAT enzyme is not inhib-
ited directly.

To test HDL retroendocytosis in the presence of these
inhibitors, 1dIA7-SRBI cells were first incubated with
50 wM imipramine for 15 min before the addition of
'*LLHDL. After removal of the inhibitor, HDL uptake and
resecretion were followed (Fig. 4, upper, second panel).
HDL retroendocytosis did not differ significantly from
that in untreated cells (Fig. 4, upper left panel). Second,
cells were preincubated with 50 uM U18666A, leading to a
similar uptake and resecretion pattern (Fig. 4, upper third
panel). Finally, cells treated with 50 uM monensin exhib-
ited lower displacement and resecretion of HDL (Fig. 4,
upper right panel). Thus, although these substances
blocked cholesterol delivery to the ER, HDL uptake and
resecretion were still proceeding, leading to the question
of whether [®H]cholesterol efflux mediated by HDL
resecretion also occurs after inhibitor treatment. There-
fore, 1dIA7-SRBI cells were trace-labeled with [*H]choles-
terol on the day before the experiment. Association,
displacement, and chase experiments were performed by
preincubating cells with one of the inhibitors. Figure 4
(lower) shows the '%°I (open bars) and *H (gray bars)
contents of the lysate and medium after the chase. Like
control cells (lower left panel; 13.6 = 3.0 pmol [®*H]cho-
lesterol/mg cell protein, n = 4), imipramine-treated cells
(lower second panel; 3.5 * 2.4 pmol [3H]Cholester01/mg
cell protein, n = 4), UI8666A-treated cells (lower third
panel; 5.0 = 1.0 pmol [:;H]cholesterol/mg cell protein,
n = 4), and monensin-treated cells (right panels; 4.5 =
1.5 pmol [3H]cholesterol/mg cell protein, n = 3) showed
somewhat lower [*H]cholesterol efflux during the 30 min
chase period. When we analyzed the data as percentages
of initial loading, all three inhibitors showed significant
decreases in [°H]cholesterol efflux, from 21% in control
cells to ~10% in inhibitor-treated cells (P < 0.05, n = 3).
Therefore, resecretion-mediated cholesterol efflux was
lower in treated cells than in control cells but occurred
while intracellular cholesterol transport was blocked.

HDL retroendocytosis occurs in two mutant CHO
cell lines

CHO 2-2 cells, a CHO cell line with a defect in intra-
cellular LDL cholesterol transfer, was used (33). The CHO
2-2 cell line, established by Dahl et al. (34, 35) using

Holo HDL particle-mediated cholesterol efflux 2145
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Fig. 3. Cholesterol efflux mediated by HDL particle resecretion in control (left) and NCP fibroblast (right)
cells. Before the experiment, cells were trace-labeled with 2 p.Ci of [*H]cholesterol per well for 24 h. On the
experimental day, cells were incubated with 10 wg/ml 125 HDL for 1 h, followed by incubation at 0°C for
2 h with a 100-fold excess of HDL and a final incubation with a 20-fold excess of HDL at 37°C for 30 min.
Then, after medium was collected, cells were lysed and aliquots were analyzed for their *H (gray bars) and
%51 (white bars) contents. Data represent means + SD of four experiments. Note that cholesterol efflux
mediated via HDL resecretion occurs in NPC fibroblast cells.

amphotericin B treatment, exhibits a NPC phenotype
(33). Furthermore, a second CHO cell line with a defect in
intracellular cholesterol transport, the CHO 3-6 cell line,
was used. CHO 3-6 cells are profoundly defective in LDL
cholesterol transport to the ER but exhibit nearly normal
movement of LDL cholesterol from the lysosome to the
plasma membrane (35). First, HDL uptake and resecre-
tion were investigated in these cell lines. CHO 2-2 and
3-6 cells showed all parts of HDL retroendocytosis (Fig. 5).
SR-BI overexpression led to increases in HDL association,
uptake, and resecretion (Fig. 5, right). This SR-BI depen-
dence was expected, as overexpression of SR-BI in an-
other CHO cell line (IdIA7 cells) resulted in an increase
in HDL retroendocytosis, as reported earlier (2).
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Overall characterization of cholesterol uptake in mutant
CHO cell lines

To characterize the CHO 2-2 cell line in terms of its
cholesterol mobilization, we analyzed its cholesterol up-
take behavior to HDL with special emphasis on alterations
induced by SR-BI overexpression. CHO 2-2 cells exhibited
a similar stimulation of cholesterol esterification as 1d1A7
cells after HDL incubation (Fig. 6, compare open circles in
left and right panels). In 1dIA7 cells, SR-BI overexpression
led to an enormous dose-dependent increase in choles-
teryl [*“Cloleate (Fig. 6, right, closed triangles), whereas
CHO 2-2 SRBI cells showed only a modest response (Fig. 6,
left, closed triangles). The absence of the induction of cho-
lesterol esterification was not attributable to a defect in the
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Fig. 4. Inhibitor treatment does not influence HDL resecretion-mediated cholesterol efflux. HDL retroendocytosis (upper panels) and
cholesterol efflux mediated by HDL particle resecretion (lower panels) in 1dIA7-SRBI cells treated with imipramine (50 pM), U18666A
(50 wM), or monensin (50 wM) are shown. Cells were prepared and analyzed as described above, and bars in the upper and lower panels
are as described for Figs. 1 and 3, respectively. Means = SD of four experiments are depicted. Note that cholesterol efflux mediated via

HDL resecretion occurs after inhibitor treatment.
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Fig. 5. HDL retroendocytosis in CHO 2-2 (upper
left), CHO 2-2 SRBI (upper right), CHO 3-6 (lower
left), and CHO 3-6 SRBI (lower right) cells. Cells were
incubated for 1 h with 10 pug/ml 125I-HDL, and asso-
ciation was measured as described in Methods. Then,
a subset of cells was incubated at 0°C for 2 h with a
100-fold excess of unlabeled HDL, and cells were fi-
nally incubated at 37°C for 30 min with a 20X excess
of HDL. Cell association (white bars), HDL uptake
(black bars), and intracellular HDL remaining in the

cell lysate after the chase (cross-hatched bars) are
shown. 'PLLHDL particles released to the medium
during displacement are presented (gray bars). Re-
secreted '2I-HDL particles to the medium after the
chase are displayed (hatched bars). Means = SD of
four experiments are depicted. Note that HDL uptake
and resecretion are higher with scavenger receptor
class B type I (SR-BI) overexpression.
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ACAT enzyme by itself, as both CHO 2-2 and CHO 2-2
SRBI cells reached similar levels of 25-hydroxycholesterol-
induced stimulation of esterification as did control 1d1A7
or 1dIA7-SRBI cells (data not shown). The small amount
of stimulation of cholesterol esterification in the CHO
2-2 and CHO 2-2 SRBI cells was completely blocked by
chloroquine as well as by imipramine and U18666A (data
not shown). LDL did not stimulate cholesterol esterifica-
tion, confirming that these cells have a block in the LDL
uptake pathway (data not shown). Using the CHO 3-6 cells,
again there was only a slight stimulation of cholesterol
esterification after HDL incubation, even with SR-BI over-
expression (Fig. 6, middle panel). The absence of the in-
duction of cholesterol esterification was not the result of a
defect in the ACAT enzyme, as both CHO 3-6 and CHO3-6
SRBI cells showed similar levels of 25-hydroxycholesterol-
induced stimulation of esterification compared with CHO
2-2 and also 1dIA7 cells (data not shown). These data in-
dicate that cholesterol taken up by selective uptake via

Media

SR-BI uses a transport route to the ER via the lysosomal/
endosomal pathway.

HDL resecretion mediates cholesterol efflux in the CHO
2-2 and 3-6 cell lines in a SR-BI-dependent manner

Next, we assessed whether the CHO 2-2 cells exhibit
cholesterol efflux mediated by HDL resecretion (Fig. 7).
Indeed, HDL resecretion did mediate cholesterol efflux
(Fig. 7, left, gray bars), as 3.3 = 1 pmol [*H]cholesterol /mg
cell protein was found in the medium after the 30 min
chase period. Overexpression of SR-BI resulted in an in-
crease in resecreted HDL (Fig. 7, right, white bars). This
increased HDL resecretion was followed by an increase in
cholesterol efflux to the medium. In CHO 2-2 cells over-
expressing SR-BI, 5.3 = 0.8 pmol [3H]cholesterol/mg cell
protein was found in the medium after the 30 min chase
period (Fig. 7, right, gray bars). CHO 3-6 cells also showed
cholesterol efflux mediated by HDL retroendocytosis
(Fig. 7, left; 2.7 £ 0.8 pmol [‘%H]cholesterol/mg cell pro-
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Fig. 6. Stimulation of cholesteryl [**CJoleate formation by HDL in CHO 2-2 and CHO 2-2 SRBI cells (left panel), CHO 3-6 and CHO 3-6
SRBI cells (middle panel), and 1dIA7 and 1dIA7-SRBI cells (right panel). Cells were incubated with increasing concentrations of HDL for
5 h. Then, 0.2 mM ["*C]oleate was added to the medium for 2 h. Cellular cholesteryl ester formation was analyzed by TLC. Data points
represent means of triplicate values. The experiment was repeated giving similar results.
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Fig. 7. Cholesterol efflux mediated by HDL particle resecretion in CHO 2-2 cells (upper left) and CHO 2-2
SRBI cells (upper right) and in CHO 3-6 cells (lower left) and CHO 3-6 SRBI cells (lower right). Before the
experiment, cells were trace-labeled with [SH]cholesterol for 24 h. On the experimental day, cells were
incubated with 10 pg/ml "*’I-HDL for 1 h, followed by incubation at 0°C for 2 h with a 100-fold excess of
HDL and a final incubation with a 20-fold excess of HDL at 37°C for 30 min. Then, the medium was
collected, cells were lysed, and aliquots were analyzed for their *H (gray bars) and '#I (white bars) contents.
Means * SD of three experiments are depicted. Note that cholesterol efflux mediated via HDL resecretion

is somewhat higher after SR-BI overexpression.

tein). Again, cholesterol efflux mediated by HDL retroen-
docytosis was stimulated by SR-BI overexpression, although
to a lesser extent (Fig. 7, right; 3.4 = 1.0 pmol [®H]choles-
terol/mg cell protein). These data demonstrate that HDL
resecretion and concomitant cholesterol efflux occur. Thus,
this pathway is not connected to receptor-mediated endo-
cytosis facilitated by the LDL receptor and is independent
of cholesterol mobilization from the lysosome.

DISCUSSION

The current study was designed to analyze the role of
HDL uptake and resecretion for cholesterol homeostasis
in cases of disturbed intracellular cholesterol trafficking.
We hypothesized that HDL retroendocytosis might be
important for the fine-tuning of cholesterol export. To test
this hypothesis, we applied the following: I) inhibitors of
the intracellular cholesterol transport: chloroquine, imip-
ramine, monensin, and UI8666A did not substantially
alter HDL resecretion but resulted in a somewhat lower
cholesterol flux mediated by retroendocytosis; 2) two
somatic CHO cell lines, both displaying a transport defect
in intracellular cholesterol transfer to the ER or plasma
membrane (CHO 2-2 and 3-6 cells), exhibited all parts
of the HDL retroendocytosis pathway, with even a slight
enhancement in cholesterol efflux via HDL resecretion;
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and 3) patient fibroblast cells from a genetic disorder of
cholesterol metabolism in receptor-mediated endocytosis
of LDL (namely, NPC disease), which showed normal
HDL uptake and resecretion compared with control fibro-
blast cells. The NPC fibroblast cells still exhibited [*H]cho-
lesterol efflux via HDL resecretion. Thus, we have shown
that HDL retroendocytosis still is functional in cases in
which LDL receptor-mediated endocytosis is blocked at
the lysosomal stage. HDL resecretion may present an
alternative pathway to remove excess intracellular choles-
terol and may be important in cells with defects in a part
of the cholesterol exchange pathway. Thus, HDL retro-
endocytosis could be responsible for maintaining or
balancing at least in part their cholesterol homeostasis.
In this study, we demonstrated that lysosomes are not
a way station of endocytosed HDL by applying several
inhibitors that block cholesterol transport out of the
lysosome. It is known that several vesicular endosomal
transport pathways can substitute for each other. There-
fore, there is still the possibility that HDL takes a similar
uptake route as LDL but then diverges. One has to con-
sider that perturbation of the membrane traffic in NPC
fibroblasts occurs primarily in the late endocytic pathway
(36-38), as shown by the abnormal late endosomal/
lysosomal accumulation of cholesterol, which is normally
targeted to the cell surface and the ER. Furthermore,
mutations in NPCI do not exclusively affect cholesterol
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transport but target vesicle-mediated transport pathways
that affect a wide range of endocytosed cargo (36, 39). As
HDL retroendocytosis occurs in NPCI fibroblasts, the
HDL particles en route to the perinuclear area, possibly via
the endosomal recycling compartment, use an alternative
vesicle-mediated transport pathway or diverge earlier in
the endocytic process.

Interestingly, the mutant CHO cell lines as well as NPC
fibroblast cells exhibited higher intracellular levels of
[SH]cholesterol after overnight incubation than control
cells. This finding is consistent with their disorders in cho-
lesterol metabolism, as all of these cell systems are re-
ported to accumulate cholesterol intracellularly. One can
speculate that this overall higher cholesterol content
results in the observed increased release of [SH]choles-
terol by HDL retroendocytosis.

Several ways of cholesterol transfer from cells to HDL
seem possible. Cholesterol transfer from cells to internal-
ized HDL may be mediated through aqueous diffusion
along a concentration gradient or by transfer between
HDL and membranes of endosomal compartments or
lipid droplets. Indeed, HDL was reported to be located
in close proximity to lipid droplets in macrophages (5).
Recently, Cheruku et al. (40) showed, using small uni-
lamellar vesicles, that the rate of cholesterol transfer, me-
diated by NPC2, increased in proportion to the acceptor
vesicle concentration. When using anionic phospholip-
ids as acceptor vesicles, cholesterol transfer was even en-
hanced (40). The authors proposed that the delivery of
cholesterol through NPC2 is mediated via direct protein-
membrane collision (40). HDL represents a protein-coated
phospholipid vesicle; therefore, this “collisional trans-
fer” could be a way by which endocytosed HDL is filled
with intracellular cholesterol. As HDL retroendocytosis-
mediated cholesterol efflux was not impaired in patient
fibroblast cells carrying a defect in the NPCl1 gene, the pro-
posed collisional transfer mechanism cannot be facilitated
by the NPCI protein alone; however, other proteins, like
NPC2, may play a role in the described efflux pathway.

The new cholesterol efflux pathway via HDL resecretion
described here was functional in mutant CHO 2-2 cells,
representing an NPC phenotype, and in another pheno-
type, CHO 3-6, accumulating intracellular cholesterol
(Fig. 7). CHO 2-2 and CHO 3-6 cells transferred 3.3 and
2.7 pmol cholesterol/mg cell protein/30 min, respectively.
Interestingly, there was even a slight increase in this
cholesterol efflux when SR-BI expression was induced in
these cells (5.3 and 3.4 pmol cholesterol/mg cell protein/
30 min, respectively). Although NPC fibroblast cells exhib-
ited ~13% cholesterol efflux, the mutant cell lines showed
only half of this efflux. In addition, the data showed that
CHO 2-2 cells with a defect in mobilizing plasma mem-
brane cholesterol could bypass this defect using choles-
terol efflux mediated by HDL resecretion. Next, both
inhibitor treatment and the NPC phenotype resulted in a
decrease of [3H]cholester01 efflux to ~50% of the corre-
sponding control. These data show that there is a discon-
nection between HDL resecretion and [*H]cholesterol
efflux under these circumstances.

One of the currently most discussed receptors mediat-
ing cholesterol efflux to HDL, the ABC transport family, is
not likely to be involved in cholesterol efflux from NPC
fibroblasts. Cholesterol efflux to the physiological accep-
tor apoA-I proceeded more rapidly in wild-type CHO cells
than in CT60 cells, CHO cells carrying the NPC mutation
(41). Recent studies showed that apoA-I exhibited dimin-
ished ability to mobilize cholesterol in NPCl-negative
human fibroblasts, as a result of the diminished basal and
cholesterol-stimulated levels of ABCAI mRNA and protein
in these cells (13). Next, it was demonstrated that in on-
going neurodegeneration, none of the target genes of
the liver X receptor was activated in the cerebellum of
NPC™/ ™ mice, including ABCAI and ABCG1 (42). ABCG1
was reported to mediate cholesterol efflux to mature HDL
(43, 44). However, ABCAI and ABCGI receptors seem to
be not functional, at least in the brain of NPC animals.
Recently, Boadu et al. (45) demonstrated in NPC fibro-
blasts that treatment with liver X receptor agonists re-
stored ABCAI- and ABCGIl-mediated cholesterol efflux.
This shows that the main consequence of the NPC pheno-
type is a depletion of liver X receptor ligands, resulting in a
downregulation of cholesterol efflux pathways. In patients
with cholesterol-trafficking defects, HDL retroendocytosis
could play a role for cholesterol efflux, as NPC patients
exhibit no vascular involvement leading to atherosclerosis
(10). This indicates that alternative mechanisms must
handle cholesterol efflux to maintain cholesterol trans-
port to and from the periphery.

In summary, our study demonstrates that HDL ret-
roendocytosis represents an alternative pathway of
[®H]cholesterol removal for cells when cholesterol ho-
meostasis is disturbed. This pathway could circumvent
defects in cholesterol distribution occurring in diseases
like NPC disease. i
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